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A B S T R A C T

Saponins exhibit several biological and pharmacological activities, such as antibacterial, anti-inflammatory and
anticancer effects. Many studies attribute their activities to their interactions with cholesterol. In this study, we
focus on the steroid saponin ginsenoside Rh2, one of the active principles of Panax ginseng root. Some evidence
suggests that lipid rafts, defined as nanodomains enriched in cholesterol and sphingolipids, could be involved in
the Rh2-induced apoptosis. However, the role of membrane lipids, especially cholesterol, in this process is still
poorly understood. Here, we demonstrate that (i) A549, THP-1 and U937 cells are all susceptible to the Rh2-
induced apoptosis but to a differential extent and (ii) the cytotoxic effect inversely correlates with the cell
membrane cholesterol content. Upon cholesterol depletion via methyl-β-cyclodextrin, those three cells lines
become more sensitive to Rh2-induced apoptosis. Then, focusing on the cholesterol-auxotroph U937 cell line, we
showed that Rh2 alters plasma membrane fluidity by compacting the hydrophobic core of lipid bilayer (DPH
anisotropy) and relaxing the interfacial packaging of the polar head of phospholipids (TMA-DPH anisotropy).
The treatment with Rh2 conducts to the dephosphorylation of Akt and the activation of the intrinsic pathway of
apoptosis (loss of mitochondrial membrane potential, caspase-9 and -3 activation). All these features are induced
faster in cholesterol-depleted cells, which could be explained by faster cell accumulation of Rh2 in these con-
ditions. This work is the first reporting that membrane cholesterol could delay the activity of ginsenoside Rh2,
renewing the idea that saponin cytotoxicity is ascribed to an interaction with membrane cholesterol.

1. Introduction

Saponins, mainly produced by plants, are widely used in medicine
for their multiple biological and pharmacological activities including
immunomodulatory, anti-inflammatory or anti-cancer (Lorent et al.,
2014a). Cytotoxic and hemolytic activities for most saponins (e.g. di-
gitonin (Korchowiec et al., 2015; Sudji et al., 2015; Frenkel et al.,
2014), α-tomatine (Keukens et al., 1996), α-hederin (Lorent et al.,
2016; Lorent et al., 2014b), seem to be ascribed to their ability to in-
teract with membrane lipids, especially cholesterol (de Groot and
Muller-Goymann, 2016). For example, digitonin induces membrane
permeability in the presence of cholesterol by removing cholesterol
from the membrane and forming complexes with the latter (Sudji et al.,
2015).

Cholesterol plays a crucial role in the stability, dynamics and

organization of the plasma membrane, serving as a spacer between
hydrocarbon chains of phospho- and sphingo-lipids (Ikonen, 2008). It is
distributed heterogeneously in the plasma membrane (Carquin et al.,
2016), notably enabling the formation of “lipid rafts” (Simons and
Sampaio, 2011; Lingwood and Simons, 2010; Simons and Ikonen,
1997), transient ordered nanometric domains enriched in cholesterol
and sphingolipids. Rafts are proposed to serve as platforms capable of
promoting various cellular signaling including pro- and anti-apoptotic
pathways such as the Fas death receptor and the phosphatidylinositol-3
kinase (PI3K)/Akt cell survival pathways, respectively (George and Wu,
2012; Mollinedo and Gajate, 2015).

Among steroid saponins, ginsenosides are the active components of
ginseng, a well-known chinese medicinal plant. More than hundreds of
different ginsenosides have been isolated from ginseng and have shown
in the past to be membrane active substances and to influence the
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membrane by modulating lipid membrane dynamics (Qi et al., 2011;
Tsuchiya, 2015; Kwon et al., 2008). In this study, we focus on the
ginsenoside Rh2 (Fig. 1), phytosterol from Panax ginseng. To the best of
our knowledge, only two studies have reported the disruption of lipid
rafts by Rh2 leading to apoptosis, via either the FAS oligomerization in
Hela cells (Yi et al., 2009) or inactivation of Akt in human epidermoid
carcinoma A431 cells and in human breast cancer MBA-MB-231 cells
(Park et al., 2010). Taken together, these data suggest that rafts could
be involved in Rh2-induced apoptosis. However, mechanistic under-
standing of the mode of interactions between Rh2 and membrane lipids
and the exact subsequent apoptotic pathways are still poorly under-
stood.

