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Abstract
Acrylamide (AA) is a heat-induced toxin formed during thermal processing of many commonly consumed foods,
including meat products, French fries, potato crisps, bread, cereals, cookies, and coffee. There is thus potentially high
dietary exposure of humans to AA, which can induce significant oxidative stress. Hesperidin (HS) and diosmin (DS) are
flavone glycosides that have antioxidant properties. The aim of this study was to investigate the protective effects of HS
and DS against AA toxicity. Fifty-six adult male Wistar albino rats were divided into seven groups. The first group was
orally administered 0.5% (w/v) dimethyl sulfoxide (DMSO) and considered as the control group. The second and third
groups were orally administered 10 mg/kg/day of HS or DS, respectively. The fourth group received 20 mg/kg/day of
AA orally for 14 days. The fifth and sixth groups were given 10 mg/kg/day of HS or DS, respectively, followed by AA.
The seventh group was given both HS and DS after AA administration. AA intoxication significantly (p ≤ 0.05)
increased serum levels of liver function enzymes (ALT, AST, and ALP), kidney function products (urea and creatinine),
oxidative DNA damage marker (OHdG), proinflammatory markers (TNF-α, IL-1β, and IL-6), lipid peroxidation marker
(malondialdehyde), and nitric oxide (NO). On the other hand, it significantly (p ≤ 0.05) decreased levels of reduced
glutathione (GSH) in the liver, kidney, and brain. The activities of glutathione peroxidase (GSH-Px), superoxide dis-
mutase (SOD), and catalase (CAT) in the liver, kidney, and brain tissues were also reduced. HS and DS supplementation
prevented lipid peroxidation, normalized the serum parameters altered by AA, and enhanced the tissue concentrations
and activities of antioxidant biomarkers. It could be concluded that HS and DS have potent protective effects against
oxidative stress, lipid peroxidation, and DNA damage induced by AA toxicity in rats.
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Introduction

Acrylamide, or acrylic amide (AA), is a water-soluble, odor-
less, white, and crystalline chemical compound. The amyloid
monomers of AA have the chemical formula C3H5NO (Kim
et al. 2017). AA is formed during the heat treatment of various
foods, such as French fries, bread, cereals, and meat products
at temperatures of 120 °C or higher (Ghasemian et al. 2014;
Mottram et al. 2002; Stadler et al. 2002). AA forms ammonia
by non-thermal decomposition and produces oxides of nitro-
gen, carbon dioxide, and carbon monoxide during thermal
decomposition (Charoenpanich 2013). Moreover, it is used
industrially to synthesize the polyacrylamide that is utilized
in wastewater treatment, tertiary oil recovery, gel electropho-
resis, paper making, and sometimes the production of dyes
and other monomers (Friedman 2003). Food and Agriculture
Organization (FAO)/World Health Organization (WHO) com-
mittee employed “margin of exposure (MOE)” as an approach
to estimate AA risk assessment (Authority 2005; FAO 2002).
Based on the this risk assessment, the MOE of AA showed a
severe human health concern compared to other chemicals
(Authority 2005).

The toxic effects of AA have been studied since the 1950s.
In vivo, AA is biotransformed into its epoxide, glycidamide
(C3H5NO2), which is a potential genotoxin with mutagenic
properties both in vitro and in vivo (Calleman et al. 1990).
Meanwhile, long-term exposure to AA may also cause some
damage to the neurons in humans, and cumulative neurotox-
icity, including cerebellar Purkinje cell death, ataxia, skeletal
muscle weakness, cognitive impairment, and degeneration of
distal axons and nerve terminals, has been suggested to be a
potential result of occupational exposure to AA monomers
(LoPachin et al. 2002). AA is absorbed through the skin and
spread throughout the circulatory system, which thus contains
the highest levels of AA after exposure. The levels of AA then
begin to rise in some organs, especially in the kidneys, liver,
and testes (Hamdy et al. 2017). It was previously observed
that some flavanone glycoside derivatives have protective ef-
fects against AA-induced toxicity (Hamdy et al. 2017; Uthra
et al. 2017).

