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Abstract
Ginsenosides are the main bioactive components in American ginseng, a commonly used herb. In
this study, we showed that the ginsenoside Rh2 exhibited significantly more potent cell death
activity than the ginsenoside Rg3 in HCT116 and SW480 colorectal cancer cells. Cell death
induced by Rh2 is mediated in part by the caspase-dependent apoptosis and in part by the caspase-
independent paraptosis, a type of cell death that is characterized by the accumulation of
cytoplasmic vacuoles. Treatment of cells with Rh2 activated the p53 pathway and significantly
increased the levels of the pro-apoptotic regulator, Bax, while decreasing the levels of anti-
apoptosis regulator Bcl-2. Removal of p53 significantly blocked Rh2 induced cell death as well as
vacuole formation, suggesting that both types of cell death induced by Rh2 are mediated by p53
activity. Furthermore, we show that Rh2 increased ROS levels and activated the NF-κB survival
pathway. Blockage of ROS by NAC or catalase inhibited the activation of NF-κB signaling and
enhanced Rh2-induced cell death, suggesting that the anticancer effect of Rh2 can be enhanced by
antioxidants.
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1. Introduction
Colon cancer is the third leading cause of cancer-related deaths in the western world[1].
Current treatment of this cancer generally employs surgical resection combined with
chemotherapy using cytotoxic drugs and radiation therapy. Because this therapy is only
moderately successful, novel approaches to the treatment of colorectal cancer are required.
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Natural products are potentially valuable source for the development of new anti-cancer
drugs[2;3]. American ginseng (Panax quinquefolius) is a very popular herb in the United
States, and its main effective components are ginsenosides that have been reported to have a
wide variety of biological activities including immunomodulatory effects, anti-inflammatory
and anti-tumor activity[4;5;6]. We recently reported that steamed American ginseng extract
potently killed colorectal cancer cells and that Rg3 and Rh2, derivatives of protopanaxadiol
(PPD), are the main ginsenosides in the extract[7;8]. Interestingly, it is reported that Rg3 can
be metabolized by human intestinal bacteria to Rh2 and further to PPD[9]. In this report, we
characterized the effects of Rg3 and Rh2 on the colorectal cancer cell lines, HCT116 and
SW480.

Apoptosis is programmed cell death involving the activation of caspases through either a
mitochondria-dependent cell intrinsic or mitochondria–independent cell extrinsic
pathway[10;11]. In addition to apoptosis, several types of caspase independent programmed
cell death have been identified including autophagy, paraptosis, mitotic catastrophe, and
necroptosis[12;13]. Autophagy is characterized by the sequestration of bulk cytoplasm and/
or organelles in double membrane autophagic vesicles and can be visualized by the
localization of Atg8/LC3 to the membrane of pre-autophagosome[14]. Paraptosis is
characterized by cytoplasmic vacuolization. It lacks apoptotic morphology and does not
respond to caspases inhibitors. However paraptosis does require new protein synthesis and
MAP kinase activation[15;16;17]. Necroptosis is a form of programmed necrosis that is
caspase-independent and have been reviewed recently (reviewed in [13]). It should be
pointed out that a dying cell may exhibit characteristics of several death pathways. It is
postulated that the dominant death phenotype is determined by the relative speed of the
available death programs [12].

In this study, we show that Rh2 exerts significantly more potent colorectal cancer cell killing
activities than Rg3. We show that Rh2 induced cell death is partially dependent on caspase-3
activation. Interestingly, we find that Rh2 induces a significant level of cytoplasmic vacuole
formation, which is characteristic of paraptosis. Similar to our studies of the steamed
ginseng extracts, we show that Rh2 induces ROS generation in colorectal cancer cells,
which in turn activates the NF-κB signaling and partially counteracts the cancer cell killing
activities of Rh2. Consistent with this, inhibition of ROS or the NF-κB pathway increases
the toxicity of Rh2 to colorectal cancer cells. Furthermore, we show that p53 transcription
activity is induced by Rh2 and that inactivation of p53 significantly decreases Rh2-induced
vacuole formation and cell death.

