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Can quercetin reduce arsenic induced toxicity
in mouse BALB/c 3T3 fibroblast cells? A

study involving in vitro, molecular docking,
and ADME predictions
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Abstract

This study aimed to investigate the protective effect of quercetin against arsenic-induced oxidative damage,
inflammation, and apoptosis in mouse BALB/c 3T3 fibroblast cells (NIH-3T3). Arsenic at different concentrations of
0.05 UM (low), 0.5 uM (medium), 10 uM (high) doses were used to induce toxicity, while 120 pm quercetin was
used for treatment. MTT and LDH analyses were performed to determine the effect of arsenic and quercetin on cell
viability, while oxidative stress markers and antioxidant enzyme activities were measured by spectrophotometric
method. TNF-a and IL-1(3 levels were measured by the ELISA method, Autodock programs were used for molecular
docking studies. In addition, computer-based analyses of quercetin and succimer molecules were performed

using SwissADME web tools. TNF-a (PDB ID: 2AZ5), IL-13 (PDB ID: 11TB), Caspase3 (PDB ID: 2XYG), Bax (PDB ID:
4500), SOD (PDB ID:1CBJ), GSH-Px (PDB ID: 1GP1) and Bcl-2 (PDB ID: 1G5M) crystal structures were obtained from
the Protein Data Bank. Bax and Bcl-2 levels of apoptotic genes and mRNA expression levels of Caspase-3 activity
were measured using the QRT-PCR technique. TUNEL staining was performed to determine DNA fragmentations,
while DAPI staining was done to visualise nuclear modifications. Quercetin has been found to significantly reduce
oxidative stress, inflammation, and apoptosis in cells and exert anti-apoptotic effects. Molecular docking studies
revealed quercetin shows good binding affinity with molecules with SOD, GSH-Px, Bax, Bcl-2, Caspase-3, TNF-a
and IL-1( structures, and has been observed to bind with Bax and Bcl-2 with molecular docking scores of -7.5 and
—7.7 kcal/mol, respectively. These findings are supported by results showing that quercetin is effective in anti-
apoptotic and anti-inflammatory processes in arsenic-induced cells under in vitro conditions. In addition, when
ADME values are examined, it can be considered that quercetin is a useful and effective candidate compound in
reducing arsenic toxicity, considering its higher synthetic accessibility score, better pharmacokinetic properties, and
good biological transition and interaction capacities compared to succimer.
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Introduction

NIH3T3 cells, or Mouse BALB/c 3T3 fibroblasts, are
among the most popular cell lines in life science research
and are used in many research laboratories around the
world. One of the reasons why mouse BALB/c 3T3 fibro-
blasts are preferred in biological and toxicological studies
is their susceptibility to oxidative stress, which is thought
to play a role in cell death mechanisms, and in addition,
mouse BALB/c 3T3 fibroblasts are more sensitive to toxic
applications than human fibroblasts. Therefore, this cell
line was preferred for the arsenic toxicity model [1-3].
The toxic heavy metal arsenic, is an element with the
atomic number 33 belonging to the VA group in the peri-
odic table. Arsenic is widely available and it is defined as
a metalloid because it exhibits both metal and non-metal
properties. Although arsenic pollution in drinking water
is of natural origin, the use of herbicides, insecticides,
rodenticides, preservatives, and by-products of fossil
fuels, especially those containing arsenic, is also sufficient
to challenge the aquatic environment and humanity. It
originates from a wide range of industrial, chemical, resi-
dential, agricultural, and technological sources, leading
to extensive contamination of aquatic, soil and air ecosys-
tems, including flora, fauna, and humans. Arsenic is an
important toxic substance in global and environmental
problems, can affect the overall quality of life by causing
various harmful effects on cells and organs. Exposure to
arsenic changes, signal pathways and epigenetic modifi-
cations, induces the development of intracellular reactive
oxygen species (ROS) leading to direct oxidative damage
or oxidative stress in cells or molecules [4—12]. Arsenic
induces the enhanced production of free radicals such
as singlet oxygen (*O,), superoxide radical anion (O,),
hydrogen peroxide (H,O,), hydroxyl radical («OH), and
peroxyl radical (ROOe«) [13]. Increased cellular ROS as
a result of arsenic exposure leads to oxidative stress and
therefore to DNA damage, cell death, and lipid peroxi-
dation, as well as disrupting redox enzyme activities and
antioxidant defence system [14-16]. In addition, expo-
sure to arsenic can cause endothelial dysfunction and
aggravation of cardiovascular pathology as it increases
the expression of interleukin-1, tumor necrosis factor-a,
vascular endothelial growth factor and vascular cell
adhesion molecule [17]. Artificial intelligence and com-
putational drug discovery have become an important
approach that helps identify an efficient and effective
drug molecule against various toxicities [18]. In recent
years, large-scale data on hundreds of thousands of
small molecules have been produced through biologi-
cal screening, and many FDA-approved drugs have been
developed because of these computational methods [19].
Since the environmental burden of heavy metals such as
arsenic, is a growing concern, mitigating measures must
to be taken in this regard [20-21]. With the exception
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of British anti-Lewisite (BAL), which contains two sulf-
hydryl and hydroxyl groups against arsenic nerve gas
and is the first reported antidote, dimercaptopropane-
l-sulfonate (DMPS), meso-2,3-dimercaptosuccinic acid
(DMSA), sodium 2,3, monoisoamyl DMSA (MiADMSA),
monomethyl DMSA (MmDMSA), monocyclohexyl
DMSA (MchDMSA), calcium disodium ethylenedi-
amine tetraacetic acid (CaNa,EDTA), calcium trisodium
diethylenetriaminepentaacetate, D-penicillamine, tetra-
ethylenetetraamine (TETA) or trientine, nitrilotriacetic
acid (NTA), deferoxamine (DFO), deferiprone (L1) are
the main chelate-forming agents reported to be effective
against heavy metal toxicity [22—23]. DMSA or succimer,
is an analogue of BAL and is an effective antidote. DMSA
has several advantages over BAL, for example, it dissolves
well in water, can be administered orally, and is less toxic
[23-26]. Many researchers around the world have tested
a large number of natural and synthetic chemicals/com-
pounds for arsenic toxicity, both in vitro and in vivo.
However, these natural and synthetic chemicals/com-
pounds have failed to advance adequate evidence-based
treatment regimens to improve the toxicity caused by
arsenic [27-28]. Flavonoids are known worldwide for
their antioxidant and radical scavenging activities due
to their chelating activity that can be used in different
conditions [29-31]. The primary flavonoid is quercetin,
which is abundant in a wide variety of plants and is con-
sidered the leading molecule of the entire class of flavo-
noids [31]. Quercetin, which is found in almost all edible
vegetables and fruits, is a natural polyphenolic flavonoid
with (3,3)4,5,7 - pentahydroxyflavon) antioxidant and
anti-inflammatory activities [32]. Gradually increasing
evidence shows that due to its antioxidant effects, quer-
cetin plays an important role in the prevention and treat-
ment of cardiovascular and neurodegenerative diseases,
osteoporosis, and certain cancer types. quercetin has
various effects on various signal transmission pathways
by activating, inhibiting, downregulating or upregulating
many molecules in the body. quercetin balances oxidative
stress by reducing or inhibiting oxidative stress arising
from the imbalance between oxidants and antioxidants
in the body [33—34]. Moreover, quercetin has antiallergic,
antifungal, anti-inflammatory, antiseptic, antidiabetic,
hepatoprotective, neuroprotective, and immunostimu-
lant activities [35—37]. It is primarily necessary to under-
stand the pathophysiological changes in BALB/c 3T3
fibroblast cells induced by arsenic and whether quercetin
could correct these pathophysiological changes or not.
Therefore, antioxidative agents such as quercetin may be
a possible therapeutic approach to reduce/treat arsenic-
exposed cell toxicity. Oxidative stress occupies a signifi-
cant place in the arsenic toxicity mechanism. Therefore,
this study aimed to understand the mechanism of arse-
nic-induced oxidative stress by using current antioxidant
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treatments to identify suitable, safe, and specific treat-
ments. The main purpose of the study was to gain insight
into the toxicity of arsenic heavy metal in BALB/c 3T3
fibroblast cells, the effects of quercetin against arsenic
toxicity, and the related molecular mechanism(s). In
addition, the physicochemical properties, drug similarity,
and ADME (absorption, distribution, metabolism, and
excretion) parameters of succimer, which are routinely
used in the investigation quercetin and arsenic toxicity,
were also calculated. To the best of our knowledge, no
such large-scale comparison has been made in the litera-
ture thus far, which indicates that the study is original.

