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ABSTRACT
Carboxylesterase (CES) 2, an important metabolic enzyme,
plays a critical role in drug biotransformation and lipid
metabolism. Although CES2 is very important, few animal
models have been generated to study its properties and
functions. Rat Ces2 is similar to human CES2A-CES3A-
CES4A gene cluster, with highly similar gene structure,
function, and substrate. In this report, CRISPR-associated
protein-9 (CRISPR/Cas9) technology was first used to knock out
rat Ces2a, which is a main subtype of Ces2 mostly distributed in
the liver and intestine. This model showed the absence of
CES2A protein expression in the liver. Further pharmacokinetic
studies of diltiazem, a typical substrate of CES2A, confirmed the
loss of function of CES2A both in vivo and in vitro. At the same
time, the expression of CES2C and CES2J protein in the liver
decreased significantly. The body and liver weight of Ces2a
knockout rats also increased, but the food intake did not change.

Moreover, the deficiency of Ces2a led to obesity, insulin resis-
tance, and liver fat accumulation, which are consistent with the
symptoms of nonalcoholic fatty liver disease (NAFLD). Therefore,
this rat model is not only a powerful tool to study drug metabo-
lism mediated by CES2 but also a good disease model to study
NAFLD.

SIGNIFICANCE STATEMENT
Human carboxylesterase (CES) 2 plays a key role in the first-
pass hydrolysis metabolism of most oral prodrugs as well as
lipid metabolism. In this study, CRISPR/Cas9 technology
was used to knock out Ces2a gene in rats for the first time.
This model can be used not only in the study of drug metabo-
lism and pharmacokinetics but also as a disease model of
nonalcoholic fatty liver disease (NAFLD) and other metabolic
disorders.

Introduction
Carboxylesterase (CES), a kind of a/b serine folding protein,

is one of the most important phase I drug-metabolizing
enzymes, belonging to the class B esterase (IMAI, 2006; Oda
et al., 2015). The human CES superfamily is divided into five
families (CES1, CES2, CES3, CES4A, CES5A), among which
CES1 may exist in the form of monomer, trimer, or hexamer,

whereas CES2 and CES3 mostly exist in the form of monomer
(Kim et al., 1997; Fleming et al., 2007; Holmes et al., 2010).
CES1 and CES2, as the main subtypes of carboxylesterase,
have 47% amino acid sequence similarity. However, they have
a clear tendency in the choice of substrates (Satoh and Hoso-
kawa, 2006). CES1 tends to hydrolyze ester bonds with larger
acyl moieties and smaller alcohol moieties, whereas CES2 pre-
fers to select ester bond compounds with smaller acyl moieties
and relatively large alcohol moieties as substrates (Di, 2019).
CES2 is distributed widely in the small intestine, liver, colon,
and kidney (Sato et al., 2012; Boberg et al., 2017). As one of
the most abundant carboxylesterase subtypes in the gastroin-
testinal tract, CES2 mediates the first-pass hydrolysis metabo-
lism of most oral prodrugs (Laizure et al., 2013), including a
variety of clinical drugs, such as anticancer drugs capecitabine
and flutamide (Xu et al., 2002; Abdelwahab et al., 2018),
angiotensin receptor antagonists candesartan and olmesartan
(Nishikawa et al., 1997; Ma et al., 2005), and many drugs
affecting the central nerve system, such as heroin and cocaine
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(Kamendulis et al., 1996). Since the liver is the center of
metabolism of most drugs in the body, especially drugs con-
taining ester bonds, the total clearance of these drugs mainly
depends on CES2. Inhibition of CES2 activity can lead to
changes of drug exposure and result in serious side effects.
With the emergence of clinical drugs containing ester bonds,
more drug-drug interactions based on CES2 need to be further
explored.
Human CES2 also plays an indispensable role in lipid

metabolism. Lipid homeostasis regulated by CES2 is achieved
through lipid hydrolysis, fatty acid oxidation, endoplasmic
reticulum stress, and lipid synthesis (Lian et al., 2018). Previ-
ous studies have shown that the expression of CES2 in the
liver of patients with nonalcoholic fatty liver disease (NAFLD)
is significantly decreased, and the activity of CES2 is also
decreased in patients who are obese (Li et al., 2016). However,
transferring human CES2 into mice can significantly improve
the disorder of liver lipid metabolism (Ruby et al., 2017). In
addition, the expression of CES2 is directly or indirectly con-
trolled by the activation of transcription factors, such as preg-
nane X receptor, constitutive active/androstane receptor,
peroxisome proliferator-activated receptor -a, and hepatocyte
nuclear factor 4a. These transcription factors are also closely
related to the occurrence and development of NAFLD (Furi-
hata et al., 2006; Staudinger et al., 2010), but the regulation of
CES2 still needs further study. Therefore, it is an urgent need
to establish reliable and practical animal models to study the
role of CES2 in pathology and clinical medicine.
Rat Ces2a is the main subtype of Ces2, and its gene struc-

ture, function, and substrate are highly similar with humans.
CRISPR-associated protein-9 nuclease (CRISPR/Cas9) tech-
nology, the third-generation artificial nuclease technology,
has become a powerful gene-editing tool. Due to its practica-
bility, simplicity, and high efficiency (Torres-Ruiz and Rodri-
guez-Perales, 2017), it is engineered for genome editing and
then applied to the establishment of animal models, which
greatly speeds up the pace of research (Hryhorowicz et al.,
2017).
In this study, the Ces2a gene was knocked out in rats by

CRISPR/Cas9 technology for the first time, and the Ces2a
knockout (KO) rat model was successfully constructed and
characterized. This model can be used not only in drug
metabolism and pharmacokinetics but also as a disease
model of metabolic disorder, such as NAFLD.

