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Drug-induced neurological disorders
(DINDs) are important because early
recognition and drug withdrawal can
prevent irreversible damage. This review
deals specifically with the recognised
neurological complications of prescrip-
tion-only, single-agent therapy, either at
recommended doses or in excess
(including overdose and abuse of pre-
scription drugs), and summarises the
more important DINDs. Some of the
drugs described may also exacerbate neu-
rological disorders that are often
subclinical and undiagnosed. Drug
interactions can increase the toxicity of

Key Points

single agents; these are well documented
elsewhere.!

DINDs can occur at initiation, during
sudden withdrawal of therapy (eg tram-
adol withdrawal seizures) and after many
months or years of therapy (eg valproate
encephalopathy). Treatment is primarily
concerned with controlled withdrawal,
but toxic levels may necessitate haemo-
dialysis or haemofiltration (eg lithium),
specific neutralising therapies (eg Fab
fragments in digoxin toxicity) or sympto-
matic treatments.

Recent detailed and comprehensive
reviews of DINDs can be found
elsewhere.>?

Seizures

Seizures may be caused by antipsychotics,
antidepressants, antineoplastic agents
(alkylators, antimetabolites, vinca alka-
loids, ifosfamide and cisplatin), peni-
cillins, cephalosporins, quinolones,
antimalarials, aminophylline and allop-
urinol. They are frequently observed in
drug-induced  encephalopathy  (see
below). Other less frequently reported
drugs which may induce seizures include

Prescription drugs are an important reversible cause of common neurological

disorders

Mitochondrial toxicity is an important mechanism in a number of drug-induced

neurological disorders (DINDs)

Early recognition of DINDs and drug withdrawal can prevent irreversible damage

Some DINDs require urgent symptomatic treatment to avoid serious complications

Vitamins and essential trace elements may help to reverse some DINDs

Statin-induced neurological disorders are likely to become more prevalent

Increasing use of novel humanised monoclonal antibodies may cause previously

unrecognised DINDs

KEY WORDS: antiretrovirals, drug-induced disorders, mitochondrion, monoclonal

antibodies, nervous system, statins
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opioids, baclofen, digoxin, dopaminergic
agents, thyroxine and ondansetron.*

Drug-induced cerebrovascular
disease

Mechanisms of drug-induced cere-
brovascular disease are outlined
schematically, with examples, in Fig 1.
Antihypertensives and arrhythmogenic
agents can cause focal ischaemia, partic-
ularly in the elderly, with right shifted
autoregulation and underlying athero-
sclerotic arterial stenoses.? Cancer
chemotherapy may cause thrombo-
embolism, haemorrhage, vasopasm or
vasculitis; probably because of the
synergistic actions of factors secreted by
the tumour or products of tumour lysis.
In contrast to primary vasculitis, drug-
induced cerebral vasculitis (Fig 2)
involves small arteries and is charac-
terised by polymorphonuclear leucocytic
infiltrates without giant cells or granulo-
mata, marked necrosis and marked
intimal involvement.

Headache

Drugs that cause headache usually do so
by exacerbating pre-existing migraine,
tension headache or chronic daily

CME Neurology

Thromboembolic, eg COCP,

antineoplastics,

phenothiazines (APAs)

Haemorrhagic,
eg heparin (+ HIT)

Vasculitis, eg sympathomimetics,
penicillins, tacrolimus

Vasospasm, eg
sympathomimetics, triptans

Fig 1. Mechanisms of drug-induced cerebrovascular disease. APA = drug-induced
antiphospholipid antibodies; COCP = combined oral contraceptive pill; HIT = heparin-

induced thrombocytopenia.

headache. Analgesics, including those
used to treat headache, may also cause
the analgesic overuse syndrome seen
most commonly in frequent use of
opiate-based analgesia. Drugs used in the
treatment of other medical conditions
which can cause headache include anti-
depressants, H,- and H,-antagonists,
antifungals, antihypertensives, beta-
blockers, sulphonamides, intravenous
immunoglobulin (IVIg) and oral con-
traceptive pills (OCPs).

