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Abstract Human carboxylesterase 2A (hCES2A) plays pivotal roles in prodrug activation and hydro-

lytic metabolism of ester-bearing chemicals. Targeted inhibition of intestinal hCES2A represents a

feasible strategy to mitigate irinotecan-triggered gut toxicity (ITGT), but the orally active, selective,

and efficacious hCES2A inhibitors are rarely reported. Here, a novel drug-like hCES2A inhibitor was

developed via three rounds of structure-based drug design (SBDD) and structural optimization. Initially,

donepezil was identified as a moderate hCES2A inhibitor from 2000 US Food and Drug Administration

(FDA)-approved drugs. Following two rounds of SBDD and structural optimization, a donepezil deriva-

tive (B7) was identified as a strong reversible hCES2A inhibitor. Subsequently, nine B7 carbamates were

rationally designed, synthesized and biologically assayed. Among all synthesized carbamates, C3 showed

the most potent time-dependent inhibition on hCES2A (IC50 � 0.56 nmol/L), excellent specificity and
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Carbamates;

Irinotecan-triggered gut

toxicity (ITGT)

favorable drug-like properties. C3 could covalently modify the catalytic serine of hCES2A with high

selectivity, while this agent also showed favorable safety profiles, high intestinal exposure, and impressive

effects for ameliorating ITGT in both human intestinal organoids and tumor-bearing mice. Collectively,

this study showcases a rational strategy for developing drug-like and serine-targeting covalent inhibitors

against target serine hydrolase(s), while C3 emerges as a promising orally active drug candidate for

ameliorating ITGT.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Mammalian carboxylesterases (CES), the key members of the

serine hydrolase superfamily, catalyse the hydrolysis of

various xenobiotics and endogenous substances bearing ester- or

amide-bond(s), including therapeutic agents (e.g., irinotecan

and prasugrel) and environmental toxicants (e.g., pyrethroids

and carbamates)1-3. Human carboxylesterases 1A (hCES1A) and

human carboxylesterases 2 (hCES2A) are two abundant and

important CES isoenzymes in humans. Generally, hCES1A is

primarily found in hepatocytes and adipocytes, while hCES2A is

mainly distributed in epithelial cells of the small intestine and

colon4,5. As a predominant CES enzyme in the intestinal tract,

hCES2A plays crucial roles in the first-pass metabolism and

hydrolytic activation of some important ester-bearing agents6,7.

Accumulating evidence has suggested that hCES2A inhibitors can

strongly modulate the oral bioavailability and the in vivo effects of

hCES2A-substrate drugs8-10. Notably, the anticancer agent irino-

tecan could be readily hydrolyzed by intestinal hCES2A to release

the highly toxic metabolite (SN-38), while over-accumulation of

SN-38 in the gut may trigger severe delayed diarrhea11-13.

Currently, loperamide (LPA, a selective μ opioid receptor agonist

with moderate hCES2A inhibition) remains the only clinically

available agent for mitigating irinotecan-triggered gut toxicity

(ITGT). However, its clinical utility is significantly limited by

suboptimal anti-hCES2A potency and concerning adverse effects,

including cardiac arrhythmias, physical dependence, and central

opioid effects14,15. These limitations underscore the urgent need to

develop more potent hCES2A inhibitors with improved safety

profiles and optimal drug-like properties.

Over the past few decades, numerous natural and synthetic

compounds with anti-hCES2A activity have been identified16-22,

but orally active, potent, and selective hCES2A inhibitors with

favourable safety profiles and optimal drug-likeness properties

remain rarely reported. Most previously reported reversible in-

hibitors of hCES2A exhibit relatively weak anti-hCES2A effects

(IC50 values in the micromolar range), poor metabolic stability,

and unsatisfying cell-membrane permeability23-26. Remarkably,

most reported reversible hCES2A inhibitors exhibit weak efficacy

in rodent models, due to significant species differences in amino

acid sequence identity and inhibitor susceptibility among

mammalian CES2A enzymes. By contrast, covalent drugs incor-

porate a mildly reactive group that exploits the conserved catalytic

serine residue of serine hydrolases to form irreversible or slowly

reversible bonds27,28. This mechanism allows medicinal chemists

to design the covalent inhibitors of serine hydrolase(s) with pro-

longed target engagement, exceptional potency, and enhanced

selectivity. Although several covalent hCES2A inhibitors (such as

organophosphates and carbamates) have been reported with potent

anti-hCES2A activity and favorable cell membrane permeability,

they often lack selectivity and raise significant safety concerns,

particularly with organophosphates17,29. These limitations under-

score the critical need to develop next-generation CES2A covalent

inhibitors demonstrating high selectivity, improved safety profiles,

and cross-species efficacy. Given that hCES2A is abundantly

expressed in the endoplasmic reticulum of intestinal epithelial

cells, an ideal orally administered hCES2A inhibitor should meet

the following key criteria: 1) ultrahigh anti-hCES2A potency; 2)

excellent specificity; 3) efficient cell-membrane permeability; 4)

favourable safety profiles; 5) high intestinal exposure30-32.

This study aimed to develop ideal orally active hCES2A-

targeted covalent inhibitors demonstrating high potency, excellent

selectivity, and favourable drug-like properties (Scheme 1A).

First, structure-based virtual screening (SBVS) of 2000 US Food

and Drug Administration (FDA)-approved drugs was performed to

identify potential hCES2A inhibitors. Anti-hCES2A activity

assays revealed that donepezil (a marketed acetylcholinesterase

inhibitor) exhibited moderate inhibitory activity against hCES2A.

Subsequently, three rounds of structure-based drug design

(SBDD) and structure—activity relationship (SAR) studies were

conducted to optimize the anti-hCES2A potency and drug-like

properties. In the 1st round structural optimization (Scheme 1B),

scaffold hopping of donepezil yielded A3 as a more potent

hCES2A inhibitor (IC50 � 0.92 μmol/L). The 2nd of SBDD and

SAR analysis identified B7 as a potent reversible hCES2A in-

hibitor (IC50 � 0.11 μmol/L), with the C-2 phenolic group

positioned within 5 Å of the catalytic Ser-228 residue (Scheme

1C). This spatial proximity inspired us to design a suite of

carbamate derivatives as serine-targeting covalent inhibitors of

hCES2A. The 3rd round (Scheme 1D) revealed C3 and its ana-

logues as highly potent and irreversible covalent inhibitors of

hCES2A (IC50 � 0.56 nmol/L for C3 following 33 min pre-

incubation). These findings motivated us to perform comprehen-

sive in vitro and in vivo assays to uncover the anti-hCES2A

mechanisms of C3, assess its inhibitory effects in living cells,

and examine its safety profiles and treatment outcomes for

ameliorating ITGT in tumor-bearing mice.

