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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Aristidis Tsatsakis The protective effects of Quercetin (QCN) on Benzene (BNZ)-induced hemato- and hepatotoxicy were investi-

gated. To reach this goal, 36 adult male mice were divided into 6 groups (n = 6). The control group was not

Keywords: » exposed to BNZ, while animals in BNZ group were exposed to BNZ (30 ppm) and the animals of QCN group were

Hematotoxicity received QCN (50 mg/kg, orally), the fourth, fifth and sixth groups were exposed to 30 ppm BNZ and received 10,

;g)atoto;lqcnty 50 and 100 mg/kg QCN one h before the BNZ exposure, for 28 days. The day after the last exposure following
icronucleus

anesthesia and the blood collection, the liver and femur tissues were collected. The bone marrow samples were
extracted and subjected to micronucleus assay. The blood samples were processed for hematological and
biochemical analyses. Histopathological examinations were performed on the liver samples. QCN reduced
significantly (p < 0.05) the BNZ-elevated hepatic enzymes and ameliorated the BNZ-induced WBC and RBC
reduction. The BNZ-elevated micronucleus percentage both in the bone marrow and peripheral blood was
remarkably declined in the QCN-received groups. QCN improved the BNZ-induced histopathological changes and
oxidative status in the liver and serum. Our results suggest that QCN could be a protective supplement to reduce

Oxidative status

the BNZ-induced hemato- and hepatotoxicities.

1. Introduction

Benzene (BNZ) as an aromatic hydrocarbon has been used in the past
as a solvent in many industries and currently is used in the synthesis of
styrene, phenol, cyclohexane, aniline, plastics, and resins and also in the
synthesis of many pharmaceuticals including pesticides and detergents.
At the same time, BNZ is a natural constitute of crude oil, which is
emitted in large amounts from oil refineries, cigarette smoke and vehicle
exhausts and considered one of the major sources of BNZ-exposure [1].
Among the other ways, inhalation rout of exposure accounts for more
than 90 % of exposure in the general population [2]. Benzene as a
ubiquitous volatile compound is well absorbed and metabolized.
Although BNZ is not generally regarded as an acute toxic agent, its
chronic exposure however related to neurological impairment, hema-
totoxicity and the development of aplastic anemia and leukemia [3].
Previously, its hepatotoxicity and nephrotoxicity in rodent models after
exposing to low concentration of BNZ has been documented [4].

Early studies showed that the toxicity of BNZ is mainly mediated via

various metabolites, which are produced during its biotransformation.
The main metabolism of BNZ take place in the liver by Cytochrome p450
2E1 and produces primarily benzene-oxide and then hydroxylated
metabolite of phenol, hydroquinone and catechol, which ultimately
oxidized to banzoquinone [5]. The produced metabolites and in
particular benzene oxide as an electrophilic reactive intermediate is able
to adduct with cellular DNA, indicating the benzene’s genotoxicity. The
Cytochrome p450-mediated biotransformation of BNZ and the produc-
tion of phenol and other hydroxylated metabolites occurs in lesser
extend in the other tissues including the bone marrow. There are evi-
dence indicating that the bone marrow due to having highly available
myeloperoxidase, is able to further metabolize the phenolic metabolites
of BNZ. The bone marrow myeloperoxidase activity results in oxidation
of phenolic metabolites and production of radical intermediates, which
are able to bind covalently to proteins, suggesting the bone marrow
toxicity of benzene [6]

Another important factor in the toxicity of BNZ is related to the
excessive generation of reactive oxygen species (ROS) along with
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remarkable reduction of hepatic glutathione (GSH), which plays a key
role in the antioxidant system of cells [4]. Therefore, two important
pathways are considered in the BNZ toxicity including the production of
metabolism-dependent clastogenic metabolites and concomitantly the
excessive ROS generation that both lead to the clinical outcomes of BNZ
toxicity as hematological disorders such as acute myeloid leukemia and
hepatic injuries. Taken in account two aforementioned pathways in the
BNZ-induced toxicity, it would be worth to minimize the BNZ
biotransformation and equally important to enhance the antioxidant
capacity of intoxicated patients.

