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Nutraceutical Properties of Medicago sativa L., Agave spp.,
Zea mays L. and Avena sativa L.: A Review of Metabolites
and Mechanisms
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Abstract: Plants are the main sources of bioactive compounds (nutraceuticals) that function under
different mechanisms of action for the benefit of human health. Mexico ranks fifth in the world in
biodiversity, offering opportunities for healthy food. An important variety of crops are produced
in the state of Hidalgo, e.g., based on the 2021 production, alfalfa, oats, maguey, and corn. The
present review presents the latest findings of these crops, regarding the benefits they provide to
health (bioactivity, nutraceuticals), and presents the compounds and mechanisms identified by which
the benefit is provided. The knowledge compiled here is for the benefit of the recovery of the crops,
the recognition of their bioactivities, in search of identifying the best routes of action for prevention,
treatment and possible cure of chronic degenerative diseases (thereby promoting crop valorization).
Exhaustive bibliographic research was carried out by means of engines and scientific databases.
Articles published between 2001 and 2022 that included specific keywords (Scopus, EMBASE, EBSCO,
PubMed, Science Direct, Web of Science, Google Scholar). Outstanding activities have been identified
for the compounds in the crops, such as antiinflammatory, anticholesterolemic, antihypertensive,
antidiabetic, anticancer, antimicrobial, antioxidant, and chelating. The compounds that provide
these properties are total phenols, phenolic acids, tannins, anthocyanins, carotenoids, iso-flavones,
phytosterols, saponins, fructans, glycosides, glucans, avenanthramides, and polysaccharides.

Keywords: crops; bioactivities; functional food; antioxidant compound; bioactive extracts

1. Main Crops of Hidalgo, Mexico, and Their Use in the Gastronomy and Health

Bioactive compounds present in plants (more than 2 million identified), also called
phytochemicals, are produced by the defense system that is activated by the presence of
biotic and abiotic stress conditions; in addition to improving the general health status of
plants, they participate in molecular signaling and in plant-environment interaction [1,2].
The biosynthesis of these secondary metabolites in plants has specific localization organs
from which they are transported to the whole plant and the main storage parts (vacuoles) [3].
The recovery of these compounds can be developed from any part of the plant (roots, stems,
leaves, somatic embryos, callus, flowers) but it should be considered that they can vary
in type and concentration depending on the part used, and therefore, in the bioactivity
detected. Bioactivities can be developed from various mechanisms of action, both beneficial
to the plant and to humans. Due to the great use that can be made of these compounds,
it is necessary to know in depth the factors that influence their production, recovery and
maintenance techniques, their mechanisms of action, in addition to an emerging factor

Metabolites 2022, 12, 806. https://doi.org/10.3390/metabo12090806 https://www.mdpi.com/journal/metabolites1
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in recent years, climate change, which without much explanation, could modify the ad-
vances already known about these compounds, their natural sources and possible changes
of adaptation.

Mexico ranks fifth in the world in biodiversity, offering opportunities for healthy food.
Ninety percent of the population of the state of Hidalgo, Mexico, works in the agricul-
tural sector and, what makes the sector a strategic area for said state, as well as for food
sovereignty of Mexico. Hidalgo contributes 2.9% of the national volume of agricultural
products [4]. Grain corn has a production value for the year 2021 of $2,756,711.47, green
forage oats a value of $104,610.10, of a total annual value for the state of $5,081,511.37
(thousands of Mexican pesos); therefore, the importance of these crops (agricultural year)
in production and economy is strengthened. The production values of alfalfa and maguey
pulquero, the most important production crops (perennial), are greatest, amounting to
$1,448,552.37 and $576,812.51, respectively, of a total annual amount of $2,601,538.05 (thou-
sands of Mexican pesos). The third and fourth place in terms of production value (perennial)
have an economic value of $74,165.64 and $187,940.07 (thousands of Mexican pesos), which
is a lower production value than alfalfa and pulquero maguey (reported as produced
honey water) [5]. The criteria considered for the selection of the crops under review at
the bioactive level were focused on the annual production and the economic value they
represent, as shown in Table 1 and in the description of the previous lines.

Table 1. Main crops and their production in 2021, in the State of Hidalgo.

No. Crop
Area (Ha) Production

(Tons)
Yield

(Tons Ha−1) Harvest

Sown Harvested Loss Obtained Obtained

1 Grain corn (white) 210,343.55 201,453.30 8890.25 618,156.85 3.07

Agricultural
year

2 Green forage oats 24,161.78 24,049.78 112.00 324,378.96 13.49

3 Grain barley 106,956.06 106,113.16 842.90 223,595.43 2.11

4 Beans 17,420.18 17,381.18 39.00 13,338.79 0.77

1 Green alfalfa 43,829.00 43,829.00 0.00 4,477,712.05 102.16

Perennial
2 Pulquero maguey (honey

water: thousands of liters) 4842.20 1372.20 0.00 110,411.07 80.46

3 Orange (Valencia) 5747.90 5478.50 0.00 65,627.47 11.98

4 Cherry coffe 23,069.50 23,014.50 0.00 29,301.60 1.27

Source: Own elaboration with data from the Agri-Food and Fisheries Information Service [5].

On the other hand, Hidalgo stands out for the diversity of its gastronomy character-
ized by the presence of dishes made with exotic ingredients, traditionally prepared with
sophisticated culinary techniques. Within the list of representative foods, the predominant
crops in the region are widely present, maguey and corn. Worms are obtained from the
maguey; mixiotes (enchilada meat) and ximbo (cooked meat rolled in stalk) are cooked
with a film obtained from the stalk; gualumbos or quiotes are obtained from their flowers;
pastes, zacahuil (corn), peanut tamale, guajolotes (telera cakes with beans and enchiladas),
moles, tecoquitos, bocoles, and molotes are made from corn. Another regional dish is
escamoles, which are the larvae or roe of the scale ant [6].

As can be seen in the preceding paragraphs, in the State of Hidalgo, Mexico, important
crops are identified by production and tradition, which have an important impact on the
economic development of the State. The present review presents the latest findings of
these crops, regarding the benefits they provide to health (bioactivity, nutraceuticals), and
presents the compounds and mechanisms identified by which the benefit is provided. No
other similar work can be found, neither for the same crops nor with the detailed analysis of
properties, mechanisms, concentrations, and types of samples (extracts, plant portions), as
discussed in the present work. The knowledge compiled here is, in addition, for the benefit
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of the recovery of the crops, the recognition of their bioactivities, in search of identifying the
best routes of action for prevention, treatment, and possible cure of chronic degenerative
diseases (thereby promoting their valorization). In this context, the objective of the present
work is to identify the recent findings regarding the main crops of the State of Hidalgo,
Mexico, their bioactive properties, and the compounds (nutraceuticals) that develop them,
for their better use in the prevention, treatment, or cure of chronic degenerative diseases.

2. Nutrients and Bioactive Compounds in Important Crops

The main crops sown in Hidalgo have a variety of applications in the diet, mainly
nutrients and bioactive compounds. Considering and valuing these properties that crops
contribute to human health would strengthen the appropriation of regional cultivation,
influencing food sovereignty and regional development. By taking advantage of all these
crops in an integral way, production would be boosted, generating direct and indirect
economic, social, nutritional, and cultural benefits, among others.

It is important to remember that the biological activities determined are not exclusive to
a molecule per se (unless the solution has been so prepared) considering its physicochemical
and structural characteristics (conjugated double bonds, number and position of methyl
and hydroxyl groups), since in extracts, it can be attributed to effects of complexes formed
with the individual molecules (synergistic, additive or antagonistic) and to the sensitivity
of each molecule or complex to different analytical techniques (free radical inhibition, metal
reduction). The bioactive properties discussed below may be a response of individual
properties or interactions, depending on the sample analyzed.

2.1. Alfalfa (Medicago sativa L.)

According to the Statistical Yearbook of Agricultural Production, SIAP/SADER 2021 [5],
the alfalfa production reported for the agricultural year 2020 (perennial cycle) (Table 1) cor-
responds to the total produced of green alfalfa, not including shrunken alfalfa production.
Hidalgo occupies the second national place in alfalfa production (12.95%), only after Chi-
huahua (7,780,182.40 tons) with a production of 4,477,712 tons, for the same agricultural year
(2021). Alfalfa generally is used as fodder, green or dried, in salads and flavored waters. The
seed germinates from 2 or 3 ◦C, with an optimum temperature of 28 to 30 ◦C, and up to 38 ◦C,
and can survive extreme droughts. It is rich in proteins, minerals, and vitamins [7].

It contains secondary metabolites such as saponins, coumarins, isoflavones, and al-
kaloids; their content differs with the type of cultivar, tissue, and stage of development.
The aerial parts of alfalfa contain mainly glycosides of medicagenic acid substituted at C-3
by glucose or glucuronic acid, zanhic acid, and soyasaponin I tridesmoside [8,9]. It has
been reported that the chemical composition of alfalfa sprouts (from the third day) presents
water (869.1 g kg−1 DM), crude protein (68.2 g kg−1), ethereal extract (5.2 g kg−1), crude
fiber (30.9 g kg−1), and ash (20.4 g kg−1). The composition of phytochemicals and bioac-
tive compounds includes phytoestrogens, sterols, tocols, carotenoids, and saturated and
unsaturated fatty acids. The main isoflavones found in alfalfa are secoisolariciresinol diglu-
coside, daidzein, secoisolariciresinol, coumestrol, isolariciresinol, hydroxymatairesinol,
and matairesinol. The main sterols found in alfalfa are stigmasterol (1096.8 mg kg−1

DM), avenasterol (405.9 mg kg−1 DM), β-sitosterol (324.2 mg kg−1 DM), and campesterol
(49.5 mg kg−1 DM). Important antioxidant compounds have also been identified:
α-tocopherol (314.1 mg kg−1 DM), γ(β)-tocopherol (24.4 mg kg−1 DM), α-tocotrienol
(4.1 mg kg−1 DM), δ-tocopherol (2.7 mg kg−1 DM), and γ-tocotrienol (2.1 mg kg−1 DM) [10].

Some reported uses for alfalfa seed flour (composition: 14.71% total starch, 37.59%
crude protein, 3.74% ash, 26.22% total dietary fiber, 6.71% soluble dietary fiber, 19.51%
insoluble dietary fiber) include improvement of the nutritional value of gluten-free biscuits
using different levels of substitution for common rice flour (0, 15, 30, 45% w/w) [11].
In the same context of composition, some studies have reported the factors that may
be responsible for variations in the composition and bioactivity of alfalfa (biotic and
abiotic) and its biological effect by incorporation in diets. In addition to the inherent
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factors of plant growth conditions, the effect of light (LED), sound waves, drying, soaking,
fermentation, and incorporation of selenium into the crop have been determined in alfalfa,
which have diverse effects depending on the stage and potency of incorporation and/or
application and the plant’s own metabolism. The incorporation of alfalfa in diets has
improved the bioactive composition of the diets including polyunsaturated fatty acids
(PUFA), isoflavones, tocopherols, anthocyanins, saponins and total polyphenols, with
improvements in the antioxidant capacity of the diet, the consumption of some of these
diets has improved the oxidative state of the Longissimus dorsi muscle of rabbits; also, an
anti-cholesterol effect has been observed in chickens (see Table 2).

Table 2. Modification of the composition and/or bioactivity determined in alfalfa (Medicago sativa L.)
because of different treatments.

Treatments Conditions Effects References

Alfalfa sprout
supplementation in a

rabbit diet.

Ninety mixed white rabbits were
fed for 50 days, divided into
3 groups:

• Standard (S) diet,
• Standard diet + 20 g d−1 of

alfalfa sprouts (A),
• Standard diet + 20 g d−1 of

flax sprouts (F).

The alfalfa sprouts presents increase in the
total content of fatty acids (PUFA) (linoleic

acid by 38.46% and linolenic acid by 70.05%),
isoflavones (daidzein) in diets.

The linolenic acid content in muscle of the
alfalfa group was three times higher than
control group. α-tocopherol content and

α-tocotrienol, were up.

[12]

Dietary supplementation
with alfalfa sprouts.

Dietary supplementation with
alfalfa sprouts (40 g d−1) and
quantification of bioactive
compounds and cholesterol in
chicken and chicken eggs.

Decreased cholesterol in chicken plasma
from 79.2 to 65.2 mg dL−1 and in egg yolk

from 11.5 to 10.4 mg g−1.
[13]

Sprouts alfalfa exposed
to sound wave

Frequencies (250, 500, 800, 1000,
and 1500 Hz) for two 1-h periods
until 6 days.

Increase (24–50%) in the expression of genes
that promote the production of L-ascorbic

acid in sprouts (to 500 and 1000 Hz).
The treatments increased the concentration of

ascorbic acid and the antioxidant enzyme
superoxide dismutase.

[14]

Substitution with alfalfa
seed flour.

Adding alfalfa seed flour (0, 15, 30,
45% w/w) in rice flour biscuits
(gluten free).

Increased linearly in: crude protein, total
dietary fiber, total polyunsaturated, hardness,
total phenolic content (22.9 to 112.9 mg GAE
100 g−1 DW for control and 45% substituted

flour), and resistant starch.
The antioxidant capacity increased

proportionally from 14.7 to 194.6 µmol GAE
100 g−1 DW (FRAP) and from 739.3 to

3627.7 µmol TE 100 g−1 DW (ORAC), for
control and 45% of alfalfa flour, respectively.

[11]

Different types of LED
lighting in alfalfa sprout
composition (FMC: fresh

mass of cotyledons).

Four variants using cold white
(10,032 K), warm white (3279 K),
red green blue (RGB) LEDs with
two chips activated: red and blue,
which combined gave a
violet colour.

Chlorophyll (a) up to 998.9 mg kg−1

in FMC with cold LED.
β-carotene up to 44.6 mg kg−1 in FMC with

red-green-blue LED (RGB).
Chlorophyll a up to 843.3 mg kg−1 FMC,
chlorophyll b up to 256.7 mg kg−1 FMC,

β-carotene up to 21.6 mg kg−1 FMC, lutein up
to 82.6 mg kg−1 FMC, neoxanthin up to
15 mg kg−1 FMC and violaxanthin up to

43.7 mg kg−1 FMC in shoots with sunlight.
Total phenols up to 697 mg GAE kg−1 in FMC

with blue LED (RGB).
Ascorbic acid up to 155 mg kg−1 with sunlight.

[15]

4
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Table 2. Cont.

Treatments Conditions Effects References

Dry alfalfa sprouts (dry
heat, freeze-dried).

Heat-dried samples (HD): stove at
60 ◦C for 24 h, and the freeze-dried
samples (FD) for 24 h under
vacuum (50 mTorr).

Greater decrease in isoflavone composition
with the application of oven heat drying than

with lyophilization.
The lyophilisate increased the sterols

concentration (41.82% for stigmasterol).
The presence of carotenoids (zeaxanthin,

β-carotene, retinol, lutein) was only detected
after drying processes (not fresh).

[10]

Soak in water of
seeds alfalfa.

Seeds were disinfected with hot
water: soak at 85 ◦C, for 10 s; at
85 ◦C, for 40 s; at 90 ◦C, for 10 s;
and at 100 ◦C for 10 s.

No effect on: lutein (23.4–26.6 mg kg−1),
violaxanthin (16.0–17.2 mg kg−1),

neoxanthin (3.5–4.1 mg kg−1), β-carotene
(10.1–11.7 mg kg−1), total phenols

(486.5–599.4 mg kg−1) and chlorophyll b
(64.7–72.8 mg kg−1).

The application of 100 ◦C caused a decrease
in the content of ascorbic acid (from 84.5 a

67.5 mg kg−1) and a increased phenolic
content (from 537.1 to 599.4 mg kg−1).

[16]

Supplementation,
digestion and in vitro

fermentation.

Adding alfalfa seed flour (0, 30,
45% w/w) in rice flour biscuits
(gluten free).
Simulated in vitro digestion and
fermentation process.

Cookies with 30 and 45% of alfalfa seed flour
presented the highest total phenolic content

(0.42 and 0.56 mg g−1, respectively)
(control 0.15 mg g−1).

The in vitro fermentation of 8–48 h increased
the concentration of lignans and phenolic

acids, whose bioaccessibility at 24 h of
in vitro fermentation were 16.2 and

12.2%, respectively.

[17]

Incorporation of
selenium to alfalfa crop.

Inorganic selenium was used in two
chemical forms: selenite (Na2SeO3)
or selenate (Na2SeO4) (0, 20,
or 200 µmol L−1).

Increase in anthocyanins in alfalfa (29%) after
of 20 µmol L−1 selenite solution

(≈8% reduction of DPPH).
[18]

Ultrasound in fresh
alfalfa leaves.

Study factors and ranges:
Solvent/raw material ratio (mL g−1):
5, 10, 15.
Time (h): 1, 2, 3.
Temperature (◦C): 50, 65, 80.
Power (W): 50, 100, 150.
Ethanol concentration (%): 60, 75, 90.

Better yield (up to 1.61%) and bioaccessibility
(up to 19.7%) of saponins.

Conditions: solvent/raw material
(9.5 mL g−1), extraction time (2.90 h),

extraction temperature (79.1 ◦C), ultrasound
power (111.0 W), ethanol

concentration (88.2%).

[8]

On the other hand, it has been reported [19] that alfalfa leaf peptides have a reducer
power of 0.69 to 2.00 mg mL−1; they also presented 79.71% (1.60 mg mL−1) and 67.00%
(0.90 mg mL−1) scavenging activity of the radicals DPPH (1,1-diphenyl-2-picrylhydrazyl)
and superoxide, respectively. In addition, they chelated 65.15% of the ferrous ion at
0.50 mg mL−1. The molecular weight of 67.86% of the peptides was smaller than 1000 Da
and was characterized by an amino acid profile with a high nutritional value (glutamic
acid, aspartic acid, leucine, arginine, valine, lysine, among others). Alfalfa is a source of
isoflavones such as genistein, daidzein, and glycitein [20], and tocopherols (tocols and
tocotrienols), compounds with important antioxidant activity. The α-tocopherols are the
most abundant of all the tocopherols; their biological activity is double that of the β and γ

homologs and 100 times more than the δ homolog [21].
Saponins are a large group of compounds identified in alfalfa, consisting of nonpolar

steroidal triterpenoids or aglycones (sapogenins) attached to one or more hydrophilic
oligosaccharide moieties via ether or glycosidic ester bond [9]. Saponins function as a
chemical protector in the plant’s defense system against harmful agents (e.g., pathogens),

5



Metabolites 2022, 12, 806

but bioactive effects such as antioxidants, antimicrobial, anti-inflammatory, antitumor,
antidiabetic, anticholesterol, antiviral, immunomodulatory, antibacterial, antiparasitic, and
allelopathic activity have also been identified. Due to their properties, saponins are used as
natural surfactants in foods, antimicrobial preservatives, and natural emulsifiers [8,9]. The
structural differences between saponins have an impact on the bioactivity demonstrated;
for example, due to the lack of sugar, sapogenins have shown better chemical properties
(lower molecular weight, higher lipophilicity, or lower molecular flexibility) that improve
permeability and bioactivity, in comparison with the precursor saponin [9].

In addition, polysaccharides (e.g., hemicellulose and pectin) with important bioactive
functions, such as antioxidant, antitumor, immunomodulatory, anti-inflammatory, and
growth-promoting properties, have been obtained from fresh alfalfa [22–24]; they have
also been recognized as natural alternatives to antibiotics when added to animal diets. A
pectic polysaccharide from the alfalfa stem was identified as rhamnogalacturonan I (RG-I;
pm 2.38 × 103 kDa) [22]. The polysaccharide (50 µg mL−1) showed a significant anti-
inflammatory effect against mRNA expression of the pro-inflammatory genes of the cy-
tokines interleukin (IL)-1β and IL-6, which suggests a potential use in functional foods and
supplemented products. Another studied polysaccharide of alfalfa is that formed by galac-
turonic acid (146.500 µg mg−1), glucose (39.092 µg mg−1), glucuronic acid (29.343 µg mg−1),
arabinose (12.282 µg mg−1), galactose (8.649 µg mg−1), mannose (6.791 µg mg−1), xy-
lose (4.811 µg mg−1), and fucose (4.346 µg mg−1). In vitro studies showed that 50 and
100 µg mL−1 of the polysaccharide increased the cell viability of macrophages (RAW 264.7)
by improving their immune functions, as well as the secretion and gene expression of
inflammatory factors (cytokines, NO/iNOS, IL-6, and tumor necrosis factor (TNF)-α) [23].
The same research group reported a characterization for this same polysaccharide, indi-
cating that the molar ratio of the saccharides is 2.6:8.0:4.7:21.3:3.2:1.0:74.2:14.9 for fucose,
arabinose, galactose, glucose, xylose, mannose, galacturonic acid, and glucuronic acid,
respectively [24]. Furthermore, the polysaccharide markedly increased the proliferation
of B cells and the secretion of IgM in a dose- and time-dependent manner but not the
proliferation and expression of cytokines (IL-2, -4, and IFN-γ) of T cells. This represents a
biological activity that contributes to the immune system [23]. For alfalfa polysaccharides,
in a mouse embryonic fibroblast (MEF) model with oxidative stress induced by hydrogen
peroxide (150 µM; H2O2), the activation of antioxidant capacity (1.0 mM g−1 (T-AOC))
was detected as a preventive defense mechanism; and 250 µM/12 h was considered as the
optimal concentration to stimulate stress in MEF (because it presents the highest expression
of the pro-inflammatory gene related to senescence RIG-I). A concentration of 20 µg mL−1

of polysaccharides exhibited the greatest antioxidant effect and the least secretion of in-
flammatory cytokines [25]. The results demonstrate that alfalfa polysaccharides exert a
protective action against oxidative damage induced by hydrogen peroxide.

Another study conducted to determine the effect of alfalfa (Medicago sativa L.) polysac-
charides considered the growth performance and intestinal health of 200 piglets (35 days
old) [26]. Biologically active phytogenic polysaccharides mainly contain carbohydrates
comprising β-1,3-D-glycan units. Supplementation with the polysaccharide (0, 300, 500, 800,
or 1200 mg polysaccharide kg−1 diet for 42 days) increased average daily gain (ADG) and
feed ratio (G/F) in a dose-response manner. The experimental group receiving 500 mg kg−1

of polysaccharide in the diet showed the highest Lactobacillus values in the cecum, colon,
and rectum. And the values for Salmonella and Escherichia coli decreased in all sections of
the large intestine. The results showed that supplementation of the diet with alfalfa polysac-
charides (500 mg kg−1) improved intestinal morphological development and amylase and
protease activity in the small intestine and promoted beneficial microbial populations in
the large intestine [26].

It determined that alfalfa fiber (12 and 18% in the diet of piglets) decreased diarrhea
and increased the composition and diversity of fecal bacteria (Bacteroidetes and Firmicutes
were the dominant phyla (98% of the total)), and consequently improved the growth
performance of weaning piglets [27]. The supplementation of alfalfa fiber (6–12%) in the
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diet of 48 crossbred piglets significantly increased growth performance and crude protein
digestibility [28], particularly that of albumin, globulins, and total protein; however, it
decreased levels of glucose (6% supplemented fiber, from 3.87 to 3.75 mmol L−1), cholesterol
(12% supplemented fiber, from 2.3 to 2.06 mmol L−1), triglycerides (12% supplemented
fiber, from 0.60 to 0.47 mmol L−1), aspartate aminotransferase (6% supplemented fiber,
48 to 46 µ L−1), and alanine aminotransferase (6% supplemented fiber, 42.5 to 39.5 µ L−1).

2.2. Maguey (Agave spp.)

According to Statistical Yearbook of Agricultural Production, SIAP/SADER 2021 [5],
the maguey production reported for the agricultural year 2021 (perennial cycle) (Table 1),
corresponds to the total produced of pulquero maguey of aguamiel (58.28% national), not
including unclassified pulquero maguey production. Hidalgo occupies the first national
place in maguey production, followed by Tlaxcala and Mexico. The same statistical record
does not report agave production for the state of Hidalgo, thus recognizing a difference in
the use of the terms (maguey and agave) concerning the species and products produced
from the plant: the Agave salmiana also named pulquero maguey to produce pulque, and
Agave tequilero known to produce tequila.

Maguey, also called mixiotero magueys (Agave salmiana) is a plant with rosette leaves,
thick and fleshy, with a short stem, and a lower pineapple that does not protrude from
the ground. In Mexico there are about 200 species of maguey, a term applied to species of
the genus Agave (Asparagaceae). It requires low-humidity soil, intense light, temperatures
of 15 to 25 ◦C, and an approximate altitude of 1700 to 2400 m above sea level [7]. Species
of the genus present an important profile of phenolic compounds, such as flavonoids,
homoisoflavonoids, and phenolic acids, which have been widely related to important
biological, antioxidant, antibacterial, antifungal, antinematode, and immunomodulatory
activity [29]. In addition, species of the genus Agave are recognized as an important source
of monosaccharides as fructose to produce traditional alcoholic beverages, natural fibers,
saponins, high-fructose syrups, and fructans; even the different phytocomponents of the
thick leaves act as seasoning or flavor sources during the roasting of meat to prepare a barbe-
cue [30,31]. As a source of saponins, the use of agave is emphasized as having antibacterial,
antientomological, antifungal, anticholesterolemic, and anticancer effects) [32]. Agave also
contains policosanols and sapogenins; agamenone (5,7-dihydroxy-6,5′-dimethoxy-3′,4′-
methylenedioxy flavanone), flavonol, or isoflavones have been identified in concentrated
honey water [33]. Mature plants contain low concentrations of saponins, and silage reduces
their quantity, improving their characteristics for livestock feed [31].

About 30% of the agave plant is made up of leaves, which have few applications.
Saponins are mainly present in the leaves and can be used as precursors for sterols of
therapeutic importance. Leaves of A. salmiana and A. tequilana Weber were structurally
characterized (light microscopy) and methanolic extracts followed by dichloromethane
were recovered, where the presence of saponins was confirmed by hemolytic activity in
erythrocytes and a positive reaction with anisaldehyde reagent. A. salmiana presented a
higher percentage of protein (7.3%) [34,35].

Multiple in vivo tests have been reported to demonstrate the diverse bioactivity of
Agave spp., not having many outstanding investigations on A. salmiana. A. salmiana syrup
(honey water) is reported to have antioxidant activity of up to 1096.8 µM TE by DPPH, and
a total phenolic content of 904.8 µM GAE [31]. The antidiabetic activity of high-fructose
agave syrup from A. salmiana protected against liver steatosis in rats fed 2 and 5 g of serum
kg−1 and had a quadratic opposite effect on glycosylated hemoglobin in the blood of
diabetic rats (dose 0.5 g kg−1) [36]. Some patents [33,37] reported anticancer activity for the
methanolic extract (80%) of concentrated agave syrup (10%) from the species A. atrovirens,
A salmiana, and A. lehmanni (15 mg mL−1), with 84.89% inhibition of colon cancer cells
(Caco-2) and 67.95% of liver cancer cells (HepG2). In addition, antioxidant activity for the
same extract was reported of 61.87 µmol ET g−1 sample. These properties are attributed to
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the composition that includes phytosterols, polyphenols, flavonoids (agamenone), tannins,
policosanols, inulin, and saponins (sapogenins).

Another study was carried out on sap concentrated from A. salmiana, evaluating the
apoptotic activity in HT-29 cells (IC50, of 3.8 mg mL−1 for the concentrate) of saponins from
the acetonic extract. The most bioactive fractions (up to 80% cell inhibition at 75 µg mL−1)
presented an IC50 of 108.4, 82.7, and >250 mg mL−1, respectively (partition coefficients (Kd)
of 0.23, 0.33 and 0.40); they contained steroidal saponins, mainly magueyoside B (266.4 µg
PE mg−1; Kd of 0.33). Flow cytometric analysis has determined that the fraction rich in
the glycosides kammogenin and manogenin induces apoptosis and that the presence of
gentrogenin and hecogenin is related to a necrotic effect [38]. The phytochemical composi-
tion has been proposed as a tool for the classification of different agave syrups (A. tequilana
(>60% fructose) and A. salmiana (sucrose 28–32%)), such as infrared spectroscopy coupled to
chemometrics (NIR-MIR-SIMCA-PCA) and high-performance anion exchange chromatog-
raphy with pulsed amperometric detection (HPAEC-PAD) [39]. The said techniques are
reported to identify and classify without significant mistakes. 1H-NMR-spectroscopy-PCA
was used to characterize syrup profiles and chemometrics, what allowed the sweeteners’
classification by origin and kind of Agave. The agave syrups exhibited appreciable amounts
of saponins, cardiac glucosides, and terpenoids (excelled in color intensity in the reaction)
followed by glucosides, quinones, flavonoids, and coumarins in moderate amounts. In
A. tequilana syrup, flavonoids and terpenoids were only detected in a few samples. A. salmiana
syrup displayed a positive colorimetric reaction for all the evaluated compounds [40].

In addition to the apoptotic activity, it has been reported [41] that antioxidant activity
of agave sap (A. salmiana) is dependent on storage time and is correlated with the browning
developed due to heating and storage time, increasing from 18 to 23 eq Trolox µmol g−1

DW in a lot with a high degree of browning (57.7 OD490 g−1 fw), after 20 weeks of storage.
In addition, they reported that the content of saponins (kammogenin glycosides (magueyo-
sides A and B), manogenins, and hecogenin (agavoside C′)) was different per batch, varying
from 224.2 to 434.7 PE g−1 DW in week 2 and varying up to week 20 of storage (207.7
to 462.4 PE g−1 DW). They found no correlation of the browning index and antioxidant
capacity (ORAC) with the concentration of free amino acids (serine, phenylalanine, and
lysine); the positive correlation found was browning with furosine, an early derivative
of the Maillard reaction of lysine, reported as a free radical scavenger [41]. The presence
of several compounds in agave syrup (ethanolic extracts), such as saponins, flavonoids,
quinones, glycosides, cardiac glycosides, terpenoids, and coumarins, has been identified for
several species [40]. The antioxidant activity of agave syrups (A. tequilana, A. salmiana) was
in the range of 10–53%, while the content of total phenols was from 24 to 300 GAE 100 g−1

and that of condensed tannins was from 240 to 1900 mg CE g−1. In addition, a relationship
between the color and the antioxidant capacity of the syrups is reported, with dark syrups
such as those of A. salmiana having the highest antioxidant capacity, about 28.33%, while
light syrups show an average capacity of 8.7%. In tests on mice, the consumption of fresh
and boiled syrup (A. salmiana sap) promoted weight gain (13%) and increased hemoglobin
counts to 4.5 and 9%, respectively; the hematocrit count increased from 2.6 to 5.3%; iron,
transferrin, ferritin, and phosphorus increase with the consumption of fresh syrup, while
iron increase with boiled syrup [42]. The antioxidant capacity of syrup was determined
as 7.1 µmol GAE g−1 DW, that for commercial coffee being 156.1 µmol GAE g−1 DW
(commercial coffee). No adverse effects of syrup consumption it is observed.

Due to the importance of maguey, A. salmiana, in the production of pulque and
functional food industries, processes have been sought to maintain its production and take
advantage of its benefits (Table 3). The micropropagation of agave can be an auxiliary
process to increase the phytochemicals and bioactivities in the plant. The increase in
antioxidant activity in micropropaged plants in vitro has several possible causes: the
presence and interaction of cytokines and auxins [43], or the highest concentration of
phenols or saponins [44], or bioactive compounds in general, which can be responsive to
culture conditions, such as micropropagation [45], which has already been shown to have
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diverse effects on compositions and properties. Micropropagation needs more research (at
different conditions, ages, and physiological states), together with scaling up to primary
production levels, so that the effects found in micropropagation can be exploited in the
primary production sector and from there to the industrial sector. The study of technologies
for the extraction of bioactives from agave bagasse is little to date, the effect of ultrasound
assisted with supercritical fluids in Agave salmiana has reported antioxidant activity and
saponin content [46], which is a promising area for the recovery of bioactives and the
valorization of agave processing residues (Table 3).

Table 3. Modification of composition and/or bioactivity determined in Agave salmiana by different
treatments.

Treatments Conditions Effects Reference

Micropropagation

In vitro of plants from young
germinated plantlets by

axillary shoots.

Wild plants showed the highest phenolic content
(13.06 mg EGA g−1).

The antioxidant capacity was higher in vitro
(369.84 µmol TE g−1 DW) than in normal ex vitro

conditions (184.13 µmol TE g−1 DW) and with ex vitro
irrigation (143.38 µmol TE g−1 DW) and than in wild

conditions (130.39 µmol TE g−1 DW).
Glycosylated flavanols were detected in plants with ex
vitro irrigation (quercetin) and under normal ex vitro

conditions (kaempferol). Saponins were detected:
hecogenin (0.418–5.227 mg EHe g−1), tigogenin

(18.821–31 mg EHe g−1), mannogenin (0.288–0.861 mg
EHe g−1), and chlorogenin (0.339–2.042 mg EHe g−1).

[47]

Micropropagation was from axillary
shoots. Leaf tissue samples were
taken from the in vitro plants, ex
vitro acclimated plants obtained

from open environment conditions,
and plants obtained from a

natural population.

The total phenolic acids were 35 and 40% higher in
plants propagated in vitro (11.8 mg GAE g−1 DW) and

ex vitro (10.8 mg GAE g−1 DW), compared with the wild
type (7 mg GAE g−1 DW).

The saponin content of plants in vitro (77.1 mg PE g−1

DW) and ex vitro (63.3 mg PE g−1 DW) were higher than
those of wild type plants (2.1 mg PE g−1 DW).

The antioxidant capacity (ORAC) of the plants in vitro
(369 µmol TE g−1 DW) was higher compared to ex vitro

and wild type (184 and 146 µmol TE g−1

DW, respectively).

[45]

Hydrometanolic extraction was
applied to the foliar tissues and the
content of flavonols and saponins

was analyzed.

The plants propagated in vitro presented a higher
concentration of flavonols and saponins, quantifying

7 flavanols and 5 saponins.
Herbacetin (most abundant flavonol found): wild plants
(14.7 mg 100 g−1 DW), in vitro (16.3 mg 100 g−1 DW), in

an open environment (38.4 mg 100 g−1).
Tigogenin (most abundant saponin found and only

detected in plants propagated): in vitro with 6895.2 mgPE
100 g−1 DW and 4997.8 mgPE 100 g−1 DW.

[48]

In vitro drought stress effect,
generated by

polyethylene glycol.

Stress medium: Murashige and
Skoog (4.4 g L−1, pH 5.8, 30 g L−1

sucrose, and L2 vitamins) with
polyethylene-glycol (0, 10, 20, 30%,

27 ◦C, photoperiod
of 12:12 h light:dark, 60 days).

Plants grown with polyethylene glycol (30%) showed the
lowest flavonol content, but the highest saponin content
(tigogenin glycoside, 163 mg PE g−1 DW) and the highest
antioxidant capacity (ORAC) (≈1000 mmol TE g−1 DW).

[49]

Ultrasonically-assisted
supercritical fluid
extraction (USFE).

Bagasse of Agave salmiana (part not
indicated; 10 g). Process factors

were pressure (150–450 bar),
temperature (40–60 ◦C), and

amount of co-solvent (5–10%).

Increased antioxidant capacity (FRAP) with the use of
multiplate (US) transducer geometry of extracts at

20.91 µmol TE g−1 and saponin content at 61.59 µg g−1;
comparing with the cylinder geometry (with
12.18 TE g−1 and 19.05 µg g−1, respectively).

[46]

Antioxidant properties and bioactive compounds of methanolic extracts of A. salmiana
leaves were evaluated [50] at different stages of development (I–VI, from 1 to 7 years).
The total phenolic content from leaves extracts was found to be between 5 (stage VI) and
13 mg GAE g−1 (stage II) the maximum; the antioxidant capacity presented a negative
trend from stages I to VI (from 146 to 52 µmol TE g−1 respectively), the flavonols showing
the same behavior (65% reduction from stages I to VI). Five saponins were identified (chloro-
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genin glycoside 2, chlorogenin glycoside 1, hecogenin glycoside 1, tigogenin glycoside,
hecogenin glycoside 2) (also reported [48] in addition to flavonols (maximum concentra-
tions in stage I, kaempferol (0.045 mg g−1 DW) and quercetin (0.07 mg g−1 DW)). Stage III
and IV plants presented the highest content of saponins, mainly chlorogenin glycoside, at
3.19 and 2.90 mg PE g−1, respectively. According to Pearson’s correlation, there is a positive
relationship between total phenol content and antioxidant activity. Based on these results, it
can be said that A. salmiana plants from stages I to IV could be a good source of antioxidants
and bioactive agents; in addition to that, the concentration of metabolites could be a marker
of the developmental stage. In the same way, the content of saponins was evaluated [51],
regarding maturity (before (immature) and at the beginning of the reproductive stage
(mature)) of the agaves (8 years old) and syrup. Saponins derived from kammogenin,
manogenin, gentrogenin, and hecogenin were found. In syrup form immature A. salmiana,
the saponin content was twice as high (478.4 µg PE g−1 DW of syrup) as that of immature
A. americana (179.0 µg PE g−1 DW of mead). For both species, the saponin content decreased
when the plants reached sexual maturity (up to 325.7 and 60.5 µg g−1 DW of syrup, for
A. salmiana and A. americana, respectively). This finding is important to better select the
species and maturity stage of agaves used as a source of bioactive.

In addition to research on stems and syrup, the agave flower has also been studied.
The traditional use of the A. salmiana flower as an anthelmintic agent, insecticide, and
antimicrobial occurs in some regions of Mexico. The antibacterial activity against Gram-
negative bacteria of the flower scape was demonstrated [52], these being more susceptible
to aqueous and crude extracts than Gram-positive bacteria. The aqueous extract presented
better yields (5.935 g 100 g−1 DW; young stage of development, upper section), antioxidant
activity (78.55% by DPPH; young stage of development, middle part), and total phenolic
content (199.12 mg GAE 100 g−1 of extract; young stage of development, middle part); the
highest antimicrobial activity was found for the aqueous extract of the mid-development
and mid-section sample (vs. E. coli, Salmonella typhimurium, and Shigella sonnei) due to the
possible presence of saponins, tannins, flavonoids, terpenes, and alkaloids on the flower
scape of agave. The best minimum inhibitory concentration (MIC; 6.83 mg mL−1) was
found for the ethanolic extract of the adult stage and middle part of the flower, against
Shigella sonnei.

An important aspect in the extraction of bioactive compounds from underutilized
leaves of Agave spp. is the structural characteristics of these leaves. A study was reported
of structure, water permeability, and resistance to sterilization of the mixiotera leaves
or cuticles of agave [53]. The cuticle of A. salmiana is a material that resists humid heat
when sterilized under pressure conditions (121 ◦C and 15 lb in−2, 15 min); it has a porous
structure that linearly regulates the diffusion of water. The cuticle (mixiote) consists of a
lipid matrix based on cutin (40–80%) and is also made up of fatty acids (C16:18) linked
by ester-type bonds. In addition, it has been reported that agave leaves are an important
source of calcium, particularly A. salmiana, one of the species that does not present oxalate
crystals; they have been identified in A. atrovirens.

Another type of important compound in agaves is fructans, which are the main
photosynthetic product in Agave spp.; their main function is to store energy and act as
an osmoprotectant during periods of drought. Fructans (fructooligosaccharides or inulin)
are of nutraceutical interest due to their resistance to human digestion and subsequent
fermentation by the colonic microflora, producing short-chain fatty acids [31]. Agave
(A. salmiana) fructans are involved in the activation and selective differentiation of cells
(peripheral blood mononuclear cells (PBMC)) of the immune system (immunomodulator)
through interactions with probiotics (Lactobacillus casei and Bifidobacterium lactis). The agave
fructans showed the highest prebiotic activity and increased levels of CD69 expression,
proliferative activity and NO production when administered with the probiotic L. casei [54].
Short- and medium-chain branched fructans from agave have been tested as prebiotics
and have been shown to increase lactobacilli in a dynamic in vitro model of the large
intestine. With both substrates, butyrate production was increased, which may have
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a beneficial impact on health, and the production of potentially harmful putrefaction
metabolites was reduced. Based on these findings, agave fructans should be considered as
potential prebiotics [55].

Fructans (with β (2→6) linkages; from Agave tequilana blue variety) have been shown
to attenuate the production of proinflammatory cytokines from stimulated dendritic cells
and strongly inhibit Toll-like receptors, thus exerting an anti-inflammatory effect. The
structure of fructans should be carefully determined and taken into consideration when
intended to be used as food supplement, as the presence of linear or branched structure, the
chain-length, as well as the dose of these molecules can exert differential responses. Further
studies are needed to establish specifically in which disease state agave fructans could
serve as an alternative or supplemental therapeutic option [56]. The exact mechanisms of
effect of agave fructans are still under investigation for a better understanding of the benefits
to human health and technological developments, for example, in the interactions with the
intestinal microbiota that benefit the growth of beneficial bacteria and reduce disorders with
glucose metabolism, fats, metabolic syndrome, calcium absorption, mental disorders, oxidative
stress and cancer. The properties of agave fructans depend on various structural factors and
management conditions, so research on them is a promising and long-term line [57].

2.3. Maize (Zea mays L.)

According to the Statistical Yearbook of Agricultural Production, SIAP/SADER 2021 [5],
the corn production reported for the agricultural year 2021 (agricultural year) (Table 1),
corresponds to white grain corn (617,696.87 tons) plus a portion of yellow (459.98 tons)
reaching 618,156.85 tons in total (2.25% national); and green fodder corn with 130,136.92 tons
(0.75% national), without presenting the production of shrunken or dry fodder corn. Hidalgo
ranks thirteenth in national grain corn production and tenth in national production of green
forage corn.

Corn belongs to the kingdom Plantae, division Magnoliophyta, class Liliopsida, subclass
Commelinidae, order Poales, family Poaceae (Gramíneae), subfamily Panicoideae, genera Zea
and specie Z. mays (https://www.biodiversitylibrary.org/page/358992#page/1/mode/
1up (accessed on 12 August 2022)); in Mexico, pre-Hispanic cultures called the ear centli and
the grain tlaolli [58]. For its development, grain corn prefers loamy-loamy, loamy-clayey,
and loamy-clayey-silty soils with a depth greater than or equal to 1 m, with a pH of 5.5
to 7.5, at an optimum temperature of 18 to 24 ◦C and requires an average annual rainfall
of 700 to 1300 mm [7]. Some of the products made from the transformation of corn are
starch, liquid sugar, rectified alcohol, germ, gluten, feed, and bioethanol, in addition to
some products called “biorefined” such as sweeteners, polysaccharides, pharmaceuticals,
nutraceuticals, fibers, biodegradable films, organic acids, pigments, polyols, and vitamins,
among others [59]. In Mexico the products derived from corn that stand out are tortillas,
forage, oils, biofuels, starches, glucose, fructose, dextrose, ethanol, atole, and tesquiño [58].
The corn breeds that are grown in Hidalgo include the yellow rice, the cacahuacintle, the
chalqueño, the conical and conical norteño, the conical elotes, the mushito, and the negrito,
according to the National Commission for the Knowledge and Use of Biodiversity (CONABIO)
(https://conabio.shinyapps.io/conabio-pgmaices1/ (accessed on 12 June 2022)). Although,
as mentioned before, the statistical data from SADER mention the varieties: white grain corn,
yellow grain corn, and green fodder corn.

The composition of blue and white corn flours (g 100 g−1) has been reported [60] as
follows: moisture 9.8 and 7.0, protein 9.1 and 8.4, lipids 5.2 and 4.7, ash 1.1 and 1.3, total
starch 70.7 and 74.2, total dietary fiber 10.9 and 11.2, and soluble carbohydrates 3.0 and
0.3, respectively. Total carbohydrates represent the majority fraction in purple corn, these
being highly available. Starch is the largest component in corn grains (63.48–89.9 g 100 g−1

DW), with amylose of 20.70–33.32 g 100 g−1 of starch; other components are proteins
(6.73–11.37 g 100 g−1 DW), lipids (1.80–7.53 g 100 g−1 DW), and ash (1.40–2.06 g 100 g−1

DW) [61]. The composition of purple corn reported [62] presents humidity (10 g 100 g−1),
ash (1.71 g 100 g−1), protein (9.10 g 100 g−1), fat (1.80 g 100 g−1), fiber (11.20 g 100 g−1),
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starch (57.70 g 100 g−1), amylose (27.10 g 100 g−1). Purple corn has been found to have
a lower starch content and a lower glycemic index than other types, such as white corn.
The parts of corn differ in composition: the pericarp has high fiber content, the endosperm
is rich in starch, and the germ contains proteins, fats, sugars, and ash [58]. The bioactive
compound that has been determined as predominant depends on the portion of the grain;
for example, anthocyanins have been in the pericarp, aleurone [58,63], and endosperm; and
phenolic acids in the pericarp [58].

Mexican corn in its different varieties has shown antioxidant activity, quinone reduc-
tase induction, antimutagenic activity (S. typhimurium TA98), and antidiabetic activity. Of
course, all properties depend on the type of grain, its physiological development, the por-
tion of grain evaluated, the extraction technique used (e.g., solvents), the previous handling
of the grain (storage, pretreatment) and the physicochemical properties of the compound
to be evaluated, among others. Intense colored grains (purple, blue) stand out in bioactive
composition, as well as in their bioactivities. In addition, it has been reported that some
processes can modify the composition of compounds and therefore their bioactivities, for ex-
ample, nixtamalization reduces the antioxidant capacity of ethanolic extracts of white, red,
blue, and purple corn, but increases the relative percentage of glycosylated anthocyanins
and decreases acylated anthocyanins in raw blue corn grain. On the contrary, air drying of
grains did not have a significant effect on desorption isotherms of several varieties (Spanish,
white, yellow, yellow, purple). Similarly, cooking in water resulted in an increase in the
total phenolic content and antioxidant capacity of blue corn. Loss of anthocyanin content
has been observed (83%) in the mass of nixtamalized blue grains and in tortilla processing
(64%) [64]. For white grains, nixtamalization also reduced carotenoids by 53 to 56%, but
not antioxidant activity and antimutagenicity. Despite the losses in concentration (the blue
variety standing out for anthocyanins and the red variety for carotenoids), the pigments
of creole corn showed antioxidant and antimutagenic activity after nixtamalization. For
details see Table 4.

Table 4. Composition and/or bioactivity determined in maize of different types (Zea mays L.) and
applied treatments.

Corn Treatments Compounds and/or Products Bioactivity Reference

Mexican corn (13
pigmented grain):

Arrocillo Amarillo (red,
blue), Bolita (red, blue),
Chihuahua Crystal Blue

(blue, red), chalqueño corn
(red, blue).

Nixtamalization with alkali
(0.8% of the grain weight) for
30 min, followed by resting for

14–16 h, ambient drying,
grinding, and sieving

(0.5 mm).

Decreases the anthocyanin
concentration of corn grains in
the pericarp by 73 to 100%,
varying according to the type of
corn and portion.

[63]

Mexican corn
(18 phenotypes).

White corn.
Yellow corn.

Total phenolic content:

- White corn: 170 mg GA
100 g−1 sample.

- Yellow corn: 551 mg GA
100 g−1 sample.

Total anthocyanin content:

- White corn: 1.54 mg c3-G
100 g−1 sample.

- Yellow corn: 70.2 mg c3-G
100 g−1 sample.

Antioxidant capacity:

- Yellow corn: 89.4%
by ABTS.

- White corn: 26%
by ABTS.

- Red colored (phenotype
Pinto): 100% by DPPH.

[65]
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Table 4. Cont.

Corn Treatments Compounds and/or Products Bioactivity Reference

White, red, blue and
purple corn (var Ver 42)

Ethanolic extracts (95%) from
nixtamalized grains.

Tortilla with
nixtamalized grain.

The treatments reduced total
phenols, and anthocyanins.

Total phenolic content and
anthocyanin (respectively):

- Purple maize (1760 mg
100 g−1, 325.1 mg
100 g−1),

- Red maize (465 mg
100 g−1, 82.3 mg 100 g−1),

- Blue maize (343 mg
100 g−1, 63.1 mg 100 g−1),

- White maize (170 mg
100 g−1, 1.59 mg 100 g−1).

The processing negatively
affected the capacities of
the grains.
Quinone reductase induction
(QR): purple > White > red >
blue (anticancer activity).
The purple genotype (Ver 42)
and its products (dough and
tortilla) showed the highest
antioxidant capacity (70% by
ABTS, 55% by PRAC) and QR
(induction twice at 125 g mL−1).

[66]

Creole maize races
(Zea mays L.) and

pigmented varieties
(yellow, red
and blue).

Nixtamalization (alkaline
boiling) and production of
dough (grinding, drying)

and tortillas.

Carotenoid content (µg of
β-carotene eq g−1 extract) of raw
maize grains and their products
(masa, tortilla) respectively:

- White (0.39, 0.17, 0.18)
- Yellow (0.49, 0.28, 0.56)
- Red (1.01, 1.14, 1.01)
- Blue (0.18, 0.23, 0.22)

For white grains,
nixtamalization reduced
carotenoids by 53 to 56%.
Yellow grain suffered the
highest losses from
anthocyanins (174.44 to
10.30 mg of c3-GE 100 g−1 DW),
not detectable in white maize
and its products.
The anthocyanin content of all
grains was 174.44 to 963.00 mg
of c3-GE 100 g−1 DW.

White corn (≈30%) and
products (dough ≈20%,
tortilla ≈25%) had higher
antiradical (DPPH) activity
than BHT (≈10% to 100 µM).
Yellow corn (≈22%) and
products (dough ≈18%,
tortilla ≈29%) had higher
antiradical activity (DPPH)
than BHT (≈10% to 100 µM).
Red (50%) and blue (40%)
maize grain
showed the highest
antiradical activity.
The antimutagenic activity
(S. typhimurium TA98) of
the grains:

- White grain (35%)
- Yellow (4 3%)
- Red (53%)
- Blue (56%)

[64]

18 samples of blue/purple
grain of conical corn (EC),
Chalqueño (CHAL), and
Bolita (BOL) maize races.

40 grains without the germ,
crushed, sieved (0.5 mm), and
dried in an oven (40 ◦C, 18 h).
Analysis extract by methanol

(acidified to 1% with
trifluoroacetic acid) and

sonicated for 15 min.

Anthocyanins totals (AT) content
(CHAL): varied from 579.4 to
1046.1 mg c3-GE kg−1 DW.
The total soluble phenols (TSP)
(CHAL): varied from 918.9 to
1479.2 mg GAE kg−1 DW.
AT content (EC): varied from
997.8 to 1332.2 mg
c3-GE kg−1 DW.
TSP (EC): varied from 1328.6 to
1626.7 mg GAE kg−1 DW.
AT content (BOL): varied from
304.1 to 528.0 mg c3-GE kg−1 DW.
TSP (BOL): varied from 875.0 to
1276.2 mg GAE kg−1 DW.

Antioxidant activity (AA)
(Chalqueño): 34 to 60.3%
by DPPH.
AA (Elote cónico): 46.6 to
60.4% by DPPH.
AA (Bolita): 21.0 to 39.5%
by DPPH.

[67]
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Table 4. Cont.

Corn Treatments Compounds and/or Products Bioactivity Reference

Whole grains of
10 different colored corn
(Zea mays L.) genotypes
(landrace and an inbred
line, over the year 2010).

Combined extracts:
acetone/methanol/water

(7:7:6, v/v/v), with alkaline
hydrolysis and extracted with
ethyl acetate and diethyl ether

(1:1, v/v).

White and yellow corn:

- Flavonoids (248.64 and
281.20 mg CE kg−1 DW),

- β-carotene (0.21 and
0.70 mg kg−1 DW),

- lutein (not detected and
5.91 mg kg−1 DW),

- total phenolic content
(5227.1 and 5393.2 mg
GAE kg−1 DW),
respectively.

The light blue genotype had the
highest content of total phenols
(10,528.8 mg GAE kg−1 DW),
flavonoids, and ferulic acid.

White and yellow showed
antioxidant capacity (ABTS)
between 15 and 20 mmol
Trolox kg−1 DW.

The light blue genotype had
the highest scavenging activity
(ABTS: 35.66 mmol
Trolox kg−1 DW).

[68]

Blue corn flour

Nixtamalization. Maize grain
in cooking (1:2, grain: water),

1.0% (w/w) of calcium
hydroxide to 90 ◦C for 23 min,
was soaked for 16 h at ambient

temperature, was grounded,
and passed through a flash
dryer (260 ◦C for 4 s), the

obtained flour was grounded
in a mill using a hammer head

and a 0.5 mm mesh screen.

Not change the resistant starch
content or slow digestion.

The tortilla made with blue
corn nixtamalized presented a
lower glycemic index (58) and
presented antioxidant capacity
in the different fractions. They
suggest a direct relationship
between polyphenol content
and antioxidant activity.

[69]

Spanish maize kernels,
white (WF, Rebordanes

variety), yellow
(YF, Sarreaus variety) and
purple (PF, Meiro variety).

Air-drying the maize kernels
using a pilot-scale tray dryer
(45 ◦C, 2 m s−1, 30% relative

humidity, 5 kg m−2 of loading
density, until an average maize
moisture content of 11% DW),
crushed, ground, and sieved

(200 y 500 µm).

Total starch (TS, % w/w, DW)
content of tested maize flours,
yellow, white, and purple,
ranged from 60.1 (whole flour
500 µm) up to 75.2 (purple
200 µm) and no clear differences
between varieties were found.

No significant differences were
observed among water
desorption isotherms of
maize varieties.

[70]

Five blue hybrid maize
genotypes and Chalqueño

and conic kernels were
used as native genotypes

cultivated in the highlands
of Mexico.

Homogenized with 80%
ethanol for 10 min, alkaline

digestion (2 M NaOH),
acidification (HCl), extraction

with ethyl acetate.

The total anthocyanins and
anthocyanins in free phenolics of
the natives, chalqueño and conic
are 646 and 892 mg c3-G kg−1

and 48.7 and 60.3%, respectively.
The total anthocyanins and
anthocyanins in free phenolics of
the hybrid genotypes are in the
range of 835–1052 mg c3-G kg−1

and 62.4–80.6%, respectively.

Antioxidant capacity (free and
bound phenols, respectively):

- Chalqueño (≈166 and
≈1600 mg TE kg−1).

- Cónico (≈166 and
≈1700 mg TE kg−1).

The range of antioxidant
capacity of free and bound
phenols of hybrid genotypes
was 166–820 and 862–1533 mg
TE kg−1, respectively.

[71]

White corn.
Yellow corn.

White corn kernel
(anthocyanin free).

Yellow corn kernel (702 mg
c3-GE kg−1)

Antioxidant capacity of:

- White corn with
17.4 µM TE g−1 sample,

- Yellow corn with 90%
by ABTS.

[72]

Native Mexican blue corn
(Zea mays L.).

Nixtamalization (maize
kernels were cooked (1:3,

maize grains/water) with 5.4 g
of Ca(OH)2 L−1 water; 31 min,

85 ◦C, 8.1 h). Wet nixtamal
was dried (55 ◦C/12 h), cooled,
and milled to pass through an

80-US mesh (0.180 mm).

Increases the relative percentage
of glycosylated anthocyanins
and decreases acylated
anthocyanins. The most
abundant compounds
(cyanidin-3-(6′′-
succinylglucoside)
(Cy-Suc-Glu) and cyanidin-3-(6′′-
disuccinylglucoside)
(Cy-diSuc-Glu)).

[73]
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Table 4. Cont.

Corn Treatments Compounds and/or Products Bioactivity Reference

Blue and white cornmeal

Cooked samples were
prepared in water (1:10 w/v)

by a heating bath with shaking
for 30 min.

Extractable polyphenols:

- Blue maize flour
(165 mg GA g−1 DW),

- White maize flour
(127 mg GA g−1 DW).

Condensed tannins:

- Blue maize flour
(198.9 mg GA g−1 DW),

- White maize flour
(38.31 mg GA g−1 DW).

Antioxidant capacity and
alpha-amylase
inhibition (AAI):

- Blue maize flour: 6.8 mg
ET g−1 DW (DPPH),
13.1 mg ET g−1 DW
(ABTS), 15.5 mg ET g−1

DW (FRAP), and
96.8% AAI.

- White maize flour:
5.3 mg ET g−1 DW
(DPPH), 11 mg ET g−1

DW (ABTS),
10.6 mg ET g−1 DW
(FRAP), and 90.9% AAI.

Increase in the total phenolic
content and antioxidant
capacity of cooked blue corn
flours, compared to raw ones.

[60]

Purple corn grain flours
(control: White corn)

Mixtures of various families
(genotypes) of purple corn.
Homogenized with ethanol

(96%)/HCl (1 N)
(85:15 v/v), 30 min.

White corn presented a total
phenol concentration: 319 mg
GAE 100 g−1.
Total phenols (mixtures
genotype) (range): 438 to
1933 mg GAE 100 g−1.
Total phenols (original genotype):
1328 mg GAE 100 g−1.

[74]

Corn in its various varieties presents in its composition polyphenols (catechin and
epicatechins linked to acylated and non-acylated anthocyanins) [58,73,75–77], flavonoids
(naringenin, kaempferol, rutin, morin, and quercetin and hesperidin derivatives), phe-
nolic acids (protocatechic, vanillic, p-coumaric, m-coumaric, o-coumaric, chlorogenic,
caffeic, rutin, ferulic, hydroxybenzoic, and sinapic acids, and hydroxycinnamic acid deriva-
tives) [58,78–80], carotenoids, and anthocyanins, compounds whose concentration depends
on the coloration [59,72,81]. The average percentages of anthocyanins in blue corn are 90%
cyanidin, 8% pelargonidin, and about 2% peonidin [58]. Compounds such as cyanidin-3-
glucoside, pelargonidin-3-glucoside, peonidin-3-glucoside, cyanidin-3-(maloyl)-glucoside,
pelargonidin-3-(maloyl)-glucoside, and peonidin-3-(maloyl)-glucoside, among others, have
been detected in powdered purple corn cultivars [68,77,79,82,83]. Of the total anthocyanins,
cyanidin-3-glucoside has been reported as the main anthocyanin in red (51%), blue (49%),
multicolored (47%), and purple varieties (31%), while pelargonidin-3-glucoside (43%) pre-
dominates in those with pink coloration [61]. It has been detected that the accumulation
of anthocyanins in corn leaves can be induced by the application of organic selenium
(selenomethionine) to the plant; this could be a symptom of selenium phytotoxicity or
indicate a change in the oxidative state of the plant. In food, the presence of anthocyanins
is desirable for their nutraceutical and antioxidant properties [18]. The chemical form in
which anthocyanins are found has also been reported to exert an effect on the anticancer
capacity; thus, the acidified form has the better capacity, at least against the colon (Caco-2),
liver (HepG2), breast (MCF7), and prostate (PC3) cancer cells [76].

The seeds and the cob of purple corn have shown antioxidant activity [82], which is
affected by the maturation stage (grain) and type of corn, for the reported techniques [78].
It has also been reported that the composition of total polyphenols and anthocyanins
(flavonoids) of purple corn powder (cob) cultivars depends on the sowing area, but not on
the sowing density or type of fertilizer used [77]. Additionally, it has been seen that the con-
centration of anthocyanins depends on the degree of maturity of the grains, immature corn
being proposed as a better source (67.1–88.2% acylated anthocyanins (with acylated radical)
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in young plants and 46.2–83.6% at the mature stage). The antioxidant capacity increases
with maturation (genotype KKU-WX111031) as determined by the DPPH technique (from
11.7 to 21.6 µmol TE g−1 DW), by FRAP iron-reduction techniques (from 69.8 to 159.2 µmol
Fe (II) g−1 DW), and by Trolox equivalents (from 95.4 to 156.8 µmol TE g−1 DW) [83].

In general, it is reported that the concentrations of compounds with antioxidant
capacity in dark purple corn kernels are less affected by the application of various soaking
and heat treatments; the opposite effect was determined for pearling, which suggests
that those compounds are concentrated in the husk of the grain. Purple corn presents
higher concentrations and better antioxidant capacity than the reddish variety (Sangre de
Cristo) [84]. The total phenolic content and antioxidant capacity of cooked blue corn flours
have been reported to be higher than for uncooked flours, so heat treatments appear to
cause such behavior. Blue corn flour has a higher resistant starch content and slow digestion;
therefore, it exhibits a lower glycemic index (63) than white corn (71) (without cooking).
Cooked flour of both varieties has a higher glycemic index, 78 and 82, respectively; in the
case of cooked flour of blue corn the interaction with polyphenols, it could be responsible
for the decrease of glycemic index, due to the low digestibility of the complexes formed.
An analysis of correlations indicates that the increase in polyphenols causes a decrease in
the predicted glycemic index in model systems of blue and white corn [60]. Regarding
in vivo tests [85], dehydrated and micro pulverized purple corn was administered in 1 g
capsules (2 g daily for 30 days) to a group of diabetic patients with mixed dyslipidemia,
without previous treatment. They observed better fasting glycemic control (from 211.3 to
112.5 mg dL−1), obtaining a 46.8% reduction from baseline levels. Additionally, purple
corn lowers triglycerides and increases HDL cholesterol according to this research.

Purple corn extracts have been proposed as low-cost colorants, as they are concentrates
of anthocyanins [86], and as food antioxidant additives, for example in mayonnaise, where
the extract (0.4 g kg−1) presented better storage performance than commercial antioxidants
(BHT and EDTA) [87].

2.4. Forage Oats (Avena sativa L.)

According to the Statistical Yearbook of Agricultural Production, SIAP/SADER 2021 [5],
the oat production reported for the agricultural year 2021 (agricultural year) (Table 1) corre-
sponds to green forage oats without classifying (no variety determined), excluding produc-
tion of shrunken or dried forage oats. Hidalgo ranks ninth in the country (3.24%) in green
forage oat production. The grain oats produced in the state of Hidalgo are 2709.49 tons, a
quantity much lower than the forage (324,378.96 tons) for the same agricultural year. Oats
are used mainly in livestock feed, as a forage plant, in the pasture, and as silage. The oat is
an annual herbaceous plant, of the grass family. It is from cold climates and is very sensitive
to high temperatures, mainly during flowering and grain formation. It requires a lot of water
for its development because it presents great transpiration; it grows better in deep, clay-sandy
soils, rich in lime but without excess, and that retain moisture. Oats are highly adapted to
acidic soils, which is why they are usually sown in soils rich in organic matter [7].

It is commonly known that oats (mainly Avena sativa L.) affect satiety and delay the
absorption of nutrients, as well as having a deterrent action against various disorders of
the gastrointestinal tract. The effects are mainly attributed to the soluble fiber content [88].
Oatmeal as a functional food has physiological benefits in reducing hyperglycemia, hy-
perinsulinemia, hypercholesterolemia, hypertension, and cancer; for these actions, the
β-glucans of oats are considered beneficial in the prevention, treatment, and control of
diabetes and cardiovascular diseases (Table 5).
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Table 5. Composition and/or bioactivity determined in oat (Avena sativa L.).

Crop Compounds and/or Products Conditions of
Bioactivity Detected Bioactivity Reference

Oat (no
variety reported)

Oat bran concentrate
containing 43% β-glucan.

Oat β-glucan hydrolysate
was prepared by adding

Celluclast (840 EGU g−1) to oat
bran concentrate suspension
(6.25% (w/v), 50 ◦C, pH 4.8).

Anti-cholesterol activity: reduced
rat serum triglycerides, reduced

weight gain, high-density
cholesterol (HDL-C) in serum
increased up to 42–62% and

reduced low-density cholesterol
(LDL) by 25–31%.

[89]

Oat (Derby variety) β-glucan

Two β-glucan extracts were
separately added to test

solutions at concentrations of
0.1–0.5% (w/w).

β-glucan fractions: 78.5% (E3,
E4) content of extracts (w/w).

Decreased intestinal absorption of
fatty acids (18:2 mainly).

Inhibition of postprandial rise in
glucose and insulin.

[90]

Oat (no
variety reported) β-glucan Consumption in pigs of 3 and 6%

in the diet.

Net glucose absorption reduction
from 22 to 51%, relative to the

intake percentage.
[91]

Oat (Avena sativa L.) β-glucan

Dosage of 2000 mg kg−1 in
reduction of hyperglycemia.

Intake dose of 70 mg mL−1 for
6 weeks for enzyme inhibition.

Reduction of hyperglycemia.
Inhibition of intestinal enzymes,

sucrase (70.72%), maltase (83.33%)
and lactase (89.43%), in

diabetic mice.
Similar protective effect to the

diabetic mice as metformin
(1% w/v metformin solution).

[92]

Oat (no
variety reported) β-glucan Extract viscosity of 3 mPa, with

the presence of starch of 40 g. Glucose absorption reduction. [93]

Oat (no
variety reported) β-glucan

Consumption of 3 g d−1 of oat or
barley β-glucan is sufficient to

decrease blood cholesterol.

There was a significant inverse
relation in total cholesterol

(−0.60 mmol L−1, −0.85 to −0.34),
low−density lipoprotein

(−0.66 mmol L−1, −0.96 to −0.36),
and triglyceride/triacylglycerol
(−0.04 mmol L−1, −0.15 to 0.07)
after consumption of β-glucan.

[94]

Oat (Avena sativa L.)

Extract avenanthramides
(EA) is: 6.07%

N-(3′,4′-dihydroxycinamoyl)-
5-hydroxyanthranilic

acid, 4.37%
N-(4′-hydroxycinnamoyl)-5-

hydroxyanthranilic acid, 4.37%
N-(4′-hydroxycinnamoyl)-5-
hydroxyanthranilic acid, and

5.36% N-(4′-hydroxy-3′-
methoxycinnamoyl)-5-

hydroxyanthranilic acid.

Phenols: vanillic acid (0.60%),
caffeic acid (0.50%), syringic

acid (0.54%), p-coumaric acid
(0.16%), ferulic acid (0.08%),

and sinapic acid (0.03%).

Mice in three experimental
groups were (7th week) given

EA at 250, 500, and 1000 mg (kg
body weight)−1 d−1 by

intragastric gavage (2 weeks).
Mice were sacrificed and the

liver was collected and stored
until analysis.

Antioxidant effect against
oxidative stress induced by

D-galactose (50 mg kg−1 DW d−1)
in mice, noted by increased
antioxidant enzyme activity

(dose-dependent mode) and the
regulation of antioxidant

gene expression.

[95]

Oat (no
variety reported)

β-glucan (low
molecular weight) Concentration of 400 µg mL−1.

Deceased cancer cells viability
(human pigmented malignant

melanoma (Me45) and the human
epidermoid carcinoma A431 cell
line), while for the normal cells it

was non-toxic.

[96]
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Table 5. Cont.

Crop Compounds and/or Products Conditions of
Bioactivity Detected Bioactivity Reference

Oat (no
variety reported) β-glucan β-glucan (200 µg mL−1)

with electroporation.

Antitumor activity due to
decreased cell viability (human
melanoma cell line (Me45)) of

12.5%. Not present toxic effects on
normal cells.

[97]

Oat (no
variety reported)

β-glucan (high and low
molecular weight).

Decreased viability of cancer cells
(human lung A549, H69AR) (about

50% decrease at 200 µg mL−1).
[98]

Oat (Avena sativa L.) Avenantramide

100 µL of Lactobacillus acidophilus
was added to finely

powdered oats (solution 1 g/
50 mL water) for fermented oats.

And control was measured
(non-fermented).

In vitro studies revealed that
fermented and non-fermented oats

displayed higher antioxidant
activity, having a

corresponding IC50 value
of 201.03 µL and 236.46 µL,

respectively. The colon cancer cell
(HT29) death percentage, varied in

the range of 41.81% and 87.48%,
with the highest cytotoxic activity

being for non-fermented oats
(25 µg mL−1).

[99]

Other bioactive substances that contribute to the medicinal action reported for
Avena sativa L. are polyphenols (>20), phenolic acids, alkyl resorcinols, and avenan-
thramides [99–101] that exhibit antioxidant, anti-inflammatory, and antiproliferative activ-
ity, which inhibits cancer cell progression [99,102]. Phytosterols in a mixture with β-glucan
have shown strong anti-cholesterol properties (low-density lipoprotein (LDL) and total
cholesterol). Epidemiological data and clinical trials suggest that a 0.026 mmol L−1 increase
in LDL cholesterol causes a 1% increase in coronary risk [88] and that for every 1% lowering
of serum cholesterol levels, the risk of developing coronary heart disease is reduced by
2–3% and reducing insulin levels reduces the risk of developing insulin insensitivity and
metabolic syndrome. Oat bran reduces total serum cholesterol in hypercholesterolemic
subjects by as much as 23% with no change in HDL cholesterol [103].

A high fiber intake can improve the conditions of the intestinal environment by dilut-
ing carcinogens in the colon and decreasing transfer time. The oat bran β-glucans can regu-
late glucose metabolism, reducing hyperglycemia, especially in high doses (2000 mg kg−1)
like metformin, in diabetic rats and in vitro tests. A dose of β-glucans has fewer adverse
effects than traditional therapy for diabetes mellitus and its intake is approved by the Food
and Drug Administration (FDA) at 3 g d−1, for nutritional and bioactive effects [92]; dose
equal to that concluded by a meta-analysis of 30 research articles on the effect of different
levels of exposure to β-glucans reported a dose-response model [94]. The β-glucans in
oats are (1,3) or (1,4)-β-D-glucans linear polysaccharides, mainly composed of (1,3) units of
cellotriosyl and cellotetraosyl (>90%) [88]. To the mixed-linkage (1,3), (1,4)-β-D-glucans
(β-glucans) present in cereals at 30 and 70%, respectively, are attributed a significant num-
ber of functionalities and roles that make them unique as part of the plant cell wall and
as soluble dietary fiber [103]. The (1,3) bond prevents tight packing of the molecule and
causes its partial water solubility. The characteristic molar ratio reported for tri/tetra-
oligosaccharides is 2.1–2.4 [88]. Glucans (1,3 and 1,4) from oats are highly soluble in water,
have low viscosity and strong biological activity, are part of the human diet, and can contact
enterocytes, immune cells, and dendritic cells, that are present in the intestinal immune
system and can increase its function [96]. Oat β-glucans are a good agent for reducing
total (for each 3 g of dietary fiber per day reduces total cholesterol ≈ 2%; for each 2.9 g
of β-glucan twice a day reduces the levels of total cholesterol 9.2%) and LDL cholesterol
(for each 2.9 g of β-glucan twice a day reduces the LDL cholesterol 10%), improve HDL
cholesterol, are a good regulator of blood pressure, improve the lipid profile of the blood,
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are regulators of postprandial blood glucose (for each gram of β-glucan consumed, the
glycemic index decreases by 4 units) and insulin response, and reduce and maintain body
weight. Therefore, they help to treat and/or prevent cardiovascular diseases and diabetes;
improve immune functions by increasing immunoglobulins, NK cells (natural killer), and
killer T cells (lymphocytes) in the blood; they improve resistance to infectious and parasitic
diseases; and contribute to a reduction in the risk of cancer and to improve the quality of
chemotherapy. The different effects of ingesting β-glucans are due to the type of source,
whether they are grains or extracts, frequency, dose, and molecular weight, as well as the
age, gender, physiology, and initial levels in individuals [88,103].

The viscosity of β-glucan (in drink mode) could account for 79–96% of the changes
in the plasma response of glucose and insulin to 50 g of glucose [103], delaying intestinal
glucose absorption as it is trapped in micelles with β-glucan, attenuating the postprandial
insulin response (in portal vein), and consequently decreasing the activity of the liver
enzyme HMGCoA; these phenomena have beneficial effects in the control and prevention
of type 2 diabetes and cholesterol synthesis [88,91]. Another possible mechanism is reduc-
ing pancreatic amylase activity and reducing the movement of sugars released into the
intestinal wall. It has been identified that a high viscosity of β-glucan extracts (in an in vitro
digestive system), impacts on reducing the digestibility of starch, in addition to reducing
the absorption of glucose in the blood; this is better presented with 40 g of starch in the
formulation, than with 60 g [93]. The intake of purified oat β-glucans (in pigs) reduced
the net glucose absorption, which impacts the reduction of the insulin delivery peak (6%
β-glucan, 30 min) while maintaining pre-hepatic insulin homeostasis [91]. The cause of the
decrease in glucose absorption is reported to be an increase in the water-binding capacity
and the viscosity of the gastrointestinal contents, in addition to a possible effect due to
gastric emptying. The effect of an increase in the viscosity of the food bolus, from the upper
part of the gastrointestinal tract, lengthens gastric emptying, motility, and residence times,
and the absorption of nutrients, which is subsequently reflected in a decrease in blood glu-
cose and insulin [88]. Mealtime intake of β-glucans (8.9 g d−1) has been observed to result
in carbohydrate- and lipid-like metabolisms, decreasing postprandial glucose and delaying
and/or reducing carbohydrate absorption in the intestine [104]. The inhibitory effect of
viscous soluble fiber on the postprandial increase in glucose and insulin is decreased when
the viscosity of the prepared fiber is reduced by acid treatments [90].

