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Morin protects against acrylamide-induced neurotoxicity in rats:
an investigation into different signal pathways
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Abstract
The presented study investigates the effects of morin against toxicity induced by acrylamide (ACR) in the brains of Sprague
Dawley rats. In this study, neurotoxicity was induced by orally administering 38.27 mg/kg/b.w ACR to rats through gastric
gavage for 10 days. Morin was administered at the same time and at different doses (50 and 100 mg/kg/b.w) with ACR.
Biochemical and Western blot analyses showed that ACR increased malondialdehyde (MDA), p38α mitogen-activated protein
kinase (p38α MAPK), nuclear factor kappa-B (NF-κB), tumor necrosis factor alpha (TNF-α), interleukin-1 beta (IL-1β),
interleukin-6 (IL-6), cyclooxygenase-2 (COX-2), p53, caspase-3, bcl-2 associated X protein (Bax), Beclin-1, light chain 3A
(LC3A), and light chain 3B (LC3B) levels and decreased those of superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPx), glutathione (GSH), b-cell lymphoma-2 (Bcl-2), mammalian target of rapamycin (mTOR), phosphoinositide 3-
kinase (PI3K), and protein kinase B (Akt) in brain tissue and therefore induced neurotoxicity by causing oxidative stress,
inflammation, apoptosis, and autophagy. On the other hand, it was determined that morin positively affected the levels of these
markers by displaying antioxidant, anti-inflammatory, anti-apoptotic, and anti-autophagic properties and had a protective effect
on ACR-induced neurotoxicity. As a result, morin is an effective substance against brain damage caused by ACR, yet further
studies are needed to use it effectively.
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Introduction

Industrial activities lead to the release of new chemicals into
the environment. With the increasing frequency of use of
these chemicals in daily life, the rate of chemical poisoning
in the gene ra l popu la t i on inc r ea se s ove r t ime

(Santhanasabapathy et al. 2015). Some chemicals found in
products of general use act as potent neurotoxins causing neu-
rological disorders Grandjean and Landrigan (2014). One of
these chemicals is acrylamide (ACR) (acrylic amide, IUPAC
name 2-propenamide), which occurs in the water treatment
process and in the production of many cosmetic products
(Erkekoglu and Baydar 2014; Lakshmi et al. 2012). ACR is
also used frequently in many laboratories for gel electropho-
resis (Erkekoglu and Baydar 2014). One of the issues that
cause worldwide concern about ACR is the occurrence of
the Maillard reaction while cooking carbohydrate-rich foods
such as French fries at temperatures above 120 °C (Kucukler
et al. 2020b; Uthra et al. 2017). In this reaction, amino acids
can formACR by interacting with reducing sugars. The active
vinyl group of the ACR interacts with the nitrogen of nucleic
acids and the –SH and –NH2 groups of proteins and thus leads
to neurotoxicity, genotoxicity, and reproductive toxicity
(Abdel-Daim et al. 2015). Moreover, most of the ACR is
metabolized by cytochrome P450 2E1 (CYP2E1) mediated
epoxidation to glycidamide, which is reported to be more
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toxic (Erkekoglu and Baydar 2014). Subsequently, it can be
metabolized by the glycidamide epoxide hydrolase or conju-
gated with GSH (Abdel-Daim et al. 2015; Erkekoglu and
Baydar 2014; Uthra et al. 2017). Previous studies have shown
that ACR triggers oxidative stress due to the formation of
reactive oxygen species (ROS) and plays a significant role in
ACR toxicity (Cao et al. 2008; Oliveira et al. 2009; Zhao et al.
2015). It has been reported that exogenous antioxidants have
the ability to inhibit the formation of glycidiamine and
glycidamide-DNA inserts and reduce ACR toxicity by effec-
tively alleviating oxidative stress (Abdel-Daim et al. 2015;
Zhao et al. 2015). Therefore, the use of phytochemicals
against ACR-induced toxicity has received great attention re-
cently (Zhao et al. 2015).

