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Aim: Herbal products have been widely used, and the safety of herb-drug interactions has aroused intensive concerns.  This study 
aimed to investigate the effects of phytochemicals on the catalytic activities of human CYP2D6*1 and CYP2D6*10 in vitro.
Methods: HepG2 cells were stably transfected with CYP2D6*1 and CYP2D6*10 expression vectors.  The metabolic kinetics of the 
enzymes was studied using HPLC and fluorimetry.
Results: HepG2-CYP2D6*1 and HepG2-CYP2D6*10 cell lines were successfully constructed.  Among the 63 phytochemicals screened, 
6 compounds, including coptisine sulfate, bilobalide, schizandrin B, luteolin, schizandrin A and puerarin, at 100 μmol/L inhibited 
CYP2D6*1- and CYP2D6*10-mediated O-demethylation of a coumarin compound AMMC by more than 50%.  Furthermore, the 
inhibition by these compounds was dose-dependent.  Eadie-Hofstee plots demonstrated that these compounds competitively inhibited 
CYP2D6*1 and CYP2D6*10.  However, their Ki values for CYP2D6*1 and CYP2D6*10 were very close, suggesting that genotype-
dependent herb-drug inhibition was similar between the two variants.
Conclusion: Six phytochemicals inhibit CYP2D6*1 and CYP2D6*10-mediated catalytic activities in a dose-dependent manner in vitro.  
Thus herbal products containing these phytochemicals may inhibit the in vivo metabolism of co-administered drugs whose primary 
route of elimination is CYP2D6.
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Introduction
Human cytochrome P450 2D6 (CYP2D6) is an extensively 
characterized polymorphic drug-metabolizing enzyme that 
catalyzes the bio-conversion of many xenobiotics.  CYP2D6 
metabolizes more than 25% of drugs, including antidepres-
sants, antipsychotics, beta-receptor antagonists, analgesics, 
antiarrhythmics, etc[1, 2].  CYP2D6 possesses more than 70 sig-
nificant alleles, leading to various catalytic activities[3].  Com-
pared to the two alleles of 188C and 4268G in CYP2D6*1 (wild 
type), CYP2D6*10 has two single nucleotide polymorphisms 
(SNP) 188T (rs1065852, Pro34Ser) and 4268C (rs1135840, Ser-
486Thr) (http://www.cypalleles.ki.se/cyp2d6.htm), and the 
frequencies are 38%–70% in Asians[4].  The decreased clearance 
of drugs in vivo by CYP2D6*10 is caused by low expression 

and also increased Km
[5].  

As combination therapy using herbal products with pre-
scription medications becomes more widely used in the world, 
the safety of herb-drug interactions, especially the inhibition 
of P450-mediated drug metabolism by herb products, has 
aroused intense concerns[6].  The CYP2D6 catalytic activ-
ity is possibly decreased as a result of enzyme inhibition by 
herbal supplements, including piper nigrum fruit, melaleuca 
leucadendron leaf[7], goldenseal, valerian[8]，black cohosh[8], 
and naturally occurring compounds, such as eupatorin[9], 
epiberberine[10], berberine, and hydrastine[11].  In recent years, 
substantial progress has been made in predicting herb-drug 
interactions, but the presence of polymorphic variants of P450s 
complicates the prediction.  CYP2D6 genotype-dependent 
herb-drug interactions have been rarely investigated.

HepG2 cells are derived from human hepatoma and show 
many liver-specific functions.  Because of the presence of 
membrane barriers, transport processes and the NADPH sys-
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tem, HepG2 cells closely reflect the in vivo situation and are 
more predictive than microsomes in some aspects[12].  How-
ever, HepG2 cells lack almost all CYP450s.  HepG2 cells tran-
siently or stably transfected with CYP2D6 expression vectors 
have been used to investigate the metabolism and toxicity of 
chemicals, as well as to screen drug candidates[13–15].  The fluo-
rogenic probe 3-[2-(N,N-diethyl-N-methyl-ammonium)ethyl]-
7-methoxy-4-methylcoumarin (AMMC) is a useful substrate to 
examine the CYP2D6 activity in transfected-HepG2 cells and 
rat and human CYP2D6 microsomes[14, 16].  CYP2D6 O-demeth-
ylates AMMC to form AMHC (3-[2-(N,N-diethyl-N-methyl-
ammonium)ethyl]-7-hydroxy-4-methylcoumarin), which can 
be detected by fluorimetry.  Thus, our screening model used 
stably transfected HepG2 cells expressing CYP2D6*1 or *10 
and quantified CYP2D6 activity by analyzing the conversion 
of AMMC to AMHC by flourometry.

