
Research Paper

Mechanisms Responsible for Poor Oral Bioavailability of Paeoniflorin:
Role of Intestinal Disposition and Interactions with Sinomenine
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Purpose. To determine the intestinal disposition mechanisms of paeoniflorin, a bioactive glucoside, and

to investigate the mechanisms by which sinomenine increases paeoniflorin bioavailability.

Materials and Methods. A single-pass Bfour-site’’ rat intestinal perfusion model and a cultured Caco-2

cell model were employed.

Results. In both model systems, paeoniflorin permeability was poor. In the perfusion model, maximal

absorption and metabolism of paeoniflorin occurred in duodenum and jejunum, which were significantly

decreased by a glucosidase inhibitor gluconolactone (20 mM). On the other hand, paeoniflorin

absorption in terminal ileum increased significantly but its metabolism did not in the presence of

sinomenine and cyclosporine A. In the Caco-2 cell model, paeoniflorin was transported 48-fold slower

than its aglycone (paeoniflorigenin). Absorptive transport of paeoniflorin was significantly ( p < 0.05)

increased by sinomenine (38%), verapamil (27%), and cyclosporine A (41%), whereas its secretory

transport was significantly ( p < 0.01) decreased by sinomenine (50%), verapamil (35%) and

cyclosporine A (37%). In contrast, MRP inhibitors MK-571 and leukotriene C4 did not affect transport

of paeoniflorin. Lastly, sinomenine was also shown to significantly increase the absorptive transport of

digoxin (a prototypical p-glycoprotein substrate) and to significantly decrease its secretory transport.

Conclusions. Poor permeation, p-gp-mediated efflux, and hydrolysis via a glucosidase contributed to the

poor bioavailability of paeoniflorin. Sinomenine (an inhibitor of the p-gp-mediated digoxin efflux)

increased paeoniflorin’s bioavailability via the inhibition of p-gp-mediated paeoniflorin efflux in the

intestine.

KEY WORDS: bioavailability; Caco-2; disposition; efflux; intestinal; paeoniflorin; p-glycoprotein
inhibitor; sinomenine.

INTRODUCTION

Paeoniflorin is a bioactive and water soluble monoter-
pene glucoside (MW: 428.47, Fig. 1), present in the root of a
Chinese medicinal herb Paeonia lactiflora Pall. The herb is
widely used to treat inflammatory conditions, and the enriched
P. lactiflora containing 70% paeoniflorin is an approved
proprietary drug for treatment of rheumatic and arthritic
diseases by the State Food and Drugs Administration of
China. The therapeutic effects of its active component,
paeoniflorin, have been demonstrated by many investigators
(1,2). However, use of paeoniflorin in Chinese clinic is
limited because it has poor bioavailability, which was
attributed to poor permeation by passive diffusion since its
log P value is j2.88.

Previous studies had reported low bioavailability of orally
administered paeoniflorin in rats (approximately 3 Y 4%) (3,4),
and our own pharmacokinetic study was consistent with this
observation (5). An earlier study indicated that higher plasma
concentrations of paeoniflorin were achieved by using a more
crude extract of the plant (6). Additional reports showed that
higher plasma concentrations of paeoniflorin were achieved
when it is included as a part of multiple herb formula:
Shao-yao Gan-chao Tang (6,7). These results indicated that
the bioavailability of paeoniflorin could be improved by other
phytochemicals present in the herb or herbal formulations.

With regard to the disposition of paeoniflorin, it was
found that this compound was not absorbed intact and only
aglycone paeoniflorgenin was absorbable into the systemic
circulation in rats (8). Administered paeoniflorin was exten-
sively metabolized into paeoniflorgenin, paeonimetabolins I
and II (Fig. 1). The mechanism responsible for the formation
of paeoniflorgenin is unknown but formation of all three
metabolites was assumed to be catalyzed by intestinal
microflora (9,10).

To determine the causes of its low bioavailability, we
found earlier using an everted sac model of rat intestine that
poor uptake and efflux contributed to this poor bioavailability
(11). However, the everted gut sac model is not best suited to
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study slowly transported compound such as paeoniflorin as
viability was a significant challenge when study has to be run
for more than 30 min. Therefore, one goal of present study
was to further understand why paeoniflorin has poor
bioavailability using an in situ perfusion model where tissue
integrity and blood circulation are maintained. Additional, a
human intestinal Caco-2 model was used to determine if the
mechanism elucidated in rat intestine is relevant in the
human intestine.

To determine how we could increase the bioavailability
of paeoniflorin, we used sinomenine, a bioactive alkaloid de-
rived from Sinomenium acutum Rehdder & Wilson, that is also
used to treat rheumatic and arthritic diseases in China. Sino-
menine has a variety of actions including anti-inflammation
(12,13), immunosuppression (14), and arthritis amelioration
(15). In a previous study, we demonstrated that co-adminis-
tration of sinomenine could markedly elevate the plasma
concentration of paeoniflorin (5) and that addition of this
compound in the incubation media increased the uptake of
paeoniflorin in a rat everted gut sac model (9). Therefore, the

second goal of this study was to investigate the mechanisms by
which sinomenine increases the bioavailability of paeoniflorin,
which would help us understand how to improve its pharma-
cokinetic profile.

