
School of Pharmacy1, China Pharmaceutical University, Nanjing, P.R. China, Department of Pharmaceutical Chemistry2, Uni-
versity of Kansas, KS, USA

Mrp2-related efflux of scutellarin in the intestinal absorption in rats

Feng Cao
1
, Haiyan Zhang

1
, Jianxin Guo

2
, Qineng Ping

1

Received May 23, 2007, accepted June 22, 2007

Ping Qineng, Department of Pharmaceutics, School of Pharmacy, China Pharmaceutical University, No. 24,
Tongjia Xiang, Nanjing 210009, P.R. China
pingqn@cpu.edu.cn

Pharmazie 63: 75–80 (2008) doi: 10.1691/ph.2008.7636

This study was conducted to investigate the role of P-glycoprotein (P-gp) and Multidrug resistance-
associated protein 2(Mrp2) in the rat intestinal absorption of scutellarin and explore the possible rea-
sons for its low oral bioavailability. Verapamil had little effect on the transport amount of scutellarin
shown by in vitro everted sac experiments and the apparent permeability of the drug demonstrated by
in situ single-pass intestinal perfusion experiments (SPIP). Leukotriene C4 (LTC4) added to the muco-
sal side significantly enhanced the transport of scutellarin to the serosal side. The Papp value of scutel-
larin increased gradually on raising the L-Buthionine-[S,R ]-sulfoximine (BSO) concentration to 0.5 mM
in the perfusion solution (P < 0.05). When probenecid (1 mM) was coperfused, a 1.34-fold increase in
the Papp was observed (P < 0.05). Coperfusion of 0.5 mM BSO and 1 mM probenecid with 4.33 mM
scutellarin, the Papp is 2.24 times than that of the control rats (p < 0.01). As shown by in silico experi-
ments the spatial structure of scutellarin was in good agreement with the pharmacophore of Mrp2. The
efflux of Mrp2, not P-gp, in the intestinal of the rats may be one of the reasons that lead to the low
oral bioavailability of scutellarin.

1. Introduction

Scutellarin, scutellarein 7-O-b-d-glucuronide, is the major
bioactive flavonoid glucuronide isolated from a traditional
Chinese medicine Erigeron breviscapus. It has been proved
to be effective in the therapy of various ailments, such as
cardiovascular diseases, sleep disorders, pain and memory
impairment (Pouzet 2002; Gafner et al. 2003; Goh et al.
2005). Nowadays, it is commonly used in China in dilat-
ing blood vessels, improving hemodynamics, decreasing
blood viscosity, reducing the blood platelet count and pre-
venting platelet conglomeration (Liu et al. 2003; Chen
et al. 1998; Xu and Li 1995). However, the oral bioavail-
ability is only approximately 0.4% in beagle dogs (Ge
et al. 2003). In order to improve its oral bioavailability,
we (Cao et al. 2006) and others (Zhou et al. 2006) have
synthesized prodrugs of scutellarin. Because the enhance-
ment of the oral bioavailability of the prodrugs was lim-
ited, there is a growing demand for understanding the ab-
sorption mechanism of scutellarin. Until now, there are
many reports on pharmacokinetics and metabolism of scu-
tellarin in animals and humans (Gao et al. 2005; Huang

