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Résumé. Les saponines, des molécules amphiphiles retrouvées abondamment
dans les plantes, attirent de plus en plus d'attention grace a leurs activités
biologiques telles que des propriétés anticancéreuses. L'activité de certaines
saponines est attribuée a leur interaction avec le cholestérol membranaire.
Dans ce travail, nous nous sommes intéressés a la saponine ginsenoside Rh2
que I'on retrouve dans la racine du Panax ginseng. Notre but était d'obtenir plus
d'information sur l'activité membranaire et apoptotique du Rh2 et de
comprendre l'importance respective du cholestérol et de la sphingomyéline
pour ses activités. Les résultats obtenus sur des modeles membranaires
artificiels et sur des membranes biologiques insistent sur l'importance de le
la nature du lipide pour l'activité du Rh2. Nous avons montré le réle critique
de la sphingomyéline dans l'action du Rh2 alors que le cholestérol semble
diminuer la sensibilité de la membrane au Rh2. A la fin de cette thése, nous
avons initié un travail a long terme visant a évaluer lintérét potentiel
du Rh2 pour moduler l'invasion cellulaire tumorale. D'un point de vue plus
global, [linteraction favorable d'une molécule avec un lipide
membranaire pourrait servir a mettre en évidence ce lipide ou a cibler ce
dernier dans un contexte physiopathologique tel que la croissance tumorale
et les métastases.

Summary. Saponins, amphiphilic compounds widely found in plants, attract
more and more attention based on their biological activities including
anticancer properties. The activity for some saponins has been attributed
to their interactions with membrane cholesterol. In this study, we focus on
the saponin ginsenoside Rh2 found in Panax ginseng root. Our goal was to
obtain detailed knowledge about the activity of Rh2 and to elucidate the
respective importance of cholesterol and sphingomyelin for its activity.
Results obtained in artificial and biological membranes clearly highlight
the importance of membrane lipid nature for the Rh2 activity. We
revealed the critical role of sphingomyelin in the activity of Rh2 while
cholesterol seems to depress the sensitivity of the membrane to Rh2. At the
end of th PhD thesis, we initiated a long-term study aiming at evaluating
the potential interest of Rh2 to modulate tumor cell invasion. From
a more global point-of-view, the favorable interaction of a molecule with
a membrane lipid could provide a powerful tool to evidence this lipid or
target the latter in a pathophysiological context such as tumor growth and
metastasis.
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FOREWORD

Cholesterol (Chol) and sphingomyelin (SM) are known to cluster into
domains which have been proposed to contribute to cellular signaling including cell
survival and migration with potential implications in cancer development.
Altogether, this makes those lipids an interesting target for pharmacological agents
to modulate these pathways. Among these, saponins, amphiphilic compounds
widely found in plants, attract more and more attention based on their biological
activities including anticancer properties. The activity for some saponins has been
attributed to their interactions with membrane Chol. In this study, we focus on the
steroid saponin ginsenoside Rh2 found in Panax ginseng root. My goal was to
obtain detailed knowledge about the activity of Rh2 and to elucidate the respective
importance of membrane Chol and SM for this activity. In the first part, | evaluated
the membrane-related effects induced by Rh2 in artificial membrane models
containing Chol and/or SM (Verstraeten et al, Scientific Reports, 2019). In the
second part, | turned my attention to biological membranes to study the
importance of Chol and SM in the Rh2-induced apoptosis (Verstraeten et al,
Toxicology and Applied Pharmacology, 2018). In the third part, we initiated a long-
term study aiming at evaluating the potential interest of Rh2 to modulate tumor
cell invasion (ongoing study).

In the introduction of this thesis, | will describe the plasma membrane (PM)
organization, composition, biophysical properties and functions and expose some
membrane lipid alterations found in cancer cells. As ginsenosides are saponins,
molecules well-known to interact with the PM, | will then summarize the function
and diversity of saponins and models of membrane-saponin interactions. | will
thereafter review current literature data on the interaction of ginsenosides with
different membrane models and cell membranes and their pharmacological
activities. Then, | will regroup all results obtained regarding the membrane-related
effects and the apoptosis induced by Rh2 with a particular attention to the role of
membrane lipid Chol and SM. | will also expose our preliminary data on breast
cancer cell lines characterization. In particular, we started to compare the cell lines
for their migration/invasion, stiffness, lipid content and organization. | will finish by
exposing the main limitations of this work, while discussing the role of PM, specific
lipids and biophysical properties for the activity of Rh2 and debating the potential
use of Rh2 as a chemotherapeutic agent.



CHAPTER I: INTRODUCTION

1. PLASMA MEMBRANE LIPID ORGANIZATION, COMPOSITION,
BIOPHYSICAL PROPERTIES AND ROLES

In this chapter, we will be interested in the PM, the main target for the
activity of the amphiphilic ginsenoside Rh2 that we investigated throughout this
study. Firstly, we will expose a brief historical review regarding the membrane lipid
organization (section 1.1). Secondly, we will depict the most abundant lipids
present in the PM (section 1.2) and its biophysical membrane properties (section
1.3). Finally, we will focus on the role of these last two factors in two major
pathways: cell survival/death and migration assessed during this work (section 1.4).

1.1 Membrane lipid organization: a brief historical review

In 1925, before the emergence of electron microscopy, Gorter and Grendel
provided the first evidence that biological membranes consist of lipid bilayers (Fig.
1A)[1]. Such a discovery was based on the hypothesis that, if the PM is a lipid
bilayer, then the surface area occupied by the lipid monolayer would be
approximately twice the one occupied by the PM. To test this hypothesis, they
isolated lipids from a known number of human red blood cells (RBCs) and, using a
Langmuir film balance (section 1.3.6), they calculated the area covered by these
lipids spread on water to form a monolayer. Comparison of both measurements
revealed that the surface area of the lipid monolayer was approximately twice the
one occupied by the RBC membrane which was in perfect agreement with their
lipid bilayer prediction. However, in this model, the PM was seen as a static, passive
and homogeneous simple cell barrier with the hydrophobic components in the
internal part of the membrane and the hydrophilic components in the external part
that maintains the aqueous cytoplasm separately from the extracellular medium.
Hence, the role of membrane proteins was not taken into account. A decade later,
Davson and Danielli refined the Gorter-Grendel model adding to the PM a layer of
protein covering the surface of the membrane and preventing lipids to rotate freely
(Fig. 1B)[2]. In 1972, Singer and Nicholson introduced the “fluid-mosaic model”
(Fig. 1C)[3], in which lipids and proteins (partially or totally embedded in the PM)
are randomly distributed into the PM.
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Fig 1. Evolution of the concepts of membrane structure and organization. A. In 1925,
Gorter and Grended proposed that cells are surrounded by a static, passive and
homogeneous lipid bilayer. B. In 1935, Danielli and Davson suggested that the lipid bilayer
is sandwiched between two thin protein layers. C. In 1972, Singer and Nicolson postulated
the « fluid-mosaic model » in which lipids and proteins are randomly distributed into the
PM. Adapted from [4].

Today, this basic model remains relevant, although abundant evidences indicate
that lipids and proteins do not homogeneously distribute into the membrane but
present a multilevel of heterogeneity. After the observations that
detergent-resistant fractions can be isolated from the cell membrane, Simons and
Ikonen proposed the existence of lipid rafts which are unstable (sec) nanometric
(20-200 nm), sterol- and sphingolipid-enriched membrane domains which could
function as platforms for the attachment of proteins[5]. In 2011, Kusimi et al.
proposed a hierarchical three-domain organization of the PM[6]. In addition to the
lipid raft domains (Fig. 2A), this model suggested that membrane exhibits
compartment with a diameter of 40-300 nm, created via a partitioning of the entire
PM, owing to its interactions with the actin-based membrane skeleton (fence) and
transmembrane proteins anchored to the membrane-skeleton fence (pickets) (Fig.
2B). Dynamic protein complex domains constitute the third mesodomain in the
hierarchical architecture and are composed of dimers/oligomers of integral
membrane proteins with sizes generally between 3 nm and 10 nm in diameter (Fig.
2C).
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Fig 2. Three-tiered hierarchical mesoscale-domain architecture of the PM. A. Lipid rafts
enriched in Chol and SLs. B. Membrane compartments generated/maintained through
interactions with the actin-based membrane skeleton (fence) and transmembrane proteins
anchored to the membrane-skeleton fence (pickets). C. Dynamic protein complexes
composed of dimers/oligomers of integral membrane proteins[6].

In the past decade, due to the development of new probes and imaging methods,
several groups have presented evidences of stable (min) submicrometric domains
(> 200 nm) in a variety of living cells from prokaryotes to yeast and mammalian
cells[7]. These domains will be further described in section 1.3.2.3.

Currently, the membrane is not just considered as a simple cell wall but also
as an important platform for many pathways such as cell survival/death and
migration (section 1.4) which are often altered in many diseases like cancers.
Because of that, the cell membrane deserves attention for the development of new
therapeutic strategies, i.e. the membrane lipid therapy. This emerging field is
growing and evolving rapidly, providing treatments used for a multitude of
diseases[8].



1.2 Most abundant lipid constituents of cell membrane

Cellular membranes are formed from a highly diverse set of lipids present
in different proportions[9]. The major membrane lipids are classified into
glycerophospholipids (GPLs), sphingolipids (SLs) and sterols. Fatty acids (FAs) are
constituents of the first two.

Free FAs are only present in traces in the membrane but mostly found
esterified to the lipid backbone structure. They differ from each other with respect
to their hydrocarbon chain length and the degree and position of saturation.
Generally, they possess 10 to 24 carbons and zero (saturated), one
(monounsaturated) or more (polyunsaturated) carbon-carbon double bonds (Table
1).

Name Carbons Double Bonds (Positions)
Myristate 14 0

Palmitate 16 0

Palmitoleate 16 1 (A9)

Stearate 18 0

Oleate 18 1 (A9)

Linoleate 18 2 (A9, A12)

Linolenate 18 3 (A9, A12, A15)
Arachidonate 20 1 (A5, A8, Al1, A14)

Table 1. Common FAs of membrane lipids. FAs differ in chain length, degree of saturation
and the position of double bonds[10].

Glycerophospholipids (GPLs) are the principal components of the
membrane bilayer. Their basic structures are made of a glycerol moiety to which
two FAs and a phosphoric acid are attached as esters forming a phosphatidic acid
(PA). Generally, FA at the C1 tends to be saturated or monounsaturated and
composed of 16 or 18 carbon atoms while FA at the C2 is longer and usually
polyunsaturated. At the C3 position, glycerol backbone supports the GPL polar
headgroup. The polar head could be an ethanolamine (phosphatidylethanolamine,
PE), a choline (phosphatidylcholine, PC), a serine (phosphatidylserine, PS), a
glycerol (phosphatidylglycerol, PG), an inositol (phosphatidylinositol, Pl) and its
phosphorylated derivatives, such as PI-4,5-bisphosphate (PIP2) or PI-3,4,5-
trisphosphate (PIP3) (Fig. 3) or a phosphatidylglycerol (cardiolipin, CL) (structure
not shown). The presence of both hydrophobic FAs and hydrophilic headgroup
leads to the amphipathic nature of GPLs. In addition, every polar head presents
different electric charges. For instance, PE and PC are zwitterionic PLs whereas PA,
PS, PG, Pl and CL are anionic PLs. It is well-established that PM is characterized by



an asymmetric distribution of lipids with anionic lipids mainly found in the inner
leaflet (section 1.3.3) giving rise to a transmembrane potential.
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Fig 3. Structure and formation of GPLs. GPLs have a glycerol backbone with FAs (i.e palmitic
or oleic acid) at C1 and C2 positions and with the headgroup consisting of a phosphate and
an alcohol (ethanolamine, choline, serine, glycerol, inositol, inositol 4,5-bisphosphate) at
the C3[10]. Cytidine diphosphate (CDP) provides the phosphate linking glycerol to the
alcohol and forms cytidine monophosphate (CMP).

Sphingolipids (SLs) constitute another important class of structural lipids,
constructed on a sphingoid base backbone, the sphingosine (Fig. 4). The
phosphorylation of sphingosine forms sphingosine-1-phosphate (S1P). A relatively
long saturated FA chain (up to 24 carbon atoms) attached to sphingosine through
amide linkage forms ceramide (Cer). The polar head attached to the hydroxyl
function C1 of Cer can be a phosphocholine or an oligosaccharide forming
sphingomyelin (SM) and glycosphingolipids (GSLs), respectively. There is an
astonishing diversity of structurally different GSLs molecules. Among those, one
can cite the gangliosides GM1, 2, 3 which are GSLs with terminal sialic acids linked
to the sugar chain. Besides playing structural roles in cellular membranes,
sphingosine, S1P and Cer represent bioactive signaling molecules involved in
regulation of cell growth, differentiation, senescence, and apoptosis. We will
enlarge this latter function of Cer in section (1.4.1.2).
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Fig 4. Major SL structures. Sphingosine, sphingosine-1-phosphate (S1P), Cer, SM, GM1,2,3.
R represents the alkyl portion of a FA[11, 12].

Sterols are only present in eukaryotic cell membranes with the exception
of some bacteria. Vertebrates contain mainly Chol while plants exhibit stigmasterol,
campesterol and sitosterol and fungi are composed of ergosterol (Fig. 5)[13]. Chol
is composed of four fused hydrocarbon rings in trans configuration forming the
steroid structure. A polar hydroxyl group and a iso-octyl lateral chain are attached
to the polycyclic structure in positions 3 and 17, respectively. The hydroxyl group is
responsible for the slightly amphipathic character of Chol and is able to form
hydrogen bonds with nearby carbonyl oxygen of GPL and SL headgroups.
Unesterified Chol is primarily located in the PM (up to 90%)[14]. The latter could be
esterified by lecithin-cholesterol acyltransferase forming cholesteryl ester which is
much less polar than the former and appears to be the preferred form for secretion
as lipoprotein and for storage as lipid droplets. Chol is also a biosynthetic precursor
of steroid hormones, bile acids and lipid-soluble vitamins.

Sitosterol Ergosterol

Fig 5. Molecular structures of different sterols. Vertebrates contain mainly cholesterol,
plants stigmasterol, campesterol and sitosterol and fungi ergosterol[13].



PM composition largely differs between cells, especially for the Chol
content (Table 2). For instance, the PM of rat myoblasts or RBCs contains
approximately equimolar quantities of Chol (+ 45 mol%, whereas human alveolar
macrophages exhibit only 8 mol% of Chol compared to the total lipid fraction. In
subsequent sections of this thesis, we will focus specifically on the PM of mammals.

Polar lipids Sterol Ref.
Molar %

PC PE Pl PS PA SLs Chol
Human RBCs 24 6 traces 3 traces 19 48 [15, 16]
Human platelets 18 20 1 12 16 32 [17, 18]
Fibroblast cell line 43 16 8 6. 1.5 12 13 [19]
(NIH 3T3) 5
Chinese hamster 25 21 7 12 35 [20]
ovary cells (CHO)
Schwann cell line 27 9 6 2 18 38 [21]
(NF1T)
Undifferentiated 24 9 2 6 16 42 [22]
L6 myoblasts
Human alveolar 30 21 21 7 8 [16, 23]
macrophages

Table 2. Lipid composition of the PM of different cells. PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine; PA,
phosphatidic acid; SLs, sphingolipids; SM, sphingomyelin; Chol, cholesterol. From [7, 16].

1.3 Biophysical membrane properties

The lipid bilayer is a 3D assembly with a rich variety of physical features that
modulate cell signaling and protein function. Here we review five major membrane
properties i) lipid motions and phases (section 1.3.1), ii) lateral heterogeneity
(section 1.3.2), iii) transversal asymmetry (section 1.3.3), iv) fusion (section 1.3.4)
and v) permeability (section 1.3.5). We will then describe artificial membrane
models generally used to study membrane interactions and some of these
biophysical properties (section 1.3.6).

1.3.1 Membrane lipid motions and phases

1.3.1.1 Lipid motions in the membrane

Lipids are highly dynamic structures and can undergo several types of
movement within the membrane such as trans-gauche isomerization (Fig. 6A),
bond oscillations, protrusion, rotational and lateral diffusion in the same
monolayer, transversal diffusion via flip-flop jumping from one leaflet to the other.
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The membrane itself undergoes undulations. All these oscillations have different
correlation times (Fig. 6B).
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Fig 6. Lipid motions in the membrane. A. Isomerization of acyl chains from gauche to trans
configuration. B. Approximate correlation times of lipid motions in membranes[24].

1.3.1.2 Lipid phases

According to the dynamic state of the membrane, different lamellar phases
can be distinguished (solid-ordered, liquid-disordered, liquid-ordered) (Fig. 7).
These phases are characterized by the mobility of the lipid molecules within the
bilayer as well as the lateral organization (section 1.3.2).

Membrane exhibits a solid-ordered (So) or gel phase (LB) when the
hydrocarbon lipid chains display an all trans configuration and are elongated at the
maximum giving rise to an extremely compact lipid network. In the liquid-
disordered (Ld) or liquid crystalline phase (La), the tails are not stretched and
trans-gauche isomerization occurs, giving rise to a fluid and less packed membrane.
The transition between the gel and fluid phases occurs at a specific temperature
called melting or transition temperature (Tm). At temperatures below Tm, lipids
are in So phase with packed and rigid membrane, while higher temperature will
cause a transition to a Ld phase. The Tm depends mainly on the length of the acyl
chains and the position and degree of unsaturation. The longer the PL tails, the
more interactions between the tails are possible and the less fluid the membrane
is. Thus, increasing chain length correlates with increasing Tm. Moreover, saturated
lipids promote membrane packing and their straight hydrophobic chains interact
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with each other tightly through Van der Waals interactions, which increase the Tm.
In contrast, double bonds of unsaturated lipids distort the hydrophobic chain,
preventing the tight packing through steric hindrance. This weakens inter-lipid Van
der Waals interactions and lowers the Tm. In the presence of Chol, lipid bilayers can
adopt a liquid-ordered phase (Lo) which is between the Ld and So phases[25]. Chol
rigidifies the Ld phase and renders the So more fluid. Chol, due to its rigid structure,
inhibits trans-gauche isomerization of acyl chains. It is worth nothing that in RBCs
and most eukaryotic cells which present a high Chol concentration, lipid phase
transition between the gel and fluid phase is abolished[26].

Gel, solid-ordered phase Fluid, liquid-disordered phase
S L

e

Fluid, liquid-ordered phase
L

Fig 7. Different physical phases adopted by a lipid bilayer in aqueous medium. Membrane
exhibits different phases including solid-ordered (So), liquid-ordered (Lo) and liquid-
disordered (Ld) states with increasing packing[27].

The development of lipid phase diagrams allows to define the lipid phase
behaviors for the combination of two or three lipids, any point within the triangle
representing one defined membrane lipid composition (Fig. 8). Depending on the
mixture and the temperature, different lamellar phases can coexist in model
membrane[28]. We describe hereunder those encountered in this thesis.

- Lo/Ld phase coexistence: Membranes consisting of relatively saturated
lipids with a high Tm such as palmitoyl-SM (pSM), unsaturated PL species
with a low Tm such as 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC) and Chol can separate into two distinct liquid phases: Lo enriched
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in saturated lipid species and Chol and Ld comprising mainly the
unsaturated lipids. Lo phase is believed to represent a potential physical
model of lipid rafts in cell membrane[29]. Contrary to lipid rafts, which are
unstable structures, Lo/Ld phase coexistence in model membranes is stable
upon time. It is worth nothing that many researchers have chosen this
three-component mixture to model the outer leaflet of eukaryotic PM.

- So/Ld phase coexistence: This type of phase coexistence is observed when
the membrane is composed of a binary system with two different lipids,
one with a low and another with high Tm[30]. High sterol concentration
favors the Lo phase and inhibits this phase coexistence. Therefore, this
coexistence seems not to take place in eukaryotic membranes.

100
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Fig 8. PSM/POPC/Chol phase diagram at 23°C. The red (quasi) tie-line on the tie-triangle
describes the Lo/Ld composition at the right of which there is also So phase. The blue tie-
lines are the interval for the possible tie-lines that contain the 1:1:1 composition. The purple
point marks the 1:1:1 composition and the green point marks the 2:1:1 composition. The
dashed horizontal line for Chol x = 0.66 represents the Chol solubility limit on the lipid
bilayer[29].

1.3.1.3 Monitoring phase transition and membrane packing using
laurdan, DPH and TMA-DPH

Transition between the gel and fluid phases in artificial membrane models
can be monitored by a variety of techniques[31]. In this work, we used laurdan(6-
dodecanoyl-2-dimethylaminonaphthalene) (Fig. 9A) to sense membrane phase
transition but also determine the membrane packing. This molecule is located at
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the hydrophilic-hydrophobic interface of the bilayer with the lauric acid tail
anchored in the PL acyl chain region. It quantifies the lipid packing through its
sensitivity to the polarity of its environment in the bilayer. Thus, variations in water
content within the membrane cause shifts in the laurdan emission spectrum.
Hence, the laurdan emission shifts from a maximum at 440 nm in gel to a maximum
at 490 nm in fluid phase (Fig. 9B). The spectral shift in emission is used to calculate
the generalized polarization factor (GP), which is a relative quantitative measure
for lipid packing [32, 33]. A high GP value reflects a high lipid ordering and therefore
a low membrane fluidity. The transition between the gel and fluid phases occurs at
Tm which correspond to the inflection point of a curve in a graph displaying the
GPex of laurdan upon increasing temperatures.
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Fig 9. Determination of membrane phase transition and packing by the use of laurdan. A.
Laurdan Structure. B. Laurdan exposes an emission spectrum shift upon increasing
membrane packing, from 440 to 490 nm. Generalized Polarization (GP) ratiometric analysis
from the emission intensity at those wavelengths can be used to measure changes in
membrane order and phase transition (where 1440 and 1490 are the fluorescence intensities

at those wavelengths).

Beside the evaluation of GP of laurdan, another common method widely
used to probe membrane packing involves measurements of the anisotropy of the
fluorescence polarization of probes incorporated into the membrane such as 1,6-
diphenyl-1,3,5-hexatriene (DPH) or 1-[4-(tri- methylamino)phenyl]-6-phenylhexa-
[,3,5-triene (TMA-DPH). One difference between those two probes is their insertion
depth. DPH and TMA-DPH monitor the order in the membrane hydrophobic core
and the interfacial packaging of the polar head of PLs, respectively (Fig. 10)[34].
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Fig 10. A comparative molecular dynamic simulation study of DPH and TMA-DPH inserted
in pure POPC bilayers. DPH is employed as a reporter of the highly disordered hydrophobic
core of the POPC bilayer (light area) while TMA-DPH is employed to probe the more ordered
shallow regions of the bilayer (glycerol backbone and upper segments of the PL acyl chains)
owing to its cationic group which purposely acts as an anchor to the water/bilayer
interface[34].

These intrinsically fluorescent probes have excitation and emission dipoles
parallel to their molecular axes. For this reason, rotations about the long molecular
axis make essentially no contribution to the depolarization of polarized
fluorescence, while rotations orthogonal to the long axis of those probes result in
rapid fluorescence depolarization (Fig. 11)[35]. The resulting polarization of
fluorescence is defined in terms of the steady-state fluorescence anisotropy (r). In
other words, lipid bilayers which are more ordered and restrict the movement of
DPH or TMA-DPH will have higher fluorescence polarization values as compared to
more fluid membranes.
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Fig 11. Theoretical explanation of fluorescence polarization measurement of DPH as an
indicator of lipid bilayer fluidity. The steady state fluorescence anisotropy is associated to
its rotational diffusion, which is sensitive to the order in the membrane. lvv and Ivh are the
intensities measured in directions parallel and perpendicular to the electric vector[36].

1.3.1.4 Physiological relevance of membrane packing

It is widely accepted that membrane packing influences many biological
processes. For example, the transition from the Ld to So phase results to a low
activity of Ca**-ATPase in liposome. So seems to promote an unfavorable protein
conformational change for its activity[37]. The most apparent function of Lo
domain is to segregate proteins and regulate their activities (see section 1.3.2). For
example, studies have showed that molecules such as benzyl alcohol could affect
the P-gp effux pump function preferentially located in lipid raft domain by reducing
the membrane packing[38]. Finally, the fundamental importance of membrane
fluidity is underlined by the fact that poikilothermic organisms including bacteria,
fungi, reptiles, and fish which do not control their body temperature, must adapt
their membrane lipid composition in order to maintain membrane fluidity when
they are subjected to thermal change. This adaptive responsive is known as
homeoviscous adaptation. For instance, acclimation to lower temperature results
in an increase of the proportion of unsaturated FAs in membranes to maintain
optimal membrane fluidity[39].

16



1.3.2 Lateral heterogeneity in the plasma membrane

Accumulating evidences suggest that cellular membranes are laterally
heterogeneous, featuring a variety of distinct subcompartments that differ in their
biophysical properties and composition. | will here briefly approach three types of
lipid domains: transient nanometric lipid rafts (section 1.3.2.1) and caveolae
(section 1.3.2.2) domains and stable submicrometric lipid domains (section
1.3.2.3).

1.3.2.1 Lipid rafts

The membrane raft is a subtype of such lateral membrane heterogeneity.
Lipid rafts are defined as heterogeneous, highly dynamic (in terms of both lateral
mobility and association-dissociation), Chol- and SL-enriched membrane
nanodomains (10-200 nm) which form Lo domains that coexist with Ld domains in
living cells (Fig. 12A, B)[5].
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Fig 12. Lateral heterogeneity in the PM. A. Membrane model showing the formation of
lipid rafts in the cell membrane. Rafts are composed of mainly saturated GPLs, Chol, GSLs,
SM and transmembrane proteins. In addition to membrane components, cortical actin plays
an active part in domain maintenance and remodeling. B. Membrane organization is
probably not binary with highly distinct raft and non-raft regions, but instead membranes
consist of various raft-like and non-raft domains with distinct compositions and
properties[40].
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1.3.2.1.1 METHODS TO STUDY LIPID RAFTS

The first evidence for membrane lateral heterogeneity was provided upon
isolation of detergent-resistant membrane (DRM) complexes that float to low
density during sucrose gradient centrifugation after treatment with nonionic
detergents at 4°C [41]. DRMs have clearly distinct compositions from the rest of the
membrane, being enriched in Chol, SLs and GPl-anchored proteins. Despite the
ease and usefulness of the extraction, this method is not without pitfalls. Indeed, a
raft protein can be strongly linked to the cytoskeleton and will not float after
detergent extraction or inversely, its association with rafts can be so weak that it is
solubilized by the detergent. Moreover, DRM experiments are plagued by the
choice of detergent and temperature which isolate different subsets of rafts[42].

The use of agents or enzymes which manipulate the lipid raft constituents,
is also well debated to study the lipid raft function[40]. As rafts are enriched in Chol,
the most common raft-disrupting agent is methyl-B-cyclodextrin (MBCD), a water-
soluble cyclic heptasaccharide, which selectively and efficiently extracts Chol from
membranes. However, MBCD appears to preferentially remove Chol from Ld
(non-raft) domains in model membranes[43]. To target SM, one can use agents that
interfere with its synthesis (e.g. fumonisin B1) or structure (e.g. bacterial
sphingomyelinase, SMase). However, these agents could lead to potential
off-target effects such as the accumulation of Cers, which can potentially alter
membrane properties in other ways[44]. Hence, Chol or SM depletion could have
more global effects than only the rafts disruption[45].

Thus, direct studies were required to prove the real existence of rafts.
However, since rafts are too small to be resolved by conventional optical
microscopy (with a £250 nm resolution), this field was for a long time in a stalemate.
To overcome this limitation and evaluate whether nanoscale membrane domains
could exist, super-resolution optical microscopy methods (£20-40nm) have been
developed, including structured illumination microscopy (SIM), stimulated
emission depletion (STED), stochastic optical reconstruction microscopy (STORM)
and photoactivated localization microscopy (PALM) [40, 41, 46]. Please refer to [47]
for an in-depth information about these techniques. Principal drawback of these
tools resides in the fact that they do require fixation with formaldehyde or
glutaraldehyde solutions, which is a serious limitation for lipid organization studies
as it can lead to artefactual lipid redistribution. Moreover, all the above-mentioned
methodologies rely on fluorescent labels. The major caveats for some fluorescent
probes are their potential perturbation of native membrane organization, for
example by inducing clustering of their binding partners, as is the case for cholera
toxin inducing unphysiological clustering of GM1[48]. To address those concerns,
atomic force microscopy (AFM) is one of the most accurate tools to provide high-
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resolution membrane structures (1-10nm) and assess the lateral heterogeneity in
the PM by avoiding cell fixation and without the necessity of external labelling.
Despite the emergence of these tools, the presence and exact nature of rafts in live
cells remains debated, particularly as different methodologies can often vyield
seemingly contradictory results[49].

1.3.2.1.2 PHYSIOLOGICAL RELEVANCE OF LIPID RAFT

The most important role of Lo nanodomains have been proposed to
segregate specific elements in order to regulate their interactions with other
membrane components and hence their activity. It is suggested that in the case of
tyrosine kinase signaling, adaptors, scaffolds and enzymes are recruited to the
cytoplasmic side of the PM as a result of ligand activation. their phosphorylation
state can be modified by local kinases and phosphatases, resulting in downstream
signaling involved in a range of cellular processes including cell survival[41]. This
heterogeneity is potentially important for others various cellular functions such
immune response, as well as apoptosis and cell migration that we will further
described in section 1.4.

1.3.2.2 Caveolae

In addition to rafts, other nanoscale domains have been described at the
PM of eukaryotic cells: caveolae. Caveolae are defined as 60-80 nm invaginations
of the PM and are especially abundant in endothelia, smooth muscle and
adipocytes (50% of the PM surface) while absent in leukocytes[50]. These bulb-
shaped surface pits are mainly enriched with Chol and SLs, making them relatively
rigid like lipid rafts. In fact, these bulb-shaped surface pits are often described as
“invaginated lipid rafts” but they differ primarily by the presence of caveolin and
cavin proteins.

1.3.2.2.1 METHODS TO STUDY CAVEOLAE

Many experimental approaches, including biochemical, pharmacological
and microscopic methods used to study of membrane rafts have also been reported
to study caveolae. An advantage of studying caveolae is that, unlike rafts, which are
flat structures within membranes, caveolae have a distinct morphological structure
(bulb-shaped) that is readily identifiable by electron microscopy and more
equivocally by other microscopic techniques, for example, anti-caveolin antibodies
and immunofluorescence[51]. In addition, caveolin protein overexpression and
knockout has been used to examine the role of these domains and proteins in
physiology and signal transduction. However, because caveolins act as regulators
of several signal transduction pathways, alteration in their expression by such
approaches cannot be directly correlated with the compartmentation of a
particular signaling pathway in caveolae.
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1.3.2.2.2 MAIN PHYSIOLOGICAL FUNCTIONS OF CAVEOLAE

Since caveolae protrude out from the cell surface, they have been linked to
environmental sensing. It has been shown that caveolae can flatten in response to
membrane stretch in endothelia, skeletal muscle, cardiomyocytes and fibroblasts
and serve as a physiological membrane reservoir to accommodate sudden changes
in PM tension. In addition, multitude of studies report that caveolae act as signaling
platforms to a set of signaling molecules such as insulin receptors or epidermal
growth factor receptors and may also play a role in endocytosis[52]. For more detail
please refer to [52].

1.3.2.3 Stable submicrometric domains

During the past decade, owing to the development of new probes, the
hypothesis that some lipids form large (submicrometric/ mesoscale vs nanometric
rafts) and stable (> min vs sec) membrane domains has emerged[7]. Lipid
membrane nanodomains could auto-associate within the membrane leaflets to
form larger lipid platforms that become detectable by optical microscopy[53].
Several groups have presented evidences for submicrometric domains in artificial
and biological membranes from yeast to mammalian cells. Artificial membrane
models, such as giant unilamellar vesicles (GUVs) (see section 1.3.6), have highly
contributed to better understand the lipid organization in cell membranes. For
instance, GUVs composed of a sterol and two other lipid components (one with a
high Tm and one with a low Tm) have been used to study the liquid-liquid phase
separation. However, those GUVs do not authentically reflect biological
membranes. Fortunately, submicrometric lipid domains have also been
documented on various cell types. A substantial, non-exhaustive, list of examples is
presented in [7]. Briefly, in yeast, major redistribution of PIP2 into membrane
clusters upon osmotic stress has been clearly evidenced for both fission and
budding yeast cells[54, 55]. In animals cells, Jurkat T cells exhibit SM-rich membrane
domains spatially and functionally different from those enriched with the
ganglioside GM1[56]. Non-senescent keratinocytes have also demonstrated
submicrometric organization of lipid domains enriched in SM[57]. Using living red
blood cells (RBCs), Tyteca’s group provided evidence for stable submicrometric lipid
domains enriched in Chol, SM, PC or ganglioside GM1 at the outer PM leaflet of
RBCs[58-62].

1.3.2.3.1 METHODS TO STUDY SUBMICROMETRIC LIPID DOMAINS

Submicrometric lipid domains were first revealed on RBCs by vital
fluorescence and/or confocal imaging thanks to the trace insertion at the external
membrane leaflet of fluorescent lipid analogues such as BODIPY-SM, PC and
GM1[60-62]. Since the substitution of the FA chain by a fluorochrome could have
some caveats, exogenous fluorescent protein probes have been developed to
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visualize endogenous membrane lipids. Based on toxins capable to bind to lipids,
such as Chol-dependent cytolysins of Gram-positive bacteria or SM-dependent
lysenin of earthworm Eisenia foetida (section 1.3.5.1), Tyteca group have generated
non-toxic domain fragments coupled to fluorescent proteins to detect outer PM
leaflet lipids. Those include fluorescent toxin fragments specific to endogenous SM
(mCherry-lysenin, lysenin*) and Chol (Theta*) (Fig. 13)[58, 59]. Besides toxin
fragments, other probes are based on protein domains which are able to bind
endogenous PLs in the inner leaflet PM as well as cytoplasmic membranes of
organelles and/or in the outer PM leaflet after transbilayer flip-flop. For instance,
pleckstrin homology (PH) domain of PLC6 (PH-PLCS) has a high affinity for PIP2
while the discoidin Lact-C2 domain is another probe, specific for PS[63, 64]. Since
those domains have a diameter + 0.5 um, three representatives of high-resolution
microscopy such as conventional confocal imaging, two-photon excitation
microscopy and total internal reflection fluorescence (TIRF) have been used to
visualize those domains in live cell imaging without requiring cell fixation.
Therefore, the major limitations rest upon the use of fluorescent markers.
However, AFM imaging have confirmed the presence of these submicrometric
domains on unlabeled RBCs[65, 66].

a, Lysenin* (SM) BODIPY-SM

b, Theta* (chol) BODIPY-SM

Fig 13. Evidence for submicrometric lipid domains at the RBC surface. Living RBCs spread
onto poly-L-lysine pretreated coverslips and labelled with mCherry-lysenin (a; lysenin*,
endogenous SM) or mCherry-Theta toxin fragments (b; endogenous Chol) and then by
exogenous green BODIPY-SM. Lysenin* and BODIPY-SM perfectly colocalize whereas two
types of Chol domains coexist: one containing both Chol and SM (yellow arrowheads) and
the other mostly made of Chol (red arrowheads)[58, 59].
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1.3.2.3.2 PHYSIOLOGICAL FUNCTIONS OF SUBMICROMETRIC DOMAINS IN RED
BLOOD CELLS

Submicrometric lipid domains of RBCs have been showed to play a key role
in the RBC deformation. Whereas Chol-enriched domains gather in increased
curvature areas upon RBC deformation, low curvature- associated lipid domains
increase in abundance either upon calcium influx during RBC deformation
(GM1/PC/Chol-enriched domains) or upon secondary calcium efflux during RBC
shape restoration (SM/PC/Chol-enriched domains)[67, 68].

1.3.3 Transversal asymmetry in the plasma membrane

1.3.3.1 Asymmetric transbilayer distribution

When studying biological membrane organization and function, one
important aspect to consider is lipid asymmetry, meaning unequal distribution of
lipids between the outer and inner PM leaflets[69, 70]. In mammalian cells, PS, PE
and Pl are prominent in the internal layer while PC, SM and GSL are essentially
located in the outer leaflet. The distribution of Chol is not fully understood and even
under intense debate. Unlike the PLs, Chol has a high rate of flip-flop across the PM
(tl/2 +1s)[71]. However, since Chol preferentially interacts with SLs rather than
unsaturated PLs and since those SLs are mainly found in the outer leaflet, other
assume that the majority of Chol should be in the outer PM leaflet[72]. The
transversal asymmetry leads to set an unequal electrical charge distribution with a
neutral external leaflet vs a negatively-charged inner one. Therefore, even in the
absence of ions, asymmetric distribution of lipids in the bilayer can generate a
transmembrane potential. In addition, the fatty acyl chains in the outer leaflet are
somewhat more saturated than those in the inner leaflet.

1.3.3.2 Generation and maintenance of lipid asymmetric
distribution

Many evidences showed the transfer of lipids between the two leaflets. For
example, SM are synthesized in the lumenal leaflet of the Golgi apparatus, suitably
positioned to enter the lumenal leaflet of secretory vesicles for eventual deposition
in the outer leaflet of the PM. These lipids can be considered to be topologically
‘locked’ in the outer leaflet of the PM[73]. However, some reports indicate the
presence of a small amount of SM at the inner PM leaflet suggesting the existence
of transporters. Indeed, the compositional asymmetry cannot be explained by
spontaneous passage of polar head groups through the hydrophobic core given the
large energy barrier (20-50 kcal/mol) that has to be overcome [74]. For instance,
the transbilayer movement of GSLs would take one day as compared to seconds for
diacylglycerol (DAG), Cer and Chol. This energetically unfavorable movement is
facilitated by three specific types of transporters. At the expense of ATP hydrolysis,
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flippases transport lipids from the exoplasmic to the cytosolic face (flip; out-to-in)
while floppases do the opposite (flop in-to-out). Scramblases facilitate the
bidirectional movement of lipids in an ATP-independent manner[73] (Fig. 14A). The
“credit card model” has been proposed to explain how such a transporter might
work to flip-flop PLs (Fig. 14B). In this model, the lipid polar headgroup (the
magnetic strip on the card) traverses the membrane via the cavity (the groove in
the card reader) while the hydrophobic tails remain embedded within the
hydrophobic core.
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Fig 14. Proteins mediate the transhilayer movement of PLs and regulate membrane
asymmetry. A. ATP-dependent flippases catalyze the translocation of lipids from the outer
leaflet to the inner leaflet, whereas floppases mediate a reverse reaction. Scramblase, a
group of homologous ATP-independent calcium-dependent enzymes, move all kinds of
lipids bidirectionally[75]. B. The credit card model: translocation of a lipid from one side of
the bilayer (light green) to the other is depicted as the swiping of a credit card through a
card reader. The polar headgroup of the lipid (the magnetic strip on the card) is protected
from the lipid environment by the protein (the groove in the card reader) during passage
across the membrane, while the acyl chains of the lipid remain in the hydrophobic core of
the membrane[73].
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1.3.3.3 Methods to examine transhilayer distribution of lipids

Whereas asymmetric transbilayer lipid distribution in the PM is well
recognized, methods to examine this parameter are limited in living cells. PM
transbilayer lipid asymmetry was first assessed by biochemical technique using PM
of RBCs (devoid of organelles). In intact RBCs, the amino PLs PE and PS cannot be
modified by amine-reactive/membrane-impermeable  reagents  (2,4,6-
trinitrobenzen sulfonic acid (TNBS) or N-Hydroxysuccinimide (NHS) esters of biotin
(EZ-Link Sulfo-NHS-Biotin) except when the membrane is disrupted, suggesting that
these lipids are located in the inner leaflet[76]. Chemical labeling has not been
applied to PC and SM. In this case, selective hydrolysis of outer leaflet lipids by a
variety of exogenous phospholipases has been widely employed and analyzed by
thin-layer chromatography to quantify the fraction of a particular lipid that was
located in the outer leaflet PM[73, 77]. A potential problem of this technique is that
the reaction products (lysophospholipid, Cer, DAG) are membrane active and thus
may reorganize membrane bilayer during treatment. This technique alllows to
study lipid asymmetry in RBCs and Gram+ bacteria while application of these
methods to multi-membrane systems such as nucleated cells requires additional
measures to obtain highly purified membrane preparations[78]

Another method to study lipid asymmetry is sodium dodecyl sulphate
(SDS)-digested freeze—fracture replica labelling (FRL) which combines the
techniques of freeze—fracture sample preparation and immune-electron
microscopy (Fig.15)[79]. In this method, cells are frozen extremely quickly, within
milliseconds, and then physically cracked. The fracture plane passes through the
hydrophobic center of the lipid bilayer separating the monolayers. Both exposed
faces are treated with a vapor of platinum and carbon that forms a cast of
membranes. After that treatment with SDS detergent removes unfractured
membranes, cytoplasmic components, and membrane-associated proteins but
keeps membrane lipids and integral proteins. Then the comparison of the
membrane density of lipids between the outer and inner leaflet by transmission
electron microscopy is possible using lipid-binding proteins, peptides and
antibodies followed by colloidal gold-conjugated secondary antibodies[73, 78].
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Fig 15. Sodium dodecyl sulphate (SDS)-digested freeze—fracture replica labelling (FRL) to
evaluate membrane lipid asymmetry. (1) Cells are rapidly frozen and physically cracked,
resulting in the separation of the two membrane leaflets. (2) Deposition of platinum/carbon
on the exposed hydrophobic faces fixes lipids and proteins, so that lipid headgroups are
exposed. After treatment with SDS detergent, lipids are detected by gold-conjugated
reagents and their appearance in the outer or inner leaflet is quantified[73, 78].

