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UDP-glucuronosyltransferases (UGTs) are involved in the clearance of many important drugs and endoge-
nous substances, and inhibition of UGTs’ activity by herbal components might induce severe herb-drug
interactions or metabolic disturbances of endogenous substances. The present study aims to deter-
mine the inhibition of UGTs’ activity by podophyllotoxin derivatives, trying to indicate the potential
herb-drug interaction or metabolic influence towards endogenous substances’ metabolism. Recombinant
UGT isoforms (except UGT1A4)-catalyzed 4-methylumbelliferone (4-MU) glucuronidation reaction and
UGT1A4-catalyzed trifluoperazine (TFP) glucuronidation were employed to firstly screen the podophyllo-
toxin derivatives’ inhibition potential. Structure-dependent inhibition behavior of podophyllotoxin derivatives
towards UGT isoforms was detected. Inhibition kinetic type and parameter (K;) were determined for the inhi-
bition of podophyllotoxin towards UGT1A1, and competitive inhibition of podophyllotoxin towards UGT1A1
was observed with the inhibition kinetic parameter (Ki) to be 4.0 wuM. Furthermore, podophyliotoxin was
demonstrated to exert medium and weak inhibition potential towards human liver microsomes (HLMs)-
catalyzed SN-38 glucuronidation and estradiol-3-glucuronidation. In conclusion, podophyllotoxin inhibited
UGT1A1 activity, indicating potential herb-drug interactions between podophyllotoxin-containing herbs and
drugs mainly undergoing UGT1A1-mediated metabolism.

1. Introduction

Podophyllotoxin and its derivatives are important lignans found
in multiple plants such as Berberidaceae, Polygalaceae, Api-
aceae, Linaceae, Labiaceae and Fabaceae (Imbert 1998). Since
ancient times podophyllotoxin derivatives have been used
as antidotes against poisons or as cathartic, purgative, anti-
helminthic, vesicant, and suicidal agents (Ayres and Loike
1990). They are used as an antivirals in the treatment of
Condyloma acuminata, and other venereal and perianal warts
(Beutner 1995). Podophyllotoxin derivatives are drawing more
and more attention from researchers due to their excellent anti-
tumor activities (Chen 2004), and two semisynthetic analogues,
etoposide and teniposide, have been successfully developed for
clinical use to treat cancer (Hande 1998; Johnson et al. 1991).
Complex therapeutic regimens are routine in the treatment of
cancers. Therefore, drug-drug interactions might also occur
between podophyllotoxin derivatives and other drugs.

UDP-glucuronosyltransferases (UGTs)-catalyzed glucuronida-
tion reaction has been demonstrated to be one of the most
important metabolism processes to eliminate clinical drugs
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and their corresponding metabolites (Evans and Relling 1999).
Additionally, the glucuronidation process is also involved in the
elimination of endogenous substances, such as bilirubin, steroid
hormones, thyroid hormones, bile acids and fat-soluble vita-
mins (Ritter 2000). Xenobiotics-induced inhibition of UGTS’
activity might induce severe drug-drug interaction and even
metabolic disorders of endogenous substances. For example,
indinavir, a clinical drug used to fight HIV, can induce the ele-
vation of unconjugated bilirubin in serum through inhibiting
UGT1A1-catalyzed glucuronidation of bilirubin (Zucker et al.
2001). Inhibition of UGT1ALI activity by sorafenib can also
induce elevation of serum bilirubin (Meza-Junco et al. 2009).
Many xenobiotics have been demonstrated to exhibit medium
or strong inhibition towards various UGT isoforms, such as car-
vacrol (Dong et al. 2012), medroxyprogesterone acetate (Huang
et al. 2010), chlormadinone acetate (Huang et al. 2011), and
magnolol (Zhu et al. 2012).

Podophyllotoxin derivatives are also inhibiting the important
phase I drug-metabolizing enzymes cytochrome P450 3A4
and 2C9 (Song et al. 2011). Lee et al. demonstrated that
deoxypodophyllotixon (DPT) was metabolized by CYP3A4 and
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Table 1: Initial screening of podophyllotoxin derivatives (100 M) towards various UGT isoforms

