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 Abstract: Mammalian carboxylesterases are key serine hydrolases that catalyze the hy-
drolysis of a wide variety of ester compounds in the corresponding carboxylic acids and 
alcohols. In human, two major carboxylesterases, CES1 and CES2, have been identified 
and well-studied over the past decade. CES1 inhibitors have potential applications in the 
treatment of hypertriglyceridaemia, obesity and type 2 diabetes, owing to that this enzyme 
plays prominent role in the metabolism of cholesteryl esters. CES2 plays crucial roles in 
the metabolic activation of many prodrugs including anticancer agents capecitabine and 
CPT-11. Co-administration with CES2 inhibitors may ameliorate CPT-11 associated life-
threatening diarrhea or improve the half-lives of CES2-substrate drugs. The important 
roles of carboxylesterases in both endogenous and xenobiotic metabolism arouse great in-
terest in the discovery and development of potent and selective inhibitors against these 
enzymes. This review is focused on the application potentials and recent advances in the 
discovery and development of carboxylesterases inhibitors. The inhibitory capacities and 
inhibition mechanism of a variety of carboxylesterases inhibitors including synthetic, 
semi-synthetic and natural compounds are comprehensively summarized. Furthermore, 
the key structural features and structure-activity relationships (SARs) of different classes 
of CES1 and CES2 inhibitors are discussed. All information and knowledge summarized 
in this review will be very helpful for the medicinal chemists to design and develop more 
potent and highly selective carboxylesterases inhibitors for potential biomedical applica-
tions.  
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1. INTRODUCTION 

Mammalian carboxylesterases (CES) are important 
members of the serine hydrolase superfamily (E.C. 
3.1.1.1), which can catalyze the ester cleavage of many 
structurally diverse compounds into the corresponding 
carboxylic acid and alcohol [1-5]. Actually, carboxy-
lesterases can hydrolyse ester, thioester, amide-ester 
and carbamate linkages in a broad spectrum of endoge-
nous and xenobiotic substrates, such as cholesteryl  
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esters, therapeutic drugs and pyrethroids [2, 3, 6-11]. 
At present, five families of mammalian carboxylester-
ases have been found, but most carboxylesterases are 
segregated into the CES1 and CES2 families [1]. In 
human, CES1 and CES2 are two major carboxylester-
ase isoforms involved in endogenous and xenobiotic 
metabolism, which have been extensively investigated 
over the past decade [12, 13].  

The crystal structures of mammalian carboxylester-
ases including human carboxylesterase 1 (CES1) have 
been reported [14-16]. It is found that an N-terminal 
hydrophobic signal peptide is responsible for the local-
ization of mammalian carboxylesterases to the endo-
plasmic reticulum (ER), while a C-terminal domain 
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Fig. (1). The structure features of CES1. A) CES1 is localized at the ER membrane and the scheme for catalyzing the ester 
cleavage of various esters; B) The 3D structure of CES1. The catalytic triad including Ser-221, His-468 and Glu-354 are col-
ored in red, yellow and blue, respectively. 
 

 
Fig. (2). Substrate specificity of CES1. All representative substrates for CES1 containa small alcoholic group and a bulkyacyl 
group. 
 
(HIEL and HTEL for CES1 and CES2 respectively) 
prevents secretion of these proteins from the ER in 
mammalian cells [17]. All mammalian carboxylester-
ases contain a catalytic triad (such as Ser221, Glu354 
and His468 in CES1) at the interface of the three do-
mains, and an oxyanion hole (such as Gly141-Gly142) 
which is highly conserved among all mammalian car-
boxylesterases and is very crucial for carboxylesteras-
es-mediated catalysis (Fig. 1). As one of the most ex-
tensively studied mammalian carboxylesterases, CES1 
is composed of a central catalytic domain, a αβ domain 
and a regulatory domain containing the low-affinity 
surface ligand-binding Z-site [11, 14, 18]. Notably, the 
active cavity of CES1 is quite large (~1,300 Å3 in vol-
ume) and is lined predominantly by hydrophobic amino 
acids, with the exception of residues (such as Ser221) 
of the catalytic triad. The substrate binding gorge of 
CES1 contains a large, flexible pocket on one side of 
Ser221 and a small, rigid pocket on the opposite side. 

These features make CES1 to be promiscuous and ca-
pable of interacting with a variety of chemically di-
verse ligands [15, 16]. 

The two human carboxylesterase isoforms (CES1 
and CES2) share 47% amino acid sequence identity, 
but these two enzymes exhibit differential tissue distri-
bution, as well as distinct substrate and inhibitor speci-
ficities [3, 19]. Generally, CES1 is mainly expressed in 
the liver, with lesser amounts in the intestine, lung, 
kidney, heart, testis, adipocyte, monocyte and macro-
phage [20]. CES1 prefers to hydrolyse the ester sub-
strates containing a bulky acyl group and small alco-
holic group (Fig. 2), such as clopidogrel, cocaine, enal-
april, imidapril, oseltamivir and meperidine [8, 11, 21-
23]. In contrast, CES2 is expressed at relatively high 
levels in the small intestine and colon, while this en-
zyme prefers to hydrolyse the esters with a relatively 
small acyl group and a large alcohol group (Fig. 3), 
such as irinotecan, capecitabine, flutamide and 
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Fig. (3). Substrate specificity of CES2. CES2 prefers to hydrolyze the esters with a relatively large alcohol group and a small 
acyl group. 
 
procaine [5, 24-30]. Over the past decade, these known 
CES substrates are always used to screen potential CES 
inhibitors, but the detection of these substrates and the 
corresponding hydrolytic metabolites require expensive 
instruments (such as LC-MS/MS), tedious operation 
process and cannot be used for high-throughput screen-
ing (HTS). In recent years, several optical probe sub-
strates have been designed and developed for highly 
selective sensing the real activities of CES1 and CES2 
in complex biological samples, on the basis of the sub-
strate specificity of carboxylesterases. These optical 
probes exhibit excellent selectivity and ultra-high sen-
sitivity (Table S1), and provide practical and efficient 
tools for high-throughput screening of carboxylesteras-
es inhibitors using cell or tissue preparations as enzyme 
sources [31-52].  

