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ABSTRACT: Saponins have many biological activities, but their overload could cause toxicity to the human body. Bionic
gastrointestinal digestion and monolayer liposome extraction were used for oral bioavailability assessment of triterpene saponins
(notoginsenoside R1, ginsenosides Rb1l and Rd1) in an edible herb (San-Chi) and its compound herbal medicine (Pien Tze
Huang, PZH). The concentrations of affinity-monolayer liposome saponins in the chyme were determined by HPLC and used
for oral bioavailability assessment. With the digestion of San-Chi and PZH from the stomach to the intestine, the release of
saponins in their chyme was increased. The intestinal absorption ratios of N-R1, G-Rb1, G-Rdl, and total saponins from San-Chi
were 86.57, 18.56, 73.30, and 40.20%, respectively, which were more than those from PZH (i.e., 19.56, 10.11, 30.11, and 16.08%).
The oral bioavailability of saponins was controlled by saponin species, gastrointestinal digestion, and edible plants combination.
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B INTRODUCTION

Saponins are a heterogeneous group of triterpene or steroidal
glycosides that are widely distributed among food plants." San-
Chi is a kind of edible herb, known as Acanthopanax
Gracilistylus, stephania sinica, and pseudoginsen radix. As a
famous compound medicine in China, even Southeast Asia,
Pien Tze Huang (PZH) was the combination of San-Chi, cow
bezoar (dried cattle gall bladder stones), snake’s gall bladder,
and musk.” PZH was used for the investigation of the influence
of edible plant combination. Three triterpene saponin species,
including notoginsenoside R1 (N-R1), ginsenoside Rbl (G-
Rb1), and ginsenoside Rd1 (G-Rd1l), are the principal active
constituents of San-Chi and PZH.>* These three species of
saponins could be used as an anti-inflammatory,” for neuro-
protection,® to attenuate fibrosis of myocardial and renal
tubulointerstitial,” for cardiovascular and liver protection,g_10
and for immune stimulation.'"' However, saponin overload
could cause gastrointestinal tract irritation, intestinal disorders,
violent convulsions, and paralysis.'> Consequently, the oral
bioavailability of saponins is important for the consumer, and
the safe dose of saponins should be assessed.

Most of the research on saponins in edible plants is focused
on determination, isolation, characterization, and pharmacol-
ogy.”>~" Oral administration is the most convenient route for
medical delivery. The published papers do not give information
on the amount of oral bioavailability for reported saponins.
With respect to the potential toxicity of saponins, it is necessary
to plan the dose of edible plants. All of these problems should
be given appropriate attention to the bioavailability assessment
of saponins in edible plants. The design of a valid method for
oral bioavailability assessment of saponins in edible plants is
important.

Currently, saponin bioavailability has been assessed by
laboratory animal in vivo studies.'®”' However, animal
experimentation is limited by the uncertainties with regard to
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the differences in the metabolism between animals and man.
Both Caco-2 cell monolayer and everted gut sac have been used
for in vitro studies,”®*' but such methods are costly, time-
consuming, and complicated. The major obstacle to rapidly
assessing the oral bioavailability of bioactive compositions is
lack of experimental model systems for replacing in vivo and in
vitro studies.'”**~** Because edible plants, including San-Chi
and PZH, have been have been used for a long time, their
absorption examinations of saponins could provide useful
information.”>*® Herein, a biomimetic digestion system of
gastrointestinal tracts has been proposed by us.”’ Similar to the
biomembrane between the gastrointestinal tract and blood
vessels, monolayer liposome is used as a biomembrane model.
The content of affinity-monolayer liposome saponins (AMLS)
could be the criterion for oral bioavailability assessment of
saponins in the chyme.

The oral bioavailability of saponins is very low, but the
underlying mechanisms remain unknown.”® It might be due to
low intestinal absorption or high gastrointestinal metabolism.
Furthermore, edible plants are usually used together, that is,
edible plant combinations. Therefore, the present study aims to
investigate the effect of gastrointestinal digestion and edible
plant combination on saponins’ bioavailability. High-perform-
ance liquid chromatography (HPLC) was used for the
detection and quantification of N-R1, G-Rbl, and G-Rdl in
San-Chi, PZH, and their chymes.

