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in HUVEC cells [64], suggesting anti-inflammatory activity and no cytotoxic effects. β-Amyrin also
displays antitumor effects against HepG2 liver carcinoma cells, causing apoptosis, cell cycle disruption
and activation of the JNK and p38 signaling pathways [65]. β-Amyrin reduces the gene expression
of TNF-α, IL-1β, IL-6, PGE2, COX-2 [66] and exhibits high inhibition of PGE2 and IL-6 secretion and
NF-κB activation in a concentration-dependent manner, being a promising molecule for the treatment
of various inflammatory disorders [67].

COX-2 is the main enzyme acting in prostaglandin (PGH2) production through the conversion of
arachidonic acid. This prostaglandin can later be converted into different prostaglandins such as PGE2,
PGD2, PGF2� , and also into thromboxane A2. These inflammatory prostanoids are closely associated
to rapid and disordered tumor growth, characteristic of malignant neoplasms, since they promote cell
division, metastasis and angiogenesis, in addition to inhibiting cell apoptosis [68,69]. Thus, the fact
that EHGV displays a preference for COX-2 inhibition is directly correlated to the antitumor capacity
reported herein.

Regarding the NF-κB receptor, taraxerone, marsformosanone and β-amyrin exhibited the best
affinity parameters in the molecular docking study, with their conformations as the best free binding
energy in the same region (Table 5), interacting with important catalytic residues such as the Glu89
NEMO and Ser733 IKKβ domains [70]. Taraxerone, identified in both EHGP and EHGV, has been
described in the literature as displaying antitumor potential, inhibiting cancer cell proliferation and
colony formation in A549 lung cancer cells, revealing potent cytotoxic effects in a dose-dependent
manner and characteristic of apoptosis [71]. Taraxerone has also been reported as an antioxidant and
iNOS inhibitor [72]. No records regarding marsformosanone’s potential as an NF-κB inhibitor agent are
available, so this is the first study to suggest this activity. Pentacyclic triterpenes have been described
as potential NF-κB signaling pathway inhibitors [73–75]. Laszczyk [76] described that triterpenes with
a lupano, oleanan or ursano skeleton, including β-amyrin, display antitumor activity against different
modes of action. β-Amyrin shows anti-inflammatory and anti-apoptotic effects on hepatic fibrosis in
male rats [77]. Additionally, Ghante and Jamkhande [8] reported that triterpenoids display the ability
to inhibit NF-κB activation.

NF-κB regulates the transcription of anti-apoptotic genes, contributing to cancer cell escape from
apoptosis [78]. NF-κB inhibition in experimental studies has shown promising results in enhancing
apoptosis and potentiating antitumor agent effects [79]. In addition, NF-κB is pivotal in inflammatory
responses. Therefore, inhibition of the NF-κB signaling pathway exhibits potential therapeutic
application in cancer and inflammatory diseases [80,81].

Thus, based on our EHGV result, an EHGV mechanism of action in ovarian cancer cells is
suggested (Figure 7).

Figure 7. Proposed EHGV mechanism of action in ovarian cancer cells.
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These findings reinforce our hypothesis that these molecules have the potential to become research
targets for new drugs exhibiting anti-inflammatory and antitumor activities. Therefore, geopropolis
may be a less toxic therapeutic alternative to be tested in the future in combination with monotherapy
or polytherapy cancer treatment regimens.

5. Conclusions

The hydroethanolic geopropolis extract produced by Melipona fasciculata is composed of
hydrolysable tannin, glycosylated flavonoids, anthraquinone, catechin, and triterpene substances
which can be related to the antioxidant and anti-inflammatory activities and cytotoxic effects against
A2780, ES2, A549, H460 cell lines. The extracts also have high preference for COX-2 inhibition,
contributing effectively to antitumor activity. The in silico results, in concordance with our results
from anti-inflammatory and antitumor activities, suggests that this activity can be due to COX-2
inhibition and NF-κB activation. Thus, we demonstrated for the first time that geopropolis produced
by M. fasciculata has cytotoxic effects thought mediating apoptosis and cleaved caspase-3 activation
in cancer cells, showing low toxicity against non-malignant HUVEC cell lines. We conclude that
geopropolis is a natural product that exhibits anticancer properties that should be further evaluated in
monotherapy or polytherapy schemes to improve chemotherapy–antitumor responses and long-term
benefits in cancer patients.
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Abstract: Gray mold disease caused by Botrytis cinerea is a damaging postharvest disease in
tomato plants, and it is known to be a limiting factor in tomato production. This study aimed to
evaluate antifungal activities of Vernonia amygdalina leaf extracts against B. cinerea and to screen
the phytochemical compound in the crude extract that had the highest antifungal activity. In this
study, crude extracts of hexane, dichloromethane, methanol, and water extracts with concentration
levels at 100, 200, 300, 400, and 500 mg/mL were shown to significantly affect the inhibition of
B. cinerea. Among the crude extracts, dichloromethane extract was shown to be the most potent in
terms of antifungal activities. The SEM observation proved that the treatment altered the fungal
morphology, which leads to fungal growth inhibition. For the in vivo bioassay, the fruits treated
with dichloromethane extract at 400 and 500 mg/mL showed the lowest disease incidence with mild
severity of infection. There were 23 chemical compounds identified in V. amygdalina dichloromethane
extract using GCMS analysis. The top five major compounds were dominated by squalene (16.92%),
phytol (15.05%), triacontane (11.31%), heptacosane (7.14%), and neophytadiene (6.28%). Some of
these significant compounds possess high antifungal activities. This study proved that V. amygdalina

from dichloromethane extract could be useful for inhibiting gray mold disease on tomato fruit and
has potential as a natural antifungal agent.

Keywords: Vernonia amygdalina; antifungal activity; Botrytis cinerea; phytochemical; tomato; gray
mold disease

1. Introduction

In Malaysia, approximately 96.30% of tomato production comes from the highlands, including
Lojing, Kelantan, and Cameron Highland, Pahang [1]. The temperatures of these two locations
range from 18 to 22 ◦C, with a relative humidity of 93–95%, which are optimal conditions for the
development of fungal pathogen. Botrytis cinerea is a fungal pathogen of gray mold disease that can
infect dicotyledonous plants, including tomato. Subjected to scientific and economic importance,
B. cinerea was ranked as the second top plant pathogen in the world [2]. In 2015, Tijjani et al. [3]
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observed tomato fruits with gray mold symptoms in postharvest storage at Cameron Highlands with
65% disease incidence, and this is the first report of gray mold disease on tomato fruits in Malaysia.

B. cinerea infection can develop in the field and can also cause postharvest decay or remain latent
until storage. Spore germination of this pathogen grows vigorously in higher relative humidity and
low temperature [4]. Thus, in cold storage, it leads to the development of gray mold symptoms,
and this disease spreads rapidly among fruits in the same packaging. Chemical fungicides are the most
commonly used to control gray mold on tomato fruits, but the repeated use of synthetic fungicide
can develop fungal resistance and be harmful to consumer health. A few modes of action from a
new fungicide provide adequate protection for fresh tomatoes [5]. However, the residue and toxicity
concerns may limit their use.

Among the postharvest strategies in controlling plant diseases, natural products offer a promising
treatment to reduce the disease incidence of postharvest diseases. Natural products contain advanced
chemical novelty compared to chemically synthesized products, and for this reason, researchers try
to discover new bioactive compounds in plants [6]. Plant extracts also contain beneficial secondary
metabolites such as phenolics, tannins, coumarins, quinones, flavonoids, saponins, terpenoids,
and alkaloids. These compounds have been proven to be potentially significant in plant protection
as antimicrobial agents [7]. Many experiments have been conducted using plant extracts to control
B. cinerea pathogen, which causes gray mold disease. Soylu et al. [8] found that essential oils
extracted from rosemary and lavender could cause hyphae shriveled, protoplast leakage, conidia loss,
and cytoplasmic coagulated on B. cinerea morphology. The extracted essential oil of fennel, cinnamon,
and anis have also shown fungicidal effects on B. cinerea in in vitro and in vivo tests [9]. Moreover,
the extraction of oregano and lemon effectively lowered the disease severity of gray mold disease in
tomatoes, strawberries, and cucumbers [10]. In recent findings, stilbene extracted from grapevine
leaves possessed antifungal activity of B. cinerea by inhibiting the mycelium growth and simultaneously
reducing the necrotic lesion [11].

Bitter leaf is scientifically known as Vernonia amygdalina. In Africa and Asia, it is commonly used as
a medicinal plant [12]. Various parts of V. amygdalina, including the leaf, root, and stem have been used
for their antidiabetic, antioxidant, antimicrobial, anticancer, anti-inflammatory, and antiplasmodial
effects [13]. Among the plant parts, researchers identified that the leaf part accumulates the highest
chemical constituents and nutritional compositions [14]. Detailed investigations in the compound
purification of V. amygdalina extract discovered many promising active compounds; for example,
flavonoids, triterpenoids, saponins, tannins, sesquiterpene lactones, alkaloids, terpenes, phenolics,
and steroidal glycosides [12]. According to Akowuah et al. [15], the extract from V. amygdalina was
non-toxic in mice when exposed to up to 2000 mg/kg/day for 28 days.

To date, most researchers have focused on V. amygdalina crude extract in order to uncover
its potential as an antifungal agent for the management of plant disease. Recent findings found
that V. amygdalina ethanol extracts showed a good ability to inhibit postharvest fungal pathogens
Rhizopus stolonifer and Fusarium moniliforme [16,17]. In another study, in an in vitro test using an ethanol
crude extract of V. amygdalina at 300 mg/mL, the growth of Cercosporella persica and Curvularia lunatus

were completely inhibited [18]. However, there has been no report on the antifungal activity of
V. amygdalina extracted from different polarities of solvent against B. cinerea isolated from tomato.
Therefore, this study aimed to (a) evaluate in vitro antifungal activities of V. amygdalina crude extract
against B. cinerea in tomato; (b) study the effect of V. amygdalina extract on the morphology of B. cinerea;
(c) determine in vivo antifungal activities of V. amygdalina crude extract against B. cinerea; and (d) screen
the chemical constituents in V. amygdalina extract that are responsible for antifungal activities.
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2. Materials and Methods

2.1. Plant Materials

Mature plants of V. amygdalina were collected from the local supplier in Puchong, Selangor and
verified by a botanist from the Biodiversity Unit, Institute of Bioscience, Universiti Putra Malaysia.
A voucher specimen (SK 3280/18) was deposited in the herbarium of the same institute. The plants were
thoroughly cleaned, and the stems were cut into 25 cm lengths and planted in Ladang 15, Universiti
Putra Malaysia (geographical coordinates: 2◦59′19.8′′ North, 101◦43′50′′ East, Malaysia) in December
2017. After two months, approximately 17 kg of matured leaves were harvested and brought to the
Postharvest Laboratory, Universiti Putra Malaysia. The leaves were rinsed under running tap water to
remove dirt, shade-dried for one week, and oven-dried at 40 ◦C for 4 h. The dried leaves were ground
for two minutes using a high-speed grinder. The powdered sample was kept in an airtight container
for further extraction processes.

2.2. Preparation of V. amygdalina Crude Extracts

The organic solvents in analytical grade (99% minimum purity) of hexane (Bendosen Laboratory
Chemicals, Shah Alam, Malaysia), dichloromethane (DCM, Macron-Fine Chemicals, France), methanol
(HmbG Chemicals, Hamburg, Germany), and acetone (Bendosen Laboratory Chemicals, Shah Alam,
Malaysia) were used in the crude extraction process. The sequential extractions were performed
according to the method as described by Haron et al. [19]. The sequential extraction procedure was
shown in Figure 1. Each of the extracts was concentrated in a Buchi rotary evaporator until a sticky
dark green crude extract was obtained. The highest percentage of crude extract yield was methanol
(15.34%), followed by dichloromethane (DCM) (4.40%) and hexane (2.62% g). The crude extracts were
kept in an airtight jar and stored at 4 ◦C.

Figure 1. Sequential extraction procedure of V. amygdalina.
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For the aqueous extract, 1 kg of the sample was soaked in 10 L of sterile distilled water and
sonicated for 30 min at 50 ◦C. Then, it was filtered by using filter paper. The filtration was stored at
–80 ◦C in a deep freezer (Ultra Low Temperature Freezer DW-86L386, Haier Medical and Laboratory
Co., Ltd., Shandong, China). Next, it was freeze-dried in a freeze dryer (Christ Freeze Dryer BETA
1-8LD, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) for three days.
The obtained crude extract was ground using a pestle and mortar to obtain a 389.5 g fine powder and
kept at 4 ◦C for further use.

2.3. Preparation of B. cinerea

B. cinerea was isolated from the diseased tomato fruits. The pure culture of the fungus was
sub-cultured in potato dextrose agar (PDA) media. The identification of this specific fungus was viewed
under a microscope for morphology characteristics. The morphological and molecular characteristics
of B. cinerea were similar to the description of Javed et al. [20] and Tijjani et al. [3].

2.4. In vitro Evaluation for V. amygdalina Antifungal Activity

The crude extract was dissolved in 1 mL of acetone and sterilized using 0.4 μm syringe filter
(Sartorius). Next, the extract solution was mixed with 15 mL of PDA in a sterile vial. The mixture was
vortexed thoroughly and poured into an 85-mm Petri dish. The agar in Petri dishes was allowed to
solidify to become poison agar. Poison agar medium was prepared individually at the concentration
of 100, 200, 300, 400, and 500 mg/mL for each crude extract. Mycelial plugs from the pure culture of
B. cinerea with 5-mm diameters were transferred to the center of the Petri dish containing PDA. Then,
the plates were put into incubator (Model LM-575RD, Yihder Technology Co. LTD, Taipei, Taiwan) and
incubated at 20 ± 2 ◦C for eight days to produce full-plate growth of mycelium with conidia. The edge
of the active growing fungal plug (4 mm) from B. cinerea was taken and placed at the center of poison
agar. The Petri dishes were incubated up to 8 days in an incubator (20 ◦C), and the fungal growth
was observed. The percentage of radial growth (PIRG) was calculated after eight days of incubation
as follows.

PIRG =
R1−R2

R1
× 100

R1 and R2 are radial growth of fungus for control and extract, respectively.

2.5. Microscopic Observation Using a Scanning Electron Microscope (SEM)

The plates that contained the highest in vitro antifungal activities were viewed under SEM to
confirm the fungal inhibition. The plugs (1 × 1 cm) were harvested from the control and DCM-treated
plates, respectively. The sample preparation protocol followed that described by Heckman et al. [21].
Each plug was fixed in 2.5% glutaraldehyde for five hours at 4 ◦C. Next, the plugs were washed with
0.1 M sodium cacodylate buffer for three changes of 10 min each. One percent of osmium tetroxide was
used in the post-fixed process for two hours at 4 ◦C. Then, the plugs were rewashed with 0.1 M sodium
cacodylate buffer for three changes of 10 min each. A series of acetone was applied every 10-min
interval in the dehydration process (35%, 50%, 75%, 95%) including 100% acetone for three changes
every 15 min. The specimens were transferred into a specimen basket and put into a critical dryer for
1.5 h. After that, all specimens were stuck onto the stub and sputter-coated (Baltec SCD005) with gold
in an ion sputter for two minutes. All sample specimens were viewed by microscope examination
using JEOL JSM-6400 SEM.

2.6. Antifungal Activities of V. amygdalina by In Vivo Bioassay

The fresh and premium quality of tomato fruits in maturity index 3 (green with slight red) was
selected. Two hundred of the selected fruits were washed under running tap water and air-dried for two
hours. Then, the fruits were sprayed with 70% (v/v) ethanol and air-dried in laminar flow at ambient
temperature for 30 min. Next, 120 fruits were dipped into the three most effective extract solutions
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that showed the highest antifungal activity from in vitro bioassay (DCM at 300, 400, and 500 mg/mL)
for five minutes. For negative control, 40 fruits were dipped in sterile distilled water and acetone.
Meanwhile, another 40 fruits that were dipped in 0.5g/L Kenlate fungicide solution (active ingredient:
50% w/w benomyl) were used as a positive control. All treated fruits were excised using sterile cork
borer (2 mm deep and 5 mm wide) at the equatorial side.

The preparation method of fungal plugs for in vivo bioassay was similar to that for the in vitro
bioassay. The fresh fungal plug at 4 mm was harvested using a cork borer at the outermost layer
of mycelium and inserted at the excised treated fruits. Finally, the fruits were kept in plastic
boxes (40 fruits/box) and stored in ambient temperature at 95% relative humidity for five days [22].
Each treatment was replicated four times. Each replication consisted of ten fruits, and the experiment
was repeated twice. At the end of storage duration, disease incidence and disease severity index (DSI)
were determined using the following equations.

Disease incidence (%) =
Number o f in f ected f ruits

Total number o f f ruit per treatment
× 100

DSI =
∑ a × n

AB
× 100

where a = disease scale, n = number of fruits in a specific scale, A = highest disease scale, B = total
number of fruits.

The disease severity was evaluated based on scale 0 to 4 as described by Rosero-Hernández et al. [23]
using the following scale: 0 = no visible symptoms of fruits (no infection); 1 = 1–25% inoculated area
covered with slight necrotic and water-soaked lesion (mild infection); 2 = 26–50% of the inoculated area
covered with necrotic, white to gray mycelia and water-soaked lesion (moderate infection); 3 = 51–75%
of fruits are necrotic with spore mass appeared and water-soaked (severe infection); 4 = >76% necrotic
tissue appears soft, watery and decayed (very severe).

2.7. Screening for V. amygdalina Chemical Constituents Using Gas Chromatography-Mass Spectrometry
(GCMS) Analysis

The crude samples at 0.02 g were dissolved in 1 mL acetone (HPLC grade, Fisher Chemical,
USA). The solution was vortexed and filtered using a 0.02 μm filter syringe (Sartouris). The sterile
crude extract was inserted into the HPLC vial and analyzed using GC-MS QP2010 Ultra (Shimadzu,
Kyoto, Japan) comprising a gas chromatograph interfaced with a mass spectrometer. The compound
separation was carried out using a Rxi-5MS fused silica capillary column of 30 m × 0.25 mm internal
diameter (di) and 0.25 mm in film thickness (Restek GmbH, Homburg, Germany). The conditions for
analysis were set as follows: column oven temperature was programmed column oven temperature
at 50 ◦C, injection temperature maintained at 250 ◦C, injection mode split, flow control mode at the
pressure of 37.1 kpa, total flow of 11.8 mL/min at 1 mL/min, column flow of 0.8 mL/min, split ratio of
10.0, ion source temperature 200 ◦C, interface temperature 250 ◦C, solvent cut time 2.0 min, and detector
gain mode by relative and detector gain 0.88 kV + 0.00 kV. The column oven temperature was set
at 50 ◦C (maintained for 3 min), raised at 10 ◦C/min to 280 ◦C (maintained for 3 min), and finally
maintained at 300 ◦C for 10 min. Mass spectra were taken at the start time of 2.5 min and end time
of 93.0 min. The ACQ mode Scan was carried out at an event time of 0.10 s, with a scan speed of
10,000 m/s. The start m/z was 40, and the end m/z was 700. Constituents were identified based on data
libraries by analyzing and comparing mass spectra (FFNSC1.3.lib, WILEY229.lib and NIST11s.lib).

2.8. Experimental Design and Statistical Analysis

For the in vitro bioassay, the experiment was conducted in completely randomized design (CRD)
with four replications. The test was arranged in two factorial analysis consisting of 4 types of crude
extracts (hexane, DCM, methanol, aqueous)× 5 concentration levels (100, 200, 300, 400, and 500 mg/mL).
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For the in vivo bioassay, the experimental design was also in CRD and four replications, thus leading
to a total of 80 experiments. The data were analyzed using analysis of variance (ANOVA), and the
means were separated using the least significant difference (LSD) test at p ≤ 0.05. The data analysis
was carried out in SAS software (version 9.4).

3. Results

3.1. In Vitro Antifungal Activities of V. amygdalina Crude Extract against B. cinerea

In this study, PIRG was measured and calculated to determine the antifungal activity of four
types of crude extracts at five different concentrations. As shown in Table 1, both the main factors of
the crude extracts and the concentration levels significantly inhibited the in vitro growth of B. cinerea.
There was also a highly significant interaction effect between crude extract and concentration levels
(CE × CL) on B. cinerea growth.

Table 1. Main and interaction effects of V. amygdalina crude extracts and concentration level on PIRG of
B. cinerea. PIRG: percentage of radial growth.

Factors PIRG (%)

Crude extracts (CE)

Hexane 22.65 ± 2.34d x

Dichloromethane 64.94 ± 2.19a
Methanol 45.15 ± 2.28b
Aqueous 25.18 ± 2.32c

Concentration levels (mg/mL) (CL)

100 25.07 ± 4.47d
200 34.04 ± 4.93c
300 40.04 ± 4.25b
400 48.05 ± 4.61a
500 50.18 ± 4.29a

Significance
CE × CL **

Values are expressed as mean ± SD. X Means with the same letters within a column and each factor are not
significantly different at p ≤ 0.05 using the LSD test. ** p ≤ 0.01.

The results indicate that the DCM crude extract of V. amygdalina possessed the most potent
antifungal activity, exhibiting a fungistatic effect on the growth of B. cinerea followed by methanol,
aqueous, and hexane crude extract (Figure 2). As expected, higher concentrations of 400 and 500 mg/mL
showed the highest PIRG of B. cinerea for all crude extracts. However, both concentration levels showed
no significant differences in B. cinerea inhibition growth. The effects of PIRG of B. cinerea between
methanol crude extract at 200 and 300 mg/mL as well as hexane crude extract at 100 and 200 mg/mL were
not significant. Within the concentration level of DCM extract, the PIRG increased as the concentration
level was raised to 400 mg/mL. This result shows that the maximum inhibitory effects of B. cinerea

radial growth were DCM at 400 and 500 mg/mL, with 74.85% and 75.7% inhibition, respectively.
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Figure 2. Effect of crude extraction of V. amygdalina at various concentrations on the PIRG of B. cinerea

after eight days of incubation. Means with the same letter within each crude extraction are not
significantly different at p ≤ 0.05 using the least significant difference (LSD) test.

3.2. Effect of V. amygdalina Crude Extract on the Morphology of B. cinerea

The morphology of B. cinerea was altered after being exposed to V. amygdalina DCM treatment.
Under SEM observation, the mycelia of this fungus were shriveled, retarded, and agglutinated
while the conidia underwent shrinkage (Figure 3C–F) compared to the control, which had a slender
shape, and was massive, and for which the conidiophore was grape-shaped with ellipsoidal conidia
(Figure 3A,B).

Figure 3. Effects of dichloromethane (DCM) crude extract on B. cinerea at 400 and 500 mg/mL on
mycelium morphology viewed under SEM. (A) Healthy mycelium are slender and uniform, with a
smooth surface and an intact structure in the control plate; (B) Healthy conidiophore from the control
plate; (C) Mycelia were ruptured, folded with edge burrs, and sheet-like structure at 400 mg/mL;
(D) The hyphae tip was wrinkled and deformed at 400 mg/mL; (E) Agglutinated mycelia at 500 mg/mL;
(F) The conidia were shrunken at 400 mg/mL.
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3.3. In Vivo Antifungal Activities of V. amygdalina Crude Extract against B. cinerea

The in vivo experiment showed that all fruits from the negative control were infected with gray
mold disease with 100% of disease incidence (Table 2). Meanwhile, the artificially inoculated tomato
fruits that were dipped in V. amygdalina DCM treatment at 400 and 500 mg/mL had reduced disease
incidence of gray mold by 50% and 53.13% compared to the control fruits, respectively. However,
the effect on the disease incidence at both concentrations was not significantly different.

Table 2. Percentage of B. cinerea incidence on tomato treated fruits.

Treatment Disease Incidence (%)

Negative control 100 ± 0.00a X

Benomyl 68.75 ± 2.69b
DCM 300 mg/mL 60.41 ± 2.69c
DCM 400 mg/mL 50.0 ± 3.40d
DCM 500 mg/mL 46.88 ± 3.13d

Values are expressed as mean ± SD. X Means with the same letters are not significantly different at p ≤ 0.05 using the
LSD test.

Artificially inoculated tomato that was treated with V. amygdalina DCM extract showed significantly
lower disease incidence compared to the commercial fungicide (benomyl) treatment. Regarding the
DCM treatments, DCM at 400 mg/mL could reduce incidence by 2.23% compared with DCM at
300 mg/mL.

Among the infected fruits, the disease severity displayed a different pattern according to the
treatment. Table 3 indicated that the fruits in negative control were observed 27.28% in disease severity
index, with a value of 2 for severity scale and moderate infection category. The necrotic tissue in control
fruits was covered with white to gray mycelia and water-soaked lesions.

Table 3. Percentage of disease severity index on tomato treated fruits.

Treatment DSI (%)

Negative control 27.28 ± 0.29a X

Benomyl 10.84 ± 0.69b
DCM 300 mg/mL 4.50 ± 0.53c
DCM 400 mg/mL 2.27 ± 0.12d
DCM 500 mg/mL 2.19 ± 0.05d

Values are expressed as mean ± SD. X Means with the same letters are not significantly different at p ≤ 0.05 using the
LSD test.

The tomato fruits that were treated with V. amygdalina DCM extract at concentration 300–500 mg/mL
with severity scale 1 were shown to have a significantly lower percentage of disease severity compared
to chemical fungicide (benomyl). Thus, the treatment of V. amygdalina DCM extract could be an
alternative fungicide, constituting a natural antifungal agent against the gray mold disease of tomato
fruits. However, nonetheless, the gray mold disease severity of all treated fruits of DCM extract
treatments and benomyl constituted a mild infection.

3.4. Phytochemical Screening of DCM Crude Extract

GCMS analyses of the crude extract led to the identification of 23 chemical constituents in the
DCM crude extract of V. amygdalina (Figure 4).
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Figure 4. Ion chromatogram of DCM crude extract using GCMS.

The identified compounds are arranged according to their elution order on silica capillary
columns. The extract contains a complex mixture consisting of mainly triterpenoid, diterpene alcohol,
sesquiterpene, and hydrocarbon lipid. The top five major compounds are squalene (16.92%), phytol
(15.05%), triacontane (11.31%), heptacosane (7.14%), and neophytadiene (6.28%) (Table 4).

Table 4. Chemical composition in DCM crude extract of V. amygdalina.