Since lipid rafts are enriched in cholesterol and since some saponins
have been shown to interact with cholesterol, the aim of the present
study was to explore the role of membrane cholesterol in the cytotoxic
activity of Rh2. To this end, we used three cell lines exhibiting differ-
ential membrane cholesterol level: carcinomic human alveolar basal
epithelial A549 > human monocytic leukemia THP-1 > U937 cells.
We demonstrated that Rh2 induced apoptosis in a concentration- and
time-dependent manner in the three cell lines. More importantly, A549,
THP-1 and U937 cells can be classified from the more resistant to the
more susceptible to the Rh2-induced apoptosis. In addition, upon
cholesterol depletion via methyl-β-cyclodextrin (MβCD), those three
cell lines became more sensitive to Rh2-induced apoptosis. To explore
the mechanistic behind this observation, we then focused on the cho-
lesterol-auxotroph U937 cell line (Billheimer et al., 1987). We showed
that Rh2 altered plasma membrane fluidity, induced Akt depho-
sphorylation and the activation of the intrinsic pathway of apoptosis.
Fluidity changes, Akt dephosphorylation and apoptosis appeared faster
in cholesterol-depleted cells, which could be explained by a faster cell
accumulation of Rh2 in these conditions.

This work is the first reporting that membrane cholesterol could
delay the activity of ginsenoside Rh2, renewing the idea that saponin
cytotoxicity is only ascribed to an interaction with membrane choles-
terol.

2. Materials and methods

2.1. Cells and materials

Ginsenoside Rh2, methyl-β-cyclodextrin (MβCD), ethidium bro-
mide, acridine orange, 4′,6-diamidino-2-phenylindole (DAPI), digoxin,
1,6-diphenyl-1,3,5-hexatriene (DPH), protease and phosphatase in-
hibitor cocktails and Bacillus cereus sphingomyelinase (SMase) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). U937, THP-1 and
A549 cell lines were purchased from ATCC. RPMI-1640 medium and
trypsin were ordered from Life technologies (Paisley, SL, UK).
Delipidated serum was purchased from Labconsult (BE). Blue trypan,
bicinchoninic protein assay, caspase-9 colorimetric assay kit, JC-1,
NuPAGE reagents, PVDF membrane, Supersignal West Pico and
Amplex® red cholesterol assay kit were purchased from Thermo scien-
tific (Rockford, IL, USA). 1-(4-trimethylammoniumphenyl)-6-phenyl-
1,3,5-hexatriene (TMA-DPH) was ordered from Molecular Probes
(Eugene, OR, USA). Caspase-9 inhibitor (Z-LEHD-FMK) was purchased
from R & D System (Minneapolis, MN, USA). Anti-phospho-Akt (Ser473)

(#4060) and anti-Akt (#9272) were purchased from Cell Signaling
Technology (Beverly, MA, USA). Anti-β actin (sc-47778) and anti-cas-
pase-3 (sc-7148) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). TLC silica gel 60F was purchased from Merck Millipore
(Billerica, MA, USA). All other reagents were purchased from VWR
International (Atlanta, GA, USA) and were of analytical grade.

2.2. Cell culture and incubation with ginsenoside Rh2

Cells were cultured in suspension in RMPI-1640 medium supple-
mented with 10% fetal calf serum at 37 °C in 5% CO2. Ginsenoside Rh2
was dissolved in absolute ethanol. After evaporation of the solvent, the
residue was resolubilized in RPMI-1640 medium supplemented with
10% delipidated serum containing 0.1% DMSO in an ultrasonic bath for
5min. Cells were incubated with 60 μM ginsenoside Rh2 (unless
otherwise stated) in RMPI-1640 medium with 10% delipidated serum to
avoid interaction between Rh2 and lipids in the serum and to prevent
cholesterol and sphingomyelin replenishment at the membrane after
cholesterol and sphingomyelin depletion with MβCD and SMase, re-
spectively. After treatment with Rh2, cells were washed twice in
Phosphate Buffered Saline (PBS) (10mM Na2HPO4, 137mM NaCl and
2.7 mM KCl).

2.3. Plasma membrane cholesterol or sphingomyelin depletion and assay

In serum-free RPMI-1640 supplemented with 1mg/ml BSA, THP-1
cells were treated with 3mM MβCD for 2 h whereas A549 and U937
cells were treated with 5mM MβCD for 45min and 2 h, respectively. In
some experiments, U937 were also treated with raising concentration of
MβCD (0 to 7mM) for 2 h or SMase (0 to 60mU/ml) for 1 h. Cells were
then washed with serum-free RPMI and incubated with Rh2 for the
indicated times. After the treatment with MβCD, cells were directly
quantified for their cholesterol by the Amplex® red cholesterol assay
and phospholipid contents by phosphorus assay after lipid extraction
(Gamble et al., 1978; Bartlett, 1959). The ratio of cholesterol/phos-
pholipid was determined and expressed by reference to the control. To
evaluate sphingomyelin content, lipids were directly extracted after
SMase treatment (Bartlett, 1959), separated on silica gel TLC plates in
chloroform:methanol:CaCl2 (15mM) (65:35:8; v/v/v) and detected by
charring in the presence of 10% cupric sulfate in 8% O-phosphoric acid
(Kritchevsky et al., 1973; Carquin et al., 2014). Band intensity of
sphingomyelin was quantified and expressed by reference to bands
corresponding to phospholipids from the same sample and then ex-
pressed as percentage of control.