One special cause of headache, usually
associated with visual disturbance and
papilloedema, is idiopathic intracranial
hypertension ~ (ITH).  Tetracyclines,
retinoids, corticosteroids, oestrogen
receptor agonists and antagonists, non-
steroidal  anti-inflammatory  drugs,
growth hormone, cimetidine, nalidixic
acid, trimethoprim-sulfamethoxazole,
amiodarone and lithium are all associated

with ITH.

Fig 2. Cocaine-induced cerebrovascular disease. Magnetic resonance image (MRI) brain scans from a patient who presented with stroke-
like episodes while abusing cocaine: (upper panel) T2-weighted MRI scans; (lower panel) diffusion-weighted images (DWI). DWI demonstrates
more widespread ischaemic changes than T2-weighted MRI.
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Encephalopathy

Drugs that cause encephalopathy and
coma do so either by inducing metabolic
disturbances (eg hepatic, hypoglycaemic,
hyponatraemic or uraemic encephalo-
pathy) or by direct central nervous
system (CNS) toxicity (eg anti-epileptic
drugs (AEDs), cephalosporins, peni-
cillins, IVIg). Drug-induced coma most
commonly occurs at toxic serum concen-
trations of drug, typically after overdose
(eg tricyclic antidepressants (TCAs),
opiates,  benzodiazepines, = AEDs).

Posterior reversible leukoencephalopathy
(PRLE) (Fig 3) is associated with seizures
and hypertension and commonly occurs
in transplant patients treated with
ciclosporin or tacrolimus. Other drugs
known to cause PRLE include aciclovir,
amphotericin B, cisplatin, cytarabine,
ifosfamide, and methotrexate.

Dementia

Anticholinergics, antihypertensives (eg
calcium channel blockers, adrenergic
agents), AEDs (sodium valproate,

Fig 3. Posterior reversible leukoencephalopathy (PRLE). Fluid attenuated
inversion recovery (FLAIR) magnetic resonance image (MRI) sequences obtained
from a patient treated with intravenous aciclovir who developed PRLE: (a) and (b)
the extent of white matter change during treatment with aciclovir; (c) and (d) similar
MRI sections obtained during the recovery phase after stopping aciclovir. Classically,
MRI changes observed in PRLE are limited to the distribution of the posterior
circulation and resemble the MRI appearance of hypertensive encephalopathy. PRLE
is usually, but not always, associated with hypertension and seizures.
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phenytoin, lamotrigine), antipsychotics,
benzodiazepines, corticosteroids,
cytokines (eg interleukins, interferon
(IFN)-o) and desferrioxamine can all
cause a reversible condition resembling
dementia.

Extrapyramidal disorders

Drug-induced symmetrical akinetic rigid
syndromes are thought to result from
monoamine oxidase dysregulation and
chronic dopamine depletion after pro-
longed treatment with phenothiazines,
haloperidol, TCAs, metoclopramide,
lithium and cinnarizine. Hyperkinetic
syndromes may be the result of drug
interactions with dopamine transporter
proteins. Acute dystonia-dyskinesia
(including  oculogyric  crisis) is
commonly caused by antipsychotics,
TCAs, AEDs and metoclopramide.
Choreo-athetosis is sometimes seen with
benzhexol, neuroleptics and OCPs. TCAs
and antipsychotics can both cause rest-
less leg syndrome, while dextroampheta-
mine, methylphenidate and haloperidol
can cause motor tics.

Drug withdrawal is the first step but
acute symptomatic treatment is also often
required (eg iv procyclidine, benztropine
or diphenhydramine and iv benzo-
diazepines in oculogyric crisis). Tardive
dyskinesia, which develops after pro-
longed treatment with phenothiazines,
thioxanthines, butyrophenones, diben-
zepines, diphenylbutylpiperidines and
metoclopramide, can be irreversible. It
may be prevented by concomitant treat-
ment with vitamin E, but the evidence is
weak.®> Patients in whom tardive dyski-
nesia develops should be converted to
alternative antipsychotic medication
(eg sulpiride). Symptomatic treatments
can also be used (eg tetrabenazine).
Patients may complain of akathisia when
treated with phenothiazines, butyrophe-
nones, TCAs, L-dopa and monoamine
oxidase inhibitors (MAOIs); if severe and
persistent, it can be treated with anti-
cholinergics, amantadine or propranolol.®

