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Abstract

Introduction: The inhibition of acetylcholinesterase (AChE) by organophosphates poses significant health risks. This
study investigated the potential of an aqueous extract of carob seed (Ceratonia siliqua), rich in phenolic compounds
with antioxidant activity, to modulate AChE activity and facilitate its reactivation after inhibition by organophosphate
toxicants.

Materials and Methods: An aqueous extraction was performed on ground seeds. Functional groups in the extract
were identified using Fourier Transform Infrared Spectroscopy. Antioxidant properties at concentrations of 100, 500,
and 1000 pg/mL were assessed using the DPPH free-radical scavenging and Folin-Ciocalteu methods. The Ellman
method was used to analyze serum AChE activity and its reactivation after diazinon-induced inhibition when the
extract was administered.

Results: The IC50 for DPPH radical inhibition was 372.10 pg/mL. The findings show that the aqueous carob seed
extract exhibits significant antioxidant properties. It modulated AChE activity in a concentration-dependent manner
and facilitated the reactivation of the enzyme inhibited by diazinon.

Conclusion: The aqueous extract of carob seed demonstrated significant antioxidant activity, activated AChE, and
effectively reactivated the enzyme after inhibition by diazinon, suggesting its potential as a natural therapeutic candi-
date against organophosphate poisoning.

Keywords: Acetylcholinesterase, Antioxidant, Aqueous extract, Carob seed (Ceratonia siliqua), Organophosphate di-

azinon

Introduction

Carob seed (Ceratonia siliqua), a member of the fiber concentration, and low levels of sugar and
Leguminosae family, is a Mediterranean plant fat. There is growing interest in carob as a cost-
that is characterized by its flavonoid content, high effective source for food and pharmaceutical
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applications. This plant, rich in polyphenolic
compounds and antioxidants, exhibits inhibitory
effects on parasite growth [1]. Carob pods have
been utilized for bioethanol production or as a
substrate for citric acid production [2, 3]. A sub-
stantial concentration of polysaccharides charac-
terizes the carob pod extract and confers notewor-
thy antioxidant and anti-radical properties, at-
tributed to its polyphenolic compounds [4]. The
seeds of this plant contain tocopherols and plant
sterols, which have been shown to counteract the
detrimental effects of free radicals, thereby reduc-
ing oxidative stress and preventing cellular apop-
tosis [5]. Carob leaves have been shown to inhibit
enzymes, such as a-amylase, a-glucosidase, ace-
tylcholinesterase, and butyrylcholinesterase [6].
Acetylcholinesterase (AChE) (EC:3.1.1.7) is a
crucial enzyme in the nervous system, first iden-
tified in 1954. This enzyme catalyzes the hydrol-
ysis of acetylcholine, a key neurotransmitter in
nerve terminals, into acetic acid and choline [7].
ACHhE is present in nervous and muscular tissues
in various forms and holds considerable physio-
logical and mechanistic significance as an indica-
tor for synaptogenesis and neuromuscular inter-
actions [8]. It also plays a critical role in nerve
conduction in smooth muscle, cardiac muscle,
and glands [9]. Acetylcholinesterase inhibitors
are divided into reversible and irreversible. Re-
versible inhibitors, such as rivastigmine,
donepezil, and galantamine, are used to treat Alz-
heimer's disease, myasthenia gravis, and glau-
coma. These inhibitors interact with the enzyme
via non-covalent bonding. Conversely, irreversi-
ble inhibitors, such as organophosphate (OP)
compounds, establish covalent bonds with the en-
zyme's active site, leading to its inactivation.
These compounds are frequently utilized in vari-
ous applications, including insecticides, pesti-
cides, and chemical warfare agents, such as sarin
and cyclosarin [10]. Exposure to these com-
pounds decreases acetylcholinesterase levels in
the body. Organophosphate toxins interact with
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the hydroxyl group of the serine amino acid lo-
cated in the active site of acetylcholinesterase,
thereby inhibiting its enzymatic activity [11].
Studies show that plant extracts with high antiox-
idant activity can protect against OP toxicity by
scavenging free radicals and reactive oxygen spe-
cies. This may enhance acetylcholinesterase ac-
tivity, benefiting individuals exposed to OP tox-
ins. The search for natural AChE reactivators
from plants has increased due to their lower tox-
icity and multifunctional properties. Extracts
from Allium canadense [12] and compounds,
such as gallic acid [13] have shown promising re-
activation effects. However, the potential of Cera-
tonia siliqua (carob) seeds, a rich source of poly-
phenols and flavonoids with documented antiox-
idant activity [4, 5], to reactivate OP-inhibited
AChHE remains largely unexplored. While Custo-
dio et al. (2015) demonstrated the inhibitory ac-
tivity of carob leaf extracts on cholinesterases [6],
the activating and reactivating potential of the
seed extract represents a novel research area. This
study investigates the antioxidant activity of
aqueous carob seed extract on AChE activity and
its reactivation after OP inhibition.

