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ABSTRACT. Ginseng saponins exert various important pharmacological effects with regard to the control of
many diseases including cancer. The novel intestinal bacterial metabolites of ginseng protopanaxadiol saponins
have recently been found and isolated after the oral administration of ginseng extract in human and rats.
20-O-(B-p-Glucopyranosyl)-20(S)-protopanaxadiol (IH-901) formed from ginsenosides Rb1, Rb2, and Rc is of
particular interest in cancer chemoprevention and treatment. We investigated the effects of IH-901 on the
human myeloid leukemia cell line HL-60 in terms of inhibition of proliferation and induction of apoptosis.
IH-901 showed a significant cytotoxic activity in HL-60 cells (iCsq = 24.3 uM) following a 96-hr incubation.
Treatment of HL-60 cells with ITH-901 resulted in the formation of internucleosomal DNA fragments. The dose-
and time-dependent induction of apoptosis by IH-901 was demonstrated in sandwich enzyme immunoassay and
the results were confirmed by flow cytometric analysis. Morphological examination of IH-901-treated samples
showed cells with chromatin condensation, cell shrinkage, and nuclear fragmentation, all typical characteristics
of apoptotic cells. The treatment of HL-60 cells with TH-901 caused activation of caspase-3 protease and
subsequent proteolytic cleavage of poly(ADP-ribose) polymerase. IH-901 did not affect the expression of
antiapoptotic protein Bcl-2 but did cause a release of mitochondrial cytochrome c into cytosol. In conclusion,
our results demonstrate that [H-901 dramatically suppresses HL-60 cell growth by inducing programed cell death
through activation of caspase-3 protease, which occurs via mitochondrial cytochrome ¢ release independently of
Bcl-2 modulation. These results may provide a pivotal mechanism for the use of IH-901 in the prevention and
treatment of leukemia. BIOCHEM PHARMACOL 60;5:677—685, 2000. © 2000 Elsevier Science Inc.
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poly(ADP-ribose) polymerase

Panax ginseng C.A. Meyer, belonging to Araliaceae, has
been reported to possess diverse biological and pharmaco-
logical activities on the central nervous system, cardiovas-
cular system, endocrine system, and immune function, that
are mainly attributed to its triterpenoid saponin compo-
nents. A number of saponins have so far been isolated from
ginseng and its congeners and have been extensively
investigated with regard to their possible antitumor activ-
ity. Protopanaxadiol saponins such as ginsenoside Rh2 and
Rg3, for example, have been found to inhibit tumor cell
proliferation and tumor growth [1, 2], induce differentiation
and apoptosis [3, 4], and inhibit tumor cell invasion and
metastasis [5, 6] in in vitro as well as in vivo systems.
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The minor constituents of ginseng have been receiving
increasing attention because of their unique biological
properties. Recently, the ginseng saponin metabolites
formed by intestinal bacteria were identified after oral
administration of ginseng extract in human and rats [7].
One of the major metabolites detected in urine and blood
after the administration of ginseng total saponins to rats is
20-O-(B-p-Glucopyranosyl)-20(S)-protopanaxadiol (IH-
9019; Fig. 1). It has been demonstrated that the in vivo
antimetastatic effect by the treatment of ginsenosides is
mediated by the metabolite [8]. IH-901 is known to be
non-toxic, to inhibit glucose uptake by tumor cells [9], and
to reverse multidrug resistance in tumor cells [10]. More-
over, we found that IH-901 possesses chemopreventive

q Abbreviations: TH-901, 20-O-(B-D-glucopyranosyl)-20(S)-protopanax-
adiol; PARP, poly(ADP-ribose) polymerase; P, propidium iodide; CDDP,
cisplatin; and BrdU, 5-bromo-2’-deoxyuridine.
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FIG. 1. Structural formula of the novel ginseng saponin metab-
olite 20-O-B-D-glucopyranosyl-20(S)-protopanaxadiol (IH-901).
Glc: B-D-glucopyranose.

potential against chemical carcinogens, which showed an-
tigenotoxic and anticlastogenic activity induced by benzo-
[a]lpyrene [11].

