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Germinated Fava Bean (Vicia faba L.) iy

extract attenuates acrylamide-induced
neuroinflammation in rats via antioxidant,
anti-inflammatory, and neurotransmitter
modulation

Hend A. Essa'’, Walaa M. El Sayed? and Ahmed Fotouh?

Abstract

Acrylamide (ACR) is a neurotoxic and carcinogenic compound found in many foods and industrial products, rais-

ing significant public health concerns. It induces oxidative stress, inflammation, and neurotransmitter disruption, all
of which contribute to neuroinflammation. This study assessed the neuroprotective potential of germinated faba
beans (Vicia faba L., cultivar Giza 843) against ACR-induced neurotoxicity in a rat model and compared two methods
of germination (traditional germination (in light) and (germination in the dark)) to enhance their neuroprotective
properties. The total phenolic, flavonoid, and antioxidant contents, as well as the profile of faba beans, were assessed
via high-performance liquid chromatography (HPLC) and an amino acid analyser. Thirty-two Sprague—-Dawley rats
(n=8/group) were randomly divided into the following groups: control, ACR-exposed, ACR coadministered with tra-
ditionally germinated fava bean extract (GFB), and ACR coadministered with ungerminated fava bean extract.
Neuroinflammation was induced via the oral administration of ACR (35 mg/kg/day for 12 days), while GFB and unger-
minated extracts were coadministered at 300 mg/kg/day for 12 days. Gait scores were assessed. Antioxidants (GSH,
SOD), oxidative stress markers (MDA, NO), inflammatory cytokines (TNF-q, IL-6), neurotransmitters (GABA, serotonin,
dopamine), and acetylcholinesterase activity were measured in brain tissues (cerebrum, cerebellum, hippocampus).
Histopathology and immunohistochemistry (with anti-GFAP and anti-caspase-3 antibodies) were performed to assess
structural damage and apoptotic cell death. The results revealed that, traditionally, germination yielded relatively
high levels of bioactive compounds and increased antioxidant activity. Compared with the ACR and ungerminated
groups, the optimised traditional germinated faba bean extract significantly reduced oxidative stress, inflammation,
and neurotransmitter disruption. The increased neuroprotection was attributed to increased polyphenolic, flavonoid,
and amino acid levels from traditional germination. The neuroprotective potential of faba beans against ACR toxic-
ity can be enhanced through traditional germination methods. This finding presents a compelling, natural therapy
for mitigating the serious public health concerns associated with ACR exposure, and further clinical trials are therefore
needed.
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Introduction

Acrylamide (ACR) is a well-documented neurotoxic
and carcinogenic compound. Owing to its widespread
presence in dietary and industrial settings, it poses sig-
nificant public health risks. ACR forms primarily during
the high-temperature cooking of starchy foods through
the Maillard reaction and are commonly found in baked

and fried carbohydrate-rich foods such as bread, break-
fast cereals, potato chips, and coffee (Koszucka et al,
2020; Ghasemzadeh Rahbardar et al., 2021). The average
daily intake of ACR for adults is approximately 0.5 pg/kg
body weight, which amounts to 14-70 pg/day for a 70 kg
individual. Alarmingly, children consume even higher
amounts, ranging from 70 to 280 pg/day (Ghasemzadeh
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Rahbardar et al., 2021). This widespread dietary exposure
is concerning, as ACR has been linked to cytotoxicity
(Kianfar et al., 2020), neuroinflammation (Yazadanpanah
et al., 2023), and carcinogenicity (Koszucka et al., 2020).

In addition to dietary sources, ACR is a synthetic vinyl
monomer widely used in industrial applications, includ-
ing wastewater treatment, ore processing, and cosmetic
production (Dybing et al., 2005). Subchronic exposure
to ACR can lead to severe neuropathies characterised by
ataxia, numbness in the extremities, muscle weakness,
and gait irregularities (Pennisi et al., 2013). It also causes
neuronal loss in both the central and peripheral nervous
systems (Wei et al., 2015). Occupational exposure studies
have reported neurotoxic symptoms such as sensory dis-
turbances, locomotor defects, and weight loss in workers
(Matoso et al., 2019). Moreover, a recent cohort study
involving 2534 elderly individuals suggested that ACR
intake may contribute to cognitive decline in older Chi-
nese men (Liu et al., 2017), underscoring the global con-
cern over the neurotoxic effects of ACR.

The primary mechanism underlying ACR-induced
neuroinflammation is oxidative stress (Erkekoglu &
Baydar, 2014). ACR disrupts cellular redox homeostasis
by increasing reactive oxygen species and nitric oxide
synthase levels, leading to lipid peroxidation and the
accumulation of malondialdehyde and nitric oxide. Con-
currently, it depletes glutathione and inhibits antioxidant
enzymes such as superoxide dismutase, catalase, and glu-
tathione peroxidase (Erkekoglu & Baydar, 2014). This oxi-
dative damage extends to intracellular proteins and lipids,
triggering neuronal death and synaptic failure (Kopanska
et al., 2018). Additionally, ACR-induced oxidative stress
activates microglia and astrocytes, resulting in the release
of proinflammatory cytokines such as tumor necrosis
factor-alpha and interleukin-6, which exacerbate neu-
ronal damage (Zong et al,, 2019). ACR also disrupts neu-
rotransmitter levels, impairing synaptic transmission in
the central nervous system (Agrawal et al., 1981).

Given the severity of ACR-induced neuroinflammation,
there is an urgent need to identify natural interventions
that can mitigate its harmful effects. Faba beans (Vicia
faba L.), one of the world’s oldest cultivated crops, have
been a dietary staple for thousands of years, with evi-
dence of their use in ancient Egypt, China, and Mediter-
ranean cultures (Amarowicz et al., 1996). These beans are
rich in protein, fibre, carbohydrates, minerals, and sec-
ondary metabolites such as phenolics, which contribute
to their high nutritional value (Amarowicz et al., 1996).
Notably, faba beans are a source of essential amino acids,
including aspartic acid, threonine, serine, methionine,
and tyrosine, which play critical roles in neurotransmitter
synthesis and neuronal function (Etemadi et al., 2018).
Germination further enhances the bioactive compounds
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in faba beans, including phenolics, flavonoids, and amino
acids, significantly increasing their antioxidant potential
(Mehran & Golshani, 2013; Randhir & Shetty, 2004). This
makes germinated faba beans promising candidates for
combating oxidative stress and inflammation, two key
drivers of ACR-induced neuroinflammation.

This study evaluated germinated faba beans on the
basis of evidence from traditional practices and scientific
research. In Mediterranean and Middle Eastern cultures,
faba beans have long been recognised for their nutri-
tional and medicinal benefits. Scientific investigations
indicate that germination increases the levels of bioac-
tive compounds such as phenolics, flavonoids, and amino
acids, which contribute to reducing oxidative stress
and inflammation (Goyal et al., 2020; Randhir & Shetty,
2004). Furthermore, recent research has demonstrated
that plant-derived antioxidants can reduce neuroinflam-
mation and improve cognitive function in animal models
(Essa et al., 2024; Kumar et al.,, 2022; Zhang et al,, 2021).
These findings collectively support the potential of ger-
minated faba beans as a natural intervention for ACR-
induced neuroinflammation.

This study explored the neuroprotective effects of ger-
minated faba beans from the Egyptian cultivar Giza 843
against ACR-induced neuroinflammation in a rat model,
with a focus on oxidative stress, inflammation, and neu-
rotransmitter modulation. This study bridges a critical
gap in the literature by providing a scientific basis for the
use of germinated faba beans as a natural dietary inter-
vention against ACR-related neuroinflammation, with
significant public health implications for mitigating ACR-
associated risks.

An initial in vitro study compared two germination
methods, traditional germination (in light) and germina-
tion in the dark, to enhance their neuroprotective prop-
erties. On the basis of chemical analysis, the germination
method, which yields relatively high levels of phenolics,
flavonoids, antioxidants, and amino acids, was selected
for subsequent in vivo studies using a rat model of ACR-
induced brain toxicity. This research bridges traditional
knowledge of the medicinal properties of faba beans
with modern evidence of their neuroprotective potential,
offering a model for leveraging plant-based interventions
to counteract environmental toxins.

Materials and methods

Materials

Plant materials

Faba bean seeds (Giza 843 cultivar) were obtained and
identified by Prof. Dr. Gamal Abdel Aziz (Field Crops
Research Institute, Agricultural Research Centre, Giza,
Egypt). Prof. Dr. Mona Mohamed Marzouk deposited
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voucher specimens (M274) in the National Research
Centre (CAIRC) herbarium.

Chemicals

DPPH (2,2-diphenyl-1-picrylhydrazyl) and acrylamide
were purchased from Sigma-Aldrich Co. (St. Louis, MO,
USA). All other chemical reagents and solvents were of
high analytical grade.

Methods

In vitro assay

Germination of Faba bean

Faba bean seeds were cleaned, sorted, washed, and
soaked for 24 h, and the soaking water was changed every
2 h for 3 consecutive times. The water was separated well,
and the seeds were placed in a muslin cloth for germina-
tion. Faba bean seeds were germinated at room tempera-
ture (20-25 °C) for 10 days. The germination process is
carried out in two ways. The first method involves germi-
nation in the dark by covering seeds with a muslin cloth
and keeping them in a dark place (Kassegn et al., 2018).
The second method of germination is traditional germi-
nation (Hamza et al., 1987), where the seeds are left in
the light during the day (Fig. 1). During germination, the
seeds were sprayed with water twice daily. After germina-
tion, the Faba was dried in an oven at 50°C until drying.
The dried Faba beans were milled, sieved and packed into
polyethylene bags and stored at —18°C until use.

Extraction
Both the raw and germinated seeds (500 g each) were
ground into a fine powder. This powder was then subjected

.o
’as

(A) Ungerminated faba bean
seeds

‘b

(B) Faba bean germinated in
dark
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to sonication-assisted extraction via 80% ethanol (3x3 L
for 30 min) and subsequently filtered. The combined fil-
trate was centrifuged, and the supernatant was concen-
trated via a vacuum rotary evaporator (Mekky et al., 2020).

Determination of total phenolic and total flavonoid contents
The total phenolic compounds were determined via the
method described by Kaur and Kapoor (2002). Two hun-
dred microliters (200 puL) of a 70% methanolic extract
(1 mg/mL) was brought to a final volume of 3 mL with
distilled water. This mixture was then thoroughly mixed
with 0.5 mL of Folin-Ciocalteu reagent for 3 min, fol-
lowed by the addition of 2 mL of a 20% (w/v) sodium
carbonate solution. The resulting mixture was allowed to
stand in the dark for an additional 60 min, after which the
absorbance was measured at 650 nm. The test was per-
formed in triplicate for each sample. The total phenolic
content was calculated via a calibration curve, and the
results were expressed as milligrams of gallic acid equiva-
lent per gram of dry weight.

The total flavonoid content was determined via the
method described by Karawya and Aboutabl (1982). One
gram (1 g) of defatted dried powder from each sample
was placed in a beaker, and 95% ethyl alcohol was added.
The solution was then filtered, and the filtrate was con-
centrated in a water bath until the volume was reduced
to less than 50 mL (10-20 mL). The volume was then
adjusted to 50 mL with 95% ethyl alcohol to create a stock
solution. From this stock solution, 0.5 mL was trans-
ferred to a test tube and evaporated to complete dryness
in a water bath. Subsequently, 5 mL of 0.1 M aluminum
chloride (ALCL;) was added, and the mixture was mixed

(C) Traditional germinated faba
bean (germinated in light)

Fig. 1 Photograph of (A) ungerminated faba bean seeds, B Faba bean germinated in the dark at the end of germination and (C) traditional

germinated faba bean at the end of germination
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well. The test was performed in triplicate for each sample.
Readings were taken at two wavelengths:

A=445 nm (quercetin) range of the calibration curve
(0.19—0.97).

A=226 nm (kaempferol) range of the calibration
curve (0.033—0.185).

The total flavonoid content was calculated according to
the following equation:

X =y+0.0195/0.0029.
X =concentration (ppm), Y =absorbance.

In vitro antioxidant activity 2,2-diphenyl-1-picrylhydrazyl
(DPPH) assay

The free radical scavenging activity of the extracts was
assessed via the DPPH assay, which measures the capac-
ity to donate hydrogen atoms or electrons on the basis of
the decolorisation of a purple methanol-DPPH solution.
Spectrophotometric analysis was performed according to
the method described by Burits and Bucar (2000). Briefly,
50 pL of the extracts (at various concentrations) were
added to 5 mL of the DPPH solution (0.004% in metha-
nol). After a 30-min incubation period at room tempera-
ture, the absorbance was read against pure methanol at
517 nm. The test was performed in triplicate for each
sample. The radical-scavenging activities of the samples
were calculated as the percentage of inhibition via the
following equation:

1% = (A blank — A sample)/A blank x 100

where 1% is the radical-scavenging activity of the samples
and A blank is the absorbance of the control (containing
all reagents except the test compound).