2. Results and discussion

2.1. Discovery of donepezil derivatives as hCES2A inhibitors

Increasing evidence has showed that drug repurposing is an effi-

cient way to rapidly identify drug-like hit compounds with spe-

cific biological activities and enhanced therapeutic potentials33-36.

In this work, SBVS was firstly used for identifying drug-like

compounds from 2000 FDA-approved drugs as potential
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hCES2A inhibitors37. As shown in Fig. 1A and Supporting In-

formation Table S1, after SBVS-assisted navigation, a total of 36

FDA-approved drugs were found with high binding affinities

(<− 8.0 kcal/mol) towards hCES2A, which were identified as

potential hCES2A binders38. Anti-hCES2A assays showed that 11

entities of 36 FDA-approved drugs were hCES2A inhibitors.

Donepezil (a selective inhibitor of human acetylcholinesterase)

was identified as the most potent hCES2A inhibitor with a IC50

value of 3.91 μmol/L (Fig. 1B).

Next, 2D interaction analysis was performed to explore the key

fragments of donepezil for hCES2A binding. As shown in Fig. 1C

and Supporting Information Fig. S1, the indanone and phenyl

groups of donepezil created a hydrogen bond and hydrophobic

interactions with hCES2A, respectively, but the piperidine ring did

not create any interactions with hCES2A. These observations

suggested that the indanone and phenyl moiety were more likely

as the key pharmacophores for hCES2A inhibition. To validate

this assumption, both A1 and A2 were designed and synthesized.

As expected, A1 (the indanone and phenyl moiety coupling with a

piperidine ring) could not inhibit hCES2A even at a high dose

(>500 μmol/L), while A2 conserved the anti-hCES2A activity at

the same level as donepezil. These findings suggested that the

piperidine ring showed unbeneficial effects for hCES2A inhibi-

tion. It was also found that introducing a double bond at the α site

of the carbonyl group significantly enhanced anti-hCES2A activ-

ity, as evidenced by the IC50 values of A3 (0.92 μmol/L) vs. A2

(7.16 μmol/L). By contrast, removing one or two methoxy groups

at the C-5 or C-6 site on the indanone ring is unbeneficial for

hCES2A inhibition. Meanwhile, a suite of A3 derivatives

(A6—A15) was designed and synthesized via replacing the right

phenyl moiety (A ring) of A3 with saturated ring, heteroaromatic

ring, anthracene, naphthalene, or biphenyl moiety (Fig. 1D, Sup-

porting Information Fig. S2 and Supporting Information

Table S2). Unfortunately, all these newly designed A3 de-

rivatives showed lesser anti-hCES2A activity (decreased by

1.38—20.40 folds). Docking simulations showed that A3 could be

well-fitted into the catalytic cavity of hCES2A (Fig. 1E), the

4′-methoxyl of A3 created carbon-hydrogen bonding with Gly-

148, while the B ring of A3 generated strong interactions with

Phe-153 via π—π interactions (Fig. 1F and G). It was also found

that the right phenyl moiety (A ring) of A3 could also generate

hydrophobic interactions with some key residues (such as Met-

354, Ile-350, and Ala-150) in the catalytic cavity of hCES2A.

These findings suggest that both the A ring and the methoxy

groups on the B ring of donepezil derivatives are beneficial for

hCES2A inhibition, suggesting that A3 acts as a favorable core

scaffold for constructing hCES2A inhibitors.

2.2. SAR study of A3 derivatives

To further improve the anti-hCES2A potency of A3, a suite of A3

derivatives (B1—B25) was designed by incorporating various

substitutions on the A ring of A3. As illustrated in Fig. 2A,

Supporting Information Figs. S3 and S4, and Supporting Infor-

mation Table S3, introducing a halogen atom at the C-2 or C-4 site

significantly weakened the anti-hCES2A activity, as evidenced by

B1 (IC50 � 20.91 μmol/L), B2 (IC50 � 12.10 μmol/L), and B3

(IC50 � 2.97 μmol/L). Adding a methoxy group at the C-2, C-3,

or C-4 site substantially diminished the anti-hCES2A effects, as

demonstrated by the IC50 values of B4 (IC50 � 5.50 μmol/L), B5

(IC50 � 64.76 μmol/L), and B6 (IC50 � 17.87 μmol/L).

Remarkably, introducing a phenolic group at the C-2 site (B7)

strongly enhanced the anti-hCES2A effect by 8.36 folds, showing

an IC50 value of 0.11 μmol/L. By contrast, introducing a phenolic

group at the C-3 (B8) or C-4 position (B9) would slightly reduce

the anti-hCES2A activity. Introducing a methyl (B11), a nitro

group (B13), or a nitrogen heterocyclic ring at the C-2 position

(B14 and B15) slightly enhanced the anti-hCES2A effects. A suite

of disubstituted A3 derivatives were also synthesized. As shown in

Fig. 2A, most disubstituted A3 derivatives displayed relatively

Scheme 1 Discovery of a novel orally active, selective, and potent hCES2A covalent inhibitor for ameliorating ITGT.
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weak anti-hCES2A activities, while B20 (IC50 � 0.29 μmol/L)

and B21 (IC50 � 0.40 μmol/L) displayed enhanced anti-hCES2A

activities compared to A3 (0.92 μmol/L). These findings clearly

demonstrated that introducing a phenolic group at the C-2 site

strongly enhanced the anti-hCES2A effects of donepezil

derivatives.

Docking simulations showed that B7 could be well-fitted into

the catalytic cavity of hCES2A, while the C-2 phenolic group of

B7 could form a hydrogen bond with the catalytic residue (Ser-

228) of hCES2A with a measured distance of 2.4 Å (Fig. 2B and

C), which well-explained the improved anti-hCES2A activity of

this agent. Since donepezil derivatives may also act as human

acetylcholinesterase (hAChE) inhibitors, it is necessary to test the

anti-hAChE activities of both B7 and A3 (Supporting Information

Fig. S5). The results show that B7 showed very weak anti-hAChE

activity, which inspired us to design more potent and selective

hCES2A inhibitors by using B7 as a lead compound.