As one of the most abundant serine hydrolases dis-
tributed in human liver and adipocytes, CES1 is re-
sponsible for the hydrolysis of a wide variety of endog-
enous esters (such as cholesteryl esters and triacylglyc-
erols) and thus plays key roles in some physiological or 
pathological processes, such as cholesterol homeostasis 
[53-56]. Notably, it has been reported that the enzymat-
ic activities of CES1 are markedly elevated in obese 
individuals and patients with type 2 diabetes, while 
treatment with CES1 inhibitors will bring multiple 
beneficial effects on both lipid and glucose homeosta-
sis in vivo [22]. Thus, CES1 has been recognized as a 
key target to modulate cholesterol and lipid metabo-
lism, and some CES1 inhibitors have been developed 
for this purpose [57-58]. On other hand, CES1 also par-
ticipates in the inactivation or metabolic activation of 
various ester xenobiotics including many prodrugs or 
ester drugs such as clopidogrel and oseltamivir [23, 

59]. Inhibition of CES1 in vivo could slow down the 
metabolic clearance of these ester drugs, and thus im-
prove their bioavailability, half-lives and modulate 
their treatment outcomes. The key roles of CES1 in 
both endogenous and xenobiotic metabolism make the 
discovery of selective inhibitors of CES1 as drug can-
didates to be of immense significance in basic re-
searches and clinical applications. Unfortunately, the 
highly selective and potent inhibitors against CES1 are 
rarely reported. 

Although the endogenous substrates of CES2 have 
not been reported, CES2 plays crucial roles in the met-
abolic activation of anticancer drugs including irinotec-
an (CPT-11), capecitabine, flutamide and LY2334737 
(the prodrug of gemcitabine) [60]. Notably, CPT-11 
could trigger severe delayed diarrhea due to the over-
production of SN-38 (the hydrolytic metabolite of 
CPT-11) in the small intestine. The hydrolysis of SN-
38G (the glucuronide of SN-38) by bacterial β-
glucuronidases (GUS) combined with CES2-mediated 
hydrolysis of in the small intestine is thought to be two 
major reasons for irinotecan-induced diarrhea [30, 61]. 
Co-administration with potent GUS and CES2 inhibi-
tors may ameliorate CPT-11 associated life-threatening 
diarrhea in patients, and thus improve the patient’s 
quality of life [62, 63]. In addition, as the major car-
boxylesterases distributed in human intestine, CES2 
also plays important roles in the first-pass metabolism 
of some ester-containing drugs. Potent CES2 inhibitors 
may modulate the oral bioavailability and metabolism 
of CES2-substrate drugs. Thus, CES2 inhibitors may 
present an opportunity to slow down the catalytic activ-
ity of CES2 in vivo, and then to modulate the pharma-
cokinetic profiles or to alleviate the toxicity of CES2-
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substrate drugs [64, 65]. With this goal in mind, small 
molecule inhibitors of CES2 have been developed with 
the specific intention of altering irinotecan-induced 
toxicity or prolonging the half-lives of CES2-substrate 
drugs. 

Taking into account the importance of carboxyles-
terases in modulating of cholesterol homeostasis, drug 
metabolism and toxicity, there is a great deal of interest 
in the discovery and development of potent and selec-
tive inhibitors against carboxylesterases for potential 
use. In the past decade, a variety of compounds with 
diverse scaffolds have been found with potent inhibito-
ry effects against carboxylesterases, which arouse great 
interest in medicinal chemists to develop safer and 
more effective lead compounds or drug candidates. 
This review has focused on the recent advances in the 
discovery and development of chemical inhibitors 
against two human carboxylesterase isoforms, includ-
ing the reported CES inhibitors and their inhibition po-
tency, as well as the structural features of carboxyles-
terases inhibitors and the structure-activity relation-
ships (SARs). The knowledge and information present-
ed in this review will be very helpful for the discovery 
and development of highly selective and potent inhibi-
tors against human carboxylesterases. 

2. REVERSIBLE INHIBITORS OF HUMAN 
CARBOXYLESTERASES 

2.1. 1,2-Diones 

1,2-Diones have been identified as the most im-
portant chemical compounds for carboxylesterases in-
hibition [65-67] including benzils [68], alkyl-1,2-
diones [69], isatins [70], and 1,2-quinones [71], which 
demonstrate potent and selective inhibitory effects to-
ward CES1 or CES2, and they do not exhibit inhibitory 
effects on human acetylcholinesterase (AchE) or butyr-
ylcholinesterase (BchE). SAR studies indicate that the 
1,2-dione moiety is very beneficial for carboxylesteras-
es inhibition [66]. When the dione oxygen atoms are 
trans-coplanar or not planar, the compounds are more 
potent in CES2 inhibition, such as benzils (Table 1). 
However, replacement of the benzene rings with alkyl 
substituents results in an increase of selectivity towards 
CES1 [67]. Furthermore, the introduction of different 
atoms (N, O, S) vicinal to the benzene ring and the car-
bonyl carbon atom results in the loss of inhibitory ef-
fects on these two carboxylesterases. Potter et al. sug-
gest that the benzils show the excellent inhibitory activ-
ity against carboxylesterases, partially because the 1,2-
dione moiety mimics the ester chemical character al-
lowing for the initiation of the nucleophilic addition-

elimination reactions with serine in the active site to 
one of the carbonyl groups (Fig. 4) [68]. However, 
abortive nucleophilic attack would result in an inter-
mediate that would be unlikely to generate the C-C 
cleavage, therefore, resulting in enzyme inhibition for 
the repetitious attack and release by the serine oxygen 
atom (such as Ser221 of CES1) on the carbonyl groups. 
This supposition suggests that decreasing the electron 
density around the carbonyl carbon atom, such as sub-
stituted ethane-1,2-diones, would make the carbonyl 
carbon atom more susceptible to react with the serine 
oxygen. Taking into account that the catalytic residues 
of carboxylesterases are buried at the bottom of deep 
hydrophobic gorges in these enzymes [72-74], it is 
likely that this is area would favor the localization of 
more lipophilic compounds. Potter et al. assumed that 
the inhibitory potency of 1,2-diones depends primarily 
on the electrophilicity of the carbonyl groups, but also 
on the hydrophobicity of the substituent groups [67, 
70]. 

