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Haloperidol is a �rst-generation antipsychotic drug that has several indications in a wide range of mental conditions. �e
extensive prescription of haloperidol is correlated with some less-known adverse e�ects such as genotoxicity. Carvacrol is a
monoterpenoid mainly found in oregano and thyme. It has the potential to scavenge free radicals in addition to increasing
antioxidant defense enzyme activities and glutathione levels. In this study, we attempted to explore the possible potential of
haloperidol in inducing genotoxicity in human peripheral lymphocytes as well as the protective role of carvacrol against this e�ect.
�e lymphocytes were divided into separate groups as follows: control group (cosolvent and NS); carvacrol group (5 μM);
haloperidol group (25, 50, and 100 ng/ml); haloperidol (25, 50, and 100 ng/ml) + carvacrol (5 μM); positive control (0.8 μg/ml
Cisplatin). After 24 hours of treatment, we conducted a cytokinesis-Block micronucleus test and an alkaline comet assay in order
to determine genetic damage. Additionally, we measured glutathione andMDA levels as the biomarkers associated with oxidative
stress. Signi�cant increases in the levels of genotoxicity biomarkers (micronucleus frequency, DNA percentage in tail and tail
moment) were observed in haloperidol-treated cells.�e result of our oxidative stress tests also demonstrated that haloperidol had
the potential to induce oxidative stress via reducing the levels of glutathione and increasing lipid peroxidation. Treatment with
carvacrol signi�cantly decreased the genotoxic events. It can be presumed that the induction of oxidative stress by haloperidol is
the critical event associated with haloperidol-mediated genotoxicity. �erefore, using carvacrol as a natural antioxidant protected
human lymphocytes against haloperidol genetic damage.

1. Introduction

Antipsychotic drugs are commonly prescribed to manage
the symptoms of various psychiatric conditions, in particular
schizophrenia and bipolar disorder [1]. Generally, they are
classi�ed into �rst generation and second-generation anti-
psychotics [2]. It is assumed that this class of drugs mainly
acts by blocking dopaminergic signal transmission in the
nigrostriatal pathway. Due to the aforementioned mecha-
nism of action, it is of high probability that the side e�ects

associated with the motor system, including extrapyramidal
syndrome, may be observed [3, 4].

Haloperidol is classi�ed as a typical antipsychotic drug
and is extensively prescribed in order to manage various
acute and chronic psychiatric conditions, such as schizo-
phrenia, Tourette syndrome, di�erent behavioral disorders
in children, and acute mania. Also, haloperidol can be
prescribed for chemotherapy-induced nausea and vomiting,
and persistent hiccups [5–12]. Like any other �rst-genera-
tion antipsychotic, haloperidol mainly acts by blocking
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dopaminergic receptors, in particular D2 receptors. &e
blockade of the dopaminergic pathway consequently leads to
numerous side effects, such as tardive dyskinesia [13].
Chronic administration of haloperidol is assumed to be
associated with an increase in the turnover rate of dopamine,
which can possibly result in the production of reactive
oxygen species (ROS) [14]. Moreover, it is proposed that
haloperidol may cause a remarkable decline in the amount of
glutathione [15].

&e excessive production of free radicals, such as ROS,
and the inability of the antioxidant defense system to sta-
bilize them leads to a situation referred to as oxidative stress
[16]. &e probable role of free radicals in damaging mac-
romolecules, like DNAs, proteins, and lipids, has been
demonstrated in several studies [17–20]. More specifically,
the results of some studies have illustrated the harmful ef-
fects of excessive ROS production on the genetic compo-
nents of cells [21–25].

&ere have been promising reports on the major role of
natural antioxidants in ameliorating oxidative stress [26, 27].
Carvacrol, (2-methyl-5-(1-methylethyl)-phenol), is a phe-
nolic monoterpenoid, which can be found predominantly in
the essential oils of various plants, such as oregano and
thyme [28]. It has numerous beneficial features, including
antibacterial, antifungal, antiviral, and antiproliferative ac-
tivities [29–32]. Additionally, potential antioxidant prop-
erties have been observed with carvacrol. It is assumed that
one of the main mechanisms is the inhibition of lipid
peroxidation [33, 34].