Flavonoids are phenolic compounds found naturally in
many fruits, vegetables, and herbal products (Bai et al. 2020;
Kandemir et al. 2020; Kucukler et al. 2020a). Previous studies
have indicated that flavonoids can be used as a protective
agent against various toxic substances due to their antioxidant,
anti-inflammatory, anti-autophagic, and anti-apoptotic proper-
ties (Aksu et al. 2018; Al-Numair et al. 2012; Celik et al.
2020a; Çağlayan et al. 2019; Yeung et al. 2019). Morin (2 ′,
3,4 ′, 5,7-pentahydroxyflavone) is an important flavonoid with
antioxidant properties derived from onions, almonds, apples,
and other Moraceae family members (Celik et al. 2020b;
Özdemir et al. 2020; Sang et al. 2017). These natural com-
pounds have also been reported to suppress microglial activa-
tion, exert anti-amyloidogenic effects, and improve memory
and learning ability (Uddin et al. 2020b; c). Morin provides
protection against damage caused by ROS due to its antioxi-
dant properties. Moreover, increasing evidence has been re-
ported that morin regulates CYP450 activity and protects
many tissues from oxidative damage (Al-Numair et al.
2012). Morin is also known to have anti-inflammatory, anti-
apoptotic, anti-autophagic, anti-bacterial, and chemo-
protective effects (Hussein et al. 2019). Although previous
studies examining the protective effects of morin on nerve
damage have obtained positive results, they have not fully
elucidated the underlying mechanism (Zhang et al. 2010). A
group working on the Parkinson’s model in mice suggested
that in 1-methyl-4-phenyl-1,2,3,6 tetrahydropyridine-induced
Parkinson’s disease, morin exerts a neuroprotective effect by
suppressing ROS production and NF-κB expression (Lee
et al. 2016). In another study, it has been reported that morin
attenuates the neurotoxicity induced by an environmental pol-
lutant by reducing the Bax/Bcl-2 ratio (Thangarajan et al.
2018). In addition to these properties, morin has been shown
to have no toxic effect even at high doses in experimental
animals (Hussein et al. 2019).

There are deficiencies in the literature regarding the mech-
anisms underlying neurotoxicity caused by ACR. In addition,
the protective properties of morin against this toxicity have not
been clarified. In the presented study, some inflammatory,

apoptotic, and autophagic pathways of ACR that play a role
in the development of peripheral neurotoxicity were investi-
gated. In addition, it was aimed to reveal the protective prop-
erties of morin against ACR neurotoxicity through these
pathways.

Materials and methods

Chemicals

Morin hydrate (CAS No: 654055-01-3, molecular weight:
302.24 g/mol), ACR (CAS Number 79-06-1, molecular
weight: 71.08 g/mol), and all other chemicals (thiobarbituric
acid (TBA), reduced nicotinamide adenine dinucleotide phos-
phate (NADP), ethylenediamine tetra acetic acid (EDTA), hy-
drogen peroxide (H2O2), sodium potassium tartrate, bovine
serum albumin, copper(II) chloride, sodium hydroxide, re-
duced glutathione, 5,5-dithio-bis-(2-nitrobenzoic acid),
perchloric acid, xanthine, folin-Ciocalteu reagent, ethanol
and hydrochloric acid) were purchased from Sigma
Chemical Company (St. Louis, MO).

Animals

Ethics committee approval required to conduct the study was
obtained from the Local Ethics Council of Animal
Experiments (Approval no: 2017-13 / 161). A total of 35 male
Sprague Dawley male rats which are 8–10 weeks old were
used in the experiment. The weight of the animals at the be-
ginning of the experiment was 250 ± 20 g. Experimental ap-
plications of rats obtained from Experimental Research and
Application Center, Ataturk University (Erzurum, Turkey),
were carried out in this center. The rats were adapted to the
environment for a period of 1 week before the administration.
The ambient conditions had 24 ± 1 °C and 45 ± 5% humidity.
In addition, it was ensured that the environment the rats were
in had a 12 h light/dark cycle. The rats were fed with standard
pellet feed and tap water provided ad libitum.

Experimental design

The rats were divided into 5 different groups, and there were 7
animals in each group. 1/3 (38.27 mg/kg /b.w) ACR of the
LD50 dose determined by Uthra et al. (2017) was adminis-
tered in order to cause moderate neurotoxicity in animals.
Morin was given according to the doses determined by
Celik et al. (2020b). Experimental groups are designed as
follows:

Control: Rats were given physiological saline orally by
gastric gavage for 10 days.
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Morin-100: Rats were given 100 mg/kg/b.w morin hy-
drate orally by gastric gavage for 10 days.
ACR: The rats were given 38.27 mg/kg/b.w ACR orally
by gastric gavage for 10 days.
ACR + Morin-50: Both 38.27 mg/kg/b.w ACR and 50
mg/kg/b.wmorin hydrate were administered orally to rats
by gastric gavage for 10 days.
ACR + Morin-10: Both 38.27 mg/kg/b.w ACR and 100
mg/kg/b.wmorin hydrate were administered orally to rats
by gastric gavage for 10 days.

