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ABSTRACT

Purpose Scutellarin, a flavonoid derived from the plant
Erigeron breviscapus, is currently widely used to treat cere-
brovascular diseases, liver-related diseases, and hyperlipid-
emia in china and other East Asian countries. This study
was to investigate the effect of scutellarin on the uptake of
rosuvastatin in HEK293T cells expressing human organic an-
ion transporting polypeptide 1B3 (hOATPIB3) and rat
OATPIB2 (rOATPIB2), respectively, and the effect of
scutellarin on the pharmacokinetics of rosuvastatin in rats.
Methods The newly established HEK293T cells expressing
hOATP1B3 and rOATP1B2 were used to examine the effects
of scutellarin and positive controls on in vitro rosuvastatin
transport. After co-feeding with scutellarin, the rosuvastatin
area under the plasma concentration-time curve (AUC_o4y),
the peak plasma drug concentration (C,,,), elimination half-
life (t; /o), time to reach Cpax (tmay), clearance (CL) and appar-
ent clearance (CL/F) of rosuvastatin were determined in rats.
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Results Scutellarin inhibited hOATP1B3- and rOATP1B2-
mediated rosuvastatin uptake (IC50: 45.54 £ 6.67 pM and
27.58 £3.97 pM) in vitro in a concentration-dependent man-
ner. After co-feeding with scutellarin, the AUC( o4;, and C .«
of rosuvastatin in rats increased to 27.4% and 37.7%, respec-
tively. The t; /o and t,,,, of rosuvastatin showed no significant
change. Moreover, scutellarin caused 29.2% and 28.1% de-
crease in the CL and CL/F of rosuvastatin.

Conclusion Scutellarin may inhibit the hOATP1B3- and
rOATPI1B2-mediated transport of rosuvastatin in vitro, and ex-
erts a moderate inhibitory effect on the pharmacokinetics of
rosuvastatin in rats. Scutellarin is highly likely to participate in
drug-drug interactions, as mediated by OATP1B3 in humans.

KEY WORDS drug-druginteractions (DDI) - organic anion
transporting polypeptide | B3 (OATPIB3) - rosuvastatin -
scutellarin

ABBREVIATIONS
AUC

Area under the plasma concentration-time curve

Crax Peak plasma drug concentration

CL Clearance

CL/F Apparent clearance

DDl Drug-drug interactions

GA Glycyrrhizic acid

LC/MS/ Liquid chromatography-tandem mass
MS spectrometry

OATP Organic anion transporting polypeptide
RSV Rosuvastatin

RIF Rifampicin

SCU Scutellarin

trnax Time to reach C,,,

tip Elimination half-life

CMC-Na  Carboxymethylcellulose sodium
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INTRODUCTION