Hesperidin (HS) is a flavanone glycoside that can be iso-
lated in large amounts from citrus fruits, such as Satsuma
mandarin (Citrus unshiu Marcov.), sweet orange (Citrus
sinensis L.), bitter orange (Citrus aurantium L.), and lemon
(Li et al. 2018) that are readily available in everyday life.
Several biomedical applications of HS have been reported,
such as its ability to chelate metal ions (Kuntić et al. 2014)
and its potential anti-allergenic (Kim et al. 2011), anti-
inflammatory (Wei et al. 2012), radio-protective (Petrova
et al. 2011), anti-cancer (Yumnam et al. 2016), and antioxidant
properties (Selvaraj and Pugalendi 2010), as well as it being
able to suppress cyclooxygenase-2 (COX-2) gene expression
(Shaban et al. 2017). Furthermore, HS reduces levels of

nitrogen oxide (NO•), the superoxide anion radical (O2
•−),

the superoxide radical (LOO•), the hydroxyl radical (OH•),
and singlet oxygen (1O2) (Maneesai et al. 2018). Moreover,
it helps in the treatment of kidney damage and liver tissue
damage caused by inflammation (Fouad et al. 2019; Turk
et al. 2019).

Diosmin (DS) is a flavone glycoside derivative of
diosmetin, which is mainly present in plants in the citrus fam-
ily and herbs like Teucrium gnaphalodes L’Her. DS is made
semi-synthetically through the dehydrogenation of HS
(Szymański et al. 2016). DS has been demonstrated to have
many pharmacological benefits in the treatment of such vas-
cular diseases as varicose veins, venous ulcers, chronic ve-
nous insufficiency, peripheral edema, and stasis dermatitis
(Jantet 2002). Moreover, it was reported that DS has an anti-
hyperglycemic effect because it enhances the secretion of β-
endorphin and increases the glucose uptake of tissues (Hsu
et al. 2017). In addition, DS plays a significant role in delaying
the formation of cataracts in diabetic rats (Wojnar et al. 2017).
In combination with HS, DS has also been used as a nutrition-
al supplement in the USA and some European countries.
Moreover, it has anti-inflammatory (Tahir et al. 2013) and
anti-hyperglycemic effects (Ahmed et al. 2016).

Therefore, in this study, we investigated the protective ef-
fects of HS and DS against AA-induced toxicity in rats. To do
this, lipid peroxidation, DNA oxidation, and levels of antiox-
idant biomarkers, serum proinflammatory cytokines, and he-
patic and renal injury markers in the liver, kidney, and brain
tissues were evaluated.

Material and methods

Chemicals

Pure (99%) acrylamide, hesperidin, and diosmin were obtained
fromSigmaChemical Company (St Louis,MO,USA).All assay
kits were bought from Biodiagnostics Co. (Cairo, Egypt).
Enzyme-linked immunosorbent assay (ELISA) kits for analyzing
cytokines were purchased from R&D (Mannheim, Germany),
while those for 8-hydroxy-2'-deoxyguanosine (8-OhdG) were
purchased from Cayman Chemical Co. (MI, USA).

Experimental animals

We obtained a total of 56 adult male Wistar albino rats
weighing 150 ± 10 g from the Egyptian Organization for
Biological Products and Vaccines. For 7 days, the animals
were acclimatized to the experimental laboratory conditions
(Department of Pharmacology, Faculty of Veterinary
Medicine, Suez Canal University, Egypt) while being kept at
a temperature of 25 ± 2 °C and under a 12-h light/dark cycle in
a well-ventilated roomwith moderate humidity (60 ± 5%). All
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the animal rearing and handling procedures in this study were
approved by the Research Ethical Committee at the Faculty of
Veterinary Medicine, Suez Canal University, Egypt. All pos-
sible measures were taken to alleviate any suffering and stress
experienced by the animals.

