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Abstract
Aim Acrylamide (ACR) is an environmental pollutant with well-demonstrated neurotoxic and neurodegenerative effects 
in both humans and experimental animals. The present study aimed to investigate the neuroprotective effect of Portulaca 
oleracea seeds extract (PSE) against ACR-induced neurotoxicity in rats and its possible underlying mechanisms. PSE was 
subjected to phytochemical investigation using ultra-high-performance liquid chromatography (UPLC) coupled with quan-
titative time of flight mass spectrometry (qTOF-MS). Multivariate, clustering and correlation data analyses were performed 
to assess the overall effects of PSE on ACR-challenged rats. Rats were divided into six groups including negative control, 
ACR-intoxicated group (10 mg/kg/day), PSE treated groups (200 and 400 mg/kg/day), and ACR + PSE treated groups (200 
and 400 mg/kg/day, respectively). All treatments were given intragastrically for 60 days. PSE markedly ameliorated brain 
damage as evidenced by the decreased lactate dehydrogenase (LDL), increased acetylcholinesterase (AchE) activities, as well 
as the increased brain‐derived neurotrophic factor (BDNF) that were altered by the toxic dose of ACR. In addition, PSE mark-
edly attenuated ACR-induced histopathological alterations in the cerebrum, cerebellum, hippocampus and sciatic nerve and 
downregulated the ACR-inclined GFAP expression. PSE restored the oxidative status in the brain as indicated by glutathione 
(GSH), lipid peroxidation and increased total antioxidant capacity (TAC). PSE upregulated the mRNA expression of protein 
kinase B (AKT), which resulted in an upsurge in its downstream cAMP response element-binding protein (CREB)/BDNF 
mRNA expression in the brain tissue of ACR-intoxicated rats. All exerted PSE beneficial effects were dose-dependent, with 
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the ACR-challenged group received PSE 400 mg/kg dose showed a close clustering to the negative control in both unsuper-
vised principal component analysis (PCA) and supervised orthogonal partial least square discriminant analysis (OPLS-Da) 
alongside with the hierarchical clustering analysis (HCA). The current investigation confirmed the neuroprotective capacity 
of PSE against ACR-induced brain injury, and our findings indicate that AKT/CREB pathways and BDNF synthesis may 
play an important role in the PSE-mediated protective effects against ACR-triggered neurotoxicity. 
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Abbreviations
ACR   Acrylamide
AchE  Acetylcholinestrase
AKT  Protein kinase B
CaMK  Calmodulin-dependent protein kinase
CREB  CAMP response element-binding protein
BDNF  Brain-derived neurotrophic factor
GFAP  Glial fibrillary acidic protein
GSH  Reduced glutathione
HCA  Hierarchical clustering analysis
LPO  Lipid peroxidation
MDA  Malondialdehyde
MAPK  Mitogen-activated protein kinase
OPLS-DA  Orthogonal partial least square discriminant 

analysis
qRT-PCR  Quantitative real-time PCR
qTOF-MS  Quantitative time of flight mass spectrometry
PCA  Principal component analysis
PKA  Protein kinase A
PSE  Portulaca oleracea Seed extract
PUFAs  Polyunsaturated fatty acids
TAC   Total antioxidant capacity
UPLC  Ultra-high-performance liquid 

chromatography

Introduction

Acrylamide (ACR) is a widely found environmental pol-
lutant and a prime toxin [1]. There are two major forms 
of ACR: (a) polymer or copolymer that is used as binders 
in the industry of paints, soil coagulation, dyes, and in gel 
electrophoresis; and (b) monomer which is highly toxic and 
can be formed during heat processing of carbohydrates‐rich 
food at high temperature (120–180 °C) [2, 3].

ACR is absorbed rapidly from the different routes of 
exposure, especially the oral route, and transformed by 
cytochrome P450 2E1 to its glycidamide derivative [4]. 
Numerous studies have reported the inherent toxic properties 
of ACR such as neurotoxicity, genotoxicity, carcinogenicity, 
developmental and reproductive toxicity [5]. Neurotoxicity 
by ACR has been reported in humans and experimental 
models [6–9]. ACR toxicity is characterized by central-
peripheral distal axonopathy with the symptoms of ataxia, 
muscle weakness, and numbness of the extremities [10]. 
Previous studies demonstrated that ACR exposure caused 
cerebellar Purkinje cell injury and distal axons degeneration 
in both the central and peripheral neurons [11].

To date, the pathophysiological mechanism of ACR-
induced neurotoxicity is not fully defined. Indeed, accu-
mulating evidence has indicated that redox imbalance, 
mitochondrial dysfunction and apoptosis triggered by ACR 
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toxicity may cause excessive neuronal damage through dif-
ferent signalling pathways including brain-derived neuro-
trophic factor (BDNF) [12, 13]. BDNF neurotropin elicits a 
wide range of neurobiological functions related to synaptic 
plasticity and neurodevelopment, thereby BDNF dysregula-
tion has clearly implicated in the pathogenesis of various 
brain injuries [14, 15]. BDNF is regulated by a variety of 
transcriptional activator, including cAMP response element 
binding protein (CREB). Upon phosphorylation by protein 
kinases, such as protein kinase B (AKT), activated CREB 
leads to induce BDNF transcription and up-regulates its 
expression. Therefore, BDNF synthesis augmentation via 
activation of AKT/CREB/BDNF signalling pathway seems 
to be a promising strategy for neuroprotection [16–18].

Biochemical and epidemiological studies have identified 
the beneficial effects of many herbs and medicinal plant 
components in various neuropathological conditions. Of 
particular importance, many phytopharmaceuticals have 
been proposed to be promising neuroprotectant due to their 
potent antioxidant activities [19, 20].

Purslane (Portulaca oleracea L.) is an annual succulent 
herb listed in the French, Spanish, Mexican, Venezuelan and 
Chinese pharmacopeia with a widespread worldwide [21, 
22]. It is ranked as the eighth most common weed in the 
world and commonly known as parsley, pourpier, pigweed, 
rigla, duckweed or little hogweed [23]. Portulaca oleracea 
seed extract (PSE) is considered as a prospective source of 
nutrition due to its content of omega-3 fatty acids, ascorbic 
acid, β-carotene, α-tocopherol, glutathione and other antioxi-
dants [24, 25]. Various pharmacological properties of PSE 
have been documented including antioxidant [26], analgesic, 
anti-inflammatory [27], muscle relaxant [28], and antiprolif-
erative [29] and other health-beneficial activities. Neuropro-
tective effects of PSE have been observed in different parts 
of rat brains [30–33]. PSE exerts a protective effect against 
some neurotoxins, however, to the authors’ knowledge, no 
studies have been done to elucidate its protective efficacy 
against ACR-induced neurotoxicity.

Accordingly, this study aimed to evaluate the efficacy of 
PSE to ameliorate ACR-induced neurotoxicity and relevant 
molecular mechanisms in rats. In particular, the potential 
involvement of the AKT/CREB/BDNF signalling pathway 
in PSE-mediated neuroprotection is to be explored.