Peak Retention Index ** Compound Name Chemical Group Area (%)

1 1763 Loliolide Monoterpenoid hydroxylactones 0.76
2 1839 Neophytadiene Sesquiterpene 6.28
3 1841 Phytone Terpene ketone 0.90
4 1860 2-Hexadecen-1-ol Acyclic diterpene 0.79
5 1882 3,7,11,15-tetramethyl-2-hexadecen-1-ol Acyclic diterpene 1.46
6 1966 Hexadecanoic acid Fatty acid 1.06
7 2089 9,12-Octadecadienoic acid Fatty acid 1.19
8 2119 Phytol Diterpene alcohol 15.05
9 2147 Linolenic acid Fatty acid 1.86
10 2499 l-caryophyllene Bicyclic sesquiterpene 3.35
11 2577 γ-Elemene Sesquiterpene 5.72
12 2711 1,3,7-Nonatriene-1 Monoterpene 1.35
13 2830 Squalene Triterpene 16.92
14 2892 Heptacosane Hydrocarbon lipid 7.14
15 2577 Geranyl linalool Monoterpenoid 1.12
16 2993 Tetratriacontane Hydrocarbon lipid 1.02
17 3021 Unknown - 6.41
18 3097 Triacontane Hydrocarbon lipid 11.31
19 3139 α-Tocopherol Vitamin E 6.04
20 3272 Stigmasterol Stigmastane 0.98
21 3290 α-spinasterol acetate Stigmastane 1.37
22 3295 Chondrillasterol Triterpene (sterol) 2.90
23 3472 α-tocopherol acetate Vitamin E 1.46

** Retention index on the Rxi-5MS silica capillary column.

The other characteristic constituents of the crude extract are loliolide, phytone, 2-hexadecen-1-ol,
3,7,11,15-tetramethyl-2-hexadecen-1-ol, hexadecanoic acid, 9,12-octadecadienoic acid, linolenic acid,
caryophyllene, γ-elemene, 1,3,7-nonatriene-1, geranyl linalool, tetratriacontane, α-tocopherol, stigmasterol,
α-spinasterol acetate, chondrillasterol, α-tocopherol acetate, and one unknown compound were found
to be minor components of DCM V. amygdalina leaves extract in the present study. Chemical residue of
solvents used in the extraction was not found by GCMS analysis.
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4. Discussion

Extraction methods involve the separation of the active compound of plant tissues from inactive
components using selective solvents. During extraction, solutions defuse into solid plant material and
solubilize compounds with similar polarity. The present experiments showed that extracts obtained
from V. amygdalina contain essential components for the inhibition of mycelial growth of B. cinerea

pathogenic on tomato plants. However, each of the crude extracts was varied in terms of their
antifungal activities. Among the crude extract, DCM extract (semi-polar) of V. amygdalina showed
the most potent inhibition on B. cinerea growth. As reported in other cases [24], DCM extract fraction
of Pseudognaphalium robustum reduced the in vitro mycelial growth of B. cinerea at 45.5 μg/mL by
50%. They stated that it also affected the conidial germination of the B. cinerea by reducing oxygen
consumption and interrupting plasma membrane integrity.

In contrast, Righini et al. [25] found that the water extract of Anabaena sp., Ecklonia sp., and Jania sp.
inhibited the in vitro growth of B. cinerea at 2.5, 5.0, and 10.0 mg/mL. Generally, it appears that the
inhibitory effect of the plant extracts varies depending on the specific plant and solvent used with no
specific trend related to the polarity of the solvent. The usage of different solvent systems will extract
a diversity of molecules with distinct polarities. For instance, methanol tends to extract a diversity
of compound groups such as polyphenols, glycosides, and flavonoids [26], which can contribute to
the fungal inhibitory effect of the extract. DCM and hexane tend to extract mainly semi-polar and
nonpolar constituents such as terpenoids, fats, and fatty acid [27]. It would appear that both polar and
nonpolar constituents contributed to the antifungal activity of the plant extracts.

The percentage of fungal inhibition in amended PDA medium was also dependent on concentration,
and the most significant reduction in mycelial growth was obtained with the highest concentration
of crude extract. A similar result was observed by other researchers using ethanol leaf extract of
V. amygdalina against tomato diseases [16]. This could be due to the level of composition antifungal
compounds obtained from the crude extract. The inhibitory effect of DCM extract increased as the
concentration increased, showing more than 50% growth inhibition at all concentrations. However,
the inhibition growth of B. cinerea showed no significant difference in any crude extract at concentrations
of 400 or 500 mg/mL. A possible reason for this circumstance is the low water solubility of the antifungal
compounds, which limits the miscibility in the agar medium through the poison agar method.
Meanwhile, the hydrocarbon components either remained on the medium surface or evaporated,
depending on its nature. According to Krzyśko-Łupicka et al. [28], the biocidal action from the plant
extract also depends on the chemical composition, concentration, and phytopathogenic fungi strains.

In vivo experimental results show that negative control fruits were 100% infected with gray mold
disease with a severity value of 2. The necrotic tissue in negative control fruits was water-soaked and
covered with fungal mycelia. The highest Botrytis incidence was observed in tomatoes six days after
inoculation [29], and in kiwi seven days post-inoculation [30]. Meanwhile, the artificially inoculated
tomato fruits that were dipped with the two highest concentrations of DCM extract resulted in the
highest reduction in disease incidence of gray mold. The possible reason for these results is the
concentration level of antifungal compounds from plant extract being sufficient to control the inoculum
of B. cinerea on tomato fruits. This statement is supported by the disease severity of gray mold on tomato
in the present study, which only causes a mild infection on the fruits. The results provide baseline
information for the potential use of the crude extract in the treatment of postharvest gray mold disease.
This was necessary because this disease was a latent field infection [31]. However, the treatment data
we obtained did not prevent the onset of gray mold disease because the percentage of disease incidence
reduction was not 100%, although it was generally low. Fillinger and Elad [32] suggested that B. cinerea

is very challenging to control due to its broad host range, different mode infection, and both asexual
and sexual stages enabling it to survive in favorable or unfavorable conditions.

Meanwhile, it is well known that the fungicide activity of benomyl on a broad spectrum of
phytopathogenic fungi was due to its ability to be absorbed by the phytopathogen cells. However,
the present study found that benomyl treatment on B. cinerea has a fungistatic activity. Benomyl has
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been applied as a systemic fungicide since 1970 and was used to control B. cinerea in 1971 [33].
Methyl 2-benzimidazole carbamate (MBC) is the major metabolite of benomyl and is primarily
responsible for the fungitoxicity. Hammerschlag and Sisler [34] indicated that the primary metabolites
were inhibited by the synthesis of DNA, interrupted fungal cell division, and inhibited cytokinesis.
However, in this case, the benomyl treatment failed to act as a fungicidal. This could be due to the
fungal resistance to this fungicide, since benomyl has been used for many years.

In the present study, the highest antifungal activity of DCM extract against B. cinerea could
be associated with the presence of 23 bioactive compounds identified using GCMS. The major
compounds were dominated by squalene (16.92%), phytol (15.05%), triacontane (11.31%), heptacosane
(7.14%), and neophytadiene (6.28%). Squalene is the most abundant in this crude extract. It is a
naturally occurring triterpenoid and a precursor for the synthesis of secondary metabolites such as
sterols, hormones, or vitamins. Squalene has been shown to have excellent antioxidant, anticancer,
antibacterial, and antifungal biological activities [35]. In pharmacognosy, squalene is extensively used
as an excipient for disease management and therapy [36]. Gnamusch et al. [37] found that squalene
at high concentration resulted in disturbances in the fungus cellular membranes and interfered with
essential membrane functions. The non-toxic chemical nature of lipids makes them excellent carriers
as well as their ability to permeate the cell membrane of fungus due to their lipidic nature.

Phytol is the second-highest compound in this extract. It was classified in the diterpene group.
Haque and co-workers [38] explained that terpenoids from the plant extract reduce the mitochondrial
content of fungus, which could alter the ATP generation and level of reactive oxygen species.
Consequently, the mitochondria of the fungus become dysfunctional. Yoshihiro et al. [39] reported that
diterpene of phytol could disrupt the cell membranes of the fungus, resulting in K+ ions leaking from
the cells, and causing the fungus hyphae to wither.

The aliphatic hydrocarbons of triacontane (n-C30) and heptacosane (n-C27) are identified as major
components in this extract. Both long-chain alkanes were found on the surface of plant parts and in
abundance in the epicuticular wax of matured leaves [40]. They acted as a physical barrier on the
plant in terms of water loss, irradiation, phytopathogen attack, and insect herbivores. The appearance
of the epidermal wax of the V. amygdalina leaf surface was proven by Eltahir and AbuEReish [41].
They reported that under SEM observation, the epidermal wax is present in large quantities at the
abaxial leaf part compared to the adaxial part. Yin et al. [42] found that the hydrocarbon waxes inhibited
Alternaria rot of pear by stunting the spore germination and mycelial growth of Alternaria alternata.
However, to date, the specific mechanisms of action of these hydrocarbon compounds as antifungal
agents against phytopathogenic fungi have been less reported.

Neophytadiene is a sesquiterpene compound and was found to be a significant component
in DCM extract. Neophytadiene is an active compound with antibacterial, antifungal, antipyretic,
and antioxidant activities [43]. This sesquiterpene compound could pass through the cell wall, interrupt
the cell membrane function, and destroy the fungal mitochondria structure [44]. In a previous study,
the sesquiterpene compound isolated from Magnolia grandiflora was also proven to have fungicidal
effects against A. alternata and F. culmorium [45]. Neophytadiene extracted from Daucus carota subsp.
sativus was identified as a major compound and showed protective as well as preventive activity
against B. cinerea in strawberry [46].

On the other hand, some of the chemical constituents that appear in lower amounts in this
extract, such as terpenoid, steroid, and fatty acid, might also contribute to the antifungal activity.
Howard et al. [47] stated that V. amygdalina contains bioactive sesquiterpene lactones that possess
highly antifungal effects. Similarly, Ivanescu et al. [48] explained that the mechanism of biological
activity of alkylating sesquiterpene lactones and the nucleophile sulfhydryl group in proteins led to
the disruption of cell function that caused cell wall damage of the fungus. It is possible that the minor
chemical constituents might also be related to synergism effects with major compounds, inhibiting
B. cinerea growth.
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The mechanism action of antifungal compounds of the V. amygdalina extract on the fungal
inhibition was observed under SEM. The hyphae of B. cinerea exposed to the phytochemical compounds
of V. amygdalina extract revealed alterations in the hyphal morphology. The mycelia became twisted
and folded with a jagged edge. Some mycelia were agglutinated, with withered hyphae tips.
Another important observation was the shrinkage of conidia after the treatment. This could prevent the
dispersion of the gray mold disease of fruits to the adjacent fruits, since the asexual spores of B. cinerea

are abundant and easily dispersed by wind or water. The morphology alteration of fungus was related
to the secondary metabolites from the plant extract that acted as antifungal substances to restrict
the fungal growth [49]. This mode of action was called antibiosis. The antibiosis happened when
the secondary metabolites from the plant extract inhibited or restricted the growth of the pathogen.
The secondary metabolites inhibited fungal growth through cell membrane disruption, cell wall
synthesis inhibition, mitochondrial dysfunction, cell division inhibition, protein synthesis inhibition,
and efflux pump inhibition [32]. In this case, the composition of major antifungal compounds, including
squalene, phytol and neophytadiene, as well as minor antifungal compounds, acted as synergistic
effects in controlling the B. cinerea development.

5. Conclusions

This study provides evidence that V. amygdalina extracts of DCM at 400 and 500 mg/mL had the
highest antifungal activities against B. cinerea through in vitro and in vivo bioassays. The treatment
altered the fungal morphology and inhibited fungal growth. The chemical constituents in this plant
extract have the potential to be a natural antifungal agent. Thus, we propose an alternative disease
management strategy using V. amygdalina extract to control gray mold disease on tomato. However,
further research is necessary to elucidate the mechanism of action and develop the formulation to
improve its efficacy and stability for use in postharvest disease control. The postharvest quality study
should also involve a formulation application to make sure the quality of fresh fruits is optimal and
that the fruits are safe to consume.
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Abstract: In this study, ethanol whole plant extract (WPE) of Haplophyllum tuberculatum was
characterized and tested for its antifungal and antiviral activities against Fusarium culmorum,
Rhizoctonia solani and tobacco mosaic virus (TMV). High Performance Liquid Chromatography (HPLC)
analysis showed that the main phytochemical constituents of H. tuberculatum WPE were resveratrol
(5178.58 mg/kg), kaempferol (1735.23 mg/kg), myricetin (561.18 mg/kg), rutin (487.04 mg/kg),
quercetin (401.04 mg/kg), and rosmarinic acid (387.33 mg/kg). By increasing H. tuberculatum

WPE at concentrations of 1%, 2%, and 3%, all of the fungal isolates were suppressed compared to
the two positive and negative controls. Under greenhouse conditions, WPE-treated Chenopodium

amaranticolor plants strongly inhibited TMV infection and significantly reduced TMV accumulation
levels when compared to non-treated plants. Moreover, the induction of systemic resistance with
significant increases in the transcriptional levels of the pathogenesis-related protein-1 (PR-1), chalcone
synthase (CHS), and hydroxycinnamoyl-CoA quinate transferase (HQT) genes for treated plants
were noticed at 3 and 5 days post-inoculation (dpi) for both assays. To the best of our knowledge,
this is the first reported observation of the antiviral activity of H. tuberculatum extract against plant
viral infections. Finally, the results obtained suggest that H. tuberculatum WPE can be considered a
promising source of both antifungal and antiviral substances for practical use and for developing
plant-derived compounds for the effective management of plant diseases.

Keywords: Haplophyllum tuberculatum; phytochemical analysis; HPLC analysis; antifungal property;
tobacco mosaic virus; antiviral activity

1. Introduction

Haplophyllum is a genus belonging to the Rutaceae family. It is distributed in different floristic
regions. The plant is rich in alkaloids, fixed oils, volatile oils, furanocoumarins, and several classes
of compounds such as alkaloids, lignans, coumarins, and flavonoids have been isolated from the
aerial parts of Haplophyllum tuberculatum [1]. Globally, plant viral diseases constitute severe threats to
sustainable development and modern agriculture [2]. Among these viruses, the tobacco mosaic virus
(TMV) is one of the most common viral diseases that causes economic losses of and severe damage to
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quality and crop production worldwide [3,4]. Besides ranking in the top 10 plant viruses in molecular
plant pathology, TMV is used as a model virus, and Chenopodium amaranticolor as a TMV-local lesion
host for different biological studies [5]. Insect-borne viruses such as TMV and cucumber mosaic virus
(CMV) can be controlled well by applying induced resistance (IR), even by a biological or chemical
inducer [6,7]. In addition, in Egypt, the production of tomato faces the problem of insect-borne viruses,
which are very difficult to manage because of their wide host range [8]. Systemic acquired resistance
(SAR) is an inducible defense mechanism that plays a central role in disease resistance [9]. Moreover,
the chemical induction of SAR treatment induces both pathogenesis-related (PR) protein accumulation
and resistance to viruses, bacteria, and the fungus in Arabidopsis plants [10].

Recently, it has been demonstrated that the chemical induction of SAR treatment of vegetable
plants protects them against root rot diseases [11]. Several biotic stresses can affect tomato plants
more so than other vegetables. Moreover, they are capable of remaining in soil and plant residues
for an extended period of time [12]. The soil-borne pathogenic fungus “biotic stresses” can lead to a
decrease in crop production of the Rhizoctonia solani plant, which causes several injures in the bean
of tomato crops [13]. Fusarium spp. are an abundant saprophyte in soil and organic matter and are
found worldwide. Some strains cause vascular wilt disease in plants, including vegetables, bananas,
and date palms such as Fusarium culmorum.

Most fungal species, such as the Fusarium, Rhizoctonia, and Penicillium species, cause mold and
discolor wood-based products [14,15]. However, chemical fungicides can induce further problems,
harming other living organisms by reduction of useful soil microorganisms [16]. Therefore, alternative
methods of pest control could be an approach to reduce the use of pesticides. For instance, biological
control strategies are slowly replacing harmful pesticides due to the acceleration of developed
biological control products and commercialized forms [17]. Recently, there has been a trend to
develop an environmentally safe, long-lasting chemical fungicide based on plant metabolites as an
alternative for the control of Fusarium diseases, benomyl, and captafol [18,19]. Many plants exhibit
antifungal activities that could produce a variety of secondary metabolites against phytopathogenic
fungi [20–22]. Plant-derived natural products and bioactive compounds include phenols, phenolic
acids, quinones, flavones, flavonoids, flavonols, tannins, and coumarins, which are well-known
examples for biofungicides [23–26].

The mycelial radial growth of Fusarium oxysporum is reduced by Azadirachta indica, Calotropis

procera, Citrullus cololcynthis, Datura stramonium, and Nicotiana tabacum extracts [27]. Furthermore,
Cinnamomum burmanni leaf aqueous extract efficiently suppresses the biomass and spore formation of
F. oxysporum f. sp. lycopersici [28]. Meanwhile, the ethanol extracts from Lowsonia inermis and Psidium

guajava are effective in inhibiting the Fusarium pathogen [29].
Most approaches applied to control TMV include treating plants with chemical pesticides or

using breeding and transgenic plants. However, chemically synthetic pesticides harm the environment
and human health; also, transgenic plants have not yet been universally accepted [30]. Therefore,
there is still a high demand for discovering more alternative, environmentally friendly, and effective
antiviral methods.

Plants are rich sources of bioactive constituents with an antiviral activity that can develop
environmentally friendly methods of disease management [31]. Reports of the antiviral activities of
plant crude extracts and their constituents against plant viral infection have increased during the last
decade [32]. Many plant extracts of Boerhaavia diffusa, Clerodendrum aculeatum, Mirabilis jalapa, Potentilla

arguta, Sambucus racemosa, and Thuja orientalis exhibit inhibitory effects against plant viruses [33–37].
Additionally, several virus-inhibiting compounds, including flavonoids, triterpenoids, alkaloids, and
proteins, have been isolated from higher plants [31].

H. tuberculatum extracts have been noticed to exhibit insecticidal [38], nematicidal [39], antifungal,
and antibacterial properties [40,41]. The polyphenolic and alkaloid compounds in the ethyl acetate
extract from the leaves of H. tuberculatum may be significant contributors to the antioxidant activity of
these extracts [42]. Leaf oil extracted from H. tuberculatum shows strong anticandidal activity against
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Candida krusei at 30 μg/mL [43]. Also, essential oil has been found to inhibit the growth of Curvularia

lunata and F. oxysporum [40].
The present study aimed to analyze the protective activity and inactivity of the ethanol extract of

H. tuberculatum against the TMV for the first time. Additionally, the changes in the transcriptional levels
of some defense-related genes and TMV accumulation levels at different time intervals were evaluated.
Moreover, the antifungal properties of H. tuberculatum were assessed against two molecularly identified
fungal isolates, namely, F. culmorum and R. solani.

2. Materials and Methods

2.1. Preparation of the H. tuberculatum Extract and HPLC Analysis of Phenolic Compounds

Whole plants (WP) of H. tuberculatum collected from the northwest of Egypt in April 2018 were
air-dried at room temperature for one week. The dried WP was ground to a fine powder using a small
laboratory mill. Approximately 100 g of the powdered WP of H. tuberculatum was extracted by the
soaking method [44] with 200 mL of ethanol solvent for three days. After the extraction process was
finished, the extract was filtered through a cotton plug and then with Whatman No. 1 filter paper.
The filtered extract was concentrated by evaporating the ethanol solvent to obtain the H. tuberculatum

whole plant extract (WPE). To prepare the concentration of the extract, the H. tuberculatum WPE was
dissolved in dimethyl sulfoxide (10% DMSO = 10 mL DMSO (99.999%) + 90 mL distilled water),
and the concentrations levels of 1%, 2%, and 3% were obtained. Then, 1, 2, and 3 g from the extract were
dissolved in 100 mL of 10% DMSO to obtain the extract concentrations of 1%, 2%, and 3%, respectively.
The extract was analyzed for its polyphenolic compounds using Agilent 1260 Infinity HPLC Series
(Agilent, Santa Clara, CA, USA), equipped with a Quaternary pump and a Zorbax Eclipse Plus C18
column (100 × 4.6 mm i.d.) in H. tuberculatum WPE [15,44–48]. The analysis was carried out based on
the 23 standard phenolic compounds [47].

2.2. Antifungal Property of Wood Treated with H. tuberculatum WPE

F. culmorum and R. solani as common molds were used for the antifungal bioassay previously
isolated from twigs, trunks, and roots were collected from sweet orange trees showing cankers, dry
root rot, wilt and decline at Bader district, Egypt. The isolated fungal colonies were characterized
morphologically and molecularly by the internal transcribed spacer region of the rDNA (ITS) gene and
the amplified fragments were sequenced and the generated sequences were deposited in Genbank
under accession numbers MH352452 and MH352450, respectively [49,50]. Briefly, Melia azedarach wood
samples were air-dried and prepared with an approximate dimension of 0.5 × 1 × 1 cm. The prepared
wood samples were autoclaved for 20 min at 121 ◦C, and then left to cool. Three wood samples
were used for each concentration for each fungus, as well as for the positive (25 μg of fluconazole)
and negative (10% DMSO) controls. The antifungal activity of the wood-treated extract in terms
of the inhibition percentage of fungal linear growth (IPFLG) was measured following our previous
work [15,49–51], using the following formula; IPFLG (%) = [(GC − GT)/GC] × 100, where GC and GT

represent the average diameters of the fungal colony of control and treatment, respectively.

2.3. Source of Virus, Inoculum Preparation and Antiviral Activity Assays

Egyptian TMV strain KH1 (Acc# MG264131) was propagated in N. tabacum and purified as
previously described [52]. Then, 50 μL of 20 μg/mL TMV, diluted with 0.1 M phosphate buffer, pH 7.2,
was used as the viral inoculum. The prepared concentration of the WPE of H. tuberculatum (200 μg/mL)
diluted with sterile distilled H2O was prepared from a stock solution of 2% of H. tuberculatum WPE
dissolved in DMSO. A mixture of equal volumes of DMSO and sterile distilled H2O was used as the
negative control. By using the half-leaf method [47,53], with C. amaranticolor as a TMV-local lesion host,
the assessment of the antiviral activity of WPE was evaluated according to the inhibition percentage
toward number of local lesions. The inhibitory effects were calculated according to the following
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formula: [I = (1 − T/C) × 100], where I is the inhibition effect, T is the number of local lesions on the
treated halves of the leaves, and C is the number of local lesions on the non-treated halves of the leaves.

2.4. Protective and Inactivity of WPE Assays

Under greenhouse-controlled conditions, C. amaranticolor seeds were surface sterilized and sown
in plastic pots (20 cm in diameter) filled with sterilized soil. At the 5–6th leaf stage, plants were
subjected to two assays, and each assay had three treatments replicated three times.

In the protective assay, the upper-right halves of the leaves were treated with H. tuberculatum

WPE 24 h before mechanical viral inoculation. In contrast, the upper-left halves of the leaves were
inoculated with TMV only without any treatment [54,55]. Mock leaves treated with a mixture of equal
volumes of DMSO, sterile distilled H2O, and phosphate buffer with carborundum were used as the
controls. The local lesion development numbers were recorded at 3–5 days post-inoculation (dpi).

In the inactivity assay, the upper-right halves of the leaves were mechanically inoculated with an
H. tuberculatum WPE–TMV mixture, in which an equal volume of H. tuberculatum WPE was mixed
with the same amount of purified TMV and incubated for 1 h. In contrast, the upper-left halves of the
leaves were mechanically inoculated with TMV only without any treatment. The observed number of
local lesions was recorded 4–5 dpi.

2.5. Plant Total RNA Extraction and cDNA Synthesis

Total RNA was extracted from the C. amaranticolor halve of the leaves (0.1 g fresh weight),
which were collected at 3 and 5 dpi using the RNeasy plant mini kit according to the manufacturer’s
instructions (QIAGEN, Hilden, Germany). After treatment with RNase-free DNase to eliminate
genomic DNA, the concentration and quality of the extracted RNA were determined at A260/A280 and
A260/A230 using SPECTROstar Nano (BMG Labtech, Ortenberg, Germany). In contrast, the integrity
of the RNA was assessed by the agarose gel electrophoresis technique [56]. First-strand cDNA was
synthesized using 1 μg of total RNA with random oligohexamers and oligo (dT) primers, as described
previously [57]. Then, RT-PCR was performed in two steps: 42 ◦C for 1 h and then 72 ◦C for 10 min.
The reaction mixture was stored at −20 ◦C until used.

2.6. Quantitative Real-Time PCR (qPCR) Assay and Data Analysis

The effects of H. tuberculatum WPE on the expression of the accumulation levels of the TMV and
C. amaranticolor defense system were studied using the qPCR technique. Different primer sets (Table 1)
specific to pathogenesis-related protein-1 (PR-1), chalcone synthase (CHS), hydroxycinnamoyl-CoA
quinate transferase (HQT), and TMV coat protein (CP) genes were used in this study. The housekeeping
gene β-actin (Table 1) was used as a reference gene for the normalization of the transcript expression
levels. The qPCR efficiency was determined for each gene and was between 93% and 100% for all
genes. Each sample in all reactions was run in triplicate on a Rotor-Gene 6000 (QIAGEN, ABI System,
Hilden, Germany) using the SYBR Green PCR Master Mix (Fermentas, Waltham, MA, USA) [58]. The
single and discrete peak of the melting curve analysis at 55–95 ◦C confirmed the single amplified
product for all genes. The amplification programs and the relative expression ratios were accurately
quantified and calculated, as described previously [59,60]. Relative expression levels of more than
1 demonstrate an increase in accumulation (i.e., up-regulation), while values lower than 1 show a
decrease in expression (i.e., down-regulation).
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Table 1. Nucleotide sequences of the qRT-PCR primers used in this study.

