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Abstract: Warionia saharae Benth. & Coss. (Asteraceae) is an endemic species of North Africa naturally
grown in the southwest of the Algerian Sahara. In the present study, this species’ hydromethanolic
leaf extract was investigated for its phenolic profile characterized by ultra-high-performance liq-
uid chromatography coupled with a diode array detector and an electrospray mass spectrometer
(UHPLC-DAD-ESI/MS). Additionally, the chemical composition of W. saharae was analyzed by gas
chromatography–mass spectrometry, and its antioxidant potential was assessed through five in vitro
tests: DPPH• scavenging activity, ABTS•+ scavenging assay, galvinoxyl scavenging activity, ferric
reducing power (FRP), and cupric reducing antioxidant capacity. The UHPLC-DAD-ESI/MS analysis
allowed the detection and quantification of 22 compounds, with taxifolin as the dominant compound.
The GC–MS analysis allowed the identification of 37 compounds, and the antioxidant activity data
indicate that W. saharae extract has a very high capacity to capture radicals due to its richness in
compounds with antioxidant capacity. The extract also showed potent α-glucosidase inhibition as
well as a good anti-inflammatory activity. However, weak anti-α-amylase and anticholinesterase
activities were recorded. Moreover, an in silico docking study was performed to highlight possible
interactions between three significant compounds identified in W. saharae extract and α-glucosidase
enzyme.

Keywords: Warionia saharae; UHPLC-DAD-ESI/MS; phenolic compounds; GC–MS analysis;
antioxidant activity; anti-inflammatory activity; enzyme inhibition; molecular docking
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1. Introduction

It is recognized that medicinal plants have been used since the dawn of civilization to
treat a wide range of ailments [1,2]. Their therapeutic potential has been attributed to a
large quantity and variety of substances called secondary metabolites belonging to several
classes such as phenolic compounds (e.g., flavonoids, chlorogenic acids) [3], terpenes [4],
and alkaloids [5]. In parallel with increasing knowledge about their biological properties,
plant secondary metabolites are increasingly used as drugs [6] and pharmaceutical food
additives for aromatic and culinary purposes [7]. Various biotic and abiotic (light, temper-
ature, soil water, soil fertility, and salinity) elicitors can influence their biosynthesis and
accumulation [8–10].

Asteraceae is one of the most prominent plant families. It covers 23,000 species
distributed across more than 1,620 genera. Among them, Warionia saharae Benth. &
Coss. is an endemic species grown in Beni Ounif Zousfana and Bechar (south-west of
Algerian Sahara). It was also found in various regions in the south of Morocco [11,12]. The
leaves of W. saharae are used in folk medicine to treat many health problems, among them
inflammatory diseases, gastrointestinal disorders, and epileptic crises [13,14].

Warionia saharae, until now, did not arouse researchers’ interest, and few works have
been published about this species. These works were focused on different types of W.
saharae extracts: aqueous extract [15], essential oil and ethyl acetate extract [16,17], and
flavonoid-enriched extract [14]. Their antimicrobial [16,18], antioxidant [16,19], antidia-
betic, and antihypertensive [14,20] activities were revealed. Moreover, only ten known
compounds were isolated from W. saharae chloroform and ethyl acetate extracts and were
identified using UV, IR, and NMR methods [19]. As far as we know, the UHPLC-ESI-MS
and GC–MS compositions of W. saharae leaves have not been studied.

Furthermore, this species’ extracts and secondary metabolites remain less explored
regarding their anti-inflammatory, cytotoxic, and enzyme inhibition activities. There-
fore, our study will be the pioneer in this field. Simultaneously, evaluating the extracts’
antioxidant and anti-inflammatory potentials and their inhibition ability toward key en-
zymes involved in diabetes and neurodegenerative diseases (α-glucosidase, α-amylase,
and acetylcholinesterase enzymes) was also an objective. Molecular docking experiments
investigate the most energetically favorable interactions between bioactive compounds
and enzymes [21]. In this context, molecular docking studies against α-glucosidase were
conducted to unveil any possible interactions with the major phenolic compounds of W.
saharae extract.

This research is expected to provide a better understanding of the chemical composi-
tion and the health benefits of this plant, which could contribute to new perspectives for
developing new and potent pharmacological agents.

2. Results and Discussion
2.1. UHPLC-DAD-ESI-MS/MSn Characterization of W. saharae Extract

The UHPLC-DAD-ESI-MS/MSn analysis of W. saharae hydromethanolic (80/20, v/v)
extract allowed the identification, for the first time, of 24 compounds. Figure 1 shows the
chromatographic profile of this extract, and in Table 1, with respect to their elution order,
the peak characteristics, the assigned identification, and the quantification are detailed.
The compounds’ assigned identification was enabled by comparing retention times and
MS data from reference standards or comparing with previously reported MS and UV–Vis
data.



Molecules 2021, 26, 5257 3 of 20

Figure 1. UHPLC chromatogram of Warionia saharae hydromethanolic extract recorded at 280 nm.

Table 1. Chemical composition of W. saharae extract by UHPLC-DAD-ESI/MS (retention time (RT), not quantified (NQ),
traces (Tr), caffeoylquinic acid (CQA)).

N◦ RT Λmax [M − H]− MS2 (m/z) Identified Compound Quantification
(µg/mg Extract)

1 1.53 256 215 179,160 Caffeic acid adduct with
chloride NQ

2 1.75 194 137 110,82 Hydroxybenzoic acid 0.855 ± 0.037
3 6.58 204,224,250,289,340 339 177 Esculetin-6-O-glucoside NQ
4 8.05 325,238,218 353 191,179 5-O-CQA 10.333 ± 2.360
5 8.29 203,225,337 353 191,179 3-O-CQA 1.537 ± 0.239
6 8.46 202,225,298,342 353 191,179,173,135 4-O-CQA 3.039 ± 0.420
7 8.84 299,235,322 179 135 Caffeic acid 1.380 ± 0.790
8 9.06 260 536 - Unknown NQ
9 10.54 198,229,288 515 353 O-diCQA isomer 1.631 ± 0.430
10 10.96 234,288,330 477 301 Quercetin glucuronide 0.560 ± 0.110
11 11.23 232,290 515 353,335,179 3,5-O-diCQA 1.280 ± 0.190
12 11.76 261 609 459,315,299 Unknown NQ
13 12.03 204,256,353 463 301,300 Quercetin-O-hexoside 2.460 ± 0.790
14 12.15 227,289 303 285,175,125 Taxifolin 62.800 ± 16.690
15 12.47 231,290 303 285,177 Taxifolin isomer 1.540 ± 0.590
16 12.60 236,256,268,341 477 315,300 Isorhamnetin-O-hexoside 0.640 ± 0.130
17 12.78 220,241,324 515 353,335,172,191 3,4-O-diCQA 4.185 ± 1.340
18 13.03 220,241,324 515 353,335,191 1,3-O-diCQA 43.120 ± 17.390
19 13.67 219,242,326 515 353,299,255,203 4,5-O-diCQA 9.660 ± 2.970
20 15.97 207,254,351 285 241,217,199,175 Luteolin 7.410 ± 0.530

21 17.91 245,274,332 299 284 3′-O-Methylluteolin
(Chrysoeriol) 0.740 ± 0.520

22 18.07 246,342 299 284 Luteolin 4′-methyl ether
(Diosmetin) Tr

23 18.43 296,234 315 300 Isorhamnetin 3.435 ± 1.390
24 18.76 200,230,290 299 271,255,243 Naringenin derivative NQ
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Among the 24 metabolites, hydroxycinnamic acid derivatives and flavonoids were
identified, which are secondary metabolites usually associated with anti-inflammatory
properties. Actually, the quantification shows around 76 µg/mg extract of hydroxycinnamic
acid derivatives and around 80 µg/mg extract of flavonoids (Table 1).

