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Abstract: Sialidases, also called neuraminidases, are involved in several human pathologies such
as neurodegenerative disorders, cancers, as well as infectious and cardiovascular diseases. Several
studies have shown that neuraminidases, such as neuraminidase 1 (NEU-1), may be promising
pharmacological targets. Therefore, the discovery of new selective inhibitors of NEU-1 are necessary
to better understand the biological functions of this sialidase. In the present study, we describe the
isolation and characterization of nine known compounds from Olyra latifolia L. leaves. This plant,
known to have several therapeutic properties, belongs to the family of Poaceae and is found in the
neotropics and in tropical Africa and Madagascar. Among the purified compounds, feddeiketone B,
2,3-dihydroxy-1-(4-hydroxy-3,5-diméthoxyphényl)-l-propanone, and syringylglycerol were shown to
present structural analogy with DANA, and their effects on membrane NEU-1 sialidase activity were
evaluated. Our results show that they possess inhibitory effects against NEU-1-mediated sialidase
activity at the plasma membrane. In conclusion, we identified new natural bioactive molecules
extracted from Olyra latifolia as inhibitors of human NEU-1 of strong interest to elucidate the biological
functions of this sialidase and to target this protein involved in several pathophysiological contexts.

Keywords: Olyra latifolia; natural bioactive molecules; Elastin Receptor Complex; neuraminidase 1;
sialidase activity

1. Introduction

Neuraminidase 1 (NEU-1) is an exoglycosidase which removes terminal sialic acid
residues from glycoproteins, glycolipids, and oligosaccharides. Sialidases are widely dis-
tributed among species [1]. NEU-1 is implicated in the appearance and progress of various
diseases notably through its ability to act as an elastin degradation sensor and to transmit
elastin-derived peptides (EDP) signaling [2]. For example, NEU-1 activity is implicated in
the development of diabetes due to an enhancement of insulin resistance through insulin
receptor desialylation [3]. Interestingly, NEU-1 and the underlying activation of the PI3Kγ

signaling pathway promote atherosclerosis onset in mice [4]. Otherwise, NEU-1 is associ-
ated with immune thrombocytopenia [5] and EDP contribute also to the development of
nonalcoholic steatohepatitis [6]. Furthermore, this enzyme is implicated in the development
of various cancers such as melanoma [7–9], breast [10–13], and ovarian [14] cancers.
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At present, there are no commercially available inhibitors that are selective for NEU-1,
especially due to the lack of structural data. Indeed, only the crystallographic structure
of NEU-2 was determined [15]. NEUs are assumed to share a common β-propeller struc-
ture organized in six blades with highly conserved motifs implicated in their catalytic
activity [16]. The role of NEU-1 is evaluated mainly using the broad-spectrum sialidase
inhibitor DANA (N-Acetyl-2,3-dehydro-2-deoxyneuraminic acid) or inhibitors of bacterial
or viral NEUs, such as zanamivir or oseltamivir. Among them, Tamiflu, with its active
metabolite oseltamivir phosphate, is able to reduce NEU-1 sialidase activity [13,17]. DANA
is currently used as a sialidase inhibitor blocking the Elastin Receptor Complex (ERC)-
related signaling [3,4,18]. The ERC is a membrane heterotrimeric complex composed of
three subunits, the elastin-binding protein which binds elastin-derived peptides (EDP) and
tropoelastin, Protective Protein/Cathepsin A (PPCA) that ensures the integrity of the ERC,
and the catalytic NEU-1 subunit [19–21]. Only two selective inhibitors specific of human
NEU-1, the C5-hexanamido-C9-actetamido-DANA [22] and the C9-amido analogue of
DANA [23], have been identified. Recently, a promising strategy has been developed using
transmembrane peptides to inhibit dimerization and the activation of NEU-1 [24,25]. Thus,
identifying new compounds with selective inhibition activity against NEU-1 remains a
very exciting challenge.

Olyra latifolia L. is a cane-like grass, thin woody culms which can be up to 4 m erected,
more or less scandent, from a brief rhizome, and belongs to the family of Poaceae. O. latifolia
is distributed in the neotropics, from the Southeast of the United States, passing through
Central America to the Caribbean in South America and is also found in tropical Africa
and Madagascar [26]. This plant is known to have several therapeutic properties. Indeed,
in the Central African Republic, the root decoction of O. latifolia is used in the treatment of
female infertility and orchitis [27]. In Ivory Coast, the leaves are used for treating diabetes
and the diabetic wound [28]. The leaves and roots are used in Eastern Nicaragua for the
treatment of infections, rashes, and sores [29]. In Guyana, the leaves are macerated and then
applied to the cut umbilical cord of babies to prevent infections, whereas the maceration
of the flowers is used as a head bath to get rid of dandruff [30]. Previous phytochemical
studies have identified the presence of carbohydrates such as fructans, phenolic acids
such as caffeic acid, ferulic acid, gentisic acid, p-coumaric acid, and p-hydroxy-benzoic
acid, flavonoids such as flavones and flavonols, anthocyanins, and leucoanthocyanins [31].
Similarly, phytochemical screening carried out on the aqueous extract of the leaves has
shown the presence of alkaloids [29].

The aim of the present study was to identify natural compounds extracted from
Olyra latifolia having structural analogy with DANA and to evaluate their effects on hu-
man NEU-1 sialidase activity. Indeed, as the leaves of this plant are used to treat several
pathologies such as diabetes, the present work could allow to isolate some active prin-
ciples targeting NEU-1 and responsible of their medicinal activity. In the present paper,
we describe the isolation and characterization of nine known compounds, identified by
comparing their spectroscopic data with those reported in the literature. Among the
extracted compounds, feddeiketone B, 2,3-dihydroxy-1-(4-hydroxy-3,5-diméthoxyphényl)-
l-propanone, and syringylglycerol were shown to present structural analogy with DANA
and to possess inhibitory effects against NEU-1-mediated sialidase activity.

