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Abstract: Ginsenosides play a role in a number of physiological and pharmacological functions in the gastrointestinal tract.
The aim of this study was to clarify the potential role for transient receptor potential melastatin 7 (TRPM7) channels in ginse-
noside Rg3-inhibited growth and survival of AGS cells, the most common human gastric adenocarcinoma cell line. The AGS
cells were treated with varying concentrations of Rg3. Sub-G1 analysis, caspase-3 activity and poly(ADP-ribose) polymerase
(PARP) cleavage analysis were conducted to determine whether AGS cell death occurs by apoptosis. TRPM7 channel blockers
(La3+ or 2-APB) and small interfering RNA (siRNA) were used in this study to confirm the role of TRPM7 channels. Fur-
thermore, TRPM7 channels were over-expressed in human embryonic kidney (HEK) 293 cells to identify the role of TRPM7
channels in AGS cell growth and survival. The addition of Rg3 to the culture medium inhibited AGS growth and survival.
Experimental results showed sub-G1 was markedly increased, caspase-3 activity was elevated, and degree of PARP cleavage
was increased. TRPM7 channel blockade, either by La3+ or 2-APB or by suppressing TRPM7 expression with siRNA,
blocked the Rg3-induced inhibition of cell growth and survival. Furthermore, TRPM7 channel over-expression in HEK 293
cells exacerbated Rg3-induced cell death. These findings indicate that ginsenoside Rg3 inhibits the growth and survival of gas-
tric cancer cell which is because of the blockade of TRPM7 channel activity. Therefore, TRPM7 channels may play an impor-
tant role in the survival of gastric cancer.

Ginseng, the root of Panax ginseng C. A. Meyer (Aralia-
ceae), is a well-known folk medicine that has been used as a
tonic agent. The molecular components primarily responsi-
ble for the mechanism of action of ginseng are ginsenosides,
also known as ginseng saponins. Ginsenosides are derivatives
of triterpenoid dammarane and consist of 30 carbon atoms
[1]. Ginsenosides have a four-ring, steroid-like structure and
attached sugar moieties. About 30 different ginsenosides
have been isolated and identified from the P. ginseng root [2].
In a study that used purified compounds of ginsenosides,
ginsenosides Rb1 and Rg3 were observed to exert a number
of biological activities that affected central and peripheral
nervous systems as well as cardiovascular and immune sys-
tems [3–7]. A common belief in Korea is that ginseng may
augment conventional cancer treatments; it is frequently used
as a complementary cancer drug after operation [8]. Panax
ginseng extracts exhibit anticarcinogenic activity, like inhibit-
ing tumour angiogenesis and metastasis [9–11] and inducing
tumour cell apoptosis [12]. Another study has shown that a

P. ginseng extract activates multiple immunostimulation
effector pathways for anti-tumour activity [13].

Gastric cancer is a leading cause of cancer-related mortal-
ity in Korea. In previous studies, we suggested that human
gastric adenocarcinoma cells express the transient receptor
potential melastatin 7 (TRPM7) channel, which is essential
for cell survival and is a potential target for pharmacological
gastric cancer treatment [14]. TRPM7 is a member of the
large TRP channel superfamily that is expressed in nearly
every tissue and cell type [15–17]. Many reports suggest that
activated TRPM7 channels contribute to a number of physi-
ological and pathophysiological processes [18–20]. However,
the role of the TRPM7 channel in the survival of gastric can-
cer cells after incubation with Rg3 is unknown.

In this study, we examined the potential role of TRPM7
channels in Rg3-inhibited growth and survival of AGS cells,
the most common human gastric adenocarcinoma cell line.
Our data suggest that TRPM7 channels play an important
role in the survival of these tumour cells.

Materials and Methods

Materials. The ginsenoside Rg3 was provided by the AMBO Insti-
tute (Seoul, Korea) with a purity of about 95%. The remaining
agents were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Cells. The AGS cell line, the most common human gastric adeno-
carcinoma cell line, was used. AGS cell line was established at the
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University, Korea. The cell line was propagated in RPMI-1640 med-
ium (Gibco-BRL, Grand Island, NY, USA) supplemented with 10%
heat-inactivated foetal bovine serum and 20 lg ⁄ mL penicillin and
streptomycin in an atmosphere of 5% CO2 at 37�C.