Materials and Methods

Portulaca oleracea Seeds Extract

The P. oleracea seeds were purchased from the local mar-
ket (Haraz, Cairo, Egypt). It was authenticated at the her-
barium of Botany Department, Faculty of Science, Cairo 
University, Giza, Egypt, using the Chinese pharmacopeia 

[22]. The extraction was as described previously with some 
modifications [34]. Briefly, 250 g of powdered seeds were 
blended with 70% ethanol in a sealed glass vessel. Then the 
mixture was allowed to settle down for 72 h, in the dark at 
room temperature, and then was filtered. After completion of 
maceration (3 times), the solvent was evaporated under vac-
uum using a rotary evaporator (Heidolph, 60 rpm Laborta 
4000) at a temperature below 50 °C and RPM 60 to yield a 
viscous extract. The obtained extract was stored at − 20 °C 
until used. The yielded extract weight was 63.8 g (extraction 
yield: 25.5% w/w). For the preparation of doses, the extract 
was freshly dissolved in distilled water using 2% tween 80.

Chemicals

ACR (99.50%, MW 71.08  g/mol) was purchased from 
Sigma-Aldrich Co. (St. Louis, MO, USA). Liquid chroma-
tography-mass spectrometry (LCMS) grade water and ace-
tonitrile (Merck, Germany) were used for metabolomics. 
All the other chemicals and reagents were of analytical or 
HPLC grade.

UPLC‑MS Fingerprinting of the PSE Extract

The PSE extract was dissolved in acetonitrile (1 mg/ml) and 
filtered through a 0.2 μm PTFE filter. The metabolomics 
analysis was performed in ACQUITY ultra-performance liq-
uid chromatography (UPLC) (Waters Corp., USA) coupled 
with SYNAPT G2-S (Waters Corp., USA) mass spectropho-
tometer as reported in the literature [35]. Briefly, 5 µl was 
injected on 400 µl/min flow rate. Chromatographic separa-
tion was achieved using ACQUITY UPLC HSS T3 Column 
(1.8 μm, 2.1 × 150 mm, Waters Corporation, Milford, USA). 
The column temperature was kept at 45 °C and gradient elu-
tion was implemented utilizing 0.1% formic acid solution of 
both water and acetonitrile as solution A and B, respectively. 
Initially, 1% of the mobile phase B was used for 2 min, 
and linearly inclined as the following gradient: 35–60% B 
(2–4 min), 60–80% B (4–8 min), and 99% B (8–8.5 min) and 
finally declined to 10% B till reach 11.5 min.

G2-S high definition mass spectrometer (HDMS) (Waters 
Corp, Manchester, England) equipped with Z-spray source 
controlled by MassLynx v4.1 was used for mass spec-
trometry analysis in a negative ESI ionization mode using 
HDMS mode of operation. The scanning mode parameters 
were: source temperature; 120 °C, desolvation tempera-
ture; 500 °C, cone gas flow; 50 l/h, desolvation gas flow; 
1000 l/h, collision energy ramp; 20–50 eV, capillary volt-
age; 2.5 kV, and acquisition mass range; 50–1200 m/z [36]. 
Data acquired in a profile mode and corrected with separate 
lock mass spray switching between the injected samples 
and external reference permitting the MassLynx to continu-
ously ensure mass analysis accuracy. Leucine enkephaline 
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(1 ng/μl) was used as an external reference in 1:1 acetoni-
trile–water containing 0.1% formic acid at flow rate 5 μl/
min via a lock-Spray interface, generating a reference ion 
for negative ion mode [M–H]− of 554.261 m/z [37]. Three 
replicates were analysed in a randomized batch sequence. 
To enable proper column equilibration and conditioning, 
the mobile phase ran for 1.5 h, followed by six quality con-
trol (QC) samples before each batch analysis. In line with 
the published guidelines and to overcome the UPLC-MS 
analytical drifts, QC samples were injected at regular inter-
vals of six samples during the experimental sequence [38]. 
Features were considered reproducible if their coefficient of 
variation (CV) among the samples were < 25%, and the fold 
change (FC) > 2, ANOVA p value and Q value < 0.01 against 
blank samples. Progenesis QI software (Waters Corp., USA) 
was used for data processing and putative identification of 
metabolites of interest by comparison with metabolomic 
profiling collision cross-section (CCS) library, LipidBlast, 
and Progenesis Metascape imported databases including 
HMDB, MONA, LipidMaps and GNPS and Chemspider 
imported data sources such as KEGG, NIST. PLANTCyC, 
ARACyc and plant metabolomics network.

Animals

Two-month-old, male Wistar rats, weighing 180–210 g, were 
purchased from the Animal breeding Colony at National 
Organization for Drug Control and Research (NODCR, 
Egypt). Animals were under standard conditions in the labo-
ratory animal house, Faculty of Veterinary Medicine, Cairo 
University, Egypt. The applied experimental protocol was 
carried out in strict accordance with the criteria outlined 
in the Guide for the Care and Use of Laboratory Animals 
[39] and approved by the Institutional Animal Care and Use 
Committee (IACUC), Cairo University (# CU-II-F-84-18).

Experimental Protocol

After 1-week acclimatization period, forty-two rats were 
allocated into the following six groups with seven rats in 
each group:

1st group (Control): received 2% Tween 80 in distilled 
water (1 ml).
2nd group (PSE-200): received 200 mg/kg b.wt P. olera-
cea seeds extract.
3rd group (PSE-400): received 400 mg/kg b.wt P. olera-
cea seeds extract [32].
4th group (ACR): received freshly prepared ACR solution 
of 10 mg/kg b.wt. in distilled  H2O [7, 40].
5th group (ACR + PSE-200): received ACR as group 4 
parallel with PSE-200 as group 2.

6th group (ACR + PSE-400): received ACR as group 4 
parallel with PSE-400 as group 3. Animals were treated 
with ACR and PSE by intragastric administration (by oral 
gavage) once daily for 60 days, thus the sub-chronic neu-
rotoxicity of ACR was investigated [41].

Samples Collection and Preparation

By the completion of the treatment period, rats were anes-
thetized by ketamine/xylazine (90 mg/kg, 10 mg/kg, i.p), 
and then the blood samples were collected from the inner 
canthus of the eye in heparinised tubes for separation of 
plasma to be used for the total antioxidant capacity (TAC) 
and lactate dehydrogenase (LDH) assays. Immediately after 
blood sampling, animals were euthanized, and the whole 
brains were quickly excised, rinsed with ice-cold saline, 
wiped with filter paper, and divided into two portions: (Right 
and left hemispheres): the right hemisphere was snap-frozen 
in liquid nitrogen and kept at − 80 °C to be used for RNA 
extraction and biochemical assessment (AchE, BDNF, MDA 
and GSH), the left hemisphere was used for histopathologi-
cal examinations. Samples were assayed in triplicates.

Biochemical Assessment

Brain Function Biomarkers

Plasma lactate dehydrogenase (LDH) activity was assessed 
according to the method described by [42] using a LDH 
colorimetric kit (E.C.1.1.1.27, Spectrum Diagnostics Co., 
Cairo, Egypt). Acetylcholinesterase (AchE) activity was 
spectrophotometrically assessed in brain tissue homogenate 
using a modified Ellman method [43, 44]. The colour was 
read immediately at 412 nm using Shimadzu spectrophotom-
eter UV-1601. BDNF level was quantified in brain homoge-
nates according to the manufacturer’s instructions using a 
sandwich enzyme immunoassay (ELISA kit, E-EL-R1637, 
Elabscience biotechnology Inc, Texas, USA) [45].

