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Abstract 

Steroidal maleic anhydrides were prepared in one step: lithocholic, chenodeoxicholic, 

deoxicholic, ursocholic, and hyodeoxicholic acid derivatives. Their capability to induce cell 

death was studied on C6 rat glioma cells, and 7β-hydroxycholesterol was used as positive 

cytotoxic control. The highest cytotoxicity was observed with lithocholic and 

chenodeoxicholic acid derivatives (23-(4-methylfuran-2,5-dione)-3α-hydroxy-24-nor-5β-

cholane (compound 1a), and 23-(4-methylfuran-2,5-dione)-3α,7α-dihydroxy-24-nor-5β-

cholane (compound 1b), respectively), which induce a non-apoptotic mode of cell death 

associated with mitochondrial membrane potential loss and reactive oxygen species 

overproduction. No cells with condensed and/or fragmented nuclei, no PARP degradation and 

no cleaved-caspase-3, which are apoptotic criteria, were observed. Similar effects were found 

with 7β-hydroxycholesterol. The cell clonogenic survival assay showed that compound 1b 

was more cytotoxic than compound 1a and 7β-hydroxycholesterol. Compound 1b and 7β-

hydroxycholesterol also induce cell cycle modifications. In addition, compounds 1a and 1b, 

and 7β-hydroxycholesterol favour the formation of large acidic vacuoles revealed by staining 

with acridine orange and monodansylcadaverine evocating autophagic vacuoles; they also 

induce an increased ratio of [LC3-II / LC3-I], and modify the expression of mTOR, Beclin-1, 

Atg12, and Atg5-Atg12 which is are autophagic criteria. The ratio [LC3-II / LC3-I] is also 

strongly modified by bafilomycin acting on the autophagic flux. Rapamycin, an autophagic 

inducer, and 3-methyladenine, an autophagic inhibitor, reduce and increase 7β-

hydroxycholesterol-induced cell death, respectively, supporting that 7β-hydroxycholesterol 

induces survival autophagy. Alpha-tocopherol also strongly attenuates 7β-hydroxycholesterol-

induced cell death. However, rapamycin, 3-methyladenine, and α-tocopherol have no effect 

on compounds 1a and 1b-induced cell death. It is concluded that these compounds trigger a 

non apoptotic mode of cell death, involving the mitochondria and associated with several 

characteristics of autophagy.  

 

 

Keywords, C6 rat glioma cells, steroidal maleic anhydrides, 7β-hydroxycholesterol, cell death, 
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1. Introduction 

Steroids derive from cholesterol and have several biological activities. They may have 

beneficial or detrimental effects on health, and some of them or their derivatives may be of 

interest for the treatment of cancer [1, 2]. For example, dendrogenin A, a steroidal alkaloid 

identified in humans, which arises from the stereo selective enzymatic conjugation of 5,6α-

epoxycholesterol (5,6α-EC) with histamine, induces the re-differentiation of cancer cells in 

vitro and in vivo and prevents breast cancer and melanoma development in mice [3, 4]. Bile 

acids are steroid molecules and the products of cholesterol catabolism; they are synthesized in 

the liver and excreted in the digestive tract [1, 5]. It has been established that bile acids have 

anti-neoplastic and anti-carcinogenic properties on several cancer cell models, such as 

tamoxifen-resistant breast cancer, colon cancer, prostate cancer and neuroblastoma [2]. Bile 

acids are flexible building blocks for numerous synthetic applications. A number of studies 

have described the conjugation of active substances with bile derivatives at the 3- and 24-

positions of the steroid nucleus and side chains. This strategy is efficient to generate new 

conjugated or hybrid bile acids with potent anti-proliferative and apoptotic properties on 

several tumor cells [2]. A number of natural products or derivatives such as tautomycin, 

tautomycetin, and chaetomellic acid, which contain a substituted maleic anhydride unit, have 

been described. These compounds have a wide range of biological activities including 

enzymatic inhibitory effects such as anti-farnesyltransferase activities blocking Ras 

processing, which could contribute to their anti-tumor properties [6, 7, 8]. Based on structure–

activity studies, the maleic anhydride moiety is required for the bioactivity [8]. 

At the moment, little progress has been made in the treatment of glioblastoma, which is 

considered the most lethal brain cancer. Malignant gliomas are the most common primary 

tumors of the brain, and represent around 78% of these tumors [9]. According to the World 

Health Organization, gliomas have been classified into four histologic grades, and 

glioblastoma multiform (grade IV) is the most malignant form showing an average survival 



4 

 

rate of 9-12 months [10]. Overall, long-term survival of glioblastoma is rare, and several 

variables beside tumor size and location determine a patient's chances survival: age at 

diagnosis, functional status, histologic and genetic markers [11]. Cytotoxic therapy, including 

steroids, monoclonal antibodies and radiation, is most often used but its efficacy is limited 

[12, 13, 14, 15, 16]. Therefore, for this aggressive form of brain cancer, there is a real need to 

identify new drugs. As there is evidence that sex hormones, which are derived from 

cholesterol and have a steroid structure, can regulate the development of brain tumors there is 

a rationale to use molecules that include a steroid structure for the treatment of gliomas [17]. 

Up to now, steroids are used to reduce tumor swelling and to decrease pressure inside the 

head. However, no steroid compounds with anti-tumor activities are used even though there is 

some evidence that natural and semi-synthetic steroids have lipotoxic and anti-cancer 

activities on various models, including colon and prostate cancer cells [2, 18, 19, 20]. It has 

also been reported that 7β-hydroxycholesterol (7β-OHC) has anti-proliferative and cytotoxic 

effects against C6 rat glioma cells [21, 22], and that 7β-hydroxycholesteryl-3β(ester)-oleate 

and 7β-hydroxycholesteryl-3-β-O(ether)-oleyl have anti-tumor activities against 

glioblastomas induced by C6 cells in rat brain cortex [23]. Since steroids can pass the blood 

brain barrier, and as some of them, such as oxysterols, have anti-tumor activities, they are 

attractive molecules to develop new anti-tumor drugs against aggressive brain cancers, such 

as glioma.  

In the present study, steroidal maleic anhydrides were obtained by the Barton decarboxylation 

reaction using thiohydroxamic esters as a source of carbon radicals [24, 25, 26, 27, 28]. The 

cytotoxic activities of the maleic anhydrides obtained were characterized on C6 rat glioma 

cells [29, 30]. We previously reported that some of these steroidal maleic anhydrides were 

potent inducers of cell death on C6 cells [31]. So, we attempted to determine the type of cell 
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death triggered by these steroidal maleic anhydrides and by 7β-OHC (used as positive 

lipotoxic / cytotoxic oxysterol) on C6 cells. 