Considering the hydroxycinnamic acid derivatives, they are mostly chlorogenic acid
derivatives, from which 1,3-O-dicaffeoylquinic acid (1,3-O-diCQA) can be highlighted
because of its quantity (peak 18 at 13.03 min; Figure 1 and Table 1).

The other dicaffeoylquinic acids, isomers 3,5-O-diCQA, 3,4-O-diCQA, and 4,5-O-
diCQA, were also identified, respectively, with peaks 11, 17, and 19. An extra dicaf-
feoylquinic acid was detected (peak 9, Table 1), but we could not establish its full as-
signment. These isomeric dicaffeoylquinic acids present a pseudomolecular ion [M-H]−

at m/z 515, and the characteristic fragments at m/z 353, 191, and 179, corresponding to
monocaffeoyl quinic, quinic acid, and caffeic acid moieties, respectively [22–24]. Mono-
caffeoylquinic acids, compounds with a pseudomolecular ion [M-H]− at m/z 353 and the
typical MS2 fragment at m/z 191 (due to quinic acid), were also observed. Again, their
identification was confirmed by literature data, and peaks 4, 5, and 6 were assigned to
5-O-CQA, 3-O-CQA, and 4-O-CQA, respectively [22].

The flavonoid family is represented in the hydromethanolic extract of W. saharae by
10 derivatives, 7 aglycones, and 3 glycosides. These results are consistent with those
previously reported because we also found luteolin, esculetin, taxifolin, and quercetin
derivatives, although Mezhoud et al. [19] mainly reported the flavonoids in their aglycone
form.

Among the identified flavonoids, taxifolin derivatives can be highlighted (peaks
14 and 15, Table 1) with a pseudomolecular ion [M-H]− at m/z 303, MS2 fragment ion
at m/z 285, and UV spectrum data also in agreement with a taxifolin derivative [25–27].
Other flavonoid derivatives, such as luteolin derivatives (peaks 20, 21and 22, Table 1)
and quercetin derivatives (peaks 10 and 13, Table 1), were identified using a pure stan-
dard [23,28] and based on MS2 fragmentation [29]. Isorhamnetin (peak 23) was identified
using a standard and literature data, from which the MS2 fragment at m/z 300 obtained by
losing the methyl group can be highlighted [30,31]. Finally, peak 16, with a pseudomolecu-
lar ion [M-H]− at m/z 477 and MS2 fragment at m/z 315, which corresponds to the loss of a
glycosyl group, was assigned to isorhamnetin-O-hexoside (Table 1).

Other compounds were identified, for example, peak 2 with a pseudomolecular ion
[M-H]− at m/z 137, characteristic of hydroxybenzoic acid [32], peak 3 with a pseudomolec-
ular ion [M-H]− at m/z 339 and a fragment ion at m/z 177 characteristic of esculetin-
6-O-glucoside [33], and peak 24 with a pseudomolecular ion [M-H]− at m/z 299 and
predominant fragment ions at m/z 271 and 255 characteristic of naringenin derivatives
(Table 1).

2.2. GC–MS Characterization of W. saharae Extract

GC–MS analysis is the most suitable technique to assess plant extracts′ lipophilic
profile [34,35]. It requires, in some cases, a derivatization procedure to convert many
secondary metabolites to volatile derivatives [36], and silylation is the most recent derivati-
zation procedure [37,38]. The GC–MS analysis of the hydromethanolic extract of W. saharae
allowed the identification of four families of compounds: sugars (214.735 µg/mg), alcohols
(128.520 µg/mg), carboxylic acids and esters (124.6 µg/mg), and fatty acids (11.364 µg/mg).
The peak characteristics and the identification of the compounds are presented in Table 2,
respecting their elution order. The quantification data were expressed as µg compound per
mg of extract. The chromatogram is shown in Figure 2.

As far as we know, no studies have been carried out on the lipophilic composition
of W. saharae, so this research provides new knowledge about this plant′s fatty acids and
important alcohols (Table 2). Since we analyzed the hydromethanolic extract and, before
its analysis by GC–MS, the extract was silylated, important chemical compounds such as
sugars were revealed by the GC–MS analysis since they became lipophilic upon the silyla-
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tion procedure. The sugars profile is, however, important to establish the plant nutritional
value, and its richness in small carboxylic acids and alcohols also emphasizes the plant
value. Moreover, they can be responsible for the observed activities discussed herein. Nat-
urally, fatty acids represented the less significant group identified in the hydromethanolic
extract of W. saharae because they are more lipophilic. Nevertheless, these compounds are
known to benefit human health by decreasing cancer risk, cardiovascular and neurological
disorders and through their antioxidant potential and anti-inflammatory activity [39,40].

Table 2. Identified compounds on the hydromethanolic extract of W. saharae aerial parts by GC–MS (µg compound/mg
extract). (SD: standard deviation, Rt: retention time, NQ: not quantified, Tr: traces).

Families Peak Rt (min) Identified Compound * Quantification

Carboxylic acids and esters
Total=124.6 µg/mg

4 24.259 Malic acid 50.79 ± 5.67
11 33.568 Citric acid 4.01 ± 1.98
13 34.517 Quinic acid 18.53 ± 2.19
14 34.960 2-n-Propyl valerate 4.63 ± 0.47
23 37.945 D-Gluconic acid 17.11 ± 1.37
28 41.191 Caffeic acid 6.02 ± 0.72
37 62.690 Chlorogenic acid 1 19.89 ± 2.89
39 65.073 Chlorogenic acid 2 3.62 ± 0.77

Fatty acids
Total=11.364 µg/mg

3 18.452 Butanedioic acid 3.58 ± 0.56
25 39.147 Palmitic acid 5.73 ± 0.12
29 42.814 Linoelaidic acid 1.056 ± 0.80
30 42.961 Oleic acid 0.98 ± 0.11

Alcohols
Total=128.520 µg/mg

2 17.099 Glycerol 12.03 ± 2.07
5 30.892 D-arabitol 2.17 ± 0.66
16 35.335 Dulcitol 31.99 ± 1.93
21 36.916 Myo-inositol 60.91 ± 6.91
24 38.630 Scyllo-Inositol 4.24 ± 0.90
26 40.015 Myo-Inositol 17.18 ± 3.16

Sugars
Total=214.735 µg/mg

6 32.041 Ribonic acid Tr
7 32.222 D-Talose Tr
8 32.379 D-Tagatose Tr
9 33.230 D-Fructose (isomer 1) a 51.21 ± 14.36
10 33.442 D-Fructose (isomer 2) a 32.19 ± 19.31
12 34.249 D-Galactose (isomer 1) b 2.18 ± 0.14
17 35.393 D-Galactose (isomer 2) b 34.57 ± 0.46
18 35.615 D-Galactose (isomer 3) b Tr
22 37.677 D-Galactose (isomer 4) b 19.81 ± 4.66
31 51.024 D-Fructose (isomer 3) a Tr
32 51.153 D-Turanose Tr
33 51.515 Sucrose derivative 36.27 ± 12.46
34 53.916 D-Trehalose Tr
35 56.602 β-Lyxose 0.075 ± 0.01
38 62.999 D-Glucose (isomer 1) c 26.06 ± 4.58
40 68.978 D-Gulose Tr
41 69.824 Sucrose 12.37 ± 0.03
43 71.578 D-Glucose (isomer 2) c Tr
44 72.381 D-Glucose (isómer 3) c Tr

Other compounds

1 16.930 Phosphoric acid NQ
15 35.172 Gluconolactone NQ
36 59.258 Catechin NQ
27 40.082 Esculetin NQ
19 35.829 Acrylsaeure NQ
42 70.226 5-Methyluridine NQ

* Compounds were identified by comparison with the GC–MS spectral libraries NIST14.lib and WILEY229.LIB; a Different forms of
D-fructose that can be obtained during the silylation; b Different forms of D-galactose that can be obtained during the silylation; c Different
forms of D-glucose that can be obtained during the silylation.
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2.3. Total Bioactive Content

Total phenolic and flavonoid contents in the hydromethanolic extract of W. saharae
were found to be 119.8 ± 8.3 mg GAE/g of extract and 24.25 ± 0.070 mg QE/g extract,
respectively. The most important properties of these compounds are their capacity to act as
potent antioxidant [41], anti-inflammatory [42], anti-atherogenic [43], and anti-carcinogenic
agents [44,45].