2. Materials and Methods
2.1. General Procedures

NMR spectra were recorded in CD3OD on a Bruker Avance III 500 spectrometer
(Bruker, Karlsruhe, Germany). HR-ESI-MS analysis was conducted using a Micromass
Q-TOF micro instrument (Micromass, Manchester, UK). Vacuum Liquid Chromatography
(VLC) was carried out on Lichroprep RP-C18 (40–63 µm) Merck using a sintered glass No. 4
and vaccum for the elution. Flash chromatography was carried out on a Grace Reveleris
system equipped with dual UV and ELSD detection using Grace® cartridges (Silica gel
or RP-C18) (Grace, Epernon, France). HPLC separations were performed on a Dionex
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apparatus equipped with an ASI-100 autosampler, an Ultimate 3000 pump, a STH 585
column oven, a diode array detector UVD 340S, and a Chromeleon software. A prepacked
RP-C18 column (Phenomenex 250 × 10 mm, Luna 5 µ) was used for semi-preparative
HPLC. The eluting mobile phase consisted of H2O with TFA (0.0025%) and CH3CN with a
flow rate of 5 mL/min and the chromatogram was monitored at 205 and 210 nm. Thin-layer
chromatography (TLC) was carried out using silica gel 60 F254 pre-coated aluminum plates
(0.2 mm, Merck, Darmstadt, Germany). After developing with solvent systems, spots were
visualized by spraying with 50% H2SO4 followed by heating.

2.2. Plant Material

The leaves of Olyra latifolia L. were collected at Akoupe in the Me Region (Akoupe,
Ivory Coast) in February 2017 and were identified at the National Floristic Center of
the UFHB Abidjan Ivory Coast. A voucher specimen UCJ 007583 was deposited at the
Hebarium of this center.

2.3. Extraction and Isolation

The dried powdered leaves of O. latifolia (1.748 Kg, dry weight) were defatted in 19 L
of petroleum ether (PE). The defatted powder was macerated with 19 L of CH2Cl2 for 48 h,
followed by heating under reflux in 19 L of 80% MeOH. After evaporation of the solvents,
3.5 g of PE, 7.65 g of CH2Cl2, and 40 g of 80% MeOH extracts were obtained. The CH2Cl2
extract was subjected to vacuum liquid chromatography (VLC) over RP-C18, eluting with
H2O-MeOH (8:2, 6:4, 4:6, 2:8, and 10:0) to obtain fractions A-E. Fraction B (209 mg) was
further purified by semi-preparative HPLC using a gradient (10–25% CH3CN, in 45 min)
to give compounds 1 (3 mg, tR 13.63 min), 2 (2 mg, tR 7.98 min), 6 (2 mg, tR 15.85 min), and
7 (3 mg, tR 18.57 min).

The 80% MeOH extract was suspended in H2O (500 mL) and subjected to chromatog-
raphy on a Diaion HP-20 column (4.3 × 40 cm). Step gradient elution was conducted with
MeOH-H2O (0%, 25%, 50%, 75%, and 100%, each 2 L), to give fractions 1–5, respectively.

Fraction 3 (13.9 g) was subjected to a VLC over RP-C18, eluted with MeOH-H2O
(0%, 25%, 50%, 75%, and 100%). Fraction eluted with 50% MeOH (6.7 g) was further
fractionated by VLC over silica gel using CH2Cl2-MeOH (10:0–5:5) as eluent. Fraction
eluted with CH2Cl2-MeOH (8:2) was subjected to flash chromatography over RP-C18 to
give compounds 3 (10 mg) and 5 (9 mg). Fraction eluted with CH2Cl2-MeOH (7:3) was
purified by flash chromatography over silica gel to obtain compound 9 (6 mg). Fraction
eluted with CH2Cl2-MeOH-H2O (5:5) was separated by flash chromatography over silica
gel to obtain compounds 4 (7 mg) and 8 (55 mg).

2.4. Compound Solubilization

The compounds tested in vitro, feddeiketone B (1), 2,3-Dihydroxy-1-(4-hydroxy-3,5-
dimethoxyphenyl)-1-propanone (2), syringylglycerol (3), and DANA were solubilized in
DMSO. In all experiments, final percentages of DMSO used were under 0.03%.

2.5. MTT Assay

Cell viability assays were performed on COS-7 cells (ATCC® CRL-1651™), a fibroblast-
like cell line derived from green African monkey kidney, and on human THP-1-derived
macrophages (ATCC® TIB-202™) harvested in 96 well plates at a cell density of 10,000 cells/well.
Macrophages were obtained by differentiation of THP-1 cells using 50 nM phorbol-12-
myristate-13-acetate (PMA, Sigma Aldrich Chimie, Saint Quentin Fallavier, France) for
72 h. Cells were incubated with feddeiketone B (1), 2,3-Dihydroxy-1-(4-hydroxy-3,5-
dimethoxyphenyl)-1-propanone (2), syringylglycerol (3), or DANA (Sigma) for 2 or 3 h at
a concentration range from 0.1 to 1 µM. Medium was removed and cells were incubated
in obscurity for 4 h at 37 ◦C with a 3-(4-5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide solution (MTT, Sigma, 5 mg/mL) diluted 1:6 in PBS. After incubation, medium
was removed, wells washed with PBS, and 100 µL Dimethyl Sulfoxide (DMSO) (Sigma



Biomedicines 2021, 9, 411 4 of 15

Aldrich, Darmstadt, Germany) were added to each well to solubilize formazan crystals.
After 5 min agitation at room temperature, cell viability was assessed at 570 nm with
Infinite F200 Pro (TECAN) hardware using the Magellan software.

2.6. Plasmids and Transfection Reagent

Plasmid encoding human PPCA protein was provided by Pr. Alessandra d’Azzo
and has been described previously [32]. Plasmid encoding human NEU-1 was purchased
from ImaGenes GmbH (Berlin, Germany). JetPEI DNA transfection reagent used for cell
transfections was purchased from Polyplus transfection.

