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ABSTRACT

Purpose To determine the mechanism responsible for acacetin
glucuronide transport and the bioavailability of acacetin.
Methods Arca under the curve (AUC), clearance (CL), half-
life (T, /o) and other pharmacokinetic parameters were deter-
mined by the pharmacokinetic model. The excretion of
acacetin glucuronides was evaluated by the mouse intestinal
perfusion model and the Caco-2 cell model.

Results In pharmacokinetic studies, the bioavailability of
acacetin in FVB mice was 1.3%. Acacetin was mostly exposed
as acacetin glucuronides in plasma. AUC of acacetin-7-
glucuronide (Aca-7-Glu) was 2-fold and 6-fold higher in
Berpl (—/—) mice and Mrp2 (—/—) mice, respectively. AUC
of acacetin-5-glucuronide (Aca-5-Glu) was 2-fold higher
in Berpl (—/—) mice. In mouse intestinal perfusion, the
excretion of Aca-7-Glu was decreased by 1-fold and 2-fold
in Berpl (—/—) and Mrp2 (—/—) mice, respectively. In Caco-2
cells, the efflux rates of Aca-7-Glu and Aca-5-Glu were signif-
icantly decreased by breast cancer resistance protein (BCRP)
inhibitor Kol143 and multidrug resistance protein 2 (MRP2)
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inhibitor LTC4. The use of these inhibitors markedly in-
creased the intracellular acacetin glucuronide content.
Conclusions BCRP and MRP2 regulated the in vivo dis-
position of acacetin glucuronides. The coupling of
glucuronidation and efflux transport was probably the
primary reason for the low bioavailability of acacetin.

KEY WORDS acacetin - bicavailability - efflux transporter -
excretion - pharmacokinetic

ABBREVIATIONS

AP Apical

AUC Area under the curve

BCRP Breast cancer resistance protein
BL Basolateral

Crrax Maximum plasma concentration

CL Clearance

HBSS Hanks’ balanced salts

HPLC High performance liquid chromatography
HRMS High-resolution mass spectra

LLOQ Lower limit of quantification

MRP Multidrug resistance protein

MRT Mean residence time

T 12 Half-life

UGT Uridine 5'-diphospho-
glucuronosyltransferases

UHPLC-MS/MS  Ultra high performance liquid
chromatography/tandem mass spectrometry

uv Ultraviolet and visible spectrum

INTRODUCTION

Flavonoids are a class of polyphenolic natural compounds that
have been extensively investigated because of their diverse
health benefits. This series of compounds occurs naturally as
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glucosides and aglycones in medicinal plants and herbal rem-
edies. In general, flavonoids, such as genestein, possess low
oral bioavailability because they can easily undergo conjugat-
ing reactions catalyzed by phase II enzymes including UDP-
glucuronosyltransferases (UGTs) and sulfotransferases (1,2).
The excretion of the generated metabolites requires the efflux
transporters because these metabolites are highly hydrophilic.
According to published researches, breast cancer resistance
protein (BCRP), multidrug resistance protein 2 (MRP2) and
MRP3 can transport numerous glucuronide conjugates (3—6).
However, these efflux transporters exhibit substrate selectivity
in the transport of these metabolites. For instance, quercetin
glucuronide 1s transported by Berp but not by Mrp2 (7).
BCRP rather than MRP2 plays an important role in the bil-
iary excretion of mycophenolic acid glucuronide. MRP?2 facil-
itates the biliary excretion of the glucuronide conjugate of
methyl-1(3,4-dimethoxyphenyl)-3-(3-cthylvaleryl)-4-hydroxy-
6,7,8-trimethoxy-2-naphthoate, but the effect of BCRP on
this conjugate is limited (8). Because transporters possibly in-
duce drug-drug interactions (DDIs), the roles of efflux trans-
porters should be evaluated to help predict the potential DDIs
during drug development (9,10).

Flavone acacetin (5,7-dihydroxy-4'-methoxyflavone) is a
bioactive compound distributed in many natural plants such
as Dracocephalum moldavica L., propolis, Tunera diffusa and Betula
pendula (11-13). It has been recognized as a highly potential
drug candidate because it has a broad spectrum of biological
activities. Acacetin can induce apoptosis in T cells associated
with leukemia by activating the Fas-mediated pathway (14).
Acacetin has potential curative effects for atrial fibrillation by
specifically blocking multiple atrial ion channels (15). It also
provides promising treatment effects on inflammation and asth-
ma by inhibiting eotaxin-1- and Th2-associated cytokines (16).

Elucidating the # viwo disposition of acacetin may help en-
hance our understanding on the characteristics of acacetin. In
our previous study, acacetin can easily undergo n vitro UGT
metabolism to Aca-7-Glu via human UGT isoforms and dif-
ferent microsomes from humans and other animals, such as
mouse, rat, and dog (17). Among human UGT isoforms,
UGT1AS8 produces the highest number of metabolites (17).
In vivo pharmacokinetics have demonstrated that Aca-7-Glu
showed higher plasma level than that of acacetin (18). After
200 or 400 mg/kg of D. moldavica L. mixture is orally
administered to Sprague—Dawley rats, AUC of Aca-7-
Glu is extremely higher (>26-fold) than that of acacetin
(18). Acacetin and its glucoside tilianin may participate
in a triple recycling process consisting of enterohepatic
recycling, enteric recycling, and local recycling, which are fa-
cilitated by the coupling of UGT's and efflux transporters (19).
Thus, all of the evidences suggested that extensive UDP-
glucuronosyltransferase (UGT) metabolism may contribute
signficantly to the poor bioavailability of acacetin. The excre-
tion of most UGT metabolites are mediated by efflux

transporters (e.g., BCRP and MRP2). Therefore, our current
study was designed to elucidate the roles of apical efflux trans-
porters involved in acacetin glucuronide transport. In addi-
tion, the bioavailability of acacetin remains unknown.