The rats were decapitated under mild sevoflurane
(Sevorane, Abbott Laboratories, Istanbul-Turkey) anesthesia
24 h after the last drug administration (11th day). After decap-
itation, the cortex brain tissues of the animals were taken and
stored at −80 °C until biochemical analysis.

Determination of lipid peroxidation degrees in brain
tissue

Brain tissue was pulverized in liquid nitrogen by means of a
homogenizer (Tissue Lyser II, Qiagen, Netherlands), and the
pulverized tissues were used in all analyses. Then, with this
device, tissues were homogenized by diluting with 1.15%
potassium chloride at a ratio of 1:10 (w/v). The homogenates
obtained were centrifuged at 3500 rpm for 15 min.
Malondialdehyde (MDA) levels weremeasured in the homog-
enates obtained to determine the degree of lipid peroxidation.
MDA analyses were performed according to the method of
Placer et al. (1966). This method is based on measuring the
color formed as a result of the reaction of MDAwith TBA at a
wavelength of 532 nm. Results were determined as nmol/g
tissue.

Determination of enzymatic (SOD, CAT, and GPx) and
non-enzymatic (GSH) antioxidant levels in brain tissue

Enzymatic [superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GPx)] and non-enzymatic [glutathi-
one (GSH)] antioxidant levels were measured in homogenates
obtained from brain tissue. Homogenates were centrifuged at
3500 rpm for 15 min for SOD and CAT activities, while they
were centrifuged at 10,000 rpm for 20min for measurement of
GPx activity and GSH amount. In all analyses, centrifugation
of homogenates was carried out at +4 °C. The method of Sun
et al. (1988) was used for SOD activity. This method is based
on the nitroblue tetrazolium (NBT) degradation of the super-
oxide radical produced by the xanthinoxanthine oxidase sys-
tem and formazan. The activity level was determined as U/g
protein. The method by Aebi (1984) was used for CAT
activity, and the results were expressed as catal/g protein. In
this method, catalase activity was determined by spectropho-
tometric measurement of the amount of hydrogen peroxide

consumed per unit time. GPx activity and GSH amount were
determined according to the methods of Lawrence and Burk
(1976) and Sedlak and Lindsay (1968), respectively. The level
of GPx activity was given as U/g protein, while the amount of
GSH was expressed as nmol/g tissue.

Analysis of total protein levels in brain tissue

Total protein content of the brain tissue was made by using the
homogenates obtained with the method by Lowry et al.
(1951). Total protein levels of the samples were calculated
by comparing the absorbance values from different concentra-
tions of albumin.

Determination of the levels of inflammatory markers
in brain tissue

To measure the level of inflammation in the brain tissue, the
activities of p38α mitogen-activated protein kinase (p38α
MAPK) and cyclooxygenase-2 (COX-2) and the levels of
nuclear factor kappa B (NF-κB), tumor necrosis factor-alpha
(TNF-α), interleukin-1 beta (IL-1β), and interleukin-6 (IL-6)
were measured. In this way, homogenates were prepared from
the brain tissue diluted with phosphate buffer saline (PBS) at a
ratio of 1:20 (w/v) by means of a homogenizer. Supernatants
obtained by centrifuging homogenates at 3500 rpm for 15 min
and 4 °C were used for analysis. Analyses of all inflammatory
markers were performedwith commercial kits purchased from
YL Biont (Shanghai, China), according to the procedure spec-
ified by the manufacturer.

Determination of the levels of autophagic markers in
brain tissue

The levels of Beclin-1, light chain 3A (LC3A), and light chain
3B (LC3B) were measured in previously prepared superna-
tants to determine the degree of autophagy in brain tissue.
Commercial kits (YL Biont, Shanghai, China) were used for
measurements. After the analyses were performed according
to the procedure specified by the manufacturer, the absor-
bance values were obtained by reading the plate at 450 nm
wavelength bymeans of enzyme-linked immunosorbent assay
(ELISA) microplate reader (Bio-Tek, Winooski, VT, USA).
The amount of autophagic markers in the samples was deter-
mined by comparing the absorbance values obtained with the
absorbance values of the standards.