Materials and methods

Chemicals

The standard arsenic solution (H;AsO,, It is a compound
in the form of As(V).) was purchased from Merck com-
pany (Germany), quercetin was purchased from Sigma-
Aldrich Company (St. Louis, MO, USA), and other
chemicals were procured from Acros Organics (Belgium)
and Isolab (Germany). The chemicals were of analytical
purity. In addition, all consumables were sterile.

Determination of the arsenic dose

Frozen BALB/c 3T3 fibroblast cells were thawed in cul-
ture medium, seeded in appropriate medium and grown.
Cells were grown in 5% CO, at 37 °C, in standard DMEM
culture medium and in medium containing 10% fetal
bovine serum. Cells were routinely passaged with 0.25%
trypsin-EDTA solution and cell density was monitored
at each passage until 80-90% confluency was reached.
Cells were plated at 10.000 cells per well. This applica-
tion was determined to be a level at which cell density
and cells could be observed more accurately. In our study,
the H;AsO, compound was preferred because it has the
potential to convert As(V) to As(III) in the cell and pro-
vides a more stable and controlled environment under
laboratory conditions. Then, different concentrations of
arsenic (from 0.001 pM to 10 pM) were applied to the
cells, and the MTT test (Biotium, MTT cell viability test
kit, Catalog No: 30006) was used to measure cell viabil-
ity. After 24 h, 10 pl of MTT solution was added to each
well and kept at 37 °C for 4 h. Then, 200 ul of DMSO was
added to each well to dissolve the formazan crystals in
the cells and absorbance values were measured at a wave-
length of 570 nm. By subtracting the absorbance values
of the blind wells, the viability of the control group was
accepted as 100% and the viability percentages of the
arsenic-treated groups were calculated. As a result of the
evaluations obtained from cell viability, the most appro-
priate arsenic concentrations were determined for three
different doses. Based on cell viability percentage calcu-
lations, doses of 25% (0.05 puM, low), 50% (medium, 0.5
uM, medium) and 75% (high, 10 uM) were determined.
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Optimal quercetin dose

In order to determine the optimum dose for quercetin,
Biotium brand MTT Cell Viability Analysis Kit (Catalog
No: 30006) was used. The cells were planted in 96-well
plates as 1x10* cells/wells and expected to be attached
to the vial surface. Then, predetermined quercetin con-
centrations (40 uM, 80 M, 120 uM) were applied to the
cells. At the specified time points (hours 6, 12, 24, 48, and
72), 10 pl of MTT solution was added to each well and
incubated for 4 h at 37 °C. Upon completion of the incu-
bation process, 200 ul of DMSO was added to each well
to dissolve the formazan crystals and absorbance values
were measured at a wavelength of 570 nm. Using the data
obtained, a graph showing the relationship between cell
viability rates and quercetin concentrations was created.
The optimum quercetin dose was calculated separately
for each time point (6, 12, 24, 48 and 72 h). As a result of
the analysis, it was determined that the optimum querce-
tin concentration for the cells was 120 pM.

Determination of lactate dehydrogenase (LDH) activity

In order to evaluate the cytotoxic effect of arsenic in the
presence of quercetin, the LDH Cytotoxicity Detection
Kit (Catalog No: CTG-CT0001) of Celltechgen LLC was
used. LDH enzyme activity was determined by absor-
bance measurements at 490-492 nm wavelengths with
ELISA reader device. These measurements were made in
accordance with the kitin protocol.

Determination of the apoptotic effect of arsenic in the
presence of Quercetin

ABP Bioscience’s TUNEL Andy Fluor™ 488 Apoptosis
Detection Kit (Catalog No: A050) was used. After per-
forming the TUNEL assay, apoptotic cells were detected
by inverted fluorescence microscope (Euromex OX.2253-
PLF). Apoptotic index (%) was calculated by multiplying
the ratio of apoptotic cell number to total cell number
by 100: Apoptotic index (%) = (Apoptotic Cell Number /
Total Cell Number) x 100.

