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Abstract: Although Erythrina senegalensis is a plant widely used in traditional medicine in sub-Saharan
Africa, its biological properties have been poorly investigated to date. We first characterized by
conventional reactions the composition of several stem bark extracts and evaluated in acellular and
cellular assays their pro- or antioxidant properties supported by their high phenolic and flavonoid
content, particularly with the methanolic extract. The pro- or antioxidant effects observed did not
correlate with their IC50 concentrations against five cancer cell lines determined by MTT assay. Indeed,
the CH2Cl2 extract and its ethyl acetate (EtOAc) subfraction appeared more potent although they
harbored lower pro- or antioxidant effects. Nevertheless, at equipotent concentration, both extracts
induced ER- and mitochondria-derived vacuoles observed by fluorescent microscopy that further led
to non-apoptotic cell death. LC coupled to high resolution MS investigations have been performed
to identify chemical compounds of the extracts. These investigations highlighted the presence of
compounds formerly isolated from E. senegalensis including senegalensein that could be retrieved
only in the EtOAc subfraction but also thirteen other compounds, such as 16:3-Glc-stigmasterol
and hexadecanoic acid, whose anticancer properties have been previously reported. Nineteen other
compounds remain to be identified. In conclusion, E. senegalensis appeared rich in compounds with
antioxidant and anticancer properties, supporting its use in traditional practice and its status as a
species of interest for further investigations in anticancer drug research.

Keywords: E. senegalensis; cytotoxicity; paraptosis; ROS; vacuoles; anticancer; antioxidant; stigmastane
steroid; senegalensein

1. Introduction

Cancer is one of the leading causes of death worldwide, accounting for nearly 10 mil-
lion deaths in 2020. Seventy percent of them occurred in low- and middle-income countries
due to late-stage discoveries, diagnosis inability and poor access to appropriate treat-
ment [1]. Plants have been and are still widely used in traditional medicine all over the
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world, being a historical source of drugs. Moreover, between 1981 and 2014, a significant
proportion of drugs approved by the FDA were developed or synthesized from natural
products such as plants [2]. More precisely, among all anticancer drugs developed between
1940 and 2014, 12% of them are natural products, 25% are derivatives of natural products
and 9% are synthetic molecules mimicking the activity of natural substances [2]. Thus,
about 46% of anticancer drugs are directly derived from or inspired by nature. Despite
the major advances in cancer chemotherapies, which are adapted to each type of can-
cer, these treatments may provoke major side effects, since they target cell division in a
non-selective way, thereby having collateral effects on healthy cells as well. To overcome
this problem, research aiming at identifying new natural substances that may be used
alone or in combination with current treatments is steadily increasing. Indeed, numerous
plant-derived substances are endowed with anticancer activity targeting proteins specially
deregulated in cancer [3], thus activating non-apoptotic cell death as an alternative to
dysregulated apoptosis. In addition, other plant-derived substances may improve the
tolerance of several chemotherapies [4,5].

A systematic review carried out by Bayala et al. [6] on anticancer plants and the works
of Sawadogo et al. [7,8] showed that the flora of Burkina Faso (West Africa, Sahel) is rich in
potential anticancer substances. Erythrina senegalensis is a medicinal plant used in traditional
medicine in sub-Saharan Africa (Mali, Burkina Faso, Nigeria, Cameroon) for the treatment
of numerous diseases. Despite the variability among the healers regarding its medicinal
uses, ethnopharmacological studies conducted in three regions of Mali reported malaria,
jaundice, infections, digestive disorders, pain, weakness and gyneco-obstetrical troubles as
the main diseases/ symptoms against which E. senegalensis extracts are used [9]. Whether
extracts of E. senegalensis are used in the traditional treatment of cancers remains poorly
documented, probably because African traditional practitioners often treat symptoms
rather than diseases. Noteworthy, jaundice, pain and weakness are frequent symptoms of
advanced cancer patients.

In addition, scientific consistency of all medicinal uses is supported by numerous
studies highlighting the anticancer [10], antihypertensive, antidiabetic [11], antiinflam-
matory, antiplasmodial [12], antibacterial [13,14], anti-HIV [15], antiparasitic [16], antioxi-
dant [17,18] and enzyme inhibitory [19,20] properties of extracts and/or secondary metabo-
lites isolated from this plant. Similar broad range of pharmacological activities has been
observed with respect to the Mimosa genus [21,22].

Among the compounds isolated from E. senegalensis to date harboring anticancer ef-
fects in vitro or in vivo, most of them are prenylated flavonoids or isoflavonoids and triter-
penes [23] (Figure 1). The anticancer effects’ mechanisms were at least partly deciphered
for oleanolic acid [24,25], erythrodiol [26], alpinumisoflavone [27–30], derrone [31,32],
warangalone [33], erybraedins A [34], C [35,36] and phaseolin [37] that generally trig-
ger apoptosis. Alpinumisoflavone was also shown to trigger pyroptosis [29], while der-
rone and oleanolic acid can induce autophagy [32,38–40]. In addition, carpachromene,
neobavaisoflavone, sigmoidin H, maniladiol and erysenegalenseins E, M are endowed with
antiproliferative activity [10,41–43].
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Figure 1. Chemical structures of compounds known in E. Senegalensis with antioxidant and/or
in vitro and in vivo anticancer effects. Erybraedin D and eryvarin K are antioxidant by in-
hibiting 12-lipoxygenase without demonstrated antiradical or cytotoxic activity [19]. Alpinu-
misoflavone, carpachromene, lupinifolin, oleanolic acid and erythrodiol are both antioxidant and
cytotoxic [26,44–53]. The other secondary metabolites have only demonstrated cytotoxic activity.

