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Protopanaxadiol and protopanaxatriol bind to
glucocorticoid and oestrogen receptors in
endothelial cells
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Background and purpose: Ginsenosides are used widely for medicinal purposes, but the mechanisms of their action are still
unclear, although there is some evidence that these effects are mediated by nuclear receptors. Here we examined whether two
metabolites of ginsenoside, protopanaxadiol (g-PPD) and protopanaxatriol (g-PPT), could modulate endothelial cell functions
through the glucocorticoid receptor (GR) and oestrogen receptor (ER).
Experiment approaches: The effects of g-PPD and g-PPT on intracellular calcium ion concentration ([Ca2+]i) and nitric oxide
(NO) production in human umbilical vein endothelial cells (HUVECs) were measured using Fura-2-acetoxymethyl ester,
4-amino-5-methylamino-2′,7′-difluorofluorescein and Griess reagent. Effects on expression of GR and ER isoforms in HUVECs
were determined using reverse transcriptase-/real-time PCR and immunocytochemistry. Phosphorylation of endothelial NO
synthase (eNOS) was assessed by Western blotting.
Results: Ginsenoside protopanaxadiol and g-PPT increased [Ca2+]i, eNOS phosphorylation and NO production in HUVECs,
which were inhibited by the GR antagonist, RU486, the ER antagonist, ICI 182,780 and siRNA targeting GR or ERb. The NO
production was Ca2+-dependent and the [Ca2+]i elevation in HUVECs resulted from both intracellular Ca2+ release and
extracellular Ca2+ influx.
Conclusions and implications: Ginsenoside protopanaxadiol and g-PPT were functional ligands for both GR and ERb, through
which these ginsenoside metabolites exerted rapid, non-genomic effects on endothelial cells.
British Journal of Pharmacology (2009) 156, 626–637; doi:10.1111/j.1476-5381.2008.00066.x
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Introduction

Angiogenesis, the growth of new blood vessels from pre-
existing vasculature, is an important physiological process
in development and wound healing. Dysregulation of angio-
genesis that promotes neovascular growth underlies the pro-

gression of many pathologies, including ocular disease and
cancer. On the other hand, a lack of appropriate neovascular-
ization can prevent wound healing and is associated with
occurrence of ulcers, coronary artery disease and strokes.

For these reasons, modulation of the process of neovessel
formation is clinically relevant to a wide range of disorders.
Recombinant human platelet-derived growth factor, a pro-
angiogenic agent, was the first to be introduced for treating
diabetic foot ulcers in 1999 (Steed, 2006), followed by clinical
trials for vascular endothelial growth factor (VEGF) gene
therapy in patients with cardiovascular disease (Losordo
et al., 1998; Rosengart et al., 1999). This approach reduced
myocardial ischemia and improved angina (Losordo et al.,
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1998; Rosengart et al., 1999). Several drugs have also been
developed to combat excessive angiogenesis. For example,
bevacizumab (Avastin) and ranibizumab are antibodies target-
ing VEGF, which inhibit VEGF-induced endothelial cell
growth. These drugs are widely used in treatments for cancer
and more recently for age-related macular degeneration and
glaucoma (Andreoli and Miller, 2007; Ichhpujani et al., 2007;
Khosravi Shahi and Fernández Pineda, 2008). Soluble VEGF
receptor and neuropilin receptor are used clinically to sup-
press neovascularization (Baka et al., 2006).

Pro-angiogenic molecules, including VEGF and bFGF,
promote neovascularization by increasing intracellular
calcium ion concentration ([Ca2+]i) and nitric oxide (NO)
levels in endothelial cells (Morbidelli et al., 1996; Babaei et al.,
1998). Calcium channel blockers, like nifedipine, verapamil,
amlodipine and diltiazem, are now under clinical trials
as angiogenesis regulatory agents, complementing cancer
therapy (Munaron, 2006). In mice deficient in endothelial NO
synthase (eNOS), there is an impaired intrinsic angiogenic
response to hindlimb ischemia, and a lack of responsiveness
in these mice to treatment with VEGF (Murohara et al., 1998).
Treatment with the NO precursor, L-arginine, potentiated
post-surgical angiogenesis and accelerated wound healing in
patients (Ruel et al., 2008). Thus, [Ca2+]i and NO represent key
determinants of angiogenesis.

