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1. INTRODUCTION

Alzheimer’s Disease (AD) is a chronic neurodegenerative disorder  
that is responsible for most cases of cognitive and memory dete-
rioration in the elderly population [1,2]. While the etiology and 
pathogenesis of this complex disease are yet to be fully unrav-
elled, evidence suggests the important role of the Acetylcholine 

(ACh) homeostasis in the prevention and treatment of AD symp-
toms [1,2]. This is because ACh is an integral part of neurotrans-
mission, especially in the brain and its deficiency creates short 
circuits within the system whereby chemical signals cannot be 
properly relayed from nerves to the specific receptors within the 
brain. Under normal physiological conditions, ACh is released 
from the nerve into the synaptic cleft where it binds to receptors 
on the post-synaptic membrane to transmit nerve signals to the 
brain [3,4]. To prevent overstimulation of the brain, ACh is hydro-
lyzed by Acetylcholinesterase (AChE, EC.3.1.1.7) into choline and 
acetate, which are then recombined in the pre-synaptic nerve to  
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A B S T R AC T
Acetylcholinesterase (AChE) is a critical enzyme involved in nerve functions and signal transmission within the brain. 
However, during aging, excessive AChE activity often leads to rapid and progressive depletion of acetylcholine (ACh), the major 
neurotransmitter. Shortage of ACh leads to reduced neurotransmission and the development of pathological conditions such as 
dementia and Alzheimer’s Disease (AD). Therefore, one of the proven approaches toward the clinical management of AD is the 
use of compounds that inhibit AChE activity to produce enhanced brain levels of ACh and restore regular nerve functions in 
the brain. Hence the aim of this review is to provide information on recent advances in the use of various food-derived extracts 
and compounds as AChE-inhibitory agents. The major forms of AChE-inhibitory products are the aqueous or organic solvent 
extracts of various foods with polyphenolic compounds being the predominant constituents. Other types of food-derived AChE 
inhibitors include proteins, peptides, terpenoids and carotenoids. In addition to the proven efficacy at the in vitro level, several 
of these food products have been shown to be effective in reducing brain levels of AChE with concomitant improvements 
in memory functions. However, future research activities are needed to provide information on the structure-function and 
toxicological aspects of food-derived AChE-inhibitory compounds.
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regenerate ACh. This important role of AChE ensures that the 
brain is not subjected to excessive nerve stimulation but also serves 
as a mechanism to recycle the two critical substrates required for 
ACh synthesis. Therefore, homeostatic levels of AChE are critical 
for normal maintenance of brain functions. However, during aging, 
reductions in choline level coupled with non-regeneration of used 
neurons lead to shortage of ACh. Since the level of AChE activity 
remains unchanged, the result is that the few ACh molecules avail-
able for nerve functions are continuously hydrolyzed, which leads 
to reduced signal transmission capacity. Continuous depletion of 
ACh levels leads to impaired functioning of nerve impulses cou-
pled with inadequate signal transmission to the brain, which lead 
to attenuated brain functions, especially memory impairment such 
as in AD and dementia. Excessive levels of AChE activity have also 
been associated with the pathogenesis of AD through promotion of 
b-amyloid fibrils formation [5]. Thus, inhibition of AChE activity 
could reduce ACh hydrolysis, boost nerve functions and prevent 
chronic deterioration of brain functions, especially in relation to 
the pathogenesis of AD and dementia. Over the past several years, 
AD management has focused on the use of pharmacological agents 
to inhibit AChE activity and enhance ACh availability in the brain. 
Typical AChE-inhibitory drugs that have been approved for the 
treatment of AD patients include rivastigime, galanthamine and 
donezepil [1]. However, clinical usage of these drugs have been 
associated with several undesirable side effects such as decreased 
heart rate (bradycardia), decreased appetite and weight, increased 
gastric acid production, nausea, vomiting, and muscle cramps 
[6–9]. Therefore, recent research activities have investigated the 
potential use of natural compounds, especially those derived from 
various food sources as AChE inhibitors. This is because food- 
derived compounds may be better metabolized and tolerated by 
the human system, which could reduce or eliminate the negative 
side effects associated with drugs. One of the major challenges for 
food-derived compounds is their ability to cross the Blood–Brain 
Barrier (BBB), which could limit their therapeutic efficiency. This 
is because it is widely recognized that entry of molecules from 
blood circulation into the brain is strictly controlled by the BBB as a 
means of maintaining normal neuronal functions and information 
processing [10]. However, during aging and especially as memory 
impairment sets in for AD patients, there is a breakdown of the 
BBB, which could enhance uptake of therapeutic products that 
would otherwise be prevented from crossing into the brain [10]. 
Thus, under the pathological environment associated with AD, it 
is conceivable that entry of potent AChE inhibitors into the brain 
will be facilitated, which justifies the continued search for bioactive 
food-derived compounds. In this review, the structural and func-
tional properties of food-derived AChE inhibitors are described to 
provide scientific information that could promote the use of these 
compounds as therapeutic agents against the onset and develop-
ment of AD. As evident in Tables 1 and 2, there is already a diverse 
range of sources and reported activities of food-derived inhibitors, 
which will be discussed in the following sections.

