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A prodrug is a pharmacologically inactive derivative of an active parent drug, and is bioconverted 1o the active
drug in vivo. Through chemical modification of a drug to a prodrug, we are able to deliver drugs to the target site,
to optimize therapy and minimize toxicity. A major pathway for the bioconversion of prodrugs to the aclive par-
ent drugs is vig carboxylesterase (CES) activity. Among human CES isozymes, hCEI and hCE2 predominantly
participate in the hydrolysis of prodrugs in the liver and small intestine, respectively, although the substrate
specificity is quite different between two isozymes; therefore, we can rationally design prodrugs based on the en-
zyme chamcteristics. However, since the expression levels of CES vary among individuals, there is a range of
pharmacological responses following prodrug administration. Species differences are caused by tissue-dependent
hydrolase activity mediated by CES, which makes it difficult to predict effectiveness in humans from a preclini-
cal study using animals. Accordingly, understanding the regulation of CES expression and species difference of
CES catalytic properties will be helpful in the design of prodrugs with increased specificity and enhanced

physicochemical and biological properties. © Pesticide Science Society of Japan

Keywords: prodrug, carboxylesterase, substrate specificity, species difference, gene regulation.

Introduction

In the current drug development paradigm, it is necessary to
design compounds with minimal or no side effects, and to
specifically combat a target disease. The conversion of a drug
to a prodrug that is pharmacologically inactive, but can be-
come active via an enzymatic reaction, is an important strat-
egy in targeting a drug to the site of action. By transformation
of the drug to its prodrug, we can minimize or eliminate pos-
sible drug toxicity to optimize therapy. Chemotherapy using
prodrugs was developed in the 1970s, and several prodrugs
are now in clinical use. This approach is still accepted as an
integral part of new drug design processes, because we can
improve, delay, prolong, control, and specifically express the
action of the parent drug using a prodrug.'¥

Prodrugs are mostly ester derivatives which are constructed
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from hydroxy! and carboxyt groups of the parent drug, be-
cause they can be enzymatically converted to parent drugs by
hydrolases that widely exist in vivo. Carboxylesterase (CES,
EC 3.1.1.1) is responsible for the activation of ester and
amide prodrugs,” belongs to a super-family called the o8-
hydrolase-fold family, and is a member of the serine esterases,
which are found in various mammalian tissue.*? Mammalian
CESs comprise a multigene family, and their isozymes are
classified into five fundamental groups based on the homol-
ogy of the amino acid sequence.” CES1 and CES2 families
play a major role in the bioconversion of prodrugs. The ex-
pression levels of CESs and their tissue distribution profiles
affect the fate of prodrugs in the body.™® Furthermore, CES
isozymes have inter-related substrate specificity but may be
classified according to their hydrolase activities towards se-
lected substrates; therefore, the prodrug can be rationally de-
signed on the basis of the characteristics of human CES
isozymes. For example, oseltamivir and temocapril are metab-
olized in the liver by human CES1 but not by human CES2 in
the small intestine.>'

In the design of prodrugs specifically susceptible to CES, it
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is important to evaluate the affinity of a prodrug to the corre-
sponding CES as well as individual variations in the CES ex-
pression level at the target tissue. CES activity may show
inter-individual variations due to both genetic polymorphisms
as well as environmental factors, and these may influence tox-
icity induced by the parent ester.""'? Furthermore, the effec-
tiveness and safety of prodrugs should be confirmed in a pre-
-clinical study using animal and cell culture models. The tissuc
distribution of CES1 and CES2 isozymes differs among ani-
mals, including humans, and their variation leads to species
differences in tissue-specific hydrolase activity. It should also
be noted that substrate specificity differs among orthologous
CES isozymes in various species.

The present review discusses the development of prodrugs,
which is an important issue in the design of a new drug, fo-
cusing on the varying substrate specificity of human CES
isozymes, species differences in CES-specific tissue hydroly-
sis, and the genomic structure and regulation of CES genes.

1. General description of prodrug pharmacokinetics

Figure 1 shows the bioconversion processes which may follow
the oral administration of a prodrug. As indicated by the con-
version rate constants, the prodrug is converted to the parent
drug at the absorption site (k,), in the liver (k,), in the blood
(k3), and other distribution sites in the body (k,). The concen-
tration profile of the prodrug and parent drug depends upon
the aim of the prodrug. For example, a prodrug delivered to a
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Fig. 1. Distribution of prodrug after oral administration and bio-
conversion of prodrug,

specific tissue should be sufficiently converted at the fastest
rate of k, at the target site, compared with other prodrug con-
version rates (k, to k;). When the bioavailable dose of a
poorly absorbed drug is increased by administration of a suit-
able prodrug, its kinetics should be optimized to increase drug
delivery to the systemic circulation. In this case, prodrug con-
version takes place prior to arrival in the blood. The rate of
prodrug conversion should be adequately fast, relative to the
metabolism of the prodrug and parent drug. Prodrug excretion
and metabolism cause a decrease in drug yield. Also, the
slower conversion rate of the prodrug than the metabolism of
the parent drug causes a decrease in drug yield due to sequen-
tial metabolism of the parent drug, and thus a reduction in the
potential bioavailable dose of the drug. Figure 2A shows the
typical blood concentration profile of a poorly converted pro-
drug. In order to obtain a high blood concentration of the par-
ent drug, as shown in Fig. 2B and C, orally administered pro-
drug should be extensively converted to the parent drug in the
intestine and liver through which they first pass before enter-
ing the systemic circulation. If the prodrug is completely con-
verted to the parent drug during the first pass, then the phar-
macodynamics and toxicity all depend on the original drug,
provided that the disposable moiety is inert.
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Fig. 2. Drug amount at administered site and blood after adminis-
tration of prodrug. When prodrug is orally administered, the intestine
is the administered site and the first organ reached is the liver. In cu-
taneous and intravenous administration, the administered site is the
skin and veins, respectively, and the first organ reached is the lung in
both cases. --——- . prodrug; , parent drug; —--
metabolite of prodrug (Metabolite A); ==mem , metabolite of paren
drug (Metabolite B).
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2. Prodrug Conversion Mediated by CES
in the Intestine and Liver

Most drug-metabolizing enzymes present in the liver are also
found in the small intestine; however, their levels are gener-
ally much lower in the small intestine. The importance of
small intestinal metabolizing enzymes arises from the loca-
tion of this organ, which can result in reduced systemic up-
take of drugs. The small intestine and liver play a significant
role in the metabolism of oral xenobiotics and drugs.

Hydrolase activity in the liver and small intestine in mam-
mals is attributable to several esterase molecules.'"™'¥ The
content of CES in rat liver is found to be about lmg per g of
fresh tissue while the microsomal fraction contains about 30
mg CES per g of microsomal protein.'” In the liver and intes-
tine, CES1 and CES2 isozymes are present, and play critical
roles in prodrug bioconversion. In humans, CES2 isozyme,
hCE2, predominantly presents in the small intestine, and the
hydrolysis pattern for several substrates in the human small
intestine microsomes is nearly the same as those of recombi-
nant hCE2.'® Although human liver microsomes express both
CES1 isozyme (hCE1) and hCE2, the hepatic substrate speci-
ficity closely resembles recombinant hCE1. Furthermore, the
anti-hCE! antibody showed 80-95% inhibition of hepatic hy-
drolysis, and the residual hydrolase activity is due to hCE2.%
hCE1 dominantly contributes to hepatic hydrolysis rather than
hCE2; thus, the first-pass hydrolysis of the prodrug depends
on the activity of hCE1 and hCE2 in the liver and intestine,
respectively.

However, both hCE!l and hCE2 in the liver are inter-indi-
vidually variable to a great extent. Furthermore, an age-de-
pendent expression was observed. In general, the adult human
liver expresses significantly higher hCE1 and hCE2 than the
pediatric liver, which shows significantly higher expression
than the fetal group.'” Within the pediatric group (0-10
years), the hydrolysis of oseltamivir varies by 127-fold in
agreement with the variation in the abundance of hCEL™ In
adults, Hosokawa et al. reported a more than 8-fold range of
variance in hCE! protein levels among 12 human liver micro-
somes,'” and Xu et al. reported a 3-fold range of variance for
hCE2 among 13 human liver microsomes'®; thercfore, the
prodrug should be designed by considering the variation in
the CES expression level in the liver and intestine.