Similar mechanisms of β-glucans are reported to decrease cholesterol absorption [88]:
the increase in viscosity reduces the available lipids, slows down diffusion, and modifies
the thickness of the non-agitated layer at the intestinal absorption site; entrapment in whole
micelles containing bile acid, in the intestine, avoids interaction of the lipid with the luminal
membrane transporters in the intestinal epithelium and decreases fat emulsion in the small
intestine, actions that increase the excretion of bile acids in feces of 35–65%. The low bile
acid, the hepatic conversion of cholesterol to bile acid increases, hepatic cholesterol stores
decrease, and, to reach a steady-state, endogenous cholesterol synthesis increases. The
restoration of hepatic cholesterol produces a decrease in serum LDL cholesterol. Intestinal
absorption of lipids [90] was evaluated in vitro in the presence of β-glucans from oats
and barley (0.1–0.5% w/w) in an intestinal cell line (NCI-H716) in rats. A decrease in
the absorption of fatty acids (18:0, 18:2) was detected due to the effect of β-glucans; this
effect varies according to the source of β-glucans, the presence of resistance (aqueous layer,
viscosity, agitation), and the portion of intestine evaluated, in addition to the inhibition of
regulatory genes for intestinal absorption and lipid synthesis (FAS, ACC, SREBP-1a, SREBP-
1c, SREBP-2, i-FABP, FATP4 mRNA), and to the possible participation in the metabolism
of enterocytes or transmembrane transport mechanisms. The enzymatic hydrolysis of oat
glucans (730,000 g mol−1) improved anticholesterolemic activity, specifically reduced rat
serum triglycerides and weight gain, increased HDL cholesterol, and reduced cholesterol.
For some tests, there was no significant difference in the effects of hydrolyzed and native
β-glucan on LDL [89].
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β-glucans may be one of the types of compounds responsible for the immunological
effects (innate and adaptive) provided by cereals, fungi, algae, yeasts, and bacteria [96]. The
immunomodulatory effect is due to the binding of β-glucans to immune receptors (dectin-
1, receptor 3 (CR3; CD11b/CD18), lactosylceramide) that promote a group of immune
cells such as monocytes, macrophages, neutrophils, NK cells, and tooth cells. Binding to
receptors also promotes the release of cytokines such as IL-12, IL-6, IL-10, and TNF. The
antitumor efficacy of (1,3)-β-glucan is related to the type of tumor, the genetic background of
the host, the dose, and the route and moment of administration of the glucan, as well as the
tumor burden. Proposed mechanisms of anticancer activity include the destruction of tumor
cells by macrophages, and modulation of the activity of lymphocytes, neutrophils, and NK
cells; in these cases, the action of β-glucans in combination with immune mechanisms is
proposed [88]. The antitumor activity of high- and low-molecular-weight oat β-glucans was
evaluated in two human lung cancer cell lines (A549 and H69AR) and normal keratinocytes
(HaCaT) [98]. High-molecular-weight β-glucans from oats did not show significant toxicity
to normal cells but did cause a decrease in cancer cell viability (about a 50% decrease at
200 µg mL−1). The oxidation marker malondialdehyde was increased in both cancer cell
lines, indicating a possible induction of oxidative stress by the presence of β-glucan; the
high expression of mitochondrial superoxide dismutase and significant changes in the
cytoskeleton of cells confirm the hypothesis [88]. In addition, the low-molecular-weight
β-glucans from oats significantly decrease the viability of cancer cells with increasing
concentration (400 µg mL−1) and incubation time [96]. The mechanism by which β-glucans
can kill cancer cells is very complex and not fully understood.

Avenanthramides are phenolic bioactive compounds (in more than 20 chemical
forms), exclusive to oats, that exhibit anticancer properties against breast (MDA-MB-231)
and human colon cancer cell lines, among others. In vitro anticancer studies of oats
(grains) in malignant colon cell lines (HT-29) revealed that fermented (in the presence of
Lactobacillus acidophilus) and non-fermented oats present high antioxidant and antiprolifer-
ative activity in colon cancer cells [99]. Avenanthramides have effects on the prevention
and treatment of aging-related human diseases associated with oxidative stress and inflam-
mation, including dermatological, cardiovascular, cerebrovascular, neurodegenerative, and
metabolic diseases, and cancer [101]. Avenanthramides are produced by plants as a defense
system against pathogens, have antioxidant properties 10 to 30 times greater than vanillin
and caffeic acid, promote the activity of superoxide dismutase and glutathione peroxidase
in rats fed them (20 mg Avn kg−1 body weight), also attenuate the production of free
radicals induced by exercise (40 mg Avn kg−1 body weight), and have an antihypertensive
effect (mediated by the production of nitric oxide) [105]. Avenanthramides are composed
of N-cinnamoylanthranilic acids, anthranilic acid, and either cinnamic or avenalumic acid,
and vary only in the pattern of substitution in the acidic moieties. Avenanthramides have
been shown to significantly increase the expression of heme-oxygenase-1 (HO-1: phase II
antioxidant enzyme) in KH-2 cells (adult human renal proximal tubule cells), in both a dose-
(250–1000 µM) and time-dependent manner, by mediating reactive oxygen species (ROS)
and stimulating the nuclear translocation regulated by Nrf2 (factor 2 related to nuclear
factor E2); hydrogenation of the double bond of the carbonyl group in avenanthramides
removes this effect. The antioxidant activity has been attributed to the hydroxyl groups of
anthranilic and cinnamic acid of avenanthramides; without them, no DPPH radical scav-
enging has been detected, nor in the FRAP assay. In addition, the ortho-hydroxyl structure,
present in cinnamic acid, is presumed to have a greater antioxidant capacity [106].

Form A, B, and C avenanthramides (Avn) are the main ones found in oats and oat
bran, the concentration varying according to the processing applied; the Avn content in oat
flakes has been reported to be 26–27 mg kg−1, while in bran it is around 13 mg kg−1 [102].
An enriched mixture of Avn (4, 20, and 40 ng mL−1; prepared from oat grains) preincubated
(24 h) with human aortic endothelial cells significantly decreased the adhesion of monocytic
U937 cells to IL-1β in a dose-dependent manner (evidence of antiatherogenic activity).
Furthermore, the same mixture significantly suppressed the stimulated IL-1β expression of
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intracellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1),
and E-selectin, and secretion of the pro-inflammatory cytokine IL-6, chemokine IL-8, and
monocyte chemoattractant protein (MCP)-1, inflammatory components involved in the
formation of fatty portions in arteries. At the same time, the enriched mixture did not show
toxicity to human aortic endothelial cells [107]. A possible anticancer mechanism (antiprolif-
erative) of Avn (from oat grains: Avn, Avn-C, methylated derivative of Avn-C (CH3-Avn-C))
is by suppression of cyclooxygenase-2 (COX-2) and prostaglandin (PGE2) activity in colon
endothelial cell macrophages [102]; they significantly inhibited the proliferation of human
colon cancer cell lines (COX-2-positive HT-29, Caco-2, and LS174T, and COX-2-negative
HCT116). The methylated extract of Avn-C had the most powerful anticancer activity (of
those evaluated), presumably due to the presence of a single methyl ester group in the
structure, which can increase lipid solubility and bioavailability, which means it is easily
incorporated into the cell membrane and allows hindrance of the molecular pathways that
participate in cell proliferation.

Some research regarding processed oat products has been published. Colloidal oatmeal
has a long history of safe use in dermatology in the treatment of atopic dermatitis, psoriasis,
drug-induced rash, and other conditions. Some in vitro and in vivo studies show some
molecular mechanisms of the anti-inflammatory and antihistamine activity of colloidal
oats [108,109]; however, the exact mechanism of action for the anti-inflammatory activity is
unclear. The polar extracts of oats (methanol at 80%) significantly inhibited the expression
of the cytokine IL-8 (an indicator of itching and prurism) [110]. The 80% acetone extract
significantly inhibited levels of the inflammatory promoter NF-κB in the controls treated
with TNF-α (25 and 50 µg mL−1) and the production of ROS (in keratinocytes). The groups
of compounds recognized in the 80% methanol and 80% acetone extracts evaluated from
oats include phenols and alcohol-soluble protein albumins. In the aqueous extract, there
are water-soluble proteins such as globulins, and prolamines and carbohydrates, with
important anti-inflammatory effects.

“Profermin” is a fermented vegetable product (water, fermented oats, barley malt,
lecithin, and Lactobacillus plantarum 299v) used for the dietary treatment of ulcerative colitis;
it is safe, well-tolerated, acceptable, and capable of reducing the simple clinical colitis
activity index (SCCAI) to a statistically and clinically significant level in patients with
mild to moderate flare-ups. The decrease in colitis (SCCAI) was 50% greater in the group
consuming vegetable ferment (53%) than in the control group (Fresubin: 27%) [111]. A
solution prepared with Avena sativa L. diluted in vinegar and hydroxyzine was evaluated in
the reduction of uremic pruritus, a common complication in patients with chronic kidney
disease. The solution significantly decreased the intensity of itching (2.03%), the conse-
quences (4.82%), and the verbal descriptor (2.27%), but had no significant effects on the
frequency (1.42%) or surface of the itch (12.40%) [112]. Four colloidal oat extracts were pre-
pared with various solvents and tested in vitro for skin barrier-related gene expression and
activity. Colloidal oats promoted the expression of target genes related to the skin barrier
and resulted in the recovery of barrier damage in an in vitro model of atopic dermatitis.
Clinically, the lotion improved skin dryness, hydration, and barrier [113]. The anti-irritation
effect of oats on the skin could be mediated by polyphenols. Evidence indicates that the
regular incorporation of oats into the diet can reduce the risk of some diseases associated
with inflammation and microbial growth. In addition to these properties, the presence of
fiber in oats contributes to reducing the risk of colon cancer.

3. Conclusions and Future Directions

Evidence indicates that representative crops from Hidalgo, Mexico, present important
bioactivities which has been shown to reduce total and LDL cholesterol, improve HDL
cholesterol, regulate blood pressure, enhance blood lipid profile, regulate glucose in post-
prandial blood, and insulin response, and reduce and maintain body weight. In addition,
there is potential for the treatment of diseases associated with inflammation and microbial
proliferation, as well as anticancer treatments. There are sources that help treat and/or
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prevent cardiovascular diseases and diabetes and improve immune functions by increasing
immunoglobulins in the blood. Therefore, it is recommended to promote representative
crops of the area, maintain their traditional use, and exploit them in innovative ways to
produce compounds and foods beneficial to the health of the population. In addition, it
is also worth highlighting that the crops reviewed are distributed throughout the world,
where the benefits reviewed here can be used.

Once the bioactive benefits of crops are recognized, further development of plant
improvements can be directed towards making plants more resilient to climate change,
thereby supporting better control of the biosynthesis process of specific metabolites. Let us
also remember that the biosynthesis routes of bioactive compounds (diverse depending
on the type of compound) are a response to diverse stimuli specific to the plant, and that
external stimuli from the environment also have an influence, thus requiring a constant
recognition of the properties of the crops and their fruits, as the changes in the context
also develop. The possible decline in plant production and its nutritional and bioactive
quality will remain one of the worst consequences of climate change for years to come.
With this, food security will be affected and will remain one of the main challenges for
humanity. The challenge must be met with full knowledge of plant metabolism and its
effects on the environment and humans. Moreover, that knowledge is still in continuous
discovery, as demonstrated by the findings presented in this review. In addition to the
inherent findings of plants, there are technological developments that can support plant
food production, for the improvement of soils, crops, qualities, microbiological context,
plant-microorganism relationships, and the effect of all of them on better qualities and
higher quantities of phytochemicals. Some of the current tools to support the development
of better crops are metabolomics and bioinformatics [2].
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Abstract: Luteolin-7-O-rutinoside (lut-7-O-rutin), a flavonoid commonly present in Mentha longifolia
L. and Olea europaea L. leaves has been used as a flavoring agent with some biological activity. The
present study is the first attempt to analyze the protective effect of lut-7-O-rutin on high-glucose-
induced toxicity to RIN-5F cells in vitro. We found that lut-7-O-rutin improved insulin secretion in
both normal and high-glucose conditions in a dose-dependent manner, without toxicity observed. In
addition, 20 µmol of lut-7-O-rutin improves insulin sensitization and glucose uptake significantly
(p ≤ 0.01) in L6 myotubes cultured in a high-glucose medium. Lut-7-O-rutin has shown a significant
(p ≤ 0.05) effect on glucose uptake in L6 myotubes compared to the reference drug, rosiglitazone
(20 µmol). Gene expression analysis confirmed significantly lowered CYP1A, TNF-α, and NF-κb
expressions in RIN-5F cells, and increased mitochondrial thermogenesis-related LPL, Ucp-1 and
PPARγC1A mRNA expressions in L6 myotubes after 24 h of lut-7-O-rutin treatment. The levels
of signaling proteins associated with intracellular glucose uptakes, such as cAMP, ChREBP-1, and
AMPK, were significantly increased in L6 myotubes. In addition, the levels of the conversion rate of
glucose to lactate and fatty acids were raised in insulin-stimulated conditions; the rate of glycerol
conversion was found to be higher at the basal level in L6 myotubes. In conclusion, lut-7-O-rutin
protects RIN-5F cells from high-glucose-induced toxicity, stimulates insulin secretion, and promotes
glucose absorption and homeostasis via molecular mechanisms.

Keywords: luteolin-7-O-rutinoside; RIN-5F cells; L6 myotubes; glucose homeostasis; mitochondria

1. Introduction

Noninsulin-dependent diabetes mellitus (NIDDM), or type 2 diabetes, is a complex
metabolic disorder resulting from either insulin insufficiency or insulin dysfunction, lead-
ing to hyperglycemia [1]. Hyperglycemia is a significant factor in inducing β-cell apoptosis.
However, the precise mechanisms underlying β-cell dysfunction in type 2 diabetes are
interrelated with inflammation and β-cell glucotoxicity [2]. In hyperglycemic conditions,
pancreatic β cells are exposed to increased metabolic flux and associated cellular stress,
leading to impairment of β-cell function and survival, a process called glucotoxicity [3],
including prolonged hyperglycemia, which increases superoxide, oxidative stress, endo-
plasmic reticulum (ER) stress and IL-1β cytokine in islets, which collectively activate c-Jun
N-terminal kinase (JNK) [4]. The ER stress may trigger islet JNK activation, which plays a
significant role in glucose-induced β-cell dysfunction [1].

NIDDM is characterized by insulin resistance, in which the primary insulin-target
organs, such as skeletal muscle, liver, and adipocytes are poorly responsive to insulin action,
which may combine with reduced insulin secretion caused by a progressive loss of β-cell
function [5]. Insulin-dependent glucose uptake and glycogen storage have been found to
be decreased in skeletal muscle, a key tissue site for insulin resistance [6]. A diminished
insulin level modulates the expression of inflammatory adipokines and myokines in muscle
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cells, which anticipates pancreatic β-cell apoptosis [7]. Combatting hyperglycemia-induced
inflammation and oxidative injury may prevent pancreatic β-cell toxicity, metabolic stress,
and diabetic complications [8]. Cultured human muscle cells, or myotubes, are consid-
ered to be a valuable model for studying the morphological, metabolic, and biochemical
properties of adult skeletal muscle [9].

Modern antidiabetic drugs, such as rosiglitazone, a thiazolidinedione that is highly
recommended by physicians to control hyperglycemia, contributes to the amelioration of
whole-body insulin resistance. Meanwhile, rosiglitazone intake causes the development
of cardiovascular risk, osteoporosis, and there is evidence that it increase weight gain and
fluid retention [10]. So, the need for a potential drug to increase insulin sensitivity without
developing side effect remains. Medicinal-plant-derived flavonoids are antioxidants and
play a significant role in cellular pro- and antioxidant regulations without producing side
effects [11]. Dietary flavonoids are considered biologically essential molecules. Luteolin
(3′,4′,5,7-tetrahydroxyflavone), a widely distributed flavonoid found in many herbs, was
recently shown to reduce oxidative stress and inflammatory responses [12]. Luteolin down-
regulates the expression of the inflammatory cytokine NF-κb, which is further associated
with an Nrf-2-mediated antioxidant response in C57BL/6 mice [13].

Chronic hyperglycemia increases intracellular reactive oxygen species (ROS), which
subsequently induce cellular stress and inflammation in pancreatic β cells, and this process
in aerobic and anaerobic cells has been well-explored [14]. Flavonoids, such as luteolin
isolated from the mulberry leaf, have been identified for their pancreatic protection and
glucose homeostasis potential [15,16]. In addition, medicinal-plant-derived luteolin, fla-
vanones, and quercetin have been highlighted for their effect on insulin secretion, glucose
uptake, and glucose homeostasis [9,11,17].

Luteolin-7-O-rutinoside (Figure 1), a flavonoid found in many traditional dietary
plants, such as Mentha longifolia L., Artemisia Montana (Nakai) Pamp., Olea europaea L.,
and Argyreia nervosa (Burm. f.) Bojer [18–20], has been used globally as an appetizing
agent in regular diets. However, the effects of lut-7-O-rutin on the regulation of pancreatic
β-cell oxidative stress, cellular protection, and glucose homeostasis mechanisms remain
unexplored. The present study is the first attempt to analyze the bioefficacy of lut-7-O-rutin
on the prevention of glucotoxicity and the regulation of insulin secretion in response to
low- and high-glucose conditions in RIN-5F cells. The insulin sensitivity of lut-7-O-rutin
was analyzed via the stimulation of glucose uptake in basal and insulin-stimulated con-
ditions in L6 myotubes. The bioefficacy was compared with the presently used reference
drug, rosiglitazone. In addition, the effect of lut-7-O-rutin on glucose-stimulated cellular
mitochondrial oxidation, lactate conversion, and de novo fatty acid synthesis in L6 my-
otubes was determined. A detailed in vitro study was designed to analyze the effect of
lut-7-O-rutin on insulin secretion, insulin action, and insulin response on lipid metabolism
in intramuscular-protein and gene-level functions, which mimic in vivo models.
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2. Materials and Methods
2.1. Cell Lines and Molecular Biology Chemicals

RIN-5F pancreatic β cells and L6 myotubes were purchased from the American Type
Culture Collection (ATCC, Rockville, MD, USA). DMEM (Dulbecco’s Modified Eagle
Medium) was used as a cell-culture growth medium. DMEM and cell-culture reagents
were purchased from Invitrogen, Carlsbad, Germany. Deionized water was obtained using
a Direct-QUV 3 multipore water purification system (Millipore, Burlington, MA, USA).
Luteolin-7-O-rutinoside (CAS No: 20633-84-5) was purchased from Sigma-Aldrich, St.
Louis, MO, USA. All other chemicals related to the molecular biology experiments were
purchased from Sigma-Aldrich (St. Louis, MO, USA). All spectrophotometric measure-
ments were performed with a UV2010 spectrophotometer (Hitachi, Düsseldorf, Germany).

2.2. In Vitro Cell-Culture Studies
2.2.1. In Vitro Cell Viability Assay Using RIN-5F Cells

The cytotoxic effect of lut-7-O-rutin against RIN-5F pancreatic β cells and L6 myotubes
was analyzed using the MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium Bro-
mide) method as described by Mosmann [21]. Briefly, RIN-5F cells were cultured with
low-glucose (5.5 mM), normal-glucose (11.1 mM) and high-glucose (25 mM)-containing
growth medium (DMEM) and then treated with increasing concentrations of lut-7-O-rutin
(such as 0, 20, 40, 60, 80, and 100 µM) and incubated for 24 h and 48 h. After incubation,
the cell-growth-inhibition curve was analyzed using the formation of formazan crystals
from MTT. The formazan crystals were dissolved with 100% DMSO, and the optical density
was measured at 570 nm using a 96-well-microplate reader (Bio-Rad, Model 680, Hercules,
CA, USA).

2.2.2. Measurement of Intracellular ROS

The production of intracellular reactive oxygen species (ROS) was measured using
2′, 7′-dichlorofluorescein diacetate (DCFH-DA) [22]. DCFH-DA passively enters the cell
and reacts with ROS to form dichlorofluorescein (DCF), a highly fluorescent compound.
Briefly, 10 mM DCFH-DA stock solution (in methanol) was diluted 500-fold in Hanks’
Balanced Salt Solution (HBSS), without serum or other additives, to yield a 20 µM working
solution. RIN-5F cells were cultured in low-glucose (5.5 mM), normal-glucose (11.1 mM),
and high-glucose (25 mM) concentrations of the growth medium in 24-well plates and were
treated with 5, 10, and 20 µM of lut-7-O-rutin for 24 h. Lut-7-O-rutin-treated RIN-5F cells
were washed twice with HBSS and then incubated in 2 mL of 20 µM DCFH-DA at 37 ◦C
for 30 min. Fluorescence was determined at an excitation of 485 nm and an emission of
520 nm using a microplate reader.

2.2.3. Nuclear Damage Analysis Using Propidium Iodide Fluorescence Staining

Morphological changes in the nucleus or nuclear damage in the RIN-5F cells main-
tained in the normal- and high-glucose media were observed after 24 h using propidium
iodide (PI) staining (Sigma-Aldrich, St. Louis, MO, USA) [23]. Briefly, RIN-5F cells (50,000)
were seeded and cultured in normal- and high-glucose conditions in a 24-well plate, and
then treated with 5, 10, and 20 µM of lut-7-O-rutin for 24 h. Further, treated cells were fixed
on the same plate using 4% paraformaldehyde and stained with 1 mg/mL of propidium
iodide at 37 ◦C for 15 min in the dark. Randomly, 300 stained cells were analyzed using an
inverted fluorescence microscope (at 20×magnification), and the pathological changes in
the cells were calculated manually.

2.2.4. Assay of Insulin Secretion Activity

RIN-5F cells derived from rat pancreatic β cells were used to determine the insulin
secretion level in low- (5.5 mmol) and high-glucose (25 mmol) conditions. A quantity
of 2.0 × 105 cells per well was seeded in a 24-well plate in RPMI-1640 medium. After
incubation for 72 h, the medium was replaced with fresh medium, and the cells were
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incubated for another 24 h. The medium was removed from the wells, and the cells were
washed with fresh medium (supplemented with 1% FBS) containing a low level of glucose
(5.5 mM) or a high level of glucose (25 mM) [24]. Lut-7-O-rutin in 5, 10, and 20 µM
concentrations was added to the respective wells. After incubation for 3 h, the condition
media from all the wells was collected after the cells were separated by centrifugation. The
concentration of insulin in the condition media was determined by ELISA. The insulin
secretion level of lut-7-O-rutin was evaluated and compared with the control (without
lut-7-O-rutin). Each experiment was performed in triplicate, and the results are presented
as the means ± SD.

2.2.5. Determination of Glucose Uptake by Cultured L6 Myotubes

A glucose uptake assay in L6 myotubes was carried out via the modified method
described by Doi et al. [25]. Briefly, L6 myoblasts (2×104 cells/well) were cultured into
24-well plates and grown for 11 days to form myotubes in 0.5 mL of 10% FBS/DMEM.
The medium was replaced once every 3 days. Later, the 11-day-old myotubes were kept
for 2 h in filter-sterilized Krebs–Henseleit buffer (pH 7.4, 0.141 g/L MgSO4, 0.16 g/L
KH2PO4, 0.35 g/L KCl, 6.9 g/L NaCl, 0.373 g/L CaCl2-2H2O, and 2.1 g/L NaHCO3)
containing 0.1% bovine serum albumin, 10 mM HEPES, and 2 mM sodium pyruvate
(KHH buffer). The myotubes were further cultured in KHH buffer containing normal
(11.1 mM) and high (25 mM) levels of glucose, with or without lut-7-O-rutin (5, 10, 20 µM),
for another 3 h. The same experimental set-up was used to treat L6 myotubes with the
reference drug rosiglitazone (20 µM) to determine the comparative glucose uptake level.
Glucose concentrations in the KHH buffer were determined with a glucose assay kit
using a microplate reader (Thermo Fisher Scientific Inc., Waltham, MA, USA) at 508 nm.
The amounts of glucose consumption were calculated from the differences in glucose
concentrations before and after the culture.

2.2.6. Determination of Intracellular Lactate, Glycerol, and Fatty Acids in L6 Myotubes

L6 myotubes (~4 × 105 cells/well) were incubated in Krebs–Ringer phosphate buffer
(pH 7.4) containing BSA (1%) and glucose (2 mM) for 2 h at 37 ◦C. The myotubes were
cultured in KHH buffer containing normal (11.1 mM) and high (25 mM) levels of glucose,
with or without lut-7-O-rutin (10 and 20 µM), for another 12 h. At the end of incubation,
the medium was collected to measure the levels of lactate (ab282923), glycerol (ab65337)
and free fatty acid (ab65341) concentrations using an enzymatic calorimetric kit purchased
from Abcam (Cambridge, UK).

2.2.7. Assay of de Novo Fatty Acid Synthesis Enzymes in L6 Myotubes

The activities of glucose-6-phosphate dehydrogenase (G6PDH) (EC 1.1.1.49), ATP
citrate lyase (ACL) (EC 4.1.3.8), and fatty acid synthase (FAS) (EC 2.3.1.85) were analyzed
in L6 myotubes after treatment with lut-7-O-rutin (10 and 20 µM) for 12 h. L6 myotubes
(~4 × 105 cells/well) were homogenized in extraction buffer containing sucrose (0.25 mM),
EDTA (1 mM), DTT (1 mM), a protease inhibitor (leupeptin) (20 µg/mL), and bovine
pancreatic trypsin inhibitor (aprotinin) (5 µg/mL) (1:1, pH 7.4), and then centrifuged at
20,000× g at 4 ◦C for 5 min. The fat-free supernatant fraction was used for the quantification
of enzyme activities according to the protocol provided with the ELISA kit. The ELISA
kits for glucose-6-phosphate dehydrogenase (G6PDH) (CAT. #MBS035211), ATP citrate
lyase (ACL) (CAT. #MBS938549), and fatty acid synthase (FAS) (CAT. #MBS2883650) were
obtained from Life science, Biotech company (San Diego, CA, USA).

2.2.8. Gene Expression

The cDNA was directly prepared from cultured cells using a Fastlane® Cell cDNA kit
(QIAGEN, Hilden, Germany) after 24 h, respectively, from a 20 µM dose of lut-7-O-rutin-
treated RIN-5F cells and L6 myotubes. Then, the transcription of the proinflammatory
genes (CYP1A, TNF-α, and NF-κB) in RIN-5F cells and lipid-metabolism-related genes (Lpl,
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Ucp-1, and PPARγC1A) were quantified using a QIAGEN real-time SYBR Green/ROX
assay kit according to the kit protocol in a real-time PCR instrument (Applied Biosystems,
7500 Fast, Waltham, MA, USA). β-actin was used as a reference gene. We used the 2−∆∆Ct

calculations to determine a specific gene and relative mRNA expression level, such as
where ∆∆Ct = (Ct, target gene of an experimental group—Ct, β-actin of experimental
group)—(Ct, target gene of control group—Ct, β-actin of control group) [26].

2.2.9. Quantification of Signaling Proteins Using ELISA Method

ELISA was performed to quantify the cellular-biogenesis-related signaling cascade pro-
teins, such as cAMP, ChREBP-1, and AMPK, in 10 and 20 µM doses of lut-7-O-rutin-treated
L6 myotubes after 24 h. Cellular proteins were extracted to determine the cAMP, ChREBP-
1, and AMPK protein levels using the quantitative ELISA method using a multiwell-
plate reader. The cAMP (Cat. #ab65355), ChREBP-1 (Cat. #ab162408), and AMPK (Cat.
#ab181422) ELISA kits were purchased from Abcam (Cambridge, UK). The values were
expressed as pg/mL cells for all the proteins.

2.3. Statistical Analysis

All of the grouped data were statistically evaluated using the SPSS/26.0 software pack-
age. The values were analyzed using a one-way analysis of variance (ANOVA) followed by
Tukey’s test [27]. All results were presented as six biological replicates (mean ± SD), and
the differences were presented as statistically significant at p ≤ 0.01 and p ≤ 0.05.

3. Results
3.1. Determination of Cell-Viability Percentages of RIN-5F Cells Cultured in Low-, Normal-, and
High-Glucose Conditions

RIN-5F cells cultured in high-glucose (25 mM) medium for 48 h produced a significant
decline in the percentage of live cells or decreased cell-growth, as compared to the normal
medium (Figure 2a). The increasing concentration of lut-7-O-rutin (such as 5, 10, 20, 40, 80,
and 100 µM) was used to determine the viability or proliferation potential on RIN-5F cells
cultured in low-, normal-, and high-glucose conditions for 48 h. We found that the RIN-5F
cells treated with lut-7-O-rutin prevented growth inhibition, as compared to the untreated
control (Figure 2b). In general, the tested concentration of lut-7-O-rutin did not produce
toxicity to RIN-5F cells cultured in the normal medium, as compared with the control.

3.2. Quantification of Reactive Oxygen Species (ROS) Levels in RIN-5F Cells

ROS generation was quantified in RIN-5F cells growing in low-, normal-, and high-
glucose media (as compared with the untreated control), with and without treating with
lut-7-O-rutin. RIN-5F cells cultured in a high-glucose (25 mM) medium showed signifi-
cantly increased ROS generation when compared to low- and normal-glucose conditions
(Figure 2b). Cell-growth inhibition in high-glucose media may be due to the observed high
ROS production (Figure 2a). Treatment with lut-7-O-rutin (20 µM) reduced the cellular
stress and ROS generation in RIN-5F cells when compared to 10 µM or 5 µM doses of
lut-7-o-rutin (Figure 2c).
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Figure 2. Comparative cell viability of RIN-5F cells cultured in normal- and high-glucose medium (a);
the effect of increasing concentrations of lut-7-O-rutinoside on cytotoxicity (b); High-glucose-induced
intracellular ROS generation (c); propidium iodide staining assay to determine the protective effect
of lut-7-O-rutinoside on high-glucose-induced nuclear damage in RIN-5F cells (d). Each value is
presented as mean± SD for 6 replicates. In (a), **: p≤ 0.001, lut-7-O-rutinoside-treated RIN-5F cells as
compared between high-glucose and normal-glucose conditions. In (b), *: p≤ 0.05, lut-7-O-rutinoside-
treated RIN-5F cells as compared with untreated cells. In (c), *: p ≤ 0.05, lut-7-O-rutinoside-treated
RIN-5F cells, as compared with low- or high-glucose concentrations.

3.3. Identification of Nuclear Damage in RIN-5F Cells Using Fluorescence Microscopy

Figure 2d shows the propidium iodide staining of the normal morphology of the
control cells, but the cells grown in high-glucose media were shown as abnormal, charac-
teristically irregular, and horseshoe-shaped nuclei, which confirmed the nuclear damage
and the initiation of glucotoxicity and cell death. Lut-7-O-rutin (20 µM)-treated-RIN-
5F cells cultured in high-glucose media were observed with a normal morphology with
intact-nucleus-containing cells (Figure 2d).

3.4. Insulin Secretory Effect in RIN-5F Cells

To identify the influence of lut-7-O-rutin on insulin secretion, we examined insulin
secretion by RIN-5F cells in a rat islet tumor cell line. Dose-dependently, lut-7-O-rutin
stimulated insulin secretory potential, and significant (p < 0.05) effects were seen at 10
and 20 µM, in both normal- and high-glucose medium (Figure 3). With treatment with
lut-7-O-rutin in varying glucose concentrations, there was no significant change in the
proliferation of RIN-5F cells or ROS production, indicating that the stimulatory effect of
lut-7-O-rutin on insulin secretion fully depended on the severity of the glucose level.
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3.5. Stimulation of Glucose Uptake in L6 Myotubes

Glucose uptake was determined in L6 myotubes cultured under normal- and high-
glucose conditions. Th normoglycemic and hyperglycemic conditions of diabetes were
achieved in L6 myotubes cultured in normal-glucose (11.1 mM) and high-glucose (25 mM)
media. Lut-7-O-rutin’s effect on glucose uptake under basal and insulin-stimulated con-
ditions were determined in normal-glucose levels; the glucose uptake was found to be
significantly higher in 20 µM concentration (p < 0.05) (Figure 4a). However, in the insulin-
stimulated condition, the glucose uptake was high in both the 10 and 20 µM concentrations
of lut-7-O-rutin (Figure 4b). Lut-7-O-rutin significantly improved the glucose uptake in the
high-glucose medium compared to the normal-glucose medium in the L6 myotubes; the
glucose uptake level was higher than that with rosiglitazone (Figure 4c).
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3.6. Levels of Lactate, Glycerol, and Fatty Acids in L6 Myotubes

We investigated the intracellular effect of lut-7-O-rutin on the metabolic conversion of
glucose in L6 myotubes. Figure 5a depicts the way that lut-7-O-rutin significantly converts
glucose into lactate in normal and insulin-stimulated conditions, as compared with the
control (65% and 78%, respectively). As shown in Figure 5b, treatment with lut-7-O-rutin
significantly (p ≤ 0.05) increased the generation of glycerol from glucose in both basal
and insulin-stimulated conditions (41% and 32%, respectively). Lut-7-O-rutin treatment
decreased insulin-stimulated de novo lipogenesis from glucose or other sources as esti-
mated by acetate and glucose incorporated into fatty acids of TAG. As shown in Figure 5c,
treatment with lut-7-O-rutin reduced fatty acid synthesis from glucose in insulin-stimulated
conditions. Our observation evidenced that the higher rate of glucose incorporated in the
glycerol fraction of TAG under basal, but not insulin-stimulated, conditions, as compared
to the control cells (Figure 5b). In addition, there was no significant difference between the
10 and 20 µM concentrations.
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Figure 5. Effect of lut-7-O-rutinoside on intracellular production of lactate (a), glycerol (b), and fatty
acids (c) from glucose in basal and insulin-stimulated conditions in L6 myotubes. Each value is
presented as the mean ± SD for 6 replicates. **: p ≤ 0.001, lut-7-O-rutinoside-treated cells compared
to basal and insulin-stimulated cells.

Figure 6 shows the changes in the lipogenesis-related parameters after lut-7-O-rutin
treatment. The maximal activity of ATP citrate lyase (ACL) was significantly reduced
(Figure 6a). There was no change in the activities of fatty acid synthase (Figure 6b) or
G6PDH (Figure 6c), which catalyzes the generation of NADPH required for lipogenesis.
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Figure 6. Effect of lut-7-O-rutinoside on mitochondrial maximal activity level of enzymes ATP citrate
lyase (a), fatty acid synthase (b), and G6PDH (c) in L6 myotubes. Each value is presented as the
mean ± SD for 6 replicates. *: p ≤ 0.05 and **: p ≤ 0.001, lut-7-O-rutinoside-treated L6 myotubes, as
compared with the control.

3.7. Gene Expression Levels

Figure 7 depicts the proinflammatory mRNA expression levels of lut-7-O-rutin-treated
RIN-5F cells. We found that 20 µM of lut-7-O-rutin significantly reduced CYP1A, TNF-α,
and NF-κB expression when compared to the untreated control or 10 µM of lut-7-O-
rutin in high-glucose conditions within 24 h. In addition, lipid metabolism of biological
thermogenesis-related genes (Lpl, Ucp-1, and PPARGC1A) expression levels in L6 my-
otubes are presented in Figure 8a. Most interestingly, treatment with 20 µM of lut-7-O-
rutin significantly increased the mitochondrial-thermogenesis-associated Lpl, Ucp-1, and
PPARGC1A expressions by two-fold. The results confirm the cellular uptake of glucose
and further mitochondrial metabolic active progress of L6 myotubes.
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Figure 7. Effect of lut-7-O-rutinoside on CYP1a, TNF-α, and NF-κb expression levels in RIN-5F
cells. Each value is presented as the mean ± SD for 6 replicates. *: p ≤ 0.05 and **: p ≤ 0.001,
lut-7-O-rutinoside-treated RIN-5F cells, as compared with the control.
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Figure 8. Effect of lut-7-O-rutinoside on mRNA expression levels of Lpl, Ucp-1, and PPARGC-1A
(a) and protein levels of cAMP, chREBP, and AMPK (b) in L6 myotubes. Each value is presented as
the mean ± SD for 6 replicates. *: p ≤ 0.05 and **: p ≤ 0.001, lut-7-O-rutinoside-treated L6 myotubes
compared with control.

3.8. Quantification of Protein Levels

Cellular biogenesis-related signaling cascade proteins, such as cAMP, ChREBP-1, and
AMPK, were quantified in 10 and 20 µM doses of lut-7-O-rutin-treated insulin-stimulated
L6 myotubes. We found a two-fold increase in cAMP and ChREBP-1 in 20 µM of lut-7-O-
rutin-treated L6 myotubes after 24 h (Figure 8b). In addition, AMPK protein levels were
also found to have a one-fold increase with 20 µM of lut-7-O-rutin-treated L6 myotubes.
This significant effect was not observed with 10 µM of lut-7-O-rutin, as compared to the
untreated control.

4. Discussion

Chronic hyperglycemia and the subsequent augmentation of reactive oxygen species
(ROS) deteriorate β-cell functions, which leads to hyperglycemia and increased insulin
resistance [28,29]. Insulin resistance is an important predictor of the future development
of type 2 diabetes [30]. During the progression of type 2 diabetes, glucotoxicity is an
important factor contributing to advancing pancreatic β-cell failure and the development
of diabetes [31].

Pancreatic β-cell mitochondria play a significant role in insulin secretion [32]. Mito-
chondrial failure in β-cells has emerged as an important step in the pathogenesis of type 2
diabetes [33,34]. The generation of ROS in response to high concentrations of glucose also
causes mitochondrial dysfunction and triggers β-cells apoptosis [35]. In the present study,
high-glucose-induced glucotoxicity was confirmed by nuclear damage using PI staining,
but treatment with 20 µM of lut-7-O-rutin did not cause nuclear damage or glucotoxicity.
Additionally, lut-7-O-rutin treatment of RIN-5F cells produced significantly elevated insulin
levels in glucose-stimulated conditions, with a relatively low production of ROS, as com-
pared to the control cells. The stimulation of insulin secretion by lut-7-O-rutin depends on
the severity of the hyperglycemic condition, which is not related to cellular stress or altered
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mitochondrial dynamics. Our previous study confirmed that nymphayol could improve
early-phase glucose-stimulated insulin secretion and restore cellular insulin sensitivity
in vitro [24]. Similarly, Du et al. [36] reported that lut-7-O-rutin stimulates insulin release
and improves glucose homeostasis in db/db mice.

Li et al. [37] also reported that natural products might stimulate the islet cells to secrete
insulin and increase insulin sensitivity, thereby enhancing glucose uptake. The lut-7-O-
rutin treatment restored the β-cell and functional mitochondrial content to near normalcy.
In the present findings, lut-7-O-rutin significantly increased the insulin levels in RIN-5F
cells and increased insulin sensitivity in the hyperinsulinemic–euglycemic clamp, which
is often combined with the hyperglycemic clamp to determine the adequacy of compen-
satory cellular hypersensitivity. Diminished skeletal-muscle glucose uptake and attenuated
skeletal-muscle insulin sensitivity are important precursors for the pathogenesis of type
2 diabetes mellitus [32]. The skeletal muscle of insulin-resistant subjects has diminished
mitochondrial density and reduced mitochondrial oxidative phosphorylation [38]. During
glucose-stimulated insulin secretion, glucose metabolism generates ATP in mitochondria
and increases the ATP/ADP ratio in β cells [38]. Our study found that basal and insulin-
stimulated conditions achieved significant glucose uptake in L6 myotubes. In addition, we
observed the increased production of lactate and glycerol by lut-7-O-rutin in L6 myotubes
in basal and insulin-stimulated conditions; at the same time, there was no alteration in the
fatty acid conversion rate.

The pancreatic protective effect of lut-7-O-rutin achieved through glucose-stimulated
insulin secretion and cellular glucose uptake might be due to the reduction of oxidative
stress and increased insulin sensitivity. This effect was confirmed by the molecular-level
findings, such as decreased TNF-α and NF-κb, and increased cytochrome P4501A (CYP1A)
mRNA expressions. CYP1A involves uncoupling reactions in ETC cycles, which release
reactive oxygen species, such as superoxide radicals, hydrogen peroxide, and hydroxy
radicals. An imbalance of pro- and antioxidants results in oxidative stress, which leads
to inflammation and toxicity [39]. Lingappan et al. [40] have found that CYP1A1−/−

mice produced a high level of lipid peroxides and the oxidative damage caused by these
molecules, which increase DNA adducts and mutations. However, CYP1A expression
and the presence of CYP1A enzymes reduced hypoxic conditions and detoxified the DNA-
reactive species, resulting in the reduction of oxidative DNA adducts.

Further, intracellular mitochondrial biogenesis was confirmed by the enhanced ex-
pression of lipid metabolism or biological thermogenesis-related genes (Lpl, Ucp-1, and
PPARGC1A) expression levels in L6 myotubes. The Lpl–Ucp1–PPARGC1A signaling axis
was identified as the candidate pathway involved in maintaining the balance of thermogen-
esis and energy metabolism. Higher expressions of the Lpl–Ucp1–PPARGC1 signaling axis
were confirmed by higher levels of the cAMP, ChREBP-1, and AMPK signaling proteins
involved in the mitochondrial biogenesis pathway [41].

5. Conclusions

The mechanism of the action of lut-7-O-rutin may be due to enhanced stabilization
of mitochondrial potential via quenching ROS development after high-glucose-induced
cellular stress. It might protect RIN-5F cells from glucotoxicity and restore insulin secretion
and function. Further, glucose utilization was improved in L6 myotubes via increased
skeletal-muscle glucose disposal, which consequently increases mitochondrial thermogene-
sis or energy biogenesis, which was confirmed by the high levels of functional proteins,
such as cAMP, ChREBP-1, and AMPK. Lut-7-O-rutin may be used as a therapeutic agent to
control glucotoxicity and insulin resistance in hyperglycemic conditions or to control the
progression of type 2 diabetes.
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Abstract: Chile peppers (Capsicum annuum L.) are good sources of vitamins and minerals that can
be included in the diet to mitigate nutritional deficiencies. Metabolomics examines the metabolites
involved in biological pathways to understand the genes related to complex phenotypes such as the
nutritional quality traits. The current study surveys the different metabolites present in jalapeño
(‘NuMex Pumpkin Spice’) and serrano (‘NuMex LotaLutein’) type chile peppers grown in New
Mexico using a widely targeted metabolomics approach, with the ‘NuMex LotaLutein’ as control. A
total of 1088 different metabolites were detected, where 345 metabolites were differentially expressed;
203 (59%) were downregulated and 142 (41%) were upregulated (i.e., relative metabolite content
is higher in ‘NuMex Pumpkin Spice’). The upregulated metabolites comprised mostly of phenolic
acids (42), flavonoids (22), and organic acids (13). Analyses of principal component (PC) and
orthogonal partial least squares demonstrated clustering based on cultivars, where at least 60% of
variation was attributed to the first two PCs. Pathway annotation identified 89 metabolites which
are involved in metabolic pathways and the biosynthesis of secondary metabolites. Altogether,
metabolomics provided insights into the different metabolites present which can be targeted for
breeding and selection towards the improvement of nutritional quality traits in Capsicum.

Keywords: flavonoids; human health; ‘NuMex LotaLutein’; ‘NuMex Pumpkin Spice’; nutrition;
phenolic acids; ultra-performance liquid chromatography tandem mass spectrometry

1. Introduction

The recent global health crisis necessitates the improvement of diets by consuming
healthier and more nutritious foods. Chile peppers (Capsicum spp.) are good sources
of vitamins and minerals that can mitigate nutritional deficiencies. These include phe-
nols; ascorbic acid; carotenoids; chlorophylls; vitamins A, C, and E; capsaicinoids; and
flavonoids [1,2]. Capsaicinoids, which give chile peppers their unique ‘heat’ sensation,
possess anti-cancer properties [3] and have been shown to have the potential of alleviating
cough, rheumatism, sore throat, and toothache [4]. Phenolic compounds show great po-
tential as strong antioxidants that can aid the human body against free radicals resulting
from reactive oxygen species (ROS) to help prevent cancer, cardiovascular disorders, and
neurodegenerative diseases [5–7]. These metabolites have also demonstrated anti-aging
and depigmentation properties, anti-inflammatory potential, and antimicrobial activity [8].
A survey on the variation of vitamin contents in a Capsicum germplasm identified eight
cultivars that have higher vitamin A concentration than sweet potato (Ipomea batatas), and
16 pepper types that have vitamin C content higher than kiwi (Actinidia deliciosa), indicating
a great potential for improving nutrition through genetic improvement [9].

A deeper understanding of the different metabolites present in chile peppers will
provide avenues to understand the complex array of genes resulting in quantitative phe-
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notypes such as the nutritional quality traits. Metabolomics studies link the phenotype
and genotype, acting as a bridge between the phenome and the genome [10]. Previous esti-
mates revealed at least 200,000 metabolites in the plant kingdom, significantly higher than
those found in animals; a potential consequence of a wide variety of metabolic pathways
developed by plants to thrive in diverse environmental conditions [11]. In chile peppers,
metabolomics approaches have profiled metabolites involved in growth, development,
and adaptation to different environments [12,13]. Numerous changes in the biochemical
and physiological processes involving enzyme activity, gene expression, and metabolite
synthesis result in developmental changes in the fruit in response to the environment [14].
For example, during fruit development in C. chinense Jacq, a metabolomics approach re-
vealed distinct patterns of metabolite distribution at 16 days post-anthesis across the orange
and red ripening periods [15]. In another study, fruit discoloration was attributed to the
reduction in carotenoid content in discolored red peppers compared to normal peppers,
where lipid and flavonoid synthesis were significantly associated with discoloration [16].
Increased lipid metabolism and decrease in capsaicinoid, flavones, flavanol compounds,
and terpenoids were further observed in domesticated chile peppers compared to their
wild ancestors [17], indicating that genetic improvement for increased nutritional quality
through breeding and selection have been implemented for the cultivated chile peppers.

Widely targeted metabolomics is the next generation of metabolomics, combining the
benefits of the targeted and untargeted approaches, and has several advantages, including
being high-throughput, highly sensitive, and having a broad coverage [18], in contrast to
targeted approaches where some metabolites may be left unidentified [19]. The detection
and identification of broadly targeted metabolites are made possible by Q-TRAP mass
spectrometry based on multiple reaction monitoring mode, which allows for the simul-
taneous quantification of hundreds of known metabolites over a thousand of unknown
metabolites [20,21].

The objectives of this study were to: (1) survey the metabolite diversity in jalapeño
and serrano peppers using a nontargeted metabolomics approach; (2) identify differentially
expressed metabolites; and (3) perform the functional annotation of genes involved in
different metabolic pathways. A widely targeted metabolomics approach through an
ultra-performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) was
employed to determine differentially expressed metabolites in jalapeño and serrano pepper
types cultivated in a New Mexico growing environment. The results from this study will be
relevant for future metabolite-based genomics-assisted mapping approaches for the genetic
improvement of nutritional quality traits in Capsicum.

2. Materials and Methods
2.1. Plant Material and Collection of Fruit Samples

Two C. annuum L. cultivars previously released by the New Mexico State University
(NMSU) Chile Pepper Breeding and Genetics Program, viz., ‘NuMex Pumpkin Spice’ (a
jalapeño type) [22] and ‘NuMex LotaLutein’ (a serrano type), [23] were used in this study
(Figure 1). The ‘NuMex Pumpkin Spice’ originated from the hybridization between the
‘Permagreen’ bell pepper and ‘Early Jalapeno’ and was developed using a pedigree breeding
approach with three generations of backcrossing to a jalapeño fruit type, followed by
multiple cycles of single plant selections [22]. ‘NuMex LotaLutein’ is a biofortified serrano
pepper with improved lutein content and was derived from a segregating F2 population
resulting from selfing a commercial F1 hybrid serrano cultivar [23]. ‘NuMex Pumpkin Spice’
has a characteristic deep orange (i.e., ‘pumpkin’-like) color, whereas ‘NuMex LotaLutein’
has a distinct yellow color.

The cultivars were transplanted at the Amy Goldman Flower Chile Pepper Institute
Teaching Garden, Fabián García Science Center, Las Cruces, NM, USA. Three mature
fruits from three individual plants (representing three biological replicates) from each
cultivar were sampled ~130 days after transplanting (~190 days after initial sowing in the
greenhouse). Fruit samples were subsequently freeze-dried for ~48 h using a Labconco
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Freeze Dry System (Labconco Corporation, Kansas City, MO, USA) and were sent to
MetWare® Bio, MA, USA (https://www.metwarebio.com/ (accessed on 4 November 2022))
for processing and metabolomics analyses.
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Figure 1. ‘Numex Pumpkin Spice’ (a) and ‘NuMex LotaLutein’ (b) fruits showing their characteristic
orange and yellow colors, respectively. ‘NuMex Pumpkin Spice’ is a colored jalapeño, whereas
‘NuMex LotaLutein’ is a biofortified serrano type with improved lutein content. Adapted with
permission from Refs. [22,23]. ©2015, 2020, American Society for Horticultural Science.

2.2. UPLC-MS/MS Based Widely Targeted Metabolomics Approach

Biological samples were re-freeze-dried using a vacuum lyophilizer (Scientz-100 F) at
MetWare® Bio. A mixer mill (MM 400, Retsch, Verder Scientific, Inc., Newtown, PA, USA)
with zirconia beads was used to grind the samples for 1.5 min at 30 Hz. The freeze-dried
powder samples (~50 mg) were dissolved with 70% methanol solution (1.2 mL; 0.84 mL
methanol; 0.36 mL distilled water), mixed using a vortex for 30 sec every 30 min, and stored
at 4 ◦C overnight. The extracts were later centrifuged at 12,000 rpm for 10 min and filtered
using a 0.22 µm filter before liquid chromatography and mass spectrometry.

Ultra-performance liquid chromatography (UPLC) (ExionLC™ AD, https://sciex.com.
cn/ (accessed on 4 November 2022)) and tandem mass spectrometry (MS/MS) (Applied
Biosystems QTRAP 6500, https://sciex.com.cn/ (accessed on 4 November 2022)) were
performed with the following conditions (a): liquid phase chromatographic column: Agi-
lent SB-C18 1.8 µm, 2.1 mm × 100 mm; (b) mobile phase: A phase—ultrapure water (0.1%
formic acid added), B phase—acetonitrile (0.1% formic acid added); (c) elution gradient:
0.00 min, the proportion of B phase was 5%, within 9.00 min, the proportion of B phase
increased linearly to 95% and remained at 95% for 1 min, 10.00–11.10 min, the proportion
of B phase decreased to 5% and balanced at 5% up to 14 min; (d) flow rate: 0.35 mL/min;
(e) column temperature: 40 ◦C; and (f) injection volume: 2 µL.

Mass spectrum scans were acquired using both the Linear Ion Trap (LIT) and Triple
Quadrupole (QqQ) modes of a hybrid QqQ LIT Mass Spectrometer (Q TRAP ®) (AB6500 Q
TRAP® UPLC/MS/MS system) with an ESI Turbo ion spray interface, and both cation and
anion modes were controlled by Analyst 1.6.3 software (AB Sciex, MA, USA). Operating
conditions consisted of the following: turbine spray (ion source); source temperature 550 ◦C;
ion spray voltage (IS) 5500 V (cation mode)/−4500 V (anion mode); ion source gas I (GSI),
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gas II (GSII), and curtain gas (CUR) set to 50, 60, and 25 psi, respectively; collision-induced
ionization parameter set to high. The multiple reaction monitoring (MRM) mode was used
for the QqQ scan, where a specific set of MRM ion pairs was monitored based on the eluted
metabolites at each period.

2.3. Qualitative and Quantitative Analyses of Metabolites

An in-house database (MetWare® Database) was used to identify metabolites based on
their secondary spectrum information. The following were excluded during the qualitative
analyses: signals from isotopes, and repeated signals containing cations such as K+, Na+,
and NH4

+. Semi-quantitative analyses of the samples were performed by MRM using
QqQ MS. Peak integration on the mass spectrum peaks of all the metabolites identified
was performed after obtaining spectrum analyses data from the different samples. Integral
correction was implemented on the peaks of similar metabolites in different samples
according to Fraga et al. [24].

2.4. Sample Quality Control and Correlation Analysis

A quality control (QC) sample was prepared from a mixture of sample extracts to
examine the repeatability of the sample under the same treatment conditions. Metabolite
extraction and detection repeatability were evaluated by analyzing the overlapping dis-
play of total ion chromatogram (TIC) of different QC samples. The high stability of the
instrument was related to the high repeatability and reliability of the data. The correlation
between samples was established using the ‘cor’ function in R software (www.r-project.org
(accessed on 4 November 2022)).

2.5. Analysis of Principal Components and Discriminant Analysis by Orthogonal Partial
Least Squares

Metabolite data were compressed into N principal components (PCs) to describe
the features of the dataset, where the first principal component (PC1) represented the
highest degree of variation, followed by the second principal component (PC2), and so on.
Principal components analysis (PCA) was performed using the ‘prcomp’ function in the
R program, where parameter scale = ‘True’ demonstrated the unit variance (UV) scaling
for normalizing the data. Biplots were constructed using the first two PCs (PC1 and PC2).
Orthogonal partial least squares discriminant analysis (OPLS-DA) for the metabolome
data was further implemented to show the differences between each group. During the
modeling of OPLS-DA, X matrix information is divided into information that is either
related or unrelated (i.e., noise) to Y, where the variables associated with Y are the PC,
and the information unrelated to Y is the orthogonal PC [25]. The ‘OPLSR.Anal’ function
in the package ‘MetaboAnalystR’ in R was used for OPLS-DA. S plots for the OPLS-DA
were constructed by plotting the correlation coefficient values between the PCs and the
metabolites against the covariance between the PCs and metabolites. The OPLS-DA model
validation was performed using permutation tests, represented as R2X, R2Y, and Q2, where
R2X and R2Y denote the explanatory rate of the model to the X and Y matrices, respectively;
and Q2 signifies the prediction ability of the model. Values closer to 1 indicate a more stable
and reliable model for validation.

2.6. Identification and Functional Annotation of Differentially Expressed Metabolites

Variable importance in projection (VIP) from modeling using OPLS-DA was used
to determine metabolites that were differentially expressed. Given that the number of
biological replicates, n, is ≥3, the different metabolites were screened by combining the
fold change and VIP of the discriminant analysis model, where metabolites with VIP ≥ 1
and with fold change ≥2 or ≤0.5 at p < 0.05 were considered to be differentially expressed.
Volcanic plots of the differentially expressed metabolites were constructed by plotting
VIP values against the log2 (fold change; FC). Functional annotation of the differential
metabolites was performed using the KEGG (Kyoto Encyclopedia of Genes and Genomes)
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database [26] based on the KO (KEGG Orthology) of molecular functions. The PCA, OPLS-
DA model validations, and functional annotation of the different metabolites were all
performed at MetWare® Bio. Screening results were based on performing comparisons
of metabolite contents where the ‘NuMex LotaLutein’ was used as the control. Positive
and negative values for log2FC indicate upregulation and downregulation, respectively.
Upregulation signifies that the relative content for the metabolite is higher in ‘NuMex
Pumpkin Spice’ than in ‘NuMex LotaLutein’ and vice versa.

3. Results
3.1. Fruit Sample Collection and Metabolite Identification

Mature fruit samples of ‘NuMex LotaLutein’ and ‘NuMex Pumpkin Spice’ were
collected for metabolomic profiling. After the initial freeze drying, the weight of the ‘NuMex
LotaLutein’ samples ranged between 1.72 and 2.77 g, whereas for ‘NuMex Pumpkin Spice’
weights ranged between 1.28 and 2.35 g. Using a UPLC-MS/MS system and the MetWare®

in-house database, a total of 1088 metabolites were identified. Flavonoids and phenolic
acids comprised 16.82% and 15.99% of the identified metabolites, respectively. Along with
them, amino acids and derivatives (12.96%), alkaloids (11.76%), and lipids (10.94%) were
also present in considerable quantities (Figure 2).
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3.2. Analysis of Principal Components and Orthogonal Partial Least Squares

PCA has identified two distinct groups based on the cultivars, where the biological
replicates from each sample were grouped together (Figure 3a). Group 1, which consisted
of the ‘NuMex LotaLutein’ samples, clustered on the left side, whereas Group 2, comprising
‘NuMex Pumpkin Spice’ samples, clustered on the right side of the PCA diagram. The first
principal component (PC1) contributed to 47.19% of variation, whereas PC2 was associated
with 15.95% of variation. Model prediction by OPLS-DA modeling revealed consistent
clustering for the samples according to cultivars (Figure 3b). A significant model for partial
LS discriminant analyses was supported by the high values of the explanatory rates, R2X
(0.67), R2Y (1.0), and of the prediction ability of the model, Q2 (0.94). Excluding the QC
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samples, the overall contributions of the T-score and orthogonal T-score for the OPLS-DA
were 48.3 and 19.1%, respectively. The results from correlation analyses further supported
the differentiation observed from PCA. Mean Pearson correlation coefficients of 0.92 were
observed within cultivars, whereas an average of 0.66 was observed across treatments
(Figure 4). Coefficient of variation (CV) values across all the QC samples also demonstrated
the stability of the experimental data, with the proportion of samples having a CV less than
0.3 and 0.5 being higher than 75% and 85%, respectively. The CV across all metabolites
ranged between 1.34% and 115.54%, with a mean value of 36.50%.
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Numbers 1, 2, and 3 correspond to the first, second, and third biological replications, respectively.

3.3. Identification and Functional Annotation of Differentially Expressed Metabolites

A total of 345 metabolites (32%) were differentially expressed, where 203 (59%) of
these were downregulated and 142 (41%) were upregulated (Table S1). The upregulated
metabolites were classified into 10 different classes of compounds, which mostly comprised
phenolic acids (42; 30%), flavonoids (22; 15%), organic acids (13; 9%), and amino acids and
derivatives (11; 8%). The downregulated metabolites mainly consisted of flavonoids (43;
21%) phenolic acids (41; 20%), and alkaloids (32; 16%), and were grouped into nine different
classes. Values for log2FC of the upregulated metabolites ranged between 1 and 18, with
a mean value of 2.59. An average VIP value of 1.31 was observed for all the upregulated
metabolites. Capsaicin and related compounds were not differentially expressed.

Among the top 10 upregulated metabolites, eight were classified as phenolic acids,
and two were flavonoids (Table 1). The average VIP and log2FC values for the top 10 up-
regulated metabolites were 1.42 and 9.52, respectively. 1-Phenylethanol, Dicaffeoylshikimic
acid, 2-Methoxycinnamic acid, 1,3-O-Dicaffeoylquinic Acid (Cynarin), and 4-O-(4′-O-alpha-
D-Glucopyranosyl)caffeoylquinic acid, all phenolic acids, were the top five upregulated
metabolites, with log2FC values of 18.04, 16.4, 13.33, 8.06, and 7.52, respectively. For the top
ten downregulated metabolites, three were phenolic acids, six were flavonoids, and one was
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an alkaloid. Mean values for the VIP and log2FC for the top 10 downregulated metabolites
were 1.42 and -91.68, respectively. Phenolic acids and flavonoids comprised the top five
downregulated metabolites; namely, 3,6-Di-O-caffeoyl glucose (log2FC value = −16.73),
Rosmarinic acid methyl ester (−15.36), 2,3-Dimethoxybenzaldehyde(−14.93) (all three are
phenolic acids), and Quercetin-3-O-(2′ ′-O-rhamnosyl)rutinoside-7-O-glucoside (−11.96)
and Quercetin-3-O-(6′ ′-O-acetyl)glucosyl-(1→3)-Galactoside (−6.01) (both flavonoids).
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Table 1. Top 10 most highly upregulated and downregulated metabolites.

Metabolite Class VIP 1 Fold Change (FC) log2FC 2

1-Phenylethanol Phenolic acids 1.44 269,754.80 18.04
Dicaffeoylshikimic acid Phenolic acids 1.44 86,594.42 16.40
2-Methoxycinnamic acid Phenolic acids 1.44 10,264.53 13.33
1,3-O-Dicaffeoylquinic Acid (Cynarin) Phenolic acids 1.42 266.71 8.06
4-O-(4′-O-alpha-D-Glucopyranosyl)caffeoylquinic acid Phenolic acids 1.43 182.93 7.52
Chlorogenic acid methyl ester Phenolic acids 1.44 103.94 6.70
Cyanidin-3-O-(6′ ′-O-caffeoyl-2′ ′-O-xylosyl)glucoside Flavonoids 1.43 82.45 6.37
Tri-O-galloyl Methyl gallate Phenolic acids 1.41 82.20 6.36
Luteolin-7-O-Sophoroside-5-O-arabinoside Flavonoids 1.43 74.07 6.21
5-O-Feruloyl quinic acid glucoside Phenolic acids 1.37 73.70 6.20

3,6-Di-O-caffeoyl glucose Phenolic acids 1.44 9.18 × 10−6 −16.73
Rosmarinic acid methyl ester Phenolic acids 1.44 2.37 × 10−5 −15.36
2,3-Dimethoxybenzaldehyde Phenolic acids 1.44 3.2 × 10−5 −14.93
Quercetin-3-O-(2′ ′-O-rhamnosyl)rutinoside-7-O-glucoside Flavonoids 1.44 2.5 × 10−4 −11.96
Quercetin-3-O-(6′ ′-O-acetyl)glucosyl-(1→3)-Galactoside Flavonoids 1.41 0.016 −6.01
p-Coumaroylagmatine Alkaloids 1.43 0.020 −5.64
Quercetin-7-O-(6′ ′-malonyl)glucosyl-5-O-glucoside Flavonoids 1.42 0.023 −5.43
Quercetin-3-O-rutinoside-7-O-rhamnoside Flavonoids 1.40 0.0251 −5.31
Quercetin-3-O-xylosyl(1→2)glucosyl(1→2)glucoside Flavonoids 1.40 0.0253 −5.30
Quercetin-3-O-(6′ ′-O-malonyl)glucosyl-5-O-glucoside Flavonoids 1.38 0.031 −5.00

1 VIP—Variable importance in projection value. 2 Positive and negative values for log2FC indicate upregulation
and downregulation, respectively. Screening results were based on a comparison where ‘NuMex LotaLutein’
was used as the control. Upregulation signifies that the relative content of the metabolite is higher in ‘NuMex
Pumpkin Spice’ than in ‘NuMex LotaLutein’ and vice versa.
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The KEGG database was used in order to understand the metabolite content as a whole
network in the form of metabolic pathways. A total of 89 differentially expressed metabo-
lites had annotation from the KEGG database, where 36 metabolites were upregulated and
53 were downregulated (Table S2). The top 10 upregulated metabolites comprised mostly
phenolic acids, whereas the top 10 downregulated metabolites with annotation consisted
mostly of flavonoids (Table 2). Classification based on annotation from the KEGG database
revealed that of the differentially expressed metabolites, 70 (78.65%) were annotated to
be involved in metabolic pathways. A total of 42 (47.19%) and 17 (19.1%) metabolites
were associated with the biosynthesis of secondary metabolites and of cofactors, respec-
tively (Figure 5). The upregulated metabolites with KEGG annotation were classified into
seven different groups that comprised organic acids, nucleotides and derivatives, and
flavonoids, among others. Similarly, downregulated metabolites comprised eight different
groups, including amino acids and derivatives, organic acids, alkaloids, and phenolic
acids. Flavonoids, phenolic acids, organic acids, and nucleotides and derivatives com-
prised the top 10 differentially expressed upregulated metabolites with KEGG database
map annotation. The significant enrichment of metabolites involved in terpenoid back-
bone biosynthesis was demonstrated (rich factor (RF) value of 1). Differential metabolites
involved in photosynthesis also showed significant enrichment, with an RF value equal
to 0.65 (Figure 6). Functions related to the biosynthesis of secondary metabolites includ-
ing lutein (β,ε-carotene-3,3′-diol), the predominant compound in the ‘NuMex LotaLutein’
serrano pepper, have been annotated in the KEGG Orthology database for a number of
differentially expressed metabolites identified.

Table 2. Top 10 differentially expressed upregulated metabolites with KEGG database annotation.

Metabolite Class

Variable
Importance in

Projection
(VIP) Value

Fold
Change

(FC)
log2FC

KEGG
Orthology
(KO) Index

Annotation

Chlorogenic acid
(3-O-Caffeoylquinic acid)

Phenolic
acids 1.43 20.46 4.35

KO00940;
KO00941;
KO00945;
KO01110

Phenylpropanoid biosynthesis;
flavonoid biosynthesis; stilbenoid,

diarylheptanoid and gingerol
biosynthesis; metabolic pathways

3,7-Di-O-methylquercetin Flavonoids 1.34 11.21 3.49 KO00944;
KO01110

Flavone and flavonol biosynthesis;
metabolic pathways

Phenol Phenolic
acids 1.42 11.01 3.46 KO00350;

KO01100
Tyrosine metabolism;
metabolic pathways

ATP; Adenosine
5′-Triphosphate

Nucleotides
and

derivatives
1.42 8.39 3.07

KO00190;
KO00195;
KO00230;
KO00908
KO01100;
KO01110;
KO01232;
KO01240

Oxidative phosphorylation;
photosynthesis; purine

metabolism; zeatin biosynthesis;
metabolic pathways; nucleotide

metabolism; biosynthesis
of cofactors

2-Furoic acid Organic acids 1.38 5.77 2.53 KO01100 Metabolic pathways

Kaempferol-3-O-
rutinoside(Nicotiflorin) Flavonoids 1.18 5.61 2.49 KO00944;

KO01110
Flavone and flavonol biosynthesis;

metabolic pathways

2-Oxoheptanedionic acid Organic acids 1.37 5.55 2.47
KO01100;
KO01210;
KO01240

Metabolic pathways;
2-oxocarboxylic acid metabolism;

biosynthesis of cofactors

Kaempferol-3-O-
rhamnoside
(Afzelin)(Kaempferin)

Flavonoids 1.31 4.92 2.30 KO00944 Flavone and flavonol biosynthesis

Luteolin-7-O-glucuronide Flavonoids 1.26 4.76 2.25 KO00944 Flavone and flavonol biosynthesis

3-O-Methylquercetin Flavonoids 1.40 4.56 2.19 KO00944;
KO01110

Flavone and flavonol biosynthesis;
metabolic pathways
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Figure 6. Rich factor (RF) values for the differentially expressed metabolites with annotated functions
on the KEGG database. RF is the ratio of the number of differentially expressed metabolites in a
pathway to the total number of metabolites annotated in the same pathway (RF for a pathway = no. of
differentially expressed metabolites/total number of metabolites). Terpenoid backbone biosynthesis
had significant enrichments, with an RF value of 1.

4. Discussion

Chile pepper fruits possess many compounds of high nutritive values which can be
integrated in the human diet to mitigate nutritional deficiencies. Crop nutrition is impor-
tant not only for offering quality and economic value to growers, but also for providing
nutritional security to consumers [27]. Since their initial application to examine plant
functional genomics in the early 2000s [28–30], metabolomics approaches have been used
to understand the different biochemical and physiological pathways for the selection of
optimal alleles for the improvement of crops [31]. In the current study, a representative
jalapeño and a serrano cultivar grown in New Mexico, USA, were subjected to widely
targeted metabolomics to survey the different metabolites present in their fruit samples.
The identified metabolites were able to distinguish the representative cultivars. The ma-
jority of the differentially expressed metabolites comprised the phenolic acids and the
flavonoids. Metabolomics could be integrated with genomics-assisted approaches to facil-
itate the breeding and selection of chile pepper cultivars with improved nutritive value
for consumers.

4.1. Metabolite Profiles Successfully Discriminate Jalapeño and Serrano Type Chile Peppers

Though crop metabolite profiling is an important area of nutritional and health
research, this information can also be used for the classification of peppers. Principal
components and partial least discriminant analyses are relevant for the classification of
metabolomic datasets based on different factors such as variety, location, and their in-
teractions [32]. In the current study, the jalapeño and serrano type chile peppers were
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differentiated based on their metabolite profiles. Both PCA and OPLS-DA showed con-
sistent clustering based on cultivars, with total variation explained by the first two PCs
reaching a total of 63%, indicating that the cultivars were significantly different from each
other. The values for Q2, R2X, and R2Y derived from performing OPLS-DA further support
the good predictive ability and reproducibility of the model in classifying the cultivars
based on metabolomic information. Correlation analyses within sample treatments were
significant (p < 0.0001), demonstrating clustering based on the cultivars. Genomic infor-
mation using 66,650 single nucleotide polymorphism markers, nonetheless, previously
classified ‘NuMex LotaLutein’ and ‘NuMex Pumpkin Spice’ in the same cluster [33], indi-
cating high genetic relatedness; yet, implementing a metabolomic approach can resolve
differences between the cultivars.

Metabolite profiles have been previously used for species differentiation and cultivar
identification in chile peppers. Capsaicinoid and flavonoid contents, for example, were
recently used as biochemical markers to distinguish Jize from Korean chile peppers [34].
In another study, an untargeted metabolomics approach identified biomarkers, including
flavonoids, steroids, terpenoids, anthocyanin, and carboxylic acids, and characterized three
Capsicum species (C. baccatum, C. chinense, and C. frutescens) from a collection of native South
American chile peppers [35]. Eleven Mexican C. annuum cultivars were differentiated based
on their metabolomic fingerprints, which consisted of sugars, amino acids, organic acids,
polyphenolic acids, and alcohols [36]. Serrano peppers from Mexico were grouped in two
different clusters based on their metabolite profiles, which included organic acids, sugars,
amino acids, and polyphenols [37]. In contrast, using a single metabolite (i.e., capsaicin)
alone did not successfully discriminate ‘Superhot’ chile peppers cultivated across multi-
year trials in New Mexico [38]. Taken together, our results and those of previous studies
indicate that a ‘macroscale’ metabolomic profiling would be more advantageous than using
only a single metabolite in cultivar identification and species differentiation in Capsicum.

4.2. Differentially Expressed Metabolites Have Implications on Human Health and Nutrition

Widely targeted metabolomics for jalapeño and serrano peppers revealed differentially
expressed metabolites comprising mostly of upregulated phenolic acids and flavonoids.
Phenolic acids are among the most commonly found compounds in Capsicum fruits and
have been observed to possess vital functions in human health, nutrition, and the preven-
tion of diseases because of their antioxidant, antiviral, and antibacterial properties [5,39].
Phenolics have been previously identified in different species of peppers, including C.
annuum cultivars from India [40]; C. annuum, C. chinense, and C. baccatum cultivated in
New Mexico [41]; C. baccatum [42]; and C. frutescens and C. chinense cultivars from Peru,
South America [35]. The human body cannot produce phenolic compounds; hence, they
must be acquired from food sources [5]. Major phenolic acid derivatives, caffeic acid
(CA), sinapic acid (SA), and ferulic acid (FA) [5], were observed to be differentially ex-
pressed in the present work; CA and FA were upregulated, whereas SA was downreg-
ulated. Flavonoids (e.g., quercetin and luteolin) were also detected to be differentially
expressed, consistent with previous studies [43–46]. A total of 23 quercetin metabolites
were found to be differentially expressed, where five metabolites (namely, quercetin-3-O-
sambubioside-5-O-glucoside, 3-O-methylquercetin, 3,7-di-O-methylquercetin, quercetin-3-
O-(2′ ′-O-malonyl)sophoroside-7-O-arabinoside, and 6-methoxyquercetin-3-O-rhamnoside)
were upregulated and the remaining 18 metabolites were downregulated. A total of 10 dif-
ferentially expressed metabolites belong to the luteolin class, comprising mostly upregu-
lated compounds (luteolin-4′-O-glucoside, luteolin-7-O-glucoside (cynaroside), luteolin-7-
O-sophoroside-5-O-arabinoside, luteolin-7-O-gentiobioside, luteolin-7,3′-di-O-glucoside,
and luteolin-7-O-glucuronide). Capsaicin and related families of ‘pungent’ alkaloids (or
‘pseudoalkaloids’), however, were not observed to be differentially expressed in the current
study, a potential consequence of the maturity (age) of the fruit samples used for analyses.
Overall, the information for the differentially expressed metabolites and their correspond-
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ing chemical classes reveal that pepper fruits can be good sources of these nutritional
compounds in the diet.

The KEGG map annotations for a number of the differentially expressed metabo-
lites were related to multiple metabolic pathways such as the biosynthesis of secondary
metabolites (KO01110), including lutein (β,ε-carotene-3,3′-diol), which is the predominant
metabolite in the ‘NuMex LotaLutein’ serrano pepper [23]. The production of lutein in
plants generally takes place through the mevalonate pathway, in which isopentyl diphos-
phate (IPP) is converted to geranylgeranyl pyrophosphate (GPP), which is then synthesized
into phytoene and lycopene, the precursor of lutein [47–49]. The most upregulated phenolic
acid, chlorogenic acid (3-O-caffeoylquinic acid), had four different pathway annotations
related to phenylpropanoid biosynthesis (pathway ID: KO00940); flavonoid biosynthesis
(KO00941); stilbenoid, diarylheptanoid, and gingerol biosynthesis (KO00945); and the
biosynthesis of secondary metabolites (KO01110). 3,7-Di-O-methylquercetin (flavonoid)
and phenol (phenolic acid) had two pathway annotations; namely, K00944 and KO01110
(secondary metabolite biosynthesis), and KO00350 (Tyrosine metabolism) and KO01110
(secondary metabolite biosynthesis). Adenosine 5′-triphosphate (ATP), also an upregu-
lated metabolite, has seven different KEGG pathway annotations, including oxidative
phosphorylation (KO00190), photosynthesis (KO00195), nucleotide metabolism (KO01232),
and the biosynthesis of cofactors (KO01240), among others. Altogether, these functional
annotations indicate the relevance of these upregulated compounds in the production of a
wide array of important nutritional metabolites in Capsicum.

