Article

Investigation of the DNA Damage and Oxidative Effect
Induced by Venlafaxine in Mouse Brain and Liver Cells

Eduardo Madrigal-Bujaidar !, Rogelio Paniagua-Pérez 2
José Antonio Morales-Gonzalez 37, Eduardo O. Madrigal-Santillan 3

check for
updates

Citation: Madrigal-Bujaidar, E.;
Paniagua-Pérez, R.; Rendén-Barrén,
M.J.; Morales-Gonzalez, J.A.;
Madrigal-Santillan, E.O.;
Alvarez-Gonzalez, L. Investigation of
the DNA Damage and Oxidative
Effect Induced by Venlafaxine in
Mouse Brain and Liver Cells. Toxics
2022, 10, 737. https://doi.org/
10.3390/toxics10120737

Academic Editors: Qiang Shi and
Li Pang

Received: 29 September 2022
Accepted: 24 November 2022
Published: 29 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Michael Joshue Rendén-Barrén 1,

and Isela Alvarez-Gonzalez 1/*

Laboratorio de Genética, Escuela Nacional de Ciencias Bioldgicas, Instituto Politécnico Nacional, Av. Wilfrido
Massieu s/n, Zacatenco, Gustavo A. Madero, Ciudad de México 07738, Mexico

Instituto Nacional de Rehabilitacion, Servicio de Bioquimica. Av., México-Xochimilco 289,

Ciudad de México 14389, Mexico

Laboratorio de Medicina de la Conservacién, Escuela Superior de Medicina, Instituto Politécnico Nacional,
Plan de San Luis y Diaz Mirén s/n, Casco de Santo Tomas, Ciudad de México 11340, Mexico
Correspondence: isela.alvarez@gmail.com

Abstract: Venlafaxine is an antidepressant used worldwide. Therefore, studies to confirm its safe
use are mandatory. This report evaluated the drug DNA damage capacity in the brain and liver of
ICR mice, and its oxidative effect on DNA, lipids, and proteins, as well as the amount of nitrites,
also in the brain and liver. Determinations were made at 2, 6, 12, and 24 h post-treatment, excluding
DNA oxidation that was observed at 2 h. The tested doses of venlafaxine were 5, 50, and 250 mg/kg.
The results showed DNA damage in the brain with the two more elevated doses of venlafaxine at 2
and 6 h post-treatment and also at 12 h in the liver. The comet assay plus the FPG enzyme showed
DNA damage in both organs with all doses. The two high doses increased lipoperoxidation in the
two tissues from 6 to 12 h post-administration. Protein oxidation increased with the three doses,
mainly from 2 to 12 h, and nitrite content was elevated only with the high dose in the liver. The drug
was found to affect both tissues, although it was more pronounced in the liver. Interestingly, DNA
oxidative damage was observed even with a dose that corresponds to the therapeutic range. The
clinical relevance of these findings awaits further investigations.

Keywords: venlafaxine; genotoxicity; molecular oxidation; mouse brain and liver

1. Introduction

Venlafaxine was the first synthesized antidepressant drug belonging to the group
of inhibitors of serotonin and noradrenaline recapture drugs. It is a racemic compound
named 1-[2-dimethylamine-1-(4-methoxyphenil)ethyl]ciclohexan-1-ol [1]. The chemical
is metabolized in the liver by the action of the cytochrome P450 enzyme to the active
metabolite O-desmethylvenlafaxine through the processes of conjugation and oxidation
to a lesser extent. Venlafaxine and its main metabolite exhibit linear kinetics with an
elimination half-life of 5 £ 2 h and 11 &+ 2 h, respectively. Regarding the clinical use of this
antidepressant, the maximum recommended dose is 375 mg/day [2].

The drug has been recommended in patients with major depression but also for the
improvement of other diseases, including generalized anxiety disorders, panic attacks,
social phobia, and neuropathic pain, among its various uses [3]. With respect to its toxicity,
it has been observed that the drug may cause various collateral organic damage, such as
neurological and cardiovascular effects, as well as rhabdomiolisis, interstitial pneumonitis,
and prostatism. In addition, a controlled study performed in rats also demonstrated a
number of histopathological damages in the liver, kidney, and stomach [4]. With respect to
the genotoxic field, a report by Brambilla in 2009 [5] mentioned that no damage had been
shown by venlafaxine in various in vitro and in vivo studies; however, Lacaze et al. [6]
reported a study conducted in hemocytes of blue mussel (Mytilus edulis), where increased
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phagocytosis activity was found by exposure to venlafaxine, as well as moderate DNA
damage determined with the comet assay. Another report using cultured human lympho-
cytes demonstrated a significant increase in chromosomal aberrations, mainly chromatid
breaks and sister chromatid unions, as well as micronuclei in binuclear cells [7]. Finally,
Madrigal-Bujaidar et al. [8], using the micronucleus test in mice, determined significant
genotoxic damage, as well as bone marrow proliferation decrease, by registering the num-
ber of immature and mature erythrocytes. Moreover, in another area, a study conducted
in rat hepatocytes demonstrated that antidepressants induced lipid peroxidation, cellular
GSH content depletion, and elevation of the GSSG level and consequently increased the
formation of ROS [9]. These findings are of high significance in light of the well-known
knowledge that oxidative stress is a significant etiological factor that causes lipid, protein,
and DNA damage and because these alterations may be associated with a number of genetic
damages that may trigger the development of numerous diseases, including cancer [10].

Therefore, the design of the present report was based on the following points: initially,
because depression is a public health concern that constitutes one of the most common
mental diseases worldwide and because it is also the second leading disorder that causes
years of living with disability, a problem with high prevalence among people of working
ages, depression results in a strong economic burden [11]. Moreover, because of the
mentioned importance, the use of antidepressant drugs has been highly relevant to combat
the disease and, in this form, to improve the socioeconomic burden. However, some of
the antidepressant drugs used have been reported to possess variable genotoxic effects,
including venlafaxine. Therefore, based on the previous information, the first aim of
the present report was to evaluate the genotoxic potential of venlafaxine with a different
approach, which includes the use of the comet assay in an in vivo kinetic time strategy
design in mouse brain and liver cells. For this purpose, we studied DNA damage at 2, 6, 12,
and 24 h post-administration of the drug; moreover, the oxidative capacity of venlafaxine
was determined in the same organs. In this case, the DNA oxidative potential was examined
after 2 h of administration, and the lipid and protein oxidation, as well as the nitrite content,
was determined at 2, 6, 12, and 24 h.