Real-time quantitative polymerase chain reaction
(RT-qPCR)

Total RNA was isolated from cells using a kit (GeneAll],
Hybrid-R, Cat No: 305-101). Total RNA was reverse-
transcribed into complementary DNA (cDNA) using the
First Strand ¢cDNA Synthesis Kit (Wizbio, WizScript™
c¢DNA Synthesis Kit (High Capacity) W2211). After
obtaining the cDNA Real-Time qPCR reaction (Wizbio,
WizPure™ qPCR Master (SYBR) Catalog No: W1711)
was initiated. The reaction conditions for Real-Time
qPCR were as described in the leaflet of the kit. The pri-
mary information used in the expression analysis is given
(Table 1). Quantification of Bax, Bcl2 and Caspase 3,
GAPDH mRNA expression levels, real-time qPCR was
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Table 1 List of QRT-PCR primers
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Primer Nucleotide sequence (5’-3’) forward

Nucleotide sequence (5’-3')-reverse Synthesizing firm

Bax TGAAGACAGGGGCCTTTTTG

Bcl-2 ATGCCTTTGTGGAACTATATGGC
Caspase-3 ATGGAGAACAACAAAACCTCAGT
GAPDH TGACCTCAACTACATGGTCTACA

AATTCGCCGGAGACACTCG Oligomer
GGTATGCACCCAGAGTGATGC Oligomer
TTGCTCCCATGTATGGTCTTTAC Oligomer
CTTCCCATTCTCGGCCTTG Oligomer

performed using an Applied Biosystems ™ 7500 Fast Real-
Time PCR device. The quantitation of RNA expressions
was normalised to the control group using the GAPDH
transcript as a reference. The “AACt Method” was used
in the relative quantification calculation.

Biochemical measurements

The cells seeded in culture flasks at the end of the experi-
mental applications (1 x 10° cells per well) were removed
and suspended to Tris-HCI tampon (pH 7. 2). Then, cell
membrane were defragmented by sonicating them with
an ultrasonicator, and the cell suspension obtained was
centrifuged at 14,000 g at a coolant centrifuge for 10 min
and the supernatant was collected. From the super-
natants, TNF-a (Cat.No E0764Ra) and IL-1f (Cat.No
E0119Ra) were measured by the ELISA method accord-
ing to the kit instructions. From the supernatants, the
antioxidant enzymes of superoxide dismutase (SOD),
glutathione peroxidase (GSH-Px), lipid peroxidation
(MDA), and protein carbonyl (PC) were studied. SOD
activity was determined with the method of Sun et al.
and GSH-Px activity was determined with the method
of Paglia and Valentine [38-39].While MDA was deter-
mined with a method based on the reaction with thiobar-
bituric acid (TBA) at 90-100 °C, The PC was determined
spectrophotometrically to form 2,4-dinitrophenylhydra-
zone based on the reaction of the carbonyl group with
2,4-dinitrophenylhydrazine [40-41]. Protein measure-
ments of the supernatants were performed using the
Lowry method [42].

Molecular docking analysis

Ligand system

Quercetin was retrieved from PubChem using the sdf
format (https://pubchem.ncbi.nlm.nih.gov/). Converted
from Open Babel GUI program to pdb format.

Protein system

TNE-alpha (PDB ID: 2AZ5), IL-1p (PDB ID: 1ITB), Cas-
pase 3 (PDB ID: 2XYG), Bax (PDB ID: 4S00), SOD (PDB
ID:1CBJ), GSHpx (PDB ID: 1GP1) and Bcl-2 (PDB ID:
1G5M) crystal structures were obtained from the Protein
Data Bank (www.rcsb.org). Fibroblast cell were retrieved
from the protein database (PDB ID: 6M6E).

Molecular docking

Autodock 4.2.6 is used. To improve the more precise esti-
mation of the ligand pose in the pockets of the targets
as well as the determination of binding energies present
in the generated DLG files, all resulting complexes were
docked in duplicate using Autodock 4.2 [43]. Not only
does Autodock 4.2 have the scoring function that uses
the AMBER force field to estimate the binding energy
of the ligand receptor, but AutoDock 4.2 also uses the
Lamarckian Genetic Algorithm (LGA) [44]. Active sites
were entered and a grid parameter file was created for
each protein by fixing the number of grid points in the
X, ¥, and z axes to 80 x 80 x 80 with a grid spacing of 0.375
A. Deployment parameters: number of energy evalua-
tions set to 250,000 and number of generations set to 50.
Another important point to remember was that other
docking parameters were set to the software’s default val-
ues [45]. AutoGrid 4.2 and AutoDock 4.2 programs were
used to prepare grid maps, create digital line graph (DLG)
files and obtain molecular placement results. During the
gross insertion procedures, conformers with the lowest
root mean square deviation (RMSD) values and high neg-
ative binding energies for quercetin and metal (Arsenic)
interactions were selected from among 50 different con-
formers produced as a result of genetic algorithm-based
studies. The Discovery Studio 2019 program was used for
the visualization and analysis of the obtained interlocked
conformations at the molecular level [46]. A docking
model with metal (Arsenic) was created only for PDB ID:
6M6E. In addition to the above method, the parameters
required for Arsenic were added to the parameter_file
AD4_parameters.dat file.

ADME and allergenicity

The SwissADME web server was used, which assists
medical pharmacologists and chemists in predicting the
pharmacokinetic and drug similarity properties of vari-
ous substances, leading to the discovery, development
and optimization of new drugs. (http://www.swissadme.
ch/, access date January 13, 2024) [30, 47]. The canoni-
cal SMILES (Simplified Molecular Line Entry System)
of both compounds were provided to the presenters to
calculate the relevant properties. The allergenicity of
selected quercetin and succimer was predicted using the
CHAIred server (https://webs.iiitd.edu.in/raghava/chalp
red/, access date January 15, 2024). Small inhibitors can
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Table 2 Cell viability at different arsenic concentrations

Arsenic (24 h) Mean SD
(uMm)

0 100.000 4814
0.001 99.712 3.024
0.01 89.817 8321
0.02 83477 4961
0.05 76.721 4.551
0.1 66.218 6.171
0.2 62.120 7.701
0.5 54.243 7.978
1 46.910 4,994
2 41467 3.053
5 32.053 7.722
10 27.185 3.329

elicit immune responses after binding to specific protein
(48, 49].

