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Abstract

Assessment of drug-induced mitochondrial dysfunctions is important in drug development as well as in the understanding of
molecular mechanism of therapeutic or adverse effects of drugs. The aim of this study was to investigate the effects of three
typical antipsychotics (APs) and seven atypical APs on mitochondrial bioenergetics. The effects of selected APs on citrate
synthase, electron transport chain complexes (ETC), and mitochondrial complex I- or complex II-linked respiratory rate were
measured using mitochondria isolated from pig brain. Complex I activity was decreased by chlorpromazine, haloperidol,
zotepine, aripiprazole, quetiapine, risperidone, and clozapine. Complex II + III was significantly inhibited by zotepine,
aripiprazole, quetiapine, and risperidone. Complex IV was inhibited by zotepine, chlorpromazine, and levomepromazine.
Mitochondrial respiratory rate was significantly inhibited by all tested APs, except for olanzapine. Typical APs did not exhibit
greater efficacy in altering mitochondrial function compared to atypical APs except for complex I inhibition by chlorpromazine
and haloperidol. A comparison of the effects of APs on individual respiratory complexes and on the overall mitochondrial
respiration has shown that mitochondrial functions may not fully reflect the disruption of complexes of ETC, which indicates
AP-induced modulation of other mitochondrial proteins. Due to the complicated processes associated with mitochondrial
activity, it is necessary to measure not only the effect of the drug on individual mitochondrial enzymes but also the respiration
rate of the mitochondria or a similar complex process. The experimental approach used in the study can be applied to mitochon-
drial toxicity testing of newly developed drugs.
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scribed medications for both psychiatric and non-psychiatric
indications. The main molecular mechanism of action of APs,
except for aripiprazole, is the blockade of dopamine D, recep-
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tors. Antagonism of D, receptors in mesolimbic dopamine
pathway is responsible for treatment of positive symptoms
of schizophrenia; however, the high and non-specific occupa-
tion of D, receptors through the CNS exhibits a wide range of
adverse effects, most remarkably extrapyramidal syndrome
and hyperprolactinemia (Sangani and Saadabadi 2019). The
effects of individual drugs depend on affinity for the affected
neurotransmitter receptors and transporters.
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The first generation of APs (typical) strongly antagonizes
D, receptors in cortical and striatal areas. Sedative typical
APs, e.g., chlorpromazine and levomepromazine (syn.
methotrimeprazine), affect dopaminergic and other mediator
systems (cholinergic and histaminergic system) and have sig-
nificant tranquilizing and anticholinergic effects (Church and
Young 1983; Trabucchi et al. 1974). Haloperidol is character-
ized as a typical incisive AP and affects D, receptors in ventral
striatum with higher specificity. It exhibits distinctive side
effects, and haloperidol-induced movement disorders include
parkinsonism, dyskinesia, dystonia, and akathisia (Wirshing
2001).

The second generation of APs (atypical) have a higher
affinity for diverse neurotransmitter systems (5-HT,
dopamine, muscarinic, adrenergic, and histamine receptors)
(Kapur and Seeman 2001; Seeman 2002). Serotonin and do-
pamine antagonist (SDA) class of APs is represented by ris-
peridone and ziprasidone. Risperidone has a higher binding
affinity to 5-HT, receptors than it does to dopamine D, recep-
tors (Keegan 1994); ziprasidone displays partial agonism at 5-
HT 4 receptors and has a relatively high affinity for the H;
receptor (Nasrallah 2008). Multi-acting receptor-targeted an-
tipsychotics (MARTA) act as antagonists on numerous neuro-
transmitter receptors such as dopamine (D;, D,, D3, or Dy),
serotonin (5-HT, 4, 5-HT,c, 5-HTg, or 5-HT), adrenergic re-
ceptors (¢ and «,), muscarinic receptors (M;, M, M3, My,
and M), and histamine H; receptors (Nasrallah 2008).
MARTA are represented by clozapine, olanzapine, zotepine,
and quetiapine. Aripiprazole differs from other atypical APs
by partial agonism at D, receptors (Bolonna and Kerwin
2005), and it acts also as a partial 5-HT; 5 receptor agonist
and 5-HT,, receptor antagonist. Although atypical APs are
well tolerated, hyperglycemia, dyslipidemia, weight gain, and
hypertension are risk factors of metabolic syndrome, which
should be a concern in long-term antipsychotic treatment
(Masand et al. 2005). Furthermore, QT interval prolongation,
cardiac effects, seizures, etc. can accompany treatment with
APs.

Disturbed brain bioenergetics, described as defect in
oxidative phosphorylation (OXPHOS) in specific brain
areas of patients with schizophrenia (Maurer et al.
2001), indicates the need to study the effects of antipsy-
chotics on mitochondrial dysfunction. Treatment-
responsive schizophrenia patients showed a significant re-
duction in the number of mitochondria at synapses in
certain areas of the brain compared to treatment-resistant
cases (Roberts 2017). Although the primary biochemical
mechanisms of AP action are well described, their effect
on mitochondrial dysfunction is not sufficiently recog-
nized. Mitochondrial impairment appears to be related to
some adverse effects of APs due to inhibition of the mi-
tochondrial respiratory chain complexes. Haloperidol,
chlorpromazine, and fluphenazine, classical APs, have
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long been reported to inhibit complex I in rat or mouse
brain mitochondria more strongly than clozapine, an atyp-
ical AP (Balijepalli et al. 1999; Burkhardt et al. 1993;
Prince et al. 1997). It has been suggested that reduced
complex I activity may correlate with the extrapyramidal
side effects of APs. The hypothesis that extrapyramidal
side effects of APs may be caused by inhibition of mito-
chondrial electron transport chain (ETC) was supported
by observing the different effects of haloperidol and
chlorpromazine and atypical APs risperidone, zotepine,
and clozapine on the activity of ETC complexes and cit-
rate synthase (CS) activity in human brain tissue (Maurer
and Moller 1997). However, the therapeutic and side ef-
fects of antipsychotics seem unrelated (Maurer and Volz
2001). The extrapyramidal side effects of APs appear to
be caused by mitochondrial impairment, which is more
noticeable for the typical APs than for the atypical APs
(Casademont et al. 2007). Tardive dyskinesia correlated
with the inhibition of the electron transport chain (ETC)
complexes and the production of reactive oxygen species
(ROS) during the antipsychotic treatment (Elkashef and
Wyatt 1999; Goff et al. 1995).