In this study, a sensitive and stable UHPLC-MS/MS
method was initially established. Comprehensive and thor-
ough i vwo analyses were subsequently conducted to deter-
mine the bioavailability of acacetin and understand its dispo-
sition. The established method could be used to quantify
acacetin and its glucuronides, namely, Aca-5-Glu and Aca-
7-Glu. The bioavailability of acacetin was observed in FVB
mice. In the pharmacokinetic analysis of acacetin glucuro-
nides, knockout mice were utilized to reveal the effects of
efflux transport on their systemic exposure levels. Knockout
mice used in the perfusion model and Caco-2 cells with chem-
ical inhibitors were combined to confirm the roles of trans-
porters in the excretion of acacetin glucuronides.

MATERIALS AND METHODS
Materials

Cloned Caco-2 cells (TC7) were kindly provided by Dr. Ming
Hu (Department of Pharmaceutical Sciences, College of
Pharmacy, University of Houston, USA). HPLC-grade
acacetin (purity >98%, confirmed through UHPLC-MS/
MS) was purchased from Shanghai Winherb Medical
Technology Co., Ltd. (Shanghai, China). Testosterone (purity
>98%; used as an internal standard) was procured from
Nacalai Tesque Company (Tokyo, Japan). Leukotriene C4
(LTC4), Ko143, fetal bovine serum, and Hanks’ balanced salts
(HBSS, powder form) are all bought from Sigma-Aldrich Co.
(St. Louis, MO, USA). All other chemicals and solvents were of
analytical grade or higher and used as received.

Animals

Eight- to eleven-week-old male wild-type FVB mice were pur-
chased from Vital River Laboratory Animal Technology Co.,
Ltd. (Beijing, China) and male knockout FVB mice including
Mrp2 (=/=) and Berpl (=/-), of the same age were pur-
chased from Biomodel Organism Science & Technology
Development Co., Ltd. (Shanghai, China). These mice were
maintained in a unidirectional airflow room under the follow-
ing conditions: relative humidity (40% to 70%), controlled
temperature (20 °C to 24 °C) and 12 h/12 h light/dark cycle.
These mice weighing 20 g to 30 g were fasted overnight and
provided drinking water 1 day before the experiments
were performed. Animal experiments were carried out
in accordance with mandatory guidelines and approved
by the Guangzhou University of Chinese Medicine’s
Ethics Committee.
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Biosynthesis of Aca-7-Glu and Aca-5-Glu

The phase II metabolites Aca-7-Glu and Aca-5-Glu were pre-
pared using rat liver microsomes in accordance with a previ-
ously published method (18). Aca-7-Glu and Aca-5-Glu in the
preparation solution were seperated with an Agilent 1200
HPLC system (Agilent Technologies, Inc., Santa Clara,
CA, USA). The collected solution was concentrated in
nitrogen and stored at —20 °C. The concentrations of
Aca-7-Glu and Aca-5-Glu were determined on the basis
of the standard curve and conversion factor of acacetin.
This factor was calculated by comparing the peak area
change in aglycone after hydrolyzing glucuronide with
B-glucuronidases and the corresponding peak area
change in glucuronide under the same UV detection
wavelength. The conversion factors of Aca-7-Glu and
Aca-5-Glu were 1.2 and 1.4, respectively.

Pharmacokinetic Studies

For pharmacokinetic studies, acacetin was dissolved in ethanol
and then diluted in 25% cyclodextrin (1:19, v/v) for pharma-
cokinetic studies. For oral (p.o.) administration, FVB mice and
knockout mice received 5 mg/kg of acacetin. For intravenous
(i.v.) administration, only FVB mice were treated with
0.5 mg/kg of acacetin. Blood samples (approximately 20 pL)
were collected by snipping the mouse tail near its tip at 3, 5,
10, 15, 20, 30, 60, 120, 300, 420, 540, and 720 min post-
treatment and placed in heparinized tubes. The samples were
centrifuged at 8000 rpm for 8 min. Afterward, plasma was
obtained and stored at —20 °C until analysis. Plasma samples
were prepared as follows: 10 uL of sample was spiked with
60 pL of methanol to precipitate protein, and the mixture was
vortexed for 1 min. The sample was then centrifuged at
14,000 rpm for 15 min, and 60 pL of the supernatants was
transferred to a new tube and evaporated to dryness in a
vacuum drying oven. The residue was dissolved with 60 uL
of 50% methanol aqueous solution, centrifuged at 13,500 rpm
for 30 min, and analyzed by using a UHPLC-MS/MS system.
The pharmacokinetic parameters were identified with
WinNonlin 3.3 (Pharsight Co., Mountain View, CA, USA).
The absolute oral bioavailability (F%) of acacetin was calcu-
lated by using the following equation:

_ AUC(p.0.) x Dose(i.v.)
~ AUC(i.0.) x Dose(p.0.)