Statistical analysis

Statistical analyses were performed using GraphPad
Prism 9.2 (GraphPad Software, Inc., San Diego, CA) and
SPSS (IBM SPSS Statistics 22, SPSS Inc.) package pro-
gram. Descriptive statistics were used to provide infor-
mation about the general characteristics of the groups.
The results are expressed as mean t standard deviation
(SD). The normality distribution was evaluated using the
Shapiro-Wilk test, while the homogeneity of the vari-
ances was tested by the Levene test. ANOVA was used
for normally distributed data, and Kruskal-Wallis test
was used for non-normally distributed data for continu-
ous variable comparisons of more than two independent
groups. Post-hoc Tukey-Kramer test were used for fur-
ther comparisons. p<0.05, ** p<0.01, and p*** <0.001
were considered statistically significant.
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Results

Cell viability at different arsenic concentrations

In the evaluations, the closest or appropriate values for
cell viability were determined as 25% (0.05 uM, lowest),
50% (0.5 uM, medium), and 75% (10 puM, highest) doses
(Table 2). When we examined the effect of different doses
of quercetin at different times on cell viability, we deter-
mined increased cell viability at different times compared
with the control group. The highest effect was observed
at a dose of 120 pM at 24 h. Thus, the most suitable dose
was 120 pM (Fig. 1). In the study, three different doses
of (low, medium, high) (0.05 uM, 0.5 uM, and 10 pM)
arsenic concentrations were used for cell viability. LDH
activities of the groups (G3, G5, G7) that were adminis-
tered only arsenic (low, medium an, high) significantly
increased (p<0.05). The highest LDH activity among
these three groups was observed in group G7 (p<0.001).
As a result of the treatment of the groups that were
administered three different doses of arsenic (G4, G6,
G8) with quercetin (120 uM), the LDH activities of these
three groups significantly decreased (Fig. 2).

Arsenic increases ROS oxidative stress factors, whereas
quercetin decreases arsenic-induced oxidative stress

SOD and GSH-Px activities of low (G3), medium (G5)
and high dose (G7) arsenic-treated groups decreased
significantly. The lowest SOD and GSH-Px activi-
ties were observed in G7 group among these three
groups (p<0.001). However, with quercetin treatment,
it was observed that the activities of SOD and GSH-Px
enzymes of groups (G4, G6, and G8) increased signifi-
cantly (Fig. 3A and B). MDA and PC levels increased
significantly only in arsenic-treated groups (G4 low,
G6 medium and G8 high dose) (p<0.05) and the high-
est MDA and PC levels were in G8 group among these
three groups (p<0.001). However, MDA and PC levels
decreased with quercetin treatment. It showed a signifi-
cant positive change (Fig. 3C and D).

BALB/c 3T3 fibroblast cells

160 - ok ok %k
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5 |
7] 140 * A 12h
g |« | v 24h
= 1204 | 1 48h
E e 72h
S  100-
=
3
= 80 T T T T
Control 40 pMm 80 uM 120 pM
Quercetin

Fig. 1 The effect of different doses of quercetin at different times on cell viability
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Quercetin reduces arsenic-induced inflammation

Only arsenic-administered groups (low (G3), medium
(G5), and high dose (G7), respectively) had signifi-
cantly increased TNF-a and IL-1f levels. Among these
three groups, the highest TNF-a and IL-1pB levels were
observed in group G7 (p<0.001, p<0.01, respectively).
TNF-a and IL-1f levels in groups (G4, G6, G8) adminis-
tered quercetin for treatment purposes decreased signifi-
cantly (Fig. 4A and B).

Quercetin reduces arsenic-induced apoptosis

Caspase-3 mRNA expression and Bax protein mRNA
expression levels were significantly increased in only
arsenic-treated groups (G3, G5, G7) (p<0.05). Among
these three groups, the highest caspase-3 mRNA expres-
sion and Bax protein mRNA expression levels were
observed in the G7 group (p<0.001 and p<0.01, respec-
tively). As a result of treatment with quercetin (120
uM) in three different doses of arsenic-treated groups
(G4, G6, G8), caspase-3 mRNA expression and Bax
protein mRNA expression levels of these three groups
increased (p<0.05). (Fig. 5A and B) Bcl-2 mRNA levels
(low, medium and high doses) in only arsenic-treated

B

GSH-Px activity (24 h-Quercetin)

0.3 * Kk

g M

U/mgprotein

G1 G2 G3 G4 G5 G6 G7 G8
Groups

PC (24 h-Quercetin)

1500
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G1 G2 G3 G4 G5 G6 G7 G8
Groups

Fig. 3 SOD activity of groups (A), GSH-px activity of the groups (B), MDA level of groups. (C), PC level of groups (D) Note Data represents mean *p<0.05,
**p<0.01, ***p<0.001. G1: Control, G2: Quercetin 120 uM, G3: 0.05 uM Arsenic G4: 0.05 UM Arsenic + Quercetin 120 uM G5: Arsenic 0.5 uM G6: Arsenic 0.5
PUM + Quercetin 120 uM, G7: 10 uM Arsenic G8: 10 uM Arsenic+ Quercetin 120 uM
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Fig. 4 TNF-a levels of the groups (A) IL-13 levels of the groups (B) Note Data represents mean *p<0.05, **p<0.01, ***p<0.001. G1:Control, G2: Quercetin
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10 pM Arsenic+ Quercetin 120 uM
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Fig. 5 Quantitative RT-PCR analysis of change in different doses of arsenic and quercetin. Expression of mRNA of caspase-3 activity of the groups. (A)
Bax mRNA expression levels of the groups (B) Bcl-2 mRNA expression levels of the groups (C) Data represents mean *p<0.05, **p<0.01, ***p<0.001. G1:
Control, G2: Quercetin 120 uM, G3: 0.05 uM Arsenic G4: 0.05 uM Arsenic + Quercetin 120 uM G5: Arsenic 0.5 UM G6: Arsenic 0.5 uM + Quercetin 120 uM,

G7:10 pM Arsenic G8: 10 UM Arsenic+ Quercetin 120 uM

groups (G3, G5, G7) decreased significantly. Among
these three groups, the lowest Bcl-2 mRNA expression
level was observed in the G7 group. As a result of treat-
ment with quercetin (G4, G6, G8) in the groups that were
administered three different doses of arsenic, the Bcl-2
mRNA expression levels of these three groups increased
(Fig. 5C).