Although cancer initiation and pathogenesis may be potentiated or aggravated by
oxidative stress [54–56] numerous anticancer agents trigger severe oxidative stress and
damage in cancer cells, leading to cell death [57]. Considering the 42 known compounds
in E. senegalensis identified to date [23], the probability that E. Senegalensis extracts may
have an impact on the cellular oxidative balance is high. Accordingly, total extracts of
the plant were excellent scavengers of free radicals as well as inhibitors of oxidative
enzymes such as lipoxygenase [19,58]. However, the antioxidant activity of its secondary
metabolites remains poorly studied, except in the work of Togola et al. 2009 evaluating
the lipoxygenase inhibitory activity of erybraedins A, C, D, phaseollin and eryvarin K [19]
as well as in other works conducted on alpinumisoflavone [45–47], carpachromene [49]
and oleanolic acid [48]. Oxidative stress plays also key roles in bacterial, viral and parasitic
infections [59], including malaria [60], all of which are treated by traditional healers with
E. senegalensis extracts [9,61].

This work aimed, therefore, to investigate both the in vitro antioxidant and anticancer
properties of various E. senegalensis extracts phytochemically characterized by conven-
tional reactivity assays and by liquid chromatography coupled to high resolution mass
spectrometry (LC-MS).

2. Results
2.1. Extracts Preparation and Their Chemical Class Composition

The stem bark of E. senegalensis DC (Fabaceae) was the starting material of the present
study. The residual moisture content of the analyzed powder was estimated at 5.3% after air
drying at 120 ◦C. Extraction with a dichloromethane/methanol mixture (CH2Cl2/MeOH
1:1) had given the best overall massic yield, i.e., 10.2% followed by extraction with methanol
(MeOH) (9.1%) and dichloromethane (CH2Cl2) (5.9%).

Conventional reagents for determination of the presence of main chemical families
were first used. The main phytochemical groups present in the stem bark of E. senegalensis
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were flavonoids, tannins, coumarins, saponosides, emodols, anthracenosides, triterpenes
and sterols (Table 1). Thus, this study reveals for the first time, at least to our best knowl-
edge, the presence of tannins, saponosides, emodoles, anthracenosides, coumarins and
derivatives in the extracts of E. senegalensis [10,19,62–70]. Importantly, these chemical fami-
lies include numerous compounds with antioxidant and/or anticancer properties [71–80].
Reactions to detect alkaloids, anthocyanosides and cardiotonic heterosides were negative
for the three extracts of E. senegalensis. Unsurprisingly, the CH2Cl2/MeOH (1:1) snippet
seemed to contain both major chemical groups found in either CH2Cl2 or MeOH snippets.

Table 1. Phytochemical composition of various extracts of E. Senegalensis. (+): positive reaction; (−):
no reaction; NT: not tested.

Phytochemical Groups
Extracts

MeOH CH2Cl2 MeOH/CH2Cl2

Alkaloids − − −
Anthocyanosides − − −
Anthracenosides + − +

Cardiotonic glycosides − − −
Coumarin derivatives + − +

Coumarins − + +
Emodols + − +

Flavonic aglycones − + +
Flavonoids + + +

Saponosides + NT +
Steroidal and triterpene

glucosides + + +

Sterols and triterpenes − + +
Tannins + NT +

2.2. In Vitro Growth Inhibitory Effects of the Extracts Assessed by MTT Assay

The antiproliferative effects of each extract was then evaluated using the colorimetric
MTT assay on five cancer cell lines, one of them being of murine origin, i.e., B16F10, while
the other four are of human origin. We observed that the IC50 of the primary extracts varied
from 19 to 77 µg/mL depending on the extract solvent and the cell line used (Table 2).
Importantly, we noticed that although the CH2Cl2/MeOH extract contained both kinds
of chemicals found in the CH2Cl2 extract and the MeOH extract, respectively, its IC50 was
not better than the one of the methanolic extract. The CH2Cl2 extract appeared actually
the most promising one with a mean IC50 of 30 µg/mL. Re-extraction of this extract was,
thus, conducted by successive percolation using solvents of increasing polarity (n-hexane,
ethyl acetate, acetone) in an open chromatography column. The n-hexane subfraction was
insoluble in culture medium, while the recovery of the acetone subfraction after filtering
silica did not yield sufficient materials for characterization and testing.

Table 2. Cytotoxic effects (IC50) of extracts and primary fractions.

Extracts/Fractions

50% Inhibitory Concentration on Cell Lines
(Mean ± SEM) µg/mL

U373 MCF-7 A549 SKMEL-28 B16F10

MeOH extract 66 ± 3 38 ± 2 42 ± 1 36 ± 1 33 ± 2
CH2Cl2/MeOH extract 77 ± 2 41 ± 1 48 ± 1 36 ± 1 33 ± 1

CH2Cl2 extract 37 ± 2 29 ± 2 19 ± 3 29 ± 1 37 ± 1
EtOAc subfraction 34 ± 1 25 ± 2 19 ± 2 27 ± 2 32 ± 1

Notably, the EtOAc subfraction retained the activity of the CH2Cl2 extract (Table 2).
The conventional characterization of this subfraction revealed flavonoids (+), sterols and
triterpenes (+) and coumarins (+).
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2.3. Antioxidant Effects of the Extracts from E. senegalensis

We next evaluated the total phenolic and flavonoid content of each fraction (Table 3).
MeOH extract displayed the highest phenolic and flavonoid contents. In contrast, the
EtOAc subfraction contained the lowest levels of gallic acid (GA) and quercetin (Q) equiv-
alents (see Table 3). Their antioxidant effects were evaluated through DPPH, ABTS and
FRAP scavenging assays. Despite its lower proportion of GAE (62%) and QE (47%), the
CH2Cl2/MeOH extract harbored similar antioxidant activities to the MeOH extract. By
contrast, the CH2Cl2 extract and its EtOAc subfraction displayed similar antioxidant activ-
ities but those later were markedly lower than those of the other extracts. Thus, the use
of MeOH appeared to play a key role in the extraction of potent antioxidant compounds,
being accordingly the most common solvent used for this purpose [10,19].

Table 3. Antioxidant effects and total phenolic and flavonoids content of extracts of E. senegalensis.
All the experiments were carried out in triplicate and the results are expressed as a mean ± SEM.
The results of the DPPH test are given in trolox equivalent antioxidant capacity (TEAC) and those of
the ABTS and FRAP tests in mg trolox equivalent/g of dry extract. The total polyphenol content is
expressed in mg of gallic acid equivalent/dry extract and that of total flavonoids in mg of quercetin
equivalent/dry extract.

