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Abbreviations:

AM, active moiety; AUC, area under drug concentration-time curve; BBR, berberine; Cmax,
maximum blood concentration; CPS, coptisine; CLint, intrinsic clearance; DDI, drug-drug
interaction; DMSO, dimethyl sulfoxide; EMs, extensive metabolizers; ESI, electrospray
ionization; HLM, human liver microsomes; IC50, half maximal inhibitiory concentration; Km,

N-desmethylvenlafaxine;

NODV,

N,O-didesmethylvenlafaxine;

ODV,

O-desmethylvenlafaxine; PMs, poor metabolizers; QND, quinidine; QNN, quinine; rhCYPs,
recombinant human cytochrome P450 isoenzymes; RLM, rat liver microsomes; SNRI,
selective serotonin and noradrenaline reuptake inhibitor; SSRI, selective serotonin reuptake
inhibitor; T1/2, half-life; TCM, Traditional Chinese Medicine; Vmax, maximum velocity of the
metabolic reaction; VEN, venlafaxine; ZJP, Zuojin Pill.
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Abstract

Venlafaxine (VEN), a first-line antidepressant, and Zuojin Pill (ZJP), a common Chinese
herbal medicine consisting of Rhizoma Coptidis and Fructus Evodiae, have high likelihood of
combination usage in depression patients with gastrointestinal complications. ZJP exhibits
inhibitory effects on recombinant human cytochrome P450 isoenzymes (rhCYPs), especially

we for the first time investigated the influence of ZJP on the metabolism of VEN in vitro and
in rats. In this study, ZJP significantly inhibited the metabolism of VEN in both rat liver
microsomes (RLM) and human liver microsomes (HLM); meanwhile, it inhibited the
O-demethylation catalytic activity of RLM, HLM, rhCYP2D6*1/*1, and rhCYP2D6*10/*10,
primarily through CYP2D6, with IC50 values of 129.9, 30.5, 15.4, and 2.3 μg/mL,
respectively. Furthermore, the inhibitory effects of ZJP on hepatic metabolism and
pharmacokinetics of VEN could also be observed in the pharmacokinetic study of rats. The
AUC0-24h of VEN and its major metabolite O-desmethylvenlafaxine (ODV) increased by
39.6% and 22.8%, respectively. The hepatic exposure of ODV decreased by 57.2% 2h after
administration (P = 0.014). In conclusion, ZJP displayed inhibitory effects on hepatic
metabolism and pharmacokinetics of VEN in vitro and in rats mainly through inhibition of
CYP2D6 activity. The human pharmacokinetic interaction between ZJP and VEN and its
associated- clinical significance needed to be seriously considered.

Keywords: Zuojin Pill; venlafaxine; depression; metabolism; herb-drug interaction
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Significance Statement
Zuojin Pill, a commonly used Chinese herbal medicine, demonstrates significant inhibitory
effects on hepatic metabolism and pharmacokinetics of venlafaxine in vitro and in rats mainly
through suppression of CYP2D6 activity. The human pharmacokinetic interaction between
Zuojin Pill and venlafaxine and its associated clinical significance needs to be seriously
considered.
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Introduction
Venlafaxine (VEN), a selective serotonin and noradrenaline reuptake inhibitor (SNRI), is
one of the most efficacious and commonly prescribed antidepressants (Cipriani et al., 2018).
VEN undergoes extensive metabolism by cytochrome P450 isoenzymes (CYPs). Its major
metabolite O-desmethylvenlafaxine (ODV) is predominantly catalyzed by CYP2D6, which
has similar efficacy as VEN, while minor metabolites with little pharmacological effect

catalyzed by CYP2C9, CYP2C19, and CYP3A4 (Fig. 1) (Otton et al., 1996; Fogelman et al.,
1999). The blood (including plasma) concentrations of VEN + ODV (active moiety (AM))
are considered clinically relevant to a relatively narrow therapeutic reference range (100–400
ng/mL) (Hiemke et al., 2018). The factors that may influence the pharmacokinetics of VEN,
such as age, disease state, genetic polymorphism of metabolic enzymes, and drug
combination, should also be considered seriously (Magalhães et al., 2015). Recently,
increasing evidence has suggested that concomitant administration of CYP2D6 inhibitors
may incur pharmacokinetic drug-drug interaction (DDI) of VEN (Jiang et al., 2015;
Magalhães et al., 2015).
Zuojin Pill (ZJP) is a traditional Chinese herbal formula recorded in the Chinese
Pharmacopoeia for treating gastrointestinal disorders (Commission, 2015). It consists of two
commonly used herbs, Rhizoma Coptidis and Fructus Evodiae, following a 6:1 (w/w) ratio.
The primary active ingredients in ZJP are supposed to be alkaloid compounds, such as
Rhizoma Coptidis alkaloids berberine and coptisine, and Evodiae alkaloids evodiamine and
rutaecarpine (Gao et al., 2010; Wang et al., 2013). In previous studies, ZJP and its bioactive
6
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components, such as berberine and coptisine, exhibit inhibitory effects on CYP2D6, CYP1A2
and CYP3A4 in vitro (Han et al., 2011; Liu et al., 2014). Moreover, while ZJP is
co-administrated with dextromethorphan, a specific CYP2D6 prober substrate, the AUC0-24h
of dextromethorphan in healthy CYP2D6*1/*1 carriers increases 3.0-fold (Qiu et al., 2016).
Due to the concomitant symptoms of depression itself and the adverse reactions of
antidepressants, patients with depression are usually accompanied by several gastrointestinal