In addition to the classical pro-angiogenic agents, some
steroids like the glucocorticoids and oestrogens, also play a part
in modulating vascular activities. Both steroids can regulate
angiogenic (Iwai et al., 2004; Kasselman et al., 2007), and cell
adhesion molecules (Burke-Gaffney and Hellewell, 1996; Simo-
ncini et al., 2000; Groten et al., 2005), as well as affecting the
expression of junctional proteins (Forster et al., 2005) in endot-
helial cells through their respective receptors, glucocorticoid
receptor (GR) and oestrogen receptor (ER) (Simoncini et al.,
2000; Groten et al., 2005; Kasselman et al., 2007). Insufficient
glucocorticoid or over-expression of GR in endothelial cells is
associated with vascular malformation and infant hypoten-
sion (Friedman et al., 1996). Also, oestrogen and its receptors
have a role in atheroprotective actions (Hodgin et al., 2001).

A recently described agent shown to have beneficial effects in
the cardiovascular, endocrine, immune and central nervous
systems is Panax ginseng, although the actual mechanisms of
action for this drug are largely undefined. Ginsenosides are the
pharmacologically active ingredients of ginseng, which appear
in two major variants: 20(S)-protopanaxadiol and 20(S)-
protopanaxatriol. All ginsenosides have the basic steroidal
backbone (Figure 1). Upon oral consumption, the 20(S)-
protopanaxadiol and 20(S)-protopanaxatriol ginsenosides
transform into their respective end metabolites, protopanaxa-
diol (g-PPD) and protopanaxatriol (g-PPT), respectively, by acid
hydrolysis and a series of deglycosylations by the intestinal
microflora (Hasegawa et al., 1996; Bae et al., 2002; Chi et al.,
2005). Over 80% of g-PPD and g-PPT enter the circulation
(Chen and Staba, 1980; Cui et al., 1997) and both metabolites
possess anti-oxidative (Wang et al., 1995; Jiang et al., 1996) and
GR-dependent anti-tumour activities (Park et al., 1999; Li et al.,
2006; Wang et al., 2007). Based on the structural similarity of
these molecules to steroid hormones, several reports suggest
that the actions of these compounds are mediated through
nuclear receptors (Attele et al., 1999).

We have recently demonstrated that ginsenoside Rb1, a
derivative of 20(S)-protopanaxadiol, is a functional ligand of
ERb (Leung et al., 2007a), whereas ginsenosides Rg1 and Re,
which belong to the 20(S)-protopanaxatriol family, are func-
tional ligands of GR (Leung et al., 2006a; 2007b). In this study,
we examined the hypothesis that g-PPD, the end metabolite
of Rb1, and g-PPT, the end metabolite of Rg1 and Re, like their
precursors, could exert similar rapid, non-genomic actions by
elevating [Ca2+]i and NO production in endothelial cells
through activating GR or/and ER.

Methods

Cell culture and treatments
Primary human umbilical vein endothelial cells (HUVECs)
were obtained from Clonetics (CC-2517, San Diego, CA, USA)
and cultured in medium 199 supplemented with 20%
FBS, 20 mg·mL-1 endothelial cell growth supplement (ECGS),
90 U·mL-1 heparin and 1% penicillin-streptomycin-neomycin
(PSN) in a humidified incubator at 37°C with 5% CO2. HUVECs
between passages 3 and 5 were used in these studies. The cells
were incubated with phenol red-free medium 199 supple-
mented with 20% charcoal/dextran-treated FBS and 1% PSN
for 24 h before the following experiments were carried out.

For functional assays, the cells were pretreated for 30 min
with each of the following inhibitors: RU486 (10 mmol·L-1),
ICI 182,780 (10 mmol·L-1), 2-aminoethyldiphenylborate
(2-APB) (10 mmol·L-1) and thapsigargin (10 mmol·L-1) in
phenol red-free assay medium (Medium 199 containing 1%
PSN). In some experiments, cells were transfected with the
Smart-Pool siRNA for silencing GR (M-003424-02) or ERb
(M-003402-02) (Dharmacon, Lafayette, CO, USA). Transfected
cells were incubated in phenol red-free assay medium for 24 h
prior to the treatment with g-PPD (1 mmol·L-1) or g-PPT
(1 mmol·L-1). Knockdown efficacy of GR and ERb was verified
in our previous reports (Leung et al., 2006a,b).

