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Wogonin (WO) and its glucuronide, wogonoside (WG) exhibit various beneficial bioactivities that may have
potential for the development of novel drugs. In this study, we determined their pharmacokinetic
characteristics in rats after intragastric administration of WO and intraportal vein injection of WG. WG
was the predominant form in the portal vein and body plasma, and in bile; WO was detected only in the
small intestine and liver. WG is a substrate of the multidrug resistance-associated protein (MRP) 1, 2, 3,
and 4, and organic anion-transporting polypeptide (OATP) 2B1 and OATP1B3. Metabolism studies
indicated that WG formation and WO decrease had similar CL;: values in rat intestine S9 (RIS9) and rat
liver microsome (RLM), and that the hydrolysis rate of WG in RIS9 and rat liver S9 (RLS9) was fast. Thus,
WG could be excreted into the intestinal tract by MRP2, and transported into mesenteric blood by MRP1,
3, and 4. OATP2B1 and OATP1B3 mediated the hepatic uptake of WG and MRPs mediated WG efflux to
the bile and circulation. The high transport capability of MRPs for WG and the fast hydrolysis in the small
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Introduction

Wogonin (WO), and its glucuronide, wogonoside (wogonin-7-
glucuronide; WG) (Fig. 1) are the main active flavonoids in
Radix Scutellariae (RS),* one of the most famous herbal medi-
cines in China. They exhibit various beneficial bioactivities,
such as anti-inflammatory,” antioxidant,* anti-cancer,* nervous
system protective,” cardiovascular system protective,® and liver
protective effects,” as well as effectiveness in reducing multi-
drug resistance.®* WO is currently being developed as a thera-
peutic for type B hepatitis.®

Pharmacokinetics provides information essential for drug
development and safety. Systemic exposure of WG is signifi-
cantly higher than that of its aglycone, WO, after oral admin-
istration.'®" However, the concentration of WO is higher than
that of its conjugates in liver, its main target organ, after oral
administration of RS extract.”> This suggests that WO concen-
trates in the liver despite its systemic exposure being lower than
that of WG. These results show that the exposure forms of WO/
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intestine and liver may be responsible for the presence of WO in these tissues.

WG in plasma and in liver are different, but the underlying
mechanism for this difference is not clear.

The pharmacokinetic characteristics of a drug are closely
related to the mechanism of in vivo disposition, including
absorption, distribution, metabolism, and excretion, which
are all influenced by drug transport. WO shows good lip-
osolubility, and, hence, can cross the epithelial cell membrane
of the small intestine via passive diffusion.” WG cannot be
absorbed directly via this route, and is thus hydrolyzed into its
aglycone form by intestinal bacteria.’* WO demonstrates
phase II metabolism, including glucuronidation and sulfation
in the intestines and liver. The formation of WG is mainly
catalyzed by UDP-glucuronosyltransferase (UGT) 1A8, 1A9, and
1A3."* Transport via specific transporters also plays an
important role in drug disposition in vivo. Many flavonoids are
transported to the liver by organic anion-transporting poly-
peptides (OATPs), breast cancer-resistance protein (BCRP),
and multidrug resistance-associated protein (MRP).'*"” It has
been reported that WG is the substrate of MRP2 in the MRP-
MDCK cell model.™® However, these research results cannot
explain the mechanism of different exposure forms of WO/WG
in plasma and in tissues, the understanding of which is
important for further research and development of their
therapeutic uses.

In the present study, we determined the in vivo pharmaco-
kinetic characteristics of WO and WG in rats, and assessed their
metabolism and transport in vitro to find the mechanism
underlying their pharmacokinetic features.

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Structure of wogonin (WO), wogonoside (WG) and wogonin sulfate (WS).

Materials and methods

Chemicals and reagents

WO and WG were purchased from Chengdu Pufei De Biotech Co.,
Ltd. (Chendu, China). Ononin was purchased from the Chinese
Institute for the Control of Pharmaceutical and Biological Prod-
ucts (Beijing, China). The purities of all reference compounds
were >98% according to HPLC. Uridine 5’-diphosphoglucuronic
acid (UDPGA), B-glucuronidase, sulfatase, p-saccharic acid 1,4-
lactone monohydrate (DGA), and alamethicin were purchased
from Sigma-Aldrich (St. Louis, MO, USA). BCA protein assay kit
was purchased from Beyotime Biotechnology (Shanghai, China).

