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Abstract
Bisphenol A (BPA) exposure can be associated with neurodevelopmental disorders due to impairment of cell proliferation and 
synaptic development. Our study evaluated the effects of melatonin (MEL) on ambulatory activity, lipid peroxidation, cytokines, 
ERK/NF-kB signaling pathway in the hippocampus and frontal lobe, and histopathological changes in the hippocampus of the 
BPA-treated rats. The animals were divided into 4 groups: control, BPA, BPA + MEL I, and BPA + MEL II. MEL I (20 mg/kg 
b.w.) and MEL II (40 mg/kg b.w.) were orally administered for 28 days. On the 29th day, BPA (1 mg/kg b.w.) was intraperi-
toneally administered, and, after 24 h, an open field test (OFT) and an elevated plus maze (EPM) were conducted. The results 
showed that the MEL II group made significantly more entries in the open arms of EPM, traveled significantly greater distance, 
and spent more time in the central part of OFT. Malondialdehyde levels were diminished by MEL II in the hippocampus and 
by MEL I in the frontal lobe. In the hippocampus, the MAPK level was significantly lowered by both doses of MEL (p < 0.05) 
while in the frontal lobe, only MEL II reduced the MAPK activation. MEL I and II significantly decreased the γH2AX and 
upregulated the NFkB and pNFkB expressions in the hippocampus while MEL II downregulated the MCP1 expression. Both 
doses of MEL attenuated the BPA-evoked histopathological alterations in the hippocampus. These data indicate that MEL can 
mediate the neuroprotection against BPA-induced neurotoxicity and improves behavioral changes suggesting a real potential 
as a protective agent in brain toxicity.
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Introduction

Bisphenol A, (2, 2-bis-(4-hydroxyphenyl) propane), known 
as an endocrine disruptor compound (EDC), is frequently 
used in the manufacturing of plastics and epoxy resin, such 
as food and beverage containers, dental sealants, water sup-
ply pipes, toys, cigarette filters, electronics, sport equipment, 

or medical devices (Chouhan et al. 2014; Rebolledo-Solleiro 
et al. 2021; Santoro et al. 2019; Shafei et al. 2018).

Solid evidence indicates that exposure to BPA may be 
associated with infertility, cardiovascular diseases, cancer, 
alterations in metabolism (obesity and hyperinsulinemia), 
and impaired thyroid and brain function (Bittner et al. 2014; 
Rochester 2013).

Several authors sustain that BPA exposure can be associ-
ated with neurodevelopmental disorders (autism spectrum 
disorder, attention deficit hyperactivity disorder) or with neu-
rodegenerative disorders (Parkinson’s disease, amyotrophic 
lateral sclerosis) (Homberg et al. 2016; Ishido and Masuo 
2014; Morrice et al. 2006). Although the mechanisms of 
BPA on brain development are not fully understood, numer-
ous studies sustain that it may impair neural stem cell prolif-
eration and differentiation, synapse formation, and synaptic 
plasticity, especially in the hippocampus and prefrontal cor-
tex (Ali et al. 2017; Carr et al. 2003; Hass et al. 2016).
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Exposure to BPA has been linked to numerous health 
effects on the body, while the mechanism of BPA on the 
developing brain is still poorly understood.

Based on both in vivo and in vitro studies, BPA exposure 
has also been found to affect spatial learning and memory, 
emotionality, and behavior (social and sexual) (Hass et al. 
2016; Nakamura et al. 2006).

The wide variety of cellular and molecular mechanisms 
that may explain the neurological effects of exposure to 
BPA could be endocrine-related and epigenetic-related or 
affect the mitochondria, calcium metabolism, free radicals’ 
generation, and inflammatory response. BPA can act as an 
agonist or antagonist on estrogen and androgen receptors, 
induce the alteration of the hypothalamic–pituitary–adrenal 
(HPA) axis and glucocorticoid receptor (GR), and modify 
the thyroid receptor expression leading to hypothyroxinemia, 
or trigger the disruption of the organization and function of 
the oxytocin (OT)/vasopressin (AVP) system. BPA also initi-
ates epigenetic-related mechanisms, including the reduction 
in hippocampal acetylation of some histones (H3K9/H4K8) 
and hypermethylation of Fkbp5, Grin2b, Bdnf, Era, and 
Kcc2 genes in the hippocampus or cerebral cortex. BPA also 
affects the mitochondrial pathways (hippocampal mitochon-
drial fragmentation and altered mitochondrial dynamics), 
increases calcium, and causes oxidative stress (decreased cell 
viability; increased expression of beta secretase (BACE)-1, 
amyloid protein precursor (APP), amyloid beta (Aβ) 1–42, 
and phosphorylated tau proteins (P-Tau). Additionally, 
BPA exposure increases the expression of proinflamma-
tory cytokines such as IL-6, IL-1 b, and TNF-a, reduces the 
expression of anti-inflammatory IL-10, and induces the acti-
vation of extracellular signal-regulated kinase (ERK), c-Jun 
N-terminal kinase (JNK), and some other mitogen-activated 
protein kinase (MAPK) and nuclear factor (NF-kB) pathways 
(Inadera 2015; Rebolledo-Solleiro et al. 2021).

