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Abstract. Ginsenoside compound K (C-K)} is an intestinal
‘microbiota metabolite of ginsenoside Rbi, a major constituent
in American ginseng. However, previous ginseng anti-cancer
observations were largely focused on ginseng parent compounds

but not metabolites, and anti-colorectal cancer studies on C-K -
e e M e Ty
were limited. This study investigated the anti-proliferative

cﬁ’g_:_tyj_(li( when compared to those of Rbl, and the related
mechanisms of action, in HCT-116 and §W-480 colorectal
cancer cells. The effects of Rbl and C-K on the proliferation
of HCT-116 and SW-480 human colorectal cancer cells were
compared using an MTS assay. Cell cycle and cell apoptosis wete
assayed using flow cytoretry. Enzymatic activities of caspases
were determined by colorimetric assay, and interactions of C-K
and caspases were explored by docking analysis. C-K showed
significant anti-proliferative effects in HCF-116 and SW-480
ceils at ngg;m:aﬂnn&dﬁﬂ SU}tM At the same concentrations,

& Rb1'did not show an cﬁects Whﬂc C @ed/the cells in the

gl phase, and significantly i . Compared
~116 (pS3 wild-type), the p mutant cell lineSW-4580 |

was more| sensﬁsv\e‘go C-K.as assessthon
and Zpoptosis induction. C-K activated expressiof of caspases 8
and 9, consistent Witlrdocking analysis. The docking data
suggested that C-K forms hydrogen bonds with Lys253, Thr904
and Gly362 in caspase &, and with Thr62, Ser63 and Arg207
in caspase 9. C-K, but not its parent ginsenoside Rbl, showed
~ significant anti-proliferative and pro-apoptotic effects in human

colorectal cancer cells. These results suggest that GK could-be
a potentially effective anti-colorectal cancer agent,

Introduction

Ginseng root has been used for centuries in Oriental medicine
as a panacez that promotes longevity (1). A number of investi-
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gations, incleding cancer studies, have demonstrated beneficial
effects of Asian ginseng (Panax ginseng C.A. Meyer) (2,3). As
far back as 1971, Asian ginseng and its chemical constituents
were tested for their inhibitory effect on human cancers (4).
Subsequently, Yun and Choi reported a case-control epidemio-
logical stndy on over a thousand Korean subjects, demonstrating
that long-term Asian ginseng consurnption was associated with
a decreased risk for many different cancers (5). Their study
also suggested that ginseng has a non-organ specific preventive
effect against different cancers (3,8). The effects of ginseng on
colon cancer have also been reported (7).

American ginseng (Panax quinguefolius 1..) is one of the
most commonly used herbal medicines in the 1.5, Many reports
suggested that American ginseng, similar to Asian ginseng,
reduces stress and-enhances immune function against chronic
diseases (8,9). American ginseng extracts have been shown to
inhibit the growth of breast cancer cells (10). We observed that
the extract enhanced the anti-proliferative effect of cisplatin on
Ihuaman breast cancer cells, while it possessed its own anti-cancer
activity (11). Recently, we demonstrated the chemopreventive
effects of ginseng extract and its components on colorectal
cancer cells and tumor xenografts (12,13). Interestingly, during
our studies, we did not observe significant anti-colorectal cancer
effects of ginsenoside Rbl, 2 major component of American
ginseng and Asian ginseng.

Like many other herbal medicines, the route of administra-
tion of Amefic ca)n@us nearly alwa@w henthe ginseng

is ingested orally, Cts»bmavﬁfzﬁi@@ due to incomplete
pargxt@,pn@d absorption and conversion to metabolites. In

"the gut, the main metabolic pathways include deglycosylation
reactions of ginseng saponins, including ginsenoside Rbl, by
intestinal microbiota via stepwise cleavage of the sugar moieties
(14-16).

