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Abstract: Background: Carboxylesterases (CES) play a critical role in catalyzing hydrolysis of esters, amides, car-
bamates and thioesters, as well as bioconverting prodrugs and soft drugs. The unique tissue distribution of CES en-
zymes provides great opportunities to design prodrugs or soft drugs for tissue targeting. Marked species differences
in CES tissue distribution and catalytic activity are particularly challenging in human translation.

Methods: Review and summarization of CES fundamentals and applications in drug discovery and development.

ARTICLE HISTORY  Results: Human CESI is one of the most highly expressed drug metabolizing enzymes in the liver, while human
intestine only expresses CES2. CES enzymes have moderate to high inter-individual variability and exhibit low to no
expression in the fetus, but increase substantially during the first few months of life. The CES genes are highly po-
lymorphic and some CES genetic variants show significant influence on metabolism and clinical outcome of certain
drugs. Monkeys appear to be more predictive of human pharmacokinetics for CES substrates than other species. Low
risk of clinical drug-drug interaction is anticipated for CES, although they should not be overlooked, particularly
interaction with alcohols. CES enzymes are moderately inducible through a number of transcription factors and can
be repressed by inflammatory cytokines.
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Conclusion: Although significant advances have been made in our understanding of CESs, in vitro - in vivo extrapo-
lation of clearance is still in its infancy and further exploration is needed. In vitro and in vivo tools are continuously
being developed to characterize CES substrates and inhibitors.

design.

1. INTRODUCTION

Carboxylesterases (CESs) are an important class of enzymes for
biotransformation of drugs, endogenous substrates, and environ-
mental chemicals that contain esters, amides, carbamates, or
thioesters (Table 1). They play a central role in the bioactivation of
prodrugs and bioinactivation of soft drugs (or antedrugs). It has been
estimated that approximately 20% of drugs on the market undergo
hydrolysis [1] and about 50% of the prodrug conversion involves
hydrolases. CESs metabolize several clinically important classes of
drugs such as anticoagulants, angiotensin-converting enzyme inhibi-
tors, antihyperlipidemic agents, antivirals, chemotherapeutics, immu-
nosuppressants, and psychoactive drugs [2]. CESs not only inacti-
vate/metabolize drugs and soft drugs to form inactive metabolites
(e.g., lidocaine and loteprednol etabonate, Fig. 1), but also activate
prodrugs to generate the pharmacologically active moieties (e.g.,
irinotecan, Fig. 1) [3-5]. CESs belong to the serine hydrolase super-
family of enzymes with the characteristic a/p hydrolase-fold structure
containing six o-helices and eight B-strands [2]. There are six CES
isoforms, i.e., CES1 to CES6, according to the homology of the
amino acid sequence. The two most significant forms of CESs in
humans for drug metabolism are CES1 and CES2 [1, 2, 6-8]. Interest-
ingly, CESs could serve as both drugs and drug targets [9]. CES1 is
currently being developed by the US military for prophylactic use
against chemical weapons of organophosphates (nerve agents such as
sarin, soman, tabun and VX gas [9-13]). CESI has also shown sig-
nificant promise in the treatment of acute cocaine overdose [9]. In-
hibitors of CESs could be used as co-drugs to improve pharmacoki-
netics, efficacy, and safety profiles of clinically approved drugs
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where CESs are involved in drug metabolism and clearance [14,
15]. Because of the critical role of CES1 in metabolizing choles-
teryl esters [16], inhibitors of CES1 have the potential to treat hy-
pertriglyceridemia, obesity, type 2 diabetes, and atherosclerosis.

CESI contains 567 amino acids with a molecular weight (MW)
of 62521 Da, while CES2 consists of 559 amino acids and has an
MW of 61807 Da [17]. These two enzymes share 48% amino acid
sequence identity but exhibit distinct substrate and inhibitor specific-
ity [7, 18]. CESs are mostly membrane-bound and reside on the lu-
minal side of the endoplasmic reticulum (ER), but they are also pre-
sent in the cytosol with lower abundance for reasons not yet fully
understood [19, 20]. All CESs contain an N-terminal signaling pep-
tide of 17-22 amino acid residues, which is responsible for the ER
localization of these enzymes [7]. The C-terminal sequence (HXEL)
binds to the retention sequence of the ER receptor and prevents the
secretion of these enzymes from the cells [14, 21, 22]. Several crystal
structures of CESI1 containing different ligands have been reported
[13,23-26]. CESI has three binding sites: active site, side door, and
Z-side [15]. CESI1 active site consists of both a small and rigid pocket
(provides selectivity), and a large and flexible domain (provides
promiscuity) [1, 13]. The large CESI active site (~ 1300 A®) is cov-
ered predominately with hydrophobic amino acids, allowing the entry
of numerous structurally diverse substrates [14]. CES1 is comprised
of monomers, trimers, and hexamers in equilibrium [13, 24]. The
distribution of the different forms is substrate-dependent and con-
trolled by the surface binding site (Z-site) [13, 24]. In a substrate-free
state, CES1 consists of approximately 10% monomer, 44% trimer,
and 46% hexamer [13, 24]. The side door allows hydrolyzed products
(acids and alcohols) to rapidly exit the active site, leading to the in-
creasing rate of substrate turnover [27]. X-ray crystal structure of
CES?2 is currently unknown and CES2 exists as a monomer in the ER
[17].