Several in vivo and in vitro models reported that natu-
ral compounds (vitamins A, C, and E, quercetin, lycopene, 
gallic acid, ginseng, Tualang honey) may alleviate BPA-
induced toxicity (Amjad et al. 2020). Melatonin (MEL), 
secreted by the pineal gland in the brain, is known for its 
diverse functions, such as circadian rhythm, energy metabo-
lism, and immune system regulator, and has been reported to 
exert neuroprotection due to its antioxidant and antiapoptotic 
effects (Lee et al. 2019; Rehman et al. 2019).

Considering that oxidative stress appears to be an impor-
tant contributor to the neurotoxicity induced by BPA and 
that antioxidants, with remarkable neuroprotective effects, 
could play a valuable protective role, our study aimed to 
evaluate the effects of MEL preadministration on ambula-
tory activity, lipid peroxidation, inflammatory cytokines, 
ERK/NF-kB signaling pathway in the hippocampus and 
frontal lobe, and histopathological changes in the hippocam-
pus of the BPA-treated rats.

Materials and Methods

Animals and Experimental Design

Experimental procedures were approved by the Animal Eth-
ics Board of “Iuliu Hatieganu” University on animal wel-
fare according to Directive 2010/63/EU on the protection of 
animals used for scientific purposes. Two-month-old male 
Wistar rats (n = 24) were used under standard laboratory 
conditions, housed in a 12 h light—12 h dark cycle at room 
temperature (24 ± 2 °C). The rats had free access to a stand-
ard normocaloric pellet diet and received water ad libitum. 
To evaluate the effect of MEL on ambulatory activity, mark-
ers of lipid peroxidation, inflammation, ERK/NF-kB sign-
aling pathway, and histopathological changes in the brain 
of rats treated with bisphenol A (BPA), the animals were 
divided into 4 groups of 6 rats each (Fig. 1). One group con-
sisted of untreated rats and served as control. The animals 
in groups 3 and 4 were pretreated with MEL, for 28 days, 
before BPA administration. MEL was administered orally in 
two doses: 20 mg/kg b.w. (MEL I group) and 40 mg/kg b.w 
(MEL II group). On the 29th day of the experiment, the ani-
mals in groups 2, 3, and 4 were given BPA (1 mg/kg b.w.).

On the 30ty day of the experiment, the behavioral tests 
were conducted, and then, under anesthesia with an intraperi-
toneal injection of ketamine/xylazine cocktail (90 mg/kg b.w. 
ketamine and 10 mg/kg b.w. xylazine), all animals were euth-
anized. The hippocampus, the frontal lobe, and the cerebel-
lum were harvested for the oxidative stress assays and ELISA 
test. Additionally, hippocampus fragments were taken for 
western blotting technique and conventional histopathology.

Behavioral Testing

Two widely used tests to evaluate general locomotion and 
emotionality—like behavior in rodents—are the open field 
test (OFT) and the elevated plus maze (EPM). A visual track-
ing system (Smart Basic Software version 3.0 Panlab Harvard 
Apparatus), using specific mazes for rats (Ugo Basil Animal 
Mazes for Video-Tracking), recorded the animals’ behavior 
continuously for 5 min. In OFT, the total and peripheral trave-
led distance and number of entries are common measures for 
general locomotor activity. High center traveled distance and 
number of entries and high center time ratio (center/total time) 
are reported parameters of a low level of anxiety. Total and 
closed arm traveled distance and also the number of entries 
are variables of motor activity in EPM. High open-arm trave-
led distance and number of entries and high open-arms time 
ratio (open arms/total time) indicate low anxiety-like behav-
ior. Between tasks, the mazes were cleaned with 70% ethanol 
to remove the residual odor (Gamberini et al. 2015; Sevastre 
Berghian et al. 2017; Walf and Frye 2007).
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Biochemical Investigations of Oxidative Stress

For the oxidative stress evaluation, the malondialdehyde 
(MDA) was measured as a marker of lipid peroxidation 
from the hippocampus, frontal lobe, and cerebellum. The 
MDA levels were determined by spectrofluorimetry, using 
the 2-thiobarbituric acid method. The values were expressed 
as nmoles/mg of protein (Conti et al. 1991).

