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BACKGROUND: Inhibition of acetylcholinesterase (AChE), a biomarker of organophosphorous and carbamate exposure in environmental and occupational human health, has been commonly used to identify potential safety liabilities. So far, many environmental chemicals, including drug candidates,
food additives, and industrial chemicals, have not been thoroughly evaluated for their inhibitory eﬀects on AChE activity. AChE inhibitors can have
therapeutic applications (e.g., tacrine and donepezil) or neurotoxic consequences (e.g., insecticides and nerve agents).
OBJECTIVES: The objective of the current study was to identify environmental chemicals that inhibit AChE activity using in vitro and in silico
models.
METHODS: To identify AChE inhibitors rapidly and eﬃciently, we have screened the Toxicology in the 21st Century (Tox21) 10K compound library
in a quantitative high-throughput screening (qHTS) platform by using the homogenous cell-based AChE inhibition assay and enzyme-based AChE inhibition assays (with or without microsomes). AChE inhibitors identiﬁed from the primary screening were further tested in monolayer or spheroid
formed by SH-SY5Y and neural stem cell models. The inhibition and binding modes of these identiﬁed compounds were studied with time-dependent
enzyme-based AChE inhibition assay and molecular docking, respectively.
RESULTS: A group of known AChE inhibitors, such as donepezil, ambenonium dichloride, and tacrine hydrochloride, as well as many previously
unreported AChE inhibitors, such as chelerythrine chloride and cilostazol, were identiﬁed in this study. Many of these compounds, such as pyrazophos, phosalone, and triazophos, needed metabolic activation. This study identiﬁed both reversible (e.g., donepezil and tacrine) and irreversible inhibitors (e.g., chlorpyrifos and bromophos-ethyl). Molecular docking analyses were performed to explain the relative inhibitory potency of selected
compounds.
CONCLUSIONS: Our tiered qHTS approach allowed us to generate a robust and reliable data set to evaluate large sets of environmental compounds for
their AChE inhibitory activity. https://doi.org/10.1289/EHP6993

Background
Acetylcholinesterase (AChE, acetylcholine acetylhydrolase, E.C.
3.1.1.7), located at the neuromuscular junctions and cholinergic
nerve synapses, is involved in neurotransmission termination by
hydrolysis of acetylcholine (ACh) into choline (Colović et al.
2013; Massoulié et al. 1993). Inhibition of AChE can lead to acetylcholine accumulation, hyperstimulation of nicotinic and muscarinic receptors, and disrupted neurotransmission. Depending on
the scenario, AChE inhibitors can be toxic or have human therapeutic applications (Pohanka 2011). Although inhibition of
AChE activity is an important therapeutic mechanism of action
for disease treatments [e.g., Alzheimer’s disease (AD), myasthenia gravis, and glaucoma], inhibition of AChE activity can cause
cholinergic crisis, which is a collection of adverse health eﬀects
(Almasieh et al. 2013; Ohbe et al. 2018). Some examples of
AChE inhibitors that cause adverse eﬀects include pesticides,
chemical warfare agents, drugs, and phytochemicals (Colović
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et al. 2013; Mukherjee et al. 2007). AChE inhibition measurement has been commonly used as a biomarker of organophosphorous and carbamate exposure in environmental and occupational
human health (Farahat et al. 2011; Suarez-Lopez et al. 2013). In
fact, AChE is one of several targets routinely tested by the pharmaceutical industry in early safety pharmacology studies (Bowes
et al. 2012) used to identify potential safety liabilities. In addition
to these recognized functions of AChE, there is emerging evidence that AChE is involved in other “nonclassical” cellular
mechanisms (Soreq and Seidman 2001), such as apoptosis (Du
et al. 2015), and cancer (Battisti et al. 2009; Castillo-González
et al. 2015; Martínez-Moreno et al. 2006; Montenegro et al.
2006; Zhao et al. 2011). Therefore, identifying compounds that
inhibit AChE activity is important for not only drug discovery
but also for identifying potential chemical hazards that can
adversely aﬀect human health. To date, there are many compounds that have not been thoroughly evaluated for their eﬀects
on AChE activity, including drug candidates, food additives,
industrial chemicals, and compounds relevant to environmental
health.
Toxicology in the 21st Century (Tox21) is a federal collaboration among the U.S. Environmental Protection Agency (EPA),
National Toxicology Program (NTP), National Center for
Advancing Translational Sciences (NCATS), and the Food and
Drug Administration (FDA). Tox21 focuses on development and
application of in vitro high-throughput screening (HTS) for prioritizing chemicals for deeper toxicological evaluations, identifying mechanisms of chemicals-induced biological activity, and
developing models for predicting in vivo responses (Krewski et al.
2009; Tice et al. 2013). The Tox21 compound library contains
approximately 10,000 (10K) chemicals, which include, for example, approved drugs and environmental chemicals (Attene-Ramos
et al. 2013). Tox21 has generated nearly 100 million data points
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using in vitro HTS assays (Tice et al. 2013). Tox21 data in combination with chemical structure information produced robust
predictive models for human toxicity end points (Huang et al.
2016). Tox21 expands the focus of its research activities continuously, including improvement of current in vitro test systems, development of new alternative test systems, and reﬁning
alternative methods for characterizing pharmacokinetics and in
vitro assay disposition in in vivo toxicity testing data curation
(Thomas et al. 2018).
To identify environmental chemicals that inhibit the enzymatic activity of AChE, we screened the Tox21 10K compound
library using three quantitative HTS (qHTS) assays: a cell-based
(SH-SY5Y) AChE assay, an enzyme-based (recombinant human
AChE) AChE inhibition assays without microsomes, and the
same enzyme-based assay with microsomes.

Materials and Methods
Materials
Human neuroblastoma cells (SH-SY5Y), F12, and Eagle’s minimum essential media were obtained from American Type Culture
Collection. StemPro® Neural Stem Cells, and StemPro® NSC
SFM were obtained from Thermo Fisher Scientiﬁc. HyClone™
fetal bovine serum (FBS) was obtained from Life Sciences/GE
Health care. Amplite colorimetric AChE assay kit was purchased
from AAT Bioquest, Inc. Chlorpyrifos-oxon was purchased from
Chem Service, Inc. Chlorpyrifos, BW284c51, b-Nicotinamide
adenine dinucleotide 2 0 -phosphate (NADPH), dimethyl sulfoxide
(DMSO), and puriﬁed recombinant human AChE protein were
purchased from Sigma-Aldrich. InVitroCYP 150-D human liver
microsomes (HLM), prepared from 150 donor human liver tissue
fraction pools with mixed gender, were purchased from BIOIVT.
The Tox21 10K compound library was provided by the Tox21
program, and its information was described in a recent publication (Richard et al. 2020). The list of the Tox21 10K compounds
can be found at https://tripod.nih.gov/tox21/assays/download/
tox21_10k_library_info.tsv.zip (also listed in Excel Table S1).

Cell Culture
Human SH-SY5Y cells were cultured in a mixture of Eagle’s
minimum essential medium (45%), F-12 medium (45%), supplemented with 10% FBS (HyClone Laboratories) and 50 U=mL
penicillin and 50 lg=mL streptomycin. The cells were maintained at 37°C under a humidiﬁed atmosphere and 5% CO2 .
StemPro® Neural Stem Cells (NSC) are cryopreserved human fetal brain–derived neural stem cells (NSCs) and were cultured in
complete medium, including KnockOut D-MEM/F-12, StemPro®
Neural Supplement, basic ﬁbroblast growth factor (bFGF), epidermal growth factor (EGF), and GlutaMAX™-I Supplement.
NSCs were cultured in Matrigel®-coated ﬂasks and maintained at
37°C and 5% CO2 . For the adhesion of NSCs to the microplate,
the cell suspension was mixed with vitronectin at 1:100 dilution.