2.4. Apoptotic/non-apoptotic cell death

DAPI assay was carried out to quantify apoptosis as previously de-
scribed (Servais et al., 2006). Briefly, cells presenting a fragmented and
condensed nucleus were counted as apoptotic. Data were expressed as
the percentage of apoptotic nuclei relative to total number of nuclei
counted. A total number of 200 cells was counted per sample. Acridine
orange/ethidium bromide (AO/EB) assay was performed to distinguish
between living, death cells and early and late apoptotic cells
(Kasibhatla et al., 2006). After treatment with Rh2, cells were in-
cubated with the AO/EB solution and directly observed by fluorescence
microscopy. A total number of 200 cells was counted per sample.

2.5. Trypan blue exclusion assay

Cell death was quantified by the trypan blue exclusion assay. Cells
colored in trypan blue were considered as non-viable and the percen-
tage of non-viable cells was calculated as the number of death cells
divided by the total number of cells.

Fig. 1. The chemical structure of the ginsenoside Rh2, a steroid saponin.
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2.6. Quantification of intracellular ginsenoside Rh2 by HPLC MS/MS

After treatment with ginsenoside Rh2, cell pellets were resuspended
in H2O and digoxin (internal standard; 1mg/ml) was added. Cells were
lysed by sonication for 10min and proteins were precipitated by adding
a mixture of acetonitrile and methanol (MeOH) (21:4, v/v). After
20min at −20 °C, lysates were centrifuged at 11,000 g for 5min at
room temperature. Supernatants were collected and dried. The dried
samples were reconstituted in MeOH:H2O (1:1, v/v) and injected on a
Supelcosil LC-18 (150× 4mm; 3 μm) column preceded by a C-18
Supelguard precolumn maintained at 25 °C. Tandem quadrupole mass
spectrometry was used to detect the ginsenoside Rh2 and digoxin. The
negative ionization mode was selected for analysis. The mobile phase A
consisted in MeOH:H2O (1:1, v/v) and the mobile phase B was 100%
MeOH (both containing 0.1% NH4OH). The gradient consisted in a
linear increase from 0% B to 100% B in 7.5 min followed by a 7.5min
plateau maintained before requilibrating the column. The data analysis
was achieved by using the MassLynx® software to integrate peaks cor-
responding to the quantification transitions selected for the ginsenoside
Rh2 (621.4→ 160.9) and for the digoxin (779.4→ 85.0). Qualification
transitions were also used for both ginsenoside Rh2 (621.4→ 459.4)
and digoxin (779.4→ 519.3) to further confirm the nature of the peak
analyzed. The ratio of the area under the curve (AUC) of ginsenoside
over the AUC of digoxin was determined and the amount of Rh2 in the
cells was calculated using a calibration curve. Nine calibration solutions
ranging between 0 and 60 pmol (on column) were prepared and the
slope (0.056), intercept (0.029) and coefficient of determination (R2:
0.9981) of the calibration curve were determined. Based on the cali-
bration curve, the LOD and LOQ were also determined and found to be
0.0095 pmol and 0.0445 pmol on column, respectively. The accuracy
expressed as bias (in %) was determined at four levels ranging from
0.117 to 60 pmol. The values were included between 0.006% and
0.097. The intracellular accumulation of Rh2 was then reported to the
total protein amount determined by the BCA method using bovine
serum albumin as a standard.

2.7. Plasma membrane fluidity

DPH or TMA-DPH were dissolved in tetrahydrofuran at a con-
centration of 2mM. After incubation with Rh2, cells were washed and
mixed with 2 μM DPH or TMA-DPH dispersed in PBS for 30min or
5min at 37 °C in the dark, respectively. The fluorescence anisotropy
values (r) were determined using the equation:

= − +(r) (I G. I )/(I 2. G/I )vv vh vv vh

where Ivv and Ivh are the fluorescence intensities with the excitation
and emission polarization filters in vertical (v) and horizontal (h) or-
ientations, respectively. The G factor is an inherent factor to the spec-
trometer. The fluorescence polarization was measured at 37 °C at ex-
citation and emission wavelengths of 365 nm and 425 nm, respectively,
using a LS55 luminescence spectrometer connected to a circulating
water bath.

2.8. Western blot

After treatment with Rh2, cells were resuspended in RIPA buffer
(25mM Tris-HCl, pH 7.4; 150mM NaCl; 1% NP-40; 0.1% SDS; 1% so-
dium deoxycholate) supplemented with protease and phosphatase in-
hibitor cocktail. After 15min on ice, cell lysates were centrifuged for
15min at 14,000 g at 4 °C to pellet any insoluble material. The protein
concentration of the supernatant was assessed using the BCA method.
Western blots were performed using the NuPAGE electrophoresis
system. 50 μg from each sample was mixed to 4× NuPAGE LDS sample
buffer and 10× NuPAGE reducing agent, then heated at 70 °C for
10min. Samples were separated on acrylamide gels (NuPAGE Bis-Tris
Gel) and transferred to PVDF membranes (0.45 μm). Membranes were

blocked in 5% non-fat dry milk in Tris-buffered saline containing 0.05%
Tween-20 (TBST) and then incubated with appropriate diluted primary
antibodies (Akt and p-Akt: 1/1000; β-actin and caspase-3: 1/200) at
4 °C overnight. Membranes were washed three times with TBST buffer
and exposed to appropriate horseradish peroxidase-coupled secondary
antibodies for 1 h. Blots were revealed by chemiluminescence
(SuperSignal West Pico).

