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Although ginsenosides have a variety of physiologic or pharmacologic functions in various regions, there are only a
few reports on the effects of transient receptor potential melastatin 7 (TRPM7) channels. Here, we showed evidence
suggesting that TRPM7 channels play an important role in ginseng total saponin (GTS)-mediated cellular injury. The
combination techniques of electrophysiology, pharmacological analysis, small interfering RNA (siRNA) method and
cell death assays were used. GTS depolarized the resting membrane potentials and decreased the amplitude of
pacemaker potentials in cultured interstitial cells of Cajal (ICCs) in gastrointestinal (GI) tract. The TRPM7-like
currents in single ICCs and the overexpressing TRPM7 in HEK293 cells were inhibited by GTS. However, GTS had
no effect on Ca2� -activated Cl� conductance. GTS inhibited the survival of human gastric (AGS) and breast
(MCF-7) adenocarcinoma cells. Also, GTS inhibited the TRPM7-like currents in AGS and MCF-7 cells. The GTS-
mediated cytotoxicity was inhibited by TRPM7-specific siRNA. In addition, we showed that overexpression of
TRPM7 channels in HEK293 cells was inhibited by GTS. Thus, TRPM7 channels are involved in GTS-mediated cell
death in AGS and MCF-7 cells, and these channels may represent a novel target for physiological disorders where
GTS plays an important role.
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apoptosis

Introduction

Ginseng, the root of Panax ginseng C. A. MEYER, is a

well-known folk medicine and has been used as a tonic

agent. The main molecular components responsible for

the action of ginseng are the ginsenosides, which are

also known as ginseng saponins. Ginsenoside is one of

the derivatives of the triterpenoid dammarane consist-

ing of 30 carbon atoms (Nah 1997). Ginsenoside has a

four-ring, steroid-like structure with sugar moieties

attached, and about 30 different forms have been

isolated and identified from the root of P. ginseng.

Ginseng total saponin (GTS) has a role of modulation

of ion channels. GTS attenuated the N-Methyl-D-

Aspartate (NMDA) receptor-mediated currents, and

ginsenoside Rg3 inhibited the NMDA receptor and the

neurotoxicity that it mediates (Kim et al. 2002, 2004).

GTS modulated L-type Ca2� channels in sensory

neurons (Rhim et al. 2002) and also significantly

inhibits the increase in [Ca2� ]i mediated by L-type

Ca2� channels but not by N-type Ca2� channels in

cultured hippocampal neurons (Kim et al. 2002).

Transient receptor potential melastatin 7 (TRPM7)

is a member of the large Transient Receptor Potential

(TRP) channel superfamily expressed in almost every

tissue and cell type (Clapham 2003). Increasing evi-

dence suggests that activation of TRPM7 channels

contributes to various physiological and pathophysio-

logical processes (Schmitz et al. 2003; Jiang et al. 2007;

Jin et al. 2008). Notably, we demonstrated that human

gastric adenocarcinoma cells express TRPM7 channel

and its presence is essential for cell survival (Kim et al.

2008). Also, TRPM7 channel could regulate the

proliferation of human breast cancer cells (Guilbert

et al. 2009). Despite these facts, it has not been

established whether TRPM7 channels play a role in

GTS-mediated cytotoxicity in AGS and MCF-7 cells.

In this study, we examined the effect of GTS on the

pacemaking activity in interstitial cells of Cajal (ICCs),

the pacemaker cells in gastrointestinal (GI) tract and

the potential role of TRPM7 channels in the survival of

GTS-mediated AGS and MCF-7 cells. Our data

suggest that GTS has an important role in the

modulation of TRPM7 channels.