Primer Name Abbreviation Direction Sequence (5′–3′) References

Pathogenesis-related protein-1 PR-1
Forward CCAAGACTATCTTGCGGTTC [61]
Reverse GAACCTAAGCCACGATACCA

Chalcone synthase CHS
Forward CACCGTGGAGGAGTATCGTAAGGC [62]
Reverse TGATCAACACAGTTGGAAGGCG

Hydroxycinnamoyl Co A quinate
hydroxycinnamoyl transferase HQT

Forward CCCAATGGCTGGAAGATTAGCTA [62]
Reverse CATGAATCACTTTCAGCCTCAACAA

Beta-actin β-actin
Forward ATGCCATTCTCCGTCTTGACTTG [63]
Reverse GAGTTGTATGTAGTCTCGTGGATT

Tobacco mosaic virus-coat protein TMV-CP
Forward ACGACTGCCGAAACGTTAGA [64]
Reverse CAAGTTGCAGGACCAGAGGT

2.7. Statistical Analysis

The relative expression levels of the antivirus activity data were analysed by one-way analysis of
variance (ANOVA) using CoStat software. At the same time, significant differences were determined
according to the least significant difference (LSD) p ≤ 0.05 level of probability, and the standard
deviation (SD) is shown as a column bar. Compared to the controls, relative expression levels higher
than 1 demonstrated an increase in gene expression (i.e., up-regulation), while values lower than
1 showed a decrease in expression levels (i.e., down-regulation). Data of the antifungal property
(i.e., the inhibition percentage of fungal linear growth) as affected by the tested concentrations (1%, 2%,
and 3%) compared to the positive and negative controls were statistically analyzed using one-way
ANOVA and processed with the Statistical Analysis Software (SAS) system [65]. The differences among
the mean of the treatments were recorded using LSD0.05.

3. Results

3.1. Polyphenolic Compounds in the Ethanol Extract

Table 2 shows the polyphenolic compounds found in the ethanolic WPE of H. tuberculatum. The main
polyphenolic compounds were resveratrol (5178.58 mg/kg), kaempferol (1735.23 mg/kg), myricetin
(561.18 mg/kg), rutin (487.04 mg/kg), quercetin (401.04 mg/kg), and rosmarinic acid (387.33 mg/kg).

Table 2. Polyphenolic compounds identified in the ethanol extract of the Haplophyllum tuberculatum

whole plant by High Performance Liquid Chromatography (HPLC).

Compound Amount (mg/kg)

Chlorogenic acid ND
p-Coumaric acid ND

Naringenin ND
Pyrogallol ND
Gallic acid 8.35
Ferulic acid 26.86

Catechin 27.43
Quinol 33.85

Syringic acid 35.91
Caffeic acid 39.63
Vanillic acid 45.14
Ellagic acid 45.39

Cinnamic acid 46.79
o-Coumaric acid 81.22

Catechol 120.66
Benzoic acid 199.51

p-Hydroxy benzoic acid 221.47
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Table 2. Cont.

Compound Amount (mg/kg)

Rosmarinic acid 387.33
Quercetin 401.04

Rutin 487.04
Myricetin 561.18

kaempferol 1735.23
Resveratrol 5178.58

ND, not detected.

3.2. Antifungal Property

Figure 1 shows the inoculated wood treated with the tested concentrations (1%, 2%, and 3%)
prepared from the H. tuberculatum WPE with the two fungi F. culmorum and R. solani. It can be seen
from the Petri dishes that with an increase in the extract concentration from 1% to 3%, fungal linear
growth was suppressed. In addition, the positive control (25 μg of fluconazole) showed some inhibition
in the growth of the tested fungi, while complete growth was recorded in the negative control (10%
DMSO). The results of the inhibition percentage of fungal linear growth (IPFLG) are presented in
Table 3. H. tuberculatum WPE (3%) followed by H. tuberculatum WPE (2%) showed the highest IPFLGs
of 82.96% and 72.96%, respectively, against F. culmorum and were higher than 25 μg of fluconazole
(53.70%). H. tuberculatum WPE at 3%, 2%, and 1% showed the highest IPFLGs against R. solani with
values of 93.70%, 66.29%, and 49.62%, respectively, which were more elevated than the value from
25 μg of fluconazole (42.96%).

Figure 1. Visual observation of the antifungal property of Haplophyllum tuberculatum whole plant
extract (WPE) against Fusarium culmorum and Rhizoctonia solani.

Table 3. Antifungal property of wood treated with H. tuberculatum WPE against the growth of
F. culmorum, and R. solani.

Treatment
Inhibition Percentage of Fungal Linear Growth (%)

F. culmorum R. solani

H. tuberculatum WPE (1%) 46.29d ± 0.37 * 49.62c ± 0.37
H. tuberculatum WPE (2%) 72.96b ± 0.37 66.29b ± 0.37
H. tuberculatum WPE (3%) 82.96a ± 0.37 93.70a ± 0.37

Fluconazole (25 μg) 53.70c ± 0.37 42.96d ± 0.37
Control (DMSO 10%) 0.00e 0.00e

LSD 0.05 1.04 1.04

* Values are reported as means ± standard error (SE). Means with the letter within the same column are not
significantly difference according to LSD0.05. DMSO: Dimethyl sulfoxide.
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3.3. Effect of H. tuberculatum WPE on Disease Severity and TMV Accumulation Levels

Under greenhouse conditions, the application of H. tuberculatum WPE (200 μg/mL) to
C. amaranticolor plants significantly reduced the disease severity and decreased the TMV accumulation
levels when compared to non-treated plants. The inhibitory effects of H. tuberculatum WPE were
calculated by comparing the number of developed local lesions on the inoculated leaves at 5 dpi.
In the protective assay, the calculated numbers of the local lesions on treated leaves (24 h before virus
challenge) were significantly lower than that on non-treated leaves (Figure 2).

Figure 2. A photograph showing the disease symptoms on Chenopodium amaranticolor leaves infected
with tobacco mosaic virus (TMV) at 3 and 5 days post-inoculation (dpi) of the protective activity and
inactivity of H. tuberculatum whole plant extract (WPE) (200 μg/mL). The left-hand sides of the leaves
were inoculated with TMV without any treatment, while the right-hand sides of the leaves were treated
with WPE.

Moreover, the H. tuberculatum WPE showed an inhibitory effect of 65.38 ± 2.4%. On the other hand,
the inactivity assay showed a higher inhibitory effect against TMV infection, with an inhibition rate of
95.73 ± 1.2% (Figure 3). No symptoms were observed on the mock-treated plants. Meanwhile, by using
a specific primer of TMV-CP, the level of TMV-CP transcripts significantly decreased in H. tuberculatum

WPE-treated plant tissues when compared to non-treated tissues. Compared to mock tissues at 5 dpi,
the non-treated tissues showed higher accumulation levels of TMV with relative accumulation levels
of 28.918- and 27.042-fold change for the protective activity and inactivity treatments, respectively.
Notably, H. tuberculatum WPE-treated tissues exhibited a considerably decreased TMV concentration
level. Compared to the controls, the inactivity and protective activity treatments showed TMV
accumulation levels of 2.470- and 3.499-fold change, respectively (Figure 3).

3.4. Protective Assay: Changes in the Transcriptional Levels of PR-1, CHS, and HQT

Figure 4 shows significant increases in the relative expression levels of PR-1, CHS, and HQT in
plants treated with H. tuberculatum WPE when compared to that in non-treated plants (p ≤ 0.05) at 3
and 5 dpi. Compared to the controls, a significant up-regulation of PR-1 with relative expressions of
1.926- and 7.467-fold change were observed in non-treated tissues at 3 and 5 dpi, respectively. However,
H. tuberculatum WPE-treated tissues exhibited overexpression of PR-1 with relative expression levels of
12.436- and 14.750-fold change at 3 and 5 dpi, respectively, compared to the controls. For the CHS
transcripts, at 3 dpi, up-regulation with a significant relative expression level of 1.778-fold change
was observed in H. tuberculatum WPE-treated tissues. In contrast, down-regulation with a relative
expression level of 0.359-fold change was observed in non-treated tissues when compared to the control
tissues. On the other hand, up-regulation with relative expression levels of 1.880- and 2.512-fold change
were showed in non-treated and H. tuberculatum WPE-treated tissues, respectively, at 5 dpi compared
to the controls. Concerning the HQT gene, significant up-regulation with relative expression levels of
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1.340- and 1.573-fold change were shown only in H. tuberculatum WPE-treated tissues at 3 and 5 dpi,
respectively, when compared to the controls. The down-regulation of HQT with relative transcriptional
levels of 0.502- and 0.913-fold change lower than the controls was observed in non-treated tissues at 3
and 5 dpi, respectively. Consequently, treatment of C. amaranticolor tissues with H. tuberculatum WPE
24 h before TMV challenge induced the expression of HQT. However, TMV induced the expression of
PR-1 and CHS, while the H. tuberculatum WPE applications triggered the expression of both genes at 3
and 5 dpi.

Figure 3. A histogram showing the accumulation levels of the TMV-CP gene at 3 and 5 days dpi with the
protective activity and inactivity of H. tuberculatum WPE treatments (200μg/mL). Control=mock-treated
plants; non-treated = plants inoculated with TMV only without any treatment; treated = plants treated
with WPE, 24 h before inoculation of TMV for the protective assay and 24 h after inoculation of TMV
for the inactivity assay. Columns represent a mean value from three biological replicates and the bars
indicate the standard deviation (SD). Significant differences between samples were determined by
one-way analysis of variance (ANOVA) using CoStat software. Means were separated by the least
significant difference (LSD) test at p ≤ 0.05 and indicated by lowercase letters. Columns with the same
letter do not differ significantly.
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Figure 4. A histogram showing the relative expression levels of the PR-1, CHS, and HQT genes at 3
and 5 dpi of H. tuberculatum WPE treatments (200 μg/mL) in the protective activity assay. Control =
mock-treated plants; non-treated = plants inoculated with TMV only without any treatment; treated =
plants treated with H. tuberculatum WPE, 24 h before inoculation of TMV for the protective assay and
24 h after inoculation of TMV for the inactivity assay. Columns represent the mean value from three
biological replicates and the bars indicate SD. Significant differences between samples were determined
by one-way ANOVA using CoStat software. Means were separated by the LSD test at p ≤ 0.05 and
indicated by lowercase letters. Columns with the same letter do not differ significantly.

3.5. Inactivity Assay: Changes in Transcriptional Levels of PR-1, CHS, and HQT

In Figure 5, similarly to the protective treatment, significant increases in the relative expression
levels of PR-1, CHS, and HQT were observed in plant tissues treated with H. tuberculatum WPE when
compared to the control and non-treated plants (p ≤ 0.05) at 3 and 5 dpi. Compared to the mock
tissues, a significant up-regulation of PR-1 with relative expression levels of 2.162- and 3.342-fold
change was observed in non-treated tissues at 3 and 5 dpi, respectively. However, H. tuberculatum

WPE-treated tissues showed an increase in the transcription of PR-1 with relative expression levels
of 12.036- and 15.763-fold change at 3 and 5 dpi, respectively, compared to the controls. Regarding
the CHS gene, down-regulation with a relative expression level of 0.815-fold change was observed in
non-treated tissues at 3 dpi. In contrast, H. tuberculatum WPE-treated tissues showed up-regulation
with a significant relative expression level of 1.848-fold change at the same time when compared
to the control tissues. Subsequently, at 5 dpi, an increase in the expression with relative expression
levels of 3.215- and 3.172-fold change was observed in non-treated and H. tuberculatum WPE-treated
tissues, respectively. For the HQT transcripts, significant up-regulation with relative transcriptional
levels of 1.470- and 1.401-fold change were found only in H. tuberculatum WPE-treated tissues at 3
and 5 dpi, respectively, when compared to the controls. Conversely, the non-treated tissues exhibited
down-regulation of HQT with relative transcriptional levels of 0.603- and 0.795-fold change lower than
the controls at 3 and 5 dpi, respectively.
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Figure 5. A histogram showing the relative expression levels of the PR-1, CHS, and HQT genes at 3 and
5 dpi of H. tuberculatum WPE treatments (200 μg/mL) in the inactivity assay. Control =mock-treated
plants; non-treated = plants inoculated with TMV only without any treatment; treated = plants treated
with H. tuberculatum WPE, 24 h before inoculation of TMV for the protective assay and 24 h after
inoculation of TMV for the inactivity assay. Columns represent a mean value from three biological
replicates and bars indicate SD. Significant differences between samples were determined by one-way
ANOVA using CoStat software. Means were separated by the LSD test at p ≤ 0.05 and indicated by
lowercase letters. Columns with the same letter do not differ significantly.

4. Discussion

Several polyphenolic compounds from the ethanolic WPE of H. tuberculatum were identified
by HPLC, such as resveratrol, kaempferol, myricetin, rutin, quercetin, rosmarinic acid, catechol,
p-hydroxybenzoic acid, and benzoic acid. The H. tuberculatum WPE showed the presence of total
phenol content (TPC) ranging between 0.27 and 11.97 mg gallic acid equivalent (GAE)/g dry matter
and a whole flavonoid content from 0.05 to 1.50 mg equivalent of rutin/g of dry matter [66]. The TPC
was 46.2 mg GA/g sample, and the main chemical constituents of quercetin derivatives, cinnamic acid,
ferulic acid, vanillic acid, and benzoic acid were found in the ethanol extract of the aerial parts of
H. tuberculatum [67]. The TPC was observed to be 561.22 mg/g of GAE and the flavonoids 165.54 mg/g
of quercetin equivalent [68]. The ethyl acetate extract of H. tuberculatum leaves was the most abundant
extract in phenolics and flavonoids, with 262 mg GAE/g and 99.1 mg quercetin equivalent/g of dry
weight, respectively [42].

In the present study, all of the examined H. tuberculatum WPE concentrations exhibited antifungal
properties against the linear growth of two fungal isolates compared with the positive control
(fluconazole), which commercially used in a rapid susceptibility testing useful method to determine
the optimal treatment for infection with resistant isolates [69].

Many strategies have been used to reduce agricultural losses caused by fungal diseases including
spraying of chemicals, biological control [70], and azoles fungicide [71]. The azoles group gave high
minimal inhibitory concentrations (MICs) against the most Fusarium species [72]. Candida albicans

is usually acutely susceptible to fluconazole; fluconazole MICs for approximately 90% of C. albicans
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isolates are≤1 μg/mL [73]. Some non-C. albicans yeasts have been noted to have decreased susceptibility
or resistance to fluconazole [73].

Our recent research similarly showed the highest inhibition of R. solani, B. cinerea, and F. culmorum

growth by 64.4%, 100%, and 38.5%, respectively, with the ethanol extract of Coccoloba uvifera L. at 3% [48].
The Eucalyptus camaldulensis L. aerial parts n-hexane extract showed the same strong fungicidal property
against the two fungal isolates, F. culmorum and R. solani especially at the concentration of 3% [50].
In the same way, wood samples treated with Acacia saligna water extract showed inhibition of fungal
mycelial growth of F. culmorum and R. solani [15]. In a study performed by Sabry et al. [74] the ethanolic
extract of the aerial parts of H. tuberculatum demonstrated an efficient antifungal property against
Aspergillus fumigates, Geotricum candidum and Syncephalastrum racemosum with (MIC 0.49, 0.12, and
1.95 μg/mL). While the antimicrobial tests of H. tuberculatum extracts were more effective against
Gram-negative bacteria than Gram positive ones. The best antibacterial activity was exhibited by
methanolic extract, which was also active against C. albicans [75].

Other works reported the cytotoxicity of the extracted parts of H. tuberculatum on other pests,
and the hexane, chloroform, ethyl acetate, butanol, methanol, and water extracts of the leaves of
H. tuberculatum displayed significant cytotoxic activity against brine shrimp larvae. At the same time,
the ethanol extract of the aerial parts of H. tuberculatum has shown good insecticidal activity against
Culex quinquefasciatus [38]. In comparison, the oil of H. tuberculatum has been observed to have a
slightly antimicrobial effect on the growth of Escherichia coli, Salmonella choleraesuis, and Bacillus subtilis,
as well as antifungal activity against C. lunata and F. oxysporum growth. Still, it does not affect the
germination of their spores [40]. In a different way the fungicidal property of the H. tuberculatum

might be went to its composition of flavonoids, tannins, phenolic acids, especially resveratrol, which
displays better antifungal than antibacterial activity, as demonstrated by the minimum inhibitory
concentrations (MICs). For the fungal species C. albicans, Saccharomyces cerevisiae and Trichosporon beigelii,
the inhibitory activity is 10–20 μg/mL [76]. Resveratrol displays inhibitory activity against the plant
pathogen B. cinerea, the causal agent of grey mold, where reduced germination of B. cinerea conidia and
mycelial growth is observed at concentrations of 60–140 μg/mL [77]. While for the antibacterial activity
the resveratrol exhibited MIC > 400 against the Gram negative bacteria, Escherichia coli, Salmonella

enterica serovar Typhimurium, and Pseudomonas aeruginosa [78]. In our study, anti-TMV, protective,
and inactivating, the activity of H. tuberculatum WPE on C. amaranticolor tissues using the half-leaf
method [53] was investigated for the first time. Mainly, the inhibitory effects, accumulation levels of
TMV CP, and relative expression levels of three defense-related genes (i.e., PR-1, CHS, and HQT) at 3
and 5 dpi were evaluated. Overall, our results indicated that H. tuberculatum WPE had an inhibitory
effect against TMV infection. In the current study, the application of H. tuberculatum WPE (200 μg/mL)
showed a significant reduction in local lesion symptoms when C. amaranticolor tissues were treated
either 24 h before or with to viral challenge. The inactivity of H. tuberculatum WPE exhibited a strong
inhibitory effect (approximately 96%), while the protective activity showed an inhibitory effect of 65%.
The treatment of TMV with the aqueous extract of Bryophyllum daigremontianum (200 mg/mL) before
mechanical inoculation significantly reduced the number of local lesions in N. tabacum var. Xanthi,
N. glutinosa, and V. faba plants and showed inhibitory effects ranging from 51.45% to 86.08% [79].
The qPCR results confirmed the antiviral activity of H. tuberculatum WPE against TMV infection,
which resulted in a considerable decrease in the viral accumulation level inside the treated tissues.
The relative accumulation levels of TMV CP in C. amaranticolor tissues were 3.866- and 2.470-fold change
in the protective activity and inactivity treatments, respectively, while non-treated tissues exhibited
28.918- and 27.042-fold change, respectively, at 5 dpi. These results suggest that H. tuberculatum WPE
can directly inactivate TMV and may interfere with coat proteins or may inhibit viral replication
inside plant cells. Jing et al. [31] reported that several plant extracts inhibited TMV infection through
preventing the infection or spread of TMV, as well as the inhibition of viral replication.

In general, the direct and indirect inhibition of viral replication, through simultaneous activation
of the host’s innate immune system and by inducing SAR against viral infection, are two mechanisms
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of antiviral agents [31,37]. Regarding the stimulating effect on C. amaranticolor tissues, H. tuberculatum

WPE induced and activated the expression of three defense-related genes (i.e., PR-1, CHS, and HQT).
PR-1 is considered a principal regulator of SAR and could be a marker of plant early defense

responses [80]. Moreover, salicylic acid (SA) is a vital signal phytohormone molecule of SAR in
plants [81], and its role in plant immunity has been known for over two decades. The activation of
SA in response to pathogens is associated with the accumulation and expression of PR-1 as a SA
marker gene [59]. In the present study, the non-treated C. amaranticolor tissues challenged with TMV
showed induction of PR-1 with relative expression levels of 1.926- and 7.467-fold change and 2.162- and
3.342-fold change in protective activity and inactivity treatments at 3 and 5 dpi, respectively. However,
the H. tuberculatum WPE-treated tissues exhibited overexpression of PR-1 with transcriptional levels
of 12.436- and 12.036-fold change in protective activity and inactivity treatments, respectively, at
3 dpi. At 5 dpi, PR-1 continued to accumulate, reaching maximum levels of 14.750- and 15.763-fold
change in protective activity and inactivity treatments, respectively, when compared to the controls.
Consequently, we suggest that H. tuberculatum WPE may contain elicitor molecules that activate the
immune defense system besides the inhibition of TMV replication. In this context, tobacco plants
treated with Sophora flavescens, Forsythia suspense, and Lonicera japonic extracts exhibiting the induction
and up-regulation of PR-1 resulted in the development of SAR against TMV [82].

Besides, as the first enzyme in the flavonoid pathway that catalyzes the synthesis of naringenin
chalcones, CHS is strictly required in various plant tissues for flavonoid production [59,83]. Compared
to mock tissues at 3 dpi, the CHS transcripts were induced only in H. tuberculatum WPE-treated
tissues with relative expression levels of 1.778- and 3.215-fold change for protective activity and
inactivity treatments, respectively. At 5 dpi, up-regulation of CHS in non-treated tissues was observed,
while H. tuberculatum WPE-treated tissues exhibited an increase in the transcriptional levels of CHS.
The down-regulation of CHS at 3 dpi of non-treated tissues suggests that TMV infection suppresses
naringenin chalcones biosynthesis in early infection. Interestingly, the application of H. tuberculatum

WPE in the protective activity and inactivity assays showed the highest induction of CHS that is strictly
required for flavonoid production naringenin chalcones, which are considered the primary precursors
and constitute the main intermediates for the synthesis of many flavonoids by the action other enzyme
sets [8,84].

Chlorogenic acid (CGA), one of the most polyphenolic compounds, plays important roles in
increasing plant resistance and in inhibiting pathogens, including viruses [85–87]. HQT is the key
enzyme in the biosynthesis of CGA, while it catalyzes caffeoyl-CoA and quinic acid to form CGA [88].
In the present study, the transcription of CHS was wholly suppressed and down-regulated in non-treated
tissues at 3 and 5 dpi of the protective activity and inactivity treatments when compared to the controls.
The overexpression of HQT was associated with increases in chlorogenic acid content and versa [88].
Consequently, TMV was able to suppress chlorogenic acid biosynthesis inside infected tissues.

On the other hand, the application of H. tuberculatum WPE induced HQT transcripts in both
treatments, i.e., protective activity and inactivity, at 3 and 5 dpi. A higher expression level of HQT
(1.573-fold change) was shown in H. tuberculatum WPE-treated tissues of the protective activity assay
at 5 dpi. In comparison, a high expression level of HQT in the inactivity assay (1.470-fold change) was
observed at 3 dpi. Based on the current results, H. tuberculatum WPE induced and activated HQT
transcripts that correlated with increasing CGA accumulation inside treated tissues.

5. Conclusions

We firstly examined H. tuberculatum WPE as a novel antiviral agent against plant viruses, and
our results suggest that it contains compounds that penetrate plant cells, play significant roles in SAR,
inhibit infection, and directly inactivate TMV. Consequently, H. tuberculatum WPE may be considered
as a promising source of both antifungal and antiviral substances for practical use and for developing
plant-derived compounds for the effective management of plant diseases.
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Abstract: The members of the genus Astragalus have great interest as traditional drugs in several
folk systems including Turkey. In this sense, the present paper was aimed to explore the biological
properties and chemical profiles of different parts (aerial parts, leaves, flowers, stems, and roots) of
A. macrocephalus subsp. finitimus. Antioxidant (radical quenching, reducing power, and metal chelating)
and enzyme inhibitory (α-amylase and tyrosinase) effects were investigated for biological properties.
Regarding chemical profiles, individual phenolic compounds were detected by LC-MS, as well as total
amounts. The leaves extract exhibited the strongest antioxidant abilities when compared with other
parts. However, flowers extract had the best metal chelating ability. Hyperoside, apigenin, p-coumaric,
and ferulic acids were identified as main compounds in the tested parts. Regarding enzyme inhibitory
properties, tyrosinase inhibitory effects varied from IC50: 1.02 to 1.41 mg/mL. In addition, the best
amylase inhibition effect was observed by leaves (3.36 mg/mL), followed by aerial parts, roots, stems,
and flowers. As a result, from multivariate analysis, the tested parts were classified in three cluster.
Summing up the results, it can be concluded that A. macrocephalus subsp. finitimus could be a precious
source of natural bioactive agents in pharmaceutical, nutraceutical, and cosmeceutical applications.
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1. Introduction

Since the beginning of the last century, scientists have been focused on the biological and chemical
properties of plants with ethnobotanical evidence [1–3]. From their studies, several important compounds
have been introduced. As a springboard, the ethnobotanical records in ancient times indicated that
Artemisia annua had great potential against malaria. In the light of this information, Japanese and Chinese
scientist have isolated one sesquiterpene (artemisinin) from this plant to combat malaria, which they
won the Nobel Prize for in 2015 [4,5]. In this sense, traditional and scientific data have to combine for
further applications. Turkey has significant ethnobotanical data, with remarkable floristic features (about
12,000 plants) [6]. However, most of them have been scarcely investigated. Thus, the uninvestigated
plants could be considered a treasure for pharmaceutical and medicinal applications.

In the last decade, plant secondary metabolites, especially phenolic compounds, have been gaining
interest in the scientific platform. These compounds contain one or more hydroxyl groups and they have
good hydrogen/electron donating abilities. Thus, these compounds are considered as main contributors
to antioxidant properties. Additionally, these compounds have a broad spectrum of biological activities
such as antimicrobial, anti-inflammatory, and anti-cancer [7,8].

The genus Astragalus is one of the biggest genera in the family Fabaceae and is represented by more
than 2500 species [9]. The genus also contains 478 taxa in Turkey and it has many endemic species (202,
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endemism ratio: 42%) to Turkey [10]. Regarding folk medicinal uses, the genus is traditionally used for
several purposes. For example, A. gumnifer and A. longifolius roots are used to treat diabetes mellitus [11].
Additionally, A. aureus and A. brachylcalyx are used against stomachache and sore throat [12]. In addition,
A. lamarckii for ulcer [13]; A. cephalotes var. brevicalyx for wound healing [14] and A. tmoleus for abdominal pain
and toothache [15]. From the light of these ethnobotanical records, several biological and chemical studies
were performed on the members of the genus [16–22]. In the chemical studies, some biologically-active
compounds, including hyperoside, apigenin, kaempferol, and naringenin, were detected [9]. However,
to the authors best knowledge, very few publications can be found biological properties of Astragalus

microcephalus [23–25]. A. microcephalus is a stout and erect perennial plant (50–100 cm). Leaves are lanceolate
and narrowly elliptic. Inflorescence is 3.5–5 mm diameter and contains 30–50 sessile flowers. Calyx is 15–18
mm and tubular-campanulate. Corolla is 18–35 mm and deep yellow [26]. In the current work, we aimed to
examine biological properties (antioxidant and enzyme inhibitory effect) and chemical composition (total
and individual phenolic compounds) of different parts (aerial parts, leaves, flowers, stems and roots) of
A. macrocephalus subsp. finitimus.