© 2019 Bentham Science Publishers
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Table 1. Examples of drugs and endogenous compounds metabolized by CES [6, 8, 40].
Classes Compounds
Drugs Aspirin, capecitabin, cilazapril, clopidogrel, cocaine, dabigatran etexilate, enalapril, heroin, imidapril, irinotecan,

meperidine, methylphenidate, olmesartan, orlistat, oseltamivir, quinapril, ramipril, temocapril, trandolapril

Endogenous compounds

Acyl-CoA, acylcamitine, triacylglycerol, cholesterol ester

Environmental chemicals

Phthalates, benzoates, pyrethroids, pyrethrins, organophosphorous, pesticides, flame retardants

Inactivation

Lidocaine (Drug)

Activation

Irinotecan (Prodrug)

Fig. (1). Inactivation of Drug/Antedrug and Activation of Prodrug by CES [3-5].

2. PHYSIOLOGICAL FUNCTIONS OF CES ENZYMES

CESI1 plays a critical role in lipid metabolism and is responsible
for hydrolysis of endogenous esters, such as triacylglycerol, 2-
arachidonylglycerol, and cholesteryl esters [6]. Inhibition of CES1
may provide a potential treatment for certain diseases, such as obe-
sity, diabetes, and atherosclerosis [6, 28, 29]. CESs are also impor-
tant for lipid mobilization, insecticide detoxification, and protein
trafficking [1]. The endogenous substrates of CES2 have not yet
been identified. CESs are generally considered to be protective and
detoxifying enzymes, promoting the elimination of ingested esters
and metabolizing a wide variety of drugs and pesticides.

3. CELLULAR LOCATION OF CES ENZYMES

In the human liver, CES1 is located on the luminal side of the
ER, where UGTs also reside (Fig. 2) [8, 30, 31]. CESs partner with
Phase II enzymes to carry out secondary metabolism of the hydro-
lytic products (e.g., glucuronidation of acids and alcohols). Due to
the presence of the HXEL (His-X-Glu-Leu) sequence at the C-
terminal (i.e., HIEL for CES1 and HTEL for CES2), CESs bind to
the KDEL (Lys-Asp-Glu-Leu) sequence of the retention protein
receptor in the ER and are retained within cells in humans [8]. In
hepatocellular carcinoma, however, CES1 can be secreted into
the human blood in contrast to the healthy state [32]. In rats and
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Loteprednol Etabonate (Antedrug)
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mice, the HXEL sequence is absent in the Ces enzymes, as they
have the HTEHK sequence instead, which cannot bind to the
KDEL-receptor [8]. As a consequence, Ces enzymes in rodents are
secreted into the blood, while human CESs are retained in the cells
and are not present in the blood. B-Glucuronidase is known to form
a complex with CES1 and be retained in the ER [33]. In the liver,
CES1 and CES2 are present in both microsomal and cytosolic frac-
tions [20]. The cytosolic CES1 was found to miss a putative 18
amino acid N-terminal signaling peptide [34]. It has been suggested
that processing within the ER is necessary to retain activity [21].
The hepatic dual compartment localization (microsome and cytosol)
of CESs is somewhat unique for clearance, although the mechanism
controlling the dual location is not yet known [34-36].