Chromatographic-grade acetonitrile and methanol were
purchased from Burdick & Jackson Company (Ulsan, Korea).
Formic acid (HPLC grade, purity =99.7%) and acetic acid
(HPLC grade, purity =99.7%) were purchased from Tedia, Co.
(Fairfield, OH, USA). Deionized water was purified using a Milli-
Q® system (Millipore, Bedford, MA, USA).

Cells

OATP1B1-, OATP2B1-, and OATP1B3-expressing human embry-
onic kidney 293 (HEK293) cell lines were provided by Dr Xiaoyan
Chen from the Shanghai Institute of Materia Medica, Chinese
Academy of Sciences (Shanghai, China). Multidrug resistance
(MDR) 1-expressing Madin-Darby canine kidney (MDCKII) cell
lines were provided by Dr Min Huang from School of Pharma-
ceutical Science, Sun Yat-sen University (Guangzhou, China).
BCRP-MDCKII cell lines were provided by Dr Xiaodong Liu from
Center of Drug Metabolism and Pharmacokinetic, China Phar-
maceutical University (Nanjing, China). Organic anion trans-
porter (OAT) 2-expressing HEK293 cell lines were obtained from
Shanghai Genechem Co., Ltd. (Shanghai, China). Sf9 insect cell
membrane vesicles expressing MRP1, MRP2, and MRP3 and the
vesicle assay kit were purchased from Corning (Corning, NY,
USA). Inside-out Sf9 insect cell membrane vesicles expressing
MRP4 were purchased from GenoMembrane (Yokohama, Japan).
Rat liver microsomes (RLMs) were purchased from the Research
Institute for Liver Diseases Co., Ltd. (Shanghai, China). Pooled rat
intestinal S9 (RIS9) and rat liver S9 (RLS9) were prepared from
several rats by the Pharmacokinetics Laboratory of the Shanghai
University of Traditional Chinese Medicine (Shanghai, China).

Animals

Totally 30 Sprague-Dawley rats (260 + 10 g, male) were obtained
from the Animal Center of Shanghai University of Traditional

This journal is © The Royal Society of Chemistry 2018

Chinese Medicine (Approval number: 2015007). The rats were
bred in a breeding room with a temperature of 23 + 2 °C,
humidity of 60 £ 5%, and 12 h dark-light cycle. They were
provided water, fed a normal diet, and were acclimatized to the
facilities for 1 week before initiating experiments. The rats were
fasted for 12 h before experimentation, and had access to water
ad libitum. The animal studies were conducted according to the
Institutional Guide for the Care and Use of Laboratory Animals
and were approved by the Institutional Committee of Shanghai
University of Traditional Chinese Medicine (TCM).

In vivo rat studies

The rats were anesthetized with an intraperitoneal injection of
urethane before surgery. The hepatic portal vein and bile duct
were cannulated with polyethylene tubing (0.4 mm ID, 0.8 mm
OD) for intraportal vein (ipv) dosing and sample collection,
respectively. The portal vein blood samples and total body blood
samples were collected from the hepatic portal vein and
abdominal aorta, respectively, using a syringe. During surgery,
the body temperature was maintained at 37 °C using a heating
lamp. There were 3 rats in every group at each observing time.

Intragastric (ig) administration. After WO 10 mg kg™* (35.1
umol kg™") was given by ig administration to the rats, blood
samples, small intestine, and the liver were collected at 15, 30,
60, and 120 min. The bile samples were continuously collected
at 0-15, 15-30, 30-60, and 60-120 min.

ipv injection administration. After WG 1 mg kg™ " (3.5 pmol
kg~ ') was given via ipv injection to the rats, blood samples and
the liver were collected at 5, 15, 30, 60, and 120 min. The bile
samples were continuously collected at 0-5, 5-15, 15-30, 30-60,
and 60-120 min.