3. Intestinal Hydrolysis during the Process of
Absorption

Most prodrugs aimed to improve oral bioavailability of their
parent drugs possess adequate membrane permeability due to
increasing lipophilicity by ester formation.'” Therefore, the
prodrug is easily taken up into epithelial cells and hydrolyzed
to the parent drug, as shown in Fig. 3. The parent drug con-
verted from the prodrug is present at the highest concentra-
tion in epithelial cells, and can be transported by passive and
active fransport into not only blood vessels but also the intes-

Blood vessel

Fig. 3. Absorption and hydrolysis of prodrug in the intestinal ep-
ithelial cell.

tinal lumen. Therefore, it is difficult to achieve complete drug
absorption. A prodrug hydrolyzed extensively in epithelial
cells results in lower blood concentration of the parent drug,
as shown in Fig. 2C. We studied the relation between prodrug
absorption and its mucosal hydrolysis using in situ rat single-
pass perfusion.’®?" [sovaleryl propranolol (isovaleryl-PL) was
well absorbed by cpithelial cells by passive diffusion, and
then was completely hydrolyzed to PL and isovaleric acid at
the rate limited by the uptake of isovaleryl-PL into mucosal
cells. The produced PL and isovaleric acid were passively
transported to the luminal side and blood vessels according to
the pH-partitioning theory. PL, a basic drug, was transported
into intestinal lumen (pH 6.5), and isovaleric acid, an acidic
compound, was absorbed into blood vessels (pH 7.4).2" In
contrast, when intestinal CES was inhibited by a specific in-
hibitor, hydrolysis of isovaleryl-PL during absorption was in-
hibited by about 80%, resulting in increased absorption of the
intact prodrug.®"’ Okudaira ef al.* reported that an ester-type
prodrug, ME3229, is taken up into mucosal cells at a rate
compatible with its lipophilicity, and then completely hy-
drolyzed. The parent drug produced in mucosal cells was pre-
dominantly pumped out by an active efflux transporter. When
a prodrug is scarcely hydrolyzed in the human small intestine,
it is transported into blood vessels in an intact form. If an in-
tact prodrug is taken up into the liver and then rapidly hy-
drolyzed, it shows an ideal blood concentration profile, as
shown in Fig. 2B. Thus, intestinal hydrolysis is markedly im-
portant in determining prodrug bioavailability. Extensive hy-
drolysis degrades a prodrug intended to improve intestinal
membrane permeability of the drug. It is therefore nccessary
to consider the hydrolysis susceptibility of prodrugs and the
transport properties of the parent drug in a prodrug design.

4. Substrate Specificity of Human CES1 and CES2

The major hydrolase in the human liver and small intestine is
hCE1 and hCE2, respectively. hCE! and hCE2 exhibit 48%
homology, and their distinct substrate specificity has been re-
ported.*™® The major intestinal CES, hCE2, mainly hy-
drolyzes prodrugs into which an alcohol group of a pharma-
cological active drug is modified with a small acyl group.*”
Prodrugs grouped in this category include CPT-117" and as-
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pirin.2¥ In contrast, prodrugs into which the carboxyl group
of the pharmacologically active drug is modified with a small
alcohol group are preferentially hydrolyzed by hCEl, and
have been numerously developed as pharmaceutical medi-
cines, for example, oseltamivir,” meperidine,”® capecitabine, !
oxybutynin,”” camostat mesilate® and angiotensin-convert-
ing enzyme (ACE) inhibitors™ such as temocapril and
enalapril. A number of successful prodrugs are stable in the
human intestine and rapidly hydrolyzed in the liver; therefore,
prodrugs can be designed by taking advantage of the
markedly different substrate specificity between hCEl and
hCE2.

Thus, the distinct substrate specificity of hCE1 and hCE2

might be related to the structure of their reaction sites. Cataly-
sis of ester cleavage by CES is achieved via a triad of catalytic
amino acids (Ser203, His450 and Glu336). Carboxylesterases
cleave the ester via a two-step reaction, as shown in Fig. 4. At
neutral pH, the active site, Glu336, exists as the charged form,
which facilitates the removal of a proton from His. This loss
subsequently results in transfer of a proton from the adjacent
Ser203 to the opposing nitrogen of His, generating an oxygen
nucleophile that can attack the carbonyl carbon of the sub-
strate. The hydrogen bonds between the negatively charged
oxygen of the tetrahedral intermediate and the NH group of
Gly123 and Gly124 then stabilize the negatively charged oxy-
gen. This configuration, in which the negatively charged car-

?lu e is 450
H, 2
0//C-O""I'l-{_:.\ ?er 203
Ny by
-cZ 0 =
0
R \__/ 0 43 R-Q- =
Good - b —
substrate for ‘i‘“ e 0 Good
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Fig. 4. Hydrolyzing mechanism of CES,
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boxyloxygen is hydrogen bonded to two NH groups, is called
an oxyanion hole. When the tetrahedral intermediate of an
acyl group is formed, the alcohol product is released from the
enzyme. The acyl-enzyme intermediate is then attacked in an
identical fashion with water acting as the nucleophile, leading
to release of the carboxylic acid and return of the catalytic
amino acids to their original state.

Steric hindrance in the vicinity of the reaction site of hCE2
may occur with substrates containing a bulky acyl moiety in
the process of the formation of the acyl-hCE2 intermediate in
the first step of hydrolysis.'® Interestingly, PL derivatives,
generally good substrates for hCE2, are irregularly hy-
drolyzed by hCE2 depending on the structure of the acyl
group, PL derivatives substituted by 3-methyl acyl group are
scarcely hydrolyzed by recombinant hCE2, while propranolol
derivatives with 2-methyl acyl groups are easily hydrolyzed at
almost the same rate as the corresponding straight acyl deriv-
atives.'® In general, the chemical hydrolysis of ester bonds is
sterically hindered by the substituent methy! group at the 2-
position rather than the 3-position. Both findings, specific re-
duction of the hydrolysis rate by substitution of a methyl
group at the 3-position and the low hydrolysis rate for a sub-
strate with a large acyl group, suggest that the acyl-enzyme
intermediate is difficult to form due to the presence of steric
interference in the active site region of hCE2.

In contrast to hCE2, hCEI preferentially recognizes a sub-
strate with a large acyl moiety, and also catalyses the hydroly-
sis of prodrugs modified with a small acyl group even with
limited activity. The substrate-binding site of hCEI consists
of a “small, rigid” pocket and a “large, flexible” pocket,?*>®
and these pockets allow hCE] to act on structurally distinct
compounds containing either large or small alcohol moieties.
The distinct active site between hCEl and hCE2 might be
caused by different amino acid sequences, especially the lack
of a loop structure consisting of 15 amino acids.

Interestingly, hCEI enantioselectively catalyzes the hydrol-
ysis of a substrate. For example, S-PL derivatives,'® S-co-
caine,’" d-methylphenidate®® and cis-cypermethrin ana-
logues® are poor substrates of hCEI, in contrast to the op-
posing enantiomer. The differences in the hydrolysis rate be-
tween these enantiomers have been explained by steric
clashes with the loop containing Gly123 and Glyl24 in the
rigid pocket,”® where Gly residues form the oxyanion hole to
stabilize the transition state of substrate via their amide nitro-
gen. Bencharit ef al. also identified the Z-site surface as a lig-
and binding site for an inactive substrate.>¥

5. Species Difference of Activity and Expression
Level of CES

The CES! and CES2 families include a number of CES
isozymes identified in several animals. CES isozymes within
the same family show 60-95% homology in all animals in-
cluding humans, and the CES 2 family shows 40-50% homol-
ogy with human hCE1. Monkey CES1 (AB010633), rabbit |

(AF036930) and dog CES D1 (AB023629) show 92.9, 81.1
and 79.7% homology with hCE1, respectively. The rat CES|
family includes four isozymes, Hydrolase A (ES10; X51974),
Hydrolase B (X81825), Hydrolase C (RL1; U10698) and rat
egasyn (X81395), and the mouse CESI family includes at
least three isozymes, Es-x (Y12887), mouse CES mMHI
(AB023631) and mouse egasyn (S80191). Thus, a number of
CES| isozymes have been identified as proteins. In contrast,
few CES2 isozyme have been identified as proteins, such as
rabbit CES2 (P14943), mouse mCES2 (ML3; BC031170) and
two rat major CES2 isozyme, rCES2 (RL4; AB010635) and
AY034877.