Extracts
Antioxidant Capacity Total Phenolic Total Flavonoids

DPPH ABTS FRAP
MeOH 0.56 ± 0.01 0.76 ± 0.02 1.34 ± 0.08 132.54 ± 0.02 101.23 ± 0.08

CH2Cl2/MeOH 0.67 ± 0.01 1.06 ± 0.03 1.01 ± 0.04 82.01 ± 1.01 47.11 ± 0.52
CH2Cl2 6.67 ± 0.04 7.92 ± 0.20 12.07 ± 0.04 ND ND
EtOAc 5.02 ± 0.01 8.23 ± 0.12 10.98 ± 0.05 23 ± 2 19 ± 3

We further compared the effects of MeOH extract to the EtOAc one on the total levels
of reactive oxygen species (ROS; DCFH-DA) as well as the mitochondrial ROS (MitoSox)
in one cellular model, i.e., the U373 cell line through flow cytometry. Results highlight
that although both extracts induced a strong increase in total ROS, the effects were much
more pronounced with the MeOH extract at their equipotent IC50 concentration (Table 2;
Figure 2). This increase seemed to originate from the mitochondria according to the MitoSox
staining (Figure 2). MeOH extract contains about five times more phenolic and flavonoids
than the EtOAc extract, supporting the theory that these kinds of molecules contributed
at least partly to this effect. The increase in cellular ROS induced by those extracts while
they display in vitro antioxidant effects in an acellular context is not surprising. Indeed,
numerous phenolic and flavonoid compounds are known to play either antioxidant or
pro-oxidant roles depending on the cell types and their cellular context [81,82], the most
famous example being curcumin [83].

2.4. E. senegalensis Extracts Induce Morphological Changes including Vacuolization of
Cancer Cells

Altogether, these data suggest that the potency of the in vitro anticancer properties of
the extracts does not correlate to the induction of ROS imbalance. We decided, therefore, to
further investigate their effects by phase contrast microscopy.

Strong morphological changes were observed after 40 h of treatment with both ex-
tracts used at their own IC50 (Figure 3A). Cells seemed to be still viable, adherent but
with modified shape (thinner, elongated and star-like morphology) and bearing increased
vacuolization processes. The origin of the latter processes was investigated through fluo-
rescent microscopy and flow cytometry. The autophagic phenomenon, which is known to
trigger vacuolization process [84], was ruled out according to the absence of increase in red
acridine orange staining expected in case of autophagy and the absence of Lysotracker®

staining in the vacuoles (data not shown). We next envisaged that these vacuoles may
arise from the mitochondria and/or the endoplasmic reticulum. The ER-tracker® strongly
stained several bright vacuoles (Figure 3B; white arrows). Notably, the signal was not
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attributed to the fluorescence of one or several compounds of the extracts, since unstained
but treated cells did not display such a strong signal (data not shown).
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applied at 70 µg/mL, while EtOAc at 40 µg/mL during 40 h on the cells before staining. * means
p < 0.05 in comparison to the control group.
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Figure 3. Morphological changes and vacuolization induced by E. senegalensis extracts. (A): phase
contrast micrographs of U373 cells treated or not treated with the extracts for 40 h (GX100). (B): Bright-
field and fluorescent pictures of U373 cells stained with ER-Tracker® after 40 h of treatment. White
arrows highlight ER-derived vacuoles, while red arrows point other kinds of vacuoles (GX400).
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In addition, the mitochondrial network appeared strongly affected as observed on high
magnification captions (Figure 4). Several bright vacuoles (white squares) displayed strong
membrane staining with the MitoTracker®. This is particularly the case in the cells treated
with the methanolic extract. These mitochondrial network damages are in accordance
with the strong increase in mitochondrial ROS levels observed above, notably with the
MeOH extract. Several vacuoles however remained unstained by both dyes (Figure 3B; red
arrows), and further investigations should be pursued to decipher their origin.
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Figure 4. Mitochondrial network study. Brightfield and fluorescent pictures of U373 cells stained
with Mito-Tracker® after 48 h of treatment. A normal mitochondrial network is observed in untreated
cells. Treated cells harbor disrupted network in addition to mitochondrial-derived vacuoles whose
membrane is positively stained (examples highlighted in the white squares; GX1000).

Vacuoles originating from the ER and the mitochondria have been observed in
paraptosis-like phenomenon [85]. Accordingly, apoptosis is not likely induced by these
extracts, when considering the TUNEL staining in this cell line (Figure 5B). Furthermore,
no clear cell cycle blockage could be observed (Figure 5A).
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Figure 5. Effects of the extracts on cell cycle (A) and apoptosis (B) in U373 cells. All the experiments
were carried out in triplicate and the results expressed as a mean ± SEM. After 48 h of treatment with
the MeOH extract or the EtOAc sub-fraction, the distribution of cells per phase was comparable to
that of the control (CT U373), and the percentage of cells in apoptosis was low, hardly exceeding 15%.
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In conclusion, it appears that several cellular effects are triggered by either kind of
extracts, (i.e., the methanolic one and the EtOAc subfraction of the CH2Cl2 extract), such
as modification in shape and cytoplasmic vacuolization. The stronger ROS imbalance,
particularly at the mitochondrial level, observed with the methanolic extract might be
linked to its higher flavonoid and phenolic content. To better understand the similarities
and differences observed between these two extracts, we conducted preparative TLC
followed by LC-MS to characterize their composition as best as possible.

2.5. Identification of Substances of E. senegalensis Extracts by LC-HRMS

Interestingly, our data supported the presence of 13 known compounds, such as
2,4,6-trihydroxychalcone, phytosterols and several triterpenes: uvaol, 7-campestenol, 22-
hydroxycampesterol and ergostanol, which were never identified in E. Senegalensis (Table 4,
Appendix A), at least to our best knowledge, in addition to eight metabolites formerly
isolated from E. senegalensis: alpinumisoflavone (or derrone), auriculatin (or auriculasin),
2,3 -dihydroauriculatin, sigmoidin H, senegalensein, erythrisenegalone, erysenegalensein
N and erythrinasinate (Table 5, Appendix B). Senegalensein was only retrieved in the
EtOAc extract, while the others could be detected in both extracts.