 

2. Materials and Methods 

2.1 Chemical Synthesis 

The chemical synthesis of compounds 1a (23-(4-methylfuran-2,5-dione)-3α-hydroxy-24-nor-

5β-cholane), 1b (23-(4-methylfuran-2,5-dione)-3α,7α-dihydroxy-24-nor-5β-cholane), 1c (23-

(4-methylfuran-2,5-dione)-3α,12α-dihydroxy-24-nor-5β-cholane), 1d (23-(4-methylfuran-2,5-

dione)-3α,7β-dihydroxy-24-nor-5β-cholane), and 1e (23-(4-methylfuran-2,5-dione)-3α,6α-

dihydroxy-24-nor-5β-cholane) was realized as previously described [31] (Fig. 1).  

 

2.2 Cell culture and treatments 

C6 rat glioma cells were seeded at 240,000 cells per well in 6-well microplates containing 2 

mL of culture medium (Dulbecco‟s modified Eagle medium (DMEM) (Lonza) supplemented 

with 10% (v/v) heat-inactivated foetal bovine serum (FBS) (Pan Biotech) and 1% antibiotics 

(100 U/mL penicillin, 100 mg/mL streptomycin) (Pan Biotech)). C6 cells were incubated at 

37°C in a humidified atmosphere containing 5% CO2, and passaged twice a week. At each 

passage, cells were trypsinized with a (0.05% trypsin - 0.02% EDTA) solution (Pan Biotech). 

The conditions of treatment of C6 cells with the different compounds (lithocholic, 

chenodeoxycholic, deoxycholic, ursocholic, and hyodeoxycholic acid derivatives (compounds 

1a, 1b, 1c, 1d, 1e, respectively) (Fig. 1)) and 7β-OHC (lipotoxic compound / cytotoxic 

oxysterol used as positive reference) were the following: initial concentrations of 

chenodeoxycholic (1b; Molecular Weight (MW): 458.3031), deoxycholic (1c; MW: 

458.3032), ursocholic (1d; MW: 458.3031), and hyodeoxycholic (1e; MW: 458.3035) acid 

derivatives were prepared at 800 µg/mL (1 mg of compound with 50 µL absolute ethanol; 

dilution 1/25 in culture medium to obtain a stock solution of 800 µg/mL). The initial 
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concentration of lithocholic acid derivative (1a; MW: 442.3080) was prepared at 400 µg/mL 

(1 mg of compound with 100 µL absolute ethanol; dilution 1/25 in culture medium to obtain a 

stock solution of 400 µg/mL). After 24 h of culture, C6 cells were further treated for 24 h with 

various concentrations of these compounds: 2.5, 5, 10, 20, 40 and 80 µg/mL (range of 

concentrations: 5 to 160 µM). The stock solution of 7β-OHC (Sigma-Aldrich; MW: 402.65), 

used at 20-40 µg/mL (50-100 µM), was prepared at 800 µg/mL (1 mg of compound with 50 

µL absolute ethanol; dilution 1/25 in culture medium to obtain a stock solution of 800 µg/mL) 

as previously described [32, 33, 34]. In the stock solutions, the maximal ethanol concentration 

was 4%. Thus, depending on the sterol concentration, the maximal ethanol concentration in 

the culture medium can reach 0.4% when the sterols were used at 80 µg/mL; the ethanol 

concentration was twice less (0.2%) or four less (0.1%) when the sterols were used at 40 or 20 

µg/mL, respectively. Thus, in the different experiments, the control (untreated cells) was 

always compared to the vehicle control (ethanol) realized with the highest ethanol 

concentration introduced in the culture medium; therefore, the percentage of ethanol in the 

vehicle control depended on the maximal concentration of sterol used in the experiment. α-

tocopherol (Sigma-Aldrich), prepared as previously described [34], was used at 500 µM and 

simultaneously added with compounds 1a, 1b or 7β-OHC. Bafilomycin (Bafilomycin A1: 100 

nM final concentration) was added in the culture medium 20 h after the addition of 

compounds 1a, 1b or 7β-OHC (4 h before the end of the treatment). Rapamycin (rapa: 5 µM 

final concentration) (Sigma-Aldrich) and 3-methyladenine (3-MA: 15 mM final 

concentration) (Sigma-Aldrich) were simultaneously added with compounds 1a, 1b or 7β-

OHC. 

 

2.3 Phase contrast microscopy  



7 

 

Cell morphology (adherent and non-adherent cells) and cell density was observed after 24 h 

of culture on untreated and treated cells under an inverted-phase contrast microscope 

(Axiovert 40CFL, Zeiss) at x400 magnification. For each condition of culture, 9 fields in the 

center of the well were observed [35]. Digitized images were obtained with a video camera 

(Axiocam ICm1, Zeiss). 

 

2.4 MTT assay 

The MTT assay was used to evaluate the effects of treatments on cell proliferation and/or 

mitochondrial activity [36]. The MTT assay was carried out on C6 cells plated in 6-well flat-

bottom culture plates after 24 h of culture on untreated and treated cells. MTT salt (Sigma-

Aldrich) is reduced to formazan in the metabolically active cells by the mitochondrial enzyme 

succinate dehydrogenase [37]. The plates were read at 570 nm with a microplate reader - 

Tecan Sunrise (Tecan).  

 

2.5 Crystal violet staining assay 

The number of adherent cells was estimated by staining with crystal violet (Sigma-Aldrich). 

Cells were seeded in triplicate in 6-well plates and treated with the different compounds for 

24 h. At the end of the treatment, cells were washed with PBS, stained with crystal violet 

(Sigma-Aldrich) for 5 min, and rinsed with water three times. Absorbance was read at 570 nm 

after extraction of the dye with 0.1 mol/L sodium citrate (Sigma-Aldrich) in 50% ethanol 

(Carlo-Erba). Data obtained with crystal violet staining (optical density per well) were 

expressed as % control (untreated cells). 