F% x 100%

Studies on Liver Distribution

The method to dissolve acacetin was the same as pharmaco-
kinetic studies. Mice (FVB, Berpl(—/—) and Mrp2 (—/-)
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mice) were drawn blood from eye ball and were sacrificed
5 min following oral administration of 5 mg/kg acacetin.
They were then immediately transferred to a tray after remov-
ing the liver from the animals. The liver was washed with
saline until the external blood was completely removed from
the organ. Pieces of 1000—1500 mg of the liver were taken and
washed again, blotted with filter paper, and weighed. They
were firstly chopped with blade and 1000 pL saline was added
per 1000 mg of tissue, followed by homogenising for approx-
imately 3 min at 60 Hz in an automatic grinding machine.
The sample was stored at —20 °C until analysis. Samples of
liver tissue and plasma were prepared similar to pharmacoki-
netic studies as the following: 20 pL of sample was spiked with
80 pL of methanol to precipitate protein, and the mixture was
vortexed for 1 min. The sample was then centrifuged at
14,000 rpm for 15 min, and 80 pL of the supernatants
was transferred to a new tube and evaporated to dry-
ness in a vacuum drying oven. The residue was dis-
solved with 80 uL of 50% methanol aqueous solution,
centrifuged at 13,500 rpm for 30 min, and analyzed by
a UHPLC-MS/MS system.

Transport Experiments in the Perfused Mouse Model

Animal surgery was performed in accordance with a
previously described method (20). In brief, after the
mouse was anesthetized by 1 g/kg urethane (50%,
w/v), one segment of the small intestine (10 c¢cm) and
the colon (7 c¢cm) were simultaneously perfused with
HBSS solution containing 5 uM of acacetin at a flow
rate of 0.25 mL/min to initiate the experiment. Tween
80 (0.1%, v/v) and polyethylene glycol 400 (0.2%, v/v)
were added to promote the solubility of acacetin in
HBSS buffer (pH 6.5) because we found that acacetin
yielded poor solubility at pH 6.5. The intestines were
perfused for 20 min to achieve steady-state absorption,
and 2 perfusion samples were obtained from the outlet
cannula every 20 min. The bile duct was tied before the
intestine, and bile was allowed to accumulate inside the
gallblader before and during the perfusion. For the per-
fusate sample, a stop solution (2 mL of ethanol) was
added to the receiving tubes to prevent substrate hydro-
lysis. Tubes used to hold perfusate and bile were
weighed before and after accumulation to measure the
amount of the collected perfusate and bile. At the end
of the experiment, bile samples were collected by tying
the liver side of the bile duct and carefully removing the
gallbladder with scissors. Blood samples were also col-
lected from the tip of the tail. All inlet cannulas were
insulated and maintained at 37 °C by a circulating water bath
to ensure that the temperature of the perfusate remained con-
stant. The concentrations of test compounds in the perfusate
were analyzed through UHPLC-MS/MS.
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Glucuronidation of Acacetin by Mouse S9 Fraction

This procedure was performed in accordance with a
previously described protocol (21). Acacetin was incu-
bated with the mouse S9 fraction of the liver or small
intestine from FVB mice and knockout mice (i.e., Berpl
(=/=) and Mrp2 (—/—) mice) in a UGT incubation
system. The protein concentration of this fraction was
0.25 mg/mL.

Metabolism of Acacetin in Caco-2 Cell Lysate

Caco-2 cell lysate was prepared in accordance with a previ-
ously described method (21).

Transport Experiments of Acacetin in the Caco-2 Cell
Model

Transport experiments were conducted in accordance with
published protocols (22). In brief, cell monolayers were
washed thrice with HBSS (pH 7.4) at 37 °C. Their
transepithelial electrical resistance (Millicell-ERS) was
measured, and values less than 460 Q/cm® were
discarded. The monolayers with the desired
transepithelial electrical resistance were incubated with
HBSS for 1 h. Acacetin solution (10 pM) was loaded on
either apical (AP) or basolateral (BL) side, and blank
HBSS was loaded on the other side. Efflux transporter
inhibitors, namely, Kol43 (an inhibitor of BCRP,
10 uM) and LTC4 (an inhibitor of MRP2, 0.1 uM)
were added onto the AP side, and each sample was
prepared in triplicate. The samples (0.5 mL) were col-
lected at different time points (0, 1, 2, 3, and 4 h), and
the same volume of the corresponding solution was used
to replenish each well after sampling was conducted.
The intracellular concentrations of acacetin glucuronides
were determined after transport experiments were per-
formed. Briefly, the cells were removed from the inserts,
pooled in blank HBSS (1 mL), and sonicated for 30 min
in an ice bath (4 °C). F,,. was calculated according to
a published method (23) as follow:

> Metabolite

FlnC - . .
' SMetabolite + > Acacetin

Where Y Metabolite represents the total concentrations of
metabolites, and Y, Acacetin is the total concentrations of
acacetin combined in the cell, apical and basolateral side.
All of the samples were centrifuged at 13,000 rpm for
30 min before measurement was carried out through

UHPLC-MS/MS.

UHPLC-MS/MS Analysis of Acacetin and Glucuronides

UHPLC-MS/MS was performed using an Agilent 1290 series
UHPLC system with a G4220B binary pump, a G1316C
column oven, a G4226A autosampler, and a G4212A DAD
(Agilent, USA) and an Agilent 6460 Triple Quadrupole mass
spectrometer equipped with an electrospray ionization source
(Agilent Technologies). Chromatographic separation was
completed by using the UHPLC system. The compounds
were analyzed under the following UHPLC conditions:
Agilent 1290 infinity LC system; column, ZORBAX SB-
C18, 1.8 pm, 3.0 mm X 100 mm; mobile phase A, 100%
aqueous buffer (0.1%, v/v formic acid, pH 2.5); mobile phase
B, 100% acetonitrile; flow rate, 0.3 mL/min; mobile phase
gradient, 80% A for 0—1.0 min, 85%—70% A for 1.0—2.0 min,
70%—60% A for 2.0—4.0 min, 60%—20% A for 4.0-6.0 min,
20%-85% A for 6.0-8.5 min; detection wavelengths, 330 and
254 nm; and injection volume, 10 pL.

