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Preface to ”Structural and Functional Analysis of
Extracts in Plants”

Today there is a growing interest in the study of classes of compounds obtained from plant

species due to their specific activity, allowing their application for many selected purposes in humans.

The role of their natural active principles is closely related to their chemical structure as the type and

number of different classes of molecules in plant extracts influence their bioactivity and consequently

their use. Moreover, agronomical and processing conditions, extraction techniques and solvents

may influence the chemical profile of the herbal preparations and their pharmacological activities.

For these reasons, chemical analysis should always be performed in order to correlate the type

and amount of phytochemicals present with extract bioactivity so as to better select its specific

applications.

Stefania Lamponi
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1. Introduction

Plants and their extracts have traditionally been used against various pathologies
and in some regions are the only therapeutic source for the treatment and prevention
of many chronic diseases [1]. Their numerous beneficial effects on human health are
due to their content of natural bioactive compounds, molecules capable of modulating
metabolic processes with positive properties such as antioxidant effects, inhibition of
receptor activities and enzymes and induction of gene expression [2].

Many factors, such as agronomical and processing conditions used in plant cultiva-
tion, extraction methods and solvents, may influence the chemical profile of the herbal
preparations and, consequently, their pharmacological activities [3–5]. For these reasons,
chemical analysis should be always performed on each plant extract in order to correlate
the type and the amount of phytochemicals present with its bioactivity so as to better select
its specific applications [6].

Although numerous advances have been made in recent years regarding the structural
and functional analysis of extracts in plants, this topic deserves more attention from the
academic community; therefore, we have edited two Special Issues that include numerous
research articles and reviews reflecting the advancements made thus far in this field.

2. Plant Extracts’ Phytochemicals and Their Bioactivity

The health benefits of plant extracts mainly depend on their secondary metabolites,
i.e., substances produced by plants that make them competitive in their own environ-
ment [7]. Secondary metabolites vary widely in chemical structure (types of functional
groups, number and position with respect to the carbon skeleton, substitution in the aro-
matic ring, stereochemistry, side chain length, saturation, etc.) [8] and the most extensively
studied are those with antioxidant properties that protect cellular systems from oxidative
damage through a variety of mechanisms able to reduce the risk of chronic diseases such
as cancer and cardiovascular disease [9].

The most important classes of secondary metabolites in plants and in their extracts
are alkaloids, phytoestrogens, carotenoids, tocopherols, terpenes and phenolics.

Alkaloids are plant-derived compounds containing one or more nitrogen atoms,
usually in a heterocyclic ring (amine functional group). They derive from amino acids
as well as proteins, from which they differ in being alkaline [7]. Alkaloids demonstrate a
large spectrum of activities and among them, there are compounds showing antibacterial,
antiviral, anti-inflammatory and anticancer properties. For example, Dicentra spectabilis,
Corydalis lutea, Mahonia aquifolia, Fumaria officinalis, Meconopsis cambrica and Macleaya cordata
plant extracts are cytotoxic against human squamous carcinoma and adenocarcinoma cells
and the extracts obtained from the stem bark of Rutidea parviflora against ovarian cancer [10].
The bisbenzylisoquinoline alkaloid, named curine, is able to modulate inflammatory effects
in mice, by inhibiting macrophage activation, production of cytokines and neutrophil
recruitment, and decreasing nitric oxide levels [11]. The antibacterial activity of alkaloids
has been described for nigritanine, an alkaloid obtained from Strychnos nigritana belonging
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to the family of Loganiaceae, against Staphylococcus aureus, one of the most important
pathogenic bacteria diffused worldwide [12]. Moreover, extracts from Lepidium meyenii,
a plant in the Brassicaceae family rich in alkaloids, shows a strong antioxidant effect,
higher than that of phenols [13]. Many alkaloids act on the nervous system. For example,
poppy is narcotic, caffeine and nicotine are stimulants, while cocaine is an anesthetic, and
scopolamine induces “twilight sleep”. Codeine is frequently used in medical practice to
suppress severe coughing [7].

Phytoestrogens are polyphenolic and non-steroid compounds that have a similar struc-
ture and biological activity as human estrogens. They are divided into two main subgroups,
isoflavonoids and lignans. Isoflavones are divided into isoflavones and cumestanes, and
the most representative compound of this second subgroup is coumestrol. Lignans include
matairesinol, secoisolariciresinol, lariciresinol, pinoresinol and their metabolites, enterodiol,
enterolactone and equol. Numerous studies reported in the literature have shown that phy-
toestrogens can have protective effects in estrogen-dependent diseases. This bioactivity is
due to their structural and/or functional similarity to estradiol and to their capacity to bind
the human estrogen receptors. Furthermore, the use of phytoestrogens can have a positive
effect on insomnia and cognitive function in neuronal pathologies such as Alzheimer’s
disease. Phytoestrogens also exhibit antioxidant activity by acting as scavengers of free
radicals or forming chelating complexes with metal ions [14,15].

Carotenoids are natural pigments and one of the main classes of phytochemicals in
plants. They are derived from acyclic C40 isoprenoid lycopene, which can be classified as
a tetraterpene [16]. Carotenoids are divided into carotenes (i.e., α-carotene, β-carotene,
lycopene) and xanthophylls, which represent the oxygenated carotenoids fraction (lutein,
zeaxanthin and β-cryptoxanthin). The importance of carotenoids is correlated, over their
role as precursors of vitamin A (α-carotene, β-carotene and β-cryptoxanthin), with nu-
merous bioactivities. In fact, it has been shown that carotenoids have antioxidant and
antitumor activity, regulate gene function and gap-junction communication and modulate
the immune response [17–19]. Carotenoids may protect light-exposed tissues from photo-
oxidative damage which could be involved in the pathobiochemistry of several diseases
affecting the skin and the eye. Lutein and zeaxanthin are the predominant carotenoids of
the retina and are considered to act as photoprotectants, preventing retinal degeneration.
Moreover, β-carotene is also used as an oral sun protectant for the prevention of sunburn
and has been shown to be effective either alone or in combination with other carotenoids
or antioxidant vitamins [20].

Tocopherols, together with carotenoids, are the most abundant group of lipid-soluble
antioxidants in chloroplasts [21]. α-, β-, δ- and γ-tocopherols and α-, β-, δ- and γ-
tocotrienols are different forms of vitamin E and, among them, α-tocopherol is the most
predominant and active form in human tissues. Tocopherols are antioxidants, free-radical
scavengers and membrane stabilizers, protect thylakoid components from oxidative dam-
age, are involved in electron transport reactions, in the prevention of light-induced patholo-
gies of skin and eyes and in photophosphorylation and also have hypocholestemic health
benefits [22–24]. Other bioactivities of tocopherols, not correlated with their antioxidant
effects, are inhibition of platelet aggregation and monocyte adhesion and anti-proliferative
and neuroprotective effects [25].

Terpenes are hydrocarbons based on combinations of dimethylallyl pyrophosphate
and isoprenyl diphosphate/pyrophosphate, while terpenoids (also known as isoprenoids)
are terpenes with an oxygen moiety and additional structural rearrangements. Terpenoids
are classified on the basis of the number of carbon atoms present in their structure in
hemiterpenoids (C5), monoterpenoids (C10), homoterpenoids (C11,16), sesquiterpenoids
(C15), diterpenoids (C20), sesterpenoids (C25), triterpenoids (C30), tetraterpenoids (C40) and
polyterpenoids (C>40, higher-order terpenoids) [26]. Recent studies have shown that many
triterpenoids are effective and have pharmacological activities against cancer and other
pathologies, such as cardiovascular diseases, diabetes and neurological disorders [27]. The
pharmacological properties of triterpenoids in cancer prevention are attributed to multiple
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mechanisms, including antioxidant, anti-inflammatory and cell cycle regulatory properties,
as well as epigenetic/epigenomic regulation.

Phenolic compounds are a class of molecules whose basic structural feature is an
aromatic ring of hydroxyl groups. They include flavonoids (i.e., flavonols, flavones, flavan-
3-ols, anthocyanidins, flavanones, isoflavones, condensed tannins) and nonflavonoids
(i.e., phenolic acids, hydroxycinnamates, stilbenes, hydrolyzable tannins) depending on the
number and arrangement of their carbon atoms. These compounds have high antioxidant
activity, a protective effect against chronic pathologies such as cancer, inflammatory dis-
eases and bacterial disorders and favorable effects in reducing the risks of coronary heart
disease [28]. Much epidemiological evidence also reports their ability to reduce diabetes
and human neurodegenerative pathologies, such as Parkinson’s and Alzheimer’s diseases.
Moreover, anti-analgesic, anti-allergic, cardioprotective and anti-diabetic activities have
also been documented for food phenolics [28].

3. Future Perspectives

All the studies reported in the literature demonstrated that natural plant products are
an abundant source of biologically active compounds, many of which can be considered
as the basis for the development of new lead chemicals for pharmaceuticals. Although
numerous advances have been made in recent years in this field, further research is needed
in order to translate experimental in vitro results into clinical applications. In particular,
studying the in vivo mechanisms, identifying epigenetic regulatory switches, finding new
analogs and increasing the bioavailability of plants metabolites, could help to identify
more effective compounds to prevent and/or to treat chronic diseases. For the selection
of natural compounds intended to represent the next generation of therapies based on
natural formulations, and to enable them to compete with modern drugs, it is necessary to
investigate different aspects of the processes necessary to obtain them, such as extraction
techniques, and evaluation of the quality and of the bioactivity of crude extracts and their
combinations. Moreover, new and advanced techniques for their purification and efficient
animal studies along with appropriate clinical trials are required for justified use of these
plant extracts with safety and efficacy.
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Abstract: This study aimed to characterize the chemical profile of an ethanolic extract of Tus-
can Rosmarinus officinalis (Roex) and to determine its in vitro bioactivity. The content of phenolic
and flavonoid compounds, hydroxycinnamic acids and triterpenoids was determined, and high-
performance liquid chromatography-diode array detection (HPLC-DAD) analysis revealed that
rosmarinic acid and other hydroxycinnamic derivatives were the main constituents of the extract.
Roex demonstrated to have both antioxidant activity and the capability to scavenge hydrogen
peroxide in a concentration dependent manner. Moreover, NIH3T3 mouse fibroblasts and hu-
man breast adenocarcinoma cells MDA-MB-231 viability was influenced by the extract with an
IC50 of 2.4 × 10−1 mg/mL and 4.8 × 10−1 mg/mL, respectively. The addition of Roex to the culture
medium of both the above cell lines, resulted also in the reduction of cell death after H2O2 pre-
treatment. The Ames test demonstrated that Roex was not genotoxic towards both TA98 and TA100
strains, with and without S9 metabolic activation. The extract, by inactivating thrombin, showed to
also have an anti-coagulating effect at low concentration values. All these biological activities exerted
by Roex are tightly correlated to its phytochemical profile, rich in bioactive compounds.

Keywords: antioxidant activity; antiproliferative activity; mutagenicity; anticoagulant activity;
Rosmarinus officinalis; hydroalcoholic extract

1. Introduction

Plants have been widely used all over the world for their numerous properties through-
out the millennia, and today there is a growing interest in the study of classes of com-
pounds obtained from plant species due to their specific activity, allowing their application
for many selected purposes in humans [1]. The role of their natural active principles
in the human organism is closely related to their chemical structure (functional group
types, number and position related to carbon skeleton, substitution in aromatic ring,
stereochemistry, side chain length, saturation, etc.) as the type and number of differ-
ent classes of molecules in plant extracts influence their bioactivity and consequently
their use [2]. For example, terpenoids show antimicrobial, antiviral, antibacterial, anticancer,
antimalarial, anti-inflammatory effects; phenolics acids have anticarcinogenic and an-
timutagenic, anti-inflammation and anti-allergic activities; alkaloids have antispasmodic,
antimalarial, analgesic and diuretic activities; flavonoids possess antioxidant, anti-inflammatory,
antiviral, antibacterial, antifungal, activities, are cardiovascular and hepato-protective;
saponins are antitumor, anti-inflammatory, immunostimulant, anti-hypoglycemic,
antihepatotoxic and hepatoprotective, anticoagulant, neuroprotective, antioxidant;
tannins are antioxidant, anti-carcinogenic, diuretics, hemostatic, anti-mutagenic, metal ion-
chelators, antiseptic [2]
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Rosmarinus officinalis L. is an aromatic, evergreen plant belonging to the family Lami-
aceae, native of Mediterranean regions, where it grows wild, but now widely distributed
all over the world. The dark green, needle-like leaves of the plant are usually used as
spice for flavoring in food cooking, but rosemary is cultivated not only for its aromatic
properties but mainly for its antioxidant activity [3–6]. Rosemary, in the form of extract
derived from the leaves, contains several compounds which have been demonstrated to
have antioxidant effects [7]. These compounds belong mainly to the classes of phenolic
acids, flavonoids, diterpenes and triterpenes [8].

Thanks to their chemical composition, rosemary extracts are used in food and in
cosmetic industries for preventing food deterioration and protecting skin from free radical
damage, respectively [9,10].

Butylated hydroxy anisole (BHA) and butylated hydroxy toluene (BHT) are the com-
monly used synthetic antioxidants added to foods to preserve the lipid components from
quality deterioration, and to cosmetics to inhibit oxidation or reactions promoted by oxy-
gen, peroxides or free radicals. Their synthetic quality, however, will not produce the same
health benefits as natural antioxidants [11].

R. officinalis is also known to be employed in traditional and complementary alternative
medicine in many countries, thanks to its broad range of beneficial health properties such
as anti-inflammatory [4], anti-proliferative [12], antibacterial [13], antithrombotic [14],
anticancer [15,16], hepatoprotective [17], antidiabetic [18], hypocolesterolemic [19] and
antihypertensive [20].

It is well known that the antioxidant and biological properties of rosemary extracts
are mainly due to their phytochemical composition which includes phenolcarboxylic acids
(rosmarinic acid, caffeic acid, vanillic acid, quinic acid, syringic acid) as the major chemical
constituents [21]. Other compounds present are: flavonoids [21,22], diterpenes, [21,23],
and triterpenes [21]. Considering the co-presence of all the above classes of chemical
compounds in rosemary extracts [6,24], their metabolization [25–27] and the bioavailability
of their metabolites [28], the bioactivity of rosemary cannot be attributed to a single class of
compounds but rather to the synergistic contribution of the various bioactive components
and their metabolites (that is to its phytocomplex).

Moreover, agronomical and processing conditions, used in plant cultivation and
extraction respectively, may influence the chemical profile of the herbal preparations and,
consequently, their pharmacological activities [29–31]. For these reasons, chemical analysis
should be always performed in order to correlate the type and amount of phytochemicals
present with extract bioactivity so as to better select its specific applications.

This study aimed to analyze the chemical profile of an ethanolic extract obtained from
an Italian rosemary collected in Tuscany and to determine its in vitro antioxidant activity,
both in non-cellular and cellular systems, anti-proliferative effect towards NIH3T3 mouse
fibroblasts and human breast adenocarcinoma cell line MDA-MB231, mutagenicity and
interference with human blood coagulation factor, in order to correlate chemical profile
of the extract with its wide range of in vitro bioactivity and to prevent unwanted effects
when used in humans.

2. Results

2.1. Chemical Analysis of Rosmarinus Officinalis Extract (Roex)

Extraction Yield and Chemical Characterization of Tuscan R. officinalis Extract

The solvent utilized for the production of Roex was a hydro-alcoholic mixture with
60% v/v ethanol. As reported in Table 1, the amount of dry extract obtained from each gram
of dried rosemary subjected to extraction was 112 mg, and 1 mL of suspension contained
24.3 mg of dry material corresponding to a percentage yield of 11.2%.

In order to quantify total polyphenols and total flavonoids, the extract was analyzed
by means of Folin–Ciocalteu colorimetric assay and direct spectrophotometry, respectively.
Total sulfuric-vanillin assay-reactive triterpenoids were also quantified. Rosmarinic acid
content was evaluated by means of high-performance liquid chromatography-diode array
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detection (HPLC-DAD) analysis, that was also used in order to identify other phenolic
compounds in Roex.

Table 1. Extraction yield, total phenolic, flavonoids and triterpenoids content. Results are expressed as mean value ±

standard deviation (SD) from three different preparations.

Dry Extract for mL of
Suspension

(mg/mL ± SD)

Extraction Yield
(% ± SD)

Total Phenolic Content
(mg GAE/g d.e. ± SD)

Total Flavonoids Content
(mg Hyperoside/g d.e. ± SD)

Total Triterpenoids Content
(mg β-sitosterol/g d.e. ± SD)

24.3 ± 1.2 11.2 ± 0.5 95.8 ± 1.1 6.5 ± 0.7 71.7 ± 7.2

The quantifications of total phenolic content, expressed as gallic acid equivalents,
of total flavonoids expressed as hyperoside, and of total triterpenoids, expressed as β-
sitosterol, were reported in Table 1. The amount of each class of compounds was expressed
as mg per gram of dry extract (d.e.).

In order to identify its major components, the extract was analyzed by HPLC-DAD
which recorded three main constituents at the following retention time (RT): 6.40 min,
6.95 min and 16.20 min. (Figure 1). By comparing RT and UV spectra of reference stan-
dards, it was possible to assign the peak at 16.20 min to rosmarinic acid (Figure 1), while the
peak at 6.40 and 6.95 min were assigned to two other hydroxycinnamic derivatives,
identified by characteristic UV spectra with λmax at 198–200, 288–298 and 322–332 nm
(see Supplementary Materials). Other hydroxycinnamic derivatives identified in Roex
were chlorogenic and caffeic acid, at RT = 7.80 and 10.00 min, respectively. The content
of rosmarinic acid, chlorogenic acid, caffeic acid and total hydroxycinnamic derivatives
(as the sum of rosmarinic, chlorogenic and caffeic acid and undefined hydroxycinnamic
derivatives), expressed as rosmarinic acid, are reported in Table 2. Beside hydroxycinnamic
acids, the chromatogram showed two main flavonoids at RT = 18.58 min and 20.55 min,
identified by the characteristic UV profile of this class of metabolites with λmax at 194–200,
the highest absorbance at 265–290 and a wide shoulder at 330–350 nm (see Supplemen-
tary Materials). These flavonoids could not be unambiguously identified, since RT and
UV spectrum did not match any used reference standard. Nevertheless, by comparison
with published literature on rosemary flavonoids [22,32] and polarity order of identified
compounds, the main flavonoids in Roex could be likely related to luteolin glycosides.

β

β

λ

λ

 

Figure 1. HPLC-DAD analysis of Roex recorded at 280 nm. Rosmarinic acid is the phenolic compound of the extract with
the highest content; other hydroxycinnamic derivatives are present in high concentration.
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Table 2. Content of rosmarinic, chlorogenic and caffeic acid, and total hydroxycinnamic derivatives,
expressed as mg of rosmarinic acid/g of d.e.

Compound mg/g d.e.

Rosmarinic acid 46.3 ± 5.0
Chlorogenic acid 2.0 ± 0.1

Caffeic acid 0.7 ± 0.1
Total hydroxycinnamic derivatives (expressed

as rosmarinic acid) 69.4 ± 5.2

2.2. Antiradical Activity: DPPH Assay and EPR Analysis

The antioxidant behavior of the Roex was evaluated by its ability to scavenge the
free DPPH radical by electron donation, by both spectrophotometric and EPR analysis.
The results obtained by spectrophotometric measurements, demonstrated that the extract
showed a great antiradical activity with the IC50 value around 50 µg/mL.

By EPR analysis, as shown in Figure 2, the addition of the antioxidant to the DPPH
radical solution determined a reduction in intensity of the signal with a scavenger percent-
age equal to 99%. Roex showed a gallic acid-equivalent antioxidant activity towards DPPH
radical equal to 0.777 ± 0.013 (standard deviation).

 

ν

− − −

−

Figure 2. Room temperature X-band spectra of (a) DPPH radical alone, (b) DPPH radical after
the addition of Rosmarinus officinalis extract. Experimental conditions: The spectra were recorded at
microwave frequency ν = 9.86 GHz, microwave power 2 mW and 0.1 mT modulation amplitude.

2.3. Hydrogen Peroxide Scavenging Activity

As shown in Table 3, the extract had the capability to scavenge hydrogen peroxide in
a concentration dependent manner (0.024–0.96 mg/mL) with an EC50 (half maximum effective
concentration) of 0.48 mg/mL corresponding at a phenolic content of about 4.6× 10−2 mg/mL,
hydroxycinnamic acids content of 2.2 × 10−2 mg/mL, flavonoids 3.1 × 10−3 mg/mL and
triterpenoids 3.4 × 10−2 mg/mL.
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Table 3. Total phenolic content and percentage of scavenged hydrogen peroxide as a function of increasing concentrations
of Roex.

Concentration
of d.e. (mg/mL)

% Scavenged
H2O2 ± SD

Total Phenolic
Content (mg/mL)

Total Hydroxycinnamic
Acids Content (mg/mL)

Total Flavonoid
Content (mg/mL)

Total Triterpenoids
(mg/mL)

0.024 15 ± 3 2.3 × 10−3 1.1 × 10−3 1.6 × 10−4 1.7 × 10−3

0.12 28 ± 4 1.2 × 10−2 5.6 × 10−3 7.8 × 10−4 8.6 × 10−3

0.24 41 ± 4 2.3 × 10−2 1.1 × 10−2 1.6 × 10−3 1.7 × 10−2

0.48 53 ± 6 4.6 × 10−2 2.2 × 10−2 3.1 × 10−3 3.4 × 10−2

0.72 66 ± 3 6.9 × 10−2 3.3 × 10−2 4.7 × 10−3 5.2 × 10−2

0.96 73 ± 5 9.2 × 10−2 4.4 × 10−2 6.2 × 10−3 6.9 × 10−2

2.4. In Vitro Anti-Proliferative Activity

Non-confluent adherent mouse fibroblasts NIH3T3 and human breast adenocarcinoma
cells MDA-MB-231 were incubated with different concentrations of Roex diluted 1:5 with
60% ethanol. Cells were analyzed after 24 h of contact with the test samples and the results
are reported in Figure 3. As shown, Roex exerted an anti-proliferative effect against both
NIH3T3 and MDA-MB-231 cell lines in a concentration dependent manner, with lesser
efficiency on breast adenocarcinoma cells compared to fibroblasts.

− − − −

− − − −

− − − −

− − − −

− − − −

− − − −

 

−

Figure 3. Percentage of viable NIH3T3 and MDA-MB-231 after 24 h of contact with increasing concentration of Roex dry
extracts as determined by the Neutral Red Uptake. Date are mean ± SD of six replicates. * Values are statistically different
versus negative control (complete medium), p < 0.05. # Values are statistically differently versus percentage of viable
MDA-MB-231, p < 0.05.

2.5. Protective Effect against Hydrogen Peroxide Induced Oxidative Stress

Concentration-effect relationship for the cytotoxic action of H2O2 towards NIH3T3
and MDA-MB-231 cells were obtained by testing concentration values of the hydrogen
peroxide ranging from 0.082 to 1.60 mM. Cytotoxicity was determined as decreasing of cell
viability after H2O2 pre-treatment followed and not by contact with 7.20 × 10−3 mg/mL

9



Plants 2021, 10, 97

Roex, the concentration value at which the extract showed the lowest degree of cytotoxicity
for both cell lines.

As shown in Figure 4a, Roex was able to increase significantly NIH3T3 cell viability
after pre-treatment with H2O2 concentrations ranging from 0.33 and 1.3 mM but not at
highest values, i.e., 1.5 and 1.6 mM.

Figure 4. Influence of hydrogen peroxide pre-treatment on viability of (a) NIH3T3 and (b) MDA-MB-231.
* Values are statistically different versus H2O2 treated cells, p < 0.05.

The addition of Roex increased the percentage of viable MDA-MB-231 after pre-
treatment with hydrogen peroxide in a range of concentrations between 0.82 and 1.6 mM
(Figure 4b). Human adenocarcinoma breast cells demonstrated to be more resistant to
H2O2 pre-treatment in comparison to NIH3T3 fibroblasts and the rosmarinic extract im-
proved cell viability neutralizing the toxic effect of H2O2 also at the highest concentrations,
demonstrating to be able to protect cells and to reduce cell death.
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2.6. Mutagenicity Assay: Ames Test

In Salmonella mutagenicity assay, six different concentrations of Roex were tested by
Ames test on TA98, and TA100 strains with and without S9 metabolic activation. The results
for the mutagenic effect of Roex reported in Table 4 demonstrated that all the concentrations
tested were not genotoxic towards both TA98 and TA100 with and without S9 fraction.
In fact, also at the highest concentration (24 mg/mL), the number of revertants was lower
and statistically different in comparison to positive control (p < 0.01). The background
level, as well as positive control values, were in all cases within the normal limit found in
our laboratory and in accordance with literature data [33].

Table 4. Mean number of revertants in S. typhimurium strains 98 and 100, exposed to different
concentrations of Roex with and without S9 fraction. The results are reported as the mean of
revertants ± SD.

Salmonella typhimurium TA 98 Salmonella typhimurium TA 100

Revertant (Mean ± SD) Revertant (Mean ± SD)

Roex d.e. Concentration
(mg/mL)

−S9 +S9 −S9 +S9

0 1.33 ± 0.52 1.67 ± 1.21 1.33 ± 1.37 1.33 ± 1.21

2.4 × 10−2 1.67 ± 1.53 1.33 ± 0.58 1.33 ± 0.58 1.33 ± 1.53

1.2 × 10−1 1.67 ± 1.15 2.33 ± 0.58 1.00 ± 0.00 2.00 ± 0.00

2.4 × 10−1 2.00 ± 1.73 3.00 ± 1.00 1.33 ± 1.53 2.33 ± 2.08

4.8 × 10−1 2.33 ± 1.53 333 ± 1.15 1.67 ± 2.08 1.67 ± 0.58

7.2 × 10−1 2.67 ± 1.15 1.33 ± 1.15. 2.67 ± 1.15 2.33 ± 1.53

24 1.33 ± 1.53 2.33 ± 0.58 2.33 ± 1.15 2.33 ± 0.58

Positive Control 31.33 ± 3.06 34.00 ± 2.00 47.33 ± 1.15 47.67 ± 0.58

Baseline 1.85 2.88 2.54 2.70

2.7. Antithrombotic Activity: Thrombin Time (TT)

By looking at the TT values reported in Table 5, it was possible to note that all the
five Roex tested concentrations significantly increased clotting time in comparison to the
control, demonstrating the extract to have anti-coagulating effect also at the lowest concentra-
tion value.

Table 5. Thrombin Time of different concentration of Roex. Data are mean ± SD of six replicates.
(*) Value statistical different versus control (human plasma diluted 1:1 with 60% v/v Et-OH solution).

Roex d.e. Concentration (mg/mL)

0 2.4 × 10−2 1.2 × 10−1 2.4 × 10−1 4.8 × 10−1 7.2 × 10−1 9.6 × 10−1

Thrombin Time
(second ± SD) 18 ± 2 >120” (*) >120” (*) >120” (*) >120” (*) >120” (*) >120” (*)

3. Discussion

Herbal extracts bioactivity depends on their chemical profile and the choice of the
solvent is crucial in extraction processes as it directly affects the chemical composition of
the final extracts and the mass extraction yield. Among the alternative solvents available
for plants extraction, hydro-alcoholic mixtures are good candidates since they are rather
few selective and let to extract a wide range of compounds [34–37]. Considering global
extraction yields of Rosmarinus officinalis, a ratio ranging from 50% to 80% ethanol gives
highest mass extraction yields and total content in target compounds in comparison to
lower Et-OH values. For this reason, the solvent that we utilized for the production of Roex
was hydro-alcoholic mixture with 60% ethanol which yielded 112 mg of dry extract from

11



Plants 2021, 10, 97

each gram of rosemary subjected to extraction, corresponding to a percentage yield of 11.2%.
This lower percentage yield obtained in comparison to data reported by Jacotet-Navarro
et al. [38] can be probably due to the environmental conditions as Rosmarinus officinalis is a
sensitive plant to pedoclimatic variations that affect its chemical composition [30].

The Roex, showed a high total phenolic content, of about 95.8 mg/g dry extract,
equivalent to 8.55 mg/g dry herbal material ca., in accordance with other extracts obtained
from Mediterranean rosemary [21]. As previously reported for other rosemary [22,39],
also in Roex the main phenolic subclass was identified in hydroxycinnamic acid derivatives,
and rosmarinic acid was the main single compound, counting almost the half of total
phenolic content. Still in accordance with other published papers, also in Roex total
flavonoid content was low, about 6.5 mg/g. This analysis of the phenolic composition of
the Italian rosemary extract, performed by means of HPLC-DAD technique, represents a
good characterization of its phenolic fingerprint and demonstrated the range of molecules
contributing to the definition of this matrix, and may assist in the study of its in vitro
bioactive properties [8]. Surprisingly, we found also a high content in triterpenoids in Roex,
71.7 mg/g extract. Factors such as plant age, climate and stress conditions that inhibit or
enhance the production of certain compounds might affect the chemical composition of
the extracts [40]. These factors influence the metabolites qualitatively and quantitatively
and may explain why certain compounds such as quercetin, rutin and other quercetin
glycosides were not detectable in this study [40].

The good in vitro antioxidant activity in cell free assays showed by Roex, demonstrated both
by its ability to scavenge the free DPPH radical via electron donation and by the capability
to scavenge hydrogen peroxide in a concentration dependent manner (Figure 2), is very
similar to others typical vegetal extracts with a good antiradical power [41], and is a con-
sequence of its phytocompounds composition. Hydroxycinnamic acids, presents in high
concentration in Roex, are potent antioxidants and, among them, rosmarinic acid and caffeic
acid have a good dose-dependent DPPH scavenging activity and may contribute to the anti-
radical activity of the extract [42], together with rosmarinic acid. Moreover, also flavonoids
and their metabolites are able to scavenge radicals and participate in antioxidant reactions
as well as triterpenoids and total phenolic compounds [42].

A number of studies have demonstrated a good correlation of intrinsic antioxi-
dant activity in a non-cellular assay with cytoprotection against an oxidant challenge
in a cellular assay, demonstrating the ability of antioxidants to act intracellularly [43,44].
Cellular protection of Roex towards H2O2 pre-treatment, was evaluated against both cancer
and non-cancer cell line, adenocarcinoma breast cancer cells MDA-MB-231 and mouse
fibroblasts NIH3T3, respectively (Figure 4). According to data reported in literature [45],
Roex was able to increase significantly NIH3T3 cell viability after pre-treatment with
H2O2 concentrations ranging from 0.33 and 1.3 mM but not at highest values, i.e., 1.5 and
1.6 mM (Figure 4a). Human adenocarcinoma breast cells demonstrated to be more resistant
to H2O2 pre-treatment in comparison to NIH3T3 fibroblasts and the rosmarinic extract
improved cell viability neutralizing the toxic effect of H2O2 also at the highest concentra-
tions (from 0.82 to 1.6 mM), demonstrating to be able to protect cells and to reduce cell
death (Figure 4b). The importance of rosmarinic and hydrocynnamic derivative to protect
cells in H2O2-induced cytotoxicity is well known. Rosmarinic acid exhibited substantial
H2O2 scavenging activity and inhibited H2O2-induced intracellular ROS production [44].
Caffeic acid was found to scavenge intracellular reactive oxygen species, and 1,1-diphenyl-
2-picrylhydrazyl radical, and thus prevented lipid peroxidation. Chlorogenic acid protect
cells against H2O2-induced oxidative stress and apoptosis [45]. Intracellular dose-dependent
uptake of flavonoids has been demonstrated in various cell types in vitro and is believed to
be even higher in vivo than under normal culture conditions [16].

In vitro antiproliferative activity of Roex towards NIH3T3 and MDA-MB-231,
noncancer and cancer cells, respectively, was evaluated by NRU test. The NRU results
showed that Roex exerted a weak anti-proliferative effect against both NIH3T3 and MDA-
MB-231 cell lines in a concentration dependent manner, with lesser efficiency on breast
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adenocarcinoma cells compared to fibroblasts (Figure 3). In particular, the concentration
value of 2.4 × 10−1 mg/mL reduced NIH3T3 viability by 50%, while the same effect with
MDA-MB-231 was obtained at a Roex concentration of 4.8 × 10−1 mg/mL, a higher value
in comparison to data reported in literature where MDA-MB-231 cells proliferation is
inhibited in a dose-dependent manner with an IC50 of about 2.04 × 10−2 mg/mL [46].
The antiproliferative effect of rosemary extracts towards cancer cells is influenced by their
constituents and seems to be correlated with the presence of polyphenols, mainly caffeic
and rosmarinic acid [47]. On the contrary, rosmarinic and caffeic acid demonstrated low
cytotoxicity against non-cancer cells [48] and this could explain the weak antiproliferative
activity of rosemary extract against non-cancer NIH3T3 cells.

A genotoxicity study is a key step for risk assessment during development of natural
plant extracts for human applications because various genotoxic compounds can cause a
DNA damage compromising human health [49].

In the bacterial reverse mutation assay (Ames test) performed on Roex, as expected,
the positive control agents significantly induced genotoxicity but no genotoxic positive
result was observed in Roex treated groups compared to control at any of the tested con-
centrations (Table 4). These results indicate that Roex and their phytochemical components,
did not exhibit any genotoxic risk under the experimental conditions of this study. The pre-
clinical evaluation of the antithrombotic potential of novel molecules requires the use of
reliable reproducible experimental models. TT is one of the most commonly used tests to
determine the efficacy of novel antithrombotic drugs. In our experiment, TT using pooled
plasma from human healthy patients, was utilized to evaluate the anticoagulant effect of
Roex. The results of TT assay (Table 5) showed that Roex prolonged coagulation times
compared with the control sample, suggesting that the extract inhibited the activity of
thrombin.

There is an evidence that coagulation and inflammation are related processes that may
considerably affect each other [50]. On the basis of our current experimental studies, it can
be hypothesized that inhibitory modulation of coagulation by extracts could give promising
anti-inflammatory mediators. These anti-inflammatory and anticoagulant effects have been
mostly attributed to the polyphenol and flavonoid compounds found in large quantities in
these plants [51] as well as in our Roex. In the future, well-designed prospective studies are
needed to prove this hypothesis.

4. Materials and Methods

4.1. Materials

Thrombin, Dulbecco’s Modified Eagle’s Medium (DMEM), trypsin solution, and all
the solvents used for cell culture as well as Folin–Ciocalteu reactive, DPPH (2,2′-diphenyl-1-
picrylhydrazyl), gallic acid and all the other reagents were of analytical grade and purchased
from Sigma-Aldrich (Milan, Italy). Mouse immortalized fibroblasts NIH3T3 and human
breast adenocarcinoma cells MDA-MB-231 were from American Type Culture Collection
(Manassaa, VA, USA). Ames test kit was supplied from Xenometrix (Allschwil, Switzerland).

4.2. Rosmarinus officinalis Extract (Roex) Preparation

Rosmarinus officinalis L. (Tuscan blue cultivar, Linnean Herbarium number LINN 41.1,
authenticated at the Botanical Museum and Garden of University of Siena) fresh leaves were
collected in spring (April) in Val d’Orcia (Tuscany, Italy, 42◦56′02′′ N 11◦38′17′′ E). The fresh
leaves were washed three times in distilled water and left to dry at room temperature for
24 h. Then, the leaves were chopped with a scalpel. The extract was obtained by putting
20 g of chopped leaves in 80 g of 60% (v/v) ethanol (EtOH) for 48 h at room temperature in
a shaker incubator. At the end of the incubation, the suspension was filtered by a 0.45 µm
Whatman membrane filter and dried using a rotary evaporator. The dry extract obtained
was weighted and the percentage yield was expressed as air-dried weight of plant material.
Samples then were stored at 2–4 ◦C until it was time to conduct further analysis.
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4.3. Chemical Analysis

4.3.1. Determination of Total Phenolic and Flavonoid Content

Total polyphenols and flavonoids content of Rosmarinus officinalis ethanolic extract
(Roex) was examined using spectrophotometric methods reported by Biagi et al., 2014 [52].
In detail, total polyphenols were determined by the colorimetric method of Folin-Ciocalteu.
0.01 mL of each extract were added to 2.990 mL of distilled water and 0.500 mL of Folin-
Ciocalteu reagent 1:10 v/v in distilled water. After 30 s of shaking, 1.000 mL of Na2CO3
15% m/m in distilled water was added. After incubation at room temperature for 120 min,
absorbance at 700 nm was read using a SAFAS UV-MC2 instrument (SAFAS, Monaco, Princi-
pality of Monaco). The polyphenols quantification was calculated by means of interpolation
of calibration curve constructed using gallic acid.

Total flavonoids content of extracts was determined reading absorbance at 353 nm of
100 folds diluted extract according with Sosa et al. [53] and constructing calibration curve
using hyperoside as standard.

4.3.2. Determination of Total Triterpenes

A total of 10 µL of the sample solution was added to 190 µL of glacial acetic acid,
after which 300 µL of a solution of glacial acetic acid with 5% m/v vanillin and, after mixing
for 30 s, 1 mL of perchloric acid.

The mixture was heated to 60 ◦C for 45 min and, after cooling, the volume was brought
to 5 mL with glacial acetic acid [54].

The absorbance was read at 548 nm and the quantification of the total triterpenes in
the extract calculated according to the calibration curve, constructed using β-sitosterol.

4.3.3. High-Performance Liquid Chromatography Analysis of Phenolics Compounds

With the aim of further investigating the polyphenolic fraction of the extract, a high-
performance liquid chromatography-diode array detection (HPLC-DAD) analysis was
carried out.

A Shimadzu Prominence LC 2030 3D instrument equipped with a Bondapak® C18
column, 10 µm, 125 Å, 3.9 mm × 300 mm column (Waters Corporation, Milford, MA, USA)
was used.

Water + 0.1% v/v formic acid (A) and acetonitrile + 0.1% v/v formic acid (B) were
used as mobile phase. The following program was applied: B from 10% at 0 min to 25% at
20 min, then B 50% at 26 min.; flow was set at 0.8 mL/min. Chromatograms were recorded
at 280 nm.

Analyses were performed using 10 µL of extract; rosmarinic acid, caffeic acid,
chlorogenic acid, quercetin, apigenin, luteolin, rutin and hyperoside were used as ex-
ternal standard. Calibration curves were established using reference standards ranging
from 0.008 mg/mL to 0.500 mg/mL. The correlation coefficient (R2) of each curve was > 0.99.

4.4. Antiradical Capacity: DPPH Assay

Antiradical capacity of Roex was evaluated both by spectrophotometric method using
ascorbic acid as reference, and by EPR analysis using gallic acid as reference.

4.4.1. Spectrophotometric Assay

The antiradical capacity of Roex was tested by means of the validated DPPH
(2,2-diphenyl-1-picrylhydrazyl) test. The DPPH solution was prepared in methanol at a
concentration of 1 × 10−4 M. Roex was tested in seven 1:2 serial dilutions (ethanol 60% v/v)
and ascorbic acid, used as reference.

All the samples were mixed with the DPPH solution (1:19), transferred into 1 cm path
length cuvettes and incubated for 30 min at room temperature in the dark. Ethanol 60%
v/v and DPPH (1:19) was used as positive control. The inhibition of DPPH was calculated
according to the following Formula (1) where Absc is the absorbance of the positive control

14



Plants 2021, 10, 97

and Absx the absorbance of tested samples IC50 was calculated by constructing the curve
of inhibition values for each tested concentration (in the linear range 10–75%) [55].

% inibition = (Absc − Absx)/Absc × 100 (1)

4.4.2. Scavenger Activity by Electron Paramagnetic Resonance (EPR) Analysis

Continuous-wave X-band (CW, 9 GHz) EPR spectra were recorded using a Bruker E580
ELEXSYS Series spectrometer (Bruker, Rheinstetten, Germany), with the ER4122SHQE cav-
ity. EPR measurements were performed filling 1.0 mm ID × 1.2 mm OD quartz capillaries
placing them into a 3.0 mm ID × 4.0 mm OD suprasil tube.

A stock solution of DPPH was prepared (0.2 mM in ethanol) and the final concentration
of the radical in each sample was 0.16 mM. The extract was diluted a hundred times in
respect to the stock solution and it was added with one fourth volume in respect to that of
the radical. The addition was incubated for 15 min.

The area of the EPR spectra was calculated by the double integral of the DPPH signal
and the scavenger percentage was calculated using the Formula (2) where A0 is the area of
the DPPH signal without the addition of the extract, Aextract is the area the DPPH signal
after the addition of the extract.

The addition of the antioxidant to the DPPH radical solution determines a reduction
in intensity of the EPR signal with a scavenger percentage equal to 99%.

scavenger % = (A0 − Aextract)/A0 × 100 (2)

4.4.3. Gallic Acid-Equivalent Antioxidant Activity through DPPH Assay

A stock solution of DPPH radical 1 mM in EtOH was freshly prepared and used within
5 h. A stock solution of gallic acid 0.2 mM in EtOH was prepared. The calibration curves
were built using a standard solution of gallic acid. The gallic acid standard solution with
different linear increasing volumes (10–100 µL) and a known volume (100 µL) of the extract
was added to a fixed volume of the DPPH solution (100 µL). After 15 min of incubation
in the dark at room temperature, the EPR spectra were recorded. The antioxidant activity
was plotted through the decay percentage of the area of the DPPH signal versus increasing
concentrations of gallic acid standard solution. The area of the EPR spectra was calculated
through the double integral of the DPPH signal.

The decay percentage for the plotting refers to the Formula (3) where A0 is the area of
the DPPH signal without the addition of the antioxidant or extract, AS is the area the DPPH
signal after the addition of scavenger agent such as antioxidant gallic acid or the extract.

The decay area percentage expressed in gallic acid equivalent was obtained through
the calibration curve built with the standard solution (R2 = 0.928) and reporting the area of
the DPPH EPR signal after the addition of the extract. The extract was diluted a hundred
times in respect to the stock solution. The measurements were repeated in triplicate and
the antioxidant activity of the extract was expressed as mole/g of acid gallic equivalent.

decay% = (A0 − AS)/A0 × 100 (3)

4.5. Hydrogen Peroxide Scavenging Assay

The ability of Roex to scavenge hydrogen peroxide was estimated according the
method of Ruch et al. [56]. A solution of H2O2 (2 mM) was prepared in phosphate buffer
(50 mM, pH = 7.4). Aliquots (0.05, 0.1, 0.2, 0.3 and 0.4 mL) of Roex at a concentration of
24 mg/mL, were transferred into test tubes and their volumes were made up to 0.4 mL
with 50 mM phosphate buffer at pH = 7.4. After adding 0.6 mL of hydrogen peroxide
solution, tubes were vortexed and the absorbance of H2O2 at 230 nm was determined after
10 min of incubation, against a blank containing phosphate buffer and Et-OH 60% without
H2O2. The percentage of hydrogen peroxide scavenging was calculated as follows:

% scavenged H2O2 = [(Ai − At)/Ai] × 100 (4)
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where Ai is the absorbance of control and At is the absorbance of test samples.

4.6. Anti-Proliferative Assay and Protective Effect against Hydrogen Peroxide Induced Oxidative
Stress

4.6.1. Cell Cultures and Anti-Proliferative Test

In order to evaluate the in vitro anti-proliferative activity of new products, the direct
contact test was used [57]. This test is suitable for sample with various shapes, sizes or
physical status (i.e., liquid or solid). The evaluation of in vitro inhibition of cell growth
does not depend on the final use for which the product is intended, and the document ISO
10995-5:2009 recommends many cell lines from American Type Collection. Among them,
to test Roex cytotoxicity, NIH3T3 mouse fibroblasts were chosen [58]. Moreover, in order
to evaluate the anti-proliferative activity of Roex towards tumoral cells, the same test was
repeated by using human breast adenocarcinoma cells MDA-MB 231.

Both NIH3T3 and MDA-MB231 cells were propagated in DMEM supplemented with
10% fetal calf serum, 1% L-glutamine-penicillin-streptomycin solution, and 1% MEM
non-essential amino acid solution, and incubated at 37 ◦C in a humidified atmosphere
containing 5% CO2. Once at confluence, the cells were washed with PBS 0.1M, separated
with trypsin-EDTA solution and centrifuged at 1000 r.p.m. for 5 min. The pellet was
re-suspended in complete medium (dilution 1:15). Cells (1.5 × 104) suspended in 1 mL of
complete medium were seeded in each well of a 24 well round multidish and incubated at
37 ◦C in an atmosphere of 5% CO2. Once reached the 50% of confluence (i.e., after 24 h of
culture), the culture medium was discharged and the test compounds, properly diluted
in completed medium, were added to each well. All samples were set up in six replicates.
Complete medium was used as negative control. After 24 h of incubation, cell viability was
evaluated by neutral red uptake (NRU) assay [59].

4.6.2. Protective Effect against Hydrogen Peroxide Induced Oxidative Stress

To determine the protective effect of alcoholic extract of Roex against oxidative stress,
NIH3T3 and MDA-MB-231 cells were pre-incubated with different concentrations of hy-
drogen peroxide (0.1, 0.2, 0.3, 0.9, 1.0, 1.1, 1.3, 1.5, 1.6 µM) for 15 min, then washed and
incubated for 24 h with 0.3% v/v Roex at a concentration of 7.2 × 10−3 mg/mL in complete
culture medium. Cell viability was evaluated after 24 h of incubation at 37 ◦C in 5% CO2
by NRU assay.

4.6.3. Evaluation of Cell Viability: NRU Assay

In order to determine the percentage of viable cells as follows, the following solutions
were prepared:

1. Neutral Red (NR) stock solution: 0.33 g NR dye powder in 100 mL sterile H2O
2. NR medium: 1.0 mL NR stock solution + 99.0 routine culture medium pre-warmed to 37 ◦C
3. NR desorb solution: 1% glacial acetic acid solution + 50% ethanol + 49% H2O

At the end of incubation, the routine culture medium was removed from each plate
and the cells were carefully rinsed with 1 mL pre-warmed D-PBS 0.1M. Plates were then
gently blotted with paper towels. 1.0 mL NR medium was added to each dish and further
incubated at 37 ◦C, 95% humidity, 5.0% CO2 for 3 h. The cells were checked during
incubation for NR crystal formation. After incubation, the NR medium was removed and
the cells were carefully rinsed with 1 mL pre-warmed D-PBS 0.1M. PBS was decanted and
blotted from the dishes and exactly 1 mL NR desorb solution was added to each sample.
Plates were placed on a shaker for 20–45 min to extract NR from the cells and form a
homogeneous solution. During this step the samples were covered to protect them from
light. Five minutes after removal from the shaker, absorbance was read at 540 nm with a
UV/visible spectrophotometer (Varian Cary 1E).
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4.7. Mutagenicity Assay: Ames Test

The TA100 and TA98 strains of Salmonella typhimurium were utilized for mutagenicity
assay in absence and presence of metabolic activation, i.e., with and without S9 liver fraction.
The tester strains used were selected because they are sensitive and detect a large proportion of
known bacterial mutagens and are most commonly used routinely within the pharmaceutical
industry [60]. The following specific positive controls were used, respectively, with and
without S9 fraction: 2-nitrofluorene (2-NF) 2 µg/mL + 4-nitroquinoline N-oxide (4-NQO)
0.1 µg/mL, and 2-aminoanthracene (2-AA) 5 µg/mL. The final concentration of S9 in the
culture was 4.5%.

Approximately 107 bacteria were exposed to 6 concentrations of Roex, as well as
to positive and negative controls, for 90 min in medium containing sufficient histidine
to support approximately two cell divisions. After 90 min, the exposure cultures were
diluted in pH indicator medium lacking histidine, and aliquoted into 48 wells of a 384-
well plate. Within two days, cells which had undergone the reversion to His grew into
colonies. Metabolism by the bacterial colonies reduced the pH of the medium, changing
the color of that well. This color change can be detected visually. The number of wells
containing revertant colonies were counted for each dose and compared to a zero-dose
control. Each dose was tested in six replicates.

The material was regarded mutagenic if the number of histidine revertant colonies
was twice or more than the spontaneous revertant colonies.

4.8. Antithrombotic Activity: Thrombin Time (TT)

The selected blood donors were normal, healthy men who had fasted for more than
8 h and had not received medication for at least 14 days. Blood samples were collected
into 3.8% (m/V) tri-sodium citrate as anticoagulant at a volume ratio of 9 parts blood
to 1-part citrate. The blood samples were then centrifuged at 3500 r.p.m. for 15 min to
obtain PPP which was utilized to perform TT. In particular, 0.2 mL of each samples were
added to 0.2 mL of a solution obtained by diluting 1:1 human plasma with a solution of
60% Et-OH (% v/v). TT was determined by incubating the aliquot (0.2 mL) of human
plasma containing the sample at 37 ◦C for 2 min, after which 0.2 mL of thrombin (0.6 NIH)
was added. The clotting time was revealed by an Automatic ElviDigiclot 2 Coagulimeter
(from Logos SpA, Milan, Italy).

4.9. Statistical Analysis

All assays were carried out in six replicates and their results were expressed as
mean ± standard deviation (SD). Multiple comparisons were performed by one-way ANOVA
and individual differences tested by Fisher’s test after the demonstration of significant inter-
group differences by ANOVA. Differences with p < 0.05 were considered significant.

5. Conclusions

Taken together, the data obtained demonstrated that hydro-alcoholic extraction of
Tuscan rosemary can be a good method for obtaining active compounds with high potential
for application in many different fields, such as cosmetics, food or pharmaceutical research.
The results of this study have demonstrated, indeed, that the Roex analyzed possessed
good antioxidant and radical scavenging activities when tested in cellular and non-cellular
assays, as well as a weak, anti-proliferative effects towards both cancer and noncancer
cells, absence of genotoxic and ability to prolong thrombin time. All these bioactivities are
tightly correlated to the Roex chemical profile in a dose dependent manner. In order to
prevent unwanted effects when used in humans, it is essential that multiple aspects of the
bioactivity of each Rosmarinus officinalis extract are tested.

Supplementary Materials: The following are available online at https://www.mdpi.com/2223-774
7/10/1/97/s1.
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Abstract: Salvia officinalis L. is a good source of antioxidant compounds such as phenolic diterpenes
carnosic acid and carnosol. From 17 deep eutectic solvents (DESs) used, choline chloride: lactic acid
(1:2 molar ratio) was found to be the most suitable for the extraction of targeted compounds. The in-
fluence of H2O content, extraction time, and temperature (for stirring and heating and for ultrasound-
assisted extraction (UAE)), H2O content, extraction time, and vibration speed for mechanochemical
extraction on the content of targeted compounds were investigated. Carnosic acid content obtained
by the extraction assisted by stirring and heating was from 2.55 ± 0.04 to 14.43 ± 0.28 µg mg−1,
for UAE it was from 1.62 ± 0.29 to 14.00 ± 0.02 µg mg−1, and for mechanochemical extraction
the yield was from 1.80 ± 0.02 to 8.26 ± 0.45 µg mg−1. Determined carnosol content was in
the range 0.81 ± 0.01 to 4.83 ± 0.09 µg mg−1 for the extraction with stirring and for UAE it was
from 0.56 ± 0.02 to 4.18 ± 0.05 µg mg−1, and for mechanochemical extraction the yield was from
0.57 ± 0.11 to 2.01 ± 0.16 µg mg−1. Optimal extraction conditions determined by response surface
methodology (RSM) were in accordance with experimentally demonstrated values. In comparison
with previously published or own results using conventional solvents or supercritical CO2, used DES
provided more efficient extraction of both targeted compounds.

Keywords: sage; optimization; stirring and heating extraction; ultrasound-assisted extraction;
mechanochemical extraction

1. Introduction

The growth of the pharmaceutical industry and increased need for bioactive compo-
nents has led to the increased development of new extraction and isolation methods [1].
The most important differences between these methods are better efficiency and shorter
extraction time for modern techniques compared to the conventional ones. Furthermore,
conventional solvents are very often flammable and toxic with their manufacture depend-
ing on fossil resources [2]. However, there are also certain issues associated with the
modern techniques, such as poor selectivity and solubility of targeted components in the
solvents used, such as H2O, ethanol, or CO2, as well as recovery of bioactive components
and their chemical changes during the extraction period due to the reactions such as ioniza-
tion, hydrolysis, and oxidation [3,4]. Over the past few years, deep eutectic solvents (DESs),
first proposed by Abbott et al. [5,6], have been developed as analogues of ionic liquids (ILs),
although they differ from them in the starting material and the method of preparation.
DESs are mixtures of hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD)
with a lower melting point relative to the starting components. Their green character is
also attributed to their low price, easy preparation, biodegradability, and low toxicity [7].
In addition to these properties, different studies reported that DES could dissolve several
components better than organic solvents, due to dissolving lignocellulose which causes
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damage of plant cell wall and strengthens the mass transfer process [8]. DESs can be pre-
pared from different combinations of the starting compounds, thus being tunable solvents
with different functionality and solubility for various compounds. Therefore, a suitable
combination of the starting solvents and their molar ratio can increase the solubility and
the extraction efficiency of DESs for desired compounds [9]. However, their shortcomings
should also be taken into account with an emphasis on viscosity and low vapor pressure
which makes it difficult to isolate and purify desired components. In addition, high vis-
cosity complicates industrial application due to the high energy consumption needed to
ensure their liquid state [10].

One of the most commonly used HBA is choline chloride (ChCl), since it is an inexpen-
sive, biodegradable, and non-toxic quaternary ammonium salt. ChCl can form DES with
different nontoxic components as carboxylic acids, sugars, sugar alcohols, or amines which
act as HBDs [5,6]. In the last few years, deep eutectic solvents are increasingly used for the
extraction of phenolic compounds including phenolic acids, flavonoids, stilbenes, antho-
cyanins, and furanocoumarins [1,2,11–13]. In the research performed by Bi et al. [11] DESs
were used to extract flavonoids such as myricetin and amentoflavone from Chamaecyparis
obtusa (Siebold and Zucc.) Endl. leaves by alcohol-based DESs. Wang et al. [13] extracted
polyphenols and furanocoumarins from fig (Ficus carica L.) with tailor-made DESs and
showed that DESs were effective for the extraction of these components. Anthocyanins
in the flower petals of Catharanthus roseus L. were extracted with natural deep eutectic
solvents (NADESs) such as lactic acid—glucose and propane-1,2-diol—choline chloride,
which provided higher stability for anthocyanins [12]. The extraction with DES can be
improved by combination with ultrasound (UAE), microwaves and heating as well as by
mechanochemical extraction (MCE). Therefore, Bosiljkov et al. [14] successfully extracted
anthocyanins with UAE combined with DESs. Wang et al. [4] developed fast, efficient, and
ecofriendly MCE for tanshinones as well as bioactive compounds from tea leaves [15]. Due
to the desirability of DESs in the extraction of phenolic components, we decided to extract
phenolic diterpenes, carnosic acid, and carnosol from sage (Salvia officinalis L.) applying
DESs. These compounds have been suggested to account for over 90% of the sage antioxi-
dant properties [16]. In addition to antioxidant activity, carnosic acid, and carnosol showed
proapoptotic [17], antiproliferative [18], anti-angiogenic [19] and antitumor activity. So
far, there are no available data on DESs extraction and optimization of the parameters for
carnosic acid and carnosol from sage. There are few reports dealing with DESs extraction
of sage by Bakirtzi et al. [2] and Georgantzi et al. [20] who investigated the influence of
different DESs on the extraction of polyphenols from medicinal plants including sage. In
paper by Bakirtzi et al. [2] lactic acid-based natural deep eutectic solvents in combination
with ultrasound were used for the extraction of total polyphenols and flavonoids from
sage, while Georgantzi et al. [20] investigated combination of lactic acid-based DES with
cyclodextrin for UAE of total polyphenols and flavonoids.

Taking into account all the above mentioned, the objectives of this study were focused
on (1) investigation on finding appropriate choline chloride based deep eutectic solvent for
the extraction of carnosic acid and carnosol as well as (2) suitable extraction techniques
(stirring with heating, UAE or MCE). Afterwards, the influence of various DES extraction
parameters (H2O content, time, and temperature for stirring and heating and UAE; H2O
content, extraction time and vibration speed for mechanochemical extraction) on the (3)
content of carnosic acid and carnosol in sage extract analyzed by HPLC was investigated. In
addition, (4) the optimal extraction conditions by RSM for desired antioxidant components
(carnosic acid and carnosol) were determined.

2. Results and Discussion

2.1. Influence of DESs on the Obtained Amount of Carnosic Acid and Carnosol in the Extracts

Due to the different effects of viscosity, surface tension, polarity, and HBD interaction
it is hard to estimate the suitability of a DES for the extraction of targeted compounds.
Therefore, in order to select the best DES for the extraction of carnosic acid and carnosol
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from sage, the extraction was performed with different solvents and different H2O addition
at 30 ◦C (Figure A1). According to Dai et al. [12] and Bosiljkov et al. [14], H2O addition
in organic acid-based DESs causes decrease of the solvent polarity since these solvents
are more polar than H2O. Therefore, for targeted components it would be more suitable
to lower H2O addition (which is consistent with the results obtained). As can be seen
from Figure A1, the solvents substantially differ in their ability to extract carnosic acid and
carnosol. In addition to the influence of HBD, the amount of H2O added also plays an im-
portant role for the extraction efficiency. For certain solvents, like choline chloride:malonic
acid (1:1 molar ratio), the amount of carnosic acid was increased with increased H2O
content that may be due to the viscosity lowering effect. For DES choline chloride:citric
acid (1:1 molar ratio), the highest amount of carnosic acid and carnosol was obtained with
30% H2O addition that may be the consequence of a high viscosity of the solvent with 10%
H2O addition. H2O amount was changed to reduce the viscosity which causes a slow mass
transfer, thus affecting the extraction process. The viscosity of DESs can be reduced by the
addition of a certain amount of H2O as well as by increasing the temperature [12]. Several
solvents such as choline chloride:glucose (1:1 molar ratio) were too viscous even with the
addition of H2O at 50% (v/v). Although the addition of H2O can decrease the viscosity, an
excessive concentration of H2O can decrease the interactions between the components of
DES as well the interactions between DES and desired components [11]. This is the reason
why the focus was on H2O addition in the range of 10–50% (v/v).

Carnosol can be extracted with all DESs applied, but choline chloride based DESs with
butane-1,4-diol (1:2 molar ratio) (ChClB) and ethane-1,4-diol (1:2 molar ratio) (ChClE) were
the most effective. The result of extraction with choline chloride:glucose (1:1 molar ratio)
with 10% H2O were not shown because of the high viscosity preventing further analysis.
The same limitation was observed with choline chloride:fructose (1:1 molar ratio) (ChClF)
and choline chloride:citric acid (1:1 molar ratio) (ChClC) at 10% of H2O and at 30 ◦C. The
higher amount of carnosol was observed at lower H2O content (Figure A1). With choline
chloride:urea (1:2) (ChClU) as the solvent, the highest amount of carnosol was extracted
at 30 ◦C. According to the literature, higher content of carnosol is usually present in the
extracts obtained at higher temperatures since it is one of the degradation products of
carnosic acid [20].

On the other hand, not all applied solvents could extract carnosic acid. Basic solvents,
such as ChCl:U, choline chloride:N-methlyurea (1:3 molar ratio) (ChClmU), and choline
chloride:thiourea (1:2 molar ratio) (ChCltU), were not efficient for carnosic acid extraction.
The highest amount of carnosic acid was extracted using acidic DESs, with emphasis on
choline chloride:lactic acid (1:2 molar ratio) (ChClLa). Such solvents are significantly acidic
(pH < 3) compared to the solvents where HBDs were sugars or alcohols (pH > 6) [7,12].
Additionally, the polarity of DESs should also be considered as an important criterion
for the evaluation and selection of the solvents to achieve maximum extraction efficiency.
Carnosic acid and carnosol are polar constituents, soluble in polar solvents (which is in
agreement with the obtained results), such as DESs with organic acids as HBDs, which
are more polar than the DESs with sugars as HBDs [12]. The highest amount of carnosic
acid was obtained with the lowest amount of added H2O (10%) in most solvents. Okamura
et al. [21] have investigated the effect of temperature on the degradation of carnosic acid in
acetone solution and reported that the increase of temperature affected the degradation
of carnosic acid. In case of the extraction with DESs such as ChClLa and choline chlo-
ride:levulinic acid (1:2 molar ratio) (ChClL) the maximum amount of carnosic acid was
extracted at 30 ◦C.

Since carnosol can be extracted with all DESs applied and due to the highest amount
of extracted carnosic acid in the case of choline chloride:lactic acid (1:2 molar ratio) and
the lactic acid properties as natural component, this solvent was selected for further
optimization of the extraction with three extraction methods (stirring and heating, UAE,
and MCE).
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2.2. Comparison of the Used Extraction Methods

After selection of the appropriate solvent, the extractions performed by stirring and
heating and UAE, applying the same temperature and H2O content as well as MCE were
compared. Both, stirring and heating and UAE increase mass transfer and speed up diffu-
sion of the compounds. In the case of ultrasound, acoustic cavitation phenomenon leads to
the disruption of cell walls and consequently improves the yield of extraction compared to
maceration [22]. However, MCE can decrease the processing time and solvent consumption
and reduce noise and radiation compared to UAE and to stirring and heating extraction.

Table 1 shows that slightly higher amounts of carnosol and carnosic acid were ex-
tracted by stirring and heating, compared to UAE. Such results can be explained by the
positive influence of stirring on the mass transfer in such viscous solvent. For MCE, the uti-
lization of the glass beads led to much better mixing of the plant material and solvent, thus
extracting significant amounts of carnosic acid and carnosol in a shorter time compared to
the other two extractions (Table 2).

Table 1. Experimental matrix and values (µg mg−1 of the plant material) of observed response for the extraction with choline
chloride:lactic acid (1:2 molar ratio) obtained by stirring with heating and by ultrasound-assisted extraction (UAE). The results are
expressed as mean value ± standard deviation (n = 3).

Run
H2O
(%)

Time
(min)

Temperature
(◦C)

DES-MIXING DES-UAE

Carnosic Acid
(µg mg−1)

Carnosol
(µg mg−1)

Carnosic Acid
(µg mg−1)

Carnosol
(µg mg−1)

1 30 60 50 3.86 ± 0.82 1.99 ± 0.05 7.37 ± 0.34 3.06 ± 0.21
2 10 90 50 14.43 ± 0.28 4.83 ± 0.09 9.94 ± 0.22 3.92 ± 0.09
3 10 60 70 10.16 ± 0.05 3.90 ± 0.37 14.00 ± 0.02 4.18 ± 0.05
4 30 60 50 4.53 ± 0.49 2.27 ± 0.09 4.18 ± 0.21 2.22 ± 0.14
5 30 60 50 5.16 ± 0.45 2.70 ± 0.17 5.04 ± 0.05 2.46 ± 0.29
6 10 30 50 8.71 ± 0.26 2.10 ± 0.06 8.48 ± 0.06 3.34 ± 0.10
7 30 30 70 5.64 ± 0.11 2.51 ± 0.22 1.62 ± 0.29 0.70 ± 0.02
8 50 90 50 3.16 ± 0.14 1.34 ± 0.21 2.09 ± 0.37 0.84 ± 0.29
9 30 90 70 7.41 ± 0.06 4.79 ± 0.38 8.06 ± 0.13 2.93 ± 0.02

10 10 60 30 10.68 ± 0.66 2.35 ± 0.03 2.66 ± 0.41 0.83 ± 0.38
11 50 60 70 3.87 ± 0.19 1.85 ± 0.15 3.69 ± 0.24 1.85 ± 0.11
12 50 30 50 2.68 ± 0.26 0.81 ± 0.01 2.00 ± 0.07 0.82 ± 0.13
13 30 60 50 5.65 ± 0.36 1.99 ± 0.09 4.37 ± 0.09 2.25 ± 0.17
14 50 60 30 2.55 ± 0.04 0.89 ± 0.03 1.94 ± 0.21 0.92 ± 0.09
15 30 60 50 5.44 ± 0.21 1.79 ± 0.11 2.46 ± 0.05 1.27 ± 0.16
16 30 90 30 5.27 ± 0.18 1.70 ± 0.08 2.80 ± 0.25 1.22 ± 0.12
17 30 30 30 5.37 ± 0.01 1.50 ± 0.19 2.18 ± 0.23 0.56 ± 0.02

For the constant H2O content in all extraction methods, the extracted amounts of
carnosic acid and carnosol obtained by different extractions were compared. The extracted
amounts of selected compounds (8.26 and 7.92 µg mg−1 for carnosic acid and 1.87 and
2.02 µg mg−1 for carnosol) obtained by MCE at Run 12 and 17 can be compared to Run
6 and 9 obtained with stirring and heating extraction and UAE. The difference between
the parameters of these extractions was the extraction time, so at 10% H2O for MCE, 2 min
were enough to obtain similar amounts of targeted compounds as for 30 min of stirring
and heating extraction and UAE. In the case of 30% H2O by MCE, 3 min were sufficient
to obtain the amount of extracted components similar to the amount extracted for 90 min
by stirring and heating extraction and UAE. It is important to note that MCE was carried
out at room temperature (24–28 ◦C). In fact, by using mill, we wanted to show how much
time was needed for the extraction at room temperature, and prolonging the extraction
time would result in warming of the samples without the possibility of heating control.
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Table 2. Experimental matrix and values (µg mg−1 of the plant material) of observed response for the
extraction with choline chloride:lactic acid (1:2 molar ratio) obtained by mechanochemical extraction
(MCE). The results are expressed as mean value ± standard deviation (n = 3).

Run
H2O
(%)

Time
(min)

Vibration Speed
(m s−1)

Carnosic Acid
(µg mg−1)

Carnosol
(µg mg−1)

1 30 3 1 3.50 ± 0.35 1.25 ± 0.02
2 30 2 3 3.38 ± 0.20 1.23 ± 0.06
3 50 3 3 2.51 ± 0.34 0.86 ± 0.02
4 50 1 3 2.01 ± 0.16 0.71 ± 0.04
5 50 2 5 2.98 ± 0.02 1.03 ± 0.13
6 10 3 3 4.29 ± 0.25 1.16 ± 0.04
7 50 2 1 1.80 ± 0.02 0.57 ± 0.11
8 10 2 1 3.37 ± 0.17 1.02 ± 0.20
9 10 1 3 4.06 ± 0.26 1.04 ± 0.37

10 30 1 5 4.69 ± 0.61 1.27 ± 0.11
11 30 2 3 3.31 ± 0.42 1.01 ± 0.09
12 10 2 5 8.26 ± 0.45 1.87 ± 0.33
13 30 2 3 3.63 ± 0.18 1.14 ± 0.01
14 30 2 3 3.45 ± 0.28 1.09 ± 0.12
15 30 1 1 2.45 ± 0.07 0.79 ± 21
16 30 2 3 3.41 ± 0.24 0.98 ± 0.03
17 30 3 5 7.92 ± 0.29 2.02 ± 0.14

2.3. Influence of Various DES Extraction Parameters on the Content of Carnosol and Carnosic Acid

The effect of H2O addition, temperature or vibration speed and extraction time on
carnosol and carnosic acid was investigated for three extraction techniques using DES
choline chloride:lactic acid (1:2 molar ratio). In these experiments, the content of carnosic
acid in sage extract obtained by stirring and heating was 2.55–14.43 µg mg−1, depending
on the applied extraction parameters. The lowest content of carnosic acid was obtained
at 50% (v/v) H2O added at 30 ◦C and 60 min, while the highest content was obtained at
10% (v/v) H2O added at 50 ◦C and 90 min (Table 1). The content of carnosic acid obtained
by UAE varied, depending on the parameters used, in the range 1.62–13.99 µg mg−1.
The lowest content of carnosic acid was obtained at 30% (v/v) H2O added, 70 ◦C, and
30 min and the highest yield at 10% (v/v) H2O added, 70 ◦C and 60 min (Table 1). The
content of carnosic acid obtained by MCE varied depending on the parameters used in
the range 1.80–8.26 µg mg−1. The lowest content of carnosic acid was at 50% (v/v) H2O
added, vibration speed of 1 m/s and 2 min and the highest yield at 10% (v/v) H2O added,
5 m/s and 2 min (Table 2). The content of carnosol obtained by mixing and heating was
0.81–4.83 µg mg−1 depending on the applied extraction parameters. The lowest content of
carnosol was obtained at 50% (v/v) H2O addition, 50 ◦C and 30 min, while the highest yield
was obtained at 10% (v/v) of H2O, 50 ◦C and 90 min. The content of carnosol, depending
on the parameters used in UAE, was 0.56–4.18 µg mg−1 with the lowest content at 30%
(v/v) H2O addition, 30 ◦C and 30 min and the highest yield at 10% H2O addition, 70 ◦C
and 60 min (Table 1). The content of carnosol obtained by MCE was 0.57–2.02 µg mg−1

depending on the applied extraction parameters (Table 2). The lowest content of carnosol
was obtained at 50% of H2O (v/v), vibration speed of 1 m/s and time of 1 min, while the
highest content was obtained at 30% of H2O (v/v), 5 m/s and 3 min.

The addition of H2O and extraction time (Figure 1 and Table A1) showed statistically
significant influence on the content of carnosic acid (p < 0.0001; p = 0.0202) in the extracts
obtained by stirring and mixing. The content of carnosic acid increased with prolonged
extraction time and decreased with the increase of H2O amount.
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Figure 1. Three-dimensional plots for obtained content of carnosic acid as a function of the extraction time, temperature,
and H2O content for the extraction with mixing and heating (a,b), UAE (c,d) and for the extraction time, vibrational speed,
and H2O content for MCE (e,f).
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The interactions between amount of H2O added and extraction time (p = 0.0259) also
showed a significant influence on the content of carnosic acid. In the extracts obtained
by UAE, H2O addition and temperature showed statistically significant influence on the
content of carnosic acid (p = 0.0025; p = 0.0144). For this extraction technique, interactions
between the amount of added H2O and temperature (p = 0.0433) also showed a significant
influence in terms of content of carnosic acid. The content of carnosic acid increased
with increased extraction temperature and decreased with the increase of H2O amount.
In the extracts obtained by MCE, H2O addition, time, and vibration speed (p = 0.0006;
p = 0.0266; p = 0.0002) as well as the interactions between H2O addition and vibration
speed (p = 0.0221) showed statistically significant influence on the content of carnosic acid.
The content of carnosic acid increased with prolonged extraction time and vibration speed
and decreased with the increase of H2O amount.

As can be seen from Figure 2 and Table A2, H2O addition, extraction time, and
temperature showed statistically significant influence on the content of carnosol (p < 0.0001;
p = 0.0008; p = 0.0003) in the extracts obtained by stirring and mixing. The content of
carnosol is increased with increased time and temperature of the extraction and with
decreased H2O amount.

 
(a) (b) 

 
(c) (d) 

Figure 2. Three-dimensional plots for obtained content of carnosol as a function of the extraction time, temperature, and
H2O content in the extraction with mixing and heating (a,b) and MCE (c,d).
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Interactions between amount of H2O added and the extraction time and between the
amount of H2O added and temperature (p = 0.0184; p = 0.0234) also showed a significant
influence for the content of carnosol. In the extracts obtained by MCE, H2O addition, time,
and vibration speed (p = 0.0055; p = 0.0187; p = 0.0012) showed statistically significant
influence on the content of carnosol. The content of carnosol increased with prolonged
extraction time and vibration speed and decreased with the increase of H2O amount. Since
model according to RSM is not significant for the extraction of carnosol with ultrasound
(p = 0.0708), the results obtained for that extraction are not discussed. To optimize the
extraction conditions of two different phenolic diterpenes 17 runs determined by BBD with
three variables (percentage of H2O added, time and temperature or vibration speed) at
three levels were used to fit a second-order response surface. The amount of carnosic acid
and carnosol were observed as the response (Tables A1 and A2).

The data describing the optimal conditions for the extraction of carnosic acid and
carnosol from sage using DESs are not available in the literature, but there are few papers
investigating the optimal conditions with other solvents. In paper by Fatma Ebru et al. [23]
it was shown that 70% of ethanol was the most efficient solvent since it extracted 3.45 mg
carnosol + carnosic acid per g of the extract. According to the optimization carried out, they
showed that the amount of these bioactive components was in the function of extraction
time. In addition, they also demonstrated that carnosol and carnosic acid degraded easily
at higher temperatures over a longer period of time. Therefore, they have shown that the
optimum conditions were temperatures of 40–50 ◦C, the extraction time 3–6 h, solvent-
to-sage ratio 6:1 (v/w) and 70–80 wt.% ethanol for maceration. Similar results were also
showed in paper by Durling et al. [24]. According to the optimization carried out, the
amount of targeted components depended on several parameters such as particle size,
temperature, time, and a solvent-to-sage ratio. The highest concentration of targeted
components was obtained with the particle size 1 mm, 40 ◦C, the extraction time of 3 h,
the solvent-to-sage ratio of 6:1 (v/w) and 55–75 wt.% ethanol. Under these conditions, the
extract containing 10.6% carnosic compounds was obtained.

The optimization process of extraction is important for determining the most favorable
conditions for achieving maximum yields of desired components in the extracts. Based
on BBD, estimated coefficients of second order response models for carnosol and carnosic
acid in sage extracts are given in Tables A1 and A2. R2 for carnosic acid was 0.9630 and
for carnosol was 0.9607 in the extracts obtained by stirring and heating, and for UAE R2

for carnosic acid was 0.8660. In the case of MCE, R2 for carnosic acid was 0.9442 and for
carnosol R2 was 0.9032. According to ANOVA, statistically significant models for carnosic
acid (Table A3) and carnosol in the extraction by stirring and heating (Table A4) (p ≤ 0.05)
were obtained. Additionally, the obtained models showed non-significant lack of fit
(p = 0.2042–0.4491), except in the case of MCE for carnosic acid (p = 0.0008).

According to RSM, optimum conditions are expressed as those at which it is possible
to achieve the maximum amount of carnosic acid and carnosol. They are slightly different
depending on the extraction technique used, so for the extraction with heating and mixing
they were 10% H2O addition, 90 min and 70 ◦C, while for UAE they were 11.05% of H2O
addition, 82.36 min and 69.84 ◦C. Under these optimal conditions, the content of carnosic
acid and carnosol was calculated as 14.20 µg mg−1 and 6.47 µg mg−1 in case of stirring
and heating and 14.72 µg mg−1 of carnosic acid for ultrasound extraction. The desirability
for these optimizations was 0.990 and 1.0, respectively. The experimental results for the
amount of carnosic acid and carnosol obtained at optimum conditions were 13.73 ± 0.26
and 6.15 ± 0.33 µg mg−1 for the extraction with stirring and heating, while for UAE this
amount was 14.24 ± 0.21 µg mg−1. Optimum conditions for MCE were 11.13% H2O
addition, time of extraction 2.90 min, and vibration speed 4.98 m s−1. Under these optimal
conditions, the content of carnosic acid and carnosol is calculated as 8.95 µg mg−1 and
2.02 µg mg−1 with the desirability 1.0 which was confirmed experimentally (8.90 ± 0.10;
2.03 ± 0.04 µg mg−1).
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2.4. Comparison with Other Extraction Methods

According to the literature, the most common solid–liquid extraction of sage has been
performed with methanol. Due to the toxic effect of methanol, it is preferable to use ethanol
which can be classified as bio-solvent and is much safer for the use [25,26]. In the paper by
Abreu et al. [27] the content of carnosic acid and carnosol in methanolic extract of sage was
14.6 mg g−1 of dry weight and 0.4 mg g−1, respectively. This is similar to our results for
Run 2 (mixing and heating) and Run 3 (UAE), but with a significantly higher amount of
carnosol in our case. Sage extraction with 80% methanol over 24 h at room temperature led
to the extraction of carnosic acid only with the content of 273.8 mg 100 g−1 of the plant dry
weight [28], much lower than our results. In other case, the extraction with 50% methanol
during 60 min in ultrasound bath has brought carnosic acid content of 2.1 g kg−1 extract
and carnosol content of 4.1 to 15.1 mg g−1 of plant dry weight [29].

According to Table 3, which shows our results obtained by the stirring with heating
extraction of the same sage material with common solvents, it is observed that the most
effective solvent is absolute ethanol, while H2O is the least effective solvent for the extrac-
tion of carnosic acid and carnosol. The preparation of aqueous solutions of ethanol in the
range of 30–70% (v/v) shows that the increase in the volume of ethanol (v/v) increased the
amount of extracted components. In this case, methanol as the extraction solvent shows
lower extraction efficiency compared to ethanol. In addition, the influence of extraction
parameters such as extraction time and temperature can be observed in Table 3. How-
ever, when ethanol is used as the extraction solvent and with the most efficient extraction
conditions applied (50 ◦ C and 90 min), lower amount of carnosic acid and carnosol was
obtained compared to the selected DES (choline chloride:lactic acid 1:2).

Considering the adverse properties of organic solvents and in order to overcome
their disadvantages, such as low selectivity for antioxidant compounds [30], safe or green
solvents and processes have been used. Supercritical fluid extraction (SFE) has been used
in the plant material extraction due to its ability to provide clean extracts without residual
solvent [31]. In addition, SFE can be performed at low temperatures in short time, which is
suitable for carnosic acid oxidation prevention during the extraction, also supported by the
absence of air and light during the extraction process thus reducing its degradation [32]. In
our previous work [33] we used the same herbal material for carnosic acid and carnosol
extraction using SFE with CO2 (SC-CO2). Comparing the results, the highest amount of
extracted carnosic acid using SC-CO2 was 855.8 mg 100 g−1 of the plant material (30 MPa,
50 ◦C, 1 kg h−1 CO2), while the extraction yield using DESs was 1443.22 mg 100 g−1

and 1399.22 mg 100 g−1, depending on the extraction technique employed. In the case
of carnosol, the highest amount was extracted under the same conditions of SC-CO2
(446.35 mg 100 g−1), and similar results were achieved using DESs (483.34 and 418.39 mg
100 g−1 of plant, depending on the extraction technique employed). However, certified
reference material was not used and therefore minor changes in the composition of the plant
material are possible with respect to the same sample used in our previously published
data. In the paper published by Babovic et al. [34] the content of carnosic acid obtained
by SC-CO2 was 13.76 g per 100 g of the extract and carnosol content was 6.97 g per 100 g
of the extract similar to our results (11.63 g carnosic acid per 100 g and 8.55 g carnosol
per 100 g) [32]. Despite the fact that SC-CO2 extraction conditions may reduce carnosic
acid degradation, we still notice that more carnosic acid was extracted and preserved by
DESs extraction even at higher extraction temperatures. On the other hand, preparing
DESs is simple and inexpensive, i.e., the price is comparable to the cost of the conventional
solvents. Moreover, this is sustainable process theoretically without generated waste [10]
which makes this extraction process suitable for the extraction of bioactive components
including carnosic acid and carnosol.
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Table 3. The values (µg mg−1 of the plant material) of carnosic acid and carnosol for the extraction
obtained by stirring with heating. The results are expressed as mean value ± standard deviation
(n = 3).

Solvent
Time
(min)

Temperature
(◦C)

Carnosic Acid
(µg mg−1)

Carnosol
(µg mg−1)

30% ethanol (v/v)

30
30

1.11 ± 0.03 2.63 ± 0.21
60 1.33 ± 0.55 2.26 ± 0.02
90 1.45 ± 0.53 2.18 ± 0.20
30

50
2.32 ± 0.07 2.04 ± 0.05

60 2.64 ± 0.04 1.99 ± 0.04
90 2.26 ± 0.30 1.51 ± 0.00
30

70
2.82 ± 0.03 2.92 ± 0.16

60 2.13 ± 0.14 2.92 ± 0.311
90 0.93 ± 0.17 2.27 ± 0.38

50% ethanol (v/v)

30
30

5.91 ± 0.19 4.65 ± 0.22
60 3.07 ± 0.39 9.31 ± 0.29
90 3.02 ± 0.15 9.73 ± 0.86
30

50
7.17 ± 0.05 8.39 ± 0.47

60 3.15 ± 0.02 9.06 ± 0.11
90 2.11 ± 0.15 11.25 ± 0.35
30

70
7.63 ± 0.44 6.73 ± 0.38

60 4.43 ± 0.20 8.79 ± 0.79
90 1.91 ± 0.00 11.23 ± 0.13

70% ethanol (v/v)

30
30

8.28 ± 0.53 3.04 ± 0.01
60 7.40 ± 0.05 4.82 ± 0.29
90 7.63 ± 0.0 5.93 ± 0.22
30

50
7.73 ± 0.22 6.17 ± 0.59

60 8.54 ± 0.28 7.21 ± 0.44
90 8.71 ± 0.28 5.43 ± 0.51
30

70
8.73 ± 0.14 4.37 ± 0.07

60 7.53 ± 0.06 6.55 ± 0.22
90 6.85 ± 0.32 6.89 ± 0.26

ethanol

30
30

11.21 ± 0.51 2.72 ± 0.27
60 11.13 ± 0.13 3.57 ± 0.25
90 12.77 ± 0.22 2.83 ± 0.06
30

50
11.74 ± 0.09 3.57 ± 0.47

60 12.80 ± 0.19 3.14 ± 0.06
90 13.64 ± 0.10 3.47 ± 0.01
30

70
13.36 ± 0.37 4.46 ± 0.11

60 12.27 ± 0.11 3.29 ± 0.21
90 11.27 ± 0.05 3.11 ± 0.09

methanol

30
30

8.71 ± 0.87 2.88 ± 0.48
60 9.26 ± 0.06 4.44 ± 0.19
90 10.50 ± 0.58 4.69 ± 0.58
30

50
9.68 ± 0.25 5.03 ± 0.08

60 11.85 ± 0.05 5.24 ± 0.07
90 10.72 ± 0.30 4.85 ± 0.40
30

70
9.69 ± 0.58 3.67 ± 0.24

60 10.11 ± 0.43 4.41 ± 0.10
90 10.41 ± 0.12 4.80 ± 0.03

H2O

30
30

0.00 0.00
60 0.00 0.24 ± 0.00
90 0.00 0.24 ± 0.00
30 0.00 0.29 ± 0.01
60 0.00 0.27 ± 0.00
90 0.75 ± 0.03 0.24 ± 0.00
30 0.00 0.26 ± 0.03
60 0.00 0.25 ± 0.01
90 0.74 ± 0.00 0.42 ± 0.02

3. Materials and Methods

3.1. Chemicals

The standard compounds carnosic acid (≥95.0%) and carnosol (99.2%) (Sigma Chem-
ical Co., St. Louis, MO, USA) were used for the chemical analyses. All solvents were of
analytical grade and purchased from J.T. Baker (Avantor, Phillipsburg, NJ, USA).
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3.2. Plant Material

Dried sage leaves (Salvia officinalis L.) were used for experiments. Prior to the extrac-
tion, the dried leaves were grounded and sieved using a vertical vibratory sieve shaker
(LabortechnikGmbh, Ilmenau, Germany) as described in paper by Jokić et al. [35].

3.3. Preparation of DES

The choline chloride based DESs were prepared as described in our paper [36]. In this
study, seventeen different choline chloride based DESs were prepared using inexpensive
components as shown in Table 4.