et al. 2005; Chen et al. 2006). However, no study has been
performed on the efflux transporters in the intestine, which
might contribute to the low oral bioavailability of scutel-
larin. Therefore, it is necessary to study the effect of ef-
flux transporters in the intestine of mammals to determine
the possible reasons for its low oral bioavailability.
P-Glycoprotein (P-gp), an ATP-binding cassette transport
protein, exists constitutively in a variety of normal tissues
such as the liver, kidney, small intestine, and capillary en-
dothelium in the brain and plays an important role in the
disposition of hydrophobic and cationic anticancer drugs
(Raub et al. 2006; Srinivas et al. 2006). Like P-gp, multi-
drug resistance-associated protein 2 (Mrp2) is also ex-
pressed in almost the same tissues as P-gp. This drug-
transporting protein acts as an active efflux pump for a
wide range of organic anions, such as glutathione, glucur-
onate, and sulfate conjugates (Tian et al. 2005). Because
of the anionic nature of scutellarin, it seems likely that
Mrp2 contributes to the efflux of the flavonoid conjugate
across the intestinal apical membrane. Mrp2 has been
shown to be able to modulate the oral bioavailability of
baicalein, a similar flavonoid glucuronide, by transporting
it into the intestinal lumen (Akao et al. 2004).
Caco-2 cell model is a well-established model to study the
absorption and related mechanisms of drugs. However,
one of the major limitations of the Caco-2 model is that
its expresson level of metabolizing enzymes as well as the
transporters may be different from the in vivo situation
(Sun et al. 2002). Caution should be taken when attempt-
ing to extrapolate the in vitro data to in vivo situation.
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Therefore, in the present study, we explored the role of
P-gp and Mrp2 in the intestinal absorption of scutellarin
using everted sac systems and in situ intestinal perfusion
experiments in male Sprague-Dawley rats. Furthermore, a
computational method was used to investigate whether
scutellarin is a P-gp and/or Mrp2 substrate as described by
Ekins et al. (2002a) and Hirono et al. (2005).

2. Investigations, results and discussion

2.1. In vitro experiments

2.1.1. Effects of verapamil on scutellarin (0.11 mM)
transport using the everted-gut sac system

We examined the effect of verapamil (P-gp inhibitor) on
scutellarin (0.11 mM) transport in the jejunum and ileum
(Fig. 1). Although cyclosporine A is a potent P-gp inhibi-
tor, it may affect breast cancer resistance protein (BCRP)
at the same time (Qadir et al. 2005; Gupta et al. 2006). On
the other hand, verapamil did not affect the transport of
BCRP substrate in human embryonic kidney (HEK) cells
that overexpressed BCRP (Zhang et al. 2005). Therefore
only verapamil was used as an inhibitor to determine the
P-gp function of scutellarin. The amount of scutellarin
transported was measured in the absence and in the pre-
sence of verapamil. No significant difference was observed
with the transport of scutellarin when verapamil (200 mM)
was added to the mucosal side of the jejunum, even when
the concentration of verapamil was increased to 1 mM. Si-
milarly, we did not find any difference of the transport
amount when various concentrations of verapamil were
added to the mucosal side of the ileum. These results in-
dicate that P-gp has no effect on the transport of scutellar-
in in the intestine of rats.

2.1.2. Effects of LTC4 on scutellarin (0.11 mM) transport
using the everted-gut sac system

LTC4, a high-affinity substrate of Mrp2 (Ninomiya et al.
2005), was used to study the effect of Mrp2 on the trans-
port of scutellarin. Effects of LTC4 on scutellarin transport
in the everted sacs of the rats were examined (Fig. 2).
When LTC4 (0.16 mM) was added to the mucosal side of
the jejunum, the increased percentages were 25%, 67%,
63%, 40% and 17% at 20, 30, 40, 50 and 60 min, respec-
tively. A statistically significant difference was observed
from 30 min to 50 min (p < 0.05). When the everted sacs
of ileum were pre-incubated with the same concentration
of LTC4, the increased percentages were 15%, 52%, 30%,
19% and 16% at 20, 30, 40, 50 and 60 min, respectively.
A statistically significant difference was also observed from
30 min to 50 min (p < 0.05). The increased percentages of
scutellarin transported through the jejunum were more
than those through the ileum, which may be ascribed to
the intestinal distribution of Mrp2 in the rats. Mrp2 ex-
pression level is highest in the duodenum and decreases
towards ileum (Johnson et al. 2006). These results suggest
that Mrp2 contributes to the scutellarin efflux from the in-
testinal mucosal surface of the rats.

2.2. In situ experiments

The laboratory rat intestine is one of the most absorptive
organs, and encompasses in vivo, in situ, and in vitro ex-
periments. In vitro attempts to predict in vivo absorption
have increased by the improved Ussing Chamber (Gotoh
et al. 2005). Perhaps the most widely used technique in
the study of intestinal absorption of compounds is the rat
SPIP model because of its proximity to in vivo conditions,
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Fig. 1:
Time profile of scutellarin transport from mucosal
to serosal side of the everted jejunum and ileum in
the absence (^) and presence of verapamil with a
concentration of 200 mM (&) or 1 mM (~). Each
point represents the mean � SD of three to five
deterninations
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Fig. 2:
Time profile of scutellarin transport from mucosal to
serosal side of the everted jejunum and ileum in the
absence (^) and presence of LTC4 at a concentra-
tion of 0.16 mM (&). Each point represents the mean
� SD of three to five deterninations. * p < 0.05 vs
the negative control



lower sensitivity to pH variations and good correlation
with human absorption data. From the above in vitro stu-
dies, we found that Mrp2 efflux may contribute to the
poor bioavailability of scutellarin. Therefore we investi-
gated the function of P-gp and Mrp2 on scutellarin trans-
port using the in situ SPIP model.