When the two carbonyl oxygen atoms of 1,2-dione 
moiety are cis-coplanar or fused within a ring structure, 
such compounds, e.g., 1,2-quinones and isatins, 
demonstrate more specificity for CES1 as compared to 
CES2 (Table 2). Tanshinones, phenanthrene-quinone 
derivatives isolated from traditional Chinese herb 
Danshen [75], are found to be potent inhibitors of both 
CES1 and CES2, but with poor selectivity and specific-
ity toward CES1 [66]. Potter et al. point out that the 
entrance to the active site gorge in CES1 is considera-
bly smaller, and any substitution introduced to the ben-
zene ring of the 1,2-quinone or isatin should be small 
enough such that it does not hinder access of the inhibi-
tors to the enzyme active cavity [70]. β-Lapachone 
with 1,2-dione moiety in cis-coplanar is a potent and 
reversible carboxylesterases inhibitor, and demon-
strates more specificity toward CES2 over CES1 [71]. 
Its phenoxy analogues (4-phenoxynaphthalene-1,2-
diones) demonstrated relatively high selectivity toward 
CES1 as compared with β-lapachone. The amino ana-
logues (4-phenyl- aminonaphthalene-1,2-diones) with 
the imino forms were inactive toward both human car-
boxylesterases when compared with phenoxy ana-
logues, suggesting that the imino group at the C-4 site 
was unbeneficial for carboxylesterases inhibition. The 
N-methylated amino analogues (4-phenyl(methyl) ami-
nonaphthalene-1,2-diones) were equal in potency to the 
phenoxy analogues and demonstrated selectivity for 
CES1. Both inhibition analyses and docking simula-
tions demonstrated that the tautomerism of the amino 
derivatives to the imino forms likely accounts for their 
loss in biological activity. 
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Table 1.  The inhibition potency of 1,2-diones towards carboxylesterases. 

Inhibitors Structures Ki (CES1 a) 
µM 

Ki (CES2 a) 
µM References 

Benzil (diphenylethane-1,2- dione) 

 

0.0451 0.0147 [68] 

1,2-Dicyclohexylethane-1,2-dione 

 

0.072 0.005  [67] 

1-Phenylpropane-1,2- dione 

 

1.84 5.27 [68] 

Butan-2,3-dione 

 

>100 >100 [68] 

Phenyl-1,2-octanedione 
 

0.0022 0.0287 [69] 

Tetradecane-7,8-dione 
 

0.0048  0.0764 [69] 

Octadecane-9,10-dione 
 

0.00084  0.0057 [69] 

Substituted ethane-1,2-diones 

 

>100 >100 [69] 

The type of inhibition: a Partially competitive inhibition. O-Nitrophenyl acetate as a substrate. 
 

 
Fig. (4). Proposed mechanism of carboxylesterases inhibition by benzils. 
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Table 2.  The inhibition potency of 1,2-diones towards carboxylesterases: More potent towards CES1. 

Inhibitors Structures Ki (CES1 a) 
µM 

Ki (CES2 a) 
µM References 

2,2’-Thenil (1,2-dithien-2-ylethane-1,2-
dione) 

 

0.212 1.04 [76] 

Phenanthrene-9,2-dione 

 

0.0025 0.052 [67] 

1,2-Naphthoquinone 
 

0.93 2.40 [67] 

Cyclohexane-1,2-dione 
 

>100 >100 [68] 

1-Phenyl-1H-indole-2,3-dione 

 

0.023 0.95 [70] 

β-Lapachone 

 

1.220  0.109 [71] 

4-Phenoxynaphthalene-1,2-dione 

 

0.0238 0.1998 [71] 

4-(Methyl(phenyl)amino)naphthalene-
1,2-dione 

 

0.032 >10 [71] 

Tanshinone IIA 

 

6.89 2.45 [66] 

Dihydrotanshinone 

 

0.40  0.12 [66] 

The type of inhibition: a Partially competitive inhibition. O-Nitrophenyl acetate as a substrate. 
 

In summary, the SAR analysis of these 1,2-diones 
revealed that the 1,2-dione moiety, aromatic rings or 
increasing hydrophobicity, and the substitution which 
should not hinder access of the inhibitor to the active 
cavity of the enzyme, were indispensable for carboxy-

lesterases inhibition. Meanwhile, the specificity for 
CES1 could be achieved by allowing the 1,2-dione in a 
cis-coplanar, the specificity towards CES2 could be 
accomplished by constraining the 1,2-dione in a trans-
coplanar or non-planar configuration. 
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Table 3.  The inhibition potency of sulfonamides towards carboxylesterases. 

Inhibitors Structures Ki (CES1 a)  
µM 

Ki (CES2 a)  
µM References 

N,N'-(1,4-phenylene) dibenzene sul-
fonamide 

 
>100 1.06 [61] 

N,N'-(1,4-phenylene)bis(4-chloro-
benzene sulfonamide)  

13.7 0.053 [61] 

N,N'-(1,4-phenylene)bis(2,4,5-
trichloro-benzene sulfonamide) 

 

>100 >100 [77] 

N,N'-(2,5-dichloro-1,4-
phenylene)bis(4-chloro-benzene 

sulfonamide)  

>100 0.45 [77] 

N,N'-(2,5-dibromo-1,4-
phenylene)bis(4-chloro-benzene 

sulfonamide)  

>100 >100 [77] 

N,N'-(naphthalene-1,4-diyl)bis(4-
chloro-benzene sulfonamide) 

 

>100 0.20 [61] 

N,N'-(perfluoro-1,4-phenylene)bis(4-
bromo-benzenesulfonamide) 

 

>100 0.023 [77] 

N,N'-(2,3,5,6-tetramethyl-1,4-
phenylene)bis(4-bromo-

benzenesulfonamide)  
>100 3.24 [77] 

2,7-Bis(phenyl-sulfonyl)-9H-
fluorene 

 
>100 0.091 [77] 

The type of inhibition: a Partially competitive inhibition. O-Nitrophenyl acetate as a substrate. 
 