Western blot analysis of brain tissue

Brain tissues taken from rats were homogenized after di-
luting 1: 5 (w/v) with Mammalian Cell Extraction Kit
(ab65399, Abcam, UK). The homogenates were then cen-
trifuged at 14,000 rpm for 3 min. Tissue proteins were
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pr epa red by dena tu r ing us ing Laemml i bu f f e r
(Bromophenol blue, Tris-HCl pH 6.8, glycerol, 2-
mercaptoethanol, SDS). Afterwards, equal volumes of pro-
tein samples were taken, and the run was performed in 15%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and proteins were separated from each oth-
er. After electrophoresis, the proteins from the gel were
transferred to nitrocellulose membranes (0.2 μm pore size).
The membrane was blocked for 1 h after 2 washes in TBS-
0.05% Tween 20 (TBS-T). This was done in 5% skim milk
powder. At the end of this period, the membranes were left
to incubate in a shaker at 4 °C for 1 night with primary
antibodies β-actin (sc-47778), Bax (sc-20067), Bcl-2 (sc-
7382), procaspase-3 (sc-271759), and cytochrome c (sc-
13156). The next day, membranes treated with primers
were washed 5 times with TBS-T for 5 min. After washing,
it was incubated with anti-mouse secondary antibody (goat
anti mouse IgG, sc-2005) for 1 and a half hours at 37 °C.
Protein levels were analyzed with a photo analysis system
(GelDoc EZ and Image Lab. 5.2.1 software, Bio-Rad,
USA).

Determination of the levels of apoptotic markers in
brain tissue

The level of apoptosis in brain tissue was determined by the
analysis of p53, caspase-3, bcl-2 associated X protein (Bax),
and b-cell lymphoma-2 (Bcl-2) markers in supernatants. P53,
Bax, and Bcl-2 levels were YL Biont (Shanghai, China), and
caspase-3 levels were made according to the procedure deter-
mined by the companies with commercial kits obtained from
Sunred Biological Technology (Shanghai, China).

Determination of PI3K, mTOR, and Akt activities in
brain tissue

Measurement of mammalian target of rapamycin (mTOR)
levels and phosphoinositide 3-kinase (PI3K) and protein ki-
nase B (Akt) activities in brain tissue were determined with
kits purchased from YL Biont (Shanghai, China). PI3K,
mTOR, and Akt levels were calculated by comparing the ab-
sorbance values obtained from the ELISA reader with the
absorbents of the standards.

Statistical analysis

Statistical analysis of the data obtained by biochemical
methods was performed by one-way analysis of variance
(one-way ANOVA). Whether there is a difference between
the groups was determined by Tukey’s multiple comparison
test. Results were given as mean ± standard error (S.E.M).
Values from Western blot analysis were taken after at least
three replicates. GraphPad Prism 5 program was used for

statistical analysis. One-way ANOVA and Newman-Keuls
post hoc tests were performed on the data.

Results

Effects of morin against lipid peroxidation caused by
ACR in brain tissue

The effects of morin on MDA levels, the lipid peroxidation
marker, in the brain tissue induced by ACR are presented in
Table 1. Analysis results showed that ACR increased MDA
levels about 2 times compared to control group (p <0.001) and
thus caused significant oxidative damage in brain tissue. On
the other hand, it was determined that there was a decrease in
MDA levels (p <0.001) in the groups given ACR and morin
compared to the ACR application alone, and this decrease was
higher in the ACR +MH-100 group compared to the low dose
group (p <0.05).

Effects of morin on enzymatic and non-enzymatic
antioxidant levels in ACR-induced brain tissue

It was determined that the activities of antioxidant enzymes
(SOD, CAT, and GPx) were significantly suppressed in the
brain tissues of the rats treated with ACR compared to the
control group (p < 0.001). In addition, the decrease in GSH
levels is another indicator that ACR triggers oxidative stress in
brain tissue. Morin, on the other hand, was found to signifi-
cantly restore SOD, CAT, and GPx activities suppressed by
ACR (p < 0.001). In addition, it was found that morin admin-
istration increased GSH levels compared to the ACR group.
According to the results, it was determined that MH-100
group was more effective against oxidative stress induced by
ACR. Enzymatic and non-enzymatic antioxidant levels are
summarized in Table 1.

Effects of morin against ACR-induced
neuroinflammation

The levels of inflammation markers belonging to the brain
tissue are presented in Fig. 1. Accordingly, it was found that
ACR caused p38α MAPK and COX-2 activation, while
morin decreased these enzyme activities compared to the
ACR group (p <0.001). It was also determined that the levels
of NF-κB, TNF-α, IL-1β, and IL-6, which are important
markers of inflammation, increased with ACR administration.
The decrease in NF-κB, TNF-α, IL-1β, and IL-6 levels in
brain tissue with morin administration shows that morin alle-
viates the inflammation caused by ACR (p <0.001). However,
it was observed that morin did not alter TNF-α, IL-1β, and IL-
6 levels between doses.
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Effects of morin on ACR-induced autophagy in brain
tissue

In the present study, it was determined that ACR significantly
increased the autophagic markers beclin-1, LC3A, and LC3B

levels compared to the control group (p <0.001) (Fig. 2).
However, it was detected that morin decreased beclin-1,
LC3A, and LC3B levels compared to the group treated with
ACR alone (p <0.001) (Fig. 2) and provided protection against
ACR-induced autophagy.