2.7. Cell Culture and Transfection

COS-7 cells were harvested in 4.5 g/L glucose Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum, 100 units/mL
penicillin, 0.1 mg/mL streptomycin at 37 ◦C in a humidified atmosphere at 95% air, and
5% CO2. For sialidase assays, COS-7 cells were transiently transfected with plasmids
encoding NEU-1/PPCA (1:2) using JetPEI according to the manufacturer’s protocol and all
experiments were performed 48 h post-transfection. THP-1 cells were harvested in RPMI
1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 100 units/mL
penicillin, 0.1 mg/mL streptomycin at 37 ◦C in a humidified atmosphere at 95% air, and
5% CO2. THP-1 monocytes were differentiated into adherent macrophages using 50 nM
PMA for 72 h.

2.8. Sialidase Activity

Transfected COS-7 cells harvested in 10 cm Petri dishes were washed with cold PBS
and resuspended in 1 mL cold TEM buffer (75 mM Tris, 2 mM EDTA, 12 mM MgCl2 with a
protease inhibitor cocktail, 10 mM NaF, 2 mM Na3VO4, pH 7.5). After sonication, samples
were centrifuged at 600× g (10 min, 4 ◦C) to remove nuclei and non-lysed cells. Thereafter,
samples were centrifuged at 20,000× g (45 min, 4 ◦C) and crude membrane-containing
pellets were resuspended in 400 µL MES buffer (2-(N-Morpholino) ethanesulfonic acid
hydrate, 20 mM, pH 4.5) (Sigma). After quantification of proteins with BCA protein
assay (Interchim, Montluçon, France), sialidase activity at the plasma membrane was
measured from 50 µg of crude membrane proteins. Vegetal compounds and DANA were
incubated with crude membrane preparations for 15- or 30-min at 4 ◦C. Crude membrane
proteins in MES buffer were then incubated with 2′-(4-Methylumbelliferyl)-alpha-D-N-
acetylneuraminic acid (Muf-NANA, BioSynth, Staad, Switzerland) at a concentration of
400 µM for 2 h at 37 ◦C in obscurity. Reaction was stopped by adding Na2CO3 (Merck).
Samples were then deposited in black 96 well plates and emitted fluorescence was measured
with Infinite F200 Pro (TECAN, Männedorf, Switzerland) hardware and Magellan software
(excitation: 360 nm/emission: 465 nm).

Sialidase activity at the plasma membrane of macrophages was performed as described
previously [33]. K-elastin (KE) harboring the GxxPG bioactive motif was produced by
chemical hydrolysis of insoluble elastin coming from bovine neck ligaments. Differentiated
THP-1 cells, seeded in 12-well culture dishes (5 × 105 cells/well), were washed with PBS
and pre-incubated 15 or 30 min with vegetal compounds or DANA, a reaction buffer
containing 20 mM of CH3COONa (pH = 6.5) and 400 µM of Muf-NANA, with or without
K-elastin (50 µg/mL). After the pre-incubation step, cells were put 2 h 30 min at 37 ◦C in
the dark. After incubation, the reaction was stopped by adding 0.4 M of glycine buffer
(pH = 10.4) and the fluorescent 4-methylumbeliferone product released in the medium was
measured using the Infinite F200 Pro (TECAN) hardware and Magellan software.

2.9. Western Blot

Protein samples in appropriate buffers according to the experiments were diluted in
Laemmli buffer (62.5 mM Tris, 2% SDS, 10% glycerol, 0.05% bromophenol blue, pH 6.8)
and heated 10 min at 100 ◦C. After electrophoresis in a 10% acrylamide SDS-PAGE gel,
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proteins were transferred onto a nitrocellulose membrane at 100 V for 1 h in a Tris/glycine
buffer supplemented with 10% ethanol. After blocking of the nitrocellulose membrane
with 0.05% TBS Tween-20 (TBS-T) supplemented with 5% milk for 1 h at room temperature,
membrane was probed with primary antibodies diluted at 1:200 for NEU-1 (NEU-1 F8
Santa Cruz) and at 1:750 for β actin (Santa Cruz Biotechnology, Heidelberg, Germany) in
TBS-T with 3% BSA overnight at 4 ◦C. Membrane was then washed in TBS-T and incubated
with HRP-linked secondary antibodies diluted at 1/10,000 in TBS-T with 5% milk at room
temperature. Anti-mouse HRP-linked antibodies (Cell Signaling, Danvers, MA, USA) were
used for protein detections. Chemiluminescent protein detection was done using ECL
Prime and ODYSSEY Fc (LI-COR Biosciences-GmbH, Bad Homburg, Germany) hardware
and the Image Studio software.

2.10. Statistical Analysis

Results are expressed as mean ±SEM. Statistical significance was evaluated using
Student t-test or ANOVA followed by a Dunnett’s multiple comparison test.

3. Results
3.1. Structure Identification

The purification of CH2Cl2 and 80% MeOH extracts obtained on defatted O. latifolia leaves
gave nine compounds. Compounds 1–9 (Figure 1) were identified as
feddeiketone B (1) [34], 2,3-dihydroxy-1-(4-hydroxy-3,5-dimethoxyphenyl)-1-propanone (2) [35],
syringylglycerol (3) [36], vicenine 2 (4) [37], p-hydroxybenzoïc acid (5) [38], p-hydroxybenza
ldéhyde (6) [39], 2,4-dihydroxy-2,6,6-triméthylcyclohexylidene acetic acid (7) [40], 4,6-
dimethoxy-1-methylquinolin-2-(1H)-one (8) [41], and zizyvoside I (9) [42] by spectroscopic
methods including 1D- and 2D-NMR experiments (1H, 13C, HSQC, HMBC, COSY, NOESY)
in combination with HR-ESI-MS, in addition to comparison with literature data. As NEU-1
activity is implicated in the development of diabetes and as the leaves of O. latifolia are
used to treat several pathologies such as diabetes, feddeiketone B (1), 2,3-Dihydroxy-1-
(4-hydroxy-3,5-dimethoxyphenyl)-1-propanone (2) and syringylglycerol (3) have been
selected for this study due to their structural analogy with DANA. DANA chemical
structure is shown for comparison as compound 10 (Figure 1). Compounds 1–3 are phenyl-
propanoids in C6-C3 with a hydroxylated lateral chain in beta position of a hydroxyl group
in the cycle, like in DANA. Compound 2 and syringylglycerol (3) have a syringyl group
and a glycerol lateral chain which was oxydated in carboxyl in position 1 in compound 2.
The feddeiketone B (1) was slightly different with no hydroxyl in position 2 of the lateral
chain (Figure 1). Even if there are no dihydropyranol group as core and no -NH-CO- in
compounds 1–3 while they are found in DANA, several structural similarities between
DANA and these three molecules have been identified: indeed, the presence of a six atom
ring substituted by a 3 carbon hydroxyl chain and a hydroxyl on the beta ring of the side
chain are the main structural analogies which lead us to select these molecules extracted
from Olyra latifolia.

