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Abstract Tardive dyskinesia has been and continues to be a significant problem asso-
ciated with long-term antipsychotic use, but its pathophysiology remains unclear.
In the last 10 years, preclinical studies of the administration of antipsychotics to
animals, as well as clinical studies of oxidative processes in patients given anti-
psychotic medications, with and without tardive dyskinesia, have continued to
support the possibility that neurotoxic free radical production may be an impor-
tant consequence of antipsychotic treatment, and that such production may relate
to the development of dyskinetic phenomena.

In line with this hypothesis, evidence has accumulated for the efficacy of
antioxidants, primarily vitamin E (α-tocopherol), in the treatment and prevention
of tardive dyskinesia. Early studies suggested a modest effect of vitamin E treat-
ment on existing tardive dyskinesia, but later studies did not demonstrate a sig-
nificant effect. Because evidence has continued to accumulate for increased
oxidative damage from antipsychotic medications, but less so for the effective-
ness of vitamin E, especially in cases of long-standing tardive dyskinesia, alter-
native antioxidant approaches to the condition may be warranted. These
approaches may include the use of antioxidants as a preventive measure for tar-
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dive dyskinesia or the use of other antioxidants or neuroprotective drugs, such as
melatonin, for established tardive dyskinesia.

1. Background to the Hypotheses of
Tardive Dyskinesia

It is now over 40 years since the initial descrip-
tions of tardive dyskinesia were made in the late
1950s and early 1960s.[1] During that time, the in-
cidence of tardive dyskinesia grew to near epi-
demic proportions in patients treated with antipsy-
chotics. In the past few years, the incidence of
tardive dyskinesia has finally appeared to be wan-
ing, largely as a result of the introduction of newer
second-generation (atypical) antipsychotic agents,
some of which have a much reduced propensity to
cause tardive dyskinesia.[2] However, our enthusi-
asm at this apparent reduction in tardive dyskinesia
should be limited, because many patients are still
affected by the condition, and there are groups of
patients, such as older individuals, for whom the
development of tardive dyskinesia remains a sig-
nificant problem.[3,4]

What causes tardive dyskinesia? The most pop-
ular hypothesis throughout the 1980s was that tar-
dive dyskinesia was the result of a secondary brain
response to drugs that block activity of the neuro-
transmitter dopamine on the postsynaptic mem-
brane in certain brain regions related to motor con-
trol. In response to this chronic dopaminergic
blockade, the brain produces more dopamine re-
ceptors, and probably receptors that respond to
lower levels of dopamine as well.[5,6] It was con-
sidered that this ‘supersensitivity’ of dopamine re-
ceptors in brain regions involved in the modulation
of movement – the extrapyramidal motor system
in particular – could result in a hyperdopaminergic
state, manifesting clinically as a dyskinesia, a dis-
order characterised by excessive involuntary
movement. This hypothesis became known as the
‘dopamine supersensitivity hypothesis’ of tardive
dyskinesia.[7]

Although this mechanism of dopamine super-
sensitivity secondary to chronic dopaminergic
blockade clearly occurs, there are reasons to think
that it may not be the exclusive cause of tardive

dyskinesia. First of all, preclinical studies in ro-
dents indicate that dopamine supersensitivity ap-
pears to be a universal response to the administra-
tion of dopamine receptor–blocking drugs such as
antipsychotics. However, tardive dyskinesia de-
velops in only a proportion of patients, on average
20 to 25%, treated with first-generation antipsy-
chotic medications. The time course for the devel-
opment of supersensitivity – in the range of days
to weeks – also does not match that for tardive
dyskinesia, which develops after months to years.
With increasing age, there is a reduction in the abil-
ity of the brain to mount a dopamine supersensitiv-
ity response, yet the incidence of tardive dyskine-
sia actually increases with age. Finally, when the
offending antidopaminergic agent is withdrawn,
supersensitivity diminishes and dopamine receptor
numbers return to baseline, whereas in tardive dys-
kinesia, between one-third and one-half of cases
appear to be essentially irreversible (for reviews,
see Lohr and Jeste[8] and Sachdev[9]).

It was because of these problems with the dopa-
mine supersensitivity hypothesis that Cadet and
Lohr[10] proposed an alternative pathophysiologi-
cal mechanism for tardive dyskinesia in the late
1980s. Fibiger and Lloyd[11] in 1984 suggested that,
through some mechanism, persistent tardive dyski-
nesia may result from damage to γ-aminobutyric
acid (GABA)-ergic neurons in the basal ganglia.
Cadet and Lohr[10] also considered that there must
be a neurotoxic process occurring in individuals
treated with antipsychotics to explain the potential
irreversibility of the condition. This line of reason-
ing has become known as the ‘neuronal degenera-
tion hypothesis’ of tardive dyskinesia.[12,13]

Although there are a number of possible mech-
anisms for neuronal degeneration, many of which
interact with one another (including excitotoxicity
and other mechanisms,[14] which are reviewed in
section 5), it was considered that a mechanism
based on the formation of free radicals – reactive
chemical species with a single unpaired electron –
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might be involved. It was known that dopamine
metabolism could cause the creation of free radi-
cals, and that dopaminergic blockade could cause
a secondary increase in dopamine production and
metabolism. Also, oxygen radical production of-
fered an explanation for some of the other clinical
characteristics of tardive dyskinesia that were
problems for the dopamine supersensitivity hy-
pothesis. Increased free radical production can
produce damage that is both reversible and irre-
versible, which have been long-observed clinical
characteristics of tardive dyskinesia. Individual
variation in the ability to handle increased free rad-
ical generation could account for why some people
develop tardive dyskinesia and others do not.[8,10]