 

2.6 Cell clonogenic survival assay 
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Cell clonogenic survival assay or colony formation assay is an in vitro cell survival assay 

based on the ability of a single cell to grow into a colony following insult with chemicals or 

radiation [38, 39]. At the end of treatment in 6-well plates, cells were trypsinized, counted on 

a Malassez hemocytometer in the presence of trypan blue (v/v), and 1,000 living cells were 

cultured in a 100 mm Petri dish in 10 mL of culture medium for 6 days. Cells permeable to 

propidium iodide (PI: 1 µg/mL) corresponding either to dead cells or to cells with altered 

plasma membranes were determined by flow cytometry at the beginning of the culture (Day 

0). After 6 days of culture, the cells were stained with crystal violet to visualize cell colonies; 

the medium was changed twice a week.  

 

2.7 Nuclear staining with Hoechst 33342 

Nuclear morphology of control (untreated cells), and treated cells was characterized by 

fluorescence microscopy after staining with Hoechst 33342 (Sigma-Aldrich) (2 µg/mL) [40]. 

Cell deposits of about 40,000 cells were applied to glass slides by cytocentrifugation (5 min, 

1,500 rpm) with a cytospin 2 (Shandon), mounted in Dako fluorescent mounting medium 

(Dako) and stored in the dark at 4°C until observation. The morphological aspect of the cell 

nuclei was determined with an Axioskop fluorescent microscope (Zeiss). For each sample, 

300 nuclei were examined. 

 

2.8 Measurement of transmembrane mitochondrial potential with DiOC6(3) 

Variations in the transmembrane mitochondrial potential (ΔΨm) were measured with 3,3′-

dihexyloxacarbocyanine iodide (DiOC6(3) (Thermo Fisher Scientific)) [41]. Adherent and 

non-adherent cells were pooled, and stained with DiOC6(3) (40 nM). Carbonyl cyanide m-

cholorophenyl hydrazone (CCCP; Sigma-Aldrich), a potent mitochondrial oxidative 

phosphorylation uncoupler, was used as positive control to induce loss of ΔΨm; to this end, 
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CCCP was prepared at 10 mM in DMSO (Sigma-Aldrich); CCCP (50 µM) was added on the 

cells 10 min before staining with DiOC6(3). Mitochondrial depolarization is indicated by 

decreased green fluorescence collected through a 520/20 nm band pass filter on a Galaxy flow 

cytometer (Partec). Ten thousand cells were acquired; data were analysed with Flomax 

(Partec) or FlowJo (Tree Star Inc.) software.  

 

2.9 Measurement of reactive oxygen species production  

The overproduction of ROS was quantified by flow cytometry after staining with 

dihydroethidium (DHE; Thermo Fisher Scientific), which was prepared in dimethyl sulfoxide 

(DMSO) and used at 2 µM. Once in the cell, DHE oxidation yields to several products, 

including ethidium, which exhibits an orange/red fluorescence (λEx Max= 488 nm; λEm Max= 

575 nm) [42, 43]. DHE mainly react with O2
●-

. Fluorescent signal of DHE was collected with 

a 590 / 20 nm band pass filter. For each samples, ten thousand cells were acquired on a 

Galaxy (Partec) flow cytometer. Data were analyzed with FlowJo software (Tree Star Inc.). 

 

2.10 Vacuole staining with acridine orange 

The presence of autophagic vacuoles was determined by staining with acridine orange (AO) at 

1 μg/mL (15 min, 37°C). In AO-stained cells, acidic compartments (large vacuoles in 

autophagic cells versus small dots in non-autophagic cells) exhibit bright orange fluorescence 

when excited with a green light, the intensity of which is proportional to the degree of the 

acidity and volume of acidic vesicular organelles [39]. The nuclei were simultaneously 

stained with Hoechst 33342 (1 µg/mL). At the end of the staining procedure, cells were 

immediately examined with an Axioskop fluorescent microscope (Zeiss). Digitized images 

were obtained with an AxioCam digital camera (Zeiss).  
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2.11 Identification of autophagic vacuoles with monodansylcadaverine 

Autophagic vacuoles were also identified by fluorescence microscopy after staining with 

monodansylcadaverine (MDC) [44, 45]. MDC is a lysosomotropic agent which concentrates 

into acidic compartments by an ion trapping mechanism [46], and it is also a solvent polarity 

probe which increases its relative fluorescence by interacting with membrane lipids, mainly 

phospholipids of autophagic vacuoles [47]. Cells were seeded in 6 well plates on glass slides. 

MDC (λEx max 340 nm, λEm max 530 nm), prepared at 0.1 M in DMSO, was added to the 

culture medium at 0.1 mM. After 30 min of incubation at 37°C, glass slides were immediately 

examined under an Axioskop right microscope (Zeiss) by using UV light excitation. For each 

sample, 300 cells were examined. 

 

2.12 Cell cycle analysis 

Flow cytometric analysis of the cell cycle was realized on adherent and non-adherent cells 

collected by trypsinization. Cells were pooled, washed with PBS, and 1-2 × 10
6
 cells were 

stained with propidium iodide (PI) [48]. Briefly, cells were resuspended in 80% cold ethanol, 

washed in PBS, and resuspended in PBS containing 80 µg/mL PI and 200 µg/mL RNase A. 

After incubation (1 h, 37°C), 1-2 mL of PBS were added, and flow cytometric analyses were 

performed on a Galaxy flow cytometer (Partec). The parameters, forward scatter (FSC) and 

side scatter (SSC), were used to exclude cell debris; FSC and SSC were measured on a 

logarithmic scale. In addition, after gating on FSC-SSC, doublet cells were excluded by an 

additional gating on FL2-w (width) versus FL2-a (area); all events inside this gate correspond 

to single cells and were used to determine the DNA content (FL2-a). FL2a allows to measure 

the fluorescence of PI, which was collected using a 590/10 nm bandpass filter, and measured 

on a linear scale. 10,000 cells were acquired and data were analysed with Flomax (Partec) or 

FlowJo (Tree Star Inc.) software. 
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2.13 Polyacrylamide gel electrophoresis and Western blotting  

Cells were lysed in a RIPA buffer and the protein concentration was measured in the 

supernatant using the Bicinchoninic Acid Solution (Sigma-Aldrich) [34, 35]. Seventy 

micrograms of proteins were diluted in loading buffer (125 mM Tris-HCl, pH 6.8, 10 % -

mercaptoethanol, 4.6 % SDS, 20 % glycerol, and 0.003 % bromophenol blue), separated on a 

polyacrylamide SDS-containing gel, and transferred onto a nitrocellulose membrane 