Materials and Methods
Reagents. Oligos (60 bp, containing Ces2a KO target sites) and

all primers for polymerase chain reaction (PCR)/real-time PCR were
synthesized by Biosune Biotechnology Co., Ltd (Shanghai, China).
The SYBR Green real-time fluorescence quantitative PCR master
mix and reverse transcription kit were purchased from Yeasen
(Shanghai, China). T7 in vitro transcription kit and RNAiso Plus
were bought from TaKaRa (Dalian, China). Bicinchoninic acid kit
and SP6 in vitro transcription kit were obtained from Thermo Scien-
tific (Waltham, MA). Blood glucose meter was from Johnson (New
Brunswick, NJ). D-Glucose, insulin-human, and diltiazem were
obtained from Meilun Biotech Co. Ltd (Dalian, China). Deacetyldil-
tiazem was bought from Toronto Research Chemicals Inc. (North
York, ON, Canada).

Animals. Male and female Sprague-Dawley (SD) rats were pur-
chased from National Rodent Laboratory Animal Resources (Shang-
hai, China). The animals were raised in a specific pathogen-free

barrier with free access to rodent sterile water and chow cubes. The
barrier was a humidity- and temperature-controlled environment
with 12-hour light/dark cycles. All of the animal experiment protocols
involved in this study were approved by the Ethics Committee on
Animal Experimentation of East China Normal University (Shang-
hai, China).

Target-Site Selection. The sequence of Ces2a gene was obtained
from the US National Center for Biotechnology Information (https://
www.ncbi.nlm.nih.gov/pmc/). The gene ID (Ensembl， ENSRNOG0000
0011330）was submitted to the online website (https://benchling.com).
The first exon sequence was selected for editing, and multiple 18-bp tar-
get sequences followed by a protospacer adjacent motif (PAM) site
(50-NGG-30) in the 30 end were obtained. Two sequences, 50-TCTC
CTCCAGCATGTGCA-30 and 50-TTGGCTAGACTTCCTGGT-30 located
upstream of the gene, were selected as the editing target gene.

In Vitro Synthesis of Single-Guide RNA and Cas9 mRNA.
Firstly, a 60-bp oligo fragment including the T7 promotor and Ces2a
target sequence was synthesized. Based on this fragment, the single-
guide RNA (sgRNA) double-stranded template was constructed by
overlapping PCR, and the products were then transcribed in vitro by
the T7 transcription kit. Secondly, using the Cas9 plasmid as a tem-
plate, Cas9 mRNA was constructed according to the instructions of
SP6 in vitro transcription kit. Both the sgRNA of Ces2a and Cas9
mRNA were extracted and purified by phenol-chloroform methods
and subsequently stored at �80�C for further application.

Comicroinjection of sgRNA and Cas9 mRNA into Zygote.
Robust 8-week-old SD male rats were selected and caged with
healthy 8-week-old SD female rats to collect fertilized eggs. The
embryos were incubated in culture medium and 5% CO2 for 2 hours
at 37�C. Then, the mixture of Ces2a sgRNA (25 ng/ml) and Cas9
mRNA (50 ng/ml) was comicroinjected into the cytoplasm of the
embryos. The injected embryos were cultured in the incubator for 2
hours, and the surviving embryos with intact cytoplasmic membrane
and normal perivitelline space were transplanted into the oviducts of
the pseudo-pregnant female rats.

Genotype Identification. The genomic DNA was extracted
from the toes of newborn rats and then amplified by Ces2a primers
(Table 1) with Easy-Taq DNA polymerase for identifying the geno-
types of F0 chimeras with 1.5% agarose gel. PCR products with dif-
ferent bands were selected from wild-type (WT) rats for precise
sequence and analyzed by DNAMAN (Lynnon Biosoft, San Ramon,
CA). The F0 offspring carrying the expected mutations were caged
with WT rats to obtain F1 generation. The genomic types of F1 rats
were identified through direct sequencing of PCR products, and
healthy adult F1 male and female rats with the same mutation were
selected to mate to obtain F2 generation. The genomic types of F2
generation were identified by 1.5% agarose gel.

Off-Target Site Validation. The information of Ces2a target
sites was submitted to the online website (https://benchling.com) to
obtain potential off-target sites. Eight sites (Table 2) with relatively
high off-targeting potential (score > 4.0) were selected for further
analysis. Three homozygous KO rats and one WT rat were randomly
selected for off-targeting analysis sequencing. The primers are listed
in Table 1. The sequencing results were analyzed in DNAMAN.

mRNA Expression by PCR. Male Ces2a KO rats and WT rats (8
weeks old) were sacrificed by CO2 asphyxiation. The liver and small
intestine were collected and frozen at �80�C for further experimenta-
tion. Each unit of liver or small intestine (0.1 g) was homogenized by
Automatic Sample Rapid Grinding Instrument (JXFSTPRP-24, Shang-
hai, China). The total mRNA was extracted according to the instruction
of the Trizol method and then reverse-transcribed into cDNA. The
obtained cDNA was used for PCR by Ces2a primers (Table 1) with Taq
enzyme system, and the agarose gel electrophoresis was performed to
validate the PCR results.