Sample preparation. Plasma was vortexed with acetonitrile to
precipitate proteins and was centrifuged at 28 000 x g for
10 min to determine the plasma concentrations of WO and WG.
An aliquot of 50 pL of plasma was hydrolyzed with 50 pL
glucuronidase/sulfatase (4000 U mL~', dissolved in 100 mM
Tris-HCI, pH = 5) containing 5 pL of 20% ascorbic acid at 37 °C
for 2 h. After hydrolysis, the sample was extracted with aceto-
nitrile as described above to determine the plasma concentra-
tion of total WO. The small intestine and liver homogenates and
bile samples were prepared using the same protocol as
described for the plasma samples. The amount of glucuronide/
sulfate was estimated by the difference between the amount of
WO in the sample before and after glucuronidase/sulfatase
hydrolysis.

RSC Adv., 2018, 8, 3364-3373 | 3365
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In vitro transporter studies

MDCKII and MDR1- and BCRP-MDCKII cell monolayer
studies. The oil-water partition coefficient (log P) was calcu-
lated using ADMET Predictor 5.5 software (Simulations Plus,
Lancaster, Canada) to predict the membrane permeability of
WO and WG. The permeability of WO was assessed based on the
apparent permeability coefficient (P,,,) of monodirectional
penetration in MDCKII cell monolayers.

The bidirectional permeability of WG in MDR1- and BCRP-
MDCKII cell monolayers was used to determine whether WG
was a substrate of MDR1 and BCRP. MDCKII and BCRP-MDCKII
cells were cultured in Dulbecco's modified Eagle's medium
(Corning) supplemented with 10% fetal bovine serum, 2 mM t-
glutamine, 1% modified Eagle’s medium nonessential amino
acids (Gibco), 100 U mL " penicillin, and 100 g mL™" strepto-
mycin (Gibco). The cultures were maintained in a humidified
atmosphere containing 5% CO, at 37 °C. The cells were split at
a 1:3 ratio every 3-4 days. Cells were seeded into 24-well
Transwell inserts (0.33 ¢cm?) (Corning) at a density of 1 x 10>
cells per well, and were grown for a minimum of 5 days. The
medium was changed every 2 days. Prior to the assay, the
integrity of the cell monolayer was verified by measuring the
transepithelial electrical resistance (>700 Q). The cell mono-
layers were washed twice with warm Hank's balanced salt
solution (HBSS) and equilibrated with HBSS for 30 min at 37 °C.
The donor solution was placed in the apical chamber (A, 0.3 mL)
or basolateral chamber (B, 0.6 mL), and blank HBSS was added
to the opposite chamber. Samples (0.1 mL) were collected from
the receiver side at different times and an equal volume of blank
HBSS was immediately added to replenish the volume. The
concentration of WO and WG in the donor solution was 5 pM.

MRP efflux transporter vesicle studies. The transport assays
were based on the manufacturer's protocol of the MRP vesicle
assay kit (Corning). The vesicle and test compounds were pre-
incubated in the assay uptake buffer containing 2 mM r-gluta-
thione at 37 °C for 5 min. Subsequently, an aliquot of 15 pL of
25 mM adenosine 5'-triphosphate (ATP) and adenosine 5'-
monophosphate (AMP) was added to the test wells and negative
control wells, respectively. Transport was terminated at the
designated time point by the addition of 200 uL of ice-cold wash
buffer. The incubation mix was rapidly transferred to a Milli-
pore 96-well glass fiber filter plate (Millipore Co., Billerica, MA,
USA), and was then washed 5 times with ice-cold wash buffer.
The compound trapped in the membrane vesicles was released
by the addition of 200 uL methanol, and was centrifuged at 40 x
g for 5 min to collect the samples. The compounds were
quantified after dilution with deionized water. The transport
measurements of WG were performed at a concentration of 5
uM at 37 °C for 4 (MRP2) and 12 min (MRP1, MRP3, and MRP4).
The incubation times and concentration were selected from the
operating manual of the kit.

Uptake transporter studies. Transporter-transfected cells
were cultured in the same manner as described for the MDCKII
cell cultures. The cells were split at a 1 : 3 ratio every 3-4 days.
Transfected HEK293 and mock control cells were seeded on
BioCoat poly-p-lysine-coated 24-well plates (BD Biosciences) at

3366 | RSC Adv., 2018, 8, 3364-3373
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a density of 5.0 x 10° cells per well. After 36 h of culture, the
cells were washed twice and equilibrated in HBSS for 10 min.
The uptake was initiated by adding 0.5 mL of HBSS containing
WG and was terminated at the designated time by aspirating the
medium and washing the cells twice with 2 mL of ice-cold HBSS.
The cells were subsequently lysed after three freeze/thaw cycles
(—80 to 25 °C) and the proteins were precipitated using aceto-
nitrile. Total cellular protein levels were measured using a BCA
protein assay kit. Uptake studies of WG were performed at
a concentration of 2 uM at 37 °C for 5, 10, and 30 min in the
time-dependent experiment. The concentration of WG was 0.1-
1000 uM in the concentration-dependent experiment.

