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a b s t r a c t

In traditional Chinese medicine herbs (TCM), including Radix Salviae Miltiorrhizae (Danshen), Radix
Puerariae Lobatae (Gegen), Radix Angelicae Sinensis (Danggui), and Rhizoma Chuanxiong (Chuanxiong) are
widely used for the prevention and treatment of cardiovascular diseases and also often co-administered
with Western drugs as a part of integrative medicine practice. Carboxylesterase 1 (CES1) plays a pivotal
role in the metabolisms of pro-drugs. Since (S)-2-(2-(6-dimethylamino)-benzothiazole)-4,5-dihydro-
thiazole-4-carboxylate (NLMe) has recently been identified by us as a selective CES1 bioluminescent
sensor, we developed a rapid method using this substrate for the direct measurement of CES1 activity in
rats. This bioluminescence assay was applied to determine CES1 activity in rat tissues after a two-week
oral administration of each of the four herbs noted above. The results demonstrated the presence of CES1
enzyme in rat blood and all tested tissues with much higher enzyme activity in the blood, liver, kidney
and heart than that in the small intestine, spleen, lung, pancreas, brain and stomach. In addition, the four
herbs showed tissue-specific effects on rat CES1 expression. Based on the CES1 biodistribution and its
changes after treatment in rats, the possibility that Danshen, Gegen and Danggui might alter CES1 ac-
tivities in human blood and kidney should be considered. In summary, a selective and sensitive biolu-
minescence assay was developed to rapidly evaluate CES1 activity and the effects of orally administered
TCMs in rats.
© 2020 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

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

Carboxylesterase (CES) belongs to a widespread a,b-hydrolase-
fold superfamily of proteins. This superfamily shares a highly
conserved catalytic triad of amino acid and plays a pivotal role in
the biotransformation of a wide variety of endogenous and exog-
enous compounds, including esters, thioesters, carbamates, and
amides to their corresponding free acids and alcohols [1]. It has
been noted that about 20% of drugs and 50% of prodrugs are
metabolised by CES [2]. The main CES isozymes involved in drug
metabolism are CES1 and CES2, both of which are expressed
extensively in human, dog, and rat liver [3,4]. In human liver, CES1
(hCE1) contributes about 80e95% of the total hydrolytic activity [5].
In rat liver, the dominant CES1 family includes four different
University.

on and hosting by Elsevier B.V. Thi
isozymes: hydrolase A, hydrolase B, hydrolase C and rat egasyn,
among which hydrolase A is the closest in catalytic function to
human hCE1, with about 78% sequence similarity [6,7].

Four traditional Chinese medicine (TCM) herbs, Radix Salviae
Miltiorrhizae (Red sage root, Danshen, DS) [8e10], Radix Puerariae
Lobatae (Kudzu root, Gegen, GG) [10e12], Radix Angelicae Sinensis
(Angelica root, Danggui, DG) [9,13] and Rhizoma Chuanxiong
(Szechuan lovage rhizome, Chuanxiong, CX) [9,13] are widely used
for the prevention and treatment of cardiovascular diseases. Thus,
they have a high potential to be co-administered with Western
drugs [9,12]. For instance, in a real-world study of 84,697 patients
with coronary heart disease, 43.46% of patients in antiplatelet
therapy also took TCMs at the same time [14]. In addition, TCMwas
used with P2Y 12 receptor inhibitors, such as clopidogrel or tica-
grelor, to minimize adverse effects, drug intolerances, thrombotic
risk, and socioeconomic issues [15,16]. The effect of TCM herbs on
rat CES1 activity in blood and tissue S9 fractions has not been
addressed. Our recent findings suggested that co-administration of
s is an open access article under the CC BY-NC-ND license (http://creativecommons.

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:joanzuo@cuhk.edu.hk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpha.2020.05.006&domain=pdf
www.sciencedirect.com/science/journal/20951779
www.elsevier.com/locate/jpa
https://doi.org/10.1016/j.jpha.2020.05.006
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jpha.2020.05.006
https://doi.org/10.1016/j.jpha.2020.05.006


J. Zhang et al. / Journal of Pharmaceutical Analysis 10 (2020) 253e262254
GG and DG could lead to altered pharmacokinetics of clopidogrel
and aspirin with significant inhibition of CES activity [17]. Consid-
ering that CES serves as the major hydrolysing enzyme for a large
number of drugs, especially pro-drugs such as enalapril, oseltamivir
and clopidogrel [18], and that the pharmacokinetics of drugs
determined by preclinical experiments in rats are widely used as a
reference for clinical studies, further clarification of the distribution
of CES1 and the tissue-specific impact of TCMs on CES1 activity in
rats is needed not only for interpretation of preclinical drug phar-
macokinetics but also for the safe use of drugs in the practice of
integrative medicine.

In modern TCM practice Chinese materia medica (CMM) for-
mula granules have become popular as an alternative to decoction
preparations. Since these granules not only retain the properties
but also address the common problems of quality control, prepa-
ration, and administration, their clinical use has gradually
increased worldwide. In China there are more than 600 types of
herb granule preparations and 200 kinds of herbal formulae [19]. In
addition, there are more than 400 herbal granule preparations in
Japan [20] and 300 types in South Korea [21]. A recent review of 56
clinical trials demonstrated no significant difference in effective-
ness and safety between granules and decoctions of Chinese herbal
medicine [22]. Thus, herbal granule preparations of the four studied
TCMs were adopted for our current study.

