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Novel insights on acetylcholinesterase 
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Abstract 

Acetylcholinesterase (AChE) inhibitors increase the retention of acetylcholine (ACh) in synapses. Although they allevi-
ate cognitive deficits in Alzheimer’s disease, their limited benefits warrant investigations of plant extracts with similar 
properties. We studied the anti-AChE activity of Convolvulus pluricaulis (CP) in a zebrafish model of cognitive impair-
ment induced by scopolamine (SCOP). CP is a perennial herb with anti-amnesiac and anxiolytic properties. It contains 
alkaloid, anthocyanin, coumarin, flavonoid, phytosterol and triterpenoid components. Isoxazole (ISOX) was used as 
a positive control for AChE inhibition. CP-treated 168 hpf larvae showed a similar pattern of AChE inhibition (in the 
myelencephalon and somites) as that of ISOX-treated larvae. CP was superior to ISOX as evidenced by the retention 
of avoidance response behavior in adult zebrafish. Molecular docking studies indicated that ISOX binds Ser203 of 
the catalytic triad on the human AChE. The active components of CP—scopoletin and kaempferol—were bound by 
His447 of the catalytic triad, the anionic subsite of the catalytic center, and the peripheral anionic site. This suggested 
the ability of CP to mediate both competitive and non-competitive modes of inhibition. Surprisingly, SCOP showed 
AChE inhibition in larvae, possibly mediated via the choline-binding sites. CP + SCOP induced a concentration-
dependent increase in AChE inhibition and ACh depletion. Abnormal motor responses were observed with ISOX, CP, 
ISOX + SCOP, and CP + SCOP, indicative of undesirable effects on the peripheral cholinergic system. Our study pro-
poses the examination of CP, SCOP, and CP + SCOP as potential AChE inhibitors for their ability to modulate cognitive 
deficits.
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1  Introduction
Alzheimer’s disease (AD) is a progressive neurodegen-
erative disorder characterized by memory loss, behav-
ioral changes, and impaired cognition and language 
[1]. Around two-thirds of dementia cases have been 
attributed to AD, and it has an estimated prevalence of 
10–30% in the population aged 65  years and more [1]. 
AD has a long pre-clinical phase of around 20 years and 
the average survival time for a person diagnosed with 

the disease is 8–10  years [2]. The two most distinctive 
hallmarks of AD are the accumulation of amyloid-beta 
plaques in the brain and the aggregation of tau proteins 
into neurofibrillary tangles within neurons [1]. Accumu-
lation of amyloid-beta plaques leads to widespread non-
specific degeneration of neurons, which in turn, affects 
various neurotransmitter systems including the cholin-
ergic, monoaminergic, and glutamatergic systems [1]. 
Cognitive deficits seen in AD such as impaired memory 
and learning are often attributed to depleted levels of the 
neurotransmitter acetylcholine (ACh) in the basal fore-
brain cholinergic system, which is involved in arousal, 
memory coding, and storage and retrieval of working 
memory [3]. Therefore, maintaining substantial levels of 
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ACh in the neuronal synapses of the cholinergic system 
may be integral to rescuing these cognitive deficits [4].

Depleted ACh levels could result from the dra-
matic loss of cholinergic neurons in the basal forebrain, 
reduced cholinergic innervation to the hippocampus and 
neocortex, reduced levels of the enzyme choline acetyl-
transferase (ChAT), and increased activity of the enzyme 
acetylcholinesterase (AChE) [2, 5–8]. AChE and ChAT 
modulate the levels of ACh in the central and peripheral 
cholinergic systems [2]. AChE catalyzes the breakdown 
of ACh into acetate and choline, while ChAT synthe-
sizes ACh from choline and acetyl-CoA. ACh catabolism 
mediated by AChE serves two purposes. Firstly, it allows 
ACh to be continually replenished through the reuptake 
of choline into the synaptic knob. Secondly, it prevents 
neuronal hyperexcitability arising from enhanced ACh 
levels at the neuronal synapse [9]. However, excessive 
AChE activity may cause cataclysmic degradation of ACh 
leading to cognitive effects in AD patients such as mem-
ory impairment. Drugs such as donepezil, rivastigmine, 
and galantamine, which reversibly inhibit AChE by form-
ing hydrolyzable carbamylated compounds with it, are 
widely used for symptomatic alleviation of AD [10–15]. 
Unfortunately, the cognitive benefit that they confer lasts 
only for ~ 2 years. Their actions on the peripheral cholin-
ergic system produce side effects such as gastrointestinal 
disturbances, convulsions, nausea, vomiting, bradycar-
dia, and muscle weakness, further limiting their efficacy 
[16]. Despite these disadvantages, a small section of the 
people treated with these drugs experience cognitive 
improvement [17], and a vast majority of people experi-
ence a delay of cognitive decline by 6–9 months [1].

Cholinesterase inhibitors increase the synaptic resi-
dence time of ACh and enhance postsynaptic cholin-
ergic signaling [2, 18]. The exact mechanism by which 
this enhanced signaling translates into improved cogni-
tive and behavioral effects remains undiscovered. Char-
acterization of this mechanism may help us discover 
drugs that modulate the dementia component of AD 
more effectively. Detailed studies that dissect the nature 
of AChE inhibition and describe the influence of ACh 
receptor binding, ChAT activity, and enzyme localization 
on AChE activity are required for this characterization. 
Monitoring behavioral and locomotor responses to drug 
compounds in an appropriate model system, and study-
ing the docking of active components of these drug com-
pounds on AChE will provide insights into the nature of 
AChE inhibition.

The structure of human AChE has been characterized 
using chemical and kinetic studies. The active site of the 
enzyme contains two subsites. The breakdown of ACh 
into acetate and choline is catalyzed within the ester-
atic subsite [19]. This subsite contains the catalytic triad 

of three amino acids, namely, serine (Ser203), histidine 
(His447), and glutamate (Glu334) [20, 21]. The anionic 
subsite is a choline-binding pocket and interacts with the 
charged quaternary amine of ACh, cationic substrates, 
and inhibitors [19]. Apart from these, AChE also con-
tains a distinct ‘peripheral’ anionic site at the active site 
entrance. This site has been implicated in substrate inhi-
bition and allosteric regulation of ACh hydrolysis at the 
esteratic subsite [22].

Zebrafish (Danio rerio) is primarily used as a genetic 
model system for studying developmental and dis-
ease processes. They have biochemical and behavioral 
responses comparable to mammalian systems, making 
them suitable for drug testing. They exhibit comparable 
brain macro-organization, cellular morphology, neu-
romediator systems, and sensitivity to several classes of 
neurotropic drugs [23]. Localization of cholinoceptive 
(i.e. AChE-immunoreactive) neurons, cholinergic (i.e. 
ChAT-immunoreactive) neurons and AChE activity are 
well characterized in zebrafish [24]. AChE is the solitary 
cholinesterase in zebrafish [25]. AChE expression is ini-
tially found in 4  hours post-fertilization (hpf) embryos, 
and increases by 210-folds in 144 hpf larvae [26]. The 
16  hpf embryos exhibit abrupt movements, reflecting 
spontaneous ACh release at the developing synaptic 
junctions. AChE is expressed in somites and several bilat-
eral clusters in the presumptive brain at this stage. 21 hpf 
larvae become sensitive to touch stimulus and exhibit 
uncoordinated movements less frequently [26]. 27  hpf 
larvae show coordinated escape movements induced by 
tactile stimuli [27]. AChE localizes as large clusters in the 
epiphysis, forebrain, midbrain, hindbrain, and the seven 
rhombomeres at this stage. The 168 hpf (free-swimming) 
larvae exhibit the fully mature pattern of AChE activity 
[28].

Convolvulus pluricaulis (CP) is a perennial herb that 
has been previously studied for its anti-amnesiac and 
anxiolytic properties in rodents [29–32]. Aqueous CP 
extract has shown significant AChE inhibition in the cor-
tex and hippocampus of male Wistar rats with scopola-
mine-induced cognitive impairment [30]. Two active 
components of CP, namely, scopoletin and scopolin, have 
significantly reduced scopolamine-induced amnesia in 
a dose-dependent manner in mice [31]. CP, in combina-
tion with rivastigmine, has inhibited aluminium-induced 
elevation of AChE activity in rats [32].

