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Ginsenoside Rb1 promotes PC12 cell cycle kinetics through an
adenylate cyclase–dependent protein kinase A pathway
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Abstract
Ginsenoside Rb1 (G-Rb1), a constituent of ginseng, bears various beneficial effects on
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neuroendocrine cells. Previous studies have indicated that G-Rb1 can enhance glutamate release in
undifferentiated and differentiated PC12 cells via the protein kinase A (PKA)–dependent signaling
pathway. We hypothesized that G-Rb1 stimulates rat adrenomedullary chromaffin cell line PC12
(PC12 cells) proliferation and mitosis by promoting the cell cycle at all regulatory points. This
mechanism is partly mediated via the adenylate cyclase–dependent PKA signaling pathway. In the
present study, we investigated the mechanism by which G-Rb1 promotes cell cycle kinetics from the
PC12 cells. The cell cycle kinetics of these cells were determined using flow cytometric DNA
analysis. Analysis of the PC12 cell cycle revealed that G-Rb1 may affect all phases of the cell cycle
and accelerate cell cycle kinetics by stimulating G0G1 phase transiting to S and G2M phases. The
cell cycle kinetics were decreased by coincubating with the adenylate cyclase inhibitor SQ22536.
Compared with the G-Rb1–treated group, the PKA inhibitor H89 produced a marked decrease in the
G-Rb1–stimulated cell cycle kinetics by inhibiting G0G1 phase from transiting to the S phase. These
results support the position that G-Rb1 exerts a stimulatory effect on cell cycle kinetics to promote
PC12 cell proliferation. The result also suggests that the division rate is mediated via the adenylate
cyclase–dependent PKA signaling pathway.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Ginseng is a well-known and popular herbal medicine
used worldwide. Purified ginsenoside Rb1 (G-Rb1), one of
the active ingredients of ginseng, plays a key role in
regulating neurotransmitter release in neuroendocrine cells
[1-4]. Significant improvements in learning and memory
have been observed in normal mice and in brain-damaged
and aged rats after administration of crude ginseng extract or
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G-Rb1 [5-8]. Rat adrenal–derived pheochromocytoma (PC)
12 cells are neurosecretory (dopamine, norepinephrine,
glutamate, and/or acetylcholine) and contain many mem-
brane-bound and cytosolic macromolecules associated with
neurons [3,9,10]. We used PC12 cells in this study because
these cells produce dopamine and have been used exten-
sively as model “dopaminergic” cell lines for the study of
Parkinson disease [11-14]. It has been shown that G-Rb1
promotes glutamate release in undifferentiated and differen-
tiated PC12 cells by increasing the phosphorylation of
synapsins (as regulators of neurotransmitter release) through
a 3′-5′-cyclic adenosine monophosphate (cAMP)–protein
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kinase A (PKA) pathway [3,4]. Therefore, we hypothesized
that the proliferative effect of G-Rb1 stimulates PC12 cell
mitosis by promoting the cell cycle at all regulatory points.
We also hypothesized that part of this mechanism is
mediated via the adenylate cyclase–dependent PKA signal-
ing pathway.

The measurement of DNA is one of the first and most
widespread applications of flow cytometry. The content of
DNA also gives information about cell cycles [15,16]. The
involvement of the adenylate-cyclase-dependent PKA path-
way in PC12 cell cycle kinetics induced by G-Rb1 is still
unclear. To test our hypothesis that G-Rb1 is stimulatory, the
specific objective was to determine whether the direct
stimulatory role of G-Rb1 on PC12 cell cycle kinetics was
accompanied by an increase in adenylate cyclase and PKA
enzyme activities. It has been shown that G-Rb1 can
influence activities of PKA, which may increase the release
of glutamate in neuroendocrine cells [3,4]. To the extent that
this occurs, it suggests that G-Rb1 may provide a nutritional
benefit for humans in the prevention of aging-related
disorders such as Parkinson disease or memory decline.
2. Methods and materials

2.1. Experimental design

Ginsenoside Rb1 (C54H92O23; molecular weight,
1109.29; purity, 97.5%) was isolated from the ginseng root
of Panax quinquefolius (American ginseng). The RPMI 1640
medium was obtained from HyClone (Logan, Utah). Fetal
bovine serum (FBS) was obtained from Invitrogen (Carlsbad,
Calif). Ginsenoside Rb1, SQ22536, H89, Hanks balanced
salt solution, penicillin, streptomycin, and L-glutamine were
purchased from Sigma Chemicals (St Louis, Mo). Collagen
IV protein was from Abcam (Cambridge, Mass). Flask
preparation was carried out using a Nunc cell scraper, which
spread the 125 μL collagen IV over the growing surface of
the 25-cm2 tissue culture flask (25T flask). It was allowed to
dry completely under sterile conditions before use.

