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Abstract: Background — Acute poisoning with atypical neuroleptic clozapine is characterized by rapid progression, high risk of death and
severe neurological manifestations. Neurotoxic effects of this pharmaceutical drug have also been reported at therapeutic doses. The
pathogenesis of brain damage in acute clozapine poisoning is not fully understood. Changes in DNA methylation level may play an
important role in the mechanisms of drug neurotoxicity. The available data on the effect of clozapine on brain cell DNA provide a rationale
for studying the epigenetic aspects of the pathogenesis of acute poisoning with this neuroleptic agent.

The objective of our study was to evaluate the global DNA methylation level in rat brain neurons in acute poisoning with clozapine and its
combination with ethanol.

Material and methods — Clozapine — 150 mg/kg in 2.0 ml of normal saline solution, or clozapine — 150 mg/kg in 2.0 ml of 40% ethanol were
administered via a gastric tube to adult male Wistar rats (n=21) under anesthesia with sevoflurane. In the control group, saline was
administered via a gastric tube. Animals were euthanized four hours after drug administration. Autopsy was performed with the collection
of brain samples for histochemical examination and determination of the DNA methylation level using the fluorometric method. To detect
DNA in sections of paraffin-embedded tissue, we used the Feulgen staining. The TUNEL method was employed to detect DNA
fragmentation.

Results — An increase in the level of global DNA methylation in brain neurons was found in the clozapine and clozapine+ethanol groups.
The average level of methylated DNA in the clozapine+ethanol group was higher than in the control group or clozapine group (2.56+0.31 vs.
1.35%0.1, p=0.007 and 1.70+0.33, p=0.044, respectively). An increase in the mean optical density of the cortical neuron nuclei was
observed in the clozapine+ethanol group compared with the control group and clozapine group. DNA fragmentation was not detected in
any experimental group.

Conclusion — Acute poisoning with clozapine in combination with alcohol caused an increase in the global DNA methylation level in brain
neurons, which may have played a significant role in the pathogenesis of acute clozapine poisoning and could be an important factor in the
neurotoxicity of this medication.
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clozapine is used in combination with other neuroleptic drugs or
with alcohol [5].

The toxic effects of clozapine may occur even at a therapeutic
dose and include myocarditis, cardiomyopathies, cardiac rhythm

Introduction

Clozapine is an atypical neuroleptic used for the therapy of
treatment-resistant schizophrenia. Despite clozapine’s high risk of
side effects and toxicity, it is prescribed due to its high clinical
efficacy [1, 2]. Bipolar and other psychiatric disorders are often and  conduction  disorders,  orthostatic  hypotension,
associated with an increased risk of suicidal behavior, which may agranulocytosis, thrombosis, bowel obstruction, metabolic

lead to poisoning with preparations used to treat these disorders. disorders, malignant neuroleptic syndrome, cerebral edema, and

Analysis of suicides among patients with psychiatric disorders several other life-threatening conditions [6, 7].

suggested that clozapine poisoning is linked to higher risk of death
than carbamazepine, lithium, risperidone, or chlorpromazine

Severe neurological manifestations, such as altered
consciousness, dysarthria, ataxia, seizures, and even status

poisoning [3]. Pfeifer et al. have also showed that the highest
mortality in psychotropic medication poisoning occurs with
atypical neuroleptic clozapine and levomepromazine [4].

Strong and fast sedative effect of this drug has prompted its
use with criminal intent. In most suicidal or criminal poisonings,

epilepticus are typical for acute clozapine poisoning [8, 9].

Morphological brain studies of the victims who died within 24
hours after poisoning with clozapine combined with alcohol
revealed an acute brain neuronal damage, both non-specific
reversible and irreversible, as well as blood circulation disorders
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including microcirculatory congestion, and perivascular and
pericellular edema [10]. Experiments in rats demonstrated brain
neuronal damage four hours after administration of a sublethal
clozapine dose [11].