In this study, we studied the inhibitory mechanism of 
CP in zebrafish with scopolamine-induced cognitive 
impairment using biochemical assays, behavioral tests, 
and bioinformatics methods. CP showed higher avoid-
ance response retention than isoxazole (positive control 
for AChE inhibition) in adult zebrafish. It exhibited inhib-
itory activity in the same regions as that of isoxazole in 
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168 hpf larvae and a concentration-dependent increase in 
this activity when used in combination with scopolamine. 
Two constituents of CP (scopoletin and kaempferol) were 
bound by active as well as allosteric sites of human AChE. 
Overall, our study proposes further investigations of CP 
as a modulator of cognitive brain function.

2 � Results and discussion
2.1 � Optimization of treatment concentrations
The binomial response (death/no death) of 24  hpf 
embryos to Convolvulus pluricaulis (CP) was recorded 
over 48 h, and the concentration-probits curve was plot-
ted to determine lethal concentration (LC50) [33]. For 
CP, LC50 was determined to be 0.4708 ± 0.089  mg/mL 
(Fig. 1). Scopolamine (SCOP), an anti-cholinergic ligand 
that prevents the binding of ACh to its receptor [34], was 
used to induce cognitive impairment in zebrafish; this is 
a well-established pharmacological model of cognitive 
impairment. SCOP has been shown to impair both reten-
tion of learned response and acquisition of passive avoid-
ance response in zebrafish; these cognitive deficits were 
rescued by the AChE inhibitor physostigmine [35]. Isox-
azole (ISOX) was used as the positive control for AChE 
inhibition [36]. Several ISOX derivatives have exhibited 
inhibitory activity in  vitro against AChE isolated from 
electric eel, rat brain, and human serum [37]. Molecu-
lar docking studies with AChE extracted from electric 
eel [38] and their ability to rescue scopolamine-induced 
amnesia in mice [39] further ascertained the utility of 
these compounds as AChE inhibitors. Concentrations 
of SCOP and ISOX were determined for 25 larvae (i.e. 

40 mg of tissue), based on an estimated 200 µM of SCOP 
and 31.2  mM ISOX for fishes weighing ~ 1.2  g [35, 40, 
41]. The least toxic concentrations of the compounds 
were chosen for the treatment of 25 larvae, namely 
6.68  μM for SCOP, 1.04  mM of ISOX, and 0.38  mg/mL 
for CP. The larvae were treated with the AChE inhibitor 
one hour before SCOP treatment.

2.2 � The activity of Convolvulus pluricaulis in zebrafish 
larvae and adults

The effect of CP on AChE activity and ACh levels in 
168  hpf zebrafish larvae treated with SCOP was stud-
ied using Ellman’s assay and the hydroxylamine method 
(Fig.  2). We also employed the Karnovsky staining 
method for qualitative analysis of AChE activity in 
168  hpf larvae [42]. The ACh level in untreated control 
larvae was found to be 87.86 ± 1.61 µM. Karnovsky stain-
ing revealed a mature pattern of AChE activity in these 
larvae (Fig. 3A). On treatment with the AChE inhibitor, 
ISOX, the level only slightly increased to 88.33 ± 3.12 µM, 
and the inhibitory activity was found to be 13.48% ± 1.92 
(p-value = 1.97E−02). Clearance of the Karnovsky stain 
was interpreted as AChE inhibition. Visual inspec-
tion revealed that ISOX showed AChE inhibition in the 
myelencephalon and the somites containing sensory 
interneurons and motor neurons (Fig. 3C). With CP, the 
inhibitory level was 9.76% ± 2.94 and the ACh level was 
at 79.83 ± 13.44  µM, which was not significantly differ-
ent from the levels in untreated larvae. However, CP also 
showed stain clearance in the myelencephalon and the 
somites (Fig. 3D). Overall, the pattern of clearance shown 
by ISOX and CP in these regions seemed to be similar 
(Fig.  3C, D), indicating that CP may exert an inhibitory 
effect comparable to that of the positive control.

Using the wrMTrck software optimized for zebrafish, 
we inspected the locomotor patterns of the larvae treated 
with the different test compounds (Fig. 4) [43, 44]. Visual 
inspection revealed that the movement patterns of larvae 
treated with individual compounds such as ISOX, SCOP, 
and CP were distinguishable from the paths of untreated 
control larvae (Fig.  4A–C, E). The overlapping paths of 
the treated larvae compared to the non-overlapping paths 
of control larvae indicated inadequate sensory reception 
and motor control in the treated larvae. We had found 
the inhibitory activity of CP to be localized to the mye-
lencephalon and the somites containing small sensory 
interneurons and large motor neurons (Fig.  3). Myelen-
cephalon regulates the anti-predatory escape response 
in zebrafish larvae, the stimuli for which are conveyed by 
the hair cells of the lateral line system innervated by large 
motor neurons [45]. This C-start startle escape response 
regulated by Mauthner cells in the zebrafish hindbrain is 
modulated by a form of non-associative memory called 

Fig. 1  Lethal concentration (LC50) of Convolvulus pluricaulis. The 
graph depicts the relationship between probit mortality and the 
concentration of Convolvulus pluricaulis (CP) (depicted as solid circles). 
The binomial response (death/no death) of 24 hpf embryos exposed 
to the plant extract was recorded over 48 h. The solid line represents 
the third-order polynomial equation that modeled the responses, 
i.e. y = 8.54x3 + 1.61x2 + 0.55x + 5.31, where y is 5.00 probits. LC50 of 
0.4708 ± 0.089 mg/ml was obtained by calculating the inverse log 
value of x, and standard error as (log LC84 − log LC16)/√2N
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habituation [46]. As expected, we found abnormal body 
bends and deregulated coordination of motor responses 
in CP-treated larvae (Fig.  4E). This also shows that CP 
can enter and act on the lateral line system of zebrafish 
larvae, producing abnormal locomotor responses, and 
thereby limiting its value as a therapeutic candidate for 
cognitive impairment in AD. However, further studies 
are required to examine these motor responses in detail.

A passive avoidance response test was used to test 
the acquisition of avoidance response in adult zebrafish. 
As expected, SCOP-treated adults failed to acquire the 
response (p-value = 8.2E−03) (Fig.  5A). ISOX-treated 
fishes showed greater acquisition of response com-
pared with untreated fishes during the training session 
(p-value = 3.55E−02) but did not retain the memory 
in the test session (Fig.  5B). Although CP-treated 
fishes showed lower acquisition of response than con-
trol during the training session, they showed higher 
retention of memory than isoxazole in the test session 
(p-value < 1E−04), indicating that CP may be superior to 
the positive control in memory retention (Fig. 5B).

We studied the binding of the two active components 
of CP—scopoletin, and kaempferol—on human AChE 
using molecular docking (SwissDock [47], see Sect.  4). 
The crystal structure of human AChE was extracted 
from PDB ID: 4PQE (Fig. 6 and Table 1). In the absence 
of its substrate ACh, AChE was bound by the positive 
control ISOX at its catalytic site—specifically at Ser203 

[20, 21]—with a binding energy of − 14.03. When AChE 
was bound by ACh at its primary binding site Hsd405 in 
the choline-binding pocket, ISOX was found at Ser203 
with a lower binding energy of − 14.11. Scopoletin (an 
active component of CP) was found to bind to Glu313 
(via tropane, the central structure of scopoletin), the site 
bound by SCOP (Fig. 6B, C and Table 1). Scopoletin also 
establishes contact with His447 of the catalytic triad [20, 
21] and Glu202 in the peripheral anionic site (Table  1). 
Kaempferol was found to bind to Glu202 and Tyr72 in 
the peripheral anionic site (Fig. 6B, D and Table 1).