2.2. Benzene Sulfonamides 

Benzene sulfonamides displayed potent inhibitory 
effects against CES2 with Ki values at micromolar to 
nanomolar level and relative high selectivity over 
CES1 (Table 3), and had no inhibitory effects on either 
human AchE or BchE [61, 77]. Inhibition kinetic anal-
yses demonstrated that these compounds were partially 
competitive inhibitors against human carboxylesteras-
es. Quantitative SAR (QSAR) analyses and the clogP 
correlations indicated that the inclusion of an aromatic, 
planar, hydrophobic domain within the center of the 
compound greatly favored the CES2 inhibition [77]. 
The introduction of halogen in terminal benzene rings 
was beneficial for the inhibitory property of these in-
hibitors toward carboxylesterases. However, these 
compounds containing large bulky substituent within 
either the central domain or the terminal benzene rings 

of the benzene sulfonamide analogues demonstrated 
less potency on CES2. It might be due to the fact that 
the active site of CES2 is within the hydrophobic envi-
ronment, and is thought to exist as a long deep gorge in 
the interior of the enzyme [78, 79]. Because these 
compounds demonstrate very similar or different clogP 
values, the change in biological activity may be at-
tributed to the changes in the electron distribution af-
forded by substitutions within the terminal and central 
phenyl rings. However, whether the loss of enzyme 
inhibition is due to electronic effects, or a steric inter-
action that forces the inhibitor into a conformation such 
that it could not interact with amino acids of the active 
site, or a combination of both, is unclear. But these 
findings suggest that the relative hydrophobicity of the-
se sulfonamides is a key factor for affecting the inhibi-
tory effects on CES2. 
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Table 4.  The inhibition potency of trifluoroketones towards carboxylesterases. 

Inhibitors Structures Ki (CES1 a)  
µM 

Ki (CES2 a)  
µM References 

3-(Dodecylthio)-1,1,1-
trifluoropropan-2-one  

0.071 b 0.015 a [81] 

3-(Dodecylsulfinyl)-1,1,1-
trifluoropropane-2,2-diol 

 
1.90 b 0.054 a [81] 

3-(Dodecylsulfonyl)-1,1,1-
trifluoropropane-2,2-diol 

 
0.74 b 0.032 c [81] 

3-(Decylthio)-1,1,1-trifluoropropan-2-
one  

0.13 b 0.15 c [81] 

1,1,1-Trifluoro-3-(octylthio)propan-2-
one  

0.19 b 0.22 b [81] 

1,1,1-Trifluoro-3-(hexylthio)propan-
2-one  

0.33 b 0.56 b [81] 

3-(Butylthio)-1,1,1-trifluoropropan-2-
one  

0.80 b 1.70 b [81] 

The type of inhibition: a Competitive inhibition, b Partially noncompetitive inhibition, c Partially competitive inhibition. O-Nitrophenyl acetate as substrate. 
 
2.3. Trifluoroketones 

Trifluoroketones are known to be potent inhibitors 
of a variety of hydrolytic enzymes, such as juvenile 
hormone esterase [80], acetylcholinesterase [81, 82], 
chymotrypsin [83], angiotensin converting enzyme [84] 
and fatty acid amidohydrolase [85]. As potent inhibi-
tors of carboxylesterases, trifluoroketones displayed 
strong inhibitory effects on carboxylesterases with Ki 
values in the low nanomolar range, and mostly demon-
strated poor specificity toward CES1 or CES2 (Table 
4) [81]. The trifluoro moiety of these compounds could 
be easily hydrated to give the gem-diol (Fig. 5) [81, 
86]. However, the equilibrium between the ketone and 
gem-diol forms must be sufficiently dynamic such that 
adequate concentrations of the ketone are available for 
enzyme inhibition [87]. Therefore, the rates of the ke-
tone/gem-diol equilibrium could affect the interactions 
between trifluoroketones and the amino acid residues 
within the carboxylesterases active site, and thus affect 
their inhibitor potency. However, this process was 
poorly understood and would require further investiga-
tion to elucidate the mechanism of trifluoroketones 
mediated carboxylesterases inhibition. In most cases, 
thioether-containing compounds were more potent in-
hibitors than sulfinyl or sulfonyl analogs, and these 

compounds containing longer, more hydrophobic alkyl 
chains were more potent inhibitors of carboxylesterases 
(Table 4). 
 

 
Fig. (5). Interconversion of the ketone and the gem-diol 
forms of the trifluoroketones. 

2.4. Acyl Glucuronides 

Acyl glucuronides are a class of phase II metabo-
lites where carboxylic acids are bound to a glucuronic 
acid via an ester bond [88, 89]. Commonly, theacyl 
glucuronides from the phase-II metabolites of drugs 
were anticipated to be rapidly excreted into urine or 
bile without exhibiting significant pharmacological 
activities. However, Williams et al. found that some of 
acyl glucuronides were recognized as the potential car-
boxylesterases inhibitors including diclofenac-β-D-
glucuronide, and clopidogrel-β-D-glucuronide (Table 
5) [90]. These two compounds could inhibit CES1-
mediated 4-nitrophenyl acetate hydrolysis with the 
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Table 5.  The inhibition potency of acyl glucuronides towards carboxylesterases. 