Table 4. Preparation of deep eutectic solvents (DESs).

Name Combination Molar Ratio

ChClU Choline chloride:urea 1:2
ChClmU Choline chloride:N-methylurea 1:3
ChCltU Choline chloride:thiourea 1:2
ChClG Choline chloride:glucose 1:1
ChClF Choline chloride:fructose 1:1
ChClX Choline chloride:xylitol 1:1
ChClS Choline chloride:sorbitol 1:1
ChClB Choline chloride:butane-1,4-diol 1:2
ChClE Choline chloride:ethane-1,2-diol 1:2
ChClGl Choline chloride:glycerol 1:2
ChClA Choline chloride:acetamide 1:2
ChClM Choline chloride:malic acid 1:1
ChClC Choline chloride:citric acid 1:1

ChClMa Choline chloride:malonic acid 1:1
ChClO Choline chloride:oxalic acid 1:1
ChClLa Choline chloride:lactic acid 1:2
ChClL Choline chloride:levulinic acid 1:1

3.4. Extraction of Carnosic Acid and Carnosol with DESs

Grounded Salvia officinalis L. dried leaves (50 mg) were mixed with 1 mL of the
selected solvent, a pure DES or a mixture of DES and ultrapure H2O (Millipore Simplicity
185, Darmstadt, Germany). Prepared samples were stirred at 1500 rpm in aluminum
block (Stuart SHB) on a magnetic stirrer or ultrasound treated in temperature-controlled
ultrasonic bath at specified temperature for the certain time (Table 1). The temperature-
controlled ultrasonic bath (Elma P70 H, Singen, Germany) was set with frequency at 37 Hz
and power at 50 W at the same temperature over the same time as in case of mixing in
aluminum block (Table 1). Prepared samples (50 mg of plant + 1 g of glass beads with
1 mL of solvent) were also extracted on the BeadRuptor 12 ball mill (Omni International,
Kennesaw, GA, USA) according to parameters in Table 2 at room temperature (24–28 ◦C).
After the extraction, the mixture was centrifuged for 15 min and then decanted. The
supernatant liquid was then diluted with methanol, filtered through a PTFE 0.45 µm filter,
and subjected to HPLC analysis.

3.5. Extraction of Carnosic Acid and Carnosol with Conventional Solvents

Grounded Salvia officinalis L. dried leaves (50 mg) were mixed with 1 mL of selected
solvent (Millipore Simplicity 185, Darmstadt, Germany). Prepared samples were stirred at
1500 rpm in aluminum block (Stuart SHB) on a magnetic stirrer at specified temperature
for the certain time (Table 3).

3.6. Chemical Characterization of the Extracts

HPLC analyses of carnosic acid and carnosol was performed on an Agilent 1260
Infinity II (Agilent, Santa Clara, California, USA) with chromatographic separation obtained
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on a ZORBAX Eclipse Plus C18 (Agilent, Santa Clara, CA, USA) column (100 × 4.6 mm,
5 µm).

The separation of analyzed compounds was made with method described in our
previous paper [31], but since analysis was performed on different device, linearity of the
calibration curve, LOQ and LOD was confirmed. Standard stock solutions for carnosic
acid and carnosol were prepared in a methanol and calibration was obtained at eight con-
centrations (concentration range 10.0, 20.0, 30.0, 50.0, 75.0, 100.0, 150.0, and 200.0 mg L−1).
Due to R2 = 0.99789 for carnosic acid and R2 = 0.99968 for carnosol, calibration curve was
confirmed. Limit of detection were 0.795 mg L−1 and 0.971 mg L−1 for carnosic acid and
carnosol, respectively. Limit of quantification were 2.648 mg L−1 and 7.416 mg L−1 for
carnosic acid and carnosol, respectively. Retention time for carnosic acid was 7.416 min,
while for carnosol was 4.217 min. The chromatograms of the standard and real sample
are shown in the Appendix A (Figure A2). For the validation of the HPLC method for the
determination of carnosic acid and carnosol, in addition to linearity, retention time compar-
ison and absorption spectrum comparison with standards, repeatability of measurements
and solution preparation as well as accuracy were performed, which is also shown in the
Appendix A (Table A5).

3.7. Statistical Experimental Design

BBD explained in detail by Bas and Boyaci [37] was used for determination of optimal
DES (stirring and heating), UAE-DES and MCE-DES extraction conditions in terms of
getting higher amount of carnosic acid and carnosol in the S. officinalis extracts. Independent
variables in design were H2O content (X1), time (X2) and temperature (X3) and vibration
speed (X3) and tested levels were reported in Table 5. Design-Expert® Commercial Software
(ver. 9, Stat-Ease Inc., Minneapolis, MN, USA) was used for data analysis. The analysis of
variance (ANOVA) was also used to evaluate the quality of the fitted model, and the test of
statistical difference was based on the total error criteria with a confidence level of 95.0%.

Table 5. Coded and real levels of independent variables for the designed experiment.

Type of Extraction Independent Variable Symbol
Level

Low (−1) Middle (0) High (+1)

Stirring and heating
H2O (%) X1 10 30 50

Time (min) X2 30 60 90
Temperature (◦C) X3 30 50 70

Ultrasound
assisted extraction

H2O (%) X1 10 30 50
Time (min) X2 30 60 90

Temperature (◦C) X3 30 50 70

Mechanochemical
extraction

H2O (%) X1 10 30 50
Time (min) X2 1 2 3

Vibration speed (ms−1) X3 1 3 5

4. Conclusions

In present study, determination of suitable deep eutectic solvent and optimization of
the extraction of carnosol and carnosic acid from sage were performed. Among 17 different
solvents, choline chloride:lactic acid (1:2 molar ratio) was selected for the extraction by
heating and mixing, as well as for ultrasound and mechanochemical extraction. The
content of carnosic acid and carnosol was slightly higher in the extracts obtained by
stirring and heating and mechanochemical extraction. The influence of H2O content,
extraction time and temperature (for stirring and heating and for ultrasound-assisted
extraction (UAE)), H2O content, extraction time and vibration speed for mechanochemical
extraction on the content of targeted compounds were investigated. Optimal extraction
conditions determined by response surface methodology (RSM) were in accordance with
experimentally demonstrated values.

Compared to SC-CO2 extraction, we observed that more carnosic acid is extracted
using DESs, with emphasis on ChClLa, while the amount of carnosol detected in the extract
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obtained by ChClLa is similar to that obtained by SC-CO2. In addition, the comparison
with the solvents such as ethanol, H2O, aqueous solutions of ethanol (30–70% (v/v))
and methanol under the same extraction conditions, showed that choline chloride:lactic
acid (1:2 molar ratio) was more efficient for the extraction of carnosic acid and carnosol
compared to used conventional solvents.

Given the amounts of carnosic acid achieved at high temperatures in DES in further
research it would be useful to examine the stability of the component over the certain
period of time.
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Appendix A

Table A1. Regression coefficient of polynomial function of all response surfaces for carnosic acid.

Terms Coefficients Standard Error F-Value p-Value

Carnosic acid (stirring)
Intercept 4.93 0.42

X1 −3.97 0.33 145.19 0.0001
X2 0.98 0.33 8.95 0.0202
X3 0.40 0.33 1.49 0.2619
X1

2 1.60 0.45 12.51 0.0095
X2

2 0.71 0.45 2.46 0.1608
X3

2 0.28 0.45 0.39 0.5530
X1X2 −1.31 0.47 7.94 0.0259
X1X3 0.46 0.47 0.98 0.3562
X2X3 0.47 0.47 1.00 0.3495

R2 = 0.9630

Carnosic acid (UAE)
Intercept 4.76 0.87

X1 −3.17 0.69 21.24 0.0025
X2 1.08 0.69 2.45 0.1617
X3 2.22 0.69 10.45 0.0144
X1

2 1.39 0.95 2.14 0.1871
X2

2 −0.52 0.95 0.30 0.6019
X3

2 −0.57 0.95 0.37 0.5645
X1X2 −0.34 0.97 0.12 0.7349
X1X3 −2.39 0.97 6.06 0.0433
X2X3 1.46 0.97 2.24 0.1780

R2 = 0.8660
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Table A1. Cont.

Terms Coefficients Standard Error F-Value p-Value

Carnosic acid (MCE)
Intercept 3.44 0.28

X1 −1.34 0.22 35.66 0.006
X2 0.63 0.22 7.82 0.0266
X3 1.59 0.22 50.46 0.0002
X1

2 −0.38 0.31 1.50 0.2608
X2

2 0.16 0.31 0.27 0.6209
X3

2 1.05 0.31 11.49 0.0116
X1X2 0.066 0.32 0.043 0.8409
X1X3 −0.93 0.32 8.56 0.0221
X2X3 0.54 0.32 2.95 0.1294

R2 = 0.9442

Table A2. Regression coefficient of polynomial function of all response surfaces for carnosol.

Terms Coefficients Standard Error F-Value p-Value

Carnosol (stirring)
Intercept 2.15 0.16

X1 −1.07 0.13 70.76 0.0001
X2 0.72 0.13 31.74 0.0008
X3 0.86 0.13 45.54 0.0003
X1

2 −0.093 0.18 0.28 0.6146
X2

2 0.22 0.18 1.52 0.2580
X3

2 0.26 0.18 2.26 0.1768
X1X2 −0.55 0.18 9.34 0.0184
X1X3 −0.22 0.18 1.48 0.2630
X2X3 0.52 0.18 8.34 0.0234

R2= 0.9607

Carnosol (MCE)
Intercept 1.09 0.077

X1 −0.24 0.061 15.65 0.0055
X2 0.19 0.061 9.28 0.0187
X3 0.32 0.061 27.85 0.0012
X1

2 −0.18 0.084 4.61 0.0690
X2

2 0.029 0.084 0.12 0.7436
X3

2 0.21 0.084 6.33 0.0401
X1X2 6.381 × 10−3 0.086 5.511 × 10−3 0.9429
X1X3 −0.096 0.086 1.26 0.2988
X2X3 0.074 0.086 0.74 0.4189

R2= 0.9032

Table A3. Analysis of variance (ANOVA) of the modelled responses for carnosic acid.

Source
Sum of
Squares

Degree of
Freedom

Mean
Square

F-Value p-Value *

Carnosic acid (mixing)
The recovery

Model 157.64 9 17.52 20.22 0.0003
Residual 6.06 7 0.87

Lack of fit 3.92 3 1.31 2.44 0.2042
Pure error 2.14 4 0.54

Total 163.70 16
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Table A3. Cont.

Source
Sum of
Squares

Degree of
Freedom

Mean
Square

F-Value p-Value *

Carnosic acid (UAE)
The recovery

Model 171.12 9 19.01 5.03 0.0224
Residual 26.48 7 3.78

Lack of fit 13.99 3 4.66 1.49 0.3444
Pure error 12.49 4 3.12

Total 197.60 16

Carnosic acid (MCE)
The recovery

Model 47.49 9 5.28 13.17 0.0013
Residual 2.81 7 0.40

Lack of fit 2.75 3 0.92 64.44 0.008
Pure error 0.057 4 0.014

Total 50.30 16
* p < 0.01 highly significant; 0.01 ≤ p < 0.05 significant; p ≥ 0.05 not significant.

Table A4. Analysis of variance (ANOVA) of the modelled responses for carnosol.

Source
Sum of
Squares

Degree of
Freedom

Mean
Square

F-Value p-Value *

Carnosol (mixing)
The recovery

Model 22.28 9 2.48 19.04 0.0004
Residual 0.91 7 0.13

Lack of fit 0.41 3 0.14 1.09 0.4491
Pure error 0.50 4 0.13

Total 23.19 16

Carnosol (UAE)
The recovery

Model 18.29 9 2.03 3.18 0.0708
Residual 4.48 7 0.64

Lack of fit 2.81 3 0.94 2.24 0.2256
Pure error 1.67 4 0.42

Total 22.77 16

Carnosol (MCE)
The recovery

Model 1.93 9 0.21 7.26 0.0080
Residual 0.21 7 0.030

Lack of fit 0.17 3 0.055
Pure error 0.042 4 0.010

Total 2.14 16
* p < 0.01 highly significant; 0.01 ≤ p < 0.05 significant; p ≥ 0.05 not significant.
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Table A5. HPLC method validation parameters.

Carnosic Acid
(µg mg−1)

Mean Value
(µg mg−1)

SD RSD (%)
Carnosol

(µg mg−1)
Mean Value
(µg mg−1)

SD RSD (%)

Repeatability of
measurements

100.406

100.39 0.43 0.43%

99.999
100.042 100.004
100.913 100.100
100.842 99.947
100.305 99.977
99.831 99.987 100.00 0.05 0.05%

Repeatability of
solution preparation

104.65

107.46 2.40 2.24%

102.231
108.45 101.996
109.22 103.260
109.09 102.161
109.24 101.677
104.13 101.996 102.22 0.54 0.53%

Added amount
of carnosic acid

(µg mg−1)

Expected value
of carnosic acid

(µg mg−1)

Obtained value
of carnosic acid

(µg mg−1)

Recovery
(%)

Added amount
of carnosol
(µg mg−1)

Expected value
of carnosol
(µg mg−1)

Obtained value
of carnosol
(µg mg−1)

Recovery
(%)

Accuracy

Sample 10.36 6.50
Sample + std 1 (1:1) 22.570 16.461 16.426 99% 21.329 13.915 13.213 95%
Sample + std 2 (1:1) 100.406 55.385 55.797 99% 99.947 53.223 52.999 99%
Sample + std 3 (1:1) 212.859 111.608 107.049 96% 209.221 107.860 106.995 99%
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Figure A1. Carnosol and carnosic acid content obtained by stirring and heating with DESs depending on the temperature
and H2O content (n = 3). The columns represent determined amount of carnosol and carnosic acid in the samples, and the
color of the column indicates DES used according to the abbreviations recorded in the legend to the right and Table 4.
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Figure A2. Obtained chromatogram of carnosol and carnosic acid standards (picture above) and chromatogram of real
sample (picture below).
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Abstract: The study assesses the antioxidant activity (AA), carotenoid profile and total phenolic
content (TPC) of carrot juices obtained from three different varieties (black, orange and yellow) and
prepared using high- (HSJ) and low-speed juicer (LSJ). The AA assessment was carried out using four
assays (DPPH, ABTS, PCL ACW and PCL ACL). The content of carotenoids was conducted by high
performance liquid chromatography equipped with a diode array detector (HPLC-DAD) method,
while the total phenolic content by the spectrophotometric method. It was shown that orange carrot
juices contain more carotenoids than yellow and black carrot juices, approximately ten and three
times more, respectively. The total carotenoid content in orange carrot juice made by the HSJ was
higher (by over 11%) compared to juice prepared by the LSJ. The highest total phenolic content was
noticed in black carrot juices, while the lowest in orange carrot juices. In black carrot juices, a higher
range of TPC was found in juices made by HSJ, while in the case of the orange and yellow carrots,
the highest content of TPC was detected in juices prepared by the LSJ. AA of the juices was highly
dependent on the carrot variety, juice extraction method. The most assays confirmed the highest AA
values in black carrot juices. Furthermore, it was shown that the HSJ method is more preferred to
obtain orange and yellow carrot juices with higher antioxidant properties, while the LSJ method is
more suitable for black carrot juice extraction.

Keywords: carrot juices; carotenoids; polyphenols; antioxidant activity; high-speed juicer;
low-speed juicer; food processing

1. Introduction

Carrot is a root vegetable [1] that contains many bioactive compounds, for example, carotenoids
(α-carotene, β-carotene lutein, zeaxanthin and lycopene) [2], phenolic acids (chlorogenic, ferulic,
p-coumaric, caffeic) [3] and anthocyanins (cyanidin-3-O-xylosyl (sinapoylglucosyl) galactoside,
cyanidin-3-O-xylosyl (feruolylglucosyl) galactoside, cyanidin-3-O-xylosyl (coumaroylglucosyl)
galactoside) [1]. In addition, carrots are great sources of vitamins (ascorbic acid, thiamine, riboflavin,
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niacin, pyridoxine, folic acid, vitamin K and A) as well as minerals (calcium, iron, magnesium,
phosphorus, potassium, sodium and zinc) [2]. Thanks to the presence of the mentioned bioactive
compounds, a carrot has significant health-promoting properties. It was demonstrated that carrots
display powerful antioxidant and radical scavenging activities. Moreover, the consumption of carrots
has been linked with a lower risk of diseases such as atherosclerosis, cataract, diabetes and cancer [1].

Carrots are commonly classified by the color of roots into white, black, orange, yellow,
purple and red [4]. The most common carrot variety is the orange ones which is a genetic crossword
between purple, white and yellow carrots [5]. The color of the root has a significant impact on the
presence of bioactive compounds. The orange carrot root contains high amounts of α-carotene and
is the richest source of β-carotene (precursor of vitamin A). The black carrot is an excellent source
of anthocyanins, red carrot root is rich in lycopene, the yellow ones, in turn, was demonstrated to
accumulate lutein [6,7]. In addition to the root’s color, the growing and season conditions, the ripeness
of carrots as well as part of the root also influence the presence of bioactive compounds [8].

It should be emphasized that the content of bioactive compounds and their biological activity is also
influenced by technological processes. However, effect of technological parameters and carrot variety
interactions on juice nutrition value is still not fully understood Determination of the composition
and content of biologically active substances in both fresh and processed vegetables is crucial for
the food industry. Such information is also essential for consumers with an increasingly developing
nutritional awareness.

The available literature data show that to date, only a high-speed juicer and traditional blenders
were used to examine the impact of the extraction method on the juices’ antioxidant activity. No studies
have evaluated the impact of using a high-speed juicer or a low-speed juicer on the antioxidant activity
of carrot juices [9,10]. In addition, in the previously published papers, the juices’ antioxidant activity
was tested only by DPPH and ABTS assays [9,11,12]. Therefore we intended to examine the influence of
the extraction methods on the concentration of main bioactive compounds in the juices obtained from
roots of different carrot varieties. To meet this goal we applied low- and high-speed juicer and roots of
yellow, orange and black carrots. In addition, to examine the effects of the extraction methods on the
antioxidant activity of carrot juices four different methods (DPPH, ABTS, PCL ACW and PCL ACL)
were used.

2. Results

2.1. Content of Carotenoids in Carrot Juices

The results of the total and individual compound content of carotenoids in the tested carrot juices
are presented in Table 1. The carotenoid profile in tested carrot juices were clearly more dependent on
the carrot variety and this differentiation is visible in Figure 1.

Table 1. The content (mg/100 mL) of carotenoids in black, orange and yellow carrot juices.

Compounds
Black Carrot Orange Carrot Yellow Carrot

HSJ LSJ HSJ LSJ HSJ LSJ

lutein 1.15 ± 0.49 a 1.98 ± 0.08 A 0.61 ± 0.03 c* 0.14 ± 0.05 C 0.81 ± 0.18 b 0.77 ± 0.02 B

zeaxanthin 0.31 ± 0.06 b 0.14 ± 0.03 A 0.61 ±0.00 a* 0.12 ± 0.03 A 0.06 ± 0.08 c 0.14 ± 0.02 A

α-carotene 0.14 ± 0.05 b 0.16 ± 0.04 B 2.90 ±0.34 a 2.70 ± 0.66 A ND ND
13-cis-β-carotene 0.24 ± 0.14 b* 0.35 ± 0.03 B 8.30 ± 1.33 a* 7.88 ± 0.08 A ND ND

β-carotene ND 0.68 ± 0.06 B 15.08 ± 2.84 a* 13.85 ± 0.01 A 0.08 ± 0.01 b 0.12 ± 0.02 C

Total 1.84 ± 0.47 b* 3.31 ± 0.79 B 27.50 ± 0.71 a* 24.69 ± 0.51 A 0.95 ± 0.06 c 1.03 ± 0.06 C

Abbreviations: Rt—retention time; HSJ—high-speed juicer; LSJ—low-speed juicer; ND—non-detected. Data are
expressed as means± SD (n= 3), means in the line with different letters (abc/ABC) are significantly different (p < 0.05).
Statistically significant differences (p < 0.05) between method of extraction each carrot variety are marked by *.
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Figure 1. The high performance liquid chromatography (HPLC) chromatograms of carotenoid
compounds identified in the carrot juices. Identified peaks are as follows: 1—lutein, 2—zeaxantin,
3—β-apo-8′carotenal (used as an internal standard), 4—13-cis-β-carotene, 5—α-carotene and
6—β-carotene. Abbreviations: BC—black carrot, OC—orange carrot, YC—yellow carrot,
HSJ—high-speed juicer, LSJ—low-speed juicer.

The highest carotenoid content was found in orange carrot juices, while the lowest in yellow ones.
The content of t in orange carrot juices was significantly different (p < 0.05) from the content in black
and yellow carrot juices.

Orange carrot juices contained almost thirty and twenty four times more carotenoids in juices
obtained by the use of high-speed juicer and a low-speed juicer than yellow ones and fifteen times
(for high speed juicer (HSJ) method) and seven times (for low speed juicer (LSJ) method) more than
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black carrot juices. The significant difference (p < 0.05) was also detected in the carotenoid content
of black and yellow carrot juices. Black carrot juices were characterized by two times and over three
times more carotenoids content in juices prepared by HSJ and LSJ, respectively, than yellow ones.

In the examined carrot juices five different carotenoids were detected (Table 1). Three compounds
belong to the carotenes group (α-carotene,β-carotene and 13-cis-β-carotene) and two compounds belong
to the xanthophylls group (lutein and zeaxanthin). The richest profile of carotenoids was found in the
orange carrot juices. Five compounds (α-carotene, β-carotene, 13-cis-β-carotene, lutein and zeaxanthin)
were found in the carrot juice obtained by high-speed juicer (HSJ) and by low-speed juicer (LSJ).

The dominant carotenoid in orange carrot juices was β-carotene, constituting 55% and 56% of the
total content of carotenoids in juices prepared by the HSJ and LSJ methods, respectively. The second
dominant compound, in juices obtained from orange carrots, was 13-cis-β-carotene, which was 30% of
the total content of carotenoids for juice obtained by the use of HSJ and 32% obtained by the use of LSJ.
Juices obtained from yellow and black carrots contained three (lutein, zeaxanthin and β-carotene) and
five compounds (lutein, zeaxanthin, β-carotene and 13-cis-β-carotene), respectively. In the yellow
carrot juices, the dominant carotenoid was lutein which constituted 85% of the total carotenoids
content in juices prepared by the use of high-speed juicer and 75% by low-speed juicer. The dominant
compounds in the black carrot juices were lutein (63% for HSJ method and 60% for LSJ method) and
zeaxanthin (17% for HSJ method and 4% for LSJ method) and 13-cis-β-carotene (13% for HSJ method
and 11% for LSJ method). Significantly higher amounts (p < 0.05) of β-carotene and 13-cis-β-carotene
were determined in the orange carrot juices compared to the black carrot ones. In turn, the orange
carrot juices obtained by HSJ method contained thirty five times more 13-cis-β-carotene, whereas juices
made by LSJ method contained twenty three times and twenty times more of 13-cis-β-carotene and
β-carotene, respectively. The highest amounts of lutein were determined in the black carrot juices.
The content of this compound was two and fourteen times higher in the black carrot juices than in
orange carrot juices made by HSJ and LSJ, respectively. It should be emphasized that, in comparison to
other carrot varieties, orange carrot juice contained the lowest percentage of lutein (p < 0.05).

It was showed that method of juice extraction significantly affected the content of lutein, zeaxanthin,
13-cis-β-carotene and β-carotene in orange carrot juices (p < 0.05). Juice prepared by the high-speed
juicer contained 77%, 80%, 5% and 8% more these compounds compared to juice obtained using the
low-speed juicer (Table 1). Furthermore, the total content of carotenoids in the juice obtained from
orange carrots prepared by the HSJ method was significantly higher (by over 111%) than in juice made
by the LSJ method (p < 0.05).

2.2. Total Phenolic Content in Carrot Juices

The total phenolic content (TPC) in the tested juices differed among carrot varieties (Figure 2).
The significantly highest TPC was demonstrated in the juices obtained from black carrots (p < 0.05),
while the lowest content of these compounds was detected in the orange carrot juices (p < 0.05).
The black carrot juice prepared with the use of LSJ method contained 7% more total phenolic content
than the juice prepared with the use of HSJ (p < 0.05). In comparison, the juice obtained from orange
carrot using HSJ method was characterized by a higher TPC and contained 10% more these compounds
than the juice obtained by LSJ. The TPC demonstrated in the juice obtained from yellow carrot did not
differ between the extraction method. The TPC demonstrated in black carrot juices prepared with the
HSJ and LSJ methods was eight and nine times higher than TPC demonstrated in orange carrot juices
prepared with the same methods, respectively. and six times higher than in yellow carrot juices.
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Figure 2. Results of total phenolic content (TPC) in black, orange and yellow carrot juices. Abbreviations:
BC—black carrot, OC—orange carrot, YC—yellow carrot, HSJ—high-speed juicer, LSJ—low-speed
juicer. Each bar corresponds to the mean of three independent replicates with error bars indicating
the standard deviations. Different letters (abc/ABC) indicate significant differences among samples
(p < 0.05). Statistically significant differences (p < 0.05) between method of extraction each carrot variety
are marked by *.

2.3. Antioxidant Capacity of Carrot Juices

Four methods (ABTS, DPPH, PCL ACW and PCL ACL) were used to determine the antioxidant
activity of the carrot juices (Table 2). The results of the PCL methods were presented both separately
and as a sum of ACL and ACE measurements.

Table 2. The antioxidant activity of black, orange and yellow carrot juices determined by different assays.

Antioxidant Activity Assays
[µmol Trolox/mL]

Black Carrot Orange Carrot Yellow Carrot

HSJ LSJ HSJ LSJ HSJ LSJ

DPPH 28.36 ± 0.14 c* 27.66 ± 0.27 C 28.82 ± 0,27 b 28.54 ± 0.35 B 29.08 ± 0.21 a 29.12 ± 0.59 A

ABTS 4.16 ± 0.03 a* 4.10 ± 0.00 A 3.47 ± 0.04 b* 3.28 ± 0.01 B 3.28 ± 0.05 c* 3.15 ± 0.01 C

PCL ACW 9.88 ± 0.17 a* 32.18 ± 0.32 A 4.02 ± 0.03 c* 3.87 ± 0.12 C 6.38 ± 0.32 b 6.28 ± 0.32 B

PCL ACL 122.13 ± 1.73 a* 140.63 ± 5.98 A 85.43 ± 0.46 b* 77.28 ± 0.11 C 86.83 ± 2.16 b 83.35 ± 3.75 B

PCL 132.00 ± 1.56 a* 172.80 ± 5.66 A 89.45 ± 0.43 c* 81.14 ± 0.01 C 93.20 ± 2.47 b 89.63 ± 3.43 B

Abbreviations: HSJ—high-speed juicer; LSJ—low-speed juicer. Data are expressed as means ± SD (n = 3), means in
the line with different letters (abc/ABC) are significantly different (p < 0.05). Statistically significant differences
(p < 0.05) between method of extraction each carrot variety are marked by *.

The obtained juices were characterized by different antioxidant activity depending on the
carrot variety and extraction method. The results of DPPH assay showed that yellow carrot juices
demonstrated the highest antioxidant activity among examined varieties (p < 0.05) and the juice made
by the LSJ method was characterized by slightly higher values of antioxidant activity than those
made by the HSJ. In comparison, black and orange carrot juices obtained by the HSJ method were
characterized by higher values of antioxidant activity than the juices obtained by the LSJ. A significant
relationship (p < 0.05) between the extraction method and the antioxidant activity was demonstrated
only for black carrot juices (Table 2). The antioxidant activity demonstrated in juice obtained from
orange and yellow carrots did not differ between the extraction method (p > 0.05).

The results of ABTS assay demonstrated that the highest antioxidant activity was shown for the
black carrot juices and the lowest activity was demonstrated for the yellow ones. The antioxidant
activity of black carrot juice obtained by HSJ method was 17% and 21% higher than the antioxidant
activity of orange and yellow carrot juices, respectively. A similar tendency was observed for the
black carrot juices obtained with the use of LSJ. Moreover, the significant relationship between the
extraction method and the antioxidant activity estimated by the ABTS test of juices obtained from each
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carrot variety was noted. The antioxidant activity demonstrated in juices obtained by HSJ method was
higher than those shown in juice obtained with the use of LSJ (1.5%-black, 5.5%-orange and 4%-yellow
carrot juice) (p < 0.05).

The highest antioxidant activity were demonstrated for the black carrot juices, while the lowest
values were demonstrated for the orange carrot juices (p < 0.05) in all applied assays (PLC ACW, PLC
ACL, PLC). The results of PCL ACW assay demonstrated that differences in juices’ antioxidant activity
values depends on the carrot variety. The antioxidant activity of black carrot juices method was higher
in comparison to the antioxidant activity of orange and yellow carrot juices made (regardless of the
extraction method) (p < 0.05). It should be noticed that, in case of black and orange carrot, the extraction
method had a significant effect on the antioxidant activity determined by all applied assays. The results
of all assays showed that the black carrot juice obtained by LSJ had higher antioxidant activity than the
juice obtained by HSJ (p < 0.05). The opposite situation was observed in case of orange and yellow
carrot juices, where the higher antioxidant values were measured in juices obtained by HSJ (Table 2).

2.4. Association Between Obtained Data

2.4.1. Linear Pearson’s Correlation Coefficients

The values of antioxidant activity of carrot juices analyzed by the ABTS assay was strongly
positively correlated with the values obtained by the PCL ACW (r = 0.89), PCL ACL (r = 0.96) assays
and the sum of PCL assay (r = 0.96). While the results of the AC measured by the DPPH assay were
only slightly correlated with other assays; negatively with all PCL assays and positively with ABTS
assay (Table 3).

Table 3. Correlation coefficients (r) calculated for the relationships between carotenoids, total phenolic
content and antioxidant activity assays (r marked by * are statistically significant at p < 0.05).

Correlation DPPH ABTS PCL ACW PCL ACL Sum of PCL

zeaxanthin 0.05 0.18 −0.24 −0.05 −0.11
lutein −0.91 * 0.91 * 0.89 * 0.96 * 0.96 *

α-carotene 0.09 −0.32 −0.42 −0.51 −0.49
13-cis-β-carotene 0.10 −0.31 −0.44 −0.51 −0.50

β-carotene 0.11 −0.33 −0.43 −0.51 −0.50
total carotenoids 0.07 −0.29 −0.40 −0.48 −0.47

TPC −0.83 * 0.96 * 0.79 0.98 * 0.95 *
DPPH 0.05 0.18 −0.24 −0.05 −0.11
ABTS −0.91 * 0.91 * 0.89 * 0.96 * 0.96 *

PCL ACW 0.09 −0.32 −0.42 −0.51 −0.49

Relationships between the content of carotenoids and antioxidant activity were also estimated
(Table 3). Statistically significant (p < 0.05) and positive correlation coefficients were shown between
the content of lutein and the results of ABTS (r = 0.91), PCL ACW (r = 0.89) and PCL ACL assays
(r = 0.96) and sum of PCL (r = 0.96), while the negative correlation coefficient between the content
of lutein and results of the DPPH assay (r = −0.91). In turn, average negative correlation coefficients
(but not significant at p < 0.05) for relationships between content of total carotenoids, α-, β- and
13-cis-β-carotene and results of the ABTS, PCL ACW, PCL ACL and PCL assays were noted (r values
ranging from −0.29 to −0.51). It was also shown that TPC was highly positively correlated with most
applied antioxidant assays; r values in range of 0.79–0.98 for ABTS, PCL ACW, PCL ACL and total
PCL assays. However, a strong negative correlation between TPC and DPPH (r = −0.83) was found.

2.4.2. Principal Component Analysis (PCA)

Principal component analysis (PCA) was performed on all samples and variables (individual
carotenoid concentration, total phenolic content, antioxidant capacity (ABTS, DPPH, PCL ACW, PCL
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ACL assays and the sum of PCL) to investigate the structure and regularity in the relationships between
variables and cases. The first two principal components (PC) explained 90.61% of total data variance.
The correlations between the original variables and the obtained principal components are shown in
Figure 3a. Each of the variables is represented by a vector. The direction and lengths of the vectors
indicate to what extent the given variables affect the principal components. In our study, most input
variables are located near the circle, which means that the information in these variables is transferred
by principal components. PCA analysis showed a strong positive correlation between α-carotene,
β-carotene, 13-cis-β-carotene and between lutein and TPC, ABTS, PCL ACW, PCL ACL and the sum
of PCL. However, the opposite variables are negatively correlated. The strong negative correlation
between lutein and zeaxanthin and the DPPH assay and between ABTS, PCL ACW, PCL ACL, the sum
of PCL and DPPH were noted. Moreover, the graph shows that TPC was also negatively correlated
with the antioxidant capacity determined by the DPPH assay and positively correlated with the ABTS,
PCL ACW, PCL ACL assays and sum of the PCL.

Figure 3. Principal components plot, variations in the parameters (ABTS, DPPH, PCL ACW, PCLACL
assays and sum of the PCL) of the analyzed carrot juices (A) score plot of the obtained juices (B).
Abbreviations: BC—black carrot, OC—orange carrot, YC—yellow carrot, HSJ—high-speed juicer,
LSJ—low-speed juicer.

Figure 3b presents the score plot on the plane of principal components, which shows the similarity
between the types of carrot juices tested. The analyzed cases’ position concerning each other proves
different antioxidant properties of juices obtained from black, orange and yellow carrots. Moreover,
based on the analysis, it was observed that the juices from black carrots were the most diverse (LSJ and
HSJ methods), while the juices from yellow carrots were the most similar. There was no similarity
between the juices from different carrot cultivars.

3. Discussion

The carotenoid content in carrot juices varies and depends on many factors, for example,
type of raw material and/or storage time [13]. In this study, the highest content of carotenoids was
demonstrated in juices made of orange carrot 27.50 mg/100 mL in the juice prepared by the use of HSJ
and 24.69 mg/100 mL in the juice obtained by the use of LSJ. In comparison, Amal et al. [13] shown that
the total content of carotenoids in the juice from orange carrot was 6.6 mg/100 mL. The difference in the
results may arise from the variety of carrot use in the research, growing conditioning and cultivation
practice [14]. The lowest carotenoid content was identified in juices from the yellow carrot. Similarly,
Sun et al. [15] presented that yellow (as well as white) carrot varieties contain the lowest amount
of carotenoid pigments. Therefore, the carrot root color used to juice preparation has an essential
contribution to the content of selected compounds from the carotenoid group.

In the conducted research the amount of β-carotene in juices made from orange carrot represented
more than 50% of total carotenoids content. In juices made from black carrot the β-carotene content
was 20% and in juices from yellow carrot the amount of β-carotene represented 8% (HSJ) and 12 % (LSJ).
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Juices made of black and yellow carrot contained a higher amount of xanthophylls than carotenes.
The group of xanthophylls includes lutein. The available literature data confirms that lutein is the
main compound of the yellow carrot and the yellow carrot juices can contain from 0.1 to 0.5 mg/100 mL
of lutein [5]. In our experiment, the lutein content in yellow carrot juice was from 0.77 mg/100 mL
(LSJ method) to 0.81 mg/100 mL (HSJ method). Black carrot juice possesses 1.5 (from HSJ method)
and 2.5 (from LSJ method) times higher content of lutein in comparison to yellow carrot juice. Black
carrot juices are considered poor source carotenes but a better source of xanthophylls [5]. More than
79% of carotenoids in juices made of black carrots are zeaxanthin and lutein, which are assigned to
the xanthophylls group. Higher content of β-carotene and 13-cis-β-carotene was demonstrated in
orange juices prepared by the HSJ method and in yellow and black carrot juices prepared by the
LSJ method. Similarly to the result obtained in the present study, the result of other researchers
demonstrated that the juice preparation method did not significantly influence carotenoid content in
juices [11]. On the other hand, the study conducted by Ma et al. [16] showed that the peeling method,
blanching and enzyme liquefaction treatment had an impact on β-carotene, α-carotene and lutein
contents in the carrot juice. In the case of peeling and blanching, the authors showed a decrease in
carotenoid compounds content. On the other hand, use of enzymes in the carrot juice production may
significantly increase the content of carotenoids [16].In the present study, the total polyphenols’ content
fluctuates in the wide range and depends on carrot variety and juices extraction methods. The highest
amount of TPC was observed in black carrot juices. The high content of total phenolic (TPC) in black
carrot juices is result of their high concentration in raw material [17]. Total phenolic content in carrot
juices determined in the present study was similar to those demonstrated previously by the other
authors [18].

The study showed that the extraction method affected phenolics’ content in black and orange
carrot juices. In the black carrot juice more phenolics were found in juices prepared with the use of LSJ,
while in the orange carrot juices more phenolics contained juices obtained by HSJ. The studies of the
other authors also confirm the relationship between the method of juice extraction and the content
of polyphenols. For example, the studies of Pyo et al. [9] and Mphahlele et al. [19] demonstrated
that juices prepared with the use of blender contain a significantly higher total phenolic content in
compared to squeeze juice. Juices made with a blender contain more flesh which is rich in polyphenols,
whereas squeezed juices are devoid of pomace to which most polyphenolic compounds pass [9,20].

In presented study, the strong correlations between the content of phenolics and antioxidant
capacity measured by ABTS, PCL ACW, PCL ACL and the sum of PCL assays were found. It showed
that phenolics play a significant role as antioxidants in carrot juices. The literature data also provided
some information on the antioxidant capacity of carrot juices. Kim et al. [12] indicated the higher
antioxidant activity of juices from the low-speed juicer. MacDonald-Wicks et al. [21], noticed that
antioxidant capacity is the sum of the antioxidant activity of all types of antioxidant compounds present
in the product that trap free radicals. In carrots, these compounds include polyphenols, carotenoids
and antioxidant vitamins—C and E. The number of values of antioxidant activity of carrot juices for
the methods used was as follows: sum of PCL > PCL, ACL > DPPH > PCL, ACW > ABTS. The highest
antioxidant activity was established in ABTS, PCL ACW, PCL ACL and the sum of PCL for black
carrot juices. According to the literature, methanolic extracts from black carrots possess the highest
antioxidant activity determined with the use of DPPH assay [22]. Similarly to the results of present
study, the results demonstrated by the other authors showed that, in comparison to juice obtained from
yellow and orange carrots, black carrot juices exhibited the highest antioxidants activity [15,22–24].

The ratio of antioxidant potential of the lipophilic fraction (ACL) and hydrophilic fraction (ACW)
was established at 12.4 and 4.4 in black carrot juices, 21.3 and 20.0 in orange carrot juices and 13.6 and
13.3 in orange carrot juices, obtained by the HSJ and LSJ methods, respectively. These proportions
indicated that in a carrot juice, in which hydrophobic antioxidants are predominated, a species-diverse
antioxidant profile is presented. The juices’ antiradical activity for fat-soluble compounds (ACL) was
significantly higher than the antiradical activity of water-soluble compounds (ACW). The PCL ACL
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assay indicated antioxidant activity in lipids, in which the soluble carotenoids contained in carrots
were found; therefore, a strong positive correlation with the ABTS test was demonstrated. Due to the
presence of water-soluble antioxidants in carrot juices (polyphenols and vitamin C) the PCL ACL assay
was negatively correlated with the DPPH assay. The strong positive correlation between TPC and the
ABTS, PCL ACL, PCL ACW assays and the sum of PCL and the strong negative correlation between
TPC and the DPPH assay indicate that polyphenolic compounds that contributed to the increase in the
activity of scavenging free oxygen radicals were characterized by different hydrophilicity [22]. In study,
the antioxidant activity of carrot juices, measured with the ABTS, PCL ACL, PCL ACW assays and
sum of PCL, is positively correlated mostly with the content of lutein, which indicates an important
role of this carotenoid in formation of the antioxidant potential of carrot juices.

The juice preparation method had a significant impact on the antioxidant activity of black
carrot juices. In the DPPH and ABTS assays, juices obtained with the use of HSJ were characterized by
higher antioxidant activity than those obtained with the use of LSJ. In the PCL ACW, PCL ACL and total
PCL assays, significantly higher antioxidant activity was confirmed in juices obtained with the use of
LSJ method. The highest differences in antioxidant activity in the black carrot juices were demonstrated
in the PCL ACW assay and LSJ-obtained juices showed three times higher antioxidant activity
than HSJ-obtained juices. In orange carrot juices, in all the performed assays (except DPPH assay),
a significant correlation was found between the method of juice extraction and antioxidant activity.
In contrast to black carrot juices, in orange carrot juices in each of the assays, higher antioxidant
activity was found for juices prepared by the use of HSJ. In yellow carrot juices, only in the ABTS test,
there was a significant correlation between the method of juice extraction and the level of antioxidant
activity. Higher values of antioxidant activity were obtained in juices prepared with the use of HSJ.
In the studies on the influence of the juice extraction method on juices’ antioxidant activity, various
relationships were noted—the higher activity of juices prepared with LSJ method [25] or no significant
influence of the extraction method on the antioxidant activity of juices [11].

4. Materials and Methods

4.1. Chemicals and Reagents

2,2′-azinobis(3-ethylbenzothiazoline-6-sulphonic-acid) diammonium salt (ABTS), 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and 6-hydrozy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) were
purchased from Sigma Chemical Co. (St. Louis, MO, USA). ACW (hydrophilic condition) and
ACL (lipophilic condition) kits for the photochemiluminescence (PCL) assay were received from
Analytik Jena AG (Jena, Germany). Hexane, acetone, ethanol, methanol, toluene, sodium thiosulfate,
isopropanol, Folin-Ciocalteu reagent, gallic acid, methanol, methylene chloride were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). B-apo-8′-carotenal was received from Sigma-Aldrich
(St. Louis, MO, USA).

4.2. Plant Material and Juices Extraction

The carrot (Daucus carota L.) varieties (Bangor—orange, Gele peen—yellow, Peen zwart—black)
were obtained from a local market in Warsaw (Poland). The obtained carrots (5 kg for each variety)
were thoroughly cleaned and washed. Carrot extracts were obtained using a low-speed (Kenwood
Pure Juice JMP600WH, Warsaw, Poland) and high-speed (Waring Commercial Juice Extractor WJX50,
China) juicers. The obtained juices were collected for analysis in appropriately labelled tubes. Carrot
extracts were stored at −20 ◦C until the analysis (up to 2 days).

4.3. Determination of Carotenoids Content

The method described by Marx et al. [26] was used to determine the content of carotenoids.
Carrot juice sample (5 g) was extracted three times in an amber glass separatory funnel with a 30 mL
mixture of acetone and hexane (1:1, v/v). The emulsion formed was removed by adding 50 mL sodium
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chloride solution (10%, w/v). After separation, the hexane layer was washed three times with water
(50 mL) to remove acetone. Butylated hydroxytoluene (BHT) was added as an antioxidant (0.1%)
and the extract was dried with sodium sulfate (2 g). The separated hexane phase was evaporated to
dryness under a nitrogen stream at 40 ◦C and dissolved in 10 mL of methanol-methylene chloride
(45:55, v/v). The solution was filtered through a membrane filter (ReZist® syringe filter 30 mm,
pore size 0.2 µm) and was analyzed by high performance liquid chromatography (HPLC) according
to the procedure described by Czaplicki et al. [27]. For analysis it was used an Agilent Technologies
1200 series apparatus (Palo Alto, CA, USA) equipped with a diode array detector (DAD) from the same
manufacturer. The separation was carried out on a YMC-C30 150 × 4.6 mm, 3 µm column (YMC-Europe
GmbH, Dinslaken, Germany) at 30 ◦C. The mobile phases consisted of methanol (solvent A) and methyl
tert-butyl ether (MTBE) (solvent B) were used. The solvent gradient was as follows: 0–5 min, 95% A,
1 mL/min; 25 min, 72% A, 1.25 mL/min; 33 min, 5% A, 1.25 mL/min; 40–60 min, 95% A, 1 mL/min.
The absorbance was measured at the wavelength of 450 nm. Carotenoids were identified based on the
retention times of available standards and by comparing the UV-Visible absorption spectra. The content
of carotenoids (mg/100 mL) was calculated based on the concentration of the internal standard and
expressed in mg/100 mL juice.

4.4. Determination of Total Phenolic Content (TPC)

The TPC assay was adapted from the method described by Singleton and Rossi [28]. 0.1 mL of
juice sample was mixed with 0.5 mL of Folin-Ciocalteu reagent, diluted 1: 2 with water. Then 1.5 mL
of a 14% sodium carbonate solution was added and mixed. The prepared solution was kept in the
dark at room temperature for 2 h. Absorbance was measured at 765 nm using an Optizen Pop UV/VIS
spectrophotometer (Metasys Co. Ltd., Daejeon, Korea) against a blank sample. The total phenolics
content was calculated based on the gallic acid calibration curve (concentrations in the ranges of
10–500 mg/L) and expressed in mg/100 mL juice.

4.5. Antioxidant Activity Assays

4.5.1. DPPH Assay

Determination of antioxidant properties by the DPPH method was conducted according to the
procedure developed by Brand-Williams et al. [29] and modified by Thaipong et al. [30]. The DPPH
radical solution was prepared by dissolving 10 mg of DPPH in 250 mL of 80% methanol. To perform
the spectrophotometric test, 300 µL of DPPH solution and 20 µL of juice sample or Trolox solution
were mixed. The resulting mixture was left for 30 min at room temperature in the dark. Decreasing
absorbance of the resulting solution was monitored at 517 nm using an Infinite M1000 plate reader
(Tecan Group AG, Switzerland). The standard curve was determined based on the lag phase’s length
compared to Trolox concentrations in the range of 0.01–0.75 mM. The antioxidant activity was expressed
as µmol Trolox/mL juice.

4.5.2. ABTS Assay

The ABTS test described by Re et al. [31] was used to determine carrot extract’s antioxidant activity.
The measurement required dilution of the ABTS solution using a methanol/water mixture (80:20, v/v) to
achieve an absorbance level of 0.70 ± 0.02 at 734 nm. For the spectrophotometric test, 290 µL of ABTS
solution and 10 µL of the Trolox or juice sample were mixed and absorbance was measured directly
after 6 min The standard curve was determined based on the lag phase’s length compared to Trolox
concentrations in the range of 0.01–0.75 mM. Measurements were carried out using the Infinite M1000
PRO plate reader (Tecan Group AG, Männedorf, Switzerland). The antioxidant activity was expressed
as µmol Trolox/mL juice.
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4.5.3. Photochemiluminescence (PCL) Assays

The PCL method with the Photochem apparatus (Analytik Jena, Leipzig, Germany) was used
to measure antioxidants’ effectiveness against superoxide anion radicals. Antioxidant activity was
analyzed using the ACW (antioxidative capacities of water-soluble) and ACL (antioxidative capacities
of lipid-soluble) kits. The assay was conducted as previously described by Sawicki et al. [32]. For ACW
and ACL tests, the luminal reagent and Trolox working solution were prepared according to the
protocol. Juice solution concentration added that the generated luminescence was in the range limits of
the standard curve. Therefore, the lag time (180 s) for the ACW test was used as a free radical scavenging
activity. The antioxidant activity was calculated by comparing it with the Trolox standard curve
(0.5–3 nmol) and expressed as µmol Trolox/mL juice. In the ACL test, the kinetic light emission curve,
showing no lag phase, was monitored for 180 s and expressed in µmol Trolox/mL. The antioxidant test
was performed in triplicate for each sample.

4.6. Statistical Analysis

The values were expressed as mean ± standard deviation (SD). The results were subjected to a
one-way analysis of variation (ANOVA) using Duncan’s test. A linear Pearson’s correlation coefficients
were calculated to show relationship between bioactive compounds and antioxidant activity and
p < 0.05 was considered significant. Principal Component Analysis (PCA) was also carried out to
show differences between juice samples. The statistical analysis was performed using Statistica 13.1
(Statsoft Inc., Tulsa, OH, USA).

5. Conclusions

The carrot juices obtained in the current study were a rich source of carotenoids and phenolic
compounds and the content of these bioactive depended on carrot variety and juice extraction method.
It was shown that the orange carrot juices were most abundant in the carotenoids, while black
carrot juice was characterized by the highest TPC. The orange carrot juices obtained with the use of
HSJ contained a higher amount of carotenoids and phenolic compounds in comparison to the juice
obtained using LSJ. Contrary, black carrot juices prepared with the use of HSJ contained significantly
lower content of phenolic compounds compared to the juice obtained with the use of LSJ. Moreover,
the extraction method had a significant impact on the antioxidant activity of the obtained juices. Among
the carrot varieties, the highest antioxidant activity exhibited black carrot juice. The experiments
performed with the use of PCL antioxidant activity assays demonstrated that black carrot juice obtained
with the use of LSJ was characterized by a higher antioxidant activity in comparison to that obtained
with HSJ. Contrary, for orange and yellow carrots juices, a higher antioxidant activity was demonstrated
for juices obtained with the use of HSJ. It may be concluded that juices prepared with the use of a
low-speed juicer were not always characterized by the higher content of bioactive compounds and
antioxidant potential.
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Abstract: The extraction of glucosinolates in boiling aqueous methanol from freeze dried leaf tissues
is the most common method for myrosinase inactivation but can be hazardous because of methanol
toxicity. Although freeze drying is the best dehydration method in terms of nutritional quality
preservation, the main drawbacks are a limited sample quantity that can be processed simultaneously,
a long processing time, and high energy consumption. Therefore, the aim of this study is to evaluate
the effects of applying high temperature for myrosinase inactivation via hot air drying prior to the
extraction step, as well as the effects of cold aqueous methanol extraction on total antioxidant activity,
total glucosinolates, total phenolic content, and sugar profile in 36 landraces of kale. The results from
our study indicate that cold aqueous methanol can be used instead of boiling aqueous methanol
with no adverse effects on total glucosinolate content. Our results also show that hot air drying,
compared to freeze drying, followed by cold extraction has an adverse effect on antioxidant activity
measured by DPPH radical scavenging, total glucosinolate content, as well as on the content of all
investigated sugars.

Keywords: antioxidant activity; extraction; glucosinolates; kale (Brassica oleracea var. acephala); phenolics

1. Introduction

Vegetables from the Brassicaceae family are known for their excellent nutritional value and are
abundant in carbohydrates, vitamins (ascorbic acid, folic acid, β-carotene, α-tocopherol), macro and
micro elements (iron, calcium, selenium, copper, manganese, zinc), as well as secondary metabolites,
including glucosinolates, phenolics (tannins, phenolic acids, anthocyanidins, flavonols, coumarins,
flavones), and other bioactive molecules, such as phytosterols and terpenoids [1,2]. They are also
known for their antimicrobial and anticancerogenic activity [3,4]. One of the well-known members of
the Brassicaceae family is kale (Brassica oleracea var. acephala). It originates and is traditionally used
in Mediterranean countries, but has gained special attention and popularity in the U.S., and later
worldwide over the last decade [5]. It is characterized by leaves, which do not form a head, unlike other
leafy vegetables from the Brassicaceae family as white cabbage, savoy cabbage, Brussels sprouts,
and Chinese cabbage [6].

The most abundant sulfur containing compounds in plants from the Brassicaceae family are
glucosinolates and S-methylcysteine sulfoxide [7]. Cruciferous vegetables are extensively researched
regarding their beneficial compounds especially ones active in cancer prevention. Isothiocyanates
are degradation products from glucosinolates are known for their antioxidant, immunostimulatory,
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anti-inflammatory, antiviral and antibacterial properties [8–10]. Isothiocyanates are converted from
glucosinolates in a reaction catalyzed by the enzyme myrosinase which activates and releases upon
plant tissue injury. The myrosinase enzyme was first discovered in 1840 from the mustard seed after
which the Brassica studies were focused on clinical studies and prospective benefits of cruciferous
vegetables [1]. Myrosinase catalyzes glucosinolate hydrolysis after the plant tissue is injured or in any
way disrupted. Therefore, accurate glucosinolate analysis depends on myrosinase inactivation [11].
Differences in glucosinolate content regarding Brassica species and environmental factors can be an
obstacle when comparing different studies regarding nutritional and bioactive quality of cruciferous
vegetables. Moreover, presence of the enzyme myrosinase, activated in plant handling and extraction
processes that precede glucosinolate determinations, is also an aggravating circumstance, which can
lead to a decrease in total glucosinolate concentration [12]. Most published glucosinolate analysis
methods employ dehydration by freeze drying for myrosinase inactivation and denaturation by
moderately high temperature during the glucosinolate extraction step [12,13]. This process is outlined
in the ISO9167:2019 standard, as well as in the work by Grosser and van Dame [14]. Freeze drying is a
dehydration process based on water sublimation under vacuum, which protects the primary structure
and shape of the sample [15]. Although freeze drying is considered the best form of dehydration,
the process is time consuming and relatively expensive [16], especially for high throughput methods.
On the other hand, hot air drying is simple, fast, and can handle large quantities of samples.

Most published methods for glucosinolate analysis employ boiling aqueous methanol (70/30,
methanol/water, v/v) in the glucosinolate extraction step [17–21]. Methanol is a common organic
solvent and reagent in organic synthetic procedures [22]. Poisoning can occur via methanol ingestion,
skin absorption, or inhalation [23]. Acute methanol toxicity evolves in a well-understood pattern
and results in metabolic acidosis via formic acid formation and superimposed toxicity to the visual
system [24]. The use of boiling methanol in the glucosinolates extraction step increases the risk
of poisoning and researchers offered several less hazardous alternatives to the standard method,
including the use of hot water or the use of cold (ambient temperature) aqueous methanol [12].
The 2019 revision of the ISO9167 method for the determination of glucosinolates in rapeseed and
rapeseed meals by HPLC replaces aqueous methanol (70/30, v/v) by aqueous ethanol (50/50, v/v) for
lower toxicity [25]. Although the ISO9167:2019 official method supports the use of ethanol instead
of methanol for glucosinolate extraction in rapeseed and rapeseed meals, aqueous methanol is the
recommended extraction solvent due to the structural and biological diversity of seed and plant
matrices, but can be replaced by other solvents if appropriate validation procedures are applied [26].

The effect of hot air drying versus freeze drying on phenolic compounds and antioxidant activity
was a subject of numerous studies [27–30] but there is not enough data on the possible effects on
glucosinolate and sugar content. While there are several studies concerning the comparison of cold
versus hot methanol extraction [12] on glucosinolate levels, the number of samples involved could
have been higher, and the studies did not include other bioactive compounds or antioxidant activity in
the comparison.

Therefore, the aim of this work is to evaluate the effect of applying high temperature for
myrosinase inactivation via hot air (oven) drying prior to the extraction step, as well as the effect of
cold (ambient temperature) aqueous methanol extraction on total glucosinolates content, total phenolic
content, total antioxidant activity, and sugar content in 36 landraces of kale (Brassica oleracea var. acephala).

2. Results

2.1. The Effect of Different Extraction Protocols on Antioxidant Activity, Bioactive Compounds, and Sugar
Content in Brassica

The extraction of glucosinolates by the hot methanol extraction step from freeze dried kale leaves
yielded significantly lower amounts of total glucosinolates (30.3 ± 0.6 mg sinigrin equivalents (SEQ)/g
dry weight (DW), compared to the cold methanol extraction step (34.3 ± 0.9 mg SEQ/g DW) (Figure 1).
Significantly higher content of total glucosinolates was found in extracts obtained from freeze dried
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kale leaves (34.3 ± 0.9 mg SEQ/g DW) compared to oven dried leaves followed by cold extraction
(31.9 ± 0.7 mg SEQ/g DW) (Figure 1).

 

denote significant difference by Tukey’s Unequal N
— — —

—

Figure 1. The effect of different extraction protocols on total glucosinolates content, total phenolic
content, DPPH radical scavenging activity and ferric ion reducing antioxidant power in B. oleracea var.
acephala leaf extracts. Values are expressed as mean ± SE (N = 324). The different letters above bars
denote significant difference by Tukey’s Unequal N Honestly Significant Difference (HSD) test, p < 0.05.
TGls—total glucosinolates; TPC—total phenolic content; DPPH—DPPH radical scavenging activity;
FRAP—Ferric ion Reducing Antioxidant Power.

The same effect was observed for total phenolic content, where significantly lower amounts
were extracted with the hot methanol method (10.1 ± 0.2 mg gallic acid equivalents (GAEQ)/g DW)
compared to the cold methanol extraction (10.6 ± 0.2 mg GAEQ/g DW) in freeze dried leaves (Figure 1).
On the other hand, total phenolic content was found to be higher in oven dried leaves (15.7 ± 0.2 mg
GAEQ/g DW) compared to freeze dried B. oleracea var. acephala leaves followed by cold extraction
(10.6 ± 0.2 mg GAEQ/g DW) (Figure 1).

As for the antioxidant activity we found significantly higher Ferric Reducing Antioxidant
Power (FRAP) values from samples extracted from freeze dried leaves with cold methanol
(92.5 ± 1.8 µmol Fe2+/g DW) compared to hot methanol extraction (76.5 ± 1.7 µmol Fe2+/g DW)
(Figure 1). The hot methanol extraction method yielded higher antioxidant power measured by
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity (28.8 ± 0.7 µmol Trolox equivalents
(TEQ)/g DW) compared to the cold methanol extraction method (27.0 ± 0.7 µmol TEQ/g DW) from
freeze dried B. oleracea var. acephala leaves (Figure 1). DPPH radical scavenging was found to be
significantly higher in freeze dried B. oleracea var. acephala leaves (27.0 ± 0.7 µmol TEQ/g DW)
compared to oven dried samples (20.2 ± 0.6 µmol TEQ/g DW) followed by cold extraction (Figure 1).
FRAP values were significantly higher in oven dried B. oleracea var. acephala leaves (105.7 ± 1.5 µmol
Fe2+/g DW) compared to freeze dried leaves (92.5 ± 1.8 µmol Fe2+/g DW) followed by cold extraction
(Figure 1).

Both sucrose and fructose content was significantly lower in the freeze dried extracts obtained
by the hot methanol extraction method (7.8 ± 0.3 g/100g DW and 4.4 ± 0.2 g/100g DW for sucrose
and fructose, respectively) compared to the cold methanol extraction method (10.0 ± 0.3 g/100g DW
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and 9.4 ± 0.2 g/100g DW for sucrose and fructose, respectively) (Figure 2). Glucose content was
found to be no different in freeze dried sample extracts obtained by hot or cold methanol extraction
(8.0 ± 0.3 g/100g DW and 8.0 ± 0.2 g/100g DW, respectively) (Figure 2). Extracts obtained by cold
extraction from oven dried tissues exhibited significantly lower sucrose, glucose and fructose levels
(5.2 ± 0.3 g/100g DW, 2.9 ± 0.1 g/100g DW and 4.6 ± 0.1 g/100g DW, respectively) compared to
those obtained from freeze dried leaf samples (10.0 ± 0.3 g/100g DW, 8.0 ± 0.2 g/100 g DW and
9.4 ± 0.2 g/100g DW, respectively) (Figure 2).

 

denote significant difference by Tukey’s Unequal N HSD test, 

–

Figure 2. The effect of different extraction protocols on sucrose, glucose and fructose content in
B. oleracea var. acephala extracts. Values are expressed as mean ± SE (N = 324). The different letters
above bars denote significant difference by Tukey’s Unequal N HSD test, p < 0.05.

2.2. Multivariate Analysis of the Data Obtained by Different Extraction Protocols

The obtained data was processed with Partial Least Squares–Discriminant Analysis (PLS-DA) to
further clarify the relations between different extraction protocols. The PLS-DA model was employed
due to the supervised nature of the learning algorithm.

Overall, the extracts which included oven drying leaf tissue following cold methanol extraction
were separated on the primary axis from the extracts obtained from freeze dried leaf tissue followed
by cold or hot methanol extraction (Figure 3). The highest contribution to the sample placement on
the primary axis had total phenolic content, DPPH radical scavenging activity, glucose, and sucrose
content (Figure 3). On the second axis, the extracts, which were obtained from freeze dried leaf tissues
following hot or cold methanol extraction, were separated according to fructose, total glucosinolates,
and FRAP values (Figure 3).
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Figure 3. Partial Least Squares–Discriminant Analysis (PLS-DA) analysis of data obtained by different
extraction protocols (N = 324); TGls—total glucosinolates; TPC—total phenolic content; DPPH—DPPH
radical scavenging activity; FRAP—Ferric ion Reducing Antioxidant Power.

The model showed that the largest difference between extraction protocols was in fructose content
where the freeze drying and cold methanol combination yielded the highest amount of the compound.
Total phenolic content was the second most important variable in the differentiation between the
observed extraction protocols where the oven dried and cold methanol combination exhibited the
highest yield of phenolic compounds. The third most important variable in differentiating among
extraction protocols was glucose where similar amounts were extracted with either hot or cold methanol
from freeze dried leaf tissue, whereas several-fold lower amounts were extracted from oven dried
tissue with cold methanol. The next most important variable was FRAP where the highest values were
observed in extracts obtained from oven dried tissues by cold methanol. Sucrose was the fifth most
important variable where the oven dried leaf tissues had lower yields of the compound compared
to extracts from freeze dried tissues. The sixth variable, according to the discriminating power,
was DPPH radical scavenging, where again the extracts obtained from oven dried tissues exhibited
lower antioxidant activity compared to extracts obtained from freeze dried leaf tissues. The variable
with the lowest discriminating power according to the obtained model was total glucosinolates where
cold methanol extraction from freeze dried Brassica tissue exhibited the highest yield compared to the
other two extraction protocols.

2.3. Correlations between Bioactive Compounds, Antioxidant Activity, and Sugar Content in Brassica Extracts

Statistically significant correlations (p≥ 0.05) were observed between bioactive compounds content,
antioxidant activity, as well as between sugar content (Table 1). Positive correlations were observed
between total phenolic content, total glucosinolates, and FRAP values (Table 1). Negative correlations
were observed between total phenolic content and sucrose, glucose, and fructose content, as well as
total glucosinolates and glucose content (Table 1). DPPH scavenging activity correlated positively with
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sugar content but FRAP correlated negatively with sucrose and glucose content (Table 1). Positive
correlations were observed between sucrose, glucose, and fructose content (Table 1).

Table 1. Pearson’s correlations between bioactive compounds content, antioxidant activity and sugar
content in B. oleracea var. acephala extracts (N = 324).

TGls TPC DPPH FRAP Sucrose Glucose Fructose

TGls 1.00
TPC 0.14 1 1.00

DPPH 0.06 −0.09 1.00
FRAP 0.31 0.78 0.09 1.00

Sucrose −0.08 −0.44 0.27 −0.23 1.00
Glucose −0.13 −0.65 0.26 −0.41 0.47 1.00
Fructose −0.01 −0.23 0.12 0.09 0.55 0.43 1.00

1 Numbers highlighted in red are statistically significant (p ≤ 0.05); TGls—total glucosinolates; TPC—total phenolic
content; DPPH—DPPH radical scavenging activity; FRAP—Ferric ion Reducing Antioxidant Power.

3. Discussion

Biological activity of kale containing phytochemicals are associated with antioxidant,
anti-cancerogenic activity and protection of gastrointestinal and cardiovascular system [4,31–33].
Sikora et al. found that kale had much higher antioxidant activity than broccoli, Brussels sprouts,
and cauliflower [34]. Šamec et al. on the other hand found that white cabbage and kale sprouts had
significantly higher antioxidant capacity, polyphenol and glucosinolate content compared to arugula,
broccoli, and Chinese cabbage sprouts [20]. Kale is also abundant in organic acids, including citric,
malic, pyruvic, shikimic fumaric, and aconitic acids [35].

The freeze drying process is regarded as the best method for sample dehydration because it can
prolong shelf life without compromising nutritional quality [36]. The major drawback of this method
is limited sample quantity that can be processed simultaneously, long processing time (up to several
days) and high energy consumption [37]. On the other hand, oven drying is readily accessible to most
laboratories, sample quantity is seldom an issue and the drying time can be as low as one hour but
rarely exceeds 24 h.

In our study, freeze dried leaf tissues followed by cold extraction yielded significantly higher total
glucosinolate content compared to either oven dried leaf tissue followed by cold extraction or freeze
dried leaf tissue followed by hot extraction. The results are in accordance with Rutnakornpituk et al.,
who investigated the effect of freeze and oven drying on phenolic and glucosinolate content, as well as,
antioxidant activity in five cruciferous vegetables where the authors concluded that freeze dried
leaf tissues yielded higher glucosinolate content in all investigated species [38]. On the other hand,
Tetteh et al. studied the effect of different various drying methods on post-harvest glucosinolate content
in Moringa oleifera leaf tissues where no differences were observed between oven dried and freeze
dried leaf tissue samples [39]. Doheny-Adams et al. investigated the effect of hot and cold methanol
extraction on glucosinolate content in five Brassicaceae species [12]. The results from their study
showed that the hot extraction step can be replaced with cold extraction with no losses in glucosinolate
content, which is in line with the findings presented in our study [12].

Oven drying, compared to freeze drying followed by cold extraction yielded significantly higher
total phenolic content and FRAP values and lower total glucosinolate content and DPPH scavenging
activity in B. oleracea var. acephala leaf extracts. Similarly, Managa et al. showed that the majority of
investigated phenolic compounds in Chinese cabbage significantly increased in content in oven dried
compared to freeze dried samples [40]. Although the phenolic compound content in Chinese cabbage
was higher, the antioxidant activity measured by FRAP, DPPH, and ABTS, was significantly lower in
the oven dried compared to freeze dried samples [40]. On the other hand, Korus found that freeze
dried kale had significantly higher total phenolic content and antioxidant activity compared to air
dried kale, albeit at a lower temperature (55 ◦C) compared to this study (105 ◦C) [41]. Papoutsis et al.
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found higher total phenolic content and DPPH scavenging activity in hot air dried compared to freeze
dried lemon [28]. Que et al. also found higher total phenolic content and antioxidant activity in hot air
dried compared to freeze dried pumpkin flour [27]. Das et al. studied the antioxidant properties of
freeze dried and oven dried wheatgrass where higher phenolic content but lower FRAP and DPPH
radical scavenging activity was found in hot air dried compared to freeze dried samples [42]. Hot air
drying also exhibited elevated total phenolic content and antioxidant activity compared to freeze
drying in olive leaves as shown by Ahmad-Qasem et al. [43]. Hot air dried leaf tissue extracts tend
to exhibit higher phenolic compounds content, as found in this study, but the link with antioxidant
capacity is not clear. In our study we found FRAP having significant correlation with total glucosinolate
content as well as total phenolic content, but no significant correlation with DPPH scavenging activity.
Interestingly, we found at the same time the highest DPPH radical scavenging activity and lowest FRAP
values in freeze dried tissues followed by hot extraction, while exactly the opposite was determined
in hot air dried samples followed by cold extraction. The obtained results are contrary to previously
published [42,44,45] data where FRAP and DPPH radical scavenging assays have high correlations,
especially since it is known that both depend mainly on the electron transfer mechanism which
measures the antioxidant’s reducing ability [46,47]. FRAP values correlated highly with total phenolic
content and negatively with sucrose and fructose content while the data obtained by the DPPH radical
scavenging assay correlated positively with the samples’ sugar content possibly indicating interferences
with the meta-products of Maillard reactions occurring during the hot air drying process [48].

Hot air drying B. oleracea var. acephala leaf tissues followed by cold extraction induced significantly
lower content of all investigated sugars compared to freeze drying followed by cold extraction. If freeze
dried tissues were subjected to hot extraction sucrose and fructose levels were significantly lower
compared to the cold extraction process but higher than oven dried leaf tissues except for fructose.
Fante and Zapata Norena studied the quality of hot air dried and freeze dried garlic and found that
inulin content decreased with hot air drying while glucose and fructose content increased compared
to freeze dried garlic [49]. Iombor et al. studied changes in soursop flour composition as affected by
oven and freeze drying and found 40% decrease in carbohydrate content in hot air dried samples [50].
Zhang et al. studied the changes in chestnut starch properties during different drying methods
and found lower starch but higher reducing sugar content in oven dried compared to freeze dried
samples [51]. Karaman et al. found lower fructose and glucose content in oven dried compared
to freeze dried persimmon powders [52]. On the other hand, Gao et al. showed that there was
no difference in sucrose, glucose and fructose content in oven and freeze dried jujube samples [53].
The observed decrease in sugar content in our study could be attributed to Maillard reactions occurring
at elevated temperatures during hot air drying [54] or possibly the caramelization of sugars [55].
Michalska et al. determined that increased drying temperature of different plum cultivars resulted in
decreased total sugar content while early and intermediate Maillard reaction products increased in
content [48]. Similarly, Li et al. observed a decrease in reducing sugar content during hot air drying
opposed to freeze drying of instant Tremella fuciformis, which the authors attributed to an intense
Maillard reaction occurring between the carbonyl group of the reducing sugars and amino acids at
elevated temperatures [56]. Previously published data on oligosaccharide and simple sugars extraction
in various solvent mixtures and extraction temperatures showed that, with increased temperature,
especially at the solvent boiling point, sugar content yields were higher [57]. We, on the other hand,
observed lower yields of sucrose and fructose in freeze dried leaves hot extracts, compared to the cold
extraction step while glucose levels remained unaffected.

4. Materials and Methods

4.1. Plant Material

Thirty-six B. oleracea var acephala ecotypes (accessions IPT379, IPT390, IPT386, IPT391, IPT381,
IPT392, IPT393, IPT419, IPT394, IPT395, IPT383, IPT396, IPT384, IPT385, IPT397, IPT398, IPT420,
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IPT399, IPT400, IPT387, IPT401, IPT 402, IPT403, IPT404, IPT405, IPT406, IPT174, IPT202, IPT206,
IPT407, IPT421, IPT408, IPT409, IPT410, IPT380, IPT411) used in this study were grown under the same
agro-climatic conditions on the experimental farm of the Institute of Agriculture and Tourism, Poreč,
Croatia (N 45◦13′20.30”, E 13◦36′6.49”) and are part of the National Program for the Conservation
and Sustainable Use of Plant Genetic Resources for Food and Agriculture (accession IPT399 and
IPT403 are shown in Figure 4). The leaves used in this study were harvested when the plants reached
technological maturity. Harvested leaves were fully developed without any signs of physiological,
pest or diseases injury. Fresh plant samples (three biological replicates per sample), immediately
after harvesting, were either kept at −80 ◦C until the freeze drying process or placed in an oven
(Memmert UF160, Schwabach, Germany) at 105 ◦C overnight. Frozen plant samples were placed in a
freeze dryer (Labogene Coolsafe 95-15 Pro, Allerød, Denmark) and lyophilized over a period of 48 h.
Lyophilized or oven-dried samples were ground to powder (0.2 mm) using an ultra-centrifugal mill
(Retsch ZM200, Haan, Germany).

Poreč, Croatia ′ ″ ′ ″

−8

 

G for 5 min (Domel Centric 350, Železniki, Slovenia) and the 

−

Figure 4. Brassica oleracea var. acephala accession (a) IPT399 and (b) IPT403.

4.2. Hot Methanol Extraction

Freeze dried plant material (30 mg) was preheated to 75 ◦C for 3 min in a heating/cooling dry
block (Biosan CH100, Riga, Latvia) and 1.5 mL of preheated 70: 30 methanol:water (v/v) at 75 ◦C was
added. The samples were incubated for 10 min at 75 ◦C and manually shaken every 2 min. Afterwards
the samples were centrifuged at 15,000 G for 5 min (Domel Centric 350, Železniki, Slovenia) and the
supernatant was filtered through a 0.22 µm nylon filter and transferred to a clean tube. The samples
were stored at −80 ◦C until further analysis.

4.3. Cold Methanol Extraction

Freeze dried or oven dried plant material (30 mg) was extracted with 1.5 mL of 80:20 methanol:
water (v/v) at 20 ◦C over a period of 30 min in an ultrasonic bath (MRC 250H, Holon, Israel). The samples
were centrifuged at 15,000 G for 5 min (Domel Centric 350, Železniki, Slovenia) and the supernatant
was transferred to a clean tube. The samples were stored at −80 ◦C until further analysis.
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4.4. Determination of Total Antioxidant Activity

Total antioxidant activity was evaluated using the FRAP assay [58] ant the DPPH radical scavenging
activity assay [59]. Briefly, 100 µL of the sample was mixed with 200 µL of either freshly prepared
FRAP reagent or 0.02M DPPH radical for the FRAP or DPPH assays, respectively. The antioxidant
activity using the FRAP assay was evaluated after 10 min of reaction time at 25 ◦C by reading the
absorbance at 593 nm while the DPPH radical scavenging ability was evaluated after 30 min of reaction
time at 25 ◦C by reading the absorbance at 517 nm (Tecan Infinite 200 Pro M Nano+, Männedorf,
Switzerland). FRAP values were calculated against a Fe2+ calibration curve (y = 0.0168x − 0.002;
serial dilutions of Fe2+—20, 40, 80, 120, 160, 200, 250 µM; coefficient of determination, R2 = 0.9999,
recovery: 101.8 ± 1.6 %) and expressed as µmol Fe2+/g DW. DPPH radical scavenging ability values
were calculated against a standard curve of Trolox (y = −0.0128x + 0.0125; serial dilutions of Trolox—2,
5, 10, 25, 50, 75, 100 µM; coefficient of determination, R2 = 0.9995, recovery: 103.7 ± 1.2 %) and
expressed as µmol TEQ/g DW, respectively.

4.5. Determination of Total Glucosinolates and Total Phenolic Content

Total glucosinolates were determined according to Ishida et al. [60] with some modifications.
Briefly, 10 µL of plant extract was mixed with 300 µL of 2 mM Palladium (II) chloride and after 30 min
of reaction time at 25 ◦C absorbance was read at 425 nm (Tecan Infinite 200 Pro M Nano+, Männedorf,
Switzerland). The results were calculated against a standard curve of sinigrin (y = 3.8021x + 0.1682;
serial dilutions of sinigrin—0.3, 0.6, 1.2, 1.8, 2.4, 3.0 mg/L; coefficient of determination, R2 = 0.9995,
recovery: 99.7 ± 2.9%) and expressed as SEQ/g DW. Total phenolic content was determined according
to Singleton and Rossi [61] with some modifications. The methanolic extracts (20 µL) were mixed with
140 µL of freshly prepared 0.2M Folin–Ciocalteu reagent. After 1 min, 140 µL of 6% solution of Calcium
carbonate was added to the mixture. The absorbance was read at 750 nm (Tecan Infinite 200 Pro M
Nano+, Männedorf, Switzerland) after 60 min of reaction time at 25 ◦C. The results were calculated
against a standard curve of gallic acid (y = 3.7867x − 0.2144; serial dilutions of gallic acid—12.5, 25, 50,
75, 100, 150, 250 mg/L; coefficient of determination, R2 = 0.9999, recovery: 102.0 ± 2.9 %) and expressed
as mg GAEQ/g DW.

4.6. Sugar Analysis by HPLC

The analysis of sucrose, fructose and sucrose content was carried out using a HPLC system
consisting of a solvent delivery unit (Varian 210, Palo Alto, CA, USA), an autosampler (Varian 410,
Palo Alto, CA, USA), column oven (Varian CM500, Palo Alto, CA, USA) and a refractive index detector
(Varian 350, Palo Alto, CA, USA). Chromatographic separation was achieved by injecting 10 µL of the
sample on a 300 × 8 mm, 9 µm particle size, calcium cation exchange column (Dr. Maisch ReproGel Ca,
Ammerbuch, Germany) held at 80 ◦C using deionized water as the mobile phase (1 mL/min, isocratic
elution). Retention times and peak areas of the investigated sugars were compared to analytical
standards for identification and quantification, respectively. Linear calibration curves were obtained
with serial dilutions of 0.25, 0.50, 1.00, 2.50, 5.00, 7.50, 10.00 g/L of sucrose (y = 2265.73x + 29.97,
coefficient of determination, R2 = 0.9998, recovery: 99.9 ± 2.3 %), glucose (y = 2224.75x + 28.33,
coefficient of determination, R2 = 0.9999, recovery: 99.8 ± 1.8 %) and fructose (y = 2233.53x + 47.37,
coefficient of determination, R2 = 0.9998, recovery: 100.0 ± 0.6 %).

4.7. Statistical Analysis

To determine the effect of the investigated extraction protocols on total antioxidant activity, total
glucosinolate, total phenolic and sugar content in B. oleracea var. acephala leaves the results were
processed by analysis of variance (ANOVA) and reported as mean ± SE. Pearson’s correlations were
calculated to evaluate the connection between bioactive compounds content, antioxidant activity,
and sugar content. Further investigation on the impact of different extraction protocols on the
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studied compounds was carried out by employing PLS-DA as a supervised multivariate method.
All statistical analyses were performed using Statistica 13.4.0.14. (Tibco Inc., Palo Alto, CA, USA).
Significant differences were determined at p ≤ 0.05 and homogenous group means were compared by
Tukey–Kramer Unequal N HSD test.

5. Conclusions

The results from our study confirm the results published by Doheny-Adams et al. [12] that cold
(ambient temperature) aqueous methanol can be used instead of boiling aqueous methanol with no
adverse effects on total glucosinolate content. In addition to higher total glucosinolate content we
observed an increase in antioxidant activity measured by FRAP, total phenolic content, sucrose content,
and fructose content when the cold extraction step was applied on freeze dried B. oleracea var. acephala

plant tissues while glucose levels remained unaffected. Our results also show that hot air drying,
compared to freeze drying, followed by cold extraction has an adverse effect on antioxidant activity
measured by DPPH radical scavenging, total glucosinolate content, as well as, on the content of all
studied sugars in B. oleracea var. acephala leaves, indicating it would be inferior to freeze drying. On the
other hand, if phenolics are the compounds of interest in B. oleracea var. acephala leaves, hot air drying
may be a viable alternative to freeze drying.
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Abstract: Pistacia lentiscus leaves are used in several applications, thanks to their polyphenolic
abundance. Thiswork aimed to characterize the polyphenols and to optimize the extraction conditions
to shorten the time, decrease the consumption of solvent, and to maximize the yield of different classes
of phenolics, which have diverse industrial applications. The variables were optimized by applying a
Box–Behnken design. Galloyl and myricetin derivatives were the most abundant compounds, and two
new tetragalloyl derivatives were identified by LC-MS/MS. According to the models, the maximum
yields of polyphenols (51.3 ± 1.8 mg g−1 DW) and tannins (40.2 ± 1.4 mg g−1 DW) were obtained
using 0.12 L g−1 of 40% ethanol at 50 ◦C. The highest content of flavonoids (10.2 ± 0.8 mg g−1 DW)
was obtained using 0.13 L g−1 of 50% ethanol at 50 ◦C, while 0.1 L g−1 of 30% ethanol at 30 ◦C resulted
in higher amounts of myricitrin (2.6 ± 0.19 mg g−1 DW). Our optimized extraction decreased the
ethanolic fraction by 25% and halved the time compared to other methods. These conditions can
be applied differently to obtain P. lentiscus extracts richer in tannins or flavonoids, which might be
employed for various purposes.

Keywords: Anacardiaceae; design of experiments (DOEs); flavonoids; green extraction; HPLC-DAD;
LC-MS/MS; tannins; ultrasound assisted-extraction (UAE)

1. Introduction

Pistacia lentiscus L. (Anacardiaceae), known as mastic orlentisk, is an evergreen shrub, widespread
over many areas in the Mediterranean basin [1]. This species is largely distributed in dry ecosystems,
characterized by nutrient and water scarcity due to the long periods of drought, high irradiation,
and temperatures [2,3].

Several studies have demonstrated that P. lentiscus leaves are rich in polyphenolic compounds [4,5]
including gallotannins and flavonoids (mainly quercetin and myricetin derivatives) [6–9]. These two
main classes of compounds have different industrial and commercial applications. Flavonoids are
intensively used in the food industry as preservatives and flavoring agents [10], the cosmetic industry
as skin protectors [11], and in agricultureas an anti-infective agents [12]. Tannins, otherwise, are widely
applied in the leather industry, as well as beverages additives, corrosion inhibitors of metals in
shipbuilding, wood adhesives, and foams [13].
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From a pharmacological point of view, both classes of phenolics have long been suggested to have
high antioxidant capacities and other several biological activities [14]. Pistacia lentiscus leaves have
traditionally been used in folk medicine for the treatment of various diseases such as hypertension,
stomach aches, and kidney stones [15–18]. Moreover, anti-ulcer, anti-inflammatory, cytoprotective,
acetylcholinesterase inhibition, and anticancer activities have been already described for its leaf
extracts [15,19–21].

Therefore, leaves of P. lentiscus represent a reliable source of polyphenols to be exploited by
several industries [22]. Thus, obtaining extracts enriched in different classes of these compounds is of
high interest.

The quality and the content of polyphenols in plant leaf extracts depend on several factors such as
the harvest moment and seasonality, the plant phenological stage, the leaf age, and the applied extraction
process [6,23–25]. Well-established conventional extraction methodologies have been associated with
significant economic and environmental impacts such as high solvent consumption and prolonged
extraction times [23,26]. Nowadays, with the development of the concept of “green extraction”,
environmentally friendly techniques should be developed, avoiding hazardous reagents and optimizing
extraction parameters such as time, temperature, and solvent type [27,28]. These green techniques,
include ultrasound-assisted extraction (UAE), enabling the maximum yield of active compounds with
low energy and less time consumed [29–31]. Ultrasound-assisted extraction represents one of the best
and cheapest technologies with limited instrumental requirements [32,33], being efficiently used for
extracting phenolic compounds from several plant materials [23,34,35].

The increasing interest inthe improvement of extraction processes from plants has triggered the
application of mathematical models for the optimization of extraction conditions. In this sense, response
surface methodology (RSM), widely applied for industrial purposes, has become the most preferable
approach for optimizing extraction procedures that apply multiple variables at the same time [36,37].
In this sense, the Box–Behnken design (BBD) is one of the most used RSMs. This design requires a
small number of runs and, therefore, avoids time-consuming experiments and has been largely applied
for optimizing extractions of single or classes of molecules from different plant materials [38–40].

Response surface methodologieshave already been applied for optimizing the ultrasound-assisted
extraction of polyphenols from P. lentiscus leaves [41]. In this study, the authors tested the UAE by using
a central composite design with high solvent volume and leaf material [41]. In addition, the authors
quantified the total phenolic content using the Folin–Ciocalteu reagent, not considered specific for
phenolics, since this reagent can be reduced by other compounds that might cause interferences in
the results [42]. As such, a detailed optimization of different classes of polyphenols in P. lentiscus leaf
extracts has not yet been conducted.

In this context, this study aimed to:

• Evaluate the effect of different variables (solvent ratio, temperature, extraction time, and ethanol
volume) on the UAE of P. lentiscus leaves using a first-step screening design;

• Optimize the extraction process, using a Box–Behnken design, in order to obtain extracts with
higher amounts of different classes of polyphenols (quantified by high performance liquid
chromatography coupled to diode array detection, HPLC-DAD) and applying a greener method
than those conventionally used for the extraction of leaves of the species;

• Characterize the major compounds present in the extract with the highest content in polyphenols
using liquid chromatography-mass spectrometry (LC-MS/MS).