Protein Expression by Liquid Chromatography with Tan-
dem Mass Spectrometry. Each unit of liver (0.1 g) was added with
400 ml lysate containing radioimmunoprecipitation assay, protease
inhibitor, phosphatase inhibitor, and phenylmethanesulfonylfluoride,
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and then samples were homogenized and pyrolyzed at 4�C for 2 hours
to extract total protein. After enzymatic hydrolysis at 37�C for 20
hours, samples were subsequently desalted and lyophilized, redis-
solved in 0.1% formic acid, and stored at �20�C for further use. Pro-
tein expression was detected by liquid chromatography with tandem
mass spectrometry (LC-MS/MS) (Applied Protein Technology, Shang-
hai, China). The mass-to-charge ratios of peptides and peptide frag-
ments were collected. A total of 20 fragments were collected after each
full scan Atlas (MS2 scan) for database search. The mass of carboxylic
ester hydrolase sequence (containing Ces2a, Ces2c, Ces2j) was
1582.7416. The mobile phase consisted of H2O (A) and acetonitrile (B),

both containing 0.1% formic acid (v/v), and 20 fragments were col-
lected after each full scan. Data were processed and analyzed by Pro-
teome Discoverer 1.4 (Thermo Fisher Scientific).

Detection of Compensatory Effects. Total RNA was extracted
from the liver and small intestine of WT and KO rats by Trizol
method according to the guidelines. Then, the concentration was
measured with a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific). The total RNA was quantitatively reverse-transcribed
into cDNA by using the Takara RR036A kit. The main subtypes of
carboxylesterase were detected by real-time quantitative PCR using
Quant Studio 3 Real-Time PCR System (Thermo Fisher Scientific).
The primer information is listed in Table 1. The b-actin was set as
the internal reference.

Body Weight. Male Ces2a (�/�) and WT rats were weighed once a
week from the 3rd week to the 14th week. In addition, the liver
weight at the age of 14 weeks was recorded.

Serum Biochemical Indexed Detection. To detect whether
there were some physiologic changes in Ces2a KO rats, male Ces2a (�/�)

and WT rats (8 and 14 weeks old, respectively) fasted for 12 hours before
serum collection and drank sterile water freely. Blood samples were col-
lected from the tail vein, and the serum biochemical indexes were
detected by Shanghai ADICON Clinical Laboratories (Shanghai, China).
Liver function indicators include total protein, albumin, globulin, albu-
min/globulin ratio, total bilirubin (TBL), direct bilirubin (DBL), indirect
bilirubin (IBIL), aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), AST/ALT, alkaline phosphatase (ALP), and total bile acid
(TBA). Blood lipid indexes include triglyceride (TG), total cholesterol (T-
CH), high-density lipoprotein cholesterol (HDL-C), and low-density lipo-
protein cholesterol (LDL-C).

Glucose and Insulin Tolerance Tests. Glucose , a commonly
used indicator of physiologic status, was also detected. In the glucose
tolerance test (GTT), male Ces2a (�/�) and WT rats (14 weeks old)
fasted for 16 hours with free access to sterile water. The glucose dis-
solved in sterilized saline was intraperitoneally injected into rats at
a single dose of 2 g/kg. Blood samples were collected from tail vein
both before injection and at 15, 30, 45, 60, 90, and 120 minutes after
injection. The concentration of glucose was tested with blood glucose
meter.

In the insulin tolerance test (ITT), male Ces2a (�/�) and WT rats
(14 weeks old) fasted for 6 hours and drank sterile water freely. Insu-
lin dissolved in acidic saline and then diluted by sterilized saline was
intraperitoneally injected into rats at a single dose of 1 IU/ml. Blood
samples were collected from tail vein both before injection and at 15,
30, 45, 60, and 90 minutes after injection. Blood glucose concentra-
tion was measured by a blood glucose meter.

Liver Staining. Male Ces2a (�/�) and WT rats (8 and 14 weeks
old) were sacrificed. Liver tissue was carefully separated, cut into
small pieces (1 cm × 1 cm × 0.5 cm), fixed with 4% paraformaldehyde
PBS buffer, embedded in paraffin for cutting into 3-mm sections, and
stained with H&E as well as Oil Red O according to the standard
procedure.

Measurement of Lipids in Liver. Liver tissue (100 mg) from
male Ces2a (�/�) rats at 14 weeks old was homogenized with 300 ml

TABLE 1
Primer pairs used in this research

No. Primer Name Primer Sequence (50–30)