Materials and methods

Preparation of cells and cell cultures

Balb/c mice (8�13 days old) of either sex were

anesthetized with ether and killed by cervical disloca-

tion. The small intestines from 1 cm below the pyloric

*Corresponding author. Email: vision@pusan.ac.kr

M
O
L
E
C
U
L
A
R
&

C
E
L
L
U
L
A
R

B
IO

L
O
G
Y

Animal Cells and Systems

Vol. 16, No. 5, October 2012, 376�384

ISSN 1976-8354 print/ISSN 2151-2485 online

# 2012 Korean Society for Integrative Biology

http://dx.doi.org/10.1080/19768354.2012.680495

http://www.tandfonline.com

http://dx.doi.org/10.1080/19768354.2012.680495
http://www.tandfonline.com


ring to the cecum were removed and opened along the

mesenteric border. The luminal contents were washed

out with Krebs-Ringer bicarbonate solution. The

tissues were pinned to the base of a Sylgard dish, and

the mucosa was removed by sharp dissection. Small

strips of intestinal muscle (consisting of both circular

and longitudinal muscles) were equilibrated in Ca2� -

free Hank’s solution (containing 5.36 mM KCl,
125 mM NaCl, 0.34 mM NaOH, 0.44 mM Na2HCO3,

10 mM glucose, 2.9 mM sucrose and 11 mM HEPES)

for 30 min, and the cells were then dispersed with a

solution containing collagenase (Worthington Bio-

chemical Co., Lakewood, NJ, USA) 1.3 mg/mL, bovine

serum albumin (Sigma Chemical Co., Saint Louis, MO,

USA) 2 mg/mL, trypsin inhibitor (Sigma) 2 mg/mL,

and ATP 0.27 mg/mL. The dispersed cells were plated
onto sterile glass coverslips coated with murine col-

lagen (2.5 mg/mL, Falcon/BD, Franklin Lakes, NJ,

USA) in 35-mm culture dishes and cultured at 378C in

a 95% O2�5% CO2 incubator in smooth muscle growth

medium (Clonetics Corp., Walkersville, MD, USA)

supplemented with 2% antibiotics/antimycotics (Gibco,

Grand Island, NY, USA) and murine stem cell factor (5

ng/mL, Sigma). ICCs were identified immunologically
by incubation with anti-c-kit antibody (phycoerythrin

[PE]-conjugated rat antimouse c-kit monoclonal anti-

body; eBioscience, La Jolla, CA, USA) at a dilution of

1:50 for 20 min (Goto et al. 2004). Since the morphol-

ogy of the ICCs differed from those of other cell types

in the culture, it was possible to identify them with a

phase contrast microscope after incubation with anti-c-

kit antibody.

Cells

The most common human gastric adenocarcinoma

cell line (AGS) and breast adenocarcinoma cell line

(MCF-7) were used. AGS and MCF-7 cells were

established at the Cancer Research Center, College of
Medicine, Seoul National University, Korea. Cells were

propagated in RPMI-1640 medium (Gibco-BRL) sup-

plemented with 10% heat-inactivated fetal bovine

serum and 20 mg/mL penicillin and streptomycin in

an atmosphere of 5% CO2 at 378C.

Patch-clamp experiments

Experiments were performed at room temperature

(22�258C) by using the whole-cell configuration of

the patch-clamp technique. Cells were transferred

to a small chamber on the stage of an inverted

microscope (IX70; Olympus, Japan) and were con-

stantly perfused in a solution containing 2.8 mM KCl,

145 mM NaCl, 2 mM CaCl2, 10 mM glucose, 1.2 mM
MgCl2, and 10 mM HEPES, adjusted to pH 7.4 with

NaOH. The pipette solution contained 145 mM Cs-

glutamate, 8 mM NaCl, 10 mM Cs-2-bis(2-aminophe-

noxy)-ethane-N,N,N?,N?-tetraacetic acid, and 10 mM

HEPES-CsOH, adjusted to pH 7.2 with CsOH. An

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 Digi-
data 1322A (Axon Instruments) were used. Results

were analyzed by using pClamp and Origin software

(Microcal Origin version 6.0).