As regards the extensive use of haloperidol, it is of high
significance to evaluate the toxic effects, which are more
obscure. Furthermore, there are few studies on haloperidol’s
probable genotoxicity. &erefore, the main objective of this
study is to assess the possible genotoxic activity of halo-
peridol as well as the protective effects of carvacrol on
human peripheral blood lymphocyte cells.

2. Materials and Methods

2.1. Chemicals. Haloperidol, carvacrol, phytohaemag-
glutinin (PHA), cytochalasin B, thiobarbituric acid, Tris-
HCl, Tris ammonium, MgCl2, Disodium hydrogen phos-
phate, TCA, sucrose, EDTA, sodium acetate, Triton X-100,
and Giemsa stain were from Sigma; DMEM cell culture and
phosphate buffered saline (PBS) were from Gibco. Phos-
phoric acid, methanol, acetic acid glacial, potassium chlo-
ride, n-Butanol, sodium chloride, DTNB, Na2EDTA,
sodium hydroxide, sodium lauroyl sarcosinate, DMSO, and
normal melting point agarose were from Merck. &e low
melting point (LMP) agarose was from Cleaver Scientific.

2.2. Blood Sampling and Treatment. &e heparinized blood
sample was obtained from the donor (a healthy, young,
nonalcoholic, nonsmoking male). &e donor had not been
exposed to any chemicals or ionizing radiation that might
have interfered with the results of the test throughout the
six-month period of time prior to the blood sampling. An
informed consent form was signed by the donor. &e study

was approved by the Guilan University of Medical Sciences’
Ethics Committee.

&e blood sample was mixed with DMEM, which also
contained 10% FBS, Glutamine, and Pen/Strep.&e resulting
mixture was divided into separate groups as follows:

Control group (cosolvent and NS);
Carvacrol group (5 μM) [35];
Haloperidol group (25, 50, and 100 ng/ml) [36];
Haloperidol (25, 50, and 100 ng/ml) + carvacrol (5 μM);
Positive control (0.8 μg/ml Cisplatin).

After that, all groups were incubated for 24 hours (under
the conditions of 37°C and 5% CO2 pressure).

2.3. Cytokinesis-Block Micronucleus Assay (CBMN Assay).
&e cytokinesis-block micronucleus assay (CBMN assay)
was conducted as previously described with minor modi-
fications [16]. Phytohaemagglutinin (PHA) was added to all
the mentioned groups in order to stimulate mitosis in the
culture. Subsequently, the cell mixtures were incubated for
72 hours. After 44 hours, cytochalasin-B (3 μg/ml) was
added to the samples, leading to the inhibition of cytokinesis.
After 28 hours, the culture was harvested, all groups were
centrifuged at 200× g and the supernatants were discarded.
Subsequently, the samples were treated with hypotonic KCl
followed by the addition of a prefixing solution (3 : 5,
methanol: acetic acid) to the pellet. Right after that, the
samples were centrifuged at 146× g for 10 minutes, dis-
carding the supernatant. &en, a fixative solution (3 :1,
methanol: acetic acid) was added. &is stage was carried out
two times. Next, a few drops of cell mixture were dropped on
slides. Following that, the samples were air-dried. Eventu-
ally, the samples were stained using a 5% Giemsa solution.
At least one thousand binuclear lymphocytes were analyzed
under a microscope (Micros Austria daffodil MCX100,
Vienna, Austria) at 400X magnification to determine the
frequency of micronuclei (MN).