High-performance liquid chromatography (HPLC) analysis

of phenolic and flavonoid compounds

A Thermo Ultimate 3000 HPLC system equipped with a
pump, autosampler, DAD-3000 diode array detector, and
Chromelion 7 software was used. Separation was car-
ried out on a Thermo-Hypersil C18 column (2.5X 30 cm,
25 °C) with a mobile phase of 0.05% trifluoroacetic acid/
acetonitrile (solvent A) and distilled water (solvent B).
Detection was performed at 230-400 nm. The samples,
standards, and mobile phase were degassed and filtered
(0.45 pm, Millipore). The compounds were identified by
comparing their retention times and UV spectra with
those of reference standards (Biswas et al., 2013). The test
was performed in triplicate for each sample.
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Determination of the amino acid profile

Amino acid analysis was conducted following the meth-
ods of Csomos and Simon-Sarkadi (2002). Briefly, defat-
ted and dried samples (0.2 g) were hydrolysed with 6
N HCI (10 mL) at 105 °C for 12 h in sealed tubes. The
hydrolysate was diluted to 25 mL with deionised water,
filtered, and evaporated to remove HCI. The samples and
standards were reconstituted in citrate buffer (pH 2.2)
and analysed via an INGOS amino acid analyser. The test
was performed in triplicate for each sample.

In vivo assay

Neuroinflammation animal model

Ethics statement

The study was approved by the General Organisation for
Teaching Hospitals and Institutes (GOTHI) Ethics Com-
mittee (Approval No. IN000147) and complied with the
National Institutes of Health guidelines for the care and
use of laboratory animals (Garber et al., 2011).

Animals and diet
Female Sprague—Dawley rats (4—6 weeks old, 220-250 g)
were obtained from the animal facility of the Ophthal-
mology Research Institute, Egypt. Following a one-week
acclimatisation period, the rats were housed individually
in stainless steel cages under standard laboratory condi-
tions: temperature 22+2 °C, relative humidity 55-60%,
and a 12-h light/dark cycle. The animals were fed a stand-
ard laboratory diet and provided tap water ad libitum.
The rats were fed a well-balanced diet formulated
according to Reeves et al. (1993), consisting of 12%
casein-derived protein, 10% corn oil, 10% sucrose, 58.5%
corn starch, 5% cellulose, 3.5% AIN-93 salt mixture, and
1% AIN-93 vitamin mixture.

Animal experiments
After one week of acclimatisation, 32 rats were randomly
divided into four groups (n=_8/group) as follows:

« Group 1 (normal control) received saline (0.5 mL/
day, P.O.) and a standard diet.

+ In Group 2 (the ACR group), acrylamide (35 mg/kg/
day, P.O. dissolved in 0.5 mL of saline) was adminis-
tered for 12 days at 9:00 a.m. (Fang e al., 2022).

+ Group 3 (germinated faba bean): Coadministered
acrylamide (35 mg/kg/day, P.O. dissolved in 0.5 mL
saline at 9:00 a.m.) and germinated faba bean extract
(300 mg/kg/day, P.O. at 2:00 p.m.) for 12 days (Abdel-
Sattar et al., 2021).

+ Group 4 (ungerminated faba bean): Acrylamide
(35 mg/kg/day, P.O. dissolved in 0.5 mL saline at 9:00
a.m.) and ungerminated faba bean extract (300 mg/



Essa et al. Food Production, Processing and Nutrition (2026) 8:2

kg/day, P.O. at 2:00 p.m.) were coadministered for
12 days (Abdel-Sattar et al., 2021).

The rats were given access to feed and tap water ad libi-
tum. By the end of the experiment, total food intake,
body weight gain, the feed efficiency ratio, and relative
brain weight were determined (Chapman et al., 1959).

Assessment of gait scores

At the end of the experiment, gait abnormalities were
evaluated via the scoring system of LoPachin et al. (2002).
The rats were observed for 3 min on a flat surface, and
gait was scored as follows:

+ Score 1: Normal gait.

+ Score 2: Mild hindlimb weakness, slight ataxia, and
foot splay.

+ Score 3: Moderate gait impairment with reduced
activity and foot splay.

+ Score 4: Severe impairment, including hindlimb
dragging and pronounced weakness.

Brain sampling and homogenate preparation

Following gait assessment, the animals were anaes-
thetised via intraperitoneal (i.p.) injection of sodium
pentobarbital at a dosage of 50 mg/kg. Euthanasia was
performed via decapitation. Whole brains were excised,
washed in ice-cold saline, dried with filter paper, weighed,
and immediately placed onto a chilled plate for dissection
into three distinct regions: the cerebrum, cerebellum,
and hippocampus. Each region was then divided into two
portions for subsequent analyses.

The first portion was homogenised (10% w/v) in ice-
cold phosphate buffer (pH 7.4) via a tissue homogeniser
(MPW-120, BitLab Medical Instruments, Poland). The
homogenates were centrifuged (4000 rpm, 10 min, 4 °C)
in a cooling centrifuge (Laboratory Centrifuge, 2K15,
Sigma Co., Germany) (Essa et al., 2025a, b). The superna-
tants were aliquoted and stored at —20 °C for biochemi-
cal analyses, including analysis of oxidative/antioxidant
markers, neurotransmitter levels, and inflammatory
cytokines. The second portion was fixed in 10% neutral
buffer formalin for histopathological and immunohisto-
chemical examination.

Evaluation of oxidative/antioxidant parameters

The oxidative status of brain tissue homogenates was
assessed by measuring the levels of malondialde-
hyde (MDA), a marker of lipid peroxidation, superox-
ide dismutase (SOD), reduced glutathione (GSH), and
nitric oxide (NO). These parameters were evaluated
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spectrophotometrically via the methods of (Nair &
Turner, 1984; Sun et al., 1988; Jollow et al., 1974; Mont-
gomery & Dymock, 1961). The optical density of all the
measured parameters was determined via a spectropho-
tometer (Shimadzu UV-2401 PC, Australia). Spectropho-
tometric analyses were conducted in accordance with the
instructions provided in the assay kits.

Evaluation of TNF-a and IL-6 in brain tissue

The levels of TNF-a (Cat. No. SL0722Ra) and IL-6 (Cat.
No. SL0411Ra) were measured via rat-specific enzyme-
linked immunosorbent assay (ELISA) kits (Sunlong Bio-
technology Co., Ltd., Hangzhou, China) following the
manufacturer’s protocols.

Determination of dopamine, serotonin, acetylcholinesterase
and gamma-aminobutyric acid in brain homogenates
Dopamine (Cat. No. SL0243Ra) and serotonin (Cat. No.
SL1046Ra) levels, along with acetylcholinesterase (AChE)
activity and gamma-aminobutyric acid (GABA) content,
were quantified in brain homogenates via rat-specific
ELISA kits (Sunlong Biotechnology Co., Ltd., Hangzhou,
China) following the manufacturer’s protocols (AChE:
Cat. No. SL0027Ra; GABA: Cat. No. SL0299Ra).

Microscopic examination

First, proper fixation of cerebral, cerebellar, and hip-
pocampal tissue samples was performed. The handling
of fresh brain tissue should be minimised before fixation
to avoid artifacts such as “dark neurons,” which result
from mechanical trauma. Proper orientation of the hip-
pocampus was critical to ensuring consistent sectioning
across samples and valid comparisons between groups.
The hippocampus has a 3D curved structure, and the
sections must be taken in a standardised coronal (or
horizontal/sagittal) plane. The samples were dehydrated
in a series of ascending grades of alcohol, cleared in
xylene, and then embedded in paraffin. Paraffin blocks
were prepared, and 5 um thick tissue sections were
obtained, which were then deparaffinized and stained
with hematoxylin and eosin. The obtained sections were
viewed, and photomicrographs were captured and col-
lected using a Leica DM500 microscope equipped with
a digital camera according to the method described by
Shosha et al. (2024).

Immunohistochemical staining of GFPA and caspase-3

The avidin—biotin complex (ABC) technique was used for
immunohistochemical detection of GFAP and caspase-3
within the rat brain. Dewaxed and dehydrated sections
were incubated overnight at 4 °C with rabbit anti-GFAP
and anti-caspase-3 antibodies (sc-33673; Santa Cruz
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Table 1 Total phenolics, total flavonoids and DPPH in extracts of ungerminated, dark and traditional germinated faba bean seeds at

the end of germination

Components (%) Faba bean

Ungerminated

Germinated in dark Traditional germinated

Total phenolics 0.74+0.01°¢
Total flavonoids 0.17+0.02¢
DPPH 43.08+0.02 €

1.25+0.02° 2.77+0.02°2
0.20+0.01° 0.29+0.012
66.36+0.05° 86.98+0.03°

The data are presented as the means + standard deviations (n=3). In each row, identical letters indicate statistically insignificant differences, whereas different letters
indicate statistically significant differences (p <0.05) between ungerminated faba bean seeds and dark-germinated and traditional germinated seeds according to

Duncan’s post hoc test

Biotech, CA, USA) at a ratio of 1:200. Visualisation was
performed via commercial ABC (Santa Cruz Biotech,
CA, USA) for 30 min. Next, the sections were subjected
to 3,3’-diaminobenzidine tetrahydrochloride (DAB) as
the chromogen and then counterstained with haematoxy-
lin. Positive GFAP and caspase-3 reactions were detected
as brown colouration. According to Fotouh et al. (2024),

Qualitative evaluation of GFAP and caspase-3
immunostaining

Qualitative scores of GFAP and caspase-3 immunostain-
ing intensity were negative or not (-), minimal (+), mod-
erate (++), and strong (+++) as outlined by Smolen
(1990). The intensity of the brown color of DAB was
expressed as the relative optical density of the diamin-
obenzidine reaction product.

Statistical analysis

Statistical analyses were conducted via SPSS ver-
sion 25. For the in vivo data (n=8 per group), normal-
ity assumptions were checked via the Shapiro-Wilk test
before analysis. The parametric data are presented as the
means t standard errors (SEs) and were analysed via one-
way analysis of variance (ANOVA), followed by Duncan’s
post hoc test to identify specific differences between
groups. A significance level of P<0.05 was used to assess
statistical significance. The Kruskal-Wallis H test was
used for nonparametric comparisons of frequency data,
followed by Dunn’s post hoc test to determine specific
group differences. The results for nonparametric data are
reported as median values.

Results

In vitro

The contents of total phenolics, total flavonoids, and
DPPH radical scavenging activity in the faba bean seeds
and differently germinated samples are presented in
Table 1. Compared with those of ungerminated seeds,
significant differences (P<0.05) in antioxidant activ-
ity were detected among germination methods, with

traditionally germinated faba beans showing the highest
values for all measured parameters.

Table 1 shows that traditionally germinated faba beans
had a higher total phenolic content (2.77%) than dark-
germinated (1.25%) and ungerminated seeds did (0.74%).
The total flavonoid content followed the same pat-
tern: traditional germination (0.29%), dark germination
(0.20%), and ungerminated seeds (0.17%). This trend held
for antioxidant activity according to the DPPH assay: tra-
ditionally germinated beans had the highest radical scav-
enging capacity (86.98%), followed by dark-germinated
(66.36%) and ungerminated seeds (43.08%).

HPLC analysis (Table 2) revealed significant differences
(P<0.05) in phenolic and flavonoid compositions between
ungerminated and germinated faba beans. Germination
markedly increased the contents of most compounds,
with traditional germination yielding the highest levels
of key flavonoids: diosmin (1.33 mg/g) and hesperidin
(1.07 mg/g) were uniquely detected in traditionally ger-
minated seeds, whereas rutin and apigenin progressively
increased from dark to traditional germination. The phe-
nolic acid content followed a similar trend, with cinnamic
acid content increasing>20-fold after germination. Nota-
bly, chlorogenic acid and flavonols (kaempferol) appeared
exclusively in traditional germination, suggesting light-
dependent biosynthesis activation (Fig. 2).

The germination process modifies the amino acid
composition of faba beans, serving as an effective bio-
fortification strategy to improve their nutritional value.
Comparative analysis revealed significant differences
(P<0.05), indicating that germination generally enhances
the content of several essential amino acids, with the tra-
ditional germination method demonstrating particularly
remarkable improvements Table 3.

