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The current study aims to investigate the effect of sodium caprate on the intestinal absorption and
bioavailabilities of danshensu and salvianolic acid B, the major active components in Salvia miltiorrhiza
Bge (Danshen). Biopharmaceutics and pharmacokinetics properties of the two compounds have been
characterized by in vitro, in situ models as well as in vivo in rats. Based on the identified biopharmaceutics
characteristics of the two compounds, effect of sodium carparate as absorption enhancer on the intestinal
absorption and pharmacokinetics of danshensu and salvianolic acid B in pure compound form as well as
anshensu
alvianolic acid B
ntestinal absorption
ioavailability
bsorption enhancer
odium caprate

extract form were investigated both in vitro and in vivo. Both danshensu and salvianolic acid B demon-
strated very limited intestinal permeabilities, leading to oral bioavailabilities of only 11.09% and 3.90% in
rats, respectively. Results from both in vitro and in vivo studies consistently indicated that sodium caprate
could significantly enhance intestinal permeabilities as well as the in vivo bioavailabilities of both dan-
shensu and salvianolic acid B. The current findings not only identified the usefulness of sodium caprate
for the improved delivery of Danshen product but also demonstrated the importance of biopharmaceutics

sage
characterization in the do

. Introduction

Danshen, the dried root of Salvia miltiorrhiza Bge has been widely
sed in China for many years for treating coronary heart disease
uch as angina pectoris and stuffiness in the chest. It also could
e used in the treatment of cerebrovascular disease and hyper-

ipidemia, etc. The main hydrophilic components of Danshen are
anshensu, protocatechuic aldehyde and salvianolic acid B. The
ain lipophilic components of Danshen are tanshinone IIA, cryp-

otanshinone and tanshinone I. In China, numerous pharmaceutical
osage forms of Danshen are commercially available. Fufang Dan-
hen Tablet and Fufang Danshen Dripping Pill are the two most
idely used products in China and have been officially listed in the

hinese pharmacopoeia (Zhou et al., 2005). Findings from us and
thers consistently demonstrated that the hydrophilic components
.g. danshensu and salvianolic acid B are the main components in
he commercial Fufang Danshen Tablets and Fufang Danshen Drip-
ing Pill (Zhang et al., 2002; Shi et al., 2005; Zhou et al., 2006;

a et al., 2007; Liu et al., 2007; Wei et al., 2007; Cao et al., 2008)

Fig. 1). The main reported pharmacological activities of danshensu
nclude: inhibition of platelet aggregation and decrease the levels
f blood viscosity (Li et al., 1983); scavenging oxygen free radicals

∗ Corresponding author. Tel.: +852 2609 6832; fax: +852 2603 5295.
E-mail address: joanzuo@cuhk.edu.hk (Z. Zuo).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2009.06.016
form development of traditional Chinese medicine.
© 2009 Elsevier B.V. All rights reserved.

(Zhao et al., 1996); inhibition of myocardium cell apoptosis (Liu et
al., 2001) and protection of the endothelial cells against homocys-
teinemia (Chan et al., 2004). The main pharmacological activities
of salvianolic acid B include: inhibition of platelet aggregation
(Li et al., 2004) as well as oxidative modification of low-density
lipoprotein (LDL) (O et al., 2001; Wu et al., 1998); stimulation
of nitric oxide production of the endothelial cell (O et al., 2000)
and inhibition of angiotensin II-induced hyperplasia; protection of
ischemia–reperfusion injury (Ouyang et al., 2001); scavenge super-
oxide radical and inhibit erythrocyte hemolysis (Kang et al., 2004).

Due to the promising pharmacological effects of danshensu
and salvianolic acid B, more researchers started to investigate
their pharmacokinetics properties. It was reported that after oral
administration of Fufang Danshen Dripping Pill in rats, the phar-
macokinetic model of danshensu could be described by an open
two-compartment model with K� of 4.95 h−1, T1/2� of 0.20 h, T1/2�
of 3.28 h, Cmax of 9.38 mg/l and Tmax of 0.50 h (Hong et al., 2000).
Luo et al. gave Danshen aqueous extraction to dog orally and found
that danshensu could be absorbed with a Tmax of 1.75 h and a
Cmax of 4.72 mg/l (Luo et al., 2001). The pharmacokinetic process
of danshensu in human can be described by a one-compartment

model with a T1/2 of 5.54 h and K� of 1.69 h−1 after sublingual
administration of 250 mg Fufang Danshen Dripping Pill to 10
healthy volunteers (Pei et al., 2004). In summary, these published
pharmacokinetic studies of danshensu were usually conducted
by measuring the plasma concentrations of danshensu after oral

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:joanzuo@cuhk.edu.hk
dx.doi.org/10.1016/j.ijpharm.2009.06.016
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Fig. 1. Chemical structure of danshensu and salvianolic acid B.

dministrations of either Danshen extract or Danshen products.
uch pharmacokinetic parameters obtained may not truly reflect
he pharmacokinetic behavior of danshensu since the co-occurring
omponents in Danshen extract or Danshen products may alter the
harmacokinetics of danshensu. The pharmacokinetics of an herbal
ctive substance may be different when administered in an extract
orm as compared to that when administered as individual pure
ompound (Chang et al., 2005). However, there is barely any report
n the intestinal absorption and oral bioavailability of danshensu

n pure form.
Pharmacokinetics of salvianolic acid B in pure form has been

nvestigated in rats by Zhang et al. (2004b). In this study, the phar-
acokinetic parameters were reported as T1/2� of 22.70 min, T1/2�

f 176.00 min, and AUC of 1130.00 �g min/ml after intravenous
dministration of 20 mg/kg salvianolic acid B. However, salviano-
ic acid B could only be observed in rat plasma when the oral
dministration dose was increased to 100 mg/kg with the mean
UC0–90min, Cmax and Tmax to be 1.26 �g min/ml, 0.04 �g/ml, and
0.00 min, respectively. Based on the plasma concentration versus
ime profiles from different intravenous and oral doses, the abso-
ute oral bioavailability of salvianolic acid B was calculated to be
.02% in rat. The same study also found that a considerable amount
about 65%) of salvianolic acid B was detected in the gastrointesti-
al tract even 4 h after administration and more than 50% of the
ose reached the lower parts of the intestine. In summary, previ-
us studies consistently suggested a poor absorption of salvianolic
cid B from the rat small intestine. However, the reasons for causing
he low intestinal absorption of salvianolic acid B have not been fur-
her investigated. Such mechanistic information is essential for the
urther development of dosage forms with improved oral bioavail-
bility for salvianolic acid B

Similar to western drug development, it is expected that the
iopharmaceutics and pharmacokinetics characteristics are also
ssential for the further development of any traditional Chinese
edicine preparations. The current study aims to demonstrate a

ystemic biopharmaceutics and pharmacokinetics characterization
f the two major active ingredients from Danshen for the further
evelopment of an improved oral dosage form of Danshen. The
pecific objectives of the current study include: (1) To investigate

he intestinal absorption and pharmacokinetics of danshensu and
alvianolic acid B, using in vitro Caco-2 cell monolayer model, rat
n situ intestinal perfusion model and in vivo pharmacokinetics in
ats after both oral and intravenous administration of pure form
f danshensu and salvianolic acid B; (2) To improve the intestinal
armaceutics 379 (2009) 109–118

absorption and bioavailabilities of danshensu and salvianolic acid B
by using appropriate absorption enhancer (such as sodium caprate)
identified based on the biopharmaceutics and pharmacokinetics
characteristics of the two major active ingredients from Danshen.