Quercetin (QCN) as a natural bioflavonoid is found in fruits and
vegetables. During the last decades quercetin’s pharmacological effects
including anti-inflammatory, anti-proliferative, anti-atherosclerotic and
antioxidative effects have been well evidenced [7,8]. Its antioxidant
property is related to the presence of a catechol group and a hydroxyl
group in quercetin chemical structure, which enables it to act as a
hydrogen donor for quenching free radicals [9,10]. On the other hand, it
has been recently demonstrated that QCN competitively inhibited CYP
2E1 activity in human recombinant cDNA-expressed CYP 2E1 [11]. To
highlight the possible protective effects of QCN on BNZ-induced dam-
ages the present study was performed and the results revealed that both
hemato- and hepato-toxicity are attenuated by administration of QCN in
protective approach.

2. Materials and methods
2.1. Chemicals

Quercetin (Q4951) was purchased from Sigma-Aldrich (St. Louis,
Missouri, USA). Ketamine and xylazine were obtained from Alfasan
(Woerden, Holland). Benzene, Ethylene diamine tetra acetic acid
(EDTA), sulphanilamide, N-(1-naphthyl) ethylene diamine -2HCI, tet-
ramethyl benzidine, 2, 4-dinitrophenylhydrazine (DNPH), thio-
barbituric acid, phosphoric acid (85 %), guanidine hydrochloride, and
ethyl acetate were purchased from Merck (Darmstadt, Germany). N-
Butanol was obtained from Carl Roth, GmbH Co. (Karlsruhe, Germany).

2.2. Experimental design and animal grouping

This experimental study was conducted on male, Swiss albino,
healthy, and adult mice with average body weight of 30 + 4 g. Animals
were divided into 6 groups (6 mice/group) as follows:

The first group served as control and did not expose to benzene.

The second group was exposed to 30 ppm of BNZ vapor.

The third group received only QCN (50 mg/kg B.W. orally).

The fourth, fifth and sixth groups were exposed to 30 ppm of BNZ
vapor and they received QCN at 10, 50 and 100 mg/Kg B.W. dose levels
orally 1 h before the BNZ exposure.

The exposure model was mouse whole-body inhalation exposure and
the selected concentration was based on previously published evidence
[4]. The experimental protocols were approved by the Ethics Committee
of Ardabil University of Medical Sciences, Ardabil, Iran (IR.ARUMS.
REC.1398.603).

2.3. Benzene exposure

Mouse whole-body inhalation exposure was performed in a chamber
(plastic box; 33 cm long, 23 cm wide and 20 cm deep; volume = 0.015
m>) in an experimental room. Airflow was continuously entered into
chamber during the exposure time via a rubber tube connected and
adjusted by a flowmeter (Airmax, Japan). Pure BNZ was passed within
the airflow at 30 ppm concentration and the mice in different groups
were exposed to BNZ for 4 h/day, 5 days/week and for 4 weeks [12].
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2.4. Bengzene concentration and gas chromatographic analyses

The BNZ concentration in the inhalation chamber was measured by
gas chromatography. Samples of chamber’s air, taken at 30-min in-
tervals during 4 h (exposure period) were injected, separated and
detected in a 2010 plus gas chromatograph (Shimadzu, Kyoto, Japan),
supplemented with a flame ionization detector. An Rtx-5 (30 m x0.25
mm x0.25 pm) capillary column was used with nitrogen as a carrier gas
and temperature programming from 40 °C (5 min) to 250 °C at 10
min~. The instrument was checked based on the pattern in retention
times and responses of BNZ in the standard calibration injection. The
concentrations of BNZ were quantified by an external standard
calibration.

2.5. Peripheral blood analysis

A day after the last exposure the mice were anesthetized using a
cocktail of ketamine and xylazine (ketamine: 90 mg/kg and xylazine: 8
mg/kg, IP). The blood samples were collected from the heart and
analyzed in an automatic hematology analyzer (ADVIA SIEMENS 21204,
Germany). In hematology analyses the number of red blood cells, white
blood cells, platelets, lymphocytes, neutrophils and monocytes along
with the concentration of hemoglobin and the percentage of hematocrit
were determined. At the same time, serum samples were isolated from
whole blood by centrifugation at 1500 xg for 10 min at room temper-
ature and stored at —80 °C for further analyses.