AChE Inhibition Assays in qHTS Screening
Three colorimetric AChE inhibition assays, cell-, and enzymebased with or without microsomes, were described previously (Li
et al. 2017, 2019). All the primary screening assays were run in
the robotic platform (Attene-Ramos et al. 2013). Brieﬂy,
SH-SY5Y cells (2,000 cells per well) for cell-based AChE assay
or recombinant human AChE (50 mU=mL, with or without
0:25 mg=mL microsomes) for enzyme-based assay were dispensed (4 lL per well without microsomes addition and 3 lL per
well with microsomes plus 1 lL of NADPH) into black/clear bottom 1,536-well plates. For the cell-based assay, cells were
Environmental Health Perspectives

cultured overnight. Heat-inactivated microsomes used in the
enzyme-based assay for follow-up studies were used as a control
for protein binding. Test compounds (ﬁnal concentration range
from 0:74 nM to 57:6 lM) or positive and negative (DMSO,
0.58% in the assay well) controls (23 nL) were transferred into
the assay plates using a Wako Pintool station, and the assay
plates were incubated for 30 min at room temperature.
Chlorpyrifos-oxon at concentrations ranging from 88 pM to
2:88 lM and BW284c51 at concentrations ranging from 0:88 nM
to 28:8 lM were used as the positive controls in cell-based assay
and enzyme-based assay without microsomes, whereas chlorpyrifos ranging from 3:5 nM to 112 lM was used as a positive control in enzyme-based assay with microsomes. Next, 4 lL of
colormetric detection cocktail solution [5,5’-dithio-bis-(2-nitrobenzoic acid) (DTNB), acetylthiocholine] was added to each well
using a BioRAPTR™ FRD™. Assay plates were incubated for 30
min at room temperature, followed by measuring absorbance
(ex = 405 nm), using an Envision plate reader. The metabolic
active AChE inhibitors were deﬁned by the diﬀerences of their
half-maximal inhibitory concentration [IC50 values (≥3-fold)
between assays with and without microsomes].

AChE Inhibition Assays in Spheroids
The 1,536-well microplates were used to form spheroids. The
microplates feature black/opaque walls, round well-bottom
geometry with ultra-low attachment surface. SH-SY5Y cells or
neural stem cells (2,000 cells per well) were plated into the spheroid plates. The plates were then centrifuged for 5 min at
1,500 rpm to aggregate cells, and thereafter plates were cultured
at 37°C, 5% CO2 for 24 h or 48 h. The addition of test compounds and AChE inhibition assay was performed as mentioned
in the previous section. Each compound was tested in three
experiments.

Cell-Based P450-Glo Induction Assays in 96-Well Plate
P450-Glo CYP3A4, CYP1A2, CYP2B6, and CYP2D6 assay kits
were purchased from Promega Corporation. Spheroid 96-well
microplates used for the growth of 3D cell spheroid cultures and
the black wall/clear bottom 96-well plates were purchased from
Corning Life Sciences. The positive controls for induction assays
were purchased from Sigma-Aldrich. SH-SY5Y and neural stem
cells were plated at 30,000 per well in 80 lL of the culture medium in black wall/clear bottom 96-well or spheroid 96-well plates.
The assay plates were incubated at 37°C for 48 h. For induction
assays, 10 lL of omeprazole (CYP1A2) or rifampicin (CYP2B6,
CYP2D6, and CYP3A4) with eight concentrations ranging from
21 nM to 46 lM were transferred to the assay plates. After the
assay plates were incubated at 37°C for 24 h, 10 lL P450-Glo substrates [3 lM Luc-IPA (3A4); 10 lM Luc-ME EGE (2D6); 6 lM
Luc-1A2; 3 lM Luc-2B6] were added to assay wells. The assay
plates were incubated at 37°C for an additional 1 h. The reactions
were stopped by the addition of 100 lL P450-Glo detection
reagents for each assay. After 20 min incubation at room temperature, the luminescence intensity was quantiﬁed using ViewLux™
plate reader. Data were expressed as relative luminescence units.
Each data point represents the mean ± standard deviation ðSDÞ of
three experiments.

Real-Time Reverse Transcription Polymerase Chain
Reaction (RT-PCR)
Neural stem cells and SH-SY5Y cells were plated at 30,000 cells
per well in the 96-well plates, and then incubated either in monolayer or spheroid format. After 2-d incubation, these cells were
washed with PBS twice. Cells from 20 wells were combined and
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harvested with lysis buﬀer from RNeasy Mini Kit. The total RNAs
were extracted from these cells using RNeasy Mini Kit, and their
RNA concentrations were determined with NanoDrop™. A total
of 25 ng of total RNA from each sample was used to perform the
RT-PCR with Power SYBR™ Green RNA-to-CT CT ™ 1-Step Kit.
Total volume for each reaction was 20 lL with ﬁnal primer concentration of 150 nM for CYP3A4, CYP2D6, CYP1A2, and
CYP2B6. GAPDH was used as a control. The real-time PCR reactions (1 cycle 95°C 10 min for Taq polymerase activation and 40
cycles 95°C 15 s and 60°C 1 min for annealing/extension) were run
on a QuantStudio™ 3 Real-Time PCR System according to the
manufacturer’s instructions. All the primers were purchased from
MilliporeSigma. The primer sequences were listed as follows:
CYP1A2, 5 0 -CACTATCAGGACTTTGACAAG-3 0 and 5 0 -AGGTTGACAATCTTCTCCTG-3 0 ; CYP2B6, 5 0 -AGGTTCCGAGAGAAATATGG-3 0 and 5 0 -TTTCCATTGGCAAAGATCAC-3 0 ;
CYP3A4, 5 0 -AGTCTTTCCATTCCTCATCC-3 0 and 5 0 -TGCTTTTGTGTATCTTCGAG-3 0 ; CYP2D6, 5 0 -CCTATGAGCTTTGTGCTG-3 0 and 5 0 -TTTGGAACTACCACATTGC-3 0 ; GAPDH,
5 0 -TCGGAGTCAACGGATTTG-3 0 and 5 0 -CAACAATATCCACTTTACCAGAG-3 0 . The number of cycle threshold (Ct) of each
reaction was determined. Induction values were calculated using the
following equation: Fold = 2−DDCt , where DCt represents the diﬀerences in cycle threshold numbers between CYP3A4, CYP2B6,
CYP1A2 or CYP2B6 and GAPDH, and DDCt represents the relative change in these diﬀerences between monolayer and spheroid
groups.

Reversible and Irreversible Experiment of AChE Inhibitors
Recombinant human AChE (100 mU=mL) was dispensed at 4 lL
per well into black/clear bottom 1,536-well plates using a
Multidrop™ Combi 8-channel dispenser. Twenty-three nanoliters
of test compounds, positive controls, chlorpyrifos-oxon (88 pM
to 2:88 lM), and BW284c51 (0:88 nM to 28:8 lM), or negative
control (DMSO, 0.58% in the assay well), were transferred into
the assay plates using a Wako Pintool station, and the assay
plates were incubated for 5 min, 10 min, and 60 min at room
temperature. The addition of test compounds and AChE inhibition
assay was performed as mentioned in the “Materials and Methods”
section, “AChE Inhibition Assays in qHTS Screening.” Each compound was tested three times at diﬀerent time points. The compounds were considered as irreversible if there was a statistically
signiﬁcant diﬀerence between the IC50 values of diﬀerent time
points (10 min vs. 5 min, 60 min vs. 5 min) [one-way analysis of
variance (ANOVA) test, p < 0:05], whereas compounds were considered reversible if there was no statistically signiﬁcant diﬀerence
between IC50S at diﬀerent time points (p > 0:05).

qHTS Assay Data Analysis
Analysis of compound concentration–response data was performed as described previously (Huang 2016; Inglese et al.
2006). First, raw plate readings for each titration point were normalized relative to the positive control compound (chlorpyrifosoxon and BW284c51 for cell- and enzyme-based assays, respectively; −100%) and DMSO-only wells (0%) according to the
following calculation: % Activity = ½ðVcompound − VDMSO Þ=
ðVDMSO − VposÞ × 100, where Vcompound represents compound well values. The median well values of the positive control
and DMSO are represented by Vpos and VDMSO , respectively.
An in-house pattern correction algorithm was applied to the data
set using the DMSO-only compound plates at the beginning and
end of the compound plate stack (Wang and Huang 2016). To
obtain each compound’s half maximum inhibition value (IC50 )
and maximum response (eﬃcacy) value, concentration–response
Environmental Health Perspectives