4.3. Integrating Metabolomics with Genomics Can Direct Breeding and Selection Decisions for
Nutritional Quality Trait Improvement in Chile Pepper

Metabolomics can render insights into the different metabolites which can be tar-
geted further for breeding and selection using different genomics tools such as metabolite-
quantitative trait loci (mQTL) analyses, metabolite-based genome-wide association studies
(mGWAS), and metabolite-genome predictions [50]. Variation in the phenolic acid content
in chile peppers is affected by the varietal type, location, and growing season, and, hence,
can impose challenges on performing breeding and selection [32]. Given the complex
nature of these phenotypes, caution must be observed when performing the collection
of fruit samples for metabolomics analyses to minimize the errors and variation due to
sampling. The high accuracy, reliability, and stability of the widely targeted metabolomics
approach implemented in the current study, as indicated by the high values of R2X, R2Y,
and model prediction ability, and the low values for CV, nonetheless, can mitigate the
effects of sampling and environmental variation. It might also be necessary to survey the
metabolite compositions of cultivated and wild relatives of the chile pepper for a more
robust foundation for targeted genomic breeding strategies [39]. Altogether, ‘multi-omics’
tools (e.g., genomics + metabolomics) can help plant breeders perform informed breeding
and selection decisions for the development of cultivars with improved nutritional quality
traits [51].

5. Conclusions

A widely targeted metabolomics approach revealed differentially expressed metabo-
lites in jalapeño (‘NuMex Pumpkin Spice’) and serrano (‘NuMex LotaLutein’) type peppers
grown in New Mexico. Metabolomic profiles successfully distinguished the cultivars, indi-
cating that metabolites can serve as efficient markers to differentiate chile pepper varieties.
Upregulated metabolites comprised of phenolic compounds and flavonoids, which have
potential implications in improving human health and nutrition when incorporated in
the diet. The diversity of metabolites observed in the present work supports the nutri-
tional value of chile peppers and can direct important breeding and selection decisions for
designing more nutritious specialty vegetable crops in the future.
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Abstract: Astragalus glycyphyllos (Fabaceae) is used in the traditional medicine of many coun-
tries against hepatic and cardiac disorders. The plant contains mainly flavonoids and saponins.
From a defatted methanol extract from its overground parts, a new triterpenoid saponin, 3-O-[α-L-
rhamnopyranosyl-(1→2)]-β-D-xylopyranosyl]-24-O-α-L-arabinopyranosyl-3β,6α,16β,24(R),25-penta
hydroxy-20R-cycloartane, together with the rare saponin astrachrysoside A, were isolated using
various chromatography methods. The compounds were identified via extensive high resolution
electrospray ionisation mass spectrometry (HRESIMS) and NMR analyses. Both saponins were exam-
ined for their possible antioxidant and neuroprotective activity in three different in vitro models. Rat
brain synaptosomes, mitochondria, and microsomes were isolated via centrifugation using Percoll
gradient. They were treated with the compounds in three different concentrations alone, and in
combination with 6-hydroxydopamine or tert-butyl hydroperoxide as toxic agents. It was found
that the compounds had statistically significant dose-dependent in vitro protective activity on the
sub-cellular fractions. The compounds exhibited a weak inhibitory effect on the enzyme activity of
human recombinant monoamine oxidase type B (hMAO-B), compared to selegiline.

Keywords: cycloartane saponins; isolation; structural elucidation; neuroprotection; antioxidant
activity; hMAO-B-inhibition; brain synaptosomes; brain mitochondria; brain microsomes

1. Introduction

Astragalus glycyphyllos L., Fabaceae (Liquorice Milk-Vetch) is a perennial herbaceous
plant with deep roots, distributed in the mountainous regions of Bulgaria on stony places
in forest glades, forests, and scrub, up to 1750 m above sea level [1,2]. The species has been
widely used in the folk medicine of the country as an anti-inflammatory, antihypertensive,
and diuretic, etc. Its aerial parts can be used as an infusion for heart failure, kidney inflam-
mation, and calculus, and as an adjuvant treatment for cancer diseases, tachycardia, and
increased blood pressure, etc. [3]. Research on A. glycyphyllos has focused on its biologically
active secondary metabolites such as saponins and flavonoids [4]. A phytochemical investi-
gation of the overground parts of the species was initiated in Bulgaria 35 years ago and
led to the isolation of some sapogenins (soyasapogenol B and 3β,22β,24-trihydroxyolean-
12-en-19-one) after acid hydrolysis [5,6]. In later research, the saponins askendoside C
and F were isolated from the roots of the plant [7]. Recently, from its aerial parts, an
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epoxycycloartane saponin 17(R),20(R)-3β,6α,16β-trihydroxycycloartanyl-23-carboxilic acid
16-lactone 3-O-β-D-glucopyranoside [8] was isolated.

A defatted extract obtained from the aerial parts of the species had in vivo antioxidant
and hepatoprotective effects on Wistar rats with carbon tetrachloride-induced hepatotoxic-
ity. The effects of the extract, containing mainly flavonoids and saponins, were commensu-
rable to those of the classical hepatoprotector silymarin [9]. A purified saponin mixture
(PSM) resulting from the same extract displayed antiproliferative and cytotoxic effects
in vitro/in vivo on Graffi myeloid tumour cells and Graffi-tumour-bearing hamsters. Per
oral treatment with PSM extended survival and reduced tumour growth. A statistically
significant decrease in the proliferation and viability of the tumour cells was observed
after this administration. Concentration- and time-dependent effects were proved. The
antiproliferative effects were related to the induction of apoptosis by the saponins, which
was demonstrated using fluorescence microscopy [10]. Several compounds obtained from
the aerial parts, including the epoxycycloartane saponin, exhibited neuroprotective activity
on 6-hydroxydopamine-induced neurotoxicity in isolated rat brain synaptosomes. The
same saponin also displayed statistically significant hMAO-B-enzyme-inhibiting activity
compared to selegiline [8]. Based on these data, the saponins from this species could be
considered as perspective, possessing valuable pharmacological activities.

Neurodegenerative diseases, especially Parkinson’s disease, are a major health concern.
For the last two decades, they have established a new group of socially important ailments,
which have a major impact on our modern life [11]. In pharmacological research, in vitro
systems play an important role as the initial data collection tool. Their role in evaluating
the ability of a compound to influence the mechanism of some disorders is invaluable.
In vitro methods are fast and more acceptable than in vivo ones, especially in ethical terms.
Unfortunately, the extrapolation of these results to a living organism is not always possible
or adequate. For some pathogenetic mechanisms, their underlying factors are known. This
could be reproduced in an in vitro model to accumulate results commensurable to those
processes that are responsible for this effect in vivo [12,13]. Oxidative stress is considered
to be the leading risk factor resulting in neurodegeneration. Thus, neuroprotection is
in direct connection with antioxidant activity [11]. Sub-cellular fractions (synaptosomes,
mitochondria, and microsomes) are a convenient object for the investigation of neuronal
damage and its mechanisms, as included in [14]. The availability of specific enzymes
(incl. human recombinant ones) capable of metabolizing neurotransmitters is another
advantage of today’s in vitro methods. It is known that human monoamine oxidase type
B is responsible for metabolizing dopamine, so inhibiting it is a way of increasing the
depleted dopamine in conditions such as Parkinson’s [15].

In this continuation of our research, the aim was to isolate more polar and previously
unidentified saponins from Astragalus glycyphyllos and to evaluate their possible antioxidant,
neuroprotective, and hMAO-B-inhibiting effects in in vitro models.

2. Materials and Methods
2.1. General

AUTOPOL VI (Rudolph Research Analytical) was used to measure optical rotation.
NMR spectra were recorded with a 700 MHz Bruker Avance II NMR spectrometer (Bruker,
Rheinstetten, Germany; software MNova, Mestrelab Research, Santiago de Compostela,
Spain) equipped with a cryo-probe. For both compounds, S1 and S2, a data set consisting of
1D proton and carbon experiments and 2D COSY, HSQC, HMBC, and ROESY experiments
was acquired at 298 K in methanol-d4; in addition, a second data set for S2 was recorded at
the same temperature in pyridine-d5.

A UHPLC system (Dionex UltiMate 3000 RSLC, ThermoFisher Scientific, Bremen,
Germany) connected to a Q Exactive Plus Orbitrap mass spectrometer with a heated
electrospray ionisation (HESI) ion source (ThermoFisher Scientific, Bremen, Germany) was
used. The parameters of the full scan MS were in the resolution of 70,000 (@200 m/z),
3e6AGC target, 100 ms max IT, and 250 to 1700 m/z scan range. The ion source operated

58



Metabolites 2023, 13, 857

at −2.5 or +3.5 kV and 320 ◦C (capillary and probe), 38 arbitrary units (a.u., as by the
software Extactive Tune, ThermoFisher Scientific, Bremen, Germany) of sheath gas, and
12 a.u. of auxiliary gas (both N2); an S-Lens RF level 50.0. A Kromasil C18 column (1.9 µm,
2.1 × 50 mm, Akzo Nobel, Bohus, Sweden) was used, maintained at 40 ◦C, and eluted with
H2O + 0.1% HCOOH (A) and MeCN + 0.1% HCOOH (B) (0.3 mL/min). The gradient
program was for 0.5 min 10% B, for 7 min increasing to 30% B, for 1.5 min 30% B (isocratic),
for 3.5 min increasing to 95% B, for 2 min with 95% B (isocratic), and for 0.1 min decreasing
to 10% B. Diaion HP-20 resin was purchased from Supelco (Bellefonte, PA, USA). Silica
gel cartridges (FlashPure® 40 µm, irregular, Buchi, Flawil, Switzerland) were used on
a Reveleris X2 flash chromatograph (Buchi, Flawil, Switzerland). Sephadex LH-20 was
obtained from Supelco (Bellefonte, PA, USA). TLC was performed on Kieselgel F254 sheets
(Merck, Darmstadt, Germany), eluted with EtOAc/HCOOH/AcOH/H2O (32/3/2/6). The
saponins were visualised using p-anisaldehyde/conc. H2SO4 spraying and heating for
10 min at 104 ◦C were performed.

The determination of the absolute configuration of the monosaccharides forming
the sugar chains was performed using a known GC-MS method [16]. Briefly, after acid
hydrolysis, (2R)-2-butyl glycosides were prepared. Each compound (2 mg) was heated
with 5.5 mL of H2O, 3.5 mL of conc. AcOH, and 1 mL of conc. HCl on a water bath at
100 ◦C under a reflux condenser for 2 h. The hydrolysate was extracted with EtOAc and the
aqueous residue was evaporated to dryness. To the residue, 0.45 mL of (2R)-2-BuOH and
0.1 mL of conc. HCl were added and heated at 100 ◦C for 15 h. The mixture was evaporated
under N2, and then 100 µL of Sigma-Sil-A (Sigma-Aldrich, Schnelldorf, Germany) was
added to prepare TMS derivatives. The standard compounds (L-rhamnose, D-xylose, and
L-arabinose, Sigma Aldrich, Schnelldorf, Germany) were treated in the same manner. The
silated derivatives of the (2R)-2-butyl glycosides formed were analysed using GC-MS. For
the GC-MS analysis, an Exactive Orbitrap GC-MS system (ThermoFisher Scientific, Bremen,
Germany) was used. It was operated at 70 eV, with a 230 ◦C ion source, 280 ◦C interface,
270 ◦C injector temperature, and 1 µL injection volume (split, 20:1 ratio). A capillary column
(fused silica, 5% phenyl/95% methyl polysiloxane, HP-5MS 30 m × 250 µm × 0.25 µm,
Agilent, Santa Clara, CA, USA) was used. The temperature program was initially 100 ◦C
at 3 ◦C/min to 270 ◦C. Helium 5.0 (1.5 mL/min) was the carrier gas. The data (50–450 u)
were collected with Xcalibur v. 4 (ThermoFisher Scientific, Bremen, Germany).

All other chemicals and solvents were obtained from Sigma-Aldrich (Schnelldorf, Germany).

2.2. Extraction and Isolation of Compounds from Plant Material

The A. glycyphyllos overground parts were harvested in July 2020 from Vitosha Mt.,
Bulgaria. Prof. D. Pavlova identified the plant, and a specimen is kept in the Herbarium of
the Faculty of Biology, Sofia University (S0 107 613). The air-dried plant material (200 g)
was powdered (3 mm) and then extracted with dichloromethane (6× 2 L) using percolation
to remove the lipophilic constituents. The defatted plant substance was then aired and
exhaustively extracted with 80% MeOH (24 × 3 L) using percolation. The obtained extract
was filtered, concentrated under vacuum, and then lyophilized to produce a dry extract
(42 g). The extract was separated over a Diaion HP-20 (4.7 × 45) column, eluting with
H2O: MeOH (0→100%). Seven main fractions were collected (I-VII). After the TLC analysis,
fractions VI and VII were found to be rich in saponins. Fraction VI was chromatographed
with CH2Cl2:MeOH:H2O (step gradient 8:2:0.2→7:3:0.3) on a silica gel cartridge using flash
chromatography to obtain 21 subfractions. Subfraction 13, which contained a main com-
pound (TLC), was further separated with CH2Cl2:MeOH:H2O (step gradient 9:1:0→5:6:1)
on a silica gel cartridge using flash chromatography, affording compound S1. The saponin
was further purified over Sephadex LH-20 (eluent MeOH) to obtain 33 mg of it. Frac-
tion VII, containing another saponin (TLC analysis), was separated two subsequent times
using flash chromatography on a silica gel cartridge with CH2Cl2:MeOH:H2O (step gra-
dient 8:2:0.1→5:5:0.5), to obtain compound S2. The final purification of the saponin over
Sephadex LH-20 (eluent MeOH) provided 20 mg of S2.
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3-O-[α-L-rhamnopyranosyl-(1→2)]-β-D-xylopyranosyl]-24-O-α-L-arabinopyranosyl-3β,6α,
16β,24(R),25-pentahydroxy-20R-cycloartane (S1): a white amorphous powder (MeOH); C46H78O17;
1H NMR (methanol-d4, 700 MHz), see Table 1, Figures S1–S3; 13C NMR (methanol-d4,
175 MHz), see Table 1, Figure S4; HREIMS, m/z 901.5186 [M − H]− (calcd. for C46H77O17,
901.5160), m/z 947.5242 [M + HCOO]− (calcd. for C47H79O19, 947.5215), Figure S28; m/z
903.5323 [M + H]+ (calcd. for C46H79O17, 903.5317), m/z 925.5142 [M + Na]+ (calcd. for
C46H78O17Na, 925.5136), Figure S29; [α]D

20 = −1.0546 (c 0.1, MeOH).

Table 1. 1H NMR spectroscopic data (700 MHz, J in Hz) and 13C NMR spectroscopic data (175 MHz)
of S1 in methanol-d4.

Position δC [ppm], Type δH [ppm], (J in Hz)

1 33.5, CH2
1.54, t (13.0)

1.21
2 30.7, CH2

1.91, m
1.66

3 89.3, CH 3.18, d (~13)
4 43.2, C -
5 54.8, CH 1.35, d (9.9)
6 69.6, CH 3.44, m
7 38.8, CH2

1.33
1.45

8 48.8, CH 1.79, dd (12.0, 4.2)
9 22.1, C -
10 30.4, C -
11 27.0, CH2 1.191.97
12 33.9, CH2

1.66
1.60, td (12.0, 3.2)

13 46.4, C -
14 47.4, C -
15 48.8, CH2

1.99
1.38

16 73.1, CH 4.40, m
17 58.1, CH 1.66
18 19.2, CH3 1.13 s
19 31.9, CH2

0.37, d (4.0)
0.52, d (4.0)

20 32.5, CH 1.75
21 18.7, CH3 0.93, d (6.5)
22 34.6, CH2

2.08, brt (12.5)
0.96

23 30.4, CH2 1.701.25
24 92.5, CH 3.30
25 74.9, C -
26 26.4, CH3 1.15, s
27 24.0, CH3 1.18, s
28 16.8, CH3 1.02, s
29 28.6, CH3 1.28, s
30 20.4, CH3

1.54, t (13.0)
1.21

Xyl-I
1 106.2, CH 4.37, d (~6.9)
2 78.9, CH 3.42
3 78.8, CH 3.42
4 71.6, CH 3.47
5 66.5, CH2

3.17, t (10.6)
3.84, dd (11.0, 5.3)

Rha-II
1 102.1, CH 5.33, brs
2 72.2, CH 3.94, brs
3 72.2, CH 3.74, dd (9.3, 2.8)
4 74.0, CH 3.38, t (9.6)
5 70.1, CH 3.98, dq (9.4, 6.1)
6 18.1, CH3 1.23, d (6.3)

Ara-III
1 107.4, CH 4.38, d (7.5)
2 73.7, CH 3.58
3 75.0, CH 3.49
4 70.2, CH 3.78, brs
5 68.0, CH2

3.56
3.87, dd (12.5, 1.8)
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2.3. In Vitro Pharmacological Evaluation

Twenty Wistar rats (male, 200–250 g) were purchased from the National Breeding
Centre of the Bulgarian Academy of Sciences in Slivnitsa, Bulgaria. They were kept in
Plexiglas cells (3 in each) and a seven-day acclimatization period was allowed before the
commencement of the experiment. A veterinary physician monitored the animals’ health
daily. The rats were given standardized pellets chew and drinking water ad libitum. The
husbandry conditions in the Vivarium of the Faculty of Pharmacy at the Medical University
of Sofia were checked by the Bulgarian Food Safety Agency at the Bulgarian Ministry of
Foods and Agriculture. The experiment was allowed by permission № 200/2021 from the
same agency. The University Ethical Commission (KENIMUS) gave ethical clearance for
the experiment with the protocol 7338/11.2021.

For the isolation of the sub-cellular structures, the rats were decapitated, the cranial
cavities were opened, and the brains were removed and stored over ice. The organs were
pooled and homogenised using a Teflon pestle with the appropriate buffers, as described
in the procedures below.

The synaptosomes and brain mitochondria were isolated using multiple differential
centrifugations with the methods of [17,18]. Two buffers—A (HEPES 5 mM and Sucrose
0.32 M) and B (NaCl 290 mM, MgCl2.2H2O 0.95 mM, KCl 10 mM, CaCl2.2H2O 2.4 mM,
NaH2PO4 2.1 mM, HEPES 44 mM, and D-Glucose 13 mM)—were prepared. Buffer A
was used to prepare the brain homogenate. First, the homogenate was centrifuged twice
at 1000× g for 10 min at 4 ◦C, after which, the supernatants of the two centrifuges were
combined and centrifuged three times at 10,000× g for 20 min at 4 ◦C. The isolation of
the synaptosomes and mitochondria was accomplished using Percoll. First, a 90% Per-
coll stock solution was prepared and, after that, 16% and 10% solutions were prepared.
Amounts of 4 mL of 16% and 10% Percoll were carefully applied in layers. At the end,
4 mL of 7.5% Percoll was added to the precipitate from the last centrifugation. The tubes
were centrifuged at 15,000× g for 20 min at 4 ◦C. After this centrifugation, three layers
were formed: the lower, which contained mitochondria; the medium (between 16% and
10% Percoll), containing synaptosomes; and the top, lipids. Using a Pasteur pipette, we
removed the middle and bottom layers. Each was centrifuged at 10,000× g for 20 min at
4 ◦C with buffer B. The resulting synaptosomes and mitochondria were diluted with buffer
B to a protein content of 0.1 mg/mL. After incubation with the test substances (saponins)
and 6-OHDA, the synaptosomes were centrifuged three times at 15,000× g for 1 min. The
synaptosomal viability was determined using an MTT test with the method of [19]. After
incubation with the substances (saponins), the synaptosomes were centrifuged at 400× g
for 3 min. The precipitate was treated with 5% trichloroacetic acid, vortexed, and left on ice
for 10 min, then centrifuged at 8000× g for 10 min. The supernatant was frozen at −20 ◦C.
Immediately prior to their determination, each sample was neutralized with 5 M NaOH.
The GSH levels were determined using Elmman’s reagent (DTNB) spectrophotometrically
at 412 nm with methods of [20,21]. For the isolation of the brain microsomes, the brain was
homogenized in 9 volumes of 0.1 M Tris buffer containing 0.1 mM Dithiothreitol, 0.1 mM
Phenylmethylsulfonyl fluoride, 0.2 mM EDTA, 1.15% KCl, and 20% (v/v) glycerol (pH 7.4).
The resulting homogenate was centrifuged twice at 17,000× g for 30 min. The supernatants
from the two centrifuges were combined and centrifuged twice at 100,000× g for 1 h. The
pellet was frozen in 0.1 M Tris buffer at −20 ◦C [22]. The determination of MDA was
performed spectrophotometrically at a wavelength of 535 nm using methods of [21,23]. A
molar extinction coefficient of 1.56 × 105 M−1 cm−1 was used for the calculation [24].

The examined compounds were tested for their possible inhibitory activity on the
hMAO-B enzyme (commercially available) using the Amplex UltraRed reagent fluorometric
method [25] with small modifications [15].
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Salts to prepare the buffer, 2,2′-dinitro-5,5′-dithiodibenzoic acid, reduced glutathione
(GSH), oxidized glutathione (GSSG), human recombinant MAO type B enzyme, tyramine
HCl, and horseradish peroxidase, as well as other reagents, were used for the pharma-
cological study and obtained from Sigma-Aldrich (Schnelldorf, Germany). The Amplex
UltraRed kit was from Invitrogen (Thermo Scientific, Karlsruhe, Germany)

The statistical analysis of the results was performed using the statistical programme
“Medcalc” v. 18 (MedCalc Software Ltd., Ostend, Belgium). Each experiment was per-
formed in triplicate, and the values are represented as the mean of three (n = 3). A
Mann–Whitney non-parametric test was used to examine the statistical significance of the
results. When p < 0.05; p < 0.01; or p < 0.001, the differences were accepted as significant.

3. Results
3.1. Identification of the Compounds

Compound S1 was isolated as a white amorphous powder (33 mg). In the negative
HRESIMS spectrum (Figures S28 and S29) of the compound, an ion [M − H]− at m/z
901.5187 was observed, corresponding to the molecular formula C46H78O17. The 1H and
13C NMR (Table 1, Table S1, Figures S1–S10) and HSQC spectrum pointed to a triterpene
of the cycloartane-type with three sugars. The number of methine groups attached to the
oxygen atoms (from –OH) was higher than expected for the three sugars, indicating the
presence of at least five oxygenated positions in the aglycone. The complete resonance
assignments (Table 1) led to 3,6,16,20,24,25-hexahydroxycycloartane as the aglycone. A
list of all the essential HMBC correlations and ROESY cross-peaks are provided in the
supporting information (Table S1). From the ROESY cross-peaks, it was deduced that
H-3, H-5, H-30, H-16, and H-17 were on one face of the molecule, while H-6, H-8, H-
18, H-19, and H-18 were on the opposite. The positions C-3, C-6, C-16, C-24, and C-25
were oxidized. Hence, the aglycone of compound S1 was assigned as 3β,6α,16β,24,25-
hexahydroxycycloartane. The aglycone was bound to three sugar moieties. After the
complete resonance assignments, an analysis of the coupling patterns, and a comparison
of their carbon resonances with the literature values, the three sugars were identified
as β-xylose, α-rhamnose, and α-arabinose. Two of those, the xylose and the rhamnose,
had identical resonance values and HMBC correlations as observed for astrachrysoside A
(S2) in methanol-d4 (Tables 1 and S2); therefore, both S1 and S2 had the same saccharide
structure attached to C-3. A more detailed discussion was conducted for compound S2 (see
below). The remaining sugar moiety, an α-arabinose, was attached to the C-24 position of
the aglycone according to the observed HMBC correlation for its anomeric proton.

NMR data from various Astragalus species were available for the same type of gly-
cosylated side chain with a different configuration at the chiral carbon C-24, e.g., with
a 24S-configuration from A. brachypterus [25] and a 24R-configuration from A. stereoca-
lyx [26]. A comparison of the 13C-NMR shift values (Table 2) clearly indicated that, in
compound S1, the position C-24 had an R-configuration. Additionally, a GC-MS anal-
ysis of the sugars after the preparation of the (2R)-butyl glycosides was performed to
elucidate their absolute configuration. After the GC-MS analysis of the sililated (2R)-
butylglycosides, it was found that S1 gave peaks at tR = 24.97, 26.68 (L-Rha); 29.81, 31.42
(D-Xyl); and 24.62, 26.68 min (L-Ara), respectively (Figure S32) [16]. On basis of these
spectroscopic data and the result of the sugar hydrolysis, the structure of S1 was es-
tablished as 3-O-[α-L-rhamnopyranosyl-(1→2)]-β-D-xylopyranosyl]-24-O-α-L-arabinosyl-
3β,6α,16β,24,25-pentahydroxy-20R,24R-cycloartane (Figure 1). To our knowledge, this is
the first report on this compound.
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Table 2. Comparison of 13C chemical shifts of S1 with data of glycosylated sidechains which have
different configuration at C-24. All data were recorded in methanol-d4.

Atom
S1 24 S

A. brachypterus [25]
24 R

A. stereocalyx [26]

δC [ppm] δC [ppm] δC [ppm]

C-21 18.7 17.5 18.2
C-20 32.5 30.9 32.4
C-22 34.6 33.0 34.2
C-23 30.4 29.4 30.1
C-24 92.5 89.7 91.8
C-25 74.9 73.5 75.0
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Figure 1. Structure of S1.

Compound S2 was isolated as a white amorphous powder (20 mg) and had [α]D
20

−2.0698 (c 0.1, MeOH). It was identified via HRESIMS (Figures S30 and S31), 1D, 2D NMR
experiments (Figures S11–S27), a GC-MS analysis of the absolute configuration of its sugar
moieties (Figure S33) [16], and a comparison to the literature as 3-O-[α-L-rhamnopyranosyl-
(1→2)]-β-D-xylopyranosyl]-cycloastragenol (astrachrysoside A) [27] (Figure 2). A major
issue of NMR data recorded in methanol-d4 is that the methine groups C-2 and C-3 of
the xylose in compound S2 have the same values for their carbon and proton resonances,
meaning that the point of attachment of the rhamnose cannot be determined via HMBC or
NOESY experiments. To circumvent this issue, a second NMR data set of S2 was recorded in
pyridine-d5 and all the resonances were assigned (Table S2). In pyridine, the resonances at
C-2 and C-3 in the xylose were no longer identical, and the anomeric proton of the rhamnose
gave an unambiguous HMBC correlation to C-2 of the xylose (Figure S18), allowing for a
confirmation of the sugar substructure via NMR.
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3.2. Pharmacological Investigation

Both compounds were tested in vitro for their possible antioxidant and neuroprotec-
tive activity in rat brain synaptosomes, mitochondria, and microsomes.

6-Hydroxydopamine (6-OHDA, 150 µM, administered alone) showed statistically sig-
nificant neurotoxic effects. It reduced the synaptosomal viability and GSH levels by 55% and
50%, respectively, compared to the non-treated synaptosomes (control) (Figures 3 and 4).

Metabolites 2023, 13, x FOR PEER REVIEW 9 of 18 
 

 

 

 
Figure 3. Effects of S1 and S2 on the synaptosomal viability, administered alone and in a model of 
6-OHDA-induced oxidative stress; *** p < 0.001 vs. untreated synaptosomes (control); + p < 0.05; ++ p 
< 0.01 vs. 6-OHDA. 

  

Figure 3. Effects of S1 and S2 on the synaptosomal viability, administered alone and in a model of
6-OHDA-induced oxidative stress; *** p < 0.001 vs. untreated synaptosomes (control); + p < 0.05;
++ p < 0.01 vs. 6-OHDA.

Metabolites 2023, 13, x FOR PEER REVIEW 10 of 18 
 

 

 

 
Figure 4. Effects of S1 and S2 on GSH level in isolated synaptosomes, administered alone and in a 
model of 6-OHDA-induced oxidative stress. *** p < 0.001 vs. untreated synaptosomes (control); ++ p 
< 0.01; +++ p < 0.001 vs. 6-OHDA. 

In the conditions of 6-OHDA-induced oxidative stress, S1 and S2 exhibited well-
pronounced, concentration-dependent neuroprotective and antioxidant effects, 
preserving the synaptosomal viability and GSH levels in all the tested concentrations. At 
the highest tested concentration (50 µM), both S1 and S2 had the strongest effects on this 
model (Figures 3 and 4). 

Administered alone, both saponins did not exhibit a statistically significant 
neurotoxic effect on the mitochondria. Tert-butyl hydroperoxide (t-BuOOH), applied 
alone, reduced the GSH levels by 50% and increased the MDA production by 152% 
compared to the untreated mitochondria (control), thus exhibiting a neurotoxic effect 
(Figures 5 and 6). 

  

Figure 4. Effects of S1 and S2 on GSH level in isolated synaptosomes, administered alone and in
a model of 6-OHDA-induced oxidative stress. *** p < 0.001 vs. untreated synaptosomes (control);
++ p < 0.01; +++ p < 0.001 vs. 6-OHDA.

In the conditions of 6-OHDA-induced oxidative stress, S1 and S2 exhibited well-
pronounced, concentration-dependent neuroprotective and antioxidant effects, preserving
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the synaptosomal viability and GSH levels in all the tested concentrations. At the highest
tested concentration (50 µM), both S1 and S2 had the strongest effects on this model
(Figures 3 and 4).

Administered alone, both saponins did not exhibit a statistically significant neurotoxic
effect on the mitochondria. Tert-butyl hydroperoxide (t-BuOOH), applied alone, reduced
the GSH levels by 50% and increased the MDA production by 152% compared to the
untreated mitochondria (control), thus exhibiting a neurotoxic effect (Figures 5 and 6).
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Both saponins exhibited a pronounced, concentration-dependent neuroprotective
and antioxidant effect on the isolated brain mitochondria in the tert-butyl hydroperoxide-
induced oxidative stress model (Figures 5 and 6). The highest tested concentration (50 µM)
was again the most effective. Also noteworthy was that the effect in this model on the level
of GSH was more pronounced for S2 than S1. For the MDA levels, this was the opposite.

Administered alone, the saponins did not exhibit a statistically significant pro-oxidant
effect on the isolated rat brain microsomes. In the conditions of non-enzymatic lipid
peroxidation and at the same concentrations (1 µM, 10 µM, and 50 µM), a significant
decrease in the MDA production (by 124%) was observed compared to the non-treated
microsomes (control) (Figure 7).
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Figure 7. Effects of S1 and S2 on MDA production in isolated brain microsomes, administered
alone and in a model of non-enzyme-induced lipid peroxidation; *** p < 0.001 vs. control (untreated
microsomes); +++ p < 0.01 vs. Fe/AA.

On the activity of the human recombinant MAO-B enzyme (hMAO-B), the two
saponins revealed a weak inhibition. S1 inhibited the enzyme activity by 20%, and S2
by 22%, while selegiline, a classical MAO-B inhibitor, decreased the enzyme activity by
55% compared to the control (pure enzyme) (Figure 8).

Metabolites 2023, 13, x FOR PEER REVIEW 14 of 18 
 

 

 

 
Figure 8. Effects of S1 and S2 on the hMAO-B enzyme activity, administered alone; * p < 0.05; *** p 
< 0.001 vs. control (untreated hMAO-B) 

4. Discussion 
Cycloartanes are considered to be the predominant type of saponins for Astragalus 

species, found in the Russian flora. In Bulgaria, these taxa produce mainly oleanane-type 
saponins [4]. Our studies on the phytochemistry of A. glycyphyllos grown in Bulgaria 
showed that this plant also contains cycloartane saponins. Two of them, isolated from the 
aerial parts of this species, are new natural compounds—17(R),20(R)-3β,6α,16β-
trihydroxycycloartanyl-23-carboxilic acid 16-lactone 3-O-β-D-glucopyranoside [8] and the 
present 3-O-[α-rhamnopyranosyl-(1→2)]-β-xylopyranosyl]-24-O-α-arabinopyranosyl-
3β,6α,16β,24(R),25-pentahydroxy-20R-cycloartane (S1), alongside the rare 
astrachrysoside A (S2). Saponin S2 had previously been identified in A. wiedemmanianus 
[26], A. trigonus [27], and A. chrysopterus [28]. Nevertheless, this is the first instance of its 
isolation from a representative of the Bulgarian flora. Considering that the genus is 
represented by more than 3500 species worldwide [29], this saponin is rarely occurring. 
The significant structural difference between the novel saponin S1 and astrachrysoside A 
is the sapogenin—cycloasgenin C of S1 and cycloastragenol of S2. Compound S1 has an 
aliphphatic side chain attached to C-20, unlike the substituent at C-20 of astrachrysoside 
A, which is a furan ring. In addition, the available –OH group at C-24 is glycosylated (L-
Ara) in compound S1. The saponin S1 has a structural similarity with the triperpenoids 
previously isolated from the roots of the species, i.e., askendosides C and F—the aglycone 
is the same and, like askendoside F, is a bisdesmoside [7]. The differences are the type of 
sugars and the attachment position.  

In vitro systems have an important role in experimental toxicology for studying the 
biotransformation of substances and establishing the mechanisms by which oxidative 
stress develops. In addition, they are widely used to study the protective properties of 
natural compounds. The 6-hydroxydopamine model in isolated brain synaptosomes is a 
suitable in vitro subcellular system for studying the processes underlying the 
pathogenesis of degenerative diseases of the nervous system (including Parkinson’s 
disease). The mechanism by which 6-OHDA neurotoxicity develops is a direct result of its 
metabolism in neuronal mitochondria. It consists of the production of reactive oxygen 
species, among other free radicals, and the destruction of nerve endings is thought to be 
primarily due to the oxidation of 6-OHDA to p-quinone, or free radical or superoxide 
anion production. It is these reactive intermediates that covalently interact with the nerve 
terminal, permanently inactivating it [30]. In the synaptosomes, prepared from rat brains 
with Percoll gradient, both saponins had statistically significant neuroprotective and 
antioxidant effects in a model of 6-OHDA-induced oxidative stress. This could be 

Figure 8. Effects of S1 and S2 on the hMAO-B enzyme activity, administered alone; * p < 0.05;
*** p < 0.001 vs. control (untreated hMAO-B).

66



Metabolites 2023, 13, 857

4. Discussion

Cycloartanes are considered to be the predominant type of saponins for Astragalus
species, found in the Russian flora. In Bulgaria, these taxa produce mainly oleanane-
type saponins [4]. Our studies on the phytochemistry of A. glycyphyllos grown in Bul-
garia showed that this plant also contains cycloartane saponins. Two of them, isolated
from the aerial parts of this species, are new natural compounds—17(R),20(R)-3β,6α,16β-
trihydroxycycloartanyl-23-carboxilic acid 16-lactone 3-O-β-D-glucopyranoside [8] and
the present 3-O-[α-rhamnopyranosyl-(1→2)]-β-xylopyranosyl]-24-O-α-arabinopyranosyl-
3β,6α,16β,24(R),25-pentahydroxy-20R-cycloartane (S1), alongside the rare astrachryso-
side A (S2). Saponin S2 had previously been identified in A. wiedemmanianus [26], A.
trigonus [27], and A. chrysopterus [28]. Nevertheless, this is the first instance of its isolation
from a representative of the Bulgarian flora. Considering that the genus is represented by
more than 3500 species worldwide [29], this saponin is rarely occurring. The significant
structural difference between the novel saponin S1 and astrachrysoside A is the sapogenin—
cycloasgenin C of S1 and cycloastragenol of S2. Compound S1 has an aliphphatic side
chain attached to C-20, unlike the substituent at C-20 of astrachrysoside A, which is a furan
ring. In addition, the available –OH group at C-24 is glycosylated (L-Ara) in compound
S1. The saponin S1 has a structural similarity with the triperpenoids previously isolated
from the roots of the species, i.e., askendosides C and F—the aglycone is the same and,
like askendoside F, is a bisdesmoside [7]. The differences are the type of sugars and the
attachment position.

In vitro systems have an important role in experimental toxicology for studying the
biotransformation of substances and establishing the mechanisms by which oxidative
stress develops. In addition, they are widely used to study the protective properties of
natural compounds. The 6-hydroxydopamine model in isolated brain synaptosomes is a
suitable in vitro subcellular system for studying the processes underlying the pathogenesis
of degenerative diseases of the nervous system (including Parkinson’s disease). The
mechanism by which 6-OHDA neurotoxicity develops is a direct result of its metabolism
in neuronal mitochondria. It consists of the production of reactive oxygen species, among
other free radicals, and the destruction of nerve endings is thought to be primarily due to
the oxidation of 6-OHDA to p-quinone, or free radical or superoxide anion production. It is
these reactive intermediates that covalently interact with the nerve terminal, permanently
inactivating it [30]. In the synaptosomes, prepared from rat brains with Percoll gradient,
both saponins had statistically significant neuroprotective and antioxidant effects in a
model of 6-OHDA-induced oxidative stress. This could be connected with their free-
radical-scavenging potential, resulting in an elimination of the superoxide anion produced
by the p-quinone [30].

There are other reports on the neuroprotective effects of triterpene saponins. Platy-
codin A, isolated from Platycodi radix, showed neuroprotective activities, increasing the
cell viability by about 50% in a model of glutamate-induced toxicity [31]. Several tetracyclic
triterpenoid saponins (at a concentration of 10 µM), isolated from Ginseng roots, showed
neuroprotective effects on human neuroblastoma SH-SY5Y cells with H2O2-induced ox-
idative stress [32]. In vitro and in vivo studies have indicated that NgR1/RhoA/ROCK2
pathway expression regulation is the leading mechanism of action of these saponins [33].
The results obtained correlate with what is known in the literature about the protective
effects of other saponins obtained from the species from the genus Astragalus. Other
cycloartanes, such as cycloastragenol and astragaloside IV, have been proven as neuropro-
tectors [34,35]. It was found that astragaloside IV (100 µM) revealed neuroprotective effects
in neuronal cell cultures treated with 6-OHDA [36], the same in vitro model of Parkinson’s
disease as that used in the present study. In a previous report, a cycloartane saponin,
isolated from the aerial parts of A. glycyphyllos, displayed a strong neuroprotective effect on
the same model at 100 µM [8]. A similar effect was proven for yet another oleanane-type
saponin (100 µM) from A. glycyphylloides [37].
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A suitable model of neuronal oxidative stress is t-BuOOH, which has a mitochondrial
and microsomal metabolism, leading to free radicals formed through several steps. In
microsomes, when NADPH is absent, the single-electron oxidation of peroxyl radicals
occurs. Single-electron reduction to alkoxyl radicals happens in the presence of NADPH.
In cells and isolated mitochondria, t-BuOOH forms, via β-cleavage, a methyl radical. All
these radicals unlock the process of lipid peroxidation and reduce the level of reduced glu-
tathione [38,39]. In the conditions of oxidative stress induced by t-BuOOH, both saponins
tested exhibited statistically significant, concentration-dependent neuroprotective and an-
tioxidant effects. These effects are most likely associated with the metabolism of t-BuOOH
at the microsomal and mitochondrial levels, by preserving the reduced glutathione (cell
protector) and possible free radical scavenging [38].

The human recombinant MAO-B enzyme is a convenient way of detecting possible
inhibitors. The results observed for the isolated saponins were correlated with the data of a
previous study on the inhibitory effect of an oleanane saponin from A. glycyphylloides [37]
and a cycloartane saponin from A. glycyphyllos [8], showing again weak inhibitory effects
on the hMAO-B enzyme activity.

These findings suggest that the protective effects on synaptosomes, brain mitochondria,
and microsomes are not directly linked to direct hMAO-B inhibition. More likely, they are
an indirect result of the weak radical-scavenging effects of the saponins.

5. Conclusions

From the aerial parts of A. glycyphyllos, two cycloartane-type triterpenpoid saponins, 3-
O-[α-L-rhamnopyranosyl-(1→2)]-β-D-xylopyranosyl]-24-O-α-L-arabinopyranosyl-3β,6α,
16β,24(R),25-pentahydroxycycloartane and astrachrysoside A, were isolated via various
chromatographic techniques. They were structurally elucidated using extensive HRESIMS,
NMR, and GC-MS experiments. Both compounds displayed significant in vitro neuro-
protective and antioxidant effects in a 6-OHDA-induced neurotoxicity model on isolated
brain synaptosomes, t-BuOOH-induced oxidative stress in brain mitochondria, and on
isolated rat brain microsomes, in a model of lipid peroxidation (non-enzyme-induced). The
observed effects were concentration-dependant. Both saponins revealed a weak inhibitory
effect on the activity of hMAO-B in comparison with selegiline. These results suggest that
A. glycyphyllos saponins could be considered as perspective for future research.
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Abstract: Phragmanthera austroarabica (Loranthaceae), a semi-parasitic plant, is well known for its
high content of polyphenols that are responsible for its antioxidant and anti-inflammatory activities.
Gallic acid, catechin, and methyl gallate are bioactive metabolites of common occurrence in the
family of Loranthaceae. Herein, the concentrations of these bioactive metabolites were assessed
using high-performance thin layer chromatography (HPTLC). Methyl gallate, catechin, and gallic
acid were scanned at 280 nm. Their concentrations were assessed as 14.5, 6.5 and 43.6 mg/g of plant
dry extract, respectively. Phragmanthera austroarabica extract as well as the three pure compounds
were evaluated regarding the cytotoxic activity. The plant extract exhibited promising cytotoxic
activity against MDA-MB-231 breast cells with the IC50 value of 19.8 µg/mL while the tested pure
compounds displayed IC50 values in the range of 21.26–29.6 µg/mL. For apoptosis investigation,
P. austroarabica induced apoptotic cell death by 111-fold change and necrosis by 9.31-fold change.
It also activated the proapoptotic genes markers and inhibited the antiapoptotic gene, validating
the apoptosis mechanism. Moreover, in vivo studies revealed a significant reduction in the breast
tumor volume and weight in solid Ehrlich carcinoma (SEC) mice. The treatment of SEC mice with
P. austroarabica extract improved both hematological and biochemical parameters with amelioration in
the liver and kidney histopathology to near normal. Taken together, P. austroarabica extract exhibited
promising anti-cancer activity through an apoptosis-induction.

Keywords: sustainability of natural resources; Phragmanthera austroarabica; HPTLC; apoptosis;
MDA-MB-231 cells; drug discovery

1. Introduction

Cancer is considered a major cause of death and a serious hindrance affecting life
spans around the world. The remarkable causes of cancer deaths in males are liver, lung,
and gastric cancer. On the other hand, breast, lung, and colorectal cancers are the principal
causes among females [1,2]. In 2020, global estimations of new cancer cases and cancer
deaths were 19.3 and 10 million, respectively [3–5]. The tendency of controlling cancer
includes surgery, radiation therapy, or chemotherapy [6]. Natural products present a
noteworthy chemical diversity and are considered as a golden mine regarding bioactive
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metabolites [7]. Between 1981 and 2019, about 25% of the newly approved anti-cancer drugs
were naturally-derived [8,9]. The diversity of natural products is the most important factor
that inspires the discovery of new anticancer drugs [10]. Among the widely used anticancer
therapies are vincristine, etoposide, irinotecan, and paclitaxel. Obviously, camptothecin
and taxol are considered the most felicitous examples [11–13]. Until now, their succession
has endured as a series of new camptothecin derivatives with better properties [14,15].
Loranthaceae is one of the largest families that comprise about 70 genera and 1000 species.
The family of Loranthaceae is largely distributed in a pantropical zone in the Southern
Hemisphere and is widely used in complementary and alternative cancer therapy. Among
the mistletoes belonging to the family of Loranthaceae is Phragmanthera austroarabica. It
is broadly distributed in Arabian Peninsula, especially in Saudi Arabia and Yemen [16].
Phragmanthera austroarabica is a semi-parasitic plant. It is a perennial green mistletoe that
directly binds itself to another plant through a haustorium. A haustorium is a very small
modified root which composes a morphological and physiological connection between the
parasite and the host [17]. Accordingly, the structure of the plant is mainly made of a stem
and leaves. It is characterized by isobilateral mesophyll where the supporting collenchyma
occurs below the vascular bundle. Stem axial parenchyma is of two types: paratracheal
and diffused apotracheal [18]. For many years, P. austroarabica had been used in many
regions of Africa and Asia to treat microbial and viral infections [19]. P. austroarabica is
traditionally used for controlling hyperglycemia in Saudi Arabia [20]. There are no sufficient
studies investigating the chemical composition and biological activities of P. austroarabica.
From data reported in literature, it was found that n-butanol fraction of P. austroarabica
showed a potent cytotoxic activity against cervical HeLa cell line while the methanolic
extract exhibited significant cytotoxic activity against liver HepG2 and breast MCF-7 cell
lines [21]. The methanolic crude extract of P. austroarabica ameliorated seizures via the
enhancement of neurons’ survival, suppression of necrotic pyknosis, the elevation of
glutathione levels, and reduction in malondialdehyde levels in pentylenetetrazole-induced
kindling in mice [22]. Our previous studies involved the isolation and identification of a
number of anti-inflammatory and antioxidant compounds from P. austroarabica which are
illustrated in Figure 1 [22–25].

Gallic acid, methyl gallate, and catechin are among the significant constituents of
the family of Loranthaceae in general and are the major bioactive metabolites existing
in P. austroarabica in particular. They are characterized by cytotoxic, antioxidant, and
anti-inflammatory activities [24–28]. Many studies declared that there is a clear correla-
tion between antioxidant and cytotoxic activity against proliferative cells [29–32]. Addi-
tionally, previous reports on natural products declared the possible correlation between
anti-inflammatory potential and cytotoxic effect [33–36]. In parallel, methyl gallate was
reported to be a potent antioxidant that inhibits oxidative stress in human adipocytes [35],
attenuates doxorubicin-induced cardiotoxicity in rats [35], and suppresses the growth of
different types of cancer [36,37]. Methyl gallate and gallic acid exhibit anti-inflammatory
properties by blocking the activation of NF-κB [37–40]. Gallic acid has been reported to
prevent the development and progression of various types of cancers inducing apoptosis
through Janus kinase 2/signal transducer and activator of transcription 3 (JAK2/STAT3)
signaling pathways [41,42] while catechin induced caspase-mediated apoptosis targeting
phosphatidylinositol-3-kinase and the protein kinase B (PI3K/AKT) downstream path-
way [43]. Catechins are strong anti-inflammatory agents that play a crucial role in the im-
provement of neurodegenerative and liver disease, metabolic, lung, and GIT disorders [44].

To date, there is no information about the effect of P. austroarabica extract on an animal
model of breast cancer. Additionally, no previous studies focused on the quantification of
its major bioactive metabolites. Accordingly, in the present work, we assessed the cytotoxic
effect of the methanolic extract of P. austroarabica as well as the pure compounds gallic
acid, methyl gallate, and catechin, against ovarian (A2780), prostate (PC-3), breast (MDA-
MB-231), and lung (A549) cancer cell lines. This study was also oriented to examine the
possible effect of the extract on the tumor mass, apoptotic and proapoptotic gene markers,
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hematological parameters, and histopathological examination in solid Ehrlich carcinoma
(SEC) mice. Moreover, HPTLC quantification of the major bioactive metabolites, gallic acid,
catechin, and methyl gallate was a topic of interest.
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Figure 1. Chemical structures of previously isolated compounds from P. austroarabica; (1) gallic acid, 
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Figure 1. Chemical structures of previously isolated compounds from P. austroarabica; (1) gal-
lic acid, (2) methyl gallate, (3) catechin, (4) catechin-4′-O-gallate, (5) quercetin, (6) pectolinari-
genin, (7) dillenetin-3-O-glucoside, (8) emodin, (9) emodin-8-O-glucoside, (10) chrysophanic acid,
(11) chrysophanic acid-8-O-glucoside, (12) β-sitosterol-3-O-glucoside, (13) lupeol, (14) ursolic acid.

2. Materials and Methods
2.1. Plant Material and Extraction Process

Phragmanthera austroarabica was previously collected in 2019 from South Abha, in
the Southwestern part of Saudi Arabia. The plant was identified by Dr. Nahed M. Wally,
Faculty of Science, King Abdulaziz University, and voucher samples were kept and given
the code No. 2019-PU. For the extraction process, 50 g fresh weight of P. austroarabica was
air-dried, finely ground, and then soaked with methanol (3 × 1000 mL) at 25 ◦C. The total
methanolic extract was concentrated under a vacuum to obtain 3.27 g of crude extract of
P. austroarabica.

2.2. Determination of Gallic Acid, Catechin, and Methyl Gallate in Methanolic Extract of
P. austroarabica Using HPTLC Analysis
2.2.1. Preparation of Standard Solutions of Gallic Acid, Catechin, and Methyl Gallate

Analytical standards of methyl gallate, catechin, and gallic acid (≥98%; Merck™,
Darmstadt, Germany) were used. An amount of 10 mg of each standard was used to prepare
a methanolic mixture of standard solution at a concentration of 1 mg/mL. Then, the mixed
standard solution was kept in a refrigerator till the construction of the calibration curve.
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2.2.2. Analysis Conditions and Construction of Calibration Curves

According to the requirements of the International Council on Harmonization (ICH)
guidelines [36], different concentrations of the methanolic mixture of gallic acid, catechin,
and methyl gallate were applied using A CAMAG® (Muttenz, Switzerland) Linomat V
controlled with CAMAG winCats™ software version 1.4.4. (CAMAG, Muttenz, Switzer-
land). A plate of silica gel 60 F254 (Merck™, Darmstadt, Germany) with the dimensions of
20 cm × 10 cm was used. The conditions were adjusted as follows: slit dimension of 6 mm
in length and 0.1 mm in width, a distance between tracks of 10.5 mm, the distances from
both x-axis and y-axis were 10 mm, and the rate of application used was 15 µL/second.
The methanolic solutions were applied in triplicate. The plates were developed in a twin-
trough chamber saturated with a solvent mixture consisting of chloroform–methanol–water
(3:7:0.3) containing 1 % (v/v) glacial acetic acid. Development was performed after satura-
tion for 20 min. After 15 min, the plates were air-dried, and then Rf was calculated. The
spots were effectively separated with a suitable Rf at 0.53, 0.65, and 0.87 for gallic acid,
catechin, and methyl gallate, respectively. Quantification was assessed using a CAMAG
TLC Scanner III densitometer and CATS version 4 X software in the absorption mode using
a deuterium source. Quantification was performed at different wavelengths of λ = 254, 280,
and 366 nm. The wavelength corresponding to the best validation parameters was used for
the construction of the calibration curve

2.2.3. Plant Sample Assay

For the determination of gallic acid, catechin, and methyl gallate concentration in the
methanolic crude extract of P. austroarabica, 100 mg of the dry extract was dissolved, and
transferred to a 100 mL volumetric flask. Methanol was added to complete the total volume.
Different solutions of both sample and the methanolic mixture of standards were applied
under the previously described conditions. Finally, different band areas were recorded.

2.3. Assessment of In Vitro Cytotoxic Activity of P. austroarabica
2.3.1. MTT Assay

Ovarian “A2780”, prostate “PC-3”, breast “MDA-MB-231”, and lung “A549” cancer
cell lines were collected from the “National Cancer Institute in Cairo and grown in RPMI-
1640 medium L-Glutamine”. The cells were grown in “10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin”. On the second day, cells were cultured in triplicates on a 96-well
plate at a density of 5 × 104 cells. This was followed by incubation with the crude extract
of P. austroarabica and samples of pure compounds catechin, gallic acid, and methyl gallate
at 0.1, 1, 10, 50, and 100 µg/mL, and cell viability was determined using MTT solution. An
ELISA microplate reader (BIO-RAD microplate reader, model iMark, Japan) was used to
measure the absorbance. Cell viability was measured by comparing the absorbance at each
well to the control group, and the IC50 values were recorded [45].

2.3.2. Annexin V/PI Staining and Cell Cycle Flow Cytometry

MDA-MB-231 cells were incubated overnight in 6-well culture plates (3–5 × 105 cells/well)
and then treated with crude extract of P. austroarabica (IC50 = 19.8 µg/mL, 48 h). After that,
the cells were incubated in a 100 µL solution of Annexin binding buffer “25 mM CaCl2,
1.4 M NaCl, and 0.1 M Hepes/NaOH, pH 7.4” in the dark for 30 min with “Annexin V-FITC
solution (1:100) and propidium iodide (PI) at a concentration equivalent to 10 g/mL.” The
labelled cells were then extracted using the Cytoflex FACS machine (Beckman Coulter Inc.,
Brea, CA, USA). Data were analyzed using CytExpert software [46,47].

2.3.3. Gene Expression Analysis Using RT-PCR

To investigate the apoptosis-inducing activity in MDA-MB-231 cells, gene expression
levels of P53, Bax, PUMA, Caspapses-3,8,9, and Bcl-2 were assessed. MDA-MB-231 cells
were treated with crude extract of P. austroarabica (IC50 = 19.8 µg/mL, 48 h). Then, an
RT-PCR reaction was performed following routine work, and the results were given in cycle
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thresholds (Ct) and ∆∆ Ct for calculating the relative quantities of each gene, as previously
described [48].

2.3.4. Assessment of Caspase 3/7 Activity

Caspase 3/7 activity in untreated and treated MDA-MB-231 cells (with P. austroarabica;
IC50 = 19.8 µg/mL, 48 h) were examined using the cell event Caspasepase-3/7 fluorescence
method kit (No.10009135, Molecular probes, Eugene, OR, USA) following the detailed
procedure in [49].

2.3.5. Autophagy Evaluation Using Acridine Orange Quantitative Assessment

Autophagic cell death in MDA-MB-231 cells treated with P. austroarabica (IC50 = 19.8 µg/mL,
48 h) was quantitatively assessed using acridine orange lysosomal stain coupled with flow-
cytometric analysis following the previously mentioned procedure [50].

2.4. In Vivo Study
2.4.1. Animals

Forty male Swiss albino mice (body weight range: 21–28 g) were used. The mice were
kept in a clean and hygienic environment with a normal day/night cycle. Prior to the
experiment, mice were subjected to a ten-day period of adaptation to the study conditions.
“The experimental protocol was permitted by the Research Ethics Committee (Approval
number 202109RA2), Faculty of Pharmacy, Suez Canal University”.

2.4.2. Experiment Design

Mice were equally and randomly divided into four groups: “normal control, SEC
control, SEC+ P. austroarabica, SEC+5-FU”. SEC cells (1 × 106 tumor cells/mouse) were
implanted subcutaneously into the right thigh of the hind limb, and tumor masses were be-
ginning to appear after ten days of tumor cell inoculation. During the experiment duration,
seven doses (50 mg/Kg BW, IP) of the P. austroarabica and 5-FU (4.2 mg/Kg BW, IP) were
used [46,51]. The weight and volume of the solid tumor masses were measured by a digital
Vernier clipper (Tricle Brand, Shanghai, China) using the equation; V = (L ×W ×W)/2,
where L is the length and W is the width of tumor mass. At the end of the procedure,
animals of different groups were sacrificed and blood samples were collected. CBC parame-
ters, liver enzymes ALT, AST, and kidney parameters of urea and creatinine were measured.
Kidney and liver tissues were stained with Hematoxylin and Eosin. A light microscope
was used for the histopathological examinations.

3. Results and Discussion
3.1. Simultaneous Determination of Gallic Acid, Catechin, and Methyl Gallate in a Methanolic
Crude Extract of P. austroarabica Using High-Performance Thin Layer Chromatography (HPTLC)

The HPTLC quantification of the major bioactive metabolites, gallic acid, catechin,
and methyl gallate, was performed. The spectra of different concentrations of a standard
mixture of gallic acid, catechin, and methyl gallate are represented in Figure 2. Upon
scanning the chromatographic plate at multi-wavelengths, it was found that λ = 280 nm is
corresponding to the highest sensitivity; accordingly, the assessment method and validation
parameters (e.g., linearity, precision, accuracy, stability, and limits of quantification and
detections) were assessed at 280 nm.

3.1.1. Linearity

A linear relationship for each standard was detected over the concentration range
recorded in Table 1. The correlation coefficients (R2) were 0.99, and the linear regression
equations for gallic acid, catechin, and methyl gallate are expressed in Table 1.
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Table 1. Validation parameters of the method for the estimation of methyl gallate, catechin, and gallic
acid using HPTLC with densitometer scanning.

Validation Parameters
Scanned at λ 280 nm

Methyl Gallate Catechin Gallic Acid

Linearity range (µg/band) 0.8–9 0.4–9 0.8–9
Correlation coefficient (R2) 0.99 0.99 0.99

Regression equation Y = 5926.9X + 1684.1 Y = 2175.9X + 1352.9 Y = 6831.9X − 1984.2
Limit of detection (µg/band) 0.1 0.09 0.11

Limit of quantification 0.31 0.29 0.34
System precision [%RSD] 3.72 3.27 2.74
Method precision [%RSD] 3.29 1.97 3.91

% Recovery 95.89 95.58 96.64
Conc. (mg/g extract) 14.5 6.5 43.6

Y: band area; X: concentrations of gallic acid, catechin, or methyl gallate; RSD: relative standard deviation.

3.1.2. System Precision

The system precision was verified by the determination of the band area corresponding
to a standard mixture at a concentration of 1 mg/mL, applied in triplicate. The value of
percent-relative standard deviation (%RSD) for each standard was calculated (Table 1).

3.1.3. Method Precision

The method precision was checked by the injection of the plant extract under the same
procedure as described above. Five measurements were performed. The low value of %
relative standard deviation (RSD) revealed the method’s precision (Table 1).
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3.1.4. Accuracy

The accuracy was assessed under the same conditions by scanning a fortified sample;
the known sample was combined with a certain concentration of a standard mixture of
gallic acid, catechin, and methyl gallate solution (Table 1).

3.1.5. Limits of Detection and Quantification

The limit of detection was computed through the equation of 3 σ/S while the limit of
quantification was assessed through the equation of 10 σ/S. The σ refers to the standard
deviation of the response and S refers to the slope of the calibration curve (Table 1).

3.1.6. Analytical Solution Stability

The stability of a standard mixture was assured by comparing the experimental results
performed with those at ambient temperature for 2 days and after storage of them at 4 ◦C
for 10 days.

3.1.7. Sample Analysis

The suggested method was utilized for the determination of the gallic acid, catechin,
and methyl gallate in P. austroarabica which was applied to bands in triplicate. The bands
were scanned at λ 280 nm (Figure 3). The concentrations were found to be 14.5, 6.5, and
43.6 mg/g of plant dry extract for methyl gallate, catechin, and gallic acid, respectively.

3.2. In Vitro Activities P. austroarabica Extract
3.2.1. Cytotoxicity of P. austroarabica against PC-3, MDA-MB-231, A2780, and A549 Cancer
Cell Lines Using MTT Assay

The crude extract of P. austroarabica, as well as the pure compounds of gallic acid,
methyl gallate, and catechin, were screened for their cytotoxicity against a panel of cancer
cell lines, such as prostate “PC-3”, breast “MDA-MB-231”, ovarian “A2780”, and lung
“A549” cell lines using MTT assay. According to the US NCI (National Cancer Institute)
plant screening program guidelines, a crude extract is considered to have in vitro cytotoxic
activity if the IC50 value after incubation between 48 and 72 h is less than 20 µg/mL.
While the pure compounds have in vitro cytotoxic activity if the IC50 value is less than
4 µg/mL [52,53]. Cytotoxicity results, as seen in Table 2, showed that P. austroarabica
extract exhibited promising cytotoxicity against MDA-MB-231 cells with IC50 value of
19.8 µg/mL compared to the tested samples of pure compounds with IC50 values range
(15.36–35.7 µg/mL). Additionally, P. austroarabica extract was non-toxic against normal
breast cells MCF-10A with IC50 values of 47.26 µg/mL. These results agreed with the
reported antioxidant activity of P. austroarabica extract, and this may elucidate the cytotoxic
activity against cancer cells [24]. Additionally, the more prominent effects exhibited by
P. austroarabica extract could be attributed to the combined activity of its major and other
chemical constituents. The plant extract accumulates a number of active metabolites that
were previously reported to possess antiproliferative effects against breast cancer cells.
For example, β-sitosterol 3-O-glucoside was reported to suppress tumor growth through
upregulating miR-10a expression as well as deactivating the PI3K-Akt-signaling pathway.
Accordingly, it was recommended as a significant breast anticancer agent [54]. Lupeol inhib-
ited the invasion of MDA-MB-231 cells through the suppression of the protein expression
of COX-2, MMP-2, and MMP-9 [55]. Ursolic acid a showed proliferative inhibitory effect
through downregulating Nrf2 via the Keap1/Nrf2 pathway and EGFR/Nrf2 pathway in
MDA-MB-231 cells [56]. Both the anthraquinones emodin and chrysophanic acid were re-
ported to inhibit invasion and metastasis of human breast cancer MDA-MB-231 cells [57,58].
The well-known flavonoid quercetin was reported to induce apoptosis in breast cancer
cells by the suppression of Twist via the p38MAPK pathway [59], and in another study,
it revealed inhibition of calcium-dependent urokinase activity and, hence, proved to be
an effective antimetastatic agent [60]. Finally, catechin 4- gallate, when combined with
4-hydroxytamoxifen, disclosed synergistic cytotoxicity in MDA-MB-231 cells [61,62].
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Table 2. Cytotoxic activity of crude extract of P. austroarabica, gallic acid, methyl gallate, and catechin
against panel of cancer cell lines using MTT assay.

Sample
IC50 * (µg/mL)

PC-3 MDA-MB-231 A2780 A549 Normal MCF-10A

P. austroarabica 36.9 ± 1.89 19.8 ± 0.76 38.6 ± 2.03 NA 47.26 ± 2.03
Gallic acid 22.15 ± 1.39 29.6 ± 0.96 33.41 ± 1.21 17.82 ± 0.92 ≥50

Methyl gallate 15.36 ± 1.02 21.98 ± 0.95 35.7 ± 1.97 19.6 ± 2.12 ≥50
Catechin 19.21 ± 0.78 21.26 ± 1.31 31.8 ± 2.19 26.39 ± 2.01 ≥50

5-FU 2.64 ± 0.35 1.59 ± 0.36 3.64 ± 0.45 4.26 ± 0.64 49.65 ± 2.04

* IC50 are expressed as mean ± SD of three independent trials and were calculated using GraphPad prism.

3.2.2. P. austroarabica Treatment Induced Apoptosis in MDA-MB-231 Cells

Cytotoxic activity of P. austroarabica against MDA-MB-231 cells was investigated for
its mechanism for apoptosis-induction using Annexin V/PI staining. As seen in Figure 4a,
the extract induced total apoptotic cell death by 63.23% compared to 0.57% in the un-
treated control cells. Additionally, it induced necrotic cell death by 24.96% compared
to 2.68%, these findings showed that the P. austroarabica treatment induced cell death by
apoptosis by 111-fold change and necrosis by 9.31-fold change. DNA content-aided cell
cycle analysis was carried out to determine the cell population at each phase. This step
aimed to determine the cell cycle at which the cell proliferation was arrested. As seen in
Figure 4b, P. austroarabica treatment significantly increased the cell population at G2/M and
S-phases by 2.46-fold and 2.5-fold change compared to untreated control, so its treatment
significantly induced the cell cycle arrest at G2/M and S-phases in MDA-MB-231 cells.

Metabolites 2022, 12, x FOR PEER REVIEW 10 of 17 
 

 

cycle analysis was carried out to determine the cell population at each phase. This step 
aimed to determine the cell cycle at which the cell proliferation was arrested. As seen in 
Figure 4b, P. austroarabica treatment significantly increased the cell population at G2/M 
and S-phases by 2.46-fold and 2.5-fold change compared to untreated control, so its treat-
ment significantly induced the cell cycle arrest at G2/M and S-phases in MDA-MB-231 
cells. 

 
Figure 4. Flow cytometry analysis of MDA-MB-231 untreated and treated cells with P. austroarabica 
crude extract (IC50 = 19.8 μg/mL, 48 h). (A) Annexin V/PI staining for apoptosis/Necrosis assessment; 
(B) DNA content-cell cycle analysis. “Values are expressed as Mean ± SD of three independent val-
ues. ** (p ≤ 0.001) significantly different between treated and control using unpaired t-test in 
GraphPad prism”. 

3.2.3. P. austroarabica Treatment Affected Gene Expression Analysis of Apoptosis-Related 
Genes 

To further validate the apoptosis induction of P. austroarabica treatment in MDA-MB-
231 cells, RT-PCR for the apoptosis-related genes was performed in the untreated and 
treated cells. As seen in Table 3, P. austroarabica treatment upregulated the P53 gene by 
9.28-fold, the PUMA gene by 9.39-fold, the Bax gene by 7.39-fold, and caspases 3,8,9 by 
10.36, 20.8, 12.39-fold, respectively. In contrast, it downregulated the Bcl-2 gene by 0.53-
fold. This behavior of apoptosis-induction in MDA-MB-231 cells upon treatment agreed 
with the routine results [63,64] of proving apoptosis induction. 

  

Figure 4. Flow cytometry analysis of MDA-MB-231 untreated and treated cells with P. austroarabica
crude extract (IC50 = 19.8 µg/mL, 48 h). (A) Annexin V/PI staining for apoptosis/Necrosis assess-
ment; (B) DNA content-cell cycle analysis. “Values are expressed as Mean ± SD of three independent
values. ** (p ≤ 0.001) significantly different between treated and control using unpaired t-test in
GraphPad prism”.
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3.2.3. P. austroarabica Treatment Affected Gene Expression Analysis of Apoptosis-Related Genes

To further validate the apoptosis induction of P. austroarabica treatment in MDA-MB-
231 cells, RT-PCR for the apoptosis-related genes was performed in the untreated and
treated cells. As seen in Table 3, P. austroarabica treatment upregulated the P53 gene by
9.28-fold, the PUMA gene by 9.39-fold, the Bax gene by 7.39-fold, and caspases 3, 8, 9 by
10.36, 20.8, 12.39-fold, respectively. In contrast, it downregulated the Bcl-2 gene by 0.53-fold.
This behavior of apoptosis-induction in MDA-MB-231 cells upon treatment agreed with
the routine results [63,64] of proving apoptosis induction.

Table 3. Fold of change of apoptosis-related genes in untreated control and treated MDA-MB-231
with P. austroarabica crude extract (IC50 = 19.8 µg/mL, 48 h).

Sample

Gene Expression (Fold Change) *

Pro-Apoptotic Genes Anti-Apoptotic Gene

P53 PUMA Bax Casp-3 Casp-8 Casp-9 Bcl-2

Cont./
MDA-MB-231 1

P. austroarabica
MDA-MB-231 9.28 ± 1.38 9.39 ± 1.76 7.39 ± 1.38 10.36 ± 1.98 2.08 ± 0.98 12.39 ± 1.67 0.53 ± 0.01

* Fold of change is calculated by 2—∆∆CT, where ∆∆CT is the difference between mean values of genes CT values
in the treated and control groups.

3.2.4. P. austroarabica Treatment Activated Caspase 3/7 Activity

Apoptosis is a form of cell death programmed by the family of cysteine protease. In
response to the various cell death stimuli, a large irreversible proteolytic cascade is triggered
and subsequently generated. The effector caspases activity has been evaluated to determine
the apoptotic pathway initiated by the tested compounds, using the “Cell Event™ Caspase-
3/7 Green Detection kit”. As seen in Figure 5, the P. austroarabica treatment induced a
higher percentage of MDA-MB-231 cancer cell death via apoptosis with a percentage of
13.04% than the untreated cells at 1.02%. Hence, apoptotic cell death was triggered by
activation of effectors 3 and 7 caspases in mDA-MB-231 cells

3.2.5. P. austroarabica Induced MDA-MB-231 Cell Death through Autophagy

As seen in Figure 6, cell death in MDA-MB-231 cells through autophagy was assessed
using acridine orange lysosomal stain. P. austroarabica induced autophagy by 1.5-fold,
the cell population in the treated group was 63,456 cells compared to 41,775 cells in the
untreated control.

3.3. In Vivo Study of P. austroarabica against Solid Ehrlich Carcinoma

Solid weight masses and volumes of solid Ehrlich carcinoma (SEC) were measured at
the end of the experiment. As seen in Table 4, an increase in solid tumor weight of 203 mg
was observed via tumor proliferation. Upon treatment with P. austroarabica extract and
5-FU, a significant reduction in the solid tumor mass of 96.8 mg and 78.3 mg, respectively,
was noticed. Accordingly, treatments with P. austroarabica extract and Fluorouracil (5-FU)
significantly inhibited tumor proliferation by 54% and 64%, respectively, by reducing the
tumor volume from 357 mm3 in untreated control to 169 mm3 and 126 mm3.

In SEC-bearing mice, hematological and biochemical parameters are summarized in
Table 4. In the SEC control, all CBC parameters were altered, with Hb content and RBCs
significantly reduced to 3.69 (g/dL) and 2.19 (106/L), respectively. While the WBC count ele-
vated to 6.63 (103/L) compared to the normal control. Reduced hemoglobin and RBC levels,
as well as an increase in WBC counts, are common side effects of tumor progression [49,65].
Treatment with P. austroarabica extract almost restored CBC levels to normal. It increased
Hb (7.12 g/dL), RBC (5.01 × 106/L), and WBC (4.01 × 103/L) levels. Interestingly, our
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results support those of a previous study [51,66] which illustrated the ameliorative effect in
the hematological parameters after treatment with the tested compound.

In terms of biochemical parameters, liver enzymes (ALT and AST) were significantly
elevated to 66.51 and 92.5 (U/L), respectively, when compared to normal mice (43.6 and
46.5 U/L), respectively. Treatment with P. austroarabica substantially normalized liver
enzymes to be 52.4 and 56.1 U/L, respectively, indicating a significant inhibition of hepa-
tocellular toxicity caused by tumor proliferation. Additionally, kidney parameters, urea,
and creatinine levels were deteriorated in cancer groups, while P. austroarabica treatment
retained their levels to be 30.3 and 0.87 (mg/dL), respectively, nearly at normal con-
trol. In agreement with hematological and biochemical examinations, as seen in Figure 7,
histopathological examinations of liver and kidney tissues exhibited improvement in their
structure to be near normal with less hydropic degeneration and inflammation [66]. Taken
together with improvement in the tumor volume and weight, treatment of SEC mice with
P. austroarabica extract improved both hematological and biochemical parameters.
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3.2.4. P. austroarabica Treatment Activated caspase 3/7 Activity 
Apoptosis is a form of cell death programmed by the family of cysteine protease. In 

response to the various cell death stimuli, a large irreversible proteolytic cascade is trig-
gered and subsequently generated. The effector caspases activity has been evaluated to 
determine the apoptotic pathway initiated by the tested compounds, using the “Cell 
Event™ Caspase-3/7 Green Detection kit”. As seen in Figure 5, the P. austroarabica treat-
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percentage of 13.04% than the untreated cells at 1.02%. Hence, apoptotic cell death was 
triggered by activation of effectors 3 and 7 caspases in mDA-MB-231 cells 

 
Figure 5. (A) Caspase 3/7 inhibitory activity in cancer MDA-MB-231 cells was treated with
P. austroarabica crude extract (IC50 = 19.8 µg/mL, 48 h) using the “CellEvent® Caspase-3/7 Green
Flow Cytometry kit”, where “L, viable cells; A, apoptotic cells; N, necrotic cells; and D, dead cells”;
(B) Bar presentation for comparison of apoptotic cancer cells due to active caspases 3/7 of the
tested extract. The data are expressed as the mean ± SEM of three independent experiments in
triplicate. ** (p ≤ 0.001) significantly different between treated and control using unpaired t-test in
GraphPad prism”.
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Table 4. Hematological and biochemical parameters in the normal, untreated, and treated SEC-
bearing mice.

Parameters Normal Control SEC Control SEC +
P. austroarabica SEC + 5-FU

Anti-tumor
potentiality

Tumor weight (mg) – 203.6 ± 4.26 96.8 ± 2.34 78.3 ± 2.38

Tumor volume (mm3) – 356.9 ± 22.3 168.8 ± 19.8 126.2 ± 18.6

Tumor inhibition ratio (TIR%) – – 54.26 ± 1.36 64.7 ± 1.65

Hematological
parameters

Hb (g/dL) 8.16 ± 0.67 3.69 * ± 0.6 7.12 # ± 0.64 7.89 # ± 0.54

RBC’s count
(×106/µL) 5.98 ± 0.56 2.19 * ± 0.54 5.01 # ± 0.56 5.21 # ± 0.44

WBC’s count
(×103/µL) 3.27 ± 0.34 6.63 * ± 0.41 4.01 # ± 0.55 3.69 # ± 0.69

Liver and kidney
parameters

ALT (I/U) 43.3 ± 1.23 66.5 * ± 1.99 52.4 # ± 1.4 48.5 # ± 1.7

AST (I/U) 46.5 ± 0.78 92.6 * ± 1.45 56.1 # ± 2.0 50.8 # ± 1.5

Urea (mg/dL) 23.2 ± 1.06 41.3 * ± 1.01 30.3 # ± 1.36 30.3 # ± 1.01

Creatinine (mg/dL) 0.76 ± 0.02 1.01 ± 0.17 0.87 ± 0.01 0.64 ± 0.06

Mean ± SEM values of mice in each group (n = 6). * Values are significantly different (p ≤ 0.05) between SEC
control and normal group, while # values are significantly different (p ≤ 0.05) between Treated SCE and untreated
SEC mice using un-paired test in GraphPad prism.