The metabolic side effects of APs could be connected with
alterations in mitochondrial homeostasis, which leads to an
imbalance in the mitochondrial fusion/fission ratio and to an
inefficient mitochondrial phenotype of muscle cells (Del
Campo et al. 2018). For example, olanzapine induced a down-
regulation of genes involved in the mitochondrial enzymes of
the ETC, as well as decreased enzyme activity, ATP synthesis,
and oxygen consumption in blood cells of patients at elevated
risk for metabolic syndrome (Scaini et al. 2018). The other
effect of olanzapine was assessed on freshly isolated rat hepa-
tocytes, and the results of the study showed that cytotoxicity
of olanzapine leads to hepatotoxicity, which are mediated by
mitochondrial potential collapse and oxidative stress
(Eftekhari et al. 2016).

In recent years, the new atypical antipsychotics have
opened new ways to therapy. While the effects of APs
on the activity of individual mitochondrial enzymes are
relatively well described, little is known about the effects
of APs on complex mitochondrial processes such as re-
spiratory rate. It is hypothesized that various APs modu-
late synaptic activity and cell energy metabolism, espe-
cially OXPHOS and activities of ETC complexes. To ver-
ify this hypothesis, we determined the effect of both older
and new APs on mitochondrial energy metabolism. We
investigated the in vitro effects of three typical APs
(chlorpromazine, levomepromazine, and haloperidol) and
seven atypical APs (risperidone, ziprasidone, zotepine,
aripiprazole, clozapine, olanzapine, and quetiapine) on
complex I- and complex II-linked mitochondrial respira-
tion and activities of individual mitochondrial enzymes,
CS, and ETC complexes I, II + III, and IV.
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Materials and methods
Media and chemicals

The media used for isolation and preservation of mitochondria
consisted of sucrose 0.32 mol/L and HEPES 4 mmol/L, buff-
ered to pH 7.4. The Krebs-Henseleit buffer (KH buffer) was
composed of 118 mmol/L NaCl, 4.7 mmol/L KClI,
1.2 mmol/L KH,POy4, 1.2 mmol/L MgSQO,4-7H,O0,
25 mmol/L NaHCO3, and 11.1 mmol/L glucose (pH 7.4).
Mitochondrial respiratory medium (MiR05) was applied in
mitochondrial respiration measurements and consisted of su-
crose 110 mmol/L, K*-lactobionate 60 mmol/L, taurine
20 mmol/L, MgCl,-6H,0O 3 mmol/L, KH,PO, 10 mmol/L,
EDTA 0.5 mmol/L, BSA essentially fatty acid free 1 g/L,
and HEPES 20 mmol/L, adjusted to pH 7.1 with KOH
(Pesta and Gnaiger 2012). Other media are specified in the
chapters describing the measurement of enzyme activities. All
chemicals were purchased from Sigma-Aldrich, Co. (St.
Louis, MO, USA).

Isolation of brain mitochondria

Pig brains were obtained from a slaughterhouse and the mito-
chondria for the assays were isolated from brain cortex and
prepared by a previously described method (Fisar and
Hroudova 2016; FiSar et al. 2010; Pinna et al. 2003).
Mitochondria were purified on a sucrose gradient and kept
on ice until the assay. The freshly purified mitochondria were
used for measurements of the mitochondrial oxygen con-
sumption rate (Fisar and Hroudova 2016). The enzyme activ-
ity measurements were assayed with the frozen mitochondria
(stored at — 70 °C). The Lowry method was applied in order to
determine the concentration of proteins; bovine serum albu-
min was taken as a standard (Lowry et al. 1951).

Activity of citrate synthase and complexes of electron
transport chain

The suspension of purified mitochondria with hypotonic buff-
er (25 mmol/L potassium phosphate and 5 mmol/L MgCl,,
pH 7.2) was ultrasonicated three times in order to reach the
highest activity of the enzymes. Prepared samples were incu-
bated with particular drugs for 30 min at a temperature of
30 °C. The examined drugs were added at a concentration of
50 umol/L. Every single measurement was compared with a
control set of solvent instead of the drug; the total sample
volume was 1 mL. The temperature during the measurement
was 30 °C. All the measurement of enzyme activities was
carried out spectrophotometrically using Uvicon XL spectro-
photometer (SECOMAM, Al¢s, France).

Complex | (NADH dehydrogenase (ubiquinone), EC 1.6.5.3)

The activity of mitochondrial complex I was measured as the
rotenone-sensitive rate of NADH oxidation at 340 nm. The
oxido-reductive reaction was initiated by adding coenzyme Q;
(to a final concentration of 33 umol/L) and NADH
(1 mmol/L) and measured for 3 min (Folbergrova et al.
2010; Hroudova and Fisar 2010). The final protein concentra-
tion was higher than that used for other complexes (1 mg/mL)
to achieve good quality of the measurement.

Complex Il + Ill (succinate cytochrome c oxidoreductase, EC
1.8.3.1)

The activity of complex II + III was measured as the antimycin
A-sensitive rate of cytochrome ¢ reduction (Trounce et al.
1996). The reduction of cytochrome ¢ was monitored by a
spectrophotometer at 550 nm for 1 min. Succinate was used
as a substrate. The final protein concentration was 500 pg/mL.