4. MECHANISM OF ACTION

The proposed mechanism of action for CES is shown in Fig. (3).
Hydrolysis by CESs is catalyzed by a general acid-base mechanism
via a charge-relay complex [29]. The CESI active site contains a
catalytic triad of three amino acids: an acid (glutamate), a base (his-
tidine), and a nucleophile (serine) [8]. The triad (Ser-His-Glu) is in-
ter-dependent and acts in concert to complete the nucleophilic cataly-
sis. In CES-mediated hydrolysis, the oxygen from the alcohol group
in the serine attacks the carbonyl carbon of the ester substrate to form
a tetrahedral intermediate. In this transitional state, the deprotonated
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Fig. (3). Proposed Mechanism of Action for CES [8].

oxygen is stabilized through hydrogen bonding of the two glycine
amino acids, resulting in a pocket at the active site called the oxyan-
ion hole. The next step is the formation of the alcohol product and
acyl-enzyme complex. This will be followed by nucleophilic attack of
the carbonyl carbon of the acetyl group, formation of the tetrahedral
intermediate and the oxyanion hole, leaving of the carboxylic acid,
and recovery of the CES enzyme. The catalytic triad and the oxyan-
ion hole are believed to stabilize the enzyme-substrate intermediates

and, therefore, are essential for CES functions [37]. The catalytic
processes by CESs are NADPH independent and require no other
cofactors. Certain CESs are also known to catalyze transesterifica-
tion, which is important for cholesterol homeostasis [1].

5. TISSUE DISTRIBUTION AND SPECIES DIFFERENCE

In human, CES1 is predominately expressed in the human liver
and is not present in the intestine (Tables 2 and 3, Fig. 4) [20, 30, 38].
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Protein Expression of CES1 and CES2 in Human Liver and Intestine by Proteomic Approaches [20, 39, 40].

Table 2.
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Fig. (4). Human Tissue Distribution of CES1 and CES2 Based on mRNA Level [38].



The Impact of Carboxylesterases in Drug Metabolism and Pharmacokinetics

Human CES2 is mainly found in the small intestine, but also present
in the liver, colon, and kidney. Protein quantification of CES using a
proteomic approach shows that CES1 expression in human liver mi-
crosomes (HLM) is 176, 402 and 1664 pmol/mg protein, respec-
tively, based on data from three different labs (Table 2) [20, 39, 40].
The high inter-lab variability is consistent with what has been previ-
ously reported due to differences in sample preparations and quantifi-
cation methods [41]. CES1 ranks the tenth most abundant protein
expressed in the human liver out of more than 6,000 proteins [29, 42]
and is one of most highly expressed drug metabolizing enzymes in
the liver. As a comparison, CYP3A4 (the most abundant CYP en-
zyme in the liver) expression in the liver is 137 pmol/mg protein
(SIMCYP database [43]). The protein level of CES2 in HLM is 30-
174 pmol/mg protein, which is 10-15 times lower than CES1, sug-
gesting CES1 plays a major role in the liver metabolism of CES sub-
strates. Both CES1 and CES?2 are also found in Human Liver Cytosol
(HLC), but to a much lesser degree (approximately 3-10 fold higher
in HLM). It is not yet understood why CES1 and CES2 are present in
HLC as they are generally considered to be membrane bound pro-
teins. In human intestinal microsomes, CES1 is not detected but
CES2 is similar in abundance to HLM, ~ 30 pmol/mg protein [20].
This is comparable to CYP3A [4] expression in the intestine (22
pmol/mg protein, SIMCYP database [43]), thus making CES2 one of
the most highly expressed drug metabolizing enzymes in the intes-
tine. CES2 hydrolytic activity is relatively constant throughout the
small intestine from jejunum to ileum (Fig. 5) [2]. The protein quanti-
fication data is used for the development of PBPK models to assess
CES mediated clearance and drug-drug interaction potential.

CES2
P-gp BCRP
o ASBT MRP2/3
PEPT1 OATP2B1
ocT1/3
Proximal
Distal

Fig. (5). Distribution of CES2 and Other Enzymes and Transporters in Hu-
man Small Intestine [2, 77, 99-105].

Dog is devoid of Ces activity in the small intestine (Table 4)
[44]. Monkey liver Ces expression is similar to human, suggesting a
monkey could be a reasonable animal model of CES substrates for
human, although monkeys express Cesl in the intestine while hu-
mans do not. Rodents have a much higher number of Ces genes and
multiple isoforms compared to humans and monkeys, making them
more effective and highly efficient in hydrolyzing their substrates
(Table 4) [44, 45]. For example, rats have five isoforms of Cesl and
seven isoforms of Ces2, while mice have eight isoforms of Cesl
and eight isoforms of Ces2 [45]. The redundancy of Ces genes in
rodents suggests multiple gene duplication events occurred during
evolutionary processes [29].