2.4. Antioxidant Activities

The antioxidant activity of W. saharae extract was evaluated through five in vitro tests:
1,1-diphenyl-2-picrylhydrazyl (DPPH•) scavenging activity, 2,2′-azino-bis(3-ethylbenzoth
iazoline-6-sulfonic acid (ABTS•+) scavenging assay, galvinoxyl• scavenging assay, ferric
reducing power (FRP), and cupric reducing antioxidant capacity (CUPRAC). The results
obtained by the different tests, expressed in IC50 and A0.50, respectively, are shown in
Table 3.

Table 3. Antioxidant activity of the hydromethanolic extract of W. saharae by DPPH•, ABTS•+, galvinoxyl•, FRP, and
CUPRAC assays.

Sample
Radical Scavenging Activity IC50 (µg/mL) Radical Scavenging Activity A0.5 (µg/mL)

DPPH• ABTS•+ Galvinoxyl FRP CUPRAC

W. saharae 7.12 ± 0.09 4.19 ± 0.35 3.55 ± 0.08 31.21 ± 0.14 3.84 ± 0.16
Trolox 5.12 ± 0.21 3.21 ± 0.06 4.31 ± 0.05 5.25 ± 0.20 8.69 ± 0.14
BHA 6.14 ± 0.41 1.81 ± 0.10 5.38 ± 0.06 7.99 ± 0.87 6.62 ± 0.05
BHT 12.99 ± 0.41 1.29 ± 0.30 3.32 ± 0.18 >200 8.97 ± 3.94

Ascorbic acid 4.39 ± 0.01 3.04 ± 0.05 5.02 ± 0.01 3.62 ± 0.29 8.31 ± 0.15

IC50 and A0.50 values corresponded to the concentration of 50% inhibition percentages and the concentration at 0.500 absorbance,
respectively. For the same test, different small letters in each column are statistically different at p ≤ 0.05 (HSD Tukey test). DPPH•:
1,1-diphenyl-2-picrylhydrazyl, ABTS•+: 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid, FRP: ferric reducing power, CUPRAC: cupric
ion reducing antioxidant capacity, Trolox: 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid, BHA: butylated hydroxyanisole, BHT:
hydroxytoluene (BHT).

The antioxidant reaction with free radicals involves different mechanisms: the hydro-
gen atom transfer (HAT) method, in which the free radical removes one hydrogen atom
from the antioxidant, and single electron transfer (SET), in which the antioxidant provides
an electron to reduce compounds such as metals, carbonyls, and radicals. An antioxidant
reaction can also involve both methods (HAT and SET) [46].
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The use of a single assay could not assess the total antioxidant potential because of
the implication of different mechanisms in the neutralization of free radicals [47]. Hence,
to better assess the overall antioxidant effect, the W. saharae extract was assessed through
five different trials (see Table 3).

According to ANOVA (F4,12 = 438.85, p < 0.001), data of DPPH• scavenging activ-
ity show that the W. saharae hydromethanolic extract exhibited high antioxidant poten-
tial (IC50 = 7.12 ± 0.09 µg/mL) close to positive controls Trolox, BHT, and ascorbic acid,
5.12 ± 0.21, 6.14 ± 0.41, and 4.39 ± 0.01 µg/mL, respectively, but more potent than BHA
(12.99 ± 0.41 µg/mL) with qTukey = 5.99.

According to the HSD Tukey test following ANOVA (F4,12 = 88.01, p < 0.001), in the
ABTS•+ scavenging assay, there is not a significant difference between Trolox and ascorbic
acid and between BHT and BHA (qTukey = 1.04 and 4.23, respectively). The studied extract
exhibits high antioxidant activity (IC50 = 4.19 ± 0.35 µg/mL), very close to those of the
standards.

This high antioxidant potential was also noted when analyzing the data of the galvi-
noxyl assay. Thus, W. saharae extract (IC50 = 3.55 ± 0.08 µg/mL) exhibits very high
activity, statistically similar to both standards BHT and Trolox (F4,12 = 266.31, p < 0.001,
qTukey = 1.38 and 4.65, respectively).

On the other hand, the reduction potential of the hydromethanolic extract of W. saharae
was determined using FRP. In this assay, the antioxidant activity causes the reduction of the
Fe3+/ferricyanid complex to the ferrous form. The FRP of extracts is linked with reductants,
which exert antioxidant action by donating electrons and reacting with free radicals to
convert them to more stable products [48,49]. A significant difference in the FRP assay
was noted with ANOVA comparing all tests (F4,12 = 1446.84, p < 0.001, qTukey > 4.65). Data
show that W. saharae extract activity (A0.5 = 31.21 ± 0.14 µg/mL) was weak compared
to the used standards (5.25 ± 0.20, 7.99 ± 0.87, and 3.62 ± 0.29 µg/mL for Trolox, BHA,
and ascorbic acid, respectively). Reducing capacity detected by cupric acid activity was
significantly higher compared to that by the FRP assay.

The CUPRAC assay enables total antioxidant capacity (TAC) measurements of a plant
extract using the copper (II)–neocuproine reagent in ammonium acetate buffer and based
on an electron transfer mechanism [50]. According to the HSD Tukey test, all standards
show statistically similar cupric acid activities (p > 0.05). A significant difference was noted
with ANOVA and HSD Tukey tests (F4, 12 = 4.38, p < 0.026, qTukey < 4.65), which unveil the
best activity of the W. saharae extract (A0.5 = 3.84 ± 0.16 µg/mL) as compared to all tested
standards: Trolox, BHA, BHT, and ascorbic acid (8.69 ± 0.14, 6.62 ± 0.05, 8.97 ± 3.94, and
8.31 ± 0.15 µg/mL, respectively).

Overall, present data indicate that W. saharae extract showed a greater capacity to cap-
ture radicals. The results of the DPPH• activity are in agreement with those reported in pre-
vious works on the ethyl acetate extract of the Algerian W. saharae (IC50 = 6.98 µg/mL) [19],
but are significantly higher than those reported in another study conducted on the same
species grown in Morocco (IC50 = 182 µg/mL) [16]. The nature of the extraction solvent,
the plant growth area, and the collection period point out the discrepancy in antioxidant
activity results between the referred studies. It should be mentioned that no previous stud-
ies were conducted on the antioxidant activity of W. saharae using the ABTS•+ scavenging
assay, galvinoxyl assay, FRP, and cupric reducing antioxidant capacity.