Complex IV (cytochrome c oxidase, EC 1.9.3.1)

The principle of the measurement of the cytochrome c oxidase
(COX) activity was based on monitoring the decrease in ab-
sorbance during the oxidation of reduced cytochrome c at
550 nm for 3 min (Rustin et al. 1994). The final protein con-
centration was 2.2 pg/mL.

Citrate synthase (EC 2.3.3.1)

In the spectrophotometric measurement of CS activity, 5,5'-
dithiobis-(2-nitrobenzoic) acid (DNTB) was observed for a
color change. The reaction was started after the addition of
oxaloacetate (0.5 mmol/L) and measured at 412 nm for 3 min
(Srere 1969). The final protein concentration was 20 pg/mL.

Mitochondrial respiration

Mitochondrial respiration was measured as oxygen consump-
tion rate at 37 °C using the O2k-Respirometer (Oroboros
Instruments Corp, Innsbruck, Austria) equipped with Clark-
type electrodes. Protocols of the experiments were designed
on the basis of experience from previous studies (FiSar et al.
2016b; Hroudova and Fisar 2012; Pesta and Gnaiger 2012).
The chambers of the oxygraph were filled by the respiration
medium MiRO05 (oxygen solubility factor=0.92) to a final
volume of 2 mL. The isolated mitochondria purified on a
sucrose gradient were used; the final protein concentration
was 0.05-0.20 mg/mL. The specific mitochondrial substrates
2 mmol/L malate, 5 mmol/L pyruvate, and 1 mmol/L ADP
were utilized to assess the respiration rate of mitochondria
linked to complex I; 0.5 wmol/L rotenone was used to inhibit
complex I. For complex II-linked respiration, 1 mmol/L ADP,
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0.5 umol/L rotenone, and 10 mmol/L succinate were added to
mitochondria; and 1.25 pg/mL antimycin A was used to in-
hibit complex III. Two simultaneous measurements were
assessed—titration with drug and titration with solvent. The
final drug concentrations were in the range 10°~10% pmol/L.

Data analysis and statistics

Activities of mitochondrial enzymes were measured as the
slope of time dependence of absorbance using LabPower
Junior software (SECOMAM). Relative changes of en-
zyme activities induced by the drugs were determined
assuming that the control sample activity was equal to
100%. High-resolution respirometry data were recorded
and analyzed using DatLab software version 4.3
(Oroboros Instruments Corp, Innsbruck, Austria).
Respiration rates were expressed as mass-specific oxygen
flux (pmol O, consumed per second per mg of protein in
the sample).

The inhibition of respiration rate was analyzed using
the four-parameter logistic regression with SigmaPlot
software (Systat Software Inc., Richmond, CA, USA) to
establish the half maximal inhibitory concentration (ICs),
the Hill slope, and the residual activity at high drug
concentration.

Thea Statistica data analysis software, version 13
(TIBCO Software Inc., Palo Alto, CA, USA) was used
for statistical analyses. One-sample ¢ tests for single
means were used to determine whether enzyme activity
in the sample with drug was significantly different from
the control. The data are expressed as the mean =+ standard
deviation.

Results

The different AP structures seem to be responsible for their
various therapeutic and side effects (Jafari et al. 2012). The
structures of the compounds analyzed in the present study are
shown in Table 1. Therapeutic plasma concentrations of the
tested APs (Hiemke et al. 2018) are listed in Table 2.

Activity of CS and respiratory chain complexes

Activities of both CS and ETC complexes were evaluated
after 30 min of incubation with 10 pharmacologically different
antipsychotics at concentration 50 wmol/L. The most signifi-
cantly affected was complex I (Fig. 1). Significant inhibitory
effects were observed after the incubation with haloperidol,
zotepine, aripiprazole, risperidone, clozapine, and quetiapine.
Chlorpromazine completely blocked the reaction.
Levomepromazine, ziprasidone, and olanzapine did not sig-
nificantly inhibit complex I. Complex II + III activity was
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most strongly inhibited by zotepine. Significantly decreased
complex II + III activity was found also for aripiprazole,
quetiapine, and risperidone. Other tested APs did not signifi-
cantly affect the complex II + III activity (Fig. 2). Activity of
complex IV was significantly inhibited by zotepine,
levomepromazine, and chlorpromazine. In contrast, little but
significantly increased activity of complex IV was observed
after incubation with quetiapine (Fig. 3). None of the tested
drugs statistically significantly affected the CS activity
(Fig. 4).

Mitochondrial respiration

Inhibitory effects of tested antipsychotics on mitochondrial
respiration rate are shown in Figs. 5 and 6, except for chlor-
promazine, whose inhibitory curves were published in our
previous work (Hroudova and FiSar 2012). The parameters
characterizing the strength and type of inhibition are summa-
rized in Tables 2 and 3.

Complex I-linked respiration was strongly inhibited by
aripiprazole, zotepine, and haloperidol. These drugs were full
inhibitors of mitochondrial respiration with ICso 13.1, 39.5,
and 64.9 umol/L, respectively. Risperidone and quetiapine
were also found as full inhibitors, and the inhibitory effects
were observed at higher concentrations (ICsy 263 and
424 umol/L, respectively). Other examined antipsychotics
(ziprasidone, clozapine, and levomepromazine) were revealed
as partial inhibitors of complex I-linked respiration with I1Cs
in the range 10* mol/L (Table 2). The AP/rotenone ratio
represents the ratio of ICs( values determined for AP and for
rotenone (Fisar et al. 2017) and approximately expresses the
relative inhibitory capacity of the AP relative to rotenone; it
should be noted that this ratio does not capture partial
inhibition.

Full inhibition of complex II-linked respiration was ob-
served after exposition by zotepine, quetiapine, and clozapine
with ICso 107, 491, and 650 umol/L, respectively. Other an-
tipsychotics were partial inhibitors of complex II-linked res-
piration (Table 3). The AP/antimycin ratio represents the ratio
of ICs, values determined for AP and for antimycin A and
approximately expresses the relative inhibitory capacity of the
AP relative to antimycin A.