(Thermo-Scientific). After blocking nonspecific binding sites for 1 h with 5 % nonfat milk in 

TBST (10 mM Tris-HCl, 150 mM NaCl, 0.1 % Tween 20, pH 8), the membrane was 

incubated overnight with the primary antibody diluted in TBST with 1-5 % milk. The 

antibodies directed against caspase-3 (# 9662 Cell Signaling (Ozyme)), PARP (# 9532 Cell 

Signaling (Ozyme)), mTOR (# 2983 Cell Signaling (Ozyme)), Beclin-1 (# 3495 Cell 

Signaling (Ozyme)), Atg12 (# 4180 Cell Signaling (Ozyme),; recognizing both free Atg12 

and Atg5-Atg12 complex), and LC3-I/II (# L8918 (Sigma-Aldrich)), which are rabbit 

antibodies, were used at 1/1000 final dilution. An antibody raised against β-actin (mouse 

monoclonal antibody; Ref: A2228 Sigma-Aldrich) was used at 1/10,000 final dilution. The 

membrane was washed with TBST and incubated (1 h, room temperature) with horseradish 

peroxidase-conjugated goat anti-mouse (Cell Signaling, # 7074) or anti-rabbit antibody 

(Santa-Cruz Biotechnology, # sc-2005) diluted at 1/5,000. The membrane was washed with 

TBST and revealed using an enhanced chemiluminescence detection kit (Supersignal West 

Femto Maximum Sensitivity Substrate, Thermo-Scientific) and Chemidoc XRS+ (Bio-Rad). 

The expression of caspase-3 (uncleaved and cleaved), PARP (uncleaved and cleaved), mTOR, 

Beclin 1, free Atg12, Atg12-Atg5, and the ratio LC3-II / LC3-I were calculated with Image 

Lab software (Bio-Rad). The expressions of caspase-3, PARP, mTOR, Beclin 1, free Atg12, 

and Atg12-Atg5 were normalized versus β-actin and expressed as normalized expression 
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versus control (untreated cells). The ratio LC3-II / LC3-I was calculated for each assay and 

expressed as fold induction versus control.  

 

2.14 Statistical analysis 

Statistical analyses and determination of IC50 values were done using XLSTAT software 

(Microsoft). Data were expressed as mean ± SD; data were considered statistically different 

(Mann-Whitney test) at a P-value of 0.05 or less.  

 

3. Results and discussion 

The cytotoxic activities of compounds 1a, 1b, 1c, 1d and 1e were evaluated in vitro on C6 

cells with several complementary assays to determine i) their impact on cell growth and at the 

mitochondrial level, and ii) the type of cell death induced: type I (apoptosis), type II 

(autophagy) or type III (necrosis) [49]. The cytotoxic effects of compounds (1a-e) were 

evaluated first with the MTT assay and by crystal violet staining after 24 h of culture in a 

range of concentrations from 2.5 to 80 µg/mL to define IC50 values for the different molecules 

considered. 7β-OHC was used as the positive control. With the MTT assay, which reveals 

mitochondrial dysfunctions and/or cell growth inhibition, and with crystal violet staining, to 

evaluate cell growth (cell confluency), a dose dependent decrease in the values reflecting 

mitochondrial activity and/or cell growth (MTT assay) as well as cell growth and cell 

adhesion (crystal violet) was observed with compounds 1a and 1b, and with 7β-OHC (Fig. 2 

A-B). For 1a, 1b, and 7β-OHC, respectively, the IC50 were 15.03, 77.88 and 25.03 µg/mL 

with the MTT assay and 80.58, 137.79 and 24.76 with crystal violet staining. The data 

obtained with 7β-OHC (20 µg/mL) on C6 cells are in agreement with those previously 

described [32]. Interestingly, the loss of cell adhesion observed by phase contrast microscopy 

with compounds 1a and 1b was associated with the lowest MTT values (Supplementary Fig. 
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1). To determine the impact of compounds 1a and 1b on transmembrane mitochondrial 

potential (ΔΨm), the effects of two concentrations framing the IC50 values calculated with the 

MTT assay were determined. With compounds 1a used at 10-20 µg/mL, and 1b used at 40-80 

µg/mL, as well as with 7β-OHC used at 10-20 µg/mL for 24 h, comparatively to untreated 

cells, a higher percentage of cells with depolarized mitochondria was observed by flow 

cytometry after staining with DiOC6(3), thus indicating the occurrence of a loss of ΔΨm 

under treatment with these different compounds, and side effects at the mitochondrial level 

(Fig. 3 A). With the compounds 1c, 1d, and 1e, no marked effects on mitochondrial activity 

and cell growth were observed with the MTT assay or with crystal violet staining, 

respectively (Fig. 2 C-D). Because of the absence of cytotoxicity of compounds 1c, 1d, and 

1e, the corresponding IC50 values (> 80 µg / mL) were not calculated. Thus, it appears that the 

cytotoxic activity is lost when the hydrogen is replaced by a hydroxyl in R1 and R3. In 

addition, when the hydrogen is replaced by α-OH in R2, the cytotoxic activity is decreased; 

when it is replaced by β-OH, it is lost.  

As compounds 1a and 1b inhibited cell growth, and led to a loss of ΔΨm in a range of 

concentrations similar to that of 7β-OHC, which is known to have anti-gliomal activities both 

in vitro and in vivo [21, 22, 23], further analyses were done to characterize the type of cell 

death induced by these molecules. Noteworthy, on C6 cells, compounds 1a and 1b as well as 

7β-OHC induce an overproduction of ROS (Fig. 3B). With compounds 1a and 1b, and 7β-

OHC the ability of remaining cells to survive was also determined. To this end, the cell 

clonogenic survival assay was used. Interestingly, this assay brought new information and 

revealed marked differences between compound 1a and 1b, and 7β-OHC. With 1b, no 

remaining cells were able to form colonies when they had previously been treated with 20, 40 

and 80 µg/mL (Fig. 4). However, with 1a, the remaining cells were able to form colonies after 

treatment with 20, 40 µg/mL. At these concentrations, the aspects were similar to those in the 
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control and vehicle (EtOH: 0.4%) (Fig. 4). At 80 µg/mL, no colonies were observed (Fig. 4). 

With 7β-OHC, the remaining cells were able to form colonies only after treatment with 20 

µg/mL, and the density was lower than in the control and vehicle (EtOH: 0.4%) (Fig. 4). 