The DPPH•, ABTS•+, and galvinoxyl scavenging data suggest that the components
present in W. saharae extract act as excellent scavenging free radicals through a mechanism
of electron or hydrogen donation to stabilize the free radicals, and should be able to protect
biological matrices from free radical-mediated oxidative degradation [51,52].

According to the CUPRAC and FRP data, W. saharae was as effective as the positive
standards in reducing Cu2+ to Cu+ but had a moderate effect in reducing the Fe3+ to Fe2+.
The good reducing behavior of W. saharae extract suggests that its constituents, mainly
chlorogenic acids, flavonoids, and sugars, are capable of terminating a chain reaction
by eliminating free radical intermediates and hence are considered antioxidants [53]. A
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significant positive correlation between total phenolic and reducing sugar contents with the
potent antioxidant capacity was established for other species [54]. Therefore, it is important
to emphasize the important role of reducing sugars in antioxidant activity, since the extract
of W. saharae contains a significant amount (around 215 µg/mg).

Furthermore, phenolic acids’ and flavonoids’ antioxidant potentials are closely related
to their chemical structure [55] with double bonds and hydroxyl groups [56,57], making
them ideal for scavenging free radicals and chelating metal ions. These properties also
conferred effective antioxidant potential in vivo [58]. In the present study, the chemical
composition analysis of the hydromethanolic extract of W. saharae reveals that phenolic
acids are the most dominant group identified in this species. In addition, many compounds
detected in the W. saharae hydromethanolic extract are known to possess great antioxidant
capacity. For example, simple hydroxycinnamic acids have been reported to possess potent
antioxidant activity against DPPH• and ABTS•+ [59]. Chlorogenic acids are considered
responsible for both green and medium roasted coffee’s antioxidant capacity, with 5-O-
caffeoylquinic acid being the major contributor [60].

Li et al. [61] reported that di-O-caffeoylquinic acids exhibit high antioxidant activity
using conventional antioxidant assays. The same authors proposed that their antioxidant
mechanisms might include electron transfer, H+ transfer, and Fe2+ chelation.

Taxifolin (peak 14) is the major compound present in the hydromethanolic extract of
W. saharae and may contribute to its strong antioxidant activity. A previous study reported
that in antioxidant assays, taxifolin scavenges HO•, DPPH•, and ABTS•+ efficiently and
enhances the relative Cu2+ and Fe3+ reducing levels [62]. Zu et al. [63] also mentioned
that taxifolin is a free radical scavenger, and its antioxidant capacity is superior to other
flavonoids. The results obtained by Topal et al. [64] from an in vitro study showed that
taxifolin possesses marked antioxidant, reducing ability, radical scavenging, and metal-
chelating activities.

Although it is present in lower amounts, luteolin has received increasing attention
due to its various biological activities and pharmacological effects, including antioxidant
activity [65], and has been widely applied in medicine and functional foods [66,67].

The high antioxidant potential recorded in this study may be linked to the presence of
these compounds that could act individually or combined to provide the hydromethanolic
extract of W. saharae with its strong antioxidant power.

2.5. Anti-Inflammatory Activity

The anti-inflammatory effect of W. saharae was evaluated by the NO• scavenging
method. NO• is one of the main chemical mediators involved in inflammatory events. Re-
garding its ability to scavenge NO•, the relevant anti-inflammatory activity of W. saharae ex-
tract (IC50 = 76.66 ± 4.16 µg/mL) is better than that of ascorbic acid
(IC50 = 144.380 ± 7.035 µg/mL) but lower than that of curcumin (IC50 = 7.49± 0.58 µg/mL).
To the best of our knowledge, no anti-inflammatory effect had been previously described
for W. saharae extract. Thus, this is the first report describing the anti-inflammatory potential
of this species.

The phenolic compounds highly present in W. saharae extract are probably respon-
sible for the anti-inflammatory property observed in this study, and flavonoids can be
highlighted [42,68]. Taxifolin, the main phenolic compound present in W. saharae ex-
tract, was previously found to possess significant anti-inflammatory activity against
carrageenan-induced edema involving the exudative phase of inflammation and also
against formaldehyde-induced arthritis [69]. These results corroborate the traditional use
of this species in folk medicine.

2.6. Enzyme Inhibitory Activities

The enzyme inhibitory activities of the W. saharae extract and the standard inhibitors
tested toward α-glucosidase, α-amylase, and acetylcholinesterase expressed in IC50 or the
percentage of inhibition are shown in Table 4.



Molecules 2021, 26, 5257 9 of 20

Table 4. Enzyme inhibition activities of W. saharae extract and standards (IC50 value
corresponded to the concentration of 50% inhibition.

Sample
Enzyme Inhibitory Activity

α-Glucosidase
IC50 (µg/mL)

α-Amylase
(% inhibition)

Acetylcholinesterase
(% inhibition)

W. saharae extract 23.52 ± 6.33 A 38.41 ± 5.51 a 28.578 ± 2.979 b

Acarbose (µg/mL) 405.77 ± 34.83 B ND ND
For the same enzyme, different capital letters in each column are statistically different at p ≤ 0.05 (HSD Tukey
test).a Determined at the concentration of 4.2 mg/mL of the extract. b Determined at the concentration of
1 mg/mL of the extract.

The α-glucosidase and α-amylase inhibitors are used to treat diabetes mellitus as they
slow down the digestion of carbohydrates in the small intestine and thus reduce the rapid
rise in blood sugar after eating [70,71]. The inhibitory effect of the W. saharae species toward
these two enzymes was evaluated in this study.

According to an ANOVA test (F1,5 = 349.79, p < 0.001), W. saharae extract expressed sig-
nificant strong activity against theα-glucosidase enzyme with an IC50 = 23.52 ± 6.33 µg/mL
lower than that of acarbose (IC50 = 405.77 ± 34.83 mg/mL). However, low inhibitory ac-
tivity against α-amylase was recorded (38.41 ± 5.51% inhibition at the concentration of
4.2 mg/mL).

Several earlier studies have demonstrated the role of medicinal plants’ phenolic
compounds as inhibitors of α-glucosidase. Among those flavonoids such as taxifolin and
luteolin, and hydroxycinnamic acids, major compounds of W. saharae extract exhibited
strong inhibitory activity against α-glucosidase in in vitro studies [72–74]. In a recent report,
it was found that taxifolin′s pre-administration can significantly improve postprandial
hyperglycemia in rats [74].

Furthermore, the obtained results with the α-amylase inhibition assay agree with
those of Nyambe-Silavwe and Williamson [75] and Proença et al. [76], suggesting that
chlorogenic and other phenolic acids, major compounds in W. saharae extract, weakly
inhibit human α-amylase activity despite publications that claim otherwise [74].

The UHPLC-DAD-ESI/MS analysis shows that W. saharae extract contains these
phenolic compounds abundantly. Consequently, it can be said that the synergistic effect
could explain the high inhibitory effect recorded in the W. saharae extract among these
compounds.

Apostolidis et al. [77] reported that medicinal plants that selectively inhibit α-glucosidase
are better for controlling glucose absorption. Indeed, both enzymes’ inhibition leads to
abnormal bacterial fermentation in the colon resulting from the undigested carbohydrates.
Thus, the inhibition of α-glucosidase by the W. saharae extract could be considered a
promising way to control diabetes mellitus.

Acetylcholinesterase inhibitors prevent the breakdown of acetylcholine in the body
by blocking the action of the enzyme acetylcholinesterase responsible for its separation,
which leads to an increase in its level in the space between nerve endings and thus gives it
more opportunity to cross into another cell and carry out its functions. This mechanism
is important for people with Alzheimer′s disease, who already suffer from a decrease in
acetylcholine level since these inhibitors temporarily improve the symptoms of the disease
and its stability [78].