The valine content was 53% greater than that in raw
seeds (increasing to 8.49 mg/g from 5.55 mg/g), and the
threonine content was 122% greater than that in unger-
minated seeds (up to 4.42 mg/g from 1.99 mg/g). Most
strikingly, this method produced a fivefold increase in
methionine compared with that in ungerminated seeds
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Components (mg/g)

Faba bean

Ungerminated

Germinated in dark

Traditional germinated

Phenolic compounds
Quinic
Ellagic
Cinnamic
chlorogenic
flavonoids compounds
Apeginin
Rutin
Diosmin
Hesperidin
Kampferol

0.0029+0.00010¢
0.0004 +0.00040¢
0.0003+0.00050¢
n.a

0.1331+0.00010¢
0.1045 +0.00050°
0.0790+0.00050¢
n.a

n.a

0.0299+0.00010°
0.0015+0.00050°
0.0068+0.00010°
n.a

0.4136+0.00050°
0.1466+0.00010°
0.1719+0.00015°
n.a

n.a

0.0243+0.00010°
0.0019+0.00050°
0.0073+0.00030°
0.0005 +0.00050°

0.3333+0.00010°
0.1964 +0.00010°
1.3255+0.00050°
1.0661 +0.00050°
0.8857+0.00020°

The data are presented as the means + standard deviations (n=3). In each row, identical letters indicate statistically insignificant differences, whereas different letters
indicate statistically significant differences (p <0.05) between ungerminated faba bean seeds and dark-germinated and traditional germinated seeds at the end of

germination, according to Duncan’s post hoc test

(0.39 mg/g versus 0.08 mg/g), indicating critical nutri-
tional limitations in legumes. The traditional approach
also generated the highest concentration of aspartic acid
(56.18 mg/g), exceeding that of ungerminated samples by
345% and that of dark-germinated samples by 69% (Fig. 3).

Neuroinflammation animal model
Germinated and ungerminated faba bean extracts
improved gait scores, nutritional parameters, brain oxi-
dative stress, inflammation, and neurotransmitter mark-
ers in the studied groups of rats.

At the end of the experimental period, gait scores were
assessed (Fig. 4). The rats in the normal control group
exhibited normal gait patterns. In contrast, ACR-treated
rats presented severe gait impairments, including foot
splay, ambulation difficulties, hind limb dragging, and
partial paralysis. These impairments resulted in signifi-
cantly higher gait scores than those of the normal con-
trols. However, coadministration of either germinated
or ungerminated faba beans significantly improved gait
abnormalities in ACR-treated rats (p<0.05), reduc-
ing their gait scores to as shown in Table 4, significant
(p<0.05) differences in body weight, food intake, and
brain weight were detected among the groups. Compared
with the normal group, acrylamide-exposed rats pre-
sented a 1.26-fold increase in absolute brain weight and
a 1.29-fold increase in the brain-to-body weight percent-
age (brain percentage), accompanied by a marked reduc-
tion in body weight gain (1.63-fold decrease) and the feed
efficiency ratio (1.30-fold decrease). Compared with the
acrylamide group, the treatment with germinated faba
beans effectively normalised these metrics, increasing

body weight gain and the feed efficiency ratio by 1.54-fold
and 1.30-fold, respectively. Ungerminated faba beans also
improved these parameters, although less prominently,
with a 1.27-fold increase in body weight gain and a 1.10-
fold increase in the feed efficiency ratio. Both treatments
significantly (p<0.05) attenuated acrylamide-induced
increases in brain weight and brain percentage with ger-
minated faba beans, resulting in a 1.20-fold reduction in
brain weight and a 1.24-fold decrease in brain percentage.

Table 5 presents significant (p <0.05) differences in oxi-
dative stress and inflammation in all brain regions in the
acrylamide group compared with those in the normal
group. In the cerebrum, acrylamide intoxication signifi-
cantly induced oxidative stress and neuroinflammation.
This was evidenced by an approximately 3.5-fold increase
in MDA levels and an~2.5-fold increase in NO levels
compared with those in the normal group. The inflamma-
tory response was marked by a 4.1-fold increase in IL-6
and a 3.1-fold increase in TNF-a. Concurrently, anti-
oxidant defenses were severely compromised, with SOD
activity reduced to approximately 42% of normal levels
(an ~2.4-fold decrease) and GSH levels depleted to nearly
43% (an~ 2.3-fold decrease). Treatment with germinated
faba beans effectively mitigated this damage, reducing the
elevated markers and restoring SOD and GSH to near-
normal levels (e.g., MDA was reduced by approximately
65% compared with those in the acrylamide group). The
ungerminated faba bean group presented an intermedi-
ate protective effect, but it was consistently less potent
than the germinated treatment.

A similar pattern was observed in the cerebellum
and hippocampus. Acrylamide exposure resulted in
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Fig. 2 HPLC profile of phenolics and flavonoids in the extracts of (A) ungerminated faba bean seeds, (B) Faba bean germinated in the dark
at the end of germination and (C) traditional germinated faba bean at the end of germination

comparable fold increases; for example, MDA increased
by ~ 3.6-fold in the cerebellum and ~ 3.7-fold in the hip-
pocampus. The germinated faba bean treatment again
demonstrated superior efficacy, normalising most param-
eters (e.g., reducing hippocampal IL-6 by over 70%)
and underscoring its robust neuroprotective properties
across all brain regions. The protection offered by unger-
minated faba beans was partial, which is consistent with
the cerebral findings.

Table 6 presents significant (p<0.05) changes in neu-
rotransmitter levels in the acrylamide group compared
with those in the normal group. GABA and AChE:

The acrylamide-treated group presented pronounced
increases in GABA concentrations, with levels increasing
approximately 2.3-fold in all brain regions. Conversely,
acetylcholinesterase (AChE) activity was markedly sup-
pressed, decreasing to approximately 43% of normal
levels (an ~ 2.3-fold decrease). The administration of ger-
minated faba beans significantly (p < 0.05) restored GABA
levels, reducing them by 1.77-fold in the cerebrum, 1.78-
fold in the cerebellum, and 1.72-fold in the hippocampus,
whereas AChE activity increased by 2.10-fold, 1.94-fold,
and 1.95-fold, respectively, compared with that in the
acrylamide group. Although ungerminated faba beans
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Table 3 Amino acid profile of extracts of ungerminated, dark and traditional germinated faba bean seeds at the end of germination

Name mg/g Faba bean Amino acid scoring
pattern (FAO, 2013)
Ungerminated Germinated in dark Traditional germinated

Essential amino acids
Histidine 7.10+0.01° 590+0.01°¢ 649+0.02° 2.00
Valine 5.55+0.02° 8.10+001° 849+0.01° 430
Phenylalanine 480+0.02° 6.23+0.04° 588+0.03° -
Threonine 1.99+0.01¢ 406+001° 442+0.02° 3.10
Methionine 0.08+0.01¢ 0.14+001° 039+0.01° 2.70
Lysine 43.01+0.10° 19.61+0.05° 17.36+0.06° 5.70
Isoleucine 2.94+0.04 535+0.02° 538+0.02° 320
Leucine 16.26+0.03° 15.26+0.02° 13.63+£0.05¢ 6.60

Non Essential amino acids
Arginine 4176+0.10° 2350+0.11P 1732+0.13° -
Proline 19.73+0.03° 19.31+0.02° 10.66+0.09° -
Serine 5.31+0.04° 9.19+001° 9.50£0.01° -
Glutamic acid 4062+0.12° 44,08+0.10° 35.18+0.09° -
Glycine 503+001° 5.19+0.03° 4.75+0.02° -
Alanine 423+001° 6.06+003° 6.22+0.05° -
Tyrosine 0.71+0.01¢ 137+001° 1.58+0.01° 5.20
Aspartic acid 12.63+0.15¢ 3325+022° 56.18+0.18° -

The data are presented as the means + standard deviations (n=3). In each row, identical letters indicate statistically insignificant differences, whereas highlighted
letters indicate statistically significant differences (p <0.05) between ungerminated faba bean seeds and dark-germinated and traditional germinated seeds at the end

of germination, according to Duncan’s post hoc test

»
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(4) L'ngerminate:i faba bean seeds  (B) Faba bean germinated in dark  (C) Traditional germinated faba bean

Fig. 3 Amino acid profile of the extracts of (A) ungerminated faba bean seeds, (B) Faba bean germinated in the dark at the end of germination

and (C) traditional germinated faba bean at the end of germination

produced significant (p<0.05) improvements, these
effects were less pronounced, with GABA reductions of
1.27-fold, 1.33-fold, and 1.29-fold and AChE increases of
1.52-fold, 1.48-fold, and 1.48-fold in the cerebrum, cer-
ebellum, and hippocampus, respectively.

Dopamine and serotonin: In all three brain regions,
acrylamide exposure led to significant reductions in both

dopamine and serotonin levels. Dopamine decreased to
approximately 1.4-fold greater than the control values,
whereas serotonin substantially decreased to~ 1.7-fold
greater than the normal level. These neurotransmit-
ters are crucial for mood and motor function. The ger-
minated faba beans demonstrated a superior restorative
capacity, reversing a substantial majority of the damage.



Essa et al. Food Production, Processing and Nutrition (2026) 8:2 Page 11 of 22
(A) (B)
b
Normal group
4.00 T PV Sy
d
o 300
1
=]
0
(7] a
:E 200
(U] Germinated faba beans group  Ungerminated faba beans group
d 3}‘»'447/1\ 2 . = -
1.00 —
00 i i i
Normal group  Acrylamide Germinated  Ungerminated
group faba beans faba beans
group group

Groups

Fig. 4 The protective effects of germinated and ungerminated faba beans on gait in acrylamide-treated rats. A Box plot illustrating the gait scores
among the different groups (n=8/group). Different letters (a, b, d) above the bars indicate a statistically significant difference between the groups
(p<0.05), whereas similar letters denote nonsignificant variation. B Representative photographs showing the physical posture and gait of the rats

in each experimental group at the experimental endpoint

Table 4 Effects of germinated and ungerminated faba bean extracts on nutritional parameters, body weight, and brain weight in

acrylamide-treated rats

Groups Normal group Acrylamide group Germinated faba beans Ungerminated
Parameters group faba beans
group
Initial body weight (g) 239.56+6.42° 239.50+5.92° 239.60+6.14° 239.54+5.98°
Final body weight (g) 270.10£8.10° 25830+7.12° 268.50+£6.21% 263.30+6.14¢
Body weight gain (g) 3060+2.11° 18.80+0.98° 29.00+157° 23.80+2.02°
Total food intake (g) 23280+9.11° 196.50+7.20° 220.10+8.21% 211.40+7.99
Feed efficiency ratio 0.13+0.012% 0.10+001° 0.13+0.01° 0.11+001°
Brain weight (g) 1.95+0.04° 241+003° 2.01+0.05 2.05+0.04°
Relative brain weight 0.72+0.02° 0.93+001° 0.75+0.02° 0.78+0.02¢

The values are expressed as the means + standard errors (n =8). Means within a row that share a common letter are not significantly different, whereas those with
different letters are significantly different (p <0.05), according to Duncan’s post hoc test. The feed efficiency ratio was calculated as body weight gain divided by total

food intake

Specifically, they restored 72.7% to 85.7% of dopamine
and 83.3% to 85.4% of serotonin levels across the cer-
ebrum, cerebellum, and hippocampus. In contrast, the
ungerminated faba beans provided a significantly weaker
protective effect, with only 32.0% to 47.1% dopamine
deficit and 45.0% to 45.2% serotonin deficit. This con-
sistent pattern across all brain regions highlights the
significantly enhanced neuroprotective efficacy of the
germination process.