Traditional Chinese Medicine still plays an important
role in protecting public health in countries like China
and Japan (1). Scutellarin (SCU), a flavonoid derived
from the plant Erigeron breviscapus, is an active ingre-
dient of a variety of Chinese herbal medicine, with
broad pharmacological effects and clinical applications
(2). SCU is currently widely used to treat cerebrovascu-
lar diseases, liver-related diseases, and hyperlipidemia
(3,4). It 1s estimated that over ten million Chinese pa-
tients are taking SCU and its related drugs annually
(5). Meanwhile, drug—drug interactions (DDI) adverse
events have attracted increasing attention (6). At the
pharmacokinetic level, various interactions between tra-
ditional Chinese medicine and drugs may occur, espe-
cially in the liver (7). The metabolism and disposition of
drugs in the liver plays a critical role in both drug de-
toxification and drug toxification (8). Transporters play
a vital role in drug pharmacokinetics, and competing for
them is crucial for drug uptake, distribution, and elimi-
nation (9,10). The organic anion-transporting polypep-
tides (OATPs) may mediate DDI when drugs pass
through the hepatic sinusoids (11). Both genetic varia-
tion and DDI may change the transport function of hu-
man OATPIBI1(hOATPIB1l) and human
OATP1IB3(hOATPIB3) thus frequently trigger severe
adverse events, for example, statin-induced rhabdomy-
olysis (12). In previous studies, we have shown that SCU
affects the uptake of rosuvastatin (RSV) in rat primary
hepatocytes and HEK293T-hOATPIBI1 cells (13).
Besides, hOATP1B1 and hOATPIB3 proteins share
80% identity in amino acid sequences in humans (14)
and have common substrates like rifampicin (RIF) (15)
and RSV (16). Rat OATPIB2(rOATP1B2) also locates
in the sinusoidal plasma membrane and RSV is also its
substrate (17). In rodents, OATP1B2 is considered as the
closest ortholog to hOATP1B1 and hOATPIB3 (18).
In vivo distribution of SCU is mainly in hepatocytes, the
main target cells of HMG-GoA reductase statins (19).
Up to now, a large number of studies have confirmed
the pharmacokinetic interaction between SCU and
statins (2,20). Though SCU is known to affect the uptake
of RSV in the cells expressing hOATP1BI1 (13), it re-
mains unclear whether SCU affects RSV uptake in cells
expressing hOATP1B3 or rOATPIB2, or 1s involved in
pharmacokinetic DDI. Therefore, the in vitro or in vivo
mechanisms underlying uptake of RSV remains to be
clarified. Considering that most hOATP1B1 inhibitors
will also inhibit hOATP1B3 clinically, SCU may be in-
volved in DDI of these transporters.

In this study, we aimed to determine the potential effect of
SCU on the activity of hOATP1B3 and rOATP1B2
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transporters m vitro and to assess the effect of SCU on the
pharmacokinetics of RSV 1in rats.

MATERIALS AND METHODS
Materials

SCU (purity >98%, HPLC) was purchased from Kunming
Double Star Technology Development Co.Ltd. RSV calcium
(purity >98%, HPLC) was purchased from Zhejiang
Xindonggang Pharmaceutical Co.Ltd. Atorvastatin (internal
standard) and RIF (purity >98%, HPLC) were sourced from
the National Institute for the Control of Pharmaceutical and
Biological Products. Sodium butyrate (purity >98%, HPLC)
was provided by Sigma-Aldrich. Glycyrrhizin acid (GA) (pu-
rity >98%, HPLC) was purchased from Shanghai Yuanye
Biotechnology Co.Ltd. Polyclonal antibodies against
hOATPI1B3, rOATP1B2 and Na+/K + -ATPase were
sourced from Proteintech Co. Ltd. The transporter gene plas-
mid was provided by Shanghai Jikai Gene Co. Ltd. Human
embryonic kidney 293 T (HEK293T) cell line was sourced
from the Institute of Basic Medical Sciences, Chinese
Academy of Medical Sciences (Beijing, P. R. China).

Cell Culture and Transfection

HEK293T cells were cultured at 37°C in Minimum Essential
Medium supplemented with 10% FBS (Sigma-Aldrich),
100 U-mL™" penicillin, and 100 mg'mL ™" streptomycin in a
humidified 5% COy atmosphere. HOATP1B3 and
rOATPIB2 ¢cDNA were respectively transfected into
HEK293T cells according to the manufacturer’s instructions.
Cells were selected by adding G418 (1 mg'mL™") to the cul-
ture medium to obtain HEK293T-hOATPIB3 and
HEK293T-rOATP1B2 cells. Cell transfection is successful
and it can be used for a transport experiment after about 3
passages. Then, the HEK293T cells selected by 6 mg-mL~"
blasticidin and colonies were picked up. The HEK293T cells
with the highest transport activities were used for functional
analysis. To induce the expression of hOATPIB3 and
rOATPI1B2, sodium butyrate (2.5 mM) was added to the me-
dium 24 h before use.

