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[ABSTRACT] Psoraleae Fructus (the dried fruits of Psoralea corylifolia), one of the most frequently used Chinese herbs in Asian
countries, has a variety of biological activities. In clinical settings, Psoraleae Fructus or Psoraleae Fructus-related herbal medicines
frequently have been used in combination with a number of therapeutic drugs for the treatment of various human diseases, such as
leukoderma, rheumatism and dysentery. The use of Psoraleae Fructus in combination with drugs has aroused concern of the potential
risks of herb-drug interactions (HDI) or herb-endobiotic interactions (HEI). This article reviews the interactions between human
drug-metabolizing enzymes and the constituents of Psoraleae Fructus; the major constituents in Psoraleae Fructus, along with their
chemical structures and metabolic pathways are summarized, and the inhibitory and inductive effects of the constituents in Psoraleae

Fructus on human drug-metabolizing enzymes (DMEs), including target enzyme(s), its modulatory potency, and mechanisms of action

are presented. Collectively, this review summarizes current knowledge of the interactions between the Chinese herb Psoraleae Fructus
and therapeutic drugs in an effort to facilitate its rational use in clinical settings, and especially to avoid the potential risks of HDI or

HEI through human DMEs.
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Introduction

Psoraleae Fructus (the dried fruits of Psoralea corylifolia
L.), one of the most widely used Chinese herbs in Asian
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countries, has been widely used for the treatment of leu-
coderma and other skin diseases, cardiovascular diseases,
nephritis, bone fracture and osteoporosis, as well as for the
adjunctive treatment of several types of cancer !'l. In China
and other Asian countries, Psoraleae Fructus is the most fre-
quently used material for preparing herbal medicines, such as
Fufang Psoraleae Fructus Keli and Psoraleae Fructus Injection,
Algushadi yoga, Maheshwara ghrita, Ayorajodi lepa, and
Bawchi tel . Over the past two decades the biological activi-
ties of extracts or the bioactive compounds from P. corylifolia
have been extensively studied 7). In clinical settings,
Psoraleae Fructus or Psoraleae Fructus-related herbal medi-
cines have been frequently used in combination with a panel
of therapeutic drugs for the treatment of various human dis-
eases. The combination use of Psoraleae Fructus with thera-
peutic drugs has aroused great concerns on the potential risks
of herb-drug interactions (HDI) or herb-endobiotic interac-
tions (HEI), by both patients and clinical pharmacologists. In
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fact, several case reports have revealed that Psoraleae Fructus
can lead to hyperbilirubinemia, liver injury and other side
effects ). Therefore, it is essential to systematically investi-
gate the interactions between the major constituents of
Psoraleae Fructus, as well as the key proteins in the human
body, especially for those enzymes that participate in the de-
toxification of drugs and toxic endogenous compounds. Over
the past decade the major constituents in Psoraleae Fructus
and their metabolic pathways in human tissues, along with the
inhibitory and inductive effects of its constituents on human
drug metabolizing enzymes (DMEs) have been well investi-
gated. On the basis of these investigations, this review pro-
vides an extensive overview of the recent progress on the
metabolic interactions between the Chinese herb Psoraleae
Fructus and human DMEs. The major constituents in
Psoraleae Fructus, along with their metabolic pathways and
pharmacokinetic parameters are well-summarized. Meanwhile,
the inhibitory and inductive effects of these constituents on
human DMEs, including human cytochrome P450 enzymes
(CYPs), UDP-glucuronosyltransferases (UGTs), and esterases,
are also summarized. The information presented in this re-
view will be extremely helpful for the rational use of the
Chinese herb Psoraleae Fructus in clinical settings, and espe-
cially to avoid potential risks of HDI or HEI as a result of the
inhibition or changes in the expression of human DMEs.

Major constituents of the Chinese herb Psoraleae
Fructus

More than 90 kinds of compounds have been isolated

from P. corylifolia 7

, including coumarins, meroterpenes,
flavonoids, chalcones, stigmasteroids, lipids, resins, and vola-
tile oils, efc. Among these constituents, coumarins (psoralen,
isopsoralidin, and psoralidin), flavonoids (bavachin, daidzin),
chalcones (isobavachalcone) and several monoterpenoids
(such as bakuchiol) have been validated as major constituents
in the seeds of P. corylifolia (Fig. 1) P. Zhang et al. have
quantitatively determined the contents of major constituents
in the seeds of P. corylifolia and report that bakuchiol (5.24%),
psoralenoside (1.57%), isopsoralenoside (1.45%), psoralen
(0.52%), isopsoralen (0.39%), bavachinin (0.76%), corylin
(0.06%), corylifol A (0.24%), psoralidin (0.24%), isobava-
chalcone (0.58%) and bavachalcone (0.05%) are abundant
constituents in the seeds of P. corylifolia (Fig. 2) ®!. Over the
past two decades, modern pharmacological investigations
have demonstrated that both the crude extract of the seeds of
P. corylifolia and its major constituents exhibited a wide
range of biological activities, including estrogenic, antitumor,
anti-oxidant, antimicrobial, antidepressant, anti-inflammatory,
osteoblastic effects, as well as effects on enzyme activities 61,
It has been reported that the flavonoids and chalcones isolated
from the seeds of P. corylifolia have been found with a wide
variety of beneficial effects, including anti-inflammatory ©,
U anticancer M2
, etc. The coumarins (such as

antibacterial "% anti-oxidative
[13-16]

, protein
kinase inhibition activity

®

psoralenoside) isolated from this herb have also been found to

have a variety of biological activities, including antibacterial ['"),

[19] [20]

and anti-oxidative ", antim-

[22]

osteoblastic '® anti-tumor
icrobial " and hepatoprotective activity, etc. The first
reported monoterpenoid compound isolated from the seeds of
P. corylifolia is bakuchiol P*); this compound has multiple
1 PY osteoblastic ), anti-
and hepatoprotective P71 activity, erc. Recently,
several oxygenated derivatives of bakuchiol were isolated
from this herb and their antimicrobial activity was investi-

gated 8.

activities, such as antimicrobia

tumor ¢!

