
Arabian Journal of Chemistry (2023) 16, 105156
King Saud University

Arabian Journal of Chemistry

www.ksu.edu.sa
www.sciencedirect.com
ORIGINAL ARTICLE
Tetracyclic triterpenoids as inhibitors of

cytochrome P450 3A4 and their quantitative

structure activity relationship analysis
* Corresponding authors at: College of Pharmacy, Second Affiliated

Hospital, Dalian Medical University, 9 Western Section, Lvshun

South Road, Dalian 116044, China.

E-mail addresses: ningjing0626@163.com (J. Ning), maxc1978@163.

com (X.-C. Ma).
1 W. Pan, L. Feng and C.P. Sun contributed equally.

Peer review under responsibility of King Saud University.

Production and hosting by Elsevier

https://doi.org/10.1016/j.arabjc.2023.105156
1878-5352 � 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Wei Pan
a,1
, Lei Feng

b,c,1
, Cheng-Peng Sun

a,1
, Xiang-Ge Tian

a
, Chao Shi

a
,

Chao Wang a, Xia Lv a, Yan Wang a, Shan-Shan Huang a, Bao-Jing Zhang a,

Jing Ning a,*, Xiao-Chi Ma a,b,*
aCollege of Pharmacy, College of Integrative Medicine, Dalian Medical University, Dalian 116044, China
bSecond Affiliated Hospital, Dalian Medical University, Dalian 116023, China
cSchool of Chemistry and Chemical Engineering, Henan Normal University, Xinxiang 453007, China
Received 28 April 2023; accepted 7 July 2023
Available online 11 July 2023
KEYWORDS

Tetracyclic triterpenoids;

Cytochrome P450 3A4;

Structure-activity relation-

ship;

Herbal-drug interactions;

Inhibition mechanism
Abstract The interaction between herbs and clinical drugs is one of the risk factors for adverse

drug reactions. In the present study, the inhibitory effects of 47 tetracyclic triterpenoids toward

the main drug-metabolizing CYPs in humans were investigated. Most of the evaluated tetracyclic

triterpenoids (TT) exhibited strong inhibitory effects toward CYP3A4 compared with other CYP

subtypes. The inhibition kinetics of compounds 9 (23-acetyl alisol C), 44 (hemslecin A), and 47 (cu-

curbitacin E) against CYP3A4 were studied, and inhibition constant (Ki) was determined as 2.12,

0.196, and 0.162 mM, respectively. Some representative TT exhibited significant inhibitory effects

toward the metabolism of gefitinib, atorvastatin, and quetiapine, indicating a potential interaction

between TT derivatives and clinical drugs. Additionally, a quantitative structure–activity relation-

ship (QSAR) study of a series of TT as inhibitors of CYP3A4 was performed. The present study

provided key information to guide the rational use of herbs rich in TT.
� 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

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

Tetracyclic triterpenoids (TT) are widely distributed natural com-

pounds characterized by 30 carbon atoms containing A, B, C, and D

rings. The major class of TT can be categorized into dammarane,

lanostane, protostane, cucurbitane, and cycloartane group, which are

mainly distributed in Cucurbitaceae, Scrophulariaceae, Ranuncu-

laceae, Araliaceae, and so on (Hill and Connolly, 2011, 2020). Many

traditional valuable healthcare medicines such as Panax ginseng and

Ganoderma lucidum have TT as their main active ingredients

(Hamid et al., 2015). For the past few years, a growing body of
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research indicated that such compounds possessed significant pharma-

cological effects including anti-cancer (Wang and Fang, 2009), anti-

inflammatory (Braca et al., 2011), anti-diabetic (Alqahtani et al.,

2013), and anti-Alzheimer activities (Yoo and Park, 2012). The antitu-

mor activities of cucurbitacins have received widespread attention, and

their antiproliferation and pro-apoptosis effects were found associated

with JAK2/STAT3, P13K/Akt, and MAPK signaling pathways

(Zheng et al., 2014; Wang et al., 2016). The marked effects of cucur-

bitacin E and B on cancer cell lines were evaluated down to the

nanomolar level (Duncan et al., 1996). Additionally, the health benefits

of TT including anti-obesity, and ameliorating effects on vascular dys-

functions (Sheng and Sun, 2011) have been widely recognized. Taking

into consideration the broad applicability and high intake of such com-

pounds in our daily life, the potential interactions of TT with market

drugs should be more concerned and evaluated.