To better understand cell death, DAPI was used to
understand the general morphology of cell nuclei and
TUNEL was used to detect DNA fragmentation in apop-
totic cells. MERGE was performed to see both nuclei and
DNA fragmentation of apoptotic cells at the same time.
The number of apoptotic cells was the lowest in G1 and
G2 groups. TUNEL positive cells were almost absent. In
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G3, G5 and G7 groups, the number of TUNEL positive
cells increased significantly and gradually as the arsenic
concentration increased. Nuclear shrinkages specific to
apoptosis occurred in the cells. These shrinkages were
observed in G5 and G7 groups. More limited effective-
ness was observed in reducing the number of apoptotic
cells even at different arsenic concentrations with quer-
cetin treatment. This limitation was observed more in G8
group (Fig. 6A). When the apoptotic index of the groups
was evaluated, the apoptotic index increased as the arse-
nic concentration increased. The group with the highest
apoptotic index was G7 group. It was not significant for

MERGE
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G1 and G2. The apoptotic index decreased significantly in
groups G4, G6 and G8 with quercetin treatment (Fig. 6B).

Molecular docking results
The fibroblast cell protein structure PDB ID: 6M6E and
molecular docking results between quercetin and arsenic
are given (Fig. 7; Table 3).

Our molecular docking results; A: Binding model
of the quercetin compound in the Bax protein struc-
ture, B: Binding model of the quercetin compound in
the TNF-alpha protein structure, C: Binding model of
the quercetin compound in the SOD protein structure,
D: Binding model of the quercetin compound in the

80— *okk * %k

Apoptotic index (%)

Gl G2 G3 G4 G5 G6 G7 G8
Groups

Fig. 6 Effects of arsenic exposure on post-treatment apoptosis with quercetin. DAPI (blue): nuclei; TUNEL (Green): DNA fragments after apoptosis; com-
bining: overlapping cells. Magnification, x400. TUNEL Top: Evaluation of apoptosis in fibroblast cells was examined by DAPI staining (magnification, 200x)
Middle: DNA fragmentation was detected by TUNEL assay (magnification, 400x). TUNEL-positive nuclei due to DNA fragmentation appear green in color.
Bottom: Merged images of DAPI staining and TUNEL for the same area G1: Control, G2: Quercetin 120 uM, G3: 0.05 UM Arsenic G4: 0.05 uM Arsenic +
Quercetin 120 uM G5: Arsenic 0.5 UM G6: Arsenic 0.5 UM + Quercetin 120 uM, G7: 10 uM Arsenic G8: 10 uM Arsenic+ Quercetin 120 uM. B Apoptotic index
in different groups. Note: *p<0.05, ** p<0.01, ***p< 0.001 (mean + SD, n = 3), G1: Control, G2: Quercetin 120 pM, G3: 0.05 uM Arsenic G4: 0.05 uM Arsenic
+ Quercetin 120 uM G5: Arsenic 0.5 uM G6: Arsenic 0.5 uM + Quercetin 120 uM, G7: 10 uM Arsenic G8: 10 uM Arsenic+ Quercetin 120 uM
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Fig. 7 Molecular docking results between quercetin and arsenic with fibroblast cells A: Molecular docking between quercetin and fibroblast cells, B:
Molecular docking between arsenic and fibroblast cells, C: Amino acid bonding structures between fibroblast cell and quercetine D: Amino acid bond

structures between fibroblast cell and arsenic.

Table 3 Amino acid bonding structures and docking scores
between fibroblast cell and arsenic andQuercetin

Protein Ligand Docking Amino acid residue

ID score(kcal/mol)

6M6E Quercetin =~ -6.6 ASP25, GLY43, LEU118,
ARG131, ALA134

6M6E Arsenic -24 VAL106, TYR107,
LEU116, ALAT34,
PHE136

Caspase-3 protein structure, E: Glutathione Peroxidase
model of the quercetin compound. Binding model in the
protein structure, F: The binding model of the quercetin
compound in the IL-B protein structure, G: The binding
model of the quercetin compound in Bcl-2 protein struc-
ture is presented (Fig. 8). Chemical bond interactions of
quercetin with protein target structures have been dem-
onstrated (Fig. 9). Molecular insertion scores and amino
acid residues are shown in the protein target structures of
quercetin (Table 4).

ADME and allergenicity

Quercetin passed Lipinski’s rule of 5 completely, Ghose,
Veber and Egan rules whereas succimer failed to pass
Ghose (atom<20), Veber (TPSA>140) and Egan rules
(TPSA >131.6). The synthetic accessibility value of suc-
cimer was found to be 2.66 while that of quercetin was
found to be 3.23. This value is interpreted that the closer
to 1, the easier it is to synthesize a substance and the
closer to 10, the more difficult it is to synthesize. The
Log Po/w values of quercetin and succimer were below
5. This indicates that both the compounds have good
permeability and absorption through the cell membrane
(Fig. 10; Table 6). In addition, the solubility of a molecule
is a critical factor that significantly affects the absorp-
tion of the compound during the formulation process.
The Num. The value of H-bond donors was 5, while the
value of succimer was 2. The value of H-bond acceptors
was 7, while the value of succimer was 4. The expected
MW value of quercetin between 80 and 480 was 302.24,
while the MW value of succimer was 182.22. When the
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Fig. 8 Molecular docking results; A: Binding model of the quercetin compound in the Bax protein structure, B: Binding model of the quercetin com-
pound in the TNF-a protein structure, C: Binding model of the quercetin compound in the SOD protein structure, D: Binding model of the quercetin
compound in the Caspase-3 protein structure, E: Binding model of the GSH-Px model of the quercetin compound protein structure, F: Binding model of
the quercetin compound in the IL-1{ protein structure, G: Binding model of the quercetin compound in the Bcl-2 protein structure

desired TPSA values between 20 and 130 A2 were exam-
ined, the TPSA value of quercetin was 131.36 A% while
the TPSA value of succimer was 152.20 A (Table 6) [47].
When the allergenicity scores were examined, quercetin
was 0.21 and succimer was 0.3. quercetin and succimer
were found to be non-allergenic [49]. (Table 7).