Inhibitors Structures Ki (CES1) 
µM References 

diclofenac-β-D- 
glucuronide 

 

4.32 [90] 

clopidogrel-β-D- glucuronide 

 

24.8 [90] 

ibuprofen-β-D- glucuronide 

 

355 [90] 

 
Ki values of 4.32 and 24.8 µM respectively, but did not 
significantly inhibit CES2, indicating that the glucu-
ronide group introduced in such a position was not 
beneficial for CES2 inhibition. 

2.5. Triterpenoids 

Triterpenoids are a diverse group of natural prod-
ucts with wide distribution, high chemical diversity and 
important pharmacological properties [91, 92]. In the 
past decades, many researchers in phytochemistry and 
medicinal chemistry focused on the discovery and de-
velopment of bioactive compounds from triterpenoids 
as specific and potent inhibitors to a given enzyme via 
efficient chemical modifications [93, 94]. Ge and Yang 
et al. collected a series of natural triterpenoids and test-
ed their inhibitory effects against carboxylesterases 
using specific optical substrate for CES1 and CES2, 
respectively [95]. Two pentacyclic triterpenoids includ-
ing oleanolic acid (OA) and ursolic acid (UA), dis-
played strong inhibitory effects on CES1, and thus se-
lected as the lead compounds for the development of 
potent and selective inhibitors against CES1 (Table 6). 
The SAR analysis revealed that the carboxyl group at 
the C-28 site of OA and UA was essential for CES1 
inhibition, and any modifications on this group with 
amide, ester or alcohol are unbeneficial for CES1 inhi-
bition. In contrast, the replacement of C-3 hydroxyl 
group with a ketone or ester could improve the inhibi-
tory effects on CES1 and high selectivity over CES2. 
Guided by these SAR, the C-3 hydroxyl group of OA 
or UA was modified to 3-O-β-carboxypropionyl, the 
two derivatives including 3β-O-(β-carboxypropionyl)-
olean-12-en-28-oic acid and 3β-O-(β-carboxy-pro- 

pionyl)-urs-12-en-28-oic acid displayed very potent 
inhibitory effects on CES1 and high selectivity over 
CES2 (3296-fold and 6919-fold over CES2, respective-
ly) [95]. Furthermore, inhibition kinetic analyses and 
docking simulations demonstrated that 3β-O-(β-
carboxypropionyl)-urs-12-en-28-oic acid functioned as 
a competitive inhibitor against CES1-mediated DME 
hydrolysis, with the Ki value of 12.6 nM. To the best of 
our knowledge, this compound is the most potent and 
selective inhibitor against CES1, which can serve as a 
practical tool for exploring the real functions of CES1 
in complex biological systems, as well as a promising 
lead compound for the development of CES1 inhibitor 
as drug candidate. 

Other natural pentacyclic triterpenoids, such as β-
boswellic acid with carboxyl group at the C-23 site, 
demonstrated strong inhibitory effects on CES2 and 
high selectivity over CES1 [95]. Glycyrrhetinic acid 
(GA), the major bioactive ingredient of the roots and 
rhizomes of licorice (Glycyrrhiza species), which dis-
plays satisfying safety during long history of medicinal 
use, was selected as a reference compound for the de-
velopment of potent and specific inhibitors against 
CES2 [96]. Guided by the structure-CES2 inhibition 
relationships of a series of GA derivatives, Ge and 
Yang et al. designed and developed a more potent 
compound 3-O-(β-carboxypropionyl)- 11-deoxo-gly- 
cyrrhetinic acid-30-ethyl ester as a novel and highly se-
lective inhibitor against CES2, with the IC50 value of 20 
nM and very high selectivity over CES1 (1000-fold), 
which is 3463-fold more potent than the parent com-
pound GA. The SARs of these pentacyclic triterpenoids 
as CES1 or CES2 inhibitors are summarized in Fig. (6), 
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Table 6.  The inhibition potency of pentacyclic triterpenoids towards carboxylesterases. 

Inhibitors Structures IC50 (CES1) 
µM 

IC50 (CES2) 
µM References 

Oleanolic acid (OA) 

 

0.28 5.49 [95] 

3β-O-(β-Carboxypropionyl)-
olean-12-en-28-oic acid 

 

0.017 56.04 [95] 

Ursolic acid (UA) 

 

0.24 6.05 [95] 

3β-O-(β-Carboxypropionyl)-urs-
12-en-28-oic acid 

 

0.012 83.03 [95] 

β-Boswellic acid 

 

>400 2.12 [95] 

Glycyrrhetinic acid 

 

20.97 69.26 [96] 

11-Deoxo-glycyrrhetinic acid 

 

10.53 6.95 [96] 

3-O-(β-Carboxypropionyl)-11-
deoxo -glycyrrhetinic acid-30- 

ethyl ester 

 

20.41 0.02 [96] 
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Fig. (6). SAR summaries of pentacyclic triterpenoid derivatives. 
 
which are very helpful for medical chemists to design 
and develop more potent and highly selective CES1 or 
CES2 inhibitors for biomedical applications. 

Natural protostane triterpenoids, such as protopan-
axadiol and protopanaxatriol, exhibit less potency and 
poor selectivity on CES1, but display strong inhibitory 
effects on CES2, suggesting that the long alkyl chain at 
the C-20 site is unbeneficial for CES1 inhibition [95]. 
Recently, 22 protostane triterpenoids have been isolat-
ed from the rhizome of Alismaorientale [97], five of 
which, including alismanol B, 25-O-ethylalisol A, 
alismanol D, alismanol F, and 11-deoxyalisol A, 
strongly inhibited CES2 with the IC50 values between 
2.02 µM and 8.68 µM (Table 7) [97]. Alisol G (25-
anhydroalisol A) is a major protostane triterpene ob-
tained from dried rhizomes of Alismaorientalis. Fol-
lowing the biotransformation mediated by P. janthinel-
lumAS 3.510, the metabolites of alisol G, including 
25S-25,26-epoxy-alisol G, alisol G (23,24)-diol ace-
tonide and 25, 26-dihydroxy-alisol G (23,24)-diol ace-
tonide were obtained, which showed significant CES2 
inhibitory effects, with the IC50 values of 6.81 µM, 
3.38 µM, and 6.33 µM, respectively [98].  