2. Materials and Methods
2.1. Chemicals and Animals

Venlafaxine was obtained as the usually prescribed antidepressant (Effexor, Pfizer,
Meéxico City, México), CAS number 136434-34-9, and molecular formula C17H27NO2.
The following substances were obtained from Sigma Chemicals (St Louis, MO, USA): Tri-
ton X-100, dimethyl sulfoxide (DMSO), methyl metanesulfonate (MMS) sodium chloride,
tris, normal melting point agarose (NMPA), low melting point agarose (LMPA), calcium,
magnesium-free phosphate-buffered saline (PBS), ethidium bromide (EB), trypan blue
solution, N-lauroyl-sarcosine (sodium salt), HEPES, bovine serum albumin (BSA), Bradford
reagent, thiobarbituric acid (TBA), trichloroacetic acid (TCA), 2,4-dinitrophenylhydrazine
(DNPH), guanidine, sulfanilamide, N-1-(naftil) etilendiamine dichloride, and the enzyme
formamidopyrimidine-DNA glycosylase (FPG). In addition, potassium hydroxide, potas-
sium chloride, sodium hydroxide, EDTA, ethanol, ethyl acetate, formic acid, methanol, and
hydrochloric acid (HCI) were purchased from Baker (Phillipsburg NJ, USA).

For the assay, we used 100 six-week-old male mice (ICR) with a mean weight of 24 g
(Harlan Laboratory, Mexico City, Mexico). Five animals per cage and per experimental
group were placed in polycarbonate cages at 24 °C, 12 h dark-light cycles, and 50% relative
humidity, and the animals had free access to water and food (Rodent Lab Chow 5001,
Purina). The experiment was approved by the Bioethics Committee of the Hidalgo State
Autonomous University (11 January 2021. Pachuca, Hidalgo, México), and it was started
after a week of mouse conditioning in the Genetics Animal Facility of the Laboratory
of Genetics, according to the previously mentioned conditions. Moreover, the animal
management of the present study followed the international guidelines and regulations
described in ARRIVE guidelines 2.0 [12].
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With respect to the single cell gel electrophoresis assay (SCGEA), we used the next
groups of animals, each of them with 25 mice: a control group of mice was intragastrically
(IG) given purified water, a positive control group was intraperitoneally (IP) injected
with 150 mg/kg MMS, and three additional groups were IG administered venlafaxine
with 5, 50, and 250 mg/kg, respectively. The drug was dissolved in purified water (0.5,
5, and 25 mg/mL) to finally administer the corresponding doses. The last tested dose
was approximately 80% of the LDs previously determined in our laboratory by the IG
path (using the method of Lorke [13]); besides, the lower dose agreed with the high
quantity prescribed for the daily therapeutic drug in humans [2]. Concerning the oxidative
tests, in the same mice used for the comet assay, we applied the same chemicals and
used the same routes and doses as already described for the negative control, positive
control, and venlafaxine-treated groups. Mice were euthanized by cervical dislocation, and
determinations of each oxidative and genotoxic parameter were conducted at 2, 6, 12, and
24 h post-administration (five animals per group), with the exception of the modified comet
assay with the FPG enzyme. In this case, the evaluation was made at 2 h only because the
results observed with the classic SCGEA suggested that DNA damage was rapidly induced
by the drug.

2.2. SCGEA Standard Method

The comet assay is based on the migration of negatively charged, fragmented DNA
strands when subjected to an electrical field. The procedure includes the preparation of a
cell suspension layered onto slides, the cell lysis in a high salt solution, the DNA unwinds,
and its electrophoresis under alkali conditions before being stained with a fluorescent dye.
In the following lines, we describe the procedure made in the present report. Initially, we
obtained the whole brain and a fragment of the right liver lobule from each mouse. With
respect to the brain, approximately 4 mm of the tissue was placed in 500 pL of cold PBS
and several times hit with a syringe rod to eventually place 40 uL of the cell suspension in
a tube on ice. The liver tissue was disjoined with scissors, the clumps were detached, and
the cells were placed in PBS at 4 °C. The method of the SCGEA followed the guidelines
published by OECD 489 [14]. We used approximately 10,000 cells/mL in each tested sample
with the viability of no less than 80% according to the trypan blue staining method.

Fully frosted slides were initially coated with three layers of agarose. The first layer
consisted of 0.12 mL of 1% NMPA made in PBS. Above this layer of agarose, we aggregated
a second sheet formed by 0.075 mL of 1% LMPA prepared in PBS plus 0.02 mL of brain
or liver mass, and the last coat was formed by 0.075 mL of 1% LMPA. From each animal,
three slides protected from light were made per treatment/exposure/time and stored
for 24 h at 4 °C in lysis solution (NaCl 2.5 M EDTA 100 mM, tris 10 mM, 1% sodium
sarcosinate, 1% Triton X-100, and 10% DMSO at pH 10). Slides were then placed in an
electrophoresis chamber containing 300 mM NaOH plus 1 mM EDTA at pH > 13 and
4 °C for 20 min before the electrophoresis (25 V, 250 mA, and pH > 13 for 20 min). Then,
the slides were washed with Tris (0.4 M, pH 7.5) for 5 min. The stain was made with EB
(25 ug/mL), and finally, the length-to-width relationship was determined in 100 nucleoids
per individual/treatment/time using an epifluorescence microscope (Axioscope, Carl
Zeiss, Jena, Germany) equipped with emission and excitation filters of 488 and 565 nm,
respectively. In addition, the microscope was adjusted to the image analyzer Image-Pro Plus
(Media Cybernetics, Silver Spring, MD, USA). This type of comet measurement includes
two steps: tail length measurement and nucleoid diameter measurement [15,16].