curves of each compound were ﬁtted to a four-parameter Hill
equation (Wang et al. 2010). Compounds received a class designation between 1 and 4, depending on the type of concentration–
response curve observed (Inglese et al. 2006). Curve classes are
heuristic measures of data conﬁdence, classifying concentration–
responses based on eﬃcacy, the number of data points observed
above background activity, and the quality of ﬁt (Huang et al.
2011). The number of signiﬁcant data points, i.e., data points
with signiﬁcantly higher than background activity, determines
the four major classes: Class 1 (complete) and Class 2 (incomplete) curves have more than one signiﬁcant point, Class 3 curves
have only one signiﬁcant point, and Class 4 curves have no signiﬁcant point. Class 1 and Class 2 curves are further divided into
four subcategories, based on quality of ﬁt and eﬃcacy: Curves
with good ﬁt are classiﬁed as x.1 (full eﬃcacy) and x.2 (partial
eﬃcacy), and curves with poor ﬁt are classiﬁed as x.3 (full eﬃcacy) and x.4 (partial eﬃcacy). In addition, activators are
assigned positive curve classes and inhibitors are assigned negative curve classes. Compounds that inhibited AChE activity were
deﬁned as antagonists in the study. Compounds with Class −1:1,
−1:2, −2:1, or −2:2 (efficacy < − 50%) label curves were considered active, and compounds with Class 4 label curves were
considered inactive. Remaining compounds with all other curve
classes were considered inconclusive. Potential AChE inhibitors
were selected from compounds active in either the cell-based
assay or the enzyme-based assay with or without microsomes. In
addition, the enzyme-based assay with microsomes was used to
identify compounds that needed metabolic activation. Only compounds that passed the chemical quality control test for identity
(conﬁrmed by molecular weight) and purity (>75%) were
selected for conﬁrmation and follow-up studies, and these chemical quality control data were directly obtained from the Tox21
program at https://tripod.nih.gov/tox21/samples (27 March 2021).
Data were further analyzed (e.g., t-test, and one-way ANOVA test)
and depicted using GraphPad Prism 5 (GraphPad Software, Inc.).

Chemical Structure-Activity Cluster Analysis
The Tox21 10K compound collection was grouped into 1,014
clusters based on structural similarity (9,242-bit ﬁngerprints;
Leadscope®) using the self-organizing map (SOM) algorithm
(Attene-Ramos et al. 2013; Kohonen 2006). Fingerprints are digital representations of chemical structures. A ﬁngerprint of a
chemical is a bit vector composed of ones and zeros, with each
bit representing a structural feature. A bit is set to 1 if the corresponding feature is present in the chemical and to 0 if the feature
is absent. Each cluster was evaluated for its enrichment of active
AChE inhibitors by comparing the fraction of actives in the cluster with the fraction of actives not in the cluster. A cluster is considered enriched with actives if the former fraction is larger than
the latter. The signiﬁcance of enrichment was determined by the
Fisher’s exact test (p < 0:01).

Molecular Docking
Molecular docking was used to study the binding modes of
AChE inhibitors. Simulations began with the X-ray crystal structure of the target protein AChE (PDB 4EY7) without the small
molecule inhibitor donepezil. Site identiﬁcation by ligand competitive saturation (SILCS) simulations and analysis were conducted using the MolCal program, scripts (SilcsBio, LLC.)
(Guvench and MacKerell 2009; Raman et al. 2013; Ustach et al.
2019), and GROMACS simulation program (Hess et al. 2008).
Speciﬁcally, a series of SILCS simulations were set up by following our previously reported protocols (Lakkaraju et al. 2015;
Raman et al. 2013), employing Grand-Canonical Monte Carlo
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(GCMC) and molecular dynamics (MD) in an iterative fashion.
GCMC samples water molecules and diﬀerent types of solutes
followed by MD simulation. The iterative GCMC–MD process
enables conformational dynamics sampling of AChE, solutes,
and water molecules (Lakkaraju et al. 2015). In the simulations,
the CHARMM36 protein force ﬁeld (Huang et al. 2017) was
used to describe the AChE protein, CHARMM TIP3P model
(Neria et al. 1996) for water molecules, and CHARMM General
Force Field (CGenFF) for the solute molecules and inhibitors
(Vanommeslaeghe et al. 2010; Yu et al. 2012). To dock the
selected inhibitors to the active site of AChE, Monte Carlo sampling using the SILCS [SILCS-Monte Carlo (MC)] protocol
(Raman et al. 2013) was performed to predict compound binding
modes. The binding aﬃnities were evaluated by the Ligand Grid
Free Energy (LGFE) (Lakkaraju et al. 2015; Raman et al. 2013).
In the current study for visualization and scoring, a series of
FragMaps were used to represent diﬀerent types of functionalities, including generic apolar (benzene, propane), generic Hbond donor [methanol O, formamide N, imidazole (NH)], and
generic H-bond acceptor (methanol O, formamide O, imidazole
N, acetaldehyde O), negatively charged (acetate), and positively
charged (methylammonium). Sulfur atoms in compounds were
treated as apolar groups. For each compound, ﬁve independent
runs of SILCS-MC were completed, where each run entailed
multiple SILCS-MC cycles performed in a two-step fashion. The
ﬁrst stage of each cycle involves 10,000 Metropolis MC steps
that sample a broad range of binding poses with a 180-degree
step size for overall rotations, 1 Å for translations, and 180
degrees for dihedral angle rotations, at 298 K. The second part of
the cycle includes 40,000 steps of MC simulated annealing (SA)
that are designed to identify a local minimum within the acceptance criteria deﬁned by the LGFE. SA allows maximum step
size range of 9 degrees for overall rotations, 0:2 Å for translations, and 9 degrees for dihedral angle rotations with a temperature range between 298 and 0 K. The ﬁve SILCS-MC runs
involved multiple MC cycles each initiated with a random seed
and continued until the three most favorable LGFE scores were
within 0:5 kcal=mol (50–250 cycles performed). The docking
pose with the most favorable LGFE value was reported as the
predicted binding mode of a ligand.

Results
Identification of Compounds That Inhibit AChE Activity
Cell (i.e., SH-SY5Y line)- and enzyme-based (with or without
microsomes) AChE inhibition assays were used to screen the
Tox21 10K compound collection containing 8,312 unique chemicals [deposited in PubChem Bioassay Database; IDs 1347395,
1347397, 1347399]. Of these 8,312 unique compounds tested,
187 (2.25%) decreased the AChE activity with eﬃcacy more than
50% or compounds with class −1:1, −1:2, −2:1, or −2:2
(efficacy < − 50%) (Figure 1; Excel Table S2 and S3). From the
primary screening and conﬁrmation testing (Excel Table S3), 111
compounds were selected for further follow-up studies based on
eﬃcacy (>50%) and IC50 (<20 lM). The 111 compounds that
inhibited AChE activity had IC50 values ranging from 1 nM to
20 lM, and 19 compounds with an IC50 < 1 lM (Table S1). Of
the 111 compounds, 104 compounds were conﬁrmed to be active
in cell- or enzyme-based AChE assay with 100 compounds active
in both assays, and 7 inactive compounds were active after incubation with human microsomes (Figure S1). The IC50 values of
all these compounds were listed in Table S2 (see raw data in
Excel Table S4). Many previously reported AChE inhibitors,
including pesticides and drugs such as carbofuran, tacrine, ambenonium, and physostigmine, were identiﬁed in our study.
Environmental Health Perspectives

Figure 1. Screening and compound prioritization workﬂow. Cell-based and
enzyme-based assays were developed for screening AChE inhibitors, and
enzyme-based assay with metabolic activation was also included to screen
inhibitors. After primary concentration–response screenings, in which each
compound was tested at 15 concentrations, 187 compounds were identiﬁed
based on potency and eﬃcacy. A total of 187 compounds were tested in the
follow-up studies. Based on eﬃcacy and IC50 , 111 compounds were selected
for further studies.

Ambenonium chloride, a previously reported AChE inhibitor,
was the most potent compound, with an IC50 of 1 nM. Many
potential novel AChE inhibitors (including pesticides and drugs),
such as azasetron hydrochloride, tilorone, orlistat, and eperisone
hydrochloride, were identiﬁed from our enzyme-based screenings
with IC50 values of 7:22 lM, 4:18 lM, 1:59 lM, and 27:4 lM
respectively (Table 1). The concentration response curves of
these compounds are shown in Figure S2. The chemical structures for potential novel AChE inhibitors identiﬁed from the current study are presented in Figure S3. These compounds
represent a variety of structural scaﬀolds, molecular weights, and
functional groups.