2.6. Blood biochemical analyses

The collected blood samples both subjected to hematological ana-
lyses and/or were centrifuged at 1500 xg for 10 min to separate blood
serum. To evaluate the impact of BNZ-exposure and QCN protective
effects on the BNZ-induced hepatoxicity, serum levels of alanine
aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline
phosphatase (ALP), as hepatic functional enzymes were determined
using commercially available Kits (BYERPAUL, Tehran, IRAN) and an
automatic biochemical analyzer (MINDRAY BS-480, China).

2.7. Blood and bone marrow collection and micronucleus assay

The day after the last exposure, the mice were anaesthetized by a
cocktail of ketamine and xylazine (ketamine: 90 mg/kg and xylazine: 8
mg/kg, IP) and after collecting the blood samples were euthanized using
decapitation method. The femur tissues were removed and the bone
marrow was flushed using Hanks’ buffered salt solution, 1% (w/v)
bovine serum albumin, and 0.15 % (w/v) EDTA (pH 7.2). The bone
marrow smears were prepared and fixed in methanol for 10 min. The
fixed bone marrow smears were then stained by using the May-
Grunwald and Giemsa protocols. After staining a minimum 2000
erythrocytes were counted and the percentage of micronucleus (MN) in
polychromatic/normochomatic erythrocytes was determined for each
single group [13]. At the same time, the peripheral blood samples from
each single animal were smeared on slides and after drying at room
temperature were fixed with 100 % methanol for 10 min and stained
with Giemsa solution (5%) for 20 min. Following air drying optical
microscope was used to estimate the micronucleus frequencies in the
study groups [14].

2.8. Oxidative stress biomarkers assessment

2.8.1. Total antioxidant capacity (TAC)

To evaluate the total antioxidant capacity of serum samples, the
FRAP method was performed [15]. To provide an acidic environment
(pH 3.6) acetate buffer was used and the produced blue color due to the
reduction of Fe3* ions from the Fe3*- 2,4,6-Tris(2-pyridyl)-s-triazine
(TPTZ) complex and converting them into ferrous (Fe2+) ions is
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assessed at 593 nm by a spectrophotometer. This is a non-specific re-
action, and any molecule that is capable to reduce ferric ions in acidic
condition participates in this reaction.

2.8.2. Total thiol molecules assessment in the liver

The total thiol molecules (TTM) level was assessed in the liver ac-
cording to the previously described method [16]. Briefly, 0.1 g of the
liver samples were homogenized in 1 mL KCl (150 mM), and then
centrifuged at 3000 x g for 10 min. A 0.5 mL of the supernatant was
added to 0.6 mL Tris-EDTA buffer (Tris base 0.25 M, EDTA 20 mM, pH
8.2) followed by the addition of 40 pl 5,5’ - Dithiobis (2-nitrobenzoic
acid) (DTNB, 10 mM in pure methanol) in a 10 mL glass test tube. The
final volume of mixture was expanded up to 4.0 mL by addition of pure
methanol. After incubation for 15 min at room temperature, the samples
were centrifuged at 3000 x g for 10 min, and the absorbance of the
supernatant was assessed at 412 nm. TTM were expressed as nmoles per
mg of protein. The protein content of the samples was measured by the
Lorry method [17].

2.8.3. Malondialdehyde (MDA) levels in the liver

The lipid peroxidation rate was determined by Thiobarbituric acid
(TBA) reaction and by measuring the produced amount of malondial-
dehyde in the liver samples. Each sample was individually homogenized
in a chilled potassium chloride solution (150 mM) and the resulting
mixture was centrifuged at 3000 rpm for 10 min. A 500 pl of supernatant
was mixed with 3 mL phosphoric acid (1% v/v), vortexed and then 1 mL
of TBA (6/7 g/1) was added. The samples were hold at 100 °C for 45 min,
and then chilled in ice. The absorbance of supernatant after adding a 3
mL n-butanol and centrifugation at 3000 rpm for 10 min was measured
at 532 nm by a spectrophotometer and calculated according to the
standard calibration curve of malondialdehyde as nanomole of malon-
dialdehyde equivalents per ml of sample homogenate [18].