The activity of CES is measured as the reduction of a specific
substrate or formation of its respective metabolites during a given
time using recombinant CES enzymes, livermicrosomes, S9 fractions
and plasma from different species. Activity is measured by photo-
metric assay, fluorometric assay, and chromatography assay to detect
a signal generated by the substrates or the products formed [23e26].
In these methods, p-nitrophenyl acetate, p-iodonitrophenyl tetrazo-
lium violet, butanilicaine, acyl-CoA, 5,50-dithiobis-(2-nitrobenzoic
acid), phenacetin, acetanilide and clopidogrel are substrates
commonly used. In our previous study we reported two selective
sensors (2-(2-benzoyloxy-3-methoxyphenyl)benzothiazole) (BMBT)
and (S)-4,5-dihydro-2-(6-hydroxy-2-benzothiazolyl)-4-thiazolec
arboxylic acid-methyl ester (DME), both of which could be used for
thequantitativedetectionofhCE1activity inhuman livermicrosomes
[26,27].However, itwas found that theBMBT-basedfluorescent assay
suffered from strong background interference and potential photo-
toxicity. Based on the chemical structure backboneof BMBTandDME,
(S)-2-(2-(6-dimethylamino)-benzothiazole)-4,5-dihydro-thiazole-4-
carboxylate (NLMe), a new specific substrate of hCE1 withminimum
background interferenceandnophototoxicitywasdevelopedand the
synthesis method, identification and application of NLMe and its
hydrolysed product (S)-2-(2-(6-dimethylamino)-benzothiazole)-4,5-
dihydro-thiazole-4-carboxylic acid (NL) were reported in our previ-
ous studies [27e29]. The design of NLMe as a bioluminescent sensor
fordetectingenzymeactivitywasbasedonthestrategy that thefirefly
luciferin-luciferase reaction is the most important and widely used
system in bioluminescence detection, and the free luciferin can be
masked with distinctive substitutes [29]. NLMe is an ester derivative
of luciferin that contains a large carboxyl group and a small alcohol
group and thus may serve as a good substrate for CES1, as CES1
preferentially hydrolyses substrates with small alcohol groups and
large acyl groups, while CES2 prefers substrates with large alcohol
groups and small acyl groups [30]. NLMe was found to be a specific
substrate for CES1 and could be specifically metabolised by hCE1 to
NL, while other hydrolases such as acetylcholinesterase, butyr-
ylcholinesterase, human paraoxonase 1, human paraoxygen phos-
phate 2, carbonic anhydrase, bovine albumin, lipase, C-reactive
protein, myoglobin, transgenic ferritin, lysozyme, pepsin, trypsin,
human albumin, prion protein, human carboxylesterase 2 and
phosphate buffer could not catalyze the reaction. The hydrolysis of
NLMe in liver microsomes could be suppressed markedly by the
specific carboxylesterase inhibitor BNPP but not by other esterase
inhibitors such as piperazine, huperzine A, galantamine and ethyl-
enediamine tetraethylammonium [28]. The rate ofNLMemetabolism
in microsomes from human lung, kidney, intestine and liver in a
preliminary bioluminescent test was found to be consistent with
hCE1 expression in the corresponding microsomes by Western blot
assay, demonstrating the specificity of NLMe as a substrate for CES1
[28]. The current study further develops and validates a compre-
hensive bioluminescence assay using NLMe as a probe for direct
detection of CES1 activity in different biomatrices such as plasma and
various tissues in rats. Based on this assay the distribution profile of
CES1 activity was obtained, providing important information for the
preclinical development of pro-drugs and also enabling us to directly
monitor CES1 activity and changes due to drug and/or herbal treat-
ment, thereby facilitating better prediction of herb/drug interactions
to ensure their safe use.

2. Experimental

2.1. Materials and instruments

NLMe and NL (Fig. 1) were synthesized by our group with a
purity of >98%. Phosphate buffered saline (PBS) tablets, a Bicin-
choninic Acid (BCA) Protein Assay kit and rat liver microsomes
(RLM) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Luciferin detection reagent (LDR), a product of Promega Corpora-
tion (Madison, WI, USA), was prepared by adding reconstitution
buffer to the lyophilized luciferin reagent and gently swirling to
dissolve. Rehydration of the reagent at room temperature for 1 h
before use was necessary. Bis-p-nitrophenyl phosphate (BNPP),
fluoxetine and loperamide were purchased from TCI (Tokyo, Japan).
Ultrapure water was generated by a Milli-Q ultrapure water system
from Millipore (Milford, MA, USA). Nunc™ F96 white polystyrene
plates were from Thermo Scientific (Rockford, IL USA). Ultra-Turrax
T25 Disperser (IKA, Boutersem, Belgium) and a CT15RT versatile
refrigerated centrifuge (Techcomp Ltd., Shanghai, China) were used
in the animal study. A CLARIOstar® microplate reader (BMG LAB-
TECH, Ortenberg, Germany) was used for total protein concentra-
tion determination and bioluminescence assay.

The CMM granules of DS (Batch No. 1007), GG (Batch No. 1027),
CX (Batch No. 1019) and DG (Batch No. 1017) were kindly provided
by PuraPharm International Limited (Hong Kong). The herb to
herbal granule concentration ratio was 5:1 for DS granules, GG
granules, CX granules, and 3:1 for DG granules. The contents of the
represented bioactive marker compounds in the granules were
determined in our previous study [17] as follows: 25 mg/g salvia-
nolic acid in DS granule,114mg/g puerarin in GG granule, 0.63mg/g
Ferulic acid in DG granule and 1.81 mg/g Ferulic acid in CX granule.
Specific quality controls were strictly followed as is described for
the four selected TCM herbs in both the Chinese Pharmacopoeia of
the People’s Republic of China [31] and the Hong Kong Chinese
Materia Medica Standards [32]. The voucher specimens for the four
herbal granules were kept in the School of Pharmacy, the Chinese
University of Hong Kong, China.

2.2. Development and validation of the bioluminescence assay

2.2.1. Verification of NLMe as CES1 substrate in rat plasma
In contrast to the lack of CES in human plasma, high expression

of CES in rat plasma has been reported [33]. Since NLMe had been
demonstrated to be a selective hCES1 substrate, to validate the
specificity of NLMe towards CES1 in rat plasma, potential inhibition
assays of various CES inhibitors on NLMe hydrolysis were con-
ducted in blank rat plasma. Assessment was done by comparing
activity in the presence or absence of various reported CES



Fig. 1. Structure and MS/MS spectra of (A) NLMe and (B) NL.
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inhibitors including BNPP (a general CESs inhibitor) [34], fluoxetine
(a selective CES1 inhibitor) [35] and loperamide (a selective CES2
inhibitor) [36]. The study was conducted in a 96-well microplate in
a total volume of 100 mL. BNPP was dissolved in dimethyl sulfoxide,
and fluoxetine and loperamide were dissolved in ethanol to obtain
stock solutions with a concentration of 40mM. Serial dilutions with
PBS (100 mM, pH 7.4) were done to achieve solutions of 0.5, 1.0, 2.0,
3.9, 7.8, 15.6, 31.3, 62.5, 125 and 250 mM. A 25 mL volume of the
diluted solution was pre-incubated with 25 mL of rat plasma (pro-
tein concentration of 4 mg/mL) at 37 �C for 60 min and then 25 mL of
NLMe solution (500 ng/mL) was added to initiate the reaction. Ten
min after incubation at 37 �C the reactionwas terminated by adding
25 mL of LDR. After another 20 min incubation of the mixture, the
bioluminescent signals generated were measured with the CLAR-
IOstar® microplate reader to measure CES1 activity. Solvent vehi-
cles and control samples without the inhibitors were also
employed. The residual activity (%) representing the percentage of
CES1 activity from different treatment groups compared to that of
the control was obtained and compared. To evaluate the inhibitory
effects of CES inhibitors such as BNPP and fluoxetine, a half-
maximal inhibitory concentration (IC50) was estimated based on
their concentration-response curves using GraphPad 7.0 software
(GraphPad Software Inc, San Diego, CA, USA).
Fig. 2. Illustration of the current CES1 mediated enzymatic reac
2.2.2. Determination of NL by the bioluminescence assay
As illustrated in Fig. 2, NLMe could be hydrolysed by CES1 to NL,

which served as a specific substrate of luciferase and could be
quantified by measuring the bioluminescence generated from re-
actions with LDR. Briefly, to a 25 mL aliquot of NL standard solution,
50 mL of PBS (100 mM, pH 7.4) was added followed by incubating
the mixture at 37 �C with gentle shaking for 10 min. Subsequently,
25 mL of LDR was added to the reaction mixture followed by a
20 min incubation at 37 �C. The bioluminescent signals generated
were measured with the CLARIOstar® microplate reader.
2.2.3. Validation of the bioluminescence assay
The developed bioluminescence assay was validated for speci-