Cerebellar disorders and tremor

Drug-induced cerebellar syndromes are
occasionally irreversible and can be
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caused by AEDs, phenothiazines,
MAOIs, thioxanthines, lithium and
ciclosporin. Treatment with theo-
phylline, thyroxine, phenothiazines,
butyrophenones, amiodarone, adri-
amycin, cimetidine, terfenadine, lithium,
ciclosporin or tacrolimus can sometimes
cause postural and kinetic tremor.
Resting tremor is occasionally caused by
sodium valproate.

Myoclonus

TCAs, lithium, antipsychotics, dopamine
and dopaminergic agonists can all cause
myoclonus. Myoclonus persisting after
drug withdrawal or reduction can be
treated with clonazepam, sodium
valproate, piracetam or levetiracetam,
but an alternative diagnosis should be
considered.”

Eye movement disorders

The most common DIND of eye
movements is nystagmus. Horizontal
phasic nystagmus can be caused by
benzodiazepines, AEDs, MAOIs, salicy-
lates, fenfluramine, TCAs and ototoxic
antimicrobials,  while downbeat
nystagmus is caused by lithium. External
ophthalmoplegia (with absent vestibulo-
ocular reflex) is sometimes seen with
TCAs, barbiturates, carbamazepine
(overdose) and phenytoin. Occasionally,
benzodiazepines, fenfluramine, lithium
and fluorouracil can cause internuclear
ophthalmoplegia.

Cranial neuropathies

Cytosine arabinoside, ciclosporin and
ganciclovir can all induce abducens
palsies, but the last two have been
described only following allogeneic bone
marrow transplantation. Immunological
reactions are likely to explain the occur-
rence of sulfasalazine, insulin-like
growth factor-1, didanosine, and HBV
vaccine-induced facial palsies. There are
several reports of recurrent laryngeal
palsy with vincristine chemotherapy,
usually in association with peripheral
neuropathy; if severe, it can require
tracheal intubation. Early withdrawal of
therapy is essential to ensure recovery.
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Special senses
Vision

Blurred vision is a common side effect of
medication. Examples of the more
common, more serious and occasionally
irreversible causes of visual impairment
are given in Fig 4(a). Note that agents
known to cause PRLE can also cause
cortical blindness.

Ototoxicity

Ototoxic agents are categorised according
to vestibular or cochlear toxicity. Putative
mechanisms of hair cell toxicity are
identified (Fig 4(b)) by abbreviations in
parenthesis (mechano-electrical trans-

CME Neurology

duction (MET), mitochondria (mt) and
membrane potential (V)).

Smell and taste

DINDs of smell and taste can often be
corrected by administering zinc and
magnesium supplements and phospho-
diesterase inhibitors (PDIs) (eg theo-
phylline, caffeine). Both zinc and
magnesium are essential to olfactory and
gustatory receptor function; many drugs
that cause disorders of smell and taste
may act by depleting such trace metals.
PDIs increase intracellular cyclic adeno-
sine monophosphate levels which are
important for intracellular signal trans-
duction in both smell and taste.?

(a) Vision
Miosis Midriasis  Refraction
eg opiates egTCAs (fluid shifts between
humours) eg diuretics

Cortical blindness
eg ciclosporin

Retinopathy
eg chloroquine,
vigabatrin

Xanthopsia
eg sulfonamides,
digoxin, thiazides

Dyschromatopsia
eg OCPs,
cannabinoids

(b) Ototoxicity

Optic neuritis

eg amiodarone, cisplatin,
isoniazid (B6), paclitaxel,
linezolid vincristine

Vestibulotoxic
(Vertigo, oscillopsia + imbalance)
eg polymyxins

Vestibulo-cochleotoxic
eg aminoglycosides (MET/mt)

Cochleotoxic

(tinnitus + hearing loss)
eg amikacin (MET),
quinine/chloroquine (V),
furosemide (V),
salicylates (V)

MET

tﬂ)