Quantitative Estimation of MAPK Level

The total p44/42 MAPK (ERK 1/2) protein level was evalu-
ated by Path Scan Sandwich ELISA tests according to the 
manufacturer’s protocol (Cell Signaling Technology Inc.). 
Results were expressed in terms of OD units/mg protein of 
different treatment samples.

Evaluation of MCP1, γH2AX, NFkB, and  
pNFkB Proteins Expressions in Hippocampus

MCP1, γH2AX, NFkB, and pNFkB proteins quantification 
were performed by western blot technique. Lysates (20 µg 
protein/lane) were separated by electrophoresis on 8% SDS 
PAGE gels under reducing conditions, then transferred to 
polyvinylidenedifluoride membranes (BioRad), using Bio-
rad Miniprotean system (BioRad). Blots were then blocked 
and incubated with antibodies against MCP1, γH2AX NFkB 
and phospho-NFkB, diluted 1:500 and corresponding sec-
ondary HRP-linked antibodies (1:1500). Proteins were visu-
alized and detected using Supersignal West Femto Chemi-
luminescent substrate (Thermo Fisher Scientific, Rockford 
IL, USA) and a Gel Doc Imaging system equipped with a 

XRS camera and quantity one analysis software (Biorad). 
GAPDH was used as a protein loading control.

Histological Investigation of the Hippocampus

Hippocampus slices were harvested for histological investiga-
tion. Brain samples were fixed in 10% neutral buffered for-
malin, then embedded in paraffin in order to produce 5-mm 
thick sections which were stained with hematoxylin–eosin 
(HE) for light microscopy (Optika B-383LD2 microscope).

Statistical Analysis

All statistical analyses were conducted using ANOVA Graph-
Pad Prism software, version 6.0 (GraphPad, San Diego, 
CA, USA), and SPSS v.11.5 for Windows. The results were 
expressed as the mean ± standard deviation (SD). One-way 
analysis of variance (ANOVA) was used, either followed 
by Tukey’s post hoc test, to determine statistically signifi-
cant among four groups or followed by Bonferonni’s post 
hoc test, to determine statistically significant among two 
groups. A p-value lower than 0.05 was considered statisti-
cally significant.

Results

Behavioral Studies

The effect of melatonin preadministration on rat’s “locomo-
tion, tested in OFT,” was illustrated in Fig. 2. Our results 

Fig. 1  Experimental design. 
Four groups of animals were 
orally treated with 20 mg/kg 
b.w. or 40 mg/kg b.w. MEL for 
28 days. BPA (1 mg/kg b.w.) 
was administered on the 29th 
day. At the end of the experi-
ment, behavioral tests were 
conducted (day 30). The hip-
pocampus, the frontal lobe, and 
the cerebellum for the oxidative 
stress assays and ELISA test 
were harvested. Hippocam-
pus fragments were taken for 
western blotting technique and 
conventional histopathology
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showed that BPA exerted an inhibitory effect on general 
locomotion. Even though MEL tended to maintain the gen-
eral locomotion, there were no statistically significant dif-
ferences between the groups.

The effect of MEL on rats’ locomotion, tested in EPM, 
was illustrated in Fig. 3. According to Walf and Frye (2007), 
EPM may be used to assess general locomotor activity lev-
els (total and closed arms entries). In the EPM, MEL pre-
treatment tended to maintain general locomotion close to 
the control group, but without any statistical significance 
(p > 0.05). BPA-treated rats significantly made fewer entries 
in the EPM test as compared to the control group (p < 0.001 
and p < 0.01).

Regarding the emotionality (Fig. 4), our results showed 
that 28 days of MEL administration significantly reversed 
the inhibitory effect of BPA on central locomotion (the trave-
led distance in the center (A), the time spent in the center of 
the arena (C) in OFT (p < 0.001; p < 0.05), and the number 
of made entries in open arms (E) in EPM (BPA + MEL II 
vs BPA, p < 0.05). BPA significantly diminished the central 
locomotion both in OFT (A, C) and EPM (D, E, F) as com-
pared to the control group (p < 0.001, p < 0.05 in OFT and 
EPM p < 0.01; p < 0.001 and p < 0.05).

Oxidative Stress Assessment in Brain

MDA levels in the brain of rats treated with MEL before 
BPA administration were illustrated in Fig. 5. MDA dis-
played lower levels in the hippocampus (BPA + MEL II 
vs BPA, p < 0.05) and frontal lobe (BPA + MEL I vs BPA, 
p < 0.05) of the MEL-treated groups.