The binding mode of scopoletin on AChE—specifi-
cally, its ability to occupy the ACh-binding anionic sub-
site (in the catalytic center)—suggests that it may act as 
a competitive inhibitor of ACh. This observation is sup-
ported by previous studies that demonstrated its AChE 
inhibitory activity in vitro [31, 48] and ability to increase 
extracellular ACh concentration in rat brains to a level 
comparable to that of galantamine [48], a compound 
often used as a positive control for AChE inhibition. 
However, scopoletin may enhance ACh levels via mech-
anisms other than AChE inhibition, such as agonistic 
activity on nicotinic ACh receptors, which increases ACh 
release from synaptosomes [49]. Although our results 
indicate that competitive inhibition of AChE by scopole-
tin may increase ACh levels, further investigations may 
be necessary to elucidate the exact mechanisms. Besides, 
the disease-modifying effects of scopoletin possibly 

Fig. 2  Effect of test compound(s) on acetylcholinesterase activity and acetylcholine levels. Acetylcholine (ACh) levels (blue bars), 
acetylcholinesterase (AChE) inhibitory activity (red bars), and acetylcholinesterase enzyme activity (green bars) in 168 hpf larvae unexposed to any 
test compound (i.e. ‘untreated’), treated with scopolamine (SCOP), isoxazole (ISOX), Convolvulus pluricaulis (CP) and their combinations (ISOX + SCOP, 
CP + SCOP, and CP + ISOX) have been shown. Both the ACh level (µM) and AChE activity (%) have been expressed as mean ± standard deviation. 
Three independent experiments were conducted to determine ACh level and AChE activity, and in each of these experiments, three sets of 15–25 
embryos were treated with the least toxic concentrations of SCOP (6.68 μM), ISOX (1.04 mM), and CP (0.38 mg/ml) and their combinations. The 
larvae were treated with the AChE inhibitor (i.e. ISOX or CP) one hour before treatment with SCOP. *, **, and *** indicate p-value < 0.5, < 0.01 and 
< 0.001 of two-tailed unpaired t-test for untreated versus test groups respectively
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mediated by its additional interactions with the periph-
eral anionic and esteratic sites of the enzyme also need 
to be examined further. Unlike scopoletin, kaempferol (a 
flavonoid) may allosterically modulate the conformation 
of the catalytic triad or block ACh entry into the active 
site of the enzyme by binding to the peripheral anionic 
site as a non-competitive inhibitor, a feature exhibited by 
flavonoids [50]. Kaempferol has been shown to strongly 
inhibit AChE in a previous study [51]. Overall, in con-
trast with the positive control ISOX that only acts on the 
catalytic triad, the active components of CP may bind to 
the choline-binding pocket and the peripheral anionic 
site and mediate both competitive and non-competitive 
modes of inhibition.

It must be noted that our docking analysis was lim-
ited to only two phytoconstituents of CP (scopoletin and 
kaempferol) that have shown anti-AChE activity in sepa-
rate studies. A more comprehensive analysis including 
alkaloid, anthocyanin, triterpenoid and phytosterol com-
ponents of CP [52] should be conducted to fully charac-
terize the AChE inhibitory activity of CP.

2.3 � The inhibitory activity of scopolamine in zebrafish 
larvae

An inhibitory activity of 11.68% ± 2.28 was noted in 
SCOP-treated larvae compared to untreated larvae 
(p-value = 3.61E−02); the ACh level was 86.54 ± 4.90 µM 
(Fig.  2). This was supported by qualitative analysis for 
AChE activity as well (Fig. 3B). To the best of our knowl-
edge, our study is the first to report the AChE inhibitory 

Fig. 3  Localization of acetylcholinesterase activity in larvae treated 
with test compounds. The AChE activity in A untreated 168 hpf 
larvae and larvae treated with B scopolamine, C isoxazole, and 
D Convolvulus pluricaulis was visualized using Karnovsky–Roots 
staining. The intensity of the brown stain is indicative of the level 
of AChE activity. * indicates AChE inhibition in myelencephalon 
and ** indicates AChE inhibition in somites containing sensory 
interneurons and motor units

Fig. 4  Swimming patterns of larvae and adults in response to test 
compounds. The locomotion tracking plots (or ‘traces’) extracted from 
wrMTrck for A untreated, B scopolamine (SCOP)-treated, C isoxazole 
(ISOX)-treated, D ISOX + SCOP-treated, E Convolvulus pluricaulis 
(CP)-treated, and F CP + SCOP-treated larvae. The 168 hpf larvae 
were treated with the least toxic concentrations of SCOP (6.68 μM), 
ISOX (1.04 mM), and CP (0.38 mg/mL) and their combinations. Note 
that each larva is represented by a single trace. Three independent 
experiments were conducted with each of the treatment conditions 
to determine the locomotion patterns of the larvae. Three minutes 
long videos (2 min for acclimatization and 1 min for test response) of 
3 larvae (per Petri dish placed on a light source) were shot in a dark 
chamber
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activity of SCOP in zebrafish. However, several studies in 
the past have demonstrated the AChE inhibitory activity 
of SCOP or its analogs in other animal models. Choliner-
gic ligands such as atropine, hyoscyamine, and gallamine 
have been known to show inhibitory activity on AChE 
[53, 54]. For example, atropine—which is structurally 
similar to SCOP—inhibits AChE in the presence of low 
concentrations of acetylthiocholine iodide (Ki = 4 × 10–3) 
[53]. It was shown in guinea pigs that SCOP administered 
at a concentration of 1.94  µg/h for 6  days inhibited red 
blood cell AChE by 18.7% ± 3.7 and plasma cholinester-
ase by 44.1% ± 3.1 [54]. SCOP showed competitive AChE 
inhibition at a concentration of 0.25 × 10–2 M and mixed 
type AChE inhibition at a concentration of 0.5 × 10–2 M 
in synaptosomal fractions isolated from rat brain [55].

Using molecular docking, we found that, in the absence 
of ACh, AChE was bound by SCOP at Gly234 and Thr238 
in the peripheral anionic site with a binding energy of 
223.762, the former residue being the one that mediates 
the inhibitory effect of galantamine, an AChE inhibi-
tor [56]. In the presence of a single molecule of ACh at 
Hsd405, SCOP established hydrogen bonds with Glu313, 
the same site with which atropine interacts at a bind-
ing energy of − 4.475. Atropine is structurally identi-
cal to SCOP, except for a highly reactive epoxide group 
that the latter bears. These epoxides are highly reactive 

(compared to simple ethers) because of their ring strain. 
Nucleophilic attack of the electrophilic C in the C–O 
bond causes the ring to open. The energy of a simple 
epoxide, ethylene oxide, changes from − 8.95 to 181.04, 
after protonation [57]. In the presence of ACh molecules 
at the primary (Hsd405) and secondary (Phe295) sites 
(Fig.  7C, D), the binding energy of SCOP and AChE is 
219.043 (Fig. 7B, E). SCOP may be primed to be bound 
by AChE after protonation of the epoxide group. This 
hypothesis should be validated through a dynamic simu-
lation of the binding of SCOP to AChE. Nevertheless, our 
data indicate that the AChE inhibitory activity of SCOP 
may be mediated via its binding to the two ACh-binding 
sites, the anionic subsite of the catalytic center and the 
peripheral anionic site.

2.4 � The combinatorial effect of Convolvulus pluricaulis 
and scopolamine

A combination of ISOX and SCOP (ISOX + SCOP) 
increased the inhibitory activity of AChE to 68.45% ± 0.5 
(p-value < 1E−04) compared to either of their inhibitory 
activities in isolation (Fig.  2). Similarly, a combination of 
CP and SCOP (CP + SCOP) increased the inhibitory activ-
ity to 62.5% ± 6.065 (p-value = 9.3E−03) compared to their 
inhibitory activities in isolation (Fig. 2). To investigate the 
combinatorial effect of ISOX + SCOP and CP + SCOP 

Fig. 5  Effect of test compounds on the acquisition of avoidance response. Comparison of the crossing times of A control untreated and 
scopolamine (SCOP)-treated adults and B adults treated with isoxazole (ISOX) and Convolvulus pluricaulis (CP). The solid circles and squares represent 
the crossing times measured in the three training sessions and one test session, which was conducted 2 h after the training sessions. These crossing 
times have been expressed as mean ± standard deviation. Three independent experiments were conducted to determine the effects of SCOP, 
ISOX, and CP on the fishes, and in each of these experiments, at least 3–5 adult fishes were treated with the least toxic concentrations of SCOP 
(200 µM), ISOX (31.2 mM) and CP (11.4 mg/ml). The fishes were treated with the AChE inhibitor (i.e. ISOX or CP) one hour before treatment with 
SCOP. *, **, and *** indicate p-value < 0.5, < 0.01 and < 0.001 of two-tailed unpaired t-test for untreated versus test groups (in most cases, unless 
indicated otherwise) respectively
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further, we increased the concentration of these com-
pounds in tandem (Fig.  8). The increase in inhibitory 
activity with increasing concentrations was significant in 
CP + SCOP (p-value < 1E−02), but not in ISOX + SCOP 
(Fig. 8). Hence, CP, and not ISOX, seemed to significantly 
enhance AChE inhibition in a synergistic and concen-
tration-dependent manner with SCOP. Contrary to an 
expected increase in ACh levels in this scenario, a signifi-
cant drop in ACh level (p-value < 1E−03) was noted with 
CP + SCOP (Fig. 8). The drop in ACh levels in the differ-
ent concentrations of ISOX + SCOP and CP + SCOP was 
significant compared to untreated control (Fig. 8). SCOP, 
which is synergistically inhibiting AChE together with CP, 
may be rendered unavailable for binding with the ACh 
receptor. In this scenario, the ACh pool enhanced as a 
result of the inhibitory activity mediated by CP + SCOP 

may be rapidly depleted through its binding with the ACh 
receptor. SCOP has been previously shown to decrease 
cerebral ACh levels by 31% at a concentration of 0.63 mg/
kg [58]. It has also been noted that SCOP is more potent 
than atropine in reducing ACh levels [58]. Further experi-
ments are necessary to test our speculations.