2. Materials and methods

2.1. Chemicals and animals

Danshensu was purchased from School of Pharmacy, Fudan Uni-
versity (Shanghai, PR China). Salvianolic acid B was purchased
from National Institute for Control of Pharmaceutical and Biological
Products (Beijing, PR China). Two Danshen tablets (product A man-
ufactured by Guangzhou Yuehua pharmaceutical LTD and product
B Guangzhou Meichen pharmaceutical LTD) were purchased from
pharmaceutical store in China. Sodium caprate, atenolol, propra-
nolol, homoprotocatechuic acid used as internal standard for the
determination of danshensu and naringin used as internal stan-
dard for the determination of salvianolic acid B were all purchased
from Sigma (St. Louis, MO, USA). Phosphoric acid was obtained from
MERCK company (NJ, USA). Waters Oasis® hydrophilic–lipophilic-
balanced (HLB) copolymer extraction cartridges were purchased
from Waters (Milford, MA, USA). Acetonitrile (HPLC grade) were
obtained from Labscan Asia, Thailand. Methanol (HPLC grade)
was obtained from TEDIA company, INC., USA. Acetic acid, formic
acid and ethyl acetate (analytical grade) were obtained from BDH
Laboratory supplies, England. All other reagents were of at least
analytical grade and used without further purification. Distilled and
deionized water was used for the preparation of all solutions.

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), 0.05% trypsin–EDTA, penicillin–streptomycin, and
non-essential amino acids were obtained from GibcoBRI, Life and
Technologies, USA. Collagen type I, sodium pyruvate and MTT
(3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetraaolium bromide)
were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Phos-
phate buffered saline tablets were purchased from Sigma Chemical
Co. (St. Louis, MO, USA). Caco-2 cells were obtained from the
American Type Culture Collection (Rockville, MD, USA). Six-well
Transwell® insert (0.4 �m pore size, 4.71 cm2, polycarbonate filter,
Costar 3410) and plate were purchased from Corning Costar Co., NY,
USA.

Male Sprague-Dawley rats (∼250 g) were supplied by the Lab-
oratory Animal Service Centre at The Chinese University of Hong
Kong and fasted overnight before use. The experiments were carried
out after approval by the Animal Ethics Committee of The Chinese
of Hong Kong.

2.2. Cell culture, cytotoxicity test and bi-directional transport
study of danshensu and salvianolic acid B in Caco-2 cell
monolayer model

2.2.1. Cell culture of Caco-2 cells
Caco-2 cells from American Type Culture Collection (ATCC) were

cultured in DMEM at 37 ◦C, supplemented with 10% fetal bovine
serum and 1% non-essential amino acids, in an atmosphere of 5%
CO2 and 90% relative humidity as we described before (Zhang et
al., 2004a). Cell grown in 75 cm2 flasks was subcultured at 80–90%
confluence by treating with 0.05% trypsin–EDTA. The Caco-2 sus-
pension was seeded in collagen coated Transwell® insert at a
density of 3 × 105 cells/well and cultured for 21 days prior to the
transport experiments. Passage 35 was used for the transport study.
2.2.2. Preparation of transport buffer
Phosphate buffered saline plus (PBS+) was used as the transport

buffer for the transport study in Caco-2 cell monolayer model. It
was prepared by dissolving a commercial available PBS tablet in
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00 ml water, followed by supplementing with 90 �l of 2 M calcium
hloride and 80 �l of 1 M magnesium chloride. The pH value of the
uffer was adjusted to pH 7.4 by 85% of phosphoric acid.

.2.3. Cytotoxicity tests of danshensu, salvianolic acid B and
odium caprate on Caco-2 cells

MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium
romide) test was used to estimate the potential cytotoxicities of
he studied danshenu, salvianolic acid B and sodium caprate toward
aco-2 cells. The Caco-2 cells were seeded onto a 96-well plate at a
eeding density of 5 × 104 cells/well in DMEM culture medium and
ultured at 37 ◦C for 24 h. Subsequently, the culture medium was
eplaced with 150 �l of danshensu, salvianolic acid B or sodium
aprate (combined with or without danshensu or salvianolic acid
) dissolved in PBS+ (pH 7.4) at different studied concentrations (1,
0, 50, 100, 200, 500, 1000 and 2000 �M for danshensu or salviano-
ic acid B; 0.01%, 0.03%, 0.05%, 0.10%, 0.25%, 0.40%, 0.50% and 0.80%
w/v) for sodium caprate with or without addition of 100 �M of
anshensu or salvianolic acid B). Blank PBS+ (pH 7.4) was employed
s a negative control. Then the 96-well plate was incubated at
7 ◦C for 2 h. Thereafter, 20 �l of 5 mg/ml MTT solution in PBS+

as added to each well and the plate was incubated for another
h. The solutions in each well were then removed followed by dis-

olving the remained formazan crystals in the cells with 200 �l of
MSO. The absorbance of the mixture in the 96-well plate was then
easured with a Kinetic microplate reader (Molecular Devices)

t 590 nm. The cytotoxicity of each compound was calculated as
he percentage of the absorbance relative to that of the negative
ontrol.

.2.4. Stability of danshensu and salvianolic acid B in transport
uffer

In order to investigate the stabilities of danshensu and sal-
ianolic acid B in the transport buffer, 100 �M of danshensu and
alvianolic acid B was prepared with PBS+ (pH 7.4). The prepared
olutions were incubated in shaking water bath at 37 ◦C. A 150 �l
f the sample was taken at different time intervals (0, 15, 30, 45,
0, 90, 120, 150, 180, 210 and 240 min) and the drug concentra-
ion was measured. The percentage of danshensu and salvianolic
cid B remained in the transport buffer was plot against period
f incubation to obtain their stability profiles in the transport
uffer.