2.9. Caspase-9 activity

Caspase-9 activity was measured using colorimetric protease assay
kit. Briefly, cells treated with Rh2 were washed and resuspended in
RIPA lysis buffer for 15min on ice. After centrifugation (14,000 g,

Fig. 2. Ginsenoside Rh2 induces faster cell cytotoxicity upon membrane cho-
lesterol depletion in a concentration-dependent manner. Cells were kept un-
treated (left panel) or treated with MβCD (right panel). THP-1 (B) were treated
with 3mM for 2 h whereas A549 (A) and U937 (C) cells were treated with 5mM
MβCD for 45min and 2 h, respectively. Cholesterol-depleted cells with MβCD
(open symbol, right panel) or not (closed symbol, left panel) were incubated for
the indicated times with increasing concentrations of Rh2: 20 μM (circle), 40
μM (inverted triangle), 60 μM (triangle) or with 0.1% DMSO (vehicle, dotted
line, triangle). The number of fragmented nuclei was determined by DAPI.
Results are the mean ± SEM of at least two independent experiments per-
formed in triplicate. Where not visible, error bars are included in the symbols.

Table 1
Cellular cholesterol content in cells depleted or not in cholesterol by MβCD.
Cells were kept untreated (second column) or treated with MβCD (third
column). THP-1 were treated with 3mM MβCD for 2 h whereas A549 and U937
cells were treated with 5mM MβCD for 45min and 2 h, respectively.

Cell lines Chol (μg/mg protein)
Non-depleted

Chol (μg/mg protein)
Depleted

A549 34.58 ± 6.36 17.1 ± 7.17
THP-1 20.13 ± 4.04 10.52 ± 3.22
U937 10.68 ± 1.68 5.30 ± 2.95
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15min), protein concentration of the supernatants was measured using
the BCA method. Amount of 50 μg of proteins diluted in 50 μl of buffer
RIPA were mixed with 2× reaction buffer in a 96 well microplate and
5 μl of peptide substrates of caspase-9 (Ac-LEHD-pNA) was added. After
24 h incubation in the dark at 37 °C, the absorbance of the samples was
read in a microplate reader at 400 nm. In some experiments, caspase-9
inhibitor (Z-LEHD-FMK, 125 μM) was added to fresh medium 1 h before

the treatment with Rh2.

2.10. Loss of mitochondrial membrane potential

Loss of mitochondrial membrane potential was determined using
the mitochondrial membrane potential sensitive cationic dye JC-1.
Briefly, Rh2-treated cells were stained with 10 μM JC-1 for 30min at

Fig. 3. Ginsenoside Rh2 induces faster U937 cell cytotoxicity upon membrane cholesterol depletion. A, B U937 cells cholesterol-depleted with 5mM MβCD for 2 h
(open triangle) or not (closed triangle) were incubated for the indicated times with 60 μM Rh2 (solid line) or with 0.1% DMSO (vehicle, dotted line). A. The number
of dead cells was determined by trypan blue. Results are the means ± SEM of at least three independent experiments performed in triplicate. Two-way ANOVA with
Bonferroni post-tests to compare points between non-depleted versus depleted cells treated with Rh2. The lines correspond to a non-linear regression (Hill's function)
of data values. B. Cells were stained with acridine orange/ethidium bromide dyes. Staining method distinguished between living cells (grey bars), early apoptosis
(vertical bars), late apoptosis (horizontal bars) and necrosis (check board bars). The result is the mean of two independent experiments done in triplicate. Depleted vs
non-depleted conditions: ***, p < 0.001.

Fig. 4. Ginsenoside Rh2 induces stronger U937 cell cytotoxicity upon membrane cholesterol depletion and the opposite upon membrane sphingomyelin depletion. A,
D. U937 cells were treated with raising MβCD (A) or Smase (B) concentrations for 2 h and 1 h, respectively. The cholesterol/phospholipid and sphingomyelin/
phospholipid ratios were measured and expressed by reference to the control. One-way ANOVA with Dunnett's post test to compare points for control versus cells
incubated with MβCD or Smase. **, p < 0.01; ***, p < 0.001. B, E. After treatment with increasing MβCD or SMase, cells were exposed for an additional 2 h with
60 μM Rh2 (in the absence of MβCD or SMase) and DAPI assay was performed. The experiment was repeated at least two times independently, each time in triplicate.
One way ANOVA with Dunnett's post test. **, p < 0.01. C, F. Correlation between the cytotoxicity effect induced by Rh2 and the percentage of cholesterol or
sphingomyelin reduction expressed by reference to the control. The line corresponds to a linear regression of data values with R2=0.99 or R2=0.8124 for
cholesterol or sphingomyelin depletion, respectively.
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37 °C in the dark. Cells were washed and resuspended with PBS and the
fluorescence was detected with a microplate reader at an excitation
wavelength of 490 nm and emission wavelengths of 525 and 590 nm.