We studied the locomotor patterns of larvae treated 
with ISOX + SCOP and CP + SCOP. Larvae treated with 
ISOX + SCOP covered increased distances in comparison 
with ISOX- treated larvae (p-value = 8.25E−02) (Fig.  9). 
Larvae treated with SCOP had executed a whirling 
motion in an uncoordinated direction with high speed 
over a short distance (Fig.  4B). This locomotor type, 
known as corkscrew swimming, is commonly observed 
as part of a seizure phenotype [59]. This would have 
arisen from the inhibitory activity of SCOP in sensory 

Fig. 6  Binding of Convolvulus active components to acetylcholinesterase. A, B Various pockets on acetylcholinesterase to which the active 
components, namely, scopoletin (and its central tropane alkaloid structure) and kaempferol, were bound, C Scopoletin and tropane alkaloid at 
Glu313, D Kaempferol binding at Tyr72 and Glu202
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interneurons and motor units, rendering cholinergic 
transmission uncoordinated at the cholinergic synapse. 
In ISOX + SCOP and CP + SCOP, this whirling motion 
characteristic of SCOP added up to the locomotor reper-
toire of the treated larvae (Fig. 4D, F). Larvae treated with 
ISOX + SCOP (Fig.  4D) executed a zigzag motion often 
produced in response to alarming stimuli (chemical cue 
in our case) [59]. However, ISOX + SCOP-treated adults 
seemed to exhibit boldness, a behavior often accom-
panied by an increased approach towards novel objects 
[59]. They spent more time in the central portion of the 
tank than the peripheral areas compared to untreated 
and ISOX-treated adults (Additional file 1: Fig. S1). This 
could indicate that distinct behavioral repertoires char-
acterize the different life stages of the zebrafish. Never-
theless, ISOX + SCOP and CP + SCOP disrupt motor 
response patterns characteristic of specific stages of life.

We studied the binding of ISOX and SCOP on AChE 
using molecular docking. When AChE was bound by 
SCOP at Glu313 in the choline-binding pocket, ISOX 
was bound by the enzyme at the primary and secondary 
ACh binding sites at a higher energy of − 12.91 to − 12.72. 
However, in the presence of ACh at Hsd405, SCOP was 
bound by the enzyme at Glu313 and ISOX at Ser203 
with a lower binding energy of − 13.96. An even lower 

binding energy of − 14.1 was observed with AChE bind-
ing two molecules of ACh at Hsd405 and Phe295 (Fig. 7C, 
D and Table  1), SCOP at Glu313 and ISOX at Ser203 
(Fig. 7B, F and Table 1), indicating that this configuration 
of ISOX + SCOP at the various subsites in the catalytic 
center may be responsible for its synergistic activity on 
the enzyme. Similar studies should also be conducted with 
CP + SCOP to elucidate their mechanism of inhibition.

3 � Conclusions
This study was undertaken to gain new mechanistic 
understanding into the modes of AChE inhibition of CP, 
known to have anti-AChE activity. CP-treated 168 hpf lar-
vae showed a similar pattern of AChE inhibition (in the 
myelencephalon and somites) as that of the larvae treated 
with the AChE inhibitor ISOX, which was used as a posi-
tive control. Additionally, CP improved the retention of 
avoidance response in adult zebrafish compared with 
ISOX. ISOX was found to directly bind Ser203 of the cata-
lytic triad on the human AChE. The active components of 
CP—scopoletin and kaempferol—were found to bind to 
His447 of the catalytic triad, the anionic subsite of the cat-
alytic center, and the peripheral anionic site. Unexpectedly, 
SCOP, which was used in our study to induce cognitive 

Table 1  Details on critical interactions of acetylcholinesterase with isoxazole, scopolamine and active components of Convolvulus 
pluricaulis, namely, scopoletin and kaempferol, and the central structure of scopoletin (tropane alkaloid)

Target Ligand Hydrogen bond forming residues Binding energy

AChE Acetylcholine Hsd 405 − 13.5878

AChE + acetylcholine Acetylcholine Phe 295 − 12.2174

AChE Isoxazole Ser 203 − 14.0329

AChE + scopolamine Isoxazole Phe 295 − 12.7298

AChE + scopolamine Isoxazole Hsd 405 − 12.9197

AChE + acetylcholine Isoxazole Ser 203 − 14.1166

AChE + acetylcholine Isoxazole Phe 295 − 12.7298

AChE + acetylcholine + scopolamine Isoxazole Ser 203 − 13.9634

AChE Scopolamine Gly 234, Thr 238 223.762

AChE + isoxazole Scopolamine Lys 53 226.227

AChE + acetylcholine Scopolamine Glu 313 223.469

AChE + acetylcholine + acetylcholine Scopolamine Glu 313 219.043

AChE + acetylcholine + isoxazole Scopolamine Glu 313 222.987

AChE + acetylcholine + acetylcholine Atropine Glu 313 − 4.475

AChE Galantamine Glu 313 0.951452

AChE Galantamine Lys 53, Glu 185 6.7258

AChE + acetylcholine + acetylcholine + scopolamine Isoxazole Ser 203 − 14.1095

AChE Scopoletin Glu 313 23.1182

AChE Scopoletin His 447 (HSP) 17.3092

AChE Scopoletin Glu 202 17.3475

AChE Tropane alkaloids Glu 313 − 16.981

AChE Kaempferol Glu 202, Tyr 72 10.6597
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Fig. 7  Binding of isoxazole and scopolamine to acetylcholinesterase. A, B Various pockets on acetylcholinesterase to which its substrate 
acetylcholine, isoxazole and scopolamine were bound, C Acetylcholine at Hsd405, the primary binding site, in the choline-binding pocket, D 
Acetylcholine at Phe295, the secondary binding site, near the catalytic site, E Scopolamine at Glu313 in the choline-binding pocket, F Isoxazole 
binding Ser203, a catalytic triad residue
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impairment in zebrafish, showed AChE inhibition in 
168  hpf larvae, possibly mediated via the anionic subsite 
of the catalytic center and the peripheral anionic site, as 

indicated by docking studies with human AChE. Inter-
estingly, CP + SCOP significantly increased AChE inhibi-
tion and depleted ACh levels compared with untreated 
larvae, a pattern that was also observed albeit in a statis-
tically non-significant way in ISOX + SCOP. Abnormal 
motor responses were observed individually with ISOX 
and CP, and in their combinations with SCOP, indicative 
of undesirable effects on the peripheral cholinergic system. 
Our study proposes the examination of CP, SCOP, and 
CP + SCOP as potential AChE inhibitors for their ability to 
modulate cognitive deficits in Alzheimer’s disease.