2.2.1. Physical absorption and stability of scutellarin
(4.33 mM)

The physical absorption of the intestinal wall and the
polyethylene tube was investigated at 37 �C for 2 h. More-
over, in order to reveal the influences of intestinal en-
zymes on drug, the drug’s stability in the intestinal perfu-
sate, which was prepared with fresh blank intestinal
perfusate (HBSS having been perfused in the intestine of
the rat for 2 h) instead of HBSS, was also studied. When
the intestinal segment was added to the HBSS with scutel-
larin (4.33 mM), the remaining percentage of scutellarin
after 2 h was 98.31 � 1.23% (n ¼ 3), indicating that the
intestinal wall had almost no physical absorption of scutel-
larin. 99.10 � 1.83% (n ¼ 3) of scutellarin remained after
2 h incubation in the polyethylene tube. As scutellarin was
incubated in the freshly prepared blank intestinal perfusate
at 37 �C for 2 h, the degradation percentage of scutellarin
was 2.10 � 0.56% (n ¼ 3). These results demonstrated
that the loss of drug from the perfusion was due to ab-
sorption (Cook et al. 2003).

2.2.2. Effects of verapamil on scutellarin (4.33 mM)
transport using the SPIP system

Because P-gp is highly expressed on the apical surface of
the ileal and colonic epithelial cells, and expression gradu-
ally decreases toward the stomach (Mouly and Paine
2003), the ileum segment of the rats was selected to inves-
tigate the function of P-gp. The SPIP method is based on
reaching steady-state with respect to the diffusion of com-
pound across the intestine. Steady-state is confirmed by
plotting the ratio of the outlet to inlet concentrations (cor-
rected for water transport) versus time. In our experiments,
the steady-state was usually reached within 30 min. Per-
meability values are calculated only from experiments
where steady-state was achieved. The permeablity values
for each experiment are shown in Fig. 3. There was no
statistical difference in Papp of scutellarin in the ileum at
each concentration of verapamil. From the experiments of
everted intestinal sac and SPIP it can be concluded that
P-gp seems to have no effect on the intestinal transport of
scutellarin in the rats.

2.2.3. Effects of BSO and probenecid on scutellarin
(4.33 mM) transport using the SPIP system

Mrp2 is also expressed at the apical surface but its expres-
sion level is highest in the duodenum and expression de-
creases toward ileum (Johnson et al. 2006). The jejunum
segments of the rats were selected to investigate whether
scutellarin is actively secreted into the intestine by Mrp2
and the secrection is inhibited by the presence of Mrp2
inhibitors. BSO and probenecid were used as inhibitors of
Mrp2. The results were summarized in Fig. 4. The Papp
of scutellarin in the jejunum of the negative rats was
3.73�10�5 cm/s and the Papp values increased gradually
when the concentration of BSO was increased to 0.5 mM
(P < 0.05). When BSO concentration was 1 mM, the Papp
was 7.55�10�5 cm/s and showed no significant difference
compared with that of the rats co-perfused with BSO of
0.5 mM, suggesting a saturated efflux process. When pro-
benecid (1 mM) was used as an Mrp2 inhibitor and co-
perfused, a 1.34-fold increase in the Papp was observed
compared to the control rats (P < 0.05). Coperfusion of
0.5 mM BSO and 1 mM probenecid with 4.33 mM scutel-
larin, the Papp is 2.24 times than that of the control rats
(p < 0.01).
Taken together, these results are consistent with our obser-
vation in everted-gut sac system, where P-gp may not be
involved in the transport of scutellarin in the rat small in-
testine. Efflux via Mrp2 is more likely the major mechan-
ism that impedes the permeation of the drug.