2.4. Single-Cell Gel Electrophoresis Assay (Alkaline Comet
Assay). &e alkaline comet assay was conducted as stated by
Singh et al. with minor modifications [37]. &e samples were
centrifuged at 200× g and the pellet pertaining to each
sample group was mixed with 1% LMP agarose. &e re-
sultant mixtures were layered on fully frosted slides, which
were already precoated with 1% normal melting point
agarose. Immediately after that, the slides were covered and
placed in a dark place for 10 minutes at 4°C in order for the
LMP agarose to solidify. Subsequently, the samples were
placed in a lysis solution at 4°C and in a dark chamber for 24
hours. Following lysis, the samples were placed horizontally
in an alkaline electrophoresis buffer for 20 minutes at 4°C,
and right after that, the electrophoresis was conducted for 20
minutes at 4°C, 1 V/cm, and 300mA. Eventually, the slides
were rinsed using Tris buffer as a neutralizing solution and
then dehydrated with ethanol. &is stage was repeated two
more times. Next, the slides were stained using SYBR® Goldstain for 15 minutes in the dark and rinsed with deionized
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water in order to remove excess stain. A total number of 100
nucleotides per slide were analyzed using a fluorescence
invert microscope (Nikon Eclipse TS100, Tokyo, Japan) at
200X magnification. In order to quantify DNA damage, the
head and tail intensities were measured using CASPLab®(CASP1.2.3 beta2) software, and the tail moment was cal-
culated afterwards.

2.5. Measurement of Oxidative Stress Parameters

2.5.1. Measurement of Lipid Peroxidation. &iobarbituric
acid was used in order to measure malondialdehyde (MDA)
levels as previously claimed with minor modifications [38].
After that, 0.05M sulfuric acid was added to the cell ho-
mogenates, and after that, 0.2% TBA was added to the cell
mixtures. Following that, for 30 minutes, the samples were
put in a boiling water bath. Right after that, the samples were
placed on ice, and n-butanol was added to all groups at the
same time. Subsequently, the cell mixtures were centrifuged
at 3500× g for 10 minutes. Eventually, the supernatant of
each group was analyzed with three replicates at 532 nm
using an ELISA microplate reader. &e malondialdehyde
level was determined from a standard curve and the
malondialdehyde level was expressed as µM.

2.5.2. Measurement of Glutathione Content. Glutathione
content was assessed as it was previously described, with
minor modifications [38]. DTNB (5, 5-dithio-bis-(2-nitro-
benzoic acid) was used as the indicator for the determination
of glutathione concentration. &en, TCA was added to the
cell suspensions in order to precipitate the proteins, and then
the samples were centrifuged at 5000× g for 5 minutes at
4°C. Next, the supernatant pertaining to each group was
mixed with DTNB and PBS. &e samples were evaluated at
412 nm using a spectrophotometer. A standard curve was
used to determine total glutathione . &e ottal glutathione
concentration was expressed as µM glutathione.

2.6. Statistical Analysis. All statistical analyses were per-
formed using GraphPad Prism® software (version 6). &e
results were expressed as the mean± SD. &e assays were
performed in at least triplicate. Comparison between groups
was made using the one-way ANOVA test, followed by the
post hoc Tukey’s test. P< 0.05 was considered statistically
significant.

3. Results

3.1. Cytokinesis-Block Micronucleus Assay (CBMN Assay).
CBMN was conducted to examine the probable genotoxic
effect of haloperidol on lymphocytes as well as the protective
effect of carvacrol. In order to assess the cytogenetic damage,
the frequency of MN was measured in
binucleated lymphocytes (Figure 1). As shown in Figure 2,
the frequencies of MN increased significantly in samples
treated with haloperidol in comparison with the control
group (P< 0.001), whereas the frequency of MN

significantly decreased in the groups treated with haloper-
idol and carvacrol (P< 0.001).

3.2. Alkaline Comet (SCGE) Assay. &e alkaline comet
(SCGE) assay is a sensitive method, which was performed in
this study to evaluate haloperidol-induced DNA strand
breaks and the effects of carvacrol on it. Figure 3 shows the
observed comets which were formed in each group. &e
results are demonstrated as the percentage of DNA in the tail
(Figure 4) and the tail moment (Figure 5). As shown in both
figures, the percentage of DNA in the tail and the tail
moment increased significantly in the haloperidol group at

Figure 1: Giemsa stained, binucleated human lymphocyte cells;
haloperidol-treated group at a concentration of 100 ng/ml (400X);
the micronucleus is demonstrated with an arrow. Scale bar: 5 µm.
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Figure 2:&e protective effect of carvacrol on haloperidol-induced
genotoxicity in MN frequency in human lymphocytes; values are
presented as the mean± SD; ∗∗∗significantly different compared to
the control group without carvacrol (P< 0.001); ###significantly
different in comparison with the haloperidol-treated group without
carvacrol (P< 0.001).
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all concentrations compared to the control group (P< 0.05).
However, using carvacrol at haloperidol concentrations of
50 and 100 ng/ml decreased the percentage of DNA in the
tail and tail moment (P< 0.05).