Western Blot Analysis

According to a previous study (13), the cell suspension was
prepared by digesting HEK293T, HEK293T-MOCK,
HEK?293T-hOATP1B3, and HEK293T-rOATP1B2 cells at
the logarithmic proliferative phase with trypsin. Cells were
lysed with SDS protein lysate, and cell proteins were extracted
by centrifugation. The total protein concentration was deter-
mined using the 2-quinolinic acid (BCA) method. Then, 10%
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sodium dodecylbenzene sulfonate polyacrylamide was used to
transfer the proteins to polyvinylidene fluoride membrane
(PVDF) by gel electrophoresis. The samples were blocked in
5% milk at room temperature for 1 h, then the primary anti-
body was added and incubated overnight at 4°C. The mem-
brane was briefly rinsed for 5 min in TBST, which was re-
peated 3 times. The secondary antibody and goat anti-rabbit
antibody conjugated to horseradish peroxidase were added
and incubated at room temperature for 1 h, and then the
membrane was rinsed 3 times with TBST, 10 min each time.
The ODYSSEY imaging system was applied to add ECL
chemiluminescence developer for image acquisition.

Transport Assay

HEK293T-MOCK, HEK293T-hOATP1B3, and
HEK293T-rOATP1IB2 cells were seeded in a 24-well plate
coated with poly-L-lysine at an initial density of 2 X 10° cells/
well. 24 h after the cell seeding plate, sodium butyrate was
added to induce transporter protein expression for 24 h.
Then, the cells were washed twice and pre-incubated with
Krebs-Henseleit buffer at 37°C for 10 min, and then incubat-
ed in 200 pL of Krebs-Henseleit buffer cells containing RSV
(50 uM) and SCU (50 uM) or the vehicle (0.2% dimethyl
sulfoxide) at 37°C for 10 min (13). RIF (50 pM) was used as
an inhibitor (positive control) against OATP1B3.GA (20 uM)
was applied as an inhibitor against OATP1B2 (positive con-
trol) (21). RSV (50 uM) was incubated with HEK293T-
hOATPI1B3 and HEK293T-rOATP1B2 cells in the presence
of SCU with increasing concentrations (0.01-200 pM) for
10 min. After removing the incubation buffer, the uptake re-
action was terminated by adding ice-cold Krebs-Henseleit
buffer, then discarded all the solutions and lysed with water
by repeated freezing and thawing. Aliquots (200 pL) were
vortexed and centrifuged for 5 min at 18000 g. The concen-
tration of RSV was determined by the liquid chromatography
with tandem mass spectrometric detection (LG/MS/MS) and
the remaining 50 pL aliquots of the cell lysis solution were
used to determine the protein concentration with BSA as a
standard. The RSV uptake is expressed as a percentage of the
control.

LC/MS/MS Assay for RSV

The RSV concentrations accumulated in cells were deter-
mined using a validated LC/MS/MS method (13). The sam-
ples were prepared by adding 100 pL of internal standard
solution (200 ng'mL ™", atorvastatin diluted in dimethyl sulf-
oxide) to 100 pL of cell lysates. Mass spectrometric detection
was performed with the assistance of an API 4000+ triple
quadrupole mass spectrometer (AB SCIEX, Boston, USA).
Multiple-reaction monitoring was conducted to monitor the
analytes and internal standards. The mass conditions are as

follows: 1on spray voltage (—4500 V), ion source gas 1 (Ng, 60
Arb), 1on source gas 2 (Ny, 65 Arb), curtain gas (No, 30 Arb),
source gas temperature (550°C), collision gas (No, 10 Pa). The
selected mass transitions were m/z 480.2 — 418.1 for RSV
and m/z 557.6 — 397.1 for atorvastatin, respectively.

Pharmacokinetic Profile of RSV I Vw0

Male Sprague-Dawley rats aged 6-8 weeks and weighing be-
tween 230 and 260 g were obtained from the Experimental
Animal Center of Nanchang University. All of the rats were
allowed to adapt the environment in the breeding room with
ideal laboratory conditions (temperature of 23-25°C, the rel-
ative humidity of 45-55%, 12 h light/ 12 h darkness cycle) and
were given free access to standard diet and water. The study
was approved by the Ethical Committee of Jiangxi Medical
College, and all experiments were carried out in accordance
with the requirements of the Animal Care and Use
Committee of Jiangxi Medical College. After experiments,
the rats were euthanized by intraperitoneal injection of 3%
sodium pentobarbital.