Measurement of [Ca2+]i

Intracellular calcium ion concentration was determined using
the fluorescent Ca2+ indicator, Fura-2-acetoxymethyl ester
(AM) as described before (Leung et al., 2007b). Cells were
incubated for 30 min with Fura-2 AM (10 mmol·L-1) in the
presence of 0.0025% Pluronic F-127 at room temperature.
After removal of the excessive dye, cells were then treated
with dexamethasone (Dex; 10 nmol·L-1), 17b-estradiol (E2;
10 nmol·L-1), g-PPD (100–1000 nmol·L-1), g-PPT (100–
1000 nmol·L-1), propylpyrazole-triol (PPT; 100 nmol·L-1), or
2-diarylpropionitrile (DPN; 100 nmol·L-1) for 4 min. Within
this 4 min, the cells were excited with an alternating ultra-
violet light at 340 and 380 nm wavelength, and the emission
at 510 nm wavelength were collected in 2 s intervals using
InCytIm2 ratio ion measurement program (version 5.27A,
Intracellular Imaging Inc., Cincinnati, OH, USA). To create a
zero extracellular Ca2+ environment, the assay medium was
replaced by Ca2+-PSS buffer containing 140 mmol·L-1 NaCl,
5 mmol·L-1 KCl, 1 mmol·L-1 MgCl2, 10 mmol·L-1 glucose,
2 mmol·L-1 EGTA, 5 mmol·L-1 HEPES (pH 7.4) in some experi-
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ments. Three individual samples were analysed in each trial
and each data point is the mean of three independent trials.

Measurement of NO
Intracellular levels of NO were monitored using the
fluorescent NO indicator, 4-amino-5-methylamino-2′,7′-
difluorofluorescein (DAF-FM) diacetate as described (Leung
et al., 2007b). Cells were incubated for 30 min with DAF-FM
(1 mmol·L-1) at room temperature. After removal of excess dye,
the cells were treated with g-PPD (1 mmol·L-1), or g-PPT
(1 mmol·L-1), and were excited at a wavelength of 495 nm. The
emission at 515 nm wavelength was captured in 2 s intervals
for 8 min. Three individual samples were analysed in each
trial and each data point is the mean of three independent
trials.

The amount of NO in the conditioned media was also
determined using the Griess reagent (Assay Designs, Ann
Arbor, MI, USA). Conditioned media obtained after 24 h
treatment with Dex (10 nmol·L-1), E2 (10 nmol·L-1), g-PPD
(1 mmol·L-1), g-PPT (1 mmol·L-1), PPT (100 nmol·L-1) or DPN
(100 nmol·L-1) were incubated with nitrate reductase for 1 h

at 37°C to reduce nitrate to nitrite. An equal volume of
Griess reagent was then added and the optical density of the
samples measured at a wavelength of 540 nm. Data were
obtained from triplicate experiments and are expressed as
fold change over untreated controls (�SD).

Reverse transcriptase (RT)- and real-time PCR
Total HUVECs mRNA was isolated using the RNeasy kit
(Qiagen, Valencia, CA, USA) according to the manufacturer’s
protocol. First-strand cDNA was synthesized using iScript
cDNA synthesis kit (BioRad, Hercules, CA, USA) and RT-PCR
performed using iTaq polymerase (BioRad) at an annealing
temperature of 58°C for 35 cycles for all primers. The acces-
sion number, primer sequence and PCR amplification product
size for each gene are listed in Table 1. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as the internal
RNA loading control and samples where no reverse tran-
scriptase was added to the PCR experiments were used as
negative controls to ensure that amplification was RNA-
dependent. PCR products were resolved by 1% agarose gel
electrophoresis. For quantitative real-time PCR, the two-step
amplifying protocol was used with iQ SYBR green supermix

Figure 1 Chemical structures of ginsenoside protopanaxadiol (g-PPD), ginsenoside protopanaxatriol (g-PPT), 17b-estradiol (E2), dexametha-
sone (Dex), ERa agonist, PPT, and ERb agonist, DPN. g-PPD, g-PPT, E2 and Dex possess a basic steroidal triterpene core with various sugar
side-chains at C-3 and C-20 positions. Arrow shows the C-6 hydroxyl group unique to g-PPT. DPN, 2-diarylpropionitrile; ER, oestrogen receptor.
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solution (BioRad). Both melting curve and gel electrophoretic
analyses were used to determine amplicon homogeneity and
quality of the data.