Experimental design

Rats were randomly assigned to one of seven different
groups, with each group representing a different treatment
and containing eight animals. The first group was given
0.5% (w/v) dimethyl sulfoxide (DMSO) orally for 21 days
and was considered the control group. Rats in the second
and third groups were given 10 mg/kg/day of HS or DS,
respectively, dissolved in 0.5% DMSO for 21 days, with
this mixture administered orally by stomach gavage.
Animals in the fourth group were orally administered 20
mg/kg of AA daily for 14 days, according to the recom-
mendations of Abramsson-Zetterberg (Abramsson-
Zetterberg 2003) and Zhang et al. (Zhang et al. 2013).
In the fifth and sixth groups, rats were orally administered
HS or DS, respectively, at the same doses as those used in
the second and third groups, and then administered AA at
the same dose as that used in the fourth group. Rats in the
seventh group were administered both HS and DS after
intoxication with AA at the same dose as that used in the
fourth group.

Blood collection and serum and tissue preparation

Blood samples were collected via direct cardiac puncture.
Samples were centrifuged at 3000 rpm for 15 min after coag-
ulation under the normal laboratory conditions described ear-
lier. Furthermore, rats were sacrificed by decapitation, and
then brain, kidney, and liver samples were rapidly excised
and dissected into two parts each, the first of which was fixed
in 10% formalin for histopathological analysis and the second
of which was used for biochemical analyses. Tissue samples
(0.5 g each) were then washed with a standard cold saline
solution (0.9% NaCl in distilled water), homogenized in
2.5× their volume of ice-cold 50mM sodium phosphate buffer
(pH = 7.4) and 0.1 mM EDTA (ethylenediaminetetraacetic
acid) to eliminate red blood cells (RBCs) and clots. The
resulting homogenates were centrifuged at 5000 rpm for 30
min, and then the supernatant was collected and stored at − 80
°C to later evaluate the content and activities of lipid peroxi-
dation and antioxidant biomarkers in each tissue type (Fig. 1).

Serum biochemical analysis

The collected serum samples were used for the measure-
ment of their content of renal injury markers. Creatinine
levels were estimated using the method reported by

Larsen (Larsen 1972), and urea levels were estimated
using the method defined by Coulombe (Coulombe
1963). Moreover, the content of alkaline phosphatase
(ALP) was evaluated according to the method of Tietz
et al. (Tietz et al. 1983). To measure the serum levels of
alanine transferase (ALT) and aspartate transferase (ALT),
we used the methods illustrated by Reitman and Frankel
(Reitman and Frankel 1957).

Evaluation of tissue lipid peroxidation
and antioxidant enzymes’ activities

To assess lipid peroxidation, the methods illustrated by
Mihara and Uchiyama (Mihara and Uchiyama 1978) were
followed to measure the brain, hepatic, and renal tissues’ con-
tent of malondialdehyde (MDA). The concentration of nitric
oxide (NO) in these tissues was evaluated according to the
method of Green et al. (Green et al. 1982). Levels of an anti-
oxidant marker, reduced glutathione (GSH), were measured
according to the methods of Beutler et al. (Beutler et al. 1963).
The activities of antioxidant enzymes, including glutathione
peroxidase (GSH-Px), catalase (CAT), and superoxide dis-
mutase (SOD), were analyzed according to the methods of
Aebi (Aebi 1984), Nishikimi et al. (Nishikimi et al. 1972),
and Paglia and Valentine (Paglia and Valentine 1967),
respectively.

Estimation of oxidative DNA damage markers
and proinflammatory cytokines

ELISA kits were used to measure the serum levels of
interleukin-1β (IL-1β) and interleukin-6 (IL-6) (Glory
Science Co. Ltd., Del Rio, TX, USA), as well as tumor necro-
sis factor-alpha (TNF-α) (BioSource International Inc.,
Camarillo, CA, USA). These analyses were performed while
following the manufacturer’s instructions. The absorbance of
eachmarker was read using an automatic ELISA reader at 420
nm.