Table 1 Effect of morin on oxidative stress markers in neurotoxicity caused by ACR

Parameters Control Morin-100 ACR ACR + MH-50 ACR + MH-100

MDA 18.13 ± 0.38 16.52 ± 0.48ns ### 35.69 ± 1.01*** 28.04 ± 0.7*** ### 24.76 ± 0.73*** ###

GSH 4.4 ± 0.09 4.56 ± 0.06ns ### 3.06 ± 0.04*** 3.57 ± 0.04*** ### 3.91 ± 0.09*** ###

SOD 17.35 ± 0.6 18.88 ± 1.37ns ### 7.56 ± 0.3*** 10.64 ± 0.34*** # 14.26 ± 0.45* ###

GPx 19.08 ± 0.53 19.68 ± 0.59ns ### 9.71 ± 0.32*** 13.82 ± 0.45*** ### 16.07 ± 0.59** ###

CAT 19.41 ± 0.49 20.73 ± 0.49ns ### 10.76 ± 0.51*** 14.41 ± 0.31*** ### 16.04 ± 0.45*** ###

Data were presented as mean ± SEM. *** p < 0.001 control vs others, ** p < 0.01 control vs others, * p < 0.05 control vs others; ### p < 0.001 ACR vs
others, ## p < 0.01 ACR vs others, # p < 0.05 ACR vs others; ns not significant (MDA malondialdehyde, GSH glutathione, SOD superoxide dismutase,
GPx glutathione peroxidase, CAT catalase)

Fig. 1 a Effects of ACR and morin administration on p38α MAPK
activity in brain tissue of rats. b Effects of ACR and morin
administration on NF-κB levels in brain tissue of rats. c Effects of ACR
andmorin administration on TNF-α levels in brain tissue of rats. dEffects
of ACR andmorin administration on IL-1β levels in brain tissue of rats. e
Effects of ACR and morin administration on IL-6 levels in brain tissue of

rats. f Effects of ACR and morin administration on COX-2 activity in
brain tissue of rats. Data were presented as mean ± SEM. ***p < 0.001
control vs others, **p < 0.01 control vs others, *p < 0.05 control vs others;
###p < 0.001 ACR vs others, ##p < 0.01 ACR vs others, #p < 0.05 ACR vs
others; ns not significant

49812 Environ Sci Pollut Res  (2021) 28:49808–49819



Effects of morin against ACR-induced apoptosis in
brain tissue

To further investigate the molecular mechanisms of the anti-
apoptotic effects of morin against ACR-induced apoptosis, we
focused on the expression of pro-apoptotic Bax, cytochrome
C, and anti-apoptotic Bcl-2 and procaspase-3 proteins in brain
tissues. At the same time, the ratios of Bax/Bcl-2 expression
levels in these tissues were analyzed because the calculation of
the Bax/Bcl-2 ratio is important for understanding the induc-
tion of apoptosis. According to the Bax/Bcl-2 expression ra-
tio, it was observed that protein levels increased significantly
in ACR-treated group and decreased in morin-treated groups
(Fig. 3B-III). At the end of the study, it was observed that the
cytochrome C protein level increased significantly in the
ACR-treated groups and the protein expression level de-
creased significantly in the ACR + Morin 50 and ACR +
Morin 100 groups (Fig. 3B-IV). Additionally, in ACR-
induced samples, the levels of pro-caspase-3 protein de-
creased (increase in active caspase-3), while there was either
no change or an increase in the level of procaspase-3 in the
ACR + Morin 50 and ACR + Morin 100 groups (Fig. 3B-V).

Apoptotic p53, caspase-3, Bax, and anti-apoptotic Bcl-2
levels in the brain tissue were investigated by biochemical
method, and the results, similar to the Western blot method,
showed that ACR triggers apoptosis by increasing p53, cas-
pase-3, and Bax levels and decreasing Bcl-2 levels (p <0.001)
(Fig. 4). Morin treatment, on the other hand, was found to
reduce these apoptotic markers and increase Bcl-2 levels, thus

alleviating ACR-induced apoptosis (Fig. 4). The results reveal
that morin may play an anti-apoptotic role in ACR-treated
rats.