Previous studies suggested that after ginseng ingestion, Rbi
was converted in the gut to compound X (C-K)} (Fig. 1), and
that the latter was a major metabolite absorbed into the systemic
cireulation (14,17). As a parent compound, it appeared that Rb1
itself did not have obvious anti-cancer effects. However, C-K
was shown to have remarkable anti-proliferative effects in
HL-~ 60 leukemia cells and HT:29 colorectal cancer cells (18,19).
Nevertheless, comparison studies of C-K with Rbl on a panel
of human colorectal cancer cell lines have not been reported,
The current study examined the anti-proliferative effects of C-K
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Figure 1. Chemical structures of ginsenoside Rbl and compomnd K. C-K can be biotransformed from Rb1 by intestinal microbiota.

when compared to Rbl, and investigated potential mechanisms
of action in HCT-116 and SW-480 colorectal cancer cells, which
are wild-type and mutant p53 cell lines, respectively. These cell
lines are prototypical of the two major forms of sporadic colon

cancer: microsatellite and chromosomal unstable colon cancers,

respectively.
Materials and methods

Reagents and materials. All cell culture plasticware were
obtained from Falcon Labware (Franklin Lakes, NI, USA) and
Techno Plastic Products (Trasadingen, Switzerland). Trypsin,
McCoy's 5A, Leibovitz's L-15 and RPMI-1640 media, and
phosphate-buffered saline were obtained from Mediatech,
Inc. (Herndon, VA, USA). Penicillin and streptomycin were
obtained from Sigma-Aldrich (St. Louis, MO, USA). An MTS
assay kit, CellTiter 96 Aqueous Solution Cell Proliferation

Assay, was obtained from Promega (Madisen, W1, USA). An_

Annexin V-FITC apoptosis detection kit was obtained from BD
Biosciences (Rockville, MD, USA). PI/RNase staining buffer
was obtained from BD Biosciences Pharmingen (San Diego,
CA, USA). Caspase 3, 8, 9 kits were obtained from BicVison

(Mountain View, CA, USA), Ginsenoside Rbl was obtained
from Indofine Chemical Company (Somerville, NJ, USA}.
Ginsenoside compound K was obtained from ChromaDex Inc.
(Trvine, CA, USA).

Cell lines and cultures. The human colorectal cancer cell lines
HCT-116 (McCoy's SA) and SW4B0 (Leibovitz's L-15) were
obtaired from American Type Culture Collection (Manassas,
VA, USA). The cells were grown in the indicated medium
supplemented with 10% FBS and 50 I'U penicillin/streptornycin
in a humidified atmosphere with 5% CO, at 37°C.

Young adult mouse colon (YAMC) cells are primary
non-tumorigenic mouse colonocytes derived from an SV40
transgenic mouse (20). The YAMC cells were obtained from
the Digestive Disease Research Core Center at the University
of Chicago, and were grown in RPMI-1640 medium supple-

mented with 5% neonatal calf serum, ITS* (6.25 mg/ml insulin,
6.25 mg/ml transferrin, 6.25 ng/ml selenous acid, 5.35 mg/m]
linoleic acid, and 1.25 mg/ml BSA), 5 IUW/m! murine TEN-y,
penicillin and streptomycin. The cells were cultured in a humi-
dified atmosphere with 5% CO, at 33°C,

Cell proliferation analysis 7S. Ginsenoside Rbl and
compound K were dissolved in D ane were stored at -20°C
before use. Cells wérd seeded in Y6-well plates (1x10* cells/

well). After 24 h, indicated concentrations of drugs were added
to the wells. The final concentration5FDMSO was 1%. Controls
wege exposed to culture meditia containing 1% DMSO without
drugs. All experiments were performed in tpiplicate and
repeated 3 times. Following the indicated incubation period,
cell proliferationwas evaluated using an MTS assay accotding
“to the manufacturer’s instructions. Briefly, the medium was
replaced with 100 yl of fresh medium and 20 yl of MTTS reagent
(CellTiter 96 Aqueous Solution) in each well, and the plate was
returned to the incubator for 1-2 h. A 60-ul aliquot of medium
from each well was transferred to an ELISA 96-well plate and
its absorbance at 490 nm was recorded. Since 1% DMSO did
not influence the proliferation of the two cell lines, results were
expressed as percent of control (DMSO vehicle set at 100%).