ficity, linearity, precision, accuracy and robustness. Specificity of
the assay was assessed by detecting possible interference via
scanning the emission spectra of NLMe, NL and enzyme (RLM) re-
action mixtures. Linearity was evaluated by analysing standard
solutions of NL at concentrations of 15.62, 31.25, 62.5, 125, 250, 500
and 1000 ng/mL in triplicate; the standard solutions were freshly
prepared by serial dilutions of 2 mg/mL NL stock solution with
100mMPBS buffer. The bioluminescent signals were plotted versus
NL concentration and the calibration equation was obtained using
weighted linear regression analysis. The limit of detection (LOD)
and limit of quantification (LOQ) were respectively calculated using
tion of NLMe and bioluminescent assay of the formed NL.
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the slope (S) of the calibration curve and the standard deviation of
response (s) with the following formulas: LOD ¼ 3.3 s/S and
LOQ ¼ 10 s/S. Precision was evaluated by intra- and inter-day
precision and expressed as the relative standard deviation (RSD
%). Intra-day precisionwas evaluated by performing three repeated
analyses of NL standard solutions at concentrations of 125, 500 and
1000 ng/mL on the same day. As for inter-day precision, the same
analyses were performed on three different days. Accuracy was
expressed as a percentage of deviation between the nominal and
measured concentrations of the sample with ±15% as acceptance
criteria.

Since the assays were all performed in 96-well microplates,
robustness assessment was conducted on three days with three
plates processed each day. Each plate layout consisted of NL stan-
dard solutions at 125, 500 and 1000 ng/mL to mimic the low,
middle and high bioluminescent signals, respectively. The low,
middle and high signal samples were distributed within the plates
in an interleaved-signal format with different column-wise order:
high-middle-low for plate A, low-high-middle for plate B and
middle-low-high for plate C (n ¼ 32). The signals measured were
then used to calculate the coefficient of variations (CV), signal
window (SW) and Z’ value for robustness assessment (see Sup-
plementary Information: S1) [37].
2.3. Evaluation of CES1 activity after oral administration of selected
TCM herbs with the bioluminescence assay

2.3.1. Animal treatment
To evaluate the effects of selected TCM herbs on CES1 activities

in rats, thirty male Sprague Dawley rats (12e14 weeks, 150e200 g)
were randomly divided into nine groups (G1 to G9, n ¼ 6 for G1,
n¼ 3 for G2-G9). G1 served as the control group, inwhich rats were
orally administered 1mL saline twice a day for 14 days, while rats in
G2 to G9 received a human equivalent dose of herbal granules twice
a day for 14 days.

Based on the recommended human dose (60 kg per person) for
the four herbs (DS dried herb: 10e15 g; GG dried herb: 10e15 g; DG
dried herb: 6e12 g; and CX dried herb: 3e10 g) [31] and the dose
correction factor for rats based on body surface area as recom-
mended by the US FDA [38], the equivalent herbal doses in rats (g/
kg) were calculated to be 1.03 g/kg of DS (G2, DSL), 1.55 g/kg of DS
(G3, DSH), 1.03 g/kg of GG (G4, GGL), 1.55 g/kg of GG (G5, GGH),
0.62 g/kg of DG (G6, DGL),1.24 g/kg of DG (G7, DGH), 0.31 g/kg of CX
(G8, CXL) and 1.03 g/kg of CX (G9, CXH). Based on the herb to herbal
granule extraction ratio provided by the manufacturer (5:1 for DS
granules, GG granules and CX granules; 3:1 for DG granules), doses
of the CMM granules in each treatment group were calculated to
be: 0.21 g/kg of DS granule (G2, DSL), 0.31 g/kg of DS granule (G3,
DSH), 0.21 g/kg of GG granule (G4, GGL), 0.31 g/kg of GG granule
(G5, GGH), 0.21 g/kg of DG granule (G6, DGL), 0.41 g/kg of DG
granule (G7, DGH), 0.062 g/kg of CX granule (G8, CXL) and 0.21 g/kg
of CX granule (G9, CXH). The selected amount of each herbal
granule was suspended in 30 mL warm water followed by 30 min
sonication at room temperature to prepare a stock solution of
0.0441 g/mL for DSL, GGL, DGL and CXH, 0.0651 g/mL for DSH and
GGH, 0.0882 g/mL for DGH, and 0.0130 g/mL for CX (based on a
210 g rat). The final oral gavage volume of the stock solution for
each rat (ranging from 0.4 to 0.8 mL) was further adjusted based on
body weight.

All the animal experiments were carried out after approval by
the Animal Ethics Committee of The Chinese University of Hong
Kong (Ref No. 14-171-MIS) and Sprague Dawley rats were supplied
by the Laboratory Animal Service Centre at The Chinese University
of Hong Kong.
2.3.2. Sample collection and treatment
Blood samples were collected on Day 0, Day 2, Day 4, Day 6, Day

8, Day 10, and Day 12 from the tail vein of each rat. On day 14 all rats
were killed 2 h after their last dosing, blood was sampled via car-
diac puncture, and the heart, liver, kidney, spleen, lung, pancreas,
intestine, brain and stomach were collected after quick cardiac
perfusionwith 200mL saline. Plasma samples were separated from
blood by immediate centrifugation at 8000g for 3 min. Plasma and
all collected tissue samples were frozen at �80 �C. To prepare S9
fractions of each collected tissue, the frozen tissues were thawed in
ice-cold homogenization buffer (0.1 mM Tris-HCl, 10 mM EDTA and
150 mM KCl) and then homogenized in an ice-water bath. The
homogenates were then centrifuged at 10,000 g for 20 min at 4 �C
to obtain the supernatants (S9 fractions) with storage at -80 �C. The
total protein concentration of the plasma and prepared S9 fractions
was determined with the microplate reader using a BCA protein
assay kit as described in the technical bulletin accompanying the
kit.

2.3.3. CES1 activity determination by the bioluminescence assay
CES1 activity in the biomatrices was determined by the forma-

tion of NL from NLMe in an optimized incubation system. In brief,
25 mL sample solutions with optimum protein concentrations were
pre-incubated in 25 mL PBS (100 mM, pH 7.4) at 37 �C with gentle
shaking for 10 min. Thereafter the reactions were initiated by
adding 25 mL NLMe (500 ng/mL) and further incubated for 10 min.
Finally, the CES1 activity of the S9 fraction samples obtained from
section 2.4.2 was expressed as the formation rate of NL by the
newly developed bioluminescence assay.

2.4. Data analyses

To determine CES1 activity, background bioluminescent signals
obtained from control samples (n ¼ 3) containing NLMe and PBS
were subtracted from the signals obtained from the biomatrix
samples. Data are presented as mean ± SD (standard deviation of
mean) of three independent experiments. To compare the CES1
activity between different treatment groups, Welch’s t-test was
used with a p < 0.05 considered statistically significant.