By the phytochemical investigation of A. orientalis 
and the biotransformation of two major triterpenoids 
alisol A and alisol B 23-acetate (13) of A. orientalis, 
Liu et al. obtained 22 protostane triterpenoids including 
10 new protostane-type triterpenoids [99]. Among 
them, 14 potently inhibited CES2, with the IC50 values 
lower than 10 µM. The inhibition kinetics demonstrat-
ed that 25-O-butyl alisol A could inhibit the CES2-
catalyzed 4-benzoyl-N-butyl-1,8-naphthalimide (MPN) 
hydrolysis, with the Ki value of 0.57 µM. 

2.6. Flavonoids 

Flavonoids are polyphenolic products widely dis-
tributed in vegetables, fruits, and beverages such as tea 
and wine [100, 101]. Recent studies have demonstrated 
that some natural flavonoids, including bavachinin, 
coryfolin, corylin, neobavaisoflavone, corylifol A and 
corylifolinin, potently inhibit both CES1 and CES2 
(Table 8) [102, 103]. Coryfolin, corylin and neo-
bavaisoflavone are noncompetitive inhibitors against 
CES1-mediated BMBT hydrolysis, while bavachinin is 
a competitive inhibitor against CES1-mediated BMBT 
hydrolysis [102]. Neobavaisoflavone, isobavachalcone, 
bavachinin and corylifol A, also found in Fructus Pso-
raleae (a famous Chinese medicinal herb), are potent 
inhibitors of CES2 [103], with the Ki values ranging 
from 0.62 µM to 3.89 µM. The ethanolic extract of the 
root-bark of white mulberry strongly inhibited CES2, 
and its three major constituents, i.e., sanggenone D, 
kuwanon G, andsanggenone C, could non-competi- 
tively inhibit CES2-mediated FD hydrolysis in HLM 
(Table 8) [104]. These groundbreaking studies suggest 
that the flavonoids and related phenylpropanoids repre-
sent a gold mine, from which carboxylesterase modula-
tors could be developed. 

2.7. Other Compounds with Carboxylesterase Inhi-
bition Capacity 

Besides the above mentioned compounds, other 
compounds including fatty acids, sterol, pyrethroids 
and therapeutic drugs also displayed strong inhibitory 
effects against carboxylesterase [105-107]. Crow et al. 
found that most naturally occurring fatty acids strongly 
inhibited the hydrolytic activities of recombinant 
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Table 7.  The inhibition potency of protostane triterpenoids towards carboxylesterases. 

Inhibitors Structures IC50 (CES1) 
µM 

IC50 (CES2) 
µM References 

Protopanaxadiol 

 

>500 2.658 [95] 

Protopanaxatriol 

 

>500 9.800 [95] 

Alismanol B 

 

- 8.68 [97] 

25-O-Ethylalisol A 

 

- 4.72  [97] 

Alismanol D 

 

- 4.58  [97] 

Alismanol F 

 

- 2.02  [97] 

11-Deoxyalisol A 

 

- 4.63 [97] 

25-Anhydroalisol A 
(alisol G) 

 

- 3.85 [98] 

25S-25,26-Epoxy-alisol G 

 

- 6.81 [98] 

(Table 7) contd…. 
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Inhibitors Structures IC50 (CES1) 
µM 

IC50 (CES2) 
µM References 

Alisol G (23,24)-diol acetonide 

 

- 3.38 [98] 

25,26-Dihydroxy-alisol G (23,24)-
diol acetonide 

 

- 6.33 [98] 

Alismanol H 

 

- 2.67 [99] 

25-O-butyl alisol A 

 

- 0.51 [99] 

Alisol A 23,24-acetonide 
 

 

- 2.99 [99] 

24-Deacetyl alisol O 

 

- 2.58 [99] 

16,23-Oxido alisol B 

 

- 2.66 [99] 

 
CES1, with the IC50 values within the micromolar 
range [108]. Unsaturated fatty acids displayed better 
inhibitory effects on CES1 than saturated ones, but 
they did not display strong inhibition towards CES2. 
27-Hydroxycholesterol (27-HC), an oxidized form of 
cholesterol, also showed promising inhibitory activity 
against recombinant CES1 (IC50

 46 nM) and high selec-
tivity over CES2. 27-HC was a noncompetitive inhibi-
tor against CES1, with the very low Ki value (10 nM) 
[108]. Bakuchiol, a natural phenolic compound isolated 
from Fructus Psoraleae (Bu-gu-zhi in Chinese), 
strongly inhibited CES2 [109]. Pyrethroids are a class 
of organic compounds similar to the natural pyrethrins 

produced by the flowers of pyrethrums (Chrysanthe-
mum cinerariaefolium). Pyrethroids are popular house-
hold insecticides for their relatively low toxicity to 
mammals in contrast to organophosphorus insecticides. 
Recently, Ge et al. found that six commonly used pyre-
throids including deltamethrin showed moderate inhibi-
tory effects against both CES1 and CES2 (Table 9) 
[107]. Deltamethrin strongly inhibited CES1-mediated 
DME hydrolysis in HLM, with the IC50 value of 2.39 
µM. It was a competitive inhibitor against CES1-
mediated BMBT hydrolysis, but it acted as a noncom-
petitive inhibitor against CES1-mediated DME or 
DMCB hydrolysis in HLM. Both inhibition kinetic 
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Table 8.  The inhibition potency of flavonoids towards carboxylesterases. 