In vitro metabolism studies

Glucuronidation of aglycones by RIS9 and RLMs. A standard
incubation system was used for the UGT reaction. The samples
were incubated at 37 °C in 50 mM Tris-HCl (pH 7.4), including
RISY (1 mg mL™ ") or RLMs (0.5 mg mL '), alamethicin (25 pg
mL™"), DGA (5 mM), MgCl, (10 mM), and WO in a total volume
of 100 pL. After pre-incubation for 5 min, the reaction was
initiated by the addition of 2 mM of UDPGA, and the incubation
was continued for 10 min. The reaction was terminated by the
addition of 100 pL of ice-cold acetonitrile. The incubation
concentrations of WO were 0.5, 1, 2, 5, 10, 20, 50, 100, and 200
UM to determine the kinetic parameters for the decrease of the
aglycone and the formation of WG. The concentration of the
compounds was detected after removal of the proteins by
centrifugation at 28 000 x g for 10 min.

Hydrolysis of glycosides by RIS9 and RLS9. WG was hydro-
lyzed by 50 uL RIS9 (3 mg mL ') and RLS9 (2 mg mL ") con-
taining 2.5 pL of 20% ascorbic acid at 37 °C for 3, 5, 10, 20, 30,
45, 60, 90, and 120 min. The reaction was conducted in 50 mM
Tris-HCI (pH = 4.6-5). After hydrolysis, the samples were vor-
texed with 100 pL acetonitrile to precipitate the proteins, fol-
lowed by centrifugation at 28 000 x g for 10 min.

Bioanalysis of WO and WG

A validated liquid chromatography/tandem mass spectrometry-
(LC/MS/MS) based method was used to quantify WO and WG in
the samples. The LC-MS/MS system included a Shimazu HPLC
system (Shimazu, Japan) and a Thermo TSQ system (Thermo
Fisher Scientific, Waltham, MA, USA). The column used was
a Thermo Hypersil gold (2.1 x 100 mm, 3 pum) and the
temperature was maintained at 35 °C. A gradient elution with
two mobile phases was used: 0.05% formic acid (mobile phase
A) and acetonitrile (mobile phase B). The gradient elution
procedure was as follows: 0-1.5 min at 45-60% B, 1.5-2.5 min at
60-90% B, 2.5-4 min at 90% B, and 4.1-6 min at 45% B. The
flow rate was 0.20 mL min~ ' and the injection volume was 5 pL.
The MS instrument was further equipped with an electrospray
ionization (ESI) source operating in positive mode. Quantifica-
tion was performed using multiple-reaction monitoring of the
transitions from m/z 461.136 to 270.190 for WG, m/z 285.067 to
270.100 for WO, and m/z 430.990 to 369.000 for ononin as the
internal standard (IS). The working parameters for the MS were
set as follows: ion spray voltage, 3000 kV (+); sheath gas

This journal is © The Royal Society of Chemistry 2018
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pressure, 40 psi; aux gas pressure, 10 psi; and capillary
temperature, 300 °C. All calibration curves showed good line-
arity (r > 0.9915). The limit of quantification (LOQ) of WO and
WG were 0.36 and 2.76 nmol L. The accuracy of the intra- and
inter-day variation of the investigated compounds was 95.81-
107.20% and the precision values were less than 3.17%. The
method used met the requirements for the quantitation of
biological samples. The calculating equation of wogonin sulfate
(WS) was WS = WO (after glucuronidase/sulfatase hydrolysis) —
WO (before glucuronidase/sulfatase hydrolysis) — WG.