3. Results and discussion

While changes in enzyme activity are not always the result of
changes in enzyme levels [39], changes in expression are the most
common means by which cells regulate enzyme activity. The
bioluminescence assay developed here allows the rapid determi-
nation of CES1 enzyme activity in a variety of tissues, preparations,
blood and plasma. To ensure that changes in activity were
normalized to protein content in each biomatrice, the protein
concentration of each biomatrix sample was determined by BCA
assay. An optimized protein concentration for determining CES1
activity was selected for each tissue or blood sample based on the
linear range and the intensity of the signal response by using a plot
of protein concentration versus the luminescent signal produced by
NLMe hydrolysis. With this optimized protein concentration for
each plasma/tissue, the CES1 activity of each organwas determined
as the NL formation rate after adjustment of the protein concen-
tration (mM/mg protein/min).

In previous studies photometric, fluorometric and chromatog-
raphy methods were utilized to measure CES activities [23e26].
The photometric assay was considered to be simple and rapid (1 or
2 min) but lack of specificity for CES1 activity was a problem [23].
The fluorometric assay using a fluorescent probe for hCE1 provided
high sensitivity with a LOD of 1.29 ng/mL, but suffered from
interference caused by impurities and the instability of products



Fig. 3. Optimization of the bioluminescent assay with demonstrations of (A) biolu-
minescent spectra (400e700 nm) of NL (500 ng/mL), NLMe (500 ng/mL) and incu-
bation mixture of enzyme (RLM, 2 mg/mL), relationships between bioluminescent
intensity and (B) incubation time (0e90 min) and (C) NL concentrations and incuba-
tion temperatures (25 �C, 30 �C and 37 �C).
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when exposed to light [26]. The chromatographic analyses using
HPLC or UPLC are selective and sensitive but time-consuming,
requiring up to 30 min for each sample run [25,26]. Our newly
developed bioluminescence assay has the advantages of a simpler
procedure, a stable signal, shorter sample analysis time and lower
cost. In addition, the current method provides higher selectivity
and sensitivity with an LOD as low as 1.15 ng/mL, 8-fold more
sensitive than our previously reported DME-based bioluminescent
method (LOD of 10 ng/mL) [27]. We have applied this CES1 activity
assay to measure changes in CES1 activity in rat biomatrices after
TCM treatment.

Species variation exists for almost every enzyme including CES.
Previous reports based on substrate levels changes have demon-
strated species variations in CES activities. For example, for the
prodrug diethylene triamine pentaacetic acid the degree of its CES-
mediated hydrolysis and resultant metabolic profile in human and
dog liver S9 fractions were vastly different from that in rats [40].
Significant variation in clopidogrel hydrolysis in different species as
determined by the formation rate of the inactive metabolite clo-
pidogrel carboxylic acid also was noticed [41]. Since changes in
substrate levels could result from metabolic pathways other than
CES-mediated hydrolysis, it is expected that our bioluminescence
assay will provide more accurate and direct monitoring of CES ac-
tivity changes.

3.1. Bioluminescence assay development and validation

3.1.1. Optimization of the bioluminescence assay conditions and
method validation

The maximum bioluminescent emission wavelength of NL and
the enzymatic reaction solution were both at 618 nm with no
bioluminescent signal interference from NLMe (Fig. 3A), indicating
that the determination method was specific. Since a 20 min incu-
bation generated the strongest signal, stable for up to 50min, it was
considered the optimum incubation time (Fig. 3B). It was also found
the intensity of the bioluminescent signal generated was propor-
tional to NL concentration up to 1000 ng/mL at the studied three
incubation temperatures, with 37 �C generating higher signal in-
tensity than 25 �C and 30 �C. Thus, incubation at 37 �C was selected
for sample analyses (Fig. 3C).

Analysis of CES1 activity using the bioluminescence assay
required a standard curve plotting the bioluminescence intensity
against the corresponding NL concentration. A weighted (1/x
weighting) least squares linear regression model was adopted to
obtain a calibration curve. The relationship between biolumines-
cence intensity and NL concentration was linear over its concen-
tration range of 15.63e1000 ng/mL with a squared Pearson
correlation coefficient (r2) of 0.9996. The calculated LOD and LOQ of
NL were 1.15 and 3.48 ng/mL respectively, demonstrating excep-
tional sensitivity for the current assay. Table 1 shows that the ac-
curacy and precision determined at the three concentration levels
of NL on three different days were all within 15%, confirming the
reliability of the developed assay. The robustness evaluations were
based on plate uniformity and signal variability assessment. Table 2
indicates that CV values were all less than 20%, SW and Z’ values
were all no less than 2 and 0.4 respectively, verifying that the assay
was reliable with sufficient robustness.

3.1.2. Optimization of CES1 enzymatic reaction conditions
CES1 activity was evaluated by determining the rate of CES1-

mediated NLMe hydrolysis, which was a substrate of luciferin and
could generate bioluminescence during reaction with LDR (Fig. 2).
Serial dilution samples of in vitro enzymatic reactions were con-
ducted to optimize the conditions. As shown in Fig. 4A, the per-
centage of NLMe consumption increased linearly when the protein
concentration of RLMwas lower than 16 mg/mL and tended to reach
a plateau when it was higher than 40 mg/mL. Based on the obtained
linear range and the intensity of signal response, 2 mg/mL protein
concentration was considered to be sufficient for the enzymatic
reaction. Similarly, protein concentrations were optimized for the
plasma samples (4 mg/mL) and S9 samples of heart (20 mg/mL), liver
(6 mg/mL), kidney (10 mg/mL), spleen (50 mg/mL), lung (20 mg/mL),
pancreas (10 mg/mL), intestine (20 mg/mL), brain (50 mg/mL) and
stomach (30 mg/mL). Under the above optimized reaction condi-
tions, the enzyme hydrolysis reaction was found to be very quick



Table 1
Accuracy and precision of the developed assay (mean ± SD, n ¼ 3).

Test Nominal conc. (ng/mL) Measured conc. (ng/mL) Accuracy (%) Precision (CV, %)

Intra-day 125 140 ± 8.96 112 ± 7.17 6.41
500 515 ± 15.89 103 ± 3.18 3.08
1000 958 ± 5.88 96 ± 0.59 0.61

Inter-day 125 145 ± 9.39 116 ± 7.51 6.46
500 526 ± 29.76 105 ± 5.95 5.65
1000 995 ± 37.83 99 ± 3.78 3.80

Table 2
Robustness of the developed assay in 96 well-plates.

Test Day Plate CV (%) SW Z0

Low signals (125 ng/mL) Middle signals (500 ng/mL) High signals (1000 ng/mL)

Intra-day 1 A 0.50 0.45 1.27 5 1.0
B 1.17 0.48 0.60 5 1.0
C 0.73 1.13 0.46 5 1.0

2 A 0.52 0.62 1.02 5 1.0
B 1.18 0.45 0.63 6 1.0
C 0.56 1.03 0.50 5 1.0

3 A 0.47 0.48 1.37 6 1.0
B 1.05 0.41 0.57 6 1.0
C 0.63 1.21 0.38 7 1.0

Inter-day NA NA 0.18 0.22 0.40 2 1.0

NA: not applicable.
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with the NL formation rate stabilized after 10 min (Fig. 4B).
Therefore,10minwas considered as the optimum reaction time. On
the other hand, the NL formation rate increased linearly when the
substrate NLMe concentration increased from 7.81 ng/mL to
500 ng/mL (Fig. 4C). In order to maximize the generated signal
without affecting the linearity of the response, 500 ng/mL of NLMe
was selected as the optimum substrate concentration.