4 � Materials and methods
4.1 � Collection of zebrafish embryos
Adult wild-type zebra fish were maintained in tanks as 
per standard conditions [60]. Spawning was set up every 
5 to 6 days in large troughs, usually 2 to 3 h after feeding. 
The natural mating ratio of zebrafish is 1 female:2 males. 
Females and males were housed for spawning either in 
this ratio or in equal numbers. Fertilization occurs in the 
early hours of the morning. Eggs were collected at the 
4  hours post-fertilization (hpf) stage and transferred to 
large Petri plates containing the E3 medium (1–5  mM 
NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, 

Fig. 8  Concentration-dependent effect of CP + SCOP and ISOX + SCOP on acetylcholinesterase activity and acetylcholine levels. Acetylcholine 
(ACh) levels (blue bars), acetylcholinesterase (AChE) inhibitory activity (red bars), and acetylcholinesterase enzyme activity (green bars) in 168 hpf 
larvae unexposed to any test compound (i.e. ‘untreated’) and treated with the combinations of scopolamine (SCOP) with Convolvulus pluricaulis 
(CP) and isoxazole (ISOX), i.e. CP + SCOP and ISOX + SCOP, in varying concentrations have been shown. Two concentrations were tested for each 
of these combinations. For CP + SCOP, these were 0.19 mg/ml of CP + 3.34 μM of SCOP and 0.38 mg/mL of CP + 6.68 μM of SCOP. For ISOX + SCOP, 
these were 0.52 mM of ISOX + 3.34 μM of SCOP and 1.04 mM of ISOX + 6.68 μM of SCOP. Both the ACh level (µM) and AChE activity (%) have been 
expressed as mean ± standard deviation. Three independent experiments were conducted to determine ACh level and AChE activity, and in each of 
these experiments, three sets of 15–25 embryos were treated with the said concentrations. The larvae were treated with the AChE inhibitor (i.e. ISOX 
or CP) 1 h before treatment with SCOP. *, **, and *** indicate p-value < 0.5, < 0.01 and < 0.001 of two-tailed unpaired t-test for untreated versus test 
groups respectively

Fig. 9  Distance covered by the larvae treated by the test 
compounds. Histograms of the distances covered by untreated, 
scopolamine (SCOP)-treated, isoxazole (ISOX)-treated, Convolvulus 
pluricaulis (CP)-treated, ISOX + SCOP-treated, and CP + SCOP-treated 
larvae. Three independent experiments were conducted with each of 
the treatment conditions. *, **, and *** indicate p-value < 0.5, < 0.01 
and < 0.001 of two-tailed unpaired t-test for untreated versus test 
groups (unless indicated otherwise) respectively
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10–5% Methylene Blue). The developmental stage of the 
embryos was observed under a microscope [60]. Embryos 
showing asynchronies in development stages and abnor-
mal development (detectable after 10  hpf) were segre-
gated from the rest. Dead embryos were separated every 
4 h. Swimming larvae at 168 hpf were used for this study.

4.2 � Preparation of plant extract
An aqueous solution of the root of Convolvulus pluri-
caulis (CP) was prepared by agitating 2  g of macerated 
root in 100 ml of distilled water at 150 rpm at room tem-
perature for 24 h. The solution was clarified by filtration, 
frozen overnight at – 20  °C, and lyophilized for 18 h to 
obtain 18.5 mg of the extract.

4.3 � Determination of lethal concentration, 50% (LC50) 
of the plant extract

24 hpf embryos were treated with the plant extract in 96 
well plates according to Zebrafish Embryo Toxicity Test 
(ZFET) Protocol Standards [61]. ZFET allows assessment 
of the phenotypes manifested by fish embryos on treat-
ment with chemicals. The lethal dose for a plant prepara-
tion is the particular concentration at which half of the 
embryos treated with the preparation are alive. Binomial 
response (death/no death) of 24 hpf embryos to CP was 
recorded over 48  h and concentration-probits mortality 
curve was plotted to determine LC50 [33].

4.4 � Ellman’s assay
Ellman’s assay is a spectrophotometric method that 
quantifies AChE activity in terms of μ moles of acetylthi-
ocholine iodide (ATCh-I) hydrolyzed per minute per mg 
of the plant preparation [62]. A key player in this assay is 
the DTNB reagent also known as Ellman’s reagent. The 
mechanism by which it quantifies the amount of sub-
strate hydrolyzed is depicted below:

The reagents for Ellman’s assay included 0.1  M phos-
phate buffer saline (PBS) at pH 7.0, 0.075  M acetylthi-
ocholine iodide (ATCh) as substrate, and 0.01  M DTNB 
(dithiobis-(2-nitrobenzoic acid)), prepared by dissolv-
ing 39.6 mg in 10 ml phosphate buffer (0.1 M) at pH 7.0 
and adding 15  mg of sodium bicarbonate. The digestion 
buffer was prepared by adding 20 mM Tris/HCl at pH 7.0, 

5 mM EDTA and 1% Triton X-100. Embryos were euth-
anized using a mixture of 1 mL of clove oil and 9 mL of 
absolute ethanol. 1 mL of this solution was then dissolved 
in 50 mL of tap water. This solution was then transferred 
to a Petri dish with 20 embryos to be euthanized. 15–25 
embryos were suspended in 150–250 µL digestion buffer 
(20 mM Tris/HCl pH 7.0, 5 mM EDTA, 1% Triton X-100) 
and homogenized by pipetting the suspension in and out. 
The homogenate was centrifuged at 1500 rpm for 15 min. 
The supernatant diluted in 0.1 M phosphate buffer at pH 
7.0 was used as the enzyme (AChE) source. A blank reac-
tion mixture was prepared with the phosphate buffer, sub-
strate, plant extract solutions at specific concentrations, 
and DTNB reagent. Test reaction mixtures were prepared 
with the phosphate buffer, substrate, enzyme source, plant 
extract solutions at specific concentrations, and DTNB 
reagent. Absorbance was measured at 412 nm.

4.5 � Hydroxylamine method for acetylcholine estimation
Hydroxylamine reacts in a strongly alkaline medium 
with the substrate (ACh) forming acetohydroxamic 
acid and methanol. Acidification of this mixture with 
HCl and the addition of Fe3+ ions result in a red-brown 
complex, ACh-acetohydroxamic product, which can be 
detected through colorimetry [63]. The solutions used 
for this assay included 2  M aqueous hydroxylamine 
hydrochloride, 3.5  M aqueous potassium hydroxide, 
conc. HCl/H2O (in 1:2 ratio), 0.37  M Fe3+ (as ferric 
nitrate or ferric chloride) in aqueous 0.1  M HCl and 
a standard aqueous solution of 4  mM. Embryos were 
euthanized and washed. 15–25 embryos were sus-
pended in 150–250  µL digestion buffer and homog-
enized by pipetting the suspension in and out. The 
homogenate was centrifuged at 1500  rpm for 15  min. 
The supernatant diluted in 0.1  M phosphate buffer at 
pH 7.0 served as the source for the enzyme (AChE) and 
the  substrate (ACh). The blank reaction mixture was 
prepared with the phosphate buffer and the enzyme 
and substrate source. Test reaction mixtures were pre-
pared with the phosphate buffer, the enzyme and sub-
strate source, and the plant extract solution at specific 
concentrations. The reaction mixture was vigorously 
mixed with aqueous hydroxylamine hydrochloride 
and aqueous potassium hydroxide in the ratio of 1:1. 
The rapid change in pH stops hydrolysis. The result-
ing mixture was then mixed for 2 min to allow conver-
sion of ACh to acetohydroxamic acid. The pH was then 
changed to 1.2 by adding conc. HCl/H2O and aqueous 
ferric nitrate or ferric chloride. Absorbance was meas-
ured at 540  nm. The concentration of ACh was calcu-
lated using its molar absorption coefficient (Ɛ(Ach, 
540 nm, 25 °C) = 785 M−1 cm−1).
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4.6 � Karnovsky’s direct coloring thiocholine method 
for cholinesterases

Karnovsky’s staining method was used for the visualiza-
tion of localized AChE activity [42]. The mechanism by 
which this staining method generates a color reaction in 
response to AChE activity is depicted below:

The working solution of the stain normally contains 
60  mM sodium acetate, 5  mM sodium citrate, 4.7  mM 
copper (III) sulfate, 0.5  mM potassium ferricyanide, 
1.7  mM acetylthiocholine iodide, and distilled water. 
However, since this composition failed to stain the 
embryos even after repeated trials and the use of freshly 
prepared solutions, we had to optimize the staining solu-
tion. Copper ions inhibit acetylcholinesterase and cause 
neurotoxicity in zebrafish [64]. Based on this, we hypoth-
esized that decreasing the concentration of copper sulfate 
in the staining solution may remove or alleviate any inhib-
itory effect that it may have on the enzyme. We stained 
the embryos with staining solutions containing 4.7  mM 
(the original concentration in the Karnovsky method), 
4.5 mM, and 4.3 mM of copper sulfate. No staining was 
observed in embryos treated with the solution contain-
ing 4.7  mM copper sulfate. Faint staining was observed 
with 4.5 mM copper sulfate. The expected intensity and 
pattern of staining were observed with 4.3  mM of cop-
per sulfate. 6.8  g of sodium acetate, 12.905  g of sodium 
citrate, and 12.4845 g of cupric sulfate, each dissolved in 
100 mL distilled water, 8.231 g of potassium ferricyanide 
in 50 ml distilled water, and 0.72295 g of acetylthiocho-
line iodide in 5 mL distilled water were used to prepare 
0.5  M stock solutions for Karnovsky’s staining. 1  mL of 
paraformaldehyde (PFA) was used to fix 10 embryos in a 
vial. Before staining the embryos, PFA was removed from 
the vials. The embryos were washed with 1× PBS solu-
tion thrice for 5 min each. The embryos were then incu-
bated in the stain. After 3  h, the stained embryos were 
washed thrice with 1× PBS-Tween (prepared by dissolv-
ing 140 µl of Tween 20 in 14 mL 1× PBS) and inspected 
under the microscope.