Human, monkey, dog, and minipig do not have Ces enzymes in
the plasma due to the consensus sequence (HXEL) at the C-
terminal that binds to the retention sequence of the receptor in the
ER to be retained in cells [46]. Mouse, rat, and rabbit, however,
have a high abundance of plasma Ces and the HXEL sequence is
absent in these species, resulting in secretion of Ces into the blood
[47]. Mouse strains that lack plasma esterase activity are available,
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i.e., Esle and Esle/scid [48, 49]. Plasma esterase-deficient mice are
useful to evaluate the impact of plasma esterases on PK. Although
humans do not have CESs in plasma, other hydrolases can perform
analogous function as Ces enzymes found in other species, such as
butyrylcholinesterase (BChE), paraoxonase (PON1), acetylcho-
linesterase (AchE, negligible amount), and albumin (HSA) [47].
Red blood cells contain additional esterases that are not found in
plasma [50].

6. GENETIC POLYMORPHISM AND REGULATION

The CES genes are highly polymorphic and new SNPs are in-
creasingly being identified [1, 6, 51-57]. The minor allele frequen-
cies of CESs can vary greatly among different ethnic groups [56].
Several SNPs are found to be rare in Caucasians, while having
much higher frequencies in other populations. Some CES genetic
variants have a significant influence on drug metabolism and clini-
cal outcomes [6]. For instance, CES1 genetic polymorphisms have
been shown to affect the metabolism of dabigatran etexilate, meth-
ylphenidate, oseltamivir, imidapril, and clopidogrel, whereas ge-
neric variants of CES2 have been demonstrated to impact the me-
tabolism of aspirin and irinotecan [6]. Although significant progress
has been made between CES genetic polymorphism and inter-
individual variability of drugs, further research is needed to truly
understand its role, including large-scale pharmacogenetic studies
to assess drug-gene interactions in the clinic [6, 56].

CES expression is regulated by many factors, including age,
hormones, disease state, nutritional status, drugs, and exposure to
environmental chemicalsl [58-60]. The expression of CESs is con-
trolled directly or indirectly by activation of transcriptional factors,
such as the PXR, CAR, PPARa, HNF40, GR and Nrf2, although
future research is needed to further understand CES regulation [58,
61-65]. Dexamethasone and phenobarbital were found to moder-
ately induce both CES1 and CES2 in human hepatocytes [6]. In-
flammatory cytokines (e.g., interleukin [6]), on the other hand, have
been shown to repress CES1 and CES2 expression [59]. At the
protein level, CES1 and CES2 have a strong correlation, indicating
that they are co-regulated [40], and are either induced or suppressed
by similar unknown mechanisms. The close chromosomal proxim-
ity of the two genes may be conducive to co-regulation [40]. Induc-
tion of CESs by endogenous and exogenous compounds has been
low to moderate and they appear to be more inducible during de-
velopmental stage (e.g., infants) [1, 58].

7. IMPACT OF AGE, GENDER, ETHNICITY, DISEASE
STATE AND INDIVIDUAL VARIABILITY

CES1 and CES2 expressions are developmentally regulated and
have shown an age-dependent maturation based upon strong asso-
ciation among age and mRNA level, protein abundance, and activ-
ity [36, 40, 60, 66-68]. Neonates and infants have markedly lower
CES1 and CES2 levels compared to older children and adults, but
levels increase rapidly after birth. CES1 expression in infants
reaches half of the adult level by about 7 months, whilst CES2 ex-
pression achieves the same level as adults much earlier, at approxi-
mately 3 weeks [40]. Both CES1 and CES2 belong to the most
common Class III group of drug-metabolizing enzymes based on
developmental trajectories [36, 69]. They exhibit low to no expres-
sion in the fetus, but increase substantially during the first months
to two years of life [36, 69]. The age differences in CES expression
can impact metabolic rate, leading to juvenile sensitivity to adverse
effects of certain CES substrates [36, 70]. Both gender and ethnicity
show no association with protein abundance of CES1 and CES2
when age is considered [36, 40, 60], although some reports show
CESI1 to have higher protein expression and hydrolytic efficiency in
females than males [2, 71-73]. Liver diseases, such as hepatitis and
cirrhosis, have been reported to have decreased CES activities due
to suppression by cytokines (e.g., IL-6) produced in these condi-
tions [1, 59].
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Moderate to high inter-individual variability of CES1 and CES2
has been reported from 5- to 160-fold for CES1, and 4- to 34-fold
for CES2 based on protein abundance, 430-fold based on mRNA
level, and 127-fold based on hydrolytic activity [20, 36, 40, 66].
This may be due to genetic polymorphism and physiological and
environmental factors. CES inter-individual variation can lead to
the differences in PK of CES substrates and the ability to detoxify
environmental chemicals in the population [29].