Structure-Activity Relationships (SAR) of AChE Inhibitors
The Tox21 10K compound library was clustered based on their
structural similarity using the SOM algorithm (Kohonen 2006),
yielding 1,014 clusters. Each cluster was evaluated for the enrichment of active AChE inhibitors based on the cell-based and
enzyme-based assay results (Figure 2, Excel Table S5). Thirty
and 35 clusters were found signiﬁcantly (p < 0:01) enriched with
AChE inhibitors based on the enzyme- and cell-based assays,
respectively. One cluster signiﬁcantly enriched with active inhibitors (Figure 2, row 9, column 22, p = 4:57 × 10–11 ) contained a
group of 21 carbamate compounds that included aldicarb, carbaryl, and methomyl, which were previously reported AChE inhibitors. Other signiﬁcant clusters containing previously reported
AChE inhibitors, including organophosphates (OP) (chlorpyrifos,
chlorpyrifos-oxon, and isazofos) and acridines (9-aminoacridine,
hydroxytacrine maleate, and tacrine), were also conﬁrmed in our
study. Additionally, a cluster of compounds containing tilorone,
raloxifene hydrochloride, and moxisylyte was found to be signiﬁcantly enriched in compounds not previously identiﬁed as AChE
inhibitors, but they were identiﬁed in the current study (Figure 2,
row 7, column 26, p = 1:32 × 10−7 ). Moreover, blue dyes (Figure
2, row 42, column 8) including methylene blue and toluidine blue
were identiﬁed in our study as AChE inhibitors.

Identification of AChE Inhibitors via Metabolic Activation
Some organophosphorus pesticides (OPs) are not active AChE
inhibitors in their parental form, but become active through metabolism (Sultatos 1994). To identify the AChE inhibitors that
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14:35 ± 2:58
(−90:26 ± 8:4)
7:72 ± 0:88
(−61:3 ± 1:86)
25:41 ± 3:23
(−32:35 ± 9:86)
19:4 ± 2:22
(−83:78 ± 4:74)
54:57 ± 13:62
(−79:28 ± 11:59)
20:1 ± 1:36
(−60:34 ± 13:31)
27:4 ± 3:14
(−57:18 ± 4:43)
10:62 ± 0:69
(−91:11 ± 1:43)
14:91 ± 2:54
(−101:18 ± 7:69)
6:63 ± 1:23
(−72:59 ± 7:81)
21:94 ± 4:1
(−22:04 ± 2:77)
1:59 ± 0:79
(−58:45 ± 6:58)
22:64 ± 2:88
(−61:11 ± 3:7)
22:83 ± 8:94
(−94:23 ± 4:33)
20:1 ± 1:36
(−58:05 ± 2:13)
4:18 ± 0:57
(−92:77 ± 2:75)

Enzyme

8:91 ± 0:58
(−59:69 ± 4:61)
19:31 ± 0
(−81:53 ± 5:5)
12:24 ± 1:4
(−64:09 ± 8:33)
26:29 ± 1:71
(−57:14 ± 1:92)
41:33 ± 5:26
(−82:16 ± 8:8)
23:43 ± 1:52
(−34:29 ± 3:66)
5:46 ± 0:62
(−96:73 ± 6:07)

27:28 ± 0
(−34:87 ± 7:48)
38:7 ± 4:44
(−59:36 ± 2:47)
18:89 ± 1:23
(−96:61 ± 7:64)
Inactive

21:76 ± 2:5
(−71:97 ± 2:19)
8:97 ± 0:6
(−37:31 ± 7:07)
27:4 ± 3:14
(−15:8 ± 6:37)
22:55 ± 1:52
(−64:15 ± 5:04)
Inactive

Enzyme with
microsomes

7:64 ± 0:51
(−85:78 ± 5:21)
20:1 ± 1:36
(−76:34 ± 8:16)
4:91 ± 0:91
(−46:87 ± 5:3)
16:03 ± 2:04
(−87:48 ± 6:36)
12:36 ± 3:44
(−95:66 ± 7:4)
15:34 ± 0
(−72:75 ± 4:45)
1:77 ± 0:49
(−102:93 ± 5:12)

30:74 ± 3:53
(−45:91 ± 3:28)
6:6 ± 0:43
(−70:85 ± 15:38)
20:88 ± 1:36
(−64:6 ± 5:15)
8:43 ± 3:43
(−55:58 ± 7:34)
70:89 ± 13:24
(−51:61 ± 11:08)
15:75 ± 6:17
(−32:9 ± 4:14)
25:3 ± 1:71
(−71:01 ± 2:24)
23:27 ± 5:25
(−88:9 ± 10:7)
Inactive

SH-SY5Y cells
monolayer

5:14 ± 3:81
(−98:48 ± 12:69)
14:35 ± 4:95
(−99:84 ± 2:13)
9:46 ± 10:95
(−78:5 ± 4:49)
8:24 ± 7:11
(−53:26 ± 10:89)
15:81 ± 1:81
(−114:21 ± 10:43)
12:89 ± 11:12
(−77:14 ± 33:35)
1:34 ± 0:5
(−94:23 ± 7:77)

13:8 ± 10:44
(−45:01 ± 20:24)
9:63 ± 8:76
(−92:9 ± 16:03)
Inactive

11:13 ± 7:28
(−92:81 ± 1:02)
9:64 ± 8:85
(−96:01 ± 32:13)
13:82 ± 11:61
(−69:46 ± 18:33)
3:63 ± 3:8
(−96:83 ± 18:51)
36:12 ± 10:06
(−75:23 ± 14:14)
Inactive

SH-SY5Y
spheroids (24 h)

7:35 ± 0
(−80:08 ± 15:09)
20:89 ± 1:36
(−71:64 ± 7:11)
8:82 ± 6:03
(−32:01 ± 3:4)
22:55 ± 1:53
(−66:73 ± 3:11)
9:25 ± 1:18
(−87:03 ± 4:89)
20:89 ± 1:36
(−66:79 ± 3:64)
1:42 ± 0:1
(−90:98 ± 2:64)

28:65 ± 5:15
(−53:05 ± 7:1)
6:85 ± 0
(−66:91 ± 7:49)
19:31 ± 0
(−66:42 ± 12:17)
20:28 ± 3:65
(−69:27 ± 7:32)
40:97 ± 2:77
(−54:9 ± 2:8)
17:72 ± 4:94
(−42:52 ± 6:77)
32:6 ± 9:21
(−66:41 ± 3:82)
23:99 ± 4:09
(−89:53 ± 3:66)
Inactive

SH-SY5Y
spheroids (48 h)

6:47 ± 1:8
(−80:43 ± 6:83)
19:31 ± 0
(−79:69 ± 5:13)
3:44 ± 0:39
(−82:15 ± 3:93)
5:27 ± 0:72
(−90:03 ± 4:15)
30:51 ± 14:33
(−93:03 ± 9:21)
19:56 ± 3:65
(−42:86 ± 5:64)
5:88 ± 0:38
(−51:88 ± 0:98)

17:22 ± 6:14
(−52:29 ± 5:13)
6:88 ± 0:79
(−67:84 ± 4:01)
22:55 ± 1:52
(−52:77 ± 4:94)
3:9 ± 0:81
(−101:84 ± 4:1)
32:53 ± 2:2
(−81:17 ± 1:38)
17:51 ± 4
(−72:51 ± 8:83)
19:31 ± 0
(−94:25 ± 1:82)
24:78 ± 2:84
(−88:83 ± 7:19)
Inactive

Neural stem cells
monolayer

3:9 ± 1:5
(−53:61 ± 18:04)
3:64 ± 1:71
(−62:63 ± 15:19)
29:7 ± 2:41
(−42:45 ± 2:64)
15:58 ± 12:34
(−28:44 ± 44:14)
19:59 ± 13:98
(−34:23 ± 2:35)

8:24 ± 0
(−82:96 ± 0)
Inactive

Inactive

14:99 ± 10:82
(−69:46 ± 16:49)
Inactive

1:11 ± 0:31
(−63:61 ± 16:97)
8:31 ± 1:87
(−70:72 ± 16:06)
Inactive

16:49 ± 3:98
(−77:98 ± 5:01)
Inactive

Inactive

Neural stem cell
spheroid (24 h)

7:89 ± 5:31
(−53:51 ± 18:57)
24:32 ± 0
(−31:57 ± 0)
2:36 ± 0:93
(−44:21 ± 5:87)
1:37 ± 0
(−58:33 ± 0)
40:25 ± 9:21
(−42:47 ± 8:03)
13:67 ± 0
(−67:80 ± 0)
25:74 ± 5:81
(−35:28 ± 13:55)

12:14 ± 10:38
(−21:95 ± 5:43)
18:78 ± 3:2
(−74:29 ± 20:2)
4:45 ± 5:91
(−15:14 ± 86:34)
0:58 ± 0:13
(−59:82 ± 3:4)
9:21 ± 1:17
(−72:08 ± 16:96)
3:16 ± 2:24
(−36:48 ± 8:2)
13:29 ± 2:26
(−62:36 ± 14:7)
31:2 ± 3:59
(−45:21 ± 8:8)
Inactive

Neural stem cell
spheroid (48 h)

Note: Each value of potency (IC50 , lM) and efficacy (percent of positive control, expressed in parentheses) is the mean ± standard deviation ðSDÞ of the results from three experiments. SH-SY5Y spheroids (24 h), SH-SY5Y spheroids (48 h),
neural stem cell spheroids (24 h), or neural stem cell spheroids (48 h): AChE assays were performed after these cells were cultured in spheroid formation for 24 or 48 h. IC50 , concentration of half-maximal inhibition.