4.7 � Assessment of larval locomotor activity
The settings of wrMTrck, a freely available ImageJ plugin 
originally developed for examining multiple behavio-
ral parameters in the nematode Caenorhabditis elegans, 
have been optimized in our lab for zebrafish larvae [43]. 

Acetylthiocholine (substrate)
AChE source (embryos)

−→ Acetic acid+ Thiocholine

Ferricyanide
(

Fe3+
) Thiocholine

−→ Ferrocyanide
(

Fe2+
)

Copper
(

Cu2+
)

+ Ferrocyanide → Copper ferrocyanide (brown precipitate)

This software was used to study the locomotor patterns 
of treated larvae and calculate their average speed, dis-
tance, and body bend. Videos of 3 larvae swimming in a 
Petri dish were shot in a dark chamber by placing them 
on a light source. The videos were 3 min long; 2 min was 
allowed for acclimatization and 1 min for test response.

4.8 � Passive avoidance response test
Adult zebrafish treated with a test compound was trans-
ferred to an experimental chamber. This chamber con-
sisted of a dark compartment and a lit compartment 
separated by a movable door. The fish was placed in the 
dark chamber and allowed to acclimatize for 3 min. After 
this, the door was opened. A stone was dropped in front 
of the fish 3 s after it crosses the door. The stone served 
as the shock stimulus in this scenario. Crossing time esti-
mated as the time taken by the fish to cross the door from 
the moment the door was opened was recorded after 
every such ‘trial’. Three such trials made up ‘one train-
ing session’ for the acquisition of the avoidance response. 
Two hours after a training session, a ‘test session’ consist-
ing of a single trial was conducted to assess the extent 
of learned avoidance response retention. The fish was 
exposed to the test compound in the experimental cham-
ber during both sessions [35].

4.9 � Protein‑small molecule rigid body docking
The crystallographic structure of human AChE was col-
lected from the PDB database (PDB ID: 4PQE) [65]. 
4PQE has been widely used as a model for human 
AChE in molecular docking studies [66–69]. Dock-
ing on human AChE (PDB ID: 4PQE) was performed 
using SwissDock [47]. Before docking, this struc-
ture was prepared—by repairing incomplete residues, 
deleting water molecules, adding hydrogen atoms, 
and assigning partial charges—using the ‘Dock Prep’ 
function in UCSF Chimera [70]. The 3D structures of 
the ligands were collected from the ZINC database 
[71], namely, acetylcholine (ZINC3079336), isoxazole 
(ZINC1420779), scopolamine (ZINC100196329), atro-
pine (ZINC100009278), galantamine (ZINC491073), 
scopoletin/buxuletin (ZINC57733), and kaempferol 
(ZINC3869768). SwissDock generates binding poses 
of the ligands in the vicinity of target cavities and 
computes the summation of various types of energy. 
The docked poses of the ligands were visualized and 
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curated using the ‘View Dock’ function in Chimera. 
Docked poses with minimal binding energy were cho-
sen for further examination. Note that our AChE model 
(4PQE) neither had modified residues nor any ligands 
associated with it. We selected such a structure in order 
to perform an exploratory analysis with our ligands of 
interest, and detect different binding poses in all pos-
sible binding pockets within AChE. Despite employing 
the ‘blind docking’ approach, we were able to replicate 
key binding interactions, for example, (i) the  interac-
tion of ACh with Phe 295, which determines substrate 
specificity of the acyl pocket [72], and (ii) the binding 
of atropine and scopolamine—which are structurally 
identical—to the same residue (Glu 313). All the inter-
actions reported in Figs.  6B–D, 7B–F and Table  1 fall 
within the range of hydrogen bonding limit (< 2.5  Å) 
[73].

Abbreviations
ACh: Acetylcholine; AChE: Acetylcholinesterase; AD: Alzheimer’s disease; ATCh-
I: Acetylthiocholine iodide; ChAT: Choline acetyltransferase; CP: Convolvulus 
pluricaulis; DTNB: 5,5ʹ-Dithiobis-(2-nitrobenzoic acid); hpf: Hours post-fertili-
zation; ISOX: Isoxazole; PBS: Phosphate buffer saline; PFA: Paraformaldehyde; 
SCOP: Scopolamine; ZFET: Zebrafish Embryo Toxicity Test.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1007/​s13659-​022-​00332-5.

Additional file 1: Figure S1. Time spent by adult fishes in each of the 
three areas of the tank. Adult zebrafish treated with test compound(s) 
were transferred to an experimental chamber divided equally into three 
areas and the extent of lateralization in swimming was measured as time 
spent in each of the three areas (shown as histograms). Areas 1 and 3 are 
peripheral, whereas area 2 is central. The time spent in the three areas 
was determined by analyzing 3 min long videos. 2 min was allowed for 
acclimatization and 1 min for test response. The fish was either untreated 
or treated with scopolamine (SCOP), isoxazole (ISOX), and ISOX + SCOP. 
The fish was exposed to 200 µM of SCOP and/or 31.2 mM of ISOX.

Acknowledgements
KBK thanks V. Hemagowri, V. Selvaraj, Gautami Amarnath, and Shubhadeep 
Bhattacharjee for their valuable suggestions and assistance. The authors thank 
SRM IST for providing facilities.

Authors’ contributions
KS and KBK conceptualized the study. KBK carried out all the zebrafish experi-
ments and bioinformatics analysis. KS supervised zebrafish experiments and 
AT supervised the bioinformatics analysis. The manuscript has been prepared 
by KBK and edited by KS and AT. All authors read and approved the final 
manuscript.

Funding
KS acknowledges the financial assistance received from the Department of 
Biotechnology, Ministry of Science and Technology, New Delhi (BT/PR26189/
GET/119/226/2017) and DST-SERB, New Delhi (EMR/2017/000465).

Availability of data and materials
All data generated or analyzed during this study are included in this article.

Declarations

Ethics approval and consent to participate
The use of zebrafish was reviewed for ethical usage of animals as per CPCSEA 
guidance for the registered Central Animal House Facility at SRM MCH & RC, 
SRM Institute of Science and Technology, Tamil Nadu (16098/835).

Competing interests
Authors declare they do not have a conflict of interest.

Author details
1 Supercomputer Education and Research Centre, Indian Institute of Sci-
ence, Bengaluru, India. 2 Department of Genetic Engineering, SRM Institute 
of Science and Technology, Kattankulathur 603 203, India. 3 Zebrafish Genetics 
Laboratory, Department of Genetic Engineering, SRM Institute of Science 
and Technology, Kattankulathur 603 203, India. 

Received: 7 December 2021   Accepted: 16 February 2022

References
	1.	 Masters CL, Bateman R, Blennow K, Rowe CC, Sperling RA, Cummings JL. 

Alzheimer’s disease. Nat Rev Dis Primers. 2015;1:15056.
	2.	 Ferreira-Vieira HT, Guimaraes MI, Silva RF, Ribeiro MF. Alzheimer’s 

disease: targeting the cholinergic system. Curr Neuropharmacol. 
2016;14(1):101–15.

	3.	 Ballinger EC, Ananth M, Talmage DA, Role LW. Basal forebrain choliner-
gic circuits and signaling in cognition and cognitive decline. Neuron. 
2016;91(6):1199–218.

	4.	 McGleenon B, Dynan K, Passmore A. Acetylcholinesterase inhibitors in 
Alzheimer’s disease. Br J Clin Pharmacol. 1999;48(4):471.

	5.	 Paul S, Jeon WK, Bizon JL, Han J-S. Interaction of basal forebrain cholin-
ergic neurons with the glucocorticoid system in stress regulation and 
cognitive impairment. Front Aging Neurosci. 2015;7:43.

	6.	 García-Ayllón M-S, Riba-Llena I, Serra-Basante C, Alom J, Boopathy R, Sáez-
Valero J. Altered levels of acetylcholinesterase in Alzheimer plasma. PLoS 
ONE. 2010;5(1):e8701.