We also evaluated the inhibitory effect of the acetylcholinesterase enzyme here. At
the highest dose of the extract (1 mg/mL in this assay), the enzyme′s inhibition was
observed (28.578 ± 2.979%). The inhibitory action on AChE in the in vitro assay proved to
be lower than the donepezil used as a positive control (IC50 = 13.32 ± 1.34 µM). Thus, the
weak inhibitory activity of W. saharae extract toward AChE activity could be related to the
chemical composition of this species since we considered that the major substance in the
plant extract is usually responsible for its biological activity.
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Taxifolin, highly present in the W. saharae extract, has been shown to have relatively
weak AChE inhibitory properties (IC50 = 133.1 µg/mL) [79] despite studies that claim
otherwise [80]. Although chlorogenic acids are mainly responsible for inhibiting the AChE
enzyme in green coffee extracts [81], their presence in W. saharae extract could not be
sufficient to inhibit this enzyme strongly. Some of them, like 4,5-di-O-caffeoylquinic, one of
the major compounds in W. saharae extract, showed AChE inhibition under 50% [81].

In addition, some phenolic compounds may act as activators of AChE. Earlier studies
demonstrated that caffeic acid was shown to increase AChE activity in in vitro studies [82].
Some authors have hypothesized that caffeic acid (or its derivatives) could trigger the
AChE catalytic site′s activation in a reaction at a second site [83]. Hence, the presence of
caffeic acid in W. saharae extract could, in part, explain these results.

2.7. Molecular Docking

An in silico study was performed to further screen the mechanisms of interaction
betweenα-glucosidase and the three major compounds in W. saharae extract. Figure 3 shows
the 2D and 3D structures of the docked compounds at the active site of the α-glucosidase
enzyme and the types of interactions involved.

Based on the docking test’s interaction data, the major constituents of W. saharae extract
interact with α-glucosidase, engaging different amino acids (Table 5). Taxifolin showed
a higher binding affinity, as indicated by its lower binding energy of –5.89 (kcal/mol),
followed by 4,5-O-dicaffeoylquinic acid and 1,3-O-dicaffeoylquinic acid with a binding
energy of –4.17 and –4.02 (kcal/mol), respectively.

Herein, it can be observed that the best docking pose obtained was for taxifolin docked
to α-glucosidase. Different interactions, such as three hydrogen bonds with Asn715, Ala687,
and Gly690, π–cation, and π–alkyl with Ile691 to the aromatic cycle and many other Van
Der Waals interactions can be observed. Taxifolin, which has shown the best binding
affinity within the major compounds, was previously reported as a competitive inhibitor of
the α-glucosidase enzyme with an IC50 of 0.038 mg/mL [74].

Several types of interactions were found between both compounds, 4,5-O-dicaffeoylquinic
acid and 1,3-O-dicaffeoylquinic acid, and the α-glucosidase active site (Figure 3), most of
which are hydrogen bonds, π interactions, van der Waals, and carbon-hydrogen bonds.

These findings further support our in vitro assay results. However, in vivo studies are
still necessary to better confirm these results.
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Table 5. Binding energy and amino acids involved in the interactions between α-glucosidase enzyme
and the docked compounds.

Compound BE Amino Acid Involved in Interaction

Taxifolin −5.89 Asn715, Ile691, Ala687, Gly690.

4,5-O-Dicaffeoylquinic acid −4.02 His206, Ile691, Asn415, Tyr717, Ser693, Ser692,
Gly690, Gln219, Val686, Gln208.

1,3-O-Dicaffeoylquinic acid −4.17 Met801, Gln533, Tyr561, Arg536, Asn668,
Asp802.

BE: Binding energy (kcal/mol).

3. Materials and Methods
3.1. Chemicals

The following chemicals: butylated hydroxyanisole (BHA), hydroxytoluene (BHT) and
α-tocopherol, 1,1-diphenyl-2-picrylhydrazyl (DPPH•), 2,2′-azinobis(3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt (ABTS•+), trichloroacetic acid (TCA), potassium ferri-
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cyanide, and neocuproine, were used for the determination of the antioxidant activities and
were purchased from Sigma Chemical Co. (Sigma-Aldrich GmbH, Stern-heim, Germany).
α-Glucosidase from Saccharomyces cerevisiae, 4-nitrophenylα-D-glucopyranoside (pNPG),
α-amylase from porcine pancreas, β-nicotinamide adenine dinucleotide (β-NADH),
phenazine methosulphate (PMS), nitrotetrazolium blue chloride (NBT), and ascorbic acid
were obtained from Sigma (St. Louis, MO, USA). Acarbose was purchased from Fluka
(Bucharest, Romania) and potato starch from Fisher (Pittsburgh, PA, USA). Sodium ni-
troprusside, sulfanilamide, and 3,5-dinitrosalicylic acid (DNS) were obtained from Acros
Organics (Hampton, NH, USA). Folin–Ciocalteu reagent, Na2CO3, and gallic acid were
purchased from Panreac (Barcelona, Spain). Acetylcholinesterase (AChE) from Electropho-
rus electricus, 5,5-dithiobis(2-nitrobenzoic acid), acetylthiocholine iodine, and donepezil
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Compounds used as standards to elucidate the identification of the phenolic con-
stituents and to elaborate the calibration curves were obtained from EXTRASYNTHESE
(Genay CEDEX, France).

Formic acid and acetonitrile HPLC-grade solvents were purchased from Panreac
(Barcelona, Spain). Ultrapure water was obtained by a Direct-Q® water purification system
(Merck Life Science, Darmstadt, Germany). All other chemicals were of analytical grade.

Solvents used for GC–MS analysis were purchased from Panreac and Acros Organ-
ics and were of analytical grade. Other chemicals such as palmitic acid (99%), N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) (99%), trimethylsilyl chloride (TMSCl) (99%),
eicosane (99%), hexatriacontane (99%), citric acid (99.5%), cinnamic acid (99%), palmitic
acid (99%), mannose (99%), D-mannitol (98%), 5-cholesten-3β-ol (99%), tetradecanol (98%),
and 1-palmitoylglycerol (99%) were purchased from Sigma-Aldrich.

3.2. Extract Preparation

Aerial parts of W. saharae were collected from Djebel Antar (Bechar, Southwest Algeria;
31◦56′34′ ′ N, 1◦55′52′ ′ W). A voucher specimen was deposited in the Herbarium of the
VAREN laboratory of Mentouri University of Constantine, Algeria, under the reference
number VAREN/CWS04/05. The leaves were shade air-dried at room temperature (25 ◦C)
before they were ground to a fine powder. The powder was then macerated at room
temperature with a 80:20 mixture of methanol:water (v/v) for 72 h three times. The filtrates
were concentrated under reduced pressure using a rotary evaporator at 30 ◦C. The residual
water was freeze-dried in a freeze dryer and then stored at 4 ◦C until future use.

3.3. Total Bioactive Content
3.3.1. Total Phenolic Content

Total phenolic content was determined using the Folin–Ciocalteu method [84]. An
aliquot of 15 µL of plant extract (1 mg/mL) was mixed with 15 µL of Folin’s reagent and
60 µL of water. After 5 min of incubation, 150 µL of Na2CO3 solution (20% w/v) was added.
The mixture was then incubated in the darkness for 60 min, and absorbance was read
at 760 nm. The standard curve of gallic acid was obtained under the same conditions as
above, and the total phenolic content was measured as µg equivalents of gallic acid per mg
of extract (µg GAE mg of extract).