The effects of MEL preadministration on the MAPK levels 
in the brain in different areas of the brain were exemplified in 
Fig. 6A–C. In the hippocampus and frontal lobe, BPA stimu-
lated the MAPK activation (A, B) as compared to the control 
group (p < 0.01 and p < 0.05). Both MEL I and II doses dimin-
ished the MAPK levels in the hippocampus, as compared to 
BPA groups (p < 0.01) (A). In the frontal lobe, the MAPK lev-
els were downregulated by MEL II treatment (p < 0.05) (B).

The effects of MEL preadministration on the expression 
of MCP1, γH2AX, NFkB, and pNFkB proteins in the hip-
pocampus were exemplified in Fig. 7. MCP1 expression, 
measured by western blot, decreased in the BPA group and 
BPA + MEL II groups (p < 0.001) compared to control and 
increased significantly in BPA + MEL I group compared 
to BPA (p < 0.001, B). Both doses of MEL significantly 
decreased the γH2AX expression (BPA + MEL I vs BPA, 

Fig. 2  The effects of MEL pre-
administration on total (A) and 
peripheral (B) traveled distance 
and total (C) and peripheral (D) 
number of entries in OFT in 
BPA-treated rats BPA adminis-
tration significantly decreased 
the locomotor activity (the 
total distance (A), the distance 
in periphery (B), the total 
entries (C), and the entries in 
periphery (D)) compared to 
control group. Twenty-eight 
days of MEL treatment, before 
BPA administration, slightly 
improved the locomotor activ-
ity (total entries and entries in 
the periphery), but without a 
statistical significance (p > 0.05) 
compared to the BPA group 
(C, D). Each group consisted 
of 6 rats. Control vs BPA, #; 
BPA vs BPA + Mel 1,*; BPA vs 
BPA + Mel 2,*; BPA + Mel 1 
vs BPA + Mel 2, α; results were 
expressed as mean ± SD; #,* α, 
p < 0.05; ##, **, α α, p < 0.01; 
###, ***, ααα p < 0.001
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p < 0.01; BPA + MEL II vs BPA, p < 0.05; C). The NFkB 
(p < 0.001) and pNFkB (p < 0.001) protein expression was 
significantly upregulated by both MEL I and MEL II treat-
ment as compared to BPA (D, E). BPA administration sig-
nificantly increased the expression of pNFkB (p < 0.001) 
as compared to control, in the hippocampus (E). MEL II 
increased the NFkB expression in comparison to MEL I (D).

Histopathological analysis of the hippocampus showed 
that BPA-treated groups presented cellular edema, necro-
sis, and polymorphic cellular inflammatory infiltrate that 
enlarge the intercellular spaces. MEL I and MEL II admin-
istration diminished the cellular edema and necrosis and 
reduced the inflammatory cell formation, but without any 
statistical significance between the groups (Fig. 8). The his-
tological subtle changes can be difficult to define between 
the groups; therefore, more sensitive visualization methods 
of the neuronal death induced by the administration of BPA 
may be necessary in this context.

Discussions

BPA, a synthetic compound with estrogenic endocrine 
activity, is widely used in the manufacture of polycarbon-
ate plastics and epoxy resins. There is scientific evidence 

that humans are continuously exposed to this chemical. 
Some in vivo and in vitro studies suggest that BPA accu-
mulates in various tissues (brain, heart, liver, pancreas, 
testis), thus causing diseases, both in humans and animals  
(Amjad et  al. 2020; Kobroob et  al. 2018; Mączka  et 
al. 2022). Some studies have stated the link between oxida-
tive stress and the negative effect of BPA (Babu et al. 2013; 
Hassan et al. 2012; Kobroob et al. 2018). Other papers indi-
cated that BPA can alter neurogenesis, therefore representing 
a risk factor for neurological disorders and cognitive impair-
ments in humans (Ishtiaq et al. 2021; Negri-Cesi 2015).

BPA may induce neurotoxicity by several mechanisms: 
it reduces synaptic plasticity, inhibits neurogenesis, gener-
ates oxidative stress, and induces autophagy and apoptosis. 
There are experimental research data sustaining that BPA 
may suppress neuroepithelial progenitor cells proliferation 
and thus, affecting the normal dentate gyrus (DG) formation, 
or may induce apoptotic cell death in the DG, hilus, and 
molecular layer of the hippocampus, by enhanced expres-
sion of the autophagy proteins (Agarwal et al. 2015; Kim 
et al. 2009; Li et al. 2018; Santoro et al. 2019). Therefore, 
in this particular study, we have chosen a chemical model to 
induce experimental neurotoxicity in animals, such as BPA. 
Moreover, in 2021, the European Food Safety Authority’s 
(EFSA’s) expert panel on food contact materials, enzymes, 