Tilorone

Sulcaine

Rhodamine 6G

Rapacuronium bromide

Meptazinol
hydrochloride
Moxisylyte
hydrochloride
Orlistat

Eperisone
hydrochloride
GW473178E methyl
benzene sulfonic acid
Hexachlorophene

Ecopipam

Chlorhexidine diacetate

Azasetron
hydrochloride
Azelastine
(hydrochloride)
Bromopride

Amisulpride

Compounds

Table 1. Potency and efficacy values of potential novel AChE inhibitors.

Figure 2. Structure clusters of the AChE inhibitors identiﬁed from enzyme-based assay (left) and cell-based assay (right). The Tox21 10K compound collection
was clustered based on structural similarity. In the heat maps, each hexagon represents a cluster of structurally similar compounds. The color gradient is indicative of the enrichment of AChE inhibitors in that speciﬁc cluster [negative logarithmic scale of the p-value, -log (p-value)]. Clusters enriched with active inhibitors are closer to a maroon color, whereas clusters deﬁcient of active inhibitors are colored in shades of blue or green. A light gray color indicates that the
fraction of active inhibitors in that cluster is close to the library average. Empty clusters with no compounds in them are in a darker shade of gray. Each cluster
was evaluated for its enrichment of active AChE inhibitors by comparing the fraction of actives in the cluster with the fraction of actives not in the cluster. The
signiﬁcance of enrichment was determined by the Fisher’s exact test (p < 0:01).

need metabolic activation for their activity, we used an enzymebased AChE inhibition assay with human microsomes. Of the
111 hits, 25 compounds were more potent for AChE inhibition
after incubation with microsomes (the IC50 value diﬀerences
were ≥3-fold between assays with and without microsomes)
(Table 2). All 25 compounds are OP pesticides. Several compounds, such as carbophenothion, phosalone, and pyrazophos,
were more potent AChE inhibitors after metabolism with IC50
values of 3:74 lM, 2:91 lM, and 7:89 lM (Figure 3; Excel
Table S6). Some OP compounds, such as azamethiphos, chlorfenvinphos, diazinon, and dichlorvos, were potent AChE inhibitors in the absence of metabolic activation in our study. Several
compounds, such as chlorpyrifos-oxon and ethyl 4-nitrophenyl
ethylphosphonate, were less potent in inhibiting AChE in the
presence of microsomes, most likely due to nonspeciﬁc protein
binding, because similar results were observed with heatinactivated microsomes (Tables S2 and S3; Excel Table S4).
Many other compounds did not show IC50 diﬀerences (<3 fold)
with microsomes addition.

Evaluation of AChE Inhibitors in Neural Stem Cells and
Spheroids
To further investigate the activity of these 111 compounds found
to inhibit AChE in SH-SY5Y cells, the human neural stem cells,
which are a more physiologically relevant cell model, were also
used to conﬁrm these compounds have AChE inhibitory eﬀect. In
monolayer cultures of neural stem cells and SH-SY5Y cells,
the IC50 s values of most AChE inhibitors (Table S2; Excel
Tables S4 and S7) were comparable, except for bromophos-ethyl,
Environmental Health Perspectives

phosalone, and quinalphos, which were more potent AChE inhibitors in neural stem cells (IC50 changes ≥3 fold). We also tested
these 111 compounds in spheroids formed by SH-SY5Y and neural stem cell models (Excel Tables S8 and S9). Using SH-SY5Y
cells, several compounds that included carbophenothion and
phosalone were inactive AChE inhibitors in the monolayer cell
culture but were active in the spheroids. In neural stem cells,
some compounds, such as bromophos-ethyl, chlorpyrifos, and
phosalone, were more potent in the spheroids than the monolayer
cultures (Table 2). On the other hand, some compounds, like
ambenonium chloride, chlorpyrifos-oxon, and donepezil hydrochloride, were more potent in monolayer cell culture than in the
spheroids. Compounds like berberine, dyclonine, and imidocarb
dipropionate did not show any diﬀerence in potency in monolayer
cell culture and spheroids (Table S2).
To investigate which CYP enzyme isoforms were involved in
monolayer cell culture vs. spheroids, P450-Glo assays were used
to measure the induction of CYP3A4, CYP2D6, CYP1A2, and
CYP2B6 in both monolayer and spheroid cultures for neural stem
cells and SH-SY5Y cells. As shown in Supplemental Figure S4A
and S4B (Excel Table S10), the induction of CYP3A4 and
CYP2D6 by rifampicin was statistically signiﬁcant in neural stem
cell spheroids in comparison with monolayers. There was no difference of CYP3A4 and CYP2D6 induction between monolayer
and spheroid of SH-SY5Y cells (Figure S4C and S4D; Excel
Table S10). P450-Glo assays could not detect CYP1A2 and
CYP2B6 for both neural stem cells and SH-SY5Y cells either in
monolayers or spheroids. To further examine the gene expression
of these four cyp isoforms, quantitative RT-PCR method was
used. For neural stem cells, cyp3a4 and cyp2d6 expression was
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Enzyme

50 ± 5:74
(−40:48 ± 3:78)
35:26 ± 12:58
(−42:24 ± 2:97)

49:78 ± 0
(−48:96 ± 11:01)
55:86 ± 0
(−32:59 ± 1:41)
46:17 ± 3:12
(−53:09 ± 5:95)
Inactive

23:43 ± 1:52
(−56:6 ± 4:66)
Inactive

2:14 ± 0:13
(−92:25 ± 0:56)
1:4 ± 0:16
(−96:37 ± 0:38)
5:66 ± 1:18
(−96:96 ± 2:35)
3:74 ± 0:63
(−84:43 ± 2:03)
0:44 ± 0:05
(−86:37 ± 1:31)
5:86 ± 1:05
(−97:95 ± 3:67)
1:4 ± 0:46
(−94:86 ± 2:1)
5:51 ± 1:15
(−94:26 ± 3:23)
2:69 ± 0:17
(−94:81 ± 1:4)
2:52 ± 0:47
(−91:48 ± 2:51)
2:59 ± 0:17
(−87:77 ± 2:62)
1:15 ± 0:07
(−96:47 ± 0:13)
8:21 ± 0:55
(−96:45 ± 3:95)
2:11 ± 0:59
(−99:25 ± 1:35)
2:31 ± 0:15
(−97:46 ± 0:6)
1:27 ± 0:16
(−93:89 ± 0:75)
2:91 ± 0:19
(−93:33 ± 1:43)
0:67 ± 0:16
(−84:99 ± 4:79)
12:63 ± 1:45
(−84:22 ± 2:42)
7:89 ± 0
(−98:21 ± 0:41)
1:77 ± 0:2
(−94:19 ± 1:06)
4:29 ± 0:59
(−93:85 ± 0:95)
4:27 ± 0:27
(−88:06 ± 0:57)
3:02 ± 0:19
(−98:33 ± 0:85)
3:66 ± 0:24
(−92:54 ± 0:51)
36:68 ± 2:48
(−105:28 ± 8:71)
15:3 ± 2:6
(−70:4 ± 6:71)

20:88 ± 1:36
(−83:75 ± 3:39)
37:23 ± 6:69
(−46:53 ± 2:35)
46:17 ± 3:12
(−90:16 ± 2:74)
46:37 ± 5:91
(−109:17 ± 9:49)
20:07 ± 3:74
(−98:46 ± 4:72)
Inactive

17:02 ± 1:1
(−104:47 ± 4:63)
27:99 ± 0
(−85:83 ± 1:88)
11:35 ± 1:44
(−122:26 ± 7:6)
Inactive

30:27 ± 1:97
(−102:08 ± 10:17)
2:93 ± 0:52
(−111:86 ± 2:56)
Inactive

14:6 ± 0:98
(−103:85 ± 3:74)
Inactive

3:23 ± 1:51
(−112:09 ± 9:07)
28:35 ± 5:29
(−99:62 ± 4:15)
41:15 ± 2:78
(−125:16 ± 6:53)
Inactive

10:93 ± 2:73
(−106:66 ± 2:68)
1:25 ± 0:14
(−108:11 ± 5:64)
47:98 ± 3:12
(−62:26 ± 3:94)
Inactive