Data analysis

The pharmacokinetic parameters were estimated using the
WinNonlin program (Pharsight, Mountain View, CA, USA) with
a non-compartmental approach. The main kinetic parameters
of metabolism and uptake transport were calculated with
GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA,
USA) using a typical Michaelis-Menten equation V = Vi, /(1 +
K/S), where V is the uptake velocity of the substrate, S is the
concentration of the substrate in the medium, V;,,, represents
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the maximal velocity, and K, is the substrate concentration
when the velocity is half the V... The apparent permeability
coefficient P,p;, values across the cell monolayers were calcu-
lated using the following equation: P,,, = dQ/(dt x A x Cy),
where dQ/dt is the flux of compound across the monolayer, A is
the surface area of the cell monolayer, and C, is the initial
concentration in the donor chamber. P,,pa5 is the Py, value
measured in the A to B direction and P,ppp-4 is the Py, value
measured in the B to A direction. The efflux ratio (ER) was
calculated as: efflux ratio = Pappp_a/Pappa-g- Statistically signifi-
cant differences between two or more groups were determined
using Student's t-test or one-way ANOVA, respectively, using
PASW Statistics 18.0 (PASW Statistics/SPSS, Hong Kong, China).
Differences at p < 0.05 were considered significant for all tests.

Results
In vivo rat studies

The concentrations of the aglycones and their glucuronides/
sulfates after ig administration and ipv administration are
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Fig.2 Concentrations of wogonin (WO) and its conjugates in small intestine (A), portal plasma (B), plasma in systemic circulation (C), and liver (D),
as well as cumulative biliary secretion (E) after intragastric administration of WO (35.1 pmol kg™). WS, wogonin sulfate. WG, wogonoside. One
gram of the intestine and liver tissue was assumed to be 1 mL (mean + S.D., n = 3). WG and WS were not detected in small intestine and liver, and

WO and WS were not detected in biliary.
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Fig. 3 Concentrations of wogonin (WO) and its conjugates in portal plasma (A), plasma in systemic circulation (B), and liver (C), as well as
cumulative biliary secretion (D) after intra-portal vein injection of wogonoside (WG, 3.5 umol kg~%). WS, wogonin sulfate. One gram of intestine
and liver tissue was assumed to be 1 mL (mean + S.D., n = 3). WG and WS were not detected in liver, and WO and WS were not detected in biliary.

shown in Fig. 2 and 3. The corresponding area under the After ig administration of WO, WG was found primarily in
curve (AUC) and cumulative biliary secretion values are listed in  the portal vein and body plasma. The concentrations of the
Table 1. aglycone WO and WS were lower than WG was in plasma. WO

Table 1 The AUC and cumulative biliary secretion of wogonin (WO) and its conjugates after administration in rats (n = 3)*

ig administration ipv administration
AUC (h nM) AUC (h nM)
Biliary secretion Biliary secretion
Intestine  Portal plasma  Body plasma  Liver  (nmol) Portal plasma  Body plasma  Liver (nmol)
WO 26 47 18 132 N.A. 160 124 1080 N.A.
WG N.A. 148 73 N.A. 29 294 282 N.A. 1172
WS N.A. 71 30 N.A. N.A. 79 65 N.A. N.A.
Total WO 26 266 121 132 29 533 471 1080 1172

¢ WO, wogonin. WG, wogonoside; WS, wogonin sulfate; total WO, WO + WG + WS; N.A., not available. One gram of the intestine and liver tissue was
assumed to be 1 mL.

Table 2 Bidirectional transport of wogonoside (WG) in MDR1-MDCKII cell monolayers (mean + S.D., n = 3)*

MDR1 Control
Pypp X 107° (em s7") Efflux ratio Papp X 107° (cm s™Y) Efflux ratio
Time A-B B-A B-A/A-B A-B B-A B-A/A-B
WG 1h 1.81 £ 0.10 1.57 £ 0.42 0.87 £+ 0.23 1.00 £ 0.20 1.25 £+ 0.30 1.34 £ 0.61
2h 0.93 +0.13 1.52 £ 0.57 1.60 £ 0.40 0.88 = 0.11 1.06 £ 0.18 1.22 £ 0.31
Rho123 1h 1.31 £ 0.32 7.91 + 1.76 6.27 + 1.90 0.68 + 0.13 1.27 £ 0.20 1.85 £ 0.08
2h 1.32 £ 0.28 9.34 + 0.28 7.05 £+ 0.07 0.62 £+ 0.12 1.29 £+ 0.22 2.13 £ 0.58

“ A-B: apical-to-basolateral; B-A: basolateral-to-apical; Rho123: rhodamine 123.