Fig. 3  The effects of MEL 
preadministration on the total 
(A) and peripheral (B) traveled 
distance and the total (C) 
and peripheral (D) number of 
entries in EPM. In the EPM, 
BPA-treated rats significantly 
made fewer entries (C, D) in 
the EPM test as compared to 
the control group (p < 0.001 
and p < 0.01). MEL pretreat-
ment tended to maintain general 
locomotion, but without any 
statistical significance (p > 0.05) 
(C, D). Each group consisted 
of 6 rats. Control vs BPA, #; 
BPA vs BPA + Mel 1,*; BPA vs 
BPA + Mel 2,*; BPA + Mel 1 
vs BPA + Mel 2, α; results were 
expressed as mean ± SD; #,* α, 
p < 0.05; ##, **, α α, p < 0.01; 
###, ***, ααα, p < 0.001
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and processing aids (CEP) will have established a tolerable 
daily intake (TDI) of 0.04 ng/kg b.w./day for BPA (https:// 
www. efsa. europa. eu/ en/ news/ bisph enol- efsa- draft- opini on- 
propo ses- lower ing- toler able- daily- intake).

In addition, to limit the BPA intake, current protection 
strategies could include the use of compounds with known 
neuroprotective effects such as natural compounds, includ-
ing MEL. Our results demonstrated that MEL, especially in 

Fig. 4  The effects of MEL pretreatment on emotionality in OFT (A, B, 
C) and in EPM (D, E, F). In OFT, BPA exerted an inhibitory effect 
on the treated animals as compared to the control group (A, C). MEL-
treated rats traveled a significantly greater distance (A) and spent 
more time (C), in the central part of the OFT arena as compared to 
the BPA group (BPA + MEL II vs BPA). In the EPM, the BPA group 
significantly traveled less (D), made fewer entries (E), and spent less 

time (F) in the open arms of the maze, as compared to the control. The 
BPA + MEL II group made significantly more entries in the open arms 
as compared to the BPA group (E). Each group consisted of 6 rats. 
Control vs BPA, #; BPA vs BPA + Mel 1,*; BPA vs BPA + Mel 2,*; 
BPA + Mel 1 vs BPA + Mel 2, α; results were expressed as mean ± SD; 
#,* α, p < 0.05; ##, **, α α, p < 0.01; ###, ***, ααα, p < 0.001

Fig. 5  The effects of MEL preadministration on malondialdehyde 
(MDA) levels (A, B, C) in the hippocampus, frontal lobe, and cerebel-
lum of BPA-treated rats both doses of MEL diminished the MDA in the 
hippocampus (BPA + MEL II vs BPA, p < 0.05), (A) and frontal lobe 
(BPA + MEL I vs BPA, p < 0.05) (B). Each group consisted of 6 rats. 

Control vs BPA, #; BPA vs BPA + Mel 1,*; BPA vs BPA + Mel 2,*; 
BPA + Mel 1 vs BPA + Mel 2, α; results were expressed as mean ± SD; 
#,* α, p < 0.05; ##, **, α α, p < 0.01; ###, ***, ααα, p < 0.001
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high dose, improved the emotionality of animals, reduced 
oxidative stress, and MAPK levels, decreased DNA dam-
age, and upregulated the NFkB and the pNFkB expressions 
in the hippocampus.

In the present research, we provide evidence that BPA 
administration (1 mg/kg b.w.) induced redox imbalance. 
Thus, we noticed increased amounts of MDA in the hip-
pocampus and frontal lobe. These observations are consist-
ent with the literature. Several studies reported that BPA 
enhanced nitric oxide levels and protein carbonyl content, 
decreased glutathione (GSH), as well as decreased antioxi-
dant enzymatic activity (glutathione S-transferase (GST), 
glutathione peroxidase (GPx), superoxide dismutase enzyme 
(SOD), catalase (CAT)) in the kidneys, pancreas or blood, in  
animal models (Kobroob et al. 2018; Mączka et al. 2022). Oxi-
dative stress, a result of an imbalance between reactive oxy-
gen species (ROS) generation and antioxidant systems, may  
have a strong, negative impact on central nervous system 
functions. As known, the brain tissue is highly vulnerable 
to oxidative stress, due to its high oxygen consumption and 
lipid-rich content. Therefore, oxidative damage may be an 
essential factor in the onset of disorders associated with glial 
cell injuries and neuronal damage (Aranarochana et al. 2021;  
Galano et al. 2018; Salim 2017).