The aims of the present study were to screen phytochemicals 
to determine whether they inhibit CYP2D6 and to understand 
the effects of these phytochemicals on the catalytic activities of 
the CYP2D6 allelic variants, CYP2D6*1 and *10.  The investi-
gation of genotype-enzyme kinetics and genotype-dependent 
herb-drug interactions may be important for drug discovery 
and development, as well as the optimization of drug dosage 
among individuals, thereby guiding individual therapy.

Materials and methods
Chemicals and reagents
AMMC was purchased from BD Gentest (Woburn, MA, USA).  
DMSO, quinidine, bufuralol, ketoconazole, amiodarone, chlor-
promazine, verapamil, cimetidine, quercetin, omeprazole 
and lovastatin were purchased from Sigma-Aldrich (St Louis, 
MO, USA).  Sixty-three phytochemicals were obtained from 
Sigma-Aldrich or the National Institutes for Food and Drug 
Control (Beijing, China).  Aminoglycoside antibiotic G418 was 
purchased from Invitrogen (Carlsbad, CA, USA).  All reagents 
were of high-performance liquid chromatography (HPLC) 
grade.

Construction of CYP2D6*1 and CYP2D6*10 expression plasmids
Total RNA was extracted from a surgical specimen of the 
human liver at the Xiangya Hospital using TRIzol reagent 
(Invitrogen), and the first-strand cDNA was synthesized using 
a cDNA Synthesis Kit (Takara, Dalian, China).  The CYP2D6 
cDNA was amplified using primers according to the NCBI 
Reference Sequence (NM_000106.4) (Supplementary Table 1) 

and then inserted into pcDNA3.1(–) (Invitrogen) in the pres-
ence of T4 DNA ligase.  Substitutions (188T and 4268C) were 
introduced into the pcDNA3.1-CYP2D6*1 vector using the 
QuikChange Site-directed Mutagenesis Kit (Stratagene, Shang-
hai, China).  The mutation primers are listed in Supplementary 
Table 1.  The constructs were sequenced to confirm the intro-
duction of these mutations.  

Generation of stable cell lines expressing CYP2D6*1 and 
CYP2D6*10 isoforms
The HepG2 cells (HB-8065, ATCC) were cultured in modified 
Eagle’s medium (MEM, Invitrogen) supplemented with 10% 
fetal calf serum (Abcam Labs, Cambridge, MA, USA) at 37 °C 
in a humidified atmosphere (5% CO2) and transfected with 
pcDNA3.1-CYP2D6*1, pcDNA3.1-*10 or pcDNA3.1(–) plas-
mids using 10 μL LipofectamineTM 2000 (Invitrogen).  Clones 
were selected for G418 resistance for 12 d and subcultured.  

Quantitative real time PCR and Western blotting 
Total RNA was extracted from the stable CYP2D6 express-
ing cells, and the first-strand cDNA was synthesized.  The 
cDNA was amplified by performing quantitative RT-PCR for 
40 cycles using SYBR Green (Bio-rad, Hercules, CA, USA) (for 
primer sequences see Supplementary Table 1).  The relative 
expression of the CYP2D6 mRNA was normalized to β-actin.  
The analysis was carried out using the 2-ΔΔCt method[17].

The whole cell proteins were extracted using the RIPA pro-
tein extraction reagent and separated on an 8% SDS-polyacryl-
amide gel by electrophoresis.  The proteins were transferred 
to a polyvinylidene difluoride membrane (Millipore, Bedford, 
MA, USA), which was incubated for 1 h at room temperature 
with rabbit polyclonal antibodies (1:400 dilution, Abcam Labs) 
against the CYP2D6 protein.  The membranes were washed 
twice for 10 min and incubated with Dylight 800-labeled anti-
body (1:7500, KPL lnc, Gaithersburg, MD, USA).  The mem-
branes were washed twice and analyzed using the Odyssey 
Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, 
USA).  The relative expression of CYP2D6 was normalized to 
β-actin.

Evaluation of the metabolic kinetics of CYP2D6*1 and *10 in 
expression cell models using HPLC and fluorimetry 
Cells that stably expressed either CYP2D6*1 or *10 were 
diluted to 1×106 cells/mL and cultured in 96-well plates for 
24 h.  After being washed twice with PBS, cells were incu-

Table 1.  Kinetic constants for the CYP2D6*1 and *10-mediated metabolic activity.