Immunocytochemistry
Human umbilical vein endothelial cells were grown on cover-
slips, fixed with 4% paraformaldehyde, permeabilized with
Triton-X and then labeled with a polyclonal antibody for GR
(1:500; sc-8992; Santa Crutz, CA, USA), ERa (1:500; H-184;
Santa Crutz, CA, USA), or for ERb (1:500; H-150; Santa Crutz,
CA, USA) for 3 h in the presence of normal goat serum. Samples
were washed with PBS and then incubated with Alexa-Fluor
568 IgG antibody (1:1000; Invitrogen) and FITC-conjugated
phalloidin (1:1000; Invitrogen) for 1 h. The coverslips were
then washed and mounted with medium containing 2-(4-
amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI)
(Calbiochem, San Diego, CA, USA). Images were captured by
confocal microscopy (Fluoview 300, Olympus America Inc.,
Center Valley, PA, USA).

Western blot analysis
Human umbilical vein endothelial cells were lysed using
Cytobuster lysis buffer (Novagen, Gibbstown, NJ, USA) and
protein concentrations in the supernatant estimated using Dc
Protein Assay Kit (BioRad). 45 mg of protein was separated by
SDS-PAGE and transferred onto nitrocellulose membrane
(BioRad). After blocking with 5% (w/v) dried milk, the mem-
brane was incubated with polyclonal antibody against
phospho-eNOS (1:1000; BD Transduction Laboratories, Fran-
klin Lakes, NJ, USA) or eNOS (1:1000; Upstate, Billerica, MA,
USA) for 3 h, followed by several washes with TBS buffer
containing 0.1% Tween 20 and subsequent incubation with
the corresponding horseradish peroxidase (HRP)-conjugated
IgG secondary antibody (1:1000) for 1 h. Protein bands were
detected using Bio-Rad ECL detection system.

Statistical analysis
Numerical results were analysed using one-way ANOVA with
Duncan post hoc test. For [Ca2+]i and NO measurement, non-
parametric analysis with Prism Software was employed.
Values shown are means of at least n = 3 experiments
with � standard deviation (SD). Differences were considered
statistically significant at a value of P < 0.05.

Chemical and reagents
Ginsenoside protopanaxadiol and g-PPT (purity >98%) were
purchased from the Division of Chinese Materia Medica

and Natural Products, National Institute for the Control of
Pharmaceutical and Biological Products, Ministry of Public
Health, China, and were dissolved in sterile dimethyl sul-
phoxide (DMSO) for tissue culture purposes. The chemical
structures of both agents are shown in Figure 1.

Phenol red-free culture medium 199, ECGS, Dex, RU486, E2,
2-APB and thapsigargin (Sigma, St. Louis, MO, USA). ICI
182,780, PPT and DPN were obtained from Tocris Biosciences,
Ellisville, MI, USA; L-NG-monomethyl arginine (L-NMMA)
(Cayman Chemical, Ann Arbor, MI, USA); fetal bovine serum
(FBS, Gibco Carlsbad, CA, USA); Fura-2 AM, Pluronic F127 and
NO sensitive fluorescent dye DAF-FM diacetate (Molecular
Probes, Leiden, Netherlands).

Results

g-PPD and g-PPT increases [Ca2+]i in HUVECs
Exposure of HUVECs to g-PPD and g-PPT resulted in an
increase in [Ca2+]i with EC50 values of 425 nmol·L-1 and
482 nmol·L-1 respectively (Figure 2A,B). [Ca2+]i peaked at 60 s
after the addition of g-PPD and at 85 s after the addition of
g-PPT (Figure 2A,B). Blocking calcium influx with the non-
selective cation channel blocker, 2-APB (10 mmol·L-1); inhib-
iting the endoplasmic reticulum Ca2+-ATPase pump with
thapsigargin (10 mmol·L-1); or removal of extracellular Ca2+,
inhibited but could not abolish g-PPD- and g-PPT-induced
rises in [Ca2+]i, indicating that both intracellular release and
extracellular influx contributed to [Ca2+]i levels (Figure 2C).

NO production is elevated in HUVECs after treatment with
g-PPD and g-PPT
Increased [Ca2+]i is known to stimulate the generation of NO
from the activated form of eNOS in endothelial cells. We used
the fluorescent dye, DAF-FM diacetate, to determine the
effects of g-PPD and g-PPT on NO production in endothelial
cells (Figure 3A). The fluorescence signal accumulated gradu-
ally in cells and reached a plateau 100 s after the addition of
g-PPD or g-PPT (Figure 3A). Inhibition of the NOS activity by
L-NMMA blocked the effect of g-PPD and g-PPT on NO pro-
duction (Figure 3B). The g-PPD- and g-PPT-induced increase
in the NO production was partially inhibited by 2-APB
(10 mmol·L-1), thapsigargin (10 mmol·L-1), or by removal of
extracellular Ca2+, suggesting that the induction of NO was
Ca2+-dependent (Figure 3B).