So, based on the above-mentioned data, the comparative 
effects of two doses of MEL (20 mg/kg b.w. and 40 mg/kg 
b.w.) on the BPA effect were considered. MEL doses were 
chosen based on previously published data (Chabra et al. 
2014; Tavakoli et al. 2022). As MEL is reported to be a 
potent neuroprotective molecule, due to its antioxidant, anti‐
excitotoxic, anti‐inflammatory, and anti‐misfolding effects, 
we have chosen to test its ability to counteract the BPA’s 
effect (Alghamdi 2018; Lee et al. 2019).

In our study, MEL II diminished lipid peroxidation in the 
hippocampus, whereas MEL I exerted protective effects in the 
frontal lobe of the BPA-treated rats, data which are comparable  
with other reports. Mączka et al. (2022) reported the efficiency 
of antioxidants, such as curcumin, lycopene, luteolin, and 
melatonin on various organs (liver, lungs, brain, and prostate)  
by modulation of the ROS, mitochondrial dysfunction, and 
cell signaling pathways. The positive impact of MEL as an  
antioxidant has been deeply documented in the literature. Some 
authors consider that MEL can exert its antioxidant activ-
ity directly, by scavenging free radicals (⋅OH, alkoxy radicals 
(RO⋅), peroxy radicals (ROO⋅), and ⋅NO, hydrogen peroxide 
 (H2O2), singlet oxygen (1O2), and  ONOO−)) and indirectly 
by inhibiting metal-induced DNA damage (chelating several 
metal ions: iron, copper, aluminum, lead, cadmium, and zinc, 
and thus preventing •OH generation) or by protection through 
its metabolites (N-acetylserotonin, N1-acetyl-N2-formyl-5- 
methoxykynuramine, N1-acetyl-5-methoxykynuramine, cyclic 
3-hydroxymelatonin, 6-hydroxymelatonin, 4-hydroxymelatonin,  
and 2-hydroxymelatonin). MEL can also act by activating  
antioxidative enzymes (CAT, GPx, and SOD) and inhibiting pro-
oxidant enzymes (xanthine oxidase), or by reducing DNA damage  
(Davanipour et al. 2009; Galano et al. 2018; Wu et al. 2012).

Accordingly, some authors sustained the beneficial effect 
of MEL on BPA-treated rats by increased antioxidant enzymes 
activity (SOD, CAT, ascorbate peroxidase, Px), and by attenu-
ated brain apoptosis (normalized p53, p53 upregulated mod-
ulator of apoptosis (PUMA), and dynamin-related protein 1 
(Drp-1) expression), both at the transcriptional and translational 
levels (Ishtiaq et al. 2021; Mączka et al. 2022). Apart from 
these mechanisms, the MEL’s antioxidant–receptor-dependent 
mechanisms have also been also mentioned (Hardeland 2019; 
Xia et al. 2012). Similarly, Won et al. (2021) mentioned that 

Fig. 6  The effect of MEL preadministration on the MAPK levels in the 
brain, both in the hippocampus and frontal lobe, was that BPA admin-
istration significantly increased the MAPK protein as compared to the 
control group (BPA vs control, p < 0.01) in (A). In the hippocampus, 
MAPK level was significantly lower in the MEL-treated groups as com-
pared to BPA (BPA + MEL I/ BPA + MEL II vs BPA, p < 0.01; A). In 

the frontal lobe, BPA and MEL II treatment reduced the MAPK acti-
vation (BPA + MEL II vs BPA p < 0.05; (B). Each group consisted of 6 
rats. Control vs BPA, #; BPA vs BPA + Mel 1,*; BPA vs BPA + Mel 2,*; 
BPA + Mel 1 vs BPA + Mel 2, α; results were expressed as mean ± SD; 
#,* α, p < 0.05; ##, **, α α, p < 0.01; ###, ***, ααα, p < 0.001
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MEL decreased oxidative stress damage and reduced Nox2  
and Nox4 expression via MT2 receptors (Won et al. 2021). MEL  
can exert its effects after binding to MEL receptors, T1 (MT1) 
and T2 (MT2), broadly distributed in the nervous system, such 
as in the neurons and glial cells of CA3 subfield of the hip-
pocampus, cerebral cortex, cerebellar cortex, thalamus, or  
pineal gland (Won et al. 2021). Based on the various distribution  
of the MEL receptors and different expression profiles of sig-
nal transduction pathways, in diverse tissues and cell types, 
the rapid effect of MEL, such as antioxidant activity and cell  
signaling, may differ, depending on the target tissue (Lee et al. 
2019; Yapislar et al. 2022). Hence, MEL’s neuroprotective 
action may be explained by its antioxidant effect (Lee et al. 
2019; Won et al. 2021).