2.3. SCGEA with the FPG Enzyme

To evaluate the capacity of venlafaxine to oxidize the DNA molecule, we applied the
comet assay plus the addition of the FPG enzyme. Slides parallel to those prepared for the
previous assay were used. In this second comet method, however, after cells went through
the lysis phase, they were laundered with the enzyme buffer (3 times for 5 min each). The
enzyme buffer was composed of 40 mM HEPES, 0.1 M KCl, EDTA 0.5 mM, and albumin
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bovine serum 0.2 mg/mL, pH 8.0. Then, 10 ug of the FPG enzyme was diluted in 2 mL
of the buffer solution to produce a stock solution of 5 pg/mL, and 10 pL of this solution
was aggregated to 40 uL of the buffer solution to obtain an FPG concentration of 1 ug/mL.
From this preparation, 50 puL of the enzyme was added to each slide; one of these (per
mouse) was exposed to 50 uL of the FPG bulffer after 2 h of venlafaxine administration.
In the next step, all slides were put in a wet chamber for 45 min at 37 °C. After that, the
slides were located at 4 °C for 5 min, the coverslips were detached, and DNA denaturation
was made with a solution of 300 mM NaOH plus 1 mM EDTA at pH 13 for 40 min; at the
end, electrophoresis was accomplished at 25 V, 300 mA, and pH > 13 for 30 min [17]. After
that, the scoring and statistical analysis were performed as described above for the classic
SCGEA method. To obtain the DNA oxidation, the values which were determined with the
enzyme buffer were subtracted from the results obtained with the FPG solution.

2.4. Total Protein Evaluation

The indicated evaluation was made according to the method of Bradford [18]. The
brain and the liver were homogenized in cold PBS (1:10 w/v), and 0.1 mL of the homogenate
from each sample was centrifuged at 13,500 x g for 10 min. Then, to 0.01 mL of the obtained
supernatant, we added 2.5 mL of Bradford’s reagent plus 0.09 mL of deionized water. The
mixture was agitated for 5 min, and the absorbances of the samples were measured at
595 nm using a blank made with 0.1 mL of deionized water plus 2.5 mL of Bradford’s
reagent. The results were interpolated in a bovine serum albumin standard curve (from 0.1
to 1.0 mg/mL) and expressed as mg protein/g tissue.

2.5. Evaluation of Lipoperoxidation

Malondialdehyde (MDA) is one of the final products of polyunsaturated fatty acids
peroxidation in cells. MDA level is a commonly known marker of oxidative stress and
antioxidant status. This determination was made according to the method of Buege and
Aust [19]. Initially, the brain and the liver were homogenized 1:10 (w/v) in cold PBS. After
that, in a test tube per sample, we added 0.5 mL of the homogenate from each tissue plus
2 mL of the reaction mixture (TCA-TBA-HCI) at 15% w/v, 0.375% w/v, and 0.25 N, respec-
tively. The samples were boiled for 15 min, cooled for 10 min in an ice bath, and centrifuged
at 2600x g for 10 min. The absorbances of the supernatant were spectrophotometrically
measured (Spectronic 20, GenesysTM, Baton Rouge, LA, USA) at 532 nm, utilizing as a
blank 0.5 mL of PBS and 2.5 mL of the reaction mixture. The concentration of MDA was
estimated by using an extinction coefficient of 1.56 x 10° M~ cm~!, and the results were
shown as nmol MDA /mg protein.

2.6. Evaluation of Oxidized Proteins

Protein oxidation is mainly caused by reactive oxygen and nitrogen species, is thought
to play a major role in various oxidative processes within the cells, and is implicated in
the development of many human diseases. In this determination, we followed the method
of Levine et al. [20] to determine the reactive carbonyl content. The liver and the brain of
each mouse were homogenized in PBS 1:10 (w/v). Later, we added 0.2 mL of the tissue
homogenate plus 0.5 mL of DNPH (10 mM in HCI 2 mM). The blend remained at rest in
the dark at room temperature for 1 h, and the generated hydrazones were precipitated
with 0.5 mL of 20% TCA. Each sample was centrifuged three times at 13,500 x ¢ for 10 min,
and each time, the suspension was washed with 1 mL of ethyl acetate—ethanol 1:1. The
pellet was resuspended in 1 ml of hydrochlorate guanidine 6 M, incubated at 37 °C for
15 min, and centrifuged at 11,000x g for 10 min. The blank was incubated at 37 °C with
0.5 mL of HCI 2 M without DNPH. The amount of carbonyl was spectrophotometrically
registered in a range from 350 to 375 nm (Spectronic 20, GenesysTM, Baton Rouge, LA,
USA), and its concentration was calculated by using 22,000 M~!em ™! as the coefficient of
molar absorbance. The results were expressed as nmol of CO/mg protein.
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2.7. Nitrite Determination

Nitrite may generate NO and, in this form, participates in numerous biological path-
ways, including a number of cell injuries and diseases. Here we show the nitrite deter-
mination. The brain and the liver were washed with PBS 0.01 M at 4 °C, pH 7.4. Then,
a homogenate was performed with each sample in cold PBS (1:4 w/v). The mixture was
centrifuged at 2600 x g for 20 min, and the supernatant was treated with the Griess reactive
to obtain the nitrite concentration [21]. The procedure consisted of the mixing of 0.1 mL
of the supernatant plus 0.6 mL of distilled water and 0.3 mL of the Griess reagent. The
absorbance of such mix was registered at 540 nm (Spectronic 20, GenesysTM, Baton Rouge,
LA, USA). As a standard, we used 0.1 mM NalNO;, in an interval from 0.9 uM to 10 uM.
The obtained results were shown as nmol of nitrite/g of tissue.

2.8. Statistical Analysis

The results were represented as the mean values plus/minus standard deviation
(SDM). The results were statistically managed with a two-way ANOVA and with a post hoc
Tukey test. For this aim, we utilized the Program Sigma Stat version 3.5 (Systat Software,
Inc., Palo Alto, CA, USA).