TRPM7 expression in HEK-293 cells

Human embryonic kidney (HEK)-293 cells transfected

with the Flag-murine LTRPC7/pCDNA4-TO con-

struct were grown on glass coverslips with Dulbecco’s

modified Eagle medium supplemented with 10%

fetal bovine serum, blasticidin (5 mg/mL), and zeocin

(0.4 mg/mL). TRPM7 (LTRPC7) expression was

induced by adding 1 mg/mL tetracycline to the culture
medium. Whole-cell patch-clamp experiments were

performed at 21�258C, 24 h after induction by using

cells grown on glass coverslips. The solutions were the

same as those used for recording whole-cell currents

in single ICCs.

Ca2�-activated Cl� channel expression in HEK-293
cells

HEK-293 cells transfected with pEGFP-N1-mANO1

construct were grown on glass coverslips with Dulbec-

co’s modified Eagle medium supplemented with 10%
fetal bovine serum. Whole-cell patch-clamp experi-

ments were performed at 21�258C, 24 h after induction

by using cells grown on glass coverslips. The bath

solution contained 146 mmol/L HCl, 10 mmol/L

HEPES, 10 mmol/L glucose, 1 mmol/L MgCl2,

1 mmol/L CaCl2, and 150 mmol/L N-methyl-D-gluca-

mine (NMDG), adjusted to pH 7.4. The pipette

solution contained 134 mmol/L HCl, 5 mmol/L
HEPES, 10 mmol/L glucose, 1 mmol/L MgCl2,

1 mmol/L CaCl2, and 150 mmol/L NMDG, adjusted

to pH 7.2.

MTT assay

Cell viability was assessed by 3-[4,5-dimethylthiazol-

2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay.

The AGS cells were seeded into each well of 12-well

culture plates and then cultured in RPMI-1640 supple-

mented with other reagents for 24 h. After incubation,

100 mL of MTT solution (5 mg/mL in PBS) was added

to each well, and the plates were then incubated for 4 h
at 378C. After removing the supernatant and shaking
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with 200 mL of dimethyl sulfoxide (Jersey Lab Supply,

Livingston, NJ, USA) for 30 min, absorbance was

measured at 570 nm. All experiments were repeated at

least three times.

RNA interference

All the synthetic small interfering RNAs (siRNAs)

were designed at Qiagen using the BIOPREDsi algo-

rithm licensed from Novartis. All siRNA target

sequences for silencing of the TRPM7 gene (GenBank

Accession Number NM_017672) were as follows:

TRPM7-siRNA-5?-CCCTGACGGTAGATACATTA
A-3?. SiRNA transfections were performed in 12-well

plates. Previously, we showed the TRPM7 knock down

effects of this TRPM7-specific siRNA (Kim et al.

2008).

Flow cytometric analysis

In order to investigate whether the cell cycle of AGS

and MCF-7 cells was redistributed, flow cytometric

analysis was used with propidium iodine (PI) stain

(Nicoletti et al. 1991; Wang et al. 2005). Cells (1�106)

were placed in an e-tube and 700 mL of a ice-cold
fixation buffer (ethyl alcohol) was slowly added with

vortexing. Tubes were sealed with parafilm and in-

cubated at 48C overnight. Samples were spun for 3 min

at 106g at 48C, and the supernatant was aspirated and

discarded. The cell pellet was resuspended by 200 mL of

PI staining solution (PI [5 mg/mL] 2 mL and RNase 2

mL in PBS 196 mL) at 20,817g for 5 s. After 30 min in

the dark at room temperature, samples were analyzed
in a fluorescence-activated cell sorter (FACScan;

Becton-Dickinson, Mountain View, CA, USA) at

l �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

normal functioning and resting state of the cell cycle

with the most diploid 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 fragmen-

tation (Wang et al. 2005).

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

(1000g, 48C, 10 min) and washed with PBS. Cells were

resuspended in ice-cold cell lysis buffer and incubated
on ice for 10 min. Sample was centrifuged at 10,000g

(48C, 10 min), and the supernatant was removed.