Metabolism of major constituents in Psoraleae
Fructus

In vitro metabolism of major constituents in Psoraleae Fructus

Over the past ten years the metabolic pathways for the
major constituents in Psoraleae Fructus have been extensively
studied in liver microsomes from both human and experi-
mental animals. It has been found that most of the constitu-
ents in this herb can be metabolized by both phase I and phase
II metabolizing enzymes in mammals. Qin et al. found that
corylin can be readily metabolized by mammalian CYPs to
generate a series of oxidative and hydrated metabolites, while
this natural compound can also be metabolized by conjugative
enzymes to form the corresponding O-glucuronide O-sulfate ).
The metabolic pathways of corylin in human liver prepara-
tions are summarized in Fig. 3. Qin et al. also revealed that
CYPI1A, CYPIBI and CYP2C19 are major contributors to
the oxidative metabolism of corylin, while UGT1A1 is the
key enzyme responsible for corylin-O-glucuronidation in the
human liver P Xu et al. investigated the phase I and phase 11
metabolic pathways of neobavaisoflavone in vitro, and the
results clearly demonstrated that neobavaisoflavone can be
rapidly metabolized into three oxidative metabolites and two
O-glucuronides by human CYPs and UGTs, and the
drug-metabolizing enzymes involved in these processes have
been determined (Fig. 3) P%. Bakuchiol can be metabolized
by mammalian CYPs to generate a panel of oxidative me-
tabolites; CYP1A2, CYP2B6, CYP2C19 and CYP3A4 are
involved in the oxidative metabolism of this major constituent
in Psoraleae Fructus P'3. Bakuchiol can be metabolized by
CYP1A2, CYP2B6, CYP2C19, and CYP3A4 to form a set of
oxidative metabolites. Meanwhile, UGT1A1, UGTI1A3 and
UGT2BI15 have the ability to metabolize bakuchiol to form a
mono-O-glucuronide P*. Lv et al. reported that bavachinin
can be O-glucuronidated by UGTs in human liver prepara-
tions, and UGT1A1, UGT1A3 and UGT1AS8 are major con-
tributors . As shown in Fig. 3, psoralidin can be metabo-
lized by both mammalian CYPs and UGTs. Psoralidin can be
initially metabolized by CYP2CI19 to form a hydroxylated
metabolite %), and this compound can also be metabolized by
UGTI1Al, UGTIA7, UGT1A8 and UGT1A9 to form two
O-glucuronides B”1. The glucuronidation sites of psoralidin
have been determined via NMR analysis of two biosynthesized
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Fig.2 Representative LC-UV chromatograms of the seeds of
P. corylifolia. (1) psoralenoside, (2) isopsoralenoside, (3) psoralen,
(4) isopsoralen, (5) bavachin, (6) neobavaisoflavone, (7) corylin,
(8) isobavachalcone, (9) bavachinin, (10) psoralidin, (11) cory-
lifol A, (12) bavachalcone, (13) bakuchiol ™

O-glucuronides. Yang et al. investigated the differences in
the metabolite profiles of psoralen/isopsoralen in liver
microsomes from both humans and from six mammals %),
Xie et al. analyzed the metabolites of bavachin in rat liver
microsomes by LC-ESI-MS" and identified some com-
pounds via comparison to standards obtained by chemical
synthesis 31 but the in vitro metabolic parameters of ba-
vachin metabolism have not been reported.
In vivo metabolism of major constituents in Psoraleae Fructus
Besides the in vitro studies on the metabolism of major
constituents in the Chinese herb Psoraleae Fructus, some
groups have investigated the metabolism and pharmacokinetic
behaviors of several major constituents Psoraleae Fructus in
vivo. In 2015, Yao et al. investigated the metabolic fates in
rats of six representative constituents in the seeds of P.
corylifolia by ultra-performance liquid chromatography cou-
pled with quadrupole time-of-flight tandem mass spectrome-
try (UPLC/Q-TOF-MS) M. The results demonstrated that all
tested compounds (including psoralen, psoralidin, bavachin,
neobavaisoflavone, isobavachalcone and bakuchiol) could be
rapidly absorbed into the circulation, while a total of 142
Psoraleae Fructus-related xenobiotics were identified or tenta-
tively characterized in rat biofluids following oral administra-
tion of these single compounds or a crude extract of Psoraleae
Fructus (. Ten metabolites, including oxidative and conju-
gative metabolites, have been detected in rat plasma, urine
and fecal samples following oral administration of psoralen "’
(Data not shown). Similarly, a total of 12 metabolites (in-
cluding hydroxylated and epoxidated metabolites, as well as
the sulfate and glucuronide) were identified in rat plasma, urine
and fecal samples, after oral administration of psoralidin [,
Recently, Xue et al. investigated the metabolism of isobava-
chalcone in rats in vivo, and five phase I metabolites and ten
phase II metabolites of this prenylated chalcone were identi-
fied in rat bile using LC-ESI-MS" and LC-NMR after oral
administration of isobavachalcone with a dosage of
50 mg-kg ' Hu et al. investigated the metabolic fate of
bakuchiol in rats by ultra-performance liquid chromatogra-
phy/electrospray ionization—photo diode array—quadrupole
time of flight-mass spectrometry (UPLC/ESI-PDA-QTOF-MS),