8. SUBSTRATE SPECIFICITY AND DESIGN STRATEGIES
FOR TISSUE TARGETING

Due to the high catalytic efficiency and specific tissue distribu-
tion, CES enzymes are broadly incorporated into the design strate-
gies of prodrugs and soft drugs to increase oral bioavailability, re-
duce toxicity, or prolong half-life. Although substrates of CES1 and
CES2 significantly overlap, they exhibit distinct substrate specific-
ity. CES1 tends to hydrolyze esters with small alcohols and large
acids, while CES2 prefers large alcohols and small acids (Fig. 6) [1,
8]. For examples, cocaine (methyl ester) and temocapril (ethyl es-
ter) are CES1 substrates, whereas cocaine (benzoyl ester), heroin,
and irinotecan (large alcohol) are CES2 substrates (Fig. 6) [64]. In
addition, CES1 prefers smaller and planar substrates (e.g., osel-
tamivir, clopidogrel), consistent with the structure of the active site,
i.e., the physical constraints from the two loops of amino acids [27].
CES2 can hydrolyze very large complex molecules due to the en-
hanced flexibility of the active site [27]. The selectivity based on
the relative size of alcohol/acyl has been demonstrated for a number
of CES1 and CES2 substrates with some exceptions [1].

8.1. Gut Targeting with Soft Drugs

Soft drugs are those that act locally to produce pharmacody-
namic effects, but are inactivated once they leave the target tissue to
minimize systemic exposure and toxicity [4]. If a disease target
resides in the enterocytes within the GI tract, soft drug strategy can
be applied to target the gut through oral dosing. Soft drugs are ab-
sorbed from the small intestine into the enterocytes and exert phar-
macological effects. Once they leave the intestine, they will enter
into the liver through the portal vein, where they will be inactivated
to reduce systemic exposure and side-effects. For gut targeting,
CES1 substrates are preferable over CES2 substrates, as CES2 is
expressed predominately in the intestine while CES1 is mostly in
the liver (Fig. 7). The desirable profile for a gut-targeting soft drug
includes high oral absorption (i.e., high F,, compounds with good
solubility and permeability), low first pass gut metabolism (i.e.,

high F,), and high extraction by the liver (i.e., low Fy). It would be
undesirable for the soft drug to have a high conversion in the intes-
tine (i.e., low Fy) or not be inactivated within the liver (i.e., high
Fy). In practice, compounds designed for gut targeting typically
have properties somewhere in between these two profiles, with
some conversion of the soft drug in the gut and incomplete conver-
sion in the liver. One example of applying the soft drug strategy for
gut-targeting is the gut-selective inhibitor of microsomal triglyc-
eride transfer protein (Gut-MTP) for treating obesity [74].

8.2. Liver Targeting with Prodrugs

Prodrug strategies can be used for liver targeting to maximize
drug exposure in the liver, where the target resides, and minimize
systemic exposure and toxicity. For liver targeting, a CES1 prodrug
is preferable over a CES2 substrate (Fig. 8). A prodrug intended for
liver targeting would ideally have high oral absorption, low intesti-
nal first pass extraction, and high conversion to active moiety in the
liver. It would be undesirable for the prodrug to hydrolyze in the
gut prematurely or not convert to the action in the liver. In reality,
drug discovery compounds typically have properties somewhere in
between these two profiles. One example of using a prodrug strat-
egy for liver targeting is the inhibitor of proprotein convertase sub-
tilisin/kexin type 9 synthesis [75].

9.IN VITRO TOOLS TO ASSESS CES

Many standard DMPK assays can be used to evaluate and pro-
file CES substrates, and assay conditions are less stringent than
those used for CYPs. For example, organic solvents <2%, including
DMSO, ethanol, methanol, acetonitrile and acetone, are well toler-
ated by CESs [76]. Buffer components less than 100 mM, including
PBS, HEPES, potassium phosphate, sodium phosphate and Tris
[76], have minimal effect on CES activity.

9.1. Absorption -F,

Standard assays, such as PAMPA, MDCK and Caco-2, can be
used to measure permeability. However, MDCK and Caco-2 con-
tain CESs, which can hydrolyze labile substrates. Hydrolase inhibi-
tors, such as BNPP (200 uM) [77], can be added to the system to
stabilize compounds for permeability measurement while having
minimal effect upon permeation. Even though Caco-2 is derived
from human colon carcinoma cells, it actually expresses the liver
CESI1 rather than the intestinal CES2 [77]. Therefore, using Caco-2
as a surrogate for intestinal stability studies can be misleading, as
CES1 is more prevalent in the liver than in the intestine. For solu-
bility measurement, pH buffers, FaSSIF, and FeSSIF can be used to
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estimate solubility in the GI tract. Various models are available to
estimate intestinal absorption using both permeability and solubility
values.