Patch-clamp experiments. Whole-cell configuration of the patch-
clamp technique experiments was performed at room temperature
(22–25�C). The AGS cells were transferred to a small chamber on an
inverted microscope stage (IX70; Olympus, Tokyo, Japan) and were
constantly perfused with a solution containing (mM) KCl 2.8, NaCl
145, CaCl2 2, glucose 10, MgCl2 1.2, and N-(2-hydroxyethyl)pipera-
zine-N'-(2-ethanesulfonic acid) (HEPES) 10, adjusted to pH 7.4
with NaOH. The pipette solution contained (mM) Cs-glutamate
145, NaCl 8, Cs-2-bis(2-aminophenoxy)-ethane-N,N,N¢,N¢-tetraacetic
acid 10, and HEPES-CsOH 10, adjusted to pH 7.2 with CsOH.
Axopatch I-D (Axon Instruments, Foster City, CA, USA) was used
to amplify membrane currents and potentials. For data acquisition
and the application of command pulses, PCLAMP software v.9.2 and
DIGIDATA 1322A (Axon Instruments) were used. Results were analy-
sed using PCLAMP and ORIGIN software (Microcal Origin version 6.0).

TRPM7 expression in human embryonic kidney (HEK) 293
cells. Human embryonic kidney-293 cells were transfected with the
Flag-murine LTRPC7 ⁄ pCDNA4-TO construct and grown on glass
coverslips in Dulbecco’s modified Eagle medium supplemented with
10% foetal bovine serum, blasticidin (5 lg ⁄ mL) and zeocin
(0.4 mg ⁄ mL). TRPM7 (LTRPC7) expression was induced by adding
1 lg ⁄ mL tetracycline to the culture medium. Whole-cell patch-clamp
experiments were performed at 21–25�C with cells that were grown
on glass coverslips.

Sodium dodecyl sulphate–polyacrylamide gel electrophoresis and
western blotting. Western blot was performed using the AGS cell ly-
sates. Proteins were separated by sodium dodecyl sulphate–polyacryl-
amide gel electrophoresis by using 8% polyacrylamide gels,
transferred to a polyvinylidene difluoride membrane and quantified
by incubation with anti-poly(ADP-ribose) polymerase (PARP)
(1:500) antibodies. All procedures used standard methods.

RNA interference. All the synthetic siRNA sequences were designed
by Qiagen with the BIOPREDsi algorithm licensed from Novartis.
All siRNA target sequences that were used to silence the TRPM7
gene (GenBank accession number NM_017672) and in other experi-
mental procedures were identical to those used in a previous study
[14].

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
assay. Cell viability was assessed by MTT assay. The AGS cells were
seeded into each well of 12-well culture plates and then cultured in
RPMI-1640 supplemented with other reagents for 72 hr. After incu-
bation, 100 lL of MTT solution [5 mg ⁄ mL in phosphate-buffered
saline, (PBS)] was added to each well, and the plates were incubated
at 37�C for 4 hr. After removing the supernatant and shaking with
200 lL of dimethyl sulfoxide (Jersey Lab Supply, Livingston, NJ,
USA) for 30 min., absorbance was measured at 570 nm. All experi-
ments were repeated at least three times.

Flow cytometric analysis. To investigate whether the cell cycle of
AGS cells was redistributed, flow cytometric analysis was used with
propidium iodine (PI) stain [21,22]. A total of 1 · 106 cells were
placed in an e-tube. A volume of 700 lL of ice-cold fixation buffer
(ethyl alcohol) was slowly added with vortexing. Tubes were sealed
with parafilm and incubated at 4�C overnight. Samples were spun
for 3 min. at 106 · g at 4�C, and the supernatant was aspirated and
discarded. The cell pellet was resuspended by 200 lL of PI staining
solution [PI (5 mg ⁄ mL) 2 lL and RNase 2 lL in PBS 196 lL] at
20,817 · g for 5 sec. After 30 min. in the dark at room temperature,
samples were analysed in a fluorescence-activated cell sorter (FAC-
Scan; Becton-Dickinson, Moutain View, CA, USA) at k = 488 nm

using CELL-QUEST software (Becton-Dickinson). The DNA content
distribution of normal growing cells is characterized by two peaks:
the G1 ⁄ G0 and G2 ⁄ M phases. The G1 ⁄ G0 phase comprises the nor-
mal functioning and resting state of the cell cycle with the most dip-
loid DNA content, while the DNA content in the G2 ⁄ M phase is
more than diploid. Cells in the sub-G1 phase have the least DNA
content in cell-cycle distribution; this is termed hypodiploid. The
hypoploid DNA contents represent the DNA fragmentation [23].