MS/MS was applied to verify the structure of the com-
pounds, multiple reaction monitoring (MRM) was performed
to analyze the compounds quantitatively. The relevant pa-
rameters of the mass spectrum were as follows: fragmentor,
135 kV; nozzle voltage, 500 V; gas temperature, 280 °C;
sheath gas temperature, 380 °C; and sheath gas flow, 7.0 L/
min. For the first 2 min, the samples were diverted to the
waste, and from 2 to 8.5 min, the samples were switched into
the mass spectrometer for analysis. The following transitions
were obtained: m/z 461.0 > 285.1 for Aca-7-Glu and Aca-5-
Glu, m/7z285.2 > 241.9 for acacetin, and m/z 289.0 > 97.1 for
testosterone (internal standard, IS). The lower limits of quan-
tification (LLOQ) were 0.2 and 2 nM for acacetin glucuro-
nides and acacetin, respectively.

Statistical Analysis

Data were presented as means + standard deviation. One-
way ANOVA with or without Turkey—Kramer’s multiple
comparison or student’s ¢ test was used to evaluate statistical
differences. Differences were considered significant at
p <0.05.

RESULTS
Identification of Acacetin and Acacetin Glucuronides

After acacetin was incubated with rat liver microsomes, two
distinct peaks of the absorbances G1 and G2 with different
retention times (4.5 min for Aca-5-Glu and 5.0 min for Aca-
7-Glu) were identified in the diode array detector (Fig. la).
Both compounds showed pseudo-molecule ion [M + H]" of
m/z 461.000 in the full scan mass spectra. These findings
suggested that the molecular formula of these compounds
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Fig. | Representative UHPLC- a
DAD (a, g), UHPLC-MS/MS (b-f) 10
chromatograms of acacetin, acacetin- 1.2
5-glucuronide (Aca-5-Glu) and 1
acacetin-7-glucuronide (Aca-7-Glu)

and their respective structures. Panel 0.8
(@) shows DAD chromatogram of 0.6

acacetin, Aca-7-Glu and Aca-5-Glu : "
and internal standard (IS). Panels (b) 0.4
and (d) show high-resolution mass
spectra of acacetin and acacetin glu-
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was CigoHgO11 (Fig. 1d). In the MS2 scan, a precursor ion of
m/z 461.0 and a product ion of m/z 285.0 were observed in
these compounds (Fig. le), and these ions corresponded to
acacetin glucuronides. The high-resolution mass spectra of
these compounds showing [M + H]" = 285.0742 ion indi-
cated that their molecular formula was C,H ;505 (Fig. 1b).
The MS2 scan displaying a precursor ion of m/z 285.0 and a
product ion of m/z 242.0 confirmed the structure of acacetin
(Fig. 1¢).

UV spectra method can be applied to distinguish acacetin
glucuronides (24). Flavones including their glucuronides, yield
two major absorption peaks ranging from 240 nm to 280 nm,
which is commonly referred to as band II, and ranging from

@ Springer

300 nm to 380 nm, which is commonly referred to as band I.
Monoglucuronidated 5-hydroxyl group resulted in a band II
Amax hypsochromic shift whereas monoglucuronidated 7-
hydroxyl group caused little change in A,,.. The UV spectra
of acacetin and the generated glucuronides are shown in
Fig. laand g. In Fig. 1g, the A, and A0 of acacetin were
located in approximately 270 and 330 nm, respectively.
Compared with that of acacetin, the UV spectrum with
10 nm hypsochromic shifts at A, was identified as
Aca-5-Glu, whereas the UV spectrum without any
changes in Ay, was determined as Aca-7-Glu. The
UHPLC retention time and the acacetin glucuronides
identified are summarized in Table I.



BCRP and MRP2 Regulate the Acacetin Glucuronide Disposition Affiliation

1407

Table 1 Retention Time of Acacetin and Its Glucuronides in UHPLC Chromatograms with the HRMS Data as Well as Their Respective UV Spectral Data
Compound UHPLC tg M+ H" Molecular Band | max Band Il max Shift in bands | |dentification

(min) (m/z) formula (nm) (nm) and Il (nm)
Acacetin 7.3 285.2072 CieH1205 338 266 - -
Gl 4.5 461.1000 CyoH0Oy 336 260 — 6 (Band II) acacetin-5-glucuronide
G2 5.0 461.1067 CyoH200y 338 266 no change acacetin-/-glucuronide

Pharmacokinetic Characteristics of Acacetin in Mice

Pharmacokinetic Characteristics of Acacetin, Aca-7-Glu
and Aca-5-Glu in FVB Mice

After acacetin was intravenously or orally administered to
FVB mice, the concentrations of acacetin, Aca-7-Glu and
Aca-5-Glu were determined and their mean plasma
concentration-time curves are shown in Fig. 2. The corre-
sponding pharmacokinetic parameters are listed in Table II.
The absolute bioavailability of acacetin obtained from the
FVB mice was 1.3%. Once orally administered, acacetin
was quickly absorbed and metabolized into Aca-7-Glu and
Aca-5-Glu (Table II). The maximum plasma concentration
(Cinax) of Aca-7-Glu was 5-fold higher than that of acacetin.
The CL of Aca-7-Glu and Aca-5-Glu was 24-fold and ap-
proximately 3-fold lower than that of acacetin, respectively.
The T /9 and mean residence time (MRT) of these glucuro-
nides were shorter than those of acacetin. After acacetin was
intravenously administered, considerable amounts of Aca-7-
Glu could be measured (Fig. 2b). By comparison, the amounts
of Aca-5-Glu were under LLOQ 30 min after acacetin was
administered (Fig. 2¢). AUCq, and CL of Aca-7-Glu were
lower than those of acacetin. The C, ., Ti,o and MRT of
Aca-7-Glu were 2-fold to 3-fold lower than those of acacetin.