Statistical analyses

All values are reported herein as the mean and the stan-
dard error of the mean (SEM) value of each measured
parameter in each treatment. Data were analyzed using
one-way analysis of variance (ANOVA), accompanied
by Tukey’s post hoc test, to test for significant differences
among treatments. A p value ≤ 0.05 was considered sta-
tistically significant. All analyses were performed using
SPSS (Statistical Package for Social Sciences) software
(version 22).
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Results

Effects of HS and DS on tissue serum biochemical
parameters in AA-intoxicated rats

The deleterious effects of AA intoxication and the preventive
effects of HS and/or DS on the different serum biochemical
parameters measured in this study are presented in Table 1.
Our findings demonstrated that there were significantly (p ≤
0.05) elevated serum levels of liver function enzymes (ALT
281.23%; AST 240.86%; ALP 223.62%) and kidney function
enzymes (urea, 299.66%; creatinine, 981.58%) in the AA-
intoxicated rats compared to those in control rats. Similarly,
serum levels of the products of DNA oxidation and proinflam-
matory cytokines were significantly (p ≤ 0.05) increased, as
there were higher levels of 8-OHdG (244.91%), TNF-α
(197.66%), IL-1β (248.90%), and IL-6 (234.47%) in AA-
intoxicated rats than in control rats (Fig. 2).

Administration of HS or DS to the AA-intoxicated rats
ameliorated most of the negative effects of AA on their

serum levels of ALT, AST, ALP, urea, and creatinine, as
these were significantly (p ≤ 0.05) reduced in these treat-
ments (by about 32.78, 39.2, 30.86, 39.6, and 29.76% for
HS, and 36.39, 46.2, 37.57, 43.47, and 37.91% for DS,
respectively) compared to those in the AA-intoxicated
group. Compared with the control group, rats treated with
HS and DS showed slight reductions in the serum levels
of these parameters, although this reduction was not sta-
tistically significant (p > 0.05). While there was no sig-
nificant differences between these two groups (AA-HS
and AA-DS), the levels of these parameters were still
higher in them than those in the control group. In the
group of rats that were treated with both DS and HS,
the serum levels of these parameters were significantly
(p ≤ 0.05) reduced compared with those in the AA-DS
and AA-HS groups. Compared to the control group, there
was a slight, but non-significant, increase in the values of
these parameters in the AA-HS-DS group.

In terms of 8-OHdG and TNF-α levels, those in AA-
intoxicated rats were significantly (p ≤ 0.05) higher than

Fig. 1 Structure, sources, and
toxicity of acrylamide.
Abbreviations: MDA,
malondialdehyde concentration;
GSH, reduced glutathione
concentration; SOD, superoxide
dismutase activity; CAT, catalase
activity; 8-OHdG, 8-hydroxy-2'-
deoxyguanosine; TNF-α, tumor
necrosis factor-alpha
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those in the control group. Administration of HS or DS to
the AA-intoxicated rats significantly (p ≤ 0.05) decreased
the levels of 8-OHdG (HS 19.41%; DS 29.75%) and
TNF-α (HS 17.14%, DS 20.44%) in them compared with
those in the AA group. In the AA-HS-DS group, HS and
DS completely relieved the deleterious effects of AA on
the serum levels of 8-OHdG and TNF-α.

Concerning the levels of IL-1β and IL-6, these
were significantly (p ≤ 0.05) increased in the AA-

intoxicated group compared to those in the control
group. HS and DS administration led to significant
reductions (by 31.25 and 36.49%, respectively) in
IL-1β levels. Moreover, the HS and DS treatments
also led to significant reductions (by 36.57 and
42.75%, respectively) in IL-6 levels when they were
administered to the AA-intoxicated rats. The serum
levels of IL-1β and IL-6 were returned to normal
values in the rats in the AA-HS-DS group.

Fig. 2 Protective effects of hesperidin (HS) and diosmin (DS) against
acrylamide-induced changes in serum levels of various biomarkers: a 8-
OHdG, 8-hydroxy-2'-deoxyguanosine; b TNF-a, tumor necrosis factor-

alpha; c IL-1β, interleukin-1β; and d IL-6, interleukin 6. Data are pre-
sented as mean ± SEM values. Columns labelled with different letters are
significantly different (p ≤ 0.05).