2.3. B7 carbamates as novel covalent hCES2A inhibitors

In view of the suitable positioning and strong interactions between

the C-2 phenolic group of B7 and Ser-228, it is feasible to develop

the hCES2A covalent inhibitors by introducing a suitable elec-

trophilic warhead at the C-2 phenolic group39,40. It is well-known

that carbamates are a class of preferred electrophilic warheads for

developing potent covalent inhibitors against mammalian serine

hydrolases41-43, owing to their inherent advantages including

desirable water-solubility, improved metabolic stability, and

favourable cell-membrane permeability44. Theoretically, the

highly selective and reactive carbamate electrophile warhead

Figure 1 Seeking the core scaffold for developing hCES2A inhibitors via integrating structure-based virtual screening (SBVS) and

fluorescence-based high-throughput inhibitor screening. (A) The predicted binding-affinity scores of 2000 FDA-approved drugs via docking

simulations. (B) Dose-dependent inhibition curve of donepezil. (C) Binding modes and 2D interaction analysis of donepezil in hCES2A

(AlphaFold ID: O00748). (D) Structures and IC50 values of donepezil derivatives against hCES2A. (E) Binding surface of A3 in the catalytic

cavity of hCES2A. (F) Binding pose and detailed view of A3 and hCES2A. (G) 2D interactions between A3 and the residues surrounding the

catalytic cavity of hCES2A.
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could form an irreversible covalent bond exclusively with serine

nucleophiles of target serine hydrolase(s). To sought the most

suitable carbamate moiety, a suite of B7 carbamates with

increasing molecular size was rationally designed and nine of

them (C1—C9) were successfully synthesized for testing anti-

hCES2A activity.

As shown in Table 1 and Supporting Information Fig. S6, all

synthesized B7 carbamates displayed significant time-dependent

inhibition against hCES2A, indicating these agents acted as co-

valent inhibitors of this key serine enzyme. Among all tested B7

carbamates, four B7 carbamates (C2—C5) showed extremely

potent anti-hCES2A effects, showing the IC50 values ranging from

0.56 to 5.44 nmol/L (following 33 min pre-incubation). By

contrast, introducing a mono-substituted carbamate (such as C1)

or a bis-substituted carbamate with relatively bulky group (such as

C8 and C9) showed relatively weak anti-hCES2A effects.

Following three rounds of screening and structural modifications,

the SARs of donepezil-fused derivatives as hCES2A inhibitors are

delineated as follows (Fig. 3): (1) Two methoxy groups on the B

ring are beneficial for hCES2A inhibition; (2) Introducing a

halogen substitution on A ring will diminish the anti-hCES2A

activity; (3) Introduction of a hydroxyl group at the C-2 site on

A ring significantly enhances hCES2A inhibition; (4) Carbamat-

ing the C-2 phenolic group of B7 markedly bolsters the anti-

hCES2A effect, especially for the bis-substituted carbamates

with small alkyl groups. The carbamates bearing large substituents

Figure 2 SAR study of A3 derivatives as hCES2A inhibitors. (A) Chemical structures and the anti-hCES2A activity of donepezil-fused de-

rivatives. (B) The predicted binding mode of B7 with hCES2A (AlphaFold ID: O00748). (C) 2D interaction analysis of B7 with the amino acid

residues surrounding the catalytic cavity of hCES2A.
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(such as C8 and C9) will increase steric hindrance, thereby

reducing the reaction reactivity and the efficiency of covalent

modification.

2.4. C3 shows potent anti-hCES2A effects in living cells

Considering that C2, C3, C4, and C5 displayed potent anti-

hCES2A effects, their druglike properties, inactivation kinetics,

and inactivation rate constants were further investigated. The

physicochemical properties of these four carbamates all complied

with Lipinski’s rule of five, indicating their potential of high oral

bioavailability (Supporting Information Table S4). It was found

that these carbamates possessed dose-dependent and time-

dependent inactivation profiles of hCES2A (Supporting Informa-

tion Table S5 and Supporting Information Fig. S7). Especially, C3

showed a KI value of 1.58 nmol/L and a Kinact value of

0.035 min−1 (Fig. 4A and B). As a result, the Kinact/KI value of C3

(0.022 L/nmol/min) was superior to that of C2 (0.021 L/nmol/

min), C4 (0.009 L/nmol/min), and C5 (0.012 L/nmol/min). These

findings clearly suggest that C3 acts as an extremely potent

hCES2A inactivator with strong binding affinity and exceptional

covalent modification efficiency. Furthermore, the inhibitory ef-

fects of B7 carbamates on intracellular hCES2A were tested in a

non-invasive and real-time manner, by utilizing N-(2-butyl-1,3-

dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)-2-chloroacetam

ide (NCEN, a hCES2A specific fluorogenic substrate) as a fluo-

rogenic substrate45. As shown in Fig. 4C and Supporting Infor-

mation Fig. S8, C2, C3, C4, and C5 could dose-dependently

attenuate the green signals derived from hCES2A-catalyzed

NCEN hydrolysis, confirming the potent intracellular hCES2A

inhibition of these carbamates. Specifically, the IC50 value of

C3 against intracellular hCES2A was determined as low as

2.35 nmol/L (Fig. 4D), which was slightly potent than C2

(3.63 nmol/L), C4 (5.25 nmol/L), and C5 (6.85 nmol/L). These

Table 1 Structures, logP and IC50 values of B7 carbamates against hCES2A.

Compound R MW LogP IC50 (nmol/L) Ratio

3 min 33 min

B7 OH 296.32 3.06 106 � 15.5 325 � 59.5 0.33

C1 353.37 3.03 1183 � 135.1 346.3 � 29.13 3.42

C2 367.40 3.27 11.47 � 2.47 1.74 � 0.10 6.59

C3 381.43 3.51 3.67 � 0.23 0.56 � 0.03 6.55

C4 395.46 3.80 11.76 � 2.07 3.20 � 0.38 3.68

C5 423.51 4.57 25.71 � 2.68 5.44 � 0.57 4.73

C6 419.48 4.32 350.2 � 25.38 75.84 � 4.77 4.62

C7 422.48 3.03 258.1 � 37.77 35.26 � 3.67 7.32

C8 490.60 4.31 732.5 � 71.69 225.3 � 13.40 3.25

C9 491.54 5.54 901.2 � 127.4 305.7 � 26.69 2.95
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findings motivated further exploration of the inhibitory mecha-

nisms and drug-liker properties of this newly synthetic agent.