Pharmacokinetic Characteristics of Aca-7-Glu and Aca-5-Glu
in Knockout Mice and FVB Mice

The mean plasma concentration—time curves of Aca-7-Glu
and Aca-3-Glu and their pharmacokinetic parameters fol-
lowing oral acacetin administration (5 mg/kg dose) for the
analysis of transporter knockout mice are shown in Fig. 3.
For Aca-7-Glu, AUC ., was 2- and 6-fold higher when Berp
or Mrp2 expressed in the AP membrane was knocked out
(p < 0.05) (Fig. 3cl), whereas CL was significantly reduced
(p < 0.05) (Fig. 3¢2). T, /o was significantly lower in the ab-
sence of Mrp2 (p < 0.05) than that in FVB mice (Fig. 3c3).
By contrast, T o did not significantly change in the absence
of Berp. For Aca-3-Glu, AUC(_,, in Berpl (—/—) mice,
which lacked a Berp transporter expressed in the AP mem-
brane of liver, intestine, breast and kidney, was 2-fold to 3-
fold higher than that in FVB mice (p < 0.05). CL and T /5 of

a 101
- -~ p.o 5 mg/kg -= i.v. 0.5 mg/kg
-
=2
£ =
§ £ 0.1
5L o N =SS
< = U1 1 ’ s !\
3 }q“lj R A
= \
S 0.001 - q
0.0001

0 10 20 30 40 50 200 400 600 800
Time (min)

-~ p.o. 5 mg/kg

= i.v. 0.5 mg/kg

S
=

5
a

Aca-7-Glu
concentration (uM)

S
()

) A S —
0 10 20 30 40 50 200 400 600 800
Time (min)

0

= p.o.5mg/kg = iyv.0.5 mgkg

Aca-5-Glu
concentration (unM)

:" . 3

00 e e
0 10 20 30 40 50 200 400 600 800

Time (min)

Fig. 2 Concentration-time curves of plasma concentrations of acacetin (a)
Aca-7-Glu (b) and Aca-5-Glu (c) following oral (5 mg/kg) and intravenous
(0.5 mg/kg) administration of acacetin in FVB mice (n = 5).
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Table Il Pharmacokinetic

Parameters of Acacetin, acacetin-7- Compound  Dose and route Cpax AUCo o CL Tip MRT

glucuronide (Aca-7-Glu) and (umol/L) (minepmol/L)  (L/minkg) (min) (min)

acacetin-5-glucuronide (Aca-5-Glu)

Following Oral (5 mg/kg) and Aca 5 mg/kg p.o. 0.06 = 0.09 6.2 =87 24 = 30 8l = 7I 140 = 87

Intravenous (0.5 mg/kg) 0.5 mg/kg i.v. 1.8 +22 49 + 4| 055+033 147 +59 309 + |75

/:\‘jg”ﬂfczaﬂo” of Aacetin (Ac@)in - A 7.Glu 5 mgkgpo. 032=0.11 18+34 10+£022 3158 87+34
0.5 mg/kg i.v. 1.0 +0.28 38x 12 051 =0.18 78 =27 102 = 51

Aca-5-Glu 5 mg/kg p.o. 006 =004 23 = 1.1 95+48 24 =46 70 = 31

0.5 mgkgi.v. N.C. N.C N.C N.C N.C

Data shown are mean = standard deviation, n = 5

Crax Maximum plasma concentration; AUC .., area under the curve extrapolated to infinity; CL, clearance; T,

half-life; MRT, mean residence time
N.C., not calculated

Aca-5-Glu did not significantly change in Berpl (—/—) and
Mrp2 (—=/—) mice. The plasma concentrations of acacetin in
these knockout mice were fairly low and thus we did not
show the result.

Liver Distribution of Acacetin, Aca-7-Glu
and Aca-5-Glu in FVYB and Knockout Mice

We determined the concentrations of acacetin and its glucu-
ronides in plasma and the liver 5 min after acacetin was orally
treated to FVB, Berpl (—/—) and Mrp2 (—/—) mice. Acacetin
and Aca-7-Glu could be measured in the liver. In addition to
these compounds, a small amounts of Aca-5-Glu could be also
determined in plasma. In the liver, Aca-7-Glu showed 4-fold
higher concentrations in Mrp2 (—/—) mice compared to FVB
mice (p < 0.05). In plasma, Aca-7-Glu in Mrp2 (—/—) mice
shows markedly higher concentrations (8-fold) (p < 0.05). On
the contratry, the concentration of acacetin in the liver of FVB
mice was 2-fold higher than that in Mrp2 (=/—) mice
(p < 0.05) but no signicant difference was fould in Berpl
(=/—) mice. In plasma, there was no significant difference
for acacetin between FVB and knockout mice. More Aca-7-
Glu was detected in Berpl (—/—) mice than FVB mice but no
statistical difference was observed. Both knockout mice
showed more Aca-5-Glu compared to FVB mice in plasma