.2.5. Effect of sodium caprate on the absorption of danshensu
nd salvianolic acid B in Caco-2 cell monolayer model

To investigate the enhancement effect of sodium caprate in the
aco-2 monolayer model, 1.5 ml of 100 �M of danshensu/salvianolic
cid B or 3 mM of Atenolol (paracellular marker) with or with-
ut the addition of sodium caprate (0.0625%, 0.125%, 0.25% w/v) in
a2+/Mg2+-free PBS+ (Ca2+/Mg2+-free PBS+ was always used in the
onor chamber to avoid precipitation of sodium caprate. Exclusion
f Ca2+/Mg2+ from the donor solution did not affect the integrity of
he monolayers because the PBS+ in the basolateral chamber always
ontained Ca2+/Mg2+ (Anderberg et al., 1993)) was loaded at the
pical side (donor chamber), respectively, and 2.6 ml of black PBS+

as placed at basolateral side (receiver chamber). Aliquots of 0.5 ml
amples were taken from receiver chambers at various time inter-
als (15, 30, 45, 60, 90, 120 min) after the loading. Equal volume of
he blank PBS+ buffer will be added to the receiver chambers after
ach sampling to maintain a constant volume in the whole course

f experiment. At the end of the experiment, all samples were
ithdrawn from both the donor chambers and receiver chambers

Zhang et al., 2004a). The collected samples were stored at −20 ◦C
ntil HPLC analysis. During the above absorption studies, the TEER
alues were also monitored before and at the end of experiment.
armaceutics 379 (2009) 109–118 111

2.3. Rat in situ single pass intestinal perfusion study

2.3.1. Preparation of perfusion buffer for rat in situ single pass
intestinal perfusion study

The perfusion buffer was isotonic (293 mOsm/l) and composed
of 118 mM NaCl, 4.7 mM of KCl, 1.2 mM of MgSO4·H2O, 2.5 mM of
CaCl2, 1.2 mM of KH2PO4, and 25 mM of NaHCO3. All the above
chemicals were dissolved in water followed by adjusting the pH
to 6.8 by concentrated phosphate acid. Phenol red at 10 �g/ml was
added to the perfusate as a non-absorbable marker.

2.3.2. Stability of danshensu and salvianolic acid B in perfusion
buffer

In order to investigate the stabilities of danshensu and sal-
vianolic acid B in the perfusion buffer, 100 �M of danshensu and
salvianolic acid B was prepared with perfusion buffer (pH 6.8). The
prepared solutions were incubated in shaking water bath at 37 ◦C.
A 150 �l of the sample was taken at different time intervals (0, 15,
30, 45, 60, 90, 120, 150, 180, 210 and 240 min) and the drug concen-
tration was measured. The percentage of danshensu and salvianolic
acid B remained in the perfusion buffer was plot against period of
incubation to obtain their stability profiles in the perfusion buffer.

2.3.3. Effect of sodium caprate on the absorption of danshensu
and salvianolic acid B in rat in situ intestinal perfusion model

Rat in situ single pass intestinal perfusion model was set
as previously described by us (Zhang et al., 2005b). Briefly,
male Sprague-Dawley rats (body weight: 250–300 g) were fasted
overnight with free access to water. The rats were anesthetized
with an intramuscular injection of a mixture containing 60 mg/kg
ketamine and 6 mg/kg xylazine. During the surgical process, the
body temperature was maintained by a heating lamp. Fresh hep-
arinized blood was collected from donor rats by cardiac puncture.
Right jugular vein for infusion of donor blood was cannulated with a
polyethylene tubing (0.5 mm ID, 1 mm OD. Portex Ltd., Hythe, Kent,
England). The infusion rate of donor blood via right jugular vein was
set at 0.25 ml/min. The small intestine was then exposed by mid-
dle incision, a 7 to 11 cm long segment of jejunum was cannulated
with silicon tubing (0.5 mm ID, 1 mm OD. Portex Ltd.) connected to a
peristaltic pump. The segment was then flushed with warm saline
to remove intestinal contents. The mesenteric vein for collecting
blood from the specified segment of intestine was cannulated with
polyethylene tubing (0.5 mm ID, 1 mm OD. Portex Ltd.).

Solutions containing 100 or 600 �M danshensu, 250 or 500 �M
salvianolic acid B were perfused through the intestinal lumen to
investigate the permeabilities of the two studied compounds in
the rat in situ intestinal perfusion model. In addition, 600 �M dan-
shensu, 250 �M salvianolic acid B with the addition of 0.50% (w/v)
sodium caprate were also perfused through the intestinal lumen
to investigate the effect of sodium caprate on the permeabilities of
the two studied compounds. Samples obtained from the mesen-
teric vein were collected into the pre-weighed micro tubes at
every 5 min. All collected samples were weighed and centrifuged at
13,200 rpm for 5 min immediately. The plasma samples were stored
at −80 ◦C refrigerator until analysis.

2.4. Effect of sodium caprate on the oral bioavailabilities of
danshensu and salvianolic acid B in vivo

SD rats (250 g, Male) obtained from Laboratory Animal Service
Centre were anaesthetised and cannulated at the jugular vein with

a polyethylene tube (0.5 mm I.D., 1 mm O.D., Portex Limited, Hythe,
Kent, England) that was led under the skin and exteriorized at the
back of the neck. After the exposed areas were surgically sutured,
the rats were placed individually and allowed to recover for 24 h
and fasted for at least 12 h prior to drug administration.
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The cannulated rats were randomly divided into 10 groups
ith five rats in each group to receive various intravenous or

ral administrations. In Group 1, rats received 20 mg/kg danshensu
ntravenously. In Group 2, rats received 20 mg/kg danshensu orally.
n Group 3, rats received 20 mg/kg danshensu with the addition of
00 mg/kg sodium caprate orally. In Group 4, rats received 50 mg/kg
alvianolic acid B intravenously. In Group 5, rats received 50 mg/kg
alvianolic acid B orally. In Group 6, rats received 50 mg/kg salviano-
ic acid B with the addition of 100 mg/kg sodium caprate orally. In
roup 7, rats received 1727 mg/kg product A extract (equivalent to
0 mg/kg of danshensu) orally. In Group 8, rats received 1727 mg/kg
roduct A extract (equivalent to 20 mg/kg of danshensu) with
he addition of 100 mg/kg sodium caprate orally. In Group 9, rats
eceived 1447 mg/kg product B extract (equivalent to 50 mg/kg of
alvianolic acid B) orally. In Group 10, rats received 1447 mg/kg
roduct B extract (equivalent to 50 mg/kg of salvianolic acid B) with
he addition of 100 mg/kg sodium caprate orally.

Blood samples (0.3 ml) were withdrawn via the jugular vein
annula and collected in heparinized microcentrifuge tubes before
osing (to serve as a control) and at appropriate time intervals after
rug administration. After each blood sampling, an equal volume
f heparinized normal saline solution (20 I.U./ml) was immediately

njected back into the rat via the cannula, to flush the cannula and
revent blood coagulation. The collected blood sample was cen-
rifuged immediately at 13,200 rpm for 5 min to obtain plasma. The
ollected plasma samples were analyzed immediately or stored at
80 ◦C until analysis.

.5. Sample preparations and analysis

.5.1. Sample treatment and HPLC-UV analysis for samples
ollected from Caco-2 studies

The samples obtained from the Caco-2 cell model transport
tudy were directly subjected to HPLC analysis without further
reatment.