2.3. In silico experiments

P-gp and Mrp2 are poorly characterized at the molecular
level, in large part because of the intrinsic difficulties in-
volved in membrane protein crystallization. As an alterna-
tive, computational modeling of transporters has aided our
understanding and has significantly increased our knowl-
edge about transporter mechanisms. The application of
pharmacophore modeling to determine substrate or inhibi-
tor specificity has greatly advanced our mechanistic under-
standing of drug-transporter interactions.
The recognition elements for P-gp are formed by two
(type I unit) or three electron donor groups (type II unit)
with distinct spatial arrangements (Seelig 1998). For the
type I pattern, two electron donors are separated by 2.5 �
0.3 Å. The type II patterns contain either two electron do-
nor groups separated by 4.6 � 0.6 Å or three electron do-
nors separated by 2.5 � 0.3 Å with a 4.6 � 0.6 Å separa-
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Fig. 3: The apparent permeability of scutellarin (4.33 mM) across ileum
using in situ single-pass intestinal perfusion system in the absence
and presence of verapamil with a concentration of 200 mM or
1 mM. Each point represents the mean � SD of three to five deter-
minations

Fig. 4: The apparent permeability of scutellarin (4.33 mM) across jejunum
using in situ single-pass intestinal perfusion system in the absence
and presence of 0.05 mM BSO, 0.5 mM BSO, 1 mM BSO, 1 mM
probenecid or 0.5 mM BSO combined with 1 mM probenecid.
Each point represents the mean � SD of three to five determina-
tions. * p < 0.05, ** p < 0.01



tion of the outer two groups. A molecule with at least one
type I or type II unit is predicted to be transported by
P-gp. The optimized structure of scutellarin was obtained
by the Gaussian 03 W program, and the highest average
frequency of the groups involved in functional units with
P-gp was selected. The spatial separation of two electron
donor groups, oxygen from C¼O group and oxygen in
pyranoid ring, is 4.12 Å, consistent with the type II pattern
definition, suggested that scutellarin is a potential substrate
of P-gp. With the understanding that there may be multi-
ple binding sites within P-gp, a more detailed 3D-QSAR
model contained hydrogen bond acceptors, hydrogen bond
donors, hydrophobes, and ring aromatic features of the
P-gp substrates was developed by Ekins et al. (2002a,
2002b). They have shown five P-gp pharmacophores, but
the spatial separation of scutellarin is not consistent with
any of the pharmacophores. Furthermore, this compound
contains six electron donor groups (OH). According to
Seelig (1998), substrate binding to P-gp increases with the
number and strength of the hydrogen bonding acceptor
units and these groups are not specifically favorable for an
interaction with P-gp. Taken together with our in vitro and
in situ results, this compound does not seem to be a sub-
strate of P-gp.
There is only one paper describing the three-dimensional
pharmacophore of ligands for rat multidrug-resistance-as-
sociated protein 2 (Hirono et al. 2005). It was shown that
two hydrogen bond-acceptor groups (HA1 and HA2) and
two hydrophobic groups (HP1 and HP2) are essential for
the binding of ligands to rat Mrp2 and that these groups
constitute the 3D pharmacophore obtained from the com-
parative molecular-field analysis (CoMFA) calculation. The
Table shows the relative distances between the four prop-
erty spheres that represent the essential functional groups
for ligand binding. For scutellarin, two hydrogen bond-
acceptor groups, HA1 and HA2, are the anion of the car-
boxyl group and the oxygen from the glycosidic bonds,
respectively. Two hydrophobic groups (HP1 and HP2) are
alicyclic ring of the glucuronide group and the aromatic
ring neighbouring the glycosidic bonds, respectively. The
spatial separations of different pharmacophore groups of
scutellarin are shown in the Table and they are all consis-
tent with spatial arrangements, which is necessary to inter-
act with Mrp2. This computational method demonstrated
that scutellarin was non-P-gp substrate, but Mrp2 sub-
strate, and also confirmed the results of transport studies
both in vitro and in situ. These results are consistent with
the earlier findings with a similar flavonoid glucuronides
by Akao et al. (2004).
In conclusion, the present study demonstrates that Mrp2,
but not P-gp, is involved in the efflux of scutellarin in the
intestine of the rats. In the everted-gut sac system, the ad-
dition of verapamil into the mucosal side did not increase
the transport amount of scutellarin. LCT4, an Mrp2 inhibi-