As oxidative stress is reported to trigger neuroinflam-
mation, we evaluated the MAPK levels in various brain 
areas and the expression of NFkB, pNFkB, and MCP1 in 

the hippocampus of the rats. In our study, one dose of BPA 
increased the MAPK (ERK ½) levels, both in the hippocam-
pus and frontal lobe, along with the activation of pNFkB in 
the hippocampus, as compared to the control group. Further-
more, MEL diminished the MAPK levels, in the hippocampus 
and frontal lobe of BPA-treated rats. However, in the hip-
pocampus, our results showed the excitatory effect of MEL 
upon NFkB, pNFkB activity, and MCP 1 expression. Contra-
rily, some earlier reports have provided evidence that MEL 
reduced the secretion of pro-inflammatory cytokines (IL-6, 

Fig. 7  The effects of MEL 
preadministration on the 
expression of MCP1, γH2AX, 
NFkB, and pNFkB in the 
hippocampus. Expression of 
MCP1, γH2AX, NF-kB, and 
pNF-kB in the hippocampus 
were analyzed by western blot 
(WB) (A). Image analysis of 
western blot bands was done 
by densitometry; results were 
normalized to GAPDH (B, C, 
D, E). Each group consisted of 
3 samples. Control vs BPA, #; 
BPA vs BPA + Mel 1,*; BPA vs 
BPA + Mel 2,*; BPA + Mel 1 
vs BPA + Mel 2, α; results were 
expressed as mean ± SD; #,* α, 
p < 0.05; ##, **, α α, p < 0.01; 
###, ***, ααα, p < 0.001

Fig. 8  Representative photomicrographs of the hippocampus of the 
four experimental groups. A, B, C, and D showed the histological 
features of the CA3 field in the hippocampus (the first column—I) 
and micromorphology (the second column—II) in the same experi-
mental conditions for the four groups. Magnification: × 200. H&E 
staining. Scale bar = 20 µm

◂
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TNF-α, CRP, and IL-1β), thus modulating the inflammatory 
response in the central nervous system (Favrais et al. 2021; 
Madhu et al. 2021; Yapislar et al. 2022). Monocyte chemoat-
tractant protein-1 (MCP1), expressed by neurons, astrocytes, 
microglia, and capillary endothelium in the brain, may alter 
the permeability of blood–brain barrier (BBB) and modulate 
various neuronal lesions (excitotoxic injury, ischemia, or hem-
orrhage) (Yao and Tsirka 2014). The discordant effect of MEL 
on MCP1 expression is dose-dependent. The higher the dose 
of Mel, the lower the secretion of MCP1.

Nuclear factor-κB consists of a family of transcription 
factors, highly involved in synaptic processes, neurotrans-
mission, neuroprotection, brain inflammation, or neural 
stem cell proliferation (Mattson and Meffert 2006). In 
CNS, various factors, such as inflammatory cytokines, anti-
gen receptor engagement, UV- or γ-irradiation, ischemia, 
hyperosmotic shock, or oxidative stress, can activate the 
NFkB factor, thus allowing the cells to adapt to the ongoing 
changing conditions (Oeckinghaus and Ghosh 2009). Some 
authors indicated that constitutively activated NFkB is found 
mostly in glutamatergic neurons of the CNS (layers 2, 4, 
and 5 of the cerebral cortex, granule cells, and pyramidal 
neurons of the hippocampus in the CA1 and CA3 areas, 
amygdala, cerebellum, hypothalamus, and olfactory lobes), 
but in the glial cells and cerebral blood vessels as well 
(Kaltschmidt and Kaltschmidt 2009; Schmidt-Ullrich et al. 
1996; Shih et al. 2015). Solid evidence suggested that the 
transcription factor NFkB may exert promoting or suppres-
sive functions in a cell- and tissue-dependent context, such 
as NFkB inhibition in glia may ameliorate disease while its 
activation in neurons may improve memory (Kaltschmidt 
and Kaltschmidt 2009; Markopoulos et al. 2018). There-
fore, the contradictory findings of our study can be partially 
explained by the vast cell-type heterogeneity within the CNS 
and the interplay between cell-type specific roles of NFkB 
(Dresselhaus and Meffert 2019).