g-PPD and g-PPT bind to GR
Glucocorticoid receptor was found in HUVECs as detected by
RT- and real-time PCR (Figure 4A). Triple immunofluores-

Table 1 The Genbank accession numbers, primer sequences and amplicon sizes for GR, ERa and ERb

Gene Accession no. Forward Reverse Amplicon size

GR NM_001018077 TGGTTCCGAAAATTGGAATA AAGCTTCATCAGAGCACACC 209 bp
ERa NM_000125 AACACAAGCGCCAGAGAGAT AGGATCTCTAGCCAGGCACA 364 bp
ERb NM_001437 CGAAGTGGGAATGGTGAAGT ACAAAGCCGGGAATCTTCTT 330 bp

These primers were all used in RT-PCR experiments at an annealing temperature of 58°C for 35 cycles to confirm expression of the genes in HUVECs.
ER, oestrogen receptor; GR, glucocorticoid receptor; HUVECs, human umbilical vein endothelial cells; RT, reverse transcriptase.
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Figure 2 Time- and concentration-dependent increases of [Ca2+]i levels in HUVECs after stimulation with (A) g-PPD and (B) g-PPT. The cells
were loaded with the fluorescent Ca2+ indicator, Fura-2, and the fluorescence intensity was measured at 2 s intervals for 4 min. The [Ca2+]i was
estimated using internal standard curve. (C) The histogram shows fold changes in [Ca2+]i over control following the addition of g-PPD
(1 mmol·L-1), g-PPT (1 mmol·L-1), or the treatment of each drug with one of the following calcium channel inhibitors: 2-APB (10 mmol·L-1),
Ca2+-free solution, or thapsigargin (1 mmol·L-1). Bars represent area under the curve, indicative of the total free [Ca2+]i in a duration of 4 min.
Data are mean � SD of three experiments. Asterisk (*) indicates a significant difference between control and treatment groups (P � 0.05).
2-APB, 2-aminoethyldiphenylborate; [Ca2+]i, intracellular calcium ion concentration; g-PPD, ginsenoside protopanaxadiol; g-PPT, ginsenoside
protopanaxatriol; HUVECs, human umbilical vein endothelial cells.
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cence staining of GR (red), a-actin (green) and nuclei (DAPI,
blue) in HUVEC, confirmed the expression of GR in the cyto-
plasm and nuclei (Figure 4B). Stimulation of the GR with Dex
(10 nmol·L-1) increased [Ca2+]i and NO production in HUVECs
(Figure 4C,D).

GR mediates the actions of ginsenoside metabolites
Next, we tested if the GR is involved in the action of the
ginsenoside metabolites on HUVECs. RU486 (10 mmol·L-1), or

knockdown of GR using siRNA partially attenuated g-PPD-
and g-PPT-induced rises in [Ca2+]i and NO production
(Figure 5A,B). DMSO, which was used as a solvent control for
RU486, and non-specific siRNA had no effect (Figure 5A,B).

g-PPD and g-PPT bind to ER
17b-estradiol (10 nmol·L-1) also increased [Ca2+]i and NO pro-
duction, thus confirming that the ER is functional in HUVECs
(Figure 6A,B).

ERb is the dominant ER in HUVECs
The presence of ER isoforms was detected using RT- and real
time PCR (Figure 7A). Triple immunofluorescence staining of
ERa/ERb (red), a-actin (green) and nucleus (DAPI, blue) in
HUVEC confirmed the expression of ERa and ERb in both
cytoplasm and nuclei (Figure 7B). To distinguish between the
action of the ERb and that of the ERa, we used the specific ERa
agonist, PPT (100 nmol·L-1), and the specific ERb agonist, DPN
(100 nmol·L-1). Compared with PPT, DPN was more effective
in inducing rapid [Ca2+]i elevation (Figure 7C), eNOS phos-
phorylation in 60 min (Figure 7D,E), and increasing NO pro-
duction in 24 h (Figure 7F), indicating that ERb is the
dominant ER isoform in HUVECs.