Oxidative damage may increase with age, offering
a potential explanation for why tardive dyskinesia
increases with age.[15,16]

Other putative risk factors for tardive dyskine-
sia, such as alcohol abuse, diabetes mellitus and
being an older woman (i.e. risk of tardive dyskine-
sia due to lack of an antioxidant effect of estro-
gens),[17,18] could potentially also relate to in-
creased free radical burden.[19-22] Another reported
risk factor for tardive dyskinesia, the repeated
starting and stopping of antipsychotic medication,
is also consistent with a free radical mechanism, in
which there may be bursts of free radical produc-
tion related to dopamine hyperactivity following
the initiation of an antipsychotic, but with subsid-
ing free radical production over time.[23] Finally, a
slow accrual of oxidative damage can take months
to years to increase to the extent where there may
be an observable clinical effect.[10,15] This line of
thought became the ‘free radical hypothesis’ of tar-
dive dyskinesia.

This does not mean that the dopamine supersen-
sitivity hypothesis is not important in the patho-
genesis of dyskinesias. We considered that dopa-
mine supersensitivity could very well pertain to the
development of dyskinetic phenomena, but likely
was not enough to explain tardive dyskinesia
proper, especially chronic persistent tardive dyski-
nesia. Instead, the supersensitivity hypothesis
seemed a reasonable explanation for the develop-

ment of antipsychotic withdrawal–emergent dys-
kinesias,[24,25] which occur within several weeks of
the cessation or decrease in antipsychotic medica-
tion and are time limited, generally disappearing
within 2 months. The time course of these dyski-
nesias, which can be phenomenologically indistin-
guishable from tardive dyskinesia, appears to fit
better with the supersensitivity hypothesis.[8] For
example, it would make sense that a secondary in-
crease in dopamine receptors after dopaminergic
blockade would be associated with a clinical man-
ifestation of dyskinesia when the antidopamin-
ergic agent was withdrawn, because then all addi-
tional receptors would be unblocked and would
lead to increased dopaminergic transmission. But,
after withdrawal of the antipsychotic agent, there
would be a compensatory decrease in receptors
over time, corresponding with an attenuation of the
dyskinesia. This would also account for the com-
mon observation that tardive dyskinesia can worsen
after antipsychotic dosage reduction or withdrawal,
but then reduce with time.[8] In effect, there are two
dyskinesias here, tardive dyskinesia and a with-
drawal dyskinesia, which clinically look the same
(both involving primarily the lower facial and dis-
tal extremity musculature1), but which may be un-
derlined by somewhat different pathophysiologi-

1 The pathophysiological or pathoanatomical reason why
tardive dyskinesia in most individuals primarily involves the
lower facial musculature as well as the distal extremities is
currently unknown. It is therefore difficult to discuss how
free radical–induced toxicity may relate to the specific ana-
tomical distribution of the syndrome. Although one is
tempted to speculate that certain brain regions may be more
vulnerable than others to the tardive dyskinesia–causing
effects of antipsychotics, it is not known what that vulnera-
bility might be. The anatomical regions affected by tardive
dyskinesia seem to be dedicated to complex movements,
such as those subserving communication functions as with
speech and gesture,[8] but again this does not necessarily
imply a specific pathophysiological mechanism for tardive
dyskinesia. Although it is possible that brain regions in-
volved in the control of complex motor functions may be at
greater risk of free radical–induced damage than other re-
gions, there is to the authors’ knowledge no direct evidence
for this conjecture.
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cal mechanisms and degrees of severity and revers-
ibility.

In the remainder of this review, we will focus
on evidence for the free radical hypothesis of tar-
dive dyskinesia, both from a preclinical and clini-
cal perspective, as well as on studies of the use of
antioxidants in the treatment of tardive dyskinesia.
We will also discuss possible relationships be-
tween free radical mechanisms and other neuro-
degenerative mechanisms. To begin, we will pres-
ent briefly the free radical hypothesis of tardive
dyskinesia in a more detailed form.

2. The Free Radical Hypothesis of
Tardive Dyskinesia

2.1 Free Radicals in Biological Systems

For an overview of free radicals, readers are re-
ferred to Halliwell and Gutteridge.[26] As men-
tioned above, free radicals are highly reactive
chemical species that contain an unpaired electron.
In animal systems, oxygen radical formation is par-
ticularly common, to a large extent because it is
through the chemical reduction of oxygen that
much of the energy is supplied for the vast and
complex cellular chemical reactions occurring
throughout the body. Unlike simple inorganic ox-
idative reactions, such as the combustion of carb-
on, which release large amounts of heat and light,
living tissue has developed ways of efficiently
harnessing this energy and pulling off the energy
of oxidation piecemeal. The electron transport
chain of mitochondria is an excellent example of
how this occurs, where the energy of oxidation is
sequentially parcelled into high-energy phosphate
bonds in chemicals such as adenosine triphosphate
(ATP), which can then travel to various places in
the cell and donate this energy in defined packets
to run various chemical reactions. However, free
radicals are produced during this process. As
summarised by Acuna-Castroviejo et al.,[27] ‘al-
though ideally all the oxygen should be reduced to
water by a four-electron reduction reaction driven
by the cytochrome oxidase, under normal condi-
tions a small percentage of oxygen may be reduced

by one, two or three electrons only, yielding super-
oxide anion (O2

–•), hydrogen peroxide (H2O2) and
the hydroxyl radical, respectively. The main radi-
cal produced by mitochondria is O2

–• and the intra-
mitochondrial antioxidant systems should scav-
enge this radical to avoid oxidative damage, which
leads to impaired ATP production’.