3.3. Measurement of Oxidative Stress Parameters

3.3.1. Measurement of Lipid Peroxidation. &e MDA level
was assessed in this study as the final by-product of lipid
peroxidation. &e MDA levels significantly increased in the
haloperidol treated groups at a concentration of 100 ng/ml,

which is demonstrated in Figure 6 (P< 0.01). Whereas, the
results indicated a statistically significant decrease when
carvacrol was used with haloperidol at the concentration of
100 ng/ml (P< 0.05).

3.3.2. Measurement of Glutathione Content. Glutathione
concentration was measured in this study as the other
indicator of oxidative stress. Figure 7 demonstrates sig-
nificant decreases in the haloperidol group at all con-
centrations compared to the control group (P< 0.05),
while the level of glutathione increased significantly when
carvacrol was used with haloperidol at the concentration
of 100 ng/ml (P< 0.05).

(a) (b) (c)

Figure 3: Demonstrating classes of comets: (a) no damage: control group (without the tail); (b) increased DNA damage: haloperidol-treated
group; (c) decreased DNA damage: haloperidol + carvacrol treated group. Scale bar:25 µm.
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Figure 4:&e percentage of DNA in the tail in human lymphocytes
after treatment by carvacrol and haloperidol; values are presented
as the mean± SD; ∗∗significantly different compared to the control
group without carvacrol (P< 0.01); ∗∗∗significantly different
compared to the control group without carvacrol (P< 0.001);
##significantly different in comparison with the haloperidol-
treated group without carvacrol (P< 0.01); ns: not significant.
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Figure 5: &e changes in the tail moment in human lymphocytes
after treatment by carvacrol and haloperidol; values are presented
as the mean± SD; ∗significantly different compared to the control
group without carvacrol (P< 0.05); ∗∗∗significantly different from
the control group without carvacrol (P< 0.001); ###significantly
different from the haloperidol-treated group without carvacrol
(P< 0.001); ns: not significant.
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4. Discussion

Haloperidol is one of the most commonly prescribed an-
tipsychotic drugs [39]. It has been reported in various studies
that the induction of oxidative stress might be the principal
mechanism correlated to haloperidol-induced adverse ef-
fects [40–42].

&e main objective of this study was to provide further
evidence on the probable potential of haloperidol in in-
ducing genotoxicity through oxidative stress and the role of
carvacrol in ameliorating it.

In order to demonstrate the genotoxic potential of
haloperidol, we conducted the CBMN test and the alkaline
comet assay, both of which can detect various genotoxic
events in various cell lines [43, 44].

According to the results reported in various studies, it
is presumed that the optimal therapeutic window of
haloperidol is between 5 and 25 ng/ml. However, it is
possible that the plasma concentration of a drug increases
to 100 ng/ml or more as a consequence of drug accumu-
lation in the case of drug overdose or chronic adminis-
tration. So, we chose haloperidol concentrations close to
these ranges [45–47]. Based on the results of this study,
exposing human lymphocytes to different concentrations
of haloperidol (25, 50, and 100 ng/ml) resulted in signif-
icant increases in the frequency of MN, DNA percentage in
tail, and tail moment, indicating that haloperidol might
have the potential to induce genotoxicity.&is is consistent