Cytochrome P450 (CYP) superfamily is a group of heme-

containing proteins, that mainly participates in the oxidative metabo-

lism of many foreign chemicals in mammalian species (Galetin et al.,

2008). CYP3A4 mediates the metabolism of about 60% of therapeutic

drugs, and is regarded as one of the most important drug-metabolizing

enzymes in humans (Rendic, 2002; Zhou et al., 2005). Therefore, any

potential inhibitory effects of chemicals including natural products

may impose a metabolic disturbance on clinical drugs that mainly

undergo CYP3A4-mediated metabolism (Rendic, 2002; Zhou et al.,

2005; Guo and Yamazoe, 2004; Li et al., 2013).

In the previous study, there were a few investigations reported that

the in vivo metabolism of TT in human were mediated by CYP3A4,

indicating the wide range of interactions of TT with CYP3A4 (Hao

et al., 2010; Yu et al., 2013). Notably, the activity inhibitory effects

of ginsenosides and ganoderic acids toward CYP3A4 had been

reported, indicating an interaction risk of TT on clinical drugs that

undergoing CYP3A4-mediated metabolism (Liu et al., 2006; Xu

et al., 2020). It was found that intestinal metabolites of ginsenosides

including protopanaxatriol (PPT) and protopanaxadiol (PPD) both

exhibited potent inhibitory effects toward CYP3A4 (Liu et al., 2006).

However, the interaction and relationship between TT and this key

drug-metabolizing enzyme have not been fully elucidated.

Accordingly, and given the importance of inhibitory effects of TT

derivatives against CYP3A4, our present study aims to: 1) measure the

potential inhibitory effects of TT toward CYP3A4 and other main

drug metabolizing CYP subtypes; 2) explore the inhibition characteris-

tics and mechanism of TT toward CYP3A4; 3) construct a quantitative

structure–activity relationship (QSAR) analysis between CYP3A4

inhibiting effects and TT. The results could provide some useful infor-

mation for elaborating a relationship between the natural products and

CYP3A4, facilitating the prediction of the potential herbal-drug inter-

action to guide the rational use of herbal medicine with chemical

drugs.

2. Material and methods

2.1. Chemicals and reagents

The compounds including toosendanin (42), cucurbitacin B

(43), hemslecin A (44, HSA), cucurbitacin Ⅱb (45), pachymic
acid (46), cucurbitacin E (47, CBE) were purchased from
Herbest Biotechnology Co., Ltd (Baoji, China). (24E)-
coccinic acid (23), kadpolysperin I (24), schisanlactone B

(25), kadcoccinone N (26), schisandronic acid (27), heteroclita-
lactone B (28), heteroclitalactone E (29), were kindly provided
by Prof. Wei Wang (Hunan University of Chinese Medicine,

Wang et al., 2006). The other compounds were isolated and
identified in our laboratory (Mai et al., 2015; Wei et al.,
2017; Zhang et al., 2017; Wei et al., 2018; Sun et al., 2020;
Luan et al., 2019). NADPNa2, glucose-6-phosphate dehydro-
genase, glucose-6-phosphate, and midazolam (MDZ) were
obtained from Sigma-Aldrich (St. Louis, MO). The human

liver microsomes were obtained from Bioreclamation IVT
(MD, USA) and stored at �80 �C until use.

2.2. Screening of the inhibitory effects of 47 tetracyclic
triterpenoids against CYP3A4

The inhibitory effects of 47 TT against CYP3A4 mediated

midazolam 10-hydroxylation were evaluated. The NADPH-
generating incubation system (1 mM NADPNa2, 4 mM
MgCl2, 1 unit/mL glucose-6-phosphate dehydrogenase,

10 mM glucose-6-phosphate), HLM (0.05 mg/mL), and sub-
strate MDZ incubated in 100 mM potassium phosphate buffer
(pH 7.4) in the presence (inhibition samples) or absence (con-
trol samples) of various TT compounds (10 mM). The incuba-

tion samples were initiated by adding NADPNa2 after 3 min
preincubation at 37 �C. Continuous incubation at 37 �C for
7.5 min, adding 100 lL acetonitrile to stop the enzymatic reac-

tion. The incubation samples were centrifugated at 20,000 g for
20 min, and the supernatants were analyzed by LC-MS. The
residual activity was calculated by the relative value of the for-

mation rate of 10-hydroxylated metabolite of MDZ of inhibi-
tion samples and control samples.