It is expected that orthologous isozymes will show similar
substrate specificity, because of their 60-95% homology. For
example, mouse mCES1, a mouse CES| family isozyme, hy-
drolyzes temocapril, similar to human hCEI,?® and rat CESI
isozyme (Hydrolase A and Hydrolase B) hydrolyzes
deltamethrin and esfenvalerate, such as human hCE1.>® Fur-
thermore, rat rCES2, a rat CES2 family isozyme, hydrolyzes
methylprednisolone hemisuccinate, as does human hCE2%";
however, these examples are limited. In most cases, substrates
are hydrolyzed with markedly different affinity among the
same CES family isozymes. 1-RS cis-permethrin is hy-
drolyzed by CES1 isozyme of rats and rabbits, but not by
human hCE], although 1-RS trans-permethrin is hydrolyzed
by rabbit, rat and human CES|1 isozymes.’® Rabbit CESI1 is
100- to 1000-fold more efficient at converting CPT-11 to SN-
38 than human hCE1.** Thus, the variation of hydrolase ac-
tivity among the same CES family depends on the substrate,
and it is difficult to predict the affinity of the isozyme to the
substrate.*?

Furthermore, the expression level is an important factor in
tissue hydrolase activity. In order to clarify the expression of
the CES family in several tissues, CES] and CES2 levels
were measured by Northern blots, RT-PCR and real-time
PCR.® The human hCEI is highly expressed in the liver, Jung
and other tissues, but human hCE2 is limitedly expressed in
the small intestine and kidney at a high level. In most animals,
CES| isozyme is highly expressed in the liver and lung, and
CES?2 is present in the small intestine; however, in the kidney,
only CES| is expressed in the rat and hamster, and both CES1
and CES?2 are present in the mouse, although CES2 is prefer-
entially expressed in humans, monkeys and dogs. Interest-
ingly, no CES isozyme is present in the dog small intestine;*”
therefore, dogs show different absorption kinetics of some
prodrugs to other animals. In addition, high levels of CES ac-
tivity can be detected in the blood of the majority of mam-
mals, whereas no such activity is detected in the blood of hu-
mans, monkeys and dogs.*"

6. Species Different Pharmacokinetics of Prodrug
via CES Activity

From the substrate specificity and expression level of CES
isozyme, it is expected that CES-mediated tissue hydrolase
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activity will differ among several species. The different tissue
hydrolase activity causes diverse pharmacokinetics of the pro-
drug among species. Oseltamivir exhibits good oral bioavail-
ability compared to the parent acid form in most experimental
animals and humans, In humans, oseltamivir is rapidly ab-
sorbed and almost completely hydrolyzed to the active form
by hCE1 in the liver after oral administration;*? however, os-

_eltamivir is hardly hydrolyzed by rat CESI1 isozymes in the
liver, but easily hydrolyzed in the blood. Although oseltamivir
is extensively absorbed in rats after oral dosing, hydrolase ac-
tivity in blood is not sufficient to achieve complete conversion
of oseltamivir to the active form;* therefore, another metabo-
lites mediated by cytochrome P450 were observed in the
blood and liver in rats.*” The blood concentration profile in
Fig. 2A is similar to that after administration of oseltamivir in
rats.

We reported species difference in the pharmacokinetics of
propranolol (PL) derivatives after oral and intravenous admin-
istration.* When isovaleryl-PL was orally administered to
dogs, significantly higher plasma concentration of PL was ob-
served than that following administration of PL (parent drug).
Hydrophobic isovaleryl-PL is easily absorbed as an intact
prodrug from dog intestine due to a lack of esterase and com-
pletely converted to PL in the liver, resulting in high plasma
concentration of PL, such as in Fig. 2B. However, rats showed
nearly the same plasma PL concentration as oral dosing of
PL, because of the complete hydrolysis of isovaleryl-PL in the
rat intestine,2"4*) such as in Fig. 2C. When isovaleryl-PL was
intravenously administered to dogs, a negligible low concen-

tration of intact prodrug and markedly high concentration of
PL were detected in dog plasma due to first-pass hydrolysis by
CES DI in the lung. In rats, higher plasma concentration of
intact prodrug than PL was observed after intravenous admin-
istration of isovaleryl-PL, because it was hydrolyzed in the
liver and blood, but not in the lung.*® Thus, first-pass hydroly-
sis in the lung and small intestine results in markedly different
pharmacokinetics between rats and dogs. CES is distributed
in almost all organs of the body; therefore, hydrolysis of the
prodrug in the administered site and the first reached organ
significantly affects the fate of prodrugs.

7. Gene Structure and Regulation of CES Isozymes

The CES genes comprise a multigene family and isozymes
are classified into at least five groups (CES/-CESS) and sev-
eral subgroups according to the homology of the amino acid
sequence.*4” Genomic structures of the genes encoding these
enzymes have been determined: CES/ genes are located on
chromosome 16 containing 14 exons and span about
30Kb*™*" and CES2 genes are also located on chromosome
16 containing 12 (15) exons and span about 11kb.**" Re-
cently, two CESI genes, CESIAI (AB119997) and CESIA2
(AB119998) have been identified in the human genome.*”
Both genes reside in chromosome 16q13-q22.1,°%* in a tail-
to-tail manner, separated by about a 9kb intergenic region.
The exon—intron structure is totally conserved between the
two genes and the homology of the exon and promoter re-
gions is 98% and 91% at the nucleotide level, respectively.
Tables 1 and 2 shows the known or predicted CES/ and

Table 1. Carboxylesterase (CES1) Genes and Enzymes Examined®

CES CES

GenBank mRNA

No. of Chromosome

Mammal . . . i Strand
gene family (or *N-scan ID) Amino acids location
Human CESI CESI L07765 567 16 Negative
Chimp CESlI CESI *16.56.002 567 16 Negative
Orangutan CESI CESI CR857194 566
Baboon CESI CESI 567
Rhesus CESI CESI *20.55.002 566 20 Negative
Cow CES1 CESI NP031980 558 18 Negative
Pig ESTI CESI X63323 566
Dog CESI CESI AB023629 565 2 Positive
Cat CES! CES1 ABI14676 566 Negative
Rabbit ESTI CESI AF036930 565
Rat CES3 CESI X51974 565 19 Negative
Mouse CESI CESI NP067431 565 8 Negative
Mouse CES3 CESI NM053200 565 8 Negative
Mouse CES22 CES1 NP598421 562 8 Negative
Mouse CESN CESI NP031980 551 8 Negative
“ Ref. 54
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Table 2. Carboxylesterase (CES2) Genes and Enzymes Examined”

CES CES GenBank mRNA No. of Chromosome
Mammal R i . . Strand
gene family (or *N-scan ID) Amino acids location
Human CES2 CES2 BX538086 559 16 Positive
Chimp CES2 CES2 *20.66.008 559 16 Positive
Baboon CES2 CES2 . 561
Rhesus CES2 CES2 *20.66.008 561 20 Positive
Cow CES2 CES2 BC102288 533 18 Positive
Rabbit EST2 CES2 P14943 532
Hamster CES2 CES2 D28566 561
Hamster CES6 CES2 D50577 559
Rat CES2 CES2 AB010632 560 | Positive
Rat CES2.1 CES2 ABO010635 561 I Positive
Rat CES6 CES2 AY034877 558 19 Negative
Mouse CES2 CES2 NP663558 561 8 Positive
Mouse CESS CES2 BC055622 559 8 Positive
Mouse CES6 CES2 NP598721 558 8 Positive
9 Ref. 54

CES2 gene locations of three primate species and four non-
primate eutherian mammals based upon published reports,
and BLAT interrogation of human, chimp, rhesus, mouse, rat,
cow, dog and cat genomes.*” With the exception of rat CES2
and CES3 genes, which are located on chromosomes 1 and
19, respectively, CES! and CES2 genes from the other exam-
ined five mammalian genomes were syntonic. In addition, 10
of 11 mammalian CES] genes were transcribed on the nega-
tive strand, and 9 of 10 CES2 genes were transcribed on the
positive strand.