Supernatant samples (10 mL) were incubated with

50 mL of substrate (400-mM Ac-DEVD-pNA) in

40 mL of assay buffer at 378C. 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 mean9standard error of the

mean (SEM). Differences between the data were

evaluated by Student’s t-test. A P-value of 0.05 was

taken to indicate a statistically significant difference.

The n-values reported in the text refer to the number of

cells used in the patch-clamp experiments.

Results

GTS depolarizes the resting membrane potentials and
decreases the amplitude of pacemaker potentials in
cultured ICC

The patch-clamp technique was tested on ICC that

formed network-like structures in culture (2 4 days).

Spontaneous rhythms were routinely recorded from

cultured ICC under current- and voltage-clamp condi-

tions, and the ICC within networks displayed more
robust electrical rhythms. Tissue-like spontaneous slow

waves have been recorded from these cells (Koh et al.

1998). To understand the relationship between GTS

and the modulation of pacemaker activity in ICC, we

examined the effects of GTS on pacemaker potentials.

In current-clamp mode (I �0), ICC had a mean resting

membrane potential of �5392 mV and produced

electrical pacemaker potentials (n�25). The frequency
of this pacemaker potential was 1791 cycles/min with

an amplitude of 3393 mV (n�25). The addition of

GTS (1�10 mg/mL) decreased the amplitude of the

pacemaker potentials and depolarized the resting

membrane potentials (Figure 1). The amplitudes were

33.193 mV at 1 mg/mL GTS, 15.294 mV at 5 mg/mL

GTS, and 5.392 mV at 10 mg/mL GTS (n�5;

Figure 1B). The corresponding resting membrane
depolarizations were 14.192, 20.294.1 and 30.19

3.3 mV (n�5; Figure 1C).

Effects of GTS on the TRPM7-like currents in ICC and
the overexpressed TRPM7 or Ca2� -activated Cl�

currents in HEK293 cells

We previously suggested that TRPM7 is required for

pacemaker activity in ICCs (Kim et al. 2005) and found

that GTS modulated the pacemaker activity in ICCs.
Therefore, we investigated the role of GTS in TRPM7
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channels. To record the TRPM7-like current involved

in pacemaking activity, we performed whole-cell

voltage-clamp recordings in cultured single ICCs.

Single ICCs were identified with PE-bound anti-c-kit

antibody. A voltage ramp from �100 to �100 mV

evoked an outward-rectifying cation current at positive

potentials with standard bath solution and with pipette

solutions lacking magnesium adenosine triphosphate

(Figure 2A). These features are very similar to those

associated with the recently cloned TRPM7 channel

(Nadler et al. 2001). The TRPM7-like currents in single

ICCs were recorded, and these currents were inhibited

by GTS 10 mg/mL (n�5; Figure 2A). Similar results

were obtained in HEK cells overexpressing TRPM7

(n�5; Figure 2B). However, recently, Zhu et al. (2009)

suggested that Ca2� -activated Cl� conductance is

involved in pacemaking activity in ICCs, and a recent

study confirmed that ICC expresses ANO1 in the GI

tract (Gomez-Pinilla et al. 2009). ANO1 was recently

shown to function as a Ca2�-activated Cl channel

(Schroeder et al. 2008; Yang et al. 2008), and loss or

block of ANO1 blocks electrical slow waves in intact

GI muscles (Hwang et al. 2009). Therefore, we

investigated the effect of GTS in Ca2�-activated Cl�

conductance. We overexpressed Ca2�-activated Cl�

channels in HEK293 cells. Whole cell currents were

recorded using patch-clamp techniques. To determine

the current�voltage (I�V) relationship, we applied a
ramp pulse from �100 to �100 mV for 2 s. However,

GTS had no effect on Ca2� -activated Cl� conduc-

tance (Figure 2C).