depression patients with gastrointestinal complications (Qiu et al., 2015; Wang et al., 2020).
Herbs and natural products (including botanical dietary supplements and foods) can
produce clinically significant pharmacokinetic interactions with conventional drugs (Johnson
et al., 2018). Abnormally increased or decreased drug exposure caused by herbs and natural
products will generate potential risks in clinical treatment. In the classic cases, St. John’s wort
and grapefruit juice can significantly influence the pharmacokinetics of cyclosporine and
felodipine, respectively, which will further interfere with the therapeutic efficacy of both
drugs (Paine and Oberlies, 2007; Nicolussi et al., 2020).
Therefore, in the present study, we investigated the influence of ZJP on the metabolism of
VEN in human liver microsomes (HLM), rat liver microsomes (RLM), and recombinant
human CYP enzymes (rhCYPs). Moreover, the potential pharmacokinetic interaction between
ZJP and VEN was evaluated by assessing the effects of ZJP on VEN and its metabolites in
rats.

Materials and Methods
7
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Chemicals and materials
Venlafaxine hydrochloride (purity > 99%) and O-desvenlafaxine (ODV, purity > 99%)
were obtained from Selleck Chemicals (Houston, TX, USA). N-desmethyl venlafaxine (NDV,
purity > 98%) and N, O-didesmethyl venlafaxine (NODV, purity > 98%) were purchased
from Toronto Research Chemicals (Toronto, Canada). Berberine hydrochloride (purity ≥
95%), coptisine hydrochloride (purity ≥ 98%), evodiamine (purity ≥ 99%), and rutaecarpine

of rats (a total of 75 rats of the same gender) and humans (a total of 25 adult donors of the
same gender) were obtained from the Research Institute for Liver Diseases Co., Ltd.
(Shanghai, China) and BioIVT (Westbury, NY, USA), respectively. Recombinant human
CYP2D6*1 and CYP2D6*10 expressed in E.coli were obtained from Cypex Ltd. (Scotland,
UK). Reduced nicotinamide adenine dinucleotide phosphate (NADPH) was obtained from
Solarbio (Beijing, China). Diphenhydramine was purchased from Sigma Aldrich (St. Louis,
MO). All other reagents were of the highest quality commercially available.
Zuojin Pill (ZJP, batch number: 20180304) was purchased from Hubei Xianglian
pharmaceutical Co., Ltd (Wuhan, Hubei, China). The ZJP dosing solutions were prepared as
follows: briefly, Zuojin Pill was ground into powder and dissolved in dimethyl sulfoxide
(DMSO) for in vitro study; while for in vivo study, 10-fold volumes of deionized water were
subsequently added. The method for determining the concentration of major alkaloid
components in ZJP solution was similar to the LC–MS/MS method in a biological matrix
described below. The amounts of four major alkaloids in ZJP, namely berberine, coptisine,
evodiamine, and rutaecarpine were cwhile the rats in blank control galculated as 25.5, 3.1,
8
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0.31, and 0.48 mg/g, respectively (Supplementary Table 1).
Animals
Wistar rats (male, 180-220 g) were purchased from Charles River laboratory animal Co.,
Ltd. (Beijing, China). Rats were housed in a room at 16-26°C, with a light/dark cycle of
12/12 hours and humidity of 40%-70%. All animal experiments were approved by the Animal
Care and Use Committee of Shanghai University of Traditional Chinese Medicine and

Metabolic stability assessment of VEN in HLM and RLM
The total volume of the incubation mixture was 200 μL, which included VEN (1 μM),
HLM (1.0 mg/mL) or RLM (0.5 mg/mL), and NADPH (10 mM), in 100 mM potassium
phosphate-buffered solution (PBS) (pH 7.4). The reaction was conducted in a shaking water
bath at 37oC for 60 min. To quench the reaction, 200 μL of ice-cold methanol containing
diphenhydramine (100 ng/mL) as an internal standard was added. The mixture was vortexed
for 1 min and centrifuged at 15,000 g at 4oC for 5 min. Finally, the supernatant was collected
and injected into a high-performance liquid chromatography with tandem mass spectrometry
(LC–MS/MS) analysis. The VEN depletion data was used for calculating enzymatic
parameters.
Enzymatic kinetics assessment of VEN in RLM, HLM and rhCYPs
Preliminary experiments were conducted to determine the optimal conditions for linear
product formation, such as protein concentration and incubation time with RLM, HLM and
rhCYPs, respectively. Subsequent experiments were conducted under the conditions of linear
product formation. For both HLM and RLM experiments, the reaction mixture containing 0.2
9
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mg/mL of microsomes, VEN (0.2–750 μM), in 100 mM PBS buffer (pH 7.4) was
preincubated at 37°C for 5 min. Then, the mixture was incubated with 10 mM NADPH at
37°C for 15 min. For human recombinant CYP2D6 (rhCYP2D6) *1*1 or *10*10 , the
reaction mixture containing 8 pmol/mL of each enzyme and VEN (0.04–150 μM for
CYP2D6*1*1, and 2–1500 μM for CYP2D6*10*10) was pre-incubated at 37°C for 5 min,
followed by another 15-min incubation after addition of 10 mM NADPH. As described above,