Recently, we indentified and characterized dexamethasone-
induced methylprednisolone hemisuccinate (MPHS) hydro-
lase in rat liver microsomes. Intraperitoneal injection of
dexamethasone resulted in a significant increase in the level
of MPHS hydrolase activity accompanied by the induction
of a specific CES isozyme, AB0106353." To confirm
that AB010635 encodes the dexamethasone-induced CES
isozyme, ¢cDNA cloning was performed and the obtained
cDNA was expressed in Sf9 cells using a baculovirus-medi-
ated expression system. The recombinant CES protein could
hydrolyze MPHS and exhibited biochemical characteristics
similar to those of CES RLA4. Collectively, the results indi-
cated that dexamethasone-induced MPHS hydrolase in liver
microsomes is a rat CES2 isozyme. Interestingly, the results
also showed that this rat CES2 isozyme exists in plasma and
that the amount of this protein is increased by dexamethasone.

The 5’'-flanking regions of CES! and CES2 genes were iso-
lated from mouse, rat and human genomic DNA by PCR am-
plification. The mouse CES gene (mCES/), rat CES gene
(rCESI) and two individual human CES genes (CESIAI and

142) were found to belong to the CES1 family.® The mouse
mCES2,% rat rCES2*” and human CES2A/ genes were found
to belong to the CES2 family.*® A TATA box does not pre-
cede the transcription start site of any of the CES promoters,
as shown in Figs. 4 and 5. CES promoters share several com-
mon binding sites for transcription factors among the same
CES families, suggesting that orthologous CES genes have
evolutionally conserved transcriptional regulatory patterns.
Potential binding sites of CES promoters for transcriptional
factors include specificity protein (Sp) 1, Sp3, CCAAT box
binding protein (C/EBP), upstream stimulatory factor (USF)
1, nuclear factor (NF) Y, nuclear factor kappa light chain en-
hancer of activates B cells (NFkB), peroxisome proliferator
activated receptor (PPAR), glucocorticoid receptor (GR), and
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Fig. 5. Structure of the 5 flanking region of mammal and human
CES| genes.
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Fig. 6. Structure of the 5' flanking region of mammal and human
CES2 genes.

hepatocyte nuclear factor (HNF)-4 ¢ binding sites.

We have found that mCES2 is expressed in various tissues
with higher levels of expression in the liver, kidney and small
intestine. It was shown that three transcription factors, Spl,
Sp3 and USF1, could bind to the promoter region of the
mCES2 gene, leading to synergistic transactivation of the pro-
moter.5”

The mouse CES2 isozyme, mCES2, is thought to play im-
portant roles in lipid metabolism and is expressed in the liver,
kidney, and small intestine at high levels; therefore, we exam-
ined the molecular mechanisms controlling this tissue-specific
expression of mCES2. We found that HNF-4a could enhance
transcription of the mCES2 gene in vitro and in vivo, and its
effect on mCES2 promoter activity was repressed by small
heterodimer partner (SHP) and chenodeoxycholic acid
(CDCA) in luciferase assays (Fig. 7). Accordingly, mCES2
gene transcription was repressed by CDCA treatment in
mouse immortalized hepatocytes. The repression of mCES2
gene transcription might result from the combined effects of
both inhibition of the HNF-4 ¢ transactivation ability by SHP
and reduction of the HNF-4« expression level. Thus, HNF-4a
plays an important role in the regulation of mCES2 gene tran-
scription.’®

We have also isolated and characterized two genes encod-
ing human CES/A41 (AB119997) and CES 142 (AB119998),

Fig. 7. Possible model for down-regulation of mCES2 gene tran-
scription by CDCA treatment.

and also cloned and sequenced the 5’ flanking region of each
gene in order to elucidate the structure of the promoter.*”
Only six nucleotide differences resulted in four amino acid
differences in the open reading frame, and all of the differ-
ences existed in exon 1. Since exon | of the CES/ gene en-
codes a signal peptide region, intracellular localization of the
CES| gene product was preliminarily investigated using a sig-
nal peptide/EYFP-ER chimera protein-expressing system. It
was interesting that the CESIAI signal peptide/EYFP-ER
chimera protein was localized to the endoplasmic reticulum,
whereas the CES1A2 signal peptide/EYFP-ER chimera pro-
tein was distributed in the endoplasmic reticulum and cytosol.
These results suggested that CES/A! and CESIA2 have dif-
ferent intracellular localizations and different expression pro-
files in liver differentiation. We therefore investigated the
transcriptional regulation of these two CES genes. Reporter
gene assay and electrophoretic mobility shift assay demon-
strated that Spl and C/EBPa could bind to each responsive
element of the CES1A1 promoter but Spl and C/EBP could
not bind to the responsive element of the CESIA2 pro-
moter."”

Fukami er al.*® reported that the sequences of the CES/A2
gene downstream and upstream of intron 1 are identical with
those of the CESIAI and CESIA3 genes, respectively. A
CES1A1 variant in which exon 1 is converted with that of the
CESIA3 gene (transcript is CES1A2) has been identified. It
was found that the CESIA2 gene is a variant of the CESIA3
pseudogene. The expression level of CESIA1 mRNA is much
higher than that of CESIA2 mRNA in the liver.*” Since
CESIAI is highly variable in the individual liver,%” it was
thought that these results provided information on the inter-
individual variation of human CES/.

For the first time, we reported that DNA methylation is in-
volved in CESIAI gene expression in the human liver and
kidney." The tissue-specific expression of the CESIA/ gene
was examined using 5-aza-2'-deoxycytidine (5-aza-dC) and
bisulfite sequencing. Treatment of HEK293 cells, human em-
bryonic kidney cells not expressing the CES1A4/ gene, with 5-
aza-dC caused marked expression of the CESI/A/ gene. Bisul-
fite sequencing revealed that the region around the transcrip-
tion start site (TSS) of the CESI/AI gene was almost entirely
methylated in HEK293 cells, whereas the region was almost
entirely unmethylated in HepG2 cells, human hepatoma cells.
Hypo-methylated DNA molecules for the region were ob-
served in HEK293 cells treated with 5-aza-dC. Furthermore,
it was observed that the DNA methylation level differs in the
TSS region of the CESIAIgene between human liver and kid-
ney samples. From these findings, it can be concluded that
DNA methylation in the TSS region is involved in the differ-
ent expressions of CES/AI gene in the human kidney and
liver.