1 Ces2a-F CTGCTGGCTATTGGCTTCC
Ces2a-R CCTGCTGCTTTCCATCCC

2 Ces2a-OT-1-F TCTCGATTACTTTTATAGACAC
Ces2a-OT-1-R CAGGGAAGGATACACCAT

3 Ces2a-OT-2-F CTTTGAGATTATAGTGGGTT
Ces2a-OT-2-R AGATGGCCTACATCCTTA

4 Ces2a-OT-3-F TTCCATCCCATAGGTTCA
Ces2a-OT-3-R GTGCCTTTGCTCTGACTG

5 Ces2a-OT-4-F TTCAATAAGAACTTTGTCCCTC
Ces2a-OT-4-R CCCGGTTAATTTAAGCAGTA

6 Ces2a-OT-5-F CTCAGAAGGACCAAGAAA
Ces2a-OT-5-R ATAGCCTAAGCTAAGGGA

7 Ces2a-OT-6-F CTTGGTAGCTGGTGAGTC
Ces2a-OT-6-R TCCTATGGCTTCTGTCTT

8 Ces2a-OT-7-F TTCCTCCTTCAGTTCCAC
Ces2a-OT-7-R GAGTTCCCACCTTCAAAA

9 Ces2a-OT-8-F TTGGCAGAGCAGCATCAT
Ces2a-OT-8-R TGGCAGGAACCTCACAGA

10 Ces1c-F ACTACAAACCTGGACAAGAAG
Ces1c-R GCAGTACCACTCCATCAATC

11 Ces1d-Q-F CACTTCTGCTCTGATTACAAC
Ces1d-Q-R GGTTTCCAAGTAAATCCAG

12 Ces1e-Q-F TCAATGACCTTCTAACTAACCG
Ces1e-Q-R TGGATGCCCCACCTAACACTAG

13 Ces1f-Q-F CCTTCCTGGATTGTTAACC
Ces1f-Q-R TTATCCCTTTGTGAACTGAG

14 Ces2a-Q-F CCTGCTTATTCTTATCCATGTG
Ces2a-Q-R GCCTACTTCATCCAGCATAT

15 Ces2c-Q-F TAGCCCGACGAACTGAGA
Ces2c-Q-R GTCCTGACCCCACACATGG

16 Ces2e-Q-F CTTTGCCAAGCCTCCTATAG
Ces2e-Q-R GTGGGCTGGTGTGTAGATGC

17 Ces2h-Q-F GGATGTGAGCAGGTGGACTC
Ces2h-Q-R CTTCTTGGAGTCAGTGGTGG

18 Ces2i-Q-F CTACAGACTGATATAATGAAGG
Ces2i-Q-R GTCCAGGTATCCCCAGTTGC

19 Ces2j-Q-F GAATTGACCAAGCTTCCTATG
Ces2j-Q-R GTCCAGGTATCCCCAGTTGC

20 Ces3a-Q-F CCTTATGGAAGTGCCCCCTG
Ces3a-Q-R AGGCTGACTTGAACTTCGCA

21 b-actin-Q-F AGATCAAGATCATTGCTCCTCCT
b-actin-Q-R ACGCAGCTCAGTAACAGTCC

TABLE 2
Details for all potential off-target sites

Name Chromosome Spacer PAM Off-Target Score

Ces2a sgRNA1 chr19 TTGGCTAGACTTCCTGGT TGG
Ces2a-OT-1 chr6 TGGACTAGACTTCCTGGT GGG 5.5
Ces2a-OT-2 chr3 TTGTCTAGACTTCCTGCT AAG 4.3
Ces2a sgRNA2 chr19 TCTCCTCCAGCATGTGCA CGG
Ces2a-OT-3 chr1 TCTGCTCCAGCATGTGCA TGG 100
Ces2a-OT-4 chr19 TCTGCTCCAGCATGTGCA TAG 100
Ces2a-OT-5 chr19 TCTCCTCCAGCATGTGCA CGG 100
Ces2a-OT-6 chr19 TCTGCTCCAGCATGTGCA TAG 100
Ces2a-OT-7 chr6 CCTCCTCAAGCATGTGCA TAG 7.1
Ces2a-OT-8 chr1 CCTCCTGCAGCATGTGCA TGG 4.6
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methanol, and then lipids were extracted with 600 ml chloroform at
4�C for 12 hours. The mixture was centrifuged under 12,000 × g for
20 minutes at 4�C . The supernatant was subsequently transferred
into a new centrifuge tube and dried under the atmosphere of nitro-
gen. The precipitation was reconstituted with alcohol to extract lipids
and followed by detection by ADICON Clinical Laboratories.

In Vitro Determination of Ces2a Activity. The liver micro-
somes were prepared from 8-week-old male KO and WT rats, respec-
tively. After comparing different protein concentrations and incubation
time, we confirmed the optimal system. The incubation mixture included
0.5 mg/ml liver microsomes protein as well as 20–1000 mM diltiazem.
The mixture was incubated in a 0.1 M phosphate buffer system, and the
final volume was 300 ml. After preincubating at 37�C for 5 minutes, dil-
tiazem was added to start the reaction. After incubation for 30 minutes,
ice-cold acetonitrile (300 ml) containing 100 ng/ml verapamil (internal

standard) was added to terminate the reaction. The mixture was centri-
fuged at 10,000 × g at 4�C for 15 minutes, and the supernatant was
stored at �20�C for subsequent experiments.

In Vivo Determination of Ces2a Activity. The healthy 8-
week-old male KO and WT rats were used in this study. The rats
were given diltiazem at a single dose of 15 mg/kg (volume 5 ml/kg,
dissolved in water) by gavage. Blood samples were collected from the
tail vein at 0.08, 0.17, 0.5, 1, 2, 3, 4, 6, 8, 10, 12, and 24 hours after
administration. The blood samples were centrifuged at 10,000 × g at
4�C for 15 minutes, and the supernatant was stored at �20�C for
subsequent experiments.

Quantification of Diltiazem and Its Metabolite by LC-MS/
MS. The LC-MS/MS system consisted of an Agilent 1290 HPLC-
6470 triple quadrupole mass spectrometer coupled with an Agilent

A

B
Ces2a Protospacer PAM Protospacer PAM

No. ATGCCTTTGGCTAGACTTCCTGGTTGGCTGTATGTTGTAGCCTGTGGGCTCCTGCTTCTCCTCCAGCATGTGCACGGTGAGACTGT WT

1#
ATGCCTTTGGCTAGACTTCCTGGTTGGCTGTATGTTGTAGCCTGTGGGCTCCTGCTTCTCCTCCAGCATGTGCACGGTGAGACTGT
ATGCCTTTGGCTAGACTTCCTGGTTGGCTGTATGTTGTAGCCTGTGGGCTCCTGCTTCTCCTCCAGCATGT 49bp inser�on GCACGGTGAGACTGT