2. Methods and Materials
2.1. Chemicals and reagents

N-Acetyl-L-cysteine (NAC) and PS1145 were obtained from Sigma. Rh2 and Rg3 were
obtained from National Institute for the Control of Pharmaceutical and Biological Products,
Beijing, China; and were of biochemical reagent grade and at least 95% pure as determined
by HPLC. NAC was dissolved in the growth medium. PS1145, a specific inhibitor of NF-κB
pathway, was dissolved in DMSO as a 20 mM stock buffer. Luciferase assay kits were
purchased from Promega. Anti-Bad and monoclonal anti-β-actin was obtained from Cell
Signaling Technology. Anti-Bcl-2, anti-Bcl-XL and anti-Bax were obtained from Santa
Cruz. Annexin V Kit was purchased from BD Biosciences, and 5-(and-6)-chloromethyl-2′7′-
dichlorodihydrofluorescein diacetate acetyl ester (H2DCFDA) was obtained from
Invitrogen. Experiments were carried out at least three times to obtain the mean and the
standard deviation.
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2.2. Cell culture
Normal human colon epithelial cells, FHC, and human colorectal cancer cells HCT116 and
SW480 were obtained from the American Type Culture Collection. HCT116 and SW480
cells were maintained in McCoy’s 5A medium supplemented with 5% fetal bovine serum
(FBS, Hyclone Laboratories), 50 IU of penicillin/streptomycin (Gemini Bio-Products) and 2
mmol/L of L-glutamine (Invitrogen) in a humidified atmosphere with 5% CO2 at 37°C. FHC
cells were maintained in the ATCC suggested complete growth medium (DMEM:F12
medium with 25 mM HEPES supplemented with 10% FCS, 10 ng/ml cholera toxin, 0.005
mg/ml insulin, 0.005 mg/ml transferrin, and 100 ng/ml hydrocortisone).

2.3. FACS analysis, Trypan blue staining, and quantification of vacuolization
For the cell death assay, 25×104 cells/well were seeded into 6-well plates. Samples were
prepared based on the instruction provided together with Annexin V Apoptosis Kit. Briefly,
after treatment as indicated in the result section, the adherent and detached cells were
collected and washed twice with binding buffer containing 10 mM HEPES, pH 7.4, 140 mM
NaCl, 2.5 mM CaCl, and then 1×105 cells were resuspended in 100 μl of binding buffer. 5 μl
of Annexin V-FITC and 10 μl of propidium iodide (50 μg/ml, stocking concentration) were
added to the cell suspension. After gently mixing, the cells were incubated for 15 min at
room temperature, and then 400 μl of binding buffer was added to get the sample ready.
Quantification of cell death was performed using a FACScan (BD Biosciences). Annexin V-
positive and/or PI-positive cells were considered cell death.

For Trypan Blue Staining, after treatment as indicated in the result section, the adherent and
detached cells were collected and stained with Trypan Blue dye for 5 min at room
temperature. Cell death is determined as the percent of cells that are stained.

For quantification of vacuolization, cells were treated as described in the result section and
observed under microscope to determine the fraction of cells with obvious cytoplasmic
vacuoles.

Intracellular ROS production was monitored by the permeable fluorescence dye,
H2DCFDA. H2DCFDA can readily react with ROS to form the fluorescent product 2,7-
dichlorofluorescein (DCF)[18]. The intracellular fluorescence intensity of DCF is
proportional to the amount of ROS generated by the cells[19]. After the indicated treatment,
the cells were incubated with 10 μM of H2DCFDA for thirty minutes and then cells were
harvested and resuspended in PBS (106 cells/mL). The fluorescence intensity of intracellular
DCF (excitation 488 nm, emission 530nm) was measured using FACScan. All the data
analyses were performed using FlowJo analysis software, version 6.0 (Tree Star).

2.4. Western blot and luciferase activity assay
For western blots, after desired treatments as specified in the Results section, cells were
washed twice with PBS, lysed in buffer [20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 1 mM EDTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM β-
glycerophosphate, 1 mM sodium vanadate, 1 μg/ml leupeptin, 1mM
phenylmethylsulfonylfluoride]. Equal amounts of protein were loaded. Western detection
was carried out using a Li-Cor Odyssey image reader. The goat anti-mouse IgG (680 nm)
and goat anti-rabbit IgG (800 nm) secondary antibodies were obtained from Li-Cor.