®

a total of 11 metabolites were identified after oral administra-
tion of bakuchiol, including 6 in plasma, 10 in bile, 8 in urine
and 2 in feces, and the major metabolic pathways of baku-
chiol in rats were oxidation, hydroxylation, methylation,
O-glucuronidation and O-sulfation **. Wang er al. isolated 12
metabolites from the urine and feces of rats after oral admini-
stration of bakuchiol and their chemical structures were fully
elucidated by NMR ™. Qian ef al. studied the metabolism
and pharmacokinetic behavior of bavachinin in rats following
oral administration and found that bavachinin exhibited rapid
oral absorption (7, = 0.68 + 0.21 h), high elimination (7}, =
2.27 + 1.63 h) and poor absolute bioavailability (5.27%) 4.
Wang et al. have developed a rapid and sensitive method for
simultaneous determination of four major constituents from
Psoraleae Fructus (including psoralenoside, isopsoralenoside,
psoralen and isopsoralen) in biological samples and deter-
mined the pharmacokinetic parameters of these four constitu-
ents in rats following oral administration of the extract of
Psoraleae Fructus at a dosage of 3870 mgkg™' (Table 3) **!.
These results demonstrate that psoralenoside and isopsorale-
noside can be converted readily to psoralen and isopsoralen
by intestinal microflora via deglucosylation.

Inhibition of human DMEs by Psoraleae Fructus
and its major constituents

In view of the wide use of Psoraleaec Fructus-related
herbal medicines in clinical settings, the risks of herb-drug
interactions (HDI) or herb-endobiotic interactions (HEI) via
modulation of drug-metabolizing enzymes or drug transpor-
ters should be recognized in Psoraleae Fructus-associated
therapy %, Over the past decade the modulatory effects of
Psoraleae Fructus extract and its major constituents on key
drug-metabolizing enzymes in the human liver, such as cyto-
chrome P450 enzymes (CYPs), UDP-glucuronosyltran-
sferases (UGTs) and carboxylesterases (CES), have been
well-investigated, given that these enzymes play a pivotal role
in the metabolic clearance of a wide variety of clinically used
drugs 474
CYP inhibition by Psoraleae Fructus and its constituents