1.3.3.4 Physiological relevance of membrane asymmetry

Generation and maintenance of membrane asymmetry is essential for the
cells, as revealed by the following examples. First, PS is externalized on the surface
of activated platelets during coagulation[80] while exposure of PS at the cell surface
during apoptosis leads to cell recognition and phagocytosis by macrophages[81].
Second, negatively charged lipid headgroups in the inner leaflet such as PIP2
provide the binding surface for cytoskeletal proteins involved in the cell
deformation (section 1.4.2.1). Third, PIP2 can also be hydrolyzed by phospholipase
Cinto inositol 1,4,5-trisphosphate (IP3) and DAG, as soluble and membrane-bound
second messengers, respectively. Fourth, lipid asymmetry can strongly influence
the behavior of membrane-inserted proteins. Indeed, many transmembrane
proteins have a positive charge on their cytosolic domain, which likely helps the
protein orient toward the inner leaflet due to its large negative charge density[82,
83]. Finally, the lipid asymmetry is also responsible for membrane curvature which
is essential for biological processes such as membrane fusion (section 1.3.4).

1.3.3.5 Interleaflet lipid coupling

Although transbilayer asymmetry has been well reported, the PM may
display local regions of biophysical transbilayer symmetry via the colocalization of
similar membrane domains in opposing leaflets. Indeed, current consensus is that
outer leaflet lipids influence the physical properties of the inner leaflet and those
properties of the two leaflets could be ‘coupled’. Asymmetric membranes have
revealed that the tendency to phase-separate in one leaflet can induce phase
separation in the other leaflet[84, 85]. Conversely, the lack of such a tendency can
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prevent phase separation in the apposed leaf (Fig. 16A). This coupling would offer
a mechanism of communication between receptors on the extracellular leaflet and
cytoplasmic components of signal transduction pathways even if transmembrane
proteins also provide these signals. Proposed mechanisms for this
inderdependence include acyl chain interdigitation, transmembrane protein,
electrostatic interactions, membrane curvature and line tensions[86]. The dynamic
interdigitation proposed that long saturated acyl chains of lipids in one leaflet may
cross the midline of the bilayer to extend their hydrocarbon chains to the opposite
leaflet, pinning the leaflets together (Fig. 16B)[87]. For example, it has been shown
that transmembrane interactions between outer leaflet long acyl-chain lipids and
inner leaflet PS are crucial in generating actin dependent clustering of cytofacial
lipid-anchored proteins[88]. In addition, transbilayer interactions are necessary for
the generation of Chol-dependent nanoclusters of GPl-anchored proteins[89].
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Fig 16. Schematic illustration of interleaflet lipid coupling and the role of acyl chain
interdigitation. A. Lo forming outer leaflet lipids are shown inducing Lo domains in the inner
leaflet. This in turn may cause protein clustering in inner leaflet Lo domains which regulates
signal transduction[90]. B. Interdigitating lipid acyl chains in green-gray; zoom:
interdigitating ethyl groups of upper (green) and lower (red) leaflets.
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1.3.4 Membrane Fusion

Membrane fusion is one of the most important cellular process by which
two distinct lipid bilayers merge their hydrophobic cores, resulting in one
interconnected structure. Even long-term contacts between protein-free lipid
bilayer vesicles do not result in fusion indicating that transient and localized
instability of the bilayer structure must occur to induce membrane fusion. It has
been found under certain conditions (i.e change of temperature, pH, osmolarity)
that vesicles can be induced to fuse in the absence of any proteins which clearly
indicates that lipid components are directly involved in the fusion process. The
formation of fusion intermediates has been shown to correlate with their effective
spontaneous curvature. A key controller of the bilayer’s propensity to form curved
structures is the average molecular shape of the lipid molecules and therefore the
relative size of the headgroup vs the hydrophobic tails[91].
Lysophosphatidylcholine (LPC) or detergent exhibit higher head-to-tail proportion
and have inverted cone-shapes, forming structures with a positive curvature, such
as micelles (Fig. 17A). PC and SM exhibit a cylindric shape based on head-to-tail
proportion and preferentially form flat bilayer structures (Fig. 17B). PE, PS, DAG,
PA, Cer or CL are considered as cone-shaped lipids due to their small heads and
form structures with a negative curvature such as the inverted hexagonal phase
(Hy) (Fig. 17C). This phase is characterized by long tubular associations composed
of inverted micelles with headgroups inside and hydrophobic tails outside.
Transitions between lamellar and hexagonal phases are thought to facilitate
membrane fusion[92]. Therefore, the local shape of a membrane depends on its
local composition. Interestingly, the compositional difference between the inner
and outer leaflets suggests that the outer leaflet does not exhibit a curvature
preference whereas the inner leaflet may have a preference for negative curvature
which promotes the formation of vesicles toward the cytosol. Notice however that
membrane lipids are not the only actors of membrane bending and proteins highly
contribute to this process through curvature-sensing proteins (e.g. BAR-domain
containing proteins) and cytoskeleton-induced mechanical forces, a.o.. For more
detail, please refer to [93].
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1.3.4.1 Molecular mechanisms of fusion of protein-free lipid
bilayers

Three distinct steps characterize the molecular mechanism of fusion:
membrane aggregation, bilayer destabilization and merging of the membrane and
internal contents. In the first step, during which membranes enter in close
proximity, strong repulsive hydration forces must be overcome. This can be
reached by decreasing the number of charges or water binding sites on membrane,
facilitating the aggregation of both vesicles via Van der Waals attraction. A
temporary destabilization of the bilayer in the contact region is required for
vesicular merging. Destabilization can be introduced by alteration of some physical
parameters such as surface tension or membrane curvature. Increase in surface
tension or high curvature induction provoke defects in membranes in such a way
that membranes get the required energy for fusion. Two possible mechanisms via
formation of inverted micelle intermediates (IMI) or by stalk structure have been
proposed during the merging of membrane lipids[94]. In the first model, the
merging of outer monolayers leads to the transient formation of inverted micelles
characterized by the headgroups at the center with the tails extending out (Fig.
18A). The coordinate rupture of both inner monolayers in contact with the micelle
leads to pore connecting both initial liposomes, allowing for fusion[92]. In the
second model, first an hourglass-like connection is made between the outer
monolayers (Fig. 18B). This early hemifusion connection is referred to as the fusion
stalk. At this stage, the outer monolayers begin to mix whereas the two inner
monolayers are completely separated. This stalk then expands radially forming
trans monolayer contact (TMC) which is followed by a direct fusion pore formation.
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The fusion is finished when two separated lipid membranes merge into a single
continuous bilayer and share the same internal contents.
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Fig 18. Lipid structures during the fusion process. Two possible fusion mechanisms have
been proposed, i.e. through inverted micelle intermediates (A) or stalk structure (B). IMI:
inverted micelle intermediates, TMC: trans monolayer contact[95].

1.3.4.2 Dynamic light scattering and fluorescence assays to
monitor membrane fusion

Beside molecular dynamics simulations like coarse-grained modeling[96],
majority of studies used lipid mixing assay to monitor membrane fusion with some
variations regarding fluorescent markers. For more details regarding those markers
please refer to [97, 98]. To study the role of proteins mediating fusion, fluorescence
resonance energy transfert experiments (FRET) are often performed to elucidate
protein-protein interactions[99]. In this work, membrane fusion was monitored by
dynamic light scattering and fluorescence assays using octadecylrhodamine B in
bilayer vesicles. The first step prior to the actual fusion is to bring vesicles together.
This aggregation can be measured by the increase of light scattering due to
polydisperse aggregates. Fluorescence assays are next used to monitor lipids
mixing (Fig. 19)[100]. One set of vesicles is prepared with a self-quenching
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concentration of membrane-bound dye (octadecylrhodamine B, R18) and is mixed
with another set of vesicles without any probe. After fusion of the two sets of
vesicles, an increase of fluorescence, which results from the relief of R18 self-
qguenching due to the decrease in its surface density, is measured.
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Fig 19. Lipid-mixing assay based on fluorescence self-quenching. Fluorescence of
octadecylrhodamine B (R18) is quenched due to dye-dye interactions. Fusion between R18
labelled-membrane and unlabeled membrane results in the dispersion of the probe and an
increase of fluorescence intensity at an emission wavelength of 590 nm[97].

1.3.4.3 Physiological relevance of membrane fusion

Membrane fusion is a biophysical reaction that is of fundamental
importance in biological systems. Three major events illustrate the role of
membrane fusion [101]. First, fusion is observed in intracellular transport vesicles
such as between trans-Golgi and PM. SNARE complex formation appears to provide
a driving force for the fusion of lipid bilayers[102]. Second, fusion of sperm with
oocyte or formation of syncytia of muscle cells evidence extracellular fusion of
eukaryotic cells. Third, viruses employ membrane fusion to introduce their
genomes into host cells. To initiate fusion, hydrophobic portions of a viral protein
are inserted into the target cell membrane and bring the viral membrane and the
target cell membrane together (within a few Angstrom) and to facilitate the fusion
event. For example, Influenza viruses use hydrophobic fusion domains of the
hemagglutinin.
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1.3.5 Membrane permeability

The ability of lipids to provide a selective permeable barrier between the
extracellular medium and the cytoplasm is also an important function of biological
membranes. The permeability of a molecule can be quantitatively represented by
its permeability coefficient (cm/s), which is a measure of how fast it can cross a
membrane. Artificial lipid bilayers with different lipid compositions or cell lines
monolayers are often used as model barriers. While the former allows passive
permeation only, the latter also allows transporter mediated permeation[103].
Molecules that move through the membrane employ different transport
mechanisms such as passive diffusion or protein transport[103]. All those
mechanisms clearly indicate that PM permeabilization represents an important
threat for any cells, since it compromises its viability by disrupting cell homeostasis.
Given that ginsenoside Rh2 induces membrane permeability, we will describe how
antimicrobial peptides (AMPs), pore-forming toxins (PFTs) and Cer permeabilize the
membrane to better understand the underlying mechanisms.

1.3.5.1 Prototypes of permeabilizing proteins and lipids

PM is the front of pathogen attack and often serves as a primary target for
secreted toxins. A variety of organisms produce AMPs to protect themselves
against bacterial infection by permeabilizing bacterial membranes. AMPs are
mostly positive cationic peptides that interact preferentially with negatively
charged lipids such as PG or CL present in bacterial membranes. Pore formation
induced by AMPs can be described by the toroidal (Fig. 20A) or barrel-stave (Fig.
20B) models[104]. In the toroidal pore model, AMPs insert perpendicularly in the
lipid bilayer while the lipid tails are packed away from the surface of the pore,
resulting in significant lipid disorder, and membrane curvature change. As a result,
toroidal pores are accompanied by enhanced membrane hydration, as evidenced
by significant water penetration into the membrane. In the barrel stave model,
AMPs insert perpendicularly in the lipid bilayer and promote lateral peptide-
peptide interactions, in a manner similar to that of membrane protein ion channels.
Contrary to the toroidal pores, the hydrophobic and hydrophilic arrangement of
the bilayer is not disrupted in barrel stave model. AMPs can also act without
forming specific pores in the membrane. Some AMPs adsorb parallel to the lipid
bilayer and reach a threshold concentration to cover the surface of the membrane,
thereby forming a “carpet” (Fig. 20C). As their surface concentrations reach a
critical value, the membrane integrity is lost, producing a detergent-like effect,
which eventually disintegrates the membrane by forming micelles. The final
collapse of the membrane bilayer structure into micelles is also known as the
detergent-like model.
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Fig 20. The proposed models of membrane-lytic mechanisms by AMPs. A. Toroidal pore
model. B. Barrel-stave model. C. Carpet model[104].

Pathogenic bacteria but also earthworm produce key virulence
determinants, pore-forming toxins (PFTs). Some PFTs require a specific lipid for
their activity in the membrane[105]. For example, perfringolysin O from
Clostridium perfringens triggers pore formation by binding to membrane Chol
whereas lysenin from the earthworm Eisenia foetida binds to clustered SM (fewer
than 10 lipid molecules) (Fig. 21)[106].

’ ’ 4 7 R :Other phospholipids

Fig 21. The interaction of lysenin with SM at the RBC membrane occurs in three stages.
(1) Monomeric form of lysenin binds to membrane SM where (2) its oligomerization is
induced and (3) leads to the formation of transmembrane pores, provoking hemolysis[106].



Studies have also revealed that Cer could form pores in model bilayers as
well as in the outer membrane of isolated mitochondria through the formation of
large cylinder membrane channels[107]. Colombini team reported a model of a Cer
pore consisting of four to six Cers H-bonded via amide groups[108]. Formation of
Cer channels does not rely on any particular protein.

1.3.5.2 Calcein release to monitor pore formation

Membrane pore formation induced by drugs could be predicted by digital
simulation[109]or experimentally evaluated by AFM[110] or osmotic swelling
assay[111]. Vesicles loaded with fluorescent molecules which have a different
guantum yield depending on whether they are inside or outside the vesicles are
also often used to detect pore opening[112]. In this work, we assessed membrane
permeability using calcein release from artificial membrane vesicle[113]. Calcein, a
membrane-impermeable fluorescent probe is entrapped at a self-quenching
concentration into large unilamellar vesicles (LUVs) (see section 1.3.6). Molecule-
induced calcein leakage results in dequenching and a concomitant increase in the
calcein fluorescence. The percentage of fluorescence recovery is determined by
comparing the molecule-induced calcein release with the value obtained after
adding Triton X-100 to obtain a complete release of calcein. In addition, GUVs
(section 1.3.6) allow the determination of the pore-forming activity by confocal
microscopy. Indeed, GUVs are resuspended in a solution containing a fluorophore,
and the filling of the vesicle is followed after pore formation.

1.3.6 Artificial membrane models to study drug interaction and
biophysical properties

Biological membranes are hugely complex systems due to their diversity in
lipid composition (section 1.2), organization in lipid domains (section 1.3.2),
asymmetry (section 1.3.3) and association with proteins and cytoskeleton, making
the biophysical interaction with molecules very difficult to investigate. Over the last
century, model membranes have been proved to play a considerable role in the
elucidation of the structure and the properties of biological membranes as well as
in the understanding of biological processes that occur at the membrane surface or
that are associated with cell membranes[16]. The ability to control their membrane
composition is advantageous because it enables to investigate the lipid
requirements, or preferences of a compound and its influence on biophysical
membrane properties. The most well-known and common artificial membrane
systems used are lipid monolayers and liposomes [16]. Lipid monolayers provide a
simple model considered as half the bilayer of biological membranes. This model
can be used to analyze the first steps of the interaction of a bioactive molecule with
a membrane. Parameters such as the nature and the packing of the spread

33



molecules, the composition of the subphase (pH, ionic strength) and temperature
can be varied in a controlled way and without limitation. Langmuir monolayers are
formed by spreading lipids at the air-water interface of a Langmuir trough where
the polar regions are in the aqueous phase and the acyl chains extend above the
buffer. After stabilization of the lipid monolayer at a defined surface pressure (/7)
compounds of interest are injected into the water subphase and the increase of the
M resulting from the interaction of molecules with the lipid monolayer is recorded
(Fig. 22). It is worth noting that this technique allows the formation of Chol
monolayer whereas the formation of liposomes containing only Chol is not
achieved.

To IT-recording system
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Fig 22. Schematic representation of the Langmuir trough. A. This technique is used for
evaluating the penetration power of molecules into lipid monolayer. B. Penetration kinetic
following the injection of the drug into the subphase[27].

Liposomes are small artificial vesicles of spherical shape composed of a
single lipid bilayer, which are arranged in a way that is similar to that of biological
membranes. According to the method of preparation and the size, different types
of bilayer structures can be obtained[114]. In this study, we worked with large
unilamellar vesicles (LUVs, £ 150 nm) or giant unilamellar vesicles (GUVs, + 15 um).
LUVs are often used for studying binding processes (isothermal titration
calorimetry, see below), fluidity (section 1.3.1.3), fusion (section 1.3.4.2),
permeability (section 1.3.5.3) while GUVs that closely resemble biological
membranes in curvature and size (10-20 um), allow to visualize the lipid phase
organization, shape deformation and permeability by fluorescence microscopy. In
this work, we performed isothermal titration calorimetry to assess parameters like
free energy of binding (AG), entropy (AS), enthalpy (AH), and binding affinities (K)
values regarding the Rh2-membrane interaction. Briefly, this technique measures
the heat released or adsorbed when two interacting components are brought
together in the same environment and initiate a reaction. The changes in heat
energy are assessed over time and measure the enthalpy changes due to the
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interaction between titrated and titrating solutions[16].

1.4 Contribution of membrane lipid composition and
biophysical properties to cell death/survival and migration

All biophysical membrane properties described above contribute to
modulate a range of cell signaling pathways such as cell division, cell death and
survival, exo- and endocytosis, cell squeezing, migration and invasion. We will here
focus on cell death/survival (section 1.4.1) and migration/invasion (section 1.4.2)
as they have been studied during this thesis through the activity of the ginsenoside
Rh2.

1.4.1 Cell death and survival

Changes in biophysical membrane properties and lipid content such as Cer
appear to be involved in the regulation of cell death. After an overview of apoptotic
pathways (section 1.4.1.1), we will focus on the role of Cer (1.4.1.2), PIP2/PIP3
(1.4.1.3) and lipid rafts (1.4.1.4), well-known to be involved in the apoptosis.

1.4.1.1 Apoptotic pathways

Apoptosis, i.e. the programmed cell death in mammalian cells, is a key
regulator of physiological growth control and of tissue homeostasis by eliminating
“unnecessary cells”. The typical morphological hallmarks of apoptosis include cell
shrinkage, nuclear DNA fragmentation and membrane blebbing while the
underlying cell signaling pathway varies depending on the cytotoxic stimulus.
Apoptosis is mainly regulated by extrinsic and intrinsic signaling pathways through
the formation of death receptor-mediated death-inducing signaling complex (DISC)
and mitochondrial-derived apoptosome, respectively (Fig. 23)[115, 116]. The
extrinsic route is mediated by the binding of ligands (FasL, TRAIL) to death receptors
(Fas, TRAILR) located at the PM, which leads to receptor aggregation and the
sequential recruitment of adaptor proteins such as Fas-associated death domain
(FADD) and procaspases-8 and -10 forming the death-inducing signaling complex
(DISC). It results in dimerization and activation of caspase-8 which can directly
cleave and activate caspase-3 and -7 triggering extrinsic apoptotic signaling. The
intrinsic mitochondrial-involved apoptotic pathway is engaged by a wide array of
stimuli that are sensed intracellularly, including DNA damages or ER stresses.
Stresses induce mitochondrial outer membrane permeabilization (MOMP) and
release of second mitochondria-derived activator of caspases (SMAC) and
cytochrome c¢ from the mitochondria. SMAC prevents X-linked inhibitor-of-
apoptosis protein (XIAP) to interact with caspase-3, -7, -9 and inhibit their activity.
Cytochrome c released from the mitochondria binds to apoptotic protease-
activating factor-1 (APAF-1) and procaspase-9 to form the so-called “apoptosome”
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that activates caspase-3 and -7 and triggers the apoptotic cell death program. The
extrinsic and intrinsic apoptotic pathways cross-talk through the BH3-interacting
domain death agonist (Bid), a pro-apoptotic Bcl-2 family member protein. Bid is
cleaved by caspase-8 to form truncated Bid, which translocates to mitochondria
and interacts with Bcl-2—associated X protein (Bax) and Bcl-2 homologous
antagonist killer (Bak). These two proteins insert into the outer mitochondrial
membrane and induce MOMP and the release of the cytochrome c and SMAC. Anti-
apoptotic Bcl-2 or Bcl-xl proteins can bind to Bid and inhibit its ability to induce
oligomerization of Bax and Bak.
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Fig 23. Extrinsic and intrinsic apoptotic signaling pathways. The extrinsic apoptotic
pathway is initiated by the ligation of death receptor with its ligand, leading to the
recruitment of FAS-associated death domain protein (FADD) and then caspase-8. It results
in the dimerization and activation of caspase-8 which can directly cleave and activate
caspase-3 and caspase-7, leading to apoptosis. Intrinsic apoptotic stimuli lead to
mitochondrial outer membrane permeabilization (MOMP) and release of second
mitochondria-derived activator of caspases (SMAC) and cytochrome c. Cytochrome c binds
to apoptotic protease-activating factor 1 (APAF1) and caspase-9 forming the apoptosome.
The latter triggers the autoproteolytic activation of caspase-9 which in turn activates
executioner caspases, caspase-3 and caspase-7, leading to apoptosis. X-linked inhibitor-of-
apoptosis protein (XIAP) is a direct inhibitor of caspase-3, -7, -9 activities. The anti-apoptotic
Bcl-2 and Bcl-xl proteins can bind to Bid and inhibit Bid’s ability to induce oligomerization of
Bcl-2—associated X protein (Bax) and Bcl-2 homologous antagonist killer (Bak) leading to
MOMP formation[115].
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1.4.1.2 Ceramide: a key regulator of apoptotic pathways

Cer draws wide attention as a key regulator of programmed cell death[117,
118]. Multiple stress stimuli, including pro-apoptotic ligands such as FasL (section
1.4.1.1) as well as ionizing radiation[119] and chemotherapeutic drugs, have been
shown to induce rapid generation of Cer levels through stimulation of de novo Cer
synthesis and/or activation of SM hydrolysis via SMase[120]. The formation of Cer
on the outer leaflet of the PM is thought to result in the formation of Cer-enriched
membrane platforms, which induce death receptors clustering and amplification of
the extrinsic apoptosis[121]. In addition, Cer cellular accumulation has been shown
to inhibit PI3K/Akt pathway (see section 1.4.1.3) by activating protein phosphatases
such as Cer-activated protein phosphatase (CAPP), resulting in the activation of the
pro-apoptotic Bcl-2-family protein like Bcl-2 associated death promoter (Bad)[122].
Cer can also form pores in isolated mitochondria through the formation of large
cylinder membrane channels leading to increase permeability of mitochondrial
outer membranes and release of cytochrome c involved in the intrinsic
apoptosis[107]. Anti-apoptotic proteins (specifically Bcl-xI and Bcl-2) are able to
inhibit Cer channel formation whereas pro-apoptotic proteins (specifically Bax and
Bak) promote its formation. Altogether, it has been suggested that Cer could act as
a tumor suppressor lipid by promoting cancer apoptosis (section 2.2.1)[123].

1.4.1.3 PI3K/Akt pathway

There is a close relationship between cell death and survival. Lack of
survival signals triggers apoptosis, a phenomenon called “death by neglect”.
Survival signals such as growth factors, cytokines and some hormones activate the
PI3K/Akt pathway[124]. One of the main function of PI3K is to phosphorylate PIP2
to PIP3. This leads to the recruitment of the kinases PDK1 and Akt through direct
contact of their pleckstrin-homology (PH) domain with PIP3. PDK1 and mTORC2
active Akt through the phosphorylation at Thr308 (activation loop) and Ser473
(hydrophobic motif), respectively (Fig. 24A). After that, Akt adopts an active
conformation and interferes with the apoptotic machinery by phosphorylating and
inhibiting capsase-9 and Bad (Fig. 24B)[125]. PI3K/Akt survival signaling is
counteracted by phosphatase and tensin homolog deleted on chromosome 10
(PTEN) which dephosphorylates PIP3 to PIP2. Cancer cells have developed several
mechanisms to inhibit apoptosis and prolong their survival. PI3K is overexpressed
in several malignancies leading to a constitutively active survival signaling pathway
which promotes the insensitivity of tumor cells to apoptosis induction. In addition,
PTEN is one of the genes that is most frequently mutated or deleted in cancer[124].
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Fig 24. Activation of PI3K/Akt pathway promotes cell survival and inhibits apoptotic
pathway. A. Phosphoinositide 3-kinase(PI3K) phosphorylates PIP2 to PIP3. Akt through
direct contact of its PH domain with PIP3 is recruited within the PM and activated through
the phosphorylation of its Thr308 and Ser473 by PDK1 and mTORC2, respectively. B. Akt
phosphorylates and inhibits caspase-9 and the pro-apoptotic Bad resulting in the
suppression of apoptotic pathway[124, 126].

1.4.1.4 Lipid raft: a floating island of death and survival

While many regulatory mechanisms of apoptosis are well elucidated, the
role of lipid rafts in those pathways has only recently begun to be explored. It has
been suggested that those domains could provide signaling platforms able of
activating both pro-apoptotic and anti-apoptotic pathways. On one hand, given
that the PM is the active site of PI3K/Akt pathway, the lipid raft
compartmentalization seems to play a crucial role in triggering the PI3K/Akt
signaling pathway, by facilitating Akt recruitment and activation upon PIP3
accumulation in the PM (Fig. 25A)[127, 128]. PDK1 seem also recruited in
membrane rafts in response to growth factors, whereas the negative regulator of
this pathway, PTEN is primarily located in nonraft regions[129]. Some studies have
also demonstrated that disruption of lipid raft domains using MBCD results in
impaired Akt phosphorylation and increases apoptosis in different tumor cell
lines[130]. On the other hand, death receptors can aggregate and initiate the
apoptosis independently of death receptor ligands. This phenomenon has been
proposed to be due to the formation of clusters of apoptotic signaling molecule-
enriched rafts (CASMERs) which refers to the co-aggregation of death receptors
and their downstream apoptotic molecules (Fig. 25B). CASMER represents a raft-
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based supramolecular entity acting as a linchpin for launching apoptotic
signals[131].
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Fig 25. Lipid rafts as platforms for cell survival and apoptosis. A. Lipid rafts facilitate the
recruitment of PI3K/Akt and cell survival B. Aggregation of death receptors in lipid rafts
forms clusters of apoptotic signaling molecule-enriched rafts (CASMER) launching apoptotic
signals[132].

1.4.2 Cell migration

Cell migration is critical for wound healing, immune responses,
development, invasion, a.o. Cell migration needs the coordinated activation of
several processes: cell polarization and elongation, formation of cell protrusions
and attachment to extracellular matrix (ECM) at the front, and contraction of the
cell body at the rear to deploy a force to pull the cell body forward[133]. These
processes involve a continuous reorganization of the underlying cytoskeleton
structure, which must be accompanied by appropriate restructuration of the PM.
The effect of lipid composition on actin cytoskeleton dynamics is clearly
demonstrated by in vitro experiments reporting that the formation of filopodia
(finger—like protrusive structure based on actin filament) does not form on PC
bilayer alone but requires negatively-charged lipids to promote actin
polymerization[134]. We will here below focus on the contribution of lipid
composition and organization to the cell migration process, while leaving aside the
role of protein, extremely complex and beyond the scope of this thesis.
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1.4.2.1 The importance of phosphoinositides

The best understood negatively-charged lipids that engage the regulation
of the organization and dynamics of the actin cytoskeleton are the
phosphoinositides (Pls). These lipids are dynamically regulated by phosphorylation
and dephosphorylation. It has been reported that Pls directly interact and regulate
the activities of actin-binding proteins[135]. Among different Pls, PIP2 is the best-
characterized regulator of the actin cytoskeleton. Typically, PIP2 activates proteins
that induce actin filament assembly and inhibits actin-binding proteins promoting
actin filament disassembly. For example, PIP2 with the aid of Rho family GTPase
(Cdc42) and a protein from the BAR-domain family containing an Src homology 3
domain (SH3) allow the recruitment ant the activation of Wiskott-Aldrich syndrome
protein (WASP) at the membrane (Fig. 26A). In turn, activated Wasp containing VCA
domain (verprolin, cofilin, acidic) activates actin-related protein complex 2/3
(Arp2.3) which induces actin filament nucleation and network growth. Regarding
another actin binding protein, cofilin binds to and is inhibited by PIP2 in the PM
(Fig. 26B). However, upon EGF-stimulated PIP2 reduction, cofilin gets released and
depolymerizes actin[136]. In mammary tumors, the activity status of cofilin is
directly related to the invasion and metastasis[137].

High PIP3 concentration induced by the local PI3K activity at the leading
edge and the regulated hydrolysis of PIP3 to PIP2 by PTEN at the retracting tail
contribute to the cell migration towards the chemoattractant gradient (Fig.
23C)[135]. Cell migration also requires Rac GTPases to promote formation of actin
polymers at cell’s leading edge. An activator of Rac (a small GTPase of the Rho
family), DOCK180, accomplishes the Rac relocalization by using its DHR-1 domain
to bind PIP3[138]. Given the pronounced role of PIP2 and PIP3 in maintaining
epithelial polarity, these lipids may be involved in epithelial to mesenchymal
transition (EMT) of cancer cells. Indeed, during this transition, epithelial cells lose
polarity and cell-cell adhesions, become motile, and invade surrounding tissues.
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Fig 26. Importance of PIP2 and PIP3 for cell migration and polarization. A. Wiskott-Aldrich
syndrome protein (WASP) is localized and activated at the membrane through the binding
to PIP2 and the aid of Rho family GTPase (Cdc42) and a protein from the BAR-domain family
containing an Src homology 3 domain (SH3). Activated WASP containing VCA domain
(verprolin, cofilin, acidic) activates actin-related protein complex 2/3 (Arp2/3) which
induces actin filament nucleation and network growth. B. PIP2 binds and inactivates cofilin.
Reduced PIP2 level leads to release of membrane bound cofilin, which becomes active and
severs actin filaments. C. During chemotaxis of neutrophils, PIP2 and PIP3 are located at the
uropod and leading edge, respectively[135, 139].

1.4.2.2 The importance of glycosphingolipids and lipid rafts

Cell surface glycosphingolipids perform important functions through
carbohydrate-specific interactions with membrane proteins such as integrins
implicated in adhesion and mobility. It has reported that GM2 mediates tumor cell
migration through interaction and activation of the integrin receptor[140]. On the
other hand, GM3 was found to inhibit hepatoma cell motility. The low metastatic
hepatoma cell line has high level of ganglioside GM3, whereas the high metastatic
cell line contains a high level of ganglioside GM2. Interestingly, the increase in GM3
content in high metastatic cells inhibits their mobility and migration[141].
Moreover, migrating T lymphocytes exhibit an asymmetric redistribution of GM3-
and GM1-enriched domains to the leading edge and to the uropod,
respectively[142]. Altogether, this suggests complex and differential roles of
gangliosides in cell growth and progression. Some studies have reported that lipid
rafts are prerequisite for lamellipodia formation in melanoma cells through actin
cytoskeleton-mediated recruitment of B1 and B3 integrin[143]. Racl association
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with the PM requires lipid raft domains. When cells are detached, lipid raft markers
are cleared from the cells surface through internalization[144]. In addition, lipid
rafts are also critical for human neutrophil to amplify the chemoattractant gradient
and maintaining cell polarization[145].

2. ALTERATIONS OF MEMBRANE LIPID COMPOSITION IN CANCER
CELLS

Membrane lipids clearly contribute to cell survival/death and migration. As
those physiological processes are often altered in tumors, we dedicate a section on
alterations of membrane composition in cancer cells. In this chapter, we will
provide a simplified overview of the synthesis of GPLs and SLs (section 2.1.1) and
Chol (section 2.1.2) to better understand the next chapter dedicated to the
alteration of lipid profile in cancer cells (section 2.2), especially breast cancer cells
(section 2.2.5).

2.1 Simplified overview of lipid synthesis

“Normal” cells obtain lipids through the uptake of free FAs and lipoproteins
from the bloodstream. New synthesis of FA and Chol involving the activity of
hundreds of enzymes is restricted to a few specialized tissues like the liver, adipose
tissue or the lactating breast. Although, in cancer cells, these restrictions are
interrupted and new synthesis of lipids is observed[146]. This illustrates the
fundamental role played by lipids in maintaining membrane homeostasis and
normal function in healthy cells.

2.1.1 Glycerophospholipids and sphingolipids synthesis

FA synthesis starts with the generation of acetyl-CoA from citrate by the
enzyme ATP-citrate lyase (ACLY). The carboxylation of acetyl-CoA to malonyl-CoA
is performed by the enzyme acetyl-CoA carboxylase (ACC) (Fig. 27). Acetyl-CoA and
malonyl-CoA are then coupled via the enzyme fatty acid synthase (FASN). Repeated
condensations of acetyl groups generate a basic 16-carbon saturated FA, the
palmitic acid. Palmitic acid is further elongated and desaturated to synthesize the
diverse spectrum of saturated and unsaturated FAs. One of the main desaturases
in mammalian cells is the stearoyl-CoA desaturase (SCD), which introduces a double
bond at the A9 position of palmitic and stearic acids to generate monounsaturated
FAs. Then, FAs can be used to generate many different types of lipids. They could
be transformed into diacylglycerides and triacylglycerides via the glycerol
phosphate pathway, which uses the glycolytic intermediate glycerol-3-phosphate
to form the glycerol backbone of these lipids. Intermediates of this pathway can be
converted into different GPLs such as PC, PE, PG and PS. The sphingoid backbone is
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also generated from FAs via the condensation of palmitoyl-CoA and serine by serine
palmitoyltransferase (SPT), the rate-limiting enzyme of the SL biosynthesis
pathway. The product of this reaction is 3-ketosphinganine. This is followed by
other catalyzed reactions leading to the formation of Cer. Following conversion to
Cer, sphingosine is released via the action of ceramidase. Inversely, sphingosine can
serve as a substrate for Cer synthesis, through the actions of Cer synthases. The
overall level of Cer in a cell is a balance between the need for sphingosine
derivatives such as sphingosine-1-phosphate (S1P) and SM. S1P is formed by
phosphorylation of sphingosine while SM are synthesized by the transfer of
phosphorylcholine from PC to a Cer in a reaction catalyzed by SM synthases (SMS).
Inversely, SM are degraded via the action of sphingomyelinases (SMase) resulting
in release of Cer and phosphocholine[147]. For more detail regarding lipid synthesis
please refer to [148].

2.1.2 Cholesterol synthesis

Chol is obtained from two sources, diet and de novo synthesis (liver
represents the main site). The relative contribution of de novo Chol synthesis vs
dietary intake has been estimated as ~70:30 for total body Chol. Chol is synthetized
from acetyl-CoA through the initial steps of the mevalonate pathway (MVA) (Fig.
26)[149]. The most important rate-limiting step in the regulation of cholesterol
synthesis is the conversion of 3-hydroxy-3-methylglutaryl-CoA (HMH-CoA) to
mevalonate catalyzed by the 3-hydroxy-3-methylglutaryl-CoA reductase (HMG-CoA
reductase), an enzyme that can be inhibited by statins.

44



Phosphoinositides Lipid droplets

f
PIPx TAG
/’"DGAT
PI FA DAG —PC,PEPS
terar Sphingolipids (h
PG ~—— CDP-DAG — PA St'P
Phosphoglycerides acear | SPHK
’ 9: ! A A CER, SPH
GPAT . — A
Glucose Polyunsaturated FAS'C'_ pa Serine
Glycerol-3-P FA <+ eov. {11 Fans Phosphocholine
Monounsativated FAS Phosphoethanolamine
Glyceraldehyde-3-P .
sco | Lipid uptake
Palmitic acid b (essential FAs) d
Pyruvate ]
FASN ‘x
Citrate ACLY Acetyl-CoA e Malonyl-CoA
a ACAT 1
Mitochondnon a-KG Acetoacetyl-CoA
HMGCS Acetyl-CoA
Glutamine HMG-CoA
HMGCR |
Mevalonate

Farnesyl-pp — Protein
‘v prenylation

i) Cholesterol

Cholesterol esters
Steroid hormones

Fig 27. Lipid biosynthesis. Schematic overview of the pathways involved in the synthesis of
FAs, Chol and PLs. Enzymes are indicated in red: ACAT, acetyl-CoA acetyltransferase; ACC,
acetyl-CoA carboxylase; ACLY, ATP citrate lyase; AGPAT, l-acylglycerol-3-phosphate O-
acyltransferase; DGAT, diacylglycerol O-acyltransferase; ELOVL, fatty acid elongase; FADS,
fatty acid desaturase; FASN, fatty acid synthase; GPAT, glycerol-3-phosphate
acyltransferase; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; HMGCS, 3-hydroxy-3-
methylglutaryl-CoA synthase; PPAP, phosphatidic acid phosphatase; SCD, stearoyl-CoA
desaturase; SPHK, sphingosine-1-kinase. Metabolite abbreviations: a-KG, a-ketoglutarate;
CDP-DAG, cytidine diphosphate-diacylglycerol; CER, ceramide; DAG, diacylglycerol; FA, fatty
acid; LPA, lysophosphatidic acid; PA, phosphatidic acid; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PIPx,
phosphatidylinositol phosphate; PS, phosphatidylserine; S1P, sphingosine-1-phosphate;
SPH, sphingosine; TAG, triacylglyceride[147].
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2.2. Main lipid alterations in cancer

Highly proliferative cancer cells show a strong lipid and Chol avidity to
supply energy and building blocks[147]. Excessive lipids and Chol stored in lipid
droplets are both established as a hallmark of cancer[150]. To increase lipid and
Chol synthesis, cancer cells upregulate the expression of lipogenic enzymes, such
as the FASN or ACC which correlate with their metastatic ability[149]. Targeting the
lipid and Chol dependence of cancer cells through inhibitor agents directed against
lipogenic enzymes (FASN or ACC) has been the subject of numerous studies; and
their efficacy as anticancer therapies have been proven in various preclinical
models of carcinogenesis[151]. However, high adverse side effects of FASN-
targeting drugs have precluded their clinical development[151]. For more detail
regarding the lipid metabolic reprogramming in cancer cells, please refer to [132,
152]. In agreement with lipid reprogramming in cancer, numerous lipidomic studies
have shown that the lipid profile of tumor cells is altered with respect to non-tumor
cells[153]. Although it appears that there is no one common pattern of membrane
lipid alterations in different kinds of tumors, some trends are emerging in certain
features of tumor lipid profiles regarding SL (section 2.2.1), FA saturation (section
2.2.2), PLasymmetry (section 2.2.3) and Chol (section 2.2.4) that we describe in this
chapter.