     CYP2D6                           
Substrate

                          Detection                                Km                                      Vmax
a                                                 

CLint
b

                              CLint
c

     isoforms                                      Method                         (μmol/L)                      (pmol·min-1·mg-1)                                             ratio
 
 CYP2D6*1 AMMC Fluorimetry 12.45±0.65 42.60±0.74 3.42 
 CYP2D6*10 AMMC Fluorimetry 15.58±1.89d 13.67±0.59d 0.88 25.7%
 CYP2D6*1 Bufuralol HPLC 12.58±0.79 123.0±2.57 9.77 
 CYP2D6*10 Bufuralol HPLC 16.56±1.39d 22.09±0.68d 1.33 13.6%

aKm and Vmax results are expressed as mean±SD; bCLint was calculated by Vmax/Km; cCLint ratio was calculated by CLint CYP2D6*10/*1×100%; dP<0.05.
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bated with 15 μmol/L AMMC in 100 μL incubation buffer (1 
mmol/L Na2HPO4, 137 mmol/L NaCl, 5 mmol/L KCl, 0.5 
mmol/L MgCl2, 2 mmol/L CaCl2, 10 mmol/L glucose, and 10 
mmol/L Hepes, pH 7.4) for 30 to 150 min at 37 °C.  Seventy-
five microliters of the supernatant was withdrawn per well 
and transferred to a new 96-well plate.  Twenty-five microli-
ters of the 0.1 mol/L sodium acetate buffer (pH 7.4), inclusive 
of 15 Fishman units of β-glucuronidase and 12 Roy units of 
arylsulfatase, was added to each well and incubated for 2 h at 
37 °C.  After 200 μL of the quenching solution (0.25 mol/L Tris 
in 60% acetonitrile) was added to each well, the plates were 
centrifuged at 3000 rounds per minute for 10 min.  The fluo-
rescent metabolite formation was quantified by a Multiskan 
Ascent 354 Microplate Reader with excitation (390 nm) and 
emission filters (460 nm).  The total cell protein content was 
determined using the BCATM protein assay kit (Thermo Scien-
tific, Rockford, IL, USA).  The results were presented as pico-
moles of the fluorescent metabolite formed per minute and per 
milligram of the total cell protein.  

To assess the linearity of metabolite formation rates for 
CYP2D6*1 and *10 from bufuralol, bufuralol was incubated 
under the conditions described above, after dissolving in 
DMSO (<0.5%, v/v).  DMSO (0.1%, v/v) was used as the vehicle 
control.  The reactions were terminated by adding 100 μL of 
acetonitrile, and the samples were centrifuged at 3000 rounds 
per minute for 10 min.  The metabolite 1’-hydroxy bufuralol 
was quantified by HPLC analysis as described previously[16].  

The metabolic kinetics of AMMC and bufuralol catalyzed by 
CYP2D6*1 and *10 were analyzed.  AMMC and bufuralol were 
incubated with HepG2-CYP2D6*1 or CYP2D6*10 for 90 min 
at increasing concentrations (0–80 μmol/L).  The formation of 
the fluorescent metabolite AMHC and 1’-hydroxy bufuralol 
were detected as described above.  

Inhibition constant determination
To detect the effects of potent CYP2D6 inhibitors on CYP2D6-
mediated AMMC-O-demethylation, nine different compounds 
(0-200 μmol/L) were selected for the inhibition assays.  The 
incubation conditions were the same as the enzyme kinetic 
assays described above.  The compounds were classified 
as potent (IC50<5 μmol/L), moderate (5 μmol/L<IC50<50 
μmol/L), poor (50 μmol/L<IC50<200 μmol/L), or no inhibition 
(IC50>200 μmol/L).  The inhibition constant (Ki) of the proto-
typical inhibitor quinidine was also determined.

Screening inhibition assay
A two-step incubation method was utilized to screen for 
CYP2D6 inhibitors among the phytochemicals.  The ini-
tial inhibition assays utilized HepG2-CYP2D6*1, HepG2-
CYP2D6*10 and control cells at a final density of 1×105 cells/
well in 96-well plates, 100 μmol/L phytochemicals, and 15 
μmol/L AMMC in incubation buffer in a total volume of 
100 μL.  The detection method for detecting the fluorescent 
metabolites is described above.  We selected the inhibitors 
from the phytochemicals in the initial screen (>50% inhibition 
rate).  To further characterize the inhibition of CYP2D6*1 and 

*10-mediated AMMC-O-demethylation, the stably transfected 
cells were incubated with 15 μmol/L AMMC and multiple 
concentrations of the inhibitors, ranging from 0 to 80 μmol/L.  
To determine the mode of inhibition, the stably transfected 
cells were incubated with various concentrations of AMMC 
(0–80 μmol/L) and the inhibitors (0.5- and 1-fold of IC50).

Statistical analysis
The data are presented as the mean±SD of n=3 replicates.  
The IC50 values (concentration of phytochemicals that inhibit 
CYP2D6 activity by 50%) were calculated from the dose-
response data using the SPSS 13.0 software (Chicago, IL, 
USA).  The Michaelis constants (Km) and the maximum veloci-
ties (Vmax) for the CYP2D6 catalytic activities were estimated 
by nonlinear regression analysis using the Michaelis-Menten 
equation by GraphPad Prism 5 (San Diego, CA, USA).  The 
ratio of Vmax and Km was used to calculate the in vitro intrinsic 
clearance (CLint).  In inhibition assays, the data were plotted on 
an Eadie-Hofstee plot for the visual inspection of the inhibi-
tion type, and the Ki was determined using the global fit for 
competitive inhibition by GraphPad Prism 5.  The statistical 
analysis was performed using Student’s t-test (two groups) by 
SPSS 13.0, and the significant differences were set at P<0.05.