This energy transfer in the electron transport
chain, and in many other reactions in the cell, oc-
curs through the handing off of electrons from one
substance to another. In this process, free radicals
frequently occur, in which an electron exists in an
unpaired state. This is generally a very unstable
state for a molecule. The readiness of a free radical
to transfer or share this unpaired electron with an-
other molecule is what makes the free radical
highly reactive.

It can be seen that free radical production, when
controlled, is very important for cells. It allows for
the extraction of parcels of usable energy for me-
tabolism. It is also useful for the dismantling of
substances, because free radicals can be employed
to pull apart large chemical structures, such as pro-
teins and lipids, into their more basic components.
Thus, free radical mechanisms are important for
the activity of lysosomes, in which large macromo-
lecular structures can be dismantled into their
building blocks. This is very important for obtain-
ing energy from foodstuffs that have been ingested
or invaginated, as well as for the destruction of
pathogens.

Without careful control, oxidative processes
can also cause damage to the organism itself. Cells
are literally playing with fire, and the fire can
quickly get out of control. Nowhere is this clearer
than in the membrane structures of cells. Here, an
errant free radical contacting a membrane fatty
acid, particularly a polyunsaturated fatty acid with
many double bonds that can be oxidised, can touch
off a chain reaction of free radical production
called the lipid peroxidation cascade. One un-
paired electron-containing fatty acid gives rise to
two, which give rise to four, and so on. These re-
actions literally spread across the membrane and
can damage its integrity, as well as causing alter-
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ations to the massive numbers of proteins that are
located within the membrane, including receptor
proteins. Cellular communication can be disrupted
because of this.[26] Cells can actually die if holes
open up in the membrane, compromising the integ-
rity of the cell in particular and causing cell de-
struction, either directly or by allowing calcium
ions to flow in, which can activate apoptotic mech-
anisms.

Thus, cell membranes are extremely vulnerable
to oxidative processes. The presence of transition
metals, such as iron, copper and manganese, also
leads to increased vulnerability. Transition metals,
and substances that are not themselves radicals,
such as H2O2, can give rise to extremely highly
reactive radicals, such as the hydroxyl radical. In-
deed, transition metal atoms readily accept elec-
trons and are therefore frequently found in en-
zymes that catalyse reactions through which free
radicals are formed or destroyed. Thus, one of the
major enzymes involved in free radical chemistry –
superoxide dismutase (SOD), which catalyses the
formation of H2O2 from O2

–• (where • indicates
the presence of an unpaired electron) exists in two
forms, both of which contain transition metals:
manganese in the case of MnSOD, which occurs
in mitochondria; and copper and zinc in Cu/ZnSOD,
which is cytosolic.

How does the body defend itself against free
radical–induced damage? There are essentially
two mechanisms.[26] One involves the use of chem-
ical antioxidants, which are substances that can
render free electrons harmless through a variety of
mechanisms. For example, the antioxidant vitamin
E (α-tocopherol) works by accepting an electron
and becoming a vitamin E radical, which is much
less reactive than other free radicals. The other
mechanism involves enzymes that catalyse reactions
in which free radicals or free radical–producing
substances are altered to form nonradical struc-
tures. Examples here include the enzyme SOD
mentioned above, as well as the enzymes catalase
(CAT) and glutathione peroxidase (GSH-Px), both
of which catalyse the formation of water and oxy-
gen from H2O2.

2.2 Free Radicals in the Brain

The brain is particularly vulnerable to free rad-
ical damage for several reasons.[28-31] First, it uses
an enormous amount of energy, receiving roughly
20% of the cardiac output of oxygenated blood.
Second, it contains huge amounts of polyunsatu-
rated fatty acids, providing a large arena for activ-
ity of lipid peroxidation cascades. Certain regions
of the brain that are involved in motor function,
such as the basal ganglia, are rich in transition met-
als as well.

Another point of vulnerability concerns areas of
the brain that contain large amounts of catechola-
mines, such as dopamine. The metabolism of do-
pamine is associated with free radical production
through several mechanisms. One is that dopamine
molecules may auto-oxidise to become dopamine
quinones, which are free radicals themselves.
Auto-oxidation may also give rise to O2

–•. A sec-
ond mechanism is that one of the major enzymes
involved in dopamine metabolism, monoamine
oxidase (MAO), produces H2O2 instead of water,
a very unusual situation. This H2O2 can be readily
cleaved, especially in the presence of transition
metals, forming two molecules of the most highly
reactive oxygen radical of all: the hydroxyl radi-
cal.[10,28-31]

2.3 Free Radicals and 
Antipsychotic Medications

It is against the preceding backdrop that we can
understand the development of the free radical hy-
pothesis of tardive dyskinesia. Antipsychotic med-
ications, by blocking dopamine receptors, can
cause a secondary increase in dopamine synthesis
and a corresponding increase in dopamine metabo-
lism. The latter can be associated with increased
free radical formation by MAO, which forms H2O2

(which, in the presence of transition metals, can
produce highly reactive hydroxyl radicals); in-
creased dopamine metabolism can also result,
through auto-oxidation, in the increased formation
of dopamine quinones and O2

–•. When this occurs
in areas of the brain where there are large amounts
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of oxygen delivery, polyunsaturated fatty acids
and transition metals – such as the basal ganglia –
the stage appears to be set for excess free radical
production, which can overwhelm antioxidant brain
defences, slowly producing damage.[28] Also, anti-
psychotic medications themselves may be associ-
ated with an increase in transition metals in the
basal ganglia,[32,33] and it is possible that some anti-
psychotic drugs, such as haloperidol, may be di-
rectly toxic through a free radical–related mecha-
nism or through the creation of reactive oxygen
species in mitochondria,[34,35] as reviewed in sec-
tion 3.