3368 | RSC Adv., 2018, 8, 33643373 This journal is © The Royal Society of Chemistry 2018
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Table 3 Bidirectional transport of wogonoside (WG) in BCRP-MDCKII cell monolayers (mean + S.D., n = 3)*
BCRP Control
Popp X 107 (em s7%) Efflux ratio Papp X 107° (em s™) Efflux ratio
Time A-B B-A B-A/A-B A-B B-A B-A/A-B
WG 1h 2.39 £ 0.04 2.49 + 0.37 1.04 £ 0.17 2.33 £ 0.16 1.93 + 0.16 0.84 + 0.11
2h 1.73 £ 0.23 1.89 £ 0.24 1.09 £ 0.14 1.39 £ 0.14 1.12 £+ 0.03 0.80 £+ 0.10
CT 1h 1.33 £ 0.07 7.33 £ 0.98 6.52 + 1.21 0.75 + 0.22 0.79 + 0.27 1.06 £ 0.35
2h 0.98 + 0.23 7.48 + 0.57 7.47 £ 1.28 0.55 = 0.10 0.62 + 0.06 1.01 £ 0.13

“ A-B: apical-to-basolateral; B-A: basolateral-to-apical; CT: cimetidine.

was detected without its metabolites in the intestine and liver.
The AUC of WO in liver was about 7-fold that in body plasma.
WG was excreted without detectable aglycones in the bile.

After ipv administration of WG, the pharmacokinetic char-
acteristics of WO/WG were similar to that after ig administra-
tion. WG, WS, and WO were detected in the portal vein and body
plasma. Only aglycone WO was detected in the liver, and the
AUC of WO in the liver was about 9-fold that in body plasma.
WG was excreted in the bile without detectable aglycones.

MDR1-MDCKII and BCRP-MDCKII cell monolayer studies

The ERs of rhodamine 123 (a typical substrate of MDR1) in MDR1-
MDCKII cells and cimetidine (a typical substrate of BCRP) in
BCRP-MDCKII cells were 3.3- and 7.3-fold that of control cells,
respectively. However, the ER of WG was not significantly different
between transfected cells and control cells (Tables 2 and 3).
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Efflux transporter vesicle studies

Efflux transporter studies were conducted by measuring the
transport of WG into MRP1-, MRP2-, MRP3-, and MRP4-
expressing membrane vesicles to determine whether WG was
a substrate of MRP transporters. As shown in Fig. 4, a significant
transport of WG by all four MRP vesicles was observed in the
presence of ATP compared with that in the presence of AMP.
The transport of WG by MRP2 and MRP4 vesicles was higher
than that by MRP1 and MRP3 vesicles.

Uptake transporter studies

The time-dependent uptakes are shown in Fig. 5. No significant
difference was observed between the uptake of WG by OAT2-
and OATP1B1-HEK293 cells and that by the vector control cells.
However, the uptake of WG by OATP2B1- and OATP1B3-HEK293
cells was significantly higher than that by vector control cells at
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Fig.4 Transport of wogonoside (WG) by MRP1-, MRP2-, MRP3- and MRP4-expressing membrane vesicles (mean & S.D., n = 3). ¥p < 0.05, **p <
0.01, ***p < 0.001 versus control. MRP, multidrug resistance-associated protein.
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37 °C (Fig. 5). The uptake kinetics of WG fit the Michaelis-
Menten model (Fig. 6 and Table 4). WG exhibited a higher
affinity and uptake capacity for OATP1B3 than for OATP2B1.

Glucuronidation by RIS9 and RLMs

Both the formation of WG and the decrease in the aglycone WO
were calculated to determine the degree of glucuronidation. WO

Table 4 Main kinetic parameters for the uptake of wogonoside (WG)
by OATP2B1 and OATP1B3“

OATP2B1 OATP1B3
Km (uM) 227.2 + 42.8 8.4 + 1.9%**
Vimax (pmol per mg protein per min)  305.3 = 20.6  826.9 £+ 53.1

@ #%%p < 0.001 versus OATP2B1.