4. Conclusions

In conclusion, the present study handled the HPTLC quantification of gallic acid,
catechin, and methyl gallate. It is a platform for cytotoxic activity of P. austroarabica extract
against MDA-MB-231 cells with IC50 value of 19.8 µg/mL compared to the tested samples of
pure compounds with potent cytotoxic activities with IC50 values range (15.36–35.7 µg/mL).
For apoptosis-investigation, P. austroarabica treatment induced cell death by apoptosis by
111-fold change and necrosis by 9.31-fold change, and it activated the proapoptotic genes
markers, while it inhibited the antiapoptotic gene. Moreover, in vivo results exhibited inhi-
bition in the tumor volume and weight, and the treatment of SEC mice with P. austroarabica
extract improved both hematological and biochemical parameters with amelioration in the
liver and kidney histopathology being near normal. Taken together, P. austroarabica extract
exhibited promising anti-cancer activity through apoptosis-induction. Hence, further fu-
ture work of the formulation of crude extract and purified compounds will be handled
and correlated with their biological activity. In addition, semisynthetic derivatives of
methyl gallate, catechin, and gallic acid will be developed and assessed as target-oriented
chemotherapeutic agents against breast cancer.
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Abstract: Isocaloteysmannic acid (1), a new chromanone, was isolated from the leaf extract of the
medicinal species Calophyllum tacamahaca Willd. along with 13 known metabolites belonging to the
families of biflavonoids (2), xanthones (3–5, 10), coumarins (6–8) and triterpenes (9, 11–14). The
structure of the new compound was characterized based on nuclear magnetic resonance (NMR),
high-resolution electrospray mass spectrometry (HRESIMS), ultraviolet (UV) and infrared (IR) data.
Its absolute configuration was assigned through electronic circular dichroism (ECD) measurements.
Compound (1) showed a moderate cytotoxicity against HepG2 and HT29 cell lines, with IC50 values
of 19.65 and 25.68 µg/mL, respectively, according to the Red Dye method. Compounds 7, 8 and 10–13
exhibited a potent cytotoxic activity, with IC50 values ranging from 2.44 to 15.38 µg/mL, against one
or both cell lines. A feature-based molecular networking (FBMN) approach led to the detection of a
large amount of xanthones in the leaves extract, and particularly analogues of the cytotoxic isolated
xanthone pyranojacareubin (10).

Keywords: Calophyllum tacamahaca; xanthones; triterpenes; cytotoxicity; feature-based molecular
networking

1. Introduction

The genus Calophyllum (Calophyllaceae) includes approximately 200 species, dis-
tributed across all tropical regions. They are traditionally used against many ailments,
including ulcers, malaria, tumor, infections, eye diseases, pain, inflammation and rheuma-
tism [1,2]. This genus is an important source of bioactive natural products, including
coumarins, xanthones, chromanones and triterpenes [3,4]. Xanthones and coumarins from
Calophyllum species are known to possess cytotoxic, antiviral, antimicrobial, antiparasite,
analgesic, anti-inflammatory and chemopreventive properties [5,6]. (+)-Calanolide A, a
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pyranocoumarin isolated from C. lanigerum, reached phase II of a clinical trial for its potent
inhibitory activity of HIV-1 reverse transcriptase [4].

The species Calophyllum tacamahaca Willd., commonly known as “Takamaka des
Hauts”, is an endemic tree to Mauritius and Reunion Island. The leaf species is regis-
tered in the List of plants used in traditional medicine of French pharmacopoeia since April
2022, for eye diseases, fever, headaches and as veinotonic. This species is also traditionally
employed to treat skin diseases, memory disorders, rheumatism and blood circulation
troubles [7]. Previous investigations showed that leaf extract possesses hypotensive [8],
antiplasmodial [9], antimicrobial [7], antiviral [10] and anti-inflammatory [11] activities.
Nevertheless, the chemical composition of the species has never been studied and so
bioactive compounds of the species have never been isolated nor identified so far.

Thus, the ethyl acetate (EtOAc) leaf extract of C. tacamahaca was subjected to a bio-
guided chemical investigation in order to identify bioactive metabolites. Herein, we
report the isolation, structure characterization and in vitro cytotoxic activity of one new
chromanone (1), along with 13 known compounds (2–14). A feature-based molecular
networking (FBMN) approach was performed in order to detect analogues of the bioactive
compounds, and the obtained results are discussed below.

2. Materials and Methods
2.1. General Experimental Procedures

Optical rotations were determined using an Anton Paar MCP200 polarimeter (589 nm,
25 ◦C), and UV spectra were acquired on a Thermo Scientific DAD spectrophotometer. IR
spectra were recorded on a Vertex 70 (Bruker) ATR-FTIR spectrometer. For compound (1),
UV–vis and experimental ECD spectra were recorded on a JASCO J-815 spectrometer
equipped with a JASCO Peltier cell holder PTC-423 to maintain the temperature at 20.0 ◦C.
The handedness of the circular polarized light was modulated at 50 kHz with a quartz
photoelastic modulator set at l/4 retardation. A quartz cell of 1 mm of optical path length
was used. Sample was prepared in dry methanol at a concentration of 0.0005 mol. L−1. ECD
spectra were recorded using CD3OD as a reference and are presented without smoothing
and further data processing. NMR spectra were acquired in CD3OD (δ1H 3.31 ppm, δ13C
49.00 ppm) on a Bruker Avance II+ 600 MHz (TCI cryoprobe) spectrometer at 300 K.
NMR spectra were analyzed with the TopSpin (v 4.1.1) software. Structural assignments
were based on 1H NMR, 13C NMR, COSY, HSQC and HMBC spectra. The chemical
shifts δ are provided in ppm and coupling constants J in Hz. UHPLC-HRESIMS and
UHPLC-HRESIMS/MS analyses were performed on an Impact II Bruker Daltonics Qq-
TOF spectrometer with an ESI source using a 2.1 × 150 mm 1.6 µm RP-C18 column (Luna
Omega C18, Phenomenex, Torrance, CA, USA) and an elution gradient of H2O-CH3CN
with 0.1% HCO2H (98:2 to 0:100). Solid reverse-phase extraction was performed over 10 g
SPE Strata 55 µm C18 tubes (Phenomenex), with three elution steps (H2O/CH3CN v/v).
Preparative HPLCs were performed on a Waters 2545 system using MassLynx software and
a 21.2 × 150 mm 5 µm RP-C18 column (Gemini C18, Phenomenex), with an appropriate
elution gradient of H2O-CH3CN with 0.1% HCO2H at a flow rate of 20 mL/min. Semi-
preparative HPLC was performed on a Dionex Ultimate 3000 system (Thermo Scientific,
Waltham, MA, USA) using Chromeleon software and a 10 × 250 mm 5 µm RP-C18 column
(Gemini C18, Phenomenex) with an appropriate elution gradient of H2O-CH3CN with
0.1% HCO2H at a flow rate of 4.5 mL/min. Analytical HPLC was performed on a Dionex
Ultimate 3000 system (Thermo Scientific) using Chromeleon software and a 4.6 × 150 mm
3 µm RP-C18 column (Gemini C18, Phenomenex) with an appropriate elution gradient of
H2O-CH3CN with 0.1% HCO2H at a flow rate of 0.8 mL/min.

2.2. Plant Material

Leaves of Calophyllum tacamahaca were collected in March 2019 on Reunion Island
(Saint Denis). The taxonomic identification of the plant species was performed by Mr. H.
Thomas (Parc National de La Réunion). A voucher specimen was deposited in the Herbar-
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ium of the University of La Réunion for confirmation of identification, with the following
accession number: REU024075.

2.3. Extraction and Isolation

Leaves of C. tacamahaca were dried at 40 ◦C for 48 h and powdered. An accelerated
solvent extractor (ASE 300 Dionex) was used to exhaustively extract the ground material
(237.0 g). Four successive extractions were performed at 40 ◦C with EtOAc. The extract
was evaporated under reduced pressure at 38 ◦C to obtain 20.3 g of crude extract.

A total of 3.32 g of crude extract were fractionated by solid reverse-phase extrac-
tion using combinations of H2O/CH3CN (v/v) of decreasing polarity. Three fractions
(F1–F3) were obtained and evaluated for their cytotoxic activity against cancer cell lines.
Fraction F2 (240.1 mg) was then subjected to preparative HPLC using an elution gradi-
ent of H2O-CH3CN with 0.1% HCO2H (55:45 over 5 min, 55:45 to 20:80 over 35 min)
at a flow rate of 20 mL/min (UV 260 nm). The purification of fraction F2 afforded the
pure compounds isocaloteysmannic acid (1, 13.1 mg), amentoflavone (2, 12.0 mg), 6-(4-
hydroxy-3-methylbutyl)-1,5-dihydroxyxanthone (3, 1.7 mg), scriblitifolic acid (4, 1.7 mg),
pancixanthone B (5, 1.9 mg) and isocalophyllic acid (7, 29.4 mg). Subfraction F2–7 (11.4 mg)
was subjected to semi-preparative HPLC using an isocratic elution of H2O-CH3CN with
0.1% HCO2H (35:65) for 18 min at a flow rate of 4.5 mL/min (UV 320 nm) and afforded
the pure compounds isocalophyllic acid (7, 1.0 mg) and inophyllum E (8, 2.8 mg). The
purification of subfraction F2–8 (13.7 mg) was performed by semi-preparative HPLC using
an isocratic elution of H2O-CH3CN with 0.1% HCO2H (35:65) for 20 min at a flow rate
of 4.5 mL/min (UV 280 nm) and yielded the pure compound calophyllic acid (6, 2.5 mg).
Fraction F3 (673.3 mg) was subjected to preparative HPLC using an elution gradient of
H2O-CH3CN with 0.1% HCO2H (30:70 over 2 min, 30:70 to 0:100 over 10 min, 0:100 over
9 min) at a flow rate of 20 mL/min (ELSD). The purification of fraction F3 afforded the pure
compounds isocalophyllic acid (7, 35.8 mg), calophyllic acid (6, 15.9 mg), canophyllalic acid
(11, 22.8 mg), canophyllol (12, 21.9 mg) and canophyllic acid (13, 25.2 mg). The purification
of subfraction F3–6 (5.7 mg) was performed by analytical HPLC using an isocratic elution of
H2O-CH3CN with 0.1% HCO2H (30:70) for 16 min at a flow rate of 0.8 mL/min (CAD) and
yielded the pure compound 27-hydroxyacetate-canophyllic acid (9, 0.5 mg). Subfraction
F3–7 (5.6 mg) was subjected to analytical HPLC using an isocratic elution of H2O-CH3CN
with 0.1% HCO2H (22:78) for 13 min at a flow rate of 0.8 mL/min (UV 280 nm) and yielded
the pure compound pyranojacareubin (10, 0.9 mg). The purification of subfraction F3–19
was performed by semi-preparative HPLC using an isocratic elution of H2O-CH3CN with
0.1% HCO2H (10:90) for 32 min at a flow rate of 4.5 mL/min (ELSD) and yielded the pure
compound canophyllal (14, 0.3 mg).

Isocaloteysmannic acid (1): yellow–green powder, [α]25
D −31.7 (c 0.1, MeOH); UV

(MeOH) λmax 200, 264–274, 299–312, 368 nm; IR νmax 3087, 2977, 2926, 2855, 1709, 1627,
1300, 1000 cm−1; for 1H and 13C NMR spectroscopic data, see Table 1; HRESIMS m/z
423.1791 [M+H]+ (calculated for C25H27O6

+, 423.1802).
Amentoflavone (2): yellow powder, UV (MeOH) λmax 220, 272, 332 nm; 1H NMR

(CD3OD, 600 MHz) 7.96 (1H, brs), 7.84 (1H, brd, J = 7.8 Hz), 7.50 (2H, d, J = 7.8 Hz), 7.08
(1H, brd, J = 7.8), 6.69 (2H, d, J = 7.8), 6.56 (1H, s), 6.55 (1H, s), 6.37 (1H, brs), 6.34 (1H, s),
6.16 (1H, brs); 13C NMR (CD3OD, 150 MHz) 184.2 (C=O), 183.8 (C=O), 166.2 (CO), 166.0
(COH, CO), 164.3 (COH), 163.2 (COH), 162.5 (COH), 161.2 (COH), 159.4 (CO), 156.5 (CO),
132.8 (CH), 129.4 (CH), 128.8 (CH), 123.3 (C), 123.2 (C), 121.9 (C), 117.7 (CH), 116.8 (CH),
105.6 (C), 105.3 (C), 104.0 (CH), 103.4 (CH), 100.4 (CH), 100.2 (CH), 95.2 (CH); HRESIMS
m/z 539.0941 [M+H]+ (calculated for C30H19O10

+, 539.0973).
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Table 1. 1H and 13C NMR data of isocaloteysmannic acid (1) in CD3OD (600 MHz for 1H and
150 MHz for 13C).

Position δH m (J in Hz) δC

2 - 177.2

3 3.07, dd (15.2, 7.2)
3.27, dd (15.2, 8.2) 38.2

4 5.0, 7 brt a (7.7) 36.3
4a - 113.0
4b - 160.9
6 - 79.2
7 5.48, d (10.0) 127.3
8 6.49, d (10.0) 116.7
8a - 102.9
8b - 156.8
10 4.18, dq (11.3, 6.2) 80.3
11 2.61, dq (11.3, 6.9) 46.9
12 - 200.7

12a - 102.6
12b - 162.2
13 1.01, s 27.5
14 1.41, s 28.5
15 1.49, d (6.2) 19.8
16 1.19, d (6.9) 10.3
1′ - 145.2

2′, 6′ 7.33, d (7.6) 128.8
3′, 5′ 7.20, brt (7.5) 128.8

4′ 7.10, brt (7.3) 126.7
a br: broad.

6-(4-Hydroxy-3-methylbutyl)-1,5-dihydroxyxanthone (3): yellow powder, UV (MeOH)
λmax 250, 316, 370 nm; 1H NMR (CD3OD, 600 MHz) 7.65 (1H, brt, J = 8.2 Hz), 7.65 (1H, d,
J = 8.1 Hz), 7.20 (1H, d, J = 8.1 Hz), 7.08 (1H, d, J = 8.2 Hz), 6.76 (1H, d, J = 8.2 Hz), 3.48 (1H,
dd, J = 10.7, 5.9 Hz), 3.41 (1H, dd, J = 10.7, 6.5 Hz), 2.89 (1H, ddd, J = 13.3, 10.0, 5.5 Hz),
2.80 (1H, ddd, J = 13.3, 9.0, 6.2 Hz), 1.81 (1H, m), 1.66 (1H, m), 1.46 (1H, m), 1.01 (1H, d,
J = 6.8 Hz); 13C NMR (CD3OD, 150 MHz) 183.8 (C=O), 163.1 (COH), 157.5 (CO), 146.8 (CO),
144.6 (COH), 138.6 (C), 137.9 (CH), 126.5 (CH), 120.3 (C), 116.2 (CH), 111.2 (CH), 109.6 (C),
108.2 (CH), 68.3 (CH2OH), 36.8 (CH), 34.4 (CH2), 29.0 (CH2), 17.0 (CH3); HRESIMS m/z
315.1221 [M+H]+ (calculated for C18H19O5

+, 315.1227).
Scriblitifolic acid (4): yellow–beige powder, UV (MeOH) λmax 237, 249, 298, 366 nm;

1H NMR (CD3OD, 600 MHz) 7.84 (1H, d, J = 8.0 Hz), 7.63 (1H, t, J = 8.2 Hz), 7.25 (1H,
d, J = 8.0 Hz), 7.02 (1H, d, J = 8.2 Hz), 6.75 (1H, d, J = 8.2 Hz), 4.03 (3H, s), 2.81 (2H, t,
J = 7.1 Hz), 2.45 (1H, m), 1.98 (2H, m), 1.72 (1H, m), 1.21 (1H, d, J = 6.5 Hz); 13C NMR
(CD3OD, 150 MHz) 183.4 (C=O), 182.4 (COOH), 162.9 (COH), 157.3 (CO), 151.1 (CO), 147.1
(CO), 144.8 (C), 138.1 (CH), 126.5 (CH), 121.3 (C), 121.0 (CH), 111.4 (CH), 109.6 (C), 108.3
(CH), 62.2 (OCH3), 42.0 (CH), 36.0 (CH2), 29.3 (CH2), 18.1 (CH3); HRESIMS m/z 343.1166
[M+H]+ (calculated for C19H19O6

+, 343.1176).
Pancixanthone B (5): beige powder, UV (MeOH) λmax 219, 248, 325, 363 nm; 1H NMR

(CD3OD, 600 MHz) 7.61 (1H, d, J = 7.8 Hz), 7.24 (1H, brs), 7.18 (1H, t, J = 7.8 Hz), 6.15
(1H, s), 4.55 (1H, q, J = 6.6 Hz), 1.61 (3H, s), 1.41 (3H, d, J = 6.6 Hz), 1.33 (3H, s); 13C NMR
(CD3OD, 150 MHz) 182.2 (C=O), 167.8 (CO), 165.3 (COH), 154.1 (CO), 148.0 (COH), 146.6
(CO), 124.9 (CH), 122.7 (C), 121.2 (CH), 116.2 (CH), 114.5 (C), 104.6 (C), 94.3 (CH), 92.5 (CH),
45.0 (C), 25.9 (CH3), 21.4 (CH3), 14.6 (CH3); HRESIMS m/z 313.1075 [M+H]+ (calculated for
C18H17O5

+, 313.1071).
Calophyllic acid (6): dark green powder, UV (MeOH) λmax 200, 270, 320, 366 nm; 1H

NMR (CDCl3, 600 MHz) 12.55 (1H, s), 7.38 (2H, m), 7.32 (1H, m), 7.30 (2H, m), 6.53 (1H, d,
J = 9.5 Hz), 6.44 (1H, s), 5.42 (1H, d, J = 9.5 Hz), 4.27 (1H, dq, J = 11.5, 5.9 Hz), 2.63 (1H, dq,
J = 11.5, 6.9 Hz), 1.54 (3H, d, J = 5.9 Hz), 1.26 (3H, s), 1.22 (3H, d, J = 6.9 Hz), 1.06 (3H, s); 13C
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NMR (CDCl3, 150 MHz) 198.7 (C=O), 170.2 (COOH), 160.5 (COH), 158.7 (CO), 156.7 (CO),
149.7 (C), 140.8 (C), 129.3 (CH), 128.5 (CH), 127.3 (CH), 126.3 (CH), 120.1 (CH), 115.6 (CH),
108.0 (C), 101.7 (C), 101.4 (C), 79.1 (CH), 78.4 (C), 45.8 (CH), 28.4 (CH3), 28.2 (CH3), 19.9
(CH3), 10.1 (CH3); HRESIMS m/z 421.1651 [M+H]+ (calculated for C25H25O6

+, 421.1646).
Isocalophyllic acid (7): dark green powder, UV (MeOH) λmax 200, 270, 320, 366 nm;

1H NMR (CD3OD, 600 MHz) 7.35 (2H, m), 7.31 (3H, m), 6.56 (1H, d, J = 10.1 Hz), 6.43 (1H,
s), 5.49 (1H, d, J = 10.1 Hz), 4.68 (1H, qd, J = 6.9, 3.8 Hz), 2.65 (1H, qd, J = 7.3, 3.8 Hz), 1.44
(3H, d, J = 6.9 Hz), 1.29 (3H, s), 1.19 (3H, d, J = 7.3 Hz), 0.97 (3H, s); 13C NMR (CD3OD, 150
MHz) 202.8 (C=O), 169.9 (COOH), 162.0 (COH), 160.0 (CO), 157.7 (CO), 148.6 (C), 142.4
(C), 129.8 (CH), 129.3 (CH), 128.1 (CH), 127.4 (CH), 122.6 (CH), 116.5 (CH), 109.8 (C), 102.7
(C), 102.1 (C), 79.4 (C), 78.0 (CH), 45.6 (CH), 28.7 (CH3), 28.2 (CH3), 16.7 (CH3), 9.7 (CH3);
HRESIMS m/z 421.1639 [M+H]+ (calculated for C25H25O6

+, 421.1646).
Inophyllum E (8): yellow powder, UV (MeOH) λmax 200, 270, 310, 366 nm; 1H NMR

(CD3OD, 600 MHz) 7.28 (2H, m), 7.23 (2H, m), 7.22 (1H, m), 6.49 (1H, d, J = 10.0 Hz), 6.02
(1H, s), 5.46 (1H, d, J = 10.0 Hz), 4.65 (1H, qd, J = 6.5, 3.4 Hz), 2.64 (1H, qd, J = 7.4, 3.4 Hz),
1.41 (3H, d, J = 6.5 Hz), 1.18 (3H, d, J = 7.4 Hz), 1.04 (3H, s), 0.99 (3H, s); 13C NMR (CD3OD,
150 MHz) 202.7 (C=O), 162.0 (OC=O), 160.5 (CO), 157.7 (CO), 141.8 (C), 129.9 (CH), 128.4
(CH), 128.3 (CH), 127.7 (CH), 125.2 (CH), 146.4 (C), 116.3 (CH), 113.3 (C), 102.9 (C), 101.9
(C), 79.3 (C), 77.9 (CH), 45.5 (CH), 27.9 (CH3), 27.7 (CH3), 16.5 (CH3), 9.7 (CH3); HRESIMS
m/z 403.1529 [M+H]+ (calculated for C25H23O5

+, 403.1540).
27-Hydroxyacetate-canophyllic acid (9): yellow powder, 1H NMR (CDCl3, 600 MHz)

4.43 (1H, d, J = 12.2 Hz), 4.34 (1H, d, J = 12.2Hz), 3.73 (1H, m), 2.43 (1H, m), 2.21 (1H, m),
2.07 (1H, s), 1.96 (1H, m), 1.72 (1H, m), 1.55 (1H, m), 1.51 (2H, m), 1.50 (1H, m), 1.39 (1H, m),
1.38 (1H, m), 1.36 (1H, m), 1.34 (1H, m), 1.32 (1H, m), 1.31 (1H, m), 1.30 (1H, brs), 1.26 (1H,
m), 1.24 (2H, m), 1.14 (1H, m), 1.11 (1H, m), 1.02 (3H, s), 0.96 (3H, s), 0.92 (3H, d, J = 7.3 Hz),
0.90 (3H, s), 0.89 (3H, s), 0.85 (1H, brs), 0.85 (3H, s); 13C NMR (CDCl3, 150 MHz) 182.9
(COOH), 171.7 (OC=O), 72.7 (COH), 65.4 (CH2), 61.3 (CH), 53.2 (CH), 49.0 (CH), 44.6 (C),
42.2 (C), 41.3 (CH2), 38.4 (CH), 38.1 (C), 37.8 (C), 37.5 (C), 36.3 (CH2), 36.1 (CH2), 35.7 (CH2),
34.7 (CH3), 32.6 (CH2), 31.9 (CH2), 29.7 (CH2), 29.6 (CH3), 28.3 (C), 25.1 (CH2), 21.6 (CH3),
21.4 (CH3), 18.6 (CH2), 17.9 (CH3), 16.5 (CH3), 15.9 (CH2), 11.9 (CH3).

Pyranojacareubin (10): yellow powder, UV (MeOH) λmax 200, 290–300, 350 nm; 1H
NMR (CDCl3, 600 MHz) 13.30 (1H, s), 7.47 (1H, s), 6.72 (1H, d, J = 10.3 Hz), 6.43 (1H, s),
6.43 (1H, d, J = 10.5 Hz), 5.73 (1H, d, J = 10.5 Hz), 5.59 (1H, d, J = 10.3 Hz), 1.53 (6H, s),
1.47 (6H, s); 13C NMR (CDCl3, 150 MHz) 180.0 (C=O), 160.4 (CO), 157.8 (COH), 157.2 (CO),
145.1 (CO), 132.1 (COH), 131.2 (CH), 127.7 (CH), 121.5 (CH), 117.8 (C), 115.6 (CH), 113.7
(CH), 104.8 (C), 103.3 (C), 95.4 (CH), 79.1 (C), 78.2 (C), 28.6 (CH3), 28.5 (CH3).

Canophyllalic acid (11): green powder, 1H NMR (CDCl3, 600 MHz) 2.40 (1H, brdd,
J = 13.6, 4.3 Hz), 2.39 (1H, m), 2.34 (1H, m), 2.28 (1H, m), 2.23 (1H, q, J = 6.9 Hz), 1.95 (1H,
m), 1.74 (1H, m); 1.68 (1H, m), 1.67 (1H, m), 1.52 (1H, brdd, J = 12.7, 2.7 Hz), 1.51 (1H, m),
1.49 (1H, m), 1.476 (1H, m), 1.472 (1H, m), 1.44 (1H, m), 1.42 (1H, m), 1.41 (1H, brdd, J = 10.1,
2.2), 1.39 (1H, m), 1.35 (1H, brt, J = 13.6 Hz), 1.29 (1H, m), 1.27 (1H, m), 1.25 (1H, m), 1.20
(1H, m), 1.195 (1H, m), 1.17 (1H, brdd, J = 13.6, 4.3 Hz), 1.04 (3H, s), 1.03 (3H, s), 0.94 (3H, s),
0.87 (3H, d, J = 6.9 Hz), 0.86 (3H, s), 0.81 (3H, s), 0.71 (3H, s); 13C NMR (CDCl3, 150 MHz)
213.3 (C=O), 184.9 (COOH), 59.4 (CH), 58.4 (CH), 53.2 (CH), 45.0 (C), 42.2 (C), 41.6 (CH2),
41.3 (CH2), 39.1 (C), 38.0 (CH), 37.9 (C), 37.8 (C), 36.1 (CH2), 35.6 (CH2), 35.0 (CH2), 34.7
(CH3), 32.8 (CH2), 32.6 (CH2), 31.2 (CH2), 29.9 (CH3), 29.6 (CH2), 28.6 (C), 22.4 (CH2), 20.8
(CH3), 18.7 (CH3), 18.3 (CH2), 17.7 (CH3), 14.8 (CH3), 7.0 (CH3).

Canophyllol (12): green powder, 1H NMR (CDCl3, 600 MHz) 3.64 (1H, d, J = 11.9 Hz),
3.61 (1H, d, J = 11, 9 Hz), 2.38 (1H, m), 2.28 (1H, m), 2.24 (1H, q, J = 6.6 Hz), 1.96 (1H, m),
1.84 (1H, m), 1.75 (1H, m), 1.68 (1H, m), 1.53 (1H, brdd, J = 12.3, 2.2 Hz), 1.48 (1H, m), 1.47
(1H, m), 1.46 (2H, m), 1.41 (2H, m), 1.35 (1H, m), 1.32 (2H, m), 1.31 (1H, m), 1.30 (1H, m),
1.29 (2H, m), 1.27 (1H, m), 1.26 (1H, m), 1.12 (3H, s), 0.99 (3H, s), 0.97 (3H, s), 0.91 (3H, s),
0.87 (3H, d, J = 6.6 Hz), 0.86 (3H, s), 0.71 (3H, s); 13C NMR (CDCl3, 150 MHz) 213.3 (C=O),
68.2 (COH), 59.6 (CH), 58.4 (CH), 52.6 (CH), 42.2 (C), 41.6 (CH2), 41.4 (CH2), 39.6 (CH), 39.5
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(C), 38.3 (C), 37.6 (C), 35.6 (CH2), 35.3 (C), 34.6 (CH2), 34.4 (CH3), 33.5 (CH2), 33.0 (CH3),
31.5 (CH2), 31.4 (CH2), 30.2 (CH2), 29.3 (CH2), 28.3 (C), 22.4 (CH2), 19.3 (CH3), 19.2 (CH3),
18.4 (CH2), 18.2 (CH3), 14.8 (CH3), 7.0 (CH3).

Canophyllic acid (13): orange powder, 1H NMR (CDCl3, 600 MHz) 3.73 (1H, m), 2.38
(1H, brdd, J = 13.3, 4.0 Hz), 1.89 (1H, m), 1.73 (1H, m), 1.66 (1H, m), 1.55 (1H, m), 1.54 (1H,
m), 1.50 (1H, m), 1.45 (1H, m), 1.43 (1H, m), 1.42 (1H, m), 1.35 (1H, m), 1.34 (1H, m), 1.33
(1H, m), 1.29 (1H, m), 1.25 (1H, m), 1.245 (1H, m), 1.23 (2H, m), 1.17 (1H, m), 1.13 (1H, m),
1.03 (3H, s), 1.0 (3H, s), 0.97 (1H, m), 0.96 (3H, s), 0.934 (3H, s), 0.93 (3H, d, J = 7.0 Hz), 0.89
(1H, m), 0.85 (3H, s), 0.80 (3H, s); 13C NMR (CDCl3, 150 MHz) 184.0 (COOH), 72.9 (COH),
61.3 (CH), 53.3 (CH), 49.3 (CH), 44.9 (CH), 41.7 (CH2), 39.1 (C), 38.1 (CH), 38.0 (C), 37.9 (C),
37.5 (C), 36.1 (CH2), 35.6 (CH2), 35.3 (CH2), 35.0 (CH2), 34.7 (CH3), 32.8 (CH2), 32.7 (CH2),
31.4 (CH2), 29.9 (CH3), 29.7 (CH2), 28.6 (C), 20.7 (CH3), 18.7 (CH3), 18.0 (CH3), 17.6 (CH2),
16.5 (CH3), 16.0 (CH2), 11.8 (CH3).

Canophyllal (14): off-white powder, 1H NMR (CDCl3, 600 MHz) 9.47 (1H, s), 2.39 (1H,
ddd, J = 13.4, 5.1, 2.0), 2.28 (1H, tdd, J = 13.4, 7.4, 0.9), 2.23 (1H, q, J = 7.7 Hz), 2.18 (1H, dd,
J = 13.4, 4.4 Hz), 2.01 (1H, m), 1.99 (1H, m), 1.95 (1H, m), 1.74 (1H, dt, J = 12.5, 3.0 Hz), 1.52
(1H, dd, J = 12.3, 3.0 Hz), 1.50 (1H, m), 1.46 (1H, m), 1.43 (1H, m), 1.38 (1H, m), 1.37 (1H, m),
1.25 (2H, m), 1.07 (3H, s), 0.98 (3H, s), 0.95 (3H, s), 0.87 (3H, d, J = 7.7 Hz), 0.84 (3H, s), 0.71
(3H, s), 0.67 (3H, s); 13C NMR (CDCl3, 150 MHz) 213.3 (C=O), 209.4 (HC=O), 59.4 (CH),
58.3 (CH), 53.0 (CH), 48.0 (C), 42.1 (C), 41.6 (CH2), 41.5 (CH2), 38.5 (C), 38.0 (C), 37.7 (C),
36.5 (C), 35.5 (CH2), 34.9 (CH2), 34.6 (CH3), 32.6 (CH2), 32.5 (CH2), 30.7 (CH2), 29.5 (CH3),
28.2 (C), 27.3 (CH2), 22.5 (CH2), 19.9 (CH3), 18.8 (CH3), 18.2 (CH2), 17.3 (CH3), 14.6 (CH3),
6.8 (CH3).

2.4. Molecular Modeling
2.4.1. Calculation of Averaged NMR Spectra

The GAUSSIAN 09 program [12] using the hybrid B3LYP exchange–correlation func-
tional [13,14] and the 6-31+G(d,p) basis set was used to carry out all DFT calculations.
Tight convergence criteria were used for geometry optimization. All stationary points were
confirmed as true minima via vibrational frequency calculations. Frequencies calculated
in the harmonic approximation were multiplied by 0.98. Density functional theory (DFT)
was used to perform the quantum chemical calculations. The molecular geometries were
optimized by the DFT/B3LYP/6-31+G(d,p) method. Gauge including atomic orbitals
(GIAO) NMR chemical shifts were calculated for the obtained geometries using the polariz-
able continuum model, PCM, with methanol as solvent, mPW1PW91 DFT functional and
6-31+G(d,p) basis sets to be in agreement with the DP4+ probability calculation. Averaged
NMR chemical shifts were calculated from the unscaled chemical shifts of individual con-
formers according to their contribution calculated by Boltzmann weighting and using TMS
as reference standard.

2.4.2. Conformational Study for UV–ECD Calculations

Conformational analysis was performed by stochastic exploration of the potential
energy surface (PES) using the simulated annealing algorithm proposed by the Ampac11
software and combined with semi-empirical levels RM1 [15]. For the annealing, a geometry
optimized at GD3BJ-B3LYP/6-311G(d,p) level was used as a starting structure. The GD3BJ
term stands for empirical dispersion which was added with the D3 version of Grimme’s
dispersion with Becke–Johnson damping (GD3BJ) [16]. During each annealing, only the
dihedral angles of this initial geometry were allowed to relax, the bond lengths and the
valence angles were kept constant. A set of 24 geometries (the conformations with energy
lower than 3 kcal mol−1 compared to the lower energy conformation) were selected for
each diastereomer from the structures generated by 4 simulated annealing algorithms, each
performed either with an initial geometry with some dihedral angles modified or with
a different annealing temperature. Then, these geometries were fully optimized (i.e., all
internal coordinates released) using GD3BJ-B3LYP/6-311G(d,p) level.
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2.4.3. Calculation of Averaged UV and ECD Spectra

Based on the GD3BJ-B3LYP/6-311G(d,p) optimized geometries, the UV and ECD
spectra were calculated using time-dependent density functional theory (TDSCF-DFT) with
CAM-B3LYP functional and 6-31++G(d,p) basis set and with the SMD(CH3OH) solvation
model. SMD indicates the implicit solvent model used which is a dielectric continuum
model that simulates the average effects of the solvent [17]. Calculations were performed
for vertical 1A singlet excitation for 50 states. For a comparison between theoretical results
and the experimental values, the calculated UV and ECD spectra have been modeled
with a gaussian function using a half-width of 0.33 eV. Due to the approximations of the
theoretical model used, an almost constant offset was observed between measured and
calculated wavenumbers. Using UV spectra, all frequencies were calibrated by a factor of
1.05. Gaussian 16 package [18] was used to perform all calculations. It should be noted
that similar calculations were performed using the LC-whPBE functional instead of CAM-
B3LYP (SMD(CH3OH)/LC-whPBE/6-31++G(d,p)//GD3BJ-B3LYP/6-311G(d,p)) and led
to a similar result, which is not presented here.

2.5. In Vitro Cytotoxic Assay

HepG2 (human liver cancer) and HT29 (human colon and colorectal adenocarci-
noma) cell lines were used to assess the toxicity of samples. In the performed assay,
cytotoxicity was expressed as a concentration-dependent reduction in the uptake of
the vital dye Neutral Red (NR) when measured 24 h after treatment. NR is a weak
cationic dye that readily penetrates cell membranes by non-diffusion and accumulates
intracellularly in lysosomes. Alterations of the sensitive lysosomal membrane lead to
lysosomal fragility and other changes that gradually become irreversible. This results in
a decreased uptake and binding of NR in non-viable cells. HT29 (ATCC® HTB-38™) and
HepG2 (ATCC® HB-8065™), low passage number (<50), were cultivated into DMEM
(Dulbecco’s Minimum Essential Medium, PAN BIOTECH. lot 1874561) supplemented
with penicillin 100 IU/mL and streptomycin 100 µg/mL (PAN BIOTECH, Lot 945514),
and 10% of inactivated calf serum (PAN BIOTECH, Lot P56314), pH 7.2, freshly pre-
pared, stored no longer than 1 week. Cells were seeded into 96-well tissue culture plates
(0.1 mL per well) at a concentration of 1.105 cells/mL and incubated at 37 ◦C (5% CO2)
until semi-confluent. The test material was diluted into sterile DMSO (stock solutions
0.1, 1 and 10 mg/mL) at final concentrations ranging from 0.1 to 250 µg/mL. The culture
medium was decanted and replaced by 100 µL of fresh medium containing the various
concentrations of the test material; then, cells were incubated for 24 h at 37 ◦C (5%
CO2). At the end of the incubation period, cells were placed into Neutral Red medium
(50 µg/mL NR in complete medium) and incubated for 3 h at 37 ◦C, 5% CO2. Then,
the medium was removed, and cells were washed three times with 0.2 mL of HBSS
to remove excessive dye. The Neutral Red medium was removed and the distaining
solution (50% ethanol, 1% acetic acid, 49% distilled water; 50 µL per well) was added
into the wells. Then, the plates were shaken for 15–20 min at room temperature in
the dark. The test samples and controls were run in triplicates in three independent
experiments. A fluorescence–luminescence reader Infinite M200 Pro (TECAN) was used
to measure the degree of membrane damage (i.e., the increase in released NR). For each
well, the Optical Density (OD) was read at 540 nm. The results obtained for test material
wells were compared to those of untreated control wells (HBSS, 100% viability) and
converted to percentage values. The concentrations of the test material causing a 50%
release of the preloaded NR (IC50) compared to the control culture were calculated using
software Phototox Version 2.0. The mean OD value of blank wells (only NR desorbed
solution) was subtracted from the mean OD value of three test/untreated wells.

93



Metabolites 2023, 13, 582

2.6. Feature-Based Molecular Networking

The leaf crude extract of C. tacamahaca as well as the isolated metabolites were profiled
by UHPLC-QqTOF-MS/MS in a mass range from m/z 50 to 1200 using positive (+) mode
for the ESI source. The following parameters were used: end plate offset at 500 V; nebulizer
gas pressure at 3.5 bar; dry gas flow at 12 L/min; drying temperature at 200 ◦C; acquisition
rate at 4.0 Hz. The capillary voltage was set at 4500 V, with a fragmentation energy of
20–40 eV. The UHPLC conditions were as follows: sample concentrations: 5 mg/mL (crude
extract), 0.2 mg/mL (isolated compounds) in 100% MeOH, injection volume: 2 µL, column
temperature: 40 ◦C, elution gradient of H2O-CH3CN with 0.1% HCO2H (98:02 over 2 min,
98:02 to 0:100 over 12 min, 0:100 over 3 min) at a flow rate of 0.5 mL/min. Raw data
obtained from the crude extract analysis were converted into open format .mzXML using
software Bruker Compass DataAnalysis Version 4.2 and processed using software MZmine
Version 2.53 [19–21]. Then, a feature-based molecular network (FBMN) was created on
the GNPS platform [22], and it is available via the following link https://gnps.ucsd.edu/
ProteoSAFe/status.jsp?task=f0c193d2141d463ba34af46df7bfe57c (accessed on 29 March
2022). The Mzmine MS/MS data processing comprises .mzXML file import, MS peak
detection, ADAP chromatogram builder, chromatogram deconvolution, isotopic peaks
grouper, alignment, filtering, fragment search, adduct search and spectra normalization.
Setting parameters were as follows: positive ionization mode, centroid detection, MS1 peak
detection limit: 1E3, MS2 peak detection limit: 1E2, m/z tolerance: 10 ppm, peak/top edge
ratio: 2, peak duration range: 0.03–1 min, m/z range for MS2 pairing: 0.02 Da, RT range for
MS2 pairing: 0.1 min, representative isotope: most intense, alignment weight for m/z: 75,
weight for RT: 25, filtering RT tolerance: 0.1 min, filtering m/z tolerance: 0.001 m/z, adduct
search [M+Na]+, [M+NH4]+, spectra normalization type: average intensity. Processed files
including an mgf and a csv file were uploaded to the GNPS platform. An FBMN was
then developed using the Advanced Analysis Tools—Feature Networking workflow [23].
Advanced Network Options parameters were as follows: min pair cos: 0.7, minimum
matched fragment ions: 6, network topK: 10, maximum connected component size: 100,
mass tolerance for precursor and fragment ions: 0.02 Da. The output was imported
into Cytoscape Version 3.8.2 in order to visualize the network. Node annotations were
performed manually for isolated compounds and with GNPS spectral databases (score
threshold: 0.7) and In Silico MS/MS DataBase ISDB (score threshold: 0.2) [24].

3. Results and Discussion
3.1. Isolation of Compounds 1–14

C. tacamahaca leaf EtOAc extract was subjected to a solid reverse-phase extraction and
yielded three fractions (F1–F3). Fractions F2 and F3 were further purified by preparative,
semi-preparative and analytical reverse-phase HPLC, resulting in the isolation of one new
chromanone (1) and 13 known compounds (2–14) (Figure 1). The latter were identified
by comparison with previously reported spectroscopic data as amentoflavone (2) [25],
scriblitifolic acid (4) [26], pancixanthone B (5) [27], calophyllic acid (6) [28] isocalophyllic
acid (7) [28], inophyllum E (8) [28,29], 27-hydroxyacetate-canophyllic acid (9) [30], pyra-
nojacareubin (10) [31], canophyllalic acid (11) [32], canophyllol (12) [32], canophyllic acid
(13) [32] and canophyllal (14) [33]. Spectroscopic data of the known metabolite 3, identi-
fied as 6-(4-hydroxy-3-methylbutyl)-1,5-dihydroxyxanthone [34], have not been published
so far and are provided here (Section 2 and Figures S11–S15). The structure of the new
compound 1 was established based on 1D and 2D NMR, IR and UV spectroscopic and
HRESIMS spectrometric data.
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Figure 1. Structures of compounds 1–14 isolated from C. tacamahaca.

3.2. Structure Elucidation of Isocaloteysmannic Acid (1)

Isocaloteysmannic acid (1), [α]25
D −31.7 (c 0.1, MeOH), was isolated as a yellow–

green powder. The molecular formula C25H26O6 was established from HRESIMS data
showing a molecular ion peak at m/z 423.1791 [M+H]+ (calculated for C25H27O6

+,
423.1802), suggesting the occurrence of 13 degrees of insaturation. The UV spectrum
exhibited absorption maxima at 200, 264–274, 299–312 and 368 nm, characteristic of a
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pyranochromanone moiety [35]. The IR spectrum exhibited characteristic bands of sp3

type CH (2926 cm−1), sp2 type CH (3087 cm−1), carboxylic acid function (1709 cm−1),
aromatic rings (1627 cm−1) and ether function (1000 and 1300 cm−1). The 1H and 13C
NMR data of (1) (Table 1 and Figures S2 and S3) are similar to those of caloteysmannic
acid [35]. The 1H and 13C NMR spectra showed aromatic signals at δH/C 7.33 (H-2′ ,
H-6′ , doublet)/128.8 (C-2′ , C-6′), δH/C 7.20 (H-3′ , H-5′ , borad triplet)/128.8 (C-3′ , C-
5′) and δH/C 7.10 (H-4′ , triplet)/126.7 (C-4′), consistent with the phenyl group of the
chromanone. The COSY spectrum (Figure S4) showed correlations consistent with
the spin system H-2′−H-3′−H-4′−H-5′−H-6′ . Signals observed at δH/C 5.48 (H-7,
doublet)/127.3 (C-7) and δH/C 6.49 (H-8, doublet)/116.7 (C-8) correspond to the spin-
pair of two sp2 methine protons. Characteristic signals of protons H-10 and H-11
are observed at δH/C 4.18 (H-10, doublet of quadruplet)/80.3 (C-10) and δH/C 2.61
(H-11, doublet of quadruplet)/46.9 (C-11). The two signals observed at δH/C 3.07
(H-3a, doublet of doublet)/38.2 (C-3) and 3.27 (H-3b, doublet of doublet)/38.2 (C-3)
correspond to diastereotopic protons. The 1H and 13C NMR spectra show a deshielded
signal at δH/C 5.07 (H-4, broad triplet)/36.3 (C-4), corresponding to the alkane proton
in beta position of the acid carboxylic function. These positions were confirmed with
the COSY spectrum (Figure S4) showing a correlation between H-3 (δH 3.07, 3.27) and
H-4 (δH 5.07). Four signals corresponding to methyl groups are observed at δH/C
1.01 (H-13, singlet)/27.5 (C-13), δH/C 1.41 (H-14, singlet)/28.5 (C-14), δH/C 1.49 (H-15,
doublet)/19.8 (C-15) and δH/C 1.19 (H-16, doublet)/10.3 (C-16). The COSY spectrum
(Figure S4) shows correlations between H-15 (δH 1.49) and H-10 (δH 4.18), and between
H-16 (δH 1.19) and H-11 (δH 2.61). Finally, the characteristic signals of the acid carboxylic
and the ketone functions are observed on the 13C NMR spectrum at δC 177.2 (C-2) and δC
200.7 (C-12), respectively. The linkage and the substitution pattern of (1) is determined
from HMBC correlations (Figure 2 and Figure S6). The HMBC correlations of H-4 (δH
5.07) to C-2′ (δC 128.8) and C-6′ (δC 128.8) and those of H-3 (δH 3.07, 3.27) to C-1′ (δC
145.2) indicate the substitution of C-4 (δC 36.3) by the phenyl group. The carboxylic
acid function position in C-2 (δC 177.2) is confirmed by the 2JHC correlation of H-3 (δH
3.07, 3.27) to C-2 (δC 177.2). The HMBC correlations of methyl protons H-13 (δH 1.01)
and H-14 (δH 1.41) to C-6 (δC 79.2) indicate these two methyl groups are borne by the
same carbon C-6 (δC 79.2). The HMBC correlations of H-7 (δH 5.48) to C-14 (δC 28.5) and
C-8a (δC 102.9), and of H-8 (δH 6.49) to C-4b (δC 160.9), C-6 (δC 79.2) and C-8b (δC 156.8)
confirmed the A and C rings linkage. The HMBC correlations of H-4 (δH 5.07) to C-4b
(δC 160.9) and C-12b (δC 162.2), and of H-3 (δH 3.07, 3.27) to C-4a (δC 113.0) indicate
the substitution of C-4a (δC 113.0) by the phenyl-bearing saturated chain. Finally, the
HMBC correlations of H-10 (δH 4.18) and H-11(δH 2.61) to C-16 (δC 10.3) and C-15 (δC
19.8), respectively, of H-10 (δH 4.18) to C-12 (δC 200.7) and C-8b (δC 156.8), and those
of H-16 (δH 1.19) to C-12 (δC 200.6) confirm the D ring configuration. Based on NMR
data, the 3JH-10/11 coupling constant (11.3 Hz) between the vicinal protons H-10 and
H-11 indicate a dihedral angle consistent with an axial–axial coupling constant [36].
In a previous work, Patil et al. showed that the only possible configuration for these
trans-diaxial H-10 and H-11 vicinal protons is a configuration of C-10 and C-11 carbons
10R, 11R [28]. Consequently, two potential diastereoisomers were conceivable for
compound 1: (4R,10R,11R) or (4S,10R,11R) (Figure 3).
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3.3. Absolute Configuration of Isocaloteysmannic Acid (1) 
First, to confirm the configuration of C-10 and C-11 carbons and to determine the 

configuration of C-4 carbon, experimental chemical shifts (1H and 13C) of compound (1) 
were compared with calculated chemical shifts of four isomers (4S,10S,11S), (4S,10R,11R), 
(4S,10R,11S), (4S,10S,11R). For these four isomers, the equilibrium population of each con-
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3.3. Absolute Configuration of Isocaloteysmannic Acid (1)

First, to confirm the configuration of C-10 and C-11 carbons and to determine the
configuration of C-4 carbon, experimental chemical shifts (1H and 13C) of compound (1)
were compared with calculated chemical shifts of four isomers (4S,10S,11S), (4S,10R,11R),
(4S,10R,11S), (4S,10S,11R). For these four isomers, the equilibrium population of each con-
former was calculated from its relative free energy using Boltzmann statistics, 36 conform-
ers for (4S,10S,11S), 37 conformers for (4S,10R,11R), 39 conformers for (4S,10R,11S), and
48 conformers for (4S,10S,11R) (Tables S1–S4). NMR chemical shifts have been calculated
with the GIAO method at the PCM/mPW1PW91/6-31+G(d,p) level allowing to use the
DP4+ probability [37]. Experimental chemical shifts have been compared to theorical chem-
ical shifts of each isomer individually by linear regressions of δ1Htheorical = f(δ1Hexperimental)
and δ13Ctheorical = f(δ13Cexperimental) and all together with the DP4+ probability (Table S5).
Assignment by 1H-DP4+ and 13C-DP4+ did not converge to the same isomer, and when
including all the data, probabilities were shared between two isomers (4S,10S,11S) (41.07%)
and (4S,10R,11R) (58.93%) (Figure 4). Therefore, the results of these comparisons did not
allow unambiguous determination of the absolute configuration of compound 1 but did
confirm the trans-configuration of C-10 and C-11.

The absolute configuration of (1) was established by ECD by comparing the measured
spectra with those calculated using DFT and TD-DFT for diastereomers (4S,10R,11R) and
(4R,10R,11R) according to the previous NMR analysis (Figure 3).
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Figure 4. Graph of 1H-DP4+, 13C-DP4+, and DP4+ (PCM/mPW1PW91/6-31+Gdp) probabilities
obtained by correlating the experimental NMR of compound 1 with the calculated data of the
four isomers (4S,10S,11S), (4S,10R,11R), (4S,10R,11S), (4S,10S,11R).

The UV and ECD spectra of (4S,10R,11R) and (4R,10R,11R) were built, respectively,
from the individual spectra of the A1–6 and B1–6 conformations weighed by their Boltz-
mann population (Appendix A). The comparison of the calculated UV spectra for the
two diastereomers showed a good agreement with the measured spectrum, without allow-
ing to establish the absolute configuration of the C-4 atom. Furthermore, the calculated
ECD spectra showed a clear sign difference around 215 nm: positive bands for (4S,10R,11R)
and negative bands for (4R,10R,11R) (Figure 5A–D).
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Figure 5. UV (left-A,C) and ECD (right-B,D) spectra measured in CD3OD for (1) (green) and
calculated using SMD(CH3OH)/CAM-B3LYP/6-31++G(d,p)//GD3BJ-B3LYP/6-311G(d,p) level for
(4R,10R,11R) (red) and (4S,10R,11R) (blue).

Comparison with the corresponding measured spectrum showed excellent agreement
with that calculated for the (4S,10R,11R) configuration (Figure 5A–D). In particular, the
band around 215 nm is positive as in the measured spectrum. This ECD analysis therefore
confirmed the R-configuration of the C-10 and C-11 atoms, but also unambiguously estab-
lished that the C-4 atom is of absolute configuration S. Consequently, compound 1 has the
absolute configuration (4S,10R,11R).
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Compound 1 is a trans-epimer of caloteysmannic acid, a chromanone with (4S) config-
uration and cis-configuration of vicinal protons H-10, H-11 (10S,11R) previously isolated
from Calophyllum teysmannii [35]. Therefore, (1) was named isocaloteysmannic acid.

3.4. Cytotoxic Activity of the Isolated Compounds

Ten isolated compounds were evaluated for their cytotoxic properties against the
two cancer cell lines HepG2 and HT29. Due to their paucity, compounds 3–5 and 14 were
not evaluated. Compounds 7, 8, 10, 11, 12 and 13 showed a potent activity against one
or both cell lines, with IC50 values ranging from 2.44 to 15.38 µg/mL (Table 2). The new
compound 1, as well as compound 6, exhibited a moderate activity against both cell lines
with IC50 values ranging from 15.98 to 25.68 µg/mL.

Table 2. Cytotoxic activity of the isolated compounds.

Compound
IC50 (µg/mL) a

HepG2 HT29

1 19.65 ± 2.34 25.68 ± 2.08
2 39.03 ± 3.23 41.97 ± 2.54
6 15.98 ± 3.65 18.97 ± 2.94
7 2.44 ± 0.67 4.24 ± 0.67
8 7.03 ± 1.56 5.94 ± 0.07
9 45.09 ± 2.09 56.98 ± 3.76
10 9.54 ± 1.22 10.46 ± 2.08
11 3.34 ± 0.94 5.97 ± 0.99
12 15.38 ± 2.07 10.26 ± 1.34
13 6.65 ± 1.54 4.06 ± 0.29

a IC50 are the means ± standard deviations calculated from three independent assays.

The triterpenes 11–13 showed a potent activity, whereas triterpene 9 exhibited only
a weak activity, suggesting that the presence of the acetoxy group in 9 could decrease its
cytotoxic potential.

These results also suggest that the cis-configuration of the methyl groups in C-10 and
C-11 of compounds 7 and 8 leads to a higher cytotoxic activity than the trans-configuration
(compounds 1 and 6).

3.5. Feature-Based Molecular Networking Analysis of the Crude Extract

A feature-based molecular networking (FBMN) [23] approach was performed in
order to provide more information about the chemodiversity of the species and to de-
tect additional cytotoxic metabolites by highlighting close analogues of the bioactive
isolated compounds. For this purpose, leaf EtOAc extract was subjected to an UHPLC-
HRESIMS/MS analysis and a molecular network (MN) was generated with the FBMN tool
on the GNPS platform.

3.5.1. Chemodiversity of the Species

A molecular network (MN) comprising 520 features and 55 clusters (two features
at least) was obtained (Figure 6). Squared orange nodes correspond to the isolated
compounds 1, 3, 4, 5, 6, 8 and 10. Green nodes correspond to spectral matches on GNPS
or ISDB databases. The edge thickness correlates with the cosine score (CS) value (0.7–1)
between two nodes.

99



Metabolites 2023, 13, 582Metabolites 2023, 12, x FOR PEER REVIEW 14 of 18 
 

 

 
Figure 6. Molecular networking (MN) of the isolated compounds (orange squared nodes) and MN 
annotation based on GNPS and ISDB spectral matches (green and blue nodes). 

Relatively few consistent spectral matches on GNPS or ISDB databases were ob-
tained. Based on these matches, the largest cluster C1 (43 nodes) could correspond to xan-
thones. Two nodes correspond to the isolated xanthones 5 and 10, and three nodes were 
putatively identified as xanthones previously reported in the genus Calophyllum: 6-deox-
yisojacareubin, mammea B/BA and caloxanthone. Seven nodes could correspond to xan-
thones reported in close botanical families of Calophyllaceae: elliptoxanthone B (Hyperi-
caceae), garcinexanthone C (Clusiaceae), celebixanthone (Hypericaceae), nigrolineaxan-
thone K (Clusiaceae), garcinone A (Clusiaceae), hypericumxanthone B (Hypericaceae) and 
garcimangosone C (Clusiaceae). 

Cluster C8 is another cluster of xanthones, containing the isolated metabolites 3 and 
4, as well as one node putatively identified as caloxanthone H. The latter was previously 
reported in the genus Calophyllum. 

The new compound 1 is located in cluster C5. In the latter, one node corresponds to 
a close analogue of 1 (m/z 423.1785, CS > 0.9). Based on ISDB matches, this close analogue 
was putatively identified as isochapelieric acid, a compound isolated from the species 
Calophyllum calaba [38]. 

These observations are consistent with the data in the literature, indicating that xan-
thones and chromanones are largely represented in the genus Calophyllum. 

Figure 6. Molecular networking (MN) of the isolated compounds (orange squared nodes) and MN
annotation based on GNPS and ISDB spectral matches (green and blue nodes).

Relatively few consistent spectral matches on GNPS or ISDB databases were obtained.
Based on these matches, the largest cluster C1 (43 nodes) could correspond to xanthones.
Two nodes correspond to the isolated xanthones 5 and 10, and three nodes were putatively
identified as xanthones previously reported in the genus Calophyllum: 6-deoxyisojacareubin,
mammea B/BA and caloxanthone. Seven nodes could correspond to xanthones reported in
close botanical families of Calophyllaceae: elliptoxanthone B (Hypericaceae), garcinexan-
thone C (Clusiaceae), celebixanthone (Hypericaceae), nigrolineaxanthone K (Clusiaceae),
garcinone A (Clusiaceae), hypericumxanthone B (Hypericaceae) and garcimangosone
C (Clusiaceae).

Cluster C8 is another cluster of xanthones, containing the isolated metabolites 3 and
4, as well as one node putatively identified as caloxanthone H. The latter was previously
reported in the genus Calophyllum.

The new compound 1 is located in cluster C5. In the latter, one node corresponds to a
close analogue of 1 (m/z 423.1785, CS > 0.9). Based on ISDB matches, this close analogue
was putatively identified as isochapelieric acid, a compound isolated from the species
Calophyllum calaba [38].

These observations are consistent with the data in the literature, indicating that xan-
thones and chromanones are largely represented in the genus Calophyllum.
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3.5.2. Detection of Additional Bioactive Metabolites

Two analogues of the cytotoxic isolated compound pyranojacareubin (10) have been
detected in cluster C1 (Figure 7) at m/z 395.1475 and m/z 327.0854. Based on structure–
activity relationship, these analogues could correspond to cytotoxic metabolites. They were
putatively identified as muxiangrine I and elliptoxanthone B, according to ISDB matches.
To the best of our knowledge, no cytotoxic properties have been reported in the literature
for these compounds. As these identifications are highly hypothetical, it would be necessary
to target the isolation of these two compounds, to identify them and assess their biological
properties in a future work.
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4. Conclusions

Fourteen metabolites (1–14) were isolated from the EtOAc leaf extract of C. tacamahaca.
To the best of our knowledge, compound 1 was reported for the first time. Six compounds
(7, 8, 10, 11, 12 and 13) showed a potent cytotoxicity against HepG2 and/or HT29 cell lines.
The FBMN approach allowed the detection of a large amount of xanthones in the extract,
including two close analogues of the cytotoxic compound 10. Xanthones are well known for
their cytotoxic properties [2], so the results of this study suggest that C. tacamahaca leaves
are a significant source of cytotoxic metabolites. These compounds could be interesting
candidates for future therapeutic applications. Nevertheless, further studies are needed to
evaluate their in vivo anticancer activity, as well as their mechanism of action, and thus
confirm their therapeutic potential.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/metabo13050582/s1, Figure S1: HRESIMS spectrum for isocal-
oteysmannic acid (1); Figure S2: 1H NMR (600 MHz, CD3OD) spectrum for isocaloteysmannic acid
(1); Figure S3: 13C NMR (150 MHz, CD3OD) spectrum for isocaloteysmannic acid (1); Figure S4:
1H-1H COSY NMR (600 MHz, CD3OD) spectrum for isocaloteysmannic acid (1); Figure S5: 1H-13C
HSQC NMR (600 MHz, CD3OD) spectrum for isocaloteysmannic acid (1); Figure S6: 1H-13C HMBC
NMR (600 MHz, CD3OD) spectrum for isocaloteysmannic acid (1); Figure S7: Plot of Boltzmann-
weighted calculated NMR δ 13C of 4R,10R,11R and 4S,10R,11R isomers versus experimental NMR
δ 13C of isocaloteysmanic acid (1); Figure S8: UV (left) and ECD (right) spectra calculated us-
ing SMD(CH3OH)/CAM-B3LYP/6-31++G(d,p)//GD3BJ-B3LYP/6-311G(d,p) level for (4R,10R,11R)
(red) and (4S,10R,11R) (blue); Figure S9: Conformations A1 to A6 selected to build the UV and
ECD spectra of the diastereomer (4R,10R,11R). Geometries optimized to the level GD3BJ-B3LYP/6-
311G(d,p); Figure S10: Conformations B1 to B6 selected to build the UV and ECD spectra of the
diastereomer (4S,10R,11R). Geometries optimized to the level GD3BJ-B3LYP/6-311G(d,p); Figure S11:
HRESIMS spectrum for 6-(4-Hydroxy-3-methylbutyl)-1,5-dihydroxyxanthone (3); Figure S12: 1H
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NMR (600 MHz, CD3OD) spectrum for 6-(4-Hydroxy-3-methylbutyl)-1,5-dihydroxyxanthone (3);
Figure S13: 1H-1H COSY NMR (600 MHz, CD3OD) spectrum for 6-(4-Hydroxy-3-methylbutyl)-
1,5-dihydroxyxanthone (3); Figure S14: 1H-13C HSQC NMR (600 MHz, CD3OD) spectrum for
6-(4-Hydroxy-3-methylbutyl)-1,5-dihydroxyxanthone (3); Figure S15: 1H-13C HMBC NMR (600 MHz,
CD3OD) spectrum for 6-(4-Hydroxy-3-methylbutyl)-1,5-dihydroxyxanthone (3); Table S1: Boltzmann-
weighted populations of conformations 1–36 used for DP4+ analysis of isomer 4R,10R,11R; Table S2:
Boltzmann-weighted populations of conformations 1–36 used for DP4+ analysis of isomer 4R,10R,11S;
Table S3: Boltzmann-weighted populations of conformations 1–36 used for DP4+ analysis of isomer
4S,10R,11R; Table S4: Boltzmann-weighted populations of conformations 1–36 used for DP4+ analysis
of isomer 4S,10R,11S; Table S5: Coefficients of determination R2 of the linear regressions made be-
tween experimental chemical shifts and theorical chemical shifts of each isomer; Table S6: Enthalpies
and Boltzmann populations of conformations A1–A14 of (4R,10R,11R) and conformations B1–B14 of
(4S,10R,11R), calculated using GD3BJ-B3LYP/6-311G(d,p) level.
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Appendix A

Based on NMR analysis, the UV and ECD spectra of the diastereomer of (1) were
calculated for the two potential enantiomers of absolute configuration (4R,10R,11R) and
(4S,10R,11R). The calculated enthalpies for the 14 most stable conformations discovered for
each diastereomer and the corresponding Boltzmann populations are shown in Table S6.
For each optimized conformation, a calculation of the vibrational frequencies established
that they were local minima (no imaginary frequency).

The conformations A1 to A6 with Boltzmann populations greater than 5% (Figure S9)
and the conformations B1 to B6 with Boltzmann populations greater than 5% (Figure S10)
were selected to build the UV and ECD spectra of the diastereomer (4R,10R,11R) and
(4S,10R,11R), respectively. The averaged UV and ECD spectra (Figure S8) of the diastere-
omers were built from the calculated spectra for the selected conformations weighted
by their Boltzmann population evaluated from the calculated enthalpy. These averaged
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spectra were then compared to the measured spectra in order to establish the absolute
configuration of (1).
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Abstract: Alternaria leaf blight, caused by the fungus Alternaria dauci, is the most damaging foliar
disease of carrot. Some carrot genotypes exhibit partial resistance to this pathogen and resistance
Quantitative Trait Loci (rQTL) have been identified. Co-localization of metabolic QTL and rQTL
identified camphene, α-pinene, α-bisabolene, β-cubebene, caryophyllene, germacrene D and α-
humulene as terpenes potentially involved in carrot resistance against ALB. By combining genomic
and transcriptomic analyses, we identified, under the co-localization regions, terpene-related genes
which are differentially expressed between a resistant and a susceptible carrot genotype. These genes
include five terpene synthases and twenty transcription factors. In addition, significant mycelial
growth inhibition was observed in the presence of α-humulene and caryophyllene.

Keywords: metabolomic; transcriptomic; antifungal activities; Daucus carota; leaf blight

1. Introduction

Plants synthesize a large number of specialized metabolites (about 200,000) involved in
many aspects of plant life [1,2]. Terpenoids, with an estimated 20,000 to 40,000 compounds,
belong to an important family of these specialized metabolites [3,4]. Monoterpenes and
sesquiterpenes are subfamilies of terpenoids and are synthetized through the methylery-
thritol phosphate (MEP) and the mevalonic acid (MVA) pathways, respectively. Geranyl
diphosphate (GPP) and farnesyl diphosphate (FPP) are precursors to mono- and sesquiter-
penes, respectively [4]. Monoterpenes and sesquiterpenes are involved in plant flavors,
perfumes, thermotolerance, response to light stress, attraction of pollinators or predators
of insect pests and defense against microbial pathogens [3,5–7]. Their involvement in
defense response to fungal pathogens has been shown in different pathosystems [8–10].
Terpene synthases (TPS) are key enzymes in terpenoid biosynthesis, giving rise to a large
diversity of terpene carbon skeletons. Plant TPS gene families may comprise several dozens
of members, which have been classified into eight subfamilies, designated TPS-a to TPS-
h, based on sequence and functions. In angiosperms, the TPS-a family contains mostly
sesquiterpene and diterpene synthases, while monoterpene synthases belong mostly to the
TPS-b and TPS-g clades [11]. In addition to terpene synthases, transcription factors (TF)
can regulate gene expression involved in terpene biosynthesis. Since the initial characteri-
zation of the R2R3 MYB TF ODORANT1 as a regulator of fragrance biosynthesis in petunia
flowers [12], a number of TF involved in the regulation of terpenoid biosynthesis have been
characterized in a number of plant species [13].
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Alternaria leaf blight is the most damaging foliar disease in carrot, causing burning
symptoms on leaves, which make harvesting difficult or impossible in case of a major
attack [14]. Symptoms of A. dauci appear as brown lesions surrounded or not by a chlorotic
halo and then spread to the entire leaf under favorable conditions (average temperature
22–24 ◦C and high humidity in the range 96 to 100%). The fungus can also contaminate
inflorescences, seeds and persist in infected soils [14]. Commercial varieties are only
partially resistant and there is still a need for antifungal treatments. The objective of
carrot breeders is to develop varieties with higher levels of resistance than those currently
available. Deciphering the resistance mechanisms is therefore crucial for this purpose. In
previous work, three QTL regions associated with resistance (rQTL) were identified within
a segregating population obtained from a cross between a parent susceptible to ALB (S269)
and a partially resistant one (R268) [15]. From two other connected populations, PC2 and
PC3, obtained from the cross between a susceptible parent H1 and two partially resistant
parents I2 and K3, respectively, Le Clerc et al. [16] highlighted new rQTL. Eleven rQTL
were identified with four and five most favorable alleles coming from the two resistant
parental lines, while two other favorable alleles came from the susceptible one. Global R2

were high, i.e., 43% and 52% in 2014 and 2011, respectively. Nevertheless, the mechanisms
underlying these rQTL remained unknown. In a previous work, we also showed significant
differences in the accumulation of secondary metabolites belonging to the flavonoid and
terpenes families in carrot genotypes with different resistance levels to ALB [17].

The objective of the present study is to evaluate the potential role of terpenes in carrot
resistance based on a metabolite-QTL (mQTL)-rQTL co-localization approach. For this
purpose (i) the terpene contents in plants of the PC3 segregating population were analyzed
after A. dauci natural infestation in the field; (ii) these terpene contents were used for m-QTL
mapping and the co-localization between mQTL and rQTL was analyzed; (iii) a microarray
analysis was performed to identify candidate genes underlying co-localizing mQTL–rQTL;
and (iv) finally, the antifungal activities of four terpene candidates were tested in vitro.

2. Materials and Methods
2.1. Plant Materials

A cross between H1, a French susceptible S3 line from the HM Clause company
breeding program, and K3, a partially resistant Asiatic S2 line from the Institut Agro
breeding program, was realized to develop a F2:3 segregating population named PC3.
These two parental lines H1 and K3 are not only very different in terms of susceptibility to
Alternaria dauci, but also on their metabolite and genetic profiles [16,17].

The development of the PC3 population was described in [16]. Briefly, in order
to choose appropriate susceptible and resistant parental lines, different accessions were
evaluated in different environments (France, Brazil, field and tunnel) from 1997 to 2006.
Based on those trials and parental genetic distance, F1 hybrids were obtained from the cross
between H1 and K3 and self-pollinated to provide F2 populations. About 180 individual
plants from one of these best segregating F2 populations were self-pollinated to derive the
F3 population called PC3 (i.e., 180 F2:3 lines). In addition to the parental lines (H1 and K3)
and the F2:3 lines of PC3, Presto, a susceptible cultivar from Vilmorin, was also used for
the trials to ensure pathogen attack. Boléro, another cultivar from Vilmorin, was used as a
partially resistant reference.

2.2. Experimental Design and Crop Management

For metabolite-QTL detection, two field trials were performed, one in 2015 at Blagon
(latitude 44.7835, longitude −0.9319; Gironde, France) and one in 2016 at Ychoux (latitude
44.3333, longitude −0.9667; Les Landes, France). During 2015 and 2016, 137 and 142 F2:3
progenies from PC3 with enough seeds available were used, respectively. Two replicates
per progeny and ten replicates of parental lines with about 180 seeds over a two linear
meter row were sown in each field trial. Presto was sown all along a central row. Two
blocks were designed on each side of this Presto row. Replicates of progenies and parental
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lines were randomly distributed within these two blocks. As described by [17], both trials
were done in sandy soils during the optimal carrot growth period. The two fields are
located in carrot production areas where A. dauci pressure is very high. Each replicate was
harvested eight days after natural infestation in both experiments. During both field trials
(2015, 2016), pathogen attacks were predicted using the Plant-Plus system® developed
by Dacom (http://www.dacom.nl/ (accessed on 7 December 2022)), which considers
weather conditions, plant development stage and pathogen concentration in this area of
carrot production.

In 2017, the two parental lines (H1 and K3) were sown under tunnel at Angers (latitude
47.4711; longitude −0.5518; Maine et Loire, France) for microarray analysis. Four replicates
of each line with 360 seeds were sown over a four linear meter row. The inoculum was
prepared from four Alternaria dauci strains used by GEVES (Groupe d’Etude et de contrôle
des Variétés et des Semences) for resistance testing of carrot varieties before their registration
in the French official catalogue (GEVES, personal communication). The four replicates per
line were harvested 48 h post inoculation (H48).

2.3. Sampling Design

Eight plants per replicate were harvested for mQTL and microarray analyses. The
following steps were as described by [17]. Briefly, the plants were cold transported to
laboratory, and then two intermediate leaves per plant were bulked from eight plants per
replicate, ground in a mortar with liquid nitrogen to obtain fresh powder stored at −80 ◦C
(called below “the roughly ground powder”).

2.4. Headspace Solid-Phase Microextraction Followed by Gas Chromatography–Mass Spectrometry
(HS-SPME-GC-MS) for Terpene Analyses

SPME vials (20 mL; Macherey–Nagel) containing 25 mg of fresh frozen roughly
ground powder were filled with 2 mL of Na2SO3 solution (10 g/L). 3-octanol (50 µg)
was added as an internal standard. Each sample was incubated for 15 min at 35 ◦C.
The volatile compounds were extracted under agitation (250 rpm) with a divinylben-
zene/Carboxen/polydimethylsiloxane fiber (1 cm, 23-gauge, 50/30 µm DVB/CAR/PDMS;
Supelco, Bellefonte, PA, USA) at 35 ◦C for 15 min, fitted to a Gerstel MPS2 autosam-
pler. The GC (Agilent 6890 Gas Chromatograph) was fitted with a DB-Wax column (i.d.:
30 m × 0.32 mm; film thickness: 0.5 µm). Helium was used as carrier gas with a column
flow rate of 1.3 mL·min−1. Volatiles were desorbed from the fiber in the GC inlet (220 ◦C) for
3 min and separated using the following temperature program: 40 ◦C for 5 min, increasing
by 3 ◦C/min to 240 ◦C, and then held for 5 min. The MS (Agilent 5973N Mass Spectrometer)
transfer line and ion source temperatures were set at 270 and 230 ◦C, respectively. The MS
was operated in electron ionization mode and positive ions at 70 eV were recorded with a
scan range from m/z 30 to m/z 300. ChemStation software (G1701DA, Rev D.03.00, Agilent,
Santa Clara, CA, USA) was used for instrument control and data processing. The identity
of the detected volatiles was determined by comparing their mass spectra with those of
authentic standards and spectral libraries. The U.S. National Institute of Standards and
Technology (NIST-05a, Gaithersburg, MA, USA), and the Wiley Registry 7th Edition mass
spectral libraries were used for identification. Data are presented as normalized peak area
per mg of fresh weight.

2.5. Correlation between Metabolite Accumulation and Disease Score

For disease evaluation, symptoms on leaves were scored for each replicate with
0–9 severity scale, 0 corresponds to no visible symptoms and 9 to leaves totally blight [18],
which means the lower the disease score, the higher the resistance. In 2015, even if disease
attack was confirmed by Dacom model and positive A. dauci isolation, it was not possible
to evaluate symptoms due to too little disease development. Therefore, in order to rely on
solid disease evaluation, the results of two previous exactly similar experiments were added
to the 2016 results. Thus, three years of scoring were used for the rQTL analysis (2011, 2014
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and 2016 in Les Landes), data were autoscaled, i.e., centered to mean, scaled to the standard
deviation of the disease score [19] and averaged for each genotype. Terpene contents were
expressed as the mean of autoscaled data (2015 and 2016). Spearman correlations were
calculated between terpene contents and disease score obtained for each PC3 progeny.
Significance of each correlation was estimated with p-value calculated from a Student’s
t-test. All analyses were performed using RStudio 1.0.136 software.

2.6. Resistance and Metabolite-QTL Detection

The genetic map was already described [20] with a few SSR added. The rQTL were
already detected for 2011 and 2014 [20]. A new detection was performed to integrate the
new markers and to identify the rQTL with the phenotypic evaluation performed in 2016.
The QTL detection was performed by regression interval mapping using MCQTL-5.2.6-
Linux.sh software [21]. Briefly, the QTL detections were performed on the two bi-parental
populations (PC2 and PC3) in a connected way with the additive connected model for
disease (rQTL) and with the PC3 population with the additive disconnected model for
the detection of metabolite-QTLs. For each trait (disease score and secondary metabolites
accumulation), a threshold value for QTL detection and co-factor selection was computed
under an F test with 1000 permutations. Marker co-factors were selected in a forward
method with 90% of the detection threshold value. Then, QTL was detected with the
iterative QTL mapping procedure according to the detection threshold value. A QTL was
indicated when the LOD (logarithm of odds) exceeded the threshold. A 1 and 1.5 LOD
support interval (LOD SI) suitable for the 95% confidence interval were computed for
all QTLs. The phenotypic variation (for the disease score) and the accumulation (for the
metabolite) explained by each QTL and by all QTLs were calculated and referred as R2

and global R2, respectively. The mQTL detection was performed by regression interval
mapping using MCQTL-5.2.6-Linux.sh software [21].

The co-localization zones were obtained using a two-step method: the mQTL and
rQTL were mapped and then the genome zones common to their respective 1 LOD SI were
defined by the SSR markers flanking these zones.