collected for LC–MS/MS analysis. The ODV formation data was used for calculating
enzymatic parameters.
Evaluation of the influences of ZJP and its major components on the metabolism of
VEN in vitro
The influences of ZJP and its major components, berberine and coptisine, on the metabolism
of VEN were conducted with RLM and HLM, respectively. HLM (1.0 mg/mL) or RLMs (0.5
mg/mL) was preincubated with VEN (1 μM), ZJP (150 μg/mL), berberine or coptisine (30
μM), at 37°C for 5 min. Control samples were prepared in the absence of the following
inhibitors, quinidine (QND, a human CYP2D6 inhibitor, 2 μM), quinine (QNN, a rat CYP2D
inhibitor, 2 μM) and ketoconazole (KTZ, a CYP3A4 inhibitor, 2 μM). All reactions were
initiated with 10 mM NADPH, lasted for 15 min at 37°C, and were terminated with 200 μL
of ice-cold methanol containing 100 ng/mL diphenhydramine.
To determine the half maximal inhibitory concentration (IC50) of ZJP, and its major
components coptisine and berberine towards the metabolism of VEN, a series of
concentrations of the above drugs were pre-incubated with RLM, HLM, and rhCYP2D6s,
10
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respectively. For microsomes studies, HLM (1 mg/mL) or RLM (0.5 mg/mL) was
preincubated with VEN (0.02 μM for HLM and 1 μM for RLM), ZJP (0.71–287.56 μg/mL for
HLMs and 0.142–575.12 μg/mL for RLMs) or its major components coptisine (0.1–100 μM
for HLM and 0.1–200 μM for RLM) and berberine (1–500 μM for HLMs and 1–1000 μM for
RLMs), at 37°C for 5 min. For rhCYP studies, rhCYP2D6*1/*1 or rhCYP2D6*10/*10 (8
pmol/mL) was preincubated with 2 μM VEN, ZJP (0.71–287.56 μg/mL for CYP2D6*1/*1

μM for both CYP2D6s) and berberine (0.1–100 μM for CYP2D6*1/*1 and 0.05–100 μM for
CYP2D6*10/*10), at 37°C for 5 min. All reactions were initiated with 10 mM NADPH,
lasted for 15 min at 37°C, and were terminated with 200 μL of ice-cold acetonitrile. All
reactions were quenched and treated as described above, and the supernatant was collected
for LC–MS/MS analysis. The product formation data including ODV, NDV, or NODV was
used for calculating enzymatic parameters.
Evaluation of the influences of ZJP on the metabolism and pharmacokinetics of VEN in
rats
Twelve Wistar rats (male, 180–220 g) were randomly allocated into 2 groups (n = 6 in each
group), which were blank control group and ZJP group. Twelve hours before the experiment,
all rats were forbidden from eating except free access to water. Then, each rat was
intragastrically administrated with normal saline or ZJP solution (2.52 g/kg, dissolved in
saline) at a single dose. Two hours after administration, rats were sacrificed and liver samples
were collected immediately on dry ice. All samples were stored at −80°C for further
LC–MS/MS analysis.
11
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Another sixteen Wistar rats (male, 180–220 g) were also randomly divided into 2 groups (n
= 8 in each group), which were blank control group and ZJP group. Each rat was
intragastrically administrated with normal saline or ZJP solution (2.52 g/kg, dissolved in
saline) once daily for 9 consecutive days. On the 9th day of administration, after 12-hour
fasting but free access to water, the rats in ZJP group received VEN (2.63 mg/kg) as well as
ZJP; while the rats in blank control group received the same volume of normal saline. Blood

after VEN administration, then centrifuged at 4000 g 4°C for 10 min, and the plasma was
collected and stored at −80°C for LC–MS/MS analysis.
Determination of major bioactive components of ZJP in rat livers
Four major alkaloids (berberine, coptisine, evodiamine, and rutaecarpine) of ZJP in rat
livers were quantitatively determined by a validated LC–MS/MS method. The LC–MS/MS
system contained an LC20AD liquid chromatography (Shimadzu, Kyoto, Japan) and an API
4000 QTRAP triple quadrupole mass spectrometer (Applied Biosystems, Foster City, CA)
equipped with an electrospray ionization (ESI) source. Chromatographic separation was
performed on an Agilent Eclipse XDB C18 reversed-phase column (150×4.6 mm, 5 μm) at
room temperature. The gradient of the mobile phase consisting of water (0.08% formic acid
and 4 mM ammonium acetate) (A) and acetonitrile (B) with a flow rate of 0.8 mL/min was
set as follows: 0–3 min: 65% A, 3–4.5 min: 65–20% A; 4.5–9 min: 20% A; 9–11 min:
20–65% A; 11-15 min: 65% A. Positive ionization mode and multiple reaction monitoring
mode were selected for quantification. The parameters of mass spectrometry for each analyte
were shown in Supplementary Table 2. The intra- and inter-day precision and accuracy of the
12
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quality control samples for each analyte were < 15% (Supplementary Table 3). All analytes
were stable in the measurement circumstances (Supplementary Table 4).
Determination of VEN and its three metabolites in in vitro and in vivo samples
VEN and its three metabolites (ODV, NDV, and NODV) from in vitro samples, such as
HLMs, RLMs, or hrCYP2D6 reaction samples, and in vivo samples such as rats’ plasma and
liver samples were quantitatively determined by a validated LC–MS/MS method. The

Santa Clara, CA) and an API 4000 triple quadrupole mass spectrometer (Applied Biosystems,
Foster City, CA) equipped with an electrospray ionization (ESI) source. Chromatographic
separation was performed on a Phenomenex Kinetex XB-C18 reversed-phase column
(100×4.6 mm, 5 μm) at 40oC. The gradient of the mobile phase consisting of water (0.1%
formic acid and 5 mM ammonium acetate) (A) and methanol (B) with a flow rate of 1
mL/min was set as follows: 0–1 min: 60% A, 1–4 min: 60–20% A; 4–5.5 min: 20% A;
5.5–5.6 min: 20–60% A; 5.6-8 min: 60% A. Positive ionization mode and multiple reaction
monitoring mode were selected for quantification. The parameters of mass spectrometry for
each analyte were shown in Table 1. Linear calibration curves for VEN, ODV, NDV, and
NODV were constructed in relative matrices with concentrations ranging 2.5–2000 nM,
0.35–280 nM, 0.35–280 nM, and 0.7–560 nM, respectively. The intra- and inter-day precision
and accuracy of the quality control samples for each analyte were < 15% (Supplementary
Table 5).
Data analysis
The elimination half-life (T1/2) of VEN was estimated as the following:
13
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k = –ln ([S]t /[S]0)/t