2.2.1 Sphingolipids

Among SLs, Cer is considered as a tumor-suppressor lipid owing to its
antiproliferative, and apoptotic responses in various cancer cells[117, 154].
Accordingly, an inverse correlation is observed between the levels of Cer and the
degree of malignant progression and prognostic severity in patients with malignant
astrocytoma[155]. Similarly, the total content of Cer is decreased in ovarian tumors
as compared to normal ovarian tissues[156]. In line with this, enzymes within the
SL metabolism pathway are frequently deregulated in cancer, resulting in lower Cer
levels, which could cause resistance to chemotherapeutic treatment[154].
Conversely to Cer, S1P acts as a tumor-promoting lipid and promotes proliferation,
angiogenesis and migration while blocking apoptosis[157, 158]. S1P has been
shown to stimulate invasiveness of human glioblastoma cells [157], suggesting that
tumors might accelerate the metabolism of Cer and generate increased levels of
S1P. Interestingly, the decrease of Cer is not necessarily associated with an increase
of SM. In human cancer cells (Human glioma (U118, 1321N1, SF767), human
nonsmall lungadenocarcinoma (A549), Jurkat-T lymphoblastic leukemia cells have
markedly lower levels of SM than nontumor (MRC-5 human fibroblast) cells. The
low SM levels are associated with the tumorigenic transformation[159]. In addition,
Wang et al. showed a decrease of SM level in highly invasive breast cancer lines as
compared to poorly invasive breast cancer lines[160]. Another putative pro-
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tumoral ganglioside is GM3.Indeed, the metastatic and invasive potential of mouse
melanoma B16 seems to be correlated with the level of GM3 expression at the cell
surface[161].

2.2.2 Fatty acid saturation

It has been reported that the shift from lipid uptake to de novo lipogenesis
in cancer cells leads to increased membrane lipid saturation, resulting in higher
levels of saturated and monounsaturated PLs, potentially protecting cancer cells
from oxidative damage and chemotherapeutic drugs by reducing lipid peroxidation
and increasing membrane packing, respectively[162]. Increased levels of saturated
FAs are also found in aggressive breast cancers[147, 163]. Interestingly,
consumption of mono- and polyunsaturated FAs, like linoleic and oleic acids, is
believed to have a protective effect against tumorigenesis by influencing
membrane composition and changing PM properties[164]. However, although
human MT3 breast cancer cell line show a significant increase in the content of
mono- and polyunsaturated FAs, this seems to promote metastasis[165].

2.2.3 Phospholipid asymmetry

The loss of lipid asymmetry seems to be common for many cancer cells. It
has been reported that tumorigenic, murine erythroleukemic cells express 7- to 8-
fold more PS in their outer leaflet than do their counterparts[166]. In agreement,
the tumorigenic cells express 3—7-fold more PS than the nontumorigenic normal
human epidermal keratinocyte line[167]. In tumor endothelial cells, PE is also found
to be exposed in the outer leaflet[168].

2.2.4 Cholesterol

Chol also appears to be changed in cancer cells. Indeed, Van Blitterswijk at
al. have reported lower content of membrane Chol in murine leukemic cell lines as
compared to normal thymocytes[169]. In addition, MT3 breast cancer cells show a
significant decrease of Chol which correlates with an increase in membrane fluidity
and an increase of metastatic foci registered in lungs of mice[165]. However,
opposite results have been obtained in other studies. For example, in lung cancer,
Dessi et al. showed that the tumor contains 2-fold more total Chol and 3.5-fold
more esterified cholesterol than normal lung tissues[170]. In addition, total Chol
and esterified Chol are markedly increased in oral tumor tissues as compared to
normal tissues[171]. Chol levels could be either lower or higher according to the
type of cancer and stage[172]. It has been proposed that, in metastatic cells, lower
Chol levels well correlate with a more deformable membrane increasing its ability
to invade surrounding tissues[165, 173]. However, in multidrug resistant cells,
higher values of Chol can be found, turning the membrane more rigid and, thus,
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less permeable for drugs[174].

2.2.5 A focus to breast cancer

This last section focuses on human breast cancer since breast cancer cell
lines have been used in the third part of my thesis. In this cancer, it is possible
through lipid profile assessment to discriminate malignant cells from benign ones
and to distinguish low- and high-grade tumors (Table 3). It has been reported that
the PL content is 4-fold higher while the triacylglycerol content tends to be 65%
lower in the breast cancer tissues as compared to adjacent healthy tissues[175].
Hilvo et al. have shown specific lipids such PC 30:0 and 32:0 as associated with more
aggressive breast tumors and poorer overall survival. Wang et al. have identified a
total of 31 lipids, especially PG, PA, PE, PS, PC, Pl species, as upregulated and eight
lipids, such as SM and PE species, as downregulated in highly invasive breast cancer
lines compared to poorly invasive breast cancer lines[163].. As already mentioned,
MT3 breast cancer cells show a significant decrease of Chol which correlates with
an increase in metastatic foci registered in lungs of mice[165]. Lipidomic changes
are also associated with estrogen receptor (ER) status. PC, PE, Pl and SMs are

upregulated in ER— as compared to ER+ breast cancer samples[163].

Altogether changes in the amount of lipids can be associated with the
different cancer states and might affect signaling cascades. Fundamental
differences between the cell membrane composition of normal and cancer cells
serve as new diagnostic but could also be used for the development of new
chemotherapy given that membrane alteration can change the activity of
membrane proteins such ion channels and receptors as well as the biophysical
membrane properties.
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Cell type Sample Lipids Up Down Compared to Ref.
Hi ic MDA-
igh metastatic MDA Cell line | PA, PI, alkylacyl PC X Non-malignant MCF10A [176]
MB231
Hi ic MDA-
igh metastatic MDA Cell line | PC, PE, PS, PI X Non-malignant MCF10A [177]
MB231
High metastatic MDA- . .
L - 1
MB231 Cell line PS, PI X ow metastatic MCF-7 [177]
High metastatic MDA- Cell line | PE, PG X Low metastatic MCF-7 [177]
MB231
High metastatic MDA- . BT-20, MCF-7, SK-BR-3,
: : : 1
MB231 Cell line Pl 36:1, PC36:1, 36:2 X MDA-MB-157, MDA-MB-361 [178]
Hi ic BT-
N:gAr_',\;l"Be_tza;;at'c >49and | iiine | PG, PA, PE, PS, PC, PI | X Low metastatic MCF7 and T47D | [160]
Hi ic BT-
N:gAr_',\;l"Be_tza;;at'c S49and | iitine | sm, PE X Low metastatic MCF7 and T47D | [160]
High metastatic MDA-MB- Cell line Pl 36:1, PC 28:0, SM X BT-20, MCF-7, SK-BR-3, MDA- [178]
157 34:1 MB-231, MDA-MB-361
PE 38:4, 38:5,36:4, PC BT-20, SK-BR-3, MDA-MB-231
. _ . 7 7 7 7 7’ ’ 1
Low metastatic MCF-7 Cell line 36:1 X MDA-MB-157, MDA-MB-361 [178]
Low metastatic MCF-7 Cell line PC, PE, PG X Non-malignant MCF10A [177]
Low metastatic T47-D and
I PE X Non-mali t MCF10A 176
high metastatic MDA-MB231 Cell line on-malighan [176]




0s

BT-20, MCF-7, SK-BR-3,
MDA-MB-231,

SM 34:0, PC 38:4, PI

MDA-MB-157 and MDA-MB- Cell line | 38:4, N Non-malignant MCF10A [178]
Polyunsatured lipids
361
BT-20, MCF-7, SK-BR-3,
MDA-MB-231
! I'li 2:1 : Non-mali 1 1

MDA-MB-157, and MDA- Cell line PC 32:1, 30:0 on-malignant MCF10A [178]
MB-361
MT3 with I ti f

’ With profongation © Cellline | Chol MT3 [165]
proliferation time
Breast cancer Tissue PC 34:1 Adjacent normal tissue [179]
Triple negative breast cancer | Tissue PC 32:1 30:0 Luminal and HER2 breast cancer | [179]
Breast cancer Tissue P136:1,38:3 Normal mammary gland [180]
Breast cancer Tissue PC, PE, PI Adjacent normal tissue [163]
ER- breast cancer Tissue PC, PE, PI, SM ER+ breast cancer tissue [163]

: 2: 2:1 .
Grade 3 breast cancer Tissue zg;o 0,32:0,32:1, Grade 1 breast cancer tissue [163]
: : 11 . .

Breast cancer Tissue PC 40:6, 38:6, 34 Adjacent normal tissue [181]

Majority of Pl species




1S

SM 34:1, PE 34:1,
36:2

PC 20:4, Exception: PI
38:4, 36:4, 38:5, SM

Breast cancer Tissue 36:3, 40:2, PE 36:4, Adjacent normal tissue [181]
38:5, 38:4

Malignant breast cancer Tissue PE, PI, PC Benign breast [182]

Breast cancer Tissue PC,PE Adjacent normal tissue [175]

Table 3. Lipid biomarkers in human breast cancer. The table lists specific lipids evaluated in human breast cancer, specifying
if these have been found to be up or down-regulated in the respective sample type. Estrogen receptor (ER) and progesterone

receptor (PR)




3. FUNCTION, DIVERSITY AND MEMBRANE INTERACTION OF

SAPONINS

After having developed PM and described alterations of its composition in
cancer cells, we now focus on saponins, amphiphilic compounds interacting with
PM and attracting more and more attention based on their anticancer properties.
We will briefly describe the function and diversity of saponins (section 3.1) and
expose models of interaction of saponin with membrane (section 3.2). After that
we will focus on ginsenosides and the structure—activity relationships in their
anticancer activities (section 3.3). We will close this chapter by highlighting the
importance of PM for their actions (section 3.4).

3.1 Function and diversity

Saponins are key ingredients in traditional Chinese medicines and found in
a wide variety of plants, edible legumes (lentils, chickpeas, a.0.) and some marine
organisms like sea cucumbers (Holothuriidae) and sea stars (Asteroidea). Their
biosynthesis follows the same mevalonic acid pathway as Chol. Their roles are still
not fully understood but they have been shown to serve primarily as defensive
molecules against bacteria, fungi, yeast and insect invasion. Beside their role in
plant defense, saponins are of growing interest for drug research as they provide
valuable pharmacological properties such as anti-inflammatory, anti-bacterial and
anti-cancer activities[183]. They are also of interest as adjuvants due to the
formation of immunostimulating complexes. Saponins have been shown to swell
and rupture erythrocytes causing a release of hemoglobin. The effect of saponin on
erythrocyte death or hemolysis may limit the therapeutic use of the substances.
The saponin name comes from the Latin “sapo” which means soap which is due to
their soap-like behavior in aqueous solution and their ability to produce foam by
reducing the surface tension of the water. Structurally, saponins are amphiphilic
molecules characterized by a lipophilic aglycone structure referred to as the
sapogenin and one or more hydrophilic head group. Different hydrophilic sugar
moieties and variations of the aglycone structure confer them a high degree of
structural diversity exhibiting specific biological activities. Traditionally, saponins
are subdivided based on the nature of their aglycone: pentacyclic triterpene (or
triterpenoid) (Fig. 28A) and steroid (or steroidal) (Fig. 28B). The aglycone of
triterpene saponins consists of a C30 skeleton while the steroid aglycone consists
of a C27 skeleton but they are both derived from 2,3-oxidosqualene, a central
metabolite in sterol biosynthesis. Saponins possess different types and numbers of
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carbohydrates (i.e, hexose, pentose)[184]. Best-known saponins are
monodesmosidic saponins which means that only one position of the aglycone is
glycosylated. In most monodesmosidic saponins the sugar chain is attached at the
C3 hydroxyl group. Bidesmosidic saponins contain another sugar chain at C-26 or
C-28.

A B OH
26
28

Fig 28. Saponins are classified in two groups based on the nature of their aglycone part.
A. Pentacyclic triterpene (or triterpenoid) B. Steroid (or steroidal).

3.2 Models of interaction with membrane

The amphipathic properties of saponins give them the potential ability to
interact with cell membrane. In this section, we will describe several models of
action of different saponins established over time. Majority of models suggest the
formation of a complex saponin/Chol (section 3.2.1), although some studies argued
in favor of a Chol-independent activity for few saponins (section 3.2.2).
Interestingly, some Chol-dependent saponins (avenacin A-1, a and &-hederin) can
insert into Chol-free membranes without inducing any changes. The formation of
Chol:saponin complex induces membrane budding (digitonin, dioscin, 6-hederin)
but also membrane vesiculation for certain saponins (glycoalkaloids, hederagenin).
All these models are in agreement with the fact that saponin induces pore
formation as a final step, exception has been made with hederagenin[185].
Regarding the Chol-independent activity, PC could play a major role in the action of
few saponins (akebia Saponin B and C, ginsenoside Rc).

3.2.1 Cholesterol-dependent saponin activity

3.2.1.1 Model of Doursmashkin-Glauert (1962): Crude saponin
extract

Glauert, Dourmashkin et al. demonstrated the presence of holes (diameter
around 80 Angstrom) in the surface membrane of Rous sarcoma viruses and
erythrocytes after treatment with “saponin”, described here as commercial
mixture of saponins. They suggested that saponin has the ability to form a complex
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with Chol at a 1:1 molar ratio and proposed that the pores are formed by the
arrangement of twenty saponin molecules in a circular structure with a
distinguishable space between each lipophilic headgroup (Fig. 29)[186].

Fig 29. Crude saponin extract-Chol interaction: Model of Doursmashkin-Glauert.
Hypothetical micellar-type arrangement of saponin within the membrane ([J-) with
cholesterol (O). The central speckled area represents the water phase[186].

3.2.1.2 Model of Nishikawa and Frenkel (1984 and 2014):
Digitonin

Digitonin is a steroid saponin from the plant of the foxglove, Digitalis
purpurea. The digitonin aglycone is attached to an unbranched chain of five sugar
moieties (Fig. 30A). Nishikawa et al. observed that digitonin induces membrane
permeability in Chol-containing liposomes but not in Chol-free liposomes[187].
They proposed a model where the saponin forms a rigid complex with Chol with an
equimolar stoichiometry. The formation of this complex leads to membrane
rupturing. Interestingly, removal of subsequent sugar residues results in the
progressive loss of digitonin activity. Recently, Frenkel et al. proposed the following
mechanism of interaction between digitonin and Chol molecules in 1-stearoyl-2-
oleoyl-sn-glycero-3-phosphocholine (SOPC)-Chol bilayers (Fig. 30B)[188]. First,
digitonin penetrates within the membrane and binds to Chol molecules. The
formation of Chol-saponin aglycone aggregates do not lead to any significant
membrane destruction, but Chol is removed from the hydrophobic core region.
Finally, the sterical hindrance between saccharide residues in those aggregates may
induce changes in the curvature of the membrane outer leaflet, leading to an
increase in the membrane permeability.
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Digitonin addition

{

Digitonin addition

Fig 30. Digitonin-Chol interaction. A. Structure of Digitonin from Digitalis purpurea. B.
Model of Nishikawa and Frenkel with steroid digitonin. Digitonin could not interact and
affect membranes in the absence of Chol. However, digitonin penetrates into membranes
containing Chol and forms Chol-saponin aglycone aggregates, leading to membrane
curvature and permeability[188].

3.2.1.3 Model of Keukens (1995): Glycoalkaloids

Keukens et al. demonstrated that steroid glycoalkaloids such as a-
chaconine and a-tomatine interact with membrane Chol and induce the formation
of tubular (a-chaconine) and spherical (a- tomatine) structures and membrane
disruption[189]. a-solanine, which has the same aglycon structure but a different
trisaccharide moiety as compared to a-chaconine, has hardly an effect, highlighting
the importance of the type of sugar moiety to interact with Chol (Fig. 31A).
Basically, after membrane insertion of a-chaconine independently of Chol, its
aglycon part bound to Chol in a 1:1 ratio (Fig. 31B, step 1,2). After that, the
interaction between the sugar moieties of glycoalkaloids initiate the formation of a
stable irreversible matrix of glycoalkaloid/Chol complexes (Fig. 31B, step 3, 4).
Since Chol in the outer leaflet gets immobilized, Chol of the inner leaflet could flip
to compensate for the loss of Chol. The membrane layer will bud due to the fact
that glycoalkaloid/sterol complex has a relatively large polar headgroup forming a
positive curvature (Fig. 31B, step 5). This curvature could result in the formation of
hemitubular protuberance that may eventually lead to sterol extraction via
vesiculation (Fig. 31B, step 6).
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Fig 31. Glykoalkaloid-Chol interaction. A. Structures of a-solanine, a-chaconine and a-
solanine. B. Model of Keukens with steroid glycoalkaloids. (1) Glycoalkaloids arriving at to
the membrane. (2) Insertion of glycoalkaloids into the membrane, (3,4) formation of
glycoalkaloids-Chol complexes, (5,6) budding of the membrane and formation of final
tubular structure with glycoalkaloids-Chol layer on the outside and pure PC layer on the
inside[189].

3.2.1.4 Model of Armah (1999): Avenacin A-1

Chol is also required for the triterpenoid saponin avenacin A-1 to induce
bilayer permeabilization and to decrease the lateral diffusion of the fluorescent
probes NBD-PE and NBD-Chol (Fig. 32A). In lipid bilayers without Chol, avenacin A-
1 does not affect those parameters even though the saponin is able to insert within
the membrane as reported by its capacity of reducing the surface tension of
POPC:DOPE (7:3) monolayers. In the model proposed by Armah et al., first the
aglycone part of avenacin A-1 inserts into the outer leaflet in a Chol-independent
manner[190]. Secondly, avenacin A-1 bound to the membrane Chol and the sugar
residues of the avenacin A-1 interacts and causes the aggregation of Chol-avenacin
A-1 complex. This may lead to the rearrangement of the bilayer lipids and the
formation of transmembrane pore (Fig. 32B).
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Fig 32. Avenacin A-1-Chol interaction. A. Structure of avenacin A-1, B. Model of Armah with
triterpenoid avenacin A-1. Insertion of avenacin A-1 into Chol-free membranes followed by
binding to Chol and formation of the transmembrane pore[190].

3.2.1.5 Model of Lin and Wang (2010): Dioscin

According to a coarse-grained molecular dynamic simulation (CGMD), the
dioscin-Chol complex is energetically more favorable than the Chol-Chol complex
(Fig.33A)[191]. Dioscin, a steroid saponin shown to interact with Chol, sequesters
Chol from interactions with SM causing the disruption of lipid raft structures (Fig.
33B). The accumulation of dioscin in the lipid raft changes the membrane
morphology and provokes severe curvature of the lipid bilayer, which could lead to
membrane deconstruction and RBC hemolysis.

Fig 33. Dioscin-Chol interaction. A. Structure of dioscin. B. Model of Lin and Wang with
steroid dioscin. Snapshots of CGMD simulations of the interaction of dioscin with the bilayer
membrane (a) POPC:PSM:Chol without dioscin; (b) penetration of dioscin (green) into the
membrane and binding to Chol; (c) sequestration of Chol from its interaction with SM and
damage the structure of the lipid raft; (d) accumulation of saponin-Chol at lipid raft domains
caused changes of membrane curvature[191].
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3.2.1.6 Model of Lorent (2013): a-hederin and 8-hederin

a-hederin is a monodesmosidic triterpenoid compound with two sugar
moieties attached at C3 of the aglycone (hederagenin) while 6-hederin possesses
only one sugar moiety (Fig. 34A). Lorent et al. showed that membrane
permeabilization is dependent on the presence of membrane Chol and saponin
sugar chains. There is a clear correlation between the number of sugars and
membrane permeability: a-hederin>8-hederin>hederagenin. The activities of a—
and 6-hederin involve a three-step mechanism (Fig. 34B)[185]. The first step
involves Chol-independent binding to the external leaflet of the membrane which
increases GPex of laurdan. Second, these saponins interact with Chol and decrease
GPex of laurdan. The glycoside residues could act like “umbrellas” shielding the
nonpolar part of Chol from water, and preventing polar interactions between Chol
and PLs. In a third step, a-hederin show a greater ability to induce pore formation
and 6-hederin being more efficient in inducing budding. Hederagenin induces the
formation of intravesicular buds but no formation of pore.
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Fig 34. a- and 6-hederin and hederagenin-Chol interaction. A. Structure of a- and &-
hederin and hederagenin. B. Model of Lorent with triterpenoid a-hederin and &-hederin.
(A) a- and 6-hederin interacted with the membrane in a Chol-independent manner and
were integrated into the outer leaflet. (B) Interaction between these saponins and Chol lead
to the formation of a region with a higher Chol concentration. (C) Sugar moieties of saponins
in these regions increased spontaneous curvature inducing (D) membrane permeabilization
or (G, H) budding. (D, E) Pores were stabilized by the sugar moieties pointing to the exterior
of the membrane and reducing line tension. (F) Inhomogeneous distribution of a-hederin
between the inner and the outer leaflet caused rolled rims. (G) Intermediate curvature of
6-hederin was responsible for the immediate budding with complete fission from the GUVs
at the beginning of incubation and (H) for the later budding with the bud still connected to
the GUV at longer incubation times[185].

3.2.2 Cholesterol-independent saponin activity

Although the principal target of saponins is assumed to be Chol, some
studies have shown that Chol does not always serve as a specific binding site for
saponin activities. For example, the activity of triterpenoid glycyrrhizin and steroid
ginsenoside chikusetsusaponin Ill saponins were somewhat higher for Chol-free
liposomes than for Chol-containing liposomes (Fig. 35). Hu et al. observed that
some saponins glycosylated at both C3 and C28 of their oleanolic acids induce ePC
(egg PC) membrane permeability without cholesterol[192]. Using dilauroyl-,
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dimyristoyl-, dipalmitoyl- and distearoyl-PC vesicles, from short to high FA chain
length. Nakamura et al. noticed the importance of PCs and the influence of the
lengths of their acyl chains for the action of triterpenoid akebia Saponin B and
C[193]. The sensitivity of vesicles toward those saponins decreases with the
increased chain length and the underlying increased of membrane rigidity. This was
also reported for the ginsenoside Rc-induced agglutinability which is more effective
for PCs with short and/or unsaturated fatty acyl chains[194]. In addition,
ginsenoside Rc showed strong agglutinability with ePC than ePE, ePA, PS and SM
from bovine brain. No lytic activity was detected for saponins steroid
chikusetsupsaponin V also named ginsenoside Ro (structure presented in section
3.4.2.1) and triterpenoid akebia saponin E and Pk (carrying two sugar chains) in ePC
vesicles, with or without Chol, [193].
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Fig 35. Structure of saponins having Chol-independent activities. Structure of triterpenoid
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glycyrrhizin and akebia Pk, steroid chikusetsusaponin Il and ginsenoside Rc.



3.3 Ginsenosides and structure-activity relationship in their
anticancer activities

The interesting properties of saponins have led us to the investigation of
the saponin ginsenoside. Ginsenosides are the major pharmacologically active
components of ginseng root (containing 2-3% ginsenosides). The basic structures
of ginsenosides are similar, and most ginsenosides consist of a dammarane steroid
nucleus with 17 carbon atoms arranged in four rings. Structurally, most of the
ginsenosides belong to PPD and PPT groups (see section 3.4.2.1). Ginsenoside
structures are named as Rx according to their mobility on TLC plates, with polarity
decreasing from index “a” to “h”[195]. Ginsenosides are amphipathic in nature and
their activities are mostly determined by the numbers and sites of polar hydroxyl
groups on each ginsenoside. These compounds have been reported to display
antioxidant potential (section 3.4.4.6), anti-bacteria and fungi activities (section
3.4.6.1 and 3.4.6.2) and anti-tumor efficacy (section 3.4.5.1). Interestingly,
structure-activity relationship studies have shown that the anticancer activity of
ginsenosides is inversely correlated to the number of sugar groups that they
possess[196].While Rd with three sugar residues weakly inhibits the growth of
cancer cell[197], Ginsenosides Rg3 (two sugar residues), Rh2 (one sugar residue)
and PPD (no sugar residues) inhibit different types of cancer cells. Rh2 and PPD
show 5- to 15-fold relatively stronger anti-proliferative effects than Rg3[198]. A
correlation has been observed between thee cytotoxicity (IC50) and hydrophobicity
(logP) of ginsenosides[197]. The presence of sugar moieties reduces the
hydrophobic character of ginsenosides and probably decrease their interactions
with the cell membranes. Sugar linkage positions also influence anticancer
activities. A sugar group at C-6 decreases the anticancer activity of ginsenosides
while sugar linkages at C-3 promotes it[230]. Notice that the backbone of
ginsenoside Rh2 has one sugar group attached at C-3. It seems that the presence
of a sugar moiety at C-6 increases the steric hindrance and prevent interaction with
membrane proteins[199]. This kind of study may contribute to more effective
ginsenoside design as the incidence of chemotherapeutic resistance increases.

The vast majority of studies reports the beneficial activity of ginsenoside
through the modulation of many pathways such as cell cycle regulation, growth
signals, cell death or inflammation for more detail please refer to [196, 200].
However, only few studies consider the PM for the activity of ginsenosides.
Therefore, in the next section, we will review the key role played by PM for their
activity and pharmacological benefits. The following section 3.4 will be submitted
soon as a review as first author.
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3.4 Lipid membranes as key targets for the pharmacological
actions of ginsenosides

3.4.1 Introduction

The PM is the natural interface between inter- and intracellular space. One
of its major functions is to delegate signals from the cell exterior to the interior,
making it an interesting target for pharmacological agents able modulate signaling
and thereby provoke a cellular response. The majority of drugs act on membrane
proteins but it becomes clear that lipids are also important for signal transduction.
Lipids can collectively form signaling platforms or lateral domains which include or
exclude certain type of proteins[201]. Analysis of the PM lipidome has pointed out
the colossal variety of membrane lipids[202]. It remains to be seen if each individual
lipid has its own function or if this huge collective of lipids confers certain
biophysical properties to the membrane, modulating cellular functions. Saponins,
and especially, ginsenosides (a class of steroidal saponins) found in ginseng have
been shown in the past to be membrane active substances and to influence the
membrane as a collective by modulating its dynamics and its lateral organization in
domains[203-205]. Interestingly, the mechanism of most ginsenosides does not
seem to involve the formation of pores or holes in the membrane as it was
observed with other saponins such as digitonin[183], reducing thereby the risk of
hemolysis. The traditional use of ginseng has also proven that ginsenosides are
relatively harmless in vivo and constitute interesting pharmacological agents. In this
review, we will focus on the activity of ginsenosides on membranes and possibly
related effects from physicochemical, biophysical and pharmacological viewpoints
(Table. 4).

3.4.2 Structural diversity of ginsenosides

The structural diversity of ginsenosides is mainly due to the high variety of
sugar chains connected to different aglycone backbones. Hundreds of different
ginsenosides have been reported and eliciting them is not in the scope of this
review. For a detailed review on structural variety of the Panax L. species, including
all ginsenosides which have been reported till 2012, please refer to [206, 207].
Globally, ginsenosides share a dammare-type triterpenoid saponin structure. Most
ginsenosides belong to a family of steroids with a four trans-ring rigid steroid
skeleton. Protopanaxadiol (PPD) and protopanaxatriol (PPT) are the two main
groups of ginsenosides. In the PPD group, sugar residues are attached to the
hydroxyl group at C-3 and/or C-20 while in the PPT group, sugar moieties are
attached to the hydroxyl group at C-6 and/or C-20 (Fig. 36). Minor ginsenosides
include ocotillo-type (F11) oleanane-type (Ro) ginsenosides and other isolated
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compounds can be classified as modified C-20 side-chain ginsenosides (Rh4, Rg5)[207].
An older classification of ginsenosides was based on their chromatographical
profile. This ancient nomenclature has nowadays simply become the trivial name
of ginsenosides (Ginsenoside Rb1, Rb2, Rc,...)[206].
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Fig 36. Chemical structure of the main ginsenosides discussed in this review.
Protopanaxdiol- and protopanaxatriol- type (R3 = CHj3), ocotillol-, oleanane type and C-20
side-chain ginsenosides[207].

3.4.3 Interaction with amphiphilic molecules and assembly into
nanostructures

Saponins area amphiphilic molecules and have the property to accumulate
at hydrophobic/hydrophilic interfaces and to self-aggregate upon a certain
concentration (critical micelle concentration)[208]. Those properties provided the
etymological background for the name “saponin” (‘sapo’ latin for soap) which are
able to solubilize hydrophobic molecules in aqueous solution and have the same
cleaning properties as other detergents. Specific aggregation of saponins with
phospholipids and cholesterol, can lead to the formation of nanoparticles in
aqueous solution which can be used as carriers for drugs. Those football-shaped
nanoparticles named ISCOMs (immunostimulating complexes) are able to enhance
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the immune response toward certain antigens [209]. Ginsenosides also have the
potential to induce the formation of similar nanoparticles and could hence be used
as nanocarriers for vaccines or potential anticancer drugs. More specifically,
ginsenosides Ro, Rb1 and Rgl are able to form nanoscopic aggregates in solution
when combined with glucuronic acid and other saponins[210]. Ginsenoside Ro
forms stable nanoscopic structures which have a vesicular shape. Rb1 forms worm
like and spherical micelles whereby a higher number of sugars in the ginsenoside
increase the number of binding sites in between those constructs[211, 212]. It has
been shown that ginsenosides, extracted from red ginseng, are able to build
nanoscopic aggregates in the presence of cholesterol and phospholipids, called
ginsomes. Ginsomes have shown to enhance immune response in mice and are
interesting candidates for nanoparticle carriers used in vaccines [213].

3.4.4 Ginsenoside-membrane interactions

3.4.4.1 Membrane insertion

The amphiphilic character of ginsenosides allows for adsorption or
insertion into membranes, which are themselves nothing else than lamellar
aggregates of amphiphilic phospholipids. The hydrophilic sugar moiety of saponins
interacts with the interfacial part of the membrane, containing numerous
glycolipids and glycoproteins. The saponin osidic part can induce the formation of
intramolecular hydrogen bonds whereas the steroid or triterpenoid part interacts
with membrane sterols. In accordance with those results, the interaction with
liposomes of protopanaxadiol ginsenosides Rb1, Rb2, Rc and Rd is stronger than
protopanaxatriol ginsenosides Re, Rf, Rg2, highlighting the importance of the sugar
moiety position to membrane-related effects of ginsenosides[214]. Moreover,
Fukuda et al. reported that ginsenoside-Rc having a a-L-arabinofuranose residue
exhibits remarkable agglutinability toward egg yolk phosphatidylcholine vesicles,
while other saponins (Rb1, Rb2, Rd, Re and Rg2) lacking this characteristic sugar
residue show less or no agglutinability. The three-dimensional structure of the
saponin is ultimately decisive for its aggregation with other lipids and the formation
of lateral membrane domains[185, 189, 203]. In detail, in contrast to ginsenoside
Rh1, Rh2 found in the lipid fraction extracted from crude plasma membrane, is able
to induce flattening, increases adhesiveness to plastic surfaces and agglutinability
of B16 melanoma cells. Those changes of surface properties could probably be
linked to an increase of O-glycosidic oligosaccharides[215].

Regarding the preferential interaction between membrane lipids and
saponin, the activity of some saponins, such as digitonin[216, 217] or alpha-hederin
[203], is usually attributed to their interactions with membrane cholesterol.
However, it has been reported that cholesterol is not necessary to protopanaxadiol
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Rb1-induced liposomal membrane permeability but at the opposite suppresses its
activity whereas protopanaxatriol Rgl does not induce membrane permeability
with or without cholesterol[218]. In addition, egg phosphatidylcholine vesicles are
strongly agglutinated by ginsenoside-Rc, although egg phosphatidylethanolamine,
egg phosphatidic acid, phosphatidylserine and sphingomyelin from bovine brain
are no or less agglutinated. These results indicate that ginsenoside-Rc should
recognize not only phosphorylcholine but also the glycerol backbone of
phospholipids. They also show that the agglutinability of ginsenoside-Rc is more
effective for phosphatidylcholines with short or unsaturated fatty acyl chains[194].
Moreover, we recently showed that cholesterol, contrary to sphingomyelin, delays
the cytotoxicity of Rh2 in human monocytic leukemia U937 cells[219], an
observation that has been confirmed by a large panel of biophysical approaches on
lipid monolayers or LUVS[220]. To the best our knowledge, it is the first time that
the saponin activity is ascribed to a preferential interaction with sphingomyelin and
not cholesterol.

3.4.4.2 Effect on dynamic membrane properties

The dynamic behavior of lipids ultimately determines the diffusive
properties of membrane proteins. Membranes with a high molar ratio of
cholesterol, saturated phospholipids and sphingomyelin are considered to be
tightly packed and thereby restrict the diffusion of lipids and proteins. Conversely,
membranes with a high percentage of unsaturated phospholipids and low
cholesterol content are rather disordered which allows for faster diffusion of
intrinsic molecules. Several signaling pathways depend on the packing of lipid
membranes and hence a transient change of lipid membrane dynamics by
xenobiotics can have huge repercussions on cellular physiology. Several saponins
seem to largely influence membrane dynamics and thus its function[183]. A broad
variety of protopanaxadiol and —triol type ginsenosides (Rb2, Rc, Rd Re, Rf, Rgl,
Rg2, Rh2) are able to reduce membrane order at the interfacial part of Hela cell
membrane, as measured by laurdan. The aglycone protopanaxadiol itself can also
decrease membrane order, hence this activity is not related to the sugar
moieties[221]. Conversely, Fukumuda et al. highlighted the importance of
arabinopyranosyl sugar residue of ginsenoside Rc and Rb2 for their interaction with
both polar head groups and fatty acyl groups of egg phosphatidylcholine
vesicles[194]. This insertion into the lipid bilayer reduces the segmental mobility of
phosphatidylcholine. In melanoma cells, Rh2 increases lipid membrane order as
determined by DPH fluorescence anisotropy but no fluorescence change is
observed with TMA-DPH, suggesting that it is the lipid order of the inner
hydrophobic core that is increased[215, 222]. Ginsenoside Rg3 increases
fluorescence anisotropy of DPH and TMA-DPH in multidrug resistant KB V20 cells
but not in the parental KB cell[205]. In bovine adrenal chromaffin cells, Rg3
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increases the fluorescence anisotropy of DPH leading to the inhibition of the Na*
and Ca* channel activity[223]. Ginsenoside Re reduces mitochondrial membrane
order of brain cells after cerebral ischemia injuries in rats (DPH anisotropy)[224]. In
addition, a ginseng extract of Korean red ginseng is able to reduce drastically DPH
fluorescence anisotropy in Candida albicans suggesting that its antifungal activity
is related to membrane activity (see section 3.4.6)[225, 226]. Finally, we recently
published that Rh2 compacts the hydrophobic core of lipid bilayer (DPH anisotropy)
and relaxes the interfacial packaging of the polar head of phospholipids (TMA-DPH
anisotropy) in U937 cells[219]. Accordingly, by measuring the GPex of laurdan and
the anisotropy of DPH, we observed that liposomal membrane rigidity is increased
at a low ginsenoside Rh2/lipid ratio in the presence of egg sphingomyelin and the
absence of cholesterol.

3.4.4.3 Effect on membrane lateral organization

Lipids rafts are Chol and SLs-enriched membrane nanodomains considered
to facilitate protein signaling via the recruitment of specific proteins[201]. Their
disruption could therefore potentially impact several signaling pathways or protein
transport[221, 227]. Rp1l redistributes lipid rafts and inactivates the drug efflux
pump P-gp, increasing the accumulation of doxorubicin in doxorubicin-resistant
cells [228]. Rg3 has been found to reduce Af levels in cultured primary neurons and
in the brain of mouse model with Alzheimer’s disease by decreasing the association
of presenilin-1 (PS1) with lipid rafts and inhibiting y-secretase activity [229]. Rh2
also helps to prevent Alzheimer's disease symptoms by promoting
nonamyloidgenic cleavage of amyloid precursor protein (APP) via the reduction of
cholesterol and lipid rafts levels [230]. In addition, Rh2 has been reported disrupt
lipid raft leading to apoptosis, via either the death receptor FAS oligomerization in
human cervical cancer Hela cells[221] or inactivation of the serine/threonine kinase
Akt in human epidermoid carcinoma A431 and breast cancer MBA-MB-231
cells[204, 221]. In contrast, another study has shown that membrane cholesterol
depletion suppresses the dendrite formation of melanoma cells induced by Rh2
without affecting lipid rafts[222]. Interestingly, results suggest that ginsenoside
activity is cell type specific. Indeed, Akt activity was decreased in lipid rafts of glioma
cell line U87 MG cells but increases in neuroblastoma cell N2a by protopanaxadiol
through regulating raft-associated dephosphorylation and without changing the
levels of cholesterol. As protopanaxadiol has a chemical structure closed to
cholesterol, it has been speculated that this ginsenoside could intercalate itself into
the lipid rafts to cause changes in the microenvironment of the membrane[231]. It
was proposed that this raft-disrupting ability of protopanaxadiol leads to activation
of neutral sphingomyelinase and successive transformation of sphingomyelin into
pro-apoptotic Cer[232].
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3.4.4.4 Pore formation

In general, pore formation by saponins has been shown to depend on the
interaction with cholesterol and phospholipids and the resulting three-dimensional
aggregates which are formed in the membrane[185, 189]. Ginsenosides Rh2 and
Rg3 very effectively form pores in red blood cells, inducing thereby hemolysis and
intensity heme-induced hemolysis. Conversely, numerous ginsenosides at the same
concentration (Rc>Rd>Re - Rb1>Rg1>Rh1>Rb3 - Rg2 - R1 - F11 - PPT) are able to
protect erythrocytes towards heme-induced hemolysis[233]. These results indicate
that a sugar moiety at C20 and hydroxyl group at C3 play a key role for the
protective effect of protopanaxadiol and protopanaxatriol, respectively[233]. An
extract of red ginseng root (Panax Ginseng C.A. Meyer) has the same toxicity on
Candida albicans as amphotericin, a well-known antifungal compound most
probably by disrupting the cellular membrane[226]. The hemolytic activity seems
therefore not to be a common feature among ginsenosides, which makes them
interesting pharmacophores because of their reduced toxicity compared to other
saponins. Using calcein-filled liposomes, we observed that ginsenoside Rh2 induces
membrane permeability in the presence of egg sphingomyelin but the absence of
cholesterol[220].This result could be at a first glance opposing given that red blood
cells membranes are particularly enriched in cholesterol[15, 16] but we do not
exclude the influence of membrane organization or the importance of other lipids
such as phosphatidylcholine (see section 3.4.4.1) involved in the membrane activity
of Rh2. In addition, it has to be kept in mind that liposomes have some limitations
as they do not capture the whole complexity of biological membrane such as
membrane asymmetry and a large number of diverse membrane proteins.