3370 | RSC Adv., 2018, 8, 3364-3373

was rapidly biotransformed into its glucuronide metabolite after
10 min of incubation with RIS9 and RLMs. The kinetic curves fit
the Michaelis-Menten equation (Fig. 7). As shown in Table 5, the
amount of WG formed and WO metabolized were nearly equal for
each substrate concentration, showing approximate CLiy (Vinax/
K.,) values. 95% confidence intervals calculation result shown
that there was no significant difference between K, and Viax
values in formation of WG (25.54-40.03 and 4.94-5.73 for RIS9,
33.40-56.03 and 14.89-17.91 for RLMs) and decrease of WO
(32.75-51.34 and 5.53-6.49 for RIS9, 37.78-61.84 and 16.61-19.94
for RLMs) in two systems. These indicated that WG was the
predominant glucuronide metabolite of WO.

In vitro hydrolysis study of WG

Hydrolysis curves of WG are shown in Fig. 8. The ¢, of the
hydrolysis of WG in RIS9 and RLS9 were 5.88 & 1.25 and 6.36 +

This journal is © The Royal Society of Chemistry 2018
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Table 5 Glucuronidation kinetic parameters for the formation of wogonoside (WG) and the decrease of wogonin (WQO) in the RIS9 and RLMs

RIS9 RLMs
Kmy WM Vg, pmol mg ™" min™'  CLip, pL min ' mg ' Kip, WM Vi, pmol mg ' min™"  CLipg, pL min~ ' mg ™"
Formation of WG 32.8 +£3.5 5.3 +0.2 161.6 44.7 £5.5 16.4 £ 0.7 366.9
Decrease of WO 42.0 +4.5 6.0+ 0.2 142.8 49.8 + 5.8 18.3 £ 0.8 367.5
RIS9 RLS9
= 40 =W o * WG
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Fig. 8 Hydrolysis curves of wogonoside (WG) by RIS9 and RLS9 (mean + S.D., n = 3). WO, wogonin; RIS9, rat intestine S9; RLS9, rat liver S9.

3.02 min, respectively. These findings indicated that WG was
rapidly and readily hydrolyzed in the small intestine and liver.

Discussion

There have been reports that flavonoid glycosides are absorbed
after release of the glycosyl moiety by hydrolysis in the intestinal
tract,*® WO is rapidly converted into its glucuronide WG in the
small intestine,”” and WG are predominantly present in the

This journal is © The Royal Society of Chemistry 2018

portal vein.'® On the basis of these results, in the present study,
WO was given to rats via ig administration and WG was given to
rats via ipv injection to determine the pharmacokinetic char-
acteristics of WO/WG. The dosage was chosen in comparison
with the content of these flavones in RS. The results showed that
the glucuronide conjugate, WG, was the main form in the portal
vein and body plasma, while only WG was found in the bile and
only aglycone WO was found in the small intestine and liver.
The AUC of WO in the liver was significantly higher than that in

RSC Adv., 2018, 8, 3364-3373 | 3371
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the body plasma. These results more clearly revealed the expo-
sure form difference of WO/WG between plasma and liver. In
order to clarify underlying mechanism of these pharmacoki-
netic characteristics we produced a series of metabolism and
transport experiments in vitro.

First, the glucuronidation of WO was very fast, and there was
a similar CL;, between the formation of WG and the decrease in
WO in RIS9 and RLM, which implies that WO was quickly
metabolized into WG, the only glucuronide metabolite of WO in
the small intestine and liver. Because of the low lipophilicity
(log P = 0.51) and low permeability, the movement of WG
should be mediated by transporter. Second, in efflux trans-
porter experiments, WG was not a substrate of MDR1 and BCRP.
However, WG was a substrate of all four MRPs, with MRP2 and
MRP4 exhibiting stronger transport ability. This indicated that
the WG formed in enterocytes can be largely excreted into the
intestinal tract by MRP2, the most important efflux transporter
expressed on the apical side of the intestinal mucosa, but
a small amount can be transported into mesenteric blood by
MRP1, 3, and 4 expressed on the basolateral side of the intes-
tinal mucosa to enter the portal vein. Furthermore, we found
that WG was a substrate of OATP2B1 and OATP1B3. Therefore,
WG in the portal vein could be transported into the liver by
OATP2B1 and OATP1B3. Moreover, WG in hepatocytes can be
largely excreted into the bile by MRP2, the most important efflux
transporter expressed on the canaliculus side of hepatocytes,
with a small amount also transported into the system blood by
MRP1, 3, and 4 expressed on the blood sinus side of hepato-
cytes. In addition, a small number of WO can pass through
enterocytes and hepatocytes by passive diffusion and enter the
portal vein and body blood. The above results clarify the reason
that WG is the main form found in the portal vein and body
plasma. Finally, in the hydrolysis experiment, the results
showed that WG had a fast hydrolysis rate in RIS9 and RLS9,
which explained that WG was very quickly hydrolyzed into WO
in the small intestine and liver in addition to the efflux by MRPs.
Both of these results clarify the reason why only WO was
detected in the small intestine and liver.