PT PTG 4-DEPT 4-DEPT-G PPT PPT-2G DPT
UGT1Al 19.1+1.1 88.4+1.8 323+16.6 77.7+£0.6 66.6 £6.3 95.6+1.4 27.440.03
UGT1A3 99.0+9.7 89.7+£0.8 45.8+8.1 91.0+4.9 103.2+4.6 92.4+0.1 81.7£29.9
UGT1A4 53.5+26 88.6+2.0 66.3+0.8 80.0+1.4 71.1+£453 92.8+2.0 81.4+175
UGT1A6 74.6+1.7 95.8+6.2 88.2+£2.7 855+34 84.8+3.1 86.6 5.6 82.8+33.1
UGT1A7 62.31+0.9 107.5+£3.3 57.2+3.1 90.0+0.6 71.1+£6.6 98.8+1.1 66.91+13.8
UGT1AS8 74.1+£4.9 110.6 £2.4 68.24+0.8 101.8£0.5 76.0+4.2 92.7+2.6 149.5 +£4.37
UGT1A9 955+1.8 98.7+0.2 86.9+43 98.6 +4.7 100.7£2.9 64.9+225 83.9+26.4
UGT1A10 60.2+5.6 82.8+1.6 99.5+7.8 58.5+0.5 73.6+0.0 843+0.4 60.7+7.91
UGT2B4 111.0£25 704+74 105.5+£7.7 77.6+5.8 81.6+9.8 82.2+20.5 54.24+19.31
UGT2B7 52.7+4.1 101.1+£2.3 45.7+£0.7 80.8£7.9 832+0.9 102.6 £0.5 107.9+12.3

The values shown in this Table are the residual activity, which is calculated using the following equation: % residual activity = (the activity at 100 ..M podophyllotoxin derivatives / the control activity at 0 uM

podophyllotoxin derivatives) " 100%.

CYP2C19 in rats and HLMs and exhibited strongly competi-
tive inhibition towards CYP3A4 and CYP2C9 (Lee et al. 2008,
2010). The recent study paid attention to the inhibitory poten-
tial of podophyllin derivatives towards UGT isoforms, aiming
to indicate UGT related drug-drug interactions.

2. Investigations and results

2.1. Structure-dependent inhibition of podophyllotoxin
derivatives towards various UGT isoforms

Podophyllotoxin derivatives (100 wuM) were used to perform
the initial inhibition screening towards various UGT isoforms,
and the preliminary results are given in Table 1. The var-
ious podophyllotoxin derivatives (Fig. 1) showed different
inhibition potential towards UGT isoforms. For example, the

inhibition capabilities of podophyllotoxin (PT), 4’-demethhyl-
podophyllotoxin (4’-DEPT) and picropodophyllotoxin (PPT)
towards UGT1A1, 1A4, 1A7, 1A8 and 2B7 were stronger than
those of podophyllotoxin-4-O-B-D-glucopyranoside (PT-G),
4’-demethhyl-podophyllotoxin-4-O-B-D-glucopyranoside (4’-
DEPT-G) and picropodophyllotoxin-4-O-f3-D-glucopyranosyl-
(1—6)-B-p-glucopyranoside (PPT-2G), indicating that the
deglycosylation process of PT-G, 4’-DEPT-G and PPT-2G can
obviously increase the inhibition potential of these podophyl-
lotoxin derivatives towards these UGT isoforms. In addition,
100 uM of PT, 4’-DEPT, PPT and DPT inhibited the activity
of UGT1A1 by 80.9%, 67.7%, 33.4% and 72.6%, respectively.
Through the comparison of their structures, the following con-
clusion can be drawn: 1) deoxygenation biotransformation of PT
into DPT decreased the inhibition potential towards UGT1A1;
2) 4’-demethylation process of PT significantly decreased the
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Fig. 1: Structures of podophyllotoxin derivatives. A: podophyllotoxin (PT), B: podophyllotoxin-4-O-f-D-glucopyranoside (PT-G), C: 4’-demethhyl-podophyllotoxin (4’-DEPT),
D: 4’-demethhyl-podophyllotoxin-4-O-B-D-glucopyranoside (4’-DEPT-G), E: picropodophyllotoxin (PPT), F:
picropodophyllotoxin-4-O-B-D-glucopyranosyl-(1—6)-B-D-glucopyranoside (PPT-2G), and G: deoxypodophyllotixon (DPT).
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Fig. 2: Podophyllotoxin competitively inhibits recombinant UGT1A1-catalyzed 4-methylumbelliferone (4-MU) glucuronidation. (A) Dose-dependent inhibition of
podophyllotoxin towards UGT1A1-catalyzed 4-methylumbelliferone (4-MU) glucuronidation; (B) Dixon plot of podophyllotoxin’s inhibition towards UGT1A1-catalyzed
4-methylumbelliferone (4-MU) glucuronidation; (C) Lineweaver-Burk plot of podophyllotoxin’s inhibition towards UGT1A1-catalyzed 4-methylumbelliferone (4-MU)
glucuronidation. (D) Second plot of podophyllotoxin’s inhibition towards UGT1A1-catalyzed 4-methylumbelliferone (4-MU) glucuronidation.

inhibition capability towards UGT1A1; 3) PPT, epimer of PT,
exhibited much weaker inhibition towards UGT1A1 than PT,
indicating the stereoselective inhibition towards of UGT1A1.