Effects of morin on PI3K, mTOR, and Akt activities in
ACR-induced brain tissue

In our study, the PI3K/Akt/mTOR pathway, which has an
important role in the regulation of autophagy and apoptosis,
was examined in brain tissue, and the results are presented in
Fig. 5. The data demonstrate that ACR downregulates the
mTOR/PI3K/Akt pathway in brain tissue. Nevertheless, it
was determined that the administration of morin significantly
increased the mTOR, PI3K (p <0.001), and Akt (p <0.05)
levels compared to the ACR group, yet there was no differ-
ence between the doses.

Discussion

ACR, which has been used in various fields since the 1980s, is
also formed by cooking carbohydrate-rich foods at high tem-
peratures. Therefore, humans are chronically exposed to this
toxic substance at low concentrations, and toxicity occurs in
many organs, including the brain (Prasad 2012, Tian et al.
2015). Based on this, researchers have recently been working
hard to elucidate the toxicity mechanisms of ACR and to find
new therapeutic options against the damage. In the present
study, the effects of morin against neurotoxicity caused by

Fig. 2 a Effects of ACR and morin administration on Beclin-1 levels in
brain tissue of rats. b Effects of ACR and morin administration on LC3A
levels in brain tissue of rats. c Effects of ACR and morin administration
on LC3B levels in brain tissue of rats. Data were presented as mean ±

SEM. ***p < 0.001 control vs others, **p < 0.01 control vs others, *p <
0.05 control vs others; ###p < 0.001 ACR vs others, ##p < 0.01 ACR vs
others, #p < 0.05 ACR vs others; ns not significant
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ACR were investigated through oxidative stress, inflamma-
tion, apoptosis, and autophagy pathways. The results revealed
that morin is an important protective agent against ACR-
induced neurotoxicity.

Reactive oxygen species (ROS), which are by-products of
oxidative metabolism such as superoxide, peroxides, and hy-
droxyl radical, form the pathogenesis of various diseases by
attacking DNA, proteins, and lipids in cells (Abdel-Daim et al.

2015; 2020b; Elhelaly et al. 2019). Enzymatic (SOD, CAT,
and GPx) and non-enzymatic (GSH) antioxidant defense sys-
tem maintains oxidant-antioxidant balance by clearing ROS
produced in the body under normal conditions (AlKahtane
et al. 2020; Temel et al. 2020). However, since various chem-
ical agents, including ACR, increase ROS production exces-
sively, this balance is disrupted and oxidative stress occurs
(Abdel-Daim et al. 2015). The high metabolic rate, low

Fig. 3 Effect of morin on
apoptotic markers in
neurotoxicity caused by ACR.
Protein levels (a) Bax (bcl-2
associated X protein) (23 kDa), b-
cell lymphoma-2 (Bcl-2) (26
kDa), cytochrome c (15 kDa), and
procaspase-3 (34 kDa) were
measured by Western blotting. β-
Actin was used as reference. b
Data were presented as mean ±
SEM. ***p < 0.001 control vs
others, **p < 0.01 control vs
others, *p < 0.05 control vs others;
###p < 0.001 ACR vs others, ##p <
0.01 ACR vs others, #p < 0.05
ACR vs others; ns not significant

Fig. 4 a Effects of ACR and
morin administration on p53
levels in brain tissue of rats. b
Effects of ACR and morin
administration on caspase-3
activity in brain tissue of rats. c
Effects of ACR and morin
administration on Bax levels in
brain tissue of rats. d Effects of
ACR andmorin administration on
Bcl-2 levels in brain tissue of rats.
Data were presented as mean ±
SEM. ***p < 0.001 control vs
others, **p < 0.01 control vs
others, *p < 0.05 control vs others;
###p < 0.001 ACR vs others, ##p <
0.01 ACR vs others, #p < 0.05
ACR vs others; ns not significant
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cellular regeneration capacity, and high levels of polyunsatu-
rated fatty acids in the brain tissue cause this tissue to be much
more sensitive to ROS than other tissues (Celik et al. 2020c;
Dai et al. 2018; Syed et al. 2018). Indeed, there is increasing
evidence that oxidative stress can cause neurodegeneration
(Syed et al. 2018). Previous studies have reported that ACR
also triggers oxidative stress by increasing reactive oxygen
species and thus leads to neurotoxicity (Abdel-Daim et al.
2020a; Elhelaly et al. 2019; Goudarzi et al. 2019; Zhao et al.
2017). However, researchers have shown that morin may have
a neuroprotective effect by alleviating oxidative stress
(Thangarajan et al. 2018). In the current study, it was seen that
ACR caused oxidative stress by causing a decrease in antiox-
idant enzyme activities and an increase in lipid peroxidation.
Possible reasons for this are thought to be due to the fact that
ACR depletes GSH stores while converting to the non-toxic
form [N-Acetyl-S- (2-carbamoylmethyl) cysteine] and in-
hibits antioxidant enzymes by binding to -SH groups.
Furthermore, it was determined that morin decreases lipid
peroxidation by increasing enzymatic and non-enzymatic an-
tioxidant levels, thus alleviating oxidative stress triggered by
ACR. It is thought that the antioxidant effect of morin is due to
the property of scavenging ROS by the hydroxyl groups in its
structure.