Inhibitors Structures Ki (CES1) 
µM 

Ki (CES2) 
µM References 

Bavachinin 

 

0.5 a 1.12 b [102, 103] 

Coryfolin 

 

9 a - [102] 

Corylin 

 

0.7 a - [102] 

Neobavaisoflavone 

 

5.3 a 3.89 a [102, 103] 

Corylifol A 

 

- 0.62 a [103] 

Corylifolinin 

 

9.4 a 1.61 a [102, 103] 

Sanggenone C 

 

- 0.76 a [104] 

Sanggenone D 

 

- 0.97 a [104] 

Kuwanon G 

 

- 1.09 a [104] 

The type of inhibition: a Noncompetitive inhibition, b Competitive inhibition. 
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Table 9.  The inhibition potency of natural compounds towards carboxylesterases. 

Inhibitors Structures 
IC50 or Ki (CES1) 

µM 
IC50 or Ki (CES2) 

µM 
References 

Myristic acid 

 

9 >100 [108] 

27-Hydroxy cholesterol 

 

0.046 >100 [108] 

Bakuchiol 

 

- 2.12 [109] 

Deltamethrin 
(DMT) 

 

2.39 25.16 [107] 

Physostigmine 

 

1198 0.358 [110] 

 
analyses and docking simulations suggested that CES1 
had at least two ligand-binding sites, and deltamethrin 
could bind with the same ligand binding site as BMBT. 
Physostigmine, a natural alkaloid, was a highly specific 
CES2 inhibitor with the Ki value of 0.358 µM [110]. 
Physostigmine potently inhibited the hydrolysis of iri-
notecan but did not affect the hydrolysis of clopidogrel 
in human liver S9. 

Some antihyperlipidemic and antidiabetic drugs, 
such as simvastatin and troglitazone, significantly in-
hibited the activity of carboxylesterases (Table 10) 
[111]. Simvastatin and troglitazone strongly inhibited 
CES1, with the Ki values of 0.76 µM and 5.64 µM, re-
spectively. Simvastatin and fenofibrate showed excel-
lent inhibitory effects against CES2 with lower Ki value 
of 1.85 µM and 0.04 µM, respectively. Antihyperten-
sive drugs nitrendipine and telmisartan inhibited the 
CES1-mediated imidapril hydrolysis in HLM (Table 
10) [112]. Diltiazem and verapamil showed excellent 
inhibitory effect against CES2 with lower Ki value as 
0.25 and 3.84 µM, respectively [112]. Antiviral drug 
nelfinavir exhibited strong inhibition on CES1 via 
acompetitive mechanism with the Ki value of 3.7 µM 
[113]. Other protease inhibitors, e.g., atazanavir, am-
prenavir, ritonavir and saquinavir, displayed less potent 
inhibition when compared with nelfinavir. Loperamide 

is often required to treat chemotherapy-associated diar-
rhea, and it was a potentand selective CES2 inhibitor 
with the IC50 value of 1.5 µM [114]. Among 25 phar-
maceutical excipients, sodium lauryl sulfate (SLS) and 
polyoxyl 40 hydrogenated castor oil (RH40) could in-
hibit CES1-mediated imidapril hydrolysis in recombi-
nant CES1A1 and HLM, and Tween 20 and Polyoxyl 
35 castor oil (EL35) could inhibit CES2-mediated 
CPT-11 hydrolysis in recombinant CES1 and HLM 
(Table 11) [115]. These results demonstrate that surfac-
tants such as SLS, RH40, Tween 20 and EL35 may 
attenuate the carboxylesterases activity, therefore such 
inhibitions should be taken into consideration during 
drug administration. 

3. IRREVERSIBLE INHIBITORS OF HUMAN 
CARBOXYLESTERASES 

3.1. Carbamates 

Carbamate compounds were developed to inhibit 
almost all members of the serine hydrolase family via 
covalent modification of serine at the active site [116-
118]. Carbamates have been identified as potent inhibi-
tors of AchE and these compounds have been widely 
used for the pest control in several crops, as well as in 
poultry and domestic animals [119, 120]. Recently, 
several cholinesterase inhibitors containing the 
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Table 10.  The inhibition potency of therapeutic drugs towards carboxylesterases. 

Inhibitors Structures 
Ki  

(CES1) 
µM 

Ki 
(CES2) 

µM 
References 

Simvastatin 

 

0.76 1.85 [111] 

Troglitazone 

 

5.64 - [111] 

Fenofibrate 

 

- 0.04 [111] 

Nitrendipine 

 

1.24 - [112] 

Telmisartan 

 

1.69 - [112] 

Diltiazem 

 

- 0.25 [112] 

Verapamil 

 

- 3.84 [112] 

Nelfinavir 

 

3.7 - [113] 

Loperamide 

 

- 1.5 (IC50) [114] 

Sodium lauryl sulfate 
 

0.12 (µg/mL) - [115] 

Polyoxyl 40 hydrogenated castor 
oil - 0.76 (µg/mL) - [115] 

Tween 20 - - 0.93 (µg/mL) [115] 

Polyoxyl 35 castor oil - - 4.40 (µg/mL) [115] 
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Table 11.  The inhibition potency of carbamates towards carboxylesterases. 

Inhibitors Structures IC50 or Ki (CES1) 
µM 

IC50or Ki (CES2) 
µM References 

JZL184 

 

0.48 0.63 [121] 

Phenethylcymserine 

 

20.5  5.6  [122] 

 

 
Fig. (7). Proposed mechanism of carboxylesterases inhibition by carbamates. 

 
Table 12.  The inhibition potency of organophosphates towards carboxylesterases. 

Inhibitors Structures IC50 (CES1) 
nM 

IC50 (CES2) 
nM References 

Bis(4-nitrophenyl) phosphate 
(BNPP) 

 
140 6110 [96] 

Chlorpyrifosoxon 

 

0.15  0.33 [136] 

Paraoxon 
 

0.38 6.2 [136] 

 
carbamate moiety, such as JZL184 and phenethylcym-
serine, were found to be carboxylesterases inhibitors 
(Table 11) [121, 122]. But all these compounds dis-
played poor isoform selectivity towards carboxylester-
ases. The strong inhibition of carbamates against car-
boxylesterases could be attributed to the very slow hy-
drolysis rates of the carbamoyl-enzyme intermediate, 
which was much slower than that of the acetyl-enzyme 
intermediate (Fig. 7) [123]. 