8. Genetic Polymorphism
Recently, Geshi ef al. % reported that CESIA2-816A/C poly-
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morphism was significantly associated with the anti-hyperten-
sive efficacy of imidapril medication. Imidapril is a prodrug
ACE inhibitor, which requires hepatic activation by hCEIl to
form an active metabolite. It was shown that —816C allele
had higher transcriptional activity than the —816A allele.
Since no putative transcription factor recognition site was
found around the —816A/C region, it was speculated that this
polymorphism was a marker of other functional polymor-
phism(s). Recently, our investigation into the CES1A2 pro-
moter region (ca. 1 kB) in 100 Japanese hypertensive patients
revealed ten SNPs at positions —816, —674, —427, —62,
—47, —46, —41, —40, —37, and —32, and one I/D at —34.*
Pairwise D’ and > showed that all of these polymorphisms
were in high linkage disequilibrium (LD). From all eleven
polymorphisms spanning this region, four haplotypes were
obtained as infer haplotypes which had frequencies of more
than 1%, and they accounted for 96% of the alleles. Three
consisted of the same SNPs between —62 to —32 and the
—34 1/D as the most common haplotype (frequency of 54%),
which accounted for 74% and residual 22% was the minor
haplotype. Interestingly, —816A/C was in high LD with the
major and minor haplotypes (D’=0.92, ?=0.85)." In con-
trast to the major haplotype, the minor haplotype had higher
transcription and Spl binding activity due to the presence of
two putative Spl binding sites. The Sp1 binding site variation
in the CES1A2 promoter affects the pharmacological effect
and the —816A/C might be a good candidate for pharmacoge-
netic study of CES/-activated prodrugs.

More recently, Sai ef al. reported a gene-dose effect of
functional CESIA genes on SN-38 formation in irinotecan-
treated Japanese cancer patients.” Irinotecan is a prodrug of
SN-38 and is well hydrolyzed by hCE2 at high affinity in
comparison with hCE12; however, hCEI also plays an im-
portant role in the hydrolysis of irinotecan in the human
liver® because of its major expression. In this study, CESIA
diplotypes [combination of haplotypes A (/43-141), B (142-
IAD), C (IA3-variAl) and D (1A2-variAl)) (Fig. 8) and the
major SNPs (—75T>G and —30G>A in /A4/, and
—816A>C in /42 and 143) were determined in 177 Japanese
cancer patients. The associations of CES/ genotypes, the
number of functional CES/ genes (/41, /A2 and variAl) and
major SNPs, with an AUC ratio of (SN-38+SN-38G)/irinote-
can, a parameter of in vivo CES activity, were analyzed for 58
patients treated by irinotecan monotherapy. The median AUC
ratio of patients having 3 or 4 functional CES/ genes (diplo-
types A/B, A/D or B/C, C/D, B/B and B/D; N=35) was 1.24-
fold of that in patients with 2 functional CES/ genes (diplo-
types A/A, A/C and C/C; N=23) [median (25th-75th per-
centiles): 0.31 (0.25-0.38) vs. 0.25 (0.20-0.32), P=0.0134];
however, it was interesting that no significant effects of
varlAl and the major SNPs examined were observed.*? In
addition, comprehensive haplotype analysis of the CES2 gene,
which encodes hCE2, was performed®® and twenty haplo-
types were identified in 262 Japanese subjects. Patients with
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Fig. 8. CESI gene structure and haplotype.
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nonsynonymous SNPs, 100C>T (Arg*Trp: allele frequency
0.002) or 1A-T (Met'Leu: allele frequency 0.002), showed
low AUC ratios.® Both haplotypes are important for hCE2 to
activate prodrugs, but hepatic hydrolase activity might be kept
at a certain level due to the compensatory activity of hCEl.
Thus, prodrugs are hydrolyzed even in a subject with a variant
CES gene, and show a pharmacological effect. There is no re-
port that severe toxicity of a prodrug is caused by genetic
polymorphism of the CES gene; however, understanding ge-
netic polymorphisms is important to confirm the safety and
effectiveness of noble prodrugs.

Conclusion

CESs are widely distributed in all mammalian species, and
play an important role in the bioconversion of prodrugs.
Major human CES isozymes, hCE1 and hCE2, show different
substrate specificity, resulting in tissue-specific hydrolysis.
Therefore, successful prodrug design will be improved by fur-
ther detailed analysis of the substrate recognition and expres-
sion of human CES isozymes. Furthermore, detailed analysis
of the species difference of tissue activity mediated by CES
might help in the preclinical study of prodrug development.
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Editorial

Are Non-human Primates Useful Experimental
Animals for Pre-clinical Study?

Full text of this paper is available at http:/www.jstage.jst.go.jp/ browse/dmpk

Recently, genome assemblies for several primate spe-
cies have become available, and sequencing projects are
underway or have been approved for other primates.
Preliminary genome assemblies, with various levels of se-
quencing coverage, are also available for the gorilla, mar-
moset, bushbaby, mouse lemur, and tarsier genomes, and
work is underway to sequence the gibbon and baboon ge-
nomes. Moreover, additional primate species have been
approved for sequencing by the National Human Ge-
nome Research Institute (NHGRI). These new genome
sequences will help to identify the genetic basis of differ-
ences between primate species, including genomic fea-
tures that differentiate humans from non-human pri-
mates, to identify and characterize functional sequences
present in primates but not in other mammals and to
catalog genomic similarities and differences between hu-
mans and non-human primates widely used in biomedical
research, such as the baboon and rhesus macaque (Rhe-
sus Macaque Genome Sequencing and Analysis Consorti-
um 2007)." Research on these non-human primates will
also help to clarify the molecular evolutionary context
for human drug metabolism.

Experimental animals have been commonly used in
the pre-clinical development of new drugs to predict the
metabolic profiles of new compounds in humans. It is,
however, important to realize that humans differ from
animals with regard to isozyme composition, tissue-
specific expression and catalytic activities of human
kinds of drug-metabolizing enzymes. In the present
manuscript, I describe similarities and differences in the
major drug-metabolizing enzymes among non-human pri-
mates and humans. Information presented in this
manuscript may be helpful for drug development to
choose the most relevant non-human primates in which
the metabolism of drugs can be studied for extrapolating
the results to humans.

Rhesus and cynomolgus monkeys are used in studies
on drug metabolism and toxicity due to their evolution-
ary closeness to humans compared with other non-hu-
man primate species. A recent mRNA cloning study of
cytochrome P450 (CYP) subfamilies from cynomolgus
monkeys showed a high degree of homology in cDNA
and amino acid sequences with corresponding human
CYPs (more than 90%), and cynomolgus monkey CYPs
catalyzed typical enzyme reactions of corresponding hu-
man CYPs . However, one member of the cynomolgus
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monkey CYP2C subfamily, CYP2C76, exhibited lower
homology in amino acid sequences with other cynomol-
gus monkey and human CYP2C subfamilies. CYP2C76
does not correspond to any human CYP isozymes and is
partly responsible for the difference in pitavastatin
metabolism between cynomolgus monkeys and humans.?
We should pay attention to data for CYP2C76 catalyzed
enzyme reactions when extrapolating results for
cynomolgus monkeys to humans.

Glucuronidation by UDP glucuronosyltransfer-
ase(UGT) 1A enzymes (UGT1As) is a major pathway for
elimination of drugs and endogenous substances, such as
bilirubin. Aligning the human and baboon UGT1 loci rev-
ealed rearrangements that have been occurring since the
divergence of baboons and humans. Baboon UGT1A cD-
NAs were cloned and shown to have an orthologous
relationship with several genes in the human UGTIA fa-
mily. Activities of the baboon UGT1As resembled those
of their human counterparts in glucuronidating en-
dobiotics, such as serotonin, bilirubin, and various
xenobiotics.” Gluclonidation by UGT1Bs is also a major
pathway for elimination of drugs, such as morphine.
Morphine, a probe drug for UGT2B7, is metabolized to
morphine-3-f-glucuronide (M3G) and morphine-6-5-
glucuronide (M6G) in humans. Baboon UGT2Bs also
metabolized morphine to both M3G and M6G metabo-
lites. Although there are considerable duplications and
deletions among primates, a close relationship exists
among human, baboon and cynomolgus monkey UGT2B
enzyme families. Similarities between the primary struc-
tures of human, baboon and cynomolgus monkey
UGT2B proteins provided further evidence that there is a
close relationship among UGT2B family enzymes in
these species.” UGT2Bs together with the close relation-
ship shown between human and baboon UGT1A enzyme
families further indicate that the baboon is an excellent
model for studying clinically relevant aspects of drug
metabolism.