2.11. Data analysis

Data are expressed as means ± SEM. All statistical analyses were
performed with the GraphPad Prism 4.03 software (GraphPad software,
San Diego, CA, USA).

3. Results

In a first series of experiments, we examined the time and con-
centration dependence of the Rh2-induced apoptosis in A549, THP-1
and U937 cells. To this aim, cells were treated with increasing con-
centrations of Rh2 (20, 40 and 60 μM) for increasing periods of time
(1 h to 24 h) and tested for apoptosis by DAPI staining. As shown in the
left panel of Fig. 2, the Rh2-induced apoptosis extent was Rh2 con-
centration- and incubation time- as well as cell line-dependent. For

instance, the U937 cell line (C) was more susceptible to the Rh2-in-
duced apoptosis than THP-1 cells (B), themselves more susceptible than
A549 cells (A). After 6 h of incubation, 60 μM Rh2 induced ~50% of
fragmented nuclei in U937, ~15% in THP-1 without any effect in A549
cells. Since U937, THP-1 and A549 cells exhibited increasing membrane
cholesterol (Table 1), those results suggested an inversed correlation
between susceptibility to Rh2 and membrane cholesterol content:
higher the cholesterol content, lower the Rh2-induced apoptosis. To
further test this hypothesis, the same experiment was performed in cells
depleted in cholesterol (right panel of Fig. 2). For this purpose, THP-1
were pretreated with 3mM MβCD, whereas A549 and U937 cells were
pretreated with 5mM MβCD, a cholesterol-sequestering agent
(Zidovetzki and Levitan, 2007). Those non-cytotoxic MβCD con-
centrations reduced by ~50% the ratio of cholesterol/protein in the
three cell lines (Table 1). As shown in the right panel of Fig. 2, in all the
conditions investigated, cholesterol-depleted cells were more sensitive
to Rh2-induced apoptosis, corroborating the idea that a decrease in
cholesterol content correlated with an increased number of apoptotic
cells induced by Rh2.

To further investigate the role of cholesterol in the Rh2-induced
cytotoxicity, we then focused on the U937 cell line, which is cholesterol
auxotroph and considered as a valuable model to study the importance
of cholesterol in membrane structure and function (Billheimer et al.,
1987), and used the effective concentration of 60 μM Rh2. We started
by analyzing the effect of Rh2 on membrane permeability and cell
death via trypan blue assay. Depletion of cholesterol by MβCD effec-
tively increased and accelerated the Rh2-induced cell death, confirming
the results obtained with DAPI staining (Fig. 3A). Noteworthy, the
apoptosis was observed before the appearance of cell death in non-
depleted cells. Acridine orange/ethidium bromide staining was also
performed to visualize membrane permeabilization in parallel with
nucleus morphology changes (Lorent et al., 2016). The treatment with
Rh2 conducted first to apoptosis observed by nuclear fragmentation
followed in a second step by the loss of plasma membrane integrity and
necrosis (Fig. 3B).> 45% of the cells lost their membrane integrity
after 3 h of incubation with 60 μM of Rh2 in cholesterol-depleted cells
while this phenomenon was not yet observed in non-depleted cells. In
all the conditions investigated, depletion of cholesterol accelerated the
cytotoxic effect of Rh2.

To confirm the protective role of membrane cholesterol in the Rh2-
induced apoptosis, U937 cells were pretreated with 0 to 7mM MβCD.
Upon treatment with 5mM and 7mM MβCD, the cholesterol/phos-
pholipid ratio was reduced to ~75% and 60% of that of control cells,
respectively (Fig. 4A). Cells with varying contents of cholesterol were
then treated with 60 μM Rh2 for 2 h and DAPI assay was performed to
determine the percentage of fragmented nuclei (Fig. 4B). As expected,
the increase of membrane cholesterol depletion via the pretreatment
with raising concentrations of MβCD correlated with an increased
number of apoptotic cells following Rh2 treatment (Fig. 4C). These data
confirm that lower the cholesterol level is, higher the Rh2-induced
apoptosis is. To determine whether those effects are specific to mem-
brane cholesterol depletion, cells were incubated with 0 to 60mU/ml
Bacillus cereus sphingomyelinase (SMase) for sphingomyelin depletion.
In these conditions, the reduction of sphingomyelin content reached
~50% of that of control cells (Fig. 4D) without inducing any cell death
(data not shown). As shown in Fig. 4E, F, the increase of sphingomyelin
depletion via the pretreatment with raising concentration of SMase
correlated with a decreased number of apoptotic cells following Rh2
treatment. Therefore, in contrast to cholesterol removal, sphingomyelin
depletion confers resistance towards Rh2-induced apoptosis, indicating
that the cytotoxic activity of Rh2 depends on the membrane lipid
nature.