(p < 0.05).
Transport Experiments in Mouse Intestinal Perfusion

Berpl (—/—) and Mrp2 (—/—) mice were used to confirm the
role of BCRP and MRP?2 in glucuronide transport (Fig. 4).
Aca-7-Glu was the main glucuronide found in the intestine,
bile, or plasma of the tested mice, whereas Aca-5-Glu could
not be detected in these samples. The amounts of the excreted
Aca-7-Glu were significantly different among the three mouse
strains. In particular, the amounts of Aca-7-Glu extruded by
the small intestine were remarkably higher than those extrud-
ed by the colon (Fig. 4a). The efflux of glucuronide in the small
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intestine also significantly differed among the mouse strains.
Compared with those in the FVB mice, the excreted amounts
of glucuronide were 2-fold and 3-fold lower in Berpl (—/—)
mice (p < 0.05) and Mrp2 (—/—) mice (p < 0.05), respectively.
The amounts of glucuronide in the colon were rather low, and
the glucuronides excreted by the Berpl (—/—) mice were un-
detectable (Fig. 4a). The amounts of Aca-7-Glu excreted
through the bile of the FVB mice were higher than those of
the knockout mice, but the difference was not significant, as
indicated by a high standard deviation (Fig. 4b). The amounts
of Aca-7-Glu observed in plasma were comparable among the
mouse strains (Fig. 4c).

Glucuronidation of Acacetin by Mouse S9 Fraction

Aca-7-Glu and Aca-5-Glu were generated when acacetin was
incubated with S9 fraction in the small intestine prepared
from Berpl (—/—) mice and Mrp2 (—/—) mice, whereas only
Aca-7-Glu was found in the liver. In particular, the formation
rates of Aca-7-Glu were significantly reduced by the S9 frac-
tion in the liver of Berpl (—/—) mice and Mrp2 (—/—) mice at
three concentrations (Fig. 5a) (p < 0.05). By comparison, the
formation rates of both glucuronides were significantly in-
creased in the small intestine of the knockout mice at
2.5 uM (Fig. 5b, ¢) (p < 0.05). The formation rates of Aca-5-
Glu at 40 uM were not shown because it could not be detected
in our study.

Metabolism of Acacetin in the Caco-2 Cell Lysate

Acacetin could be metabolized to form Aca-7-Glu and
Aca-5-Glu in Caco-2 cell lysate (0.5 mg/mL protein
concentration) at 2.5, 10 and 40 pM. The formation
rates of both glucuronides increased as the concentra-
tion of acacetin increased (Fig. 6). The formation rates
of Aca-7-Glu were significantly higher than those of
Aca-5-Glu at the three concentrations (p < 0.05).
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Fig. 3 Concentration-time curves of plasma concentrations of Aca-7-Glu (a) and Aca-5-Glu (b) along with their pharmacokinetic parameters (c) of AUCy . (¢
1), CL(c2)and T, (c 3)following oral (5 mg/kg) administration of acacetin in FVB, Berp| (—/—) and Mrp2 (—/—) mice (n = 5). Concentrations of acacetin and
glucuronides in the liver (d |) and plasma (d 2) 5 min after acacetin was orally administered to FVB, Berp I(—/=) and Mrp2(—/—) mice (n = 4). *p < 0.05.

Efflux of Acacetin Glucuronides in the Caco-2 Cell rates of Aca-5-Glu and Aca-7-Glu in the BL side were approx-
Monolayer imately 2.5- and 4- fold higher than those in the AP side

(p < 0.05), respectively (Fig. 7a). This finding indicated that
The amounts of both glucuronides were measured in the AP acacetin glucuronides were more likely transported to-
and BL after acacetin was loaded from the AP side to the B~ ward the BL side. In Fig. 7b, the intracellular concen-
side or vice versa. The efflux rates were expressed as the  trations of Aca-5-Glu on the AP side to the BL side
amount of metabolites effluxed per min (nmol/min). The re-  were significantly different from those on the BL side
sults are shown in Fig. 7. The excreted amounts of Aca-7-Glu  to the AP side (p < 0.05). Conversely, the intracellular
were remarkably higher than those of Aca-5-Glu (p < 0.05)  concentrations of Aca-7-Glu on the AP side to the BL
(Fig. 7a). After acacetin was loaded on the BL side, the efflux ~ side vice versa did not significantly differ.
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Fig. 4 Excretion of Aca-7-Glu in mouse intestinal perfusion. Panels (a), (b) and
(c) represent excretion of Aca-7-Glu in intestine, bile and plasma in FVB, Barp
(=/=) and Mrp2 (—/—) mice, respectively. In this experiment, two segments of
intestine (small intestine and colon) were perfused simultaneously with 5 UM of
acacetin at a flow rate of 0.25 mL/min. Aca-7-Glu excreted in lumen per 20 min
were determined and normalized over 10 intestinal length. Plasma and bile
samples were collected when the perfusion ended. The excreted amounts of
Aca-7-Glu in bile and in plasma are expressed as micromole and micromole per
litre, respectively, Each data point was the average of four determinations with the
error bar representing the standard deviation of the mean. *p < 0.05.