Apoptosis is a selective process of physiological cell
deletion that plays an important role in the balance
between cell replication and cell death. Since it has
recently been suggested that cancer chemotherapeutic as
well as chemopreventive agents exert part of their pharma-
cological effects by triggering apoptotic cell death or cell
cycle transition, the induction of apoptosis in tumor cells
has become a predictor of tumor treatment response [12,
13]. Conversely, several tumor promoters have also been
shown to inhibit apoptosis [14].

Since IH-901 offers potential for use in the prevention
and treatment of cancer, we investigate in this report the
regulation of growth and apoptosis of human myeloid
leukemia cells by IH-901. The aim of the present study was
to examine whether [H-901 was able to induce apoptosis in
the human myeloid leukemia cell line HL-60, a valid model
system for testing antileukemic or general antitumoral
compounds [15]. We also investigated the mechanisms
underlying apoptosis induction, particularly focusing on the
expression of oncoprotein Bcl-2, release of mitochondrial
cytochrome ¢ into cytosol, the activation of caspase-3
protease, and subsequent cleavage of poly(ADP-ribose)
polymerase (PARP). Our findings indicate that IH-901
induces apoptosis in HL-60 cells through activation of
caspase-3 protease, which occurs via mitochondrial cyto-
chrome c release independently of Bcl-2 modulation.

MATERIALS AND METHODS
Materials and Cell Culture

[H-901 was biosynthesized by incubating ginseng saponins
and intestinal bacteria according to Hasegawa et al. [7].
[H-901 was freshly dissolved in DMSQO, the final concen-
tration of which was not exceeded by 0.2%. The human
myeloid leukemia HL-60 cell line (American Type Culture
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Collection) was maintained in the logarithmic phase of
growth in RPMI-1640 medium (GIBCO BRL) supple-
mented with 10% fetal bovine serum (GIBCO BRL), 2 mM
L-glutamine (Sigma Chemical Co.) at 37° in a 5% CO,—
95% air humidified incubator.

Cell Proliferation Analysis

HL-60 cells were seeded at 1 X 10% cells/well in a 96-well
plate and treated with the appropriate concentrations of
[H-901 or vehicle as described in the figure legends. The
general viability of cultured cells was determined by either
trypan blue exclusion or by reduction of 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide to formazan

[16].

DNA Fragmentation Analysis

HL-60 cells grown at a density of 2 X 10° cells/mL were
exposed to IH-901 for different time periods and concen-
trations as described in the figure legends. Cells were
washed with ice-cold PBS (pH 7.4), centrifuged, and
resuspended in 10 mM Tris—HCI/1 mM EDTA buffer (TE
buffer; pH 7.5) to a concentration of 5 X 107 cells/mL.
Cells were lysed (0.5% SDS, 25 mM Tris-HCI, and 5 mM
EDTA; pH 7.5) and incubated with 1 mg/mL of proteinase
K (GIBCO BRL) at 50° for 3 hr. After extraction with
phenol—chloroform (1:1) and chloroform, DNA was pre-
cipitated with 3 M sodium acetate (pH 5.2) and absolute
ethanol, washed, dried, and resuspended with TE buffer.
DNase-free RNase A (200 wg/mL) was added and incu-
bated at 37° for 30 min and at 65° for 5 min. The DNA was
electrophoresed on 1.5% agarose gel and visualized with
ethidium bromide staining.

Quantification of Apoptosis by Sandwich Enzyme
Immunoassay

Quantification of apoptosis of HL-60 cells induced by
[H-901 was performed with mouse monoclonal antibody
directed against DNA and BrdU using a cellular DNA
fragmentation kit (Boehringer Mannheim). Briefly, cells
were labeled with BrdU to a final concentration of 10 uM
for 18 hr. Following treatment of the cells with various
concentrations of IH-901 for appropriate periods, cells were
lysed and centrifuged at 250 X g for 10 min. Aliquots of
the supernatant were removed and assayed for DNA frag-
mentation as recommended by the supplier.