Cell cycle and apoptosis analysis using flow cytomerry. Cells
were seeded in 24-well tissue culture plates. On the second
day, the medium was changed and cells were treated with test
compounds. Cells were incubated for 48 h before they were
harvested. These cells were fixed gently with 80% ethanol in a
freezer for 2 h and were then treated with 0.25% Triton X-100
for 5 min on an ice bath. Cells were resuspended in 300 gl of
PES containing 40 zg/m] propidium iodide (PI) and 0.1 mg/ml
RNase. Then the cells were incubated in a dark room for 20 min
at room temperature, and cell cycle analysis was performed
using a FACScan flow cytometer (Becton-Dickinson, Mountain
View, CA, USA) and FlowJo 7.1.0 software (Tree Star, Ashland,
OR, USA). For each measurement, at least 10,000 cells were
counted.
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Figure 2. Effects of Rbl and C-K on proliferation of human colorectal cancer cells, Cell lines of (A), HCT-116; and (B), SW-480 were employed to evaluate
anti-proliferative effects of selected compounds. Cells were treated with 10-50 M of Rbl and C-K for 48 h, and cell proliferation was assayed by MTS
method. Results were normalized to each control in percentage and expressed as average + SD of three experiments (solvent vehicle set at 100%, “P<0.01

vs. Rbl).

The apoptosis assay was performed by flow cytometry
following a previously described procedure (21). Briefly, after
treatment for 48 h, cells floating in the medium were collected.
The adherent cells were detached with trypsin. Then culture
medinm containing 10% FBS (and floating cells) was added
to inactivate trypsin. After being pipetted gently, the cells
were centrifuged for 5 min at 1,500 g. The supernatant was
removed and cells were stained with Annexin V-fluorescein
isothiocyanate (FITC)-and PI according to the manufacturer's

instructions. Untreated cells served as control. The cells were
analyzed immediately after staining using flow cytometry. For
each measurement, at least 20,000 cells were counted,

Caspases 3, 8 and 9 activities. SW-480 cells were seeded
in 6-well tissue culture plates. After 24 h, the medium was
changed and C-K was added. After treatment for 24 h, cell
lysates were collected. Expression levels of caspases 3, 8, and 9
were determined by colorimetric method according to the
manufacturer's instructions. Briefly, cell lysates were diluted
with 50 pl of 2X reaction buffer (containing 10 mM DTT) to
protein concentration of 0.5 mg/ml in an ELISA 96-well plate.
Then, 5 pl of colorimetric tetrapeptide substrate (DEVD-pNA
for caspase 3, IETD-pNA for caspase 8§ and LEHD-pNA for
caspase 9) and cell lysate were added, and plate was incubated
at 37°C for 24 h. Absorbance was recorded at 405 nm. The
change in caspase activity was calculated as absorbance of C-K
treated cells/absorbance of untreated controls (22).

Receptor docking analysis. The possible binding modes of
C-K at the catalytic domains of human caspases 8 and 9 were
predicted using the docking program Surflex-Dock (Tripos,
St. Louis, MO, USA). The structure of C-K was generated
(through Ligand model in Sybyl), and protein crystal structures
were obtained (PDB code 2C2Z for caspase 8 and 3HOE for
caspase 9). In preparation for docking analysis, the protein
structures were prepared by adding hydrogen atoms and
missing sidechain atoms and removing water molecules.
_Intermolecular interactions between the C-K and caspases
were analyzed, and the key pharmacophore in the ligand was
identified (23,24).

Statistical analysis. Data are presented as mean =+ standard
error (SE). A one-way ANOVA was employed to determine
statistical significance of results. In some cases, Student's t-test
was used for comparing two groups. The level of statistical
significance was set at P<0.05.