Hydrolysis by the carboxylesterases (CESs) is a major
metabolic pathway for bio-activation of pro-drugs, such
as CPT-11, temocapril and oseltamivir. CESs and UGTs,
the catalytic domains of which are localized in the lumi-
nal sides of the endoplasmic reticulum (ER) membrane,
are two major enzyme groups responsible for phase I and
Il reactions. Products hydrolyzed by CESs, such as SN-38
from CPT-11, are also good substrates for UGT. Thus, I
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speculate that CES-UGT interaction in the luminal side of
the ER membrane is important for drug metabolism. It
has been suggested that CESs can be classified into five
major groups denominated CES1-CES5, according to the
homology of the amino acid sequence, and the majority
of CESs that has been identified belong to the CESI or
CES2 family. Substrate specificities of CES1 and CES2 are
significantly different. The CESI isozyme mainly hydro-
lyzes a substrate with a small alcohol group and large acyl
group, but its wide active pocket sometimes allows it to
act on structurally distinct compounds of either a large
or small alcohol moiety. In contrast, the CES2 isozyme
recognizes a substrate with a large alcohol group and
small acyl group, and its substrate specificity may be res-
tricted by the capability of acyl-enzyme conjugate forma-
tion due to the presence of conformational interference
in the active pocket.” Alignments of baboon CES1 with
human CES1 and baboon CES2 with human CES2
showed 94% and 90% sequence identities, respectively,
while other primate CES1 amino acid sequences have
identities of 93% or more with human CES1, whereas
other primate CES2 sequences have identities of 86% or
more with human CES2. Non-human primate CES1 and
CES2 have amino acid sequences that are very similar to
those of the corresponding human CES isozymes, and
share key conserved sequences and structures that have
been reported for human CES1 and have family-specific
sequences consistent with their multimeric and mono-
meric subunit structures respectively. Predicted seconda-
ry and tertiary structures for baboon CES1 showed a high
degree of conservation with human CES1. Phylogeny stu-
dies using primate and other mammalian CES1 and CES2
amino acid sequences showed that these two CES classes
underwent sequence divergence during mammalian and
primate evolution, with primate CES2 showing higher
amino acid substitution rates than these for primate
CES1.9 In addition, catalytic substrate specificity of rhe-
sus monkey and cynomolgus monkey CESl and CES2
hydrolyzed typical enzyme reactions of corresponding
human CES1 and CES2, respectively. However, tissue-
specific expression of the CES1 family is different in
monkeys and humans: cynomolgus and rhesus monkey
CES1 is expressed in the small intestine, but human CES1
is not expressed in the small intestine. We should pay at-
tention to data for CESl-catalyzed enzyme reactions
when extrapolating results for rhesus and cynomolgus
monkeys to humans for drug development.

More recently, rhesus and cynomolgus monkeys are

being used for evaluation of in vivo drug interaction. The
recent cloning of rhesus monkey CYP3A64 revealed 93%
homology in the amino acid sequence with human
CYP3A4 and 83% homology to CYP3A5. More interest-
ingly, amino acid sequences of ligand binding domains
between rhesus monkey and human PXR are 96% simi-
lar. With the use of midazolam as an in vivo probe for
CYP3A64, the pharmacokinetic consequences of in vitro
findings and their corresponding in vitro-in vivo relation-
ships were demonstrated in rhesus monkey. In rhesus
monkey, the pharmacokinetics of midazolam can be sig-
nificantly altered with rifampicin co-administration,
resulting in reduced systemic exposure and hepatic
bioavailability, similar to humans.” In vitro and in vivo
rhesus monkey models, when used in conjunction with in
vitro human systems, may serve as valuable preclinical
tools to help provide a basis for extrapolating in vitro hu-
man data for clinical evaluation.
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The Critical Role of Neutral Cholesterol Ester Hydrolase 1
in Cholesterol Removal From Human Macrophages

Masaki Igarashi, Jun-ichi Osuga, Hiroshi Uozaki, Motohiro Sekiya Shuichi Nagashima,
Manabu Takahashi, Satoru Takase, Mikio Takanashi, Yongxue Li, Keisuke Ohta, Masayoshi Kumagai,
Makiko Nishi, Masakiyo Hosokawa, Christian Fledelius, Poul Jacobsen, Hiroaki Yagyu,
Masashi Fukayama, Ryozo Nagai, Takashi Kadowaki, Ken Ohashi, Shun Ishibashi

Rationale: Hydrolysis of intracellular cholesterol ester (CE) is the key step in the reverse choleésterol transport in
macrophage foam cells. We have recently shown that neutral cholesterol ester hydrolase (Nceh)l and
hormone-sensitive lipase (Lipe) are key regulators of this process in mouse macrophag&s ‘However, it remams
unknown which enzyme is critical in human macrophages and atherosclerosis.

Objective: We aimed to identify the enzyme
determine its expression in human atheroscl

ponsible for the CE hydrolysis in human macrophages and to

Methods and Results: We compared the expressaon of NCEHI, LIPE, and cholesterol ester hydrolase (CES1) in
human monocyte-derived macrophages (HMMs) and examined the ‘effects of inhibition or overexpression of each
enzyme in the cholesterol tl‘afﬁcking. The pattern of expression of NCEH1 was similar to that of neutral CE
hydrolase activity during the différentiation of HMMs. Overexpression of human NCEHI increased the
bydrolysns of CE, therebj sﬁmlllauﬂg cholesterol ‘mobilization from THP-1 macrophages Knockdown of NCEH1
specifically reduced the neutral CE hydrolase activity. Pharmacologlcal inhibition of NCEH]1 also increased the
cellular CE in HMMs. In contrast, LIPE was:barely detectahle in HMMs, and s mhllntion did not ‘decrease

neutral CE hydrolase activity. Neither overexpression nor knockdown'.

 the neutral CE hydrolase

activity. NCEH1 was expressed in CD68-positive macrophage foam cells of humal_i aiherosclerotlc lesions.

Conclusions: NCEH1 is expressed in human atheromatous lesions, where it pla;
of CE in human macrophage fqam cells, thereby contributing to the ini

ritical rele in the llydrolys:s
\pa of reverse cholecterol transport

in human atherosclerosns. (C:rc Res. 2010;107: 1387-1395.)

Key: Words. neutral cholesteroi ester hydro]ase mreverse’ cholesterol transport ] macrophage
R atherosclerosxs L § KIAA1%63

Atherosclemuc cardiovascular diseases are the leading
cause of ‘mortality in mdusma nes, desplte
advances in the management of coronary risk factors. Heart
attacks arise from the thrombotic. occlusmn of goronary
arteries following the rupture of plagues.: Llp}d-uch .plaques,
which are characterized by a. plethora of cholesterol ester
(CE)-laden macrophage foam cells, are prone to mpture.!
Esterification of cholesterol in: macrophages is. mediated by
acyl-coenzyme A -cholesterol acyltransferase -1 . or sterol O-
acyliransferase 1. (SOAT1).2 Conflicting- résults-have been
reported as to the effects of genetic ablation of SOATI on
atherosclerosis . in. mice.?#, Furthermore, - it has not been
successful to demonstrate the efﬁcacy of nonselective inhib-

itors of SOAT to clinically prevent the atherosclerosis in
humans.>6 On the other hand, the hydrolysis of intracellular
CE is the initial step of reverse cholesterol transport:? As the
hydrelysis of CE - preceding reverse cholesterol- transport
takes place at neutral pH; the enzymes catalyzing it have been
collectively called neutral CE hydrolases. Becausg this step is
rate-limiting; particularly in macrophage-foam. cells;8? it is
important to clarify the mechanisms that mediate the hydro-
lysis-of CE in foam cells.