2.3. Evaluation of the inhibitory effects of 47 tetracyclic
triterpenoids toward various CYP subtypes

The inhibition of 47 TT toward other mainly drug metaboliz-
ing CYP subtypes distributed in HLM, including CYP1A2,

2B6, 2C8, 2C9, 2C19 and 2D6, was evaluated using respective
probe substrate. The functionality of each CYP isoforms was
assessed by determining the catalytic activities, that is, phena-

cetin O-deethylation for CYP1A2, bupropion 4-hydroxylation
for CYP2B6, taxol 6-hydroxylation for CYP2C8, diclofenac
40-hydroxylation for CYP2C9, S-Mephenytoin 40-
hydroxylation for CYP2C19, dextromethorphan O-
demethylation for CYP2D6. The incubation conditions were
consistent with the previous studies (He et al., 2015; Li et al.,
2018).

2.4. IC50 determination

Varying concentrations of 47 TT (25 nM-150 mM) were incu-

bated with MDZ (5 mM) for 7.5 min. The inhibitory dose–re-
sponse curves were obtained to fit the data with the program
Prism (Version 8.0, GraphPad, San Diego, CA). Other condi-

tions were consistent with the described above.

2.5. Inhibition kinetic characterization

Varying concentrations of 23-acetyl alisol C (AAC), HSA,
CBE (0.1–25 mM) were incubated for 7.5 min with varying
concentrations of MDZ (1–25 mM). The Lineweaver–Burk
and Dixon plots were obtained to fit the data with the program

Prism (Version 8.0, GraphPad, San Diego, CA). The inhibition
constant (Ki) values were determined using the following
equations:
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When a is very large (a greater than 1), the mixed-model
becomes identical to competitive inhibition.

2.6. LC–MS assay

A standard ExionLC AD HPLC system was equipped with a
Luna Omega PS C18 (2.1 � 100 mm, 3 lm) analytical column.

The mobile phase consisted of 0.1% formic acid aqueous solu-
tion (A) and acetonitrile (B), were conducted with the 0.30 mL/
min flow rate as follows: 0–1.5 min (10–10% B), 1.5–3.0 min

(10–45% B), and 3.0–5.0 min (45–90% B). An Applied Biosys-
tems SCIEX QTRAP 5500 with electrospray ionization (ESI)
source was used to analyze target metabolites. The analyses

were performed in positive mode, and used the following val-
ues: 10-hydroxylated MDZ (342.0 ? 324.0), deethylated phe-
nacetin (152.1 ? 110.0), 4-hydroxylated bupropion (256.

0 ? 238.0), 6-hydroxylated paclitaxel (892.4 ? 607.2), 4-
hydroxylated diclofenac (312.1 ? 231.0), 40-hydroxylated S-
mephenytoin (235.0 ? 150.0), demethylated dextromethor-
phan (258.1 ? 157.0), defluorinated gefitinib (445.0 ? 128.0),

2- and 4-hydroxylated atorvastatin (575.0 ? 440.0), S-
oxidated quetiapine (400.1 ? 177.9). Related parameters for
the quantification assay setting refer to Table S1 in the supple-

mentary materials.

2.7. 3D-QSAR model studies

The comparative molecular field method (CoMFA) has been
widely used in the discovery and optimization of lead com-
pounds (Melo-Filho et al., 2014; Yang et al., 2011). In this
study, the CoMFA method was used to construct a three-

dimensional quantitative structure–activity relationship (3D-
QSAR) model based on pIC50.