2. Materials and Methods

2.1. Plant Material and Solvent Extraction

Astragalus macrocephalus Willd. subsp. finitimus (Bunge) Chamberlein (Fabaceae) were collected
from Sucati village, Gurun, Sivas-Turkey on 23 June, 2019 (1351 m, 38◦43′15.06” N 37◦21′43.22” E),
authenticated by Olcay Ceylan, and deposited (AD-1518) at the Department of Biology, Mugla Sıtkı
Koçman University (Mugla, Aegean, Turkey). The plant was collected in the flowering season and the
aerial parts do not contain fruit and seeds. The plant was firstly divided into different parts (aerial
parts (as mix leaves, flowers, and stems) roots, leaves, flowers, and stems). The plant materials were
dried in a shaded and well-ventilated environment (about 10 days) and were powdered in a laboratory
mill. After powdering process, the plant materials were used to obtain extracts in the same week.

The methanol extracts from different parts of A. macrocephalus subsp. finitimus were prepared
by maceration for 24 h. Five grams of different parts (aerial parts, roots, leaves, flowers, and stems)
were mixed with 100 mL of solvent (the ratio of solid/solvent: 1:20) and agitation was set to 150 rpm in
dark environment at room temperature. All of the extracts were stored at +4 ◦C until analyzed after
concentrating the methanol extracts under reduced pressure. Extraction yields were given in Table 1.

Table 1. Extraction yield, total phenolic and flavonoid contents of the methanol extracts from different
parts of A. macrocephalus subsp. finitimus x.

Samples Yield (%) Total Flavonoids (Mg QE/g Extract) Total Phenolics (Mg GAE/g Extract)

Aerial parts 10.56 21.06 ± 0.11 c 10.01 ± 0.17 b

Flowers 6.95 29.90 ± 0.95 b 6.96 ± 1.08 bc

Leaves 3.46 39.23 ± 1.64 a 37.68 ± 0.74 a

Roots 17.83 6.03 ± 0.05 d 5.60 ± 0.06 c

Stems 11.78 7.91 ± 0.37 d 8.29 ± 1.13 bc

x Within each column, means sharing the different superscripts (a–d) show comparison between the extracts using
Tukey’s test at p < 0.05, GAEs and QEs, gallic acid and quercetin equivalents, respectively.

2.2. Total Flavonoid and Phenolic Contents

To obtain total level of phenolic (TPC) and flavonoid content (TFC) in the extracts, colorimetric
assays were used as described in our previous paper [27]. Gallic acid (GAE) and quercetin (QE) were
used as standards, respectively. Please see the Supplementary Materials for the details.
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2.3. Liquid Chromatography–Electrospray Tandem Mass Spectrometry (LC–ESI–MS/MS) Analysis

To determine chemical compositions in the extracts, we used an Agilent Technologies 1260 Infinity
liquid chromatography system (Santa Clara, CA, USA) hyphenated to a 6420 Triple Quad mass
spectrometer on which a chromatographic separation on a Poroshell 120 EC-C18 (100 mm × 4.6 mm
I.D., 2.7 μm) column [28]. All analytical and chromatographic details are given in the Supplementary
Materials. The different analytes were identified by means of their retention times, mass spectra,
and tandem mass spectra. Specifically, quantitative analyses were performed using a specific MRM
transition for each analyte. Analytical parameters and chromatograms are given in supplemental
materials (Table S1 and Figure S1).

2.4. Biological Activity

Antioxidant properties of these extracts were detected by several assays including DPPH radical [29]
ABTS+ free radical scavenging [30], cupric ion (CUPRAC) and ferric ion (FRAP) reducing power [31,32],
phosphomolybdenum method [33] and ferrous ion chelating [34]. The antioxidant properties were
evaluated by IC50 values (the half inhibitory concentration). The IC50 values were calculated from the
graph of percentage (ABTS+, DPPH and metal chelating) against the concentration of the extracts. IC50

values for other assays (reducing power and phosphomolybdenum) reflect that the concentration at
which absorbance is 0.5. For this purpose, we used the graph of absorbance against the concentration
of the extracts. Trolox (TE) and Ethylenediaminetetraacetic acid (disodium salt) (EDTA)) were used as
positive controls. In addition, the results were expressed as equivalents of these standards.

The key enzymes inhibition activity of the extracts against tyrosinase, and α-amylase were measured
using the protocols as published by [35]. The enzyme inhibition abilities were evaluated by IC50 values.
IC50 values calculated as antioxidant assays and we used a graph between concentration and percentage
of enzyme inhibition. Standard enzyme inhibitors (Kojic acid (KAE) for tyrosinase and acarbose (ACE)
for α-amylase) were used as positive control and also, the results were expressed as equivalents of these
standards. The details for experimental methods are given in the Supplementary Materials.

2.5. Statistical Analysis

Obtained results were given as mean ± standard deviation (SD) and the results were evaluated by
ANOVA assay (with Tukey’s test, significant value: p < 0.05). Principal component analysis (PCA) and
hierarchical clustered analysis (HCA) were applied to the experimental data under FactoMineR (Factor
Analysis and Data Mining with R) package (R Core Team, Vienna, Austria). The antioxidant activities
of the extracts were analyzed using various methods. As is well known, each of the antioxidant activity
methods has a different mechanism of action on the extracts. Therefore, it is not possible to directly
compare the results obtained with each other. Relative antioxidant capacity (RACI) index values were
calculated to make the results comparable, and the correlation between the results obtained from each
test and RACI values were presented separately [36]. The RACI values of the samples were determined
for each test by dividing into standard deviation after subtracting these mean values from the raw
data. Total RACI values were calculated by averaging the RACI values obtained from all antioxidant
tests of the relevant sample (including phenolic and flavonoid).

3. Results and Discussion

3.1. Phytochemical Composition

The amounts of total phenolics and flavonoids in the tested extracts were affected by plant parts
used. As shown in Table 1, the highest levels of phenolics and flavonoids were determined in the leaves
extract (37.68 mg GAE/g and 39.23 mg QE/g). Flowers (6.96 mg GAE/g) and roots (6.03 mg QE/g) had the
lowest level of total phenolics and flavonoids, respectively. Several studies reported different levels of
these compounds in the members of the genus Astragalus [16,37–39]. Observed differences may be linked
with geographical, environmental, and climatic conditions as well as plant parts [37,40–42]. In addition,
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recent studies indicated that the colorimetric methods had several drawbacks and these methods could
not reflect accurate levels of these compounds in plant extracts [43,44]. Hence, chromatographic methods
such as HPLC or LC-MS are required to provide certain data. In this context, the extracts were analyzed by
LC-MS and the results are given in Table 2. Hyperoside, p-coumaric and ferulic acids and apigenin were
identified as main compounds in the tested extracts. The level of hyperoside varied from 2.90 (in roots)
to 1828.94 (in leaves) μg/g extract. The highest level of p-coumaric acid was detected in flowers extract
with 146.78 μg/g extract. The main compounds in the extracts exhibited significant biological activities in
earlier studies. For example, hyperoside is a main compound in the genus Hypericum and this compound
exhibits promising biological abilities [45–47]. Additionally, similar properties were also reported for
p-coumaric acid [48], apigenin [49] and ferulic acid [50,51]. From this point, observed biological activities
of A. macrocephalus subsp. finitimus extracts might be linked to the presence of these compounds.

Table 2. Concentration (μg/g extract) of selected phytochemicals in the methanol extracts from different
parts of A. macrocephalus subsp. finitimus x.

Compounds Aerial Parts Flowers Leaves Roots Stems

Gallic acid 2.28 ± 0.03 d 8.76 ± 0.18 a 2.24 ± 0.01 d 4.93 ± 0.12 b 3.03 ± 0.04 c

Protocatechuic acid 14.37 ± 0.08 c 16.80 ± 0.47 b 18.90 ± 0.16 a 13.51 ± 0.64 c 8.06 ± 0.05 d

Chlorogenic acid 8.99 ± 0.24 a 10.29 ± 4.02 a 0.75 ± 0.26 b 3.06 ± 0.69 ab 1.59 ± 0.19 b

2,5-Dihydroxybenzoic acid 9.96 ± 1.74 c nd 23.14 ± 0.06 a nd 16.86 ± 1.09 b

4-Hydroxybenzoic acid 12.78 ± 0.16 c 28.83 ± 0.62 b 2.72 ± 0.07 e 31.86 ± 0.76 a 8.13 ± 0.28 d

(−)-Epicatechin nd nd 5.60 ± 0.11 nd nd
Caffeic acid 2.77 ± 0.11 b nd 3.94 ± 0.03 a nd nd
Vanillic acid 23.30 ± 0.23 c 100.53 ± 8.83 a 4.36 ± 0.26 d 57.78 ± 4.27 b 51.53 ± 3.73 b

Syringic acid 6.71 ± 0.03 d 20.89 ± 0.71 b 2.08 ± 0.06 e 33.47 ± 1 a 17.27 ± 1.52 c

Vanillin 3.42 ± 0.11 c nd nd 55.68 ± 0.68 a 23.62 ± 0.13 b

Verbascoside 43.48 ± 0.25 a 8.68 ± 0.30 b 1.13 ± 0.08 e 7.29 ± 0.14 c 2.64 ± 0.11 d

Sinapic acid 7.41 ± 0.01 b 52.66 ± 1.36 a 3.41 ± 0.52 c nd nd
p-Coumaric acid 76.85 ± 0.47 b 146.78 ± 1.89 a 33.12 ± 0.35 c 6.81 ± 0.60 e 22.12 ± 0.51 d

Ferulic acid 52.79 ± 2.88 b 64.20 ± 2.45 a 37.61 ± 0.30 c 10.53 ± 0.48 d 17.40 ± 0.96 d

Luteolin 7-glucoside 17.63 ± 0.89 ab 28.59 ± 9.16 a 13.45 ± 0.17 ab 6.20 ± 0.75 b 11.35 ± 0.16 b

Hesperidin 7.69 ± 0.04 ab 8.44 ± 1.45 a 7.05 ± 0.03 ab 4.99 ± 0.06 b 9.14 ± 0.75 a

Hyperoside 401.68 ± 6.72 b 90.45 ± 1.39 d 1828.94 ± 21 a 2.90 ± 0.46 e 321.43 ± 7.64 c

Rosmarinic acid 2.10 ± 0.11 c 26.95 ± 3.30 a 1.25 ± 0.02 c 10.46 ± 0.65 b 5.43 ± 0.27 bc

Apigenin 7-glucoside 23.68 ± 0.08 c 63.56 ± 1.94 a 16.85 ± 0.19 d 44.54 ± 0.35 b 20.24 ± 0.04 cd

Pinoresinol nd nd nd 6.40 ± 0.37 a 6.80 ± 0.23 a

Eriodictyol 0.44 ± 0.05 c 2.58 ± 0.36 b 0.30 ± 0.01 c 6.97 ± 0.12 a 0.73 ± 0.01 c

Quercetin 6.47 ± 0.02 b 11.11 ± 0.04 a 3.27 ± 0.06 d 4.58 ± 0.13 c 4.74 ± 0.12 c

Luteolin 32.06 ± 0.45 cd 81.94 ± 0.28 b 32.58 ± 1.07 c 108.11 ± 1.20 a 28.77 ± 0.73 d

Kaempferol 1.58 ± 0.25 nd nd nd nd
Apigenin 29.07 ± 0.50 c 52.33 ± 1.34 b 23 ±0.12 c 181.90 ± 6.23 a 42.81 ± 0.52 b

x Within each row, means sharing the different superscripts (a–d) show comparison between the samples using
Tukey’s test at p < 0.05. nd, not detected.

3.2. Antioxidant Properties

Oxidative stress is the main etiological factor for the progression of several chronic and degenerative
diseases such as Alzheimer’s disease, cancer, and cardiovascular diseases. Thus, the balance between
the production of free radicals and the endogenous antioxidant defense system plays a pivotal role in
healthy physiological function [52]. At this point, we need to support the defense system with dietary
antioxidants. Plants are the main sources of the dietary antioxidants and several studies have reported
a negative association between the consumption of plants and the frequency of these diseases [53–55].
In the present study, to evaluate the antioxidant effects of A. macrocephalus subsp. finitumus extracts,
several chemical methods were performed, and their results are shown in Table 3. We used IC50 values
and standard equivalents (trolox (TE) and EDTA (EDTAE)) to express antioxidant abilities. Based on
Table 3, the strongest antioxidant abilities were detected in leaves extracts. For example, the lowest IC50
values were detected in the leaves extract for radical scavenging (ABTS and DPPH) and to reduce power
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(FRAP, CUPRAC and phosphomolybdenum). Observed antioxidant effects for leaves extract could be
explained with the high level of phenolics and we obtained a good correlation between these parameters
Table 4. In accordance with our findings, several researchers reported a positive correlation between
total phenolic content and antioxidant properties. Interestingly, the metal chelating abilities of the tested
extracts can be ranked as flowers>stems>roots>aerial parts>leaves. In addition, a negative relationship
was observed between total bioactive compounds (phenolics and flavonoids) and metal chelating
ability. Taken together, we could imply that observed findings could be linked with the presence of
non-phenolic chelators such as peptides, polysaccharides, and ascorbic acid. In earlier studies, several
authors reported antioxidant properties of some Astagalus species such as A. ponticus [16], A. lagurus [56],
A. spruneri [57], A. membranaceus [58,59]. With this in mind, the members of the genus Astragalus could
be considered as valuable sources of natural antioxidants.

Several researchers suggested that only one method is not enough to evaluate antioxidant abilities
of plant extracts and thus, multiple methods including different mechanisms are required to obtain
a full antioxidant picture. [52,60]. However, different expression methods have been observed in
these different methods. With this fact, any comparison between results might be unreasonable and
sometimes impossible. Thus, relative antioxidant capacity index (RACI) has been developed by
some researchers to obtain an accurate comparison between studies [36,61]. In the present study, we
calculated the relative antioxidant capacity index for each part in Figure 1 and each method in Figure 2.
Clearly, among the tested plant parts, the leaves had the strongest antioxidant ability, followed by aerial
parts, stems, flowers and, roots. As shown in Figure 2, with one exception (metal chelation), the leaves
exhibited the best ability in the methods performed. This fact also was confirmed by correlation
analysis. The contradictory results from metal chelating assays might be explained with the presence of
non-phenolic chelators such as polysaccharides, peptides, and sulphates. This approach was observed
in earlier studies [62,63].

Figure 1. Relative antioxidant capacity index of different parts of A. macrocephalus subsp. finitimus.
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Figure 2. Relative antioxidant capacity index (dashed line with triangle) and antioxidant activity (solid
line with circle) of each different part of A. macrocephalus subsp. finitimus.

3.3. Inhibitory Effects on Amylase and Tyrosinase

Enzyme inhibition theory is one of the most important strategies to combat global health problems
including Alzheimer’s disease and diabetes. In theory, some enzymes are targets to alleviate observed
symptoms in the diseases [64]. For example, amylase is one of the main enzymes in the carbohydrate
catabolism and it hydrolyzes α (1,4) glycosidic bonds in the starch. Thus, the inhibition of amylase
can control the postprandial blood glucose level [65]. Additionally, tyrosinase is a key enzyme in the
synthesis of melanin and its inhibition can reduce the symptoms of hyperpigmentation problems [66].
Thus, several compounds (acarbose for amylase and kojic acid for tyrosinase) have been developed as
enzyme inhibitors in pharmaceutical industries. However, most of them have serious side effects such
as gastrointestinal disorders and toxicity [67–69]. In this sense, natural substances prefer as enzyme
inhibitors against synthetic ones.

Amylase and tyrosinase inhibition of A. macrocephalus subsp. finitimus extracts were investigated
and the results are reported in Table 5. Similar to antioxidant assays results, the best inhibitory ability
was detected in leaves extract (IC50: 3.36 mg/mL for amylase and 1.02 mg/mL for tyrosinase). In addition,
the flowers exhibited the weakest inhibitory activities (IC50: 4.94 mg/mL for amylase and 1.41 mg/mL
for tyrosinase). The findings could be related with chemical profiles of the tested extracts and some
compounds in extracts such as hyperoside [70,71], ferulic acid [72,73], and apigenin [74,75] have been
reported as inhibitory agents in earlier studies. A moderate positive correlation was also observed
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between total phenolic content and the enzyme inhibitory abilities Table 4. As far as we know, no
information on the enzyme inhibitory effect of A. macrocephalus is present. Therefore, our results
could provide new information on the biological activity poof for the genus Astragalus. At this point,
A. microcephalus could be considered as a valuable source of natural enzyme inhibitors to combat global
health problems including diabetes mellitus and skin disorders.

3.4. Principal Component Analysis

Unsupervised principal component analysis and hierarchical clustered analysis were applied to
assess the connections between plant parts used on their biological activities. The outcomes are shown
in Figure 3. With the percentage of variance of 79.1 and 9% respectively; the first two dimensions that
represented a cumulative percentage of 88.1% of variance, seemed sufficient to cover the most information
in the dataset. The main dominant biological activities of PC1 were FRAP, DPPH, CUPRAC, Ferrous ion
chelating and phosphomolydbdenum while PC2 was dominated by alpha amylase inhibition Figure 3A.
Regarding the loading plot, it can be seen that many biological activities were linked with each other
Figure 3B. In fact, the greatest positive correlation occurred among tyrosinase and antioxidant properties.
The existence of an interesting relationship between antioxidant defense systems and melanogenesis
is well documented [76]. In fact, by reacting with toxic ROS result in the restriction of radical chain
propagation, eventually preventing the skin from damage. Besides, the cytoprotective antioxidants
can be increased by antioxidant molecules thanks to the nuclear accumulation of Nrf2, which is a
main transcription factor for the oxidative stress regulation in human skin tissues such as melanocyte,
keratinocytes, and dermal fibroblasts [76].

Further, it can be noted the involvement of polyphenols namely hyperoside, (−)-epicatechin,
caffeic acid and 2,5 dihydroxybenzoic acid in these activities. Caffeic acid, an important members
of hydroxycinnamic acid, (−)-epicatechin and 2,5 dihydroxybenzoic acid are reported to be a good
antioxidant with an excellent tyrosinase inhibition properties [77–80]. In fact, the assays performed on
the B16 melanoma cell line showed that caffeic acid can inhibit melanin production by suppressing
casein kinase 2 induced phosphorylation of tyrosinase in dose dependent [81]. In addition, a flavanol
glycoside, hyperoside is found to be a useful therapeutic agent in the vitiligo management and in the
prevention of the oxidative stress induced by reactive oxygen species [82,83]. Regarding the ferrous ion
chelating ability it might be predominantly related to the presence of syringic acid, 4-hydroxybenzoic
acid, luteolin and eriodictyol.

Looking at the samples plot, a separation between the organs was achieved along PCs, with the
leaves and flowers very distant from the three other organs (roots, aerial parts, and stem) (Figure 3C).
Afterwards, the hierarchical analysis done on the basis of PCA result, brought out three clusters
(Figure 3D). The results obtained in the current study, demonstrate that biological activities of plant
differ dramatically from one organ to another. Among the analyzed organs of A. macrocephanus,
leaves were found to be a promising source, enclosing biomolecules responsible for antioxidant
properties and melanoma management ability. This is the result of the difference in quantity and
quality of phytocompounds synthesizes in those organs. This quantitative and qualitative difference
of phytocompounds is due to the anatomical and morphological structure as well as in several
physiological processes that occur in the different organs [84].
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4. Conclusions

Analysis of phenolic components, and biological potential using antioxidant and enzyme inhibitory
assays of A. macrocephalus subsp. finitimus extracts were conducted for the first time. Twenty-four
compounds were identified and quantified in the tested extracts. The levels of these compounds were
dependent on the plant parts used. Hyperoside, apigenin, p-coumaric, and ferulic acids were dominant
compounds in the extracts. In the connect with chemical profiles, different results were observed for
each part in the biological activity assays. Except for metal chelating ability, the extract from leaves
exhibited the best biological activities in the performed assays. To sum up, our observations suggest
that A. macrocephalus subsp. finitimus could serve as a prominent source of bioactive agents to combat
global health problems caused by oxidative stress. However, further studies are needed to understand
the toxic profile, the type of enzyme inhibition and bioavailability of the tested extracts.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-7737/9/8/231/s1.
In Section S.1 was given analytical methods applied for phenolic composition, antioxidant and enzyme inhibitory
activities; Table S1: ESI–MS/MS Parameters and analytical characteristics for the Analysis of Target Analytes by
MRM Negative and Positive Ionization Mode; Figure S1: LC-ESI-MS/MS chromatograms of the methanol extracts
from aerial parts (A), flowers (B), leaves (C), roots (D), and stems (E) of A. macrocephalus subsp. finitimus.
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Popov-Raljić, J.; Sužnjević, D. Content of total phenolics, flavan-3-ols and proanthocyanidins, oxidative stability
and antioxidant capacity of chocolate during storage. Food Technol. Biotechnol. 2016, 54, 13–20. [CrossRef]

62. Kalogeropoulos, N.; Yanni, A.E.; Koutrotsios, G.; Aloupi, M. Bioactive microconstituents and antioxidant
properties of wild edible mushrooms from the island of Lesvos, Greece. Food Chem.Toxicol. 2013, 55, 378–385.
[CrossRef]

63. Wang, T.; Jonsdottir, R.; Ólafsdóttir, G. Total phenolic compounds, radical scavenging and metal chelation of
extracts from Icelandic seaweeds. Food Chem. 2009, 116, 240–248. [CrossRef]

64. Rauf, A.; Jehan, N. Natural products as a potential enzyme inhibitors from medicinal plants. In Enzyme

Inhibitors and Activators; InTech: Rijeka, Croatia, 2017; pp. 165–177.
65. Sun, L.; Warren, F.J.; Gidley, M.J. Natural products for glycaemic control: Polyphenols as inhibitors of

alpha-amylase. Trends Food Sci. Technol. 2019, 91, 262–273. [CrossRef]
66. Mukherjee, P.K.; Biswas, R.; Sharma, A.; Banerjee, S.; Biswas, S.; Katiyar, C. Validation of medicinal herbs for

anti-tyrosinase potential. J. Herb. Med. 2018, 14, 1–16. [CrossRef]
67. Chang, T.-S. Natural melanogenesis inhibitors acting through the down-regulation of tyrosinase activity.

Materials 2012, 5, 1661–1685. [CrossRef]
68. Jhong, C.H.; Riyaphan, J.; Lin, S.H.; Chia, Y.C.; Weng, C.F. Screening alpha-glucosidase and alpha-amylase

inhibitors from natural compounds by molecular docking in silico. Biofactors 2015, 41, 242–251. [CrossRef]
[PubMed]

69. Saeedi, M.; Eslamifar, M.; Khezri, K. Kojic acid applications in cosmetic and pharmaceutical preparations.
Biomed. Pharmacother. 2019, 110, 582–593. [CrossRef]

70. Jung, S.-Y.; Jung, W.-S.; Jung, H.-K.; Lee, G.-H.; Cho, J.-H.; Cho, H.-W.; Choi, I.-Y. The mixture of different
parts of Nelumbo nucifera and two bioactive components inhibited tyrosinase activity and melanogenesis.
J. Cosmet. Sci. 2014, 65, 377–388.

71. Liao, L.; Chen, J.; Liu, L.; Xiao, A. Screening and binding analysis of flavonoids with alpha-amylase inhibitory
activity from lotus leaf. J. Braz. Chem. Soc. 2018, 29, 587–593. [CrossRef]

72. Zheng, Y.; Tian, J.; Yang, W.; Chen, S.; Liu, D.; Fang, H.; Zhang, H.; Ye, X. Inhibition mechanism of ferulic
acid against α-amylase and α-glucosidase. Food Chem. 2020, 317, 126346. [CrossRef]

312



Biology 2020, 9, 231

73. Zolghadri, S.; Bahrami, A.; Hassan Khan, M.T.; Munoz-Munoz, J.; Garcia-Molina, F.; Garcia-Canovas, F.;
Saboury, A.A. A comprehensive review on tyrosinase inhibitors. J. Enzym. Inhib. Med. Chem. 2019, 34,
279–309. [CrossRef]

74. Fan, M.; Ding, H.; Zhang, G.; Hu, X.; Gong, D. Relationships of dietary flavonoid structure with its tyrosinase
inhibitory activity and affinity. LWT-Food Sci. Technol. 2019, 107, 25–34. [CrossRef]

75. Li, K.; Yao, F.; Xue, Q.; Fan, H.; Yang, L.; Li, X.; Sun, L.; Liu, Y. Inhibitory effects against α-glucosidase
and α-amylase of the flavonoids-rich extract from Scutellaria baicalensis shoots and interpretation of
structure-activity relationship of its eight flavonoids by a refined assign-score method. Chem. Cent. J. 2018,
12, 82. [CrossRef]

76. Wang, Y.; Hao, M.-M.; Sun, Y.; Wang, L.-F.; Wang, H.; Zhang, Y.-J.; Li, H.-Y.; Zhuang, P.-W.; Yang, Z. Synergistic
promotion on tyrosinase inhibition by antioxidants. Molecules 2018, 23, 106. [CrossRef] [PubMed]

77. Abedi, F.; Razavi, B.M.; Hosseinzadeh, H. A review on gentisic acid as a plant derived phenolic acid and
metabolite of aspirin: Comprehensive pharmacology, toxicology, and some pharmaceutical aspects. Phytother.

Res. 2019, 1–13. [CrossRef] [PubMed]
78. Agunloye, O.M.; Oboh, G.; Ademiluyi, A.O.; Ademosun, A.O.; Akindahunsi, A.A.; Oyagbemi, A.A.;

Omobowale, T.O.; Ajibade, T.O.; Adedapo, A.A. Cardio-protective and antioxidant properties of caffeic
acid and chlorogenic acid: Mechanistic role of angiotensin converting enzyme, cholinesterase and arginase
activities in cyclosporine induced hypertensive rats. Biomed. Pharmacother. 2019, 109, 450–458. [CrossRef]
[PubMed]

79. Grzesik, M.; Naparło, K.; Bartosz, G.; Sadowska-Bartosz, I. Antioxidant properties of catechins: Comparison
with other antioxidants. Food Chem. 2018, 241, 480–492. [CrossRef]

80. Uysal, A.; Zengin, G.; Mollica, A.; Gunes, E.; Locatelli, M.; Yilmaz, T.; Aktumsek, A. Chemical and biological
insights on Cotoneaster integerrimus: A new (−)-epicatechin source for food and medicinal applications.
Phytomedicine 2016, 23, 979–988. [CrossRef]

81. Maruyama, H.; Kawakami, F.; Lwin, T.-T.; Imai, M.; Shamsa, F. Biochemical characterization of ferulic acid
and caffeic acid which effectively inhibit melanin synthesis via different mechanisms in B16 melanoma cells.
Biol. Pharm. Bull. 2018, 41, 806–810. [CrossRef]

82. Park, J.Y.; Han, X.; Piao, M.J.; Oh, M.C.; Fernando, P.M.D.J.; Kang, K.A.; Ryu, Y.S.; Jung, U.; Kim, I.G.;
Hyun, J.W. Hyperoside induces endogenous antioxidant system to alleviate oxidative stress. J. Cancer Prev.