To investigate whether the faster cytotoxic effect of Rh2 upon
cholesterol depletion could result from a difference in Rh2 cell accu-
mulation, the time course of Rh2 uptake was investigated in cells de-
pleted or not in cholesterol. Cells were incubated with Rh2 over time

Fig. 5. Uptake of Rh2 by U937 cells is accelerated upon membrane cholesterol
depletion. U937 cells were cholesterol-depleted (5mM MβCD, open triangles)
or not (closed triangles) and then incubated with 60 μM Rh2 over time. The
amount of Rh2 in cell lysates was measured using HPLC MS/MS and expressed
by reference to the amount of proteins. Each symbol is the mean ± SEM of at
least three independent experiments done in triplicate. Two-way ANOVA with
Bonferroni post-tests to compare points for non-depleted vs depleted cells. **,
p < 0.01; ***, p < 0.001.

Fig. 6. Rh2 induces faster rigidification of the hydrophobic core (DPH) and
fluidification of the interfacial region (TMA-DPH) of the U937 lipid bilayer
upon membrane cholesterol depletion. U937 cells non-depleted (closed trian-
gles) or cholesterol-depleted (5mMMβCD, open triangles) were treated with 60
μM Rh2 at the indicated times and then incubated with DPH (left panel) or
TMA-DPH (right panel) for 30 or 5min, respectively. The anisotropy (r) values
were measured. Results are means ± SEM of two independent experiments in
triplicate. Student's t-test was performed to compare control depleted and non-
depleted cells. One-way ANOVA with Dunnett's post-test to compare control
cells vs cells incubated with Rh2. ns, not significant, *, p < 0.05; **, p < 0.01.
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and the amount of Rh2 in cells was measured by HPLC MS/MS (Fig. 5).
After 10min of treatment, cholesterol-depleted cells accumulated two-
fold more Rh2 as compared to non-depleted cells and this difference
was maintained until 45min. These results indicated faster cellular
uptake of Rh2 upon cholesterol depletion.

To next ask whether Rh2 could affect plasma membrane biophysical
properties, we measured plasma membrane fluidity, a highly regulated
property, including by cholesterol. To this aim, we used DPH and TMA-
DPH that respectively monitor the fluidity in the hydrophobic core and
in the interfacial region of the lipid bilayer (do Canto et al., 2016). In
the absence of Rh2, whereas no significant difference was observed for
TMA-DPH anisotropy, DPH anisotropy value (r) of cholesterol-depleted
cells was significantly higher than in non-depleted cells (Fig. 6), sug-
gesting a higher rigidity in the lipid core region. Rh2 significantly in-
creased the fluorescence polarization of DPH within 5min in choles-
terol-depleted cells but only after 30min in non-depleted cells as
compared with respective controls, suggesting that Rh2 compacted
faster the lipid core region of cholesterol-depleted membranes. In
contrast, Rh2 decreased the anisotropy value of TMA-DPH within
10min in cholesterol-depleted cells and after 30min in non-depleted
cells, suggesting that Rh2 relaxed earlier the interfacial region of the
lipid bilayer upon cholesterol depletion. Based on all these results, we
propose that Rh2 affected faster the physical state of lipid bilayers in
cholesterol-depleted cells than in non-depleted cells.

To elucidate whether membrane fluidity changes could impact on
signaling pathways, we examined the effects of Rh2 on the activation of
Akt, a lipid raft-associated protein kinase, which promotes cell survival
and blocks the apoptotic pathways. Upon pretreatment with 5mM
MβCD and in the absence of Rh2, the levels of phospho-Akt and Akt
were similar between cells depleted or not in cholesterol (Fig. 7). This
observation could be at a first glance surprising since several papers
show the dephosphorylation of Akt after cholesterol depletion via
MβCD treatment (Calay et al., 2010; Gotoh et al., 2014). However,

upon treatment with 5mM MβCD (same concentration than our ex-
perimental condition) for 4 h, Upadhyay AK. et al. do not observe any
effect neither on the Akt phosphorylation nor on the apoptosis in
human breast cancer lines MCF-7 and MDA-MB-231 (Upadhyay et al.,
2006). Therefore, we propose that differential incubation conditions
with MβCD, i.e. dose and incubation time, could reconcile the different
observations in distinct cell models. Additionally, the treatment with
Rh2 decreased the level of the phosphorylated form of Akt (Ser473)
earlier in cholesterol-depleted cells. Regarding the disappearance of
total Akt amount after 2 h of treatment with Rh2, different non-mu-
tually exclusive explanations can be provided. Firstly, at this time, we
have shown that Rh2 activated caspase-3 and could lead to the cleavage
of Akt protein due to its critical role in the cell growth and its anti-
apoptotic signaling properties, as suggested by Widmann C et al.
(Widmann et al., 1998). Secondly, a recent study demonstrated that
60 μM Rh2 reduces Akt expression and its phosphorylation in glioma
cell lines A172 without affecting the β-actin level (Li et al., 2018). Fi-
nally, it was also reported that Akt molecules can be degraded by
macroautophagy (Calay et al., 2010).The dephosphorylation of Akt in a
time-dependent manner resulting in the loss of its enzymatic activity
could suggest the inhibition of Akt-dependent survival signaling path-
ways and the activation of the intrinsic apoptotic pathway by Rh2
(Franke et al., 2003).