The liquid chromatographic system used was a Waters HPLC
ystem (Waters, Milford, MA, USA) equipped with 2695 solvent
elivery module and a 996 photodiode-array (PDA) UV detector.
he chromatographic separation was achieved by a reversed-phase
PLC column (Radial-pak C18 cartridge, 10 cm × 8 mm I.D.; 4 �m
article size, Waters) protected by a pre-column filter (Nove-pak
18 Guard-pak, Waters, Milford, MA, USA). The elution gradient for
PLC analysis consisted of two solvent compositions: 0.5% acetic
cid in acetonitrile (solvent A) and 0.5% acetic acid in water (solvent
). Gradient elution was carried out according to the following pro-
ram: solvent A was increased from 5% to 50% in the first 20 min, and
eturned to 5% in 5 min. The total run time was 25 min. The sample
njection volume was 100 �l. The column and auto-sampler were
et at ambient temperature. The flow rate was set at 1 ml/min. The
luent was monitored by a UV detector at the wavelength of 280 nm
or the two studied compounds.

.5.2. Sample treatment and analysis for plasma samples
btained from both rat in situ intestinal perfusion study and in
ivo pharmacokinetic study
.5.2.1. For samples containing danshensu. A 150 �l of the collected
at plasma sample was added with 10 �l of 10 �g/ml of homopro-
ocatechuic acid (IS), 10 �l of concentrate phosphoric acid (85%)
nd 330 �l of water to an eppendorf tube followed by votexing
nd mixing thoroughly. The samples were extracted with Oasis

LB cartridge conditioned with methanol and water followed by
ashing with 1 ml of 5% methanol in water and eluting with 1 ml

f methanol. The collected eluent was evaporated to dryness and
econstituted with 150 �l of 0.5% acetic acid in water. A 100 �l of
he supernatant was injected to HPLC for analysis
armaceutics 379 (2009) 109–118

A Waters HPLC system (Waters, Milford, MA, USA) equipped
with 2695 solvent delivery module and a 996 photodiode-array
(PDA) UV detector was used for the analysis of danshensu in vari-
ous plasma samples. The chromatographic separation was achieved
by using a reversed-phase HPLC column (ODS Hypersil C18 column
(250 mm × 4.6 mm I.D.; 5 �m particle size, Thermo) protected by a
pre-column filter (Nove-pak C18 Guard-pak, Waters, Milford, MA,
USA). The mobile phase consisted of 0.5% acetic acid in acetonitrile
(A) and 0.5% acetic acid in water. The analytes were eluted with a
gradient program: 0–5 min 5% A, 5–20 min 35% A, 20–25 min 35%
A, 25–28 min 5% A. The flow rate was set at 1 ml/min. All the ana-
lytes were monitored at a UV wavelength of 280 nm. The injection
volume for HPLC was 100 �l.

2.5.2.2. For samples containing salvianolic acid B. A 150 �l plasma
sample was aliquoted in a glass centrifuge tube and spiked with
10 �l of internal standard (200 �g/ml of naringin) and 20 �l of phos-
phoric acid (25%). The acidified mixture was extracted with 1 ml of
ethyl acetate by vortexing for 1 min and further mixing by a rotator
for 20 min. After centrifuging at 4000 rpm for 10 min, the organic
layer was collected. The same extraction procedure was repeated
twice and the organic layers were combined and evaporated to
dryness. The residue was reconstituted in 100 �l of 30% methanol
in 0.01% formic acid. A 30 �l of the supernatant was injected to
LC–MS–MS system for analysis.

LC/MS/MS system consisting of an API Q-Trap mass spectrom-
eter (Applied Biosystems, Toronto, Canada) equipped with a two
Pekin-Elmer PE-200 series micro-pumps and auto sampler (Perkin-
Elmer, Norwalk, CT, USA) was used to analyze the concentrations of
salvianolic acid B in various plasma samples. The chromatographic
separation was achieved by using a XTerra MS C18 column (3.5 �m,
2.1 mm × 100 mm) connected with a XTerra MS C18 guard column
(3.5 �m, 2.1 × 10 mm) (Waters, Milford, MA, USA). The mobile phase
consisted of 0.01% formic acid (30%) and methanol (70%). The injec-
tion volume was 30 �l. Negative ion mode of the mass spectrometer
was used for the analysis. The working mass spectrometer parame-
ters were: declustering potential, −36 V; entrance potential, −7.5 V;
curtain gas, 40 psi; collision gas, 5 psi; ionspray voltage, −4500 V;
temperature, 400 ◦C; ion source gas 1, 50 psi; ion source gas 2, 50 psi.
Detection of ions of salvianolic acid B and naringin were performed
by monitoring the transitions of m/z 717 to m/z 321 for salvianolic
acid B and m/z 579 to m/z 271 for naringin.

2.6. Calculations

The apparent permeability coefficient (Papp) was calculated
as Papp = [(dC/dt) × V]/[A × C] as we described before (Zhang et
al., 2005b). For Caco-2 monolayer model, “dC/dt” (�g/ml/s) is the
change of the accumulated drug concentration in the receiver
chamber over time, “V” (cm3) is the volume of the solution in the
receiver chamber, “A” (cm2) represents the membrane surface area
of Caco-2 monolayer (4.7 cm2), “C” (�g/ml) is the drug loading
concentration in the donor chamber. All reported values repre-
sent mean ± SD (n = 3); For rat in situ intestinal perfusion model,
“dC/dt” (�g/ml/s) is the change of the drug concentration appear-
ing in the blood collected from mesenteric vein during the perfusion
experiment; “V” (cm3) is the volume of the collected blood sample;
“A” (cm2) is the surface area of the tested small intestine and “C”
(�g/ml) is the loading drug concentration in the perfusate.

2.7. Data analysis for the pharmacokinetic parameters
Plasma concentrations versus time profiles obtained from
individual animals were analyzed using WinNonlin software (Phar-
sight Corporation, Mountain View, CA, USA, Version 2.1). The
non-compartmental data analysis was employed to estimate the
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ollowing pharmacokinetic parameters: terminal elimination half-
ife (t1/2,�z), area under the plasma concentration versus time curve
rom zero to infinity (AUC0–∞). The peak plasma concentration
Cmax) and the time reaching Cmax (Tmax) were read directly from
he observed individual plasma concentration–time data. Absolute
ioavailability (F) was calculated based on the AUC0–∞ obtained
fter oral and intravenous administration of each pure compound
t the same dose.

.8. Statistical analysis

Statistical significance in the Papp values and pharmacokinetic
arameters obtained from various treatment groups was estimated
y the analysis of variance (student t-test). A p value of less than 0.05
as considered to be significantly different. All data were expressed

s mean ± SD.

. Results and discussions

.1. Intestinal absorptions of danshensu and salvianolic acid B

.1.1. Caco-2 monolayer model
In comparison with the negative control for MTT test, there was

o significant decrease in the percentage of absorbance observed at
ll the studied concentrations of danshensu and salvianolic acid B.
hese results suggested that danshensu and salvianolic acid B load-

ng solutions at the concentration range of 1–2000 �M should have
o cytotoxicity effect on Caco-2 cells. In addition, danshensu and
alvianolic acid B were all stable in the transport buffer for Caco-2
ell study at 37 ◦C for at least 3 h, indicating that the loading solu-
ions prepared in the transport buffer are suitable for the current
h Caco-2 cell monolayer transport study.