Results
mRNA and protein expression levels in stably transfected cells
To construct the CYP2D6 expression vector, human CYP2D6*1 
cDNA (wild type) was inserted into pcDNA3.1(–) and verified 
by sequencing.  The mutations of 188T and 4268C were intro-
duced into the wild type cDNA by site-directed mutagenesis 
and verified by sequencing (Figure 1A).  The HepG2 cells were 
transfected with the control vector (pcDNA3.1), the wild-type 
vector (CYP2D6*1) or the mutation vector (CYP2D6*10).  As 
shown in Figure 1B and 1C, the mRNA and protein levels of 
CYP2D6*1 and *10 in their respective transfected cells were 
remarkably higher than that in the control cells transfected 
with pcDNA3.1.  We selected those transfected cells which did 
not show a significant difference between the expression of 
CYP2D6*1 and *10.  

Enzyme kinetics of CYP2D6*1 and *10 
AMMC is catalyzed by CYP2D6 to AMHC (Figure 2A), which 
can be detected by fluorimetry.  In Figure 2B, the metabolite 
1’-OH bufuralol was detected by HPLC.  We detected the lin-
earity of metabolite formation for a duration of 120 min.  As 
shown in Figure 2C, the rates of AMMC-O-demethylation and 
bufuralol 1’-hydroxylation represent the activity of CYP2D6*1 
and *10, which are linear with the incubation time.  Thus, an 
incubation time of 90 min was utilized in all subsequent exper-
iments.  

The kinetics constants (Km, Vmax, and CLint) of CYP2D6*1 
and *10 catalyzing AMMC and bufuralol are presented in 
Table 1.  As shown in Figure 2D and Table 1, compared with 
CYP2D6*1, the Km estimates for CYP2D6*10 (P<0.05) were 
1.25- and 1.32-fold higher for AMMC and bufuralol, respec-
tively.  The Vmax values for CYP2D6*1 were 3.12- and 5.57-
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fold higher than those for CYP2D6*10 (P<0.05).  CYP2D6*10 
had a lower maximum velocity, resulting in the CLint values of 
AMMC and bufuralol metabolites being 25.6% and 13.6% of 
that of CYP2D6*1, respectively.  A substrate concentration (15 
μmol/L) approximating the apparent Km value of AMMC was 
utilized in all subsequent experiments.

Inhibition of CYP2D6*1 and *10 activity by quinidine
Quinidine, a well-known inhibitor of CYP2D6, was used as a 
positive control in the inhibition assay.  As shown in Figure 
3A, a log-linear decrease in AMMC-O-demethylation and 
bufuralol 1’-hydroxylation was evident at the concentrations 
of 1×10-3 to 100 μmol/L.  According to the visual inspection of 
the Eadie-Hofstee plots (Figure 3B), quinidine competitively 
inhibited CYP2D6*1- and *10-catalyzed AMMC-O-demethyl-

ation with Ki values of 0.012 and 0.038 μmol/L, respectively, 
as well as bufuralol 1’-hydroxylation with Ki values of 0.018 
and 0.04 μmol/L, respectively.  The ratios of the Ki values of 
quinidine were 3.315 μmol/L for AMMC and 2.211 μmol/L 
for bufuralol, showing a higher affinity for CYP2D6*1 than 
CYP2D6*10.  As seen in Table 2, the IC50 values of other com-
pounds were determined and classified as potent, moder-
ate, poor, or no inhibition, in accordance with the previous 
results[17].

In Table 2, we found that most IC50 values of the moderate 
inhibitors were lower than 100 µmol/L.  High concentrations 
of phytochemicals inhibited the activity of the transfected 
HepG2 cells, while low concentrations did not (data not 
shown).  Thus, in the next study, we chose 100 μmol/L as the 
phytochemical concentration.

Figure 1.  (A) The sequencing results of the C188T and G4268C 
mutations.  (B) mRNA levels of CYP2D6 in HepG2-CYP2D6*1, HepG2-
CYP2D6*10, and HepG2-pcDNA3.1.  Total RNA was isolated and gene 
expression was assessed by quantitative real-time PCR.  (C) Protein 
levels of CYP2D6 in HepG2-CYP2D6*1, HepG2-CYP2D6*10, and HepG2-
pcDNA3.1(–).  Total protein was extracted and detected by Western 
blotting.  The results represent the mean±SD for three independent 
experiments.
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Screening of potential phytochemical inhibitors 
Based on the incubation conditions of 15 μmol/L AMMC at 90 
min, a total of 63 phytochemicals (100 μmol/L) were screened 
using the HepG2-CYP2D6*1 and *10 cell models.  As shown 
in Table 3, bilobalide, coptisine sulfate, schizandrin B, and 
luteolin produced extensive inhibition (inhibition >70%), and 
schizandrin A and puerarin produced moderate inhibition 
(70%>inhibition>50%).  