B MATERIALS AND METHODS

Chemicals. HPLC grade acetonitrile (purity > 99.9%) was
purchased from Merck KGaA (Darmstadt, Germany). PTZ and San-

Received: July 7, 2013

Revised: ~ October 3, 2013
Accepted: October 7, 2013
Published: October 7, 2013

dx.doi.org/10.1021/jf402993a | J. Agric. Food Chem. 2013, 61, 10599—-10603



Journal of Agricultural and Food Chemistry

N-R1 G-Rbl

Figure 1. Structures of N-R1, G-Rbl, and G-Rd1.

Chi were bought from Pien Tze Huang Pharmaceutical Co., Ltd.
(Zhang Zhou, China); their origins were authenticated by Professor
Hong Fei. Certified materials, N-R1, G-Rbl, and G-Rdl were
supported by the National Standard Substance Center in China, and
their structures are shown in Figure 1, and 20 mg of them was
dissolved by MeOH for the preparation of standard solutions,
respectively. Ethanol, uric acid, mucin, bovine albumin, pepsin,
pancreatin, lipase, bile, and lecithin were all of analytical reagent
grade and purchased from Sigma (St. Louis, MO, USA). All sample
preparations were prepared with Milli-Q purified water (18.2 MQ). All
of glassware and plastic ware was washed and kept for 48 h in 10% (v/
v) nitric acid and then rinsed several times with ultrapure water before
use.

Apparatus. An Agilent technologied model 1260 liquid chromato-
graph (Agilent Technologies Co., USA) fitted with a diode array
detector (DAD), online degasser, quatpump, and column heater was
used for analysis of saponins. Milli-Q purified water was obtained from
a Milli-Q purified water apparatus (Millipore Co., USA). Other
equipments were used, including a Mettler Toledo 320-S pH-meter
(Mettler Toledo Co., China) with a combined electrode, an RE-52
rotator evaporator (Ya Rong Biochemical Instrument Factory, China),
an SHA-B temperature-consistent oscillating water bath (Guo Hua
Co., China), an 86C ULT ultralow-temperature freezer (Thermo
Electron Co., USA), and a ROTINA 420B high-speed centrifuge
(Hettich Co., Germany).

HPLC Analytical Conditions. Because C18 columns were usually
used for saponin separation,” ! an Agilent ZORBAX Eclipse XDB-
C,g column (150 mm X 4.6 mm, S um particle size) was used. The
column was thermostated at 30 °C. Solvent gradient elution was
performed as follows: initial mobile phase acetonitrile/water (20:80, v/
v), reaching acetonitrile/water (35:6S, v/v) in 15 min, maintaining this
concentration for 10 min, and reconditioning for 10 min with the
initial condition. The injection volume was 20 yL, and the flow rate
was set at 1 mL/min. The UV-DAD detection was performed at the
wavelength of 203 nm.

Extraction of Triterpene Saponins in San-Chi and PZH. Ten
grams of San-Chi or PZH was thoroughly ground in an agate mortar.
Sample powder (0.25 g) (PZH or San-Chi) was weighed and dissolved
in 25 mL of ethanol. Ultrasound-assisted extraction was used for the
extraction of saponins for 30 min.>*">* Then the above samples were
filtered through 0.45 ym nylon filters. The filtrates were used for the
analysis of triterpene saponins by HPLC.

Digestion of San-Chi and PZH and Absorption of Triterpene
Saponins in Bionic Gastrointestinal Tract. According to our
previously published method,***” 2.40 g of PZH or San-Chi powder
was digested in a bionic mouth, stomach, and intestine at 37 °C on
gentle oscillation, as shown in Figure 2. All chymes were filtered with a
0.45 pm membrane.

Egg-derived lecithin (0.25 g) was dissolved in chloroform and then
transferred into a rotatory evaporator to evaporate chloroform.
Twenty-five milliliters of chyme was mixed with liposome to form a
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Figure 2. Schematic diagram of oral and gastrointestinal digestion.

homogeneous liposome suspension, frozen at —71 °C in a superlow
freezer for 30 min, and then thawed at 37 °C. The freeze—thaw
process was repeated five times to promote triterpene saponin
distribution in the liposome—water system. AMLS could be separated
by 0.22 ym membrane. AMLS was dissolved by 25 mL of ethanol and
sonicated for 30 min at room temperature.