Results

Anti-proliferative effects of Rbl and C-K. We evaluated the
anti-proliferative effects of the ginsenosides Rbl and C-K
using two human colorectal cancer cell lines, HCT-116 and
SW-480. As shown in Fig. 2, while 48-h weatment with Rbl
did not inhibit cancer cell growth, C-K caused concentration-
dependent growth suppression. At 30 pM, C-K inhibited
cancer cell growth by 15.5%4.5% in HCT-116 and 21.1+4.6% in
SW-480 cells, respectively (both P<0.01 vs. Rbl). C-K at 50 uM
completely inhibited cell growth in both cancer cell lines.

In separate studies, we observed that both Rbl and C-K, at
concentrations as high as 50 gM, did not alter proliferation of
the non-cancer YAMC cells.

Effects of RbI and C-K on cell cycle and apoptosis. To explore
potential mechanisms by which C-K inhibited cell growth, the
cell cycle profile was assayed by flow cytometry. As shown in
Fig. 3, compared to control, effects of C-K on the cell cycle
profile were observed at concentrations as low as 20 pM.
Treatment of HCT-116 cells with 40 M C-K for 48 h increased
the percentage of cells in G1 phase to 63.4+1.2%, compared to
4977+17% in vehicle treated cells. Treatment of SW-480 cells
with 40 uM C-K for 48 hincreased G1 phase cells to 78.6+2.5%,
compared to 53.1+3.0% in vehicle treated cells. Thus, in both
cancer cell lines, C-K significantly increased the number of
cancer cells in G1 phase. We also observed that Rbl did not
influence the cell cycle, suggesting that only the Rbl metabolite,
C-K, inhibits G1-S transition in colorectal cancer cells.

The apoptotic effects of Rb1 and C-K were evaluated by flow
cytometry after staining with Annexin V and PL. Annexin V
can be détected in both early and late stages of apoptosis,
whereas P stains cells only in late apoptosis or necrosis. Early
apoptotic cells were positive for Anpexin V and negative for PI
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Figure 3. Cell cycle analysis of HCT-116 and SW-480 cells treated with Kbl and C-K. HCT-116 and SW-480 cells were treated with 20 and 40 gM of Rbl or
C-K for 48 h, then fixed in ethanol and stained with propidium iodide. DNA content was determined by flow cytometry. (A), Representative histograms of DNA
content in each experimental group. The percentage of cells in G1. 5 and G2/M phases of the cell cycle is indicated. (B), Percentage of each cell cycle phase with
various treatments or with control. Data are presented as the mean « standard error of triplicate experiments. C-K obviously induces cell cycle arrest at G1 phase.

while Rbl does not influence cell cyele profile compared to control.

(lower right quadrant); late apoptotic or necrotic cells stained
for both Annexin V and PI (upper right quadrant). As shown
in Fig. 4, following treatment with 50 pM of C-K for 48 h, the
percentage of early and late apoptotic cells was 39.9+2.5%
- and 32.0£4.2% for HCT-116 cells (control: 4.0+1.3% and
1.4+0.3%); and 56.2+3.0% and 23.632.4% for SW-480 cells
{control: 3.5+0.5% and 1.8+0.2%), respectively. In contrast, Rb1
at the same concentrations did not induce apoptosis, The data
demonstrate that only C-K significantly induces cell apoptosis.

Effects of Rbl and C-K on activities of caspases 3, 8 and 9.
To further characterize the potential mechanism of C-K's anti-
‘cancer activity, we assayed the activities of several caspases,
since C-K increased colon caucer cell apoptosis. We measured
caspase activity in SW-480 cells, since apoptotic induction by
C-K was stronger in SW-480 compared to HCT-116 cells. As
shown in Fig. 5, treatment of SW-480 cells with 40 M C-K
for 24 h up-régulated caspases 3, 8 and 9 activities signifi-
cantly. These activities were further enhanced with 50 gM
C-K, increasing caspases 3, 8, and 9 activities to 45.7+£3.1%,