Inhibitory ef fects of phytochemicals on CYP2D6*1 and 
*10-mediated AMMC-O-demethylation
To further confirm the hits from the initial screen, we inves-
tigated the concentration-dependent effects of the phy-
tochemicals on CYP2D6*1 and *10-mediated AMMC-O-
demethylation.  As shown in Figure 4, the potent inhibitors, 
including bilobalide, coptisine sulfate, schizandrin B, luteolin, 
schizandrin A, and puerarin, inhibited the catalytic activity of 

Figure 2.  (A) Structure of AMMC and the metabolite AMHC.  (B) Chromatograms of the standard solution containing 10 ng/mL 1′-OH-bufuralol and 
structure of AMMC and the metabolite AMHC.  (C) Time-dependent metabolism of AMMC by CYP2D6*1 and *10.  AMMC (15 μmol/L) was incubated 
with HepG2-CYP2D6*1 or CYP2D6*10 in 96-well plates.  The values are means±SD of triplicate determinations.  (D) The metabolic kinetics of AMMC 
catalyzed by CYP2D6*1 and *10 were analyzed.  The metabolic activities of AMMC at increasing concentrations were measured with HepG2-CYP2D6*1 
(closed circles) or CYP2D6*10 (triangles) in 96-well plates.  The values (mean±SD) were fitted to the Michaelis-Menten equation using non-linear 
regression analysis. 



690

www.nature.com/aps
Qu Q et al

Acta Pharmacologica Sinica

npg

Table 2.  Inhibition of CYP2D6*1 and *10 isoforms by several compounds.

       Compound                                                                   CYP2D6*1                                                                                 CYP2D6*10
                                                      IC50 (μmol/L)a                  Type of inhibitorb                      IC50 (μmol/L)a            Type of inhibitorb

 
 Quinidine     0.06±0.02  Potent     0.03±0.01 Potent
 Ketoconazole     3.98±0.12 Potent     4.02±0.23 Potent
 Amiodarone     9.12±0.23 Moderate     8.89±0.32 Moderate
 Chlorpromazine   11.45±0.34 Moderate   12.09±0.29 Moderate
 Verapamil   15.12±0.34 Moderate   14.89±0.46 Moderate
 Cimetidine   58.99±3.12 Poor   56.23±4.23 Poor
 Quercetin  179.21±8.12 Poor 184.34±9.12 Poor
 Omeprazole        >200 Noninhibitor       >200 Noninhibitor
 Lovastatin        >200 Noninhibitor       >200 Noninhibitor

a IC50 values (concentration of phytochemicals that inhibits CYP2D6 activity by 50%) were calculated from dose-response data using the SPSS 13.0 
software; 
b The compounds were classified as potent (<5 μmol/L), moderate (from 5 to 50 μmol/L), poor (from 50 to 200 μmol/L), or noninhibitor (>200 μmol/L).

Figure 3.  (A) Effects of quinidine at different concentrations on CYP2D6*1 and *10-mediated AMMC-O-demethylation and bufuralol 1′-hydroxylation.  
The results are expressed as percentage of control (assayed in the absence of quinidine).  (B) Representative Eadie-Hofstee plots for quinidine inhibition 
of CYP2D6*1 and *10-catalyzed AMMC-O-demethylation and bufuralol 1′-hydroxylation.  The substrate AMMC concentration ranged from 0 to 80 μmol/L, 
whereas the quinidine concentrations used were 0 μmol/L (●)，0.5-fold of the IC50 values (○), and 1-fold of the IC50 values (▼).
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CYP2D6*1 and *10 in a dose-dependent manner.  However, 
the IC50 values for the CYP2D6*1 and *10 isoforms inhibited 
by these potent inhibitors were not different (Table 4).  To 
determine the type of inhibition, the inhibition data were plot-
ted on an Eadie-Hofstee plot.  These data demonstrate that all 
phytochemicals tested competitively inhibit CYP2D6*1 and 
*10 (Figure 5).  Ki values obtained from the CYP2D6*10 cells 
were slightly higher than those from the CYP2D6*1 cells, but 
the ratios of the Ki values (Ki value of CYP2D6*10/Ki value of 
CYP2D6*1) ranged from 1.05 to 1.30, which are lower than the 
Ki ratios for quinidine.