MATERIALS AND METHODS

Materials

Cloned Caco-2 cells (TC7) were a kind gift from Dr.
Monique Rousset (Institut National de la Sante et de la
Recherche Medicale U178, Villejuit, France). Paeoniflorin
and sinomenine (R98% in purity, see Fig. 1 for structure)
were purchased from the State Institute for Control of
Biological and Pharmaceutical Products (Beijing, China).
Pentoxifylline (an internal standard or IS with greater than
98% purity), "-glucosidase, gluconolactone, Hanks’ balanced
salt solution (HBSS; powder form), verapamil and cyclospor-
ine A were obtained from Sigma-Aldrich Chemical (St.
Louis, MO, USA).
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Fig. 1. Structure of compounds used in the present study and proposed metabolic pathways of

paeoniflorin in the intestine.
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Cell Culture

The culture conditions for growing Caco-2 cells (passage
number: 30-48 generation) have been described previously
(16 Y18). The seeding density, growth media (Dulbecco’s
modified Eagle_s medium supplemented with 10% fetal
bovine serum), and quality control criteria were all imple-
mented in the present study as they were described previ-
ously (16 Y18). TC7 cells were fed every other day, and cell
monolayers (4.2 cm2 total areas) were ready for experiments
from 19 to 22 days after seeding.

Transport Experiments in the Caco-2 Cell Culture Model

Experiments in triplicate were performed in HBSS
(16,17). Transport experiments were performed using pH
6.5 (which is jejunal pH) at the apical side and pH 7.4 (which
is the serosal pH) at the basolateral side unless otherwise
specified. The protocols for performing cell culture experi-

ments were similar to those described previously (16 Y18).
Briefly, the cell monolayers were washed three times with
37-C pH 7.4 HBSS. The transepithelial electrical resistance
values of Caco-2 cell monolayers were measured, and those
monolayers with transepithelial electrical resistance values
less than 420 ohm cm2 were not used. The monolayers were
loaded with a solution containing the compound of interest,
and the amount of transepithelial transported was followed as
a function of time by HPLC. Four samples (0.5 ml/per sample)
were taken at different times, which were immediately added
acetonitrile (0.125 ml/per sample) containing IS (16 2M) to
stabilize the test compounds, and the amounts transported
were determined by HPLC.

Cellular Accumulation Studies in the Cell Monolayers

When the transport experiments were completed, the
mature monolayers (three inserts/group) were gently and
softly washed three time with iced HBSS buffer (pH 7.4), they
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Fig. 2. Representative HPLC profiles of transport samples in the Caco-2 cell culture model (A) and the

perfusion samples in the rat intestinal perfusion model (B). Using the HPLC analysis method described

in the text, accuracy and precision for the assay were determined and validated using sinomenine,

paeoniflorin and digoxin at 0.78, 25, 100 2M (triplicates for each concentration). The results showed the

method had a good accuracy and precision (data not shown). Calibration curves were plotted as the

peak area vs drug concentration. Results for the calibration curves (n = 8) showed good linearity (all of

r 2 were over 0.999) in the concentration range of 0.78 Y100 2M for all three compounds.
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were cut out together with the porous polycarbonate mem-
branes, immersed into 0.5 ml of 50-mM potassium phosphate
buffer (pH 7.4) and sonicated in an ice bath (4-C) for 15 min as
described previously (19). Amounts of drugs in the lysate
were then determined by HPLC.

Animals

Male SpragueYDawley rats aging 70 to 110 days old and
weighing between 250 Y350 g (Harlan Laboratory, India-
napolis, Indiana) were used. The rats were fed with Teklad
F6 rodent diet (W) from Harlan Bioproducts for Science
(Indianapolis, IN). The rats were fasted overnight before the
date of the experiment.

Animal Surgery

The procedures were approved by University of Houston’s
Institutional Animal Care and Uses Committee. The intestinal
surgical procedures were modified from our previous publica-
tion (21,22), in that we perfused four segments of the intestine
simultaneously (a Bfour-site model’’). In the present study, the
cannulation to the duodenum, jejunum, ileum, and colon,
respectively, was connected to a short cannulae, which was 1.5
to 2 cm long and can be easily disconnected or reconnected to
the main perfusion tube. The main tube was attached to a
syringe driven by an infusion pump (Model PHD 2000;

Fig. 3. Effective dimensionless permeabilities of paeoniflorin (A),

percentages of metabolite (paeoniflorigenin and benzoic acid) found

in the perfusate (B) in four regions of the rat intestine (duodenum,

jejunum, terminal ileum and colon) that were perfused at a flow rate

of 0.15 ml/min. In all perfusion studies, effective permeability (P*eff),

percentages of paeoniflorin absorbed and metabolites formed or

excreted (the latter two normalized to a 10-cm intestinal length) were

calculated using equations described in the BMaterials and Methods

section.’’ Statistically significant differences ( p < 0.05) between

regions were shown by the asterisks (*). In (B), we performed one-

way ANOVA with post hoc test and significant differences in the

pairs were marked by the arrow and the asterisks (*). Each column

represents the average of four determinations and the error bar

represents the standard error of the mean.

Fig. 4. Effective dimensionless permeabilities of paeoniflorin (A),

percentages of paeoniflorin absorbed (B), percentages of paeoniflor-

igenin found in perfusate (C) or percentage of benzoic acid excreted

by enterocytes (D) in four regions of the rat intestine in the absence

(slashed bars) or presence (open bars) of 20-mM gluconolactone.

Statistically significant differences ( p < 0.05) between gluconolactone

treatment were marked by the asterisks (*) using unpaired Student_s

t-test. Each column represents the average of four determinations

and the error bar represents the standard error of the mean.
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Harvard Apparatus, Cambridge, MA). To keep the tempera-
ture of the perfusate constant, the inlet cannula was insulated
and kept warm by a 37-C circulating water bath.

Transport and Metabolism Experiments in the Perfused
Rat Intestinal Model

A single-pass perfusion method described previously was
used (18,20). A flow rate of 0.15 ml/min was used, and four
perfusate samples were collected every 30 min as described

(18,20). The outlet concentrations of test compounds in the
perfusate were determined by HPLC.