For luciferase assay, the plasmids containing luciferase reporter gene with or without a NF-
κB response element and phRL-TK plasmid for the transfection control were gifts from
Liao’s lab (Ben May Department for Cancer Research, University of Chicago). 104 cells
were seeded into 48-well plates for 24h and were co-transfected with 0.5 μg of plasmid
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containing reporter construct and 10 ng of phRL-TK using transfection reagent Effectene
(Qiagen). At 24h post-transfection, the cells were treated as desired. Luciferase activity was
measured with a commercial kit (Promega Dual luciferase II) on a Monolight luminometer
(Becton Dickinson).

2.5. Lentivirus generation and infection
Human catalase cDNA (gift from Dr. Jian Wu, UC Davis Medical Center), and human Bcl-
XL cDNA (gift from Dr. Kay Macleod, University of Chicago) were subcloned into the
lentiviral expressing vector pCDH-CMV-EF1-puro (System Biosciences). Viral packaging
was done according to the previously described protocol[20]. Briefly, expressing plasmid
pCDH-catalse-myc or pCDH-Bcl-XL-myc, pCMV-dR8.91, and pCMV-VSV-G were co-
transfected into 293T cells using the Calcium Phosphate method at 20:10:10 μg (for a 10-cm
dish). The transfection medium containing calcium phosphate and plasmid mixture was
replaced with fresh complete medium after incubation for 5 hours. Media containing virus
was collected 48 h after transfection and then concentrated using 20% sucrose buffer at
20000g for 4 hours. The virus pellet was re-dissolved in the proper amount of complete
growth medium and stocked at −80°C. Colorectal cancer cells were infected with the viruses
at the titer of 100% infection in the presence of Polybrene (5μg/ml) for 48 hours, and were
treated as desired.

3. Results
3.1. Ginsenoside Rh2 is significantly more potent than Rg3 in killing colorectal cancer
cells

We previously reported that the steamed American ginseng root extract (S4h) induced cell
death in colorectal cancer cell lines, and that ginsenoside Rg3 is the major constituent in
S4h[7]. Recent analysis revealed that Rg3 as well as another ginsenoside, Rh2, is
significantly enriched in S4h after the steaming process[8]. Interestingly, a recent report
suggests that Rg3 may be converted to Rh2 by human intestinal bacteria[9] (Figure 1A). To
evaluate the contribution of Rg3 and Rh2 in S4h induced cell death, we tested the effects of
adding the purified ginsenosides Rh2 and Rg3 directly to colorectal cancer cells. Both
ginsenosides exhibited a time-dependent and concentration-dependent killing of HCT116
colorectal cancer cells (Fig. 1B-D and data not shown). Rh2 had a significantly more potent
toxic effect with IC50 values of around 35 μM compared to Rg3 which had an IC50 value of
greater than 150 μM. Similar results were obtained for another colorectal cancer cell line,
SW480 (Fig. 1E and data not shown and reference 8). In contrast, even at the highest
concentration used, Rh2 did not lead to significant killing of normal human colon epithelial
cells (Fig. 1F). Therefore, the ginsenoside Rh2 can specifically kill colorectal cancer cells
and it is significantly more potent than Rg3. It should be pointed out that since Rg3 and Rh2
have different structure (Fig. 1A), it is possible that the apparent difference of their in vitro
cytotoxic activity could be affected by how much of the drug is internalized by the cells in
culture.

3.2. Treatment with the Ginsenoside, Rh2, induced increased ROS levels
Our previous results indicated that steamed American ginseng root extract induced ROS
generation in addition to cell death in colorectal cancer cells[7]. Although ROS is often
reported to induce cell death, S4h-induced ROS in colorectal cancer cells protects cells from
undergoing cell death by activation of the NF-κB pathway. To determine if Rh2 can also
induce ROS in colorectal cancer cells, we measured the ROS levels in HCT116 and SW480
cells after they were treated with Rh2. As shown in Fig. 2, both HCT116 and SW480 cells
treated with Rh2 showed time-dependent and concentration-dependent induction of ROS
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(Figure 2A–C and Data not shown). These results show that treatment with Rh2 induced
increased ROS levels in colorectal cancer cells.