Then the sample was filtered through a 0.22 ym filter. The filtrate
was used for the analysis of AMLS by HPLC. AMLS in the chyme
from gastrointestinal digestion of San-Chi or PZH was calculated as

C _ Cchyrne X V::hyme
AMLS M
where Cgye is the concentration of AMLS in chyme (mg/mL), Ve

is the volume of chyme (mL), and M is the mass of PZH or San-Chi
(8)-

B RESULTS AND DISCUSSION

Method Validation. An external standard method was
utilized for the quantitative determination of triterpene
saponins, and a linear correlation between the concentrations
of N-R1, G-Rb1, and G-Rd1 and their corresponding peak areas
could be observed. The equations of the calibration curves,
correlation coeflicient, linear range, limit of detections, and
relative standard deviation are available in Table 1. The method
described was applicable for the determination of low levels
(ug/mL) of triterpene saponins in San-Chi, PZH, and their
chymes.

Triterpene Saponin Contents in San-Chi and PZH. N-
R1, G-Rbl, and G-Rd1 were the main species of saponins in
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Table 1. Calibration Curve, Relative Standard Deviation (RSD), and Detection Limits (LOD) for N-R1, G-Rb1, and G-Rd1 (n =

3)
RSD (%)
saponin calibration curve r linear range (yg/mL) LOD (ug/mL) intraday interday
N-R1 Y =239X - 0.28 1.000 10—-200 3.04 0.86—2.5 1.2-2.1
G-Rbl Y = 522X — 50.33 0.999 10—400 293 0.42—-1.3 0.88—2.2
G-Rd1 Y =3595X - 413 0.999 10—-200 2.87 0.53—2.4 1.0-1.9
San-Chi and PZH; these triterpene saponins could be extracted
by ethanol and detected, as shown in Figure 3. Satisfactory by — -
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separation of the three triterpene saponins was obtained in 20
min. The contents of N-R1, G-Rbl, and G-Rd1 in edible plants
were 11.08, 40.90, and 11.16 mg/g for San-Chi and 15.64,
38.07, 12.29 mg/g for PZH, respectively. After combination,
the concentration of G-Rb1l was decreased 6.9%. However, the
contents of N-R1, G-Rdl, and total triterpene saponins were
increased 41.1, 10.9, and 7.5%, respectively, so, the contents of
saponins were improved by herbal combination.

Effect of Gastrointestinal Digestion and Edible Plant
Combination on Oral Bioavailability of Triterpene
Saponins. After bionic digestion, the product was referred to
as the chyme. After being digested in the stomach or intestine,
three triterpene saponins from edible plants (San-Chi or PZH)
could be released, enter into the gastrointestinal tract, and
possibly be available for gastrointestinal absorption. Because of
affinity biomembrane, AMLS in the chyme was the fractional
species of triterpene saponins that could be absorbed by
gastrointestinal biomembrane. AMLS of these three triterpene
saponins could be found both in the stomach (denoted
AMLSS) and in the intestine (denoted AMLSI). The oral
bioavailability of saponins in edible plants was assessed by the
ratio of AMLSI content to total saponins. The chromatograms
of N-R1, G-Rb1, and G-Rd1 in San-Chi and PZH are shown in
Figure 4.

Because of the characteristic of functional groups, including
the carboxyl group on an anionic sugar, glucuronic acid, and
galacturonic acid, these three triterpene saponins were sensitive
to changes in the gastrointestinal pH value. This posed a
formidable challenge for saponins because saponins must pass
through the extremely acidic mammalian stomach before
reaching the pH-neutral small intestine. These three saponins’
bioavailabilities were influenced by bionic digestion model.

10601

Figure 4. HPLC chromatograms of affinity-monolayer liposome
saponin (AMLS) in the chyme from gastrointestinal digestion of San-
Chi and PZH.

According to the peak areas of these three saponins in Figure 4,
the contents of AMLSI were higher than those of AMLSS, so
when San-Chi and PZH were digested in the stomach and then
the intestine, the release of saponins from edible plants into the
chyme was increased, and the increasing degree of San-Chi was
more than that of PZH.

The oral bioavailabilities of saponins in San-Chi and PZH,
including the contents of AMLSS, AMLSI, and the intestinal
absorption ratio of N-R1, G-Rb1, and G-Rd]l, are described in
Tables 2 and 3. The intestinal absorption ratio was calculated
by the ratio of AMLSI to the total content in San-Chi or PZH.