3.1.3. Verification of the selectivity of NLMe for CES1 in rat plasma
To further validate the selectivity of NLMe for CES1 in rat

plasma, an inhibition assay of various carboxylesterase inhibitors
was performed. As shown in Fig. 5, among the selected compounds,
both BNPP and fluoxetine exhibited a significant inhibitory effect on
the hydrolysis of NLMe with an IC50 of 5.1 mM and 2.6 mM,
respectively. Loperamide, the selective CES2 inhibitor, demon-
strated no effect on NLMe hydrolysis at its final concentrations up
to 62.5 mM, further suggesting the specificity of NLMe as CES1
substrate.

3.2. Impact of orally administered TCMs on CES1 activity in rats

3.2.1. Effect of TCM treatment on CES1 activity in plasma and
different tissues

Understanding the tissue distribution of CES isoenzymes is
critical for predicting CES-mediatedmetabolism of drugs. Using our
developed bioluminescent method, wemeasured the expression of
CES1 in rat plasma and major tissues after a two-week adminis-
tration of selected TCMs. In the current study CES1 activity in S9
fractions instead of microsomal fractions was monitored. Notably,
S9 fractions contain both microsomal and cytosolic fractions and
CES1 enzymes have been found to be highly expressed in both
human and rat liver cytosol [42].

As shown in Fig. 6, the CES1 enzymewas found in plasma and all
tested tissues including heart, liver, kidney, spleen, lung, pancreas,
intestine, brain and stomach. Consistent with previous reports
[43,44], CES1 enzyme expression in liver, kidney and plasma was
found to be higher than that in the small intestine. In addition, CES1
activity was detected in heart and brain. In summary, CES1 activity
in plasma, heart, liver and kidney was much higher than that in
spleen, lung, pancreas, intestine, brain and stomach. Furthermore,
the effect of two-week TCM treatment (except for DSL and DSH
groups) on rat CES1 activity proved to be tissue-specific: in the GGL
group a significant increase was found in lung and in the GGH
group no significant differences were found. Moreover, a significant
decrease in CES1 activity was found in the kidney in both the DGL
and DGH groups. In the DGL group CES1 activity tended to decrease
in plasma and all assayed tissues, but without statistical signifi-
cance. In the DGH group significantly decreased CES1 activity was
also found in the spleen. Finally, significant increases in CES1 ac-
tivity were found in the lung in both the CXL and CXH groups, while
CES1 activity significantly decreased in spleen in the CXH group.
Such tissue-specific alterations in CES1 activity with different TCM
treatments could be due to differing tissue distribution of the TCM
components that affect CES1 expression or activity. It has been
reported that tanshinone from Salvia miltiorrhiza (DS) [45] and
flavonoids such as baicalin, baicalein, chrysin and galangin can
inhibit CES [46].

In our previous study [17] the impacts of these herbs on rat liver
CES1 activity after co-administration with clopidogrel and aspirin
were studied. Similar findings were observed after administration
of DSL, DSH, GGL, DGL, DGH and CXL. However, instead of
decreased CES1 activity in liver, increased CES1 activity was found
for both GGH and CXH in this current study. Such discrepancies
could be due to the different approaches adopted for CES1 activity
determination. Our previous study used clopidogrel as the probe
substrate for CES1, whereas the current study utilized a more
specific and direct measurement for CES1 activity. NLMe used in
our current study was a specific substrate hydrolysed only by the
CES1 enzyme, whereas clopidogrel used in our previous study had
two competitive metabolic pathways: a primarily pathway for hy-
drolysis by hCE1 to clopidogrel carboxylic acid and a secondary
oxidation pathway by CYP enzymes to clopidogrel thiolactone,
which could then be hydrolysed to the carboxylic acid of thio-
lactone by hCE1 [47]. Our current bioluminescence assay has
greater specificity as well as direct monitoring of CES1 activity,
making the altered CES1 activities after TCM treatment in vivomore



Fig. 4. Optimization of enzymatic reaction conditions on (A) protein concentration of RLM, plasma, S9 of heart, liver, kidney, spleen, lung, pancreas, intestine, brain and stomach
respectively, (B) Reaction time (2e80 min), and (C) NLMe concentrations (7.81 ng/mLe200 mg/mL).
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Fig. 5. An assessment of potential inhibitory effects of the selected compounds on the
hydrolysis of NLMe in rat plasma. Data are means ± SD, n ¼ 3. (A) Histogram of residual
activities compared to control for BNPP, fluoxetine and loperamide at final concen-
trations of 31.25 mM; (B) Dose-inhibition curves of BNPP and fluoxetine, IC50 values
were presented in the parenthesis.
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relevant.

3.2.2. Rat plasma CES1 activity changes during the two-week TCM
treatment

Based on the high expression level of CES1 in rat plasma, blood
samples from all treatment groups were collected every two days
until Day 14 to monitor the changes in CES1 activity during the
treatment period (Fig. 7). Plasma CES1 activity changes during the
14 days of treatment are shown in Fig. 7A. For fair comparison of
the rat plasma CES1 activity changes by different orally adminis-
tered TCMs during the two-week treatment, the fold-change in CES
1 activity is expressed relative to Day 0, based on which z-scores
(see Supplementary Information: S2) were calculated for the plot of
a heatmap (Fig. 7B).

As shown in Fig. 7A, compared to that in control group, the
plasma CES1 activity in DSL, DSH, GGL and GGH-treated groups was
mostly decreased during the period of treatment with significant
decreases observed in the DSL, DSH and GGL groups on Day 8,
suggesting that long-term oral administration of DS and GG would
have the potential to inhibit plasma CES1 activity in rats. On the
other hand, plasma CES1 activity in the DG and CX-treated groups
fluctuated during the treatment period with a significant increase
in CES1 activity observed in the DGL group on Day 8 and in the CXH
group on Day 2 and Day 8, with no significant difference on Day 14.

Besides, compared with that on Day 0, it was noticed that plasma
CES1 activity of the control, DSL, GGH and CXH groups fluctuated on
the first few days and showed a trend of a steady decrease after Day 8
(Fig. 7B) with only the DSL group demonstrating significant
decreased CES1 activity onDay 8, Day 10, Day 12 and Day 14 (Fig. 7A),
with no significant differences on Day 14 in the GGH and CXH
groups. For other groups, including DSH, GGL, DGL, DGH and CXL,
consistent decrease in plasma CES1 activity was observed after Day 2
(Fig. 7B) with significant decreases found in the DGH and CXL groups
on Day 10, in the DGL group on Day 10 and Day 12 and no significant
differences for all groups on Day 14 (Fig. 7A).