Table 4. Substances newly identified from extracts of E. senegalensis by LC-MS.

Chemical
Group Substances

Extract
Source Chemical Data

MeOH EtOAc RT (min) Formula Error
(ppm)

Measured
m/z

Molecular
Species

Triterpene Uvaol + 16.149 C30H50O2 1.26 443.3878 [M + H]+

Steroids 16:3-Glc-Stigmasterol + 13.568 C51H82O7 3.87 426.2939 [M + 2Na]2+

Steroids 22-Hydroxy-
campesterol + 16.911 C28H48O2 3.99 439.3529 [M + Na]+

Steroids 7-Campestenol + + 15.344 C28H48O 2.04 423.3606 [M+ Na]+

Steroids Ergostanol + 16.141 C28H50O 4.5 425.3773 [M + Na]+

Steroids Feruloyldihydro-β-
sitosterol + 17.465 C39H60O4 2.41 615.4369 [M + Na]+

Steroidal
glucoside

Isofucosterol 3-O- 6-O-
[Hexadecanoyl-b-D-

glucopyranoside]
+ + 12.896 C51H88O7 2.16 445.2887 [M + 2K]2+

Fatty acids 9,12-Octadecadienoic
acid (Z,Z) + + 15.057 C18H32O2 0.19 298.274 [M + NH4]+

Fatty acids α-linolinic acid + + 14.833 C18H30O2 1.64 279.2314 [M + H]+

Fatty acids Hexadecanoic acid + 16.223 C16H32O2 0.03 257.2475 [M + H]+

Diphenol 1,4-Benzenediol
(hydroquinone) + 5.477 C6H6O2 1.6 128.0704 [M + NH4]+

Chalcone 2′,4′,6′-Trihydroxy
chalcone + 15.848 C15H12O4 0.25 257.0809 [M + H]+

In particular, we noticed that both extracts contained compounds determined by the
program as 7-campestenol, 9,12-octadecadienoic acid, α-linolinic acid, isofucosterol, 3-O-[6-
O -hexadecanoyl-b-D-glucopyranoside], 2,3-dihydro-auriculatin, alpinumisoflavone (or
derrone), erythrisenegalone and sigmoidin H (Table 4). Although our method does not
allow us to exclude the presence of one or another metabolite when no corresponding signal
was retrieved, we may hypothesize that MeOH extract could be enriched in 1,4-benzenediol
(hydroquinone), 2′,4′,6′-trihydroxy chalcone, ergostanol, uvaol, auriculatin (or auriculasin),
erysenegalensein N and erythrinasinate in comparison to the EtOAc subfraction. Reversely,
the EtOAc subfraction may be enriched in 16:3-Glc-stigmasterol, 22-hydroxy-campesterol,
hexadecanoic acid, feruloyldihydro-beta-sitosterol and senegalensein.
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Table 5. Substances formerly identified from extracts of E. senegalensis by LC-MS.

Chemical
Group Substances

Extract
Source Chemical Data

MeOH EtOAc RT (min) Formula Error
(ppm)

Measured
m/z

Molecular
Species

Isoflavonoids 2,3-dihydro-
auriculatine + + 14.615 C25H26O6 0.91 423.1806 [M + H]+

Isoflavonoids Alpinumisoflavone or
derrone + + 14.689 C20H16O5 1.63 337.1076 [M + H]+

Isoflavonoids Auriculatin or
auriculasin + + 15.261 C25H24O6 1.75 421.1653 [M + H]+

Isoflavonoids Erysenegalensein N + 14.64 C25H26O7 1.75 439.1759 [M + H]+

Isoflavonoids Sigmoidin H + + 14.96 C21H20O5 0.42 353.1385 [M + H]+

Flavonoids Erythrisenegalone + + 15.067 C25H26O5 0.74 407.1856 [M + H]+

Flavanone Senegalensein + 14.955 C25H28O5 1.1 409.2014 [M + H]+

Cinnamate Erythrinasinate + 11.532 C38H60O4 4.49 619.4151 [M + K]+

In addition, we found 19 other compounds whose structure identification or elucida-
tion is still required (Table 6). Work to that aim is still ongoing.

Table 6. Other putative substances in the EtOAc subfraction (LC-MS data) and whose chemical
structure must be determined.

N◦ Putative
Formula RT (min) Measured

m/z Error (ppm) Molecular
Species

1 C8H4O3 16.764 149.0231 1.48 [M + H]+

2 C8H6O4 16.757 167.0341 1.29 [M + H]+

3 C14H29NO 15.246 228.2321 0.4 [M + H]+

4 C16H22O4 16.757 279.1592 0.41 [M + H]+

5 C16H31NO 15.4 254.2478 0.16 [M + H]+

6 C16H33NO 15.815 256.2634 0.36 [M + H]+

7 C16H34O7 12.67 339.238 0.8 [M + H]+

8 C18H32O 15.945 282.2788 1.21 [M + NH4]+

9 C18H35NO 16.217 282.2791 0.15 [M + H]+

10 C18H37NO 16.343 284.2947 0.32 [M + H]+

11 C20H42O9 12.956 444.3164 0.69 [M + NH4]+

12 C22H46O10 13.037 488.343 0.16 [M + NH4]+

13 C23H48O10 13.25 502.3586 0.05 [M + NH4]+

14 C24H38O4 16.778 391.284 0.73 [M + H]+

15 C28H43N 17.562 394.3464 1.08 [M + H]+

16 C28H46O4 17.581 447.3469 0.03 [M + H]+

17 C36H70N2O2 15.931 563.5498 2.14 [M + H]+

18 C40H69N3O9 19.395 736.5099 1.03 [M + H]+

19 C44H58N2O3 19.388 663.4528 1.18 [M + H]+

3. Discussion

In general, the MeOH extract displayed moderate cytotoxic activity, while the EtOAc
sub-fraction, derived from the CH2Cl2 extract, was the most active against the five cell lines
used in this study. To investigate the chemical composition of the extracts, we used LC-
HRMS, a highly used methods for metabolite identification in plant extracts. Both extracts
contain substances whose cytotoxic effects are well demonstrated such as erythrisenegalone,
alpinumisoflavone, auriculatin (or auriculasin) and sigmoidin H [10,27,29,31,32,86–90].
According to the known low to moderate potency of these compounds [23] and their limited
abundance within the extracts, other compounds newly identified in E. senegalensis in this
study might contribute significantly to their anticancer properties. MeOH extract contained
1,4-benzenediol (hydroquinone), 2′,4′,6′-trihydroxy chalcone, ergostanol and uvaol, in
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comparison to the EtOAc subfraction, which might be enriched in 16:3-Glc-stigmasterol,
22-hydroxy-campesterol, hexadecanoic acid and feruloyldihydro-beta-sitosterol.