with the results reported in previous studies [36, 47–51]. In
a similar study, the CBMN test and alkaline comet assay
were conducted on human lymphocytes at lower con-
centrations of haloperidol (5, 10 and 20 ng/ml) compared
to our study. &e study found out that all mentioned
concentrations of haloperidol increased DNA tail length
significantly after 24 and 48 hours of exposure, in addition
to a significant increase in the frequency of MN at 10 ng/
ml. Interestingly, the results of this study indicated that
haloperidol might cause genotoxicity in relatively clinical
concentrations [36]. In another study, therapeutic con-
centrations (5–25 ng/ml) and higher concentrations (100
and 500 ng/ml) of haloperidol were evaluated using a
chromosome aberration test. &e results of the test
demonstrated significant increases at 25, 100, and 500 ng/
ml. Additionally, exposing cells to haloperidol decreased
the mitotic index significantly at all concentrations, which
provided further evidence that haloperidol may have
harmful effects on the rate of mitosis through the inhi-
bition of DNA synthesis [47]. &e possible role of anti-
psychotics in changing the epigenetic status of the brain
has been proposed and assessed in several studies [48–50].
&e results of a recent study also revealed that haloperidol
may potentiate the induction of DNA methylation in
neuroblastoma cells. It was hypothesized that inducing
DNA methylation is associated with haloperidol’s strong
blockade of dopamine D2 receptors [51]. &e blockade of
dopaminergic transmission by haloperidol leads to an
increase in the turnover rate of dopamine, which will
consequently result in the excessive production of reactive
oxygen species and oxidative stress [52].
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Figure 6: &e protective effect of carvacrol on haloperidol-induced
lipid peroxidation in human lymphocytes; MDA concentrations
were evaluated as by-product of lipid peroxidation; values are
presented as the mean± SD; ∗∗significantly different compared to
the control group without carvacrol (P< 0.01); ∗∗∗significantly
different compared to the control group without carvacrol
(P< 0.001); #significantly different in comparison with the halo-
peridol-treated group without carvacrol without carvacrol (P< 0.05
); ##significantly different in comparison with the haloperidol-
treated group without carvacrol (P< 0.01); ns: not significant.
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Figure 7:&e protective effect of carvacrol on haloperidol-induced
glutathione level in human lymphocytes; values are presented as the
mean± SD; ∗∗significantly different compared to the control group
without carvacrol (P< 0.01); ∗∗∗significantly different compared to
the control group without carvacrol (P< 0.001); #significantly
different in comparison with the haloperidol-treated group without
carvacrol (P< 0.05); ns: not significant.
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&e key role of reactive oxygen species in the haloper-
idol-induced neurotoxicity was assessed in various studies.
Based on their results, it was proposed that haloperidol may
increase oxidative stress in cortical neurons of the brain,
leading to a cascade of cellular events including an increase
in the activity of the caspase-3 enzyme, which might result in
cellular apoptosis, necrosis, and DNA fragmentation
[42, 53, 54].

As regards oxidative stress, we found that haloperidol
significantly reduced the level of cellular glutathione at all
concentrations (P< 0.05), followed by a significant increase
in lipid peroxidation at 100 ng/ml. &is is in agreement with
the findings of previous studies [41, 42, 55–63]. An early
study on patients prescribed with haloperidol reported that a
2-week period of haloperidol administration significantly
reduced the level of glutathione in the patients’ cerebro-
spinal fluid, in addition to a significant increase in MDA
level [55]. Furthermore, in a study on male Sprague-Dawley
rats that were chronically treated with haloperidol, it was
revealed that haloperidol caused significant depletion in the
levels of brain antioxidant defense enzymes such as su-
peroxide dismutase (SOD) and glutathione peroxidase
(GPx) [42]. In another study, male Wistar rats were under
chronic treatment of haloperidol for 21 days. It was reported
that treatment with haloperidol led to significant decreases
in the levels of glutathione and the activity of antioxidant
enzymes SOD and catalase, along with a significant increase
in lipid peroxidation in the forebrain [56]. Exposing human
plasma to haloperidol demonstrated significant increases in
TBARS, which are accounted for as biomarkers of lipid
peroxidation [57–59]. Moreover, the results of some studies
indicated that haloperidol might cause hepatotoxicity and
nephrotoxicity through the depletion of reduced glutathione
and antioxidant enzyme activity as well as generating ROS in
the kidney and liver [41, 60–63]. Additionally, the induction
of oxidative stress by haloperidol was observed in a cell
study. It was reported that the exposure of rat primary
cortical neurons and hippocampal HT-22 cell lines to hal-
operidol initiated sequences of cellular changes that resulted
in cell death. According to the findings of the study, hal-
operidol increased the generation of ROS and decreased the
glutathione level, followed by increasing the intracellular
Ca2+ level, which led to cell death [64].