3.2. Organophosphates 

Organophosphates (OPs) exert their toxicity through 
the inhibition of synaptic AchE [124-127]. OPs have 

been utilized extensively as insecticides since 1940s 
and also been developed as nerve gas agents [128, 
129]. A number of serine hydrolases including cholin-
esterases and carboxylesterases including CES1 and 
CES2 have been reported to react with OPs and their 
catalytic activities could be significantly inhibited fol-
lowing exposure to OPs (Table 12) [130, 131]. OPs 
could react with carboxylesterases and generate a sta-
ble phosphate ester that was covalently linked to the 
catalytic residue (such as Ser221 of CES1) of carboxy-
lesterases. Several Ops, including bis(4-nitro- 
phenyl)- phosphate (BNPP) , chlorpyrifos oxon, and 
paraoxon, are potent irreversible inhibitors of human 
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Fig. (8). The inhibition potency of phosphorylated flavonoids towards porcine liver carboxylesterases. 
 
carboxylesterases with the IC50 values within the nM 
range [96, 132, 133]. The SAR analysis revealed that 
the phosphate group of these compounds was essential 
for carboxylesterases inhibition, while the introduction 
of phosphate group to target compounds were likely 
beneficial for carboxylesterases inhibition. A series of 
synthesized phosphorylated flavonoids exhibited sig-
nificantly improved inhibition potency towards car-
boxylesterases when compared with their parent com-
pounds [134, 135], and their IC50 values were as low as 
1.79 nM (Fig. 8). These phosphorylated flavonoids 
were irreversible competitive inhibitors against mam-
malian carboxylesterases. 

CONCLUSION 

Over the past decade, the medicinal chemists have 
made significant breakthrough on the discovery and 
development of highly selective and potent inhibitors 
against carboxylesterases. Thanks to the newly devel-
oped optical substrates for CES1 and CES2, the present 
screening of carboxylesterases inhibitors is more con-
venient and efficient. So far, many potent carboxyles-
terases inhibitors with distinct scaffolds (such as 1,2-
diones and triterpenoid) have been discovered, some of 
which displayed very high efficacy with the IC50 values 
at ten nanomolar level. However, the potent and highly 
selective carboxylesterases inhibitors are rarely report-
ed, while the key structural features and the SAR of 
CES1 or CES2 inhibitors have not been well-
characterized. Thus, it is necessary to explore the key 
structural determinant and SAR for CES1 or CES2 in-
hibition, by using a series of compounds with good 
structural connectivity. Apart from the optimization of 
potency and selectivity, the ADME/Tox properties of 
carboxylesterases inhibitors should also be evaluated 
and optimized, which will be very helpful for the de-
velopment of carboxylesterases inhibitors as drug can-
didates. Currently, most of the reported carboxylester-
ases inhibitors were assayed in vitro, and their ability 
of targeting intracellular carboxylesterases and their 
potency against carboxylesterases in living systems 
have not been well investigated. Therefore, it is highly 
desirable to find more efficacious carboxylesterases 

inhibitors and to test their safety and efficacy in vivo. 
Prior to the whole body test in animals, it is necessary 
to characterize the species differences in the function 
and the responses towards inhibitor(s) of mammalian 
carboxylesterases among different species [137]. Addi-
tionally, given that carboxylesterases have multiple 
ligand-binding sites, it is necessary to characterize the 
binding site(s) and the inhibition types for the carboxy-
lesterases inhibitors of interest, which will be very 
helpful for the deeper understanding of the interactions 
between ligands and carboxylesterases. Taken together, 
current data call for more in-depth studies including the 
biological functions of carboxylesterases, the relation-
ships between carboxylesterases and human diseases, 
the species differences of mammalian carboxylesteras-
es, as well as the interactions between carboxylesteras-
es and ligands, which will be obliging for the discovery 
and development of carboxylesterases inhibitors for 
potential biomedical applications.  

LIST OF ABBREVIATIONS 

27-HC = 27-Hydroxycholesterol 

AchE = Acetylcholinesterase 

ADME/Tox = Absorption, distribution, metabolism 
and excretion/toxicity 

BchE = Butyrylcholinesterase 

BMBT = 2-(2-Hydroxy-3-methoxyphenyl) ben-
zothiazole 

BNPP = Bis(4-nitrophenyl)phosphate  

CES1 = Human carboxylesterase 1 

CES2 = Human carboxylesterase 2 

CPT-11 = Irinotecan 

DDAB = 6,8-dichloro-9,9-dimethyl-7-oxo-7,9-
dihydroacridin-2-yl benzoate 

DME = D-luciferin methyl ester 

EBHF = 4-oxo-2-phenyl-4H-chromen-3-yl 4-
ethylbenzoate 

EL35 = Polyoxyl 35 castor oil 
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ER = Endoplasmic reticulum 

FD = Fluorescein diacetate 

GA = Glycyrrhetinic acid 

HLM = Human liver microsomes 

NCEN = N-(2- butyl- 1,3-dioxo- 2,3- dihydro- 
1H-benzo[de]isoquinolin- 6-yl)- 2-
chloroacetamide 

OA = Oleanolic acid 

OPs = Organophosphates 

RH40 = Polyoxyl 40 hydrogenated castor oil 

SAR = Structure-activity relationships 

SLS = Sodium lauryl sulfate 

SN38 = 7-Ethyl-10-hydroxy-camptothecin 

TCFB = (E)-4-(2- (4-cyano-5- (dicyanometh-
ylene)- 2,2-dimethyl- 2,5-dihydro- fu-
ran-3-yl)vinyl) phenyl benzoate 

UA = Ursolic acid 

UGTs = Uridine diphosphateglucuronosyltrans-
ferases 
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