Flow Cytometric Analysis

Aliquots of 1 X 10° cells/mL exposed to IH-901 for 12 hr
were centrifuged at 800 X g for 5 min. The pellets were
mixed with 1:1 (v/v) mixture of PBS and 0.2 M Na,HPO,—
0.1 M citric acid (pH 7.5) and fixed with ice-cold ethanol
at 4° for 1 hr. The cells were washed twice with PBS and
resuspended in 1 mL of a staining solution containing 10
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pg/mL of PI (Sigma Chemical Co.) and 100 pg/mL of
DNase-free RNase A. The cell suspensions were incubated
at room temperature for 1 hr and 20,000 cells were analyzed
on a fluorescence-activated cell sorter (FACScalibur) flow
cytometer (Becton Dickinson).

Morphological Analysis

Logarithmically growing HL-60 cells were treated with
[H-901, washed with PBS, and placed onto sterile micro-
scope slides using a cytospin. Cells were fixed with ethanol
and stained with Giemsa or PI solution (50 pg/mL of PI,
0.1% Nonidet P-40, and 100 wg/mL of RNase A). The
morphology of the cells was examined using the Leitz
phase-contrast microscope or Olympus Fluoview laser scan-
ning confocal microscope.

Preparation of Cytosolic Extracts for Cytochrome c
Analysis

HL-60 cells were washed with ice-cold PBS and resus-
pended in ice-cold lysis buffer (20 mM HEPES-KOH, pH
7.0, 10 mM KCl, 1.5 mM MgCl,, 1 mM sodium EDTA, 1
mM sodium EGTA, 1 mM dithiothreitol, 0.1 mM phenyl-
methylsulfonyl fluoride, 10 wg/mL of pepstatin A, and 10
pg/mL of leupeptin) containing 250 mM sucrose. After
incubation on ice for 20 min, cells were homogenized with
20 strokes of prechilled Dounce homogenizer, and the
homogenates were centrifuged at 1000 X g for 10 min at 4°
and at 10,000 X g for 15 min at 4°. The supernatants were
subjected to the next centrifugation at 100,000 X g for 1
hr at 4° and stored at —80° for the analysis of cytochrome
c.

Western Blot Analysis

HL-60 cells were treated with IH-901 as described in the
figure legends. At indicated times, cells were washed with
PBS and lysed (50 mM Tris-HCI pH 7.5, 150 mM NaCl,
1% Triton X-100, 2 mM MgCl,, 1 mM EGTA, 50 mM
B-glycerophosphate, 25 mM NaF, I mM Na;VO,, 0.5%
sodium deoxycholate, 2 mM phenylmethylsulfonyl fluoride,
10 pg/mL of leupeptin, and 10 wg/mL of aprotinin). Cell
lysates were centrifuged and the protein content was
determined. After SDS—polyacrylamide gel electrophoresis,
proteins were transferred onto immobilon nitrocellulose
membrane (Millipore) at 150 mA for 3 hr at 4°. Blots were
probed with mouse monoclonal anti-human anti-Bcl-2
(Boehringer Mannheim), anti-caspase-3 (Transduction
Laboratory), anti-PARP (PharMingen), and anti-cyto-
chrome ¢ antibody (PharMingen).

Immune complexes were detected using anti-mouse per-
oxidase-conjugated secondary immunoglobulin G antibody
(Boehringer Mannheim) and were visualized by ECL (elec-
trochemiluminescence) Western Blotting Detection Re-
agents (Amersham).
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RESULTS
Antiproliferative Effects of IH-901

Inhibition of cell proliferation was observed following
treatment of HL-60 cells with IH-901. IH-901 significantly
decreased cell proliferation in a dose-dependent way (Fig.
2A). The concentration required for 50% inhibition of
growth (IC5) at 96 hr was 24.3 wM. In contrast, ginsen-
oside Rb1, a metabolic precursor of IH-901, did not alter
the proliferation of HL-60 cells (Fig. 2B). For the compar-
ison of the antiproliferative effects of IH-901 on other
cancer cells, the cytotoxicity of IH-901 on PC-14, HepG2,
and MKN-45 cells was determined. Figure 2, C-E shows
that the i1Csgs of [H-901 on these cells ranged from 24.3 to
56.6 uM.