2.5. Inactivation mechanisms of C3 towards hCES2A

To validate the inhibition mode of C3 against hCES2A, the dialysis

assays were conducted first. After dialysis to remove the positive

inhibitor LPA, the hCES2A activity showed a gradually recovering

trend over time (Supporting Information Fig. S9). In sharp contrast,

C3 could completely inhibit hCES2A following 4-h dialysis, indic-

ative of its irreversible inhibition mode (Fig. 4E). After then, the

covalent binding sites of C3 on hCES2A were identified by nano-

LC—MS/MS. As expected, the serine residues of hCES2A could be

attacked by the carbamate of C3 to form the carbamate-modified

peptides (Scheme 1D). During this process, a mass shift of the

carbamate (+85.052764 Da) would be observed from the modified

peptide. Following co-incubation with C3, both Ser-228 and Ser-236

in the peptide (226GESAGGTSVSSLVVSPISQGLF247) were found

to be covalently modified by C3, with mass additions of 85.054130

and 85.056379 Da, respectively (Table 2, Fig. 4F, and Supporting

Information Fig. S10). The catalytic triad (Ser-228, Glu-345, and

His-457) of hCES2A is well-known to be vital for its hydrolytic

function46. Covalent modification of Ser-228 would completely

block the hydrolytic activity of hCES2A, while covalent modification

of Ser-236 might also affect the substrate-enzyme binding process.

Such selective modifications of two functional serine residues located

at the catalytic cavity of hCES2A led to C3 being an extremely

potent hCES2A inactivator.

2.6. Covalent docking simulations of C3

Next, the inactivation mechanisms of C3 against hCES2A (residue

38—533) were studied by covalent docking simulations. As

illustrated in Fig. 4G, C3 could stably bind to the catalytic cavity

of hCES2A via alkyl and π—alkyl interactions with several key

residues like Phe-106, Leu-461, and Val-464. The catalytic dis-

tance between the carbonyl carbon atom of carbamate and the Ser-

228 was as low as 4.3 Å. Such a favourable spatial orientation

facilitated the hydrolytic metabolism of C3. Following hCES2A-

catalyzed hydrolysis, the ester bond of C3 could be hydrolyzed

into two fragments, while the carbamate fragment could form a

covalent bond with Ser-228 (Fig. 4H). The stability of the un-

modified hCES2A and C3-modified hCES2A was then analyzed

by molecular dynamics simulations. The apo- and C3-modified

hCES2A reached a state of equilibrium during 100 ns simulations

(Supporting Information Fig. S11A). Furthermore, the gyration

radius of the carbamate 228- and carbamate 236- hCES2A were

averagely maintained between 2.22 and 2.24 nm, while the un-

modified protein showed a larger average gyration radius of

2.25 nm Fig. S11B). Meanwhile, RMSF analysis was used to

underscore the difference in protein stability at the amino acid

level. Notably, the core amino acids at pocket entry (residue

100—115 and 450—470) in C3-modified hCES2A showed lower

fluctuation coefficients than those in the unmodified hCES2A,

suggesting that C3 modification enhanced protein stability

(Fig. S11C). 3D interaction analysis showed that the carbamate

moiety bound at Ser-228 created strong hydrogen bond in-

teractions with Gly-231, Thr-232, and Glu-253, while the carba-

mate moiety bound at Ser-236 formed hydrogen bonds with Thr-

232, Ser-233, Ser-235, Val-239, and Ser-240 (Fig. S11D—S11F).

These newly created hydrogen bonding interactions make

hCES2A more stable via bringing the residues closer and pro-

moting a more compact conformation, thereby resulting in a

substantial decrease in enzyme activity or even complete

inactivation.

2.7. C3 strongly blocks irinotecan hydrolysis in intestinal S9

Prior to the animal test, the potency of C3 against CES2A-

catalyzed irinotecan hydrolysis was investigated in intestinal S9

from both mouse and human. Following 30 min of pre-incubation,

C3 dose-dependently inhibited CES2A-catalyzed irinotecan hy-

drolysis in mouse intestinal S9, showing an IC50 value of

90.35 nmol/L (Fig. 4I). By contrast, C3 showed more potent anti-

CES2A activity in human intestinal S9, demonstrating an IC50

value of 32.79 nmol/L (Fig. 4J). These findings clearly demon-

strated that C3 could strongly block irinotecan hydrolysis in the

intestinal preparations from both species. Next, the effects of C3

for mitigating irinotecan-induced intestinal damage in human in-

testinal organoids were tested. As shown in Fig. 4K, C3 signifi-

cantly restored the growth of human intestinal organoids

challenged by irinotecan, via blocking the formation of SN-38 in

human intestinal organoids (Fig. 4L and M). These findings

demonstrate that C3 shows efficient cell-membrane permeability

and potent cross-species efficacy against mammalian CES2A,

providing a significant basis for mitigating ITGT in complex

biological systems.

Figure 3 A comprehensive SAR summary of donepezil derivatives as hCES2A inhibitors.
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Figure 4 C3 showed high specificity and potent inhibitory effects against intracellular hCES2A. (A) Inactivation kinetics of C3 against

hCES2A. (B) The hyperbolic plot of Kobs of hCES2A against C3 concentrations. (C) Inhibition of hCES2A in living HepG2 cells with increasing

concentrations of C3. (D) Dose-dependent inhibition curves of C3 against intracellular hCES2A. (E) Residual activity of hCES2A after dialysis

with/without C3. (F) MS2 spectra of the peptide (GES*AGGTSVSSLVVSPISQGLF) covalently modified by C3. (G) The binding mode of C3

(yellow) docked with hCES2A (blue). (H) Binding mode of the carbamate moiety of C3 with the catalytic residue (Ser-228) of hCES2A. (I, J)