Caspase-3 assay. Caspase-3 assay kits (Cellular Activity Assay Kit
Plus) were purchased from BioMol (Plymouth, PA, USA). After
experimental treatment, cells were centrifuged (10,000 · g, 4�C,
10 min.) and washed with PBS. Cells were resuspended in ice-cold
cell lysis buffer and incubated on ice for 10 min. Samples were centri-
fuged at 10,000 · g (4�C, 10 min.), and the supernatant was
removed. Supernatant samples (10 lL) were incubated with 50 lL of
substrate (400-lM Ac-DEVD-pNA) in 40 lL of assay buffer at
37�C. Absorbance at 405 nm was read at several time-points. pNA
concentration in samples was extrapolated from a standard created
with absorbances of sequential pNA concentrations.

Statistical analysis. Data are expressed as mean € S.E.M. Differ-
ences between the data were evaluated by Student’s t-test. A p-value
of 0.05 was taken to indicate a statistically significant difference.

Results

Inhibition of cell survival by Rg3.
We investigated Rg3 influence on the survival of AGS cells.
After incubation for 24 hr with 100, 200, 300, 400 or
500 lM Rg3 in the culture medium, AGS cell survival was
inhibited by 0.1 € 0.1%, 1.1 € 0.2%, 9.2 € 1.3%, 16.3 €
3.1% or 23.2 € 3.3%, respectively, in the MTT assay (n = 5;
fig. 1A). After incubation for 48 hr with 100, 200, 300, 400,
or 500 lM Rg3 in the culture medium, AGS cell survival
was inhibited by 0.1 € 0.1%, 5.1 € 1.2%, 17.3 € 3.3%,
19.4 € 4.2% or 47.5 € 5.3%, respectively, in the MTT assay
(n = 5; fig. 1B). After a 72-hr incubation with 100, 200, 300,
400 or 500 lM Rg3 in the culture medium, AGS cell survival
was inhibited by 0.3 € 0.1%, 6.1 € 1.2%, 35.2 € 1.5%,
61.3 € 2.1% or 73.2 € 1.3% in MTT assay (n = 5; fig. 1C).
These results suggested that Rg3 plays an important role in
the survival of AGS cells.

Inhibition of cell survival by Rg3 leads to increased apoptosis.
To determine whether AGS cell death occurs by apoptosis,
we conducted sub-G1 analysis and used a method involving
specific proteolytic cleavage of the DNA repair enzyme,
PARP [24,25]. In this protocol, cells were incubated with
Rg3 and stained with a fluorescent DNA stain (PI). The
action of endogenous endonucleases in apoptotic cells cleaves
DNA into endonucleosomal fragments of typical size, which
are extracted from the cells. The loss of DNA is detected by
FACS analysis, as the reduced nuclear staining in apoptotic
cells, which results in a novel (sub-G1) fluorescence peak to
the left of the regular fluorescence peak. Rg3 induced an
increase in sub-G1 levels to 20.8 € 1.5% with 300 lM Rg3,
32.8 € 3.5% with 400 lM Rg3, and 42.2 € 1.5% with
500 lM Rg3 (n = 5; fig. 2A). Caspase-3 activation is one of
the hallmarks of apoptotic cell death. We also measured the
enzyme activity in AGS cells after Rg3 incubation. Using a
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synthetic substrate, we detected the caspase-3 activity in
AGS cells to be 11.2 € 0.8 nmol pNA per min. ⁄ lg protein.
After incubation for 72 hr with Rg3, AGS cells exhibited
elevated caspase-3 activity to 17.6 € 1.4 nmol pNA per
min. ⁄ lg protein with 300 lM Rg3, 30.2 € 1.5 nmol pNA

per min. ⁄lg protein with 400 lM Rg3 and 39.2 € 1.9 nmol
pNA per min. ⁄ lg protein with 500 lM Rg3 (p < 0.01,
n = 5; fig. 2B). To confirm apoptosis, we used a positive con-
trol, paclitaxol, which is an anticancer drug. Paclitaxol
induced increases in the sub-G1 level and caspase-3 activity.
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Fig. 1. Effects of Rg3 on AGS cell viability. (A) MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]-based viability assay. AGS
cells were treated with increasing concentrations of Rg3 for 24 hr. (B) MTT-based viability assay. AGS cells were treated with increasing concen-
trations of Rg3 for 48 hr. (C) MTT-based viability assay. AGS cells were treated with increasing concentrations of Rg3 for 72 hr. Changes in cell
viability were observed by performing the MTT assay. A significant reduction in cell viability was observed after application of 300, 400 or
500 lM Rg3. CTRL: AGS cells. *p < 0.05. **p < 0.01.