Induction of Apoptosis by [H-901

Morphological analysis of Giemsa-stained cells indicated
that they had undergone gross morphological changes (Fig.
3, A-C). After a 4.5-hr exposure to IH-901 at 30 uM, the
cells showed typical apoptotic changes, including cell
shrinkage, chromatin condensation, and loss of normal
nuclear architecture. At a concentration of 50 uM, the
disruption of cell membrane integrity was more prominent.
Confocal microscopic observation after Pl staining showed
that a relevant number of cells treated with IH-901 ac-
quired apoptotic features, as evident from nuclear fragmen-
tation (Fig. 3, D and E). To elucidate these observations
more definitively, we investigated more thoroughly the
possibility that IH-901 induces apoptosis.

Two different methods were employed to examine DNA
fragmentation in HL-60 cells induced by IH-901: detection
of DNA ladder on agarose gels and sandwich enzyme
immunoassay. As evident by the formation of internucleo-
somal DNA fragments compared with the vehicle-treated
group, the induction of apoptosis by IH-901 was observed at
50 uM after 8- and 12-hr exposure (Fig. 4A) or at 40 and
50 uM after 12 hr (Fig. 4B). The effect of IH-901 on DNA
fragmentation was comparable to that of CDDP (Fig. 4C).
To quantify the degree of DNA fragmentation more rigor-
ously, the sandwich enzyme immunoassay was performed
using a cellular DNA fragmentation kit as described in
Materials and Methods. After exposure to 12.5 wM IH-901
for 12 hr, a 3.7-fold increase in DNA fragmentation was
observed. The induction of DNA fragmentation in HL-60
cells by TH-901 was concentration-and time-dependent
(Fig. 4, D and E).

DNA histograms generated from the analysis of the total
cell proliferation of HL-60 cells treated with IH-901 for 12
hr are shown in Fig. 5, A1-A4. Cells with sub-G1 DNA
contents were scored as apoptotic based on the previous
study [17]. At a concentration of 50 uM IH-901, 78% of
cells presented an apoptotic/hypodiploid peak. We ob-
served 13 and 9% of total cells in the apoptotic region at 35
and 12.5 pM, respectively (Fig. 5, B and C).
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FIG. 2. Antiproliferative effect of IH-901 in various cancer cell lines. HL-60 cells were incubated with IH-901 and the time-course
(A: m, control; A, 10 pM; V¥, 20 pM; @, 30 pM; @, 50 pM) and the dose dependency after 96 hr of treatment (B: @, Rb1; m,
TH-901) were determined. PC-14, HepG2, and MKIN-45 cells were also tested for cytotoxicity by the same method as with the HL-60
cells (C-E: @, Rb1; m, TH-901). Each point represents the mean and standard error from three experiments.

FIG. 3. Morphology of HL-60 cells
was examined after exposure to IH-
901 using a light microscope after
Giemsa staining (A, vehicle; B, 30
pM IH-901 for 4.5 hr; C, 50 pM
IH-901 for 2 hr) and a confocal
microscope after PI staining (D, ve-

hicle; E, 50 pM IH-901 for 9 hr).
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FIG. 4. DNA fragmentation after exposure to IH-901. HL-60 cells were exposed to 50 pM IH-901 for the indicated period (A),
exposed to the various concentrations of IH-901 for 12 hr (B), or exposed to CDDP and IH-901 for comparison (C) (M, marker; Ctl,
control; Sol, solvent control). Genomic DNA was extracted as described in Materials and Methods, electrophoresed in a 1.5% agarose
gel, and visualized with ethidium bromide staining. For the quantitative determination of DNA fragmentation, HL-60 cells were labeled
with BrdU, exposed to IH-901 (50 pM) for appropriate periods (D) or to the indicated concentrations of IH-901 for 12 hr (E). Each
bar represents the mean = SEM of 3 different experiments. CDDP was used as a positive control at a concentration of 33 pM. (*P <

0.05; *#*P < 0.01).