9.2. Gut Stability- F,

For evaluation of gut stability of CES substrates, simulated
gastric fluid (SGF, pH1.2 with pepsin), simulated intestinal fluid
(SIF, pH 6.8 with pancreatin), and intestinal S9 (no PMSF) can be
used. Most commercially available intestinal S9 contains PMSF
(CES inhibitor), so it is important to have intestinal S9 custom
made without PMSF to avoid inhibiting CES activity. The intestinal
stability data can then be used along with permeability values to
model F, [78-84].

9.3. Liver Stability - F,

Hepatocytes, liver S9, and microsomes are typically used to
study liver conversion or stability of CES substrates, so it is impor-

tant to use liver preparations without PMSF to avoid inhibition of
CES.

9.4. Blood and Plasma Stability

Blood, plasma, and serum are the typical matrices utilized when
determining the stability or conversion rate of CES substrates. The
stability of compounds in blood and plasma is particularly crucial
when analyzing CES substrates in PK/TK/PD studies since com-
pounds need to be stable during sample preparation and LC-MS
analysis. Compounds can continue to hydrolyze during sample
preparation and analysis if they are not stabilized leading to unreli-
able data. To stabilize CES substrate samples, temperature and pH
may be lowered, and inhibitors may be added to minimize enzy-
matic reactions. The commonly used protocols include collecting
blood samples into tubes on wet ice and acidifying blood samples to
pH 5 using 2% of 1 M citric acid (cause minimal hemolysis) [85,
86]. Inhibitors may stabilize CES substrates (typical inhibitors are
summarized in Table 4 [85, 86]). Ideally, various inhibitors are
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Table4. CES Tissue Distribution and Multiple Isoforms of Cesl and Ces2 in Rodents [45].
Species Liver Small Intestine Kidney Lung Plasma
Human CES1 CES2 - CES2 - CES2 CES1 - None
Monkey Cesl Ces2 Cesl Ces2 Cesl Ces2 - - None
Dog Cesl Ces2 None - Cesl Ces2 Cesl Ces2 None
Rat Ceslc Cesld Cesle Ceslf Cesle Ceslf Cesld - Ceslc
- Cesle Ceslf Ces2a Ces2c Ces2g - - - -
- Ces2a Ces2c Ces2h - - - - - -
- Ces2e Ces2g - - - - - - -
Mouse Ceslc Cesld Cesld Cesle Cesld Cesle Cesld - Ceslc
- Cesle Ceslf Ceslf Ceslg Ceslf Ceslg - - -
- Ceslg Ces2a Ces2a Ces2b Ces2c - - - -
- Ces2c Ces2e Ces2c Ces2e - - - - -
- - - Ces2g - - - - - -
tested in blood of multiple species to identify optimal inhibitors. 10.1. Rodents

Some inhibitors are toxic and may only be suitable for preclinical
studies. Fortunately, compounds are usually more stable in human
blood than in preclinical species, especially rodents, so that identi-
fying acceptable inhibitors for clinical samples is usually less chal-
lenging.

9.5. Stability in Extrahepatic Tissues

Stability of CES substrates in extrahepatic tissues can also be
evaluated by using various tissue preparations, e.g., kidney S9 (no
PMSF), but it crucial to ensure sure that the tissue preparations do
not contain PMSF.

10. IN VIVO ANIMAL MODELS TO ASSESS CES

Animal models are frequently used to evaluate ADME proper-
ties of CES substrates. /n vivo models have both benefits and limi-
tations in comparison to in vitro systems, as they provide more
holistic drug disposition profiles under physiological conditions
with the caveat of species differences. /n vitro data from both hu-
man and preclinical species should be in conjunction with in vivo
data to better understand the human translation.