Table 1 Effect of hesperidin and diosmin on biochemical parameters of AA-intoxicated rats

Parameters CRT HS DS AA AA-HS AA-DS AA-HS-DS

AST (U/mL) 48.02 ± 1.84a 46.98 ± 1.70a 46.29 ± 1.72a 115.66 ± 3.75b 70.33 ± 2.32c 62.23 ± 2.32c 52.65 ± 1.11a

ALT (U/mL) 30.59 ± 1.20a 28.92 ± 0.96a 27.81 ± 1.00a 86.03 ± 2.93b 57.83 ± 2.88c 54.73 ± 2.88c 34.59 ± 1.64a

ALP (U/L) 73.91 ± 2.81a 69.73 ± 2.83a 67.23 ± 2.90a 165.28 ± 5.06b 114.29 ± 3.72c 103.19 ± 3.72c 79.72 ± 3.25a

Urea (mg/dL) 26.70 ± 1.14a 24.92 ± 1.03a 24.86 ± 0.99a 80.01 ± 3.33b 48.33 ± 1.81c 45.23 ± 1.81c 28.90 ± 1.48a

Creatinine (mg %) 0.38 ± 0.02a 0.36 ± 0.02a 0.33 ± 0.01a 3.73 ± 0.18b 2.62 ± 0.11c 2.31 ± 0.11c 0.62 ± 0.04a

Data are means ± SE. Means within the same row carrying different superscripts are significantly different at p < 0.05. Abbreviations: AST aspartate
aminotransferase, ALT alanine aminotransferase, ALP alkaline phosphatase, CRT control, HS hesperidin, DS diosmin, AA acrylamide
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Role of HS and DS in ameliorating the oxidative stress
and production of antioxidant biomarkers induced
by AA intoxication

Liver

The deleterious effects of AA and the preventive effects of HS
and/or DS on hepatic lipid peroxidation (LPO) and the values
of antioxidant parameters are shown in Fig. 3. AA intoxication
caused a significant (p ≤ 0.05) increase in the hepatic MDA
(196.60%) and NO (175.52%) content. On the other hand, it
caused a significant (p ≤ 0.05) decrease in the concentration of
GSH (62.5%) and in the activities of GSH-Px (76.06%), SOD
(69.78%), and CAT (81.07%) compared to those in the control
group.

In the AA-HS and AA-DS groups, hepatic MDA and NO
levels were significantly (p ≤ 0.05) decreased (AA-HS by
30.19 and 17.53%, respectively; AA-DS by 35.70 and
27.03%, respectively) compared to those in the AA-
intoxicated group, but they were still higher than those in the
control group, with there being no significant difference be-
tween these two groups (AA-HS and AA-DS). However, in
the AA-HS-DS group, there was a complete recovery of the
concentrations of MDA and NO that made them almost the
same as those in the control group, with there not being any
significant difference between this group and the control. In
contrast, HS and/or DS administration to the AA-intoxicated
group increased the concentration of GSH (by 173.37 and
183.55%, respectively) and the activities of GSH-Px (268.43
and 282.36%, respectively), SOD (220.32 and 239.34%, re-
spectively), and CAT (246.15 and 294.87%, respectively) in
their liver tissues compared to those in the AA-intoxicated
group. Administration of both HS and DS helped protect the
hepatic tissues against the toxic effects of AA and restored the
levels of oxidative stress and antioxidant biomarkers in the
liver to their normal state.

Kidney

The renal concentrations and activities of MDA, NO, and
GSH, and the renal LPO parameters of the control and treated
groups, are shown in Fig. 4. The renal MDA and NO concen-
trations were significantly (p ≤ 0.05) increased (by 206.32 and
168.52%, respectively) in the AA-intoxicated rats compared
to those in the control. On the other hand, significant (p ≤
0.05) reductions in the renal content of GSH (49.68%) and
activities of GSH-Px (56.66%), SOD (70.33%), and CAT
(71.62%) were observed in the AA-intoxicated rats compared
with those in the control group.