2.2. Podophyllotoixn exhibited competitive inhibition
towards UGTIA1

The inhibition kinetic evaluation was performed for the inhibi-
tion of UGT1A1 by podophyllotoxin which inhibited UGT1A1
by more than 80% (Fig. 2) in a dose-dependend manner. Both
Dixon plot and Lineweaver-Burk plot were employed to eval-
uate the inhibition type, and the second plot using the slopes
obtained from Lineweaver—Burk plot versus the concentrations
of podophyllotoxin was used to calculate the inhibition kinetic
parameter (Kj). Based on the standard, if the intersection point
was located on the vertical axis and the second quadrant in
Lineweaver-Burk plot and Dixon plot, respectively, the inhi-
bition type belongs to competitive inhibition. If the intersection
point was located on the horizontal axis in both Dixon plot
and Lineweaver-Burk plot, the inhibition type belongs to non-
competitive inhibition. The results (Fig. 2 B&C) show that
podophyllotoxin competitively inhibited UGT1A1-catalyzed 4-
MU glucuronidation reaction. The inhibition kinetic parameter
(Kj) was calculated to be 4.0 uM.

2.3. Substrate- and enzyme source-dependent inhibition
behavior of podophyllotoxin

Substrate- and enzyme source-dependent inhibition behavior
of podophyllotoxin towards UGT1A1 activity was investigated
using human liver microsomes (HLMs)-catalyzed SN-38 glu-
curonidation and estradiol-3-glucuronidation, and the results
were shown in Table 2. 1, 10, and 100 pM of PT inhibited
HLM-catalyzed SN-38 glucuronidation by -9.7%, -3.8%,
and 35.9%, respectively. 1, 10, and 100 uM of PT inhibited
HLM-catalyzed estradiol-3-glucuronidation by 4.9%, 10.9%,
and 15.9%, respectively.
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Table 2: Inhibition determination of podophyllotoxin towards
human liver microsomes (HLMs)-catalyzed SN-
38 glucuronidation and estradiol-3-glucuronidation

reaction
SN-38 Estradiol
1 pM 109.7 +0.4 95.1+£2.3
10 uM 103.8+2.9 89.1+4.7
100 pM 64.14+3.8 84.1+8.4

1, 10, 100 uM of PT were used, and the residual activity was shown in the Table.

3. Discussion

Drug-drug interactions might result in severe clinical side effects
and early termination of development, refusal of approval,
severe prescribing restrictions, and withdrawal of drugs from
the market. UGT1AL is one of the most important UGT iso-
forms mainly distributed in human liver and intestine, and the
decreased biotransformation rate might result in the adverse
effects. UGT1A1 is involved in the metabolism of many impor-
tant clinical drugs, and many of them have a narrow therapeutic
window, such as irinotecan and etoposide (Innocenti et al.
2004; Wen et al., 2007). Additionally, the huge contribution
of UGT1A1 towards the metabolism of endogenous substances
makes that the inhibition of UGT1A1 activity might result in
the metabolic disorders of endogenous substances (Zhang et al.
2005).

Therefore, the strong competitive inhibition of PT towards
UGTT1AT1 activity might result in severe adverse effects, includ-
ing drug-drug interactions and potential metabolic disorders.
Enzyme source and substrate-dependent inhibition behavior
towards UGTs have been frequently reported. For example,
when 4-MU was selected as probe substrate and recombi-
nant UGT1A9 were used, competitive inhibition was observed
for the inhibition of carvacrol towards UGT1A9. However,
when propofol was selected as the probe substrate, the inhi-
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bition type was noncompetitive (Dong et al. 2012). In the
present study, substrate and enzyme sources-dependent inhi-
bition behavior of PT towards UGT1A1 was also observed.
The inhibition of PT towards UGT1A1 became weaker when
employing HLMs-catalyzed estradiol-3-glucuronidation as the
probe reaction. Therefore, when extrapolating the drug-drug
interaction between PT and irinotecan or the interference of
PT towards endogenous substances’ metabolism, this enzyme
source and substrate-dependent inhibition behavior should be
paid much attention.