2.  FOOD PROTEIN HYDROLYSATES  
AND FREE AMINO ACIDS

Food protein hydrolysates are recognized as veritable sources of 
bioactive peptides that could have positive influence on human 
health without the undesirable negative side effects associated with 

drugs during long-term use [11,12]. The hydrolysates are usually 
obtained through enzymatic digestion of food proteins followed by 
separation of the peptides from undigested proteins. The relevance 
of food protein-derived peptides to AD management remains to 
be proven because of the paucity of scientific evidence showing 
peptide uptake from blood circulation into the brain. While very 
few reports have demonstrated the uptake of peptides into the 
brain, the presence of active peptide transporters (PT1–PT5) in 
the BBB indicates a physiological mechanism through which pro-
teins and peptides could be transferred from blood circulation into 
the brain [13]. Moreover, the structural defects associated with the 
BBB during AD could enhance passive diffusion of peptides into 
the brain. One of the first works to examine the potential use of 
food-derived peptides as AChE inhibitors involved the purification 
of a peptide (31 amino acid residues) from Ziziphus jujuba fruits 
[14]. The peptide, which was named Snakin-Z showed effective in 
vitro inhibition of AChE activity with inhibitor concentration that 
reduced enzyme activity by 50% (IC50) value of 0.58 mg/mL, which 
compares well with the 0.17 mg/mL for galanthamine (drug). 
Structural analysis of Snakin-Z revealed an abundance of hydro-
phobic amino acids, especially leucine, valine, tyrosine, alanine, 
proline, and glycine. Based on the bi-lipid membrane structure of 
cells, the presence of several hydrophobic residues could be con-
sidered an advantage in facilitating entry of Snakin-Z into brain 
cells. Other authors have reported the AChE-inhibitory activity 
of hydrolysates produced from the enzymatic hydrolysis of hemp 
seed, anchovy and yeast proteins.

In a comprehensive report, Malomo and Aluko [3] reported the  
in vitro AChE-inhibitory activity of various hemp seed protein 
hydrolysates produced with different enzymes and at varying Degree 
of Hydrolysis (DH). The highest AChE inhibition (53.78%) was 
obtained when the hemp seed was digested with 1% pepsin whereas 
digests from 2% to 4% pepsin were inactive. The hemp seed pro-
tein digest from 4% alcalase also showed strong AChE inhibition 
at 41.82%, which was not different from the 39.51% for 3% papain 
digest [3]. However, there was no observed effect of DH on the 
AChE-inhibitory activity of the protein hydrolysates, which indicate 
that the peptide structure (amino acid composition and sequence) 
was the determinant factor rather than peptide chain length. The 
flavourzyme digests had the weakest AChE inhibition, which may 
be due to the inactivation of active peptides by the exopeptidase 
activity of this enzyme. The IC50 values for the most active hemp 
seed protein hydrolysates were reported as follows: 1% pepsin 
(5.95 ± 0.10 μg/mL), 3% pepsin (8.04 ± 0.33 μg/mL), 3% papain 
(8.97 ± 0.41 μg/mL) and 4% alcalase (11.62 ± 0.32 μg/mL). The 
results indicate stronger AChE inhibition by the hemp seed protein 
hydrolysates when compared to the Snakin-Z peptide and galanth-
amine with IC50 values of 0.58 and 0.17 mg/mL, respectively. In a 
subsequent report, the most active hemp seed protein hydrolysate  
(1% pepsin) was separated by reverse-phase HPLC into seven frac-
tions (F1–F7) with the F7 being the most active AChE inhibitor [15]. 
Kinetics analysis determined that the 1% pepsin hydrolysate and 
F7 inhibited human AChE through uncompetitive manner, which 
means that the peptides were bound mostly to the enzyme-substrate 
complex to reduce catalysis. The F7 fraction was a stronger AChE 
inhibitor with lower inhibition constant (stronger enzyme binding 
affinity) when compared to the protein hydrolysate, which indicates 
that separation of the peptides successfully enriched active peptides 
within this fraction. The F7 was also the most hydrophobic, which 
is consistent with the Snakin-Z amino acid composition that showed 
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Table 1 | Typical food sources of acetylcholinesterase (AChE) inhibitors and reported in vitro activities

Sources Extraction method Active compound(s) Inhibitory activity (IC50)
a References

Hemp seed protein Enzyme hydrolysis Peptides 5.95 µg/mL [3]
Yeast Citrate buffer Mannoproteins 7.70 mg/mL [16]
Ziziphus jujube Water Peptide 0.58 mg/mL [14]
Tea 80% Acetone Cinnamoylated flavoalkaloids 0.13 µM [22]
Tea Methanol Hydroxycinnamoylated catechin 2.49 µM [23]
Safflower seed Ethyl acetate Carthatin A 17.96 µM [25]
Safflower seed Ethyl acetate Carthatin B 66.83 µM [25]
Hemp seed Ethyl acetate Polyphenols 38.70 µg/mL [28]
Green gram Ethanol Polyphenols 9.60 µg/mL [29]
Green gram Water Proteins (12 kDa) 6.82 µg/mL [29]
Mangosteen gram Chloroform Xanthonoids 2.70 µg/mL [31]
Paper mulberry Ethanol Polyphenols 12.10 µg/mL [33]
Myrciaria floribunda Hydrodistillation Sesquiterpenes 0.08 µg/mL [34]
Grape skin Methanol Anthocyanins 363.61 µg/mL [35]
Banana (field plant) Methanol Polyphenols 4.22 µg/mL [37]
Banana (in vitro plant) Methanol Polyphenols 81.85 µg/mL [37]
Banana (field plant) Butanol Polyphenols 419.00 µg/mL [37]
Plum persimmon Acetate buffer Protein + polyphenols 16.75 mg/mL [38]
Tomato fruit 67% Methanol (crude extract) Polyphenols 180.15 mg/mL [39]
Tomato fruit 67% Methanol (purified extract) Polyphenols 5.83 mg/mL [39]
Hawthorn fruit 95% Ethanol Polyphenols 11.72 µg/mL [40]
Citrus limon peel 50% Ethanol Naringin 81.91 µM [41]
Piper spp. Ether Sesquiterpenes 1.51 mg/mL [44]
Satureja thymbra Hydrodistillation Terpenes and terpenoids 150.0 µg/mL [45]
Satureja thymbra Methanol Terpenes and terpenoids 928.0 µg/mL [45]
Saffron Methanol/water Crocetin 96.33 µM [46]
Salvia officinalis Ethyl acetate Polyphenols 30.00 µg/mL [49]
Cuminum cyminum Water ND 0.437 µg/mL [9]
Salvia officinalis Water Polyphenols 420.94 mg/mL [50]
Salvia officinalis Water + fermentation Polyphenols 147.17 mg/mL [50]
Salvia officinalis Methanol Polyphenols 24.04 mg/mL [50]
Salvia eriophora Water Polyphenols 15.06 µg/mL [51]
Salvia eriophora Methanol Polyphenols 9.91 µg/mL [51]
Ecklonia maxima Ethyl acetate Phloroglucinol 579.32 µM [52]
Ecklonia maxima Ethyl acetate Eckol 76.70 µM [52]
Ecklonia maxima Ethyl acetate Dibenzo dioxine tetraol 84.48 µM [52]
Ganoderma lucidum Water Polyphenols 1.01 mg/mL [53]
Medicago sativa 70% ethanol Polyphenols 31.13 µM [55]
aWhere applicable, values are for the most active fractions or compounds. IC50, inhibitory concentration that reduced AChE activity by 50%.