To.date, 3 enzymes have been proposed to serve as neutral
CE . hydrolases in - macrophages: hormone-sensitive . lipase
(LIPE); cholesteryl ester hydrolase (CEH),'* which is iden-
tical t0 human liver carboxylesterase 1 (CES1, hCE-1)!2 or
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Non-standard Abbreviations and Acronyms
aclDL - aceiylated low-density Fipoprotein

CE cholesterol ester
GM-CSF  granulocyle/macrophage colony-stimuiating factor
HDL high-density tipoprotein

HMM human monocyte-derived macrophage

118 low-density lipoprotein

M-CSF macrophage colony-stimulating factor
MPM murine peritoneal macrophage

moi mugtiplicity of infection

PNPB p-nitropheny] butyrate

SOATI  sterol 0-acylransferase 1

WAT white adipose tissus

macrophage serine esterase 1 (HMSE1),'? also known as a
human ortholog of triacylglycerol hydrolase'®; and neutral
cholesterol ester . hydrelase 1 (NCEHI),’s which is alse
known as KIAA1363 or AADACLI (arylacetamide deacetylase-
like 1),'¢ Lipe is expressed in mouse macrophages. and. its

overexpression inhibits the accumulanon of CE in THP-1. - ‘

- macrophages.'’'8 However, mouse Qemoneal macrophages
(MPMs) of Llpe-deﬁcxenl (L:pe" ~) mice in a mixed genetic

backgrauud_ still retain. substannal _neutral CE. hydmlase,

hydroiase(s) Ghosh kreported CESI asa pmimsing candidate

~for a neutral CE hydrolase,!! because its overexpression
reduced CE contents in macrophage foam cells.2!22 More-
over, its macrophage-specific overexpression driven by the
promoter of macrophage scavenger receptor-1 protected
against diet-induced atherosclerosis in low-density-
lipoprotein receptor-deficient mice.2? However, the effects of
loss-of function of CES1 on neutral CE hydrolase activity in
macrophages have. not been reported. Furthermore, a mouse
ortholog of . CES], triacylglycerol: hydrolase,: was :barely
detectable in MPMs!S -and possessed negligible neutral:CE
hydrolase activity.?* In contrast, Neeh1, is robustly expressed
in MPMs as well as in atherosclerotic lesions; Its overexpres:
sion inhibits the accumuiation of CE in THP-1 macrophages!s
and its knockdown or knockout sighificantly reduces neutral
CE hydrolase activity of MPMs.!525 We have also shown that
Nceh' is more responsible for the hydrelysis of CE in MPMs
than in immiortal cell line such as RAW 264.7.5 Furthermore,
ablation of Ncehl accelerated atherosclerosis in mice.2s
Therefore, Neehl is miore likely to be involved in the
hydrolysis of CE in mouse macrophages including MPMs.
However, NCEH1 in human macrophages has yet to be
characterized. Furthermore, although Lipe contributes to
neutral CE hydrolase activity in MPMs,? previous reports
showed that expression of LIPE in human macrophages is
extremely low.!32627 Thus, there seems to be great differ-
ences in the hydrolysis of CE among macrophages from
different species, and it is unknown which enzyme s the
dominant neutral CE hydrolase in human macrophages. To
solve this question and transiate the findings to clinical
application, we aimed to identify the enzyme responsibie for
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CE hydrolysis in human macrophages and to determine its
expressnon in human atherosclerotic jesions.

“In the present smdy, we demonstrate for the first time that
NCEH] is expressed in macrophage foam cells in human
atheromatous: plagues and accounts for the majority of the
neutral CE hydrolase activity of human monocyte-derived
macrophages (HMMs). These findings  should- provide a
novel paradigm for underswndmg the pathoganesas of human
atherosclerosis as well as for developing new drugs for its
treatment. ~

Methods
An - expanded Methibds' sectioh is available in ‘the Onhne Data
Supplcment at hnp.lfcm:res ahajoumals Org.

| Western Blot Analyses

Western blotting. analyses were performed essentsa]ly as descnbed
prevxously» 15

Enzyme Assays -

p-Nitrophenyl butyrate (PNPB)-hydrolyzing activity was detérmined
as. described - previously.!!:'> Neuwral CE: hydrolase acuvuy was
determined as described by-Hajjar et al,?® using a reaction mixwre
( j;ol/L choleslero! {1- 14Cloleate (48.8 wCifumol; 1

' Cholesterok Determination

Cellulm: chnlesterol contents were determined by enzymauc fluoro-

Samples for lmmunolnstochemxstry

Tissoe samples for lmmunohxstochemxsu'y analysis were obtained
from' autopsy cases. Arteriosclerotic lesions of the aorta were from
20 autopsy cases {Table). After macroscopic inspection of the
intimal surface, several tissue specimens were removed from the
thoracic or abdominal zorta of these cases, Biopsy specimens were
ﬁxed in buﬂ‘ered formalm, embedded in parafﬁn wax, and senaﬂy
secuoned onto 4-,u,m-th1ck microscopic shdes

Immunohistochemistry
’l‘he method is described in detail in the Online Data Supplement o

Results
To: determine which -enzyme(s) is- closely related to the
reutral CE hydrolase activity: at various stages.in the differ-
entiation of human macrophages, we compared the pattern of
expression of NCEH1, CEST, and LIPE with that of neutral
CE hydrolase activity during the differentiation of HMMs
and 2 immortal lines: THP-1 and 1937 (Figure 1). Human
NCEH! protein was recognized as duplets with molecular
mass of 40 and 45 kDa. HMMs showed a robust increase in
neutral CE- hydrolase activity during the differentiation- from
monocytes up o day 8 (!4 9-fold) (Figure' 1A). PNPB

‘hydrolase activity in HMMs showed a similar, but less fobust,

increase. (3:2-fold) (Flgure 1B). The manner of its induction
of the neutral CE hydrolase and PNPB hydrolase activity was
similar to that of the eXpreSSmn of NCEHT1, but not to the
expression of CES1 (Figure 1C). We quarmﬁed the amounts

“of endogenous NCEHI and CES1 in HMMs at day 8 of

differentiation by estimating the density of band of NCEH1
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Table. Clinicopathological Findings of the Aortic Samples
Used for Histology

Age, CD68 NCEH1

No. 'y  Sex Diagnosis - Pathology (%) (%)
1 63 M  Pancreatic cancer, DM AP 3% 30
2 50 M Diabetic cardiomyopathy, AP 15 20

DM
3 63 M Bladder cancer FS 35 15
4 93 F AMI, DM AP 30 15
5 58 F AML +GVHD AP 0 30
6 76 M Lung cancer, HT AP 35 15
7 69 M ’ AP 25 20
8 8 F FS 10 10
9 73 F BB 5

10 69 M Renipelvic cancer AP 30 10

1 5 M AML oI 5

12 52 M Pancreatic cancer DT 0 0

13 76 M Prostate cancer, Cerebral AP 45 35

14 65 F oIT 0 0

15 75 F F$ 10 5

16 89 M AP 40 30

17 50 M [0 O 0

18 66 M AP 40 25

19 53 F AP 40 25

20 8 M FS 30 20

AMiI indicates acute myocardial infarction; AML, acute myelogenous leuke-
mia; AP, atheromatous plaque; DCM, dilated cardiomyopathy; DIT, diffuse
intimal thickening; DM, diabetes mellitus; FS, fatty streak; GVHD, graft-vs-host
disease; HCC, hepatoceliular carcinoma; HL, hyperlipidemia; HT, hypertension.
Ratio of CD68- or NCEH1-positive cells in 200 nucleated cells of representative
view was calculated.

or CES1 in HMMs, using GS’I‘-fused protems, whlch were
also used as antigens to produce anti-NCEH! or CES1
antiserum; as standards. (Onlme Fxgure 1, A). The molar ratio
of NCEHI to CES! was calculated to be 10. However,
NCEH1. was “barely detectab]e, even at the dlfferenuaﬂed
stage, in either THP-1 cells or U937 cells, although the
differentiation of these cells accompanied increases in neutral
CE hydrolase activity. The level of NCEH1 was much lower
in the liver or white adipose tissue (WAT) than in HMMs.
LIPE was specifically expressed in WAT. LIPE protein was
undetectable in HMMs and liver on: Western blots using 3
different: LIPE antibodies (Figure 1C).. LIPE mRNA was
detectable in HMMs and liver by quantitative real-time PCR,
but the level was much lower compared that in WAT in
accordance with the previous report (Online Figure I, B).?” In
contrast to the relatively specific expression of these 2
enzymes, CES1 was expressed in the liver and WAT at a
level comparable to that in HMMs, indicating the ubiquitous
nature of its expression. The essential difference in expres-
sion profile between HMMs and immortal cell lines supports
the idea that there are great differences in the hydrolysis of
CE among macrophages from different species. We mainly
focused on HMMs in subsequent experiments, because

‘subjected toWestembIe \g. Data are presented as
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Ten icrograms of cell lysate were

means+SD of 6 measurements. *P<0.05, "P<0.01 (determined
by ANOVA followed by the Bonferroni post hoc analysis).