Cell death by GTS in AGS and MCF-7 cells

Functional TRPM7 channels are expressed in AGS

cells where they play important roles in cell death (Kim

et al. 2008). Also, TRPM7 is involved in the prolif-

erative potentiality of breast cancer MCF-7 cells

(Guilbert et al. 2009). However, whether TRPM7
channels play a role in GTS-mediated cytotoxicity in

AGS and MCF-7 cells has never been explored.

Therefore, we investigated whether the GTS influences

the survival of AGS and MCF-7 cells. First, we tested

the effect of GTS on the survival of AGS cells.

Addition of 10 mg/mL GTS in the culture medium

inhibited the survival of AGS cells by 68.195.1%

with MTT assay (n�4; Figure 3A). To investigate
electrophysiological characteristics in AGS cells, we
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Figure 1. GTS decreases the amplitude of pacemaker potentials in cultured ICCs. (A) In current-clamp mode (I � 0), the
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performed whole-cell voltage-clamp recordings. A vol-

tage ramp from �100 to �100 mV evoked small

inward currents at negative potentials, whereas larger

outward currents were evoked at positive potentials,

showing outward-rectifying cation currents (n �6;

Figure 3B). In the presence of 10 mg/mL GTS, the

amplitude of the currents was inhibited by 62.892.1%

outwardly and 87.193.2% inwardly (n �6; Figure 3B).

Next, we tested the effect of GTS on the survival of

MCF-7 cells. Addition of 10 mg/mL GTS in the culture

medium inhibited the survival of MCF-7 cells by

74.294.3% with MTT assay (n�4; Figure 3C). To

investigate electrophysiological characteristics in MCF-

7 cells, we performed whole-cell voltage-clamp record-

ings. A voltage ramp from �100 to �100 mV evoked

small inward currents at negative potentials, whereas

larger outward currents were evoked at positive poten-

tials, showing outward-rectifying cation currents

(n �6; Figure 3D). In the presence of 10 mg/mL

GTS, the amplitude of the currents was inhibited by

63.991.2% outwardly and 89.191.3% inwardly

(n �6; Figure 3D). For determination that these effects

were really mediated by activation of TRPM7 channels,

we used RNA interference. Previously, we created the

21-nucleotide siRNA specifically targeting human

TRPM7 (Kim et al. 2008). Depletion of TRPM7 in

AGS and MCF-7 cells rendered the cells more resistant

to GTS. In the presence of 10 mg/mL GTS, the cell

death was attenuated by 34.391.2% in AGS and

38.192.3% in MCF-7 cells in TRPM7siRNA with

the MTT assay (n�4; Figure 4). Taken together, these

data indicate that TRPM7 channels are involved in

GTS-mediated cell death in AGS and MCF-7 cells.

Cell death by GTS leads to increased apoptosis

To determine whether AGS and MCF-7 cell death

occurred by apoptosis, we used sub-G1 analysis and

caspase-3 activity. As a method to analyze the mode of

cell death in AGS and MCF-7 cells by GTS, we used

sub-G1 analysis (Hotz et al. 1994; Vermes et al. 2000).

In this protocol, AGS and MCF-7 cells with GTS are

stained with a fluorescent DNA stain (such as PI). Due

to the action of endogenous endonucleases in apoptotic

cells, the DNA is cleaved into endonucleosomal frag-

ments of typical sizes. These DNA fragments are

extracted from the cells. This loss of DNA is detectable

by FACS analysis, as the reduced nuclear staining of
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apoptotic cells results in a novel (sub-G1) fluorescence

peak to the left of the regular fluorescence peak.
The sub-G1 in AGS cells with GTS was markedly

increased by 14.391.2% (Figure 5A). And the sub-G1

in MCF-7 cells with GTS was markedly increased by

17.592.3% (Figure 5C). Caspase-3 activation is one of

the hallmarks of apoptotic cell death (Faleiro et al.

1997; Kang 2008; Jang et al. 2009). We measured the

enzyme activity in AGS and MCF-7 cells with GTS. In

AGS and MCF-7 cells with GTS, caspase-3 activity
was increased approximately 1.5-fold (Figure 5B

and D).