Antioxidant Markers

Malondialdehyde (MDA), the convenient biomarker of lipid 
peroxidation, was measured in the brain homogenate using 
MDA colorimetric assay kit (MD 25 29, Biodiagnostic Co. 
Dokki, Giza, Egypt). Reduced glutathione (GSH) concen-
trations were assessed spectrophotometrically in the brain 
homogenates using a specific kit (GR 25 11, Biodiagnos-
tic Co. Dokki, Giza, Egypt) [46]. TAC was determined in 
plasma using a total antioxidant assay kit (TA 25 13, Biodi-
agnostic Co. Dokki, Giza, Egypt). The plasma TAC levels 
were expressed in mmol/L [47].
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Histopathological Studies

Haematoxylin and Eosin Stain

Specimens of the brain and sciatic nerve were collected 
from all experimental rats and fixed in neutral buffered 10% 
formalin, washed, dehydrated, cleared, and embedded in 
paraffin. Paraffin blocks were sectioned at 5-micron thick-
ness and stained with Haematoxylin and Eosin [48] for light 
microscopic histopathological examination (Olympus BX50, 
Tokyo, Japan). All recorded histopathological lesions in the 
cerebral cortex (meningeal haemorrhage, meningitis, degen-
eration and necrosis of neurons, neuronophagia, neurofibril-
lary tangles, cerebral congestion, focal gliosis, demyelina-
tion of nerve fibres), cerebellum (shrunken Purkinje cells, 
congestion of blood vessel, depletion of granular cell layer, 
vacuolation of neuropil), hippocampus (necrosis and pyk-
nosis of pyramidal neurons, neurofibrillary tangles) and 
sciatic nerve (endoneurial edema, demyelination of nerve 
fibres, degeneration of myelinated nerve fibres) of all rats 
were scored through the determination of the percentage of 
the lesions in five randomly examined microscopic fields 
per animal (n = 3) using the following score system; score 0; 
absence of the lesion in all rats of the group, score 1; 1–10%, 
score 2; 11–25%, score 3; 26–50%, score 4; 51–75%, score 
5; over 75% [49].

Luxol Fast Blue (LFB) Staining of Myelin

The sliced and deparaffinised sections were immersed with 
an LFB staining solution at 60 °C for 12 h followed by 
immersion with 95% ethanol for 5 min, addition of 0.05% 
lithium carbonate for 30 s, washing with 70% ethanol, wash-
ing with distilled water, dehydration, transparentizing and 
sealing.

Immunohistochemical Analysis; Glial Fibrillary Acidic 
Protein (GFAP) Expression

The deparaffinised and rehydrated brain sections were incu-
bated with GFAP, mouse monoclonal antibody (1:500) 
(Dako, N-series Ready-to use primary antibody). The 
immunostaining was amplified and completed by Horserad-
ish Peroxidase complex (Dako, REALTM EnVision TM/
HRP, Mouse ENV). Sections were developed and visualized 
using 3,3-diaminobenzidine (Dako, REALTM DAB + Chro-
mogen). The substrate system produced a crisp brown end 
product at the site of the target antigen. Sections were coun-
terstained with haematoxylin, then dehydrated in alcohol, 
cleared in xylene and cover slipped for microscopical exami-
nation [50]. Quantification of GFAP was estimated by meas-
uring the area % expression from 5 randomly chosen fields 
in each section and averaged using image analysis software 

(Image J, version 1.46a, NIH, Bethesda, MD, USA). The 
system measured the area percentage of GFAP positive 
expression.

Quantitative Real Time‑PCR (qRT‑PCR)

The analysis of gene expression was performed as previ-
ously described [51]. Total RNA was extracted from snap-
frozen brain samples by TRIzol reagent (Qiagen) according 
to the manufacturer’s guidelines. For the synthesis of cDNA 
templates, 2 μg aliquots of isolated RNA was reverse tran-
scribed to by M-MLV first chain synthesis kit (Invitrogen) 
using oligo dT primer. The mRNA levels of CREB, AKT1, 
and BDNF were quantified with fluorescence real-time 
quantitative PCR (RT-qPCR) in using EvaGreen Supermix 
(Bio-Rad) and the primers sequence summarized in Table 1. 
PCR reactions were performed in triplicate in a StepOne 
Plus real-time PCR system (Applied Biosystems, USA). The 
thermal program comprised an initial denaturation for 3 min 
at 95 °C followed by 40 cycles of denaturation (95 °C/10 s), 
annealing (56 °C/15 s) and extension (72 °C/10 s). The rela-
tive expression of target genes was calculated according to 
the comparative cycle threshold (2−ΔΔCT) method after 
normalizing the target mRNA Ct values to those of ß-actin 
as an internal control. A melting curve analysis was per-
formed to ensure that only one PCR product was obtained.

Statistical Analysis

In vitro experiments were performed in triplicates. The 
data were expressed as mean ± standard deviation (SD)—
where n = 7. Statistical analyses were carried out using 
SPSS software package, version 24.0 (SPSS Inc, Chicago, 
IL, USA) and performed using multivariate ANOVA to 
detect the differences between groups with LDS post hoc 
test. The (*) and (**) indicated the significant difference 
compared to ACR group at P ≤ 0.05 and ≤ 0.005, respec-
tively, whereas (#) and (##) indicated the significant dif-
ferences compared to negative control group at P ≤ 0.05 
and ≤ 0.005, respectively. Furthermore, F values and 

Table 1  Sequences of oligonucleotide primers and target genes loci

CREB cyclic AMP-dependent response element-binding protein, AKT 
protein kinase B, BDNF brain-derived neurotrophic factor

Gene Primer sequence (5′–3′) Accession #

CREB F: TCA GCC GGG TAC TAC CAT TC
R: TCT CTT GCT GCT TCC CTG TT

XM_006245067.3

AKT1 F: TCG TGT GGC AAG ATG TGT ATG 
AGA 

R: CAG GCG GCG TGA TGG TGA T

XM_008764918.2

BDNF F: GGC GGC AGA CAA AAA GAC TG
R: ATG CCT TTT GTC TAT GCC CC

XM_011520280.2
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degrees of freedom were identified. All biological results 
were quantile-normalised, log-transformed and Pareto-
scaled using MetaboAnalyst 4.0 for subsequent multivari-
ate data analysis, correlation and clustering analysis. Both 
unsupervised Principal Component Analysis (PCA) and 
supervised Partial Least Squares-Discriminant Analysis 
(PLS-DA) were explored [52]. In addition, the univari-
ate correlation analysis implementing Pearson R correla-
tions and hierarchical clustering using Euclidean distance 
measure and Ward clustering algorithm was performed. 
All figures were produced using GraphPad Prism version 
5.0 for Windows (GraphPad Software, San Diego, Califor-
nia USA) and MetaboAnalyst 4.0.

Results

Identification of Metabolites via UPLC‑QTof‑MS

The untargeted metabolomic analysis enabled the puta-
tive identification of 81 compounds in negative ionization 
mode and their structures were allocated as 48 fatty acyl/
lipids, 11 flavonoids and its derivatives, seven carbohy-
drates, two glycosylated hydroxy-cinnamic acid deriva-
tives and miscellaneous terpenoids, steroids, lignan and 
purine nucleoside (Figs. 1–3, Tables S1–S2). Compounds 
4, 69, 76 were additionally identified as trihexoside, lin-
oleic acid and LPE (16:0), respectively by CCS differ-
ences compared from Metabolomic profiling CCS library. 
Neutral masses, compounds ID in different databases, iso-
tope similarity, and CCS (Å2) of the tentatively identified 
metabolites were also reported in Table S2 with matched 
fragments in Table S1.