3.4.4.5 Direct interaction with membrane proteins

Although ginsenosides are able to intercalate into the plasma membrane
and change its dynamic and diverse cell signaling, numerous reports have also
observed the ability of ginsenosides to directly interact with proteins embedded
into the membrane such as voltage-dependent or ligand-gated ion channels or
pumps like P-gp efflux pump (section 3.4.5.1.3)[234]. Rg3 has been shown to
interfere with ion channel activity such as human Kv1.4 channel or the 5-
hydroxytryptamine receptor type 3 (5-HT3a)[235]. Rg3 inhibits 5-HTs, receptor
channel activity by interacting with residues V291, F292 and 1295 in the channel
gating region of transmembrane domain 2[236, 237]. Moreover, in cultured
hippocampal neurons, the activation of glutamate (NMDA) receptors is attenuated
by ginsenoside Rh2 and Rg3 via a competitive interaction with its polyamine- or
glycine-binding site, respectively[238, 239]. A comparative study has evidenced
that protopanaxadiol-based (Rd, Rg3, Rh2, F2 and compound K) but not
protopanaxtatriol-based ginsenosides (Rh1, F1 and Rgl) inhibit the sodium-glucose
cotransporter (SGLT1), suggesting that the sugar moieties attached at the C6
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position of the dammarane structure may interrupt the affinity for this
cotransporter[240]. In agreement with this result, Chen et al. showed that
ginsenosides with sugar moieties attached to the C3 position (such as PPD, Rh2 and
Rg3) inhibit membrane-bound Na+/K+ ATPase activity. However, this inhibition is
reduced or completely abolished when a monosaccharide is linked to the C-6 or C-
20 position of ginsenoside[199].

3.4.4.6 Membrane antioxidant effects

Plasma membranes exhibit an asymmetric lipid distribution upon leaflets
with a higher content of unsaturated acyl chains in the inner than the outer leaflet
[77, 241], which reduces its membrane packing and increases the efficiency of
protein insertion[201]. However, in situations of high oxidative stress, reactive
oxygen species (ROS) (such as hydroxyl radical (OHe) or hydrogen peroxide (H,0,))
can oxidize polyunsaturated lipids and thereby induce a radical chain reaction
leading to protein oxidation, cellular damage and the induction of signaling
pathways which can promote diseases such as cancer, atherosclerosis or
neurodegenerative diseases[242, 243]. Some types of ginsenosides have been
shown to present a high potential for antioxidant activity and since they efficiently
insert into membranes, it is reasonable to assume that their antioxidant activity
targets cellular membranes. This is supported by the fact that many ginsenosides
exhibit antioxidative properties mainly related to the suppression of lipid
peroxidation products especially in the context of brain and myocardial
injuries[224]. Rd attenuates lipid peroxidation and neuronal oxidative damage by
decreasing the formation of major end-products of oxidation of polyunsaturated
fatty acids in a rat model of focal cerebral ischemia[244]. Rb1l and Rgl exhibit
neuroprotective effects and prevent cardiac ischemia via the reduction of hydrogen
peroxide and hydroxyl radicals [245]. Regarding the structure antioxidant-activity
relationship of ginsenosides, sugar moieties at position C-20 or C-6 provide
antioxidant activity. The order of antioxidative ability is classified as follows: Rc >
Rb1 and Re > Rd > R1 > Rgl > Rb3 > Rh1 [246]. At the opposite, the absence of sugar
moieties at the C-20 position procures a rather pro-oxidant activity. This might
come in pair with the fact that ginsenosides Rh2, Rh4 and Rg3 induce apoptosis via
the formation of radical species and the depolarization of the mitochondrial
membrane potential [247, 248]. Those results highlight the complex behavior of
ginsenosides towards oxidative stress.

3.4.5 Potential use of ginsenosides as anticancer agents

Several ginsenosides have been shown to exert anticarcinogenic effects
through different mechanisms such as direct cytotoxic, growth and metastasis
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inhibitory effects against tumor cells[196]. Some mechanisms could be related to
their membrane activities such as the alteration of lipid raft organization (section
3.4.5.1.1) and the modulation of ROS production (section 3.4.51.2). In addition,
some ginsenosides inhibit the efflux pumps (section 3.4.5.1.3) which probably
enhance conventional chemotherapeutic agents (section 3.4.5.1.4).

3.4.5.1 GINSENOSIDES AFFECT LIPID RAFT ORGANIZATION

The cell membrane, especially lipid rafts, attract more and more attention
as key factors in cancer treatment and development of new therapeutic strategies.
Lipid rafts serve as platforms for a number of cellular pathways related to cell
survival, proliferation and apoptosis which are often altered in cancer cells[249].
For this reason, it could be of great advantage to use ginsenosides as potential anti-
tumor drugs to modulate these domains and associated-pathways. In this regard,
several studies have demonstrated that ginsenosides Rg3 or Rh2 interfere with lipid
rafts (see section 1.4.1.4) and induce antiproliferative and apoptotic effects in
various cancer cells[250-252]. For example, Rh2 blocks the growth of glioblastoma
through the inhibition of receptor tyrosine kinase EGFR and PI3K/Akt signaling,
which are suggested to be associated to lipid rafts (section 1.4.1.3)[253, 254].

3.4.5.2 GINSENOSIDES MODULATE ROS PRODUCTION

The regulation of oxidative stress is essential in both tumor growth and
responses to anticancer therapies. ROS play a pivotal role during tumor growth and
metastasis. At low levels, ROS may contribute to tumor emergence either by acting
as signaling molecule or by promoting DNA mutation. At high levels caused by
aberrant metabolism and signaling in cancer cells, ROS promote cell death and
severe cellular damage. To combat this, cancer cells have enhanced antioxidant
defense mechanism to reduce ROS levels even if this level stays higher than in
normal cells[255]. Thus, increasing oxidative stress by ROS generation could be an
efficient approach for the specific killing of cancer cells. The mechanism of ROS-
mediated anticancer activities of ginsenoside depends on the specific type of
cancer cells involved and the ginsenoside structure. On one hand, ginsenosides
with sugar moieties at position C-20 or C-6 could mediate their antioxidant action
through free radical scavenging to prevent tumor initiation. On the other hand,
ginsenoside with no sugar moieties at the C-20 position could generate ROS to
promote apoptosis during tumor progression, invasion and metastasis. For a detail
review regarding the role of ROS in anticancer therapy with ginsenosides please
refer to [256].

3.4.5.3 GINSENOSIDES INHIBIT EFFLUX PUMPS
Moreover, the anticancer potential of ginsenosides could result from their
abilities to inhibit efflux pumps such as the P-glycoprotein (P-gp). The P-gp
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overexpression is responsible to the development of multidrug resistance (MDR)
causing major failure in cancer chemotherapy. Several ginsenosides inhibit P-gp
and thus promote the activity of chemotherapy drugs against cancer cells[257]. Rg3
inhibits P-gp activity by decreasing membrane fluidity in human fibroblast
carcinoma VCR-resistant KB V20C [205, 258]. Rp1 redistributes lipid rafts resulting
in the relocalization of P-gp and its inhibition[228]. Finally, Rg5 interacts and
reverses P-gp efflux pump activity which has been demonstrated by molecular
docking analysis[259].

3.4.5.4 GINSENOSIDES ENHANCE THE ACTIVITY OF CONVENTIONAL
CHEMOTHERAPEUTIC AGENTS

The combined application of ginsenosides with conventional
chemotherapy agents could offer a promising strategy in cancer treatment. The
combination of ginsenoside Rh2 with cisplatin enhances the inhibition of the
growth of human ovarian tumor cells in nude mice as a result of synergistic
action[260]. In combination with alkylating agent cyclophosphamide, ginsenosides
Rg3 and Rh2 decrease tumor growth in mice[261]. Beside their own anticancer
activities, it is tempting to speculate that ginsenosides could promote these
synergistic effects by facilitating the entry of chemotherapeutic agents through the
increase of membrane permeability and decrease of their efflux.

3.4.5.5 RESTRICTION AS ANTICANCER AGENTS

Saponins are still not used nowadays in chemotherapy due to their intrinsic
hemolytic activity and poor bioavailability caused mainly by low aqueous solubility,
instability in the gastrointestinal tract and extensive metabolism in the body.
Nevertheless, some saponins have shown low or no hemolytic effect depending on
their chemical structure[262]. Re, Rh1 and Rh2 show adjuvant potential with a low
hemolytic activity [263-265]. Numerous drug delivery systems, such as liposomes
or nanostructures (section 3.4.3), have been developed to avoid the fast plasma
elimination of ginsenosides and to increase their solubility leading to the
improvement of anticancer performance while preventing hemolytic activity[266].
Indeed, Rh2-loaded methoxy poly(ethylene glycol)-poly(lactide) (mPEG-PLA)
liposome (Rh2-PLP) suppresses tumor growth in HepG2-xenografted mice without
any significant toxicity[267]. Ginsenoside compound K encapsulated in
phosphatidylcholine and phosphatidylethanolamine polyethylene glycol (PEG)
enhances solubility and oral bioavailability as compared to free compound K. This
micellar system improves ginsenoside anticancer effects such as the cell-cycle
arrest and the decrease of the xenograft tumor growth in mice with low
toxicity[268]. In addition, the treatment with Rg3 bile salt-phosphatidylcholine-
based mixed micelle systems does not induce hemolysis in erythrocytes and
exhibits higher antiproliferative activity against tumor cells than free Rg3[269].

70



Finally, a new drug delivery system based on ginsenoside Rh2-treated highly porous
graphene has been recently generated and shown to improve their anticancer
activities[270].

3.4.6 Potential use against invasive microorganisms

3.4.6.1 Fungi

Many saponins have shown antifungal properties acting as host chemical
defenses to protect plants from fungal invasion[271]. The major mechanism behind
is through the formation of complexes with membrane sterols, leading to loss of
membrane integrity[189]. The importance of sterol for saponin activity is
emphasized by the isolation of insensitive mutants (F. solani) to saponin due to
their low sterol content[272]. Fungi also counter saponin activity by producing
saponin-detoxifying enzymes. Ginseng root pathogens, C. destructans and P.
irregular, hydrolyze monosaccharide moieties attached at the C3 and C20 position
of PPD-type ginsenoside through the activity of extracellular glycosidase, rending
them resistant to ginsenoside toxicity[273, 274]. In agreement, the removal of the
sugar chain attached to C3 position has been shown to restrict the membrane
binding of saponin to 3B-hydroxyl sterols[275]. The position and the number of
sugar moieties of ginsenoside also influence their antifungal activity. Indeed,
regarding the position of sugar moieties, protopanaxatriol-type ginsenoside
fraction (PPT-GF; Re, Rgl) from the roots Panax ginseng C.A. Meyer shows higher
growth inhibition against 5 ginseng non-pathogens as compared to
protopanaxadiol-type ginsenoside fraction (PPD-GF; Rb2, Rc, Rd)[273]. Second, the
antifungal activity of ginsenosides is negatively correlated with the number of their
sugar moieties. Fungi membranes are disrupted to a higher extent after exposure
to less polar ginsenoside (ginsenoside-Rk3, -Rh4, -Rh5) compared to polar
ginsenosides (notoginsenodise-R1, ginsenoside Rgl, -Re, Rb2, Rd). One major
reason could be that less polar ginsenosides interact more easily with fungal
membranes as compared to more polar ginsenosides. Mechanistically, the
interaction between ginsenosides isolated from Korean red ginseng with C. albicans
membrane has been reported to decrease DPH fluorescence anisotropy and disrupt
the structure of the cell membrane[226]. Interestingly, plant cells contain
phytosterols such as campesterol, sitosterol and stigmasterol in their membranes,
whereas fungal plant pathogens contain ergosterol, suggesting that targeting
fungal sterols via ginsenoside synthesis seems to be an effective and non-toxic host
defense strategy for plants to counter fungal infections[275].

3.4.6.2 Bacteria
With the abuse of antibiotics, the increased development of bacterial
resistance to antibiotics raises interest in alternative therapies and particularly in
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the therapeutic use of products isolated from plants. Plants have developed many
mechanisms of defense to survive against fungal infection but also microbial
invasion via the synthesis of saponins. Antimicrobial effects of ginseng have been
described toward pathogenic Gram-positive and Gram-negative bacteria [276]. As
observed in antifungal activities, less polar ginsenosides (-Rg2, -Rg3, -Rg6, -F4, -Rg5
and —Rk1) show higher antimicrobial activity against three bacteria species (F.
nucleatum, C. perfringens and P. gingivalis) as compared to polar ginsenosides (-
Rgl, -Rc, Rb2 and —Rd) by disrupting more easily bacterial membranes[277].
Interestingly, combination of Korean red ginsenosides and kanamycin antibiotics
improves antibacterial activity against methicillin-resistant S. aureus (MRSA). The
partial disruption of the bacterial membrane by ginsenosides is believed to
facilitate the entry of kanamycin and could explain this synergistic antibacterial
effects[225]. In addition, it has been reported that non-toxic dose of ginsenoside
Rh2 enhances the susceptibilities of S. aureus and E. coli strains to ciprofloxacin
antibiotic in vitro and in vivo[278]. This effect of Rh2 could be attributed to the
increased accumulation of ciprofloxacin via the inhibition of NorA efflux pump
embedded into bacteria membrane[279]. Regarding this activity, ciprofloxacin-
loaded polymeric micelles (poloxamer/phosphatidylcholine/cholesterol) including
ginsenoside Rg3 have been designed and shown to simultaneously inhibit P-gp
efflux pump and improve ciprofloxacin solubility [280]. Since bacterial membranes
do not possess sterols, it is tempting to speculate that the antibacterial activity of
ginsenosides could result from interaction with haponoids (pentacyclic
triterpenoids structurally similar to steroids) or from other unrelated mechanisms.

3.4.7 Conclusion

The membrane is a key target for ginsenosides, both through the
modulation of essential membrane proteins and the reorganization of lipid bilayers.
This review provides an overview of different studies investigating the
physicochemical properties of different ginsenosides and their effects on
membrane components embedded in both artificial and biological membranes. It
highlights that ginsenosides exhibit many diverse effects, which could result from
the following features. Firstly, more than hundred ginsenosides have been isolated
and differ in their amphiphilic structure, conferring them specific and multiple
membrane activities. Secondly, membrane activities of ginsenosides seem to
change depending on the cell type which could be explained by differences of lipid
membrane composition between cell lines. Thirdly, a single ginsenoside, by
changing membrane dynamics, may alter a range of membrane proteins altering
diverse cell signaling. Interestingly, the ability of several ginsenosides to suppress
cell proliferation, induce apoptosis and inhibit efflux pumps suggest they could
represent promising candidates for drug development in cancer cells as well as in
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bacteria and fungi infections. However, few clinical trials have been undertaken in
humans and the use of ginsenosides has been limited to cells and animal models,
mainly due to their intrinsic hemolytic activity and low aqueous solubility[281].
Recently, a number of effort have been made on solving these problem by
developing effective delivery systems and a variety of administration routes to
improve the bioavailability of ginsenosides, resulting in remarkable improvements
in their bioavailability.
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Table 4. Physicochemical activities of ginsenosides and interaction with membranes.




CHAPTER II: AIMS AND STRATEGIES

As explained in the Introduction section, Chol and SM are able to cluster into
domains (section 1.3.2.1) which could participate in cellular signaling related to cell
survival/death (section 1.4.1) and migration/invasion (section 1.4.2) with potential
implications in cancer development. Chol and SM therefore represent interesting
targets for pharmacological agents to modulate these pathways. Among these,
saponins attract more and more attention based on their biological activities including
anticancer properties (section 3). In this study, we focus on the steroid saponin
ginsenoside Rh2, one of the active principles of Panax ginseng. Rh2 exhibits the most
potent anticancer activity. It has been reported that orally administered and
subcutaneously injected Rh2 inhibits growth of human ovarian cancer cells
transplanted into nude mice and significantly prolongs the survival times of the
mice[289]. Mechanistically, Rh2 is the only ginsenoside (with the exception of
PPD[232]) which has been reported to disrupt lipid rafts leading to apoptosis, via either
the death receptor FAS oligomerization in human cervical cancer Hela cells or
inactivation of the serine/threonine kinase Akt in human epidermoid carcinoma A431
and breast cancer MBA-MB-231 cells[204, 221]. However, the respective role of Chol
and SM in the activity of Rh2 is still poorly understood. Our goal was thus to obtain
detailed knowledge about the membrane-related effects and the apoptosis induced by
Rh2 and to elucidate the respective importance of Chol and SM in this process.

For this purpose, in the first part of thesis, we decided to work on simplified
model membranes. The great advantage of artificial model membranes is the ability to
control their membrane composition allowing to understand the importance of specific
lipids. Using Langmuir through, we evaluated the interaction of Rh2 with lipid
monolayers composed of egg sphingomyelin (eSM), egg phosphatidylcholine (ePC),
DOPC or Chol. Since lipid monolayers consist of only one lipid leaflet, we decided to use
lipid vesicles (LUVs or GUVs) made of two lipid leaflets and composed of eSM (i.e.
eSM:ePC, 1:1) or Chol (i.e. ePC:Chol, 1:1) or both of them (i.e. eSM:ePC:Chol, 1:1:1).
Using LUVs, we measured the affinity of Rh2 with membranes (isothermal titration
calorimetry) and examined its effect on different parameters: size (dynamic light
scattering), fluidity (fluorescence anisotropy of diphenylhexatriene and generalized
polarization of laurdan), fusion (R18 dequenching) and permeability (calcein release). In
addition, GUVs allowed us to visualize the effects of Rh2 on lipid phase organization,
shape deformation and permeability by fluorescence microscopy. Our results revealed
that eSM promotes and accelerates membrane-related effects induced by Rh2 whereas
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Chol slows down and depresses these effects. This first set of investigation is included
in a first research paper as first author (Verstraeten SL et al, Scientific Report, 2019).

In the second part of this work, we turned our attention to biological
membranes as a more relevant model than artificial membranes and studied the
respective importance of membrane Chol and SM for the Rh2-induced apoptosis. To
evaluate apoptosis, | benefited from another study ongoing when | joined the host
laboratory and to which | contributed as a fourth author (Denamur S et al, Toxicology
and Applied Pharmacology, 2016; Appendix). The aim was to assess the apoptosis
induced by gentamicin, an aminoglycoside antibiotic used to treat serious and life-
threatening infections caused by Gram-negative aerobes but which is nephrotoxic, a
serious limiting factor in their daily use. To determine the effects of Chol in Rh2-induced
apoptosis, | used three cell lines exhibiting differential membrane Chol levels:
carcinomic human alveolar basal epithelial A549 > human monocytic leukemia THP-1 >
U937 cells. In the three cell lines, non-depleted or depleted in Chol with methyl-§3-
cyclodextrin, we examined the time and concentration dependence of the Rh2-induced
apoptosis and determined whether the Rh2-induced apoptosis could be Chol-
dependent. Then, focusing on the Chol-auxotroph U937 cell line, we evaluated the role
of SM in the Rh2-induced apoptosis through its hydrolysis by bacterial
sphingomyelinase. After that, we studied the effect of Rh2 on PM fluidity measuring
the DPH and TMA-DPH anisotropy and investigated the Rh2-induced intrinsic apoptotic
pathway (mitochondrial membrane potential, caspase-9 and -3). Finally, the time
course of Rh2 uptake was investigated in cells depleted or not in Chol by HPLC MS/MS.
This work evidenced that membrane Chol, contrary to SM, could delay the apoptotic
activity of ginsenoside Rh2. This second set of investigation is included in a second
research paper as first author (Verstraeten SL et al, Toxicology and Applied
Pharmacology, 2018). Results obtained in biological membranes correlated with those
obtained in artificial membranes and clearly highlight the importance of membrane
lipid nature for the Rh2 activity. These results reveal the critical role of SM in
membrane-related effects induced by Rh2 while Chol seems to depress the sensitivity
of the membrane to Rh2. Lipid specificity is a key factor for the detailed understanding
of the penetration and activity of Rh2.

In the third part of this thesis, we initiated a long-term study aiming at
evaluating whether Rh2 could be used as a potential agent for breast cancer treatment.
Before that, it was crucial to compare the different breast cancer cell lines for their
migration/invasion potential but also for their membrane lipid composition,
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organization and biophysical properties. We chose as cell lines the human mammary
epithelial MCF10A cell line series, which offers the same genetic background but an
increasing malignancy potential: the normal human mammary epithelial cells MCF-
10A, the pre-malignant MCF-10AT and the malignant MCF-10CaCl1[290]. We
investigated the Akt phosphorylation, spontaneous migration, oriented motility and
invasion, membrane stiffness and SM and Chol content in the three cell lines. We also
started to characterize lipid organization in these cells using fluorescent toxin
fragments and insertion of fluorescent BODIPY-lipid analogs in the PM. The
identification of lipid domains potentially contributing to tumor cell motility and
invasion is essential for understanding how motility is initiated in tumor cells and could
provide new targets for the treatment of metastatic cancer. Our ultimate goal will be
to determine whether ginsenoside Rh2 could affect tumor migration by targeting
specific lipid domains. The data of this third set of investigations is included in a third
research paper as co- author and which will be continued by Mauriane Maja (Tyteca’s
group, DDUV Institute).
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CHAPTER Ill: RESULTS

1. Elucidate the respective importance of cholesterol and
sphingomyelin in the membrane-related effects of Rh2 in artificial
membrane models

In the first part of this work, we found that Rh2 interacts more favorably with
monolayers composed of eSM and DOPC than with Chol and ePC. In LUVs, the
interaction of Rh2 increases vesicle size, decreases membrane fluidity, induces
membrane fusion and permeability. The activity of Rh2 is highly dependent on the lipid
composition. For instance, the eSM:ePC composition is the more susceptible to the
membrane-perturbing effects induced by Rh2, followed by eSM:ePC:Chol and then by
ePC:Chol liposomes. On Giant Unilamellar Vesicles (GUVs), we evidenced that Rh2
generates positive curvatures in eSM-containing GUVs and small buds followed by
intra-luminal vesicles in eSM-free GUVs. Our data indicate that eSM promotes and
accelerates membrane-related effects induced by Rh2 whereas Chol slows down and
depresses these effects.
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i The membrane activity of some saponins, such as digitonin or alpha-hederin, is usually attributed to

: theirinteraction with membrane cholesterol (Chol). This contrasts with our recent publication showing
: that Chol, contrary to sphingomyelin (SM), can delay the cytotoxicity of the saponin ginsenoside Rh2,

i challenging the usual view that most saponins mediate their membrane effects through interaction

i with Chol. The aim of the present study was to elucidate the respective importance of Chol and SM

: as compared to phosphatidylcholine (PC) species in the membrane-related effects of Rh2. On simple

© lipid monolayers, Rh2 interacted more favorably with eggSM and DOPC than with Chol and eggPC.

: Using Large Unilamellar Vesicles (LUVs) of binary or ternary lipid compositions, we showed that Rh2

i increased vesicle size, decreased membrane fluidity and induced membrane permeability with the

: following preference: egqgSM:eggPC > eggSM:eggPC:Chol > eggPC:Chol. On Giant Unilamellar Vesicles
i (GUVs), we evidenced that Rh2 generated positive curvatures in eggSM-containing GUVs and small

: budsfollowed by intra-luminal vesicles in eggSM-free GUVs. Altogether, our data indicate that eggSM
i promotes and accelerates membrane-related effects induced by Rh2 whereas Chol slows down and

i depresses these effects. This study reconsiders the theory that Chol is the only responsible for the

: activity of saponins.
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Figure 1. Rh2 interacts more favorably with membrane pSM and DOPC than with Chol. (A) Chemical
structure of Rh2. (B,C) IMPALA simulation of the most favorable position of Rh2 into an implicit membrane
36 A thick. (B) Energy profile of Rh2 traversing an implicit lipid bilayer. X-axis corresponds to the position of
the center of mass of the saponin across the bilayer expressed in Angstrom. Y-axis corresponds to total restraint
energy expressed in kcal/mol. The solid vertical lines in different colors represent the different planar surfaces
from the left to the right: water/membrane interface (pink), the lipid polar head/alkyl chain interface (purple),
and the center of the bilayer (yellow). The vertical dotted line at +-15.75 A corresponds to the interface between
the hydrophobic and hydrophilic parts of the bilayer. (C) The most stable position of Rh2 into the implicit
bilayer. The different planar surfaces represent the same solid vertical lines described in (B). Carbon atoms are
dark grey, Hydrogens white, Nitrogens light blue and Oxygens red. (D,E) Interaction between Rh2 and pSM,
Chol or DOPC was calculated by Hypermatrix docking method. (D) Relative total energy of interaction values
for the interaction between a central molecule Rh2 and surrounding pSM, Chol or DOPC. Grey and white
portions are the apolar and polar components of the energies, respectively. (E) Molecular assemblies of a Rh2
molecule interacting with a single pSM, Chol or DOPC molecule.

In this study, we focus on the ginsenoside Rh2 (structure presented in Fig. 1A), found in Panax ginseng and
responsible to some extent for its medicinal properties and health benefits'*. This well-known steroid saponin
has been reported to disrupt L, domains leading to apoptosis, via either the death receptor FAS oligomerization
in human cervical cancer Hela cells'® or inactivation of the serine/threonine kinase Akt in human epidermoid
carcinoma A431 and breast cancer MBA-MB-231 cells'®"”. In addition, our recent publication showed that the
cytotoxicity of Rh2 is accelerated by membrane Chol depletion but delayed by SM depletion in human monocytic
leukemia U937 cells'®. These observations led to the hypothesis that, contrary to membrane SM, Chol could delay
the activity of ginsenoside Rh2. The aim of the present study was thus to obtain detailed knowledge about the
membrane-related effects of Rh2 and to elucidate the respective importance of Chol and SM.

To these aims, we first evaluated the interaction of Rh2 with membrane in silico and Langmuir experi-
ments on simple lipid monolayers composed of egg sphingomyelin (eSM), egg phosphatidylcholine (ePC),
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LUVs |[K(mM') [AH (KJ.mol™!) [ TAS (KJ.mol ") [ AG (KJ.mol™) |
eSM 18.03+7.11 | 15.88+3.31 49.91+2.43 —34.03+0.93
ePC 4.9514.65 1.06+0.17 29.42+4.46 —28.361+4.29
DOPC | 33.67£1.80 | —1.294£0.20 34.47£0.09 —35.7540.13

Table 1. Preferential binding of Rh2 to DOPC > eSM > ePC vesicles is accompanied by exo- (DOPC) or
endothermic reactions (eSM, ePC). Thermodynamic parameters measured by isothermal titration calorimetry

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) or Chol. In a second step, we evaluated the consequences
of Rh2 membrane adsorption on liposome size and a set of biophysical parameters (fluidity, fusion, lipid phase
organization, shape deformation and permeability) determined on Large Unilamellar Vesicles (LUVs) or Giant
Unilamellar Vesicles (GUVs) containing eSM (i.e. eSM:ePC, 1:1) or Chol (i.e. ePC:Chol, 1:1) or both of them (i.e.
eSM:ePC:Chol, 1:1:1).

Data provided in our paper indicate that, in contrast to eSM, Chol slows down and depresses
the membrane-related effects induced by Rh2. To the best of our knowledge, this study is the first to reveal the
protective role of Chol in membrane-related effects induced by Rh2.

Results

Rh2 interacts more favorably with pSM and DOPC than Chol as revealed by molecular mode-
ling.  Firstly, molecular modeling was used to investigate the structure and molecular interactions of Rh2 with
rigid 3D structures of palmitoylsphingomyelin (pSM), Chol and DOPC. The IMPALA method was used to pre-
dict the potential insertion of Rh2 into an implicit lipid bilayer'®. The apolar aglycone moiety of Rh2 was deeply
embedded into the bilayer as indicated by its most energetically stable position at + 124 (Fig. 1B). Interaction
energies between the saponin and the aqueous medium outside of the membrane were highly positive, thus less
favorable, suggesting that the most favorable state of Rh2 was within the bilayer (Fig. 1C). In addition, high ener-
gies were predicted at the bilayer center, suggesting that Rh2 would not be able to cross the bilayer. A docking
method called Hypermatrix*® was used to calculate the energies of interaction between the central molecule, Rh2,
and the surrounding lipids. These molecular assemblies showed more favorable interactions between Rh2 and
PSM or DOPC in comparison to Chol molecules (Fig. 1D,E). Calculations predicted that the interactions were
mainly apolar in nature (grey bars in Fig. 1D).

Rh2 binds to lipid bilayer vesicles with the following preference: DOPC >eSM > ePC.  Isothermal
Titration Calorimetry (ITC) experiments were then applied to thermodynamically quantify the interaction of
Rh2 with liposomes containing eSM, ePC or DOPC. Notice however that formation of liposomes with Chol
was not achieved. LUV were injected in steps into the sample cell containing Rh2 (Rh2/lipid ratio of 0.02) at
25°C and thermodynamic parameters were determined (Table 1). The free energy of binding values (AG) were
negative and relatively similar for the three compositions examined, indicating a favorable and spontaneous
interaction. The entropy values (AS) were all positive, clearly indicating that the binding of Rh2 with the three
types of vesicles was entropically favored but with differences depending on the lipid (eSM > DOPC > ¢PC).
Regarding binding constants, the affinities of Rh2 with lipid bilayers occurred with the following preference:
DOPC > eSM > ePC. This could be linked with the difference between DOPC and eSM or ePC liposomes in their
interactions with Rh2 as revealed by the enthalpy values (AH). For instance, the interaction of Rh2 with eSM and
ePC was endothermic (AH > 0) with higher positive enthalpic changes of €SM compared to ePC whereas Rh2
binding with DOPC was found to be exothermic (AH < 0).

Rh2 adsorbs to a higher extent with eSM and DOPC than with Chol and ePC monolayers. To
explore Rh2:Chol interaction in comparison with that of Rh2 with eSM, ePC and DOPC, we pursued our study on
lipid monolayers made of these lipids by measuring adsorption kinetics via the Langmuir trough method. Lipids
were spread at the water-air interface to obtain an initial surface pressure of approximately 30 &2 mN/m. Rh2
was then injected into the buffer subphase at the final concentration of 10 1M and its adsorption to the different
films was determined by measuring the surface pressure (II) variations as a function of time with a constant film
area. The injection of Rh2 beneath the eSM, Chol, ePC or DOPC monolayers gave rise to a rapid increase of IT
over time (Fig. 2A). The AII upon the adsorption of Rh2 to lipid monolayers was observed with the following
preference: eSM > DOPC > ePC and Chol monolayers (Fig. 2B) in agreement with results from Hypermatrix.

Rh2 increases eSM packing and transition temperature. Since Rh2 was able to highly adsorb to eSM
monolayers, we then determined the effect of Rh2 on the eSM hydration and main transition temperature by
evaluating the generalized polarization (GPex) of Laurdan upon increasing temperatures (Fig. 3)*%. A transition
temperature (T,,) around 41 °C was observed for eSM, i.e. close to the values reported in the literature using dif-
ferential scanning calorimetry?*?%, A Rh2/lipid ratio of 1 increased the value of Tm to 45 °C. In addition, whatever
the temperature, the GPex was higher in presence of Rh2 suggesting that the ginsenoside decreased hydration of
eSM. Thus, we suggest that upon addition of Rh2, the packing order would be reinforced giving rise to lower lipid
lateral diffusion coefficients. These results are in agreement with the impairment of eSM:water hydrogen-bonds
and packing induced by Rh2 as suggested by ITC.
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Figure 2. Rh2 adsorbs to a higher extent with eSM and DOPC than with Chol and ePC monolayers.
Adsorption kinetics recorded at 25 °C of Rh2 on pure lipids (eSM (black), Chol (grey), ePC (white), DOPC
(dotted line)). (A) Surface pressure - time (II - t) curves for pure lipid monolayers at 30 + 2 mN/m initial
surface pressure recorded directly after the injection into the buffer subphase of Rh2 at the final concentration
of 10 uM. (B) AlII is the difference between the final and initial surface pressures. The curves are representative
of three independent experiments and histogram data are means of these triplicated assays. One-way ANOVA
with Bonferroni’s multiple comparison post test. **p < 0.01; ***p < 0.001.
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Figure 3. Rh2 increases eSM packing and transition temperature. Laurdan generalized polarization (GPex)
was assessed at multiple temperatures from 4 to 60 °C in LUVs composed of eSM combined with Laurdan (0.5%
mol) and treated for 5min with 1% DMSO (dashed line) or at a Rh2/lipid ratio of 1 (black line). The X, was set
at 340 nm and the X\, at 440 and 490 nm. The lines correspond to a non-linear regression (Hill’s function) of
data values and the inflexion points correspond to the transition temperature. The curves are representative of
two independent experiments.

Rh2 adsorption on mixed lipid monolayers is enhanced in the presence of eSM and the absence
of Chol.  We next investigated the interaction of Rh2 with binary or ternary lipid systems. We first determined
if and how Rh2 could adsorb to lipid monolayers made of either eSM:ePC (1:1), ePC:Chol (1:1) or eSM:ePC:Chol
(1:1:1). Rh2 increased the IT within 500 s in eSM:ePC monolayer but only after 1400s in monolayers containing
Chol (Fig. 4A). A plateau was observed in all conditions at 2600s but a higher AII was measured for eSM:ePC
as compared to eSM:ePC:Chol and ePC:Chol monolayers (Fig. 4B). These data indicated that Rh2 adsorbed on
mixed lipid monolayers with the following preference: eSM:ePC > eSM:ePC:Chol and ePC:Chol membrane.

Rh2 increases the size of LUVs containing eSM but no Chol at a low Rh2/lipid ratio. Having
shown the favorable adsorption of Rh2 with mixed lipid monolayers in the presence of €SM and the absence of
Chol, we then turned our attention to mixed lipid bilayers as a more relevant model system. We first assessed
the size of LUV by dynamic light scattering (Fig. 5). At a Rh2/lipid ratio of 0.4, the size of eSM:ePC liposomes
increased from ~140 to ~190 nm, while vesicles containing Chol remained unchanged. However, at a Rh2/lipid
ratio of 2, the size of vesicles increased regardless of the liposome composition with an average vesicle diameter
of ~225, ~210 and ~190 nm for eSM:ePC, eSM:ePC:Chol and ePC:Chol, respectively. These results indicated that
Rh2 increased more favorably the LUV size in the presence of eSM and the absence of Chol in agreement with the
preferential binding of Rh2 with monolayers containing eSM but no Chol (Fig. 4).

Rh2 increases membrane rigidity in the presence of eSM and the absence of Chol at a low Rh2/
lipid ratio. To next determine if Rh2 could affect membrane biophysical properties to a differential extent
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Figure 4. Rh2 adsorbs to a higher extent with complex lipid monolayers containing eSM but no Chol.
Adsorption kinetics recorded at 25 °C of Rh2 on mixed lipids (eSM:ePC (striped bars), ePC:Chol (grey bars),
eSM:ePC:Chol (black bars)). (A) Surface pressure — time (II - t) curves for mixed lipid monolayers at 3042
mN/m initial surface pressure recorded directly after the injection into the buffer subphase of Rh2 at the final
concentration of 10 uM. (B) AIT is the difference between the final and initial surface pressures. The curves are
representative of three independent experiments and histogram data are means of these triplicated assays. One-
way ANOVA with Bonferroni’s multiple comparison post test. ns: non-significant; **#p < 0.001.
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Figure 5. LUV size is increased at a low Rh2/lipid ratio in the presence of eSM and the absence of Chol. LUV's
composed of eSM:ePC (1:1, striped bars), ePC:Chol (1:1, grey bars) or eSM:ePC:Chol (1:1:1, black bars) were
incubated for 5min with 1% DMSO or increasing Rh2/lipid ratios at 25 °C and vesicle size was determined by
dynamic light scattering. Data are means of triplicated assays. One-way ANOVA with Dunnett’s post tests to

based on membrane composition, we started by evaluating membrane fluidity by the Laurdan generalized polar-
ization (GPex; Fig. 6A) and the DPH fluorescence anisotropy (r; Fig. 6B) on the three liposome compositions.
Laurdan locates at the level of the lipid glycerol backbone and allows to detect variations in membrane phase
properties through its sensitivity to the environment polarity?? while the DPH probe is in the hydrophobic core of
the membrane and is sensitive to changes in lipid acyl chain physical properties*. The increase of these parame-
ters indicates a higher rigidity in the lipid core region. In the absence of Rh2, membranes composed of eSM:ePC,
ePC:Chol and eSM:ePC:Chol were characterized as the more fluid to the more rigid. After 5min of incubation
with Rh2 at a 0.4 molar ratio, GPex and anisotropy values were increased in Chol-free liposomes (eSM:ePC)
but not in Chol-containing liposomes (ePC:Chol and eSM:ePC:Chol). At a Rh2/lipid molar ratio of 1, Rh2 sig-
nificantly increased the eSM:ePC:Chol membrane rigidity whereas ePC:Chol exhibited no significant rigidity
increase as compared to the control condition. A Rh2/lipid molar ratio of 2 was needed to increase the rigidity
of the ePC:Chol system. Thus, it clearly appears that after addition of a low Rh2/lipid ratio, membrane rigidity
only increased in the presence of eSM and the absence of Chol.

Rh2 induces membrane fusion to a faster and higher extent in the absence of Chol. We next
evaluated the ability of Rh2 to induce membrane fusion by using the self-quenching probe R,z (octadecyl
rhodamine B chloride). Fusion of R,g-labeled liposomes was monitored via the increase of fluorescence over time,
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Figure 6. Membrane rigidity is increased at a low Rh2/lipid ratio in the presence of eSM and the absence of
Chol. LUVs composed of eSM:ePC (1:1, striped bars), ePC:Chol (1:1, grey bars) or eSM:ePC:Chol (1:1:1, black
bars) combined with Laurdan (0.5% mol, A) or DPH (0.5% mol, B) were incubated for 5 min with 1% DMSO or
increasing Rh2/lipid ratios at 25°C. Laurdan generalized polarization (GPex) and DPH fluorescence anisotropy
(r) were measured following Rh2 treatment. The \,, was respectively set at 340 nm (Laurdan) and 365 nm
(DPH) and the X, at 440 and 490 nm (Laurdan) and 425 nm (DPH). Results are means of three independent
experiments in triplicates. One-way ANOVA with Dunnett’s post tests to compare control versus Rh2-treated

which results from the relief of R, self-quenching due to the decrease in its surface density. Ata Rh2/lipid ratio of
0.4 which increased the membrane rigidity in eSM:ePC system (Fig. 6), no R;; dequenching was observed (Fig. 7,
ratio of 0.4). In contrast, at higher Rh2/lipid ratios, a plateau was reached after 25 for all liposome compositions
(Fig. 7, ratios of 1, 2 and 4). Importantly, Rh2 provoked faster and higher increase of R,3 dequenching over time
in Chol-free liposomes (eSM:ePC) as compared to Chol-containing liposomes (eSM:ePC:Chol and ePC:Chol).
These results suggested that Rh2-induced membrane fusion to a faster and higher extent in the absence of Chol.

Rh2 accelerates liposome permeability in the presence of eSM and the absence of Chol. To
investigate if the insertion of Rh2 into the membrane could induce membrane permeability, the release of calcein
from LUV was measured. Membrane permeabilization is evaluated by measuring the increase of fluorescence
emission of LUV entrapping self-quenched calcein in case of release across the permeabilized membrane. Ata
Rh2/lipid molar ratio of 4 for which Rh2 was able to induce membrane fusion (Fig. 7), there was no calcein release
(Fig. 8, ratio of 4). At a ratio of 10, the fluorescence profile of the three types of liposomes can be discriminated.
For instance, after 50 s of incubation with Rh2 (at which a plateau was obtained), 50% of calcein was released
from eSM:ePC, ~25% from eSM:ePC:Chol while no release was measured from ePC:Chol liposomes (Fig. 8, ratio
of 10). Treatment with a Rh2/lipid ratio of 20 induced a time-dependent increase of fluorescence (Fig. 8, ratio of
20). These results showed that Rh2 accelerated membrane permeability in the presence of eSM and the absence
of Chol.