Inflammation in the central nervous system (CNS) plays a
fundamental role in the pathogenesis of a variety of neurode-
generative diseases (Kabir et al. 2021; Uddin et al. 2020a; Yan
et al. 2019; Yardım et al. 2020b). NF-κB and MAPK signal-
ing pathways have significant roles in the regulation of

inflammation and in neurodegenerative diseases (Dong et al.
2019; Jin et al. 2020). NF-κB is a nuclear transcription factor
that contributes significantly to the inflammation process by
increasing the transcription of pro-inflammatory cytokines
such as TNF-α, IL-1β, and IL-6 and COX-2, which is known
to play a role in the inflammatory response (Dong et al. 2019;
Ileriturk et al. 2020; Tao et al. 2018). A previous study report-
ed that activation of NF-κB causes neuroinflammation
(Yakovleva et al. 2011). Oxidative stress is among the leading
causes of inflammation in the CNS. Oxidative stress contrib-
utes to this process by activating NF-κB (Çelik et al. 2020;
Yan et al. 2019). The MAPK family, consisting of the ERK,
JNK, and P38 signaling pathways, is also one of the important
factors mediating inflammation. It is known that MAPK acti-
vates NF-κB by disrupting the IκB-NF-κB complex (Dong
et al. 2019; Yang et al. 2016; Youn et al. 2018). Another study
reported that ACR activates NF-κB and that neuroinflamma-
tion occurs due to the increase in pro-inflammatory cytokine
levels accordingly (Pan et al. 2018). Similarly, our findings
revealed that ACR increased TNF-α, IL-1β, and IL-6 levels
and COX-2 activity, in addition to the increase in p38α
MAPK and NF-κB levels, thereby causing neuroinflamma-
tion. Because of the importance of MAPK and NF-κB signal-
ing pathways in inflammation, the use of therapeutics
targeting these pathways against inflammatory agents will
provide significant advantages in treatment. Previous studies
reported that morin attenuates inflammation by suppressing
NF-κB activation in various tissues (Jiang et al. 2019; Lee
et al. 2016). In our study, it was found that morin can

Fig. 5 a Effects of ACR and morin administration on mTOR levels in
brain tissue of rats. b Effects of ACR and morin administration on PI3K
activity in brain tissue of rats. c Effects of ACR and morin administration
on Akt activity in brain tissue of rats. Data were presented as mean ±

SEM. ***p < 0.001 control vs others, **p < 0.01 control vs others, *p <
0.05 control vs others; ###p < 0.001 ACR vs others, ##p < 0.01 ACR vs
others, #p < 0.05 ACR vs others; ns not significant
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significantly protect against neuroinflammation induced by
ACR by decreasing the levels of p38α MAPK and NF-κB.