	7.	 Perry R, Wilson I, Bober M, Atack J, Blessed G, Tomlinson B, et al. Plasma 
and erythrocyte acetylcholinesterase in senile dementia of Alzheimer 
type. Lancet. 1982;319(8264):174–5.

	8.	 Atack J, Perry E, Perry R, Wilson I, Bober M, Blessed G, et al. Blood acetyl-
and butyrylcholinesterases in senile dementia of Alzheimer type. J Neurol 
Sci. 1985;70(1):1–12.

	9.	 Soreq H, Seidman S. Acetylcholinesterase—new roles for an old actor. 
Nat Rev Neurosci. 2001;2(4):294–302.

	10.	 Moss DE, Perez RG, Kobayashi H. Cholinesterase inhibitor therapy in 
Alzheimer’s disease: the limits and tolerability of irreversible CNS-
selective acetylcholinesterase inhibition in primates. J Alzheimers Dis. 
2017;55(3):1285–94.

	11.	 Greig NH, Utsuki T, Yu Q-S, Zhu X, Holloway HW, Perry T, et al. A new 
therapeutic target in Alzheimer’s disease treatment: attention to butyryl-
cholinesterase. Curr Med Res Opin. 2001;17(3):159–65.

	12.	 Ballard C. Advances in the treatment of Alzheimer’s disease: benefits of 
dual cholinesterase inhibition. Eur Neurol. 2002;47(1):64–70.

	13.	 Poirier J. Evidence that the clinical effects of cholinesterase inhibitors 
are related to potency and targeting of action. Int J Clin Pract Suppl. 
2002;127:6–19.

	14.	 Fukuto TR. Mechanism of action of organophosphorus and carbamate 
insecticides. Environ Health Perspect. 1990;87:245.

	15.	 Morisset S, Traiffort E, Schwartz J-C. Inhibition of histamine versus acetyl-
choline metabolism as a mechanism of tacrine activity. Eur J Pharmacol. 
1996;315(1):R1–2.

	16.	 Colovic MB, Krstic DZ, Lazarevic-Pasti TD, Bondzic AM, Vasic VM. Acetyl-
cholinesterase inhibitors: pharmacology and toxicology. Curr Neurophar-
macol. 2013;11(3):315–35.

	17.	 Di Santo SG, Prinelli F, Adorni F, Caltagirone C, Musicco M. A meta-
analysis of the efficacy of donepezil, rivastigmine, galantamine, and 

https://doi.org/10.1007/s13659-022-00332-5
https://doi.org/10.1007/s13659-022-00332-5


Page 14 of 15Karunakaran et al. Natural Products and Bioprospecting            (2022) 12:6 

memantine in relation to severity of Alzheimer’s disease. J Alzheimers Dis. 
2013;35(2):349–61.

	18.	 Singh R, Sadiq NM. Cholinesterase inhibitors. StatPearls: StatPearls Pub-
lishing; 2019.

	19.	 Dvir H, Silman I, Harel M, Rosenberry TL, Sussman JL. Acetylcholinesterase: 
from 3D structure to function. Chem Biol Interact. 2010;187(1–3):10–22.

	20.	 Sussman JL, Harel M, Frolow F, Oefner C, Goldman A, Toker L, et al. Atomic 
structure of acetylcholinesterase from Torpedo californica: a prototypic 
acetylcholine-binding protein. Science. 1991;253(5022):872–9.

	21.	 Ordentlich A, Barak D, Kronman C, Ariel N, Segall Y, Velan B, et al. Func-
tional characteristics of the oxyanion hole in human acetylcholinesterase. 
J Biol Chem. 1998;273(31):19509–17.

	22.	 Bourne Y, Taylor P, Radić Z, Marchot P. Structural insights into ligand 
interactions at the acetylcholinesterase peripheral anionic site. EMBO J. 
2003;22(1):1–12.

	23.	 Kalueff AV, Stewart AM, Gerlai R. Zebrafish as an emerging model 
for studying complex brain disorders. Trends Pharmacol Sci. 
2014;35(2):63–75.

	24.	 Clemente D, Porteros Á, Weruaga E, Alonso JR, Arenzana FJ, Aijón J, 
et al. Cholinergic elements in the zebrafish central nervous system: 
histochemical and immunohistochemical analysis. J Comp Neurol. 
2004;474(1):75–107.

	25.	 Bertrand C, Chatonnet A, Takke C, Yan Y, Postlethwait J, Toutant J-P, et al. 
Zebrafish acetylcholinesterase is encoded by a single gene localized 
on linkage group 7 gene structure and polymorphism; molecular 
forms and expression pattern during development. J Biol Chem. 
2001;276(1):464–74.

	26.	 Parveen M, Kumar S. Recent trends in the acetylcholinesterase system. 
Amsterdam: IOS Press; 2005.

	27.	 Jin Y, Liu Z, Peng T, Fu Z. The toxicity of chlorpyrifos on the early life stage 
of zebrafish: a survey on the endpoints at development, locomotor 
behavior, oxidative stress and immunotoxicity. Fish Shellfish Immunol. 
2015;43(2):405–14.

	28.	 Holmberg A, Schwerte T, Pelster B, Holmgren S. Ontogeny of the gut 
motility control system in zebrafish Danio rerio embryos and larvae. J Exp 
Biol. 2004;207(23):4085–94.

	29.	 Nahata A, Patil U, Dixit V. Anxiolytic activity of Evolvulus alsinoides and 
Convulvulus pluricaulis in rodents. Pharm Biol. 2009;47(5):444–51.

	30.	 Bihaqi SW, Singh AP, Tiwari M. In vivo investigation of the neuroprotective 
property of Convolvulus pluricaulis in scopolamine-induced cognitive 
impairments in Wistar rats. Indian J Pharmacol. 2011;43(5):520.

	31.	 Malik J, Karan M, Vasisht K. Attenuating effect of bioactive coumarins 
from Convolvulus pluricaulis on scopolamine-induced amnesia in mice. 
Nat Prod Res. 2016;30(5):578–82.

	32.	 Bihaqi SW, Sharma M, Singh AP, Tiwari M. Neuroprotective role of 
Convolvulus pluricaulis on aluminium induced neurotoxicity in rat brain. J 
Ethnopharmacol. 2009;124(3):409–15.

	33.	 Finney DJ, Tattersfield F. Probit analysis. Cambridge: Cambridge University 
Press; 1952.

	34.	 Kopelman M, Corn T. Cholinergic ‘blockade’as a model for choliner-
gic depletion: a comparison of the memory deficits with those of 
Alzheimer-type dementia and the alcoholic Korsakoff syndrome. Brain. 
1988;111(5):1079–110.

	35.	 Kim Y-H, Lee Y, Kim D, Jung MW, Lee C-J. Scopolamine-induced learn-
ing impairment reversed by physostigmine in zebrafish. Neurosci Res. 
2010;67(2):156–61.

	36.	 . !!! INVALID CITATION !!! .
	37.	 Rangappa KS. New cholinesterase inhibitors: synthesis and structure–

activity relationship studies of 1, 2-benzisoxazole series and novel 
imidazolyl-d2-isoxazolines. J Phys Org Chem. 2005;18(8):773–8.

	38.	 Gutiérrez M, Matus MF, Poblete T, Amigo J, Vallejos G, Astudillo L. Isoxa-
zoles: synthesis, evaluation and bioinformatic design as acetylcholinester-
ase inhibitors. J Pharm Pharmacol. 2013;65(12):1796–804.

	39.	 Anand P, Singh B. Synthesis and evaluation of novel 4-[(3H, 3aH, 6aH)-
3-phenyl)-4, 6-dioxo-2-phenyldihydro-2H-pyrrolo [3, 4-d] isoxazol-5 (3H, 
6H, 6aH)-yl] benzoic acid derivatives as potent acetylcholinesterase inhib-
itors and anti-amnestic agents. Bioorg Med Chem. 2012;20(1):521–30.

	40.	 Hamilton TJ, Morrill A, Lucas K, Gallup J, Harris M, Healey M, et al. Estab-
lishing zebrafish as a model to study the anxiolytic effects of scopola-
mine. Sci Rep. 2017;7(1):1–9.

	41.	 Cho H, Lee C-J, Choi J, Hwang J, Lee Y. Anxiolytic effects of an acetylcho-
linesterase inhibitor, physostigmine, in the adult zebrafish. Anim Cells 
Syst. 2012;16(3):198–206.

	42.	 Karnovsky MJ, Roots L. A" direct-coloring" thiocholine method for cho-
linesterases. J Histochem Cytochem. 1964;12(3):219–21.