Effects of Transporter Inhibitors in the Caco-2 Cell
Monolayer

The transporter inhibitors Kol143 (10 pM) and LTC4
(0.1 pM) were used to determine the roles of BCRP and
MRP2 in the transport of acacetin glucuronides. Ko143
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40 uM, respectively, panel (€) shows formation rates of Aca- 5-Glu in intestine
at2.5and 10 uM. The experiments were conducted at 37 °C for 30 min and
the amounts of acacetin glucuronides were measured using UHPLC-MS/MS.
Glucuronidation rates were expressed as nanomoles per min per milligram.
Each bar represents the average of three determinations, and the error bars
represent standard deviations (n = 3). *p < 0.05.

reduced the efflux rates of Aca-7-Glu in the BL to AP direc-
tion (BL to AP) and increased its intracellullar concentrations
in the same direction (BL to AP) (p < 0.05) (Fig. 8b, c).
However, Ko143 did not affect the efflux rates or intracellular
concentrations of Aca-7-Glu in the AP to BL direction. Aca-5-
Glu detected in both apical and basolateral compartment af-
ter either loading of acacetin was markedly lower in the pres-
ence of Ko143 than those in the control (p < 0.05) (Fig. 8e, f).

The intracellular concentrations of Aca-5-Glu were signif-
icantly increased in the BL to AP direction (p < 0.05) whereas
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Fig. 6 Glucuronidation of acacetin at 2.5, 10 and 40 uM in Caco-2 cell
lysate. The experiments were conducted at 37 °C for 30 min and the
amounts of acacetin glucuronides were measured using UHPLC-MS/MS.
Glucuronidation rates were expressed as nanomoles per min per milligram.
Each bar represents the average of three determinations, and the error bars
represent standard deviations (n = 3). *p < 0.05.

these concentrations did not significantly change in the
opposite direction (Fig. 8g). The efflux rates of Aca-7-Glu
and Aca-5-Glu in the BL-to-AP direction were reduced by
LTC4 loaded on the AP side (p < 0.05) (Fig. 8b, f) but critical
effects were not observed in the AP-to-BL direction. The in-
tracellular concentrations of Aca-7-Glu and Aca-5-Glu were
significantly increased by LTC4 regardless of the direction
(p < 0.05) (Fig. 8¢, g). Compared with that of the control,
Fiec of Aca-7-Glu and Aca-5-Glu were significantly reduced
by Ko143 and LTC4 (p < 0.05) (Fig. 8d, h) in both directions.

DISCUSSION

In vitro glucuronidation metabolism and pharmacokinetics of
acacetin have been reported. However, the bioavailability of
acacetin, as well as the i viwo disposition characteristics of
acacetin and its glucuronides are unclear. Our data clearly
demonstrated that acacetin yielded poor oral bioavailability
and the acacetin glucuronides, not acacetin, were more likely
the main forms circulating in the blood. Our study also dem-
onstrated that the pharmacokinetics and excretion of acacetin
glucuronides could be markedly affected by modulating
BCRP and MRP2.

Pharmacokinetic data in FVB mice suggested that acacetin
was rapidly absorbed and eliminated after it was orally ad-
ministered. Large amounts of acacetin glucuronides were
found in plasma (Fig. 2). This result is consistent with our
previous n wvitro finding, which revealed that acacetin un-
dergoes extensive metabolism. (17). The absolute bioavailabil-
ity of acacetin in FVB mice is 1.3% (Fig. 2). The plasma
AUC_y, values of acacetin glucuronides (Aca-7-Glu and
Aca-5-Glu) in Berpl (—/—) mice and Mrp2 (—/—) mice were
significantly higher than those in FVB mice (Fig. 3). This
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Fig. 7 Biodirectional efflux of acacetin glucuronides across Caco-2 cell
monolayer. Efflux rates (a) of Aca-7-Glu and Aca-5-Glu and intracellular con-
centrations (b) of Aca-7-Glu and Aca-5-Glu from AP to BL and from BL to AR
After apical loading (AP to BL) or basolateral loading (BL to AP) of 10 uM
acacetin, the amounts of Aca-7-Glu and Aca-5-Glu in the apical (AP) and
basolateral (BL) sides were determined. The efflux rates and intracellular
amounts of these glucuronides were calculated. Each data point was the
average of three determinations with the error bar representing the standard
deviation of the mean. *p < 0.05.

findings suggested that Berp and Mrp2 were probably involved
in the efflux of Aca-7-Glu and Aca-5-Glu. Berp and Mrp?2
were both located at apical membranes of intestine and liver,
the knockout of these transporters could reduce the intestinal
efflux and biliary excretion, when acacetin glucuronides func-
tioned as the substrates of these transporters. Thus, more
acacetin glucuronides could be excreted into the blood. By
contrast, the efflux of acacetin glucuronides to the lumen was
significantly reduced when Berp and Mrp2 were knocked out
in intestinal perfusion experiments (Fig. 4a). Aca-7-Glu and
Aca-5-Glu can be excreted to both apical side and basolateral
side in the monolayer Caco-2 cells (Fig. 7a). Ko143 and LTC4
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significantly inhibited the efflux transportation of Aca-7-Glu
and Aca-5-Glu to apical side (Iig. 8). These results are well
correlated and provide strong evidence that BCRP and MRP2
are involved in the excretion of Aca-7-Glu and Aca-5-Glu.