Mechanisms of central nervous system damage in clozapine
poisoning are not fully understood. Hence, according to the study
by Elmorsy et al., clozapine neurotoxicity may be caused by
disruption of the energy balance of microvascular endothelial cells.
Clozapine was shown to inhibit the activity of mitochondrial
complexes | and lll [12]. Clozapine transformation into clozapine-
N-oxide, which has a direct toxic effect on the brain, catalyzed by
flavin-containing monooxygenase was discovered in the brain [13].
Some researchers indicate that clozapine can reduce the activity of
the antioxidant enzymes, superoxide dismutase and catalase [14,
15]. Polydoro et al. showed increased levels of reactive oxygen
species and thiobarbituric acid in striatum and hippocampus of
rats receiving clozapine for 28 days [16]. Administration of
therapeutic doses of clozapine for 1-3 weeks caused DNA damage
in neurons and cardiomyocytes [15, 17]. There is limited evidence
for the effect of toxic doses of clozapine on epigenetic DNA
modifications [18, 19].

DNA methylation is one of the mechanisms of gene regulation.
The 5-mC methyl group inhibits binding of transcription factors to
their CpG-containing recognition site, which leads to gene
downregulation [20]. Gene dysregulation due to DNA
hypermethylation could be an important factor in the pathological
condition development [21]. Changes in DNA methylation levels
were shown to play a significant role in neurotoxic mechanisms of
some medications [20, 22]. Since DNA methylation is a flexible
process, responding rather quickly to exposure to various
exogenous factors [23], the study of epigenetic aspects of acute
poisoning pathogenesis appears quite relevant.

The objective of our study was to evaluate the global DNA
methylation level in rat brain neurons in acute poisoning with
clozapine or its combination with alcohol.

Material and Methods

The experiments were performed in accordance with the
Directive 2010/63/EU of the European Parliament and of the
Council of the European Union on protection of animals used for
scientific purposes. All applicable international and national
guidelines for working with laboratory animals were followed
during this study. The study protocol was approved by the local
research ethics committee at the Federal Research and Clinical
Center of Intensive Care Medicine and Rehabilitology. The study
was conducted on adult male Wistar rats weighing 200-250 g
(n=21). Group | (control, n=8) received 2.0 ml of 0.9% NaCl solution
under general anesthesia with sevoflurane enterally through the
tube, Group Il (clozapine group, n=8) was administered with
clozapine 150 mg/kg in 2.0 ml of 0.9% NaCl solution, Group Il
(clozapine+ethanol group, n=5) was given clozapine 150 mg/kg in
2.0 ml of 40% ethanol. Four hours after administration of indicated
solutions, euthanasia was performed via cervical dislocation under
general anesthesia with sevoflurane. Then an autopsy was
performed with brain samples taken for histochemical studies and
DNA methylation level determination.

Determining global DNA methylation levels

Brain samples of experimental animals (n=21) were stored in
RNA stabilization solution (Eurogen, Russia) at —20°C for further
DNA isolation using AllPrep DNA/RNA/miRNA Universal Kit (50)
(QIAGEN, Germany) laboratory reagents in accordance with the
manufacturer’s instructions. Purity of DNA extraction was tested
by a spectrophotometer (uDrop Plate for Multiskan GO, Thermo
Fisher Scientific, USA). The 260 nm/280 nm ratio ranged from 1.6
to 2.1, while 260 nm/230 nm ratio varied from 1.7 to 2.1.
Quantification of isolated DNA was performed using a Qubit 2.0
fluorimeter (Life Technologies, Germany). Assessment of the
global DNA methylation level (5-mC %) was performed by the
fluorimetric method on a CLARIOstar microplate reader using the
Methylated DNA Quantification Kit (Fluorometric, Abcam, UK) at
excitation wavelength of 530 nm and fluorescence wavelength of
590 nm. The recommended DNA quantity per reaction, according
to the instructions, was 100 ng (permissible range 20-200 ng); for
each sample, the reaction was performed in two replicates.

Histochemical study

As a fixative for the histochemical study of brain samples, we
used 10% neutral buffered formalin. After that, the material was
dehydrated in increasing concentrations of ethanol and embedded
in paraffin according to the conventional technique. A rotary
microtome (Sakura, Japan) was used to make 5-6 pum thick frontal
brain sections.