HMMs are more relevant 10 the pathogenesxs of human

‘'We' examined Whether"dt epences in cytokines used for
differentiation of macrophages affect the expression of

- NCEHI, CES1, and LIPE and neutral CE hydrolase activity

in HMMs. Treatment by macrophage colony-stimulating

factor (M-CSF) or granulocyte/macrophage (GM)-CSF

greatly increased the amounts of NCEHI protein (M-CSF,
2.2-fold; GM-CSF, 3.4-fold). In parallel, it increased neutral
CE hydrolase activity. (M-CSF, 2.4-fold; GM- CSF 3.5-fold)
as reported previously (Online Figure II).% GM-CSF slightly
increased CES1 protein but LIPE was not affected.

To compare the ability of the overexpressed enzyme to
remove CE from macrophage foam cells; we used an adeno-
viral vector to overexpress NCEH1, CES1, or LIPE in THP-1
cells that had been loaded with CE by incubation with
acetylated low-density lipoprotein (acLDL) (Figure 2). Inifec-
tion with increasingly higher doses of the adenoviral vectors
resulted in the expression of the enzymes.in a dose-dependent
manner (Figure 2A). Neutral CE hydrolase activity in the
whole cell lysate was increased robustly by Ad-LIPE (34-
fold) and by Ad-NCEHI to a lesser degree (3.2-fold).
However, it was not affected by Ad-CES]I, even at a multi-
plicity of infection (moi) of 300 (Figure 2B). PNPB hydrolase
activity was increased by all 3 enzymes (Ad-NCEHI, 2.2-
fold; Ad-CES1, 14-fold; Ad-LIPE, 4.6-fold), with the effect
of Ad-CES! mast pronounced. The increased activity of
neutral CE hydrolase, which was attained by infection with
Ad-NCEHI or Ad-LIPE, was associated with a decrease in
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Figure 2. Enzymatic acbvrty and cholestsrol trafﬁcl@ng in cholesterol-loaded THP-1 macrophagos overexpressing. NCEH1,
00 pg/ml. of acLDL for 24 hours. After infection with the reco
Ad-NCEH1), CES1 (Ad-CES1), or LIPE (Ad-LIPE), the cells were incubated with
mL acLDL and 250 wg/mL HDL: Three days after the infection, the cells were used for Western biot anal-

CES1, or LIPE. THP-1. macrophages were incubated with 1

novirus constructed to express LacZ (Ad-LacZ), NCE!

a medium containing 100 g/

yses for NCEH1, CES1, LIPE {A); or SOAT1 {F), measurements of neutral CE hydrolase (B) or PN :B hydre
and the formation of CE from {“C]oleate {E). Data are. presented as the means+SD of 3(B,C,and E)or 4 (D) m

; QE mass (D)

*P<0.05, *P<0.01, Ad-NCEHT vs Ad- LacZ, Ad-CES1 vs Ad-LacZ, or Ad-LIPE vs Ad-LacZ (detenmned by the 2-tailed’ Student’s ttaet
forBand C and by ANOVA followed by the' Bonferrom post hoc analysis for D and E).-

the cellular CE content (Flgure 2D), as well as in the rate of
formation of CE from oleate (F1gure 2E). However, overex-
pression of CES1 did not significantly reduce the cellular CE
accumulation. The decreased CE formation was not accom-
panied by changes of level of SOAT1 protein (Figure 2F).
Similarly, overexpression of NCEH1 or LIPE significantly
decreased CE content in THP-1 cells, which had been loaded
with oxidized LDL, aggregated LDL, or B-very-low-density
lipoprotein (Online Figure IV).

Cholesterol efflux was examined in THP-1 macrophages
that overexpressed NCEH1, CES1, or LIPE (Online Figure
V). Overexpression of NCEH1 and LIPE significantly pro-
moted cholesterol efflux: in the  presence of  high-density
lipoprotein (HDL) (Online Figure V, B) or apolipoprotein
A-1 (Online Figure V, C). Addition of 10 wmol/L CS-505, a
SOAT1 inhibitor, inhibited the CE' formation completely

(Online Figure V, A) but did not affect cholesterol efflux in
the ‘cells overexpressing' NCEHI, 'CES1, or LIPE (Online
Figure V, B). Dibutyryl cAMP promoted cholesterol efflux in
the cells overexpressing LIPE as described previo'uslylsé111 but
did not affect cholesterol efflux in the cells overexpressing
NCEH1 or CESI, in accordance with our previous: report
(Online Figure V, D):32 Overexpression of NCEH1; CES], or
LIPE did not affect the expression of ABCG1 protein,
whereas overexpression of NCEH1 or LIPE slightly in-
creased the expression of ABCA1 protein (Online Figure V,
E). These results indicate ‘that human NCEH1'is primarily
involved in: CE hydrolysis and that its overexpression pro-
motes cholesterol efflux without affecting SOAT1 activities
probably by increasing the expression of ABCA1.

To determine whether LIPE or NCEH1 is involved in the
hydrolysis of CE in HMMs, we used 76-0079, a LIPE
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Figure 3. Effects of 76-0079 or AS115
on enzymatic activity. HEK293 celis
were transfected with with Ad-LacZ,
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inhibitor,3 or AS115, a KIAA 1363 inhibitor.3* 76-0079 was
an inhibitor of both LIPE and CES1, and AS115 was an
inhibitor of LIPE, NCEH1, and CESI (Figure 3A and 3B).
Although 76-0079 and AS115 are nonspecific inhibitors, we
can estimate the contribution of NCEH1 by :the difference
between the effects of those inhibitors: First; we examined the
effects of 76-0079 and AS115 on the neutral CE hydrolase
(Figure 3C and 3E) or PNPB hydrolase (Figure 3D and 3F)
activity inthe whole cell lysate of HMMs, THP-1 ‘macro-
phages, and U937 macrophages. 76-0079 did not signifi-
cantly inhibit the neutral CE hydrolase activity of HMMs. In
contrast, AS115 inhibited the neutral CE hydrolase activity
by 85%. 76-0079 inhibited the PNPB hydrolase activity of
HMMs, THP-1 cells, and U937 macrophages by 23%;, 96%,
and 80%, respectively. On the other hand, AS115 inhibited
the PNPB hydrolase activities of these macrophages by 98%,

12 hours. Llpnds were

(detennmed ANOVA foﬂowed by the
Bonferronl post hoc analysus)

100% and 83%, respectively. Furthermore, whereas AS115
significantly decreased cholesterol efflux from HMMs that
had been loaded with CE; 76-0079 did not (Figure 3G). These
results” support' the notion' that the neutral CE hydrolase
activity of HMMS is primarily mediated by NCEH1 but not
by CES1 or LIPE:

To determine whether NCEH1 or CES1 is involved in the
hydrolysis: of CEin. HMMs, we ‘used an’ RNA-silencing
technique (Figure 4). Infection with Ad-shNCEH] reduced
the amounts of NCEH1 protein as compared with Ad-shLacZ
(by 41% at 250 mois and by 66% at 750 mois). Ini parallel, it
decreased neutral CE hydrolase activity as compared with
Ad-shLacZ (by 47% at 250 mois and by 50% at 750 mois). To
the contrary, althq,ugh infection with Ad-shCES] reduced the
amounts of CES1 protein as compared with Ad-shLacZ (by
60% at 250 mois and by 51% at 750 mois), it did not decrease
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