2.2. PC12 cell culture

The PC12 rat pheochromocytoma cells were from Food
Industry Research and Development Institute (Culture
Collection and Research Center; CCRC60048). The PC12
cells used for culture were processed following a method
described by Kitazawa et al [10] in 2002 with minor
modification. The cells were cultured in RPMI 1640 medium
supplemented with 10% FBS, 100 IU/mL penicillin, 50 μg/
mL streptomycin, and 2 mmol/L L-glutamine and maintained
at 37°C in a 5% CO2 humidified atmosphere. The PC12 cells
were grown in 25-cm2 tissue culture flasks (Greiner Bio-One
Laboratory, Taipei, Taiwan) coated with collagen IV (5 μg/
cm2 25 T flasks). The medium was renewed every 2 days,
and the cells were subcultured once or twice a week when
they reached 70% to 80% confluence. The medium was
changed to RPMI 1640 and supplemented with 1% FBS
before treatment.

2.3. Cell cycle analysis

We determined the cell cycle profile of these cells by flow
cytometry using a FACSCalibur flow cytometer (Becton
Dickinson, San Jose, CA) [17-19]. After harvest of PC12
cells, DNA stain was processed by Cell Cycle Analysis Kit
(Gene Research Laboratory, Taipei, Taiwan). After harvest-
ing and washing, a 5 mL solution A (fix buffer, FC0031) was
added while vortexing. It was then kept at 4°C for 20 minutes
and spun at 300g to 400g for 5 minutes. The supernatant was
discarded gently, and the pellet was washed twice with 5 mL
solution B (10-fold wash buffer, FC0032) and mixed well.
The supernatant was discarded after spinning at 1200 rpm for
5 minutes. The pellet was then added to 1 mL of solution C
(propidium iodide and RNase, FC0033), mixed well,
incubated at 37°C for 10 minutes, and then spun at 300g
to 400g for 5 minutes. The supernatant was discarded gently.
The pellet was added to 1 mL of solution D (propidium
iodide, FC0034) and mixed well following incubation at 4°C
for 30 minutes. After incubation with the DNA stain, the
cells were analyzed on a FACSCalibur flow cytometer. The
percentage of cells in G0G1, S, and G2M phases can be
determined. Typical DNA analysis histograms obtained with
flow cytometry are shown in Fig. 1.

2.4. Statistical analyses

Data are presented as means ± SEM of 3 independent
experiments performed in duplicate. The treatment mean
values were tested for homogeneity by a 2-way analysis of
variance, and the difference between specific mean values
was tested for significance using Duncan multiple-range test
[20]. For single comparisons, the significance of differences
between mean was determined by Student t test. A difference
between 2 mean values was considered statistically signif-
icant if P was b .05.
3. Results

3.1. DNA analysis of histograms obtained with
flow cytometry

Flow cytometric analysis was used to determine the
percentages of cells in different phases (G0G1, S, and G2M)
of the cell cycle. Effects of the vehicle and G-Rb1 (10−9 and
10−6 mol/L) on PC12 cell cycle profile for 72 hours are
shown in Fig. 1.

3.2. Effects of G-Rb1 on PC12 cell cycle kinetics

Compared with vehicle-treated cells, the proportion of G-
Rb1 (10−7 and 10−6 mol/L)-treated cells in G0G1 decreased
at an average of 27.5% to 35.3% and 32.3% to 36.1%.
Moreover, there was a concomitant increase in the
proportion of cells in S and G2M phase after 48 and 72
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Fig. 2. Quantitative analysis of G-Rb1 (10−9∼10−6 mol/L) on PC12 cell cycle kinetics (G0G1, S, and G2M phase) by flow cytometry for 8, 24, 48, and 72 hours.
Each point represents the mean of 3 independent experiments performed in duplicate (n = 6), and error bars indicate the SEM. The cell numbers in different
phases (G0G1, S, and G2M) of the cell cycle were expressed as relative percentage. ⁎P b .05 or ⁎⁎P b .01 as compared with the vehicle-treated group,
respectively. +P b .05 or ++P b .01 as compared with the 8-hour–treated group, respectively.
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hours (P b .05 and P b .01; Fig. 2). Flow cytometric analysis
showed G-Rb1–treated PC12 cells leaving the resting phase
(G0G1) and undergoing DNA replication and mitosis.