2016, 21, 41. [CrossRef]
83. Yang, B.; Yang, Q.; Yang, X.; Yan, H.B.; Lu, Q.P. Hyperoside protects human primary melanocytes against

H2O2-induced oxidative damage. Mol. Med. Rep. 2016, 13, 4613–4619. [CrossRef]
84. Bystrická, J.; Vollmannová, A.; Margitanová, E. Dynamics of polyphenolics formation in different plant parts

and different growth phases of selected buckwheat cultivars. Acta Agric. Slov. 2010, 95, 225. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

313





biology

Review

Botanical Products in the Treatment and Control of
Schistosomiasis: Recent Studies and Distribution of
Active Plant Resources According to Affected Regions

Ricardo Diego Duarte Galhardo de Albuquerque 1, Mohamad Fawzi Mahomoodally 2,3 ,

Devina Lobine 3 , Shanno Suroowan 3 and Kannan RR Rengasamy 4,5,*

1 Laboratory of Technology in Natural Products, Universidade Federal Fluminense (UFF),
Niterói 24241-002, Brazil; ricardo-diego-cf@hotmail.com

2 Institute of Research and Development, Duy Tan University, Da Nang 550000, Vietnam;
f.mahomoodally@uom.ac.mu

3 Department of Health Sciences, Faculty of Science, University of Mauritius, Réduit 80835, Mauritius;
devina.lobine@gmail.com (D.L.); s2thegame@gmail.com (S.S.)

4 Bionanotechnology Research Group, Ton Duc Thang University, Ho Chi Minh City, Vietnam
5 Faculty of Pharmacy, Ton Duc Thang University, Ho Chi Minh City, Vietnam
* Correspondence: rengasamy.kannan@tdtu.edu.vn

Received: 20 July 2020; Accepted: 10 August 2020; Published: 13 August 2020

Abstract: Schistosomiasis, a parasitic disease caused by trematodes of the genus Schistosoma, is
the second most prevalent parasitic disease in the world. It affects around 200 million people. Clinical
treatment, prophylaxis, and prevention are performed in countries susceptible to schistosomiasis.
In the pharmacological treatment for an acute form of schistosomiasis, the use of antiparasitics,
mainly praziquantel, is more common. As an alternative way, prevention methods such as reducing
the population of intermediate hosts (mollusks) with molluscicides are important in the control of
this disease by interrupting the biological cycle of this etiological parasite. Despite the importance
of pharmacological agents and molluscicides, they have side effects and environmental toxicity.
In addition, they can lead to the development of resistance enhancing of parasites, and lead to
the search for new and effective drugs, including resources of vegetal origin, which in turn, are
abundant in the affected countries. Thus, the purpose of this review is to summarize recent studies
on botanical products with potential for the control of schistosomiasis, including anti-Schistosoma
and molluscicide activities. In addition, species and plant derivatives according to their origin or
geographical importance indicating a possible utility of local resources for countries most affected by
the disease are presented.

Keywords: antiparasitics; molluscicide; schistosomiasis; medicinal plants; Africa; Asia; Brazil

1. Introduction

Schistosomiasis is also commonly known as bilharziasis or snail fever. It is a parasitic disease
caused by trematodes of the genus Schistosoma [1], which in turn are transmitted to humans through
their intermediate hosts such as planorbids belonging to genus Biomphalaria (S. mansoni), Oncomelania

(S. japonicum), and Bulinus (S. haematobium) [2,3]. According to the World Health Organization (WHO),
schistosomiasis is the second most prevalent parasitic disease in the world after malaria. It is associated
with socioeconomic problems and water supply. It directly affects around 290 million people, with more
than 700 million of them in risk areas. It is distributed in 78 countries, with major prevalence in South
America, Sub-Saharan Africa, and Asia [4,5]. The worldwide burden associated with schistosomiasis
has been projected to be at 2.6 million disability adjusted life years [6].
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Main clinical manifestations of this disease include hepatomegaly, splenomegaly, periportal
fibrosis, and appendicitis. An investigation for the different regions of Africa has revealed a high
prevalence of infection [7]. In Mbita and the islands close to Lake Victoria, the prevalence of this
disease in school children aged 5 to 19 years was 60.5%. In Lake Rweru, Rwanda, 21.1% of inhabitants
were infected [8]. One study has been conducted in Nigeria to document the proportion of pregnant
women affected by this disease. It was found that an astonishing 20.8% of women aged 15 to 42 years
were infected by this parasite [9]. In areas where the disease is endemic, it is one of the main causes of
pulmonary hypertension [10]. The prevalence of this disease in different African regions is summarized
in Table 1.

Table 1. Summary of African regions where schistosomiasis strikes most.

Sub-Saharan African Region
Infected Individuals

(Proportion)
Causal Agent Source

Alamata district, Ethiopia (73.9%) S. mansoni [7]

Nigeria (56%) S. mansoni, S. mansoni and S.
haematobium combined infection [11]

Sengerema district,
nyamatongo ward, north-west

Tanzania

School children aged
8–17 years (64.3%) S. mansoni [12]

Tono irrigation canal, north
Ghana

Children aged 6–15
years (33.2%/19.8%) S. haematobium/S. mansoni [12]

Volta basin, Ghana Adult male and female
subjects (46.5%) urinary schistosomiasis [13]

Eastern cape province, South
Africa

School-age students
(73.3%) [14]

School children, Mozambique (47%/1%) S. haematobium/S. mansoni [15]
Zarima town, north-west

Ethiopia
319 elementary school

children (37.9%) S. mansoni [16]

South-west Cameroun 69.17% S. haematobium [16]

The transmission of schistosomiasis mainly depends on the presence of the infected person and
faecal or urinary release of eggs from helminths into water environments containing the host mollusk,
thus maintaining the life cycle of the parasite [4]. Globally, there are six species of schistosomes that
can infect a human, including Schistosoma mansoni, Schistosoma japonicum, Schistosoma haematobium and,
to a lesser extension, Schistosoma intercalatum, Schistosoma mekongi, and Schistosoma guineesis [17].

In the case of S. mansoni and S. japonicum infections, the acute form of this disease causes symptoms
such as fever, myalgia, fatigue, malaise, dry cough, bloody mucus, diarrhea, diffuse abdominal pain,
hepatosplenomegaly, eosinophilia, and the release of viable Schistosoma eggs in faeces, whereas dysuria,
painful hematuria, urinary obstruction, vaginal discharge, or pain/bleeding after intercourse and
the release of viable eggs in urine occurs in infections caused by S. haematobium. The chronic stage
is caused by an egg deposition by individuals of the genus Schistosoma and reactions of the host’s
immune system. The fundamental characteristic of this form in S. mansoni and S. japonicum infections is
the development of portal hypertension, leading to splenomegaly, hepatosplenic, and hepatointestinal
forms. Varicose veins of the esophagus, spleen enlargement, hepatic cirrhosis, and urinary, intestinal,
hepatic, and ectopic forms of the disease are other symptoms that may appear at this stage of the disease.
In the infections caused by S. haematobium, the chronic stage is initiated by lodged eggs in the urogenital
system, causing granulomatous host response and subsequent tissue inflammation [18].

Another form of the disease is neuroeschistosomiasis, a more frequent and disabling ectopic form
compromising the central nervous system. Its diagnosis is based on epidemiological, clinical, and
laboratory data. In some countries such as Brazil, this form of the disease has shown a considerable
increase in the last two decades [19].

Clinical treatment, prophylaxis, and prevention are usually performed in countries susceptible to
schistosomiasis. In the pharmacological treatment of acute schistosomiasis, the use of oxamniquine
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and praziquantel, often associated, is common. Prevention methods such as reducing the population
of intermediate hosts (mollusks) are also important in the control of the disease since they can interrupt
the biological cycle of the etiological parasite [20,21].

2. Genus Schistosoma and Its Biological Cycle Importance in Schistosomiasis

The biological cycle of the parasite consists of two phases: The phase of the definitive host
(vertebrate/man) and the phase of the intermediate host (mollusk). There are two larva passages of free
life in the aquatic environment that alternate with parasitic phases. Adult worms live in blood vessels.
In the case of S. mansoni and S. japonicum, they can attach to the intestine or the liver of the vertebrate
host. Egg laying occurs in intestinal capillary vessels where they are directed into the intestinal lumen
and exit into feces. Upon contact with water, the eggs will swell, hatch, and release ciliated larvae
(miracidia) that can penetrate soft parts and develop the intermediate cycle upon finding snails. They
can then generate sporocysts and cercariae later. Cercariae are the second parasite free life form. Finally,
when cercariae find the skin of a vertebrate host, they become schistosomula and finally migrate to
the liver where they become adults, completing the life cycle [22].

In liver infections, hepatic granuloma and periportal liver fibrosis are the most important
pathogenic events in schistosomiasis and are mediated by several lymphocyte subpopulations,
inducing inflammatory and fibrotic response around eggs housed in different tissues. At the time of
oviposition, about 60% of eggs will reach the intestinal lumen. The rest will be destroyed in capillaries
of the intestinal mucosa. Some eggs will remain there, while others will be carried by the mesenteric
circulation to the liver where they will reside in hepatic sinusoids. The release of soluble antigens
from eggs can induce the mobilization of macrophages, eosinophils, lymphocytes, and plasma cells.
Macrophages are placed in contact with the egg, forming syncytial multinucleated masses. Some will
differentiate into fibroblasts with an extensive production of collagen. Moreover, by migrating to
the lungs and liver, schistosomula can cause arteriolitis, arteritis, and necrosis in addition to acute
hepatitis with infiltration of neutrophils, lymphocytes, and eosinophils [23,24]. In general, the formation
of granulomas in disparate organs and tissues explains manifestations of the disease, including portal
hypertension, the formation of pseudotumors, neurological dysfunctions, and pulmonary vascular
lesions. Another pathophysiological mechanism of relevance is the occurrence of an antigen-antibody
reaction that may occur at high levels with the formation of circulating immunocomplexes that can be
deposited in renal vessels, causing schistosomal nephropathy [24].

On the other hand, adult worms of S. haematobium species live within the urogenital venules,
where they digest erythrocytes. The bladder, lower ureters, urethra, seminal vesicles, cervix, uterus,
and vagina are most commonly affected. Unlike other schistosomes that live within the mesenteric
venules and release their eggs into the host’s intestines, S. haematobium releases its eggs into the urinary
tract. The eggs can be eliminated by the urine or remain installed in the urogenital mucosa, causing
polyps, nodules, and “sandy patches”, a calcified schistosome ova within atrophied mucosa that seems
like sand in cystocopy and colposcopy. Moreover, the progression of the urogenital infection can lead
to fibrosis and calcification of the bladder wall, causing obstruction, bacteriuria, and bladder cancer [4].

The pathogenesis of schistosomiasis is derived from the host-parasite interaction. The strain,
the evolutionary phase, the intensity, and the number of infections of Schistosoma are all important
factors in its associated pathology [25]. On the other hand, the host organism response can vary
according to genomic constitution, the predominantly injured organ, recidivate, food pattern, ethnicity,
pharmacological treatment, associated infections, in utero sensitization and, above all, the immune
profile before, during, and after infection. From the first 12 h after penetration of cercariae, an
important dermal and subdermal inflammatory reaction is observed. This inflammatory reaction is
predominantly caused by mononuclear and polymorphonuclear cells, leading to symptoms such as
a pruritic maculopapular rash [25,26].
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3. The Use of Drugs in the Treatment of Schistosomiasis

Pharmacotherapy is the most effective method for reducing the number of infection cases of
schistosomiasis. In the last four decades, access to more effective drugs has reduced the prevalence
and morbidity of this disease in various countries [4,27]. In the therapeutic treatment for an acute
form of schistosomiasis, the use of prednisone, a corticosteroid, or its association with oxamniquine
or praziquantel, is recommended. For the treatment of chronic disease without advanced lesions,
praziquantel and oxamniquine are mostly indicated. In patients with involvement of the spinal cord
(schistosomal myelopathy), the use of schistosomicides and steroids has been shown to be effective
in most cases. At this rate, corticosteroids should be maintained for several months after clinical
improvement and they should be withdrawn slowly. Such combination is also the therapy of choice
for individuals with an advanced hepatosplenic form presenting portal or pulmonary hypertension
who may develop hepatitis or pneumonitis due to the embolism of dead worms after treatment [28].

Mechanisms of action of the two main antiparasitics (praziquantel and oxamniquine) are very
different. Praziquantel probably interferes with the muscular activity of the parasite, causing paralysis
and preventing its binding with the host tissue. It also causes electrolyte imbalance and leads to
destruction of the schistosome [29]. Oxamniquine acts by its anticholinergic effect. It can irreversibly
inhibit enzymes that synthesize nucleic acids [30,31].

Despite the historical use of these schistosomicides, side effects such as metallic taste in the mouth,
abdominal pain, diarrhea, asthenia, headache, dizziness, decreased therapeutic efficacy, and resistance
have been reported [28]. Furthermore, the use of corticosteroids can culminate in the development of
several side effects of this pharmacological class, such as Cushing’s syndrome, metabolic dysregulation,
and immunosuppression [32]. Other drugs used for this purpose also have many side effects with broad
parasitic resistance and/or poor efficacy and some of them have been discontinued, such as metrifonate,
an organophosphate with good efficacy against S. haematobium, but it caused abdominal pain, nausea,
vomiting, diarrhea, headache, and vertigo [33]. On the other hand, artemisinine derivatives useful in
the treatment of schistosomiasis and other parasitic diseases such as fasciolosis and triphostomy have
been gradually neglected due to the increasing resistance in individuals co-infected with the malaria
parasite [34], although these drugs can act synergistically with the heme group, generating free radicals
that are toxic to the schistosomulae and are highly active against juvenile worms, whereas praziquantel
is active against adult forms [35].

4. Biological Control of Intermediate Hosts as an Alternative Way

The control of the malacological population is an alternative way to prevent parasitic diseases
that have mollusks in the life cycle of the parasite. The practice of combating natural breeding sites
of intermediate hosts through the use of molluscicides has been one of alternative ways to decrease
the incidence of some diseases such as schistosomiasis. However, most of these molluscicides have
disadvantages such as damage to the ecosystem. Thus, there has been increasing interest in searching
for new molluscicides from natural products that are less harmful to the environment [36].

Clinical treatment, prophylaxis, and prevention are performed in countries susceptible to
schistosomiasis. In many cases, prevention methods such as reducing Schistosoma intermediate
hosts (Biomphalaria and Oncomelania, for example) are important in controlling the disease, when
combined with other strategies, such as the improvement of water sanitation, education, and access to
clean water. However, vectors have developed resistance to chemical substances that are commonly
used to inhibit the development and propagation of snails, leading to the search for new drugs and
substances to be used in snail control [20].

Metallic salts such as copper sulphate were the first molluscicidal agents used. However, over
time, they caused serious ecological imbalance since they limited the growth of algae that served
as food for fish [3]. With the development of new molluscicides such as nicotinanilide, organotin,
dibromo-nitrobenzene, sodium pentachlorophenate, tritylmorpholine, acetamide, and niclosamide,
the environmental imbalance problem has become less drastic [37]. However, resistance in mollusks,
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residual toxicity, and low selectivity of these agents continue to be important reasons for the search
and development of more selective, safe, and effective molluscicides [36].

Niclosamide is a drug of choice for controlling mollusks involved in the schistosomiasis cycle.
It is also used as anthelmintic in humans [38]. This substance acts by inhibiting the anaerobic
phosphorylation of adenosine diphosphate (ADP) by mollusk mitochondria, thus blocking the process
of obtaining energy dependent on the fixation of CO2 [39]. In addition to the problems mentioned
above, niclosamide is costly and easily degraded under sunlight [40].

In recent years, the aim to control and/or prevent schistosomiasis has been listed as a top priority
in the agenda of the government, pharmaceutical companies, and international agencies triggered
by initiatives derived from the World Health Agency resolutions [41]. The WHO program targets
deworming of at least 75% of school children. However, only 28% of this figure was met in 2015 [42]
mainly due to the scarce access to praziquantel and prophylactic chemotherapy. In addition, being
the sole drug marketed for schistosomiasis therapy, there are some evidence points that praziquantel
might be inefficacious against distinct developing strains of the parasite [43–45]. Other instances have
demonstrated that intensive use of praziquantel can result in declined cure rates, higher resistance,
and ultimately treatment failure [46]. The rising cost of praziquantel has also contributed to less
successful prophylactic programs since most prevention programs depend on the availability of
charitable funding organizations. In addition, in many countries, the control of schistosomiasis is
not integral of the national budget, meaning that resources are limited to overcome the morbidity
and mortality associated with the disease [41,42,47]. Given the limitation in available resources and
the fact that there is no available vaccine for this disease, there is a dire need to develop alternative
medicines that are both cost-effective and treatment-effective for this disease [48,49]. In this advent,
natural products present an interesting opportunity toward the development of novel pharmacological
agents to triumph over this disease.

The prevalence of schistosomiasis is largely dependent on the intermediate host ecology.
Controlling the intermediate host undeniably can control the disease [50]. In this advent, plants with
proven molluscicide activities are cheap and environmentally friendly for the control of parasite. Since
the past century, several studies have focused on molluscicidal activities of endemic plants from
the most affected regions in the world. Plant candidates include the following: Apodytes dimidiata

E.Mey.ex Arn., Ambrosia maritima L., Anacardium occidentale L., Croton macrostachys L. Hochst.ex A.Rich.,
Phytolacca dodecandra L’Herit, Swartzia madagascariensis Desv., Phytolacca dodecandra L’Hér., Sapindus

Saponaria L., Swartzia madagascariensis Desv., Berkheya speciosa (DC.) O.Hoffm., Balanites maughamii

Sprague, Warburgia salutaris (G.Bertol.) Chiov., Combretum imberbe Wawra, Combretum molle R.Br. ex
G.Don, Euclea natalensis A.DC., Apodytes dimidiata E.Mey. ex Arn., Gardenia thunbergia Thunb., and
Solanum nodiflorum Jacq. [51–55].

On the other hand, several plants have the potential to interfere with the life cycle of worms,
thereby impeding their growth, locomotion, and ability to lay eggs. A plethora of such plants have been
highlighted by the scientific community, including Jatropha elliptica (Pohl) Oken, Asparagus stipularis

Forssk, Sanguinaria canadensis L., Curcuma longa L., Plectranthus neochilus Schltr., Hemerocallis fulva

(L.) L., Schefflera vinosa (Cham. and Schltdl.) Frodin and Fiaschi, Cleome droserifolia (Forssk.) Delile,
Clerodendrum umbellatum Poir., Artemisia annua L., Baccharis trimera (Less.) DC., Persea americana Mill.,
Allium sativum L. [56], Abrus precatorius L., Acacia karroo Hayne, Maytenus senegalensis (Lam.) Exell,
Peltophorum africanum Sond., and Ziziphus mucronata Willd. [57]

5. Recent Studies on Natural Resources of Affected Regions as an Alternative in the Treatment
and Control of Schistosomiasis

Within the context mentioned above, the search for new and effective drugs with fewer side effects
is necessary. Hence, the active agents of vegetal origin that are abundant in number and diversity in
many affected countries could be a promising alternative. According to Ali (2011), several plant species
have been used in different regions of the world for the treatment of parasitic diseases, including
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Allium sativum, Chenopodium ambrosoides, Curcubita pepo, Olea europaea, Mentha crispa, Citrus reticulata,
and phytopharmaceuticals such as berberine and lapachol [33,58]. However, an increasing number
of studies have demonstrated the importance of endemic plant species and their derivatives with
a specific action against the genus Schistosoma or against one of their intermediate hosts. Such endemic
plant species and its derivatives can serve as prophylactic and/or curative agents in countries where
they are found. The objective of this review is to summarize recent studies (since 2010) on endemic
species, especially species from the most affected countries. In the following sections, we describe
the most promising plant derivatives according to their native region.

5.1. Brazil

Brazil is one of the most affected countries by schistosomiasis, presenting 12,009 new cases in
2016 and about 1.5 million people are at risk of contracting this disease. Schistosoma mansoni, the main
etiologic agent of this disease in Brazil, can be transmitted to the population through three species
of mollusks: Biomphalaria glabrata, B. straminea, and B. tenagophila [59]. This country has a vast area
of equatorial, tropical, and subtropical climate, so that it is suitable for the development of different
strains of snails, as well as the parasite’s cycle. On the other hand, the country also has the greatest
biodiversity on the planet, which potentially has a large number of plant resources to be researched in
the combat against schistosomiasis [60].

In 2010, Parreira et al. [61] described the activity of essential oil (10, 50, and 100 μg/mL) from
leaves of Baccharis dracunculifolia, a species used by folk medicine, against Schistosoma mansoni adult
worms. After the treatment, worms showed a significant decrease in their motor activities. In addition,
most pairs of coupled adult worms were separated into individual males and females. Furthermore,
adult worms of S. mansoni showed integumentary alterations after treatment with the essential oil.
Their study also demonstrated that the essential oil had no toxicity against VERO cells. Furthermore, it
showed that nerolidol and spathulenol were major substances in the essential oil [61]. In the same year,
Magalhães et al. [62]. showed that the action of fluoroglucinol derivatives isolated from species from
genus Dryopteris is known to have a global distribution against S. mansoni. Aspidin at 25 to 100 μM,
flavaspidic acid at 50 and 100 μM, methylene-bisaspidinol at 100 μM, and desaspidin at 25 to 100 μM
were the most active derivatives, causing death of adult worms. These fluoroglucionols at 100 μM
also inhibited egg development. Furthermore, the authors suggested that schistosomicidal effects of
phloroglucinols derivatives might be related to the inhibition of oxidative phosphorylation pathway in
S. mansoni [62].

Ageratum conyzoides L. (Asteraceae), an annual aromatic weed from Southeastern Brazil, can
produce leaf essential oil rich in Precocene I and (E)-caryophyllene [63]. The synergic effect of main
compounds against adult worms of S. mansoni has been reported. Plectranthus neochilus, another
Brazilian southeastern plant, has also been evaluated for its activity against S. mansoni. The essential
oil of its leaves at a concentration of 100 ppm caused 100% mortality in a period of 24 h. Furthermore,
it caused separation of coupled pairs, decrease of motor activity, and tegumental alterations. The main
substances of its essential oil were β-caryophyllene, α-thujene, and α-pinene [63]. In the same year,
another group of researchers also demonstrated the antiparasitic activity of cramoll-1,4-lectine isolated
from seeds of Cratylia mollis, an endemic species from the Brazilian northeast [64]. Treatment with
this substance at 50 mg/kg for 40 days or at 7 mg/kg for seven days reduced egg excretion (79% or
80%), adult worm recovery (71% or 79%), and liver granulomas (40% or 73.5%) caused by S. mansoni in
infected mice [64].

In vitro activity of piplartine, an amide isolated from inflorescences of Piper tuberculatum found in
Brazil, has been reported [65]. Piplartine at a concentration of 15.81 μM reduced the motor activity
of worms of S. mansoni and caused their death within 24 h. In addition, this substance induced
morphological changes on the tegument of adult worms. A quantitative analysis revealed an extensive
tegumental destruction, represented by the number of damaged tubercles. In addition, this amide was
not toxic to the VERO cells when it was used at concentrations up to three times higher than the one
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showing schistosomicidal effects (31.51 μM) [65]. Another study demonstrated that imidazole alkaloid
epiisopiloturine had an anti-S. mansoni activity. This substance was found in leaves of Pilocarpus

microphyllus, a native plant species of Amazonia and Brazilian savannah. This alkaloid has been shown
to be active against parasites of different developmental stages, including adults, schistosomulas,
and eggs. Epiisopiloturine at a concentration of 300 μg/mL caused the death of all schistosomula
within 120 h. Extensive tegumental alterations and death were observed when adult schistosomes
were exposed to 150 μg/mL of epiisopiloturine. At the highest sub-lethal dose (100 μg/mL), a 100%
reduction in egg laying of paired adult worms was observed. Furthermore, it exhibited no cytotoxicity
to mammalian cells [66].

Oliveira et al. [67] have investigated the activity of Baccharis trimera against S. mansoni. This
species is commonly used as a phytotherapic agent in Brazilian traditional medicine due to its several
pharmacologic activities. They found a significant decline in the motility of worms with a mortality
rate of 100% at 30 h after exposition to the leaf essential oil at a concentration of 130 μg/mL. Male
worms were more susceptible, producing a dose-response effect within a shorter exposition period
than female worms. The essential oil of B. trimera also induced a peeling on the tegument surface as
well as destruction of tubercles and spines, resulting in smooth areas on the body surface. The essential
oil also caused tegument destruction in female worms. In addition, it caused destruction of oral and
acetabular suckers. Moreover, the cytocidal effect was only observed at the highest concentration
(250 μg/mL), indicating a low cytotoxicity of this essential oil [67].

Miranda et al. [68] have investigated the antiparasitic action of steroidal alkaloids from Solanum

lypocarpum, a Brazilian medicinal plant known as “wolf fruit”. In vitro schistosomicidal activities
isolated from steroidal alkaloids were evaluated against adult worms. The alkaloidic extract (20, 32, and
50 μg/mL), solasonine (50 μM), solamargine (32 and 50 μM), and equimolar mixture of glycoalkaloids
(20, 32, and 50 μM) caused the separation of all coupled worms and extensive disruption on their
teguments such as sloughing. It also caused death within 24 h of incubation. In addition, the alkaloidic
extract (10 and 15 μg/mL), solasonine (50 μM), solamargine (10, 15, and 20 μM), and equimolar mixtures
of glycoalkaloids (10 and 15 μM) reduced the development of eggs produced by adult worms. There
was a synergistic effect between solamargine and solasonine [68].