In the AA-HS, AA-DS, and AA-HS-DS groups, the renal
MDA and NO levels were significantly (p ≤ 0.05) decreased
in comparison with those in the AA-intoxicated rats (AA-HS:
23.24 and 16.14%, respectively; AA-DS: 29.19 and 22.46%,

respectively; AA-HS-DS: 50.18 and 37.45%, respectively).
Regarding the renal concentration of GSH and the activities
of GSH-Px, SOD, and CAT, there were significant (p ≤ 0.05)
increases in the values of these parameters with HS and DS
supplementation (AA-HS: by 133.21, 139.34, 200.29, and
239.68%, respectively; AA-DS: by 141.59, 156.34, 217.95,
and 268.25%, respectively) compared to those in the control
group. In the AA-HS-DS group, all parameters reached the
same levels as those measured in the control group, except for
the concentration of GSH and activities of SOD and CAT,
which showed only partial recoveries toward control values
compared to those in the AA-intoxicated group.

Brain

The harmful effects of AA and the protective effects of HS
and/or DS on brain tissue LPO and antioxidant parameters are
shown in Fig. 5. Significant (p ≤ 0.05) increases in the con-
centrations of MDA (222.42%) and NO (193.15%) in the
brain were observed. On the other hand, the concentration of
GSH and the activities of GSH-Px, SOD, and CAT were sig-
nificantly (p ≤ 0.05) reduced in the brain tissues of the AA-
intoxicated group compared to those in the control group (by
61.04, 70.57, 72.03, and 69.66%, respectively).

Administration of HS or DS to AA-intoxicated rats signif-
icantly (p ≤ 0.05) reduced the concentrations ofMDA and NO
in their brain tissues (AA-HS: by 25.70 and 27.17%, respec-
tively; AA-DS: by 37.00 and 34.00%, respectively). However,
these treatments significantly (p ≤ 0.05) increased the concen-
tration of GSH and the activities of GSH-Px, SOD, and CAT
in the brain tissues in the AA-HS group (by 169.70, 199.83,
167.27, and 176.23%, respectively) and AA-DS group (by
178.38, 236.68, 194.48, and 201.98%, respectively) in com-
parison to those in the AA-intoxicated group. The treatment of
the AA-intoxicated group with a combination of HS and DS
maintained the concentrations and activities of the measured
parameters in the brain tissues of the AA-HS-DS group within
their normal (control) values.

Discussion

This was the first study to have assessed the protective role of
HS and/or DS against AA-induced injuries to hepatic, renal,
and brain tissues. Our results highlighted the fact that the
administration of AA (at a dose of 20 mg/kg of body weight)
significantly induced the inflammatory response and oxidative
injury and reduced the activities of antioxidant enzymes, in the
liver, kidney, and brain. On the other hand, we demonstrated
that HS and DS significantly ameliorated the inflammatory
response and oxidative injury induced by AA exposure.
Notably, the combination of HS and DS was more effective
in reducing AA-induced injuries than either HS or DS was
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alone, which suggests that there is a more beneficial effect
when used in combination.

Reactive oxygen species (ROS) is a broad umbrella term,
under which many different chemical species containing oxy-
gen are included, such as superoxide, peroxides, alpha-oxygen,
and the hydroxyl radical (Hayyan et al. 2016). It is well-known

that ROS have critical roles in homeostasis and cell signaling.
ROS are produced in mammals as antimicrobial agents and as
normal products of cellular metabolism (Bhattacharyya et al.
2014). Nevertheless, ROS production can be increased dramat-
ically under various types of abnormal conditions (e.g., toxic-
ities, heat exposure, and ultraviolet radiation), which can cause