3.3. Blocking ROS generation increased Ginsenoside-induced cell death
Since ROS induced by S4h protects colorectal cancer cells from cell death[7], we tested the
effect of Rh2-induced ROS on colorectal cancer cells. Addition of the antioxidant, NAC,
significantly reduced ROS levels in both the HCT116 and the SW480 colorectal cancer cells
(Fig. 3A and B). The decreased levels of ROS correlated with significantly enhanced Rh2-
induced cell death in both colorectal cancer cell lines (Figure 3C and D). Additionally,
expression of catalase, a ROS scavenger enzyme, also significantly increased Rh2 induced
cell death in both HCT116 and SW480 cells (Fig. 3E and F). Therefore, at the level of Rh2
used, ginsenoside Rh2-induced ROS in colorectal cancer cells helps prevent induction of
cell death.

3.4. NF-κB pathway is activated by Rh2-induced ROS and contributes to cell survival
ROS promotes cell survival in colorectal cancer cells via activation of the NF-κB pathway
[7]. To determine whether Rh2 induced ROS also leads to activation of the NF-κB pathway,
we measured NF-κB reporter activity after treating cells with Rh2. A significant level of NF-
κB reporter activity was induced by Rh2 treatment at the same concentration that led to high
levels of ROS (Fig. 4A and Fig. 2B). If the increased level of ROS is required for the
induction of NF-κB signaling, then decreasing the level of ROS in the cell should lead to a
decrease in NF-κB reporter activity. Indeed, addition of NAC significantly blocked the Rh2-
mediated induction of NF-κB transcriptional activity in both HCT116 and SW480 colorectal
cancer cells (Figure 4B and C), suggesting that Rh2-induced ROS contributes to the
activation of the NF-κB pathway. Since a decrease in ROS led to a decrease in NF-κB
transcriptional activity we expected that the activated NF-κB pathway would counteract Rh2
induced cell death in colorectal cancer cells. To test this hypothesis, we inhibited the NF-κB
pathway by adding PS-1145, a specific inhibitor of NF-κB pathway, to Rh2 treated HCT116
and SW480 cells and measured the cell death. PS-1145 significantly inhibited both the basal
as well as the Rh2-induced NF-κB transcriptional activity (Figure 4B and C) and increased
Rh2-induced cell death in both HCT116 and SW480 cells (Figure 4D and E). These results
indicated that Rh2-induced ROS contributed to the survival of colorectal cancer cells via
activation of the NF-κB pathway.

3.5. Rh2-induces both caspase-dependent apoptosis and caspase-independent
papraptosis

Apoptosis is a type of programmed cell death that is caspase-dependent[10]. In order to
determine whether Rh2-induced cell death was caspase-dependent, we pre-treated HCT116
cells with a pan-inhibitor of caspases, Z-VAD-fmk, and measured the effects of Rh2 on cell
death induction. As shown in Fig. 5A, 100 μM of Z-VAD-fmk partially inhibited Rh2-
induced cell death in HCT116 cells, indicating that Rh2 induced cell death is partially
caspase-dependent apoptotic cell death. To determine whether the cell death was dependent
or independent of mitochondria in Rh2-induced apoptosis, the levels of pro and anti
apoptotic mitochondria proteins Bad, Bax, Bcl-2, and Bcl-XL were visualized by western
blot from protein extracts from cells treated with Rh2. A time-dependent increase in the
levels of Bax and Bad were observed in HCT116 cells when treated with Rh2 (Fig. 6A).
Rh2 treatment also led to reduced levels of the anti-apoptotic proteins Bcl-2 and Bcl-XL
(Figure 6A). In support of the hypothesis that the Bcl-2 family of pro and anti apoptotic
proteins are important for Rh2-induced cell death, the overexpression of Bcl-XL partially
protected HCT116 cells against Rh2-indcued cell death (Figure 6B). These results indicate
that Rh2-induced cell death is mediated in part by mitochondria-dependent apoptosis.
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Z-VAD only partially blocked Rh2-induced cell death (Fig. 5A). Further increasing the
concentrations of Z-VAD from 100 μM to 200 μM did not lead to further inhibition of Rh2-
induced cell death (Fig. 5A). These results suggested that Rh2-induced cell death is partially
caspase-independent (non-apoptosis). Paraptosis is a type of programmed cell death that is
characterized by the visible cytoplasmic vacuolization. Induction of paraptosis has been
shown to require new protein synthesis but is resistant to inhibition by caspase
inhibitors[16]. While HCT116 cells treated with vehicle controls did not show any vacuoles,
increasing the level of Rh2 induced an increasing fraction of cells that exhibited cytoplasmic
vacuolization (Fig. 5B top, Fig. 5C). Moreover, the pre-treatment of HCT116 cells with
cycloheximide (CHX), a protein synthesis inhibitor, blocked Rh2-induced vacuole formation
(Fig. 5B middle, Fig. 5D). In addition, MAP kinase activation has been shown to be
important for paraptosis[17]. To determine the involvement of MAP kinase in Rh2 induced
vacuole formation, U0126, a specific inhibitor of MEK1 and 2, was used. As shown in Fig.
5D, U0126 significantly reduced the fraction of cells with vacuole formation (P<3×10−16).