ERb mediates g-PPD- and g-PPT-induced [Ca2+]i elevation, eNOS
phosphorylation and NO production
Treatment with ICI 182,780 or transfection of siRNA targeting
ERb, partially suppressed the [Ca2+]i elevation (Figure 8A),
eNOS phosphorylation (Figure 8B,C) and NO production
(Figure 8D) elicited by g-PPD or g-PPT. Non-specific ER inhi-
bition with ICI 182,780 (10 mmol·L-1) and knockdown of ERb
generated similar inhibition of the actions of the ginsenoside
metabolites, supporting the suggestion that the ERa isoform
was minimally involved.

GR and ER have equal contribution to the actions of the
ginsenoside metabolites
A complete inhibition of [Ca2+]i elevation and NO production
were observed in a combined treatment with RU486 and ICI
182,780. DMSO, which was used as a solvent control for
RU486 and ICI 182,780, had no effect (Figure 9A,B). These
findings suggest that both GR and ER are involved in the rapid
response of endothelial cells to g-PPD and g-PPT.

Discussion

Ca2+ and NO are important signalling molecules in the
physiological regulation of vascular function. Insufficient
bioavailable NO is a pivotal event in the development of
hypertension, heart failure and coronary artery disease (Lapu-
Bula and Ofili, 2007). NO is produced when eNOS converts
L-arginine to L-citrulline. There are three NOS isoforms and
eNOS is the predominantly expressed isoform in the vascula-
ture (Förstermann et al., 1995). Calcium-calmodulin activa-
tion of eNOS accounts for the critical early phase of NO

Figure 3 Time-dependent increases in NO generation after stimu-
lation with (A) g-PPD (1 mmol·L-1) and g-PPT (1 mmol·L-1). NO pro-
duction was determined after loading the cells with the DAF-FM
diacetate fluorescent dye, and the fluorescence intensity was mea-
sured at 2 s intervals for 8 min. DMSO was used as the solvent
control. NO concentrations in the conditioned media of HUVECs
were also estimated using (B) Greiss reagents. HUVECs were treated
with g-PPD (1 mmol·L-1), g-PPT (1 mmol·L-1), or co-treatment of each
drug with one of the following: 2-APB (10 mmol·L-1), Ca2+-free solu-
tion, thapsigargin (1 mmol·L-1), or L-NMMA (10 mmol·L-1) for 24 h.
Bars represent the fold changes in NO production over the controls.
Data are mean � SD of three experiments. Asterisk (*) indicates a
significant difference between control and treatment groups
(P � 0.05). 2-APB, 2-aminoethyldiphenylborate; DAF-FM, 4-amino-
5-methylamino-2′,7′-difluorofluorescein; DMSO, dimethyl sulphox-
ide; g-PPD, ginsenoside protopanaxadiol; g-PPT, ginsenoside
protopanaxatriol; HUVECs, human umbilical vein endothelial cells;
L-NMMA, L-NG-monomethyl arginine; NO, nitric oxide.

Ginsenosides and endothelium
KW Leung et al 631

British Journal of Pharmacology (2009) 156 626–637



production. Studies have shown that calcium removal or calm-
odulin antagonism inhibits NO production through eNOS
(Busse and Mülsch, 1990; Förstermann et al., 1991). The
calmodulin-eNOS complex then binds to heat shock protein
90 (HSP90), which allows eNOS to be phosphorylated by
PKB/Akt and the late phase of the NO production starts (Fulton
et al., 1999). Apart from vasodilatation, NO is also involved in
angiogenesis mediated by VEGF (Ku et al., 1993; Dawson et al.,
2006). Inhibiting NO production leads to a reduced growth of
blood vessels, a condition associated with difficulties in wound
healing and tissue repair (Schwentker et al., 2002). NO exerts
anti-inflammatory effects in the blood vessel wall by inhibiting
adhesion of leukocytes to endothelium (Kubes et al., 1991),
and an anti-thrombotic action through inactivating platelet
adhesion (Radomski et al., 1987). The present study provides
evidence that ginsenosides alter the levels of Ca2+ and NO in
endothelial cells and they do so through the GR and ERs.