Dose-dependent inhibition curves of C3 against S9-catalyzed irinotecan hydrolysis from mouse intestine (I) and human intestine (J). (K) C3

restored the growth of human intestinal organoids challenged by irinotecan. (L) The surface areas of intestinal organoids in each group on Day 5.
##P < 0.01 vs. Control group; **P < 0.01 and ***P < 0.001 vs. Model group. (M) C3 significantly blocks the formation of SN-38 in human

intestinal organoids challenged by irinotecan on Day 5. (N) Specificity of C3 (0.1, 1, and 10 μmol/L, final concentration) against hCES1A,

hThrombin, hPL, hDPP-IV, hNotum, and hAChE. (O) The inhibition effects of C3 on hepatic P450 enzymes.
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2.8. C3 shows exceptional selectivity towards hCES2A

Next, the target specificity of C3, chemical stability, as well as its

potential for drug-drug interactions were investigated. The similar

catalytic features in the serine hydrolase superfamily tend to be an

inevitable challenge for the newly developed covalent inhibitors to

achieve high specificity toward hCES2A over other human serine

hydrolases28,47. Herein, the specificity of C3 towards hCES2A was

tested using a suite of important human serine hydrolases,

including hCES1A, hNotum, hPL, hThrombin, hDPP-IV, and

hAChE (Supporting Information Table S6). As shown in Fig. 4N,

C3 showed excellent specificity towards hCES2A and weakly

inhibited other serine hydrolases even at high concentration

(10,000 nmol/L), especially hAChE. A comprehensive analysis of

the binding conformations of C3 with hCES1A and hAChE

revealed that the metabolic site of the carbamate moiety was far

from the catalytic residues of the targets of interest, making it

difficult to form a catalytic conformation with metabolic potential

(Supporting Information Fig. S12). These findings suggest that C3

is a specific hCES2A inhibitor with little potential for cross-

reactivity with other human serine hydrolases. Furthermore, C3

presented favourable chemical stability in both phosphate buffered

saline (PBS), artificial gastrointestinal fluid, as well as plasma

from human and mouse (Supporting Information Figs. S13—S15).

C3 also did not trigger significant inhibitory effects on nine

important drug-metabolizing enzymes, including CYP1A2,

CYP2A6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1,

CYP3A4, and UGT1A1 (Supporting Information Table S7,

Fig. 4O, Supporting Information Fig. S16). These findings

clearly suggest that C3 is unlikely to cause adverse drug-drug

interactions, with outstanding specificity and chemical stability.

2.9. C3 shows good safety profiles in mice

Next, the tolerance of C3 was tested by the observation of the

toxic signs and the changes in body weight in both the C3-treated

group and the vehicle group (0.5% sodium carboxymethyl cellu-

lose solution, w/v) in mice. The administration of C3 at a dose of

250 mg/kg did not result in any observed toxicity, mortality, or

morbidity. No alterations were observed in the movement, phys-

ical and behavioural parameters, general appearance, salivation, or

lacrimation from the day of administration throughout the study

period. Additionally, body weight is an important indicator of

overall health status. After 14-day successive administration of C3

(250 mg/kg/day) in mice, there was no notable difference in mean

body weight compared to the control group (Fig. 5A). This indi-

cated that long-term exposure to C3 does not lead to alterations in

growth or development. To further investigate potential toxic ef-

fects on vital organs, histopathological examinations were con-

ducted on various tissues including heart, liver, lung, spleen,

kidney, brain, and gastrointestinal tract from both the C3-treated

groups and controls (Fig. 5B). No lesions or inflammation were

observed in any of these tissues examined under microscopic

evaluation. Liver and kidney function tests are important in-

dicators of overall health and can provide valuable information

about the functioning of these organs. The fact that there were no

alterations in these tests suggested that C3 was well-tolerated by

the body and did not cause any damage or dysfunction to the liver

or kidneys (Fig. 5C—J). These results clearly demonstrate that oral

administration of C3 at a high dose (250 mg/kg/day) for 14

consecutive days in mice elicited no observable organ injury or

pathological abnormalities, suggesting an excellent safety profile

of C3.

2.10. C3 shows favorable tissue distribution in mice

The tissue distribution of C3 in mice after gavage administration

was investigated for mapping its exposure to different organs. As

shown in Supporting Information Fig. S17, after gavage admin-

istration of C3 in mice at a single dose of 100 mg/kg, C3 could be

detected in all tested organs. Interestingly, the high exposure

levels of C3 were found in the duodenum, jejunum, ileum, and

colon. In contrast to its high exposure levels in the intestinal

system, extremely low exposure levels of C3 were detected in

serum and other deep organs (such as the heart, liver, spleen, lung,

and kidney) in mice. These observations unambiguously suggest

that C3 shows favourable tissue distribution (high exposure to the

intestinal system but extremely low exposure to serum and deep-

organs) following oral administration, which partially explain the

high safety profiles of this agent and indicate that this agent can

efficiently exert its anti-CES2A effects in the gut tract via tar-

geting intestinal CES2A. Following a single oral administration of

C3 (100 mg/kg), the plasma concentration-time curves were

plotted (Supporting Information Table S8 and Fig. S18). The peak

plasma concentration (Cmax � 349.9 ng/mL) was observed at

approximately 7.6 h, while the metabolic half-life (t1/2) was

determined as 5.07 h. These findings suggest that C3 can be

slowly absorbed into circulating system, and showed acceptable

metabolic half-life in vivo.

2.11. C3 significantly ameliorates ITGT in tumor-bearing mice

Inspired by the above findings, the ameliorative effects of C3 on

ITGT were investigated in tumor-bearing mice. As depicted in

Fig. 6A, irinotecan could cause severe gut toxicity in colorectal

tumor-bearing mice, evidenced by the decreased body weight,

shortened colonic length, and increased DAI scores (P < 0.05)

(Fig. 6B—E, Supporting Information Fig. S19). In sharp contrast,

the gut toxicity of mice was conspicuously alleviated after treat-

ment with C3, as evidenced by the decreased DAI score, the

increased body weight and lengthened colonic length (P < 0.05).

Interestingly, the ameliorative effects of C3 were much better than

those of the positive drug (LPA, 10 mg/kg). These observations

preliminarily suggest that C3 efficiently ameliorates the gut

toxicity induced by irinotecan. The histomorphology changes of

colon tissues were also carefully examined. Compared to control

Table 2 Identification of the covalent binding sites of C3 on hCES2A by nanoLC—MS/MS.