Rh2 induces positive membrane curvature in the presence of eSM and small buds followed
by intra-luminal vesicles in its absence. We then took benefit from the resemblance of GUVs with cell
membranes in terms of size and membrane curvature to visualize if Rh2 could change the GUV morphology. To
this aim, GUV's were labeled with 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl) (Rhod-PE, red channel) and N-(7-Nitrobenz-2-Oxa-1,3-Diazol-4-yl)-1,2-Dihexadecanoyl-sn-Glycero-
3-Phosphoethanolamine (NBD-PE, green channel) to probe the liquid-disordered (L,) and liquid-ordered (L,)
phases, respectively?. The time course of morphology changes was studied by incubating GUV suspensions
with a fixed Rh2/lipid ratio of 3, for which membrane fusion but not permeability occurred (see above results).
Control GUVs exhibited a spherical shape with no detectable morphology changes for the whole duration of the
experiment (data not shown). In control eSM:ePC GUVs, solid-ordered phases (S,) were observed (dark areas,
white arrows at Fig. 9A, 0 min), as expected?”?. Following the same GUV upon addition of Rh2, the progressive
formation of positive membrane curvature was accompanied by the progressive vesicle budding after 1 and 2 min
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Figure 7. Rh2-induced membrane fusion occurs to a faster and higher extent in the absence of Chol. LUVs
composed of eSM: PC (1:1, dashed lines), ePC:Chol (1:1, grey lines) or eSM:ePC:Chol (1:1:1, black lines)
labeled with R, were incubated with increasing Rh2/lipid ratios (indicated in the top right corner of each
graph) at 25°C. Membrane fusion of LUV's was assessed by R, fluorescence dequenching. The change of
fluorescence intensity was measured during 200s, using X\, and X, at 560 nm and 590 nm, respectively.
Fluorescence intensities were normalized as described in <«Material and methods>>. The results are means of
two independent experiments in triplicates.
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Figure 8. Rh2-induced membrane permeability is faster in the presence of eSM and the absence of Chol.
LUVs composed of eSM:ePC (1:1, dashed lines), ePC:Chol (1:1, grey lines) or eSM:ePC:Chol (1:1:1, black lines)
entrapping calcein at self-quenching concentrations were incubated with increasing Rh2/lipid ratios (indicated
in the top right corner of each graph) at 25°C. Membrane permeability was determined by the release of calcein
from LUVs. The changes of fluorescence intensities were measured during 2005, using X, and X, at 472 nm
and 512 nm, respectively. Fluorescence intensities were normalized as described in «Material and methods>>.
Results are means of three independent experiments in triplicates.

(Fig. 9A, 1 and 2 min). Then, we were able to evidence membrane fusion and fission from 5 to 8 min (Fig. 9A,
5 to 8 min). In ePC:Chol GUVs, no phase separation was observed in the absence of Rh2 (Fig. 9B, 0 min). After
1min, Rh2 promoted the formation of small buds (grey arrows) around the membrane that remained connected
to the parent GUV, consistent with the induction of membrane curvature changes (Fig. 9B, 1 min). After 9 min,
the small buds progressively disappeared but inward budding of GUV membranes appeared (white arrowheads
at Fig. 9B, 9 min), leading to intra-luminal vesicles (ILVs) after 10 min (grey arrowheads at Fig. 9B, 10 min). In
eSM:ePC:Chol, lipid phase separation was observed, as expected®**® (Fig. 9C, 0min). Over the course of Rh2
treatment, positive membrane curvature occurred and Ly domain preferentially localized into these highly curved
domains (Fig. 9C, 1 and 10 min). These results suggested that the insertion of Rh2 into the membrane promoted
positive membrane curvature in the presence of eSM and the formation of small buds followed by ILV formation
in the absence of eSM.

Rh2-induced morphology changes are not directly associated with membrane permeabilization.
To determine the potential link between GUV morphology changes and Rh2-induced membrane permeability,
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Figure 9. Rh2 induces positive membrane curvature in the presence of eSM and small buds followed by
intra-luminal vesicles in its absence. GUV's composed of eSM:ePC (A), ePC:Chol (B) and eSM:ePC:Chol

(C) were labeled with Rhod-PE (red) and NBD-PE (green) to reveal the liquid-disordered (L) and liquid-
ordered (L,) phases, respectively. GUVs were incubated with 1% DMSO (control, 0 min) or Rh2/lipid ratio of

3 and visualized at the indicated times at room temperature with a Zeiss wide-field fluorescence microscope
(Observer.Z1) using a plan-Apochromat 40x/1.4 oil Ph3 objective. White arrows point to solid-ordered

phases (S,), grey arrows to small buds, white arrowheads to inward membrane budding and grey arrowheads to
intra-luminal vesicles. Scale bars, 20 um. Images are representative of two independent experiments.

[Rh2/Lipid] 3

A eSM:ePC 1[B ePC:Chol [ eSM:ePC:Chol
Calcein Rhod-PE g Calcein Rhod-PE

Merge
T~

257455

[Rh2/Lipid] (time)

]
6(5min) 3(10min) 3 il min)_3 |u minl

286483

14336°°

Figure 10. Morphology changes lead to visible membrane permeability only at a Rh2/lipid ratio of 6. GUVs
composed of eSM:ePC (A), ePC:Chol (B) or eSM:ePC:Chol (C) were labeled with Rhod-PE (red) and diluted in
0.2M glucose supplemented with 20 uM calcein (green). GUVs were incubated with either 1% DMSO (line 1)
or with Rh2 at a Rh2/lipid ratio of 3 after 1 or 10 min (lines 2 and 3, respectively), or of 6 for 5min (line 4) at
22°C. The difference of green fluorescence intensities between outside and inside vesicles was measured and
indicated in the merge panel. GUVs were visualized by confocal microscope with Axio Observer 1 inverted
microscope equipped with a spinning disk microscope. Scale bars, 20 pum. One-way ANOVA with Bonferroni’s
multiple comparison. *#*p < 0.001. Images are representative of two independent experiments and at least 15
GUVs were analyzed per expenment

GUVs were placed in IBIDI chambers filled with glucose and calcein and were observed by confocal microscopy.
Control GUV membranes containing sucrose were impermeable to free calcein present in the solution, showing
a difference of fluorescence intensity between outside and inside of the GUVSs (values noted in the merge panels;
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Figure 11. Digitonin changes membrane biophysical properties in a Chol-dependent manner. (A-D) LUVs
composed of eSM:ePC (1:1, striped bars or dashed lines), ePC:Chol (1:1, grey bars or lines) or eSM:ePC:Chol
(1:1:1, black bars or lines) were incubated with 1% DMSO or increasing digitonin/lipid ratios as indicated at
25°C. (A) LUV size was determined by dynamic light scattering. Unpaired t-test was used to compare control
versus digitonin-treated LUVs. (B) Fluidity was determined by GPex values on LUVs labeled with Laurdan.
One-way ANOVA with Dunnett’s post tests to compare control versus digitonin-treated LUVs. *p < 0.05;

**p <0.01; ***p < 0.001. (C,D) Membrane fusion and permeability were assessed by R, fluorescence
dequenching (C) and calcein self-quenching release (D), respectively. All the results are means of two
independent experiments in triplicates. (E) GUV's composed of eSM:ePC, ePC:Chol or eSM:ePC:Chol were
labeled with Rhod-PE (red) and NBD-PE (green) and were incubated with a digitonin/lipid ratio of 20 at room
temperature. After 2 min following digitonin treatment, pictures were taken with a Zeiss wide-field fluorescence
microscope (Observer.Z1) using a plan-Apochromat 40x/1.4 oil Ph3 objective. Scale bars, 20 um. Images are
representative of two independent experiments.

Fig. 10 A-G; line 1). This difference was maintained for the whole duration of the incubation with DMSO (data
not shown). At a Rh2/lipid ratio of 3 and in the presence of eSM, the membrane budding induced by Rh2 reported
in Fig. 9A,C was clearly visible but did not allow the entry of calcein into the GUVs (Fig. 10A,C; lines 2 and 3). In
ePC:Chol GUVs, the formation of calcein-free small buds mediated by outward budding of GUV membranes was
observed already after 1 min (Fig. 10B; line 2) while the formation of ILV's was noticed after 10 min (Fig. 10B; line
3). The difference of fluorescence intensity between outside the GUVs and inside those ILV's was 80 + 36 which
was lower than the difference between outside and inside control GUVs. This indicated that the calcein contained
in the solution was encapsulated inside small vesicles during their formation, consistent with the formation of
calcein-containing ILV's through inward indentation of the limiting GUV membrane?. Thus, Rh2-induced mor-
phology changes were not directly associated with membrane permeability. A Rh2/lipid ratio of 6 was needed to
induce wrinkled borders and entry of calcein through the membrane of the three GUV compositions, leading to
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the suppression of difference of fluorescence intensities between outside and inside of GUVs (Fig. 10A-C; line 4).
The latter results are compatible with the creation of membrane pores by Rh2 whatever the GUV composition.

In contrast to Rh2, digitonin modulates membrane biophysical properties in a Chol-dependent
manner. Altogether, the data reported above indicated that Rh2 modified to a higher extent biophysical prop-
erties of LUV in the presence of SM and the absence of Chol. Since those results challenged the usual view that
some saponins mediate their membrane effects through interaction with Chol, the same series of experiments
were carried out with digitonin, a steroid saponin known to require Chol for its membrane-related effects'!.
Using the same three liposome compositions, we evaluated the effects of digitonin on vesicle size (dynamic light
scattering, Fig. 11A), membrane fluidity (Laurdan, Fig. 11B), fusion (R, dequenching, Fig. 11C) and permeability
(calcein release, Fig. 11D). The results clearly showed that treatment with digitonin increased vesicle size, mem-
brane fluidity and permeability only in Chol-containing systems without any effect on membrane fusion even ata
Rh2/lipid ratio of 13 (data not shown). Interestingly, ePC:Chol vesicles were more susceptible to digitonin as com-
pared to eSM:ePC:Chol, suggesting an influence of Chol concentration. Consistently, digitonin rapidly disrupted
the GUV membrane in the presence of Chol but not in its absence (Fig. 11E) even after long time (2hours, data
not shown). Altogether, these results supported the essential role of Chol in the membrane-related effects induced
by digitonin and corroborated our observations that Rh2 interacted with the membrane in a differential way.

Discussion

The membrane-related effects of saponins are often considered as Chol-dependent. Our recent observations with
the saponin ginsenoside Rh2 let us to reconsider this purpose and to propose that, in contrast to eSM, membrane
Chol could decrease the activity of Rh2'®. We here tested this hypothesis by determining Rh2:membrane interac-
tion by in silico experiments as well as in vitro studies on lipid monolayers and bilayers while modulating the lipid
composition, i.e. the presence or absence of Chol or eSM. In silico studies clearly revealed higher relative interac-
tion energy between Rh2 and pSM or DOPC in comparison to Chol, which could result from higher hydropho-
bic and van der Waals forces but also higher hydrogen bond energies. Accordingly, studies on lipid monolayers
showed that Rh2 adsorbed to a higher extent to eSM or DOPC in comparison to Chol and ePC monolayers.

As revealed by ITC, interactions between Rh2 and both eSM and DOPC are favorable with negative values
for variation of free energy. They differ however since interaction with eSM was endothermic and mainly driven
by entropy whereas interaction with DOPC was slightly exothermic with lower values for variations of entropy.
Regarding the interaction of Rh2 with ePC and DOPC, the binding affinity between Rh2 and ePC was lower than
with DOPC vesicles which could indicate that variations in the fatty acyl chain lengths, the number of unsatura-
tion found in ePC composition (containing around 30% DOPC) and the resulting biophysical membrane prop-
erties could reduce membrane binding of Rh2.

To be closer to physiological condition, we then turned to mixed lipid bilayers. Even if biological membranes
are more complex than artificial lipid bilayers (due to the presence of membrane and cytoskeletal proteins but
also of membrane asymmetry), our data are consistent with those previously obtained in human cancer cell lines
(A549, THP-1, and U937) which highlighted that membrane Chol depletion accelerates Rh2-induced apoptosis'®.
It can be deduced that Rh2 did not specifically interact with Chol which could instead delay and/or decrease the
Rh2-induced membrane-related effects. Several hypotheses can be proposed to explain such a delayed/decreased
effect. First, due to space constriction, Rh2 could have to at first remove Chol from the membrane, a mechanism
reported for digitonin which extracts Chol and forms a complex with the latter*. However, three lines of evi-
dence reported here do not support this possibility. Firstly, digitonin increased the size and induced membrane
lysis only in Chol-containing liposomes, as previously observed by Sudji et al."!, whereas the action of Rh2 was
instead delayed and depressed by the presence of membrane Chol. Secondly, Rh2 was able to modulate membrane
biophysical properties even without Chol or eSM. Thirdly, based on GPex value of Laurdan, we observed that
digitonin increased membrane fluidity whereas Rh2 decreased it, suggesting that Rh2 could preferentially stay
into the membrane. To reinforce this idea, hydroxypropyl-3-cyclodextrin (HPBCD), also known to capture Chol
from the membrane, has been shown to decrease the surface pressure (II) of Chol monolayers®, in contrast to
Rh2. Moreover, like digitonin, alpha-hederin increases membrane fluidity and membrane permeability due to the
formation of saponin:Chol complexes. The differential effect between Rh2 and alpha-hederin could be related to
the less profound insertion into the membrane hydrophobic core of Rh2 than alpha-hederin owing to two sugar
chains, thereby increasing the surface of interaction with Chol and preventing polar interactions between Chol
and phospholipids®. This highlights the importance of saponin nature since other saponins than Rh2, including
chiku ponin III or ol lic acid glycosylated at both C-3 and C-28, induce Chol-independent membrane
disruption®*,

A second hypothesis for explaining the protective role of Chol is through its effect on membrane rigidity,
decreasing the possibility for Rh2 to adsorb and interact with the membrane. In agreement with this hypothesis,
eSM:ePC liposomes were more fluid than liposomes containing Chol and were also the most sensitive to Rh2.
However, even if ePC:Chol and eSM:ePC:Chol liposomes were classified from the more fluid to the more rigid,
ePC:Chol vesicles were less susceptible to the action of Rh2 as compared to eSM:ePC:Chol vesicles.

Third, the delayed/depressed effect of Chol could also be explained through its favorable interaction with SM
in lipid domains and its similarity with Rh2 structure. Chol could compete with Rh2, thereby depressing Rh2:5SM
interaction and related effects. Such interaction between Rh2 and lipid clusters is in agreement with previous
studies showing the disruption of lipid domains by Rh2!%!7. Rh2 insertion could in turn increase membrane
rigidity and line tension, resulting into the formation of positive membrane curvature to finally reduce the line
tension®®. Accordingly, using coarse-grained molecular dynamics simulations, Lin and Wang have shown that the
interaction of dioscin saponin with membrane Chol leads to the destabilization of the L,-phase and the formation
of positive membrane curvature which may eventually result in the hemolysis of red blood cells*.
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The favorable interaction of Rh2 with eSM monolayer is reminiscent to the specific binding to membrane SM
of pore-forming proteins actinoporins (e.g. equinatoxin and sticholysin)*”*. Hence, binding of the toxins and
their permeabilization ability only occur in model systems exhibiting phase coexistence (L, and Ly)*. Based on
our data related to GUV phase separation and LUV membrane permeability, we rule out a similar mode of action
for Rh2. For instance, whatever the presence and the type of GUV phase boundaries, Rh2 induced alterations of
GUV morphology and membrane permeability.

In conclusion, our work challenged the usual view that most saponins mediate their membrane-related effects
through an interaction with Chol. Here the activity of Rh2 is enhanced by the interaction with membrane SM but
depressed by Chol. Further studies are required to determine the structure-activity relationship between different
saponins and eventually predict the mechanisms of their interactions with membrane.

Materials and Methods

Materials. Gi ide Rh2, calcein, Sephadex® G-50, LH-20 and 1,6-diphenyl-1,3,5-hexatriene (DPH) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Ginsenoside Rh2 (chemical purity >97.0%) was dissolved
in 100% ethanol. Rh2 residue was evaporated and resolubilized in buffer solution (10 mM Tris-HCl, 159 mM
NaCl pH 7.4, containing 1% DMSO). Calcein was dissolved in 6N NaOH and subjected to size-exclusion chro-
matography through a Sephadex® LH-20 column. The L-a-phosphatidylcholine (ePC - Egg, Chicken), sphin-
gomyelin (eSM - Egg, Chicken), cholesterol (Chol - Ovine Wool), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium
salt) (Rhod-PE) were purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). N-(7-Nitrobenz-2-Oxa-
1,3-Diazol-4-yl)-1,2-Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine, Triethylammonium Salt) (NBD-PE)
were ordered by Life technologies (Leusden, Netherlands). 6-Dodecanoyl-2-Dimethylaminonaphthalene
(Laurdan) and Octadecyl Rhodamine B Chloride (R,g) were acquired from Thermo scientific (Rockford, IL USA).
Lipids and lipid probes were dissolved in CHCl;, except DPH, which was dissolved in tetrahydrofuran (THF), and
were kept at —20°C. All organic solvents used were from VWR (Radnor, PA, USA).

In silico methods. IMPALA and Hypermatrix methods have been previously described in details*.

Adsorption kinetics. The adsorption kinetics of Rh2 into lipid monolayer was measured by following
changes in the surface pressure. Experiments were assayed in an automated Langmuir trough (KSV Mini-trough
KSV instruments Ltd., Helsinki, Finland- width = 7.5 cm, length = 20 cm) with two hydrophophilic Delrin mobile
barriers, a platinum Wilhelmy plate and a temperature probe. The system was enclosed in a Plexiglas box, and
the temperature was maintained at 25+ 1 °C. Lipid mixed solutions were dissolved at a concentration of 1 mM
in CHCIl; and were added at the air-water interface with a micro-syringe (Hamilton, USA) until surface pressure
(I1) reached 3042 mN/m. After reaching the equilibrium, ginsenoside Rh2 was carefully injected into the 80ml
subphase (buffer 10 mM Tris-HCI, 159 mM NaCl pH 7.4) beneath the lipid monolayer. The subphase is stirred
with magnetic stirrer using specialized injection supports. The variation of the surface pressure was recorded in
function of time immediately after the injection of Rh2 until a plateau was observed.

Preparation and analysis of Large Unilamellar Vesicles. LUVs composed of eSM:ePC (1:1), eSM:eP-
C:Chol (1:1:1) or ePC:Chol (1:1) (molar ratio) were prepared by the extrusion from Multilamellar Lamellar
Vesicles (MLVs)*!. In brief, lipids were diluted CHCI, at the desired molar ratio. The organic solvent was then
removed by evaporation in rotary evaporator (Buchi Rotavapor R-200, Switzerland). The residual lipid films after
drying under vacuum overnight were hydrated with buffer solution (10 mM Tris-HCI, 135 mM NaCl pH 7.4).
This suspension was submitted to five cycles of freezing/thawing. The latter were extruded through a polycar-
bonate Nuclepore Track Etch membrane filter (100 nm pore size filter, 19 times) using a mini-extruder system
(Avanti Polar Lipids) to form LUVs. The quality control of LUVs was determined by the polydispersity index
(PDI) (PDI < 0.2) and particle size distribution (z-average + 150 nm) via dynamic light scattering (see below).
Total phospholipids were determined by phosphorus assay and diluted to the desired final concentration in the
buffer solution*?.

Isothermal Titration Calorimetry. Isothermal Titration Calorimetry techniques were assessed using a
VP-ITC (MicroCal Northampton, MA, USA) to provide a complete thermodynamic description of the interac-
tion between Rh2 and LUVs made with eSM, ePC and DOPC. All solutions were prepared with the same buffer
constituted of 10 mM Tris-HCI, 159 mM NaCl pH 7.4. Prior each analysis, all solutions were degassed using
sonicator bath. The cell (volume 1.4045 ml) for the ITC measurement was filled with Rh2 solution at a concen-
tration of 40 pM and stirred at a speed of 305 rpm. The reference cell is filled with milliQ water Titration was
carried out at 25°C using 300 pl syringe filled with the LUV suspension at 2 mM and series of injections of 10 pl
were made with a delay of 360 s between each succession injection to allow steady state to be attained. Data were
processed by software ORIGIN 7 (Originlab, Northampton, MA, USA) using the cumulative model as described
in Razafindralambo ef al..

Size of Large Unilamellar Vesicles. The average diameter of liposomes was determined in a 12 mm square
polystyrene cuvette containing LUV suspension by dynamic light scattering (DLS) technique at 25°C using a
Zetasizer Nano SZ equipment (Malvern Instruments Ltd, UK) equipped with a helium-neon laser and added back
scattering detection at 173°.

Liposomal membrane fluidity and transition temperature. The effect of Rh2 on liposomal mem-
brane fluidity was determined by measuring the values of generalized polarization (GPex) of Laurdan and the
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fluorescence anisotropy of DPH?4 at 25 °C. The solution of Laurdan or DPH were added at 0.5% mol to the
mixed lipid suspension before the evaporation. GPex of Laurdan was measured from the equation (1).

GEy = (Iygo — Lyoo)/(Lago + Lio0) (1)

where Iy and Ig, are the \,,, at 440 and 490 nm, respectively recorded with the X\, at 340 nm. To determine
transition temperature of eéSM liposomes, Laurdan generalized polarization was assessed at multiple temperatures
from 4 to 60°C.

The fluorescence anisotropy value (r) of DPH was determined via the equation (2):

() = (I, — GIL/(I,, + 2.G/T) o))

where I,,, and L;, are the fluorescence intensities with the excitation and emission polarization filters in vertical
(v) and horizontal (h) orientations, respectively. The G factor is an inherent factor to the spectrophotometer used.
The fluorescence polarization was measured at X, and X, of 365nm and 425 nm, respectively.

Membrane permeability of Large Unilamellar Vesicles. The leakage from LUVs of entrapped calcein
atself-quenching concentration was followed to determine the effect of Rh2 on membrane permeability*’. Briefly,
the dried lipid film was hydrated with a solution of 10 mM Tris-HCI, 135 mM NaCl pH 7.4 containing puri-
fied calcein (73 mM). LUV were then eluted through a Sephadex-G50 column to remove the non-encapsulated
calcein. Fluorescence intensities were continuously recorded during 200s at 25 °C after the addition of increasing
concentrations of Rh2 in the liposome suspension. The ., and X.,, were 472 and 512 nm, respectively. The per-
centage of calcein release from liposomes was calculated using the equation (3):

%release = [(E — E)/(By —Eq)] * 100 3)

where F, represents the fluorescence intensity at the time t following the treatment with Rh2. F, corresponds to
the baseline fluorescence of liposomes at the same time and F,,,, maximum fluorescence is the fluorescence meas-
ured after the addition of 0.1% Triton X-100 to induce maximum release.

Membrane fusion of Large Unilamellar Vesicles. Lipid mixing assay is based on self-quenching of R,g
(octadecyl rhodamine B chloride) in LUVs*. The R,s hydrophic probe was incorporated at 5.7% mol into a
lipid mixture before its evaporation. Ry, labeled liposomes were mixed at a ratio of 1:4 with unlabeled liposomes
adjusted to the same concentration. The changes of fluorescence intensity were measured during 2005 at 25°C,
using A\, and \,,, at 560 nm and 590 nm, respectively. The percentage of liposomal fusion was calculated using
the equation (3).

Preparation and analysis of Giant Unilamellar Vesicles. GUVs were prepared using the electrofor-
mation method*. To investigate phase separation, mixtures of eSM:ePC (1:1), eSM:ePC:Chol (1:1:1) or ePC:Chol
(1:1) combined with 0.2% mol Rhod-PE and 0.5% mol NBD-PE were prepared. A small volume of lipid solution
was spread and dried inside the chamber of 1 mm thick silicon gasket placed on the surface of an ITO coated
glass lamella. The electroformation chamber was filled with 0.2 M sucrose and overlaid with a second ITO-coated
slide. The GUVs were formed by exposure to a sinusoidal alternating current of 10 Hz and 1V for 2h at 60°C.
The volume containing GUV's were collected from the slide and lipid concentration was determined based on a
calibration curve of NBD-PE fluorescence intensity. GUV's were diluted in 0.2 M glucose and placed in a p-Slide
8-well chamber from IBIDI (Martinsried, Germany) and observed in the red channel for Rhod-PE (X, 561 nm
and ., 617nm) and in the green channel for NDB-PE (\,,, 488 nm and \,,,,, 530 nm) at room temperature. To
investigative the permeabilizing effect of Rh2, same GUV compositions combined with 0.2% mol Rhod-PE were
diluted in 0.2 M glucose supplemented with 20 pM calcein and the difference of fluorescence intensity between
outside and inside vesicle was measured. GUV's were visualized either with a Zeiss wide-field fluorescence micro-
scope (Observer.Z1) using a plan- Apochromat 40x/1.4 oil Ph3 objective or a Axio Observer 1 inverted micro-
scope equipped with a model CSU-X1 Yokogawa spinning disk and Plan-Apochromat 40x/1.40 oil DIC. Images
were analyzed with the Carl Zeiss AxioVision 4.8.2 software.

Fluorescence spectroscopy measurement.  All fluorescence measurements were carried out with a LS55
luminescence spectrometer from Perkin Elmer (Waltham, MA, USA). The spectrophotometer was equipped with
a temperature-controlled sample holder being set at 25°C.

Data Availability
Data are expressed as means & SEM. All statistical analyses were performed with the GraphPad Prism 4.03 soft-
ware (GraphPad software, San Diego, CA, USA).
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2. Elucidate the importance of cholesterol in the Rh2-induced

apoptosis in biological membranes

In the second part of this study, we used three cell lines exhibiting differential
membrane Chol level: carcinomic human alveolar basal epithelial A549 cells > human
monocytic leukemia THP-1 > human monocytic leukemia U937 cells. We demonstrated
that Rh2 induces apoptosis in a concentration- and time-dependent manner in the
three cell lines. More importantly, A549, THP-1 and U937 can be classified from the
more resistant to the more susceptible to the Rh2-induced apoptosis. Mechanistically,
Rh2 alters PM fluidity leading to inhibition of Akt phosphorylation and the activation of
the intrinsic pathway of apoptosis (loss of mitochondrial membrane potential, caspase-
9 and -3 activation). Apoptosis, fluidity changes and Akt phosphorylation are induced
earlier and in a higher extent in Chol-depleted cells, which could be explained by a
higher cell accumulation of Rh2 in these conditions. Altogether, Chol seems to depress
the sensitivity of the membrane to Rh2. In contrast to Chol removal, SM depletion
confers resistance towards Rh2-induced apoptosis. This work is the first reporting that
membrane Chol could delay the cytotoxic activity of the ginsenoside Rh2, renewing the
idea that the activity of most saponins is only ascribed to an interaction with membrane
Chol.
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ARTICLE INFO ABSTRACT

Keywords: Saponins exhibit several biological and pharmacological activities, such as antibacterial, anti-inflammatory and
Ginsenoside anticancer effects. Many studies attribute their to their i with chol, 1. In this study, we
Saponin focus on the steroid saponin ginsenoside Rh2, one of the active principles of Panax ginseng root. Some evidence
Cholesterol suggests that lipid rafts, deﬁned as d enriched in chol 1 and sphingolipids, could be involved in
:’lemll);:?se the Rh2-induced apop , the role of b lipids, especially cholesterol, in this process is still
A!;’: P poorly und d. Here, we di 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-B-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 ueatmem with Rh2 conducts to Lhe dephosphorylatlon of Akt and the activation of the intrinsic pathway of

poptosis (loss of hondrial 1, 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 chol&slerol could delay the acuvny of gmsenosxde Rh2,
renewing the idea that saponin cytotoxicity is ascribed to an i ion with b

1. Introduction organization of the plasma membrane, serving as a spacer between

hydrocarbon chains of phospho- and sphingo-lipids (Ikonen, 2008). It is

Saponins, mainly produced by plants, are widely used in medicine

for their muluple blologlcal and pharmacological activities including
y, anti-infl y 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), a-tomatine (Keukens et al., 1996), a-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

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), t ordered ic d 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 gi ides have been isolated from gi g and have shown
in the past to be I active sub es and to influence the
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Fig. 1. The chemical structure of the ginsenoside Rh2, a steroid saponin.

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-B-cyclodextrin (MBCD), 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 ch; , 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-B-cyclodextrin (MBCD), 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 purct d

Toxicology and Applied Pharmacology 352 (2018) 59-67

(#4060) and anti-Akt (#9272) were purchased from Cell Signaling
Technology (Beverly, MA, USA). Anti-B 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% CO,. 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
Smin. Cells were incubated with 60uM 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
chol 1 and sphi lin replenish at the membrane after
chol ol and sphi: elin depl with MBCD and SMase, re-
spectively. After treatment with Rh2, cells were washed twice in
Phosphate Buffered Saline (PBS) (10 mM Na,HPO,, 137 mM NaCl and
2.7 mM KCI).

2.3. Plasma membrane cholesterol or sphingomyelin depletion and assay

In serum-free RPMI-1640 supplemented with 1 mg/ml BSA, THP-1
cells were treated with 3mM MBCD for 2h whereas A549 and U937
cells were treated with 5mM MBCD for 45 min and 2 h, respectively. In
some experiments, U937 were also treated with raising concentration of
MBCD (0 to 7mM) for 2 h or SMase (0 to 60 mU/ml) for 1 h. Cells were
then washed with serum-free RPMI and incubated with Rh2 for the
indicated times. After the treatment with MBCD, cells were directly
quantified for their cholesterol by the Amplex® red cholesterol assay
and ph contents by pl us 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:CaCl, (15 mM) (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
corr ding to phospholipids from the same sample and then ex-

pressed as percentage of control.

L olinid

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

from R & D System (Minneapolis, MN, USA). Anti-phospho-Akt (Ser*’?)
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divided by the total number of cells.
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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 H,0 and digoxin (internal standard; 1 mg/ml) was added. Cells were
lysed by sonication for 10 min 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 11,000g for 5min at
room temperature. Supernatants were collected and dried. The dried
samples were reconstituted in MeOH:H,0 (1:1, v/v) and injected on a
Supelcosil LC-18 (150 X 4mm; 3pum) 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:H,0 (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 7.5 min
plateau maintained before requilibrating the column. The data analysis
was achieved by using the MassLynx® software to integrate peaks cor-
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responding to the quantification transitions selected for the gi
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 (R%
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 2uM DPH or TMA-DPH dispersed in PBS for 30 min or
5min at 37 °C in the dark, respectively. The fluorescence anisotropy
values (r) were determined using the equation:

(©) = (w = G. In)/(w + 2. G/Lun)

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
(25 mM Tris-HCl, pH 7.4; 150 mM 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 pg from each sample was mixed to 4 X NuPAGE LDS sample
buffer and 10x NuPAGE reducing agent, then heated at 70°C for
10 min. Samples were separated on acrylamide gels (NuPAGE Bis-Tris
Gel) and transferred to PVDF membranes (0.45 pm). Membranes were
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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 MBCD (right panel). THP-1 (B) were treated
with 3mM for 2 h whereas A549 (A) and U937 (C) cells were treated with 5 mM
MBCD for 45 min and 2h, respectively. Cholesterol-depleted cells with MBCD
(open symbol, right panel) or not (closed symbol, left panel) were incubated for
the indicated times with increasing concentrations of Rh2: 20 pM (circle), 40
uM (inverted triangle), 60 uM (triangle) or with 0.1% DMSO (vehicle, dotted
line, triangle). The number of d nuclei was de ined by DAPIL
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 MBCD.
Cells were kept untreated (second column) or treated with MBCD (third
column). THP-1 were treated with 3 mM MBCD for 2 h whereas A549 and U937
cells were treated with 5mM MBCD for 45 min and 2h, respectively.

Cell lines Chol (ug/mg protein) Chol (ug/mg protein)
Non-depleted Depleted

A549 34.58 + 6.36 17.1 £ 717

THP-1 20.13 * 4.04 1052 * 3.22

U937 10.68 * 1.68 5.30 + 2.95

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; B-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 1h. 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 (14,000g,
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Fig. 3. Ginsenoside Rh2 induces faster U937 cell cy! icity upon depletion. A, B U937 cells cholesterol-depleted with 5 mM MBCD for 2h

(open triangle) or not (closed triangle) were incubated for the indicated times with 60 uM 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.
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ipid ratios were d and expressed by reference to the control. One-way ANOVA with Dunnett's post test to compare points for control versus cells

incubated with MBCD or Smase. **, p < 0.01; ***, p < 0.001. B, E. After treatment with increasing MBCD or SMase, cells were exposed for an additional 2 h with
60 uM Rh2 (in the absence of MBCD 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
reductmn d by to the control. The line corresponds to a linear regression of data values with R* = 0.99 or R? = 0.8124 for

hol 1 in depletion, respectively.

or

15 min), protein concentration of the supernatants was measured using the treatment with Rh2.
the BCA method. Amount of 50 ug of proteins diluted in 50 yl of buffer
RIPA were mixed with 2 reaction buffer in a 96 well microplate and
5 ul of peptide substrates of caspase-9 (Ac-LEHD-pNA) was added. After
24 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 uM) was added to fresh medium 1 h before

2.10. Loss of mitochondrial membrane p ial
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 pM JC-1 for 30 min at
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Fig. 5. Uptake of Rh2 by U937 cells is accelerated upon membrane cholesterol
depletion. U937 cells were cholesterol-depleted (5mM MBCD, open triangles)
or not (closed triangles) and then incubated with 60 uM 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.
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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 (5 mM MBCD, open triangles) were treated with 60
MM Rh2 at the indicated times and then incubated with DPH (left panel) or
TMA-DPH (right panel) for 30 or 5 min, 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.

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 pM) 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
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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 6h of incubation, 60 pM 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 3 mM MBCD, whereas A549 and U937 cells were
pretreated with 5mM MBCD, a cholesterol-sequestering agent
(Zidovetzki and Levitan, 2007). Those non-cytotoxic MBCD 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 i d, 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 pM Rh2. We started
by analyzing the effect of Rh2 on membrane permeability and cell
death via trypan blue assay. Depletion of cholesterol by MBCD 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 3h of incubation with 60 uM 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 MBCD.
Upon treatment with 5mM and 7 mM MBCD, 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 uM Rh2 for 2h and DAPI assay was performed to
determine the percentage of fragmented nuclei (Fig. 4B). As expected,
the increase of cholesterol d via the pretreatment
with raising concentrations of MBCD 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 60 mU/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
depl via the pretr with raising concentration of SMase
correlated with a decreased number of apoptotic cells following Rh2
treatment. Therefore, in contrast to chol 1 removal, i
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
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and the amount of Rh2 in cells was measured by HPLC MS/MS (Fig. 5).
After 10 min 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 30 min 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
10 min in cholesterol-depleted cells and after 30 min 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
AKkt, a lipid raft-associated protein kinase, which promotes cell survival
and blocks the apoptotic pathways. Upon pretreatment with 5mM
MBCD 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
MBCD treatment (Calay et al., 2010; Gotoh et al., 2014). However,
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upon treatment with 5mM MBCD (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 MBCD, 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 (Ser*’?)
earlier in cholesterol-depleted cells. Regarding the disappearance of
total Akt amount after 2h 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 uM Rh2 reduces Akt expression and its phosphorylation in glioma
cell lines A172 without affecting the B-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 (AW) and caspase-9 and -3 activations
were investigated. AW 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 525nm (green) over 590nm (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
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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 MBCD, open triangles) were incubated with 60 yM Rh2 (solid
line) or with vehicle (dotted line) over time. A. Loss of mitochondrial membrane potential (A¥) 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 uM 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 uM Rh2. This is a representative result from one of three experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

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 chol pleted cells as ¢ d 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 2h in non-depleted cells and only 1h 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 AW and the activation of caspase-9 and -3.

4. Discussion

Although many studies have investigated the Rh2-induced apop

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 sphi elin, 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 lins into pro-apoptotic in-

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 a-
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 MBCD. 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-
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t 1lular ¢ ides (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
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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

i . We observed d d levels of phosphorylated Akt and the
activation of the intrinsic apoptotic pathway faster upon cholesterol
depleti pop markers d rapidly in Rh2 treated cells
and only 20 to 90 min 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 suggesl by
the partial inhibition of Rh2-induced apoptosis by caspase-9
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

hol (i) the induction of dendrite for-
mation by Rh2 (18 pM, 2h) is suppressed by depletion of cholesterol
upon MBCD in B16 melanoma cells (Jiang et al., 2010); and (ii) a
protective effect on the Ap-induced amyloid pathology in primary
neurons by Rh2 (3 puM, 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 uM). 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 hi the need to d ish 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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3. Characterize membrane lipid composition, organization and
biophysical properties in breast cancer cell lines with increasing
malignancy potential as a preliminary step before the evaluation
of Rh2-membrane effects

In the third part of this thesis, | initiated a long-term study aiming at evaluating
whether Rh2 could be used as a potential agent for breast cancer treatment. As a first
step, we characterized membrane lipid composition, organization and biophysical
properties in human mammary epithelial MCF10A cell line series, which offers the
same genetic background but an increasing malignancy potential: the non-invasive
mammary epithelial cells MCF-10A, the pre-malignant MCF-10AT and the malignant
MCF-10CaCl1. The goal is to elucidate whether and how a different lipid composition
and/or organization could contribute to tumor cell motility and invasion. Our ultimate
goal is to determine whether ginsenoside Rh2 could affect tumor migration by
targeting specific lipid regions.

3.1 Introduction and aims

The course of tumor metastasis entails complex multistep processes which
include local tumor cell invasion, entry into the vasculature followed by the exit of
cancer cells from the circulation and colonization at distal sites leading to the formation
of secondary tumors, largely responsible for the mortality and morbidity of cancer[291,
292]. During the initial phases of tumor dissemination, many changes that occur (e.g.
loss of cell adhesion, modification in cell shape and acquisition of cell motility) are
characteristic of invasive pre-malignant cells at the primary site. After that, cancer cells
initiate the invasion-metastasis cascade and need to squeeze through confined and
narrow spaces of blood and lymphatic vessels to spread around tissues. Each step of
cancer cell migration and invasion requires extensive deformation of the PM (e.g.
distortion, deformation, compression and expansion). However, how PM composition,
organization in lipid domains and biophysical properties participate to those
deformations are poorly understood.

Regarding membrane composition, some studies discriminated, through lipid
profile assessment, breast malignant cells from benign ones as well as low- and high-
grade tumors[163, 172]. Wang et al. identified a total of 31 lipids, especially
phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylinositol (Pl) species, as
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upregulated and eight lipids, such as sphingomyelin (SM) and
phosphatidylethanolamine (PE) species, as downregulated in highly invasive breast
cancer lines as compared to poorly invasive breast cancer lines[160]. Moreover, MT3
breast cancer cells show a significant decrease of Chol which correlates with an
increase of membrane fluidity and metastatic foci registered in mice lungs[165].

Moving to membrane organization, several groups have provided evidence for
submicrometric lipid domains at the surface of various cell types[56, 66]. Thus, using
living red blood cells (RBCs) subjected to severe and regular deformation during its 120-
days lifetime, Tyteca’s group observed the coexistence of several types of lipid domains
at their outer PM leaflet[58, 59]. Those domains were revealed thanks to (i) the use of
fluorescent toxin fragments specific to endogenous SM (lysenin*) and Chol (Theta*);
and (ii) the insertion of fluorescent BODIPY-lipids at trace levels in the PM. Three types
of domains coexist, showing differential lipid enrichment, membrane biophysical
properties and contribution to RBC deformation. Indeed, Chol-enriched domains
gather in highly curved areas upon RBC stretching whereas GM1/PC/Chol- and
SM/PC/Chol-enriched domains increase in abundance upon calcium influx during RBC
deformation and calcium efflux during RBC shape restoration, respectively[68, 293].
However, only few studies addressed submicrometric lipid domains in cancer cell lines.
Nevertheless, imaging by atomic force microscopy (AFM) of membranes purified by
ultracentrifugation from MDA-MB-231 breast cancer cells revealed the presence of
submicrometric domains[66]. Jurkat-T lymphoblastic leukemia cells exhibit SM-rich
membrane domains spatially and functionally different from those enriched with the
ganglioside GM1[56].