3.1.1. Compound 1

White amorphous powder; C11H14O5; EI-MS m/z: 249.0739 [M+Na]+; 1H-NMR (500 MHz,
CD3OD, δ/ppm, J/Hz): 7.05 (H, d, J = 1.9, H-2), 6.82 (H, d, J = 1.9, H-6), 3.44 (1H, t,
J = 6.2 Hz, H-8), 3.43 (2H, t, J = 6.2 Hz, H-9), 3.74 (3H, s, 3-O-CH3), 3.70 (3H, s, 4-O-CH3);
13C-NMR (125 MHz, MeOD, δ/ppm): 130.4 (C-1), 111.4 (C-2), 149.0 (C-3), 138.4 (C-4), 152.7
(C-5), 106.0 (C-6), 198.1 (C-7), 43.8 (C-8), 58.6 (C-9), 55.7 (3-OCH3), 60.7 (4-O CH3). The
structure was determined from above data according to literature [34] and identified as
feddeiketone B.
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dehydro-2-deoxyneuraminic acid (DANA) (10). 

3.1.1. Compound 1 
White amorphous powder; C11H14O5; EI-MS m/z: 249.0739 [M+Na]+; 1H-NMR (500 MHz, 

CD3OD, δ/ppm, J/Hz): 7.05 (H, d, J = 1.9, H-2), 6.82 (H, d, J = 1.9, H-6), 3.44 (1H, t, J = 6.2 
Hz, H-8), 3.43 (2H, t, J = 6.2 Hz, H-9), 3.74 (3H, s, 3-O-CH3), 3.70 (3H, s, 4-O-CH3); 13C-NMR 
(125 MHz, MeOD, δ/ppm): 130.4 (C-1), 111.4 (C-2), 149.0 (C-3), 138.4 (C-4), 152.7 (C-5), 
106.0 (C-6), 198.1 (C-7), 43.8 (C-8), 58.6 (C-9), 55.7 (3-OCH3), 60.7 (4-O CH3). The structure 
was determined from above data according to literature [34] and identified as feddeik-
etone B. 

3.1.2. Compound 2 
White amorphous powder; C11H14O6; EI-MS m/z: 265.0684 [M+Na]+; 1H-NMR (500 MHz, 

CD3OD δ/ppm, J/Hz): 7.38 (2H, s, H-2, H-6), 5.15 (1H, dd, J = 5.4, 3.4 Hz, H-8), 3.99 (1H, 
dd, J = 11.6, 4.5 Hz, H-9a), 3.70 (1H, dd, J = 11.6, 5.4 Hz, H-9a); 3.95 (6H, s, 3-OCH3, 5-
OCH3); 13C-NMR (500 MHz, CD3OD, δ/ppm): 124.0 (C-1), 106.0 (C-2, C-6), 148.0 (C-3, C-
5), 142.0 (C-4), 198.0 (C-7), 74.0 (C-8), 65.0 (C-9), 55.5 (3-OCH3, 5-OCH3). The structure was 
determined from the above data according to literature [35] and identified as 2,3-dihy-
droxy-1-(4-hydroxy-3,5-dimethoxyphenyl)-1-propanone. 

3.1.3. Compound 3 
White amorphous powder; C11H14O6; EI-MS m/z: 265.0684 [M+Na]+; 1H-NMR (500 MHz, 

CD3OD, δ/ppm, J/Hz): 6.58 (2H, s, H-2 et H-6), 4.95 (1H, d, J = 5.5 Hz, H-7), 3.70 (1H, m, H-
8), 3.40 (1H, m, H-9a), 3.55 (1H, m, H-9b), 3.74 (6H, s, 3-OCH3, 5-OCH3); 13C-NMR (500 
MHz, CD3OD, δ/ppm): 134.1 (C-1), 104.1 (C-2, C-6), 147.4 (C-3, C-5), 133.4 (C-4), 72.9 (C-

Figure 1. Chemical structures of compounds (1–9) isolated from Olyra latifolia and of N-Acetyl-2,3-
dehydro-2-deoxyneuraminic acid (DANA) (10).

3.1.2. Compound 2

White amorphous powder; C11H14O6; EI-MS m/z: 265.0684 [M+Na]+; 1H-NMR (500 MHz,
CD3OD δ/ppm, J/Hz): 7.38 (2H, s, H-2, H-6), 5.15 (1H, dd, J = 5.4, 3.4 Hz, H-8), 3.99 (1H,
dd, J = 11.6, 4.5 Hz, H-9a), 3.70 (1H, dd, J = 11.6, 5.4 Hz, H-9a); 3.95 (6H, s, 3-OCH3,
5-OCH3); 13C-NMR (500 MHz, CD3OD, δ/ppm): 124.0 (C-1), 106.0 (C-2, C-6), 148.0 (C-3,
C-5), 142.0 (C-4), 198.0 (C-7), 74.0 (C-8), 65.0 (C-9), 55.5 (3-OCH3, 5-OCH3). The structure
was determined from the above data according to literature [35] and identified as 2,3-
dihydroxy-1-(4-hydroxy-3,5-dimethoxyphenyl)-1-propanone.

3.1.3. Compound 3

White amorphous powder; C11H14O6; EI-MS m/z: 265.0684 [M+Na]+; 1H-NMR (500 MHz,
CD3OD, δ/ppm, J/Hz): 6.58 (2H, s, H-2 et H-6), 4.95 (1H, d, J = 5.5 Hz, H-7), 3.70 (1H,
m, H-8), 3.40 (1H, m, H-9a), 3.55 (1H, m, H-9b), 3.74 (6H, s, 3-OCH3, 5-OCH3); 13C-NMR
(500 MHz, CD3OD, δ/ppm): 134.1 (C-1), 104.1 (C-2, C-6), 147.4 (C-3, C-5), 133.4 (C-4), 72.9
(C-7), 75.8 (C-8), 62.5 (C-9), 55.8 (3-OCH3, 5-OCH3). The structure was determined from
the above data according to literature [36] and identified as syringylglycerol.