3. Results
3.1. Standard and FPG-Modified Single Cell Gel Electrophoresis Assays

The results determined with the standard comet assay in the brain are shown in
Figure 1A. Low and uniform DNA damage levels were found in the control mice throughout
the experimental period, with a mean length-to-width index value of 1.02 £ 0.009, which
contrasts with the significant DNA damage exerted by MMS throughout the whole schedule,
with a mean damage elevation of approximately three and a half times over the control
level. With respect to the effect of venlafaxine, the low dose gave rise to values similar to
those observed in the control group; however, the intermediate dose of the drug produced
significant DNA damage at 2 and 6 h of exposure, while the high tested dose (250 mg/kg)
also induced more evident damage at 2 and 6 h post-exposure. At 2 h, the high dose
reached an approximately 60% increase over the control level. A damage decline related to
the time elapsed in the assay was observed with the two higher doses, surely related to the
repair and detoxification processes.

With respect to the liver (Figure 1B), the mean increase produced with MMS was
more than four times the mean control level, and with respect to the effect of venlafaxine,
we newly determined no DNA damage with the low dose, although significant damage
was found with the two high doses at 2, 6, and 12 h of exposure. The damage was more
elevated than that in brain cells. Again, a decline in the effect related to the exposure time
was observed.

Figure 2A shows the results obtained in the brain with the comet assay plus the FPG
enzyme. After 2 h of exposure, DNA damage related to the oxidation process was observed
in the treatments with MMS and venlafaxine along the studied schedule. The mean increase
in the drug’s DNA oxidative damage corresponded to 16.4% over the mean result obtained
with the standard comet test. Interestingly, in the comet-FPG assay, it was noted that the low
tested dose (5 mg/kg) produced a significant DNA-breaking effect related to the oxidation
process, a different finding from that observed in the standard comet assay. The results
obtained in the liver with the comet-FPG test (Figure 2B) were similar to those described in
the brain: an elevation of DNA damage by MMS and venlafaxine in comparison with data
obtained with the application of the standard comet assay, giving rise to a mean increase of
21% effect by the antidepressant, as well as a significant increase with its low tested dose.
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Figure 1. DNA damage induced by venlafaxine (VL) in the brain of mouse (A) and in mouse hepatic

tissue (B). MMS = methyl methanesulfonate. Each bar represents the average + SDM determined in

100 nucleoids per mouse. Five mice per dose. * Shows statistically significant difference in comparison

with the control level. Two-way ANOVA and Tukey tests (p < 0.05).
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Figure 2. DNA damage induced at 2 h of venlafaxine (VL) exposure without and with the FPG
enzyme. In the brain of mouse (A) and in mouse hepatic tissue (B). MMS = methyl methanesulfonate.
Each bar represents the mean + SDM obtained in 100 nucleoids per mouse. Five mice per dose.
* Shows statistically significant difference in comparison with the control level. Two-way ANOVA
and Tukey tests (p < 0.05).

3.2. Biomolecule Oxidation and Nitrite Content

Information about brain lipoperoxidation is shown in Figure 3A. The MDA values
observed in the control group were similarly maintained throughout the evaluated times,
with a mean value of 74.75 £ 2.21 nmol/mg of protein, while the values obtained by the
effect of MMS were over 90 nmol/mg of protein at all the evaluated times. Regarding the
low dose of venlafaxine, no lipid oxidation was detected in the brain; however, at 6 and
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12 h, the effect produced with 50 and 250 mg/kg was significant in comparison with the
control level, with a decline at 24 h.

1504
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; T | T
: :
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= H]
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T = T
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I h

Figure 3. Lipid peroxidation induced by venlafaxine (VL) measured with the malondialdehyde
content (MDA) in the brain of mouse (A) and in mouse hepatic tissue (B). MMS = methyl methane-
sulfonate. Each bar represents the mean + SDM obtained in 5 independent determinations per dose.
* Shows statistically significant difference in comparison with the control level. Two-way ANOVA
and Tukey tests (p < 0.05).

In the case of liver peroxidation (Figure 3B), a similar pattern to that described before
was observed with respect to the control and the MMS-treated mice, and with respect to
venlafaxine, the results showed no effect with the low tested dose and a significant effect
with 50 and 250 mg/kg of the drug at 6 h of exposure and with the high dose at 12 h.

Protein oxidation through reactive carbonyl quantification is presented in Figure 4A,B
in regard to the brain and liver, respectively. In the brain, the control values were concordant
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throughout the study, with a mean value of 4111 + 31 nmol CO/mg of protein, and the
MMS-treated cells showed a stronger effect from 2 to 12 h of exposure, with a mean increase
of 64% over the mean control level. Concerning the venlafaxine effect, the low tested dose
showed no difference in comparison with the control level throughout the assay; however,
the two high doses were significantly elevated at 2 and 6 h, and the high dose was also
significant at 12 h. At 24 h, none was significant. In the liver, the control and the MMS-
treated groups showed higher values than in the brain, although the general behavior was
similar. In relation to 50 mg/kg of venlafaxine, the results showed no significant elevation
of oxidized proteins along the observed schedule, although its administration induced a
certain increase, the two high doses were significant from 2 to 12 h post-administration, and
the high dose (250 mg/kg) was also significant at 24 h. The effect of this dose of the drug
was somewhat similar to the effect induced by MMS. In the period from 2 to 12 h, the mean
increase in venlafaxine (50 mg/kg) was 78% higher than the control level, and 250 mg/kg
was 120% higher, indicating a stronger effect in this organ with respect to the brain.
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Figure 4. Effect of venlafaxine (VL) on the reactive carbonyl content (CO®) in the brain of mouse (A)
and in mouse hepatic tissue (B). MMS = methyl methanesulfonate. Each bar represents the
mean + SDM obtained in 5 independent determinations per dose. * Shows statistically signifi-
cant difference in comparison with the control level. Two-way ANOVA and Tukey tests (p < 0.05).
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Figure 5A presents the results found with respect to the content of nitrites in the
brain. Control cells had homogeneous values throughout the study, with a mean of
46.37 £ 0.43 nmol of NO, /g of tissue, and the MMS-treated group showed a significant
increase at 6 and 12 h of its administration. With respect to venlafaxine, in this determina-
tion, we detected no effect along the studied schedule. However, in liver tissue (Figure 5B),
the nitrite content induced at 2 h of venlafaxine exposure (250 mg/kg) was statistically
elevated compared to the control level, suggesting more sensitivity to nitrite induction in
this organ. MMS was statistically significant from 2 to 24 h.
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Figure 5. Effect of venlafaxine (VL) on the nitrite content (NO;) in the brain of mouse (A) and in
mouse hepatic tissue (B). MMS = methyl methanesulfonate. Each bar represents the average + SDM
found in 5 separated observations per dose. * Shows statistically significant difference in comparison
with the control level. Two-way ANOVA and Tukey tests (p < 0.05).
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4. Discussion

