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ACTA NEUROPSYCHIATRICA

In vitro effect of antipsychotics on brain
energy metabolism parameters in the brain
of rats

Scaini G, Rochi N, Morais MOS, Maggi DD, De-Nês BT, Quevedo J,
Streck EL. In vitro effect of antipsychotics on brain energy metabolism
parameters in the brain of rats.

Objective: Typical and atypical antipsychotic drugs have been shown to
have different clinical, biochemical and behavioural profiles. It is well
described that impairment of metabolism, especially in the mitochondria,
leads to oxidative stress and neuronal death and has been implicated in the
pathogenesis of a number of diseases in the brain. In this context, we
investigated the in vitro effect of antipsychotic drugs on energy
metabolism parameters in the brain of rats.
Methods: Clozapine (0.1, 0.5 and 1.0 mg/ml), olanzapine (0.1, 0.5 and
1.0 mg/ml) and aripiprazole (0.05, 0.15 and 0.3 mg/ml) were suspended in
buffer and added to the reaction medium containing rat tissue homogenates
and the respiratory chain complexes, succinate dehydrogenase and creatine
kinase (CK) activities were evaluated.
Results: Our results showed that olanzapine and aripriprazole increased
the activities of respiratory chain complexes. On the other hand, complex
IV activity was inhibited by clozapine, olanzapine and aripriprazole. CK
activity was increased by clozapine at 0.5 and 1.0 mg/ml in prefrontal
cortex, cerebellum, striatum, hippocampus and posterior cortex of rats.
Moreover, olanzapine and aripiprazole did not affect CK activity.
Conclusion: In this context, if the hypothesis that metabolism impairment
is involved in the pathophysiology of neuropsychiatric disorders is correct
and these results also occur in vivo, we suggest that olanzapine may
reverse a possible diminution of metabolism.
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Significant outcomes

• Olanzapine and aripriprazole increased the activities of respiratory chain complexes I, II and II–III.
• Complex IV activity was inhibited by clozapine, olanzapine and aripriprazole.
• Creatine kinase (CK) activity was increased by clozapine in prefrontal cortex, cerebellum, striatum,

hippocampus and posterior cortex of rats.
• Olanzapine and aripiprazole did not affect CK activity.

Limitations

• It is necessary to investigate other important steps of energy metabolism.
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Introduction

Neuropsychiatric disorders such as schizophrenia,
depression and bipolar disorder have been related
to dysfunction in the brain metabolism (1–3), and
on neurotrophic factor expression (4–7), alterations
in the neuronal function and survival (8,9), as well
as abnormal synaptogenesis and neurotransmission
(1,6,7). The metabolism dysfunction includes mito-
chondrial impairment (2,10), increase in reactive
oxygen species (ROS) production and expression
of biochemical markers of cellular degeneration
(8,11–14).

Atypical antipsychotics such as clozapine and
olanzapine exhibit serotonin/dopamine antagonis-
tic properties associated with fewer extrapyramidal
symptoms than conventional antipsychotics (9,15).
Aripiprazole is an atypical neuroleptic that exhibits
a high binding affinity for D2 and D3 receptors, a
moderate affinity for D4 receptors and a low affin-
ity for D1 receptors. Preclinical studies have also
indicated that aripiprazole has a relatively high affin-
ity for serotonin 5-HT2A and 5-HT1A receptors. It
displays partial agonist activity at the 5-HT1A recep-
tor and antagonistic activity at the 5-HT2A recep-
tor (16). In humans, recent evidence suggests that
schizophrenic patients treated with atypical antipsy-
chotics may present a better performance in cognitive
tasks when compared to patients treated with typical
antipsychotics (9,17).