3.1.4. Compound 4

Yellowish amorphous powder; C25H40O12; EI-MS m/z: 617.1491 [M+Na]+; 1H-NMR
(500 MHz, CD3OD, δ/ppm, J/Hz): 6.70 (1H, s, H-3), 8.00 (2H, d, J = 8.4 Hz, H-2′, H-6′), 6.95
(2H, d, J = 8.4, Hz H-3′, H-5′), 6-C-glc: 4.88 (1H, d, J = 9.7 Hz, H-1), 3.70 (1H, t, J = 8.9 Hz,
H-2), 3.60 (1H, t, J = 9.7 Hz, H-3), 3.63 (1H, t, J = 9.4 Hz, H-4), 3.51 (1H, m, H-5), 3.84 (1H,
dd, J = 11.7, 4.5 Hz, H-6a), 3.80 (1H, J = 11.7, 2.4 Hz, H-6b), 8-C-glc: 4.75 (1H, d, J = 9.7 Hz,
H-1), 4.15 (1H, t, J = 9.4 Hz, H-2), 3.51 (1H, J = 9.3 Hz, H-3), 3.70 (1H, J = 9.1 Hz, H-4), 3.35
(1H, m, H-5), 3.91 (1H, dd, J = 12.1, 5.4 Hz, H-6a), 3.78 (1H, dd, J = 12.1, 2.1 Hz, H-6b);
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13C-NMR (500 MHz, CD3OD, δ/ppm): 165.6 (C-2), 102.2 (C-3), 183.0 (C-4), 161.8 (C-5),
109.6 (C-6), 163.3 (C-7), 102.9 (C-8), 156.2 (C-9), 105.6 (C-10), 122.0 (C-1′), 128.0 (C-2′, C-6′),
115.8 (C-3′, C-5′), 161.0 (C-6′), 6-C-glc: 73.0 (C-1), 72.2 (C-2), 77.6 (C-3), 69.8 (C-4), 81.0 (C-5),
60.0 (C-6), 8-C-glc: 74.0 (C-1), 72.2 (C-2), 78.2 (C-3), 71.0 (C-4), 81.6 (C-5), 61.5 (C-6). The
structure was determined from the above data according to literature [37] and identified as
vicenine 2.

3.1.5. Compound 5

White amorphous powder; C7H6O3; EI-MS m/z: 161.1105 [M+Na]+; 1H-NMR (500 MHz,
CD3OD, δ/ppm, J/Hz): 7.9 (2H, d, J = 8.8 Hz, H-2, H-6), 6.8 (2H, d, J = 8.8 Hz, H-3,
H-5); 13C-NMR (500 MHz, CD3OD, δ/ppm): 121.5 (C-1), 131.6 (C-2, C-6), 114.6 (C-3, C-5),
161.9 (C-4), 168.9 (C-7). The structure was determined from the above data according to
literature [38] and identified as p-hydroxybenzoïc acid.

3.1.6. Compound 6

White amorphous powder; C7H6O2; EI-MS m/z: 145.1111 [M+Na]+; 1H-NMR (500 MHz,
CD3OD, δ/ppm, J/Hz): 7.90 (2H, d, J = 8.8 Hz, H-2, H-6), 6.85 (2H, d, J = 8.8 Hz, H-3,
H-5), 9.80 (1H, s, H-7); 13C-NMR (500 MHz, CD3OD, δ/ppm): 128.0 (C-1), 132.0 (C-2, C-6),
115.0 (C-3, C-5), 163.5 (C-4), 191.0 (C-7). The structure was determined from the above data
according to literature [39] and identified as p-hydroxybenzaldehyde.

3.1.7. Compound 7

White amorphous powder; C11H18O4; 237.1096 [M+Na]+; 1H-NMR (500 MHz, CD3OD,
δ/ppm, J/Hz): 2.48 (1H, dt, J = 13.6, 2.7 Hz, H-3a), 1.75 (1H, dd, J = 13.6, 4.0 Hz, H-3b),
4.23 (1H, q, J = 3.5 Hz, H-4), 2.10 (1H, dt, J = 14.4, 2.7 Hz, H-5a), 1.5 (1H, dd, J = 14.4,
3.7 Hz, H-5b), 5.77 (1H, s, H-7), 1.76 (3H, s, 2-CH3), 1.49 (3H, s, 6a-CH3), 1.3 (3H, s, 6-CH3);
13C-NMR (500 MHz, CD3OD, δ/ppm): 184.3 (C-1), 87.6 (C-2), 45.0 (C-3), 65.8 (C-4), 46.6
(C-5), 35.8 (C-6), 111.9 (C-7), 173.0 (C-8), 26.0 (2-Me), 25.6 (6a-CH3), 29.6 (6-CH3). The
structure was determined from the above data according to literature [40] and identified as
2,4-dihydroxy-2,6,6-trimethylcyclohexylidene acetic acid.

3.1.8. Compound 8

White amorphous powder; C12H13NO3; 219.0888 [M+Na]+; 1H-NMR (500 MHz, CD3OD,
δ/ppm, J/Hz): 6.04 (1H, s, H-3), 7.40 (1H, s, H-5), 7.18 (1H, dd, J = 9.0, 2.8 Hz, H-7),
7.27 (1H, d, J = 9.0, H-8), 3.66 (3H, s, N-CH3), 4.86 (3H, s, 4-OCH3), 3.94 (3H, s, 6-OCH3);
13C-NMR (500 MHz, CD3OD, δ/ppm): 158.9 (C-2), 90.4 (C-3), 164.8 (C-4), 119.9 (C-4a), 113.4
(C-5), 150.0 (C-6), 114.9 (C-7), 125.9 (C-8), 129.9 (C-8a), 39.9 (N-CH3), 55.8 (4-OCH3), 55.6
(6-OCH3). The structure was determined from the above data according to literature [41]
and identified as 4,6-dimethoxy-1-methylquinolin-2-(1H)-one.