In the time course experiments, PC12 cells were cultured
in the vehicle or presence of G-Rb1 for 8, 24, 48, and 72
hours. Compared with 8 hours, the gradual time-dependent
elevation in the percentage of either the vehicle or G-Rb1
(10−9∼10−6 mol/L)-treated PC12 cells in the S phase was
reflected by a decrease in the percentage of cells in the
resting G0G1 phase at 48 and 72 hours (P b .05 and P b .01;
Fig. 2, upper and middle panels). However, the fraction of
PC12 cells in the G2M phase showed significant time-
dependent difference only with higher concentrations of G-
Rb1 (10−7 and 10−6 mol/L)-treated cells for 48 and 72 hours,
as compared with 8 hours (Fig. 2, lower panel).
3.3. Effects of SQ22536 on G-Rb1–stimulated PC12 cell
cycle kinetics

Flow cytometric analysis showed that adenylate cyclase
inhibitor SQ22536 (10−4 and 10−3 mol/L) produced a
marked decrease in the G-Rb1 (10−7 mol/L)-stimulated cell
cycle kinetics by inhibiting the G0G1 phase from transiting
to the S phase (P b .01; Fig. 3).

Compared with 8 hours, the gradual time-dependent
elevations in the percentage of either G-Rb1 (10−7 mol/L)-
Fig. 1. Effect of vehicle or G-Rb1 in PC12 cell cycle profile as determined by flow
flow cytometer equipped with a 488-nm single laser. The results were analyzed w
examples are PC12 cells exposed to vehicle or G-Rb1. A, Vehicle-treated group. B
or G-Rb1 plus SQ22536 (10−5 mol/L)–treated PC12 cells in
the S and G2M phases were reflected by a decrease in the
percentage of cells in the resting G0G1 phase at 48 and
72 hours (P b .01; Fig. 3). However, there were no
time differences in the percentages of G-Rb1 plus SQ22536
(10−4 and 10−3 mol/L)–treated PC12 cells in the S and
G2M phases at 24, 48, and 72 hours, compared with
8 hours (Fig. 3).
3.4. Effects of H89 on G-Rb1–stimulated PC12 cell
cycle kinetics

To examine the effects of H89 on G-Rb1–stimulated
PC12 cell proliferation, we examined cell cycle kinetics in
PC12 cells after various treatments. H89 (10−5∼10−3 mol/L)
plus G-Rb1 (10−7 mol/L) decreases the proportion of cells in
the S and G2M phase at 24, 48 and 72 hours. We also
observed a concomitant increase in the proportion of cells in
the G0G1 phase, compared with the G-Rb1–treated cells
(P b .05 and P b .01; Fig. 4). Flow cytometric analysis
showed the PKA inhibitor H89 produced a marked decrease
in G-Rb1–stimulated cell cycle kinetics by inhibiting the
G0G1 phase from transiting to the S and G2M phases.

The gradual time-dependent elevation in the percentage
of either G-Rb1 (10−7 mol/L)- or G-Rb1 plus H89 (10−5 mol/
L)–treated PC12 cells in the S and G2M phases was reflected
cytometric assay. These labeled cells were measured on a standard FACScan
ith Multicycle DNA analysis software (Mac OS9, Cupertino, Calif). The 3
and C, PC12 cells exposed to G-Rb1 (10−9 and 10−6 mol/L) for 72 hours.
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Fig. 3. Quantitative analysis of SQ22536 (10−5∼10−3 mol/L) on G-Rb1
(10−7 mol/L)-stimulated PC12 cell cycle kinetics (G0G1, S, and G2M phase)
by flow cytometry for 8, 24, 48, and 72 hours. Each point represents the
mean of 3 independent experiments performed in duplicate (n = 6), and error
bars indicate the SEM. The cell numbers in different phases (G0G1, S, and
G2M) of the cell cycle were expressed as relative percentage. ⁎⁎P b .01 as
compared with the G-Rb1 (10−7 mol/L)-treated group. ++P b .01 as
compared with the 8-hour–treated group.
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by a decrease in the percentage of cells in the resting G0G1
phase at 48 and 72 hours (P b .01; Fig. 4). Compared with
8 hours, there were no time difference in the percentage of G-
Rb1 plus H89 (10−4 and 10−3 mol/L)–treated PC12 cells in
the S and G2M phases at 24, 48, and 72 hours (Fig. 4).
Fig. 4. Quantitative analysis of H89 (10−5∼10−3 mol/L) on G-Rb1 (10−7

mol/L)-stimulated PC12 cell cycle kinetics (G0G1, S, and G2M phase) by
flow cytometry for 8, 24, 48, and 72 hours. Each point represents the mean
of 3 independent experiments performed in duplicate (n = 6), and error bars
indicate the SEM. The cell numbers in different phases (G0G1, S, and G2M)
of the cell cycle were expressed as relative percentage. ⁎P b .05 or ⁎⁎P b .01
as compared with the G-Rb1 (10−7 mol/L)-treated group, respectively. ++P b
.01 as compared with the 8-hour–treated group.
4. Discussion