Correlations

Correlation between relative complex I activity and complex
I-linked respiration in isolated pig brain mitochondria after the
addition of atypical AP at a final concentration of 50 wmol/L
to the sample (Fig. 7) was found rather weak (r=10.753, p=
0.051, N=7).

No significant correlation was found between the therapeu-
tic concentration of AP calculated as mean of lower and upper
limit of the therapeutic reference range (Table 2) and the AP-
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Table 1 Structures of examined typical and atypical antipsychotics

Structure Antipsychotic

Chemical class

Structure Antipsychotic

Chemical class
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.,

N
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Phenothiazines
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cl ﬁN/\/\/O 0 o
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Phenylpiperazines
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.

N

Levomepromazine

Phenothiazines
(with aliphatic side-chain)

/
—N
2 Zotepine
o)
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Cl /
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Haloperidol NJ Clozapine
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Risperidone NJ Olanzapine

Benzisoxazoles

A0
FQLN(Q%

Thienobenzodiazepines
(clozapine-like)

Ziprasidone

QYWWC&O

s-N

Indoles

Quetiapine

Dibenzothiazepines

induced inhibition of individual respiratory complexes
(Figs. 1, 2, and 3), including the complex I activity at
50 umol/L AP concentration (r=0.280, p=0.43, N=10).
Similarly, there was no statistically significant correlation be-
tween therapeutic concentration and ICs, for both the complex
I-linked respiration (»=0.369, p =0.29, N=10) and complex
[I-linked respiration (»r=0.457, p=0.18, N=10).

Discussion

The in vitro effects of pharmacologically different APs on
mitochondrial energy metabolism were examined in isolated
pig brain mitochondria. Activities of both CS and ETC com-
plexes and mitochondrial respiration rate were studied with
the aim of supporting the hypothesis that AP-induced mito-
chondrial dysfunction can result in impaired cell energy me-
tabolism and likely in adverse effects of APs.

Antipsychotics and complex I activity

Seven of the 10 APs tested showed a significant inhib-
itory effect on the complex I. Chlorpromazine and hal-
operidol, conventional APs, have been found to be the

strongest inhibitors of complex I (Fig. 1), which con-
firmed earlier findings that conventional APs are more
potent inhibitors of complex I than atypical APs
(Balijepalli et al. 1999; Burkhardt et al. 1993; Prince
et al. 1997). However, this is not generally the case
since levomepromazine showed less complex I inhibito-
ry effects than some atypical APs. Our results closely
correspond to an in vitro study in which effects of APs
were examined in rat liver mitochondria (Modica-
Napolitano et al. 2003). In that study, (1) the typical
APs (chlorpromazine, haloperidol, and thioridazine)
inhibited complex I enzyme activity more strongly than
the atypical APs (risperidone, quetiapine, clozapine, and
olanzapine) with the least inhibitory effect observed for
olanzapine and clozapine, and (2) complex I-linked mi-
tochondrial respiration was inhibited by chlorpromazine,
haloperidol, risperidone, and quetiapine but not by clo-
zapine, olanzapine, or thioridazine.

Complex I plays a decisive role in the control of
OXPHOS and its altered activity could lead to impair-
ment in cell energy metabolism and subsequently to
changes in neuronal activity (Pathak and Davey 2008).
Based on the observation that conventional antipsy-
chotics with a higher risk of causing undesirable side
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Table2  Antipsychotic-induced inhibition of complex I-linked mitochondrial respiration

Drug 1Cs Residual Hill slope N Inhibition  Range of drug AP/ Therapeutic reference
(umol/L)  (rel.u.) concentrations (pmol/L) rotenone rangeb (nmol/L)
Chlorpromazine® 11611 0.530+£0.025 1.67+0.19 8 Partial 0.5-500 3222 0.09-0.94
Levomepromazine 336+17 0.296+0.041 —3.34+049 3 Partial 5-750 9333 0.09-0.49
Haloperidol 649+4.6 —0.015+£0.045 —2.25+0.31 3 Full 5-225 1803 0.003-0.026
Risperidone 263+26 —0.010+£0.029 —0.84+0.06 3 Full 5-750 7305 0.05-0.15
Zotepine 39.5+£2.7 —0.004+0.056 —2.43+0.32 7 Full 5-188 1097 0.03-0.45
Ziprasidone 188+27 0.209+0.066 —1.52+0.28 3 Partial 5-750 5222 0.12-0.48
Aripiprazole 13.1+1.3 —0.016+0.056 —1.85+0.29 3 Full 0.6-150 364 0.22-0.78
Clozapine 281+26 0.167+£0.071 —3.09+0.71 3 Partial 5-750 7805 1.07-1.84
Olanzapine 198+£221 0.964+0.024 1.55+1.50 9 Partial, very 0.5-750 5500 0.06-0.26
little
Quetiapine 424+17 -0.045+0.028 —1.95+0.11 3 Full 5-750 11,778  0.28-1.30

Values are means + standard error. The AP/rotenone ratio represents the ratio of ICs values determined for the antipsychotic (AP) and for rotenone. The
IC5 value of 0.036 umol/L for rotenone was used from our previous study (Fisar et al. 2017)

ICs, half maximal inhibitory concentration, N number of measurement, Residual residual activity at high drug concentration

# Inhibitory parameters of chlorpromazine were used from our previous study (Hroudové and FiSar 2012)

® Therapeutic reference range represents a range of drug concentrations in blood (below lower limit: a drug-induced therapeutic response is relatively
unlikely to occur; above upper limit: tolerability decreases or further therapeutic improvement is unlikely) (Hiemke et al. 2018)

effects are stronger inhibitors of the complex I than
atypical antipsychotics, it has been suggested that the
degree of complex I inhibition is likened, at least par-
tially, to potency for the extrapyramidal effect, tardive
dyskinesia included (Burkhardt et al. 1993; Maurer and
Moller 1997; Maurer and Volz 2001; Modica-Napolitano
et al. 2003). Our observation that levomepromazine,
which causes side effects such as akathisia, does not
significantly inhibit the complex I could be explained

by the fact that some of the adverse effects of APs
can be attributed to mitochondrial dysfunction and other
direct changes in neurotransmitter systems.
Spectrophotometric measurement of a complex I ac-
tivity refers to a high-resolution respirometry measure-
ment of mitochondrial respiration. All significant inhib-
itors of complex I were full (haloperidol, risperidone,
zotepine, aripiprazole, and quetiapine), or almost full
(clozapine), inhibitors of complex I-linked respiration

Fig. 1 Effects of antipsychotics 120%
on respiratory chain complex I
activity in brain mitochondria.