When San-Chi and PZH were digested from the stomach
into the intestine, the contents of AMLSI were more than that
of AMLSS, increasing by 4.66—4.96 times for San-Chi and
2.33—2.64 times for PZH, so the release of saponins in their
chyme was increased. Because the small intestine is the primary
absorption site for these saponins, AMLSI could be used for
oral bioavailability assessment of saponins in edible plants. The
intestinal absorption ratio (i.e., oral bioavailability ratio) of N-
R1, G-Rbl, G-Rdl, and total saponins (i.e., three triterpene
saponins) were 86.57, 18.56, 73.30, and 40.20% for San-Chi
and 19.56, 10.11, 30.11, and 16.08% for PZH, respectively. The
degree of oral bioavailability was described as follows: N-R1 >
G-Rd1 > G-Rbl for San-Chi and G-Rd1 > N-R1 > G-Rbl for
PZH. The oral bioavailabilities of these three saponins in PZH
were lower than those in San-Chi; that is, the oral
bioavailabilities of saponins were depressed by edible plant
combination and at the same time the overload of saponins
could be avoided. According to the above results, the oral
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Table 2. Contents of Affinity-Monolayer Liposome Saponins from Gastrointestinal Digestion Chyme of San-Chi (Milligrams

per Gram) (n = 3)

N-R1
total content in San-Chi 11.08 + 0.62
AMLSS in chyme 2.06 £ 0.1
AMLSI in chyme 9.61 + 0.44
intestinal absorption ratio (%) 86.73

G-Rb1 G-Rd1 total saponins
40.90 + 3.67 11.16 + 0.34 63.14
1.63 + 0.07 1.65 + 0.26 5.34
7.59 + 027 8.18 + 0.09 25.38
18.56 73.30 40.20

Table 3. Contents of Affinity-Monolayer Liposome Saponins from Gastrointestinal Digestion Chyme of PZH (Milligrams per

Gram) (n = 3)
N-R1
total content in PZH 15.64 + 0.16
AMLSS in chyme 1.16 + 0.02
AMLSI in chyme 3.06 + 0.05
intestinal absorption ratio (%) 19.56

G-Rb1 G-Rd1 total saponins
38.07 + 2.32 12.29 + 0.24 66.00
1.65 + 0.08 1.56 + 0.06 4.37
3.85 +£0.23 3.70 £ 0.14 10.61
10.11 30.11 16.08

bioavailability of saponins was controlled by saponin species,
gastrointestinal digestion, and the combination of edible plants.

Safe Dosage of Triterpene Saponins and San-Chi. As a
well-known traditional Chinese formula prescribed already in
the Ming dynasty, PZH has been used safely for 458 years; no
side effects have been reported. The dosage of PZH (1.8 g/day
for adults and 0.9 g/day for children), including triterpene
saponins in PZH, is safe for the human body. The safe dosage
of saponins could be calculated by the product between the
dosage of PZH and AMLSI from PZH. The safe dosage of San-
Chi was proposed by the quotient between the safe dosage of
saponins and AMLSI from San-Chi. The results of the safe
dosage of three triterpene saponins (N-R1, G-Rb1, and G-Rd1)
and San-Chi are shown in Table 4.

Table 4. Safe Dosage of Triterpene Saponins and San-Chi

safe dosage of

saponins safe dosage of
(mg/day) San-Chi (g/day)
AMLSI from AMLSI

San-Chi from PZH for for for for

saponin (mg/g) (mg/g)  children adult children adult
N-R1 9.61 3.06 2.75 S.51 0.29 0.57
G-Rbl 7.59 3.85 3.47 6.93 0.46 0.91
G-Rd1 8.18 3.70 3.33 6.66 0.41 0.81

The safe dosage of saponins was different for different species
of saponins, and the safe dosages for adults were 2.0 times
those for children. Because N-R1, G-Rb1, and G-Rd1 coexisted
in the edible plants, the minimal safe dosage of San-Chi should
be proposed for avoiding the overload of N-R1, G-Rbl, and G-
Rd1 at the same time. When San-Chi is used singly, its dosage
should be <0.29 g/day for children and <0.57 g/day for adults.
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