2. Results and Discussions

2.1. Screening Design and Determination of the Important Factors

Several factors can influence the efficiency of an extraction such as solvent type, time, particle
size, and temperature [43]. Consequently, it is important to verify how different variables affect the
extraction of target compounds [23,44]. The UAE is one of the most appropriate extraction processes
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due to the fact of its efficacy, cleanliness, facility of use, and speed [45,46]. Among the different factors
that should be considered in ultrasound-assisted extraction, the polarity of the solvent and the solvent
ratio is very important [45,47]. Moreover, time and temperature also affect the yield of the compounds
and the costs of the whole process. Indeed, it is desirable to develop methods that lead to a higher
extraction of target compounds using lower temperatures, shorter time, and lower concentration of
organic solvent than possible [43,47].

The calculated coefficients for the different answers (i.e., total tannins content (TTC), total
flavonoids content (TFC), and total polyphenolic content (TPC)) are shown in Table 1. The solvent ratio
(x3) showed to be the most important factor affecting positively all the responses as can be inferred by
the positive and significant value of the b3 coefficient. As such, an increase in the solvent ratio from
0.06 to 0.1 L g−1 led to higher amounts of polyphenols. Therefore, even higher solvent ratios (solvent
volumes) were chosen for the further optimization steps.

Table 1. Screening fractional factorial design matrix (FFD-24−1) of trials conducted (trials 1 to 9, this
last the central point), with the independent variables (x1 to x4) and answers (y).

Experimental
Trials

Independent Variables (x)

x1

(Temperature, in ◦C)
x2

(Time, in min)
x3

(Solvent Ratio, in L g−1)
x4

(Ethanol Fraction, in % v/v)

1 5 (−) 15 (−) 0.06 (−) 50 (−)
2 25 (+) 15 (−) 0.06 (−) 75 (+)
3 5 (−) 30 (+) 0.06 (−) 75 (+)
4 25 (+) 30 (+) 0.06 (−) 50 (−)
5 5 (−) 15 (−) 0.1 (+) 75 (+)
6 25 (+) 15 (−) 0.1 (+) 50 (−)
7 5 (−) 30 (+) 0.1 (+) 50 (−)
8 25 (+) 30 (+) 0.1 (+) 75 (+)
9 15 (0) 22.5 (0) 0.08 (0) 62.5 (0)

Answers (y) Calculated coefficients

TTC b1 0.338 b2 −0.104 b3 0.571 * b4 −0.604 *

TFC b1 −0.092 b2 −0.058 b3 0.258 * b4 0.008

TPC b1 0.375 b2 −0.108 b3 1.267 * b4 −0.700 *

The trials were conducted in triplicate. The coefficients (b1 to b4), correspondent to each variable (x1 to x4),
were calculated by regression. The asterisks (*) indicate significant coefficients (p ≤ 0.05).Total tannins content (TTC);
total flavonoids content (TFC); total polyphenolic content (TPC).

The fraction of ethanol (%) (x4) showed to be a determinant for the extraction of tannins (TTC)
and total polyphenols (TPC), negatively affecting both. The b4 coefficient was significant and negative,
indicating that the extractions conducted using a smallerpercentage of ethanol resulted in higher yields
of these compounds. This phenomenon could be explained by the fact that with an increase in ethanol
concentration, the solvent polarity may decrease as well as the molecular movements, reducing the
solubility of the polar compounds [48]. In addition, by raising the surface tension of the solvent,
an increase in the molecular interactions is induced, consequently raising the extraction [32], while the
addition of water to the organic solvent may help break the hydrogen bonding and facilitate the
extraction of polyphenols [49]. Based on these results, lower percentages of ethanol were studied in
the optimization step in order to conduct a greener extraction [32,50]. In fact, ethanol and water are
solvents widely used by food and pharmaceutical industries due to the fact of their safer handling [51].

For the temperature (x1), the calculated coefficients (b1) were also high for TTC and TPC. For both,
this factor showed a positive effect. According to this, higher temperatures (30, 40, and 50 ◦C) were
evaluated during the optimization, which should also be considered when higher amounts of water are
applied. The use of higher temperatures during the UAE can increase the efficiency of the extraction
process due to the increase in the number of cavitation bubbles formed [45,52]. Moreover, temperature
influences the mass transfer process by improving the solvent penetration in plant cells due to the
reduction in its viscosity. In addition, higher temperatures increase the degradation of the plant matrix,
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and weaken the interactions of the polyphenols with other cell constituents, making their extraction
easier [49,53].

The coefficient b2 showed to be low for all the answers, indicating that the variable x2 (time) has
no effect on the answers. Therefore, this factor was kept constant in the optimization step, and the
shorter extraction time tested (15 min) was chosen. For further industrial purposes, this is desirable,
since less time can reduce the energy consumed [54].

2.2. Optimization Design: Models and Response Surfaces Analysis

For an efficient extraction process, not only the method used (e.g., UAE, microwave assisted
or conventional extractions), but also the variables applied are of a great importance as well as
their linear, quadratic, and interactive effects. The multi-factorial study of them, such as applying
experimental designs and RSM, allows the maximization of responses with minimal energy loss and
solvent consumption [47].

The results of tannins (TTC), flavonoids (TFC), myricitrin (MYC), and total polyphenols (TPC)
(calculated as the sum of individual phenolics, Supplementary Materials Tables S1 and S2) obtained
for the experimental trials conducted are presented in Table 2 and were used to obtain regression
equations (models, Supplementary Materials Table S3). Trials 9 to 11 were shownto have the best
conditions for achieving higher amounts of TPC and TTC (Table 2), all of them, interestingly using 40%
ethanol as solvent. For the flavonoids content (TFC and MYC) instead, the best trials were from trials 5
to 8, all using 0.15 L g−1 of solvent ratio (Table 2). It is interesting to note that for all the responses,
an extraction conducted using a solvent ratio of 0.2 L g−1 at 40 ◦C resulted in the lowest amounts of
polyphenols (Table 2).

Table 2. Box–Behnken design (BBD) matrix with natural and coded values for the independent variables
and responses. Fifteen experimental trials were conducted with triplicates of the central point (trial 13).

Independent Variables (Factors) Dependent Variables (Responses)

Trials
x1

(Ethanol Fraction, in % v/v)
x2

(Solvent Ratio, in L g−1)
x3

(Temperature, in ◦C)
TTC TFC MYC TPC

1 30 (−) 0.1 (−) 40 (0) 30.5 8.6 2.0 42.6
2 50 (+) 0.1 (−) 40 (0) 30.1 8.9 1.4 39.9
3 30 (−) 0.2 (+) 40 (0) 24.3 6.5 1.6 33.2
4 50 (+) 0.2 (+) 40 (0) 26.5 7.1 1.6 35.6
5 30 (−) 0.15 (0) 30 (−) 31.9 9.5 2.2 44.0
6 50 (+) 0.15 (0) 30 (−) 33.6 9.6 2.1 46.0
7 30 (−) 0.15 (0) 50 (+) 35.7 8.5 1.9 45.9
8 50 (+) 0.15 (0) 50 (+) 36.6 10.1 2.2 49.4
9 40 (0) 0.1 (−) 30 (−) 37.6 8.0 2.0 49.0

10 40 (0) 0.2 (+) 30 (-) 37.8 7.5 1.6 48.6
11 40 (0) 0.1 (−) 50 (+) 37.7 6.9 1.6 48.6
12 40 (0) 0.2 (+) 50 (+) 34.5 7.1 1.9 44.6
13 40 (0) 0.15 (0) 40 (0) 34.9 ± 1.3 5.8 ± 0.60 1.4 ± 0.15 44.3 ± 1.7

For the central point (trial 13), values of the mean ± SD are presented. All the values of the responses are expressed in
mg g−1 DW. Total tannins content (TTC); total flavonoids content (TFC); myricitrin content (MYC), total polyphenolic
content (TPC).

According to the results, second-order polynomial regression models based on the coded coefficient
values were obtained for each response (Supplementary Materials Table S3). To verify the fitting of the
mathematical models, the data were statistically analyzed. The quadratic model applied is usually
assumed to fit the data sufficiently well to indicate the more suitable and the better regions of work.
Statistically, the quality of a model is evaluated by the significance of the regression according to the
ANOVA test; the lack of fit (LOF), used to measure the adequacy of these models [55]; the multiple
determination coefficient (R2), which represents the variation of the response explained by the model;
and the adjusted multiple determination coefficient (R2

adj), which indicates the capacity of the model
to be predictive [55–57]. The analysis of the models obtained for the different responses (TTC, TFC,
MYC, and TPC) are presented in Table 3.
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Table 3. Statistical parameters after data analysis and fit of the models obtained for the
different responses.

Responses

Analysis of the Model Lack of Fit (LOF)

R2 R2
adj

F-Value of
Model

p-Value of
Model

F-Value of
Lack of Fit

p-Value of
Lack of Fit

TTC 0.95 0.74 5.32 0.040 * 3.56 0.23

TFC 0.90 0.73 5.13 0.043 * 1.52 0.42

MYC 0.89 0.71 4.79 0.049 * 1.25 0.47

TPC 0.90 0.71 4.80 0.049 * 3.07 0.26

* Significant values (p ≤ 0.05).

For a good fit, R2 should be at least 80% [58]. In all our analysis, the R2 values were higher
than 0.89 (89%, Table 3), suggesting that the models described well the behavior of these responses.
Moreover, for all of them, the R2

adj were higher than 0.71, indicating a good predictive power, since in
a good statistical model R2

adj should be comparable and similar to R2, with differences less than 0.2–0.3.
Furthermore, the values for the LOF were not significant to an extent with the pure error (p>0.05, for all).
A model will fit the experimental data when a significant regression and a non-significant LOF are
found [59]. Therefore, considering these results, as well as the p-value (all p≤0.05) (Table 3), the models
showed to be suitable and appropriate to well describe the relationship betweenthe responses (TTC,
TFC, MYC, and TPC) and the independent variables (x1 to x3).

The significance of the coefficients was also determined (Supplementary Materials Table S3).
For the response of total polyphenols (TPC) and total tannin (TTC) contents, the coefficient b2

(x2–solvent ratio) showed to be the highest, compared with the coefficients b1 (x1–ethanol fraction, %)
and b3 (x3–temperature). Besides, b2 was negative, suggesting that the use of less solvent is better
for the extraction of TPC and TTC. Similarly, for the total content of flavonoids (TFC), the coefficient
b2 showed higher values compared to b1 and b3, also negatively affecting the response. It means
that less solvent should be better for the extraction of flavonoids (Supplementary Materials Table S3).
The analysis of variance (ANOVA) for the polynomial models indicated that the quadratic terms of the
variable x1 (ethanol%, b11) and x3 (temperature, b33) were the most important, significantly influencing
the responses (p < 0.05) (Supplementary Materials Table S3). In fact, temperature and type of solvent
are important factors to be considered in UAE [32].

To provide a better visualization of the effects of the factors in the responses, contour response
surface plots were generated from the models (Figure 1—TTC and TPC and Figure 2—MYC and
TFC), by plotting the responses with regard to ethanol concentration (x1) and solvent ratio (x2) at
each temperature 30, 40, and 50 ◦C (x3). These response surfaces can be used for the prediction of the
responses (polyphenols contents) in the investigated experimental domain.

For the total polyphenolic content (TPC, Figure 1a–c), 30 ◦C and 50 ◦C predicted maximum
amounts (>50.0 mg g−1 DW, Figure 1a,c), with 50 ◦C being better, since a more extended and stable
optimal region of extraction wasobtained (Figure 1c). At this temperature, 35% to 45% of ethanol in a
solvent ratio of 0.1 to 0.15 L g−1 should be used (Figure 1c). At 40 ◦C, a good region was also found,
however, resulting in lower amounts (~44.0 mg g−1 DW). In fact, the optimal conditions proposed by
the model were 40% ethanol in a ratio of 0.12 L g−1 at 50 ◦C, resulting in 51.3 ± 1.8 mg g−1 DW of TPC.

A similar percentage of ethanol was also proposed by a previous study focused on the optimization
of the phenolic extraction of P. lentiscus leaves using a microwave-assisted method [22]. The authors
showed that percentages of ethanol around 30% to 40% significantly raised the total phenolic content,
spectrophotometrically quantified by the Folin–Ciocalteu reagent [22]. In addition, a similar effect
of ethanol percentage was also reported for the extraction of phenolic compounds from other plant
sources such as green tea [60]. Considering temperatures analogous to our findings, 45–50 ◦C was
shown to maximize the extraction of polyphenols in Pistacia atlantica leaves [36].
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Figure 1. Response surface (contour plots) for predicting the TPC (a–c) and TTC (d–f) in Pistacia lentiscus

leaf extracts with regard to the ethanol fraction (%, x1) and solvent ratio (L g−1, x2), at each temperature
(x3, 30, 40, and 50 ◦C). The regions with the darkest-gray color represent the domains of working
conditions assuring the maximum values for the evaluated compounds (total polyphenols and tannins).

The total tannin content (TTC, Figure 1d–f) showed very similar response surfaces and optimal
conditions to TPC. Indeed, P. lentiscus leaves are rich in tannins, which represent around 70% of
the TPC [6]. Therefore, a similar behavior should be expected. For TTC, temperatures of 30 ◦C
and 50 ◦C should be also used to reach higher amounts of tannins (~40.0 mg g−1 DW). However,
different from total polyphenols, a narrow optimal region was observed at 50 ◦C (Figure 1f). At any
temperature, an extraction using around 0.13 L g−1 of 40% ethanol provided better results (Figure 1d–f).
Indeed, the optimal conditions for maximization of the content of tannins were the same for TPC
(0.12 L g−1, 40% ethanol, 50 ◦C), yielding 40.2 ± 1.4 mg g−1 DW.

For TFC and MYC (Figure 2), at any temperature, a decrease in the content of these compounds
was observed around the medium percentages of ethanol with the optimal regions being obtained
when extreme values of ethanol fractions (30% or 50%) and temperatures (30 or 50 ◦C) are chosen
(Figure 2). Therefore, higher contents of flavonoids (~10 mg g−1 DW, Figure 2a,c) and myricitrin
(>2.5 mg g−1 DW, Figure 2d,f) are predicted under these conditions. As such, extractions conducted
at 50 ◦C, using 50% ethanol in 0.1 to 0.17 L g−1 result in greater amounts of flavonoids (Figure 2c).
Decreasing the temperature to 40 ◦C, lesser amounts of flavonoids are obtained (~8.5 mg g−1 DW)
(Figure 2b). The increase in the temperature can cause higher solubility and diffusion coefficients of
polyphenols, such as flavonoids, which result in a higher extraction rate [61]. The optimal conditions
predicted by the model for maximization of the flavonoid content in P. lentiscus leaf extracts are 50%
ethanol in 0.13 L g−1 at 50 ◦C, resulting in 10.2 ± 0.8 mg g−1 DW.
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Figure 2. Response surface (contour plots) for predicting the TFC (a–c) and MYC (d–f) in P. lentiscus

leaf extracts with regard to the ethanol fraction (%, x1) and solvent ratio (x2) used at each temperature
(x3, 30, 40, and 50 ◦C). The regions with the darkest-gray or black color represent the domains of
working conditions assuring the maximum values for the evaluated compounds (total flavonoids
and myricitrin).

Myricitrin content (Figure 2d–f) showed similar response surfaces to the TFC (Figure 2a–c).
The extraction conducted at 30 ◦C with 30% ethanol in 0.1 L g−1 should result in maximal contents of
this flavonoid (2.6 ± 0.19 mg g−1 DW). However, at 50 ◦C very similar amounts were also obtained,
but 50% ethanol in slightly higher volumes should be used (Figure 2f). As can be noticed, the TFC
and MYC have similar behaviors. This could be explained because myricitrin is the most abundant
flavonoid detected in P. lentiscus leaves (Figure 3), also justifying our choice in maximizing its content.
This compound has also been described as a major compound in lentisk leaf extracts in previous
studies [6,7,62].

To validate the adequacy of the mathematical models, verification experiments were carried
out in triplicate under the optimal conditions. Mean values of 39.8 ± 4.1 mg g−1 DW for TTC,
50.9 ± 4.9 mg g−1 DW for TPC, and 9.9 ± 1.4 mg g−1 DW for TFC were obtained from the real
experiments and demonstrated the validation of the models for these three responses (pTTC = 0.88;
pTPC = 0.90; pTFC = 0.76).

We observed that among the variables tested, the same solvent ratio (~0.13 L g−1) and temperature
(50 ◦C) should be used during the UAE process to obtain the maximal yields of tannins and flavonoids.
However, the ethanol percentage showed to differ between both classes of compounds. While for
tannins (TTC) 40% ethanol should be used, 50% is preferable for the extraction of flavonoids (TFC).
This difference can be explained by the distinct solubility of these compounds [47]. The polarity of the
ethanol–water mixture decreases with the addition of ethanol, stimulating the extraction of less polar
compounds from plant cells. Flavonols, such as myricetin derivatives, show higher solubility with
increasing concentration of alcohol, consequently reaching greater extraction yields when less polar
solvents are used [23]. Tannins with low molecular weight (galloyl derivatives) occurring in P. lentiscus

leaf extracts (Figure 3, Table 4) are more polar than the flavonoids detected. Therefore, it is reasonable
that the extraction of these types of tannins (and consequently the overall polyphenolic content) is
stimulated by the utilization of more polar solvents (i.e., 40% ethanol). Indeed, higher concentrations
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of ethanol and methanol are more beneficial for the extraction of flavonoids than for tannins, which
generally need higher amounts of water [47]. In agreement with our results, Barbouchi et al. [63]
obtained higher phenolic contents in P. lentiscus leaf extracts when more polar extraction solvents were
used. In addition, ethanol was considered the most suitable solvent for the recovery of flavonoids
from this species [2].

The extraction conditions optimized here are suitable for experimental and further industrial
applications, since they apply a green solvent (ethanol:water) in low quantity (~0.13 L g−1) for a short
time (15 min), using moderate temperatures (50 ◦C). Considering that more toxic solvents, such as
methanol, chloroform, and ethyl acetate, are intensively used to extract P. lentiscus leaves [19,64–66]
and that the typical extraction methods apply higher percentages of ethanol for longer times [2,6,7],
our optimization led to a greener extraction procedure if compared to conventional extraction methods,
by decreasing the ethanolic fraction by at least 25% and halved the time used.

A green extraction is defined as a procedure able to reduce energy consumption and use of organic
solvents, saving the quality of the process [29]. In particular, three major points should be considered:
the improvement and the optimization of the existing methods; the use of simple equipment; and the
innovation in the use of alternative solvents [67]. In this sense, the optimization of a standard extraction
procedure, especially employing the minimum amount of organic solvent, could be considered green,
even if moderate temperatures are applied.

2.3. Polyphenolic Composition of the Richest P. lentiscus Extract

Figure 3 shows the polyphenolic profile of P. lentiscus leaf extract obtained using the conditions
of trial 9 (BBD, Table 2), corresponding to the extract with the highest content of total polyphenols
(TPC). The LC-MS/MS analysis was performed to provide a more comprehensive characterization of
the polyphenols present in the leaves of the species as well as to confirm previous characterizations
reported in the literature [7,9,62,64].

 

−

 

Figure 3. Chromatograms of P. lentiscus leaf extracts obtained using the extraction conditions of trial 9
(BBD, Table 2) acquired at 280 nm (above) and 350 nm (below).

The UV-Vis and MS/MS spectra allowed us to identify 19 compounds (Table 4), classified into
three main classes: gallic acid derivatives (peaks 1 and 2), gallotannins (peaks 3–9), and flavonoids
(peaks 10–19). For flavonoids, three peaks were identified as myricetin derivatives (peaks 10, 11, 14),
six as quercetin derivatives (12, 13, 15–18), and one as a kaempferol derivative (19).

Among the four main peaks detected, three of them (peaks 3, 4, and 7) showed the fragmentation
correspondent to mono-, di-, and trigalloylquinic acids, respectively (Table 4). These metabolites have
already been described in the literature using different kinds of detectors such as triple quadrupole
(QQQ) [7,9,64] and quadrupole time-of-flight (Q-TOF) mass spectrometers [62]. Indeed, according to
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these previous reports, the monogalloylquinic acid (peak 3) was defined by the fragments m/z 343
[M − H]− and 191; this lastresulted from the loss of the galloyl moiety [M152-H]. In addition,
the digalloylquinic acid and its isomer (peaks 4 and 5) were characterized by the fragments m/z 495 [M −
H]−, 343, 191, and 169, that are consistent with the successive loss of two galloyl units, and correspondent
to the gallic acid itself (m/z 169). Finally, the trigalloylquinic acid (peak 7) and its isomer (peak 6)
showed the fragments m/z 647 [M −H]−, 495, 343, 191, and 169, consistent with a trigalloyl substitution.
Two minor peaks with the UV spectra and the mass fragmentation typical of quinic acid derivatives
were also detected, with precursor ions of m/z 799 and fragments 495, 343, 191, and 169, correspondent
to four consecutive losses of galloyl moieties (Supplementary Materials Figure S1). As such, these
peaks (peaks 8 and 9) were tentatively identified as tetragalloylquinic acid (and its isomer), here, firstly
reported in P. lentiscus leaf extracts.

Table 4. LC–DAD-MS/MS characterization of the main polyphenols present in extracts of P. lentiscus

leaves. Compounds numbers correspond to those indicated in Figure 3 (sh, shoulder).

Peak tR, (min) λ max, (nm)
Collision

Energy, (V)
[M-H]−,(m/z) MS2, (m/z) Peak Assignment

1 16.23 234,270 10 331 169,151,125 Monogalloyl glucose
2 19.71 234,272 10 169 125 Gallic acid
3 20.53 236,272 15 343 191 Monogalloyl quinic acid
4 30.24 236,276 15 495 343,191,169 Digalloyl quinic acid (isomer 1)
5 31.22 236,276 15 495 343,191,169 Digalloyl quinic acid (isomer 2)
6 35.72 256,356 20 647 495,343,191,169 Trigalloyl quinic acid (isomer 1)
7 37.09 256,356 20 647 343,191,169 Trigalloyl quinic acid (isomer 2)
8 38.47 265,355 20 799 495,343,191,169 Tetragalloyl quinic acid (isomer 1)
9 38.59 265,355 20 799 495,191,169 Tetragalloyl quinic acid (isomer 2)
10 38.83 264,314,346 sh 10 479 317,316 Myricetin-3-O-galactoside
11 40.15 268,314,348sh 15 625 479,316,317 Myricetin-3-O-rutinoside
12 42.62 256,350 10 493 301 Quercetin derivative
13 42.94 256,350 10 463 381,300,301 Quercetin-O-hexoside 1
14 43.29 260,358,346 sh 10 463 316,271,179 Myricitrin (Myricetin-3-O-rhamnoside)
15 44.23 270,350,300 sh 10 463 381,300,301 Quercetin-O-hexoside 2
16 44.97 256,350 15 585 525,301,179 Quercetin-O-galloyl-pentoside
17 45.57 256,350,300 sh 10 433 300,301 Quercetin-3-O-arabinoside
18 47.69 266,350,300 sh 15 447 300,301 Quercitrin (Quercetin-3-O-rhamnoside)
19 49.19 265,348 15 447 415,365,285 Kaempferol-O-hexoside

Among the gallic acid derivatives (peaks 1 and 2), the peak 1 was assigned as monogalloyl
glucose (glucogallin), based on the literature [7] and according to its ion fragments m/z 331 [M −
H]−, 169 (resulted from the loss of the glucose, m/z 162) and 125 (derived from the decarboxylation of
galloyl). The peak 2, instead, was identified as gallic acid, based on its characteristic mass spectra,
with the precursor ion at m/z 169 [M −H]− and the fragment m/z 125 (decarboxylation of the galloyl).
The identification of this compound was also confirmed based on the comparison with the specific
external standard.

Flavonoids (from peak 12 to 18) were identified based on the mass fragment of their corresponding
aglycon units, namely, myricetin (m/z 317), quercetin (m/z 301), and kaempferol (m/z 285). This was
confirmed by the injection of the external standards myricitrin, rutin, and kampferol-3-O-rutinoside.
The sugar moieties were characterized based on the neutral losses of 132 (presence of pentosides:
xylose or arabinose), 162 (hexosides: galactose or glucose), and 146 (deoxyhexoside: rhamnose).
Thus, in agreement with the fragmentation patterns described in the literature [62,64], the following
flavonoids were tentatively identified as: myricetin-3-O-galactoside (peak 10), myricetin-3-O-rutinoside
(peak 11), quercetin-O-hexosides 1 and 2 (peaks 13 and 15), quercetin-O-galloyl-pentoside (peak 16),
quercetin-3-O-arabinoside (peak 17), quercetin-3-O-rhaminoside (peak 18), and kaempferol-O-hexoside
(peak 19). The identification of the major flavonoidic peak (14), myricetin-3-O-rhamnoside (myricitrin),
was obtained by comparison with the specific analytical standard. The remaining peak (12) was
tentatively identified as a quercetin derivative based on the UV–Vis spectra, in the absence of conclusive
mass-spectrometric data and reference in the literature.
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High contents of gallotannins (galloylquinic acid derivatives) and myricetin derivatives were
previously described in P. letiscus leaves [6,7,9,17,68]. These compounds represent approximately 90%
of the polyphenolic composition of the leaf extracts [6] and are possibly the main responsible for their
biological properties such as: anti-inflammatory, cytoprotective, hepatoprotective, enzymatic-inhibitory,
antitumor, and anti-diabetes [7,62,69–71]. It is noteworthy that the two molecules here tentatively
identified as tetragalloylquinic acid derivatives have not been described yet in lentisk leaves.
These compounds have shown to possess high activity against bronchial hyperreactivity and allergic
reactions [72].

All these reports show the importance of developing new methodologies in order to increase
the content of active compounds in P. lentiscus extracts. This could lead to a wider application of
the extracts as nutraceuticals, medicines, or as sources of substances for different commercial and
industrial applications.

In fact, the compounds detected here showed important biological activities. In particular,
galloyl derivatives of quinic acid have been shown to have effective inhibition of Fe2

+-induced lipid
peroxidation in cells [73], anti-HIV, anti-allergic [74], and high antioxidant activities [68]. This class
of molecules is among the most pharmacologically active natural products detected in several plant
species [75]. In addition, gallotannins are applied as wood adhesives in the leather manufacturing as
well as in the construction sector [13].

Flavonoids, especially with quercetin and myricetin skeleton, are considered powerful antioxidants
distributed in several plant species with proven anti-inflammatory and anti-cancer actions [76–79].
Besides their application as medicinal compounds, they are specially utilized in cosmetic and
nutraceutical products [11].

Moreover, the most abundant flavonoid detected in all extracts, the myricetin-3-O-rhamnoside,
showed a noticeable lipid peroxidation inhibitionin in vitro tests, with very low IC50 (inhibitory
concentration at 50%) [80], being even more effective as antioxidant than vitamin C [81]. In addition,
this molecule has demonstrated positive effects against the oxidative stress induced by hyperglycemia
in C2C12 cells [82] and has shown significant inhibition in peroxynitrite-mediated DNA damage [83].

3. Materials and Methods

3.1. Plant Material

Fully expanded leaves from branches at the top of the canopy were randomly collected from
adult plants of P. lentiscus growing in the coastal dunes of Southern Tuscany, Italy (42◦46′ N, 10◦53′ E).
Harvesting was conducted in July 2019, around midday in order to ensure the high polyphenolic
composition of the leaves [6].

After collection, the leaves were cleaned (to remove damaged parts, dust, and other contaminants
from the natural habitat), immediately frozen in liquid nitrogen, freeze-dried, ground into a fine
powder, and kept at −80 ◦C until the moment of extraction.

3.2. Ultrasound-Assisted Extraction (UAE) Procedure

Freeze-dried ground leaves (0.15 gweighted on a digital analytical balance Precisa® 125A)
were extracted using ethanol in different percentages and volumes according to the design matrixes
(Tables 1 and 2). The UAE was conducted in an ultrasonic bath (BioClass® CP104) using a constant
frequency of 39 kHz and an input power of 100 W. The different temperatures and times, according to
each trial (Tables 1 and 2), were monitored with a thermometer (Weber® 6750, Springfield, Illinois,
USA) and a timer (Fisher Scientific®, Los Angeles, CA, USA). After the extraction, the samples were
centrifuged (5 min, 9000 rpm, 5 ◦C-ALC® 4239R, Milan, Italy) and the supernatants were partitioned
with 3 × 5 mL n-hexane, in order to remove lipophilic compounds that could interfere with the analysis.
The hydroethanolic phase was reduced to dryness using a rotavapor (BUCHI® P12, Cornaredo, Italy;
coupled to a vacuum controller V-855), and the residue was resuspended with 1.0 mL of MeOH:

78



Plants 2020, 9, 1482

Milli-QH20 solution (1:1 v/v, pH 2.5 adjusted with HCOOH). These samples were used to conduct
the HPLC-DAD analysis for the quantification of the different classes of polyphenols to construct the
model. In addition, the extract with the highest polyphenolic content was chosen for the LC-MS/MS
analysis in order to furnish a detailed characterization of its chemical composition.

3.3. HPLC-DAD Quantification and LC-MS/MS Characterization of the Extracts

High performance liquid chromatography coupled to diode array detection (HPLC-DAD) was
used for quantification of the different polyphenolic classes of the extractsobtained at the different
conditions tested.

The samples (5 µL) were injected into a Perkin® Elmer Flexar liquid chromatography equipped
with a quaternary 200Q/410 pump and an LC 200 diode array detector (DAD) (all from Perkin
Elmer®, Branford, Connecticut, USA). The stationary phase consisted in a Zorbax® C-18 column
(250 mm × 4.6 mm, 5µm particle size) and the eluents were (A) acidified water (0.1% HCOOH) and (B)
acetonitrile (0.1% HCOOH).The following gradient was applied: 1 min (3% B), 1–55 min (3–40% B),
55–60 min (40% B), 60–61 min (3% B), with 62 min of total analysis time, in a flow rate of 0.6 mL min−1.
Ten minutes of conditioning step were used to return to the initial conditions of the method.

The identification of the polyphenols with HPLC-DAD was carried out based on the retention
time, UV-Vis spectral characteristics, comparison with those of the authentic standards acquired
at 280 and 350 nm, as well as on the subsequent LC-MS/MS analysis. Quantifications were made
by HPLC-DAD. The standards (gallic acid, myricitrin, rutin, and kaempferol-3-O-rutinoside from
Sigma–Aldrich®–Merck®KGaA, Darmstadt, Germany) were used to obtain five-point calibration
curves. If a commercial standard was not available, quantification was performed using the calibration
curve of standards from the same phenolic group. The linearity of these calibration curves was
determined by the coefficient of determination (R2), being higher than 0.999 for all the three standards.
The limit of detection (LOD) and quantification (LOQ), both expressed as µg/mL, were calculated using
signal-to-noise ratio of 3 and 10, respectively [84]. The following limits of detection and quantification
were found for the standards: LODgallic acid = 0.3 and LOQgallic acid = 0.85; LODrutin = 0.28 and
LOQrutin = 0.6; LODmyricitrin = 0.12 and LOQmyricitrin = 0.38; LODkaempferol-3-O-rutinoside = 0.21 and
LOQkaempferol-3-O-rutinoside = 0.49).

All the extracts were analyzed in triplicate. The quantitative results of the polyphenols (reported
as mg per g of dry weight, DW) were expressed as: myricitrin (the most abundant flavonoid detected in
the P. lentiscus leaf extracts), total tannin, total flavonoid, and total polyphenols contents, represented as
the sum of individual tannins (TTC), flavonoids (TFC) and polyphenols (TPC) detected by HPLC-DAD
analysis in each extract (Supplementary Materials Tables S1 and S2).

The characterization of polyphenols was conducted utilizing a LC–DAD-MS/MS system consisted
of a Shimadzu® LCMS-8030 triple quadrupole mass spectrometer (Kyoto, Japan) operated in the
electrospray ionization (ESI) negative mode and a Shimadzu®Nexera HPLC system (Kyoto, Japan),
coupledto a diode array detector (DAD). A reversed-phase Waters® Nova-Pak C18 column
(4.9 × 250 mm, 4 µm; Waters®, Milford, MA, USA) was used. The mobile phase consisted of water
(1% HCOOH, solvent A) and acetonitrile (1% HCOOH, solvent B) and the separation was conducted
using the following gradient: 2% B isocratic (10 min), from 2% to 98% B (30 min), 98% B isocratic
(7 min) in a flow rate of 0.6 mL min−1 and 10 µL of injection volume. The conditions for MS analysis
were nitrogen as nebulizing and drying gas (at flow rates of 3.0 and 15.0 L min−1, respectively);
interface voltage of –3.5 kV; desolvation line temperature of 250 ◦C; heat block temperature of 400 ◦C.
The spectrometer operated in product ion scan mode using analyte-specific precursor ions; and argon
was used as collision-induced dissociation (CID) gas (at 230 kPa). Identification of individual phenolics
was carried out by comparison with retention times, UV-Vis, MS and MS/MS spectra, bibliographic
data, and available external standards injected in the same conditions (gallic acid, myricitrin, rutin,
and kampferol-3-O-rutinoside, all from SigmaAldrich®–Merck®KGaA, Darmstadt, Germany).
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3.4. Experimental Designs: Optimization Procedure and Data Analysis

The factors affecting the ultrasound-assisted extraction (Section 3.2.) were firstly screened using a
fractional factorial design (FFD) (24−1) in order to select the variables and levels to be applied during
the optimization step. Based on the results, a Box–Behnken design was conducted to determine the
best combination of the important variables selected [56].

3.4.1. Screening Fractional Factorial Design: Selection of the Important Variables for the Extraction
Optimization

Four factors: temperature (x1; 5 ◦C or 30 ◦C), time (x2; 15 or 30 min), solvent ratio (x3; 0.06 or
0.1 L g−1) and ethanol fraction (x4; 50% or 75% v/v) were chosen as independent variables and analyzed
in two levels (+1, −1; FFD 24−1; Table 1). The variables and their levels were initially chosen based on
their importance for the UAE of plant materials [47]. Nine trials were conducted (8 trials + central
point), in different combinations of the variables (x1 to x4 inTable 1), all in triplicate. The details of the
UAE process conducted are described in the Section 3.2.

The main effects of each factor (x1 to x4) in the following responses: total tannins (TTC),
total flavonoids (TFC), and total polyphenolic contents (TPC) were estimated by the calculation of
the coefficients of each variable (b1, b2, b3, and b4) using the statistical software Minitab® 18 (LCC,
Pennsylvania, USA). The factors that were significant in the regression analysis (p ≤ 0.05) were
considered to have an impact on the responses and selected for the optimization step.

3.4.2. Box–Behnken Design for Optimization of the Extraction Conditions

After the determination of the most important factors, these variables were optimized using a
Box–Behnken design, a simple and more efficient three-level factorial design in comparison to other 33

designs [39]. Three independent variables (factors) were analyzed in three levels: temperature (x1; 30,
40, and 50 ◦C), solvent ratio (x2; 0.1, 0.15, and 0.2 L g−1), and ethanol fraction (x3; 30, 40 and 50%, v/v).

Fifteen experimental trials, resulted from the combination of the three levels (−1, 0, 1) of each
variable and three replicates of the central point were thus conducted in triplicate, following the BBD
matrix (Table 2). The response variables (i.e., TTC, TFC, MYC, and TPC) were fitted to a second-order
polynomial model equation (Equation(1)) that was used to predict the optimum conditions of extraction
process and to construct the response surfaces (RSM).

Y = β0 +
k

∑

i=1

βiXi +
k

∑

i=1

βiiX
2
i +

k
∑

i=1

k−1
∑

j=i+1

βi jXij (1)

where Y represents the response variables, Xi and Xj are the independent variables affecting the
response, β0, βi, βii, and βij are the regression coefficients of the model (intercept, linear, quadratic,
and interaction terms, respectively), and k is the number of variables (k = 3). The variables and their
levels, with both coded (−1, 0, 1) and uncoded (real values) are given in Table 2.

The Minitab®18 software (LCC, State College, PA, USA) was used for the RSM data analysis.
To test the significance of the models, an ANOVA with 95% confidence level was carried out for each
response. Furthermore, a lack of fit (LOF) test was performed to check the variability of the residues of
the proposed models. The estimated coefficients of multiple determination (R2) of the quadratic models
and the adjusted coefficients of multiple determination (R2

Adj) were also calculated. These coefficients
reflect the fraction of the total variability in the response that is explained by the model.

In order to verify and validate the predicted optimal UAE conditions, experimental extractions
were under the conditions selected as optimal for TTC, TPC (0.12 L g−1 of 40% ethanol, at 50 ◦C),
and TFC (0.13 L g−1 of 50% ethanol, at 50 ◦C). The predicted and experimental responses were compared
by a t-test and the model validation was confirmed if p > 0.05.
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4. Conclusions

In conclusion, this study was able to define the optimal UAE conditions to obtain higher amounts of
different polyphenolic classes from P. lentiscus leaves in a greener way when compared to conventional
extraction methods, using a low percentage of organic solvent and less time consumed.

According to our findings, among the variables tested (i.e., temperature, ethanol fraction, and
volume), the optimal conditions were slightly different only in terms of ethanol percentage: 40% for
tannins and 50% for flavonoids but similar in solvent ratio (~0.13 L g−1), temperature (50 ◦C), and time
(15 min). A good agreement between the experimental and the predicted values at these optimal
conditions showed the adequacy of the models obtained. Furthermore, this work brings novelty in the
characterization of P. lentiscus leaf extracts, putatively identifying for the first time the presence of two
tetragalloyllquinic acid derivatives.

These results are important considering the wide commercial applications of the different
polyphenolic classes of this species, as well as the new trend in the green chemistry. Moreover, they may
constitute the basis for future UAE processes applied in larger scale conditions.
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Table S1:Polyphenolic content (in mg g−1 DW) of individual tannins and gallic acid derivatives obtained in each trial
of the optimization BBD design; Table S2: Flavonoidic content (in mg g−1 DW) of individual compounds obtained
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interaction) of the models obtained for each response (total tannin—TTC, total flavonoids—TFC, myricitrin—MYC,
and total polyphenols—TPC contents); Figure S1. MS/MS spectra of tetragalloyl quinic acids (isomer 1, A and
isomer 2, B) corresponding to peak 8 and 9 of Table 4, respectively
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Abstract: Bergeniaemeiensis is a traditional herb in Chinese folk medicine. Most related studies are
focused on the bioactivity of bergenin, neglecting other bioactive compounds. In our previous work,
polysaccharides were identified in B. emeiensis rhizome. To evaluate the extraction process and the
antioxidant ability of these polysaccharides, a response surface method and antioxidant assays were
applied. The results showed that the yield of polysaccharides was highly affected by extraction time,
followed by temperature and solvent-to-sample ratio. Under the optimal conditions (43 ◦C, 30 min
and 21 mL/g), the yield was 158.34 ± 0.98 mg/g. After removing other impurities, the purity of the
polysaccharides from B. emeiensis (PBE) was 95.97 ± 0.92%. The infrared spectrum showed that PBE
had a typical polysaccharide structure. Further investigations exhibited the PBE could scavenge well
DPPH and ABTS free radicals and chelate Fe2+, showing an excellent antioxidant capacity. In addition,
PBE also enhanced the cell viability of HEK 239T and Hep G2 cells under acrylamide-exposure
conditions, exhibiting great protection against the damage induced by acrylamide. Therefore, PBE
can be considered a potential natural antioxidant candidate for use in the pharmaceutical industry as
a health product.

Keywords: Bergenia emeiensis; polysaccharides; optimization; RSM; acrylamide-induced damage

1. Introduction

Bergenia emeiensis (B. emeiensis), belonging to the Saxifragaceae family, is a special species in
China. In southwest China, B. emeiensis is found distributed at altitudes of 1300–1500 m. The plants
of the genus Bergenia were well known in folk medicine for its beneficial effect on treating many
diseases. In India, Bergenia was called Paashaanbhed and used for its hepatoprotective, diuretic
and antipyretic properties. The aqueous extract of Bergenia ligulata rhizome could inhibit in vitro
growth of CaC2O4 and calcium hydrogen phosphate dihydrate crystals [1]. Moreover, Bergenia plants
were widely applied to treat diarrhea, vomiting, fever, cough, pulmonary infections, menorrhagia,
excessive uterine hemorrhage, kidney stones and ulcer of large intestines [2–4]. Bergenin and arbutin
were found to be the main polyphenol components in Bergenia [5]. Quercetin, kaemipferol and other
flavonoids were also isolated from Bergenia [6]. Meanwhile, other flavonoids, anthraquinones and
phenolic constituents were identified in some species of Bergenia [5–8]. However, analyses of the
content and pharmacological activity of polysaccharides from Bergenia were rarely reported.

Polysaccharides from natural plants have been proven to possess a good biological activity.
The polysaccharides from Cyclocarya paliurus showed great anti-hyperlipidemic and anti-diabetic
ability [9]. Since the anticancer effect on polysaccharides has been proved, the antitumor ability of
polysaccharides has gradually become a research hotspot [10]. In addition, natural polysaccharides
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could also effectively scavenge free radicals and increase the activity of antioxidant enzymes,
thus exerting an excellent antioxidant capacity in vitro and in vivo [11,12].

Polysaccharides are condensed monosaccharide residues, containing a large number of hydrophilic
groups with a high polarity. Thus, polysaccharides have good thermal stability and are easily soluble
in water and insoluble in organic reagents such as petroleum ether, acetone, and ethanol. Therefore,
the hot water extraction method is widely used to extract polysaccharides from natural plants with its
advantages of mild extraction conditions, low equipment requirements and simple operation, but the
method exhibits disadvantages such as high energy consumption, long time consumption and low
efficiency. In addition to the extraction method, the extraction yield was also affected individually and
interactively by extraction parameters such as extraction temperature, extraction time, solution pH
and solvent to sample ratio. Therefore, a mathematical statistical technology—the response surface
method (RSM)—was established to optimize the extraction process. Bb building a mathematical model
based on a small number of experimental results, RSM has been widely applied to predict the optimal
extraction process for its accurate estimation of the interactions between extraction parameters [13,14].

B. emeiensis was used as a folk medicine to treat respiratory diseases on the area of Mount
Emei (Sichuan, China). However, the definite identity of the active compounds remains unknown.
In this study, polysaccharides were considered as the index to investigate the content in B. emeiensis

rhizomes. RSM was applied to optimize the extraction process. Moreover, the antioxidant ability of
polysaccharides of B. emeiensis was evaluated by determined the scavenging ability on DPPH and
ABTS free radicals and also the chelating capacity on Fe2+. The results may provide a theoretical basis
for the potential application of the plant in the food, pharmaceuticals and cosmetics industries.

2. Results

2.1. Single-factor Experiment Analysis

To investigate the effect of a single extraction method on the yield of polysaccharides, single-factor
experiments were carried out. When the liquid-solid ratio was changed from 10 to 20 mL/g, the yield
of polysaccharides also increased. When the ratio was over 20 mL/g, the output decreased gradually
(Figure 1A). Thereby, 20 mL/g was chosen as the center point for the RSM design. As shown in
Figure 1B, the yield of polysaccharides reached the peak when the extraction temperature was 40 ◦C.
The content tended to be stable as the temperature was increased over 40 ◦C. Hence, 40 ◦C was picked
as the central point for the RSM design. Appropriately prolonging the extraction time could help the
leaching of polysaccharides. As shown in Figure 1C, as the extraction time was extended from 30 to
60 min, the yield of polysaccharides was also promoted, but, over 60 min, the extraction rate declined
and although the yield went up again at 150 min, it was still lower than that at 60 min. Therefore,
60 min was selected as the central point for the subsequent RSM design.

Figure 1. Effects of different extraction parameters on the yield of polysaccharides. (A) liquid-solid
ratio, (B) extraction temperature and (C) extraction time.
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2.2. Analysis of the Response Surface

Based on the outcomes of the single-factor assays, suitable extraction conditions were selected and
used to design the RSM (Table 1). According to the experimental results and the multiple regression
analysis, the yield of polysaccharides could be expressed using the following formula:

Y = 156.06 − 1.52A − 3.21B − 0.8744C − 3.48AB − 2.32AC − 2.05BC − 2.9A2 − 0.3684B2 − 3.35C2 (1)

where Y was the yield of polysaccharides; A was the extraction temperature; B was the extraction time
and C was liquid-sold ratio.

Table 1. Box-Behnken experimental design and the results of these experiments.

Run A-Temperature (◦C) B-Time (min)
C-Liquid-Solid Ratio

(mL/g)
Y-Yield of Polysaccharides

(mg/g)

1 40(0) 30(−1) 10(−1) 154.03
2 40(0) 90(1) 30(1) 146.55
3 40(0) 90(1) 10(−1) 151.91
4 40(0) 60(0) 20(0) 157.90
5 30(−1) 60(0) 10(−1) 150.05
6 30(−1) 60(0) 30(1) 152.44
7 40(0) 30(−1) 30(1) 156.89
8 50(1) 60(0) 10(−1) 151.82
9 50(1) 30(−1) 20(0) 157.98
10 30(−1) 30(−1) 20(0) 154.24
11 40(0) 60(0) 20(0) 155.55
12 40(0) 60(0) 20(0) 155.01
13 30(−1) 90(1) 20(0) 154.58
14 40(0) 60(0) 20(0) 155.20
15 50(1) 90(1) 20(0) 144.39
16 50(1) 60(0) 30(1) 144.95
17 40(0) 60(0) 20(0) 156.65

Experim. 43.11 30 20.69 159.25
Actual 43 30 21 158.34 ± 0.98

The ANOVA analysis for the fitted quadratic model is shown in Table 2. The low p value of the
model means the regression model was highly significant and a high p value of lack of fit indicated the
model equation was suitable for predicting the yield of polysaccharides from B. emeiensis. A lower
value of the coefficient of variation (0.6278%) meant the results were highly reliable. Moreover, the R2

was 0.9777 and adj R2 was 0.9491, both of which was close to 1, thus meaning the model exhibited a
good accuracy and a high fitting degree for efficiently predicting the yield under different extraction
conditions. In addition, as shown in Table 2, the p values of linear coefficients (A, B and C) were
lower than 0.05. Interactions (AB, AC and BC) and quadratic terms (A2 and C2) were also significant
(p < 0.05). Hence the relationship between three factors and the yield of polysaccharides was not
simple linear relationship.

A 3D surface map can intuitively reflect the interaction effects of factors in a binary regression
model. As shown in Figure 2A, by fixing the liquid-solid ratio, appropriately increasing the extraction
temperature could enhance the yield. When the temperature was fixed, the extraction rate increased as
the extraction time decreased (Figure 2C). As shown in Figure 2B, fixing the extraction time, the yield
was enhanced with the increase of the liquid-solid ratio and extraction temperature while the yield was
decreased when the liquid-solid ratio and temperature were higher than the central point. Therefore,
the interaction effects between two factors significantly affected the yield of polysaccharides.
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Table 2. The variance analysis of regression model.

Source Sum of Squares Mean Square F-Value p-Value

Model 283.37 31.49 34.15 <0.0001 ***
A 18.56 18.56 20.13 0.0028 **
B 82.57 82.57 89.55 <0.0001 ***
C 6.12 6.12 6.63 0.0367 *

AB 48.48 48.48 52.57 0.0002 **
AC 21.47 21.47 23.28 0.0019 **
BC 16.87 16.87 18.3 0.0037 **
A2 35.34 35.34 38.32 0.0004 **
B2 0.5713 0.5713 0.6196 0.457
C2 47.26 47.26 51.25 0.0002 **

Residual 6.45 0.9221
Lack of Fit 0.6367 0.2122 0.1459 0.9271

R2 0.9777
Adj R2 0.9491
C.V. % 0.6278

Notes: * means p < 0.05; ** means p < 0.01 and *** means p < 0.0001.

−

−

−

−

−

−

− −

− −

−

Figure 2. The response surface plots expressing the effect of extraction parameters on the yield of
polysaccharides. (A) extraction temperature and extraction time; (B) extraction temperature and
liquid-solid ratio; (C) extraction time and liquid-solid ratio.

Based on the RSM results the optimal extraction conditions were obtained: 43.11 ◦C, 30 min
and 20.69 mL/g, which gave the highest yield of 159.25 mg/g. Considering the practical experiments,
the extraction conditions were modified to 43 ◦C, 30 min and 21 mL/g. Under the modified conditions,
the yield of polysaccharides was 158.34 ± 0.98 mg/g, which was close to the predicted value. Hence,
RSM was successfully applied in this paper to optimize the extraction process.

2.3. Characteristics and Chemical Composition of Polysaccharides

To explore the primary structure of polysaccharides, the chemical composition and FT-IR scanning
spectrum were determined. After purification, the content of polysaccharides from B. emeiensis (PBE)
reached 95.97 ± 0.92% (Table 3). The protein that might be combined with PBE accounted for only
0.83 ± 0.025%. Therefore, we can state that most of the impurities were fully removed from the PBE.
In addition, the molecular weight was 1.42 × 105 Da according to a standard curve made using dextrans.
As shown in Figure 3, a broad peak appeared at 3200–3400 cm−1 (3396 cm−1), that is attributed to
the bending vibration absorption peak of the OH bonds caused by the stretching vibrations of the
hydroxyl OH bonds related with the intermolecular hydrogen bonding [15]. A characteristic absorption
peak of the polysaccharide substance ranging from 3000 to 2800 cm−1 (2933 cm−1) was the stretching
vibration of the C-H bond, thus confirming that PBE was a mixture of polysaccharides. A strong
absorption at 2300–2400 cm−1 indicated that the polysaccharides might contain CO2. In addition,
the peaks between the range of 1300–1450 cm−1 showed the presence of -CH3 and -CH2 bending.
The absorption peak at 1432 cm−1 was associated with the stretching and bending vibration of C-H
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bonds in the polysaccharides. Peaks at 1622 cm−1 and 1733 cm−1 were derived from carboxylate
ion stretching bands and ester carbonyl groups, respectively [16]. Besides, the absorption peaks
at 1000–1200 cm−1 (1078/1047 cm−1) corresponded to C-O-C stretching vibrations and proved that
PBE had pyranose rings [17]. The absorption peak at 1542 cm−1 indicated that PBE contained
other characteristic absorption peaks of polysaccharides (C-H and C-H2 stretching, C-OH bending
vibrations) [18]. Many faint peaks in the region of 530–1000 cm−1 indicated the existence of β-glycosidic
bonds with a pyranose ring (896.46 cm−1) [19].

Table 3. The chemical composition of PBE.

Components Content

Polysaccharides 95.97 ± 0.92%
Protein 0.83 ± 0.025%

Molecular weight 1.42 × 105 Da

−

β −

Figure 3. The FT-IR scanning spectrum of PBE.

2.4. Antioxidant Ability in vitro

Polysaccharides from plants were already proved to possess a strong antioxidant ability [20].
Polysaccharides from the fruit of Rosa laevigata had a noticeable effect on the radical scavenging of
ABTS and DPPH [21]. In this study, scavenging on DPPH and ABTS radicals and total reducing
power assays were conducted to investigate the antioxidant activity of PBE. As shown in Figure 4A,
PBE could well clear DPPH at 1.0 mg/mL with a maximum clearance of 83.66%. Ascorbic acid (Vc)
used as reference could scavenge 90.32% of DPPH radicals. When the concentration was higher than
0.6 mg/mL, the DPPH radical scavenging rate tended to be stable and close to that of Vc, with an
EC50 of 0.31 mg/mL. As the concentration of PBE was increased, the ABTS radical clearance rate
was also promoted, with an EC50 of 0.36 mg/mL (Figure 4B). Those two assays demonstrated that
PBE possessed a strong free radical scavenging ability. Moreover, PBE also could chelate well Fe2+

(Figure 4C). The total reducing power of PBE also increased as the concentration increased (Figure 4D).
Polysaccharides from thirteen Boletus mushrooms were also proved to display a greater chelating

activity with EC50 values ranging from 250.5 to 1413.8 µg/mL [22], and the EC50 of PBE was 0.48 mg/mL,
which was higher than some natural polysaccharides, indicating PBE could become a potential
antioxidant candidate.
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Figure 4. The antioxidant ability of PBE on (A) DPPH radical scavenging (B) ABTS radical clearance
(C) Fe2+ chelating capacity and (D) the total reducing power.

2.5. Protection Against Acrylamide

Acrylamide (AC) may cause potential harm to organs. Since B. emeiensis was used as a raw
material for treating some injuries such as pulmonary infections and ulcers of the large intestine [2,3],
to further explore the protective effects of PBE at a cellular level against the damage caused by AC,
different concentrations of PBE were used to treat HEK 293T and Hep G2 cells. As shown in Figure 5A,
none of the trial concentrations of PBE had a negative effect on the growth of Hep G2 cells, while the
proliferation of HEK 293T cells was inhibited with 400 µg/mL of PBE (Figure 4B). When both kinds of
cells were exposed to AC, the cell viability was reduced compared with the control group, but when
pretreated with PBE for 24 h, the survival of Hep G2 was significantly increased (Figure 4C). Moreover,
0–200 µg/mL PBE also could enhance the cell viability of HEK 293T cell under AC exposure conditions.
However, 400 µg/mL PBE suppressed the growth of HEK 293T, which may be related to a toxicity of
high concentrations of drug (as 400 µg/mL PBE negatively affected HEK 293T) plus the toxicity of AC.
Therefore, PBE showed a strong protective capacity for cells against the toxicity of AC, making PBE a
promising alternative health product.
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53.10 min and the polysaccharide exhibited an excellent antioxidant ability [25]. 

Figure 5. The toxicity of PBE on (A) Hep G2 cells and (B) HEK 293T cells. After treated with PBE for
24 h and exposed to AC for 10 h, the cell viability of (C) Hep G2 cells and (D) HEK 293T cells. Note:
* means p < 0.05.

3. Discussion

Usually, a high temperature and a long extraction time would enhance the yield of polysaccharides
obtained from many plants. Polysaccharides from the fruit of Nitraria tangutorum Bobr. was extracted at
60 ◦C for 7 h and the yield was 14.01% [23]. Polysaccharide from the wild mushroom Paxillus involutus

was also extracted at 79 ◦C for 3 h to give the highest yield [24]. However, the extraction time for
polysaccharides from flowers of Dendrobium devonianum was only 53.10 min and the polysaccharide
exhibited an excellent antioxidant ability [25]. In this study, 40 ◦C and 30 min could make the output
reach its highest value, indicating the polysaccharides from B. emeiensis could be distinguished from
other polysaccharides and could possess a different bioactivity. The steep slope of the 3D graphs
reflected the response sensitivity of the yield to the factors. A steeper 3D graph indicates a larger
response value [26]. As shown in Figure 2, the three response surface plots were all steep and the
contour maps were elliptic rather than a regular round shape meaning the interactions significantly
influenced the yield. The results were exactly confirmed by the ANOVA analysis that the cross
coefficients (AB, AC and BC) were significant (p < 0.05) (Table 3). Thereby, the RSM model were
successfully established in this study to optimize the extraction process.

Reactive oxygen species (ROS) play an important role in maintaining the balance of homeostasis,
signal transduction, and regulation of growth and development [27]. However, high concentrations of
ROS could cause damage to proteins, lipids and nucleic acids, eventually leading to chronic diseases
such as diabetes, atherosclerosis, cancer, and neurodegeneration [28]. Polysaccharides can not only
directly bind to protons (H+) ionized by groups such as -OH and -COOH, but also chelate metal ions to
prevent the generation of free radicals. Polysaccharides from purple sweet potato exhibited moderate
DPPH radical scavenging activity and reducing power [29]. Polysaccharides from Astragalus cicer L.
also could scavenge well ABTS and DPPH free radicals [30]. In this study, PBE could well clear DPPH
and ABTS free radicals with the IC50 of 0.31 mg/mL and 0.36 mg/mL, respectively, exerting a higher
antioxidant ability than other natural polysaccharides [31]. Maybe the extraction time and extraction
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temperature were lower than in other extraction conditions, which might prevent the -OH and -COOH
from oxidation and even decomposition providing more functional groups meaning a great antioxidant
ability [32]. Like other natural polysaccharides, PEB showed a strong free radical scavenging capacity,
but there are few polysaccharides that could chelate metal ions. PBE also could chelate Fe2+, which was
proved to a metal ion that can catalyze the Fenton reaction. Hence, the side outcomes such as lipid
peroxidation would be prevented.

Acrylamide (AC), listed as a category 2A carcinogen, was proved to cause damage to the human
body [33,34]. Now, some natural plant extracts were found to relieve the toxicity caused by AC.
Resveratrol could ameliorate the oxidative damage in rats under AC exposure conditions by activating
the antioxidant system [35]. Curcumin also could lower the high ROS levels induced by AC in Hep
G2 cells, and reduce DNA fragment formation, thus decreasing the toxicity of AC [36]. Moreover,
AC causes damage to cells by increasing the ROS level then inducing oxidative injuries to cells and even
causing death [33,35,36]. PBE showed a strong antioxidant ability to scavenge free radicals (Figure 3),
hence, the protection of PBE on HEK 293T and Hep G2 cells against AC may be associated with the
significantly free radical clearance since AC might cause oxidative stress to cells. However, more
specific investigations shall be carried out to find out the mechanism.

4. Materials and Methods

4.1. Materials and Chemicals

Bergenia emeiensis was collected in the area of the Mount Emei (Sichuan, China) at an altitude of
1300–1500 m. The rhizomes were washed with distilled water and naturally air-dried. The rhizomes
were ground into a fine powder, and kept at −20 ◦C for the following experiments.

2,2-Diphenyl-1-picrylhydrazyl (DPPH), was purchased from Sigma Chemical Co. (St. Louis,
MO, USA). Ethanol, phenol, sulfuric acid, chloroform, butanol, trichloroacetic acid and glucose were
purchased from the Chengdu Kelong Chemical Factory (Chengdu, China). FBS was obtained from
Gibco (New York, NY, USA). Dulbecco’s modified eagle medium (DMEM), PBS and digestive enzyme
were purchased from Hyclone (Logan, UT, USA). All chemicals were analytical grade.

4.2. Determination of Polysaccharides

The content of polysaccharides was determined by the phenol-sulfuric acid method [37]. Briefly,
100 µL phenol was mixed with 200 µL sample solution and 500 µL sulfuric acid. The reaction solution
was standing for 30 min after shaking. Then the absorbance was measured at 490 nm. The standard
curve was made with glucose.

4.3. Extraction Polysaccharides from Bergenia emeiensis

The powder of B. emeiensis was mixed with distilled water to different liquid-solid ratios (10, 20,
30, 40 and 50 mL/g) under various temperature (30, 40, 50, 60, and 70 ◦C) for 30, 60, 90, 120 and 150 min.
Then the extract solutions were centrifuged for 10 min at a speed of 8000 r/min. The supernatant was
collected to determine the content of polysaccharides.

4.4. Response Surface Design

Based on the outcomes of single factors assays, a three-level-three-factor Box-Behnken design
with RSM was employed to optimize the extraction process. The yield of polysaccharides was
taken as the response. The coded and actual levels of the three factors were presented in Table 4.
Analysis of variance (ANOVA) was performed to detect the individual linear, quadratic and interaction
regression coefficients using Design Expert 11 trial version (Stat-Ease, Inc., Minneapolis, MN, USA).
The significance of the dependent variables was statistically analyzed by computing the p value.
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Table 4. Box-behnken design table of factors and levels.

Factors Coding Level

Extraction time −1(30 min) 0(60 min) 1(90 min)
Extraction temperature −1(30 ◦C) 0(40 ◦C) 1(50 ◦C)

Liquid-solid ratio −1(10 mL/g) 0(20 mL/g) 1(30 mL/g)

4.5. Purification of Polysaccharides

The extract was filtered and concentrated using a rotary evaporator. An equivalent volume of
trichloroacetic acid (20%) was added to the concentrate and the mixture was centrifuged at a speed of
5000 rpm for 5 min to remove the brown solids. Then ethanol was added to a final concentration of
85%. After standing at 4 °C for 24 h, the precipitate was separated and dissolved in distilled water.
The solution was centrifuged again to remove impurities. Then supernatant was mixed 15 times with
Savage reagent (chloroform:butanol = 4:1) to deproteinize it. The resulting aqueous solution was
dialyzed for 3 days after removing the Savage reagent by using a rotary evaporator, and lyophilized to
obtain polysaccharides (PBE).

4.6. Characterization of Purified Polysaccharides

4.6.1. FT-IR Assay

5 mg of dry polysaccharides was milled with 500 mg KBr and then pressed onto a disc. The FT-IR
spectrum of polysaccharides was identified using an infrared spectrometer (FT-IR-8400S, Shimadzu,
Kyoto, Japan) in the range of 4000–400 cm−1.

4.6.2. Determination of Protein

Protein content was measured by the Coomassie blue staining method [38]. Polysaccharides
was dissolved in distilled water to 1.0 mg/mL. Coomassie brilliant blue G-250 (100 mg) was mixed
with 50 mL 95% ethanol and 100 mL 85% phosphoric acid then diluted to 1 L with distilled water.
Sample solution (0.1 mL) was mixed with 0.5 mL of Coomassie blue staining solution and 0.9 mL
distilled water. The mixture was placed at 37 °C for 15 min in dark before reading the absorbance
at 595 nm. The content of protein was calculated according to a standard curve made with bovine
serum albumin.

4.6.3. Determination of Molecular Weight

The molecular weight of polysaccharides was measured by gel permeation chromatography
(Sephadex G100, 1 × 30 cm). Purified polysaccharides were resolved in distilled water to 10 mg/mL
and loaded onto the chromatography column at 0.5 mL/min. The eluent was collected and determined
the content of polysaccharides by phenol-sulfuric acid method to definite retention time. The standard
curve was made with standard dextrans (T-10, T-40, T-70, T-100, T-500, and T-2000 series).

4.7. Determination of Antioxidant Ability

4.7.1. Clearance Ability on DPPH Radicals

The scavenging ability on DPPH free radicals was conducted according to a previous method [39].
Briefly, 20 µL of different concentration of sample solution were mixed with 100 µL water and 80 µL
DPPH ethanol solution (0.8 mM). Ascorbic acid (Vc) was used as the positive control. The reaction
solution was placed at dark for 10 min before read the absorbance at 517 nm. The clearance rate was
calculated according to the following formula:

Clearance rate (%) = 1 − A1/A0 (2)
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where A1 was the absorbance of sample group and A0 was the absorbance of the group with distilled
water instead.

4.7.2. Clearance Ability on ABTS Radical

The ABTS radical scavenging ability was tested according to a previous report with some
modifications [40]. ABTS solution (7.4 mM) was equally mixed with potassium persulfate (2.6 mM) in
the dark for 16 h. Then the mixture was diluted to an absorbance of 0.7. Sample solution (100 µL) was
added to 100 µL of ABTS working fluid for 10 min before the absorbance of the reaction misture was
read at 734 nm. The ABTS radical scavenging rate was determined by the following formula:

Clearance rate (%) = 1 − A1/A0 (3)

where A1 was the absorbance of the sample group and A0 was the absorbance of the group with
distilled water instead.

4.7.3. Fe2+ Chelating Ability

The Fe2+ chelating ability assay was conducted according to a previous method with some
modifications [22]. Briefly, 50 µL of sample solution was mixed with 100 µL of ferrous sulfate
(0.00625 mM) and 50 µL of ferrozine (1 mM). The mixture was placed in the dark for 30 min before
the absorbance was read at 562 nm with EDTA-2Na as the positive control. The chelating ability was
calculated according to the following formula:

Chelating rate (%) = 1 − A1/A0 (4)

where A1 was the absorbance of sample group and A0 was the absorbance of the group with distilled
water instead.

4.7.4. Total Reducing Power

The total reducing power was measured by q previous method [41]. Sample solution (0.2 mL)
was mixed with 0.5 mL K3[Fe(CN6)] (1% w/v) and 0.5 mL phosphate buffer (0.2 M). The mixture was
placed at 50 °C for 20 min then cooled at 0 ◦C after added 0.5 mL TCA (10% w/v). Subsequently, 0.1 mL
aliquot of supernatant fluid was transferred into 1 mL distilled water and 0.1 mL FeCl3 (0.1% w/v).
The absorbance of the reaction solution was read at 700 nm. An increasing absorbance meant an
enhanced total reducing power.

4.8. The Protection Against Acrylamide

4.8.1. The Cell Culture

HEK 293T and Hep G2 cells were kindly provided by the Biotechnology Center of Sichuan
University (Sichuan, China). Cells were maintained in DMEM medium containing 10% FBS, at 37 ◦C
in a 5% CO2 atmosphere. When the cell density was about 80% of the flask, the cells were digested
from the bottle for following assay.

4.8.2. The Toxicity of PBE on Cells

PBE was dissolved in PBS to different concentrations. Cell suspension (105 cells/mL) was added into
96-well plate for 6. Then sample solution was transferred into the plate for 24. Subsequently, the solution
was replaced with fresh medium containing 10% CCK-8 and placed at 37 ◦C for 30 min before the
absorbance was read at 450 nm. The cell viability was calculated according to the kit instructions.
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4.8.3. The Remission on Acrylamide-induced Damage

Cell suspension was adjusted to 105 cells/mL, then 90 µL solution was seeded into the plate for
6 h before 10 µL sample solution was transferred. After 24 h treatment, the cells were exposed to
AC (6 mM) for 10 h, then the medium was replaced with new culture and CCK-8 and the plate was
incubated at 37 ◦C for 30 min. The absorbance of each well was read at 450 nm then the cell viability
was calculated.

4.9. Statistical Analyses

The data obtained in this study were analyzed statistically by ANOVA (GraphPad Prism 6,
(GraphPad Software, Inc., La Jolla, CA, USA). Design-Expert 11 software (trial version, State-Ease Inc.,
Minneapolis, MN, USA) was applied to analyze the experimental results of the response surface design.
All experimental results were expressed as mean ± standard deviation (SD). A value of p < 0.05 was
considered to be significantly different.

5. Conclusions

In this work, a high content of polysaccharides as found in Bergenia emeiensis rhizome. The response
surface method was successfully applied to optimize the extraction process. The optimal extraction
temperature was 43 ◦C, the extraction time was 30 min and the solvent to sample ratio was 21 mL/g.
Under these conditions, the highest yield was 158.34± 0.98 mg/g. After purification, the polysaccharides
in PBE was 95.97 ± 0.92%, with a molecular weight of 1.42 × 105 Da and containing only 0.83 ± 0.025%
of protein. The FT-IR spectrum showed PBE contained a typical polysaccharide structure and also had
pyranose rings. Moreover, PBE could well clear DPPH and ABTS free radicals and also chelate Fe2+ ion.
Therefore, PBE possessed a strong antioxidant ability. Besides, PBE could also ameliorate and protect
HEK 239T and Hep G2 cells from the damage induced by AC. More structural characterization of PBE
should be conducted and also the antioxidant ability in cell level and in vivo need further investigation.
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Abstract: Triterpenoid compounds are one of the main functional components in jujube fruit. In this
study, the optimal process for ultrasound-assisted extraction (UAE) of total triterpenoids from
jujube fruit was determined using response surface methodology (RSM). The optimal conditions
were as follows: temperature of 55.14 ◦C, ethanol concentration of 86.57%, time of 34.41 min, and
liquid-to-solid ratio of 39.33 mL/g. The triterpenoid yield was 19.21 ± 0.25 mg/g under optimal
conditions. The triterpenoid profiles and antioxidant activity were further analyzed. Betulinic acid,
alphitolic acid, maslinic acid, oleanolic acid, and ursolic acid were the dominant triterpenoid acids
in jujube fruits. Correlation analysis revealed a significant positive correlation between the major
triterpenic acids and antioxidant activities. The variations of triterpenoid profiles and antioxidant
activity within the jujube fruits and the degree of variation were evaluated by hierarchical cluster
analysis (HCA) and principal component analysis (PCA), respectively. The results provide important
guidance for the quality evaluation and industrial application of jujube fruit.

Keywords: hierarchical cluster analysis; principal component analysis; ultrasound-assisted extraction;
triterpenic acid; Ziziphus jujuba

1. Introduction

Jujube (Ziziphus jujuba Mill.), belonging to the Rhamnaceae family, is widespread in Asia, Europe,
and America [1]. In China, jujube has been cultivated for 4000 years and there are more than 700
cultivars of the fruits [2]. More than four million tons of jujube fruits are harvested in China per year,
which represents 90% of the total yield globally [3]. The fruit has been commonly used in Traditional
Chinese Medicine (TMC) for its various pharmacological activities, such as its anticancer, antiepileptic,
anti-inflammatory, anti-insomnia, and neuroprotective effects [4,5]. In general, the beneficial effects of
health are derived from a variety of bioactive compounds, such as triterpenes, alkaloids, flavonoids,
and polysaccharides [6].

Triterpenes, belonging to the Phytosterol family, are naturally occurring bioactive components
that are commonly found in cereals and vegetables [7]. Modern studies have shown that triterpenes
and triterpenic acids, derivatives of pentacyclic triterpenes, have a variety of biological effects, such as
antioxidative, anti-inflammatory, anticancer, hepatoprotective, and anti-microbial activities, combined
with low toxicity [8–10]. Triterpenic acids in jujube fruit have been demonstrated to be a group of
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major bioactive compounds [11–13]. For example, triterpenic acids have been reported to be the
most active part in jujuba for the inhibitory effects on inflammatory cells [14]. Alphitolic acid and
3-O-trans-coumaroyl alphitolic acid in jujube can significantly reduce nitric oxide (NO) release and
the inducible nitric oxide synthase (iNOS) expression in macrophages [15]. Furthermore, betulinic
acid isolated from jujube can cause apoptosis of human breast cancer cell line MCF-7 cells through the
mitochondria transduction pathway [16].

The discovery of new natural and safe health products in the form of plant extracts represents
a real challenge today. Thus, efficient extraction and further utilization of bioactive triterpenes
of jujube and its products have been attracting attention in recent years. [17,18]. To obtain the
highest recovery of triterpenoids, it is vital to select the best extraction method and optimize the
parameters [19,20]. Compared to conventional extraction methods, such as maceration and Soxhlet
extraction, ultrasonic-assisted extraction (UAE) is a green and efficient technology used for its short
extraction time, reduced consumption of solvents and energy, and higher extraction yield of bioactive
compounds [19–21]. This technique has been successfully used to extract triterpene acids from olive
pomace [20], pomegranate flowers [22], and Rosmarinus officinalis leaves [12]. However, to the best of
our knowledge, the application of UAE processes for extracting triterpene compounds from jujube has
not been reported before.

Previous research has proved that many factors, such as solvent concentration, extraction
temperature, time, and liquid/solid ratio, can affect the extraction efficiency from plant materials.
Considering all of these factors and their levels, it is a tedious task to optimize extraction conditions,
during which not only does the number of experimental run increase but also the interactive effect
cannot be determined [23]. Response surface methodology (RSM) is a statistical method that uses
multifactorial modeling to optimize complex processes. It gives a free space wherein the experimental
terms can be defined based on the response value, and the levels of factors can be adjusted according
to the requirement of the experiment [23,24]. Therefore, this method may be an ideal strategy for the
optimization of triterpenoid extraction from jujube.

In addition, the differences in contents of the triterpenes in the materials also affects the composition
of the extracts. The compositional profile of bioactive compounds presented in jujube has been found
to be influenced by factors, such as cultivar, geographical environment, processing conditions, and
storage conditions [23–25]. However, because of the difference between the chemical compositions
of different cultivars, there are some difficulties in the breeding and planting of jujube varieties, as
well as in the quality evaluation and standardization of the developed products. Therefore, it is of
great significance for customers and the industry to explore the profiles of triterpenic acids of different
jujube cultivars without regional disparity.

The aims of this study were: (1) to optimize the UAE conditions for triterpenoids from
jujube fruit using RSM. The effects of extraction temperature, ethanol concentration, time, and
the solvent-to-solid ratio on the total triterpenoid yield were studied. (2) To analyze the antioxidant
activities and major triterpenic acids profiles in the extracts of different jujube samples. (3) To study the
differences in the contents of triterpenic acids and antioxidant activities among different cultivars using
principal component analysis (PCA) and hierarchical cluster analysis (HCA). This study provides
a comprehensive triterpenoid acid profile of different jujube cultivars, irrespective of the origin
differences, and the results provide substantial information on the understanding and utilization of the
phytochemical properties of these jujube cultivars for further research.

2. Results and Discussion

2.1. UAE Process Optimization

2.1.1. Model Fitting

The merits of RSM include the use of a lower number of experimental measurements, the
provision of a statistical interpretation of the data, and also the identification of the interaction amongst

102



Plants 2020, 9, 412

variables [23,24]. In this study, the Box–Behnken design (BBD) was employed to determine the
interactions among X1 (temperature), X2 (ethanol concentration), X3 (time), and X4 (liquid-to-solid
ratio), as well as to optimize the UAE conditions. Table 1 shows the experimental results, and Table 2
summarizes the results of the analysis of variance (ANOVA).

Table 1. The experimental results.

Run
X1:

Temperature
(◦C)

X2:
Ethanol

Concentration (%)

X3:
Time
(min)

X4:
Liquid-to-Solid Ratio

(mL/g)

Y:
Total Triterpenoid

Yield (mg/g)

1 40 90 35 35 16.60
2 50 80 40 35 18.68
3 40 85 35 25 14.13
4 60 85 40 35 17.72
5 50 85 30 25 16.82
6 40 85 35 45 16.40
7 50 85 35 35 19.25
8 40 85 30 35 16.13
9 50 80 35 25 17.18

10 60 80 35 35 17.96
11 50 85 35 35 19.18
12 50 90 40 35 18.58
13 60 90 35 35 18.08
14 50 90 35 45 18.93
15 50 85 35 35 19.12
16 50 85 40 25 16.78
17 50 80 35 45 18.81
18 50 90 30 35 18.84
19 40 80 35 35 16.15
20 60 85 35 45 18.01
21 50 80 30 35 18.64
22 50 90 35 25 17.04
23 50 85 30 45 18.73
24 50 85 35 35 19.05
25 60 85 30 35 17.95
26 40 85 40 35 16.42
27 50 85 35 35 19.08
28 50 85 40 45 18.69
29 60 85 35 25 16.38

Table 2. Analysis of variance (ANOVA) for the response surface quadratic model.

Source Sum of Squares df Mean Square F Value p-value

Model 45.29 14 3.24 229.64 <0.0001
X1: Temperature 8.79 1 8.79 623.9 <0.0001

X2: Ethanol concentration 0.035 1 0.035 2.5 0.1362
X3: Time 0.0048 1 0.0048 0.34 0.5687

X4: Liquid-to-solid ratio 10.53 1 10.53 747.33 <0.0001
X1 X2 0.027 1 0.027 1.93 0.1862
X1 X3 0.068 1 0.068 4.8 0.0459
X1 X4 0.1 1 0.1 7.27 0.0174
X2 X3 0.023 1 0.023 1.6 0.2269
X2 X4 0.017 1 0.017 1.2 0.2919
X3 X4 0 1 0 0 1
X1

2 21.3 1 21.3 1512.04 <0.0001
X2

2 0.089 1 0.089 6.32 0.0248
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Table 2. Cont.

Source Sum of Squares df Mean Square F Value p-value

X3
2 0.61 1 0.61 43.09 <0.0001

X4
2 7.37 1 7.37 523.14 <0.0001

Residual 0.2 14 0.014
Lack of Fit 0.17 10 0.017 2.67 0.1785
Pure Error 0.026 4 0.00643
Cor Total 45.49 28

Adeq Precision 56.589
R2 = 0.9957; Adj R2 = 0.9913; Pred R2 = 0.9774

ANOVA can fully reflect the significance and reliability of the response surface quadratic regression model [23,24];
as indicated in Table 2, the model was highly significant (F = 229.64, p < 0.0001). The p-value for the lack of fit was
not significant (F = 2.67, p = 0.1785), which indicates the adequate predictive relevance of the model to explain
the associations of independent variables with dependent variables. The linear coefficients (X1, X4), quadratic
coefficients (X1

2, X2
2, X3

2, and X4
2), and interaction coefficients (X1 X3, X1 X4) were significant (p < 0.05). The R2

value of 0.9957 indicates a reasonable fit of the model to the experimental data. An R2 value (multiple correlation
coefficient) closer to one denotes better correlation between the observed and predicted values. In this study, the
values of R2 (0.9957), Pred R2 (0.9774), and Adj R2 (0.9913) indicate a good correlation between the experimental and
predicted values, which shows that the model was significant. In addition, “Adeq Precision” (a measure of the
signal-to-noise ratio) of 56.589 indicates an adequate signal. It can be concluded that the model was statistically
credible and reliable.

By using multiple regression analysis, the correlation between the response and the tested
independent variables was established by Equation (1), and the Xi demonstrates the coded variables in
the formula.

Y = 19.14 + 0.86 X1 + 0.054 X2 − 0.020 X3 + 0.94 X4 − 0.083 X1 X2 − 0.13 X1 X3 − 0.16 X1 X4

− 0.075 X2 X3 + 0.065 X2 X4 − 1.81 X1
2 − 0.12 X2

2 − 0.31 X3
2 − 1.07 X4

2 (1)

2.1.2. Model Validation

The contour plot and the three-dimensional (3D) surface plot response surfaces described by the
regression model are represented in Figure 1, and the maximum yield total triterpenoid was recorded
under follow conditions: temperature of 55.14 ◦C, ethanol concentration of 86.57%, time of 34.41 min,
and liquid-to-solid ratio of 39.33 mL/g. In order to check if the model was valid, extraction was carried
out in triplicate under the optimal conditions. Further, the measured values (19.21 ± 0.25 mg/g) were
in the range of the 95% confidence interval (95% CI) of the predicted value (19.44 mg/g), which verifies
the predictability of the proposed model.

 
 

Figure 1. Cont.
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Figure 1. Contour plot (a,c) and three-dimensional (3D) surface plot (b,d) showing the interaction
effects of the process variables on the total triterpenoid yield. (a,b): the interaction between temperature
(X1) and time (X3) on total triterpenoid yield (Y); (c,d): the interaction between temperature (X1) and
liquid-to-solid ratio (X4) on total triterpenoid yield (Y).

2.2. Triterpenic Acid Contents in the 99 Jujube Samples

The triterpenic acids extracted at optimal conditions from 99 cultivars of jujube samples were
analyzed by ultra-performance liquid chromatography-mass spectrometry (UPLC–MS). The typical
chromatograms of the 99 jujube samples are shown in Figure 2.

 

 

Figure 2. Ultra-performance liquid chromatography (UPLC) chromatograms of mixed standards (a)
and sample (b). 1: Maslinic acid isomer-1 (Ma1); 2: Maslinic acid isomer-2 (Ma2); 3: Maslinic acid
isomer-3 (Ma3); 4: Maslinic acid isomer-4 (Ma4); 5: Alphitolic acid (Aa); 6: Maslinic acid (Ma); 7:
2α-hydroxy ursolic acid (2αHa); 8: Maslinic acid isomer-5 (Ma5); 9: Oleanolic acid isomer-1 (Oa1); 10:
Maslinic acid isomer-6 (Ma6); 11: Maslinic acid isomer-7 (Ma7); 12: Betulinic acid (Ba); 13: Oleanolic
acid (Oa); 14: Ursolic acid (Ua); 15: Betulonic acid (Ba’); 16: Oleanonic acid + Ursonic acid (Oa’ + Ua’).
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Sixteen peaks were observed on the chromatogram, including alphitolic acid, maslinic acid,
2α-hydroxy ursolic acid, betulinic acid, oleanolic acid, ursolic acid, betulonic acid, oleanonic acid, and
ursonic acid, which were then identified and quantified. The other peaks were preliminarily identified
as maslinic acid isomers and one ursolic acid isomer (Table 3). The quantitative results are shown in
Figure 3 (detailed data are shown in Table S2).

Table 3. The retention time, mass spectrum (MS) parameters, and regression equations of standards
and isomers.

Peak
No.

Retention Time
(min)

Compound
[M + H]−

(m/z)
Regression Equation R2

1 1.72 Maslinic acid isomer-1 471.34 — —
2 2.16 Maslinic acid isomer-2 471.34 — —
3 2.56 Maslinic acid isomer-3 471.34 — —
4 2.76 Maslinic acid isomer-4 471.34 — —
5 3.29 Alphitolic acid 471.34 y = 138799x + 1595.7 0.9994
6 3.99 Maslinic acid 471.34 y = 140553x + 1065.1 0.9996
7 4.34 2α-hydroxy ursolic acid 471.34 — —
8 5.04 Maslinic acid isomer-5 471.34 — —
9 5.41 Oleanolic acid isomer-1 455.35 — —
10 5.72 Maslinic acid isomer-6 471.34 — —
11 6.3 Maslinic acid isomer-7 471.34 — —
12 7.64 Betulinic acid 455.35 y = 125572x + 1121.5 0.9991
13 9.17 Oleanolic acid 455.35 y = 90033x - 1164.7 0.9992
14 9.49 Ursolic acid 455.35 y = 113372x + 1035.8 0.9997
15 11.09 Betulonic acid 455.35 — —

16 12.59 Oleanonic acid + Ursonic
acid 455.35 — —

The triterpenes, secondary metabolites of plants, are distributed in several peels, leaves, stems
and barks of plants, such as birch bark, olive leaves, mistletoe sprouts, clove flower, apple pomace,
Camellia sinensis, etc. [26]. However, jujube is one of the few fruits with a high content of triterpenes.
In this study, a significant difference in the total triterpenic acid content was observed among the jujube
cultivars. The total triterpenic acid content ranged from 1082.775 to 7915.451 µg/g dry weight (DW),
with a mean value of 3730.970 µg/g DW. Meanwhile, cultivar Jing39 (C41) had the highest content and
Wanshuyuanling (C9) the lowest content of triterpenic acid. These results are consistent with previous
results (166–6126 µg/g DW) [15].

Until now, more than 15 triterpenoid acids were found in the fruit of jujube [18]. A previous study
reported that the identified triterpenic acids, including alphitolic acid, ceanothic acid, maslinic
acid, 2a-hydroxyursolic acid, betulinic acid, ursolic acid, betulonic acid, oleanonic acid, and
ursonic acid, showed large variations at different stages of growth [15]. In the present study,
betulinic acid (516.409–4097.962 µg/g DW), alphitolic acid (198.195–3282.203 µg/g DW), maslinic acid
(13.905–751.855µg/g DW), oleanolic acid (36.696–837.463µg/g DW), and ursolic acid (5.267–685.325µg/g
DW) were the dominant triterpenoid acids in jujube. Other triterpenoid acids, such as betulonic acid
(9.417–304.731 µg/g DW), 2α-hydroxy ursolic acid (0.005–438.165 µg/g DW), and oleanonic acid +
ursonic acid (9.834–244.797µg/g DW), were relatively low. Notably, preliminary findings revealed seven
isomers of maslinic acid; however, the detailed structure and chemical formula need to be investigated.