tor, significantly enhance the transport amount of scutellar-
in from mucosal side to serosal side. In the SPIP system,
coperfusion verapamil with scutellarin showed no influ-
ence on the Papp of scutellarin. When BSO or/and probe-
necid was coperfused, a signifincant increase in the Papp of
scutellarin was observed. Moreover, computational studies
suggested that the spatial structure of scutellarin was con-
sistent with the pharmacophore of Mrp2. These results de-
monstrated that Mrp2, not P-gp, was involved in the in-
testinal absorption of scutellarin in the rats, which might
be one of the reasons that lead to the low oral bioavail-
ability of the drug. On the other hand, Bcrp is expressed
across the different regions of the intestine. Bcrp also has
an important role in extruding glucuronide and sulfate
conjugates into the intestinal lumen (Adachi et al. 2005).
The substrates of Bcrp and Mrp2 often overlap and a sy-
nergistic role of these two efflux transporters exists in ex-
truding xenobiotics. Because scutellarin is a flavonoid glu-
curonide, further studies should be performed to study the
effect of Bcrp on the intestinal absorption of scutellarin.

3. Experimental

3.1. Materials

Scutellarin, 40,5,6-trihydroxyflavone-7-glucuronide (purity >97%, lot num-
ber: HB 20031203) was purchased from Yunnan phytopharmaceutical CO.,
LTD (China). Verapamil was purchased from National institute for control
of pharmaceutical and biological products. leukotriene C4 (LTC4) and L-
Buthionine-[S,R]-sulfoximine (BSO) were purchased from Sigma-Aldrich
(St Louis, MO). Probenecid was bought from Integrated Pharmaceutical
Factory of Shanghai. All reagents were of analytical grade and were used
without further purification. Distilled and deionized water was used for the
preparation of all solutions. Male SD rats weighing about 250–300 g were
purchased from the Laboratory Animal Center of China Pharmaceutical
University. The animal experiments in this study were conducted in accord-
ance with the Guidelines for the Care and Use of Laboratory Animals, and
approved by the Institutional Animal Care and Use Committee of China
Pharmaceutical University.

3.2. Transport studies using the in vitro everted-gut sac system

The studies were carried out using everted sacs prepared by a modification
of a previously described procedure (Nakamaru et al. 1998). In brief, rats
were fasted for 20–24 h prior to the experiments but received water ad
libitum. They were anesthetized with diethylether and sacrificed by exsan-
guination via the abdominal aorta. Then, segments of the jejunum and
ileum were removed from the site 5 cm away from the ligament of Treiz
and above the cecum, respectively. Each segment was rinsed with cold sal-
ine, and then everted using an L-shaped stainless steel rod. One end of the
everted sac was ligated with silk thread, and a polyethylene tube connected
to a silicon tube was inserted into the other end and tied. The segments of
approximately 5 cm in length were filled with 0.5 ml of Krebs Ringer-Hen-
seleit bicarbonate buffer (118 mM NaCl, 4.75 mM KCl, 2.50 mM CaCl2,
1.19 mM KH2PO4, 1.19 mM MgSO4, and 25 mM NaHCO3, pH 6.8 ad-
justed with 1M H3PO4) containing 0.3% (w/v) Na2SO3 to improve the sta-
bility of scutellarin (The degradation percent of scutellarin in the buffer
was 0.4% within 60 min at 37 �C). Subsequently, the sac was placed in
10 mL of the same buffer. Gas (95% O2–5% CO2) was gently bubbled into
the solution on the mucosal side during the transport experiments. After a
10 min preincubation at 37 �C, a stock solution of scutellarin in the above
buffer was added to the mucosal side to give a final concentration of
0.11 mM scutellarin. At 0, 10, 20, 30, 40, 60 min of incubation after the
start of the experiments, 0.1 mL of solution was taken from the serosal
side to determine the absorption of scutellarin and, at the same time, a
similar volume of buffer solution was added to maintain the volume of the
serosal side constant. All samples were stored at �20 �C until analysis. At
the end of the incubation period, the sac was quickly removed, and the
surface area of the sacs was measured.
In determining the function of transporters, the everted sacs were pre-incu-
bated in the buffer containing verapamil (200 mM or 1 mM) as P-gp block-
er and LTC4 (0.16 mM) as Mrp2 inhibitor (Hu et al. 2003) for 10 min at
37 �C, respectively, and then mucosal-to-serosal transport of scutellarin
was examined under the presence of each inhibitor added to the mucosal
side. LTC4 was dissolved in dimethylsulfoxide (the final concertration of
dimethylsulfoxide in the incubation solution was 0.4%). The buffer con-
taining 0.4% dimethylsulfoxide was also used as vehicle for the control
experiments. The viability of the intestinal membrane during the test period
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Table: Relative distances of reported (Hirono et al. 2005) and
calculated (for scutellarin) between the four spheres
representing the functional groups