Table 2 | Typical food sources of acetylcholinesterase (AChE) inhibitors and reported in vivo activities

Sources Extraction method Active compound Animal model Oral dose  
(mg/kg BW) In vivo effects References

Coilia mystus protein Enzyme hydrolysis Peptides Mice 333 Reduced escape latency [18]
Increased number of crossings
Increased % target time
Reduced number of errors

S-allylcysteine – Amino acid Rats 150 Reduced brain level of AChE [20]
Caffeine – Polyphenol Rats 50 Inhibited brain AChE activity [21]
Prunella vulgaris Ethyl acetate Polyphenols Rats 100 Increased platform crossing [24]

Increased time in target quadrant
Reduced brain level of AChE
Increased brain level of ACh

Quinoa Ethanol Polyphenols Mice 100 Increased index of discrimination [27]
Reduced crossing time
Reduced brain level of AChE

Lutein – Lutein Rats 50 Reduced index of discrimination [56]
Reduced brain level of AChE
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the presence of several hydrophobic amino acids. Moreover, amino 
acid sequence of the F7 peptides showed predominance of tri- and 
tetrapeptides that also contained hydrophobic amino acids such as 
leucine, isoleucine, valine, alanine and tyrosine [15]. The small size 
of the hemp seed F7 peptides could enhance their ability to cross the 
BBB either by passive diffusion or peptide transporters and enter the 
brain where they could exert health benefits by suppressing excessive 
activity of AChE.

Another in vitro work examined the AChE-inhibitory activities 
of different hydrolysates obtained through enzymatic digestion 
of mannoproteins extracted from yeast [16]. The results also 
showed that AChE inhibition was dependent on type of enzyme 
used for proteolysis with proteinase-K and trypsin having the 
strongest activity at 54.4% and 42.6%, respectively. When combi-
nations of the enzymes were used, there was a general increase in 
the AChE-inhibitory activity of the resultant protein hydrolysates 
when compared to the hydrolysates from single enzyme hydrolysis. 
Therefore, the results suggest that greater proteolytic efficiency was 
achieved when the yeast proteins were hydrolyzed with a combi-
nation of two enzymes. In general, the pepsin/chymotrypsin com-
bination produced a hydrolysate with strongest AChE inhibition 
at 59% compared to the maximum values of 39.3% and 32.1% for 
trypsin/chymotrypsin and proteinase K/chymotrypsin combina-
tions, respectively [16]. Interestingly, the AChE-inhibitory activity  
of the yeast protein hydrolysates was not concentration-dependent, 
which suggests antagonistic effects of peptide activity or variations 
in solubility at different concentrations. In contrast, the AChE-
inhibitory activity of tuna liver enzymatic protein hydrolysates 
was concentration-dependent [17]. The differences indicate struc-
tural and solubility variations between the tuna and yeast peptides. 
Activity of the tuna liver peptides was also dependent on size with 
the biggest peptide fraction (>10 kDa) having the strongest AChE 
inhibition. Therefore, it is possible that depending on the amino 
acid composition, the bigger tuna peptides bind to the AChE pro-
tein with greater intensity when compared to smaller peptides.

The only in vivo demonstration of the potential ameliorating effect 
of food protein hydrolysates against AD used a combination of 
alcalase, papain, and pancreatin to digest anchovy muscle proteins 
for 2, 4 and 8 h followed by feeding the anchovy protein hydroly-
sates (APH-2, APH-4 and APH-8, respectively) to scopolamine- 
induced amnesic mice [18]. Initial in vitro testing showed that APH-4 
and APH-8 were the strongest AChE inhibitors with IC50 values of 
152.10 and 159.76 mg/g protein, respectively when compared to 
181.31 mg/g protein for the APH-2. From the mice feeding trial, 
inclusion of APHs [333 mg/kg Body Weight (BW)] in the diet led to 
upregulated escape latency during all the tests and was accompanied 
by down-regulated error times when compared to the control group 
that consumed regular feed (Table 2). Based on the animal to human 
dose conversion guide [19], this is equivalent to 27 mg/kg BW of a 
human being. Therefore, a 70 kg person will need to ingest 1.9 g of 
the APH/day to obtain the reported health benefits. These improve-
ments in escape latency error times confirm improved memory 
in mice that consumed the APHs. While the AChE activity in the 
mice brain was not measured, the reported results provide a proof of 
principle for the use of food protein-derived protein hydrolysates as 
therapeutic intervention agents during AD.