Mitochondria are intracellular organelles which
play a crucial role in adenosine triphosphate (ATP)
production (18). Mitochondrial oxidative phospho-
rylation is the major ATP-producing pathway (19).
Energy, in the form of ATP, is obtained in the mito-
chondria through a series of reactions in which elec-
trons liberated from reducing substrates NADH and
FADH2 are delivered to O2 via the electron transport
chain, which consists of four multimeric complexes
(I, II, III and IV) plus two small electron carri-
ers, coenzyme Q (or ubiquinone) and cytochrome c.
The energy obtained by the reactions of the electron
transport chain is used to pump protons from the
mitochondrial matrix into the intermembrane space
located between the inner and outer mitochondrial
membranes. This process creates an electrochemical
proton gradient, which is utilised by complex V (or
ATP synthase) to catalyse the formation of ATP by
the adenosine diphosphate (ADP) (20,21). Another
way to produce ATP is through CK (EC 2.7.3.2)
which is a crucial enzyme for high energy-consuming
tissues like brain, skeletal muscle and heart. This
enzyme works as a buffering system of cellular ATP
levels, playing a central role in energy metabolism.
CK catalyses the reversible transfer of the phospho-
ryl group from phosphocreatine to ADP, regenerating
ATP (22,23). In addition, CK may be considered as

a marker of creatine/phosphocreatine system func-
tioning in brain (24). In this context, it has been
widely shown diminution of CK activity may poten-
tially impair energy homeostasis, contributing to cell
death (25–29).

The brain contains a large number of mitochon-
dria, being more susceptible to fluctuations on aero-
bic metabolism. Neurons have a high metabolic rate,
limited stores of glucose or glycogen, low anaerobe
capacity and a near exclusive dependence on glu-
cose as an energy substrate (30). It is well described
that impairment of energy production caused by
mitochondrial dysfunction has been implicated in
the pathogenesis of a number of diseases, including
neurological conditions such as dementia, cerebral
ischaemia, Alzheimer’s disease and Parkinson’s dis-
ease (12,29–34). Neuropsychiatry disorders such as
schizophrenia, depression and bipolar disorder have
also been related to dysfunction on neurotrophic
factor expression (4–7), dysfunction in the brain
metabolism (1,35) alterations in the neuronal func-
tion and survival (36,37) as well as abnormal synap-
togenesis and neurotransmission (1,6,7). In addition,
Assis and colleagues (38) have recently shown that
brain CK activity is altered by antipsychotics. More-
over, succinate dehydrogenase activity was inhib-
ited in cerebellum and striatum after olanzapine
and clozapine administration, respectively, whereas
aripiprazole increased the enzyme in prefrontal cor-
tex (39). Some studies also reported that chronic
exposure to clozapine resulted in significant changes
in the activities of antioxidant enzymes and oxidative
damage in rat brain, but no change was observed with
olanzapine administration (40).

Considering that reduction of brain energy metabo-
lism is related to neurological dysfunction and that
some neuroleptics alter oxidative stress parameters
and cognitive function, in this study we evaluated the
effects in vitro of some antipsychotics, named cloza-
pine, olanzapine and aripiprazole on mitochondrial
respiratory chain and CK activities in brain (hip-
pocampus, striatum, cerebellum, posterior cortex and
prefrontal cortex) of rats.

Materials and methods

Animals

Adult male Wistar rats (250–300 g) were obtained
from the Central Animal House of University of
Extremo Sul Catarinense, Criciúma, SC, Brazil. They
were caged in groups of five with free access to food
and water and were maintained on a 12-h light:dark
cycle (lights on 07:00 h), at a temperature of 22 ±
1 ◦C. All experimental procedures were carried out
in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals
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and the Brazilian Society for Neuroscience and
Behavior recommendations for animal care, with the
approval of UNESC Ethics Committee.

Drugs

Clozapine was purchased from Novartis Biociências
AS, São Paulo, Brazil (Leponex®). Olanzapine was
provided from Eli Lilly do Brasil Ltda, São Paulo,
Brazil (Zyprexa®). Aripiprazole was purchased from
Bristol-Myers Squibb, São Paulo, Brazil (Abilify®).

Tissue and homogenate preparation

On the day of the experiments the animals were killed
by decapitation (n = 6), the brain was removed and
cerebellum, hippocampus, striatum, prefrontal cortex
and posterior cortex were homogenised (1:10, w/v)
in SETH buffer, pH 7.4 (250 mM sucrose, 2 mM
ethylenediaminetetraacetic acid, 10 mM Trizma base,
50 IU/ml heparin). The homogenates were cen-
trifuged at 800 × g for 10 min and the supernatants
kept at −70 ◦C until used for enzymes activity deter-
mination. The maximal period between homogenate
preparation and enzyme analysis was always less
than 5 days. Protein content was determined by
the method described by Lowry and colleagues (41)
using bovine serum albumin as standard. Clozap-
ine (0.1, 0.5 and 1.0 mg/ml), olanzapine (0.1, 0.5
and 1.0 mg/ml) and aripiprazole (0.05, 0.15 and
0.3 mg/ml) were dissolved on the day of the exper-
iments in the incubation medium (buffer) used for
each technique.