3. Preclinical Studies of 
Oxidative Damage with 
Antipsychotic Medications

Preclinical studies of the hypothesis that anti-
psychotics may cause damage through oxidative
mechanisms fall into two broad groups. First, there
are studies in which antipsychotic medications are
given to animals or used in cell cultures; oxidative
products are then measured and antioxidants are
also possibly administered to see if there is an al-
teration in these oxidative products. Second, there
are studies that concern the use of oxidative meas-
urements and antioxidant interventions in animal
models of tardive dyskinesia.

3.1 Antipsychotic-Induced Increases in
Oxidative Damage

Murthy et al.[36] and Cadet and Perumal[37] re-
ported evidence of increased membrane lipid per-
oxidation and impairment in antioxidant enzyme
activity in animals treated with antipsychotic med-
ications. The administration of antipsychotics in
rodents has also been associated with decreased
levels of glutathione in the brain, particularly the
striatum,[38,39] and evidence of increased free rad-
ical activity and glutamate transmission.[40]

Recently, cell culture studies by several groups
of investigators suggested that haloperidol and its
metabolites might be directly toxic to neurons.
Behl and colleagues[41] reported a direct toxic ef-
fect of haloperidol on primary hippocampal neu-

rons, C6 glioma cells and NCB20 cells, although
this damage appeared to be through a necrotic
rather than an apoptotic mechanism. Vitamin E
prevented this damage.

Sagara[34] studied the effect of haloperidol on
rat primary cortical neurons and on a mouse hippo-
campal cell line (HT-22). This research suggested
that haloperidol caused an increase in reactive
oxygen species generated by the mitochondria, but
not through metabolism of catecholamines by
MAO. The investigator reported that vitamin E and
β-estradiol (which also has antioxidant properties)
protected against the haloperidol-induced changes.

Galili-Mosberg et al.[35] administered haloperi-
dol and metabolites to cell cultures of murine neu-
rons (PC-12) and determined that cells died through
an apoptotic mechanism, rather than a necrotic
one. Further, the researchers found that antioxi-
dants, including vitamin E, were effective in atten-
uating this cell damage. (To our knowledge, although
there are very few neuropathological studies of tar-
dive dyskinesia in humans, none has reported sig-
nificant gliosis, which suggests an apoptotic rather
than a necrotic mechanism.) This was also one of
the few studies to assess second-generation (atyp-
ical) agents such as clozapine, and there was no
evidence of an increase in reactive oxygen species
with these newer drugs.

Finally, Post and colleagues[42] administered
haloperidol to murine hippocampal HT-22 cells
and found a drop in intracellular glutathione and
an increase in intracellular peroxides, accompa-
nied by cell death, which was prevented most ef-
fectively by vitamin E. The investigators also
found evidence that activation of the redox-sensitive
nuclear transcription factor NF-κB appeared to be
involved in the haloperidol-induced cell death.
This suggests that antioxidants, in addition to hav-
ing a direct role in free radical scavenging, may
also reduce oxidative stress by suppressing the ac-
tivation of transcription factors such as NF-κB.

In addition to the evidence for direct effects of
haloperidol, there is also indirect evidence for the
increased creation of reactive oxygen species after
haloperidol administration, because haloperidol in-
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hibits complex I of the electron transport chain,[43-45]

which could lead to increased free radical genera-
tion, especially within mitochondria.

Taken together, the results summarised in this
section suggest another mechanism by which anti-
psychotic medications may be able to cause neu-
ronal damage through an oxidative mechanism,
one in which the antipsychotic drugs and their
metabolites may be directly neurotoxic or neuro-
toxic through a mechanism related to the produc-
tion of free radicals through the mitochondria. It is
difficult to understand, however, why such a gen-
eral toxicity of haloperidol would be expected to
result in the specific damage to extrapyramidal
structures necessary to result in a movement disor-
der. One possibility is that haloperidol, by increas-
ing reactive oxygen species globally, may ‘use up’
antioxidant resources in the brain and that the other
antipsychotic-related free radical production mech-
anisms, which may be more specific to basal gan-
glia and dopaminergic systems, could then more
readily cause damage because of the general re-
duction in available antioxidant defences.

Consistent with this idea are the findings of
Hori et al.,[46] who investigated the genetic associ-
ation between a functional polymorphism (Ala-
9Val) in the human MnSOD gene and both schizo-
phrenia and tardive dyskinesia. Although there
was no difference in the allelic or genotypic distri-
bution between patients with schizophrenia and
control individuals, there was a significant de-
crease in the mutant (high-activity) allele in pa-
tients with schizophrenia and tardive dyskinesia in
comparison with those without tardive dyskinesia.
This suggests that the high-activity MnSOD allele
may be protective against the development of tar-
dive dyskinesia.

3.2 Oxidative Damage and Antioxidants in
Animal Models of Tardive Dyskinesia

Animal models of tardive dyskinesia can be very
helpful to determine if there may be free radical–
based mechanisms involved in the development of
dyskinesia after the administration of antipsy-
chotic medications. Although several animal mod-

els of tardive dyskinesia exist, in all cases, antipsy-
chotic medications are given on a long-term basis
to an animal and the animal is then observed to
determine if motor abnormalities have developed.
Antipsychotic medications have typically been de-
livered in oral form over many days; alternatively,
depot, long-acting forms of medications such as
fluphenazine or haloperidol decanoate have been
injected on a regular basis.