BCRP, MRP2 and P-gp are highly expressed in the apical
membrane of the liver and intestine, while MRP1 and MRP3
are expressed on the basolateral membrane. BCRP and
MRPs function to pump out of drugs or metabolites with a
high hydrophilicity (e.g., glucuronides and sulfates) (25,26). In
contrast, the substrates of P-gp are lipophilic (27,28). In the
current study, we systematically investigated the roles of apical
efflux transporters in the efflux of acacetin glucuronides.
Thus, BCRP and MRP2 were selected in this study.
Moreover, we had evaluated the role of MRP3 in the trans-
port of acacetin glucuronides using L'TC4 added to
basolateral compartment. LTC4 is used an effective inhibitors
for MRPs in numerous literatures (20,29,30). When added to
basolateral compartment, it significantly reduced the trans-
port, efflux rates, and increased the intracellular concentra-
tions of acacetin glucuronides (p < 0.05). Therefore, MRP3
possibly mediated the acacetin glucuronide transport.
However, in this study, we aimed to determine apical efflux
transporters involved in the excretion of acacetin glucuronides
to apical membrance. Based on this fact, we evaluated the
effects of BCRP and MRP?2 on the excretion of acacetin glu-
curonides. Additionally, we also determined whether acacetin
was involved in active transport. The efflux ratio is determined
to be less than 1.5, implying that the cellular transport of
acacetin was probably by passive diffusion.

Acacetin can be glucuronidated in the intestine and liver
in viwo, as proved by the results obtained from the mouse in-
testinal perfusion (Fig. 4a) and large amounts of Aca-7-Glu
found in the liver (Iig. 3d1). These findings are consistent with
our previous study where acacetin is easily metabolized into
Aca-7-Glu by hepatic and intestinal microsomes prepared
from different animals (17). We also investigated the sulfation
metabolism of acacetin in another study (manuscript under
review). The results showed that the sulfation affinity of
acacetin is rather weaker than glucuronidation n vivo or in vitro.

The difference in excretion rate between small intestine
and colon is due to the different expression of UGT enzymes
and efflux transporters (including BCRP and MRPs). UGT
enzymes are abundantly expressed in small intestine but less in
colon (31). Thus, the formation rate of acacetin glucuronides
in small intestine is rather faster than that in the colon.
Compared to colon, the expression of efflux transporters is
more abundant in small intestine (32). Therefore, the remark-
able difference of acacetin glucuronides excretion rates be-
tween small intestine and colon probably resulted from the
difference of metabolism and efflux capabilities between small
intestine and colon (Fig. 4a). In addition, efflux transporters
(P-gp, BCRP and MRPs) are distributed extensively in human
intestine, though differences of the expression of these efflux

transporters exist in various intestinal segments (33). ABCB1
(P-gp) and ABCG2 (BCRP) are considerable more abundant
in jejunum and ileum than in colon. While ABCC2 (MRP?2)
and ABCC3 (MRP3) show the highest expression level in
colon (33).

Ko143 is thought to be an effective inhibitor of BCRP.
However, at the concentration of 10 uM, this inhibitor might
not be specific for BCRP as the enzyme activity could be also
affected (34). Similarly, LTC4 is used to be an inhibitor for
MRPs, other MRPs could be also influenced, since it probably
diffuse into the cell and inhibit other MRPs on the basolateral
side (35). Additionally, it was reported that LTC4 can be me-
tabolized into LTD, and LTE,4 by cell surface proteases (36). It
was also revealed that LTC4 remains stable within 60 min
(>80% reversible) (35). These caveats should be noticed when
LTC4 is selected as an inhibitor for a study. In addition, the
present study found that the knockout of Berp and Mrp2 could
reduce the glucuronidation activity in the liver but could in-
crease this activity in the intestine (Fig. 5). Our previous study
also demonstrated a decreased glucuronidation activity
through Berp knockout (37). Moreover, Mrp2 and Mrp3 ex-
pression levels are not affected in Berpl (—/—) mice. In Mrp?2
(—=/—) mice, Berp expression remains unchanged whereas
Mrp3 expression increases (38). However, increase in Mrp3
in liver of Mrp2 (—/—) mice is not found in Chu’s study (39).
In our study, knockout mice were used to demonstrate the roles
of efflux transporters in influencing the systemic exposure and
excretion of acacetin glucuronides because efflux transporter
knockout possibly affects glucuronidation activity or protein
expression.

Caco-2 cell model and knockout mice model are combined
to investigate the role of efflux transporters in this study.
However, species differences in abundance and substrates for
transporters should be noted. Caco-2 cells are derived from
human colon carcinoma, this cell line efficiently expresses
MRP2, MRP3, MRP4 and lower expression levels for BCRP
(40,41). The efflux transporter expression in mouse liver, kid-
ney, and intestine also includes Mrps, Berp (42). Nevertheless,
the abundance and substrate specificity of transporters in
knockout mice and Caco-2 cells can be quite different. For
BCRP, they share 87% sequence homology and efflux identi-
cal substrates (43). The amino acid sequence identified in hu-
man MRP2 with its mouse ortholog is approximately 78%
(44). These facts imply that the function of these transporters
may differ markedly in substrate recognition. Despite extensive
overlapping substrate specificity, noticeable differences in
transport and modulation properties were revealed between
human MRP2 and mouse Mrp2 (44). In the current study,
the results obtained from the Caco-2 cells are well consistent
with those from the pharmcokinetics and mouse intestinal per-
fusion. Hence, the current data have provided strong evidence
that the disposition of acacetin glucuronides can be evidently
altered by modulation of BCRP and MRP2.
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CONCLUSIONS

In conclusion, acacetin exhibited poor bioavailability, and
acacetin glucuronides, not acacetin, exsisted mostly in plasma
after oral administration. Efflux transporters BCRP and
MRP?2 significantly altered the levels of acacetin glucuronides,
as catalyzed by UGTs i vivo. Therefore, BCRP and MRP2
play a critical role in the disposition of acacetin glucuronides.
Rapid glucuronidation metabolism and efflux by BCRP and
MRP2 play an important role in the low bioavailability of
acacetin.
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