The etiology of major depressive disorder is believed to be multifactorial, including
the interaction of social, psychological, and biological aspects, and its prevalence varies in
relation to the country’s culture. For example, in the Czech Republic, a 12-month prevalence
of 0.3% was reported, which is highly different from the observed in other countries, for
example, 5.2% in West Germany, 4.5% in Mexico, and 10% in the USA [22,23].

Depression may be treated with psychotherapy, neuromodulation technology, and
drug therapy. In general, mild depression is usually treated with a psychosocial approach,
and drug therapy seems more effective in moderate to severe cases of the disease [24].

In the last ten years, hot research topics have notably increased in number of publica-
tions, including those related to depression management in primary care, interventions
to prevent the disease, studies on the pathogenesis of depression, its comorbidities, and
antidepressant treatment [25]. Regarding the last point, the development of new antide-
pressants has increased in recent years, and presently, we count nine different types of
drugs approved and used across the world, including those with psychopharmacological
mechanisms of effect based on serotonin and norepinephrine reuptake inhibitors, which
correspond to the class of venlafaxine.

One of the topics with low to moderate investigation corresponds to the safe use of
antidepressants, including the genotoxic and cytotoxic fields of knowledge; however, the
published information is sufficient to make clear that a number of drugs to treat depres-
sion may have DNA-damaging potential. Such studies have been made, for example, in
imipramine, desipramine, milnacipram, trazodone, citalopram, sertraline, and duloxetine,
among other drugs [26-30].

Information about alterations to the DNA molecule by venlafaxine is limited. La-
caze et al. [5] reported moderate DNA damage in the hemocytes of blue mussels. Sotek et al. [31]
determined the promotion of a telomerase-focused DNA damage response in mouse sper-
matogenic cells studied in vitro; however, Saleem et al. [32] found no DNA damage in rat
spermatozoids studied in vivo. On the other hand, chromosome studies, mainly performed
with the micronucleus test, have been positively consistent for venlafaxine genotoxicity;
in this area, reports have been made in mice in vitro using spermatogenic cells and in
mice in vivo using an acute and a subchronic approach [7,31]. In the present research, we
found significant DNA damage induced with 50 and 250 mg/kg of venlafaxine at 2 and
6 h postexposure in brain cells, as well as in liver cells, although in this last tissue, the
effect was also observed at 12 h of exposure. In addition, significant DNA damage was
found when the oxidation of the molecule was considered; thus, in mice examined with the
comet-FPG test, the three tested doses of venlafaxine were superior to the result obtained
in the same groups without the enzyme. It was particularly relevant that the low tested
dose (5 mg/kg), which belongs to the higher therapeutic drug prescription range, was able
to damage DNA. The FPG enzyme mainly determines purines that have been oxidized,
as well as formamidopyrimidines (ring-opened adenine or guanine) and ring-opened N7
guanine adducts, products that enhance the sensitivity of the comet assay by converting
damaged bases to breaks [33].

The present findings about venlafaxine DNA damage potential are relevant in light of
the described relationship of cellular DNA alterations with the etiology and progression
of many different types of human disorders and diseases, including neurodegenerative
conditions, skeletal damage, mental disorders, hematological abnormalities, and cancer
development [34,35]. In major depression, in particular, the contribution of genetics has
been suggested to be between 40 and 50%, an influence that has been related to polygenic
effects, epigenetic factors, or the presence of single nucleotide polymorphisms [25,36].

In our present assay, in addition to DNA oxidation, the oxidative effect of the evaluated
drug was also found in lipids and proteins of the studied tissues. With respect to proteins,
the two high doses elevated the liver oxidation from 2 to 12 h post-treatment and in brain
cells from 2 to 6 h; also, brain lipoperoxidation was increased with the two high doses
from 6 to 12 h, and in liver cells, the increase was found with the high dose from 6 to 12 h
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post-administration. Again, as observed in the case of DNA, the protein and lipid oxidation
decreased toward 24 h post-administration.

Our present study showed moderate nitrosative effects with the administration of
250 mg/kg venlafaxine only in the liver, a result probably related to the intrinsic properties
of the drug or the experimental conditions used. However, exposure to venlafaxine demon-
strated clear lipid oxidative damage by the measurement of MDA, a molecule produced
by polyunsaturated fatty acids and one of the best investigated products of lipid peroxi-
dation. MDA is a relevant molecule because of its various interactions; for example, the
compound may affect proteins and DNA independently or may produce protein/DNA
crosslinking into the mentioned molecules or between the two molecules, which may cause
extensive biochemical damage in the cells when the lipid peroxidation rate overwhelms
its repair capacity; in this form, apoptosis and necrosis may be induced as well as the
development of a number of pathological states, such as cancer, diabetes, cardiovascular,
neurological and inflammatory diseases, and the acceleration of the aging process [37,38].
In the case of proteins, their radical-mediated damage may be initiated by electron leakage,
metal-ion-dependent reactions, and oxidation of lipids and sugars. A number of oxidized
proteins are poorly handled by cells and may then accumulate and participate in aging and
pathologies such as diabetes, atherosclerosis, or neurodegenerative diseases. Proteins are
major targets for oxidation reactions because of their rapid reaction rates with oxidants and
their high abundance in cells, extracellular tissue, and body fluids; moreover, as shown in
the present study, a correlation between MDA and the number of protein modifications has
been suggested [39].