WT
△△49bp

4#
ATGCCTTTGGCTAGACTTCCTGGTTGGCTGTATGTTGTAGCCTGTGGGCTCCTGCTTCTCCTCCAGCATGTGCACGGTGAGACTGT
ATGCCTTTGGCTAGACTTCCT.................................................TGCACGGTGAGACTGT

WT
△49bp

18#
ATGCCTTTGGCTAGACTTCCTGGTTGGCTGTATGTTGTAGCCTGTGGGCTCCTGCTTCTCCTCCAGCATGTGCACGGTGAGACTGT
ATGCCTTTGGCTAGACTTCC..................................................TGCACGGTGAGACTGT

WT
△50bp

23#
ATGCCTTTGGCTAGACTTCCTGGTTGGCTGTATGTTGTAGCCTGTGGGCTCCTGCTTCTCCTCCAGCATGTGCACGGTGAGACTGT
ATGCCTT............................................................................TGT

WT
△76bp

26#
ATGCCTTTGGCTAGACTTCCTGGTTGGCTGTATGTTGTAGCCTGTGGGCTCCTGCTTCTCCTCCAGCATGTGCACGGTGAGACTGT
ATGCCTTTGGCT...................................................................AGACTGT

WT
△67bp

W 1 2 43 65 7 8 9 1110 12 13 14 15 16

W 1817 19 20 21 22 23 24 25 2726

500bp

300bp
400bp

200bp

500bp

300bp
400bp

200bp

Fig. 1. Genotyping of the F0 generation of Ces2a KO rats generated by CRISPR/Cas9 system. (A) The mutations in the F0 generation for Ces2a
were detected by 1.5% agarose gel using PCR products amplified from F0 rat toes genomic DNA by primer. “#”, mutation band; WT, negative con-
trol. (B) Analysis of Ces2a gene sequence of part of F0 generation rats. PCR products amplified from each F0 rat were sequenced. “.”, nucleotide
deletion; “~”, the number of changed nucleotides; green words, nucleotide insertion.

TABLE 3
Information on CES2A protein expression by LC-MS/MS

Name Data

Mass (Da) 1582.7416
Gene names Ces2a; Ces2c; Ces2j
Protein names Carboxylic ester hydrolase
Intensity KO 0
Intensity WT 106,550,000
iBAQ KO 0
iBAQ WT 5.607.700
LFQ intensity KO 0
LFQ intensity WT 84,023,000

iBAQ, intensity-based absolute quantification; LFQ, label-free quantitation.

A B

1 2 3 1 2 3

Ces2a

β-actin

WT KO

Ces2a

β-actin

1 2 3 1 2 3
WT KO

Fig. 2. Analysis of Ces2a expression in WT and KO rats (n 5 3). (A)
PCR analysis of Ces2a mRNA expression in livers of WT and KO rats.
(B) PCR analysis of Ces2a mRNA expression in small intestines of WT
and KO rats.
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Jet Stream electrospray ionization ion source (Agilent Technologies,
Santa Clara, CA). The chromatographic separation was performed
on a Phenomenex Kinetex XB-C18 column (3 × 100 mm, 2.6 mm).
The mobile phase consisted of H2O (A) and acetonitrile (B), both con-
taining 0.1% formic acid (v/v). Diltiazem metabolite and IS were
eluted by high-performance liquid chromatography gradient: 0–3
minutes, 20%–70% B; 3–4 minutes, 70% B; 4–4.3 minutes, 70%–20%
B. The flow rate was 0.3 ml/min and the injection volume was 2 ml.
Diltiazem, deacetyldiltiazem, and IS were monitored in positive elec-
trospray ionization mode, with the ion transitions of 415.1!165.1,
373.1!177.8, and 455.2!165.1, respectively .

Statistical Data Analysis. All data in this study were presented
as mean ± S.D. The data were analyzed by two-tailed t test. Graph-
Pad Prism 8.0 (GraphPad Software Inc., San Diego, CA) was used to
plot mean plasma concentration-time curves. The pharmacokinetic
parameters of diltiazem and its metabolite were calculated by Win-
Nonlin 5.2.1 (Pharsight Corporation, Mountain View, CA) based on
the noncompartmental model. The significant difference was consid-
ered when P < 0.05, expressed as *P < 0.05, **P < 0.01, and ***P <

0.001.

Results
Generation of Ces2a KO Rats. After the coinjection of

Ces2a sgRNA and Cas9 mRNA, a total of 27 neonatal rats
were obtained. We randomly numbered these 27 rats of the
F0 generation from 1# to 27#. Then PCR and agarose gel
electrophoresis were performed. As shown in Fig. 1A,

multiple mutant alleles were identified among these found-
ers, numbered as 1#, 3#, 4#, 9#, 11#, 12#, 18#, 21#, 23#, 26#,
and 27#, indicating that a large fragment of the gene
sequence had changed, which was then sequenced and ana-
lyzed. The peak patterns of 3#, 9#, 11#, 12#, 21#, and 27#
were in a state of disorder and could not be analyzed. The
remaining sequencing results are shown in Fig. 1B. The rats
with nontriple base number changes in the exon region were
selected for subsequent experiments. Since there was 69-bp
deletion in 23# exon, F1 generation was obtained by crossing
1#, 4#, 18#, and 26# with WT rats. The genomic DNA of F1
generation was sequenced and analyzed. Healthy male and
female rats with the same mutation were selected for mating
to obtain F2 generation. After analysis of PCR products of F2
rats with 1.5% agarose gel, individuals with a homozygous
deletion were obtained (Supplemental Fig. 1). In this study,
KO rats after F2 generation were used for further study, and
all WT rats were littermate rats of the KO rats.
Off-Target Analysis. Since CRISPR/Cas9 system allows