Some by-products of plant raw materials are good sources of triterpenoid acids. For example,
olive pomace, a valuable by-product, contains maslinic acid and oleanolic acid in the proportions
of 381.200 mg/g and 29.800 mg/g, respectively [20]. The outer bark of birch contains 11.600 mg/g of
triterpenoid acids (betulinic + oleanolic) [27]. The extraction of ursolic, oleanolic, and rosmarinic acids
in rosemary leaves reached a maximum of 15.800, 12.200, and 15.400 mg/g, respectively [12]. The ursolic
acid content in other plant raw materials are as follows: Calendula officinalis flowers (20.530 mg/g DW),
Lamii albi flos (110.400 mg/g DW), Malus domestica fruit peel (14.300 mg/g DW), and Silphium sp. flowers
(17.950–22.050 mg/g DW) [19].
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The 2,2-azinobis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) and ferric reducing antioxidant
power kit (FRAP) assays were carried out to differentiate the antioxidant properties of extracts from
different jujube (Figure 4). The ABTS assay is based on hydrogen-donating antioxidants against nitrogen
radicals, while the FRAP assay reflects the ferric ion-reducing antioxidant power of antioxidant. These
methods have been widely used to evaluate the antioxidant capacity of food extracts [28]. In the
present study, the ABTS and FRAP values ranged from 0.753 to 5.421 mM TE/100 g (C24, Junzao) and
0.968 to 5.529 mM FE/100 g (C86, Huizaobianzhongyihao ), respectively.

In order to explore the effect of the antioxidant capacity in jujube, correlations among the
triterpenic acids and the antioxidant activities were also analyzed (Table 4). As documented in Table 4,
a significant positive correlation was observed between ABTS+ radical scavenging activity and the
contents of alphitolic acid, maslinic acid, betulinic acid, ursolic acid, betulonic acid, and total triterpenic
acids (p < 0.05). Meanwhile, alphitolic acid, maslinic acid, betulinic acid, oleanolic acid, ursolic acid,
betulonic acid, and total triterpenic acids also showed a positive correlation with the FRAP value
(p < 0.05).

Obviously, the major triterpenic acids that widely exist in jujube are one of the main antioxidants
with various important physiological and pharmacological properties. Previous researchers have
proved that pentacyclic triterpenes, such as maslinic acid, alphitolic acid, maslinic acid, oleanolic
acid, ursolic acid, glycyrrhetinic acid, betulinic acid, and lupeol, contribute various important
physiological and pharmacological properties [29]. For example, ursolic acid and its isomer,
oleanolic acid, have been reported have many beneficial effects, such as antioxidative, antimicrobial,
anti-inflammatory, anticancer, anti-hyperlipidemic, analgesic, hepatoprotectory, gastroprotective,
anti-ulcer, anti-HIV, cardiovascular, antiatherosclerotic, and immunomodulatory effects [19]. Betulinic
acid has been reported to have anti-inflammatory, anti-cancer, anti-leukemia, anti-viral, and
antihelmintic activities [30]. Due to its selective cytotoxicity against tumor cells and favorable
therapeutic index, betulinic acid is considered a promising chemotherapeutic agent against HIV
infection and cancers [31]. Maslinic acid has been shown to have antioxidant, anti-inflammatory,
antimalarial, and antiprotozoal activities [29]. Therefore, the results of this study provide important
guidance for health product development based on jujube.
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Figure 3. Contents (µg/g dry weight (DW)) of triterpenic acids in different jujube samples.

108



Plants 2020, 9, 412

 

2αHa

Figure 4. The antioxidant activities of the extracts of different jujube samples. ABTS = 2,2-azinobis (3-ethylbenzothiazoline-6-sulphonic acid) FRAP = ferric reducing
antioxidant power kit.

Table 4. Correlation coefficients (r) of the studied triterpenic acids and the antioxidant activity of jujube cultivars.

Ma1 Ma 2 Ma3 Ma4 Aa Ma 2αHa Ma5 Oa1 Ma6 Ma7 Ba Oa Ua Ba’
Oa’ +
Ua’

Total ABTS DPPH

ABTS 0.1274 0.1943 –0.0398 0.2576 a 0.9285 b 0.5205 b 0.0146 0.1462 –0.0792 –0.0141 –0.051 0.4838 b 0.1736 0.3378 b 0.464 b –0.009 0.694 b - 0.5205 b

FRAP 0.1174 0.0713 0.2629 0.1938 0.5549 b 0.9475 b 0.1955 –0.1852 0.0911 –0.013 –0.0387 0.3508 b 0.6123 b 0.2048 a 0.0111 0.1888 0.583 b 0.4993 b -
a Significant at p < 0.05. b Significant at p < 0.01.
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2.3. HCA and PCA

HCA and PCA are effective tools for multivariate analysis, which can be used to explore the
existing differences among groups. HCA indicates the similarity among different cultivars, while
PCA indicates the significant differences among the cultivars, thus reducing the dimensionality and
increasing the interpretability of large datasets [24]. In this study, HCA and PCA were carried out
based on the triterpenic acid content and antioxidant activities.

As shown in Figure 5, the 99 cultivars were divided into five clusters. The mean values of the
detected compounds and antioxidant activities in each cluster are listed in Table 5.

 

0.

2α

 38.

 670  

Figure 5. Hierarchical cluster analysis (HCA) of 99 cultivars of jujube samples. Cultivar lines with the
same color are in the same cluster.

Table 5. The mean values of the detected compounds in different clusters.

Variables Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

Maslinic acid isomer-1 0.046 b 0.022 0.040 0.011 a 0.020
Maslinic acid isomer-2 0.355 1.706 7.917 b 0.332 0.266 a

Maslinic acid isomer-3 25.352 17.883 161.294 b 6.081 a 65.097
Maslinic acid isomer-4 11.305 b 2.839 2.802 0.655 0.316 a

Alphitolic acid 1535.713 b 1245.100 1189.970 555.637 a 826.015
Maslinic acid 449.873 b 203.267 328.307 136.641 a 287.112

2α-hydroxy ursolic acid 40.014 29.682 216.845 b 29.278 a 127.938
Maslinic acid isomer-5 82.301 149.580 216.391 b 79.385 49.260 a

Oleanolic acid isomer-1 12.814 b 8.929 7.839 7.487 a 8.074
Maslinic acid isomer-6 49.880 74.380 160.215 b 51.110 38.100 a

Maslinic acid isomer-7 2.833 a 9.938 70.101 b 3.801 16.411
Betulinic acid 1827.349 1909.479 3158.536 b 1043.670 a 1411.514
Oleanolic acid 317.869 217.850 568.121 b 159.657 a 308.816

Ursolic acid 92.502 a 92.296 a 530.525 b 112.549 216.542
Betulonic acid 78.186 109.488 b 107.236 48.038 42.063 a

Oleanonic acid + Ursonic acid 40.246 33.499 86.389 b 26.385 a 50.759
Total 4572.323 4104.121 6814.528 b 2258.410 a 3448.962
ABTS 3.346 2.938 3.066 b 1.488 a 2.132
FRAP 3.931 b 2.645 3.172 2.336 a 3.208

Extreme values are in bold; a the element with the lowest mean value among the five clusters; b the highest
mean value.
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Cluster 1 contained 21 samples, which were generally clustered together according to the higher
values of alphitolic acid (mean of 1535.713 µg/g DW), maslinic acid (mean of 449.873 µg/g DW), FRAP
(mean of 3.931 mM TE/100 g), and lower content of ursolic acid (mean of 92.502 µg/g DW). Cluster 2
consisted of 22 samples, which were the cultivars with the highest content of betulonic acid (mean
of 109.488 µg/g DW) and relatively low levels of ursolic acid (mean of 92.296 µg/g DW), respectively.
It is noteworthy that cluster 3 consisted of five samples (C15, C31, C40, C41, and C78), in which the
mean contents of 2α-hydroxy, betulinic acid, oleanolic acid, ursolic acid, and total triterpenic acids
were the highest among those five clusters. The mean values were 216.845, 3158.536, 568.121, 530.525,
and 6814.528 µg/g DW, respectively. Accordingly, these samples also had relatively high level of ABTS
and FRAP, with mean values of 3.066 and 3.172 mM TE/100 g, respectively. On the contrary, cluster
3 contained 26 samples, which had lower concentrations of most of the major triterpenic acids. For
example, the mean levels of alphitolic acid, maslinic acid, 2α-hydroxy ursolic acid, betulinic acid,
oleanolic acid, and total triterpenic acids, as well as the antioxidant activities (ABTS and FRAP assay),
were the lowest in the five clusters. Meanwhile, the 25 samples in cluster 5 also had relatively lower
contents of most compounds.

According to the above results, all of the studied variables might contribute to sample classification.
Typically, clusters 3 represented the groups with higher contents of triterpenic acids and higher
antioxidant activity, while cluster 4 was indicative of the groups with lower levels.

PCA was carried out to analyze the differences among the 99 cultivars of jujube. The extraction
sums of squared loadings are listed in Table 6.

Table 6. Total variance explained by principal component analysis (PCA).

Component Eigenvalue Percentage of Variance (%) Cumulative (%)

PC1 6.04 31.79 31.79
PC2 3.89 20.46 52.25
PC3 2.70 14.23 66.49
PC4 1.34 7.04 73.53

The ellipses of the constant distance of the PCA method were calculated with a 95% confidence
interval. Four principal components (PCs) were extracted, and the accumulative contribution rate of
the four principal components was 73.53%. PC1, PC2, and PC3 explained 31.79%, 20.46%, and 14.23%
of the total variance, together accounting for 66.49% of the total variance (Table 6). From the component
matrix of the four principal components (Table S3), it can be inferred that the weight occupied by
different triterpenic acids showed significant differences among the different main components. Overall,
almost all of the compounds may contribute to the classification of the samples. A reduction in date
dimension was successfully achieved. These four principal components, to a large extent, are indicative
of the original 18 variables.

In addition, the scatter plot produced by PCA is very important and powerful, since it displays all
samples in two- or three-dimensional graphs, and comparisons can be carried out among samples on
the basis of the response variables applied in the study [28].

The interrelationship between different cultivars is clearly shown in the 3D score plot of PCA
(Figure 6a). A significance of differences between groups can be observed in Figure 6b, which shows
the profiles of the 95% confidence ellipse for different groups. If there is no intersection between two
ellipses, it means that those two groups have significant differences [24]. In this case, since groups
1, 2, and 5 had an intersection between them, they could not be completely distinguished from each
other. In other words, because all of the samples were collected from the same origin with similar
cultivation conditions, the variability between the samples was not sufficient enough to classify all of
the groups accurately. However, groups 3 and 4 were completely separated from each other, which
indicates that there is a significant difference between these two groups. This result is consistent with
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HCA, which revealed that groups 3 and 4 were the cultivars with highest and lowest triterpenic acids
contents, respectively.

 

 

Figure 6. The 3D plots (a) and biplots (b) of PCA. Groups 1, 2, 3, 4, and 5 are the classified
clusters of jujube by HCA. The ellipses with different colors represent the 95% confidence ellipse for
different clusters.

Similar results have also been reported by previous researchers when PCA was used to distinguish
between different clusters of jujube [24], jujube leaves [32], and finger millets [28]. The results provide
important support for cultivation and breeding, quality evaluation, and product development of jujube.
Furthermore, research on the main mechanism behind these differences of the different cultivars is
urgently needed by molecular biological techniques, such as genomics and enzymology.

3. Materials and Methods

3.1. Plant Materials

Jujube of 99 cultivars (red maturity stage) (Table S1) were picked from the Germplasm Resources
Base of Tarim University at Alaer City of Xinjiang Province, China, by the end of October 2019. Fruits
without disease and mechanical injury and uniformly shaped were collected randomly from each side
of the trees. After harvesting, all samples were lyophilized and then ground to fine powders and
stored below –18 ◦C before analysis.

3.2. Chemicals

The following standards were purchased from ANPEL Co., Ltd (Shanghai, China): alphitolic
acid (SPR01052), maslinic acid (Lot 67050010), betulinic acid (B330270), oleanolic acid (Lot Y4430050),
and ursolic acid (Lot 40920050). Chemicals, such as acetonitrile, methanol, and ammonium formate,
were all of HPLC grade and were purchased from Merck (Darmstadt, Germany). A 2,2-azinobis
(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) kit (Art. No. A015-2) and a ferric reducing antioxidant
power kit (FRAP, Art. No. A015-3) were provided by Jiancheng Biology Engineering Institute (Nanjing,
Jiangsu, China). Other reagent solutions were of analytical grade (Solarbio Life Sciences Co., Ltd.,
Beijing, China).
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3.3. Determination of Total Triterpenoid Content (TTC)

The TTC was measured using the vanillin–perchloric acid assay method [5]. The results were
expressed as oleanolic acid equivalents (OAE, mg/g DW) through the standard calibration curve (y =
16.005x − 0.0256, R2 = 0.9987). The total triterpene yield was measured using the following equation:

Total triterpene yield (mg/g) =
the mass of extracted triterpenes(mg)

the mass of dried sample (g)
. (2)

3.4. Analysis of Triterpenic Acids by UPLC–MS

The extracts (extracted at optimum conditions) from the 99 cultivars of jujube were analyzed
using a Waters ACQUITY UPLC H-CLASS system coupled with a Waters Xevo G2-XS QTof (Waters,
Milford, MA) [15]. A Waters BEH C18 column (100 × 2.1 mm, 1.7 µm) operated at 30 ◦C was used.
The injection volume was 2.0 µL, and the flow rate was 0.3 mL/min. The mobile phase was composed
of A (3 mmol of ammonium formate) and B (methanol mixed with equal volume of acetonitrile) with a
gradient elution of 0–2 min, 24–23% A; 2–18 min, 23% A. The parameters for the MS were set as follows:
capillary voltage of 3.0 kV, source temperature of 110 ◦C, desolvation temperature of 450 ◦C, cone gas
flow rate of 50 L/h, and desolvation gas flow rate of 800 L/h. Mass spectra in negative ion modes were
recorded within the range of 100–1000 m/z. Concentrations of the compounds were calculated using
the peak areas of the sample and the corresponding standards.

3.5. Analysis of Antioxidant Activities

The antioxidant activities were analyzed according to the methods reported by our lab [33].
Briefly, the samples were extracted according to the optimized extraction process. After centrifugation
and lyophilization, the extract was then diluted to 10 mL for further antioxidant activity analysis.
The antioxidant activities were evaluated using an ABTS kit and a FRAP kit, and the operational
steps were performed in compliance with the instructions of the kits. The ABTS radical scavenging
activity was expressed as millimoles of Trolox equivalent per 100 g (mM TE/100 g) of dry sample.
The FRAP results were expressed as millimoles of ferrous sulfate equivalent per 100 g (mM FE/100 g)
of dry sample.

3.6. UAE Procedures

Two grams (2.0 g) of dried jujube powder (C24, Junzao) was placed in an ultrasonic extractor
(XY–2008; Xiyu Instruments Co., Ltd., Shanghai, China) at different influencing factors, including
temperature (30–70 ◦C), ethanol concentration (55–95%), time (20–40 min), and liquid-to-solid ratio
(15:1–55:1 mL/min). After extraction, the extracts were centrifuged at the speed of 5000 rpm for 5 min
(Centrifuge 5804; Eppendorf AG, Germany). Then, the supernatants were evaporated, lyophilized,
and stored below −18 ◦C until further analysis. Based on the results of single-factor experiments, the
factors that have a major influence and the levels of those influences were determined and applied in
the RSM design.

3.7. RSM Experimental Design

A four-factor three-level experimental RSM was employed to determine the optimal conditions.
The yield of total triterpenoids (y, mg/g) was regarded as a dependent variable. Furthermore, the
four-factor ranges were determined according to the previous single-factor experiments (data not
shown). Table 7 shows the experimental design.
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Table 7. Independent variable codes and levels in experimental design.

Code
X1:

Temperature (◦C)

X2:
Ethanol Concentration

(%)

X3:
Time (min)

X4:
Liquid-to-solid Ratio

(mL/g)

−1 40 80 30 25:1
0 50 85 35 35:1
+1 60 90 40 45:1

3.8. Statistical Analysis

Design Expert 8.0.5 (Stat-Ease Inc., Minneapolis, MN, USA) was used to analyze RSM optimization
and regression. The values of the dependent parameters obtained from the experiments were fitted to
the second-order polynomial model as shown below:

Y = β0 +
k

∑

i=1

βiXi +
k

∑

i=1

βiiX
2
i +

k−1
∑

i=1

k
∑

j>1

βi jXiX j. (3)

Y stands for the estimated response, Xj and Xi represent the independent variables, while k

suggests variable number. Meanwhile, βi, β0, βij, and βii represent the regression coefficients of the
linear, intercept, interaction, and quadratic terms, respectively.

All data were collected in triplicate and expressed as mean ± SD. The one-way ANOVA analysis,
HCA, and PCA were carried out by SPSS 22.0 software (SPSS, Chicago, IL, USA).

4. Conclusions

In this study, the ultrasound-assisted extraction of total triterpenoids from jujube was optimized by
RSM. The optimal conditions obtained were as follows: temperature of 55.14 ◦C, ethanol concentration
of 86.57%, time of 34.41 min, and liquid-to-solid ratio of 39.33 mL/g. The triterpenoid yield was 19.21 ±
0.25 mg/g under the optimal conditions.

The triterpenoid acid profile of the extracts obtained from 99 cultivars of jujube were further
analyzed by UPLC–MS. Betulinic acid (mean of 1602.008 µg/g DW), alphitolic acid (mean of 1017.060
µg/g DW), maslinic acid (mean of 265.568 µg/g DW), oleanolic acid (mean of 264.445 µg/g DW), ursolic
acid (mean of 151.166 µg/g DW), betulonic acid (mean of 69.570 µg/g DW), and 2α-hydroxy ursolic
acid (mean of 66.032 µg/g DW) were found to be the main triterpenoid acids in jujube of different
cultivars. According to HCA and PCA, the 99 cultivars were categorized into five clusters, among
which cluster 3 had relatively higher contents of most triterpenoid acids.

These results indicate that jujube is a potential natural source of triterpenic acids for the
development of functional foods, and the differences in the compositional profile of cultivars may lead
to their different applications. UAE is an efficient method to extract triterpenoids from jujube, and
RSM is a useful method to optimize the UAE parameters of triterpenoid compounds from jujube. This
study would be further contributable for the deep processing and utilization of jujube.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/4/412/s1.
Table S1. Summary of the information of jujube samples; Table S2. Contents (µg/g DW) of triterpenic acids in
jujube fruit samples; Table S3. Component matrix of principal component analysis.
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Abstract: Cacti fruits are known to possess antioxidant and antiproliferative activities among other
health benefits. The following paper evaluated the antioxidant capacity and bioactivity of five
clarified juices from different cacti fruits (Stenocereus spp., Opuntia spp. and M. geomettizans) on four
cancer cell lines as well as one normal cell line. Their antioxidant compositions were measured by
three different protocols. Their phenolic compositions were quantified through high performance
liquid chromatography and the percentages of cell proliferation of fibroblasts as well as breast,
prostate, colorectal, and liver cancer cell lines were evaluated though in vitro assays. The results
were further processed by principal component analysis. The clarified juice from M. geomettizans

fruit showed the highest concentration of total phenolic compounds and induced cell death in liver
and colorectal cancer cells lines as well as fibroblasts. The clarified juice extracted from yellow
Opuntia ficus-indica fruit displayed antioxidant activity as well as a selective cytotoxic effect on a liver
cancer cell line with no toxic effect on fibroblasts. In conclusion, the work supplies evidence on the
antioxidant and antiproliferative activities that cacti juices possess, presenting potential as cancer cell
proliferation preventing agents.

Keywords: Underutilized Mexican plants; Cactus fruits; Antioxidant activities; Antiprolifera-
tive properties

1. Introduction

According to a recent report by the World Health Organization (WHO), cancer is a
collection of diseases that is the second leading cause of mortality worldwide. The condition
starts in any organ/tissue of the body and spreads beyond its initial boundaries to invade
adjoining tissues until eventually it reaches other organs and tissues. The uncontrolled
stage of this collection of illnesses is called metastasis and is a major cause of death. Cancer
disease cause of death globally accounted for an estimated 9.6 million deaths in 2018,
which could have increased by 50% to 15 million by 2020 [1]. The tissues most commonly
affected were lung, breast, colorectal, prostate, skin, and stomach. Liver cancer alone
caused 782,000 deaths [1]. In order to decrease the mortality rate, efforts should focus on
preventing or treating cancer at its early stages. Mexican plants have been proven to act as
natural antioxidant products as well as providing anticancer activities [2]. Cactaceae plants
are a group of uncommon species worldwide that grow in arid areas. Mexico is home of
518 species of which 47.7% are endemic [3]. Cacti fruits are highly valued in the region
for their chemical composition which grants them their distinctive organoleptic properties
such as color and taste [4]. Few studies detail the chemical characterization of cacti fruits,
and their bioactive properties.
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Fruits from the Stenocereus genus (pitayas) can be harvested semi-annually from April
to May and September to October. They are ovoid in shape, pigmented, and possess small
thorns [5] (Figure 1). Partial characterizations of pitaya fruits have shown that they contain
betalains, flavonoids, and phenolic compounds (caffeic, ferulic, and p-coumaric) [3,6]. Their
uses have been reported against insect bites, rheumatism, hemorrhages, and gastrointestinal
issues [3,7].
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Figure 1. Cactus fruits (a) Stenocereus pruinosus yellow fruit (SY), (b) Stenocereus pruinosus red fruit (SR), (c) Opuntia

ficus-indica yellow fruit (OPY), (d) Opuntia ficus-indica red fruit (OPR), (e) Myrtillocactusgeomettizans fruit (MG).

Prickly pears are oval shaped fruits commonly referred to as “tunas” (Figure 1) and
are extensively distributed throughout Mexico [8]. They have been known to contain
flavonoids, phenolic acids (caffeic, coumaric, vanillic, among others), betalains, ascorbic
acid, fatty acids, lignans, and sterols [3,6]. Additionally, they possess a variety of health
benefits, yet not restricted to a high antioxidant capacity [9], including cytotoxic activ-
ity [10,11], and an antiproliferative effect on cancer colon (HT29/Caco-2) and prostate
cancer cell lines (PC-3) in vitro [12,13].

Myrtillocactus geomettizan produces cacti fruits called garambullo, also known as the
berry cactus, which ripens from May to July. Garambullo fruits are 1.5 cm in length,
globular, and purple (Figure 1) [14]. The berry cactus fruits contain flavonoids, betalains,
ascorbic acid, and many phenolic acids (caffeic, gallic, vanillic) [3,6] with associated health
properties such as the improvement of renal functions in rats as well as decreased glucose
and cholesterol levels in blood [14].

There are only a few characterization studies about the Cactaceae family and their
fruits. The exploration of nature as a source of novel compounds to treat chronic diseases,
such as cancer, is growing. Considering the above properties of underutilized Mexican
plants, herein, we report the chemical characterization and compositional analyses of
five clarified juices extracted from different cacti fruits (Stenocereus sp., Opuntia sp. and
M. geomettizans). The scientific rational behind this study was to test and report the
correlation between antioxidant capacity and antiproliferative properties of Mexican cactus
fruit juices. Furthermore, we studied the in vitro bioactive potential of in-house extracted
juices from different cacti fruits against cancer cell lines and a normal cell line, with the
aim of proposing their medicinal valorization.

2. Results and Discussion

2.1. Total Soluble Solids, Betacyanin, Betaxanthin Content, and Antioxidant Activity

There are few reports quantifying the chemical content of the cactus fruits here men-
tioned in order to establish a comparison. The clarified juices obtained had low values
around 0.2 ◦Brix, of soluble solid content (Table S1). The juice of Pitaya (Stenocereus pru-
inosus) reported 9.8 ◦Brix [15], a higher value of the total solids than in SY (0.2 ◦Brix) and
SR (0.2 ◦Brix). One possible reason for the discrepancy between the results from this paper
and those in the literature is a difference in the procedure used to obtain the clarified juices,
as showed in the Supplementary material.

The content of betalains is shown in Table 1. The OPR clarified juice had the high-
est concentration of betacyanins of the clarified juices (403.56 ± 1.41 µg/g of FS-fresh
sample). The analysis of the different Opuntia fruits showed similar betacyanin compo-
sitions to that of Opuntia robusta, that goes by the common name of Tapón, reported in
the literature (300.5 ± 8.8 µg/g FS) [12]. Regarding the betaxanthin concentrations, the
SR clarified juice had the highest value (404.59 ± 2.33 µg/g of FS) followed by the OPR
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juice (263.24 ± 36.36 µg/g of FS), and the Opuntia rastrera juice (86.2 ± 22.3 µg/g FS) [12].
Betalains are water soluble which is why a higher content was observed in the clarified
juices than in the pulps. A similar phenomenon was observed in freeze-dried cherry [16].
The clarified juice of Myrtillocactus geomettizan had less betacyanins (103.50 ± 0.01 µg/g
FS) and betaxanthins (45.76 ± 0.42 µg/g FS), and even betacyanins in the fruit pulp
(36.9 ± 3.7 µg/g FS) [17]. This may be due to the stage of maturity and geographical origin
of the cactus berries [18].

Table 1. Betacyanin and betaxanthin content and antioxidant activity of clarified juices.

Parameter SY SR OPY OPR MG

Betacyanins
(µg/g FS) 47.99 ± 0.18 d 334.06 ± 2.08 b 13.29 ± 0.06 e 403.56 ± 1.41 a 103.50 ± 0.01 c

Betaxanthins
(µg/g FS) 240.52 ± 0.88 b 404.59 ± 2.33 a 59.28 ± 0.41 c 263.24 ± 36.36 b 45.76 ± 0.42 c

Total phenolic
compounds (mg
GA/100 mL FS)

57.16 ± 1.52 e 108.75 ± 0.35 c 79.73 ± 1.04 d 111.72 ± 0.35 b 138.38 ± 0.14 a

ABTS (µmol
TE/100 g FS) 542.62 ± 7.20 d 994.40 ± 32.28 c 370.41 ± 10.69 e 1097.35 ± 20.20 b 3123.77 ± 26.15 a

DPPH (µmol
TE/100 mL FS) 80.71 ± 6.65 854.60 ± 17.60 b 379.87 ± 70.86 c 1115.25 ± 86.46 a 329.24 ± 9.48 c

FRAP (µmol
TE/100 mL FS) 865.20 ± 10.24 c 2744.48 ± 42.16 a 480.20 ± 7.80 d 2532.05 ± 48.63 b ND

Values represented as mean ± standard deviation (n = 3), different lowercase letters (a–d) indicate statistical significance difference
(p < 0.05), FS = fresh sample, GA gallic acid equivalents, TE Trolox equivalents. ND = not determined Stenocereus pruinosus yellow fruit
(SY), Stenocereus pruinosus red fruit (SR), Opuntia ficus-indica yellow fruit (OPY), Opuntia ficus-indica red fruit (OPR), and Myrtillocactus
geomettizans fruit (MG). 2,2’-Azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), α-α-Diphenyl-β-picrylhydrazyl (DPPH), Ferric
Reducing Antioxidant Power (FRAP.

Using the Folin–Ciocalteu method, the MG clarified juice (138.38 ± 0.14 mg GA/
100 mL of FS) had the highest antioxidant content followed by the OPR clarified juice
(111.72 ± 0.36 mg GA/100 mL of FS). A similar behavior to that of the MG clarified
juice has been reported in red fruits such as raspberry Rubusidaeus L. (148.9 ± 0.45 mg
GA/100 mL FS) [19]. The above results could be explained by the resulting effect of a
wide range of structures such as monophenols, catechols, pyrogallols, phloroglucinols,
resorcinols, p-hydroquinols, naphthols, anthracenes, flavonoid aglycones, glycosides,
hydroxycoumarins, aminophenols [20], and vitamins as dehydroascorbic acid [21] that are
detected by this technology.

The ABTS method corroborated the antioxidant results from the Folin–Ciocalteu
method; the MG clarified juice (3123.77 ± 26.15 µmol TE/100 g FS) had the highest an-
tioxidant content followed by the OPR clarified juice (1097.35 ± 20.20 µmol TE/100 g
FS). Red fruits reported higher antioxidant activity through the DPPH procedure; OPR
clarified juice being the highest (1115.25 ± 56.46 µmol TE/100 g of F) followed by SR
juice (854.601 ± 17.60 µmol TE/100 g of FS). A similar trend was observed in the FRAP
results of red fruits. However, the SR clarified juice had the highest antioxidant effect
(2744.48 ± 42.16 µmol TE/100 g of FS). Antioxidants assays are classified in electron trans-
fer (ET) methods such as ABTS, FRAP, and DPPH and hydrogen atom transfer (HAT)
like methods such as ORAC [22]. The cacti fruits complex matrix contains a variety of
chemical compounds that cause their antioxidant properties. In order to obtain an accurate
understanding of the antioxidant capacity of cacti fruits and to be able to compare results
across different labs with varying conditions, multiple assays with distinct mechanisms
must be run. Nevertheless, juices from passion fruit (176.42 ± 23.40 µmol TE/100 mL FS)
and lemon juice (56.75 ± 26.63 µmol TE/100 mL FS) [23], demonstrated a lower antioxidant
capacity than all clarified juices analyzed here.

Recent studies have found that the flowers also have phenolic compounds, such as
Artocarpus lakoocha Roxb [24]. For this reason, it will be interesting to study the extract

119



Plants 2021, 10, 368

of flowers of Stenocereus pruinosus, Opuntia ficus-indica, and Myrtillocactus geomettizans in
future works.

2.2. Phenolic Composition Analysis

Due to their availability and cytotoxic activity, MG and OPY were analyzed by HPLC
in order to detect the content of p-coumaric acid, gallic acid, caffeic acid, and vanillic acid in
each clarified juice, using each phenolic acid’s respective standard. Figures S2–S5 displays
the HPLC profile of the MG and OPY clarified juices. The results indicated a high content
of p-coumaric acid (60.60 ± 0.25 mg/L of FS) in MG clarified juice. The OPY clarified
juice had a high amount of gallic acid (21.75 ± 0.75 mg/L FS) as well as p-coumaric acid
(16.85 ± 1.02 mg/L FS) (Table 2).

Table 2. Phenolic acids’ composition of Myrtillocactus geomettizans fruit (MG) and Opuntia ficus-indica

yellow fruit (OPY) detected by HPLC.

Parameter MG Fruit mg/L FS OPY Fruit mg/L FS

p-Coumaric acid 60.60 ± 0.25 a 16.85 ± 1.02 b

Gallic acid 14.95 ± 0.01 a 21.75 ± 0.75 a

Caffeic acid 1.90 ± 0.01 b 4.60 ± 0.01 a

Vanillic acid 10.05 ± 0.04 a 13.00 ± 0.45 a

Values represented as mean ± standard deviation (n = 3), different lowercase letters (a,b) indicate statistical
significance difference (p < 0.05). FS = fresh sample.

The HPLC analysis of the phenolic acids previously mentioned in Opuntia joconostle
reported significant amounts of protocatechuic and caffeic acid. Vanillic acid was not
detected in the whole fruit [25]. Additionally, p-coumaric and caffeic acid derivatives were
detected in Opuntia ficus-indica by chromatography coupled to high resolution time of
flight mass spectrometry (UPLC-QTOF-MS) [26], as the present work demonstrated. In the
literature, Myrtillocactus was reported to have a higher amount of gallic acid than caffeic
acid [18], in agreement with the present work.

2.3. Cell Viability Assay

A fast screening of the cytotoxic assay was performed, using a single concentration of
the clarified juices of 2% (v/v) in order to identify the species with the highest cytotoxicity
on the cancer cell lines while affecting the normal cell line as minimally as possible. The
results showed, HepG2 cells were more sensitive to the clarified juices of OPY, OPR, SR, and
MG with cell viability percentages of (49.02 ± 1.32), (63.82 ± 1.08), (64.35.78 ± 2.84), and
(69.75 ± 3.70) respectively, compared to the Caco-2 cell line which was only affected by the
MG clarified juice with cell viability percentage of (57.50 ± 4.58). All clarified juices except
the SR one had a similar effect on the PC3 cell line. The cell viability percentage of the SR
clarified juice was not detected in the PC3 cell line, the blank had high values of absorbance,
leading to negative cytotoxicity percentages. The antiproliferative effect of the five clarified
fruit juices on MCF7 could not be demonstrated as the cell viability percentage was more
than 100 percent. The NIH/3T3, normal cell line was used as a control and the SY, MG, and
SR clarified juices diminished the cell line proliferation with percentages of (43.15 ± 3.27),
(55.68 ± 2.09), and (58.59 ± 4.56) respectively (Figure 2). A future investigation may be
performed in order to evaluate the dose and time-dependence of the cactus juices with the
potential on cytotoxicity.
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Figure 2. Cell viability of Caco-2, HepG2, NIH/3T3, PC3, and MCF7 cell-lines treated with cactus clarified juices at 2% v/v.
Cell viability was expressed in terms of percentage of living cells relative to the non-treated control. Results were expressed
as means of triplicate experiments and error was expressed as Standard error of mean (SEM). Different lowercase letters
(a–c) indicate a statistical significance difference (p < 0.05). Stenocereus pruinosus yellow fruit (SY), Stenocereus pruinosus

red fruit (SR), Opuntia ficus-indica yellow fruit (OPY), Opuntia ficus-indica red fruit (OPR), and Myrtillocactus geomettizans

fruit (MG).

In vitro studies of juices extracted from fruits of Opuntia ficus-indica showed antipro-
liferative effects on hepatic cancer cells while no effect on normal fibroblast viability [12],
corresponding with the findings of the present work. In order to understand if pheno-
lic acids were responsible for the potential antiproliferative effect of clarified juices, the
individual phenolic acids measured by HPLC analysis were calculated in µg/100 µL in
the clarified juice at 2% in the cell proliferation assay. This calculation showed that the
concentration of the phenolic acids previously mentioned was too low to have significantly
contributed to the antiproliferative effect observed (Table S3). Further investigation to
detect specific compounds such as quercetin, isorhamnetin, kaempferol, and betalains
by HPLC is necessary to prove that the antiproliferative effect above described was due
to the phenolic compounds. Evidence of these compounds has been reported in cactus
juices. The fruit juices of Stenocereus pruinosus and Stenocereus stellatus were evaluated by
HPLC-DAD-ESI/MS, to quantify the amounts of quercetin 3-O- rutinoside, kaempferol
hexoside, isorhamnetin hexoside, isorhamnetin 3-O- glucoside, nine betacyanins, and
two betaxanthins [6,15]. Isorhamnetin, quercetin, conjugated phenolic acids, indicaxan-

121



Plants 2021, 10, 368

thin and coumarins were observed using UPLC-QTOF-MS in three Opuntia ficus-indica
juices [26]. Quercetin was found in the cactus berry (Myrtillocactus geometrizans) fruit at
different maturity stages before and after storage by HPLC-DAD [18]. The antiproliferative
activities of flavonoids and betalains have been reported in extracts of Opuntia robusta and
Opuntia ficus-indica fruit juices as they diminished human colorectal cancer cell line HT29
proliferation. The antiproliferative compounds identified were betacyanins, ferulic acid,
and isorhamnetin derivatives [13]. In order to evaluate the therapeutic potential of the
clarified juices for cancer, the molecular mechanism should be investigated and elucidated
on normal and cancer cell lines of the same tissue. Previous studies have demonstrated
the effect of plant extracts on proliferation, morphology, and cell death in MCF-7 breast
adenocarcinoma and non-carcinogenic MCF-12A cell lines, where MCF-7 cell line was
more susceptible to plant extracts exposure [27].

2.4. Principal Component Analysis (PCA)

In this study, PCA was used to correlate nine experimental variables: content of
betacyanins and betaxanthins, antioxidant activity by both ABTS and DPPH methods,
total phenolic composition by Folin–Ciocalteu assay according to cytotoxic activity of
each clarified juice on HepG2, Caco-2, PC3, and NIH/3T3. The MCF7 cell line was not
considered in the PCA analysis due to its high cell viability percentage and non-significant
difference in all clarified juices. FRAP activity was not included in the PCA plot due to
missing experimental results from MG fruit because it was unavailable during the analysis,
due to the time at which it was collected. In Figure 3 we identified two components,
principal component 1 (cell viability of cancer cell lines HepG2, Caco-2 which have a
correlation with total phenolic composition by Folin–Ciocalteu assay and antioxidant
activity by ABTS) and principal component 2 (betacyanins and betaxanthins which strongly
correlated with antioxidant activity by DPPH and prostate cytotoxic activity on the PC3 cell
line with red cactus fruits juices, SR and OPR). The variance of the data for the Principal
Component 1 (PC1) was 36.81% and for the Principal Component 2 (PC2) was 31.89%
of the variance in the data. The two principal components contributing to 68.7% of the
total variance of the results. Based on PCA, the cell viability of the NIH/3T3 cell line was
not correlated in either of the two groups. It is a normal cell line that was not observably
influenced by the chemical content of the clarified juices in the grouping. Compared to
cancer cell lines, PC3 was influenced by the chemical content of betalains and antioxidant
compounds measured by DPPH; whilst Caco-2 and HepG2 were influenced by chemical
content measured by ABTS and Folin–Ciocalteu methods. OPY, MG, and SY were excluded
from principal component 2, due to their lower content of betalains. The PCA analysis
evidenced that red cactus fruits showed a higher content of betalains which positively
correlated with antioxidant activity by the DPPH method as shown in Table 1. The data
is presented by two or three principal components defined as a linear combination and
correlation between each other, therefore, it reveals clusters of the observed variables
in terms of their similarities and dissimilarities [28]. However, additional investigation
is needed in order to demonstrate SR antiproliferative activity on the PC3 cancer cell
line. Previous investigations have used PCA to explain attributes of the sample and
generate a global analysis of results; for example, to correlate the total phenolic content
or flavonoids with antioxidant activity by hydrogen peroxide (H2O2), hydroxyl (·OH),
peroxyl (ROO·) and ABTS radicals from Opuntia elata (Arumbeva) fruit extract [29]. Clear
correlations were evidenced between total phenolics, fatty acids, phenolic compounds, and
antioxidant activity of Opuntia ficus-barbarica A. Berger fruit pulp and seed oil harvested at
different times [30].
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Figure 3. Distribution of five clarified juices along principal components 1 and 2 using nine variables. Betacyanins (Betac),
betaxanthins (Betx),antioxidant activity by ABTS method (ACABTS), antioxidant activity by DPPH method (ACDPPH),
total phenolic composition (AFolin), fibroblast cell line (NIH/3T3), colon cancer cell line (Caco-2), hepatic cancer cell line
(HepG2), prostate cancer cell line (PC3) Stenocereus pruinosus yellow fruit clarified juice(SY), Stenocereus pruinosus red fruit
clarified juice (SR), Opuntia ficus-indica yellow fruit clarified juice (OPY), Opuntia ficus-indica red fruit (OPR) clarified juice,
and Myrtillocactus geomettizans fruit (MG) clarified juice. The oranges circles are cancer cell lines, the blue circles are the
analytical methods and green circles are the clarified juices.

3. Materials and Methods

3.1. Chemical and Reagents

2,2-Diphenyl-L-picryl-hydrazyl and sodium carbonate were purchased from Sigma
Aldrich (Steinheim, Germany). 2,2′-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), Folin & Ciocalteu’s Phenol Reagent, potassium persulfate, p-coumaric acid (con-
centration ≥ 98%), caffeic acid (concentration ≥ 98%), vanillic acid (concentration ≥ 97%)
were purchased from Sigma-Aldrich (St. Louis, MO). Disodium phosphate and potassium
chloride were acquired from Productos Químicos Monterrey S.A. de C.V. (Nuevo Leon,
Mexico). was purchased from Productos Quimicos Monterrey S.A. de C.V. (Nuevo Leon,
Mexico). Iron (lll) chloride hexahydrate and gallic acid monohydrate were obtained from
Sigma Aldrich (Shanghai, China), Glacial acetic acid and methyl alcohol were purchased
from Tedia High Purity Solvents (Fairfield, OH), hydrochloric acid was purchased from
CTR Scientific (Nuevo Leon, Mexico) and 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ) was from
Sigma Aldrich (Buchs, Switzerland). The milli-Q water purification system was used to
filter the water that was used to perform the procedures (Q-POD, Darmstadt, Germany).
Potassium phosphate monobasic was acquired from Sigma-Aldrich (Tokyo, Japan). Sodium
chloride was bought from Desarrollo de Especialidades Químicas, S.A. de C.V. (Nuevo
Leon, Mexico).

3.2. Production of Clarified Juice

3.2.1. Preparation of Pitaya, Garambullo, and Tuna Pulps

Around, 3 kg of Myrtillocactus geometrizan fruit (MG) and 5 kg of yellow prickly
pear Opuntia ficus-indica (OPY) from Ahualulco (San Luis Potosí, México); 5 kg of yellow
pitaya Stenocereus pruinosus fruit (SY) and 5 kg of red pitaya Stenocereus pruinosus from
Ahuatlán (Puebla, México); and 5 kg of red prickly pear Opuntia ficus-indica fruits (OR)
from San Nicolás (Nuevo León, México) were refrigerated, while ensuring not handling
for longer than 48 hours after being gathered. The fruits were washed with tap water and
Extran MA05 (Merck, Item 1400001403, Lot Mx1400005004, Estado de Mexico, Mexico).
Afterwards, the spines and peels were detached manually. Ultimately, the pulp, and
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seeds were separated using a juice extractor (Model TU05, Turmix ML, Estado de México).
Seedless pulp was obtained from this procedure and its moisture was measured [31].

3.2.2. Production of Clarified Juice

The following procedure was carried out in the dark. The previously acquired seedless
pulp (30g) was centrifuged (4000 g, 4 ◦C, 10 min, Model SL 40R, Thermo Fisher Scientific,
Langenselbold, Germany) in 50 mL polypropylene conical tubes (Corning®, Tewksbury,
MA, USA). 30 g of pulp of each fruit (SY, SR, OPY, OPR, and MG) was prepared to obtain
clarified juice as shown in Figure S1. The supernatant was strained though 150 mm of
Whatman paper grade 4 (item 1009150, GE Healthcare Life Sciences, Little Chalfont, UK),
the supernatant of this second filtration was considered the clarified juice. Water was not
added to the clarified juices.

3.3. Total Soluble Solids

The total soluble solids (◦Brix) were determined in the clarified juices. One mL of each
clarified juice was placed in the refractometer HI96811 (HANNA, Smithfield, RI, USA).
Three samples of each clarified juice were used in this procedure.

3.4. Betacyanin and Betaxanthin Content and Antioxidant Activity Assay

3.4.1. Quantification of Betacyanin and Betaxanthin

In order to determine the pulp’s betacyanin and betaxanthin content (µg/g, fresh
weight) the spectrophotometric method described in [32–34] was carried out on clarified
juices using a Model DR 500 spectrophotometer (Hach Lange GmbH, Düsseldorf, Germany).
The clarified juices samples were diluted as shown in Table S2 in 5 mL volumetric flasks
using Milli-Q water. The extinction coefficients used were E1% = 60,000 L mol−1 cm−1,
λ = 540 nm for betacyanin, and E1% = 48,000 L mol−1 cm−1, λ = 480 for betaxanthin.

3.4.2. Antioxidant Activity by 2,2’-Azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid)
Diammonium Salt Capacity (ABTS)

The ABTS, a single electron transfer (ET) reaction-based assay, was carried out follow-
ing the method proposed by Re et al. [35]. The Phosphate buffered saline (PBS) used was
created with 0.8 g of NaCl, 0.02 g of KH2PO4, 0.115 g of Na2HPO4, 0.02 g of KCl, and 0.02 g
of NaN3. The volume was filled up to 100 mL, the difference being Milli-Q water. To create
the ABTS reagent the following were used: 38.4 mg of ABTS 1 mM, 6.62 mg of potassium
persulfate 2.45 mM, and 10 mL of the solution of PBS. The solutions were left mixing in the
dark for 16 h. The absorbance was measured at 734 nm, with a spectrophotometer (Model
DR 500, Hach Lange GmbH, Düsseldorf, Germany) and the dilution of the initial reagent
that read 0.7 absorbance units was used (40 mL of PBS with 3 mL of ABTS solution). 20 µL
of diluted clarified juice of each fruit and 2 mL of ABTS solution (with the absorbance of
0.7) were placed in a water bath at 30 ◦C for six minutes. Thereafter, the absorbance was
read using Trolox as a standard in concentrations ranging from 5 to 200 ppm. The blank
was created using Milli-Q water and the procedure was triplicated.

3.4.3. Antioxidant Activity by α-α-Diphenyl-β-picrylhydrazyl (DPPH)

Based on Brand-Williams et al., protocol [36] 0.0148 g of DPPH were added to a 25 mL
volumetric flask and filled to the mark with methanol (mother solution). One mL of this
mother solution was added to a new 25 mL volumetric flask and filled to the mark with
methanol, creating a diluted solution. The solutions were placed in 4.0 mL cuvettes (75 µL
of clarified juices dilutions and 3 mL DPPH solution), and left to react for 16 min before
being read by the spectrophotometer (Model DR 500, Hach Lange GmbH, Düsseldorf,
Germany) at 515 nm [37]. All measurements were made in triplicates with a calibration
curve of Trolox at varying concentrations from 5 to 200 ppm.
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3.4.4. Ferric Reducing Antioxidant Power (FRAP)

The antioxidant capacity of each clarified juice was determined through a modified
method [38]. The FRAP reagent was prepared with acetate buffer 300 mM pH 3.6, which is
a mixture of sodium acetate trihydrate, glacial acetic acid, and distilled water, a solution of
iron triplicidyl triazine (TPTZ), concentrated HCl, and distilled water and finally a solution
with FeCl3·6H2O and Milli-Q water. The solutions were mixed (10:1:1) respectively and
incubated at 30 ◦C for 30 min in darkness. Then, 100 µL of each clarified juice was
added to 3 mL of FRAP reagent. Concentrations of Trolox ranging from 10 to 200 ppm
were used as standards in a calibration curve. Lastly, the absorbance was measured in a
spectrophotometer (Model DR 500, Hach Lange GmbH, Düsseldorf, Germany) at 593 nm.
All measurements were made in triplicate.

3.5. Total Phenolic Composition

In order to determine the overall phenolic composition, the Folin–Ciocalteu colori-
metric procedure was used [39]. Twenty µL of the diluted clarified juices were added to
a 96 well plate. Subsequently, 100 µL of 10% Folin reagent was added to each well and
after a five minutes incubation an additional 80 µL 7.5% w/v of sodium carbonate was
placed per well. The plates were incubated for 1.5 h in the absence of light at 37 ◦C. Once
the incubation period had elapsed, microplates were read at 765 nm and 25 ◦C. In order to
create the calibration curve, solutions of 50 to 200 mg/L of gallic acid were made in Milli-Q
water. The blank was created with the same solvent and the procedure was replicated twice
(in triplicate).

3.6. HPLC-DAD Analysis

After filtering the clarified juices through a 0.2 µm nylon filter (Waters, Milford, MA,
USA), their chromatographic profile was analyzed through equipment from Altus Perkin
Elmer with an autosampler, photodiode array detector (PDA) and a Zorbax Eclipse XDB
C18 column (5 µm, 150 × 4.6 mm). In order to analyze the phenolic composition, a gradient
method was achieved with Solvent A, consisting of a mixture of water and acetic acid
(pH 2.5), and Solvent B, methanol. The mobile phase composition started at 100% solvent
A for 3 min, followed by an increase of solvent B up to 30% from minutes 3 to 8 min, 50%
from minutes 8 to 15 min, 30% from 15 to 20 min, and then returning the mobile phase
composition back to 100% solvent A for the end of the run. Around, 20 µL of the clarified
juices were injected at a flow rate of 0.8 mL/min at column temperature of 25 ◦C. The
UV absorption spectra were documented of clarified juices and standards at 270 nm. The
phenolic acids, caffeic, gallic, p-coumaric, and vanillic acids were used as standards to
compare retention time and identified compounds in the clarified juices. The standards
were dissolved in milli-Q water to prepare the calibration curves.

3.7. Cell Viability Assay

3.7.1. Cell Culture

A normal fibroblast cell line (NIH/ 3T3) and four different mammalian cancer cell
lines: mammary (MCF-7), prostate (PC3), colon (Caco-2), and hepatic (HepG2), were
cultivated in DMEM-F12 medium containing 10% FBS (Fetal Bovine Serum) (Gibco, Grand
Island, NY, USA) and kept in a 5% CO2 atmosphere at 37 ◦C and 80% humidity.

3.7.2. Cell Proliferation Assay

In order to determine viability, a cytotoxicity assay was carried out in 96-well plates
with 100 µL of 5 × 105 cells/mL per well. Cancer cell lines (MCF-7, PC3, Caco-2 and
HepG2) and NIH/3T3 were seeded as a control and incubated for 12 h to reach confluence.
All the clarified juices were evaluated at a final concentration, 2% v/v. The plates were left
in the incubator at 37 ◦C, with less than 5% CO2 for 48 h. Subsequently, 20 µL of Cell Titer
96®AQueous One Solution Cell Proliferation Assay (Promega, Madison, WI) was added
to each well, and the 96-well-plate was incubated at 37 ◦C, with 5% CO2 for 1 h, then the
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absorbance was read at 490 nm using a microplate reader (Synergy HT, Bio-Tek, Winooski,
VM). The viability was determined through the calculation of average absorbance units per
well and conveyed as a percentage of the untreated cell wells. The experiment was done in
triplicate, culture medium without cells was used as a blank, and the cells that only had
medium were a positive viability control [12].

3.8. Principal Component Analysis (PCA)

PCA is a tool used to highlight the relationships among a group of experimental
variables based on multivariate statistical analysis, where a map is generated to show how
variables are distributed. The correlation of antioxidant results and antiproliferative effect
of the clarified juices of the cactus fruits was determined by inspection of the principal
component analysis (PCA). The variables analyzed were percentage of cell viability on
Caco-2, HepG2, PC3 and NIH/3T3 cell lines; antioxidant activity regarding DPPH (µmol
TE/100 g FS), ABTS methods (µmol TE/100 g FS), total phenolic content obtained by
the Folin–Ciocalteu method (µg GA/g of fresh sample) and betacyanin and betaxanthin
(µg/g FS).

3.9. Statistical Analysis

All experiments were performed in triplicate. Results were analyzed by ANOVA and
different means were compared using the Tukey test with a level of significance of p > 0.05.
The computer software used was MINITAB 18. The multivariate analysis of Principal
component analysis (PCA) above described was done by SPSS (Version 19, IBM Corp,
Chicago, IL, USA.

4. Conclusions

The results presented in this paper prove the antioxidant properties of five Mexican
native cactus fruits by ABTS, DPPH, FRAP and Folin–Ciocalteu methods, as well as the
in vitro cell cytotoxicity on cell lines. Our findings exemplified the antiproliferative effect
of Myrtillocactus geomettizans clarified juices through the diminished cell viability of Caco-2,
HepG2, and PC3 as well as, on the normal cell line NIH/3T3. The red fruit Stenocereus
pruinosus clarified juices affected the cancer cell line HepG2 as well as the NIH/3T3 cell line.
Opuntia ficus-indica yellow fruit may potentially be used as a cancer preventing agent due
to its selective cytotoxicity on only cancer cells, with demonstrated activity against HepG2
and no effect on the normal cell NIH/3T3. A future investigation may be performed in
order to evaluate the time and dose-dependence of the cactus juices on cytotoxicity. The
total phenolic compounds could be the main contributors of the bioactivity, although a
synergistic effect between phenolic acids, flavonoids, coumarins, alkaloids, and vitamins
could explain the cactus fruit juices’ cancer potential therapeutic use. More research is
needed in order to identify the bioactive compounds and mechanisms that give the juices
these properties.

Supplementary Materials: The following are available online at https://www.mdpi.com/2223-7
747/10/2/368/s1, Table S1: Total soluble solids (◦Brix) in clarified juices, Table S2: Dilutions of
the clarified juices in the different techniques, Table S3: Calculated concentration of phenolic acids
composition of Myrtillocactus geomettizans fruit (MG) and Opuntia ficus-indica yellow fruit (OPY)
detected by HPLC. Figure S1: General procedure to obtain clarified juices from cactus fruits Figure
S2: HPLC detection of phenolic compounds (vanillic acid and coumaric acid) from Myrtillocactus

geomettizans fruit (MG), Figure S3: HPLC detection of phenolic compounds (gallic acid and caffeic
acid) from Myrtillocactus geomettizans fruit (MG), Figure S4: HPLC detection of phenolic compounds
(vanillic acid and coumaric acid) from Opuntia ficus-indica yellow fruit (OPY), Figure S5: HPLC
detection of phenolic compounds (gallic acid and caffeic acid) from Opuntia ficus-indica yellow
fruit (OPY).
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Abstract: American elderberry (Sambucus canadensis) is a plant native to North America with
anthocyanin-rich fruits. Our objective was to investigate the effects of cultivar and ripeness
on the phytochemical characteristics of its fruits and the corresponding color performance.
Cultivars ‘Adams’, ‘Johns’, ‘Nova’, ‘Wyldewood’, and ‘York’ were examined for their ◦Brix,
pH, anthocyanin (pH-differential method), and phenolic content (Folin-Ciocalteau method).
Extract composition were analyzed by uHPLC-PDA-MS/MS. Color and spectra were determined
using a plate reader. All characteristics evaluated were significantly affected by ripeness and
cultivar, except for ◦Brix and total phenolic content, which did not vary significantly among
cultivars. Most anthocyanins (63–72%) were acylated with p-coumaric acid, with cyanidin-3-(trans)-
coumaroylsambubioside-5-glucoside the most predominant. The proportion of acylated anthocyanins
was the only characteristic evaluated that decreased during ripening (from 80 to 70%). Extract from
fully-ripened fruits exhibited red (lvis-max ~520 nm) and blue hues (lvis-max ~600 nm) at acidic and
alkaline pH, respectively. Extracts from half-ripe fruit rendered yellowish tones and overall dull color.
C-18 semi-purified extracts displayed higher color saturation (smaller L* and larger C*ab) than crude
extracts. The vibrant and broad color expression of fully-ripened fruit extract, especially after C-18
purification, suggests this North American native plant as a promising natural colorant source.

Keywords: polyphenols; fruit development; natural food colorant; Sambucus canadensis

1. Introduction

Elderberry (Sambucus spp. L.) is a large perennial shrub or small deciduous tree in the Adoxaceae
family with purplish-black small fruits that mature in late August to September in different parts of the
USA [1]. It is distributed mostly in the temperate and subtropical regions of the Northern Hemisphere
and includes 9 to 40 species depending on the taxonomy [1–3]. The most economically important
species is European elderberry (syn. S. nigra L. subsp. nigra), which has been widely cultivated in
the world from Europe to North America and East Asia [2]. Its fruits have been used as natural food
colorants, and used to produce jam, jellies, yogurt, and wine [4]. In the USA, American elderberry
(syn. S. nigra L. subsp. canadensis [L.] Bolli) is the most important domesticated species [3]. The first
American elderberry cultivar ‘Adams’ was released in the 1920s, with few additional cultivars
developed since then [4], mostly from the New York and Nova Scotia Agricultural Experiment Station
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breeding programs [1], and the Missouri State University and the University of Missouri Elderberry
Improving Program [5].

American elderberry cultivars have shown to have higher yield in the midwestern states in the
USA than their European counterparts [6]. A life cycle assessment of these American elderberry
cultivars could reveal lower labor and pesticide input due to greater adaptability by following a similar
assessment method on wine production [7]. This is because American elderberry can be completely
pruned to the ground level in March for a more concentrated harvest in late summer to early autumn,
thereby leading to a higher harvest efficiency and less carbon dioxide emission from tractors used for
spraying and harvest. Complete removal of old shoots in American elderberry also help control elder
shoot borer [8].

Elderberry has been traditionally used as a medicinal crop in many indigenous cultures [4]. The
therapeutic effects of elderberry extracts, including flu symptoms alleviation, blood pressure regulation,
diabetes and obesity control, and immune system enhancement, have been confirmed in a number
of in vitro and in vivo studies [9,10]. Researchers attribute its medicinal and nutritional benefits
to its abundant polyphenol content, composed mostly of anthocyanins, flavonols, phenolic acids,
and proanthocyanidins [9]. Those polyphenols are known to be high in antioxidant capacity and
possess antiviral, antibacterial, and antifungal activities [9]. The demand for valuable natural sources
of antioxidant compounds has been going for decades, and this market is expected to gain an annual
growth of ~6% globally during the period of 2019–2029 [11], forecasting a considerable growth potential
of attention for elderberry in the coming years.

Anthocyanins contribute to both the high antioxidant capacity and the dark-violet color of
elderberry fruits. These water-soluble natural pigments have been widely applied as food colorants since
they are viewed as safer than synthetic colorants [12]. According to the FDA CFR, fruit (21CFR73.250)
and vegetable (21CFR73.260) juice concentrates are approved for use as natural food colorants, but their
practical application is restricted by their stability and color shades. Acylated anthocyanins is expected
to have enhanced stability to pH, heat treatment, and light exposure than non-acylated anthocyanins
through intramolecular copigmentation and self-association [13]. Vegetable sources, such as red
cabbage and radish, are usually more abundant in acylated anthocyanins, but they may impart
undesirable aromas or flavors to food products [13]. Anthocyanin profiles of European and American
elderberry were previously compared, and acylated anthocyanins were only found in American
elderberry in considerable quantity [1].

European elderberries have been evaluated for their anthocyanin and phenolic composition [1,14];
and the stability of their anthocyanin extract to heat [15,16], light [15,16], and processing [17];
as well as coloring strength [18]. Due to its high pigment content, European elderberry concentrate
has been commercialized as a food coloring agent in the E.U. Despite its unique anthocyanin
profile, American elderberry has not been as extensively studied as its European counterpart [18].
Our knowledge regarding American elderberry anthocyanins and phenolics is primarily related to
their composition, with little research on their practical applications. Considering its high acylated
anthocyanin content and milder flavor, American elderberry can potentially be a promising source
of natural color. Its phytochemicals, mostly anthocyanins, may vary among cultivars and during
ripening, and this variation could ultimately affect the colorimetric and spectrophotometric properties,
therefore merit a more systematic examination.

Our objectives were to investigate the impact of cultivar and ripeness on the accumulation of
anthocyanins and other phytochemicals in American elderberry, as well as the color performance of
their anthocyanin extracts under a wide pH range. Our research aimed to reveal valuable information
to help shape the potential application of American elderberry extract as a natural colorant for
food industry.
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2. Results

2.1. Phytochemical Attributes of Different Cultivars

Significant differences in pH, monomeric anthocyanin content, polymeric color, and anthocyanin/phenolic
ratio were observed among five cultivars (p < 0.05) (Table 1). American elderberry had a pH between
4.5 and 4.9, with ‘Wyldewood’ having significantly lower pH than that of others. The monomeric
anthocyanin content varied between 354 and 581 mg C3GE/100 g FW, and the anthocyanin/phenolic
ratio was between 0.61 and 0.84, with ‘Johns’ and ‘York’ obtaining the highest and the lowest on both
attributes, respectively. However, significantly higher percentage of polymeric color was detected
in ‘York’ (10.8%) than in ‘Johns’ (5%), partially explained by their different monomeric anthocyanin
content. The ◦Brix ranged from 12.0 (in ‘Nova’ and ‘Wylderwood’) to 13.1 (in ‘York’) and the total
phenolic content was between 582 (in ‘York’) and 707 mg GAE/100 g FW (in ‘Johns’) with no significant
differences among them.

Table 1. Fruits’ phytochemical attributes comparison among different American elderberry cultivars.
Results expressed as mean ± SD (n = 3). Cultivars with different superscripts were significantly different
(p < 0.05).

Cultivar ◦Brix pH Mono ACN 1 Poly Color 2 TP 3 ACN/TP 4

Adams 12.9 ± 1.1 a 4.7 ± 0.11 a,b 499 ± 91 a,b 7.5 ± 0.8 a,b 684 ± 88 a 73 ± 4 a

Johns 12.0 ± 1.1 a 4.8 ± 0.05 b 595 ± 26 b 5.0 ± 0.5 a 706 ± 22 a 84 ± 4 b

Nova 12.4 ± 0.3 a 4.8 ± 0.06 b 456 ± 73 a,b 9.1 ± 1.5 a,b 700 ± 77 a 65 ± 4 a

Wyldewood 12.0 ± 1.1 a 4.5 ± 0.08 a 471 ± 36 a,b 7.3 ± 0.4 a,b 637 ± 51 a 74 ± 2 a,b

York 13.1 ± 0.4 a 4.9 ± 0.12 b 354 ± 59 a 10.8 ± 1.1 b 582 ± 52 a 61 ± 3 a

1 Monomeric anthocyanin (mg cyanidin-3-glucosides equivalent/100 g fresh weight); 2 Polymeric color (%);
3 Total phenolics (mg gallic acid equivalent/100 g fresh weight); 4 Anthocyanin/Total phenolic (%).

2.2. Color Development and Phytochemicals Accumulation during Ripening

Elderberry fruits reached a visibly darker surface color when fully ripe, as denoted by the
significantly smaller L* (lightness) value of the fully-ripened fruits (L* = 19.1 ± 0.5) compared to
the half-ripe counterpart (L* = 23.5 ± 0.5). The mean a* and b* values of the fully-ripe fruits were
determined to be 2.4 ± 0.2 and 0.3 ± 0.2, respectively, similar to those of the half-ripe fruits (a* = 2.4 ± 0.2;
b* = −0.2 ± 0.1).

◦Brix, pH, anthocyanin, and phenolic content all significantly increased during fruit ripening
except the pH of ‘Wyldewood’ (Figure 1). ◦Brix increased ~4% in both ‘Wyldewood’ and ‘Nova’ during
ripening. Half-ripe berries were low in monomeric anthocyanin content, with means of 39 and 72 mg
C3GE/100 g FW of ‘Nova’ and ‘Wyldewood’, respectively, consisting with the less intense redness of
the fruits, but later greatly increased to 593 and 619 C3GE/100 g FW when fully ripe. Although the
total phenolic content multiplied almost threefold during ripening, its rate of increase was not as high
as that of the anthocyanin content. For this reason, the contribution of anthocyanins to total phenolic
content was modest at the half-ripe stage, but accounted for almost 80% when ripe. Polymeric color
proportion was the only monitored attribute that decreased during ripening.

2.3. Major Anthocyanins in American Elderberry

Major anthocyanins in the extract from fully-ripe fruits (FRFE) (listed in order of elution, Figure 2)
were identified as cyanidin-3,5-diglucoside (peak 1), cyanidin-3-sambubioside-5-glucoside (peak 2),
cyanidin-3-(cis)-coumaroylsambubioside-5-glucoside (peak 3), cyanidin-3-(trans)-coumaroyl-glucoside
(peak 4), cyanidin-3-(trans)-coumaroylsambubioside-5-glucoside (peak 5) according to their visible
spectra, MS data, and retention times. The extract from half-ripe fruits (HRFE) presented the
same anthocyanins with the exception of peak 4. All anthocyanins identified were cyanidin-derivatives,
with cyanidin-3-(trans)-coumaroylsambubioside-5-glucoside being the most predominant, representing 65–70%
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of the total anthocyanin content. The cis isomers of cyanidin-3-coumaroylsambubioside-5-glucoside (peak 3)
were present at both ripening stages, accounted for 7.6% (in HRFE) and 1.8% (in FRFE) of the peak area. The cis

isomers eluted earlier than its trans counterpart showed lower absorption at 310–360 nm, and displayed a
larger lvis-max (~525 nm). p-Coumaric acid was the only acylation found in American elderberry anthocyanins.
Acylated anthocyanins constituted ~80% of the total pigments at the half-ripe stage, and ~70% when fully
ripened. Nevertheless, ripened berries were much more abundant in both acylated and non-acylated
anthocyanins due to their higher total anthocyanin content.

 

Figure 1. Comparison of ‘Nova’ and ‘Wyldewood’ fruits’ phytochemical attributes (◦Brix, pH,
monomeric anthocyanins, polymeric color, total phenolic content) at the half and fully-ripe stages.
Results expressed as mean ± SD (n = 3).

 

Figure 2. HPLC chromatograms of half and full-ripe ‘Nova’ extracts detected at 520 nm, their peak
identifications, and quantifications, and the UV-Vis spectra of peaks 3 and 5. Cy: Cyanidin; glu: glucoside;
sam: sambubioside; coum: coumaroyl. *ND: Not detected.
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2.4. Anthocyanin Profile of Different Cultivars

Different cultivars had similar anthocyanin profiles with minor differences in the proportion of
individual peak areas. Among all cultivars tested, ‘Wyldewood’ was overall higher in non-acylated
pigments but contained the lowest proportion of the trans-isomers (p< 0.05) (Table 2). ‘Adam’ and ‘York’
had the highest levels cyanidin-3-(cis)-coumaroylsambubioside-5-glucoside, while ‘York’ contained a
significantly lower percentage of cyanidin-3,5-diglucoside (p < 0.05). Nevertheless, a higher percentage
of a certain compound in one cultivar does not necessarily represent higher amount since cultivars
also varied on total anthocyanin content.

Table 2. Percentage of individual anthocyanin in different American elderberry cultivars. Anthocyanins are
listed in the order of elution. Results expressed as mean± SD (n= 3). Cultivars with different superscripts
were significantly different (p < 0.05).

Peak Adam Johns Nova Wyldewood York Overall

Non-acylated
1 7.2 ± 0.7 b 7.9 ± 0.7 b 8.2 ± 0.7 b 8.5 ± 0.5 b 5.2 ± 0.2 a 7.4 ± 1.3
2 16.2 ± 2.3 a 15.4 ± 1.1 a 16.6 ± 1.6 a 18.6 ± 0.5 a 16.1 ± 0.7 a 16.6 ± 1.7

Sum 23.3 ± 3 a 23.3 ± 1.8 a 24.8 ± 2.2 a 27.2 ± 1.0 b 21.3 ± 0.9 a 24.0 ± 2.6

Acylated

3 2.3 ± 0.2 b 1.7 ± 0.1 a 1.8 ± 0.0 a 1.9 ± 0.1 a 2.3 ± 0.2 b 2.0 ± 0.3
4 2.4 ± 0.2 b 2.1 ± 0.1 b 2.4 ± 0.2 b 1.5 ± 0.1 a 2.1 ± 0.3 b 2.1 ± 0.4
5 67.1 ± 2.7 b 67.0 ± 2.3 b 64.1 ± 2.5 a,b 59.8 ± 0.6 a 67.0 ± 1.8 b 65.0 ± 3.5

Sum 71.9 ± 2.4 b 70.8 ± 2.2 b 68.3 ± 2.6 a,b 63.2 ± 0.6 a 71.4 ± 1.6 b 69.1 ± 3.7

2.5. Spectral Properties of American Elderberry Extract under Various pH

All extracts showed similar lvis-max ~520 nm at pH 2, but some differences on lvis-max were observed
at higher pH. Crude HRFE did not show a clear lvis-max at pH 4–6, while the lvis-max of its fully-ripe
counterpart increased from 523 to 549 nm when the pH increased from 4 to 7, although its visible
absorbance was weak in this pH range (Figure 3, Table 3). When the pH increased to alkaline region,
the lvis-max of both HRFE and FRFE shifted to 580–600 nm region. Interestingly, FRFE always obtained
larger lvis-max than HRFE. The HRFE generally showed higher absorbance at 400–490 nm, rendering
orange-yellowish undertones at all pH.

 

Figure 3. Spectral characteristics of American elderberry ‘Nova’ extracts at two ripening stages before
and after C-18 semi-purification in pH 2–9 buffers. Data was collected 1 h after mixing.
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Table 3. Spectrophotometric (lvis-max, nm) and colorimetric (CIE-L*, C*, h*) data of half and fully-ripe
‘Nova’ extracts before and after C-18 semi-purification in pH 2–9 buffers (n = 3). Data was collected 1 h
after mixing.

Extracts pH2 pH3 pH4 pH5 pH6 pH7 pH8 pH9

Lambda Max (lmax, nm)

Half-ripe CE 1 520 ± 1 515 ± 1 ND 2 ND ND ND 593 ± 2 580 ± 0
C18 519 ± 3 522 ± 1 516 ± 3 ND ND 540 ± 3 596 ± 1 577 ± 5

Fully-ripe CE 519 ± 2 524 ± 3 523 ± 1 529 ± 9 528 ± 2 549 ± 1 600 ± 0 600 ± 0
C18 520 ± 0 522 ± 0 524 ± 3 527 ± 1 523 ± 6 551 ± 2 597 ± 1 597 ± 1

L* (Lightness)

Half-ripe CE 54.8 ± 0.3 59.8 ± 0.1 64.2 ± 1.5 66.9 ± 0.1 68.0 ± 0.1 66.0 ± 0.3 54.6 ± 0.6 54.6 ± 0.4
C18 55.5 ± 0.1 60.0 ± 0.5 70.5 ± 0.4 73.1 ± 0.3 74.1 ± 2.3 56.3 ± 0.4 35.5 ± 0.4 54.9 ± 0.5

Fully-ripe CE 64.0 ± 0.7 75.6 ± 0.4 85.4 ± 0.3 88.1 ± 0.3 88.3 ± 0.2 83.0 ± 0.3 73.8 ± 0.3 73.4 ± 0.7
C18 63.7 ± 0.1 73.0 ± 0.2 85.1 ± 0.1 87.3 ± 0.5 87.8 ± 0.7 58.3 ± 0.9 39.4 ± 0.1 45.3 ± 0.4

C* (Chroma)

Half-ripe CE 50.8 ± 0.5 40.5 ± 0.2 33.7 ± 0.3 32.5 ± 0.1 31.4 ± 0.3 30.3 ± 0.3 27.0 ± 0.5 48.9 ± 0.4
C18 67.5 ± 0.1 52.6 ± 0.2 30.7 ± 0.1 26.3 ± 0.2 25.5 ± 2.1 22.4 ± 0.1 7.4 ± 0.4 46.5 ± 0.5

Fully-ripe CE 52.6 ± 0.3 28.6 ± 0.3 8.1 ± 0.2 3.2 ± 0.2 2.5 ± 0.2 2.7 ± 0.3 17.5 ± 0.2 14.3 ± 0.6
C18 66.0 ± 0.1 45.7 ± 0.5 15.4 ± 0.2 7.7 ± 0.2 7.1 ± 0.2 34.4 ± 0.7 41.5 ± 0.4 30.9 ± 0.2

h* (Hue Angle)

Half-ripe CE 31.9 ± 0 42.5 ± 0.1 58.0 ± 0.3 67.4 ± 0.2 70.8 ± 0.2 72.2 ± 0.2 103.1 ± 0.1 88.3 ± 0.4
C18 23.9 ± 0.1 23.2 ± 0.3 44.6 ± 0.3 60.5 ± 0.3 64.7 ± 1.2 32.4 ± 0.4 168.0 ± 4.6 85.5 ± 0.5

Fully-ripe CE 1.1 ± 0.6 356.9 ± 0.2 7.5 ± 0.7 36.2 ± 1.4 51.6 ± 0.8 341.8 ± 4.0 249.2 ± 0.3 153.4 ± 1.0
C18 9.9 ± 0.1 1.4 ± 0.1 10.9 ± 0.6 28.9 ± 0.6 36.7 ± 1.6 316.2 ± 0.5 270.4 ± 0.4 238.1 ± 0.2

1 Crude extract. 2 Not detected.

Both HRFE and FRFE exhibited sharper peaks and higher absorbance at their lvis-max after C-18
semi-purification, particularly at low and alkaline pH, concurrent with a more vibrant color expression
(Figure 3). The shape of the absorption spectra and the lvis-max of the HRFE more closely resembled those
of FRFE after semi-purification. In spite of this, semi-purified HRFE still showed higher absorbance at
400–490 nm, and lower absorbance at lvis-max than FRFE at most pH. Semi-purification of FRFE had a
negligible impact on lvis-max. However, it reduced the absorption between 400–440 nm and increased
the absorbance at lvis-max notably, particularly under alkaline pH, showing bolder color expression.

2.6. Colorimetric Properties of American Elderberry Extract under Various pH

The FRFE expressed colors from red to colorless to purple and blue when the pH increased from 2
to 9 (Figure 3). Under pH 2–3, the FRFE displayed intense red hues with h*ab between 0.4◦ and 7.3◦

and C*ab between 28.6–52.6 (Table 3). As the pH increased to mildly acidic (4–6), the L* increased
by over 20 units and C*ab were generally small (≤10) due to the deprotonation of flavylium cations,
with extracts appearing almost colorless. When the pH further increased into the alkaline region,
a purple-bluish color appeared due to the formation of quinonoidal bases, exhibiting h*ab between
249.2–341.8◦, and C*ab increased back to 17.5 at pH 8.

The h*ab of HRFE was between 31.9◦ (red)–103.1◦ (yellow) under the tested pH range, as predicted
from our spectral data (Figure 3, Table 3). The HRFE generally had smaller L* and larger C*ab than its
fully-ripe counterpart, especially under mildly acidic pH.

The color properties (L*, C*ab, h*ab) of FRFE before and after semi-purification were similar at
acidic pH, while they largely differed at alkaline pH (Table 3). At pH 7–9, the semi-purification resulted
in a decrease in the L* of 24.7–34.4 units and an increase in C*ab of 16–31.7 units. Semi-purification
also resulted in the shifts of h*ab from 341.8◦ to 316.2◦ (purple hues) at pH 7 and from 249.2◦ to 270.4◦

(blue hues) at pH 8. The C-18 semi-purification greatly enhanced color intensity and saturation of the
extract, rendering bluer color hues under neutral to alkaline pH.

At acidic pH, extracts from all cultivars except ‘York’ showed high similarities on their color
properties (∆E < 5 in a pairwise comparison) (Table 4). At pH 3, the ∆E between the extracts from ‘York’
and other cultivars fell between 7.28 and 8.25, mainly resulting from their different L* (lightness) value
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as the L* of York extracts (76.13) were significantly lower than others (82.56–83.93, data not shown).
Larger ∆E (up to 14.4) was observed when comparing the color of these extracts under alkaline pH.
At pH 8, most pairwise ∆E were larger than 5. Different from the findings at acidic pH where the
variance mostly came from L* value, the relatively large ∆E at alkaline pH was mainly contributed by
∆b* (blue-yellow color) value. At pH 8, the a* values were similar among cultivars, ranging between
−5.98 (‘York’) and −7.35 (‘Johns’), while the b* value varied between −7.69 (‘York’) and −21.52 (‘Adam’),
leading to an overall large ∆E among cultivars.

Table 4. Mean (n = 3) color differences (∆E) of the extracts from different cultivars of fully-ripe fruits at
pH 2–9.

Johns Nova Wyldewood York

Adam

pH2 1.25 4.61 0.91 3.31
pH3 0.81 4.34 1.60 8.05
pH4 1.09 0.86 0.17 3.52
pH7 1.18 2.18 1.61 4.38
pH8 6.06 6.11 8.78 14.44

Johns

pH2 5.34 1.81 4.21
pH3 4.79 2.16 8.21
pH4 1.75 1.05 3.60
pH7 2.71 12.13 4.62
pH8 1.49 3.00 9.21

Nova

pH2 3.96 3.69
pH3 2.92 8.25
pH4 0.78 3.30
pH7 2.48 2.40
pH8 2.75 8.59

Wyldewood

pH2 2.50
pH3 7.28
pH4 3.41
pH7 3.97
pH8 6.73

3. Discussion

American elderberry fully-ripe fruits had a ◦Brix of 12.0–13.1 and a pH of 4.5–4.9, similar to
the previously reported data [1,19]. The ◦Brix of American elderberry is comparable to those of
European elderberry (8.9–14.6) [1,20] and blueberry (10.3–13.9) [21], but higher than those of blackberry
(4.9–8.0) [22] and raspberry (9.4–11.5) [23]. The pH of most berries ranges between 2.8–4.2 [20–23].
High ◦Brix and low acidity are usually associated with a mild, pleasant taste. Nevertheless, American
elderberry is seldom consumed as fresh fruit and used most extensively as processed food and
beverages [2]. This would be ascribed to its rather small fruit size [24], and tart, tangy or bitter
sensory attributes brought by its abundant polyphenols contained [25]. Most anthocyanins have
negligible color expression at pH ~4.5 as they transited into the colorless hemiketal form, especially for
3,5-glycosides derivatives [26]. American elderberry was abundant in 3,5-diglycosides (~90%) with
a fruit pH ~4.5 (Table 1, Figure 2). Its intense dark purplish-black coloration could be explained by
the lower pH of the vacuoles, where anthocyanins are usually localized together with considerable
organic acids [27]. The pH of grape vacuole has been reported to be ~1 unit lower than the pH of grape
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pulp [27]. Similarly, the pH of American elderberry vacuoles is expected to be lower than the fruit pH,
therefore protects the integrity of anthocyanins.

Relatively large variability in anthocyanin and phenolic content within the cultivar was observed in
both this and previous studies, where berries were sorted by their surface color ahead of phytochemical
analysis [20]. Surface color is usually used as a maturity indicator of fruits; nevertheless, a slight variation
in pH might cause considerable changes on the intensity of fruit color [27]. Moreover, fruits may exhibit
the same color but have varying anthocyanin content, as the quantification of anthocyanin content is
related to fruit size and water content, as well as anthocyanin distribution.

Reports on the effect of cultivar on phytochemical content vary among different studies.
For example, Mathieu et al. reported higher anthocyanin and phenolic content of ‘Nova’ than ‘York’
during a two-year observation [20], consistent with our findings, while an opposite observation was
reported by Perkins-Veazie et al. [19]. Conflicting results may also occur within the same study, as Lee
and Finn observed significantly higher anthocyanins content of ‘Adams’ than ‘Johns’ and ‘York’ in 2005,
but not in 2004 [1]. Such variability suggests an interplay involving both genetics and environmental
factors. Geographic, climatic, edaphic conditions, and even the position of the sampled fruits on the
mother-plants can all be origins of the variance displayed [27]. American elderberry appeared to be
highly responsive to these environmental factors; thus, cultivar selection with interested biochemicals
should be in accordance with specific environmental conditions and cultivation approaches.

American elderberry fruits went through significant phytochemical changes during ripening,
which was reflected by increased ◦Brix, pH, phenolic (including anthocyanins) content, and decreased
percentage of polymeric color. During red fruit ripening, an increase in ◦Brix and pH is the most
common, along with an accumulation of anthocyanins. The increased ◦Brix and pH are attributed
to the acids in the fruit converting to sugars during the ripening process [2,27]. Although both
increased significantly, the total phenolic content did not increase as much as the anthocyanin content
did. This phenomenon was also observed during the development of other berries, like grape
and raspberry [28,29]. The total phenolic content is an equilibrium between biosynthesis and
metabolism, thus can ascend, decline, or stay flat during maturation depending on enzyme activities
and precursor availability [27]. On the other hand, anthocyanins are continuously synthesized
during fruit development, thereby the accumulation of anthocyanin and phenolic is not expected to
be correlated.

Acylated anthocyanins are a group of more stable anthocyanins and more commonly found
in vegetable sources like red radish, black carrot, and red cabbage [13]. Conventional fruit sources,
such as cranberry, blackberry, blueberry, or European elderberry usually only contain non-acylated
anthocyanins [13]. Red grape may contain about 30% anthocyanins acylated with aromatic or aliphatic
acids [30]. Black goji berry was reported to be abundant in anthocyanins acylated with p-coumaric
acids [12], but it is mainly distributed in central and east Asia with limited availability. The high
acylated anthocyanin content as well as its accessibility in North America make American elderberry
an excellent candidate as a natural colorant with many attractive traits.

Both exogenous and endogenous factors can initiate anthocyanin composition evolution. For example,
in blueberry, cyanidin derivatives were more abundant in ripe fruits, whereas malvidin derivatives were
predominant in overripe fruits [27]; the stink bug infestation decreased malvidin-derivatives and increased
other aglycone derivatives [31]. Our study revealed a higher ratio of acylated anthocyanins in
American elderberry at the half-ripe stage (Figure 2). Similar fluctuation has been reported in some
vegetables, such as colored waxy corn [32] or red cabbage [33], both featuring a higher acylated
anthocyanin ratio at an earlier ripening stage. Fruit sources, like blueberry, usually express variation
on anthocyanin aglycone.

Cyanidin-3-(cis)-coumaroylsambubioside-5-glucoside made up 7.6% and 1.8% of the total pigments
in HRFE and FRFE, respectively (Figure 2). This isomer differed from its trans counterpart only on
the spatial configuration of the acyl group but occurs much more rarely in nature with different
UV-Vis spectral characteristics. An absorption band is generally observed in the 310–360 nm range for
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anthocyanins acylated with aromatic acids, giving a higher ratio of A310–360/Avis-max than for aliphatic
acylated or non-acylated anthocyanins [13]. However, our UV-Vis spectra of cis isomers revealed a
much lower absorption in that range, being approximately half of A310/Avis-max ratio of trans isomers.
Apart from that, the cis isomers displayed a larger lvis-max (525 nm) than their trans counterparts
(521 nm) in the same solvent. The coexistence of cis and trans isomers are seldom found in edible
sources, and current studies about the impact of cis-trans configuration on the color of these pigments
are few and limited only to petunidin or delphinidin derivatives [34]. Therefore, our research provided
novel information about the impact of acyl group spatial configuration on cyanidin derivatives.

Different anthocyanin/polyphenol ratios between the HRFE and FRFE can explain their
spectrophotometric and colorimetric differences. The anthocyanin/phenolic ratio increased from
~20% to 85% from half- to fully-ripened. Therefore, when both extracts were standardized by their
anthocyanin concentration, the HRFE contained significant higher polyphenol levels. The main
phenolics in the extracts besides anthocyanins were hydroxycinnamic acids and flavonols (data not
shown). These compounds can affect the extract color expression via producing yellow colors on
their own (lvis-max ~360 nm), or anthocyanin copigmentation. Though the copigmentation may
enhance anthocyanin stability, such interaction is only efficient with non-acylated anthocyanins at
a low acidic pH [35], and may alter the color properties simultaneously. With the removal of these
interfering compounds, the American elderberry pigments expressed more vivid colors and obtained a
sharper spectrum.

Due to the high similarities of their anthocyanin profiles, different cultivars produced similar
color with most pairwise ∆Es < 5. All of the extracts were able to express blue hues at pH 8 with h*
between 233.1–253.6◦, resembling that of FD & C Blue No.2 [33]. About 90% of pigments in American
elderberry were cyanidin-3,5-diglycosylated (Figure 1). This glycosidic pattern is characterized by
a larger lvis-max than cyanidin-3-glycosides at all pH, therefore is capable of expressing blue hues at
alkaline pH [26]. Common fruit-based anthocyanin sources like European elderberry and chokeberry
lack this glycosidic pattern and do not express blue hues at any pH. Currently, natural sources of
blue colorants are very limited, thus the glycosidic pattern along with the high acylated anthocyanin
content make American elderberry a desirable natural colorant candidate.

4. Materials and Methods

4.1. Reagents

ACS or HPLC grade acetone, chloroform, methanol, trifluoroacetic acid (TFA), ammonium hydroxide
(NH4OH), acetonitrile, potassium hydroxide (KOH), and sodium phosphate dibasic (Na2HPO4) were
purchased from Fisher Scientific (Fair Lawn, NJ, USA). ACS grade formic acid was purchased from
Honeywell (Morris Plains, NJ, USA).