Sixteen Octadecanoids (C18) fatty acyls with different 
oxidation and unsaturation level were tentatively identi-
fied including phytofuran 29 and phytoprostane (30, 42) 
derivatives (Fig. 1a). A glycosylated octadecanoid deriva-
tive (palmitoyl dihexoside; 65) could be also identified. 
In addition to shorter chain fatty acyls such as saturated 
hexadecanoids (54, 75), dodecanedioic acid 38, and oca-
tanedioic acid 68, and unsaturated nonenoic acid 44 and 
dodecadienoic acid 39, alongside with dihexoside deca-
noic acid derivative 41 were also identified (Fig. 1b). 
UPLC-MSn facilitated the tentative identification of fifteen 
Glycerophospholipids distributed over three main classes 
(six glycerophosphocholines, eight glycerophosphoethano-
lamines, and one glycerophosphoinositol) with four glyc-
erolipids and one sphingolipid (Fig. 2 and Table S1). On 
the other hand, flavonoids of different subclasses such are 
flavone, biflavonoid, polyflavonoid, flavan, chalcone and 
flavonoid glycosides were putatively identified (Table S1, 
and Fig. 3).

Brain Function Biomarkers

LDH activity was significantly upsurged in the ACR group 
(p < 0.005, F = 1.092 and df = 10.682), but mostly no sig-
nificant change in the other groups in comparison to the 
negative control group (p = 0.706, 0.801, 0.000, 0.280, 
F = 1.309, 4.065, 0.038, 3.612 and df = 10.434, 8.407, 
11.996, 8.630 for PSE-200, PSE-400, ACR + PSE-200, 
and ACR + PSE-400 respectively) as exhibited in Fig. 4a.

The brain AchE activity was significantly declined in 
the ACR group (p < 0.005, F = 0.514 and df = 11.872). The 
co-administration of ACR and PSE groups showed signifi-
cant restoration of the brain AchE activity compared to the 
ACR group (p < 0.005, F = 0.002, 1.122, 1.397, 0.143 and 
df = 11.901, 11.901, 10.808, 9.887) but no significant dif-
ference compared to the negative control group (p = 0.597, 
0.015, 0.472 and 0.442, F = 0.009, 1.287, 1.886, 0.951 and 
df = 11.998, 11.364, 9.290, 10.857 for PSE-200, PSE-
400, ACR + PSE-200, and ACR + PSE-400 respectively) 
(Fig. 4b).

The BDNF level was significantly decreased in the ACR 
group (p < 0.005, F = 0.023 and df = 11.872) when com-
pared to the negative control group. The PSE-treated of the 
ACR-challenged groups showed a dose-dependent increase 
in BDNF levels compared to the ACR group (p < 0.005, 
F = 0.489, 0.360, 0.341, 0.132 and df = 11.625, 11.250, 
11.799, 11.859 for PSE-200, PSE-400, ACR + PSE-200, 
and ACR + PSE-400 respectively). There was no sig-
nificant difference in BDNF levels between the negative 
control group and the ACR-intoxicated group received 
400 mg/kg PSE (p = 0.124, F = 0.050 and df = 11.915) 
(Fig. 4c).

Antioxidant Biomarkers

ACR treatment caused a significant decrease in plasma 
TAC and brain GSH activity, and an increase in brain MDA 
levels compared to the negative control group (p < 0.005. 
F = 3.960, 1.645, 0.057, df = 6.892, 9.233, 11.999, respec-
tively) (Table 2). In contrast, PSE treatment (400 mg/kg) 
significantly increased the plasma TAC and brain GSH 
activities, and deceased brain MDA levels (p < 0.005, 
F = 2.974, 1.440, 0.693, df = 7.427, 9.081, 10.528, respec-
tively) while PSE at 200 mg/kg only increased brain GSH 
activity (p = 0.198, 0.000, 0.104, F = 0.420, 8.189, 0.242, 
df = 11.989, 6.672, 11.338, respectively for TAC, GSH and 
MDA, respectively) in comparison to the negative control 
group. A significant enhancement of the oxidative status in 
ACR-challenged groups was observed upon PSE co-treat-
ment with decreased TAC and GSH activities and increased 
brain MDA level (p < 0.005) in a dose dependent manner 
(Table 2).
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Histopathology

Cerebral Cortex

Microscopically, sections of cerebral cortices of the negative 

control rats, and rats treated with PSE in both 200 and 
400 mg/kg doses showed a normal histological architecture 
(Fig. 5a–c). In contrast, sections from ACR-intoxicated rats 
revealed severe neuropathic alterations. The major changes 
observed were meningitis manifested by severe congestion 
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of meningeal blood vessels and mononuclear cells infil-
tration (Fig. 5d). Furthermore, meningeal haemorrhage, 
astrogliosis (Fig. 5e), congestion of cerebral blood vessels, 
pyknosis and necrosis of neurons (Fig. 5f) associated with 
the formation of neurofibrillary tangles were reported. In 
addition, neuronophagia of degenerated neurons, as well as 
multifocal gliosis (Fig. 5g) and demyelination of axons were 
noticed in all examined sections. On the other hand, co-
administration of PSE with ACR significantly reduced the 
severity of the neuropathic alterations. In the PSE 200 mg/kg 
group, the cerebral cortex of ACR-challenged rats revealed 
necrosis of some neurons (Fig. 5h), neuronophagia and focal 
gliosis. However, few scattered pyknotic neurons (Fig. 5i) 
and slight congestion of blood vessels were observed in the 
ACR-challenged group received the 400 mg/kg dose of PSE.

Cerebellum

Similarly, light microscopic examination of sections of 
cerebellar cortex of the negative control rats and rats 
treated with 200 and 400 mg/kg PSE showed normal his-
tological structure (Fig. 6a–c). However, sections from 
ACR-intoxicated rats exhibited pyknotic and shrunken 
Purkinje cells with a congested cerebellar blood vessel 
(Fig. 6d), necrosis of granular cells with depletion and 
vacuolization of neuropil. The cerebellum of intoxicated 
rats treated with PSE 200 mg/kg PSE showed a regres-
sion in the histopathological changes, with examined sec-
tions revealed necrosis of sporadic Purkinje cells (Fig. 6e) 
with slight vacuolation of neuropil. Moreover, the high 
PSE dose (400 mg/kg) restored the normal histological 
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Fig. 3  LCMS tentatively identi-
fied flavonoids from Portulaca 
oleracea seed extract
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Fig. 4  The effect of Portulaca oleracea seed extract (PSE) 200, 
400  mg/kg on brain function biomarkers in ACR-intoxicated rats. 
a Plasma LDH activity, b Acetylcholinesterase (AchE) activity in 
brain tissues. c Brain-derived neurotrophic factor (BDNF) levels 
in brain tissue. Data are demonstrated as Mean ± SD, n = 7, (*) and 

(**) indicated the significant difference compared to the ACR group 
at p ≤ 0.05 and ≤ 0.005, respectively, whereas (#) and (##) indicated 
the significant differences compared to the negative control group at 
p ≤ 0.05 and ≤ 0.005, respectively

Table 2  Effect of Portulaca 
oleracea seed extract (PSE) 
200, 400 mg/kg on oxidant 
and antioxidant biomarkers 
in plasma and brain of rats 
intoxicated with acrylamide