1–3 base pair mismatches in PAM-distal area, which may
lead to off-target cleavage, the potential off-target sites were
also detected. Three Ces2a KO rats were randomly selected
to specifically amplify the potential off-target sites using
eight pairs of designed primers (Table 1) and then sent to
sequencing analysis. The results showed that Ces2a gene–
edited rats were off-target at OT-5 (Supplemental Fig. 2). By
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searching the US National Center for Biotechnology Informa-
tion database, it was found that OT-5 did not belong to any
gene. Therefore, there was no off-target in Ces2a KO rats.
Expression of Ces2a in WT and KO Rats. The expres-

sion of Ces2a in the liver of WT and KO rats was detected at
mRNA and protein levels, respectively. The results showed
that the Ces2a mRNA was completely absent in the liver
(Fig. 2A) and small intestine (Fig. 2B) of KO rats. At the
same time, the results of protein showed that compared with
WT rats, KO rats did not express carboxylic ester hydrolase
containing CES2A, CES2C, and CES2J (Table 3). These
results confirmed that the construction of the Ces2a KO rat
model was successful.
Compensatory Expression of Major Carboxylester-

ases in WT and KO Rats. To detect the compensatory
expression of other major carboxylesterases after Ces2a gene
knockout, we used real-time quantitative PCR to detect the
mRNA levels of major carboxylesterases in rats. The results
showed that in the liver, as compared with WT rats, the

mean change in mRNA expression of Ces1e, Ces1f, and Ces1d
increased by about 98% [95% confidence interval (CI)
53%–143%, P < 0.001], 67% (95% CI 43%–93%, P < 0.001),
and 66% (95% CI 19%–110%, P < 0.05), respectively, and the
expression of Ces2c decreased by about 53% (95% CI
38%–69%, P < 0.01) in KO rats (Fig. 3A). In the small intes-
tine, the mRNA expression of Ces1d and Ces2c in KO rats
also decreased by about 86% (95% CI 75%–97%, P < 0.05)
and 52% (95% CI 35%–70%, P < 0.01), respectively (Fig. 3B).
Physiologic Conditions Detected in WT and KO

Rats. Compared with WT rats, the body weight of Ces2a KO
rats was higher from the 6th week (Fig. 4A), the liver weight
was higher too at the 14th week (Fig. 4B), and the organ coef-
ficient (liver weight/body weight) was also increased (Fig.
4C). At the same time, the livers of 8-week-old and 14-week-
old KO and WT rats were stained with H&E. There was no
statistically significant difference at the 8th week, but obvi-
ous lipid vacuoles as well as eosinophils appeared in the liver
of KO rats at the 14th week (Fig. 4D), and the Oil Red O
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Fig. 4. (A) Body weight of WT and Ces2a
KO rats from the 3rd week to the 14th
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a week (n 5 8). (B) Liver weight at the
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(n 5 8) at 14 weeks of age. (C) Organ coef-
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of WT and KO rats were measured and
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and KO rats at 14 weeks (n 5 6). “#”, lipid
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staining also showed more reddish liver in KO rats at the
14th week (Fig. 4E), indicating that there was more fat accu-
mulation in the liver of KO rats.
Glucose and Insulin Tolerance Tests. The areas under

the drug concentration-time curve (AUCs) of GTT and ITT of
14-week-old KO rats were 34% (95% CI 18%–50%, P < 0.01)
and 53% (95% CI 38%–67%, P < 0.001) higher than those of
WT rats, respectively (Fig. 5). These results showed that glu-
cose and insulin sensitivity of Ces2a KO rats was lower than
that of 14-week-old WT rats, indicating that the deletion of
Ces2a deteriorated the glucose tolerance and insulin resis-
tance.
Clinical Chemistry Analysis of WT and KO Rats.

Due to the crucial role of Ces2 in lipid metabolism, some impor-
tant endogenous substances, such as bile acids and lipids, need
to be detected. Moreover, if the Ces2a KO rats may be further
used in the study of NAFLD, it is necessary to know whether
the physiologic indexes of Ces2a KO rats have changed and
whether the growth and reproduction of KO rats are normal.
WT and KO rats (8 and 14 weeks old) were randomly selected
for serum tests of liver function. At the 8th week, serum bio-
chemistry data showed that TBL, DBL, IBIL, AST/ALT, ALP,
TBA, TG, T-CH, HDL-C, and LDL-C levels of KO rats were all
within 15% of the WT rats (Fig. 6A). At the 14th week, how-
ever, the levels of TBL, DBL, and IBIL in KO rats increased by
1.43-, 1.72-, and 1.63-fold, respectively (Fig. 6B). At the same

time, the TBA increased significantly by 2.74-fold, and ALP
increased by 1.25-fold. Moreover, the level of ALT in KO rats
was higher than that of WT rats, and the level of AST/ALT was
slightly lower than that of WT rats, indicating the occurrence of
minor liver damage. There was no statistically significant dif-
ference in TG level. However, T-CH, HDL-C, and LDL-C all
increased by nearly 1.50-fold, indicating the disorder of lipid
metabolism, particularly cholesterol metabolism in KO rats
(Fig. 6B). Except for the above indexes, liver protein synthesis
levels of KO rats were all within 10% of WT (unpublished
data). Lipids in livers of WT and KO rats at 14 weeks old were
also detected. TG and LDL-C in livers of KO rats were 1.49-
and 1.89-fold higher than that in WT rats, respectively, with no
statistically significant difference in T-CH and HDL-C level,
indicating heavy hepatic fat accumulation (Fig. 6C).
Determination of Ces2a Activity in WT and KO