TableS. Hydrolase Inhibitors to Enhance Blood/Plasma
Stability for Bioanalysis [85, 86].
Enzymes Inhibitors
TTFA, BNPP, Dichlorvos, DFP,
Carboxylesterases
PMSF, Paraoxon
. Dichlorvos, Eserine, Paraoxon,
Acetylcholinesterases . .
Acetylcholine (competitive)
Cholinesterases Eserine
Serine Esterases PMSF, Paraoxon, DFP
Phosphodiesterases BNPP
Nonspecific Esterases NaF

Rodent Ces enzymes have high catalytic capacity and efficiency
compared to human CESs, with sequence homologies of about 67-
77% to that of humans [30, 87]. There are a large number of Ces
isoforms expressed in the rodent liver, intestine and other tissues,
i.e., 12 for rat and 16 for mouse [45]. Ces enzymes in rodents are
also present in plasma, in contrast to humans. Plasma esterase-
deficient mice are available [48] and may be a more appropriate
animal model to predict human disposition for CES drugs in certain
cases. Rodents tend to have much higher clearance and lower sys-
temic exposure than humans. Due to species differences, rodents
are not broadly applicable to predict human PK and metabolic pro-
files of CES substrates.

10.2. Dogs

Dogs have no intestinal Ces and, therefore, are not good models
to evaluate GI stability of CES substrates and first-pass gut metabo-
lism. Similar to humans, dogs lack Ces in the blood. The sequence
homologies of dog Ces enzymes are about 80% that of human [30,
87].

10.3. Cynomolgus Monkey

Monkeys have the greatest sequence similarity to humans (86-
97%) [30, 77, 87] and, they are lack Ces in the blood as humans.
However, unlike humans, monkeys have Cesl in the intestine and
human intestine only has CES2. Based upon limited data, monkey
appears to provide a reasonable prediction of human PK for CES
substrates using single species scaling.

10.4. PVC Animals

PVC (Portal Vein Cannulated) animals (e.g., rat, dog, monkey)
can be used to study absorption and gut first pass metabolism of CES
substrates [78, 88-90]. For compounds with good permeability, portal
exposure is more of a measurement of gut metabolism. Species dif-
ferences should be considered in data interpretation. For example,
rodents have much greater gut metabolism of Ces substrates; dog
does not have Ces in the intestine; monkey intestine has both Cesl
and Ces2; and human intestine only has CES2. The species differ-
ences in intestinal Ces expression can lead to differences in F,.
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10.5. BDC Animals

BDC (bile duct cannulated) animals (e.g., rat, dog, monkey)
can be used to estimate biliary excretion of CES substrates. How-
ever, species differences need to be considered to understand
human translation. Rats tend to significantly over-predict human
biliary clearance (at least 10-fold) using single species scaling,
but dogs and monkeys provide more a reasonable human predic-
tion [91, 92].

11. IVIVE OF CES SUBSTRATES

IVIVE of CES substrates has not been widely investigated. A
study using eight CES1 substrates with human data showed that
human hepatocytes or liver S9 resulted in a reasonable prediction of
human in vivo hepatic intrinsic clearance with half of the com-
pounds within three fold of observed data [93]. Extrahepatic contri-
bution was not considered due to the stability of compounds in
those tissues. Under-prediction was observed for compounds with
high intrinsic clearance. S9 was found to perform better than hepa-
tocytes in predicting clearance. Future studies with substrates of
both CES1 and CES2, and incorporation of extrahepatic contribu-
tion, will further increase confidence in human translation.

IVIVE of intestinal availability (F,F,) was evaluated for a set of
CES prodrugs using PVC monkey, monkey intestinal S9 stability,
and permeability from both PAMPA and MDCK [78]. Strong
IVIVE was observed with r* of 0.71-0.93 using a number of model-
ing approaches, including a PBPK model and a simplified competi-
tive-rate analytical solution [78]. The study showed that in vitro
intestinal S9 stability and permeability assays can be confidently
used to predict in vivo F,F, for CES substrates.

12. DRUG-DRUG INTERACTION POTENTIAL OF CES

In vitro DDI (Drug-drug Interaction) of CES has been observed,
however, there is no known CES-mediated DDI in the clinic so far,
although several interactions with ethanol have been reported2.
CES has low potential risk for clinical DDI, but it should not be
overlooked. In vitro assays are in place to evaluate victim and per-
petrator DDI potentials for CESs.

12.1. Evaluation of Victim DDI Potential

Human recombinant enzymes of CES1 and CES2 (hr-CES1 and
hr-CES2) are commercially available from various vendors. RAF
and ISEF values can be established to estimate the fraction metabo-
lized by CES enzymes using hr-CES1 and hr-CES2. Chemical in-
hibitors can also be applied with more physiologically relevant
systems, such as human hepatocyte suspensions, human liver mi-
crosomes, or S9 [94, 95]. Hepatocytes with pan-CYP inhibitor (1
mM ABT with 15 uM tienilic acid) will provide the relative contri-
bution of CYP vs. non-CYP [96]. Selective CES inhibitors may
provide individual contributions of CES1 and CES2. Selective
CES1 and CES2 inhibitors and substrates are shown in Table 6 [94,
95,97, 98].