Fig. 3 Protective effects of hesperidin (HS) and diosmin (DS) against
acrylamide-induced hepatotoxicity, assessed based on a MDA,
malondialdehyde concentration; b NO, nitric oxide concentration; c
GSH, reduced glutathione concentration; d GSH-Px, glutathione

peroxidase activity; e SOD, superoxide dismutase activity; and f CAT,
catalase activity. Data are presented as mean ± SEM values. Columns
labelled with different letters are significantly different (p ≤ 0.05).
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significant damage to cellular structures, and thus induce so-
called ROS toxicity or oxidative stress (Babizhayev 2016).
This toxicity may cause the oxidation of amino acids, damage
to DNA or RNA, oxidative deactivation of specific enzymes,
and the oxidation of polyunsaturated fatty acids into lipids
(Nita and Grzybowski 2016). Furthermore, ROS inhibit the

oxidative defense systems in organelles, which leads to many
diseases, such as diabetes, atherosclerosis, and cancer (Lobo
et al. 2010). The current body of evidence shows that accumu-
lation of AA induces oxidative damage in different organs of
the body, including the brain, liver, and kidneys (Yousef and
El-Demerdash 2006).

Fig. 4 Protective effects of hesperidin (HS) and diosmin (DS) against
acrylamide-induced nephrotoxicity, assessed based on a MDA,
malondialdehyde concentration; b NO, nitric oxide concentration; c
GSH, reduced glutathione concentration; d GSH-Px, glutathione

peroxidase activity; e SOD, superoxide dismutase activity; and f CAT,
catalase activity. Data are presented as mean ± SEM values. Columns
labelled with different letters are significantly different (p ≤ 0.05).
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Our results showed that administration of AA (at a dose of 20
mg/kg of body weight) induced the inflammatory response and
DNA oxidation through the elevation of levels of 8-OHdG,
TNF-α, IL-1β, and IL-6 in organ tissues. Moreover, AA caused
dramatic reductions in the concentration of GSH and the activi-
ties of GSH-Px, SOD, andCAT, but caused significant elevations

in the concentrations of MDA and NO. In line with our findings,
a recent study byHamdy et al. (Hamdy et al. 2017) demonstrated
significant increases in the serum levels of biomarkers of liver
and kidney injury (such as AST, ALT, and creatinine), oxidative
DNA damagemarkers, and proinflammatory cytokines after AA
exposure in female rats. Our results were also in agreement with

Fig. 5 Protective effects of hesperidin (HS) and diosmin (DS) against
acrylamide-induced neurotoxicity, assessed based on a MDA,
malondialdehyde concentration; b NO, nitric oxide concentration; c
GSH, reduced glutathione concentration; d GSH-Px, glutathione

peroxidase activity; e SOD, superoxide dismutase activity; and f CAT,
catalase activity. Data are presented as mean ± SEM values. Columns
labelled with different letters are significantly different (p ≤ 0.05).
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the findings of several other studies (Abd El-Halim and
Mohamed 2012; Abdel-Daim et al. 2015; Alturfan et al. 2012;
Venkatasubbaiah et al. 2014; Zhang et al. 2013), which showed
that AA has deleterious effects on brain, liver, and kidney tissues
because it increases the incidence of lipid peroxidation and alters
antioxidant enzyme systems. Such a dramatic increase in the
occurrence of lipid peroxidation, especially in the brain, liver,
and kidneys, potentially has a role in changing the oxidative
stress state of an organism, as was indicated by the observed
reduction of the concentration of GSH and the activities of
SOD, GSH-Px, and CAT in the present study. Moreover, the
elevation of NO and MDA concentrations is also considered a
marker of this kind of oxidative stress state alteration (Abd El-
Halim and Mohamed 2012; Abdel-Daim et al. 2015; Alturfan
et al. 2012; Zhang et al. 2013). Glutathione S-transferase (GST)
can stimulate the conjugation of the reduced form of GSH and
SOD for the detoxification and breakdown of xenobiotic mole-
cules (Ramsay and Dilda 2014). These effects of GST and SOD
have significant roles in defending against ROS and protecting
the organs of the body (Birben et al. 2012). AA is known to have
several delirious effects. It reduces the activity and concentration
of GST and GSH, respectively. Furthermore, AA contributes to
the accumulation of free radicals, NO, and superoxide, which
react together to form peroxynitrite, a chemical that can damage
cell membranes. Moreover, when the production of ROS ex-
ceeds the ability of the antioxidant defense system of the cell to
control, oxidative stress may cause various pathological condi-
tions (Abdel-Daim et al. 2015).