In 1993, Gattaz et al.[47] reported that vitamin E
attenuated behavioural hypersensitivity to apo-
morphine in rats given haloperidol and vitamin E
compared with haloperidol alone, suggesting re-
duced dopamine supersensitivity with vitamin E.
Although there are problems with dopamine super-
sensitivity as a hypothesis of persistent tardive
dyskinesia, it is possible that early and reversible
forms of antipsychotic-induced dyskinesia, as dis-
cussed in section 1, may relate to a dopamine super-
sensitivity state.[47] These results are also consis-
tent with the possibility that the production of a
state of dopamine supersensitivity may itself be
associated with increased free radical forma-
tion.[47] This finding may also relate to the obser-
vation, in clinical studies of vitamin E in tardive
dyskinesia, that there is more likely to be a clinical
response when the tardive dyskinesia is of rela-
tively recent development.[28] However, it should
be pointed out that the Gattaz et al. study[47] did
not look directly at any biochemical parameters, so
it is not clear if the observed behavioural hyper-
sensitivity reflects dopamine receptor supersensi-
tivity or some other change. Also, it is unclear, if
vitamin E were to operate through a mechanism of
reduction in supersensitivity, why there would not
be a corresponding potential reduction of parkin-
sonism and possibly psychosis as well; reductions
in parkinsonism and psychosis have not been re-
ported in studies of vitamin E in patients with tar-
dive dyskinesia.

Sachdev et al.,[12] in a study of rats treated with
fluphenazine decanoate injections every 2 weeks
for 12 months, found that selegiline (deprenyl),
which has antioxidant and other properties, was
associated with reduced vacuous chewing move-
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ments, mouth tremors and tongue protrusions, but
there was no influence of diets high or low in vita-
min E. However, the authors noted that the changes
in the amount of vitamin E in the diet may not have
been sufficient to significantly alter brain vitamin
E levels.

Lohr et al.[48] gave fluphenazine decanoate to
older rats for 4 months and found not only that a
diet high in antioxidants was associated with a re-
duction in head movements, as measured instru-
mentally by attached accelerometers, but also that
fluphenazine was associated with a significant loss
of large cholinergic neurons in the striatum and
that the high antioxidant diet prevented this loss.
There was also a significant positive correlation
between the degree of loss of cholinergic neurons
and the degree of movement abnormality.

In summary, the preclinical literature suggests
that first-generation antipsychotic agents may be
associated with increased free radical activity and
behavioural changes, which in some cases appear
to be preventable with administration of antioxi-
dants such as vitamin E. It is still unclear whether
these preclinical findings are directly relevant to
the development of tardive dyskinesia in humans
and whether second-generation compounds, such
as clozapine, risperidone, ziprasidone, olanzapine
and quetiapine, may have a reduced propensity to
cause increased free radical activity.

4. Clinical Studies of Oxidative 
Indices in Antipsychotic Treatment 
and Tardive Dyskinesia

Just as in the animal studies reviewed in section
3.2, studies can be performed in humans in which
measurements of oxidative status can be made in
patients given antipsychotic medications. Meas-
urements have been made of transition metals, an-
tioxidants and antioxidant enzymes, as well as of
indicators of increased free radical production,
such as thiobarbituric acid–reactive substances
(TBARS) and conjugated dienes, both of which are
indicators of lipid peroxidation.

For many years, both neuropathological and im-
aging studies have led to observations of increased

iron content in the brains of patients treated with
antipsychotic medications.[49-52] Studies have also
indicated an increase in products of oxidative ac-
tivity, such as lipid peroxides, in patients treated
with antipsychotic medications.[53,54] Pall et al.[53]

reported significantly elevated levels of TBARS
and conjugated dienes in the CSF of nine non-
psychiatric patients receiving phenothiazines, with
the highest elevation seen in patients with extra-
pyramidal signs (but not explicitly tardive dyski-
nesia). Pai et al.[54] also noted a reduction of gluta-
thione and increased lipid peroxidation in the CSF
of patients with acute psychosis who had received
haloperidol for 2 weeks, but these changes again
were not specifically related to tardive dyskinesia.
Apart from the fact that it is not clear from these
studies whether such increases in oxidative stress
may be related to tardive dyskinesia, it is also not
always clear whether these changes are secondary
to antipsychotic medications, as opposed to being
primary components of psychotic illnesses.

In terms of studies of oxidative activity as re-
lated to tardive dyskinesia proper, Lohr et al.[55]

found elevated levels of TBARS and conjugated
dienes in the CSF of those patients with versus
those without tardive dyskinesia, as well as a sig-
nificant positive correlation between conjugated
dienes and scores on the Abnormal Involuntary
Movement Scale (AIMS).[56,57] Peet et al.[58] noted
a significant positive correlation between severity
of dyskinesia and plasma TBARS levels in 14 pa-
tients.

McCreadie et al.[59] measured plasma levels of
lipid peroxides and vitamin E in patients with and
without tardive dyskinesia and in healthy individ-
uals. Although the patients had higher mean lipid
peroxide levels and lower mean vitamin E levels
than the healthy individuals, there were no signif-
icant differences between patients with and with-
out tardive dyskinesia. For lipid peroxide assess-
ment, these investigators used the more specific
high-performance liquid chromatography tech-
nique rather than the less specific TBARS tech-
nique used in other studies.
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Goff and colleagues[60] measured CSF levels of
four substrates of mitochondrial energy metabo-
lism – alanine, aspartate, lactate and pyruvate –
and compared these measures in patients with and
without tardive dyskinesia. Aspartate levels were
significantly elevated in patients with tardive dys-
kinesia and correlated significantly with the total
AIMS score. This finding, consistent with inhibi-
tion of complex I of the electron transport chain in
the mitochondria, could be associated with in-
creased free radical formation.