Preparation of Paeoniflorigenin (Aglycone)
from Paeoniflorin (Glucoside)

Paeoniflorin (100 mg) was dissolved in 0.2 ml of dimethyl
sulfoxide, to which 2.5 ml of "-glucosidase (100 U/ml) was
added. The reaction was allowed to continue for 5 hr in a
shaking water bath (37-C, 100 rpm). Afterwards, the mixture

Fig. 5. Effects of sinomenine or p-gp inhibitors on the absorption and metabolism of paeoniflorin in the

rat intestine. Formation of metabolites and absorption of paeoniflorin were determined using perfusate

containing paeoniflorin alone (50 2M alone, open columns), or with 50-2M sinomenine (slashed

columns), or with 100-2M sinomenine (checkered columns), or 5-2M cyclosporine A (solid columns).

The asterisk (*) indicates a statistically significant difference (P < 0.05) when compared to the control

according to a one-way ANOVA with post hoc test. Each column represents the average of four

determinations, and the error bar represents the standard error of the mean.
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was extracted twice with ethyl acetate. The combined ethyl
acetate layer was evaporated to dryness. The residue was re-
dissolved in 1 ml methanol and chromatographed over ODS
stationary phase (Merck, USA) using increasing concentra-
tion of methanol in water as the eluent. This procedure
yielded ten fractions, which were then analyzed for paeoni-
florigenin by HPLC. The fraction eluted with 30% methanol
contained pure paeoniflorigenin. This fraction was then
further processed to yield pure aglycone (5 mg) (8).

HPLC Analysis of Digoxin, Paeoniflorin and Sinomenine

Digoxin, paeoniflorin and sinomenine were analyzed via
HPLC after samples were centrifuged at 13,000 rpm for
10 min. The HPLC conditions were as follows: system, Agilent
1050 controlled by Chemstation with a 759A absorbance
detector (Applied Biosystems, AB); column, Altima C18

column (dimensions of 250 � 4.5 mm, particle size of
5 2m). For the analysis of Caco-2 samples, the HPLC
conditions are: mobile phase A, 100% acetonitrile; mobile
phase B, 0.05% (v/v) acetic acid in water; gradient, 0 Y 5 min,
5% A, 5 Y 26 min, 5 Y 35% A, 30 Y 35 min, 35% A, 35 Y 36 min
35 Y 5% A. For the perfusate samples, the HPLC conditions
are: mobile phase A, 100% acetonitrile; mobile phase B, water
(0.04% phosphoric acid and 0.09% triethylamine, pH 6.0);
gradient, 0 Y 5 min, 5%A, 5 Y26 min, 5 Y 40% A, 30 Y 35 min,
40% A, 35 Y 36 min 40 Y 5% A; the detection wavelength,
231 nm for all compounds; and injection volume, 200 2l. All
tested compounds have linear response ranges from 0.78 to
100 2M. Retention times for sinomenine, paeoniflorin,
internal standard and digoxin in the Caco-2 cell transport
samples were 14.6, 20.5, 23.5 and 29.5 min, respectively
(Fig. 2A). Retention times for sinomenine, paeoniflorin,
internal standard, paeoniflorigenin and benzoic acid in the
perfusate samples were 15.1, 21.5, 23.5 and 26.5 and 27.9 min,
respectively (Fig. 2B).

Data Analysis in the Caco-2 Cell Culture Model

The apparent unidirectional permeability was obtained
according to the following equation (Eq. 1):

Bt

SC
¼ Papp ð1Þ

Where Bt is the apparent appearance rate of drug
molecules in the receiver side, S is the surface area of the
monolayer (4.2 cm2), and C is the starting concentration in
the donor side. The flux term Bt was calculated using linear
regression (a Microsoft Excel function).

Rate of transport (Bt) was obtained using rate of change
in concentration of transported paeoniflorin as a function of
time and volume of the sampling chamber (V) (Eq. 2).

dC

dt
V ¼ Bt ð2Þ

Data Analysis in the Rat Intestinal Perfusion Model

In the intestinal model, effective permeability (P*eff) was
calculated using an equation described previously (18,21,22).

Amount of paeoniflorin absorbed (Mab) was expressed as
follows:

Mab ¼ Qt CAin � CAoutð Þ ð3Þ

Where Q is the flow rate (in milliliters per minute), C is
the sampling interval (30 min), and CAin and CAout are the
inlet and outlet concentrations of paeoniflorin corrected for
water flux, respectively.

Amounts of metabolites found in the intestinal lumen
(Mgut) were expressed as follows: where CMout is the outlet
concentrations (in nanomoles per milliliter) of metabolites
corrected for water flux, and Q and C are the same as defined
for Eq. (3).

Mgut ¼ Qt CMoutð Þ ð4Þ

The percent absorbed and percent metabolized values
were calculated as follows:

% absorbed in the intestine ¼Mab Mtotal= ð5Þ

% metabolites found in intestine ¼Mgut=Mtotal ð6Þ

where Mtotal is the total amount of compound perfused
over a 30-min time period.

Statistical Analysis

One-way ANOVA with post hoc test for multiple
comparisons (SPSS 11.5) and unpaired Student’s t test
(Microsoft Excel) for double comparisons were used to
analyze the data. The prior level of significance was set at
5%, or p < 0.05.

RESULTS

The presentation of the results will be divided into two
sections: rat perfusion studies and Caco-2 cell studies.

Rat Perfusion Studies

Our previous study in vivo using the SpragueYDawley
rats showed that paeoniflorin had a poor bioavailability (5).
In order to be consistent with the in vivo experiments, we
chose the same strain of rats for the present study. Using the
intestinal perfusion model, we investigated the absorption
and metabolism of paeoniflorin in the intestine.