Peptide Binding site [M+H]+ (Da) Theoretical

[M+H]+ (Da)

Peptide

coverage

Serine

coverage

226GES*AGGTSVSSLVVSPISQGLF
247

Ser-228 2164.1145 2164.1132 85.33% 86.84%
226GESAGGTSVSS*LVVSPISQGLF

247

Ser-236 2164.1165 2164.1132
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group, the villi, crypts, goblet cells were significantly depleted,

accompanied by abundant inflammatory cell infiltration in

irinotecan-treated mice. However, the colon tissue structure in the

C3 group (25 and 50 mg/kg) was relatively intact (Fig. 6F). These

findings unambiguously demonstrate that irinotecan seriously

damages the colon tissue, while C3 can effectively reverse the

morphological damage of irinotecan-challenged colon tissues.

Subsequently, the inflammatory factors in colon tissue were

measured. Compared to control group, the levels of IL-6, IL-1ß,

and TNF-α were elevated observably in irinotecan-treated mice

(P < 0.01), while this trend could be reversed by C3 (25 and

50 mg/kg) and LPA (10 mg/kg) to different extents (P < 0.05)

(Fig. 6G—I). These findings clearly demonstrate that C3 has

potent anti-inflammatory effects in protecting the colon from in-

flammatory damage. The gut barrier integrity was also examined

by determining the expression levels of the tight junction proteins

(including ZO-1, Claudin-1, and Occludin). Immunofluorescence

staining assays showed that all tested tight junction proteins were

up-regulated remarkably in C3 (25 and 50 mg/kg) treated mice

(Fig. 6J, Supporting Information Fig. S20). These findings validate

that C3 can reinforce the intestinal epithelial function and intes-

tinal barrier. We also measured the exposure levels of SN-38 in

colon tissues from different groups. As expected, C3 dramatically

decreased the exposure level of SN-38 in mice colon (P < 0.01)

(Fig. 6K). This phenomenon prompted us to further investigate the

underlying cause of decreased SN-38 exposure in colonic tissue.

Considering that UGT1A1 in intestinal system plays a crucial role

in catalyzing SN-38-O-glucuronidation to form SN-38G, we

investigated the impact of C3 on UGT1A1 expression in colonic

tissue. It was found that C3 significantly up-regulated the

expression of UGT1A1 in ITGT mice, particularly at the high

dose (P < 0.01) (Supporting Information Fig. S21). Furthermore,

upon addition of C3, the intestinal CES2A was inhibited

completely, which strongly block the formation of SN-38 from

irinotecan. Given that irinotecan could also trigger hepatotoxicity

and nephrotoxicity in clinical, we also tested the serum levels of

ALT, AST, UREA and CREA in different groups. The results

show that irinotecan significantly elevated the serum levels of

Figure 5 C3 shows good safety profiles in mice. (A) Body weight changes of mice after gavage administration of 250 mg/kg C3 (n � 10). (B)

Histopathological studies of the mouse organs following oral administration of C3 (250 mg/kg) for 14 consecutive days. Scale bar � 100 μm.

(C—J) The serum biochemical parameters of control and C3-treated mice. (C) Glutamic-pyruvic transaminase (ALT); (D) Glutamic-oxalacetic

transaminase (AST); (E) Alkaline phosphatase (ALP); (F) Glucose (GLU); (G) Creatine kinase (CK); (H) Calcium ion (CI); (I) Total bili-

rubin (TBIL); (J) Total cholesterol (TC). The above results were expressed as mean ± SD, n � 10.
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ALT, AST, UREA and CREA in mice (P < 0.01), but C3 (25 and

50 mg/kg) could markedly reverse these abnormal signs

(P < 0.05) (Supporting Information Fig. S22). These observations

strongly suggest that C3 can ameliorate irinotecan-induced mul-

tiple organ injuries. More importantly, C3 did not affect the in vivo

anti-tumor effects of irinotecan, no significant difference in both

tumor volume and tumor weight was observed between irinotecan

treatment group and C3-irinotecan co-treatment groups

(Fig. 6L—N). All these in vivo findings strongly suggest that C3

can significantly ameliorate ITGT but do not diminish the anti-

tumor effects of irinotecan in tumor-bearing mice.

3. Conclusions

In summary, several orally active, and serine-targeting covalent

hCES2A inhibitors were developed following three rounds of SBDD

Figure 6 C3 significantly alleviates ITGT in tumor-bearing mice. (A) Experimental design for C3 treatment on ITGT in tumor-bearing mice.

(B—E) Body weight (B) DAI scores (C), colon images (D), colon length (E) of the mice among different groups. (F) H&E staining of mice colons.

(G—I) The levels of inflammatory factors including TNF-α (G), IL-1ß (H), and IL-6 (I) in mice colons from different groups. (J) Immunoflu-

orescence staining for tight junction proteins (ZO-1) of mice colons, scale bar: 50 μm. (K) The exposure levels of SN-38 in mice colons from

different groups. (L—N) The tumor images (L), tumor volume (M), and tumor weight (N). The data were expressed as mean ± SD, ##P < 0.01 vs.

Control group; *P < 0.05 and **P < 0.01 vs. Model group, n � 5—8. LPA was used as a positive drug.
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and SAR studies. In the 1st round of hit selection, a novel donepezil

derivative (A3) was identified as a hit compound with a relatively

strong anti-hCES2A effect (IC50 � 0.92 μmol/L). In the 2nd round

of lead discovery, a strong reversible hCES2A inhibitor (B7,

IC50 � 0.11 μmol/L) was gained following SBDD and SAR anal-

ysis. Given that the C-2 phenolic group of B7 formed a hydrogen

bond with the catalytic residue (Ser-228) of hCES2A, a suite of B7

carbamates were developed as hCES2A covalent inhibitors. A

comprehensive SAR studies showed that carbamating the C-2

phenolic group of B7 markedly enhanced the anti-hCES2A effect,

especially for the carbamates with small alkyl groups. Among all

tested carbamates, C3 showed the most potent anti-hCES2A activity

in a time-dependent manner (IC50 � 0.56 nmol/L following 33 min

pre-incubation) via covalent modifying two key serine residues (Ser-

228 and Ser-236) located at the catalytic cavity of hCES2A. In vivo

tests showed that C3 possessed favourable safety profiles and high

intestinal exposure following gavage administration, as well as

impressive therapeutic effects for ameliorating ITGT in tumor-

bearing mice. Collectively, this study showcases a rational strategy

for developing drug-like and serine-targeting covalent inhibitors

against target serine hydrolase(s), while C3 emerges as an orally

active hCES2A inhibitor for ameliorating ITGT or modulating the

treatment outcomes of hCES2A substrates.