12.2. Evaluation of Perpetrator DDI Potential

Test compounds can be evaluated for CES inhibition potential
by using CES substrates (Table 6) in human hepatocytes, human
liver microsomes, or hr-CES enzymes. Translation from in vitro
CES inhibition to in vivo DDI can be evaluated using static or
PBPK modeling, but further validation is needed. A study with hr-
CES enzymes showed that many pharmaceutical excipients inhibit
CES1 and CES2. However, the in vivo relevance of this finding is
unknown as many of the excipients have low cell membrane
permeation, which is a prerequisite for in vivo CES inhibition.
CESs are moderately inducible (e.g., by dexamethasone and
phenobarbital in human hepatocytes [6]) and repressed by
inflammatory cytokines through a number of transcription factors
(see Section on “Genetic Polymorphism and Regulation”).
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Table 6. Selective Inhibitors and Substrates of CES1 and

CES2 [94, 95, 97, 98].

CES1 Substrate (K,,)

* Clopidogrel (58 nuM)

* Tempocapril (576 uM)
* Trandolapril (1.7 uM)
* Imidapril (245 puM)

CES2 Substrate (K,,)
* lIrinotecan (23 uM)
* Procaine (800 uM)

CES2 Inhibitor (K;)
* Loperamide (0.05 pM)
e Telmisartan (0.25 uM)

e Eserine (0.36 UM, inhibit
BChE, AChE)

CES1 Inhibitor (K;)

* Caffeic acid (479 uM)
* Curcumin (15 uM)

* Digitonin (4.6 pM)

CONCLUSION

Significant advances have been made to understand the role of
CES enzymes in drug metabolism and disposition, including tissue
distribution, species differences, age, disease state, genetic poly-
morphism, IVIVE, and DDI potential. A number of in vitro and in
vivo tools are available to evaluate CES substrates and inhibitors,
and new approaches are being developed to further the understand-
ing of this class of important enzymes.

LIST OF ABBREVIATIONS

ABT = 1-Aminobenzotriazole

AchE = Acetylcholinesterase

ADME = Absorption, Distribution, Metabolism, Excretion

BChE = Butyrylcholinesterase

BDC = Bile Duct Cannulated

BNPP = bis-p-nitrophenyl Phosphate

Caco-2 = Human Epithelial Colorectal Adenocarcinoma
Cells

CAR = Constitutive Androstane Receptor

CES = Carboxylesterase

CYP = Cytochrome P450

DDI = Drug-Drug Interaction

DMPK = Drug Metabolism and Pharmacokinetics

DMSO = Dimethyl Sulfoxide

ER = Endoplasmic Reticulum

F, = Fraction Absorbed

F, = Fraction Escaping Gut Wall First-pass Extraction

Fy = Fraction Escaping Liver Extraction

GR = Glucocorticoid Receptor

HEPES = 4-(2-Hydroxyethyl)-1-Piperazineethanesulfonic
Acid

HLC = Human Liver Cytosol

HLM = Human Liver Microsomes

HNF4a = Hepatic Nuclear Factor 4o

hr-CES = Human Recombinant Carboxylesterase

HSA = Human Serum Albumin

ISEF = Intersystem Extrapolation Factor

IVIVE = In vitro-In vivo extrapolation

LC-MS = Liquid Chromatography-mass Spectrometry
MDCK = Madin-Darby Canine Kidney Cells

MTP = Microsomal Triglyceride Transfer Protein

mRNA = Messenger Ribonucleic Acid

NADPH = Nicotinamide Adenine Dinucleotide Phosphate
Hydrogen

Nrf2 = Nuclear Factor Erythroid 2-related Factor 2

PBPK = Physiologically Based Pharmacokinetics

PAMPA = Parallel Artificial Membrane Permeability Assay

PBS = Phosphate-buffered Saline
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PD = Pharmacodynamics

PK = Pharmacokinetics

PMSF Phenylmethylsulfonyl Fluoride

PONI1 = Paraoxonase

PPARo = Peroxisome Proliferator-activated Receptor o

PVC = Portal Vein Cannulated

PXR = Pregnane X Receptor

RAF = Relative Activity Factor

SGF = Simulated Gastric Fluid

SIF = Simulated Intestine Fluid

SNP = Single Nucleotide Polymorphism

Tis = Tris(hydroxymethyl)aminomethane

TK Toxicokinetics
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