2.8.4. Protein Carbonylation (CO) in the liver

The rate of protein oxidation in the liver samples were assessed by
measuring the amount of carbonyl content. The reaction of 2, 4-dinitro-
phenylhydrazine (DNPH) and carbonyl groups of proteins was measured
based on Levine et al. technique [19]. A 0.1 g of the liver samples was
homogenized in a chilled phosphate buffer (50 mM, pH 7.6, containing
EDTA 1 mM), and the resulting mixture was centrifuged at 10,000 x g
and at 4 °C for 10 min. A 200 pl of supernatant from each sample was
used as test (T) and the same volume of supernatant was used as control
(C). Thereafter 800 pl of DNPH and hydrochloric acid solution (2 M) was
added to the test and control samples, respectively. Samples were hold
in dark place at room temperature for one hour and vortexed every 15
min. Then, 0.5 mL of trichloroacetic acid (30 %) was added to each
sample and vortexed for 30 s. The samples were centrifuged for 10 min
at 10,000 xg for 3 min, the supernatant was removed and remaining
pellet re-suspended in 1 mL ethanol/ethyl acetate solution (1:1) for 15
min. Following centrifugation at 10,000 xg for 3 min and dispersing the
supernatant, the above step was repeated. The precipitate was dissolved
in 0.6 mL of guanidine hydrochloride solution (6 M) at 37°C for 15 min
and then the samples were centrifuged for 10 min at 10,000 xg for
isolating and depositing any residues. For each sample, optical density
(OD) of control and test was measured against a solution of guanidine
hydrochloride (6 M) at wavelength of 370 nm. The carbonyl content was
determined as follows:

Carbonyl (nmol/mL) = [(CA)/ (0.011 ranl)] (600 p1/200 pl);

Where CA is the corrected absorbance and estimated as the average OD

for each control sample was subtracted from average OD of test sample

at 370 nm. The extinction coefficient for DNPH at 370 nm is 22,000 M !
-1

cm™ .
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2.8.5. Histopathological examination of the liver tissue

Previously fixed liver samples in formalin solution (10 %) were
subjected to histopathological examinations. The samples embedded in
paraffin, sectioned into 5—6 pm sections and were stained with Hema-
toxylin and Eosin (H&E) and then analyzed by a light microscope.

2.8.6. Statistical analyses

Statistical comparisons were performed using the GraphPad Prism
(Version 7.0; GraphPad software Inc., San Diego, USA). The comparisons
between groups were made by analysis of variance (ANOVA) followed
by Bonferroni post hoc test. A p value <0.05 was considered significant.

3. Results
3.1. Quercetin protected from the BNZ-induced hematological changes

Benzene exposure for 4 weeks resulted in a remarkable and signifi-
cant reduction in WBC number and a significant and slight decrease in
RBC number in mice. A significant (p < 0.05) reduction of lymphocyte
and neutrophil numbers also was recorded in the BNZ-exposed mice.
While QCN alone enhanced significantly the WBC number, we found no
major changes in the RBC numbers. Quercetin treatment at medium and
high dose levels resulted in a significant (p < 0.05) elevation in the BNZ-
reduced numbers of both WBC and RBC (Table 1). There was no sta-
tistically significant difference between the control and other groups in
terms of platelets density. Benzene exposure resulted in a significant
reduction of HCT and a non-significant reduction of Hb concentration in
mice and QCN only at the highest given dose level (100 mg/kg) was able
to recover the BNZ-reduced HCT (%) and Hb concentration. Although
QCN increased the BNZ-reduced lymphocyte number but this increase
was not statistically significant (p > 0.05).

3.2. Quercetin lowered the BNZ-induced biochemical changes in the blood

After 28 days exposure to BNZ and the administration of QCN at
different dose levels, only those animals, which received QCN alone,
showed a significant (p < 0.05) reduction in body weight gain (BWG)
when was compared with the control group. The serum level of hepatic
functional enzymes determination revealed that both ALT and AST
significantly and ALP were insignificantly elevated in the BNZ-exposed
group. The BNZ-induced elevation of hepatic enzymes was lowered in
the animals that were treated with QCN. Although we failed to find any
statistically significant differences between the highest given dose and
medium dose of QCN, QCN hepatoprotective effect however was found
to be dose-dependent (Table 2).