Western Blot Analysis

To begin to address the mechanism by which IH-901 causes
apoptosis, we first examined whether caspase-3 protease is
involved in the cell death response. IH-901 induced the
proteolytic processing of caspase-3 as early as 1 hr after
treatment. Activation of caspase-3 leads to the cleavage of
a number of proteins, one of which is PARP. Although
PARP is not essential for cell death, the cleavage of PARP
is another hallmark of apoptosis. Treatment of HL-60 cells
with 50 pM IH-901 caused a time-dependent proteolytic
cleavage of PARP, with accumulation of the 85 kDa and

the concomitant disappearance of the full-size 116 kDa
molecule (Fig. 6). Recent evidence indicates that apoptosis
involves a disruption of mitochondrial membrane integrity
that is decisive for the cell death process. We next
evaluated the effects of [H-901 on the release of mitochon-
drial cytochrome c into the cytosol and tested whether
Bcl-2, a fundamental death antagonist protein known to
inhibit mitochondrial megachannel opening, is affected.
Western blot analysis, shown in Fig. 6, revealed that
treatment of HL-60 cells with 50 uM IH-901 induced the
release of mitochondrial cytochrome ¢ into cytosol. The
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FIG. 5. Flow cytometric analysis of apoptosis induced by the treatment of vehicle only (A1), 20 pM (A2), and 30 pM (A3) TH-901
and 33 pM CDDP (A4) for 24 hr. Percent of apoptotic cells (M1) is shown after treatment with TH-901 at the indicated

concentrations for 12 hr (B) and 24 hr (C).

treatment of IH-901 failed to modify the level of Bcl-2.
Taken together, these results allow us to conclude that the
mitochondria play an important role in the activation of
caspase-3, proteolytic cleavage of PARP, and induction of
apoptosis triggered by IH-901 in HL-60 cells.

DISCUSSION

The study presented here demonstrates that IH-901, a
novel ginseng saponin metabolite formed by intestinal
bacteria, inhibits proliferation and induces apoptosis in
human myeloid leukemia HL-60 cells. Apoptosis was
judged by three criteria: morphology of cells, detection of
DNA fragmentation, and subdiploid DNA content by flow
cytometry. Apoptosis is a mechanistically driven form of
cell death that is either developmentally regulated or
activated in response to specific stimuli or various forms of
cell injury. In cancer biology, it is now evident that many
cancer cells circumvent the normal apoptotic mechanisms

to prevent their self-destruction. Therefore, it would be
advantageous to tip the balance in favor of apoptosis over
mitosis in cancer chemotherapy and prevention.

[H-901 is a novel ginseng saponin metabolite formed by
intestinal bacteria after oral administration of ginseng
extract in human and rats [7]. The intestinal bacteria
Prevotella oris, which is responsible for the hydrolysis of
ginsenoside Rb1 to IH-901, was found in 79% of the human
fecal specimens. Since IH-901 is one of the metabolites
detected in blood after oral administration of mice with
ginsenoside Rb1, it has been speculated that IH-901 is most
likely the major form of protopanaxadiol saponin absorbed
from the intestine [18]. The hypothesis that IH-901 may be
the active metabolite responsible for the anticarcinogenic
effects of ginseng saponins has prompted several groups to
investigate the effects of IH-901 in more detail. Wakaba-
yashi et al. [19] reported that the antimetastatic effects of
ginseng saponins are mediated by this metabolite.

In the present study, we show for the first time that
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FIG. 6. Effect of IH-901 on caspase-3, PARP cytochrome c, and Bcl-2 proteins. Exponentially growing HL-60 cells were treated with
50 pM IH-901 for the indicated periods. Cells were washed with PBS, lysed, and Western blot analysis performed as described in
Materials and Methods. Proteins were visualized by ECL (electrochemiluminescence) Western Blotting Detection Reagent.

[H-901 inhibits the growth of human myeloid leukemia
cells and induces apoptosis, which is associated with pro-
teolytic degradation of PARP via activation of caspase-3.
The only naturally occurring ginsenoside reported to date
to induce apoptosis is Rh2 on SK-HEP-1 human hepato-
carcinoma cells [4], B16 mouse melanoma cells, and
Meth-A mouse sarcoma cells [20]. The ginsenoside Rbl,
the metabolic precursor of IH-901, had no effects on the
proliferation and apoptosis of human hepatocellular carci-
noma and cholangiocarcinoma cells [21], which is incon-
sistent with the results of our present study. Studies on
HL-60 cells showed that IH-901 possesses a similar anti-
proliferative effect on this cell line.

