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Abstract

Objectives Our previous study suggested that adrenaline (epinephrine) could be an
effective absorption enhancer for ginsenoside Rgl (Rgl). This study focused on the
transport mechanism of Rgl and the role of sodium-dependent glucose co-transporter 1 in
the regulation of Rgl uptake after exposure to adrenaline.

Methods Caco-2 cells were used as an in-vitro model to assess the absorption mechanism
of Rgl. Also the effect of p-glucose on adrenaline-induced absorption of Rgl was
investigated in vivo in rats.

Key findings Results showed that the uptake of Rgl was temperature-dependent. The
transport from the basolateral side to the apical side was significantly lower compared with that
from the apical to the basolateral side (P < 0.01). The transport of Rgl was concentration
dependent (Km was 41.60 mmM, Vmax was 353.75 mol/cmz/min). Cells incubated with
D-glucose-free medium exhibited significantly greater Rgl uptake (+ 62.6%) compared with
cells in p-glucose-containing medium. The data indicated that sodium-dependent glucose
co-transporter 1 was involved in the transport of Rgl. Adrenaline-induced uptake of Rgl was
significantly inhibited in the presence of phlorizin and the absence of Na™. In the in-vivo study
in rats, it was found that after co-administration with p-glucose, the adrenaline-induced
absorption of Rg1 was inhibited. The area under the concentration—time curve (AUC,_.,) value
was significantly decreased from 64.57 +27.08 to 1.37 + 0.42 pg/ml h (P < 0.001).
Conclusions The data suggested that adrenaline enhanced the absorption of Rgl by
regulating sodium-dependent glucose co-transporter 1.

Keywords active transport; adrenaline (epinephrine); Caco-2 cells; ginsenoside Rgl (Rgl);
sodium-dependent glucose co-transporter 1 (SGLT1)

Introduction

As one of the major ingredients of Panax ginseng, ginsenoside Rgl (Rgl) has been proven
in recent years to possess a number of pharmacological effects such as immune-modulating
activity,!"? a preventive effect against memory deficit,””! a stimulatory effect on the
central nervous system' and a suppressive effect on hepatoma cell growth.™

The pharmacokinetics of Rgl in rats has been investigated in detail and its poor oral
bioavailability has been reported.'®’ In-vivo and in-vitro models have been applied to
clarify the cause of poor oral absorption of Rgl. The absolute bioavailability of Rgl after
intragastric gavage is about 1.33%. In-vivo studies revealed that the low bioavailability of
Rgl could result from its low membrane permeability,!”! instability in the gastrointestinal
tract,’® elimination in the liver'”! and tendency to form self-micelles.”” Han and Fang'”
studied the transport mechanism of Rgl by using Caco-2 cells as an in-vitro model. They
reported that the uptake and transport of Rgl was non-saturable and the flux from the apical
compartment (AP) to the basolateral compartment (BL) increased in a linear manner with
an increase in concentration. These studies led to the conclusion that Rgl was passively
transported. However, it was also noted that the uptake of Rgl by Caco-2 cells was
temperature dependent and that the apparent permeability coefficient (Papp) for BL-AP
transport was significantly lower than that of AP-BL transport (P < 0.05)..”) These results
imply that some active transporter might be involved in the transport of Rgl, which is not

381



382

consistent with the passive diffusion conclusion. Therefore,
it is imperative that such a controversy be clarified.

Rgl has the structure of a glucoside. Since glucose is
actively absorbed by sodium-dependent glucose cotrans-
porter 1 (SGLT1) in the brush-border membrane (BBM) of
intestinal epithelial cells,"'>~'?! SGLT1 may also be involved
in the transport of some sugar analogues. In addition, our
results obtained in another studym] suggested that adrenaline
(epinephrine) could be an effective absorption enhancer for
Rgl both in vivo and in vitro and that the enhancement is
mediated by the interaction of adrenaline with [,-adreno-
ceptors. Adrenaline has been reported to have a stimulatory
effect on glucose transport in the rat small intestine by
regulating SGLT1 4 Thus we propose that the transport of
Rgl is mediated by SGLT1 and that adrenaline-induced
absorption of Rgl is related to SGLT1 trafficking.

To demonstrate our hypothesis, this study was designed to
investigate the absorption characteristics of Rgl and the role
of SGLT1 in the regulation of Rgl uptake after exposure to
adrenaline. To substantiate Caco-2 cell results, we further
examined the effect of p-glucose on adrenaline-induced oral
absorption of Rgl in vivo in rats.