A later study from this group,[40] also performed
on the CSF of patients with and without tardive
dyskinesia, reported evidence of increased excit-
atory neurotransmission in the brains of patients
with tardive dyskinesia, as indicated by signi-
ficantly higher levels of N-acetylaspartate, N-
acetylaspartylglutamate and aspartate. This study
also found that the severity of tardive dyskinesia,
as measured by the AIMS, correlated positively
with markers of excitatory neurotransmission and
negatively with CSF SOD activity. Together, these
findings confirmed the hypothesis that antipsychot-
ics ‘enhance striatal glutamatergic neurotransmis-
sion by blocking presynaptic dopamine receptors,
which causes neuronal damage as a consequence
of oxidative stress’.[40]

Brown and colleagues[61] assayed plasma from
patients with schizophrenia, with and without tar-
dive dyskinesia, and from healthy individuals, for
vitamin E, vitamin A and TBARS. They found sig-
nificantly reduced vitamin E, but not vitamin A,
levels in the group with tardive dyskinesia com-
pared with the healthy group, but no difference
between patients with and without tardive dyski-
nesia. Using a lipid-corrected assessment of TBARS,
the researchers found a significant positive corre-
lation between levels of TBARS and AIMS scores.

Not all studies have found an increase in oxida-
tive stress with antipsychotic treatment. For exam-
ple, Yao et al.[62] reported a decrease in levels of
uric acid (an important water-soluble antioxidant)
in plasma following haloperidol discontinuation in
patients with schizophrenia, suggesting the possi-

bility that haloperidol may be associated with an
increase in uric acid levels.

In terms of the effects of antipsychotics on anti-
oxidant enzymes, the results are inconsistent.
Abdalla et al.[63] found no significant differences
in erythrocyte SOD and GSH-Px in patients with
schizophrenia who were receiving and those who
were not receiving antipsychotic medication. Yao
and colleagues[64] reported that patients with schizo-
phrenia, when they stopped taking haloperidol for
a mean of 40 days, showed increased activity of
erythrocyte SOD and GSH-Px, but not catalase.

In summary, although not completely consis-
tent, clinical studies indicate that patients exposed
to antipsychotics may demonstrate increased indi-
ces of free radical activity, such as increased pro-
duction of lipid peroxides, both in plasma and
CSF. Furthermore, there is some evidence that the
amount of peroxidation may relate to the severity
of dyskinesia in patients who have tardive dyski-
nesia. However, the evidence for an association
between antipsychotic medications and changes in
antioxidant enzymes or water-soluble antioxidants
is much less compelling at this point.

5. Clinical Studies of Antioxidant
Treatment for Tardive Dyskinesia

The possibility of oxidative processes causing
tardive dyskinesia leads to the consideration that
antioxidants may be useful in preventing or treat-
ing the condition. The hypothesis of free radical
damage in tardive dyskinesia suggests that a pre-
ventive strategy may be the most useful. However,
because oxidative damage may not necessarily be
irreversibly neurotoxic in its early stages, the pos-
sibility exists that antioxidants may be able to re-
duce the severity of tardive dyskinesia, especially
early in the course of its development. Therefore,
an important consideration in antioxidant inter-
vention strategies for tardive dyskinesia concerns
timing of the intervention.

Another consideration involves the specific
type of intervention to be used. There are several
potential strategies here, which relate to the vari-
ous vulnerabilities to free radical damage in brain

Oxidative Mechanisms and Tardive Dyskinesia 55

 Adis International Limited. All rights reserved. CNS Drugs 2003; 17 (1)



regions with elevated catecholamine content de-
scribed in section 2.2. For example, one could fo-
cus on trying to reduce free radical formation by
reducing the availability of transition metals, such
as by using a chelation strategy. Another strategy
could target the antioxidant defence system, whereby
antioxidant potential is effectively increased. Here,
two factors need to be taken into account. The first
is that there are specialised systems for antioxi-
dants depending on whether the primary oxidative
process relates to membranes (lipid) or cytosol.
The second concerns the fact that antioxidant
mechanisms exist in a balance in the organism, so
influencing one mechanism may cause changes in
another.[26]

So far, the most widely used antioxidant strat-
egy has involved vitamin E, which is the major free
radical chain–breaking substance in the body and
which is of particular importance in cell mem-
branes. The only consistently reported mechanism
of action of vitamin E is that of scavenging free
radicals, especially in a lipid environment. Vitamin
E is also almost completely free of adverse effects
(except for mild stool loosening or diarrhoea) and
significant drug interactions when used in dosages
at or below 2000 IU/day. Vitamin E may be very
useful in cases where lipid peroxidation is impor-
tant, as the clinical data reviewed in section 4 sug-
gest. Although, theoretically, neuronal membrane
systems may be quite vulnerable to attack by free
radicals, it is not known if nonmembrane or cytoso-
lic free radical damage may also be important in
the pathophysiology of tardive dyskinesia.[26] Vi-
tamin E also may be of limited use if the cells have
been destroyed, as the neurons are postmitotic and
will not regenerate under most circumstances.