In 2014, Brazilian researchers evaluated the molluscicidal activity of Schinopsis brasiliensis against
Biomphalaria glabrata. Extracts in chloroform and ethyl acetate from the stem bark caused mortality of
B. glabrata, with IC90 values of 68 and 73 μg/mL, respectively [59]. In 2018, Faria et al. investigated
effects of plants on the control of B. glabrata. Manilkara subsericea, an endemic plant to the Brazilian
sandbanks of Rio de Janeiro State, has a wide range of biological activities. At a concentration of
250 ppm, the M. subsericea leaf crude extract and ethyl acetate fraction induced 80 ± 4.13% and 86.66
± 4.59% mortalities of adult snails after 96 h of exposure. LD50 values were 118.7 ± 1.62 and 23.41 ±
1.15 ppm, respectively. Substances isolated from M. subsericea were also found to be active in controlling
B. glabrata. Treatment with quercetin, myricetin, and ursolic acid at a concentration of 100 ppm for
96 h induced mortalities of 100%, 80%, and 53.33%, respectively [69]. One year later, another study
reported the activity of a Brazilian sandbank species against B. glabrata [70]. Nanoemulsified essential
oil from leaves of Xylopia ochrantha, an Annonaceae plant, showed activity against three species of
Biomphalaria: B. glabrata, B. tenagophila, and B. straminea. The similar action was observed on mollusks
of different ages and its oviposition. Treatment with this essential oil at a concentration of 78 ppm for
24 h caused 100% mortality of all adult species [70]. Table 2 shows recent studies with Brazilian plants
with antischistosoma or molluscicide activity.
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Table 2. Extracts, oils, and substances from the Brazilian plant origin with antischistosoma or
molluscicide activities.

Plant Source Extract/Oil/Substance Biological Target Ref.

Ageratum conyzoides L. Leaf Essential Oil Schistosoma mansoni [71]
Baccharis dracunculifolia Leaf Essential Oil Schistosoma mansoni [61]

Baccharis trimera Leaf Essential Oil Schistosoma mansoni [67]
Cratylia mollis Cramoll-1,4-lectine Schistosoma mansoni [64]

Dryopteris genus
Aspidin, Flavaspidic Acid,

Methylene-bisaspidinol,
Desaspidin

Schistosoma mansoni [71]

Pilocarpus microphyllus Epiisopiloturine Schistosoma mansoni [66]
Piper tuberculatum Piplartine Schistosoma mansoni [65]

Plectranthus neochilus Leaf Essential Oil Schistosoma mansoni [63]

Solanum lypocarpum
Fruit Alkaloidic Extract,
Solasonine, Solamargine,

Glycoalkaloid mixture
Schistosoma mansoni [68]

Manilkara subsericea
Crude Ethanolic Extract, Ethyl

acetate Extract, Quercetin,
Myricetin, Ursolic Acid

Biomphalaria glabrata [69]

Schinopsis brasiliensis
Stem bark chloroformic and

ethyl acetate extracts Biomphalaria glabrata [72]

Xylopia ochrantha Mart. Leaf Essential Oil Biomphalaria glabrata, B.
straminea and B. tenagophila

[70]

5.2. Africa

In Africa, schistosomiasis is endemic in rural and coastal regions. Its geographical conditions
are suitable for infestation of this parasite due to multiple creeks, creeklets, lakes, ponds, rivers, and
almost stagnant water sources [73]. Being a neglected tropical disease, schistosomiasis strikes mostly
poor, marginalized communities where people are in contact with natural water sources, posing an
enormous societal, healthcare, and economic burden, mostly in Sub-Saharan Africa (SSA) [74,75].
Furthermore, this disease has a profound adverse effect on maternity, the development of children,
and agricultural output. Schistosomiasis remains one of the prime factors contributing to poverty
among 500 million SSA residents. It has been estimated that around 120 million individuals were
present with schistosomiasis-related symptoms in Sub-Saharan Africa. This constitutes around 85% of
the Sub-Saharan Africa population which represents 13% of the world’s populace [76]. In addition, 20
million individuals from the same region undergo an incredible torment due to chronic manifestations
of this disease which ranks the second right after hookworm infection in SSA. Among African countries
with the highest prevalence of schistosomiasis, Nigeria has the highest number (29 million) of cases,
followed by the United Republic of Tanzania, Ghana, and the democratic republic of Congo with 19
and 15 million cases each [17,34]. Nonetheless, it is believed that most cases of the disease are not
reported. The true incidence of this disease might be 400–600 million cases worldwide [34].

5.2.1. Plants Traditionally Used against Schistosomiasis

A plethora of plant species have been employed traditionally against schistosomiasis in SSA.
They have been recorded in both early and recent ethnobotanical surveys conducted in Africa. These
plant species include Abrus precatorius L. subsp. africanus Verdc., Afzelia quanzensis Welw., Antidesma

venosum E. Mey. ex Tul., Boswellia carteri Birdw., Berkheya speciosa (DC.) O.Hoffm., Cassia abbreviata

Oliver subsp., Cissampelos murconata A. Rich. Euclea divinorum Hiern., Euclea natalensis A. DC., Faurea

saligna Harv., Macaranga kilimandscharica Pax., Maytenus senegalensis (Lam.) Excell., Mondia whitei

Skeels, Ocimum americanum L., Ocimum canum Sims, Ormocarpum trichocarpum (Taub.) Engl., Pterocarpus

angolensis DC., Protasparagus buchananii (Baker) Oberm., Rhus gueinzii Sond, Rumex lanceolatus Thunb.,
Rumex nepalensis Spreng., Sclerocarya birrea (A. Rich.) Hochst. subsp. caffra, Tephrosia macropoda Harv.,
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Terminalia phanerophlebia Engl. and Diels, Vernonia amygdalina, Ximenia americana L. var. americana, and
Ximenia caffra Sond [77–81].

Among the plant species traditionally employed against Schistosoma mansoni, only a few have
been subjected to scientific screening (Table 3). Principally, in vitro assays have been performed on
these plant species and the most potent result was retrieved for the root extract of Abrus precatorius L.
subsp. africanus Verdc. which nonetheless deserved to be evaluated further in vivo and in randomized
clinical trials.

Table 3. In vitro studies of traditionally employed plant species against Schistosoma mansoni.

Plant Species Part Used
Lethal Concentration

(mg/mL)
(t = 1 h)

Source

Abrus precatorius L. subsp.
africanus Verdc.

Stem
Root 1.50.6 [57]

Berkheya speciosa (DC.)
O.Hoffm. Aqueous plant extract > 6.25 [82]

Euclea divinorum Hiern Aqueous plant extract 50 [82]
Euclea natalensis A. DC. Aqueous plant extract > 3.13 [82]

Maytenus senegalensis (Lam.)
Excell.

Leaves and stem
Root

Root and bark

25
25
2.5

[57]

Ocimum americanum hexane,
Ocimum americanum water Whole plant

Worm reduction in mice
(68.7 and 63.4%) vs.

praziquantel (75.2%)
[83]

Pterocarpus angolensis DC.
Leaves
Stem
Bark

102
33.8
51.3

[57]

Sclerocarya birrea (A. Rich.)
Hochst. subsp. Caffra > 25 [82]

t: Time; h: Hour.

5.2.2. Recent Scientific Studies on Molluscicide Activity

In 2010, Adetunji and Salawu [84] reported that Terminalia catappa and Carica papaya possessed
molluscicide activity against Bulinus globosus and Biomphalaria pfeifferi, respectively, the main
intermediate hosts of S. haematobium and S. mansoni. Despite the fact that both vegetal species
are distributed in several tropical regions of the world, they also have good adaptation in Nigeria and
affect mollusks and parasites of great importance in this country. In that study, an ethanolic extract of T.

catappa leaf showed LC50 values of 864.1 and 2716.3 ppm against B. pfeifferi and B. globosus, respectively.
However, an ethanolic extract of C. papaya leaf showed LC50 values of 1095.7 and 619.1 ppm against
B. pfeifferi and B. globosus, respectively [84]. One year later, Nigerian scientists described activities of
several extracts of leaves and fruits of Blighia unijugata, an endemic plant in tropical Africa, against B.

glabrata. LC50 values of these extracts were found to be 7.60 and 13.00 μg/mL. Among various extracts,
the ethyl acetate extract of its fruit was the most active one [57]. Part of these authors also evaluated
the activity of Zanha goluogensis against the same mollusk. It was found that the ethanolic extract of its
stem showed an LC50 value of 60 ppm [82].

In 2013, Angaye [85] investigated the activity of different extracts of Jatropha curcas against mollusks
Bulinus globosus, Bulinus rholfsi, and Biomphalaria pfeifferi. It was found that the methanolic extract of its
leaves was active against all species, showing LC50 values of 0.3 and 30 ppm against Bulinus and B.

pfeifferi, respectively, while the crude ethanolic extract showed less activity (LC50 > 500 ppm) [85,86].
Previously, other authors have also reported activities of root and seed methanolic extracts against
different species of Bulinus [87,88]. Two years later, Angaye et al. [89] reported activities of two typical
mangrove species, Avicennia germinans and Rizhophora mangle, from Niger Delta. For the first species,
the methanolic leaf extract was active against Biomphalaria pfeifferi, Bulinus globosus, and Bulinus rholfsi,
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showing LC50 values of 175, 89.21 and 123.74 ppm, respectively, whereas the methanolic leaf extract
of R. mangle showed LC50 values of 87.50 and 108.22 ppm for the two first mollusks and B. rholfsi,
respectively [89]. Aqueous and ethanolic extracts of Vernonia amygdalina have been found to be toxic to
adult Biomphalaria pfeifferi, showing an LC50 value of 338.8 ppm and an LC90 value of 614.8 ppm [90].
Interestingly, previous studies with this species have reported its antischistosomal activity [91–93]
and its use in etnomedicine as a folkloric treatment against haematuria resulting from Schistosoma

haematobium infection and stomach complaints due to infestation by Schistosoma mansoni [51]. Studies
of African plant species and their molluscicidal activity are summarized in Table 4.
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Table 4. Scientific studies of African plant species with molluscicidal activity.

Plant Species Plant Part /Extract Snail Species LC50 Source

Avicennia germinans (L.) L.
Leaf/Methanol Biomphalaria pfeifferi 175

[89]Leaf/Methanol Bulinus globosus 89.21
Leaf/Methanol Bulinus rholfsi 123.74

Blighia Unijugata Baker
fruit/ethyl acetate

Biomphalaria glabrata
7.60

[94]Pericarp/butanol 15
Pericarp/water 25

Carica papaya L. Leaf/ethanol Bulinus globosus 619.10 [84]
Biomphalaria pfeifferi 2716.30

Croton floribundus Spreng
Leaf/Hexane Biomphalaria glabrata 37.4

[95]Leaf/Methanol Biomphalaria glabrata 14.8
Leaf/ethanol Biomphalaria glabrata 4.2

Euphorbia helioscopia L.

Leaf/cold water

Bulinus wright

80

[96]

Leaf/hot water 96.6
Leaf/methanol 11.3

Leaf/chloroform 80.5
Leaf/acetone 8.9
Leaf/hexane 99

Euphorbia schimperiana
Scheele

Leaf/cold water 81.8

[96]
Leaf/hot water 72.8
Leaf/methanol 2.3

Leaf/ chloroform 3
Leaf/acetone 10.1

Jatropha Curcas L.

Leaf/hexane Bulinus natalensis and
Bulinus truncatus

18 [87]

Seed/methanol 0.25

Root/ethanol Bulinus truncatus and
Bulinus natalensis

60 [88]

Leaves/methanol Bulinus globosus and
Bulinus rholfsi

0.3 [85]

Leaves/crude
extract Biomphalaria pfeifferi > 500 [86]

Leaves/methanol Biomphalaria pfeifferi 30 [86]
Leaves/crude

extract Biomphalaria pfeifferi > 500 [86]

Seed/methanol Biomphalaria pfeifferi 25 [87]

Jatropha glauca Vahl Leaf/acetone Biomphalaria pfeifferi 6.76 [96]

Rhizophora mangle L. Leaf/chloroform Biomphalaria pfeifferi 16.50 [96]
Leaf/methanol Biomphalaria pfeifferi 87.50 [89]

Rhizophora racemosa G. Mey.
Leaf/methanol Bulinus globosus 87.50

[89]Leaf/methanol Bulinus rholfsi 108.22
Leaf/methanol Biomphalaria pfeifferi 150

Terminalia catappa L.
Leaf/methanol Bulinus globosus 125

[84]Leaf/methanol Bulinus rholfsi 85.51
Leaf/ethanol Bulinus globosus 1095.70

Tetrapleura tetraptera
(Schum. and Thonn.) Taub.

Leaf/ethanol Biomphalaria pfeifferi 864.10 [97]
Fruit/methanol Bulinus globosus 1.33

Zanha goluogensis Hiern Stem/ethanol Biomphalaria glabrata 60 [96]

5.2.3. In Vitro Investigation of Medicinal Plants against Schistosoma

One of the most extensive studies about plant schistosomicidal activity was conducted by Yousif
et al. in 2011 [98]. These authors screened 281 Egyptian plants, of which 14 showed high activities
against S. mansoni adult worms after treatment for 24 h: Callistemon viminalis (Soland. Ex Gaertn) Cheel,
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C. rigidus R. Br., C. speciosus (Sims.) DC, C. citrinus Stapf. Eucalyptus citriodora Hook, Eucalyptus rostrata

Dehnh. Eugenia edulis Vell, E. javanica Lam, Melaleuca leucadendron (L.) L. M. stypheloides Sm (all belong
to Myrtaceae), Cryptostegia grandiflora R. Br. (Asclepiadaceae), Zilla spinosa (L.) Prantl (Cruciferae),
Ficus trijuja L.(Moraceae), and Fagonia mollis Delile (Zygophylacae) (Table 5) [98]. Moreover, in Egypt,
another study on asparagaline A, a triterpenoid isolated from roots of an African plant Asparagus

stipularis Forss., demonstrated its activity against S. mansoni [99]. The administration of asparagalin A
resulted in a retardation of worm growth and locomotion on the first day. It also showed a significant
activity of egg-laying suppression at a 200 μg/mL concentration [99]. In this same year, Ramalhete
et al. [100] reported that triterpenes isolated from the methanol extract of aerial parts of Momordica

balsamina L. had a potent in vitro schistosomicidal potential (100% within 24 h). Balsaminol F and
karavilagenin C showed LC50 values of 14.7± 1.5 and 28.9± 1.8μM, respectively, after 24 h of incubation.
Both compounds at 10–50μM induced significant reductions in the motor activity of worms and
significantly decreased egg production. Furthermore, at 10-100μM, they were able to separate adult
worm pairs into males and females after 24 h [100].

Table 5. Egyptian species with activity against S. mansoni by Yousif et al. [95].

Plant Species Part LC50 (ppm) LC90 (ppm)

Myrtaceae

Callistemon viminalis (Soland. Ex Gaertn) Cheel Leaves 6.56 9.49
Branches 1.49 2.26

C. rigidus R. Br. Aerial Roots 1.89 3.80
C. speciosus (Sims.) DC Leaves/Branches 1.80 5.50

C. citrinus Stapf Leaves 1.89 3.80
Branches 1.80 4.10

Eucalyptus citriodora Hook Bark 5.95 6.90
Branches 10.00 11.07

Eucalyptus rostrata Dehnh. Branches 7.80 13.50
Eugenia edulis Vell Leaves 5.93 10.08

E. javanica Lam Branches 9.70 12.90

Melaleuca leucadendron (L.) L. Leaves 1.90 2.50
Branches 2.30 6.20

M. stypheloides Sm. Leaves/Branches 4.80 8.70

Asclepiadaceae

Cryptostegia grandiflora R. Br. Branches 11.40 23.80

Cruciferae

Zilla spinosa (L.) Prantl Fruits 10.50 48.90

Moraceae

Ficus trijuja L. Branches 14.40 39.50

Zygophylacae

Fagonia mollis Delile Herb 3.70 22.40

In 2015, a study investigated the effect of an aqueous extract (1.25–40 mg/mL) of aerial parts of Sida

pilosa Retz. (Malvaceae) and derived n-hexane, dichloromethane, ethyl acetate, and n-butanol fractions
(0.25–8 mg/mL) against Schistosoma mansoni. Among these extracts, the n-butanol fraction was the most
active one, showing an LC50 value of 1.25 mg/mL [45]. Two years later, Tekwu et al. [101] demonstrated
that the stem bark and root extracts of Rauwolfia vomitoria at concentrations of 250–1000 μg/mL were
active against Schistosoma mansoni worms after 120 h of incubation. In addition, the cytotoxicity (MTT)
assay conducted on HepG2 and Chang liver cells demonstrated that these extracts were safe. They
inhibited the proliferation of these cell lines with an IC50 > 20 μg/mL [101].
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5.3. Asia

5.3.1. Prevalence of Schistosomiasis in Asia

In Asia, the major foci of human schistosomiasis infection caused by parasite Schistosoma japonicum

are in China, the Philippines, and small pockets of Indonesia. To a lesser extent, along the Mekong
river on borders of Cambodia and Laos People’s Democratic Republic, the infection is caused by S.

mekongi [102,103]. S. japonicum and S. mekongi are traditionally considered as zoonotic [104]. Specific
intermediate snail hosts for S. japonicum and S. mekongi are Oncomelania hupensis and Neotricula aperta,
respectively [102,105]. Approximately 600 million people are estimated to be at risk of infection in
China. Approximately 0.3 million people are currently infected. In the Philippines, 6.7 million people
live in endemic areas. Of these, 1.8 million people are considered to be directly exposed to infection
through water contact activities [106,107]. Approximately 140,000 people are estimated to be at risk for
S. mekongi infection (80,000 people in Cambodia and 60,000 in Lao PDR) [102,108].

In China, schistosomiasis japonica remains a major public health concern. It is listed as one
of the top priorities in communicable disease control defined by the central government [109,110].
The major endemic foci are concentrated on marshland and lake regions of Southern China which
cover a vast area of five provinces (Jiangsu, Anhui, Hubei, Jiangxi, and Hunan). Cases within the area
account for 86% of the total number of people infected in China [103,111]. It should be noted that
the schistosomiasis transmission period in China lasts only for five months annually over two distinct
transmission periods, whereas in the Philippines it is throughout the year [103,112]. For S. mekongi,
its transmission period is March to April, coinciding with the dry season when the water level is
low and host snail populations reach their maximum [102]. In Japan, eradication of the disease
was achieved through transmission control by environmental management (i.e., land reclamation to
enhance agricultural production and cementing ditches used for rice irrigation) and social economic
development [103,113]. China has used extensive, long-term, repeated praziquantel chemotherapy
to control the morbidity and reduce the prevalence and intensity of the S. japonicum infection in
the country over three decades. Although S. japonicum has not shown resistance to praziquantel
yet [114], the emergence of drug resistance has been experimentally induced in the laboratory, proving
that S. japonicum may develop resistance to praziquantel under drug selection pressure [115,116]. As
the potential development of praziquantel resistance may pose a great threat to the elimination of S.

japonica in China and other Asian countries, there is an urgent need to find antischistosomal agents,
especially from natural sources that are generally safer.

5.3.2. Plants Traditionally Used against Schistosomiasis in Asian Countries

Ginkgo biloba is a Chinese-specific rare relict species with relatively high economic and medicinal
values. Its sarcotesta is usually discarded. However, it contains high levels of ginkgolic acids. Ginkgolic
acids are long-chain phenolic compounds that are derivatives of sumac acid. Reports have shown
that ginkgolic acids possess biological activities, including anti-tumor, neuroprotective, anxiolytic, and
antibacterial activities [117–120]. Considering such biological virtues of G. biloba, Li et al. [121] have
evaluated the petroleum ether fraction of the ethanolic extract of fallen leaf of G. biloba (PFGB) against
O. hupensis. This extract showed a high toxicity (100% mortality) after treatment at a concentration
of 100 mg/L for 72 h. Out of five fractions of the ethanolic extract of G. biloba tested for molluscicidal
activity, the petroleum ether fraction (PFGB) exerted the most pronounced activity in a time- and dose-
dependent manner. Experimental results demonstrated that the LC50 value of PFGB was decreased
from 72.38 mg/L at 24 h to 9.22 mg/L at 72 h. Upon assessment, it was found that the glycogen and total
protein contents of the snail’s tissues decreased at a rate parallel to molluscicidal activity. Therefore,
abnormal energy metabolism might be a factor contributing to its molluscicidal activity [121].

Buddleja lindleyana is a medicinal plant distributed in Eastern China, including Jiangsu, Anhui,
Jiangxi, and Hubei provinces. This plant has been traditionally used for treating various ailments
such as rheumatism, cough, and blood stasis [122]. Chemical investigations of B. lindleyana have
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revealed compounds such as phenethyl alcohol glycosides, phenylpropanoid phenolic glycosides,
sesquiterpenes, diterpenes, triterpenes, flavonoids, and other constituents. One study has revealed
that the N-butanol fraction of B. lindleyana (NFBL) is potent against the snail O. hupensis (LC50 =

39.1 ppm, LC90 = 59.3 ppm) [120]. Han et al. [123] have further reported that active components of B.

lindleyana can induce remarkable decreases of activities of five key enzymes: Succinate dehydrogenase
(SDH), lactate dehydrogenase (LDH), cytochrome oxidase (CC0), cholinesterase (CHE), and nitric
oxide synthase (NOS). These decreased activities of enzymes affected the supply of neurotransmitters
(CHE and NOS) and energy supply (CCO, LDH, SDH), leading to a physiological function disorder
or loss which ultimately resulted in the death of snails [123]. A further study has revealed that
acacetin-7-rutinoside is the molluscicidal component of NFBL. In addition, acacetin-7-rutinoside at
a concentration of 100 mg/L was found to be non-toxic to zebrafish, implying that this active compound
might have applications as a potent molluscicide against O. hupensis [124].

Pulsatilla chinensis (Bunge) Regel (PRS) is a botanical with a long history in medical use in China. It
displays “blood-cooling” and detoxification activities. Roots of Pulsatilla chinensis (Bunge) Regel have
been widely used for treating various ailments such as intestinal amebiasis, malaria, trichomoniasis,
bacterial infections, and malignant tumor [125]. A study carried by Chen et al. in 2012 showed that PRS
displayed similar molluscicidal activity against O. hupensis (LC50 at 24 h: 0.48 mg/L) to niclosamide
as a positive control (LC50 at 24 h: 0.16 mg/L). Effects of PRS on cholinesterase (CHE), alanine
aminotransferase (ALT), alkaline phosphatase (ALP), and lactate dehydrogenase (LDH) activities in
cephalopodium and liver of snails were assessed. It was found that there were significant alterations in
CHE, ALP, and ALT activities in the cephalopodium and the liver of snails after exposure to 40% and
80% LC50 of PRS or NIC for 24 h. Furthermore, the zebra fish lethality test was performed to assess
its toxicity to non-target aquatic species. Results showed that PRS which contained 15 compounds
was less toxic to zebra fish than the control (niclosamide) [126]. In 2018, Kang et al. investigated
whether hederacochiside C (HSC) isolated from roots of P. chinensis possessed antischistosomal effects
and anti-inflammatory activities in S. japonicum-infected mice. Mice infected by schistosomula or
adult worms by an intravenous injection were treated with different concentrations of HSC twice
a day for five consecutive days. Experimental results demonstrated that the total worm burden,
female worm burden, and egg burden in livers of mice treated with 400 mg/kg HSC were fewer
than those in non-treated ones. Following the HSC treatment, murine immune responses were
assessed by enzyme-linked immunosorbent assays (ELISA). Results showed that 200 mg/kg of HSC
was sufficient to reduce the expression of IgG, tumor necrosis factor (TNF)-α, interleukin (IL)-4, and
IL-17 in comparison with those in the infected group, exhibiting remarkable immunomodulatory
effects [127]. More recently, Kang et al. reported antischistosomal properties of hederacolchiside
A1 (HSA) isolated from Pulsatilla chinensis against S. japonicum and S. mansoni. Its antischistosomal
activity was higher than praziquantel and artesunate against one-day-old juvenile schistosome. In vivo
assays confirmed that the HSA-mediated antischistosomal activity was partly due to morphological
changes in the tegument system when juvenile schistosomes were exposed to HAS [127]. Extensive
tegumental disruption such as sloughing and erosion was observed. The tegument of schistosome is
a protective sheath that plays a crucial role in host-parasite interactions as well as in defense, uptake of
nutrients, osmoregulation, and excretion and hence morphological changes in the tegument is critical
for the survival of schistosome [56,128].

Reports have highlighted the molluscicidal activity of the leaf extract from C. camphora against
O. hupensis [129,130]. Yang et al. [131] have investigated molluscicidal and larvicidal activities of leaf
extracts of C. camphora growing in China against O. hupensis and S. japonicium. Gas chromatography
coupled to mass spectrometry (GC-MS) was performed to identify bioactive components from the leaf
extract of C. camphora. Results showed that Linalool-rich C. camphora leaf extracts had high molluscicidal
effects against O. hupensis (LC50 = 0.25 mg/L) and cercaricidal activity against S. japonicium (LC50 =

0.07 mg/L) [131].

328



Biology 2020, 9, 223

Xiao et al. [132] have evaluated schistosomicidal activities of flavonoids isolated from
Astragalus englerianus, a traditional Chinese medicine plant. Among the isolated flavonoids,
2,2′,5′-trihydroxy-4-methoxychalcone and (3R)-sativan caused 100% mortality of worms within 12 h
after treatment with a RPMI 1640 medium containing each drug (0.70 and 0.77 mM, respectively) [132].

Wan et al. [133] evaluated cercaricidal activities of Allium sativum (garlic) oil against S. japonicum

larvae both in vitro and in vivo. Their findings revealed that exposure to garlic emulsions at
concentrations of 10−6 (v/v) or higher for 30 min induced a 100% mortality of S. japonicum cercariae.
The toxicity of the garlic oil against S. japonicum was determined by pre-treating mice with garlic
emulsion on the shaved abdomen, followed by an S. japonicum cercariae challenge. The in vivo assay
revealed that the pre-exposure treatment with ≥ 10−4 (v/v) garlic emulsions in mice caused a 100%
inhibition of S. japonicum infection in mice, while the pre-treatment with 10−5 and 10−6 (v/v) emulsions
achieved 20–40% inhibition of S. japonicum infection and 35.2% to 63.6% worm burden reduction,
respectively [133]. Similarly, curcumin, a major polyphenol isolated from rhizomes of Curcuma longa L.,
a dietary spice widely used in Asian cuisine and in folk medicines worldwide, has been reported to
be active in vitro against every life stage of S. japonicum [134]. Furthermore, curcumin was observed
to exert an optimal activity against the adult stage without differential sensitivity between male and
female worms. After 72 h of incubation with 5 mg/mL of curcumin, a decrease in the motor activity of
these worms without tegumental alterations was observed by Ke et al. [134].