77.6+7.3%, and 68.6+11.9%, respectively (all P<0.01), above
vehicle treated cells. 7 : 3

Molecular muodeling of caspases 8 and 9 and the predicted

binding mode of C-K. Since C-K significantly increased
caspases § and 9 activity, we asked 1f C-K might physically
interact with these caspases. To address this question, we exam-
ined C-K docking for human caspase 8 (PDB code: 2C27) and
human caspase 9 (PDB code: 3HOE). The Surfiex-Dock program
was used to predict the binding sites of C-K to caspases 8 and 9.
The energetically most favorable positions for C-K interaction
with these caspases are shown in Fig. 6. In silico modeling
suggested that C-K forms hydrogen bonds with Lys253, Thr904
and Gly362 at the active site of caspase 8 through its hydroxyl
groups (Fig. 6A), while it interacts with residues Thro2, Ser63
and Arg207 in caspase 9 through hydrogen bond interactions
(Fig. 6B). In addition, C-K is predicted to show significant
binding affinity for caspase 8 (CScore 3.34) and caspase 9
(CScore 4.29), suggesting that C-K directly interacts with these
caspases.
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Figure 4. Apoptotic analysis of HCT-116 and SW-480 cells treated with Rbl and C-K. HCT-116 and SW-480 cells were treated with 30 and 50 #M of Rbl or
C-K for 4R h, then stained with Annexin V/PL, and the extent of apoptosis was determined by flow cytomeltry. (A), Representative scatter plots of PI (y-axis) vs.
Annexin V (x-axis). (B), Percentage of viable, early apoptotic and late apoptotic cells. Data are presented as the mean * standard error of triplicate experiments.
“"P<0.01 vs. control. C-K induced cell apoptosis in a concentration-related manner. However, Rbl did not induce cell apoptosis even at high concentrations.
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Figure 5. Effects of C-K on caspases 3, 8, and 9 activities in SW-480 cells.
After treatment with 20-50 M of C-K for 24 h, cell lysates were prepared and
enzymatic activities of caspases 3, 8, and 9 were measured by colorimetric
assay. Results are normalized to each control in percentage and expressed as
average = SD of three experiments ('P<0.05, "P<0.01 vs. control).

Discussion

Botanicals have provided parent structures for many of the
current efficacious chemotherapeutic agents (25,26). There
needs to be a continued effort to tap this resource in order to
discover active botanical components or metabolites with novel,
potent, and distinct anti-cancer actions (27,28). The identifica-
tion of non-toxic chemoadjuvant treatments dexived from herbal
medicines remains a potentially very productive area of research
to advance cancer chemoprevention.

Previous ginseng anfi-cancer evajuations largely focused on
the herb's parent compounds, i.e., the ginsenosides Rbl and Rgl.
Unfortunately these parent compounds have exhibited only
Himited anti-cancer activities. Our group observed that after
steaming treatment, the chemical composition of ginseng was
changed, and the anti-proliferative activity increased signifi-
cantly. Steaming of American ginseng augmented ginsenoside
Rg3 content and increased the ginseng's anti-proliferative poten-
tial. Although Rg3 exhibited more anti-proliferative activity
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Figure 6. Three-dimensional docking model of C-K. at the bindiug site of human caspases 8 and 9 proteins. The possible binding modes of C-K at the catalytic
domains of caspases were predicted using the docking program Surfiex-Dock. (A), C-K. docked with caspase 8 through hydrogen bond interactions with residues
Lys253, Thr204 and Gly362. (B), C-K docked with caspase 9 through hydrogen bond interactions with residues Thr62, Ser63 and Avg207. In {A) and (B), surface

views are shown in the left pane], and stick-xibbon models shown in the right.

than its parent compound Rbl, its potency was still low, with
an ICsq >100 M for colorectal cancer cells (29). Identification
of more potent ginseng-derived anti-cancer compounds is chal-
lenging, as ginseng contains a diverse number of compounds
and potential metabolifes, and many appear to possess anti-
cancer activities. :

The common method of ginseng admiuistration is the oral
route. Orally administered ginsenosides are poorly absorbed,
and sorae appear to reguire bacterial metabolism to be absorbed
and biologically active (30). After ginseng ingestion, C-K is a
major metabolite reaching the systemic circulation (14,17). In
natural products research, many previous studies employed
primarily reductionist approaches in screening compounds for
bioactivity, and often only parent compounds were investigated,
For ginseng studies, saponin bioavailahility is an important
issue linked to the compound's pharmacological effects, and it
seems to have been overlooked.