All rats were acchimatized for 5 days before the experi-
ments. The experimental rats were randomly divided into
two groups, 6 in each group: the RSV group (RSV 10 mg:
kg™' +0.2% CMC-Na) and the RSV + SCU group (RSV
10 mgkg™' + SCU 50 mg-kg™"). For the RSV, 0.9% sodium
chloride was used to prepare a suspension of 1 mg-mL_l; for
the SCU, 0.2% CMC-Na was used to prepare a suspension of
5 mg'mL"". The gavage volume of both groups was 10 mL-
kg~ '. The concentrations used in the animals were converted
from the clinical dose. The treatment was administered by
gavage in the morning before feeding. For rats, SCU or
0.2% CMC-Na (vehicle) was administered immediately after
the RSV administration. In each group, 6 rats were main-
tained throughout the study, and they were used for jugular
vein blood sampling (0.2 mL) at O (before), 0.25 0.5, 1.0, 1.5,
2.0, 4.0, 6.0, 8.0, 12.0, 18.0, 24.0 h after treatment, so as to
obtain the concentration-time profile data. A heparinized
0.9% NaCl injectable solution was applied to compensate
for blood loss after each blood sampling. The sampled blood
was stored in a heparinized tube, and the plasma was separat-
ed by centrifugation, and then stored at —80°C for further
analysis. Plasma RSV concentrations were quantified using
LC/MS/MS. G and fy,,, were obtained by analyzing the
concentration-time data. The area under the RSV
concentration-time curve from 0 to 24 h (AUC_g4;,) was cal-
culated according to the linear trapezoidal rule. £ represents
the elimination rate constant as determined from the terminal
slope of the log concentration-time plot and the elimination
half-life (¢,,9) = 0.693/k. The clearance as CL = Dose/
AUC . The apparent systematic clearance (CL/F) was cal-
culated as CL/F = Dose/AUC,_./weight. The lower limit of
quantification (LLOQ) of plasma was 1 ng'mL ", the dynamic
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range of plasma was 1-800 ng'mL_l, and the intra- and inter-
day coeflicients of variation were less than 10%.

Statistical Analysis

In vitro data from three independent experiments were ana-
lyzed using one-way ANOVA, followed by a Dunnett’s post
hoc test or by Student’s t test. The AUCy o4 1, £ /9, Ginaxs fmaxs
CL and CL/F values of RSV after treatment with placebo
and SCU were analyzed using paired Student’s t test. Unless
otherwise stated, the results are expressed as mean * standard
deviation (SD) in the text, tables, and figures. All data were
analyzed using SPSS software (version 19.0, Chicago, IL).
P <0.05 was considered as statistically significant.

RESULTS

Transporter Expression in HEK293T by Western
Blotting

The results showed that the blank HEK293T and HEK293T-
MOCK cells contained barely any target proteins, while the
western blotting of hOATP1B3 and rOATP1B2 transfected
cell lines exhibited a distinctive band, indicating that

HEK293T cells successfully expressed the target gene after
transfection, as shown in Fig. 1.

In Vitro Impact of SCU on the hOATPIB3-
and rOATP | B2-Mediated Uptake of RSV

The RSV uptake and inhibition experiment confirmed that
RSV was transported by hOATP1B3 and rOATP1B2, and
the uptakes in HEK293T-hOATP1B3 and HEK293T-
rOATPIB2 cells were substantially higher than in
HEK?293T-MOCK cells (4.9-fold and 5.7-fold). RIF
(50 uM) inhibited RSV uptake in HEK293T-hOATP1B3.
GA (20 pM) inhibited RSV uptake in HEK293T-
rOATPI1B2 cells, and SCU (50 uM) inhibited RSV uptake
in HEK293T-hOATP1B3 and HEK293T- rOATP1B2.
SCU exerted a notable inhibitory effect on the hOATP1B3-
and rOATP1B2-mediated uptake of RSV in a concentration-
dependent manner, and the half-maximal inhibitory concen-
tration (IC50) values were 45.54 + 6.67 pM (95% CI: 38.04,
53.04) and 27.58 £ 3.97 uM (95% CI: 23.08, 32.08), respec-
tively, as shown in Fig. 2.