Liu et al. investigated the inhibitory effects of four cou-
marins isolated from Psoraleae Fructus (including psoralen,
isopsoralen, imperatorin and isoimperatorin) on seven human
hepatic CYPs using human liver microsomes as the enzyme
source. The results suggested that imperatorin and isoimpera-
torin showed strong inhibition of CYP1A2 and CYP2E1 B,
In another study, Zhong et al. evaluated the inhibitory effects
of psoralen and isopsoralen on five human hepatic CYPs and
found that psoralen and isopsoralen displayed strong inhibi-
tory effects on CYP1A2-mediated phenacetin-O-demethyla-
tion in human liver microsomes, with ICs, values of
0.17 umol-L™", and 0.13 pmol'L™", respectively ©°'!. Psoralen
and isopsoralen also displayed moderate inhibition of CYP2D6,
with ICs, values of 3.59 pmol-L™" and 9.51 pmol-L™, respec-
tively °Y. In 2013, Zhuang e al. found that isopsoralen was a
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Table 1 Kinetic parameters of oxidative metabolism of the constituents in Psoraleae Fructus in HLM and recombinant CYPs
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Compound Enzyme source  Metabolite K, (umol-L’l) Vinax (pmol-min’l-mg’l) CL,-,,,(pL-min’l-mg’l) Ref.
M1 1.57+£0.04 38.19+0.24 24.29 +0.67 [29]
M2 3.25+0.20 38.80+1.12 11.94 +0.80 [29]
HLM
M4 1.85+0.21 5.46 +0.26 2.95+0.37 [29]
M6 2.64+0.14 5.37+0.12 2.03+£0.11 [29]
M1 6.47 £0.85 165.90 £+ 13.49 26.63 +3.96 [29]
CYP1A1 M4 12.11 £0.85 189.90 £ 9.61 15.68 + 1.35 [29]
M6 7.41+1.01 48.97 +4.30 6.61 £1.07 [29]
M1 8.79+0.73 60.51 +1.75 6.89 £ 0.60 [29]
CYP1A2 M4 10.50 £ 1.26 72.97+£3.22 6.94 +0.89 [29]
Corylin M6 10.03+1.15 36.19 +1.51 3.61 £0.44 [29]
Ml 1.09 £ 0.06 36.10+0.41 33.09+1.78 [29]
CYPIBI1
M4 548+1.13 4.12+0.49 0.75+0.18 [29]
Ml 1.31+£0.13 18.36 £ 0.40 14.05+1.39 [29]
CYP2C8
M2 2.19+0.23 15.1+£0.77 6.90 + 0.81 [29]
M1 1.70 £0.21 10.03 £ 0.50 5.92+0.80 [29]
CYP2C9
M6 1.38 £0.08 6.62 +£0.08 479 +£0.27 [29]
M1 4.44 +0.28 587.50 £ 11.09 132.41 £ 8.85 [29]
CYP2C19
M4 1.75+0.22 25.14+0.78 14.39 + 1.90 [29]
CYP2D6 M4 1.31+£0.10 6.35+0.18 4.86+0.38 [29]
M8 541+£091 67.28 +3.68 12.43 +£2.19 [30]
HLM M9 3.35+0.48 33.60+1.39 10.04 £ 1.49 [30]
M10 4.64 +0.64 9.31+0.40 2.01 £0.29 [30]
M1l 2.22+0.16 15.53+0.30 6.99 £0.53 [30]
M7 5.98 +£0.78 30.63+1.10 5.12+£0.67 [30]
M8 2.62+0.73 22.12+3.13 8.43 +2.62 [30]
CYPI1A1l M9 1.06 £ 0.20 32.29+2.38 30.46 + 6.09 [30]
M10 3.72+1.53 130.0 +32.38 3496 + 16.84 [30]
NeOijflf(’ﬂa' Mi1 1.38+0.29 26.1+2.33 18.89 + 4.29 [30]
M8 23.73+1.72 36.27+1.07 1.53£0.12 [30]
M9 20.44 +1.78 601.9 +£20.48 29.45+2.75 [30]
CYP1A2
M10 34.94 +2.81 266.6 +9.92 7.63 £0.68 [30]
M1l 24.02 +2.60 36.83 +£1.63 1.53+£0.18 [30]
CYP2C8 M9 9.25+£0.61 121.8+2.51 13.16 £ 0.90 [30]
M8 1438 +5.79 912.0 £276.0 63.42+31.94 [30]
CYP2CI19 M9 12.63 £2.82 197.5 +33.18 15.64 £ 4.37 [30]
M10 39.66 + 19.72 52.38 £20.68 1.32+0.84 [30]
16.27 £ 1.21 3.15+0.22
HLM B 3171043 (nmol-min”"-pmol ) (ml'min~"-pmol ") [36]
Psoralidin
3.01+£0.23 1.24+0.14
CYP2C19 Mi12 242+0.15 (nmol'minfl'pmolil) (ml'minil'pmolfl) [36]
Table 2 Kinetic parameters of O-glucuronidation of the constituents in Psoraleae Fructus in HLM and recombinant UGTs
Compound Enzyme source  Metabolite K, (umol-L’l) Voax (pmol-min’l-mg’l) CL,-,,,(pL-min’l-mg’l) Ref.
HLM Gl 5.27+0.46 660.1 +31.75 125.33 £12.58 [29]
. UGTI1AlL Gl 3.20+0.50 390.8 £ 29.15 122.32 £21.07 [29]
Corylin
UGT1A3 Gl 3.83£0.37 76.99 +3.80 20.11 £2.16 [29]
UGTI1AS Gl 25.59+1.94 83.76 £ 3.06 3.27+0.28 [29]
?
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Continued
Compound Enzyme source  Metabolite K, (umol-L’l) Voax (pmol-min’l-mg’l) CL,-,,,(pL-min’l-mg’l) Ref.
HLM G2 6.58 +1.25 1788.0 +203.6 271.90 + 60.39 [30]
G3 1.41£0.13 919.1 +20.23 651.38 = 60.31 [30]
G2 3.64 +0.48 912.4 +49.36 250.87 + 35.80 [30]
UGTI1A1
G3 1.03+0.11 4833+ 1.59 47.01 +5.35 [30]
. G2 0.41 +0.06 11.93 £0.55 28.87 +4.57 [30]
Neobavaisoflavone UGT1A7
G3 0.31+0.04 1353+ 4.36 438.15 + 56.41 [30]
G2 4.52+0.54 419.1 + 18.69 92.68 + 11.73 [30]
UGT1A8
G3 4.0+0.51 147.0 + 6.84 36.75 + 5.00 [30]
G2 1.77+0.14 70.01 +1.37 39.49 +3.11 [30]
UGTI1A9
G3 0.75+0.07 805.9 + 17.46 1073.25 + 108.93 [30]
HLM - 408+0.10  3.72+0.17 (nmol'min "mg™")  0.91+0.05 (mL'min "mg ")  [34]
Bakuchiol UGTIA1 - 441+0.08  0.34+0.02 (pmol'min "mg™")  0.05+0.01 (mL-min "mg ")  [34]
akuchio
UGTI1A3 = 10.05+1.10  0.34+0.02 (pmol'min "mg™")  0.02 £0.00 (mL'min "mg™")  [34]
UGT2BI15 - 3.50£0.30  0.35+0.05 (pmol'min mg™")  0.07£0.01 (mL'min "mg™")  [34]
HLM = 12.4+0.6 629+ 13 26.2 [35]
. UGTI1A1 - 9.7+0.6 606 + 14 31.1 [35]
Bavachinin
UGT1A3 = 9.1+12 35.4+2.1 3.9 [35]
UGT1A8 - 23+02 954+ 33 216.2 [35]

Table 3 Pharmacokinetic parameters of the major constituents in Psoraleae Fructus in rat plasma after oral administration or in-
travenous administration of single compound or Psoraleae Fructus extract