Relative distances reported (Å) Actual distances of scutellarin (Å)

HA1-HA2 5.0 � 0.9 4.1–4.3
HA1-HP1 5.3 � 0.7 5.8–6.1
HA1-HP2 5.5 � 1.6 3.9–4.3
HP1-HA2 4.7 � 0.8 3.7–4.0
HP1-HP2 4.8 � 1.1 4.7–5.4
HA2-HP2 3.2 � 1.2 2.8–3.0



was monitored by measuring the liberation of the cytosolic enzyme LDH
in the incubation media (Cornaire et al. 2004). There was no remarkable
change of the LDH (data not shown), confirming that the viability of the
intestinal membrane was maintained during the transport experiments.

3.3. Transport studies using the in situ single-pass intestinal perfusion
system

3.3.1. Binding and stability studies

The following study was carried out to ensure that the loss of drug from
the perfusion is due to absorption and not by other losses. Scutellarin bind-
ing studies were performed with the polyethylene tube used for perfusion
directly incubated in the Hanks Balanced Salt Solution (HBSS pH 6.8 ad-
justed with 1M H3PO4, containing 137 mM NaCl, 5.40 mM KCl, 1.30 mM
CaCl2, 0.80 mM MgSO4, 0.34 mM Na2HPO4, 0.44 mM KH2PO4, 5.56 mM
D-Glucose, 4.90 mM NaHCO3 and 0.3% (w/v) Na2SO3 to improve the stabi-
lity of scutellarin) with 4.33 mM scutellarin at 37 �C for 2 h, and the remain-
ing scutellarin was determined by HPLC. Similarly, the physical absorption
on the intestinal wall was investigated at 37 �C for 2 h. Scutellarin stability
was tested in the blank perfusion HBSS. Scutellarin (4.33 mM) was incubated
in the mixture at 37 �C for 2 h. Samples (0.2 ml) of the mixture were re-
moved at 2 h, spiked with 0.2 ml ice-cold menthol with 1% acetic acid, and
centrifuged (1000�g, 10 min). The supernatant was assayed by HPLC.

3.3.2. Establishment of in situ single-pass intestinal perfusion system

In situ single-pass perfusion was conducted as described previously (Issa
et al. 2003; Sutton et al. 2002). Male Sprague-Dawley rats weighing 250 to
300 g were fasted for 12 to 15 h prior to the start of the experiment. Water
was allowed ad libitum. Anesthesia was induced and maintained for the
duration of the experiment by intraperitoneal injection of urethane at a
dose of 1.5 g/kg. A midline incision was made on the abdomen and an
approximately 10 cm length of jejunum or ileum was selected and cannu-
lated on both sides. The animals were maintained at 37 �C throughout the
experiment by focusing a table lamp as a source of heat. The exposed seg-
ment was covered with a cotton pad soaked in normal saline and then with
aluminum foil to prevent evaporation of fluids. Initially, the intestinal seg-
ment was washed with freshly prepared HBSS at 37 �C until the outlet
solution was clear. Thereafter the perfusion solution (4.33 mM scutellarin
in the HBSS) was perfused at a constant flow rate of 0.4 ml/min using a
peristaltic pump (HL-2B, Shanghai Medical University Instrument Plant,
China). The intestinal perfusate samples were collected at 15-min intervals
for a duration of 105 min in preweighed 5-mL glass vials. The length and
radius of intestinal segment studied was measured at the end of the experi-
ment. Finally, the animals were sacrificed by excess of ether.