Fig 4. Drug-induced neurological disorders affecting (a) vision and (b) hearing.
Possible mechanisms include mechano-electrical transduction (MET), mitochondria (mt)

and membrane potential (V). LGN = lateral geniculate nucleus; OCP =

pill; TCA = tricyclic antidepressant.

oral contraceptive
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Drug-induced disorders of
spinal cord and peripheral
nervous system

Figure 5 provides examples of drugs that
can be toxic to the peripheral nervous
system and spinal cord, and indicates
their sites of toxicity. Drugs that induce
subacute myelo-optico-neuropathy are
thought to do so by depleting vitamins
(particularly B vitamins and vitamin E)
or by inhibiting their intracellular co-
factors (copper and zinc dependent).
Drug-induced neuropathies can be
demyelinating (D), axonal (A) or mixed
(M) with elements of axonal loss and
demyelination. There is little evidence to
support specific treatments for drug-
induced neuropathies (except drug with-
drawal), but B vitamins, glutathione and
zinc supplements should be considered.?

Drug-induced neurological
disorders associated with three
increasingly commonly used
therapies

Three commonly used therapies associ-
ated with DINDs are:

e statins
e antiretroviral agents, and

e humanised monoclonal antibodies
(MAD).

Statins

The frequency of statin-induced neuro-
logical disorders is likely to increase in
the UK because of their availability off-
prescription. The major statin-induced
neurological disorders are myopathy and
small fibre neuropathy.

Mild myopathic symptoms (eg myalgia)

Subacute necrotising myopathy

eg metronidazole (M),
isoniazid (A)
Antineoplastic drugs

Sensory neuropathy SMON
Antimicrobials eg quinolones,
amiodarone,

antineoplastics,
chloramphenicol,

eg fibrates, statins

Mitochondrial myopathy

eg zidovudine

Potassium myopathy

eg diuretics (hypo/hyperkalaemic)
Inflammatory myopathy

eg penicillins,

proton pump inhibitors

Dorsal root ganglionopathy
eg doxorubicin, cisplatin,
pyridoxine, etretinate

Motor neuropathy
eg dapsone (A),
gold (D),

eg platinums (A), onlazd "

taxols

Others Myelopathy

eg pyridoxine (A}, eg nitrous oxide (B12)
statins (A),

phenytoin

Eosinophilic myositis

eg L-tryptophan
Corticosteroid myopathy
Autophagic myopathy
eg chloroquine,

vinca alkaloids
Myotonia

eg diuretics

cimetidine (A),
taxols (A),
D-penicillamine (D)

Sensorimotor neuropathy

Rheumatic

eg colchicine (A),
sulphasalazine (A)
Psychotropics

eg lithium (A),
phenelzine (A)
Cardiovascular

eg amiodarone (D)

Antimicrobials

eg ethambutol (M),
nitrofurantoin (A)
Antineoplastics

eg vinca alkaloids (A),
cisplatin (A)

Myaesthenia gravis
eg aminoglycosides,
polymyxins

Others

eg antiTNF oAbs (D),
meningococcal
conjugate vaccine
A,C,Y,W135 (D)

Fig 5. Drug-induced disorders of spinal cord and peripheral nervous system. They
may be axonal (A), demyelinating (D) or mixed (M). Abs = antibodies; SMON = subacute
myelo-optico-neuropathy; TNF = tumour necrosis factor.
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have been reported by 5-7% of patients
taking statins. The incidence of severe
myotoxicity is 0.44-0.54 per 10,000
patient-years.” Fortunately, myopathy
usually resolves once the statin is with-
drawn. Severe myotoxicity typically
presents as a necrotising myopathy with
proximal weakness and myalgia. In more
severe situations there is rhabdomyolysis
with the concomitant risks of renal failure.

The incidence of statin-induced
neuropathy is approximately 0.3 per
10,000 patient-years.® It can present up
to two years after starting treatment.
Clinical features include distal lower
limb dysaesthesia and anaesthesia, prox-
imal and distal weakness, and fascicula-
tions. In one case series, the neuropathy
resolved in 58% of cases after stopping
statin therapy.’