During the modeling process, all molecules were prepared

in SYBYL X1.1 by minimizing in the standard force field (Tri-
pos), adding Gasteiger-Huckel charge and searching all mole-
cules to produce the lowest energy conformation of small

molecules. Then, the lowest energy conformation was used
as the initial structure of the CoMFA model. In order to build
Table 1 Inhibition parameters of representative tetracyclic triterpen

Compound Inhibition type Ki (mM

CBE Mixed inhibition 0.162

AAC Mixed inhibition 2.12

HSA Mixed inhibition 0.196
the CoMFA model and verify its predictive ability, we divide
all molecules into a training set and a test set. Considering
the distribution of biological activity data and the diversity

of chemical structures, 4, 6, 15, 24, 30, 37 and 44 were selected
from 47 compounds as the test set, and the remaining 40 com-
pounds as the training set. In order to modeling the biologi-

cally active conformations, compounds in the training set
were superimposed based on a common scaffold, and 49
(HSA) with the largest pIC50 value was set as template mole-

cule of superimposition. During the construction of CoMFA,
the steric field and electrostatic field are calculated. Then, Par-
tial Least Squares (PLS) in SYBYL-X 1.1 was applied to per-
form CoMFA modeling. The pIC50 value of the training set in

the CoMFA model is set as Y, and the CoMFA parameter val-
ues as X. The optimal number of components (ONC) was
obtained by leave-one-out (LOO) cross-validation analysis.

After the model is built, internal and external validation are
used to evaluate the robustness (R2 and Q2) and predictive
ability. The statistical parameters of the CoMFA model are

listed in Table S2 in the supplementary materials.

2.8. Interactions between tetracyclic triterpenoid derivatives and
clinical drugs

In the present study, quetiapine, atorvastatin and gefitinib that
mainly undergoing CYP3A4 mediated metabolism were used
as potential interacting clinical drugs with TT derivatives.

The inhibitory effects of five representative TT derivatives
(0.1–100 mM) toward the oxidation metabolism of the above-
mentioned clinical drugs were evaluated. The concentration

of clinical drugs in incubation system was seated according
to the corresponding reported Km values of probe substrates.
The incubation conditions were consistent with the previous

studies (Li et al., 2018).
3. Results and discussions

3.1. Inhibitory effects of tetracyclic triterpenes derivatives
toward CYP3A4

The inhibitory effects of 47 TT toward CYP3A4 were first
evaluated (Scheme 1). It was found that, at the concentration
of 10 lM, alismanin D (2), (23S)-11b,23-dihydroxy-8a,9b,14
b-dammar-13(17)-ene-3,24-dione (3), 23-acetyl alisol C
(AAC, 9), alisol B 23-acetate (10), alisol B (AB, 11), kad-
polysperin I (24), kadcoccinone N (26), panaxatriol (PT, 32),

(20S)-protopanaxdiol (S-PPT, 34), hemslecin A (HSA, 44)
and cucurbitacin E (CBE, 47) exhibited a strong inhibitory
effects toward CYP3A4 mediated MDZ 10-hydroxylation,
and the percentage remaining activity were all less than 25%
(Fig. 1). The compound 47 (cucurbitacin E, CBE), a major
component of Curcurbitaceae plants, was a potential inhibitor
oids toward CYP3A4.

) ɑ* The goodness of fit (R2)

8.97 0.9828

10.5 0.9046

55.9 0.9292



Scheme 1 The structures of tetracyclic triterpenoids (1–47) are used.
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toward CYP3A4 with the percentage remaining activity deter-
mined as 5.3%. In contrast, the activity of CYP3A4 was
slightly modulated by compounds including 7-oxo-

ganoderlactone D (12), Ganolactone B (14), ganoderic acid
H (15), banoderic acid B (16), 12b-hydroxyganoderenic F
(17), ganoderic AM1 (18), ganoderic acid C (19), ganoderic

acid F (20), ganoderic acid C6 (21), schisandronic acid (27),
ginsenoside Rh1 (39), toosendanin (42) and pachymic acid
(46) with the percentage remaining activity more than 75%

at the same screening concentration. It can be found that gan-
oderic acid all exhibited weak inhibitory effects toward
CYP3A4.

The dose-dependent inhibition behaviors of representative

TT toward CYP3A4 were evaluated (Fig. 2). The inhibitory
activities of compounds including 9 (AAC), 11 (AB), 32
(PT), 33 (S-PPT), 44 (HSA), and 47 (CBE) expressed as IC50

values and determined as 1.42, 1.27, 1.80, 4.94, 0.65 and
0.42 mM, respectively.