Microscopic and immunohistochemical findings

Cerebrum

The control group exhibited a histological structure
composed of six distinct layers, ranging from a superfi-
cial molecular layer containing axons and dendrites to
deeper pyramidal layers. The underlying white matter
consisted primarily of myelinated axons. In contrast, the
acrylamide group demonstrated marked neuronal degen-
eration and increased neuronal cell death, particularly
within the cortex. Degeneration of pyramidal neurons
in the cerebral cortex is associated with vacuolisation
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Table 5 Effects of germinated and ungerminated faba bean extracts on oxidative stress markers (MDA, GSH, SOD, NO) and

inflammatory Cytokines (IL-6, TNF-a) in various brain regions of acrylamide-treated rats

Brain tissues Groups Normal group Acrylamide group Germinated faba beans Ungerminated

Parameters group faba beans
group

cerebrum MDA 518+1032 18.04+095° 85241122 1385+1.14¢
(nmol/g)
SOD 7867 +0.55° 32.81+0.34° 724740572 53.74+0.58
(U/g)
NO 39.96+0.79° 9831+1.46° 34.46+0.64° 67.38+0.71¢
(nmol/g)
GSH 21.80+067° 9.27+0.58° 16.78£0.65° 12.95+0.56¢
(umol/g)
IL-6 8.52+0.65° 3522+0.99° 15.38+0.76° 253+0.691
(p9/9)
TNF-a 10.84+1.15° 33.60+0.99° 16.32+0.95° 2496+1.23¢
(p9/9)

cerebellum MDA 428+1.12° 1554+1.02° 7.54+0.95% 12.64+1.11°¢
(nmol/g)
SOD 75.82+0.64° 33.69+0.55° 69.65+0.58° 52.78+0.60
(U/9)
NO 40.14+0.68° 88.9+1.34° 46.31+0.59° 63.71+0.58¢
(nmol/g)
GSH 23.85+048° 10.62 +0.44° 18.58+0.37°¢ 14.6+0.42°
(Mmol/g))
IL-6 847+071° 33.03+087° 13.9440,64° 2248+0.75¢
(p9/9)
TNF-a 11.14+132° 36.76+1.07° 1638+1.21° 25.56+1.31¢
(p9/9)

hippocampus MDA 3.49+0.982 12.77+0.75° 6.32+1.11% 945+1.51°
(nmol/g)
SOD 74.46+0.77° 31.02+0.58° 65.02+0.67° 50.13+0.74
(U/g)
NO 39.06+0.59° 85.72+1.52° 33.11+048° 60.42+0.55¢
(nmol/g)
GSH 18.80+0.56° 731+061° 14.20+1.12°%¢ 11.87+£1.22¢
(umol/g.)
IL-6 8.09+0.68° 29.93+0.85° 13.83+0.72% 20.88+0.69°
(p9/9)
TNF-a 10.21+1.52° 3267+1.03° 15.22+£1.14° 23.04+1.11¢
(pg/9)

In each row, groups that share a common letter are not significantly different from each other (p > 0.05). Conversely, groups that do not share a common letter are
significantly different from one another (p <0.05), according to Duncan’s post hoc test. The data are presented as the mean value + standard error for each group, with
each group containing eight rats. MDA and NO are expressed in nmol/g; SOD, in U/g; GSH, in umol/g; and IL-6 and TNF-q, in pg/g

of the neuronal cytoplasm and loss of cellular integrity.
Axonal swelling and degeneration, likely resulting from
disrupted axonal transport, were especially evident in
the white matter, where myelinated axons were nota-
bly affected. Both astrocytes and microglia exhibited
reactive changes in response to toxicity, with microglial
activation observed. In the germinated faba bean group,
these pathological changes were significantly amelio-
rated, as evidenced by only mild vacuolisation of the
neuronal cytoplasm. The ungerminated faba bean group
displayed microglial activation, vascular congestion, and

lymphocytic infiltration within the Virchow—Robin space
(Fig. 5).

Immunohistochemical staining for GFAP was reported.
In the control group, there was minimal reactivity (+).
Exposure to acrylamide results in a strong increase in
GFAP immunoreactivity in the cerebrum (+++), indi-
cating astrocyte activation. In areas of neuronal damage
or degeneration, GFAP staining markedly increased, par-
ticularly around regions where axons or neurons were
affected. The germinated group showed minimal reac-
tivity (+) that was the same as that of the control group.
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Table 6 Effects of germinated and ungerminated faba bean extracts on neurotransmitter levels (GABA, AChE, Dopamine, Serotonin)

in various brain regions of acrylamide-treated rats

Brain tissues Groups Normal group Acrylamide group Germinated faba beans Ungerminated

parameters group faba beans
group

cerebrum GABA 7473+3.85° 171.73+3.22° 96.73+4.32° 135.78+4.119
(Mg/9)
AChE 210.54+4.76° 9152+371° 192.51+3.92° 141,02 +4.22¢
(U/g)
Dopamine 524.21+621° 37443+529° 48821+5.11° 432.67+581¢
(ng/9)
Serotonin 533.52+7.05° 310.17+6.12° 496.26 +4.98° 411.09+5.119
(ng/9)

cerebellum GABA 77.34+4.04° 174.15+3.76° 97.80+4.26 130.97 +4.32¢
(M9/9)
AChE 215.03+5.12° 100.48 +3.94° 1945144512 14834 +5.119
(U/g)
Dopamine 520.72+6.10° 359.10+4.88° 476.72+5.24° 410.79+5.54¢
(ng/g)
Serotonin 533.52+543° 310.17+£5.05° 496.26 +4.56° 411.09+4.97¢
(ng/g)

hippocampus GABA 755243722 169.76 +3.55° 98.51+3.80° 131.13+4.56¢
(u9/9)
AChE 212.13+5.06° 99.04+4.13P 193.01 +4.80° 1469 +4.43¢
(U/g)
Dopamine 522134579 35761+532° 498.60+5.63 435.11+603¢
(ng/g)
Serotonin 5203145797 307.87 +4.79° 48933+5.13° 40347 +5.30¢
(ng/g)

The values are expressed as the means + standard errors (n=8). Means within a row that share a common letter are not significantly different, whereas groups that do
not share a common letter are significantly different from one another (p <0.05), according to Duncan’s post hoc test. GABA: Gamma-aminobutyric acid; AChE:
Acetylcholinesterase. Dopamine and serotonin are expressed in nd/g; AChE in U/g; and GABA in pg/g

Less GFAP immunoreactivity (++) was detected in the
ungerminated group (Fig. 5).

Caspase-3 staining was estimated. The control group
showed no reactivity (-) to caspase-3. In contrast, the
cerebral cortex displayed significant neuronal damage
after acrylamide exposure, with caspase-3-positive cells
(+++) mainly in the cortical layers, especially in regions
of neuronal loss. Compared with the acrylamide group,
the germinated group presented minimal staining (+),
whereas the ungerminated group presented less immu-
noreactivity (++) (Fig. 5).

Cerebellum

In the control group, a distinctive three-layered structure
was observed. The molecular layer contained Purkinje
cell dendrites, granule cell axons, and parallel fibres.
The second layer, the Purkinje cell layer, contained large
Purkinje cells. The last layer, the granular layer, is rich
in granule cells and Golgi cells and is densely packed
with small neurons. In contrast, the acrylamide group
presented degeneration of Purkinje cells that may have
undergone necrosis, leading to a reduction in the number

of Purkinje cells within the Purkinje cell layer. The gran-
ule cell layer was also affected in this group. Gliosis
(astrogliosis) was detected, with hypertrophied astro-
cytes and reactive microglia being observed in response
to Purkinje cell and granule cell death. Additionally,
vacuolisation within the cerebellar tissue was observed,
particularly in the molecular and granular layers. The
germinated group, in comparison, showed improvements
in all previous findings, including only mild vacuolisation
within the cerebellar tissue. In the ungerminated group,
gliosis and degeneration of Purkinje cells were detected
(Fig. 6).

The immunohistochemical reaction of the control
group to GFAP was minimal (4). Exposure to acryla-
mide led to a significant increase in GFAP expression
in the cerebellum (+++). Reactive gliosis, as indicated
by GFAP staining, can be observed around the Purkinje
cell layer, where neurons are damaged or dying. Addi-
tionally, the granular layer of the cerebellum, which
contains many small granule cells, may also show reac-
tive gliosis and GFAP-positive astrocytes, especially in
areas with neuronal loss. Staining was minimal (+) in the
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of the control group. B Increased gliosis reactivity (black arrows) and neuron degeneration with vacuolation (blue arrow). C Neuron degeneration
with vacuolation (blue arrow). D Congested blood vessel with perivascular cuffing (black arrow). E-H Immunoreactivity to GFAP. E minimal reaction
(+). F strong reaction (++4). G minimal reaction (+). H moderate reaction (++). I-L Immunoreactivity to caspase-3. I minimal reaction (+) J strong

reaction (+++). K minimal reaction (+). L moderate reaction (++)

germinated group and moderate (++) in the ungermi-
nated group (Fig. 6).

Immunohistochemical staining for caspase-3 revealed
strong positivity (+++) in neurons that were undergo-
ing programmed cell death due to the neurotoxic effects
of acrylamide. Increased caspase-3 staining is likely
observed in the Purkinje cell layer, where these neurons
are undergoing apoptosis. Additionally, caspase-3 stain-
ing is likely to be observed in the granule cell layer of the
cerebellum, particularly in regions with significant neu-
ronal loss (acrylamide group). The control group showed
no reactivity (-). The germinated group showed minimal
reactivity (+) to caspase-3. A moderate reaction (++) in
the ungerminated group was observed (Fig. 6).

Hippocampus

The control group was composed of the dentate gyrus
(with granule cells), the Cornu Ammonis (CA) regions
(containing pyramidal cells), and the subiculum (output
region). Mild neuronal loss and neuron death, particu-
larly in pyramidal cells, were detected in the acrylamide

group. In the other groups, there were no pathological
alterations (Fig. 7).

Discussion

ACR is a well-known neurotoxic environmental con-
taminant that frequently forms in heat-processed foods
via the Maillard reaction (Matoso et al., 2019). Given its
established association with neurodegenerative effects,
it has heightened public health concerns and stimulated
research into protective strategies.

Previous studies have demonstrated that faba bean seed
extracts contain high levels of polyphenols and exhibit
significant antioxidant activity, both of which increase
during sprouting (El-Mergawi & Taie, 2014; Okumura
et al, 2016). In contrast, the present study is the first
to systematically compare two germination methods
to optimise sprout quality in the Egyptian cultivar Giza
843. Additionally, we investigated the neuroprotective
and modulatory effects of germinated faba beans against
acrylamide-induced neuroinflammation in a Sprague—
Dawley rat model. The neurotoxic effects of acrylamide
were assessed via the use of oxidative stress markers,
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Fig. 6 Photomicrograph of a rat cerebellum experimentally exposed to acrylamide (scale bar, 200 pm). A Normal histological structure

of the control group. B Neuron degeneration with vacuolation in the granular layer (black arrow). C normal histological structure. D mild neuron
degeneration with vacuolation. E-H Immunoreactivity to GFAP. E minimal reaction (+). F strong reaction (+++). G minimal reaction (+). H moderate
reaction (++). I-L Immunoreactivity to caspase-3. | minimal reaction (+). J strong reaction (+++). K minimal reaction (+). L moderate reaction (++)

inflammatory and neurotransmitter changes, histopatho-
logical analysis, and GFAP immunolocalisation in the
cerebrum, cerebellum, and hippocampus.

Faba beans, particularly the Giza 843 cultivar, are rich
sources of bioactive compounds, including phenolic
compounds and flavonoids, with demonstrated anti-
oxidant activity (Dhull et al., 2022; Mekky et al., 2020;
Thakur & Thomas, 2024). Germination significantly
increased (P <0.05) these bioactive components, and ger-
mination significantly increased (P <0.05) these bioactive
components. The effects of germination were ranked as
follows: traditional germinated > dark > ungerminated for
phenolic and flavonoid contents and DPPH activity, con-
firming the method-dependent nature of these biochemi-
cal modifications (Mekky et al., 2020).

HPLC analysis revealed significant (p <0.05) germina-
tion-induced changes in specific phytochemicals. The
effects of germination were ranked as follows: traditional
germinated > dark > ungerminated for phenolic and fla-
vonoid compounds. In addition, traditional germinated
plants generated novel compounds such as chlorogenic

acid (0.0005 mg/g), hesperidin (1.0661 mg/g) and kaemp-
ferol (0.8857 mg/g). These structural modifications likely
contribute to the observed increase in antioxidant activ-
ity and may represent stress—response mechanisms
(Khang et al., 2016).

Nutritional analysis revealed the dual effects of ger-
mination on amino acids: while valine (8.49 mg/g),
threonine (4.42 mg/g), and methionine (0.39 mg/g)
were increased through traditional germination, lysine
(17.36 mg/g) and leucine (13.63 mg/g) were reduced.
These method-specific alterations in protein quality may
be due to the activity of proteolytic enzymes (Luo et al.,
2014). Additionally, the fact that accumulated amino
acids can be applied in other metabolic procedures, such
as certain biochemical reactions or the synthesis of new
proteins, may be the reason for the decrease in the con-
tent of some amino acids (Ospankulova et al., 2025).
Consistent with the findings of Kuo et al. (2004), these
findings complement the inherent nutritional value of
faba beans as rich sources of protein, fibre, and health-
promoting phytochemicals (Mekky et al., 2020).
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Fig. 7 Photomicrograph of a rat hippocampus experimentally exposed to acrylamide (scale bar, 200 um). A Normal histological structure
of the control group. B Mild neuron degeneration. C normal histological structure. D mild neuron degeneration. E-H Immunoreactivity to GFAP E
minimal reaction (+). F strong reaction (+++). G minimal reaction (+). H minimal reaction (+). I-L Immunoreactivity to caspase-3. I no reaction (-).

J strong reaction (+++). K minimal reaction (+). L minimal reaction (+)

The primary mechanism underlying ACR-induced
neuroinflammation is oxidative stress (Erkekoglu &
Baydar, 2014). ACR disrupts cellular redox homeo-
stasis by increasing reactive oxygen species and nitric
oxide synthase levels, leading to lipid peroxidation and
the accumulation of malondialdehyde and nitric oxide.
Concurrently, it depletes glutathione and inhibits anti-
oxidant enzymes such as superoxide dismutase, catalase,
and glutathione peroxidase (Erkekoglu & Baydar, 2014).
This oxidative damage extends to intracellular proteins
and lipids, triggering neuronal death and synaptic failure
(Kopanska et al., 2018).