In addition to protein hydrolysates, other reports have suggested the 
use of proteins and amino acids as AChE inhibitors. For example,  

lysine was found to be the strongest AChE inhibitor among several 
other amino acids tested [18]. Arginine, cysteine, aspartic acid, ala-
nine, valine, proline, serine and tyrosine were also found to active 
in decreasing order when tested at 10 mM. However, histidine, glu-
tamic acid, methionine, leucine and tryptophan had no measurable 
AChE-inhibitory activity at 10 mM test concentration. Kinetics 
evaluation showed that lysine inhibited AChE activity through a 
mixed mode, which indicate ability to bind to both the active and 
non-active sites of the enzyme. Combined with the effect of argi-
nine, the results suggest that the presence of positively-charged 
amino acids could potentiate the AChE-inhibitory activity of food 
protein hydrolysates. This is consistent with the suggestion that the 
presence of arginine may have contributed to the potency of AChE- 
inhibitory hemp seed protein hydrolysates. The effectiveness of 
positively-charged amino acids is believed to be due to the presence 
of an anionic area on the AChE protein where they bind and form 
a complex with an adjacent tryptophan residue to block substrate 
access to the active site [7]. Another in vivo work examined the 
effect of S-Allylcysteine (SAC), a garlic-derived sulfur-containing 
amino acid on the brain AChE activity in diabetic rats [20]. The 
diabetic rats were provided with daily 150 mg/kg BW oral dose 
of SAC for 45 days (equivalent to 24.3 mg/kg BW human dose)  
followed by AChE activity determination in the brain cerebral 
cortex and hippocampus. The authors reported that the SAC treat-
ment resulted in almost 40% reduction in brain AChE activity 
when compared to the control group. Therefore, apart from regular 
amino acids, derivatives such as SAC may also provide therapeutic 
benefits for the treatment or prevention of AD.

3.  FOOD-DERIVED POLYPHENOLIC  
COMPOUNDS

3.1. Tea Extracts

Polyphenols are considered the major secondary metabolites in 
plants and their consumption has been associated mostly with 
increased antioxidant effects but evidence also suggests their ability 
to act as enzyme inhibitors. Therefore, various works have exam-
ined the potential role of polyphenolic compounds in the preven-
tion and treatment of AD. Caffeine is an important component of 
tea and it has been shown that daily oral administration (50 mg/kg 
BW) led to significant ~16% decrease in rat brain AChE activity, 
an effect that was greater than that of caffeic acid [21]. An equal 
mixture of caffeine and caffeic produced better inhibition of rat 
brain AChE activity than caffeic acid alone but the effect was less 
than that observed for caffeine alone. Thus, increased caffeine 
consumption could be a means of attenuating the high levels of 
AChE activity associated with AD. The demonstrated rat dose is 
equivalent to only 8.1 mg/kg BW for humans, which can be read-
ily achieved through daily consumption of caffeinated drinks, 
especially coffee and tea products. In a recent report, the AChE-
inhibitory effect of cinnamoylated flavoalkaloids present in regular 
tea leaves (Camellia sinensis) was demonstrated [22]. These flavoal-
kaloids exhibited very strong AChE inhibition with IC50 values in 
the 0.13–1.04 µM range, which suggest regular consumption of tea 
products could be beneficial towards AD management. A structure– 
function analysis suggest that attachment of the pyrrilidinone ring 
to the C6 of the aromatic ring contributed to enhanced AChE  
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inhibition when compared to attachment to C8. This is because 
the C6 position is close to two hydroxyl groups, which leads to 
enhanced electron density and ability to engage in ionic interactions 
with AChE amino acid residues. Another work also reported iso-
lation of three AChE-inhibitory Hydroxycinnamoylated Catechins 
(HCCs) from Zijuan tea, a cultivar with purple buds, leaves and 
stem [23]. HCC 1, 2 and 3 had AChE-inhibitory IC50 values of 2.49, 
11.41 and 62.26 µM, respectively when compared to the 0.09 for 
huperzine-A (standard compound). However, the HCCs are more 
potent than AChE-inhibitory drug galanthamine (IC50 = 30 µM), 
which suggests that these catechin derivatives may find use as mod-
ulators of AD symptoms. Qu et al. [24] have also reported on the 
memory improvement ability of Prunella vulgaris, a herb popu-
larly used as tea in China. The herb was first mixed with water, the 
aqueous extract dried and further extracted stepwise with differ-
ent solvents such as hexane, ethyl acetate and butanol. The extracts 
inhibited AChE activity to varying degrees but the ethyl acetate 
extract was the most effective with ~62% inhibition at 224 µg/mL 
when compared to <57% for the other extracts. Analysis of the ethyl 
acetate extract showed that the major identifiable polyphenolics in 
P. vulgaris were caffeic acid, rosmarinic acid, salviaflaside, benzal-
dehyde and protocatechuate. As shown in Table 2, oral administra-
tion of the ethyl acetate extract (100 mg/kg BW/day) for 3 weeks to  
scopolamine-treated rats led to a significant decrease in AChE 
activity while ACh concentration increased to a level comparable 
to that of a drug (donezepil). Also important is the observation of 
attenuated neuronal cell death in the brain of rats that consumed 
the ethyl acetate extract, a positive outcome that was also similar to 
that of donezepil. Overall, treatment of the memory-impaired rats 
with the ethyl acetate extract of P. vulgaris led to decreased escape 
latency, as well as increased platform crossing and time in the target 
quadrant. These behavioural changes were directly related to the 
attenuation of brain AChE activity coupled with an upregulated 
level of ACh. In order to achieve similar health benefits in human 
beings, daily oral consumption of the P. vulgaris extract at 16 mg/kg 
BW dose will be required.