Discussion

This study aimed to investigate the therapeutic effects
of quercetin against arsenic-induced oxidative damage,
inflammation and apoptosis in BALB/c 3T3 embryonic
fibroblast cells. On the other hand, it was the first to elu-
cidate how existing arsenic toxicity affects inflammatory
processes and apoptotic mechanisms in BALB/c 3T3
embryonic fibroblasts and the effects of quercetin used
for therapeutic purposes on these mechanisms. First,

arsenic, a source of toxicity or ROS, was administered,
followed by quercetin. Our findings will provide a basic
understanding for future research in environmental and
medical fields due to the positive role of quercetin on
oxidative damage, inflammation and apoptosis. In our
molecular docking study, the main objectives of arsenic
and quercetin in fibroblast cell targets were to under-
stand and predict molecular recognition both structur-
ally (finding possible binding modes) and energetically
(estimating binding affinity). That is, the binding modes
and affinity of arsenic and quercetin to fibroblast cell
protein structure were estimated. SOD and GSH-Px lev-
els of groups were examined to determine the protective
role and antioxidant power of quercetin, and MDA and
PC levels of groups were measured to determine arse-
nic-induced oxidative stress. mRNA expression levels of
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Fig.9 Chemical bond interactions of quercetin with protein target structures; A: Binding model of the quercetin compound in the Bax protein structure,
B: Binding model of the quercetin compound in the TNF-a protein structure, C: Binding model of the quercetin compound in the SOD protein structure,
D: Binding model of the quercetin compound in the Caspase-3 protein structure, E: Binding model of the GSH-px model of the quercetin compound
protein structure, F: Binding model of the quercetin compound in the IL- protein structure, G: Binding model of the quercetin compound in the Bcl-2

protein structure)

Table 4 Molecular docking scores and amino acid residues of Quercetin’s protein target structures were shown

Protein ID Ligand Docking Amino Acid Residue

Score(kcal/mol)
4S00-Bax Quercetin -7.5 ALA41, ALA42, ALA46, ILE133, ARG134
2AZ5-TNF-a Quercetin -6.6 PRO139, ASP140, PHE144
1CBJ-SOD Quercetin -6.6 VAL85, THR86, ILE94, ILE97, VAL9S8
2XYG-Caspase-3 Quercetin -6.2 LYS105, LYS138, ASN141, PHE142, ARG147
1GP1- Glutathione Peroxidase Quercetin -6.8 ALA21, LEU89, GLU102, PRO103
1ITB-IL-13 Quercetin -6.2 SER5, ASN7, LYS63, GLU64, PRO87, TYR90, PRO91
1G5M-Bcl-2 Quercetin -7.7 ASN182, HIS186, ILET189, TRP195
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B: Succimer
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Fig. 10 Radar map of the quercetin and succimer molecule taken from the Swissadme database

Bax and Bcl-2 and mRNA expression levels of Caspase-3
activity of groups were measured to evaluate the effect of
arsenic on apoptosis and the anti-apoptotic effect of quer-
cetin. TNF-a and IL-1( levels were measured to evaluate
the effect of arsenic and quercetin on the inflammatory
process. In addition, computer-based analyses of querce-
tin used for treatment and succimer molecules routinely
used in heavy metal poisoning were performed and com-
pared. As a result of the study, it was found that quercetin
was protective against arsenic-induced toxicity in fibro-
blast cells and quercetin had some important advantages
over succimer. Millions of individuals are affected expo-
sure to arsenic [50]. It has been claimed in studies con-
ducted that arsenic-induced free radicals and oxidative
stress play a role in many diseases (various cancer types,
cardiovascular diseases, neurological disorders, diabetes,
etc.). Therefore, it is believed that antioxidant applica-
tions that eliminate free radicals and decrease oxidative
stress can be effective against arsenic-induced toxicity [6,
50-52]. LDH, a stable cytoplasmic enzyme, is secreted by
damaged cells and is considered an indicator of apopto-
sis, necrosis, and other cellular damage [53]. In this study,
we determined that different concentrations of arsenic
decreased cell viability in the BALB/c 3T3 fibroblast cell
line, whereas quercetin (120 uM) increased cell viabil-
ity. In addition, arsenic increased LDH activity, whereas
quercetin decreased LDH activity (Fig. 2). There are sev-
eral studies on the effects of arsenic on cell viability in
BALB/c 3T3 cells and different cell lines. Our findings
are consistent with other in vitro studies that demon-
strated that exposure to arsenic significantly decreased
cell viability and increased LDH activity in embryonic
fibroblasts and different cell lines [54—57]. In one study,
the protective effect of quercetin against H,O,-induced
cytotoxicity in H,0,-induced PC-12 cells was investi-
gated. It was reported as a result of the MTT test that
quercetin pretreatment significantly increased cell viabil-
ity compared to the cells treated with H,O,, while quer-
cetin decreased LDH release [58]. SOD and GSH-Px are
the major members of the enzymatic antioxidant defence
system. SOD, which has a crucial defensive role against

oxidative stress in the body, transforms the superoxide
anion free radical (O,") into its less reactive H,0, form.
H,0O,, which is a significant sensor in the redox metabo-
lism, is transformed by GSH-Px into H,O, and thus, H,0O,
accumulation is prevented [59-60]. In our study, we
determined that exposure to arsenic decreased SOD and
GSH-Px enzyme activities in BALB/c 3T3 fibroblasts. In
in vivo and in vitro studies, arsenic exposure caused a
decrease in SOD and GSH-Px activities, whereas antioxi-
dant supplementation increased these activities [30, 54,
56, 57, 61, 62]. Decreased SOD and GSH-px activity may
also be associated with arsenic toxicity due to increased
production of superoxide radical ions and H,0,. Quer-
cetin administration may upregulate SOD and GSH-
px enzyme activity by neutralising or reducing arsenic
toxicity. Our findings support the view that arsenic sig-
nificantly affects the enzymes that metabolise ROS and
antioxidant enzymes such as SOD and GSH-Px [28]. In
addition to triggering lipid peroxidation in membranes,
arsenic triggers protein synthesis by binding to carbonyl
groups [50, 63—64]. The most commonly used marker to
assess protein oxidation is protein carbonylation, and the
most commonly used marker to assess lipid peroxidation
is MDA. MDA is considered the most mutagenic prod-
uct because DNA can react with nitrogen bases [65, 66].
In our study, similar to its determination in embryonic
lung fibroblast and adrenal gland cells, it was found to
have significantly increased lipid peroxidation. High lipid
peroxidation levels are suggested to be due to increased
levels of free radicals that directly attack polyunsaturated
fatty acids in the cell membrane [28, 59, 67]. PC increase
that accompanies an increase in MDA and a decrease in
SOD and GSH-Px activities are suggestive of accumulat-
ing superoxides and peroxides [68]. These findings show
that arsenic can significantly reduce the activity of anti-
oxidative enzymes such as SOD, GSH-Px, but increase
the level of oxidative agents such as MDA and PC, lead-
ing to oxidative damage. In addition to being an effective
ROS scavenger and reducing agent, quercetin displays
antioxidant effects by accelerating the activation of anti-
oxidant enzymes and inhibiting lipid peroxidation [69].
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Quercetin’s antioxidant effect and its strong ability to
clean free radicals and bind to the transition metal ions in
terms of its scavenging free radicals are due to the exis-
tence of two antioxidant pharmacophores in its structure
[70-71]. In our study, quercetin support decreased MDA
and protein carbonyl contents in the cell line, and the
increase in SOD and GSH-Px activities decreased arsenic
load significantly. Quercetin appears to have a beneficial
effect on reducing arsenic-induced oxidative stress, as
supported by observed changes in antioxidant enzyme
activity and cell damage indicators.