Thus, whereas 1a could be considered more effective than 1b based on calculated IC50 values 

obtained with the MTT and crystal violet assays, the cell clonogenic survival assay revealed 

that 1b was more cytotoxic since no colonies were observed at 20, 40 and 80 µg/mL with this 

compound. Therefore, the anti-tumor activity of 1b could be more promising than that of 1a 

since remaining cells were unable to replicate. Thus, the cytotoxic in vitro activity determined 

on C6 cells can be deemed as follows: 1a > 7β-OHC > 1b. In addition, as chenodeoxycholic 

acid, lithocholic acid and derivatives induce cell cycle modifications and can modulate cyclin 

activities [50, 51, 52], the effects of compounds 1a and 1b as well as those of 7β-OHC (20-40 

µg/mL; 24 h) on the distribution of cells in the different phases of the cell cycle were studied 

by flow cytometry. No difference was observed between untreated (control) and vehicle 

(EtOH 0.2%)-treated cells (Fig. 5). In agreement with previous data observed on human 

monocytic THP-1 cells [53], greater percentages of cells in (G2+M) were found with 7β-OHC 

(20-40 µg/mL) supporting a down regulation of cyclin B1 expression (Fig. 5). Under 

treatment with 7β-OHC, an accumulation of the cells in (G2 + M) has also been reported on 

the human colon cancer cell line Caco-2 [54]. Compared with control cells, no effect of 

compound 1a on the distribution of cells in the different phases of the cell cycle was observed 

at 20 and 40 µg/mL. With compound 1b, whereas no modifications were detected in the 

distribution of cells in the different phases of the cell cycle at 20 µg/mL, marked 

modifications were revealed at 40 µg/mL (Fig. 5). It is therefore suggested that the double 

peak observed in G0/G1 might be due either to a blockage in G1 or in early S phase. As, 

dialkyl substituted maleic anhydrides have previously been described as Cdc 25 inhibitors 

[55], and as it is known that Cdc 25A is involved in the activation of the Cdk2/Cyclin E 
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complex, which allows progression from the G1 to S phase [56], it is therefore hypothesized 

that by analogy with dialkyl substituted maleic anhydrides, some steroidal maleic anhydrides, 

such as 1b, could also be Cdc 25 inhibitors. This hypothesis could explain the presence of the 

double peak with compound 1b. In addition, compound 1b, was also able to significantly 

decrease the percentage of multiploid cells both at 20 and 40 µg/mL (Fig. 5). Since our 

conditions of analysis by flow cytometry exclude cell debris and aggregate cells, the ability of 

compound 1b to reduce multiploid cells constitutes an additional biological activity of this 

molecule. In addition, as compounds 1a and 1b could be new candidates for the treatment of 

malignant glioma, we attempted to determine the mode of cell death induced. After nuclear 

staining with Hoechst 33342, which is used to distinguish between normal cells with regular 

nuclei, apoptotic cells with condensed and/or fragmented nuclei, and necrotic/oncotic with 

altered diffused/swollen nuclei [40, 57], no apoptotic cells were observed. Mainly cells with 

swollen nuclei, indicating oncosis, were observed under treatment with the compound 1a, 

mainly at 80 µg/mL (Supplementary Fig. 2). With compound 1b, a slight significant increase 

in apoptotic cells was observed but no necrotic/oncotic cells were detected (Supplementary 

Fig. 2). With 7β-OHC, neither oncotic, nor apoptotic cells were observed (Supplementary 

Fig. 2). Thus, in agreement with the different effects found with previous assays (MTT and 

crystal violet assays, measurement of the transmembrane mitochondrial potential (ΔΨm), cell 

cycle analysis), the different nuclear morphological changes observed with compounds 1a and 

1b support the hypothesis that these two structurally similar molecules probably act on 

different cellular targets. Moreover, the induction of autophagy has been reported in various 

cell types treated with oxysterols, such as 7β-OHC, 7-ketocholesterol, 24S-hydroxychlesterol, 

and dendrogenine A [58, 59, 60, 61]. Therefore, as steroid molecules, such as oxysterols, have 

the ability to trigger lethal or survival autophagy, it was important to determine whether or not 

compounds 1a and 1b as well as 7β-OHC were able to induce this process. To evaluate 
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autophagic induction, numerous cytological and biochemical criteria are available [57]. The 

staining procedure with acridine orange (AO), which gives reliable data with numerous 

autophagic inducers (including oxysterols [60]) in different cell types, was used. In these 

conditions, in control and vehicle (Ethanol 0.4%)-treated cells, several small red vacuoles 

were observed around the nuclei (Fig. 6 A-B). In 7β-OHC-treated cells, mainly at 40 µg/mL, 

numerous vacuoles, which were larger than in control and vehicle-treated cells, were detected. 

Based on the ability of 7β-OHC to trigger autophagy [62], these vacuoles could correspond to 

autophagic vesicles (Fig. 6 C-D). Under treatment with compounds 1a and 1b, a higher 

number of vacuoles, with larger sizes than in control and vehicle-treated cells, were also 

observed (Fig. 6 E-J). This supports the hypothesis that under treatment with compounds 1a, 

1b and 7β-OHC, the lysosome is involved in cell death, and that an autophagic process could 

be triggered by these molecules. This hypothesis is supported by staining with 

mododansylcadaverin (MDC), a fluorescent probe that is incorporated into autophagic 

vacuoles in cultured cells by both an ion trapping mechanism and the interaction with 

membrane lipids. In agreement with data obtained on 7β-OHC-treated promonocytic U937 

cells [44, 45], several C6 cells with large MDC positive vesicles were observed under 

treatment with 7β-OHC (Fig. 7); similar observations were done on C6 cells treated with 

compounds 1a and 1b (Fig. 7). Additional biochemical analyses (analysis of autophagic 

proteins: mTOR (Target of Rapamycin); Beclin-1; free Atg12; Atg12-Atg5 complex; 

determination of the LC3-II / LC3-I ratio) were performed to define the part taken by 

autophagy during cell death induced by the compounds 1a and 1b, and 7β-OHC [59, 62, 63]. 