3.2. Inhibitory effects of tetracyclic triterpenoids toward other
CYP subtypes

To explore the inhibitory selectivity of 47 TT, the inhibitory

effects of these compounds toward other CYP subtypes that
are mainly involved in drug metabolism were evaluated. Com-
pound 47, which was the potential inhibitor of CYP3A4,
exhibited very weak inhibitory effects toward other CYP sub-

types at the concentration of 10 lM (Fig. 1). And the extensive
strong inhibitory effects toward CYP3A4 of a majority of TT
were not observed in other CYP subtypes. It was found that a

few TT inhibited CYP2B6 with strong inhibition activity,
including (24E)-coccinic acid (23), heteroclitalactone B (28),
and panaxadiol (31). However, the TT all exhibited relatively
Fig. 1 (A) A brief profile of inhibitory effects of tetracyclic triterpeno

(B) The representative tetracyclic triterpenoids exhibited strong inhibi
weak inhibitory effects toward CYP2C8 and CYP2D6, with
a percentage remaining activity were all more than 75%. Addi-
tionally, it was found that compound 23 strongly inhibited

CYP1A2; compounds 30 and 42 strongly inhibited CYP2C9;
and compound 36 strongly inhibited CYP2C19. Overall, TT
derivatives exhibited a strong inhibitory effect toward

CYP3A4 in comparison with other CYP subtypes.

3.3. 3D-QSAR of tetracyclic triterpenoids by CoMFA

The strong inhibitory effects of TT prompted us to explore the
interaction relationship between TT and CYP3A4. Above all,
the IC50 values were obtained for the 47 ligands to screen for

their inhibitory ability toward CYP3A4. All the data were
listed in Table S2, and it was found that the variation of the
IC50 values for these TT was very large.

Subsequently, the pIC50 is set as the dependent variable for

the construction of the CoMFA model. Considering the distri-
bution of biological activity data and the diversity of chemical
structures, compounds 4, 6, 15, 24, 30, 37, and 44 were selected

from 47 compounds as the test set, and the remaining 40 com-
pounds as the training set. The results of partial least square
(PLS) analysis are listed in Table S3, and plots of the predicted

values against experimental values are shown in Figure S1. The
CoMFA model for the training set yields statistically signifi-
cant results with the cross-validated q2 of 0.522 and non-
cross-validated r2 of 0.936. The raw experimental and pre-

dicted pIC50 values was shown in Table S2, and the correlation
is shown in Fig. 3. All these parameters indicate that the
CoMFA model is more reliable and the consistency of internal

and external data sets is good.
The equipotential map generated by the PLS model can

explain the relationship between the three-dimensional struc-
ids (1–47) toward major human CYP isoforms in the human liver.

tory effects toward CYP3A4.



Fig. 2 Dose-dependent inhibition behavior of tetracyclic triterpenoids toward CYP3A4.
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tures and inhibition activities of these compounds. Based on
the conformational superposition of 47 TT inhibitors

(Fig. 3A), the 3D-QSAR model of the steroid inhibitors was
obtained by constructing a COMFA equipotential map
Fig. 3 The 3D quantitative structure–activity relationship of the tetr

overlap of 47 tetracyclic triterpenoids with compound 47 as a template

template molecule 47. (C) Stereo field equipotential map of CoMFA m

the unfavorable area is shown in yellow. (D) The electrostatic field eq

area is shown in blue, and the negatively charged area is shown in red
(Fig. 3B). It can be seen that the inhibition activities of these
TT were simultaneously affected by the stereo field and elec-

trostatic fields, and the electrostatic contribution is nearly
two times the contribution of the steric field. The steric field
acyclic triterpenoids based on the ligands. (A) The conformational

molecule. (B) Equipotential diagram of CoMFA model based on

odel. The favorable area of the stereo field is shown in green, and

uipotential diagram of the CoMFA model. The positively charged

.
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is mainly distributed on two sides of the TT scaffold (the A
ring and D ring regions, see Fig. 3C), indicating that the mod-
ification of the substituents in these regions has a greater

impact on the inhibitory activity of the TT inhibitors. The
green contour indicates that the substitution of a larger group
can increase the inhibition activity, while the yellow contour

indicates that the substitution of a smaller group helps to
increase the inhibition activity. As shown in Fig. 3D, the distri-
bution of the electrostatic field is relatively dispersed. Among

them, there is a favorable area of negative charge in the area
near the A ring, indicating that the appropriate negative group
substitution can enhance the activity of the inhibitor. The pos-
itively charged and negatively charged regions exist simultane-

ously around the D ring change, which indicates that
increasing the positively charged and negatively charged
Fig. 4 The Lineweaver-Burk and Dixon plots for CYP3A4 inhibition

and F), respectively.
groups in the corresponding regions can enhance the activity
of the inhibitor.