Material and Methods

Sample Preparation and Extraction

After the carob seeds were collected, they were
separated from the dried pods and ground into a
fine powder. A quantity of 5 grams of the ground
powder was boiled in 10 mL of distilled water for
10 min. The resulting solution was filtered and
then centrifuged at 9000 rpm for 10 min. The ex-
tract was filtered once more, and the final extract
was prepared for subsequent analysis.

Fourier Transform Infrared Spectroscopy
(FTIR)

To identify the organic compounds and functional
groups present in the extract, Fourier Transform
Infrared Spectroscopy (FTIR) was performed.
The dried powder of carob seed extract was
mixed with potassium bromide (KBr) in a 1:100
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ratio. The mixture was ground, pressed into a
transparent pellet using a hydraulic press, and an-
alyzed using an FTIR spectrophotometer in the
range of 400 to 4000 cm-1.

Evaluation of Antioxidant Activity of Carob
Seed Aqueous Extract

The antioxidant activity was assessed using the
DPPH (2,2-diphenyl-1-picrylhydrazyl) free radi-
cal scavenging method. DPPH, a stable free radi-
cal, was used to measure the extract's ability to
donate hydrogen atoms or electrons. In total, 2
mg of DPPH was dissolved in 100 mL of ethanol
as a control. The concentrations of the carob seed
aqueous extract (100, 500, and 1000 pg/mL) were
selected based on preliminary range-finding ex-
periments to evaluate a dose-dependent effect,
covering a broad spectrum of potential bioactiv-
ity, a common practice in phytochemical

screening [ 14, 15]. For each extract concentration
(1000, 500, 100 pg/mL), 4 mL of DPPH solution
was added. The mixtures were kept in the dark for
30 minutes, and absorbance was measured at 517
nm using an ELISA reader. Ascorbic acid (vita-
min C) was used as a positive control. The per-
centage of antioxidant activity was calculated us-
ing the following formula:

Antioxidant % = [(Absorbance of control - Ab-
sorbance of sample) / Absorbance of control] x
100

The IC50 value, representing the concentration
required to inhibit 50% of DPPH free radicals,
was determined. All experiments were performed
in triplicate.

Effect of Carob Seed Aqueous Extract on Ace-
tylcholinesterase Activity

The detailed procedures for assessing AChE ac-
tivity, diazinon inhibition, and carob seed extract
reactivation are summarized in Table 1 for clarity.

Table 1: Summary of Acetylcholinesterase (AChE) Activity, Inhibition, and Reactivation Assay Procedures.

Assay Type Procedure Summary
Spectropho-
tometer Cali- 183 uL of 0.3 M phosphate buffer, 10 uL of 1 mM DTNB, and 7 puL of ATCI at 412 nm.
bration
Negative .
Control All reaction components except the substrate (ATCI).

Positive Con-
trol

AChE Activ-
ity with Ex-

Assay mixture without any inhibitor or extract.

15 pL diluted RBCs, 150 pL phosphate buffer, 10 pL extract (100, 500, 1000 pg/mL). Incubate 10 min. Add 6 pL

tract of ATCI, then measure the absorbance at 412 nm every 30 sec.

Enzyme Inhi- Add 4 pL of 10 mM diazinon to the enzyme, incubate at 37°C for 30 min. Add ATCI and measure the absorbance
bition of the inhibited enzyme.