Regional Absorption and Metabolism of Paeoniflorin

There were significant differences (one-way ANOVA
with post hoc test, p < 0.05) in the amounts of paeoniflorin
absorbed from different regions of the intestine when 50-2M
paeoniflorin was perfused (Fig. 3). Furthermore, another
parameter, the apparent dimensionless effective perme-
abilities or P*eff of paeoniflorin, in upper small intestine
(i.e., duodenum and jejunum) were higher than those in
terminal ileum and colon (Fig. 3). There were also significant
differences in metabolites found from different regions of the
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intestine. For paeoniflorigenin, the % formed was the highest
in rat duodenum, followed by jejunum and terminal ileum, all
of which are significantly higher than colon ( p < 0.05) (Fig 3).
Percentage of another metabolite, benzoic acid, excreted by
the small intestine were also higher than that by the colon
( p < 0.05) (Fig. 3).

Aside from being absorbed and metabolized, paeoni-
florin has minimal effects on water flux (i.e., less than 0.5%/
cm of perfused intestinal segment), regardless of whether
inhibitors were used or not. The lack of effect on water flux is
similar to results previously observed in the rat perfusion
model, suggesting that paeoniflorin or its metabolites were
not acutely toxic (18,19).

Regional Absorption and Metabolism of Paeoniflorin
in the Presence of LPH Inhibitor Gluconolactone

Lactase phlorizin hydrolase or LPH has been shown to be
responsible for the hydrolysis of flavonoid glucosides (19,25).
Since paeoniflorin is a glucoside of paeoniflorigenin, and
hydrolysis of paeoniflorin to its aglycone occurred in the outlet
perfusate, we determined how a LPH inhibitor gluconolactone
would affect its absorption. As expected, the absorption of

paeoniflorin (50 2M) in the upper small intestine, where LPH
is abundantly expressed (23), decreased significantly in the
presence of gluconolactone (20 mM) (Fig. 4). Furthermore,
the regional difference in absorption of paeoniflorin disap-
peared in the presence of gluconolactone. Interestingly, the
extent of decrease in metabolite found in the perfusate
(�85%) was more pronounced than the extent of decrease in
absorption in the upper small intestine (up to 50%). Further-
more, the % decreases in excreted metabolites were signifi-
cant in all regions of the intestine including the colon.

Effects of Sinomenine and P-gp Inhibitor on Absorption
and Metabolism of Paeoniflorin

Absorption and metabolism of paeoniflorin was deter-
mined in the absence or presence of a p-gp efflux transporter
inhibitor cyclosporine A (5 2M) or sinomenine (100 2M).
Sinomenine was used because it is capable of increasing the
bioavailability of paeoniflorin. In the rat perfusion model,
absorption of paeoniflorin (50 2M) was increased in the
jejunum (45 Y 55%) and terminal ileum (80 Y 86%) but not in
duodenum (Fig. 5A) by these inhibitors. On the other hand,
only cyclosporine A was able to significantly increase the
absorption of paeoniflorin in the colon (38%) (Fig. 5A).

Unlike their effect on the absorption, cyclosporine A
and sinomenine had minimal impact on the percentages of
metabolites (paeoniflorigenin and benzoic acid) found in the
small intestine (Fig. 5B). In the colon, percentages of
paeoniflorigenin found significantly decreased although the
extent of decrease is quite small (<25%) (Fig. 5B). On the
other hand, colonic excretion of benzoic acid did not change
in the presence of cyclosporine A or sinomenine (Fig. 5C).

Caco-2 Cell Culture Model Studies

The Caco-2 cell culture model is well recognized and
commonly used model of the human intestine. The special
feature of this model is that both apical and basolateral sides
of the intestinal epithelium are easily accessible and there-
fore is excellent model for studying drug excretion or efflux.

Vectorial Transport of Paeoniflorin in Caco-2 Cell
Monolayers

Amount of transported paeoniflorin increased linearly
with time and was vectorial (or loading side dependent)

Table I. Effects of Concentration on the Transepithelial Transport of Paeoniflorin

Permeability (10j6 cm/s) Rate of transport (pmol minj1 cmj2)

Paeoniflorin (2M) A-B (mean T SD) B-A (mean TSD) AP-to-BL (mean TSD) BL-to-AP (mean TSD) Ratio(B-A/A-B)

100 0.483 T 0.018 1.396 T 0.083*** 2.94 T 0.11 8.13 T 0.48 *** 2.76

200 0.364 T 0.024 1.084 T 0.010** 3.93 T 0.25 11.66 T 1.09** 2.97

400 0.258 T 0.030 0.763 T 0.030*** 5.62 T 0.64 16.88 T 0.67 *** 3.01

800 0.223 T 0.039 0.772 T 0.106** 12.32 T 1.76 42.62 T 7.20 ** 3.46

Experiments were performed at 37-C for 240 min. Donor and receiver volumes were 2.5 ml. The donor buffer was pH 6.5 HBSS and the

receiver buffer was pH 7.4 HBSS. The rate of transepithelial transport values for both AP-to-BL and BL-to-AP transport were calculated as

described in the Materials and Methods section. Data are expressed as mean TSD, and n = 3. The statistically significant difference is between

the BL-to-AP rate of transport and the AP-to-BL rate of transport at various tested concentrations.
***p < 0.001.
**p < 0.01.
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(Table I). In the absence of ABC transporter inhibitors or
sinomenine, basolateral to apical (BL-to-AP) or secretory
transport of paeoniflorin was higher than ( p < 0.01) that of
apical to basolateral (AP-to-BL) or absorptive transport
(Table I). At a concentration of 100 2M, the B-A/A-B trans-
port ratio was approximately 3 with an AP-to-BL transport
rate of 2.94 T 0.11 pmol minj1 cmj2 and BL-to-AP rate of
8.13 T 0.48 pmol minj1 cmj2 (Table I).

Effects of Concentration on the Vectorial Transport
of Paeoniflorin

The rate of transepithelial transport of paeoniflorin
increased with concentration (Table I). Although both AP-
to-BL and BL-to-AP transport rates increased with concen-
tration, the rates of BL-to-AP transport were always higher
(Table I). The transport ratio (B-A/A-B) was fairly stable at
3, as the concentration of paeoniflorin increased from 100 to
800 2M (Table I).