As far as the use of antioxidants as a preventive
strategy for tardive dyskinesia is concerned, we are
not aware of any studies that have addressed this,
although clearly the biochemical considerations
outlined in section 2.3 suggest the need for such
studies.[65] There is one open-label study[66] that
indicated that 600 IU/day of vitamin E may be useful
in preventing the development of antipsychotic-
induced parkinsonism, but this study did not focus

on tardive dyskinesia. This issue may still be of
importance to those interested in tardive dyskine-
sia, however, because there is considerable evi-
dence that the development of parkinsonism may
indicate greater risk for the future development of
tardive dyskinesia.[3,67,68]

5.1 Vitamin E

So far, most studies of vitamin E in tardive dys-
kinesia have assessed the efficacy of the vitamin in
tardive dyskinesia proper. There have been a sub-
stantial number of studies on the use of vitamin E
in patients with tardive dyskinesia since our early
studies in the late 1980s.[69,70] Studies that were
performed with patients in the late 1980s and early
1990s generally indicated that vitamin E was mod-
estly effective in reducing the severity of dyskine-
sia in tardive dyskinesia.[58,71-84] All of these stud-
ies demonstrated a positive effect of vitamin E,
with reductions in dyskinesia in the range of 18 to
43%, except the studies of Shriqui et al.,[74] Lam et
al.[79] and Dorevitch et al.,[82] which showed no
effect. In these latter three studies, it appeared that
the tardive dyskinesia was of very long duration in
the patients studied, although the exact length of
time was frequently unknown. What constitutes
clinically meaningful improvement in tardive dys-
kinesia is not clear, especially since the impact of
tardive dyskinesia on the quality of life of individ-
uals, even when the movements are of similar se-
verity, can be very different. In general, many in-
vestigators have considered that improvement in
the range of 25% or more is probably clinically
meaningful.[81]

Two meta-analyses[85,86] of specific studies of
the efficacy of vitamin E in patients with tardive
dyskinesia demonstrated that vitamin E interven-
tion appeared to be effective in at least a significant
subgroup of patients. By the late 1990s, it appeared
that in approximately one-third of patients with tar-
dive dyskinesia, treatment with vitamin E in dos-
ages of up to 1600 IU/day could result in some
improvement.[85,86] It also seemed that vitamin E
was more effective in patients who had had tardive
dyskinesia for a shorter (<5 years or so) rather than
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longer period of time.[85,86] Two studies[83,84] ad-
dressed the efficacy of vitamin E over 7 months or
more, and both of these studies found a prolonged
beneficial effect. However, although most of the
studies were double-blind and placebo-controlled,
all of these earlier studies involved small numbers
of patients.[83-86]

The largest and longest vitamin E study on tar-
dive dyskinesia to date has been the recently com-
pleted multisite Veterans Administration Cooper-
ative Study #394 (CS 394).[87] This study of 158
veterans, primarily with schizophrenia, did not
demonstrate any significant clinical effect of vita-
min E on the severity of tardive dyskinesia as mea-
sured by the AIMS over a 12-month period. Both
the vitamin E–treated group and the placebo group
showed a reduction of tardive dyskinesia severity
over the 12 months of the study, but there was no
difference in the degree of reduction between the
two groups.

We have speculated on the possible reasons for
the discrepancy in findings of the CS 394 study[87]

in comparison with the earlier smaller studies,
most of which demonstrated a positive clinical ef-
fect of vitamin E.[88] We divided these reasons into
three basic categories related to sampling error,
bias and heterogeneity of true effect. In the case of
sampling error, it is possible that previous studies
were looking at random upward fluctuations that
reached a point where a larger study would be war-
ranted, but the results of the larger study would
then be expected to regress to the actual value (re-
gression to the mean). Bias is, of course, probably
more likely to be a factor in small, tightly control-
led studies performed by few investigators, but it
is by no means clear that bias cannot be an impor-
tant component of the findings from large-scale,
multisite studies as well. Finally, heterogeneity of
true effect could have occurred because of secular
trends over time. Because of the length of time and
numbers of patients enrolled in the CS 394 study,
it was not possible to keep medications as constant
as in previous studies, such as the similarly de-
signed study conducted by Adler et al.[84]

In the CS 394 study,[87] a large proportion of
patients discontinued anticholinergic medications
and switched to second-generation antipsychotics
(mainly risperidone). Dosages of antipsychotic
medications were considerably lower in the CS 394
study than in many previous studies, reflecting the
general practice of reduction in antipsychotic ad-
ministration in the US during the 1990s. Also,
since many patients had been switched to second-
generation antipsychotics during the mid-1990s,
any patients who had an amelioration of tardive
dyskinesia after such a switch would no longer be
eligible for entry into CS 394. It was interesting
that, although CS 394 was initially designed to
look at patients who had had tardive dyskinesia for
<5 years, this criterion was dropped because of the
lack of availability of such patients in sufficient
numbers to meet the needs of the study.

Thus, tardive dyskinesia may have changed
over the course of the last decade, and patients who
now demonstrate tardive dyskinesia may be those
who have experienced irreversible damage or are
exceptionally vulnerable to whatever pathophysi-
ological mechanisms are involved. The CS 394
study may have involved a group of patients with
a more chronic and refractory form of tardive dys-
kinesia than in previous studies.

In summary, the role for vitamin E in the treat-
ment of tardive dyskinesia at this time is unclear,
but vitamin E does not currently appear to be sig-
nificantly effective, especially for patients with
long-standing tardive dyskinesia. Because of the
low toxicity of vitamin E, however, a clinical trial
with individual patients may still be worthy of con-
sideration, especially in patients who are in the
early stages of development of tardive dyskinesia.