These data collectively demonstrate that acrylamide
induces significant neurotoxicity, characterised by a
cascade of oxidative stress and inflammatory responses
across multiple brain regions (cerebrum, cerebellum, and
hippocampus). This is evidenced by the dramatic increase
in the levels of pro-oxidant and proinflammatory markers
and the simultaneous depletion of endogenous antioxi-
dants. This finding is consistent with established research

on the mechanism of action of acrylamide, which high-
lights its role in inducing oxidative stress and biochemi-
cal perturbations in rat brains (Yousef & El-Demerdash,
2006). Furthermore, Zhao et al. (2022) reported this neu-
rotoxicity, confirming that acrylamide triggers inflamma-
tion and neuronal damage.

ACR neuroinflammation is driven primarily by oxida-
tive stress, inflammation, and disturbances in neuro-
transmitter function. A significant study involving rats
exposed to ACR at a dosage of 50 mg/kg for 11 days
revealed notable increases in critical oxidative stress
markers, including malondialdehyde (MDA) and nitric
oxide. Additionally, researchers have reported a substan-
tial reduction in glutathione levels, as well as decreased
activity of vital antioxidants such as superoxide dis-
mutase and catalase, in the cerebrum, cerebellum, and
hippocampus. These findings corroborate earlier stud-
ies that established a strong link between ACR exposure
and oxidative stress, resulting in antioxidant depletion
(Elhelaly et al., 2019; Essa et al., 20254, b; Lai et al., 2017).
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The significant increase in MDA levels, indicative of pro-
nounced lipid peroxidation, effectively underscores the
extent of free radical-mediated damage to neural tissues
caused by ACR.

Inflammation significantly amplifies the neuronal dam-
age caused by ACR (acrylamide). Research has demon-
strated that ACR administration markedly elevates the
levels of proinflammatory cytokines, such as IL-6 and
TNEF-a, which aligns with the critical findings of Elblehi
et al. (2020). This potent inflammatory response, coupled
with oxidative stress, drives profound neuronal degen-
eration and severe motor impairments. Compelling evi-
dence is observed in the notably increased gait scores and
the onset of hind limb paralysis in rats subjected to ACR
treatment (LoPachin & Gavin, 2012). This highlights the
urgent need to address inflammation as a key player in
ACR-induced neurotoxicity.

The remarkable protective effect of germinated faba
beans is a key finding of this study. The germination pro-
cess likely enhances the bioavailability of phytochemicals,
such as flavonoids and polyphenols, which are known for
their potent antioxidant and anti-inflammatory proper-
ties (Li et al., 2025). These compounds may directly scav-
enge free radicals, upregulate endogenous antioxidant
enzymes, and inhibit proinflammatory pathways. This
dual mechanism of action could explain why germinated
faba beans were so effective at reversing acrylamide-
induced damage, a finding supported by other studies on
the neuroprotective effects of faba bean extracts (Abdel-
Sattar et al., 2020).

This compelling study underscores the impressive neu-
roprotective properties of germinated faba bean extract,
driven by its significantly increased levels of polyphenols
and antioxidants that are amplified during the germina-
tion process (Shetty et al., 2006). Notably, the phenolic
compounds, flavonoids, and amino acids of the Giza 843
cultivar markedly increased following germination. Com-
pared with ungerminated seeds, extracts derived from
germinated beans demonstrated a superior ability to
combat oxidative stress, reduce inflammatory cytokines,
and restore neurotransmitter balance. These findings
strongly align with the research of McGeer and McGeer
(2004), who documented the potent anti-inflammatory
effects of faba bean sprout extract in mice, further vali-
dating the promising therapeutic potential of the extract.

While ungerminated faba beans also provided some
level of protection, their effects were less pronounced.
This difference highlights the importance of the germina-
tion process in unlocking the full therapeutic potential of
the faba bean. It has been shown that germination signifi-
cantly impacts the phytochemical content and antioxi-
dant activity of legumes, often leading to an increase in
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these beneficial compounds (Anaemene & Fadupin, 2022;
Elbadrawy & Mostafa, 2024).

Germination enhances both essential and nonessen-
tial amino acids, including aspartic acid, threonine, ser-
ine, alanine, methionine, and tyrosine. These amino acids
are crucial for synthesising neurotransmitters and main-
taining neuronal health (Khang et al.,, 2016; Vann et al,,
2020). For example, tyrosine is a precursor for dopa-
mine, whereas methionine aids in the production of glu-
tathione, which increases antioxidant capacity (Yonar,
2011). The increased levels of these amino acids in germi-
nated faba beans likely contributed to the neurochemical
improvements observed in the rats treated with ACR.

The findings of this study provide clear evidence of the
profound neurotoxic effects of acrylamide, which extend
beyond oxidative damage to include severe dysregulation
of key neurotransmitter systems. The observed increase
in GABA and decrease in AChE activity in the acryla-
mide group was particularly significant. GABA is the pri-
mary inhibitory neurotransmitter, whereas AChE breaks
down the excitatory neurotransmitter acetylcholine. An
increase in GABA and a decrease in AChE could result in
an overall shift towards neuronal inhibition, which may
contribute to the neurological deficits associated with
acrylamide toxicity, such as tremors and muscle weak-
ness. This finding aligns with existing research showing
that acrylamide can disrupt neurotransmitter synthesis
and release, leading to neuronal dysfunction (Zhao et al.,
2022).

A decrease in dopamine and serotonin levels is also a
critical finding. These monoamines are integral to motor
control, reward systems, and mood regulation. Their
depletion has been linked to various neurological disor-
ders, including Parkinson’s disease and depression. The
ability of acrylamide to deplete these neurotransmitters
points to its widespread impact on central nervous sys-
tem function (Abdel-Sattar et al., 2020). Germination
enhances both essential and nonessential amino acids,
including aspartic acid, threonine, serine, alanine,
methionine, and tyrosine. These amino acids are crucial
for synthesising neurotransmitters and maintaining neu-
ronal health (Khang et al, 2016; Vann et al., 2020). For
example, tyrosine is a precursor for dopamine, whereas
methionine aids in the production of glutathione,
which increases antioxidant capacity (Yonar, 2011). The
increased levels of these amino acids in germinated faba
beans likely contributed to the neurochemical improve-
ments observed in the rats treated with ACR.

The modulatory effects of germinated faba bean extract
are attributed to its high content of polyphenols and fla-
vonoids, including diosmin, apigenin, and rutin. These
compounds exhibit strong antioxidant and anti-inflam-
matory properties (Khang et al., 2016; Vann et al., 2020).
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Diosmin, in particular, has been shown to suppress proin-
flammatory cytokines such as IL-6 and TNF-a (Shalkami
et al.,, 2018), which parallels the reductions in cytokines
observed in this study. Additionally, apigenin and rutin
play a role in modulating the GABA and dopamine sys-
tems while enhancing antioxidant defenses (Mohammad-
khanizadeh et al., 2025; Zhang et al., 2023).

ACR-induced neurotransmitter disruption was another
critical aspect of this study. ACR exposure significantly
reduced serotonin (SER) and dopamine (Dp) levels,
which is consistent with the findings of Husain et al.
(2012). This decline may result from the interaction of
ACR with tyrosine and tryptophan, the precursors for
Dp and SER synthesis, as well as increased monoam-
ine oxidase activity, which accelerates neurotransmitter
breakdown (Binder & Scharfman, 2004). Furthermore,
ACR impaired AChE activity, likely through free radical
formation and synaptic dysfunction (Lakshmi et al., 2012;
LoPachin et al., 2004). Cotreatment with germinated faba
bean extract restored AChE activity, highlighting its anti-
oxidant properties.

GABA, a key inhibitory neurotransmitter, also plays a
role in ACR-induced neuroinflammation. ACR treatment
increased brain GABA levels, likely due to its toxic effects
on neurotransmitter balance (Aboubakr et al., 2019; Tian
et al,, 2015). The elevated GABA levels in the treated
groups may explain the observed improvements in neu-
rochemical balance and movement disorders.

The most compelling aspect of this study is the potent
neuroprotective effect of germinated faba beans. The data
clearly revealed that these compounds not only counter-
act oxidative stress and inflammation but also restore
neurotransmitter levels, indicating a comprehensive
protective mechanism. This could be attributed to the
increased bioavailability of bioactive compounds such as
L-DOPA (a precursor to dopamine) and tryptophan (a
precursor to serotonin), along with potent antioxidants
and anti-inflammatory agents present in germinated faba
beans. Germination is known to increase the concentra-
tion and bioavailability of these beneficial compounds,
making them more effective than ungerminated beans
(Fuentes-Herrera et al., 2023).

In contrast, while the ungerminated faba beans pro-
vided some benefit, their less pronounced effects confirm
that germination is a crucial step in unlocking the full
therapeutic potential of this legume.

Our study investigated the histopathological effects
of acrylamide exposure on the brain, focusing specifi-
cally on the cerebrum, cerebellum, and hippocampus. In
the control group, the brain structures remained intact,
and no significant damage was observed in any of these
regions. However, acrylamide exposure results in severe
neurotoxic effects across all brain areas, providing strong
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evidence of its potential as a neurotoxin (Abo-Aziza
et al.,, 2022; Farouk et al., 2021; Jangir et al., 2016). The
most significant damage occurred in the cerebrum, where
neuronal degeneration was evident, characterised by cell
swelling, vacuolisation, and loss of neurons. Additionally,
glial activation was prominent, as indicated by increased
GFAP expression, which reflects astrocytic gliosis in
response to neuronal injury, as previously described by
Ahrari Roodi et al. (2018) and Elsayed et al. (2024).

The group that received both germinated faba beans
and acrylamide showed partial protection from the neu-
rotoxic effects of acrylamide (Lai et al., 2017; Liu et al,,
2021). This group provides valuable insight into the
potential protective effects of germinated faba beans. The
microscopic findings suggest that germinated faba beans
contain protective compounds, such as antioxidants, that
may mitigate some of the harmful effects of acrylamide.
This finding aligns with previous studies that have sug-
gested that germinated plants may have enhanced anti-
oxidant properties, which could counteract the oxidative
stress caused by acrylamide exposure (Guo et al., 2020).
In the group exposed to ungerminated faba beans along
with acrylamide, the protective effects were less pro-
nounced than those in the germinated group.

Immunohistochemical staining for GFAP and Cas-
pase-3 provides valuable insights into neuroinflammatory
and neurodegenerative processes following acrylamide
toxicity and the potential protective effects of germinated
and ungerminated faba beans (Dasari et al., 2018). The
comparison of these markers across the four experimen-
tal groups helps elucidate how acrylamide induces brain
injury and how faba beans can potentially mitigate this
damage. The immunohistochemical results indicate that
acrylamide exposure induces significant neuroinflamma-
tion (indicated by GFAP staining) and neuronal apop-
tosis (indicated by caspase-3 staining). Compared with
the acrylamide-only group, the germinated faba beans
provided the most significant protection against these
effects, with reduced astrocyte activation and lower neu-
ronal apoptosis. These findings highlight the potential of
germinated faba beans as neuroprotective agents against
acrylamide-induced neuroinflammation (Farouk et al.,
2021). The ungerminated faba beans also provided some
level of protection, but their effects were weaker, sup-
porting the idea that germination enhances the neuro-
protective properties of faba beans.

Study limitations: While this study contributes valu-
able preliminary evidence, several limitations must be
acknowledged. The experimental design utilised an acute
exposure model, which may not adequately reflect the
modulatory effects that could arise from chronic expo-
sure to acrylamide. This limitation highlights the need
for further research to fully understand the long-term
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effects of acrylamide exposure on neurological health.
The research was conducted using a single faba bean cul-
tivar, and the observed effects may vary across different
cultivars. The study did not incorporate advanced molec-
ular techniques (such as transcriptomic or proteomic
analyses) that could provide deeper mechanistic insights
into the neuroprotective pathways involved. Addition-
ally, while the in vivo results are promising, the transla-
tional potential for human applications remains to be
established through clinical trials examining bioavailabil-
ity, optimal dosing regimens, and long-term safety pro-
files. Future research is needed to determine the optimal
dietary intake level and bioavailability of the active com-
pounds in humans. These limitations highlight important
directions for future research while not diminishing the
current findings’ significance.