3.3.2. Total Flavonoid Content

The total flavonoid content of the plant’s crude extract was determined according to
the method described by Türkoğlu et al. [85] with a slight modification. A total of 100 µL
of plant extract was mixed with 100 mL of AlCl3 (2%) solution. The mixture was incubated
at room temperature for 10 min, and then the absorbance was measured at 415 nm. The
standard curve of quercetin was obtained under the same conditions as above, and the
total phenolic content was measured as µg equivalents of quercetin per mg of extract (µg
GAE/mg of extract).
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3.4. UHPLC-DAD-ESI-MS/MSn Characterization of W. saharae Extract

Phenolic composition of hydromethanolic extract of W. saharae was determined using
an Ultimate 3000 (Dionex Co., San Jose, CA, USA) apparatus equipped with a binary pump,
an automatic sampler, and a diode array detector (Dionex Co., San Jose, CA, USA). The MS
analysis was performed using a Thermo LTQ XL mass spectrometer (Thermo Scientific,
San Jose, CA, USA), which was equipped with an electrospray ionization interface (ESI).
The separation was carried out with a Hypersil Gold (Thermo Scientific, USA) C18 column
(100 mm length; 2.1 mm i.d.; 1.9 µm particle diameter, end-capped) at room temperature
25 ◦C. The extract was prepared at a 1 mg/mL concentration and the injection volume was
10 µL. The solvents used were formic acid in water (A) and acetonitrile (B). The flow rate
was set at 2 mL/min. Spectra were recorded in negative mode. MS and MS/MS data were
processed using the Thermo Xcalibur Qual Browser data system (Thermo Scientific, USA).

3.5. GC–MS Characterization of W. saharae Extract

The lipophilic composition of the hydromethanolic extract of W. saharae was analyzed
by GC–MS using a Shimadzu Gas Chromatograph QP2010 Ultra. Three aliquots of the W.
saharae extract (20 mg) were submitted to silylation procedure according to the method
described by Freire et al. [86]. Silylation is the substitution of the active hydrogen atoms
by a trimethylsilyl group (TMS), so that all the compounds with hydroxy groups will
be transformed into the correspondent TMS derivatives. The sample was dissolved in
250 µL of dichloromethane. A total of 200 µL of hexatriacontane as internal standard
(IS), 250 µL of pyridine, 250 µL of BSTFA, and 50 µL of TMSCl were then added to the
sample. The mixtures were incubated for 30 min at 70 ◦C and then injected in triplicate
into the GC–MS apparatus. Compound separation was carried out in J&W DB-5 capillary
column (30 m × 0.25 mm inner diameter, 0.25 µm film thickness) using helium as the
carrier gas (35 cm s−1). The following standards: eicontane, palmitic acid, tetradecanol,
D-(+)-mannose, mannitol, and cholestanol, were used to elaborate calibration curves.
Compounds were identified by comparing their mass spectra with mass spectra in the
Wiley and NIST libraries and those available in the literature.

3.6. Antioxidant Activities
3.6.1. Determination of 1,1-Diphenyl-2-Picrylhydrazyl Radical Scavenging Activity

The 1,1-diphenyl-2-picrylhydrazyl (DPPH•) free radical-scavenging activity was eval-
uated by a slightly modified method [87,88]. Briefly, the solution of 0.1 mM of DPPH•

was prepared in ethanol, and 160 µL of this solution was added to 40 µL of sample so-
lutions diluted in methanol at different concentrations. Twenty-five minutes later, the
absorbance was measured at 517 nm. The scavenging capability of DPPH• was calculated
using the following equation. The results were given as IC50 (mg/mL) corresponding to
the concentration of 50% inhibition.

DPPH• scavenging effect (%) = (AC − AS)/AC × 100

where Ac refers to the absorbance of control; AS refers to the absorbance of sample.
The sample concentration providing 50% free radical scavenging activity (IC50) was

calculated from the graph of DPPH• scavenging effect percentage against sample con-
centration. BHA, BHT, Trolox, and ascorbic acid were used as antioxidant standards for
comparison of the activity.

3.6.2. Determination of 2,2′-Azinobis(3-Ethylbenzothiazoline-6-Sulfonic Acid) Scavenging
Activity

The 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) free cation-radical (ABTS•+)
scavenging activity was obtained by spectrophotometric analysis according to the slightly
modified method proposed by Re et al. [89]. The ABTS•+ was regenerated by adding 2.45
mM potassium persulfate to an aqueous solution of 7 mM ABTS•+, which was stored
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in the dark at room temperature for 12 h. Before use, the ABTS•+ solution was diluted
until an absorbance of 0.700 ± 0.025 at 734 nm with ethanol was obtained. Then, to each
well, in a 96-well plate, 160 µL of this solution and 40 µL of sample solutions diluted in
methanol at different concentrations were added. After 10 min, the percentage inhibition
at 734 nm was calculated for each concentration relative to a blank absorbance (methanol).
The scavenging capability of ABTS•+ was calculated using the following equation:

ABTS•+ Scavenging effect (%) = (AC − AS)/AC × 100

where Ac refers to the absorbance of control; As refers to the absorbance of sample.
The sample concentration providing 50% cation radical scavenging activity (IC50)

was calculated from the graph of ABTS•+ scavenging effect percentage against sample
concentration. BHA, BHT, Trolox, and ascorbic acid were used as antioxidant standards for
comparison of the activity.

3.6.3. Galvinoxyl Radical Scavenging Activity

The trapping activity of the galvinoxyl radical was determined according to the
method described by Shi et al. [90] in 96-well microplates. A total of 40 µL of the extract
to be tested at different concentrations was placed in the wells of the microplate. A total
of 160 µL of methanolic galvinoxyl solution (4 mg of galvinoxyl in 100 mL of methanol)
was added to each well. The plate was then incubated in the dark for 2 h. Absorbance was
measured at the wavelength of 428 nm.

A blank was prepared by mixing 160 µL of methanol with 40 µL of each extract.
All tests were performed in triplicate. The percentage of inhibition of the galvinoxyl• is
expressed by the following formula:

Galvinoxyl• Scavenging effect (%) = (Ac − As)/Ac × 100

where Ac refers to the absorbance of control; As refers to the absorbance of sample.
The concentration of the sample providing 50% inhibition (IC50) was calculated by

relating the inhibition percentages to the concentrations of the extracts. The antioxidant
capacity of the extract was compared with ascorbic acid, BHT, BHA, and Trolox used as
antioxidant standards and prepared under the same conditions.

3.6.4. Ferric Reducing Power Assay

The FRP assay was carried out according to the method of Oyaizu [91] with slight mod-
ification. Briefly, 40 µL of phosphate buffer (pH 6.6) and 50 µL of potassium ferricyanide
(1%) (1 g of K3Fe(CN)6 in 100 mL H2O) were mixed with 10 µL plant extract at different
concentrations and then incubated 20 min at 50 ◦C. A mixture of 50 mL trichloroacetic
acid (TCA) (10%), 40 mL H2O, and 10 µL FeCl3 (0.1%) was then added. The absorbance of
the reaction mixture was then recorded at 700 nm. Increased absorbance of the reaction
mixture indicated increased FRP. The results were given as A0.50, which corresponds to the
concentration producing 0.500 absorbance.