Effects of Concentration on the Cellular Accumulation

of Paeoniflorin

Cellular accumulation of paeoniflorin was assessed as
a function of concentration (100 Y 800 2M) (Fig. 6). The

results showed that the levels of the accumulation increased
with concentration until 400 2M, after which a further
increase in the concentration did not result in further
increase in the level of the accumulation. As expected, the
levels of the accumulation following the BL loading were
higher than those following the AP loading ( p < 0.05).

Effects of Sinomenine and ABC Transporter Inhibitors
on the Transport of Paeoniflorin

We used sinomenine, two MRP inhibitors and two P-gp
inhibitors to determine how each inhibitor affected the
transepithelial transport of paeoniflorin. The results indicat-
ed that prototypical p-gp inhibitors (e.g., verapamil, and
cyclosporine A) significantly ( p < 0.05) increased AP-to-BL
transport and decreased BL-to-AP transport (Table II). In
particular, BL-to-AP transport of paeoniflorin was inhibited
37% ( p < 0.01) by 5-2M cyclosporine A, 35% by 100-2M
verapamil (p < 0.01), 50% by 100-2M sinomenine (p < 0.01).
Whereas AP-to-BL transport of paeoniflorin was enhanced
41% by 5-2M cyclosporine A ( p < 0.01), 27% by 100-2M
verapamil ( p < 0.01), 38% by sinomenine ( p < 0.01). The
vectorial transport ratio in the presence of an effective
inhibitor was approximately 1 (1.24 for cyclosporine A, 1.42
for verapamil, and 0.99 for sinomenine, respectively), where-

Table II. Effects of Sinomenine and ABC Transporter Inhibitors on the Transepithelial Transport of Paeoniflorin

Inhibitor Concentration (2M)

Rate of transport (pmol minj1 cmj2)

Ratio

(B-A/A-B)

A-B (mean T SD)

(% control T SD)

B-A (mean T SD)

(% control T SD)

None (control) Y 2.94 T 0.11 (100.00 T 3.74) 8.13 T 0.48 (100.00 T 5.90) 2.76

+Cyclosporin A 5 4.14 T 0.43** (140.82 T 14.63) 5.14 T 0.30** (63.22 T 3.69) 1.24

+Verapamil 100 3.73 T 0.58* (126.87 T 19.73) 5.29 T 0.52** (65.07 T 6.40) 1.42

+Leukotriene C(4) and MK-571 0.1+50 3.12 T 0.37 (106.12 T 12.58) 8.07 T 0.53 (99.26 T 6.51) 2.79

+Sinomenine 100 4.05 T 0.40** (137.76 T 13.61) 4.03 T 0.52** (49.57 T 6.40) 0.99

The AP-to-BL and BL-to-AP transport of paeoniflorin (100 2M) across Caco-2 cell monolayers in the absence (control) or presence of 100-

2M sinomenine, 5-2M cyclosporin A or 100-2M verapamil was examined. The rates of transepithelial transport for both AP-to-BL and BL-to-

AP transport were calculated as described in the Materials and Methods section. Data are expressed as mean T SD, and n = 3. The statistically

significant difference is between rates in the absence (none) or presence of an inhibitor.
**P< 0.01.
*P< 0.05.

Table III. Intracellular Accumulation of Paeoniflorin in the Presence of Sinomenine and P-gp Inhibitors

Inhibitor Concentration (2M)

Cellular accumulation (pmol/monolayer)

Ratio

(B-A/A-B)

Apical loading

(mean T SD) (% control T SD)

Basolateral loading

(mean T SD) (% control T SD)

None (control) Y 129.5 T 17.5 (100.00 T 13.51) 170.0 T 16.0 (100.00 T 5.95) 1.32

Cyclosporin A 5 408.4 T 33.1** (315.37 T 25.60) 152.9 T 7.5 (88.94 T 4.41) 0.37

Verapamil 100 315.89 T 6.42** (243.93 T 83.32) 150.83 T 12.9 (88.72 T 4.35) 0.48

Sinomenine 100 229.9 T 16.91** (177.54 T 13.05) 177.78 T 17.78 (104.58 T 10.5) 0.78

The cellular accumulation of paeoniflorin (100 2M) in Caco-2 cell monolayers in the absence of any inhibitor (control), or in the presence of

100-2M sinomenine, 5-2M cyclosporin A or 100-2M verapamil was determined with apical and basolateral loading. The apical buffer was at

pH 6.5 HBSS, and basolateral buffer was at pH 7.4 HBSS. After transport studies (4 h), Caco-2 monolayer cells were gently washed for three

times with ice-cold HBSS (pH 7.4) buffer and then cut off along with the polycarbonate filters. The cells were then broken up via sonication

and the lysates were used for measuring the amounts of paeoniflorin inside cells. The obtained values were normalized by the control value to

get relative paeoniflorin accumulation levels in Caco-2 monolayer cells. Data are expressed as mean T SD, and n = 3. The statistically

significant difference is between rates in the absence (none) or presence of an inhibitor.
**P < 0.01.
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as the ratio in the absence of inhibitors was approximately
2.76. A transport ratio of 0.99, resulted from the inhibition of
sinomenine, indicates there was a complete inhibition of
efflux by 100-2M sinomenine (Table II). In contrast, MRP
inhibitors MK-571 + leukotriene C4 did not affect the trans-
port of paeoniflorin.

Effects of Sinomenine or P-gp Inhibitors on the Accumulation
of Paeoniflorin

We also determined intracellular accumulation of paeo-
niflorin in the presence of p-gp inhibitors or sinomenine
(Table III). Effective inhibitors of p-gp always increased the
intracellular drug concentration to a higher level when
paeoniflorin was loaded apically. The highest level of

accumulation was achieved in the presence of 5 2M
cyclosporine A. On the other hand, when loaded basolater-
ally the accumulation of paeoniflorin was only marginally
affected by the presence of effective p-gp inhibitors, and the
maximal decrease was only 11% (p > 0.05).