The cytotoxic effects of 1,4-benzenediol [91–93], stigmasterol derivatives [94–96] and
9,12-octadecadienoic acid (Z, Z) [94] were reported previously. The anticancer properties of
fucosterol derivatives studied in vitro in various cancer cell types [97–100] seem to rely on
apoptosis induction, at least in Hela cell model by inhibiting the PI3K/AKT cascade [100].
Stigmastane-type steroids can trigger cell cycle arrest in the G2/M or G0/G1 phase, leading
to intrinsic apoptosis [101,102]. Uvaol also activates apoptosis in many cellular models,
consequently leading to cell cycle arrest in the G0/G1 phase, production of ROS or affecting
the AKT/PI3K signaling pathway [52,53,103,104].

In the present study, cells treated with our extracts displayed strong morphological
changes associated with mitochondrial network disruption and vacuolization arising from
both the ER and the mitochondria. Those features are suggestive of paraptosis, a caspase-
independent programmed cell death that differs morphologically and biochemically from
apoptosis [105]. Ultrastructurally, cells lack the features of apoptosis, such as nuclear
fragmentation, formation of apoptotic bodies and condensation of chromatin. Instead,
vacuolization in the cytoplasm originates primarily from the endoplasmic reticulum (ER)
and is accompanied by swelling and agglutination of the mitochondria as well as a collapse
of the cytoskeleton prior to cell death [105]. Although many of the substances newly
identified in E. Senegalensis in the present study are known to be cytotoxic, none of these
were yet shown to be able to trigger paraptosis. Interestingly, paraptosis may be linked to
increase in ROS and ER stress [106], as observed in the present study with both extracts in
U373 cells. However, the MeOH extract induced stronger increase in ROS at equipotent
concentration than the EtOAc subfraction. Other kind of effects induced by other chemicals
of different classes, including those found for the first time in this study in E. Senegalensis,
might, thus, contribute significantly to the higher in vitro anticancer potency of the EtOAc
subfraction. The search for pharmacological agents capable of inducing non-apoptotic
death in cancer cells is very promising, because most current anticancer drugs are pro-
apoptotic, and resistance to apoptosis may lead to treatment failure [107]. In particular,
some compounds, such as the polyphenol curcumin, have been found to induce paraptosis-
like cell death in apoptosis-resistant cancer cells [77,79]. This may explain why many
molecules targeting paraptosis are actively studied to improve cancer therapy [108].

In addition to cancers, ROS imbalance has been involved in the development of nu-
merous other pathologies, including neurological disorders (Alzheimer’s and Parkinson’s
diseases and amyotrophic lateral sclerosis) [109], cardiovascular diseases, chronic obstruc-
tive pulmonary disease, asthma, rheumatoid and osteoarthritis, among others [56,109–113].
Whether the antioxidant effects of our extracts could be of potential interest in the preven-
tion or in the reduction of the pathogenesis of those diseases warrants further investigation
too. This is particularly the case with respect to the methanolic extract, which was the
richest extract in phenolic content and accordingly harbored the best in vitro antioxidant
effects in acellular assays (10 times more potent than the EtOAc subfraction). This study
showed once again the double face of polyphenols: commonly considered as antioxidant
agents, they might turn into pro-oxidant ones according to the metabolic status of the cell,
opening the way to multiple potential medical applications.

4. Materials and Methods
4.1. Chemistry
4.1.1. Plant Material

The stem bark of Erythrina senegalensis DC (Fabaceae) was harvested in January 2017
at 17 km (UTM: X = 30P03434582; Y = 1239658) from Bobo-Dioulasso (Burkina Faso). After
authentication by an expert in botany (GANABA Souleymane, National Center for Scientific
and Technological Research), a specimen was deposited at the National Herbarium of
Burkina (HNBU n◦ 8709). The herbal drug was dried in the open air out of direct sunlight
for 10 days and then ground into a coarse powder. The residual moisture content (RMC) of
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this powder was determined according to the official thermogravimetric method AOAC
925.10 (AOAC, 1990) based on the removal of water from the sample by heating in a
ventilated oven. Three samples of 5.00 g of herbal drug were placed in a ventilated oven
at 105 ◦C for 3 h. The crucibles were then removed, cooled in a desiccator for 30 min and
weighed. The operation was repeated until the dried mass remained unchanged. The THR
of the analyzed sample was calculated according to the following formula:

THR(%) =
Pe− Pe′

Pe
× 100 (1)

where Pe = the precise mass of the test sample (g) and Pe’ = the precise mass of the test
sample after drying (g).

4.1.2. Reagents and Solvents

Solvents used in this study for extractions are dichloromethane (Carlo Erba, Paris,
France), methanol (Merk, Darmstadt, Germany) and ethyl acetate (VWR, Prolabo, Paris,
France). For LC-MS analyses, acetonitrile and formic acid was of LC-MS quality (Fisher
Scientific, Bruxelles, Belgium)

Reagents used in this study are as follows: Folin–Ciocalteu reagent, sodium acetate
trihydrate (Sigma–Aldrich, Berlin, Germany), 1,1-diphenyl-2-picryl hydrazyl (DPPH), 2,2′-
azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), potassium
persulfate (di-potassium perox-disulfate), cyanidin 3-glucoside, alizarin red, 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), gallic acid and quercetin were pur-
chased from Sigma Aldrich (Germany); Iron (II) sulfate heptahydrate was obtained from
Acros Organics (Fisher Scientific, London, UK); and 2,4,6-tripyridyl-s-triazine (TPTZ) from
Fluka U.K. Sodium carbonate (Na2CO3) and aluminum trichloride (AlCl3) were purchased
from Carlo Erba (Paris, France).