To detect DNA in paraffin sections, we used Feulgen staining
(BioVitrum, Russia). Cold hydrolysis time was 60 min according to
the instructions provided with the kit. The Nikon ECLIPSE Ni-U light
microscope (Nikon, Japan) and a digital camera were used to
obtain images of cortical sections at the 40x magnification. The
histochemical reaction intensity was visually evaluated. Mean
optical density (MeanDensity) and total optical density
(SumbDensity) of pyramidal neuron nuclei in the cortical layer Il
were quantified using NIS-Elements BR software (Nikon, Japan).
MeanDensity was calculated as a mean of pixel density values.
SumbDensity was calculated as a sum of optical density (OD) values
of pixels in evaluated area. SumDensity characterizes the quantity
of substance in biological sections. It is calculated using the
following formula:

PixellntensityValuex0,5

oD = -log MaxIntensityValue
We studied 150-200 neurons in 2 or 3 fields of view per each
preparation. The mean OD value was calculated for each
preparation.
TUNEL study
DNA damage was identified by TUNEL (terminal
deoxynucleotidyl transferase dUTP nick end labeling) using

NeuroTACS Il In Situ Apoptosis Detection Kit (#4823-30-K,
Trevigen, Inc., USA) following the manufacturer’s instructions.
Nuclease-treated sections (1:100) were used as a positive control.

Statistical analysis

Statistical analysis was performed by Statistica 7.0 software
using one-way ANOVA followed by Fisher’s LSD post-hoc test for
multiple comparisons. Data are presented as mean = SD. The
critical level of significance for statistical hypothesis testing was
0.05.
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Results

Global DNA methylation levels in rat brain in acute poisoning
with clozapine or its combination with alcohol

The results of the DNA methylation level measurement in
brain of experimental animals are shown in Figure 1. Mean
methylated DNA level in the clozapine+ethanol group was higher
than in the control group and clozapine group (2.56+0.31 vs.
1.35040.1, p=0.021 and 1.700+0.33, p=0.002, respectively).

Histochemical study of neurons

Microscopic examination of Feulgen-stained rat brain sections
showed different reaction intensities in experimental groups
(Figure 2). The most intensive staining of neuronal nuclei was
observed in the clozapine+ethanol group.

Image quantification revealed an increase in the mean optical
density of cortical neuronal nuclei in the clozapine+ethanol group
vs. the control group and clozapine group (Figure 3).

Reduced total optical density of Feulgen-stained neuronal
nuclei was found in the clozapine+ethanol group vs. the control
(Figure 4).
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Figure 1. Genomic DNA methylation in rat brain in acute poisoning with
clozapine and its combination with ethanol. The results are given as 5-mC
% in relation to total genomic DNA in the sample, mean SD. * p=0.007
vs. control, # p=0.044 vs. the clozapine group.

TUNEL staining study

We used TUNEL technique to detect DNA fragmentation,
resulting from apoptotic signaling cascade. In our study, no
experimental group was found to have TUNEL-positive neuronal
nuclei in the studied brain region (Figure 5).

Discussion

Our study has established enlarged global DNA methylation
level of rat brain in acute poisoning with clozapine combined with
ethanol.

The epigenetic theory of schizophrenia etiology and bipolar
disorder has inspired several studies of the effects of neuroleptics
on DNA methylation and demethylation in brain neurons. In
contrast to haloperidol and olanzapine, clozapine is known to
stimulate demethylation of hypermethylated promoter sites of
GAD67 and RELN genes and to increase promoter-associated
acetylation of H3K9 and H3K14 histones [24]. The study by Huang
et al (2007) demonstrated that therapeutic doses of clozapine
upregulated the histone methyltransferase MLL1 in the cerebral
cortex, which caused the lysine 4 trimethylation of H3 histone
(H3K4me3), resulting in transcription activation of the glutamate
decarboxylase 1 (GAD1) gene [25]. Clozapine can also reduce
methylation at the GADD45-B gene locus in charge of regulating
the cell cycle inhibition and participation in DNA repair [26].