Parkinson disease is characterized by selective loss of
dopaminergic neurons in the substantia nigra of the brain
[10,21]. PC12 cells produce dopamine and have been used
extensively as model “dopaminergic” cell lines for the study
of Parkinson disease [10-14]. Here, we used PC12 cells to
investigate mechanisms for dopaminergic cell cycle kinetics
induced by G-Rb1. The ginsenosides (Rb1 and Rg1), a key
family of components of Radix ginseng, are neuroprotective,
are antiamnesic, and cause improvement in learning and
memory [8,22-25]. Glutamate is a major excitatory neuro-
transmitter in the mammalian nervous system and plays an
important role in many physiologic functions including
learning, memory, and brain development [26,27]. Ginseno-
side Rb1 promotes glutamate release in PC12 cells by
modulating phosphorylation of synapsins through a cAMP-
dependent PKA pathway [3,4]. We hypothesized that G-Rb1
stimulates the proliferation and mitosis of PC12 cells by
promoting the cell cycle at all regulatory points. Moreover,
part of this mechanism is mediated via the adenylate
cyclase–dependent PKA signaling pathway.

The cell cycle in its simplest form involves the cell
transiting from resting phase or differentiated function (G0)
through proliferative protein synthesis (G1), DNA synthesis
(S), preparatory phase for mitosis (G2), and mitosis (M)
phases [15]. In the present study, we used multiparameter
flow cytometric analysis as a quantitative and qualitative
method to examine the changes in relative cell number and
specific changes within the cell cycle.

In this study, we found that G-Rb1 produced the most
powerful enhancement of the proliferation rate of PC12 cells
(data not shown). Based on this finding, we suspected a
direct effect of G-Rb1 on the cell cycle. In the next step, we
analyzed cell cycle distribution of G-Rb1–treated and
untreated cells. Maximal DNA synthesis was seen at
48 and 72 hours after both vehicle and G-Rb1 (10−9∼10−6

mol/L) treatment (Fig. 2, middle panel). The higher dose of
G-Rb1 (10−7 and 10−6 mol/L) induced an increase in the
percentage of S and G2M cells and a corresponding decrease
in the G0G1 phase in PC12 cells at 48 and 72 hours. Flow
cytometric assay confirms that G-Rb1 increases PC12 cell
cycle kinetics in a dose-dependent manner.

image of Fig. 4
image of Fig. 3
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It has been indicated that PKA and extracellular signal–
regulated kinase play a key role in KCl- and forskolin (an
adenylate cyclase activator)-induced neuronal differentiation
of PC12 cells by integration of signals from both pathways
[28]. The inflammatory mediator interleukin-1α stimulates
dopamine release from PC12 cells by activating PKA [29].
We found that the stimulatory effects of G-Rb1 on cell cycle
kinetics in PC12 cells were attenuated by the administration
of adenylate cyclase inhibitor SQ22536. The PKA inhibitor
H89 produced a marked decrease in the G-Rb1–stimulated
cell cycle kinetics by inhibiting the G0G1 phase from
transiting to the S phase. It has been shown that G-Rb1 may
bind to its receptors to enhance the cAMP activity and then
increase neurotransmitter release by up-regulating the
phosphorylation of synapsins via the PKA pathway
[3,4,30]. These results suggest that G-Rb1 stimulates PC12
cell proliferation and mitosis by promoting the cell cycle at
all regulatory points. Moreover, part of this mechanism is
mediated via the adenylate cyclase–dependent PKA signal-
ing pathway.

Ginsenoside Rb1 plays a major role in exerting these
effects on the central nervous system [31], such as modu-
lation of neurotransmitters, learning, and memory [4,23,25].
It is believed that the medicinal herbs of ginseng have
antiaging properties [32]. Recent studies have shown that
ginseng is effective in the prevention or intervention of aging-
associated neurologic disorders, such as Parkinson disease
or Alzheimer disease [6-8,32]. These findings suggest that
G-Rb1 may effect all phases of cell cycle and stimulate PC12
cell proliferation by stimulating transiting of the G0G1 phase
to the S and G2M phases. The results demonstrate that G-Rb1
exerts a proliferative effect in the PC12 cell. This is in part due
to the increase of adenylate cyclase and PKA enzyme
activities and the stimulation of cell division rates.

Our results support our hypothesis. Ginsenoside Rb1 may
provide a nutritional benefit for humans with prevention of
aging-related disorders such as Parkinson disease or memory
decline; however, specific studies must be conducted. The
limitation of this study the inability to define whether the
observed cell cycle changes are due to the effects of G-Rb1
on signal transduction pathways (eg, calcium) or on specific
cell cycle–related proteins.
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