SH-SY5Y
cells monolayer

26:96 ± 15:29
(−108:22 ± 27:88)
54:6 ± 29:18
(−79:45 ± 10:08)
18:07 ± 3:25
(−145:98 ± 15:77)
66:34 ± 14:96
(−53:38 ± 22:17)
13:26 ± 12:22
(−55:59 ± 12:57)
34:78 ± 13:08
(−70:14 ± 37:03)
29:71 ± 12:95
(−97:24 ± 36:89)
29:37 ± 14:36
(−90:48 ± 6:5)
28:24 ± 16
(−99:19 ± 14:9)
2:19 ± 2:53
(−37:43 ± 11:78)
31:25 ± 23:78
(−94:48 ± 5:77)
12:16 ± 12:31
(−31:22 ± 7:71)

29:94 ± 26:01
(−71 ± 23:58)
6:45 ± 1:79
(−120:97 ± 24:05)
Inactive

25:17 ± 14:26
(−115:13 ± 23:95)
1:76 ± 1:52
(−126:84 ± 31:17)
37:36 ± 21:52
(−54:8 ± 9:22)
28:06 ± 14:79
(−55:59 ± 44:65)
0:46 ± 0:3
(−104:74 ± 8:42)
33:24 ± 24:1
(−86:29 ± 10:57)
41:72 ± 15:62
(−112:94 ± 4:14)
27:07 ± 14:97
(−63:86 ± 15:2)
25:69 ± 7:15
(−110:07 ± 18:1)
Inactive

SH-SY5Y
spheroids (24 h)
12:05 ± 0:79
(−103:4 ± 2:65)
0:84 ± 0:19
(−102:89 ± 8:1)
47:98 ± 3:13
(−66:18 ± 5:7)
19:63 ± 13:26
(−29:69 ± 10:41)
0:68 ± 0:04
(−88:42 ± 5:71)
37:31 ± 8:41
(−102:25 ± 8:39)
36:68 ± 2:48
(−108:05 ± 14:02)
20:6 ± 18:04
(−22:1 ± 8:11)
15:74 ± 0
(−95:63 ± 9:9)
7:88 ± 11:12
(−16:12 ± 15:74)
35:25 ± 0
(−85:98 ± 5:72)
3:14 ± 0
(−98:47 ± 3:32)
41:53 ± 7:47
(−25:66 ± 7:96)
17:74 ± 2:04
(−102:71 ± 1:48)
44:57 ± 5:12
(−76:02 ± 9:42)
10:56 ± 1:8
(−105:77 ± 10:92)
50:01 ± 5:75
(−26:69 ± 2:26)
12:9 ± 2:91
(−71:12 ± 9:11)
34:17 ± 2:23
(−50:07 ± 6:34)
46:18 ± 3:13
(−55:34 ± 1:68)
46:18 ± 3:13
(−84:31 ± 2:26)
24:16 ± 3:32
(−93:89 ± 3:28)
35:4 ± 4:07
(−86:04 ± 5:48)
33:25 ± 7:5
(−52:01 ± 12:34)
12:05 ± 0:79
(−103:4 ± 2:65)

SH-SY5Y
spheroids (48 h)

39:72 ± 4:56
(−79:82 ± 5:53)
0:53 ± 0:03
(−101:96 ± 7:79)
27:76 ± 11:9
(−45:88 ± 8:46)
6:1 ± 3:59
(−127:75 ± 9:7)
58:13 ± 3:93
(−41:37 ± 7:01)
6:88 ± 0:79
(−117:21 ± 9:94)
17:11 ± 14:15
(−86:42 ± 12:52)
3:18 ± 1:08
(−79:26 ± 2:54)
0:8 ± 0:15
(−67:05 ± 3:08)
16:38 ± 1:1
(−84:77 ± 1:6)
7:48 ± 4:34
(−111:89 ± 8:58)
9:97 ± 1:14
(−121:54 ± 0:85)
2:31 ± 0:15
(−39:73 ± 8:54)
2:44 ± 0:61
(−86:48 ± 5:5)
39:81 ± 6:45
(−50:65 ± 5:03)

4:79 ± 0:31
(−108:94 ± 4:81)
7:67 ± 1:3
(−134:56 ± 6:1)
11:47 ± 3:19
(−116:13 ± 5:75)
2:96 ± 0:4
(−62:53 ± 2:18)
10:93 ± 2:73
(−126:61 ± 9:97)
46:17 ± 3:12
(−106:21 ± 5:78)
11:91 ± 3:5
(−129:25 ± 5:56)
22:55 ± 1:52
(−39:59 ± 6:22)
15:17 ± 0:98
(−102:32 ± 8:65)
Inactive

Neural stem
cells monolayer
2:23 ± 0:25
(−71:15 ± 13:32)
12:15 ± 2:07
(−90:09 ± 19:27)
0:87 ± 0:21
(−70:93 ± 15:26)
2:19 ± 0:41
(−70 ± 5:32)
5:25 ± 1:96
(−86:05 ± 23:85)
42:76 ± 2:78
(−109:59 ± 19:45)
1:21 ± 0:66
(−68:82 ± 11:78)
21:06 ± 3:58
(−55:09 ± 9:18)
9:74 ± 3:66
(−72:65 ± 10:02)
14:85 ± 3:34
(−40:28 ± 6:85)
20:34 ± 6:51
(−70:93 ± 11:63)
0:11 ± 0:01
(−65:08 ± 3:16)
29:92 ± 8:81
(−55:67 ± 4:1)
0:73 ± 0:24
(−95:65 ± 6:78)
36:48 ± 21:08
(−39:42 ± 4:16)
3:9 ± 0:72
(−70:72 ± 9:25)
9:61 ± 9:19
(−92:54 ± 23:57)
0:33 ± 0:04
(−40:04 ± 9:59)
0:22 ± 0:05
(−47:28 ± 17:04)
2:46 ± 0:68
(−85:05 ± 15:3)
1:64 ± 0:2
(−81:26 ± 17:15)
2:08 ± 0:37
(−86:44 ± 20:27)
1:83 ± 1:13
(−43:48 ± 3:61)
0:91 ± 0:38
(−61:35 ± 6:28)
31:41 ± 0
(−68:44 ± 0)

Neural
stem cell spheroids
(24 h)

4:36 ± 1:09
(−56:29 ± 0:3)
12:56 ± 1:44
(−74:65 ± 14:16)
1:99 ± 0:23
(−72:3 ± 16:09)
3:31 ± 0:22
(−65:79 ± 9:3)
8:89 ± 1:02
(−69:86 ± 17:22)
46:97 ± 10:59
(−73:32 ± 24:26)
2:58 ± 0:83
(−62:49 ± 1:09)
21:43 ± 5:97
(−37:82 ± 6:23)
20:09 ± 4:21
(−64:86 ± 8:68)
26:83 ± 7:94
(−32:65 ± 4:42)
26:03 ± 19:12
(−54:95 ± 8:8)
0:28 ± 0:1
(−58:21 ± 4:65)
23:12 ± 22:23
(−12:32 ± 28:12)
1:68 ± 0:47
(−83:18 ± 15:66)
69:03 ± 17:24
(−30:45 ± 4:66)
9:13 ± 2:06
(−64:57 ± 10:9)
10:54 ± 4:6
(−80:05 ± 7:49)
0:4 ± 0:31
(−40:51 ± 5:34)
0:43 ± 0:06
(−49:9 ± 6:41)
4:46 ± 0:51
(−79:77 ± 7:95)
2:94 ± 0:53
(−80:23 ± 8:04)
3:7 ± 0:67
(−78:68 ± 13:94)
1:36 ± 0:23
(−58:45 ± 5:48)
14:03 ± 0
(−43:50 ± 0)
4:36 ± 1:09
(−56:29 ± 0:3)

Neural stem
cell spheroids
(48 h)

Note: Each value of potency (IC50 , lM) and efficacy (percent of positive control, expressed in parentheses) is the mean ± standard deviation ðSDÞ of the results from three experiments. SH-SY5Y spheroids (24 h), SH-SY5Y spheroids (48 h),
neural stem cell spheroids (24 h), or neural stem cell spheroids (48 h): AChE assays were performed after these cells were cultured in spheroid formation for 24 h or 48 h. IC50 , concentration of half-maximal inhibition.