Chemists have paid more and more interests on the struc-
tural modification to create lead compounds overcoming poor
pharmacokinetic properties, including the inhibition poten-
tial towards drug-metabolizing enzymes (DMEs). Therefore,
evaluating the inhibition potential of compounds with similar
structures is the first key step to obtain a structure-inhibition
activity relationship. Therefore, various podophyllotoxin deriva-
tives were used in the present study to elucidate the
structure-UGT inhibition relationship. The deglycosylation pro-
cess of podophyllotoxin derivatives can significantly increase
the inhibitory potential, which is consistent with previous reports
(Guo et al. 2013). Therefore, oral administration of podophyl-
lotoxin derivatives might exhibit stronger inhibition towards
most of UGT isoforms than intravenous injection due to the
deglycosylation role of the intestinal microflora. Additionally,
the deoxygenation biotransformation of PT into DPT decreased
the inhibition potential towards UGT1A1; 4’-demethylation
process of PT significantly decreased the inhibition capability
towards UGT1A1; PPT, an epimer of PT, exhibited much weaker
inhibition towards UGT1A1 than PT, indicating stereoselective
inhibition of UGT1A1. These structural information will help
researchers to rationally design the podophyllotoxin derivatives
avoiding the inhibition towards UGT isoforms.

In conclusion, structure-UGT inhibition relationship of
podophyllotoxin derivatives was given in present study. A strong
competitive inhibition of podophyllotoxin towards UGT1A1
was observed, and this inhibition effect depends on enzyme
source and substrate.

4. Experimental
4.1. Chemicals and reagents

Podophyllotoxin derivatives were purchased from Sichuan Weikeqi Bio-
technology Co. Ltd (Sichuan, China). 4-Methylumbelliferone (4-MU),
Tris-HCI, 7-hydroxycoumarin and 5’-diphosphoglucuronic acid (UDPGA)
(trisodium salt) were purchased from Sigma-Aldrich (Sr. Louis, MO).
Recombinant human UGT supersomes (UGT1A1, UGT1A3, UGTI1AG6,
UGT1A7, UGT1AS8, UGT1A9, UGT1A10, UGT2B4, and UGT2B7)
expressed in baculovirus-infected insect cells were obtained from BD Gen-
test Corp. (Woburn MA, USA). All other reagents were of HPLC grade or
of the highest grade commercially available.

4.2. Inhibition of 4-MU glucuronidation assay

The probe substrate for all tested UGT isoforms except UGT1A4 was 4-
MU which is a nonselective substrate of UGTs. The incubation and analysis
conditions were performed as previously decribed (Huang et al. 2010). The
mixture (200 .l total volume) contained recombinant UGTs (final concen-
tration: 0.125, 0.05, 0.025, 0.05, 0.025, 0.05, 0.05, 0.25, and 0.05 mg/ml for
UGT1A1,UGT1A3, UGT1A6, UGT1A7, UGT1AS8, UGT1A9, UGT1A10,
UGT2B4, and UGT2B7, respectively), 5 mM UDPGA, 5 mM MgCly, Tris-
HCI buffer (PH 7.4), and 4-MU in the absence or presence of different
concentrations of podophyllotoxin derivatives. The concentrations of 4-MU
are: 110 M for UGT1A1 and UGT1A6, 1200 pM for UGT1A3, 30 uM for
UGT1A7, UGT1A9, and UGT1A10, 750 uM for UGT1AS, 1000 M for
UGT2B4, and 350 pM for UGT2B7. Podophyllotoxin derivatives were dis-
solved in methanol and the final concentration of methanol was 0.5% (v/v).
After 3 min pre-incubation at 37 °C, UDPGA was added to the mixture to
initiate the reaction. Incubation time was 120 min for UGT1A1, UGT1A3,
UGT1A10, UGT2B4, and UGT2B7, 30min for UGT1A6, UGT1A7,
UGT1A8, and UGT1AY, respectively. The reactions were quenched by