The observed biomolecular oxidative damage agrees with other studies on the matter.
For example, Ahmadian et al. [8] studied collagenase-perfused rat hepatocytes treated
with venlafaxine and demonstrated the induction of ROS followed by lipid peroxidation,
cellular GSH content depletion, elevated GSSG levels, and loss of lysosomal membrane
integrity, among other disturbances. However, studies about the oxidative/antioxidative
properties of antidepressants have been inconclusive for a number of years. Regarding
venlafaxine, other authors have found antagonizing effects on oxidative stress, enhancing
antioxidant defense mechanisms, or regulating the activity of epigenetic genes in this area;
for example, mouse hippocampal damage by alterations in lipid peroxidation, glutathione,
or GST activity was improved by the drug, as well as a number of oxidative parameters
that caused cisplatin nephrotoxicity or oxidative-induced rat arthritis [40-43]. Therefore,
in light of the present knowledge, it seems that the pro-oxidant or antioxidant activity of
antidepressants can be related to the involved specific drug, the examined tissue, the dose
used, and the duration of the assay.

In conclusion, in the present report, we followed the effect of three single doses of ven-
lafaxine through a 24 h period and demonstrated the DNA damaging potential of the drug
in mouse brain and liver cells in the initial and middle periods of the examined schedule
(2-12 h post-administration) with nontherapeutic doses and its DNA oxidative effect even
with a low therapeutic dose at 2 h post-administration. The report also demonstrated the
oxidative effect of venlafaxine on lipids and proteins in mouse brain and liver cells at non-
therapeutic doses throughout the assay. In addition, it was shown that the molecular effect
starts as soon as 2 h and diminishes in all molecular targets toward 24 h post-administration.
Our study therefore suggests caution with the therapeutic use of venlafaxine.

Author Contributions: Conceptualization and writing, E.M.-B. and LA -G.; methodology, R.P-P. and
M.J.R.-B.; validation and formal analysis, E.O.M.-S. and J.A.M.-G. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The experiment was approved by the Bioethics Committee
of the Hidalgo State Autonomous University (11 January 2021. Mexico).

Informed Consent Statement: Not applicable.



Toxics 2022, 10, 737 13 of 14

Data Availability Statement: Data are available from the corresponding author upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. National Center for Biotechnology Information. Available online: https://pubchem.ncbi.nlm.nih.gov/compound/Venlafaxine
(accessed on 23 November 2021).

2. National Library of Medicine. National Center for Biotechnology Information. Available online: https://www.ncbi.nlm.nih.gov/
books/NBK535363/ (accessed on 23 November 2021).

3. Aiyer, R.; Barkin, R.L.; Bhatia, A. Treatment of neuropathic pain with venlafaxine: A systematic review. Pain Med. 2017, 18,
1999-2012. [CrossRef] [PubMed]

4. Paulis, M.G,; Hafez, E.M.; El-Tahawy, N.E,; Aly, M.K.M. Toxicological assessment of venlafaxine: Acute and subchronic toxicity
study in rats. Int. J. Toxicol. 2018, 37, 327-334. [CrossRef]

5. Brambilla, G.; Mattioli, F.; Martelli, A. Genotoxic and carcinogenic effects of antipsychotics and antidepressants. Toxicology 2009,
261, 77-88. [CrossRef] [PubMed]

6. Lacaze, E.; Pédelucq, J.; Fortier, M.; Brousseau, P.; Auffret, M.; Budzinski, H.; Fournier, M. Genotoxic and immunotoxic potential
effects of selected psychotropic drugs and antibiotics on blue mussel (Mytilus edulis) hemocytes. Environ. Pollut. 2015, 202,
177-186. [CrossRef] [PubMed]

7. Ayabakts, S.; Yavuz Kocaman, A. Cytogenotoxic effects of venlafaxine hydrochloride on cultured human peripheral blood
lymphocytes. Drug Chem. Toxicol. 2020, 43, 192-199. [CrossRef]

8.  Madrigal-Bujaidar, E.; Gémez-Gonzalez, P.; Camacho-Cantera, S.; Morales-Gonzélez, A.; Madrigal-Santillan, E.; Alvarez-Gonzalez,
I. Genotoxic and cytotoxic evaluation of venlafaxine in an acute and a subchronic assay in mouse. Braz. ]. Biol. 2021, 84, e251289.
[CrossRef]

9.  Ahmadian, E.; Babaei, H.; Mohajjel Nayebi, A.; Eftekhari, A.; Eghbal, M.A. Venlafaxine-induced cytotoxicity towards isolated rat
hepatocytes involves oxidative stress and mitochondrial/lysosomal dysfunction. Adv. Pharm. Bull. 2016, 6, 521-530. [CrossRef]

10. Peluso, M.; Russo, V.; Mello, T; Galli, A. Oxidative stress and DNA damage in chronic disease and environmental studies. Int. ].
Mol. Sci. 2020, 21, 6936. [CrossRef]

11.  Luo, Y,; Chaimani, A.; Kataoka, Y.; Ostinelli, E.G.; Ogawa, Y.; Cipriani, A.; Salanti, G.; Furukawa, T.A. Evidence synthesis,
practice guidelines and real-world prescriptions of new generation antidepressants in the treatment of depression: A protocol for
cumulative network meta-analyses and meta-epidemiological study. BM] Open 2018, 8, e023222. [CrossRef] [PubMed]

12.  du Sert, N.P.; Ahluwalia, A.; Alam, S.; Avey, M.T.; Baker, M.; Browne, W.J.; Clark, A.; Cuthill, I.C.; Dirnagi, U.; Emerson, M.; et al.
Reporting animal research: Explanation and elaboration for the ARRIVE guidelines 2.0. PLoS Biol. 2020, 18, e3000411.