3.4. Inhibition kinetics of representative tetracyclic triterpenes
toward CYP3A4

The inhibition kinetics of CYP3A4 by CBE, AAC, and HSA

were performed to explore the possible inhibition mechanism
of TT. As shown in Fig. 4, the Dixon and Lineweaver–Burk
plots of three TT indicated that CYP3A4 inhibition was all fit-

ted in a mixed inhibition manner. Notably, the fitting param-
eters a were all greater than 1, indicating that the mixed model
for CBE, AAC, and HSA was inclined to competitive inhibi-

tion (Table 1). The value of Ki for CBE, AAC, and HSA
was determined as 0.162, 2.12, and 0.193 mM, respectively.
in the presence of CBE (A and B), AAC (C and D), and HSA (E



Table 2 IC50 values of representative tetracyclic triterpenoids toward the clinical drugs undergoing CYP3A mediated metabolism.

Substrate IC50 (mM)

CBE AAC HSA S-PPT PT

Gefitinib 0.94 16.55 5.32 5.64 1.12

Atorvastatin 1.24 2.31 13.30 14.66 12.42

Quetiapine 3.75 12.13 12.03 11.88 5.68
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3.5. Interactions between representative tetracyclic triterpenes
and clinical drugs

Some clinical drugs that mainly undergo CYP3A4-mediated
metabolism including gefitinib, atorvastatin, and quetiapine

were used to evaluate the potential interaction between TT
and clinical drugs. The IC50 values of CBE, AAC, HSA, S-
PPT, and PT were determined and listed in Table 2. The

involving TT exhibited significant inhibitory effects toward
the CYP3A4-mediated oxidative metabolism of gefitinib, ator-
vastatin, and quetiapine. Therein, CBE strongly inhibited the

metabolism of gefitinib, atorvastatin, and quetiapine, with
the IC50 lying between 0.94 and 3.75 mM.

CBE and HSA are major components of curcurbitaceae

plants including Hemsleya amabilis Diels, Trichosanthes kir-
ilowii Maxim, and Cucurbita moschata Duch that displayed
anti-inflammatory, antipyretic, and antibacterial activity
(Kaushik et al., 2015). Recently, this type of TT has been pro-

ven to have a strong anticancer activity the antiproliferative
effect of CBE on PC 3, HL-60, and Bel-7402 lay between 10
and 43 nM, respectively (Chen et al., 2012). Cucurbitacin

tablets and other drugs that contain these active ingredients
have served as adjutant drugs in tumor therapy (Wang et al.,
2017).

In the present study, the potential interaction between CBE
and gefitinib was observed, indicating that more attention
should be paid to the monitoring of gefitinib blood concentra-

tion and side effects when using CBE-containing drugs as adju-
tant agents. Additionally, S-PPT and PT are important
metabolites of ginsenosides that are enriched in commonly
used herbs such as Panax notoginseng (Burkill) F. H. Chen

ex C. H. and Panax ginseng C. A. Meyer (Liu et al., 2006).
The high frequency in the daily life of these herbal medicines
may induce herbal-drug interaction due to the strong inhibi-

tory effects of metabolites of ginsenosides toward CYP3A4.
Overall, the results indicated that the interactions between
TT and clinical drugs may be widespread, and the potential

drug interaction induced by TT and they are containing herbal
medicine should be taken attention.

4. Conclusions

In the present study, we evaluated the inhibitory effects of a series of

TT toward main drug-metabolizing CYP subtypes in humans. The

results indicated that TT exhibited strong inhibitory effects toward

CYP3A4 compared with other CYP subtypes. Subsequently, a quanti-

tative structure–activity relationship (QSAR) study of a series of TT as

inhibitors of CYP3A4 was performed. The results disclosed the key

domain and substituents that affect CYP3A4 inhibitory activity. Fur-

thermore, the representative TT also displayed strong inhibitory effects

on the metabolism of clinical drugs. Therefore, the present study indi-
cated a potential metabolism-mediated interaction between TT deriva-

tives and clinical drugs and could provide key information to guide the

rational use of herbs rich in TT.
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