Discussion
In the present study, we established CYP2D6*1 and *10 

expressing cell models, and the experimental conditions 
were optimized for the initial screening of the phytochemical 
inhibitors.  We determined the relative catalytic activities of 
CYP2D6*1 and CYP2D6*10 for metabolizing AMMC and bufu-
ralol and gained an understanding of the effects of the inhibi-
tors on the variants of CYP2D6.  In the initial screening study, 
six phytochemicals competitively inhibited CYP2D6*1- and 
*10-mediated AMMC-O-demethylation in a dose-dependent 
manner, but the Ki values for CYP2D6*1 and *10 were not dif-
ferent.

Although the inter-individual variation in the metabolic 
capacity of CYP2D6 and the association with genotype has 
been investigated[18], CYP2D6 genotype-dependent drug-drug 
or herb-drug interactions remain less examined.  CYP2D6*10 

Table 3.  Inhibition effects of phytochemicals on the CYP2D6*1 and *10-mediated AMMC-O-demethylation.

   Phytochemicals                             CYP2D6*1                    CYP2D6*10                      Phytochemicals                      CYP2D6*1                 CYP2D6*10
                                                             inhibition ratea            inhibition ratea                                                 inhibition ratea             inhibition ratea

 
 AMMC   0.00±0.97   0.00±8.83 Phillyroside 24.30±5.60 24.69±7.77
 Quinidine 93.68±0.84 87.65±8.09 Matrine 23.92±10.26 25.62±7.98
 Bilobalide 79.92±5.19 80.25±2.33 Cinnamic acid 22.96±4.72 19.44±6.68
 Coptisine Sulfate  79.66±5.31 57.10±3.85 Salvianic acid A  23.08±10.34   9.26±5.63
 Schizandrin B 76.19±9.80 59.26±12.14 Salvianolic acid B  22.49±5.12 19.14±5.10
 Luteolin 74.18±5.00 62.35±4.57 Nobiletin 21.30±1.70 25.93±9.40
 Schizandrin A 66.49±2.51 59.26±8.83 Paclitaxel  20.86±7.77 24.38±6.50
 Puerarin 64.38±4.43 62.65±3.85 Evodine 20.02±2.76 15.74±6.68
 Barbaloin 48.26±7.05 39.20±5.66 Rubescensine a 20.34±7.37 17.28±8.90
 Wogonin 47.31±3.64 36.73±8.80 Tanshinone IIA 19.49±7.91 10.49±5.43
 Isorhynchophylline 44.05±2.81 37.96±7.91 Caffeic acid 19.60±6.57   6.17±4.57
 Huperzine A 43.94±2.73 28.40±7.43 Salidroside 18.23±3.90 16.36±7.43
 Ginsenoside Rd 43.52±3.48 50.31±7.48 Breviscapine 18.12±6.99 21.60±6.17
 Palmatine HCl 43.62±3.38 35.80±1.41 Oroxin A 18.44±6.03 24.38±10.20
 Hyperforin 41.94±1.74 37.04±8.93 Peiminine B 17.78±5.64 24.07±5.63
 Hyperoside 42.36±4.21 42.28±3.85 Byakangelicol 17.70±5.59 19.14±6.02
 Ginkgolide c 38.36±4.18 33.02±2.83 Picroside II 18.12±6.03 17.28±8.90
 Byakangelicin 37.93±2.03 33.64±2.33 Gypenoside XLX 17.07±4.60 10.80±5.95
 Resveratrol 36.25±3.48 25.93±10.68 Schisandrin 15.28±4.97 15.12±4.18
 Ferulic acid 34.35±4.63 21.60±6.02 Icariin 15.56±8.01 14.20±4.38
 Quercitrin 34.04±2.87 37.65±7.87 Ginsenoside Rc 13.80±3.95 21.60±6.17
 Echinacoside 31.82±4.94 28.40±5.10 Aloe-emodin 13.38±5.18   9.88±4.38
 Dehydroandrograpolide 32.67±4.04 30.25±5.10 Arctiin 12.59±4.46 10.80±5.95
 Rutaecarpine 30.87±4.47 29.32±6.50 Aurantio-obtusin 12.86±2.10 14.20±11.05
 Astragaloside 31.09±6.01 16.98±10.20 Capsicine 11.30±8.19   9.88±3.74
 Oleanolic Acid 29.93±3.55 21.60±6.02 Salvianolic acid 11.30±4.10 16.67±7.91
 Imperatorin 29.40±4.27 23.77±3.25 Apigenin 10.56±3.64 11.11±4.81
 Cytisine 28.98±9.51 20.68±7.01 Psoralen   9.81±7.58 13.58±3.74
 Catharanthine 28.45±5.74 18.52±7.23 Ophiopogonin D   9.07±3.39   4.94±11.05
 Cimifugin 27.51±7.86 20.06±6.17 Glabridin   8.89±8.07   5.56±3.34
 Prim-O-glucosylcimifugin 26.51±4.78 19.75±6.30 Silymarin   7.23±11.45 19.44±3.70
 Magnolol 26.10±2.72 31.48±8.83 Rutin   5.19±2.63   4.01±6.57
 Rheinic acid 25.61±4.38 24.38±2.33   