4.2. Collection of Plant Materials

American elderberry fruits of cultivars ‘Adams’, ‘Johns’, ‘Nova’, ‘Wyldewood’ and ‘York’ were
harvested from plants grown at the South Center, The Ohio State University, near Piketon, Ohio, USA,
during two summers in 2015 and 2017. Fruits harvested between mid-August and early-September
2015 were used to investigate the impact of cultivar. ‘Nova’ and ‘Wyldewood’ fruits were further
harvested in late-August 2017 to determine the impact of ripeness.

Fruit samples were harvested from three plants of each cultivar. After the harvest, samples were
placed in polyethylene bags, labeled, and transported to the lab. Fruits were stored at −20◦C until
further analysis.

4.3. Determination of Maturity Stage

Elderberry fruits on a branch do not mature at the same time (Figure 4); thus, individual fruits
were sorted into one of three maturity categories according to their appearance and surface color
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before analysis: (1) Immature stage: fruits were entirely green or with minimal red color shown
on the surface; (2) Half-ripe stage: fruits were overall red with minimal green color shown on
the surface; (3) Fully-ripe stage: fruits were entirely dark purple-violet on the surface (Figure 4).
Surface color properties (Hunter CIE L*, a*, b*) of samples in categories (2) and (3) were measured
by a Minolta handheld colorimeter (Konica Minolta, Osaka, Japan). The L* value indicated the level
of lightness with 0 representing the darkest black and 100 representing the brightest white; the a*
value indicated the redness (+) and greenness (−) of the object and b* value indicated the yellowish (+)
and bluish (−) of the objective, according to the International Commission on Illumination (CIE) [36].
To determine the impact of cultivar, only berries in category (3) were retained to minimize the variance
in maturity. To determine the impact of ripeness, berries in category (2) and (3) were stored separately
for further analysis.

 

 

λ

λ

 

(1) (2) (3)

Figure 4. American elderberry fruits on the same branch at (1) Immature, (2) Half-ripe, and (3) Fully-ripe stages.

4.4. Fruit Extracts and Their Quality Attributes

◦Brix and pH were measured during sample extraction. Each sample was weighed (~30 g)
and blended with liquid nitrogen for 2 min. ◦Brix was quantified using a handheld refractometer
(Atago Co., Ltd., Tokyo, Japan), and pH was measured using a pH meter (Mettler Toledo, Inc.,
Columbus, OH, US) after the powder was thawed into puree.

Anthocyanins and other phenolics were extracted with acidified acetone and partitioned with
chloroform [37]. About 30 mL of acetone acidified with 0.01% HCl was added to the puree and
homogenized for 2 min. The blend was then vacuum filtered using a Buchner funnel with Whatman #4
filter paper (Whatman Inc, NJ, US). After filtration, the slurry was re-extracted with 70%(v/v) aqueous
acetone with 0.01% HCl until a pink color was barely visible. The anthocyanin extract was placed in a
separatory funnel with 2 volumes of chloroform, and the mixture was gently mixed and left to sit at
room temperature until a good separation was achieved. The top layer (anthocyanin and phenolic
concentrate) was collected into a flask, while the bottom layer (chloroform and polar solvents) was
discarded. Residual acetone was evaporated using a Buchi rotary evaporator at 40 ◦C. The final volume
of sample was documented for quantification purposes.

4.5. Quantification of Anthocyanin and Phenolic Content

Monomeric anthocyanin content was estimated using the pH differential method [38].
The absorbance of the anthocyanin extracts at pH 1 and pH 4.5 was measured using a SpectraMax
190 Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) at 520 nm (λmax) and 700 nm with
automated 1-cm pathlength correction. The molecular weight (449.2 g mol **) and molar extinction
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coefficient (29,600 L cm ** mol **) of cyanidin-3-glucoside (C3G) were used for calculation. The total
monomeric anthocyanin content was expressed as mg C3GE per 100 g of FW.

Polymeric color was determined by measuring the absorbance of the extracts at 420 nm, 520 nm
(λmax), and 700 nm after being treated with sodium bisulfite [38]. The percent polymeric color was
expressed as the ratio between polymerized color and overall color density.

Total phenolic content was quantified using the Folin-Ciocalteau method and expressed as gallic
acid equivalents [39]. Absorbance was read at 765 nm using the SpectraMax 190 Microplate Reader.
Total phenolic content was calculated and expressed as mg gallic acid equivalents (GAE) per 100 g
of FW.

4.6. Sample Purification

Anthocyanin extracts were semi-purified using solid phase extraction with a C-18 cartridge.
The C-18 cartridge was activated by methanol before loading the elderberry crude extract. The crude
extract was then washed with acidified water (0.01% v/v HCl) and ethyl acetate to eliminate acids,
sugars, and less polar phenolics. The semi-purified anthocyanins were eluted with acidified methanol
(0.01% v/v HCl) and evaporated until dryness to remove all methanol. Anthocyanins were re-dissolved
in acidified water (0.01% v/v HCl) for further analysis.

4.7. Anthocyanin Identification

Anthocyanin identification was conducted using a Shimadzu ultra-High-Pressure Liquid
Chromatography (uHPLC) system equipped with LC-2040C pumps coupled to a triple-quadrupole
Shimadzu LCMS-8040 mass spectrometer using LC-2040 PDA detector (Shimadzu, Columbia, MD, USA).
A Restek reverse phase C-18 column (50 × 2.1 mm) with 1.9 µm particle size was used
(Restek Corporation, Bellefonte, PA, USA). Samples were filtered through a 0.2 µm RC membrane filter
(Phenomenex, Torrance, CA, USA) before injection (10 µL). Samples were run using a flow rate of
0.25 mL/min and solvent A: 4.5% formic acid in HPLC water and solvent B: 100% acetonitrile, at 60 ◦C.
Anthocyanin separation was achieved using a linear gradient from 1% to 3% B in 2 min; 2 to 3 min,
3% to 4.5% B; 3 to 7.5 min, 4.5% to 8.5% B; 7.5 to 13 min, 8.5% to 40% B. Spectra (200–700 nm) was
collected. The mass spectrometer was set for positive ion mode, with total ion scan from 100–1000 m/z
and precursor ion scan at 271, 287, 301, 303, 317, and 331 m/z. MS data, order of elution, and comparison
to literature were used for the anthocyanin identification.

4.8. Buffer and Sample Preparation

Buffer solutions of pH 2–9 were prepared as follows: 0.025 M KCl for pH 2, 0.1 M sodium
acetate for pH 3–6, 0.2 M Na2HPO4 and 0.2 M NaH2PO4 for pH 7–9 [12,40]. The final anthocyanin
concentration was adjusted to 100 mM with buffer and kept at 4 ◦C in dark.

4.9. Spectrophotometric and Colorimetric Analysis

The initial spectral measurement (400–700 nm, 1 nm interval) of each extract at pH 2–9 was
taken 1 h after mixing with buffers, when sufficient equilibration was achieved. A 300 mL aliquot
was pipetted into a poly-D-lysine coated polystyrene 96-well microplate and read on the SpectraMax
190 Microplate Reader. The spectral data was converted into colorimetric data (L* (lightness), a*, b*,
C*ab (chroma), h*ab (hue angle)) using the ColorBySpectra software according to CIE 1964 standard
observer, D65 illuminant spectral distribution and 10◦ observer angle [41]. The color difference (∆E)
was calculated using the following equation:

√
(∆a** + ∆b** + ∆L**)
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4.10. Statistical Analysis

One-way ANOVA (two-tailed, a = 0.05) and post hoc Tukey test were conducted to determine
the impact of cultivar. A t-test was conducted to evaluate the impact of ripeness. All of the statistical
analysis was conducted using Prism software (GraphPad, La Jolla, CA, USA).

5. Conclusions

American elderberry differed on most phytochemical attributes, including pH, anthocyanin content
and profile, as well as anthocyanin/phenolic ratio. Those differences led to small but visible color and
spectral differences under various pH environments, particularly under alkaline pH. Johns’ berries
exhibited overall higher anthocyanin content and acylated anthocyanin proportion with relatively
low non-anthocyanin phenolic content, possessing more favorable attributes for potential application
as natural colorants. All these attributes increased during fruit ripening, except the percentage of
polymeric color and acylated anthocyanin. The acylated anthocyanin proportion dropped from 80% at
the half-ripe stage to 70% when fully ripened. All the major anthocyanins in American elderberry
were cyanidin-derivatives, with both cis and trans-configured p-coumaric acid acylation co-existing.
FRFE exhibited a “red-colorless-purple-blue” color expression pattern at pH 2–9 and expressed more
vibrant colors and sharper spectra after C-18 semi-purification.

Our results contribute to the selection of proper cultivars and ripeness for specific applications
of this North American native plant and expand the potential scientific and industrial applications.
The high proportion of acylated anthocyanins, along with blue hues (λvis-max ~600 nm) expression of its
extracts under alkaline pH, make it a promising alternative to synthetic dyes and expands the natural
color spectrum. This is particularly attractive for food applications as most fruit sources contain little
to no acylated anthocyanins and tend to be less stable. On the other hand, vegetable sources with high
levels of acylated anthocyanins typically possess stronger flavor. Moreover, trans and cis-configured
cyanidin-derivatives co-exist in American elderberry, which is rare in nature. Thus, this material
can be further utilized to explore the impact of acyl group spatial configuration on anthocyanin
color properties.
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Abbreviations

ACN Anthocyanin
Cou Coumaroyl
Cy Cyanidin
FRFE Extract from fully-ripe fruits
Glu Glucoside
HPLC High-performance liquid chromatography
HRFE Extract from half-ripe fruits
Mono Monomeric
MS Mass spectroscopy
ND Not detected
Poly Polymeric
Sam Sambubioside
TP Total phenolics
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Abstract: Sam-Myo-Whan (SMW) has been used in Korean and Chinese traditional medicine to help
treat gout, by reducing swelling and inflammation and relieving pain. This study compared the
effects of SMW extracted by using different solvents, water (SMWW) and 30% EtOH (SMWE), in the
treatment of gouty arthritis. To this end, we analyzed the main components of SMWW and SMWE,
using high-performance liquid chromatography (HPLC). Anti-hyperuricemic activity was evaluated
by measuring serum uric acid levels in hyperuricemic rats. The effects of SMWW and SMWE on
swelling, pain, and inflammation in gouty arthritis were investigated by measuring affected limb
swelling and weight-bearing, as well as by enzyme-linked immunosorbent assays, to assess the levels
of proinflammatory cytokines and myeloperoxidase (MPO). In potassium oxonate (PO)-induced
hyperuricemic rats, SMWW and SMWE both significantly decreased serum uric acid to similar levels.
In monosodium urate (MSU)-induced gouty arthritis mice, SMWE more efficiently decreased paw
swelling and attenuated joint pain compare to SMWW. Moreover, SMWE and SMWW suppressed
the level of inflammation by downregulating proinflammatory cytokines (interleukin-1β, tumor
necrosis factor-α, and interleukin-6) and MPO activity. HPLC analysis further revealed that berberine
represented one of the major active ingredients demonstrating the greatest change in concentration
between SMWW and SMWE. Our data demonstrate that SMWE retains a more effective therapeutic
concentration compared to SMWW, in a mouse model of gouty arthritis.

Keywords: Sam-Myo-Whan; traditional medicine; gouty arthritis; inflammation; monosodium urate

1. Introduction

Gout is a metabolic disease caused by increased blood uric acid levels (hyperuricemia)
and the deposition of monosodium urate (MSU) crystals in the joints, bone, and subcu-
taneous tissues. Moreover, gout is closely associated with chronic hyperuricemia, which
can markedly reduce patient quality of life due to the severe associated pain [1,2]. Cur-
rently, a number of anti-gout agents, including anti-inflammatory drugs (colchicine and
indomethacin) as well as urate-lowering drugs (allopurinol and benzbromarone) are often
selected as primary therapies for gout. Although these agents are generally effective,
they are also associated with various adverse effects, including gastrointestinal, hepatic,
and renal toxicity and hypersensitivity [3]. Therefore, it is critical to develop novel agents
with fewer associated adverse effects while retaining, or improving, their clinical efficacy.
Existing evidence suggests that several natural agents exhibit beneficial efficacy and pro-
duce fewer side effects in the treatment of gouty arthritis [4,5]. We have, therefore, focused
our research on these candidate natural products.

Sam-Myo-Whan (SMW) has been a common prescription for the treatment of gout
and is recorded in traditional Eastern medicine, such as Donguibogam and Chinese Phar-
macopoeia. It has good therapeutic efficacy in reducing dampness (edema), decreasing
heat and swelling (inflammation), and alleviating pain [6,7]. Moreover, SMW and modified
SMW, which is combined with other herbal medicines, are commonly used clinically for
the treatment of gouty and rheumatoid arthritis in China [8,9]. SMW is composed of
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Phellodendri cortex (Phellodendron chinense Schneider), Atractylodes rhizome (the rhizome
of Atractylodes chinensis Koidzumi), and Achyranthes radix (the root of Achyranthes japonica
(Miq.) Nakai) in a compatible ratio of 2:3:1. SMW has been shown to inhibit lipopolysaccha-
ride (LPS)-induced inflammatory responses by reducing nitric oxide (NO), tumor necrosis
factor-α (TNF-α) production, and inducible nitric oxide synthase (iNOS) expression in
RAW264.7 cells and BV2 cells [7]. SMW produced dual hyperuricemic actions by down-
regulating hepatic XOD to reduce uric acid production and inhibiting renal mURAT1,
to decrease urate reabsorption and enhance urate excretion in hyperuricemic mice [10].
In addition, SMW effectively treats osteoarthritis by suppressing chondrocyte apoptosis,
cartilage matrix degradation, and the inflammatory response [11]. SMW also modifies
the expression of matrix metalloproteinases (MMPs)-3 and aggrecanases (ADAMTSs)-4,
which are considered key enzymes in cartilage matrix degradation, and enhances the
expression of gouty arthritis-reduced tissue inhibitors of metalloproteinases (TIMPs)-1
and -3, resulting in the effective inhibition of cartilage matrix degradation in gouty arthri-
tis [12]. Several recent studies have also reported that SMW may exhibit therapeutic
synergy in gouty arthritis by regulating numerous biological processes and pathways.
These include the lipopolysaccharide-mediated signaling pathway, positive regulation of
transcription, Toll-like receptor, Janus kinase–signal transducer and activator of transcrip-
tion (JAK–STAT), nucleotide binding and oligomerization domain (NOD)-like receptor,
and mitogen-activated protein kinase (MAPK) signaling pathways [13–15]. In addition,
SMW used a modified SMW, adding herbal medicines, to maximize the efficacy of patients
with gouty arthritis and to alleviate various symptoms of patients with different phases of
gouty pathology. Furthermore, modified SMW has exhibited good results on patients with
gout characterized by swelling and edema (dampness-heat type in Chinese medicine) and
has been shown to inhibit inflammatory factors in the joint fluid of rats with acute gout
arthritis [16–19]. However, according to these previous reports, the SMW was pulverized
to a fine powder and suspended in distilled water, or extracted by refluxing with water.
While several studies have reported on the efficacy of SMW as a treatment option, there
have been no investigations into the differences in composition and efficacy according to
the extraction solvent used. Although traditional Chinese and Oriental herbal medicines
have used water extracts, ethanol or ethanol/water mixture has recently been introduced
as an extraction solvent for pharmaceuticals and dietary supplements. Moreover, the
Korea Food and Drug Administration exempts or requires minimum toxicity test data
for drug approval of Oriental herbal medicine when using ethanol content up to 30% in
mixture with water as an extraction solvent. Thus, this study investigated the differences
and changes in the ingredients and efficacy of SMW according to the extraction solvent,
namely water (SMWW) and 30% ethanol (SMWE). The quantities of index components
and the anti-gouty arthritis activities of two kinds of SMW extract were compared in rat
and mouse models.

2. Results

2.1. Chemical Profiling Analysis of SMWW and SMWE

Based on their UV–Vis absorption spectra and retention times, palmatine, armepavine,
and berberine, protoberberine groups with quaternary ammonium salt structures, were
identified as major components of SMW. SMWW contained 15.2 ± 0.09 mg/g of palmatine,
18.7 ± 0.17 mg/g of armepavine, and 21.1 ± 0.23 mg/g of berberine; while SMWE contained
14.2 ± 0.40 mg/g of palmatine, 21.2 ± 0.26 mg/g of armepavine, and 27.9 ± 0.16 mg/g of
berberine. We also identified small amounts of atractylenolides I and III, which are part of
the sesquiterpenoid group with three isoprene units, by comparing their retention times
and UV–Vis absorption spectra with their reference standards (Figure 1).
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𝑝 𝑝

Figure 1. Representative UPLC chromatogram at 200 nm: (A) Sam-Myo-Whan (SMW) water extract and (B) SMW 30%
ethanol extract. (1) Palmatine, (2) armepavine, (3) berberine, (4) atractylenolide III and (5) atractylenolide I.

2.2. Serum Uric Acid Levels of Hyperuricemic Rats Treated with SMHW or SMHE

The effects of SMWW and SMWE on serum uric acid levels in potassium oxonate
(PO)-induced hyperuricemic rats are shown in Figure 2. Serum uric acid levels in the PO
group rats were significantly increased, compared to those in the Con group (p < 0.0001).
Treatment with SMWW or SMWE at a 400 mg/kg dose significantly reduced serum uric
acid levels by 34.3% and 35.6%, respectively, compared with the PO group (both p < 0.01);
however, there was no significant difference in efficacy between the two extracts. Rats
treated with allopurinol (10 mg/kg) as a positive control showed a 60.4% decrease in their
serum uric acid levels (p < 0.0001).

2.3. Anti-Inflammatory Effects of SMWW and SMWE on Paw Swelling in MSU-Induced Gouty
Arthritis

MSU crystals led to a significant increase in paw thicknesses of injected mice compared
with the controls (Figure 3B,C). Meanwhile, treatment with SMWW (100 and 200 mg/kg)
or SMWE (50, 100, and 200 mg/kg) significantly suppressed MSU-induced paw swelling
compared with the MSU group. At the same dose (200 mg/kg), SMWE caused a greater
decrease in paw thickness than SMWW, while the 100 mg/kg SMWE dose showed similar
anti-inflammatory effects on paw swelling as the 200 mg/kg SMWW dose.
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Figure 2. Effects of SMW extracted with water (SMWW) and SMW extracted with 30% EtOH (SMWE)
on serum uric acid levels in PO-induced hyperuricemic rats. Con, normal control mice; PO, PO-
induced hyperuricemic rat; SMWW, PO rats treated with SMWW; SMWE, PO rats treated with
SMWE; AP, PO rats treated with 10 mg/kg of allopurinol. Data are expressed as the mean ± SEM
(n = 6). #### p < 0.0001 (compared with control group) and ** p < 0.01, **** p < 0.0001 (compared with
PO group).

Figure 3. Effect of SMWW and SMWE on paw swelling in mice with monosodium urate (MSU)-crystal-induced gouty
arthritis. Con, normal control mice; MSU, MSU-crystal-injected mice; SMWW, MSU mice treated with SMWW; SMWE,
MSU mice treated with SMWE; Col, MSU mice treated with 1 mg/kg of colchicine. (A) Experimental design. (B) Represen-
tative images of the right leg from mice in each group. (C) Quantification of changes in the thickness of each mouse paw
recorded 3 days after the induction of MSU. Data are presented as the mean ± SEM (n = 5). #### p < 0.0001 (compared with
control group); * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (compared with MSU group); a p < 0.05 (compared with
200 mg/kg of SMWW group); b p < 0.01 (compared with 1 mg/kg of colchicine group).
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2.4. Effect of SMWW and SMWE on Hind Paw Weight-Bearing Distribution

In the weight-bearing test, indicating the progressive pain of gouty arthritis, the mice
injected with MSU exhibited a clear reduction in weight-bearing on the affected paw,
as compared with the control mice (Figure 4). Although hind-paw weight distribution
showed no change with a 100 mg/kg SMWW treatment dose, the 200 mg/kg SMWW
dose and 50 mg/kg SMWE dose, increased weight distribution to levels similar to the Col
treatment group. In particular, the 100 and 200 mg/kg SMWE doses significantly elevated
hind-paw weight distribution.

                      

β α
β α

β

α
α

Figure 4. Effect of SMWW and SMWE on hind-paw weight-bearing distribution in mice with MSU-
crystal-induced gouty arthritis. The relative right/left hind paw weight-bearing distribution was
measured by using a dynamic weight-bearing (DWB) device, compared to that of the MSU-crystal-
injected group. Con, normal control mice; MSU, MSU-crystal-injected mice; SMWW, MSU mice
treated with SMWW; SMWE, MSU mice treated with SMWE; Col, MSU mice treated with 1 mg/kg of
colchicine. Data are presented as the mean ± SEM (n = 5). ### p < 0.001 (compared with control group);
* p < 0.05 (compared with MSU group); a p < 0.05 (compared with 100 mg/kg of SMWW group).

2.5. Effects of SMWW and SMWE on Proinflammatory Cytokines

We investigated the anti-inflammatory effects of MSU-injection by assessing the levels
of IL-1β, IL-6, and TNF-α, using ELISA. The results showed that MSU-injected mice had
significantly elevated IL-1β, IL-6, and TNF-α levels (Figure 5). However, SMWW and
SMWE treatment significantly downregulated IL-1β production by at least 43.9%, at all
treatment concentrations, with the 200 mg/kg SMWE dose displaying the greatest efficacy
(68.7% reduction), compared with the Col positive control (66.2% reduction). In addition,
the 200 mg/kg SMWE dose effectively reduced TNF-α levels by 52%, while the 200 mg/kg
SMWW dose and the 100 mg/kg SMWE dose reduced TNF-α to similar levels (29.2% and
30.3%, respectively). Both SMW extracts exhibited a weak dose-dependent decrease in IL-6
production, however, these results were not statistically significant.

2.6. Effects of SMWW and SMWE on MPO Activity

To evaluate the possible cellular infiltration induced by MSU, MPO activity was
used as an index of neutrophil accumulation. As shown in Figure 6, MSU injection
was found to markedly increase MPO activity in affected paw tissue, compared to the
controls (p < 0.0001). Meanwhile, SMWW and SMWE both reduced MPO activity, with
the highest effect observed following administration of SMWE at a dose of 200 mg/kg
(p < 0.01). The positive control group, treated with 1 mg/kg Col (which inhibits neutrophil
recruitment and activation), also exhibited a significant reduction (p < 0.05) in MPO levels,
compared to the MSU group.
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β α

Figure 5. Effects of SMWW and SMWE on proinflammatory cytokines expression in MSU-crystal-injected paw tissue. Con,
normal control mice; MSU, MSU-crystal-injected mice; SMWW, MSU mice treated with SMWW; SMWE, MSU mice treated
with SMWE; Col, MSU mice treated with 1 mg/kg of colchicine. (A) IL-1β, (B) IL-6, and (C) TNF-α levels measured by
ELISA. Data are presented as the mean ± SEM (n = 5). # p < 0.05, ## p < 0.01, #### p < 0.0001 (compared with control group);
and * p < 0.05, ** p < 0.01. *** p < 0.001 (compared with MSU group).

β α

Figure 6. Effects of SMWW and SMWE on myeloperoxidase (MPO) activity in MSU-crystal-injected
paw tissue. Con, normal control mice; MSU, MSU-crystal-injected mice; SMWW, MSU mice treated
with SMWW; SMWE, MSU mice treated with SMWE; Col, MSU mice treated with 1 mg/kg of
colchicine. Data are presented as mean ± SEM (n = 5). #### p < 0.0001 (compared with control group);
*** p < 0.001(compared with the MSU group); a p < 0.01 (compared with 200 mg/kg of SMWW group).

3. Discussion

Gout is a common disease characterized by the deposition of MSU crystals in the
joints or subcutaneous tissues, causing acute inflammatory flares or chronic arthritis [20].
Hyperuricemia (high blood uric acid concentration) occurs above the saturation point of
MSU, at which point the risk of crystallization increases [21]. MSU crystals result in acute
gout attacks characterized by IL-1β-driven acute inflammation, fever, and intense pain
caused by neutrophil accumulation and activation in joints. [22]. Therefore, control of
hyperuricemia and treatment that reduces inflammation represent the major therapeutic
approaches against gouty arthritis [23]. In the present study, we compared the composi-
tional changes as well as treatment efficacy of SMW extracted with water or 30% ethanol.
The anti-hyperuricemic effects of SMWW and SMWE in the hyperuricemic animal model,
in which serum uric acid levels were increased by intraperitoneal PO injection (to induce
hyperuricemia), and the anti-gouty arthritis effects of SMWW and SMWE, were assessed
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in a gouty arthritis model induced by MSU-crystal injection. In addition, we analyzed the
phytochemical contents of SMWW and SMWE, using HPLC.

The ability of SMW to reduce blood uric acid concentration has been demonstrated
previously in many animal experiments and clinical studies [10,24,25], and it was confirmed
in our study. Moreover, SMWE and SMWW exhibited similar efficacies.

The identification of MSU crystals in joint fluid or synovium is the basis for a clin-
ically definitive diagnosis of gout arthritis, as these crystals have been shown to cause
strong inflammatory reactions, leading to acute gout arthritis [26,27]. The most significant
symptom of gouty arthritis is swelling and pain, which is observed in the mice injected
with MSU [26,28]. In the present study, the MSU-injected mice showed a clear increase
in swelling, compared with the controls, and markedly reduced weight-bearing on the
affected hind paw, indicating pain. Meanwhile, SMWE treatment markedly prevented the
MSU-crystal-induced elevation in paw swelling, compared with that of the SMWW or Col
groups. Moreover, the 200 mg/kg SMWE dose elicited excellent pain relief, with hind-paw
weight-bearing returning to that similar of the Con group. These results demonstrated that
SMWE reduced swelling and pain at dosages of 100–200 mg/kg more effectively than did
SMWW at 200 mg/kg.

MSU crystals are one of the most effective proinflammatory stimuli, through their
ability to trigger, amplify, and sustain a strong inflammatory reaction in the joint cavity [29].
MSU crystals stimulate the synthesis and release of IL-1β, a key inflammatory cytokine
that regulates the differentiation, proliferation, and apoptosis of cells in gout arthritis [30].
In addition, IL-1β induces the expression of a wide range of cytokines, including TNF-α and
IL-6, resulting in a large influx of neutrophils into the synovium [31]. In turn, neutrophil
interactions with MSU crystals stimulates the synthesis and release of a large variety of
pro-inflammatory signals, such as reactive oxygen species, leukotrienes, prostaglandin E2
(PGE2), TNF-α, IL-1, IL-6 and IL-8. This response promotes the vasodilation, erythema and
pain associated with acute gout attack [23,32]. Thus, inhibiting MSU-induced recruitment
of neutrophils and blocking secretion of inflammatory mediators may prove beneficial for
the control and management of acute gouty arthritis [29].

Our results further demonstrated that the levels of IL-1β and TNF-α in the paw tissue
were significantly increased in response to MSU, however, became markedly downregu-
lated, in a dose-dependent manner, following SMWW or SMWE treatment. Furthermore,
MPO activity was significantly elevated in mice with gouty arthritis, compared to the
control group (indicating an influx of neutrophils and acute inflammation), while both
SMWW and SMWE effectively decreased MPO activity. Again, SMWE treatment resulted
in superior inhibition of MPO activity caopared to SMWW, at a level similar to that of
the positive control, colchicine, which is a known regulator of neutrophil activity [33].
These results suggest that SMWE relieves acute gout symptoms caused by MSU crystals by
inhibiting the major inflammatory cytokines and suppressing MPO activity, which is a key
feature in the initiation and progression of gouty arthritis. Furthermore, our data indicates
that SMWE treatment is more effective than SMWW.

Extraction solvents have different abilities to solubilize various biologically active
compounds, which can have a significant effect on the content and biological activity of the
extract [34,35]. Although SMW has long been used to water extract from herbal medicines
consisting of a ratio as 2:3:1 (Phellodendri cortex, Atractylodes rhizome and Achyranthes
radix), no studies have reported the specific composition of these compounds. For the single
medicinal herb, Atractylodes japonica, the extract is reported to contain stigmasterol, hinesol,
eudesmol, atractylenolides, atractylon, atractylodin, and sitosterol [36], while methanol
extract was reported to contain 0.08% hinesol, 0.09% eudesmol, and 0.02% atractylodin [37].
Moreover, Chikusetsusaponin IVa methyl ester, separated from Achyranthes japonica 80%
methanol extract, reportedly elicits an anti-inflammatory effect, however, no report has
been made on quantity [38]. Additionally, Phellodendron amurense is reported to contain
alkaloids, such as phellodendrine, magnoflorine, tetrahydropalmatine, columbamine,
jatrorrhizine, 8-oxyepiberberine, berberine, palmatine, and bis-[4-(dimethylamino)phenyl]
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methanone [39]. While most studies of such ingredients are conducted by using non-
polar extraction solvents (methanol and ethanol) for a single herb, the only traditional
method used includes water extraction in a complex of these three herbs (Phellodendri
cortex, Atractylodes rhizome and Achyranthes radix). Alternatively, water and ethanol
are commonly used as solvents for the extraction of herbs for preparation of traditional
decoction, food ingredients, dietary supplements, etc. Thus, we conducted a study using
a 30% ethanol extract, which offers the best efficacy in the range of acceptable ethanol
concentrations used in traditional methods.

In this study, SMW was extracted with 30% ethanol or water, and the main ingredients
were identified as palmatine, armepavine, and berberine. When SMWE was compared
to SMWW, the palmatine content was slightly lower and the armepavine content slightly
higher than that of SMWW. However, the berberine content of SMWE was 32.2% higher
than that of SMWW. Berberine has been reported to possess a wide range of pharmaco-
logical activities, including anti-inflammatory, antimicrobial, antioxidant, hypoglycemic,
hypolipidemic, and hepatoprotective properties [40]. Additionally, berberine has been
shown to downregulate NLR family pyrin domain-containing protein 3 (NLRP3) and
IL-1β expression in MSU-crystal-induced inflammation [41]. Other compounds, such as
atractylenolide III (a known anti-inflammatory agent), were only detected in SMWE, albeit
in small quantities [42]. It has been shown that extraction using an alcohol/water mixture
(versus water alone) increases the content of active components that are insoluble in water-
while also extracting water-soluble active ingredients, thus optimizing the extraction of
relatively small amounts of active ingredients present in natural products [34]. Therefore,
it is suggested that small amounts of compound, atractylenolide III, and 32.2% increased,
berberine, are characteristic components of SMWE and are bioactive compounds that may
affect the mouse gouty arthritis model. The compounds may contribute to synergistic or
additional effects, and our results suggest that SMWE is more effective in reducing swelling,
pain, and inflammation in MSU-induced gouty arthritis mouse model than SMWW.

4. Materials and Methods

4.1. Preparation of SMW

The SMW preparation used in this study was purchased from Kwangmyoungdang
Pharms (Ulsan, S. Korea). The voucher specimen was deposited at the Korean Herbarium
of Standard Herbal Resources of Korea Institute of Oriental Medicine (2-20-0354~2-20-
0356, Daejeon, S. Korea). According to Donguibogam, Phellodendri cortex (Phellodendron
chinense Schneider) was stir-fried with Makgeolli (1:10, w/v) for 2 h. The Atractylodes
rhizome (Atractylodes chinensis Koidzumi) was soaked in rice-washed water for 3 h and
then dried. Each sample was ground into a powder. The mixture was prepared with 60 g
of Achyranthes radix (Achyranthe japonica Nakai), 180 g of rinsed Atractylodes rhizome,
and 120 g of stir-fried Phellodendri cortex, and was extracted with 2 L of water (SMWW)
or 30% ethanol (SMWE), for 3 h, by reflux. These extracts were then concentrated under
reduced pressure and freeze-dried.

4.2. Components Analysis of SMW

Reference standards, palmatine, armepavine, berberine, atractylenolide III, and atractyleno-
lide I, were purchased from Chemfaces (Hubei, China). After confirming compounds
by comparing the retention time and absorption profile of the reference material, each
component was quantified through the area comparison.

HPLC analysis was performed on an Acquity UPLC system (Waters, MA, USA)
equipped with a quaternary pump, auto-sampler, and photodiode array detector with
Acquity UPLC®BEH C18, 100 × 2.1 mm, 1.7 µm. A gradient elution with solvent A
(0.1% phosphoric acid) and solvent B (acetonitrile), at a flow rate of 0.5 mL/min, was con-
ducted as follows: 0–2 min, 2–2% B; 2–32 min, 2–50% B; 32–42 min, 50–100% B; 42–45 min,
100–100% B; 45–47 min, 100–2% B; and 47–50 min, 2–2% B. The detection wavelength was
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set to 200 nm. The column temperature was maintained at 40 ◦C, and the injection volume
was 2 µL.

4.3. Animals

Male Sprague Dawley (SD) rats (7 weeks) and male C57BL6 mice (7 weeks) were
purchased from Orient Bio (Seongnam, Korea) and housed at a temperature of 22 ± 2 ◦C in
a 50 ± 10% humidity-controlled room under a 12 h light/dark cycle. The animals were
allowed ad libitum access to a laboratory diet and water. At the end point of the experiment,
the rats were anesthetized using zoletil and sacrificed by cervical dislocation. No systemic
adverse effects were observed following treatment with SMWW or SMWE, in any study
group. The experimental design was approved by the Committee on Animal Care of the
KIOM (approval No. 20-016), and the study was conducted in accordance with the Guide
for the Care and Use of Laboratory Animals published by the US National Institutes of
Health (Bethesda, MD, United States).

4.4. Hyperuricemia Induction and Sample Treatment.

The uricase inhibitor PO was injected into rats, to induce hyperuricemia [43]. The rats
were divided into the following seven groups (n = 6/group): (1) Controls (Con), (2) PO-
treated controls, (3) PO+200 mg/kg SMWW, (4) PO+400 mg/kg SMWW, (5) PO+200 mg/kg
SMWE, (6) PO+400 mg/kg SMWE, and (7) PO+10 mg/kg allopurinol (AP). Rats in groups
(2-7) were injected intraperitoneally with 150 mg/kg PO prepared in 0.5% carboxymethyl
cellulose (CMC) with 0.1 M sodium acetate (pH 5.0) to induce hyperuricemia, while the
normal control (1) rats were treated with 0.5% CMC with 0.1 M sodium acetate. SMWW,
SMWE, and AP were dispersed in 0.5% CMC and administered by oral gavage, 1 h prior to
PO injection.

4.5. Analysis of Uric Acid in Serum

Blood samples were collected via cardiac puncture, under anesthesia, 2 h after PO
treatment. Serum was obtained by centrifugation at 3000× g for 10 min at 4 ◦C, after
allowing the blood samples to clot for 2 h, at room temperature. The separated serum uric
acid levels were determined, using an enzymatic-colorimetric method, using commercial
assay kits (Biovision, Milpitas, CA, USA) according to manufacturer’s protocols.

4.6. Induction of Gouty Arthritis with MSU Crystals in Mice

MSU was synthesized as previously described [44]. After acclimation, C57BL6 male
mice (8 weeks old, 20-22g body weight) were divided into the following eight groups
(n = 5/group): (1) normal controls, (2) MSU-crystal-treated, (3) MSU+100 mg/kg SMWW,
(4) MSU+200 mg/kg SMWW, (5) MSU+50 mg/kg SMWE, (6) MSU+100 mg/kg SMWE,
(7) MSU+200 mg/kg SMWE, and (8) MSU+1 mg/kg colchicine (Col). The right hind paw
of each mouse in groups (2–8) was injected intradermally with MSU crystal suspension
(4 mg/50 µL) in PBS with 0.5% Tween 80, while the normal control (1) mice were treated
with PBS with 0.5% Tween 80. SMWW, SMWE, and Col were dispersed in 0.5% CMC and
administered by oral gavage, 1 h before the MSU crystal injection, and then once daily,
for 3 days. The experimental design is shown in Figure 3A.

4.7. Assessment of Inflammatory Paw Swelling and Pain

Inflammatory paw swelling was quantified by measuring the thickness of the MSU-
injected paw, using a Vernier scale, 3 days after the induction of MSU. The change of
thickness (mm) was calculated as follows: Change of thickness (mm) = MSU-treated paw
thickness - normal control paw thickness [45]. The pain was measured by right and left
hind-limb weight distribution, using a dynamic weight-bearing device (Bioseb, Boulogne,
France), which was developed to measure the weight borne by each limb in freely moving
animals [44,46]. The mice were placed in a small Plexiglas chamber (11.0 × 19.7 × 11.0 cm)
with a floor sensor containing pressure transducer, for 2 minutes, and the analyzer recorded
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the average weight in grams, for each limb put on the floor. All movements were filmed
and validated according to the position of the mouse on the device, and the results were
analyzed for the weight of the paw, which touches the floor in grams [47]. The relative
right/left hind paws weight-bearing distribution was calculated by using the following
equation: (weight on right hind limb / weight on left hind limb) × 100.

4.8. Measurement of Inflammatory Cytokines and Mediators

The levels of IL-1β, IL-6, TNF-α, and myeloperoxidase (MPO) were measured by using
ELISA kits from R&D Systems (Minneapolis, MN, USA) and MyBioSource (San Diego, CA,
USA) according to the manufacturers’ protocols.

4.9. Statistical Analysis

The results were expressed as the mean ± standard error of the mean (SEM) and
analyzed, using a one-way analysis of variance (ANOVA), followed by Dunnett’s tests for
multiple comparisons or unpaired Student’s t-tests for two-group comparisons. Normality
was performed by using Shapiro–Wilk’s test. All analyses were performed, using Prism 7.0
(GraphPad Software, San Diego, CA, USA), and p-values < 0.05 were considered significant.

5. Conclusions

In conclusion, this study demonstrated that SMWW and SMWE equally reduced
serum uric acid levels in PO-induced hyperuricemic rats. However, in a gouty arthritis
animal model, SMWE more efficiently downregulated MSU-crystal-induced swelling and
pain, and it exerted anti-inflammatory effects by suppressing proinflammatory cytokines
(IL-1β, TNF-α, and IL-6) and MPO activity. Moreover, berberine was found to be one of the
most differentially abundant main active ingredients between SMWW and SMWE, while
atractylenolide III was identified only in SMWE, both of which are known to elicit anti-
inflammatory effects. These observations show that 30% ethanol is an efficient solvent for
SMW extraction with anti-gouty arthritis efficacy at the concentrations reduced compared
with water extracts. Further studies should be conducted to determine whether SMWE has
similar efficacy in clinical trials at lower doses than SMWW.
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Abbreviations

ADAMTSs aggrecanases
AP allopurinol
CMC carboxymethyl cellulose
Col colchicine
HPLC high-performance liquid chromatography
IL-1β interleukin-1β
IL-6 interleukin-6
iNOS inducible nitric oxide synthase
JAK–STAT Janus kinase–signal transducer and activator of transcription
LPS lipopolysaccharide
MAPK mitogen-activated protein kinase
MMPs matrix metalloproteinases
MPO myeloperoxidase
MSU monosodium urate
NO nitric oxide
NOD nucleotide binding and oligomerization domain
PO potassium oxonate
PGE2 prostaglandin E2
SMW Sam-Myo-Whan
SMWE SMW extracted with ethanol
SMWW SMW extracted with water
TIMPs tissue inhibitors of metalloproteinases
TNF-α tumor necrosis factor-alpha
XOD xanthine oxidase

References

1. Nielsen, S.M.; Zobbe, K.; Kristensen, L.E.; Christensen, R. Nutritional recommendations for gout: An update from clinical
epidemiology. Autoimmun. Rev. 2018, 17, 1090–1096. [CrossRef] [PubMed]

2. Pascart, T.; Grandjean, A.; Capon, B.; Legrand, J.; Namane, N.; Ducoulombier, V.; Motte, M.; Vandecandelaere, M.; Luraschi, H.;
Godart, C.; et al. Monosodium urate burden assessed with dual-energy computed tomography predicts the risk of flares in gout:
A 12-month observational study: MSU burden and risk of gout flare. Arthritis Res. Ther. 2018, 20, 210. [CrossRef] [PubMed]

3. Meng, Z.-Q.; Tang, Z.-H.; Yan, Y.-X.; Guo, C.-R.; Cao, L.; Ding, G.; Huang, W.-Z.; Wang, Z.-Z.; Wang, K.D.; Xiao, W.; et al. Study
on the Anti-Gout Activity of Chlorogenic Acid: Improvement on Hyperuricemia and Gouty Inflammation. Am. J. Chin. Med.

2014, 42, 1471–1483. [CrossRef] [PubMed]
4. Silvestre, S.; Almeida, P.J.S.; El-Shishtawy, R. Natural Products as a Source for New Leads in Gout Treatment. Evid. Based

Complement. Altern. Med. 2020, 2020, 8274975. [CrossRef]
5. Bost, J.; Maroon, A.; Maroon, J.C. Natural anti-inflammatory agents for pain relief. Surg. Neurol. Int. 2010, 1, 80. [CrossRef]
6. Committee, S.P. The Pharmacopoeia of People’s Republic of China; China Medical Science Press: Beijing, China, 2015.
7. Lee, J.-H.; Jung, H.-W.; Park, Y.-K. Inhibitory effects of Sam-Myo-San on the LPS-induced production of nitric oxide and TNF−α

in RAW 264.7 cells and BV-2 Microglia cells. Korea Assoc. Herbol. 2006, 21, 59–67.
8. Xu, Y.; Dai, G.J.; Liu, Q.; Liu, Z.L.; Song, Z.Q.; Li, L.; Lin, N. Observation of curative effect on the treatment of acute gouty arthritis

with SM in 45 cases. Yunnan Zhong Yi Zhong Yao Za Zhi 2003, 24, 5–6.
9. Xu, Y.; Dai, G.J.; Liu, Q.; Liu, Z.L.; Song, Z.Q.; Li, L.; Lin, N. The curative effect observation on 68 cases of rheumatoid arthritis

treated with Si long San Miao Formula. Guangming J. Chin. Med. 2007, 22, 86–87.
10. Wang, X.; Wang, C.-P.; Hu, Q.-H.; Lv, Y.-Z.; Zhang, X.; Ouyang, Z.; Kong, L.-D. The dual actions of Sanmiao wan as a

hypouricemic agent: Down-regulation of hepatic XOD and renal mURAT1 in hyperuricemic mice. J. Ethnopharmacol. 2010, 128,
107–115. [CrossRef]

11. Xu, Y.; Dai, G.-J.; Liu, Q.; Liu, Z.-L.; Song, Z.-Q.; Li, L.; Chen, W.-H.; Lin, N. Sanmiao formula inhibits chondrocyte apoptosis and
cartilage matrix degradation in a rat model of osteoarthritis. Exp. Ther. Med. 2014, 8, 1065–1074. [CrossRef]

12. Zhu, F.; Yin, L.; Ji, L.; Yang, F.; Zhang, G.; Shi, L.; Xu, L. Suppressive effect of Sanmiao formula on experimental gouty arthritis
by inhibiting cartilage matrix degradation: An in vivo and in vitro study. Int. Immunopharmacol. 2016, 30, 36–42. [CrossRef]
[PubMed]

13. Jiang, T.; Qian, J.; Ding, J.; Wang, G.; Ding, X.; Liu, S.; Chen, W. Metabolomic profiles delineate the effect of Sanmiao wan on
hyperuricemia in rats. Biomed. Chromatogr. 2017, 31, e3792. [CrossRef] [PubMed]

14. Wu, J.; Li, J.; Li, W.; Sun, B.; Xie, J.; Cheng, W.; Zhang, Q. Achyranthis bidentatae radix enhanced articular distribution and
anti-inflammatory effect of berberine in Sanmiao Wan using an acute gouty arthritis rat model. J. Ethnopharmacol. 2018, 221,
100–108. [CrossRef] [PubMed]

153



Plants 2021, 10, 278

15. Qian, H.; Jin, Q.; Liu, Y.; Wang, N.; Chu, Y.; Liu, B.; Liu, Y.; Jiang, W.; Song, Y. Study on the Multitarget Mechanism of Sanmiao
Pill on Gouty Arthritis Based on Network Pharmacology. Evid. Based Complement. Altern. Med. 2020, 2020, 9873739. [CrossRef]
[PubMed]

16. Hua, J.; Huang, P.; Zhu, C.-M.; Yuan, X.; Chen-Huan, Y. Anti-hyperuricemic and nephroprotective effects of Modified Simiao
Decoction in hyperuricemic mice. J. Ethnopharmacol. 2012, 142, 248–252. [CrossRef] [PubMed]

17. Liu, Y.; Huang, Y.; Wen, C.-Y.-Z.; Zhang, J.-J.; Xing, G.-L.; Tu, S.-H.; Chen, Z. The Effects of Modified Simiao Decoction in the
Treatment of Gouty Arthritis: A Systematic Review and Meta-Analysis. Evid. Based Complement. Altern. Med. 2017, 2017, 6037037.
[CrossRef] [PubMed]

18. Qiu, R.; Shen, R.; Lin, D.; Chen, Y.; Ye, H. Treatment of 60 cases of gouty arthritis with modified Simiao Tang. J. Tradit. Chin. Med.

= Chung i Tsa Chih Ying Wen pan 2008, 28, 94–97.
19. Chi, X.; Zhang, H.; Zhang, S.; Ma, K. Chinese herbal medicine for gout: A review of the clinical evidence and pharmacological

mechanisms. Chin. Med. 2020, 15, 17. [CrossRef]
20. Martillo, M.A.; Nazzal, L.; Crittenden, D.B. The Crystallization of Monosodium Urate. Curr. Rheumatol. Rep. 2014, 16, 1–8.

[CrossRef]
21. Choi, H.K.; Mount, D.B.; Reginato, A.M. Pathogenesis of gout. Ann. Intern. Med. 2005, 143, 499–516. [CrossRef]
22. Yang, G.; Yeon, S.H.; Lee, H.E.; Kang, H.C.; Cho, Y.-Y.; Lee, J.Y. Suppression of NLRP3 inflammasome by oral treatment with

sulforaphane alleviates acute gouty inflammation. Rheumatology 2018, 57, 727–736. [CrossRef] [PubMed]
23. Liu, X.; Chen, R.; Shang, Y.; Jiao, B.-H.; Huang, C. Lithospermic acid as a novel xanthine oxidase inhibitor has anti-inflammatory

and hypouricemic effects in rats. Chem. Interactions 2008, 176, 137–142. [CrossRef] [PubMed]
24. Kang, D.-H.; Nakagawa, T.; Feng, L.; Watanabe, S.; Han, L.; Mazzali, M.; Truong, L.; Harris, R.; Johnson, R.J. A Role for Uric Acid

in the Progression of Renal Disease. J. Am. Soc. Nephrol. 2002, 13, 2888–2897. [CrossRef] [PubMed]
25. Lam, F.F.; Ko, I.W.; Ng, E.S.; Tam, L.S.; Leung, P.C.; Li, E.K. Analgesic and anti-arthritic effects of Lingzhi and San Miao San

supplementation in a rat model of arthritis induced by Freund’s complete adjuvant. J. Ethnopharmacol. 2008, 120, 44–50. [CrossRef]
26. Schlesinger, N. Diagnosing and Treating Gout: A Review to Aid Primary Care Physicians. Postgrad. Med. 2010, 122, 157–161.

[CrossRef]
27. Vaidya, B.; Bhochhibhoya, M.; Nakarmi, S. Synovial fluid uric acid level aids diagnosis of gout. Biomed. Rep. 2018, 9, 60–64.

[CrossRef]
28. Doss, H.M.; Dey, C.; Sudandiradoss, C.; Rasool, M. Targeting inflammatory mediators with ferulic acid, a dietary polyphenol,

for the suppression of monosodium urate crystal-induced inflammation in rats. Life Sci. 2016, 148, 201–210. [CrossRef]
29. Dhanasekar, C.; Kalaiselvan, S.; Rasool, M. Morin, a Bioflavonoid Suppresses Monosodium Urate Crystal-Induced Inflammatory

Immune Response in RAW 264.7 Macrophages through the Inhibition of Inflammatory Mediators, Intracellular ROS Levels and
NF-κB Activation. PLoS ONE 2015, 10, e0145093. [CrossRef]

30. Yao, R.; Geng, Z.; Mao, X.; Bao, Y.; Guo, S.; Bao, L.; Sun, J.; Gao, Y.; Xu, Y.; Guo, B.; et al. Tu-Teng-Cao Extract Alleviates
Monosodium Urate-Induced Acute Gouty Arthritis in Rats by Inhibiting Uric Acid and Inflammation. Evid. Based Complement.

Altern. Med. 2020, 2020, 3095624. [CrossRef]
31. Pope, R.M.; Tschopp, J. The role of interleukin-1 and the inflammasome in gout: Implications for therapy. Arthritis Rheum. 2007,

56, 3183–3188. [CrossRef]
32. Prince, S.E.; Nagar, S.; Rasool, M. A Role of Piperine on Monosodium Urate Crystal-Induced Inflammation—An Experimental

Model of Gouty Arthritis. Inflammation 2011, 34, 184–192. [CrossRef]
33. Landis, R.C.; Haskard, D. Pathogenesis of crystal-induced inflammation. Curr. Rheumatol. Rep. 2001, 3, 36–41. [CrossRef]

[PubMed]
34. Altemimi, A.B.; Lakhssassi, N.; Baharlouei, A.; Watson, D.G.; Lightfoot, D.A. Phytochemicals: Extraction, Isolation, and Identifi-

cation of Bioactive Compounds from Plant Extracts. Plants 2017, 6, 42. [CrossRef] [PubMed]
35. Silva, R.P.D.; Machado, B.A.S.; Barreto, G.D.A.; Costa, S.S.; Andrade, L.N.; Amaral, R.G.; Carvalho, A.A.; Padilha, F.F.; Barbosa,

J.D.V.; Umsza-Guez, M.A. Antioxidant, antimicrobial, antiparasitic, and cytotoxic properties of various Brazilian propolis extracts.
PLoS ONE 2017, 12, e0172585. [CrossRef]

36. Shan, G.-S.; Zhang, L.; Zhao, Q.-M.; Xiao, H.-B.; Zhuo, R.-J.; Xu, G.; Jiang, H.; You, X.-M.; Jia, T.-Z. Metabolomic study of raw and
processed Atractylodes macrocephala Koidz by LC–MS. J. Pharm. Biomed. Anal. 2014, 98, 74–84. [CrossRef]

37. Ishii, T.; Okuyama, T.; Noguchi, N.; Nishidono, Y.; Okumura, T.; Kaibori, M.; Tanaka, K.; Terabayashi, S.; Ikeya, Y.; Nishizawa, M.
Antiinflammatory constituents of Atractylodes chinensis rhizome improve glomerular lesions in immunoglobulin A nephropathy
model mice. J. Nat. Med. 2020, 74, 51–64. [CrossRef]

38. Lee, H.-J.; Shin, J.-S.; Lee, W.-S.; Shim, H.-Y.; Park, J.-M.; Jang, D.S.; Lee, K.-T. Chikusetsusaponin IVa Methyl Ester Isolated
from the Roots of Achyranthes japonica Suppresses LPS-Induced iNOS, TNF-α, IL-6, and IL-1β Expression by NF-κB and AP-1
Inactivation. Biol. Pharm. Bull. 2016, 39, 657–664. [CrossRef]

39. Xian, X.; Sun, B.; Ye, X.; Zhang, G.; Hou, P.; Gao, H. Identification and analysis of alkaloids in cortex Phellodendron amurense
by high-performance liquid chromatography with electrospray ionization mass spectrometry coupled with photodiode array
detection. J. Sep. Sci. 2014, 37, 1533–1545. [CrossRef]

40. Wang, K.; Feng, X.; Chai, L.; Cao, S.; Qiu, F. The metabolism of berberine and its contribution to the pharmacological effects. Drug

Metab. Rev. 2017, 49, 139–157. [CrossRef]

154



Plants 2021, 10, 278

41. Liu, Y.F.; Wen, C.Y.; Chen, Z.; Wang, Y.; Huang, Y.; Tu, S.H. Effects of Berberine on NLRP3 and IL-1beta Expressions in Monocytic
THP-1 Cells with Monosodium Urate Crystals-Induced Inflammation. Biomed. Res. Int. 2016, 2016, 2503703.

42. Kwak, T.-K.; Jang, H.-S.; Lee, M.-G.; Jung, Y.-S.; Kim, D.-O.; Kim, Y.-B.; Kim, J.-I.; Kang, H. Effect of Orally Administered
Atractylodes macrocephala Koidz Water Extract on Macrophage and T Cell Inflammatory Response in Mice. Evid. Based

Complement. Altern. Med. 2018, 2018, 4041873. [CrossRef] [PubMed]
43. Yuk, H.J.; Lee, Y.-S.; Ryu, H.W.; Kim, S.-H.; Kim, D.-S. Effects of Toona sinensis Leaf Extract and Its Chemical Constituents on

Xanthine Oxidase Activity and Serum Uric Acid Levels in Potassium Oxonate-Induced Hyperuricemic Rats. Molecules 2018, 23,
3254. [CrossRef] [PubMed]

44. Lee, Y.-M.; Shon, E.-J.; Kim, O.S.; Kim, D.-S. Effects of Mollugo pentaphylla extract on monosodium urate crystal-induced gouty
arthritis in mice. BMC Complement. Altern. Med. 2017, 17, 1–8. [CrossRef] [PubMed]

45. Aziz, T.A.; Kareem, A.A.; Othman, H.H.; Ahmed, Z.A. The Anti-Inflammatory Effect of Different Doses of Aliskiren in Rat
Models of Inflammation. Drug Des. Dev. Ther. 2020, 14, 2841–2851. [CrossRef]

46. Tétreault, P.; Dansereau, M.-A.; Doré-Savard, L.; Beaudet, N.; Sarret, P. Weight bearing evaluation in inflammatory, neuropathic
and cancer chronic pain in freely moving rats. Physiol. Behav. 2011, 104, 495–502. [CrossRef]

47. Quadros, A.U.; Pinto, L.G.; Fonseca, M.M.; Kusuda, R.; Cunha, F.Q.; Cunha, T.M. Dynamic weight bearing is an efficient and
predictable method for evaluation of arthritic nociception and its pathophysiological mechanisms in mice. Sci. Rep. 2015, 5, 14648.
[CrossRef]

155





plants

Article

Extraction of Anthraquinones from Japanese
Knotweed Rhizomes and Their Analyses by High
Performance Thin-Layer Chromatography and
Mass Spectrometry

Vesna Glavnik and Irena Vovk *

Department of Food Chemistry, National Institute of Chemistry, Hajdrihova 19, SI-1000 Ljubljana, Slovenia;
vesna.glavnik@ki.si
* Correspondence: irena.vovk@ki.si; Tel.: +386-1476-0341

Received: 25 November 2020; Accepted: 9 December 2020; Published: 11 December 2020 ����������
�������

Abstract: Anthraquinones (yellow dyes) were extracted from Japanese knotweed rhizomes with
twelve extraction solvents (water; ethanol(aq) (20%, 40%, 60%, 70% and 80%), ethanol, 70% methanol(aq),
methanol, 70% acetone(aq), acetone and dichloromethane). The obtained sample test solutions (STSs)
were analyzed using high-performance thin-layer chromatography (HPTLC) coupled to densitometry
and mass spectrometry (HPTLC–MS/MS) on HPTLC silica gel plates. Identical qualitative
densitometric profiles (with anthraquinone aglycones and glycosylated anthraquinones) were obtained
for STSs in all the solvents except for the STS in dichloromethane, which enabled the most
selective extractions of anthraquinone aglycones emodin and physcion. The highest extraction
efficiency, evaluated by comparison of the total peak areas in the densitograms of all STSs scanned
at 442 nm, was achieved for 70% acetone(aq). In STS prepared with 70% acetone(aq), the separation
of non-glycosylated and glycosylated anthraquinones was achieved with developing solvents
toluene–acetone–formic acid (6:6:1, 3:6:1 and 3:3:1 v/v) and dichloromethane–acetone–formic acid
(1:1:0.1, v/v). Non-glycosylated anthraquinones were separated only with toluene–acetone–formic acid,
among which the best resolution between emodin and physcion gave the ratio 6:6:1 (v/v). This solvent
and dichloromethane–acetone–formic acid (1:1:0.1, v/v) enabled the best separation of glycosylated
anthraquinones. Four HPTLC-MS/MS methods enabled the identification of emodin and tentative
identification of its three glycosylated analogs (emodin-8-O-hexoside, emodin-O-acetyl-hexoside and
emodin-O-malonyl-hexoside), while only the HPTLC-MS/MS method with toluene-acetone-formic
acid (6:6:1, v/v) enabled the identification of physcion. Changes of the shapes and the absorption
maxima (bathochromic shifts) in the absorption spectra after post-chromatographic derivatization
provided additional proof for the detection of physcion and rejection of the presence of chrysophanol
in STS.

Keywords: Japanese knotweed; Reynoutria; Polygonum; Polygonaceae; anthraquinones; emodin;
physcion; HPTLC; HPTLC-MS; densitometry

1. Introduction

Japanese knotweed (Fallopia japonica Houtt., Polygonaceae; synonyms: Polygonum cuspidatum,
Polygonum reynoutria and Reynoutria japonica) is on the list of the “100 World’s Worst Invasive Alien
Species”, because it represents huge ecological (biodiversity loss) and economic problems (damage of
infrastructure) in Europe and North America. However, in the environment of its origin, which is
Eastern Asia, it is used in traditional Chinese and Japanese medicine for healing infections, inflammatory
diseases, hyperlipidemia and other diseases [1]. Traditional applications (powder, extracts and herbal
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infusions) are usually prepared from rhizomes (subterranean stems). Rhizomes contain many secondary
metabolites, including stilbenes (especially trans-resveratrol and its glycosylated analogs [2–11]);
proanthocyanidins (from monomers [2,6,8,12,13], dimers [2,6,8,12,13], oligomers [2,4,8,12,13] and up
to polymers [2,8,12,13]); phenolic acids [2,6,8]; phenylpropanoid glycosides [2,4]; flavonoids [2,8];
naphthalenes [2–4,6]; triterpenoids [8] and anthraquinones (especially emodin [2,3,5–7,9–11,14],
physcion [2,3,5–7,9–11,14] and their glycosides [2–4,6,9,11,14] and other anthraquinones [2,4,6,7,12]).
Leaves of Japanese knotweed rhizomes have been shown to be rich in proanthocyanidins [15]
and carotenoids [16].

Anthraquinones are the largest group of natural dyes, with about 700 compounds [17], and can
be found in many plant genera, such as Cassia [18,19], Aloe [17], Rheum [20] and Fallopia [2], to which
Japanese knotweed belongs. Anthraquinones present in Japanese knotweed are traditionally used
as laxatives. Besides laxative activities [21], anthraquinones show antibacterial [1,10], antiviral [1,21],
antifungal [1], anticancer [22] and estrogenic [1] properties. They also showed a potential to
be skin-whitening agents, as they act as tyrosinase inhibitors [9]. Emodin showed antibacterial
activities against foodborne bacteria [10] and antifungal activities against phytopathogenic fungi [23].
Physcion has the potential to be an anticancer agent for the treatment of nasopharyngeal carcinoma [22].
Emodin and its glycosides were chosen as marker compounds in Chinese pharmacopoeia [4].

Analyses of anthraquinones, extracted from Japanese knotweed rhizomes with boiling
water [6], pure ethanol [9], methanol [3,4,11], aqueous ethanol [7,24–26] and aqueous
methanol [5,10], were performed with methods based on high-performance liquid chromatography
(HPLC with a fluorescence detector (HPLC-FLD) [9], photo-diode array detector (HPLC-PDA) [24]
and (U)HPLC-PDA-MSn [2–8,10,11]) and thin-layer chromatography (TLC) [25,26]. TLC methods for
anthraquinones from Japanese knotweed rhizomes were used for the quantification of emodin [25],
for the isolation of fractions [26] and for the testing of Japanese knotweed rhizomes fermentation
products [27]. TLC methods for analyses of anthraquinones in other plant materials were applied
for the screening [28,29] and quantification of anthraquinones [18,19,30–32]. TLC was also applied
for analyzing the mycelium and culture supernatant rich in anthraquinones [29] Separations were
mainly performed on a silica gel stationary phase (TLC silica gel plates [19,25,29], TLC silica gel plates
F254 [28,30,31,33] and TLC silica gel F254 G plates [18]) in combination with the following developing
solvent mixtures: ethanol–water [28], petroleum ether–ethyl acetate–formic acid [26], toluene–ethyl
acetate [19], hexane–ethyl acetate [18], ethyl acetate–methanol–water [30], toluene–ethyl formate–formic
acid [33], petroleum ether–ethyl formate–formic acid [29], petroleum–butyl acetate–methanol–acetic
acid [25] and toluene–ethyl acetate–formic acid [31]. Additionally, TLC RP-18 F254 plates were
developed with methanol–water–formic acid [32].

The aims of the study were: (i) selection of extraction solvents for the extraction of anthraquinones
from the Japanese knotweed rhizomes, (ii) selection of developing solvents for the separation of
non-glycosylated and glycosylated anthraquinones and (iii) development of the first high-performance
thin-layer chromatography-mass spectrometry (HPTLC-MS/MS) methods for the separation and
identification of anthraquinones from Japanese knotweed rhizomes.

2. Results and Discussion

2.1. Selection of Extraction Solvent

Optimization of extraction of anthraquinones (yellow dyes) and their glycosylated derivatives
from the rhizomes of the Japanese knotweed was performed on an analytical scale. Different extraction
solvents like water, 20% ethanol(aq), 40% ethanol(aq), 60% ethanol(aq), 70% ethanol(aq), 80% ethanol(aq),
ethanol, 70% methanol(aq), methanol, 70% acetone(aq), acetone and dichloromethane were used for
the preparation of separate sample test solutions (STSs) from rhizomes. STSs were analyzed on
two separate HPTLC silica gel plates. STSs prepared with 70% ethanol(aq), ethanol, 70% methanol(aq),
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methanol, 70% acetone(aq), acetone and dichloromethane were on the first plate together with standards
of physcion, chrysophanol, aloe-emodin, emodin and aloin A (Figure 1).

 

 

μ μ
μ μ μ

μ

μ

Figure 1. HPTLC chromatograms of physcion (1 µg; track 1), chrysophanol (1 µg; track 2), aloe-emodin
(1 µg; track 5), emodin (1 µg; track 8) and aloin A (1 µg; track 11) standards and Japanese knotweed
rhizomes STSs (2 µL, 50 mg/mL) prepared with acetone (track 3), methanol (track 4), ethanol (track 6),
dichloromethane (track 7), 70% acetone(aq) (track 9), 70% ethanol(aq) (track 10) and 70% methanol(aq)

(track 12). HPTLC silica gel plates were developed with toluene–acetone–formic acid (3:6:1, v/v)
and documented after development at 366 nm (A) and at white light (B).

On the second plate were STSs prepared with 20% ethanol(aq), 40% ethanol(aq), 60% ethanol(aq),
80% ethanol(aq) and ethanol (Figure 2). Both plates were developed with the developing solvent
toluene–acetone–formic acid (3:6:1, v/v). As shown in Figure 1 (tracks 1, 2, 5, 8 and 11), all standards
were detected at 366 nm and at white light illumination conditions. At 366 nm standards of physcion,
chrysophanol, aloe-emodin and emodin were detected as yellow bands at RF values in the range
of 0.88–0.93, while standard of aloin A (track 11) was detected as orange-brown band at RF 0.42.
At white light, all standards appeared as yellow bands (Figure 1B). At 366 nm, two yellow bands
were detected at RF 0.90 and 0.93 in tracks of STSs prepared with ethanol, 70% ethanol(aq), methanol,
70% methanol(aq), acetone, 70% acetone(aq) and dichloromethane (Figure 1A, tracks 3, 4, 6, 7, 9, 10 and
12). Similarity between the colors of the band of aloin A standard (Figure 1, track 11) and the bands of
STSs prepared with ethanol, 70% ethanol(aq), methanol, 70% methanol(aq), acetone and 70% acetone(aq)

at RF values 0.60, 0.69 and 0.74 (Figure 1, tracks 3, 4, 6, 9, 10 and 12) was observed. These bands that
appear orange-brown at 366 nm (Figure 1A) are yellow at white light (Figure 1B). Two intensive yellow
bands at RFs 0.90 and 0.93 were detected at 366 nm and at white light on the second HPTLC plate
but only for STSs prepared with 60% ethanol(aq), 80% ethanol(aq) and ethanol (Figure 2, tracks 4–6).
The yellow band at RF 0.90 with comparable intensity was observed also for STSs prepared with
40% ethanol(aq), while a much lower intensity was detected for STSs prepared with water and 20%
ethanol(aq) (Figure 2, tracks 1–3). At 366 nm, three bands with the same orange-brown color as was
observed for aloin A standard (Figure 1, track 11) were detected for STSs prepared with 60% ethanol(aq),
80% ethanol(aq) and ethanol (Figure 2, tracks 4–6) at RF values 0.60, 0.69 and 0.74. These bands were
yellow at white light.

Evaluation of the chromatograms obtained by different extraction solvents on both plates was
performed based on densitometric scanning at 442 nm in absorption/reflectance mode (Figures 3 and 4).
The wavelength 442 nm (absorption maximum of emodin, known in the literature to be present in
Japanese knotweed rhizomes) was selected based on the absorption spectra of all standards scanned in
situ on the developed HPTLC silica gel plate. The absorption maxima for physcion, chrysophanol,
aloe–emodin, emodin and aloin A were at 442, 428, 442, 360 and 431 nm, respectively.
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μFigure 2. HPTLC chromatograms of Japanese knotweed rhizomes STSs (2 µL, 50 mg/mL) prepared with
water (track 1), 20% ethanol(aq) (track 2), 40% ethanol(aq) (track 3), 60% ethanol(aq) (track 4),
80% ethanol(aq) (track 5) and ethanol (track 6). HPTLC silica gel plates were developed with
toluene–acetone–formic acid (3:6:1, v/v). Images of the plates were documented at 366 nm
(A) and at white light (B) after development and at white light (C) after derivatization with
4-dimethylaminocinnamaldehyde (DMACA) reagent.
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Figure 3. Densitograms of Japanese knotweed rhizomes STSs (2 µL, 50 mg/mL) scanned at 442 nm in
absorption/reflectance mode. STSs (2 µL, 50 mg/mL) were prepared with acetone (A1), 70% acetone(aq)

(A2), methanol (B1), 70% methanol(aq) (B2), ethanol (C1), 70% ethanol(aq) (C2) and dichloromethane
(D1). HPTLC silica gel plate was developed with toluene–acetone–formic acid (3:6:1, v/v).
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Figure 4. The densitograms of Japanese knotweed rhizomes STSs (2 µL, 50 mg/mL) scanned at 442 nm
in absorption/reflectance mode. STSs (2 µL, 50 mg/mL) were prepared with water (A), 20% ethanol(aq)

(B), 40% ethanol(aq) (C), 60% ethanol(aq) (D), 80% ethanol(aq) (E) and ethanol (F). HPTLC silica gel plate
was developed with toluene–acetone–formic acid (3:6:1, v/v).
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The densitograms scanned at 442 nm for STSs prepared with different pure organic solvents
(acetone, methanol, ethanol and dichloromethane) and mixtures of organic solvents with water
(70% acetone(aq), 70% methanol(aq) and 70% ethanol(aq)) show similarities and differences in the
number and intensities of the peaks (Figure 3). Based on these observations, it can be concluded
that dichloromethane is a more selective extraction solvent than all other tested solvents, as no
peaks were detected in the densitogram below the RF value 0.8 (Figure 3D1). All other extraction
solvents show equal qualitative profiles in the densitograms (Figure 3A1–C1). The use of extraction
solvents that contained water (70% acetone(aq), 70% methanol(aq) and 70% ethanol(aq)) resulted in
higher peaks compared to pure organic solvents (acetone, methanol and ethanol). Comparison of
the densitograms for STSs, prepared with water, 20% ethanol(aq), 40% ethanol(aq), 60% ethanol(aq),
80% ethanol(aq) and ethanol, showed equal qualitative profiles (Figure 4). The increasing of the %
of ethanol (from 20% to 80%) in the extraction solvent results in a significant increase in all heights of
all the peaks (Figure 4B–E). In the case of STS prepared with pure ethanol, the peak heights were lower
than for STS prepared with 80% ethanol(aq) (Figure 4E,F).

The extraction efficiency of all tested extraction solvents was evaluated comparing the total
peak areas in the densitograms of STSs prepared with different extraction solvents (Figures 5 and 6).
This comparison was performed separately for each HPTLC plate, because peak areas on two different
plates cannot directly be compared. On the first HPTLC plate, the highest total peak area was obtained
with 70% acetone(aq) and the lowest with dichloromethane (Figure 5). The total peak areas for STSs
prepared with other pure organic solvents (acetone, methanol and ethanol) were lower compared
to those obtained for STSs prepared with mixtures of organic solvents with water (70% acetone(aq),
70% methanol(aq) and 70% ethanol(aq)). On the second HPTLC plate, the highest total peak area was
achieved with 80% ethanol(aq) and the lowest with water (Figure 6). Total peak areas increased as the
% of ethanol in the extraction solvent was increased from 20% to 80%. However, the total peak area
obtained with ethanol was lower compared to that obtained with 60% ethanol(aq). Our results are in
agreement with those obtained for the extraction of anthraquinones and other phenolic compounds
from Japanese knotweed rhizomes using water and mixtures of water and ethanol (25%, 50%, 75%
and 95% ethanol(aq)) [24], which showed that 75% ethanol(aq) was the most efficient extraction solvent.
Based on our data, 70% acetone(aq) was selected as the extraction solvent, and STS prepared with this
solvent was analyzed by HPTLC and HPTLC-MS/MS methods.

 

μ

Figure 5. Comparison of the total peak areas obtained from densitograms of Japanese knotweed
rhizomes STSs scanned at 442 nm on the HPTLC silica gel plate developed with toluene–acetone-formic
acid (3:6:1, v/v). STSs (2 µL, 50 mg/mL) were prepared with 70% ethanol(aq), ethanol, 70% methanol(aq),
methanol, 70% acetone(aq), acetone and dichloromethane.
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Figure 6. Comparison of the total peak areas obtained from densitograms of Japanese knotweed
rhizomes STSs scanned at 442 nm on the HPTLC silica gel plate developed with toluene–acetone-formic
acid (3:6:1, v/v). STSs (2 µL, 50 mg/mL) were prepared with water, 20% ethanol(aq), 40% ethanol(aq),
60% ethanol(aq), 80% ethanol(aq) and ethanol.

2.2. HPTLC Analyses

Developing solvents with different ratios of toluene–acetone–formic acid (6:6:1, v/v, 3:6:1, v/v and
3:3:1, v/v), as well as dichloromethane–acetone–formic acid (1:1:0.1, v/v) (Figure 7), were tested as possible
developing solvents for the separation of anthraquinones from Japanese knotweed rhizomes STSs in 70%
acetone(aq). These solvents were used in our previous study for the separation of proanthocyanidins [12].
In the present study, proanthocyanidins were detected by post-chromatographic derivatization
with 4-dimethylaminocinnamaldehyde (DMACA) in the STSs prepared with water, 20% ethanol(aq),
40% ethanol(aq), 60% ethanol(aq), 80% ethanol(aq) and ethanol (Figure 2C).

 

μ

μFigure 7. HPTLC chromatograms of Japanese knotweed rhizomes STS (2 µL, 50 mg/mL
in 70% acetone(aq)) developed up to 9 cm with toluene–acetone–formic acid (6:6:1, v/v)
(A), toluene–acetone–formic acid (3:3:1, v/v) (B), toluene–acetone–formic acid (3:6:1, v/v) (C)
and dichloromethane–acetone–formic acid (1:1:0.1, v/v) (D) and documented at 366 nm.

As shown in Figure 7, all tested developing solvents enabled separation of non-glycosylated
(yellow bands at 366 nm) and glycosylated (orange-brown bands at 366 nm). Only with the developing
solvents with different ratios of toluene–acetone–formic acid (6:6:1 (v/v), Figure 7A, 3:3:1, (v/v),
Figure 7B and 3:6:1, (v/v), Figure 7C) separation of non-glycosylated anthraquinones was achieved.
Among these solvents, the highest resolution between the two yellow bands, later confirmed as emodin
and physcion, was achieved with toluene–acetone–formic acid (6:6:1, v/v) (Figure 7A). Based on the
presence of only one yellow band on the plate developed with dichloromethane–acetone–formic acid
(1:1:0.1, v/v), it can be concluded that this developing solvent was not suitable for the separation of
non-glycosylated anthraquinones (Figure 7D). The best developing solvents for the separation of
glycosylated anthraquinones (orange-brown bands at 366 nm) were dichloromethane–acetone–formic
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acid (1:1:0.1 (v/v), Figure 7D) and toluene–acetone–formic acid (6:6:1 (v/v), Figure 7A). These two
solvents enabled separation of six glycosylated anthraquinones, while toluene–acetone–formic acid
(3:3:1, v/v, Figure 7B) and toluene–acetone–formic acid (3:6:1, v/v, Figure 7C) enabled to separate only
four and three glycosylated anthraquinones, respectively. The analysis of STSs (prepared with 70%
acetone(aq)) together with emodin and aloin A standards on the HPTLC silica gel plates developed with
toluene–acetone–formic acid (3:6:1, v/v) confirmed the presence of emodin by matching the RF values
and the band colors of emodin standard and the corresponding band in the STS track after development
and after post-chromatographic derivatization with natural product (NP) and polyethylene glycol
(PEG) reagents (Figure 8D,E). Colors of both bands changed from yellow after development and NP
reagent to red after PEG reagent. Aloin A was not detected in STS. Additional orange-brown bands
with the RF values lower than emodin and higher than aloin A were detected but were not identified.
Some of these bands become red at white light after the application of PEG reagent (Figure 8E).
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Figure 8. HPTLC chromatograms of standards and Japanese knotweed rhizomes STSs (2 µL,
50 mg/mL) prepared with 70% acetone(aq) (track 4 on the plates (A–C) and track 2 on the plates
(D,E)). HPTLC silica gel plates were developed with toluene–acetone–formic acid (6:6:1, v/v (A–C)
or 3:6:1, v/v; (D,E)). Documentation was performed at 254 nm after development (A,D) and at white
light after post-chromatographic derivatization with NP reagent (B) and 30 min after use of PEGreagent
(C,E). Applications of standards on the plates (A–C): physcion (1 µg; track 1), aloe-emodin (1 µg;
track 2), emodin (1 µg; track 3), aloin A (1 µg; track 5) and chrysophanol (1 µg; track 6). Applications of
standards (1 µg; track 1) on the plates: (D,E) emodin (higher RF and lower RF).

Since toluene–acetone–formic acid (6:6:1, v/v) resulted in the best separation of non-glycosylated
and glycosylated anthraquinones among all tested developing solvents, it was chosen for further
HPTLC analysis of STS prepared with 70% acetone(aq) on the silica gel plates, together with applied
standards of physcion, chrysophanol, aloe-emodin, emodin and aloin A (Figure 8A–C). It is evident
that the resolution between the bands of physicon (RF 0.93, track 1, Figure 8A–C) and chrysophanol
(RF 0.94, track 6, Figure 8A–C) is not good enough. However, there is a difference in shades of yellow
colors of the bands and the shapes of their absorption spectra (Figure 9). The presence of emodin
and physcion in STS was confirmed based on matching the RF values and the colors of the bands of
the standards (emodin (RF 0.85) and physicon (RF 0.93)) with the corresponding bands in the STS
track after development and after post-chromatographic derivatization with NP and PEG reagents
(Figure 8A–C). Among the standards, only emodin changed color at white light from yellow to red
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after using the combination of NP and PEG reagents, while physcion, chrysophanol, aloe-emodin
and aloin A remained yellow as they were after the development and after the use of NP reagent
(Figure 8A–C). The band of aloin A changed its color at 254 nm and 366 nm from orange-brown after
development to intensive light green after the application of NP and PEG reagents (data not shown).

 

 

μ

Figure 9. Absorption spectra of standards scanned in situ on the HPTLC silica gel plate developed
with toluene–acetone–formic acid (6:6:1, v/v) after development (A), after post-chromatographic
derivatization with NP reagent (B) and 30 min after use of PEG reagent (C). The application of each
standard was 1 µg.

The absorption spectra of all standards were scanned after development (Figure 9A),
after post-chromatographic derivatization with NP reagent (Figure 9B) and after the application
of PEG reagent (Figure 9C). Bathochromic shifts were observed for the absorption maxima of all
standards after post-chromatographic derivatization with NP reagent and, also, after use of PEG reagent
(Table 1). These shifts were from 4 nm (aloin A) up to 9 nm (aloe–emodin) after the application of NP
reagent. Bathochromic shifts were even more pronounced when the application of NP reagent was
followed by PEG reagent. The differences between the absorption maxima of the standards on the same
plate after development and after post-chromatographic derivatization (with NP reagent, followed
by the application of PEG reagent) were compared. The highest difference (86 nm) was obtained
for emodin.

Table 1. Absorption maxima of standards determined by densitometric scanning of the HPTLC
silica gel plate developed with toluene–acetone–formic acid (3:6:1, v/v). Spectra were scanned
after development, after post-chromatographic derivatization with NP reagent and 30 min after the
application of PEGreagent.

Absorption Maxima of Standards (nm)

Compounds After Development After NP 30 min after PEG

Physcion 442 449 454
Aloe-emodin 428 437 438

Emodin 442 449 528
Aloin A 360 364 387

Chrysophanol 431 437 437

Absorption spectra of emodin (RF 0.85) and physcion (RF 0.93) standards and the absorption
spectra of compounds in the corresponding bands in the STS track were scanned in situ in the
range of 190–800 nm. Comparison of the absorption spectra of emodin (RF 0.85) and compounds
in the corresponding STS band with the same RF, scanned after development (Figure 10A),
after post-chromatographic derivatization with NP reagent (Figure 10B) and after the application
of PEG reagent (Figure 10C) confirmed that the spectra matched. This was additional proof of
the presence of emodin in the STS. Comparison of the absorption spectra of physcion (RF 0.93)
and compounds in the corresponding STS band with the same RF scanned after development
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(Figure 10D), after post-chromatographic derivatization with NP reagent (Figure 10E) and after
the application of PEG reagent (Figure 10F) confirmed that the spectra matched. The possible
presence of chrysophanol (RF 0.94), which was not separated from physcion (RF 0.93), was rejected.
The rejection was based on the comparison of the absorption spectra of chrysophanol, physcion
and compounds in the corresponding STS band with the same RF (Figure 10F). Chrysophanol has
a different shape of absorption spectrum and also different absorption maxima after development,
after post-chromatographic derivatization and after use of PEG reagent (Table 1).

 

μ
Figure 10. Absorption spectra of emodin (at RF 0.85; A–C) and physcion (at RF 0.93; D–F) standards
and compounds in the bands at the same RFs (A–C: RF 0.85 and D–F: RF 0.93) in the track of STS (2 µL,
50 mg/mL, 70% acetone(aq)). Spectra were scanned in situ on the HPTLC silica gel plate developed with
toluene–acetone–formic acid (6:6:1, v/v) after development, after post-chromatographic derivatization
with NP reagent and 30 min after use of PEG reagent. Additional absorption spectrum of chrysophanol
scanned after post-chromatographic derivatization with NP reagent and 30 min is presented in (F).

Other compounds present in orange-brown bands (at 366 nm; Figure 8A,D) could not be identified
by HPTLC analyses due to the lack of appropriate standards. However, they were tentatively identified
as glycosylated anthraquinones by HPTLC-MS/MS analyses (Section 2.3) when their fragmentation
patterns were compared with those reported in the literature [6,20].
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2.3. HPTLC-MS/MS Analyses

Four HPTLC-MS methods (Table 2) were used to analyze anthraquinones from STS of
Japanese knotweed rhizomes to obtain MS and MSn spectra. HPTLC silica gel plates were twice
predeveloped (up to the top) before development up to 7 cm with the following developing solvents:
toluene–acetone–formic acid (3:6:1 (v/v), 6:6:1 (v/v) and 3:3:1 (v/v)) and dichloromethane–acetone–formic
acid (1:1:0.1, v/v). MS spectra obtained by HPTLC-MS analyses using toluene–acetone–formic acid
(6:6:1, v/v) as the developing solvent are presented in Figure 11.

Table 2. Anthraquinones tentatively identified in Japanese knotweed rhizomes by HPTLC- MS/MS.

Compound (-)ESI-MS m/z (-)ESI-MSn m/z Ref.

Emodin a 269 MS2 [269]: 225, 241
MS3 [269→225]: 181, 210,

197, 207

Physcion a 283 MS2 [283]: 240, 268
MS3 [283→240]: 212

Emodin-8-O-hexoside 431 MS2 [431]: 269, 311 [20]
MS3 [431→269]: 225, 241

Emodin-O-acetyl-hexoside 473 MS2 [473]: 269, 311 [6]
MS3 [473→269]: 225, 241

Emodin-O-malonyl-hexoside MS2 [517]: 473 [20]
MS3 [517→473]: 269, 311
MS4 [517→269]: 225, 241

a Confirmed with a reference standard.
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Figure 11. MS spectra of anthraquinones (bold, m/z) obtained from Japanese knotweed rhizomes STS
from a twice predeveloped HPTLC silica gel plate developed up to 7 cm with toluene–acetone–formic
acid (6:6:1, v/v) as the developing solvent and documented at 366 nm.

The identification of emodin and physcion in Japanese knotweed rhizomes STSs was confirmed
by comparing the absorption spectra of yellow bands (Figure 10) and the fragmentation patterns
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(at RFs corresponding to RFs for physcion and emodin standards) (Table 2) with absorption spectra and
fragmentation patterns of physcion and emodin standards. Other compounds present in orange-brown
bands were tentatively identified as glycosylated anthraquinones by comparison of the fragmentation
patterns (Table 2) with those reported in the literature. The MS2 spectrum of the signal at m/z 431 gave
a base ion at m/z 269 with a neutral loss of 162 Da, and the MS3 spectrum gave product ions at m/z 225 and
m/z 241, which were identical to emodin standard. This indicated that signal m/z 431 could be emodin
hexoside. Emodin-1-O-glucoside [2,3,6], emodin-6-O-glucoside [6] and emodin-8-O-glucoside [2,3,6]
were previously identified in Japanese knotweed rhizomes. The MS2 fragmentation pattern of a base
peak at m/z 431 was similar to the fragmentation pattern (product ions at m/z 269 and m/z 311)
of emodin-8-O-glucoside [2,6] and the MS3 fragmentation pattern was typical for emodin reference
standard. Therefore, the signal at m/z 431 was tentatively assigned to [M−H]− of emodin-8-O-hexoside.