Under the current detection limit for danshensu and sal-
ianolic acid B, there were no danshensu and salvianolic acid

being detected in the receiver chamber at a loading concen-
ration of 100 �M after either its apical or basolateral loading
nto the Caco-2 monolayer model. Both compounds could not be
etected in the receiver chamber even at a loading concentration of
00 �M. This suggested that both danshensu and salvianolic acid
may be poorly absorbed orally. In a recent study with Caco-
model by Kim et al., the Papp value of salvianolic acid B was

eported to be (0.34 ± 0.04) × 10−6 cm/s (apical to basolateral) and
0.31 ± 0.03) × 10−6 cm/s (basolateral to apical) at a loading concen-
ration of 50 �M of salvianolic acid B, respectively (Kim et al., 2005).
lthough their sensitive analytical method allows the detection of
alvianolic acid B, the obtained Papp values are still only compara-
le to that of the paracellular markers in Caco-2 monolayer model
Grès et al., 1998).

.1.2. Rat in situ single pass intestinal perfusion model
In all the perfusion studies, there was no significant decrease

f phenol red in all the perfusates, indicating that there was no
erious leakage under the current perfusion experimental condi-
ions. Both danshensu and salvianolic acid B could be detected in
he mesenteric blood after their perfusions through the rat jejunum
n the rat in situ single pass intestinal perfusion model. The cal-
ulated Papp values for danshensu were (7.71 ± 1.13) × 10−6 cm/s
nd (9.81 ± 0.93) × 10−6 cm/s at loading concentrations of 100 and
00 �M, respectively. The calculated Papp values for salvianolic acid

were (7.14 ± 0.94) × 10−7 cm/s and (5.16 ± 0.99) × 10−7 cm/s at

oading concentrations of 250 and 500 �M, respectively. Although
anshensu and salvianolic acid B became detectable in the rat in situ
ingle pass intestinal perfusion model, the obtained Papp values of
he two compounds are only comparable to that of the paracellular

arkers (Jonker et al., 2002; Wang et al., 1997).
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In summary, findings from us as well as others in both in vitro
and in situ intestinal absorption models consistently suggested that
the poor intestinal permeability could be the cause for poor oral
bioavailabilities of both danshensu and salvianolic acid B. In gen-
eral, hydrophilic compounds transport across the intestinal barrier
via paracellular pathway. Since the paracellular pathway occupies
less than 0.1% of the total surface area of the intestine epithe-
lium, and the presence of tight junctions between the epithelial
cells limits drug absorption, thus the intestinal absorption of these
hydrophilic compounds is considered to be small. Both danshensu
and salvianolic acid B are very hydrophilic with log D of −0.69 and
−3.42 for danshensu, −0.34 and −2.88 for salvianolic acid B at pH
4 and 7, respectively (Calculated using Advanced Chemistry Devel-
opment (ACD/Labs) Software Solaris V4.67 (1994-2004 ACD/Labs)).
Therefore, their hydrophilicities may be the main reason for the
poor intestinal permeabilities of danshensu and salvianolic acid B.
Salvianolic acid B has larger molecular weight (MW 718) than dan-
shensu (MW 198), thus salvianolic acid B exhibited relatively lower
permeability than danshensu in the rat in situ intestinal perfusion
study. In addition, both Caco-2 cell monolayer study and rat in situ
intestinal perfusion study indicated that danshensu and salvianolic
acid B may be transported mainly via paracellular pathway with no
active transport.

3.1.3. In vivo pharmacokinetics and bioavailabilities of danshensu
and salvianolic acid B in rats

The in vivo pharmacokinetics in rats demonstrated that both
danshensu and salvianolic acid B have limited bioavailabilities
(Fig. 2 and Table 1).

3.1.3.1. Danshensu. Danshensu demonstrated a rapid distribution
phase and eliminated rapidly from the systemic circulation with
a t1/2,�z of 42.92 ± 11.62 min after intravenous administration.
After administered orally, danshensu was absorbed and elim-
inated the systemic circulation rapidly, with a Tmax of about
38.00 ± 4.47 min and a t1/2,�z of 45.37 ± 9.23 min. However, its Cmax

(0.60 ± 0.08 �g/ml) and AUC0-∞ (67.86 ± 10.96 �g/ml min) were
much lower than that observed after same dose of intravenous
administration. The calculated bioavailability (F) of danshensu was
only 11.09%.

Until now, no absolute bioavailability of danshensu has been
reported after the administration of either pure compound of
danshensu or Danshen extract. In our study, the peak plasma con-
centration of danshensu was reached at 38.00 min, the elimination
half-life of danshensu was 45.37 ± 9.23 min after oral adminis-
tration of pure compound of danshensu. In a recently published
pharmacokinetic study of danshensu, Tmax of danshensu was
0.80 ± 0.21 h, and the half-life (t1/2) was 0.50 ± 0.27 h after oral
administration of 200 mg/kg Danshen extract (containing 40 mg/g
danshensu) (Li et al., 2008), which are similar to our observation
after oral administration of pure danshensu. In Hong’s study, the
peak plasma concentration of danshensu was reached at 30.00 min
after oral administration of Fufang Danshen Dripping Pill solution
(Hong et al., 2000). However, they reported a much slower clearance
of danshensu with a t1/2� of 196.80 min. Fufan Danshen Dripping
Pill is a composite of Salvia miltiorrhiza, Panax notoginseng and Cin-
namomum camphora (Guo et al., 2003). Therefore, the components
in Fufang Danshen Dripping Pill are very complicated, which may
affect the pharmacokinetics of danshensu. In addition, the decom-
position and metabolism of other phenolic acids of Danshen may
lead to the formation of danshensu, which will result in longer elim-

ination phase after oral administration of Fufang danshen products
than the pure compound of danshensu (Yuan et al., 2005; Pan et
al., 2003). The reason for the different elimination half-life of dan-
shensu after oral administration of pure form of danshensu versus
Fufang danshen extract needs further investigation.
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Table 1
Pharmacokinetic parameter of danshensu and salvianolic acid B in rats in various treatment groups (mean ± S.D., n = 5).

Parameters Danshensu (20 mg/kg) Salvianolic acid B (50 mg/kg)

Intravenous Oral Oral + sodium caprate (100 mg/kg) Intravenous Oral Oral + sodium caprate (100 mg/kg)

Tmax (min) NA 38.00 ± 4.47 40.00 ± 0.00 NA 30.00 ± 0.00 30.00 ± 0.00
Cmax (�g/ml) NA 0.60 ± 0.08 1.12 ± 0.31* NA 1.67 ± 0.18 1.68 ± 0.17
AUC0–∞ (�g/ml min) 611.92 ± 66.25 67.86 ± 10.96 113.95 ± 28.32* 3671.98 ± 681.23 143.35 ± 21.89 194.98 ± 8.70*

t

N

s
l
b
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e
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1/2,�z (min) 42.92 ± 11.62 45.37 ± 9.23 41.14 ± 8.25

A: not applicable.
* p < 0.05.