In addition, bafilomycin (a potent inhibitor of the Vacuolar H
+
ATPase (V-ATPase) which 

controls pH in the lysosome and which also impairs fusion between autophagosome and 

lysosome) was used in association with the compounds 1a and 1b, and 7β-OHC to evaluate 

the autophagic flux [59, 63]. Western blotting analysis confirmed the absence of apoptosis 
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under treatment with compounds 1a and 1b, as well as with 7β-OHC (absence of cleaved 

caspase-3 and cleaved PARP) but revealed increased ratio of LC3-II / LC3-I, which 

constitutes an autophagic criteria, especially with compound 1b and 7β-OHC (Fig. 8). With 

the compound 1b, comparatively to control and vehicle (EtOH 0.4%)-treated cells, mTOR 

expression was higher whatever the concentration considered, Beclin-1 was slightly 

overexpressed especially at 20 µg/mL, whereas free Atg-12 and the complex Atg5-Atg12 

were lower (Fig. 8). With the compound 1a, comparatively to control and vehicle (EtOH 

0.4%)-treated cells, mTOR expression decreased in a dose dependent manner, Beclin-1 was 

slightly overexpressed mainly at 20 and 40 µg/mL, and free Atg-12 was overexpressed at 40 

and 80 µg/mL whereas the complex Atg5-Atg12 was higher at 20, 40 and 80 µg/mL (Fig. 8). 

Altogether, these data show that the cascade of autophagic events (mTOR, Beclin-1, Atg12, 

Atg5-Atg12, LC3-II / LC3-I) leading to the formation of the autophagosome [64] is 

differently affected with the compounds 1a and 1b, suggesting different mechanisms and/or 

kinetics leading to autophagy between these two molecules. Under treatment with 7β-OHC 

(used as positive control), in agreement with previous data, a strong increase of the ratio of 

LC3-II / LC3-I was observed [62]; this was associated with a simultaneous increase of 

mTOR, Beclin-1, Atg12, and Atg5-Atg12 involved in the formation of the autophagosome, 

mainly with 7β-OHC (40 µg/mL) (Fig. 8). This data are in favour of the induction of 

autophagy with 7β-OHC, and supports that under treatment with this oxysterol autophagic 

and apoptotic induction reported on nerve cells (158N cells) are probably independent events 

[34, 62]. When bafilomycin was associated with 7β-OHC and compound 1a, comparatively to 

7β-OHC and compound 1a used alone, important differences of LC3-II / LC3-I ratio were 

observed suggesting an autophagic flux with these two molecules (Supplementary Fig. 3). 

However, with compound 1b, the LC3-II / LC3-I ratio is not statistically different between 

compound 1b versus (compound 1b + bafilomycin), and even slightly decreased in 
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(compound 1b + bafilomycin) comparatively to compound 1b, suggesting that 1b does not 

permit the fusion between autophagosomes and lysosomes leading to autolysosomes 

formation (Supplementary Fig. 3). These data constitutes an important difference between 

compound 1a and 1b. In addition, 3-methyladenine (3-MA: 15 mM), which is an inhibitor of 

autophagy [65], and rapamycin (rapa: 5 µM), which is an activator of autophagy [66], were 

used to determine whether 7β-OHC and compounds 1a and 1b trigger survival or lethal 

autophagy. It is known that 3-MA inhibits autophagy by blocking autophagosome formation 

via the inhibition of type III Phosphatidylinositol 3-kinases (PI-3K) [67], and that rapamycin 

triggers autophagy by inhibiting both mTORC1 and mTORC2 leading to the subsequent 

activation of Beclin-1 resulting from the inhibition of the mTOR-ULK1 pathway [66, 68]. 

Noteworthy, in the presence of 3-MA and rapamycin, 7β-OHC-induced cell death (evaluated 

by the percentage of floating cells in the culture medium) was strongly enhanced and strongly 

reduced, respectively, supporting that this oxysterol triggers a survival autophagy (Fig. 9 A). 

These data are in agreement with those obtained by Yuan et al. (2016) which reported a 

survival autophagy on THP-1 cells treated by a mixture of 7β-OHC and 7-ketocholesterol 

(7KC) highlighting the importance of autophagy in combating cellular stress, and cell death in 

atherosclerosis [69]. Currently, several studies are in favor of the activation of survival 

autophagy under the effect of oxysterols (7β-OHC, 7KC) that accumulate at the level of 

atheroma plaque [70, 71]. Otherwise, the ability of α-tocopherol, known to prevent ROS 

overproduction (mainly peroxyl (ROO
●
) and alkoxyl (RO

●
) radicals) [72], strongly reduces 

7β-OHC-induced cell death (Fig. 9 A). In agreement with previous investigations [73], our 

data obtained on C6 cells underline that 7β-OHC-induced ROS overproduction, known to 

contribute to the loss of ΔΨm, play major roles in the cell death process induced by this 

oxysterol. It is therefore concluded that 7β-OHC-induced cell death on C6 glioma cells 

simultaneously induces oxidative stress, loss of ΔΨm, and survival autophagy, and that the 
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key event leading to cell death is oxidative stress (Fig. 10). With compounds 1a and 1b, the 

mode of cell death observed involves mechanisms which are different from those of 7β-OHC. 

Indeed, when the cells are cultured with compounds 1a and 1b without or with 3-MA or 

rapamycin, the percentage of floating cells are similar, and in addition α-tocopherol does not 

prevent cell death induces by these compounds whereas they enhance ROS overproduction 

(Fig. 9 B-C). Consequently, the lack of effect of α-tocopherol suggests a minor role of the 

overproduction of ROS in cell death. Otherwise, the absence of effect of 3-MA and 

rapamycin on cell death suggests that if autophagy is induced by the compounds 1a and 1b, it 

does not involve conventional signaling pathways requiring the activation of PI3K and the 

inhibition of mTORC. It is therefore suggested that the mitochondria could play key roles in 

the induction of cell death with compounds 1a and 1b (Fig. 10).  

Altogether, our data support that compounds 1a and 1b are cytotoxic molecules, with original 

biological characteristics. The two compounds 1a and 1b reduce cell growth and favour a loss 

of cell adhesion, induce ROS overproduction and mitochondrial dysfunctions (decreased 

succinate dehydrogenase activity, loss of ΔΨm), and trigger a non apoptotic mode of cell 

death with characteristics of autophagy leading an increase of the ratio LC3-II / LC3-I 

associated with modifications of the expression of proteins (mTOR, Beclin-1, Atg12, Atg5-

Atg12) involved in the formation of the autophagosome. However, only compound 1b 

induced marked modifications of the cell cycle. In order to clearly establish whether the 

molecules 1a and 1b could constitute new anti-tumor drugs, additional vivo studies are 

required on various animal models. 