3.1.9. Compound 9

White amorphous powder; C25H40O12; 555.2427 [M+Na]+; 1H-NMR (500 MHz, CD3OD,
δ/ppm, J/Hz): 5.90 (1H, s, H-2), 2.55 (1H, d, J = 17.0 Hz, H-6a), 2.18 (1H, d, J = 17.0 Hz,
H-6a), 5.88 (1H, d, J = 16.0 Hz, H-7), 5.86 (1H, dd, J = 16.0, 7.0 Hz, H-8), 4.42 (1H, dq, J = 16.0,
7 Hz, H-9), 1.32 (1H, d, J = 6.4 Hz, H-10), 1.94 (3H, s, H-11), 1.20 (3H, s, 12-CH3), 1.26 (3H, s,
13-CH3), Glc: 4.45 (1H, d, J = 7.8 Hz, H-1), 3.43 (1H, t, J = 8.8 Hz, H-2), 3.47 (1H, t, J = 8.8 Hz,
H-3), 3.22 (1H, t, J = 8.9 Hz, H-4), 3.25 (1H, m, H-5), 3.87 (1H, dd, J = 12.0, 4.7 Hz, H-6a),
3.63 (1H, dd, J = 12.0, 2.1 Hz, H-6b), Rha: 5.26 (1H, d, 1.2 Hz, H-1), 3.92 (1H, dd, J = 3.3,
1.2 Hz, H-2), 3.67 (1H, dd, J = 9.5, 3.3 Hz, H-3), 3.38 (1H, t, J = 9.5 Hz, H-4), 4.10 (1H, m,
H-5), 1.27 (1H, d, J = 6.2 Hz, H-6); 13C-NMR (500 MHz, CD3OD, δ/ppm): 199.8 (C-1), 125.8
(C-2), 165.8 (C-3), 78.1 (C-4), 41.1 (C-5), 49.3 (C-6), 130.2 (C-7), 133.9 (C-8), 75.8 (C-9), 19.8
(C-10), 18.2 (C-11), 23.3 (12-CH3), 22.0 (13-CH3), Glc: 99.8 (C-1), 77.3 (C-2), 78.0 (C-3), 70.5
(C-4), 76.6 (C-5), 61.5 (C-6), Rha: 100.6 (C-1), 70.8 (C-2), 70.9 (C-3), 72.6 (C-4), 68.3 (C-5), 16.7
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(C-6). The structure was determined from the above data according to literature [42] and
identified as zizyvoside I.

3.2. Effects of Selected Compounds 1–3 on Cell Viability

Effects on cell viability of feddeiketone B (compound 1), 2,3-dihydroxy-1-(4-hydroxy-
3,5-dimethoxyphenyl)-1-propanone (compound 2), syringylglycerol (compound 3), and
the reference DANA molecule were evaluated in COS-7 and THP-1 cell lines. For all
these compounds, no cell toxicity was noticed both in COS-7 (Figure 2a,b) and THP-1
(Figure 2c,d) cell lines after 2- or 3-h incubation at 0.1 and 1 µM in comparison with control
(untreated cells). Together, these results show that DANA and compounds 1–3 have no
significant effects on cell viability.
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Figure 2. Effects of the vegetal compounds and of N-Acetyl-2,3-dehydro-2-deoxyneuraminic acid
on cell viability. (a–d) 10,000 COS-7 and THP-1 cells were plated in 96 well plates. Cells were
incubated with the natural compounds 1, 2, 3, or DANA at 0.1 or 1 µM. (a) Effects on COS-7 cell
viability after 2 h. (b) Effects on COS-7 cell viability after 3 h. (c) Effects on THP-1 cell viability
after 2 h. (d) Effects on THP-1 cell viability after 3 h. Results were normalized to the control
condition expressed at 100%. (n = 3–4), (ANOVA). Each run in triplicates, (C1: feddeiketone B,
C2: 2,3-Dihydroxy-1-(4-hydroxy-3,5-dimethoxyphenyl)-1-propanone, C3: syringylglycerol, DANA:
N-Acetyl-2,3-dehydro-2-deoxyneuraminic acid), (ns: non-significant).

3.3. Effects of Selected Compounds 1–3 on Sialidase Activity in COS-7 Cells
Overexpressing NEU-1

We next evaluated the ability of compounds 1–3 to decrease membrane sialidase activ-
ity of COS-7 cells overexpressing NEU-1. COS-7 cells were transfected with both human
NEU-1 and PPCA encoding plasmids, and the capacity of the compounds 1–3 to inhibit
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sialidase activity was assessed 48 h post-transfection in crude membrane preparations and
compared to DANA at the same concentrations. A four-fold increase of membrane sialidase
activity, from 100 to 437 ± 37%, was observed between untransfected cells and COS-7 cells
overexpressing NEU-1 (Figure 3a). After 15 min of incubation at 0.1 and 1 µM, both DANA
and the vegetal compounds are able to decrease NEU-1 sialidase activity in a similar way
(Figure 3b). Compounds 1–3 and DANA at 0.1 µM decrease NEU-1 sialidase activity by
10.4± 3.1, 9.4± 2.1, 13.1± 1.8, and 9.3± 1.9%, respectively, in comparison with the control
(untreated cells) (Figure 3b). A treatment by compounds 1–3 and DANA at 1 µM decreases
NEU-1 sialidase activity by 14.3 ± 1.3, 14.0 ± 1.5, 10.3 ± 0.9, and 12.2 ± 1.5%, respectively,
in comparison with the control (Figure 3b). Similar effects were observed after 30 min of
incubation at both 0.1 and 1 µM (Figure 3c). Given that all the experiments were performed
in presence of 0.024% of DMSO (final concentration), effects of DMSO alone at the same
concentration were evaluated. No effect of DMSO was observed compared to the control
condition (untreated cells) (Figure 3d). Moreover, DANA and the vegetal compounds
do not alter significantly NEU-1 membrane expression level in transfected COS-7 cells
(Figure 3e). Altogether, these results suggest that these three vegetal compounds are able
to decrease significantly NEU-1 mediated sialidase activity in an overexpression cell model,
in similar extent to the DANA molecule.