3.2. Seed Extracts

In an original research work, six dimers (called carthatins) consist-
ing of a phenylpropanoid fused to a feruloylserotonin via a dihy-
drofuran ring were isolated form defatted safflower seed cake and 
tested for AChE-inhibitory activity [25]. Results showed that only 
carthatins A and B inhibited AChE activity with IC50 values of 17.96 
and 66.83 µM, respectively, which indicate lower potency when 
compared to the 0.35 µM for tacrine (positive control). Defatted 
rapeseed pomace was extracted with 95% ethanol and sinapine 
identified as the major phenolic compound in addition to the less 
abundant sinapic, caffeic, ferulic and synringic acids [26]. The 
rapeseed alcoholic extract at 0.25 mg/mL inhibited 85% of AChE 
activity, which is similar to the activity of sinapine. In contrast, the 
phenolic acids had only ~25% inhibition of AChE activity, which 
indicate that sinapine is the main inhibitory compound in rapeseed 
pomace. A recent report provided information on the potential 
of an ethanolic red quinoa seed extract to ameliorate AD symp-
toms in scopolamine-induced memory deficient mice [27]. Oral 
administration of the quinoa seed extract (100 mg/kg BW/day) to 
scopolamine-treated mice for 7 days resulted in increased discrim-
ination index during the object recognition task when compared to 

mice given saline only. This is equivalent to 8.1 mg/kg BW for an 
adult human being or a daily dose of ~570 mg for a 70 kg person. 
Using exploratory behaviour tests, mice that were administered the 
quinoa extract had reduced crossing and rearing times, which pro-
vided additional evidence of improved memory when compared 
to the control mice. Significant reductions in AChE activity within 
the brain cerebral cortex and hippocampus were also observed, 
which correlated with the observed improvements in the memory 
tests. Phytochemical analysis of the quinoa seed extract identified 
gentisic, a-hydroxy isovaleric, hydroxybenzoic, p-coumaric, and 
dihydroxyphenyl propionic acids as well as hesperidin as the major 
phenolic compounds.

Hemp seed is now cultivated for the food and nutritional benefits, 
especially the high quality seed oil and proteins but also various 
minor components such as the polyphenolic compounds. After 
defatting hemp seed, the major lignanamides were then extracted 
with ethyl acetate followed by HPLC purification, structural eluci-
dation and AChE-inhibitory activity testing [28]. All the 14 lignan-
amides attenuated the in vitro activity of AChE with 11.17–87.37% 
inhibitory levels when tested at 100 µg/mL. However, only com-
pounds 7, 10, and 13 had sufficient inhibitory activities to enable 
determination of IC50 values of 216.0, 46.2 and 38.7 µM, respec-
tively. Molecular docking studies showed that compounds 10 and 
13 (most active) interacted differently with the AChE protein struc-
ture. For example, compound 10 occupied similar site as galanth-
amine while also interacting with peripheral anionic site on AChE 
in addition to the formation of hydrogen bonds and van der Waals 
interaction with other amino acid residues, especially tryptophan 
84 and phenylalanine 330, respectively. In contrast, affinity of  
compound 13 to the AChE protein was stabilized mainly by hydro-
phobic interactions in addition to hydrogen bonds and van der 
Waals interactions.

In another work, the exudate of green gram (Vigna radiata L.) was 
prepared by soaking the seeds in water at 45°C overnight followed 
by filtration and lyophilisation of the liquid portion [29]. The work 
is based on the premise that during seed germination, nutrients are 
leached into the water, which can be collected and characterized 
for composition and bioactive activity. Analysis of the dried seed 
exudate showed the presence of mainly polyphenolic compounds 
and proteins, which were then isolated using ethanolic extraction 
and dialysis against water (3.2 kDa molecular weight cut-off mem-
brane), respectively. The phenolic isolate consisted mainly of 
phenolic acids (gallic, ferulic, and sinapic acids) and flavonoids 
(vitexin and isovitexin) and exhibited a maximum of ~90% inhi-
bition of AChE in vitro activity at 25 µg Gallic Acid Equivalent 
(GAE)/mL. The protein extract was separated into four fractions 
(12, 29, 66 and 150 kDa) using gel permeation chromatography and 
then tested for AChE-inhibitory activity. The total protein extract 
inhibited AChE activity with an IC50 value of 20.28 µg/mL, which 
indicate lower potency when compared to 6.82 and 8.04 µg/mL for 
the 12 and 29 kDa fractions, respectively. The 66 and 150 kDa frac-
tions were inactive, which explains the weaker AChE-inhibitory of 
the protein extract because their presence dilutes the strong inhib-
itory effect of the 12 and 29 kDa proteins. The work illustrates the 
potential use of controlled germination to enhance bioactive prop-
erties of seeds. The lablab bean seed has also been studied for its 
potential to inhibit the in vitro activity of AChE. The lablab bean 
seeds were ground into flour and extracted with water, methanol/
water (50/50) or absolute methanol. The results showed that the 
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aqueous methanolic extract was the most potent with 3.06% AChE 
inhibition when compared to 1.09% for the absolute methanol 
extract and 0% for the water extract [30]. Correlation analysis indi-
cated 0.985 relationship between the AChE-inhibitory and total 
flavonoids of the aqueous methanolic extract while a similar but 
negative value was obtained for the total phenols. Therefore, the 
flavonoids were mainly responsible for the AChE-inhibitory effect 
of the lablab aqueous methanolic extract.

3.3. Fruit Extracts

The seedcase of mangosteen (Garcinia mangostana), a popular 
fruit in Southeast Asia was extracted with chloroform, ethanol and 
water followed by polyphenolic compounds identification and in 
vitro inhibitory testing against AChE [31]. The chloroform extract 
exhibited the strongest inhibition of human erythrocyte AChE 
with an IC50 value of 2.7 µg/mL when compared to 7.9, 34.2, and 
0 µg/mL for ethanol, 30% ethanol and water extracts, respectively. 
Similar superior inhibitory value was also reported for activity of 
the chloroform extract against eel AChE (IC50 = 4.8 µg/mL) when 
compared to 45.6 µg/mL for ethanol and zero for 30% ethanol and 
water. Therefore, the results suggest that highly hydrophobic mol-
ecules as present in the chloroform extract have stronger AChE-
inhibitory activity than the more hydrophilic compounds extracted 
by ethanol and water. However, UPLC fractionation of the chlo-
roform extract generally resulted in reduced inhibitory potency of 
the obtained fractions (IC50 = 5.2 to >100 µg/mL for the human 
erythrocyte AChE and IC50 = 2.5 to >100 µg/mL for the eel AChE). 
Only the UPLC peak 6 had a stronger inhibition against eel AChE 
with an IC50 value of 2.5 µg/mL, which indicate that the inhibitory 
effectiveness of the chloroform extract was due to synergistic inter-
actions between the polyphenolic components, which were identi-
fied as xanthonoids. A separate work also reported that the pooled 
fractions from preparative HPLC separation of bilberry fruit juice 
extract had in vitro AChE-inhibitory activity of 0.43 µM eserine 
equivalent [32]. Further HPLC enrichment increased activity to 
1.98 µM eserine equivalent and identification of 14 polyphenolic 
compounds as the potential active compounds.