Apoptosis is an active process that ultimately leads to the
activation of endonuclease and cleavage of DNA into
fragments of about 180-200 base pairs [22]. The observed
breakage of cellular DNA by IH-901 detected by agarose gel
electrophoresis shows the characteristics of apoptotic cell
death. To confirm and quantify DNA fragmentation in
HL-60 cells, we performed a sandwich enzyme immunoas-
say. The assay uses two mouse monoclonal antibodies
directed against DNA and BrdU that detect BrdU-labeled
DNA fragments in the cytoplasm and the medium fraction
of the culture. The double-antibody sandwich ELISA is
extremely sensitive in some cases about 500 times more so
than the detection of apoptotic DNA ladder by agarose
electrophoresis [23]. In our experiment, 3.7- and 2.3-fold
increases in DNA fragmentation were already seen at

concentrations of 12.5 uM for 12-hr and 50 pM for 4-hr
treatment with TH-901, respectively. Besides biochemical
indicators of DNA fragmentation, IH-901 induces morpho-
logical changes that are characteristic of apoptosis, such as
chromatin condensation and fragmentation as well as cell
shrinkage, as demonstrated by light and confocal micros-
copy. Also, cells with sub-G1 DNA content were detected
by FACS analysis, another indicator of apoptosis [24].
These cytofluorimetric characteristics showed a very similar
time and concentration dependence to biochemical assays
of DNA fragmentation.

Several mechanisms apparently regulate apoptosis, such
as induction of a p53-dependent pathway after DNA-
damaging agents, modulation by the Bcl-2 family of pro-
teins, and activation of effectors including the interleukin-
converting enzyme (ICE) family of proteases and endo-
nucleases [25, 26]. For example, the induction of apoptosis
by up-regulation of the p53 protein is reported to be very
closely related to the chemopreventive effects of selenodi-
glutathione [27]. Flavopiridol, a cyclin-dependent kinase
inhibitor, and ginsenoside Rh2 induce apoptosis by decreas-
ing Bcl-2 or by activating caspase-3 and subsequently
PARP [4, 28]. The mechanism by which IH-901 shows an
antiproliferative and apoptogenic effect remains largely
unknown.

In many cancer cell lines, Bcl-2 overexpression or c-Myc
down-regulation may contribute to the therapeutic efficacy
of cytotoxic drugs [29]. Although it does not seem to be
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necessary for induction of apoptosis in HL-60 cells by
[H-901, the cleavage of caspase-3 appears to correlate with
[H-901-induced apoptosis in this cell line. Caspase-3 is a
cysteine protease that exists as an inactive zymogen in cells,
and is activated by sequential proteolytic events that cleave
the 32-kDa precursor at aspartic acid residues to generate
an active heterodimer of 20- and 12-kDa subunits [30]. It
has been demonstrated that Apaf-1, cytochrome c, and
caspase-9 participate in the activation of caspase-3. In vitro
depletion of caspase-9 from cytosolic fractions resulted in
the failure of caspase-3 activation [31]. These data suggest
a linear and specific activation cascade between caspase-9
and caspase-3 in response to cytochrome c released from
the mitochondria. Evidence indicates that caspase-3 is both
necessary and sufficient to trigger apoptosis, as has been
demonstrated in caspase-3 knockout mice [32], in various
strategies for inducing apoptosis, including Fas activation or
exposure to ionizing radiation [33], and in the inhibition of
apoptosis by specific tetrapeptide aldehyde [30]. Cyto-
chrome ¢ normally resides in the mitochondrial intermem-
brane space, where it serves as a transducer of electrons in
the respiratory chain. Several antitumor drugs with diverse
intracellular targets have been demonstrated to cause the
mitochondrial release and cytosolic accumulation of cyto-
chrome c and activation of caspase-3 [34, 35]. Although the
mechanism is not yet fully understood, the release of
cytochrome c is considered to be a very important event for
the induction of apoptosis by IH-901.

In conclusion, IH-901, a novel ginseng saponin metab-
olite, inhibits proliferation and induces apoptosis of human
HL-60 cells. IH-901 exposure resulted in activation of
caspase-3 through release of cytochrome ¢ from the mito-
chondria. The more precise signaling pathway by which
[H-901 triggers caspase-3 activation, cytochrome c release,
and the other apoptotic phenomena described here remain
to be identified. Nevertheless, our data should contribute to
the development of IH-901 or related drugs as potential
cancer chemotherapeutic or chemopreventive agents.
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