=~100%

The isolated mitochondria
purified on a sucrose gradient

were incubated with a drug at 80%

30 °C for 30 min and enzyme
kinetic was measured
spectrophotometrically as

60%

described in the section
“Materials and methods.”
Relative activity is displayed

40%

(100% = activity of control
sample without the drug). Values
are means + standard deviation of

Complex | activity (% of control

20%

at least three independent
measurements. Comparison
between control and sample with 0%

drug was performed using the
Wilcoxon matched pairs test

(*p<0.05, **p<0.01, QO
##kp < 0.001)
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120%

Fig. 2 Effects of antipsychotics
on respiratory chain complex II +
III activity in brain mitochondria.

—~

100%

The isolated mitochondria

A

*%*

purified on a sucrose gradient

HH

were incubated with a drug at

*%

80%

30 °C for 30 min and enzyme

——

kinetic was measured

spectrophotometrically as

described in the section 60%

“Materials and methods.”

Relative activity is displayed

(100% = activity of control 40%

sample without the drug). Values

*%

are means =+ standard deviation of

Complex I+l activity (% of control

20%

at least three independent

measurements. Comparison

between control and sample with

0%

drug was performed using the
Wilcoxon matched pairs test
(*p<0.05, **p<0.01)

rate, confirming the causal association of inhibition of
complex I activity and inhibition of the overall mito-
chondrial respiratory rate. However, correlation between
complex I activity and complex I-linked respiration at
high AP concentration (Fig. 7) indicates that association
between complex I activity and complex I-linked respi-
ration is not trivial.

Our results support another study, where chlorpromazine,
haloperidol, risperidone, and clozapine affected ATP produc-
tion (depending on the AP concentration), led to a significant

120%

increase in lactate production, led to a significant reduction in
mitochondrial complex I activity, and lastly decreased oxygen
consumption rates and mitochondrial membrane potential in
rat ovarian theca cells (Elmorsy et al. 2017).

Antipsychotics and complex Il + Il activity
Significant inhibitors of complex II + III, zotepine and

quetiapine, were full inhibitors of complex II-linked res-
piration rate. Olanzapine, which showed no inhibitory

Fig. 3 Effects of antipsychotics
on respiratory chain complex IV
activity in brain mitochondria.

HH

The isolated mitochondria 100%

purified on a sucrose gradient

were incubated with a drug at

5
€
]
o
—
o 9 _—
30 °C for 30 min and enzyme < 80% — l l
kinetic was measured <
spectrophotometrically as *E‘ 60% — ] |
described in the section g
“Materials and methods.” © ** **
Relative activity is displayed = 40% - — | |
(100% = activity of control o
sample without the drug). Values a Q =
are means + standard deviation of g 20% - N _— —
at least three independent O &\\ =
measurements. Comparison NN
between control and sample with 0% - NN
drug was performed using the @ @ S o @ o @ @ @ @
Wilcoxon matched pairs test o o © & & S & & &S5
Q Q () & x@ N & > > 2
(*p<0.05, #p <0.01) FOMF N L 5 F & ¢ & ¢
& & ¢ e DU S <
& o
@
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120%

100%

N () o)
o o o
X x X

Citrate synthase activity (% of control)
N
<
X

Fig. 4 Effects of antipsychotics on citrate synthase (CS) activity in brain
mitochondria. The isolated mitochondria purified on a sucrose gradient
were incubated with a drug at 30 °C for 30 min and enzyme kinetic was
measured spectrophotometrically as described in the section “Materials
and methods.” Relative activity is displayed (100% = activity of control

effects on the activities of the complexes I, II + III, and
IV, also did not substantially inhibit the mitochondrial
respiratory rate. Risperidone and aripiprazole inhibited
complex II + III, however, were only partial inhibitors
of complex Il-linked respiration, indicating that the as-
sociation of complex II + III inhibition with inhibition
of mitochondrial respiration is less tight than that of
complex I inhibition.

N . \(\0

N
) 47
e

8 a2
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& &
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sample without the drug). Values are means + standard deviation of at
least three independent measurements. Comparison between control and
sample with drug was performed using the Wilcoxon matched pairs test
(*p<0.05, **p<0.01)

Antipsychotics and complex IV activity

Chlorpromazine, levomepromazine, and zotepine significant-
ly inhibited the activity of complex IV. Other antipsychotic
drugs tested showed no inhibitory effects on complex 1V;
quetiapine showed a stimulatory effect (Fig. 3). Our data are
consistent with another study in which haloperidol,
olanzapine, clozapine, and aripiprazole did not significantly

—~ 1.2 4
3
e
= 1.0
S AK A
o
s 0.8 A
g NLevomepromazine
E 0.6 A EH.alope.rldol
= ARisperidone
- & Zotepine
& 0.4 1|oZiprasidone
g- A Aripiprazole
8 0.2 - ¢ Clozapine
@ Olanzapine
A Quetiapine
0.0 T .
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Drug concentration (umol/L)