0

10

20

30

40

50

%
 C

el
ls

 in
 s

ub
-G

1 
pe

ak

CTRL100 μM 200 μM300 μM 400 μM 500 μM

**
**

**

A

Rg3
Paclitaxol

0

10

20

30

40

50

Sp
ec

ifi
c 

ac
tiv

ity
(p

m
ol

 p
N

A
/m

in
/μ

g 
of

 p
ro

te
in

)B

CTRL 100 μM200 μM300 μM400 μM500 μM

Rg3

Paclitaxol

**

**

**

116 kDa

85 kDa

PARP

Cleavage 
fragment

GAPDH

C
300 μM 400 μM 500 μM

Rg3

Fig. 2. Inhibition of cell survival by Rg3 leads to increased apoptosis. (A) Sub-G1 peak measured by using FACScan. Quantitative data of three
independent experiments. (B) Caspase-3 activity measured by performing enzyme assays. The specific activity was obtained from three samples
per group. (C) A representative western blot of incubated cells with anti-poly (ADP-ribose) polymerase (PARP) antibody. Cells incubated with
Rg3 represent increased PARP cleavage. Glyceraldhyde-3-phosphate dehydrogenase was used as an internal control. Paclitaxel was used as posi-
tive control. CTRL: AGS cells. **p < 0.01.

RG3 AND TRANSIENT RECEPTOR POTENTIAL MELASTATIN 7 235

� 2011 The Authors
Basic & Clinical Pharmacology & Toxicology � 2011 Nordic Pharmacological Society. Basic & Clinical Pharmacology & Toxicology, 109, 233–239



We further characterized the changes in caspase-3 activity by
western blot analysis of its natural substrate, PARP, which
has been shown to function as a cellular target of caspase-3
and other caspases. During apoptosis, PARP is proteolyti-
cally cleaved from a 116-kDa-intact form into 85 and
25 kDa fragments. After incubation with Rg3 for 72 hr,
AGS cells showed increased PARP cleavage (fig. 2C).

Inhibition of cell death by TRPM7 blockade.
It has been proposed that TRPM7 is required for cell sur-
vival, on the basis of experiments in genetically engineered
DT-40 B-cells [16]. Furthermore, Wykes et al. [26] sug-
gested that TRPM7 is critical to human mast cell survival.
We recently suggested, as in previous reports, that AGS
cells express the TRPM7 channel and suppression of the
TRPM7 channel induces cell death [14]. Therefore, we
investigated the influence of TRPM7 channels on the sur-
vival of AGS cells after they were incubated with Rg3 for
72 hr. Firstly, we tested the effect of 2-APB, a non-specific

TRPM7 channel inhibitor, on AGS cell survivals. The addi-
tion of 100 lM 2-APB in the culture medium inhibited the
death of AGS cells by 45.3 € 1.9% in the MTT assay
(n = 5; fig. 3A). Similar to 2-APB, La3+ also inhibited the
death of AGS cells (n = 5; fig. 3A). We performed whole-
cell voltage-clamp recordings to investigate the effect of
Rg3 in TRPM7-like current in AGS cell. A voltage ramp
with voltage ranging from +100 mV to )100 mV evoked
small inward currents at negative potentials, whereas larger
outward currents were evoked at positive potentials, show-
ing outward-rectifying cation currents (n = 10; fig. 3B). In
the presence of 500 lM Rg3, the amplitude of the currents
was inhibited outwardly by 36.1 € 2.5% and inwardly by
4.2 € 1.9% (n = 7; fig. 3B).