Concentration-dependent Effects of Sinomenine
on the Transport of Paeoniflorin

We determined the transepithelial transport of paeoni-
florin in the presence of increasing concentrations of
sinomenine. As shown in Table IV, the effects of sinomenine
were shown to be concentration-dependent and significant
( p < 0.05) effects were observed at 50 2M of sinomenine for
both AP-to-BL and BL-to-AP transport (Table IV). A
concentration of 100-2M sinomenine had the strongest effect
on paeoniflorin transport with a complete inhibition of
transporter-mediated efflux.

Concentration-dependent Effects of Sinomenine
on the Accumulation of Paeoniflorin

Cellular accumulation (4 h) of paeoniflorin in Caco-2
monolayer cells was also measured in the presence of
sinomenine with increasing concentrations (Fig. 7). The
increasing accumulation was shown to be sinomenine con-
centration-dependent (Fig. 7) with significant effects pro-
duced even at the lowest concentration tested (50 2M).

Paeoniflorgenin (Aglycone) versus Paeoniflorin (Glucoside)

As expected, there were huge differences in the trans-
port properties between paeoniflorin (glucoside) and paeoni-
florigenin (aglycone). As shown in Fig. 8 and Table V,
the AP-to-BL transport rate at 100 2M was 44 times higher
( p < 0.001) (129.09 T 5.95 pmol minj1 cmj2 for aglycone, 2.94 T
0.11 pmol minj1 cmj2 for glucoside). The BL-to-AP transport
rate was 17 times higher for 100-2M paeoniflorigenin (138.56 T
9.98 pmol minj1 cmj2 for aglycone, 8.13 T 0.48 pmol minj1

cmj2) ( p < 0.001) than that of paeoniflorin (8.13 T 0.48 pmol
minj1 cmj2 for glucoside). As expected, cellular accumulations
of paeoniflorigenin, regardless of its loading side, were also
higher (p < 0.001) than that of paeoniflorin (Table V).
Regardless of transport or accumulation, paeoniflorigenin
showed little vectorial effects.

Table IV. The Concentration-Dependent Effects of Sinomenine on the Transport of Paeoniflorin Across Caco-2 Cell Monolayers

Sinomenine (2M)

Rate of transport (pmol minj1 cmj2)

Ratio (B-A/A-B)A-B (mean T SD) B-A (mean T SD)

Y 2.94 T 0.11 (100.00 T 3.74) 8.13 T 0.48 (100.00 T 5.90) 2.76

50 3.32 T 0.15 (112.93 T 5.10) 7.19 T 0.93 (88.44 T 11.44) 2.17

100 4.05 T 0.40** (137.76 T 13.61) 4.03 T 0.52** (49.57 T 6.40) 0.99

150 4.25 T 0.71** (144.56 T 24.15) 5.78 T 0.55** (71.09 T 6.77) 1.36

The statistically significant difference is between the control (no sinomenine) and the sinomenine-treated cells. The AP-to-BL and BL-to-AP

transport of paeoniflorin (100 2M) across Caco-2 cell monolayers as a function of sinomenine concentrations were measured, and the rates of

transepithelial transport for both AP-to-BL and BL-to-AP transport were calculated as described in the Materials and Methods section. Data

are expressed as mean T SD for transport values, and n = 3.
**P < 0.01.
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Fig. 7. The concentration-dependent effects of sinomenine on

paeoniflorin accumulation (% control) in Caco-2 monolayer cells.

The AP loaded (filled triangle) and BL loaded (filled circle) cellular

accumulation of paeoniflorin (100 2M) in Caco-2 cell monolayers in

the presence of increasing concentrations of sinomenine. After

transport studies (2 h), Caco-2 monolayer cells were gently washed

for three times with iced HBSS (pH 7.4) buffer and then cut off along

with the polycarbonate filters. The cells were then sonicated at 4-C
for 15 min and centrifuged at 13,000 rpm for 10 min to produce cell

lysate for measuring the amount of digoxin in cellular accumulation.

The control values were actually higher for BL loading than AP

loading as shown in Table III. The asterisk (*) indicates a statistically

significant difference in cellular accumulation between control and

higher concentration of sinomenine. Each data point is the average

of three determinations, and the error bars represent the standard

deviation of the mean.

2776 Liu et al.



0

10

20

30

40

50

60

70

80

90

100

0 30 60 90 120 150 180 210 240 270

Time (min)

T
ra

n
sp

o
rt

ed
 a

m
o

u
n

t 
(n

m
o

l/m
o

n
o

la
ye

r)

A-B of 100 μ M paeoniflorin

B-A of 100 μ M paeoniflorin

A-B of 100 μ M paeoniflorigenin

B-A of 100 μ M paeoniflorigenin

aglycone

glucoside

Fig. 8. Transport of paeoniflorin (glucoside, circle symbols) and paeoniflorigenin (aglycone, square symbols) in

the Caco-2 cell model (n = 3). Transport across the Caco-2 cell culture model was performed at 37-C for 4 h for

the glucoside and 2 h for the aglycone. Transports in the absorptive direction (AP-to-BL) are represented by

solid symbols whereas those in the opposite direction (BL-to-AP) are represented by the hollow symbols. Each

data point represents the average of three determinations and the error bar represents the standard deviation of

the mean.