3.4. Effects of Compounds 1–3 on Membrane NEU-1 Mediated Sialidase Activity Triggered by
Elastin-Derived Peptides in THP-1 Cells

As previously reported, membrane sialidase activity triggered by K-elastin stimulation
of THP-1-derived macrophages is dependent of NEU-1 [33]. After K-elastin stimulation
(50 µg/mL), NEU-1 sialidase activity of macrophages increases by 54.1 ± 9.0% compared
to non-stimulated cells for an incubation period of 15 min and by 51.5 ± 26.9% for an
incubation period of 30 min (not shown). K-elastin stimulated sialidase activity decreases in
presence of DANA and the vegetal compounds after 15 min of incubation at 0.1 µM. Indeed,
in presence of compounds 1–3 and DANA, decreases of K-elastin induced NEU-1 sialidase
activity of 32.3 ± 7.3, 28.9 ± 6.9, 25.2 ± 7.7, and 27.7 ± 6.4% are observed, respectively
(Figure 4a). These inhibitory effects were increased at a concentration of 1 µM showing
inhibitions of 40.2 ± 3.6, 37.2 ± 4.8, 41.0 ± 4.5, and 47.5 ± 7.34.7% for compounds 1–3
and DANA, respectively (Figure 4a). After 30 min in presence of compounds 1–3 and
DANA at 0.1 µM, decreases of K-elastin induced NEU-1 sialidase activity of 29.7 ± 5.4,
26.3 ± 3.9, 29.2 ± 4.4, and 30.2 ± 6.7% were observed, respectively (Figure 4b). After
30 min in presence of compounds 1–3 and DANA at 1 µM, decreases of K-elastin induced
NEU-1 sialidase activity of 34.7± 2.5, 36.6± 2.2, 36.5± 2.7, and 36.7± 1.7% were observed,
respectively (Figure 4b). As for COS-7 cells, DMSO alone (0.029%) did not affect the
sialidase activity in THP-1-derived macrophages (Figure 4c). Furthermore, as for COS-7
cells, DANA and the vegetal compounds do not alter NEU-1 expression in THP-1-derived
macrophages with or without K-elastin stimulation (Figure 4d). Taken together, these
results show that the natural compounds 1–3 strongly inhibit NEU-1 sialidase activity
triggered by K-elastin, in similar extent to the DANA molecule.

In both cell lines, compounds 1–3 act quickly at low concentrations to inhibit NEU-1
sialidase activity. These inhibitory effects of vegetal compounds were more important in
THP-1-derived macrophages under K-elastin stimulation than in COS-7 cells overexpress-
ing NEU-1. All vegetal compounds tested show comparable sialidase activity inhibition
ranges. Their inhibition potentials were also similar to those observed with DANA at
same concentrations.
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Figure 3. Effects of N-Acetyl-2,3-dehydro-2-deoxyneuraminic acid and compounds 1–3 on membrane NEU-1 sialidase
activity in NEU-1 overexpressing cells. (a) Sialidase activities in untransfected (NT) and transfected (NEU-1) COS-7 cells.
The bottom panel indicates the expression of NEU-1 in untransfected (NT) and transfected (NEU-1) COS-7 cells. β-actin
was used as an internal control (n = 3) (t test). (b) Normalized sialidase activity after 15 min incubation with the vegetal
compounds at 0.1 or 1 µM and comparison with DANA (n = 5–6) (t test). (c) Normalized sialidase activity after 30 min
incubation with DANA and the compounds 1–3 at 0.1 or 1 µM. Results are represented compared to the nothing condition
normalized to 100% (n = 3–6) (t test). (d) Effects of DMSO alone on NEU-1 sialidase activity (n = 7) (t test). (e) Relative NEU-1
expression in presence of the vegetal compounds and DANA at 0.1 and 1 µM. The expression of NEU-1 was normalized
to β-actin (n = 3), (ANOVA), (C1: feddeiketone B, C2: 2,3-Dihydroxy-1-(4-hydroxy-3,5-dimethoxyphenyl)-1-propanone,
C3: syringylglycerol, DANA: N-Acetyl-2,3-dehydro-2-deoxyneuraminic acid), (ns: non-significant, * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001).
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Figure 4. Effects of N-Acetyl-2,3-dehydro-2-deoxyneuraminic acid and compounds 1–3 on membrane NEU-1 sialidase
activity in full adherent macrophages. Adherent macrophages were incubated with DANA and the vegetal compounds
and sialidase activity was triggered or not by K-elastin. (a) Normalized membrane NEU-1 sialidase activity after 15 min
incubation with DANA or compounds 1–3 at 0.1 or 1 µM under K-elastin stimulation (n = 3–6) (t test). (b) Normalized
membrane NEU-1 sialidase activity after 30 min incubation with DANA or compounds 1–3 at 0.1 or 1 µM under K-elastin
stimulation.%. (n = 3–8) (t test). Results are represented compared to the control condition (+ K-elastin) normalized to 100%.
(c) Effects of DMSO alone on membrane NEU-1 sialidase activity under K-elastin stimulation (n = 4) (t test). (d) Relative
NEU-1 expression in presence of the vegetal compounds and DANA at 0.1 and 1 µM. The expression of NEU-1 was
normalized to β-actin (n = 3), (ANOVA) (C1: feddeiketone B, C2: 2,3-Dihydroxy-1-(4-hydroxy-3,5-dimethoxyphenyl)-1-
propanone, C3: syringylglycerol, DANA: N-Acetyl-2,3-dehydro-2-deoxyneuraminic acid), (ns: non-significant, * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001).