5.2 Other Antioxidants

Selegiline is an irreversible inhibitor of the en-
zyme MAO-B and has potent antioxidant effects
through a number of different mechanisms, includ-
ing reduced formation of H2O2 and increased lev-
els of SOD and CAT. We have already mentioned
a rat study in which selegiline was effective in pre-
venting the development of fluphenazine-induced
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mouth movements (see section 3.2).[12] The only
reported study of the use of selegiline in patients
with tardive dyskinesia that we are aware of is the
study of Goff et al.,[89] which found no effect.

A recent double-blind, placebo-controlled,
crossover study[90] of melatonin, which has potent
antioxidant properties, reported that a dosage of 10
g/day significantly reduced the severity of tardive
dyskinesia, as measured by the AIMS, in 22 patients
over a 6-week period. As with selegiline, melato-
nin has effects on the dopaminergic system apart
from its antioxidant properties, so it is not possible
to say at this point whether any therapeutic effect
of melatonin on tardive dyskinesia is due to its anti-
oxidant potential.

6. Relationship of Oxidative
Mechanisms to Other 
Neurotoxic Mechanisms

At several points in this review, we have re-
ported studies indicating that there may be rela-
tionships between oxygen radical neurotoxicity
and toxicity produced through other mechanisms
in terms of the pathophysiology of tardive dyski-
nesia. In particular, excitotoxic mechanisms have
been reported by some investigators, and it has
been speculated that excitotoxic damage may oc-
cur through a free radical mechanism, as well as
through mechanisms involving problems with mi-
tochondrial energy metabolism (which may also be
related to free radical production).[14,40,60,91,92] Be-
cause of age-related impairments in the mitochon-
drial energy system, more free radicals may be
formed with increasing age,[27] and this may relate
to increased age as a risk factor for tardive dys-
kinesia. It has also been proposed that excitotoxic-
ity may relate to the observed increase in tardive
dyskinesia in patients with substance abuse.[93]

Sachdev[9] has suggested that free radical and ex-
citotoxic processes may be responsible for the loss
of GABAergic neurons that has been reported in
some studies of tardive dyskinesia. In addition, re-
cent evidence suggests that nitric oxide (NO),
which can have pro-oxidant or antioxidant proper-
ties depending on the circumstances, may also be

involved in the pathophysiology of tardive dyski-
nesia,[94] in that haloperidol may prevent NO-related
neuroprotection.

Because of the various interrelationships that
may be involved in the pathophysiology of tardive
dyskinesia, we considered that it would be helpful
to include a diagram indicating the possible mech-
anisms involved, as well as potential relationships
between them (figure 1). It should be kept in mind
that this is an illustration of possible relationships,
but that the relative importance of these in the
pathogenesis of tardive dyskinesia and withdrawal-
emergent dyskinesia is yet to be determined.

7. Conclusion

There continues to be scientific evidence sup-
porting the hypothesis that antipsychotic drugs,
particularly first-generation (typical) antipsychotic
drugs, may cause an increase in free radicals in the
brain, and that this increase may relate to the de-
velopment of tardive dyskinesia. There is some ev-
idence that antioxidant administration may reduce
these problems in animals and that at least one anti-
oxidant – vitamin E – may have had some effect on
tardive dyskinesia in the early 1990s, although re-
cent studies suggest that there may be little or no
effect on tardive dyskinesia currently.

Although vitamin E may have limited use for
the treatment of tardive dyskinesia at this time, this
issue is still deserving of further research. Antipsy-
chotic drugs, even second-generation (atypical)
drugs, can still cause tardive dyskinesia, especially
in geriatric patients.[3] In addition, little is known
about whether the reduced propensity of second-
generation agents to cause tardive dyskinesia may
be related to their inability to generate reactive ox-
ygen species or to their potential antioxidant prop-
erties. It is possible, for instance, that the relatively
decreased dopamine D2 receptor–blocking ability
of second-generation agents in comparison with
first-generation agents may contribute to a reduced
propensity for tardive dyskinesia, as there may be
less secondary increase in dopamine metabolism.

Theoretical considerations and preclinical and
clinical studies suggest that antioxidants may be

58 Lohr et al.

 Adis International Limited. All rights reserved. CNS Drugs 2003; 17 (1)



most useful as a preventive treatment. Such studies
have not so far been undertaken. In patients who
have developed tardive dyskinesia, because of the
complexity and interactive quality of the antioxi-
dant and other neuroprotective systems, the use of
one antioxidant alone, such as vitamin E, may be
insufficient. Other antioxidants (such as melato-
nin[90]), more powerful antioxidants, combinations
of antioxidants and antioxidants that can address
oxidative damage in multiple systems (such as the
amphiphilic vitamin E analogue MDL[95] or pro-
pargylamines[96]) may be worth studying as well.
Antioxidants that have been reported as potentially
useful in the treatment of Alzheimer’s disease,
such as an extract of gingko biloba, EGb 761[97] or
idebenone, a coenzyme Q10 analogue,[98] may also
be worthy of consideration in studies of tardive
dyskinesia. Finally, because of the strong relation-
ships between processes that cause oxidative dam-
age and excitotoxicity,[14,91] the use of neuropro-
tective or antiexcitotoxic agents, with or without

antioxidant treatment, may also be of use. Notably,
some of the evidence suggests that mood stabilis-
ers such as valproic acid (sodium valproate), but
not lithium,[86] and hormones such as insulin[99]

may be of some benefit, likely through neuro-
protective, possibly neurotrophic, mechanisms.
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