3.3. The Benzene-induced Micronucleus formation was declined in
quercetin-received animals

The bone marrow cells from femur and also peripheral blood were
smeared and stained by using May-Grunwald and Giemsa protocols.
After the scoring at least 2000 (including polychromatic and normo-
chromatic) erythrocytes per animal the percentage of micronucleated
erythrocytes was calculated. Our findings showed that the percentage of
MN formation in the BNZ-exposed group was significantly (p < 0.05)
higher than the control group both in the bone marrow and peripheral
blood samples. At the same time, administration of QCN alone for 28
days only reduced the MN formation in peripheral blood. Quercetin at
all three given dose levels protected from the BNZ-induced MN forma-
tion in the bone marrow, while only at the medium and maximum dose
levels was able to reduce significantly the MN formation in the periph-
eral blood (Table 3).

3.4. Quercetin lowered the Benzene-induced oxidative stress in the liver

To discover the impact of BNZ exposure and also the effect of QCN
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Table 1
Effects of Quercetin on the Benzene-induced alterations in hematological factors.

Toxicology Reports 8 (2021) 1569-1575

Experimental Groups Control BNZ QCN BNZ+QCN 10 BNZ+QCN 50 BNZ+QCN 100
RBC (x10%)/pl 9.8 £ 0.7 82+0.3* 9.1 £ 0.7 8.6 + 0.4 93+067 924057
WBC (><103)/|.11 5.7 + 881 2.6 + 407 * 7.8 + 1005* 23 +59 3.8+6137 4.3+ 804 %
Lymphocyte (%) 56.8 + 2.6 43 +4.3* 53.3 £5.5 44 + 6.1 49.2 £ 5.4 47.3 £3.9
Neutrophil (%) 5.4 + 0.7 3.4+0.8* 4.5+ 0.2 3.6 +0.3 4.3+0.2 41+0.2
Monocyte (%) 36.8 + 3.2 32.6 £ 6.9 40.1 + 3.8 36.9 + 0.6 34.2+ 4.3 37.3+23
Hb (g/dl) 13.6 + 0.9 12.6 + 0.5 13.2+ 0.2 12.5 + 0.5 13.5 + 0.6 13.9+ 0.4 %
HCT (%) 57.8 +2.4 527 +12%* 57.6 + 4.7 52.7 £ 2.1 54.1 + 45 54.4+0.7 %
Platelets (><103)/pl 1170 + 101 1242 4+ 94.7 1031 +74.1 1152 + 203 1140 + 100.5 1157 £ 72.9

Asterisks are representing significant differences (p < 0.05) between the control and Benzene-exposed groups and #s are demonstrating significant differences between
the Benzene-exposed group and those groups, which concurrently both were exposed to benzene and treated with various dose levels of quercetin. BNZ: Benzene; QCN:
Quercetin; RBC: Red blood cells; WBC: White blood cells; Hb: Hemoglobin and HCT: Hematocrit.

Table 2
Effects of Quercetin on body-weight gain (g) and serum level of the hepatic
functional enzymes concentration in the Benzene-exposed animals.

Groups BWG (g) ALT (U/L) AST (U/L) ALP (IU/L)
Control 6+0.21 100 + 9.6 41436 268 + 50.9
BNZ 5.6 + 0.28 135 +12.6* 56.2+52% 295+ 31.4
QCN 43+0.18*% 86.6+5.0 42+31 170 + 12.5 *
BNZ + QCN 10 5.8 + 0.21 128 + 10.4 39.7+3% 257 + 34
BNZ + QCN 50 6.3 +0.35 976+26% 366+657 232+147
BNZ + QCN 100 5.8 +0.25 85+3.07 35.6+72% 199+337%

Asterisks are representing significant differences (p < 0.05) between the control
and Benzene-exposed groups and #s are demonstrating significant differences
between the Benzene-exposed group and those groups, which concurrently both
were exposed to benzene and treated with various dose levels of quercetin. BNZ:
Benzene; QCN: Quercetin; BWG: Body weight gain; ALT: alanine aminotrans-
ferase; AST: aspartate aminotransferase and ALP: alkaline phosphatase.

Table 3
Effects of Quercetin on the Benzene-induced Micronucleus formation in the bone
marrow and peripheral blood.