a The inhibition rate was measured by [1–(sample data–blank data)/(negative control data–blank data)]×100%.  The data were expressed as mean±SD. 
n≥3.  
b DMSO (0.1%) in the incubation buffer was used as blanks.  
c Fluorogenic prober AMMC (15 μmol/L) was used as a negative control.  
d Quinidine as the positive control.
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is associated with increased Km values for substrates such as 
bufuralol, venlafaxine, and p-tyramine[5, 19].  In the present 
study, we found the expression of CYP2D6*10 to be differ-
ent in transfected HepG2 cells.  To compare with CYP2D6*1, 
we selected cells with an expression of CYP2D6*10 similar to 
that of CYP2D*1.  Thus, we could identify the difference in 

inhibition by phytochemicals for CYP2D6*1 and *10, which 
eliminates the complication due to different expressions of 
CYP2D6*1 and *10.

In our studies, the kinetic parameters for the CYP2D6*10-
mediated biotransformation of AMMC and bufuralol were 
determined, which consistently showed lower catalytic effi-

Figure 4.  Concentration-dependent effects of phytochemicals on CYP2D6*1 and *10-mediated AMMC-O-demethylation.  HepG2-CYP2D6*1 (triangles) 
and *10 (closed circles) were incubated with various concentrations of the phytochemicals and 12 μmol/L AMMC.  The metabolites were detected by 
fluorimetry as described in the Materials and methods section.  AMMC in the absence of phytochemicals (0 μmol/L) was used as the control, HepG2-
pcDNA3.1 was used as the blank, and data are represented as the percentage of the control, following the formula: (sample data–blank)/(control data–
blank)×100%.  The values are presented as the mean±SD of triplicate determinations in a single experiment.
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ciencies and lower affinity compared with CYP2D6*1.  Because 
CYP2D6*10 exhibited small Km changes, the decreased intrinsic 
clearance for CYP2D6*10 towards AMMC and bufuralol was 
mainly due to a substantial decrease in the Vmax.  In previous 
studies, the Km values for CYP2D6*1- and *10-mediated bufu-
ralol 1’-hydroxylation were in the range of 1.7 to 25 μmol/L 
and 12 to 50 μmol/L, respectively[20], similar to our results.  
The Km value (12.45 μmol/L) for the CYP2D6*1 metabolism of 
AMMC in our studies was lower than the previously reported 
Km value (19.2 μmol/L), which was also determined using cell 
models[17], but higher than that using human liver microsomes 
(3 μmol/L)[14].  The reason for the variances among these stud-
ies might be due to different sources and expression levels of 
enzyme used, as well as the different incubation conditions 
used.

To validate the CYP2D6 inhibition assay using AMMC, the 
concentration-dependent inhibitions and the representative 
Eadie-Hofstee plots indicated that the positive inhibitor quini-
dine competitively inhibited CYP2D6*1- and *10-mediated 
AMMC-O-demethylation and bufuralol 1’-hydroxylation.  
In the initial screening assay, six phytochemicals inhibited 
CYP2D6*1 and *10 in a concentration-dependent manner.  
Representative Eadie-Hofstee plots for the phytochemicals 
showed that the mode of inhibition is competitive.  Ki ratios 
(Ki values of CYP2D6*10/*1) of the phytochemicals ranged 
from 1.05 to 1.30, indicating that the CYP2D6*10 inhibition by 
the phytochemicals is not more pronounced than CYP2D6*1.  
Quinidine was found to be a more effective inhibitor of 
CYP2D6*1 by Ki values 2- to 3-fold higher than CYP2D6*10, 
which is similar to previous results[22].  However, a direct 
extrapolation that other inhibitors of CYP2D6*1 have a higher 
affinity for CYP2D6*1 than the other variants is not true.  Pre-
vious studies have found that the enzyme-substrate affinity 
or enzyme-inhibitor affinity of the functionally reduced allelic 
variants (CYP2D6*10 and *17) can be lower, higher, or compa-
rable to that of CYP2D6*1[22].  

Bilobalide is a major constituent of the terpenoids in Ginkgo 
leaves and produces several neuroprotective effects[21].  
Bilobalide competitively inhibited the catalytic activity of 
human recombinant CYP2D6 (IC50=11 μmol/L)[22].  After a 

single oral dose of different Ginkgo products such as Geria-
force tincture, Ginkgo fresh plant extract tablets and EGb 761 
tablets, the resulting maximum concentrations of bilobalide 
in plasma were 3.53, 11.68, and 26.85 ng/mL[23], respectively, 
less than the IC50 values from previous studies and our results.  
However, the bioavailability and pharmacokinetics of Ginkgo 
products for long-term use should be further investigated in 
clinical trials.  