Ginsenosides are triterpene saponins that contain a planar
steroidal backbone and various sugar side-chains at C-3,
C-6 or C-20 positions. The variations in sugar side-chains
determine the binding preference of ginsenosides to nuclear
receptors (Leung et al., 2007c). Generally, ginsenosides of
the 20(S)-protopanaxatriol family are functional GR ligands,
while those of the 20(S)-protopanaxadiol family are ER
ligands. g-PPD and g-PPT are end metabolites of major ginse-
nosides without a sugar moiety at C-3, C-6 and C-20 posi-
tions. The specificity of action of these ginseng metabolites on
GR and ER was evident after their effects were attenuated by
GR or ER antagonists. However, no synergism between GR
and ER was observed. Because of the steroidal skeleton of
g-PPD and g-PPT and the absence of steric hindrance from the
sugar side-chains, g-PPD and g-PPT may also bind to other
hormonal receptors, such as androgen, progesterone and
minerocorticoid receptors. The interaction with multiple hor-

Figure 4 Ginsenoside protopanaxadiol and g-PPT bind to GR. (A) The mRNA of GR was detected in HUVECs using RT- and real-time PCR. (B)
Triple fluorescence staining of GR (red), F-actin (green) and nuclei (DAPI, blue) in HUVECs. The GR agonist, Dex (10 nmol·L-1), increased (C)
[Ca2+]i in 75 s as illustrated by the Fura-2; and (D) NO production in 24 h as measured by the Griess reagent. Bars represent the fold change
in the NO production over control. Data are mean � SD of three experiments. Asterisk (*) indicates a significant difference between control
and treatment groups (P � 0.05). [Ca2+]i, intracellular calcium ion concentration; DAPI, 2-(4-amidinophenyl)-6-indolecarbamidine dihydro-
chloride; Dex, dexamethasone; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; g-PPT, ginsenoside protopanaxatriol; GR, glucocorticoid
receptor; HUVECs, human umbilical vein endothelial cells; NO, nitric oxide; RT, reverse transcriptase.
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monal receptors may help explain the wide range of actions
of ginseng in the body and the historical reputation of
ginseng as a panacea.

Ligand-activated ERa and ERb function differently in
endothelial cells. In transgenic animals, ERa mediates both
the increase in basal NO production and vascular protective
effects (Brouchet et al., 2001; Hisamoto et al., 2001; Pendaries
et al., 2002; Bolego et al., 2005; Chambliss et al., 2005), while
ERb controls systemic blood pressure partly through favour-

able modulation of endothelial-independent vasodilation
(Zhu et al., 2002). Our findings showed that ERb had a higher
expression than ERa in HUVECs and played a major role in
regulating Ca2+ and NO levels in HUVECs (Figure 7). Although
these ginsenoside metabolites displayed a comparable affinity
for ERa in the in vitro binding assay (data not shown), trans-
fection with siRNA that targeted ERb produced the same
inhibitory effect as the ER specific antagonist ICI 182,780,
indicating a relatively small role for ERa in mediating the
actions of g-PPD and g-PPT. The present results showed that
the activation of ERb by g-PPD and g-PPT produced a rapid
synthesis of NO by endothelial cell which may be of thera-
peutic interest in the prevention and treatment of vascular
diseases associated with endothelial cell dysfunction.

We have recently reported that ginsenoside Re, a member of
the protopanaxatriol family, like g-PPT, specifically activates
GR and triggers increases in endothelial cell [Ca2+]i, an event
solely caused by influx of extracellular Ca2+ ions as removal of
extracellular Ca2+ ions abolishes this response (Leung et al.,
2007b). However, the mechanisms involved in the increased
[Ca2+]i in response to g-PPD and g-PPT may be more complex,
as a small increase in [Ca2+]i remained when endothelial
cells were tested in a Ca2+-free solution. The increase in [Ca2+]i

appeared to involve both extracellular and intracellular
sources based on the following observations: 2-APB, the non-
selective cation channel blocker, which inhibits Ca2+ influx
(Gregory et al., 2001) and thapsigargin, the endoplasmic
reticulum Ca2+-ATPase pump inhibitor, which depletes intra-
cellular Ca2+ stores (Sagara et al., 1992) caused partial inhibi-
tion of g-PPD- and g-PPT-stimulated increase in [Ca2+]i.
Although the actual reasons for such difference in the effect of
Re and ginsenoside metabolites on endothelial cell [Ca2+]i are
still unknown, our observations support the previous findings
by Brailoiu et al. (2007) that activation of G protein-coupled
ER augments [Ca2+]i, and that this response is partially inhib-
ited by removal of extracellular Ca2+ in central neurons.
Thus, it is possible that g-PPT and g-PPD may interact with
membrane-bound binding sites to release second messengers
that mobilize Ca2+ release from internal stores. The partial
inhibition of [Ca2+]i by 2-APB or thapsigargin parallels a partial
reduction in g-PPD- or g-PPT-induced NO production, sug-
gesting that NO production is likely to be a downstream
event, causally associated with the increased [Ca2+]i in endot-
helial cells when treated with these molecules.