Compound l:fi?ﬂien(i)—f Dose Tn/h Conax Topax /0 A UC””,I A UC”’”,I SL 1. Ref.
stration (ug'mL™) (piaast, ) (it ) (AT )
Bavachinin p.o. 70 mg'kg”  227+1.63 0.16+0.060 0.68+021 0.70+0.18 0.76 £0.19 -- [44]
Bavachinin iv. 5mgkg’  0.64+0.28 -- -- 0.95+0.38 0.96 +0.38 576 £ 1.75 [44]
Psoralenoside” p.o. 3.87gkg! 3.49+045 1.46+0.24 2.58+0.59 12.01 +£2.47 12.10 +£2.49 439+1.02 [45]
Isopsoralenoside” p-o. 3.87gkg! 564+3.13 2.58+1.60 2.58+0.59 16.82+6.45 17.21 + 6.46 2.56+0.88 [45]
Psoralen” p.o. 3.87gkg! 267+0.65 397+1.26 9.00+£1.67 41.14+16.20 41.31+16.13 0.02+0.01 [45]
Isopsoralen” p.o. 3.87gkg! 297+0.87 2.13+0.82 10.00+1.27 2531+9.40 25.46+9.40 0.02+0.01 [45]
Note: The " indicates that the rats was orally administered with Psoraleae Fructus extract
Table 4 Inhibition of human CYPs by the major constituents in Psoraleae Fructus
Constituent Ej;lmzfze Esr(l)i};rcr;e Probe reaction (urrfls-i*l) (umolf'i L) Inﬁgglon Ref.
CYP1A2 HLM Phenacetin-O-demethylation 0.17 - -- [51]
Psoralen CYP2D6 HLM Dextromethorphan-O-demethylation 3.59 - - [51]
CYP1A2 HLM Phenacetin-O-demethylation 0.26 - -- [52]
CYP2D6 HLM Dextromethorphan-O-demethylation 3.6 - -- [52]
CYP1A2 HLM Phenacetin-O-demethylation 0.13 -- - [51]
CYP2D6 HLM Dextromethorphan-O-demethylation 9.51 -- -- [51]
Isopsoralen
CYP1A2 HLM Phenacetin-O-demethylation 0.22 0.4 (K TDI [52]
CYP2D6 HLM Dextromethorphan-O-demethylation 8.49 -- - [52]
Frf:t‘l’l‘;al;fac . CYP3A4  CYP3A4 Luciferin-IPA-O-demethylation 6.0 (ug'mL™") - - [53]
Bakuchicin CYPIAL1 HLM Phenacetin-O-demethylation -- 0.11 Competitive [54]
CYP1A2 HLM Phenacetin-O-demethylation -- 0.32 Competitive [54]
Peoralidin CYP1A2 HLM Phenacetin-O-demethylation 1.8 1.2 Noncompetitive [55]
CYP2C8 HLM Paclitaxel-60-hydroxylation 0.3 0.3 Noncompetitive [55]
Genistein CYP2A6  CYP2A6 Midazolam-1"-hydroxylation 6.0 1.3 Noncompetitive [58]
Daidzein CYP2A6 CYP2A6 Midazolam-1'-hydroxylation 27.0 0.7 Noncompetitive [58]

®
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time-dependent inhibitor of CYP1A2, with k;,,.,and K; values
of 0.050 min™" and 0.40 pmol-L ™", respectively 2. They also
found that psoralen and isopsoralen were moderate inhibitors
of CYP2D6, with ICs, values of 3.60 umol~L71 and
8.49 umol-L™", respectively (Table 4) ®*. Liu and Flynn et al.
found that a methanol-water extract of the fruits of Psoraleae
Fructus and its major constituents (psoralen and isopsoralen)
could inhibit human CYP3A4 as a recombinant enzyme and
in HuH-7 cells, with an ICs, value of 6.0 g,tg-mLf1 for
Psoraleae Fructus extract ). In 2016 Sun et al. investigated
the inhibitory potential of bakuchicin for human CYP1A1 and
CYP1A2 using recombinant enzymes as the enzyme source.
The results demonstrated that bakuchicin potently inhibited
CYP1A-mediated phenacetin-O-deethylation by recombinant
human CYP1A1 and CYP1A2, with values of 0.11 pmol-L™"
and 0.32 pmol-L ™" for CYP1A1 and CYP1A2, respectively 4.
This finding suggested that bakuchicin was more effective
against CYP1Al-mediated biotransformation than that of
CYP1A2. Psoralidin could also inhibit the catalytic activities of
CYP1A2 and CYP2CS8 in a dose-dependent manner, with cal-
culated ICs, values of 1.8 umol-Lfl, and 0.3 umol-Lfl, respec-
tively B! Further investigation demonstrated that psoralidin
functioned as a noncompetitive inhibitor of both CYP1A2 and
CYP2CS, with K; values of 1.2 pmol-L™" and 0.3 pmol-L™",
respectively **). In addition, several groups found that genistein
and daidzein, also present in Psoraleac Fructus, displayed

K

strong inhibition of CYP2A6, with K; values of 1.3 pmol-L™’
and 0.7 pmol-L™" for genistein and daidzein, respectively, but
these two natural products displayed weak inhibition of CYP3A
and moderate inhibition of CYP2C9 P&,
UGT inhibition by Psoraleae Fructus and its constituents
Wang et al. reported that both the ethanol extract of
Psoraleae Fructus and some of its fractions displayed strong
1Al
(UGT1A1), a key conjugative enzyme responsible for the
metabolic elimination and detoxification of a range of thera-
peutic drugs and endogenous toxins (such as bilirubin) P
With the help of newly developed fluorogenic probes for hu-
man UGT1A1 ) the Ge group identified five major con-

inhibition of human UDP-glucuronosyltransferase

stituents (including bavachin, neobavaisoflavone, isobava-
chalcone, bavachinin and corylifol A) as natural inhibitors of
UGTI1A1 7 by comparison of chemical fingerprints and
inhibition profiles for LC fractions of Psoraleae Fructus ex-
tract (Fig. 4). These findings demonstrated that at least five
major constituents could affect the detoxification ability of
UGT1A1, which partially explained why the seeds of P.
corylifolia could trigger hyperbilirubinemia and liver in-
jury (631 In addition, these findings suggested that Psoraleae
Fructus and its major constituents may trigger
herb-endobiotic interactions (HEI) via inhibition of UGT1A1
or other enzymes participating in metabolism of endogenous
compounds.