Effects of RNAi on AGS cells.
We used RNA interference (RNAi) to determine whether the
TRPM7 channel was actually important to cell viability after
incubation with Rg3. To prevent non-specific effects of the
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siRNA sequence used here, we generated three types of
21-nucleotide siRNA that targeted human TRPM7 specifi-
cally, TRPM7siRNA1, TRPM7siRNA2 and TRPM7siR-
NA3 [14]. In our previous report, we studied the effects of
these TRPM7siRNA sequences in AGS cells. Only the
TRPM7siRNA3 sequence silenced TRPM7 protein expres-
sion by 70–80% without reducing glyceraldhyde-3-phosphate
dehydrogenase expression [14]. We used the TRPM7siRNA3
sequence in this experiment. After cell incubation with Rg3
and transfection with TRPM7siRNA3, viability increased
from 27.3 € 2.1% to 59.5 € 2.3% in the MTT assay
(p < 0.01, n = 5; fig. 4A). To provide additional evidence
that supports the contribution of the TRPM7 channel to
Rg3 toxicity, we investigated changing expression levels of
TRPM7 channel and its influences on Rg3-mediated cell
death. We used HEK293 cells with inducible TRPM7 chan-
nel expression [16,19]. In the absence of induced TRPM7
channel expression [TRPM7()) cells, Tet())], HEK293 cells
incubation with Rg3 induced cell death in the MTT assay
(n = 5; fig. 4B). However, when TRPM7 channel over-
expression was induced by adding tetracycline [TRPM7(+)
cells, Tet(+)], HEK293 cells incubation with Rg3 induced cell
death at an increased rate in the MTT assay, which suggests
that increased expression of TRPM7 channels leads to
increased rate of Rg3-induced cell death. Taken together, our
data suggest that TRPM7 channels play important roles in
the survival of AGS cells.

Discussion

Ion channels play an important role in a wide variety of
biological processes. In addition to supporting these life-
supporting activities, ion channels are associated with sev-
eral diseases [21,22]. Ion channels are crucial to tumour
development and cancer growth. Epithelial cells change
from normal to cancerous while a series of genetic altera-
tions occur, which may also affect ion channel expression
or cause changes in ion channel activity [27]. Voltage-gated
potassium ion channels are over-expressed in colon cancer
[28], and voltage-gated sodium ion channels are involved
in the growth of prostate cancer [29]. Volume-regulated
Cl) channels were observed in a human prostate cancer
cell line and in lung cancer cells [30,31]. TRP proteins
have diverse functional properties and have profound
effects on a number of physiological and pathological con-
ditions. TRPV6 is involved in prostate adenocarcinoma
and is a promising target for new therapeutic strategies to
advanced prostate cancer [32]. TRPM1 appears to be a
prognostic marker for melanoma metastasis in human
cutaneous melanoma [33]. In addition, the TRPM8 chan-
nel protein has been used as a prostate-specific marker; the
loss of TRPM8 is considered a sign of poor prognosis
[34,35]. TRPM7 is endogenously expressed in a wide vari-
ety of tissues, including brain, hematopoietic tissues [36],
kidney and heart [17,37,38]. The TRPM7 cation channel
supports multiple cellular and physiological functions,
including cellular Mg2+ homoeostasis [20,39], cell viability

and growth [16,39,40], anoxic neuronal cell death [41],
synaptic transmission [42], cell adhesion [43] and intestinal
pacemaking [44]. Wykes et al. [26] suggested that TRPM7
channels are critical to human mast cell survival. Jiang
et al. [19] suggested that activation of TRPM7 channels is
involved in the growth and proliferation of human head
and neck carcinoma cells. Abed et al. [45] proposed the
importance of TRPM7 in human osteoblast-like cell prolif-
eration. Guilbert et al. [46] suggested that TRPM7 is
required for breast cancer cell proliferation. As in previous
studies, we suggested that TRPM7 channels play an
important role in the growth and survival of gastric cancer
cells [14]. In line with these studies, our studies show that
ginsenoside Rg3 induces apoptosis in human gastric ade-
nocarcinoma cells and may be because of the blockade of
TRPM7 channel activity.

Ginsenosides, the active ingredients in P. ginseng, have
been used widely as invigorating agents, and many reports
describe a variety of physiological or pharmacological effects
in various regions [47]. However, only a few reports have
described the effects of ginsenosides on gastric cancer. In a
previous report, evidence indicated that TRPM7 channel
activation influences the growth and survival of human gas-
tric adenocarcinoma cells [14].

An anti-cancer compound isolated from P. ginseng has an
effect on human pancreatic tumours [48]. Ginsenoside Rh2
induces apoptosis and paraptosis-like cell death in colorectal
cancer cells by activation of p53 [49]. Ginsenoside Rg3 inhib-
its colorectal tumour growth by down-regulation of Wnt ⁄
ß-catenin signalling [50]. These anti-cancer ginsenosides
provide reason for further development of this compound as
a chemotherapeutic agent.