Although ginsenosides have been widely used for thou-
sands of years and have shown strong health benefits for a
wide range of physiological ailments, there is surprisingly
little known about the molecular effects or biochemical
mechanisms of actions for these drugs. The rapid stimulatory
effects of g-PPD and g-PPT on [Ca2+]i and NO production that
we have shown here on human endothelial cells suggest a
potential value of ginsenosides and their metabolites as
angiotherapeutic agents.
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Figure 5 Glucocorticoid receptor (GR) antagonist or knockdown
blocks the actions of g-PPD and g-PPT on HUVECs. Treatment with
the GR antagonist, RU486 (10 mmol·L-1) or transfection with a siRNA
that silences GR, partially abolishes g-PPD (1 mmol·L-1)- and g-PPT
(1 mmol·L-1)-stimulated increases in (A) [Ca2+]i and (B) NO genera-
tion. DMSO is used here as a solvent control for RU486 and the
non-specific (NS)-siRNA, as a control for the siRNA transfection
studies. Data are a mean � SD of three experiments. Asterisk (*)
indicates a significant difference between control and treatment
groups (P < 0.05). [Ca2+]i, intracellular calcium ion concentration;
DMSO, dimethyl sulphoxide; g-PPD, ginsenoside protopanaxadiol;
g-PPT, ginsenoside protopanaxatriol; HUVECs, human umbilical vein
endothelial cells; NO, nitric oxide.
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Figure 6 Oestrogen receptor agonist, E2 (10 nmol·L-1), increased (A) [Ca2+]i in 75 s as illustrated by Fura-2; and (B) NO production in 24 h
as measured by the Griess reagent. Bars represent the fold change in the NO production over control. Data are mean � SD of three
experiments. Asterisk (*) indicates a significant difference between control and treatment groups (P � 0.05). [Ca2+]i, intracellular calcium ion
concentration; E2, 17b-estradiol; NO, nitric oxide.
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Figure 7 Both ERa and ERb are expressed in HUVECs as determined using (A) RT- and real time-PCR. There is approximately two fold more
ERb than ERa. (B) Triple fluorescence staining of ERa (red) and ERb (red), a-actin (green) and nuclei (DAPI, blue) in HUVECs. To examine the
activities of these ER isoforms, HUVECs were treated with the specific ERa agonist, PPT (100 nmol·L-1), and the specific ERb agonist, DPN
(100 nmol·L-1). DPN causes greater [Ca2+]i elevation (C); Western blot analysis of (D) eNOS phosphorylated at Ser-1177 (p-eNOS); (E)
summarized data of eNOS phosphorylation (p-eNOS, n = 3); (F) eNOS phosphorylation (p-eNOS); and (F) NO production when compared
with PPT, indicating that ERb plays a more dominant role in regulating the [Ca2+]i and NO levels in HUVECs. Data are mean � SD of three
experiments. Asterisk (*) indicates a significant difference between control and treatment groups (P � 0.05). DAPI, 2-(4-amidinophenyl)-6-
indolecarbamidine dihydrochloride; DPN, 2-diarylpropionitrile; eNOS, endothelial nitric oxide synthase; ER, oestrogen receptor; HUVECs,
human umbilical vein endothelial cells; PPT, propylpyrazole-triol; RT, reverse transcriptase.
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Figure 8 Oestrogen receptor (ER) antagonist and knockdown of ERb block the action of g-PPD and g-PPT on HUVECs. Treatment with the
ER antagonist, ICI 182,780 (ICI; 10 mmol·L-1), or transfection with a siRNA that silences the ERb, partially inhibits g-PPD (1 mmol·L-1)- and g-PPT
(1 mmol·L-1)-stimulated increases in (A) [Ca2+]i, Western blot analysis of (B) eNOS phosphorylated at Ser-1177 (p-eNOS); (C) summarized data
of eNOS phosphorylation (p-eNOS, n = 3); (D) NO generation. DMSO is used here as a solvent control for ICI 182,780 and the non-specific
(NS)-siRNA as a control for the siRNA transfection studies. Data are mean � SD of three experiments. Asterisk (*) indicates a significant
difference between control and treatment groups (P � 0.05). [Ca2+]i, intracellular calcium ion concentration; DMSO, dimethyl sulphoxide;
eNOS, endothelial nitric oxide synthase; g-PPD, ginsenoside protopanaxadiol; g-PPT, ginsenoside protopanaxatriol; HUVECs, human umbilical
vein endothelial cells.
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