Groups MN (%) in bone marrow MN (%) in peripheral blood
Control 6.4+ 1.1 1.15 + 0.25

BNZ 10.7 £ 1.0 * 1.8+0.2*

QCN 4.44+1.0 0.7 £ 0.07 *

BNZ + QCN 10 8.0+ 0.5% 1.25+ 0.3

BNZ + QCN 50 67+1.7% 1.14 +0.26 #

BNZ + QCN 100 71+£07% 1.2+03%

Asterisks are representing significant differences (p < 0.05) between the control
and Benzene-exposed groups and #s are demonstrating significant differences
between the Benzene-exposed group and those groups, which concurrently both
were exposed to benzene and treated with various dose levels of quercetin. BNZ:
Benzene; QCN: Quercetin and MN: Micronucleus.

concurrent administration on oxidative stress status, total antioxidant
capacity in serum and the concentration of total thiol molecules in the
liver were assessed. Either biomarkers were declined remarkably in the
BNZ-exposed animals when was compared with the corresponding
control groups. Administration of QCN in non-BNZ-exposed mice
resulted in a significant (p < 0.05) and insignificant (p > 0.05) elevation
of TAC and TTM, respectively. Although QCN in BNZ-exposed mice
enhanced the TAC and TTM in a dose-dependent manner, we however
failed to show any statistically significant effect of QCN at the lowest
given dose level on both TAC and TTM contents (Fig. 1A and B).

The lipid peroxidation and protein oxidation in the liver were
examined and results indicated that both oxidative biomarkers
increased significantly in the BNZ-exposed animals. Twenty eight days
administration of QCN alone very slightly elevated both factors in the
liver tissue. Quercetin at 50 and 100 mg/kg dose levels significantly
lowered both MDA and carbonylated protein levels in the liver. We
found that QCN lowered the protein carbonylation and not lipid per-
oxidation in a dose-dependent fashion (Fig. 1C and D).
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3.5. Quercetin lowered the BNZ-induced histopathological injuries in the
liver

In the control group, the histological view of microscopic sections is
normal and hepatocytes are representing normal membrane, cytoplasm
and nucleus. No inflammatory cells infiltration is observed. In the BNZ-
exposed group, small and abundant vacuoles inside the cytoplasm of
hepatocytes have been formed. Moreover, necrosis of hepatocytes is also
observed with hyaline cytoplasm, nuclei karyorrhexis, and disintegra-
tion of plasma membrane and extrusion of cytoplasm. Lobular inflam-
mation of the liver in the BNZ-exposed group is characterized by the
infiltration and aggregation of inflammatory cells, in particular close to
the necrotic areas. In the group of animals that received only QCN, the
histological view of the liver is normal like the control group. In the Q10
group, similar to the non-treated BNZ-exposed group, there are many
histopathologic lesions such as necrotic damage, formation of small
intracytoplasmic vacuoles and infiltration of inflammatory -cells.
Administration of 50 and 100 mg/kg QCN in the BNZ-exposed animals
reduced the hepatic damages considerably. There is no remarkable
difference between these two groups (Fig. 2A-F).

4. Discussion

In this study the BNZ-induced genotoxicity in the bone marrow cells
and also in peripheral erythrocytes were demonstrated. Moreover,
hepatotoxicity of BNZ after 4 weeks exposure was also uncovered.
Further the protective effects of QCN on the BNZ-induced hematoxicity
and hepatotoxicity were characterized by its remarkable capacity in the
reduction of BNZ-induced MN formation in the bone marrow cells and
also in peripheral erythrocytes and the attenuation of the BNZ-induced
hepatic functional and structural damages.

Benzene is an aromatic hydrocarbon and a ubiquitous air pollutant
with limited direct reactivity. There are two main benzene exposure
sources of occupational and non-occupational for human beings. The
occupational exposure mostly is reported in workers, which are working
in crude oil and natural gas production, refinery industry, petrol and
other petroleum products distribution and also in those are working in
car repair shops and petrol stations. The mean exposure level between <
0.002 and 32.5 ppm in occupational exposure has been reported [20].
On the other hand cigarette smoke and ambient air are the well-known
sources of BNZ non-occupational exposure. Inhalation is the most
important route of BNZ absorption in occupational and
non-occupational exposures with 30-52% absorption of inhaled BNZ in
humans [21]. Although benzene penetrates via skin, however its dermal
absorption in normal working conditions is not extensive.