Caco-2 cell monolayer study and rat in situ intestinal perfusion
tudy indicated that danshensu was transported via paracellu-
ar pathway which may be the main reason for the low oral
ioavailability of danshensu. In addition, metabolism of dan-
hensu could also contribute to its low oral bioavailability. Xiaohui
t al. reported the metabolites of danshensu in rabbit after
ral ingestion of Fufang Danshen Dripping Pill solution. It was

eported that one of the main metabolites of danshensu in rab-
it was isopropyl 3-(3,4-dihydroxyphenyl)-2-hydroxypropanoate,
hich was proved to be a bioactive metabolite with vasodi-

atation effect (Xiaohui et al., 2007). It is expected that further

ig. 2. Mean plasma concentration versus time profiles of danshensu (Upper) and
alvianoic acid B (Lower) in rats after oral and intravenous administrations 20 mg/kg
anshensu and 50 mg/kg salvianolic acid B. Each point represents mean ± SD (n = 5).
65.11 ± 2.76 73.66 ± 5.68 70.66 ± 6.59

detailed pharmacokinetic study of the active metabolites may
provide more correlations to their pharmacodynamic effects
in vivo.

3.1.3.2. Salvianolic acid B. Salvianolic acid B eliminated rapidly with
a half-life (t1/2,�z) of 65.11 ± 2.76 min after intravenous adminis-
tration of 50 mg/kg of pure compound of salvianolic acid B. After
administered orally, salvianolic acid B was absorbed quickly with a
Tmax of about 30.00 ± 0.00 min, t1/2,�z of 73.66 ± 5.68 min after oral
administration of 50 mg/kg salvianolic acid B. However, its Cmax

(1.67 ± 0.18 �g/ml) and AUC0–∞ (143.35 ± 21.89 �g/ml min) were
extremely low when comparing to that obtained after intravenous
administration at the same dose. The calculated absolute bioavail-
ability (F) of salvianolic acid B was only 3.90%.

Our results from Caco-2 cell monolayer study and rat in
situ intestinal perfusion study indicated that salvianolic acid B
may be mainly absorbed via paracellular transport pathway. The
hydrophilic property and large molecular (MW 718) size of sal-
vianolic acid B lead to its very poor intestinal permeability as well
as the low oral bioavailability in vivo. Zhang et al. found that about
65% of the dosed salvianolic acid B remained in the gastrointestinal
tract 4 h after oral administration and more than 50% of the dosed
salvianolic acid B reached the lower parts of the intestine (Zhang et
al., 2004b).

Since the year of 2004, there are quite a few papers published
on the pharmacokinetics of salvianolic acid B. Due to the poor oral
absorption of salvianolic acid B, the absolute bioavailabilities of sal-
vianolic acid B in majority of the published papers were obtained
from the pharmacokinetics profiles of unequal intravenous and
oral dose (relatively higher dose than that of intravenous). Kim et
al. found a dose-dependent pharmacokinetics of salvianolic acid
B after intravenous and oral administration of 10 and 50 mg/kg
of pure salvianolic acid B to rats (Kim et al., 2005). Based on the
pharmacokinetic profiles obtained from 50 mg/kg oral and intra-
venous dose, the bioavailability of salvianolic acid B was calculated
to be 5.00%. Wu et al. gave pure salvianolic acid B (intravenous:
100 mg/kg; oral: 500 mg/kg) to rat and the oral bioavailability of
salvianolic acid B was calculated to be 2.30% (Wu et al., 2006). These
results were close to what we obtained. Although the same species
of rat (Sprague-Dawley) and doses of salvianolic acid B (oral admin-
istration 50 mg/kg) were used for both studies, Kim et al. found a
Cmax of 8.93 �g/ml reached at 45.00 min, whereas a Cmax of only
1.67 �g/ml was found at 30.00 min in our study (Kim et al., 2005).
In the study by Kim et al., the elimination half-life was 103.00 min
after intravenous administration of 50 mg/kg pure compound of sal-
vianolic acid B, which was somewhat longer than that obtained in
our study (Kim et al., 2005). Such different findings may result from
the different animal surgical treatment (we did the surgical exper-
iment a day ahead of the drug administration whereas Kim did not

state the specific surgical time) and drug administration site (Kim et
al. infuse the drug solution through the femoral vein and sample the
blood via jugular vein whereas we conducted the iv bolus via jugular
vein followed by saline washing before we sampled any blood from
the same site). In addition, with a more sensitive LC/MS/MS method,
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he concentration of salvianolic acid B at last sampling point was
ound to be 30.00 ng/ml in Kim et al.’s study, whereas a concentra-
ion of 70.00 ng/ml was found in ours, which was close to the LOD
f our assay. Therefore, the discrepancy in half-life from the two
tudies could also be due to the plasma concentration variations
rom the terminal sampling points (Kim et al., 2005).

After oral administration of Danshen extract (Zhang et al.,
005a), it was found that salvianolic acid B reached up to its max-

mum concentration within 30.00 min and could be detected up
o 180.00 min after oral administration. However, its elimination
alf-life was only 19.16 min. Due to majority of the studies using
anshen extract did not report the dose of salvianolic acid B in the
xtract, it is difficult to compare the result with ours.

In addition to poor intestinal permeability, another possible rea-
on for the low bioavailability of salvianolic acid B could be its
etabolism. Zhang et al. isolated four major methylated metabo-

ites from bile collected from rats after intravenous administration
f salvianolic acid B. They found that almost 100% of the dose (95%
s the methylated metabolites and 5% as salvianolic acid B) was
ecovered in the bile within 30 h after injection (Zhang et al., 2004b;
hang et al., 2004c). Li et al. also indicated that the majority of
he metabolites of salvianolic acid B were excreted directly into
he bile (Li et al., 2007). Therefore, the low bioavailability of sal-
ianolic acid B caused by its first pass metabolism could not be
xcluded.

.2. Effect of sodium caprate on the intestinal absorption and
ioavailabilities of danshensu and salvianolic acid B

In general, hydrophilic compounds transport across the intesti-
al barrier via paracellular pathway. Since the paracellular pathway
ccupies less than 0.1% of the total surface area of the intestine
pithelium, and the presence of tight junctions between the epithe-
ial cells limits drug absorption, thus the intestinal absorption of
hese hydrophilic compounds is considered to be small. Therefore,
he main cause of low bioavailabilities for danshensu and salviano-
ic acid B is their poor intestinal permeabilities.