The flavonols present in Broussonetia papyrifera (paper mulberry) 
root have also been shown to exert inhibitory effect against AChE 
[33]. The water, 50% ethanol, chloroform and absolute ethanol 
extracts of paper mulberry root had AChE-inhibitory IC50 values 
of >200, 25.3, 22.7 and 12.1 µM, respectively. Further purification 
of the absolute ethanol extract yielded six products with the pre-
nylated flavonols 2, 3 and 4 being the most potent based on the 
AChE-inhibitory IC50 values of 0.8, 3.1, and 2.7 µM. A structure– 
activity analysis showed that compounds 2–4 had 4 and 5 free 
hydroxyl groups when compared to the 2 and 3 free hydroxyl 
groups on compounds 5 and 6. Therefore, the evidence suggests 
that the presence of multiple free hydroxyl groups attached to the 
phenolic rings is an important structural feature that contributed 
to the strong AChE-inhibitory activity of the paper mulberry fla-
vonols. Kinetics analysis indicated that compounds 2–4 are mixed 
inhibitors, which means they can bind to both the active and 
non-active sites of AChE. Compounds 2–4 were also shown to have 
very strong binding affinity with inhibition constants of 0.2–2.8 µM  
and significant reductions in fluorescence intensity of AChE 
upon binding of the flavonols. A recent work has shown that an 
essential oil extracted from the fruit peel of Myrciaria floribunda 

inhibited in vitro activity of AChE with an IC50 value of 0.08 µg/mL 
[34]. Gas chromatography/mass spectroscopy analysis of the  
essential oil led to the identification of g-cadinene, a-muurolene, 
a-selinene, g-muurolene, (E)-caryophyllene, and d-cadinene as the 
major compounds. Molecular docking studies revealed d-cadinene 
and g-cadinene having the lowest binding energy of −6.77 and 
−7.35, respectively, which indicate stronger affinity for AChE than 
the other four compounds.

Grapes are popular fruits for the production of wine but the 
residual skins constitute a waste product that require increased 
valorization. The methanolic extract of grape skin was shown to 
consist mainly of four anthocyanins, malvidin 3-O-glucoside, 
petunidin 3-O-glucoside, delphinidin 3-O-glucoside and cyanidin 
3-O-rutinoside [35]. The grape seed skin extract was an effective 
inhibitor of in vitro AChE activity with an IC50 value of 363.61  
µg/mL. Bananas (Musa acuminate) are also very popular with sig-
nificant uses of the leaves and fruits for food and medicinal pur-
poses. Solvent extraction of the banana leaf and fruit identified the 
ethyl acetate fraction as the most active AChE inhibitor with IC50 
values of 404.4 and 478.2 µg/mL, respectively [36]. This may be 
due to differences in the level of phytochemicals as it was reported 
that the total phenolic contents of leaves and fruit were 85.4–911.9 
and 12.0–70.2 mg GAE/g, respectively. Overall, the polar fractions 
were stronger AChE inhibitors than the non-polar fractions with  
kaempferil-3-O-rutinoside and quercetin-3-O-rutinoside as the 
dominant compounds in the ethyl acetate fraction. In a previous 
work, the methanolic extracts (100 µg/mL) of banana fruit pulp 
and leaf were also shown to inhibit the in vitro activity of AChE 
at values ranging from 50 to 58% and ~70%, respectively [37]. 
The stronger AChE-inhibitory effect of the banana leaf was also 
attributed to higher levels of polyphenolic compounds and espe-
cially flavonoids. Thus, the two reports confirmed that the stronger 
AChE-inhibitory activity of banana leaf was due to the higher con-
tents of polyphenolic compounds when compared to the fruit. The 
plum is another popular fruit whose anti-AChE activity has been 
examined and the aqueous extract reported to be effective with an 
IC50 value of 16.75 mg/mL [38]. However, this activity is very low 
when compared to the IC50 values of solvent extracts of other fruits, 
which have been shown to be <1 mg/mL. The weak activity of the 
plum extract could be due to the use of water for extraction, which 
may have been less effective in solubilizing a wide variety of poly-
phenolic compounds when compared to the solvents (ethyl acetate, 
ethanol, butanol, etc.) that were used in other works.