Materials and Methods

Materials

Ginsenoside Rgl was purchased from Kunming Phytophar-
maceutical Co. Ltd (Yunnan, China); the purity was 98.1%,
verified by HPLC. The Caco-2 cell line was obtained from the
American Type Culture Collection (MD, US). Cell culture
media and reagents, including fetal bovine serum, were
purchased from Gibco (NY, US). Millicell cell culture Insert
and Millicell-ERS were purchased from Millipore (MA, US).
Adrenaline (epinephrine) was purchased from Sigma Chemi-
cal Co. (MO, US). Acetonitrile (Merck, Darmstadt, Germany)
and methanol (Shandong Yuwang Industrial & Commercial
Co. Ltd, Yucheng City, China) were of HPLC grade. All the
other chemicals were of reagent grade.

Caco-2 cell culture

Caco-2 cells at passages 35-50 were used in the experiments
and grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, 1%
L-glutamate, 1% nonessential amino acids and 1% penicillin
streptomycin solution at 37°C in 75-cm? flasks in a
humidified air-5% CO, atmosphere. After being harvested
with trypsin—ethylenediamine tetraacetic acid (EDTA), cells
in suspension (5 x 10* cells/ml) were seeded onto 24-well
plates for Rg1 uptake studies (400 pl/well) and on permeable
polycarbonate inserts (0.6 cm?, 0.40 um pore size) in
24-well plates for transport studies (400 ul cell suspension
in the apical compartment and 600 ul culture medium in
the basolateral compartment). Medium was replaced every
2 days thereafter. Cells were cultured for 14 days for uptake
studies and 20-22 days for transepithelial transport studies
after seeding. The transepithelial electrical resistance
(TEER) of the Caco-2 cells was examined routinely before
and after the experiment using the Millicell-ERS apparatus
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(Millipore, MA, US) to assess the integrity of monolayers
grown on the permeable membrane in the transepithelial
transport studies. The monolayers were used when TEER
exceeded 600 Q cm?.

Uptake studies

Rgl uptake was measured using monolayers grown in
24-well plates. The uptake medium consisted of Hanks’
balanced salt solution (HBSS) with calcium and magnesium
or N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES; adjusted to pH 7.4 with 1 m HCI). For Rgl uptake
measurements, cells were washed with HBSS (3 X 2 ml) and
pre-incubated for 15 min in 2 ml HBSS at controlled
temperatures (4 or 37°C). Uptake was initiated by the
addition of either the control (Rgl 1.25 mm) or test solution.
All experiments were conducted in at least quadruplicate.
When a sodium-free buffer was required, sodium chloride
and sodium phosphate were replaced with equimolar
amounts of choline chloride and potassium phosphate,
respectively.“sl The reaction was terminated after 2 h by
aspiration of the uptake buffer followed by the addition of
ice-cold phosphate-buffered saline (PBS). Cells were washed
more than twice in ice-cold PBS. Each Caco-2 cell
monolayer was collected in 0.5 ml HBSS and then frozen
(at —=70°C) and thawed (at room temperature) three times.
The cells were then lysed ultrasonically. The samples were
mixed with isometric methanol by vortexing for 30 s, and
centrifuged at 12 000 rev/min for 10 min. The supernatants
were collected and 50 pl was used to determine the Rgl
concentration by HPLC. Results were expressed in nm of
Rgl per mg of protein. The protein content of the cells was
determined by the Lowry protein assay using bovine serum
albumin as the standard.'®!

Transport studies

Caco-2 cells were washed twice with pre-warmed (37°C)
HBSS before the experiments. The monolayers were pre-
incubated at 37°C for 15 min in a CO, incubator with warm
(37°C) HBSS. The TEER was measured to ensure that the
epithelium was tight. The HBSS solution on both sides of the
cells was then removed by aspiration. Rgl was added to
either the apical (0.4 ml) or basolateral (0.6 ml) compart-
ment. Experiments were performed for 2 h. At a predeter-
mined time (1, 1.5 or 2 h), a sample (200 pl) was taken from
the basolateral compartment. A volume of 50 pl was used to
determine the Rgl concentration by HPLC. All the experi-
ments were conducted in at least quadruplicate.