The microtubule-associated light chain 3 (LC3) is incorporated into autophagosomes upon
autophagy induction, which can be visualized by the foci formation of a GFP tagged LC3
(GFP-LC3)[14]. To determine if Rh2-induced vacuolization is associated with autophagy,
we examined GFP-LC3 foci formation following Rh2 treatment. We found that Rh2 did not
induce GFP-LC3 foci formation even though significant level of GFP-LC3 foci was
observed with serum-free treatment, a treatment which induces autophagy (Fig. 5B bottom).
Furthermore, chloroquine, an inhibitor of autophagy, did not affect Rh2-induced cell death
or vacuole formation (data not shown). Therefore, these results indicate that Rh2 does not
induce autophagy. Taken together, our results suggest that Rh2-induced cell death in
colorectal cancer cells is mediated in part by the caspase-dependent apoptosis and in part by
the caspase-independent paraptosis-like cell death.

Bax is a key target of the p53 transcription factor in apoptosis[21]. The increased levels of
Bax protein induced by treatment of the cells with Rh2 raised the possibility that Rh2
treatment activates the p53 tumor suppressor. To test this idea, HCT116 cells were treated
with Rh2 and the expression of a p53 reporter was quantified. Strong activation of the p53
reporter gene expression by Rh2 was observed in WT HCT116 cells but not in HCT116
cells when p53 was knocked out (Fig. 6C). To further determine the effect of p53 on Rh2
induced cell death, we compared the effect of Rh2 on cell death induction in WT and p53
mutant HCT116 cells. Interestingly, knockout of p53 dramatically decreased Rh2 induced
cell death, indicating that p53 is involved in Rh2 induced cell death (Fig. 6D). Removal of
p53 significantly inhibited Rh2-induced vacuole formation without affecting GFP-LC3 foci
formation (Fig. 5E). Only 10.1±0.7% of p53−/− HCT116 cells showed vacuoles as
compared to 81±2.3% of the WT HCT116 cells. These results suggest that p53 contributes
to both apoptosis as well as paraptosis-like cell death induced by Rh2 in colorectal cancer
cells (Fig. 7).

4. Discussion
Rg3 and Rh2 are the main bioactive components in steamed American ginseng extracts,
which exhibited potent ability to kill colorectal cancer cells. In this report, we showed that
Rh2 is significantly more potent at inducing cell death in colorectal cancer cells than Rg3
and that Rh2-induced cell death in colorectal cancer cells is mediated partially by caspase-
dependent apoptosis and caspase-independent paraptosis-like cell death. Furthermore, we
show that both types of cell death induced by Rh2 in colorectal cancer cells are p53-
dependent.
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Apoptosis and paraptosis are two different types of programmed cell death. Both are
accompanied by the phosphatidylserine translocation from the inner (cytoplasmic) leaflet of
the plasma membrane to the outer (cell surface) leaflet and can be detected by Annexin V
staining[22]. Besides morphological differences, a key difference between the two types of
cell death is that apoptosis is generally caspase-dependent while paraptosis is caspase-
independent. Our results that Rh2 significantly alters levels of the Bcl-2 family of pro and
anti apoptotic proteins in conjunction with the observation that inhibition of caspases by Z-
VAD partially inhibited Rh2-induced cell death in colorectal cancer cells indicate that a
mitochondria-dependent apoptosis contributes to Rh2-induced cell death. Consistent with
this, overexpression of Bcl-XL significantly suppressed Rh2-induced cell death.