Fig. 5 Drug effect on complex I-linked mitochondrial respiration in iso-
lated pig brain mitochondria. Dose-response curves are displayed as plots
of the relative respiratory rate against the drug concentration. The samples
were continuously stirred and incubated at 37 °C in two chambers: drug
titration in one chamber and buffer titration in the second chamber were
performed at 2-3 min intervals. Following subtraction of residual oxygen
consumption from all respiratory rates, the time change in respiratory rate
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during titration was corrected and relative drug-induced changes in respi-
ratory rate were determined, presuming that the relative respiratory rate
equals to one at zero drug concentration. Points represent means from at
least three independent measurements. Lines represent the best-fitted
curves using the four-parameter logistic function. Half maximal inhibito-
ry concentration (ICs), residual activity, and Hill slope were calculated
(Table 2)
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Fig. 6 Drug effect on complex II-linked mitochondrial respiration in
isolated pig brain mitochondria. Dose-response curves are displayed as
plots of the relative respiratory rate against the drug concentration. The
samples were continuously stirred and incubated at 37 °C in two cham-
bers: drug titration in one chamber and buffer titration in the second
chamber were performed at 2—3 min intervals. Following subtraction of
residual oxygen consumption from all respiratory rates, the time change

affect the activity of complex IV (Streck et al. 2007) or halo-
peridol and olanzapine did not significantly affect changes in
COX subunit expression in rat brains after chronic adminis-
tration (Rice et al. 2014). Complex IV represented by cyto-
chrome ¢ oxidase is often considered as an endogenous met-
abolic marker of neuronal activity (Wong-Riley 1989).
Chlorpromazine selectively and significantly inhibited the
growth and proliferation of glioma cells by switching the

in respiratory rate during titration was corrected and relative drug-induced
changes in respiratory rate were determined, presuming that the relative
respiratory rate equals to one at zero drug concentration. Points represent
means from at least three independent measurements. Lines represent the
best-fitted curves using the four-parameter logistic function. Half maxi-
mal inhibitory concentration (ICs), residual activity, and Hill slope were
calculated (Table 3)

expression of the COX4-1 regulatory subunit. Thus, chlor-
promazine could be used in the future for treating
chemoresistant glioma on the basis of antiproliferative activity
relating to the inhibition of complex IV activity (Oliva et al.
2017).

We confirmed that chlorpromazine acts as an eminent in-
hibitor of mitochondrial complex I and complex IV (Figs. 1
and 3). However, both complex I- and complex II-linked

Table 3 Antipsychotic-induced inhibition of complex II-linked mitochondrial respiration
Drug 1Csp Residual Hill slope N Inhibition Range of drug concentrations AP/
(umol/L) (rel.u.) (umol/L) antimycin
Chlorpromazine® 263+33 0.395+0.072 2.38+045 10 Partial 0.5-600 42,147
Levomepromazine 359+36 0.365+0.071 —-3.90+0.96 6 Partial 5-750 57,532
Haloperidol 467+230  0.106+0.241 -1.14£023 6 Partial 5-750 74,840
Risperidone 326+23 0.740 £0.022 -6.69+£250 3 Partial 5-700 52,244
Zotepine 107 +£26 0.047 +£0.190 -1.84+£053 6 Full 5-250 17,147
Ziprasidone 8641 0.280+0.138 -092+034 3 Partial 5-600 13,782
Aripiprazole 32.0+2.8  0.369+0.036 —2.54+044 3 Partial 0.6-150 5128
Clozapine 650+24 -0.001+£0.053 —328+035 3 Full 5-750 104,167
Olanzapine 419+214 0.878 £0.069 2.16+0.76 7 Partial, very little 0.5-500 67,147
Quetiapine 491 +£18 -0.015+£0.027 —1.83+0.10 3 Full 5-750 78,686

The AP/antimycin ratio represents the ratio of ICs values determined for the antipsychotic (AP) and for antimycin A. The ICs, value of 0.00624 pmol/L
for antimycin A was used from our previous study (Fisar et al. 2017). Values are means + standard error

1Csp half maximal inhibitory concentration, N number of measurement, Residual residual activity at high drug concentration

# Inhibitory parameters of chlorpromazine were used from our previous study (Hroudova and Fisar 2012)
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mitochondrial respiration is only partially inhibited by chlor-
promazine and at higher concentrations (Tables 2 and 3)
(Hroudova and Fisar 2012). This can explain why the mito-
chondrial toxicity of chlorpromazine is not as high as one
would expect from its effects on individual respiratory chain
complexes. In contrast, zotepine exhibited inhibitory effects
on individual ECT complexes and at the same time full inhi-
bition of complex I- and complex II-linked respiration. There
appears to be no simple correlation between the effects of
drugs on individual ETC complexes and complex mitochon-
drial functions such as oxygen consumption rate or ATP pro-
duction. We assume that this is due to the different drug-
mitochondria interaction and different drug-induced compen-
satory or neuroprotective mechanisms (Robertson et al. 2019;
Scatena et al. 2007), which can reduce the mitochondrial tox-
icity of drugs.

Antipsychotics and citrate synthase activity

CS is an enzyme localized in the mitochondrial matrix;
it holds a regulatory function within cell energy metab-
olism. We did not find any significant AP-induced
changes in CS activity (Fig. 4). In another study,
aripiprazole enhanced the activity of CS, while cloza-
pine and haloperidol did not affect CS activity in
PC12 cells (Ota et al. 2012). Acute treatment with
olanzapine inhibited CS activity in the cerebellum and
prefrontal cortex, while the acute administration of
olanzapine increased CS activity in the prefrontal cor-
tex, hippocampus, and striatum in rats (Agostinho et al.
2011). Our in vitro study shows that the effects of APs
on CS activity are small and are therefore probably not
involved in the therapeutic or side effects of APs.

@ Springer

Complex I-linked respiration (rel.u.)

Possible mitochondria-related side effects
of antipsychotics

Our observation that there is no significant correlation be-
tween the therapeutic concentration of APs and AP-induced
inhibition of mitochondrial enzymes supports the hypothesis
that the direct mitochondrial effects of APs are associated with
their adverse rather than therapeutic effects.