(1)

T1/2 = 0.693/k

(2)

where t referred to the incubation time, S represented the remaining parent drug concentration
and k indicated the first-order rate constant (Obach et al., 1997).
The intrinsic clearance (CLint) of VEN determined in HLM and RLM was directly obtained
from k as the following:
(3)

Apparent kinetic parameters [e.g. V (reaction velocity), Km (Michaelis-Menten constant), and
Vmax (maximum reaction velocity)] of the O-demethylation metabolism of VEN were
obtained by fitting the substrate concentrations and initial reaction rates using
Michaelis-Menten equation as the following:
V = Vmax[S]/(Km+[S])

(4)

CLint = Vmax/Km

(5)

where S referred to substrate, V, Vmax and Km were the same as above.
IC50 (concentration with 50% inhibition) was calculated as the following:
Y = Bottom + (Top-Bottom)/(1+10^((LogIC50-X)Hill Slope))
where X referred to log (inhibitor concentration), Y referred to percent inhibition, Top and
Bottom referred to maximum and minimum value of Y, and Hill Slope meant curve slope.
Statistics
The data were expressed as mean ± S.D. One-way ANOVA analysis following the least
significant difference method was used for the comparisons between control and test groups.
A two-sided P value < 0.05 was considered statistically significant. Data analysis and graphs
14

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 8, 2023

CLint = k × mL·incubation / mg·micorosomes

DMD Fast Forward. Published on June 19, 2020 as DOI: 10.1124/dmd.120.000048
This article has not been copyedited and formatted. The final version may differ from this version.

were generated using GraphPad Prism software (Version 7.0, Graphpad Software Inc., La
Jolla, CA).

Results
Metabolic stability of VEN in HLM and RLM
After a 60-min incubation, the remaining VEN in RLM and HLM were 15.6% and

2). In both RLM and HLM, ODV was the primary metabolite (30.9% vs. 31.0%), whereas
NDV was 6.3-fold higher in RLM than HLM (14.1% vs. 2.2%), indicating a species
difference in the metabolism of VEN.
Enzymatic kinetics of VEN in HLM, RLM and rhCYPs
Since ODV was the dominant metabolite of VEN, we explored its generating rate to reflect
the enzymatic kinetics of VEN in RLM, HLM and rhCYPs, respectively (Fig. 3, Table 2). In
the RLM and HLM experiments, although Km was very similar, the Vmax of RLM was 6.6-fold
higher than that of HLM. Hence, there was 2.1-fold increase comparing CLint of VEN in
RLM to that in HLM (Fig. 3A–3B). In the rhCYPs experiments, the two rhCYP2D6s with
different alleles, *1/*1 and *10/*10, showed similar Vmax values (0.014 vs. 0.013
nmol/min/pmol CYP), while the CYP2D6*10/*10 showed a 13.1-fold higher Km value than
that of CYP2D6 *1/*1, resulting in a 14.0-fold lower CLint than CYP2D6*1/*1 (Fig. 3C–3D).
Influence of ZJP and its major components on the metabolism of VEN in HLM and
RLM
15
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To explore whether ZJP could influence the demethylation process of VEN, ZJP and its
main components, berberine and coptisine were incubated with VEN (1 μM) in HLM and
RLM, respectively (Fig. 4). The results showed that ZJP significantly inhibited VEN
depletion (94.5%) and the formation of its demethylation products, ODV, NDV and NODV
(91.0%, 69.4%, and 66.5%, respectively), compared with the control group in HLM (all P
values < 0.001) (Fig. 4A–4D). Coptisine and berberine demonstrated the similar tendency as

ODV in HLM, which were inhibited by quinidine (QND, a specific CYP2D6 inhibitor) at
inhibitory degrees of 96.5% and 95.6%, respectively. Meanwhile, NDV increased by 33.7%
compared with the control group after QND treatment. In contrast, ketoconazole (KTZ, a
specific CYP3A4 inhibitor) significantly inhibited the production of NDV and NODV (both
P < 0.001), but without obvious effect on ODV (P = 0.557).
Similarly, the VEN depletion and formation of ODV and NODV significantly decreased
after ZJP (48.3%, 33.0% and 78.9%, respectively) and coptisine (19.8%, 13.5% and 53.8%,
respectively) treatment in RLM (all P values < 0.05) (Fig. 4E–4H). Meanwhile, NDV
increased by 73.5%, 66.8%, and 86.3% in the presence of ZJP, coptisine, and berberine,
respectively. Interestingly, ZJP exhibited very similar tendencies in either VEN depletion or
its metabolites generation as that of Quinine (QNN), a specific inhibitor of rat CYP2D, and
KTZ, indicating that CYP3A4 could also play an important role in the metabolism of VEN in
rats.
IC50 of ZJP and its major components on the metabolism of VEN in HLM, RLM, and
rhCYP2D6s
16
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To further disclose the inhibitory potency of ZJP and its major bioactive components on the
metabolism of VEN, the inhibitory effects, IC50, of ZJP, coptisine, or berberine on ODV
production in microsomes or on rhCYP2D6s were investigated subsequently (Fig. 5). The
individual IC50 values of ZJP, berberine and coptisine on the metabolism of VEN were shown
in Table 3. Those results showed that ZJP, coptisine, and berberine could inhibit the
O-demethylation of VEN, while showing little effect (IC50 > 280 μg/mL or 100 μM) on the