The toxicity of BNZ largely depends on metabolism, which in
mammalian takes place mainly in the liver, where it is primarily
metabolized into benzene oxide by Cytochrome P450 2E1 (CYP 2E1),
which is later bioconverted to muconaldehyde and phenol. The phenol
metabolites undergo further CYP 2E1 metabolism processes and form
catechol and hydroquinone, which the later one due to high level of
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Fig. 1. Effects of Quercetin on Benzene-induced oxidative stress; (A) total antioxidant capacity (TAC), (B) total thiol molecules (TTM), (C) MDA concentration and
(D) Protein oxidation rate. Asterisks are representing significant differences (p < 0.05) between the control and Benzene-exposed groups and #s are demonstrating
significant differences between the Benzene-exposed group and those groups, which concurrently both were exposed to benzene and treated with various dose levels

of quercetin. BNZ: Benzene; QCN: Quercetin; MDA: Malondialdehyde.

myeloperoxidase in the bone marrow is converted into benzoquinones.
Previous studies on animal models demonstrated that the hematotox-
icity of BNZ is due to the bone marrow depression, which results in an
aplastic anemia with reduced blood cells. One of the well-known reason
for BNZ-induced hematoxicity is the BNZ-metabolism related metabo-
lites that damage the bone marrow hematopoietic stem cells. It has been
reported that the electrophilic quinones metabolite and muconaldehyde
are directly reacting with proteins and cellular nucleophiles including
DNA. At the same time, the bone marrow-related myeloperoxidase
produce some quinones and semiquinones, which in addition of directly
binding to macromolecular, are contributing in the production of oxy-
gen radicals by redox reaction [22]. Hence, the observed hematoxicity
including a remarkable leukopenia and also a significant elevation of
micronucleated erythrocytes in the bone marrow and peripheral blood
are explained by the BNZ-related directly and indirectly acting
metabolites.

Liver on the other hand, is one of the most susceptible organs to the
chemicals-induced injuries. The hepatic susceptibility to chemicals
mainly is related to its crucial role in the biotransformation of chemicals,
which mostly if not absolutely, results in markedly detrimental effects
on biochemistry of hepatocytes such as excessive generation of reactive
oxygen species (ROS) that ultimately causes oxidative damages not only
in the liver but also in other organs including the kidneys and hemato-
poietic system [23]. As our findings showed the BNZ exposure resulted
in a remarkable elevation of oxidative stress biomarkers including the
rate of lipid peroxidation and simultaneously a significant reduction of
total thiol molecules. Along with oxidative stress another mechanism of
the BNZ-induced toxicity in general and hepatotoxicity in particular is
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associated to its metabolism-related reactive metabolites binding to
cellular macromolecules including nucleic acids, proteins and lipids.
When the produced ROS level in cell is more than the cell’s antioxidant
capacity, the oxidative stress-induced damages such as the genotoxic
DNA damage, as well protein and lipids damages, result eventually in
genomic instability and/or disturbances in the function of enzymes and
other elements of cells [24]. Hence, the remarkable increase of micro-
nucleated erythrocytes either in the bone marrow or in peripheral blood
supported the BNZ-induced hematotoxicity. Previous reports showed
that BNZ and its reactive metabolites via activation of PI3K-AKT, p38
MAPK, or JNK signaling pathways stimulate apoptosis of bone marrow
cells or malignant increase of leukemia cells [25,26]. Recent study in
rodent model showed that the deletion of pp2rla gene in hepatocytes
suppressed the cyp2el transcription and in turn reduced the
BNZ-induced hematotoxicity, suggesting a close association between the
BNZ-induced hepatotoxicity and hematotoxicity [27].