As mentioned before, HS and DS are polyphenol com-
pounds that could prevent AA toxicity via several mecha-
nisms. The antioxidant properties of polyphenols are medi-
ated by their involvement in direct radical scavenging and
augmenting cellular antioxidant defenses (Parhiz et al.
2015). Furthermore, like many other polyphenol com-
pounds, HS can promote or upregulate the expression of
the genes nuclear factor-erythroid 2 p45 (Nrf2) and ERK
1/2, which leads to the upregulation of HO-1 expression,
which decreases intracellular concentrations of pro-
oxidants and increases those of bilirubin, an endogenous
antioxidant (Elavarasan et al. 2012). Nrf2 increases the
levels of antioxidant enzymes in the cell, such as GST,
CAT, and SOD. Thus, through its effects on ERK/Nrf2 sig-
naling, HS increases the capacity of the cellular antioxidant
defense system by inducing HO-1 expression (Chen et al.
2010). Regarding anti-inflammatory properties, it was ob-
served herein that HS decreased the NO2 content and sup-
pressed the expression of the iNOS protein in tissues, which
resulted in the inhibition of NO production and the suppres-
sion of the activities of COX-1 and COX-2 (Sakata et al.
2003). Flavonoids have the ability to block the NF-κB and
MAPK signaling pathways, which are responsible for the
regulation of inflammation-induced enzymes and cyto-
kines, such as TNF-α, IL-1β, and IL-6 (Kang et al. 2011).

In the present study, the supplementation of AA-
intoxicated rats with HS or DS maintained the serum con-
centrations of inflammatory biomarkers and DNA oxida-
tion markers within normal levels in their brain, liver, and
kidney tissues. However, these levels were still higher
than those in the control. Besides, HS and DS enhanced
the activities of enzyme systems and the concentration of
antioxidant molecules. It was reported that HS reduced
the oxidative stress by inhibition of the expression of nic-
otinamide adenine dinucleotide phosphate oxidase.
Additionally, HS preserved the bioavailability of NO in
the body tissues (Kouhpayeh et al. 2008). Our findings
match those of Mahmoud et al. (Mahmoud et al. 2012)
and Sahu et al. (Sahu et al. 2013), who reported that HS
had a significant effect on the reversion of many biochem-
ical parameters, such as GSH, MDA, SOD, ROS, NO,
TNF-a, and IL-6 levels, to their normal states in
cisplatin-induced nephrotoxic rats and high-fat-fed,
streptozotocin-induced type-2 diabetic rats. This effect
can be explained by the ability of HS to suppress the
production of proinflammatory cytokines and potentiate
the antioxidant defense system (Mahmoud et al. 2012).
Additionally, DS can scavenge free radicals and upregu-
late the expression of such cellular antioxidant enzymes
as CAT, SOD, and GSH-Px. These findings supported
those of our previous study, in which we demonstrated
the protective role of DS against methotrexate-induced
cytotoxicity in rats (Abdel-Daim et al. 2017). Moreover,
they are also in agreement with the findings of Vasco
et al. (Vasco et al. 2018), who demonstrated that there
was a protective effect of HS/DS in an animal model of
sepsis-induced acute kidney injury.

Notably, we found that the combination of HS and DS was
more effective in reducing the severity of AA-induced injuries
than either HS or DS was alone. Further studies are recom-
mended using different doses of each of them and their com-
binations in order to deeply understand the type of HS-DS
interaction.

Conclusions

Acrylamide-induced toxicity caused damage and injury to liv-
er, kidney, and brain tissues through the increase of DNA
oxidative damage and the reduction of the antioxidant enzyme
activities. Our findings demonstrated that HS and DS signifi-
cantly reduced the serum and tissues’ biochemical alterations
induced by AA.
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