Activities of mitochondrial respiratory chain enzymes

In the day of the assays, the samples were frozen and
thawed in hypotonic assay buffer three times to fully
expose the enzymes to substrates and achieve max-
imal activities. NADH dehydrogenase (complex I)
was evaluated according to the method described
by Cassina and Radi (42) by the rate of NADH-
dependent ferricyanide reduction at 420 nm. The
activities of succinate: 2,6-dichlorophenolindophenol
(DCIP) oxidoreductase (complex II) and succinate:
cytochrome c oxidoreductase (complexes II–III)
were determined according to the method of Fis-
cher and colleagues (43). Complex II activity was
measured by following the decrease in absorbance
due to the reduction of 2,6-DCIP at 600 nm. The
activity of complexes II–III was measured by
cytochrome c reduction from succinate. The activity
of cytochrome c oxidase (complex IV) was assayed
according to the method described by Rustin and
colleagues (44), measured by following the decrease
in absorbance due to the oxidation of previously

reduced cytochrome c at 550 nm. The activities of
the mitochondrial respiratory chain complexes were
expressed as nmol/min/mg protein.

CK activity

CK activity was measured in brain homogenates pre-
treated with 0.625 mM lauryl maltoside. Briefly, the
reaction mixture consisted of 60 mM Tris–HCl, pH
7.5, containing 7.0 mM phosphocreatine, 9.0 mM
MgSO4 and approximately 0.4–1.2 mg protein in
a final volume of 100 ml. After 15 min of prein-
cubation at 37 ◦C, the reaction was then started
by the addition of 4.0 mM of ADP and stopped
after 10 min by the addition of 20 ml of 50 mM
phydroxy-mercuribenzoic acid. The creatine formed
was estimated according to the colorimetric method
of Hughes (45). The colour was developed by the
addition of 100 ml 2% α-naphtol and 100 ml 0.05%
diacetyl in a final volume of 1.0 ml and read
spectrophotometrically after 20 min at λ = 540 nm.
Results were expressed as units/min × mg protein.

Statistical analysis

Data were analysed by one-way analysis of variance
followed by the Tukey test when F was significant
and are expressed as mean ± SD. All analyses were
performed using the Statistical Package for the Social
Science (SPSS) software (IBM Corporation, NY,
USA).

Results

In this study, we evaluated the effects of clozapine,
olanzapine and aripiprazole on activities of mito-
chondrial respiratory chain enzymes and CK activity
in some brain areas (hippocampus, striatum, cerebel-
lum, prefrontal cortex and posterior cortex) of rats.
It can be seen in Fig. 1a that complex I activity
was increased in prefrontal cortex and striatum by
olanzapine at 0.5 mg/ml and higher concentrations
(prefrontal cortex p = 0.005 and p = 0.001; stria-
tum p = 0.004 and p = 0.000). As shown in Fig. 1b,
olanzapine at 0.5 and 1.0 mg/ml increased complex II
activity in cerebellum, striatum and posterior cortex
(cerebellum p = 0.003 and p = 0.000; striatum p =
0.002 and p = 0.000; posterior cortex p = 0.002
and p = 0.000), whereas prefrontal cortex and hip-
pocampus were not affected. Furthermore, olanzap-
ine at 0.5 mg/ml and higher concentrations increased
the activity of complexes II–III in prefrontal cor-
tex, striatum and posterior cortex (prefrontal cor-
tex p = 0.012 and p = 0.002; striatum p = 0.000
and p = 0.000; posterior cortex p = 0.000 and p =
0.000). In cerebellum and hippocampus, olanzapine
increased the activity of complexes II–III only in
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(a) (b)

(c) (d)

Fig. 1. In vitro effect of olanzapine on the activities of complexes I (a), II (b), II–III (c) and IV (d) in the brain of rats. Data were
analysed by Tukey test and are expressed as mean ± SD (n = 6). Different from control, *p < 0.05.

the higher dose (cerebellum p = 0.000; hippocampus
p = 0.000) (Fig. 1c). On the other hand, olanzap-
ine inhibited complex IV activity in cerebellum only
in the higher dose (cerebellum p = 0.001), without
affecting prefrontal cortex, striatum, hippocampus
and posterior cortex (Fig. 1d).