The mean of the autoscaled values (terpene contents), from the two-year experiments
in field (2015 and 2016) were used for mQTL detection. For each trait, broad sense heritabil-
ity (H2) were estimated as H2 = σG2/σP2, where σG2 is the genotypic variance and σP2 the
phenotypic one. The phenotypic variance includes σP2 = σG2 + σGY2/Y + σε2/rY, where
σGY2 is the genotype: environment variance, Y is the number of years, σε2 is the residual
variance and r is the number of replicates.

2.7. Transcriptomic Analysis

RNA extraction. Two randomly chosen H48 leaf samples for each of the two H1 and
K3 lines harvested in the inoculated part of the 2017 tunnel experiment were used. About
1 g of each roughly ground powder was ground again with liquid nitrogen and iron beads
using an MM2 Retsch mixer-mill to obtain very fine powder. RNA was extracted from
50 mg fine powder following the protocol of the NucleoSpin® RNA Plus kit (Macherey–
Nagel, Hoerdt, France). RNA was quantified using a NanoDrop ND-1000 (NanoDrop
Technologies, Wilmington, DE, USA), and RNA quality was assessed with an Agilent
2100 Bioanalyzer.

Microarray analysis. One hundred nanograms of RNA from each H48 inoculated
replicate was amplified and labeled using a Low Input Quick Amp Labeling Kit (Agilent,
Les Ulis, France, ref: 5190–2306) as follows. Briefly, mRNA was retro-transcribed into
complementary-DNA (cDNA) and a cRNA was synthesized from the cDNA. The cRNA
was amplified and labeled with two dyes, cyanine 3 or 5. Then, the cRNA was purified
with Rneasy Mini Kit (Qiagen, Courtaboeuf, France, ref: 74106) and purified cRNA was
hybridized onto the Agilent–Daucus carota v1 chip (Agilent ref: 084550-G4862A) and with
Gene Expression Hybridization Kit (Agilent, Les Ulis, France, ref: 5188–5242). After
hybridization, washing steps were performed with a Gene Expression Wash Buffer Kit
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(Agilent, Les Ulis, France, ref: 5188–5327) and the slide was scanned using the InnoScan
710 (Innopsys, Carbone, France) scanner. Data were extracted using the Mapix® (Innopsys,
Carbone, France) software.

The Daucus carota v1 chip was designed by the BIDefi-IRHS team using the contigs of
transcriptome sequencing from [22]. It has been submitted to Gene Expression Omnibus
under the accession number GPL25816. The microarray contains three sense and two
complementary antisense sequences probes corresponding to 33,978 coding genes. All the
probes were designed within the Coding DNA Sequence (CDS) of the corresponding genes
and fixed on a 4 × 180 K microarray slide. For the comparison of H1 and K3 inoculated
samples, two biological replicates with two technical repetitions per replicate were analyzed
in dye-swap, as described by [23].

2.8. Statistical Analysis and Highlighting of Differentially Expressed Genes within the
Co-Localization Area

Analyses were performed using the R package Limma from Bioconductor. First, data
were normalized with the Loess method. Then, the Lmfit function and the eBayes function
from the Limma package were used to highlight differentially expressed genes. Background
noise (i.e., the average of the lowest intensities plus two times the standard deviation) was
subtracted from normalized data [24]. Only transcripts with adjusted p-value (Benjamini–
Hochberg) <0.01 were considered.

Molecular markers (SSR) flanking mQTL-rQTL co-localization areas were aligned to
the carrot genome using the Geneious 10.2.3 software [22,25]. The locus number of each
gene inside the co-localization area was extracted and associated with the corresponding
differentially expressed gene already identified.

2.9. Fungal Growth Inhibition Assays

The Alternaria dauci P2 (FRA017) strain with medium aggressiveness [26] was culti-
vated on V8 agar medium in the dark at 22 ◦C for 10–15 days. After fungal growth, one
infected agar plate was punched out with a 5 mm diameter punch, which was deposited
on the side of a 5 cm diameter malt/agar Petri dish. A sterile antibiotic assay paper (Do-
minique Dutscher, Bernolsheim, France) was deposited at the opposite side of the Petri
dish, as illustrated in Figure S1. Five microliters of pure terpenes were poured on the
paper, the Petri dishes were closed with parafilm and conserved at 25 ◦C. Selected terpenes
(α-pinene, camphene, caryophyllene and humulene) were purchased from Sigma-Aldrich
(L’lsle-d’Abeau, France). Terpene concentrations were chosen so that they were of the
same order of magnitude as the natural terpene concentrations in carrot leaves. Indeed,
terpene concentrations used in vitro were around 1 mM. Individual terpene concentrations
in leaves of the carrot genotypes used in this work reached 0.3 mM and estimated total
terpene amounts exceeded 200 mg/kg (representing about 2 mM when calculated for
monoterpenes). In addition, the sequestration of terpenes in glandular trichomes probably
results in Alternaria dauci facing much higher local terpene concentrations when infecting
carrot leaves.

Mycelial growth was monitored by using pictures taken with a Nikon D5600 camera
with an AF-S Nikkor 50 mm 1:1.4, at 0, 3, 4, 5 and 6 days. A. dauci growth was evaluated by
measuring mycelium surface using Fiji software [27]. Two independent experiments were
performed, each with three replicates per treatment. T-tests were performed using Excel.

3. Results
3.1. Consistency of rQTL among Years

In 2016, we detected less rQTL (4 rQTL) than in 2011 (5 rQTL) and 2014 (7 rQTL), and
the phenotypic variation explained by the rQTL (global R2) was lower in 2016 (24%) than
in 2011 (43%) and 2014 (58%). Nevertheless, the four rQTL found in 2016 overlapped with
those identified during the two previous years with some differences in the confidence
interval of each rQTL (Table S1). The most important and consistent QTL through the years
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was observed on chromosome 6. The heritability of disease score during the three years
was very high, around 71%.

3.2. mQTL-rQTL Co-Localization Analysis Reveals Candidate Terpenes for Resistance to ALB

Using terpene profiling data determined by HS-SPME-GC-MS, we performed an
mQTL detection for 30 terpenes (15 monoterpenes and 15 sesquiterpenes, Table S2). We
found mQTLs for 25 terpenes (11 monoterpenes and 14 sesquiterpenes). Among these
25 terpenes, 22 had mQTLs which co-localized with r-QTLs on chromosome (chr) 1, 2,
4, 6 and 8 with two hotspots on chr 4 and one hotspot on chr 8 (Figure S2). Further-
more, we performed a correlation analysis between terpene accumulation levels and ALB
disease scores. Seven terpenes, namely α-pinene, camphene, α-bisabolene, α-humulene,
β-cubebene, caryophyllene and germacrene D, showed significant negative correlation with
disease score, i.e., higher levels of these terpenes were associated with lower symptoms
(Figure 1).
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Figure 1. Spearman rank correlation between disease score and the contents of the 22 terpenes
((A) monoterpenes; (B) sesquiterpenes) that mQTL co-localized with rQTL. Red square indicates
positive correlation and blue, negative correlation (i.e., the higher levels of these terpenes the lower
the symptoms). Significance of correlation is given by the p-value. Red labels indicate p-values < 0.05.

mQTL associated with these seven terpenes co-localized with rQTL on chr 1, 4, 6 and
8 (Figure 2). For mQTL on chr 1, 4 and 6, favorable alleles for their accumulation and
favorable alleles for resistance underlying the rQTL were brought by K3. For rQTLs on
chr 8, H1 brought the favorable allele for resistance and the favorable alleles for terpene
accumulation (α-humulene, caryophyllene and germacrene D). Metabolite accumulation
explained by the mQTL (global R2) ranged between 12% (for α-humulene) and 58% (for
α-pinene and camphene) (Table 1). The heritability varied from 31% (β-cubebene) to 65 and
68% for camphene and α-pinene, respectively. Camphene and α-pinene exhibited the same
max position for their respective two mQTL on chr4 with approximately the same R2. These
two metabolites shared the same max position with caryophyllene at the bottom of the
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chr 4. Germacrene D and β-cubebene also had the same max position on chr 1 and chr 4
(Figure 2 and Table 1).
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Table 1. Characteristics of terpene mQTL co-localizing with rQTL and significantly correlated with
disease score on carrot leaves after A. dauci attack. SI = support interval; Chr = chromosome;
RL= resistance loci; R2 = explained phenotypic variation; cM = centimorgan. aPi = α-pinene,
Camp = camphene, aBis = α-bisabolene, aHum = α-humulene, bCub = β-cubebene, Cary = caryophyl-
lene, GerD = germacrene D; t and b = top and bottom of Chr respectively.

Code of
mQTL Chr

1-LOD SI
(cM)

Max Position
(cM)

R2 (%) Global R2

(%)
Heritability

H2 (%)

Additive Effect of Allele

H1 K3

aPi
4 t 0–21.6 20.4 11.4

58.3 68
−0.157 0.157

4 b 58.3–58.7 58.7 42.9 −0.388 0.388

Camp
4 t 0–21.7 20.4 10.7

57.6 65
−0.153 0.153

4 b 58.4–58.7 58.7 42.5 −0.389 0.389

aBis
4 b 50.6–51 50.8 51.7

53.1 34
−0.436 0.436

6 31.8–41.9 40.2 9.7 −0.140 0.140

aHum 8 14.1–31.9 16.4 12.2 12.2 39 0.209 −0.209

bCub

1 36.3–43.2 39.6 20.5

41.7 31

−0.263 0.263

4 t 14.7–20.8 16.4 26.9 −0.273 0.273
6 24.6–30.1 28.9 12.6 −0.167 0.167

Cary
4 b 46.6–58.7 58.7 9.3

18.6 33.3
−0.161 0.161

8 6.9–31.9 11.3 9.1 0.174 −0.174

GerD

1 29.7–61 39.6 10

46 36.2

−0.173 0.173

4 t 13.9–19.8 16.4 26.4 −0.271 0.271

8 14.5–31.9 21.4 18.7 0.235 −0.235
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3.3. Differential Expression Analysis of Genes Underlying the Co-Localization Regions

We compared gene expression in H1 and K3 lines 48 h after A. dauci inoculation. We
gave special attention to genes under mQTL-rQTL co-localization areas. Candidate genes
potentially related to terpene accumulation were selected based on their belonging to either
the terpene synthase (TPS) or the transcription factors (TF) gene families. Such genes were
identified at all co-localization sites and some of them were significantly differentially
expressed between the resistant K3 and the susceptible H1 line (Table 2).

Table 2. Number of all genes and genes differentially expressed (GDE) identified by microarray
analysis under mQTL-rQTL co-localization with special emphasis to the GDE potentially related to
terpenes. t and b = top and bottom of chromosome (Chr) respectively.

Chr Located Genes
Genes Differentially Expressed between K3 and H1

Underexpressed Overexpressed Related to Terpenes

1 2181 207 206 5

4 t 1229 76 92 2

4 b 1718 154 196 10

6 577 63 45 3

8 1025 100 105 5

For chr 1, five genes coding for transcription factors (TF) were identified at the co-
localization site, i.e., ethylene response factor (ERF), two basic leucine zipper (bZIP) and
two WRKY. The genes coding for bZIPHY5 and the WRKY (WRKY33 and WRKY48) were
overexpressed in K3 compared to H1, in contrast to those coding for ERF71 and bZIP53.
However, no TPS gene was found at this site (Table 3).

Table 3. Terpene synthase and transcription factor genes underlying co-localization regions, which
are differentially expressed between H1 (susceptible) and K3 (resistant) genotypes. TF = transcription
factor; TPS = terpene synthase; t and b = top and bottom of chromosome (Chr), respectively. Dc refers
to TPS naming system proposed by [28].

Chr
Gene Name

(Locus Number) Function
Relative Expression

p-Value
H1 K3

1

bZIPHY5 (108204232) TF 3.94 4.48 0.004

WRKY33 (108204915) TF 2.65 4.64 <2 × 10−16

WRKY48 (108204668) TF 2.67 3.79 <2 × 10−16

ERF71 (108206243) TF 0.98 0.15 0.0004

bZIP53 (108206338) TF 3.28 2.23 <2 × 10−16

4 t
NAC29 (108218926) TF 4.44 5.90 0.0004

WRKY33 (108219317) TF 4.00 6.21 <2 × 10−16

4 b

Terpene synthase 10-like
(DcTPS55;108217470) TPS 3.68 4.76 0.002

Terpene synthase 10-like
(DcTPS26;108217599) TPS 4.19 5.22 <2 × 10−16

Terpene synthase 10-like
(DcTPS54;108217617) TPS 5.80 6.92 <2 × 10−16

β-bisabolene synthase-like
(108216085) TPS 6.67 5.67 0.0004

WRKY7 (108215789) TF 5.39 4.74 0.0008
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Table 3. Cont.

Chr
Gene Name

(Locus Number) Function
Relative Expression

p-Value
H1 K3

ERF054 (108216387) TF 3.45 2.1 <2 × 10−16

NAC2 (108215781) TF 4.51 5.26 0.0004

ERF4 (108217832) TF 1.87 2.87 <2 × 10−16

bZIP17 (108218833) TF 3.98 4.76 0.0004

bZIP27 (108217633) TF 3.60 0.51 <2 × 10−16

6

bZIP61 (108225065) TF 4.28 4.89 0.007

ERF4 (108225207) TF 0.82 3.29 0.002

SPL1 (108224238) TF 3.98 2.84 <2 × 10−16

8

α-farnesene synthase-like
(DcTPS44; 108198720) TPS 0.23 2.23 <2 × 10−16

AP2/ERF (108198780) TF 0.92 5.22 <2 × 10−16

ERF1B-like (108198802) TF 1.35 3.21 <2 × 10−16

MYB (108197621) TF 0.74 0.19 0.005

ERF_like (108197006) TF 4.38 2.66 <2 × 10−16

Under the rQTL region RL14 at the top of chromosome 4, only two genes coding for
transcription factors NAC29 and WRKY33 were significantly overexpressed in K3. In the
same region, we also identified a gene encoding a germacrene D synthase-like enzyme
(108217562).

Among the ten genes potentially related to terpenes at the co-localization site at the
bottom of the same chromosome 4, we identified four TPS and six transcription factor genes.
Three TPS genes were annotated as coding for terpene synthase 10-like [22] and correspond
to DcTPS55, DcTPS26 and DcTPS54 using the most recent naming system proposed by
Keilwagen et al. (2017). These genes were functionally characterized by [29,30]. The last TPS
gene was annotated as β-bisabolene synthase-like gene. DcTPS55, DcTPS26 and DcTPS54,
NAC2, ERF4 and bZIP17 were significantly overexpressed in K3, while the genes coding
for β-bisabolene synthase-like gene, WRKY7, ERF054 and bZIP27, were underexpressed in
K3 compared to H1 (Tables 2 and 3). In addition, we identified a germacrene D synthase-
like gene (108216912) and a TPS 10-like gene (108217598, DcTPS04), but they were not
differentially expressed between resistant (K3) and susceptible (H1) genotypes.

In the co-localization region on chr 6 (Table 2), differentially expressed TF genes were
bZIP61 and ERF4 with higher expression in K3 and SQUAMOSA-promoter binding protein
1 (SPL1) higher in H1 (Table 3). Finally, on chr 8, differentially expressed candidates were
an α-farnesene synthase-like gene (Table 3) overexpressed in K3 and four genes coding
for transcription factors with AP2/ERF and ERF1B-like higher in K3, while one MYB and
ERF-like genes were underexpressed in K3 (Table 3).

3.4. Further Analysis of TPS Genes Overexpressed in K3

Among the genes overexpressed in K3 in comparison to H1 (Figure 3), we identified
three genes encoding monoterpene synthases DcTPS55, DcTPS26 and DcTPS54 genes
under rQTL on chr 4 between NSSR039 and SSR0282. The four terpenes whose mQTL
co-localized with the rQTL in this region were α-bisabolene, α-pinene, camphene and
caryophyllene (Figure 2 and Table 1). Under rQTL on chr 8, we detected an α-farnesene
synthase-like DcTPS44 gene overexpressed for K3 (Figure 3). It was consistent with the
mQTL detected for α-farnesene on this chr 8 (Figure S2) but in our study, α-farnesene level
was not correlated with resistance (Figure 1).
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Figure 3. Relative expression of TPS genes located in the mQTL-rQTL co-localization regions on
chromosomes 4 and 8 in H1 (susceptible) and K3 (resistant) genotypes. The number above the dotted
line indicates significance of the difference (p-value).

3.5. In Vitro Bioactivity of α-Pinene, Camphene, Caryophyllene and Humulene towards A. dauci

The effect on fungal growth of four commercially available compounds among the
seven candidate terpenes was assessed using an in vitro assay. By comparing mycelium
growth in control conditions and in the presence of the selected terpenes, significant growth
inhibition was observed with α-humulene and caryophyllene from the fourth day of the
experiment. Growth inhibition persisted until the sixth day. Conversely, no significant
growth inhibition was observed in these conditions with camphene and α-pinene (Figure 4).
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Figure 4. Inhibitory effect of terpenes on Alternaria dauci growth. Growth of Alternaria dauci
was monitored as described in Section 2 (Materials and Methods). Two independent experiments
with 3 replicates were performed. The surface of Alternaria mycelium was measured at days 0,
3 and 6. Controls are in gray and terpene assays in red. Tested terpenes were: (A) camphene, (B) α-
pinene, (C) caryophyllene, (D) α-humulene. The symbols *, ** and *** indicate significantly different
mycelium surfaces compared to control conditions using a T test, with p-value <0.05, <0.01 and
<0.001, respectively.
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4. Discussion

Quantitative trait loci detection is a good way to understand the genetic basis of
variation associated with a quantitative trait [31]. Unfortunately, most of the time, the
underlying mechanisms are poorly understood. In 2018, Koutouan et al. [17] identified
fifteen terpenes which were more highly accumulated in the resistant genotype K3 than in
the susceptible H1. The present study aimed at the identification of mQTL of terpenes co-
localizing with rQTL in a segregating population obtained between H1 and K3. This mQTL-
rQTL co-localization analysis was performed without a priori on all terpenes detected in
carrot leaves, with no particular focus on the fifteen terpenes identified by [17].

This mQTL-rQTL co-localization approach identified camphene, α-pinene, α-bisabolene,
α-humulene, β-cubebene, caryophyllene and germacrene D as candidate terpenes po-
tentially associated with the resistance to A. dauci. Interestingly, these metabolites were
previously identified as differentially accumulated between several resistant and suscep-
tible genotypes by [17] except β-cubebene, and moreover they showed that camphene,
α-pinene, α-bisabolene, α-humulene and caryophyllene were more accumulated in K3
compared to H1. For these five terpenes, we mapped mQTL but also β-cubebene and ger-
macrene D, which were not differentially accumulated between parent H1 and K3. This last
result was unexpected, as it seems more difficult to map QTL whatever the trait when there
is no difference between parental lines for this trait. Keurentjes et al. [32] also identified
mQTL for metabolites which were not differentially accumulated between parents. These
detections could be explained by genome recombination between the two parental alleles.
This result confirms that relying only on differential metabolite accumulation between
parental lines is not sufficient to postulate the involvement of some metabolites in resistance,
as the link between metabolite amounts and resistance may be fortuitous. For example,
in the present study, only 7 of the 15 terpenes highlighted in the previous study by [17]
were confirmed, while some new candidates have been identified, such as β-cubebene and
germacrene D.

Through the mQTL-rQTL co-localization approach and a correlation test, we could
associate seven metabolites with resistance. These seven terpenes were negatively corre-
lated with disease score, which means that their accumulation is favorable for resistance.
In addition, for a given chromosome, the parental origin of the favorable alleles (leading
to metabolite accumulation) of mQTL was also the one bringing the favorable allele for
resistance. Working on resistance of Arabidopsis to Botrytis cinerea, Rowe and Klieben-
stein [33] used the same approach and highlighted that mQTL of camalexin co-localized
with rQTL. They also indicated that both favorable alleles for camalexin accumulation and
for resistance to B. cinerea were brought by the same genotype, which makes sense with
the involvement of camalexin in resistance. On the same topic, Zhang et al. [34] showed
co-localization between mQTLs of indole glucosinolates and rQTLs involved in Arabidopsis
resistance to B. cinerea. They also showed that favorable alleles for resistance and indole
glucosinolate accumulation came from the same resistant genotype.

In our analysis, mQTL for different terpenes often co-localized on the genome with
the same maximal position and sometimes with the same R2. This could be explained by
the fact that a single terpene synthase may catalyze the synthesis of different products. For
example, Gambliel and Croteau [35] and Huber et al. [36] showed that the activity of pinene
synthase (EC:4.2.3.119) could lead to an equal amount of α-pinene, camphene or β-pinene.
Using the carrot genome published by [22], we searched for genes potentially involved in
terpene synthesis within the co-localizing loci. Among these genes, our microarray analysis
revealed differential gene expression for four TPS genes under mQTL-rQTL at the bottom
of chromosome 4; three of them (DcTPS55, DcTPS26 and DcTPS54) were the ones identified
by [30]. It is well known that in many plant genomes, terpene synthase genes are organized
in clusters [37,38]. Working on carrot terpenes, Keilwagen et al. [28] identified in the same
area a cluster of TPS on chr 4 with five terpene synthase genes. In the present study, two
other TPS genes were identified in this same area, but they were not differentially expressed
between H1 and K3.
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Recently, Reichardt et al. [30] investigating this region of carrot genome identified
a QTL cluster for sabinene, α-terpinene, γ-terpinene and terpinen-4-ol in leaves while
in vitro assay identified DcTPS54 as a single product sabinene synthase. Additionally,
among the 19 TPS biochemically characterized by Muchlinski et al. [29], recombinant
DcTPS55, DcTPS26 and DcTPS54 proteins produced in vitro similar volatiles profiles such
as sabinene, limonene, β-myrcene, α-pinene and α-terpineol from geranyl diphosphate,
while DcTPS26 also produced several sesquiterpenes including β-bisabolene. At this time,
there is no evidence that one of these TPS could be responsible for the accumulation of
the mapped metabolite identified in this chr 4 region, but it is very likely. On chr 8, we
also identified a gene coding for an α-farnesene synthase-like that showed similarity with
known terpene synthases genes coding for germacrene D, caryophyllene and α-humulene.
However, additional characterization of these TPS genes is necessary to investigate its
involvement in the accumulation of these three co-localizing metabolites.

In addition to the TPS 10-like and α-farnesene-like genes, we also identified transcrip-
tion factor genes that can be involved in the regulation of terpene accumulation. The role
of the WRKY transcription factor in regulation of specialized metabolite is well known [39].
Tholl [3] was the first to review the involvement of the WRKY transcription factor in TPS
regulation and the presence of W-box, the binding site of WRKY over numerous TPS. For
example, Spyropoulou et al. [40] showed that WRKY73 could activate three TPS promot-
ers from Solanum lycopersicum. Herein, we identified three different WRKY genes, two
on chr 1 (WRKY33 and WRKY48) where germacrene D and β-cubebene mQTL mapped,
and one WRKY33 on the top part of chr 4 where α-pinene, camphene, germacrene D
and β-cubebene mQTL mapped. These three WRKY genes were overexpressed in K3,
which coincided with favorable alleles for accumulation on co-localizing mQTL (α-pinene,
camphene, germacrene D and β-cubebene). As far as we know, no WRKY33 or 48 have
been identified in regulation of TPS, but their role in resistance to pathogens has been
highlighted, especially for WRKY33. Zheng et al. [41] indicated that WRKY33 was involved
in Arabidopsis resistance to Botrytis cinerea and Alternaria brassicicola through activation of
the jasmonate biosynthesis pathway, which itself regulated activation of defense genes. In
a previous work, Rodriguez et al. [42] demonstrated that downregulation of limonene syn-
thase in orange peel enhanced resistance to Penicillium digitatum. Afterward, they showed
that orange line AS7 (antisense 7), which was downregulated for limonene synthase gene,
overexpressed a putative gene encoding the WRKY33 [43]. In our case, the WRKY33 could
be part of a signal cascade to induce resistance by triggering TPS synthesis.

In addition to WRKY, we also identified other transcription factor families. The bZIP
TFs were found on almost all the co-localization sites except on chr 8. Among all, the
HY5 overexpressed by K3 has been shown by Zhou et al. [44] to be a positive regulator of
β-pinene synthase gene in Artemisia annua L. Two NAC domain transcription factors (TF),
under chr 4, were overexpressed by K3. These NAC transcription factors were NAC2 and
NAC29. Interestingly, the NAC2 was shown to bind to the promoter of a kiwi (Actinidia
arguta) AaTPS1 gene, which resulted in an overexpression of the gene, overaccumulation of
the protein and a high level of terpinolene, myrcene, limonene, α-pinene and linalool [45].
Ethylene response factor (ERF) TF was found under all of our mQTL-rQTL co-localization
areas except for the top of chr 4. Their overexpression was divergent, ERF4 on chr 4 and chr
6 (108217832 and 108225207) and ERF1B-like (108198802) were overexpressed in K3 at the
opposite of the three others on chr 1, 4b and 8. One of these ERF, ERF71 has been identified
by Li et al. [46] as upregulator (activator) of geraniol synthase, which catalyzes the synthesis
of the monoterpene E-geraniol in Citrus sinensis. In our pathosystem, if ever ERF71 would
also catalyze synthesis of monoterpens, it could result in fewer quantities of sesquiterpens.
This could be consistent with the unfavorable alleles for accumulation of β-cubebene and
germacrene D observed for H1 on chr 1. Clearly, further analyses are needed to decipher
ERF impacts within carrot A. dauci interaction. Finally, the last family of TF identified
was the SQUAMOSA binding protein 1-like (SPL1) found on chr 6 and overexpressed by
H1. Yu et al. [47] indicated that an SPL TF was activator of a TPS21 that catalyzes the
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biosynthesis of caryophyllene in Arabidopsis. As previously suggested for ERF71, if ever
this SPL TF would also play a role in the accumulation of the α-bisabolene and β-cubebene
in carrot, which mQTL co-localized with this TF gene, we hypothesized SPL TF would be a
downregulator of this accumulation because favorable allele for accumulation of mQTL of
α-bisabolene and β-cubebene came from K3.

Based on the co-localization between metabolic and resistance QTL, we proposed that
some terpenes could be part of the resistance mechanism against the fungus A. dauci. In
order to substantiate this hypothesis, we tested the potential fungitoxic properties of four
of these terpenes, which were commercially available. Indeed, significant mycelial growth
inhibition was observed in the presence of α-humulene and caryophyllene. Conversely,
camphene and α-pinene did not show any significant effect on fungal growth. However,
relative quantification of these two last compounds in leaf samples showed three times
higher concentration in the resistant K3 line than in the susceptible H1 [17] suggesting
together with mQTL/rQTL co-localization that they could play a role in the resistance of
carrot to A. dauci. These apparently contradictory results suggest that depending on the
metabolite, different stages of the life cycle of the fungus could be affected, which makes
sense when considering the mQTL/rQTL co-localization with the four terpenes: while the
two monoterpene α-pinene and camphene mQTL co-localized with rQTL on chromosome
4, the two sesquiterpene α-humulene and caryophyllene mQTL were mainly co-localizing
with rQTL on chromosome 8. We previously concluded that these different rQTLs could
act on different components of quantitative resistance, some of them being able to reduce
the efficiency of fungal penetration while others delay the invasion and growth of the
pathogen in the leaf [16]. In this hypothesis, α-humulene and caryophyllene may impact
fungal growth, as determined by our assay, while α-pinene and camphene may act on a
different, but not yet clearly identified fungal target. Preliminary results suggested that it
could be around conidia germination, as illustrated in Figures S3 and S4.

Literature already reported the involvement of some of these terpenes in resistance to
some pathogens using in vitro assay. Hammer et al. [48] showed fungistatic and fungicidal
activity of α-pinene against Aspergillus niger, A. flavus and A. fumigatus. Sati et al. [49]
demonstrated that essential oil of Artemisia nilagirica, in which germacrene D, caryophyllene
and camphene are main constituents, had significant antifungal effect against the plant
pathogenes Rhizoctonia solani, Sclerotium rolfsii and Macrophomina phaseolina. Caryophyllene
alone inhibited mycelial development of Aspergillus niger, which may be a pathogen of both
plants and humans [50]. García-Rellán et al. [51] showed that essential oil from Satureja
cuneifolia, containing camphene and camphor, exhibited strong antifungal activity against
Phytophthora palmivora and Phaemoniella chlamydospora. Interestingly, the reported antifungal
activity of terpenes was mostly shown through essential oils with different components,
suggesting that the seven terpenes identified here could act in a synergistic way for carrot
resistance to A. dauci.

The roles of metabolite in plant resistance to pathogens have been suggested across an
abundance of literature; however, few studies have combined genetic and metabolomic
approaches to investigate metabolite-associated defenses [52]. Herein, through an mQTL-
rQTL co-localization approach, we highlighted seven terpenes that were strongly associated
with carrot resistance to A. dauci. Using transcriptomics and genome analysis, we iden-
tified potential enzymes and regulators involved in the biosynthesis of these terpenes.
Finally, functional analyses revealed that two of these terpene candidates, α-humulene
and caryophyllene, exhibited fungitoxic properties, consistent with a direct role of these
compounds in disease resistance. Future work will be aimed at evaluating the role of other
candidate metabolites or combinations of them on carrot resistance to A. dauci.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/metabo13010071/s1, Figure S1: Illustration of the fungal growth
inhibition assay; Figure S2: Co-localization of 22 terpene mQTL with rQTL; Figure S3: Evaluation
of the inhibitory effect of α-pinene and camphene (7.34 mM) on germination of Alternaria dauci
P2 strain after 4 and 70 h of incubation; Figure S4: Evaluation of the inhibitory effect of α-pinene
and camphene on growth of Alternaria dauci P2 strain after 8 days of incubation; Table S1: List of
quantitative resistance loci (rQTL) detected by connected analysis; Table S2: List of all terpenes
per family.
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Abstract: Parsley (Petroselinum sativum Hoffm.) is renowned for its ethnomedicinal uses including
managing pain, wound, and dermal diseases. We previously highlighted the estrogenic and anti-
inflammatory properties of parsley and profiled the phytochemistry of its polyphenolic fraction using
HPLC-DAD. To extend our investigation, we here characterized the phytochemical composition of the
hydro-ethanolic extract using LC-MS/MS and GC-MS upon silylation, and evaluated the antioxidant,
analgesic, antimicrobial, and wound healing activities of its hydro-ethanolic and polyphenolic fraction.
The antioxidant property was assessed using FRAP, DPPH, and TAC assays. The antimicrobial activity
was tested against four wound infectious microbes (Staphylococcus aureus, Pseudomonas aeruginosa
and Candida albicans). The analgesic effect was studied using acetic acid (counting the number of
writhes) and formalin (recording the licking and biting times) injections while the wound healing
activity was evaluated using burn model in vivo. The LC-MS/MS showed that the hydro-ethanolic
contains four polyphenols (oleuropein, arbutin, myricetin, and naringin) while GC-MS revealed that it
contains 20 compounds including malic acid, D-glucose, and galactofuranoside. The hydro-ethanolic
(1000 mg/kg) decreased abdominal writhes (38.96%) and licking time (37.34%). It also elicited a
strong antioxidant activity using DPPH method (IC50 = 19.38 ± 0.15 µg/mL). Polyphenols exhibited
a good antimicrobial effect (MIC = 3.125–12.5 mg/mL). Moreover, both extracts showed high wound
contraction by 97.17% and 94.98%, respectively. This study provides evidence that P. sativum could
serve as a source of bio-compounds exhibiting analgesic effect and their promising application in
mitigating ROS-related disorders, impeding wound infections, and enhancing burn healing.

Keywords: Petroselinum sativum Hoffm.; LC-MS/MS; GC-MS; analgesic activity; burn wound healing

1. Introduction

Pain and inflammation are strongly involved in the healing process of the wound.
Therefore, conventional medicines are often used to mitigate the intensity of pain and
inflammation [1]. After an injury, the skin regenerates through the process of wound
healing. The interaction between several cellular elements (fibroblasts, keratinocytes,
endothelial cells, and macrophages/monocytes), and the constituents of the extracellular
environment (collagen and fibronectin) during the wound healing phases, promote the
wound contraction, and restore tissue integrity [2]. The wound healing provides the ideal
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micro-environment at the injured surface to achieve the maximum skin repair [3]. However,
several disorders may affect the ability of healing such as mechanical stresses, toxic agents,
or infections. In most situations, the molecular events that accelerate the nociception
response are similar whether the pain is of extrinsic or intrinsic origin [2].

By reacting with biological components such as proteins and nucleic acids, excessive
levels of reactive oxygen species (ROS) disrupt intrinsic tissue disability and lead to loss of
function [4,5]. For instance, high concentrations of H2O2 can cause oxidative damage and
thus delay healing, while low concentrations can act as a signaling molecule and promotes
healing. However, all the advancements achieved against oxidative stress, the production
of ROS during injuries, and their impact on the healing process still constitute a major
health challenge [6].

Parsley, whose scientific name is Petroselinum sativum Hoffm., is a plant belonging to
the Apiaceae family. Currently, it is cultivated all over the world and has been used as food,
cosmetic ingredient, and for pharmaceutical purposes [7]. Parsley has several biological
and pharmacological activities, mainly spasmolytic, antioxidant, immunomodulating,
gastrointestinal, and antidiabetic attributes [8]. These various virtues are due to its bioactive
phytoconstituents such as carotenoids, flavonoids, coumarin, and vitamins [9].

Several previous investigations have stated that herbal and plant-based ingredients
activate the wound and cutaneous healing process. These include many medicinal and
aromatic plants (MAP) such as turmeric (Curcuma longa), centella (Centella asiatica), tree
peony (Paeonia suffruticosa), and aloe vera (Aloe barbadensis) [10,11]. Additionally, in tra-
ditional medicine, Petroselinum species including P. sativum were reported to be used in
Anatolia, Turkey for wound healing purposes [12] as well as in treating some dermal
diseases [13,14]. However, very limited studies were devoted to providing scientifically
sound data to test this claim. Very recently, Thangavelu et al. (2022) showed that the leaf
methanolic extracts of P. crispum, whose synonym is P. sativum, exhibited potent wound
healing and anti-inflammatory activities on the human lung cancer cell lines by enhancing
cell migration [15]. Interestingly, in another study, parsley was used as a maintenance diet
for cutaneous closure of wounds in rabbits as a postoperative care after the surgery [16].
Elsewhere, P. crispum was also investigated for immunomodulatory and wound healing
activities [17]. Moreover, the analgesic use of parsley in folklore medicine was also re-
ported and demonstrated in vivo using seeds hydroalcoholic extract [14,18]. Other studies
corroborated the same findings [19,20].

The growing antimicrobial resistance of microbes responsible for skin infections blew
up the research on the potential of MAP preparations in antimicrobial therapeutics. In
fact, many phytochemicals are shown to be effective against microbial infections [21,22]. In
wounds, the skin barrier is breached and becomes susceptible to microbial infections by
bacteria, fungi, and/or viruses, that delay the healing process [23]. These pathogens include
Gram-positive bacteria such as Staphylococcus aureus and Streptococcus pyogenes, and Gram-
negative bacteria including Escherichia coli, Pseudomonas aeruginosa, and Klebsiella species,
and fungi—mainly Candida and Aspergillus [24]. Hence, minimizing the predisposition of
wounds to infections is required in wound surveillance to reduce the infection rate [25].

We previously explored the estrogenic as well as the anti-inflammatory activities of
P. sativum Hoffm. in vivo and characterized the chemical composition of its polyphenolic
fraction [26]. Recognizing the promising therapeutic potential of this plant species and
to follow up on our previous findings, we conducted this investigation that aimed to
(1) annotate the phytoconstituents of the hydro-ethanolic extract of P. sativum Hoffm. using
both LC-MS/MS and GC-MS to identify the maximum number of phytocompounds and
(2) monitor the analgesic, antioxidant, antimicrobial, and burn healing effects of both the
hydro-ethanolic extract and polyphenolic fraction of the plant. This study is the first to
demonstrate the pharmacological relevance of parsley as a source of wound healing and
analgesic biochemicals.
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2. Materials and Methods
2.1. Plant Material

Aerial parts of P. sativum Hoffm. were collected before sunrise in the Taounate region
(north of Morocco). The botanical name was checked by Pr. Bari Amina, at the laboratory
of Biotechnology, Environment, Agro-Food, and Health, at Sidi Mohamed Ben Abdellah
University. A sample was deposited under a voucher number (18TA5001) at the herbarium
of the Faculty of Sciences-Fez.

2.2. Animal Material

In this study, we used Swiss albino mice rearing in an animal house that has a relative
humidity of 50 to 55%, with an average temperature of 22 ± 2 ◦C, and a day/night
cycle of about 12/12 h. Animals were given free access to water and food. The average
weight of mice used was 30 ± 4 g. The handling and manipulation of animals were up
to the standards of the directive EEC/86/EEC of the European community [26,27]. The
experiment was approved by the institutional ethical committee of the Faculty of Sciences
Dhar El Mehrez, Sidi Mohamed Ben Abdallah Fez University, Morocco (#04/2019/LBEAS).

2.3. Preparation of the Hydro-Ethanolic Extract

Aerial parts were left to the laboratory to dry for one week, then grinded using a
blender. The grind (30 g) was macerated in 210 mL of ethanol 70% for three days [26]. The
macerate was filtered, evaporated, and dried (rotary evaporator, 37 ◦C) [26,28].

2.4. Preparation of the Polyphenolic Fraction

One hundred grams of well ground P. sativum powder was subjected to three extrac-
tions in methanol (300 mL × 3) at 50 ◦C for 3 h. Subsequently, solvent was evaporated,
and the obtained extract was dissolved in distilled water (500 mL) and extracted in hexane
(200 mL × 3) and then in chloroform (200 mL × 3) to remove caffeine and chlorophyll
residues. Next, the aqueous phase was extracted in ethyl acetate (200 mL × 3) which was
evaporated later. Using 300 mL of distilled water, the residue was dissolved and then
lyophilized [29,30].

2.5. Phytochemical Analysis by LC-MS/MS

The chemical profiling of the hydro-ethanolic extract of P. sativum was performed using
ultra-high performance liquid chromatography (Shimadzu, Nexera XR LC 40) coupled with
mass spectrometry (LCMS 8060, Shimadzu Italy, Milan, Italy). The heating and nebulization
gas flow was set to 10 and 2.9 L/min, respectively. The drying gas flow was at 10 L/min, the
DL temperature was at 250 ◦C, the heating block temperature was 400 ◦C, and the interface
temperature was 300 ◦C. Separation of compounds was carried out using C18 column,
3 × 100 mm, 2.6 µm (Phenomenex, Torrance, CA, USA). The mobile phase consisted of
acetonitrile (A) and water containing 0.01% formic acid (B). The extract was added to
acetonitrile and water (1:1) and then diluted (1/50) in acetonitrile and injected [31]. The ion
currents’ acquisition was carried out in single ion monitoring (MRM) mode in negative ESI
ionization. The analyzed molecular adducts were, respectively, 579, 539, 317, and 271.2 for
Naringin, Oleuropein, Myricetin, and Arbutin.

2.6. Phytochemical Analysis by GC-MS

Phytochemical identification of the hydro-ethanolic extract of P. sativum was carried
out using GC-MS after silylation. This latter is based on dissolving 1 mg of the grind in
100 mL of HMDS-TMCS-Pyridine 3:1:9 (v/v/v) reagent. After 30 min incubation [32],
the extract was injected into the GC-MS apparatus (Agilent Technologies MASS Selective
Detector, 5973 Network) with a capillary column Agilent 19091S-433 model, 30 m in nominal
length—0.25 mm in diameter and 0.25 µm thick. Helium served as the carrier gas, and the
total flow of 31.4 mL/min and a split ratio of 30:1 was used. The temperature program was
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between 60 and 300 ◦C and maintained for 20 min of the run time. The detector temperature
was set to 260 ◦C. Splitless injection was used [33].

2.7. Determination of Total Phenol and Flavonoid Contents

The quantification of total phenol content (TPC) and total flavonoid content (TFC)
was carried out calorimetrically using the methods described by Slinkard and Singleton
(1977) [34]. TPC content was expressed in milligrams (mg) of gallic acid equivalents per
gram (g) of dry weight of extract (mg GAE/g DW) while the values of TFC were expressed
in mg of quercetin equivalent per g of dry extract (mg EQ/g DW).

2.8. Assessment of Antioxidant Activity
2.8.1. Scavenging of the Free Radical (DPPH)

In this study, the DPPH test performed by Brand-Williams in 1995 [35] was followed.
Methanol (100 µL) was mixed with 750 µL of DPPH solution, incubated for 30 min, and
then absorbance was measured at OD517nm. BHT (butylated hydroxytoluene) was used
as the standard antioxidant. To calculate the percentage of inhibition (IP) of DPPH, the
following formula was used:

IP (%) =

(
A0 –

A
A0

)
× 100

IP: Inhibition Percentage.
A0: OD of DPPH solution in the absence of the extract (negative control).
A: OD of DPPH solution containing the extract.

2.8.2. Ferric Reducing Antioxidant Power (FRAP)

The FRAP assay was performed according to the method described by Oyazu (1986) [36].
Briefly, 200 µL of each extract was mixed with the buffer solution (0.5 mL) (0.2 M, pH = 6.6)
and potassium ferricyanide [K3Fe (CN)6] at 1% (0.5 mL). The solution was kept at 50 ◦C
in a water bath for 20 min. Next, to acidify to solution, 500 µL of trichloracetic acid at 10%
was added to the solution and centrifuged for 10 min at 3000 rpm. Five hundred microliter
of the top layer of the solution was mixed with distilled water (500 µL) and FeCl3 0.1%
(100 µL). Ascorbic acid was used as standard, and the absorbance was read at OD700nm. The
values were expressed as EC50 (mg/mL). The EC50 was calculated using the standard curve.

2.8.3. Total Antioxidant Capacity Test (TAC)

The TAC was evaluated by mixing 25 µL of every studied extract with 1 mL of liquid
reactive solution (28 mM Na3PO4, 0.6 M H2SO4, and 4 mM (NH4)2MoO4). Following
incubation (90 min, 95 ◦C), the absorbance values were read at OD695nm. The antioxi-
dant potential was determined in mg of equivalent of ascorbic acid per gram of extracts
(mg EAA/g of extracts) [37,38].

2.9. Antimicrobial Activity

The extracts were evaluated for their potential antimicrobial effect against three hu-
man pathogenic strains including one Gram-negative bacterium (Pseudomonas aeruginosa
CECT118), one Gram-positive bacterium (Staphylococcus aureus CECT976), and one fungal
species (Candida albicans ATCC 10231). The antimicrobial susceptibility of the three strains
was evaluated using agar well diffusion and broth dilution methods.

2.9.1. Agar Well Diffusion Assay

The method of diffusion in agar wells was used to carry out the qualitative test, a
widely-known assay to check the antimicrobial activity of herbal extracts [39,40]. From
fresh overnight cultures, microbial suspensions were prepared and adjusted to 0.5 McFar-
land corresponding to 106 CFU/mL [41,42]. Afterwards, 5 mL of soft agar (agar 4 g/L)
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inoculated with 100 µL of the microbial suspension (106 CFU/mL) of each strain were
poured over the surface of each plate. After solidification, wells of 8 mm diameter were
aseptically punched using glass Pasteur pipets. Then, 50 µL of each extract was dissolved in
the appropriate solvent (40 mg/mL) and introduced into the appropriate wells [43]. Under
the same conditions, the controls were established using the solvent only. The Petri dishes
were then incubated at 37 ± 2 ◦C for 48 h. The extracts diffuse through the agar medium
and the formation of inhibition zones surrounding the wells indicate positive antimicrobial
activities. Streptomycin (1 mg/mL) and fluconazole (5 mg/mL) served as positive controls
for bacteria and fungi, respectively.

2.9.2. Determination of the Minimum Inhibitory Concentration (MIC)

The MIC of the hydro-ethanolic and polyphenolic extract was checked using mi-
crodilution assays according to the standards of the NCCLS [44] in 96-well microtiter mi-
croplates. First, 50 µL of the culture broth was introduced into each well of the microplates.
Next, seven concentrations of the hydro-ethanolic extract and the polyphenolic fraction
(0.78–50 mg/mL), streptomycin and fluconazole (0.078–5 mg/mL) were prepared in both
LB and YPG in sterile haemolysis tubes. Each microplate well was inoculated by 100 µL of
LB liquid culture medium for bacteria and YPG liquid culture medium for yeast strains,
50 µL of each extract, and then concentrations were carried out by successive two-fold dilu-
tions. Afterwards, 50 µL of the microbial suspensions, whose turbidity was checked in the
same way as described above, were inoculated into the microplate’s wells. The microplates
were incubated at 37 ◦C for the bacterial strains and at 30 ◦C for Candida albicans ATCC
10231 under 150 agitation rpm for 24 h. By the end of the incubation, we added 20 µL of
2,3,5-triphenyltetrazolium chloride into each plate’s well and incubated the plate for 2 h.
The formation of a pinkish coloration indicates that the growth is due to the activity of the
dehydrogenases. The MIC corresponds to the lowest concentration that does not produce a
red colour [45].

2.10. Analgesic Activity In Vivo
2.10.1. Abdominal Writhes

Five groups containing five mice each (25 mice) were prepared. The control mice
were given 10 mL/kg of NaCl 0.9% and Tramadol (10 mg/kg) was used as a standard
(reference drug) [46]. The other groups received two doses of the hydro-ethanolic extract
(500–1000 mg/kg) and one dose from the polyphenolic fraction (200 mg/kg). One hour
later, 1% acetic acid was injected by intraperitoneal route at 10 mL/kg rate. Ten minutes
later, the number of writhes were determined over a duration of 20 min [47,48].

2.10.2. Formalin Induced Pain

First, we injected 10% formalin (20 mL) into the right posterior paw of each animal.
With the help of a stopwatch, we recorded the licking and biting times. The initial noci-
ceptive response is the sum of the seconds passed in licking and biting from 0 to 5 min
after the injection of formalin while the second phase was from 15 to 30 min [49,50]. Half
an hour beforehand, the animals were subjected to oral prior treatment by the test extract,
NaCl or Tramadol [51].

2.11. Wound Healing Activity In Vivo
2.11.1. Ointments Preparation

The preparation of the ointment was carried out at 10% (w/w) by adding 1 g of the
extract to 9 g of Vaseline, and melted using a bain-marie at a temperature of 50 ◦C. After
homogenization, the preparations were kept at 4 ◦C in sealed containers [4].

2.11.2. Induction of Burn Injuries

In this experiment, 4 groups containing 5 rats each were prepared. The first group
represents the negative control (Vaseline), the second group represents the positive control
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(Madecassol (1%)), and the third and fourth groups represent the groups treated with the
hydro-ethanolic and polyphenolic extracts of P. sativum Hoffm., respectively. According to
the protocol of Heidari et al., (2019), after anesthesia of rats with pentobarbital (50 mg/kg)
and shaving the dorsal part with an electric clipper [52], the induction of the burn was
carried out on the shaved part using an aluminum rod (1.7 cm) heated to 110 ◦C for 10 s.
After 24 h, the treatment was started by applying the ointments to the burned zones for
25 days while photographing the healing progress using a digital camera and the ruler
used as a scale. ImageJ® software was used to analyze the images and measure the rate of
wound contraction using the following formula [53]:

WC (%) =

[
(WS0−WSSD)

WS0

]
× 100

WC (%) = Rate of wound contraction.
WS0 = Size of the wound at the first day.
WSSD = Size of the wound at each specific day.

2.12. Statistical Analysis

Results obtained from each experiment were treated by using a one-way ANOVA
followed by the post-hoc analysis with Tukey’s test in GraphPad Prism 6 software. Values
were expressed as mean± SD and the significance level was set at “p < 0.05”. The significant
differences between treatments were shown using different superscript letters (a, b, c, etc.).

3. Results
3.1. Phytochemical Analysis by LC-MS/MS

The determination of parsley phytoconstituents was performed according to the molec-
ular weight of the fragments generated. The analysis of the hydro-ethanolic extract revealed
the presence of four molecules namely oleuropein, arbutin, myricetin, and naringin, all
classified as polyphenols (Figure 1 and Table 1). For instance, negative ion ESI-MS/MS
spectra of oleuropein resulted in the formation of m/z 539, a pseudomolecular ion, as
the sole base peak of the ESI-MS spectra, while the MS/MS products were abundant
(e.g., 307 and 275). Similarly, myricetin (m/z 317) was fragmented to four main products
(150.8, 178.8, 270.9, and 286.9). The MS/MS spectra of identified compounds, annotations,
and their characteristic fragmentation patterns are presented in Table 1. XIC chromatograms
of identified compounds are provided in the Supplementary Material S1.
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14 9H-Carbazole, 9-phenyl- alcaloide C18H13N 13.220 3.04 
15 Talose, 2,3,4,5,6-pentakis-O-(trimethylsilyl) C21H52O6Si5 13.400 9.75 
16 D-Mannitol, 1,2,3,4,5,6-hexakis-O-(trimethylsilyl) C24H62O6Si6 13.653 10.95 

Figure 1. LC-MS/MS chromatogram of the hydro-ethanolic extract of P. sativum. (1) Naringin,
(2) Oleuropein, (3) Myricetin, (4) Arbutin.
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Table 1. LC-MS/MS identification composition of P. sativum Hoffm. hydro-ethanolic extract.

Peak Molecules Formula Rt (min) [M-H]- (m/z) SI Typical MS/MS Area under Curve

1 Naringin C27H32O14 1.108 579.00 579.2→ 124.89 271 27,397,987

2 Oleuropein C25H32O13 1.115 539.00 539→ 179 307 56,757,543

3 Myricetin C15H10O8 1.384 317.00 317→150.8 287 3,417,929

4 Arbutin C12H16O7 1.939 271.20 271.2→144.9 162 28,442,471

3.2. Phytochemical Analysis by GC-MS

Silylation is the appropriate method to check for thermolabile and non-volatile phy-
tochemicals by GC-MS. It consists of replacing the active hydrogen in =NH, –NH2, –OH,
–COOH, or –SH by a trimethylsilyl group. This showed that the hydro-ethanolic of P.
sativum contained twenty compounds with a total of 99.9%. According to the area per-
centage, the most dominant compounds were malic acid (13.52%), D-glucose (13.529%),
D-mannitol (10.957%), and talose (9.758%) (Table 2).

Table 2. Identified compounds by GC-MS in the hydro-ethanolic extract of P. sativum Hoffm.

Peak Name Formula Rt (min) Area %

1 l-Alanine, N-(trimethylsilyl) C9H23NO2Si2 7.430 0.51
2 Cyclotetrasiloxane, octamethyl C8H24O4Si4 8.148 1.60
3 Propanedioic acid, bis(trimethylsilyl) C9H20O4Si2 8.417 1.08
4 L-Valine, N-trimethylsilyl C11H27NO2Si2 8.558 0.72
5 Propanephosphonic acid, bis(trimethylsilyl) C9H25O3PSi2 9.088 12.57
6 L-Isoleucine, N-(trimethylsilyl) C12H29NO2Si2 9.248 0.62
7 Butanedioic acid, bis(trimethylsilyl) C10H22O4Si2 9.317 0.75
8 L-Proline, 1-(trimethylsilyl) C11H25NO2Si2 9.361 0.98
9 Benzonitrile C18H18N2 9.594 0.62
10 Malic acid, tris(trimethylsilyl) ester C13H30O5Si3 10.730 13.52
11 2,3,4-Trihydroxybutyric acid tetraTMS C16H40O5Si4 11.260 0.56
12 D-Ribofuranose, 1,2,3,5-tetrakis-O-(trimethylsilyl) C17H42O5Si4 12.918 5.62
13 β-D-Galactofuranoside, ethyl 2,3,5,6-tetrakis-O-(trimethylsilyl) C20H48O6Si4 13.019 13.29
14 9H-Carbazole, 9-phenyl- alcaloide C18H13N 13.220 3.04
15 Talose, 2,3,4,5,6-pentakis-O-(trimethylsilyl) C21H52O6Si5 13.400 9.75
16 D-Mannitol, 1,2,3,4,5,6-hexakis-O-(trimethylsilyl) C24H62O6Si6 13.653 10.95
17 D-Glucose, 2,3,4,5,6-pentakis-O-(trimethylsilyl) C21H52O6Si5 13.782 13.52
18 D-gluconic acid 6TMS C24H60O7Si6 14.071 1.31
19 Myo-Inositol, 1,2,3,4,5,6-hexakis-O-(trimethylsilyl) C24H60O6Si6 14.549 1.19
20 Mannoonic acid, 2,3,5,6-tetrakis-O-(trimethylsilyl) C18H42O6Si4 18.050 7.70

Total 99.9

3.3. Estimation of Total Phenol and Flavonoid Contents

The total phenols and flavonoids contents contained in the hydro-ethanolic extract of
P. sativum were 34.55 ± 3.74 mg GAE/g of extract and 16.46 ± 0.06 mg QE/g of
extract, respectively.

3.4. Antioxidant Activity
3.4.1. DPPH and FRAP Assays

The antioxidant activity of our extracts was tested by DPPH and FRAP tests. The
inhibition of the free radical DPPH by the hydro-ethanolic was greater than that of the
polyphenols (Figure 2a). The 50% inhibition concentration (IC50) of the hydro-ethanolic
extract was seen at 19.38 ± 0.15 µg/mL, and that of the polyphenols was obtained at
40.36 ± 1.47 µg/mL (Table 3). However, these results are significantly lower than those
obtained using butylated hydroxytoluene (BHT) (IC50 = 1.97 ± 0.1 µg/mL) (Figure 2a and
Table 3). The ferric reducing power of our extracts showed that hydro-ethanolic extract was
more effective than polyphenols, but the potential of both extracts was slightly lower than
that of the standard antioxidant ascorbic acid (Figure 2b & Table 3).
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using DPPH (a) and FRAP (b) assays.

Table 3. Antioxidant activity of hydro-ethanolic and polyphenols of P. sativum Hoffm. using DPPH
and FRAP methods.

Extract
DPPH FRAP

IC50 (µg/mL) EC50 (mg/mL)

Hydro-ethanolic extract 19.38 ± 0.15 5.34 ± 0.40

Polyphenols 40.36 ± 1.47 4.91 ± 0.40

BHT 01.97 ± 0.10 –

Ascorbic acid – 1.43 ± 0.02

3.4.2. Total Antioxidant Capacity (TAC)

TAC assay showed that the hydro-ethanolic has a greater total antioxidant capacity
(175.2 ± 6.360 mg EAA/g) comparing to polyphenols (148.2 ± 13.86 mg EAA/g).

3.5. Antimicrobial Activity

The antimicrobial assay on the plate showed that the hydro-ethanolic extract elicited
an antibacterial and anti-fungal activity against P. aeruginosa and C. albicans, respectively,
while S. aureus was showed to be resistant. In contrast, the polyphenolic fraction exhibited
a higher inhibition zone diameter against the three tested pathogens with a noticeable
inhibitory effect toward P. aeruginosa (Table 4). Nevertheless, positive controls, streptomycin
(1 mg/mL) and fluconazole (5 mg/mL), were relatively more potent comparatively to the
tested extracts.

Table 4. Inhibition zone diameters of P. sativum Hoffm. extracts tested against bacterial and fungal species.

Inhibition Zone Diameter in mm

Fractions
Gram-Negative Bacteria Gram-Positive Bacteria Fungi

P. aeruginosa S. aureus C. albicans

Hydro-ethanolic extract 12.33 ± 0.33 a 0.00 ± 0.00 b 9.33 ± 0.33 ab

Polyphenols 14.00 ± 0.33 a 9 ± 0.16 a 13 ± 0.57 a

Streptomycin (1 mg/mL) 14.67 ± 0.17 a 16 ± 0.57 a __

Fluconazole (5 mg/mL) __ __ 21 ± 1.2 a

The different letters in superscript (a, b) indicate the significant difference between treatments at p < 0.05.

The antimicrobial effects against the three species were noticed at MIC values ranging
from 3.125 to 12.5 mg/mL. The polyphenols were the most active as they inhibited the three
species with a prominent effect towards S. aureus (MIC = 3.125 mg/mL). Worth noting is
that the broth dilution assay corroborated the non-toxic effect of the hydro-ethanolic extract
against S. aureus even at the highest concentration tested, 50 mg/mL (Table 5).
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Table 5. MIC of P. sativum Hoffm. fractions tested against bacterial and fungal species.

Minimum Inhibitory Concentration (MIC) in mg/mL

Fractions
Gram-Negative Bacteria Gram-Positive Bacteria Fungi

P. aeruginosa S. aureus C. albicans

Hydro-ethanolic extract 12.5 Resistant 6.25

Polyphenols 6.25 3.125 6.25

Streptomycin 0.625 0.15 __

Fluconazole __ __ 0.31

3.6. Analgesic Activity
3.6.1. Abdominal Writhes

Analgesic activity was evaluated using acetic acid method. Although less efficient
than the standard drug (Tramadol), the hydro-ethanolic (1000 mg/kg) and polyphenols
(200 mg/kg) induced a significant decrease in the number of writes by 38.96 and 29.23%,
respectively, followed by the hydro-ethanolic extract at 500 mg/kg by 23.07% as compared
to the negative control animals which we have taken as reference to calculate the percent of
inhibition (Table 6 and Figure 3).

Table 6. Effect of P. sativum Hoffm. on acetic acid-induced writhing in mice (n = 5).

Treatment Dose (mg/kg) Number of Writes

Control 65.00 ± 2.88 c

Tramadol 10 17.33 ± 1.45 a

Hydro-ethanolic extract
500 50.00 ± 0.57 bc

1000 39.67 ± 0.88 b

Polyphenols 200 46.00 ± 3.05 b

The different letters in superscript (a, b, c) indicate the significant difference between treatments at p < 0.05.
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Figure 3. Inhibitory effect of the hydro-ethanolic (H.E.) and polyphenolic (Ploy) extracts of P. sa-
tivum Hoffm. and Tramadol (positive control) on contortions in mice. The different letters in super-
script (a, b, c) indicate the significant difference between treatments at p < 0.05. 
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Figure 3. Inhibitory effect of the hydro-ethanolic (H.E.) and polyphenolic (Ploy) extracts of P. sativum
Hoffm. and Tramadol (positive control) on contortions in mice. The different letters in superscript
(a, b, c) indicate the significant difference between treatments at p < 0.05.

3.6.2. Formalin Induced Pain

In the formalin test, the hydro-ethanolic extract at the dose 500 and 1000 mg/kg of
P. sativum Hoffm. elicited a significant reduction in response to nociception during the first
phases (0–5 min) and the second phases at the doses 500 and 1000 mg/kg of the hydro-
ethanolic extract and polyphenols comparatively to the control mice. Worth noting is that
Tramadol was the most potent in both phases by up to 85.7% reduction in response time.
During the first phase, hydro-ethanolic extract reduced the response time by 33.32% and
25.86% using 1000 and 500 mg/kg, respectively. In the second phase, both hydro-ethanolic
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and polyphenols extracts showed a significant reduction in response time by 28.55% using
hydro-ethanolic at 500 mg/kg, 37.35% using hydro-ethanolic at 1000 mg/kg, and 30.76%
using polyphenols at 200 mg/kg (Table 7 and Figure 4).

Table 7. Effect of the hydro-ethanolic and polyphenolic extracts of P. sativum Hoffm. on the response
of mice upon the formalin-induced pain.

Treatment Dose (mg/kg)
Licking Time (s)

First Phase (0–5 min) Second Phase (15–30 min)

Control 58.00 ± 0.5 c 30.33 ± 2.5 c

Tramadol 10 10.33 ± 0.8 a 4.33 ± 1.7 a

Hydro-ethanolic extract
500 49.67 ± 1.4 b 21.67 ± 2.1 b

1000 38.67 ± 1.7 b 19.00 ± 1.1 b

Polyphenols 200 43.00 ± 1.1 bc 21.00 ± 0.5 b

The different letters in superscript (a, b, c) indicate the significant difference between treatments at p < 0.05.
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Figure 4. Percent of inhibition of formalin-induced pain in mice following the application of hydro-
ethanolic (H.E.) and polyphenolic (Ploy) extracts of P. sativum Hoffm. and Tramadol (positive con-
trol). Inhibition rates were determined compared to the non-treated animals. The different letters in 
superscript (a, b, c) indicate the significant difference between treatments at p < 0.05. 

3.7. Wound Healing Activity 
The effects of the ointments prepared from hydro-ethanolic and polyphenols extracts 

are presented in Table 8. We showed that both applied extracts induced a significant heal-
ing activity as compared the untreated animals. Figure 5 illustrates the healing progres-
sion using the extracts and the controls from the 1st to the 25th day. The negative control 
group (Vaseline®), positive control group (Madecassol®), and polyphenols did not induce 
a complete wound closure. In contrast, the hydro-ethanolic extract induced a complete 
cicatrization of the wound at the 20th day.  

Figure 4. Percent of inhibition of formalin-induced pain in mice following the application of hydro-
ethanolic (H.E.) and polyphenolic (Ploy) extracts of P. sativum Hoffm. and Tramadol (positive control).
Inhibition rates were determined compared to the non-treated animals. The different letters in
superscript (a, b, c) indicate the significant difference between treatments at p < 0.05.

3.7. Wound Healing Activity

The effects of the ointments prepared from hydro-ethanolic and polyphenols extracts
are presented in Table 8. We showed that both applied extracts induced a significant healing
activity as compared the untreated animals. Figure 5 illustrates the healing progression
using the extracts and the controls from the 1st to the 25th day. The negative control
group (Vaseline®), positive control group (Madecassol®), and polyphenols did not induce
a complete wound closure. In contrast, the hydro-ethanolic extract induced a complete
cicatrization of the wound at the 20th day.

Table 8. Wound size (cm2) of the hydro-ethanolic and polyphenols extracts of P. sativum Hoffm. from
day 1 till day 25.

Wound Size in cm2

Treatments Day 1 Day 5 Day 10 Day 15 Day 20 Day 25

Negative Control 1.91 ± 0.15 a 1.70 ± 0.18 a 1.26 ± 0.03 a 0.62 ± 0.05 a 0.46 ± 0.03 a 0.37 ± 0.06 a

Madecassol® (1%) 2.27 ± 0.12 a 1.59 ± 0.09 a 1.14 ± 0.11 a 0.46 ± 0.10 a 0.37 ± 0.04 a 0.13 ± 0.03 b

Hydro-ethanolic extract (10%) 2.83 ± 0.03 a 1.52 ± 0.06 a 0.49 ± 0.10 b 0.36 ± 0.05 a 0.23 ± 0.05 a 0.08 ± 0.02 b

Polyphenolic extract 2.79 ± 0.46 a 1.71 ± 0.23 a 0.83 ± 0.15 ab 0.58 ± 0.19 a 0.36 ± 0.13 a 0.14 ± 0.03 b

The different letters in superscript (a and b) indicate the significant difference between treatments at p < 0.05.
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Figure 6. Burn healing activity of the hydro-ethanolic (H.E.) and polyphenolic (POLY) extracts of P. 
sativum Hoffm. and the control groups. Superscript letters (a, b, c) indicate the significant difference 
between treatments at p < 0.05. 
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4. Discussion 

Parsley is a medicinal plant largely used a garnish and food-flavoring agent but also 
in traditional pharmacopoeia to treat several diseases such as inflammation, diabetes, can-
cer, digestive disorders, and kidney stones [14,54]. Nevertheless, many of these traditional 
applications remain to be discovered and proven. Here, we annotated the phytoconstitu-
ents of its hydro-ethanolic extract and studied the analgesic, antioxidant, and antimicro-
bial of the hydro-ethanolic and polyphenol extracts of parsley (P. sativum Hoffm.). Most 
importantly, we believe that this is the first study to assess the wound healing properties 
of P. sativum Hoffm. extracts using animal models. 

The LC-MS/MS analysis of P. sativum corroborated the presence of some polyphenols 
known for their biological effects such as oleuropein (antioxidant, anti-atherogenic, anti-
microbial, anti-cancer, antiviral activity, anti-inflammatory, hypoglycemic, and hypoli-
pidemic activities) [55], arbutin (wound healing, anti-inflammatory, antioxidant, analge-
sic, anticancer, antiparkinsonic, and hypoglycemic effects) [56], myricetin (antimutagen, 
anti-ulcer, anticarcinogen, antioxidant, antibacterial, anti-diabetic, cardioprotective, anti-
amyloidogenic, anti-inflammatory, and antiviral activities) [57,58], and naringin (anti-ath-
erosclerosis, anti-diabetic, neuroprotective, cardioprotective, rheumatologic, and osteopo-
rosis disorders). Moreover, the GC-MS analysis of the hydro-ethanolic extract of P. sativum 
Hoffm. showed the presence of some compounds renowned for their pharmacological 
activities like malic acid (anti-thrombotic) [59], D-glucose (anti-cancer, anti-diabetic) 
[60,61], carbazoles (antifungal) [62], and myo-inositol (against both male and female in-

Figure 6. Burn healing activity of the hydro-ethanolic (H.E.) and polyphenolic (POLY) extracts of
P. sativum Hoffm. and the control groups. Superscript letters (a, b, c) indicate the significant difference
between treatments at p < 0.05.

4. Discussion

Parsley is a medicinal plant largely used a garnish and food-flavoring agent but also in
traditional pharmacopoeia to treat several diseases such as inflammation, diabetes, cancer,
digestive disorders, and kidney stones [14,54]. Nevertheless, many of these traditional
applications remain to be discovered and proven. Here, we annotated the phytoconstituents
of its hydro-ethanolic extract and studied the analgesic, antioxidant, and antimicrobial of the
hydro-ethanolic and polyphenol extracts of parsley (P. sativum Hoffm.). Most importantly,
we believe that this is the first study to assess the wound healing properties of P. sativum
Hoffm. extracts using animal models.

The LC-MS/MS analysis of P. sativum corroborated the presence of some polyphe-
nols known for their biological effects such as oleuropein (antioxidant, anti-atherogenic,
antimicrobial, anti-cancer, antiviral activity, anti-inflammatory, hypoglycemic, and hy-
polipidemic activities) [55], arbutin (wound healing, anti-inflammatory, antioxidant, anal-
gesic, anticancer, antiparkinsonic, and hypoglycemic effects) [56], myricetin (antimuta-
gen, anti-ulcer, anticarcinogen, antioxidant, antibacterial, anti-diabetic, cardioprotective,
anti-amyloidogenic, anti-inflammatory, and antiviral activities) [57,58], and naringin (anti-
atherosclerosis, anti-diabetic, neuroprotective, cardioprotective, rheumatologic, and os-
teoporosis disorders). Moreover, the GC-MS analysis of the hydro-ethanolic extract of
P. sativum Hoffm. showed the presence of some compounds renowned for their phar-
macological activities like malic acid (anti-thrombotic) [59], D-glucose (anti-cancer, anti-
diabetic) [60,61], carbazoles (antifungal) [62], and myo-inositol (against both male and
female infertilities) [54]. The chemical compounds identified here are likely to be behind
the biological and pharmacological activities demonstrated in this study. In line with
other works, our results show the presence of phytochemicals in parsley such as alkaloids,
polyphenols, and sugars that contribute to the structure of the flavonoid glycosides and
amino acids [9,14,62].

The analgesic activity was tested by two protocols: abdominal writhes and formalin
induced pain as described by Ganguly et al., 2016 [63]. Our findings suggest that the
analgesic activity of P. sativum Hoffm. could be related to its effect on prostaglandin
biosynthesis [64]. In fact, acetic acid induces the secretion of prostaglandins (PGE2 and
PGE2α), partly involving peritoneal receptors and inflammatory discomfort [65]. Other
studies showed the analgesic effect of the ethanolic extract of parsley prepared at 100, 150,
and 200 mg/kg acts by decreasing both phases of pain using the formalin test [19]. Using
this assay, there is two distinct biphasic nociceptive responses known as early and late
phases [66]. Molecules that target precisely the central nervous system (CNS) can inhibit
both phases by a similar mechanism. However, drugs acting on the peripheric nervous
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system (PNS) inhibit the late phases only [67,68]. The early phase could be triggered by
the nociceptors induction in the paw reflecting the centrally mediated pain, while the late
phase is activated by the release of pro-inflammatory agents such as serotonin, bradykinin,
histamine, and prostaglandins [68,69]. However, this could be also due to the central
nociceptive neuron’s activation [69,70].

Balance between the release of anti and pro-inflammatory cytokines and analgesic
mediators induces the chronicity of pain [71,72]. In a recent study, we demonstrated the
anti-inflammatory effect of the hydro-ethanolic and polyphenolic extracts from P. sativum
Hoffm. [26]. As the healing process is strongly associated with the inflammatory response
by the intervention phase of monocytes and neutrophils, the proliferation of epithelial cells
and fibroblasts, the synthesis of collagen, and the action of keratinocytes fibroblasts [73]. We
evaluated the potential healing activity of our extracts in rats and showed that application
of ointments prepared from the hydro-ethanolic extract and polyphenolics induced a
significant cicatrizing effect as compared the untreated animals. This is most likely due
to the presence of bioactive compounds that support inflammation to repair lesions and
accelerate cell regeneration in damaged tissues. In fact, several phytochemicals such
as polysaccharides, alkaloids, and saponins have been demonstrated to have wound
healing properties [74]. For instance, triterpenes isolated from Centella asiatica stimulated
glycosaminoglycans synthesis and ameliorated collagen remodeling [75]. In addition,
madecassoside from this plant administered orally improved both collagen synthesis and
angiogenesis. Worth noting is that Arctium lappa L. was able to monitor adhesion of dermal
fibroblasts and regulate their gene expression by targeting the Wnt/β-catenin signaling
pathway which is well documented as a major wound regulator [76]. Other molecules
including apigenin are known for controlling the wound healing process [77].

As nutrients are important factors in wound healing, many studies showed that
nutrient shortage is likely linked to the delayed healing of wounds [78]. For instance,
vitamin K is mandatory during the first phase (hemostasis). Its deficiency alters wound
repair, hemorrhage, and infection [79]. Interestingly, parsley is known as one of the leafy
green vegetables to be rich in vitamin K [78]. In addition, as malic acid is one of the
most abundant molecules identified in this study, its action as a wound healing agent
could corroborate a previous study that showed that purified fractions from the leaves of
Sempervivum tectorum L. harboring high contents of malic acid promote cellular proliferation
and migration [80,81]. Other studies have investigated the role of malic acid derived
polymers on muscle regeneration and bone repair [82].

Flavonoid contents of P. sativum Hoffm. were different from those obtained by Pereira et al.,
(2014) [83] who showed a low TFC in the hydro-ethanolic extract of parsley. This can be
explained by the difference in the extraction method used, geographical regions of growth,
seasonal variations, harvesting time, and postharvest treatment [5]. Previous studies have
shown similar results regarding the TFC of parsley (27.2 mg QE/g) [84,85]. Other works
revealed many factors that can influence the content of TPC such as genetic and extrinsic
factors namely climatic and geographic ones [86]. There is also the duration of storage,
chemotype, and the degree of maturation of the plant which have a strong influence on the
polyphenols contents [87].

Here, the antioxidant activity was monitored using DPPH, FRAP and TAC tests.
The difference seen between the hydro-ethanolic extract and the polyphenolics could
be related to the presence of other chemicals having antioxidant activity other than the
polyphenols. As previously reported, this antioxidant ability can be due to the presence of
malic acid in P. sativum Hoffm. [88,89]. Other studies have shown the significant antioxidant
capacity of the aerial part of parsley due to the presence of flavonoid [90,91]. For instance,
Marin et al. (2016) demonstrated that the water extract of parsley exhibited a low oxidation
inhibitory effect using FRAP test, with an EC50 of 0.93 mmol/L [92,93]. Moreover, it has
been proposed that a high TAC may be closely related to the presence of a high content of
polyphenolics [94].
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The antimicrobial activity of P. sativum Hoffm. polyphenolic fraction towards S. aureus,
P. aeruginosa, and C. albicans highlights the potential use of this plant’s extract in treating
bacterial and fungal wound infections. In fact, these pathogenic species along with others
such as S. epidermidis, Escherichia coli, Klebsiella pneumonia, and Proteus are commonly
isolated from infected wounds. Therefore, our findings provide useful information on
the wound healing properties of plant-based chemicals through controlling infectious
agents [95].

To explain the mechanisms of action of plant-derived antimicrobial compounds, sev-
eral studies have attempted to correlate their antibacterial effect with their phytochemical
composition [96]. Some scientists have suggested that the antibacterial action is associated
with high concentrations of phenols, monoterpenes, aldehydes, and ketones that perturb
the integrity of microbial membranes [97]. This may be due to the hydrophobic nature of
some phytocompounds, allowing their accumulation on the cell membranes and disrupt
their structure and function. This also weakens the microbial enzyme machinery, allows
intracellular components to leak, and leads to apoptosis [98,99]. Other investigations have
reported that these products can coagulate the microbial cytoplasm and bring down lipids
and proteins [100]. Mostafa et al., (2020) recently reported that the stem bark extract from
Salix tetrasperma impaired the virulence of P. aeruginosa by hindering its swimming and
swarming on plates and by inhibiting its hemolytic and proteolytic activities [101]. Similarly,
Ben bakrim et al., (2022) showed that the leaf extract from Ximenia americana var. caffra has
the ability to inhibit the biofilm formation by the skin pathogen P. aeruginosa and reduced
its mobilities in a dose-dependent manner [13]. Overall, the profile of a plant chemical
composition may influence its targets, mechanisms of action, and consequently, its antibac-
terial activity.