Values are represented as Mean ± SD, n = 7, (*) and (**) indicated the significant difference compared to 
the ACR group at p ≤ 0.05 and ≤ 0.005, respectively, whereas (#) and (##) indicated the significant differ-
ences compared to the negative control group at p ≤ 0.05 and ≤ 0.005, respectively

Plasma TAC (mM/l) Brain MDA (nmol/g tissue) Brain GSH (mg/g tissue)

Negative control 0.96 ± 0.006** 14.37 ± 0.72** 12.34 ± 0.33**
PSE-200 1.00 ± 0.02** 13.45 ± 0.26** 15.29 ± 0.35**##

PSE-400 1.72 ± 0.07**## 11.06 ± 0.28**## 20.25 ± 0.7**##

ACR 0.36 ± 0.02## 37.49 ± 0.71## 3.22 ± 0.18##

ACR + PSE-200 0.71 ± 0.02**## 20.07 ± 0.56**## 7.2 ± 0.63**##

ACR + PSE-400 0.97 ± 0.007** 15.30 ± 0.48** 11.48 ± 0.34**
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structure of the cerebellar cortex in ACR-challenged rats 
(Fig. 6f).

Hippocampus

A normal histological architecture in hippocampus sec-
tions was observed in both negative control and PSE treated 
groups (Fig. 7a, b and c, respectively). Marked necrosis, 
shrunken and pyknosis of pyramidal neurons with flame-
shaped neurofibrillary tangles (Fig. 7d) was observed in 
the hippocampus of ACR-intoxicated rats. PSE treatment 
resulted in a notable improvement in the brain sections 
of ACR-challenged rats at both dose levels with a dose-
dependent improvement. Hippocampus of ACR intoxicated 
rats treated with low PSE dose showed necrosis of some 
pyramidal neurons (Fig. 7e), and that of 400 mg/kg PSE 
treated rats showed more or less normal pyramidal neurons, 
whereas only necrosis of few sporadic pyramidal neurons 
was observed (Fig. 7f).

Sciatic Nerve

Microscopically, sections from sciatic nerves of the con-
trol and PSE-treated rats showed the normal histological 
architecture of nerve fascicles containing nerve fibres 
(Fig. 8a–c). Nonetheless, sections from the ACR-intoxi-
cated rats revealed endoneurial edema with dissociation 
of nerve fibres, demyelination of nerve fibres (Fig. 8d) 
and dark degenerated myelinated nerve fibres. Con-
comitant administration of PSE (either low or high dose) 
reduced the histological damage; with the only observed 
histopathological change was demyelination of some 
myelinated fibres (Fig. 8e and f). Table 3 summarizes 
the histopathological lesion scores in the cerebral cortex, 
cerebellum, hippocampus and sciatic nerve.

Fig. 5  Histological H&E stained sections of the cerebral cortex: a 
control; b PSE-200  mg/kg; c PSE-400  mg/kg rats showing normal 
histological architecture. d–g ACR intoxicated rats showing d severe 
congestion of meningeal blood vessels (blue arrow) and mono-
nuclear cells infiltration (black arrow). e Meningeal haemorrhage 
(black arrow) and astrogliosis (blue arrow). f Congestion of cerebral 

blood vessels (blue arrow), pyknosis and necrosis of neurons (black 
arrow), g multifocal gliosis (black arrows). h Rats co-treated with 
ACR + PSE-200  mg/kg showing necrosis of some neurons (black 
arrow). i Rats co-treated with ACR + PSE-400  mg/kg showing few 
scattered pyknotic neurons (black arrow)
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Luxol Fast Blue Stain for Demyelination in Cerebral Cortex 
and Sciatic Nerve

Normal dark blue myelinated axons were observed in his-
tological Luxol fast blue-stained sections from the cerebral 
cortex and sciatic nerves of the negative control rats and 

Fig. 6  Histological H&E stained sections of the cerebellum: a con-
trol; b PSE-200 mg/kg; c PSE-400 mg/kg treated rats showing nor-
mal histological structure. d ACR intoxicated rat showing pyknotic 
and shrunken Purkinje cells (black arrow) as well as congested blood 

vessel (blue arrow). e Co-treated rats with ACR + PSE-200  mg/kg 
showing necrosis of sporadic Purkinje cells (arrow). f Co-treated rats 
with ACR + PSE-400 mg/kg showing restored normal histological tis-
sue (scale bar, 25 µm)

Fig. 7  Histological H&E stained sections of CA1 region of the hip-
pocampus: a control; b PSE-200  mg/kg; c PSE-400  mg/kg treated 
rats showing a normal histological structure. d ACR intoxicated rat 
showing shrunken, necrosis and pyknosis of pyramidal neurons with 

flame-shaped neurofibrillary tangles (arrow). e Co-treated rats with 
ACR + PSE-200 mg/kg showing necrosis of some pyramidal neurons 
(arrow). f Co-treated rats with ACR + PSE-400 mg/kg showing necro-
sis of few sporadic pyramidal neurons (arrow)
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rats treated with both doses of PSE as shown in Fig. 9a–c 
and g–i, respectively. On the contrary, demyelinations with 
faint blue-stained axons were observed in the cerebral 
cortex and sciatic nerves of rats intoxicated with ACR 

(Fig. 9d and j). Meanwhile, dark blue normal myelinated 
nerve fibres and declined numbers of demyelinated nerve 
fibres were recorded in the co-treated groups (Fig. 9e, f, 
k and l).

Fig. 8  Histological H&E stained sections of sciatic nerves: a control; 
b PSE-200 mg/kg; c PSE-400 mg/kg treated rats showing a normal 
histological architecture of nerve fascicles containing nerve fibres. d 
ACR intoxicated rat showing endoneurial edema with dissociation 
of nerve fibres (blue arrow) and demyelination of nerve fibres (black 

arrow). e Rats co-treated with ACR + PSE-200 mg/kg showing demy-
elination of some myelinated fibres (arrow). f Rats co-treated with 
ACR + PSE-400  mg/kg showing demyelination of some myelinated 
fibres (arrow)

Table 3  The histopathological lesion scores in different groups

ACR  acrylamide, PSE purslane seeds extract

Organ Histopathological lesion Negative 
control

PSE 200 
(mg/kg)

PSE 400 
(mg/kg)

ACR ACR + PSE 
200 (mg/kg)

ACR + PSE 
400 (mg/kg)

Cerebral cortex Meningeal haemorrhage 0 0 0 3 0 0
Meningitis 0 0 0 3 0 0
Degeneration and necrosis of neurons 0 0 0 4 2 1
Neuronophagia 0 0 0 3 2 1
Neurofibrillary tangles 0 0 0 4 2 0
Cerebral congestion 0 0 0 3 1 1
Focal gliosis 0 0 0 4 1 0
Demyelination of nerve fibres 0 0 0 3 1 0

Cerebellum Shrunken Purkinje cells 0 0 0 4 2 1
Congestion of blood vessel 0 0 0 3 1 0
Depletion of granular cell layer 0 0 0 3 0 0
Vacuolation of neuropil 0 0 0 2 1 0

Hippocampus Necrosis and pyknosis of pyramidal neurons 0 0 0 5 2 1
Neurofibrillary tangles 0 0 0 4 1 0