Mitochondrial toxicity has been impli-
cated in the pathogenesis of both statin-
induced myopathy and neuropathy (see
below). Statins increase the ratio of
lactate to pyruvate, an indirect indication
of mitochondrial dysfunction. Cyto-
chrome oxidase-negative fibres and
ragged red fibres, hallmarks of mito-
chondrial myopathy, are seen in muscle
biopsy specimens from patients with
statin-induced myopathy.'? Statins block
the synthesis of ubiquinone (coenzyme
Q10), an electron-transfer carrier essen-
tial to mitochondrial function, which
might suggest one putative mechanism.

Antiretrovirals

The estimated adult HIV prevalence in
the UK is approximately 53,000!! with a
significant proportion of HIV-positive
individuals treated with highly active
antiretroviral therapy (HAART). Nucleo-
side analogue reverse transcriptase
inhibitors (NRTTIs) are an essential com-
ponent of HAART in HIV. NRTIs cause
death and dysfunction of highly energy
dependent cells in the nervous system
and muscle, manifesting as peripheral
neuropathy (eg zalcitabine) or myopathy
(zidovudine), by inhibiting mito-
chondrial polymerase gamma and
mitochondrial DNA replication (Fig 6).
DNA
depletion and mutations, oxidative stress

This causes mitochondrial

and programmed cell death.!?
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Immune reconstitution inflammatory
syndrome (IRIS) is a recognised compli-
cation of HAART in HIV. In IRIS there is
a paradoxical deterioration of clinical
status (eg appearance of progressive
multifocal leukoencephalopathy) as the

immune system recovers.!3

Monoclonal antibodies

MAbs have received considerable media
attention in the UK recently, particularly
in the context of cancer therapies.
Neurological adverse events are well
recognised with MABs that target two
specific immune molecules:

Tumour necrosis factor. Anti-tumour
necrosis factor (TNF) MAbs, adali-
mumab (hMAb) and infliximab
(chimeric antibody against recombinant
TNF) are used to treat rheumatoid
arthritis, juvenile chronic arthritis, adult
psoriatic arthritis, ankylosing spondylitis
and Crohn’s disease.

Inflammatory demyelinating diseases
of the CNS (MS and transverse myelitis)
and peripheral nervous system (chronic
inflammatory demyelinating polyradicu-
loneuropathy), aseptic meningitis, bilat-

Fig 6. The role of
mitochondria in drug-induced
neurological disorders.

ADP = adenosine diphosphate;

eral anterior toxic optic neuropathy,
orbital
myositis, polymyositis, CNS lupus and

mononeuritis  multiplex,
vasculitis are recognised events associ-
ated with anti-TNF treatment. The
inflammatory disorders caused or aggra-
vated by anti-TNF agents may be due to
attenuation of organ specific T cell apop-
tosis and T cell signalling.!* Multiple
sclerosis (MS) patients who respond to
IFN-o have increased levels of TNF-
related apoptosis-inducing ligand, a
member of the TNF superfamily.

Very late adhesion molecule. Humanised
anti-very late adhesion molecule
(VLA)-4 MADb (natalizumab) is used in
MS and Crohn’s disease. Progressive
multifocal leukoencephalopathy, an
often fatal disease due to infection of
CNS glia by Jamestown Canyon virus
(JCV), is a rare (0.1%) event related to
anti-VLA-4 MADb (natalizumab). JC
viraemia with natalizumab may be due
to effects on bone marrow (release of
JCV infected B cells into the circulation)
or lack of immune surveillance due to
suppression of CD4+ T cell entry into
the CNS.15

Other MAbs can cause neurological

Glucose
|
Glycolysis

Lactate «—— Pyruvate

ATP = adenosine triphosphate;
CACT = carnitine acylcarnitine
translocase;

CoA = coenzyme A; CoQ =
coenzyme Q; CPT = carnitine
palmitoyl transferase;

MPT = mitochondrial
permeability transition; NADH =
nicotinamide adenine
dinucleotide dehydrogenase;
NRTI = nucleoside analogue
reverse transcriptase inhibitor;
OCTN = organic cation
transporter; TCA = tri-carboxylic
acid.