Despite these limitations, we can provide a perspec-
tive on human relevance by estimating a dietary equiv-
alent dose on the basis of our animal study. While we
cannot yet make definitive recommendations, our find-
ings offer a preliminary reference. The study used a faba
bean extract dose of 300 mg/kg/day in rats. The standard
body surface area conversion method results in a human
equivalent dose (HED) of approximately 48.6 mg/kg/day.
For a 70 kg adult, this would equate to a daily intake of
approximately 3.4 g of the extract. While this precise dos-
age is for the experimental context and requires clinical
validation, incorporating a meaningful amount of germi-
nated faba beans into the diet could be a feasible strategy.
Future research is necessary to determine the optimal
dietary intake, bioavailability in humans, and long-term
safety.

Conclusion

This study demonstrated that germination enhances the
neuroprotective potential of the Egyptian faba bean cul-
tivar Giza 843 against acrylamide-induced neurotoxicity.
These data indicate that the extract from germinated faba
beans ameliorates acrylamide-induced damage by reduc-
ing oxidative stress, attenuating neuroinflammation, and
restoring neurotransmitter balance.

The protective effects were more pronounced in tradi-
tionally germinated beans than in ungerminated seeds,
which was correlated with the observed increase in phe-
nolic compounds, flavonoids, and specific amino acids
during germination. Histopathological and immunohis-
tochemical analyses provided supporting evidence that
the germinated bean extract helped preserve neuronal
structure and reduce the expression of markers of apop-
tosis and glial activation.

These findings position germinated faba beans as
promising functional foods or therapeutic agents for
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mitigating the neurotoxic risks associated with acryla-
mide exposure. Future research should focus on identi-
fying the specific bioactive compounds responsible for
these effects and evaluating their efficacy in other models
of neurodegeneration.

Abbreviations

ABC Avidin—biotin complex (immunohistochemistry technique)

AChE Acetylcholinesterase

ACR Acrylamide

AlCl; Aluminum Chloride

CA1&CA3  Cornu Ammonis regions of the hippocampus

CAT Catalase

DAB 3,3-Diaminobenzidine  tetrahydrochloride (chromogen  for
immunohistochemistry)

DAD Diode array detector (used in HPLC)

Dp Dopamine

DPPH 2,2-Diphenyl-1-picrylhydrazyl (a free radical used in antioxidant
assays)

ELISA Enzyme-Linked Immunosorbent Assay

GABA Gamma-Aminobutyric Acid

GFAP Glial fibrillary acidic protein (a marker for astrocytes)

GPx Glutathione Peroxidase

GSH Glutathione

HCl Hydrochloric acid

HPLC High-performance liquid chromatography

i.p. Intraperitoneal (injection)

IL.-6 Interleukin-6

MDA Malondialdehyde (a marker of lipid peroxidation)

NO Nitric oxide

PO. Per os (oral administration)

SER Serotonin

SOD Superoxide dismutase

TNF-a Tumor necrosis factor-alpha

Acknowledgements
Non.

Authors’ contributions

**Hend A. Essa**: Proposed the main research point and designed the study,
conducted the animal experiments, performed biochemical analyses, and
carried out their statistical evaluation. Wrote the main draft and the final
version of the manuscript and editing the manuscript. **Walaa M. El Sayed:**
Responsible for the methods, results, and analysis of the plant extracts. Wrote
the manuscript **Ahmed Fotouh:** Responsible for the methods, results, and
analysis of histopathological and immunohistochemical evaluations. Wrote
the manuscript. All authors contributed to reviewing the manuscript. All
authors have approved the manuscript for submission.

Funding

Open access funding provided by The Science, Technology & Innovation
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank
(EKB). Non.

Data availability
The authors confirm that the data supporting the findings of this study are
available within the article.

Declarations

Ethics approval and consent to participate

The study was approved by the General Organization for Teaching Hospitals
and Institutes (GOTHI) Ethics Committee (Approval No.: IN000147) and com-
plied with the National Institutes of Health guidelines for the care and use of
laboratory animals (Garber et al.,, 2011).

Consent for publication
Not applicable.



Essa et al. Food Production, Processing and Nutrition (2026) 8:2

Competing interests
The authors declare no competing interests.

Author details

"Nutrition and Food Sciences Department, Food Industries and Nutri-

tion Research Institute, National Research Centre, 33 El Bohouth St, Dokki,
Giza 12622, Egypt. *Agro-Industrialzation Unit, Plant Production Department,
Desert Research Center, Cairo, Egypt. >Department of Pathology and Clinical
Pathology, Faculty of Veterinary Medicine, New Valley University, El Kharga,
Egypt.

Received: 11 June 2025 Accepted: 27 October 2025
Published online: 13 January 2026

References

Abdel-Sattar, E.,, Mahrous, E. A, Thabet, M. M., Elnaggar, D. M. Y., Youssef, A. M.,
Elhawary, R, et al. (2021). Methanolic extracts of a selected Egyptian Vicia
faba cultivar mitigate the oxidative/inflammatory burden and afford
neuroprotection in a mouse model of Parkinson’s disease. Inflammophar-
macology, 29(1), 221-235. https://doi.org/10.1007/510787-020-00768-6

Abdel-Sattar, M., Haikal, A. M., & Hammad, S. E. (2020). Meloidogyne incognita
population control and nutritional status and productivity of Thompson
seedless grapevines managed with different treatments. PLoS One, 15(10),
€0239993. https://doi.org/10.1371/journal.pone.0239993.

Abo-Aziza, F. A, Zaki, A. K, Adel, R. M., & Fotouh, A. (2022). Amelioration of afla-
toxin acute hepatitis rat model by bone marrow mesenchymal stem cells
and their hepatogenic differentiation. Veterinary World, 15(5), 1347-1356.
https://doi.org/10.14202/vetworld.2022.1347-1364

Aboubakr, M., Ibrahim, S. S, Said, A. M., Elgendey, F, & Anis, A. (2019). Neuro-
protective effects of clove oil in acrylamide-induced neuroinflammation
in rats. Pakistan Veterinary Journal, 39(1), 111-115. https://doi.org/10.
29261/pakvetj/2018.117

Agrawal, A. K, Seth, P.K,, Squibb, R. E, Tilson, H. A, Uphouse, L. L., & Bondy, S. C.
(1981). Neurotransmitter receptors in brain regions of acrylamide-treated
rats. I: Effects of a single exposure to acrylamide. Pharmacology Biochemis-
try and Behavior, 14(4), 527-531. https://doi.org/10.1016/0091-3057(81)
90312-9

Ahrari Roodi, P, Moosavi, Z., Afkhami Goli, A, Azizzadeh, M., & Hosseinzadeh,
H. (2018). Histopathological study of protective effects of honey on
subacute toxicity of acrylamide-induced tissue lesions in rats'brain and
liver. Iranian Journal of Toxicology, 12(3), 1-8. https://doi.org/10.32598/1JT.
1235111

Amarowicz, R, Karamac, M., Kmita-Glazewska, H., Troszynska, A., & Kozlowska,
H. (1996). Antioxidant activity of phenolic fractions of everlasting pea,
faba bean and broad bean. Journal of Food Lipids, 3(3), 199-211. https://
doi.org/10.1111/j.1745-4522.1996.tb00067

Anaemene, D, & Fadupin, G. (2022). Anti-nutrient reduction and nutri-
ent retention capacity of fermentation, germination and combined
germination-fermentation in legume processing. Applied Food Research,
2(1), Article 100059.

Binder, D. K, & Scharfman, H. E. (2004). Brain-derived neurotrophic factor.
Growth Factors, 22(3), 123-131. https://doi.org/10.1080/0897719041
0001723308

Biswas, N., Pauline, B, Sai, N. K, Haque, E., & Hassan, M. (2013). Identification of
phenolic compounds in processed cranberries by HPLC method. Journal
of Nutrition & Food Science, 3(1), 1. https://doi.org/10.4172/2155-9600.
1000181

Burits, M., & Bucar, F. (2000). Antioxidant activity of Nigella sativa essential oil.
Phytotherapy Research, 14(5), 323-328. https://doi.org/10.1002/1099-
1573(200008)14:5

Chapman, D. G,, Castillo, R, & Campbell, J. A. (1959). Determination of citrulline,
allantoin and arginine. Canadian Journal of Biochemistry and Physiology,
37(5), 679-686. https://doi.org/10.1139/059-080

Csomos, E.,, & Simon-Sarkadi, L. (2002). Characterisation of tokaj wines based
on free amino acids and biogenic amines using ion exchange chroma-
tography. Chromatographia, 56(Suppl), S185-5188. https://doi.org/10.
1007/BF02494136

Dasari, S, Ganjayi, M. S., Gonuguntla, S., Ramineedu, K, Konda, P Y, &

Meriga, B. (2018). Assessment of biomarkers in acrylamide-induced

Page 20 of 22

neuroinflammation and brain histopathology in rat. Journal of Applied
Biology and Biotechnology, 6(6), 79-86. https://doi.org/10.7324/JABB.2018.
60613

Dhull, B. S., Kidwai, M. K, Noor, R, Chawla, P, & Rose, P. K. (2022). A review of
nutritional profile and processing of faba bean (Vicia faba L.). Journal of
Legume Science, 4, 1-13. https://doi.org/10.1002/leg3.129

Dybing, E., Farmer, P. B, Andersen, M., Fennell, T. R, Lalljie, S. P. D., Muller, D. J.
G, Olin, S, Petersen, B. J., Schlatter, J,, Scholz, G., Scimeca, J. A, Slimani,

N., Torngvist, M., Tuijtelaars, S., & Verger, P. (2005). Human exposure and
internal dose assessments of acrylamide in food. Food and Chemical
Toxicology, 43(3), 365-410. https://doi.org/10.1016/j.fct.2004.11.004

Elbadrawy, E.,, & Mostafa, M. Y. (2024). Antioxidant, anti-inflammatory, antimi-
crobial, and anticancer properties of green broad bean pods (Vicia faba
L.). Foods and Raw Materials, 12(2), 308-318.

Elblehi, S. S, El Euony, O. I, & EI-Sayed, Y. S. (2020). Apoptosis and astrogliosis
perturbations and expression of regulatory inflammatory factors and
neurotransmitters in acrylamide-induced neuroinflammation under Q3
fatty acids protection in rats. Neurotoxicology, 76, 44-57. https://doi.org/
10.1016/j.neuro.2019.10.004

Elhelaly, A. E., AlBasher, G, Alfarraj, S., Almeer, R, Bahbah, E. I, Fouda, M.

M. A, Bungdu, S. G, Aleya, L, & Abdel-Daim, M. M. (2019). Protective
effects of hesperidin and diosmin against acrylamide-induced liver,
kidney, and brain oxidative damage in rats. Environmental Science
and Pollution Research, 26(34), 35151-35162. https://doi.org/10.1007/
$11356-019-06660-3

El-Mergawi, R, & Taie, H. A. (2014). Phenolic composition and antioxidant
activity of raw seeds, green seeds and sprouts of ten faba bean (Vicia
faba) cultivars consumed in Egypt. International Journal of Pharma and Bio
Sciences, 5(2), B609-B617.

Elsayed, G. R, Abdelmagid, A. D., Huseiny, H. B, Fotoh, A, & Shoker, F. E. (2024).
Impact of ellagic acid loaded zinc nanoparticles on cardiac and hepatic
tissue on type 1 diabetic rats. Mansoura Veterinary Medical Journal, 25(4),
6-15.

Erkekoglu, P, & Baydar, T. (2014). Acrylamide neuroinflammation. Nutritional
Neuroscience, 17(2), 49-57. https://doi.org/10.1179/1476830513Y.00000
00065

Essa, H. A, Ali, A.M,, & Saied, M. A. (2024). Cymbopogon proximus and Petrose-
linum crispum seed ethanolic extract/Gum Arabic nanogel emulsion:
Preventing ethylene glycol and ammonium chloride-induced urolithiasis
in rats. Urolithiasis, 52(1), 52. https://doi.org/10.1007/500240-024-01559-2

Essa, H. A, Ali, E, Zahraa Abd EL Hakam, F. E., & Akl, E. M. (2025a). Nano-
encapsulated ferulic acid in sesame protein isolate alleviates acrylamide-
induced liver toxicity and genotoxicity in rats via oxidative stress and
DNA damage modulation. BMC Pharmacology and Toxicology, 26(1),
Article 120. https://doi.org/10.1186/540360-025-00946-8

Essa, H. A, El-Metwally, A. E,, & Elkady, N. A. (2025b). The potential protective
effects of fermented extra virgin olive oil on high-fructose diet-induced
non-alcoholic steatohepatitis in rats. Food Production, Processing, and
Nutrition, 7(1), 44. https://doi.org/10.1186/543014-025-00320-5

Etemadi, F, Hashemi, M., Randhir, R., ZandVakili, O., & Ebadi, A. (2018). Accumu-
lation of L-dopa in various organs of faba bean and influence of drought,
nitrogen stress, and processing methods on L-dopa yield. The Crop
Journal, 6(5), 426-434. https://doi.org/10.1016/].cj.2017.12.001

Fang, Z, Luo, Y, Ma, C, Dong, L., & Chen, F. (2022). Blueberry anthocyanins
extract attenuates acrylamide-induced oxidative stress and neuroinflam-
mation in rats. Oxidative Medicine and Cellular Longevity, 2022(1), 7340881.
https://doi.org/10.1155/2022/7340881

Farouk, S. M., Gad, F. A, Almeer, R, Abdel-Daim, M. M., & Emam, M. A. (2021).
Exploring the possible neuroprotective and antioxidant potency of
lycopene against acrylamide-induced neuroinflammation in rats’ brain.
Biomedicine & Pharmacotherapy, 138, Article 111458. https://doi.org/10.
1016/j.biopha.2021.111458

Food and Agriculture Organization of the United Nations. (2013). Dietary
protein quality evaluation in human nutrition: Report of an FAO Expert
Consultation (FAO Food and Nutrition Paper No. 92).