To statistically analyse the differences in CES1 activity in the
biomatrices of rats from different treatment groups, Welch’s t-test,
an adaption of Student’s t-test [48], was adopted in our current
study. Welch’s t-test performs better on control of Type 1 errors
than Student’s t-test when sample sizes are unequal and performs
similarly when sample sizes and variances are equal [48e50]. Our
analysis procedure was as follows: First, the assumption of
normality was checked using the Shapiro-Wilk normality test
because of the small sample size of control group (n ¼ 6) and TCM-
dosed groups (n¼ 3). We found that all data sets of rat plasma CES1
activity in all groups followed normal distributions. Secondly, as-
sumptions of homogeneity of variance were verified using the F-
test: e.g., the variance of data sets of rat plasma CES1 activity in the
DSL group on Day 2 vs. Day 0 (n ¼ 3) (scenario A) was found to be
equal (p ¼ 0.892), whereas that in the DSH group on Day 10 vs. Day
0 (n¼ 3) (scenario B) was unequal (p ¼ 0.006). Finally, the data sets
were analysed using both Student’s t-test and Welch’s t-test. For
scenario A, it was found that there was no significant difference
between the two data sets (p ¼ 0.409 in both tests) with the same t
value (t ¼ 0.9218) and degree of freedom (df) (df ¼ 4) from both
tests; for scenario B, different results were found between the two
data sets by the two tests: Student’s t-test: p ¼ 0.019, t ¼ 3.828,
df ¼ 4; Welch’s t-test: p ¼ 0.061, t ¼ 3.828, df ¼ 2. Since when
variances were unequal across groups, Student’s t-test could be
severely biased and lead to unreliable results [49], while Welch’s t-
test provides better control of Type 1 error rates [48e50],Welch’s t-
test was selected in our study.

In summary, among the four TCM herbs, DS and GG tended to
have the greatest effect on plasma CES1 activity, with a decrease in
plasma CES1 activity after long-term oral administration, whereas
DG and CX affected CES1 activity in organs including kidney, spleen
and lung. Based on the CES1 distribution and changes in its activity
after treatment with the four TCM herbs, we suggest that DS, GG
and DG might significantly alter CES1 activity in tissues where it is
most abundantly expressed, including blood and kidney. Among
the tested organs, CES1 activity in heart, liver, pancreas, intestine,
brain and stomach was barely affected by the two-week orally
administered TCM herbs. Considering the above-mentioned
impact, the abundance of CES1 expression and the convenience
for sampling, plasma CES1 could serve as a biomarker in moni-
toring the alteration in CES1 activities in rats.
4. Conclusions

A novel and rapid bioluminescence assay with sufficient sensi-
tivity and convenience has been developed and validated for
monitoring CES1 activity in various tissues. For the first time, the
distribution profiles of CES1 activity in rat tissues are fully charac-
terized with our bioluminescence assay. We found that the CES1
enzyme was present in plasma and all tested organs in rats with
much higher levels in plasma, heart, liver and kidney. The four
studied TCM herbs showed tissue-specific effects on CES1 activity
after two-week oral administration in rats at human-equivalent



Fig. 6. Histogram for the CES1 activities in plasma and tissues after the two-week TCM administrations. in rats. Data are means ± SD, n ¼ 6 for control group and n ¼ 3 for TCM
dosed groups. *P < 0.05, **P < 0.01 compared with control.

Fig. 7. CES1 activities in plasma of rats during the two-week TCM administrations. (A) Histogram for the CES1 activities in rats on Day 0, 2, 4, 6, 8, 10, 12 and 14. Data are means ± SD,
n ¼ 6 for control group and n ¼ 3 for TCM dosed groups. *p < 0.05, **P < 0.01 compared with control. #P < 0.05, ##P < 0.01, ###P < 0.001 compared with Day 0. (B) Heatmap for z-
scored fold change of CES1 activities in rats on Day 2, 4, 6, 8, 10, 12 and 14 relative to Day 0, respectively.

J. Zhang et al. / Journal of Pharmaceutical Analysis 10 (2020) 253e262 261
doses with DS and GG affecting CES1 activity in plasma to the
greatest extent, while DG and CX affected activity in tissues to a
greater extent. DS/GG treatment resulted in a trend of decreased
CES1 activity in plasma, while DG and CX treatment led to a sig-
nificant decrease in CES1 activity in kidney and lung, respectively.
Our bioluminescence assay not only provided comprehensive
in vivo tissue distribution profiles for CES1 in rats but also could be
used for the identification of potential CES1 inhibitors or inducers
and for monitoring CES1 activity during drug/drug and drug/herb
treatments in clinical practice.
Conflicts of interest

The authors declare that there are no conflicts of interest.
Acknowledgments

This work was supported by Health and Medical Research Fund
(Reference No.: 12131521) from Food and Health Bureau, the Gov-
ernment of the Hong Kong SAR, Hong Kong, China, National Natural
Science Foundation of China (Grant No.: 81973286, 81922070,
81703604 and 81973393), China, and General Research Fund (CUHK



J. Zhang et al. / Journal of Pharmaceutical Analysis 10 (2020) 253e262262
2141142) from University Grant Council of Hong Kong SAR, China.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jpha.2020.05.006.

References

[1] S.C. Laizure, V. Herring, Z. Hu, et al., The role of human carboxylesterases in
drug metabolism: have we overlooked their importance? Pharmacotherapy
33 (2013) 210e222.

[2] D. Li, The impact of carboxylesterases in drug metabolism and pharmacoki-
netics, Curr. Drug Metabol. 19 (2018) 91e102.

[3] T. Satoh, P. Taylor, W.F. Bosron, et al., Current progress on esterases: from
molecular structure to function, Drug Metab. Dispos. 30 (2002) 488e493.

[4] D.D. Wang, L.W. Zou, Q. Jin, et al., Human carboxylesterases: a comprehensive
review, Acta Pharm. Sin. B 8 (2018) 699e712.

[5] H.J. Zhu, J.S. Markowitz, Carboxylesterase 1 (CES1) genetic polymorphisms
and oseltamivir activation, Eur. J. Clin. Pharmacol. 69 (2013) 733e734.

[6] T. Imai, Y. Takase, H. Iwase, et al., Involvement of carboxylesterase in hydro-
lysis of propranolol prodrug during permeation across rat skin, Pharmaceutics
5 (2013) 371e384.

[7] M. Hosokawa, Structure and catalytic properties of carboxylesterase isozymes
involved in metabolic activation of prodrugs, Molecules 13 (2008) 412e431.

[8] L. Zhou, Z. Zuo, M.S. Chow, Danshen: an overview of its chemistry, pharma-
cology, pharmacokinetics, and clinical use, J. Clin. Pharmacol. 45 (2005)
1345e1359.

[9] Z.X. Chen, X.Q. Liu, W.Y. Gao, et al., Studies on pharmacology, toxicology and
pharmacokinetics of the chemical constituents in hemorrheologic agent, Asian
J. Pharmacodyn. Pharmacokinet. 8 (2008) 15e30.