In summary, novel maleic anhydride derivatives were synthesized in one step from readily 

available bile acids. Among these compounds, the in vitro data obtained on C6 glioma cells 

reveal marked cytotoxic effects with two molecules (23-(4-methylfuran-2,5-dione)-3-

hydroxy-24-nor-5-cholane (compound 1a), and 23-(4-methylfuran-2,5-dione)-3,7-
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dihydroxy-24-nor-5-cholane (compound 1b)) suggesting the possibility to use steroidal 

maleic anhydrides as new easy-to-synthesize anti-cancer agents against tumoral cells, 

especially glioma cells. In addition, the data obtained on C6 cells with 7β-OHC support the 

ability of this oxysterol to induce a cell death process associated with several characteristics 

of survival autophagy, and bring new evidences on the ability of some sterol derivatives to 

induce cell death on cancer cells [74].  
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Figure legends 

Figure 1: Synthesis of steroidal maleic anhydrides: compounds 1a, b, c, d, and e [31]. 

 

Figure 2: Evaluation of the cytotoxic effects of compounds 1a, b, c, d, and e, and of 7β-

hydroxycholesterol with the MTT and the crystal violet staining assays. After plating for 

24 h, C6 rat glioma cells were cultured in the absence or presence of compounds 1a, 1b, 1c, 

1d, and 1e used at 2.5, 5, 10, 20, 40 and 80 µg/mL (range of concentrations: ~ 5 to 160 µM) 

for 24 h. Marked cytotoxic effects were only observed with compounds 1a and 1b and with 

7β-OHC used as positive control (A, B); no cytotoxic effects were observed with compounds 
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1c, 1d, and 1e (C, D). Statistical analyses were realized with the Mann-Whitney test. (*): 

P<0.05 or less. 

  

Figure 3: Evaluation of the effects of compounds 1a, and 1b on transmembrane 

mitochondrial potential and reactive oxygen species (ROS) production. After plating for 

24 h, C6 rat glioma cells were cultured for 24 h in the absence or presence of compounds 1a 

(20-40 µg/mL), 1b (40-80 µg/mL) and with 7β-OHC (positive control, 10-20 µg/mL) at 

concentrations framing the IC50 values. The % of cells with depolarized mitochondria was 

determined by flow cytometry with DiOC6(3) (A); the corresponding cytograms obtained by 

flow cytometry under different conditions of treatments are shown, and the percentages of 

cells with depolarized mitochondria are indicated on these cytograms. The % of ethidium 

positive cells (ROS overproducing cells) was determined by flow cytometry after staining 

with DHE (B). Statistical analyses were realized with the Mann-Whitney test. (*): P<0.05 or 

less (assay versus vehicle). No statistically significant difference was observed between 

control and vehicle (EtOH (0.4%)). 

 

Figure 4: Cell clonogenic survival assay. At the end of the treatments in 6-well plates with 

compounds 1a, 1b and 7β-OHC at 20, 40 and 80 µg/mL for 24 h, 1,000 cells were cultured in 

Petri dishes for 6 days. At the beginning of the culture, the % of cells permeable to propidium 

iodide corresponding either to dead cells or to cells with altered cytoplasmic membranes are 

indicated. After 6 days of culture, the cells were stained with crystal violet to visualize cell 

colonies.  

 

Figure 5: Evaluation of the effects of compounds 1a, and 1b on the distribution of cells 

in the different phases of the cell cycle. After plating for 24 h, C6 rat glioma cells were 
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cultured for 24 h in the absence or presence of compounds 1a, and 1b and with 7β-OHC 

(positive control) at 20 and 40 µg/mL. Cell cycle analysis was realized by flow cytometry 

after staining with propidium iodide. Data shown are the mean of three independent 

experiments. Statistical analyses were realized with the Mann-Whitney test. (*): P<0.05 or 

less (assay versus vehicle). No statistically significant difference was observed between 

control and vehicle (EtOH (0.2%)). 

 

Figure 6: Evaluation of the effects of compounds 1a, and 1b on the biogenesis of 

lysosomal vesicles evocating autophagic vesicles. After plating for 24 h, C6 rat glioma cells 

were cultured for 24 h in the absence (A, B) or presence of compounds 1a, and 1b (20, 40, 

and 80 µg/mL) (E-J) and with 7β-OHC (positive control; 20 and 40 µg/mL) (C, D). 

Lysosomal vesicles, which could correspond to autophagic vesicles, were revealed by staining 

with acridine orange. The nuclei were counterstained with Hoechst 33342. Observations were 

performed by fluorescence microscopy by excitation with a green light (red fluorescence of 

acridine orange; active lysosomes/autophagic vesicles), a blue light (green fluorescence of 

acridine orange; cytoplasm) and UV light (blue fluorescence of Hoechst 33342; nuclei). The 

images correspond to the superposition of the three fluorescences.  

 

Figure 7: Evaluation of the effects of 7β-hydroxycholesterol and of compounds 1a, and 

1b on the formation of large monodansylcadaverine positive vesicles considered as 

autophagic vesicles. C6 cells were cultured for 24 h in the absence or presence of 7β-

hydroxycholesterol (7β-OHC: 20 and 40 µg/mL) and of compounds 1a and 1b used at 20, 40, 

and 80 µg / mL. The percentage of cells with large monodansylcadaverine (MDC) positive 

vesicles considered as autophagic vesicles were determined. Data shown are the mean of two 

independent experiments realized in triplicate. Statistical analyses were realized with the 
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Mann-Whitney test. (*): P<0.05 or less (assay versus vehicle). No statistically significant 

difference was observed between control and vehicle (EtOH (0.4%)). 

 

Figure 8: Evaluation of the effects of compounds 1a and 1b on caspase-3 activation, poly 

ADP ribose polymerase (PARP) degradation, and autophagic proteins involved in the 

autophagosome formation (mTOR, Beclin-1, free Atg12, Atg5-Atg12 complex, LC3-I 

and LC3-II). C6 cells were cultured for 24 h in the absence or presence of compounds 1a and 

1b used at 20, 40, and 80 µg / mL. Apoptosis and autophagy were characterized by Western 

blotting with different antibodies. Apoptosis was evaluated by caspase-3 activation (cleaved 

caspase-3), and PARP degradation, and autophagy by (mTOR, Beclin-1, free Atg12, Atg5-

Atg12 complex, LC3-I and LC3-II). The ratio LC3-II / LC3-I, which is an autophagic criteria, 

was determined. Data shown are representative of three independent experiments. Control: 

untreated cells; EtOH 0.4%: vehicle-treated cells. No difference was observed between 

control and the vehicle-treated cells. Statistical analyses were realized with the Mann-

Whitney test. (*): P<0.05 or less (assay versus vehicle).  