The next set of experiments was performed in
order to evaluate the in vitro effect of clozapine
on the respiratory chain complex activities. Figure 2
shows that clozapine did not affect the activities of
complexes I, II and II–III in the cerebral regions
evaluated in this study (Fig. 2a–c, respectively). In
contrast, clozapine at 0.1 mg/ml and higher con-
centrations inhibited complex IV activity in pre-
frontal cortex and hippocampus (prefrontal cortex
p = 0.002, p = 0.000 and p = 0.004; hippocampus
p = 0.000, p = 0.001 and p = 0.000), on the other
hand, as clozapine at 0.5 and 1.0 mg/ml decreased
complex IV activity in cerebellum (p = 0.001 and
p = 0.006), but striatum and posterior cortex were
not affected (Fig. 2d).

Figure 3 shows that aripiprazole 0.15 and 0.3
mg/ml increased complex I activity in striatum

(p = 0.006 and p = 0.003), but not affect prefrontal
cortex, cerebellum, hippocampus and posterior cortex
(Fig. 3a). On the other hand, aripriprazole at 0.15 and
0.3 mg/ml increased complex II activity in posterior
cortex (p = 0.002 and p = 0.007). In cerebellum
aripiprazole increased complex II activity only in
the higher dose (p = 0.020). Moreover, prefrontal
cortex, striatum and hippocampus were not affected
(Fig. 3b). In contrast, the activity of complexes II–III
was increased by aripiprazole (0.3 mg/ml) in striatum
and hippocampus (striatum p = 0.038; hippocampus
p = 0.004) (Fig. 3c). On the other hand, aripiprazole
inhibited complex IV activity in prefrontal cortex
only in the higher dose (prefrontal cortex p = 0.014),
without affecting cerebellum, striatum, hippocampus
and posterior cortex (Fig. 3d).

Finally, we tested the influence of olanzapine,
clozapine and aripiprazole on the CK activity. It can
be seen in Fig. 4a that CK activity was increased by
clozapine at 0.5 and 1.0 mg/ml in prefrontal cortex,
cerebellum, striatum, hippocampus and posterior
cortex of rats (prefrontal cortex p = 0.000 and
p = 0.000; cerebellum p = 0.015 and p = 0.000;
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(a) (b)

(c) (d)

Fig. 2. In vitro effect of clozapine on the activities of complexes I (a), II (b), II–III (c) and IV (d) in the brain of rats. Data were
analysed by Tukey test and are expressed as mean ± SD (n = 6). Different from control, *p < 0.05.

striatum p = 0.018 and p = 0.000; hippocampus
p = 0.002 and p = 0.009; posterior cortex p =
0.001 and p = 0.000). Olanzapine and aripiprazole
did not affect CK activity in either tested structure
(Fig. 4b and c, respectively).

Discussion

Dysfunction in brain metabolism is related to
neuropsychiatric disorders, such as schizophrenia,
depression and bipolar disorder (1–3,10). Some evi-
dence also point to the possibility that drugs used
in the treatment of such disorders modulate energy
metabolism, especially by increasing it. In this con-
text, we reported recently that mood stabilisers pre-
vent and reverse inhibitory effect on cytrate synthase
activity caused by amphetamine in an animal model
of mania (46). Regarding antipsychotics, reports
from literature show that the atypical antipsychotic
olanzapine only inhibited succinate dehydrogenase
(SDH) in cerebellum and aripiprazole increased the
same enzyme in prefrontal cortex, whereas clozapine
inhibited the enzyme only in striatum.