Macleaya cordata (Willd) R. Br. is a plant with high content of alkaloids. The molluscicidal effect of
alkaloid components against snail Oncomelania hupensis was determined by Ke et al. [135]. Alkaloid
AN2 was found to be the most toxic one against snail O. hupensis, showing 48 h LC50 and LC90

values of 6.35 and 121.23 mg/L, respectively. Responses of some critical enzymes to AN2, including
activities of alanine aminotransferase (ALT), alkaline phosphatase (ALP), malic dehydrogenase (MDH),
aspartate transaminase (AST), and succinate dehydrogenase (SDH), in cephalopodium and liver
were also detected. Results showed that AN2 significantly inhibited activities of MDH, SDH, and
esterase isozyme. AN2 also significantly stimulated activities of ALT, ALP, and AST to increase at
a low concentration (25 mg/L), while IT significantly inhibited activities of these enzymes at a high
concentration (100 mg/L). These results indicate that AN2 not only can inhibit protein synthesis and
respiratory chain oxidative phosphorylation, but also can cause hepatocellular injury and reduce
the detoxification ability of the liver [132]. Based on the aforementioned facts and information
summarized in Table 6, many Chinese herbal medicines are potential molluscicides. They can be used
to control intermediate hosts of schistosome and are safer to use than their synthetic counterparts.
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6. Conclusions

Schistosomiasis is a worldwide disease and needs the integration of several measures to promote
its control, which includes clinical treatment with antiparasitic agents, as well as the use of molluscicides
to promote the biological control. For these purposes, the use of plant-based actives available in
the affected countries is one of the viable, ecologically friendly and cheaper alternatives, since most of
them are considered developing countries. Thus, this review demonstrates that several researches with
natural resources present a broad diversity of species/substances that have action in different phases of
the schistosomiasis cycle and can conduct further studies with active formulations and optimization of
the best candidates to be used in the combat against this disease in each country.
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Abstract: Mosquito-borne arboviruses diseases cause a substantial public health burden within
their expanding range. To date, their control relies on synthetic insecticides and repellents aimed to
control the competent mosquito vectors. However, their use is hampered by their high economic,
environmental, and human health impacts. Natural products may represent a valid eco-friendly
alternative to chemical pesticides to control mosquitoes, and mosquito-borne parasitic diseases.
The aim of this work was to combine the chemical and sensorial profiles with the bioactivity data of
Salvia spp. essential oils (EOs) to select the most suitable EO to be used as a repellent and insecticide
against the invasive mosquito Aedes albopictus (Diptera: Culicidae), vector of pathogens and parasites,
and to describe the EOs smell profile. To do this, the EOs of four Salvia species, namely S. dolomitica,
S. dorisiana, S. sclarea, and S. somalensis were extracted, chemically analyzed and tested for their
bioactivity as larvicides and repellents against Ae. albopictus. Then, the smell profiles of the EOs
were described by a panel of assessors. The LC50 of the EOs ranged from 71.08 to 559.77 μL L−1 for
S. dorisiana and S. sclarea, respectively. S. sclarea EO showed the highest repellence among the tested
EOs against Ae. albopictus females (RD95 = 12.65 nL cm−2), while the most long-lasting, at the dose of
20 nL cm−2, was S. dorisiana (Complete Protection Time = 43.28 ± 3.43 min). S. sclarea EO showed the
best smell profile, while S. dolomitica EO the worst one with a high number of off-flavors. Overall, all
the EOs, with the exception of the S. dolomitica one, were indicated as suitable for “environmental
protection”, while S. dorisiana and S. sclarea were indicated as suitable also for “Body care”.

Keywords: essential oil composition; insecticide; mosquitoes; mosquito-borne arboviruses diseases;
repellent; sensory quality

1. Introduction

Mosquitoes (Diptera: Culicidae) are among the most serious threats for humans because of
their ability to transmit viruses and parasites. In particular, the arboviruses dengue, yellow fever,

341



Biology 2020, 9, 206

chikungunya, and Zika have recently expanded their geographical distributions and caused severe
disease outbreaks in many urban populations [1–3]. Since the transmission of these viruses depends on
the presence of the competent mosquito vectors Aedes aegypti and Aedes albopictus [3–5], measures such
as repellent- or insecticide-treated nets, indoor spraying, or personal protection measures are needed
to protect people from mosquito-borne infections [6]. To date, mosquitoes are mainly controlled by
synthetic insecticides and repellents, but besides the quick development of resistance by insect pests,
their use is often prohibitively expensive, unsustainable, and it poses relevant risks to humans and
environmental health [7].

In this regard, essential oils (EOs) for their effectiveness, minimal toxicity to mammals, and
low impact on the environment [8–10] have been recognized among the best alternative to synthetic
chemicals. However, despite their insecticidal and repellent properties, EOs still do not have the
expected broad use. In fact, besides the composition variability and the high volatility, their strong
smell prevents their widespread application [11,12]. For these reasons, the acceptance of EOs to
the human sensorial system is an important feature for their success as an ingredient in commercial
products for topical use or for environmental protection.

The genus Salvia comprises many easily cultivable species well-known in traditional medicine,
all around the world [13]. Besides the medicinal effects, Salvia spp. EOs have also been extensively
reported for their antimicrobial and antifungal activity [14,15], as well as for their repellent and
insecticidal properties [16–19].

The aim of this work was, therefore, to evaluate the efficacy as repellents and insecticides of the EOs
extracted from four cultivated Salvia species, namely S. dolomitica Codd, S. dorisiana Standl., S. sclarea L.,
and S. somalensis Vatke, against the filariasis vector Aedes albopictus Skuse (Diptera: Culicidae). Besides,
we described the EOs smell profile for their possible use as active ingredients in the formulation of
products for the environment or for personal use.

2. Materials and Methods

2.1. Plant Material, EOs Extraction and GC-MS Analysis

The EOs were obtained from air-dried aerial parts of Salvia dolomitica Codd, Salvia dorisiana Standl.,
Salvia sclarea L., and Salvia somalensis Vatke (Lamiaceae) plants cultivated at the Centro di Ricerca
Orticoltura e Florovivaismo, (CREA) (Sanremo, Italy) and collected during the Summer 2017 (Table S1).
The EOs were obtained by extraction for 2 h in a Clevenger apparatus. After the hydro-distillation,
the EOs were dehydrated using anhydrous sodium sulphate and stored at−4 ◦C until analysis. The EOs
were chemically analyzed by gas chromatography-mass spectroscopy (GC–MS) by an Agilent 7890B
gas chromatograph equipped with an Agilent HP-5MS capillary column (30 m × 0.25 mm; coating
thickness 0.25 μm) and an Agilent 5977B single quadrupole mass detector (Agilent Technologies Inc.,
Santa Clara, CA, USA). Analytical conditions were as follows: carrier gas helium at 1 mL/min; injection
of 1 μL (0.5% HPLC grade n-hexane solution); oven temperature programmed from 60 to 240 ◦C
at 3 ◦C min−1; split ratio 1:25, injector and transfer line temperatures 220 and 240 ◦C, respectively.
The parameters that were acquired were as follows: full scan, scan range of 30–300 m/z; scan time
of 1 sec. The identification of the constituents was based on a comparison of the retention times
with those of the authentic samples, comparing their linear retention indices relative to the series of
n-hydrocarbons. Computer matching was also used against commercial (NIST 14 and ADAMS) and
laboratory-developed mass spectra library built up from pure substances and components of known
oils and Mass Spectra (MS) literature data [20–24].

2.2. Aedes albopictus Rearing

Adults of Aedes albopictus Skuse (Diptera: Culicidae) were obtained from eggs collected in the open
field on Masonite strips put in black pots filled with 1 L of tap water. The strips were daily collected,
transferred in 500 mL beakers, and submerged in tap water under room conditions (26 ± 2 ◦C; 60%
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relative humidity), photoperiod of 14:10 h (L:D), for eggs hatching. The emerged larvae were fed with
cat food until pupation. The pupae (about 300 per cage) were put in cylindrical cages (Plexiglas, 35 d7
60 cm) with a front cotton access sleeve. The emerged adults were kept under room conditions and fed
with sucrose solution (20%) [17,25].

2.3. EOs Larvicidal Activity

Ten newly fourth-instar larvae (0-24 h) were put in a 250 mL beaker with 0.1% Tween 80 water
solutions of the EOs. The EOs were tested at 50, 100, 150, 200, 300, 400, and 600 μL L−1. As a control,
10 larvae were put in 0.1% Tween 80 tap water solution. Four replicates for each treatment were
performed. The mortality of the larvae was recorded after 24 h. During the tests, no food was given
to the larvae [26]. Abbott’s formula [27] was used to adjust the mortality percentage rates of the
treatments on the basis of the controls’ mortality.

2.4. Essential Oils Repellent Activity

The repellence of the EOs was evaluated by the human-bait technique [28] with some modifications.
The experiments were performed during the summer in the above-described cages. The cages contained
about of 300 8–12 day-old adults (sex ratio 1:1). The mosquitoes were starved for 12 h and were
not blood-fed or exposed to any form of repellent. The tests were performed by ten volunteers not
allergic to mosquito bites, and that had no contact with perfumed products on the day of the bioassay.
All volunteers were informed about the experiment and provided their written consent. After rinsing
the hands in distilled water, the volunteer’s forearms were protected with thick fabric sleeves and the
hands with latex gloves in which a dorsal square area 5 × 5 cm was cut open. The mosquito-exposed
skin of one hand was treated with 100 μL of ethanol as a negative control. The other hand was treated
with 100 μL of EO ethanolic solution at concentrations ranging from 0.02 to 200 nL cm−2. After ethanol
evaporation, the control hand was inserted inside the cage and exposed to mosquitoes for 3 min.
Immediately after, the other hand was treated with the EO solution and, after ethanol evaporation,
exposed to mosquitoes in the same cage. The number of probing mosquitoes was recorded by two
observers. All the tests were performed between 8:00 and 10:00 am. The complete protection time
(CPT) for the concentration of the EO of 0.2 μL cm−2 of skin was calculated by tests performed every
15 min until either two bites occurred in a single exposure period or one bite occurred in each of two
consecutive exposure periods. The complete protection times were calculated on an average of six
replicates. To verify the mosquitoes’ readiness to bite, the control and the EOs treated hand were
regularly interchanged during each test. We considered the test valid if at least 30 mosquitoes landed
on the control hand and attempted to bite. If the number of probing was < 30, a new mosquito’s cage
was used [11]. The study was approved by the ethical committee of the University of Pisa (Comitato
Bioetico dell’Università di Pisa).

2.5. Essential Oils Sensory Analysis

The sensory analysis of the EOs was performed by a panel of 10 assessors (four males and six
females aged from 23 to 60 years) selected and trained for sensory analysis of foods (mainly wine,
vegetal oils, and bakery products) and non-foods (mainly essential oils), according to the internal
protocol of the Department of Agriculture, Food, and Environment (DAFE) of University of Pisa [29,30].
For this general training protocol, five training sessions specific for the assessment of Sage spp. were
arranged until the assessors familiarized with the main descriptors useful for the characterization
of aromatic plants. With this aim, during these training sessions, assessors were asked to identify
and describe the smell profile of different solutions prepared by infusion (12 h, 25 ◦C of temperature,
inert atmosphere) in hydroalcoholic solution (13% v/v) of the main aromatic plants, spices, different
flowers, fruits, and fresh vegetables.

The smell assessment of the EOs tested was performed as a blinded test, in a quiet, well-ventilated
room in the morning. Each assessor was provided with a filter paper (2 × 2 cm) soaked with 20 μL of
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EO (1%). To avoid cross-contamination, the five samples were assessed separately in the same panel
session (15 min waiting between two tests). The assessors were provided with a specific non-structured
parametric descriptive scoring chart, and described the main odors of each sample on the basis of
descriptors ranked on a scale of 0–10 in terms of “Smell intensity”, “Smell persistency”, and, “Overall
pleasantness” as hedonic parameters [31]. The assessors also evaluated the possible use (Body care or
Environmental protection) of the EOs, as well as the main emotions (Familiar, Relax, Exotic, Repulsion)
elicited by them.

2.6. Statistical Analysis

Data of the smell profiles assessments of EOs were analyzed by one-way ANOVA with the EO as
factor. Equality of variances was checked before the analyses by the Levene’s test. The averages were
separated by the Tukey’s b post-hoc test. Larvae median and lethal concentration to 95% of tested
organisms (LC50, LC95), and adult median and total repellent dose (RD50, RD95) were calculated by
probit regression. Differences between LC50, LC95, RD50, and RD95 values were evaluated by the relative
median potency (rmp). The complete protection time (CPT) data were processed by the Kruskal–Wallis
test with the time of protection as a factor. The means were separated by Dunn-Bonferroni pairwise
comparisons. All the analyses were performed by the SPSS 22.0 software (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Essential Oils Chemical Composition

In total, 108 compounds were identified in the four Salvia spp. EOs, with an identification
percentage ranging from 96.9% to 99.8% (Table 1).

The results showed that almost all the EOs were characterized by the total monoterpenes (from
52.84 to 90.87% in S. dorisiana and S. sclarea, respectively) as the main class of constituents, even though
differently distributed among hydrocarbons and oxygenated derivatives. Salvia sclarea exhibited
the highest percentage of oxygenated monoterpenes (68.46%), while S. dorisiana and S. somalensis

pointed out nearly a similar amount in oxygenated monoterpenes (Table 1). The highest percentage of
non-terpene derivative (20.66%) was detected in the S. dorisiana EO. On the other hand, S. dolomitica

evidenced the highest percentage of sesquiterpenoids (51.06% of sesquiterpene hydrocarbons and
12.33% of oxygenated sesquiterpenes). Regarding the main identified constituents, both bornyl acetate
and camphor were the main constituents of S. somalensis EO (18.10% and 12.91%, respectively) (Table 1).
This latter species also evidenced an interesting amount of α-pinene (6.77%), camphene (6.05%),
δ-3-carene (5.19%), β-caryophyllene (3.62%), τ-cadinol (5.12%), and limonene (4.13%).

Salvia dolomitica was characterized by the highest amount of β-caryophyllene (14.81%) followed
by eucalyptol (10.17%) and aromadendrene (7.96%). δ-cadinene, borneol, γ-cadinene and, viridiflorene
showed also a good relative percentage (5.86 > 4.41 > 4.36 > 3.96%, respectively), and β-eudesmene
and α-eudesmol were exclusive constituents of this EO.

Salvia dorisiana EO showed a different composition, in fact, it was rich in perillyl acetate (21.74%)
and methyl perillate (19.16%), together with β-caryophyllene (9.99%) and myrtenyl acetate (4.03%).
It is interesting to note that perillyl acetate, methyl perillate, and myrtenyl acetate were present only in
S. dorisiana EO, Linalyl acetate (32.03%) and α-thujene (9.91%) characterized S. sclarea EO, followed by
linalool (11.90%).
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3.2. Essential Oils Larvicidal Activity

The Salvia EOs showed a wide range of toxicity against the Asian tiger mosquito larvae, depending
on the species. Overall, the toxicity of S. dorisiana EO (LC50 = 71.08 μL L-1) was in line with the toxicity
previously reported for other aromatic plants’ EOs (LC50 ranging from 35 to 194 μL L-1) (reviewed by
Pavela, 2015), while a much lower toxicity against Ae. albopictus larvae was recorded for S. dolomitica,
S. dorisiana, and S. somalensis. (LC50 ranging from 315.52 to 559.77 μL L-1) (Table 2).

Table 2. Toxicity of Salvia dorisiana, S. dolomitica, S. sclarea, and S. somalensis essential oils (EOs) against
larvae of Aedes albopictus.

EO LC50
a LC95

b χ2 (df) P

S. dolomitica 315.52 (293.24–338.14) 503.04 (454.85–582.09) 3.50 (8) 0.899
S. dorisiana 71.08 (65.91–76.14) 125.52 (112.70–146.54) 4.83 (8) 0.775
S. sclarea 559.77 (470.17–718.35) 2159.94 (1457.00–3974.90) 5.68 (8) 0.683
S. somalensis 388.51 (356.59–430.74) 686.63 (581.29–912.44) 0.99 (8) 0.998

a, Concentration of the EO that kills 50% of the exposed larvae; b, concentration of the EO that kills 95% of the
exposed larvae. Data are expressed as μL L-1; in bracket, confidence interval; df, degrees of freedom. P, significance
level of Pearson goodness of fit test.

The comparison of the relative toxicity of Salvia spp. EOs against Ae. albopictus by rmp analysis of
probits showed that the S. dorisiana EO was significantly more toxic to the mosquitoes’ larvae than the
other Salvia EOs. In addition, S. dolomitica was significantly more toxic than S. sclarea EO (Table 3).

Table 3. Relative toxicity of Salvia dorisiana, S. dolomitica, S. sclarea., and S. somalensis essential oils (EOs)
against Aedes albopictus larvae.

EO (Y)

EO (X) S. dolomitica S. dorisiana S. sclarea S. somalensis

S. dolomitica - 5.48(3.00–13.24) 0.69 (0.45–1.01) 0.73 (0.46–1.12)
S. dorisiana 0.18 (0.08–0.33) - 0.13 (0.05–0.25) 0.13 (0.05–0.27)
S. sclarea 1.46 (1.01–2.23) 7.98(4.07–21.81) - 1.07 (0.71–1.62)
S. somalensis 1.37 (0.90–2.18) 7.49(3.77–20.47) 0.94 (0.62–1.42) -

Relative median potency analyses (rmp) values of probits (EO in column vs. EO in row): Values < 1 indicate higher
repellence. Values > 1 indicate lower repellence. Bold indicates significant values (95% CI � 1).

3.3. Essential Oils Repellent Activity

All the Salvia spp. EOs showed a repellent activity against the Ae. albopictus adults. RD50 values
ranged from 0.56 to 5.03 nL cm−2 for S. dorisiana and S. somalensis, respectively while RD95 values
ranged from 12.65 to 8308.54 nL cm−2 for S. sclarea and S. somalensis, respectively (Table 4).

Table 4. Repellence of Salvia dorisiana, S. dolomitica, S. sclarea, and S. somalensis essential oils (EOs)
against Aedes albopictus females.

EO RD50
a RD95

b χ2 (df) P

S. dolomitica 0.98 (0.62–1.54) 38.68 (18.50–86.26) 66.35 (7) <0.001
S. dorisiana 0.56 (0.19–1.11) 39.88 (7.84–46986.17) 12.59 (3) 0.006
S. sclarea 1.13 (0.74–1.74) 12.65 (6.12–52.92) 28.36 (4) <0.001
S. somalensis 5.03 (3.69–7.01) 8308.54 (3387–25371.72) 14.91 (8) 0.061

a, dose of EO that reduces the number of landings to 50%; b, dose of EO that reduces the number of landings to 95%.
Data are expressed as nL cm−2 of skin. In bracket, confidence limits. P, significance level of Pearson goodness of fit
test. Since P < 0.150, a heterogeneity factor is used in the calculation of confidence limits.

The comparison of the relative toxicity of Salvia spp. EOs by rmp analyses did not show significant
differences among the EOs, with the exception of S. somalensis EO that was significantly less repellent
than the others (Table 5).
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Table 5. Relative repellence of Salvia dorisiana, S. dolomitica, S. sclarea, and S. somalensis essential oils
(EOs) against Aedes albopictus females.

EO (Y)

EO (X) S. dolomitica S. dorisiana S. sclarea S. somalensis

S. dolomitica - 1.78 (0.56–6.02) 0.87 (0.29–2.63) 0.25(0.09–0.61)
S. dorisiana 0.56 (0.17–1.80) - 0.49 (0.13–1.80) 0.14(0.04–0.45)
S. sclarea 1.14 (0.38–3.50) 2.04 (0.55–7.97) - 0.29(0.09–0.83)
S. somalensis 4.00 (1.63–10.68) 7.07 (2.22–26.29) 3.46 (1.21–10.87) -

Relative median potency analyses (rmp) values of probits (EO in column vs. EO in row): Values < 1 indicate higher
repellence, values > 1 indicate lower repellence. Bold indicates significant values (95% CI � 1).

The results of the complete protection time (CPT) assay indicated that the Salvia EOs applied to
human skin at the dose of 20 nL cm−2 protect from the mosquito’s bites for a time ranging from 4.60 ± 2.7
to 43.28 ± 3.43 min (for S. somalensis and S. dorisiana, respectively) (Table 6). The Kruskas–Wallis test
indicated significant differences in the duration of the protection by Salvia EOs (χ2 = 14.432; df = 4;
P = 0.006). The Dunn–Bonferroni pairwise comparisons of the CPT values indicated that the protective
effect of S. dorisiana was significantly longer-lasting than the one of the S. somalensis EO (Table 6).

Table 6. Complete protection time (CTP) of Salvia dorisiana, S. dolomitica, S. sclarea, and S. somalensis

essential oils (EOs) against Aedes albopictus females.

EO. CPT a

S. dolomitica 21.45 ± 7.12 ab

S. dorisiana 43.28 ± 3.43 a

S. sclarea 13.60 ± 2.31 ab

S. somalensis 4.60 ± 2.70 b

a, Complete protection time values (min) of Salvia EOs applied on human skin at the dose of 20 nL cm−2; different
letters indicate significant differences among the same dose of each EO (Kruskas–Wallis, Dunn–Bonferroni pairwise
comparisons, P ≤ 0.05).

3.4. Essential Oils Sensory Analysis

The panel tests indicated S. dorisiana as the EO with the highest “Smell intensity” (Figure 1), closely
followed by S. dolomitica and S. somalensis as the EO with the lowest intensity. Such differences, however,
were not statistically significant (F(4.25) = 2.12. p = 0.109). On the contrary, the assessors attributed
to the different EOs a significantly different “Smell persistency” as well as “Overall pleasantness”
(F(4.25) = 5.80, p = 0.002; F(4.25) = 10.83, p < 0.001, respectively).

As for smell persistency, the highest value was attributed to S. dorisiana, followed by S. dolomitica

and S. sclarea EO, with the lowest values attributed to the S. somalensis EO (Figure 1).
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Figure 1. Smell characterization of the Salvia dorisiana, S. dolomitica, S. sclarea, and S. somalensis

essential oils.

The best smell profile (highest value of overall pleasantness) was attributed to the S. sclarea EO,
followed by the S. somalensis and the S. dorisiana EOs. The worst smell profile was attributed to the
S. dolomitica EO that was characterized by a high number of off-flavors (Table 7).

Table 7. Main odors that characterized the smell of Salvia dolomitica, S. dorisiana, S. sclarea, and
S. somalensis essential oils.

Odour Class

Species S. dolomitica S. dorisiana S. sclarea S. somalensis

Vegetative odours

Herbaceous Herbaceous Citronella Herbaceous
- Mint Fresh mint Menthol
- - Citrus Chamomille
- - Lime -

Spicy
- Sandalwood Green spicy Green spicy
- Licorice Thyme Thyme
- - Sage Green tea

Other - Resin - -

Off-flavors

Mould - - -
Wet rag - - -

Old soap - - -
Petrol - - -

Furthermore, S. sclarea and S. somalensis EOs showed the highest complexity in flavor descriptors
(Table 7) referring to both family of vegetative and Spicy odors.

All the assessors associated the S. dolomitica EO to negative emotion “Repulsion”. On the contrary,
the other Salvia spp. EOs were associated with positive sensations “Familiar” and “Relax” together
with an “Exotic” feeling.

As for the possible use of the EOs, the assessors indicated that all the Salvia spp. EOs, with the
exception of S. dolomitica, were suitable for “Environmental protection”, while only the S. dorisiana and
S. sclarea were suitable also for “Body care” (Figure 2).
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Figure 2. Main possible uses and emotions associated with the Salvia dorisiana, S. dolomitica, S. sclarea,
and S. somalensis essential oils.

4. Discussion

The use of EOs as insecticides and insect repellents is raising increasing interest for their low
impact on environmental and human health, and for their perception by consumers as safe, natural
products [32]. As for their use as repellents, however, in order for them to be successfully utilized as an
ingredient in commercial products for topical or for environmental protection use, the EOs need to have
a good level of acceptance to the human sensorial system. In this work, we observed that the Salvia

EOs tested showed a wide range of toxicity against the Asian tiger mosquito larvae, depending on the
Salvia species and were able to show a repellent activity against the Ae. albopictus adults, depending on
the concentration, while not all of them were indicated by the panelists as suitable to be utilized in the
formulation of products for environmental protection or personal protection.

In order to get insights about the molecular components of the tested EOs that may act as
chemical cues for mosquitoes and the human sensorial system, their chemical composition was
characterized by GC-EIMS. The EO profiles of the studied species were completely in agreement with
what was previously reported on S. somalensis [33] and S. dorisiana [17]. The S. sclarea EO evidenced
results in partial agreement with those observed by Aćimović and co-workers [34] on clary sage
EO from Tajikistan. The S. dolomitica EO was a subject of discord, in fact, Kamatou et al. [35] and
Bassolino et al. [36] found a composition similar to what we found in the current study, while in a
more recent study by Ebani [33], eucalyptol was the main compound. Caser underlined a completely
different profile where limonene (19.8%), δ-3-Carene (9.1%), and germacrene D (8.6%) dominated
together with (E)-β-ocimene (7.39%) and β-caryophyllene (7.9%) [37].

Overall, the toxicity of S. dorisiana EO against the Ae. albopictus larvae recorded in this work
(LC50 = 71.08 μL L−1) agrees with previous studies performed with other aromatic plants EOs (LC50
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ranging from 35 to 194 μL L−1) (reviewed by Pavela [38]) and was shown to be significantly higher
than the other Salvia spp. EOs. In line with our findings, a strong variability in the larval toxicity
of Salvia spp. EOs was observed also by Ali [16] against the mosquitoes Anopheles quadrimaculatus

and Aedes aegypti (Diptera: Culicidae). These results indicate a strong variability in the toxicity of
the EOs among species of the genus Salvia that is consistent with the high variability in the chemical
composition of the EOs.

Besides the high variability in the chemical composition of the EOs, a limitation in the use of
the EOs as mosquito repellent is represented by their high volatility. This is why the determination
of the protection time is an important parameter for the screening of EOs for possible practical use.
In this experiment, S. dorisiana EO showed a very good persistency (CPT = 43 min at the dose of
20 nL cm−2 of skin) of the repellent effect that was longer than the one reported for the synthetic
repellent N,N-Diethyl-meta-toluamide (DEET) (CPT = 10 min at the dose of 40 nL cm−2 of skin) [11].
Overall, S. dorisiana showed the highest toxicity against Ae. albopictus larvae coupled with the strongest
protection effect against the Ae. albopictus bites that were about 60% longer than that of DEET. On the
contrary, S. somalensis, was the least toxic and persistent EO among the Salvia species tested.