Tribufos

Triazophos

Terbufos

Tebupirimfos

Quinalphos

Pyrazophos

Pirimiphos-ethyl

Phoxim

Phosalone

Parathion

Leptophos

Isoxathion

Isocarbophos

Isazofos

44:37 ± 0
(−88:55 ± 1:8)
46:37 ± 5:91
(−61:88 ± 4:89)
22:75 ± 4:09
(−86:85 ± 6:78)
Inactive

20:46 ± 6:59
(−84:94 ± 7:67)
10:33 ± 0:69
(−89:49 ± 5:7)
Inactive

Ethoprop

EPN

41:15 ± 2:78
(−68:77 ± 2:68)
Inactive

1:67 ± 0:72
(−89:8 ± 6:61)
60:4 ± 3:93
(−61:57 ± 7:25)
47:98 ± 3:12
(−49:26 ± 3:39)
Inactive

42:76 ± 2:78
(−82:61 ± 4:51)
4:97 ± 0
(−97:96 ± 1:1)
67:77 ± 4:41
(−53:43 ± 0:37)
Inactive

Dialifor

Coumaphos

Chlorpyrifos

Chlorethoxyfos

Carbosulfan

Carbophenothion

Bromophos-ethyl

Benfuracarb

Azinphos-ethyl

Compounds

Enzyme with
microsomes

Table 2. Potency and efficacy of compounds that inhibited AChE with an IC50 difference of ≥3-fold between assays conducted with and without microsomes.

Figure 3. Concentration response curves of representative parent compounds in AChE assay with or without human liver microsomes (MS). (A) pyrazophos;
(B) phosalone; (C) triazophos; (D) parathion; (E) bromophos-ethyl; (F) carbophenothion; (G) isocarbophos; and (H) Phoxim. Each value represents the
mean ± standard deviation ðSDÞ of three independent experiments.

signiﬁcantly higher in spheroid in comparison with monolayer
cell cultures (Figure S4E and S4F; Excel Table S10). There was
no diﬀerence in gene expression of cyp3a4 and cyp2d6 between
monolayer and spheroid for SH-SY5Y cells (Figure S4E and
S4F; Excel Table S10). No cyp1a2 and cyp2b6 gene expression
were detected in both neural stem cells and SH-SY5Y cells in
either monolayer or spheroid format.

Characterizations of Reversible and Irreversible AChE
Inhibitors
To study the mode of compound action, the reversibility of
AChE inhibition by these compounds was investigated. For the
Environmental Health Perspectives

111 compounds, 95 were previously reported as AChE inhibitors,
whereas 16 compounds were previously not reported as AChE
inhibitors. Among the 111 compounds identiﬁed from the primary HTS, 60 employ at least one reactive functionality that can
form a covalent bond with the Serine residue (Ser203) in the
AChE active site (Fukuto 1990; Johnson et al. 2011;
Venkatasubban et al. 2018). Within this group, we identiﬁed one
alkylated pyridine (Johnson et al. 2011), 37 OPs (Fukuto 1990),
and 22 carbamates (Venkatasubban et al. 2018). The rest of the
compounds without any Serine reactive group may inhibit the enzymatic activity of AChE through a reversible mechanism. We
then conﬁrmed the reversibility of these AChE inhibitors by comparing their IC50 or eﬃcacy values at diﬀerent time points. The
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compounds were incubated with AChE for 5, 10, and 60 min,
and the IC50 values at diﬀerent time points were calculated (Excel
Table S11). For the 95 known inhibitors, 41 reversible inhibitors
were found in a time-independent manner, and 40 irreversible
inhibitors were found to be time dependent, which was consistent
with literature reports (Colović et al. 2013; Pohanka 2011). There
were 14 compounds that did not show inhibitory activity against
AChE in the three time points. In the current study, the irreversibility of some AChE inhibitors used as pesticides, such as
chlorpyrifos-oxon, diazinon, and dialifor, were conﬁrmed,
whereas the reversibility of some AChE inhibitors, such as tacrine
hydrochloride, donepezil, and rivastigmine, which are used as
drugs for treating AD, were also conﬁrmed. Chlorpyrifos-oxon
and ambenonium chloride were the most potent irreversible and reversible AChE inhibitor, respectively. The carbamate compounds
have been reported to be both reversible and irreversible in AChE
inhibition (Fukuto 1990). In our study, the carbamate compounds,
such as aldicarb and carbaryl, showed no IC50 diﬀerences between
5 and 10 min but did show a signiﬁcant IC50 diﬀerence at 60 min.
All 16 previously not identiﬁed AChE inhibitors, including orlistat
and tilorone, appeared to be reversible AChE inhibitors.

Molecular Docking Study
To explore the interactions between AChE and the inhibitors,
molecular docking was employed to study the binding mode of
these 111 AChE inhibitors plus 2,3-Dihydro-2,2-dimethyl-7-benzofuranol as an inactive control. The docking results showed that
all the AChE inhibitors were predicted to bind the active sites of
the AChE, except endosulfan I and triethyl phosphite (Table S2).
The primary qHTS results indicated that four pairs of compounds
(aldicarb/aldicarb sulfoxide, chlorpyrifos/chlorpyrifos oxon, diazinon/diazoxon, parathion/paraoxon) had large potency diﬀerences in AChE inhibition. Then docking was used to compare the
binding modes of these four pairs. The results showed that aldicarb and aldicarb sulfoxide exhibited similar binding modes in
the active site of AChE (Figure 4A). Speciﬁcally, the carbamoyl
oxime fragment of both aldicarb and aldicarb sulfoxide occupied
the same hydrophobic pocket formed by Tyr72, Trp286, Tyr341,
and Phe338. Because the length of aldicarb sulfoxide was slightly
longer than that of aldicarb, it can ﬁt more deeply into the active
site of AChE, bringing the sulfoxide oxygen atom within
H-bonding distance of the active site residue Ser203. In addition,
the sulfoxide oxygen atom was also located near His447, Gly121,
and Gly122, which all contain H-bond donors that could interact
with the oxygen atom of the sulfoxide atom. These additional
interactions between aldicarb sulfoxide and AChE agreed with
the result that aldicarb sulfoxide was 15-fold more potent than
aldicarb (0:61 lM vs. 8:89 lM). No binding mode diﬀerences

Figure 4. Molecular docking result of aldicarb (carbon atoms in magenta)
and aldicarb sulfoxide (carbon atoms in cyan) (A) and inactive hit 2, 3-dihydro-2, 2-dimethyl-7-benzofuranol (B) in the active site of AChE (gray, PDB:
4EY7). Key residues of AChE that interact the sulfoxide oxygen atom were
shown in stick. The residues that potentially interact with aldicarb sulfoxide
but not aldicarb were highlighted in green. Note: PDB, Protein Data Bank.
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were found between the other three pairs. In addition, 2,3Dihydro-2,2-dimethyl-7-benzofuranol, which was inactive in the
AChE inhibition assay, was also predicted to dock into the active
site of AChE. As shown in Figure 4B, this compound preferred
to stay at the entrance of the active site instead of binding into the
acetylcholine binding pocket, which may explain its inactivity.

Discussion
In this study, we used multiple qHTS assays to screen and proﬁle
the Tox21 10K compound library for AChE inhibition activity.
Cell-based assays using SH-SY5Y cells and enzyme-based
assays using recombinant human AChE protein with or without
human liver microsomes addition were employed to understand
the biological activity of these compounds. SAR analysis was
used to characterize the structural features of the AChE inhibitors
identiﬁed. This screening approach, combined with secondary
follow-up studies including the use of neural stem cells, spheroids, experiments to test reaction reversibility, and molecular
docking analyses, enabled eﬃcient screening of large chemical
libraries to identify potential novel AChE inhibitors.
Approximately 2.25% (187 compounds) of the compounds in
the Tox21 10K library inhibited AChE activity (Figure 1). Based
on potency and eﬃcacy, 111 compounds were selected for testing
in additional cell models along with molecular docking studies.
Of the 111 compounds, 100 compounds were active in both cellbased and enzyme-based assays, and 19 compounds were potent
AChE inhibitors with IC50 < 1 lM. Among these compounds,
some are known AChE inhibitors approved for AD treatment,
such as donepezil and rivastigmine (Kumar et al. 2018), whereas
others are widely used pesticides, such as aldicarb, carbaryl, and
chlorpyrifos. In this study, we identiﬁed several potentially novel
AChE inhibitors, most of which are clinically used drugs. For
example, orlistat, a natural inhibitor of pancreatic lipases used for
treating obesity (Heck et al. 2000), was identiﬁed as a potent
AChE inhibitor. Obesity is regarded as one of risk factors for AD
(Alford et al. 2018). Tilorone, an active interferon inducer used
for treating virus infection (Krueger and Mayer 1970), was also
shown to inhibit AChE. Therefore, orlistat and tilorone may be
considered as potential drugs that can be repurposed for treating
AD. Other apparently novel AChE inhibitors, such as amisulpride, bromopride, ecopipam, and trimethobenzamide, are dopamine receptor antagonists that can be used for treatment of
neurological disorders (Chipkin et al. 1988; Pani and Gessa
2002; Smith et al. 2012; Tonini et al. 2004). On the other hand,
orlistat and tilorone are known to have side eﬀects in humans,
including nausea and vomiting, which may be due to AChE inhibition (Kaufman et al. 1971; Lean et al. 2014). Recently, polyoxometalate compounds were also shown to be potent AChE