In summary, we have shown that ginsenoside Rg3 induces
apoptosis in human gastric adenocarcinoma cells, which is,
at least partially, attributable to the blockade of TRPM7
channel activity.

Conclusion

Ginsenoside Rg3 inhibited the growth and survival of AGS
cells. Sub-G1 analysis was markedly increased, caspase-3
activity was elevated, and degree of PARP cleavage was
increased. Blockade of TRPM7 channels by La3+ or 2-APB
or suppression of TRPM7 expression by siRNA blocks Rg3
induced inhibition of cell growth and survival. Furthermore,
over-expression of TRPM7 channels in HEK 293 cells
increases the rate of Rg3-induced cell death. These findings
indicate that ginsenoside Rg3 inhibits the growth and sur-
vival of gastric cancer, and that the Rg3-induced apoptosis is
because of the blockade of TRPM7 channel activity. There-
fore, TRPM7 channels may play an important role in sur-
vival in cases of gastric cancer.

Acknowledgements
The Creative Research Initiative Center for Bio-Artificial

Muscle of the Ministry of Education, Science and Technol-
ogy in Korea is acknowledged.

RG3 AND TRANSIENT RECEPTOR POTENTIAL MELASTATIN 7 237

� 2011 The Authors
Basic & Clinical Pharmacology & Toxicology � 2011 Nordic Pharmacological Society. Basic & Clinical Pharmacology & Toxicology, 109, 233–239



References

1 Nah SY. Ginseng: recent advances and trends. Korean J Ginseng
Sci 1997;21:1–12.

2 Kim HS, Parajuli SP, Yeum CH, Park JS, Jeong HS, So I et al.
Effects of ginseng total saponins on pacemaker currents of inter-
stitial cells of Cajal from the small intestine of mice. Biol Pharm
Bull 2007;30:2037–42.

3 Saito H, Tsuchiya M, Naka S, Takagi K. Effects of Panax Gin-
seng root on conditioned avoidance response in rats. J Pharmacol
Soc 1977;27:509–16.

4 Chen X. Cardiovascular protection by ginsenosides and their
nitric oxide releasing action. Clin Exp Pharmacol Physiol
1996;2:728–32.

5 Gillis CN. Panax ginseng pharmacology: a nitric oxide link?. Bio-
chem Pharmacol 1997;54:1–8.

6 Kim YC, Kim SR, Markelonis GJ, Oh TH. Ginsenosides Rb1
and Rg3 protect cultured rat cortical cells from glutamate induced
neurodegeneration. J Neurosci Res 1998;53:426–32.

7 Kim S, Nah SY, Rhim H. Neuroprotective effects of ginseng
saponins against L-type Ca2+ channel-mediated cell death in rat
cortical neurons. Biochem Biophys Res Commun 2008;365:399–
405.

8 Suh SO, Kroh M, Kim NR, Joh YG, Cho MY. Effects of red gin-
seng upon postoperative immunity and survival in patients with
stage III gastric cancer. Am J Chin Med 2002;30:483–94.

9 Mochizuki M, Yoo YC, Matsuzawa K, Sato K, Saiki I, Tono-oka
S et al. Inhibitory effect of tumor metastasis in mice by saponins,
ginsenoside-Rb2, 20(R)- and 20(S)-ginsenoside-Rg3, of red gin-
seng. Biol Pharm Bull 1995;18:1197–202.

10 Sato K, Mochizuki M, Saiki I, Yoo YC, Samukawa K, Azuma I.
Inhibition of tumor angiogenesis and metastasis by a saponin of
Panax ginseng, ginsenoside-Rb2. Biol Pharma Bull 1995;17:635–9.

11 Xiaoguang C, Hongyan L, Xiaohong L, Zhaodi F, Yan L, Lihua
T et al. Cancer chemopreventive and therapeutic activities of red
ginseng. J Ethnopharmacol 1998;60:71–8.

12 Wakabayashi C, Murakami K, Hasegawa H, Murata J, Saiki I.
An intestinal bacterial metabolite of ginseng protopannaxadiol
saponins has the ability to induce apoptosis in tumor cells. Biol
Pharm Bull 1998;246:725–30.