LC-UV Fingerprinting

™)
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mAU (x100000)

—
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A (NM) Compound ( umofl" )
1 | 324 | 235,278,322 Bavachin 0.23
2| 322 248 Neobavaisoflavone 9.91
3| 324 370 Isobavachalcone 3.90
4 | 338 | 234,275,322 Bavachinin 10.70
51390 248 CorylifolA 0.81
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Identification and characterization of inhibitors

Fig. 4
cence-based inhibition assay

Li et al. found that corylin only weakly inhibited human
UGTs, but psoralidin, coryfolin, bavachinin and neobavai-
soflavone demonstrated differential inhibitory effects on
various human UGTs **. The results are listed in Table 5.
Another study found that psoralidin could inhibit UGT1A1
and UGT1A7, with ICsy values of 6.1, and 0.4 umol-L™", re-
spectively °°). Further inhibition kinetic analyses showed that
psoralidin was a noncompetitive inhibitor of both UGT1A1
and UGT1A7, with K; values of 5.6 and 0.3 pmol-L™", respec-

®

Fluorescence response

Identification of natural UGT1A1 inhibitors guided by chemical fingerprinting combined with a fluores-

tively ). Zhang et al. reported that psoralidin could competi-
tively inhibit UGT1A1-mediated SN-38 O-glucuronidation in
recombinant human UGTIAl, with a K; value of
5.8 umol-L™" 1) In 2014, Shan et al. compared the inhibitory
effects of bavachalcone and corylin on UGT1A1, UGT1A3,
UGT1A7, UGTI1AS8, UGTI1A10, and UGT2B4, using
4-methylumbelliferone (4-MU) as a nonspecific substrate.
The results demonstrated that bavachalcone exhibited strong
to moderate inhibition of UGT1A1 and UGT1A7, with ICs,
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values of 11.3 and 3.6 pmol-L™" for UGT1A1 and UGT1A7,
respectively [, Furthermore, bavachalcone was validated as
a noncompetitive inhibitor against both UGT1A1 and UGT1A7,

with K; values of 5.41 and 4.51 pmol-L ™", respectively [°¢.

CES inhibition by Psoraleae Fructus and its constituents
Over the past two decades, two major carboxylesterase
(CES) isozymes, including human CES1 (hCES1A) and hu-
man CES2 (hCES2A), have been identified and extensively
investigated " Sun et al. investigated the inhibitory effects
of the major constituents in Psoraleae Fructus on human
CES1A using HLMs as the enzyme source. The results
showed that neobavaisoflavone, corylifolinin, coryfolin, cory-
lin, psoralen, and bavachinin could strongly inhibit human

CESIA, with K; values ranged from 0.5 to 9.4 pmol-L™" (681,
Li et al. found that the ethanol extract of Psoraleae Fructus
could strongly inhibit human CES2A, and then identified five
natural constituents (neobovaisoflavone, isobavachalcone,
bavachinin, corylifol A and bakuchiol) in this herb that were
naturally occurring inhibitors of human CES2A with the help
of chemical fingerprinting analysis combined with the
CES2A inhibition assay . The ICs, values of neobovai-
soflavone, isobavachalcone, bavachinin, corylifol A and baku-
chiol against human CES2A were evaluated as 6.39, 2.85,
431, 0.87 and 7.28 pmol-L™", respectively. Further investiga-
tions demonstrated that these five constitutes are noncompeti-
tive inhibitors of CES2A-mediated FD hydrolysis (Table 6).
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Table 5 Inhibition of human UGTs by Psoraleae Fructus and its major constituents
Constituent Target Enzyme Enzyme source Probe reaction (;mflf (i,l ) (“mgf LY Inhibition mode  Ref.
Psoralidin UGTI1Al UGT1Al 4-MU-O-glucuronidation 6.1 5.6 Noncompetitive  [55]
UGT1A7 UGT1A7 4-MU-O-glucuronidation 0.4 0.3 Noncompetitive  [55]
Ps"ra;‘ifaztmcms UGTIAL HLM NCHN-O-glucuronidation 12.5 pgmL™"' - - [61]
UGTI1ALl HLM NCHN-O-glucuronidation 1.9 1.2 Noncompetitive  [61]
Bavachin UGT1Al UGTI1Al NCHN-O-glucuronidation 0.8 0.04 Noncompetitive  [61]
UGTIALl UGTIALl 4-MU-O-glucuronidation 1.8 1.1 Competitive [61]
UGT1A1 HLM NCHN-O-glucuronidation 2.4 9.9 Noncompetitive  [61]
Neobavaisoflavone UGT1Al UGTI1Al NCHN-O-glucuronidation 2.3 4.0 Noncompetitive  [61]
UGTI1ALl UGTI1Al 4-MU-O-glucuronidation 1.8 12.0 Competitive [61]
UGTI1Al HLM NCHN-O-glucuronidation 4.43 4.13 Noncompetitive  [61]
Isobavachalcone UGTI1ALl UGTI1Al NCHN-O-glucuronidation 3.40 4.09 Noncompetitive  [61]
UGT1A1 UGT1A1 4-MU-O-glucuronidation 13.04 10.93 Competitive [61]
UGTI1ALl HLM NCHN-O-glucuronidation 4.16 7.89 Noncompetitive  [61]
Bavachinin UGT1A1 UGT1A1 NCHN-O-glucuronidation 1.27 4.09 Noncompetitive  [61]
UGT1Al UGT1Al 4-MU-O-glucuronidation 1.99 2.22 Competitive [61]
UGTI1ALl HLM NCHN-O-glucuronidation 1.48 1.46 Noncompetitive  [61]
Corylifol A UGTI1Al UGTI1Al NCHN-O-glucuronidation 0.65 0.79 Noncompetitive  [61]
UGTIALI UGTIALl 4-MU-O-glucuronidation 1.48 0.47 Competitive [61]
UGT1A6 UGT1A6 4-MU-O-glucuronidation 20.3 10.6 Noncompetitive  [64]
UGTI1A7 UGTI1A7 4-MU-O-glucuronidation 1.5 1.5 Noncompetitive  [64]
Coryfolin UGT1A9 UGT1A9 4-MU-O-glucuronidation 1.4 0.6 Noncompetitive  [64]
UGT2B4 UGT2B4 4-MU-O-glucuronidation 26.6 - - [64]
UGT2B7 UGT2B7 4-MU-O-glucuronidation 7.7 272 Noncompetitive  [64]
UGT1A7 UGT1A7 4-MU-O-glucuronidation 3.2 32 Noncompetitive  [64]
Bavachinin UGTIAS UGTI1A8 4-MU-O-glucuronidation 24.9 -- - [64]
UGT1A9 UGT1A9 4-MU-O-glucuronidation 0.1 0.2 Noncompetitive  [64]
UGT2B7 UGT2B7 4-MU-O-glucuronidation 18.2 9.4 Noncompetitive  [64]
UGTI1Al UGT1Al 4-MU-O-glucuronidation 3.6 - - [64]
UGT1A6 UGT1A6 4-MU-O-glucuronidation 21.6 33 Noncompetitive  [64]
st UGTI1A7 UGTI1A7 4-MU-O-glucuronidation 0.2 0.2 Competitive [64]
UGT1A8 UGT1A8 4-MU-O-glucuronidation 11.5 0.01 Noncompetitive  [64]
UGTI1A9 UGTI1A9 4-MU-O-glucuronidation 0.02 0.3 Competitive [64]
UGT2B4 UGT2B4 4-MU-O-glucuronidation 3.6 12.8 Competitive [64]
UGT1Al UGT1Al 4-MU-O-glucuronidation 11.3 5.4 Noncompetitive  [66]
Bavachalcone
UGT1A7 UGT1A7 4-MU-O-glucuronidation 3.6 4.5 Noncompetitive  [66]
?
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Table 6 Inhibition of human CESs by the constituents in Psoraleae Fructus