The apparent permeability coefficient (Papp) was deter-
mined according to the equation:

Papp = (dQ/dH/(A x Cy) (D

where dQ/dt is the drug permeation rate (umol/s), A is the
surface area of the epithelium (cm®) and C, is the initial
concentration in the donor compartment at time 0 (um).

A non-linear regressions analysis was performed in fitting
the plot to the following equation:

V =Vmax $/(Km+ S)+ KX § 2)
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where V is the apparent linear initial rate (gmol/cm?/min)
and S is the initial concentration (umol/ml) of Rgl in the
donor compartment. Vmax and Km are the maximum rate
and the Michalis—Menten constant, respectively, and K
represents the linear clearance.

Oral bioavailability study of Rg1 in rats

Sprague—Dawley rats, about 220-250 g, were obtained from
the Jiangsu animal breeding centre, Nanjing. The animal
studies were approved by the Animal Ethics Committee of
China Pharmaceutical University. The rats were fasted for
12 h before the experiment.

Aqueous solutions of Rgl containing adrenaline prepared
with or without p-glucose (200 mg/kg) were administered
orally at a dose of 200 mg/kg to fasted rats and free access to
water was available. Each group contained six rats. Blood
samples were collected at 5, 15, 30, 45 and 60 min and
1.5, 2,4, 8, 12 and 24 h after administration under light ether
anaesthesia and pretreated with solid phase extraction (SPE)
cartridges (OASIS; Waters, MA, US).

Pharmacokinetic data analysis

The area under the concentration—time curve (AUC,_.,) for
Rgl was obtained using the linear trapezoidal rule from time
zero to the last measured time point, followed by the addition
of the extrapolated tail area, calculated by dividing the last
measured plasma concentration by the terminal rate constant.

Determination of Rg1 by HPLC

HPLC was conducted with an Agilent 1100 liquid chromato-
graphy system consisting of a binary solvent delivery system,
an autosampling device and a UV detector. A Diamonsil C18
reverse phase column (5 pum, 4.6 i.d. X 250 mm; Dikma,
Beijing, China) was applied and maintained at 40°C. UV
absorption was measured at 203 nm. The mobile phase was
composed of acetonitrile—water (25 : 75, v/v) and the flow
rate was 1 ml/min.

For in-vitro experiments, the lower limit of concentration
was 0.395 mm. The intra- and inter-day precision, deter-
mined as relative standard deviation, was less than 3.0%. For
in-vivo experiments, the lower limit of concentration was
526 ng/ml. The mean recovery was 91.88 £ 5.27%. The intra-
and inter-day precision, determined as relative standard
deviation, was less than 5.0%. The method has been
demonstrated to be sensitive and accurate for the determina-
tion of Rgl in-vitro and in-vivo experiments.

Statistical analysis

The statistical value of differences between means was
determined by Student’s test or the analysis of variance test
with P = 0.05 as the minimal level of significance.

Results

Temperature dependency

Rgl (1.25 mm) uptake by Caco-2 cells was studied at 37°C
and 4°C. The intracellular level of Rgl increased remarkably
during the first 30 min and reached a plateau afterwards
(Figure 1) at 37°C. In contrast, the uptake rate at 4°C was
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Figure 1 Uptake of Rgl into Caco-2 cells. Measurement of Rgl
(1.25 mm) uptake into Caco-2 cells was performed at 4°C (¢) and 37°C (m).
Each point represents the mean + SD, n > 4.

slow and reached a plateau in 20 min. The amount of Rgl
taken up at 37°C was approximately twice that at 4°C.

Transport studies of Rg1 in Caco-2 cells

The effect of Rgl concentration on its transport across the
Caco-2 cells was investigated. The cumulative transepithelial
flux of Rg1 through Caco-2 cell monolayers over 2 h increased
linearly with increasing concentration in the apical compart-
ment (Figure 2). As Rgl concentration increased over the
range of 0.625-31.25 mm, the absorptive flux increased
(Figure 3a), but the Papp (AP-BL) decreased (Figure 3b).
The results suggested that the AP-BL transport was mediated
by some active transporter. The results were analysed by
Lineweaver—Burk transformation of the transport kinetics
data. The kinetic analysis of Rgl transport according to the
Michaelis—Menten equation yielded an apparent Km value of
41.60 mm and Vmax value of 353.75 pmol/cm?/min.