exhibited higher inhibitory potency in HLM, compared with RLM. Meanwhile, coptisine was
more potent than berberine in inhibiting the formation of ODV and NODV as it displayed
lower IC50 values both in HLM and RLM (7.5% and 41.9%, respectively) than those of
berberine. Both coptisine and berberine were potent inhibitors of rhCYP2D6*1/*1 and
rhCYP2D6*10/*10 as IC50 values did not exceed 2.5 μM. As NDV and NODV were not
detected in rhCYP2D6s but in microsomes, other CYPs rather than CYP2D6, were
responsible for the N-demethylation process of VEN.
Inhibitory effects of ZJP on the metabolism of VEN and pharmacokinetics in rats
VEN and its major metabolites, ODV and NDV, were detected in rat plasma after
intragastric administration of VEN alone or co-administration with ZJP (VEN+ZJP). The
mean plasma concentration-time curves were plotted in Fig. 6. The pharmacokinetic
parameters of VEN and its metabolites were presented in Table 4. Compared with the VEN
group, the AUC0-24 for VEN and ODV increased obviously by 39.6% and 22.8%, respectively,
in the VEN+ZJP group; meanwhile, AUC0-24 of NDV increased dramatically (P < 0.05) in the
VEN+ZJP group.
17
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VEN and its metabolites ODV, NDV, and NODV, were detected in the liver 2h after
intragastric administration of VEN alone or co-administration with ZJP (VEN+ZJP) (Fig. 7).
Compared with the VEN group, after co-administration with ZJP, the ODV exposure in the
liver decreased significantly by 57.2% (P = 0.014), while NDV exposure increased
significantly by 72.7% in VEN+ZJP group (P = 0.014). Meanwhile, the ratio of ODV/VEN in
the liver also decreased significantly by 37.7% (P = 0.018) upon ZJP administration.

Depression is the leading cause of psychiatric disorders with an estimated 350 million
people affected worldwide (Cipriani et al., 2018). Depression can be long-lasting or recurrent,
and can dramatically affect people’s ability to live a rewarding life. Venlafaxine (VEN),
approved in 1995, is a classic antidepressant, but still stands up as one of the most efficacious
and prescribed antidepressants, particularly for the treatment of selective serotonin reuptake
inhibitors (SSRIs)-resistant depression (Cipriani et al., 2018). VEN undergoes extensive
phase I metabolism and is primarily catalyzed by CYP2D6 to generate an active metabolite,
O-desmethylvenlafaxine (ODV). The recommended therapeutic reference range for VEN is
from 100 ng/mL to 400 ng/mL of active moiety (AM), which is calculated from the total
amount of VEN and ODV (Hiemke et al., 2018). The metabolic ratio ODV/VEN is usually
used as a tool to distinguish patients as poor metabolizers (PMs) or extensive metabolizers
(EMs) of CYP2D6 (Lobello et al., 2010). When VEN is co-administrated with a CYP2D6
inhibitor such as paroxetine, both Cmax and AUC of VEN are significantly elevated in patients,
which might explain VEN responses/adverse events (Jiang et al., 2015). Although the
18
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discrepancy on the clinical implication of exposure changes to VEN and/or ODV is great still,
a good knowledge of the mechanisms of potential DDI between VEN and a drug with
CYP2D6 inhibition is necessary for assessing and minimizing clinical risks (Schoretsanitis et
al., 2019).
Traditional Chinese medicines (TCMs) belong to herbal medicines and have a long history
of usage in clinical practice. In Asia, TCMs are prescribed concomitantly with conventional

of the pharmacokinetic interaction between TCMs and conventional drugs is insufficient,
leading to safety and efficacy issues in contemporary pharmacotherapy. Zuojin Pill (ZJP) is a
wildly used traditional Chinese herbal formula recorded in the Chinese Pharmacopoeia for
routine treatments of gastrointestinal disorders (Commission, 2015). It is commonly
prescribed to patients with indications of gastritis, such as gastric ulcer, pyloric obstruction,
gastroesophageal reflux disease, etc. It is also beneficial for depression with maladjusted
gastrointestinal function (Wang et al., 2020). ZJP consists of two commonly used herbs,
Rhizoma Coptidis and Fructus Evodiae following a 6:1 (w/w) ratio. Rhizoma Coptidis is
reported to inhibit CYP2D6 activity with an IC50 value of 5.8 µg/mL of its extracted powder
(approximately equals to 30.4 µg/mL of crude herbs) in HLM (Han et al., 2011). The
inhibitory effect might be mostly attributable to Coptis alkaloid components, especially
coptisine, with an IC50 value of 4.4 µM (Han et al., 2011). Moreover, while ZJP is
co-administrated with dextromethorphan, a known CYP2D6 substrate, the AUC0-24h of
dextromethorphan in healthy volunteers with dominant CYP2D6 phenotype (CYP2D6*1/*1 )
increases 3.0-fold higher than those administrated with dextromethorphan only (Qiu et al.,
19
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2016). With the high likelihood of combination usage of the two conventional prescriptions
ZJP and VEN for treating depression patients with gastrointestinal disorders in China and
potential herb-drug interaction (Qiu et al., 2015; Wang et al., 2020), we for the first time
investigated the pharmacokinetic influences of ZJP on VEN. In this study, we found that ZJP
significantly inhibit the metabolism of VEN in vitro. After co-incubation of VEN and ZJP for
1 h, the VEN depletion and ODV formation decreased significantly by 94.5% and 91.0%,