4.1.3. Extraction Method

The extracts were obtained from a 24 h maceration of 500 g (250 g × 2) of dried
plant material under continuous stirring in a total volume of 2.5 L of solvent (MeOH,
CH2Cl2 or CH2Cl2/MeOH 1:1). The three different extracts were then percolated with
small volumes of the same solvent until exhaustion. The three percolates obtained were
concentrated under reduced pressure with a rotary evaporator (ROTAVAPOR BUCHI® RE
11). The MeOH and CH2Cl2/MeOH concentrated percolates were then frozen at −12 ◦C
and lyophilized under high vacuum at −52 ◦C (Christ Alpha 1-2 LD plus, Germany series
19971). The extraction yield was determined by relating the mass of the dried extract
obtained over the mass of herbal drug used and was expressed per 100 g of dried material.

4.1.4. Phytochemicals Characterization

The chemical characterization was adapted from the method described by Ciulei [114].
Sterols and triterpenes were sought according to the Liebermann–Burchard (H2SO4 conc)
reaction, alkaloids using the Dragendorff (bismith nitrate K+ iodide) and Mayer (Mercury
chloride K+ iodide) reagents, anthracenics according to the Bornträger (NH4OH 25%) reac-
tion, coumarins and derivatives according to the Feigl-Frehden-Anger reaction, flavonoids
according to the Shibata reaction (Cyanidin test) and anthocyanosides using sodium hy-
droxide tablet. The tannins were characterized using Stiasny reactif (Formol 40% m/v +
HCl 1N 1:1) completed with ferric chloride (FeCl3) at 2% in alcoholic solution. The presence
of saponosides in the extracts was highlighted by the foam index, which corresponds to the
height of a column of foam formed (minimum 1 cm) that persists for 15 min after vigorous
stirring for 15 min.

The Folin–Ciocalteu method was used to determine total phenolic content as described
by Meda et al. [115] with slight modifications. Briefly, the extract was first solubilized in
methanol at 1.0 mg/mL and further diluted 10 times in distilled water. Then, 0.125 mL of
this working solution was mixed with 0.625 mL of 0.2 N Folin–Ciocalteu reagent for 5 min
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and then with 0.5 mL of 75 g/L sodium carbonate (Na2CO3). After 2 h of incubation at
room temperature, the absorbance of the reaction mixture was measured at 760 nm. A gallic
acid (0 to 200 mg/L) standard calibration curve was used to graphically determine the
concentration of total phenolic in the extract (y = 4.668·10−3x− 0.034, r2 = 0.9991). Results
are expressed in mg of Gallic Acid Equivalent per 100 mg of the extract (mg GAE/100 mg).

The total flavonoid content was determined using the Dowd method as adapted by
Arvouet-Grand et al. [116]. The total flavonoid content was determined using a standard
curve of quercetin (y = 1.259·10−2x, r2 = 0.9990) from a range of concentrations from 0
to 50 mg/L. The results were expressed in mg of Quercetin Equivalent per 100 mg of the
extract (mg QE/100 mg).

4.1.5. Fractionation Method

The CH2Cl2 extract (14 g) was fractionated in an open chromatography column on
silica gel (140 g) Merck Kieselgel G60; 0.2–0.5 mm (35–70 mesh ASTM) with successive
elutions until the percolates are clear using solvents of increasing polarity (n-hexane, ethyl
acetate and acetone). One hour contact with each of the solvents preceded percolation.
Three primary fractions were obtained: n-hexane (n-Hex), ethyl acetate (EtOAc) and
acetone (AcEt).

4.1.6. LC-MS Process, Data Acquisition and Analysis

To improve the detection of their components by LC-MS, the MeOH, CH2Cl2 and
EtOAc extracts were first fractionated by preparative TLC (pTLC) S. The plates used were
of the MERCK type (glass support 20 × 20 cm; silica gel G60 F254; thickness 1 mm). A
strip of approximately 2 mL of each extract was eluted with the toluene/ethyl acetate
(7:3) nonpolar solvent system for 60 min. After migration over a path of 18 cm, the plates
were dried on the bench and then observed under a UV lamp at 254 nm and 366 nm
and the chromatograms photographed. Subsequently, all spots in migration bands were
scraped off and solubilized in small volume of ethyl acetate. After filtration through a
0.45 µm nylon millipore filter and evaporation of ethyl acetate, the dry powders of the
subfractions were collected in colored (brown) 2 mL vials. A homemade database was
checked and completed with information specific to substances already known and isolated
from the E. senegalensis (exact name, molecular mass and m/z ratio). Conveniently, a
volume of 10.0 µL of the sample (2.0 mg of dry extract + 190 µL MeOH + 10 µL of formic
acid) was automatically injected into the LC system. Analyses were performed with rapid
resolution LC (RRLC) 1200 series from Agilent Technologies (Santa Clara, CA, USA). The
separation was carried out in a phase gradient with water supplemented with 0.1% formic
acid/acetonitrile in a chromatographic column of the Zorbax Eclipse XDB-C18 Rapid
Resolution HT column (4.6 × 50 mm, 1.8 µm; Agilent Technologies) preceded by a Zorbax
Eclipse XDB-C18 pre-column (4.6 × 5 mm, 1.8 µm). MS analyzes were performed using an
ESI-Q-TOF (6520 series, Agilent Technologies), the parameters of which were set as follows:
positive mode; capillary voltage at −4000 V; high dynamic resolution acquisition mode
(2 GHz); gas temperature at 350 ◦C with a flow rate of 9 L/ min; nebulizer pressure at 45 psi;
the fragmentor voltage at 130 V; and the skimmer voltage at 65 V. Data acquisition was
possible using the Mass Hunter Acquisition software (Agilent Technologies, version B.04
SP3, Diegem, Belgium) and their analysis was made by using the Mass Hunter Quantitative
Analysis software (Agilent Technologies, version B.07 SP1). The compounds were extracted
by molecular feature extractor and each compound characterized by their exact mass and
isotopic profile was identified according to the database.