In Vivo Impact of SCU on the Pharmacokinetics of RSV

Table I lists the main pharmacokinetic parameters of RSV.
Figure 3 indicates the average plasma concentration profile of
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Fig.2 Inhibition of hOATP|B3-and rOATP | B2-mediated RSV transport. SCU (50 uM), RIF (20 uM), and GA (50 uM) inhibition on hOATP | B3 and rQOatp | b2-
mediated RSV in cells (). SCU inhibited the hOATP | B3- (b) and rOATP | B2-(c) mediated RSV uptake (50 M) in a concentration-dependent manner (the data
are denoted as a percentage of control (RSV alone)). All data is indicated by mean = SD (n = 3). **indicates a significant statistical difference from HEK293T-
MOCK cells (P < 0.01), *# indicates a significant statistical difference from the RSV alone (P < 0.01).

RSV when combined with the 0.2% CMC-Na or SCU.
Treatment of SCU led to a significant increase in the G,
of RSV by 27.4% (P=0.04) and AUCq 94 1, by 87.7% (P=
0.006), respectively. Subsequent to SCU treatment, the CL
and CL/F of RSV was reduced significantly by 29.2% (P=
0.007) and 28.1% (P=0.008) compared with the RSV
groups, respectively. And there was no significant impact on
the observed ¢, /9 and £, of RSV.

DISCUSSION

In this study, we focused on the interactions of SCU with
human hepatocellular uptake transporter hOATP1B3 and
rOATPI1B2. First, a single transporter cDINA was successfully
transfected into the HEK293T cell line (Fig. 1). Then, we
observed that HEK293T-hOATP1B3 and HEK293T-
rOATPI1B2 cells had higher uptake (approximately 4.9-fold
and 5.7-fold) compared with HEK293T-MOCK cells. RIF

Table I  Pharmacokinetic parameters of RSV

Parameters RSV group RSV+ SCU group P value
Half life (t, , h) 496 = 1.77 507 = 1.95 0.593
trmax () .46 = 0.15 .51 =0.18 0.547
Conax (ng'mL™") 387.67 £ 70.79 49401 = 84.53** 0.040
CL(Lh™h 10.68 = 1.88 7.50 £ |.[2%* 0.009
CLF(Lh kg™ 2.67 + 047 1.92 + 0.28%* 0.008
AUCy 40 ngmL™""h) 3841 = 675 5287 + 766%* 0.006

The datais expressed as mean = SD, (n = 6). tya (time to reach C,,,) datais
expressed as medians with range. AUCq 4 1, area under the plasma drug
concentration-time curve from 0 to 24 h; Cqax, peak plasma drug
concentration;t, ,, elimination half-life; CL, clearance; CL/F apparent clear-
ance. *¥indicates a significant statistical difference from the RSV group
(P <0010