respectively, compared with the blank group in RLM. It was supported by IC50 values of ZJP
determined by ODV formation with 30.5 μg/mL and 129.9 μg/mL for HLM and RLM,
respectively. Given that ignoring the minor inhibitory effects of Fructus Evodiae on CYP2D6,
the IC50 values of ZJP (approximately equals to 26.2 µg/mL of crude herbs of Rhizoma
Coptidis) on VEN is similar to that reported on dextromethorphan (30.4 µg/mL of crude
herbs of Rhizoma Coptidis) (Han et al., 2011). We also observed that ZJP inhibited the
pharmacokinetics and tissue distribution of VEN in rats. ZJP increased AUC0-24 of VEN by
39.6% in rats, and two hours after co-administration of VEN with ZJP, the hepatic exposure
of ODV was reduced by 57.2% (P = 0.014). Those findings suggested a potential human DDI
between ZJP and VEN, although not firmly supported by some DDI data in rats. In addition,
it was worth mentioning that due to focuses on the plasma exposure of VEN (between 100
ng/mL and 400 ng/mL) in clinical practice which was far below the Km values obtained both
in HLM and RLM, we selected a clinically relevant VEN concentration, e.g. 0.5µM or 1 µM,
for IC50 experiments.
Species difference is probably the reason for weak evidence of DDI potential between ZJP
20
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and VEN in rats. CYP2D isoforms between rats and humans share a good homology (> 70%)
(Venhorst et al., 2003). Rat CYP2D1 is known as an ortholog (approximately 83% homology)
of human CYP2D6 (Martignoni et al., 2006). However, when comparing the metabolic
capability of VEN, the two species are obviously different. In literatures, the Cmax and
AUC0-∞ of VEN in PMs increased by approximately 70–80% and 200–300%, respectively,
compared with those of EMs (Lessard et al., 1999; Lobello et al., 2010). In contrast, the Cmax

compared with those of wild type rats, indicating an apparently weaker inhibitory effect
involved in CYP2D6 inhibition in rats than humans (Zhou et al., 2019). Similarly, in the
study, we observed that the capability and magnitude of inhibitory effects of ZJP were not
comparable between HLM and RLM. First, the metabolic characteristics of VEN were
different between the two species. CYP2D6 was the sole principle CYP enzyme responsible
for VEN metabolism in HLM, but not in RLM. After 1 h incubation of VEN, ODV
(generated primarily by CYP2D6) was the major metabolite (31.0% of spiked VEN) and
NDV (generated primarily by CYP3A4 and CYP2C19) was minor metabolite (2.2% of
spiked VEN) in HLM. In contrast, ODV and NDV were both major metabolites in RLM, with
30.9% and 14.1% of formation rate percentages, respectively. Second, the inhibitory effects
of CYP2D6 inhibitor on ODV formation in rats were weaker than those in humans. Quinidine,
a known human CYP2D6 inhibitor, inhibited VEN depletion (96.5%) and ODV formation
(95.6%) completely in HLM. In contrast, quinine, the quinidine enantiomer and a known rat
CYP2D6 inhibitor, inhibited VEN depletion (58.4%) and ODV formation (50.6%) partly in
RLM. The inhibitory efficacy (IC50 values obtained from ODV formation) of the potent
21
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CYP2D6 inhibitor in HLM was greater than that in RLM (10.0 µM vs 31.5 µM)
(Supplementary Figure 1). Taken together, CYP2D6 (in fact CYP2D1 in rat) did not play a
dominant role in VEN metabolism in RLM as it did in HLM, and there were possibly other
CYPs involved in ODV formation in RLM. In the study, we observed that ketoconazole, a
known CYP3A4 inhibiter, could also significantly inhibit ODV formation in RLM but it
showed negligible inhibition in HLM. Therefore, the underestimated risks of predicting the

enzymatic activity of CYP2D6 should be seriously noted. Considering that ZJP could
increase the AUC0-24h of dextromethorphan, a sensitive index substrate of CYP2D6, in
healthy CYP2D6*1/*1 carriers by 3.0-fold greater, further studies were merited to explore
ZJP and VEN interaction in humans (Qiu et al., 2016).
Similar to previous researches, we had determined extremely low systemic exposures for
the four major alkaloid constituents，berberine，coptisine, evodiamine and rutaecarpine, in
rats after intragastric administration of ZJP. Only berberine could be detected in some time
intervals, and the average of Cmax was below 50 ng/mL; while the other three alkaloids,
coptisine, evodiamine and rutaecarpine, were detected below the limit of detection (LOD) of
1.0 ng/mL during the whole blood sampling period (data not shown). The observation
showed strong consistency with previous researches that those alkaloids possessed the
characteristics of low bioavailability either in animals or humans (Yan et al., 2011; Qian et al.,
2017; Wang et al., 2018; Zhang et al., 2018). For example, after single oral administration of
Rhizoma Coptidis granules in healthy volunteers (which contains 20 mg/kg of berberine and
is approximately 1.8-fold higher than rat dosage in the animal experiment when converted
22
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equivalently refers to body surface area), the average plasma Cmax of berberine is still as low
as 360.9±46.1 ng/mL (Huang et al., 2011). Thus, an interesting question will be raised as to
why there is increasing evidence that many herbs containing active alkaloids with low
bioavailability have pharmacokinetic interactions with other co-administrated drugs. The
underling mechanism may be multiple principles involving one or more processes of
absorption, disposition, metabolism, and excretion (ADME). In this study, we found that the