4.2. Activity Assays
4.2.1. Antioxidant Activity Evaluation

The DPPH assay was adapted from Xiao et al. [117]. Briefly, the reaction mixture
contained the sample (extract or trolox used as positive control) in dimethyl sulfoxide and
DPPH (1,1-diphenyl-2-picryl hydrazyl) at 0.2 mM in methanol. The reaction mixture was
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incubated at 37 ◦C for 30 min. The absorbance was measured at 517 nm. The radical scav-
enging activity was determined by comparison with a DMSO-containing control. Inhibitory
concentration 50 (IC50) values represent the concentrations of each sample allowing scaveng-
ing of 50% of DPPH radicals. Results are expressed as Trolox equivalent antioxidant capacity
(TEAC) calculated as follows: TEAC = IC50 of Trolox (µg/mL)/IC50 of the sample (µg/mL).
The higher the TEAC value, the higher the DPPH radical scavenging activity [117].

The ABTS assay was conducted as follows. ABTS cation radicals were first prepared
according to Nenandis et al. [118]. Then, 5 mL of aqueous ABTS solution (7 mM) was mixed
with 88 µL of 140 mM K2S2O8. The mixture was incubated in the dark for 16 h and diluted
with methanol until the absorbance value at 734 nm reached 0.7. Then, 2940.0 µL of the
prepared ABTS cation radical solution were mixed with 60.0 µL of extracts solubilized in
methanol and vigorously shaken for 30 s before measurement of the absorbance at 734 nm.

The Ferric reducing antioxidant power (FRAP) assay was performed as described by
Benzie and Strain [119]. The FRAP reagent was prepared by mixing 25 mL of 300 mM
acetate buffer, 2.5 mL TPTZ in 40 mM HCl and 2.5 mL of 20 mM FeCl3.6H2O, at a proportion
of 10:1:1 at 37 ◦C. Freshly prepared working FRAP reagent (3.995 mL) was mixed with
5.0 µL of the appropriately diluted plant sample and mixed thoroughly. After 30 min of
incubation at 37 ◦C, the absorbance was measured at 593 nm against a blank (3.995 mL
FRAP reagent + 5.0 µL distilled water). For both assays, Trolox was used as the standard
and distilled water as the blank control. Results are expressed as µmol TE/g DW according
to the formula: ABTS versus FRAP value (µmol TE/g DW) = c × V × t/m, where “c” is
the Trolox concentration (µmol/mL) of the corresponding standard curve of the diluted
sample, “V” is the sample volume (mL), “t” is the dilution factor and “m” is the weight of
the sample dry matter (g) [120].

All the determinations were performed in triplicates.

4.2.2. Culture Media and Cancer Cell Lines

The cancer cell lines used in this study were obtained from the American Type Cul-
ture Collection (Manassas, VA, USA) or from the European Collection of Cell Culture as
follows: the human glioma U373 cell line (ECACC, code 08061901), two melanoma cell
lines: the human SKMEL-28 (ATCC code HTB 72) and the murine B16F10 cell lines (ATCC
code CRL-6475) and two carcinomas: breast MCF-7 (code ATCC, HTB-22) and NSCLC
A549 (DSMZ code ACC107) cell lines. All cells were cultivated in RPMI 1640 culture
medium (Gibco, Thermofisher, Dilbeek, Belgium), enriched with 10% heat-inactivated
fetal bovine serum, 0.6 mg/mL of glutamine (GibcoBRL, Invitrogen, Merelbeke, Belgium),
200 IU/mL of a mixture of penicillin and streptomycin (GibcoBRL) and 0.1 mg/mL of
gentamicin (GibcoBRL).

4.2.3. MTT Colorimetric Assay

The effect of the extracts on overall cell growth was evaluated using the MTT (3 [4,5-
dimethylthiazol-2yl] -diphenyltetrazolium-bromide) colorimetric test (Sigma-Aldrich) as
previously described [121].

Briefly, 12,000 to 25,000 cells/mL depending on the cell line were seeded in 96-well
plates and incubated for 24 h before applying the treatment with the extracts of E. senegalen-
sis. Each experimental condition was analyzed in sextuplicate, with nine concentrations
ranging from 100 µg/mL to 0.01 µg/mL. Three independent experiments were carried out
in sextuplicate each.

4.2.4. Phase Contrast Microscopy

Human U373 glioblastoma cells were seeded in 6-well plates and allowed adhering
and growing to 60–70% before their treatment (or left untreated) with the extracts for 40 h
in duplicates. Micrographs were taken with classic phase contrast microscope coupled
with an Olympus camera. Representative pictures are provided for global morphological
evaluation of the effects of the extracts.
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4.2.5. Fluorescent Microscopy for Vacuole Characterization

Evaluation of the origin of the vacuoles observed in treated cells by phase contrast mi-
croscopy was carried out using various fluorescent probes, i.e., LysoTracker®, ER-Tracker®

and MitoTracker® (Molecular Probes, Life Technologies (Merelbeke, Belgium), as described
by Colin et al. [121]. Briefly, U373 cells were seeded on glass coverslips placed in 6-well
plates (Sarstedt) at least 24 h prior to the experiment to allow them to adhere and grow. Cells
were then treated with the MeOH extract (70 µg/mL) or the EtOAc subfraction (40 µg/mL).
During the last hour of treatment, the probes were added to the culture medium as follows:
LysoTracker® (75 nM), MitoTracker® (300 nM) or ER-Tracker® (0.5 µM). At the end of the
incubation period, the coverslips were removed and washed in cold PBS before mounting
them on microscope coverslips to take pictures of living cells with an Imager M2 fluores-
cence microscope coupled with the AxioCam ICm1 and AxioImager software (Carl Zeiss,
Zaventem, Belgium).