Our findings regarding the hepatotoxicity of BNZ in mice showed a
marked reduction of total thiol molecules as a biomarker of glutathione
level, which accompanied by significant elevation of protein carbonyl-
ation rate, supporting another mechanism of the BNZ-induced toxicity
via glutathione depletion [28]. The reason for glutathione depletion
could be related to the extra requirement of liver cells to glutathione for
conjugation reactions in BNZ metabolism. It has been reported that
benzene oxide and hydroquinone as BNZ metabolites, which strongly
are conjugated with glutathione, in addition of having glutathione
depletion effect, due to accumulation in the bone marrow cause hema-
toxicity in rodent model [29]. Another finding of the current study is
that the BNZ-exposed animals showed significant elevation of hepatic



N. Golabi-Habashi et al.

Toxicology Reports 8 (2021) 1569-1575

©

(D)

(E)

(F)

Fig. 2. Photomicrographs of the liver sections from: (A) control, (B) BNZ-exposed, (C) QCN, (D) BNZ + QCN 10, (E) BNZ + QCN 50 and (F) BNZ + QCN 100. Arrow
head: intracytoplasmic vacuoles, circle: necrotic areas, arrow: inflammatory cell infiltration (H&E staining 100 X). BNZ: Benzene; QCN: Quercetin.

enzymes including AST and ALT that accompanied by the increased
microvacuoles inside the cytoplasm, infiltration and aggregation of in-
flammatory cells. A marked elevation of inflammatory cytokines
including IL-1p and IL-6 along with degenerated hepatocytes and in-
flammatory cells infiltration have been reported in gasoline fumes
exposed rats, supporting our findings and indicating a BNZ-induced
inflammatory condition and damage to the intracellular membranes in
the liver [30].

The second part of this study devoted to unveil the protective effects
of QCN against the BNZ-induced hematotoxicity and hepatotoxicity. To
reach these goals we administered QCN at three dose levels simulta-
neously with BNZ-exposure and the obtained results show that QCN
reduced the BNZ-induced hematological damages including MN per-
centage and leukopenia. Moreover, QCN reduced hepatotoxicity as the
BNZ-induced oxidative stress, hepatic enzymes level and the liver his-
tology were improved. It has been frequently reported that the toxicity
of BNZ mainly associates to its biotransformation and production of
reactive metabolites in the bone marrow and also in other organs such as
liver. Hence, any approach that able to reduce or inhibit the BNZ
metabolism and/or attenuate the BNZ-metabolites produced damages,
could be categorized medicinally beneficial agent in the management of
BNZ toxicities. It has also been previously reported that QCN showed a
strong inhibitory effect on CYP 2E1 activity on human hepatic micro-
somes [11]. It seems QCN not only by inhibition of CYP2E1 activity and
consequently by reduction of BNZ-related metabolites resulted in
attenuation of MN percentage in bone marrow and in peripheral
erythrocytes, but also increased the RBC number. The possible mecha-
nism for QCN effect on RBC number may be related to its stimulatory
effect on erythropoietin secretion [31]. At the same time, one of the key
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factors in the pathogenesis of the BNZ-induced toxicity undoubtedly
related to its capacity to produce oxidative stress and consequently he-
matological disorders along with hepatic damages that were charac-
terized by reduction of WBC and RBC numbers and elevation of hepatic
enzymes and structural injuries. Quercetin as a nutritional flavonoid
does have capacity to act as a strong antioxidant and a great endogenous
glutathione restoring agent. Its antioxidant effect has been documented
in the prevention of Ap-induced oxidative stress and Alzheimer’s disease
[10].

Another BNZ-induced toxicity was found to be hepatotoxicity, which
was characterized by inflammatory cells infiltration and elevated he-
patic enzymes concentrations in serum. Quercetin on the other hand was
able to ameliorate both inflammatory biomarkers. Quercetin’s anti-
inflammatory effects have been demonstrated in the carbon
tetrachloride-induced inflammation and fibrosis by reduction of pro-
duced inflammatory cytokines including TNF-a, IL-1f, IL-6 [32]. A
recent ex vivo study showed that QCN inhibited
lipopolysaccharide-induced inflammation via suppression of TLR2 gene
expression and STAT3 protein phosphorylation, suggesting QCN ca-
pacity for treating inflammation-associated diseases [33]. At the same
time, protective effects of QCN on the Imidoclopride-induced hepato-
and nephrotoxicity in adult rats through its antioxidant activity has been
documented (Abdel moniem et al., 2019).

5. Conclusion
Taken all together our study showed the protective effects of QCN

against the BNZ-induced hematotoxicyt and also hepatotoxicity. Quer-
cetin’s protective effects were demonstrated in the amelioration of
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hematological disorders, reduction of micronucleoted erythrocytes,
lowered hepatic enzymes level in the serum, improved antioxidant sta-
tus and reduced histological damages in the liver.
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