The MS2 and MS3 fragmentation patterns of the signal at m/z 517 were similar to the
fragmentation pattern of emodin-8-(6′ malonyl)-glucoside [20], which were reported to be present
in Japanese knotweed rhizomes [2,3,6]. Therefore, the signal at m/z 517 was tentatively identified
as emodin–malonyl–hexoside. Another signal at m/z 473 was obtained at the same RF value using
all HPTLC-MS/MS methods. The MS2 spectrum of a signal at m/z 431 gave a base ion at m/z 269.
A loss of 204 Da indicated acetyl and glucosyl residues. MS3 spectrum of the signal at m/z 473 gave
product ions at m/z 225 and m/z 241, which correspond to emodin. Therefore, the signal at m/z 473
was tentatively assigned as emodin–acetyl–glucoside, which was previously identified in Japanese
knotweed rhizomes [6].

HPTLC-MS/MS methods using different ratios of toluene–acetone–formic acid (3:6:1, v/v, 6:6:1,
v/v and 3:3:1, v/v) and dichloromethane–acetone–formic acid (1:1:0.1, v/v) as the developing solvents
enabled the detection of emodin and its three glycosylated analogs (Table 3). The method with
toluene–acetone–formic acid (6:6:1, v/v) additionally enabled the detection of physcion.

Table 3. RF values of anthraquinones identified by HPTLC-MS analyses in Japanese knotweed rhizomes
sample test solutions (STSs) (prepared with 70% acetone(aq)) on HPTLC silica gel plates developed
with different developing solvents.

Compound m/z Developing Solvent

DS1 DS2 DS3 DS4

RF

Emodin 269 0.90 0.87 0.97 0.99
Physcion 283 0.98 / / /

Emodin-O-hexoside 431 0.47 0.62 0.68 0.47
Emodin-O-(acetyl)-hexoside 473 0.59 0.74 0.81 0.81

Emodin-O-(malonyl)-hexoside 517 0.59 0.74 0.81 0.81

DS1: toluene–acetone–formic acid (6:6:1, v/v). DS2: toluene–acetone–formic acid (3:3:1, v/v). DS3:
toluene–acetone–formic acid (3:6:1, v/v). DS4: dichloromethane–acetone–formic acid (1:1:0.1, v/v).

3. Materials and Methods

3.1. Chemicals

All chemicals used in this study were at least of analytical grade. Toluene, dichloromethane,
ethyl acetate hydrochloric acid (37%), formic acid and 4-dimethylaminocinnamaldehyde (DMACA)
were purchased from Merck (Darmstadt, Germany). Diphenylboric acid 2-aminoethyl ester
(natural product reagent, NP), ethanol (absolute), acetone and HPLC grade methanol and acetonitrile
were from Sigma-Aldrich (St. Louis, MO, USA). LC-MS grade methanol and acetonitrile were from Fluka
(Buchs, Switzerland). Polyethylene glycol (PEG) 4000 was from Fluka Chemie (Buchs, Switzerland).
Bidistilled water was also used.

Standards of physcion, chrysophanol, aloe-emodin, emodin and aloin A were obtained from
Extrasynthesè S.A. (Genay, France).
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3.2. Preparation of Standard Solutions

Standard solutions (0.2 mg/mL) were separately prepared in methanol and were stored in amber
glass storage vials at −80 ◦C.

3.3. Plant Material and Preparation of Sample Test Solutions (STSs)

Rhizomes (a subterranean stem) of Japanese knotweed (Fallopia japonica Houtt.) were collected at
Ljubljanica riverside in Ljubljana (Vrhovci, by bridge over Mali graben, N 46◦02′33.9”; E 14◦27′00.9” [34])
in August, 2019. The voucher specimen is deposited in the Herbarium LJU (LJU10143477).

The rhizomes were washed with tap water, dried on air, cut into smaller pieces, frozen with liquid
nitrogen and lyophilized (Micro Modulyo, IMAEdwards, Bologna, Italy) for 48 h at−50 ◦C. Freeze-dried
rhizomes were again frozen with liquid nitrogen, crushed and pulverized by Mikro-Dismembrator S
(Sartorius, Göttingen, Germany) at a frequency of 1700 min−1 for 1 min.

Powdered lyophilized plant material (100 mg) was dispersed in 4 mL of extraction solvent.
Water, 20% ethanol(aq), 40% ethanol(aq), 60% ethanol(aq), 70% ethanol(aq), 80% ethanol(aq), ethanol,
70% methanol(aq), methanol, 70% acetone(aq), acetone and dichloromethane were used as extraction
solvents. Suspensions were vortexed (2 min at 2800 rpm; IKA lab dancer, Sigma-Aldrich)
and centrifuged at 6700× g. Supernatants were filtered through a 0.45-µm polyvinylidene fluoride
(PVDF) membrane filter (Millipore, Billerica, MA, USA). The obtained sample test solutions (STSs)
(50 mg/mL) were stored in amber glass storage vials at −80 ◦C and were used undiluted for the HPTLC
and HPTLC-MS analyses.

3.4. HPTLC Analyses

HPTLC analyses were performed on 20 cm × 10 cm glass-backed HPTLC silica gel (Merck, Art.
No. 1.05641, Darmstadt, Germany). Standard solutions (1 µg) and STSs, which were prepared in
different extraction solvents (2 µL), were applied on the un-predeveloped plates by an automatic TLC
Sampler 4 (Camag, Muttenz, Switzerland). The plates were developed up to 9 cm using different ratios
of toluene–acetone–formic acid (3:6:1, v/v, 6:6:1, v/v and 3:3:1, v/v) and dichloromethane–acetone–formic
acid (1:1:0.1, v/v) as the developing solvents. The developing solvent (10 mL) was added only in one
trough of an unsaturated twin-trough chamber (Camag) for 20 cm × 10 cm plates. Only 5 mL of
the developing solvent was used in case of 10 × 10 cm or smaller plates, which were developed in
a twin-trough chamber (Camag) for 10 cm × 10 cm plates. The developed plates were dried in a stream
of warm air for 3 min.

Post-chromatographic derivatization was performed by heating the plates on a TLC plate heater
III (Camag) at 110 ◦C (3 min), which was immediately followed by dipping the plate for 1 s in the
natural product reagent (NP reagent), prepared by dissolving 1 g of NP in 200 mL of ethyl acetate [35].
After drying in a stream of warm air (hair dryer) for 2 min, followed by cooling in the air for 5 min,
the plates were dipped in PEG 4000 reagent, prepared by dissolving 10 g of PEG 4000 [35] in 200 mL
of dichloromethane. The plates were again dried in a stream of warm air (hair dryer) for 2 min.
Additional post-chromatographic derivatization was used to detect proanthocyanidins. In this case,
plates were dipped for 1 s in DMACA dipping detection reagent prepared by dissolving 60 mg of
DMACA in 13 mL of concentrated hydrochloric acid, which was made up to 200 mL with ethanol [36].
Dipping was followed by drying for 2 min in a stream of warm air. NP reagent, PEG reagent and
DMACA reagent were protected from light and stored at 5 ◦C.

The Camag Digistore 2 Documentation system in conjunction with Reprostar 3 was used
to document the images of the chromatographic plates at 254 nm, 366 nm and white light
illumination. The plates were documented: (i) immediately after development, (ii) immediately
after post-chromatographic derivatization with NP reagent, (iii) immediately after the enhancement
and stabilization of fluorescent zones with PEG reagent and (iv) 30 min after the enhancement
and stabilization of fluorescent zones with PEG reagent. When DMACA reagent was applied for
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post-chromatographic derivatization, the images were documented only at white light illumination
immediately and 10 min after derivatization. After documentation the developed plates were scanned
by the slit-scanning densitometer TLC Scanner 3 (Camag) set in absorption/reflectance mode at 442 nm.
The slit length was 6 mm, the slit width 0.30 mm and the scanning speed 20 mm s−1. The absorption
spectra (from 190 nm to 800 nm) were scanned in situ before and after post-chromatographic
derivatization with NP reagent and also after application of PEG reagent. Both instruments were
controlled by winCATS software (Version 1.4.9.2001).

3.5. HPTLC-MS/MS Analyses

The HPTLC silica gel plates were firstly predeveloped with methanol–formic acid (10:1, v/v)
and, secondly, with acetonitrile–methanol (2:1, v/v)) up to the top and dried for 30 min at 100 ◦C.
Twice predeveloped plates (cut to 5 cm × 10 cm) were used for the application of 20 µL of STS in 70%
acetone(aq) as 24 mm band, 10 mm from the bottom edge, 20 mm from the left edge and developed up
to 7 cm for the HPTLC-MS/MS analyses of anthraquinones. Toluene–acetone–formic acid (3:6:1 (v/v),
6:6:1 (v/v) and 3:3:1 (v/v)) and dichloromethane–acetone–formic acid (1:1:0.1, v/v) were used as the
developing solvents.

The yellow bands that appeared on the developed plates were used for positioning the oval
elution head (4 mm × 2 mm) of the TLC-MS interface (Camag) and were eluted and transferred
into a LCQ ion trap system (Thermo Finnigan, San Jose, CA, USA). For evaluation of the collected
data Xcalibur 1.3 software was used. HPTLC–MS analyses were performed according to [12,13].
Acetonitrile–methanol (2:1, v/v) was used as an eluent at 0.2 mL min−1 flow rate. A C18 guard
column (4 mm × 3 mm ID, Phenomenex, Torrance, CA, USA) was mounted between the TLC–MS
interface and MS ion source. Electrospray ionization (ESI) in negative ion mode was used to acquire
mass spectra from m/z 150–2000 scan range in 1 min. The spray voltage was set to 4 kV, capillary
temperature to 200 ◦C, capillary voltage to −38.8 V, tube lens offset to −5, flow rate sheath gas to 95 a.u.
(arbitrary units) and flow rate auxiliary gas to 14 a.u. Fragmentation of the parent ion was performed
at 45% collision energy.

4. Conclusions

Twelve extraction solvents (water, 20% ethanol(aq), 40% ethanol(aq), 60% ethanol(aq), 70% ethanol(aq),
80% ethanol(aq), ethanol, 70% methanol(aq), methanol, 70% acetone(aq), acetone and dichloromethane)
were used for the extraction of anthraquinones (yellow dyes) from Japanese knotweed rhizomes.
The obtained sample test solutions (STSs) were analyzed by the HPTLC method on HPTLC silica
gel plates developed with toluene–acetone–formic acid (3:6:1, v/v). Qualitative densitometric
profiles scanned at 442 nm (absorption maximum for emodin) for STSs prepared in all the solvents
except dichloromethane were identical and included anthraquinone aglycones and glycosylated
anthraquinones). The most selective extraction of anthraquinone aglycones emodin and physcion
was achieved with dichloromethane. Extraction efficiency, evaluated by comparison of the total peak
areas of the densitograms of STSs prepared with all solvents, was the highest with 70% acetone(aq).
Therefore, only STS prepared with this solvent was used for further selection of developing solvent for
HPTLC and HPTLC-MS analyses.

HPTLC silica gel plates in combination with four new developing solvents were proposed for
analyses of anthraquinones by HPTLC and HPTLC-MS. All developing solvents with different ratios of
toluene–acetone–formic acid (6:6:1 (v/v), 3:6:1 (v/v) and 3:3:1 (v/v)) and dichloromethane–acetone–formic
acid (1:1:0.1, v/v) enabled the separation of non-glycosylated and glycosylated anthraquinones
present in STS prepared with 70% acetone(aq). However, the separation of non-glycosylated
was achieved only with the developing solvents with different ratios of toluene–acetone–formic
acid (6:6:1 (v/v), 3:6:1 (v/v) and 3:3:1 (v/v)). The best resolution between non-glycosylated
anthraquinones emodin and physcion was achieved with toluene–acetone–formic acid 6:6:1 (v/v).
The best separation of glycosylated anthraquinones was achieved with toluene–acetone–formic acid
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(6:6:1, v/v) and dichloromethane–acetone–formic acid (1:1:0.1, v/v). Changes of the shapes and the
absorption maxima (bathochromic shifts) in the absorption spectra of the standards (physcion,
chrysophanol, aloe–emodin, emodin and aloin A) scanned in situ on the HPTLC plate after
development, after post-chromatographic derivatization with NP reagent and after the application
of PEG reagent were observed. These changes were used as additional proof for the presence of
emodin and physcion (almost the same RF but different absorption spectra than chrysophanol)
in STS prepared with 70% acetone(aq) analyzed on the same plate as the standards. All four
HPTLC-MS/MS methods using different ratios of toluene–acetone–formic acid (3:6:1 (v/v), 6:6:1 (v/v)
and 3:3:1 (v/v)) and dichloromethane–acetone–formic acid (1:1:0.1, v/v) as the developing solvents
enabled the identification of emodin and tentative identification of its three glycosylated analogs
(emodin-8-O-hexoside, emodin-O-acetyl-hexoside and emodin-O-malonyl-hexoside). Additionally,
the HPTLC-MS/MS method with toluene–acetone–formic acid (6:6:1, v/v) enabled the identification of
physcion. The identification of emodin and physcion in Japanese knotweed rhizomes STS was confirmed
by comparing the absorption spectra and the fragmentation patterns (at RFs corresponding to RFs for
emodin and physcion standards) with fragmentation patterns of physcion and emodin standards.
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Abstract: Protease inhibitors are involved in the regulation of endogenous cysteine proteases during
seed development and play a defensive role because of their ability to inhibit exogenous proteases
such as those present in the digestive tracts of insects. Araucaria angustifolia seeds, which can be used
in human and animal feed, were investigated for their potential for the development of agricultural
biotechnology and in the field of human health. In the pine nuts extract, which blocked the activities
of cysteine proteases, it was detected potent insecticidal activity against termites (Nasutitermes corniger)
belonging to the most abundant termite genus in tropical regions. The cysteine inhibitor (AaCI-2S)
was purified by ion-exchange, size exclusion, and reversed-phase chromatography. Its functional and
structural stability was confirmed by spectroscopic and circular dichroism studies, and by detection
of inhibitory activity at different temperatures and pH values. Besides having activity on cysteine
proteases from C. maculatus digestive tract, AaCI-2S inhibited papain, bromelain, ficin, and cathepsin
L and impaired cell proliferation in gastric and prostate cancer cell lines. These properties qualify
A. angustifolia seeds as a protein source with value properties of natural insecticide and to contain a
protease inhibitor with the potential to be a bioactive molecule on different cancer cells.

Keywords: Araucaria angustifolia; bioactive compounds; cysteine protease inhibitor; functional food;
insecticide; plant extracts; termites; tumor cells; pine nuts; urban pest

1. Introduction

Araucaria angustifolia is a native gymnosperm of the greatest economic and biological importance
in Brazil. It withstood the rigors of the natural selection process for hundreds of millions of years
as the planet underwent intense geological and climate change. Because of its wide distribution in
Parana state, this species is its state symbol and known for Paraná pine. Uncontrolled logging and the
expansion of new agricultural areas harmed the forests harboring these trees to such a critical point
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that A. angustifolia is now on the official list of endangered species of the Brazilian flora and the red list
of the International Union for Conservation of Nature [1]. Araucaria seeds have a remarkable structure,
whose development is controlled directly or indirectly by changes in gene expression patterns and is
an interesting biological model for cellular organization studies, protein accumulation, and differential
gene expression. In addition to starch (36.28%), proteins (3.57%), lipids (1.26%), carbohydrates (2.43%),
and minerals provide high nutritional value [2]. The reddish-brown peel and the thin film are rich in
polyphenolic compounds with antioxidant properties that, when transferred to the edible part during
the cooking process, make it a very healthy food product. In forests, the pine nuts of Araucária are a
key food for various vertebrates such as agouti, squirrels, monkeys, rodents, and various species of
birds [3].

The overall seed characteristics and a variety of diverse structures have led researchers to seek
new substances with anti-tumor activity and therapeutic effects on various diseases [4,5]. A few studies
have been performed with A. angustifolia, and lectins having anti-inflammatory, antibacterial, and anti-
depressant action on the central nervous system were isolated [6,7].

Plants synthesize numerous proteins that contribute to the protection against attack by
microorganisms (fungi and bacteria) and/or invertebrates (insects and nematodes). In most cases,
the biological role of these proteins is assigned based on their in vitro activity, as is the case with lectins
and enzyme inhibitors. In other cases, their role is confirmed by more direct analysis such as the
incorporation of these in artificial diets used in insect feeding, their incorporation into culture media
for microorganism culture, or even through the expression of these proteins in transgenic plants [8,9].

Inhibitors of serine proteases have been known when Kunitz and Bowman in 1946, and Birk in
1963 purified and characterized trypsin inhibitors from soybean seeds [10]. Since then, inhibitors have
been isolated mainly from reserve organs such as seeds and tubers. Cysteine protease inhibitors or
cystatins are reversible protease inhibitors of the papain family and related proteases (e.g., cathepsin B,
L, ficin, and bromelain). In plants, orizacystatin from rice seeds was the first inhibitor of cysteine
proteases considered a cystatin [11]. Numerous biological functions attributed to phytocystatins have
recently been reviewed. It is assumed that they may play a regulatory role in all physiological processes
involving cysteine proteases. More systematic studies have led to very promising results, especially the
use of such inhibitors as instruments for the study of protease involvement in pathophysiological
processes [12,13].

Phytocystatins have been identified in a large variety of monocotyledons such as rice, corn, maize,
barley, and sugarcane, and dicotyledons such as beans, potatoes, avocados, kiwis, and nuts [8,14,15].
Fewer reports exist on the purification of cysteine protease inhibitors. In this work, we describe
the biotechnological potential of Araucaria angustifolia pine nuts on phytopathogenic organisms,
extending structural and functional characterization of a cysteine protease inhibitor toxic for human
tumor cell lines improving the qualification of the nuts as a functional food.

2. Results

To minimize possible proteolysis, the extract was heated at 60 ◦C for 15 min, and the inhibitory
activity of the cysteine proteases papain, cruzain, and human L-cathepsin was preserved. No inhibitory
activity was detected on cathepsin B or serine proteases, such as trypsin, human plasma kallikrein,
porcine pancreatic elastase, or human neutrophil elastase.

2.1. Effect of Extract on Adult Insects

Protease inhibitors have demonstrated insecticidal activity by interfering with digestion, which leads
to poor nutrient absorption and decreased amino acid bioavailability [16]. Thus, we investigate the
protective effect of pine nuts on adult termites.

The extract exhibited termiticidal activity on N. corniger workers at all tested concentrations
(Figure 1a). All the workers died after 10 days in the treatments with extract while 100% mortality
in negative control was reached only until the twentieth day. No significant differences (p > 0.05)
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were detected between the effects of the concentrations tested. Regarding the effect on soldiers,
the extract was also able to kill the insects at all tested concentrations (Figure 1b); in negative controls,
100% mortality occurred only on the seventeenth while in the treatment at 1.0 mg/mL, for example,
all insets had died on the fifth day.
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band of approximately 9 kDa (Figure 2a, lane 4). Reverse-phase chromatography onto a C-18 column 
in an HPLC system (Figure 2c) exhibited the presence of a single major peak, indicating the purity of 
the preparation. 

Figure 1. Effect of A. angustifolia seed extract on the survival of Nasutitermes corniger workers (a,c)
and soldiers (b,d) during 20 days. Saline solution (0.15 M NaCl) was used in negative control. Each point
represents the mean ± standard deviations of three repetitions. (* p < 0.05, ** p < 0.005, *** p < 0.0001;
one way-ANOVA, follow Tukey’s multiple comparison test).

2.2. Purification of the Cysteine Protease Inhibitor AaCI-2S

The characterization of the cysteine protease inhibitor became the focus of the present study because
it is not much studied in gymnosperms, like the inhibitors of serine proteases. The acetone-fractionated
proteins from the saline extract (Figure 2a, line 1) were separated by chromatography using a
DEAE-Sephadex anion exchange resin followed by the cation exchange chromatography in SP-Sephadex.
In the DEAE-Sephadex anion exchange resin, the inhibitor did not bind under the buffer at pH 8.
Even with the change in ionic strength and pH parameters, the chromatographic profile was not
modified, and most of the inhibitory activity was detected in the non-bonded material eluted with the
column equilibration buffer. Using the same buffering conditions, the inhibitor also did not bind to the
cationic resin SP-Sephadex. The papain inhibitory activity was detected after the chromatographies
were dialyzed, lyophilized, and loaded on a Superdex 30 column in an ÄKTA purifier system (GE Life
Sciences, USA). Figure 2b shows the protein profile and the location of the inhibitory activity indicated
by the second peak. Fractions with inhibitory activity were pooled and analyzed by SDS-PAGE and
reverse-phase chromatography. The estimated molecular mass of the inhibitor was around 18 kDa
(Figure 2a, lane 2), and under reducing conditions, it showed a unique band of approximately 9 kDa
(Figure 2a, lane 4). Reverse-phase chromatography onto a C-18 column in an HPLC system (Figure 2c)
exhibited the presence of a single major peak, indicating the purity of the preparation.
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Figure 2. Purification profile of the AaCI-2S inhibitor. (a) SDS-polyacrylamide gel electrophoresis 
(15%). Lane 1, Brazilian pine saline extract (100 µg); Lane 2, non-reduced AaCI-2S (20 µg); Lane 3, 
molecular mass markers; Lane 4, AaCI-2S (10 µg) under reducing conditions. (b) Superdex 30 column 
equilibrated with 0.05 M Tris-HCl buffer (pH 8.0) containing 0.15 M NaCl at a flow rate of 0.5 mL/min. 
Absorbance at 280 nm is indicated in red and the inhibitory activity on papain in blue. The arrow 
indicates the fractions pooled. Sample: protein (2 mg A280) after ion-exchange chromatography. (c) 
Reverse-phase chromatography Vydac C-18 column. The proteins were eluted with an acetonitrile 
gradient in 0.1% TFA. 

2.3. Secondary Structure Estimation and Intrinsic Fluorescence Emission of AaCI-2S 

Circular dichroism (CD) spectroscopy was used to characterize the secondary structure of the 
inhibitory molecule. The spectrum displayed two negative bands, one at 208 and another at 222 nm, 
a positive band at 192 nm (Figure 3a), and its deconvolution estimated 58% of α-helix, 12% of β-turns, 
8% of β-sheets, and 22% of disordered structures. The cluster analysis indicated that AaCI-2S 
belonged to the α+β class of proteins, which presented a more pronounced band at 208 nm than the 
one at 222 nm [17], the typical secondary structure of members of the prolamin superfamily [18], 
similar to napin [19] and 2S albumin isolated from melon Momordica charantia [20]. 

The emission fluorescence measurements of the AaCI-2S aromatic amino acids with excitation 
wavelengths at 280 nm (blue line) and 295 nm (red line) are shown in Figure 3b. The recorded spectra 
were very different in both the form and location of the emission peak. The intrinsic fluorescence 
analysis exhibited that with an excitation at 295 nm, the emission peak occurred at 341 nm, which is 
a characteristic profile of tryptophan class II residues partially exposed to solvent, as in sunflower 
[21] and buckwheat Fagopyrum esculentum 2S albumins [22]. 

Figure 2. Purification profile of the AaCI-2S inhibitor. (a) SDS-polyacrylamide gel electrophoresis
(15%). Lane 1, Brazilian pine saline extract (100 µg); Lane 2, non-reduced AaCI-2S (20 µg); Lane 3,
molecular mass markers; Lane 4, AaCI-2S (10 µg) under reducing conditions. (b) Superdex 30 column
equilibrated with 0.05 M Tris-HCl buffer (pH 8.0) containing 0.15 M NaCl at a flow rate of 0.5 mL/min.
Absorbance at 280 nm is indicated in red and the inhibitory activity on papain in blue. The arrow
indicates the fractions pooled. Sample: protein (2 mg A280) after ion-exchange chromatography.
(c) Reverse-phase chromatography Vydac C-18 column. The proteins were eluted with an acetonitrile
gradient in 0.1% TFA.

2.3. Secondary Structure Estimation and Intrinsic Fluorescence Emission of AaCI-2S

Circular dichroism (CD) spectroscopy was used to characterize the secondary structure of the
inhibitory molecule. The spectrum displayed two negative bands, one at 208 and another at 222 nm,
a positive band at 192 nm (Figure 3a), and its deconvolution estimated 58% of α-helix, 12% of β-turns,
8% of β-sheets, and 22% of disordered structures. The cluster analysis indicated that AaCI-2S belonged
to the α+β class of proteins, which presented a more pronounced band at 208 nm than the one at
222 nm [17], the typical secondary structure of members of the prolamin superfamily [18], similar to
napin [19] and 2S albumin isolated from melon Momordica charantia [20].Plants 2020, 9, x FOR PEER REVIEW 5 of 21 

 

 

Figure 3. Spectroscopic characteristics of the AaCI-2S. Samples contained a 3 µM concentration of 
inhibitor, in PBA buffer 10 mM, pH 7.0. (a) Far UV-CD spectrum was recorded using a 1 mm cell path 
length cylindrical cuvette with an average of 8 scans, at 25 °C. The CDPro program was used to 
estimate the AaCI-2S secondary structure. (b) Fluorescence emission spectra of AaCI-2S. The samples 
were excited at 280 nm and 295 nm, and the fluorescence emission was monitored in the 290–450 and 
305–450 nm ranges, respectively, at 25 °C. 

2.4. Effects of pH and Temperature on the Activity and Structure of the AaCI-2S Inhibitor 

AaCI-2S was stable over a wide pH range (Figure 4a) and temperature (Figure 4b). Its stability 
was confirmed by CD spectroscopy since no modifications of its secondary structure were observed 
in the pH range of 2 to 10 (Figure 5a). The results of the intrinsic fluorescence emission of this inhibitor 
revealed that the microenvironment of Trp residues also did not undergo significant changes in this 
pH range (Figure 5b), maintaining the emission peak at around 341 nm and subtle variations in 
intensity. However, as these residues are already partially exposed to the solvent, the ANS extrinsic 
probe was used to monitor the global conformational changes in the tertiary structure of the inhibitor. 
This dye has a low fluorescence quantum yield in aqueous environments because it binds 
preferentially to the hydrophobic sites, promoting a pronounced increase in the fluorescence 
intensity and a blue shift of the emission peak. Figure 5c showed that significant changes in the 
fluorescent properties of the probe occur only in acidic environments since the emission peak 
maximum shifts toward shorter wavelengths (from 510 nm to 478 nm) and the fluorescence intensity 
increases up to seven-fold, at pH 2, suggesting the exposure of hydrophobic regions at this pH, which 
was previously inaccessible to the probe. The thermal stability of the secondary structure of the 
inhibitor can be monitored by the decrease in the CD bands at 208 and 222 nm (Figure 5d). Partial 
loss of structure was observed after treatment at 100 °C, wherein the inhibitor lost 20% of its activity 
within 2 h (Figure 4b), but it did not disappear completely even after 3 or 4 h of incubation (Figure 
4c). 

Figure 3. Spectroscopic characteristics of the AaCI-2S. Samples contained a 3 µM concentration of
inhibitor, in PBA buffer 10 mM, pH 7.0. (a) Far UV-CD spectrum was recorded using a 1 mm cell
path length cylindrical cuvette with an average of 8 scans, at 25 ◦C. The CDPro program was used to
estimate the AaCI-2S secondary structure. (b) Fluorescence emission spectra of AaCI-2S. The samples
were excited at 280 nm and 295 nm, and the fluorescence emission was monitored in the 290–450 and
305–450 nm ranges, respectively, at 25 ◦C.
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The emission fluorescence measurements of the AaCI-2S aromatic amino acids with excitation
wavelengths at 280 nm (blue line) and 295 nm (red line) are shown in Figure 3b. The recorded spectra
were very different in both the form and location of the emission peak. The intrinsic fluorescence
analysis exhibited that with an excitation at 295 nm, the emission peak occurred at 341 nm, which is a
characteristic profile of tryptophan class II residues partially exposed to solvent, as in sunflower [21]
and buckwheat Fagopyrum esculentum 2S albumins [22].

2.4. Effects of pH and Temperature on the Activity and Structure of the AaCI-2S Inhibitor

AaCI-2S was stable over a wide pH range (Figure 4a) and temperature (Figure 4b). Its stability
was confirmed by CD spectroscopy since no modifications of its secondary structure were observed in
the pH range of 2 to 10 (Figure 5a). The results of the intrinsic fluorescence emission of this inhibitor
revealed that the microenvironment of Trp residues also did not undergo significant changes in this pH
range (Figure 5b), maintaining the emission peak at around 341 nm and subtle variations in intensity.
However, as these residues are already partially exposed to the solvent, the ANS extrinsic probe was
used to monitor the global conformational changes in the tertiary structure of the inhibitor. This dye
has a low fluorescence quantum yield in aqueous environments because it binds preferentially to the
hydrophobic sites, promoting a pronounced increase in the fluorescence intensity and a blue shift
of the emission peak. Figure 5c showed that significant changes in the fluorescent properties of the
probe occur only in acidic environments since the emission peak maximum shifts toward shorter
wavelengths (from 510 nm to 478 nm) and the fluorescence intensity increases up to seven-fold, at pH
2, suggesting the exposure of hydrophobic regions at this pH, which was previously inaccessible to
the probe. The thermal stability of the secondary structure of the inhibitor can be monitored by the
decrease in the CD bands at 208 and 222 nm (Figure 5d). Partial loss of structure was observed after
treatment at 100 ◦C, wherein the inhibitor lost 20% of its activity within 2 h (Figure 4b), but it did not
disappear completely even after 3 or 4 h of incubation (Figure 4c).Plants 2020, 9, x FOR PEER REVIEW 6 of 21 

 

 
Figure 4. Effects of pH and temperature on the activity of the AaCI-2S inhibitor. (a) Functional 
stability at different pH values. The inhibitor samples were pre-incubated in solutions with different 
pH values for 30 min, neutralized to an initial pH (8.0), and the inhibitory activity on papain assay 
was measured. (b) Functional stability at different temperatures. The inhibitor was heated at different 
temperatures for 30 min. (c) Functional stability at 100 °C for up to 4 h. After boiling, the inhibitory 
activity on papain was measured. ((b,c) after different pretreatment temperatures, the samples were 
cooled down at room temperature for 30 min before the inhibitory assays). (*** p < 0.0001, one-way 
ANOVA, follow Tukey’s multiple comparison test). 

Figure 4. Effects of pH and temperature on the activity of the AaCI-2S inhibitor. (a) Functional stability
at different pH values. The inhibitor samples were pre-incubated in solutions with different pH values
for 30 min, neutralized to an initial pH (8.0), and the inhibitory activity on papain assay was measured.
(b) Functional stability at different temperatures. The inhibitor was heated at different temperatures for
30 min. (c) Functional stability at 100 ◦C for up to 4 h. After boiling, the inhibitory activity on papain
was measured. ((b,c) after different pretreatment temperatures, the samples were cooled down at room
temperature for 30 min before the inhibitory assays). (*** p < 0.0001, one-way ANOVA, follow Tukey’s
multiple comparison test).
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Figure 5. Effects of pH and temperature on AaCI-2S conformation. For pH dependence assays, the 
inhibitor (4 µM) was incubated in 10 mM PBA buffer for 30 min, at 25 °C: (a) Far-UV CD spectra, (b) 
Tryptophan fluorescence spectra of the AaCI-2S at different pH values (blue line, pH 2.0; black line, 
pH 7.0 and red line, pH 10.0) (c) ANS fluorescence spectra in the absence (cyan line) and presence of 
AaCI-2S as a function of pH. Spectra were taken 30 min after the addition of ANS probe to the protein 
samples. (d) Temperature effects on CD spectra of AaCI-2S (4 µM), in 10 mM PBA buffer, pH 7.0. 
Before measurements, samples were incubated at their respective temperatures for 30 min and then 
cooled to 25 °C. 

2.5. Inhibitor Sequence 

The amino acid sequence of the inhibitor when compared with other protein sequences in the 
UniProt Knowledgebase database reveals similarities with 2S albumins of conifers and angiosperms. 
Because of the inhibitory activity on cysteine proteases and the structural similarity with 2S-albumin, 
the isolated A. angustifolia inhibitor was named AaCI-2S. Figure 6 showed the multiple alignments of 
AaCl-2S with conifer and angiosperm 2S albumin. The highest scores were obtained with conifers 
Pinus strobus, Picea glauca, and Pseudotsuga menziesii and with the angiosperms Corylus avellana (hazel) 
and Anacardium occidentale (cashew tree). A comparison of the AaCl-2S sequence was also performed 
using the BLAST program with those deposited in the MEROPS database of peptidases and their 
inhibitors. The search revealed a similar identity with a family of proteins whose inhibitory activity 
has not yet been demonstrated, denominated in the database by “Family I6 unassigned peptidase 
inhibitor homolog.” The protein sequence data reported in this paper will appear in the UniProt 
Knowledgebase under the accession number C0HLT8. 

Figure 5. Effects of pH and temperature on AaCI-2S conformation. For pH dependence assays,
the inhibitor (4 µM) was incubated in 10 mM PBA buffer for 30 min, at 25 ◦C: (a) Far-UV CD spectra,
(b) Tryptophan fluorescence spectra of the AaCI-2S at different pH values (blue line, pH 2.0; black line,
pH 7.0 and red line, pH 10.0) (c) ANS fluorescence spectra in the absence (cyan line) and presence of
AaCI-2S as a function of pH. Spectra were taken 30 min after the addition of ANS probe to the protein
samples. (d) Temperature effects on CD spectra of AaCI-2S (4 µM), in 10 mM PBA buffer, pH 7.0.
Before measurements, samples were incubated at their respective temperatures for 30 min and then
cooled to 25 ◦C.

2.5. Inhibitor Sequence

The amino acid sequence of the inhibitor when compared with other protein sequences in the
UniProt Knowledgebase database reveals similarities with 2S albumins of conifers and angiosperms.
Because of the inhibitory activity on cysteine proteases and the structural similarity with 2S-albumin,
the isolated A. angustifolia inhibitor was named AaCI-2S. Figure 6 showed the multiple alignments of
AaCl-2S with conifer and angiosperm 2S albumin. The highest scores were obtained with conifers
Pinus strobus, Picea glauca, and Pseudotsuga menziesii and with the angiosperms Corylus avellana (hazel)
and Anacardium occidentale (cashew tree). A comparison of the AaCl-2S sequence was also performed
using the BLAST program with those deposited in the MEROPS database of peptidases and their
inhibitors. The search revealed a similar identity with a family of proteins whose inhibitory activity has
not yet been demonstrated, denominated in the database by “Family I6 unassigned peptidase inhibitor
homolog.” The protein sequence data reported in this paper will appear in the UniProt Knowledgebase
under the accession number C0HLT8.

178



Plants 2020, 9, 1676

Plants 2020, 9, x FOR PEER REVIEW 8 of 21 

 

 

Figure 6. Comparison between the amino acid sequence obtained from AaCI-2S with precursors of 
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ClustaW2. Similar strings include D0PWG2_CORAV: hazelnut (Corylus avellana); B6EU55_BEREX: 
Brazil nut (Bertollethia excelsa); Q8L694_MOMCH: São Caetano melon (Momordica charantia), 
B9SA28_RICCO: castor bean (Ricinus communis); Q8H2B8_ANAOC: cashew nut (Anacardium 
occidentale); Q40997_PINST: pinus (Pinus strobus); O81412_PICGL: spruce (Picea glauca); and 
O64931PSEMZ: Douglas fir (Pseudotsuga menziesii). Spaces (-) were introduced to maintain alignment. 
The eight conserved cysteine residues are indicated numerically in blue. The conserved hydrophobic 
residues are in red, and the arrows indicate a region rich in arginine and glutamic acid residues. 

2.6. Biological Properties of AaCl-2S 

The inhibition curves of some cysteine proteases by AaCl-2S was reported in Figure 7. The 
calculated Kiapp of the inhibition of cathepsin L (Kiapp = 0.01 nM) was about 20 times lower than that 
of papain inhibition (Kiapp = 0.2 nM), which reflects a greater affinity for cathepsin L. AaCI-2S 
presented no inhibitory activity on cathepsin B, but it also inhibited other enzymes in the papain 
family, such as ficin (Kiapp = 1.1 nM) and bromelain (Kiapp = 8.4 nM). No inhibitory activity was detected 
on serine proteases (trypsin, human plasma kallikrein, and elastase). 

Figure 6. Comparison between the amino acid sequence obtained from AaCI-2S with precursors of 2S
reserve proteins from angiosperms and gymnosperms. The sequences were aligned using ClustaW2.
Similar strings include D0PWG2_CORAV: hazelnut (Corylus avellana); B6EU55_BEREX: Brazil nut
(Bertollethia excelsa); Q8L694_MOMCH: São Caetano melon (Momordica charantia), B9SA28_RICCO:
castor bean (Ricinus communis); Q8H2B8_ANAOC: cashew nut (Anacardium occidentale); Q40997_PINST:
pinus (Pinus strobus); O81412_PICGL: spruce (Picea glauca); and O64931PSEMZ: Douglas fir
(Pseudotsuga menziesii). Spaces (-) were introduced to maintain alignment. The eight conserved
cysteine residues are indicated numerically in blue. The conserved hydrophobic residues are in red,
and the arrows indicate a region rich in arginine and glutamic acid residues.

2.6. Biological Properties of AaCl-2S

The inhibition curves of some cysteine proteases by AaCl-2S was reported in Figure 7.
The calculated Kiapp of the inhibition of cathepsin L (Kiapp = 0.01 nM) was about 20 times lower than that
of papain inhibition (Kiapp = 0.2 nM), which reflects a greater affinity for cathepsin L. AaCI-2S presented
no inhibitory activity on cathepsin B, but it also inhibited other enzymes in the papain family, such as
ficin (Kiapp = 1.1 nM) and bromelain (Kiapp = 8.4 nM). No inhibitory activity was detected on serine
proteases (trypsin, human plasma kallikrein, and elastase).
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Figure 7. AaCI-2S inhibitory properties. Increasing the concentration of Araucaria angustifolia cysteine 
protease inhibitor was incubated with (a) papain (2 nM), (b) ficin, and (c) bromelain for 20 min, at 40 
°C in 0.1 M Na2PO4 buffer (pH 6.3) containing 0.4 M NaCl, 0.01 M EDTA, and 8 mM DTT, the 
enzymatic activities were determined by the hydrolysis of Z-Phe-Arg-pNan (5 mM). 

2.7. Effect of AaCI-2S on Predatory Insect Enzymes 

Enzymes of the class of cysteine proteases are the major proteolytic enzymes of coleopteran 
larvae. One of the physiological reasons for the presence of proteins with inhibitory activity in plant 
seeds is their involvement in the mechanism of seed protection against predatory insects. For this 
reason, we used larvae from the cowpea bruchid, Callosobruchus maculatus, a predator of string bean 
seeds Vigna unguiculata, as a model to investigate whether purified AaCI-2S would decrease the 
proteolytic activity in the midgut extract of these larvae. Figure 8a indicated the rapid interaction of 
the inhibitor added to the incubation medium after 40 min and the resulting decrease in proteolytic 
activity on the colorimetric substrate Z-Phe-Arg-pNan. Figure 8b showed the inhibitory effect of 
increasing the concentrations of AaCl-2S on the residual activity of cysteine proteases present in the 
midgut of larvae. 

Figure 7. AaCI-2S inhibitory properties. Increasing the concentration of Araucaria angustifolia cysteine
protease inhibitor was incubated with (a) papain (2 nM), (b) ficin, and (c) bromelain for 20 min, at 40 ◦C
in 0.1 M Na2PO4 buffer (pH 6.3) containing 0.4 M NaCl, 0.01 M EDTA, and 8 mM DTT, the enzymatic
activities were determined by the hydrolysis of Z-Phe-Arg-pNan (5 mM).
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2.7. Effect of AaCI-2S on Predatory Insect Enzymes

Enzymes of the class of cysteine proteases are the major proteolytic enzymes of coleopteran larvae.
One of the physiological reasons for the presence of proteins with inhibitory activity in plant seeds
is their involvement in the mechanism of seed protection against predatory insects. For this reason,
we used larvae from the cowpea bruchid, Callosobruchus maculatus, a predator of string bean seeds
Vigna unguiculata, as a model to investigate whether purified AaCI-2S would decrease the proteolytic
activity in the midgut extract of these larvae. Figure 8a indicated the rapid interaction of the inhibitor
added to the incubation medium after 40 min and the resulting decrease in proteolytic activity on
the colorimetric substrate Z-Phe-Arg-pNan. Figure 8b showed the inhibitory effect of increasing the
concentrations of AaCl-2S on the residual activity of cysteine proteases present in the midgut of larvae.Plants 2020, 9, x FOR PEER REVIEW 10 of 21 

 

 

Figure 8. Action of AaCI-2S on the proteolytic activity of Callosobruchus maculatus larvae. (a) The blue 
line indicates the increase of proteolytic activity on Z-Phe-Arg-pNan. of the medium intestinal extract 
containing 43 µg of total proteins. The arrow indicates the time of the addition of 10 µg of the inhibitor 
to the incubation medium. The pink line indicates a decrease in proteolytic activity. (b) Inhibition of 
the proteolytic activity extracted from the intestine of Callosobruchus maculatus. A medium intestinal 
extract containing 11.5 µg of proteins was preincubated at 37 °C for 10 min with increasing 
concentrations of AaCl-2S in 0.1 M Na2PO4 buffer at pH 6.3, 0.4 M NaCl, 01 M, and 8 mM DTT. 
Residual activity was determined by the hydrolysis of Z-Phe-Arg-pNan (5 mM). 

2.8. Investigation on the Antitumor Activity of AaCI-2S  

Pine nuts are used by man as a functional food and, since cysteine proteases are involved in 
several types of tumors, we were interested in investigating the effect of AaCI-2S on tumor cells, 
where cathepsin L is recognized to play an important role, as in the models of gastric cancer and 
prostate cancer. 

The effects of the inhibitor on the proliferation of prostate cancer cells (DU-145 and PC3), gastric 
cancer (Hs746T), and non-tumor human fibroblasts were illustrated in Figure 9. The inhibitor did not 
affect fibroblast (a) proliferation, while it inhibited the proliferation of both prostate cancer cell lines 
PC3 (b), DU-145 cells (c), and of the Hs746T cells (d). 

Figure 8. Action of AaCI-2S on the proteolytic activity of Callosobruchus maculatus larvae. (a) The blue
line indicates the increase of proteolytic activity on Z-Phe-Arg-pNan. of the medium intestinal extract
containing 43 µg of total proteins. The arrow indicates the time of the addition of 10 µg of the inhibitor
to the incubation medium. The pink line indicates a decrease in proteolytic activity. (b) Inhibition of the
proteolytic activity extracted from the intestine of Callosobruchus maculatus. A medium intestinal extract
containing 11.5 µg of proteins was preincubated at 37 ◦C for 10 min with increasing concentrations of
AaCl-2S in 0.1 M Na2PO4 buffer at pH 6.3, 0.4 M NaCl, 01 M, and 8 mM DTT. Residual activity was
determined by the hydrolysis of Z-Phe-Arg-pNan (5 mM).

2.8. Investigation on the Antitumor Activity of AaCI-2S

Pine nuts are used by man as a functional food and, since cysteine proteases are involved in
several types of tumors, we were interested in investigating the effect of AaCI-2S on tumor cells,
where cathepsin L is recognized to play an important role, as in the models of gastric cancer and
prostate cancer.

The effects of the inhibitor on the proliferation of prostate cancer cells (DU-145 and PC3),
gastric cancer (Hs746T), and non-tumor human fibroblasts were illustrated in Figure 9. The inhibitor
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did not affect fibroblast (a) proliferation, while it inhibited the proliferation of both prostate cancer cell
lines PC3 (b), DU-145 cells (c), and of the Hs746T cells (d).Plants 2020, 9, x FOR PEER REVIEW 11 of 21 

 

 

Figure 9. Effects of the inhibitor on the proliferation of prostate cancer cells, gastric cancer, and human 
fibroblasts. Effect of AaCl-2S on the proliferation of (a) fibroblasts, (b) PC3, (c) DU145, and (d) Hs746T 
cells. Cells were pre-incubated with increasing concentrations of AaCl-2S for 15 min at room 
temperature and analyzed at different incubation times (* p < 0.05, unpaired t-test). 

3. Discussion 

In angiosperms, a considerable fraction of seed proteins includes inhibitors of serine proteases; 
however, to date, not many protease inhibitors have been purified and characterized in 
gymnosperms [23]. This was also confirmed by our investigation since, in the present study, the saline 
extract of A. angustifolia seeds did not inhibit trypsin or other serine proteases. A trypsin inhibition 
has been detected in the embryo tissues only after sample concentration with acetone precipitation 
[24]. In contrast, the saline extract inhibited two cysteine proteases, papain, and the enzyme cruzain 
(a recombinant form of the cysteine protease cruzipain from Trypanosoma cruzi) [25].  

To our knowledge, there are no reports on the effects of cysteine protease inhibitors against 
termites. However, the deleterious effects found in termites have been attributed to lectins and serine 
protease inhibitors [16,26–28] and this might not be the case of pine nuts. Although further studies 
are needed, the description of the termiticidal potential of the seeds is relevant, as it shows that nature 
has selected an alternative to its century-old forest protection against this pest. This property can be 
exploited commercially as an alternative for the use of Araucária other than its wood, thus protecting 
the forest, a world heritage site. 

The presence of papain inhibitors has been reported in seeds of some gymnosperms such as 
Pinus maritima, Picea pungens, and A. angustifolia [29]; however, purification and characterization of 
the inhibitory activity were not achieved. We did not find any purified gymnosperm phytocystatin 
in the protein databases, but approximately 200 sequences have been identified through comparative 
genomic analysis [30]. These analyses have been largely useful for information on the conservation 
and evolution of proteolytic enzymes and their inhibitors [31]. 

The concentration of the inhibitor, determined by titration with papain, was 17 mg/kg. The first 
cysteine protease inhibitor (oryzacystatin) identified in rice during the 1980s occurs at a concentration 

Figure 9. Effects of the inhibitor on the proliferation of prostate cancer cells, gastric cancer, and human
fibroblasts. Effect of AaCl-2S on the proliferation of (a) fibroblasts, (b) PC3, (c) DU145, and (d)
Hs746T cells. Cells were pre-incubated with increasing concentrations of AaCl-2S for 15 min at room
temperature and analyzed at different incubation times (* p < 0.05, unpaired t-test).

3. Discussion

In angiosperms, a considerable fraction of seed proteins includes inhibitors of serine
proteases; however, to date, not many protease inhibitors have been purified and characterized
in gymnosperms [23]. This was also confirmed by our investigation since, in the present study, the
saline extract of A. angustifolia seeds did not inhibit trypsin or other serine proteases. A trypsin
inhibition has been detected in the embryo tissues only after sample concentration with acetone
precipitation [24]. In contrast, the saline extract inhibited two cysteine proteases, papain, and the
enzyme cruzain (a recombinant form of the cysteine protease cruzipain from Trypanosoma cruzi) [25].

To our knowledge, there are no reports on the effects of cysteine protease inhibitors against
termites. However, the deleterious effects found in termites have been attributed to lectins and serine
protease inhibitors [16,26–28] and this might not be the case of pine nuts. Although further studies are
needed, the description of the termiticidal potential of the seeds is relevant, as it shows that nature
has selected an alternative to its century-old forest protection against this pest. This property can be
exploited commercially as an alternative for the use of Araucária other than its wood, thus protecting
the forest, a world heritage site.

The presence of papain inhibitors has been reported in seeds of some gymnosperms such as
Pinus maritima, Picea pungens, and A. angustifolia [29]; however, purification and characterization of the
inhibitory activity were not achieved. We did not find any purified gymnosperm phytocystatin in
the protein databases, but approximately 200 sequences have been identified through comparative
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genomic analysis [30]. These analyses have been largely useful for information on the conservation
and evolution of proteolytic enzymes and their inhibitors [31].

The concentration of the inhibitor, determined by titration with papain, was 17 mg/kg. The first
cysteine protease inhibitor (oryzacystatin) identified in rice during the 1980s occurs at a concentration
of 2–3 mg/kg [32] and its structural and functional characterization was investigated only after its
recombinant form was reported [33]. In contrast, the concentration of trypsin inhibitors is rather
high in legumes [34], for example, the concentration in Enterolobium contortisiliquum is approximately
5600 mg/kg [35].

The fact that the inhibitor does not bind to ion exchange resins is an alternative and effective
method for use in the processing of large amounts of extract through the batchwise system. Using this
strategy, most of the proteins with a molecular weight above 25 kDa were eliminated, thereby favoring
size exclusion chromatography in Superdex 30, in which the inhibitory activity was detected only in
the second peak. Structurally, the protein database sequences displayed high similarity with conserved
proteins of the 2S albumin family and no sequence homology with the typical phytocystatins or with
other plant inhibitors of cysteine proteases as the described inhibitor of B. bauhinioides, BbCI, which also
differs from phytocystatins [36].

From the earliest studies with protease inhibitors in plants, their potential role as a reserve
protein has been postulated. The similarity with the 2S albumins of the gymnosperms Picea glauca,
Pseudotsuga menziesii [37], and Pinus strobus was 64%, 55%, and 52.6%, respectively. Similarities of 62.5%
and 67.5% were also observed with some 2S angiosperm albumins such as Corylus hazelnut [38] and
Anacardium occidentale (cashew nuts) [39], respectively. Thus, based on similarities, sequence alignment,
and arrangement of conserved cysteine residues, we can conclude that the Araucaria angustifolia

inhibitor is a reserve protein of the 2S albumins class which justified the denomination adopted in this
work (AaCI-2S). The AaCI-2S also displayed a high content of arginine residues, which is a common
feature in conifer reserve proteins. Furthermore, 8 cysteine residues and the hydrophobic residues
flanking cysteine residues are conserved positions in relation to the 2S gymnosperm and angiosperm
albumins as in the sequence of 2S albumin from Pseudotsuga menziesii [37]. Additionally, AaCI-2S
displays a molecular mass of 18 kDa and two identical polypeptide chains linked by disulfide bonds
similar to the storage protein 2S albumin. Although the reserve function of proteins is usually assigned
to 2S albumins, other biological activities have been described such as inhibiting fungal growth [20],
hemagglutinating activity [40], the inhibitory activity of trypsin [41], and in the case of AaCI-2S,
the inhibitory activity of cysteine proteases.

Many larvae of insects of the order Coleoptera are predators of seeds and the presence of cysteine
proteases as digestive enzymes [42] leads to the hypothesis of a possible exogenous protective role of
inhibitor of this class of enzymes. Numerous studies evidencing the in vitro and in vivo inhibition
of the digestive proteases of these larvae [43,44] and on the growth of fungi [45] support this role.
The possible action of the inhibitor to act as a defense protein was confirmed by the rapid and effective
inhibition of the cysteine protease activity present in the insect intestine suggesting that this inhibitor
may be employed in the functional study of these enzymes. Naturally, these insects do not use the
seeds of Araucaria, but the result is interesting in the sense of indicating how proteins can be strategic
in the composition of compounds involved in the protection of seeds in general.

The presence of protease inhibitors in legume seeds and cereals added to epidemiological studies
that identify legumes as potential protective agents in reducing the incidence of some types of cancer in
the vegetarian population have stimulated a series of studies involving inhibitory proteases influencing
tumor promotion in vivo and in vitro [46–48].

In addition to the inhibition of cruzain and papain, AaCI-2S seems to be selective regarding the
two human cathepsins tested, since cathepsin L was inhibited while cathepsin B activity was not altered.
Both are medically relevant targets because they are involved in many physiological and pathological
processes such as apoptosis, inflammation, and cancer [49]. Among other functions, cathepsins (mainly
cathepsins B and L) are involved in extracellular matrix degradation, facilitating the growth, invasion,
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and metastasis of tumor cells [50,51]. AaCl-2S can interfere with the cellular proliferation of the two cell
lines of prostate cancer and shows a more effective inhibitory effect on the proliferation of gastric tumor
cells. Increased activity of cathepsins B and L and the reduction of secreted endogenous cystatins have
been observed in prostate cancer cell lines PC3 and DU145. The invasive ability of these cell lines was
partially inhibited by E-64, a synthetic inhibitor of cysteine proteases [52]. It is worth mentioning that
the non-interference in non-tumorigenic cells demonstrate the inhibitory selectivity in cancer cell lines.
As the seeds of Araucaria are used as food, their antiproliferative effect is of nutritional significance for
future studies and provides important information regarding the benefits of including the pine nut in
our diet.

The overall yield of the inhibitor by the purification process was low (12%), thus obtaining large
amounts of inhibitor is difficult. Notably, this loss is not due to thermal stability, since the inhibitor
spectra following treatment at different temperatures exhibited a structure that was quite resistant to
thermal denaturation, displaying small conformational changes after heating up to 80 ◦C. Only the
treatment at 100 ◦C caused a modification of the inhibitor structure with a partial loss of structure.
These results are consistent with other observations regarding the thermostability of many members of
the prolamin superfamily, such as the presence of intramolecular disulfide bonds, which have been
implicated in this thermostability [53]. The maintenance of the inhibitory activity against papain after
heating and exposure to extreme pH values indicates that the inhibitor is functionally stable. Many other
protease inhibitors purified from plant seeds exhibit high stability at various temperatures [54], but we
were surprised that the inhibitor isolated from the Araucaria seed maintained its activity even after a
60 min treatment at 100 ◦C and may implicate in the qualification of pine nuts as a functional food
since they are normally consumed roasted or cooked.

4. Material and Methods

4.1. Plant Material

Araucaria angustifolia (Bertol.) O. Kuntze plant material was deposited in the Herbarium of
Universidade Estadual da Bahia, UEDB, identified as HUESB 12431. The studies were conducted in
accordance with Brazilian legislation (license no. 02/2014, process 02000.003472/2005– 62 Ministério do
Meio Ambiente, Coordenação Geral de Autorização de uso da Flora e Floresta, SCEN).

The seeds were purchased from the city of Campos do Jordão—SP from the natural occurrence of
A. angustifolia located in Campos do Jordão State Park.

4.2. Experimental Reagents

Bovine serum albumin, fibronectin, human neutrophil elastase (EC 3.4.2.37), and porcine pancreas
elastase (EC 3.4.21.7) were purchased from Calbiochem®—(EMD Chemicals Inc., Port Wentworth,
GA, USA). Bovine trypsin (EC 3.4.21.4), papain (EC 3.4.22.2), bromelain (EC 3.4.22.32), and ficin
(3.4.22.3) were obtained from Sigma-Aldrich (Co., St. Louis, MI, USA). Kallikrein (human plasma)
(EC 3.4.21.34) was purified according to Oliva [55]. Cruzain, cathepsin B, and L were provided by
Prof. Dr. Luís Juliano Neto, Department of Biophysics, UNIFESP. Chromogenic substrates derived
from p-nitroanilide (Bz-Arg-pNan, HD-Pro-Phe-Arg-pNan, Suc-Phe-pNan, HD-Val-Leu-Lys-pNan,
HD-Phe-L-Pip-L -Arg-pNan, MeO-Suc-Ala-Ala-Pro-Val-pNan, N-Suc-Ala-Ala-Pro-Phe-pNan), and the
fluorimetric aminomethyl coumarin substrate Z-Phe-Arg AMC were obtained from Calbiochem®

(EMD Chemicals Inc., USA), and starch from Sigma-Aldrich Co. (Saint Louis, MO, USA).
DEAE–Sephadex® A-50; SP-Sephadex® C-50 e Superdex® 30 (GE Healthcare, Chicago, IL,

USA)—Biogel® P30 (Bio-Rad Laboratories, Hercules, CA, USA)—C18 column Protein & Peptide

(Vydac® Ultrasphere—Brea, CA, USA)—Column Aquapore® RP 300 C (Varian, Palo Alto, CA,
USA). Dinitrosalicylic acid (ADNS), ammonium persulfate, MTT salt, toluidine blue dye, E-64,
and 1-anilinonaphthalene-8-sulfonic acid (ANS) probe were obtained from Sigma-Aldrich Co. (USA).
Coomassie Brilliant Blue R-250 was obtained from Bio-Rad Laboratories (USA). Fetal bovine serum LB
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broth, cell culture media, RPMI 1640, DMEM, TEMED, and dithiothreitol from Gibco Invitrogen Co.
(Waltham, MA, USA). Acrylamide and N, N, and methylene bisacrylamide were obtained from Serva
(Heidelberg, Germany). Molecular weight standards were obtained from Fermentas Inc. (Burlington,
ON, Canada) and Bio-Rad Laboratories (USA).

4.3. Cells

The PC3 cell line of prostate adenocarcinoma and the cell line HsT46T of gastric adenocarcinoma
were provided by Prof. Dr. Barbara Mayer, from the Klinikum Groβhadern Surgery Department,
University of Munich, Germany. The DU145 prostate adenocarcinoma cell line was provided by Prof.
Dr. Heloisa Selistre de Araújo, from the Department of Physiological Sciences at the Federal University
of São Carlos. The human lineage of fibroblasts, obtained from cells of the amniotic fluid, was provided
by Prof. Dr. Leny Toma, from the Biochemistry Department at the Federal University of São Paulo.

4.4. Protein Extraction and Fractionation

The seeds were ground in a blender with a 0.15 M NaCl solution, at a 10% (w/v) density,
heated at 60 ◦C for 30 min, cooled in an ice bath for 30 min, stirred at room temperature for 20 min,
filtered with cotton and gauze, and centrifuged at 6000× g for 15 min at 4 ◦C. Proteins were estimated
spectrophotometrically (A280) as well as by Bradford (1976) [56] assay using bovine serum albumin as
the standard.

4.5. Inhibitory Activity

The protein extract of plant seeds as well as the purified inhibitor was tested on proteases.
The p-nitroaniline released as a hydrolysis product was measured at 405 nm using a SpectraCount
spectrophotometer. In the case of the fluorogenic substrate Z-Phe-Arg-AMC, the Hitachi F-2000
spectrofluorometer was used with excitation and emission wavelengths of 380 and 460 nm, respectively.
Different concentrations of the inhibitor solutions were added to the appropriate volumes of activated
enzymes in a 100-µL volume of buffer. The volume was topped to 230 µL with a 0.15 M NaCl solution
and the mixture was pre-incubated at 37–40 ◦C for 10 min before the addition of the substrate. The
reaction proceeded for 20–30 min at 37–40 ◦C and was stopped by the addition of 40% acetic acid (v/v).
The absorbance obtained in the absence of the extracts was considered as 100% of enzymatic activity,
and the inhibition was expressed as the reduction of enzyme activity percentage [57].

The concentration of active papain was determined by titration with the synthetic inhibitor E-64
according to Zucker et al. [58]. Once the inhibitory activity of papain was determined, the purified
protein was titrated and used to determine the dissociation constants of the enzyme/inhibitor complexes
(Kiapp) with other cysteine proteases. The determinations were performed following the model
suggested by Morrison adapted to an enzymatic kinetics program for computer graphics, and the
numerical value was calculated using the GraFit program [59].

4.6. Evaluation of the Extract Effects on Adult Insect Survival

The insecticidal activity of the extract was evaluated by a bioassay based on the method described
by Kang [60]. Each assay consisted of a Petri dish (90 × 15 mm) with the bottom covered by a paper
filter. Disks (4 cm in diameter) of paper filter were impregnated with 200 µL of extract (0.2, 0.4,
0.8, or 1.0 mg/mL). In the negative control, 200 µL of 0.15 M NaCl was added to the disks. A total
of 20 active termites (at a worker-to-soldier ratio of 4:1) were transferred to each dish, which was
maintained at 28 ◦C in the dark. Insect survival was evaluated daily until the death of all insects.
The bioassays were carried out in quadruplicate for each tested concentration, and the survival rates
(%) were calculated.
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4.7. Inhibitor Purification by Ion-Exchange Chromatography (Batchwise)

The proteins from seed extract were precipitated by the slow addition of ice-cold acetone to a
final concentration of 80% (v/v). After a sedimentation period (30 min), part of the acetone was sucked
out with a rubber cannula, and the remaining fraction was centrifuged at 3000× g for 15 min at 4 ◦C.
The acetone-precipitated proteins were spread on Petri dishes, dried at 24 ◦C, and then frozen until
use. The acetone-precipitated protein was dissolved in water (1 g/10 mL), centrifuged at 3000× g at
4 ◦C for 15 min, and the conductivity values of the solutions were adjusted by 0.05 M Tris-HCl (pH 8.0)
buffer using DEAE–Sephadex®, ion-exchange chromatography. The protein was added to the resins
and stirred for 30 min. The mixture was filtered through a funnel with a porous plate, and the resin
was washed with an equilibration buffer to remove the non-adsorbed proteins. Elution was performed
using 0.15 M or 0.3 M NaCl solution in the equilibration buffer. The non-adsorbed fraction containing
papain inhibitory activity was mixed with the SP-Sephadex resin and the procedure was repeated as
described above. Papain inhibitory activity was also detected in the non-adsorbed fraction.

4.8. Molecular Exclusion Chromatography

The non-retained ion exchanging fraction was dialyzed in water using a 10 kDa cut offmembrane,
lyophilized and dissolved in a 0.05 M Tris-HCl buffer (pH 8.0) containing 0.15 M of NaCl, centrifuged
at 10,000× g for 5 min at room temperature, and loaded onto a Superdex 30 column in a 0.05 M Tris-HCl
buffer (pH 8.0) containing a 0.15 M NaCl (equilibrium buffer) under a 0.5 mL/min flow rate in the ÄKTA
purifier system (GE Healthcare). The molecular mass of the inhibitor was estimated by standardizing
the column with ferritin (440 kDa), SBTI (20 kDa), cytochrome C (12.4 kDa), and aprotinin (6.5 kDa).
The protein profile was monitored by absorbance at 280 nm, and fractions (1 mL) with inhibitory
activity were pooled, dialyzed, and lyophilized.

4.9. Reverse-Phase Chromatography on an HPLC System

The protein from Superdex 30 chromatography was further purified by C18 reverse phase (Protein
& Peptide, 4.6 mm × 14 cm) in an HPLC system (Model SCL-6A—Shimadzu), equilibrated with a 0.1%
trifluoroacetic acid (TFA) solution in water (Solvent A). The elution was performed on a gradient of
0.1% TFA in water with 90% acetonitrile (Solvent B) under a constant flow rate of 0.7 mL/min [61].

4.10. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis

Denaturing electrophoresis was performed according to the method described by Laemmli [62]
on a polyacrylamide gel (15%) in the presence of SDS. The samples were treated with a reducing agent
in dithiothreitol-containing sample buffer (200 mg/mL) and heated for 10 min at 100 ◦C. The proteins
were visualized by staining with Coomassie blue R250 solution.

4.11. Estimation of Secondary Structure by Circular Dichroism (CD) Spectroscopy

The far-ultraviolet (UV) CD spectra of the purified inhibitor (an average of 8 scans) were recorded
on a J-810 (Jasco Corporation, Tokyo, Japan) spectropolarimeter within the range of 190 to 250 nm in a
1-mm optical path cylindrical quartz cuvette at 25 ◦C. The inhibitor (3 µM) was dissolved in 10 mM PBA
buffer (pH 7.0) and its CD spectra were expressed as molar ellipticity [θ]. The estimated calculation of
the secondary structure fractions was performed using the CDPro deconvolution package, with the
Selcon3, Continll, and CDSSTR programs [63].

4.12. Intrinsic Fluorescence Measurements

The fluorescence emission measurements were obtained using an F-2500 fluorometer (Hitachi Ltd.,
Tokyo, Japan) at 25 ◦C in quartz cuvettes, with an optical path of 1 cm. Analyses were performed with
the purified inhibitor (3 µM) in 10 mM PBA buffer (pH 7.0). The sample was excited at 280 or 295 nm,
and the fluorescence emission was monitored in the range of 290–450 and 305–450 nm, respectively.
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The fluorescence emission spectra of buffers were subtracted from the spectra of the samples to
minimize the effect of light scattering and to perform baseline corrections [64].

4.13. Studies on the Influence of pH and Temperature on Structural Stability

Purified inhibitor structural stability was analyzed under different conditions through the
measurements of CD and intrinsic and extrinsic fluorescence emission. Samples of the inhibitor (4 µM)
in 10 mM PBA buffer (pH 7.0) were incubated at 25, 40, 80, and 100 ◦C for 30 min and then cooled.
Samples with the same concentration were incubated in solutions of different pH (pH 2, pH 4, pH 7,
and pH 10) for 30 min. After each treatment, the measurements of CD and intrinsic fluorescence were
performed under the same conditions described above. For the extrinsic fluorescence measurements,
the treated samples were incubated with the 8-anilino-1-naphthalenesulfonate probe (ANS), 90 µM in
10 mM PBA buffer, pH 7.0 for 15 min, at 25 ◦C, and the fluorescence spectra were recorded at 400 to
650 nm with a 385 nm excitation, 30 min after adding the probe.

4.14. N-Terminal Sequence Determination

After reverse phase chromatography, the inhibitor (2 nM) was dissolved in 300 µL of buffer 0.25 M
Tris-HCl (pH 8.5) containing 6 M guanidine, 1 mM EDTA, and 5 µL of β-mercaptoethanol and then
incubated for 2 h at 37 ◦C, under a nitrogen-saturated atmosphere in the absence of light. Alkylation
was performed with the addition of 5 mL of vinylpyridine and re-incubation for 90 min at 37 ◦C
and subjected to HPLC/acetonitrile/isopropanol reverse phase chromatography at a constant flow
rate (0.1 mL/min). The N-terminal sequence was obtained automatically by the Edman (1949) [65]
degradation method in two independent laboratories. Similarity searches were performed using the
FASTA program using the UniProt Knowledgebase database Larkin [66] and a Blossom 80 (EBI) [67] matrix
(www.ebi.ac.uk). Multiple alignments of similar sequences were performed using the ClustalW2
program (http://www.ebi.ac.uk/Tools/clustalw2/).

4.15. Effect of pH and Temperature on Inhibitor Activity

To verify the effect of pH, the inhibitor (1 µg) was pre-incubated for 30 min in 50 mM sodium
citrate buffer (pH 3 and pH 6) or 50 mM Tris-HCl buffer (pH 7 and pH 9). After pre-incubation, the pH
of the samples was adjusted to 8.0 with Tris-HCl, and the ability to inhibit papain was determined.
The lability of the inhibitor at different temperatures was investigated by incubating the samples
(1 µg) in 50 mM Tris-HCl pH 8.0 buffer, keeping them in a water bath at different temperatures (25,
40, 80, and 100 ◦C) for 30 min. The resistance of the inhibitor to boiling (100 ◦C) was also studied by
incubation for different durations (30 min, 1, 2, 3, and 4 h). After different heat treatments, the samples
were cooled in an ice bath for 5 min and tested for their inhibitory activity.

4.16. Evaluation of the Inhibitor Effect on Insect Enzymes

Twenty larvae of C. maculatus with 19–20 days post-hatching (4th instar) were removed from the
infested seeds and immersed in 0.15 M NaCl solution for dissection of the intestines with the help
of watchmaker tweezers and stereoscopic magnifying glass. Lysis was performed in the intestines
by brief sonication wells at 150 µL solution NaCl 0.15 M. The obtained extract was centrifuged at
10,000× g at 4 ◦C for 10 min. The supernatant was collected and frozen at −20 ◦C. In a preliminary
test, 50 µL of crude extract diluted ten times and containing 12 µg of protein was added in duplicates
into two wells of a microplate with Na2PO4 0.1 M buffer (pH 6.3), 10 mM EDTA, and 0.4 M NaCl.
The substrate (20 µL) Z-Phe-Arg-pNan (0.05 M) was added in a final volume of 250 µL. The plate
was incubated at 37 ◦C and hydrolysis was followed photometrically for 40 min. Next, the purified
inhibitor (10 µg) was added to one well, and substrate hydrolysis continued to be monitored for up to
4 h. To evaluate the effect of inhibitor concentrations, the extract diluted ten-fold in 0.1 M Na2 PO4

buffer (pH 6.3), 10 mM EDTA; 0.4 M NaCl; 8 mM DTT remained at 37 ◦C for 10 min for enzymatic
activation. Next, 50 µL of the activated extract containing 11.5 µg of proteins were preincubated in the
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absence and presence of different inhibitor concentrations (1 to 8 ug) for 10 min at 37 ◦C. After the
addition of 20 µL of the Z-Phe-Arg-pNan substrate (5 mM) in a final volume of 250 µL, the hydrolysis
was monitored for 60 min and then quenched with 50 µL of 40% acetic acid (v/v).

4.17. Studies on the Effect of Inhibitors on Tumor Cells and Human Fibroblast Cells

PC3, DU145, and Hs746T tumor cell lines were maintained in RPMI-1640 culture medium and
the fibroblast cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM), pH 7.4. Both
culture media were enriched with 10% fetal bovine serum, penicillin (10 UI/mL), and 100 µg/mL
streptomycin. Cells were sub-cultured weekly using the following protocol: The medium was removed
from the confluent cell flasks (60 × 10 mm) and cells were washed with PBS solution (pH 7.4). For cell
detachment, the cells were incubated with 1 mL trypsin solution (0.25%) for 1 min. Next, 1 × 105 cells
were resuspended, transferred to a new plate in the appropriate media, cultured at 37 ◦C under 5%
CO2, and the culture medium was changed every 3 days [46,47].

4.18. Cell Viability Assay

PC3, DU145, and Hs746T cells (5× 103 cells/100 µL/well) and fibroblast cells (8 × 103 cells/100 µL/well)
were incubated at 37 ◦C and 5% CO2 for 24 h in RPMI-1640 medium containing 10% fetal bovine serum.
A total of 100 µL of inhibitor (2.5–30 µM) diluted in RPMI-1640 medium, previously filtered through a
Millipore filter (0.22 µm), was added to the adhered cells and incubated for 24, 48, and 72 h. At the end
of each incubation period, 10 µL of MTT (tetrazolium salts) dissolved in PBS (5 mg/mL) was added to
each well and the cells were again incubated for 2 h. Subsequently, the medium was removed and 100%
DMSO was added to solubilize the formazan crystals and incubated for 20 min at 37 ◦C. The absorbance
was measured at 540 nm using a spectrophotometer (SpectraCount model). Assays were performed
in triplicate for each inhibitor concentration and experiments were performed twice as described by
Gasperazzo Ferreira et al. [68].

4.19. Statistical Analyses

All assays were performed in triplicate and independently. The statistical analyses were expressed as
the mean ± standard deviation (SD) and analyzed using GraphPad Prisma Software. Comparisons among
the variables, measured in defined experimental groups, were conducted using one-way ANOVA,
followed by Tukey’s test. Statistical significance was defined as * p< 0.05, ** p < 0.005, and *** p < 0.0001.

5. Conclusions

These findings provided relevant information about the insecticide and antitumor activity of the
pine nuts, the potential biotechnology application in agriculture, and human health that can contribute
to the preservation of the Araucária forest. Also, a protein named AaCI-2S, with a molecular mass of
18 kDa composed of two identical polypeptide chains linked by two disulfide bonds was characterized.
The studies of the structure–activity relationship at different pH values and temperatures revealed its
high functional and structural stability. The inhibitory activity demonstrated on cysteine proteases
bromelain, ficin and cathepsin L, and the cysteine proteases of the larval midguts of C. maculatus

suggests other endogenous roles for 2S albumin. AaCI-2S inhibited cell proliferation of gastric cancer
and two lines of prostate cancer and did not affect the proliferation of non-tumorigenic cells. As the
seeds of Araucaria are used as food, its antiproliferative effect is of nutritional significance for future
studies and offers evidence regarding the benefits of including the pine nut as a functional food in
our diet.
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Abstract: Scrophulariae Radix, derived from the dried roots of Scrophularia ningpoensis Hemsl.
or S. buergeriana Miq, is a traditional herbal medicine used in Asia to treat rheumatism, arthritis,
and pharyngalgia. However, the effects of Scrophularia buergeriana, S. koraeinsis, and S. takesimensis

on osteoclast formation and bone resorption remain unclear. In this study, we investigated the
morphological characteristics and harpagoside content of S. buergeriana, S. koraiensis, and S. takesimensis,
and compared the effects of ethanol extracts of these species using nuclear factor (NF)-κB ligand
(RANKL)-mediated osteoclast differentiation. The harpagoside content of the three Scrophularia

species was analyzed by high-performance liquid chromatography–mass spectrometry (HPLC/MS).
Their therapeutic effects were evaluated by tartrate-resistant acid phosphatase (TRAP)-positive
cell formation and bone resorption in bone marrow-derived macrophages (BMMs) harvested from
ICR mice. We confirmed the presence of harpagoside in the Scrophularia species. The harpagoside
content of S. buergeriana, S. koraiensis, and S. takesimensis was 1.94 ± 0.24 mg/g, 6.47 ± 0.02 mg/g,
and 5.50 ± 0.02 mg/g, respectively. Treatment of BMMs with extracts of the three Scrophularia

species inhibited TRAP-positive cell formation in a dose-dependent manner. The area of
hydroxyapatite-absorbed osteoclasts was markedly decreased after treatment with the three
Scrophularia species extracts. Our results indicated that the three species of the genus Scrophularia

might exert preventive effects on bone disorders by inhibiting osteoclast differentiation and bone
resorption, suggesting that these species may have medicinal and functional value.

Keywords: Scrophularia buergeriana; S. koraiensis; S. takesimensis; harpagoside; osteoclast differentiation;
RANKL

1. Introduction

An imbalance between osteoclasts and osteoblasts affects bone formation, leading to weakened
bone and the development of skeletal diseases such as osteoporosis, rheumatoid arthritis, lytic bone
metastases, and chronic obstructive pulmonary disease. The function of osteoclasts, multinucleated
giant cells, is bone resorption, but osteoporosis can occur if bone resorption exceeds formation due to
an increase in the number of osteoclasts [1]. Most drugs used to treat osteoporosis inhibit osteoclast
differentiation to control bone resorption. Receptor activator of nuclear factor (NF)-κB ligand (RANKL),
a major osteoclastogenic molecule, is a member of the tumor necrosis factor (TNF) superfamily and
is the initial stimulator of osteoclast differentiation, inducing the expression of osteoclast-associated
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genes, such as tartrate-resistant acid phosphatase (TRAP) [2,3]. Therefore, bisphosphonates and
anti-RANKL antibodies that inhibit osteoclast activity are currently used for the treatment of bone
resorption diseases.

Scrophulariae Radix, an herbal medicine known as Korean Hyun-Sam, is derived from the dried
roots of Scrophularia ningpoensis Hemsl. or S. buergeriana Miq., plants which are widely distributed
throughout the temperate regions of the Northern Hemisphere, including Asia, Europe, and North
America [4–6]. Scrophulariae Radix has been traditionally used as a therapeutic agent for blood
cooling, yin nourishing, fire pursing, and toxin removal, and is widely used to treat rheumatism and
arthritis in Southwest Asia [7–10]. It has also been reported to have neuroprotective, anti-inflammatory,
anti-allergy, anti-amnesia, antioxidant, and hepatoprotective effects [11–15]. In Korea, S. koraiensis

Nakai (Korean: To-Hyun-Sam) has been used as an antipyretic and anti-inflammatory agent in
traditional medicine. S. takesimensis Nakai (Korean: Seom-Hyun-Sam) is restricted to Ulleung-do
Island [16,17]. Although this species is a valuable endemic resource, its medicinal efficacy has not been
assessed to date.

The therapeutic potential of Scrophularia species is associated with the functions of major secondary
metabolites, such as phenylpropanoids and iridoid glycosides, which are present in the plant [18,19].
Harpagoside, an iridoid component present in the Scrophularia species, is a bioactive compound
of Harpagophytum procumbens DC. (Devil’s Claw) and has been used in Southern Africa to treat
pain, arthritis, and ulcers. Pharmacological effects of harpagoside on RANKL-induced osteoclast
differentiation have also been reported [20,21]. However, there are few reports concerning the
pharmacological activity of Scrophularia species on RANKL-induced osteoclast differentiation, and
studies on the biological activity of S. koraiensis and S. takesimensis have not been reported.

In the current study, we compared the morphological characteristics and harpagoside content of
S. buergeriana, S koraiensis, and S. takesimensis, and compared the effects of Scrophularia species extracts
on RANKL-mediated osteoclast differentiation.

2. Results

2.1. Comparative Morphology of Scrophularia Species

The three species can be distinguished on the basis of leaf shape, apex, margins, pubescence of
stems, and calyx shape (Table 1). The leaf blade of S. buergeriana is ovate, with an acute apex (Figure 1A),
and serrate with a spinose tooth marginal shape (Figure 1D). The stem is glabrous (Figure 1G), and the
calyx is ovate with an obtuse apex (Figure 1J). S. koraiensis has lanceolate to rarely ovate-shaped leaf
blades with an acuminate apex (Figure 1B) and is serrate with a spinose tooth (Figure 1E). The stem of
S. koraiensis is sparsely pubescent with non-glandular trichomes (Figure 1H), and the calyx is lanceolate
with an acute to attenuate apex (Figure 1K). However, S. takesimensis has ovate leaf blades with an
acute apex (Figure 1C), and has a serrate, almost without spinose tooth, marginal leaf blade (Figure 1F).
The stem surface of S. takesimensis is glabrous (Figure 1I), and its calyx is semicircular, with a rounded
apex (Figure 1L).

Table 1. Major determinants of Scrophularia species.

Leaves Stems Calyx

Shape Apex Margins Surfaces Shape Apex

S. buergeriana ovate acute serrate with
spinose tooth glabrous ovate obtuse

S. koraiensis
lanceolate to
rarely ovate acuminate serrate with

spinose tooth pubescent lanceolate acute to
attenuate

S. takesimensis ovate acute serrate almost
without spinose tooth glabrous semi-circular rounded
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Figure 1. Stereomicroscope micrographs showing the morphology of the three Scrophularia species
studied. (A–C) Apex of leaf blade. (D–F) Margin of leaf blade. (G–I) Surface of stem. (J–L) Calyx
of flower and/or fruit. (A,D,G,J) S. buergeriana. (B,E,H,K) S. koraiensis. (C,F,I,L) S. takesimensis. TR,
Trichomes. All scale bars = 1 mm.

2.2. Harpagoside Content of Scrophulariae Species

High-performance liquid chromatography (HPLC) chromatograms of S. buergeriana, S. koraiensis,
and S. takesimensis are shown in Figure 2A,B. Figure 2A shows the HPLC chromatograms of the
harpagoside standard compound and the three species of Scrophulariae monitored at 280 nm, because
the maximum wavelength of harpagoside is 279.5 nm. Harpagoside was detected at approximately
50.1 min. The harpagoside content of S. buergeriana, S. koraiensis, and S. takesimensis was 1.94 ± 0.24 mg/g,
6.47± 0.02 mg/g, 5.50 ± 0.02 mg/g, respectively (Table 2). The total ion chromatography (TIC) of the mass
spectrometry (MS) spectrum was confirmed from 190–850 m/z, and the extracted ion chromatogram
(XIC) of harpagoside in the samples was analyzed at 517.11 m/z, because harpagoside was detected at
517.11 m/z [M-H + Na]+ (Figure 2B).
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Figure 2. (A) Chromatograms of three Scrophularia species (S. buergeriana, S. koraiensis, and S. takesimensis)
at 280 nm for harpagoside (λmax = 279.5 nm) and (B) positive extracted ion chromatogram (XIC) spectrum
of harpagoside at 517.11 m/z.

Table 2. Harpagoside content of three Scrophularia species (S. buergeriana, S. koraiensis, and S. takesimensis)
by high-performance liquid chromatography (HPLC) chromatogram analysis.

Scrophulariae Species Harpagoside (mg/g)

S. buergeriana 1.94 ± 0.24 (1)

S. koraiensis 6.47 ± 0.02
S. takesimensis 5.50 ± 0.02

(1) Values are expressed as means ± standard deviation (SD) of three samples for each species.

2.3. Cytotoxic Effects on Primary Murine BMM Growth

The XTT assay was conducted to assess cytotoxicity during osteoclast differentiation. S. buergeriana,
S. koraiensis, and S. takesimensis did not reduce cell viability at most of the concentrations tested.
Treatment with 200 µg/mL S. koraiensis reduced cell viability from that of the normal control group
(Figure 3A–C), but the difference was not statistically significant.

 

λ

μ

 

Figure 3. Cell viability affected by ethanol extracts of the three Scrophularia species (A) S. buergeriana

(B) S. koraiensis and (C) S. takesimensis. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. control (dimethyl
sulfoxide; DMSO).

2.4. Effects on Osteoclast Differentiation

To compare the effect of S. buergeriana, S. koraiensis, and S. takesimensis on osteoclast differentiation,
mouse BMMs treated with macrophage colony stimulating factor (M-CSF) and RANKL were cultured
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in the presence or absence of ethanol extracts of the three Scrophularia species. RANKL and M-CSF
induced differentiation of BMMs after incubation for 4 days. TRAP-positive osteoclasts were present in
higher numbers in the control group, whereas treatment with Scrophularia species extracts inhibited the
formation of TRAP-positive cells in a dose-dependent manner (Figure 4B). The S. koraiensis treatment
group showed suppressed formation of RANKL-induced TRAP activity at concentrations of 100 µg/mL
and 200 µg/mL.

 

μ μ

 

μ μ μ

κ

Figure 4. Effects on osteoclast differentiation of ethanol extracts of Scrophularia buergeriana, S. koraiensis,
and S. takesimensis at concentrations of 50 µg/mL, 100 µg/mL, and 200 µg/mL. (A) Tartrate-resistant acid
phosphatase (TRAP)-positive cells photographed (100×magnification) after bone marrow macrophages
were cultured with macrophage colony stimulating factor (M-CSF) and nuclear factor (NF)-κB ligand
(RANKL) in the presence of ethanol extracts of the three Scrophularia species. (B) TRAP-positive cells
were counted as osteoclasts. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. control (DMSO).

2.5. Effects on Bone Resorption

To evaluate the effects of Scrophularia species on bone resorption, mature osteoclasts and extracts
of S. buergeriana, S. koraiensis, and S. takesimensis were applied to plates coated with hydroxyapatite for
symbiotic culture of the osteoblasts. Although the area of hydroxyapatite-adsorbed osteoclasts was
increased in the control, the resorption area was markedly decreased by treatment with extracts of the
three Scrophularia species. The resorption inhibition effect was highest for S. buergeriana, followed by
S. koraiensis, and then S. takesimensis. (Figure 5A,B).
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Figure 5. Effects of S. buergeriana, S. koraiensis, and S. takesimensis on bone resorption by mature
osteoclasts. (A) Hydroxypatite-adherent cells were collected and imaged under a light microscope.
(B) Resorption areas quantified on hydroxyapatite-coated plates. ** p < 0.01 and *** p < 0.001 vs.
control (DMSO).

3. Discussion

Osteoporosis, one of the major diseases attracting attention worldwide, is associated with lowered
bone mass density as a result of an imbalance between the osteoblasts and osteoclasts that influence
bone homeostasis [22,23]. Therapeutic agents such as bisphosphonates are currently used to treat bone
resorption diseases, but the long-term use of these drugs leads to the suppression of bone formation
and osteonecrosis [24]. Therefore, the beneficial pharmacological effects of plant-derived natural
compounds have been advocated [10].