4.2.6. Effects of the Extracts on the Cell Cycle and Apoptosis

Concomitant evaluation of the cell cycle and apoptotic process was carried out on the
U373 line by flow cytometry using the APO-DIRECT ™ BD Pharmingen kit according to the
manufacturer instructions. Briefly, U373 cells were seeded in T25 cm2 flasks and allowed
to adhere and grow for a minimum of 24 h. Flasks were then treated with MeOH extract
(70 µg/mL), EtOAc subfraction (40 µg/mL) or left untreated for 72 h. Supernatants were
collected and merged with adherent cells detached by trypsinization. Cells were then fixed
with paraformaldehyde 1% in PBS at 4 ◦C for 1 h, washed with PBS and permeabilized
overnight in 70% ice-cold ethanol at −20 ◦C. The cells were then washed again and incu-
bated with a labeling solution containing the TdT enzyme and the FITC-dUTP substrate
for 60 min at 37 ◦C (TUNEL staining; apoptosis evaluation). Lastly, cells were stained with
the propidium iodide solution containing RNAse of the kit for simultaneous cell cycle
evaluation. Fluorescence levels of 10,000 events were collected by flow cytometry (Beckman
Gallios, Beckman Coulter, Analis, Suarlee, Belgium). The experiment was conducted once
in triplicate.

4.2.7. Evaluation of Cellular ROS Species under E. senegalensis Treatment

The total intracellular amount of ROS/RNS was evaluated using the diacetylated form
of 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA; Sigma-Aldrich). DCFH-DA freely
enters cells where it is deacetylated into 2′,7′-dichlorodihydrofluorescein (DCFH) by intra-
cellular esterases. DCFH is then oxidized by ROS and RNS (e.g., peroxyl, alkoxy, NO2˙, CO3˙
and OH˙ radicals and peroxynitrite) to 2′,7′-dichlorofluorescein (DCF), which emits green
fluorescence after excitation with a blue laser (488 nm), measured by flow cytometry [122].

The production of mitochondrial ROS, including superoxide anions, was studied using
the MitoSox™ Red mitochondrial superoxide probe (Thermofisher, Merelbeke, Belgium).
This reagent is a derivative of dihydroethidium bearing a cationic triphenylphosphonium
unit that penetrates freely into living cells and then into mitochondria, where it is oxidized
by mitochondrial ROS into an ethidium superoxide, which then binds to DNA, producing
red fluorescence (after excitation at 488 nm) measured by flow cytometry. Briefly, U373 cells
were seeded in 6-well plates. When cells reached 70% to 80% confluence, they were treated
with 70 µg/mL of the MeOH extract or 40 µg/mL of the EtOAc extract for 40 h. Cells were
washed once with culture medium and incubated separately with each probe prepared
beforehand in PBS (MitoSOX: 1 µM for 30 min and DCFHDA: 20 µM for 1 h). Cells were
then detached with trypsin, washed once in PBS and resuspended in 250 µL of PBS for flow
cytometry analysis (Gallios, Beckmann Coulter, Analis, Suarlée, Belgium). For each sample,
data of 10,000 events were recorded. The experiment was conducted once in triplicates.

5. Conclusions

This study highlights how the traditional use of E. senegalensis may be relevant for
its antioxidant properties when considering that the MeOH polar extract is particularly
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rich in flavonoids and phenolic compounds with potent effects, as observed in DPPH and
ABTS assays in particular. The apolar organic extraction with CH2Cl2 led to decreased
antioxidant effects but increased anticancer activity in vitro against a panel of five different
cancer models. The EtOAc subfraction retained similar anticancer activity despite lower
phenolic and flavonoid content than the MeOH extract. At equipotent concentrations, we
observed nevertheless several similar cellular features induced by both MeOH and EtOAc
extracts, i.e., cytoplasmic vacuolization that may currently be hypothesized to be related
to paraptosis-like induction. Whether this remarkable property is due to one or multiple
compounds present in various amounts in those extracts still remains to be deciphered.
Indeed, this study provides, for the first time, data supporting the identification of 13 known
compounds in E. senegalensis, among which several are known to display anticancer and/or
antioxidant properties. Nineteen other compounds were also identified. Purification and
structure identification or elucidation is ongoing.

Author Contributions: Conceptualization, S.F., M.O. and V.M.; methodology, S.F., M.O., V.M., C.D.
and P.V.A.; validation, V.M., P.V.A., R.S. and I.P.G.; formal analysis, S.F., C.D., M.O. and V.M.;
investigation, S.F., R.C.E., V.M., P.V.A. and C.D.; resources, V.M., P.V.A. and R.S.; data curation, S.F.;
writing—original draft preparation, S.F., M.O. and V.M.; writing—review and editing, all authors;
supervision, V.M., P.V.A. and I.P.G.; project administration, V.M. and I.P.G.; funding acquisition, R.S.
and V.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by “Compaoré Moumouni”, who supported the principal
investigator’s living expenses at the Université Libre de Bruxelles (Belgium), and by CEA-CFOREM,
which supported the transport costs of the plant extracts from University Joseph KI-ZERBO to the
Université Libre de Bruxelles. Consumables were funded by the Belgian Brain tumor Support (BBTS).
Publication fees were partly covered by the “Fondation Universitaire de Belgique”. The Analytical
Platform of the Faculty of Pharmacy (ULB) is supported by the FRS-FNRS and ULB-Platform Fund.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: All our thanks go to the members of the drug development laboratory (LADME)
/CEA-CFOREM/doctoral school of health sciences (ED2S) from University Joseph KI-ZERBO as well
as to those of the laboratories of the faculty of pharmacy/Université Libre de Bruxelles, specifically
the team of Caroline Stévigny.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Sample Availability: Samples of the compounds (plant materials only) are available from the authors.



Molecules 2022, 27, 2583 16 of 25

Appendix A
Molecules 2022, 27, x FOR PEER REVIEW 17 of 26 
 

 

 

Molecules 2022, 27, x FOR PEER REVIEW 18 of 26 
 

 

 

Figure A1. Cont.



Molecules 2022, 27, 2583 17 of 25

Molecules 2022, 27, x FOR PEER REVIEW 18 of 26 
 

 

 

Molecules 2022, 27, x FOR PEER REVIEW 19 of 26 
 

 

 

Figure A1. Cont.



Molecules 2022, 27, 2583 18 of 25

Molecules 2022, 27, x FOR PEER REVIEW 19 of 26 
 

 

 

Figure A1. LC-MS chromatogram of newly identified secondary metabolites from E. senegalensis. For
each compound, an extracted ion chromatogram (EIC) was extracted based on the theoretical values
of m/z of the major adducts and their isotopes.
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