13 Lee YS, Chung IS, Lee IR, Kim KH, Hong WS, Yun YS. Activa-
tion of multiple effector pathways of immune system by the anti-
neoplastic immunostimulator acidic polysaccharide ginsan
isolated from Panax ginseng. Anticancer Res 1997;17:323–31.

14 Kim BJ, Park EJ, Lee JH, Jeon JH, Kim SJ, So I. Suppression of
transient receptor potential melastatin 7 channel induces cell
death in gastric cancer. Cancer Sci 2008;99:2502–9.

15 Clapham DE. TRP channels as cellular sensors. Nature
2003;426:517–24.

16 Nadler MJ, Hermosura MC, Inabe K, Perraud AL, Zhu Q,
Stokes AJ et al. LTRPC7 is a Mg.ATP-regulated divalent cation
channel required for cell viability. Nature 2001;411:590–5.

17 Runnels LW, Yue L, Clapham DE. TRP-PLIK, a bifunctional
protein with kinase and ion channel activities. Science
2001;291:1043–7.

18 Jin J, Desai BN, Navarro B, Donovan A, Andrews NC, Clapham
DE. Deletion of Trpm7 disrupts embryonic development and
thymopoiesis without altering Mg2+ homeostasis. Science 2008;
322:756–60.

19 Jiang J, Li MH, Inoue K, Chu XP, Seeds J, Xiong ZG. Transient
receptor potential melastatin 7-like current in human head and
neck carcinoma cells: role in cell proliferation. Cancer Res
2007;67:10929–38.

20 Schmitz C, Perraud AL, Johnson CO, Inabe K, Smith MK, Pen-
ner R et al. Regulation of vertebrate cellular Mg2+ homeostasis
by TRPM7. Cell 2003;114:191–200.

21 Pardo LA, Contreras-Jurado C, Zientkowska M, Alves F, St�h-
mer W. Role of voltage-gated potassium channels in cancer. J
Membr Biol 2005;205:115–24.

22 Bodding M. TRP proteins and cancer. Cell Signal 2007;19:617–
24.

23 Wang BJ, Won SJ, Yu ZR, Su CL. Free radical scavenging and
apoptotic effects of cordycepin sinensis ractionated by supercriti-
cal carbon dioxide. Food Chem Toxicol 2005;43:43–552.

24 Hotz MA, Gong J, Traganos F, Darzynkiewicz Z. Flow cytomet-
ric detection of apoptosis: comparison of the assays of in situ
DNA degradation and chromatin changes. Cytometry
1994;15:237–44.

25 Vermes I, Haanen C, Reutelingsperger C. Flow cytometry of
apoptotic cell death. J Immunol Methods 2000;243:167–90.

26 Wykes RC, Lee M, Duffy SM, Yang W, Seward EP, Bradding P.
Functional transient receptor potential melastatin 7 channels are
critical for human mast cell survival. J Immunol 2007;179:4045–
52.

27 Kunzelmann K. Ion channels and cancer. J Membr Biol
2005;205:159–73.

28 Abdul M, Hoosein N. Voltage-gated potassium ion channels in
colon cancer. Oncol Rep 2002;9:961–4.

29 Abdul M, Hoosein N. Voltage-gated sodium ion channels in pros-
tate cancer: expression and activity. Anticancer Res 2002;22:1727–
30.

30 Jirsch J, Deeley RG, Cole SP, Stewart AJ, Fedida D. Inwardly rec-
tifying K+ channels and volume-regulated anion channels in mul-
tidrug-resistant small cell lung cancer cells. Cancer Res
1993;53:4156–60.

31 Shuba YM, Prevarskaya N, Lemonnier L, Van Coppenolle F,
Kostyuk PG, Mauroy B et al. Volume regulated chloride conduc-
tance in the LNCaP human prostate cancer cell line. Am J Phys-
iol Cell Physiol 2000;279:C1144–54.

32 Fixemer T, Wissenbach U, Flockerzi V, Bonkhoff H. Expression
of the Ca2+ -selective cation channel TRPV6 in human prostate
cancer: a novel prognostic marker for tumor progression. Onco-
gene 2003;22:7858–61.

33 Duncan LM, Deeds J, Hunter J, Shao J, Holmgren LM, Woolf
EA et al. Down-regulation of the novel gene melastatin correlates
with potential for melanoma metastasis. Cancer Res
1998;58:1515–20.