Fotouh, A, Shosha, E. A. E. M., Zanaty, A. M., & Darwesh, M. M. (2024). Immuno-
pathological investigation and genetic evolution of avian leukosis virus
subgroup-J associated with myelocytomatosis in broiler flocks in Egypt.
Virology Journal, 21(1), 83. https://doi.org/10.1186/512985-024-02329-7

Fuentes-Herrera, P. B, Herrera-Cabrera, B. E., Martinez-Ayala, A. L., Zamilpa, A, &
Delgado-Alvarado, A. (2023). Content and yield of L-DOPA and bioactive


https://doi.org/10.1007/s10787-020-00768-6
https://doi.org/10.1371/journal.pone.0239993
https://doi.org/10.14202/vetworld.2022.1347-1364
https://doi.org/10.29261/pakvetj/2018.117
https://doi.org/10.29261/pakvetj/2018.117
https://doi.org/10.1016/0091-3057(81)90312-9
https://doi.org/10.1016/0091-3057(81)90312-9
https://doi.org/10.32598/IJT.12.3.511.1
https://doi.org/10.32598/IJT.12.3.511.1
https://doi.org/10.1111/j.1745-4522.1996.tb00067
https://doi.org/10.1111/j.1745-4522.1996.tb00067
https://doi.org/10.1080/08977190410001723308
https://doi.org/10.1080/08977190410001723308
https://doi.org/10.4172/2155-9600.1000181
https://doi.org/10.4172/2155-9600.1000181
https://doi.org/10.1002/1099-1573(200008)14:5
https://doi.org/10.1002/1099-1573(200008)14:5
https://doi.org/10.1139/o59-080
https://doi.org/10.1007/BF02494136
https://doi.org/10.1007/BF02494136
https://doi.org/10.7324/JABB.2018.60613
https://doi.org/10.7324/JABB.2018.60613
https://doi.org/10.1002/leg3.129
https://doi.org/10.1016/j.fct.2004.11.004
https://doi.org/10.1016/j.neuro.2019.10.004
https://doi.org/10.1016/j.neuro.2019.10.004
https://doi.org/10.1007/s11356-019-06660-3
https://doi.org/10.1007/s11356-019-06660-3
https://doi.org/10.1179/1476830513Y.0000000065
https://doi.org/10.1179/1476830513Y.0000000065
https://doi.org/10.1007/s00240-024-01559-2
https://doi.org/10.1186/s40360-025-00946-8
https://doi.org/10.1186/s43014-025-00320-5
https://doi.org/10.1016/j.cj.2017.12.001
https://doi.org/10.1155/2022/7340881
https://doi.org/10.1016/j.biopha.2021.111458
https://doi.org/10.1016/j.biopha.2021.111458
https://doi.org/10.1186/s12985-024-02329-7

Essa et al. Food Production, Processing and Nutrition (2026) 8:2

compounds of broad bean plants: Antioxidant and anti-inflammatory
activity in vitro. Plants (Basel), 12(23),3918. https://doi.org/10.3390/plant
512233918

Garber, J. C, Barbee, R. W, Bielitzki, J. T. (2011). Guide for the care and use of
laboratory animals (8th ed.). National Academies Press. https://doi.org/10.
17226/12910

Ghasemzadeh Rahbardar, M., Cheraghi Farmed, H., Hosseinzadeh, H., & Mehri,
S.(2021). Protective effects of selenium on acrylamide-induced neuroin-
flammation and hepatotoxicity in rats. lranian Journal of Basic Medical Sci-
ences, 24(8), 1041-1049. https://doi.org/10.22038/ijbms.2021.55009.12331

Goyal, S, Luthra, R, Tyagi, S., Gautam, R. K., & Mittal, P. (2020). Germination-
induced changes in the bioactive compounds of seeds and their role in
neuroprotection. Journal of Functional Foods, 65, 103742. https://doi.org/
10.1016/}jff.2019.103742

Guo, J,, Cao, X, Hu, X, Li, S, & Wang, J. (2020). The anti-apoptotic, antioxidant
and anti-inflammatory effects of curcumin on acrylamide-induced
neuroinflammation in rats. Bmc Pharmacology and Toxicology, 21, 1-10.
https://doi.org/10.1186/540360-020-00440-3

Hamza, M. A, El-Tabey Shehata, A. M., & Stegemann, H. (1987). Effect of
traditional methods of processing on the electrophoretic patterns of
faba bean water soluble proteins. Plant Foods for Human Nutrition, 36(4),
253-262. https://doi.org/10.1007/BF01892347

Husain, N, Mahmood, R, & Hasan, M. (2012). Acrylamide-induced changes in
the neurotransmitters of discrete brain areas and spinal cord of rats. Drug
and Chemical Toxicology, 35(3), 314-321. https://doi.org/10.3109/01480
545.2011.634141

Jangir, B. L, Mahaprabhu, R, Rahangadale, S., Bhandarkar, A. G., & Kurkure, N.
V. (2016). Neurobehavioral alterations and histopathological changes in
brain and spinal cord of rats intoxicated with acrylamide. Toxicology and
Industrial Health, 32(3), 526-540. https://doi.org/10.1177/0748233713
505893

Jollow, D. J,, Mitchell, J. R, Zampaglione, N., & Gillette, J. R. (1974). Bromoben-
zene-induced liver necrosis. Protective role of glutathione and evidence
for 3,4-bromobenzene oxide as the hepatotoxic metabolite. Pharmacol-
ogy, 11(3), 151-169. https://doi.org/10.1159/000136485

Karawya, M. S., & Aboutabl, E. (1982). Phytoconstituents of Tabernaemontana
cornaria Jacq. Willd & Dichotoma roxb. growing in Egypt. Part 4: The flavo-
noids. Bulletin of the Faculty of Pharmacy, Cairo University, 21(1), 41-49.

Kassegn, H. H., Atsbha, T. W,, & Weldeabezgi, L. T. (2018). Effect of germination
process on nutrients and phytochemicals contents of faba bean (Vicia
faba L) for weaning food preparation. Cogent Food & Agriculture, 4, Article
1545738. https://doi.org/10.1080/23311932.2018.1545738

Kaur, C, & Kapoor, H. C. (2002). Anti-oxidant activity and total phenolic content
of some Asian vegetables. International Journal of Food Science and Tech-
nology, 37(2), 153-161. https://doi.org/10.1046/j.1365-2621.2002.00552

Khang, D.T, Dung, T. N,, Elzaawely, A. A, & Xuan, T. D. (2016). Phenolic profiles
and antioxidant activity of germinated legumes. Foods, 5(2), 27. https://
doi.org/10.3390/foods5020027

Kianfar, M., Nezami, A, Mehri, S., Hosseinzadeh, H., Hayes, A. W., & Karimi,
G. (2020). The protective effect of fasudil against acrylamide-induced
cytotoxicity in PC12 cells. Drug and Chemical Toxicology, 43(6), 595-601.
https://doi.org/10.1080/01480545.2019.1678358

Kopanska, M., Muchacka, R., Czech, J,, Batoryna, M., & Formicki, G. (2018).
Acrylamide toxicity and cholinergic nervous system. Journal of Physiology
and Pharmacology, 69(6). https://doi.org/10.26402/jpp.2018.6.03.

Koszucka, A, Nowak, A, Nowak, I, & Motyl, I. (2020). Acrylamide in human
diet, its metabolism, toxicity, inactivation and the associated European
Union legal regulations in food industry. Critical Reviews in Food Science
and Nutrition, 60(10), 1677-1692. https://doi.org/10.1080/10408398.2019.
1588222

Kumar, V., Sharma, A, Tripathi, R. B, & Singh, R. (2022). Dietary interventions for
neuroprotection: A review of evidence from animal models. Nutritional
Neuroscience, 25(3), 1-12. https://doi.org/10.1080/1028415X.2022.20476
39

Kuo, Y. H.,, Rozan, P, Lambein, F, Frias, J,, & Vidal-Valverde, C. (2004). Effects of
different germination conditions on the contents of free protein and
non-protein amino acids of commercial legumes. Food Chemistry, 86(4),
537-545. https://doi.org/10.1016/j.foodchem.2003.09.042

Lai, S, Gu, Z, Zhao, M, Li, X, Ma, Y, Luo, L., & Liu, J. (2017). Toxic effect of
acrylamide on the development of hippocampal neurons of weaning

Page 21 of 22

rats. Neural Regeneration Research, 12(10), 1648-1654. https://doi.org/10.
4103/1673-5374.217345

Lakshmi, D., Gopinath, K., Jayanthy, G,, Anjum, S., Prakash, D., & Sudhandiran,
G. (2012). Ameliorating effect of fish oil on acrylamide-induced oxidative
stress and neuronal apoptosis in cerebral cortex. Neurochemical Research,
37(9), 1859-1867. https://doi.org/10.1007/511064-012-0794-1

Li, Y, Wang, Z,, Mei, C, Sun, W,, Yuan, X., Wang, J., & Huang, W. (2025). Phyto-
chemical profiling, antioxidant capacity, and a-amylase/a-glucosidase
inhibitory effects of 29 faba bean (Vicia faba L)) varieties from China. Biol-
ogy, 14(8), Article 982. https://doi.org/10.3390/biology 14080982

Liu, Y, Yan, D, Wang, Y., Zhang, X, Wang, N., Jiao, Y, &Yan, H. (2021). Subchronic
exposure to acrylamide caused behaviour disorders and related patho-
logical and molecular changes in rat cerebellum. Toxicology Letters, 340,
23-32. https://doi.org/10.1016/j.toxlet.2021.01.009

Liu, Z. M, Tse, L. A, Chen, B, et al. (2017). Dietary acrylamide exposure was
associated with mild cognitive decline among non-smoking Chi-
nese elderly men. Scientific Reports, 7, 6395. https://doi.org/10.1038/
$41598-017-06813-9

LoPachin, R. M., & Gavin, T. (2012). Molecular mechanism of acrylamide neu-
roinflammation: Lessons learned from organic chemistry. Environmental
Health Perspectives, 120(12), 1650-1657. https://doi.org/10.1289/ehp.
1205432

LoPachin, R. M., Ross, J. F, Reid, M. L, Das, S., Mansukhani, S., & Lehning, E. J.
(2002). Neurological evaluation of toxic axonopathies in rats: Acrylamide
and 2,5-hexanedione. Neurotoxicology, 23(2), 95-110. https://doi.org/10.
1016/50161-813X(02)00003-7

LoPachin, R. M., Schwarcz, A. 1, Gaughan, C. L, Mansukhani, S., & Das, S. (2004).
In vivo and in vitro effects of acrylamide on synaptosomal neurotransmit-
ter uptake and release. Neurotoxicology, 25(3), 349-363. https://doi.org/
10.1016/50161-813X(03)00149-9

Luo, Y, Jin, X, Hao, Z, Wang, Q, Zhu, L, & He, Y. (2014). Effect of sprouting on
amino acids, protein solubility and availability in green and white faba
bean (Vicia faba L.). Advance Journal of Food Science and Technology, 6(4),
531-536.

Matoso, V., Bargi-Souza, P, Ivanski, F, Romano, M. A, & Romano, R. M. (2019).
Acrylamide: A review about its toxic effects in the light of Developmental
Origin of Health and Disease (DOHaD) concept. Food Chemistry, 283,
422-430. https://doi.org/10.1016/j.foodchem.2019.01.054

McGeer, P. L, & McGeer, E. G. (2004). Inflammation and neurodegeneration in
Parkinson’s disease. Parkinsonism & Related Disorders, 10(Suppl 1), S3-S7.
https://doi.org/10.1016/j.parkreldis.2004.03.003

Mehran, S. M. M., & Golshani, B. (2013). Simultaneous determination of
levodopa and carbidopa from fava bean, green peas and green beans
by high performance liquid gas chromatography. Journal of Clinical and
Diagnostic Research, 7(6), 1004-1007. https://doi.org/10.7860/JCDR/2013/
5415.3072

Mekky, R. H., Thabet, M. M., Rodriguez-Pérez, C,, Elnaggar, D. M. Y, Mahrous, E.
A. Segura-Carretero, A, & Abdel-Sattar, E. (2020). Comparative metabolite
profiling and antioxidant potentials of seeds and sprouts of three
Egyptian cultivars of Vicia faba L. Food Research International, 136, Article
109537. https://doi.org/10.1016/j.foodres.2020.109537

Mohammadkhanizadeh, A., Sheibani, M., Taherkhani, S., Nourabadi, D.,
Mohamadi-Zarch, S. M., Nikbakht, F, & Azizi, Y. (2025). Protective effects of
apigenin in neurodegeneration: An update on the potential mechanisms.
Brain Disorders, 100189. https://doi.org/10.1016/j.braindis.2025.100189

Montgomery, H., & Dymock, J. (1961). The determination of nitrite in water:
Colorimetric method of nitric oxide assay. The Analyst, 86, 414-416.