Sciatic nerve Endoneurial edema 0 0 0 4 1 1
Demyelination of nerve fibres 0 0 0 4 2 1
Degeneration of myelinated nerve fibres 0 0 0 3 1 0
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GFAP Immunohistochemistry

Normal small-sized astrocytes with lightly stained GFAP 
positive short processes were revealed upon microscopic 
examination of the cerebral cortex, cerebellum and hip-
pocampus of the negative control and PSE-treated rats 
(Fig.  10a–c, g–i and m–o). On the other hand, strong 
immunoreactivity of hypertrophied astrocytes with deeply 
stained GFAP positive brown processes was detected in 
the ACR-intoxicated rats’ sections (Fig. 10d, j and p). 
Furthermore, moderate immunoreactive astrocytes were 
noticed in sections from rats co-treated with ACR and low 
PSE dose of 200 mg/kg (Fig. 10e, k and q). Moreover, 
the cerebral cortex, cerebellum and hippocampus of rats 
co-treated with ACR and PSE (400 mg/kg) showed mild 
immunoreactive astrocytes with lightly stained processes 

(Fig. 10f, l and r). Figure 11a–c indicated the morpho-
metric analysis of GFAP immune-reactive astrocytes % 
in the cerebral cortex, cerebellum and hippocampus of 
rats from different experimental groups. ACR-intoxicated 
group revealed a significant increase in GFAP expression 
when compared with the negative control group in the 
cerebral cortex, cerebellum and hippocampus (p < 0.005, 
f = 7.565, 23.940, 9.553, df = 7.905, 7.214, 8.349, respec-
tively) (Fig. 11a–c). The groups treated with ACR plus 
PSE (200, 400 mg/kg) showed a significant reduction in 
GFAP protein expression comparing with ACR-intoxi-
cated group in the cerebral cortex, cerebellum and hip-
pocampus (PSE (200 mg; p < 0.005, F = 6.22, 10.710, 
0.135, df = 8.322, 8.642, 11.920, PSE 400 mg; p < 0.005, 
F = 10.709, 6.990, 0.506, df = 7.152, 9.783, 11.637, 
respectively). No significance difference was observed, in 

Fig. 9  Histological Luxol fast blue stained cerebral cortex (a–f) and 
sciatic nerve (g–l) of rats: a, g control; b, h PSE-200 mg/kg; c, i PSE-
400 mg/kg treated rats showing normal dark blue myelinated axons. 
d, j ACR intoxicated rat showing demyelination (arrow). e, k Rats co-

treated with ACR + PSE-200 mg/kg showing dark blue normal mye-
linated nerve fibres and decrease the number of demyelinated nerve 
fibres (arrow). f, l Co-treated rats with ACR + PSE-400 mg/kg show-
ing dark blue normal myelinated nerve fibres
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cerebral cortex, cerebellum and hippocampus, among con-
trol, PSE-200 mg/kg (p = 0.463, 0.057, 0.007, F = 0.405, 
0.251, 7.612, df = 11.868, 10.428, 8.727) and PSE 400 mg/
kg treated groups (p = 0.249, 0.009, 0.370, F = 1.137, 
9.828, 10.324, df = 11.271, 9.191, 9.224, respectively).

AKT/CREB BDNF Pathway‑Related Genes Expression

Expressions of AKT, CREB, and BDNF mRNAs were 
examined by quantitative RT-PCR (Fig. 12). The transcrip-
tion levels of AKT and CREB genes were significantly 

Fig. 10  Photomicrograph of GFAP-immuno-reactive cells in the 
cerebral cortex (a–f), cerebellum (h–l) and hippocampus: (m–r); a, 
g, m control; b, h, n PSE-200 mg/kg; c, i, o PSE-400 mg/kg treated 
rats showing normal small-sized astrocytes with lightly stained 
GFAP positive short processes. d, j, p ACR intoxicated rats show-
ing strong immunoreactivity of hypertrophied astrocytes with deeply 

stained GFAP positive brown processes. e, k, q Co-treated rats with 
ACR + PSE-200  mg/kg revealing moderate immunoreactive astro-
cytes. f, l, r Co-treated rats with ACR + PSE-400  mg/kg showing 
mild immunoreactive astrocytes with lightly stained processes (scale 
bar, 25 µm)
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decreased in the brain of ACR-intoxicated rats compared 
with normal rats, p < 0.005, F = 5.423, 3.351, df = 8.349, 
8.454, respectively (Fig. 12 a, b). Co-administration of with 
400 mg/kg PSE notably reversed this decline (p < 0.005, 
F = 7.349, 0.113, df = 7.071, 11.837, respectively). Fur-
thermore, the BDNF mRNA level was dramatically down-
regulated in ACR group (p < 0.005, F = 6.271, df = 8.138) 
and was significantly reversed by PSE 400 administration 
(p < 0.005, F = 0.884, df = 10.858) (Fig. 12c). Administra-
tion of PSE-400and PSE-200 mg/kg showed increases in the 
expression of the three genes with weak statistical signifi-
cance compared to the negative control (PSE 200 p = 0.190, 
0.006, 0.014, F = 0.014, 0.396, 0.254, df = 11.931, 11.333, 
11. 934; PSE 400 p = 0.062, 0.126, 0.012, F = 1.309,1.138, 
2.732 df = 10.290, 11.181, 9.831, respectively).

Multivariate, Correlation and Clustering Analyses

Hierarchical cluster analysis and both supervised PCA and 
unsupervised PLS-DA analyses indicated well separated 
experimental groups (Figs. 13, 14 and S1). Briefly, the 
ACR model group was well clustered away from the nega-
tive control group while the later was closely related to 
the unchallenged groups received either 200 or 400 mg/kg 
PSE. This confirms the successful induction of the ACR 
animal model, whereas the unchallenged groups received 
PSE were more or less similar to the negative control. 
Interestingly, the ACR-challenged group received 400 mg/
kg PSE expressed a close relation to the negative control 
indicating the potential effect of this dose to regulate the 
ACR-disturbed biomarkers under study. On the other hand, 

Fig. 11  Immunostaining area (%) of GFAP expression in a the cer-
ebral cortex, b cerebellum and c hippocampus of rats treated with 
PSE (200, 400  mg/kg) with and without ACR. Data are shown as 
Mean ± SD; n = 7, (*) and (**) indicated the significant difference 

compared to the ACR group at p ≤ 0.05 and ≤ 0.005, respectively, 
whereas (#) and (##) indicated the significant differences compared to 
the negative control group at p ≤ 0.05 and ≤ 0.005, respectively



835Neurochemical Research (2021) 46:819–842 

1 3

the ACR-challenged group received 200 mg/kg was closely 
clustered with ACR-model group more or less halfway 
from the negative control where a weaker effect compared 
from the high PSE dose could have been anticipated. Nota-
bly, among the different studied biomarkers, GSH followed 
by the percentage of the cortex area stained positively for 
GFAP showed the highest Variable Importance Projection 
(VIP) scores in the constructed PLS-DA model indicating 
their importance classifying different experimental groups 
under study (Fig. 15).Additionally, Pearson r correlation 
analysis was conducted to visualize the overall correla-
tion between different studied biomarkers to indicate both 

positively and negatively correlated biomarkers (Figure 
S2).