10.0-folder) than those in plasma, which was in accordance with the literature (Liu et al.,
2010). Although the concentration of single alkaloids in the rat liver (e.g. 25.5 and 3.1 mg/g
for berberine and coptisine, respectively) for CYP2D6 mediated metabolism of VEN was
slightly lower than the IC50 (e.g. 21.7 and 8.6 mg/g for berberine and coptisine, respectively),
considering the structural and mechanistic similarities of the alkaloids in ZJP, whether or not
determined, the synergistic effects should be considered seriously. Furthermore, several
Coptis alkaloids (such as berberine) might have cumulative effects with multiple dosing (Ma
and Ma, 2013). This might be one of the main reasons for the herb-drug interaction induced
by the herbs containing Coptis alkaloids.
In conclusion, Zuojin Pill has significant inhibitory effects on hepatic metabolism and
pharmacokinetics of venlafaxine in vitro and in rats mainly through suppression of CYP2D6
activity. In view of the species differences in the role of CYP2D6 involved with venlafaxine
metabolism, the human pharmacokinetic interaction between Zuojin Pill and venlafaxine and
its related clinical significance need to be seriously considered.
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Figure Legends

Fig. 1. The primary metabolic pathway of venlafaxine (VEN) in human

Fig. 2. The remaining VEN and generated demethylation metabolites, ODV, NDV and NODV,
after 60-min incubation of VEN in HLM (A) or RLM (B). Data for each component were

in triplicates.

Fig.3. Michaelis-Menten plots for formation of ODV by RLM (A), HLM (B), CYP2D6*1/*1
(C), and CYP2D6*10/*10 (D). Data were presented as mean ± S.D. in triplicates.

Fig.4. Inhibitory effects of ZJP (150 μg/mL), coptisine (CPS, 30 μM), berberine (BBR, 30
μM), quinine (QNN, 2 μM), quinidine (QND, 2 μM) and ketoconazole (KTZ, 2 μM) on the
metabolism of VEN and formation of ODV, NDV and NODV in HLM (A–D) and RLM
(E–H). Each column represented the remaining VEN (% control) or product formation (%
spiked VEN). Data were presented as mean ± S.D. in triplicates. * represents P < 0.05
compared with the control.

Fig.5. Inhibitory effects (IC50) of ZJP (A–D), coptisine (E–H), and berberine (I-L) on ODV
formation in HLM, RLM, CYP2D6*1/*1, and CYP2D6*10/*10, respectively. Data were
presented as mean ± S.D. in triplicates. The curve represented the fitting of the observed
30
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ODV formation rate (% control) (y) versus the inhibitor concentration (x).

Fig.6. Mean plasma concentration-time profiles of VEN (A), ODV (B), and NDV (C) after
intragastric administration of VEN alone or co-administration with ZJP (VEN+ZJP) in rats (n
= 6). Data were presented as mean ± S.D.

(E) at 2h after intragastric administration of VEN alone or co-administration with ZJP
(VEN+ZJP) in rats (n = 6). Data were presented as mean ± S.D. * represented P < 0.05
compared with the VEN group.
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Tables
Table 1. Mass spectrometry parameters for measuring VEN and its metabolites, ODV, NDV,
and NODV
Spray voltage

Temp.

DP

CE

CXP

EP

(m/z)

(V)

(oC)

(V)

(V)

(V)

(V)

VEN

278.2>58.1

5500

400

46

46

12

10

ODV

264.2>58.1

5500

400

46

46

12

10

NDV

264.2>246.1

5500

400

35

14

12

10

NODV

250.2>232.1

5500

400

30

14

12

10

diphenhydramine

256.0>167.1

5500

400

46

25

12

10
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Table 2. Enzymatic kinetics parameters of VEN in RLM, HLM, and rhCYP2D6s

subject

Km
(μM)

Vmax

CLint

(nmol/min/mg protein or

(μL/min/mg protein or

nmol/min/pmol CYP)

μL/min/pmol CYP)

RLM

41.223.4

0.4800.013

11.75.5

HLM

39.91.1

0.1820.004

5.70.2

rhCYP2D6*1/*1

11.33.2

0.0140.003

1.20.3

148.226.5

0.0130.002

0.0880.016

rhCYP2D6*10/*10
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Table 3. IC50 of ZJP, berberine and coptisine towards VEN metabolism in microsomes and
rhCYP2D6
IC50 value

Inhibitors

RLM

rhCYP2D6*1/*1

rhCYP2D6*10/*10

NDV

NODV

ZJP (μg/mL)

129.92.6

>575

42.88.0

Berberine (μM)

64.511.5

>1000

59.518.6

Coptisine (μM)

27.06.2

>200

16.90.1

ZJP (μg/mL)

30.55.5

>288

11.510.2

Berberine (μM)

30.59.6

>500

>500

Coptisine (μM)

2.31.3

>100

>100

N/A

N/A

N/A

N/A

ZJP (μg/mL)

15.44.5

Berberine (μM)

2.50.9

Coptisine (μM)

0.70.2

ZJP (μg/mL)

2.31.0

Berberine (μM)

1.50.2

Coptisine (μM)

2.20.2

N/A represented not applicable.
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Table 4. Pharmacokinetic parameters of VEN, ODV, and NDV in rats after oral
administration of VEN alone or VEN combined with ZJP
Analyte
VEN

ODV

Tmax

t1/2

CLz/F

AUC0-24

(ng/mL)

(h)

(h)

(L/h/kg)

(µg/Lh)