13. Lorke, D. A new approach to practical acute toxicity testing. Arch. Toxicol. 1983, 54, 275-287. [CrossRef]

14.  OECD. 2016. Available online: https://www.oecd.org/env/test-no-489-in-vivo-mammalian-alkaline-comet-assay-978926426488
5-en.htm (accessed on 21 October 2021).

15. Miyamae, Y.; Zaizen, K.; Ohara, K.; Mine, Y.; Sasaki, Y.F. Detection of DNA lesions induced by chemical mutagens by the single
cell electrophoresis (comet) assay. 1. Relationship between the onset of DNA damage and the characteristics of mutagens. Mutat.
Res. 1998, 415, 229-235. [CrossRef] [PubMed]

16. Alvarez-Gonzalez, I.; Camacho-Cantera, S.; Gémez-Gonzélez, P.; Barrén, M.J.R.; Morales-Gonzalez, J.A.; Madrigal-Santillan, E.O.;
Paniagua-Pérez, R.; Madrigal-Bujaidar, E. Genotoxic and oxidative effect of duloxetine on mouse brain and liver tissues. Sci. Rep.
2015, 11, 6897. [CrossRef] [PubMed]

17.  Collins, A.R.; Dusinska, M. Oxidation of cellular DNA measured with the comet assay. Methods Mol. Biol. 2002, 186, 147-159.
[PubMed]

18. Bradford, M.B. A rapid and sensitive method for the quantitation of micrograms quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

19. Buege, J.; Aust, S. Microsomal lipid peroxidation. Methods Enzymol. 1987, 52, 302-310.

20. Levine, R.; Garland, D.; Oliver, C. Determination of carbonyl content in oxidatively modified proteins. Methods Enzymol. 1990,
186, 464-478. [PubMed]

21. Miranda, K;; Espey, W.; Wink, D. A rapid, simple spectrophotometric method for simultaneous detection of nitrate and nitrite.
Nitric Oxide 2001, 5, 62-71. [CrossRef]

22. Andrade, L.; Caraveo-Anduaga, J.J.; Berglund, P; Bijl, R.V.; De Graaf, R.; Vollebergh, W.; Dragomirecka, E.; Kohn, R.; Keller, M.;
Kessler, R.C.; et al. The epidemiology of major depressive episodes: Results from the international consortium of psychiatric
epidemiology (ICPE) surveys. Int. ]. Method Psychiatr. Res. 2003, 12, 3-21. [CrossRef] [PubMed]

23.  Kessler, R.C.; Bromer, E.J. The epidemiology of depression across cultures. Annu. Rev. Public Health 2013, 34, 119-138. [CrossRef]

24. World Health Organization. Available online: https://www.who.int/news-room/fact-sheets/detail /depression (accessed on
8 November 2021).

25. Li, Z.; Ruan, M.; Chen, J.; Fang, Y. Major depressive disorder: Advances in neuroscience research and translational applications.

Neurosci. Bull. 2021, 37, 863—-880. [CrossRef] [PubMed]


https://pubchem.ncbi.nlm.nih.gov/compound/Venlafaxine
https://www.ncbi.nlm.nih.gov/books/NBK535363/
https://www.ncbi.nlm.nih.gov/books/NBK535363/
http://doi.org/10.1093/pm/pnw261
http://www.ncbi.nlm.nih.gov/pubmed/27837032
http://doi.org/10.1177/1091581818777470
http://doi.org/10.1016/j.tox.2009.04.056
http://www.ncbi.nlm.nih.gov/pubmed/19410629
http://doi.org/10.1016/j.envpol.2015.03.025
http://www.ncbi.nlm.nih.gov/pubmed/25829077
http://doi.org/10.1080/01480545.2018.1486410
http://doi.org/10.1590/1519-6984.251289
http://doi.org/10.15171/apb.2016.066
http://doi.org/10.3390/ijms21186936
http://doi.org/10.1136/bmjopen-2018-023222
http://www.ncbi.nlm.nih.gov/pubmed/30530583
http://doi.org/10.1007/BF01234480
https://www.oecd.org/env/test-no-489-in-vivo-mammalian-alkaline-comet-assay-9789264264885-en.htm
https://www.oecd.org/env/test-no-489-in-vivo-mammalian-alkaline-comet-assay-9789264264885-en.htm
http://doi.org/10.1016/S1383-5718(97)00192-7
http://www.ncbi.nlm.nih.gov/pubmed/9714818
http://doi.org/10.1038/s41598-021-86366-0
http://www.ncbi.nlm.nih.gov/pubmed/33767322
http://www.ncbi.nlm.nih.gov/pubmed/12013763
http://doi.org/10.1016/0003-2697(76)90527-3
http://www.ncbi.nlm.nih.gov/pubmed/1978225
http://doi.org/10.1006/niox.2000.0319
http://doi.org/10.1002/mpr.138
http://www.ncbi.nlm.nih.gov/pubmed/12830306
http://doi.org/10.1146/annurev-publhealth-031912-114409
https://www.who.int/news-room/fact-sheets/detail/depression
http://doi.org/10.1007/s12264-021-00638-3
http://www.ncbi.nlm.nih.gov/pubmed/33582959

Toxics 2022, 10, 737 14 of 14

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Ahmadimanesh, M.; Balarastaghi, S.; Rashedinia, M.; Yazdian-Robati, R. A systematic review on the genotoxic effect of serotonin
and norepinephrine reuptake inhibitors (SNRIs) antidepressants. Psychopharmacology 2020, 237, 1909-1915. [CrossRef]

Jajoo, A.; Donlon, C.; Shnayder, S.; Levin, M.; McVey, M. Sertraline induces DNA damage and cellular toxicity in Drosophila that
can be ameliorated by antioxidants. Sci. Rep. 2020, 10, 4512. [CrossRef]

Kanherkar, R.R.; Getachew, B.; Ben-Sheetrit, J.; Varma, S.; Heinbockel, T.; Tizabi, Y.; Csoka, A.B. The effect of citalopram on
genome-wide DNA methylation of human cells. Int. J. Genom. 2018, 2018, 8929057. [CrossRef]