3.6.5. Cupric Ion Reducing Antioxidant Capacity Assay

The cupric ion reducing antioxidant capacity (CUPRAC) assay was determined by
the method described by Apak et al. [92]. A total of 40 µL of W. saharae extract at different
concentrations was added to a solution composed of 50 µL Cu Cl2, 2H2O (10 mM), 50 µL
neocuproine (7.5 mM), and 60 µL ammonium acetate buffer solution (1 M, pH 7.0). The
reaction mixtures were incubated in the dark for 1 h. The absorbance was then measured
at 450 nm.

The results were calculated as A0.50 (µg/mL) corresponding to the concentration
indicating 0.500 of absorbance. The reduction capacity of the extracts was compared with
that of BHA, BHT, Trolox, and ascorbic acid prepared under the same conditions.
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3.7. Anti-Inflammatory Activity

The in vitro anti-inflammatory activity was determined by the ability of the extract
to scavenge NO• following the method described by Afonso et al. [93]. A total of 100 µL
of each extract concentration was mixed with 100 µL of sodium nitroprusside (3.33 mM)
solution prepared in PBS 100 mM (pH 7.4). After incubation for 10 min at room temperature
under light irradiation, 100 µL of Griess reagent (equal volume of 1% of sulfanilamide
and 0.1% of naphthyl ethylenediamine dihydrochloride in 2.5% of phosphoric acid) was
then added to the mixture. The absorbance was measured at 562 nm in spectrophotometer.
Curcumin was used as the reference compound.

The scavenging ability of NO• was calculated using the following equation:

NO• Scavenging effect (%) = (Ac − As)/Ac × 100

where Ac refers to the absorbance of control; As refers to the absorbance of sample.
The sample concentration providing 50% NO• scavenging activity (IC50) was calcu-

lated from the graph of NO• scavenging effect percentage against sample concentration.

3.8. Inhibition of Enzymatic Activities
3.8.1. Inhibition of α-Glucosidase Activity

α-Glucosidase inhibition activity was measured by the method described by Neto et al. [94]
with brief modifications. A total of 50 µL of each extract concentration was mixed with
50 µL of 4-nitrophenyl α-D-glucopyranoside (PNPG) solution used as substrate. A total
of 100 µL of the α-glucosidase enzyme solution was then added to the mixture. The
absorbance was measured at 405 nm at 37 ◦C, for 20 min every minute. Acarbose was used
as reference.

The α-glucosidase inhibitory activity was expressed as percentage inhibition and was
determined according to the following formula:

Inhibition % = (Ac − As)/Ac × 100

where Ac refers to the absorbance of control (enzyme and buffer); As refers to the ab-
sorbance of sample (enzyme and inhibitor).

IC values (concentration of inhibitor required to inhibit 50% of enzyme activity) were
determined.

3.8.2. Inhibition of α-Amylase Activity

α-Amylase inhibition activity was determined according to the method previously
described by Wickramaratne et al. [95] with slight modifications. Briefly, 200 µL of each
extract concentration was added to 400 µL of a 0.8% (w/v) starch solution dissolved in
20 mM phosphate buffer (pH 6.9, containing 6 mM of NaCl). After incubation at 37 ◦C
for 5 min, the reaction was started with the addition of 200 µL of α-amylase solution. A
total of 200 µL of the mixture was then mixed with 600 µL of 3,5-dinitrosalicylic acid (DNS)
reagent.

A second aliquot of 200 µL of the first mixture was also collected 15 min later and
mixed with DNS reagent. The mixtures were boiled for 10 min. After cooling, 250 µL was
transferred to each well in a 96-well microplate and the absorbance was read at 450 nm.

The α-amylase inhibitory effect was calculated by the following equation:

Inhibition % = (Ac − As)/Ac × 100

where Ac refers to the absorbance of control (enzyme and buffer); As refers to the ab-
sorbance of sample (enzyme and inhibitor).

IC values (concentration of inhibitor required to inhibit 50% of enzyme activity) were
determined. Acarbose was used as reference compound.
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3.8.3. Inhibition of Acetylcholinesterase Activity

Inhibition of acetylcholinesterase (AChE) activity was determined as described by
Ellman et al. [96] with slight modifications. A total of 150 µL of 0.025 U/mL solution of
AChE was added to 50 µL of each extract at different concentrations. After incubating at
37 ◦C for 5 min, 50 µL of DTNB (0.5 mM) and 50 µL of acetylthiocholine iodide (2.5 mM)
were added to the mixture. The absorbance was read at 415 nm each 150 s for 7.5 min.
Donepezil was used as a reference. The percentage inhibition of AChE enzyme was
determined according to the following formula:

Percentage of inhibition = (E − S)/E × 100.

where E is the activity of the enzyme without extract; S is the activity of the enzyme with
the extract.

IC50 values (concentration of inhibitor required to inhibit 50% of enzyme activity)
were determined.

3.9. Molecular Docking Study

To support our findings from in vitro inhibition of α-glucosidase activity by the W.
saharae extract, three compounds were docked to the α-glucosidase enzymatic activity. The
selected compounds were taxifolin, 1,3-O-dicaffeoylquinic acid, and 4,5-O-dicaffeoylquinic
acid, which are the most abundant in the W. saharae extract. The 3D structures of the consid-
ered molecules were downloaded from PubChem database [97]. All three structures were
performed by AM1 [H2] semi empirical method by using Orca-4.2.1 program package [98].
The crystal structure of the α-glucosidase (PDB code 3W37) was retrieved from the Protein
Data Bank [99]. Water molecules were removed from the protein structure. The docking
software AutoGrid and AutoDock (version 4.2.6) implemented in AutoDock Tools (ADT
1.5.6) program were used for the docking experiments. The most stable receptor–ligand
complexes were generated using Chimera [100] and BIOVIA Discovery studio visualizer
(version 1.10.2) [101].

3.10. Statistical Analysis

All of the data were analyzed with MINITAB software (version 16, State College, PA,
USA) using one-way ANOVA followed by a post hoc honestly significant difference (HSD)
Tukey’s test at p ≤ 0.05. Data were recorded as the mean ± standard deviation (m ± SD)
from three independent assays.

4. Conclusions

Our results provided new information and allowed the characterization of the chem-
ical profile of the hydromethanolic extract of W. saharae. The extract showed potent
antioxidant and α-glucosidase inhibition properties, highlighting that this species pro-
vides a promising source for obtaining natural compounds that could be used to develop
food additives or pharmaceutical products. Anti-inflammatory properties were also ob-
served with the hydromethanolic extract of W. saharae. Finally, further toxicological and
pharmacological studies must be performed for pharmaceutical purposes.
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anhydrase isoenzymes I and II inhibition profiles of taxifolin. J. Enzym. Inhib. Med. Chem. 2016, 31, 441–447. [CrossRef]
81. Grzelczyk, J.; Budryn, G. Analysis of the activity of hydroxycinnamic acids from green and roasted coffee extracts as acetyl-

cholinesterase inhibitors using an isothermal method of titration calorimetry. Folia Pomer. Univ. Technol. Stetin. Agric. Aliment.
Pisc. Zootech. 2019, 50, 15–24. [CrossRef]

82. Anwar, J.; Spanevello, M.; Thomé, G.; Stefanello, N.; Schmatz, R.; Gutierres, J.; Vieira, J.; Baldissarelli, J.; Carvalho, F.B.; da Rosa,
M.M.; et al. Effects of caffeic acid on behavioral parameters and on the activity of acetylcholinesterase in different tissues from
adult rats. Pharmacol. Biochem. Behav. 2012, 103, 386–394. [CrossRef]