Rats. It is reported that diltiazem is metabolized by CES2A
to produce its deacetylated metabolites in rats (Kurokawa et
al., 2015). Using diltiazem as the substrate, the activity of
CES2A in vitro and in vivo was determined by LC-MS/MS.
In rat liver microsomes (RLMs) of both WT and KO rats, the
capacity to metabolize diltiazem was detected (Fig. 7A). Com-
pared with WT RLMs, Vmax of diltiazem metabolism in KO
RLMs (1.03 ± 0.47 nM/min/mg protein) was decreased by
87% compared with WT rats (7.78 ± 0.35 nM/min/mg protein)
(Fig. 7B), and the intrinsic clearance of KO rats (0.54 ± 0.01
ml/min/kg) was also significantly reduced by 98% compared
with WT rats (30.88 ± 0.51 ml/min/kg) (Fig. 7C). The results
showed that compared with WT rats, the metabolic capacity
of diltiazem in vitro in KO rats was significantly decreased.
To further assess the damaged function of CES2A in vivo

in KO rats, pharmacokinetic experiments of diltiazem were
carried out in WT and KO rats. After oral administration of
diltiazem, there was no statistically significant difference
between WT and KO rats (Fig. 7D). However, the pharmaco-
kinetic parameters of deacetyldiltiazem showed crucial varia-
tion. Compared with WT rats, the Cmax and AUC0-24h of KO
rats were reduced by 98.7% and 97.3%, respectively (Table 4)
(Fig. 7E). In addition, the mean residence time of KO rats
increased by 78.0% compared with that in WT rats. The
pharmacokinetic results of diltiazem in vivo were consistent
with the data in vitro, which further confirmed the loss of
function of CES2A in KO rats.

Discussion
In recent years, more and more attention has been paid to

CES2, as it plays an important role in endogenous and exoge-
nous metabolism (Frank et al., 1986; Di, 2019; Song et al.,
2019; Yi et al., 2019). Because of the defects of in vitro and in
vivo models, the study of CES2 is greatly limited. Cell models
in vitro include primary cell and Caco-2 cell models (Di,
2019). The primary stem cell model has a complete metabolic
enzyme system, which can simulate the physiologic environ-
ment of the body to a certain extent, but the cell culture con-
ditions are strict and lack regulatory pathways (LeCluyse,
2001; Zhang et al., 2019). Additionally, the expression of
CES2 in Caco-2 cell line is very different from that in
humans, which cannot reflect the real situation of humans
(Imai and Ohura, 2010; Ishizaki et al., 2018). In vivo models
include inhibitor-inhibiting transporter activity and the gene
editing model . However, the low specificity, high cost, and
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Fig. 5. Glucose and insulin tolerance of WT and Ces2a KO rats. (A and
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Fig. 6. Physiologic phenotype of Ces2a KO rats. (A) Clinical chemistry and physiologic analysis of serum from male WT and KO rats at 8 weeks
old. (B) Clinical chemistry and physiologic analysis of serum from male WT and KO rats at 14 weeks old. (C) Hepatic lipids of WT and KO rats at
14 weeks old. HDL-C, LDL-C, TG, T-CH, TBA, AST, ALT, ALP, TBL, and DBL were compared between WT and KO rats. The results were shown
as mean ± S.D. of six rats. *P < 0.05, **P < 0.01, and ***P < 0.001.
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potential cytotoxicity of inhibitors make the results unreli-
able (Takahashi et al., 2009).
The gene editing model has attracted much attention

because of its clearer genetic background and better reflect-
ing the function of CES2. In 2019, intestine-specific Ces2c
overexpression mice were generated for studying the function
of intestinal Ces2c (Maresch et al., 2018). However, there is
still no rat model of Ces2 gene deletion. Compared with mice,
rats have larger body size, stronger tolerance, and sufficient

blood volume, and they are suitable for studying physiologic
characteristics. In brief, the rat is a distinguished animal
model for pharmacokinetic and toxicological studies (Wang et
al., 2016; Ma et al., 2020). Compared with the early gene
knockout technology based on homologous recombination,
the CRISPR/Cas9 system has the advantages of high effi-
ciency, simple operation, short circle, low cost, and high suc-
cess rate, which greatly accelerate the development of gene
editing (Cong et al., 2013; Wang et al., 2017; Lu et al., 2021).
Therefore, CRISPR/Cas9 technology was the first choice for
the construction of the Ces2a KO rat model in this study.
Compared with WT rats, there was no expression of Ces2a

mRNA in the liver of KO rats. Meanwhile, the expression of
protein group (containing CES2A, CES2C, and CES2J) was
also absent in the liver. In fact, at the mRNA expression
level, Ces2a, Ces2c, and Ces2e are expressed in rat liver,
whereas Ces2j is undetectable (Sanghani et al., 2002; Ohura
et al., 2014). Moreover, the deletion of Ces2a caused the
decreased mRNA expression of Ces2c, which may cause the
reduced protein expression of CES2C in the KO rat. As a
result, the deletion of Ces2a, no measurable level of Ces2j,
and decreased protein expression of CES2C led to the
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TABLE 4
Pharmacokinetic parameters of deacetyldiltiazem after oral adminis-
tration of diltiazemThe dose of diltiazem was 15 mg/kg (p.o.). Results
were mean ± S.D. of six rats.