VEN

3.47±0.80

1.0±0.6

2.4±2.2

231.7±18.6

11.1±0.9

VEN+ZJP

2.01±0.85*

3.1±1.8*

4.0±2.2

198.7±151.3

15.5±7.6

VEN

4.82±4.18

1.1±0.9

6.2±3.3

172.7±123.5

19.3±11.3

VEN+ZJP

3.41±2.00

2.1±1.4

10.9±6.5

116.8±66.8

23.7±12.8

VEN

1.24±0.90

2.0±1.8

5.1±2.9

468.0±208.7

6.45±4.34

VEN+ZJP

1.91±1.02

3.6±2.2

6.1±4.5

215.4±132.1*

13.5±5.7*

* represented P < 0.05 compared to VEN group.
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Supplementary Table 1. The contents of four alkaloids in Zuojin Pill
Batch

Berberine

Coptisine

Evodiamine

Rutaecarpine

1

24.1

3.12

0.352

0.479

2

25.7

3.22

0.339

0.492

3

25.6

3.07

0.311

0.472

4

25.5

3.06

0.290

0.444

5

25.4

3.08

0.276

0.484

6

26.7

3.08

0.269

0.514

Mean (mg/g)

25.5

3.11

0.306

0.481

Standard derivation (mg/g)

0.83

0.06

0.034

0.023

CV (%)

3.26

1.93

11.08

4.81

Supplementary Table 2. Mass spectrometry parameters for measuring four major alkaloids of
ZJP (berberine, coptisine, evodiamine, and rutaecarpine)
Transition

Spray voltage

Temperature

DP

CE

CXP

EP

(m/z)

(V)

(oC)

(V)

(V)

(V)

(V)

berberine

336.1>292.0

4500

600

77

35

13

10

coptisine

320.3>262.2

4500

600

84

48

18

10

evodiamine

304.1>134.1

4500

600

109

55

15

10

rutaecarpine

288.2>115.1

4500

600

120

52

12

10

Diphenhydramine (IS)

256.0>167.1

4500

600

46

25

12

10

Analyte

Supplementary Table 3. Intra- and inter-batch precision and accuracy of coptisine, berberine,
evodiamine, and rutaecarpine in rat livers (Mean ± S.D., n = 5)
Analytes
Coptisine

Berberine

Evodiamine

Rutaecarpine

Nominal

Observed

Precision (%)

Accuracy

conc.(ng/mL)

Conc.(ng/mL)

Intra-batch

Inter-batch

(%)

10

10.8±0.4

4.0

5.7

107.8

30

31.8±1.4

4.4

3.4

105.9

160

162.0±4.6

2.8

4.3

101.3

1600

1565.0±52.4

3.4

3.8

97.8

10

8.8±0.8

8.9

14.5

88.1

30

29.5±2.0

6.9

6.7

98.4

160

160.7±6.7

4.2

4.2

100.4

1600

1557.0±58.2

3.7

3.2

97.3

10

8.4±1.0

12.1

12.3

84.4

30

28.3±1.0

3.6

10.1

94.2

160

153.2±6.2

4.1

5.7

95.7

1600

1437.0±57.9

4.0

6.4

89.8

10

8.8±0.9

9.7

9.1

88.3

30

25.5±1.1

4.4

13.3

84.9

160

167.2±9.1

5.4

6.5

104.5

1600

1485.0±115.4

7.8

7.0

92.8

Supplementary Table 4. Stability of coptisine, berberine, evodiamine, and rutaecarpine in rat
livers (Mean ±S.D., n = 3)

Analyte

Coptisine

Berberine

Evodiamine

Rutaecarpine

Nominal
Conc.(ng/mL)

Samples at 25oC for 6 h

Processed samples at
autosampler for 36 h

Three freeze-thaw cycles

Observed

Stability

Observed

Stability

Observed

Stability

Conc.(ng/mL)

(%)

Conc.(ng/mL)

(%)

Conc.(ng/mL)

(%)

30

32.6±2.5

108.7

29.6±0.6

98.5

30.3±0.8

100.9

1600

1505.0±45.1

94.1

1380.0±8.9

86.3

1496.7±19.7

93.5

30

33.2±2.2

110.7

29.2±0.4

97.3

28.4±0.6

94.7

1600

1495.0±30.8

93.4

1415.0±18.7

88.4

1506.7±16.3

94.2

30

33.1±3.9

110.3

29.2±0.8

97.3

31.8±1.6

105.9

1600

1570.0±20

98.1

1415.0±18.7

88.4

1551.7±30.6

97.0

30

32.5±5.0

108.3

27.2±1.4

90.7

30.3±2.5

100.9

1600

1510.0±29.7

94.4

1433.3±30.8

89.6

1561.7±27.1

97.6

Supplementary Table 5. Intra-batch precision and accuracy of VEN, ODV, NDV, and NODV
in rat livers (Mean ±S.D., n = 5)
Analyte
VEN

ODV

NDV

NODV

Nominal

Observed

Precision

Accuracy

conc.(ng/mL)

Conc.(ng/mL)

(%)

(%)

0.2

0.188±0.010

5.1

93.8

0.4

0.386±0.041

10.7

96.5

10

9.65±0.99

10.2

96.5

90

83.8±5.3

6.3

93.2

0.2

0.219±0.007

3.1

110

0.4

0.436±0.012

2.7

109

10

11.0±0.4

4.1

110

90

99.8±5.5

5.5

111

0.2

0.217±0.008

3.6

109

0.4

0.426±0.024

5.6

106

10

11.1±0.4

3.4

111

90

98.2±5.5

2.5

109

0.2

0.207±0.005

3.6

104

0.4

0.412±0.018

4.4

103

10

10.6±0.3

2.8

106

90

95.4±4.2

4.4

106

Supplementary Figure 1. Inhibitory effects (IC50) of quinidine (A) and quinine (B) on ODV
formation in HLM and RLM, respectively. Data were presented as mean ± S.D. in triplicates.
The curve represented the fitting of the observed ODV formation rate (% control) (y) versus
the inhibitor concentration (x).