5. Conclusions

This study profiled the phytochemical composition of the hydro-ethanolic extract of
P. sativum Hoffm. and highlighted some biological and pharmacological activities of its
hydro-ethanolic extract and polyphenolic fraction. Our findings corroborate many previous
investigations on the role of parsley-based phytochemicals such as polyphenols as analgesic,
antioxidant, and antimicrobial agents. However, as far as we know, this is the first study to
deliver proof that parsley could serve as a source of wound healing bioactive principles.
Nevertheless, more evidence is needed to prove their direct influence using fractionation
and guided bioassays and individual compounds isolation. In addition, further in-depth
assessments should address the underpinning molecular and physiological mechanisms
of observed analgesic and healing activities in vivo. Lastly, our study shed light on the
potential and promising role of P. sativum Hoffm. as a source of analgesic, antimicrobial,
and wound healing plant-based agents.
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Abstract: In the present study, the chemical composition of the volatile oil and methanolic extract
from Ducrosia flabellifolia Boiss. was investigated. The antimicrobial, antioxidant, and anticancer
activities of the methanolic extract from D. flabellifolia aerial parts were screened using experimental
and computational approaches. Results have reported the identification of decanal (28.31%) and
dodecanal (16.93%) as major compounds in the essential oil obtained through hydrodistillation.
Farnesyl pyrophosphate, Methyl 7-desoxypurpurogallin-7-carboxylate trimethyl ether, Dihydro-
Obliquin, Gummiferol, 2-Phenylaminoadenosine, and 2,4,6,8,10-dodecapentaenal, on the other hand,
were the dominant compounds in the methanolic extract. Moreover, the tested extract was active
against a large collection of bacteria and yeast strains with diameter of growth inhibition ranging
from 6.67 ± 0.57 mm to 17.00 ± 1.73 mm, with bacteriostatic and fungicidal activities against almost
all tested microorganisms. In addition, D. flabellifolia methanolic extract was dominated by phenolic
compounds (33.85 ± 1.63 mg of gallic acid equivalent per gram of extract) and was able to trap
DPPH• and ABTS•+ radicals with IC50 about 0.05 ± 0 mg/mL and 0.105 ± 0 mg/mL, respectively.
The highest percentages of anticancer activity were recorded at 500 µg/mL for all cancer cell lines
with IC50 about 240. 56 µg/mL (A-549), 202.94 µg/mL (HCT-116), and 154.44 µg/mL (MCF-7).
The in-silico approach showed that D. flabellifolia identified compounds bound 1HD2, 2XCT, 2QZW,
and 3LN1 with high affinities, which together with molecular interactions and the bond network
satisfactorily explain the experimental results using antimicrobial, antioxidant, and anticancer assays.
The obtained results highlighted the ethnopharmacological properties of the rare desertic D. flabellifolia
plant species growing wild in Hail region (Saudi Arabia).

Metabolites 2023, 13, 64. https://doi.org/10.3390/metabo13010064 https://www.mdpi.com/journal/metabolites140



Metabolites 2023, 13, 64

Keywords: Ducrosia flabellifolia; essential oil; methanolic extract; antimicrobial; antioxidant; anticancer;
ADME; in-silico; molecular interactions

1. Introduction

The Ducrosia flabellifolia Boiss. (D. flabellifolia) plant species belongs to Apiaceae family
and is popularly known in Saudi Arabia as Haza [1]. The aerial parts of this species are
smoked in form of cigarettes and have been used in traditional medicine by the local people
as a sedative agent, and for the treatment of dental pain [2]. Volatile oil of D. flabellifolia
has been reported for its potent antimicrobial potential towards C. albicans and S. aureus
and moderate activity against E. coli and P. aeruginosa. The essential oil of D. flabellifolia has
been documented for its moderate-to-weak anti-proliferative activity against three human
cancer cell lines, MCF-7, K562 and LS180 [3]. In addition, the D. flabellifolia ethanol extract
has been reported for its apoptotic effect toward breast cancer [4]. More recently, it has been
demonstrated that D. flabellifolia hydroalcoholic extract collected from Hail region (Saudi
Arabia) is a rich source of chlorogenic acid, ferulic acid, caffeic acid, and sinapic acid with
good antimicrobial and antioxidant activities [5].

Cancer as a non-communicable disease was classified as the most common cause of
death after cardiovascular diseases [6]. According to the data from the international agency
for research on cancer (IARC), in Saudi Arabia, the incidence of different types of cancers
has increased over the past decade and the number of new cancer cases was estimated
to be 27,885, including 13,069 deaths with colorectum, breast, thyroid, non-Hodgkin and
lymphoma remaining the most common type of cancers [6]. The drastic spread of cancer
disease with high mortality rate is due to its ability to metastasize and its migrating effect
among multiple organs [7]. Despite the current treatments, it is still considered the second
most devastating cause of death worldwide [8,9]. On the other hand, the emergence of
multidrug resistance (MDR) causing infections has promoted the development of novel
antibacterial agents [10,11]. Infections and cancerous diseases are enhanced and aggravated
by oxidative stress, which is a key factor due to its dramatic and fulgurant impact on the
generation of free radicals which overcome suffering and stimulate various diseases [12].
Moreover, the increase in the number of infections caused by pathogenic microorganisms
in cancer patients has encouraged scientists to search for novel therapeutic agents [13].
Conventional cancer chemotherapeutic drugs are based on the administration of drugs with
the power to hinder the proliferation of tumor cells by inducing their apoptosis. They are
mostly non-selective to cancer cells with detrimental side effects that cause serious health
diseases, and multidrug-resistant microorganisms that contribute to the development of
drug resistance in cancer cells [14,15].

For the above-mentioned reasons, and due to a lack of new anti-cancer and anti-
infective agents with high therapeutic efficacy, no drug resistance and low side effects, the
exploration of a bioassay-guided approach for the discovery of anti-cancer and antimi-
crobial natural products has been intensified and become a focus of interest for scientists
and pharmaceutical research. Herbal treatment is the greatest gift that humans can use
to improve their health [16–18]. Moreover, aromatic and medicinal herbs still remain the
ultimate choice and a source of promising molecules in all areas of health, both in the
treatment and prevention of certain pathologies [19].

Based on traditional claims regarding the use of D. flabellifolia, the purpose of the
present study was to assess for the first time the phytochemical composition, the in vitro
antioxidant, and antimicrobial activities of D. flabellifolia methanolic extract and its anti-
proliferative effectiveness against colon, lung, and breast cancer cell lines, supported
with the ADME and molecular docking studies of their major constituents. The latter
focused on targeting 1HD2, 2XCT, 2QZW, AND 3LN1 macromolecules, which correspond
to Human peroxiredoxin 5, S. aureus Gyrase complex, Secreted aspartic proteinase (Sap) 1
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from C. albicans, and cyclooxygenase-2 (COX-2) to assess the antioxidant, antibacterial and
anticancer/anti-inflammatory potentials, respectively.

2. Results
2.1. Chemical Composition of D. flabellifolia EO

The yield of extraction of the essential oil was about 0.24 ± 0 mL/100 g of plant mate-
rial. In addition, out of 98.46% of bioactive compounds identified with GC-MS technique,
miscellaneous compounds are the dominant group (64.10%), followed by monoterpene hy-
drocarbons (16.60%), oxygenated monoterpenes (10.89%), and oxygenated monoterpenes
(6.87%). The main most volatile constituents were decanal (28.31%) and dodecanal (16.93%),
and 1-heptadecne (8.30%) were the dominant compounds followed by β-eudesmol (6.87%),
α-pinene (5.83%), β-phellandrene (5.76%), and 1-decanol (4.34%) (Table 1).

Table 1. Chemical composition of D. flabellifolia aerial parts identified by GC-MS technique.

N◦ Compound RI * D. flabellifolia EO Molecular Weight Chemical Formula

1 Nonane 900 0.68 128.259 C9H20
2 α-pinene 940 5.83 136.238 C10H16
3 Sabinene 969 0.85 136.23 C10H16
4 o-cymene 976 0.51 134.22 C10H14
5 β-pinene 983 0.38 136.278 C10H16
6 β-myrcene 992 2.87 136.238 C10H16
7 α-phellandrene 1005 0.40 136.23 C10H16
8 β-phellandrene 1029 5.76 136.23 C10H16
9 Fenchone 1093 1.81 152.23 C10H16O

10 4-undecene 1076 0.72 154.292 C11H22
11 Undecane 1100 0.33 156.313 C11H24
12 Citronellal 1152 1.81 154.25 C10H18O
13 Decanal 1202 28.31 153.26 C10H20O
14 Citronellol 1236 1.95 156.269 C10H20O
15 Verbenyl acetate 1269 2.84 194.270 C12H18O2
16 1-decanol 1274 4.34 158.28 C10H21OH
17 Thymol 1298 1.84 150.22 C10H14O
18 Undecanal 1307 0.26 170.296 C11H22O
19 Geranyl acetate 1382 0.64 196.29 C10H20O2
20 Dodecanal 1412 16.93 184.32 C12H24O
21 2-dodecenal 1476 0.80 182.3 C12H22O
22 1-hexadecene 1593 1.59 224.42 C16H32
23 Tetradecanal 1614 1.14 212.37 C14H28O
24 β-eudesmol 1654 6.87 222.37 C15H26O
25 1-heptadecne 1697 8.30 238.5 C17H34
26 2-Hydroxycyclopentadecanone 1852 0.70 240.38 C15H28O2

* RI: Retention index relative to (C8-C24) n-alkanes on HP-5MS column.

2.2. Chemical Composition of D. flabellifolia Methanolic Extract

The obtained methanolic extract was oily with a black color. The yield of extraction
was about 20.06 ± 0.19 g of dry extract/100 g of plant material. Seventeen tripeptides with
molecular weights ranging from (288.1552) to (432.2024) g/mol were tentatively identified
through comparison of spectrum data of the extract with that of known compounds. Details
of identified peptides are given in Table S1.

It is important to note that all compounds were first reported in this study for
D. flabellifolia aerial parts methanolic extract analyzed with HR-LC/MS. The complete
list of identified chemical bioactive compounds is summarized in Table 2.
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Table 2. Phytochemical compounds identified by the HR-LCMS technique in D. flabellifolia methano-
lic extract.

N◦ Compound Name Chemical Class RT (mn) MW (g/mol) Chemical
Formula [m/z]- [m/z]+

1 10-Hydroxyloganin Terpenoids 0.963 406.1437 C17 H26 O11 387.1277 -
2 2,4,6,8,10-dodecapentaenal Fatty Acyls 1.060 174.105 C12 H14 O 191.0638 -
3 2-Phenylaminoadenosine Glycosides 3.827 358.1398 C16 H18 N6 O4 357.1324 -
4 Atractyloside Glycosides 4.260 726.2192 C30 H46 O16 S2 707.201 -
5 Cortisol 21-sulfate Sterols lipids 5.549 442.1627 C21 H30 O8 S 459.1217 -
6 5,8,11-heptadecatriynoic acid Fatty Acyls 6.468 258.156 C17 H22 O2 239.1382 -
7 Galactan Polysaccharides 8.436 680.2045 C24 H40 O22 679.199 -
8 Harderoporphyrin Pigment 9.807 608.2509 C35 H36 N4 O6 643.2205 -

9 Ergoline-1,8-dimethanol, 10-
methoxy-6-methyl-, (8b)- Alkaloid 26.965 316.1812 C18 H24 N2 O3 297.1636 -

10 Ecgonine-methyl ester Alkaloid 1.454 199.1195 C10 H17 N O3 - 200.1268

11
2-Hydroxy-3-(4-

methoxyethylphenoxy)-
propanoic acid

Organic Acids 5.585 240.101 C12 H16 O5 - 263.0902

12 Lomatin Coumarins 6.222 246.878 C14 H14 O4 - 247.0951
13 Marmesin Coumarins 7.088 246.0903 C14 H14 O4 - 269.0794
14 Purpurogallin Natural Phenol 7.210 220.0361 C11 H8 O5 - 269.0794
15 Atranorin Polyphenol 7.363 196.0387 C9 H8 O5 - 203.0328

16
Methyl 7-

desoxypurpurogallin-7-
carboxylate trimethyl ether

Natural Phenols 7.777 304.0935 C16 H16 O6 - 287.0903

17 Dihydro-Obliquin Coumarin 8.789 246.0904 C14 H14 O4 - 269.0796
18 13-amino-tridecanoic acid Fatty Acid 9.341 229.2031 C13 H27 N O2 - 230.2104
19 Gummiferol Fatty Acyl 9.417 286.0836 C16 H14 O5 - 269.0803
20 Farnesyl pyrophosphate Isoprenoid 9.786 382.128 C15 H28 O7 P2 - 405.1171
21 Syringic acid Natural Phenols 15.399 198.054 C9 H10 O5 - 203.0326
22 Khayanthone Polyphenols 18.482 570.2856 C32 H42 O9 - 593.275

2.3. Antimicrobial Activities of D. flabellifolia Methanolic Extract

The antimicrobial activities of D. flabellifolia methanolic extract was assessed using disc
diffusion and microdilution assays. Results summarized in Table 3 showed high diameter
of growth inhibition zones (mGIZ ± SD) ranging from 10.33 ± 0.57 mm (P. aeruginosa;
Environmental strain, pf8) to 14.67 ± 0.57 mm (S. aureus MDR, Clinical strain, 136). The
highest mGIZ was recorded for C. neoformans (17.00± 1.73 mm) and C. albicans ATCC 10231
(16.33 ± 0.57 mm). However, C. vaginalis (6.00 ± 0 mm), Candida sp. (6.67 ± 0.57 mm),
A. fumigatus ATCC 204305 (8.33 ± 1.15 mm), and A. niger (8.67 ± 0.57 mm) were the
most resistant microorganisms. Using the MBC/MIC ratio, the tested extract showed
bacteriostatic action against almost all tested bacterial strains (MBC/MIC ratio > 4) with the
exception against S. aureus MDR (Clinical strain, 136), S. paucimobilis (Clinical strain, 144),
and A. baumannii (Clinical strain, 146) with MBC/MIC ration lower than 4 highlighting a
bactericidal action against these bacteria. Interestingly, D. flabellifolia methanolic extract
exhibited fungicidal activity against the four yeast strains tested (MFC/MIC < 4).

2.4. Antioxidant Activities of D. flabellifolia Methanolic Extract

Total phenolic content (TPC), total flavonoids content (TFC), and total tannins content
(TTC) were estimated, and the obtained results revealed a dominance of phenolic com-
pounds (TPC = 38.85 ± 1.63 mg of gallic acid equivalent per gram of extract) followed by
flavonoids (TFC = 17.06 ± 0.48 mg of quercetin equivalent per gram of dry extract), and
condensed tannins (TTC = 7.80± 0.69 mg of tannic acid equivalent per gram of dry extract).
In addition, D. methanolic extract was able to trap DPPH• and ABTS•+ radicals with IC50
about 0.05 ± 0 mg/mL and 0.105 ± 0 mg/mL, respectively (Table 4).
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Table 3. Growth inhibition zone, MICs, MBCs, and MFCs values obtained using disc diffusion and
microdilution assays.

Code Bacterial Strain

D. flabellifolia Methanolic Extract
Ampicillin

Mean ± SD (mm)mGIZ ± SD
(mm) MIC a MBC b MBC/MIC

Ratio

B1 E. coli ATCC 35218 12.66 ± 1.15 bc 12.50 200 16; bacteriostatic 7.00 ± 0.00 d

B2 P. aeruginosa ATCC 27853 11.33 ± 0.57 cde 25 200 8; bacteriostatic 7.33 ± 0.57 d

B3 P. mirabilis ATCC 29245 12.67 ± 0.57 bc 25 200 8; bacteriostatic 6.33 ± 0.57 d

B4 K. pneumoniae ATCC 27736 14.33 ± 0.57 a 25 200 8; bacteriostatic 6.66 ± 0.57 d

B5 P. mirabilis (Environmental strain, 3) 12.67 ± 0.57 bc 25 200 8; bacteriostatic 21.00 ± 1.00 a

B6 S. sciuri (Environmental strain, 4) 11.33 ± 1.52 cde 25 200 8; bacteriostatic 7.00 ± 0.00 d

B7 S. pyogens (Clinical strain) 11.33 ± 1.15 cde 25 200 8; bacteriostatic 16.00 ± 1.73 b

B8 P. aeruginosa (Environmental strain, pf8) 10.33 ± 0.57 e 12.50 100 8; bacteriostatic 6.66 ± 0.57 d

B9 S. aureus MDR (Clinical strain, 136) 14.67 ± 0.57 a 12.50 50 4; bactericidal 7.33 ± 0.57 d

B10 E. cloacae (Clinical strain, 115) 14.33 ± 0.57 a 12.50 100 8; bacteriostatic 6.66 ± 0.57 d

B11 S. paucimobilis (Clinical strain, 144) 12.33 ± 0.57 cd 25 100 4; bactericidal 7.66 ± 0.57 d

B12 A. baumannii (Clinical strain, 146) 14.00 ± 0.00 ab 12.50 50 4; bactericidal 13.33 ± 0.57 c

Code Yeasts and molds mGIZ±SD (mm) MIC a MFC b MFC/MIC
Ratio

Amphotericin B
Mean ± SD (mm)

Y1 C. albicans ATCC 10231 16.33 ± 0.57 a 25 50 2; fungicidal 22.66 ± 1.15 a

Y2 C. neoformans ATCC 14116 17.00 ± 1.73 a 6.25 12.50 2; fungicidal 15.33 ± 0.57 b

Y3 C. vaginalis (Clinical strain) 6.00 ± 0.00 d 6.25 25 4; fungicidal 6.66 ± 0.57 d

Y4 Candida sp. (Clinical strain) 6.67 ± 0.57 cd 25 100 4; fungicidal 12.33 ± 0.57 c

M1 A. fumigatus ATCC 204305 8.33 ± 1.15 bc - - - 15.00 ± 1.00 b

M2 A. niger 8.67 ± 0.57 b - - - 6.00 ± 0.00 d

Inhibition zone around the discs impregnated with D. flabellifolia methanolic extract (3 mg/disk) expressed as
mean of three replicates (mm ± SD). SD: standard deviation. MIC: Minimal Inhibitory Concentration. MBC:
Minimal Bactericidal Concentration. The letters (a–e) indicate a significant difference between the inhibition zones
of the sample and amphotericin B against bacteria according to the Duncan test (p < 0.05).

Table 4. Antioxidant activities of D. flabellifolia methanolic extract as compared to standard molecules.

Tests DPPH
IC50 (mg/mL)

ABTS
IC50 (mg/mL)

β-Carotene
IC50 (mg/mL)

D. flabellifolia methanolic extract 0.05 ± 0 a 0.105 ± 0 a 5.00 ± 0.78 a

BHT (Butylated hydroxytoluene) 0.023 ± 0 b 0.018 ± 0 b 0.042 ± 0 b

Ascorbic Acid 0.022 ± 0 b 0.021 ± 0 b 0.017 ± 0 b

Letters (a,b) indicate a significant difference (p < 0.005) between D. flabellifolia methanolic extract and stan-
dard molecules.

Using the Duncan test, a significant difference (p < 0.005) was found between
D. flabellifolia methanolic extract and the standards molecules used (BHT and AA) in all
three antioxidants systems used. Using β-carotene/linoleic assay, our results indicated
that high concentration from D. flabellifolia methanolic extract was needed for bleaching
50% of (IC50 = 5.00 ± 0.78 mg/mL) as compared to BHT (IC50 = 0.042 ± 0 mg/mL) and
AA (IC50 = 0.017 ± 0 mg/mL).

2.5. Anticancer Activities of D. flabellifolia Methanolic Extract

The anticancer activity of D. flabellifolia methanolic extract was tested against breast
(MCF-7), lung (A549), and colon (HCT-116) cancer cell lines using the MTT assay (Figure 1).
Results showed an increase in cell viability inhibition in a concentration dependent manner.
The highest percentages were recorded at 500 µg/mL for all cancer cell lines with IC50
about 240.56 µg/mL (A-549), 202.94 µg/mL (HCT-116), and 154.44 µg/mL (MCF-7).
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cretion (ADME) properties tool to verify that the designed molecules are viable drugs. 
The selected phytocompounds showed good bioavailability score, high gastrointestinal 
absorption (GI) and some of them were predicted to be blood-brain-barrier (BBB) perme-
ant. Except compound 9 (Ergoline-1,8-dimethanol, 10-methoxy-6-methyl-, (8b)-), the rest 
have been predicted to be not P-gp substrate, meaning that they are likely to have prom-
ising intestinal absorption and bioavailability. Simultaneously, predictive data showed 
that most of the selected compounds are not inhibitors of cytochrome P450 isoenzymes 
CYP 1A2, CYP2C19, CYP2C9, CYP2D6 and CYP3A4, meaning that they will not hamper 

Figure 1. Effect of different concentrations from D. flabellifolia methanolic extract on breast (MCF-7),
lung (A549), and colon (HCT-116) cancer cell lines. Error bars indicate SDs (± standard deviation) of
three independent experiments. Significance; ns > 0.01, * p < 0.01, ** p < 0.001, *** p < 0.0001.

2.6. ADME Predictions

In drug development, it is imperative to study and investigate its safety and efficacy to
know how a successful drug processes and reacts with the human body. For this, the major
compounds were predicted for their absorption, distribution, metabolism, and excretion
(ADME) properties tool to verify that the designed molecules are viable drugs. The selected
phytocompounds showed good bioavailability score, high gastrointestinal absorption
(GI) and some of them were predicted to be blood-brain-barrier (BBB) permeant. Except
compound 9 (Ergoline-1,8-dimethanol, 10-methoxy-6-methyl-, (8b)-), the rest have been
predicted to be not P-gp substrate, meaning that they are likely to have promising intestinal
absorption and bioavailability. Simultaneously, predictive data showed that most of the
selected compounds are not inhibitors of cytochrome P450 isoenzymes CYP 1A2, CYP2C19,
CYP2C9, CYP2D6 and CYP3A4, meaning that they will not hamper the biotransformation
of drugs metabolized by CYP450 enzymes. From the skin permeation (LogKP), we deduced
acceptable values. All examined compounds were predicted to comply with Lipinski’s
rule-of-five, suggesting their good drug-likeness behavior. They also do not violate Ghose,
Veber, Egan or Muegge (with some irregularities) filters.

The bioavailability radar of the selected analogues showed that the colored zone is
the desired physicochemical space for good oral bioavailability in which the following
properties were taken into account: flexibility, lipophilicity, saturation, size, polarity and
solubility (Table 5). As shown in Figure 2, most of them fall entirely within the pink area,
suggesting that they are suitable for better bioavailability.
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ideal for oral bioavailability.

2.7. Molecular Docking Study

Table 6 and Table S2 showed that D. flabellifolia compounds bound the four targeted
receptors with negative free binding energy but with different scores, except for Khayan-
thone for 1HD2 macromolecule. While the best binding score was predicted in the 3LN1-
Harderoporphyrin complex, it ranged between –3.7 and –9.9 kcal/mol for the other com-
plexes. Harderoporphyrin, which possessed the best binding score with 3LN1, was also
predicted to interact with 1HD2, 2XCT and 2QZW receptors with acceptable binding scores
of –6.4, –8.2 and –8.2 kcal/mol and included several different key residues. It was also
deeply embedded into these targeted receptors and showed 2.047, 2.186, 1.804 and 1.898 Å
only, respectively, for 1HD2, 2XCT, 2QZW, and 3LN1.
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Table 6. Binding affinity, conventional hydrogen-bonding, the number of closest interacting residues
and distance to closest interacting residue (Å) of some compounds with best scores with the different
targeted receptors (1HD2, 2XCT, 2QZW, and 3LN1).

Complexes
Binding Affinity

(kcalxmol−1)
Conventional

H-Bonds
No. Closest

Interacting Residues

Closest Interacting
Residue

Residue Distance (Å)

1HD2/2-Phenylaminoadenosine −6.7 4 7 Arg86 1.822
1HD2/Atractyloside −6.8 8 8 Gly92 2.153

2XCT/10-Hydroxyloganin −7.6 6 4 Asp1105 1.904
2XCT/Harderoporphyrin −8.2 6 5 Arg1377 2.186

2QZW/2-Phenylaminoadenosine −8.3 6 9 Arg195 2.223
2QZW/Atractyloside −8.3 6 7 Glu132 2.023

3LN1/Harderoporphyrin −9.9 6 7 Ser160 1.898
3LN1/Dihydro-Obliquin −9.2 1 9 Ser516 2.497

D. flabellifolia compounds were also found to be deeply embedded in all the studied
receptors (1HD2, 2XCT, 2QZW, AND 3LN1). In this context, 1.476 Å only was reported
in the compound (Khayanthone) while docked to the 1HD2 receptor. The bond network
included H-bonds, which are commonly evaluated to assess the biological activities of the
assessed compounds, associated several hydrophobic bonds: Pi-anion, Pi-cation, Pi-alkyl,
and Pi-Pi T-shaped, as shown by the corresponding diagram of interactions (Figure 3).
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study, we report the identification of twenty-two bioactive compounds in the essential oil 
of D. flabellifolia aerial parts obtained by hydrodistillation. In fact, D. flabellifolia was dom-
inated by decanal, dodecanal, 1-heptadecene, and α-pinene. Linear furanocoumarins have 
been previously identified as the major non-volatile components of the Ducrosia genus 
[20], whilst the main most volatile constituents were aliphatic hydrocarbons, with decanal 
(10.1–74.0%) and dodecanal (7.2–33.41%) as the major constituents [1]. Our results are in 
accordance with those reported by Al-Ghamdi et al. [21], who described the identification 
of 52 compounds in stems, leaves, and flowers of D. flabellifolia collected from northern 
border (Saudi Arabia). The same authors reported that the obtained essential oil was dom-
inated by aldehyde hydrocarbons (stems 65.11%, leaves 65.39%, and flowers 67.30%), and 
decanal and dodecanal were the main identified compounds in the three tested organs. 
Similarly, Shahabipour and colleagues [3] reported that n-decanal (32.80%), dodecanal 
(32.6%), n-decanol (4.30%) and (2E)-tridecen-1-al (3.30%) were the dominant compounds 
identified in D. flabellifolia essential oil from Iran. The essential oils (fresh leaves and flow-
ers) from Jordanian D. flabellifolia plant species obtained through hydrodistillation and 
solid phase microextraction (SPME) was a rich source of aliphatic compounds where n-
decanal was the predominant compound obtained in D. flabellifolia fresh leaves (Hydro-
distillation: 36.61%; SPME: 24.44%), while n-decanol was the dominant bioactive com-
pound in the essential oils of dry leaves (27.88%) and fresh flowers’ (11.49%) essential oils 
extracted by SPME technique [2].  

In addition, as regards D. flabellifolia methanolic extract, we reported in this study the 
tentative identification of seventeen small peptides (tripeptides) and twenty-two phyto-
chemical compounds (mainly farnesyl pyrophosphate, Methyl 7-desoxypurpurogallin-7-
carboxylate trimethyl ether, Dihydro-Obliquin, Gummiferol, 2-Phenylaminoadenosine, 
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Figure 3. Three-dimensional (3D) residual interactions network of the best selective compounds with
the active site of human peroxiredoxin 5 protein (PDB ID: 1HD2), C. albicans Sap1 (PDB ID: 2QZW),
and S. aureus IIA topoisomerase (PDB ID: 2XCT).

3. Discussion

The yield of volatile oil was about 0.24 ± 0 mL/100 g of plant material, while the yield
of methanolic extract was about 20.06± 0.19 g of dry extract/100 g of plant material. In this
study, we report the identification of twenty-two bioactive compounds in the essential oil of
D. flabellifolia aerial parts obtained by hydrodistillation. In fact, D. flabellifolia was dominated
by decanal, dodecanal, 1-heptadecene, and α-pinene. Linear furanocoumarins have been
previously identified as the major non-volatile components of the Ducrosia genus [20],
whilst the main most volatile constituents were aliphatic hydrocarbons, with decanal
(10.1–74.0%) and dodecanal (7.2–33.41%) as the major constituents [1]. Our results are in
accordance with those reported by Al-Ghamdi et al. [21], who described the identification of
52 compounds in stems, leaves, and flowers of D. flabellifolia collected from northern border
(Saudi Arabia). The same authors reported that the obtained essential oil was dominated
by aldehyde hydrocarbons (stems 65.11%, leaves 65.39%, and flowers 67.30%), and decanal
and dodecanal were the main identified compounds in the three tested organs. Similarly,
Shahabipour and colleagues [3] reported that n-decanal (32.80%), dodecanal (32.6%), n-
decanol (4.30%) and (2E)-tridecen-1-al (3.30%) were the dominant compounds identified
in D. flabellifolia essential oil from Iran. The essential oils (fresh leaves and flowers) from
Jordanian D. flabellifolia plant species obtained through hydrodistillation and solid phase
microextraction (SPME) was a rich source of aliphatic compounds where n-decanal was the
predominant compound obtained in D. flabellifolia fresh leaves (Hydrodistillation: 36.61%;
SPME: 24.44%), while n-decanol was the dominant bioactive compound in the essential
oils of dry leaves (27.88%) and fresh flowers’ (11.49%) essential oils extracted by SPME
technique [2].

In addition, as regards D. flabellifolia methanolic extract, we reported in this study
the tentative identification of seventeen small peptides (tripeptides) and twenty-two phy-
tochemical compounds (mainly farnesyl pyrophosphate, Methyl 7-desoxypurpurogallin-
7-carboxylate trimethyl ether, Dihydro-Obliquin, Gummiferol, 2-Phenylaminoadenosine,
and 2,4,6,8,10-dodecapentaenal) using HR-LCMS techniques. In fact, our team reported
the identification of twenty-three bioactive compounds in D. flabellifolia hydroalcoholic
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extract dominated by (mg/Kg of crude extract ) chlorogenic acid (5980.96 ± 73.12), ferrulic
acid (180.58 ± 2.77), caffeic acid (70.90 ± 1.75), sinapic acid (61.74 ± 2.79), 2-5 dihydroben-
zoic acid (59.74 ± 0.945), p-coumaric acid (55.11 ± 0.765), and 2-Hydroxycinnamic acid
(31.28 ± 0.015) analyzed using liquid chromatography-electrospray tandem mass spec-
trometry [5]. Previous works reported the isolation of tetradecenol from leaves and fruit
methanolic extract of D. anethifolia collected from the province Thadeq (180 km north of
Riyadh) by using GC-MS technique [22]. Moreover, D. anethifolia is considered a good
source of biologically active compounds especially coumarins and furanocoumarin [23].

We report also in this study that using Parveen scheme [24], D. flabellifolia methanolic
extract was moderately to highly active against several Gram-positive and Gram-negative
bacteria, yeast, and mold strains. In fact, on agar plates, the mean diameter of growth inhi-
bition zone ranged from 10.33 ± 0.57 mm for P. aeruginosa to 14.67 ± 0.57 mm for S. aureus
MDR strains. In addition, C. albicans ATCC 10231 and C. neoformans ATCC 14116 were the
most sensitive yeast strains with mGIZ about 16.33 ± 0.57 mm and 17.00 ± 1.73 mm, re-
spectively. Moreover, using the scheme proposed by Gatsing et al. [23] and Moroh et al. [25],
D. flabellifolia methanolic extract exhibited bacteriostatic activity against almost all tested
bacteria with the exception of S. aureus, S. paucimobilis, and A. baumannii (MBC/MIC = 4).
Interestingly, D. flabellifolia exhibited fungicidal character against the four tested yeast
strains (MFC/MIC ≤ 4). More recently, we reported that hydroalcoholic extract from
D. flabellifolia collected from the Hail region (Saudi Arabia) was active against ESKAPE
pathogens in a concentration dependent manner [5]. In addition, high concentrations (from
100 to 200 mg/mL) of D. flabellifolia methanol–water extract were needed to kill C. utilis
ATCC 9255, C. tropicalis ATCC 1362, C. guillermondii ATCC 6260, and C. albicans ATCC
20402 [5].

Previous reports have demonstrated that extracts from Ducrosia plant species pos-
sessed good-to-moderate susceptibility against S. epidermidis ATCC 49461, B. cereus ATCC
10876, S. aureus clinical isolate and S. aureus ATCC 25923 [26]. Similarly, Alsaggaf [27]
reported that D. anethifolia extract was able to inhibit the growth of both methicillin sensitive
and methicillin resistant S. aureus strains with a diameter of growth inhibition zone ranging
from (7.8 ± 0.4) mm for MRSA2 strain to (9.6 ± 0.6) mm, as compared to S. aureus ATCC
25923 (10.2 ± 0.5 mm). Al-Whibi and colleagues [22] studied the antimicrobial activities
of D. anethifolia (leaves and fruit methanolic and acetone extracts) against S. aureus ATCC
25923, methicillin resistant S. aureus MRSA ATCC 12498, B. subtilis (ATCC 6633), E. feacalis
ATCC 29122, E. coli ATCC 25966, P. aeruginosa ATCC 27853, K. pneumoniae ATCC 700603,
Salmonella sp. and Serratia sp.

We also tested the antioxidant activities of D. flabellifolia methanolic extract using
DPPH, ABTS, and β-carotene assays. Results obtained showed good ability to scavenge
the three radicals at low IC50 values. Similar results were obtained with D. flabellifolia
methanol/water extract (Table 7). In fact, low concentration from methanol/water extract
was able to scavenge DPPH• free radicals (IC50= 0.014 ± 0.045 mg/mL) as compared to
methanolic extract (IC50 = 0.048 ± 0.004 mg/mL).

Table 7. Comparison between D. flabellifolia methanolic and methanol/water extract antioxi-
dant activities.

D. flabellifolia/Tests DPPH
IC50 (mg/mL)

ABTS
IC50 (mg/mL)

β-Carotene
IC50 (mg/mL)

Methanolic extract 0.05 ± 0 0.105 ± 0 5.00 ± 0.78
Methanol/Water extract * 0.014 ± 0.045 0.102 ± 0.024 7.80 ± 0.919

* Snoussi et al. [5].

Our results also indicated that D. flabellifolia methanolic extract exhibited anticancer
activities against colon, lung, and breast cancer cell lines with IC50 about 240.56 µg/mL
(A-549), 202.94 µg/mL (HCT-116), and 154.44 µg/mL (MCF-7). Previous reports have
demonstrated that essential oil from Ducrosia members (D. flabellifolia and D. anethifolia)
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exhibited cytotoxic activity against human chronic myelogenous leukemia cell lines (K562),
human colon adenocarcinoma (LS180), and human breast adenocarcinoma (MCF-7) [22].
The same authors reported that D. flabellifolia essential oil was active against K562, LS180,
and MCF-7 cell lines with IC50 value about 304.0 ± 87.2 µg/mL, 286.9 ± 28.0 µg/mL,
and 511.2 ± 133.2 µg/mL, respectively [22]. It has been also demonstrated that D. ismaelis
essential oil (Decanal 40.6%, α-pinene 15.1%, and dodecanal 13.7%) exhibited anticancer
activities against three cell lines, namely MCF-7 (IC50 66.24 ± 1.26 µg/mL), LoVo (IC50
102.53 ± 1.00 µg/mL), and HepG2 (IC50 137.32 ± 2.48 µg/mL) [28].

The ADME prediction revealed that all the studied compounds possessed high GI
absorption associated variable BBB permeation. Most of the selected compounds were
also found to not inhibit the cytochrome P450 isoforms (1A2, 2C19, 2C9, 2D6 and 3A4),
which indicates the safe use of these compounds and the absence of any disruption in
drug distribution and metabolism [29–31]. It was noticed that bioavailability scores ranged
between 0.55 and 0.85 for the major D. flabellifolia studied compounds, which indicate ac-
ceptable bioavailability associated potential physiological activity of these phytochemicals
as previously reported by several studies on natural and synthesized compounds [29,32,33].
The acceptable bioavailability scores were confirmed by the polygons illustrations. In fact,
most of the compounds physicochemical properties stayed in the pick areas that indicate
the most suitable oral bioavailability.

The D. flabellifolia identified compounds were subjected to computational assay to
assess their molecular interactions with some key receptors related to antimicrobial, an-
tioxidant, and anticancer activities. Molecular docking results showed that all compounds
bound the four targeted receptors with negative free binding energy but with different
scores, except Khayanthone for 1HD2 macromolecule. The free binding energy ranged
between –3.7 and –9.9 kcal/mol. It has been reported that variation in such score values
is mainly linked to the 3D chemical structures of the ligands [29–33] The best binding
score was predicted in 3LN1-Harderoporphyrin complex. The same compound (Hard-
eroporphyrin) was also found to interact with each of 2XCT and 2QZW receptors with
an interesting bound energy of –8.2 kcal/mol. The molecular interactions of D. flabellifo-
lia compounds with the targeted receptors included up to twelve conventional H-bonds
and involved several different key residues. In addition, D. flabellifolia compounds were
also found to be deeply embedded in all the studied receptors. The lowest distance of
1.476 Å only was reported in the compound (Khayanthone) while docked to the 1HD2
macromolecule. Regardless of H-bonds that are commonly evaluated to assess the bio-
logical activities of the targeted compounds, a network of hydrophobic bonds was also
found within the different studied complexes. This may contribute to the stability of the
complexes as reported in several recent in silico studies [34–36]. Our results exhibit that all
D. flabellifolia identified compounds established acceptable number of H-bonds. The corre-
sponding diagram of interactions of the selected established complexes (Figure 4) showed
involvement of several key residues and diversified bond network: Pi-anion, Pi-cation,
Pi-alkyl, Pi-Pi T-shaped . . . , which support the H-bonds and contributed to the complex
stability [32,33]. Interactions with key residues was found to promote biological activities
including antimicrobial, antioxidant, and anticancer potential of the studied compounds.
In this context, all D. flabellifolia compounds were found to be in close proximity of all the
targeted receptor with distance less than 3 Å. Ligands deeply embedding were reported to
enhance the biological activity [30,31].

Overall, the high antimicrobial, antioxidant, and anticancer activities of the tested
D. flabellifolia methanolic extract can be attributed to its richness in bioactive compounds
belonging to different chemical classes, such as alkaloids, coumarins, polyphenols, fatty
acyls, and terpenoids. Docking results revealed that the high molecular interactions
obtained justify that the antimicrobial, antioxidant, and anticancer potentials of the studied
D. flabellifolia are thermodynamically possible and this could explain the results obtained
in vitro.
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4. Materials and Methods
4.1. Plant Material Sampling

In this study, D. flabellifolia Boiss. locally known as Al-Hazaa (Figure 4), was collected
from Al-Mu’ayqilat, 27◦16′41.9′′ N, 41◦22′48.0′′ E in October 2019. The plant material
was air-dried at room temperature for one week. The methanolic extract was obtained
using maceration technique (20 g of powdered aerial parts in 200 mL of pure methanol
at room temperature for 72 h with low agitation). The filtrate was recuperated through
lyophilization and kept at −4 ◦C until use.

4.2. Phytochemical Composition
4.2.1. Composition of the Essential Oil

The gas chromatography–mass spectrometry (GC–MS) analyses were performed on a
gas chromatograph HP 6890 (II) interfaced with an HP 5973 mass spectrometer (Agilent
Technologies, Palo Alto, CA, USA) with electron impact ionization (70 eV). The volatile
compounds were identified by comparing their retention indices relative to (C7–C20) n-
alkanes with those of literature and/or with those of authentic compounds available in our
laboratory, and by matching their mass spectral fragmentation patterns with corresponding
data (Wiley 275.L library) and other published mass spectra [37], as well as by comparison
of their retention indices with data from the Mass Spectral Library.

4.2.2. Composition of the Methanolic Extract

The identification of phytoconstituents in the methanolic extract from D. flabellifolia
methanolic extract was performed using High Resolution-Liquid Chromatography Mass
Spectroscopy (HR-LCMS) as previously described by Noumi et al. [38]. MS data were
provided in negative and positive ionization mode.
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4.3. Antimicrobial Activities of D. flabellifolia Methanolic Extract

D. flabellifolia methanolic extract was tested for its ability to inhibit the growth of twelve
clinical and environmental bacterial strains (Escherichia coli ATCC 35218, Pseudomonas
aeruginosa ATCC 27853, Proteus mirabilis ATCC 29245, Klebsiella pneumoniae ATCC 27736, P.
mirabilis, Staphylococcus sciuri, Streptococcus pyogens, P. aeruginosa, S. aureus MDR, Enterobacter
cloacae, Stenotrophomonas paucimobilis, Acinetobacter baumannii), four yeasts (Candida albicans
ATCC 10231, Cryptococcus neoformans ATCC 14116, C. vaginalis, Candida sp.), and two mold
strains (Aspergillus fumigatus ATCC 204305 and A. niger). Disc diffusion assay was used
(20 µL/disc) using the same protocol described by Snoussi et al. [5] for the determination
of the diameter of growth inhibition zone estimated on agar medium (Mueller Hinton for
bacteria and Sabouraud Chloramphenicol agar for fungi). Parveen et al. [24] was used to
interpret the obtained. Ampicillin and Amphotericin B were used as control.

To estimate the minimal inhibitory concentrations (MICs values expressed in mg/mL)
and minimal bactericidal/fungicidal concentration (MBCs and MFCs values), the obtained
extract was serially diluted in DMSO-5% supplemented with Tween 80 (From 100 mg/mL
to 0.097 mg/mL) in 96-well microtiter plates containing 95 µL of the microbial suspension
and 95 µL of the enrichment broth (Lauria Bertani for bacteria and Sabouraud dextrose
broth for fungal strains). To interpret the character of the tested extract, we used the ratios
(MBC/MIC ratio and MFC/MIC ratio) described by Gatsing et al. [23] and Moroh et al. [17].

4.4. Antioxidant Activities

The ability of Al-Haza extract against DPPH-H was determined following the same
method as Mseddi al. [39], and the method of Koleva et al. [40] for β-Carotene bleaching
test. The radical scavenging activity against ABTS•+ (2,2′-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid)) radical cations was measured using the same protocol described by
Hamdi et al. [41].

4.5. Anticancer Activity

D. flabellifolia methanolic extract was tested against human lung (A549), breast (MCF-
7), and colon (HCT-116) cancer cells at different concentrations. The percentage growth
inhibition was calculated after subtracting the background and the blank, and the concen-
tration of the test drug needed to inhibit cell growth by 50% (IC50) was calculated from the
dose–response curve for the respective cell line [42].

4.6. Computational Study
4.6.1. ADME Properties

The pharmacokinetic properties, drug-likeness, and medicinal properties of the identi-
fied bioactive molecules from D. flabellifolia methanolic extract were studied using the same
recommendations described by Daina and colleagues [43]. Each structure was imported,
and the structure SMILES was entered at the interface of the website (http://swissadme.ch/,
accessed on 2 October 2022), a free web tool to assess the pharmacokinetics, drug-likeness
and medicinal chemistry friendliness of small molecules. The SwissADME drug design
study was run and the ADMET properties/parameters were generated.

4.6.2. Molecular Docking Study

Four different receptors, (PDB ID) 2XCT (S. aureus IIA topoisomerase), 2QZW (C. albi-
cans Sap1), 1HD2 (human peroxiredoxin 5 protein) and 3LN1 (cyclooxygenase-2; COX-2),
have been targeted to check the potential antimicrobial, antioxidant, and anticancer effect of
the D. flabellifolia identified compounds. The crystalized structures of the selected receptors
have been obtained from RCSB protein data bank. ChemDraw was used to obtain the
chemical structures whenever needed, following the pre-processing of both ligands and
receptors (removal of water molecules and addition of polar hydrogens and Koleman
charges) using Autodock vina packages v1.2.3 [30,31]. The binding scores and calculation
of embedding distances and bonding network were studied as previously described based
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on the CHARMM force field [32–35]. The reason behind the selection of these receptors
is their involvement in antioxidant and anticancer pathways and the fact that they are
commonly targeted in pharmaceutical and drug design approaches [33].

4.7. Statistical Analysis

Experiments were performed in triplicate and average values were calculated using
the SPSS 25.0 statistical package for Windows. Duncan’s multiple-range tests for means
with a 95% confidence interval (p ≤ 0.05) was used to calculate the differences in means.

5. Conclusions

In conclusion, our results indicated that fresh aerial parts of D. flabellifolia growing
wild in the Hail region possess antimicrobial activity against several Gram-positive and
Gram-negative bacteria, yeast, and molds with different degree. In fact, their phytochemical
composition revealed the presence of various compounds with known biological properties
in both essential oil and methanolic extract. The pharmacokinetic and ADMET properties
of D. flabellifolia phytochemicals may explain the in vitro antimicrobial, antioxidant, and
anticancer findings, which may result from the potential molecular interactions of these
chemicals with the concerned receptors (1HD2, 2XCT, 2QZW, and 3LN1). These results
support the benefits of this medicinal plant as a source of bioactive molecules for different
ethnobotanical uses.
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listed in Table 2; Table S1: Tripeptides identified by HR-LCMS technique in D. flabellifolia methanolic
extract; Table S2: Binding affinity, conventional hydrogen-bonding, the number of closest interacting
residues and distance to closest interacting residue (Å) of the compound with best scores with the
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Abstract: Dalbergia melanoxylon Guill. & Perr (Fabaceae) is widely utilized in the traditional medicine
of East Africa, showing effects against a variety of ailments including microbial infections. Phytochem-
ical investigation of the root bark led to the isolation of six previously undescribed prenylated isofla-
vanones together with eight known secondary metabolites comprising isoflavanoids, neoflavones
and an alkyl hydroxylcinnamate. Structures were elucidated based on HR-ESI-MS, 1- and 2-D NMR
and ECD spectra. The crude extract and the isolated compounds of D. melanoxylon were tested for
their antibacterial, antifungal, anthelmintic and cytotoxic properties, applying established model
organisms non-pathogenic to humans. The crude extract exhibited significant antibacterial activity
against Gram-positive Bacillus subtilis (97% inhibition at 50 µg/mL) and antifungal activity against
the phytopathogens Phytophthora infestans, Botrytis cinerea and Septoria tritici (96, 89 and 73% at
125 µg/mL, respectively). Among the pure compounds tested, kenusanone H and (3R)-tomentosanol
B exhibited, in a panel of partially human pathogenic bacteria and fungi, promising antibacterial
activity against Gram-positive bacteria including methicillin-resistant Staphylococcus aureus (MRSA)
and Mycobacterium showing MIC values between 0.8 and 6.2 µg/mL. The observed biological effects
support the traditional use of D. melanoxylon and warrant detailed investigations of its prenylated
isoflavanones as antibacterial lead compounds.

Keywords: Dalbergia melanoxylon; Fabaceae; prenylated isoflavanones; antibacterial; antifungal;
anti-helminthic; cytotoxic activities

1. Introduction

The genus Dalbergia L.f. (Fabaceae) consists of approximately 274 species distributed
in the tropics and subtropics. Among these, eight species naturally occur in Kenya [1,2].
Plants of this genus vary from shrubs and lianas to small trees referred to as rosewoods
(e.g., D. odorifera T.C. Chen., D. latifolia Roxb. and D. melanoxylon Guill. & Perr.) due
to their fine timber of high economic value [3]. The genus is extensively used in the
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treatment of various ailments in traditional medicine globally [2,4]. Furthermore, pharma-
cological activities such as anti-inflammatory, antiallergic [5], antibacterial, antifungal [6],
antiplasmodial [7], larvicidal and mosquito repellant [8], antidiarrheal [9], anthelmintic [10],
anticancer [11], antidiabetic [12] and antigiardial [13] activities have been reported. Conse-
quently, the genus Dalbergia has attracted wide phytochemical interest and exhibits a broad
spectrum of biologically active secondary metabolites such as flavonoids, isoflavonoids,
neoflavones, sterols, quinones, cinnamyl phenols and triterpenes [2,14]. Flavonoids are
quite abundant in nature while prenylated flavonoids are much less common and their
distribution is mostly restricted to the family Fabaceae, but to a lesser extent are reported
from Cannabaceae, Guttiferae, Hypericaceae, Moraceae, Rutaceae and Umbelliferae [15].
Rare 3-hydroxisoflavanones [16] and flavonoids having isoprene or geranyl units attached
to B- and C-rings have been described in the genus Dalbergia and also occur in a few
other related genera such as Sophora and Echinosophora [17,18]. Prenylation in flavonoids
increases lipophilicity and thus affinity to biological membranes. Interaction with target
proteins is improved and therefore antibacterial, antifungal, anti-inflammatory, antiox-
idant and cytotoxic activities are enhanced compared to the parent compound [19–21].
Moreover, isoflavonoids have continued to gain tremendous attention due to their phytoe-
strogenic effects leading to a correlation between their dietary consumption and health-
advantageous effects towards osteoporosis, hormone-related cancer, cardiovascular dis-
eases and menopausal symptoms. The dietary intake of legumes represents the main
source of these so-called phytoestrogens which play a pivotal role for both humans and
animals [22].

Dalbergia melanoxylon Guill. & Perr. (known as African Blackwood) occurs as a
shrub or small tree with a wide ecological versatility in semi-arid, sub-humid and tropical
lowland areas in Eastern Africa [1]. Traditionally, African Blackwood is widely applied
in African communities. For instance, in Kenya, the leaves are boiled with goat soup
to relieve joint pains [23], while the bark decoction is used in Zimbabwe for cleaning
wounds [6]. Furthermore, D. melanoxylon is used indigenously in South Africa and Zambia
as an emetic and aphrodisiac, respectively [6]. The ethnobotanical utilization of the roots
in management of abdominal pain, helminths, gonorrhea, stomachache and as a mouth
wash for toothache is documented in Kenya and Zimbabwe [6,24]. Crude extracts from
different plant parts of D. melanoxylon have shown significant antibacterial and antifungal
activity [6,25]. Besides the traditional and pharmacological applications, African blackwood
has been used for decades for the manufacturing of musical instruments (oboe and clarinet)
and ornamental objects (carvings, tables, sofas) ranking it among the most expensive
timbers in the world [26]. Phytochemical investigations on the stem bark of this species
led to the isolation of dihydrobenzofurans (melanoxin), neoflavones (S)(+)-3′-hydroxyl-
4′,2,4,5-tetramethoxy-dalbergiquinol), a quinone (4-hydroxyl-4-methoxydalbergione) and
isoflavanones (kenusanone F 7-methyl and sophoronol-7-methyl ether) [16,27–29]. A recent
study also demonstrated the cardioprotective effects of several neoflavonoids from the
heartwood of D. melanoxylon [30].

Because various tissues including the roots of D. melanoxylon are traditionally used
to treat infection-related conditions, we hypothesized that phytochemical investigation of
root bark might yield new secondary metabolites with antimicrobial properties. Although
the plant species has attracted considerable attention from the scientific community, no
phytochemical investigation or biological evaluation of D. melanoxylon root bark has been
undertaken to date. The present study aims to fill this gap. Thus, the root bark of the
target plant was investigated phytochemically leading to the isolation and identification
of fourteen compounds, of which six are described for the first time. Herein, the isolation,
structure elucidation, antibacterial, antifungal, anthelminthic and cytotoxic activity of these
compounds are discussed.
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2. Materials and Methods
2.1. General Experimental Procedures

Column chromatography was performed on silica gel (0.040–0.063 µm) (Merck, Darm-
stadt, Germany). Analytical TLC was conducted on silica gel plates 60 F254 (Merck). Spots
were visualized using UV light at 254 and 366 nm or by spraying with vanillin-H2SO4.
1H, 13C NMR and 2D spectra were recorded on an Agilent DD2 400 NMR spectrometer
at 399.915 and 100.569 MHz, a Bruker Avance NEO 500 NMR spectrometer equipped
with a TXO cryogenic probe operating at 500 and 125 MHz and on an Agilent VNMRS
600 NMR spectrometer at 600 and 150 MHz, respectively. If not stated otherwise, the
1H NMR chemical shifts are referenced to internal TMS (δH 0.00); 13C NMR chemical
shifts are referenced to internal methanol-d4 (δC 49.0). The low-resolution ESI-MS spectra
were obtained from a Sciex API-3200 instrument (Applied Biosystems, Concord, Ontario,
Canada) combined with an HTC-XT autosampler (CTC Analytics, Zwingen, Switzerland).
HRESIMS were obtained using Orbitrap Elite Mass spectrometer (Thermofisher Scientific,
Bremen, Germany) and QTOF mass spectrometer Sciex TripleTOF 6600 LC-MS System
(AB Sciex, Darmstadt, Germany). UV spectra were obtained on a JASCO V-560 UV/VIS
spectrophotometer (JASCO Deutschland GmbH, Pfungstadt, Germany). Optical rotations
were measured using a JASCO P-2000 digital polarimeter in methanol.

2.2. Plant Material

The root bark of D. melanoxylon Guill. & Perr. (Fabaceae) was collected from Mu-
thetheni, Machakos County (S 1◦28′60′′, E 37◦30′02′′, El. 1200 masl) in Kenya, in December
2018. A voucher specimen (DMC/2018/001) was deposited at the University Herbarium
(NAI), Department of Biology, University of Nairobi, Kenya. The species was identified by
the curator of the herbarium, Mr. Patrick Mutiso.

2.3. Extraction and Isolation

The ground root bark of D. melanoxylon (1.6 kg) was macerated in a 1:1 mixture of
CH2Cl2 and MeOH to yield a gummy extract (95.7 g). The crude extract was partitioned
between CH2Cl2 and H2O. After removal of the organic solvent 70.6 g CH2Cl2 extract was
obtained. A portion of this extract (51.3 g) was subjected to column chromatography on
silica gel (600 g, 80 × 4 cm) eluting with n-hexane containing increasing amounts of EtOAc.

A brownish precipitate obtained from the fraction eluted with 2% EtOAc in n-hexane
was filtered and washed with methanol to afford a mixture of cinnamic acid esters with
different chain lengths dominated by 3′,4′-dihydroxyl-trans-cinnamic acid octacosyl ester
(14, 10.3 g). The precipitate obtained from the fraction eluted with 4% EtOAc in n-hexane
was washed with methanol, giving sophoraisoflavone A (10, 12.7 g) as the major compound.
The mother liquor was further purified by column chromatography on silica gel (eluted
with 60% CH2Cl2 in n-hexane) to yield compound 2 (400.4 mg), compound 3 (6.3 mg),
compound 4 (4.4 mg) and compound 5 (3.2 mg). The fraction eluted with 6% EtOAc in n-
hexane, after concentration, was subjected to column chromatography on silica gel (eluted
with 50% CH2Cl2 in n-hexane) followed by centrifugal thin-layer chromatography using
a Chromatotron (CH2Cl2/MeOH 19:1) to yield methyl dalbergin (11, 5.1 mg), dalbergin
(12, 4.7 mg) and mellanein (13, 3.5 mg). Chromatotron separation (CH2Cl2/MeOH 19:1)
of the fraction eluted at 8% EtOAc in n-hexane resulted in the isolation of tomentosanol
B (9, 400 mg). The fraction (7.5 g) eluted using 30% EtOAc in n-hexane was further purified
by column chromatography applying a gradient of CH2Cl2 with increasing amount of
MeOH to yield kenusanone F (8, 39.6 mg), kenusanone H (7, 202.3 mg) and compound
6 (45.4 mg). A white precipitate obtained from the fraction eluted with 60% EtOAc in
n-hexane was filtered and washed with acetone to afford compound 1 (6.9 mg).

The physicochemical properties and spectroscopic data of new isolates (1–6) as well as
previously not-reported data for compounds 7 and 9 are summarized below:

(3S)-3,4′,5,7-Tetrahydroxyl-2′-methoxy-3′-(4-hydroxyl-3-methylbut-2-enyl)-isoflavanone
(1). White amorphous solid; [α]D

26 123.4 (c 0.160, MeOH); CD (MeOH) [θ]215 – 33,894,
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[θ]237 + 14,806, [θ]292 + 18,208, [θ]348 + 2614; UV (MeOH)λmax (log ε) 291 (4.05); 1H (refer-
enced to methanol-d4 solvent signal) and 13C NMR data, see Tables 1 and 2; HRESIMS m/z
401.1234 [M − H]− (calcd. for C21H21O8, 401.1236).

Table 1. 1H NMR [δH (ppm), multiplicity (J in Hz)] data of compounds 1–6 in methanol-d4.

Position 1 a 2 a 3 b 4 b 5 b 6 c

2A 4.70, d (11.8) 4.40, d (8.9) 4.39, d (8.9) 4.40, d (6.5) 4.40, m 4.53, t (10.8)
2B 4.03, d (11.8) 4.39, d (6.7) 4.38, d (6.8) 4.39, d (9.1) 4.38, m 4.41, dd (10.8, 5.5)
3 4.26, dd (8.9, 6.7) 4.24, dd (8.9, 6.8) 4.27, dd (9.1, 6.5) 4.27, m 4.17, dd (10.8, 5.5)
6 5.93, d (2.0) 5.94, s
8 5.88, d (2.0) 5.94, s 5.94, s 5.93, s 5.94, s
3′ 6.33, d (2.4)
5′ 6.61, d (8.5) 6.55, d (8.4) 6.55, d (8.4) 6.55, d (8.4) 6.53, d (8.4) 6.26, dd (8.3, 2.4)
6′ 7.27, d (8.5) 6.78, d (8.4) 6.78, d (8.4) 6.77, d (8.4) 6.88, d (8.4) 6.83, d (8.3)

1′′A 3.40, dd (14.9, 6.4) 3.37, dd (14.4, 6.7) 3.36, dd (14.8, 7.1) 3.34, m 3.02, m
1′′B 3.33, dd (14.9, 6.4) 3.30 d 3.32 d 2.70, m
2′′ 5.52, t (6.4) 5.24, t (6.7) 5.24, br t (7.2) 5.24 br t (7.2) 3.74, m
4′′ 3.91, s 1.68, s 1.67, s 1.67, s 1.32/1.34, s
5′′ 1.76, s 1.76, s 1.77, s 1.76, s 1.26/1.27, s
1′′′ 3.22, d (7.2) 3.24, d (7.3) 3.23, br d (6.5) 3.22, d (7.2) 3.21, br d (7.1)
2′′′ 5.20, t (7.2) 5.25, br t (7.3) 5.24, br t (6.5) 5.19, br t (6.5) 5.20, br t (7.1)
4′′′ 1.95, m 2.65, br d (4.5) 1.97, m 1.94, d (7.6) 2.18, m
5′′′ 2.05, m 5.57, m 1.59, m 2.05, m 2.08, m
6′′′ 5.05, br t (6.8) 5.57, m 3.95, t (6.7) 5.05, m 5.16, m
7′′′

8′′′ 1.61, s 1.24, s A 4.85 m
B 4.76 m 1.61, s 1.67, s

9′′′ 1.74, s 1.74, s 1.77, s 1.74, s 1.65, s
10′′′ 1.55, s 1.24, s 1.67, s 1.56, s 1.61, s
2′-

OCH3
3.58, s 3.71, s 3.71, s 3.70, s 3.76/3.75, s

5-OH 12.09, s 12.41, s 12.41, s 12.41, s 12.21, s
a, b, c recorded at 500, 600 and 400 MHz, respectively, d overlapping with solvent signal; s: singlet; d: doublet; t:
triplet; m: multiplet; br s: broadened singlet; dd: doublet of doublets.

(3R)-6-Geranyl-4′,5,7-trihydroxyl-2′-methoxy-3′-prenylisoflavanone (2). White paste;
[α]D

24 0.77 (c 0.300, MeOH); CD (MeOH) [θ]197 – 15,079, [θ]210 +9341, [θ]285 − 3305,
[θ]309 + 5596; UV (MeOH)λmax (log ε) 294 (4.17); 1H and 13C NMR data, see Tables 1 and 2;
HRESIMS m/z 505.2582 [M − H]− (calcd. for C31H37O6, 505.2590).

6-((2E,5E)-7-Hydroxyl-3,7-dimethyl-octa-2,5-dienyl)-4′,5,7-trihydroxyl-2′-methoxy-3′-
prenylisoflavanone (3). White amorphous solid; 1H and 13C NMR data, see Tables 1 and 2;
HRESIMS m/z 521.2537 [M − H]− (calcd. for C31H37O6, 521.2539).

(E)-6-(6-Hydroxyl-3,7-dimethylocta-2,7-dienyl)-4′,5,7-trihydroxyl-2′-methoxy-3′-prenyl-
isoflavanone (4). White amorphous solid; 1H and 13C NMR data, see Tables 1 and 2;
HRESIMS m/z 521.2521 [M − H]− (calcd. for C31H37O6, 521.2539).

6-Geranyl-4′,5,7-trihydroxyl-2′-methoxy-3′-(2,3-epoxy-3-methyl-butyl)-isoflavanone (5).
Colorless residue; 1H and 13C NMR data, see Tables 1 and 2; HRESIMS m/z 521.2530
[M − H]− (calcd. for C31H37O6, 521.2539).

(Z)-2′,4′,5,7-Tetrahydroxyl-8-(3,7-dimethylocta-2,6-dienyl)-isoflavanone (6). Pale-yellow
oil; 1H and 13C NMR data, see Tables 1 and 2; HRESIMS m/z 423.1848 [M − H]− (calcd. for
C25H27O6, 423.1808).

Kenusanone H (7). Yellow paste; [α]D
25 − 1.1 (c 0.490, MeOH); UV (MeOH) λmax

(log ε) 292 (4.32); 13C NMR data, see Table 2; HRESIMS m/z 423.1837 [M − H]− (calcd. for
C25H27O6, 423.1808).

(3R)-Tomentosanol B (9). White paste [α]D
25 − 126.7 (c 0.300, MeOH)); CD (MeOH)

[θ]206 – 71,898, [θ]236 –27,726, [θ]297 – 25,304, [θ]332 +4592; UV (MeOH)λmax (log ε) 296 (4.32);
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13C NMR data, see Table 2; HRESIMS m/z 453.1913 [M − H]− (calcd. for C26H29O7,
453.1908).

Table 2. 13C NMR data (δC [ppm]) of isoflavanones 1–7 and 9 measured in methanol-d4.

Position 1 a 2 a 3 b 4 b 5 b 6 c 7 a 9 a

2 75.8 72.5 72.0 d 72.2 d 72.0 d 71.4 71.5 75.6
3 75.4 47.0 46.8 d 46.8 d 46.9 d 47.9 47.9 75.7
4 197.1 199.4 199.6 e 199.2 e 199.1 e 199.8 199.8 197.3
5 166.4 162.8 162.9 e 165.6 e 162.8 e 163.5 163.5 163.3
6 97.3 109.8 109.8 e 109.4 e 109.8 e 96.4 96.4 109.9
7 168.3 166.0 166.1 e 165.5 e 166.0 e 165.8 165.8 165.9
8 96.1 95.3 94.8 d 95.0 d 95.3 d 108.9 108.9 95.4
9 164.5 162.8 162.9 e 162.5 e 162.8 e 161.8 161.8 162.1

10 102.1 103.8 103.9 e 103.5 e 103.7 e 103.9 103.8 102.0
1′ 123.7 120.7 120.8 e 120.4 e 121.1 e 113.8 114.1 122.7
2′ 157.7 159.2 159.3 e 158.8 e 158.8 e 157.7 157.6 157.7
3′ 122.1 123.2 123.3 e 122.8 e 115.3 e 103.8 103.8 124.5
4′ 158.7 157.5 157.7 e 157.2 e 155.2 e 159.1 159.1 158.6
5′ 111.2 112.3 111.9 d 112.1 d 113.9d 107.8 107.8 111.3
6′ 126.8 128.3 127.8 d 128.0 d 129.0 d 131.9 131.9 126.6
1′′ 24.4 24.4 24.2 d 24.1 d 27.6 d 4.8
2′′ 125.8 124.6 124.2 d 124.1 d 70.0 d 124.0
3′′ 135.8 131.7 131.4 e 131.4 e 77.8 d 132.2
4′′ 68.9 25.9 25.6 d 25.6 d 25.6 d 25.9
5′′ 14.0 18.0 17.8 d 17.7 d 20.8 d 17.9
1′′′ 21.8 21.7 d 21.6 d 21.5 d 22.1 22.2 22.0
2′′′ 124.0 124.2d 124.3 d 123.6 d 124.7 124.2 123.9
3′′′ 135.2 134.5 e 134.7 e 135.2 e 135.6 135.2 131.6
4′′′ 40.9 43.4 d 36.5 d 40.7 d 32.9 40.8 25.8
5′′′ 27.7 126.0 d 34.1 d 27.7 d 27.7 27.6 18.0
6′′′ 125.5 139.8 d 75.9 d 125.2 d 125.7 125.4
7′′′ 132.0 71.3 e 148.4 e 132.0 d 131.9 132.1
8′′′ 25.9 29.6 d 111.2 d 25.6 d 25.9 25.9
9′′′ 16.2 16.0 d 16.0 d 16.0 d 23.7 16.2

10′′′ 17.7 29.6 d 17.4 d 17.4 d 17.7 17.7
2′-OCH3 62.0 62.5 62.2 d 62.2 d 61.1 d 61.9

a, b, c recorded at 125, 150 and 100 MHz, respectively; d, e signals derived from HSQC and HMBC, respectively.

2.4. Biological Assays
2.4.1. Antibacterial Assays

The crude extracts of Dalbergia melanoxylon (50 and 500 µg/mL) and its isolated
compounds (at 1 and 100 µM) were tested for their antibacterial activity against the Gram-
negative Aliivibrio fischeri (DSM507) and the Gram-positive Bacillus subtilis (DSM 10) as
described by dos Santos et al. [31]. Chloramphenicol (100 µM) was used as positive control
and induced the complete inhibition of bacterial growth.

The results (mean value ± standard deviation, n = 6) were given as relative values
(% inhibition) in comparison to the negative control (bacterial growth, 1% DMSO, without
test compound). Negative values indicate an increase of bacterial growth. Calculations
were performed applying the software Excel.

2.4.2. Antifungal Assays

The assays were performed according to the monitoring methods approved by the
fungicide resistance action committee (FRAC) with minor modifications [32]. The phy-
topathogenic ascomycetes Botrytis cinerea Pers. and Septoria tritici Desm., and the oomycete
Phytophthora infestans (Mont.) De Bary were used as test microorganisms. The crude extract
and pure compounds were tested in 96-well microtiter plate assays at 125 and 42 µg/mL
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with DMSO used as negative control (max. concentration 2.5%), while epoxiconazole
(100% inhibition at 42 µM) and terbinafine (67% inhibition at 42 µM) served as positive
control. Five to seven days after inoculation, pathogen growth was evaluated by measure-
ment of the optical density (OD) at λ 405 nm with a TecanGENios Pro microplate reader
(5 measurements per well using multiple reads in a 3 × 3 square). Each experiment was
carried out in triplicate.

2.4.3. Anthelmintic Assay

The anthelmintic bioassay was performed using the model organism Caenorhabditis elegans
that previously was shown to correlate with anthelmintic activity against parasitic trema-
todes as described by Thomsen et al. [33]. The Bristol N2 wild-type strain of C. elegans
was obtained from the Caenorhabditis Genetic Center (CGC), University of Minnesota,
Minneapolis, USA. The nematodes were cultured on NGM (Nematode Growth Media)
Petri plates using the uracil auxotroph E. coli strain OP50 as food source. In this assay, the
solvent DMSO (2%) and the standard anthelmintic drug ivermectin (10 µg/mL, 100% dead
worms after 30 min incubation) were used as negative and positive control, respectively.

2.4.4. Cytotoxicity Assay

Briefly, for the cytotoxicity assay, the human prostate cancer cell line PC-3 and the colon
adenocarcinoma cancer cell line HT-29 (both from ATCC, Manassas, VA, USA) were used.
The cell handling and assay techniques were in accordance with the method described
by Khan et al. [34]. The extract was tested at the concentrations of 0.05 and 50 µg/mL.
Anti-proliferative and cytotoxic effects of the extract were investigated by performing
colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and CV
(crystal violet)-based cell viability assays (Sigma-Aldrich, Taufkirchen, Germany) after 48 h
treatment time, respectively. The absorbance was measured with an automated microplate
reader at 540 nm with a reference wavelength of 670 nm. Digitonin (125 µM) was used as
positive control, which was set for data normalization to 0% cell viability. The results are
presented as a percentage of control values obtained from untreated cultures.

2.4.5. Agar Diffusion Assay

The experiment was performed as previously published [35]. Briefly, test com-
pounds were dissolved in dimethyl sulfoxide (DMSO) at a concentration of 1 mg/mL.
Ciprofloxacin and amphotericin B (both positive control) were provided at 5 µg/mL and
10 µg/mL, respectively. The following test strains were used: B. subtilis (JMRC:STI:10880),
S. aureus (JMRC:ST:10760 and JMRC:ST:33793 (MRSA)), E. faecalis (JMRC:ST:33700 (VRE)),
E. coli (JMRC:ST:33699), P. aeruginosa (JMRC:ST:33772 and JMRC:ST:337721), M. vaccae
(JMRC:STI:10670), P. notatum (JMRC:STI:50164), C. albicans (JMRC:STI:50163) and S. salmonicolor
(JMRC:ST:35974). 2.4.6. MIC Assay

Minimal inhibitory concentrations were determined against Mycobacterium vaccae
(JMRC:STI:10670), MRSA (JMRC:ST:33793) and Enterococcus faecalis (JMRC:ST:33700 (VRE))
by serial dilutions of the DMSO test item solutions of compounds 7, 9 and 10 (1 mg/mL)
Growth was inspected visually.

2.4.6. Cytotoxicity Testing (Compound 7)

HeLa cells (DSM ACC 57) were grown in RPMI 1640 medium supplemented with
10 mL/L ultraglutamine 1 (CAMBREX 17-605E/U1), 550 µL/L gentamicin sulfate (50 mg/mL,
CAMBREX 17-518Z) and 10% heat inactivated fetal bovine serum (GIBCO Life Technologies
10270-106) at 37 ◦C in a 5% CO2 atmosphere in high density polyethylene flasks (NUNC
156340). Cells were pre-incubated for 48 h in the absence of test substances. Subsequently,
HeLa cells were incubated with serial dilutions of test compounds in 96 well microplates for
72 h at 37 ◦C in a humidified atmosphere and 5% CO2. After incubation, the cytolytic effect
of compounds was analyzed relative to the negative control (DMSO) using a colorimetric
assay (methylene blue). The adherent HeLa cells were fixed by glutaraldehyde (MERCK
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1.04239.0250) and stained with a 0.05% solution of methylene blue (SERVA 29198) for 15 min.
After gentle rinsing, the stain was eluted through addition of 0.2 mL hydrochloric acid
(0.33 M) to each well. The absorptions were measured at 660 nm in a SUNRISE microplate
reader (TECAN). Four replicates were assayed for each substance. The half-cytotoxic
concentration (CC50) was defined as the test compound concentration required for 50%
reduction of the viable cell count in the monolayer relative to the respective untreated
control. All calculations of CC50 values were performed with the software Magellan
(TECAN).

3. Results and Discussion
3.1. Isolation and Structure Elucidation

Chromatographic separation of the extract from the root bark of D. melanoxylon af-
forded six hitherto-undescribed isoflavanones (1–6) alongside eight known secondary
metabolites comprising isoflavonoids (7–10), neoflavones (11–13) and alkyl hydroxylcin-
namates (14) (Figure 1). Based on HRESIMS, NMR and ECD spectra and comparison to
published data, the known compounds were identified as kenusanone H (7; [α]D

25 − 1.1
(c 0.490, MeOH)), kenusanone F (8; [α]D

25 − 112.5 (c 0.260, MeOH)) previously isolated
from Echinosophora koreensis [36], tomentosanol B (9; [α]D

25 − 126.7 (c 0.300, MeOH)) [18]
and sophoraisoflavanone A (10) from E. koreensis [17], methyl dalbergin (11) from
Dalbergia sissoo [37], dalbergin (12) from D. odorifera [38], melannein (13) from
D. melanoxylon [28] and a mixture of cinnamic acid esters with the main compound being
3′,4′-dihydroxyl-trans-cinnamic acid octacosyl ester (14) known from Gliricidia sepium [39].
With the exception of compounds 12 and 13, all known compounds were isolated for the
first time from D. melanoxylon. For tomentosanol B (9) so far only the planar structure
based on 1H NMR data was described [18]. Herein we report its 13C (Table 2) and 2D NMR
data (Figures S9_3 and S9_4, Table S9). Based on ECD measurements (Figure S9_6) the
configuration at C3 was determined as R and compound 9 thus elucidated as (3R)-6-prenyl-
3,4′,5,7-trihydroxyl-2′-methoxy-3′-prenyl-isoflavanone (trivial name (3R)-tomentosanol B).