Several studies have reported that iridoid glycosides in Scrophularia plant extracts demonstrate
anti-inflammatory, neuroinflammation, antioxidant, and hepatoprotective effects [11–13,15,25]
Harpagoside, an iridoid glycoside, is a main bioactive component of Harpagophytum procumbens

(family Pedaliaceae) root used to treat chronic rheumatism, osteoarthritis, and arthritis, and is an active
constituent of Scrophularia species [21,26–28]. We quantified the harpagoside content in S. buergeriana,
S. koraiensis, and S. takesimensis using HPLC/MS (Table 2, Figure 2). Harpagoside was detected in three
Scrophularia species, with the highest content found in S. koraiensis extract.

In this study, we investigated the inhibitory effects exerted by three Scrophularia species containing
harpagoside against osteoclast differentiation and bone resorption without cytotoxic effects in
RANKL-induced cells. The cytotoxicity of S. buergeriana, S. koraiensis, and S. takesimensis was evaluated
in BMMs and measured by XTT assay during osteoclast differentiation. Treatment with ethanol extracts
of the three Scrophularea species did not reveal cytotoxic effects on BMMs up to 200 µg/mL, with more
than 90% cell viability being observed.

RANKL, a bone formation biomarker, is associated with stimulation of osteoblasts and osteoclast
differentiation [22]. The balance of bone formation is influenced by osteoblasts and bone resorption
activity by osteoclastic cells [29]. Previous studies have demonstrated that harpagoside improved
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bone properties by inhibiting the formation of osteoclasts from BMMs and the maturation of osteoblast
cells [21,30].

TRAP expression is associated with osteoclast maturation and differentiation and is a standard
approach to the detection of osteoclasts [24]. In our study, TRAP staining indicated that the numbers
and areas of TRAP-positive cells increased, whereas the S. buergeriana, S. koraiensis, and S. takesimensis

treatment groups exhibited considerably fewer TRAP-stained osteoclasts, without any cytotoxicity.
The results suggested that the three Scrophularia species inhibit osteoclast differentiation and formation
in BMMs. The inhibitory effect of harpagoside was increased in a dose-dependent manner by
downregulating TRAP expression in BMCs [30]. Therefore, it is presumed that the difference in
efficacy of the three Scrophularia species in our results would be affected by the content of harpagoside.
To study the inhibitory effects of Scrophularia species on bone resorption by osteoclast formation
induced by RANKL, we investigated bone resorption pit generation in mature osteoclasts. Although
the area of hydroxyapatite-absorbed osteoclasts was increased in DMSO controls, the resorption area
was markedly decreased by treatment with the three Scrophularia species. The highest resorption
inhibition effect was exerted by S. buergeriana, followed by S. takesimensis, and then S. koraiensis.

4. Materials and Methods

4.1. Chemicals

Harpagoside was purchased from Shanghai Sunny Biotech (Shanghai, China). HPLC-grade
solvents were obtained from Merck (Darmstadt, Germany). Sodium 3′-[1-(phenyl-aminocarbonyl)-3,4
-tetrazolium]-bis(4-methoxy-6-nitro) benzene sulfonic acid hydrate (XTT reagent) was purchased from
Sigma-Aldrich (St. Louis, MO, USA).

4.2. Plant Materials

Samples of the three Scrophularia species (S. buergeriana, S. koraiensis, and S. takesimensis) were
obtained from the Department of Herbal Crop Research (Eumseong-gun, Chungcheongbuk-do, Korea).
The same vouchers were used for both chemical and morphological analyses (S. buergeriana; 2-18-0144,
S. koraiensis; 2-18-0145, S. takesimensis; 2-18-0146) from the Korean Herbarium of Standard Resources
(KHSR), Korean Institute of Oriental Medicine.

4.3. Comparative Morphology of Scrophularia Species

S. buergeriana and S. koraiensis were originally collected from the experimental field of the National
Institute of Horticultural and Herbal Science (NIHHS, Korea), and S. takesimensis was collected from the
natural population on Ulleung-do Island. Vouchers of the studied medicinal materials (S. buergeriana

(2-18-0144), S. koraiensis (2-18-0145), and S. takesimensis (2-18-016)) were deposited in the Korean
Herbarium of Standard Herbal Resources (Index Herbariorum code: KIOM) at the Korea Institute of
Oriental Medicine (Naju, Korea). We observed the voucher specimens of the three species (Figure S1)
sing an Olympus SZX16 stereomicroscope (Olympus, Tokyo, Japan) for morphological comparison.

4.4. HPLC/MS Analysis

S. buergeriana (778.14 g), S. koraiensis (69.15 g), and S. takesimensis (92.5 g) were refluxed in 70%
ethanol (v/v) for 2 h, and these extracts were filtered through filter paper and evaporated in vacuo.
The powders of the 70% ethanol extract for S. buergeriana, S. koraiensis, and S. takesimensis were 363.83 g
(46.76% of yield, w/w), 30.40 g (43.96% of yield, w/w), and 53.91 g (58.28% of yield, w/w), respectively,
and these extracts were stored at 4 ◦C. Accurately weighed powders of three 70% ethanol extracts
(10 mg) were dissolved in 10 mL 70% ethanol and filtered through a 0.2 µm syringe filter prior to
HPLC analysis. HPLC was performed using a Waters e2695 Separation Module (Waters Corporation,
Milford, MA, USA) and a 2998 photodiode array detector (Waters), combined with an Acquity QDa
detector and a micro-splitter (IDEX Health & Science LLC, Oak Harbor, WA, USA) for MS. A Kinetex
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Phenyl-hexyl 100A column (4.6 × 250 mm, 5 µm, Phenomenex Inc., Torrance, CA, USA) was utilized.
The mobile phase was 0.05% aqueous formic acid (A), methanol (B), and acetonitrile (C) using the
following gradient program: 100% A (2 min)→ 96% A (3% B and 1% C, 7 min)→ isocratic 85% A
(11% B and 4% C, from 15 min to 20 min)→ 70% A (23% B and 7% C, 35 min)→ 50% A (35% B and
15% C, 45 min)→ 30% A (50% B and 20% C, 55 min). The following conditions were applied: The flow
rate was 0.8 mL/min, injected volume was 10 µL, and UV wavelength was monitored from 195 nm
to 400 nm. The QDa mass detector employed the following conditions: Nitrogen carrier gas, 0.8 kV
electrospray ionization (ESI) capillary, 600 ◦C probe temperature, 15 V con voltage, 120 ◦C source
temperature, 20:1 split. TIC was monitored from 150 m/z to 850 m/z. Harpagoside was detected at
280 nm and 517.11 m/z.

4.5. BMM (Bone Marrow Macrophage) Isolation and Culture

Five-week-old ICR mice were sacrificed by cervical dislocation, the thigh and shin bones were
aseptically excised, and the soft tissue was removed. After cutting both ends of the iliac crest,
bone marrow cells were obtained by flushing both ends of the bone material using a 1 mL syringe.
The isolated BMMs were incubated in a culture dish for 1 day in α-MEM medium containing 10%
FMS and 1% penicillin/streptomycin, and unsaturated cells were collected. After 3 days, attached
macrophages were used in this experiment. Macrophages were treated with M-CSF (30 ng/mL) and
RANKL (100 ng/mL), and incubated with S. takesimensis, S. koraiensis, and S. buergeriana extracts at
concentrations of 50 µg/mL, 100 µg/mL, and 200 µg/mL. The day following subculture, the cultured
cells were stained with a TRAP solution. Cells with three or more nuclei among red-stained cells were
considered differentiated osteoclasts, and the degree of differentiation was measured.

4.6. Cell Cytotoxicity

BMMs were seeded in 96-well plates at a density of 1 × 104 cells/well and were treated with
M-CSF (30 ng/mL) and 50 µg/mL, 100 µg/mL, and 200 µg/mL ethanol extracts of Scrophularia

species (S. takesimensis, S. koraiensis, and S. buergeriana) for 3 days. After 3 days, 50 µL XTT reagent
(Sigma-Aldrich) was applied for 4 h. The optical density was measured at 450 nm using an ELISA
reader (Biotek Instruments, Winooski, VT, USA).

4.7. Bone Resorption Pit Assay

To obtain mature osteoclasts, BMMs obtained from the shin and thigh bones of 5-week-old ICR
mice and osteoclasts isolated from the skull of 1-day-old ICR mice were added to a 90 mm culture
plate coated with collagen. To produce a symbiotic culture, 1α,25-Dihydroxyvitamin D3 (VitD3)
and prostaglandin E2 were added. After incubation for 6 days, cells were removed by treatment
with 0.1% collagenase and added to a 96-well plate coated with hydroxyapatite. At the same time,
S. takesimensis, S. koraiensis, and S. buergeriana extracts were added to the hydroxyapatite-coated plates
at a concentration of 200 ug/mL and cultured for 24 h. The cells were washed with distilled water
and observed through an optical microscope (Nikon, Tokyo, Japan). The hydroxyapatite-absorbed
portion was imaged using micrography, and the area was measured using ImageJ software version
1.51 (National Institutes of Health, Bethesda, MD, USA).

4.8. Statistical Analysis

Data were expressed as the mean ± standard deviation (SD). Statistical analysis was performed
by analysis of variance (ANOVA), followed by a multiple comparison procedure using Dunnett’s test.
A value of p < 0.05 indicated significant difference.
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5. Conclusions

Our results suggest that the Scrophularia species may prevent bone loss by inhibiting osteoclast
differentiation and born resorption without causing cytotoxicity. It was confirmed that similar
metabolites were contained in the Scrophularia species, and their extracts exerted similar efficacy.
S. buergeriana and S. koraiensis demonstrated inhibitory effects against osteoclast differentiation and
bone resorption and had the highest harpagoside content. Therefore, the three Scrophularia species,
including S. koraiensis, may be potentially therapeutic for treating bone disorder diseases, but the
mechanism underlying their bioactivity requires further study.
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Abstract: Mexico has a great diversity of cacti, however, many of their fruits have not been studied
in greater depth. Several bioactive compounds available in cacti juices extract have demonstrated
nutraceutical properties. Two cactus species are interesting for their biologically active pigments,
which are chico (Pachycereus weberi (J. M. Coult.) Backeb)) and jiotilla (Escontria chiotilla (Weber) Rose)).
Hence, the goal of this work was to evaluate the bioactive compounds, i.e., betalains, total phenolic,
vitamin C, antioxidant, and mineral content in the extract of the above-mentioned P. weberi and
E. chiotilla. Then, clarified extracts were evaluated for their antioxidant activity and cytotoxicity (cancer
cell lines) potentialities. Based on the obtained results, Chico fruit extract was found to be a good
source of vitamin C (27.19 ± 1.95 mg L-Ascorbic acid/100 g fresh sample). Moreover, chico extract
resulted in a high concentration of micronutrients, i.e., potassium (517.75 ± 16.78 mg/100 g) and
zinc (2.46 ± 0.65 mg/100 g). On the other hand, Jiotilla has a high content of biologically active
pigment, i.e., betaxanthins (4.17 ± 0.35 mg/g dry sample). The antioxidant activities of clarified
extracts of chico and jiotilla were 80.01 ± 5.10 and 280.88 ± 7.62 mg/100 g fresh sample (DPPH
method), respectively. From the cytotoxicity perspective against cancer cell lines, i.e., CaCo-2, MCF-7,
HepG2, and PC-3, the clarified extracts of chico showed cytotoxicity (%cell viability) in CaCo-2
(49.7 ± 0.01%) and MCF-7 (45.56 ± 0.05%). A normal fibroblast cell line (NIH/3T3) was used, as a
control, for comparison purposes. While jiotilla extract had cytotoxicity against HepG2 (47.31 ± 0.03%)
and PC-3 (53.65 ± 0.04%). These results demonstrated that Chico and jiotilla are excellent resources of
biologically active constituents with nutraceuticals potentialities.

Keywords: pachycereus weberi; escontria chiotilla; antioxidant activity; phenolic compounds;
betalains; food composition; food analysis; cytotoxicity
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1. Introduction

Mexico has a great diversity of cacti [1], but many of the fruits from these plants have not been
studied. Cacti fruits have health benefits such as anticlastogenic capacity [2], hepatoprotective effect [3],
antimicrobial activity [4], notable antioxidant capacity [5,6], and anticancer activity [7,8]. Currently,
the scientific community is interested in two cacti fruits for their pigments, chico (Pachycereus weberi

(J. M. Coult.) Backeb) and jiotilla (Escontria chiotilla (Weber) Rose). Pachycereus weberi is typical in the
south-central Mexico region, specifically the arid and semi-arid regions in Puebla, Guerrero, Morelos,
and Oaxaca [1]. The fruit of Pachycereus weberi is better known as “chico fruit” and “tuna de cardón” [9]
(Figure 1). P Weberi fruits are ellipsoidal, 6 to 7 cm in diameter [10]. In Santiago Quiotepec, Oaxaca,
fruits of this species harvested and commercialized in local markets [11]. The fruit production is
509.3 ton in Tehuacán Valley México from Pachycereus weberi [12].

Figure 1. (A) Pachycereus weberi plant and (B) P. weberi fruit without prickles (top) with prickles (bottom).

Nowadays, the knowledge about antioxidant activity and phenolic compounds of the fruit from
the Mexican plant Pachycereus weberi is limited. Escontria chiotilla, a columnar cactus is found in
Guerrero, Michoacán, Puebla, Oaxaca, and Morelos. The fruit of Escontria chiotilla has a red shell with
the presence of scales, spherical, and are 5 cm in diameter (Figure 2). The period of growth of the fruit
ranged 140 to 175 days [13] and is usually named as “chonostle” and “jiotilla” [14]. The production
of this fruit is approximately 99.5 tons in the valley of Tehuacan [12] and is commercialized in local
markets, and people from the community of Coxcatlan prepare ice cream and jellies for local trade [15].
Different studies have shown that the pigments present in the jiotilla are vulgaxanthin I, vulgaxanthin
II, indicaxanthin, and betanin [16]. These pigments have been extracted using acidified mucilage and
microencapsulated for subsequent characterization [17].

Based on the literature, cacti fruits have cytotoxic properties in cancer cell lines [7,8]. For instance,
prickle pear juices (Opuntia spp.) have shown to produce decreasing viability of cancer cell in vitro,
especially colon (HT29/Caco-2) and prostate cancer (PC-3) [7,8]. Indeed, these are promising results as
around 70% of cancer deaths occur in low and middle incomes countries [18] and in 2018, 1.8 million
colorectal and 1.28 million prostate cases were reported [18]. Furthermore, several studies have shown
that fruits growth in semi-arid and arid lands present high mineral content [19,20]. This aspect is
relevant as minerals are essential in metabolism and homeostatic of the human body, deficiency of
minerals can lead to symptoms of common disorders and diseases as osteoporosis and anemia [21].
One of the essential micronutrients is zinc, and the deficiency of this restricts childhood growth
and decreases resistance to infections [22]. In the world, around 20% of children under five years
of age are stunted [23]. The principal food with a high concentration of zinc are oysters, red meat,
and poultry [24]. The food mentioned before may be more challenging to access for low-income
populations [25]. Oaxaca, Guerrero, and Puebla are Mexican states with low-income populations [26].
It is crucial to find other sources of zinc that are accessible to all communities.
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Figure 2. (A) Escontria chiotilla plant, (B) E. chiotilla flower, and (C) E. chiotilla fruit.

Studies on potentialities of cacti fruits have gradually increased in recent years, but there is still a
lack of information regarding antioxidant capacity, metal content, or phytochemical content of P. weberi

and E. chiotilla fruits pulp and juice extracts. Therefore, this study aimed to evaluate the physiochemical
characteristic, antioxidant activities, and anticancer potentialities of P. weberi and E. chiotilla fruits pulp
and/or juice extracts.

2. Materials and Methods

2.1. Chemicals

2,2-Diphenyl-L-picryl-hydrazyl (DPPH) (C18H12N5O6, Item D9132, Lot 115K1319) was obtained
from Sigma-Aldrich (Steinheim, Germany). Methyl alcohol (CH3OH, Item MS1922, Lot 17020429) was
obtained from Tedia High Purity Solvents (Fairfield, OH, USA). Folin&Ciocalteu’s Phenol Reagent
(C7H6O5, Item F9252, Lot SHBD7847V) was obtained from Sigma Aldrich (St. Louis, MO, USA). Sodium
Carbonate (Na2CO3, Item S7795, Lot BCBP4310V) was obtained from Sigma Aldrich (Steinheim, Germany).
Gallic acid monohydrate (C7H6O5, Item 398225, Lot MKBD1204) was obtained from Sigma-Aldrich
(Shanghai, China). Sodium chloride (NaCl, DEQS290000100, Lot CS180307-03) was obtained from
Desarrollo de Especialidades Químicas, S.A. de C.V. (Nuevo Leon, Mexico). Potassium persulfate (K2S2O8,
Item 216224, Lot MKBR1923V) was obtained from Sigma-Aldrich (St. Louis, MO, USA). Disodium
phosphate (Na2HPO4, 35902, Lot 536405) obtained from Productos Quimicos Monterrey S.A. de C.V.
(Nuevo Leon, Mexico). Potassium chloride (KCl, S32204, Lot 536161) obtained from Productos Químicos
Monterrey S.A. de C.V. (Nuevo Leon, Mexico). 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
ABTS (C18H24N6O6S4, Item A9941, Lot SLBT7934) obtained from Sigma-Aldrich (St. Louis, MO, USA).
Potassium phosphate monobasic (KH2PO4, Item P0662, Lot SLBL9298V) was obtained from Sigma-Aldrich
(Tokyo, Japan). Nitric acid (HNO3, Item UN2031, Lot SCA7227127) was obtained from SPC Science
(Baie-d’Urfé, QC, Canada). Ammonium acetate (CH3COONH4, Item 0596, Lot L15C82) was obtained
from J. T. Baker (Estado de Mexico, Mexico). Milli-Q water purification system is used to obtain the
water that was used to perform the procedures (Q-POD, Darmstadt, Germany). Glacial acetic acid
(Item AE4001, Lot 1004007) was bought from Tedia (Fairfield, OH, USA). 2,4,6-Tris(2-pyridyl)-s-triazine
(TPTZ) (C18H12N6, Item T1253, Lot BCBT8262) was bought from Sigma Aldrich (Buchs, Switzerland).
Iron (lll) chloride hexahydrate (FeCl3·6H2O, ItemF2877, Lot MKBR8795V) was bought from Sigma Aldrich
(Shanghai, China). Hydrochloric acid (HCl, Item 00636, Lot 71973) was bought from CTR Scientific (Nuevo
Leon, Mexico). Gallic acid monohydrate (C7H6O5·H2O, item 398225, Lot MKBD1204) was bought from
Sigma Aldrich (Shanghai, China). Caffeic acid (C9H8O4, item C0625, Lot 089K1114) was obtained from
Sigma-Aldrich (Buch, Switzerland). p-Coumaric acid (C9H8O3, item C9008, Lot BCBN0412V) was bought
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from Sigma-Aldrich (United Kingdom). Violuric acid (C4H3O4·H2O, item 95120, Lot BCBN0412V) and
fumaric acid (C4H4O4, item 47910, Lot BCBM2191V) were obtained from Sigma-Aldrich (Vienna, Austria).

2.2. Collection and Preprocessing of Chico and Jiotilla

A single batch of chico fruits (10 kg) was collected from a crop field in Ahuatlán (Puebla,
México). The sampling area was situated between 18◦34′ latitude (North) and 98◦15′ longitude (West).
The collected fruit samples were stored at 5 ◦C for 48 h and processed within 72 h of harvest from the
plant. Whereas, a batch of jiotilla fruits (22 kg) was collected from a crop field in Santa María Zoquitlan,
Tlacolula, Oaxaca, Mexico 16◦33′ latitude (North) and 96◦2315′ longitude (West). The collected fruit
samples were stored at 5 ◦C for 12 h and processed within 24 h of harvest from the plant. As collected
fruits of both plants, i.e., chico and jiotilla, were preprocessed by washing with tap water and Extran
MA05 (Merck, Item 1400001403, Lot Mx1400005004, Estado de Mexico, Mexico). Then, the prickles
were removed manually with care using a sterile blade. The electric extractor (Model TU05, Turmix
ML, Estado de México) was used to prepare a seed-free pulp sample. This method was used since
it is a quick way to eliminate the seeds. Subsequently, around 5 g of seed-free pulp samples were
placed in 40 mL vials, 10 mL of deionized water was added, and then the vials were agitated for 15 min.
The resultant mix was filtered (Whatman paper grade 4, 150 mm, Item 1009150, GE Healthcare Life
Sciences, Little Chalfont, UK) under dark conditions to avoid compounds degradation. The extract
obtained (40 mL) was placed in a 100 mL (chico fruit) or 50 mL (jiotilla) volumetric flask and used in the
subsequent analysis. Different dilutions were made because a great content of antioxidant capacity was
expected in chico fruit. Three extractions for each fruit were carried out following the same conditions.

2.3. Clarified Juice Extract Preparation

Seed-free pulp (30 g) from each fruit was placed in 50-mL polypropylene centrifuge tubes
(Corning®, Tewksbury, MA, USA). The tube was subjected to centrifugation (4000× g, 4 ◦C, 10 min,
Model SL 40R, Thermo Fisher Scientific, Langenselbold, Germany). The supernatant was filtered
in the dark through 150 mm Whatman paper grade 4 (item 1009150, GE Healthcare Life Sciences,
Little Chalfont, UK). The pellets were removed, and the clarified supernatant from the pulp of each
fruit was used as a clarified juice extract.

2.4. Physiochemical Characterization

Weight of pulp and peel were determined with an analytical balance (OHAUS, model Scout Pro
SP4001, China). Equatorial and polar diameters were measured with a caliper (Vernier from Truper, model
H87). The pH was determined with Termo Fisher Scientific, ORION 3 STAR pH Benchtop (Singapore,
Singapore). Total soluble solids (Brix) were determined with a refractometer HI96811 (HANNA, Smithfield,
RI, USA), and moisture content (%) was obtained according to the gravimetric method [27]. A general
proximate analysis was applied to the pulps, the method used was AOAC 1999 [28].

2.5. Betacyanins and Betaxanthins Quantification

A spectrophotometric method is used to determine the concentration of betacyanins and betaxanthins
in the pulp of the fruit. The spectrophotometer used was Model DR 500 (Hach Lange GmbH, Düsseldorf,
Germany), following the methods described by Sandate-Flores et al. [29]. For the dilution of the
samples, water Milli-Q was preferred, the dilution was 1:10, and it was carried out in 5 mL volumetric
flasks. The extinction coefficients used were the following: for betacyanin (E1% = 60,000 L mol−1 cm−1,
λ = 540 nm) and for betaxanthin (E1% = 48,000 L mol−1 cm−1, λ = 480) [30]. The betalains concentration
was showed in milligrams per gram (mg/g, dry weight). The procedure for determining moisture content
is described in Section 2.4.
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2.6. Vitamin C Quantification

The vitamin C quantification was performed based on the procedure described earlier by Santos
et al. [31]. The sample was passed through a nylon filter of 0.20 mL (2 mL of the volumetric extract),
placed in vials for HPLC. The HPLC-FLD system (Agilent 1200 HPLC, Santa Clara, CA, USA) was
injected with 25 µL of the sample, for which a Zorbax Eclipse XDB C18 column was used (5 µm,
150 9 4.6 mm i.d.) (Agilent, Santa Clara, CA, USA). As eluent solvents, a solution of 10 mM ammonium
acetate at a pH of 4.5 was used (phase A), and a methanol solution with 0.1% acetic acid was phase
B. Using 80% of phase A, elution was carried out in isocratic mode for 7 min with a flow rate of
1 mL/min. For the measurement of ascorbic acid, the chromatograms were monitored at Exc = 280
and Em = 440 nm. A six-point calibration curve was made using an external standard of ascorbic acid
(0.01 to 10 mg/L), the curve used for the quantification of vitamin C.

2.7. Antioxidant Activity

2.7.1. Folin-Ciocalteu Method (Total Antioxidant Capacity)

The Folin-Ciocalteu colorimetric method was used to determine the total antioxidant capacity [32].
This colorimetric method was carried out following the procedure of Singleton et al. [33]. The analysis
was performed directly in 96 well plates. Briefly, around 20 µL of the diluted sample was placed
in Milli-Q water, then 100 µL of folin reagent at a concentration of 10% was added. After 5 min of
the reaction period, around 80 µL of sodium carbonate at a concentration of 7.5% w/v was added.
The above reaction mixture was then incubated at 37 ◦C for 90 min in the dark. Finally, the sample
containing 96-well microplate was placed in a plate reader and scanned at 765 nm. The calibration
curve was made using different concentrations (50 to 200 mg/L) of gallic acid. All measurements were
made in triplicate, and Milli- Q water was used as blank.

2.7.2. ABTS

For the ABTS method, the reported method of Re et al. [34] was used. ABTS is a single electron
transfer (ET) reaction-based assay. The preparation of PBS was carried out to add 0.8 g of NaCl, 0.02 g of
KH2PO4, 0.115 g of Na2HPO4, 0.02 g of KCl, and 0.02 g of NaN3. Then the solution was filled to 100 mL
of Milli Q water. For the ABTS reagent, it was added 38.4 mg of ABTs 1 mM, 6.62 mg of potassium
persulfate 2.45 mM, and 10 mL of the solution of PBS. After mixing both solutions, they stirred for
16 h, keep in the dark. To measure the absorbance, the spectrophotometer (Model DR 500, Hach Lange
GmbH, Düsseldorf, Germany) was used at 734 nm, a dilution of the initial reagent was needed until it
has an absorbance of 0.7 (40 mL of PBS with 3 mL of ABTS solution). The procedure was 20 µL diluted
sample, and 2 mL of ABTS solution (absorbance 0.7) were incubated at 30 ◦C in a water bath for 6 min,
then absorbances were read. Trolox was used as standard with concentrations of 5 ppm to 200 ppm.
All measurements were made in triplicate. Milli- Q water was used as blank.

2.7.3. Ferric Reducing Antioxidant Power (FRAP)

Based on the procedure of Benzie and Strain [35], the antioxidant capacity of the samples was
obtained by the spectrometric method. To prepare the FRAP reagent, three solutions were made.
The first one was the acetate buffer 300 mM pH 3.6, for this solution sodium acetate trihydrate, glacial
acetic acid, and distilled water were mixed. For the second solution, iron tripyridyltriazine (TPTZ),
concentrate HCl and distilled water were used. Then the last solution was FeCl3·6H2O and Milli-Q
water. The three solutions mixed in relation to 10:1:1. FRAP reagent was prepared with 100 mL
acetate buffer, 10 mL TPTZ, and 10 mL FeCl3·6H2O. These compounds were mixed at 30 ◦C for 30 min.
After the incubation, 100 µL of the sample was added to 3 mL FRAP reagent. Trolox was used as a
standard with concentrations of 10 to 200 ppm. Finally, absorbance was measured at 593 nm against a
blank of the reagent. All measurements were made in triplicate.
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2.7.4. α-α-. diphenyl-β-picrylhydrazyl (DPPH)

Based on the procedure described by Brand-Williams [36]. Around 0.0148 g of DPPH was weighed
and placed in a volumetric flask (25 mL). Then the volumetric flask was filled to the mark with
methanol (mother solution). 1 mL of the solution before mention was placed in a volumetric flask
(25 mL) and filled to the mark with methanol (diluted solution). The absorbance was measured in a
spectrophotometer (Model DR 500, Hach Lange GmbH, Düsseldorf, Germany). The readings were
taken in 2.5 mL cuvette, mixing 75 µL of sample and 3 mL of DPPH diluted solution. The reaction
takes place 16 min after mixing reactants. Then absorbances were read at 515 nm. The calibration
curve was made using Trolox with concentrations of 5 ppm to 200 ppm. All measurements were made
in triplicate.

2.8. Minerals Content Analysis

Mineral content was evaluated with digestion in nitric acid (HNO3), ICP from Thermo Scientific,
model iCAP 6000 Series (Cambridge, England) was used. The following wavelengths (nm) were used,
i.e., Ca (396.8), K (766.4), Fe (259.9), Mg (279.5), Mn (257.6), Na (589.5), P (177.4), Cu (324.7), Se (196.0),
and Zn (213.8). The digestion of 1 g of sample was carried out during 4 h at a range 85 to 90 ◦C.
The samples were passed through a paper filter (Whatman paper grade 41,110 mm, Item1441110,
GE Healthcare Life Sciences, Little Chalfont, UK). The heating was performed with a hot plate (Model
Type 2200, Thermo Fisher Scientific, Dubuque, IA, USA). Three samples for each fruit extract were
carried out following the same conditions.

2.9. Cell Lines and In Vitro Cancer Cell Viability

Normal fibroblast cell line (NIH/3T3), as a control cell line, and four different mammalian cancer
cell lines mammary (MCF-7), prostate (PC3), colon (Caco-2) and hepatic (HepG2) were propagated
in DMEM-F12 medium containing 10% FBS (Fetal Bovine Serum) (Gibco, Grand Island, NY, USA)
and maintained in 5% of CO2 atmosphere at 37 ◦C and 80 % of humidity. The cytotoxicity assay was
performed in plates of 96-wells each well was prepared with 100 µL of a cell suspension containing
5 × 105 cells/mL of cancer cells (MCF-7, PC3,Caco-2, and HepG2) and NIH/3T3 after 12 h 100 µL
a dilution at 4% of filtrated clarified juice extract in Milli Q water were added to each well in the
cell giving a final concentration of 2% of juice in the cell growth media in triplicate (Appendix A).
The culture medium without cells was used as a blank. After incubation at 37 ◦C under 5% CO2 for
48 h, 20 µL Cell Titer 96®AQueous One Solution Cell Proliferation Assay (Promega, Madison, WI,
USA) was used to determine % of cell viability. Absorbance was measured at 490 nm in a microplate
reader (Synergy HT, Bio-Tek, Winooski, VT, USA). Cell viability was computed using the average
absorbance units obtained from the wells and expressed as a percentage of the untreated cells well.

2.10. Phenolic Analysis by HPLC

The determination of phenolic compounds in clarified juices extracts were analyzed by a Perkin
Elmer HPLC (Altus 10, Waltham, MA, USA) coupled with a UV-Vis detector. A column Eclipse
XDBC18, 5 µm, 150 mm × 4.6 mm (Agilent Technologies, Santa Clara, CA, USA) was used for the
analysis. A reversed-phase HPLC was performed, and gradient elution was performed by varying
the proportion of solvent A (acidified water with acetic acid pH 2.5) to solvent B (methanol), with a
flow rate of 0.8 mL/min. The mobile phase composition started at 100 % solvent A for 3 min, followed
by an increase of solvent B to 30% 3 to 8 min, 50% B 8 to 15 min, 30% B 15 to 20 min, and then
bring mobile phase composition back to the initial conditions. The reference standards were gallic
acid, caffeic acid, coumaric acid, and fumaric acid. The calibration curve range was 10 to 80 mg/L.
The aforementioned compounds were selected based on the literature of cacti fruits (Opuntia ficus

Indica and Opuntia littoralis) [37,38].
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3. Results and Discussion

3.1. Physiochemical Characterization

As is shown in Table 1, chico fruit averaged weight was 77.0 g, equatorial and polar diameters were
4.9 and 6.2 cm, respectively (Figure 1b). Regarding its epicarp, this was higher than its mesocarp, and the
percentage of edible fruit was 36.6%. With respect to jiotilla, its average weight was 18.7 g, the edible
fruit of jiotilla was 51.9%, and the equatorial and polar diameters were 2.8 and 3.4 cm, respectively.
Table 2 shows the proximate analysis of chico fruit and jiotilla. Table 3 shows the total soluble solids, pH,
and antioxidants activity in the fruits under study. The pH values were 4.5 (chico fruit) and 4.17 (jiotilla).
Regarding the total soluble solids, they were 12.6 (chico fruit) and 7.4 (jiotilla) ◦Brix.

Table 1. Physical characterization of the collected plant samples.

Parameter Chico Fruit Jiotilla

Equatorial diameter (cm) 4.87 ± 0.28 1 2.81 ± 0.29
Polar diameter (cm) 6.25 ± 0.11 3.48 ± 0.36
Fruit weight (g) 77.0 ± 14.5 18.7 ± 3.12
Mesocarp weight (g) 28.0 ± 9.4 9.21 ± 1.95
Epicarp weight (g) 48.4 ± 10.8 8.53 ± 1.53

1 Results are shown as average ± standard deviation.

Table 2. General proximate analysis of the collected plant samples.

Parameter Chico Fruit Jiotilla

Moisture (%) 71.32 ± 0.46 1 85.21 ± 0.54
Carbohydrates (%) 18.84 ± 0.29 12.75 ± 0.19
Protein (%) 4.75 ± 0.10 1.025 ± 0.02
Ethereal extract (%) 1.87 ± 0.06 0.48 ± 0.01
Crude fiber (%) 2.52 ± 0.09 1.31 ± 0.04
Ash (%) 0.7 ± 0.03 0.53 ± 0.02

1 Results are shown as average ± standard deviation.

Table 3. Chemical characterization of the collected plant samples.

Parameter Chico Fruit Jiotilla

Total soluble solids ◦Brix 12.6 7.4
pH 4.51 4.17
Betacyanins (mg/g DW) 1.55 ± 0.05 1 2.32 ± 0.23
Betaxanthins (mg/g DW) 1.46 ± 0.05 4.17 ± 0.35
Vitamin C (mg/100g FS) 2 27.19 ± 1.95 Not detected
Folin-Ciocalteu method (mg/100g FS) 3 113.16 ± 5.82 83.40 ± 7.32
ABTS (mmol/100 g FS) 4 0.864 ± 0.020 0.708 ± 0.124
FRAP (mmol/100g FS) 4 0.27 ± 0.002 0.315 ± 0.003
DPPH (µmol/g FS) 4 34.52 ± 3.43 57.17 ± 5.28

1 Results are shown as average ± standard deviation. 2 Ascorbic acid. 3 Gallic acid. 4 Trolox were used in calibration
curves. DW: dry weight; FS: fresh sample.

Comparing the edible percentage, the pitaya (Stenocereus pruinosus) fruit has a higher edible
percentage (72.5%) [39] than chico fruit and jiotilla. Although the chico fruit (36.6%) and jiotilla (51.9%)
have a pulp percentage higher than xoconostle (Opuntia matudae) (12% to 18%) [40]. The carbohydrates
percentages are higher comparing them with the red pitaya (Stenocereus pruinosus) (10.2 ± 0.24%)
and orange pitaya (Stenocereus pruinosus) (8.5 ± 0.16%) [39], but carbohydrates percentages are lower
than presented in other fruits such as Banana (Musa acuminata) (22.84%) and Mango (Mangifera

indica) (17%) [41]. The crude fiber in chico fruit and jiotilla was higher than the percentage in red
pitaya (Stenocereus pruinosus) (0.67 ± 0.09 %), orange pitaya (0.53 ± 0.02 %) (Stenocereus pruinosus) [39].

211



Plants 2020, 9, 1623

Furthermore, the protein contents are lower than jackalberry tree fruit (Diospyros mespiliformis)
(9.28 ± 1.14%) [42], but chico and jiotilla protein percentage are higher than apple (Malus domestica)
(0.26%) [41].

3.2. Antioxidant Capacity of Pulps

Jiotilla (2.32 ± 0.23 mg/g dw) has a higher betacyanin concentration than chico fruit
(1.55 ± 0.05 mg/g DW). The concentrations of betaxanthins in chico fruit and jiotilla were 1.46 ± 0.05
and 4.17 ± 0.35 mg/g DW, respectively. The concentration of vitamin C in the chico fruit was
27.19 ± 1.95 mg/100 g FS, while in jiotilla it was not detected. The total antioxidant capacities
(Folin-Ciocalteu method) of chico fruit and jiotilla were 113.16 ± 5.82 and 83.40 ± 7.32 mg/100 g FS,
respectively. The antioxidant activities determined as ferric reducing-antioxidant power (FRAP) for
chico fruit and jiotilla were 0.27 ± 0.002 and 0.315 ± 0.003 mmol/100 g FS, respectively. In chico fruit
and jiotilla, the values obtained in ABTS assay were 0.864 ± 0.023 and 0.708 ± 0.124 mmol/100 g FS,
respectively. The antioxidant capacity of the fruits understudy was measured by the DPPH assay,
which has been employed to measure the antioxidant capacity as well [43]. The free radical scavenging
capacities of chico fruit and jiotilla were 34.52 ± 3.43 and 57.17 ± 5.28 mg/100 g FS, respectively.
When compared with other cacti fruits, the betacyanins concentrations were lower than the values
reported for red pitaya 2.86 ± 0.38 (Stenocereus pruinosus) mg/g DW [39] and prickly pear Rojo cenizo
(Opuntia ficus indica) 5.95 ± 0.21 mg/g DW [44]. Betaxanthins concentration in jiotilla was higher than
red pitaya (Stenocereus Stellatus) 1.51 ± 0.06 mg/g DW [45] and orange pitaya (Stenocereus pruinosus)
2.67 ± 0.27 mg/g DW [39]. Betalains concentration in chico fruit was lower compared with beetroot
(Beta vulgaris) cultivar little ball in the flesh 3.6 ± 0.2 mg/g DW of betanin and 1.9 ± 0.1 mg/g DW in
betaxanthins [46]. Vitamin C concentration in chico fruit, compared with other fruits is lower than
guava (Psidium guajava) 131 ± 18.2 mg/100 g FS [47]. The fruits for (Actinidia spp.) cultivars and citrus
species are an excellent source of vitamin C, comparing the (Actinidia sp.) species is reported that kiwi
(variety Sanuki Gold) has 156 ± 31.2 mg/100 g FS [48] higher than chico fruit concentration. For citrus
fruits like lemon (Citrus limon), the amount of vitamin C reported is 34 mg/100 g FS [49] and for
orange fruit (Citrus aurantium) 36.1 mg/100 g FS [47]. It is important to highlight that chico fruits
have a similar concentration of vitamin C like lemon juice and orange fruits. When compared total
antioxidant capacity (Folin-Ciocalteu method) with some of the fruits recognized to have the highest
values, such as raspberry and blackberry, the concentrations were lower. For instance, raspberry
(Rubus idaeus L.) is reported to present a value of 1489 ± 4.5 mg GAE/100 g FS [50] and for cultivar
Aksu Kırmızısı 1040.9 ± 15.9 milligrams of gallic acid per 100 g of FS [51]. Furthermore, a direct
comparison of our results with other fruits such as apple red delicious (Malus domestica) (73.96 ± 3.52 mg
GAE/100 g fw) [52], papaya (Carcinia papaya Linn) (54 ± 2.6 mg GAE/100 g FS) [53] and peach (Prunus

persica) 27.58 ± 1.57 GAE/100 g FS [52] and it is reported for mango (Mangifera indica L.) in dry weight
1.64 ± 0.49 mg GAE/g DW [54] (in consideration of this the concentrations of chico fruit and jiotilla
were changed to dry weight 9.19 ± 0.47 and 7.09 ± 0.54 mg GAE/g DW, respectively) Jiotilla and chico,
represents higher antioxidant activity than fruits mentioned before.

The antioxidant activity determined as FRAP was lower than reported by red rose grape
(Vitis vinifera) (0.49 ± 0.04 mmol/100 g FS) [55]. Nevertheless, antioxidant activity in chico fruit and
jiotilla was higher than the amount in persimmon (Spyros kaki) (0.14 ± 0.03 mmol/100 g FS) and
duck pear (Pyrus bretschneideri) 0.22 ± 0.03 mmol/100 g FS [55]. Dates (Phoenix dactylifera) reported
amount between 406.61 ± 14.31 and 818.86 ± 21.91 µmol/100 g FS [56], compared with chico fruit
and jiotilla. The antioxidant activities are higher in chico fruit (2201.56 ± 22.01 µmol/100 g DW)
and jiotilla (2680.91 ± 26.80 µmol/100 g dry weight) than dates (Phoenix dactylifera). Comparing the
antioxidant activity concentrations (ABTS method) with purple cactus pear (Opuntia ficus-indica)
(0.61 ± 0.02 mmol/100 g FS) and orange pulp (0.37 ± 0.02 mmol/100 g FS) [6], the antioxidant activities
in chico fruit and jiotilla resulted higher than the presented by Opuntia ficus-indica pulps. Antioxidant
activity compared with fruits from apricot (Prunus armeniaca) for the variety Cöloglu, 0.45 ± 0.09 mmol/g
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FS and the variety Zerdali, 0.37 ± 0.03 mmol/g FS [57], the chico fruit and jiotilla have higher activity
than apricot (Prunus armeniaca). Concentration units of chico fruit and jiotilla (mmol/100 g FS) were
changed to µmol/g fresh sample to compared with other fruits. Chico fruit (8.642 ± 0.204 µmol/g
FS) and jiotilla (7.083 ± 1.247 µmol/g FS) antioxidant activity is higher than banana (Musa acuminata)
3.44 ± 0.29 µmol/g FS, apple red delicious 4.62 ± 0.03 µmol/g FS and pear (Pyrussp.) 4.30 ± 0.06 µmol/g
FS [52]. Nevertheless, guava (Psidium guajava) 15.18 ± 0.81 µmol/g fs and sweetsop 23.60 ± 0.06 µmol/g
fs [52] have a higher concentration than chico fruit and jiotilla. Antioxidant activity (DPPH method)
reported in raspberry for Reveille (Rubus idaeus L.) (695.58 ± 11.56 mg/100 g FS) [58] is higher than
chico fruit and jiotilla. Nevertheless, chico fruit (2.81 ± 0.26 mg/g DW) and jiotilla (4.86 ± 0.45 mg/g
DW) antioxidant activities are lower than powder of wild plum tree (Prunus domestica subsp. Insititia L.)
(26.47 ± 0.19 mg/g DW) [59]. Regarding raspberry extracts of (Rubus Idaeus L.), the antioxidant activity
has been reported to be 29.0 ± 1.1 µmol/g FW [60] which represents a higher antioxidant activity than
both fruits in the study, chico fruit (1.38 ± 0.13 µmol/g FW) and jiotilla (2.28 ± 0.21 µmol/g FS).

3.3. Mineral Content Analysis

Table 4 shows mineral content. Magnesium is essential for human metabolism; the enzymes use
magnesium as a cofactor. The chico fruit and jiotilla have a magnesium content of 102.26 ± 4.24 mg/100 g
and 33.12± 2.74, respectively. Regarding the potassium content, the chico fruit has 517.75 ± 16.78 mg/100 g.
Comparing magnesium content with the almonds (Prunus dulcis) (270 mg/100 g), which represents a
high magnesium content [61], chico fruit and jiotilla have lower contents in magnesium than almonds.
Likewise, comparing with a cactus, Opuntia spp., it is reported for the pulp fruit content of 76 mg/100 g [62],
the recommended intake per day is around 400–420 mg/per day [60]. Regarding the potassium content,
the chico fruit has 517.75 ± 16.78 mg/100 g, which is a 159 mg/100 g superior to the value presented by the
banana (Musa acuminate), a fruit with high potassium content, [61]. A comparison with (Opuntia ficus indica)

fruits authors reported 559 mg of potassium/100 g [62]. It is important to highlight that the recommended
intake per day is around 3400 mg potassium/per day [63]. Calcium is important to maintain strong bones,
for the calcium content, the chico fruit and jiotilla have 69.99 ± 4.21 and 40.06 ± 1.43 mg/100 g respectively,
these values are higher than reported data for banana (Musa acuminate) (26 mg/100 g), the pineapple
(Ananas comosus (L.) Merr) (21 mg/100 g), papaya (Carcinia papaya Linn) (16 mg/100 g) and pitahaya
(Hylocereus undatus) (31 mg/100 g) [64]. Zinc mineral also is important for children’s growth, the chico fruit
has 2.46 ± 0.65 mg/100 g, comparing this with reported values of different fruits, that the mango (Mangifera

indica) has 0.14 mg/100 g, the papaya (Carica papaya L.) has 0.09 mg/100 g [64]. Zinc content is higher
than fruits before mentioned. The zinc concentration in chico fruit is similar to borojo (Borojoa sorbilis)
(2.47 mg/100 g) [64]. Nevertheless, the content of chico in zinc is lower than camajon fruit (Sterculia apetala)
fruit 5.70 mg/100 g (our knowledge the fruit with the highest concentration of zinc) [64].

Table 4. Mineral content analysis profile of chico and jiotilla samples.

Parameter Chico Fruit Jiotilla

Ca (mg/100 g) 69.99 ± 4.21 1 40.06 ± 1.43
K (mg/100 g) 517.75 ± 16.78 295.43 ± 48.91
Fe (mg/100 g) 2.30 ± 0.80 0.635 ± 0.26
Mg (mg/100 g) 102.26 ± 4.84 33.12 ± 2.74
Mn (mg/100 g) 1.07 ± 0.03 0.69 ± 0.06
Na (mg/100 g) 91.28 ± 22.57 1.90 ± 0.27
P (mg/100 g) 57.78 ± 2.01 16.72 ± 1.49
Cu (mg/100 g) <2.71 ± 0.02 <0.35
Se (mg/100 g) <1.41 ± 0.01 <0.1825
Zn (mg/100 g) 2.46 ± 0.65 0.38 ± 0.05

1 Results are shown as average ± standard deviation.
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3.4. Antioxidant Capacity of Clarified Juice Extracts

Clarification is a procedure that removes the solids from a liquid, usually a beverage like wine.
The concentration of betacyanins in clarified juice of chico fruit and jiotilla was 1.38 ± 0.01 and
2.93 ± 0.04 mg/g DW. Regarding the betaxanthin concentrations, in chico fruit and jiotilla clarified juice
extracts were 1.16 ± 0.01 and 2.52 ± 0.35 mg/g DW. The total antioxidant capacity (Folin–Ciocalteu
method) in chico fruit and jiotilla clarified juices were 129.47 ± 1.12 and 195.39 ± 7.82 mg/100 g FS.
The antioxidant capacities of clarified juices are shown in Table 5 by methods FRAP, ABTS, and DPPH.

Table 5. Antioxidant activity clarified juices extracts.

Parameter Chico Jiotilla

Betacyanins (mg/g DW) 1.38 ± 0.01 1 2.93 ± 0.04
Betaxanthins (mg/g DW) 1.16 ± 0.01 2.52 ± 0.35
Folin-Ciocalteu method (mg/100g FS) 2 129.47 ± 1.12 195.39 ± 7.82
FRAP (mmol/100g FS) 3 0.665 ± 0.018 3.40 ± 0.539
ABTS (mmol/100 g FS) 3 2.98 ± 0.07 2.46 ± 0.17
DPPH (mg/100 g FS) 3 80.01 ± 5.10 280.88 ± 7.62

1 Results are shown as average ± standard deviation. 2 Gallic acid. 3 Trolox were used in calibration curves.
DW: dry weight; FS: fresh sample.

In clarification procedure some antioxidant capacity could be lost [65]. This phenomenon has been
reported for green tea (Camellia sinensis) [66] and apple juice, where the clarification process reduces
2.5 times its antioxidant capacity [67]. However, in this work, the clarification increased antioxidant
capacity. Similar results were observed in freeze-dried cherry laurels (Prunus laurocerasus) [68]. The increase
in antioxidant capacity after centrifugation in liquids derived from vegetal material is probably due
to the fact that antioxidants (polyphenols and betalains) are water-soluble and they are released from
the pulp. The concentration of betacyanins in clarified juice of jiotilla (345.52 ± 5.04 µg/g FS) was
higher than prickly pear juice (Opuntia robusta) betacyanins 300.5 ± 8.8 µg/g FS [7]. Contrary to the
concentration found in clarified juice of chico fruit (151.6 ± 1.3 µg/g FS). Furthermore, this clarified juice
is lower than the concentration reported for juice of Opuntia rastrera 152.6 ± 5.4 µg/g FS [7]. Regarding
the betaxanthin concentration, in jiotilla clarified juice (296.8 ± 4.2 µg/g FS) is higher than prickly pear
juice (Opuntia robusta) 189.9 ± 7.3 µg/g FS [7]. Also, chico fruit clarified juice has a higher betaxanthin
concentration (127.5 ± 1.2 µg/g FS) than juice of Opuntia rastrera (86.2 ± 22.3 µg/g FS) [7]. Finally, the total
antioxidant capacity (Folin-Ciocalteu method) in chico fruit (1294.76 ± 0.01 mg/100 g FS) and jiotilla
(1953.39 ± 0.0701 mg/100 g FS) clarified juices are higher than prickly pear juice of Duraznillo rojo (Opuntia

leucotricha) 226.3 ± 26.4 µg GA/g FS [7]. Comparing with other juices from commonly edible fruits,
antioxidant activity in jiotilla juice clarified (3406.6±539.6µmol/100 mL) is higher than pomegranate (Punica

granatum) 3281.8 µmol/100 mL and aronia (Aronia melanocarpa) and 3277.9 µmol/100 mL juice with FRAP
method [69].While in chico fruit juice clarified (665.9 ± 18.1 µmol/100 mL) antioxidant activity is higher
than orange juice 203.4 µmol/100 mL [69]. Nevertheless, chico fruit (2983.9 ± 73.4 µmol/100 mL) and jiotilla
(2462.6 ± 174.7 µmol/100 mL) juices have lower antioxidant activity than pomegranate 4537.3µmol/100 mL
and aronia 4261.8 µmol/100 mL juices in the ABTS method [69]. Chico fruit 319.7 ± 20.4 µmol/100 mL and
Jiotilla 1122.2 ± 30.4 µmol/100 mL have lower antioxidant activity than pomegranate (3138.3 µmol/100 mL)
juice in DPPH [69]. Clarified juices extract of chico has a higher antioxidant activity than clarified juice
extract of jiotilla, as evident by the ABTS method. This method reacts with any hydroxylated aromatics
independently of their real antioxidant activity, including OH-groups, which do not contribute to
antioxidant activity [69].

3.5. Cytotoxicity of Clarified Juice Extracts

The cytotoxicity of the juice extracts at 2% is shown in Figure 3. NIH/3T3 cell line was used as a
control in order to screen the cytotoxicity of the clarified juices extract of jiotilla and chico on normal
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cells, as demonstrated in Figure 3, they were not cytotoxic in normal cell lines compared to cancer cell
lines. The synergetic effect between betalains and phenolic compounds of cacti juice have been reported
with benefits such as anticancer [7,8] and anticlastogenic effects [2]. Chico fruit and jiotilla showed
a high concentration of betalains and phenolic compounds respect to different fruits. This contain
could be responsible for the antioxidant capacity and cytotoxicity. Furthermore, phenolic acids were
analyzed in order to identify the antiproliferative compounds. No cytotoxicity was observed in both
juices in cell line NIH/3T3, used as a normal cell in order to evaluate the cytotoxicity effect of the
juices relative to cancer cells, these values are congruent compared with other cacti fruits such as red
pitahaya (Hylocereus polyrhizus) in normal human cell lines (HEK-293/human embryonic kidney and
TPH-1/hummonocytes in the concentration of 0.39 to 0.78 mg/mL at 48 h) [4], and Opuntia spp Cardón
(NIH/3T3 in concentration of 0.5% juice at 48 h) [7]. Chico fruit juice (49.7 ± 0.01%) inhibited the CaCo-2
growth and showed similar cell viability as gavia Opuntia robusta 52.50 ± 12.60% [7]. Cacti fruits
have been tested in other colorectal cancer cell line HT29 and produced cytotoxicity an effective dose
values (ED50 5.8 ± 1.0% v/v at 96 h) [8]. Cytotoxicity of chico fruit juice was observed (45.56 ± 0.05) in
MCF-7, the significant effect was compared to Opuntia rastrera 75.40 ± 8.26% [7]. Other foods with
a high concentration of betalains such as Beta vulgaris extract was cytotoxic in MCF-7 with IC50
value of 70 µg/mL, and cytotoxicity increase with the combination of Beta vulgaris extract and silver
nanoparticles (IC50 47.6 µg/mL) [70]. The combination of chico fruit juice and silver nanoparticles
could generate the same effect mentioned above. Jiotilla juice showed a higher value of cytotoxicity
(47.31 ± 0.03%) in HepG2 than Opuntia rastrera 78.90 ± 9.00% [7]. Betanin from beetroot presented
a 49% inhibition of HepG2 cell proliferation [71]. Other benefits that cacti juices have shown are
hepatoprotective effect in-vitro and in-vivo [3,72]. Jiotilla juice (53.65 ± 0.04%) diminished the cell
viability in PC-3 than moradillo Opuntia violaceae 61.20 ± 5.30% [7]. Extract of Beta vulgaris L. also has
cytotoxicity in PC-3 (IC50 316.0 ± 2.1 µg/mL) [73].

Figure 3. Effect of clarified juices extracts of chico fruit (white) and jiotilla (black) at 2% on the cell
viability. The error bars are standard deviations.

3.6. Phenolic Analysis by HPLC

Table 6 shows phenolic acid concentrations of chico fruit and jiotilla that compounds have
cytotoxicity in cancer cell lines. p-Coumaric acid, a hydroxy derivative of cinnamic acid, is a compound
that has a significant antiradical scavenging effect [74]. p-Coumaric acid is believed to reduce the
risk of stomach cancer by reducing the formation of carcinogenic nitrosamines [75,76]. p-Coumaric
acid has therapeutic benefits against cancer cell lines (Caco-2) [77]. The p-Coumaric acid-induced
apoptosis in colon cancer cells (HTC-15) through the ROS-mitochondrial pathway [78]. Furthermore,
p-Coumaric acid is shown to possess anti-inflammatory, anti-ulcer, anti-cancer, and anti-mutagenic
properties [79,80]. Gallic acid, a polyhydroxy phenolic compound that can be found in green tea,
grapes, strawberries, and bananas [81]. Gallic acid has demonstrated the potential anticancer activity
in vivo and in vitro [82,83]. The anticancer activity of Gallic acid has been reported in various cancer
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cells, including human ovarian cancer cells (HeLa), leukemia cell lines (C121) [84,85]. It was proven
that the anticancer effect of Gallic acid is due to its ability to inhibit cell proliferation and to induce
apoptosis [86,87]. Caffeic acid, the primary representative of hydroxycinnamic acids and phenolic
acid in general, is widely distributed in plants [88]. Caffeic acid has an action against cervical (HeLa),
mammary gland adenocarcinomas (MDA-MB-231), lymphoblastic leukemia (MOLT-3) [88], but it is
not cytotoxic to healthy cells [89]. Further, caffeic acid treatment altered the mitochondrial membrane
potential on HT-1080 human fibrosarcoma cell line. Other compounds that affect cancer cell lines are
the betacyanins, and the main structure is betanin. Kapadia et al. found that betanin has cytotoxic
properties in PC-3 cells [73] and Lee et al. observed that the same compound has cytotoxicity in
HepG2 [71]. Clarified juice extract of jiotilla shows cytotoxicity in PC-3 and HepG2, this clarified juice
has 2.12 times more betacyanins than clarified juice extracts of chico. Vitamin C promotes apoptosis in
MCF-7 [90], although the concentration of vitamin C was not analyzed in the clarified juices, it was
detected in the chico fruit (27.19 ± 1.95 mg/100 g FS). Probably, it is the main compound in clarified
juice extract of chico that produces the cytotoxicity in MCF-7. In this work was identified the main
compounds that have been reported in cacti fruits (betalains, p-coumaric acid, caffeic acid, ferulic acid,
gallic acid) [37,38,91]. There is a synergy between betalains and phenolic compounds in antioxidant
activity and cytotoxicity.

Table 6. Amount of the polyphenolic (mg/100 g fresh sample).

Parameter Chico Fruit Jiotilla

p-Coumaric acid 0.32 ± 0.04 N.D.
Gallic acid 0.50 ± 0.01 1.02 ± 0.01
Caffeic acid 0.3 ± 0.00 0.08 ± 0.00
Fumaric acid N.D. N.D.

N.D.—Not detected.

4. Conclusions

The presence of a large variety of compounds of high-value in several fruits has been recognized
in several studies. In this research, we investigated and demonstrated the nutritional characteristics of
two desert fruits, i.e., chico fruit and jiotillain pulp and their clarified juice extracts. Chico fruit was
seen to be an excellent resource of vitamin C, potassium, and zinc. Meanwhile, in jiotilla, betacyanins
and betaxanthins were the main compounds that deserve to be highlighted, as their concentration was
high as compared to earlier reported sources. All these results measured in the pulp of both fruits.
On one hand, the determination of the cytotoxicity produced by clarified juice of both fruits in normal
cell lines was absent. On the other hand, clarified juice extract of chico fruit showed cytotoxicity in
CaCo and MCF-7. Regarding the clarified juice extract of jiotilla, the cytotoxicity activity was showing
HepG2 and PC-3 cell lines. For both fruits, in the clarified juice and pulp, the nutritional profiles
resulted are high and, in some instances, similar compared with some other and more common edible
fruits. Overall, this work increased the knowledge of other different sources of nutrients that can be
used to feed the population.
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Appendix A

Figure A1. Dilution of clarified juice extract.
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Abstract: Euphorbia cuneata (EC; Euphorbiaceae), which widely grows in Saudi Arabia and Yemen,
is used traditionally to treat pain and inflammation. This study aimed to evaluate the protective
anti-inflammatory effect of a standardized extract of EC against lipopolysaccharide (LPS)-induced
acute lung injury (ALI) in mice and the possible underlying mechanism(s) of this pharmacologic
activity. ALI was induced in male Balb/c mice using intraperitoneal injection of LPS. A standardized
total methanol extract of EC or dexamethasone was administered 5 days prior to LPS challenge.
Bronchoalveolar fluid (BALF) and lung samples were collected for analysis. The results demonstrated
the protective anti-inflammatory effect of EC against LPS-induced ALI in mice. Standardized
EC contained 2R-naringenin-7-O-β-glucoside (1), kaempferol-7-O-β-glucoside (2), cuneatannin (3),
quercetin (4), and 2R-naringenin (5) in concentrations of 6.16, 4.80, 51.05, 13.20, and 50.00 mg/g
of extract, respectively. EC showed a protective effect against LPS-induced pulmonary damage.
EC reduced lung wet/dry weight (W/D) ratio and total protein content in BALF, indicating attenuation
of the pulmonary edema. Total and differential cell counts were decreased in EC-treated animals.
Histopathological examination confirmed the protective effect of EC, as indicated by an amelioration
of LPS-induced lesions in lung tissue. EC also showed a potent anti-oxidative property as it decreased
lipid peroxidation and increased the antioxidants in lung tissue. Finally, the anti-inflammatory
activity of EC was obvious through its ability to suppress the activation of nuclear factor-κB (NF-κB),
and hence its reduction of the levels of downstream inflammatory mediators. In conclusion,
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these results demonstrate the protective effects of EC against LPS-induced lung injury in mice,
which may be due to its antioxidative and anti-inflammatory activities.

Keywords: Euphorbia cuneata; Euphorbiaceae; lipopolysaccharide; oxidative stress; NF-κB; lung injury

1. Introduction

Acute lung injury (ALI) associated with sepsis is a common clinical problem with a high morbidity
rate [1,2]. The pathogenesis of ALI involves disruption of epithelial integrity with massive infiltration
of inflammatory cells into the lung tissue, leading to pulmonary edema and severe inflammation [3,4].
Infiltered inflammatory cells, mainly neutrophils and macrophages, release inflammatory mediators
such as interleukins (ILs), tumor necrosis factor (TNF)-α, and nitric oxide (NO) [5,6]. Nuclear factor-κB
(NF-κB) is a pro-inflammatory transcription factor that regulates and controls inflammatory response
during ALI. NF-κB is present in the cytosol in inactive state due to linkage to its inhibitory protein (IκB).
Upon stimulation, IκB rapidly degrades to liberate NF-κB, which then migrates into the nucleus where
it potentiates gene expression of inflammatory mediators, hence inducing inflammatory responses [7,8].

Lipopolysaccharide (LPS) is bio-active component of the Gram-negative bacterial cell wall [9],
and has been used to establish a mouse model of ALI [5]. LPS activates reactive oxygen species
(ROS) generation and the release of proteases. Furthermore, LPS induces the activation of NF-κB
signaling pathway and cytokine release [10,11]. Inflammatory mediators activate overproduction of
ROS, leading to more oxidative damage. Therefore, suppression of oxidative stress and/or inflammation
is a potential strategy to improve ALI.

Many people rely on traditional medicine for their primary healthcare, and it is increasingly
becoming popular throughout the world. Medicinal plants have also attracted much attention
by researchers that are looking for new leads for developing drugs to treat various ailments [12].
Euphorbiaceae is a large plant family comprising about 320 genera with 7950 species, which are
distributed mainly in temperate and tropical regions. Some species of this family are of medicinal and
economic importance [13]. Euphorbia is one of the largest genera of this family, containing approximately
2160 plant species, which are characterized by milky irritant latex [13,14]. Several plants of this genus
are used to treat diarrhea, dysentery, gonorrhea, gastric disorders, edema, warts, whooping cough,
asthma, and migraine [14–16]. Some of these plants have also been shown to have spasmolytic,
diuretic, anti-inflammatory, analgesic, antileukemic, wound healing, hemostatic, and anti-hemorrhoid
activities [13,15–17]. This genus is known to possess several phytochemicals, e.g., tannins, phenolic
compounds, terpenoids, and flavonoids. Euphorbia cuneata Vahl. (EC), one of the plant species in this
genus, has various traditional uses in Saudi Arabia and Yemen [15,18,19]. The stem juice when mixed
with water or milk is used to treat obesity, food poisoning, and constipation [18]. Moreover, in parts
of northern Yemen, the stem juice is used on wound and injuries to reduce external bleeding. It is
also used to treat postpartum hemorrhage, and also reported to have analgesic and anti-inflammatory
activities [15,18,19]. E. cuneata was recently characterized as containing several phytochemicals,
including triterpenes and flavonoids [20]. The hemostatic activity of the plant juice is attributed to its
flavonoid constituents [15,18]. Unlike several members of the Euphorbiaceae family, E. cuneata does
not contain the usual toxic diterpenes [21]. On the basis of the traditional anti-inflammatory activity of
EC, this study aimed to investigate the possible protective effect of EC against LPS-induced ALI in
mice and the possible underlying mechanisms.
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2. Materials and Methods

2.1. Chemicals

Acetonitrile, methanol, and formic acid (LC-MS-grade) were obtained from J. T.
Baker (Avantor Performance Materials, Radnor, PA, USA). Milli-Q water (Merck Millipore Corporation,
Billerica, MA, USA) was used for liquid chromatography analysis. 2R-Naringenin, quercetin,
cuneatannin, 2R-naringenin-7-O-β-glucoside, and kaempferol-7-O-β-glucoside were isolated previously
from E. cuneata [20]. Lipopolysaccharide (LPS; Escherichia coli serotype O111:B4) was bought from
Sigma-Aldrich (St. Louis, MO, USA) and freshly prepared in normal saline on the challenge
day. Ketamine was obtained as ampoules (Tekam, Hikma Pharmaceuticals, Amman, Jordan).
Dexamethasone was obtained as ampoules (4 mg/mL, EIPICO, Cairo, Egypt). Other chemicals
and reagents were of highest purity. Pierce bicinchoninic acid (BCA) Protein Assay Kit was purchased
from Thermofisher Scientific (Waltham, MA, USA). Lactate dehydrogenase (LDH) activity kit was
purchased from Human (Wiesbaden, Germany). Malondialdehyde (MDA), catalase, superoxide
dismutase (SOD), reduced glutathione (GSH), and total antioxidant capacity (TAC) kits were purchased
from Bio-diagnostic Co. (Giza, Egypt). The 4-hydroxynonenal (4-HNE) kit was purchased from My
BioSource (San Diego, CA, USA). ELISA kits for NF-κB (ab176648) were purchased form Abcam
(Cambridge, MA, USA), while tumor necrosis factor-α (TNF-α, MTA00B), interleukin-1β (IL-1β,
MLB00C), and IL-6 (M6000B) were purchased from R&D Systems (Minneapolis, MN, USA).

2.2. Plant Material

E. cuneata aerial parts were collected in March 2016 from Al-Taif City, Saudi Arabia. The plant was
kindly identified by a taxonomist at the Department of Natural products and Alternative Medicine,
King Abdulaziz University, Saudi Arabia, in addition to its morphological features and the library
database [22]. It was confirmed by Dr. Emad Al-Sharif, Associate Professor of Plant Ecology,
Department of Biology, Faculty of Science and Arts, Khulais, King Abdulaziz University, Saudi Arabia.
A voucher specimen (EC-1036) was archived at the Department of Natural Products and Alternative
Medicine herbarium, King Abdulaziz University, Saudi Arabia.

2.3. Extraction Procedures for Pharmacological Study

The air-dried powdered aerial parts of EC (100 g) were extracted with methanol (2 × 500 mL)
using an IKA Ultra-Turrax T 25 digital instrument (IKA Labortechnik, Staufen, Germany). The solvent
was removed under reduced pressure and the dried total methanolic extract (TEC) (10.9 g) was kept at
4 ◦C until use in biological tests.

2.4. Extraction Procedures of Plant Material for High Performance Liquid Chromatography
Diode-Array Detection

The air-dried powdered aerial parts of EC (1 g) were extracted with methanol (10 mL) as described
above. The extract was then vortexed vigorously and centrifuged to remove plant debris. Supernatant
was evaporated, and 20 mg of the dry residue (100 mg) was placed on a C18 cartridge preconditioned
with methanol and water. The sample was eluted using 3 mL MeOH (100%) and the eluate evaporated.
The dry residue was re-suspended in 500 µL methanol, and 3 microliters of the supernatant were used
for HPLC analysis.

2.5. HPLC Photodiode Array Determination of Flavonoid Content in TEC

The HPLC system consists of an Agilent 1260 system, solvent delivery module, quaternary
pump, autosampler, column compartment, and diode array detector (Agilent Technologies, Germany).
The control of the HPLC system and data processing were performed using ChemStation (Rev. B.01.03
SR2 (204)). The separation was performed on Kromasil 100 C18, 5 µm, 250 × 4.6 mm column
(Teknokroma, S. Coop. C. Ltd., Barcelona, Spain), maintained at 25 ± 2 ◦C. The LC system was
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programmed to deliver the mobile system as follows: Diode array detector (DAD): 284, 330, and 360 nm;
mobile A: 0.2% formic acid in water; mobile B: acetonitrile; gradient elution program: 0–10 min, 5% B;
10–60 min, 5%–38% B; 60–61 min, 38%–100% B; 61–65 min, 100% B; 65–66 min, 5% B; run time, 72 min;
flow rate, 0.9 mL/min.

2.6. Calibration Curve of the Isolated Compounds

A weight of 10 mg of each isolated phenolic compound was transferred to a volumetric flask and
dissolved in 10 mL methanol. Serial dilutions were prepared in methanol to achieve concentrations of
25, 50, 100, 150, 200, and 250 ng/µL. Each calibration level was analyzed in triplicate. Each compound
was injected separately by applying scan mode DAD from 190–500 nm. The UV-VIS scan of each
compound was saved and matched with the detected compounds in each sample.

2.7. Biological Study

2.7.1. Animals and Experimental Model

Male Balb/c albino mice (20–25 g) were held in standard conditions in the Animal Facility,
College of Pharmacy, King Abdulaziz University, and provided with standard laboratory food and
water. All study procedures were approved by the Research Ethical Committee of King Abdulaziz
University, Saudi Arabia (reference number PH-116-40), which follows the National Institutes of Health
(NIH) guidelines. Mice were divided into 5 groups (n = 8/each group) and were treated as follows:
control group: mice were given the vehicle once daily for 5 days; LPS group: to induce acute lung
injury, we injected LPS (10 mg/kg) intraperitoneally, as previously described [4]; EC + LPS groups:
2 animal groups that were orally administered EC at 2 different dose levels (25 and 50 mg/kg) for 5 days
prior to LPS injection; dexamethasone (DEX) + LPS group: a positive control group where mice were
administered dexamethasone (5 mg/kg) for 5 days prior to LPS injection. The dose of dexamethasone
was selected on the basis of previous studies [23,24]

Twenty-four hours after LPS injection, mice were humanely killed under anesthesia using ketamine
(50 mg/kg). Right lung was lavaged using 0.9% saline while the left lung was clamped. Bronchoalveolar
lavage fluid (BALF) was obtained and centrifuged. Cell pellet was used for the estimation of the cell
counts. The supernatants of BALF were stored at −80 ◦C until further analysis. A small piece of the
left lung was weighed, homogenized in phosphate buffer, and centrifuged. The supernatants were
stored at −80 ◦C for further analysis. Another part of the left lung was washed with ice-cold saline and
then immersed for 24 h in buffered formalin 10%.

2.7.2. Lung Wet/Dry Weight (W/D) Ratio

W/D ratio is used to estimate the degree of pulmonary edema. It is calculated as the weight of wet
piece of the left lung/its weight after drying in an oven (80 ◦C) for 24 h [4].

2.7.3. Protein Content

Samples of BALF were used for estimation of total protein content according to the manufacturer’s
kit protocol.

2.7.4. LDH Activity

The LDH activity was determined in BALF samples on the basis of the protocol of the manufacturer
kit. In brief, the reaction mixture consisted of nicotinamide adenine dinucleotide phosphate hydrogen
(NADPH) (0.8 mmol/L), and sodium pyruvate (1.5 mmol/L) and Tris buffer (50 mmol/L, pH 7.4) was
added to the sample. The changes in absorbance were recorded at 340 nm and enzyme activity was
calculated and expressed in U/L.
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2.7.5. Total and Differential Cell Counts

Cell pellets were resuspended in 0.1 mL sterile saline and then centrifuged onto slides and stained
with Wright-Giemsa for 8 min. Total cell counts were determined using a hemocytometer. Differential
cell counts were quantified by counting a total of 200 cells per slide at 40 ×magnification. Number of
each cell type was calculated as the percentage of cell type multiplied by the total number of cells in
the BALF.

2.7.6. Lung Histology

Paraffin blocks of lung tissue were obtained from lung samples immersed in formalin,
then sectioned (5 µm). Specimens were stained with hematoxylin-eosin (H&E) and examined
in random order. Lesions were semi-quantitatively graded as described previously [4].

2.7.7. Immunohistopathology

Immunohistochemistry (IHC) staining was automatically managed using Ventana Benchmark XT
system (Ventana Medical Systems, Tucson, AZ, USA). The lung sections were immuno-stained using
primary antibodies—rabbit polyclonal antibody to NF-κBp65 following previous procedures [1,25].

2.7.8. Oxidative Stress and Antioxidants

In the supernatants of lung homogenates, lipid peroxidative markers (MDA and 4-HNE)
and antioxidants (catalase, SOD, GSH, and TAC) were determined according to instruction of the
manufacturer’s kits.

Briefly, MDA was quantified by the reaction with thiobarbituric acid in acidic medium at a
temperature of 95 ◦C for 30 min to form thiobarbituric acid-reactive product whose absorption
was measured spectrophotometrically at 534 nm. Catalase was determined by its reaction with a
known quantity of hydrogen peroxide (H2O2). Catalase inhibitor stopped the reaction after 1 min,
and then the remaining H2O2 reacted with 3,5-dichloro-2-hydroxybenzene sulfonic acid (DHBS) and
4-aminophenazone (AAP) to form a chromophore that was measured at 510 nm. The color intensity was
inversely proportional to the amount of catalase in the original sample. Assay of SOD depends on the
ability of SOD to inhibit the phenazine methosulphate-mediated reduction of nitroblue tetrazolium dye.
The increase in absorbance at 560 nm for 5 min was measured. GSH determination relies on the reaction
of GSH with 5,5-dithiobis-2-nitrobenzoic acid. The product was measured spectrophotometrically at
412 nm. The measurement of TAC was performed by the reaction of antioxidants in the sample with a
defined amount of H2O2. The antioxidants in the supernatant interacted with a specific amount of
H2O2. The residual H2O2 was determined colorimetrically by the conversion of 3,5,dichloro-2-hydroxy
benzensulphonate to a colored product that was measured at 510 nm.

2.7.9. NF-κB and Inflammatory Cytokines

Levels of NF-κB, TNF-α, IL-1β, and IL-6 were measured in the supernatants of lung homogenates
using ELISA kits.

2.7.10. Statistical Analysis

Presented results are means± SD (n= 8). Statistical analysis was performed using one-way analysis
of variance (ANOVA) followed by Tukey’s Kramer multiple comparisons test. For non-parametric
comparison, Kruskal-Wallis test followed by Dunn’s test were used, and a p-value < 0.05 was
considered significant.

3. Results

The total methanolic extract (TEC) was standardized for its major phenolic constitutes that
were previously isolated [20]. The results showed the presence of 2R-naringenin-7-O-β-glucoside (1),
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kaempferol-7-O-β-glucoside (2), cuneatannin (3), quercetin (4), and 2R-naringenin (5) in concentrations
of 6.16, 4.8, 51.05, 13.2, and 50 mg/g of extract, respectively (Figure 1).

 

Figure 1. HPLC chromatogram of methanol extract of Euphorbia cuneata.

3.1. Effect of EC on LPS-Induced Lung Edema

LPS injection to mice resulted in elevation of lung W/D ratio and total protein content of BALF
compared to normal mice, indicating development of pulmonary edema (Figure 2). Additionally,
LDH activity was remarkably increased in LPS-treated animals compared to the control group. On the
contrary, EC pretreatment as well as dexamethasone significantly attenuated W/D ratio, total protein,
and LDH activity in comparison with the untreated LPS group. Interestingly, the effect of EC at a
high dose was nearly equivalent to the effect of dexamethasone, as there was no significant difference
between EC 50 + LPS group compared to the dexamethasone-treated group (Figure 2).
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Figure 2. Euphorbia cuneata (EC) attenuated lipopolysaccharide (LPS)-induced lung injury. (A) Lung
wet/dry weight (W/D) ratio, (B) protein content, and (C) lactate dehydrogenase (LDH) activity in
bronchoalveolar lavage fluid (BALF). Mice were administered two different doses of EC (25 and
50 mg/kg) or dexamethasone (5 mg/kg) once daily for 5 days prior to intraperitoneal injection of LPS
(10 mg/kg). Samples were collected 24 h after LPS injection. Data are the mean ± SD. (n = 8). * p < 0.05,
** p < 0.01, *** p < 0.001 vs. control group; ### p < 0.001 vs. LPS group; && p < 0.01 vs. dexamethasone
(DEX) + LPS group (one-way ANOVA).

3.2. Effect of EC on LPS-Induced Increase in the Total and Differential Inflammatory Cell Counts in BALF

As shown in Figure 3, LPS significantly increased the total and differential cell counts,
mainly neutrophils, in the BALF compared to the control group. EC or dexamethasone pretreatment
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significantly suppressed LPS-induced rise in the total and differential cell counts. The effect of EC at a
high dose was not significant compared to that of dexamethasone.
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Figure 3. Euphorbia cuneata (EC) suppressed lipopolysaccharide (LPS)-induced elevation in total and
differential cell counts in bronchoalveolar lavage fluid (BALF). (A) Total cell count, (B) neutrophil count,
(C) macrophage count, (D) lymphocyte count in lung tissue. Mice were treated with two different doses
of EC (25 and 50 mg/kg) or dexamethasone (5 mg/kg) once daily for 5 days prior to intraperitoneal
injection of LPS (10 mg/kg). Samples were collected 24 h after LPS injection. Data are the mean ± SD.
(n = 8). ** p < 0.01, *** p < 0.001 vs. control group; # p < 0.05, ### p < 0.001 vs. LPS group; & p < 0.05,
&&& p < 0.001 vs. DEX + LPS group (one-way ANOVA).

3.3. Effect of EC on LPS-Induced Lung Damage

Lung tissue of the control group showed normal histology. There was no sign of lesions in
the pulmonary tissue. LPS induced deleterious lung damage in the form of hypertrophied lining
epithelium of the pulmonary bronchiole with extravasation of red blood cells (RBCs) and inflammatory
cell infiltration in the interalveolar tissue spaces. The thickened inter-alveolar septae were observed
with RBC extravasation and excess inflammatory cell infiltration in the interstitial tissue. On the
other hand, animals pretreated with EC or dexamethasone exhibited remarkable improvement of the
pulmonary lesions compared to the LPS-treated group. Semi-quantitative analysis of LPS-induced lung
lesions with regards to the severity and distribution of the lesions indicated significant amelioration of
LPS-induced lesions (Figure 4).
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Figure 4. Euphorbia cuneata (EC) ameliorated lipopolysaccharide (LPS)-induced histopathological
damage of the lung. I. Lung specimen of different group stained with hematoxylin-eosin
(H&E). (A–C) Control group where lung specimen displayed normal alveolar bronchioles lined
by pseudo-stratified ciliated columnar epithelium (arrow), pulmonary blood vessels, interalveolar
septae (between arrow heads), alveolar capillaries, and interstitial tissue. (D–F) LPS group showing
hypertrophied lining epithelium of the pulmonary bronchiole (arrow) with extravasation of red blood
cells (RBCs) and inflammatory cell infiltration in the interalveolar tissue spaces, thickened intralveolar
septae (arrow heads) with RBCs extravasation, and extensive neutrophil and macrophage infiltration
in the interstitial tissue (tailed arrows). (G–I) EC 25 + LPS group, where the alveolar bronchioles
had near normal epithelial lining with interalveolar mucous accumulation (arrow), and lamellae of
collagen bundles (curved arrow) is seen close to the bronchiole, with less marked thickened intralveolar
septae (arrow heads) with RBC extravasation and scarce neutrophil infiltration in the interstitial tissue
(tailed arrow). (J–L) EC 50 + LPS group, where the alveolar bronchioles had near normal epithelial
lining without interalveolar mucous (arrow), and lamellae of collagen bundles (curved arrows) are
still seen close to the bronchiole, with no RBCs extravasation nor inflammatory cell infiltration in the
interstitial tissue and near normal intralveolar septae (arrow heads) with scarce neutrophil infiltration
in the interstitial tissue (tailed arrow). (M–O) DEX + LPS group, with near normal intralveolar septae
(arrow heads) without neutrophil infiltration nor collagen bundle deposition in the interstitial tissue.
II. Semi-quantitative analysis of LPS-induced lung lesions with regards to the severity and distribution
of the lesions. Mice were administered two different doses of EC (25 and 50 mg/kg) or dexamethasone
(5 mg/kg) once daily for 5 days prior to intraperitoneal injection of LPS (10 mg/kg). Samples were
collected 24 h after LPS injection. Data are the mean ± SD. (n = 8). * p < 0.05, ** p < 0.01, *** p < 0.001 vs.
control group; # p < 0.05, ### p < 0.001 vs. LPS group (Kruskal-Wallis).

3.4. Effect of EC on LPS-Induced Lipid Peroxidation and Antioxidants in Lung

LPS injection induced increase in the lipid peroxidative markers, MDA and 4-HNE, in lung in
comparison with normal animals (Figure 5A,B). Simultaneously, LPS hindered the antioxidant capacity
of the lung due to significant decrease in the endogenous antioxidants such as catalase, SOD, and GSH
levels as well as TAC in comparison with the control group (Figure 5C–F). On the other hand, EC or
dexamethasone pretreatment significantly augmented the antioxidant activities and diminished the
lipid peroxidative parameters in the lung. EC significantly enhanced catalase, SOD, and GSH and
significantly decreased MDA and 4-HNE compared to the LPS-treated group. EC at a higher dose
exerted a remarkable antioxidant activity compared to dexamethasone.
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Figure 5. Euphorbia cuneata (EC) ameliorated lipopolysaccharide (LPS)-induced lipid peroxidation and
increased antioxidant parameters in the lung. (A) Malondialdehyde (MDA), (B) 4-hydroxynonenal
(4-HNE), (C) catalase, (D) superoxide dismutase (SOD), (E) reduced glutathione (GSH), (F) total
antioxidant capacity (TAC). Mice were treated with two different doses of EC (25 and 50 mg/kg) or
dexamethasone (5 mg/kg) once daily for 5 days prior to intraperitoneal injection of LPS (10 mg/kg).
Samples were collected 24 h after LPS injection. Parameters were estimated in the supernatants of
the lung homogenates. Data are the mean ± SD. (n = 8). ** p < 0.01, *** p < 0.001 vs. control group;
# p < 0.05, ## p < 0.01, ### p < 0.001 vs. LPS group; && p < 0.01, &&& p < 0.001 vs. DEX + LPS group
(one-way ANOVA).
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3.5. Effect of EC on LPS-Induced Inflammatory Response in Lung

LPS challenge significantly increased the immuno-expression and the level of NF-κB in the lung in
comparison with the control group (Figure 6). In addition, LPS elevated the levels of the inflammatory
cytokines TNF-α, IL-1β, and IL-6 (Figure 5II) in the lung compared to the control group. However, EC or
dexamethasone reduced immuno-expression and the level of NF-κB simultaneously, with significant
reduction in the levels of inflammatory parameters TNF-α, IL-1β, and IL-6 in comparison with the LPS
group. Notably, the effect of high dose of EC was not significant from the effect of dexamethasone.
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Figure 6. Euphorbia cuneata (EC) inhibited lipopolysaccharide (LPS)-induced nuclear factor-κB (NF-κB)
activation and cytokine release in lung. I. Expression of NF-kB cells in lung tissue determined by
immunohistochemistry. (A) Control group, the positive NF-kB cells were not observed; (B) LPS
group, increased expression of NF-kB-positive cells; (C) EC 25 + LPS group, there was low staining
of NF-kB-positive cells; (D) EC 50 + LPS group, very limited expression in the perivascular region,
and interstitial lung tissue; (E) DEX + LPS group, minor positive NF-kB cells. II. Levels of (A) NF-κB,
(B) tumor necrosis factor-α (TNF-α), (C) interleukin-1β (IL-1β), (D) interleukin-6 (IL-6) in the
supernatants of lung homogenates. Mice were treated with two different doses of EC (25 and
50 mg/kg) or dexamethasone (5 mg/kg) once daily for 5 days prior to intraperitoneal injection of LPS
(10 mg/kg). Samples were collected 24 h after LPS injection. Data are the mean ± SD. (n = 8). * p < 0.05,
** p < 0.01, *** p < 0.001 vs. control group; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. LPS group; && p < 0.01,
&&& p < 0.001 vs. DEX + LPS group (one-way ANOVA).

4. Discussion

ALI is a serious respiratory condition that is characterized by neutrophilia and acute lung
inflammation. LPS is an endotoxin derived from Gram-negative bacteria that has been extensively
used to establish a model of ALI in rodents. It induces marked pulmonary inflammation after 2–4 h and
maximizes at 24–48 h [5]. Thus, in this study, BALF and tissue samples were collected 24 h after LPS
exposure. Results of the current study demonstrated the protective antioxidant and anti-inflammatory
effects of EC against LPS-induced ALI in mice, which could be related to its ability to modulate the
ROS/NF-kB/inflammatory cytokine pathway. The anti-inflammatory efficacy of EC, specifically at the
higher dose, was nearly equivalent to that of dexamethasone.