These results are in line with previous experiments by Conti et al. [17] who found that S. dorisiana

and S. sclarea EOs were able to protect the human skin from Ae. albopictus bites up to 31 and 21 min
(at 40 nL cm−2), respectively. The repellent effect showed by Salvia spp. EOs in this work is consistent
with one of EOs extracted from aromatic plants belonging to other families. For example, the EOs
extracted from Curcuma longa L. (Zingiberaceae), Pogostemon heyneanus Benth. (Lamiaceae), and
Zanthoxylum limonella Alston (Rutaceae) were found to repel the Asian tiger mosquito up to 23 min at
a dose of 5% (about 10 times more concentrated than the solutions tested in the present study) [39].
Moreover, Nasir [40] found that the Zingiber officinale Rosc. (Zingiberaceae) Mentha piperita L., and
Ocimum basilicum L. (Lamiaceae) showed 34–98 min of protection (EOs, 10%).

The sensorial analyses of the Salvia spp. EOs indicated that, overall, the best smell profile (highest
value of overall pleasantness) was the one of the S. sclarea EO, followed by the S. somalensis and
S. dorisiana EOs. The preference showed by the assessors to the S. sclarea EO should be probably
due to the green spicy, fresh mint, menthol-like and citrus-like fragrances detected in all the samples.
Those fragrances may be associated with the presence of the alcoholic volatile compounds’ linalool
and p-cymen-8-ol (Table 1).

On the contrary, the worst smell profile attributed to S. dolomitica EO is probably due to the
off-flavors detected by panelists in EO that can be well explained by the presence in volatile fraction
of borneol (smell character: camphoraceous odor [41]) in association with β-caryophyllene (smell
character: dry-woody-spicy, clove-like odor [41]) and β-pinene (smell character: dry-woody, resinous
odor [41]).

5. Conclusions

The control of mosquitoes is paramount in the efforts of stopping the spread of mosquito-borne
diseases. According to our results, Salvia species may represent a valid source of repellents and
insecticides alternative to the synthetic ones for the control of mosquitoes. In fact, unlike synthetic
chemicals, the low-cost and the increasing demand for effective and safe natural products may make
EO-based products well accepted by consumers, provided that they are compatible with their sensory
system. The multidisciplinary approach of this study showed that the selection of EOs as ingredients
for effective and good-smelling anti-mosquito formulations is feasible by combining the data of the
biological activity with their chemical and smell profiles.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-7737/9/8/206/s1,
Table S1: Main botanical characteristics, propagation and cultivation methods, plants main uses, and essential oils
(EOs) main uses of Salvia dorisiana, S. dolomitica, S. sclarea, and S. somaliensis.
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Abstract: Matthiola incana (L.) R. Br. (Brassicaceae) is widely cultivated for ornamental purposes and
utilized as a medicinal plant. In the present work, the hydroalcoholic extract from the aerial parts of
this species has been evaluated in different bioassays in order to detect potential pharmacological
applications. The cytotoxic capacity against the human colorectal adenocarcinoma (CaCo-2)
and breast cancer (MCF-7) cell lines was tested using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay. The extract was investigated as a neuroprotective inhibitor of
central nervous system (CNS) enzymes such as monoamine oxidase A, tyrosinase, acetylcholinesterase,
and as a natural enzyme inhibitor of α-glucosidase and lipase involved in some metabolic disorders
such as obesity or type 2 diabetes. The antioxidant ability was also evaluated in an enzymatic system
(xanthine/xanthine oxidase assay). Results showed that the M. incana extract displayed moderate to
low cytotoxicity vs. CaCo-2 cells. The extract acted as a superoxide radical scavenger and enzymatic
inhibitor of monoamine oxidase A, tyrosinase, α-glucosidase, and lipase. The best results were
found in the α-glucosidase assay, as M. incana hydroalcoholic extract was able to inhibit the enzyme
α-glucosidase up to 100% without significant differences, compared to the antidiabetic drug acarbose.
Matthiola incana has been demonstrated to exert different biological properties. These are important
in order to consider this species as a source of bioactive compounds.

Keywords: anti-glucosidase; antioxidant; Brassicaceae; medicinal plants; enzyme inhibitor; polyphenols;
stock flower

1. Introduction

Matthiola incana (L.) R. Br. (Brassicaceae), usually called “stock flower”, is widely cultivated for
ornamental purposes in many regions around the world [1,2].

This species is utilized in the traditional medicine of several countries (Iran, India, Ecuador,
Bolivia, Italy) for the treatment of various ailments, including inflammations and cancer, particularly
breast and testicular cancer [3–11].
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Matthiola incana is also utilized as an edible plant; the flowers are eaten as a vegetable or used
as a garnish, especially with sweet desserts [7,12], and the freshly boiled pods are consumed in Italy
(Puglia). In China, the edible flowers are sold in health food stores and consumed in the form of
tea [13,14].

Considering all the above-mentioned uses of M. incana, our research team recently published
a study reporting the phytochemical composition and the biological properties of a hydroalcoholic
extract (80% methanol) obtained from the aerial parts (leaves and flower buds) of M. incana growing
wild in Sicily, Italy. In our previous work, the phenolic compounds and volatile constituents were
characterized for the first time. The extract was found to possess antioxidant activity in both in vitro
and in vivo assays. In particular, it showed good chelating properties and a protective effect on
Escherichia coli growth and survival from the oxidative stress induced by hydrogen peroxide. Moreover,
the extract proved non-toxic against brine shrimp larvae (Artemia salina Leach), indicating its potential
safety [15].

As part of the ongoing research, the present work was designed to assess further biological
activities of the same extract using a wide variety of in vitro bioassays.

Starting from its traditional use in the prevention and treatment of different types of cancers,
including breast cancer, the cytotoxicity of the extract against two different human cancer cell lines, breast
(MCF-7) and colorectal adenocarcinoma (CaCo-2), was tested through the MTT (3-(4,5-dimethylthiazol
-2-yl)-2,5-diphenyltetrazolium bromide) assay in order to provide a scientific basis for the empiric use
of M. incana.

In recent years, ever-growing evidence indicates that oxidative stress plays a key role in the
pathogenesis of a number of diseases associated with neurodegeneration and of many metabolic
disorders [16,17]. Further, increasing evidence suggests a link between the incidence and progression
of some neurodegenerative disorders and metabolic dysfunction [18]. Antioxidants can provide the
desired antioxidant status, therefore contributing to the prevention of these pathologies; for this reason,
oxidative stress is a therapeutic target. Indeed, several research studies have addressed the ability of
natural antioxidants to delay or prevent neurodegenerative and metabolic disorders.

Taking into account the antioxidant activity of M. incana extract previously demonstrated,
the second aim of this work is to assay the antioxidant capacity of the extract in an enzymatic system
and to investigate its effect as a neuroprotective inhibitor of central nervous system (CNS) enzymes
and as an enzyme inhibitor of α-glucosidase and lipase.

The ability to modulate key physiological enzymes has been investigated using monoamine
oxidase A (MAO-A), tyrosinase (TYR), acetylcholinesterase (AChE), whose inhibition may lead to
a neuroprotective effect [19–21], and lipase and α-glucosidase (α-GLU), to establish the extract’s
anti-obesity and antidiabetic potential [22].

2. Materials and Methods

2.1. Reagents and Chemicals

Xanthine, nitroblue tetrazolium (NBT), xanthine oxidase, gallic acid, galantamine, acetylthiocholine
iodide (ATCI), 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB), tris, acetylcholinesterase from electric eel
(AChE), vanillic acid, 4-aminoantipyrine, horseradish peroxidase, tyramine, monoamine oxidase
A (MAO-A), levodopa (L-DOPA), tyrosinase (TYR), orlistat, lipase (type II) from porcine pancreas,
p-nitrophenyl butyrate (pNPB), α-glucosidase (α-GLU) from Saccharomyces cerevisiae, and p-nitrophenyl
glucopyranoside (pNPG) were acquired through Sigma-Aldrich (Madrid, Spain); clorgyline, kojic acid,
and acarbose were from Cymit Quimica (Barcelona, Spain); Na2CO3, HCl, NaCl, MgCl2, CaCl2, MeOH,
and potassium phosphate were from Panreac (Barcelona, Spain), and fetal bovine serum was from Gibco
(Barcelona, Spain). All standards used for comparative purposes in the bioassays and experiments
were acquired with a purity of at least 99%. All the chemicals and reagents not mentioned above were
purchased from Sigma-Aldrich (Milano, Italy).
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2.2. Plant Material and Extraction

The aerial parts (leaves and flower buds) of Matthiola incana (L.) R. Br. were collected in March,
just before flowering, around Capo d’Orlando (Messina, Sicily, Italy). The taxonomic identification
was confirmed by Prof. S. Ragusa, Department of Health Sciences, University “Magna Graecia” of
Catanzaro. Voucher specimens were deposited in the Herbarium of the Department of Chemical,
Biological, Pharmaceutical and Environmental Sciences, University of Messina, under accession number
406/17. After harvesting, the aerial parts were frozen, then the freeze-dried plant material (25.76 g) was
subjected to preventive maceration with 80% MeOH (250 mL) for 150 min. The extraction was carried
out with 80% MeOH (250 mL) in an ultrasonic bath at 50 ◦C for 15 min (three times). The filtrates
were combined and evaporated to dryness by rotavapor; the yield of the extract, referred to 100 g of
lyophilized plant material, was 33.33%.

2.3. Cytotoxic Activity

2.3.1. Cell Culture and Treatments

Human colorectal adenocarcinoma cells (CaCo-2), obtained from the American Type Culture
Collection (Rockville, MD, USA), were cultured as previously described [23]. The cells were plated at a
constant density of 3 × 105/mL in order to obtain identical experimental conditions in the different tests
and to achieve high accuracy of measurement. MCF-7 breast cancer cells (ATCC cell bank, Rockville,
MD, USA) were cultured in RPMI medium containing 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100 μg/mL streptomycin in 5% CO2 at 37 ◦C and seeded at a constant density of
3 × 105/mL. Both cell lines were seeded in 96-well plates for MTT assay and in 6-well plates for lactate
dehydrogenase (LDH) release. At sub-confluent conditions, CaCo-2 and MCF-7 cells were treated with
different concentrations of the M. incana extract for 48 and 72 h. The extract was dissolved in medium
to obtain final concentrations ranging from 0.0625 to 4 mg/mL. After the treatments, cells were scraped,
washed with PBS, and subsequently utilized for analysis.

2.3.2. MTT Bioassay

The MTT assay was performed according to Malfa and collaborators [24] in order to assess cell
viability. After 24 h, cells were treated with different concentrations of extract (0.0625–4 mg/mL)
for 48 and 72 h. The optical density was measured with a microplate spectrophotometer reader
(Titertek Multiskan, Flow Laboratories, Helsinki, Finland) at λ = 570 nm. The results were expressed
as a percentage of cell viability with respect to control (untreated cells).

2.3.3. LDH Release

Necrotic cell death was measured by LDH release as a consequence of cell membrane disruption.
Enzyme activity was measured, in cell culture medium and in the cellular lysates, spectrophotometrically
at λ = 340 nm through the reduction of oxidized nicotinamide adenine dinucleotide (NAD) [23].
LDH release was calculated as a percentage of the total amount, as a sum of the enzymatic activity in the
cellular lysate and in the culture medium. The results were expressed as a percentage of LDH released.

2.4. Antioxidant Activity: Superoxide Radical Scavenging Activity

The xanthine/xanthine oxidase assay was used to assess the ability of M. incana extract to eliminate
superoxide radicals generated by the reaction [25]. The assay was performed in 96-well microplates,
and the mixture contained 90 μM of xanthine, 16 mM of Na2CO3, 22.8 μM of NBT (solved in phosphate
buffer, pH 7), and sample or reference inhibitor (gallic acid) at different concentrations. Then, xanthine
oxidase (168 U/L) was added to start the reaction. The mixture was incubated for 2 min at 37 ◦C.
Controls were performed in order to obtain 100% activity, containing buffer instead of samples or
inhibitors. Blanks were also performed, in order to avoid background interference, containing buffer
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instead of the enzyme. The inhibitory activity of the samples was measured by absorbance at 560 nm,
as a result of the NBT transformation into the chromogen formazan formed by the superoxide radical.
The results were expressed as a percentage of free radical scavenging capacity (RSC) and were calculated
with Equation (1) considering blank substraction.

RSC (%) = [(Abscontrol − Abssample)/Abscontrol] × 100 (1)

The M. incana extract activity on the xanthine oxidase enzyme was also evaluated by measuring
the formation of uric acid from xanthine at 295 nm after 2 min. The reaction mixture contained the
same components as those described previously in the xanthine/xanthine oxidase system, with the
exception of NBT.

2.5. Enzyme Inhibition Activity

2.5.1. Acetylcholinesterase (AChE) Inhibition

The activity was measured using a 96-well microplate reader based on Ellman’s method with
some modifications [25]. The assay mixture contained 15 mM ATCI in Millipore water, 3 mM DTNB in
buffer C (50 mM Tris-HCl, pH 8, 0.1 M NaCl, 0.02 M MgCl2·6 H2O), buffer (50 mM Tris-HCl, pH 8, 0.1%
fetal bovine serum), and different concentrations of M. incana extract or reference inhibitor solved in
buffer (50 mM Tris-HCl, pH 8). Then, AChE (0.22 U/L) was added to start the reaction. Controls were
performed in order to obtain 100% activity, containing buffer instead of samples or inhibitors. Blanks
were also performed, in order to avoid background interference, containing buffer instead of the
enzyme. Absorbance was read 13 times every 13 s at 405 nm. Galantamine was used as a reference
inhibitor. The results were expressed as a percentage of inhibition to the control wells and were
calculated with Equation (2).

Inhibition (%) = [(Abscontrol − Abssample)/Abscontrol] × 100 (2)

2.5.2. Monoamine Oxidase A (MAO-A) Inhibition

The assay was performed in a 96-well microplate using the technique previously described [25].
Each well contained M. incana extract or reference inhibitor (clorgyline) at different concentrations,
chromogenic solution (0.8 mM vanillic acid, 417 mM 4-aminoantipyrine, and 4 U mL−1 horseradish
peroxidase in potassium phosphate buffer pH 7.6), 3 mM tyramine, and 8 U/mL MAO-A. Controls were
performed in order to obtain 100% activity, containing buffer instead of samples or inhibitors. Blanks were
also performed, in order to avoid background interference, containing buffer instead of MAO-A.
The absorbance was read at 490 nm every 5 min for 30 min. The results were calculated with Equation (2).

2.5.3. Tyrosinase (TYR) Inhibition

The assay was conducted in 96-well microplates using a microplate reader to measure absorbance
at 475 nm using the described procedure [26]. M. incana extract at 10μL or reference inhibitor (Kojic acid)
at different concentrations, L-DOPA, phosphate buffer (pH 6.8), and tyrosinase were added to each
well. Controls were performed in order to obtain 100% activity, containing buffer instead of samples or
inhibitors. Blanks were also performed, in order to avoid background interference, containing buffer
instead of the TYR. The results were calculated with Equation (2).

2.5.4. Lipase Inhibition

The activity was measured in 96-well microplates using previous protocols [27]. Each well
contained M. incana extract or reference inhibitor (orlistat) at different concentrations and 2.5 mg/mL
lipase, prepared in 100 mM Tris and 5 mM CaCl2 buffer, pH 7.0. After 15 min preincubation,
20 μL of 10 mM pNPB solution was added to each well for another 15 min incubation at 37 ◦C.
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Controls were performed in order to obtain 100% activity, containing buffer instead of samples or
inhibitors. Blanks were also performed, in order to avoid background interference, containing buffer
instead of lipase. Absorbance was read at 405 nm, and orlistat was used as a reference inhibitor.
The results were calculated with Equation (2).

2.5.5. Inhibition of α-Glucosidase (α-GLU)

The capacity of M. incana extract to inhibit α-glucosidase was measured in a 96-well microplate
reader based on the method previously described [27]. Each well contained a reaction mixture of M.

incana extract or reference inhibitor (acarbose) at different concentrations and α-GLU (1.0 U mL−1).
After preincubation for 10 min, 3.0 mM pNPG (dissolved in 20 mM phosphate buffer, pH 6.9) was
added to start the reaction and incubated at 37 ◦C for 20 min. Then, absorbance was measured at
405 nm. Controls were performed in order to obtain 100% activity, containing buffer instead of samples
or inhibitors. Blanks were also performed, in order to avoid background interference, containing buffer
instead of α-GLU. The results were calculated with Equation (2).

2.6. Statistical Analysis

The results of cytotoxicity tests were the mean ± standard deviation (SD) of four experiments in
triplicate. One-way analysis of variance (ANOVA), followed by Bonferroni’s t-test, was performed
in order to estimate significant differences among groups. Data were reported as mean values ±
standard deviation (SD), and differences among groups were significant at p < 0.001. The results
of the antioxidant and enzyme inhibiting assays were obtained from at least the average of three
independent experiments and were expressed as mean ± standard error (SEM). Data analyses were
run with GraphPad Prism v.6 (GraphPad Software, San Diego, CA 92108, USA).

3. Results and Discussion

3.1. Cytotoxic Activity

Even though there has been significant progress in the fight against cancer, the discovery of
bioactive natural products still plays an important role in the research and development of new
anticancer agents to treat it effectively and with fewer adverse effects. In order to provide a scientific
basis for the empiric use of M. incana as an anticancer agent, we tested the cytotoxic activities of
hydroalcoholic extract of this species against two human cancer cell lines: MCF7 breast cancer cells and
CaCo-2 colorectal adenocarcinoma cells. No change in viability was observed in MCF-7 cells treated
with 0.0625-4 mg/mL of M. incana extract for 48 and 72 h. This result does not support the reported
traditional use of M. incana for the treatment of breast cancer.

In contrast, as shown in Figure 1, the treatment of CaCo-2 with different concentrations of M. incana

extract induced a moderate inhibitory effect on succinate dehydrogenase activity at both 48 and 72 h of
exposure. The exerted cytotoxic activity was significant, starting from the concentration of 2 mg/mL
at 48 h and from the concentration of 0.5 mg/mL at 72 h of treatment, where the inhibitory effects
reached a value of 30% at 4 mg/mL. This distinct effect is probably due to the two different cell lines,
which respond to the same treatment in different ways; indeed, MCF7 breast cancer cells are well
known for their drug resistance capacity mediated by breast cancer resistance protein (BCRP) [28].

The cytotoxic effect detected on the CaCo-2 cell line by MTT assay was further investigated by
the determination of LDH release. Figure 2 evidenced that non-necrotic cell death was associated
with reduced viability at the lowest concentrations of the extract, allowing us to hypothesize the
involvement of a different death pathway for both times of exposure. Conversely, at the highest
concentration (4 mg/mL), we found a significant increase in LDH release suggesting a necrotic effect
due to the high concentration of plant metabolites present in the extract (Figure 2).
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Figure 1. Cell viability in CaCo2 cells treated for 48 and 72 h with the hydroalcoholic extract of M. incana

aerial parts evaluated by MTT assay. Values are the mean ± SD of four experiments in triplicate.
* Significant vs. untreated control cells: p < 0.001.

Figure 2. LDH released in CaCo2 cells untreated and treated for 48 and 72 h with the hydroalcoholic
extract of M. incana aerial parts. Values are the mean ± SD of four experiments in triplicate. * Significant
vs. untreated control cells: p < 0.001.

The potential cytotoxic activity of M. incana extract determined in the CaCo-2 cell line could be
related to its ferrous ions’ chelating properties, as demonstrated in our previous study [15]. In fact,
some metals such as copper and iron have been shown to play a significant role in the rapid proliferation
of cancer cells [29].

3.2. Antioxidant Activity

Matthiola incana extract showed the ability to scavenge superoxide radicals produced by a
xanthine/xanthine oxidase reaction (Figure 3). This antioxidant activity was lower than the reference
compound, gallic acid. The IC50 values were 2.38 and 0.45 μg/mL for M. incana and gallic acid, respectively.

Antioxidant properties of phenolic compounds are widely demonstrated [30]. Previous studies by
the authors characterized the polyphenolic compounds contained in M. incana extract and showed the
potential of this plant as a radical scavenger, reducing agent, or metal chelator [15]. However, this was
the first time that this antioxidant potential was observed in a radical superoxide, that is, one of the
physiological reactive oxygen species presented as the product of numerous enzymatic reactions.
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Figure 3. Antioxidant activity of the hydroalcoholic extract of M. incana aerial parts evaluated
in the xanthine/xanthine oxidase system. IC50 values were calculated by non-linear regression.
All concentrations were tested at least in triplicate, and each point represents mean ± SEM.

3.3. Inhibitory Activities on CNS Enzymes

Matthiola incana extract was able to inhibit CNS enzymes as MAO-A and TYR but not AChE. In the
MAO-A inhibition assay, the extract reached complete enzyme inhibition but only at the highest doses
(Figure 4A). The difference between the extract and clorgyline was obvious, as also confirmed by the
IC50 values, 570.28 and 0.15 μg/mL for the extract and the reference inhibitor, respectively. However,
the extract showed higher activity in the TYR inhibition assay, reaching almost 90% of inhibition and a
very similar profile to the reference inhibitor, kojic acid (Figure 4B). The IC50 values were 25.21 and
3.52 μg/mL for the extract and the reference inhibitor, respectively. However, the extract was not able
to inhibit AChE in any tested concentration.

Figure 4. Activity of the hydroalcoholic extract of M. incana aerial parts in enzymes related to
central nervous system (CNS) pathologies. IC50 values were calculated by non-linear regression.
All concentrations were tested at least in triplicate, and each point represents mean ± SEM.
(A): monoamine oxidase A (MAO-A) inhibition performed by M. incana extract and clorgyline
as standard. (B): tyrosinase (TYR) inhibition by M. incana extract and kojic acid as standard.
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This was the first time that these inhibitory properties on CNS enzymes were shown for this species.
However, it is known that antioxidants and extracts with high polyphenol content could be involved
in the prevention of diseases related to oxidative stress as neurodegenerative pathologies [31,32].
Synthetic MAO inhibitors have been used to treat depression or dementia but may have side effects
due to the increase of biogenic amines in the blood. Kaempferol, a flavonoid contained in the extract,
has already demonstrated its potential inhibitory effect on human MAO-A [33,34], which could explain
the inhibition of this enzyme by the M. incana extract. TYR inhibition may represent a potential
neuroprotective strategy preventing dopamine-induced neuronal damage, although TYR inhibitors are
more often used in preventing skin pigmentation in dermatology [35]. Phenolic compounds present in
this extract as kaempferol or luteolin inhibited TYR [36,37]. However, naringenin, another flavonoid
contained in high concentration in the extract, exhibited significant anti-proliferative activity against
B16F10 melanoma cells and enhanced TYR activity, suggesting its use as a natural tanning agent [38].

3.4. Inhibitory Activities on α-Glucosidase (α-GLU) and Lipase

Matthiola incana extract was also tested as an inhibitor of enzymes presented in the digestive tract,
with the aim of investigating the potential use of this extract as an antidiabetic and/or anti-obesity herbal
drug. The extract was able to inhibit around 50% of lipase activity at the highest tested concentration
(Figure 5A). IC50 for the extract was 508.71 μg/mL, considerably higher than reference inhibitor, orlistat,
whose IC50 was 0.70 μg/mL. Nonetheless, the inhibitory activity of M. incana was better in the α-GLU
assay. As shown in Figure 5B, the extract inhibited the enzyme in a dose-dependent manner with a
better response than the reference inhibitor acarbose. The inhibitory curve of the extract was slightly
shifted to the left relative to acarbose; however, no significant differences were detected between
acarbose and the extract (142.20 and 378.92 μg/mL for the M. incana extract and acarbose, respectively).

This was also the first time that this extract was shown to be able to inhibit enzymes involved in
metabolic disorders such as lipase and α-GLU. Although inhibitory effects were detected in commercial
glucosidases from Saccharomyces cerevisiae, this enzyme is widely used to screen glucosidase inhibitors
with potential use and applications in human health; nevertheless, more studies will be performed in
the future in order to establish the inhibitory activity on human glucosidases. Oxidative stress is also
responsible for metabolic syndrome pathologies [39,40], and, for this reason, different antioxidants have
been studied in this field. There is only one study in which M. incana seeds, rich in linolenic acid oil
(55–65%), reduced cholesterol levels and increased omega-3 fatty acid levels in the plasma of rats [41].
However, the phytochemical composition cannot be compared to M. incana aerial parts, as this extract
is particularly rich in polyphenols; among flavonoids detected in this extract, kaempferol, naringenin,
and luteolin were found to inhibit α-GLU [32–46]. Kaempferol was also able to inhibit lipase [47].
Luteolin and naringenin have been demonstrated to protect against severe acute pancreatitis in mice by
exerting anti-inflammatory and antioxidant effects and decreasing lipase activity [48,49]. The ability of
the isolated flavonoids presented in the extract could explain the activity of the extract in these enzymes.
Moreover, another study with kaempferol demonstrated the capability to decrease adipogenesis in the
3T3-L1 cell line and lipid accumulation in mature adipocytes [50].
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Figure 5. Activity of the hydroalcoholic extract of M. incana aerial parts on lipase (A) and α-glucosidase
(B). IC50 values were calculated by non-linear regression. All concentrations were tested at least
in triplicate, and each point represents mean ± SEM. A: Lipase inhibition performed by M. incana

extract and orlistat as standard. B: α-glucosidase (α-GLU) inhibition by M. incana extract and acarbose
as standard.

4. Conclusions

Our findings highlight that the hydroalcoholic extract of M. incana aerial parts displays moderate
to low cytotoxicity vs. CaCo-2 cells and acts as a superoxide radical scavenger and enzymatic inhibitor
of MAO-A, TYR, α-GLU, and lipase. The best results were found in the α-GLU assay, which paves the
way for further studies aimed at evaluating the inhibitory effect against mammalian α-glucosidases
and, thus, the potential use of M. incana extract in the management of postprandial hyperglycemia in
type-2 diabetes.

The aerial parts of Matthiola incana represent an interesting source of bioactive compounds with
antioxidant properties and the potential capability of preventing neurodegenerative or metabolic
diseases through enzyme inhibition mechanisms. However, other investigations need to be carried out
in living organisms in order to explore the bioactivities highlighted in this study and to identify the
active compounds.
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