Compound 1 was purified as a white amorphous solid. It shows a deprotonated
molecular ion in the HRESIMS at m/z 401.1234 [M − H]− (calcd. for C21H21O8, 401.1236),
corroborating the molecular formula C21H22O8 (degree of unsaturation: 11 double bond
equivalents (DBE)). Its 1H [δH 4.70 (d, 2J = 11.8 Hz, H-2A), 4.03 (d, 2J = 11.8 Hz, H-2B)]
and 13C [δC 75.8 (C-2), 75.4 (C-3), 197.1 (C-4)] NMR spectral data displayed the signature
of a 3-hydroxylisoflavanone core [16,40]. In addition, the NMR also exhibited signals of
a methoxy (δH 3.58, δC 62.0) and a 3-hydroxylmethyl-3-methylbut-2-enyl [δH 3.40, 3.33
(dd, J = 14.9, 6.4 Hz, H-1′′A/1B′′), 5.52 (t, J = 6.4 Hz, H-2′′), 3.91 (s, H-4′′), 1.76 (s, H-5′′)]
substituent. Furthermore, compound 1 showed the typical pattern for meta-coupled
protons of a 5,7-dioxygenated A-ring [δH 5.93 (d, J = 2.0 Hz, H-6) and 5.88 (d, J = 2.0 Hz,
H-8)] alongside two ortho-coupled doublets of an AX spin system derived from B-ring
protons [δH 7.27 (d, J = 8.5 Hz, H-6′), 6.61 (d, J = 8.5 Hz, H-5′)]. These observations were
further supported with 2D spectra which showed cross-peaks in the 1H-1H COSY spectrum
between H-6 and H-8 in the A-ring, and between H-5′ and H-6′ in the B-ring. Analysis of
the 13C-NMR spectrum indicated, in accordance with the molecular formula, the presence
of 21 carbons with resonances ranging from δC 195.7 (sp2 hybridized ketone) to 12.6 (sp3

hybridized methyl unit). The 13C-NMR chemical shift of the deshielded methoxy group
signal (δC 62.0) indicated that it is di-ortho-substituted with two bulky groups, which is
consistent with its placement at C-2′ [16,41]. This finding was further confirmed with
NOESY correlations observed between 2′-OMe (δH 3.58) and H-2A (δH 4.70). HMBC
correlations from H-1′′A (δH 3.40) to C-2′ (δC 157.7), C-3′ (δC 122.1), C-4′ (δC 158.7) and
C-2′′ (δC 125.8) indicated the placement of the isoprenyl unit at C-3′. Analysis of the
NMR spectroscopic data showed its structural similarity to kenusanone F 7-methyl ether
(C22H24O7) isolated previously from stem bark of D. melanoxylon [16] and to kenusanone
F (C21H22O7, 8) obtained from stem bark of Erythrina brucei [42] and also isolated in
this study. The difference is that compound 1 is missing one methyl group compared to
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kenusanone F 7-methyl ether while it possesses one more hydroxyl group than the two
other compounds. The placement of the additional OH in the prenyl chain at C-4′′ (δC 68.9)
was supported by NOESY correlation between δH 5.52 (H-2′′) and 3.91 (H-4′′).
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Figure 1. Structures of compounds 1–14 isolated from Dalbergia melanoxylon. Structures were
elucidated based on HR-ESI-MS, 1- and 2-D NMR and ECD spectra and by comparison with
literature values.

The absolute configuration of 1 was assigned by ECD spectroscopy. Usually, the
octant rule modified for cyclic arylketones is applied to determine the stereochemistry
of isoflavanones [43]. This predicts a positive Cotton effect (CE) for the n → π* car-
bonyl transition between 320–352 nm for (3R)-isoflavanones with the B-ring in the favored
equatorial position [16,43]. However, it should be kept in mind that the priority order
according to the Cahn–Ingold–Prelog rules changes when hydrogen at C-3 in isoflavanones
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is replaced with a hydroxyl group in 3-hydroxylisoflavanones. Thus, (3R)-isoflavanones
show the same spatial arrangement as (3S)-hydroxylisoflavanones. However, at least for
3-hydroxylisoflavones, the octant rule is not fully reliable and seems to be prone to mis-
interpretation. The ECD spectrum of 1 shows intense positive Cotton effects at 237, 292
and 348 nm, and a weak negative one around 330 nm (Figure 2). The weak CEs in the long
wavelength region, around 330 (negative CE) or around 348 nm (positive CE), may not
be reliable for the assignment of the absolute configuration of compound 1. However, the
ECD spectrum of 1 appears similar to the one calculated for (3S)-kenusanone F 7-methyl
ether with a negative CE at 330 nm [42] and shows a mirror image to (3R)-kenusanone F (8,
Figure 2; [42], hence it is consistent with (3S)-1 configuration. This previously undescribed
compound (1) was therefore characterized as (3S)-3,4′,5,7-tetrahydroxyl-2′-methoxy-3′-(4-
hydroxylprenyl)isoflavanone.
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Figure 2. ECD spectra of (A) (3S)-3,4′,5,7-tetrahydroxyl-2′-methoxy-3′-(4-hydroxyl-3-methylbut-2-
enyl)-isoflavanone (1) and (B) (3R)-kenusanone F (8).

Compound 2 was obtained as a white paste. Its molecular formula, C31H38O6 (13 DBE)
was established by means of HRESIMS (m/z 505.2582 [M − H]−, (calcd. for C31H37O6,
505.2590)) and NMR data. The 1H [δH 4.40 (d, 2J = 8.9 Hz, H-2A), 4.39 (d, 2J = 6.7 Hz, H-2B),
4.26 (dd, J = 8.9, 6.7 Hz, H-3)] and 13C NMR [δC 72.5 (C-2), 47.0 (C-3) and 199.4 (C-4)] spectral
data confirmed that compound 2 possesses an isoflavanone skeleton [40]. The 1D and 2D
NMR data of compound 2 were similar to those of sophoraisoflavanone A (10), isolated
from Erythrina droogmansiana [44] and Sophora tomentosa [45], except for the presence of
an additional geranyl group [δH 3.22 (d, J = 7.2 Hz, H-1′′′), 5.20 (t, J = 7.2 Hz, H-2′′′), 1.95
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(m, H-4′′′), 2.05 (m, H-5′′′), 5.05 (br t, J = 6.8 Hz, H-6′′′), 1.61 (s, H-8′′′), 1.74 (s, H-9′′′) and
1.55 (s, H-10′′′); δC 21.8 (C-1′′′), 124.0 (C-2′′′), 135.2 (C-3′′′), 40.9 (C-4′′′), 27.7 (C-5′′′), 125.5
(C-6′′′), 132.0 (C-7′′′), 25.9 (C-8′′′), 16.2 (C-9′′′) and 17.7 (C-10′′′)] at C-6 in 2. The tail-to-head
linkage of the two isoprenyl moieties to form the geranyl group was further corroborated
using 1H-1H COSY correlations between H-5′′′/H-6′′′ and H-5′′′/H-4′′′. HMBC cross-
peaks from H-1′′′ (δH 3.22) to C-5 (δC 162.8), C-6 (δC 109.8), C-7 (δC 166.0), C-2′′′ (δC 124.0)
and C-3′′′ (δC 135.2) clearly establish the location of the geranyl substituent at C-6. A
Cotton effect for n→ π* transition was not observed in compound 2, probably due to low
concentration, and hence could not be used to determine absolute configuration. On the
other hand, as in compound 1, compound 2 showed a strong positive Cotton effect for
π→ π* transition at 309 nm, allowing the assignment of the same absolute configuration at
C-3, but the designation is R (due to change in priority because of the absence of OH at C-3
in compound 2). Thus, compound 2 was elucidated as (3R)-6-geranyl-4′,5,7-trihydroxyl-2′-
methoxy-3′-prenylisoflavanone.

Compounds 3, 4 and 5 were assigned the same molecular formula, C31H38O7 (13 DBE)
based on HRESIMS (m/z 521.2537 [M − H]−, m/z 521.2521 [M − H]− and m/z 521.2582
[M − H]−, respectively (calcd. for C31H37O6, 521.2539)) combined with 1D (1H and 13C)
and 2D (1H-1H COSY, HSQC and HMBC) NMR spectra. The molecular weights of 3, 4
and 5 were 16 Dalton (Da) higher than that of 2 implying the presence of an additional
oxygen atom in these compounds. Careful analyses of 1D and 2D NMR indicated that
3 and 4 had an isoflavanone skeleton similar to that of 2, but with modifications in the
geranyl residues. The terminal prenyl moiety was altered to a 3-hydroxyl-3-methyl-trans-
but-1-enyl [δH 5.57 (m, H-5′′′), 5.57 (m, H-6′′′), 1.24 (s, H-8′′′) and 1.24 (s, H-10′′′); δC
126.0 (C-5′′′), 139.8 (C-6′′′), 71.3 (C-7′′′), 29.6 (C-8′′′) and 29.6 (C-10′′′)] in 3 versus a 2-
hydroxyl-3-methylbut-3-enyl [δH 1.59 (m, H-5′′′), 3.95 (t, J = 6.7 Hz, H-6′′′), 4.85 and 4.76
(m, H-8′′′) and 1.67 (s, H-10′′′); δC 34.1 (C-5′′′), 75.9 (C-6′′′), 148.4 (C-7′′′), 111.2 (C-8′′′)
and 17.4 (C-10′′′)] in 4. The position of the hydroxyl group in compounds 3 and 4 was
established using HMBC correlations from H3-8′′′/H3-10′′′ (δH 1.24) and H-6′′′ (δH 5.57) to
C-7′′′ (δC 71.3) for 3 and from H-10′′′ (δH 1.67) to C-6′′′ (δC 75.9) for 4. Hence, compounds
3 and 4 were characterized as 6-((2E,5E)-7-hydroxyl-3,7-dimethyl-octa-2,5-dienyl)-4′,5,7-
trihydroxyl-2′-methoxy-3′-prenylisoflavanone (3) and (E)-6-(6-hydroxyl-3,7-dimethylocta-
2,7-dienyl)-4′,5,7-trihydroxyl-2′-methoxy-3′-prenylisoflavanone (4), respectively.

Compound 5, a colorless residue, possesses an isoflavanone scaffold as 2–4, the major
difference being in the isoprenyl substituent in ring B. The presence of an epoxyprenyl
residue, formed through electrophilic addition of oxygen to the isoprenyl unit, was estab-
lished from resonances at δH 3.02–2.70 (m, H-1′′), 3.74 (m, H-2′′), 1.32/1.34 (s, H-4′′) and
1.26/1.27 (s, H-5′′); δC 27.6 (C-1′′), 70.0 (C-2′′), 77.8 (C-3′′), 25.6 (C-4′′) and 20.8 (C-5′′) as
observed in 5. Since the epoxidation seems not to be stereospecific, partly a double set
of data are visible, especially for the methyl groups at position 4′′ [(δH 1.32/1.34, s), 5′′

((δH 1.26/1.27, s) and 2′-OMe (δH 3.76/3.75, s)]. HMBC cross-peaks from H-1′′ (δH 3.02)
to C-2′ (δC 158.8) and C-4′ (δC 155.2) indicated that the epoxyprenyl moiety was located
at C-3′. Hence, the planar structure of 5 was elucidated as 6-geranyl-4′,5,7-trihydroxyl-
2′-methoxy-3′-(2,3-epoxy-3-methyl-butyl)-isoflavanone. Reliable optical rotation, UV and
ECD spectra could not be generated for compounds 3–5.

Compound 6 was obtained as pale-yellow oil. Its molecular formula was deduced
as C25H28O6 (12 unsaturation sites) based on HRESIMS (m/z 423.1813 [M − H]− (calcd.
for C25H27O6, 423.1808)) in conjunction with NMR data. The 1H [δH 4.53 (t, J = 10.8 Hz,
H-2A), 4.41 (dd, J = 10.8, 5.5 Hz, H-2B) and 4.17 (dd, J = 10.8, 5.5 Hz, H-3)] and 13C NMR
[δC 71.4 (C-2), 47.9 (C-3) and 199.8 (C-4)] data were consistent with an isoflavanone core
similar to compounds 2–5. In general, the NMR data of compound 6 were superimposable
to 8-geranyl-2′,4′,5,7-tetrahydroxylisoflavanone (kenusanone H, 7) reported from the roots
of Echinosophora koreensis [36] and isolated in this study. Here we report for the first
time 13C (Table 2) and 2D NMR (Table S7) data for compound 7 which was isolated as a
racemate. Nevertheless, signals observed at δC 32.9 (C-4′′′) and 27.7 (C-5′′′) in the 13C NMR
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spectrum of compound 6 indicated that, unlike kenusanone H, the C10 unit is a neryl but
not a geranyl group. These findings were further supported with NOESY correlation be-
tween H-1′′′/H-4′′′. The HMBC signals from H-6 (δH 5.94) to C-5 (δC 163.5), C-7 (δC 165.8),
C-10 (δC 103.9) and C-8 (δC 108.9); from H-1′′′ (δH 3.21) to C-7 (δC 165.8), C-8 (δC 108.9),
C-9 (δC 161.8), C-2′′′ (δC 124.7), C-3′′′ (δC 135.6) verified the connectivity of the neryl side
chain via C-8. The substitution at C-8 is further supported by the chemical shift of the
H-bonded OH at position 5 (δH 12.21), which is shifted downfield to 12.41–12.43 ppm in
compounds 2–4 bearing a prenyl chain at C-6 [18,46]. Hence, compound 6 was character-
ized as (Z)-2′,4′,5,7-tetrahydroxyl-8-(3,7-dimethylocta-2,6-dienyl)-isoflavanone. Nerylated
flavonoids are very rare in nature, and compound 6 could have been formed from the
geranylated analogue 7 through isomerization.

3.2. Biological Activity

Since Dalbergia species are known to exhibit a variety of biological activities, the parti-
tioned crude extracts and the isolated compounds of D. melanoxylon were tested for their
antibacterial, antifungal, anthelmintic and cytotoxic properties applying an established
model organism non-pathogenic to humans (Table 3). The crude CH2Cl2 extract of the
root bark induced nearly complete inhibition (97% ± 0%) of the Gram-positive bacterium
Bacillus subtilis at the concentration of 50 µg/mL and complete inhibition (100%± 0%) of the
Gram-negative bacterium Aliivibrio fischeri at 500 µg/mL showing its potential especially
against Gram-positive bacteria. The antifungal and anti-oomycetes activity was evalu-
ated against the phytopathogens Septoria tritici, Botrytis cinerea and Phytophthora infestans,
respectively. The extract showed promising activity against all phytopathogens at a con-
centration of 125 µg/mL. No anthelminthic activity against Caenorhabditis elegans could be
detected at 500 µg/mL. Likewise, at low concentration (0.05 µg/mL) no antiproliferative or
cytotoxic effects were observed against the human cancer cell lines PC3 and HT29 whereas
a higher concentration (50 µg/mL) induced significant inhibition of cell growth and via-
bility (Table S15). These results imply that the crude extract possesses moderate cytotoxic
properties but might also show selective biological effects with focus on antibacterial and
antifungal activities.

Table 3. Antibacterial (Bacillus subtilis, Aliivibrio fischeri) and antifungal (Phytophthora infestans,
Botrytis cinerea, Septoria tritici) activities of the CH2Cl2 extract and isolated compounds from
D. melanoxylon shown as growth inhibition [%] a. Data are presented as mean values ± standard
deviation (n = 6 for antibacterial assays, n = 3 for antifungal assays.

Antibacterial Assays Antifungal Assays

B. subtilis A. fischeri P. infestans B. cinerea S. tritici

Extract 500 µg/mL 50 µg/mL 500 µg/mL 50 µg/mL 125 µg/mL 42 µg/mL 125 µg/mL 42 µg/mL 125 µg/mL 42 µg/mL
CH2Cl2 77 ± 13 97 ± 0 100 ± 0 25 ± 2 96 ± 3 22 ± 10 89 ± 1 69 ± 8 73 ± 4 18 ± 19

Compounds 100 µM 1 µM 100 µM 1 µM 125 µg/mL 42 µg/mL 125 µg/mL 42 µg/mL 125 µg/mL 42 µg/mL
1 −7 ± 23 23 ± 34 −5 ± 26 3 ± 25 −68 ± 36 1 ± 19 −56 ± 40 −24 ± 11 6 ± 9 −1 ± 13
2 60 ± 2 −79 ± 17 24 ± 14 −25 ± 27 −32 ± 2 −14 ± 5 −38 ± 12 −20 ± 3 −24 ± 15 −1 ± 4
7 63 ± 2 −33 ± 73 −52 ± 23 −2 ± 28 81 ± 1 2 ± 3 95 ± 4 99 ± 0 88 ± 3 74 ± 10
9 96 ± 0 40 ± 2 67 ± 8 20 ± 18 71 ± 14 23 ± 12 0 ± 30 26 ± 5 76 ± 11 −16 ± 10
10 99 ± 0 n.d. 99 ± 0 8 ± 16 58 ± 12 86 ± 1 58 ± 13 56 ± 5 115 ± 6 13 ± 11

Positive
control

100 µM
chloramphenicol

100 µM
chloramphenicol

42 µM
terbinafine

42 µM
epoxiconazole

42 µM
epoxiconazole

100 ± 0 100 ± 0 87 ± 5 67 ± 8 99 ± 2 100 ± 0 97 ± 0 97 ± 0

a Negative values indicate an increase of bacterial growth in comparison to the negative control (0% inhibition).

Based on the results of the crude extracts, the isolated major compounds (1, 2, 7, 9, 10)
were subjected to a preliminary biological screening in antibacterial and antifungal assays
(Table 3). For the antibacterial assays, the compounds were tested at concentrations of
1 and 100 µM, and for the antifungal assays of 42 and 125 µg/mL. In both B. subtilis and
A. fischeri assays, (3R)-tomentosanol B (9) and sophoraisoflavanone A (10) inhibited nearly
100% of bacterial growth at a concentration of 100 µM after 16 h incubation time. Both com-
pounds had also a good antifungal activity against S. tritici at 125 µg/mL (corresponding
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to 0.28 and 0.34 mM, respectively) (Table 3). Furthermore, kenusanone H (7) at 42 µg/mL
(0.1 mM) showed a promising growth inhibition of B. cinerea and S. tritici. Thus, these
compounds were also tested against a panel of human pathogenic bacteria (Table 4) and
fungi (Table S15). Kenusanone H (7), (3R)-tomentosanol B (9) and sophoraisoflavanone A
(10) exhibited promising antibacterial activity against Gram-positive bacteria including
MRSA as shown by the induction of significant inhibition zones in agar diffusion assays.
Even more importantly, these compounds also inhibited the growth of Mycobacteria vaccae,
a nonpathogenic member of the tuberculosis inducing the Mycobacteriaceae family. In-
deed, previous docking studies indicated the potential binding of 3-hydroxylisoflavanones
from D. melanoxylon to different mycobacterial target enzymes [16]. In the present study
kensuanone H (7) displayed MIC values of 1.56, 1.56 and 0.78 µg/mL (3.7, 3.7 and 1.8 µM)
against S. aureus (MRSA), Enterococcus faecalis and Mycobacterium vaccae, respectively,
while tomentosanol B (9) inhibited the growth of these bacteria with MIC values of 3.12,
6.25 and 1.56 µg/mL corresponding to 6.9, 13.8 and 3.4 µM (Table 4), respectively. In ad-
dition, compound 7 also exhibited moderate antifungal effects against Candida albicans,
Penicillium notatum and Aspergillus fumigatus, compound 9 against P. notatum and 10 against
S. salmicolor, C. albicans and P. notatum (Table S15). Except for compounds 8–10, the antimi-
crobial potential of the tested compounds is reported here for the first time. Nevertheless,
in prior studies, kenusanone F (8), purified from E. brucei displayed moderate activity
(MIC values ranging from 125 to 250 µg/mL) against four pathogenic test organisms,
namely S. aureus, B. cereus, B. megaterium and E. coli [42], while tomentosanol B (9) showed
antiplasmodial activity (IC50 = 25.3 µM) and virtually no in vitro cytotoxicity against the
Chinese hamster ovarian (CHO) cell line (selectivity index = 5) [47]. Sophoraisoflavanone
A (10) isolated from Echinosophora koreensis was already previously described as com-
pound with strong antifungal (C. albicans, S. cerevisiae) and antibacterial activity (E. coli,
S. typhimurium, S. epidermis, S. aureus) showing MIC values around 60 and 20 µg/mL, re-
spectively [19]. In addition, this compound has proven toxic (IC50 = 22.1 µg/mL) to a
human liver (HepG2) cell line [19]. Although we could not demonstrate anthelmintic
activity for the crude extract of D. melanoxylon, mild anthelmintic effects of prenylated
isoflavonoids have been reported [48]. Neoflavonoids (represented e.g., by methyl dalber-
gin (11) and dalbergin (12)) were not included in the biological testing in our study but
were previously shown to possess osteogenic properties [37] whereas structurally related
dalbergiones from D. melanoxylon exhibited anti-inflammatory effects [49].

Table 4. Antibacterial activity of compounds from D. melanoxylon against human pathogens deter-
mined by agar diffusion assay (inhibition zone [mm]) and microdilution (MIC [µg/mL]).

B. subtilis S. aureus E. coli P. aeruginosa P. aeruginosa S. aureus (MRSA) E. faecalis (VRE) M. vaccae
Compounds 6633 B1 511 B3 458 B4 SG137 B7 K799/61 B9 134/93 R9 1528 R10 10670 M4

(1 mg/mL) [mm] [mm] [mm] [mm] [mm] [mm] [µg/mL] [mm] [µg/mL] [mm] [µg/mL]

1 10 11 13P 0 0 0/A n.t. 0 n.t. 15p n.t.
2 11/13p 10 0 0/A 0 11 n.t. 11 n.t. 12 n.t.
7 23 23 14P 0 0 24 1.56 22F 1.56 27 0.78
9 24 25 15P 0 0/A 26 3.12 18/23p/F 6.25 27/33p 1.56
10 20/23P 20/23p-P 14P 0 0 21 25 17/25p/F 25 20/32p 3.12

CIP a 29 EK 18 23/31p 25 28/35p 0 12.5 16F 0.78 20p 0.2
DMSO b 11P 13P 12P 12P 12P 11P >100 12p-P 100 11P 100

a CIP: Ciprofloxacin, positive control tested at concentration of 5 µg/mL; b negative control; p = partial inhibition
(few colonies visible within inhibition zone), P = partial inhibition (many colonies visible within inhibition zone),
F = facilitation, A = indication of inhibition, n.t. = not tested.

Prenylated flavonoids and isoflavonoids play important roles in the defense strategy
of plants by protecting them against diseases through a broad inhibition profile against
bacteria and fungi [50]. At the same time, these compounds represent promising starting
points for the development of new, natural therapeutics against MRSA and other Gram-
positive bacteria [51]. Increased hydrophobicity and bioavailability (mediated by one or
two prenyl groups) and electrostatic interactions are the main determinants for the anti-
MRSA activity of prenylated isoflavonoids [51]. The effects might be mediated by damaging
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the membrane or cell wall function [19] whereby interaction with bacterial membranes
reduces the fluidity of outer and inner membrane layers [52]. Specifically, prenylation at
C-8, as present in kenusanone H (7), seems to be connected to strong biological activity,
and also hydroxylation at C-3 in 10 plays a role for several biological effects [52]. In
contrast, introduction of a hydroxyl group in the prenyl chain as in compound 1 seems to
be connected to a reduction of activity. However, prenyl substitution increases antibacterial
but also cytotoxic properties [52]. For the most promising candidate, kenusanone H (7), the
cytotoxicity against HeLa cells was determined with a CC50 of 1.8 ± 1.4 µg/mL (4.2 µM).
Prenylated flavonoids and isoflavonoids show moderate cytotoxic properties [19,50] which
would have to be considered for potential applications or development.

Altogether, fourteen compounds including six new isoflavanones were isolated from
the root bark of D. melanoxylon, a medicinal plant largely used for the treatment of in-
fectious diseases. The crude CH2Cl2 extract of the root bark of D. melanoxylon induced
in a concentration dependent manner different degrees of inhibition against the tested
microorganisms. Among the tested compounds, 7 and 9 showed strong activities against
several pathogenic microbes, while compound 10 was selective towards M. vaccae 10670
M4. It is worth noting that compounds 7 and 9 showed superior activity against S. aureus
(MRSA) 134/93 R9 compared to the reference drug ciprofloxacin. Despite these activities,
neither the crude extract, nor the tested compounds showed considerable anthelminthic
and cytotoxic activities. Hence, the observed biological effects support the traditional use
of D. melanoxylon against several conditions, which appear to be connected to bacterial or
fungal infections [6,25]. The prenylated isoflavanone constituents proved to be of relevant
bioactivity and are likely responsible for the activity of the roots of this plant, suggest-
ing future investigations in terms of structure-activity-relationship, mode of action and
in vivo experiments.
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Abstract: The potential application of Xylocarpus granatum, a mangrove species, as traditional
medicine has been widely linked to its high secondary metabolite and antioxidant contents. However,
few studies have been reported to identify and classify active metabolites responsible for such excel-
lent biological activities. Therefore, the aim of this work was to determine the antioxidant activity,
identify the metabolite profiles, and predict the metabolites acting as antioxidants in X. granatum
extract using a gas chromatography–mass spectrometry (GC-MS)-based metabolomics approach.
The seeds, stems, fruit peel, pulp, leaves, and twigs of X. granatum were macerated with ethanol.
Each extract was analyzed with GC-MS, and the data were processed using mass spectrometry data-
independent analysis (MS-DIAL) software to identify the metabolites. The IC50 value of plant parts
of X. granatum ranged from 7.73 to 295 ppm. A total of 153 metabolites were identified and confirmed
in the X. granatum extracts. Among the identified metabolites, epicatechin and epigallocatechin
were the two most abundant in the stem extracts and are expected to have the greatest potential as
antioxidants. Principal component analysis (PCA) succeeded in grouping all parts of the plant into
three groups based on the composition of the metabolites: group 1 (stems, fruit peel, and twigs),
group 2 (seeds and pulp), and group 3 (leaves).

Keywords: antioxidant; GC-MS; metabolite; PCA; Xylocarpus granatum

1. Introduction

Mangrove is a type of plant that grows in coastal areas and is spread across Indonesia.
Extracts and raw materials from mangrove have been widely utilized by coastal people
for traditional medicines [1]. One such mangrove species widely used as material for
traditional medicine is X. granatum. This species is a sea mangrove from the Meliaceae
family with a majority of plants spread across Southeast Asia and along the Indian Ocean.
In Indonesia, this plant can be found in the Kalimantan and Sulawesi regions [2]. Coastal
people still use parts of X. granatum plants as traditional medicine, owing to their wide
range of biological activities.

Parts of X. granatum such as leaves, stems, twigs, and fruit have been reported to
contain several secondary metabolites such as alkaloids, flavonoids, monoterpenes, triter-
penoids, tetratriterpenoids, limonoids, proanthocyanidins, and phenolic acids [3,4]. These
compounds have the potential to exert anticancer, antihyperglycemic, antidyslipidemic,
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antidepressant, and neuroprotective activities [5–7]. Additionally, the extracts of the seeds,
stems, fruit peel, and leaves of X. granatum can be used as antioxidants and antidiabetics,
owing to their polyphenol contents [2,8,9]. The antioxidant activities of X. granatum extracts
make this species a potential source of one of raw materials for cosmetic skin lightening,
which work by inhibiting tyrosinase activity [10]. The biological activities of X. granatum,
e.g., antioxidant activity, are greatly influenced by its contents of active compounds, which
is a crucial factor affecting the quality of X. granatum as an antioxidant [2].

One method to identify the contents of active compounds in X. granatum extracts
is by analyzing the metabolite profiles. Metabolite profiling is one method associated
with metabolomic approaches that can be used to comprehensively identify primary or
secondary metabolites in plants, both qualitatively and quantitatively, and is generally
associated with specific metabolite pathways [11,12]. Metabolite profiling facilitates the
efficient activity determination and use of active compounds utilization and can be used as
a plant quality control process [13].

Comprehensive metabolite profile identification from a complex sample requires a
high-resolution analysis method, such as liquid chromatography—mass spectrometry (LC-
MS), gas chromatography—mass spectrometry (GC-MS), liquid chromatography—mass
spectrometry—mass spectrometry (LC-MS/MS), or capillary electrophoresis—mass spec-
trometry (CE-MS) [14]. GC-MS analysis is often used for metabolite profiling, owing to its
high sensitivity and high resolution, in addition to providing good reproducibility. Another
advantage of the GC-MS technique is that it is easy to use and relatively inexpensive in
terms of operational cost [15].

In this study, the metabolites in several parts of X. granatum plants, i.e., leaves, stems,
twigs, fruit peel, pulp, and seeds, were identified using GC-MS. The resulting data were
processed with the assistance of MS-DIAL version 4.20 software to identify metabolites;
additionally, the compounds acting as antioxidants were predicted based on a comparison
of the obtained profile to that of known antioxidant compounds reported in the literature.
The result of GC-MS data processing include information on m/z values, retention time,
retention index, area, and the peak intensity of the identified metabolites. The result of
data normalization, which performed with MS-DIAL, was evaluated by PCA (principal
component analysis) with SIMCA version 13 software (Umetrics, Umea, Sweden). PCA was
used to discriminate every part of X. granatum based on similarities in metabolite content.

2. Materials and Methods
2.1. Samples and Instruments

The plant sample used in this study was X. granatum (leaves, stems, twigs, fruit peel,
pulp, and seeds) from Togean Islands, Central Sulawesi. All parts of the plant were dried
in an oven at 40 ◦C and ground before extraction.

The following instruments and software were used: GC-MS QP2010 Ultra (Shimadzu, Ky-
oto, Japan), MS-DIAL version 4.24 software, SIMCA version 13 software (Umetrics, Umea, Swe-
den), Abf Converter, AMDIS, MORPHEUS, and ChemSketch. The following chemicals were
used: N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA), pyridine, alkane mixture (C10-
C31), ribitol (internal standard), methanol, chloroform, Milli-Q water, methoxyamine HCl, 2,2-
diphenyl-1-picrylhydrazyl (DPPH), and 2-(N-morpholino)ethanesulfonic acid (MES) buffer.

2.2. Extraction

The extraction method used was maceration with ethanol. Samples from each plant
part (1 g) were soaked in 5 mL ethanol for 24 h, then filtered. The filtrate was concentrated
using a rotary evaporator. This extract was used for antioxidant activity tests.

2.3. Antioxidant Activity

The antioxidant activity of every plant part of X. granatum was determined by DPPH
method with referent to the method performed by Batubara et al. (2010) [10]. Each
extract was diluted in ethanol to final concentrations of 1.67, 3.33, 6.67, 10.00, 13.33,
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16.67, 33.33, 66.67, 100.00, 133.33, and 166.67 µg/mL. The sample aliquot, 100 µL 2-(N-
morpholino)ethanesulfonic acid (MES) buffer (pH 7.4), and 100 µL DPPH solution (11.8 mg
DPPH in 100 mL ethanol) were added to each well of a 96-well plate. The mixtures were
incubated for 30 min; then, the absorbances were read at 514 nm. Vitamin C was used as
positive controlm and ethanol was used as the blank. Inhibition activity was calculated
using the following formula:

Inhibition (%) = [1 − (Asample − Acontrol)/(Ablank − Acontrol)] × 100%

where Asample is the sample absorbance, Acontrol is the vitamin C absorbance as the
control, and Ablank is the ethanol absorbance as the blank. The concentration of each
sample and a positive control were tested in triplicate.

2.4. Sample Preparation for GC-MS Analysis

Firstr, 1 mL methanol:chloroform:water (5:2:2) and 100 µg/mL ribitol as an internal
standard were added to 10 mg of ground herbal material of every part of X. granatum (stems,
leaves, pulp, fruit peel, twigs, and seeds). The mixture was homogenized by vortexing
and incubated in a shaker for 30 min, then centrifuged at 12,298× g at 4 ◦C for 3 min.
The supernatant (600 µL) was transferred into a new tube and mixed with 300 µL Milli-Q
water, then recentrifuged under the same conditions described above. Subsequently, 400 µL
(sample) and 200 µL (QC sample) of the supernatant were transferred into separate new
tubes and dried under vacuum using a centrifugal concentrator at room temperature for
2 h, then dried with a freeze dryer overnight (12 h) before derivatization. The QC (quality
control) sample was a mixture of all samples. After drying, derivatization was performed
by adding 100 µL methoxyamine HCl in pyridine (20 mg/mL), followed by incubation at
30 ◦C for 90 min, the addition of 50 µL MSTFA, and reincubation at 37 ◦C for 30 min in
order to induce sylilation before being injected into the GC-MS. Sample derivatization was
performed to improve the volatility of the compound for GC-MS analysis.

2.5. GC-MS Analysis

The GC-MS analysis performed in this study is a standard procedure used to analyze
natural products and was conducted at Fukusaki Lab, Osaka University, Japan [16]. GC-MS
QP2010 Ultra (Shimadzu, Japan) with ab InertCap 5 MS/NP column was used, with an
injection temperature at 230 ◦C and an injection volume of 1 µL in split mode (25:1 v/v).
The carrier gas (He) flow was 3.0 mL/minute, with a linear speed of 39 cm/s. The column
temperature was held at 80 ◦C for 2 min, then increased at a rate of 15 ◦C/min to 330 ◦C
and held for 6 min. The temperature of the transfer line and the ion source were 250 and
200 ◦C, respectively. The ions were generated by electron ionization (EI) at 1 kV, and the
spectrum was recorded in the mass range of 85−500 m/z.

Then, 1 µL pyridine was injected into the GC-MS to check the background, and 1 µL
of an alkane compound mixture was used to obtain the n-alkane retention time, which was
further used for retention index calculation. Afterwards, pyridine was injected to clean the
remaining n-alkane compounds, and 1 µL of the sample blank was injected to check for any
contamination. Then, the samples or extracts from every part of X. granatum were analyzed.
Every sixth sample injection was followed by a QC sample, a sample blank, and pyridine
injections in order to check for any contamination and clean the column. For every plant
part of X. granatum, injection was performed in quintuplicate, with 2 blank injections and
10 QC sample injections.

2.6. Data Analysis with MS-DIAL

The resulting data from GC-MS analysis were obtained as .QGD files. Peak confor-
mation, peak filtering, and annotation were processed using MS-DIAL ver. 4.20 (Riken,
Kanagawa, Japan). The output data from GC-MS were converted into CDF files, which were
subsequently converted into Abf files with Abf Converter, then imported to MS-DIAL soft-
ware. Data processing steps and compound identification in MS-DIAL included inputting
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data as a new project, setting some parameters before analysis (data collection, peak detec-
tion, deconvolution, identification, alignment, and filtering), and metabolite identification.

Compound identification at the peak was performed by comparing the conformity of
the retention time (RT), retention index (RI), and mass spectrum values from the results of
analysis with those of known metabolites in the available library from AllPublic-KovatsRI-
VS2. MS-DIAL software identified the metabolites according to the predetermined param-
eters of analysis. The resulting accuracy of compound identification was confirmed by
examining the total score of each compound in the compound search.

After identification was completed, data normalization was performed before the data
were used in PCA analysis. Data normalization was performed by determining the ID
number of a compound used as an internal standard (ribitol); then, the ID number of the
standard compound was input in the ID column of the identified compound.

2.7. Data Analysis

All determinations were conducted in triplicate, and the data are reported as average
values ± standard deviation (SD).

PCA analysis was achieved using SIMCA version 13 software (Umetrics, Umea, Swe-
den). The data were exported from MS-DIAL as .txt files, which were then converted into
Microsoft Excel files. The Microsoft Excel data were then transposed. PCA classification
was expected to be able to group every plant part of X. granatum extract based on the
metabolite content.

3. Results
3.1. X. granatum Antioxidant Activity

In this study, the antioxidant activity of every part of X. granatum was determined
using the DPPH method. As a free radical scavenging method, DPPH, has been widely
used to evaluate the antioxidant activity of plant extracts, owing to its rapidity, sensitivity,
simplicity, and reproducibility. The results of antioxidant activity are reported as IC50,
indicating the number of antioxidants needed to lower 50% of the initial concentration of
DPPH. Higher IC50 values indicate lower antioxidant activity.

The IC50 values of every part of X. granatum are presented in Table 1. The antioxidant
activities of each part of X. granatum vary, with IC50 values ranging from 7.73 to 295 ppm.
In this study, vitamin C was used as a standard, with an IC50 value of 4.18 ppm. Among all
plant parts, the stem extract showed the highest antioxidant potential, with an IC50 value
of 7.73 ppm (Table 1).

Table 1. Antioxidant activity of X. granatum ethanol extract.

Plant Part IC50 (ppm)

Seeds 104.64 e

Fruit peel 9.02 c

Stems 7.73 b

Pulp 44.48 d

Leaves 295.08 f

Twigs 9.86 c

Vitamin C 4.18 a

The same letter indicates non-significant differences at the 95% confidence interval.

3.2. X. granatum Metabolite Profiling Using GC-MS

The results of profiling were obtained after confirming the metabolites and performing
data curation. One metabolite identified in MS-DIAL was confirmed by conforming the
retention index value and the mass spectrum of the compound identified with a known
compound found in the AllPublic-KovatsRI-VS2 library. Data curation involves reducing
the data on the compounds with the same retention time values and the same compounds
with different retention time values. The compound with the highest total score value (750
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to 1000) was selected for profiling. The total score shows indicates the similarity of the
identified compound relative to a compound in the database.

Metabolite identification from every part of X. granatum resulted in 153 identified
compounds (Table 2). Every part of X. granatum is primarily composed of simple sugar
(monosaccharides), as reflected by the relative area. The sugar compounds contained in X.
granatum are sucrose (12.02%), glucose (7.59%), fructose (7.58%), and epicatechin (2.00%),
with a chromatogram pattern as shown in Figure 1.

Table 2. Metabolites in the extract of X. granatum.

No Rt
(minutes) RI Ion (m/z) Formula Compound Area (%)

1 4.33 1003 117 C3H8O2 propylene glycol 0.028
2 4.60 1028 174 C3H9N n-propylamine 0.006
3 4.71 1038 117 C4H10O2 butane-2.3-diol 1.084
4 4.73 1039 152 C5H5NO 2-hydroxypyridine 0.035
5 4.94 1058 147 C3H8O2 propane-1.3-diol 0.006
6 4.95 1058 130 C3H4O3 Pyruvic acid 0.047
7 5.02 1064 147 C3H6O3 Lactic acid 0.125
8 5.07 1069 131 C4H8O3 2-Hydroxyisobutyric acid 0.341
9 5.18 1078 147 C2H4O3 Glycolic acid 0.356
10 5.39 1097 174 C4H11N n-Butylamine 0.003
11 5.55 1111 131 C4H8O3 2-hydroxybutanoic acid 0.003
12 5.87 1141 152 C5H5NO 4-Hydroxypyridine 0.007
13 5.93 1146 147 C4H8O3 3-hydroxybutyric acid 0.317
14 5.94 1147 116 C3H7NO2 Sarcosine_2TMS 0.007
15 5.95 1148 142 C4H7NO butyrolactam 0.036
16 6.68 1216 131 C4H8O3 3-Hydroxyisovaleric acid 0.005
17 6.76 1224 144 C5H11NO2 Valine_2TMS 0.063
18 6.89 1237 189 CH4N2O Urea 0.005
19 6.91 1238 116 C4H8O3 4-hydroxybutyric acid 0.011
20 6.95 1242 174 C2H7NO Ethanolamine 0.008
21 7.01 1249 175 C6H10O4 ethylsuccinate 0.007
22 7.04 1252 179 C7H6O2 Benzoic acid 0.017
23 7.07 1255 147 C3H6O3 Dihydroxyacetone 0.013
24 7.17 1264 116 C3H7NO3 Serine_2TMS 0.003
25 7.29 1276 174 C2H7NO 2-Aminoethanol 0.070
26 7.33 1280 158 C6H13NO2 Leucine_2TMS 0.033
27 7.35 1282 147 C3H8O3 Glycerol 0.880
28 7.50 1297 180 C6H5NO2 Nicotinic acid 0.008
29 7.53 1300 158 C6H13NO2 Isoleucine_2TMS 0.033
30 7.69 1317 147 C4H6O4 Succinic acid 0.068
31 7.80 1328 254 C6H6O2 Catechol 0.007
32 7.91 1340 147 C3H6O4 Glyceric acid 0.075
33 7.97 1347 241 C4H4N2O2 Uracil 0.010
34 7.99 1349 254 C4H4O4 Fumaric acid 0.027
35 8.14 1365 240 C5H5NO2 pyrrole-2-carboxylic acid 0.013
36 8.21 1372 188 C3H7NO2 Alanine_3TMS 0.020
37 8.25 1376 156 C6H11NO2 DL-Pipecolic acid 0.158
38 8.32 1384 147 C4H6O4 erythronic acid lactone 0.032
39 8.46 1398 218 C4H9NO3 Threonine_3TMS 0.007
40 8.55 1408 239 C6H6O2 hydroquinone 0.021
41 8.55 1409 147 C5H8O4 Glutaric acid 0.069
42 8.61 1415 255 C5H6N2O2 Thymine 0.001
43 8.66 1422 103 C4H9NO3 homoserine 0.016
44 8.83 1440 233 C4H8O4 2-deoxytetronic acid 0.004
45 8.86 1443 174 C4H9NO2 3-aminoisobutyric acid 0.080
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Table 2. Cont.

No Rt
(minutes) RI Ion (m/z) Formula Compound Area (%)

46 8.96 1456 117 C10H20O2 Decanoic acid 0.004
47 9.17 1480 158 C5H9NO3 trans-4-hydroxy-L-proline 0.012
48 9.23 1487 247 C5H8O5 Citramalic acid 0.003
49 9.33 1498 147 C4H6O5 Malic acid 0.751
50 9.34 1499 223 C7H6O2 p-Hydroxybenzal dehyde 0.011
51 9.43 1509 244 C4H8N2O3 asparagine dehydrated 0.004
52 9.45 1512 117 C4H8O5 isothreonic acid 0.022
53 9.48 1516 147 C4H10O4 Threitol 0.031
54 9.53 1521 174 C4H12N2 putrescine 3tms 0.018
55 9.54 1523 267 C9H8O4 Acetylsalicylic acid 0.014
56 9.55 1524 217 C4H10O4 Meso erythritol 0.109
57 9.59 1528 232 C4H7NO4 Aspartic acid_3TMS 0.010
58 9.63 1534 156 C5H7NO3 Pyroglutamic acid_2TMS 0.168
59 9.68 1539 230 C5H9NO3 Hydroxyproline 0.187
60 9.70 1542 174 C4H9NO2 4-Aminobutyric acid 0.455

61 9.81 1556 263 C6H6O4
5-hydroxymethyl-2-furoic

acid 0.002

62 9.84 1560 239 C6H6O3 Pyrogallol 0.004
63 9.96 1574 267 C7H6O3 3-Hydroxybenzoate 0.007
64 9.99 1577 147 C4H8O5 Threonic acid 0.097
65 10.01 1580 179 C8H10O2 4-Hydroxyphenethyl alcohol 0.012
66 10.04 1584 129 C5H8O5 2-hydroxyglutaric acid 0.015
67 10.12 1594 147 C7H12O5 2-Isopropylmalic acid 0.124

68 10.28 1614 147 C6H10O5
3-Hydroxy-3-

methylglutarate 0.032

69 10.31 1617 217 C5H8O5 xylonolactone 0.009
70 10.35 1622 117 C4H6O6 L-(+)-Tartaric acid 0.034
71 10.41 1630 246 C5H9NO4 Glutamic acid_3TMS 0.007
72 10.46 1636 267 C7H6O3 4-Hydroxybenzoic acid 0.094
73 10.50 1642 200 C6H11NO2 Pipecolic acid 0.037
74 10.55 1648 179 C8H8O3 4-Hydroxyphenylacetic acid 0.004
75 10.74 1672 103 C5H10O5 Xylose 0.013
76 10.82 1683 103 C5H10O5 Lyxose 0.273
77 10.84 1686 271 C6H6O4 Kojic acid 0.285
78 10.98 1703 103 C5H10O5 Ribose 0.095
79 11.14 1726 204 C6H10O5 1.6-Anhydroglucose 0.087
80 11.20 1734 217 C5H12O5 Xylitol 0.016
81 11.22 1736 219 C6H14O5 diglycerol 0.005
82 11.29 1746 117 C6H12O5 Rhamnose 0.252
83 11.30 1746 217 C5H12O5 Arabitol 1.275
84 11.34 1752 117 C6H14O5 6-deoxyglucitol 0.971
85 11.48 1771 147 C6H12O5 2-Deoxy-D-glucose 0.065
86 11.51 1775 297 C8H8O4 vanillic acid 0.020
87 11.52 1777 231 C6H10O5 3.6-anhydro-D-galactose 0.021
88 11.60 1787 156 C5H10N2O3 Glutamine_3TMS 0.007
89 11.62 1790 129 C6H14O5 3-deoxyhexitol 0.077
90 11.65 1794 147 C5H10O6 Xylonic acid 0.056
91 11.84 1821 204 C7H10O5 Shikimic acid 0.434
92 11.93 1834 193 C7H6O4 3.4-Dihydroxybenzoate 0.267
93 11.98 1841 204 C6H12O5 1.5-Anhydro-D-glucitol 0.067
94 12.26 1881 159 C6H13NO5 D-(+)-Galactosamine 0.268
95 12.29 1886 103 C6H12O6 Psicose 0.118
96 12.30 1887 103 C6H12O6 Tagatose 0.084
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Table 2. Cont.

No Rt
(minutes) RI Ion (m/z) Formula Compound Area (%)

97 12.33 1891 345 C7H12O6 Quinic acid 1.910
98 12.46 1910 104 C6H10O6 L-Gulcono-1.4-lactone 3.503
99 12.50 1916 103 C6H12O6 Fructose 6.983

100 12.53 1921 319 C6H12O6 Mannose 0.179
101 12.56 1925 204 C7H14O6 1-methylgalactose 0.121
102 12.57 1927 319 C6H12O6 Galactose 0.328
103 12.58 1928 217 C6H10O6 Glucono-1.5-lactone 0.998
104 12.62 1935 319 C6H12O6 Glucose 7.042
105 12.71 1947 203 C6H13NO5 Glucosamine 0.023
106 12.74 1953 293 C9H8O3 p-Coumaric acid 0.035
107 12.78 1959 218 C9H11NO3 Tyrosine 0.086
108 12.80 1962 275 C6H12O7 galactonic acid 0.014
109 12.82 1963 204 C6H12O6 hexose 1.079
110 12.84 1968 319 C6H14O6 Mannitol 0.181
111 12.89 1975 281 C7H6O5 Gallic acid 0.034
112 12.90 1977 217 C6H14O6 Galactitol 0.025
113 13.02 1994 318 C6H10O5 conduritol-beta-expoxide 2.131
114 13.10 2006 147 C6H14O6 hexitol 0.099
115 13.31 2040 353 C5H4N4O2 Xanthine 0.006
116 13.33 2043 147 C6H12O7 Gluconic acid 0.154
117 13.35 2046 117 C16H32O2 palmitic acid 0.103
118 13.44 2059 204 C8H15NO6 N-Acetyl-D-glucosamine 0.363
119 13.48 2067 147 C6H12O6 myo-inositol 0.019
120 13.53 2073 129 C8H15NO6 N-acetyl-D-mannosamine 0.007
121 13.73 2105 338 C10H10O4 Ferulic acid 0.016
122 13.84 2124 204 C8H15NO6 n-acetyl-d-hexosamine 0.114
123 13.89 2132 217 C6H12O6 Inositol 1.004
124 14.00 2149 219 C9H8O4 Caffeic acid 0.011
125 14.07 2160 319 C8H15NO6 N-Acetyl galactosamine 0.035
126 14.30 2198 204 C9H16O9 beta-mannosylglycerate 0.027
127 14.57 2245 117 C18H36O2 Stearic acid 0.196
128 14.61 2251 202 C11H12N2O2 Tryptophan_3TMS 0.011
129 14.69 2266 204 C9H18O8 glycerol-3-galactoside 0.021
130 14.79 2282 361 C10H17NO9S2 Sinigrin 0.004
131 15.12 2341 217 C11H15N5O4 1-methyladenosine 0.013
132 15.18 2352 204 C6H13O9P galactose-6-phosphate 0.056
134 15.85 2474 217 C9H12N2O6 Uridine_4TMS 0.010
135 16.19 2538 204 C12H22O11 Leucrose 0.130
136 16.89 2674 361 C12H22O11 beta-Lactose 0.015
137 17.03 2702 361 C12H22O11 Sucrose 5.839
138 17.05 2706 204 C12H22O11 D-(+)-Maltose 0.236
139 17.16 2729 217 C12H22O11 D-(+)-Turanose 0.361
140 17.36 2770 217 C12H24O11 lactitol 0.105
141 17.53 2806 217 C12H22O12 lactobionic acid 0.047
142 17.56 2814 361 C12H22O11 Trehalose 0.137

143 17.76 2855 355 C21H22O10
4.5-dihydroxy-7-

glucosyloxyflavanone 0.012

144 17.92 2889 361 C12H24O11 Palatinitol 0.009
145 17.94 2893 368 C15H14O6 (−)-Epicatechin 0.422
146 18.08 2925 361 C12H22O11 Gentiobiose 0.033
147 18.14 2937 204 C12H22O11 Melibiose 0.051
148 18.31 2975 456 C15H14O7 (−)-Epigallo catechin 0.032
149 18.74 3072 204 C12H22O11 Galactinol 0.021
150 18.87 3100 219 C16H18O9 Chlorogenic acid 0.008
151 18.93 3109 487 C15H10O6 Kaempferol 0.005
152 20.61 3349 204 C18H32O16 Maltotriose 0.003
153 20.93 3396 361 C18H32O16 Kestose 0.010
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Figure 1. Chromatogram of X. granatum stem extract according to GC-MS analysis.

3.3. Prediction of Active Antioxidant Compounds in X. granatum

A total of 15 compounds with potential as antioxidants were identified in the various
parts of X. granatum, as depicted in the form of a heat map in Figure 2. The heat map
is intended to visualize the peak area percentage in a simpler way using the intensity of
colors. In Figure 2, the intensity of red color indicates high compound content, whereas the
intensity of green color shows indicates low compound content.
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According to the results of antioxidant activity testing of X. granatum plant parts using
the DPPH method, the ethanol extract of X. granatum stems has a very high potential
compared to the other parts of the plant, as reflected by the lowest IC50 value (Table 1).
This result indicates that the antioxidant compounds dominantly found in the stems have
higher antioxidant activity compared to those found in the other parts of the plant. Figure 2
shows that the dominant compounds in the stems are epicatechin and epigallocatechin.
Besides the stems, these two compounds can be found in the fruit peel and twigs, making
the antioxidant activity in the fruit peel and twigs higher than that in the seeds, pulp, and
leaves (Table 1).
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3.4. Discrimination of X. granatum Plant Parts with PCA Based on Metabolite Composition

Discrimination is a process used to differentiate one sample from another by identify-
ing similarities between samples. Samples with many similarities are grouped together; in
other words, samples with many differences are separated into differerent groups [17]. The
PCA technique is a method of analysis of double variables with the intention of simplifying
the observed variables by reducing the dimensions to facilitate the visualization of data
grouping and evaluation of similarities among the groups [18]. The application of PCA
to the chromatogram enables a reduction in large-sized GC-MS data into several primary
components (PCs) so that a two-dimension score plot can show severability among samples.
The score plots of the first two components (PC1 and PC2) are usually used in the analysis
because these PCs contain the most data variation.

The result of PCA analysis is considered acceptable if a small number of primary
components can describe a large number of total variations. The result of PCA analysis
was visualized as a score plot depicting the grouping of each plant part of X. granatum
based on the metabolite composition contained in each plant part. Every point in the
score plot represents a single sample, and samples with similarities are categorized in
the same group [19]. Figure 3 shows the obtained score plot, which explains 91% of total
variation (PC1 = 51%, PC = 40%). Samples with the same labels are grouped in adjacent
positions. However, some samples did not provide a satisfactory grouping representation,
so those data were considered outliers, such as teed 1, seed 5, and twig 3. Therefore, outlier
reduction was performed in order to visualize a clearer and better data grouping.
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Figure 3. Score plot of PCA analysis before outlier reduction.

Outlier reduction resulted in the grouping presented in Figure 4, with an increase in
the PC1 value of 1%. Figure 4 shows a plot score that can explain 92% of total variation
(PC1 = 52%, PC = 40%). The result of score plot after outlier reduction shows that the
metabolite profile of each X. granatum plant part can be differentiated into three groups
based on metabolite composition, i.e., group 1 (stems, twigs, and fruit peel), group 2 (pulp
and seeds), and group 3 (leaves). According to the PCA score plot (Figure 4), the metabolite
characteristics of the fruit peel, stem, and twig parts of X. granatum are similar, as reflected
by the antioxidant activities, with similar IC50 values: 9.02, 7.73, and 9.83 ppm, respectively
(see, Table 2). The samples of the pulp and the seeds parts belong to one group, whereas
the leaves are separated from the groups containing the other plant parts, showing that
there are metabolite composition differences in the leaves. This is also supported by the
antioxidant properties of the leaf extract, which has the highest IC50 value (295.08 ppm),
showing that it has the lowest antioxidant activity. The association between the results of
grouping and the antioxidant activity shows that the compounds with antioxidant activity
play significant roles in the grouping of X. granatum plant parts.
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4. Discussion

Metabolite profiling is a technique of analysis used to determine the metabolite profile
or the chromatogram pattern of chemical components of an extract with pharmacological
activities or chemical components characterizing a plant with the objective of controling
the quality [12]. Metabolite profiling and antioxidant compound prediction of X. grana-
tum extracts consisted of four stages, i.e., information gathering through GC-MS data
analysis using MSDIAL and antioxidant compound prediction through a literature study,
data reduction and compilation to convert the spectrum into data that can be processed
statistically, PCA multivariate analysis, and review and interpretation of the results of
chemometric processes.

An antioxidant is an electron-donor compound that can lower the free radical level
and help to reduce or prevent the impact of oxidative stress because of free radicals [20,21].
Common natural antioxidant compounds include vitamin C, vitamin E, carotenoids, phe-
nolic compounds, and polyphenols, which can be grouped as flavonoids, cinnamate acid
derivatives, coumarins, tocopherol, and polyfunctional organic acids, respectively [22].
Our literature review of several studies on the properties of antioxidant compounds, as
well as the characteristics and applications thereof, indicated that natural metabolite com-
pounds that are usually found in plants commonly include compounds in the group of
polyphenols with active groups of hydroxy (-OH) and double-bonded carbons (-C=C-)
and function as scavengers and inhibitors of free radicals reactions. Polyphenol secondary
metabolites, such flavonoids, polyenes, and compounds containing many -OH groups, can
react with free radicals as reducing agents, free radical scavengers, metal-chelating agents,
and oxygen-singlet-forming suppressors [23–25].

According to our literature review of the properties and the general structures of
antioxidant compounds, several compounds contained in X. granatum extracts have poten-
tial as antioxidants. These compounds mostly belong to the phenolics and polyphenols
groups, including catechol [26], pyrogallol [24], 3-hydroxybenzoate, 4-hydroxybenzoic acid,
4-hydroxyphenylacetic acid, 3,4-dihydroxybenzoate [27], kojic acid [28], quinic acid [29],
p-coumaric acid, gallic acid, ferulic acid, caffeic acid [30], epicatechin, epigallocatechin, and
kaempferol [23].

Simple phenolic compounds such as catechol and pyrogallol are antioxidant com-
pounds with the ability to lower the number of reactive oxygen species (ROS). Pyrogallol
is a compound used widely to inhibit oxidation reactions in biodiesel [25]. On the other
hand, a catechol-containing polyphenol, epicatechin, is a strong in vitro antioxidant com-
pound, owing to its ability to rapidly lower the level of ROS, bind metallic ions, form inert
complexes, and arrest the chain reaction of radical compounds [31].
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Another phenolic compound identified as an antioxidant is phenolic acid. Phenolic
acid is a strong antioxidant and exhibits antibacterial, antivirus, anticarcinogenic, and anti-
inflammatory activities, as well as vasodilatory activity. Phenolic acid may further function
as an anticancer agent and prevent heart diseases. Phenolic acid identified in X. granatum
can be devided into two groups: benzoic acid derivatives and cinnamic acid derivatives. In
this study, the identified compounds of benzoic acid derivatives were 3-hydroxybenzoate,
4-hydroxybenzoic acid, 4-hydroxyphenylacetic acid, and 3,4-dihydroxybenzoate, whereas
the identified compounds of cinnamic acid derivatives were ferulic acid, gallic acid, p-
coumaric acid, and caffeic acid. These compounds were reported to function as effective
active antioxidants in radical scavenging of 2-azino-bis(3-ethylbenzthiazoline-6-sulfonic
acid) (ABTS), 1,1-diphenyl-2-picryl-hydrazyl (DPPH), and superoxide anions, as well as
metal chelation activity in iron ions [27,30,32]. Antioxidant activities of these phenolic acid
compounds are influenced by the number of hydroxyl groups (OH-) in the phenyl ring. The
length of conjugated double bonds, types of substituents, and the form of the molecules
also contribute to the antioxidant activity [20].

In addition to the compounds in the phenolic group, other compounds were identified
acting as antioxidants, such as quinic acid and kojic acid. Quinic acid is a carboxylic
acid with many hydroxy groups (-OH), with potential as an antioxidant by inhibiting
oral pathogens [29]. Kojic acid, on the other hand, is widely used in cosmetic products,
especially as a skin-lightening agent [28,33].

5. Conclusions

The plant parts of X. granatum exhibit varying antioxidant activities. Metabolite profil-
ing in X. granatum extracts using GC-MS succeeded in identifying 153 compounds. The
compounds expected to have important roles in antioxidant activities are those compounds
from the flavonol group, i.e., epicatechin and epigallocatechin, which are dominantly found
in the stem of X. granatum. Multivariate analysis using PCA succeeded in grouping the
plant parts of X. granatum into 3 groups based on metabolite composition: group 1 (stems,
twigs, and fruit peel), group 2 (seeds and pulp), and group 3 (leaves). The grouping results
of X. granatum plant parts using PCA can be associated with the antioxidant activities.
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Abstract: The emergence of bacterial drug resistance is often viewed as the next great health crisis
of our time. While more antimicrobial agents are urgently needed, very few new antibiotics are
currently in the production pipeline. Here, we aim to identify and characterize novel antimicrobial
natural products from a model dioicous moss, Ceratodon purpureus. We collected secreted moss
exudate fractions from two C. purpureus strains, male R40 and female GG1. Exudates from the female
C. purpureus strain GG1 did not exhibit inhibitory activity against any tested bacteria. However,
exudates from the male moss strain R40 exhibited strong inhibitory properties against several species
of Gram-positive bacteria, including Staphylococcus aureus and Enterococcus faecium, though they
did not inhibit the growth of Gram-negative bacteria. Antibacterial activity levels in C. purpureus
R40 exudates significantly increased over four weeks of moss cultivation in liquid culture. Size
fractionation experiments indicated that the secreted bioactive compounds have a relatively low
molecular weight of less than 1 kDa. Additionally, the R40 exudate compounds are thermostable and
not sensitive to proteinase K treatment. Overall, our results suggest that the bioactive compounds
present in C. purpureus R40 exudates can potentially add new options for treating infections caused
by antibiotic-resistant Gram-positive bacteria.

Keywords: fire moss; bryophyte; antibacterial activity; exudate; moss; plant metabolite

1. Introduction

Bacterial infections lead to a number of human diseases and represent a leading
cause of morbidity and mortality worldwide. A recent report by Antimicrobial Resistance
Collaborators [1] indicated that the 33 most common bacterial pathogens caused up to
13.6% of all deaths in the world and 56.2% of all sepsis-related deaths in 2019. Among
all bacterial pathogens, the Gram-positive Staphylococcus aureus was the leading bacterial
cause of death in 135 countries and was also associated with the most deaths in individuals
older than 15 years. Another Gram-positive pathogen, Streptococcus pneumoniae, was the
bacterial species associated with the most deaths in children younger than 5 years. Overall,
deaths associated with pathogenic bacteria ranked as the second leading cause of death
globally in 2019 [1].

One of the main reasons bacterial infections continue to lead to high mortality through-
out the world is the rapidly growing antibiotic resistance among many pathogens [2,3].
The emergence and spread of antibiotic resistance among pathogenic bacteria is a disturb-
ing trend recently identified by the World Health Organization (WHO) as one of the ten
biggest health challenges of our time (http://sdg.iisd.org/news/who-identifies-top-health-
challenges-begins-five-year-health-plan/) (accessed on 30 January 2023). In its 2019 report,
the Centers of Disease Control and Prevention categorized different antibiotic-resistant bac-
teria as urgent, serious, and concerning pathogens (https://www.cdc.gov/drugresistance/
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biggest-threats.html) (accessed on 30 January 2023). Among these pathogens, several
multidrug-resistant (MDR) Gram-positive bacteria are considered major healthcare prob-
lems [4]. These include methicillin-resistant Staphylococcus aureus (MRSA), which in 2017
caused 323,700 estimated cases in hospitalized patients and 10,600 estimated deaths, with
USD 1.7 Billion estimated attributable healthcare costs. Also on the rise are infections
caused by vancomycin-resistant Enterococcus faecium (VRE), which caused 54,500 estimated
cases in hospitalized patients and 5400 estimated deaths in 2017. Another Gram-positive
pathogen of concern is erythromycin-resistant Group A Streptococcus (GAS), which caused
approximately 1 to 2.6 million cases of strep throat and invasive infections (cellulitis,
pneumonia, flesh-eating infections, and sepsis), and up to 1900 deaths. These and other
pathogens are becoming increasingly resistant to available antibiotics, raising concerns
that the last remaining drugs to treat Gram-positive bacterial infections may become less
effective. Thus, the rise of antimicrobial resistance demands increased efforts to discover
new antibiotics.

Antibacterial drug development based on previously characterized chemical scaffolds
is arguably reaching its technical limitations [5]. On the other hand, natural products
produced by previously largely untapped groups of organisms, such as plants, could be
a powerful source of new antimicrobials with potentially novel chemical structures [6].
Specifically, plant-derived natural antimicrobials have been historically used in traditional
folk medicine, but not very commonly utilized by the modern pharmaceutical industry.
Indeed, plants are known to produce a variety of potent secondary metabolites with
important medical benefits, including well-characterized compounds such as acetylsalicylic
acid, artemisinin, and paclitaxel [7]. In particular, members of the Bryophyte group (mosses,
liverworts, and hornworts) are known to produce a plethora of biologically active secondary
metabolites [8]. To date, a number of different natural compounds with antimicrobial,
antioxidant, and ultraviolet-screening properties have been detected in bryophytes [9–11].
Specifically, metabolites from several mosses were shown to effectively inhibit the growth
of Gram-negative or Gram-positive bacteria [12,13]. However, detailed studies aimed at
chemical characterization of antibacterial secondary metabolites from Bryophytes are still
lacking, especially in model moss species.

Even less is known about antibacterial properties of extracellular metabolites secreted
by plants, many of which play a crucial role in communication with the root microbiota,
including important herbivores and bacterial pathogens [14–16]. The model liverwort
Marchantia polymorpha, for example, secretes specialized “oil bodies” containing sesquiter-
penes and cyclic bisbibenzyls, which serve as a defense against arthropod herbivores [17,18].
The model moss Physcomitrium patens secretes a number of extracellular compounds and
peptides with antibacterial properties [19,20]. For potential future biotechnological appli-
cations, such secreted bioactive metabolites may offer several technical advantages over
intracellular compounds, as they are usually water-soluble and can be easier to biochemi-
cally isolate and purify.

Ceratodon purpureus (also known as the “fire moss”) is a biogeographically diverse
model moss species [21], known for its ability to grow on soils contaminated with heavy
metals, in areas of high UV radiation, under salt and cold stress, and even in extremely
cold conditions of Antarctica. C. purpureus is dioicous and harbors gene-rich UV sex chro-
mosomes, enabling researchers to study how the presence of sex-linked genes affects plant
sexual development and metabolism [22,23]. Recent data point to intriguing differences be-
tween male and female strains of C. purpureus in the amount and composition of produced
volatile organic compounds (VOCs) that can affect the behavior of soil microarthropods
and attract them to aid in moss fertilization processes [23,24]. Overall, due to its small size,
ease of laboratory cultivation, sequenced and annotated genome, and rapidly developing
metabolomics resources, C. purpureus is currently becoming a model organism of choice for
many types of plant research [22,25,26].

Here, we aim to discover and characterize antibacterial metabolites secreted by the
model moss C. purpureus. We detected an unexpected sexual dimorphism in the produc-
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tion of C. purpureus antibacterial metabolites: exudates from the male moss strain R40
contain potent antibacterial activity, while exudates from the female strain GG1 do not.
Interestingly, R40 exudates are effective against several species of Gram-positive bacteria,
but do not inhibit the growth of Gram-negative bacterial species. The mode of action
of R40 exudate components appears to be bactericidal with a minimum inhibitory con-
centration of 6.25 mg/mL. Exudate stability and light sensitivity experiments indicate
that secreted metabolites are relatively stable after boiling or multiple freezing/thawing
cycles, in different light conditions and after treatment with Proteinase K, suggesting that
the bioactive metabolites likely do not have a polypeptide structure. Furthermore, size
fractionation experiments indicate that the metabolite with antibacterial activity has a
low molecular weight of below 1 kDa. Taken together, our data suggest that C. purpureus
antibacterial compounds represent secreted small metabolites with a bactericidal mode
of action against Gram-positive bacteria. Overall, further characterization of bioactive
C. purpureus compounds may lead to the development of novel antibacterial therapeutics.

2. Materials and Methods
2.1. Moss Strains, Growth Conditions and Exudate Collection

C. purpureus R40 (male) and GG1 (female) strains (a gift from Dr. Stuart McDaniel,
University of Florida) were propagated on Petri plates with BCD nutrient agar medium
as described before [20,27]. Moss was propagated weekly by homogenizing tissue with
the IKA Ultra-Turrax T10 basic tissue dispenser, followed by plating the homogenized
samples onto cellophane disks on top of solid BCD nutrient medium in Petri dishes. Moss
plates were grown in a plant growth chamber (Model 7300, Caron Products) at 22 ◦C, 65%
humidity, 880 lux light intensity, and 12/12 h light/dark conditions.

For secreted metabolite analysis, C. purpureus strains were grown in 250 mL flasks with
100 mL of the BCD liquid nutrient medium on the orbital shaker (at 150 rpm) at 22 ◦C, 65%
humidity, 880 lux light intensity, and 12/12 h light/dark conditions. Exudate was collected
and processed as described previously [20]. Frozen exudate samples were dried using a
lyophilizer (model 7382021, Labconco, Kansas City, MO, USA) and stored at −80 ◦C until
needed. For experimental analysis, dry samples were weighed and dissolved in sterile
BCD medium with CaCl2 in the final concentration of 100 mg/mL.

2.2. Tests for Antibacterial Activity

Antimicrobial activity of moss exudates was analyzed against Gram-positive (Staphy-
lococcus aureus ATCC 25923, Streptococcus pyogenes ATCC 12344, and Enterococcus faecium
ATCC 35667) and Gram-negative bacteria (Serratia marcescens SM6, Salmonella enterica ser.
Typhimurium ATCC14028s). Gram-positive bacterial strains were grown in Tryptic Soy
medium and Gram-negative bacterial strains were grown in LB medium.

Disk-Diffusion assays (DDM). Bacterial growth inhibition was tested first using the
qualitative DDM method in LB or Tryptic Soy agar according to CLSI guidelines (www.
clsi.org, accessed on 1 July 2022). Bacteria in liquid cultures were grown overnight (ON)
at 35 ◦C and shaken at 200 rpm using an orbital incubator shaker (Excella E24 Incubator
Shaker Series, New Brunswick Scientific). The bacterial inoculum (CFU (colony-forming
units) = 1 × 107/plate) was prepared by dilution of 25 µL of ON culture in 5 mL of top agar
(LB broth powder 25 g/L, 0.7% agar or Tryptic Soy broth powder 30 g/L, 0.7% agar), stirred
and poured onto a Petri dish containing 20 mL of LB or Tryptic Soy agar. Next, 17.5 mg
of moss exudate was dissolved in BCD medium and added onto sterile Whatman disks
(disk diameter = 7 mm). Disks soaked with the same amount of sterile liquid BCD medium
were used as the negative control and disks soaked with carbenicillin or chloramphenicol
antibiotics were used as the positive control, as described previously [20]. Disks were
placed on top of inoculated plates and incubated at 35 ◦C for 18 h. The diameter of the
bacterial growth inhibition zone (halo) around each disk was then measured in mm and
plotted. All experiments were carried out in triplicate on at least two separate occasions.
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A broth microdilution method was used as a quantitative assay to determine the
Minimal Inhibitory Concentration (MIC) of the moss exudate metabolites in a 96-well
microtiter plate using the Synergy HTX BioTek plate reader spectrophotometer as described
previously [20,28]. Moss exudates were added to bacterial cultures in twofold serial
dilutions (100, 50, 25, 12.5, 6.25 mg/mL or less, depending on the experiment). The
96-well plate was sealed with a Breathe-Easy membrane (Diversified Biotech) to minimize
evaporation, and the plate was incubated and continuously shaken at 35 ◦C for 18 h, with
the optical density of the culture measured at 600 nm (OD600) every 15 min. MH broth
with bacteria in the absence of exudates was used as the negative control, while a range
of carbenicillin and chloramphenicol dilutions were used as the positive controls. MIC
was defined as the lowest concentration of an antimicrobial agent that inhibits the visible
growth of a bacterial culture. Each experiment was performed in four biological and three
technical replicates.

2.3. Evaluation of Minimal Bactericidal Concentration

To determine MBC, bacterial cultures were prepared for MIC testing as described
previously [20,28], and the inoculum aliquot was serially diluted and plated for CFU
determination. The remaining bacterial cultures were grown overnight in the presence
of different exudate concentrations in a 96-well microtiter plate using the Synergy HTX
BioTek plate reader as described above for the MIC assays. After completion of this step,
50 µL of bacterial culture from each well (starting at the MIC concentration and higher) was
plated onto LB plates and incubated overnight at 35 ◦C for 18 h. The number of growing
bacterial colonies on each plate were counted to determine the CFU. The MBC was defined
as the lowest concentration that demonstrates a 99.9% reduction in CFU compared to
the inoculum [29].

2.4. Size Fractionation of Extracellular Metabolites

The Pall Corporation Macrosep Advance Centrifugal Devices (10 kDa, 3 kDa, and
1 kDa molecular weight cutoffs) were used to separate metabolite exudate components by
molecular weight. Fractionation was performed following manufacturer instructions at
4 ◦C. Fractions of <1 kDa, 1–3 kDa, 3–10 kDa, and >10 kDa were collected, dried down, and
analyzed in DDM or MIC assays.

2.5. Exudate Metabolite Stability and Sensitivity Tests

To determine light sensitivity, crude dried moss exudates were dissolved in BCD
nutrient medium and either exposed to white light in a transparent microcentrifuge tube or
kept in a similar microcentrifuge tube but covered with foil for 3 h at room temperature,
followed by the MIC assay to determine residual activity. For thermostability assays,
exudates were first subjected to size fractionation, and active <1 kDa fraction was subjected
to two temperature treatments: boiling for ten minutes or repetitive thawing at 37 ◦C in a
water bath and flash freezing in liquid nitrogen (three times total), followed by the MIC
analysis to determine residual antibacterial activity. For Proteinase K sensitivity assay,
250 µg of active <1 kDa fraction was incubated with 32 µL (20 mg/mL) of proteinase K for
3 h at 37 ◦C, followed by the MIC analysis.

2.6. Data Analysis

Data are reported as mean ± standard deviation. Statistical significance was deter-
mined via an unpaired t-test with Welch’s correction; p < 0.05. Analysis was performed
using GraphPad Prism v.9.5.0.

3. Results
3.1. Identification of Antibacterial Activity in C. purpureus exudates

To test for the presence of antibacterial activity in C. purpureus exudates, R40 (male)
and GG1 (female) moss strains were grown in BCD liquid cultures and their exudates were
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collected after 1, 2, and 4 weeks of growth. DDM assays detected distinct halos around filter
disks containing R40 exudates when tested against Gram-positive S. aureus (Figure 1A),
S. pyogenes (Figure 1B), and E. faecium (Figure 1C) bacteria, but not against Gram-negative
S. marcescens or S. enterica (Table 1). Interestingly, significant levels of antibacterial activity
were detected in R40 exudates after as little as 1 week of moss growth in liquid culture,
with the highest activity detected at 4 weeks of growth, when the experiment was stopped
(Figure 1D). These data suggest that moss cells continuously secreted bioactive metabolite/s
when grown in liquid culture. Surprisingly, however, exudates of the C. purpureus female
strain GG1 did not show antimicrobial activity in DDM assays against either Gram-positive
or Gram-negative bacteria (Table 1). Collectively, these data indicate that the C. purpureus
R40 strain produces extracellular metabolites with high inhibitory activity against a number
of Gram-positive bacteria and also provide an intriguing example of sexual dimorphism in
the production or exudation of antibacterial moss metabolites.
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Figure 1. Bacterial growth inhibitory activity of extracellular metabolites of C. purpureus strains.
(A–C) Representative pictures of qualitative DDM assays with filter disks soaked with exudates from
four-week-old C. purpureus R40 strain and placed on top of S. aureus ATCC25923 (A), S. pyogenes
ATCC12344 (B), and E. faecium ATCC35667 (C) bacterial lawns. (1–3) Disk with C. purpureus exudates;
(4) negative control disks containing only BCD medium. (D) Diameter of S. aureus growth inhibition
area (halo) around each cellulose disk containing secreted C. purpureus metabolites after one, two,
and four weeks of moss growth was measured and plotted. Data represent the means from at
least 3 independent experiments and a standard deviation. The asterisks indicate significance in an
unpaired t-test; *—statistical significance p ≤ 0.05; ns—not significant.
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Table 1. Bacterial growth inhibition activity of C. purpureus exudates.