Volz and colleagues (47) observed decreased lev-
els of ATP in the frontal lobes of antipsychotic-
free patients. Furthermore, reports from literature
show that ATP levels may inversely correlate with
the degree of negative symptoms in schizophrenic
patients (48). Additionally, two groups reported a
lower ATP concentration in the basal ganglia of med-
icated schizophrenic patients, suggesting an imbal-
ance between ATP production and ATP utilisation
by oxidative phosphorylation in this disorder (49).
Andreassen and colleagues (50) verified that mild
mitochondrial impairment in combination with neu-
roleptics results in striatal excitotoxic neurodegen-
eration, which may underlie the development of
persistent vacuous chewing movements in rats.

It is well described that some side-effects of
antipsychotics limited their long-term use and are
probably associated to oxidative stress (51,52) and
metabolism impairment (53). The biochemical and
physiological characteristics of the brain, with
high-unsaturated phospholipids content and energy
requirement, make this organ particularly suscepti-
ble to free radical-mediated damage (20,28). It is
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(a) (b)

(c) (d)

Fig. 3. In vitro effect of aripriprazole on the activities of complexes I (a), II (b), II–III (c) and IV (d) in the brain of rats. Data
were analysed by Tukey test and are expressed as mean ± SD (n = 6). Different from control, *p < 0.05.

well known that mitochondrial oxidative phosphory-
lation system generates ROS and the electron trans-
port chain, mainly complexes I and III, is vulnerable
to damage by them (54,55). In this context, sev-
eral studies show that antipsychotics cause oxidative
stress (17,40). Augmented ROS production causes
defects in the mitochondrial genome, leading to
impaired oxidative phosphorylation, which not only
limits ATP generation but also further promotes ROS
production (33). Moreover, oxidative damage can
be cause or consequence of mitochondrial dysfunc-
tion (20,55).

In this study, we observed that olanzapine and
aripriprazole increased the activities of respiratory
chain complexes. On the other hand, complex IV
activity was inhibited by clozapine, olanzapine and
aripriprazole. Prince and colleagues (3) evaluated
regional alterations in neuronal functional activity in
rat brain using complex IV histochemistry follow-
ing chronic treatment with haloperidol, fluphenazine
and clozapine for 28 days. The authors verified that
increases in complex IV activity were evident in
the frontal cortex of all treated animals. Moreover,

clozapine and fluphenazine, but not haloperidol,
caused significant increases in complex IV activ-
ity in other areas. The authors also suggest that
neuroleptics achieve their therapeutic effects pri-
marily via an enhancement of brain function in
the frontal cortex, but also point to other brain
regions which may be involved in the actions of
these drugs (3). In contrast, ours result suggests that
chronic treatment using clozapine increases complex
IV activity by an indirect mechanism, probably medi-
ated by signal transduction and/or gene expression
pathways.

The creatine/phosphocreatine/CK system is impor-
tant for normal energy homeostasis by exerting sev-
eral integrated functions, such as temporary energy
buffering, metabolic capacity, energy transfer and
metabolic control (8,56). The brain of adult rats,
like other tissues with high and variable rates of
ATP metabolism, presents high phosphocreatine con-
centration and CK activity. It has been widely
shown that a decrease in CK activity is associ-
ated with a neurodegenerative pathway that results
in neuronal loss following brain ischaemia (25),
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(a)

(b)

(c)

Fig. 4. In vitro effect of olanzapine (a), clozapine (b) and
aripiprazole (c) on CK activity in the brain of rats. Data were
analysed by Tukey test and are expressed as mean ± SD
(n = 6). Different from control, *p < 0.05.

neurodegenerative diseases (26,27) and other patho-
logical states (29,30).

Considering that CK is sensitive to free rad-
icals (57) and that we have recently shown that
antipsychotics lead to oxidative stress, we specu-
late that the enzyme inhibition in vivo may occur
by the oxidation of thiol groups of its structure.
In this context, Assis and colleagues (38) observed
that chronic administration of clozapine inhibited CK

activity in cerebellum and prefrontal cortex. More-
over, the increase in vitro CK activity by clozapine
differs from in vivo studies; thus we suggest that
the increased activity occur by direct mechanisms,
whereas inhibition in vivo may occur by the oxida-
tion of thiol groups of its structure.
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