Based on our data and already established facts about
prolonged QTc intervals after treatment with APs
(Leucht et al. 2013; Taylor 2003b), we noticed a rela-
tion between inhibition of complex I and prolongation
of the QTc interval. AP-induced inhibition of complex I
in our study (Fig. 1) may be associated with QTc inter-
val prolongation (e.g., chlorpromazine, clozapine, halo-
peridol, risperidone, quetiapine, and ziprasidone)
(Glassman and Bigger 2001; Haddad and Anderson
2002; Leucht et al. 2013; Spellmann et al. 2018;
Taylor 2003a; Taylor 2003b; Vieweg 2003). In spite of
this, ziprasidone, which causes the significant degree of
drug-induced QTc interval prolongation, did not inhibit
complex I activity, and aripiprazole, which effect did
not differ from QTc prolongation with placebo (Leucht
et al. 2013), inhibited complex I activity. Further basic
research and consequent clinical trials are required to
confirm that there is QTc interval prolongation as an
adverse effect stemming from alterations in ETC en-
zyme activity.

Treatment with second-generation APs is accompanied
with an increase in cardiovascular risk through insulin resis-
tance, hypercholesterolemia, and accelerated weight gain.
Altogether, these adverse effects might be called the metabolic
syndrome. The metabolic side effects of APs could be con-
nected with alterations in mitochondrial homeostasis, which
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leads to an imbalance in the mitochondrial fusion/fission ratio
and to an inefficient mitochondrial phenotype of muscle cells
(Del Campo et al. 2018). Olanzapine induced a downregula-
tion of genes involved in the mitochondrial enzymes of the
ETC, as well as decreased enzyme activity, ATP synthesis,
and oxygen consumption in blood cells of patients at elevated
risk for metabolic syndrome (Scaini et al. 2018). The other
effect of olanzapine was assessed on freshly isolated rat hepa-
tocytes, and the results of the study showed cytotoxicity of
olanzapine leads to hepatotoxicity, which are mediated by
mitochondrial potential collapse and oxidative stress
(Eftekhari et al. 2016). Autophagy of mitochondria in the
SH-SYSY neuronal cell line in humans was observed after
olanzapine exposition. Thus, olanzapine induced mitochon-
drial damage related to ROS production and extensive mito-
chondrial depolarization, provoking the autophagic clearance
of dysfunctional mitochondria (Vucicevic et al. 2014).

Experimental approach

The suitability of using (1) pig brain mitochondria as a
biological model, (2) mitochondrial isolation method
and experimental protocol of mitochondrial respiration
measurement, and (3) concentration of APs used in
in vitro experiments may be discussed. (1) Pig is a
relatively uncommon species for pharmacological stud-
ies, but pig brain mitochondria are successfully used in
measuring the effect of drugs on mitochondrial respira-
tion (FiSar and Hroudova 2016; Fisar et al. 2016b;
Hroudova and Fisar 2012). It seems that pig mitochon-
dria are more similar to human mitochondria than ro-
dent mitochondria (Hroudova and Fisar 2010). (2)
Different laboratories differ in both the method of pre-
paring the mitochondria (the origin of the animal, the
tissue, and the purification) and the method of measur-
ing the oxygen consumption. To compare the mitochon-
drial effects of drugs, the effects of a known inhibitor
(e.g., rotenone for complex I-linked respiration and
antimycin A for complex Il-linked respiration) should
always be measured using the same experimental proto-
cols (FiSar et al. 2017). Therefore, we also calculated
the ICsy ratios AP/rotenone (Table 2) or AP/antimycin
A (Table 3). (3) The use of examined APs at high
(50 pmol/L) concentration for in vitro experiments
could be relevant in a case of intraneuronal accumula-
tion of some APs in the brain, e.g., zotepine reaches
brain levels of the unchanged drug 20 to 30 times
higher than serum levels (Noda et al. 1979).

Possibilities of structure-activity relationship studies

Structures of mitochondrial complexes and APs can contrib-
ute significantly to understanding the mechanisms associated

with the regulation of cellular energy by drugs such as APs.
Quantitative structure-activity relationship (QSAR) studies
are widely used to develop new drugs and their toxicological
analysis (Jafari et al. 2012). However, the QSAR model has
not been used to study the interactions of APs with mitochon-
dria and respiratory chain complexes, respectively.

Complex I is the largest enzyme of the mitochondrial
respiratory chain consisting of 45 subunits arranged in
hydrophilic and membrane domains. It has a key role in
ATP production, is a major source of ROS, and its
dysfunctions have been associated with aging and neu-
rodegenerative disorders (Schapira 1998). Crystal struc-
ture of bacterial complex I has been determined
(Efremov and Sazanov 2011); however, the atomic
structure of mammalian complex I with sufficient reso-
lution has only recently been achieved using single par-
ticle cryo-electron microscopy (Fiedorczuk et al. 2016;
Fiedorczuk and Sazanov 2018). The structures of com-
plexes II (Iverson 2013; Sun et al. 2005), III (Hunte
et al. 2000; Hunte et al. 2008; Iwata et al. 1998), and
IV (Tsukihara et al. 1995) were determined earlier by
X-ray crystallography. The complexes I, III, and IV may
form supercomplexes (respirasomes) whose function is
still under investigation (Letts and Sazanov 2017;
Sousa et al. 2018).