3.3.3. Inhibitory studies

In determining the function of P-gp, ileums were pre-incubated in the
HBSS containing verapamil (100 mM or 1 mM) as P-gp blocker for 30 min
at 37 �C. In order to study the efflux transporter of Mrp2, BSO (Dietrich
et al. 2001) and probenecid (Lindahl et al. 2004) were used as inhibitors.
Six jejunum segments of the rats were pre-incubated for 30 min at 37 �C
in the HBSS containing: (a) BSO (0 mM) þ probenecid (0 mM), (b) BSO
(0.05 mM), (c) BSO (0.5 mM), (d) BSO (1 mM), (e) probenecid (1mM),
(f) BSO (0.5 mM) þ probenecid (1mM).

3.3.4. Sample treatment

An aliquot (0.5 ml) of each perfusate sample was mixed with 0.5 ml of
methanol containing 1% acetic acid, and centrifuged (1000�g, 10 min).
The supernatant was assayed by HPLC.

3.3.5. Data analysis

The absorption/secretion of water during the experiment was studied by
correcting for density changes. The density of collected samples was deter-
mined by weighing the contents (using an electronic weighing balance of a
known volume of perfusate). Calculation of Papp (apparent permeability)
was done from intestinal perfusate samples collected over 45 to 105 min
with steady-state concentrations of the outlet perfusate. The Papp of scutel-
larin was calculated using Eq. (1):

Papp ¼ ½�Qin ln ðCoutðcorrÞ=CinÞ�=2prl ð1Þ

where r is the radius of the intestinal lumen (cm), l is the length of the
segment (cm), Qin is the flow rate (ml/min) of inlet solution, Cin is the
concentration (mg/ml) of drug in the entering solution, and Cout(corr) is the
concentration (mg/ml) of drug in the exiting solution corrected for water
flux. The Cout(corr) was calculated using Eq. (2):

CourðcorrÞ ¼ CoutVout=Vin ð2Þ

where Cout is the outlet drug concentration, Vout is the outlet volume, and
Vin is the inlet volume.
Statistically significant differences between two groups was evaluated by
the Student’s t test. A p < 0.05 was considered significant for all tests.

3.4. Computational method

This study was performed according to a procedure described previously
(Wiwattanawongsa et al. 2005). The three-dimensional structure of the
compound was built using Chem3D Ultra version 7 software (Cambridge-
Soft, Cambridge, MA, USA), and molecular calculation was directly per-
formed using the Gaussian 03 W program (Gaussian, Inc., Pittsburgh, PA,
USA) on the Chem3D window. Geometry optimization was performed in-
itially by molecular mechanics force field and subsequently using the AM1
Hamiltonian of a semiempirical method. The obtained geometries were
then optimized on the basis of the ab initio Hartree-Fock method at the 6–
21G level. The spatial separation of two electron donor groups of scutellar-
in was subsequently measured.

3.5. Instrumentation and HPLC conditions

The HPLC system consisted of a pump (Model LC-10A, Shimadzu, Ja-
pan), a shim-pack CLC-ODS column (150 mm�6 mm i.d., Shimadzu)
maintained at 30 �C, an UV detector (Model SPD-10A, Shimadzu) at
334 nm and a data station (Model SCL-10A, Shimadzu). This method was
used to analyze the samples obtained from the studies in vitro and in vivo.
The composition of the mobile phase was methanol-water-phosphoric acid-
triethylamine (53 : 47 : 0.1 : 0.1, v : v : v : v). The mobile phase was deliv-
ered at a flow rate of 1 ml/min. The injection volume was 20 ml and the
relative retention time was found to be about 10.0 min.
In this article, two HPLC methods with the same HPLC condition were
developed. One method was used to analyze the serosal samples of the
in vitro everted-gut sac system. Another method was used to analyze
the perfusate samples of in situ single-pass intestinal perfusion system.
Both methods were evaluated through intra-day and inter-day analysis
of precision and accuracy. For both methods, all the precisions were less
than 3.27%, and all the recoveries were evaluated to be 97.13–102.44%.
In addition, all the linear correlation coefficients (r) were more than
0.9997, and all the samples’ concentrations were in the concentration
range.
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