Bacterial Growth Inhibition Zone in DDM Assays, in mm MIC Values, mg/mL MBC,
mg/mL

C.
purpureus

strain
Bacteria No Exudate

Control a
1-Week-Old

Moss Exudate
2-Week-Old

Moss Exudate
4-Week-Old

Moss Exudate

2-Week-
Old Moss
Exudate

4-Week-
Old Moss
Exudate

4-Week-
Old Moss
Exudate

R40

S. aureus 7 10.00 ± 1.41 * 9.31 ± 1.09 ** 15.71 ± 0.95 ** 12.5 6.25 6.25
S. pyogenes 7 10.67 ± 1.16 * 8.00 ± 1.00 13.75 ± 2.17 ** - 50 -
E. faecium 7 8.50 ± 1.32 11.00 ± 0.01 ** 14.88 ± 1.05 ** - 12.5 -

S. marcescens 7 7 7 7 - - -
S. enterica ser.
Typhimurium 7 7 7 7 - - -

GG1
S. aureus 7 7 7 7 50 50 -

S. marcescens 7 7 7 7 - - -
S. enterica ser.
Typhimurium 7 7 7 7 - - -

a Cellulose disk diameter is 7 mm (no antibacterial activity). * Statistical significance p ≤ 0.05; ** statistical
significance p ≤ 0.01; - not determined.

3.2. Quantitative Analysis of Antimicrobial Activity from C. purpureus R40 Exudate

To quantitatively measure the minimum inhibitory concentration (MIC) of C. purpureus
exudates following the CLSI guidelines, we employed a broth microdilution method.
Previous data indicated that BCD moss growth medium alone (negative control) does not
inhibit the growth of S. aureus [20]. We serially diluted exudates from the male R40 strain
to 50, 25, 12.5, 6.25, 3.125, 1.56, and 0.781 mg/mL concentrations, which were incubated
with S. aureus cultures in MIC assays. Exudate from R40 strain grown for 2 weeks inhibited
the growth of S. aureus at a concentration of 12.5 mg/mL (Figure 2A), while exudate
from this strain grown for 4 weeks, as previously suggested by the DDM assays, had
a stronger inhibitory activity and displayed a 2-fold lower MIC value of 6.25 mg/mL
(Figure 2B). These data establish that longer growth times for the male R40 strain lead to
higher antibacterial activity of its exudate.
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Figure 2. Broth microdilution method to determine the Minimal Inhibitory Concentration (MIC)
of metabolites present in C. purpureus R40 exudates. Exudates from two-week-old (A) and four-
week-old (B) C. purpureus R40 strains were tested in MIC assays against S. aureus ATCC25923.
Growth curve of S. aureus cells was monitored in the presence of 0.781, 1.56, 3.125, 6.25, 12.5, 25,
and 50 mg/mL of exudate solution. MH—negative control, no exudate added. Carbenicillin (Carb,
1 µg/mL) and chloramphenicol (Cm, 8 µg/mL) treatments were used as positive controls for S. aureus
growth inhibition.

For comparison purposes, exudates from the female GG1 strain grown for 2 and
4 weeks were also tested in MIC assays. In both cases, bacterial growth inhibition was
observed only at the highest exudate concentration of 50 mg/mL (Figure 3). Overall, these
data confirm qualitative and quantitative differences in antibacterial potential between the
male and female strains of C. purpureus.
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Figure 3. Broth microdilution method to determine the Minimal Inhibitory Concentration (MIC)
of metabolites present in C. purpureus GG1 exudates. Exudates from two-week-old (A) and four-
week-old (B) C. purpureus GG1 strains were tested in MIC assays against S. aureus ATCC25923.
Growth curve of S. aureus cells was monitored in the presence of 0.781, 1.56, 3.125, 6.25, 12.5, 25,
and 50 mg/mL of exudate solution. MH—negative control, no exudate added. Carbenicillin (Carb,
1 µg/mL) and chloramphenicol (Cm, 8 µg/mL) treatments were used as positive controls for S. aureus
growth inhibition.

We next tested the most potent exudate from 4-week-old R40 strain in MIC assays
against two other Gram-positive bacteria, Streptococcus pyogenes and Enterococcus faecium.
While R40 exudates were indeed able to inhibit the growth of both bacteria, the MIC values
were different. Specifically, the MIC value for S. pyogenes was 50 mg/mL (Figure 4A),
while for E. faecium it was 4 times lower, 12.5 mg/mL (Figure 4B). These data indicate that
both S. aureus and E. faecium are much more sensitive than S. pyogenes to the bioactive
metabolites present in C. purpureus R40 exudates. Nevertheless, our quantitative MIC data
confirm that antimicrobial compounds secreted by the C. purpureus R40 moss strain are
effective against a spectrum of Gram-positive bacteria.
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Figure 4. Analysis of the Minimal Inhibitory Concentration of C. purpureus R40 exudates against other
Gram-positive bacteria. Exudates from four-week-old C. purpureus R40 strain were tested in MIC
assays against S. pyogenes ATCC12344 (A) and E. faecium ATCC35667 (B). Growth curve of S. pyogenes
and E. faecium cells was monitored in the presence of 0.781, 1.56, 3.125, 6.25, 12.5, 25, and 50 mg/mL
of exudate solution. MH—negative control, no exudate added. Carbenicillin (Carb, 8 µg/mL or
4 µg/mL) and chloramphenicol (Cm, 1 µg/mL) treatments were used as positive controls for growth
inhibition of S. pyogenes and E. faecium.

3.3. C. purpureus R40 Exudates Display Bactericidal Mode of Action

In general, antibiotics are divided into two groups based on whether they kill bacteria
(bactericidal) or suppress bacterial growth (bacteriostatic). While both antibiotic types
are often equally efficient in terms of clinical outcomes [30], understanding their mode of
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action is the first step in establishing their efficacy, especially since various antibiotics can be
bacteriostatic for some pathogens and bactericidal for others. To test the mode of action for
moss exudates, we followed the standard protocol for determining the ratio of minimum
inhibitory concentration (MIC, the concentration that inhibits visible bacterial growth at
24 h of growth) to the minimum bactericidal concentration (MBC, the concentration of a
compound that results in a 1000-fold reduction in bacterial CFU (colony-forming units)
at 24 h of growth in the same specific conditions [31]. We monitored S. aureus growth
dynamics for several C. purpureus exudate concentrations starting with 6.25 mg/mL and
then plated serial dilutions of the growth cultures on LB plates to count the number
of surviving colonies. Interestingly, no S. aureus colonies were detected in any plates
containing bacterial cultures following incubation with all tested C. purpureus R40 exudate
concentrations. Given that the calculated MIC value for S. aureus is 6.25 mg/mL (Figure 2),
our data indicate that the ratio of MBC to MIC is equal to 1; thus, we conclude that the
C. purpureus exudate displays a bactericidal mode of action.

3.4. Light Sensitivity of Antibacterial Compounds Present in C. purpureus Exudates

As the first step towards the characterization of the chemical nature of the moss
metabolites with antibacterial activity, we tested bioactive compounds present in R40
exudates for stability at ambient temperature and for light sensitivity. Test tubes containing
moss exudates were either covered in aluminum foil or exposed to direct sunlight for 3 h at
room temperature and subsequently analyzed by MIC assays to test for any detrimental
effects on antibacterial activity. Carbenicillin and chloramphenicol antibiotics in their MIC
concentrations as established for the S. aureus strain were used as a positive control [20].
Neither treatment regimen changed MIC values of the exudates compared to the control
with no treatment (Figure 5). These data suggest that the bioactive moss metabolites are
not photo-sensitive and relatively stable at ambient temperature.
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Figure 5. Residual antibacterial activity of C. purpureus R40 exudates after different treatments.
Residual activity of exudate from four-week-old C. purpureus R40 culture was tested after treatments
by MIC assays against S. aureus. (A) Samples were used in the assay immediately, without keeping
them for 3 h at room temperature (untreated control). Samples were also kept at room temperature
and either protected from light (B) or exposed to direct sunlight (C). Experiments were performed
using 3.125, 6.25, and 12.5 mg/mL exudate concentrations. Carbenicillin (Carb, 1 µg/mL) and
chloramphenicol (Cm, 8 µg/mL) were used as positive controls. MH, S. aureus growth in liquid MH
medium without exudate addition.

3.5. Size Fractionation of Bioactive C. purpureus Exudate Components

To determine the approximate molecular weight range of the antimicrobial C. pur-
pureus exudate compounds, we performed size fractionation using the Macrosep Advance
centrifugal columns with molecular weight cutoffs of 10 kDa, 3 kDa, and 1 kDa. Follow-
ing size fractionation, fractions were analyzed by the MIC assay. Antimicrobial activity
was completely absent in three of the four size fractions: >10 kDa (Figure 6A), 3–10 kDa
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(Figure 6B), and 1–3 kDa (Figure 6C). In contrast, the <1 kDa fraction harbored substantial
antimicrobial activity, with MIC values for the fractionated exudate being similar to the
unfractionated R40 samples, 6.25 mg/mL (Figure 6D). We conclude that the molecular
weight of the bioactive C. purpureus compounds is relatively low, with the maximum upper
limit not exceeding 1 kDa.
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Figure 6. Size fractionation of C. purpureus exudates. Exudate from four-week-old C. purpureus R40
exudate was fractionated into four molecular weight fractions: >10 kDa (A), 3–10 kDa (B), 1–3 kDa (C),
and <1 kDa (D). Each exudate fraction was analyzed by MIC assay at three different concentrations
(3.125, 6.25, and 12.5 mg/mL) against S. aureus ATCC25923. MH medium without exudate addition
was used as the negative control. Carbenicillin (Carb, 1 µg/mL) and chloramphenicol (Cm, 8 µg/mL)
were used as positive controls.

3.6. Thermostability and Sensitivity to Proteinase K Treatment

After determining the approximate molecular weight range of the antibacterial C. pur-
pureus R40 exudate components, we performed a series of thermostability and sensitivity
to Proteinase K tests on the <1 kDa fraction containing the bioactive metabolites. Interest-
ingly, similar to the untreated control (Figure 7A), antibacterial activity was not affected
by repeated freezing and thawing cycles (Figure 7B) or by boiling (Figure 7C). Similarly,
the exudate activity in the <1 kDa fraction was also not sensitive to the Proteinase K treat-
ment (Figure 7D). These data indicate that the partially purified compounds are relatively
thermostable and are unlikely to be proteinase-sensitive peptides or small proteins.
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Figure 7. Residual antibacterial activity of C. purpureus R40 <1 kDa fraction after temperature and
Proteinase K treatments. Residual activity of exudate from four-week-old C. purpureus R40 culture
was tested after treatments by MIC assays against S. aureus. (A) Untreated control. (B–D) Samples
were treated with repeated freezing and thawing (B), boiling (C) and incubation with Proteinase K (D).
Samples were tested at exudate concentrations of 1.56, 3.125, 6.25, and 12.5 mg/mL. Carbenicillin
(Carb, 1 µg/mL) and chloramphenicol (Cm, 8 µg/mL) were used as positive controls. MH, S. aureus
growth in liquid MH medium without addition of exudate fraction.

4. Discussion

Flowering plants exude a number of phytochemicals into the rhizosphere that can
influence soil characteristics, inhibit or stimulate root interactions with microorganisms,
and promote plant growth [32]. While mosses do not have roots, they also secrete a
number of complex compounds and peptides into the environment, with potential functions
in antimicrobial defense and immune signaling [19,33]. We have previously detected
potent antimicrobial activity in exudates from the model moss Physcomitrium patens and
characterized its activity against Staphylococcus aureus ATCC25923 and several other Gram-
positive bacteria [20]. Here, we extended our search for antimicrobial metabolites from
model mosses and analyzed exudates from the dioicous moss Ceratodon purpureus.

Exudates of the C. purpureus R40 strain displayed a range of antimicrobial activities
against S. aureus and two other Gram-positive bacteria, E. faecium and S. pyogenes, which
represent close relatives of GAS and VRE bacteria from the CDC “Biggest Threats” list
(https://www.cdc.gov/drugresistance/biggest-threats.html, accessed on 30 January 2023).
Specifically, R40 exudates showed relatively high activity against S. aureus and E. faecium but
low activity against S. pyogenes. These data are intriguing as Staphylococci and Streptococci
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are both classified as Gram-positive, non-motile, non-sporing, and facultative anaerobic
cocci, yet R40 exudates appear to be effective against Staphylococci but not so much against
Streptococci. These differences in activity coupled with known structural variations in cell
wall or bacterial physiology can be further explored to characterize the specific molecular
mechanisms of exudate’s antibacterial action. Interestingly, the bioactive C. purpureus
exudate compounds appear to have a bactericidal mode of action against S. aureus bacteria,
as their MIC values are similar to the MBC values. As future research will focus on testing
R40 exudates against a larger spectrum of Gram-positive pathogenic bacteria, a better
understanding of their mode of antibacterial action will offer more meaningful prediction
of their efficacy in vivo.

In contrast to the situation with Gram-positive bacteria, no antibacterial activity of
C. purpureus exudates was observed against Gram-negative species Salmonella Typhimurium
or Serratia marcescens. These data correlate well with our previous results on antibacterial
activity of exudates from the moss P. patens [20] and suggest that the unique antimicrobial
specificity towards Gram-positive bacteria is a unifying feature of exudates from two differ-
ent model mosses that represent distinct subclasses of Bryopsida: Dicranidae (Ceratodon)
and Funariidae (Physcomitrium). The biological significance of this observation remains
to be established, but may involve implications for the type of bacteria mosses are often
exposed to in their natural environment.

Several hundred different phytochemicals have previously been isolated from various
mosses, with many of them possessing antimicrobial and antifungal activity [8,12]. How-
ever, most of these secondary plant metabolites have been detected in crude extracts of
whole cells, making it more challenging to separate individual bioactive compounds from
other components present in raw cellular mixtures. In contrast, exudates typically contain
fewer components with more specific chemical structures that plants can easily secrete
through the cell wall into the environment [14], making it potentially easier to isolate and
further characterize the water-soluble bioactive compounds of interest. Furthermore, our
time course data indicate that while antibacterial activity can be detected in R40 exudates as
early as after 1 week of moss growth, it reaches maximum levels at four weeks, suggesting
that the antimicrobial compounds are relatively stable in plant growth medium under
standard conditions. This conclusion is further corroborated by our thermostability and
light sensitivity assays, by apparent low molecular weight and by complete insensitivity
to Proteinase K treatment. Collectively, these conclusions are encouraging, indicating that
the chemical structure of C. purpureus R40 antibacterial compounds may be positively
identified and characterized in the future.

Interestingly, only exudates from the male C. purpureus R40 strain, but not the fe-
male GG1 strain, exhibited strong activity against S. aureus, implying intriguing sexual
dimorphism for the presence of metabolites with antibacterial activity in this dioicous
moss species. The underlying mechanism of such dimorphism is currently unknown and
will require identification of the chemical nature of the secreted metabolites from the male
R40 strain. Nevertheless, sexual dimorphism in C. purpureus strains has previously been
reported for a number of traits, with females having larger leaves and generally greater
values for photosynthetic parameters [34]. Particularly compelling is the example of sex-
specific compounds that influence moss fertilization and overall fitness. C. purpureus strains
emit complex volatile scents, whose chemical composition and abundance are sex-specific,
with moss-dwelling microarthropods being preferentially attracted to the female-produced
volatile cues [24]. As the presence of sperm-dispersing microarthropods increases repro-
ductive rates for C. purpureus moss strains [35], these data suggest that moss compounds
released into the environment can indeed lead to a substantial fitness benefit. It would be
similarly interesting to analyze the effects of sexual dimorphism in secreted antibacterial
compounds on stress response, fitness, or physiological differences in C. purpureus male
and female strains. Another implication of our study is that if genetic variation in secreted
antibacterial compounds can also be demonstrated for C. purpureus male and female strains
in their natural habitats, R40- and GG1-associated microbiomes could also be different, as
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was recently demonstrated for roots and rhizosphere soils of the dioecious flowering plant
Carica papaya [36].

Further experiments, such as mass spectrometry analysis, will be necessary to es-
tablish both the nature of R40 antibacterial exudate components and their biological role
in the C. purpureus life cycle. Currently, metabolomic, proteomics, and transcriptomics
assays are well-established for P. patens [19,33,37,38], and similarly powerful tools are also
being developed for C. purpureus [25]. Generally, the metabolome of C. purpureus appears
to be diverse, with a number of biflavonoids, phospholipids, disaccharides, long-chain
fatty acids, carotenoids, and antioxidants that change in abundance depending on the
environmental conditions [26]. Some of the identified intracellular or cell-wall-bound
biflavonoids display antioxidant and UV-protective activity [9]. However, little is known
about natural metabolites secreted by C. purpureus into the environment. Future progress
in characterizing secretome and exudate components will be instrumental in helping to
identify new potent antimicrobial compounds from this model moss species.
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Abstract: Moringa oleifera by-products such as seed cake and leaves are protein-rich ingredients,
while raw propolis has the potential to influence ruminal protein metabolism. These substances are
also known to be sources of functional compounds. With these properties, they could modulate
ruminal fermentation activities. Using the rumen simulation technique, we investigated ruminal
fermentation and the antioxidant properties of four dietary treatments. These included a control diet
(CON) without supplementation; the CON diet top-dressed on a dry matter (DM) basis, either with
moringa seed cake (MSC, containing 49% crude protein (CP)), moringa leaf powder (ML, containing
28% CP), or raw propolis (PRO, 3% CP). MSC, ML, and PRO accounted for 3.8, 7.4, and 0.1% of the
total diet DM, respectively. Both ML and MSC resulted in 14 and 27% more ammonia concentration,
respectively than CON and PRO (p < 0.05). MSC increased the propionate percentage at the expense
of acetate (p < 0.05). Both ML and MSC decreased methane percentages by 7 and 10%, respectively,
compared to CON (p < 0.05). The antioxidant capacity of the moringa seed cake, moringa leaf powder,
and raw propolis were 1.14, 0.56, and 8.56 mg Trolox/g DM, respectively. However, such differences
were not evident in the fermentation fluid. In conclusion, the supplementation of moringa seed cake
desirably modulates rumen microbial activities related to protein and carbohydrate metabolism.

Keywords: moringa seed cake; moringa leaf; propolis; functional compounds; ruminal fermentation
metabolite; methane

1. Introduction

With the help of microbial fermentation taking place in their reticulorumen, rumi-
nants can remarkably utilize low-quality feed ingredients that are not suitable for human
consumption. The feedstuff is degraded to various metabolites in the rumen, which fulfill
the majority of the nutrient demand of ruminant animals [1]. Suboptimal protein feeding
is prevalent in tropical and subtropical areas of the globe, where most of the livestock
follows semi-intensive or non-intensive feeding practices [2]. Low dietary protein levels
not only limit the availability of the microbial protein to the host animal but also negatively
impact their activities to ferment carbohydrates, and thus, suppress the production of total
short-chain fatty acids (SCFA) [3] and consequently the productivity of the host animal.
Including protein-rich alternatives as well as increased efficiency of nitrogen metabolism in
the rumen are options to fill the animal requirement gap.

The Moringa oleifera plant is native to tropical and subtropical regions and is a store-
house for a variety of nutrients in sufficient quantities [4]. The best-known benefit is its
high crude protein (CP) contents, which are comparable to those of other common protein
fodders such as soybeans and alfalfa [5]. A rising trend in the cultivation of moringa
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plants worldwide during recent years [6] has generated more foliage and seed portions.
Moringa seeds are used to extract moringa oil, leaving behind the seed cake that is richer
in protein than those of the leaves, seeds, and pods of the parent plant [7,8]. Besides
being nutritious, moringa products are also known for harboring a variety of functional
compounds, including myricetin, quercetin, moringyne, vanillin, rutins, tannins, gallic acid,
and kaempferol [9]. Many compounds present in moringa hold anti-inflammatory, antibi-
otic, and, importantly, antioxidant properties [10]. However, the composition and quantity
of the functional compounds vary greatly among leaf and seed portions of the plant [9].
For instance, moringa leaves contain slightly higher tannins (1.19 mg/g) in comparison to
moringa seeds (0.89 mg/g) [11,12]. The role of moringa in cattle nutrition is mainly seen
as protein supplements; notably, studies have indicated that moringa by-products may
also have functional potential, for instance, in decreasing methanogenesis [13,14], but these
are short-term studies. Another functional substance of interest when feeding low-protein
diets is raw propolis, which is a non-proteinaceous substance prepared by honeybees
from materials of plant origin. Its ammonia (NH3)-reducing effect in vitro was reported
previously [15]. They suspected that the effect was possibly associated with the reduced
deamination of amino acids. This suggests that propolis supplementation might be benefi-
cial in reducing N loss via ammonia production. In addition, propolis has been shown to
have antioxidant, antibacterial, and anti-inflammatory effects [16–18]. However, due to lim-
ited data on moringa and even more lacking raw propolis, their roles as functional feeds for
cattle cannot be generalized. In the present study, we aimed to characterize the metabolic
activities of ruminal microbiota in response to the supplementation of different moringa
by-products and raw propolis. We hypothesized that incorporating these by-products into
low-protein diets would improve the ruminal protein metabolism and modulate carbohy-
drate fermentation, which may suggest their functional effects in cattle nutrition. Using the
in vitro rumen simulation technique (RUSITEC), we evaluated the effects of dried moringa
leaf powder, moringa seed cake, and raw propolis when supplemented with a low protein
diet on ruminal fermentation characteristics and antioxidant capacity.

2. Materials and Methods
2.1. Experimental Design and Treatments

The trial was performed using two RUSITEC systems, each consisting of six fermenters.
Each fermenter had an effective volume capacity of 800 mL. The RUSITEC systems sim-
ulated the ruminal conditions by maintaining an anaerobic condition, a temperature of
39.5 ◦C , and a continuous infusion of a salivary buffer throughout the trial. The trial
consisted of two experimental runs in a changeover design [19]. Each run lasted 10 days,
with five days of adaptation and system equilibration and the last five days of the sampling
period. In each experimental run, we tested four dietary treatments in triplicates: the
control (CON), moringa seed cake (MSC), moringa leaves (ML), and propolis (PRO). The
CON diet contained hay and a grain mix (50:50 on a dry matter (DM) basis) and was
without any supplementation. ML and MSC diets were the CON diet top-dressed with
dried moringa leaf powder (containing 28% CP on a DM basis) and moringa seed cake
(containing 49% CP on a DM basis), respectively, resulting in the inclusion level of 7.4 and
3.8% of the total diet DM, respectively (Table 1).

The chosen supplementation levels were aimed at providing similar dietary CP content
boosting 1.2–1.4% units from that of CON to reach the target CP content of around 11–12%,
which was shown to be adequate for milk production under 20 kg/day [20]. These scenarios
are typical in tropical and subtropical regions utilizing extensive farming. The PRO diet
was a CON diet top-dressed with raw propolis at the rate of 0.1% of the diet DM. The
moringa by-products were products of Nicaragua origin and were provided by a private
supplier (see Acknowledgments). Propolis, which was a brown type, was obtained from
a local honeybee-keeping supplier in Tekirdağ, Turkey. To our knowledge, there was
no reference dosage of raw propolis in the cattle reported in the literature. Therefore,
the test dosage used in our study was adapted from Santos et al. [21], who used a dried
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propolis extract plus excipient. The ingredients and chemical composition of all four dietary
treatments are shown in Table 1. Before use, the hay and concentrate were ground with a
Wiley mill (Pulverisette 25/19; Fritsch GmbH, Idar-Oberstein, Germany) to pass through a
6 mm sieve.

Table 1. Ingredient and chemical composition of control and experimental diets (g/kg DM) *.

Item CON PRO ML MSC

Ingredients
Meadow hay 503 502 465 483
Concentrate 1 497 497 461 478

Propolis 0.0 1.0 0.0 0.0
Moringa leaf powder 0.0 0.0 74 0.0

Moringa seed cake 0.0 0.0 0.0 38
Chemical composition

Dry Matter 894 894 897 895
Organic Matter 915 915 914 916
Crude Protein 99 99 112 114

Ash 85 85 86 84
Neutral detergent fiber 475 474 457 464
Ether extract (crude fat) 17 17 20 21
Non-fiber carbohydrates 325 325 324 318

* All fermenters were supplied with the same basal diet containing 50:50 hay and concentrate on a dry matter
basis. The respective test ingredient was top-dressed. A diet containing concentrate at 500 g/kg of diet dry matter
without supplementation (CON) or top dressed in propolis (PRO), dried moringa leaves (ML) or moringa seed cake
(MSC). 1 Contained 216 barley; 216 wheat; 517 maize; and 52 vitamin and mineral supplement on dry matter basis
(g/kg) (Rindavit TMR 11 ASS-CO + ATG; H. Wilhelm Schaumann GmbH & Co KG, Brunn/Gebirge, Austria).

2.2. RUSITEC Procedure

On the first day of each experimental run, all fermenters were inoculated with rumen
fluid, and solid digesta obtained from 2 ruminally cannulated non-pregnant dry cows (one
Holstein cow and one Brown Swiss cow) kept at the ruminant clinic of the University of
Veterinary Medicine (Vetmeduni), Vienna, Austria. The cows were fed hay ad libitum
with a daily allowance of 0.5 kg of commercial concentrates (KuhKorn PLUS Energie,
Garant-Tiernahrung GmbH, Pölchlarn, Austria). They were maintained according to the
Austrian guidelines for animal welfare [22]. The inoculation protocol was followed as
previously described by Mahmood et al. [19]. Specifically, inoculum from both donor cows
was prepared by straining through 4 layers of medical gauze, which were pooled into
one batch before inoculation. Subsequently, a total of 600 mL of pooled rumen fluid was
transferred into each fermenter already containing 100 mL of McDougall’s buffer (NaHCO3,
Na2HPO4·2H2O, NaCl, KCl, CaCl2·2H2O, and MgCl2·6H2O at 95.1, 23.6, 8.04, 7.64, 0.37,
and 0.63 mmol/L, respectively). Equal amounts of the solid digesta from both donor
cows were taken, pooled, and used to inoculate the fermenter. The pooled solid digesta
and the respective diet containing 12 g DM were packed into separate nylon bags and
placed into the respective fermenter. The dimensions of each nylon bag were 120 × 70 mm
with a pore size of 70 µm (Linker Industrie-Technik GmbH, Kassel, Germany). Each
fermenter was connected to a gas-tight bag for the collection of fermentation gases (TecoBag
8 L, Tesseraux-Spezialverpackungen GmbH, Bürstadt, Germany), and a glass bottle for
collecting the outflow was constantly kept cool at 1 ◦C to prevent further fermentation.
After inoculation and the placement of feed bags, each fermenter was closed and flushed
with a stream of nitrogen gas for 3 min to establish an anaerobic condition. Throughout
the trial, the McDougall’s buffer was continuously infused into each fermenter using a
multi-channel peristaltic pump (model ISM932, Ismatec, Idex Health & Science GmbH,
Wertheim, Germany) at a flow rate of 375 mL/day. On the next day, the nylon bag with
solid rumen digesta was replaced by a new nylon bag containing the respective diet. Before
removal, the bag was rinsed and squeezed with 40 mL of a pre-warmed McDougall’s
buffer. Before the opening of the fermenter, nitrogen gas was flushed for 30 s to collect all
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the entrapped fermentation gases into the gas bag, followed by gas bag exchange. The
associated effluent bottle was emptied and reconnected. Finally, the fermenter was again
made air-tight, and nitrogen gas was flushed for 3 min to re-establish anaerobic conditions.
The procedure was performed daily, and each feed bag, which was incubated for 48 h, was
daily replaced with a new feed bag of the same treatment.

2.3. Sampling, Daily Measurements and Laboratory Analyses

During sampling days, the incubation fluid was collected daily from each fermenter
for measurements and analyses. One portion of the aliquot was immediately measured
for pH, and the redox potential using a pH meter (Seven Multi TM; Mettler-Toledo GmbH,
Schwerzenbach, Switzerland) furnished with separate electrodes: InLab Expert Pro-ISM
for pH and Pt 4805-DPA-SC-S8/120 for redox (Mettler-Toledo GmbH, Vienna, Austria).
Additionally, another portion of the aliquot was preserved at −20 ◦C for the later analysis
of SCFA and NH3. Feed bags taken on the sampling days were rinsed using a machine
wash for 30 min with cold water, a gentle cycle mode, and no spinning. The washed
bags were manually squeezed to remove excess water and then stored at −20 ◦C for later
chemical analysis.

For the chemical analysis of the incubated feed samples, the feed bags collected across
the last 5 days were freeze-dried, pooled per fermenter, and then ground, passing through
a 0.75 mm sieve prior to analysis. The ground material was used for analyzing the chemical
composition, including the DM, organic matter (OM), CP, ether extract (EE, i.e., crude
fat), neutral detergent fiber (NDF), ash, and non-fiber carbohydrates (NFC) and using
previously described protocols [23]. Shortly, DM was determined after oven drying at
103 ◦C and ash after combustion at 580 ◦C overnight. EE was analyzed using a soxhlet
extractor (Extraction System B-811, Buchi, Flawil, Switzerland) and CP using Kjeldahl’s
method. The amylase-treated NDF was determined using Fiber Therm FT 12 (Gerhardt
GmbH & Co. KG, Königswinter, Germany). The OM was calculated based on the ash
percentage. NFC calculation was estimated as follows: NFC = 100 − (CP + ash + EE + NDF).
The same chemical analysis was performed on the original diets. The nutrient degradation
(% of supply) was based on the apparent nutrient disappearances and was estimated
from the differences between the nutrient concentrations before (original diet) and after
incubation (feed residue) relative to the supply amount in the original diet times 100.

The analysis of SCFA concentration and the profile of incubation fluid was performed
using gas chromatography (GC) and a GC apparatus (Shimadzu GC 2010-Plus, Shimadzu, Ky-
oto, Japan) equipped with a flame-ionization detector and a 30 m × 0.53 mm i.d. × 0.53 µm
capillary column (Trace TR Wax, Thermo Fisher Scientific, Waltham, MA, USA). The quan-
tification of the identified SCFA was conducted using an internal standard (4-methylvaleric
acid, Sigma-Aldrich, St. Louis, MO, USA). Helium was used as a carrier gas and was main-
tained at a flow rate of 6 mL/min. The injector temperature was set at 170 ◦C while that of
the detector was at 220 ◦C. The indophenol reaction method [24] was used to determine
the daily NH3 concentrations of the incubation fluid. Accordingly, the preserved samples
were thawed at room temperature prior to centrifugation at 15,115× g for 10 min. The
supernatant was diluted with deionized water to obtain the concentration range within the
standard calibration curve. Sodium hydroxide was used to oxidize the phenol and NH3 in
the presence of dichloroisocyanuric acid and sodium nitroprusside. The absorbance of the
treated samples was measured at 655 nm with a spectrophotometer U3000 (INULA GmbH,
Vienna, Austria).

The volume of the fermentation gas was estimated by a water replacement method,
as described by Soliva and Hess [25]. The composition of the fermentation gases (CH4
and carbon dioxide (CO2)) was determined with the help of an infrared detector machine
(ATEX Biogas Monitor Check BM 2000, Ansyco, Karlsruhe, Germany). Afterward, the
absolute production of CH4 and CO2 (mL/day) was calculated.

The ferric reducing antioxidant power (FRAP) assay was performed on original mate-
rials (moringa leaf powder, moringa seed cake, and raw propolis) and daily samples of the
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incubation fluid followed the procedure of Benzie and Strain [26] with minor modifications.
Shortly, 24 µL each of the blank, standard, and sample were transferred in duplicates into
a 96-well plate, followed by the addition of 180 µL of the pre-warmed (37 ◦C) working
reagent. The working reagent consisted of 25 mL of acetic acid buffer, 2.5 mL of TPTZ (2,4,6-
tripyridl-s-triazin) solution, and 2.5 mL of FeCl3·6H2O. The absorbance was measured at
490 nm after 5 min of reaction time using a thermostat spectrophotometer (xMark, Bio-Rad).
A calibration curve with an increasing Trolox concentration in the range of 0–9.6 µg/24 µL
was used for the quantification to express the results in Trolox equivalents.

2.4. Statistical Analysis

Statistical analysis was performed using the MIXED procedure of SAS (version 9.4,
SAS Institute Inc., Cary, NC, USA). There were two kinds of data: daily data in the
case of fermentation characteristics and fermentation gas formation and one-time data
(pooled feed bags) for nutrient degradation. For the daily data, repeated measures of
ANOVA were used to compare the fixed effect of the treatments on the fermentation
characteristics and fermentation gas formation. The variation among the experimental runs
was regarded as a random effect. The measurement day was the repeated measure factor,
and compound symmetry was the variance-covariance structure. For the one-time data,
one-way ANOVA was used to compare the effect of the treatments on nutrient degradation.
The variation between experimental runs was regarded as a random effect. Pairwise
comparisons between the treatments were carried out using Tukey’s test. The significance
was declared at p ≤ 0.05, whereas the tendency of an effect was observed at 0.05 ≤ p ≤ 0.1.

3. Results

The nutrient disappearances are summarized in Table 2. Overall, no difference among
the treatments was detected for the degradation of DM, OM, EE, CP, NDF, and NFC. Only
the treatment ML lowered the ash disappearance compared to the other groups (p < 0.05).

Table 2. Ruminal nutrient disappearance (percentage of supply) as affected by dietary treatment *.

Item CON PRO ML MSC SEM p-Value

Dry matter 42.9 43.0 41.7 42.8 2.0 0.735
Organic matter 40.5 40.6 39.7 40.3 1.9 0.909
Crude protein 43.8 42.9 41.5 43.4 2.4 0.881

Ash 69.13 a 69.30 a 64.11 b 69.45 a 2.69 0.019
Neutral detergent fiber 20.86 19.93 19.71 20.00 3.29 0.277

SEM: standard error of the mean. * A diet containing concentrate at 500 g/kg of diet dry matter without
supplementation (CON) or top dressed in propolis (PRO), dried moringa leaves (ML), or moringa seed cake
(MSC). ab The values within the same row with different superscripts indicate a significant difference (p < 0.05)
according to Tukey’s test.

Table 3 illustrates the ruminal fermentation characteristics as affected by the treatment.
While the pH of the incubation fluid was unaffected, both ML and MSC groups lowered
their redox potential compared to CON and PRO (p < 0.05). There was an increase in the
NH3 concentration (mmol/mL) with both ML (+14%) and MSC (+27%) in comparison to
CON and PRO (p < 0.05). Treatment tended to affect the concentration of SCFA (p = 0.06).

According to Tukey’s test, MSC resulted in 10.5% higher SCFA concentration compared
to PRO (p < 0.10), while CON and ML showed intermediate values. MSC showed the
strongest shift in the SCFA composition compared to CON (Table 3). Specifically, MSC
increased propionate at the expense of the acetate (p < 0.05), thereby significantly reducing
the acetate to a propionate ratio in comparison to the other treatments. The relative
proportions of butyrate and caproate were significantly uplifted exclusively with PRO
in comparison to that of CON (p < 0.05). The percentage of isobutyrate (p = 0.01) and
heptanoate (p < 0.001) were also affected by the treatment, while valerate and isovalerate
were unaffected.
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Table 3. Ruminal fermentation parameters as affected by dietary treatments *.

Item CON PRO ML MSC SEM 1 p-Value

pH 6.81 6.82 6.81 6.8 0.01 0.368
Redox potential (mV) −197 a −196 a −254 b −263 b 6.00 <0.001
Ammonia (mmol/L) 3.75 c 3.73 c 4.26 b 4.75 a 0.12 <0.001

Total SCFAs 2

(mmol/L)
69.6 xy 67.2 y 72.4 xy 74.3 x 5.79 0.064

SCFAs profile (mol/100 mol)
Acetate 49.5 a 49.8 a 49.7 a 48.1 b 0.40 <0.001

Propionate 22.9 b 22.1 b 22.3 b 25.3 a 0.50 <0.001
Butyrate 7.20 b 7.66 a 7.32 ab 7.05 b 0.19 0.008

Isobutyrate 0.66 ab 0.67 a 0.64 b 0.64 b 0.01 0.018
Valerate 9.0 8.90 9.28 9.34 0.20 0.184

Isovalerate 4.27 4.03 4.08 4.37 0.36 0.103
Caproate 4.34 b 4.78 a 4.64 ab 3.63 b 0.25 <0.001

Heptanoate 2.29 ab 2.36 b 2.53 a 2.01 b 0.13 <0.001
Acetate to propionate 2.20 a 2.29 a 2.25 a 1.94 b 0.05 <0.001
Fermentation gases

Total fermentation gas
(mL/d) 386 427 403 387 38 0.685

Carbon dioxide
(mL/d) 312.0 347.0 331.0 318.0 33.00 0.738

Methane (mL/d) 44.0 47.0 42.7 39.4 3.8 0.225
3 MCR (% Gross
energy intake)

0.84 xy 0.90 x 0.75 xy 0.72 y 0.07 0.020

Gross energy intake
(MJ/d) 0.207 a 0.207 a 0.226 b 0.218 c 0.0001 <0.001

Antioxidant capacity
(µg Trolox/mL) 4 2.58 2.77 2.33 2.35 0.31 0.183

* A diet containing concentrate at 500 g/kg of diet dry matter without supplementation (CON) or top-dressed
in propolis (PRO), dried moringa leaves (ML) or moringa seed cake (MSC). abc Least square means sharing no
common superscripts differ significantly (p ≤ 0.05) according to Tukey’s method. xy Least square means sharing
no common superscripts tend to differ (0.05 < p ≤ 0.10) according to Tukey’s method. 1 SEM: standard error of
the mean. 2 Short chain fatty acids. 3 Methane conversion rate was estimated as follows: gross energy (Mcal/kg
DM) according to Weiss and Tebbe [27], subsequently, gross energy intake (MJ/d) was quantified, and finally,
methane production was adjusted to methane in MJ/100 MJ of gross energy intake or %. 4 Using ferric reducing
antioxidant power (FRAP) assay

Treatment did not affect the absolute production (mL/d) of the total fermentation
gases or individual CH4 and CO2 but affected the relative proportion (% of total gas) of
both CO2 (p = 0.02) and CH4 (p < 0.001) (Table 3, Figure 1). The inclusion of the moringa
by-products increased the estimated gross energy intake (p < 0.001) but decreased the
methane conversion rate (MCR) relative to the gross energy intake (p = 0.020).
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Figure 1. Relative proportion of carbon dioxide (CO2) and methane (CH4) as affected by PRO, ML,
and MSC. Experimental diets included a diet with concentrate at 500 g kg−1 of diet dry matter without
supplementation (CON) or top-dressed with propolis (PRO), dried moringa leaves (ML), or moringa
seed cake (MSC). abc Least square means sharing no common superscripts differed significantly
(p ≤ 0.05) according to Tukey’s method.
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Accordingly, both ML and MSC resulted in 7% and 10% lower CH4 percentages at the
expense of CO2 compared to CON (p < 0.05), respectively, while PRO did not show any
difference from CON. As analyzed using the FRAP assay, the antioxidant capacity of the
moringa seed cake, moringa leaf powder, and propolis was 1.14, 0.56, and 8.56 mg Trolox/g
DM. However, the treatment did not affect the antioxidant capacity of the incubation fluid
(Table 3).

4. Discussion

Moringa seed cake and moringa leaves are protein-rich ingredients that can be suc-
cessfully used in ruminant diets. Moringa seed cake is a by-product obtained during the
acquisition of oil from moringa seeds. Moringa seed cake and moringa leaves have been
used as a substitute for good quality protein sources such as soybean meal [5,28]. The
current data indicate that both moringa by-products promote the rumen microbial fermen-
tation of proteins and carbohydrates, albeit the effect of MSC was often more prominent
than that of ML. The most apparent effect of MSC and ML was the increased NH3 concen-
trations (+27 and +14% of that of CON, respectively). Since the ML and MSC did not affect
the CP degradation, the boosting effect of the NH3 concentration was, therefore, associated
with the increased substrate (CP) in the diet. Notably, the moringa seed cake and moringa
leaves contained similar proportions of rumen degradable protein (58.4% and 66.8% of
total CP, respectively) [29], which may explain the similar CP disappearances between ML
and MSC observed in the present study. A higher inclusion rate (40% of diet DM) of the
moringa seeds led to a greater increase in the ruminal NH3 concentration [30] compared to
the present findings. Karim et al. [12] documented the positive impact of moringa leaves on
the characteristics of protein fermentation. The moringa treatments numerically increased
the total SCFA concentration, which was possibly due to the extra dietary nutrients as
well as an improvement in the protein and energy balance of the diet, which is important
for microbial growth and activity [31]. The MSC diet also profoundly shifted the SCFA
proportion to more propionate and less acetate. Aboamer et al. [32] evaluated the effect
of moringa seed cake as a substitution for cottonseed meal on nutrient digestibility and
milk production in Ossimi ewes. They found that the inclusion level of 2.5% of the diet
DM increased gas production in vitro and increased milk lactose concentration in the ewes.
Their findings were in line with the propionate-boosting effect observed in the present
study. Propionate is a glucogenic precursor that is required for lactose synthesis [33]. On
the contrary, the ML diet did not alter the SCFA profile despite the higher inclusion rate of
moringa leaf powder compared with moringa seed cake. In agreement, Soliva et al. [34]
observed no change in the SCFA production and composition even with the inclusion level
as high as 30% of the diet DM. The different findings between MSC and ML hinted that
the alteration of SCFA pathways might result from some secondary compounds unique to
moringa seed cake, for instance, moringyne and vanillin [9]. Interestingly, ML decreased
with the ash disappearance. The ruminal disappearance of minerals depended on the solu-
bility of the minerals [35]. Our data may indicate a lower solubility of the minerals in the
moringa leaf powder compared to the seed cake, which is likely due to the higher oxalate
contents in moringa leaves than in the seed (1050 vs. 2.9 mg/100 g, respectively) [36].

We revealed that moringa by-products, especially seed cake, could have an added
function in mitigating CH4. It must be pointed out that the treatment difference in the
absolute yield of CH4 (mL/d) did not reach statistical significance. However, the absolute
yield was also confounded with the top-dressing strategy that increased the amounts of
substrates in moringa treatments. When the methane production was standardized by the
diet, i.e., MCR (% of gross energy intake) or calculated as a proportion relative to the total
gas production, the effect of moringa by-products became evident; therewith, MSC showed
the strongest decrease in both variables. The CH4-lowering effect observed with MSC
could be explained by the increase in propionate, which is a metabolic hydrogen sink in the
rumen [37], therefore, reducing the availability of metabolic hydrogen for methanogenesis.
In line with our findings, the in sacco study revealed that out of seven different seed
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cakes from moringa, castor, cotton, palm kernel, radish, soybean, and sunflower, only
moringa seed cake expressed a CH4 mitigating property [13]. Their inclusion level was
40% of DM, which is about 10 times higher than the inclusion level used in the present
study. This hints that low dosages of moringa seed cake can be effective in mitigating
CH4, which in turn can be attributed to the presence of oil in moringa seed cake, as oils
likely reduce methanogenesis [38]. Surplus lipids could be detrimental to ruminal microbes
especially those degrading fiber [39]. However, this was not the main explanation for
the effect of MSC observed in the present study because the EE levels of all the diets
(approx. 2% of diet DM) were still within the range deemed suitable for rumen microbial
fermentation [40]. Moringa contains various functional compounds, including myricetin,
quercetin, moringyne, vanillin, rutins, tannins, gallic acid, and kaempferol [9], which may
contribute to the CH4-lowering effect of moringa by-products tested in the present study.
Some of these compounds in the extracts of other plants have been shown to mitigate
enteric CH4 production [41–43]. The weaker effect of ML on rumen fermentation variables,
despite its higher inclusion level than MSC, might be related to the presence of different
functional compounds. The contents and profiles of secondary compounds in moringa
leaves vary from those of the moringa seed [9,11,12]. Additionally, we showed that moringa
seed cake had twice the antioxidant power, based on the FRAP assay, compared to moringa
leaf powder. Some plant secondary compounds, such as tannins, are known to reduce CH4
synthesis via multiple routes, some of which do not involve an association with propionate
production [44].

Despite the higher antioxidant value than those of moringa products, the addition of
raw propolis did not drastically modulate the ruminal fermentation and the gas production
parameters in the present experiment. Some researchers explored the effects of the propolis
extract [14,21,45,46] or propolis phenols [42] and consistently documented higher butyrate
production. Data from earlier studies suggest that the polyphenolic compounds of propolis,
for instance, caffeic acid [47], might have played a role because it supports the growth of
gut butyrate-producing bacteria [48], which might have replaced the population of other
bacteria, such as propolis which also possess microbial inhibition properties [49]. Notably,
we observed the highest proportion of butyrate with the raw propolis, but the change
did not reach significance. This may be related to the low dosage as well as the form,
i.e., raw propolis. To our knowledge, there is no comparative study using raw propolis
on ruminal fermentation characteristics. In addition, our test product was from a local
supplier, and thus, variation in the product quality and the effect on ruminal fermentation
must be considered as well. Still, given the role of butyrate as a promoter of gut epithelial
integrity [50], future research may invest in finding the effective (higher) dosages of propolis
that could express a benefit on ruminal fermentation and gut health.

5. Conclusions

The inclusion of moringa seed cake at 3.8% of the diet DM modulated ruminal fer-
mentation characteristics, leading to greater NH3, favoring propionate production, and
mitigating CH4 without any negative effect on nutrient disappearance and physicochemical
parameters in vitro. At a higher inclusion rate (7.4% of diet DM), the moringa leaf powder
showed a similar direction, albeit a weaker effect, on NH3 and CH4 variables. Despite
having a stronger antioxidant power compared to the moringa by-products, raw propolis
supplemented at 0.1% of the diet DM did not affect the fermentation variables in vitro. Our
data suggest that feeding moringa seed cake desirably modulates the rumen microbial
metabolic activities of proteins and carbohydrates. Of note, in vitro studies do not account
for host-dependent influences. In vivo studies are needed to identify the effective dosages
that facilitate the health and production of ruminants.
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Abstract: The aim of the current study was to assess the cadmium (Cd) phytoremediation potential
of Helianthus annuus L. that was exposed to 50, 100, and 150 mg/kg of cadmium for 15, 30, and
60 days with application of EDTA (Ethylenediaminetetraacetic acid) in the soil and IAA (indole
acetic acid) as a foliar spray. The results indicated that the concentration, duration of exposure, and
amount of Cd affect the phytoremediation potential. The maximum Cd was observed at 60 days
(32.05, 16.86, and 10.63%) of Cd application, compared to 15 (2.04, 0.60, and 1.17%) or 30 days (8.41,
3.93, and 4.20%, respectively), in a dose-dependent manner. The application of EDTA in the soil
and foliar IAA enhanced the Cd accumulation in the plants at 15, 30, and 60 days of exposure, with
maximum accumulation at 60 days. Exposed plants with foliar IAA application showed 64.82%,
33.77%, and 25.84% absorption at 50, 100, and 150 mg/kg, respectively. Apart from higher absorption,
the cadmium translocation to the edible part of the plants ceased, i.e., the seeds had 0% accumulation.
The interesting fact was recorded that efficient phytoremediation was recorded at 15 days of exposure,
whereas maximum phytoremediation was recorded at 60 days of exposure. To minimize the stress,
the host also produced stress-related metabolites (i.e., flavonoids, phenolics, proline, and sugar)
and antioxidants (i.e., catalases and ascorbate peroxidases). From the current evidence, it could be
assumed that the use of EDTA and IAA, along with hyperaccumulating plants, could be a possible
green method to remediate Cd-contaminated soil efficiently in a short period of time.

Keywords: sunflower; EDTA; IAA; short exposure duration; efficient cadmium remediation

1. Introduction

The release of heavy metals to the environment is very common in the current world.
They mainly contaminate the soil and water, which plays havoc with the lives of both
flora and fauna [1]. Soil reclamation through physical means is a cost-effective, labor-
consuming, and time-efficient process with many side effects in the form of environmental
imbalance in nutrients uptake, disturbed food chains, and effects on various nutrient-
cycling phenomenon [2]. Moreover, increasing demand for food and forage crops for the
world’s population is the need of the hour. Striving for the fulfillment of the need for food
for human beings and livestock results in the contamination of the environment by various
agencies [3]. Anthropogenic activities are the main forces responsible for the contamination
of soil by heavy metals [4]. The toxicity levels of heavy metals increase with increases in
their sources and decrease in sinks or with no sinks. In such a scenario, even an essential
heavy metal becomes toxic [5].

Cadmium is one of the heavy metals that is nonessential, and beyond the threshold
levels is highly toxic and lethal to micro- and macro-flora and -fauna. The total Cd levels
present in the soil do not inevitably reflect the Cd bioavailability to the host plants [6]
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because Cd’s varied distributions (adsorbed vs. free) and various chemical configurations
(chemical speciation) impact its phytoavailability. Because it is primarily present in soil
attached to the exchangeable solid phases, cadmium is comparatively accessible for plant
absorption [7] and thus readily released into the soil solution. Cd is mostly found in the
soil solution as the Cd2+ ion or as inorganic or organic compounds. Cd may reversibly
bind to soil particles such as organic matter or Fe and Mn oxides in the solid phase. Cd
is mostly absorbed by plants when they come into contact with pore water, which is the
end result of Cd being divided between the liquid and solid phases of soil [8]. Damage to
agricultural crops is a serious matter for plant physiologists and ecologists as a result of
Cd availability and uptake [9]. It results in a reduction in the yield of the crop and, on the
other hand, acts as a serious pollutant for soil and water. Apart from that, the cadmium
is considered a group A contaminant and has carcinogenic and mutagenic properties in
plants, animals, and particularly humans [10].

Due to ever-growing populations and increasing food demands, these contaminated
lands can be left barren. In developing countries such as Pakistan, the cadmium con-
centration ranges from 0.03 to 0.07 mg/L [11]. To decrease the gap between production
and demands, these agricultural lands must be made cultivable and contaminant-free. To
remove the contaminants, particularly Cd, from the environment, several techniques are in
practice to identify a cost-effective and viable method among them. Phytoremediation is
considered a green way to remove the metal from the environment. It is a “plant-based
method”, in which elemental contaminants are extracted and removed from the envi-
ronment or have their soil bioavailability reduced [12,13]. Even at low quantities, ionic
substances in the soil can be absorbed by plants through their root systems. In order to
absorb heavy metals and control their bioavailability, plants stretch their root systems into
the soil matrix and create rhizosphere ecosystems, recovering the contaminated soil and
maintaining soil fertility [14]. The differential adsorption–desorption properties of heavy
metals alone and in combinations have differential effects on their transport in the soil,
which may be utilized efficiently in phytoremediation practices. For instance, the recovery
ratio of Cd ions from porous matter was higher than Pb ions, which was attributed to the
lower adsorption of Cd ions on the solid matrix [15]. Similarly, the transport of Pb was
found to be influenced by silica powders in porous media [16].

The use of phytoremediation has benefits. In addition to being easy to manage and
inexpensive to install and maintain, phytoremediation has the following advantages: (i) it
can reduce the introduction of pollutants to the environment and ecosystem; (ii) it can be
used on a large-scale field; (iii) it can be easily disposed of; (iv) it prevents erosion and metal
leaching by stabilizing heavy metals, reducing the risk of contaminants spreading; and
(v) it stabilizes heavy metals [17]. In the current study, sunflowers were used as remedial
plants for cadmium remediation, whereas EDTA was supplemented in the soil and IAA
was applied as foliar spray to enhance their remediation potential and efficiently remove
the cadmium from the contaminated site.

2. Materials and Methods
2.1. Soil Preparation

Plant growth medium was prepared by mixing sand (~0.5 mm), clay (~0.002 mm),
and manure in a 2:1:1 ratio to make a sandy loam for better sunflower growth. The
pots were filled with 5 kg of soil and were kept in the screen house at Abdul Wali Khan
University Mardan.

2.2. Experimental Design

For the pot experiment, healthy and viable seeds of H. annuus L. (Hysun-33) were
obtained from the agriculture research center in Mardan. The seeds were surface-sterilized
with 70% ethanol, followed by rinsing with sterilized distilled water to remove the ethanol.
The experiment was a factorial combination of three factors, i.e., Cd treatments (0, 50,
100, and 150 mg/kg of soil), EDTA supplemented in the soil in the form of an EDTA
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solution (5 mM (500 mL of solution in each pot)), the foliar application of IAA using a
portable spray machine (2.5 µM solution sprayed at 5-day intervals until final harvest),
and the combination of EDTA and IAA with selected metal levels. All the treatments had
three replicates with four plants per replicate, which were allowed to grow in greenhouse
conditions. The pots were properly irrigated with common tap water systematically in
the morning and evening. For plants harvested at 15 and 30 days of exposure, only the
root shoot lengths, fresh and dry weights, and metal contents were recorded. However,
for plants harvested after 60 days of exposure, the effects of cadmium, EDTA, and IAA
were recorded on different parameters, including growth and physiological attributes and
cadmium accumulation in the presence and absence of EDTA and IAA.

2.3. Estimation of Indole Acetic Acid and Salicylic Acid

The indole acetic acid was determined by the protocol used by Hussain and Has-
nain [18], whereas the salicylic acid was estimated using the protocol of Warrier et al. [19].

2.4. Quantification of Metabolites

The total flavonoid contents were extracted by macerating 0.5 g of fresh leaves of the
host in 5 mL of 80% ethanol and incubating for 24 h in a shaker. Following incubation,
centrifugation was performed at 10,000 rpm at 25 ◦C for 15 min. Pellets were removed, and
supernatants were used for flavonoid determination using the AlCl3 method, as mentioned
earlier [20].

To extract the phenolics, 1 g of plant leaves were crushed in 16 mL of ethanol and
incubated at 30 ◦C for 3 h. Following incubation, centrifugation was performed for 10 min at
10,000 rpm in normal conditions. The supernatants were filtered via Whatman No. 42 filter
paper, and the volume was reduced to 1 mL using a rotary evaporator at 40 ◦C. The
concentrated filtrate was resuspended in 10 mL of dH2O, and phenolics were determined
using the method of El Far [20].

The extraction of proline was performed from the leaves of the host using 0.2 g of
fresh leaves (macerated to fine powder in liquid nitrogen) with 1 mL of 60% ethanol. The
resultant mixture was kept for incubation at 4 ◦C for about 24 h. The reaction mixtures were
centrifuged for 5 min at 10,000 rpm. To remove nearly all of the proline from the leaves, the
procedure was repeated. Proline was estimated using the technique of Bates et al. [21].

2.5. Determination of Antioxidant Response

To assess the CAT activity, the cleavage of H2O2 was assessed [22]. A mixture of 3%
H2O2 (0.4 mL) and 0.1 mM EDTA in 2.6 mL of 50 mM PBS (pH 7) was added to 0.1 mL of
supernatant. The decrease in H2O2 was noted by the decline in optical density at 240 nm,
which was considered degradation by µM H2O2 min−1.

The protocol of Asada [23] was used for the estimation of APX in the leaves of the host.
For the reaction to start, approximately 0.2 mL of leaf extracts were mixed with 0.1 mL of
0.5 mM ascorbic acid, 0.6 mL of 50 mM PBS (pH 7.0), and 0.1 mL of 0.1 mM H2O2. The
decline in O.D was noted at 290 nm and expressed as U mg−1 protein (U = change of
0.1 absorbance min−1 mg−1 of protein).

The protein contents were estimated for each extract according to Bradford [24]. The
chlorophyll and carotenoid pigments were quantified according to the method reported by
Schoefs [25].

2.6. Estimation of the Metal in Plant Biomass

For the estimation of the metals in the plant parts treated with the aforementioned
levels of Cd, 0.5 g of oven-dried samples were weighted and subjected to acid digestion.
The process of acid digestion was started by adding 1 mL of perchloric acid (HClO4) and
4 mL of nitric acid (HNO3) to the oven-dried plant samples. The mixture was filtered
using Whatman 42 filter paper after cooling at 30 ◦C. With distilled water, the mixture’s
final volume was changed to 25 mL. As a positive control solution, control plant samples
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underwent the same processing as the experimental samples. Similar steps were taken to
produce the blank solution but without including the sample. The cadmium was quantified
through an atomic absorption spectrophotometer (Perkin–Elmer model 700, MA, USA)
following the protocol of Amin et al. [26].

2.7. Data Analysis

The experiments were repeated three times, and the data obtained from the factorial
experiments were grouped into cadmium, cadmium/EDTA, cadmium/IAA, and cad-
mium/EDTA/IAA treatment conditions. An analysis of variance and Duncan’s multiple
range test were performed using SPSS Statistical Package v. 21 (IBM, Armonk, NY, USA) to
determine the significance at p ≤ 0.05.

3. Results
3.1. Effects of Cadmium, EDTA, and IAA on the Agronomic Attributes of H. annuus L.

When exposing sunflowers to the aforementioned supplementation of Cd and the
application of the EDTA and IAA, the growth attributes were influenced significantly
(Figure 1a). Dose-dependent decreases of 15, 22, and 25% were recorded at 50 mg/kg to
150 mg/kg, respectively, in the shoot and root length of the host plants. The application
of EDTA in the presence of Cd significantly improved the shoot and root length as the
level of Cd increased. However, the length was lower compared to the untreated control.
On the other hand, a similar enhancement in the shoot and root length was also recorded
upon the foliar application of IAA, reducing the effects of Cd by 8, 9, and 7% at 50, 100,
and 150 mg/kg, respectively. Similar declines were also noted in the case of the total
chlorophyll contents of the host plants, showing dose-dependent declines as the metal
concentration increased from 0 mg to 150 mg/kg (Figure 1b). An improvement was
recorded with the application of EDTA with the application of 50 mg/kg of Cd. However,
no further improvement was recorded with the application of EDTA or IAA, separately or
in combination, at all concentrations of the metal in the soil.
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Figure 1. Effects of different levels of Cd under EDTA and IAA application on root and shoot length 
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mg/kg Cd, T3= 100 mg/kg Cd, T4= 150 mg/kg Cd, T5= 50 mg/kg Cd + EDTA, T6= 100 mg/kg Cd 

+EDTA, T7= 150 mg/kg Cd + EDTA, T8= 50 mg/kg Cd + EDTA + IAA, T9= 100 mg/kg Cd + EDTA + 

IAA, T10= 150 mg/kg Cd + EDTA + IAA. 
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Figure 1. Effects of different levels of Cd under EDTA and IAA application on root and shoot length
(a) and chlorophyll contents (b) of H. annuus. Data are the means of three replicates ± standard errors,
where the different letters represent significant differences at p ≤ 0.05. T1 = control, T2 = 50 mg/kg
Cd, T3 = 100 mg/kg Cd, T4 = 150 mg/kg Cd, T5 = 50 mg/kg Cd + EDTA, T6 = 100 mg/kg Cd + EDTA,
T7 = 150 mg/kg Cd + EDTA, T8 = 50 mg/kg Cd + EDTA + IAA, T9 = 100 mg/kg Cd + EDTA + IAA,
T10 = 150 mg/kg Cd + EDTA + IAA.

3.2. Determination of Phytohormones

During the exposure of the host plant to the aforementioned levels of cadmium,
a concentration-based significant decline was noted in the endogenous IAA synthesis in
the sunflower as the metal level increased in the soil (Figure 2a). The supplementation of
EDTA in the soil and IAA as a foliar spray improved the IAA production. However, the
amount of endogenous IAA was lower than that of untreated plants. A contrary tendency
was noted in the case of SA production, showing an opposite trend to IAA production
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(Figure 2b). A direct relation of SA with the metal concentration was recorded, where an
increase in the metal concentration increased the SA production. However, the application
of EDTA and IAA inversely regulated the SA production, i.e., with the application of EDTA
and IAA and an increasing metal concentration, a decline was recorded in the salicylic
acid production.
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 Figure 2. Effects of Cd levels, EDTA, and IAA on (a) indole acetic acid and (b) salicylic acid of
H. annuus. Data are the means of three replicates ± standard errors, and the letters represent
significant differences (p < 0.05).

3.3. Determination of Metabolites

Treating plants with the selected levels of cadmium negatively impacted the endoge-
nous flavonoid production in the host plants. A concentration-based reduction in the
accumulated flavonoid content was recorded (Figure 3a). The treatments of EDTA in the
soil and IAA as a foliar spray significantly improved the flavonoid production of the host.
However, the amounts were lower in comparison to the untreated control plants. On the
other hand, endogenous phenolics were boosted when the soil was supplemented with the
mentioned concentration of cadmium and showed a positive correlation with cadmium lev-
els (Figure 3b). Similarly, the application of EDTA and IAA further significantly improved
the phenolic production in comparison to the untreated hosts. A similar tendency was also
noted in the case of endogenous proline production, i.e., increases in the cadmium levels
were associated with accumulated proline contents, and they showed a direct proportion
(Figure 3c). Improvements were also recorded with the application of EDTA and IAA in
the presence of the mentioned supplements of cadmium in the soil.

Significant declines in the total protein and lipid levels were recorded in the host plants
when the aforementioned levels of cadmium were supplemented in the soil (Figure 3d).
EDTA-amended soil and foliar IAA enhanced the protein and lipid contents. However, the
quantity was lowest compared to the untreated plants (Figure 3e). Similar tendencies were
also noted in the accumulation of the total sugar contents of the sunflowers, which showed
a decline with the increase in cadmium concentration (Figure 3f). Significant improvements
were recorded with EDTA and IAA application. However, the sugar contents remained
lower than in the control plants.
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Figure 3. Effects of Cd levels, EDTA, and IAA on (a) flavonoids, (b) phenolics, (c) proline, (d) protein,
(e) lipids, and (f) sugar contents of H. annuus. Data are the means of three replicates ± standard
errors, and the letters represent significant differences (p < 0.05).

3.4. Antioxidant Response

Plants in stress boost their antioxidant system to cope with the primary and secondary
stressful conditions. In the current scenario, treating plants with cadmium decreased the
production of catalases as the metal level increased in the soil (Figure 4a). No further
improvements were recorded with the application of EDTA in the soil or the foliar appli-
cation of IAA at all supplemented levels of cadmium. A contrasting tendency was noted
in the case of ascorbate peroxidases, indicating a multifold increase with the increase in
metal in the soil up to 150 mg/kg (Figure 4b). Similar improvements were also recorded
with the application of EDTA and IAA. Nonetheless, the enzyme units were lower than in
cadmium-stressed plants.
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3.5. Metal Determination

The total cadmium contents in the plant parts increased with the increase in cadmium
supplementation in the soil from 0 to 150 mg/kg (Figure 5a). A similar tendency was also
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noted in the case of the application of EDTA, showing increased accumulation with the
increase in metal in the soil. In the case of the foliar application of IAA, an even higher
accumulation was recorded as the cadmium supplementation was elevated in the soil.
The highest accumulation was noted in the plants treated with the foliar application of
IAA, followed by EDTA application and only cadmium-stressed plants. Similarly, the
accumulation was enhanced by an increase in exposure time. A lower accumulation was
recorded in the plants exposed for 15 days to cadmium supplements. An interesting
result was found in case of 30 days of exposure, which showed a decline in accumulation
compared to 15 days of exposure. However, after 60 days of exposure, the maximum
increase was recorded in the accumulation of cadmium from the soil, showing a direct
relation to the duration of exposure to metals supplemented in the soil.
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Figure 5. Effects of Cd levels, EDTA, and IAA on (a) cadmium uptake and (b) translocation to the
aerial parts of H. annuus. Data are the means of three replicates ± standard errors, and the letters
represent significant differences (p < 0.05).

Similar patterns were also recorded in the case of translocation of the metal to the
aerial parts of the plants (Figure 5b). A higher amount was recorded in the roots of
the plants, followed by the leaves of the host. The lowest accumulation was recorded
in the stem, and no accumulation was recorded in the seeds of the sunflowers. When
treating plants with cadmium levels, an increase in the accumulation in the roots was
recorded. However, the application of EDTA in the soil and foliar IAA further enhanced the
accumulation in the roots, thereby enhancing phytoremediation potential. A contrasting
tendency was noted in case of the stems, i.e., with the inclination of metal level, the
accumulation decreased in a concentration-based manner. The application of EDTA in the
soil induced a significant improvement in the translocation to the stem. Interesting results
were recorded when foliar IAA was applied, showing the highest accumulation in the stems
at higher levels of cadmium supplementation. In the case of the leaves, a dose-dependent
increase was recorded with the cadmium levels. Nonetheless, EDTA application lowered
the translocation of cadmium to the leaves in a concentration-based manner in comparison
to the stressed control plants. Similarly, a significant increase was recorded with IAA
application, showing higher translocation and the accumulation of cadmium in the leaves.

4. Discussion

The increase in global population requires higher yields and production, which could
be possible with better soil health and balanced nutrient conditions. Soil reclamation and
the removal of these toxic metals are challenging tasks for agriculturists and other plants
scientists [27,28]. The removal of toxic heavy metals from the agroecological zones in a
sustainable way is the call of the day [29–31]. Among the techniques, phytoremediation
with hyperaccumulating plants with short lives could be a possible solution to maintain
better health in soils and increase their productivity to meet the food demands for the ever-
growing human populations [32]. In the current scenario, sunflowers supplemented with
the aforementioned levels of the cadmium were severely impaired in terms of plant height,
root length, and chlorophyll contents [33]. The chlorophyll content decreased in a dose-
dependent manner in response to cadmium. A similar pattern of chlorophyll reduction
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has been reported in previous studies [34–39]. The excessive ROS production leads to the
oxidation of the chlorophyll contents, leading to their degeneration and degradations as a
result of secondary oxidative stress. The inhibition of chlorophyll may be attributed to the
inhibition of enzymes involving pigment biosynthesis in response to cadmium, as has been
previously demonstrated by Qian et al. (2009). Moreover, cadmium stress has shown to
induce an imbalance in cell redox homeostasis, which leads to oxidative damage in plants
(Hendrix et al., 2020).

The application of EDTA in the soil and foliar IAA reduced the effects of Cd by 8, 9, and
7% at 50, 100, and 150 mg/kg, respectively. To cope with stressful environmental constrains,
plants produce a range of substances, including phytohormones, such as IAA and SA, and
other metabolites, such as flavonoids, phenolics, proteins, proline, and sugar, to maintain
homeostatic conditions inside the cell and maintain cell viability under environmental
constrains [40,41]. Among the phytohormones, IAA not only acts as a plant growth
promotor, but recently it was also revealed that it has a role in stress mitigation [42]. In the
current scenario, a decline in the total IAA content was recorded with the increase in metal
concentration in the medium. This was probably due to the fact that beyond a threshold
level the metal causes the breaking down of IAA, which results in lower synthesis and
the accumulation of IAA by the host, resulting in lower growth, development, and hence
lower biomass production, which was recorded in the current study [43]. On the other
hand, salicylic acid is a stress hormone that showed an increasing pattern with higher metal
levels. Additionally, SA is known to reduce stress in individuals from several kingdoms,
including humans, plants, and animals. Along these lines, it stands to reason that perhaps
the host could be employing increased production as a stress management technique. In
order to help their host to survive the harsh situation, chaperones, heat shock proteins,
antioxidants, and genes involved in the manufacture of secondary metabolites such as
sinapyl alcohol dehydrogenase, cinnamyl alcohol dehydrogenase, and cytochrome P450
are all activated by SA [44,45]. In the current condition, SA production was enhanced with
increases in the metal concentration in a dose-dependent manner, which is an effective
stress-mitigating strategy for ameliorating host stress tolerance [46]. Phytohormones and
other stress-related metabolites relieve cadmium, and the resultant ROS accumulation also
plays a key role in the mitigation of cadmium stress in sunflowers by improving growth and
strengthening the antioxidant and metabolic systems [47]. To cope with metal stress, plants
produce a range of secondary metabolites, including flavonoids, phenolics, low-molecular-
weight protein, and sugar and proline contents [48]. In the current condition, lower
flavonoid contents were recorded upon exposure to the mentioned levels of cadmium [49].
These lower flavonoids were perhaps because cadmium-induced stress results in the
disturbance of the phenylalanine pathway, resulting in lower flavonoid production [50,51].
On the contrary, higher levels of phenolics were recorded at all mentioned levels of the
metal. The phenolics were acting as effective ROS quenchers to relieve the stressful metal
conditions [52]. Similarly, higher proline contents were recorded with the exposure of
aforementioned concentrations of the metal. The proline contents act as an osmolyte,
maintaining the host osmotic adjustment [53–55]. On the other hand, the protein, lipid, and
sugar contents showed declines with the increase in metal [56]. This was probably due to
the fact that a higher metal level caused toxicity to the cell, leading to systematic cell death.
In some cases, the metal acts as a competing inhibitor and binds with the active sites of the
enzymes, thus making them malfunction, resulting in lower production of protein, lipid,
and sugar contents [57].

Plants produce ample amounts of antioxidants in response to environmental con-
strains, which aid the host to cope with the ROS produced as a result of the environmental
stressors. In the current findings, lower catalase activity was recorded in all treatments
compared to the control plants [58]. On the contrary, higher ascorbate peroxidase levels
were recorded for each increase in metal in the soil. Higher ascorbate peroxidase contents
showed efficient ROS scavenging and enhanced the stress tolerance of the host plants [59].
In order to control the ROS levels and preserve cellular homeostasis under stress, plants

219



Metabolites 2022, 12, 1049

have a battery of antioxidant molecules. One essential antioxidant enzyme of such scav-
enging systems is ascorbate peroxidase (APX). It utilizes ascorbate as an electron donor
to catalyze the transformation of H2O2 into H2O and O2. In response to environmental
challenges and during typical plant growth and development, APX expression is variably
regulated. Depending on their subcellular location and the presence of certain regula-
tory elements in the upstream regions of the corresponding genes, various isoforms of
APX exhibit distinct responses to environmental stressors [60]. In a previous study, the
supplementation of thiourea as a scavenger of ROS changed the expression of various
arsenic (As)-related transporter genes in flag leaves and developing grains (inflorescence) of
rice [61]. The antioxidant enzymes were also altered, and as accumulation was significantly
reduced in rice. Moreover, vermicomposting in conjunction with phytoremediation can be
an efficient strategy to restrict the bioavailability of soil pollutants [61].

Different factors affect the bioavailability of cadmium to the host plants, including
pH, moisture, and the temperature of the surroundings. The bioavailability of cadmium
increased with an increase in the pH based on pore water concentrations, explaining the
reduced competition of H+ ions making cadmium more bioavailable in pore water at a
high pH [62]. Cadmium sorption to the soils, estimated from water-soluble concentrations,
was not significantly affected by the soil moisture content [63]. In a study with ryegrass,
the uptake of both 109Cd and 65 Zn and their stable isotopes was higher in ryegrass grown
at 21 ◦C than that grown at 9 ◦C. Results from a fractionation and speciation analysis of soil
cadmium and zinc were correlated with plant uptake, and there was a good consistency
between the observed plant uptake, the physicochemical forms of cadmium and zinc in the
soil, and the soil solution presumed to be available to the plants [64]. However, in a study
with metal and silicon, the bioavailability decreased with an increase in temperature [15].
The absorption of the metal by the host root showed a multifold dose-dependent increase
when sunflower seedlings were grown in a soil condition spiked with the mentioned levels
of the selected metal [45,65]. The higher uptake leads to higher bioremediation of the
environment [48,66,67]. On the contrary, an increase was recorded in the Cd accumulation
with the application of EDTA [68]. Similarly, the application of IAA tends to increase the
accumulation of cadmium in the plant parts [69,70]. The IAA helps the plant to adjust
to abiotic stresses. Moreover, IAA is an acidic hormone that helps to make the cell wall
more flexible to expansion and cell division [71,72]. As a result of cell expansion and
cell division, more compartments are available for metal compartmentalization, thereby
dividing the stress to minimize its effects and allow the plant to grow normally, even at
higher levels of metal in the medium [72]. In the current scenario, the accumulation of the
metal increased with an increase in the exposure duration. Lower accumulation was noted
in the sunflower with a duration of exposure to the metal of 15 days, followed by 30 days
of exposure, and higher accumulation was recorded at 60 days of cadmium exposure.
Similarly, higher translocation to the upper parts was also recorded. Higher absorption
and accumulation were recorded by the roots and were subsequently translocated to the
aerial parts of the plants. The accumulation of cadmium increased in the roots with the
increase in metal supplements in the soil. The translocation and subsequent accumulation
showed a decline in the case of the stem as the metal supplements increased in the soil [73].
The EDTA and IAA supplements increased the metal accumulation in the stem [68,74].
The highest translocation was recorded to the leaves of the sunflower, which showed a
higher accumulation of cadmium. A positive correlation was recorded with the metal levels.
Similarly, the rate of translocation and accumulation was higher with the application of
both EDTA in the soil and foliar IAA [75]. For instance, no accumulation of cadmium was
recorded in the seeds of the host plants.

5. Conclusions

The current evidence shows that Cd at higher concentrations actively accumulated
in the hyperaccumulating plants, and beyond the threshold level (the WHO permissible
level of 0.003 mg/kg), Cd exerted toxic effects in its host. The order of H. annuus plant

220



Metabolites 2022, 12, 1049

parts based on the Cd concentration was stem > leaves > root and shoot > root. However,
no accumulation or translocation were recorded in the seeds at any level of the metal and
exposure time, ensuring food safety. The Cd accumulation in the leaves, stems, and roots
increased in combination with EDTA and IAA compared to Cd applications alone in the
control. The concentrations of Cd after 60 days in H. annuus subjected to Cd150 + EDTA
+ IAA exhibited a maximum accumulation of Cd of 64.80 mg/kg. The application of
EDTA in soil and foliar IAA further improved the phytoremediation potential of the
host and reduced the metal contaminant efficiently at the site. The application of these
chemicals could be the possible solution for the rapid and enhanced bioremediation of sites
contaminated with higher levels of cadmium.
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