4. Experimental

4.1. Chemistry

All commercially available reagents were used without further

purification. The reaction was monitored by TLC on glass-packed

precoated silica gel plates from Qingdao Haiyang Chemical Co.,

Ltd. (China), and visualized with an UV lamp. The crude was

purified by column chromatography using silica gel (230—400

mesh) purchased from Qingdao Haiyang Chemical Co., Ltd.

(China). The purity of target compounds was confirmed by high-

performance liquid chromatography (HPLC) analysis to be over

96%. HPLC analysis was carried out on a Waters600-2487 plus

system with the use of a Kromasil C18 column (4.6 mm × 250 mm,

5 μm). 1H NMR and 13C NMR spectra were recorded on a Varian

INOVA spectrometer, using TMS as an internal standard in CDCl3
or DMSO-d6 at 400 and 100 MHz, respectively. MS spectra data

were obtained on an Agilent-6210 TOF LC—MS spectrometer.

More information regarding the chemical synthesis and structural

characterization was provided in Supporting Information Schemes

S1—S3 and Supporting Information Figs. S23—S60).

4.2. Inactivation kinetic analysis of C3

Inactivation kinetic analysis was carried out according to the

previous reported method48. A round of different C2, C3, C4 and

C5 concentrations was selected for incubation for different pe-

riods. After different preincubation time, the reaction was initiated

by adding the substrate fluorescein diacetate (FD). The natural

logarithm of the residual hCES2A activity was plotted against the

preincubation time.

4.3. Identification of the covalent binding sites of C3 on

hCES2A

The C3-modified peptides were analyzed using nanoLC—MS/

MS49,50. Firstly, the purified hCES2A (150 μg, final content) was

co-incubated with the small molecule inhibitor C3 (10 μmol/L,

final concentration) at 37 ◦C for 4 h. Then to finish the process of

protein denaturation, reduction, and alkylation, the mixtures were

separately treated with urea, dithiothreitol, and iodoacetamide.

The enriched proteins were subsequently digested by trypsin at

37 ◦C for 16 h after being solubilized with NH4HCO3 solution (pH

8.0, 50 mmol/L) containing 5% acetonitrile (v/v). The resulting

peptides were desalted on a MonoSpin C18 column (GL Sciences

Inc.). After the eluents were dried, it was redissolved with 20 μL

0.1% FA (v/v) for test. The samples were analyzed by the nano-

LC—MS/MS system according to the previously reported

method48. The RAW files obtained from Orbitrap MS were

searched for Protein Discovery 2.4 (Thermo Scientific) by using

the Sequest HT algorithm, converted to mgf. format by MSconvert

and outputted by pLabel v2.4.1.

4.4. Molecular docking simulations

The mature form of hCES2A (Uniprot: O00748) derived from the

Alphafold structure was obtained by truncating it at position 26

(Δ26)51. AutoDock 1.5.7 was employed to process the truncated

hCES2A and C3, including removing non-hydrogen bonds and

calculating charges. Subsequently, C3 was docked into the cata-

lytic site of the truncated hCES2A. Enzyme-inhibitor interactions

were analysed by Discovery Studio Visualizer 2019.

4.5. Covalent docking simulations

Covalent docking of C3 with hCES2A was performed by MOE.

The optimal conformation was selected as the receptor after

ensemble docking. Firstly, the QuickPrep panel was used to pre-

treat receptor, including structural problem correction, proton-

ation, non-covalent water deletion, and energy optimization. Then,

the covalent reaction equation of the C3 with serine was simulated

by MarvinSketch. Finally, the catalytic site Ser-228 was selected

as the reaction site and the docking process was run through the

covalent docking module.

4.6. Molecular dynamics simulations

Molecular dynamics (MD) simulations for the carbamate-

modified hCES2A (residue 38—533) docked with/without C3

were performed, while the force field for the non-standard amino

acid (Ser-228 and Ser-236 carbamate) was generated using

AmberTools20 (AMBER 2020, University of California, San

Francisco, CA, USA). First, AM1-BCC charges were calculated

for the carbamate-modified hCES2A at serine. The atoms, bonds,

angles, and dihedral parameters were then determined using the

amber99sb-ildn force field and verified with parmchk2. Coordi-

nate and topology files were generated using the leap program and

converted to GROMACS topology files via ACYPE. Finally,

manually created residue topology (rtp) and hydrogen database

(hdb) files were added to the amber99sb-ildn force field library.

The apo-hCES2A and carbamate-modified hCES2A were pre-

pared for MD simulations. Energy minimization was performed

using 50,000 steps of the steepest descent method. The free

hCES2A and carbamate-modified hCES2A (carbamate-hCES2A

adduct) were solvated using the TIP3P water model, with sodium

ions added to neutralize the charges. The system was equilibrated

with 100 ps of NVT heating to 310 K, followed by 100 ps of NPT

equilibration. Finally, MD simulations were conducted in

0.15 mol/L NaCl at 310 K (V-rescale thermostat) under 1 bar of
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pressure (Parrinello—Rahman barostat) for 100,000 ps. After then,

3D-interaction analysis was performed by clustering equilibrium

conformations and selecting the most representative structure,

which was visualized using Discovery Studio Visualizer (BIOVIA

Discovery Studio 2019, Dassault Systèmes, San Diego, CA,

USA).

4.7. Inhibition of hCES2A in living HepG2 cells

HepG2 cells were cultivated in an incubator with 5% CO2 at 37 ◦C

using Dulbecco’s modified Eagle’s medium (DMEM) supple-

mented with 10% FBS (v/v) and 1% P/S (v/v). Then, HepG2 cells

were seeded into 96-well black-clear plates at a density of

20,000 cells per well. After overnight incubation, the culture

medium was discarded, and different concentrations of C2, C3,

C4 and C5 were diluted with the culture medium and added to the

plate at 100 μL per well. The cell culture system was incubated at

37 ◦C for 1 h, followed by the addition of 100 μL medium con-

taining dyes (NCEN, Hoechst 33342). The final concentrations

of NCEN, Hoechst 33342 were 10 μmol/L and 5 μg/mL

respectively45. After another 45 min, the stained cells were

imaged using the Operetta CLS™ High-Content Analysis System

(PerkinElmer) for visualization.