(50 uM) and GA (20 uM) significantly reduced the higher
uptake of RSV in transporter transfection cells. SCU signifi-
cantly inhibited the hOATP1B3-, and rOATP1B2-mediated
RSV uptake i vitro in a concentration-dependent manner,
with IC50 values of 45.54 = 6.67 uM and 27.58 £ 3.97 uM,
respectively (Fig. 2). HEK293T cells are one of the commonly
used i vitro models to study the correlation between drug
transporters and substrates (21). In these HEK293T cells,
the transfection rate was determined to be greater than
80%, which could meet our design requirements. In addition,
according to Dong’s research method, the results of the cyto-
toxicity test showed that SCU (50 pM), RSV (50 uM), and GA
(20 uM) posed no significant toxicity to cells, consistent with
studies by Dong (21) and Liu (13). As a widely used active
ingredient in Chinese medicine, we are also concerned about
the concentration of SCU w vwo. Haisheng You et al. (22)
found that the Cp,. and AUC.,, of SCU (80 mg-kg™') by
oral gavage were 288.0 +75.2 ug'L.”" and 5.9+ 1.7 pg'ml.~
"“h in rats. Zhong et al. (23) found that after a single p.o.
administration of 60 mg of scutellarin to 20 healthy subjects,
the Ca of scutellarin were low (87.0 £ 29.1 ng-mL_l). In this
study, we found that SCU can influence the pharmacokinetics
of RSV, despite low plasma concentrations i vivo. After co-
feeding SCU, the AUC( o4y, and Gy of RSV in rats in-
creased to 27.4% (P=0.04) and 37.7% (P=0.006), respec-
tively. Moreover, SCU reduced the CL and CL/F of RSV by
29.2% (P=10.009) and 28.1% (P=0.008), indicating that
SCU can have a considerable impact on the pharmacokinetic
characteristics of RSV in rats (Fig. 3). In addition, Our previ-
ous intestinal absorption studies have shown that SCU does
not affect the absorption rate constant or absorption coefli-
cient of RSV (20). Therefore, this pharmacokinetic effect may
not be attributed to the effect of SCU on the intestinal tract,
instead, this inhibition on uptake may occur in the liver and
the inhibitory effect of SCU on RSV may be mediated by liver
OATP.
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OATP transporters are classified into a large family of mem-
brane proteins that mediate the sodium-independent cellular
uptake of various amphipathic compounds, including hormones,
bile acids, eicosanoids, environmental toxins, and many clinical
drugs (24). Therefore, many drug interactions are mediated by
OATP. In humans, both hOATP1B1 and hOATPIB3 genes
are located on the short arm of chromosome 12 (gene locus
12p12), and they have up to 80% sequence homology. Both
transporters have been described to be highly expressed in the
human liver (25). OATPIB2 in the rodent is similar to
hOATPIBI1 and hOATP1B3, and these three transporters are
uniquely expressed in the liver (26). OATP1B2 is most important
for transporting unconjugated bile acids into the livers of mice
(27). In addition, DeGorter ¢ al. (28) found that OATP1B2 in
mice is critical for the hepatic uptake of atorvastatin and
rosuvastatin but not simvastatin acid. Mice OATP1B2 also plays
an important role in the disposition of pravastatin and lovastatin
(29). Higgins et al. (30) studied the pharmacokinetics of three
statins (pravastatin, atorvastatin, and simvastatin) using
OATPI1B2-null mice, and also humanized OATPIB1 and
OATPIB3 in mice. Therefore, OATP1B2 in rodents and
hOATP1B1/1B3 are often studied in comparison.

According to a recent study, the targeted disruption of mu-
rine OATP1B2 may cause significant alteration to the disposi-
tion of prototypical drug substrates pravastatin and rifampin,
and OATPI1B2 has a high consistency with hOATP1B1 and
hOATPI1B3 in uptake function (18). In the present study, we
propose that the changes in RSV pharmacokinetics are mainly
attributed to the SCU mediated inhibition of OATP1B2 in
rats. Due to the high degree of homology between human
OATPI1B1/1B3 and rOATP1B2, we believe that the studies
on rats can provide a reference for studies on humans (31).
However, the changes in OATPs expression between human
and rat primary hepatocytes are not completely parallel, and
there is no strict one-to-one mapping between human OATPs
genes and rodent OATPs genes (32). In addition, it has been
shown that single nucleotide polymorphisms of human
OATPIB1/1B3 can affect the function of transporters, which
may cause changes in the pharmacokinetics, efficacy, and side
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effects of certain drugs (33). Further human studies are needed
to confirm our conclusions.

In summary, our study demonstrated for the first time that
SCU has an inhibitory effect on hOATP1B3-mediated transport
of RSV i witro. These results suggest that SCU is the perpetrator
of hepatic hOATPIB3 mediated DDI. Besides, it is speculated
that SCU has a moderate inhibitory effect on the pharmacoki-
netics of RSV in humans mediated by hOATP1B3. This study is
expected to show the clinical significance for patients taking SCU
and hOATP1B3 substrate drugs simultaneously.
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