Mitochondrial membrane permeability is particularly con-
trolled by the Bcl-2 proto-oncogene family, including anti-
apoptotic Bcl-2 and pro-apoptotic Bax proteins (Thangarajan
et al. 2018; Yardim et al. 2020). The penetration of Bax into
the mitochondria with its activation causes impairment of
membrane permeability. This leads to cytochrome c release
and activation of caspases, which greatly contribute to the
initiation of the apoptotic process (Thangarajan et al. 2018).
Normally, apoptosis provides the environmental adaptation of
neurons in the nervous system. However, in adverse situations
that may occur, apoptosis balance is disturbed. This imbalance
plays a crucial role in many neurodegenerative diseases.
Apoptosis is also known to be an important factor in ACR-
induced neuropathy (Sun et al. 2018). The Bcl-2 protein in-
creases the membrane potential by inactivating Bax and sup-
presses the apoptotic process (Aksu et al. 2016; Thangarajan
et al. 2018). Nonetheless, it contributes to the apoptotic path-
way by decreasing Bcl-2 expression of the p53 protein (Yang
et al. 2016). An important factor causing the initiation of the
apoptotic process is caspase-3 activation (Kandemir et al.
2017; Tabeshpour et al. 2019). Caspase-3 is known to be
activated by increasing cytochrome c, Bax, and p38α
MAPK and decreased Bcl-2 expressions (Darendelioglu
et al. 2016; Sun et al. 2018; Tabeshpour et al. 2020).
Previous studies have shown that ACR causes an increase in
the ratio of Bax/Bcl-2, triggers cytochrome c release, and ac-
tivates the apoptotic pathway by activating caspase-9,
resulting in neurotoxicity (Chen et al. 2013; Lakshmi et al.
2012). Similarly, in our study, it was detected that ACR in-
creases Bax/Bcl-2 ratio and p53 expression, causes cyto-
chrome c release, and activates caspase-3 accordingly. In ad-
dition, the fact that caspase-3 activation occurred in correla-
tion with the increase of p38AP MAPK explains the relation-
ship between these two factors. Morin, on the other hand, was
determined to inhibit the Bax/Bcl-2/caspase-3 pathway by at-
tenuating cytochrome c release, thus displaying anti-apoptotic
properties.

Although the high occurrence of autophagy causes cellular
dysfunction and cell death, this biological process normally
has an essential role in clearing and recycling components of
aged or damaged cells (Aksu et al. 2020; Yang et al. 2018;
Yuntao et al. 2016). Autophagy begins with the formation of
double-membrane vesicles called autophagosomes.
Autophagosomes form autophagolysosomes by combining
with lysosomes, leading to their contents to be decomposed
into basic molecules and recycled for reuse (Yuntao et al.
2016). Previous studies have shown that autophagy plays an
important role in various neurodegenerative diseases
(Anglade et al. 1997; Boland et al. 2008). Beclin-1 is respon-
sible for initiating autophagy. Beclin-1 contains a Bcl-2 ho-
mology domain 3 (BH3) domain in its structure. Autophagic

activity Beclin-1 is hampered by Bcl-2 family proteins. LC3 is
an important precursor for monitoring autophagosome forma-
tion (Buyuklu et al. 2015). During the realization of autopha-
gy, the cytoplasmic LC3A is transformed into the
autophagosomal membrane-bound LC3B form (McCoy
et al. 2010). Previous studies reported that various toxic sub-
stances increase Beclin-1 and LC3 expressions and cause neu-
rotoxicity by triggering autophagy (Xu et al. 2018; Yang et al.
2018; Yardım et al. 2020a; Yuntao et al. 2016). On the other
hand, mTOR is a negative regulator of autophagic activity in
eukaryotic cells (Cao et al. 2016). It was also reported that
PI3K-activated Akt positively regulates mTOR (Mohamed
et al. 2018) and suppresses the expression and functions of
Atg proteins that induce autophagy accordingly. Thus, the
PI3K/Akt/mTOR signaling pathway has been reported to play
a suppressive role on autophagy (Vucicevic et al. 2011).
Manthari et al. (2018) reported that arsenic down-regulated
PI3K, Akt, and mTOR expressions in mouse cerebral cortex
and hippocampus, thereby increasing autophagy and causing
neurotoxicity. In the present study, it was seen that ACR in-
creased Beclin-1, LC3A, and LC3B levels by down-
regulating the PI3K/Akt/mTOR signaling pathway, thereby
activating autophagy in brain tissue. The fact that ACR in-
creases Beclin-1 levels by decreasing Bcl-2 levels strengthens
the evidence for the relationship between these two. It was
also determined that morin activates the PI3K/Akt/mTOR sig-
nal pathway against ACR by showing anti-autophagic prop-
erties and suppresses the Beclin-1/LC3A/LC3B signal
pathway.

Conclusion

Taken together, the present study revealed that ACR, which is
a highly toxic substance that affects all people globally, causes
neurotoxicity by initiating oxidative stress, inflammatory re-
sponse, autophagy, and apoptotic process in brain tissue. On
the other hand, morin, a natural antioxidant, alleviated ACR-
induced inflammation, autophagy, and apoptosis by acting on
the indicated signaling pathways, thus protecting against the
development of neurotoxicity. In conclusion, morin is an ef-
fective substance that can be used against neuronal damage
caused by ACR. Still, this needs to be supported by further
studies.
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