Tomatoes are important sources of nutrients in the human diet 
but they could also provide active bioactive compounds that can 
attenuate AChE activity as evident from a recent work [39]. AChE-
inhibitory activity depended on the tomato variety with an IC50 
value range of 5.83–200.65 mg/mL for the methanolic extracts 
when compared to the 0.83–23.14 µg/mL for standard pheno-
lic compounds such as caffeic acid, chlorogenic acid, hesperidin, 
rutin, quercetin and naringenin. Interestingly, most of the standard 
phenolic compounds were found to be present in the tomato meth-
anolic extract, which suggest that the low activity may be due to 
antagonistic or dilution effect of other phenolic compounds pres-
ent in the extract. Correlation analysis revealed a strong positive 
relationship of chlorogenic acid, caffeic acid, caffeoyl-glucose, 
linocaffein, vanillic acid, rutin, saluenin, and p-coumaric acid 
with anti-AChE activity of the tomato extracts [39]. In a previ-
ous work, the Hawthorn Fruit (HF) peel was extracted with 95% 
ethanol (PHF) followed by further separation on a macroporous 
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resin column to obtain a 20% ethanol eluate (EPHF), both of which 
were tested as potential AChE inhibitors [40]. The IC50 values were 
1385, 616.40 and 11.72 µg/mL for HF, PHF and EPHF, respectively, 
which indicate the effectiveness of ethanolic extraction and column 
fractionation in obtaining a product highly enriched with potent 
AChE inhibitors. This was evident in the amount of the identified 
compounds (ideain, cyanidin 3-arabinoside, hyperoside, isoquer-
citin, epicatechin, and chlorogenic acid), which totalled 23.23% for 
EPHF and 0.088% for PHF. A recent work also identified AChE-
inhibitory phenolic compounds present in lemon fruit peel. The 
compounds were neoeriocitrin, isonaringin, naringin, heperi-
din, neohesperidin, limonin and poncirin with AChE-inhibitory 
IC50 values of 80.97, 116.45, 81.91, 134.44, 84.69, and 178.13 µM, 
respectively [41]. In PC12 cells that were treated with the Amyloid-
beta (Ab ) peptide, addition of each identified phenolic compound 
led to concentration-dependent reduction in cell death. Therefore, 
in addition to inhibiting AChE, the lemon peel phenolic com-
pounds attenuated cellular injury caused by the Ab peptide, which 
has significance in the treatment of AD. This is because it is known 
that AChE activity is enhanced in the presence of Ab peptide and 
this leads to high levels of the AChE-Ab complex, which is more 
toxic than Ab aggregates and can cause severe deterioration of 
brain functions [42,43]. Therefore, the ability of lemon phenolic 
compounds to simultaneously inhibit AChE activity and reduce 
Ab peptide toxicity suggests an important mechanism to break the 
vicious cycle of events that worsen AD symptoms.

3.4. Extracts of Spices

In general, spices are critical ingredients in traditional cooking all 
over the world but also serve as important ingredients for the for-
mulation of various food products. The Piper nigrum fruit (pep-
pers) is undoubtedly one of the most used spices throughout the 
world. The essential oil of leaves and stems of P. nigrum varieties 
were extracted and tested against AChE activity with results show-
ing a wide range (89–147%) of inhibitory values [44]. Asaricin was 
identified as the main active compound with an IC50 value of 0.44 
mg/mL. Satureja thymbra (savoury) is another important spice 
that has been studied for the anti-AChE activity of its essential 
oil. Using hydrodistillation, the essential oil of S. thymbra inhib-
ited AChE activity with an IC50 value of 150 µg/mL, which shows 
stronger potency than the methanolic extract that had a value of 
928 µg/mL [45]. The major components of the essential oil was 
elucidated with gas chromatography–mass spectroscopy and 
found to be p-cymene, g-terpinene, thymol, and carvacrol with 
AChE-inhibitory IC50 values of >1000, 181, 47.5, and 182 µg/mL, 
respectively. Since S. thymbra is very rich in thymol and carvacrol, 
regular consumption of this spice may provide therapeutic relief 
from the damaging symptoms associated with AD. Saffron com-
ponents have also been demonstrated as strong AChE inhibitors 
with IC50 values of 21.09, 96.33 and 107.1 µM for safranal, crocetin 
and dimethylcrocetin, respectively [46]. Thus, methylation resulted 
in decreased activity of crocetin, probably due to increased steric 
hindrance caused by the two methyl groups, which reduced inter-
actions of dimethylcrocetin with AChE. Kinetics analysis revealed 
that the three saffron compounds inhibited AChE activity through 
a mixed mode with molecular docking confirming binding to the 
active site as well as the non-active site peripheral anionic residues 
of the enzyme. Sage (Salvia officinalis) is another well-established 

culinary spice that has been examined for potential AChE activity 
inhibition. In an earlier work, the single dose (300 or 600 mg) of a 
sage extract was reported to enhance cognitive performance and 
mood in healthy human volunteers through attenuation of AChE 
activity [47]. Another report suggested that an undefined sage 
extract could be used to manage mild cognitive impairment and 
reduce agitation in patients [48]. Using a series of initial sequential 
chloroform and methanol extractions, a final ethyl acetate extract 
was obtained with up to ~55% AChE inhibition at 40 µg/mL [49]. 
This ethyl acetate extract consisted mainly of abietane terpenes 
(49.7%) and hydroxycinnamoyl derivatives (39.63%). Rosmarinic 
acid, a well-known AChE inhibitor was the dominant (83.42%) 
hydroxycinnamoyl derivative. The cumin seed is highly valued 
not only for the aroma but also the potential therapeutic prop-
erties. Aqueous extraction of the cumin seed afforded an extract 
with up to 70% AChE inhibition at 50 µg/mL test concentration 
[9]. Kinetics of enzyme inhibition revealed a competitive mode at 
low concentrations (12.5 and 25 µg/mL) but a mixed-type at higher 
concentrations (50 and 100 µg/mL). Thus the compounds present 
in the cumin seed extract could bind to AChE active and non- 
active sites to cause reductions in rate of enzyme catalysis. In a 
recent report, sage extracts were prepared using different methods 
such as fermentation, Soxhlet extraction and sonication in combi-
nation with aqueous and methanol extractions [50]. The reported 
data showed that Soxhlet extraction and sonic extraction with 
methanol produced the most active AChE-inhibitory extracts with 
IC50 values of 24.04 and 31.45 mg/mL, respectively. In contrast, the 
aqueous extract was the least active with an IC50 value of 420.94 
mg/mL, which suggest that solvent extraction was more efficient in 
solubilizing the AChE-inhibitory compounds when compared to 
water extraction. This was reflected in the total polyphenolic con-
tent, which was lowest for the aqueous extract (4.53 mg GAE/g) 
when compared to the Soxhlet extract (64.51 mg GAE/g). A related 
plant called Salvia eriophora has also been investigated for potential 
use as a source of AChE-inhibitory compounds [51]. The aqueous 
and methanol extracts of S. eriophora were shown to contain a wide 
variety of compounds but gallic acid, epicatechin, chlorogenic acid, 
salvigenin, fumaric acid and ferulic acid were commonly present. 
The aqueous and methanolic extracts had IC50 values of 15.06 and 
9.91 µg/mL, respectively, which suggest that the latter contains 
compounds with stronger affinity for AChE.