[10] W.Y. Tam, P. Chook, M. Qiao, et al., The efficacy and tolerability of adjunctive
alternative herbal medicine (Salvia miltiorrhiza and Pueraria lobata) on
vascular function and structure in coronary patients, J. Alternative Compl.
Med. 15 (2009) 415e421.

[11] Z. Zhang, T.N. Lam, Z. Zuo, Radix Puerariae: an overview of its chemistry,
pharmacology, pharmacokinetics, and clinical use, J. Clin. Pharmacol. 53
(2013) 787e811.

[12] B. Ge, Z. Zhang, Z. Zuo, Radix Puerariae lobatae (Gegen) suppresses the anti-
coagulation effect of warfarin: a pharmacokinetic and pharmacodynamics
study, Chin. Med. 11 (2016) 7.

[13] Z. Wen, Z. Wang, S. Wang, et al., Discovery of molecular mechanisms of
traditional Chinese medicinal formula Si-Wu-Tang using gene expression
microarray and connectivity map, PloS One 6 (2011), e18278.

[14] G.H. Li, H.Y. Jiang, Y.M. Xie, et al., Preliminary study on integration of tradi-
tional Chinese medicine and western medicine in patients with coronary
heart disease in real world, Zhongguo Zhongyao Zazhi 39 (2014) 3474e3478.

[15] F. Rollini, F. Franchi, D.J. Angiolillo, Switching P2Y12-receptor inhibitors in
patients with coronary artery disease, Nat. Rev. Cardiol. 13 (2016) 11e27.

[16] M. Valgimigli, H. Bueno, R.A. Byrne, et al., ESC focused update on dual anti-
platelet therapy in coronary artery disease developed in collaboration with
eacts: the task force for dual antiplatelet therapy in coronary artery disease of
the European Society of Cardiology (ESC) and of the european association for
cardio-thoracic surgery (EACTS), Eur. Heart J. 39 (2017) 213e260, 2018.

[17] M. Xiao, C. Qian, X. Luo, et al., Impact of the Chinese herbal medicines on dual
antiplatelet therapy with clopidogrel and aspirin: pharmacokinetics and
pharmacodynamics outcomes and related mechanisms in rats,
J. Ethnopharmacol. 235 (2019) 100e110.

[18] J. Oh, S. Lee, H. Lee, et al., The novel carboxylesterase 1 variant c.662A>G may
decrease the bioactivation of oseltamivir in humans, PloS One 12 (2017),
e0176320.

[19] J. Wei, L.X. Zhang, Natural Products: Drug Discovery and Therapeutic Medi-
cine, Humana Press, Totowa, 2005, pp. 229e250.

[20] L.C. Edwin, Y. Nobuo, Complementary and Alternative Approaches to
Biomedicine, Kluwer Academic/Plenum Publishers, New York, 2004, pp.
27e28.

[21] B.G. Zhang, X.L. Wang, Q.F. Liu, Current status and development of Chinese
herbal medicine granules, Chin. Pharmaceut. J. 35 (2000) 487e489.

[22] H. Luo, Q. Li, A. Flower, et al., Comparison of effectiveness and safety between
granules and decoction of Chinese herbal medicine: a systematic review of
randomized clinical trials, J. Ethnopharmacol. 140 (2012) 555e567.

[23] M. Hosokawa, T. Satoh, Measurement of carboxylesterase (CES) activities,
Curr. Protoc. Toxicol. (Suppl. 10) (2002) 4 7.1e4.7.14.

[24] J.A. Crow, A. Borazjani, P.M. Potter, M.K. Ross, Hydrolysis of pyrethroids by
human and rat tissues: examination of intestinal, liver and serum carbox-
ylesterases, Toxicol. Appl. Pharmacol. 221 (2007) 1e12.

[25] M.K. Ross, A. Borazjani, Enzymatic activity of human carboxylesterases, Curr.
Protoc. Toxicol. (Suppl. 33) (2007) 4 24.1e4.24.14.
[26] D.D. Wang, Q. Jin, J. Hou, et al., Highly sensitive and selective detection of

human carboxylesterase 1 activity by liquid chromatography with fluores-
cence detection, J. Chromatogr. B 1008 (2016) 212e218.

[27] D.D. Wang, Q. Jin, L.W. Zou, et al., A bioluminescent sensor for highly selective
and sensitive detection of human carboxylesterase 1 in complex biological
samples, Chem. Commun. (Camb.) 52 (2016) 3183e3186.

[28] L. Yang, D.D. Wang, G.B. Ge, et al., Bioluminescence Detection Kit for hCE1
(Human Carboxylesterase 1) as Well as Use Method and Application of
Bioluminescence Detection Kit, CN107271432A, China, 2017.

[29] L. Yang, L.W. Zou, G.B. Ge, et al., Bioluminescence Probe Substrate for Human
Carboxylesterase 1 and Preparation Method and Application Thereof,
CN105712987A, China, 2016.

[30] T. Imai, M. Hosokawa, Prodrug approach using carboxylesterases activity:
catalytic properties and gene regulation of carboxylesterase in mammalian
tissue, J. Pestic. Sci. 35 (2010) 229e239.

[31] Pharmacopoeia of the People’s Republic of China, ume I, China Medical Sci-
ence and Technology Press, Beijing, 2015. Edition, 2015, pp. 44 (Chuanxiong),
77 (Danshen), 133 (Dangui), 333 (Gegen).

[32] Hong Kong Chinese Medica Materia Standards, Volume 1: Danggu, Danshen;
Volume 2: Chuanxiong; Volume 3: Gegen, D.o.H. Chinese Medicine Division,
the Government of the Hong Kong Special Administrative Region, the People’s
Republic of China, Hongkong, 2012. https://www.cmro.gov.hk/htmL/eng/
GCMTI/hkcmms/volumes.htmL.

[33] B. Li, M. Sedlacek, I. Manoharan, et al., Butyrylcholinesterase, paraoxonase,
and albumin esterase, but not carboxylesterase, are present in human plasma,
Biochem. Pharmacol. 70 (2005) 1673e1684.

[34] H. Eng, M. Niosi, T.S. McDonald, et al., Utility of the carboxylesterase inhibitor
bis-para-nitrophenylphosphate (BNPP) in the plasma unbound fraction
determination for a hydrolytically unstable amide derivative and agonist of
the TGR5 receptor, Xenobiotica 40 (2010) 369e380.

[35] H.J. Zhu, D.I. Appel, Y.K. Peterson, et al., Identification of selected therapeutic
agents as inhibitors of carboxylesterase 1: potential sources of metabolic drug
interactions, Toxicology 270 (2010) 59e65.

[36] S.K. Quinney, S.P. Sanghani, W.I. Davis, et al., Hydrolysis of capecitabine to 5’-
deoxy-5-fluorocytidine by human carboxylesterases and inhibition by loper-
amide, J. Pharmacol. Exp. Therapeut. 313 (2005) 1011e1016.

[37] P.W. Iversen, B. Beck, Y.F. Chen, et al., HTS Assay Validation: Assay Guidance
Manual [Internet], Eli Lilly & Company and the National Center for Advancing
Translational Sciences, Bethesda, 2012. https://www.ncbi.nlm.nih.gov/books/
NBK83783/.