ICso

K;

Constituent Target Enzyme Enzyme source Probe reaction (L) (el Inhibition mode Ref.
Neobavaisoflavone CESI1A HLM BMBT-hydrolysis -- 5.3 Noncompetitive [67]
Corylifolinin CES1A HLM BMBT-hydrolysis - 9.4 Noncompetitive [67]
Coryfolin CESIA HLM BMBT-hydrolysis -- 1.9 Noncompetitive [67]
Corylin CES1A HLM BMBT-hydrolysis - 0.7 Noncompetitive [67]
Bavachinin CESI1A HLM BMBT-hydrolysis -- 0.5 Competitive [67]
Neobavaisoflavone CES2A HLM FD-hydrolysis 6.39 3.89 Noncompetitive [69]
Isobavachalcone CES2A HLM FD-hydrolysis 2.85 1.61 Noncompetitive [69]
Bavachinin CES2A HLM FD-hydrolysis 431 1.12 Noncompetitive [69]
Corylifol A CES2A HLM FD-hydrolysis 0.87 0.62 Noncompetitive [69]
Bakuchiol CES2A HLM FD-hydrolysis 7.28 2.12 Noncompetitive [69]

The K; values of neobavaisoflavone, isobavachalcone, bava-
chinin, corylifol A, and bakuchiol were also evaluated as 3.89,
1.64, 1.12, 0.62 1691,
These findings suggested that both the ethanol extract of

and 2.12 pmol-L™!, respectively

Psoraleae Fructus and its major constituents could strongly
inhibit human CES, implying that Psoraleae Fructus could
be used for modulating the pharmacokinetic behavior of
hCES-substrate drugs and alleviating CES2A- associated

drug toxicity %71,

Induction of drug-metabolizing enzymes by the
constituents in Psoraleae Fructus

In contrast to the extensive studies on the inhibition of
drug-metabolizing enzymes by the constituents of Psoraleae
Fructus, only a few studies have been conducted to explore the
inductive effects of Psoraleae Fructus constituents on human
drug-metabolizing enzymes, and most of these studies were
focused on the regulation of human CYPs. Li et al. reported
that psoralen, isopsoralen, isobavachalcone and bavachin

could activate the constitutive androstane receptor (CAR) and
induce the expression of CYP2B6 (Table 7) %, Wang er al.
reported that 6-prenylnarigenin (6-PN), one of the bioactive
compounds in Psoraleae Fructus, could induce CYP1A1 and
CYPIBI1 in both MCF-7 and MCF-10A cell lines ") They
also found that 6-PN was an AhR agonist. These findings sug-
gested that 6-PN could enhance the nontoxic estrogen 2-hy-
droxylation pathway through AhR mediated up-regulation of
CYP1A1*. Baumgart et al. investigated the inductive effects
of four furocoumarins (angelicin, bergamottin, isopimpinellin,
and 8-methoxypsoralen) in Buguizhi with regard to both the
expression and activity of aryl hydrocarbon receptor (AhR)-
regulated CYP1A1 in rat hepatocytes, in the presence or ab-
sence of light ). The results showed that 8-methoxypsoralen
and angelicin led to a significant induction of CYP1A1 mRNA in
hepatocytes, while all furocoumarins except bergamottin in-
creased xenobiotic-responsive element-driven reporter gene
expression in transfected H4IIE rat hepatoma cells when light
was excluded.