3.5. Miscellaneous Extracts

Macroalgae are consumed in several parts of the world not only for 
the nutrient supply but the ability to provide medicinal benefits. 
The brown alga, Ecklonia maxima was subjected to various solvent 
extractions, which were tested for AChE-inhibitory activity [52]. 
The methanol, hexane, dichloromethane, ethyl acetate and butanol 
extracts had IC50 values of 381.50, 97.82, 117.50, 62.61 and 150.80 
µg/mL, respectively. The most active fraction (ethyl acetate) was 
subsequently purified by gel permeation chromatography to obtain 
three compounds, namely Eckol, dibenzo(1,4) dioxine-2,4,7,9-
tetraol and phloroglucinol with IC50 values of 76.70, 84.48 and 
579.32 µM, respectively. The higher AChE-inhibitory activity of 
eckol may be due to the presence of six hydroxyl groups in addition  
to three aromatic rings, which provide the molecule with several 
electronic interaction features, hence stronger affinity for the 
enzyme protein. In contrast, dibenzo(1,4) dioxine-2,4,7,9-tetraol 
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and phloroglucinol have two and one aromatic rings in addition 
to three and four hydroxyl groups, respectively. This theory is 
supported by the higher AChE-inhibitory activity of dibenzo(1,4) 
dioxine-2,4,7,9-tetraol when compared to phloroglucinol.

Ganoderma lucidum, a valuable edible fungus (mushroom) was 
grown on germinated rice, dried, ground into a powder and then 
extracted with water [53]. HPLC analysis of the aqueous extract 
indicated the presence of 13 polyphenolic compounds with quer-
cetin, ursolic acid, kaempferol, terpeniol, coumarin, catechism, 
myricetin and ferulic acid being dominant. The aqueous extract 
exhibited concentration-dependent inhibition of AChE activity 
with an IC50 value of 1.01 mg/mL. Correlation analysis showed a 
positive relationship of the AChE-inhibitory activity with the levels 
of total phenolic (r2 = 0.7736) and flavonoids (r2 = 0.7755). In a 
recent work, three edible vegetable leaves (Solanum macrocarpon, 
Amaranthus viridis, and Telfairia occidentalis) were also extracted 
with water followed by determination of AChE-inhibitory prop-
erties [54]. Four main polyphenolic compounds, myricetin, gallic 
acid, caffeic acid and rutin were identified to be present in the three 
leaf extracts. The T. occidentalis extract was shown to be the most 
active with up to 20% AChE activity inhibition at 20 µg/mL test 
concentration while A. viridis extract was the least active. In this 
work, the type, level and time of fertilizer application were shown 
to influence the AChE-inhibitory potency of the leaf extracts, 
which suggest an agronomic route towards enhancing bioactivity. 
Another vegetable that has been investigated for AChE-inhibitory 
activity is the Medicago sativa plant, which is commonly consumed 
as part of soups, salads, tortillas, etc. [55]. Phytochemical analysis of  
M. sativa stem resulted in the identification of 11 polyphenolic 
compounds. Compounds 1, 2, and 3 had the strongest AChE-
inhibitory effect with IC50 values of 31.13, 43.32 and 33.40 µg/mL, 
respectively. Compounds 7, 8 and 9 had very weak AChE-inhibitory 
activity with IC50 values >100 µg/mL. Molecular docking studies 
suggest that the strong activities of compounds 1 and 3 were due 
to better bonding to AChE (lowest moldock scores of −163.87 and 
−161.77, respectively). Compounds 1 and 3 also formed hydrogen 
and hydrophobic bonds with the amide residues of critical AChE 
protein residues such as His 447 and Glu 202.

Lutein is a carotenoid that is well-known for its antioxidant prop-
erties but a recent work also showed potential to improve ethanol- 
induced memory impairment in rats [56]. Wistar rats that were 
given ethanol had significantly higher AChE activity in the cerebral 
cortex and hippocampus, which was accompanied by decreased 
discrimination index. However, daily oral administration of lutein 
using 50 mg/kg BW (8.1 mg/kg BW human dose equivalent) for 
14 days led to blunting of the ethanol-induced increase in AChE 
activity in both the cerebral cortex and hippocampus along with 
increased discrimination index. Thus, in addition to the powerful 
free radical scavenging activity, lutein could also be used as a neu-
roprotective therapeutic agent because of the ability to modulate 
AChE activity in the brain.

4. CONCLUSION

Foods remain veritable sources of bioactive compounds with 
potential use as neuroprotective agents. Current knowledge has 
established that various aqueous or organic solvent extracts of  
foods contain phenolic compounds that can interact with and block 

AChE activity both during in vitro and in vivo tests. Interestingly,  
for some of these extracts, attenuated brain levels of AChE activity 
were correlated with improved memory and behaviour in animal 
and human tests. One of the key outcomes of these experiments 
is that the presence of multiple hydroxyl groups as well as aro-
matic rings potentiate the AChE-inhibitory activity of pheno-
lic compounds. However, in addition to the mostly polyphenolic 
compounds present in food extracts, in situ production of AChE-
inhibitory peptides through enzymatic hydrolysis of food proteins 
have also been successfully demonstrated. While attenuated rat 
brain levels of AChE have been shown to accompany ingestion 
of peptides, additional information is required on the structural 
features that contribute to enhanced potency of peptides against 
AChE. Therefore, future work is required to elucidate the relation-
ships of specific amino acids and their sequence on a peptide chain 
with AChE-inhibitory potency at the in vitro and in vivo levels. 
Toxicological studies are also needed to determine the metabolic 
fate of phytochemicals and peptides in the brain with a view to 
ensuring safety while maintaining efficacy as neuroprotective agents.
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