Discussion

There are scarce published reports of the chemical com-
position of purslane seed extracts (PSE) with no holistic 
profiling study in the literature [53–58]. Our untargeted 
metabolomic fingerprinting revealed fatty acyls, lipids and 
flavonoids as the major three classes of metabolites in purs-
lane seed (Figs. 1–3 and Table S1-S2). To the best of our 

Fig. 12  Effect of PSE (200, 400 mg/kg) on CREB/BDNF signalling 
genes in the brain of rats subjected to ACR intoxication. The rela-
tive mRNA expression levels of AKT (a), CREB (b), and BDNF (c) 
were evaluated by qRT-PCR. Results (mean ± SD) are expressed as 
fold changes of the negative control after normalization to ß-actin, 

n = 7, (*) and (**) indicated the significant difference compared to the 
ACR group at p ≤ 0.05 and ≤ 0.005, respectively, whereas (#) and (##) 
indicated the significant differences compared to the negative control 
group at P ≤ 0.05 AND ≤ 0.005, respectively
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knowledge, this is the first holistic study explored the chemi-
cal space of PSE, where the CCS values alongside with all 
metadata were reported for further biologically guided frac-
tionation and molecular networking study to identify potent 

neuroprotective metabolites of PSE. Notably, the antioxidant 
and anti-inflammatory activities of natural products have 
been known to be associated with polyunsaturated fatty acids 
(PUFA) and flavonoids [59–64] with potential protection 

Fig. 13  Heat-map summarizes the effect of Portulaca oleracea seed 
extract (PSE; 200 or 400  mg/kg) on the studied biomarkers of rats 
intoxicated with acrylamide (ACR). AKT protein kinase B, AchE ace-
tylcholinesterase, BDNF brain‐derived neurotrophic factor, CREB 
cAMP response element-binding protein, exp. expression, GSH glu-

tathione, MDA malondialdehyde, _G % area of positive glial fibrillary 
acidic protein staining (GFAP) in a specific tissue, TAC  total anti-
oxidant capacity. Coloured boxes indicate the induced effect either 
upregulation (red) or downregulation (blue)

Fig. 14  Score plots of a the Principal component analysis and b 
partial least square discriminant analysis between the selected com-
ponents of the biomarkers explored during the study of Portulaca 

oleracea seed extract effects (PSE; 200 or 400  mg/kg) on the rats 
intoxicated with acrylamide (ACR)
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against neurodegenerative diseases. In the present study 
fatty acids with different carbon chain length, oxidation and 
unsaturation levels alongside several flavonoid classes have 
been tentatively identified.

Long-term exposure to environmental pollutant instigates 
many neural system disorders. Human exposure to ACR 
occurs mainly through the occupational, environmental 
and dietary factors [10]. The neuronal damage caused by 
ACR has been previously reported [11, 65]. In the present 
study, we confirmed neuronal damage in ACR intoxicated 
rats, with observed histopathological lesions in the cerebral 
cortex, hippocampus, cerebellum, and sciatic nerve, as well 
as increased plasma LDH activity. LDH is a cytosolic meta-
bolic enzyme and its release into the blood indicates vari-
ous cellular damages, thus considered an important brain 
injury biochemical marker [66, 67]. Regarding cerebrum and 
cerebellum, the most recorded lesions in ACR intoxicated 
group were neuronal degeneration with neuronophagia, neu-
ronal necrosis, multifocal gliosis and meningeal haemor-
rhage which were in agreement with previous studies of the 
protective effects of crocin and omega-3 fatty acid [68, 69]. 
Gliosis is a nonspecific response in case of brain injury in 
several neurodegenerative diseases [70], whereas, microglio-
sis is an immune response against brain injury in which acti-
vated microglia cell plays a vital role in neuroinflammation 

as well as the elimination of cellular debris. Noteworthy, 
both astrogliosis and microgliosis were recorded in the pre-
sent study and other previous studies of ACR-induced neu-
ronal toxicity [69–72]. On the other hand, the hippocampus 
is a region responsible for memory and cognitive abilities 
[73, 74]. It is highly susceptible to oxidative stress which is 
induced by chemicals and toxicant such as ACR resulting in 
neuronal degeneration and necrosis, synaptic transmission 
dysfunction and subsequently memory and cognitive impair-
ment [75, 76]. All the aforementioned lesions could be due 
to ACR induced oxidative stress which generates reactive 
oxygen species (ROS), lipid peroxidation (LPO) and mito-
chondrial dysfunction leading to cellular necrosis and apop-
tosis [77]. In addition, the activated microglia cells gained 
a macrophage-like state and synthesized neurotoxic sub-
stances [78]. For example, several inflammatory cytokines 
were reported in activated microglia and astrocytes [71, 72, 
79, 80] suggesting that the pathogenesis of ACR-induced 
neuropathy was attributed to neuroinflammation [70]. More-
over, other neurotoxic molecules such as reactive radicals 
and excitatory amino acids were produced by astrocytes and 
microglia cells generating inflammatory reaction and neu-
ronal cell death [81]. We further confirmed the protective 
effect of PSE on ACR-induced neuronal damage, showing 
that PSE administration efficiently reduced the histopatho-
logical lesions score in cerebrums, cerebellums and sciatic 
nerves, as well as LDH activity in ACR intoxicated rats in 
a dose-dependent fashion. Our results are consistent with 
the findings of a previous study explored the effect of the 
aqueous juice of the purslane herb on rotenone-challenged 
rats [33].

Multivariate data analyses indicated that the ACR model 
exhibited a good clustering away from the negative control 
confirming the model establishment. Interestingly, the co-
treatment with the high PSE showed a close clustering with 
the negative control indicating its potentiality to reverse the 
ACR-induced toxicities. Notably, the GSH, GFAP stained 
area % of the cortex followed by AchE were identified as the 
most discriminant biomarkers in the PLSDA analysis among 
the experimental groups (Fig. 15).

ACR enhanced the ROS generation that exerts toxic 
action on neurons due to loss of membrane integrity, 
mitochondrial damage, and neuronal cell death [82, 83]. 
The sciatic nerve was greatly affected in ACR-intoxicated 
group with notable degeneration and demyelination of 
nerve fibre. Additionally, Oxidative stress induced by 
ACR may cause impairment of axoplasmic transport, 
nuclear and mitochondrial damage and structural changes 
in myelin membrane that might cause axon degeneration 
and demyelination [84, 85]. For example, oxidative stress 
can reduce the axolemmal Na/K-ATPase activity, promot-
ing the influx of  Ca+2 that overcomes buffering mecha-
nisms leading to distal axon degeneration [86]. The neural 

Fig. 15  Variable importance projection (VIP) score plot detecting 
the PLSDA identified important biomarkers during the study of the 
effect of Portulaca oleracea seed extract (PSE; 200 or 400 mg/kg) on 
acrylamide (ACR) intoxicated rat model. AKT protein kinase B, AchE 
acetylcholinesterase, BDNF brain‐derived neurotrophic factor, CREB 
cAMP response element-binding protein, exp. expression, GSH glu-
tathione, MDA malondialdehyde, _G % area of positive glial fibrillary 
acidic protein staining (GFAP) in a specific tissue, TAC  total antioxi-
dant capacity. The coloured boxes on the right indicate the relative 
regulation of the corresponding marker in each experimental group
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tissues are protected by endogenous antioxidant machinery 
against free radicals in which GSH is the predominant 
non-protein sulfhydryl containing antioxidant [87]. GSH 
plays a special role against ACR toxicity by conjugation 
with ACR and glycidamide and by neutralization of free 
radicals produced by ACR [88]. ACR forms adduct with 
GSH leading to its depletion. Moreover, overproduction 
of hydrogen peroxide in ACR exposed tissues leads to 
oxidation of PUFA and increased LPO secondary prod-
ucts, especially MDA. Increased MDA concentration in 
the brain greatly contributes to neurodegeneration [65]. 
The co-administration of PSE with ACR inhibited oxida-
tive stress significantly as indicated by the elevation of 
GSH content, total antioxidant capacity and reduction of 
MDA level (Table 2). Overall, these findings indicated that 
the potential of PSE to combat the ACR-induced oxida-
tive tissue damage due to its anti-oxidative properties in 
a dose-dependent manner. These results agree with previ-
ous studies that showed an anti-lipid peroxidative effect of 
undefined plant part of P. oleracea [89] and its phenolic 
alkaloids such as oleracein A, B, and E [90].