 

Figure 9: Evaluation of the effects of rapamycin and 3-methyladenine on cell death 

induced by 7β-hydroxycholesterol and compounds 1a and 1b. C6 cells were cultured for 

24 h in the absence or presence of 7β-hydroxycholesterol (20 and 40 µg/mL) and of 

compounds 1a and 1b used at 20, 40, and 80 µg / mL. Αlpha-tocopherol (α-toco: 500 µM), 

rapamycin (rapa: 5 µM final concentration) or 3-methyladenine (3-MA: 15 mM final 

concentration) were simultaneously added with compounds 1a, 1b or 7β-OHC. Data shown 

are representative of three independent experiments. Control: untreated cells; EtOH 0.4%: 

vehicle-treated cells. No difference was observed between control and the vehicle-treated 
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cells. Statistical analyses were realized with the Mann-Whitney test. (*): P<0.05 or less (assay 

versus vehicle); (#): P<0.05 or less (assay versus (assay + α-toco (or rapa, or 3-MA)). 

 

Figure 10: Hypothetic models of cell death on C6 glioma cells treated with 7β-

hydroxycholesterol or compounds 1a or 1b. On C6 rat glioma cells, with 7β-

hydroxycholesterol (7β-OHC), an overproduction of ROS occurs associated with a loss of 

ΔΨm and survival autophagy. Indeed, 7β-OHC-induced cell death is prevented by rapamycin, 

an activator of autophagy, and it is increased by 3-methyladenine, an inhibitor of autophagy. 

Autophagy is characterized by increased expression of mTOR, Beclin-1, Atg12, and Atg5-

Atg2. In addition, the ratio LC3-II / LC3-I is increased and strongly modified by bafilomycin 

which acts on the autophagic flux. Based on data observed on other cell types, it is suggested 

that ROS overproduction could trigger loss of ΔΨm and impact the lysosome involved in the 

autophagic process. This hypothesis is supported by the ability of α-tocopherol to prevent 7β-

OHC-induced side effects and cell death. Therefore, ROS could be the major event 

contributing in 7β-OHC-induced cell death. With compounds 1a and 1b, compound 1a and 

1b - induced cell death is neither prevented by rapamycin, and 3-methyladenine. However, 

important modifications of the expression of autophagic proteins (mTOR, Beclin-1, Atg12, 

Atg5-Atg2, LC3-I and LC3-II) involved in the formation of the autophagosome are observed. 

The ratio LC3-II / LC3-I, which is mainly increased with compound 1b, is modified by 

bafilomycin. No cytoprotection is observed with α-tocopherol known to prevent ROS 

overproduction. It is therefore suggested that mitochondrial dysfunctions could be the major 

event contributing in compound 1a and 1b-induced cell death. 

 

Supplementary Figure 1: Evaluation of the effects of steroidal maleic anhydrides on cell 

growth and cell adhesion by phase contrast microscopy. The effects of compounds 1a 
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(Litho: 23-(4-methylfuran-2,5-dione)-3-hydroxy-24-nor-5-cholane) and 1b (Cheno: 23-(4-

methylfuran-2,5-dione)-3,7-dihydroxy-24-nor-5-cholane) on cell growth, cell adhesion, 

and cell detachment of C6 glioma cells was determined by phase contrast microscopy. C6 

cells were cultured for 24 h in the absence or presence of compounds 1a and 1b used at 20, 

40, and 80 µg / mL. Control: untreated cells; EtOH 0.1%: vehicle-treated cells. Compared to 

control (untreated cells) and vehicle (EtOH 0.1%)-treated C6 cells, a marked inhibition of cell 

growth was observed under treatment with compound 1a and 1b, and several round cells 

(considered as dead cells, and resulting from a loss of cell adhesion) were also detected. 

 

Supplementary Figure 2: Morphological characterization of steroidal maleic anhydride-

induced cell death. The mode of cell death (apoptosis/necrosis/oncosis) induced by 

compounds 1a (Litho: 23-(4-methylfuran-2,5-dione)-3-hydroxy-24-nor-5-cholane) and 1b 

(Cheno: 23-(4-methylfuran-2,5-dione)-3,7-dihydroxy-24-nor-5-cholane) on C6 glioma 

cells was determined by fluorescence microscopy after nuclear staining with Hoechst 33342, 

which is used to distinguish between viable, apoptotic, necrotic and oncotic cells. 7β-

hydroxycholesterol (7β-OHC) was used as the steroid compound of reference for cell death 

induction. Only apoptotic, oncotic, and normal nuclei were observed, and only the % of 

apoptotic and oncotic cells is shown. The morphological aspects of the nuclei of normal 

(living cells), apoptotic and oncotic/necrotic cells are shown; the nuclei were stained with 

Hoechst 33242. Data shown are the mean of two independent experiments realized in 

triplicate. Statistical analyses were realized with the Mann-Whitney test. (*): P<0.05 or less 

(assay versus vehicle). No statistically significant difference was observed between control 

and vehicle (EtOH (0.4%)). 
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Supplementary Figure 3: Evaluation of the autophagic flux with Bafilomycin. C6 cells 

were cultured for 24 h in the absence or presence of compounds 1a and 1b used at 20, 40, and 

80 µg / mL, or of 7β-hydroxycholeserol (7β-OHC) used at 20 and 40 µg/mL. Bafilomycin 

(100 nM) was introduced in the culture medium 20 h after the addition of compounds 1a, 1b, 

or 7β-OHC. Data shown are the mean of three independent experiments realized in triplicate. 

Statistical analyses were realized with the Mann-Whitney test. (*): P<0.05 or less (assay 

versus vehicle); (#): P<0.05 or less (assay versus (assay + bafilomycin)). No statistically 

significant difference was observed between control and vehicle (EtOH (0.4%)). 

 

 



Figure 1: Sassi K et al. 

1 a; MW:  442.3080 
1 b; MW:  458.3031 
1 c; MW: 458.3032 
1 d; MW: 458.3031 
1 e;  MW: 458.3035 
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Figure 8; Sassi K et al. 
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Figure 9; Sassi K et al. 
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Figure 10; Sassi K et al. 
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