It is known that chlorpromazine acts as a potent in-
hibitor of mitochondrial complex I. In our study, com-
plex I activity was strongly inhibited by haloperidol,
which is structurally different from chlorpromazine. In
contrast, complex I activity was not inhibited by
levomepromazine, which is similar to chlorpromazine.
The different effects of these typical APs could be re-
lated to chlorine on chlorpromazine. Similarly, no simi-
lar inhibitory effects on complex I were observed in
structurally similar atypical APs, except for similar ef-
fects of clozapine and olanzapine. There was no associ-
ation between the structure of APs and their effect on
the activity of complex II + III. From the inhibitory
effects of the tested APs on the activity of complex
IV, only the possible role of chlorine and tricyclic struc-
ture in the inhibition by chlorpromazine or zotepine can
be concluded. The observation that chlorpromazine is a
full complex I inhibitor, but only a partial inhibitor of
complex I-linked respiration in intact mitochondria, sug-
gests the possible role of the lipid part of the inner
mitochondrial membrane in AP effects.

We did not observe the effect of certain molecular struc-
tures of the tested APs on their mitochondrial effects,
assessed by their effect on the overall respiratory rate. In
addition, some APs fully inhibit the measured mitochondrial
function, some partially, and the biphasic course of complex
[I-linked respiration was even observed for clozapine effect
(Figs. 5 and 6). We assume that this is due to the complexity
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of the respiratory chain complex structures that consist of
many subunits; it is known that dysfunction of some sub-
units is lethal for the function of the entire complex. Partial
or full inhibition of mitochondrial respiration appears to be
due to the cumulative effect of APs on the subunits of the
individual complexes and possibly on the lipid part of the
inner mitochondrial membrane. It can be hypothesized that
while the therapeutic effects of APs are associated with their
specific binding to neurotransmitter receptors and trans-
porters, the mitochondrial side effects of APs are associated
with AP-induced multiple allosteric regulation of various
ETC components.

The structure-activity relationship of APs should be studied
in terms of their effects on both individual mitochondrial com-
plexes and supercomplexes. Obviously, recognizing the struc-
tural parts of the AP molecules responsible for their effect on
mitochondrial functions would facilitate the development of
new drugs. Although the possibilities and results of molecular
modeling of AP interactions with mitochondrial complexes
and supercomplexes are currently very uncertain and difficult
to interpret, structure-activity relationship (SAR) studies on
antipsychotics are essential to identify the potential modulato-
ry sites not only on neurotransmitter receptors and transporters
but also on mitochondrial proteins. We believe that in subse-
quent studies, attention should be paid to both SAR and the
search for specific binding sites for APs in respiratory com-
plexes using biochemical and biophysical methods.

Final notes

Schizophrenia frequently exhibits a neuroprogression and
new APs should inhibit pathways of neurodegeneration, in-
cluding mitochondrial dysfunction (Robertson et al. 2019). It
is therefore necessary to study the mitochondrial effects of
both existing and novel drugs. A comparison of the effects
of antipsychotics on individual mitochondrial enzymes or en-
zyme complexes and on complex mitochondrial functions,
such as oxygen consumption rate, has shown that complex
mitochondrial functions may not fully reflect the disruption
of individual components of ETC. It can be hypothesized that
this is due both to the reversibility of AP-induced inhibition of
ETC complexes and to the existence of feedbacks in the
OXPHOS system leading to adaptive mitochondrial changes,
similar to those described in vivo in platelets of patients with
neurodegenerative disease (Fisar et al. 2016a; Fisar et al.
2019). Measurement of respiratory rate in mitochondria is
much closer to the physiological situation and describes more
suitably mitochondrial toxicity of drugs than measurement of
inhibitory effects on individual ETC complexes. However,
measuring the effects of drugs on individual complexes can
help, at least in part, to clarify the drug-induced mitochondrial
dysfunction mechanism.
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There is a discussion as to whether atypical APs are better
than typical and how correct and appropriate the division of
APs is to typical and atypical. Independent Clinical
Antipsychotic Trials on Intervention Effectiveness (CATIE)
study (Lieberman et al. 2005) and meta-analyses (Leucht
et al. 2013; Leucht et al. 2009) have shown that both first-
and second-generation APs are not homogeneous classes and
differ in both overall efficacy and efficacy for negative symp-
toms, in extrapyramidal side effect induction, weight gain in-
duction, and sedation. In terms of inducing extrapyramidal
side effects, all atypical APs are better than haloperidol, but
this is not generally the case with low-potency typical APs. In
addition, the use of some atypical APs is associated with
greater weight gain or sedation than typical APs. The hetero-
geneous effects of typical and atypical APs on the activity of
individual respiratory chain complexes as well as on the over-
all respiratory rate of mitochondria described in this paper
confirm that even mitochondrial effects of APs cannot be used
to classify/define typical and atypical APs. Thus, the view that
the choice of AP should be individual was supported.

Conclusions

From the obtained data, APs affected both ETC mitochondrial
enzyme activities and mitochondrial respiration. The typical
APs did not show greater potency in alteration of mitochon-
drial functions, except for complex I inhibition by chlorprom-
azine and haloperidol, compared to the atypical APs. AP-
induced mitochondrial dysfunctions can be expected to be
associated with adverse effects of APs related to neurodegen-
erative processes induced by bioenergetic disruption. The di-
verse but largely inhibitory effects of both typical and atypical
APs on complex I- or [I-linked mitochondrial respiration con-
firm that the direct effects of APs on cell energy are associated
with adverse effects of APs rather than their therapeutic ef-
fects. However, it can be considered that the possible neuro-
protective effects of some APs, as well as the adaptive pro-
cesses induced by the inhibition of ETC complexes, may re-
sult in greater or lesser compensation of the undesirable mito-
chondrial toxicity of APs.

The precise molecular mechanism by which various APs
affect mitochondrial enzymes must be still determined. In fur-
ther clinical research, it must specified whether AP-induced
mitochondrial dysfunction is causally related to clinically
manifested effects, such as extrapyramidal syndromes, QTc
interval prolongation, or metabolic syndrome. Due to the
complex processes associated with mitochondrial activity, it
is necessary to measure not only the effect of test substances
on individual ETC complexes but also on the total respiration
rate of the mitochondria. The experimental methods used in
the present study can be applied to mitochondrial toxicity
testing of newly developed APs.
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