[38] Guidance for Industry Estimating the Maximum Safe Starting Dose in Initial
Clinical Trials for Therapeutics in Adult Healthy Volunteers, U.S. Department
of Health and Human Services, 2015. Food and Drug Administration, Center
for Drug Evaluation and Research (CDER), https://www.fda.gov/media/72309/
download.

[39] M.K. Ross, A. Borazjani, R. Wang, et al., Examination of the carboxylesterase
phenotype in human liver, Arch. Biochem. Biophys. 522 (2012) 44e56.

[40] J. Fu, E. Pacyniak, M.G.D. Leed, et al., Interspecies differences in the meta-
bolism of a multiester prodrug by carboxylesterases, J. Pharm. Sci. 105 (2016)
989e995.

[41] Y.Q. Wang, X.F. Shang, L. Wang, et al., Interspecies variation of clopidogrel
hydrolysis in liver microsomes from various manmmals, Chem. Biol. Interact.
315 (2020) 108871.

[42] T. Tabata, M. Katoh, S. Tokudome, et al., Identification of the cytosolic car-
boxylesterase catalyzing the 5’-deoxy-5-fluorocytidine formation from cape-
citabine in human liver, Drug Metab. Dispos. 32 (2004) 1103e1110.

[43] T. Satoh, M. Hosokawa, The mammalian carboxylesterases: from molecules to
functions, Annu. Rev. Pharmacol. Toxicol. 38 (1998) 257e288.

[44] T. Satoh, M. Hosokawa, Carboxylesterases: structure, function and poly-
morphism in mammals, J. Pestic. Sci. 35 (2010) 488e493.

[45] M.J. Hatfield, L.G. Tsurkan, J.L. Hyatt, et al., Modulation of esterified drug
metabolism by tanshinones from Salvia miltiorrhiza (“Danshen”), J. Nat. Prod.
76 (2013) 36e44.

[46] D.X. Sun, G.B. Ge, P.P. Dong, et al., Inhibition behavior of fructus psoraleae’s
ingredients towards human carboxylesterase 1 (hCES1), Xenobiotica 46
(2016) 503e510.

[47] K. Hagihara, M. Kazui, H. Ikenaga, et al., Comparison of formation of thio-
lactones and active metabolites of prasugrel and clopidogrel in rats and dogs,
Xenobiotica 39 (2009) 218e226.

[48] B.L. Welch, The generalization of "Student’s" problem when several different
population variances are involved, Biometrika 34 (1947) 28e35.

[49] M. Delacre, D. Lakens, C. Leys, Why psychologists should by default use
Welch’s t-test instead of Student’s t-test, Int. Rev. Soc. Psychol. 30 (2017)
92e101.

[50] G.V. Glass, P.D. Peckham, J. R Sanders, Con-sequences of failure to meet as-
sumptions underlying the fixed effects analyses of variance and covariance,
Rev. Educ. Res. 42 (1972) 237e288.

https://doi.org/10.1016/j.jpha.2020.05.006
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref1
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref1
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref1
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref1
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref2
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref2
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref2
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref3
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref3
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref3
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref4
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref4
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref4
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref5
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref5
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref5
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref6
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref6
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref6
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref6
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref7
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref7
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref7
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref8
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref8
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref8
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref8
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref9
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref9
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref9
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref9
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref10
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref10
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref10
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref10
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref10
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref11
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref11
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref11
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref11
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref12
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref12
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref12
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref13
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref13
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref13
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref14
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref14
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref14
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref14
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref15
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref15
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref15
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref16
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref16
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref16
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref16
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref16
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref16
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref17
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref17
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref17
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref17
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref17
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref18
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref18
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref18
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref19
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref19
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref19
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref20
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref20
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref20
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref20
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref21
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref21
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref21
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref22
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref22
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref22
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref22
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref23
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref23
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref23
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref24
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref24
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref24
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref24
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref25
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref25
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref25
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref26
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref26
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref26
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref26
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref27
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref27
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref27
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref27
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref28
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref28
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref28
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref29
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref29
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref29
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref30
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref30
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref30
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref30
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref31
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref31
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref31
https://www.cmro.gov.hk/htmL/eng/GCMTI/hkcmms/volumes.htmL
https://www.cmro.gov.hk/htmL/eng/GCMTI/hkcmms/volumes.htmL
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref33
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref33
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref33
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref33
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref34
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref34
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref34
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref34
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref34
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref35
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref35
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref35
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref35
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref36
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref36
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref36
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref36
https://www.ncbi.nlm.nih.gov/books/NBK83783/
https://www.ncbi.nlm.nih.gov/books/NBK83783/
https://www.fda.gov/media/72309/download
https://www.fda.gov/media/72309/download
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref39
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref39
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref39
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref40
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref40
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref40
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref40
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref41
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref41
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref41
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref42
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref42
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref42
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref42
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref43
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref43
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref43
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref44
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref44
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref44
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref45
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref45
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref45
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref45
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref46
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref46
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref46
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref46
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref47
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref47
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref47
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref47
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref48
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref48
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref48
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref49
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref49
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref49
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref49
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref50
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref50
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref50
http://refhub.elsevier.com/S2095-1779(19)31074-3/sref50

	Rapid bioluminescence assay for monitoring rat CES1 activity and its alteration by traditional Chinese medicines
	1. Introduction
	2. Experimental
	2.1. Materials and instruments
	2.2. Development and validation of the bioluminescence assay
	2.2.1. Verification of NLMe as CES1 substrate in rat plasma
	2.2.2. Determination of NL by the bioluminescence assay
	2.2.3. Validation of the bioluminescence assay

	2.3. Evaluation of CES1 activity after oral administration of selected TCM herbs with the bioluminescence assay
	2.3.1. Animal treatment
	2.3.2. Sample collection and treatment
	2.3.3. CES1 activity determination by the bioluminescence assay

	2.4. Data analyses

	3. Results and discussion
	3.1. Bioluminescence assay development and validation
	3.1.1. Optimization of the bioluminescence assay conditions and method validation
	3.1.2. Optimization of CES1 enzymatic reaction conditions
	3.1.3. Verification of the selectivity of NLMe for CES1 in rat plasma

	3.2. Impact of orally administered TCMs on CES1 activity in rats
	3.2.1. Effect of TCM treatment on CES1 activity in plasma and different tissues
	3.2.2. Rat plasma CES1 activity changes during the two-week TCM treatment


	4. Conclusions
	Conflicts of interest
	Acknowledgments
	Appendix A. Supplementary data
	References