On the other hand, the flux (BL-AP) increased linearly
with an increase in Rgl concentration (0.625-31.25 mwm).
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Figure 2 Cumulative transport of Rg1 across Caco-2 cells in the AP-BL
direction. Cumulative transport of Rg1 was measured as a function of time
at different final concentrations (¢, 0.625 mM; =, 1.25 mM; a, 3.125 mm;
H, 6.25 mm; @, 12.5 mM, e, 31.25 mm) of Rgl. Each point represents the
mean = SD, n > 4.
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Figure 3 Effect of concentration on the transepithelial transport flux
(a), Papp (AP-BL) of Rgl (b) and Papp (BL-AP) (c) by Caco-2 cells.
Each data point represents the mean + SD, n > 4.

The efflux Papp (BL-AP) of Rgl remained almost constant
over the concentration range (Figure 3c). The Papp (BL-AP)
was 5.06 + 043 x 107® cm/s when the concentration of
Rgl was 1.25 mm in the basolateral compartment (n = 3),
which was significantly lower than that seen in AP-BL
transport (P < 0.01).

Effect of p-glucose on Rg1 uptake into
Caco-2 cell monolayers

To investigate the effect of p-glucose on the uptake of Rgl,
Caco-2 cells were incubated with D-glucose-containing
medium or p-glucose-free medium for 2 h. p-Mannitol was
employed in the bp-glucose-free medium to maintain
osmolarity.""” Cells incubated with p-glucose-free medium
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exhibited significantly greater Rgl uptake (+ 62.6%)
compared with those incubated with p-glucose (P < 0.01).

Effect of phloridzin and Na* depletion on
adrenaline-induced uptake of Rg1
by Caco-2 cells

Adrenaline (10 pm) significantly enhanced cellular uptake of
Rgl (1.96 * 0.14 with adrenaline vs 1.58 +0.16 nm/mg protein/
min without adrenaline; P < 0.05) (Figure 4). Phloridzin, at a
concentration of 100 um, blocked the effect of adrenaline on
the uptake of Rg1 (30.0% reduction) (P < 0.05) and a reduction
in the adrenaline-induced uptake of Rgl was observed in the
sodium-free medium (52.2% reduction) (P < 0.05).

Effect of p-glucose on adrenaline-induced oral
absorption of Rg1 in vivo

The effect of p-glucose on the adrenaline-enhanced absorp-
tion of Rgl was further investigated in rats. The time course
of Rgl aqueous solutions after oral administration to rats
with and without p-glucose was plotted in Figure 5. After
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Figure 4 Adrenaline-induced uptake of Rgl in Caco-2 cells. Adrena-
line-induced uptake of Rgl (1.25 mm) was measured in Caco-2 cells in
the presence of phloridzin and Na* depletion medium. Results are
expressed as means £ SD, n = 4.
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Figure 5 Plasma concentration-time profiles of Rgl and adrenaline
after oral administration to rats with or without p-glucose. The plasma
concentration of Rgl (200 mg/kg) and adrenaline (4 mg/kg) was
measured after oral administration to rats with (W) or without ()
p-glucose (200 mg/kg). Each point represents the mean = SD of 6 rats.
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co-administration with D-glucose at such a high dose
(1.11 mm/kg), the adrenaline-induced absorption of Rgl
was inhibited, resulting in lower plasma levels and a shorter
residence time. The AUC,., value was significantly
decreased from 64.57 + 27.08 to 1.37 + 0.42 pg/mlh
(P < 0.001). It appeared that p-glucose blocked adrenaline-
induced enhancement of Rgl absorption.

Discussion

Temperature dependency

The Rgl uptake by Caco-2 cells at 37°C was greater than that
at 4°C, which was in agreement with literature reports.”! One
explanation could be that the temperature dependence of
uptake might be attributed to the cell membranes being more
rigid at low temperatures. This would lead to a lower level of
diffusion through the membrane.!"® Even so, the possibility
of an active transport cannot be excluded.

Transport studies of Rg1 in Caco-2 cells

The transport characteristics of Rgl in Caco-2 cells were
different from those reported by Han and Fang,'”! who found
the uptake and transport of Rgl to be non-saturable. An
explanation for these discrepancies could be the difference in
Rgl concentration. In our experiments, the highest concen-
tration was 31.25 mm as opposed to 6.25 mm in Han and
Fang’s study. At a dose as large as 31.25 mu, it was possible
to saturate the absorption.