In vivo and in vitro studies have shown that exposure
to specific arsenic types can increase the expression of
TNF-a and IL-1p proinflammatory cytokines [72-73].
Proinflammatory cytokines participate in the upregu-
lation of inflammatory reactions. Although arsenic
increased TNF-a and IL-1f levels in our study, quercetin
reduced the inflammation. These results are consistent
with those of previous studies. Increasing ROS in our
data suggests its relationship with the inflammatory pro-
cess [74-75]. This result shows that arsenic exposure has
negative effects on inflammation and that quercetin may
have potential protective effects against these inflamma-
tory processes. These results highlight quercetin’s poten-
tial to protect against inflammation and highlight the
need for further studies on such effects.

Arsenic-induced apoptosis is also free radical-medi-
ated. In this context, arsenic is considered a well-estab-
lished apoptosis inducer [76]. Under oxidative damage,
some proteins act as redox switches, stabilising other
protein ranges to maintain band signaling. Excessive oxi-
dation leads to the destruction of protein thiols, leading
to structural instability and ultimately cell death [77].
For instance, arsenic has been demonstrated to induce
apoptosis in peripheral blood mononuclear cells and Chi-
nese hamster ovarian cells [78]. Consistent with studies
reporting that arsenic exposure induces apoptotic cell
death in various cellular systems, we demonstrated that
arsenic exposure induces cell death [79]. In contrast,
quercetin provides a protective role against arsenic-
induced toxicity by regulating apoptosis-related changes
(Bax, Bcl-2 and Caspase-3). In the study, regarding cell
apoptosis determined through the TUNEL method,
while the apoptotic cell count peaked in different doses
of arsenic, almost no apoptotic cells were determined
in the control group and quercetin group. Neverthe-
less, the apoptotic cell count that increased with arse-
nic significantly decreased with quercetin. Furthermore,
our RT-PCR results showed that arsenic increased Cas-
pase-3 and Bax mRNA expression and decreased Bcl-2
mRNA expression. In contrast, quercetin Caspase-3 and
Bax decreased mRNA expression, whereas Bcl-2 expres-
sion increased. (Fig. 6A and B). In a study conducted,
it was shown that 2 uM arsenic could induce apoptosis
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dose-dependently in U87MG, U251, SHG44, and C6 gli-
oma cells [80]. A previous study showed that 2 pM arse-
nic can induce apoptosis dose-dependently in U87MG,
U251, SHG44, and C6 glioma cells [80]. These data sug-
gest that exposure to arsenic can accelerate apoptotic
processes at the cellular level, whereas quercetin can
inhibit such processes. In another study conducted in
which rat C6 and 9 L cell sequences were used, it was
demonstrated that 5 uM arsenic trioxide strongly pre-
vented cell viability and induced apoptosis by downregu-
lating Bcl-2 expression and upregulating Bax expression
[81]. Based on evidence of the protective effects of both
curcumin and D-pinitol against arsenic toxicity, Raha-
man et al. observed upregulated expression of proapop-
totic Bax and Caspase-3 and downregulated expression
of anti-apoptotic Bcl-2 after arsenite (As®*) exposure in
PC12 cells [55]. They reported that curcumin alone or in
combination with D-pinitol effectively suppressed apop-
totic cell death induced by As®*.

In this molecular docking study, which we know
was evaluated for the first time by us, the relationship
between arsenic and quercetin in fibroblast cells was
molecularly revealed. While quercetin bound to the
fibrolast cell structure with a good binding structure with
a docking score of -6.6 kcal/mol, the binding score of
arsenic to the fibrolast cell structure was bound to a low
score of -2.4 kcal/mol. The reason why arsenic binds with
a low score is due to the hydrophobic interactions of the
amino acid bonds (VAL106, TYR107, LEU116, ALA134,
PHE136) in its structure. Additionally, quercetin and
arsenic were similarly bound to the amino acid ALA134.
Quercetin contributes to the high docking score by form-
ing hydrogen bonds with GLY43 and ARG131. Molecular
docking results showed that quercetin bound very well to
GSH-Px and SOD enzyme structures, which are impor-
tant in the oxidative damage process. Quercetin bound to
the GSH-Px structure with molecular binding scores of
- 6.8 kcal/mol and to the SOD structure with molecular
binding scores of -6.6 kcal/mol. On the other hand, it was
determined that quercetin showed a good binding affinity
to Bax, Bcl2 and Caspase-3 structures, which are impor-
tant in the apoptosis process. quercetin was bound to the
Bax structure with molecular docking scores of -7.5 kcal/
mol, to the Bcl-2 structure — 7.7 kcal/mol and to the cas-
pase-3 structure of -6.2 kcal/mol. Quercetin showed
good binding affinity to the target region in TNF-«a and
IL-1B protein structures, which are important in the
inflammatory process.