Disturbances in cholinergic transmission system such 
as any alterations in acetylcholinesterase (AchE) activity 
have been associated with various neural disorders, includ-
ing neurodegenerative disorders [91]. AchE is responsible 
for the termination of cholinergic response in nicotinic and 
muscarinic brain receptors where its long-term inhibition 
results in the overstimulation of the cholinergic pathways 
which subsequently disturb the nervous activity [92]. In 
addition, inhibition of AchE was reported to be associ-
ated with metabolic changes such as impairment of oxida-
tive phosphorylation, depletion of adenosine triphosphate 
(ATP) and creatine phosphate, increased neuronal  Ca2+ 
influx, which could propagate the oxidative injury of the 
neurons [91]. Thus, AchE activity has been considered a 
standard biomarker to assess the neurotoxicity of various 
xenobiotics. Previous studies highlighted the implication 
of mitochondrial dysfunction, oxidative and inflammatory 
stress towards the diminished AchE activity [93]. Thereby, 
the observed decline in AchE activity in the ACR group in 
the present study may be attributed to the ACR-induced oxi-
dative stress. Possibly, the overproduction of ROS by ACR 
and/or its metabolite, glycidamide, may cause suppression 
in AchE activity via ROS-mediated direct inhibition of the 
active sites of the enzyme or by oxidation of its cysteine 
residues [94–96]. Moreover, decreased AchE might be 
attributed to the increased LPO by ACR that destructs the 
membrane structures and inhibits the activity of membrane-
bound enzymes, including AchE [97]. The AchE inhibition 
is a plausible explanation for most of the symptomatology 
following ACR intoxication [95]. Interestingly, the co-treat-
ment of PSE significantly restored the AchE activity in the 
brain tissue in a dose-dependent fashion.

GFAP is an intermediate filament protein which is 
located mainly in astrocytes and considered as an astrocyte 
marker which responsible for maintaining their mechanical 
strength, as well as supporting neighbouring neurons and 
the blood–brain barrier [98]. As GFAP expression increases 
in response to almost all types of brain injury, it has been 
regarded as a biomarker of injury in the central nervous sys-
tem [99]. It was upregulated during reactive gliosis and con-
sidered as a neuroinflammatory marker [100]. In our experi-
ment, GFAP immunoreactivity was significantly increased 
in response to ACR which can upregulate the inflammatory 
cascade via astrocytic activation. PSE co-administration effi-
ciently downregulated the GFAP expression. This finding 
provides a possible explanation for the PSE’s neuroprotec-
tive effect through modulation of astrocytes activation by 
limitation of oxidative stress-driven inflammatory response.

BDNF is the most abundant neurotrophic factor in the 
brain and is known for its critical role in promoting neu-
rogenesis, neuronal survival, and synaptic plasticity [101]. 
Mechanistic studies have revealed a direct link between 
impaired BDNF signalling and the pathogenesis of neurode-
generative disorders [15, 102]. Our results revealed a marked 
downregulation of BDNF mRNA expression in the brain 
of the ACR group. These results are in parallel with previ-
ous studies of the protective effects of dihydroxyflavone and 
vitamin E against ACR intoxicated rats [16, 17]. This reduc-
tion in BDNF expression could reflect a decrease in neuronal 
survival and neurodevelopment which would be detrimental 
to cognitive and limb functions [103]. The enhancement of 
BDNF-mediated neurotrophic signalling was reported to 
rescue neurons under neurological adverse conditions, such 
as neurotoxicity, neuroinflammation, cerebral ischemia, and 
hypoglycemia [15, 104]. PSE co-administration efficiently 
restored the BDNF level and counteracted its reduction in 
ACR-intoxicated group as confirmed by the improved brain 
BDNF expression at both the mRNA and protein levels. 
These findings provide a plausible explanation for the PSE’s 
neuroprotective effect which may be BDNF dependent.

BDNF is a direct downstream target of the CREB tran-
scription factor which plays an important regulatory role 
in numerous tissues, particularly the nervous system. 
Activation of CREB occurs upon its phosphorylation at 
serine-133 by specific protein kinases, such as protein 
kinase A (PKA), protein kinase B (AKT), calmodulin-
dependent protein kinase (CaMK), and mitogen-activated 
protein kinase (MAPK) [105]. AKT is a cAMP-dependent, 
cGMP-dependent protein kinase, involved in several physi-
ological and pathological neuronal response through phos-
phorylation of its downstream target molecules including 
CREB [36, 38, 39, 106]. Although several studies have 
demonstrated that BDNF is a direct downstream target of 
CREB-mediated expression [105, 107, 108], a number of 
studies have reported that AKT and CREB are downstream 
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targets of BDNF and that BDNF stimulates the phospho-
rylation of CREB, in part, by increasing intracellular  Ca2+/
CaMK type IV [109, 110]. In this view, AKT, CREB and 
BDNF would be suggested to be involved in a regulatory 
loop. Reportedly, altered CREB and its upstream AKT 
expression have been correlated with multiple pathological 
neuronal responses [108, 111]. Therefore, AKT/CREB/
BDNF signalling pathway in the brain provides a prom-
ising therapeutic target for improving neuronal function 
and controlling neurodegenerative disorders [112, 113]. 
The current gene expression analysis revealed that PSE 
markedly enhanced both AKT and CREB expression levels 
that were downregulated in ACR treated rats, to emphasize 
its neuroprotection potential. These effects are possibly 
linked to its modulatory effect on brain BDNF levels. In 
addition, the AKT/CREB axis also plays a part in neuronal 
survival by regulating apoptotic cell death that has been 
involved in various neurodegenerative disorders [114]. 
Our data indicated that PSE elicited its neuroprotective 
action toward ACR-induced neuronal damage and BDNF 
decline and that its effects potentially mediated via the 
AKT/CREB pathway.

Conclusion

The present study was the first to evaluate the protective 
effect of PSE seeds extract on the ACR-induced neurotoxic-
ity in rats with its holistic exploration of its chemical space 
using UPLC-qTOFMS. Our experimental data indicated that 
PSE dose-dependently attenuated the ACR-induced oxida-
tive stress by decreasing LPO and restoring endogenous anti-
oxidants and increasing AchE activity. Furthermore, PSE 
co-administration significantly reduced the neuro-inflamma-
tion and downregulated GFAP expression with significant 
upregulation of the expression of AKT, CREB and BDNF 
in the brains of ACR-intoxicated rats in a dose-dependent 
manner. These molecular mechanisms may play an impor-
tant role in the PSE-protective effects against ACR-induced 
neurotoxicity.
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