In this study, we observed that the Rbl metabolite C-K
possesses very significant anti-colorectal cancer activities
compared to its parent compound Rbl. The IC, for C-K for
inhibiting colon cancer cell proliferation and inducing apop-
tosis was 30-50 pM; suggesting that its anti-proliferative effect
is greater than that of Rg3, the compound derived from Rbl by
steaming treatment. We also observed significant anti-tumor
activity of C-K, but not of Rbl, against cancer cells, but not
against non-cancer cells. The microbe requirements for genera-
tion of gut microbiota-derived ginseng metabolites with respect
to colorectal cancer chemoprevention will necessitate further
study. Functional profiles of enteric microbicta with this
activity can be studied in a number of ways, including estab-

lishing ‘humanized’ enteric microbiota or transfer of defined
microbiota using germ-free animal models (31,32).

The mechanisms mediating the colon cancer chemopreveri-
tive effects of C-K are largely unkoown. Because inhibition of
cel} cycle progression and induction of apoptosis are iroportant
mechanisms mediating the effects of many anti-cancer agents,
in this study we evaluated the effects of C-K on the cell eycle
and apoptosis, C-K increased the fraction of colon cancer cells
in the G1 phase, with SW480 cells showing greater Gl arrest.
We also observed that C-K markedly induced colon cancer cel}
apoptosis, and that SW-480 cells again appeared to be more
sensitive to C-K. Comparing C-K effects on cell cycle and
apoptosis, we showed that induction of apoptosis appeared to
be greater than cell cycle slowing. This result suggesis that the
cancer cell growth inhibitory effect of C-K was predominantly
mediated by induction of apoptosis.

The two cell lines used in this study have varied p53 expres-
sion, HCT-116 is p53 wild-type, while SW-480 cells contain a
P53 mutation. Cancer cells with p53 mutations are resistant to
many chemotherapeutic agents. Interestingly, we observed that
(C-K caused greater apoptosis induction abilities in a p33 mutant
cell line (SW-480) than in a p53 wild-type line (HCT-116),
suggesting that C-K might prove useful in p53-mutated colon
cancets,

To further explore the mechanism mediating C-K-induced
enhanced apoptosis, we assayed the activities of caspases 3, 8
and 9, Since our flow cytometry experiments showed that the
apoptotic effects of C-K were greater in SW-480 than HCT-116
cells, we examined SW-480 cells for caspase activity, At
concentrations of 40 and 50 xM, C-K significantly up-regulated
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the activities of these caspases, especially caspases 8 and 9. Our
docking analysis further suggested interaction sites between
C-K and caspases 8 and 9. These caspases are situated at
critical points in apoptotic pathways, and our studies suggest
that C-K may enhance apoptosis by direct physical interactions
with these enzymes.

In summary, we have demonstrated that C-K exerts potent
anti-proliferative and pro-apoptotic effects in colon cancer
cells. This compound requires biotransformation of ginseng
by bacteria, revealing a potentially important role for bacteria
in mediating the chemopreventive effects of naturally occur-
ring substances. Future studies to determine the pathways that
mediate C-K-induced G1 cell cycle slowing and caspase activa-
tion are warranted. Investigation of the colonic microbiome
requirements and elucidation of potential differences in human
hosts (e.g., ethic differences) with respect to C-K generation
will also be important, Finally, animal studies demonstrating
that C-K exerts a chemopreventive effect in colonic tumori-
genesis should be undertaken to assess the potential of this
agent in future human trials.
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