Finally, concerning membrane biophysical properties[294], a loss of membrane
lipid asymmetry has been observed in several types of cancer, as revealed by the
exposure of the negatively-charged PS at the outer PM leaflet[295, 296]. Membrane
fluidity also appears to be altered in cancer cells and could be correlated with their
malignant potential and capability to metastasize. For example, lymphoma and lung
carcinoma cells exhibit higher membrane fluidity than their normal counterparts[173,
297]. In contrast, other cancer cells, such as the hepatoma tumor cell line, present
decreased membrane fluidity[298].

While lipid profile reprogramming is now considered as a potential marker for
aggressive tumors[163, 172], the distribution pattern of membrane lipids and their
specific contribution to breast cancer invasiveness remain poorly understood. In this
study, we aimed to address some of those questions in the human mammary epithelial
MCF10A cell line series, which offers the same genetic background[290]. Those cells
were first characterized using as read-outs (i) the level of Akt phosphorylation, a well-
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known deregulated protein in various cancer cell types[299]; (ii) the extent of migration
and invasion; and (iii) the membrane stiffness. We then started to ask whether
differences in migration/invasion and stiffness could be related to differential global
SM and Chol contents and PM lipid spatial distribution.

Those characterizations represent an essential step to understand how motility
is initiated in tumor cells and to elucidate whether membrane lipids could provide new
diagnostic approaches and/or targets for the treatment of cancer. Among drugs, one
can consider to test the ginsenoside Rh2, which induces apoptosis upon Chol depletion
and preferentially interacts with SM[219, 220]. This compound has been shown to
reduce cell migration and invasion in MDA-MB-231 and MCF-7 human breast cancer
cell lines[300] but the potential implication of membrane lipids in this activity is still not
investigated.

3.2 Methods and preliminary data

The MCF-10A cell line series with increasing malignancy potential, i.e. the
normal human mammary epithelial cells MCF-10A, the pre-malignant MCF-10AT and
the malignant MCF-10CaCl1[290], were first characterized regarding the Akt
phosphorylation state. Indeed, increased activation of the PI3K/Akt signaling pathway
is often associated with tumors and correlates with excessive cell survival and
proliferation. According to[301, 302], the ratio of pAkt/GAPDH increased in the MCF-
10CaCl1 cell line as compared to the MCF-10A (Fig. 1A, B). When expressed by
reference to total Akt, pAkt seemed to be specifically elevated in the malignant MCF-
10CaCl1 cells (Fig. 1C) but the high standard deviation could not allow to conclude to a
significant statistical difference. These experiments are currently being repeated to
validate or not this observation.
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Fig 1. Increase of pAkt/GAPDH ratio in the MCF-10CaCl1 cell line as compared to the MCF-10A
and -AT. A. Representative western blotting against phospho-Akt (Ser473), total Akt and GAPDH
(control for protein loading). B. Quantification of pAkt/GAPDH. C. Quantification of pAkt/total
Akt. One-way ANOVA with Bonferroni’s multiple comparison post-test. Results are means of
three independent experiments. **p< 0.01. Data from Mauriane Maja (Tyteca’s group, DDUV
Institute).

We then compared the spontaneous and oriented migration ability as well as
the invasion potential of those three cell lines. As compared to the normal MCF-10A
cells, the pre-malignant MCF-10AT cells exhibited a higher spontaneous migration in
IBIDI chambers after 6 hours while malignant MCF10-CaCl1 migrated less. After 24
hours, both MCF-10A and MCF-10AT migrated more than the MCF-10CaCl1 cells (Fig.
2A). Comparison of oriented migration in Transwell chambers suggested differences
between MCF-10A and MCF-10AT after 6 hours, MCF-10AT cells exhibiting higher
oriented motility than MCF-10A cells. Such differences were not seen after 24 hours
(Fig. 2B). Those data indicated that the malignant MCF-10CaCl1 cells were surprisingly
the least able to migrate, both spontaneously and in an oriented manner. In contrast,
upon invasion through a thin matrigel layer in Transwell chambers, they exhibited
higher invasive potential than non-cancerous cells after both 6 and 24 hours (Fig. 2C).
Unfortunately, since these last results were from only one experiment in triplicates,
further experiments are required to perform statistical analysis. Altogether those
preliminary data suggested that the pre-malignant cells were the most apt to
spontaneous and oriented migration and that malignant MCF-10CaCl1 cells were the
most able to invasion through confined space.
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Fig 2. Differential spontaneous migration, oriented motility and invasion in the MCF-10A cell
lines. A. Spontaneous migration in the cell-free area of IBIDI chambers for 6 and 24 hours. B.
Oriented migration in Transwell assay toward 10% serum for 6 and 24 hours. C. Invasion in
Transwell chambers with a matrigel layer (0.5mg/ml) toward 10% serum for 6 and 24 hours.
Data from Mauriane Maja (Tyteca’s group, DDUV). A, B. One-way ANOVA with Bonferroni’s
multiple comparison post-test. Results are means of three independent experiments in
triplicates. *p<0.05; **p<0.01; ***p< 0.001. C. Results are means of one independent
experiments in triplicates
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To next evaluate whether the differential invasiveness of the three cells lines
could correlate with a differential membrane stiffness, we used tapping-mode atomic
force microscopy (AFM). This method measures the resistance of the cell to an
externally induced deformation, by monitoring the interaction force of the tip of
cantilever striking against the surface and detaching from the sample surface on each
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oscillation cycle by using a large vibration amplitude. MCF-10AT and MCF-10CaCl1 cells
were found to have an elasticity modulus significantly lower than the one of the benign
MCF-10A (Fig. 3). Thus, as expected from the literature[303, 304], (pre)malignant cells
were softer than their counterparts, a property hypothesized to facilitate migration out
of the primary tumor into circulation[305].
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Fig 3. Lower stiffness of the MCF-10AT and MCF-10CaCl1 than MCF-10a cells. The stiffness of
the cells is represented by its Young’s modulus. Each point represents the averaged apparent
Young’s modulus of a single cell (11 cells/condition). One-way ANOVA with Bonferroni’s multiple
comparison post-test. ***p< 0.001. Data from Dr. Andra Dumitru (Alsteens’s group, ISV,
UClouvain-LLN).

As lower Chol levels in metastatic cells could correlate with a more deformable
membrane and a higher ability to invade surrounding tissues[165, 173], we next
determined if the change of membrane stiffness could be linked to a change of
membrane lipid content. For this purpose, as a first step, we quantified global Chol, SM
and total phospholipid contents. The three cell lines exhibited a similar
Chol/phospholipid ratio (Fig. 4, left). Concerning SM content, pre-malignant MCF-10AT
cells showed an equivalent ratio of SM/phospholipid as compared to the MCF-10A,
while malignant MCF-10CacCl1 cells exhibited a lower ratio (Fig. 4, right) which is in
agreement with the literature[160]. To further test whether such modifications could
be correlated with cell stiffness, it is required to analyze Chol and SM composition
specifically in the PM upon isolation by cell fractionation. This analysis will be extended
to PC as well as ganglioside species as they have been shown to cluster into lipid
domains in RBCs. Hence, a particular attention will be given to lipid chain length and
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unsaturation number (see section 2.2 as a state of the art).
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Fig 4. Similar Chol-to-phospholipid but lower SM-to-phospholipid ratio in MCF-10CaCl1 as
compared to MCF-10A and MCF-10AT. Free Chol and SM levels were measured by Amplex red
cholesterol assay and silica gel thin layer chromatography, respectively. Data were expressed to
phospholipid content (phosphorus assay after lipid extraction). One-way ANOVA with
Bonferroni’'s multiple comparison post-test. Results are means of three independent
experiments in triplicates. ***p< 0.001.

Altogether those preliminary data seemed to indicate that malignant MCF-
10CaCl1 cells differed from their counterpart by an increased invasion ability, a
decreased SM content and a lower PM stiffness. We then explored if those changes
could be accompanied by changes of lipid organization. We started by analyzing the
PM distribution of GM1 and SM by labeling the three cell lines with two complementary
unrelated probes: the fluorescent GM1 analog (BODIPY-GM1) on one hand and a toxin
specific to endogenous SM (mCherry-lysenin; lysenin*) on the other hand[58]. Several
fluorescent lipid analogs are available. Among those, we chose a fluorescent lipid in
which the BODIPY fluorophore, which presents a good quantum yield and a higher
photostability than other fluorophores (e.g. NBD), replaces a part of the lipid fatty acyl
chain.. Although fluorescent lipid analogs are easy to use, they could present
drawbacks due to insertion in the PM of exogenous lipids, even if they are used at trace
level. Contrary to fluorescent lipid analogs, fluorescent toxin fragments, like lysenin*,
allow direct labelling of endogenous lipids. Respective advantages and drawbacks of
fluorescent lipid analogs and toxin fragments are described in [7]. Labelled cells were
then analyzed by confocal vital imaging and colocalization between two probes was
qguantified using Zen software. As a first step, we evaluated the reliability of the method
for colocalization analysis using images generated from cells labeled with two
complementary probes for a same lipid, i.e. SM, by insertion of exogenous BODIPY-SM
vs direct recognition using lysenin* (Fig. 5)
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Fig 5. Large, but not perfect, overlap between two complementary SM probes
(BODIPY-SM and lysenin*) in the three cell lines. MCF-10A (top), MCF-10AT (middle),
MCF-10CaCl1 (below) cells were cultured on coverslips, labelled with BODIPY-SM (1
puM) for 15 min at 4°C and then with lysenin* (1,25 uM) also for 15 min at 4°C. All
samples were then visualized by a spinning disk confocal microscope (COSD). Below,
right: line intensity profile of BODIPY-SM (green) and lysenin* (red) signals measured
along the white line on MCF-10CaCl1 cells. Yellow arrows indicate regions labeled by
both BODIPY-SM and lysenin*. Representative images of 8-22 images. All scale bars, 20
um.
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For quantification, every pixel in the image is plotted in the scatter diagram based on
its intensity level from each channel. Based on the scatter plot, the software
automatically analyzes parameters, including:

- the Pearson's Correlation Coefficient (PCC), which reflects the correlation of
the pixel intensities in the two channels. It measures the relationship between
signals whether the signal value in one channel rises simultaneously with the
other, or if one signal falls when the other rise. Values are between +1 and -1,
where 1 reveals total positive linear correlation, 0 no linear correlation, and -1
total negative linear correlation. For pixeliin the images, R and G are intensities
of the red and green channel respectively.

> (R -R)x(G,-G)
\/Z(R, ~R)’xY(G, -Gy’

- Colocalization coefficient — Megand Mgreen: Mieq is the sum of the intensities of
red pixels that have a green component divided by the total sum of red
intensities. Ri, coloc= R; if G; > 0; Gi, coloc= G;if R; > 0.

z Ri ,coloc z Gi ,coloc
i i

As shown in Table 1, BODIPY-SM and lysenin* showed a PCC of ~0.45, similar
in the three cell lines. Same results were obtained once the labeling with the two
probes was performed in the opposite order, i.e. lysenin* then BODIPY-SM (data not
shown). Although those PCC values were closed to ~0.5, they are however lower than
those obtained in experiments with RBCs showing an almost perfect colocalization
between BODIPY-SM and lysenin* probes which reached PPC values of ~0.65[58].
Regarding the colocalization coefficient, more red pixels (lysenin*) overlapped with
green pixels (BODIPY-SM) (Mred: ~0.77) than the opposite (Mgreen: ~0.52).
Accordingly, Carquin et al. observed on RBCs that, at high lysenin* concentration (2.5
uM), lysenin*-labeled domains were equally labeled by BODIPY-SM whereas
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accessibility of BODIPY-SM to lysenin*-saturated domains was strongly reduced[58]. It
could therefore be useful to repeat the above experiments with a lower lysenin*
concentration.

BODIPY-SM / Coloc. Coef - Coloc. Coef —
lysenin* PCC BODIPY-SM lysenin*
MCF-10A 0.469 £ 0.077 0.535+0.148 0.769 £0.111

MCF-10AT 0.452 £0.073 0.502 £ 0.080 0.772 £0.119

MCF-10CaCl1 0.431 £ 0.065 0.518 £ 0.176 0.840 £ 0.09

Table 1. Similar Pearson’s correlation coefficient (PCC) between BODIPY-SM and lysenin* in
the three cell lines. SM was revealed by insertion in the PM of exogenous BODIPY-SM (1uM)
and then by direct recognition upon labeling with lysenin* (1.25uM), both for 15 min at 4°C.
Means and standard deviations of 8-22 images.

The distribution of SM in the PM was then compared to the one of GM1 upon
labeling with lysenin* and BODIPY-GM1. In MCF-10A cells, BODIPY-GM1 and lysenin*
signals largely overlapped (yellow arrows at Fig. 6, top) and the PCC between the two
dyes was comparable to the one obtained between BODIPY-SM and lysenin*. In MCF-
10AT cells, BODIPY-GM1 partially colocalized with lysenin* but additional spots were
only labeled by BODIPY-GM1 (green arrows) or lysenin* (red arrows) (Fig. 6, middle).
This segregation between BODIPY-GM1 and lysenin* seemed to still increase in MCF-
10CacCl1 cells (Fig. 6, below), as revealed by the lowest PCC among the three cell lines
(Table 2). All those data suggested that cancer cells exhibited a higher segregation
between SM and GM1 at the PM as compared to their counterpart. Regarding the
colocalization coefficient, as previously observed with BODIPY-SM and lysenin*, more
red pixels (lysenin*) overlapped with green pixels (BODIPY-GM1) than the opposite,
with no differences between the three cell lines.
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Fig 6. Decreased overlap between GM1 and SM signals in breast cancer cells as compared to
non-cancer cells. MCF-10A (top), -AT (middle), -CaCl1 (below) cells were cultured on coverslips,
labelled with BODIPY-GM1 (1 uM) for 15 min at 4°C and then with lysenin* (1,25 uM) for another
15 min at 4°C. All samples were then analyzed by confocal vital imaging using a spinning disk
microscope. Line intensity profiles of BODIPY-GM1 (green) and lysenin* (red) signals were
measured along the white lines. Yellow arrows indicate membrane areas labeled by both
BODIPY-GM1 and lysenin* while green and red arrows indicate membrane regions labeled by
BODIPY-GM1 or lysenin*, respectively. All scale bars, 20 um. Representative of 12-15 images.

BODIPY-GM1/ Coloc. Coef - Bodipy- Coloc. Coef-
lysenin PCC GM1 lysenin*
MCF-10A 0.465 £ 0.106 0.482 £0.138 0.663 £ 0.137
MCF-10AT 0.355 + 0.068 0.538 £0.136 0.556 £ 0.149
MCEF-10CaCl1 0.314 £ 0.087 0.453 £ 0.093 0.705 £ 0.055

Table 2. Lower Pearson’s correlation coefficient between BODIPY-GM1 and lysenin* in breast
cancer cells as compared to non-cancer cells. Cells were labelled by insertion of exogenous
BODIPY-GM (1uM) for 15 min at 4°C and then by lysenin* (1.25uM) for another 15 min at 4°C.
Mean and standard deviation of 12-15 images.
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Since the increased Akt phosphorylation in cancer cells could potentially result
from a decrease of phosphatidylinositol (4,5)-bisphosphate (PIP2) through PI3K
activation, we also questioned PIP2 distribution at the inner PM leaflet thanks to the
expression of the fluorescent protein marker PH-PLC61[63] while the lact-C2 marker
was expressed to visualize the organization of PS[64]. Our preliminary data suggested
that MCF-10AT showed a lower PCC between Lact-C2 and PH-PLC&1 markers than MCF-
10A and MCF-10CaClI1 cells. Additional experiments are necessary to confirm these
preliminary data.

As mentioned in the introduction, our goal is to test whether ginsenoside Rh2
could affect tumor migration by targeting specific lipids or lipid regions at the PM.
Before that, it was crucial to compare the different breast cancer cell lines for their
migration/invasion potential but also for their membrane lipid composition,
organization and biophysical properties. We started to determine non-cytotoxic doses
of ginsenoside Rh2 to discriminate its apoptotic activity from its anti-metastatic
potential (migration and invasion). For this purpose, the three cell lines were treated
with increasing concentrations of Rh2 from 5 to 50 uM for 24 hours and tested for cell
viability using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Fig.
7). Treatment with 20 and 50 puM Rh2 killed almost all the three cell lines. At a
concentration of 10 uM, ginsenoside Rh2 decreased cell viability to a higher extent in
MCF-10CaCl1 than MCF-10A. 5 uM of Rh2 showed no or very low toxicity and therefore
will be used in the future to evaluate the effect of Rh2 on cell migration and invasion
after 24 hours.
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Fig 7. Higher decrease of cell viability in MCF-10CaCl1 than MCF-10A treated with 10 uM Rh2.
Cell viability after treatment with increasing concentrations of Rh2 was determined by the
colorimetric MTT assay. Viable cells contain NAD(P)H-dependent oxidoreductase enzymes
which reduce the MTT reagent to formazan, an insoluble crystalline product with a deep purple
color. Two-way ANOVA with Bonferroni’s multiple comparison post-test. Results are means of
three independent experiments in triplicates. *p< 0.05.
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3.3 Summary

The above preliminary results indicated that MCF-10CaCl1 differed from their
non-cancerous counterparts MCF-10A, exhibiting a lower SM content and a lower
membrane stiffness. In addition, overlap between GM1 and SM in the outer PM leaflet
decreased in premalignant MCF-10AT and malignant MCF-10CaCll as compared to
non-cancer cells. Perspectives will be developed in the chapter IV.
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CHAPTER IV: GENERAL DISCUSSION AND PERSPECTIVES

In this chapter, we first summarize the major published results obtained in this
thesis (section 1) and highlight strengths and weaknesses of approaches used while
proposing some alternatives (section 2). We then raise unsolved questions regarding
the specific contribution of PM (section 3.1), lipids (section 3.2), lipid packing (section
3.3), lateral heterogeneity (section 3.4) and Akt protein (section 3.5) for the activity of
Rh2. We then ask how the results obtained with Rh2 can be extended to other saponins
(section 3.6). We finally dedicate a section to new chemotherapeutic agents interacting
with membrane (section 3.7) and discuss the potential use of Rh2 as chemotherapeutic
agent (sections 4,5, 6).

1. Summary of key findings regarding the Rh2 activity

The purpose of this research was to investigate the membrane-related effects
and the apoptotic signaling pathway induced by ginsenoside Rh2 and to evaluate the
respective importance of Chol and SM in these effects.

In the first part of this work, we used model systems including lipid monolayers
and liposomes (LUVs and GUVs) while using biophysical techniques. It is important to
stress that simplification of the lipid membrane composition is critical to understand
the Rh2-membrane interaction and its lipid preferences at the molecular level. On lipid
monolayers, we evidenced that Rh2 interacts more favorably with eSM and DOPC than
with Chol and ePC. Using LUVs, we showed that Rh2 increases vesicle size, decreases
membrane fluidity and induces membrane fusion and permeability. On GUVs, we
evidenced that Rh2 generates positive curvatures in eSM-containing GUVs and small
buds followed by intra-luminal vesicles in eSM-free GUVs. Our data indicate that eSM
promotes and accelerates membrane-related effects induced by Rh2 whereas Chol
slows down and depresses these effects.

In the second part, we turned to human cancer cell lines with differential Chol
content (carcinomic human alveolar basal epithelial A549 cells, human monocytic
leukemia THP-1 and U937 cells), allowing us to elucidate the role of this lipid in the Rh2-
induced apoptosis. We observed higher cellular uptake of Rh2 upon Chol depletion
explaining why apoptotic signaling pathway induced by Rh2 was observed earlier and
to a higher extent in Chol-depleted cells as compared to non-depleted cells.
Mechanisms involve the alteration of PM packing, the dephosphorylation of Akt and
the activation of the intrinsic pathway of apoptosis (loss of mitochondrial membrane
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potential, caspase-9 and -3 activation). All these features are induced faster in Chol-
depleted cells. In contrast to Chol removal, SM depletion confers resistance towards
Rh2-induced apoptosis.

In conclusion, our work challenges the usual view that most saponins mediate
their membrane-related effects and cytotoxic activity through an interaction with Chol.
Here the action of Rh2 is enhanced by the interaction with membrane SM but
depressed by Chol.

2. Limitations of the work and alternatives

2.1 Model membranes

As biological membranes are very complex systems (section 1.3.6), this makes
the importance of SM and Chol for Rh2-membrane interaction very difficult to
investigate. For those reasons, we first started our experiments using artificial
membrane models, as simplified systems in which physical and chemical parameters
can be controlled. We used three different membrane models: lipid monolayers, LUVs
and GUVs. Each model has its own advantages, already mentioned in section 1.3.6.
However, it has to be kept in mind that these artificial model systems have some
limitations as they do not capture the whole complexity of biological membrane. First,
our experiments have been performed on symmetric LUVs and therefore do not take
into account the asymmetry found in PMs. Second, our model membranes possess a
limited lipid compositional complexity involving up three different lipid species, PC, SM
and Chol considered as the three main lipids of the outer leaflet of eukaryotic cell PMs.
We modified gradually the lipid composition from binary SM:PC (1:1) or PC:Chol (1:1)
to ternary system SM:PC:Chol (1:1:1). The latter exhibits liquid disordered and liquid
ordered phases. Although this system is commonly used in model raft studies (section
1.3.2.1), the lipid composition of PM between species and cell types within species can
show a high degree of diversity (see Table 2). Thus, such a composition limited to three
lipids contrasts with the heterogeneous nature of the biological membranes enclosing
more than thousand different lipids[306]. Third, it is challenging to reconstitute
membrane proteins in model membranes while these affect the membrane structure
and contribute to membrane properties and functions. Fourth, model membranes do
not possess cytoskeletal components which affect lipid and protein diffusion at the cell
surface and consequently the phase behavior of cell membranes[27]. Altogether, while
the simplification of the membrane system is essential for the study of specific
molecular interactions at the membrane level, it can also be an obstacle to understand

123



some membrane functions.

The first three limitations mentioned above (membrane asymmetry and
diversity of lipids and proteins) could be overcome by using (i) asymmetric vesicles and
(ii) giant PM vesicles (GPMVs), respectively. For instance, multiple promising
approaches have been developed to prepare asymmetric LUVs: enzymes that modify
outer leaflet lipid headgroups[307], oil-in-water techniques[308, 309] or external
addition of lipid carrier molecules like hydroxypropyl-a-cyclodextrin (HPaCD)-mediated
lipid exchange[310]. We describe below the first approach as it was demonstrated to
produce asymmetric LUVs closely resembling to mammalian PMs in terms of
asymmetry with SM and PC outside while PE and PS inside, and in which Chol content
can be readily varied between 0 and 50 mol%. This method consists of using a binary
donor-acceptor system to engineer an asymmetric population, as depicted in Fig.
1[311]. The heavy-acceptor (LUVs) is composed of lipids destined to be on the inner
leaflet, while the light-donor population (MLVs) provides the desired outer leaflet
composition. The exchange begins with the incubation of the acceptors and donors
alongside HPaCD which exchanges lipids. To separate LUVs from MLVs by
ultracentrifugation, the heavy-acceptor LUVs contain a dense sucrose solution while
the light-donor MLVs is hydrated in pure water or buffer. Sucrose inside LUVs could
affect bilayer properties and even if these vesicles contain the most essential features
of PM both in terms of lipid composition and asymmetry, this approach does not
capture the whole complexity of the cells. However, asymmetric LUVs are closer to cell
PM than symmetric LUVs used in this work.
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Fig 1. Schematic of asymmetric LUVs construction methods. (1) HPaCD is incubated with donor
lipid MLVs suspended in a buffer and composed of the desired outer leaflet lipid; (2) HPaCD
facilitates the exchange of the outer leaflet of the acceptor LUVs (entrapped with sucrose) with
donor lipid; (3) the asymmetric LUVs are recovered after ultracentrifugation through sucrose
cushion. Adapted from [311].

The overall lipid composition could be assessed by gas chromatography
coupled to mass spectrometry (GC-MS) or ultra-high-performance liquid
chromatography-MS (UHPLC-MS) which are sensitive to length and degree of
unsaturation or lipids with same acyl chains but different headgroups, respectively.
Besides approaches mentioned in section 1.3.3.3, the quantification of each leaflet’s
lipid composition could be determined by nuclear magnetic resonance (NMR) using the

lanthanide shift reagent (e.g. Pr3+) added externally and selectively interacting with
the outer leaflet lipids.

= |t could be relevant to determine whether the transversal asymmetry affects
Rh2 membrane activities (packing, fusion, permeability) and influence its interaction
with membrane lipids, especially SM and Chol. As a first step, via isothermal titration
calorimetry, we could incubate Rh2 with those asymmetric LUVs by varying SM and Chol
levels and measure thermodynamic parameters such as the binding affinity (section
1.3.6).
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=» Based on our results, we hypothesize that Rh2 induces cell apoptosis through
its interaction with the outer membrane leaflet mainly composed of SM, PC and Chol
lipids leading to the alteration of biophysical membrane properties such as membrane
packing. As proposed by the interleaflet lipid coupling mechanism (section 1.3.3.5), we
suggest that the Rh2-induced alteration of the outer leaflet could affect the physical
properties of the inner leaflet and prevent the binding of Akt or kinases such as PDK1 to
the PM which conducts to prevent Akt phosphorylation and promote the mitochondrial
apoptosis pathway. To test this hypothesis, we could begin to determine whether Rh2
could redistribute lipids from one leaflet to another in asymmetric LUVs resembling to
mammalian PMs using NMR and reagents like 2,4,6-trinitrobenzen sulfonic acid (TNBS)
(see section 1.3.3.3)[310].

Besides asymmetric LUVs, GPMVs can be easily isolated by chemical
vesiculants from almost any living cells and captures much of the compositional protein
and lipid complexity of intact cell PM providing an alternative to vesicles constructed
of synthetic or purified lipids[312]. Microscopically observed, GPMVs labeled with a
fluorescent protein or lipid analog appear uniform on the micron-scale when imaged
above the Tm, and separate into Lo and Ld phases (labelled with NBD-DPPE and
rhodamine-DOPE, respectively) with differing membrane compositions and physical
properties below this temperature[313]. The fluorescence spectroscopy of laurdan is
often used to quantify the relative membrane order in GPMVs. One of the most notable
uses of GPMVs is the assessing of lipid and protein partitioning between Lo and Ld
phases through fluorescent labelling. However, it is important to keep in mind that
several factors are still missing. The obvious notable limitations of GPMVs are the
covalent modifications induced by chemical vesiculants. The more common
preparation involves a combination of formaldehyde and dithiothreitol (DTT) which are
nonspecific cross-linkers and reducers, respectively or N-ethyl maleimide which
irreversibly reacts with terminal thiol (typically cysteine side chains)[314]. In addition,
they are no longer coupled to cytoskeleton and have some signatures of loss of
asymmetry[315]. Even with these important differences, GPMVs are membrane
models that much more closely reproduce intact cell PM than do GUVs made of purified
lipids.

= As we evaluated by the GPex of laurdan that Rh2 increases eSM packing and
Tm in LUVs, the use of GPMVs jsolated from the three human breast cell lines with
increasing malignant potential (MCF-10A, MCF-10AT, MCF-10CaCl1) will allow to
evaluate whether Rh2 could change GPex and Tm and to what extent depending on the
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cell line. This technology will also provide a first indication regarding Lo and Ld in GPMVs
and determine the potential effect of Rh2 on these vesicles. As one study showed the
disorganization of lipid raft and inactivation of Akt by Rh2 in human epidermoid A431
carcinoma cell line[204], we could imagine to transfect the three breast cell lines with a
plasmid expressing pEGFP-Akt (available in Addgene), prepare GPMyvs from these cells
and determine Akt localization in membrane phases and evaluate the impact of Rh2. To
visualize these effects, we could use fluorescence imaging microscopy with #250 nm
resolution or stimulated emission depletion (STED) for a higher resolution (+ 20-
40nm)[316] (see section 1.3.2.1.1). GPMV formation anyway requires fixation step.

2.2 Tools for studying the role of lipids in the effects induced by Rh2

The concordance of results obtained through biophysical and cellular
approaches dispel our concern regarding the use of SMase or MBCD to hydrolyze SM
and generate Cer or remove Chol from the PM, respectively. Beside the pro-apoptotic
activity of Cer (section 1.4.1.2) that we carefully evaluated and limited using a non-toxic
concentration of SMase, Cer has been reported to promote transmembrane lipid
motion, increase PM order and give rise to lateral phase separation[317]. Removal of
Chol has been reported to decrease membrane packing of Ld phase[43, 318]. Since
artificial membrane eSM:ePC LUVs are more sensitive to the Rh2 activity than ePC:Chol
or eSM:ePC:Chol, we suggest that these potential biophysical properties changes have
a minor impact regarding its preferential interaction for SM compared to Chol.

In addition, we confirmed that the faster and stronger effects induced by Rh2
in Chol-depleted cells compared to non-depleted cells are specific of the removal of
Chol from PM by MBCD and does not result from an unspecific mechanism due to the
pretreatment with MBCD. For instance, using the conventional anticancer drug
etoposide, well-known to induce apoptosis in cancer cells[319], we did not observe
significant difference between Chol-depleted and non-depleted cells (data not shown).
In addition, depletion of Chol reduces the apoptosis induced by a-hederin, a saponin
known to interact preferentially with Chol (section 3.2.1.6).

=» To confirm the importance of SM and Chol in the activity of Rh2, we could
prevent SL and Chol synthesis using fumonisin B1 and statins, respectively. Fumonisin
B1 inhibits sphingosine and Cer synthase while statins inhibit HMG-CoA reductase.
However, as a consequence, there is an accumulation of intermediates of SL and Chol
metabolism which could interfere with PM components and modify biophysical
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membrane properties[320]. This could potentially affect the activity of Rh2 and hinder
its interaction with specific lipids such as SM and Chol.

3. Questions raised by this work

Since model membranes used in the first part of this thesis do not fully reflect
the whole complexity of biological membranes, we also investigated the importance of
Chol and SM in the cytotoxic activity of Rh2 in A549, THP-1 and U937 cells. Both
biophysical and cellular approaches showed that the membrane-related effects and the
cytotoxic activity of Rh2 are enhanced by SM but depressed by Chol. Therefore, even if
artificial lipid bilayers are less complex than biological membranes, our data are
consistent with those obtained in A549, THP-1 and U937 cells. The cytotoxic activity of
Rh2 is inversely correlated with membrane Chol content in these cell lines differing by
their membrane Chol level (carcinomic human alveolar basal epithelial A549 cells,
human monocytic leukemia THP-1 and U937 cells; A549 > THP-1 > U937). However, this
correlation is not observed in human breast epithelial MCF-10A cell line series with
increasing malignancy potential. While malignant MCF-10CaCl1 cells has an equal
Chol/phospholipid but a lower SM/phospholipid ratio compared to non-malignant
MCF-10A cells, Rh2 seems to decrease the cell viability in higher extent in MCF-10CaCl1.
Those results suggest that the membrane-related effects of Rh2 cannot be restricted
to the global cell content in Chol and SM and several additional parameters should be
considered, including (i) the surface vs intracellular accumulation of Rh2 (section 3.1);
(ii) the intervention of other lipids than Chol and SM (section 3.2); (iii) the lipid packing
(section 3.3); (iv) the heterogeneity of Chol and SM organization at the PM through
lipid domains with differential lipid enrichment (section 3.4) and the role of Akt (section
3.5).

3.1 The main target for the action of Rh2?

The first hypothesis to explain the discrepancies between model membranes
and A549, THP-1 and U937 cancer cells on one hand and the three breast cancer cell
lines on the other hand is based on the possibility that the Rh2 main target is the PM
and that Chol and SM contents at the cell surface could strongly vary from on cell type
to another. For instance, while PM of myoblast contains 42mol% of Chol, PM of human
macrophages exhibit only 8mol% compared to the total lipid fraction. Therefore,
difference could be observed between the Chol abundance of PM and Chol content in
the whole cells (the latter was measured in this thesis). In other words, while a
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difference of 6-fold could be observed regarding Chol present in the PM of these cells,
the Chol amount of the whole cells could attenuate or mask this difference.

= To try to understand these discrepancies mentioned above, it will be
essential to evaluate the ratio of SM/phospholipid in A549, THP-1 and U937 cells by thin
layer chromatography and compare it to the ratio of the three breast cell lines. After
that, it will be necessary to perform lipidomic analysis of PM of the three breast cell
lines to evaluate a potential correlation between the levels of some lipids and the
degree of malignant progression. After that, we could assess whether Rh2 could have a
specific affinity for one of these lipids. In addition, the isolation of the PM from the
whole cells will be also useful to determine the localization of Rh2 in the cells.

Although a great variety of investigations on the biological activity of
ginsenoside Rh2 is described through the modulation of many pathways, PM is poorly
considered and little is known regarding the specific membrane lipid target of
ginsenoside Rh2. For instance, in silico IMPALA methods used in this work indicated
that Rh2 could not be able to cross the bilayer. In addition, the logP value (octanol-
water partition coefficient) of Rh2 is 3.8. This value indicates that Rh2 is highly lipophilic
which could suggest that Rh2 will be adsorbed or sequestered within the PM outer
leaflet and will not flip-flop or diffuse into the cytosol. In addition, only 5 and 30 min
were necessary to observe Rh2-induced membrane packing changes in cholesterol-
depleted cells and non-depleted cells, respectively, whereas apoptosis markers
induced by Rh2 (Akt inactivation, mitochondrial membrane depolarization and the
activation of caspase-9 and -3) manifested later (Fig. 2). These findings suggest that the
primary action of Rh2 involved first changes of biophysical membrane properties
leading then to dephosphorylation or cleavage of proteins. These effects take less time
than slower events like gene modulation and protein expression proposed by some
studies as the mechanism of action of Rh2[321, 322].
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Fig 2. Schematic of Rh2-induced apoptosis in non-depleted and cholesterol-depleted cells. Rh2
decreases the phosphorylation of Akt and induces the activation of the intrinsic pathway of
apoptosis through mitochondrial membrane depolarization and caspase-9 and -3 activations.
All these features appear earlier in cholesterol-depleted cells as compared to non-depleted
cells.

To reconcile these observations, we suggest that any change inflicted by Rh2 upon the
biophysical membrane properties (membrane packing, fusion, permeability and
budding) observed in model membrane could influence a range of membrane proteins
(i.e Akt) involved in a huge number of cell signaling pathways which could, for example,
modulate protein expression. In addition, as already mentioned, it is tempting to
speculate that Rh2 could affect membrane organization in the outer leaflet which
somehow influences the organization of the inner leaflet-associated proteins during
signal transduction as proposed by the interleaflet coupling mechanism (section
1.3.3.5).

= We could determine whether Rh2 is adsorbed or inserted within the PM from
compression isotherm assay obtained by measuring the change of surface pressure (1)
that occurs when reducing the area occupied by one lipid or a binary or ternary lipid
systems mixed with Rh2 (SM:PC vs PC:Chol vs SM:PC:Chol) spread at an air-buffer
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interface in a Langmuir trough. In addition, to evaluate the ability of Rh2 to penetrate
into a lipid monolayer, we could determine an exclusion surface pressure by plotting the
maximum surface pressure increase as a function of different initial surface pressures
of lipid monolayers after the injection of Rh2 into the buffer subphase. This parameter
corresponds to the initial surface pressure of the lipid monolayer above which no more
Rh2 can penetrate the lipid film and increase the surface pressure. In other words, this
parameter will give a hint regarding the membrane penetration power of the Rh2.

Even if these data seem to indicate that Rh2 is adsorbed or sequestered within
the PM, we cannot exclude the possibility that the drug could enter the cytoplasm by
facilitated diffusion via a transmembrane protein or by endocytosis and thereby affect
organelles such as mitochondria and endoplasmic reticulum (ER). Unfortunately, in this
thesis, quantification of Rh2 by HPLC MS/MS was realized in the whole cell without
distinguishing the PM from the cytoplasm or intracellular organelles, hiding its exact
cell localization.

Regarding the effects of Rh2 on mitochondria, we showed that Rh2 collapses
mitochondrial membrane potential causing the activation of caspase-dependent
apoptotic cell death. However, in this work, we do not know if Rh2 directly interacts
with mitochondrial membrane or inactive Bcl-2 family proteins such Bcl-2 and Bcl-XL
and promote the oligomerization of Bax and Bak required for mitochondrial
permeabilization during apoptosis (section 1.4.1.1). Interestingly, it has been reported
in human hepatoma SK-HEP-1 cells that Rh2 causes rapid and dramatic translocation of
both Bak and Bax within mitochondrial membrane, which subsequently triggers
mitochondrial cytochrome c release and consequent caspase activation[323]. These
results suggest an indirect effect of Rh2 on mitochondrial membrane. Mobilization of
ER calcium stores can initiate the activation of cytoplasmic death pathways through
caspase-12 as well as sensitize mitochondria to direct pro-apoptotic stimuli[324].
Unlike other caspases, caspase-12 is remarkably specific to insults that elicit ER stress
and is not proteolytically activated by other death stimuli.

=» To evaluate the impact of Rh2 on ER, we could assess the phosphorylation
of the eukaryotic translation initiation factor 2 (elF2) or the activation of the caspase-
12. We could also envision to inhibit two well-characterized types of Ca**-channels in
the ER, the inositol 1,4,5-triphosphate receptor (IPsR) and the Ryanodine receptor (RyR)
and evaluate the impact on the apoptosis after the treatment with Rh2.
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It is worth nothing that ER and mitochondria are mainly enriched in PC (40% -
50% of the total phospholipid) and exhibit only very low concentrations of Chol and SM
in comparison with the PM [9]. If we confirm a direct effect of Rh2 with the membrane
of these organelles, this could suggest that PC could also be involved in the activity of
Rh2 as proposed in the next section.

3.2 Influence of specific membrane lipids for the activity of Rh2?

Even if we did not elucidate the location of Rh2 yet, it is tempting to speculate,
based on similarity of Rh2 and Chol structures, that Rh2 could intercalate easier and
faster into the membrane in Chol-depleted cells or in low amount or absence of Chol
in artificial membranes by taking the place of Chol and/or interacting with SM. We
suggest that the depressed effect of Chol could be explained through its favorable
interaction with SM in lipid domains. Therefore, Chol could compete with Rh2, thereby
depressing Rh2:SM interaction and related effects. However, even if the PM of RBCs
contains a high level of Chol[15, 16], Rh2 is able to induce hemolysis[233], these results
suggest that other lipids could be involved in the activity of Rh2. One study suggests
that PC could be involved in the membrane activity of ginsenosides. For instance, the
ginsenoside Rc showed stronger agglutinability with ePC than SM from bovine brain
(major FA distribution: 18:0 (50%) and 24:1 (21%)). However, another ginsenoside
Ro exhibited no lytic activity in ePC whatever the presence or absence of Chol (see
section 3.2.2).