	43.	 Selvaraj V, Santhakumar K. Analyzing locomotor activity in Zebrafish 
larvae using wrMTrck. Zebrafish. 2017;14(3):287–91.

	44.	 Nussbaum-Krammer CI, Neto MF, Brielmann RM, Pedersen JS, Morimoto 
RI. Investigating the spreading and toxicity of prion-like proteins using 
the metazoan model organism C. elegans. J Vis Exp. 2015;95:e52321.

	45.	 Roberts AC, Bill BR, Glanzman DL. Learning and memory in zebrafish 
larvae. Front Neural Circuits. 2013;7:126.

	46.	 Gerlai R. Associative learning in zebrafish (Danio rerio). Methods Cell Biol. 
2011;101:249–70.

	47.	 Grosdidier A, Zoete V, Michielin O. SwissDock, a protein-small mol-
ecule docking web service based on EADock DSS. Nucleic Acids Res. 
2011;39(suppl_2):W270–7.

	48.	 Rollinger JM, Hornick A, Langer T, Stuppner H, Prast H. Acetylcholinest-
erase inhibitory activity of scopolin and scopoletin discovered by virtual 
screening of natural products. J Med Chem. 2004;47(25):6248–54.

	49.	 Hornick A, Lieb A, Vo N, Rollinger J, Stuppner H, Prast H. The coumarin 
scopoletin potentiates acetylcholine release from synaptosomes, ampli-
fies hippocampal long-term potentiation and ameliorates anticholiner-
gic-and age-impaired memory. Neuroscience. 2011;197:280–92.

	50.	 Roseiro LB, Rauter AP, Serralheiro MLM. Polyphenols as acetylcholinester-
ase inhibitors: structural specificity and impact on human disease. Nutr 
Aging. 2012;1(2):99–111.

	51.	 Balkis A, Tran K, Lee YZ, Balkis KN, Ng K. Screening flavonoids for inhibition 
of acetylcholinesterase identified baicalein as the most potent inhibitor. J 
Agric Sci. 2015;7(9):26.

	52.	 Balkrishna A, Thakur P, Varshney A. Phytochemical profile, pharmacologi-
cal attributes and medicinal properties of convolvulus prostrates—a 
cognitive enhancer herb for the management of neurodegenerative 
etiologies. Front Pharmacol. 2020;11:171.

	53.	 Kato G, Tan E, Yung J. Acetylcholinesterase. Kinetic studies on the mecha-
nism of atropine inhibition. J Biol Chem. 1972;247(10):3186–90.

	54.	 Wetherell J, Hall T, Passingham S. Physostigmine and hyoscine improves 
protection against the lethal and incapacitating effects of nerve agent 
poisoning in the guinea-pig. Neurotoxicology. 2002;23(3):341–9.

	55.	 Venkov L, Iancheva N. Effects of scopolamine and pilocarpine on the 
activity of acetylcholinesterase in rat brain synaptosomal fractions. Prog 
Brain Res. 1979;49:495.

	56.	 Woodruff-Pak DS, Vogel RW, Wenk GL. Galantamine: effect on nicotinic 
receptor binding, acetylcholinesterase inhibition, and learning. Proc Natl 
Acad Sci. 2001;98(4):2089–94.

	57.	 Ketchum JS, Sidell FR, Crowell EB, Aghajanian GK, Hayes AH. Atropine, 
scopolamine, and ditran: comparative pharmacology and antagonists in 
man. Psychopharmacologia. 1973;28(2):121–45.

	58.	 Giarman N, Pepeu G. The influence of centrally acting cholinolytic 
drugs on brain acetylcholine levels. Br J Pharmacol Chemother. 
1964;23(1):123–30.

	59.	 Kalueff AV, Gebhardt M, Stewart AM, Cachat JM, Brimmer M, Chawla JS, 
et al. Towards a comprehensive catalog of zebrafish behavior 1.0 and 
beyond. Zebrafish. 2013;10(1):70–86.

	60.	 Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF. Stages of 
embryonic development of the zebrafish. Dev Dyn. 1995;203(3):253–310.

	61.	 Busquet F, Strecker R, Rawlings JM, Belanger SE, Braunbeck T, Carr GJ, et al. 
OECD validation study to assess intra-and inter-laboratory reproducibility 
of the zebrafish embryo toxicity test for acute aquatic toxicity testing. 
Regul Toxicol Pharmacol. 2014;69(3):496–511.

	62.	 Ellman GL, Courtney KD, Andres V Jr, Featherstone RM. A new and rapid 
colorimetric determination of acetylcholinesterase activity. Biochem 
Pharmacol. 1961;7(2):88–95.

	63.	 Hestrin S. The reaction of acetylcholine and other carboxylic acid deriva-
tives with hydroxylamine, and its analytical application. J Biol Chem. 
1949;180(1):249–61.

	64.	 Tilton FA, Bammler TK, Gallagher EP. Swimming impairment and acetyl-
cholinesterase inhibition in zebrafish exposed to copper or chlorpyrifos 
separately, or as mixtures. Comp Biochem Physiol C: Toxicol Pharmacol. 
2011;153(1):9–16.



Page 15 of 15Karunakaran et al. Natural Products and Bioprospecting            (2022) 12:6 	

	65.	 Goodsell DS, Zardecki C, Di Costanzo L, Duarte JM, Hudson BP, Persikova 
I, et al. RCSB Protein Data Bank: enabling biomedical research and drug 
discovery. Protein Sci. 2020;29(1):52–65.

	66.	 Čadež T, Kolić D, Šinko G, Kovarik Z. Assessment of four organophospho-
rus pesticides as inhibitors of human acetylcholinesterase and butyryl-
cholinesterase. Sci Rep. 2021;11(1):1–11.

	67.	 Ghosh S, Jana K, Ganguly B. Revealing the mechanistic pathway of cho-
linergic inhibition of Alzheimer’s disease by donepezil: a metadynamics 
simulation study. Phys Chem Chem Phys. 2019;21(25):13578–89.

	68.	 Junaid M, Islam N, Hossain MK, Ullah MO, Halim MA. Metal based 
donepezil analogues designed to inhibit human acetylcholinesterase for 
Alzheimer’s disease. PLoS ONE. 2019;14(2):e0211935.

	69.	 Bosak A, Opsenica DM, Šinko G, Zlatar M, Kovarik Z. Structural aspects of 
4-aminoquinolines as reversible inhibitors of human acetylcholinesterase 
and butyrylcholinesterase. Chem Biol Interact. 2019;308:101–9.

	70.	 Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, 
et al. UCSF Chimera—a visualization system for exploratory research and 
analysis. J Comput Chem. 2004;25(13):1605–12.

	71.	 Irwin JJ, Shoichet BK. ZINC—a free database of commercially available 
compounds for virtual screening. J Chem Inf Model. 2005;45(1):177–82.

	72.	 Ordentlich A, Barak D, Kronman C, Flashner Y, Leitner M, Segall Y, et al. 
Dissection of the human acetylcholinesterase active center determi-
nants of substrate specificity. Identification of residues constituting the 
anionic site, the hydrophobic site, and the acyl pocket. J Biol Chem. 
1993;268(23):17083–95.

	73.	 Dannenberg J. An introduction to hydrogen bonding by George A. 
Jeffrey (University of Pittsburgh). New York: Oxford University Press. 1997. 
ix+303. pp. $60.00. ISBN 0-19-509549-9. ACS Publications; 1998.

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


	Novel insights on acetylcholinesterase inhibition by Convolvulus pluricaulis, scopolamine and their combination in zebrafish
	Abstract 
	1 Introduction
	2 Results and discussion
	2.1 Optimization of treatment concentrations
	2.2 The activity of Convolvulus pluricaulis in zebrafish larvae and adults
	2.3 The inhibitory activity of scopolamine in zebrafish larvae
	2.4 The combinatorial effect of Convolvulus pluricaulis and scopolamine

	3 Conclusions
	4 Materials and methods
	4.1 Collection of zebrafish embryos
	4.2 Preparation of plant extract
	4.3 Determination of lethal concentration, 50% (LC50) of the plant extract
	4.4 Ellman’s assay
	4.5 Hydroxylamine method for acetylcholine estimation
	4.6 Karnovsky’s direct coloring thiocholine method for cholinesterases
	4.7 Assessment of larval locomotor activity
	4.8 Passive avoidance response test
	4.9 Protein-small molecule rigid body docking

	Acknowledgements
	References