34 Tsavaler L, Shapero MH, Morkowski S, Laus R. Trpp8, a novel
prostatespecific gene, is up-regulated in prostate cancer and other
malignancies and shares high homology with transient receptor
potential calcium channel proteins. Cancer Res 2001;61:3760–9.

35 Heshall SM, Afar DE, Hiller J, Horvath LG, Quinn DI, Rasiah
KK et al. Survival analysis of genome-wide gene expression pro-
files of prostate cancers identifies new prognostic targets of dis-
ease relapse. Cancer Res 2003;63:4196–203.

36 Minke B, CooK B. TRP channel proteins and signal transduc-
tion. Physiol Rev 2002;8:429–72.

37 Montell C, Birnbaumer L, Flockerzi V. The TRP channels, a
remarkably functional family. Cell 2002;108:595–8.

38 Montell C. The TRP superfamily of cation channels. Sci STKE
2005;272:re3.

39 He Y, Yao G, Savoia C, Touyz RM. Transient receptor potential
melastatin7 ion channels regulate magnesium homeostasis in vas-
cular smooth muscle cells: role of angiotensin II. Circ Res
2005;96:207–15.

40 Hanano T, Hara Y, Shi J, Morita H, Umebayashi C, Mori E
et al. Involvement of TRPM7 in cell growth as a spontaneously
activated Ca2+ entry pathway in human retinoblastoma cells. J
Pharmacol Sci 2004;95:403–19.

41 Aarts M, Iihara K, Wei WL, Xiong ZG, Arundine M, Cerwinski
W et al. A key role for TRPM7 channels in anoxic neuronal
death. Cell 2003;115:863–77.

238 BYUNG JOO KIM ET AL.

� 2011 The Authors
Basic & Clinical Pharmacology & Toxicology � 2011 Nordic Pharmacological Society. Basic & Clinical Pharmacology & Toxicology, 109, 233–239



42 Krapivinsky G, Mochida S, Krapivinsky L, Cibulsky SM,
Clapham DE. The TRPM7 ion channel functions in cholinergic
synaptic vesicles and affects transmitter release. Neuron 2006;52:
485–96.

43 Su D, May JM, Koury MJ, Asard H. Human erythrocyte
membranes contain a cytochrome b561 that may be involved
in extracellular ascorbate recycling. J Biol Chem 2006;281:
39852–9.

44 Kim BJ, Lim HH, Yang DK, Jun JY, Chang IY, Park CS et al.
Melastatin-type transient receptor potential channel 7 is required
for intestinal pacemaking activity. Gastroenterology 2005;129:
1504–17.

45 Abed E, Moreau R. Importance of melastatin-like transient
receptor potential 7 and cations (magnesium, calcium) in human
osteoblast-like cell proliferation. Cell Prolif 2007;40:849–65.

46 Guilbert A, Gautier M, Dhennin-Duthille I, Haren N, Sevestre
H, Ouadid-Ahidouch H. Evidence that TRPM7 is required for

breast cancer cell proliferation. Am J Physiol Cell Physiol
2009;297:C493–502.

47 Attele AS, Wu JA, Yuan CS. Ginseng pharmacology: multiple
constituents and multiple actions. Biochem Pharmacol
1999;58:1685–93.

48 Hao M, Wang W, Zhao Y, Zhang R, Wang H. Pharmacokinetics
and tissue distribution of 25-hydroxyprotopanaxadiol, an anti-
cancer compound isolated from Panax ginseng, in athymic mice
bearing xenografts of human pancreatic tumors. Eur J Drug
Metab Pharmacokinet 2011;4:109–13.

49 Li B, Zhao J, Wang CZ, Searle J, He TC, Yuan CS et al. Ginse-
noside Rh2 induces apoptosis and paraptosis-like cell death in
colorectal cancer cells through activation of p53. Cancer Lett
2011;301(2):185–92.

50 He BC, Gao JL, Luo X, Luo J, Shen J, Wang L et al. Ginseno-
side Rg3 inhibits colorectal tumor growth through the down-regu-
lation of Wnt ⁄ ß-catenin signaling. Int J Oncol 2011;38(2):437–45.

RG3 AND TRANSIENT RECEPTOR POTENTIAL MELASTATIN 7 239

� 2011 The Authors
Basic & Clinical Pharmacology & Toxicology � 2011 Nordic Pharmacological Society. Basic & Clinical Pharmacology & Toxicology, 109, 233–239