In a previous study, MRP2 was considered to be involved in
the intestinal efflux of WG based on decreased excretive trans-
port of WG after MRP inhibition in Caco-2 cells, and the
increased apical accumulation and apparent permeability
coefficient of WG during its basolateral to apical transport in
MDCK-MRP2 cells.*® However, there was insufficient evidence
that WG was an MRP2 substrate because the ER ratio, which is
indicative of MRP-mediated efflux at a value of 1.5, was not
determined in this study. In the present study, inside-out Sf9
insect cell membrane vesicles not only provided a more reliable
indication of WG efflux mediated by MRP2, but also showed
that WG was a substrate of MRP1, 3, and 4. Further, we found
that WG was a substrate of OATP1B3 and OATP2B1, but not
a substrate of OAT2.

The results of the present study may provide valuable
information for future research and development of WO and
WG. The concentrations and exposure forms of WO/WG in
tissues were determined by analyzing OATP2B1, OATP1B3,
MRPs, and B-glucuronidase in the corresponding tissues.
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Therefore, it is warranted to choose suitable compounds to
study their effects in pharmacodynamic models in vitro. For
example, because WO and WG can enter hepatocytes via passive
diffusion or active transport, where they can be mutually
transformed by UGT and B-glucuronidase, respectively, WO and
WG can be used to study the pharmacodynamics of liver ther-
apeutics in vitro. However, whether WO or WG can be used to
study effects in other tissues should be verified by transporters
expressed in the corresponding cells or tissues in vitro to be
consistent with the effects in vivo. Currently, there are phar-
macodynamic studies of WO and WG ongoing to examine their
liver protection, brain protection, and anti-cancer effects.>*
Our studies are significant to the research of WO and WG in
these target organs and cells. In addition, the present results
indicate that we should pay attention to the potential drug-drug
interactions between WO/WG, as well as traditional Chinese
medicines containing WO/WG, and co-combination inhibitors
of OATPs or MRPs.

Conclusion

In summary, the uptake of WG into the liver was mediated by
OATP2B1 and OATP1B3. WG is a substrate of MRPs, which
mediate the excretion of WG into the intestinal tract, blood, and
bile. This explains why WG was the predominant form in portal
vein, body plasma, and bile. Moreover, this study showed fast
hydrolysis of WG in the small intestine and liver, which, in
addition to the efflux of WG by MRPs, is the reason that only WO
was detected in these tissues.
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Abbreviations

WO Wogonin

WG Wogonoside

RS Radix Scutellariae

WS Wogonin sulfate

UGTs UDP-glucuronosyltranferase

MDCK Madin-Darby canine kidney cell line

LC-MS/  High performance liquid chromatograph/tandem
MS mass spectrometry

IS Internal standard

HBSS Hank's balanced salt solution
UDPGA  Uridine diphosphate glucuronic acid
log P Oil-water partition coefficient

Papp Apparent permeability coefficient

ER Efflux ratio

RLMs Rat liver microsomes

RIS9 Rat intestine S9

RLS9 Rat liver S9

MDR Mutidrug resistance

BCRP Breast cancer-resistance protein
MRPs Multidrug resistance-associated protein
OATs Organic anion transporters
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OATPs Organic anion transporting polypeptides
HEK293 Human embryonic kidney 293 cell

FBS Fetal bovine serum

DGA p-Glucaric acid-1,4-lactone monohydrate
AUC Area under the curve

TEER Transepithelium electrical resistance
GSH L-Glutathione

ATP Adenosine 5'-triphosphate

AMP Adenosine 5-monophosphate
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