83. Rezg, R.; Mornagui, B.; El-Fazaa, S.; Gharbi, N. Caffeic acid attenuates malathion induced metabolic disruption in rat liver,
involvement of acetylcholinesterase activity. Toxicology 2008, 250, 27–31. [CrossRef]

84. Singleton, V.L.; Orthofer, R.; Lamuela-Raventos, R.M. Analysis of total phenols and other oxidation substrates and antioxidants
by means of Folin Ciocalteu reagent. Met. Enzym. 1999, 299, 152–178. [CrossRef]

85. Türkoglu, A.; Duru, M.E.; Mercan, N.; Kivrak, I.; Gezer, K. Antioxidant and antimicrobial activities of Laetiporus sulphureus (Bull.)
Murrill. Food Chem. 2007, 101, 267–273. [CrossRef]

86. Freire, C.S.R.; Silvestre, A.J.D.; Neto, C.P.; Cavaleiro, J.A.S. Lipophilic extractives of the inner and outer barks of Eucalyptus
globulus. Holzforschung 2002, 56, 372–379. [CrossRef]

87. Blois, M.S. Antioxidant determination by the use of a stable free radical. Nature 1958, 26, 1199–1200. [CrossRef]
88. Bensouici, C.; Kabouche, A.; Karioti, A.; Ozturk, M.; Duru, M.E.; Bilia, A.R.; Kabouche, Z. Compounds from Sedum caeruleum

with antioxidant, anticholinesterase and antibacterial activities. Pharm. Biol. 2016, 54, 174–179. [CrossRef] [PubMed]
89. Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved ABTS

radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [CrossRef]
90. Shi, H.; Noguchi, N.; Niki, E. Galvinoxyl method for standardizing electron and proton donation activity, methods in enzymology.

Methods Enzymol. 2001, 335, 157–166. [CrossRef]
91. Oyaizu, M. Studies on products of browning reactions: Antioxidative activities of browning reaction prepared from glucosamine.

Jpn. J. Nutr. Diet. 1986, 44, 307–315. [CrossRef]
92. Apak, R.; Guclu, K.; Ozyurek, M.; Karademir, S.E. Novel total antioxidant capacity index for dietary polyphenols and vitamins C

and E, Using their cupric ion reducing capability in the presence of neocuproine: CUPRAC method. J. Agric. Food Chem. 2004, 52,
7970–7981. [CrossRef]

93. Afonso, A.F.; Pereira, O.R.; Válega, M.; Silva, A.M.S.; Cardoso, S.M. Metabolites and biological activities of Thymus zygis, Thymus
pulegioides, and Thymus fragrantissimus grown under organic cultivation. Molecules 2018, 23, 1514. [CrossRef]

94. Neto, R.T.; Marçal, C.; Queirós, A.S.; Abreu, H.; Silva, A.M.S.; Cardoso, S.M. Screening of Ulva rigida, Gracilaria sp., Fucus
vesiculosus and Saccharina latissima as functional ingredients. Int. J. Mol. Sci. 2018, 19, 2987. [CrossRef]

95. Wickramaratne, M.N.; Punchihewa, J.C.; Wickramaratne, D.B.M. In-vitro alpha amylase inhibitory activity of the leaf extracts of
Adenanthera pavonina. BMC Complement. Altern. Med. 2016, 16, 466. [CrossRef]

96. Ellman, G.L.; Courtney, K.D.; Andres, V.; Featherston, R.M. A new and rapid colorimetric determination of acetylcholinesterase
activity. Biochem. Pharmacol. 1961, 7, 88–90. [CrossRef]

97. Kim, S.; Thiessen, P.A.; Bolton, E.E.; Chen, J.; Fu, G.; Gindulyte, A.; Han, L.; He, J.; He, S.; Shoemaker, B.A.; et al. PubChem
substance and compound databases. Nucleic Acids Res. 2016, 44, 1202–1213. [CrossRef] [PubMed]

98. Neese, F. Software update: The ORCA program system, version 4.0. WIREs Comput. Mol. Sci. 2018, 8, e1327. [CrossRef]
99. Berman, H.; Henrick, K.; Nakamura, H. Announcing the worldwide protein data bank. Nat. Struct. Biol. 2003, 10, 980. [CrossRef]

[PubMed]
100. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera? A visualization

system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605–1612. [CrossRef] [PubMed]
101. Biovia, D.S. Discovery Studio Modeling Environment; Release 4.5; Dassault Systèmes: San Diego, CA, USA, 2017.

http://doi.org/10.1080/14756366.2017.1368503
http://www.ncbi.nlm.nih.gov/pubmed/28933564
http://doi.org/10.1016/j.ijbiomac.2020.02.027
http://doi.org/10.1016/j.foodres.2018.07.038
http://doi.org/10.1080/14756366.2018.1558221
http://www.ncbi.nlm.nih.gov/pubmed/30724629
http://doi.org/10.3892/mmr.2019.10374
http://doi.org/10.1155/2013/645086
http://doi.org/10.3109/14756366.2015.1036051
http://doi.org/10.21005/AAPZ2019.50.2.02
http://doi.org/10.1016/j.pbb.2012.09.006
http://doi.org/10.1016/j.tox.2008.05.017
http://doi.org/10.1016/s0076-6879(99)99017-1
http://doi.org/10.1016/j.foodchem.2006.01.025
http://doi.org/10.1515/HF.2002.059
http://doi.org/10.1038/1811199a0
http://doi.org/10.3109/13880209.2015.1028078
http://www.ncbi.nlm.nih.gov/pubmed/25845643
http://doi.org/10.1016/S0891-5849(98)00315-3
http://doi.org/10.1016/S0076-6879(01)35240-0
http://doi.org/10.5264/eiyogakuzashi.44.307
http://doi.org/10.1021/jf048741x
http://doi.org/10.3390/molecules23071514
http://doi.org/10.3390/ijms19102987
http://doi.org/10.1186/s12906-016-1452-y
http://doi.org/10.1016/0006-2952(61)90145-9
http://doi.org/10.1093/nar/gkv951
http://www.ncbi.nlm.nih.gov/pubmed/26400175
http://doi.org/10.1002/wcms.1327
http://doi.org/10.1038/nsb1203-980
http://www.ncbi.nlm.nih.gov/pubmed/14634627
http://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254

	Introduction 
	Results and Discussion 
	UHPLC-DAD-ESI-MS/MSn Characterization of W. saharae Extract 
	GC–MS Characterization of W. saharae Extract 
	Total Bioactive Content 
	Antioxidant Activities 
	Anti-Inflammatory Activity 
	Enzyme Inhibitory Activities 
	Molecular Docking 

	Materials and Methods 
	Chemicals 
	Extract Preparation 
	Total Bioactive Content 
	Total Phenolic Content 
	Total Flavonoid Content 

	UHPLC-DAD-ESI-MS/MSn Characterization of W. saharae Extract 
	GC–MS Characterization of W. saharae Extract 
	Antioxidant Activities 
	Determination of 1,1-Diphenyl-2-Picrylhydrazyl Radical Scavenging Activity 
	Determination of 2,2'-Azinobis(3-Ethylbenzothiazoline-6-Sulfonic Acid) Scavenging Activity 
	Galvinoxyl Radical Scavenging Activity 
	Ferric Reducing Power Assay 
	Cupric Ion Reducing Antioxidant Capacity Assay 

	Anti-Inflammatory Activity 
	Inhibition of Enzymatic Activities 
	Inhibition of -Glucosidase Activity 
	Inhibition of -Amylase Activity 
	Inhibition of Acetylcholinesterase Activity 

	Molecular Docking Study 
	Statistical Analysis 

	Conclusions 
	References