-

Loss of ATP

Cytoplasm

[Call membrane |
Cell membrane
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disorders, but those are less frequent and
the mechanisms unclear. For example,
OKT3 (muromonab) may cause
encephalopathy and seizures but the
mechanisms remain speculative.

Mitochondria and drug-induced
neurological disorders

As is apparent from the preceding discus-
sion, the mitochondrion is the site of
toxicity common to many DINDs. The
schematic diagram in Fig 6 summarises
some of the important metabolic loci of
susceptibility within the mitochondrion
(examples in red text boxes).

Carnitine is necessary for the transport
of long chain fatty acids across the inner
mitochondrial membrane and is
imported into cells by the carnitine
transporter, organic cation transporter
(OCTN2), located in the plasma
membrane. It is then conjugated with
fatty-acyl-coenzyme A (CoA) to form
fatty-acyl-carnitine by carnitine palmi-
toyl transferases (CPT) and transferred
across inner mitochondrial membrane
by carnitine acylcarnitine translocase
(CACT). CPT2 then converts fatty-acyl-
carnitine back to fatty-acyl-CoA for beta

Fatty acids

Propofol

Y
Wy-acyl-CoA

I Outer mitochondrial membrane

OCTN2

Intermembrane space

Fatty-acyl-carnitine

4{ Inner mitochondrial membrane

Matrix

NRTIs .
mito

NADH DNA
mito -
A Pol-y
mito

ﬁ MPT DNA

TCA cycle

Paclitaxol

.

'\

ZIIZI7 Protein pore |t
—] : ATP
D

Electron transport
chain

Fatty-acyl-CoA Fatty-acyl-
l carnitine

3-oxidation

Oxidative
phosphorylation

ADP -y

[Coq] m v

e

’ Propofol I

| statins | [ Linezolid |
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oxidation within the mitochondrion.
Primary carnitine deficiency or dysfunc-
tion of OCTN2, CPT1, CACT or CPT2
may cause myopathy, rhabdomyolysis,
hepatic encephalopathy or hypoketotic,
hypoglycaemic coma. Drugs which cause
secondary carnitine deficiency can
present with a similar clinical picture.
Sodium valproate toxicity is associated
with carnitine deficiency by inhibiting
either carnitine biosynthesis or transport
of carnitine into cells, causing encephalo-
pathy with extrapyramidal rigidity, some-
times associated with hyperammonaemia.
Valproate encephalopathy can appear
years after initiating treatment.

Propofol infusion syndrome due to
prolonged exposure to propofol is often
fatal and characterised by rhabdomyol-
ysis, bradyarrythmias, renal failure,
metabolic acidosis and lipaemic plasma.
Propofol inhibits complex II and IV
activity as well as CPT1 activity, reducing
the entry of fatty-acylcarnitine into
mitochondria.'®

Reye’s syndrome, the incidence of
which dramatically reduced in the 1980s,
presents with acute encephalopathy,
raised intracranial pressure and fatty
degeneration of the liver; it is associated
with the use of aspirin during acute viral
illnesses and thought to be caused by
salicylate-induced mitochondrial perme-
ability transition.!” This process leads to
cell death through mitochondrial
swelling and uncoupling of oxidative
phosphorylation. It is thought to be a
consequence of linking of native mito-
chondrial proteins in outer and inner
mitochondrial membranes to form a
protein pore, causing loss of adenosine
triphosphate production.

Aminoglycoside ototoxicity is associ-
ated with a mitochondrial DNA point
mutation in the 12S ribosome RNA gene
(1555A to G, which makes rRNA similar
to bacterial rRNA), accounting for
15-30% of aminoglycoside induced
deafness. A maternal family history of
deafness is an important indicator of
susceptibility to aminoglycosides.!®

Paclitaxol and linezolid are also
reported to cause a painful peripheral
neuropathy. Paclitaxol is an anti-
proliferative and pro-apoptotic agent
increasingly used to treat cancer. Swollen
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mitochondria in c-fibres are reported in
paclitaxol-associated peripheral neuro-
pathy but the mechanisms are not well
known. Linezolid-associated peripheral
neuropathy is purportedly due to the
inhibition of respiratory chain complex
IV activity.
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