In addition to inducing apoptosis, Rh2 also induced extensive cytosolic vacuolization in
HCT116 cells, suggesting the involvement of paraptosis. Rh2 induced vacuolization was
significantly inhibited by cycloheximide and MEK1/2 specific inhibitor U0126, indicating
the requirements for protein translation and MAP kinase signaling, which are also consistent
with parapotosis. In addition, Rh2 induced cytosolic vacuolization is not due to autophagy
since Rh2 did not induce autophagosome formation in these colorectal cancer cells. The
pan-caspases inhibitor Z-VAD can only partially inhibit Rh2 induced cell death and further
increasing the level of Z-VAD did not further decrease Rh2-induced cell death or decrease
the level of cytosolic vacuolization suggesting that there is another type of cell death being
induced which exhibits vacuolization. Taken together these results suggest that Rh2 also
induces a paraptosis-like cell death in colorectal cancer cells. Interestingly, although 48 hour
treatment of HCT116 cells with CHX led to 29.6% cell death, similar level of cell death was
observed when HCT116 cells were treated with Rh2 alone or Rh2+CHX (52.2±1.8% and
53.0±1.9%, P=0.6). It is likely that the effect of CHX on paraptosis is compensated by the
cytotoxic effect of CHX alone. It is worth noting that although the effectiveness of
chemotherapeutic drugs generally depend on their ability to induce cell death in cancer cells,
there are forms of chemotherapy-induced cell death that cannot readily be classified as
apoptosis or necrosis but fit more in the apoptosis-like/necrosis-like programmed cell death
model[12]. It has been suggested that multiple cell death program can be activated in the
same cells and the dominant cell death phenotype is determined by the relative speed of
those death programs [12;23]. As cancer cells often developed some resistance to
undergoing apoptosis, it is possible that such alternative forms of programmed cell death
play important roles in cancer therapy. In support of this notion, chemotherapeutic agents
such as Paclitaxel, Arsenic trioxide, Doxorubicin, etc can all induce caspase-independent
cell death[12].

Consistent with previous reports that Rh2 can induce ROS in some cell lines [24], we found
that Rh2 increased ROS level in HCT116 cells. ROS has been reported either to induce cell
death or to activate some survival pathways to protect cells from death. The exact effect of
ROS on a particular cell type is likely depends on the cell type involved and the nature and
levels of ROS induced. Similar to our observation with steamed ginseng extracts, we found
that ROS scavengers, NAC and catalase, block ROS generation and enhance Rh2-induced
cell death in colorectal cancer cells. We showed that this survival effect of ROS in colorectal
cancer cells is mediated by the activation of the NF-κB survival pathway.

Given the results presented here we propose a model in which Rh2 treatment activates the
NF-κB pathway to protect the cells from cell death while simultaneously activates two
different cell death pathways. Rh2 treatment likely activates the p53 pathway, which
contributes to the induction of both apoptosis and parapotosis-like cell death.

Since Rg3 can be metabolized to Rh2 and to PPD by human intestinal bacteria, it will be
interesting to determine the effect of PPD on colorectal cancer cells in comparison to Rh2
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and Rg3. Furthermore our results about the effects of anti oxidants on Rh2-induced cell
death in colorectal cancer cells suggest that steamed American ginseng or its ginsenosides in
combination with the safe antioxidants can potentially be used as chemoprevention agents to
prevent the development of colorectal cancers.
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Abbreviations

DCF 2,7-dichlorofluorescein

H2DCFDA 5-(and-6)-chloromethyl-2′7′-dichlorodihydrofluorescein diacetate acetyl
ester