&e prominent role of antioxidants in reducing drug-
induced cell death and cytotoxicity has been demonstrated
in some studies [65–67]. In consonance with that, Behl et al.
indicated that using vitamin E as a lipophilic antioxidant and
free radical scavenger prevented DNA degradation and,
therefore, necrotic cell death in random isolated cells treated
with haloperidol. Based on the results of this study, it can be
presumed that free radicals play the main role in haloper-
idol-induced necrotic cell death [68].

In recent years, the major role of natural antioxidants
in preventing drug-induced side-effects correlated to
oxidative stress has become a major area of focus [69].
Several studies have reported the alleviation of haloper-
idol-induced oxidative stress after treatment with natural
antioxidant compounds [41, 42, 56, 59, 63, 70–72]. In our
study, we also attempted to outline the potential of

carvacrol as a natural antioxidant polyphenol compound.
Carvacrol is a natural monoterpene, which has demon-
strated anxiolytic and antidepressant properties in mice
models [73, 74]. As a natural polyphenolic compound,
carvacrol shares some common features with other
compounds of the same family, including its ability to act
as an antioxidant and scavenge free radicals, more spe-
cifically, reactive oxygen species. It is also assumed that
monoterpenoids can have protective effects on the anti-
oxidant defense system existing in the body [34, 75, 76].
Accordingly, the results of a TRAP/TAR assay (Total
reactive antioxidant potential/Total antioxidant reactivity
assay) revealed that carvacrol could scavenge peroxyl
radicals [77]. &e antioxidant properties of carvacrol are
often attributed to the polyphenolic structure of this
compound as well as its weak acid feature through which it
can possibly react with free radicals and turn them into
more stable radicals [78]. &e results derived from various
studies on drug-induced oxidative stress have also
revealed that carvacrol improved glutathione levels sig-
nificantly and restored the antioxidant defense enzymes
[79–82]. Furthermore, carvacrol showed antilipid per-
oxidation ability by significantly decreasing markers such
as MDA [83, 84]. We found that treating cells with car-
vacrol was effective in reducing haloperidol-induced
oxidative stress and genotoxic events significantly. Our
findings suggest that the concomitant administration of
carvacrol as a supplement with haloperidol is a potential
therapeutic strategy that might impose preventative im-
pacts against haloperidol-induced adverse effects. How-
ever, further studies are required to be conducted.

5. Conclusion

In this study, we showed that haloperidol could mediate
genotoxicity in human lymphocytes via the induction of
oxidative stress. In addition, we observed that treating cells
with carvacrol protected the cells against haloperidol-in-
duced genotoxicity by reducing lipid peroxidation by-
product MDA and increasing glutathione levels. &erefore,
it can be presumed that oxidative stress plays an important
role in haloperidol-mediated genotoxicity.
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[23] C. Angelé-Mart́ınez, K. V. T. Nguyen, F. S. Ameer,
J. N. Anker, and J. L. Brumaghim, “Reactive oxygen species
generation by copper (II) oxide nanoparticles determined by
DNA damage assays and EPR spectroscopy,” Nanotoxicology,
vol. 11, no. 2, pp. 278–288, 2017.

[24] S. Kawanishi, Y. Hiraku, M. Murata, and S. Oikawa, “&e role
of metals in site-specific DNA damage with reference to
carcinogenesis,” Free Radical Biology and Medicine, vol. 32,
no. 9, pp. 822–832, 2002.

[25] H. Shi, L. G. Hudson, and K. J. Liu, “Oxidative stress and
apoptosis in metal ion-induced carcinogenesis,” Free Radical
Biology and Medicine, vol. 37, no. 5, pp. 582–593, 2004.

[26] H. Zhang and R. Tsao, “Dietary polyphenols, oxidative stress
and antioxidant and anti-inflammatory effects,” Current
Opinion in Food Science, vol. 8, pp. 33–42, 2016.