Numerous authors reported that MEL administration reduced 
the expression of NFkB in various organs or cells (kidneys, liver, 
lungs, heart, sciatic nerve, testicular cells, macrophages, T cells, 
neuronal tissue, and cell culture) (Cristofanon et al. 2009; Guo 
et al. 2017; Li et al. 2009; Negi et al. 2011). Moreover, it is 
likely that MEL may inhibit the NFkB expression by p38MAPK 
signaling pathway suppression and antioxidants upregulation. 
Furthermore, MEL is indicated to inhibit the transcriptional 
activation of TNF-α and IL1β, by blocking NFkB binding to 
DNA (Bantounou et al. 2022; Yapislar et al. 2022). Conversely, 
other studies indicated the stimulatory effect of MEL on NFkB 
in U937 cells, a lineage derived from monocytic human cells. 
In respect of the above-mentioned, the dual effect, both inhibi-
tory and stimulatory, of MEL on NFkB in various cell types, 
depending on the quantification moment or experimental design, 
is hypothesized (Dresselhaus and Meffert 2019; Markus et al. 
2013; Pugazhenthi et al. 2008; Yapislar et al. 2022). Therefore, 

the specific functions of NFkB in the nervous system and in 
neuroinflammation remain to be fully understood.

Exposure to BPA can also lead to DNA damage, which 
is believed to be mediated by increased free radicals. There-
fore, γH2AX expression in the hippocampus of the rats was 
additionally evaluated (Wu et al. 2012). In our study, MEL 
I and MEL II significantly downregulated the expressions 
of γH2AX in the hippocampus of the BPA-treated groups 
suggesting protective effects on DNA damage induction. 
Gamma H2A histone family member X (γH2AX), a phos-
phorylated H2AX on serine 139, is a marker of DNA double-
strand breaks (DS) in non-neuronal cells and in immature 
neurons (Crowe et al. 2011). γH2AX induction is associated 
with exposure of cells to cigarette smoke, polycyclic aro-
matic compounds, dinitrobenzo[e] pyrene, norethindrone, 
chromium, crude oil, electromagnetic fields, microwaves 
from mobile phones, or extreme heat (Dickey et al. 2009). 
In the CNS, γH2AX is involved both in the proliferation 
and apoptosis of neuronal precursors. Furthermore, γH2AX 
may also play a role in various neuropsychological disorders 
(neurotoxicity induced by glutamate receptor activation, in 
seizures, in Alzheimer’s disease, in Huntington’s disease, in  
depression-related cellular senescence, or in the regula-
tion of necrosis in glioblastoma after irradiation (Merighi 
et al. 2021; Tang et al. 2021). Merighi et al. (2021) detected 
high levels of γH2AX, particularly in the subventricular 
zone of the lateral ventricles, the rostral migratory stream, 
the olfactory bulb or cerebellum, the prefrontal cortex, and 
the hippocampus, known as classical neurogenetic areas. 
Based on the literature, neurotoxic substances and oxida-
tive stress induce γ phosphorylation of H2AX in the nervous 
system (Merighi et al. 2021). Moreover, oxidative stress-
induced DNA damage has been identified as an important 
factor to neurodegeneration. Therefore, MEL’s beneficial 
effect against oxidative stress-induced DNA damage may 
be explained by its antioxidant activity (Galano et al. 2018).

Regarding the behavioral tests, our findings showed that 
BPA significantly decreased general, peripheral, and central 
locomotion, both in OFT and EPM tests. MEL II admin-
istration demonstrated an anxiolytic-like effect in OFT as 
it enhanced the traveled distance and the time spent in the 
central part of the arena. Additionally, MEL II improved the 
traveled central traveled distance as compared to the MEL 
I group, in OFT. Furthermore, the MEL I-treated rats made 
more entries in the open arms of the EPM as compared to 
BPA treated group. Our results are in agreement with previ-
ously published data (Fan et al. 2018). On the other hand, 
Mahdavinia et al. (2019) reported no effect of chronic BPA 
administration on locomotor activity in comparison with the  
control rats (Mahdavinia et al. 2019). Hence, MEL’s neuropro-
tective action may be explained by its antioxidant effect. His-
topathologically, no significant microscopic differences were  
found in all groups. However, cellular edema, necrosis, and 
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polymorphic cellular inflammatory infiltrate that enlarge 
the intercellular spaces were predominantly found in BPA-
treated animals while MEL I and MEL II diminished the 
cellular changes.

In conclusion, MEL diminished the MDA and the MAPKs 
levels, both in the hippocampus and frontal lobe, downregu-
lated the expressions of γH2AX and MCP1, upregulated 
the NFkB and the pNFkB expressions in the hippocampus, 
improved the central locomotion both in OFT and EPM. Thus, 
the present study provides evidence about the neuroprotective 
effect of MEL against BPA-induced toxicity, at least partially 
explained by diminished lipid peroxidation, cell signaling, and 
immune response modulation. MEL can also mediate the neu-
roprotection against BPA-induced neurotoxicity by improving 
behavioral changes suggesting a real potential as a protective 
agent in brain toxicity.
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