Our data are supported by the evidence of increased global
hypermethylation caused by toxic doses of clozapine. For example,
in 2018, Swathy et al. showed that exposure of a human
hepatocellular carcinoma cell line (HepG2) to clozapine at the
maximum tolerated dose (25uM) led to 1.56-fold increase in global
DNA hypermethylation (p=0.004) due to elevated 5-mC and 5-hmC
levels [18]. When studying the cytotoxic effect of clozapine on
neutrophils in rats, condensation and subsequent destruction of
chromatin  structure were observed [19]. Global DNA
hypermethylation is known to positively correlate with the
formation of micronuclei. This could be caused by inactivation of
DNA repair genes or hindered access to damaged DNA in
chromatin [27].
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Figure 2. Rat cerebral cortex. Feulgen staining. Magnification 40x. (A) Control; (B) Four hours after administration of a sublethal dose of clozapine; (C)
Four hours after administration of a sublethal dose of clozapine dissolved in 40% ethanol.
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Figure 3. Mean optical density (MeanDensity) of Feulgen-stained
neuronal nuclei in acute poisoning with clozapine and its combination
with ethanol. Data are presented as mean * SD (n=5 per group). CU,
conventional units. * p=0.001 vs. control; # p<0.001 vs. the clozapine
group.
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Figure 4. Total optical density (SumDensity) of Feulgen-stained neuronal
nuclei in acute poisoning with clozapine and its combination with
ethanol. Data are presented as mean + SD (n=5 per group). CU,
conventional units. * p=0.028 vs. control.

Epigenetic aspects of the ethanol effects could contribute
significantly to the processes identified in our study. Increased
global DNA methylation in peripheral blood cells in conditions of
both chronic and acute ethanol intoxication has been reported by
several studies [28, 29]. However, examination of postmortem
frontal cortex samples from patients with chronic alcohol
intoxication revealed no significant differences in DNA methylation
level versus the control group [30].

Elevated DNA methylation level in response to combined
clozapine-and-ethanol exposure could be an initial stage of DNA
alteration preceding its fragmentation. Augmented DNA
methylation could be interpreted as a protective response to toxic
exposure, since the change in chromatin structure may inhibit
random (or nonspecific) gene transcription. The delayed effects of
global DNA methylation in acute combined clozapine-ethanol
poisoning are unknown, since global methylation level per se does
not necessarily reflect the methylation status of active genes [31].

The Feulgen staining is the most precise histological technique
for DNA identification, which allows studying DNA as a component
of chromatin. Some researchers previously proposed that
chromatin structure after the cell exposure to medications,
carcinogens, and other exogenous factors can be evaluated using
the Feulgen-stained histological sections [32]. The advantages of
this technique over molecular biological methods include
prolonged storage of materials, simplicity, and low cost of
reagents.

Some studies demonstrated the relationship of epigenetic
modifications of DNA with density and morphology of nuclei in
Feulgen-stained preparations [32-34]. The results of our study
demonstrated a significant reduction in the total optical density
and increase of the mean optical density in the nuclei of brain
neurons of the clozapine+ethanol group, compared with the
control group and clozapine group. Changes in neuronal nuclei
optical density and global DNA methylation level within the same
experimental group may indicate the interrelation of the Feulgen
reaction with epigenetic DNA modifications. Since total optical
density characterizes DNA content per nuclear area, we suggest
that chromatin condensed in the nucleus has a smaller distribution
area, hence a lower total optical density. An increase of the mean
optical density in the clozapine+ethanol group is probably due to
the heterochromatin staining pattern. Some studies previously
showed that reduction in the total optical density was associated
with the loss of nuclear DNA fragments due to apoptosis [34].
However, the results of TUNEL staining, revealing no DNA
fragmentation in any of our experimental groups, suggested that
this mechanism was not the case in our study.
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Figure 5. The cerebral cortex. TUNEL staining. Magnification 40x. (A) positive control, TUNEL-positive nuclei; (B) control group; (C) Four hours after
administration of a sublethal dose of clozapine; (D) Four hours after administration of a sublethal dose of clozapine dissolved in 40% ethanol.

© 2021, LLC Science and Innovations, Saratov, Russia

WwWw.romj.org



S

®M)

DOI: 10.15275/rusom|.2021.0306

ISSN 2304-3415, Russian Open Medical Journal
2021. Volume 10. Issue 3 (September). Article CID e0306

50f6

Physiology and Pathophysiology

an

Conclusion

Acute poisoning with clozapine combined with alcohol causes
increase in global DNA methylation of brain neurons.

Consequently, DNA hypermethylation may play a significant role in
the pathogenesis of acute clozapine poisoning being an important
factor of neurotoxic clozapine effects.
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