[27] D. Ezhilarasan, E. Sokal, S. Karthikeyan, and M. Najimi,
“Plant derived antioxidants and antifibrotic drugs: past,
present and future,” Journal of Coastal Life Medicine, vol. 2,
no. 9, pp. 738–745, 2014.

[28] M. Sharifi-Rad, E. M. Varoni, M. Iriti et al., “Carvacrol and
human health: a comprehensive review,” Phytotherapy Re-
search, vol. 32, no. 9, pp. 1675–1687, 2018.

[29] C. Liolios, O. Gortzi, S. Lalas, J. Tsaknis, and I. Chinou,
“Liposomal incorporation of carvacrol and thymol isolated
from the essential oil of Origanum dictamnus L. and in vitro
antimicrobial activity,” Food Chemistry, vol. 112, no. 1,
pp. 77–83, 2009.

[30] P. S. Chavan and S. G. Tupe, “Antifungal activity and
mechanism of action of carvacrol and thymol against vineyard
and wine spoilage yeasts,” Food Control, vol. 46, pp. 115–120,
2014.

[31] M. Sökmen, J. Serkedjieva, D. Daferera et al., “In vitro an-
tioxidant, antimicrobial, and antiviral activities of the essential
oil and various extracts from herbal parts and callus cultures

Journal of Toxicology 7



of Origanum acutidens,” Journal of Agricultural and Food
Chemistry, vol. 52, no. 11, pp. 3309–3312, 2004.

[32] K. Arunasree, “Anti-proliferative effects of carvacrol on a
human metastatic breast cancer cell line, MDA-MB 231,”
Phytomedicine, vol. 17, no. 8-9, pp. 581–588, 2010.

[33] N. V. Yanishlieva, E. M. Marinova, M. H. Gordon, and
V. G. Raneva, “Antioxidant activity and mechanism of action
of thymol and carvacrol in two lipid systems,” Food Chem-
istry, vol. 64, no. 1, pp. 59–66, 1999.

[34] V. Lagouri, G. Blekas, M. Tsimidou, S. Kokkini, and
D. Boskou, “Composition and antioxidant activity of essential
oils from oregano plants grown wild in Greece,” Zeitschrift für
Lebensmittel-Untersuchung und Forschung, vol. 197, no. 1,
pp. 20–23, 1993.

[35] N. Kumar, A. Yadav, S. Gulati, N. Aggarwal, N. Aggarwal, and
R. Gupta, “Antigenotoxic effect of curcumin and carvacrol
against parathion induced DNA damage in cultured human
peripheral blood lymphocytes and its relation to GSTM1 and
GSTT1 polymorphism,” Journal of Toxicology, vol. 2014,
pp. 1–7, 2014.
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new target to improve schizophrenia treatment,” Expert Re-
view of Neurotherapeutics, vol. 13, no. 1, pp. 1–3, 2013.

[49] M. de la Fuente Revenga, D. Ibi, T. Cuddy et al., “Chronic
clozapine treatment restrains via HDAC2 the performance of
mGlu2 receptor agonism in a rodent model of antipsychotic
activity,” Neuropsychopharmacology, vol. 44, no. 2,
pp. 443–454, 2019.

[50] B. Swathy and M. Banerjee, “Understanding epigenetics of
schizophrenia in the backdrop of its antipsychotic drug
therapy,” Epigenomics, vol. 9, no. 5, pp. 721–736, 2017.

[51] J. Du, Y. Nakachi, T. Kiyono et al., “Comprehensive DNA
methylation analysis of human neuroblastoma cells treated
with haloperidol and risperidone,” Frontiers in Molecular
Neuroscience, vol. 14, Article ID 792874, 2021.

[52] M. Raudenska, J. Gumulec, P. Babula et al., “Haloperidol
cytotoxicity and its relation to oxidative stress,”Mini Reviews
in Medicinal Chemistry, vol. 13, no. 14, pp. 1993–1998, 2013.

[53] J. S. Noh, H. J. Kang, E. Y. Kim et al., “Haloperidol-induced
neuronal apoptosis: role of p38 and c-Jun-NH2-terminal
protein kinase,” Journal of Neurochemistry, vol. 75, no. 6,
pp. 2327–2334, 2008.
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