Table 7 Induction of the constituents in Psoraleae Fructus on human drug metabolizing enzymes
.. Dose Inductive efficacy

Compound Living system i) Target Enzyme ey Ref.
Psoralen LS174T 20 CYP2B6 3.0 [72]
Isopsoralen LS174T 20 CYP2B6 2.9 [72]
Isobavachalcone LS174T 20 CYP2B6 2.0 [72]
Bavachin LS174T 20 CYP2B6 2.9 [72]

N MCF-10A 16
6-prenylnarigenin MCF-7 1 CYP1A1l 290 [73]

Lo MCF-10A 2.0
6-prenylnarigenin MCE-7 1 CYPIBI1 95 [73]
8-methoxypsoralen Primary rat hepatocytes 1000 CYP1A1 6.6 [74]
Psoralen Hepalclc7 20 pg-mL™ QR 19" [76]
Daidzin PC12 4 AChE >2 [77]
Bavachalcone HUVECs 5 MnSOD 1.5 [78]

Note: The " indicates that the change of protein level of QR by Psoralen

In addition to the induction of CYPs by the constituents
in Psoraleae Fructus, some groups also investigated the in-
ductive effects of Psoraleae Fructus constituents on other

®

enzymes in the human body. Quinone reductase (QR), a key
enzyme participating in metabolism of mutagens and car-
cinogens, could be induced by a crude extract from the seeds
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of P. corylifolia and its major constituents. Lee, S.J found that
the ethyl acetate-soluble fraction of the methanolic extract
from Psoraleae Fructus could induce QR in a Hepa lclc7
murine hepatoma cell line at the dosage of 1.2 pg'mL ™" ],
Further investigation demonstrated that psoralen was a natu-
rally occurring QR inducer in Psoraleac Fructus, and this
compound could induce QR activities about 1.5-fold at a
dosage of 14.8 pgmL™' U8,
Psoraleae Fructus and psoralen hold the potentials for block-
ing the initiation and/or promotion stage of carcinogenesis via
induction of QR. Liu ef al. demonstrated that daidzin, a natu-
ral flavonoid in Psoraleae Fructus, could induce the expres-

These finding implied that

sion and the activity of acetyl cholinesterase (AChE) via tar-
geting GPR30 in cultured PC12 cells 7). This finding implied
that daidzin could be used as a drug candidate for the treat-
ment of brain diseases by modulating the expression and
function of AChE. Dang et al. examined the inductive effect
of bavachalcone on manganese superoxide dismutase
(MnSOD) expression and explored whether this effect was
mediated through the AMP-activated protein kinase (AMPK)

8 The results demonstrated that bava-

signaling pathway
chalcone could protect endothelial function by increasing
AMPK activity and MnSOD expression, thereby reducing

mitochondrial oxidative stress.
Conclusions and Future Perspectives

In summary, this review discusses the metabolic interac-
tions between Psoraleae Fructus constituents and human
drug-metabolizing enzymes (DMEs), an important class of
enzymes participating in drug disposition and endogenous
metabolism. The metabolic pathways and pharmacokinetic
parameters of the major constituents from Chinese herb
Psoraleae Fructus, along with their chemical structures are
summarized, which will be very helpful for pharmacologists
to gain greater understanding of the metabolic fates of
Psoraleae Fructus constituents in both human and experimen-
tal animals. Meanwhile, recent advances in the modulatory
effects of the major constituents in Psoraleae Fructus on hu-
man DMEs, including human cytochrome P450 enzymes
(CYPs), UDP-glucuronosyltransferases (UGTs) and esterases,
have also been summarized. The information presented in this
review will facilitate the rational use of the Chinese herb
Psoraleae Fructus in clinical settings, and especially to avoid
potential risks of HDI or HEI as a result of modulation of
human DME activity.

Accumulative evidence has indicated that most Psoraleae
Fructus constituents can be rapidly absorbed into the circula-
tory system and the majority of these constituents can
strongly interact with human DMEs. However, most of the
investigations on inhibition of human DMEs by Psoraleae
Fructus constituents have been conducted in vitro, while the
inductive effects of the major constituents in Psoraleae Fruc-
tus on human DMEs have not been well-investigated. In view
of that Psoraleae Fructus or Psoraleae Fructus-related prod-
ucts are frequently used in combination with therapeutic

®

drugs in clinical settings, and it is necessary to carefully in-
vestigate the modulatory effects of Psoraleae Fructus-related
products and its major constituents on human drug metabo-
lizing enzymes, as well as to evaluate their influence on the
pharmacokinetic behaviors of co-administrated drug(s) in vivo.
In future, more in-depth studies including pharmacological
and toxicological assays of each constituent in Psoraleae
Fructus, the roles of drug-metabolizing enzymes in the de-
toxification or activation of Psoraleae Fructus constituents,
the ability of Psoraleae Fructus constituents to modulate the
activity of human drug-metabolizing enzymes in vivo, the
underlying molecular mechanism of Psoraleae Fructus con-
stituents to regulate human DMEs, the clinical assessment of
the beneficial or unbeneficial effects of Psoraleae Fructus
co-administrated with therapeutic drug(s), should be con-

ducted. All these investigations will aid clinicians to avoid the

occurrence of HDI or other side effects in clinical settings ["*".

To make Psoraleac Fructus-related products safer and more
effective, those constituents that bring undesirable effects

(such as toxic effects or trigger HDI) could be strictly re-

stricted within tolerable limits %%,
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