4. Discussion

The key role of NEU-1 in the degradation of sialyloconjugates in lysosomes has been
known for many years [43], but its implication in cellular regulatory mechanisms has been
identified only recently. These new findings are associated with the discovery of NEU-1
localization at the cell plasma membrane. As described previously, human NEU-1, the
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ERC catalytic subunit, is known, after activation of its sialidase activity by EDP, to be
involved in several pathophysiological contexts as cancers [7–11,13,14,44], diabetes [3],
atherosclerosis [4], and nonalcoholic steatohepatitis [6]. That is why several strategies
have been envisaged to disturb the activation of NEU-1 to prevent the progression of
various diseases. Among these, chemical compounds [22,45] or transmembrane peptides
as inhibitors of NEU-1 dimerization/activation [24] are currently under development.
During the last years, different selective inhibitors of human NEU-1 have been notably
developed based on the DANA chemical structure [22,23]. Indeed, the C9-amido analog
of DANA (C9-BA-DANA) shows micromolar IC50 against human NEU-1 [23] and the
C5-hexanamido-C9-acetamido analog has a Ki of 53 ± 5 nM and 340-fold selectivity over
other isoenzymes [22]. In fact, C9-BA-DANA not only blocks NEU-1 sialidase activity but
also its bioactivities in human lung in vitro and murine lung in vivo [45]. Furthermore, a
recent study has also shown that interfering peptides targeting the transmembrane domain
of NEU-1 are able to decrease both NEU-1 dimerization and sialidase activity [24]. The
aim of this study was to identify plant-derived natural products that share analogy with
the DANA molecule and to evaluate their bioactivity against plasma membrane NEU-1
sialidase activity. We have selected Olyra latifolia because in Ivory Coast, their leaves were
used for treating diabetes and the diabetic wound [28] and this activity could be related
to NEU-1 inhibitory activity [3]. Nine known compounds were isolated from the leaves
of Olyra latifolia and three compounds (1–3) were shown to possess structural analogy
with DANA: the feddeiketone B, the 2,3-dihydroxy-1-(4-hydroxy-3,5-dimethoxyphenyl)-
1-propanone, and the syringylglycerol. Two cell models have been used in the present
work, COS-7 cells which overexpressed NEU-1 and THP-1-derived macrophages which
endogenously express this target protein. For all these compounds and DANA, no signifi-
cant effect on cell toxicity was observed in the two cell lines after 2 or 3 h of incubation at
0.1 and 1 µM. Therefore, we studied the effects of these compounds on NEU-1 sialidase
activity in COS-7 cells and in THP-1-derived macrophages at this concentration range.
In all experiments, final percentages of DMSO used were under 0.03% in order to avoid
cell toxicity. Our results suggest that compounds 1–3 are able to decrease significantly
NEU-1 mediated sialidase activity in both cell models, but the inhibitory effects were much
greater in THP-1 cells than in COS-7 for all the tested concentrations (0.1 and 1 µM). These
results might be explained by the fact that in COS-7 cells, NEU-1 is overexpressed and,
therefore, the ratio between the NEU-1 expression level and the compound concentrations
is higher in these cells compared to THP-1 cells. Kawecki et al. have previously shown that
incubation with K-elastin significantly increased sialidase activity at the plasma membrane
and that silencing NEU-1 by siRNA completely blocked the effects of K-elastin: these data
definitely demonstrated involvement of NEU1 in K-elastin-induced sialidase activity at
the plasma membrane of THP-1 cells [33]. Our results obtained with the same cell model
showed that the natural compounds 1, 2 and 3 strongly inhibit NEU-1 sialidase activity
triggered by K-elastin: these experiments suggest that these 3 compounds are able to
directly inhibit human NEU-1, the ERC catalytic subunit, after activation of its sialidase
activity by K-elastin. In addition to these results, we observed that the inhibitory effects
of the three tested compounds extracted from Olyra latifolia are very similar to those ob-
tained with DANA in the same experimental conditions which indicate that these natural
molecules are potent inhibitor of NEU-1 as well as DANA. The glycerol lateral chain in
syringylglycerol (3) and DANA seems to be important for the activity or at least a ketone
and a primary alcohol group on a C3-substituant. In this preliminary study, we tested the
effects of these three compounds at very low concentrations (0.1 and 1 µM). Indeed, these
compounds are solubilized in DMSO which cannot be used at higher concentrations due to
its toxicity. However, the effects of these molecules obtained at low concentrations are very
promising and suggest that at higher concentrations (which requires less toxic solvents for
solubilization), similar to those classically used for DANA, these inhibitory effects could be
more important. Consequently, these vegetal compounds could be used as natural putative
inhibitors of NEU-1 and could serve as models to design more potent synthetic inhibitors.
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Furthermore, as these compounds appear to be effective in inhibiting membrane NEU-1
in vitro, they could be used in in vivo models to inhibit this protein involved in several dis-
eases such as atherosclerosis, thrombosis, insulin resistance, non-alcoholic steatohepatitis,
and cancer.

In this preliminary study, we report the isolation and characterization of nine com-
pounds (1–9) isolated for the first time from O. latifolia leaves. Among them,
compounds 1–3—having structural analogy with DANA—showed inhibitory effects against
human NEU-1-mediated sialidase activity at the plasma membrane. The effects of these
molecules obtained at low concentrations are very promising and suggest that at higher
concentrations, similar to those classically used for DANA, these inhibitory effects could
be more important. Thus, these compounds are considered as new natural bioactive in-
hibitors of human NEU-1 which may be further exploited as potential leads to elucidate
the biological functions of this sialidase and to target this protein involved in several
pathophysiological contexts. Consequently, this preliminary study predicted an inhibitory
potential of these vegetal compounds that could be a starting point for the development
of new natural putative inhibitors of NEU-1 and for the design of more potent synthetic
inhibitors (identified by determining their IC50 and Ki values and comparing with those
of other inhibitors). Furthermore, in order to better characterize compounds 1–3 and
their possible use as tools for a better understanding of sialic acid biology, it could be
interesting to evaluate their effect on another plasma membrane associated sialidase such
as NEU-3.but also on two other members of sialidase family, NEU-2 and NEU-4. Last, as
these compounds appear to be effective in inhibiting membrane NEU-1 in vitro, they could
be used in in vivo models to down-regulate this protein involved in several diseases such
as atherosclerosis, thrombosis, insulin resistance, non-alcoholic steatohepatitis, and cancer.
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