Coptisine is an alkaloid found in the Chinese goldthread 
(Coptis chinensis) and plays an important role in cardioprotec-
tion and treating digestive disorders[24].  Coptisine displayed 
a strong concentration-dependent inhibition of CYP2D6 
(IC50=4.4 μmol/L) using human liver microsomes (HLM)[10].  
Although bilobalide and coptisine inhibited AMMC-O-
demethylation in our studies, the IC50 values from our sta-
bly transfected cell models were higher than those from the 
recombinant enzyme and HLM.  We speculate that the higher 
IC50 value may be due to the transportation of the phytochemi-
cals through the HepG2 cell membranes and/or different 
incubation conditions.

Schizandrin A and schizandrin B are major ingredients of 
the schizandrin fruit extract, which protects the liver against 
toxicant challenges[25, 26].  It has been reported that schizan-
drin A and schizandrin B display a competitive inhibition of 
CYP2D6-dependent activity to a limited extent (IC50 values 
>10 μmol/L)[27, 28].  In this study, we observed that schizandrin 
A and schizandrin B competitively inhibited CYP2D6*1 and 
*10 (IC50 =27.76 and 24.8 μmol/L), respectively.

Luteolin, one of the more common flavones, is a free radical 
scavenger that plays a role in antioxidation and the modula-
tion of the immune system[29, 30].  Reports have found that the 
CYP2D6-catalyzed dextromethorphan demethylation was 
reduced to approximately 40% of the control activity when 
exposed to 50 μmol/L luteolin[31].  In the present study, similar 
results were observed as the CYP2D6*1-catalyzed AMMC-O-
demethylation was reduced to 27.6% by 40 μmol/L luteolin.  
It was reported that the detectable plasma concentration of 
luteolin was at most 15 μmol/L after realistic consumption[32].  
That study indicated that 15 μmol/L luteolin most likely 
inhibits CYP2D6 activity, but a clinical pharmacology study is 

Table 4.  Inhibition of AMMC-O-demethylation in CYP2D6*1 and *10 by phytochemicals.

      
Phytochemicals

                                                        IC50±SD (μmol/L)a                                                         Apparent Ki
b                            Ki ratioc

                                                                    CYP2D6*1                            CYP2D6*10                     CYP2D6*1                CYP2D6*10        CYP2D6*10/*1
 
 Coptisine sulfate 12.70±0.87 12.55±0.44   6.38   8.03 1.26
 Bilobalide 16.88±0.97 18.28±1.86 12.35 15.84 1.28
 Schizandrin B 24.80±0.90 28.33±2.28 13.12 17.08 1.30
 Luteolin 25.47±2.90 32.40±2.59 14.10 17.29 1.23
 Puerarin 25.96±1.64 26.44±1.23 15.04 15.73 1.05
 Schizandrin A 27.77±1.14 29.98±4.55 17.27 19.75 1.14

a IC50 values were generated by several phytochemical inhibitions of CYP2D6*1 and CYP2D6*10-catalyzed AMMC-O-demethylation.  Results are 
expressed as mean±SD.  n≥3.
b Apparent Ki values were determined using global fit for competitive inhibition. 
c Ki ratio was calculated by Ki values CYP2D6*10/*1.
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Figure 5.  Representative Eadie-Hofstee plots for phytochemical inhibition of CYP2D6*1 and *10-catalyzed AMMC-O-demethylation.  The substrate 
AMMC concentration ranged from 0 to 80 μmol/L, whereas the inhibitor concentrations used were 0 μmol/L (●), 0.5-fold of the IC50 values (○) and 
1-fold of the IC50 values (▼).
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needed to confirm this result in humans.  
Puerarin is a flavonoid derivative in Radix puerariae (Ge-gen) 

and is an antagonist of the 5-HT2C receptor and benzodiaz-
epine site[33].  Puerarin competitively inhibited CYP2D6 in our 
cell model.  There was no relationship between CYP2D6*1 and 
*10 inhibition by puerarin in vitro, similar to the in vivo experi-
ment previously conducted in our laboratory[34].  

In conclusion, we have demonstrated the use of stable 
CYP2D6 expression cell models in the kinetic assessment of 
CYP2D6*1 and *10-mediated bufuralol 1’-hydroxylation and 
AMMC-O-demethylation.  We further investigated CYP2D6 
genotype-dependent herb-drug interactions using these cell 
models.  The concentration-dependent inhibition and the 
representative Eadie-Hofstee plots indicate that these phyto-
chemicals, including bilobalide, coptisine sulfate, schizandrin 
B, luteolin, schizandrin A, and puerarin competitively inhibit 
CYP2D6*1 and *10 activities.  Although CYP2D6*10 had a 
lower enzyme activity than CYP2D6*1, the inhibitions by the 
phytochemicals were similar between these two variants.  
Further studies are warranted to identify whether the in vitro 
effects of these phytochemicals have clinical significance in 
humans.
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