=» To evaluate the respective importance of specific lipids we could adopt a
step-by-step approach, by modifying gradually the lipid ratio. For example, going from
1:1:1 to 1:1:3 SM:PC:Chol will be useful to confirm or not the protective role of Chol for
the activity of Rh2.

= As we suggest that like Chol, Rh2 could interact more easily with SM than PC
through the formation of a hydrogen bond between the OH group of Chol and the NH
group of SM (Fig. 2), we could compare the adsorption of Rh2 into pSM (N-palmitoyl-D-
erythro-sphingosylphosphorylcholine) and POPC (1-palmitoyl-2-oleoyl-glycero-3-
phosphocholine) monolayers using a Langmuir trough. The comparison of these lipids
will give a hint regarding the importance of the amine group for the specificity of the
membrane-Rh2 interaction. As lipid specificity is a key factor for the detailed
understanding of the penetration and/or activity of lipid-interacting molecules, it is
essential to extent our study to evaluate the potential role of other lipids in the activity
of Rh2. In addition, we could also envision to perform small-angle X-ray scattering
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(SAXS) or attenuated total reflectance-infrared spectroscopy (ATR-FTIR) to provide
relevant information at the molecular level regarding the interaction of Rh2 with
specific lipid regions such as phospholipid phosphate groups or alkyl chains. Further
investigation in that way should improve development of membrane-active molecules
targeting specific lipid regions.

bond

SM“%. T8
POPC Chol Chol

Fig 2. POPC or SM-Chol interactions. (Left) When Chol interacts with POPC, its OH group is not
buried in the complex. (Right) However, when Chol interacts with SM, a hydrogen bond (H bond)
is formed between the OH group of Chol and the NH group of the sphingolipid. This H bond
orientates Chol with respect to SM. The OH group Chol is masked by the polar head of SM in a
typical “umbrella” effect[325].

3.3 Influence of membrane packing for the activity of Rh2?

Besides the polar headgroup, the variations in the fatty acyl chain length and
the degree of saturation could also influence the Rh2-membrane interaction.
Regarding the interaction of Rh2 with ePC (major distribution: DOPC (18:1, 30%) and
DPPC(16:0,30%)), we showed that the binding affinity between Rh2 and ePC was lower
than with DOPC vesicles. In addition, the ginsenoside Rc is more effective to induce
liposomal agglutinability toward PCs with short and/or unsaturated fatty acyl
chains[194]. As mentioned in section 1.3.1.2, these two parameters clearly influence
the membrane packing. Regarding the role of this property in the Rh2 activity, we
showed that eSM:ePC liposomes are more fluid than ePC:Chol and eSM:ePC:Chol
liposomes and are also the most sensitive to Rh2. However, even if ePC:Chol and
eSM:ePC:Chol liposomes are classified from the more fluid to the more rigid, ePC:Chol
vesicles are less susceptible to the action of Rh2 as compared to eSM:ePC:Chol vesicles.
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Altogether, we gave a hint regarding the key role of Chol and SM in the membrane
activity of Rh2 but a series of experiments have to be done to fully decipher whether
other parameters such as chain length or degree of saturation could influence the
membrane activity of Rh2.

= For this purpose, monolayers and LUVs composed of PC or SM with
increasing acyl chain length or degree of unsaturation could be incubated with Rh2 to
assess its adsorption and its binding affinity through Langmuir trough or ITC method,
respectively.

3.4 Role of membrane lateral heterogeneity for the activity of Rh2?

Two studies have reported the disorganization of lipid rafts by Rh2 leading to
apoptosis, via either the FAS oligomerization in Hela cells[221] or inactivation of Akt in
human epidermoid carcinoma A431 cells and in human breast cancer MBA-MB-231
cells[204]. In order to evaluate the influence of Rh2 on this Lo domain, we prepared
GUVs composed of eSM:ePC:Chol (1:1:1) exhibiting a lipid phase coexistence (Lo an Ld
labeling with NBD-DPPE and rhodamine-DOPE, respectively). Owing to its high
molecular packing and enrichment of sterol and saturated lipids, the Lo phase is
considered as the model for lipid rafts[40]. In this work, we showed that, over the
course of Rh2 treatment, positive membrane curvature occurred and Ld phases tended
to spontaneously reside in this curved region whereas Lo phases were preferentially
localized in flat region. However, Rh2 does not seem to affect Lo domain. How can we
explain this discrepancy between results obtained from artificial membranes and cell
lines? It has to keep in mind that artificial models have number of caveats and
limitations, which prevent direct translation of findings from model membranes to
biological ones. Moreover, it is worth noting that experiments performed in these two
studies such as detergent resistant membrane (DRM), MBCD treatment or staining
GM1 by cholera enterotoxin subunit B precursor (CtxB) to evaluate the Rh2-induced
disruption of lipid raft in cell lines are well-debated (section 1.3.2.1.1).

= We could evaluate the effect of Rh2 on the coexistence of ordered and
disordered domains in GMPVs (see above, section 2.1). In addition, it will be relevant to
assess the impact of Rh2 on the membrane lateral heterogeneity on supported lipid
bilayers composed of eSM:ePC:Chol (1:1:1) by using AFM, a powerful tool to observe
phase-separated domains on the micro and nanoscales, and to monitor membrane
remodeling and alteration upon interaction with molecules[16].
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The favorable interaction of Rh2 with eSM monolayer is reminiscent to the
specific binding to membrane SM of pore-forming proteins actinoporins (e.g. lysenin
from the earthworm Eisenia foetida) (section 1.3.5.2). Hence, binding of the toxins and
their permeabilization ability only occur in model systems exhibiting phase coexistence
(Lo and Ld)[326]. Regarding the Rh2 activity, we observed that whatever the presence
and the type of GUV phase boundaries, Rh2 induced alterations of GUV morphology
and membrane permeability. This could suggest that the lipid phase separation is not
a major actor for the Rh2 action.

3.5 Role of Akt for the cytotoxic activity of Rh2?

In this study, we showed that Rh2 induces a decrease of Akt phosphorylation
which could provoke the activation of caspase-9 and the intrinsic mitochondrial-
involved apoptotic pathway (section 1.4.1.3). Unfortunately, we do not know whether
Rh2 directly targets Akt or promotes its dephosphorylation through the activation of
PTEN or prevents the kinase activity of proteins involved the PI3K/Akt pathway such as
the receptor or PI3K located at the PM. As we suggest that the main target of Rh2 is
the PM, it is tempting to speculate that Rh2 could prevent the tyrosine kinase activity
of receptor or the insertion within the membrane of PI3K or Akt by changing the
membrane fluidity[327].

=» To confirm the importance of Akt for the Rh2-induced apoptosis, it will be
interesting to knock-down the Akt expression by transfecting Akt siRNA or using
CRISPR/Cas9 technology in U937 cells (characterized by a constitutive phosphorylation
of Akt[328]) and then evaluate the Rh2-induced apoptosis in these cells. In addition, to
establish a direct correlation between the Akt dephosphorylation and the intrinsic
apoptosis, it will be relevant to evaluate the phosphorylation state of Bad and caspase-
9, two proteins phosphorylated by active Akt to prevent the apoptosis (see section
1.4.1.3).

=» To study the role of PI3K in the Rh2-induced apoptosis, we could evaluate
the ratio of PIP2/PIP3 after Rh2 treatment. In a more global approach, we could use
phosphoproteomics to identify upstream targets of Rh2.

In agreement with the literature [323, 329], we observed the activation of the
caspase-8 using a colorimetric assay after the treatment with Rh2, which was
confirmed by the attenuation of the apoptosis using a specific inhibitor of this caspase
(Z-IETD-FMK, data not shown). These results clearly indicate that PI3K/Akt pathway is
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not the only target leading to the cytotoxic activity of Rh2 and that the death receptor
pathway is also involved (section 1.4.1.1), suggesting that Rh2 employs a multi pro-
apoptotic pathway to execute cell death. This pathway could also be activated by the
effects of Rh2 on the biophysical PM properties.

= As a first step, we could use confocal microscopy and ZB4 anti-Fas
antibody to analyze the effects of Rh2 on Fas receptor expression at the PM. Exposure
of cells to recombinant sFas-L, which induces the clustering of Fas receptor at the
membrane, will be used as a positive control. In addition, to test the possibility that Rh2
could also induce the recruitment of the adaptor protein FADD to Fas receptor, co-
immunoprecipitation studies will be performed.

3.6 How the results observed with Rh2 can be extended to other saponins?
Focus on digitonin

Even if ginsenoside Rh2 is considered as a saponin like digitonin, it seems to
interact differently with the lipid bilayer. In this section, we would like to highlight some
similarities and differences regarding their effects and structures without pretending
to provide a structure-activity relationship. Although both saponins increased vesicle
size and induced membrane permeability, digitonin effects were only observed in the
presence of Chol while this latter slowed down these effects of Rh2. In contrast to Rh2,
digitonin decreased the membrane packing which could be explained by the removal
of Chol from the membrane core through the formation of Chol-digitonin complexes
on the membrane surface as proposed by Frenkel et al[188]. This study suggests that
the sterical hindrance between saccharide residues in digitonin-sterol aglycone
aggregates may induce changes in the curvature of the membrane composed of 1-
stearoyl-2-oleoyl-sn-glycero-3-phosphocholine  (SOPC)-Chol(4:1)[188]. We also
observed that Rh2-membrane interaction lead to the formation of membrane
curvature but we suspect that it is the consequence of the reduction of the line tension
due to the increased membrane rigidity[330]. Structures of Rh2 and digitonin exhibit
many difference such as the aglycon skeleton (dammarane vs spirostan) or the number
and type of sugar groups in C-3 (1 sugar: glucose vs 5 sugars: 2 galactoses, 2 glucoses,
xylose) (Fig. 3). Lorent et al. has proposed that an increase in the sugar length of
saponin could favor the interaction with Chol in membranes[185]. This might be due to
an “umbrella” effect. The glycoside residues of saponin would shield the non-polar
parts of Chol from water and thereby promote interaction between both molecules. In
this line with this, successive removal of sugar residues from digitonin decreases the
hemolytic activity[187]. Although it could be a criterion to discriminate Chol-dependent
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and —independent saponin, clear evidences suggest other discriminating factors such
as the importance of the aglycon skeleton. While chikusetsusaponin Ill has 3 sugars
(xylose, 2 glucoses) attached in C-3 on its dammarane skeleton, its activity was
somewhat higher for Chol-free liposomes. This work highlights the need to distinguish
different activities of molecules classified as saponins.

=>» Further investigations should be performed to discriminate Chol-dependent
and —independent saponins. This will allow to establish a clear structure-relationship
activity leading to the discovery or development of molecules which could interact only
with Chol or SM.

Ginsenoside Rh2 Digitonin
Fig 3. Structure of ginsenoside Rh2 and digitonin. Glc: glucose, gal: galactose, xyl: xylose.

3.7 Interaction of drugs with lipid membranes: new chemotherapeutic
approach?

Evidences show that, during malignant transformation, cells suffer from
alterations in their biophysical properties and membrane lipid profile. Accordingly, our
preliminary data by AFM showed MCF-10AT and CaCl1 exhibit a softer membrane as
compared to non-cancer cells. In addition, lower SM-to-PL ratio was measured in
malignant MCF-10CaCl1 compared to “normal” MCF-10A and pre-malignant MCF-10AT
cells. Although most cancer therapeutics are traditionally designed to interact with
proteins and nucleic acids, membrane-lipid therapy has been proposed during the past
few years and represents an important field of research to target alterations of
biophysical membrane properties, lipid compositions and associated functionality in
cancer cells[331, 332]. The effects of a large number of drugs on PM have been shown
to affect PM characteristics with implication in their cytotoxic effects[294]. Escape of
apoptotic signaling is a critical strategy commonly used for cancer tumorigenesis. Direct
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activation of the cancer cell apoptotic machinery could thus constitute an appealing
approach. The conventional drug cisplatin causes an increase in the Tm of model
membranes composed of negatively charged PLs and, as a result, a decrease in
membrane fluidity[333]. Alterations in membrane fluidity can profoundly alter
functional properties of the cell and induce apoptotic pathways that can result in cell
death[334]. In fact, studies using several cancer cell lines demonstrated that cisplatin
triggers ligand-independent Fas apoptotic pathways in various cancer cells. Moreover,
the membrane insertion of synthetic fatty acid 2-hydroxyoleic acid (20HOA, Minerval)
increased the packing of ordered domains and has proven to be efficacious against
cancer without inducing the adverse side-effects. Studies revealed that 20HOA can
regulate SM synthase and recover the SM levels that are reported to be reduced in
glioma cells. This molecule is currently being tested in clinical trials and it is expected
to enter the market around 2020[159]. In this work, we reported that Rh2 increases
the membrane packing before to induce apoptosis A549, THP-1 and U937 cancer cell
lines. It is tempting to speculate that this effect could be useful to reduce cell migration
and invasion by increasing the lower stiffness of the MCF-10AT and MCF-10CacCl1 than
MCF-10A cells measured by AFM.

= We are far from using this ginsenoside in membrane lipid therapy for the
reasons explained in the next section. Before that, we should first continue to determine
lipid organization at the outer PM leaflet using multiple probes for a same lipid (SM, PC,
GM1, Chol). As we have set up the labelling of PIP2 and PS at the inner PM leaflet, we
will also try to establish a potential relation between inner and outer leaflet lipids using
labeling fluorescent toxins and fluorescent protein markers. In parallel, we will examine
whether those lipids contribute to cell migration and invasion by testing if they could
exhibit a gradient from the trailing to the leading edge upon migration by real time
imaging. Then we will evaluate whether ginsenoside Rh2 could affect cell migration and
invasion of the three breast cell lines using IBIDI and Transwell chambers and could
target specific lipids or lipid regions.

Owing to the progressive understanding of membrane lipid composition and
membrane biophysical properties in healthy and cancer cells, the interplay between
anticancer drugs and the cell membrane represents an important field of research and
the development of new chemotherapeutic agents should take into account the role of
the membrane in their activity.
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4. Clinical studies and limitations of chemotherapeutic use of Rh2

Panax ginseng is an herbal medicine used for a long time worldwide for a wide
range of indications. Ginsenosides are the major active ingredients and seem to be the
responsible for the anticancer activities. Studies have reported that Rh2 administered
at a dose 120 mg/kg exhibit a peak plasma concentration of 19 pg/ml in mice bearing
tumors established following subcutaneous injection of PC-3 human prostate cancer
cells. This dose induces a significant delay in PC-3 tumor growth, an increase in
apoptotic index, and a decrease in tumor cell proliferation without measurable toxicity.
Regarding the biodistribution, Rh2 levels appear to be highest in the small intestines
and in the liver of mice. This was also observed in rats[335]. Interestingly, 0,08% and
0,3% of the administered dose were found in the prostate and in the PC-3 tumor tissue
respectively, suggesting a certain tumor selectivity[336]. In addition, Nakata et al.
demonstrated that a daily oral administration of Rh2 (1.6 mg/kg, every day for 90 days
from the day of tumor inoculation) in nude mice bearing HRA human ovarian cancer
xenograft has a dose-dependent inhibitory effect on the tumor growth resulting in a
significant increase of the survival[289]. Though ginsenoside Rh2 shows a clear
anticancer activity in xenograft tumor models, it is imperative to observe their effects
in human subjects. Many clinical studies have revealed beneficial effects of ginseng in
patients with different types and stages of cancers. For more detail regarding these
studies please refer to [281, 337]. However, it is difficult to actually attribute the
anticancer properties of ginseng specifically to ginsenosides as ginseng possesses other
constituents such as polysaccharides and phenolic compounds[338].

= Active studies demonstrating the therapeutic effects of single ginsenoside
Rh2 are in high demand to provide a rationale for the development of Rh2 as a novel
chemotherapy. Further evaluations will also be needed to determine why ginsenosides
have selective toxicity towards tumor cells and how this selectivity is achieved[337].

The absence of clinical trial regarding the anticancer activity of ginsenoside Rh2
could be explained by four caveats: (i) hemolysis, (ii) poor absorption and potential
degradation, (iii) undesirable interactions, and (iv) limited quantity.

(i) Treatment with Rh2 has been shown to swell and rupture erythrocytes
causing a release of hemoglobin. Rh2 can only be used pharmacologically
if they don’t induce important hemolysis or if they do not pass into the
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(ii)

blood stream[233].

Rh2 has low oral bioavailability and shows difficult absorption due to three
impact factors: (1) low solubility; (2) low membrane permeability; (3) pre-
systemic elimination. For example, the bioavailability of Rh2 is about 5% in
rats and 16% in dogs[335].

= Using drug delivery systems such as liposomes to integrate Rh2 could

provide a tool to increase the therapeutic index of the molecules by reducing hemolysis
and potential degradation and increasing absorption therefore improving its anti-
cancer activities (see section 6).

(iii)

(iv)

The cytotoxic effect of Rh2 is reduced in presence of serum components.
Ginsenoside Rh2 induces faster apoptosis on cells incubated in medium
with delipidated foetal calf serum (FCS) vs those incubated in FCS. This
effect is amplified in serum-free medium (data not shown). Moreover, it
has been reported that serum impairs the activity of Rh2 due to its
interaction with human or bovine serum albumin, main proteins of blood
produced in the liver[339]. In addition, it has been reported that after oral
dosing in rats, the circulating fraction of Rh2 bound to plasma proteins is
around 70%[335].

While the ginseng root contains only 2-3% ginsenosides, ginsenoside Rh2
accounts for less than 0.01% of dried Panax ginseng roots which cannot
satisfy the scientific researches and the clinical requirements. Therefore,
synthetic biology strategy to artificially produce ginsenoside Rh2 is
expected. To overcome this limitation, a researcher group recently built an
high efficient ginsenoside Rh2 biosynthetic in Saccharomyces cerevisiae
cell factory[340].

Ginsenosides Rh2 integrated in drug delivery systems could be a promising

candidate for cancer treatments, particularly if it can be more bioavailable, efficacious,
safe, and affordable. Combination therapy of Rh2 with conventional chemotherapeutic
drugs has been proposed to be more effective (section 3.4.5.1.4). However, these
therapies warrant further investigation using additional animal studies and large cohort
clinical trials.
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5. How Rh2 by interacting with membrane could act as a potential
anti-cancer drug?

Beside membrane-related anticancer effects of ginsenosides already
mentioned in section 3.4.5, we would like to propose the alternative hypothesis that
Rh2 could preferentially alter SM-enriched domains and thereby cancer cell
proliferation and squeezing. This hypothesis is based on the following literature data
regarding the importance of SM-enriched domains in cell division and squeezing.
Firstly, SM-enriched domains in the outer leaflet are required for the localization of
PIP2 to the cleavage furrow, which is a prerequisite for the proper translocation of
small GTPase Rho and the progression of cytokinesis, the final stage of cell
division[341]. Interestingly, the depletion of SM from the PM inhibits the completion
of cytokinesis. Secondly, an increase of SM-enriched domain abundance occurs during
the Ca”" efflux upon red blood cell shape restoration after stretching[67, 68]. As highly
deformable metastatic cells need to restore their shape after squeezing through tight
space, it is tempting to speculate that Rh2, through its interaction with SM, could
prevent this shape restoration thereby precluding new cell deformations.

=» To confirm or reject these hypothetic mechanisms, it is first essential to
continue to characterize membrane lipid composition and organization in breast cancer
cell lines with increasing malignancy potential (see results, part 3). Then, it would be
appealing to investigate whether and how lipid domains could also be involved in the
(re)shaping processes of these cells. Interestingly, our preliminary data showed a higher
segregation between SM and GM1 at the PM of cancer cells as compared to their
counterpart. After the PM characterization, next step will be to evaluate the effects of
Rh2 on these lipid-enriched regions and its impact on tumor proliferation and migration.

As we showed that Rh2 interacts more favorably with SM in comparison with
Chol, this suggests that PM of cells enriched with SM but not in Chol could be the first
target for the induction of apoptosis by Rh2. Certain healthy tissues such as brain,
peripheral nervous tissue and ocular lenses having a higher SM contents could
therefore also be affected by Rh2 treatment limiting its therapeutic use[342]. However,
the biodistribution of Rh2 following oral administration to nude mice (120 mg/kg) in
PC-3 human xenograft model indicates that Rh2 is not quantifiable in the brain. This
was also confirmed in rats[335].

Beside its potential influence on SM-enriched domains, Rh2 could reduce
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cancer cell migration and invasion by increasing the membrane packing. Indeed, AFM
data clearly showed that pre-metastatic and metastatic breast cancer cell lines (MCF-
10AT and MCF-10CaCl1) exhibit a softer membrane as compared to non-cancer cells.
This intrinsic membrane property seems to facilitate migration out of the primary
tumor into circulation[305].

6. Specific membrane lipid interaction of Rh2 as a magic bullet?

Although conventional chemotherapeutic drugs provide benefits up to certain
extent for treatment and management of cancers, most of them have poor
pharmacokinetics profiles and are distributed non-specifically in the body leading to
systemic toxicity associated with serious side effects. In this context, the tumor
targeting of liposomal formulation-based therapeutics has emerged as one approach
to protect drug from environmental factors, provide effective drug delivery and
overcome the lack of specificity of conventional chemotherapeutic agents[343]. This
concept was inspired by Paul Ehrlich which coined the term “magic bullet” to describe
a highly selective substance to precisely target other toxic substances or organisms that
caused disease and to neutralize their effects[344]. Liposome technologies offer unique
characteristics in an attempt to optimize specific drug delivery to tumor cells[345].
Liposomes can be covered with polymers such as polyethylene glycol to exhibit
prolonged half-life in blood circulation. To enhance target specificity, the surface of
liposomes can be conjugated to ligands such as antibody which bind to appropriate
receptors overexpressed by tumor cells and not expressed by normal cells. Recently,
temperature-sensitive liposomes have been investigated to enhance the release of the
loaded drug at Tm (between 40-45°C)[346]. Lipid components mainly DPPC and
myristoylstearoyl PC present in the liposome undergo a gel to liquid transition above
the Tm, making it more permeable, and thus releasing the drug. Local tissue
temperature is generally elevated by radiofrequency ablation or microwave
hyperthermia or high-intensity focused ultrasound. For instance, ThermoDox® is being
tested in phase lll clinical trial and uses temperature-triggered liposomal technology to
encapsulate doxorubicin for the treatment of various solid tumors[347]. Recently, it
has been observed that the lipid membrane composition of liposomes could itself
influence the specific delivery of drugs to cancer cells. For instance, the high
dependency of cancer cells on saturated FA can be exploited to increase tumor-drug
delivery, as loading drugs in liposomes enriched in saturated PC has been shown to
reduce the metastatic spread of pancreatic cancer in vivo[348]. Development of
multifunctional liposomes should be pursued to combine different technologies

142



(polyethylene glycol, temperature-responsive, ligand, lipids, Rh2?) to enhance the
delivery of chemotherapeutic drugs to the tumor sites.

= Whether we clearly identify one specific lipid or lipid region contributing to
the preferential interaction of Rh2 with cancer cells compared to their counterpart, we
could envision to design anticancer drug loaded-liposomes combining the above
technologies with Rh2 in their membrane. Besides enhancing the specific targeting, Rh2
could serve as fusogenic and permeabilizing molecule to promote the release of the
loaded drug. First, we have to evaluate in vitro the anticancer activity of Rh2 alone or
incorporated in these liposomal membranes loaded or not with anticancer drugs in
MCF-10AT and MCF-10CaCl1 as compared to MCF-10A. For that purpose, we could
assess its effects on cell proliferation (using bromo-deoxyuridine (BrdU)), apoptosis
(using DAPI staining), P-gp efflux pump (using rhodamine 123 efflux assay), lipid
organization (lipid labelling, see above), cell migration (using Ibidi chamber) and
invasion (using Transwell chamber). If results are promising, we could envision to
investigate its activity on tumor xenograft bearing mice. For that purpose, each cell line
will be injected subcutaneously in immunodeficient mice and we could evaluate tumor
growth, ex vivo apoptosis (using caspase-3 staining), proliferation (using Ki67 staining
(ex vivo) and 18F-FLT positron emission tomography (in vivo))[349, 350].

7. Conclusion

Our work evidenced the importance of membrane lipid nature for molecule
activity. For instance, SM promotes and accelerates the activity of the steroid saponin
ginsenoside Rh2 whereas Chol slows down and depresses it. From a more global point-
of-view, the favorable interaction of a molecule with a membrane lipid could provide a
powerful tool to (i) evidence this lipid or (ii) target the latter in a pathophysiological
context such as tumor growth and metastasis. First, as extensively studied, pore-
forming toxins represent a unique class of highly specific lipid-binding proteins. Non-
toxic (NT) pore-forming toxin derivatives are commonly used to visualize lipids in live
cells and reveal the presence of specific lipid domains in the cell membrane. Since these
probes have a larger size than the targeted lipid (15-fold larger surface projection than
endogenous lipids) predicting steric hindrance[58, 59], the use of smaller molecules to
visualize membrane lipid represents an undeniable advantage. Second, specific lipid-
binding molecules could be a bullet fired to target membrane lipid alteration in cancer
cells as revealed by lipidomic analysis in comparison to their counterpart. These
changes modify the biophysical membrane properties of tumors such as membrane
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lateral organization or fluidity potentially facilitating their invasion into neighboring
tissues. At the end of this work, one question remains: could ginsenoside Rh2 be used
a bullet to tackle this disease?
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ABSTRACT

Article history: Gentamicin, an aminoglycoside used to treat severe bacterial infections, may cause acute renal failure. In the renal
Received 19 April 2016 cell line LLC-PK1, gentamicin accumulates in lysosomes, induces alterations of their permeability, and triggers the
Revised 20 August 2016 mitochondrial pathway of apoptosis via activation of caspase-9 and -3 and changes in Bcl-2 family proteins. Early
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ROS production in lysosomes has been associated with gentamicin induced lysosomal membrane perme-
abilization. In order to better understand the multiple interconnected pathways of gentamicin-induced apoptosis
and ensuing renal cell toxicity, we investigated the effect of gentamicin on p53 and p21 levels. We also studied

ﬁg’iwn?);;wsides the potential effect of gentamicin on proteasome by measuring the chymotrypsin-, trypsin- and caspase-like ac-
Gentamicin tivities, and on endoplasmic reticulum by determining phopho-elF2a, caspase-12 activation and GRP78 and 94.
Apoptosis We observed an increase in p53 levels, which was dependent on ROS production. Accumnulation of p53 resulted in
p53 accumulation of p21 and of phospho-elF2c:. These effects could be related to an impairment of proteasome as we
Proteasome

Endoplasmic reticulum

demonstrated an inhibition of trypsin-and caspase-like activities. Moderate endoplasmic reticulum stress could
also participate to cellular toxicity induced by gentamicin, with activation of caspase-12 without change in GRP74
and GRP98. All together, these data provide new mechanistic insights into the apoptosis induced by aminoglyco-
side antibiotics on renal cell lines.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Gentamicin is a commonly used aminoglycoside antibiotic for the
treatment of serious and life-threatening infections caused by Gram-
negative aerobes. Although displaying desirable properties such as
rapid and high bactericidal activity, low cost and controlled levels of re-
sistance, nephrotoxicity induced by aminoglycosides remain a serious
limiting factor in their daily use. The mechanisms of aminoglycoside-
induced nephrotoxicity have been extensively studied for many
years (Mingeot-Leclercq and Tulkens, 1999; Quiros et al., 2011;
Lopez-Novoa et al, 2011), but remain incompletely deciphered.
Unraveling these mechanisms at the cellular level might open new ave-
nues for decreasing their toxicity.

The observation that aminoglycosides induce apoptosis in vivo at
therapeutically-relevant doses (El Mouedden et al., 2000a) was an im-
portant step in our appreciation of the importance of the early stages
in cell dysfunction leading to nephrotoxicity. Apoptosis, detected in
proximal tubules of rats treated with low therapeutic doses of gentami-
cin, can be reproduced in the porcine proximal tubular cell line LLC-PK1
(El Mouedden et al., 2000b), where gentamicin accumulates in

http://dx.doi.org/10.1016/j.taap.2016.08.020
0041-008X/© 2016 Elsevier Inc. All rights reserved.
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lysosomes following adsorptive and/or receptor-mediated endocytosis
(Sastrasinh et al., 1982; Moestrup et al., 1995). Within these subcellular
organites, vital confocal imaging revealed that gentamicin induces ROS
production (Denamur et al., 2011). ROS production appears prior to,
and at lower drug concentrations than what is required for lysosomal
permeabilization, which is observed only 6 h after incubation of cells
with gentamicin (Servais et al., 2006; Servais et al., 2005). ROS antioxi-
dants or scavengers, such as catalase or N-acetylcysteine, largely pre-
vent these events (Denamur et al., 2011). Deferoxamine, an iron
chelator, which is endocytosed and accumulates in lysosomes, also
largely reduces gentamicin-induced ROS production as well as apopto-
sis (Denamur et al., 2011). After lysosomal membrane permeabilisation,
the intrinsic pathway of apoptosis is then activated with disruption of
mitochondrial membrane potential, release of cytochrome c and activa-
tion of caspase-3 (Servais et al., 2005). Bcl-2 and Bax are involved in this
process since Bcl-2 overexpression (through transfection) prevents ap-
optosis-induced by gentamicin (El Mouedden et al., 2000b) and signifi-
cant increases of the cellular levels of Bax and ubiquinitated Bax
(without changes in Bax mRNA) (Servais et al., 2005; Servais et al.,
2006) were observed.
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The link between lysosomal membrane permeabilization and activa-
tion of the mitochondrial intrinsic apoptotic pathway has been the ob-
ject of much attention. In the past few years, lysosomes have been
identified as important actors of cell death induction (see (Kirkegaard
and Jaattela, 2009; Villamil Giraldo et al., 2014) for review), mainly via
the release of lysosomal proteases such as cathepsins. Beside a potential
role of the release of proteases, gentamicin-induced apoptosis probably
involves other ways of interaction between lysosomes and mitochondria.
Indeed, electroporation of cells in the presence of very low concentrations
of gentamicin (allowing the drug to directly reach the cytoplasm and
avoiding the need of lysosomal membrane permeabilization) induces a
marked increase of Bax and ubiquinitated Bax as well as apoptosis
(Servais et al.,, 2006). This suggests that gentamicin, released from lyso-
somes to cytosol after lysosomal membrane permeabilization or moving
by retrograde trafficking through the Golgi apparatus and the endoplas-
mic reticulum (Sandoval and Molitoris, 2004), could play an important
role in the apoptotic process. Direct interactions of gentamicin with mito-
chondria has been hypothesized (Mather and Rottenberg, 2001), but
other organelles as proteasome or endoplasmic reticulum could also
play a critical role, as suggested in a variety of models ranging from in
vitro to in vivo experiments (Servais et al., 2006; Peyrou and Cribb,
2007; Peyrou et al., 2007; Horibe et al., 2004).

A possible inhibition of the ubiquitin-proteasome pathway by genta-
micin has been suggested based on our previous results. We indeed ob-
served an increase of the cytosolic protein Bax together with its
ubiquitinated form, upon incubation of cells with gentamicin while com-
petitive RT-PCR failed to reveal significant changes in the cell content of
Bax mRNA (Servais et al., 2006). Moreover, since H,0, has been linked
to 26S proteasome disassembly (Wang et al., 2010), gentamicin-induced
ROS production (Denamur et al, 2011) could modulate proteasome activ-
ities. Such effect could trigger alterations of endoplasmic reticulum since
proteasome is involved in part of the endoplasmic reticulum-associated
machinery for protein degradation that removes unfolded and misfolded
proteins from endoplasmic reticulum (Oyadomari et al., 2006). In turn,
this could induce elF2cc phosphorylation as a cellular stress response
against proteasome inhibition (Jiang and Wek, 2005; Baird and Wek,
2012) and accumulation of p53, a transcription factor often involved in
apoptosis induced by nephrotoxicants (Molitoris et al,, 2009) and normal-
ly kept at low concentration by the proteasome (Zhang et al., 2011; Pant
and Lozano, 2014). An increase of p53 levels induces expression of its
downstream genes involved in diverse cellular stress responses including
cell cycle arrest via the cell cycle inhibitor p21 (An et al, 2000), DNA dam-
age response (Meek, 2015) or apoptosis (Dashzeveg and Yoshida, 2015;
Meek, 2015). Another critical actor for cell cycle arrest, and apoptosis
are the ceramides which may interplay (Sawada et al, 2001; Kimet al,,
2002; El Assaad et al., 2003) or not (Yang and Duerksen-Hughes, 2001;
Kim et al,, 2000) with p53.

Our study was designed to further decipher the cellular and molecular
mechanisms involved in gentamicin-induced apoptosis. We first consid-
ered a possible role of p53 as well as sphingomyelinase pathway in apo-
ptosis induced by gentamicin. The importance of ROS for changes in
P53 was investigated. Second, we studied the inhibition of proteasome
activity induced by gentamicin by following the chymotrypsin-, trypsin-
and caspase-like activities of proteasome. Then, we investigated the po-
tential effect of gentamicin on endoplasmic reticulum by looking for
phosphorylation of elF2q, caspase-12 activation and up-regulation of
the chaperones GRP78 and GRP94. Collectively, all these results have
been integrated for giving new insights about the molecular and cellular
mechanisms involved in aminoglycoside antibiotics induced apoptosis.

2. Material and methods
2.1. Materials

Dulbecco's Modified Eagle's Medium (DMEM) and trypsin-EDTA
were purchased from Life Technologies, Paisley, UK. Gentamicin sulfate
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(Gentalline®) was from Schering-Plough (Merck, Whitehouse Station,
NJ, USA). Proteasome substrates Suc-LLVY-amc, Ac-RLR-amc and Ac-
nLPnLD-amc were purchased from Bachem (Bachem AG, Bubendorf,
Switzerland). Tunicamycin, cisplatin, epoxomicin, nocodazole, ribonu-
clease A, propidium iodide, N-acetylcystein and glucosamine hydro-
chloride were from Sigma Aldrich (St-Louis, MO, USA). 4’, 6/~
diamidine-2’-phenylindole (DAPI) was from Roche (Basel,
Switzerland).

22. Cells and treatments

All experiments were performed with LLC-PK1 (Lilly Laboratories
Culture-Pig Kidney Type 1) cells obtained from American Tissue Culture
Collection (LGC Promochem, Teddington, UK) as ATCC CL-101. Cultures
were grown in Dubelcco's Modified Eagle's medium (DMEM) supple-
mented with 10% fetal calf serum in an atmosphere of 95% air - 5%
CO,. Cells were subcultured twice a week and used when reaching ap-
proximately 80% of confluence. All solutions for incubation were adjust-
ed to pH 7.4 prior being added to the culture medium or to lysis buffers.

2.3. Short interference RNA and transfection

p53 protein expression was knocked down using p53 siRNA (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA). Transient transfections were
performed when the cells had reached 60% confluence in a 6 well-
plate using Lipofectamine® RNAIMAX Reagent (Invitrogen; Carlsbad,
CA, USA) in accordance with the manufacturer's protocol. Briefly, cells
were first washed with phosphate-buffered saline (PBS) and cultured
with fresh Opti-MEM Medium (Invitrogen, Carlsbad, CA, USA). A mix
of transfection reagent and 60 pmol of p53 siRNA was then added to
the wells. Mock groups were treated with the transfection reagent
only. Twenty four hours after transfection, cells were treated, or not,
with gentamicin 3 mM for 24 h. To assess gene silencing, p53 protein
levels were evaluated by Western Blot and cell apoptosis was assessed
by DAPI labeling.

2.4. Westem blot analysis

p21 and p27, phosphorylated elF2c, ER chaperones GRP78 and 94,
and caspase-12 were analyzed by western blot analysis. After incuba-
tion for 24 h with gentamicin, tunicamycin (as positive control of
elF2c phosphorylation and ER stress (Peyrou and Cribb, 2007)), cisplat-
in (as positive control of caspase 12 activation and p21 overexpression
(Liu and Baliga, 2005)) or epoxomicin (as positive control of inhibition
of chymotrypsin- and caspase-like activities of proteasome (Giguere
and Schnellmann, 2008), supernatant was kept. Cells were washed
with PBS and therafter detached by trypsinization, pelleted by centrifu-
gation at 290g for 7 min and washed two times with gentle resuspen-
sion and repelleting in ice-cold PBS. Cells were then resuspended in
RIPA buffer (Tris-HCI 25 mM, pH 7.6; NaCl 150 mM, NP-40 1%; SDS
0.1%; sodium deoxycholate 1%) supplemented with protease and phos-
phatase inhibitor cocktail, lysed by sonication, and centrifuged for
15 min at 14,000 g and 4 °C. The protein content of cellular lysates
was assessed using the bicinchoninic acid (BCA) method (Pierce, Rock-
ford, IL). Western blots were performed using the NuPAGE electropho-
resis system (Invitrogen, Paisley, UK). Appropriate quantities of proteins
were mixed to 4x NuPAGE LDS sample buffer and 10x NuPAGE reduc-
ing agent, then heated at 70 °C for 10 min. Samples were loaded on ac-
rylamide gels (NuPAGE 1% Bis-Tris Gel, Invitrogen). After migration,
proteins were electro-transferred on a PVDF membrane (0.45 pM,
Pierce), which was blocked by a 1 h incubation with bovine serum albu-
min (BSA) 5% in Tris-buffered saline (TBS; 20 mM Tris-HCl, 500 mM
Na(l pH 7.5). Membranes were then incubated for 2 h at room temper-
ature with the primary antibodies anti-ubiquitin (sc-47,721, Santa Cruz
Biotechnologies, Santa Cruz), anti-p21 (sc-397, Santa Cruz Biotechnol-
ogies), anti-GRP78 (76-E6) (sc-13,539, Santa Cruz Biotechnologies),



26 S. Denamur et al. / Toxicology and Applied Pharmacology 309 (2016) 24-36

anti-GRP94 (SPA-850F, Stressgen, Enzo Life Sciences, Farmingdale, NY,
USA) and anti-caspase-12 (2202, Cell Signaling Technology) or over-
night at 4 °C with anti-elF2a (2103, Cell Signaling Technology) or
anti-phosphorylated elF2a antibodies (3597, Cell Signaling Technology,
Danvers, MA, USA), to detect ubiquitin, p21, GRP78, GRP94, caspase-12,
and eiF2a and its phosphorylated form, respectively. Then, membranes
were exposed to appropriate horseradish peroxidase-coupled second-
ary antibodies for 1 h. Blots were revealed by chemiluminescence
(SuperSignal West Pico, Pierce). Membranes were then washed with
Restore Western Blot Stripping Buffer (Pierce) for 30 min, and anti-
actin polyclonal antibodies (sc-1616, Santa Cruz Biotechnologies)
were used as loading control.

Given the failure to detect p53 protein by this procedure, the proto-
col was adapted for p53 western blot as followed. Cells were resuspend-
ed in a lysis buffer (Tris-HCl 50 mM, pH 7.6; DTT 2 mM; EDTA 1 mM;
EGTA 1 mM,; B-glycerophosphate 1 mM; NaF 10 mM; NP-40 0.5%, glyc-
erol 20%; p-toluenesulfonyl fluoride 1 mM; benzamidin 5 mM; sodium
orthovanadate 1 mM, leupeptin 5 pg/ml; antipain 5 pg/ml), kept for
20 min on ice and centrifuged for 10 min at 18,000 g and 4 °C. The pro-
tein content of cellular lysates was assessed using the Bradford method
(Pierce, Rockford, IL). Before migration, samples were boiled (100 °C)
for 5 min in Laemmli buffer containing SDS 8%, Tris 125 mM (pH 6.8),
sucrose 40% (w/v), bromophenol blue 0.03% (w/v) and DTT 40 mM. Mi-
gration of proteins (50 pg) was made on 12% acrylamide gels at 200 V
for 1 h. Semi-dry transfer on PVDF membrane (1 h 15 min, 100 mA/
gel) was followed by blocking and marking steps as described above.
Anti-p53 (DO-1) antibody (sc-126, Santa Cruz Biotechnologies) was
used to detect p53. For investigating the potential role of ROS in p53 ex-
pression, cells were preincubated for 3 h with medium containing N-
acetylcysteine (1 mM) which is kept during incubation with
gentamicin.