Nair, V., & Turner, G. A. (1984). The thiobarbituric acid test for lipid peroxidation:
Structure of the adduct with malondialdehyde. Lipids, 19(10), 804-805.
https://doi.org/10.1007/BF02534475

Okumura, K, Hosoya, T, Kawarazaki, K., Izawa, N., & Kumazawa, S. (2016). Anti-
oxidant activity of phenolic compounds from fava bean sprouts. Journal
of Food Science, 81(6), C1394-C1398. https://doi.org/10.1111/1750-3841.
13330

Ospankulova, G, I. Temirova, D, Toimbayeva, S. Saduakhasova, S. Tazhina, D.
Khamitova, M. Muratkhan, D. Toimbayeva, S. Saduakhasova, A. Aldiyeva,
A. Zhumalin and S. Tazhina (2025). The effect of germination duration on
the biochemical indicators and functional-technological properties of
triticale grain. Applied Sciences, 15, 5596: 1-22.

Pennisi, M., Malaguarnera, G., Puglisi, V., Vinciguerra, L, Vacante, M., &
Malaguarnera, M. (2013). Neuroinflammation of acrylamide in exposed


https://doi.org/10.3390/plants12233918
https://doi.org/10.3390/plants12233918
https://doi.org/10.17226/12910
https://doi.org/10.17226/12910
https://doi.org/10.22038/ijbms.2021.55009.12331
https://doi.org/10.1016/j.jff.2019.103742
https://doi.org/10.1016/j.jff.2019.103742
https://doi.org/10.1186/s40360-020-00440-3
https://doi.org/10.1007/BF01892347
https://doi.org/10.3109/01480545.2011.634141
https://doi.org/10.3109/01480545.2011.634141
https://doi.org/10.1177/0748233713505893
https://doi.org/10.1177/0748233713505893
https://doi.org/10.1159/000136485
https://doi.org/10.1080/23311932.2018.1545738
https://doi.org/10.1046/j.1365-2621.2002.00552
https://doi.org/10.3390/foods5020027
https://doi.org/10.3390/foods5020027
https://doi.org/10.1080/01480545.2019.1678358
https://doi.org/10.26402/jpp.2018.6.03
https://doi.org/10.1080/10408398.2019.1588222
https://doi.org/10.1080/10408398.2019.1588222
https://doi.org/10.1080/1028415X.2022.2047639
https://doi.org/10.1080/1028415X.2022.2047639
https://doi.org/10.1016/j.foodchem.2003.09.042
https://doi.org/10.4103/1673-5374.217345
https://doi.org/10.4103/1673-5374.217345
https://doi.org/10.1007/s11064-012-0794-1
https://doi.org/10.3390/biology14080982
https://doi.org/10.1016/j.toxlet.2021.01.009
https://doi.org/10.1038/s41598-017-06813-9
https://doi.org/10.1038/s41598-017-06813-9
https://doi.org/10.1289/ehp.1205432
https://doi.org/10.1289/ehp.1205432
https://doi.org/10.1016/S0161-813X(02)00003-7
https://doi.org/10.1016/S0161-813X(02)00003-7
https://doi.org/10.1016/S0161-813X(03)00149-9
https://doi.org/10.1016/S0161-813X(03)00149-9
https://doi.org/10.1016/j.foodchem.2019.01.054
https://doi.org/10.1016/j.parkreldis.2004.03.003
https://doi.org/10.7860/JCDR/2013/5415.3072
https://doi.org/10.7860/JCDR/2013/5415.3072
https://doi.org/10.1016/j.foodres.2020.109537
https://doi.org/10.1016/j.braindis.2025.100189
https://doi.org/10.1007/BF02534475
https://doi.org/10.1111/1750-3841.13330
https://doi.org/10.1111/1750-3841.13330

Essa et al. Food Production, Processing and Nutrition (2026) 8:2

workers. International Journal of Environmental Research and Public Health,
10(9), 3843-3854. https://doi.org/10.3390/ijerph 10093843

Randhir, R, & Shetty, K. (2004). Microwave-induced stimulation of L-dopa,
phenolics and antioxidant activity in fava bean (Vicia faba) for Parkinson’s
diet. Process Biochemistry, 39(12), 1775-1784. https://doi.org/10.1016/j.
procbio.2003.08.006

Reeves, P. G, Nielsen, F. H,, & Fahey, G. C. (1993). AIN-93 purified diets for
laboratory rodents: Final report of the American Institute of Nutrition ad
hoc writing committee on the reformulation of the AIN-76A rodent diet.
Journal of Nutrition, 123(11), 1939-1951. https://doi.org/10.1093/jn/123.
11.1939

Shalkami, A. S, Hassan, M. I. A, & Bakr, A. G. (2018). Anti-inflammatory, antioxi-
dant and anti-apoptotic activity of diosmin in acetic acid-induced ulcera-
tive colitis. Human & Experimental Toxicology, 37(1), 78-86. https://doi.org/
10.1177/0960327117694075

Shetty, K, Curtis, O. F, Levin, R. E,, Witkowsky, R., & Ang, W. (2006). Prevention of
oxidative stress in rats by bioactive plant products. Journal of Agricultural
and Food Chemistry, 54(15), 5238-5247. https://doi.org/10.1021/jf060523r

Shosha, E. A, Zanaty, A. M., Darwesh, M. M., & Fotouh, A. (2024). Molecular
characterization and immunopathological investigation of avian reticu-
loendotheliosis virus in breeder flocks in Egypt. Virology Journal, 21, 259.
https://doi.org/10.1186/512985-024-02525-5

Smolen, A. J. (1990). Image analytic techniques for quantification of immuno-
cytochemical staining in the nervous system. In P. M. Conn (Ed.), Methods
in Neurosciences (pp. 208-229). Academic Press.

Sun, Y., Oberley, L.W., &Li, Y. (1988). A simple method for clinical assay of super-
oxide dismutase. Clinical Chemistry, 34(3), 497-500. https://doi.org/10.
1093/clinchem/34.3.497

Thakur, V. S, & Thomas, N. (2024). Faba Bean: A Nutritional Powerhouse and
Unveiling Health Benefits. Vigyan Varta, 5(6), 152-156. https://doi.org/10.
5281/zenodo.1234567

Tian, S. M., Ma, Y. X,, Shi, J, Lou, .Y, Liy, S. S, & Li, G. Y. (2015). Acrylamide
neuroinflammation on the cerebrum of weaning rats. Neural Regeneration
Research, 10(6), 938-943. https://doi.org/10.4103/1673-5374.158357

Vann, K, Techaparin, A, & Apiraksakorn, J. (2020). Beans germination as a
potential tool for GABA-enriched tofu production. Journal of Food
Science and Technology, 57(10), 3947-3954. https://doi.org/10.1007/
$13197-020-04423-4

Wei, X, Yan, F, Meng, E,, Zhang, C, Li, G, Yang, X, Zhang, F, Wang, S., & Yu,
S.(2015). Neuroprotective effect of calpeptin on acrylamide-induced
neuropathy in rats. Neurochemical Research, 40(11), 2325-2332. https://
doi.org/10.1007/511064-015-1722-y

Yazadanpanah, Z., Ghasemzadeh Rahbardar, M., Razavi, B. M., & Hosseinzadeh,
H. (2023). Investigating the effect of telmisartan on acrylamide-induced
neuroinflammation through in vitro and in vivo methods. Iranian Journal
of Basic Medical Sciences, 26(8), 1024-1029. https://doi.org/10.22038/
1JBMS.2023.69636.15167

Yonar, M. E. (2011). Protective effect of lycopene on oxidative stress and
antioxidant status in Cyprinus carpio during cypermethrin exposure. Envi-
ronmental Toxicology, 26(6), 589-596. https://doi.org/10.1002/tox.20757

Yousef, M. I, & EI-Demerdash, F. M. (2006). Acrylamide-induced oxidative stress
and biochemical perturbations in rats. Toxicology, 219(1-3), 133-141.

Zhang, L., Lu, R.R, Xy, R. H, Wang, H. H, Feng, W. S, & Zheng, X. K. (2023).
Naringenin and apigenin ameliorates corticosterone-induced depressive
behaviors. Heliyon. https://doi.org/10.1016/j.heliyon.2023.e15618

Zhang, Y. Li, W, Zhao, J, et al. (2021). Plant-based antioxidants in neuropro-
tection: Mechanisms and therapeutic potential. Oxidative Medicine and
Cellular Longevity, 2021, 1-15. https://doi.org/10.1155/2021/1234567

Zhao, M,, Zhang, B, & Deng, L. (2022). The mechanism of acrylamide-induced
neurotoxicity: Current status and future perspectives. Frontiers in Nutrition,
9, Article 859189. https://doi.org/10.3389/fnut.2022.859189

Zong, C,, Hasegawa, R, Urushitani, M., Zhang, L., Nagashima, D,, Sakurai, T,,
Ichihara, S., Ohsako, S., & Ichihara, G. (2019). Role of microglial activation
and neuroinflammation in neuroinflammation of acrylamide in vivo and
in vitro. Archives of Toxicology, 93(7), 2007-2019. https://doi.org/10.1007/
500204-019-02471-0

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 22 of 22


https://doi.org/10.3390/ijerph10093843
https://doi.org/10.1016/j.procbio.2003.08.006
https://doi.org/10.1016/j.procbio.2003.08.006
https://doi.org/10.1093/jn/123.11.1939
https://doi.org/10.1093/jn/123.11.1939
https://doi.org/10.1177/0960327117694075
https://doi.org/10.1177/0960327117694075
https://doi.org/10.1021/jf060523r
https://doi.org/10.1186/s12985-024-02525-5
https://doi.org/10.1093/clinchem/34.3.497
https://doi.org/10.1093/clinchem/34.3.497
https://doi.org/10.5281/zenodo.1234567
https://doi.org/10.5281/zenodo.1234567
https://doi.org/10.4103/1673-5374.158357
https://doi.org/10.1007/s13197-020-04423-4
https://doi.org/10.1007/s13197-020-04423-4
https://doi.org/10.1007/s11064-015-1722-y
https://doi.org/10.1007/s11064-015-1722-y
https://doi.org/10.22038/IJBMS.2023.69636.15167
https://doi.org/10.22038/IJBMS.2023.69636.15167
https://doi.org/10.1002/tox.20757
https://doi.org/10.1016/j.heliyon.2023.e15618
https://doi.org/10.1155/2021/1234567
https://doi.org/10.3389/fnut.2022.859189
https://doi.org/10.1007/s00204-019-02471-0
https://doi.org/10.1007/s00204-019-02471-0

	Germinated Fava Bean (Vicia faba L.) extract attenuates acrylamide-induced neuroinflammation in rats via antioxidant, anti-inflammatory, and neurotransmitter modulation
	Abstract 
	Introduction
	Materials and methods
	Materials
	Plant materials
	Chemicals


	Methods
	In vitro assay
	Germination of Faba bean
	Extraction
	Determination of total phenolic and total flavonoid contents
	In vitro antioxidant activity 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay
	High-performance liquid chromatography (HPLC) analysis of phenolic and flavonoid compounds
	Determination of the amino acid profile


	In vivo assay
	Neuroinflammation animal model
	Ethics statement

	Animals and diet
	Animal experiments
	Assessment of gait scores
	Brain sampling and homogenate preparation
	Evaluation of oxidativeantioxidant parameters
	Evaluation of TNF-α and IL-6 in brain tissue
	Determination of dopamine, serotonin, acetylcholinesterase and gamma-aminobutyric acid in brain homogenates
	Microscopic examination
	Immunohistochemical staining of GFPA and caspase-3
	Qualitative evaluation of GFAP and caspase-3 immunostaining

	Statistical analysis

	Results
	In vitro
	Neuroinflammation animal model

	Microscopic and immunohistochemical findings
	Cerebrum
	Cerebellum
	Hippocampus


	Discussion
	Conclusion
	Acknowledgements
	References