To test for this hypothesis, apoptosis markers including loss of mi-
tochondrial membrane potential (ΔΨ) and caspase-9 and -3 activations
were investigated. ΔΨ was analyzed using the JC-1 dye. As shown in
Fig. 8A, the treatment with Rh2 led to the early increase of the fluor-
escence intensity ratio at 525 nm (green) over 590 nm (red) upon
cholesterol depletion. This result evidenced that Rh2 induced mi-
tochondrial membrane depolarization faster in cholesterol-depleted
than in non-depleted cells. Further downstream in the intrinsic apop-
totic pathway, caspase-9 activity was monitored by detecting the
cleavage of a specific caspase-9 substrate (Ac-LEHD-pNA). Rh2

Fig. 7. Rh2 decreases the phosphorylation of Akt
faster upon cholesterol depletion in U937 cells. Non-
depleted (left panel) or cholesterol-depleted cells
(5 mM MβCD, right panel) were incubated with
60 μM Rh2. A. Equal amounts of cell extracts were
subjected to western-blot analysis for pAkt, Akt and
β-actin protein. B, C. Densitometry analysis shows
the band density ratios of pAkt over actin (B) and
pAkt over Akt (C) in non-depleted cells (left panel,
black bars) and cholesterol-depleted cells (right
panel, white bars). This is a representative result
from one of two independent experiments.
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activated faster caspase-9 upon cholesterol depletion (Fig. 8B). To
further address the caspase-9 involvement, cells were pretreated with
specific caspase-9 inhibitor (Z-LEHD-FMK) followed by Rh2 treatment.
The fragmented nuclei percentage was decreased more significantly by
caspase-9 inhibitor in cholesterol-depleted cells as compared to non-
depleted cells (Fig. 8C). Moreover, throughout the treatment with Rh2,
the caspase-3 was progressively cleaved into two fragments resulting to
its activation. As shown in Fig. 8D, the cleavage fragment (19 kDa) was
detected after 2 h in non-depleted cells and only 1 h in cholesterol-de-
pleted cells. As the caspase-9 activity, the caspase-3 activation was
faster in cholesterol-depleted cells. Those data reported faster activa-
tion of the intrinsic apoptotic pathway by Rh2 observed via the depo-
larization of ΔΨ and the activation of caspase-9 and -3.

4. Discussion

Although many studies have investigated the Rh2-induced apoptosis
in cancer cells (Shi et al., 2016; Lv et al., 2016; Choi et al., 2011), the
role of membrane cholesterol in this process remains largely unclear.
We here showed that cholesterol depletion enhanced the cellular ac-
cumulation of Rh2 in U937 cells that could result into faster Rh2-in-
duced cytotoxicity. Based on the observation by Lorent et al. that α-
hederin-induced apoptosis is reduced in cholesterol-depleted human
leukemic U937 (Lorent et al., 2016), we suggest that the faster Rh2-
induced cytotoxicity in cholesterol-depleted cells does not result from
an unspecific mechanism due to pretreatment with MβCD. We also
excluded the possibility that the observed effect could be cell-depen-
dent, as revealed by a similar protective role of cholesterol in the Rh2-

induced apoptosis in A549 and THP-1 cells.
Although we were not able to determine whether Rh2 is mostly

inserted into the plasma membrane or localized inside the cell, it is
tempting to speculate, based on similarity of Rh2 and cholesterol
structures that Rh2 could intercalate easier and faster into the mem-
brane of cholesterol-depleted cells by taking the place of cholesterol
and modulating the membrane fluidity.

In order to determine whether the faster Rh2-induced apoptosis is
specific of cholesterol depletion, we determined the cytotoxic effect of
Rh2 in cells depleted or not in sphingomyelin, another abundant plasma
membrane lipid exhibiting enrichment in lipid rafts. We showed that, in
contrast to cholesterol depletion, sphingomyelin decrease reduced Rh2-
induced apoptosis, suggesting the essential role of sphingomyelin in the
cytotoxic activity of Rh2. To corroborate this idea, it has been shown
that protopanaxadiol (aglycon of ginsenoside Rh2) mediates cytotoxic
effects through the activation of neutral sphingomyelinase 2 leading to
the hydrolysis of membrane sphingomyelins into pro-apoptotic in-
tracellular ceramides (Park et al., 2013). Altogether, our results high-
light the importance of membrane lipid composition for the ginsenoside
Rh2-induced apoptosis.