The absorptive transport (AP-BL) was 1.6- to 2.7-fold
greater than the corresponding efflux transport (BL-AP) of
Rgl. The data suggested that the transport of Rgl in the AP-
BL direction was composed of both passive and active
transport, while the transport of Rgl from BL to AP was only
passive. According to the structure of Rgl, we inferred that
SGLT1 was involved in its absorption. SGLT1 is frequently
expected to be located exclusively in the apical BBM of
enterocytes,“g] which offered a reasonable explanation for
the greater Papp in the AP to BL direction than that in the BL
to AP direction.

Effect of p-glucose on Rg1 uptake into
Caco-2 cell monolayers

The substrate specificity of SGLT1 is reported to be in the
order of p-glucose > a-methyl-pD-glucose > D-galactose >
3-O-methylglucoside >> mannitol and L-glucose.[zo_zz] Since
D-glucose exhibits a high affinity for SGLT1, the binding of
other monosaccharide substrates would be inevitably inhib-
ited in the presence of D-glucose. The uptake of Rgl in cells
incubated in Dp-glucose-free medium was significantly
enhanced compared with uptake in cells incubated in
medium containing p-glucose. These results suggest that
the transport of Rgl is mediated by SGLT]1.

In addition, many papers“(Hz’23 ! have also confirmed that
SGLT1 is the main Na*—glucose co-transporter among the
SGLT family expressed in the small intestine and that
D-glucose is mainly actively absorbed by SGLT1 in the BBM
of intestinal epithelial cells. It is also suggested that the
existence of D-glucose in the luminal phase might inhibit the
absorption of Rgl.
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Effect of phloridzin and Na* depletion
on adrenaline-induced uptake of
Rg1 by Caco-2 cells

In our previous study, we demonstrated that the incubation of
Caco-2 cells with adrenaline resulted in a significant increase
in the uptake and amount transported of Rg1.!"*! Studies have
demonstrated that adrenaline could increase the amount
of SGLT1 in the BBM of intestinal epithelial cells by
interacting with S-adrenoceptors.'**! It is therefore of interest
to investigate whether the adrenaline-induced absorption of
Rgl is related to SGLT1 trafficking.

Phloridzin is widely used to inhibit the active transport of
glucose and glycoside conjugates by SGLT1.1*5?") More-
over, the Na* gradient is known to provide the driving force
for the uptake of most substrates by SGLT1. To validate our
speculation, the adrenaline-induced uptake of Rgl was
investigated in the presence of phloridzin or absence of Na®.

The data from Caco-2 cells (Figure 3) suggested that the
transport of Rgl was composed of both passive and active
transport. The active uptake was abolished in the presence
of phloridzin and absence of Na*, while the passive uptake
was not blocked. The adrenaline-induced uptake of Rgl was
inhibited to such a great extent that the enhancement was
completely abolished. Thus, a reasonable conclusion might
be drawn that adrenaline-induced absorption of Rgl was
related to SGLT1 trafficking.

Effect of p-glucose on adrenaline-induced
oral absorption of Rg1 in vivo

Based on this study, the apparent Km value of Rgl of SGLT1
was 41.60 mwm. It is reported that the Km value of p-glucose
is 10-50 uM,mJ which is much smaller than that of Rgl.
After coadministration with p-glucose at such a high dose
(200 mg/kg), the adrenaline-induced absorption of Rgl was
completely inhibited by p-glucose and the absorption of Rgl
was even poorer than that of aqueous solution. The result
in vivo also validated our speculation.

Conclusions

This study has proved that the intestinal efflux of Rgl is
mediated by some active transporters and that SGLTI is
involved in the absorption of Rgl. We also demonstrated that
adrenaline enhances the absorption of Rgl by regulating
SGLTI1. After co-administration with p-glucose, the adrena-
line-induced absorption of Rgl in rats is significantly
inhibited. The p-glucose level in the lumen of the small
intestine varies with the nutritional state of the individual; the
lower limit is probably 0 mm D-glucose after a fasting period.
After a meal, the maximal luminal p-glucose concentrations
were calculated to be as high as 200-300 mm."*”! Therefore,
pre-prandial administration of Rgl should be strongly
recommended to achieve a greater extent of absorption by
the oral route.
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