Discussion

Ginsenosides, the active ingredients of P. ginseng, have
been widely used as invigorating agents, and many

reports have described a variety of physiological and

pharmacological effects in various organs and tissues

(Attele et al. 1999). Ginsenosides have an important

role in ion channels. Ginsenoside-Rd attenuated

TRPM7 and acid-sensing ion channels 1a expression

in rats after focal cerebral ischemia (Zhang et al. 2012)

and GTS and ginsenoside Rg3 increased the large
conductance K (Ca) channel (Sung et al. 2011).

Ginsenoside Rg3 decelerated hERG K� channel

deactivation through Ser631 residue interaction

(Choi, Shin, Hwang, et al. 2011; Choi, Shin, Lee,

et al. 2011) and enhanced large conductance Ca2�-

activated potassium channel currents through Tyr360

residue (Choi, Shin, Hwang, et al. 2011; Choi, Shin,

Lee, et al. 2011). Also Rg3-activated human KCNQ1

K� channel currents through interacting with the

K318 and V319 residues (Choi et al. 2010). Alpha7

nicotinic acetylcholine receptor was regulated by

ginsenoside through a role for Leu247 residue within

transmembrane domain 2 (Lee, Choi, Pyo, et al. 2009;

Lee, Choi, Lee, et al. 2009) and human Kv1.4 channel

currents were regulated by Rg3 without the N-terminal

rapid inactivation (Lee, Choi, Pyo, et al. 2009; Lee,

Choi, Lee, et al. 2009). However, there are only a few

reports on the effects of ginsenosides on TRP channels.

In this study, we provided evidence suggesting that

TRPM7 is an important player for GTS-induced

cytotoxicity. (1) GTS modulated intestinal motility by

modulating the pacemaker potentials of ICCs (Figure

1). (2) GTS blocked the TRPM7-like current in single

ICC and the overexpressed TRPM7 currents in HEK

293 cells (Figure 2). (3) MTT assay revealed that

addition of GTS induced the death of AGS and
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MCF-7 cells. Also by patch-clamp method, the

TRPM7-like currents in AGS and MCF-7 cells were

inhibited by GTS (Figure 3). (4) The presence of

TRPM7 specific siRNA attenuated the death of AGS

and MCF-7 cells (Figure 4). (5) By FACScan and

caspase-3 activity, GTS-mediated cell damages were

apoptotic processes (Figure 5).

We demonstrated that TRPM7 has an important

role in the pacemaking activity of ICCs (Kim et al.

2005), and human gastric adenocarcinoma cells express

functional TRPM7 channels that are involved in cell

growth and survival (Kim et al. 2008). Also, TRPM7

channel could regulate the proliferation of human

breast cancer cells (Guilbert et al. 2009).

Therefore, we first investigated the effect of GTS in

ICCs and then the involvement of TRPM7 channels in

GTS-mediated cell death in AGS and MCF-7 cells.

In AGS and MCF-7 cells, TRPM7 channels have an
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Figure 5. Cell death by GTS lead to increased apoptosis. (A) and (C) Sub-G1 peak measured by FACScan. In the presence of

GTS, the sub-G1 in AGS and MCF-7 cells was decreased. Quantitative data of three independent experiments. (B) and (D)

Caspase-3 activities measured by enzyme assays. In the presence of GTS, caspase-3 activity decreased. The specific activity was

obtained from three samples per group. *P B0.05, **P B0.01.
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important role in GTS-induced cell death and are

inhibited by GTS. However, the cellular mechanisms in

GTS-mediated cell death require more investigation. In

future, the Bcl-2/Bax ratio, the change of cytochrome-c

from mitochondria, or the involvement of other

channels will be good themes to explore.

In summary, we have demonstrated that functional

TRPM7 channels are involved, at least partially, in

GTS-mediated cell survival in human gastric and

breast adenocarcinoma cells.
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