2.5. Proteasome activity assay

Chymotrypsin-, trypsin-, and caspase-like activities of proteasome
were evaluated by generation of the fluorescent species amino-meth-
yl-coumarin (amc) from peptides substrates of each proteasome hydro-
Iytic activity (Kisselev and Goldberg, 2005). Chymotrypsin-like activity
was assessed with Suc-LLVY-amc, trypsin-like activity with Ac-RLR-
AMC and caspase-like activity with Ac-nLPnLD-amc.

Cells were scrapped in extraction buffer containing Tris-HCl 10 mM
pH 7.5, 1 mM EDTA, 2 mM ATP, 5 mM DTT, 20% (V/V) glycerol. Samples
were sonicated for 10 s and centrifuged for 15 min at 15,000 g and 4 °C.
Supernatants were collected and protein contents measured using the
Bradford's method. Assays were performed in polypropylene black 96-
well plates, to avoid proteasome adsorption. Adequate quantity of pro-
teins (25 pg for chymotrypsin-like, 10 pg for trypsin-like, and 100 pg for
caspase-like activity assay) were incubated for 1 h at 37 °Cin extraction
buffer containing the indicated concentrations of gentamicin or
epoxomicin (a proteasome inhibitor used as positive control (Giguere
and Schnellmann, 2008)). Fifty microliter of reaction buffer (Tris-HCl
50 mM pH 7.4, EDTA 0.5 mM) containing suitable substrate concentra-
tions (100 pM for Suc-LLVY-amc, 200 puM for Ac-RLR-amc and 100 pM
for Ac-nLPnLD-amc) were then added in the wells, and the fluorescence
was read immediately and after 4 h incubation at 37 °C with a
FluoroCount Microplate Fluorometer (Packard Instruments Company,
Downers Grove, IL, USA) with excitation wavelength set at 380 nm
and readings made at 460 nm. We checked that neither gentamicin
nor epoxomicin interfered with AMC fluorescence.

2.6. Counting of apoptotic cells

Apoptotic nuclear fragmentation, revealed by DNA staining with
4',6'-diamidine-2'-phenylindole (DAPI) (Servais et al.,, 2006), was iden-
tified by random counting of 500 cells per condition. Clusters of apopto-
tic bodies were given a single count. Data were expressed as the

percentage of apoptotic nuclei relative to total number of nuclei
counted.

2.7. Measurement of intracellular ceramide levels

The intracellular levels of ceramides after incubation of LLC-PK1
with gentamicin (1 and 2 mM) for 15 min up to 24 h were measured
as described previously (Fillet et al., 2003) using liquid chromatogra-
phy-electrospray ionization tandem-mass spectrometry (LC-ESI-MS/
MS). Ceramides were separated by liquid chromatography on a C18 col-
umn and eluted using a solvent gradient made of a mixture of water,
acetonitrile and 2-propanol. MS detection was carried out using a Ulti-
ma triple quadrupole instrument (Waters, Manchester, UK) configured
with a electrospray ionization source used in positive ion mode. Colli-
sion-induced fragmentations conducted on ceramides produced a well
characteristic product ion at m/z 264, making multiple reactions moni-
toring (MRM) well suited for various ceramides quantitative measure-
ments (Fillet et al., 2002).

For LC-ESI-MS/MS quantitative purpose, standard solutions were
prepared by dissolving ceramides (Acros Organics, Gell, Belgium) in a
99.8/0.2 (v/v) mixture of ethanol/formic acid to reach a concentration
of 1 pg/ml. For extraction of cellular lipids, cells were rinsed twice
with ice-cold PBS, then scraped in PBS and centrifuged at 800g. The
resulting pellet was homogenized in distilled water by sonication. An al-
iquot of the cell homogenate was reserved for determination of protein
levels. Ten nanogram of C12-ceramide (as an internal standard) was
added to samples of cell lysates containing 300 pg of protein. Lipids
were extracted using Folch's partition with a mixture of chloroform
and methanol (2/1, v/v). Samples were then centrifuged at 1500g and
washed with chloroform, methanol and water (5/48/47, v/v/v). The or-
ganic phase was evaporated to near dryness under a gentle stream of
dry nitrogen. The samples were reconstituted by vortexing with 100 pl
of a mixture of ethanol/formic acid (99.8/0.2) until they were complete-
ly dissolved. To avoid any loss of lipids, the entire procedure was per-
formed in siliconized glassware.

The analysis showed that C16-, C18-, C20-, C22- and C24-ceramides
were present in our cell model. The levels of each ceramide species were
expressed as their relative abundance compared with ceramide level in
untreated cells. All determinations have been done on cells incubated
with gentamicin in conditions where apoptosis was described.

2.8. Acidic and neutral sphingomyelinase assays

Apart the production of ceramide by de novo synthesis through the
sequential activation of serine-palmitoyl transferase, ceramide synthe-
tase, and dehydro-ceramide desaturase (Hannun and Luberto, 2000;
Zeidan and Hannun, 2010), ceramides can also arise from the hydrolysis
of sphingomyelin by the activation of the two major known types of
sphingomyelinases, the acidic sphingmomyelinase with an optimum
pH close to 4.8 (Goni and Alonso, 2002) and the neutral
sphingomyelinase which exhibits a pH optimum around 7.5 and is a
membrane-bound and Mg? *-dependent (Kitatani et al., 2008) enzyme.
Briefly, the activities of neutral- and acidic sphingomyelinases were de-
termined as follows. After culture, cell pellets were suspended in dis-
tilled water and sonicated (3 x 15 s). Cell lysates were incubated at
37 °C for the indicated periods with sphingomyelin and [N-methyl'*
C]-sphingomyelin. For the determination of the activity of acidic
sphingomyelinase (EC 3.1.4.12), the reaction was performed in acetate
buffer 200 mM, pH 5.5 in presence of EDTA (4 mM), taurocholate de so-
dium (1%), and Triton X-100 (1%). For the measure of the activity of
neutral sphingomyelinase, Tris buffer 100 mM, pH 7.5 containing di-
thiothreitol (10 mM), Triton X-100 (1%), and MgCl, (10 mM) was
used. After incubation, serum bovine albumin and TCA were added.
The mixture was placed at 0 °C for 30 min before centrifugation. The ra-
dioactivity associated to the supernatant was counted.
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2.9. Gentamicin dosage

Gentamicin concentrations were measured by microbiological assay.
Bacillus subtilis ATCC 6633 was used as the test organism (lowest limit
of detection, 1 pg/ml; linearity [R? = 0.934], concentrations up to
256 pg/ml) and antibiotic medium #11 was adjusted at pH 8 (Carryn
etal, 2002).

2.10. Statistical analysis

All statistical analyses were performed with the GraphPad Prism 6.0
software and GraphPad InStat 3.06 (GraphPad software, San Diego, CA,
USA). The comparison of 3 or more groups of data was performed using
the one- or two-way ANOVA followed by the Tukey's post hoc test to
compare values to control, and with Sidak's post hoc test to compare
all values.

3. Results
3.1. p53 pathway is involved in gentamicin-induced apoptosis

3.1.1. Gentamicin increased p53 levels.  p53 is known to play a critical
role in renal cell apoptosis (Jiang et al., 2004) including when induced
by known nephrotoxicants such as cisplatin (Sanchez-Perez et al.,
2010). To determine if gentamicin-induced apoptosis was also depen-
dent on p53, we first measured the effect of gentamicin on p53 levels
(Fig. 1).

After incubation for 8 h and 24 h with 2 and 3 mM of gentamicin, an
increase of p53 was observed reaching around 1.7 and 3.7 fold increase
respectively, as compared to controls. The increase was similar after 8
and 24 h of incubation. No statistically significant increase was observed
when cells were incubated with gentamicin 1 mM. For investigating the
potential downstream effect of DNA damage, we also measured the cel-
lular levels of phosphoSer15-p53. No statistically-significant change
was observed whatever the concentration of gentamicin and the time
of incubation used (data not shown).

8h

3.1.2. Role of p53 in apoptosis induced by gentamicin: effect of p53 inhibitor
and of p53 siRNA.  To confirm the role of p53 in apoptosis induced
by gentamicin, cells were incubated with pifithrin- o, an inhibitor
of the transcriptional pathway of p53 (Yano et al., 2007; Zeng et al.,
2016) described for protecting against genotoxic agents, including
cisplatin (Jiang et al., 2004) or UV-induced damages (Komarov et
al., 1999). The percentage of apoptotic cells after incubation with
1-3 mM gentamicin for 24 h was determined by DAPI staining
(Fig. 2).

We observed a decrease of apoptosis induced by gentamicin by
>50% after 24 h incubation. For longer time of incubation (48 h), the
same observation was done with again a partial protective effect
afforded by pifithrin-a.. After incubation with 3 mM gentamicin for
48 h, gentamicin induced 17.15% apoptosis in absence of pifithrin-o
and 9.6% apoptosis in presence of this inhibitor of transcriptional path-
way of p53. The cellular gentamicin content after incubation with
pifithrin-o. was assessed by a disc-plate microbiological technique
using Bacillus subtilis (ATCC 6633) as previously described (Tulkens
and Trouet, 1978), and no statistically significant change in gentamicin
accumulation was observed (data not shown).

To confirm the involvement of p53 protein in gentamicin-induced
apoptosis, we also performed p53 siRNA-mediated gene silencing ex-
periments. First, we evaluated the effects of the p53-targeting siRNA
on the expression of endogenous p53 protein in LLC-PK1 cells. We
assessed the expression of p53 by western blotting. p53 siRNA induced
a reduction in the expression of endogenous p53 in comparison with
the mock (Fig. 3, Top). We then investigated whether p53 protein
knockdown decreased the gentamicin-induced apoptosis using DAPI la-
beling (Fig. 3, Below). p53 siRNA transfection reduced gentamicin-in-
duced nuclear fragmentation, both after 24 and 48 h of incubation.
This result is in accordance with those of the experiments using the
P53 inhibitor pifithrin-o.

Thus, in this first set of experiments, we demonstrated an in-
crease of p53 levels induced by gentamicin and partial protection
against apoptosis induced by gentamicin afforded by the p53 inhibi-
tor, pifithrin-a, and by p53 siRNA suggesting implication of both p53
transcriptional-dependent and -independent pathways in apopto-
sis-induced by gentamicin.
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Fig. 1. Effect of gentamicin on p53 protein levels. Cells were incubated for 8 h (left) or 24 h (right) without (controls, CTL) or with gentamicin (GEN 1-3 mM). Densitometric values of p53
protein are normalized to 3-actin. The blot presented is representative from 3 independent experiments. Data are given as means = SD (*p < 0.05; ***p <0.001). Cisplatin (CDDP), known to
induce apoptosis in LLC-PK1 cells via p53 (Sanchez-Perez et al., 2010), was used as positive control.
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Fig. 2. Prevention by the p53 inhibitor pifithrin-c of gentamicin-induced apoptosis. Cells
were pre-incubated or not for 1 h with 50 uM pifithrin-a and then incubated with
gentamicin (1-3 mM) for 24 h, in continued presence of pifithrin-c. Data are given as
means & SD (n = 6 from 2 separate experiments). Statistical analysis: Two-way
analysis of variances, with Bonferroni post-tests to compare points treated with the
same concentration of gentamicin together (***p < 0.001).

3.1.3. ROS is involved in p53 increase induced by gentamicin.  Because
we had demonstrated an increase of reactive oxygen species (ROS)
after incubation of LLC-PK1 with gentamicin (Denamur et al., 2011)
and since ROS production is involved in p53 activation in renal cells
(Jiang et al., 2007; Ju et al., 2014), we next investigated the potential
role of ROS in the increase of p53 level induced by gentamicin (Fig. 4).
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Cells were pre-incubated with N-acetylcysteine, an antioxidant
known to inhibit ROS-dependent apoptosis (Curtin et al., 2002) includ-
ing apoptosis induced by gentamicin (Denamur et al., 2011). Pre-incu-
bation of cells with N-acetylcysteine induced a marked decrease of
the p53 accumulation observed after incubation for 24 h with 2 or
3 mM of gentamicin. N-acetylcysteine also decreased p53 levels in con-
trol cells or in cells incubated with 1 mM gentamicin but the effect was
not statistically significant.

These data suggest that ROS exert an important role in the increase
of p53 levels induced by gentamicin.

3.14. Increase of p53 induced by gentamicin leads to p21 increase. = We
examined whether overexpression of p53 induced by gentamicin
could allow it to accumulate in the nucleus and to transcriptionally reg-
ulate genes to control the cell's fate. For instance, p53 can lead to an in-
crease of cellular levels of cyclin-dependant kinases inhibitors like p21
(Lu and Hunter, 2010), which are substrate for proteasomal degrada-
tion. We therefore monitored the potential effect of gentamicin on
p21 protein levels (Fig. 5).

We showed a marked and statistically significant increase (up to
180%) in p21 protein levels after treatment with 2 and 3 mM gentamicin
(Fig. 5).

To determine the implication of p53 activation in the increase in p21
levels, we measured the p21 cellular levels in cells exposed to gentami-
cin in the presence of the p53 transcription inhibitor pifithrin-c. Fig. 6
shows that the increase in cellular levels of p21 induced by gentamicin
was considerably reduced when pifithrin-a was present, suggesting
that p21 accumulation is related to gentamicin-induced p53 activation.
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Fig. 3. (Top) Reduction of p53 expression by p53-targeting small interfering (si)RNA (p53 siRNA) in LLC-PK1 incubated with gentamicin 3 mM for 24 h, The p53 protein levels were
assessed by western blotting analysis. B-actin levels were also assessed and served as a loading control. A representative blot is shown from three independent experiments with
identical results. (Below) Prevention by the p53 siRNA of gentamicin-induced apoptosis. Transfected cells were incubated with gentamicin (3 mM) for 24 h or 48 h. Data are given as
means + SD (n = 6 from 2 separate experiments). Statistical analysis: Two-way analysis of variances, with Bonferroni post-tests to compare points treated with the same

concentration of gentamicin together (**p < 0.01; ***p <0.001).
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Fig. 4. Effect of N-acetylcysteine on gentamicin induced increase of p53 protein levels. Cells were incubated for 24 h without (controls, CTL) or with gentamicin (GEN 1-3 mM) after
preincubation or not with N-acetylcysteine (1 mM). Densitometric values are normalized to 3-actin (* p < 0.05). The blot presented is representative from 3 independent experiments

performed after incubation with gentamicin 2 mM.

3.2. Sphingomyelinase pathway is not involved in gentamicin-induced
apoptosis

3.2.1. Gentamicin decreased ceramides levels by inhibiting the activity of
acidic sphingomyelinase. ~ The partial protection afforded by the p53
inhibitor, pifithrin-c (Fig. 2), as well as by p53 siRNA (Fig. 3) against ap-
optosis induced by gentamicin suggests that other signaling pathways
are probably involved. Ceramide accumulation has been observed in re-
sponse to various extracellular stimuli including p53 upregulation
(Heffernan-Stroud and Obeid, 2011; Kim et al., 2002; El Assaad et al.,
2003), and cause apoptosis and/or cell cycle arrest (Dbaibo et al.,
1998; Fillet et al., 2002; Fillet et al., 2003). To investigate the potential
role of ceramides in apoptosis induced by gentamicin, we determined
the effect of gentamicin on the amounts of endogenous ceramides in
LLC-PK1. We incubated LLC-PK1 cells with gentamicin at extracellular
concentrations of 1 or 2 mM and for periods of time ranging from
15 min to 24 h before measurement of C-14 to C-24 ceramides contents
by LC-ESI-MS/MS. No major change was observed when cells were incu-
bated with gentamicin 2 mM for 5 min up to 3 h (Fig. 7). Thereafter, we
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Fig. 5. Effect of gentamicin on p21 protein levels. Cells were incubated for 24 h without
(controls, CTL) or with gentamicin (GEN 1-3 mM) or cisplatin (CDDP 20 uM).
Densitometric values are normalized to 3-actin. The blot presented is representative
from 3 independent experiments, data are means =+ SD (n = 3) (bars with different
letters are significantly different from each other; *p < 0.05).
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observed a marked decrease of ceramide levels in cells incubated with
gentamicin as compared to control cells (Fig. 7). Similar results were
found after incubation with 1 mM of gentamicin (data not shown).

To decipher the mechanism involved in the decrease of ceramide
levels in cells incubated with gentamicin, and since previous studies
have shown a decrease of lysosomal sphingomyelinase in presence of
gentamicin (Laurent et al., 1982), we measured the activities of neutral
and acidic sphingomylinases in LLC-PK1 cells incubated with gentami-
cin. Results of a typical experiment in which LLC-PK1 were cultivated
over a period of 24 h in a control medium or in presence of gentamicin
2 mM are shown in Fig. 8.

The activity of acidic sphingomyelinase in gentamicin treated cells
dropped to significantly lower values as compared to controls, for pH
lower than 6.5. Similar results were obtained with gentamicin 1 mM
(data not shown). The measurement of neutral sphingomyelinase
showed no detectable changes (data not shown).

Decrease of ceramides contents resulting from inhibition of acidic
sphingomyelinase suggests that sphingomyelinase pathway is not in-
volved in apoptosis induced by gentamicin.

3.3. Involvement of p and ic reticulumin is in-

duced by gentamicin

3.3.1. Gentamicin increased the ubiquitin conjugates..  Increase of p53
and p21 levels after gentamicin incubation, two proteins normally
kept at low cellular concentration by a rapid degradation by the protea-
some and involved in cell apoptosis as well as accumulation of
ubiquitinated protein Bax (Servais et al., 2006) pushed us to investigate
the global impact of gentamicin on cellular accumulation of
ubiquitinated proteins.

We used ubiquitin immunoblotting to assess the effects of gentami-
cin on accumulation of ubiquitin-conjugates (Fig. 9). LLC-PK1 cells were
incubated for 24 h with the antibiotic or with epoxomicin, a highly se-
lective and potent inhibitor of the proteasome (Giguere and
Schnellmann, 2008) used as positive control (EPX, 20 iM). A concentra-
tion-dependant increase of ubiquitinated proteins in the cells incubated
with gentamicin that was statistically significant for an extracellular
concentration of 3 mM.

3.3.2. Gentamicin ii d the trypsine-like activity of pr To
further assess the potential effects of gentamicin on proteasome, we
assayed the activities of the three types of active sites of proteasome
(chymotrypsin-like, trypsin-like and caspase-like) using lysates of
LLC-PK1 cells incubated with gentamicin (Fig. 10). These lysates were
collected and crude extracts incubated for 1 h at 37 °C with increasing
concentrations of gentamicin (0 up to 30 mM) before adding specific
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Fig. 6. Effect of pifithrin-ce on gentamicin-induced accumulation of cellular p21 proteins. Cells were pre-incubated or not for 1 h with 50 pM pifithrin-oc and then incubated with gentamicin
(1 and 3 mM) for 24 h, in continued presence of pifithrin-cx. Data are given as means =+ SD (n = 3; *p <0.05).

fluorogenic substrates of each catalytic activity. The proteasome inhibi-
tor epoxomicin was used as positive control.

While chymotrypsin-like activity was completely inhibited by
epoxomicin since the fluorescence level detected with this inhibitor is
quite the same as the fluorescence emitted by the substrate alone (SA,
Fig. 10a), incubation with gentamicin induced an increase of chymo-
trypsin-like activity at 5 mM, followed by a slight decrease of activity
up to 30 mM.

In contrast, gentamicin induced an important decrease in tryp-
sin-like activity, from the first concentration tested (5 mM) and
which becomes complete (same fluorescence level as the substrate
alone) from 15 mM. Note that trypsin-like activity was not

inhibited by epoxomicin (Fig. 10b), as described previously
(Naujokat et al., 2007).

Caspase-like activity, after undergoing an increase of activity at
5and 10 mM, was inhibited by gentamicin at higher concentrations
(Fig. 10c). As for chymotrypsin-like activity, epoxomicin induced
an important inhibition of this proteasomal activity.

3.3.3. Gentamicin increased the phospho-elF2c protein levels. A well-
known consequence of proteasome inhibition is the activation of
GCN2 kinase and the resulting phosphorylation of the translation initia-
tion factor elF2cx, which leads to apoptosis (Jiang and Wek, 2005). We
measured the cellular levels of elF2a and of its phosphorylated form
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Fig. 7. Ceramide levels in LLC-PK1 incubated with gentamicin. Cells were treated with 2 mM gentamicin for various periods of time from 15 min to 24 h before assessment of C14-24-
ceramide levels by LC-ESI-MS/MS. The results are expressed in function of an internal standard (C-12 ceramide). Results obtained for controls and cells incubated with 2 mM of
gentamicin are represented as continuous (squares) and dotted lines (triangles), respectively. n = 3; 2 independent experiments.

184



S. Denamur et al. / Toxicology and Applied Pharmacology 309 (2016) 24-36 31

600
500
400+
300+ I"
200+

100+ } -

-100

HU/min x mg proteins

»
-
-

Fig. 8. Effect of gentamicin on the activity of acidic sphingomyelinase at pH ranging from 4
to 9. The cells were incubated for 24 h in absence (full lines; squares) and presence of
2 mM gentamicin (dotted lines; triangles) n = 3.

to test for this hypothesis in our model and the results are illustrated in
Fig. 11.

Despite the absence of statistical significance, these experiments
showed an increase in the cellular levels of elF2c to up to 200% after in-
cubation with gentamicin 3 mM (Fig. 11a). Regarding the cellular levels
of phosphorylated elF2c, these increased in a dose-dependent fashion
with gentamicin reaching 315% for cells incubated with 3 mM of genta-
micin and all differences vs control were statistically significant (Fig.
11b).

3.3.4. Gentamicin induced activation of caspase-12 without change in ER
chaperones GRP78 and GRP94.  In addition to the link between inhibi-
tion of the proteasome and phosphorylation of elF2, the latter is also
connected to ER stress. The hypothesis of an ER implication in gentami-
cin-induced apoptosis would be consistent with the binding of ER chap-
erones proteins by gentamicin (Horibe et al., 2004) and the observation
of markers of ER stress in rats treated for 7 days with 100 mg gentamicin
(Peyrou et al., 2007). To investigate this hypothesis, we evaluated cas-
pase-12 activation by immunoblotting (Fig. 12).

As shown in Fig. 12, treatment of cells with gentamicin induced an
activation of caspase-12 by cleavage of the pro-form (detected at
55 kDa) into cleaved active caspase-12 (42 kDa), the cellular levels of
which increased after gentamicin treatment. The small subunit is de-
tected at 20 kDa. Bands detected at 85 and 110 kDa could correspond
to dimers of (pro) caspase-12, which also correspond to activation of
caspase-12 (Yoneda et al,, 2001). Gentamicin induced a significant

A

increase of caspase-12 (42 kDa) fragment. There was no statistically sig-
nificant difference in the effect induced by 1 mM of gentamicin as com-
pared to that observed for cells incubated with 3 mM of gentamicin. An
increase caspase-12 (20 kDa) was also observed.

As cleavage of caspases is a common indicator of their activation, and
since caspase-12 can be specifically activated by apoptotic signals with
an ER stress component (Nakagawa et al., 2000), we wanted to investi-
gate if gentamicin could induce ER stress in LLC-PK1 cells. Specifically,
we determined the potential role of ER chaperones by incubating cells
with or without gentamicin (1-3 mM) for 24 h and measuring the ex-
pression levels of two ER chaperones, GRP78 and GRP94 (Fig. 13, a-b).
Tunicamycin (5 pl/ml), a specific inhibitor of N-linked glycosylation
which prevents post-translational maturation of proteins and is
known as ER stress inducer in LLC-PK1 cells (Peyrou and Cribb, 2007)
was used as positive control for ER stress markers induction.

While tunicamycin induced a marked increase in GRP94 and GRP78
cellular levels, treatment with gentamicin did not induce any change in
the expression of these chaperones in our conditions.

4. Discussion

After endocytosis by proximal tubular cells, gentamicin mainly accu-
mulates in lysosomes inducing lysosomal membrane permeabilisation
(Denamur et al., 2011). At therapeutically-relevant doses, gentamicin
induces mitochondrial pathway of apoptosis (Servais et al., 2006;
Servais et al., 2005). The present work moves us one step ahead in the
understanding of the cellular mechanisms underlying the apoptosis in-
duced in cells by gentamicin by focusing on p53 and sphingomyelinase
pathways as well as on the effect of gentamicin on proteasome and en-
doplasmic reticulum.

On LLC-PK1 proximal tubular cells, we demonstrate that p53 is a key
cornerstone in apoptosis induced by gentamicin as suggested by the in-
crease of its level upon gentamicin treatment and by the partial protec-
tive effect afforded by pifithrin-a or by transfection with p53 siRNA.
Upon stress signals, p53 undergoes a series of post translational modifi-
cations as phosphorylation at Ser15. Even any effect was observed to-
wards this specific phosphorylation, other post translational
modifications could be involved in p53 activation induced by gentami-
cin. First, Ser-46 phosphorylation is required for p53-dependent tran-
scriptional activation of the apoptotic gene p53AIP1. Second, in
addition to phosphorylation, mediating p53 stabilization, the acetyla-
tion of p53 has also been shown to be a key signal, promoting its activa-
tion upon DNA damage (Kruse and Gu, 2009; Tang et al., 2008).
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Fig. 9. Effect of gentamicin on ubiquitin conjugates. Ubiquitin immunoblot of lysates of LLC-PK1 cells incubated for 24 h with or without (control, CTL) gentamicin (GEN 1-3 mM) or
epoxomicin (EPX, 20 uM). Densitometric values detected for ubiquitin was normalized to (>-actin and results are expressed in % of ratio obtained for control cells. Data are means + SD

(n=3;"p<0.05,***p < 0001).
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Fig. 10. Effect of gentamicin on proteasome catalytic activities, determined by measuring
fluorescence produced by ic specific of the three

activities. Results are expressed in arbitrary units, fluorescence of the substrate alone
being considered as having a value of 1. Cellular lysates were incubated at 37 °Cfor 1 h
with (or without) gentamicin (GEN) at indicated concentrations. Epoxomicin (EPX)
20 M was used as positive control. Chymotrypsin-like activity (A), trypsin-like activity
(B) and peptidyl-glutamyl peptide ing or caspase-like activity (C) were
determined with Suc-LLVY-amc, Ac-RLR-amc and Ac-nLPnLD-amc respectively.
Fluorescence was read at the end of 4 h incubation at 37 °C after addition of the
substrate. On each graph, fluorescence level of the substrate alone (SA, substrate not
incubated with cell lysates) and of lysates incubated with epoxomicin (EPX) are
represented by a dotted-line. Data are means + SD (n = 6 from 3 separate
experiments; where not visible, error bars are included in the symbol). Statistical
analysis was performed using one-way ANOVA with Dunnett's multiple comparison
post-test to compare each point to control value (without gentamicin) (**p < 0.01,
***p < 0.001, where not indicated, differences are not significant).

Especially, acetylation at lysine 164 could play a critical role for blocking
repression of p53, mediated by Mdm2- and Mdmx, by preventing their
recruitment to target promoters (Kruse and Gu, 2009; Tang et al.,, 2008).

The partial protective effect afforded by pifithrin-o and by siRNA
P53 suggest a potential activation of both p53 transcriptional-depen-
dent- and independent pathways, as also demonstrated for toxicities in-
duced by cisplatin (Rebillard et al., 2008) or manganese (Wan et al.,
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2014) or in radio-resistant head and neck squamous carcinoma cells
(Bionda et al,, 2007). The potential role of p53 transcriptional pathway
in gentamicin-induced apoptosis is in agreement with what was ob-
served by microarray experiments on rats treated with gentamicin
(Ozaki et al., 2010). Activation of the transcription factor NF«B, for
which p65 subunit could activate the p53 promoter (Wu and Lozano,
1994), is consistent with the increase of NF«B activation demonstrated
after incubation of renal tubular cells with gentamicin (Chen et al.,
2011; Juan et al,, 2007). JNK pathway activation (Yang et al.,, 2004)
could be also involved even though this pathway is dependent upon
the cell strains. Indeed, no modification of JNK or pJNK expression levels
was observed in proximal tubular cells after 24 h of incubation with
gentamicin 3 mM despite an increase of p53 expression (Chen et al.,
2011), although JNK implication has been demonstrated after gentami-
cin treatment of mesangial cells (Martinez-Salgado et al,, 2005) and in-
crease of Jun. transcription was evidenced by microarray studies (Ozaki
etal, 2010). Even most p53 functions are mediated by transcriptional
activation of its target genes in response to various stress signals, cyto-
plasmic p53 was also shown to directly bind to proteins like Bax to trig-
ger mitochondrial outer membrane permeabilization (MOMP) and
apoptosis (Green and Kroemer, 2009; Nikoletopoulou et al., 2013).
This could be critical for apoptosis induced by gentamicin since Bcl-2
and Bax are involved in this process. Indeed, Bcl-2 overexpression
(through transfection) prevents apoptosis-induced by gentamicin
(El Mouedden et al., 2000b) and significant increases of the
cellular levels of Bax and ubiquinitated Bax (without changes in
Bax mRNA) (Servais et al., 2005; Servais et al., 2006) were observed.
In addition, sphingomyelinase pathway could also be important.
Sphingomyelinases are responsible for the conversion of sphingomyelin
to ceramides which have been proposed to play a key role in apoptosis
and in cellular responses to stresses (Mullen and Obeid, 2012) including
activation of proapoptotic receptors (CD95/Fas and TNFR). However, we
observed a marked decrease of ceramides which we related to the inhi-
bition of acidic sphingomyelinase activity, in agreement with previous
studies (Laurent et al.,, 1982). Sphingomyelinase pathway would be
therefore not be involved in apoptosis induced by gentamicin and
could even afford partial protection against gentamicin-induced
apoptosis.

One potential mechanism explaining the increase of p53 levels in-
duced by gentamicin is ROS production. By measuring fluorescence of
2',7'-dichlorofluoresceine production (DCF) resulting from H,DCF con-
version and by vital confocal imaging, we showed that gentamicin-in-
duced ROS production occurs in lysosomes. Moreover, gentamicin-
induced ROS production as well as apoptosis was largely prevented by
deferoxamine, an iron chelator, which is endocytosed and accumulates
in lysosomes. We also reported that gentamicin induced ROS produc-
tion prior to, and at lower drug concentrations than required for apopto-
sis (Denamur et al., 2011). The effect afforded by N-acetylcysteine on
p53 levels is consistent with this hypothesis. The role of lysosome for
ROS production is is in accordance with numerous publications reveal-
ing that autophagosomes and/or lysosomes are the major sites for
basal ROS generation in addition to mitochondria (Kubota et al., 2010;
Hu et al., 2016; Walker and Shah, 1987). Moreover, an interconnected
pathway could be involved since the release of mitochondrial ROS
leads to subsequent lysosomal membrane permeabilization.

This role of ROS could be critical since, as suggested in literature, ROS
could also interact with the functions of the proteasome by inhibiting its
ability to breakdown proteins (Meek, 2015). This could explain (i) the
increased cell content in ubiquitinated Bax in cells exposed to gentami-
cin (Servais et al., 2006; Servais et al., 2005), (ii) the increase in total
ubiquitinated proteins shown here after cell incubation with gentami-
cin and (iii) the inhibition of trypsin- and caspase-like activities by gen-
tamicin in cellular lysates (this study). While the role of these two
activities is limited in yeast protein, where chymotrypsin-like is consid-
ered as rate-limiting in protein breakdown (Heinemeyer et al., 1997), all
three types of active sites contribute to protein breakdown in
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independent experiments, data are means + SD (n = 3; *p <0.05, **p < 0.01).

mammalian cells, even though the respective importance of each cata-
lytic site varies widely with the substrate. So, simultaneous inhibition
of trypsin- and caspase-like activities reduces the degradation of
model proteins by pure 26S proteasome between 30 and 56% depend-
ing on the substrate used (Kisselev et al., 2006). Although the effect of
gentamicin on proteasome could result from direct interaction of the
antibiotic with the proteasome, such as observed in vitro (Horibe et
al,, 2004), it is likely that ROS production induced by gentamicin accu-
mulated in lysosomes could also alter the proteasomal activity since
ROS are able to disassembly 26S proteasome (Wang et al., 2010). ROS
production in itself and the redox oxidized proteins signaling pathways
could activate kinase cascades and gene transcription aimed at res-
cuing oxidized proteins, which might disrupt important cellular pro-
cesses including proteasome-mediated protein degradation (Demasi
et al., 2015; Hohn et al., 2014; Lee et al., 2001). Induction of ROS by
gentamicin could therefore be responsible for further lysosomal
membrane permeabilization, and decreased catalytic activity of the
proteasome. The question of the dose of gentamicin needed for

GEN 1mM
GEN2mM
GEN3mM

sskDa procaspase 12

42k0a

(% of controls)

chaned caspase
12

Cleaved caspase 12/actin OD ration @

20402

inhibiting proteasome activities has also to be questioned but genta-
micin could bind to intracellular sites (membranes or even proteins,
making interpretations of the concentrations data quite difficult to
analyze.

The increase in p53 cellular levels we observed can fully explain the
increase of p21, another target of degradation by the proteasome. p21 is
known for its role in cell cycle inhibition and apoptosis modulation. We
showed here an increased expression of p21 protein levels that most
probably results from p53 transcription factor activation since it is
completely inhibited by co-treatment with pifithrin-o. The role of p21
in apoptosis is dependent upon its localization and p21 is supposed to
be protective since bortezomib-induced apoptosis is markedly en-
hanced in the p21 knock-out cells (Yu et al., 2003). Besides on their ef-
fect in apoptosis, the expression levels of the p21 family CDK inhibitors
play an important role in the regulation of cyclin-dependant kinases ac-
tivity, which are responsible for cell cycle progression. However, since
human adult renal proximal tubular cells present a low rate of prolifer-
ation (Nadasdy et al., 1994), the roles of p21 as cyclin-dependent
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Fig. 12. Effect of gentamicin on caspase 12 activation. Cells were incubated for 24 h without (controls, CTL) or with gentamicin (GEN 1-3 mM). Pro-caspase12 band is detected at 55 kDa,
and cleaved caspase-12 at42 kDa (large subunit) and 20 kDa (small subunit). Bands appeanngat 110 and 85 kDa could correspond to dimers of (pro) caspase-12. Densitometric values are
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kinases inhibitor is probably not crucial in the process of toxicity in-
duced by gentamicin in patients.

In addition to increase in p53 cellular levels induced by gentamicin,
we also evidence here an increase in elF2c phosphorylation. This could
indirectly result from proteasome inhibition through phosphorylation
by elF2a kinases such as GCN2 (Jiang and Wek, 2005; Yu et al., 2003;
Zhang et al,, 2011) or following endoplasmic reticulum stress induction
(Teske et al., 2011; Chauhan et al., 2008). Such signs of endoplasmic re-
ticulum stress induction after treatment of rats with gentamicin have
been previously described (Peyrou et al., 2007). In the present work,
however, we show that activation of caspase-12 occurs independently
of chaperones upregulation as already been described for cisplatin,

without real explanation of this phenomenon (Peyrou and Cribb,
2007). Studies showing chaperones induction and caspase-12 activa-
tion upon gentamicin treatment of animals have been conducted with
very high doses of the drug (160 mg/kg), while apoptosis is observed
in vivo at much lower and more therapeutically significant dosages
(typically 10 mg/kg; (Mingeot-Leclercq and Tulkens, 1999; El
Mouedden et al., 2000a).

A summary of the most likely current view of cellular mechanisms
involved in gentamicin toxicity, as derived from the results of this
study and our previous observations is illustrated in Fig. 14. The new
data are that p53 is a key element in the signaling pathway leading to
apoptosis following its increased expression mediated by ROS. Since

/ Lysosome

GEN Accumulation )

‘ Go!r'l/TransGoIgl |

» 0%

Mitochondria (¢

e/

ROS Production 1) / (23)
Phospholipases inhibition () €5 | Endosome "\v)
AS;)hmpomychnusc inhibition (*) ———
D — * Chaperones
LMP (67) GRP 78 /94
‘l (73N / \,,\‘ 'n'gi'.("ultmr*’
7 Ferei endoplasmic
* BM —> ROS T / s ] &
r (33) Proteasome p217
\. * * _>* |, inhibition ] l—!
ROS g
N l* Bax (%) ¢ .
. & Bax Ubiq GCN2 kinase Caspase 12

et

activation

-

[ etr2a —){ elf2a-p P |

Cytochrome c (€!—> Caspase 9 ¢} —)Caspase 3“) —> [ arop m

Fig. 14. Proposed signaling pathway triggered by gentamicin. Observations from current study which result to- or protect against- apoptosis (in red and green, respectively). The upper
number referred to results from i ies from our group: ' inh etal. (1982), 2Moestrup et al. (1995), *Tulkens and Trouet (1978), *Mingeot-Leclercq et al. (1988), *Laurent et
al. (1982), ®Servais et al. (2005), "Denamur et al. (2011), 3Servais et al. (2006), *Denamur et al. (2008), '°El Mouedden et al. (2000a; 2000b), ''Sandoval and Molitoris (2004).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the protective effect against apoptosis exerted by the p53 transcription
inhibitor pifithrin-o and by p53 siRNA is only partial, the process could
implicate p53 transcription-dependent and -independent pathways.
We also demonstrated an increase in p21 protein levels directly related
with p53 increase. A complex interplay between subcellular organites is
probably involved since we showed an inhibition of trypsin- and cas-
pase-like activities of proteasome in addition with an effect of gentami-
cin on reticulum endoplasmic stress as demonstrated by the increase of
phosphorylation of elF2a, and caspase 12-cleavage without chaperones
accumulation. The role played by p53 and endoplasmic reticulum in
pathways leading to apoptosis induced gentamicin might be extended
to other nephrotoxicants such as cisplatin (dos Santos et al., 2012)
and cyclosporine A (Xiao et al., 2013).

In a nutshell, incubation of renal cells with gentamicin induced (i)
activation of p53 pathway (as demonstrated by measuring the expres-
sion of p53 and the effect induced by an inhibitor of transcriptional ef-
fect of p53 [pifithrin-a] or p53 siRNA approach), (ii) inhibition of
proteasomal activity and (iii) response of endoplasmic reticulum,
which in turn resulted in apoptosis. How these pathways are intercon-
nected is not entirely solved yet but autophagy could be a key process.
Indeed, data from literature suggested that (i) perturbation of either en-
doplasmic reticulum homeostasis or endoplasmic reticulum functions
increases autophagy and apoptotic cell death (Nikoletopoulou et al.,
2013), (ii) endoplasmic reticulum-induced autophagy has an important
role in disposing of unwanted polyubiquinitated protein aggregates,
thus protecting against cell death and (iii) there is a link between p53
and autophagy, by inhibition of mTor via activation of AMP kinase
(Feng et al., 2005).

This work could help in deciphering the cellular and molecular
mechanisms involved in aminoglycoside-induced nephrotoxicity and
designing new approaches to improve the treatment of critically-ill pa-
tients. The results could also help in deciphering the most interesting
options to consider in the research of sensitive and reliable biomarkers
to detect early toxicity induced by toxicants such as aminoglycosides.
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