In recent years, many studies have been reported on how to
ncrease the membrane permeation of drugs with paracellular
ransport. Among the commonly used approaches to increase the
ntestinal permeability of hydrophilic drugs, the use of absorption
nhancer is the most well established strategy for developing oral
ormulations with enhanced bioavailability. Although the mecha-
istic actions of paracellular permeation enhancers are still not well

dentified, the commonly held view is that increases in paracellu-
ar permeability result from the dilation of existing tight junction
Anderberg et al., 1993; Sawada et al., 1991). Compounds have been
eported as potential paracellular enhancer include surfactants
such as polyoxyethylene esters, dodecylmaltoside), medium-chain
atty acids (such as caprylate C8, caprate C10 and laurate C12),

edium-chain glycerides which generally refers to monoglyc-
rides and diglycerides of acprylic and capric acid, steroidal
etergents (such as chenodeoxycholate, ursodeoxycholate), acyl-
arnitines and alkanoylcholines (such as palmitoyl-dl-carnitine),
hitosans (such as chitosan hydrochloride, chitosan glutamate)
nd and its derivatives (such as N-trimethyl chitosan hydrochlo-
ide, mono-N-carboxymethyl chitosan) (Aungst, 2000; Ward et al.,
000). Among these reported paracellular transport enhancers,
odium caprate (caprate C10: CH3–(CH2)8–COONa), which has a
atural presence in foodstuffs and dairy products, is the most
xtensively studied and the only absorption enhancer included in

marketed product for human use in the form of a suppository

roduct (ampicillin) used in Japan, Sweden and Denmark. Since
odium caprate has a low molecular weight (MW 194.25), it could
e absorbed from the intestine even more quickly than the drug

tself. So far, there has been no report on any serious side effect of
armaceutics 379 (2009) 109–118 115

drug formulations containing sodium caprate (Aungst, 2000; Sakai
et al., 1997; Lindmark et al., 1998; Takahashi et al., 1994).

3.2.1. Cytotoxicity test of sodium caprate in Caco-2 cells
Caco-2 cells were exposed to various concentrations of sodium

caprate (0.01%, 0.03%, 0.05%, 0.10%, 0.25%, 0.40%, 0.50%, 0.80% w/v)
with addition of 100 �M of danshensu or salvianolic acid B for 2 h.
It was shown that sodium caprate at concentrations up to 0.25%
(w/v) was safe to the Caco-2 cells. Chao et al. reported that cell cul-
ture models are often found to be more sensitive to the cytotoxic
effects of permeation enhancers than intact intestinal membrane.
Some enhancers that have demonstrated clear cytotoxic effect in
Caco-2 studies only caused relatively mild damage to the intestinal
tissue (Aungst, 2000; Chao et al., 1999). In the study performed by
Motlekar et al., sodium caprate at a concentration of 0.125% (w/v)
was found to be toxic to the cells after 12 h of incubation. How-
ever, no perceptible evidence of mucosal irritation or damage was
obtained when the oral formulation containing 100 mg/kg sodium
caprate was delivered to the rat in vivo as evidenced by histological
studies (Motlekar et al., 2005).

3.2.2. Effect of sodium caprate on the integrity of Caco-2 cell
monolayer and the absorption of paracellular marker in the
Caco-2 monolayer model

The effect of sodium caprate on the TEER of Caco-2 cell mono-
layer was examined at 120 min. It was found that sodium caprate
in the concentration range of 0.0625–0.25% (w/v) reduced the TEER
of Caco-2 monolayer in a dose-dependent manner. At the con-
centration of 0.25% (w/v) the TEER of the Caco-2 monolayer was
decreased by 56.80%, indicating the role of sodium caprate on the
tight junctions of the cells. Chao et al. also reported that the addition
of sodium caprate at the concentration range of 0.25–0.48% (w/v)
quickly reduced the TEER of Caco-2 monolayer by 40.00–65.00%.
However, recovery of TEER was recorded upon wash-out of sodium
caprate from donor chamber, suggesting that the permeability-
enhancing effect of sodium caprate on the Caco-2 cells is readily
reversible (Chao et al., 1999).

In addition, the permeation-enhancing activity of sodium
caprate was investigated by determining its effect on the
transport of paracellular marker compound (atenolol). The
Papp of atenolol across Caco-2 was doubled with addition of
0.0625% (w/v) of sodium caprate (from (1.02 ± 0.14) × 10−6 cm/s
to (2.11 ± 0.21) × 10−6 cm/s), and increased at 20-fold at
concentrations of 0.25% (w/v) of sodium caprate (from
(1.02 ± 0.14) × 10−6 cm/s to (2.18 ± 0.19) × 10−5 cm/s), indicat-
ing that sodium caprate did demonstrate significant enhancement
effect for this typical paracellular marker. The above results
confirmed that sodium caprate could enhance the absorption of
compound which transport through paracellular pathway.

When 100 �M danshensu or salvianolic acid B were loaded
with the addition of different concentration of sodium caprate
at the apical side of Caco-2 cell monolayer model, the absorp-
tion transport of both danshensu and salvianolic acid B increased
significantly. Without of the addition of sodium caprate, both
danshensu and salvianolic acid B could not be detected at the
basolateral side, but with the addition of 0.25% (w/v) of sodium
caprate, the Papp values of danshensu and salvianolic acid B
were increased to (13.20 ± 1.30) × 10−6 cm/s for danshensu, and
(41.40 ± 4.40) × 10−6 cm/s for salvianolic acid B.

3.2.3. Effect of sodium caprate on the intestinal absorption of

danshensu and salvianolic acid B in rat in situ intestinal perfusion
model

Concentrations of 600 �M danshensu and 250 �M salvianolic
acid B were chosen for the current study based on the consid-
erations of the studied drug solubility in the perfusion buffer,
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ig. 3. Effect of sodium caprate (0.5% w/v) on the accumulated amount of danshensu
r salvianolic acid B in mesenteric blood after perfuse 600 �M danshensu (Upper)
r 250 �M salvianolic acid B (Lower) in rat in situ single pass intestinal perfusion
odel. Each point represents mean ± SD (n = 5). *p < 0.05.

etection limit of the studied compounds in mesenteric blood
nd drug concentration that will allow us to see the significant
ffect. The effect of sodium caprate on the absorption of dan-
hensu and salvianolic acid B was also investigated using rat in
itu intestinal perfusion model. Fig. 3 shows the effect of sodium
aprate (0.50% w/v) on the accumulated amount of danshensu in
he mesenteric blood. It is obvious that the accumulated amount of
anshensu in the mesenteric blood was significantly increased with
he addition of sodium caprate. The calculated Papp value of dan-
hensu was significantly increased from (9.81 ± 0.93) × 10−6 cm/s
o (3.23 ± 0.23) × 10−5 cm/s with the addition of sodium caprate.
lthough no significant difference was found with the Papp value
f salvianolic acid B with the addition of sodium caprate (from
7.13 ± 0.94) × 10−7 cm/s to (8.16 ± 0.71) × 10−7 cm/s), the mean
ccumulated amount of salvianolic acid B in the mesenteric blood
id demonstrate a trend of increase with the addition of sodium
aprate (0.50% w/v) (Fig. 3).