The control consisted of the diazinon-inhibited enzyme without the carob seed extract. To assess reactivation, 10
Reactivation  pL of the extract was added to the inhibited enzyme before the substrate, and the mixture was incubated for 10

Study min at room temperature. Then, 7 uL of ATCI was added, and absorbance was measured at 412 nm every 30 sec-
onds.
Statistical Analysis FTIR spectroscopy revealed molecular vibrations

Data were analyzed using Excel 2016. One-way
ANOVA was used to compare means, with a sig-
nificance level of P < 0.05.

Results
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associated with the plant's antioxidant properties.
The prominent peaks were observed at 3549,
3404, 2939, 2752, 1616, and 1052 cm™', corre-
sponding to O-H stretching in alcohols and phe-
nols, N-H stretching in amines, C-H stretching in
CH3 groups, C=0 stretching in carboxyl or amide
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groups, and strong C-C stretching in aromatic
compounds (Graph 1).

Graph 1 FTIR
Spectroscopy  of
Aqueous Extract of
Carob Seed

The antioxidant activity of carob seed extract at
different concentrations (1000, 500, and 100
pg/mL) was compared with that of vitamin C. All
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significant antioxidant activity, with the IC50
value of carob seed extract calculated as 372.10
pg/mL, compared to 182.18 pg/mL for vitamin C

three concentrations of the extract showed (Graph 2).

Graph 2 Comparison
of the DPPH Free
Radical Scavenging
Activity of Carob
Seed Aqueous Extract
and Ascorbic Acid
(Vitamin C)

The evaluation of acetylcholinesterase activity in
the presence of different concentrations of the ex-
tract showed that the extract did not inhibit the
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enzyme but rather increased its activity. The high-
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puL'.min") was observed at a concentration of
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1000 pg/mL, indicating a direct relationship be-
tween the concentration of carob seed extract and
enzyme activity (Table 2).

Table 2: Mean activity of acetylcholinesterase enzyme in the presence of aqueous extract of carob seed

Concentration of carob seed extract (ug/ml) 1000 500 100 0 (control)

Mean activity of acetylcholinesterase in the presence of extract (um. 181.45 +171.09 + 163.98

+
pl '.min ') 0.35a 1.87c 1.93b 142.59 £ 1.5%

The letters (a, b, ¢) next to the values likely indicate statistical significance or grouping based on statistical analysis.

Diazinon was used to inhibit acetylcholinester- concentration-dependent manner (Graph 3), with
ase, and the results showed that the enzyme was higher concentrations leading to greater reactiva-
inhibited by 75% (Table 3). The addition of carob tion (Table 4).

seed extract reactivated the enzyme in a

Table 3: Mean activity of cholinesterase enzymes in the presence/absence of diazinon

Serum samples of individuals Enzyme activity (um. pl™.min™)
Control (absence of extract and diazinon) 185.07 +2.5

In the presence of diazinon 41.17+13

Percentage of enzyme inhibition by diazinon 75.15%+2.4

This table shows the mean cholinesterase activity under different conditions and the percentage inhibition caused by diazinon.

Graph 3 Percentage
Reactivation of Dia-
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Table 4: Mean recovery of acetylcholinesterase enzyme activity inhibited by diazinon in the presence of aqueous extract of carob
seed

Concentration (ug/ml) 1000 500 100 0 (control)

Mean activity of inhibited enzyme in the presence of aqueous
carob seed extract

184.07 £ 70a 157.84 +2.4b 142.34 £2.17c 39.21 £3.20
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Table 4: Mean recovery of acetylcholinesterase enzyme activity inhibited by diazinon in the presence of aqueous extract of carob

seed

Concentration (ug/ml)

1000 500 100

0 (control)

The letters (a, b, ¢) next to the values likely indicate statistical significance or grouping based on statistical analysis.