4.8. Tolerance trial of C3

The healthy mice were randomly split into two groups (n � 10, 5

females and 5 males) and intragastrical administrated with C3

(250 mg/kg, dissolved in 0.5% sodium carboxymethyl cellulose

(v/v) solution) or vehicle (0.5% sodium carboxymethyl cellulose

solution, v/v) for 14 consecutive days. The behavioural pattern,

and physical appearance, in addition to other adverse effects

were monitored timely. The body weight, food intake, and water

consumption were meticulously recorded. On the 14th day of the

experiment, organ weights including heart, liver, brain, lungs,

kidney, and spleen were carefully dissected and weighed. He-

matological and biochemical analysis were performed on

collected blood samples. The tissues were fixed in 10% formalin

solution and then embedded in paraffin wax after the samples

were dehydrated in graded alcohol. Subsequent staining was

performed using hematoxylin—eosin (H&E). The dissected or-

gans underwent histopathological examination under light

microscopy.

4.9. Tissue distribution of C3 in mice

Ten mice were randomly divided into two groups. For one week,

all mice were kept in cages under controlled environmental factors

with free access to food and water. C3 (100 mg/kg) was intra-

gastrical administrated, then eighteen mice were anesthetized by

pentobarbital after administrating 0.5 and 1 h, respectively. The

tissues were quickly removed, and blood samples were taken from

the abdominal aorta. After then, the blood samples were centri-

fuged at 5929×g, 4 ◦C for 10 min, and the supernatant was stored

at − 80 ◦C.

The blood samples of 30 μL were added with 90 μL in

acetonitrile (30 ng/mL lansoprazole as internal standard). Then the

samples were centrifuged at 12,000 rpm at 4 ◦C for 15 min, and

the supernatant was taken for test. The samples of each tissue were

homogenized and accurately weighed before being added 300 μL

PBS (pH 7.4) and magnetic beads. All weighed tissue were ground

by the tissue grinder and the homogenate was centrifuged at

9000×g, 4 ◦C for 20 min. After that, a BCA Protein Quantification

Kit was used to measure the protein concentration in the super-

natant, and 25 μL tissue supernatant was added into 125 μL LC

grade acetonitrile. After centrifuging at 20,000×g for 30 min at

4 ◦C, the protein was precipitated. Following that, the concen-

trations of C3 were calculated using UHPLC—Q-Orbitrap HRMS

analysis.

4.10. Construction of irinotecan-induced gut toxicity in tumor-

bearing mice

Forty male C57BL/6J mice (6—8 weeks old, weighing 18—20 g)

were bought from the laboratory animal centre, Shanghai

University of Traditional Chinese Medicine (Certificate of Con-

formity: No. SYXK, 2022-0009). The experiments were approved

by Shanghai University of Traditional Chinese Medicine Animal

Care and Ethics Committee (PZSHUTCM2311130003). The an-

imals were acclimatized to laboratory conditions (23 ◦C, 12 h/12 h

light/dark, 50% humidity, ad libitum access to food and water) for

1 week before experiments. The ITGT models were established in

tumor-bearing mice based on a previous study52. Briefly,

1 × 106 cells were subcutaneously injected into the right flank of

mice. When the tumor reached approximately 50 mm3 (approxi-

mately 5 days), the mice were randomly divided into 5 groups

with 8 mice in each group. The mice were intraperitoneally

injected with a 75 mg/kg dose of irinotecan hydrochloride

(Yuanye Bio-Technology Co., Ltd., Shanghai) for 10 consecutive

days to establish diarrheal model from Days 4 to 14. LPA

(10 mg/kg body weight, positive drug), C3-L (25 mg/kg body

weight) and C3-H (50 mg/kg body weight) were intragastric

administration (p.o.) for 14 consecutive days.

The body weight, stool consistency and tumor volume were

recorded daily. The disease activity index (DAI) score was used to

comprehensively evaluate the daily assessment data for body

weight, stool consistency, and colonic gross bleeding range based

on previous descriptions53. After mice were sacrificed, the blood

was collected for biochemical analysis, the colon tissues were

rapidly isolated from the proximal rectum, freed of adherent tis-

sues, and rinsed with phosphate buffer saline. Colon biopsy

specimens of 1 cm-length were fixed with 4% paraformaldehyde

for H&E staining and immunofluorescence of tight junction pro-

tein (ZO-1, Claudin-1 and Occludin). The residual colon tissue

was stored at − 80 ◦C for further analysis.

4.11. Quantification of SN-38 in colon tissues of tumor-bearing

mice

The colon tissue, weighing precisely 20 mg, was finely minced,

and then homogenized in 200 μL PBS while maintaining an ice

bath for a duration of 2 min. The supernatant was collected and

subsequently subjected to centrifugation at 12,000×g for 15 min

at 4 ◦C. A fivefold excess of ice-cold acetonitrile containing

lansoprazole (the internal standard) was added to the supernatant

and vigorously mixed. Subsequently, samples were centrifuged at

20,000×g for 30 min at 4 ◦C. Following centrifugation, a volume

of 2 μL from the resulting supernatant was injected into the

UPLC—MS/MS system for subsequent analysis. Quantification

was performed in the positive ion mode using the following

methods: SN-38 was detected at m/z 393.2 → 349.2, with a

collision energy (CE) value of 35 eV. Lansoprazole was detected

at m/z 370.1 → 252.0, with a CE value of 17 eV. Quantification

of SN-38 was determined by calculating the ratio of the peak area
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of each sample to that of the internal standard. Standard curves

(0—1000 ng/mL) of SN-38 were constructed using MultiQuantTM

software (SCIEX).

4.12. Statistical analysis

All statistical analysis was determined by GraphPad Prism 9.5

(GraphPad Software, Inc., La Jolla, USA). Data were compared

between three or more groups using one-way ANOVA and be-

tween two groups using Student’s t-test. Data are expressed as the

mean ± standard deviation (SD). Graphical Abstract was depicted

by FigDraw.
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