inhibitors (Colović
et al. 2017; Jamshed Iqbal 2013). Therefore,
identifying these potentially novel AChE inhibitors is important
for repurposing existing drugs or for identifying adverse side
eﬀects among a range of compounds with relevance to human
health and safety.
The Tox21 10K compound library was grouped into 1,014
clusters based on structure similarity, more than 30 of which
were signiﬁcantly enriched with active AChE inhibitors. Several
structural motifs emerged in the enriched clusters, and these may
constitute pharmacophores or toxicophores for AChE inhibitory
eﬀect. The signiﬁcantly enriched cluster (p = 4:57 × 10–11 ) contained 21 compounds, which belong to carbamates. Another
enriched cluster was a group of OP compounds that were more
active in the cell-based AChE inhibition assay (p < 0:01) than in
the enzyme-based AChE inhibition assay (p > 0:01). Carbamates
and OPs are two major groups of known AChE inhibitors
(Fukuto 1990). In addition, one enriched cluster found to be
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active contained acridines, which have been shown to be eﬀective
as inhibitors of acetylcholinesterase in pharmacotherapy of AD
(Arya et al. 2015). It is interesting to note that dyes such as basic
blue and the ﬂuorescent rhodamine-family dyes also had inhibitory eﬀect on AChE. A group of alkaloids were also enriched
with compounds that were active in our assay (p < 0:01). Two
potentially novel AChE inhibitors, moxisylyte hydrochloride and
tilorone, belonged to one of the enriched clusters.
Some OPs that showed no or weak AChE inhibition, needed
biotransformation to be eﬀective AChE inhibitors (Sultatos 1994).
In our study, seven parental OPs, including carbophenothion, coumaphos, EPN, isocarbophos, phosalone, pirimiphos-ethyl, and terbufos, did not show eﬀects in our AChE inhibition assays. In the
presence of microsomes, these seven compounds were potent
AChE inhibitors with IC50 s of 2.52 to 12:63 lM. There are 18
additional compounds that were more potent with the addition of
microsomes (IC50 value diﬀerence ≥3-fold between assays with
and without microsomes). Human CYPs, such as CYP2B6 and
CYP3A4, are mainly responsible for the biotransformation of certain pesticides (Abass et al. 2011). The microsomes used in our
study contain the nine most common CYPs, including CYP3A4
and CYP2B6 (Table S4). The thio starting compounds can be
transformed to their oxo analogs, which are more potent AChE
inhibitors in comparison with the parent compound (Colović et al.

2010; Krstić et al. 2007; Colović
2011).
In addition to metabolic activation, there is also metabolic
degradation that can result in detoxiﬁed metabolites (Ma and
Chambers 1994). Understanding the potential risk of chemicals
to humans is likely dependent on the balance between the activating and detoxifying processes. Some of the parent OPs were not
activated by human microsomes, such as diazinon, dimethoate,
malathion, and pirimiphos-methyl, consistent with our previous
data (Li et al. 2019). For example, malathion can be metabolized
by CYPs to malaoxon, a potent AChE inhibitor, whereas it can
also be rapidly degraded by carboxylesterases (Buratti et al.
2005). This degradation may be the reason why malathion was
not identiﬁed to inhibit AChE, but its metabolite, malaoxon,
showed potent inhibition of AChE with IC50 of 1:46 lM.
Moreover, serum albumin may play a role in the detoxication of
OPs and carbamate pesticides by hydrolyzing the AChE inhibitors (Li et al. 2008; Sogorb and Vilanova 2010). Two carbamates,
benfuracarb and carbosulfan, were more potent AChE inhibitors
after metabolic activation. An interesting ﬁnding was that several
compounds that included phosalone were more potent in spheroids than in the monolayer cell culture (Table 2). This potency
diﬀerence may be due to the diﬀerence in the CYP expression
level and activities in these monolayer and spheroid cultures. The
activities of some CYPs, including CYP1A and CYP3A4, were
shown to be enhanced in 3D hepatocyte models (Shoemaker and
Vukasinovic 2017). CYP enzymes, such as CYP1A, CYP2D6
and CYP2E1, are expressed in SH-SY5Y cells (FernandezAbascal et al. 2018; Mann and Tyndale 2010). Compared with
SH-SY5Y cells, some compounds like bromophos-ethyl, phosalone, and quinalphos were more potent AChE inhibitors in neuronal stem cells. This greater potency may be caused by the
diﬀerence in CYP activities between neuronal stem cells and SHSY5Y cells. Our results showed that spheroid neuronal stem cells
had higher CYP3A4 and CYP2D6 activities and gene expression
than the monolayer cell culture of neuronal stem cells. However,
the CYP1A2 and CYP2B6 could not be detected in either neuronal stem cells or SH-SY5Y cells using P450-Glo assays and
qPCR analysis.
There are irreversible and reversible AChE inhibitors based on
their mode of action. OP compounds are known to be irreversible
AChE inhibitors that can form a strong covalent bond with the
Environmental Health Perspectives

Ser203 of the catalytic triad in the AChE active site, whereas carbamates are reversible AChE inhibitors that form a weak covalent
bond (Colović et al. 2013). Of the 111 compounds, 37 OP compounds were shown to inhibit AChE irreversibly. Twenty-two carbamates in our study showed dual mechanism (reversible and
irreversible) in inhibiting AChE. The inhibition by carbamates has
been shown to be “pseudoirreversible” or “slowly reversible,”
because the hydrolysis of the carbamoyl enzyme is slow (Darvesh
et al. 2008). This hydrolysis process is also inﬂuenced by the size of
the carbamoyl groups (Venkatasubban et al. 2018). Sixteen drugs
were identiﬁed as potentially novel, reversible AChE inhibitors that
could cause adverse eﬀects. In addition, these drugs have the potential to be developed for the treatment of neurological diseases.
Molecular docking is a useful tool for exploring the interactions between AChE and its inhibitors. We found that aldicarb
and its metabolite inhibited AChE at diﬀerent potencies.
Molecular docking showed that the S = O group (not the reactive
C = O groups) in aldicarb sulfoxide can form additional interactions with residues in the active site, which may contribute to its
improved IC50 value. This type of contribution is not relevant for
the other three pairs (chlorpyrifos/chlorpyrifos-oxon, diazinon/
diazoxon, parathion/paraoxon) that showed diﬀerential potencies
in AChE inhibition, which may be contributed to the change of
P = S to P = O, instead of additional interactions with the active
site residues.

Conclusions
Using tiered qHTS assays, we proﬁled more than 8,300 compounds
with relevance to human health for their ability to inhibit AChE.
Many AChE inhibitors can act as pesticides or drugs with either toxicological eﬀects or pharmaceutical applications (Colović et al.
2013). The combination of cell-based and enzyme-based assays in a
robust screening platform allowed us to identify AChE inhibitors
eﬃciently and quickly. From this study, several key chemical structural motifs were identiﬁed to be highly associated with AChE inhibition. These AChE inhibitors were shown to bind to the active site
of AChE using molecular docking. Several potentially novel AChE
inhibitors identiﬁed from our study may have the potential to be
repurposed as therapies for neurological diseases, such as AD, or to
cause toxicity, both of which are important regarding human health
outcomes. In addition, the pharmacological application of AChE
inhibitors for the treatment of other neurological disorders, such as
Parkinson’s disease, dementia, myasthenia gravis, and Lewy bodies,
remains to be elucidated. The potentially novel AChE inhibitors
identiﬁed from our study can be further tested in vivo to provide
enhanced understanding of the pharmacokinetic and toxicokinetic
properties of the compounds. The use of tiered qHTS assays in combination with conformational and mechanistic follow-up studies
allowed us to evaluate thousands of compounds for their inhibitory
eﬀects on AChE. The large data set generated from this study is also
valuable in developing computational models that can be used to
predict new AChE inhibitors.
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