Discussion

Acetylcholinesterase is instrumental in the hy-
drolysis of acetylcholine and the facilitation of
Organophosphate ~ com-
pounds, derived from phosphoric acid, are pesti-
cides that perturb the nervous system by inhibit-
ing AChE. These compounds are among the most
toxic insecticides and have the potential to cause
severe or fatal effects [16, 17]. Although less
toxic, diazinon still significantly inhibits AChE
activity [18]. OP inhibition begins with ionic
bond formation, progressing to irreversible cova-
lent bonds [19]. In cases of acute poisoning, these
compounds bind to the hydroxyl group of serine
within the enzyme's active site, thereby inhibiting

neurotransmission.

its activity [20]. Therefore, it is probable that or-
ganophosphates will react with compounds con-
taining hydroxyl groups, such as serine [21]. Our
spectroscopic results confirmed the presence of
these functional groups, supporting this inhibition
mechanism. Diazinon effectively deactivated the
enzyme, consistent with its known effects on re-
ducing neurotransmitter activity [22]. The ob-
served activation and reactivation of AChE by the
carob seed extract can be hypothetically at-
tributed to a multi-faceted mechanism. Primarily,
the high antioxidant capacity, evidenced by the
DPPH assay and FTIR-detected phenolic O-H
groups, may mitigate the oxidative stress induced
by OPs, which is known to exacerbate AChE in-
hibition [17]. Furthermore, polyphenolic com-
pounds can interact with enzymes allosterically,
potentially stabilizing the active conformation of
AChHE and enhancing its catalytic efficiency [23].
Most notably for reactivation, the presence of hy-
droxyl-rich phenolic compounds (e.g., those
identified by FTIR at ~3404 cm™ and ~1616
cm™) could facilitate the nucleophilic
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displacement of the organophosphate moiety
from the serine residue in the enzyme's active
site. This mechanism is analogous to that pro-
posed for known reactivators, such as oximes,
and has been suggested for other plant-derived
phenolics (e.g., gallic acid) [13, 24]. The concen-
tration-dependent efficacy supports a direct inter-
action between the extract's components and the
enzyme/toxin complex. Among the various sig-
nificant properties of carob, its high antioxidant
activity, along with the presence of tocopherols
and sterols, is noteworthy. The results indicated
that a concentration of 1000 pg/mL exhibited the
highest antioxidant activity; conversely, a slight
reduction in activity was observed as extract con-
centration decreased, attributable to its substan-
tial antioxidant capacity. This property may also
help mitigate the toxic effects of organophos-
phate compounds, as research by Mishra et al. has
established a correlation between their toxicity
and the generation of free radicals, disruption of
the redox cycle, and alterations in homeostasis
[17]. The extract increased AChE activity in a
concentration-dependent manner, indicating a di-
rect relationship. This suggests the extract acts as
an effective enzyme activator. Furthermore, the
aqueous carob seed extract restored up to 44% of
diazinon-inhibited enzyme activity, demonstrat-
ing reactivation, as well as activation. These find-
ings offer potential for pesticide plant workers ex-
posed to OPs and carbamates who show reduced
AChE levels [25]. The activating effects of cer-
tain enzymes in the leaves of this plant have been
documented in prior studies, corroborating the
findings of the present research [6].

Motafeghi et al. showed that gallic acid, when
combined with atropine and pralidoxime, reduced
diazinon-induced cholinesterase inhibition and
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facilitated enzyme regeneration. The reactivation
of enzymes by gallic acid may be attributed to the
presence of hydroxyl groups in its chemical struc-
ture, which enhances the detoxification mecha-
nism of this extract [13]. The aqueous extract of
carob seeds, characterized by its high antioxidant
activity, has the potential to mitigate the detri-
mental effects of free radicals and reduce oxida-
tive stress. Furthermore, due to its enzyme-acti-
vating properties on acetylcholinesterase and its
capacity to reactivate enzymes inhibited by or-
ganophosphate compounds, this extract may rep-
resent a promising candidate for future therapeu-
tic applications, contingent upon the precise iden-
tification and isolation of its active compounds
for thorough investigation.

Conclusion

In summary, the aqueous extract of carob seed
demonstrated significant antioxidant activity and
a notable capacity to activate acetylcholinester-
ase. Crucially, it effectively reactivated the en-
zyme after inhibition by the organophosphate di-
azinon in a concentration-dependent manner.
These beneficial effects are likely attributable to
the extract's rich phenolic and flavonoid content.
Therefore, carob seed extract shows promise as a
natural candidate for therapeutic strategies
against organophosphate poisoning, warranting
further investigation into its active constituents.
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