NAC N-Acetyl-L-cysteine

PCD programmed cell death

ROS reactive oxygen species
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Figure 1. The effects of ginsenosides on colorectal cancer cell lines
A) The structures of Rg3 and Rh2. B and C) HCT116 cells were treated with different
concentrations of Rg3 or Rh2 for 48h, and the cell death was quantified. D) HCT116 cells
were treated with 35 μM of Rh2 for 0–72 hours, and the cell death was determined. E)
SW480 cells were treated with different concentrations of Rh2 for 48h, and cell death was
measured. F) HCT116 and FHC cells were treated with different concentrations of Rh2 for
48h and cell death was determined by staining with Trypan Blue.
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Figure 2. Ginsenoside Rh2 induced ROS generation in colorectal cancer cells
(A) HCT116 cells were treated with 35 μM of Rh2, and then ROS level was measured at the
indicated times. (B) HCT116 cells were treated with different concentrations of Rh2 for 6h,
and then ROS level was determined. (C) SW480 cells were treated with different
concentrations of Rh2 for 6h, and then ROS was determined.
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Figure 3. Antioxidants increased Rh2-induced cell death of colorectal cancer cells
(A) HCT116 cells were treated with 35 μM of Rh2 in the presence or absence 10 mM of
NAC, an antioxidant, for 6h, and then ROS was determined. (B) SW480 cells were treated
with 30 or 40 μM of Rh2 in the presence or absence 10 mM of NAC for 6h. (C and D)
HCT116 cells or SW480 cells were treated with Rh2 in the presence or absence 10 mM of
NAC for 48h, and the cell death was measured. (E and F) HCT116 (E) or SW480 (F) cells
with or without Catalase expression were treated with Rh2 for 48h and the levels of cell
death were determined.
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Figure 4. Gisenosides activated NF-κB pathway via ROS
(A) Twenty four hours after transient transfection of NF-κB reporter plasmids, HCT116
cells were treated with different concentrations of Rh2 for 24 h before the luciferase reporter
activity was determined. (B and C) After HCT116 cells or SW480 cells were treated with 30
μM Rh2 for 24h in the presence or absence of NAC (10 mM) or PS1145 (50 μM), NF-κB
reporter activity was determined. (D and E) HCT116 or SW480 cells were treated with
PS1145 (50 μM) for 48 hours and cell death was measured.
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Figure 5. Ginsenoside Rh2 induced apoptosis and paraptosis-like cell death
(A) HCT116 cells were treated with 35 μM of Rh2 with or without the indicated amount of
the pan-inhibitor of caspases, Z-VAD, for 48h, and then the cell death was determined. (B)
HCT116 cells were treated with 35 μM of Rh2 with or without 10μg/ml of cycloheximide
for 6 hours and were imaged (top and middle). HCT116 cells expressing EGFP-LC3 were
treated 35 μM of Rh2 for 6 hours and were imaged with a fluorescence microscope
(bottom). The serum-free (SF) treatment for 48h induced autophagy, and was taken as the
positive control. (C) HCT116 cells were treated with the indicated concentration of Rh2 for
6 hours and the fraction of cells with cytoplasmic vacuoles were determined. (D) HCT116
cells were treated with 35 μM of Rh2 with either vehicle control, 10 μM U0126, or 10μg/ml
cycloheximide for 6 hours. The fraction of cells with cytoplasmic vacuoles were determined.
(E) HCT116/p53−/− cells were treated with 35 μM of Rh2 for 6h and were imaged (top).
HCT116/p53−/− cells expressing EGFP-LC3 were treated 35 μM of Rh2 for 6h and imaged
with fluorescence microscope (bottom)
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Figure 6. Rh2 treatment resulted in altered levels of apoptosis-associated proteins and activated
transcriptional activity of p53
(A) HCT116 cells were treated with 35 μM of Rh2, and then protein samples were collected
at different times for Western blot analysis. (B) HCT116 cells expressed Bcl-XL or empty
vector were treated with 35 μM of Rh2 for 48h, and the cell death was determined. (C)
Twenty four hour after transient transfection of p53 reporter plasmids and treatment with 35
μM of Rh2, the luciferase reporter activity was measured. (D) Cells were treated with 35 μM
Rh2 for 48h, and then cell death was quantified.
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Figure 7. A working model for the action of ginsenoside Rh2 on colorectal cancer cells
Ginsenoside Rh2 induces both apoptosis and paraptosis in colorectal cancer cells. In
addition, Rh2 also activates ROS-NF-κB pathway, which counteracts cell death induction.
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