Parameters Unit WT Rats KO Rats

t1/2 H 2.94 ± 0.72 2.45 ± 0.27
tmax H 0.25 0.50
Cmax ng/ml 438.75 ± 138.04 5.69 ± 3.27***

AUC0-24h h*ng/ml 597.89 ± 91.89 15.66 ± 4.52***
AUC0-inf h*ng/ml 598.09 ± 92.01 15.74 ± 4.52***
MRT0-24h H 1.59 ± 0.12 2.83 ± 0.44**

MRT, mean residence time; tmax, peak time .
**P < 0.01 and ***P < 0.001 compared with WT rats.
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absence of protein group (containing CES2A, CES2C, and
CES2J) in livers of KO rats. Combined with the absence of
Ces2a in the livers and small intestines of KO rats in mRNA
level, Ces2a KO rats were successfully generated. Our origi-
nal goal was to knock out Ces2a, but we unexpectedly
decreased the expression of Ces2c and Ces2j. Such a model
may be more conducive to study the function of CES2. In
addition, human blood lacks CES activity, whereas plasma
derived from rodents is very proficient at CES substrate acti-
vation. Hence, animal models designed to predict tumor
responses in humans may overestimate the efficacy of the
drug because of the increased CES activity (Morton et al.,
2005). Compared with the conditional knockout rat model,
our Ces2a KO rats may represent a more accurate model for
drug metabolism.
Since CES2 was age-dependent (Hines et al., 2016), liver

H&E staining and serum physiologic indexes of liver function
were detected in 8- and 14-week-old rats. There was no sig-
nificant difference of the baseline body weights between WT
and KO rats; however, during the course of this study, KO
rats showed continuous weight gain and were finally signifi-
cantly heavier than WT rats, showing the characteristic of
obesity. Meanwhile, the H&E and Oil Red O staining of rats
at 14 weeks old showed heavy fat accumulation, minor eosi-
nophils, and enlargement of hepatic sinusoids in KO rats,
which confirmed the hepatic fat accumulation. To further
explore the influence of Ces2a on the liver, subsequent tests
were conducted on 14-week-old rats, and the results showed
that glucose and insulin sensitivity of Ces2a KO rats were
significantly lower than those of 14-week-old WT rats, indi-
cating the loss of Ces2a deteriorated the glucose tolerance
and insulin resistance. At the same time, the results of physi-
ologic indexes showed that AST/ALT decreased in KO rats,
suggesting the liver damage occurred in KO rats at 14 weeks
old. In addition, T-CH, LDL-C, TBA, and ALP in 14-week-old
KO rats were significantly higher than those in WT rats,
indicating that the loss of Ces2a led to the disorder of choles-
terol metabolism, which may also be the cause of hepatic fat
accumulation and liver injury. Surprisingly, the level of
HDL-C was also significantly upregulated. To maintain the
balance of cholesterol, the body needs to produce more HDL-
C and bring the excess cholesterol deposited in the peripheral
tissue back to the liver to regulate redistribution of choles-
terol. Hepatic lipids detection showed significantly increased
TG and LDL-C level in KO rats at 14 weeks old, which was
consistent with the serum detection. These results suggested
that KO rats showed the features of obesity, hyperglycemia/
insulin resistance, and hepatic fat accumulation, which were
also characteristics of an ideal NAFLD model (Jahn et al.,
2019). The close relationship between Ces2a and lipid metab-
olism may lead to the occurrence of NAFLD. Moreover, with
the increase of age, Ces2a is more involved in the metabolism
of endogenous substances. However, the regulatory effect of
Ces2a on lipid metabolism remains to be further studied.
We further used diltiazem, a selective substrate of CES2A, to

verify the change of its function in KO rats. In humans, diltia-
zem is primarily metabolized to N-demethyldiltiaze, O-deme-
thylditiazem, and deacetyldiltiazem through CYP3A4, CYP2D6,
and esterase. The AUC ration of the metabolites is 1:3.4:28,
respectively (Molden et al., 2002). Although esterase plays an
important role in the deacetylation of diltiazem, it has not been
identified so far. Previous studies have reported that four

carboxylesterase enzymes (CES1D, CES1E, CES1F, and
CES2A) in rats are identified as potential candidate deacety-
lases of diltiazem, but the CES2A enzyme is considered to be
the main enzyme responsible for diltiazem deacetylation (Kuro-
kawa et al., 2015). Therefore, although the compensatory effects
were observed in KO rats, the deacetylase of diltiazem by
CES2A in RLMs was not affected. Both in vitro and in vivo
experiments demonstrated the loss of function of CES2A in KO
rats.
At present, different animal models have been constructed

to simulate NAFLD, such as the genetic model, the nutrient-
deficient model, and models based on obesogenic high-fat
diets. However, these models are limited by the disadvantages
of overly artificial diets, vague genetic background, or unclear
epidemiology (Jahn et al., 2019). Since there is no approved
drug for NAFLD, there is an urgent need to identify promising
pharmacological targets and develop future therapies. Our
Ces2a KO rats have the characteristics of obesity, hyperglyce-
mia, insulin resistance, and hepatic fat accumulation, which
may be an ideal NAFLD model. It has the advantages of clear
genetic background, clear epidemiology, short feeding period,
and no additional artificial diets.
In conclusion, the Ces2a KO rat model was successfully

established by CRISPR/Cas9 technology for the first time.
This model can be used in the study of drug metabolism and
pharmacokinetics. At the same time, it has the characteristics
related to NAFLD and is a good disease model for the study of
NAFLD. Using this animal model, we can better understand
the role of CES2 in drug metabolism and lipid metabolism.
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