Table V. Permeabilities of Paeoniflorin and Paeoniflorigenin and Amounts of Their Transport in the Caco-2 Model (n = 3)

Compound

Permeability (10j6 cm/s) Rate of transport (pmol minj1 cmj2) Amount of accumulation (pmol/monolayer)

A-B

(mean T SD)

B-A

(mean T SD)

A-B

(mean T SD)

B-A

(mean TSD)

Ratio

(B-A/A-B)

A-B

(mean TSD)

B-A

(mean T SD)

Ratio

(B-A/A-B)

Paeoniflorin

(100 2M) 0.483 T 0.018 1.396 T 0.008 2.94 T 0.11 8.13 T 0.48 2.77 129.47 T 35.07 169.77 T 31.60 1.31

Paeoniflorigenin

(100 2M) 23.00 T 1.51* 23.54 T 1.70* 129.09 T 8.44* 138.56 T 9.98* 1.07 1,128.78 T 74.92* 1,402.95 T 59.20* 1.24

Amount of paeoniflorin transported at the end of 4-h experiments, and amount of paeoniflorgenin transport at the end of 2-h experiments

were determined. After transport studies (4 h for paeoniflorin and 2 h for paeoniflorgenin), Caco-2 monolayer cells were gently washed for

three times with iced HBSS ( pH 7.4) buffer and then cut off insert along with the polycarbonate filters. The cells were then sonicated at 4-C

for 15 min and centrifuged at 13,000 rpm for 10 min to produce cell lysate for measuring the amounts of paeoniflorin accumulation inside cells.

Permeability values were calculated using the data in the amount transported versus time plot (Fig. 8). Data are expressed as mean T SD, and

n = 3. The statistically significant difference is between paeoniflorin and paeoniflorgenin.
*P < 0.001.
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Concentration-dependent Effects of Sinomenine
on the Transport of Digoxin

The effects of sinomenine on transport of digoxin, a
prototypical p-gp substrate, were investigated to determine
how sinomenine may interact with paeoniflorin. As shown in
Table VI, the effects of sinomenine were shown to be
concentration-dependent, and significant (p < 0.05) effects
could be observed at the lowest tested concentration (50 2M)
(Table VI). Sinomenine at 100 2M had the strongest
inhibitory effect on digoxin transport, but it was unable to
completely block P-gp at the tested concentrations.

Transport of Sinomenine in Caco-2 Cell Monolayers

To determine if sinomenine is a substrate of efflux
transporter, we measured its AP-to-BL and BL-to-AP
transport at several concentrations. The results indicated that
BL-to- AP of sinomenine was always similar to that of AP-
to-BL or displayed no vectorial transport (Table VII). At the
lowest tested concentration of 10 2M, the ratio of B-A/A-B
was approximately 1, which did not change when sinomenine
concentration gradually increased to 80 2M (Table VII).

DISCUSSION

This is a comprehensive study that employed both
animal and human intestinal models to further characterize
the absorption and metabolism characteristics of paeoni-
florin. These models allowed us to systematically delineate
the mechanistic processes that influence the intestinal
transport and metabolism of paeoniflorin. Our results
indicated that poor permeation, p-glycoprotein-mediated

efflux, and hydrolysis to the aglycones and benzoic acids all
contribute to the poor bioavailability of paeoniflorin.

In the first set of studies, absorption of paeoniflorin was
shown to be very poor and its permeability was much lower
than those of highly permeable compounds such as propran-
olol and testosterone. In the Caco-2 cell culture model, per-
meability of paeoniflorin (Papp A-B = 0.48� 10j6 cm/s) was 23
times lower than that of propranolol (11.3� 10j6 cm/s) (20),
and more than 60 times lower than that of testosterone
(33� 10j6 cm/s) (20). On the other hand, paeoniflorin
permeability was similar to those of poorly absorbed com-
pounds such as mannitol (1.7� 10j6 cm/s) (20) and
sulfasalazine (0.34� 10j6 cm/s) (24). Similarly, in the
perfused rat intestinal model, permeability of paeoniflorin
(P*eff < 0.4 in all four intestine segments, Fig. 3) was also
much lower than propranolol (P*eff > 3.5). Paeoniflorin_s
permeability was, however, similar to that of poorly absorbed
compounds such as rutin (P*eff < 0.58) and mannitol (P*eff <
0.3) (25). Taken together, these results suggest that low
permeability of paeoniflorin is one of the reasons that this
compound has poor bioavailability.

What is the cause of this low permeation? The first
reason is probably due to its low lipophilicity since the
compound has a low partition coefficient (log PC = j2.88).
We also determined if its permeation was further limited by
drug efflux pumps expressed on the apical membrane of
enterocytes (11). The results of this study clearly demon-
strated the presence of an efflux transporter-mediated
secretory transport of paeoniflorin in Caco-2 cell monolayers
(Table I). To determine the efflux transporter responsible,
several p-gp inhibitors (e.g., cyclosporine A and verapamil)
and MRP inhibitors were used, but only cyclosporine A and
verapamil were shown to be effective in decreasing the BL-

Table VI. Concentration-Dependent Effects of Sinomenine on the Transport of Digoxin Across Caco-2 Cell Monolayers

Sinomenine (2M)

Rate of transport (pmol minj1 cmj2)

Ratio (B-A/A-B)A-B (mean T SD) B-A (mean T SD)

Y 1.59 T 0.17 4.32 T 0.39 2.72

50 1.73 T 0.17 3.11 T 0.15* 1.79

100 2.14 T 0.19* 2.67 T 0.20** 1.24

The AP-to BL and BL-to-AP transport of digoxin (40 2M) across Caco-2 cell monolayers in the presence of increasing concentrations of

sinomenine was measured, and the rates of transepithelial transport values for both AP-to-BL and BL-to-AP transport were calculated as

described in the Materials and Methods section. Data are expressed as mean T SD for transport values, and n = 3. The statistically significant

difference is between the control (no sinomenine) and the sinomenine-treated cells.
*P < 0.05.
**P < 0.01.