To further define the interaction of Rh2 with interfacial and hy-
drophobic domains of the membrane, fluorescence anisotropy mea-
surements using TMA-DPH and DPH were carried out. Both probes are
located within the bilayer, with a shallower depth for TMA-DPH (do
Canto et al., 2016). The steady state fluorescence anisotropy is asso-
ciated to their rotational diffusion, which is sensitive to the order in the
membrane. TMA-DPH fluorescence anisotropy values were not affected
by cholesterol depletion in accordance with the literature, whereas

Fig. 8. Rh2 accelerates mitochondrial membrane depolarization and caspase-9 and -3 activations upon membrane cholesterol depletion in U937 cells. U937 cells
were treated as at Fig. 2C. A, B. Non-depleted (closed triangles) or cholesterol-depleted cells (5mM MβCD, open triangles) were incubated with 60 μM Rh2 (solid
line) or with vehicle (dotted line) over time. A. Loss of mitochondrial membrane potential (ΔΨ) was determined by using the dye JC-1. B. Time course of caspase-9
activation was assessed by using a specific chromogenic substrate (Ac-LEHD-pNA). The experiments were repeated two times independently, each time in triplicate.
Two-way ANOVA with Bonferroni post-tests to compare points for non-depleted vs depleted cells treated with Rh2. C. Non-depleted cells (black bars) or cholesterol-
depleted cells (white bars) were pretreated with or without caspase-9 inhibitor (Z-LEHD-FMK) and then treated with 60 μM Rh2 or with vehicle for 2 h. DAPI assay
was carried out as described previously. Results are means ± SEM of at least three independent experiments done in triplicate. Student's t-test was performed to
compare cells depleted or not in cholesterol without and with caspase-9 inhibitor. D. The presence of active forms of caspase-3 was determined by western-blot in
both cell types treated with 60 μM Rh2. This is a representative result from one of three experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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cholesterol-depleted cells showed higher rigidity in the lipid core region
as compared to non-depleted cells (Prasad et al., 2009; Goodwin et al.,
2005). Like cholesterol, we report here that Rh2 compacted the bilayer
hydrophobic core. In addition, Rh2 relaxed the interfacial packaging of
the phospholipid polar heads. These features were altered faster upon
cholesterol depletion.

To investigate whether changes of the plasma membrane fluidity
could potentially elicit cellular responses, we measured the effect of
Rh2 on the lipid raft-associated Akt signaling and on the apoptotic
pathway. We observed decreased levels of phosphorylated Akt and the
activation of the intrinsic apoptotic pathway faster upon cholesterol
depletion. Apoptosis markers manifested rapidly in Rh2 treated cells
and only 20 to 90min were necessary to induce the mitochondrial
membrane depolarization and the activation of caspase-9 leading to
apoptosis. These findings suggest that the primary action of Rh2 in-
volved rapid pathways including phenomena such as depho-
sphorylation or cleavage of proteins which take less time than slower
events like protein expression. Our results do not exclude the involve-
ment of other pathways in the cytotoxic activity of Rh2 as suggest by
the partial inhibition of Rh2-induced apoptosis by caspase-9 inhibitor.
It has been reported that Rh2 also mediates apoptosis via the death
receptor signaling leading to the activation of caspase-8 in Hela cells
(Guo et al., 2014) and in A549 cells (Cheng et al., 2005).

In addition with the effect of cholesterol to delay the apoptosis in-
duced by Rh2, two other cell effects of ginsenoside Rh2 are attributed to
cholesterol-dependent mechanisms: (i) the induction of dendrite for-
mation by Rh2 (18 μM, 2 h) is suppressed by depletion of cholesterol
upon MβCD in B16 melanoma cells (Jiang et al., 2010); and (ii) a
protective effect on the Aβ-induced amyloid pathology in primary
neurons by Rh2 (3 μM, 12 h) is induced by reduction of cholesterol and
lipid rafts (Qiu et al., 2014). These two studies could be at first glance in
disagreement with the data we reported here. However, in the context
of our study and the anticancerous effect of Rh2 we worked at higher
concentrations (60 μM). Therefore, a differential ratio between choles-
terol and Rh2 in the membrane could reconcile the different observa-
tions in distinct cell models treated with differential Rh2 concentra-
tions.

Even if ginsenoside Rh2 was considered as a saponin like alpha-
hederin or digitonin, it seems to interact differently with the lipid bi-
layer. Although the alpha–hederin induced cytotoxicity is well ascribed
to its interaction with cholesterol, this study is the first to report that
cholesterol slows down the cytotoxic activity of ginsenoside Rh2. This
work highlights the need to distinguish different activities of molecules
classified as saponins. Next step will be to investigate the mode of in-
teraction of Rh2 with membranes at a molecular level using lipid
monolayers and liposomes as useful models for studying membrane
biophysical properties.
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