DMSA or succimer, an analog of BAL (dimercapto-
propanol), contains two carboxylic groups and two thiol
groups, along with thiol groups that participate in the
metal-ligand reaction. Compounds such as dihydroli-
poic acid, BAL, DMPS, and succimer are used to treat
lead, mercury, and arsenic toxicity, and these compounds
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Table 5 H-bond and hydrophobic interaction between high
binding score Quercetin
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Table 7 Comparison of Pharmacokinetic properties of Quercetin
and succimer

Target Protein Quercetin Quercetin
H-bond Hydrophobic
4S00-Bax GLU41, GLU42, ARG134 ALA46, ILE133
2AZ5-TNF-a - PRO139,
ASP140, PHE144
1CBJ-SOD THR86, ILE94, VAL98 VALS8S, ILE97
2XYG-Caspase-3 LYS105, LYS138, PHE142, ASN141
ARG147
1GP1- Glutathione PRO103 ALA21, LEU89,
Peroxidase GLU102
1ITB-IL-13 SER5, ASN7, LYS63, PRO87,  GLU64, PRO91
TYR90
1G5M-Bcl-2 TRP195 ASN182,
HIS186, ILE189

Table 6 Comparison of predictive models parameters properties

of Quercetin and succimer

Quercetin Succimer
Physicochemical MW 30224 g/mol  182.22 g/mol
Properties Formula C15H120 C4H60452
Num. rotatable 1 3
bonds
Num. H-bond 7 4
acceptors
Num. H-bond 5 2
donors
Molar Refractivity ~ 78.03 40.74
Topological polar 13136 A2 15220 A?
surface area (TPSA)
Lipophilicity Log Po/w 1.54 0.06
(XLOGP3)
Log P, (WLOGP)  1.99 -0.25
Log P, (MLOGP)  -0.56 -0.54
Solubility Log S (ESOL) -3.16 -0.81
Solubility 2.10e- 2.83e+01 mg/
01 mg/ml; ml;
6.98e-04 mol/l  1.55e-01 mol/I
Class Soluble Very soluble

Druglikeness

Lipinski (RO5)
Ghose

Yes; O violation
Yes

Yes; 0 violation
No; 1 violation:

#atoms<20
Veber Yes No; 1 violation:
TPSA>140
Egan Yes No; 1 violation:
TPSA>1316
Bioavailability 0.55 0.1
Score
Leadlikness Synthetic 323 2.66
accessibility

are the most effective chelating antidotes. The FDA has
approved DMSA for treating lead poisoning in paediat-
ric patients [82-85]. To the best of our knowledge, we are
the first study to compare the drug properties of quer-
cetin and succimer using computer-based calculations
(Tables 5 and 6). Quercetin is a good drug candidate.

Quercetin Succimer

Pharmacokinetics Gl absorption High Low

BBB permeant No No

P-gp substrate  No No

CYP1A2 inhibitor Yes No

CYP2C19 No No

inhibitor

CYP2C9inhibitor No No

CYP2D6 Yes No

inhibitor

CYP3A4 inhibitor Yes No

Log Kp (skin -7.05cm/s -7.37.cm/s

permeation)
Allergenicity Score 0.21 03
(CHAIPred) Non-allergen Non-allergen
Gl (HIA) = Human gastrointestinal absorption, BBB = Blood-brain barrier

permeation P-gp = Permeability glycoprotein, Log Kp = Theskin permeability
coefficient

Considering its higher synthetic accessibility score, better
pharmacokinetic properties, and good biological transi-
tion and interaction capacities, quercetin can be consid-
ered a more beneficial and effective compound. On the
other hand, succimer shows limited efficacy with a lower
biomolecular interaction potential and higher TPSA;
This suggests that it may have limited efficacy in biologi-
cal systems. The inhibition and induction of CYPs are the
main mechanisms causing pharmacokinetic drug-drug
interactions. The important CYPs CYP1A2, CYP2C19,
CYP3A4, CYP2C9, and CYP2D6 are particularly anal-
ysed in in silico analyses [86—87]. By CYP interaction,
succimer was not inhibitory for CYP1A2, CYP2C19,
CYP2C9, CYP2D6, and CYPA4, whereas quercetin was
inhibitory for CYP1A2, CYP2D6, and CYP3A4. When
succimer is used, it is unlikely to produce any adverse or
unexpected effects on the effects of drugs metabolised
through these enzymes, whereas when quercetin is used,
it is likely to affect the metabolism of existing drugs and
increase the effects or side effects of drugs metabolised
through these enzymes. In particular, because CYP3A4 is
the major metabolic pathway for many drugs, it is impor-
tant to consider potential interactions with quercetin on
this enzyme (Table 7).

Conclusion

Arsenic increases MDA and PC levels by increasing
oxidative stress and reduces the activity of antioxidant
enzymes such as SOD and GSH-px. Therefore, arse-
nic damages cell membranes and proteins. Arsenic also
increases proinflammatory cytokines and apoptotic
proteins. Quercetin increases antioxidant capacity by
reducing ROS production in cells, and it has the poten-
tial to reduce arsenic toxicity by maintaining a balance
between inflammation and apoptosis. These findings
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suggest quercetin is an effective and safe therapeutic
agent against arsenic toxicity in biological systems. Fur-
thermore, further in vivo and in vitro studies may pro-
vide useful information on the effects of quercetin on
other environmental toxicants. In molecular docking
analyses, we observed that the hydrogen bonds formed
by quercetin with amino acid structures in fibroblast
cells helped to achieve a strong binding score and could
suppress the negative effects caused by arsenic. In vitro
results revealed the benefits of quercetin in reducing
arsenic-induced oxidative stress, which was supported by
changes in antioxidant enzyme activity and cell damage
indicators.

Abbreviations

ANOVA  One-way analysis of variance

Bax Bcl-2-associated X protein

Bcl-2 B-cell lymphoma 2

CYPs Cytochromes P450

DAPI 4’ 6-diamidino-2-phenylindole

DMSA 2,3-Dimethylmercaptosuccinic Acid
ELISA Enzyme-Linked ImmunoSorbent Assay
GSH-Px  Glutathione peroxidase

IL-1B Interleukin 1 beta

LGA Lamarckian Genetic Algorithm

LDH Lactate dehydrogenase

MDA Malondialdehyde

PC Protein carbonyl

ROS Reactive Oxygen Species

SMILES  Simplified Molecular Line Entry System
SOD Superoxide dismutase

TPSA Topological Polar Surface Area

TNF-a Tumor necrosis factor-a
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