Table VII. Effects of Concentration on the Transepithelial Transport of Sinomenine

Sinomenine (2M)

Rate of transport (pmol minj1 cmj2)

Ratio (B-A/A-B)A-B (mean T SD) B-A (mean T SD)

10 16.76 T 0.76 18.43 T 1.57 1.15

20 22.22 T 0.66 21.06 T 1.55 0.93

40 37.43 T 4.07 37.62 T 1.15 0.87

60 43.85 T 3.09 42.17 T 3.01 0.98

80 62.90 T 3.48 64.14 T 4.91 0.94

Experiments were performed at 37-C for 2 h using protocol described earlier in Table VI. Rates of transepithelial transport in AP-to-BL and

BL-to-AP direction were calculated as described in the Materials and Methods section. Data are expressed as mean T SD, and n = 3.

2778 Liu et al.



to-AP transport of paeoniflorin and increasing the AP-to-BL
transport (Tables II and III). These inhibitors diminished or
abolished the loading side-dependent transport and cellular
accumulation (Tables II and III). Although cyclosporine A is
a potent p-gp inhibitor, it may have affected BCRP. On the
other hand, verapamil did not affect the transport of BCRP
substrate in a cell line that overexpressed it (26). Taken
together, p-gp is likely an efflux transporter responsible for
pumping out paeoniflorin at the apical membrane of the
Caco-2 cells.

The involvement of p-gp, as demonstrated in the Caco-2
model, is also shown using the perfused rat intestinal model.
For example, absorption of paeoniflorin in rat intestine was
also enhanced by cyclosporine A and this enhancing effect
was the most pronounced in the terminal ileum (Fig. 5A).
P-gp is highly expressed on the apical surface of the ileal and
colonic epithelial cells, and expression gradually decreases
toward the stomach (27Y29). On the other hand, BCRP is
more evenly expressed across the different regions of the in-
testine (27Y29). In contrast, MPR2 is also expressed at the
apical surface but its expression level is highest in the
duodenum and expression decreases toward ileum (30).
Taken together, these results are consistent with our obser-
vation is Caco-2 cell culture model, where efflux via p-gp is
likely the major mechanism that impedes the permeation of
paeoniflorin in the rat small intestine, although we cannot
fully discount the possibility that BCRP is also involved.

In addition to poor permeation, metabolism of paeoni-
florin is another important mechanism that is responsible for
poor bioavailability of paeoniflorin. A predominant intestinal
metabolite of paeoniflorin is paeoniflorigenin (the aglycone
of paeoniflorin), which represented a significant portion of
the paeoniflorin (up to 42%) that apparently absorbed or
disappeared from the perfusate (Fig. 3). The large extent of
hydrolysis in the intestine suggests that the brush-border
glucosidase LPH represents a significant barrier to the
absorption of intact paeoniflorin. By using LPH inhibitor
gluconolactone, we were able to show that hydrolysis to the
aglycone decreased substantially (>80%), which translated
also into much lower apparent absorption in the upper small
intestine where LPH is more active (Fig. 4). Since aglycone is
48 times more permeable than glucoside (Table V), the results
of gluconolactone experiment suggest that a substantial
amount of glucoside disappearance from the upper small
intestine is through its hydrolysis first into the aglycone and
then absorbed as aglycone. This mechanism is similar to what
we observed in the intestinal absorption of flavonoid gluco-
sides such as apigetrin, genistin, and isoquercetrin (25).
Because paeoniflorin is extensively metabolized into paeoni-
florigenin, it would be valuable to study the pharmacological
effects of paeoniflorigenin to determine if the highly absorbed
aglycone is itself active. If it is active, we could accordingly
change the formulation or the processing method to maximize
the presence of paeoniflorigenin in the medications.

Another important metabolic pathway is the esterase-
catalyzed hydrolysis of paeoniflorin, which produces benzoic
acid (Figs. 3 and 4). In terms of extent, the esterase-catalyzed
hydrolysis is approximately one-third of the LPH-catalyzed
hydrolysis. Therefore, esterases are less important than LPH,
especially in light of the fact that some of the benzoic acid
excreted may come from paeoniflorin not paeoniflorigenin.

In our study, sinomenine was always effective in
enhancing the transport of paeoniflorin (Fig. 5, Table IV),
which is consistent with an earlier observation that sinome-
nine significantly increased (more than 12 times) the paeoni-
florin bioavailability in rats (5). What is the mechanism for
this enhanced transport and/or bioavailability? Is it due to
decrease in efflux or decrease in metabolism or both? The
results indicated that sinomenine significantly increased the
AP-to-BL transport of paeoniflorin and diminished vectorial
transport (Table II). The results also indicated that sinome-
nine enhanced the transport and accumulation of digoxin (a
prototypical p-gp substrate) in Caco-2 cell model (Table VI).
Taken together, these results suggest that the alkaloid
sinomenine may be a potentially novel inhibitor of p-gp,
even though it is not a p-gp substrate itself. It may be used to
increase the absorption/bioavailability of co-administrated p-gp
substrates. Therefore, these results suggest that the use of this
novel p-gp inhibitor could facilitate the development of an oral
paeoniflorin product by combining paeoniflorin and sinome-
nine, the latter is also active for treating arthritis. To use
sinomenine as a general p-gp inhibitor in humans, however, we
need to demonstrate the safety of sinomenine as a modulator of
p-gp in additional research.

In summary, the causes of paeoniflorin_s poor bioavail-
ability include poor permeation due to lack of lipophilicity,
efflux via p-gp, and hydrolytic degradation in the intestinal
brush border by LPH and certain esterases. Bioavailability of
paeoniflorin may be improved by inhibiting the efflux
transporter (e.g., sinomenine) and perhaps by using LPH
inhibitors (e.g., gluconolactone). Our present study suggests
that it is necessary to determine if the more bioavailable form
of paeoniflorin, its aglycone paeoniflorigenin, has superior
pharmacological activities.
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