Although enhancement effect of sodium caprate observed in
aco-2 cell monolayer model did not differ too much between dan-
hensu and salvianolic acid B, such enhancement obtained from
n situ perfusion model for danshensu was more significant than
hat of salvianolic acid B. This may be due to the fact that the
ell culture models are usually more sensitive to the permeability

nhancement effect of permeation enhancer than intact intestine
embrane (Aungst, 2000; Chao et al., 1999). Therefore, the sen-

itive Caco-2 cell model could not differentiate the enhancement
ffect between danshensu and salvianolic acid B in presence of
odium caprate. However, the intestinal tissue may not be as sensi-
armaceutics 379 (2009) 109–118

tive to sodium caprate as in vitro cells. In rat in vivo studies, Lindmark
et al. pointed out that permeability enhancement would not result
in a significant increase in the case of larger molecules (MW > 1200)
(Lindmark et al., 1998). The molecule weight of salvianolic acid B
(MW 718) is much larger than that of danshensu (MW 198), which
could also provide an explanation on the less significant absorption
enhancement effect on salvianolic acid B through rat intestine with
the same addition of sodium caparate.

3.2.4. Effect of sodium caprate on the in vivo pharmacokinetics of
danshensu and salvianolic acid B

As shown in Fig. 4 and Table 1, increased intestinal absorp-
tion was observed after oral administration of danshensu with the
addition of 100 mg/kg of sodium caprate. The Cmax was almost dou-
bled (p < 0.05) and the AUC0–∞ was significantly increased from
67.86 ± 10.96 to 113.95 ± 28.32 �g/ml min (p < 0.05). The calculated
bioavailability of danshensu was increased from 11.09% to 18.62%.
Similarly, when salvianolic acid B was administered with the addi-
tion of 100 mg/kg of sodium caprate, its AUC0–∞ was significantly
increased from 143.35 ± 21.89 to 194.98 ± 8.70 �g/ml min (p < 0.05).
The bioavailability of salvianolic acid B was increased from 3.90%
to 5.31% (Fig. 4 and Table 1).

In the present study, 100 mg/kg of sodium caprate was used
to evaluate the intestinal absorption enhancement of danshensu
and salvianolic acid B in vivo. The major concern would be its
potential toxicity to the intestinal tissue. According to the previous
report on oral formulation containing 100 mg/kg of sodium caprate
delivered to the rat, there is no perceptible evidence of mucosal irri-
tation or damage was obtained as shown in the histological studies
(Motlekar et al., 2005). It has been reported that intestinal per-
meability enhancement brought about in vitro by enhancers may
not be replicable in vivo (Scott-Moncrieff et al., 1994). This may be
partly explained by assuming that the enhancer delivered into the
GI tract tends to be diluted quickly by the luminal content, result-
ing in reduced efficacy. However, in our study, the enhancing effect
of sodium caprate on in vitro Caco-2 cell monolayer model and on
rat in situ intestinal perfusion model was confirmed in vivo. It is
suggested that increased absorption of danshensu and salvianolic
acid B was not caused by damage of the GI epithelium after the oral
administration of sodium caprate at the administered dose.

In order to evaluate the enhancement effect of sodium
caprate on the Danshen product, commercial Danshen tablet
with or without the addition of sodium caprate was given
to rats. With the addition of 100 mg/kg of sodium caprate,
increased intestinal absorption of both danshensu and salviano-
lic acid B in Danshen tablet were also observed. As shown in
Fig. 4 and Table 2, the Cmax of danshensu was significantly
increased from 0.70 ± 0.04 to 1.21 ± 0.19 �g/ml (p < 0.05), and the
AUC0–∞ of danshensu was significantly increased from 59.88 ± 5.68
to 108.66 ± 6.51 �g/ml min (p < 0.05). The AUC0–∞ of salviano-
lic acid B was significantly increased from 176.75 ± 15.07 to
247.78 ± 17.55 �g/ml min (p < 0.05) as shown in Fig. 4 and Table 2.
The addition of sodium caprate in the Danshen product did
increase the intestinal absorption of danshensu and salvianolic
acid B in Danshen product, suggesting that sodium caprate could
serve as a potential intestinal absorption enhancer for Danshen oral
product.

It was also noticed that the mean values of AUC0–∞
(176.75 ± 15.07 �g/ml min) of salvianolic acid B after oral admin-
istration of Danshen tablet (Table 2) in the current study was a
bit higher than that obtained after oral administration of pure

salvianolic acid B (AUC0–∞: 143.35 ± 21.89 �g/ml min) (Table 1),
however, with no significant difference. Similarly, when comparing
danshensu pharmacokinetic parameters between its pure com-
pound form and tablet form (Tables 1 and 2), there is no significant
difference in Tmax, Cmax, AUC0-∞ and t1/2,�z. It appears that the co-
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Fig. 4. Mean plasma concentration versus time profiles after oral administration of 20 mg/kg danshensu (Upper left: pure danshensu; Upper right: Danshen tablet extraction)
and 50 mg/kg salvianolic acid B (Lower left: pure salvianolic acid B; Lower right: Danshen tablet extraction) with or without sodium caprate (100 mg/kg) (n = 5).

Table 2
Pharmacokinetic parameter of danshensu and salvianolic acid B in rats after oral administration of Danshen commercial product with or without the addition of sodium
caprate (mean ± S.D., n = 5).

Parameters Danshen tablet (danshensu 20 mg/kg) Danshen tablet (salvianolic acid B 50 mg/kg)

Without sodium caprate With sodium caprate (100 mg/kg) Without sodium caprate With sodium caprate (100 mg/kg)

Tmax (min) 40.00 ± 0.00 40.00 ± 0.00 33.00 ± 6.71 30.00 ± 0.00
C (�g/ml) 0.70 ± 0.04 1.21 ± 0.19* 1.70 ± 0.09 1.73 ± 0.06
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max

UC0–∞ (�g/ml min) 59.88 ± 5.68 108.66 ± 6.51*

1/2,�z (min) 46.36 ± 5.33 40.25 ± 2.89

* p < 0.05.

ccurring components in the extract may not significantly affect
he bioavailabilities of danshensu and salvianolic acid B.

. Conclusions

Both danshensu and salvianolic acid B possess poor intesti-
al permeabilities, which are mainly due to their hydrophilic
roperties and paracellular absorption transport pathway. Current
ndings from in vitro, in situ and in vivo consistently demonstrated

hat sodium caprate could increase the intestinal absorption and
ioavailabilities of danshensu and salvianolic acid B, which sug-
ested the usefulness of sodium caprate as the potential absorption
nhancer for danshensu and salvianolic acid B. Addition of sodium
aprate in the Danshen product further proved the usefulness of
odium caprate for enhancing the oral absorption of danshensu and
alvianolica acid B in Danshen product. Our study not only identi-
es the role of sodium caprate as the absorption enhancer for the

mproved oral delivery of Danshen but also demonstrate the impor-
ance of biopharmaceutics and pharmacokinetics characterization
f the active ingredients in the further dosage form development
f traditional Chinese medicine products.
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