242

adding 100 .l acetonitrile with 7-hydroxycoummarin (100 wM) as inter-
nal standard. The mixture was centrifuged at 20,000 x g for 20 min and an
aliquot of supernatant was transferred to an auto-injector vial for UFLC
analysis, the Shimadzu (Kyoto, Japan) prominence ultra-fast liquid chro-
matography (UFLC) system contained a CBM-20A communications bus
module, an SIL-20ACHT auto sampler, two LC-20AD pumps, a DGU-20A3
vacuum degasser and a CTO-20AC column oven. Chromatographic separa-
tion was carried out using a Shim-pack XR-ODS column (75 mm x 2.0 mm,
2.2 wm, Shimadzu) A SPD-20AVP UV detector (320 nm), and a flow rate
of 0.4 ml/min. The mobile phase consisted of acetonitrile (A) and H,O con-
taining 0.2% (v/v) formic acid (B). The following gradient condition was
used: 0-4 min, 95-50% B; 4-7 min, 5% B; and 7-10 min, 95% B. The calcula-
tion curve was generated by peak area ratio (4-MUG/internal standard) over
the concentration range of 4-MUG 0.1-100 mM. The curve was linear over
this concentration range (r> >0.99). The limits of detection and quantifica-
tion were determined at signal-to-noise ratios of 3 and 10, respectively. The
accuracy and precision of the back-calculated values for each concentration
were less than 5%.

4.3. Evaluation of the inhibition of podophyllotoxin derivatives
towards UGT1A4-catalyzed glucuronidation of trifluoperazine (TFP)

Since UGT1A4 showed no catalytic activity towards 4-MU glucuronidation,
UGT1A4-catalyzed glucuronidation of trifluopazine was selected as probe
reaction for UGT1A4. Recombinant UGT1A4 (0.1 mg/ml) was incubated
with 50 uM of trifluoperazine, and incubation time was 30 min. Chromato-
graphic separation was carried out using a Shim-pack XR-ODS column
(75 mm x 2.0 mm, 2.2 wm, Shimadzu) at a flow rate of 0.4 mL/min and UV
detector at 256 nm. The mobile phase consisted of acetonitrile (A) and H,O
containing 0.2% (v/v) formic acid (B). The following gradient condition
was used: 0-6 min, 80-30% B; 6-8 min, 10% B; and 8-12 min, 80% B.

4.4. Inhibition of podophyllotoxin towards human liver microsomes
(HLMs)-catalyzed SN-38 glucuronidation and
estradiol-3-glucuronidation reaction

For the inhibition of podophyllotoxin derivatives towards HLMs-catalyzed
SN-38 glucuronidation, HLMs were incubated with 1.5 uM of SN-38, and
incubation time was 60 min. After centrifugation at 20,000 x g for 20 min,
aliquots of the supernatants were analyzed on UFLC system (Shimadzu,
Kyoto, Japan) coupled with ABSCIEX 4000-QTRAP MS instrument. Phe-
nomenex ODS column (4.6 mm x 50 mm, 3 wm) was used with a flow
rate 0.4 mL/min. The mobile phase consisted of 5mM NH4AC (A) and
MeOH (B). The following gradient condition was used: 0—2 min, 75-80%
B; 2-4min, 80-95% B; 4-4:30 min, 95-75% B; 4:30-8:00 min, 75%. The
MS conditions were as follows: CRU Gas, 20.0 psi; IonSpray Voltage
(IS), —4500V; TEM, 550°C; GS1, 55 psi; GS2, 55 psi. Negative mode
was used, and the ions 390.8 and 566.8([M-H] ~) were used to monitor
SN-38 and its glucuronide.

The inhibition of podophyllotoxin derivatives towards HLM-catalyzed
estradiol-3-glucuronidation was also determined. HLM was incubated with
10 M of estradiol, and incubation time was 60 min. After centrifugation at
20,000 x g for 20 min, aliquots of the supernatants were analyzed on UFLC
system (Shimadzu, Kyoto, Japan) coupled with ABSCIEX 4000-QTRAP
MS instrument. Phenomenex ODS column (4.6 mm x 50 mm, 3 wm) was
used with a flow rate of 0.4 mL/min. The mobile phase consisted of 5 mM
NH4AC (A) and MeOH (B). The following gradient condition was used:
0-2 min, 50-70% B; 2—-3 min, 70-90% B; 3—5 min, 90% B; 5-5:30 min, 90-
50%; 5:30-8:30 min, 50%. The MS conditions were as follows: CRU Gas,
20.0 psi; IonSpray Voltage (IS), — 4500 V; TEM, 500 °C; GS1, 50 psi; GS2,
50 psi. Negative mode was used, and the ions 271 and 477([M-H] ) were
used to monitor estradiol and its glucuronide.

4.5. Inhibition kinetic evaluation

To determine the inhibition kinetic behavior (including inhibition type and
parameters), the reaction velocity was determined at various concentrations
of podophyllotoxin and probe substrates. Dixon and Lineweaver—Burk plots
were employed to determine theinhibition kinetic type, and the second plot
with the slopes from Lineweaver—Burk plot towards the concentrations of
podophyllotoxin was utilized to determine the inhibition kinetic parameters
(Kj).
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