Madrigal-Bujaidar, E.; Alvarez-Gonzélez, 1.; Madrigal-Santillan, E.O.; Morales-Gonzélez, J.A. Evaluation of duloxetine as
micronuclei inducer in an acute and a subchronic assay in mouse. Biol. Pharm. Bull. 2015, 38, 1245-1249. [CrossRef]
Madrigal-Bujaidar, E.; Madrigal-Santillan, E.O.; Alvarez-Gonzalez, I.; Baez, R.; Marquez, P. Micronuclei induced by imipramine
and desipramine in mice: A subchronic study. Basic Clin. Pharmacol. Toxicol. 2008, 103, 569-573. [CrossRef]

Sotek, P.; Mytych, J.; Tabecka-Lonczyriska, A.; Koziorowski, M. Molecular consequences of depression treatment: A potential
in vitro mechanism for antidepressants-induced reprotoxic side effects. Int. J. Mol. Sci. 2021, 22, 11855. [CrossRef]

Saleem, U.; Zubair, S.; Riaz, A.; Anwar, F; Ahmad, B. Effect of venlafaxine, pramipexole, and valsartan on spermatogenesis in
male rats. ACS Omega 2020, 5, 20481-20490. [CrossRef]

Azqueta, A.; Slyskova, J.; Langie, S.A.; O'Neill Gaivao, I.; Collins, A. Comet assay to measure DNA repair: Approach and
applications. Front. Genet. 2014, 5, 288. [CrossRef]

Moller, P.; Stopper, H.; Collins, A.R. Measurement of DNA damage with the comet assay in high-prevalence diseases: Current
status and future directions. Mutagenesis 2020, 35, 5-18. [CrossRef]

Nelson, B.C.; Dizdaroglu, M. Implications of DNA damage and DNA repair on human diseases. Mutagenesis 2020, 35, 1-3.
[CrossRef] [PubMed]

Katsuki, A.; Kakeda, S.; Watanabe, K.; Igata, R.; Otsuka, Y.; Kishi, T.; Nguyen, L.; Ueda, I.; Iwata, N.; Korogi, Y.; et al. Single-
nucleotide polymorphism influences brain morphology in drug-naive patients with major depressive disorder. Neuropsychiatr.
Dis. Treat. 2019, 15, 2425-2432. [CrossRef] [PubMed]

Jové, M.; Mota-Martorell, N.; Pradas, I.; Martin-Gari, M.; Ayala, V.; Pamplona, R. The advanced lipoxidation end-product
malondialdehyde-lysine in aging and longevity. Antioxidants 2020, 9, 1132. [CrossRef] [PubMed]

Ramana, K.V,; Srivastava, S.; Singhal, S.S. Lipid peroxidation products in human health and disease. Oxid. Med. Cell. Longev.
2013, 2013, 583438. [CrossRef] [PubMed]

Kehm, R.; Baldensperger, T.; Raupbach, J.; Hohn, A. Protein oxidation-formation mechanisms, detection and relevance as
biomarkers in human diseases. Redox Biol. 2021, 42, 101901. [CrossRef]

Abdel-Wahab, B.A.; Salama, R.H. Venlafaxine protects against stress-induced oxidative DNA damage in hippocampus during
antidepressant testing in mice. Pharmacol. Biochem. Behav. 2011, 100, 59-65. [CrossRef]

Kamel, K.M.; Gad, A.M.; Mansour, S.M.; Safar, M.M.; Fawzy, H.M. Venlafaxine alleviates complete Freund’s adjuvant-induced
arthritis in rats: Modulation of STAT-3/IL-17/RANKL axis. Life Sci. 2019, 226, 68-76. [CrossRef]

El-Kashef, D.H.; Sharawy, M.H. Venlafaxine mitigates cisplatin-induced nephrotoxicity via down-regulating apoptotic pathway
in rats. Chem. Biol. Interact. 2018, 290, 110-118. [CrossRef]

Wigner, P.; Synowiec, E.; Czarny, P; Bijak, M.; J6zwiak, P.; Szemraj, J.; Gruca, P; Papp, M.; Sliwinski, T. Effects of venlafaxine on
the expression level and methylation status of genes involved in oxidative stress in rats exposed to a chronic mild stress. J. Cell.
Mol. Med. 2020, 24, 5675-5694. [CrossRef]


http://doi.org/10.1007/s00213-020-05550-8
http://doi.org/10.1038/s41598-020-61362-y
http://doi.org/10.1155/2018/8929057
http://doi.org/10.1248/bpb.b15-00152
http://doi.org/10.1111/j.1742-7843.2008.00328.x
http://doi.org/10.3390/ijms222111855
http://doi.org/10.1021/acsomega.0c02587
http://doi.org/10.3389/fgene.2014.00288
http://doi.org/10.1093/mutage/gez018
http://doi.org/10.1093/mutage/gez048
http://www.ncbi.nlm.nih.gov/pubmed/32052057
http://doi.org/10.2147/NDT.S204461
http://www.ncbi.nlm.nih.gov/pubmed/31692503
http://doi.org/10.3390/antiox9111132
http://www.ncbi.nlm.nih.gov/pubmed/33203089
http://doi.org/10.1155/2013/583438
http://www.ncbi.nlm.nih.gov/pubmed/24303087
http://doi.org/10.1016/j.redox.2021.101901
http://doi.org/10.1016/j.pbb.2011.07.015
http://doi.org/10.1016/j.lfs.2019.03.063
http://doi.org/10.1016/j.cbi.2018.05.015
http://doi.org/10.1111/jcmm.15231

	Introduction 
	Materials and Methods 
	Chemicals and Animals 
	SCGEA Standard Method 
	SCGEA with the FPG Enzyme 
	Total Protein Evaluation 
	Evaluation of Lipoperoxidation 
	Evaluation of Oxidized Proteins 
	Nitrite Determination 
	Statistical Analysis 

	Results 
	Standard and FPG-Modified Single Cell Gel Electrophoresis Assays 
	Biomolecule Oxidation and Nitrite Content 

	Discussion 
	References