LPS administration results in multiple pathogenic events including massive polymorphonuclear
leukocytes (PMN) infiltration in pulmonary tissue, diffuse intravascular coagulation, and profound
pulmonary injury [6]. Accumulation of infiltered inflammatory cell in pulmonary tissue exacerbates
ALI through the release of multiple toxic mediators including ROS, proteases, and proinflammatory
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cytokines [4]. Furthermore, recruitment of inflammatory cells contributes to increase of the
alveolar-capillary barrier permeability and lung edema. Results of this study were in line with
previous research [2,10,26], as LPS induced marked pulmonary edema presented by increased lung
W/D ratio. The total protein content in the BALF, as another index of epithelial permeability and
pulmonary edema [2], was highly increased in the BALF of mice exposed to LPS. However, EC decreased
the lung W/D ratio and the total protein in the BALF, indicating that EC could prohibit the leakage of
serous fluid into the lung tissue and attenuate the development of pulmonary edema. Additionally,
LDH, as a marker of tissue injury, was increased in BALF upon LPS administration compared with the
control group, which was inhibited by EC pretreatment. Inflammatory cell infiltration in the lungs,
mainly neutrophil, was noted through increased total and differential cell counts. These biochemical
observations were supported by the histopathological examination of the lung, which revealed excessive
inflammatory changes such as pulmonary edema, alveolar distortion, and inflammatory cell infiltration
lung of LPS-challenged mice. On the other hand, EC attenuated pulmonary edema and inhibited the
infiltration of inflammatory cells, as well as restraining the alveolar structural damage. The remarkable
attenuation of the biochemical parameters of ALI was parallel to the observed improvement of the
histology of the lung in EC-pretreated animals. These findings demonstrated the protective effect of EC
on ALI induced by LPS and the ability of EC to prohibit inflammatory cell sequestration and migration
into the lung tissue.

Multiple molecular mechanisms mediate the pathogenic events of LPS-induced ALI [27].
Interaction between oxidative stress and inflammation plays a major role in mediating LPS-induced
ALI [28]. During the inflammatory response, neutrophils undergo a respiratory burst and produce
superoxide. ROS overproduction is extremely toxic to host tissues, and their interactions with various
cellular macromolecules result in severe pathophysiological consequences. Excessive LPS-induced
ROS release is accompanied by production of lipid peroxides, inactivation of proteins, and DNA
mutation [5]. Moreover, LPS-induced oxidative stress is associated with depressed antioxidant activity
of the lung, which may aggravate LPS toxicity. Catalase is one of the most important antioxidant
enzymes that antagonizes oxidative stress by destroying cellular hydrogen peroxide to produce water
and oxygen. GSH acts as a major cellular antioxidant defense system by scavenging free radicals
and other ROS. SOD is the only antioxidant enzyme that can scavenge superoxide. Catalase, GSH,
and SOD are greatly depressed by LPS [1,2,5]. Our results are consistent with previous studies, as LPS
caused marked lipid peroxidation. LPS increased MDA and 4-HNE, which are stable end-products of
lipid peroxidation and are frequently used as biomarkers of oxidative stress. Moreover, LPS repressed
the activities of the antioxidants (catalase, SOD, GSH, TAC) in lung tissue. Significantly, EC reversed
LPS-induced oxidative changes as EC enhanced antioxidant activities and subsequently depressed
lipid peroxidation, clearly demonstrating the potent antioxidant activity of EC.

LPS binds and stimulates toll-like receptor 4 (TLR4), which causes activation of NF-κB and
subsequent release of inflammatory cytokines (TNFα, IL-1β, and IL-6) [29,30]. Hence, blockade
of NF-κB signaling pathways can inhibit the development of ALI induced by LPS. Our study
revealed the activation of NF-κB and increased inflammatory cytokines in LPS-challenged mice,
consistent with previous studies [4]. Expectedly, pretreatment with EC hindered the activation of
this inflammatory pathway, resulting in suppression of inflammatory mediator release. It is worth
mentioning that jolkinolides, diterpenoids reported from Euphorbia species, have shown a protective
effect of LPS-induced ALI via attenuating histological alterations, inflammatory cell infiltration,
and lung edema, as well as inhibiting the production of inflammatory mediators, e.g., TNF-α [31,32].
It has also been reported that Euphorbia factor L2 improved the survival rate of ALI mice and effectively
reduced the pathological changes in the lung by suppression of pro-inflammatory mediators regulated
by the NF-κB pathway [33]. As noted above, EC contains several phytochemicals, including quercetin,
kaempferol glycoside, and naringenin. Quercetin is known for its antioxidant and anti-inflammatory
activity through inhibition of TNF-α, IL-8, IL-4, cyclooxygenase (COX), and lipoxygenase (LOX) [34].
Naringenin has been shown to exhibit anti-inflammatory activity in lung injury in vivo through
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downregulation of NF-κB, inducing NO synthase, TNF-α, and caspase-3 [35]. Kaempferol glycoside,
which is biosynthesized from naringenin, is known for its antioxidant potential, in addition to its
anti-inflammatory effect through inhibition of NF-κB, TNF-α, COX, LOX, and expression of IL-1β and
IL-8 [36]. Thus, the protective activity of EC against LPS-induced ALI in mice may be attributed to its
antioxidant activity due to the presences of the different phenolic constituents.

5. Conclusions

Collectively, this study revealed the potent protective effect of EC against LPS-induced ALI,
which may be linked to its antioxidant and anti-inflammatory activities. However, further studies are
recommended for better elucidation of the underlying molecular mechanisms of EC.
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Abstract: Trigonella stellata has used in folk medicine as palatable and nutraceutical herb. It also
regulates hypocholesterolemia, hypoglycemia, and has showed anti-inflammatory activities as well
as antioxidants efficacy. Osteoporosis is a one of bone metabolic disorders and is continuously
increasing worldwide. In the present study, caffeic acid was isolated from Trigonella stellata and
identified using 1 D- and 2 D-NMR spectroscopic data. Caffeic acid was investigated on osteoblast and
osteoclast in vitro using mice bone marrow-derived mesenchymal cells. Caffeic acid played reciprocal
proliferation between osteoblast and osteoclast cells and accelerated the bone mineralization. It was
confirmed by cytotoxicity, alkaline phosphatase (ALP), alizarin red S (ARS), and Tartrate resistant
acid phosphatase (TRAP) assay. Caffeic acid regulated the osteogenic marker and upregulated the
osteopontin, osteocalcin, and bone morphogenic proteins (BMP). Quantitative real time PCR and
Western blot were used to quantify the mRNA and protein markers. It also regulated the matrix
metalloprotease-2 (MMP-2) and cathepsin-K proteolytic markers in osteoclast cells. In addition,
caffeic acid inhibited bone resorption in osteoclast cells. On the other hand, it upregulate osteoblast
differentiation through stimulation of extracellular calcium concentrations osteoblast differentiation,
respectively. The results also were confirmed through in silico docking of caffeic acid against
cathepsin-B and cathepsin-K markers. These findings revealed that caffeic acid has a potential role in
bone-metabolic disorder through its multifaceted effects on osteoblast and osteoclast regulations and
controls osteoporosis.

Keywords: Trigonella stellata; caffeic acid; osteoporosis; osteoblast; osteoclast; BMP

1. Introduction

Osteoporosis is a metabolic bone disease characterized by low bone mass, imbalanced bone cell
types that leads to osteoarthritis (OA). Bone is a metabolically active connective tissue, ability to
regenerate from the incidence and accident of fractures [1]. Bone reabsorption and osteogenic formation
tends the remodeling of bone loss and balancing the bone stereotypes. Osteoclast types of cells efficiently
absorb the damaged bone cells and promote osteoconductivity, as in-growth around the bone; induction
of osteogenic response promote progenitor cell differentiation and mineral storage in osteoblastic
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lineages. Balances between osteoblast and osteoclast would be happened by bone marrow derived
cells. Bone-marrow derived mesenchymal stem cells (BM-MSCs) are multipotent, differentiated into
connective tissue, and develop into mature osteoblasts [2]. Mesenchymal cells directly involved in
extracellular matrix composition, mineralization, and coordinate the differentiation of osteostromal
cells [3]. Osteoclasts are generated from precursor cells in presence of receptor activator of nuclear
factor kappa-B ligand (RANKL) [4]. These inductions activate the inflammatory mediators which given
back bone loss. Bone morphogenetic protein (BMP) and IL-10 are examples of osteogenic markers
widely used in differentiation of mesenchymal stem cells into osteoblasts. Mitogen activated protein
kinase (MAPK) regulates the osteoblast-specific transcription factors for differentiation process [5].

Simple analgesics are now recognized as one of the first line pharmacological treatment of
uncomplicated OA. Whereas some non-steroidal anti-inflammatory drugs (NSAIDS) may show some
fatal adverse effects particularly if used in long term treatment plans.

Natural products have been recently considered as a source of important therapeutic candidates,
that could treat various diseases and considered effective for maintaining good health [6]. The interest
in drugs derived from plants is predominantly attributed to the trust that green medicine is safe and
dependable in comparison to the synthetic one. Wide ranges of natural candidates have implemented
in treatment of chronic and infectious diseases [7].

Currently, a plethora of agents are available for the treatment of inflammatory disorders including
OA, but some of the drugs are associated with risk of life-threatening adverse effects leading to its
withdrawal from market [8]. Hence, the management of inflammatory disorders using medicines
without side effects is still a challenge. In the last decades, hundreds of reports were published regarding
the anti-inflammatory activities of plants that were available for alternative therapy [9]. Particularly,
phenolic bioactive constituents showed significant attention due to their modulatory activities on
inflammasomes [10]. Therefore, it is highly required to find out herbal products or nutraceuticals,
which can be used as add-on therapy for long-term management of inflammatory disorders.

Studies have proven that leguminous plants may act as reservoirs of potential secondary
metabolites of diverse therapeutic utilities and can produce an anti-inflammatory effect as well as they
have significant nutritional value [11,12]. In this aspect, there is a consumption of Trigonella species
(member leguminous herbs) because of their nutritional value. Particularly, Trigonella foenum-graecum,
which is a small plant with several benefits, attributed to the diverse array of phytoconstituents such
as phenolics and flavonoids [13]. Traditionally Trigonella foenum-graecum is reputed to exert anticancer,
antidiabetic, antioxidant, antihyperlipidemic, and other various pharmacological effects [14].

Trigonella stellata (T. stellate) (Leguminosae) is a member of the genus Trigonella that is native
and very common to grow wildly in Arabian Peninsula including Saudi Arabia [15]. Traditionally,
T. stellata is a palatable herb [16] and used to treat abdominal pain, diarrhea, dysentery [17], and as
nutraceutical herb [18]. Recent studies reported that T. stellata contains isoflavans and saponins and
showed antidiabetic and anti-hyperlipidemic activities [19,20].

No previous reports have been performed to illustrate the efficacy of T. stellata as anti-erosion
agent in vitro and in vivo platforms. Therefore, this study was aimed to investigate the T. stellata for
the first time for such activities.

2. Results

2.1. Isolation and Identification of Major Compound

The methanol extract of shade dried aerial parts (25.0 g) was subjected to several and repeated
chromatographic techniques to give the pure phenolic compound; Caffeic acid (CAF) (23.6 mg) [21]
(Figure 1). The structure was elucidated by inspection of 1 D- and 2 D-NMR spectroscopic data
(Table 1 and Supplementary Material) and compared with literature values [21]. This study represents
the first report on the isolation of CAF from T. stellata.
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Figure 1. Structure of caffeic acid (CAF) isolated from T. stellata (A). HPLC chromatogram of SubFr.
2-4-4-1 (B). HPLC chromatogram of collected pure CAF (C).

Table 1. NMR spectroscopic data of caffeic acid in CD3OD.

Position δC δH, mult. (J in Hz)

1 127.82 -
2 115.10 7.06, d, (2.04)
3 146.82 -
4 149.47 -
5 116.51 6.80, d, (8.16)
6 122.88 6.95, dd, (2.04, 8.16)
7 147.06 7.55, d, (15.88)
8 115.55 6.23, d, (15.88)
9 171.08 -

δC: chemical shift in ppm for 13C-NMR, δH: chemical shift in ppm for 1H-NMR; mult.: multiplicity; J in Hz: coupling
constants in Hz; d: doublet, dd: doublet of doublet.

2.2. Effect of T. Stellata Extract Against Mesenchymal Cells

The biocompatibility of T. stellata crude extract (TCE) against murine bone marrow derived
mesenchymal cells. Initially, the TCE was evaluated using BM-MSCs viability assay at concentrations
(10, 20, 50, 100, 250, and 500 µg/mL) by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) method (Figure 2A) and neutral red (NR) assay (Figure 2B). This examination revealed that the
TCE metabolites play a major role in cell biocompatible. The major moiety isolated from TCE was CAF.
The selection of biocompatible concentrations of CAF was carried out using MTT assay. Cell viability
was not inhibited up to 50 µg/mL of TCE concentration. The CAF at concentration >10 µM decreases
the cell viability with an IC50 with >10 µM concentration. The neutral red assay estimates the uptake
of colour from viable cells. NR measurements of the total viable cells was correlated with MTT assay.
The NR results revealed that, insignificant cell death was observed at all the tested concentrations.
Even at 10 µM CAF treatment showed <25% cell death.
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Figure 2. In vitro cytotoxic evaluation of T. stellata crude extract (TCE) and its metabolites.
(A) The osteostromal cells were isolated from murine bone marrow and osteogenic characters were
induced. The osteogenic cells were further analyzed for cytotoxic effect against T. stellata crude extract.
The concentration tested from 10 µM to 500 µM. The crude extract was treated with osteogenic cells for
72 h and evaluate the cell viability using MTT reagent. (B) The major metabolites caffeic acid (CAF) was
treated with osteogenic cells in concentration of 1.0 µM to 50 µM for 7 days and 14 days cultured cells.
(C) Alkaline phosphatase-specific activity. (D) Total protein content. Bars represent the mean ± SD
(n = 4). Statistical results are shown as * p < 0.05, Values compared between the PBS group with CAF at
different concentrations.

Concerning, the effect of bone cell differentiation or proliferation, CAF significantly stimulated
alkaline phosphatase (ALP) activity and bone cell differentiation in BM-MSCs cells. Thus, the effect
of CAF on osteoblast culture from primary precursors cells was investigated. ALP was estimated
at 14 days incubation (Figure 2C). The contents of ALP was increased 50% at 5-µM CAF treatments.
ALP results were co-related with total protein content (Figure 2D). Total protein was raised up to 50%
in CAF treated osteoblastic cells.

2.3. CAF Regulated In Vitro Mineralization of Osteoblastic Cells

CAF regulated the bone cell differentiation and influenced the loading of calcium on osteoblastic
cells. CAF stimulated the proliferation in osteogenic cells. Thus, the effect of CAF was investigated
using in vitro osteoblastic cells primary stained with alizarin red S (ARS). As shown in Figure 3A,B,
differentiated osteoblasts were stained with ARS for a period of 7, 14, and 21 days, respectively.
The contents of ARS staining increased 100–200% at CAF (5 and 10 µM) Figure 3C. Whereas 10 µM
showed highly significant amplification of loading mineralization as well as accelerates the ARS staining
up to 2-fold compared to PBS group. The inflammatory cytokines from osteoblast differentiation were
quantified and found CAF insignificantly regulated the IL-10 and it was not overexpressed by the
differentiation cellular modifications Figure 3D. Whereas, TNF-α was reduced significantly at 5 µM of
CAF treatment in osteoblast stereotypes.
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Figure 3. The differentiation and in vitro mineralization of osteoblast was evaluated at CAF treated
conditions. (A) Representative macroscopic (B) Microscopic observation of alizarin red S (ARS) (C) ARS
quantification for osteoblastic Differentiation at CAF treated conditions. (D) Cytokines estimation
at 7th day of CAF treated osteoblastic cells. TNF-α and IL-10 were estimation using ELISA kits.
Bars represent the mean ± SD (n = 4). Statistical results are shown as * p < 0.05. Values compared
between the PBS group with CAF at different concentrations.

2.4. Regulation of CAF on Osteoblastic Markers

CAF assessed on mechanistic influences related to the effect on mineralization and differentiation.
It was decided to examine the quantification of mRNA and protein markers related to osteoblastic
regulations (Figure 4). The protein estimation of cathepsin-B and BMP-2 in CAF treated osteoblastic
cells was shown in Figure 4A. The estimation showed that, cathepsin-B protein was significantly
increased at 5 µM CAF treated osteoblastic cells. Moreover, BMP-2 was also upregulated parallel to
Cath-B protein (Figure 4A). Differential media increased the BMP-2 level 60% compared to control
and CAF treatment increased the level up to 300% compared to control groups. These results claim to
investigate more markers related to osteoblastic cells. Immunoblot based estimation of cathepsin-B,
osteopontin, osteocalcin, and BMP-2 were estimated in CAF treated cells. The protein of Cath-B,
osteocalcin, and BMP-2 were increased significantly in CAF treated cells (Figure 4B). On the other hand,
osteopontin was not upregulated by CAF treatments. Moreover, 10 µM of CAF treatment upregulate
the transcript marker of osteoblast-related morphogenic proteins, osteocalcin (250%), as well as the
osteo-inductive protein BMP-2 (230%) (Figure 4C–F). The significance observation was also noted
in mRNA estimation of osteoblastic markers. Osteopontin was not significantly increased against
differential medium (DM) group, but it was significant against control group.
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Figure 4. Effect of CAF on bone markers in osteoblast cell organization. (A) Cytokines estimation at
7th day of CAF treated osteoblastic cells. TNF-α and IL-10 were estimation using ELISA kits. (B) Effect
of CAF on the protein expression of bone markers such as cathepsin-B (Cath-B), osteopontin (Opn),
steocalcin (Ocn) and Bone morphogenic protein-2 (BMP-2). Protein expression were measured by
Western blot analysis. (C–F) mRNA expression of bone markers on CAF treated osteoblastic cells and
it was quantified by quantitative real time PCR was normalized to β-actin. (C) mRNA expression of
cathepsin B, (D) mRNA expression of osteopontin, (E) mRNA expression of osteocalcin and (F) mRNA
expression of BMP-2 marker, respectively. Bars represent the mean ± SD (n = 4). Statistical results are
shown as * p < 0.05.

2.5. Effect of CAF on Osteoclastogenic Regulations

Osteoclasts are major cell type in bone mass and play a critical role in bone rejuvenation and
resorption. The negative regulation of osteoclastogenesis has recognized to be a positive treatment for
bone loss and bone degenerative diseases. Therefore, it was examined for the anti-osteoclastogenic
effect using CAF in RANKL-induced osteoclast cells. As shown in Figure 5A, results showed that CAF
treatment concentrations tested from 0.5 to 10 µM regulate the osteoclast cell viability. At 5 and 10 µM
concentration plays a 30% and 45% cell death, respectively. CAF treatment strongly inhibited the
tartrate resistant acid phosphatase (TRAP) positive osteoclast cells by a dose-dependent manner.
The inhibition of osteoclast differentiation was confirmed by TRAP activity (Figure 5B). It was
further evaluated using a differentiation platform with RANKL (Figure 5C). As shown in Figure 5D,
CAF exhibited significant DNA damage to osteoclast cells. The inhibition was profound nuclear
membrane organization and DNA linearization. These results claimed that CAF at 10 µM concentration
inhibits the osteoclastogenesis and accelerates RANKL induced DNA damage. Apparently, it was
further examined to confirm the osteoclastogenesis mRNA and protein markers.

Osteoclast marker investigation was done using mRNA and Western blot analysis. Western blot
based quantification of TRAP, MMP-9, and cathepsin-K were estimated in CAF treated osteoclast cells.
The significance observation was noted in mRNA estimation of osteoclast markers. TRAP expression
was not appreciated in differential RANKL medium compared to control group, it was reduced at
CAF 5 µM and 10 µM treated groups. The protein of TRAP, Cath-K, and MMP-9 were significantly
decreased in CAF treated cells (Figure 5E,F). On the other hand, cathepsin-K was elevated at DM
group compared to other tested groups. In addition, 10 µM of CAF treatment decreased the protein
expression of MMP-9, these results revealed that CAF inhibit the migration and infiltration of bone cells.
These results examined, showed that osteoclast markers were negative regulated by CAF treatment.
It was significantly regulated by CAF compared to DM group. The inhibition of osteoclast genesis
gives a remarkable output of Trigonella molecules reciprocally regulated the osteoblast and osteoclast
cell types and might control the bone erosion and increases the reabsorption of senescent bone cells.
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Figure 5. Effects of CAF on receptor activator of nuclear factor kappa-B ligand (RANKL)-induced
osteoclast differentiation in mesenchymal cells. Bone-marrow derived mesenchymal stem cells
(BM-MSCs) were cultured with vehicle or CAF (5 and 10 µM) in the presence RANKL (100 ng/mL) for
7 days. (A) Cultured cells tested against CAF treatment and analysed the cell viability. Cell viability
of BM-MSCs was determined using the XTT assay (B) The estimation of Tartrate resistant acid
phosphatase (TRAP) activity at 450 nm. (C) Cell differentiation effect was quantified on two intervals
from 7 days to 10 days of incubation with CAF treatment. (D) RANKL induced osteoclast cells
were treated with CAF and estimate the DAPI positive cells to confirm apoptotic induction as well
as nuclear organization by fluorescence. Nuclei were stained by DAPI (blues signal). The area of
DNA damage and nuclear organization was measured using ImageJ software. (E) Quantification of
mRNA expression osteoclastic markers in CAF treated osteoclast cells using quantitative RT-PCR.
The markers are TRAP, matrixmettalloprotease-9 (MMP-9), cathepsin-K (Cath-K). (F) Quantification of
protein expression in osteoclastic cells treated with CAF using Immunoblot methods. The markers are
TRAP, matrixmettalloprotease-9 (MMP-9), cathepsin-K (Cath-K). Bars represent the mean ± SD (n = 4).
Statistical results are shown as * p < 0.05.

2.6. In Silico Docking of CAF against Cathepsin-B and Cathepsin-K Markers

Cathepsin is a cysteine residue based protease; ligand selection is based on its hot spot binding
in substrate binding site of cathepsins family. These are the key factors for designing effective new
ligand based inhibitors. Cathepsin-B structure showed arrangement of 18 amino acids long insertion
from (Pro107-Asp124). In current study, orientations of the most potent inhibition of enzymatic
activity of cathepsins-B and K were studied. It was found CAF docked similar binding regions with
three-dimensional designed crystal structures of cathepsin-B and K (Figure 6A–G). The molecular
modeling of CAF identified that a long hydrophobic pocket represents the potential binding site on the
surface of cathepsin-K (−6.01) with two hydrogen bonds (Table 2), which is necessary for the peptide
binding and excision (Figure 6B–D). The CAF docked the cathepsin-B in four hydrogen bonds, which at
the site of hot spot of the receptor and made −4.43 binding energy (Figure 6E–G). Binding energy,
ligand efficiency, and intermol energy were noted in Table 2.
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Figure 6. In silico interaction of caffeic acid (CAF) with cathepsin family receptor molecules. Docked
orientation of (A) CAF (CID_637511), (B–D) 3D structure of cathepsin-K (PDB ID: 6QLM), hydrogen
bonds between CAF with cathepsin-K, binding pocket of cathepsin-K. (E–G) 3D structure of Cathepsin-B
(PDB ID:3AI8), hydrogen bonds between CAF with cathepsin-B, binding pocket of cathepsin B with CAF
complex. Docking analysis was performed using Autodock tools (ADT) and Autodock v4.2 software.

Table 2. Hydrophobic interaction of caffeic acid and amino acid residues of target proteins.

SL.
No

Target
Proteins

Binding
Energy

Ligand
Efficiency

Intermole
Energy

Ligand Atoms
(Ring)

Docked Amino Acid
Residue (Bond Length)

1. Cat-K −6.01 −0.6 −6.55 C1-OH
C1-OH

LYS‘17/HZ2 (1.7 Å)
LYS‘181/HZ2 (2.3 Å)

2 Cat-B −4.43 −0.44 −4.97

C1-OH
C1-OH
C1-OH
C1-OH

ASN‘222/OD1 (2.5 Å)
THR‘223/HN (2.2 Å)
THR‘223/HG1 (1.7 Å)

ILE‘20/O (3.2 Å)

Cat-K: Cathepsin-K, Cat-B: Cathespsin-B, LYS: Lysine, ASN: Asparagine, THR: Threonine, ILE: isoleucine.

3. Discussion

TCE showed remarkable osteogenic activity and improves bone strength. There is a possibility
that the TCE contains active molecules responsible for the potential activity. Further refining and
identification of constituents revealed the isolation of CAF. The structure was elucidated by inspection
of 1H, 13C, DEPT, HMQC, and HMBC spectroscopic data (Table 1 and Supplementary Material)
and compared with the literature values [21]. Whereas the 1H NMR spectrum of CAF (Table 1 and
Supplementary Material) revealed the presence of aromatic resonances for an ABX system at σH 7.06
(d, J = 2.04 Hz), 6.80 (d, J = 8.16 Hz), and 6.95 (dd, J = 2.04, 8.16 Hz). In addition, a pair of doublet at
σH 6.23 and 7.55 with coupling constants of 15.88 Hz was observed corresponding to two trans-olefin
protons. By inspection of the 13C NMR spectrum (Table 1 and Supplementary Material), the obtained
resonances were in agreement with the aromatic resonances at σC 127.82, 115.10,146.82, 149.47, 116.51,
and 122.88, as well as two olefin carbons at σC 115.55 and 147.06 and a carboxyl resonance at σC 171.08,
all of which were characteristic of caffeic acid. This study represents the first report on the isolation of
CAF from T. stellate.

The obtained results establish the direct stimulatory effect of T. stellata metabolites on osteoblast
differentiation. The potential stimulation of osteogenic properties of T. stellata metabolites has been
proposed, but the molecular mechanism of this stimulation remains unclear. Natural products
promote the osteoblast activity and suppress the osteoclast activity [22]. There are many studies
from plants which showed the osteoblast activation and osteoclast inhibition processes [23–25].
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The cytotoxic effects directly explained that the TCE was not toxic up to 100 µg/mL concentration.
This biocompatibility on mesenchymal cells triggers us to investigate further on metabolites of T. stellata.
The cytotoxic activity of CAF also explained its toxic properties and found nontoxic up to 10 µM
concentration. The ALP and total protein were also reflecting this viability analysis. The results
are comparable with study on medicinal plant’s (Leonurus sibiricus) ethanol extract and other herbal
molecules, which showed osteoblast differentiation and suppress osteoclast differentiation as well as
bone resorption in a mouse model [26–29]. One of the studies reported with osteogenic differentiation
by the compound leonurine hydrochloride from Leonurus sibiricus. Some other studies similar to
current study observed with BMP-2 transcription factor, which played key role in bone formation and
osteoblast differentiation [23,30]. The presented results demonstrate that CAF from TCE stimulated
mineralization in osteoblast by enhancing transcription factors and stimulating cathepsin-B and
BMP-2 signaling. Likewise, CAF suppressed RANKL-induced osteoclast differentiation and resorption
capacity of cells.

The guava fruit was also effective against osteoporosis according to Chinese medicine due to
the presence of polyphenolic compounds and increased bone health [31–35]. The results showed
similar properties as Rumex crispus extract in osteoblast differentiation through runt related
transcription factor 2 and suppress the RANKL induced bone loss through suppressing the RANKL
signaling [36,37]. Furthermore, it was observed that the transcription factors were enhanced to activate
the osteogenesis [37]. It was found that CAF enhanced the mRNA levels of stimulatory transcription
factors to induce osteogenesis. BMP-2 is the osteoblast-regulating factor that induced morphogenic
protein involved in differentiation; mineralization and bone strengthen mediators, such as osteopontin
and osteocalcin. The mineralization explained the loading of calcium in osteoblast cells improves the
bone strength and vitamin-D signaling pathways [38]. The loading of calcium was noted for 21 days
and found 50% elevated storage after the 14th day of differentiation. In both tested concentrations
got a similar response in differentiation and ARS uptake. These results revealed that, the osteoblast
differentiation and mineralization were dose dependent manner.

It is well established that, extracellular signal regulated kinase (ERK) and p38-MAPK are osteogenic
mediated signaling pathways that regulate osteoblast markers in unique differentiation. The underlying
mechanism of CAF was investigated on the osteogenic activity, the study was examined whether
CAF from TCE regulates the BMP-mediated activation of signaling markers and down regulated
the TRAP, MMP-9, and cathepsin-K markers. These bone factors considered as major transcription
factors required for bone formation, associated with the regulation of osteopontin and osteocalcin
mediators [37–39]. In addition, BMP-2-mediated Smad protein stimulation regulate the transcription
of osteopontin and osteocalcin markers [40,41]. In this study, CAF synergistically upregulate the
BMP-2 and showed reciprocal regulation of cathepsin-B with cathepsin-K, upregulate the osteocalcin
as well as bone transcription factors (Figures 5 and 6). These results suggest that the metabolic effect of
CAF on BMP-2-dependent osteogenic to enhance the morphogenic protein mediated osteopontin and
osteocalcin signaling axis for bone formation. It was showed that CAF treatments at low concentrations
expressed an enhancement in differentiation and mineralization of osteoblast in both protein and
mRNA level. Understanding the CAF effects on osteogenic markers, which delivers the outlined
approach about the therapeutic potential for osteoporotic disorders. Furthermore, the regulations
were confirmed by in silico docking analysis. The docking results revealed that, the structures of
cathepsins-B and K are very similar, including their cleavage sites containing several “hot-spot” amino
acids conserved among all types of cathepsins, along with Lysine 17 for cathepsin K and isoleucine
20 for cathepsin B receptors. The active site contains two histamine residues, which has high affinity
towards substrate binding on receptors. These results revealed that CAF docked with cathepsin family
receptors and plays a differential expressed ligand role in proteolytic protein osteogenic cell types.
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4. Materials and Methods

4.1. General Experimental Procedures and Chemicals

1H-, 13C-, and 2D-NMR spectra were measured on an AVANCE 400 NMR spectrometer (1H-NMR:
400 MHz and 13C-NMR: 100 MHz, Bruker). Silica gel Column Chromatography (SCC) was performed
on silica gel 60 (E. Merck, Darmstadt, Germany; 70-230 mesh). Reversed-Phase Silica Gel Column
Chromatography (RPCC) was performed on a Cosmosil 75C18-OPN column (Nacalai Tesque,
Kyoto, Japan; internal diameter = 50 mm, length = 25 cm, linear gradient: MeOH:H2O). Diaion HP-20
(Mitsubishi Chemical Co., Ltd. Tokyo, Japan). Pre-coated silica gel 60 F254 plates (E. Merck; 0.25 mm and
1000 µm in thickness) were used for Thin Layer Chromatography (TLC) visualization by spraying with
p-anisaldehyde reagent and heated to 150 ◦C on a hotplate. High Performance Liquid Chromatography
(HPLC) instrument used (Agilent, 1200 series, Germany) consisted of binary pumps, a PDA detector,
and an auto sample injector, with a Chem satiation software module. The column was ZORBAX-SB-C18
(150 mm × 4.6 mm × 5 µm) (Agilent, Folsom, CA, USA). The mobile phase was in an isocratic mode
using mixture of MeOH:H2O (45:55 v/v) with flow rate 1.0 mL/min. The volume of the samples
injected into the HPLC system for analysis was set at 10 µL. Chemicals and reagents used were of
analytical grade.

4.2. Plant Material

Aerial parts of T. stellate were collected from gardens of King Faisal University, Saudi Arabia
(September 2016) and was identified by Dr. Mamdouh Shokry, Director of El-Zohria botanical garden,
Giza, Egypt. Voucher specimen (9-16-Sept-TS) was deposited at the Herbarium museum of College of
Clinical Pharmacy, King Faisal University, Saudi Arabia.

4.3. Extraction and Isolation

Shade-dried aerial parts of T. stellata (1.0 kg) were extracted three times with 70.0% methanol
(10.0 L) by maceration at room temperature. The well-filtered extracts were combined and concentrated
under reduced pressure to give an extract (103.0 g). The extract was partitioned with n-hexane (15.0 L)
to give hexane fraction (74.0 g) and remaining mother liquor was concentrated to give (29.0 g) defatted
extract. The defatted extract (25.0 g) was subjected to Diaion HP-20 column chromatography (1.0 kg)
then it was eluted with water, 50.0% and 100.0% MeOH to obtain the fractions of water (5.0 g), 50.0%
MeOH (12.0 g), and 100.0% MeOH (7.0 g). On the basis of the TLC patterns, the 50.0% MeOH-soluble
fraction (12.0 g) was subjected to SCC (250.0 g, CHCl3:MeOH:H2O (15:6:1)(5.0 l)) then washing using
100.0% MeOH (2.0 l) to obtain seven sub-fractions (SubFr. 2-1 to 2-7). Sub-fraction 2-4 (1.3 g) was
subjected to RPCC (100.0 g, using MeOH:H2O gradient elution) to yield six subtractions (SubFr. 2-4-1
(175.3 mg), SubFr. 2-4-2 (26.1 mg), SubFr. 2-4-3 (137.5 mg), SubFr. 2-4-4 (220.9 mg), SubFr. 2-4-5
(56.0 mg), and SubFr. 2-4-6 (330.7 mg)). SubFr. 2-4-4 (220.9 mg) was further fractionated on preparative
TLC (CHCl3:MeOH:H2O (15:6:1)) the spot at Rf value of 0.59 was eluted (SubFr. 2-4-4-1) and was
further purified by HPLC to give pure compound; caffeic acid (CAF) (Figure 1B,C).

4.4. Animals and Ethical Aspects

Male C57BL/6j mice 4-week-old were used and weighing between 15 and 20 gm body weight,
acquired from the Animal Facility of College of Science of King Faisal University. Animals were
housed in cages under standard conditions and room temperature (22 ± 2 ◦C) under 12 h alternating
light/dark conditions. Animal acclimatization were followed by the standard procedure of animal
experimentation, and protocols were approved by the Ethics Committee on animal use of the College
of Science (No. 180123).
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4.5. Culture of BM-MSCs

Primary bone marrow derived mesenchymal cells (BM-MSCs) harvested from bone marrow of male
C57BL/6j mice using serum free culture medium [RPMI-1640; UFG, Yanbu, Saudi Arabia). Mice were
euthanized by humane control and dissect the femora bones in aseptic conditions following [42].
This isolation procedure was used in all experiments such as osteoblast, osteoclast differentiation
studies, respectively.

4.6. In Vitro Cytotoxicity Analyses

4.6.1. MTT Assay

The cytotoxicity of different concentrations of TCE (10, 25, 50, 100, 250, and 500 µg/mL) and CAF
(0.5. 1. 2, 5, and 10 µM) were tested in vitro in osteogenic medium. After the 7th day of TCE and
the 7th and 14th day of CAF exposures, cell viability was evaluated by the MTT and the NR uptake
assays [43] briefly, aspirate the supernatant after CAF treatments, the MTT reagent was added with
fresh serum free medium and incubate for 3 h. The formation of formazan crystals were solubilized by
adding 0.1 mL dimethyl sulfoxide, and the optical density (OD) was determined at 570 nm.

4.6.2. Neutral Red Assay

The effect of CAF on neutral red uptake using osteogenic cells treated with CAF and cells were
aspirate with 0.5 mL of neutral red (3-amino-7-dimethylamino-2-methylphenazine hydrochloride)
solution (50 µg/mL). Then, it was incubated for 2 h at 37 ◦C. Thereafter, the supernatant aspirated
with PBS, neutral red dye was extracted using 0.1 % glacial acetic acid, and the OD was determined at
540 nm [44].

4.7. Alkaline Phosphatase Activity

Alkaline phosphatase activity was determined at the 10th day, using the Roy (1970) protocol [45],
After CAF treatment, cell layers were scraped off using cell scrapper. Cell pellets were collected,
and lysate was prepared by freeze–thaw method. After gently spinning down the cell debris,
20 µL supernatant from each sample were added to an assay mixture of p-nitrophenyl phosphate.
Samples were quantified using 405 nm in Biotek elisa plate reader (Biotek Instruments Ltd., England).
The specific activity of ALP was quantified by equilibrated total protein concentration.

4.8. Assays of Osteoblast Differentiation

Osteoblast differentiation was induced by addition of differentiation medium (DM), supplemented
with 50 µg/mL ascorbic acid, 10 mM β-glycerophosphate, and 10 nM dexamethasone (Sigma-Aldrich,
St. Louis, MA, USA). The negative group was kept without additives [42]. Osteoblast differentiation
was assessed by mineralization of calcium using the protocols of ARS dye. Osteoblasts were treated
with CAF at concentrations of 0, 5, and 10 µM for 21 days. CAF treated osteoblast cells were washed
with ice-cold PBS buffer and fixed in ice-cold 10% formalin for 20 min. Then, 1% alcian blue solution
was used for fixation. These sections were incubated for 8 min with ARS. Mineralized cell patches
observed and counted using an image analyzing system EVOS (Life Technologies, Carlsbad, CA, USA).

4.9. Osteoclast Tartrate-Resistant Acid Phosphatase (TRAP) Activity Estimation

The effect of CAF was examined on osteoclast differentiation isolated according to previously
described method [40]. After the RANKL induction, cells were treated with CAF at 5 µM and 10 µM
for 7 days, and results were analyzed by TRAP activity assay [26].
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Osteoclast Apoptosis

The effect of CAF was evaluated on differentiation of pre-osteoclast cells isolated from bone
marrow in mice. To generate osteoclasts, RANKL (150 ng/mL) was used for 4 days. Total TRAP activity
was measured at an absorbance of 405 nm after treatment with Substrate (p-nitrophenyl phosphate) as
described previously [26]. After treatment with CAF, results were obtained according to previously
described protocol [46].

4.10. Gene Expression Analysis by Real-Time Reverse Transcriptase Polymerase Chain Reaction (qRT-PCR)

Total RNA extracted from CAF treated cells by the use of Trizol reagent (Invitrogen,
Life Technologies, Grand Island, NY, USA). Extracted RNA were pretreated with DNAse I and
quantified using Nanodrop (Thermo scientific, Waltham, MA, USA). Equiliberate the RNA concentration
300 ng/marker and used for complementary DNA preparation using SuperScript™III Reverse
Transcriptase (Invitrogen, Waltham, MA, USA). Real time primer details were noted in Table 3.
The relative mRNA quantification of cathepsin-B, cathepsin-K, MMP-p, BMP-2, TRAP, osteopontin,
osteocalcin were evaluated by quantitative real time PCR (Applied Biosystems, Life Technologies,
USA). Relative quantification of target genes were calculated using the 2−∆∆Ct method, as described
by [47]. β-actin was used as an internal control.

Table 3. Real time PCR primer details.

Gene Name Forward Primer Reverse Primer

MMP-9 GTGCTGGGCTGCTGCTTTGCTG GTCGCCCTCAAAGGTTTGGAAT
TRAP GGTCAGCAGCTCCCTAGAAG GGAGTGGGAGCCATATGATTT
OCN AGCAAAGGTGCAGCCTTTGT GCGCCTGGGTCTCTTCACT
OPN ACATCCAGTACCCTGATGCTACAG TGGCCTTGTATGCACCATTC

Cath-K GCCAGGATGAAAGTTGTATG CAGGCGTTGTTCTTATTCC
Cath-B GGTTGCAGACCGTACTCCAT GGAACTGCATCCAAAATGCT
BMP-2 TGCACCAAGATGAACAGC GTGCCACGATCCAGTCATTC

GAPDH GTATTGGGCGCCTGGTCACC CGCTCCTGGAGATGGTGATGG

4.11. Western Blot for Protein Marker Quantification

Protein quantification was done by Western blot analysis as described [48]. Briefly, CAF treated
osteostromal cells such as osteoblast and osteoclast cells were washed with cold PBS. Cell pellets
were collected by centrifugation and lysed by RIPA cell lysis buffer (Santa cruz biotechnology, USA).
Cell lysates were obtained and total protein content in the supernatant was determined by the Bradford
assay. It was eluted using SDS-PAGE, and the separated proteins were transferred to nitrocellulose
membranes. Primary antibodies against cathepsin-B, cathepsin-K, MMP-p, BMP-2, TRAP, osteopontin,
osteocalcin, and β-actin were diluted (1:1000; Cell Signaling, Danvers, MA, USA) Santa Cruz
Biotechnology, Santa Cruz, CA, USA) at 4 ◦C overnight. Membranes were visualized using enhanced
luminol-based chemiluminescent (ECL) substrate (Santa Cruz biotechnology, Santa Cruz, CA, USA).

4.12. Cytokine Estimation by ELISA

Production of tumor necrosis factor-α (TNF-α) and interlukin-10 (IL-10) in cell culture supernatant
were evaluated. The BMP-2 and cathepsin-B were quantified in whole cell lysate of osteoblast treated
with CAF using the manufacture protocol of Abcam validated kits (Abcam, Germany). Assays were
performed on 96-well micro titer plates followed by manufacture instructions. The cytokine was
quantified by the addition of chromogenic substrate solution (p-Nitrophenol). The reaction was
measure at 450 nm. The standard curve was made in regression plot and sample concentrations were
calculated in relation to the standard curve.
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4.13. Computational Docking Analysis

The potential docking interaction was evaluated CAF against cathepsins-B and K were examined
in silico using Autodock tools (ADT) v1.5.4 and Autodock v4.2 program (http://www.scripps.edu/mb/
olson/doc/autodock). The respective chemical structure of ligand CAF (CID_637511), was retrieved
from Pubchem database (http://www.ncbi.nlm.nih.gov/pccompound). The structures of cathepsin
receptors were downloaded from the Protein Data Bank (PDB). The three dimensional structures of
cathepsin-B (PDB ID: 6QLM) and cathepsin-K (PDB ID:3AI8) were retrieved from the Protein Data
Bank; (http://www.pdb.org). The receptors were prepared by removing polar groups and non-amino
acid residues using the protein preparation Wizard of PYMOL and python platform. The active sites of
Cath-B and K were identified by Q-site Finder [49]. The competitive inhibition was studied on CAF
complexed cathepsin protein family. Ligand docked to the receptor consider as rigid body, and receptor
was considered as flexible factor. The ligand efficiency, intermol energy, and binding carbon numbers
were recorded.

4.14. Statistical Analysis

The study was designed and evaluated in four independent experiments. The data values were
expressed as means ± standard deviation (SD) (n = 4). Statistical analysis was conducted by student
T test and one-way ANOVA regression plot compared with control group or treatment at different
concentrations of TCE and CAF. All analyses were performed using Microsoft Excel office-10 and
GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA, USA), and statistical results are shown
as the corrected p value (* p < 0.05).

5. Conclusions

Based on the current findings, it can be concluded that CAF treatment showed promising activation
on the bone metabolism via osteoblast differentiation and bone maturation in C57BL/6j bone marrow
derived cells. At low concentration of CAF treatments, it enhanced the mineralization and upregulated
the osteogenic marker expression in mesenchymal cells. CAF induced the morphogenic protein of bone
and cathepsin-B in bone derived precursor cells. On the other hand, CAF attenuated the osteoclast
formation and differentiation through the inhibition of osteoclast markers such as TRAP, Cath-K,
and MMP-9 in RANKL induced osteoclast cells. Moreover, it regulates apoptotic bone loss in osteoclast
cells. These findings recommend, CAF derived for the first time from T. stellata, might be used as
potential therapeutic alternative for the treatment of bone metabolic diseases.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/11/1610/s1,
Figure S1–S8: 1 D- and 2 D-NMR spectroscopic data of CAF.
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Abstract: Arbutus pavarii Pamp is a medicinal plant commonly used by local tribes in East Libya
for the treatment of many diseases, such as gastritis, renal infections, cancer and kidney diseases.
In this study, the antibacterial activity of the leaf and stem bark extracts of the plant against
methicillin-resistant Staphylococcus aureus (MRSA), as well as the metabolite profiles of the bioactive
fractions, was investigated. The antibacterial activity was determined by disc diffusion method,
minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC), while the
microbial reduction by the bioactive fraction was evaluated using time–kill test. The bioactive
fraction was further subjected to ultrahigh-performance liquid chromatography–mass spectrometry
(UHPLC-ESI-MS/MS) analysis to putatively identify the chemical constituents contained therein.
All the extracts and fractions showed different levels of antibacterial activity on the tested MRSA
strains. The highest total antibacterial activity, i.e., 4007.6 mL/g, was exhibited by the crude leaf
methanolic extract. However, the ethyl acetate fraction of the leaf showed moderate to significant
antibacterial activity against MRSA at low MIC (0.08–1.25 mg/mL). Metabolite profiling of this fraction
using UHPLC-ESI-MS/MS resulted in the putative identification of 28 compounds, which included
phenolic acids, flavan-3-ols and flavonols. The results of this study showed that the ethyl acetate
fraction of Arbutus pavarii leaf possessed potential antibacterial activity against MRSA and hence can
be further explored for pharmaceutical applications as a natural antibacterial agent.

Keywords: Arbutus pavarii; antibacterial activity; MRSA; time–kill curves; ultrahigh-performance
liquid chromatography; mass spectrometry (UHPLC- ESI-MS/MS)

1. Introduction

Millions of people are affected by contagious bacterial diseases throughout the world.
These infectious diseases have persistently caused disability and death throughout mankind’s
history. According to the World Health Organization (WHO), approximately 50,000 people die
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from bacterial infectious diseases throughout the world every year [1]. Methicillin-resistant
Staphylococcus aureus (MRSA) is a group of Gram-positive bacteria that are distinct from other strains
of Staphylococcus aureus [2]. MRSA is usually found in hospitals, prisons and nursing homes, where the
people with open wounds and deteriorated immune systems are at greater risk of hospital-acquired
infections. Although MRSA began as a hospital-acquired infection, it can be found in all communities
and livestock. The terms HA-MRSA (healthcare-associated or hospital-acquired MRSA), CA-MRSA
(community-associated MRSA) and LA-MRSA (livestock-associated) reflect the MRSA infections in
a variety of hosts [3]. The MRSA displayed resistance against many antibiotics such as methicillin,
a semisynthetic β-lactam antibiotic. Generally, the β-lactam mechanisms of resistance of MRSA
strains support cross-resistance to all β-lactam antibiotics [4]. The key mechanism for resistance is
the enzyme-catalyzed modification and ultimate destruction of the antibiotic, causing its dynamic
efflux from cells and antibiotic target alteration [5]. Therefore, there is a high demand to develop
antibiotics from natural sources based on medical plant extracts in a bid to back up the effectiveness
and potency of conventional antibiotics [6]. Natural products play an important role in drug discovery,
as evidenced by over 50% of all modern clinical drugs being of natural product origin [7].

Medicinal plants are rich sources of secondary metabolites with various biological properties,
including antimicrobial properties [6,8]. Arbutus pavarii Pamp, an endemic medicinal plant species
known locally as Shmar in Libya, is an evergreen shrub belonging to the Ericaceae family [9,10].
In folk medicine, it is used for the treatment of gastritis, renal infections, cancer ailments and kidney
diseases [11]. Previous phytochemical studies on A. pavarii showed that this plant contains mainly
flavonoids, tannins, glycosides, simple phenolics, triterpenes and sterols [11]. In addition, it was
also reported that A. pavarii demonstrated strong antibacterial activity against several pathogenic
bacteria [11]. However, few studies have focused on determining the effect of A. pavarii extracts and its
fractions against resistant bacterial strains. Thus, the aim of this study was to evaluate the A. pavarii

leaf and stem bark extracts against methicillin-resistant Staphylococcus aureus (MRSA). The anti-MRSA
activity of the crude methanolic extract and various solvent fractions were assayed using disc diffusion
assay, followed by minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) determinations, as well as time–kill curve analysis. In addition, the active fraction was subjected
to ultrahigh-performance liquid chromatography–mass spectrometry (UHPLC-ESI-MS/MS) analysis
for the identification of potential bioactive compounds.

2. Results and Discussion

2.1. Antibacterial Activity Of A. pavarii Crude Extracts and Solvent Fractions

Disc diffusion test was used to first screen the crude methanolic extracts and solvent fractions for
presence of antibacterial activity. The appearance of zones of inhibition produced around the discs
was observed, and their diameters were measured and recorded (Table 1). The standard antibiotic,
0.1% CHX, showed inhibition zones ranging from 7.00 to 10.33 mm against the bacterial strains. At the
test concentration of 10 mg/mL, the crude methanolic extracts of the leaf and stem bark showed
inhibition zones in the ranges of 8.00–9.67 mm and 7.00–10.00 mm, respectively. Among the different
solvent fractions of the leaf, the EtOAc fraction showed the greatest activity towards all the bacterial
strains, giving inhibition zones of 13.66, 12.00, 13.67 and 13.00 mm against MRSA ATCC 700699,
MRSA KCCM 12255, MRSA1 and MRSA2, respectively. The same trend was observed for the stem bark
fractions. However, compared to the leaf EtOAc fraction, the stem bark EtOAc fraction showed smaller
inhibition zones of 8.00–9.00 mm, indicating that the stem bark either contained different bioactive
constituents or lower amounts of the same bioactive constituents [12]. Other solvent fractions of the
leaf and stem bark showed no to weak activities against the test bacteria. Previously, Alsabri et al. [13]
investigated the antibacterial properties of solvent extracts prepared from the aerial part of A. pavarii.
They reported that the methanol extract exhibited the highest activity against S. aureus, Escherichia coli

and Candida albicans. The chloroform extract was active only against S. aureus, while the n-hexane
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extract showed activity against C. albicans. Overall, these results indicated that the polarity of the
solvent plays an important role in the extraction of the active ingredients and consequently in their
potential antimicrobial activity.

The calculated relative inhibition zone diameter (RIZD) values of the test samples against the
MRSA strains varied from 70.99% to 171.43%, as shown in Table 1. The RIZD value provides additional
information showing the differential effects of the test extracts and fractions compared to the standard
antibiotic used as a positive control. An RIZD value>100% means that the tested extract is more effective
than the antibiotic. The leaf EtOAc fraction demonstrated the highest RIZD values, ranging from
125.85% to 171.43% against all MRSA strains. The higher RIZD percentages demonstrated by the
leaf EtOAc fraction are a good indication that the leaf of A. pavarii contained most, and probably in
higher amounts, of the antibacterial compounds of this plant species. It is worthy of note that the
local population frequently uses the leaf material for medicinal purposes [11]. Based on the higher
biological activity, the leaf and the stem bark EtOAc and n-BuOH fractions were subjected to further
evaluation of their MIC, MBC and total activity values.

2.2. Bacteriostatic (MIC) and Bactericidal (MBC) Effects of Bioactive Extracts and Fractions

The antibacterial activity of the bioactive extracts and fractions was further investigated through
the determination of the MIC and MBC values, as well as the total activity. The MIC and MBC values
are presented in Table 2. The MIC values of the crude leaf methanolic extracts ranged between 0.08
and 1.25 mg/mL, while the MBC values ranged between 0.16 and 2.50 mg/mL. The leaf methanolic
extract was more potent against the two standard MRSA strains, i.e., ATCC 700699 (MIC 0.08 mg/mL;
MBC 0.16 mg/mL) and KCCM 12255 (MIC 0.63 mg/mL; MBC 1.25 mg/mL), in comparison to the
clinical isolates, against which it showed MIC of 1.25 mg/mL and MBC of 2.5 mg/mL for both strains.
A similar trend of potency was observed for the leaf fractions, where the standard MRSA strains were
more susceptible to the fractions while the clinical isolates were less affected. The MIC and MBC
for the EtOAc fractions were in the ranges of 0.08–1.25 mg/mL and 0.16–2.50 mg/mL, respectively;
the MIC and MBC for n-BuOH fractions were 0.04–2.50 mg/mL and 0.08–5.00 mg/mL, respectively.
In addition, among the activities exhibited by the leaf extract and fractions on the MRSA strains,
the n-BuOH fraction showed the highest potency against the ATCC 700699 strain with MIC and MBC
values of 0.04 and 0.08 mg/mL, respectively. The antimicrobial activity of an extract is considered very
interesting and is of significant scientific value when its MIC values are lower than 100 µg/mL [14].
Hence, the present results revealed that the A. pavarii leaf methanolic extract and solvent fractions
have moderate to significant activity against the tested MRSA strains.

On the other hand, the MIC values of the crude stem bark methanolic extract were lower than the
leaf extract, ranging between 0.63 and 1.25 mg/mL, while the MBC values ranged between 1.25 and
2.50 mg/mL. The stem bark methanolic extract was more potent against the standard MRSA strain,
ATCC 700699 (MIC 0.63 mg/mL; MBC 1.25 mg/mL), than against MRSA KCCM 12255 and the two
clinical isolates as it showed MIC and MBC values of 1.25 and 2.5 mg/mL, respectively, against these
three strains. In comparison, the stem bark EtOAc and n-BuOH fractions were less potent towards all
the MRSA strains, except against the clinical isolate MRSA2 (MIC 0.63 mg/mL; MBC 1.25 mg/mL).

Overall, all the extracts and fractions showed different levels of antibacterial activity against the
tested MRSA strains. This variation could be due to the different potencies of the bioactive compounds
present in the extracts and fractions leading to different bacteriostatic and bactericidal effects on the
bacterial strains, as reported by Qaralleh [15] and Oliveira et al. [16]. Several studies investigated the
efficacy of plant extracts and their effective compounds as antibacterial agents to control infections by
MRSA, suggesting that the bioactive component(s) of the plant extracts interact with enzymes and
proteins of the bacterial cell membrane, causing its disruption, to disperse a flux of protons towards
the cell exterior, which induces cell death or may inhibit enzymes necessary for the biosynthesis of
amino acids [17].
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Table 1. Inhibition zones of leaf and stem bark crude methanolic extracts and solvent fractions of A. pavarii against methicillin-resistant Staphylococcus aureus

(MRSA) strains.

MRSA Strains CHX

CH3OH EtOAc n-BuOH

IZD % RIZD IZD % RIZD IZD % RIZD

Leaf

ATCC 700699 8.00 ± 0.00 9.33 ± 0.57 120.83 ± 7.22 13.67 ± 0.57 170.83 ± 7.22 8.33 ± 0.57 100.00 ± 5.59
KCCM 12255 7.00 ± 0.00 8.00 ± 0.00 114.29 ± 0.00 12.00 ± 0.00 171.43 ± 0.00 7.00 ± 0.00 100.00 ± 0.00

MRSA1 10.33 ± 0.57 9.67 ± 0.57 93.58 ± 5.59 13.67 ± 1.15 132.30 ± 5.59 n.a n.d
MRSA2 10.33 ± 0.57 9.33 ± 0.57 83.90 ± 5.59 13.00 ± 0.00 125.85 ± 0.00 n.a n.d

Stem bark

ATCC 700699 8.00 ± 0.00 10.00 ± 0.00 125.00 ± 0.00 9.00 ± 0.00 112.50 ± 0.00 9.00 ± 0.00 112.50 ± 0.00
KCCM 12255 7.00 ± 0.00 7.00 ± 0.00 100.00 ± 0.00 8.00 ± 0.00 114.29 ± 0.00 7.00 ± 0.00 100.00 ± 0.00

MRSA1 10.33 ± 0.57 9.00 ± 0.00 87.12 ± 0.00 9.00 ± 0.00 87.12 ± 0.00 n.a n.d
MRSA2 10.33 ± 0.57 7.67 ± 0.57 74.22 ± 5.59 8.33 ± 0.57 80.67 ± 5.59 7.33 ± 0.57 70.99 ± 5.59

CH3OH =methanol extract, EtOAc = ethyl acetate fraction, n-BuOH = butanol fraction. Hexane and chloroform fractions showed no inhibition zones. MRSA1 and MRSA2 are clinical
isolates, n.a = no activity (no inhibition zone detected). n.d = not detected. Diameter of inhibition zones in mm (including disc). Positive control: 0.1% CHX; negative control: 10% DMSO.
Values are expressed as means ± standard deviation (SD).
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Table 2. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
values (mg/mL) of leaf and stem bark crude methanolic extracts and solvent fractions of A. pavarii

against MRSA strains.

MRSA Strains Parts
CH3OH EtOAc n-BuOH CHX

MIC MBC MIC MBC MIC MBC MIC MBC

ATCC 700699
Leaf 0.08 0.16 0.08 0.16 0.04 0.08

0.02 0.63Stem bark 0.63 1.25 1.25 2.50 2.50 5.00

KCCM 12255
Leaf 0.63 1.25 0.31 1.25 0.63 1.25

0.02 0.63Stem bark 1.25 2.50 1.25 2.50 2.50 5.00

MRSA1
Leaf 1.25 2.50 1.25 2.50 2.50 5.00

0.03 0.13Stem bark 1.25 2.50 1.25 2.50 2.50 5.00

MRSA2
Leaf 1.25 2.50 1.25 2.50 1.25 2.50

0.03 0.13Stem bark 1.25 2.50 0.63 1.25 0.63 1.25

CH3OH =methanol extract, EtOAc = ethyl acetate fraction, n-BuOH = butanol fraction, CHX = 0.1% chlorhexidine
(standard antibiotic). Hexane and chloroform fractions showed no inhibition zones. MRSA1 and MRSA2 are
clinical isolates.

Besides MIC and MBC values, the antibacterial activity against the MRSA strains was also
determined based on the total activity of the extracts and fractions. Total activity is defined as the
volume to which the biologically active component (extracts, fractions or compounds) present in
1 g of dried plant material can be diluted and still kill the bacteria [18]. Total activity is useful for
the selection of sample material for isolating bioactive compounds. Extracts or fractions with large
total activity values are considered the best material for isolating potentially bioactive compounds.
As shown in Table 3, the total activity values of the extracts and fractions of A. pavarii leaf and stem
bark demonstrated high variation. The leaf methanolic extract diluted in 4007.60 mL of solvent can
still inhibit the growth of MRSA ATCC 700699 (total activity: 4007.60 mL/g). The leaf n-BuOH fraction
possessed higher total activity against MRSA ATCC 700699, with a value of 2235.89 mL/g. The leaf
EtOAc fraction has higher total activity against MRSA2 and MRSA ATCC 700699, with 2158.97 and
1078.10 mL/g values, respectively. Both the extract and fractions of the stem bark exhibited lower
total activity against all the tested MRSA strains as compared to leaf, with values ranging from
54.22 to 452.35.

Table 3. Total activity of leaf and stem bark crude methanolic extracts and solvent fractions of A. pavarii

against MRSA strains.

MRSA Strains

Total Activity in (mL/g)

Leaf Stem Bark

CH3OH EtOAc n-BuOH CH3OH EtOAc n-BuOH

ATCC 700699 4007.6 1078.1 2235.89 452.35 61.18 54.22
KCCM 12255 500.8 269 139.52 226.16 61.18 54.22

MRSA1 250.4 67.36 34.88 113.08 61.18 54.22
MRSA2 62.6 2158.97 69.76 226.16 122.37 216.90

2.3. Time–Kill Curve for Ethyl Acetate Fraction of the Leaf

A time–kill assay, using the four bacterial strains, was performed for the leaf EtOAc fraction since
it exhibited a stronger antibacterial activity in comparison to the other fractions. Although MIC value
gives a good indication of the efficacy of an antimicrobial agent, it provides limited information on the
kinetics of the antimicrobial action [19]. A better method of assessing the bactericidal or bacteriostatic
activity of an antimicrobial agent over time is by using time–kill kinetics assay, where the effect of
various concentrations of the antimicrobial agent over time in relation to the growth stages of the
bacteria is monitored [20]. The bacterial strains were thus exposed to the EtOAc fraction, at test
concentrations of 0, 0.5, 1, 2, 4 and 8 ×MIC over a period of 4 h, and the time–kill curve was plotted.

257



Plants 2020, 9, 1539

The assay results for MRSA ATCC 700699 (Figure 1A) revealed that the bacteria were completely
killed after 4 h when a concentration of 4 ×MIC (0.63 mg/mL) was used and after 2 h with the higher
concentration of 8 ×MIC (1.25 mg/mL). In terms of practical application, the 4 h killing time would
be more preferred since the effect was obtained using a lower concentration (0.63 mg/mL) of the
disinfecting agent. This condition is similar to that of a drug that exhibits a concentration-dependent
bactericidal action, where the bactericidal effect is dependent on the dose of the leaf EtOAc fraction
rather than on incubation time [21]. On the other hand, the time–kill curves for MRSA KCCM 12255
(Figure 1B) showed that the time–kill endpoint was achieved after 2 h incubation with a higher
concentration of 8 ×MIC (2.5 mg/mL). Meanwhile, in the case of the clinical isolates, as illustrated in
Figure 1C,D, the time–kill endpoint could only be achieved with a concentration of 4 ×MIC (5 mg/mL)
after 1 h of incubation.
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Figure 1. Time–kill curves for leaf EtOAc fraction against (A) MRSA ATCC 700699, (B) MRSA KCCM
12225, (C) MRSA1 and (D) MRSA2.

The data demonstrated that the bactericidal ability of the leaf EtOAc fraction is dependent on
concentration and the bacterial strain. Generally, the time–kill kinetics results reasserted the expectation
that a more concentrated sample will kill the microorganism in a shorter period of time. An increase in
concentrations of plant extracts leads to an increase in the diffusion of phytochemicals into the cell
membrane of bacteria, thus causing membrane destruction [22]. Furthermore, the bioactive compounds
in the fraction may inhibit the synthesis of essential metabolites such as folic acid by preventing the
enzymatic reaction. The protein synthesis in the microorganisms also can be inhibited if the bioactive
compounds interfere and change the shape of the ribosome, which may lead to misreading of genetic
code on mRNA [22]. The results of this time–kill kinetics study, together with the other results presented
earlier, including disc diffusion assay, MIC, MBC and total activity determinations, reveal that the
A. pavarii leaf possesses bacteriostatic and bactericidal effects against the tested MRSA strains, and the
bioactive constituents could be largely present in the ethyl acetate fraction. Consequently, the EtOAc
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fraction was subjected to dereplication using UHPLC-MS/MS in order to gain an insight into the
potential bioactive constituents.

2.4. UHPLC-ESI–MS/MS Profile of the EtOAc fraction

Several compounds from the classes of hydroxyquinone (arbutin), phenolic acid (caffeic, ferulic,
gallic, rosmarinic, chlorogenic and salicylic acids), flavonoid (catechin, quercetin, dihydroquercetin,
isoquercitrin, kaempferol, myricetin, rutin, naringin, neodiosmin, naringenin-7-O-glucoside, isovitexin-
7-O-glucoside and delphinidin-3-O-rutinoside) and triterpenoid (oleanolic acid, lupeol and α-amyrin)
have been previously reported to be present in A. pavarii [11,23,24]. In the present study, 28 compounds
were putatively identified from the negative UHPLC-MS/MS spectrum of the leaf EtOAc fraction.
The base peak chromatogram is shown in Figure 2, and compounds identified along with their spectral
data are shown in Table 4. The results showed that the fraction was rich in phenolic compounds.

 

−

 

Figure 2. UHPL-ESI-MS/MS base peak chromatogram of the leaf EtOAc fraction of A. pavarii in negative
ion mode.

Table 4. Compounds identified in the leaf EtOAc fraction of A. pavarii.

No
Retention Time

(Rt) (min)
[M-H]− (m/z)

MS/MS Fragment Ions
(m/z)

Compound Identity
Molecular
Formula

Phenolic Acids and Derivatives
2 0.78 331.0668 271.05, 211.02, 169.01 Gallic acid hexoside I C13H16O10
4 1.04 331.0669 271.05, 211.02, 169.01 Gallic acid hexoside II C13H16O10
5 1.18 169.0131 125.02 Gallic acid C7H6O5
6 1.22 331.0668 271.05, 211.02, 169.01 Gallic acid hexoside III C13H16O10
7 1.23 343.0668 191.06, 169.01, 125.02 Galloylquinic acid C14H16O10

8 1.73 315.0720 153.02, 152.01, 109.03,
108.02 Dihydroxybenzoic acid-O-hexoside C13H16O9

11 2.89 483.0774
439.09, 424.54, 331.07,
313.06, 287.08, 271.05,

211.02, 169.01
Di-O-galloylhexose C20H20O14

14 3.43 329.0878 167.03, 152.01, 123.04,
108.02 Vanillic acid-O-hexoside C14H18O9

16 3.95 635.0888 465.07, 313.06, 271.05,
211.02, 169.01 Tri-O-galloylhexose C27H24O18

Flavan-3-ol and Derivatives

9 1.83 305.06638 261.08, 179.03, 138.03,
137.02, 125.02 (Epi)gallocatechin C15H14O7

10 2.11 451.1254 289.07, 245.08, 151.04,
125.02 (Epi)catechin-3-O-hexoside C21H24O11

12 2.90 577.1334
451.10, 425.09, 407.08,
289.07, 287.06, 245.08,

125.02
(Epi)catechin +(epi)catechin I C30H26O12

13 3.11 289.0714
271.06, 245.08, 179.03,
165.02, 150.03, 137.02,

125.02
Catechin C15H14O6
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Table 4. Cont.

No
Retention Time

(Rt) (min)
[M-H]− (m/z)

MS/MS Fragment Ions
(m/z)

Compound Identity
Molecular
Formula

15 3.88 289.0717
271.06, 245.08, 179.03,
165.02, 150.03, 137.02,

125.02
Epicatechin C15H14O6

17 4.03 729.1458
577.14, 559.13, 451.10,
425.09, 407.08, 289.07,

125.02
(Epi)catechin gallate + (epi)catechin I C37H30O16

20 5.20 441.0823 289.07, 245.08, 203.07,
169.01 (Epi)catecin gallate C22H18O10

21 5.25 729.1453 577.11, 407.08, 425.09,
289.07, 125.02 (Epi)catechin gallate + (epi)catechin II C37H30O16

Flavonols and Derivatives

18 4.72 615.0989
463.09, 300.03, 301.03,
271.02, 179.00, 151.00,

169.01
Quercetin-O-galloylhexoside C28H24O16

19 4.98 609.1463 301.03, 300.03, 271.02,
255.03 Quercetin-3-O-deoxyhexosyl-hexoside C27H30O16

22 5.40 463.0884 317.03, 316.02, 287.02,
271.02, 179.00, 151.00 Myricetin-3-O-deoxyhexoside C21H20O12

23 5.55 433.0775 301.03, 300.03, 271.02,
255.03 Quercetin-3-O-pentoside C20H18O11

24 5.56 447.0931 285.04, 284.03, 255.03,
227.03 kaempferol-3-O-hexoside C2120O11

25 5.99 447.0931 301.03, 300.03, 271.02,
255.03 Quercetin-3-O-deoxyhexoside C21H20O11

26 6.30 463.0885 301.03, 300.03, 271.07,
255.03 Quercetin-3-O-hexoside C21H20O12

27 6.42 583.1099 463.09, 301.03, 300.03,
271.03, 255.03

Quercetin-O-(p-hydroxy)
benzonylhexoside C28H24O14

28 7.53 301.0354
271.02, 255.03, 179.00,
151.00, 149.02, 121.03,

121.03, 107.01
Quercetin C15H10O7

Others

1 0.76 191.0555 171.03, 127.04, 109.03,
93.03 Quinic acid C7H12O6

3 0.80 271.0453 211.02, 108.02 Arbutin C12H16O7

2.4.1. Identification of Phenolic Acids and Derivatives

Compounds 2, 4, 5, 6, 7, 8, 11, 14 and 16 were identified as gallic acid and its derivatives based on
the presence of the aglycone fragment ion at m/z 169 and the characteristic fragment ions at m/z 271 and
211 in their MS/MS spectra [25]. Compound 5, with a pseudomolecular ion at m/z 169.0131, was assigned
as gallic acid, showing the characteristic base peak at m/z 125 for [M-H-CO2]−. Compounds 2, 4 and
6, eluting at three different retention times (0.78, 1.04 and 1.18 min, respectively), were identified
as isomers of gallic acid hexoside (I-III). These compounds exhibited pseudomolecular ions at m/z

331.0668, 331.0669 and 331.0668, respectively, and all three produced a fragment ion at m/z 169 for
[M-H-162]−, due to the neutral loss of a hexoxyl moiety. This agrees with previous reports by Mendes
et al. [26] and Abu-Reidah et al. [27]. Meanwhile, compound 7 exhibited a pseudomolecular ion at
m/z 343.0668. The compound was assigned as galloylquinic acid based on the presence of base peak
at m/z 169 and fragment ion at m/z 125 for a further loss of CO2, all of which were characteristic
fragment ions of gallic acid moiety [28]. Compounds 11 and 16 were identified as di-O-galloylhexose
and tri-O-galloylhexose, respectively, based on similar fragmentation pattern showing losses of the
corresponding number of galloyl moieties and the presence of a base peak at m/z 169 for the gallic
acid aglycone.

Compound 8 has a pseudomolecular ion of m/z 315.0720, indicative of the molecular formula
C13H16O9. It was identified as dihydroxybenzoic acid O-hexoside based on fragment ion at m/z 153
for [M-H-162]−, due to the loss of a hexoxyl moiety, and fragment ion at m/z 109 for [M-H-162-44]−

indicating a further loss of CO2 moiety, in agreement with Karar and Kuhnert [29]. Meanwhile,
compound 14, which exhibited a pseudomolecular ion of m/z 329.0878 and base peak at m/z 167
for [M-H-162]− for a neural loss of a hexoxyl moiety, was assigned as vanillic acid-O-hexoside.
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The assignment was supported by comparison with the fragmentation pattern previously reported by
Morales-Soto et al. [30].

2.4.2. Identification of Flavan-3-ol and Derivatives

Compounds 9, 10, 12, 13, 15, 17, 20 and 21 were identified as (epi)catechin and its derivatives
based on the presence of fragment ions at m/z 289 and 125, corresponding to the (epi)catechin
aglycone [31]. Compound 9, which displayed a pseudomolecular ion at m/z 305.0663, was identified
as (epi)gallocatechin based on the fragment ion at m/z 179 for [M-H-126]−, due to the characteristic
loss of the trihydroxybenzene moiety [32]. Compound 10, with pseudomolecular ion at m/z 451.1254,
was identified as (epi)catechin-3-O-hexoside based on the fragment ion at m/z 289, for the loss
of a hexoxyl moiety [33]. Compounds 13 (Rt = 5.44 min) and 15 (Rt 7.74 min) showed similar
pseudomolecular ions at m/z 289.0714 and 289.0717, respectively. By comparison of their elution order
with a previous study by Stöggl et al. [34], the compound eluted earlier was identified as catechin
while the one eluted later was identified as epicatechin. Both compounds yielded the fragment
ions at m/z 137 and 151 which were the results of retro-Diels–Alder (RDA) cleavage at ring C of the
flavan-3-ol structure.

Three compounds (12, 17 and 21) were identified as the dimeric forms of B-type proanthocyanidins
(PAs), which could be differentiated from the A-type Pas with the extra 2 Da in their pseudomolecular
ion [35]. Compound 12, showing pseudomolecular ion at m/z 577.1334, was identified as the (epi)catechin
+ (epi)catechin. The compound also exhibited a fragment ion at m/z 425 ([M–H-152]−), which was due
to the characteristic RDA cleavage at ring C of the dimer top unit [35]. Another fragment ion at m/z

407 ([M-H-152-18]−) due to the subsequent loss of a water molecule from the parent molecule was
also observed. The presence of two other dimeric derivatives, 17 and 21, was also indicated by the
pseudomolecular ions at m/z 729.1458 (Rt = 4.03 min) and 729.1453 (Rt = 5.25 min). These compounds
were identified as (epi)catechin gallate + (epi)catechin isomers based on the fragment ion at m/z 577
indicative of galloyl moiety losses ([M-H-152]−) from the parent ion [36]. Compound 20 at Rt = 5.20 min
was identified as (epi)catechin-3-O-gallate. It displayed a pseudomolecular ion at m/z 441.0823.
Its fragmentation pattern showed a fragment ion at m/z 289 for [M-H-169]−, which corresponded to a
loss of gallic acid moiety via cleavage of the ester bond and loss of the (epi)catechin unit [37].

2.4.3. Identification of Flavonols and Derivatives

The ethyl acetate fraction also contained the flavonol quercetin (28) and several of its derivatives
(18, 19, 23, 25, 26, 27 and 28). Quercetin (28) was identified based on its pseudomolecular ion at m/z

301.03 and fragment ions at m/z 271, 255, 179 and 151 [36]. Compound 18, with pseudomolecular
ion at m/z 615.0997, displayed fragment ions at m/z 463 for [M-H-169]−, indicating loss of a galloyl
moiety, and at m/z 301 for [M-H-331]−, indicating an additional loss of a hexoxyl moiety. Compound 18

was thus deduced to be quercetin-O-galloylhexoside, based on these data and data reported by
Mendes et al. [26].

Compounds 19, 23, 25 and 26 were assigned as quercetin-3-O-deoxyhexosylhexoside, quercetin-3-
O-pentoside, quercetin-3-O-deoxyhexoside and quercetin-3-O-hexoside. These compounds exhibited
pseudomolecular ions at m/z 609.1463, 433.0775, 447.0931 and 463.0885, respectively. The transition of
these ions to the aglycone ion (Y0

−) at m/z 301 revealed the losses of the respective sugar moieties [34].
The glycosylation at the C-3 position of these compounds was determined by the higher relative
abundance of their radical aglycone ion ([Y0 H]− m/z 300) than the Y0

− ion (m/z 301) [38]. Compound 27,
with a pseudomolecular ion at m/z 583.1099, was assigned as quercetin-O-(p-hydroxy)benzonylhexoside.
The compound showed a fragment ions at m/z 463 for [M-H-120]−, indicating a loss of hydroxybenzoyl
moiety, and m/z 301 ([M-H-282]−) for a further loss of hexoxyl moiety, in agreement with data reported
by Jaiswal et al. [36].

Compound 22 was identified as myricetin-3-O-hexoside based on the presence of fragment ions at
m/z 317, 316, 179 and 151, corresponding to the aglycone myricetin. The deprotonated aglycone peak
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observed at m/z 316.02 [M-H-162]− was due to the loss of a hexoxyl moiety [39]. Compound 24 with
a pseudomolecular ion at m/z 447.093 was identified as kaempferol-3-O-hexoside. This compound
showed characteristic fragment ion at m/z 285 due to the loss of sugar moiety and fragment ions at m/z

255 and 227 which are due to the loss of [M-162-CHO]− and [M-162-H2O-CO], respectively. Similarly,
the fragment ions at m/z 179 and 151 were due to RDA cleavage of C-ring [39]. Attachment of the sugar
moiety at the C-3 position of these compounds was also determined based on the relative abundance
of [Y0 H]− and Y0

− ions [38].

2.4.4. Identification of Other Compounds

Compound 1, with a pseudomolecular ion at m/z 191.0555 (C7H12O6), was identified as
quinic acid. It yielded fragment ions at m/z 171 ([M-H-H2O]−), 127.04 ([M–H-CO2-H2O]−) and
109 ([M–H-CO2-2H2O]−) [28]. Compound 3, with pseudomolecular ion at m/z 271.0453 (C12H16O7),
was identified as arbutin; it yielded a fragment ion at m/z 108 for [M-H-162]− due to loss of the hexose
moiety [40].

The UHPLC-MS/MS results showed that the flavonoids and phenolic acid components are
major secondary metabolites in the ethyl acetate fraction of A. pavarii leaf. Furthermore, among the
identified compounds, several of them have been previously reported to possess antibacterial activity
against MRSA. Shibata et al. [41] reported that gallic acid has antibacterial activity against MRSA
with MIC value of 62.5 µg/mL. Catechins are often linked to antimicrobial effects associated with
their interactions with the microbial cell membrane [42]. Cushnie et al. [43] reported that membrane
disruption by catechins causes potassium leakage in MRSA strain, which is the first indication
of membrane damage in microorganisms [44]. In addition, several studies have shown that the
effectiveness of β-lactams can be enhanced by combining them with epigallocatechin gallate [45,46]
and epicatechin gallate [47]. Meanwhile, Su et al. [48] reported that quercetin exhibited inhibitory
effect against different MRSA strains, with MIC values ranging from 31.25 to 125 µg/mL, while rutin,
a quercetin-3-O-deoxyhexosylhexoside, was reported to inhibit MRSA with MIC value of 250µg/mL [49].
Besides, arbutin was reported to exert antibacterial activity against MRSA with MIC value of 10 mg/mL
and MBC value of 20 mg/mL [50]. Therefore, the presence of these compounds, especially the flavonoids
and phenolic acids, could have contributed significantly to the antibacterial activity of the leaf ethyl
acetate fraction of A. pavarii.

3. Materials and Methods

3.1. Plant Materials, Extraction and Fractionation

The leaf and stem bark of A. pavarii were obtained from Al Jabal Al Akhdar region, Northeast Libya
in March 2016 and identified by Dr. Abdulamid Alzerbi, a botanist at Biology Department of Benghazi
University, Libya. The leaf and stem bark were dried under shade before being pulverized into a
powder using a mechanical grinder (model: MX1100XT11CE, Waring, S/NoB 8643, Atlanta, GA,
USA). The powdered plant material was sieved with a steel sieve (80 mesh) to obtain a uniform fine
powder. For extraction, 1500 g of the ground leaf and 500 g of the stem bark were separately mixed
with methanol at 1:10 solid-to-liquid ratio. The mixtures were sonicated at 35 ◦C for 60 min with a
frequency of 53 kHz using an ultrasonic water bath (Branson, model 8510E-MTH, Danbury, CT, USA).
The crude methanolic extracts were filtered (Whatman No. 1 filter paper, USA), and the collected
filtrate was concentrated at 45 ◦C under reduced pressure using a rotary evaporator (Buchi, USA).
The crude methanolic extracts were further fractionated using liquid–liquid fractionation to obtain
solvent fractions of different polarities, namely hexane, chloroform, ethyl acetate (EtOAc) and n-butanol
(n-BuOH) fractions (Merck, Darmstadt, Germany). The yields and physical appearance of the various
extracts and fractions are tabulated in Table 5.
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Table 5. Yields of extracts and solvent fractions of Arbutus pavarii.

Plant Part Solvent Weight (g) Yield % Physical Appearance

Leaf CH3OH 470.00 31.13 Dark greenish brown gum
Hex 18.60 3.95 Dark green gum

CHCl3 24.90 5.29 Green gum
EtOAc 126.48 26.91 Dark orange gum

n-BuOH 131.00 27.87 Brown gum
Stem Bark CH3OH 141.35 28.27 Greenish brown gum

Hex 11.42 8.08 Dark green gum
CHCl3 3.65 2.58 Green gum
EtOAc 38.24 27.05 Dark brown gum

n-BuOH 67.78 47.95 Dark brown gum

3.2. Bacterial Strains and Preparation of Inoculum

MRSA ATCC 700699 was obtained from the American Type Culture Collection (Rockville, MD,
USA) while MRSA KCCM 12255 was obtained from the Korean Culture Center of Microorganisms
(Seoul, South Korea). Two clinical isolates (MRSA1 and MRSA2) were collected from the nasal swab
of a 4th-year medical student from University Putra Malaysia, Malaysia. The MRSA strains are
kept at the Laboratory of Natural Products (Institute of Bioscience, UPM, Malaysia). The MRSA
ATCC 700699, MRSA KCCM 12255 MRSA1 and MRSA2 were grown on Mueller Hinton agar (MHA)
(Difco, Franklin Lakes, NJ, USA) aerobically for 24 h at 37 ◦C, whereas inoculum cell suspension was
prepared by transferring and incubating a single colony of each bacterial species in 10 mL of Mueller
Hinton broth (MHB) at 37 ◦C overnight with 200 rpm agitation. Then, 1 µL of bacteria suspension was
transferred to new MHB in a ratio of 1:10 to yield an inoculum size of 106 CFU/mL.

3.3. Disc Diffusion Assay

Antibacterial activity was evaluated using agar diffusion assay, according to Rukayadi et al. [51].
Briefly, an inoculum of the bacterial strain was streaked on the surface of MHA plates using a sterile
cotton swab. Sterile 6 mm filter paper discs (Whatman, Germany) were prewetted with 10 µL aliquot
of the test extracts or fractions, prepared in DMSO at a concentration of 10 mg/mL. The discs were then
placed on the inoculated plates at an appropriate distance from each other. Positive (chlorhexidine,
0.1% CHX, St Louis, MO, USA) and negative (dimethyl sulfoxide, 10% DMSO, Merck, Darmstadt,
Germany) control discs were similarly prepared and placed on each test plate. Inoculated plates were
subsequently incubated for 24 h at 37 ◦C and observed for inhibition zones. All experiments were
conducted in triplicate, and inhibition zone diameter (IZD) was measured in mm. Antibacterial activity
was expressed as the percentage of relative inhibition zone diameter (RIZD) with respect to standard
antibiotic (0.1% CHX), according to Alsohaili and Al-fawwaz [52], and calculated using the following
formula:

% RIZD = [(IZDsample−IZDnegative control)/IZDstandard antibiotic] × 100 (1)

3.4. Determination of Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration
(MBC) Values

The MIC and MBC values of the test samples against the MRSA strains were established as
described by the Clinical and Laboratory Standards Institute (CLSI) [19]. The determination was
performed in a 96-well round-bottom microtiter plate (Greiner, Germany) using a 2-fold standard
broth microdilution method with an inoculum of about 106 CFU/mL. The first well, designated as the
negative control, was filled with 100 µL MHB. The second well, designated as the positive control,
was filled with 100 µL of the bacterial suspension. A 100 µL aliquot of the test extract or fraction,
prepared at a concentration of 10 mg/mL, was then added to the 12th well. Two-fold dilutions were
then made from the 12th well down to the 3rd well. Therefore, the 12th well contained the highest
concentration (5 mg/mL), while the 3rd well contained the lowest concentration (0.01 mg/mL). The plate
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was then incubated aerobically for 24 h at 37 ◦C. After the incubation period, the MIC of the test
extract or solvent fraction was determined. The MIC value is defined as the lowest concentration of
the test sample that inhibited bacterial growth completely. For determining the MBC value, a 10 µL
aliquot of the suspension in each of the 12 wells of the MIC determination was subcultured on an
MHA plate. The plate was then incubated for 24 h, at 37 ◦C. After the incubation period, the plate was
observed for bacterial growth and the MBC value was determined. The MBC is defined as the lowest
concentration of the test sample that killed the bacterial strain completely. The MIC and MBC values
were determined in duplicate. Chlorhexidine (0.1% CHX, St Louis, MO, USA) was used as a positive
control. The antimicrobial activity of plant extracts may be expressed in different ways, including total
activity values [18]. The total activity of the extract and the fractions was estimated as follows:

Total activity = Quantity of material extracted from 1 g of plant material/MIC (2)

3.5. Time–Kill Curve

Time–kill assay against the MRSA strains was performed according to Ramli et al. with slight
modifications [22]. Briefly, the inoculum suspension of MRSA was diluted to approximately 106 CFU/mL.
The ethyl acetate fraction of the leaf was diluted with the MHB medium containing inoculum to obtain
final concentrations of 0 ×MIC, 0.5 ×MIC, 1 ×MIC, 2 ×MIC, 4 ×MIC and 8 ×MIC for MRSA ATCC
700699 and MRSA KCCM 12255 and final concentrations of 0 ×MIC, 0.5 ×MIC, 1 ×MIC, 2 ×MIC
and 4 ×MIC for MRSA1 and MRSA2. Cultures (1 mL final volume) were incubated at 30 ◦C with
200 rpm agitation. At predetermined time points (0, 0.5, 1, 2 and 4 h), 10 µL aliquots were transferred to
clean microcentrifuge tubes. The aliquots were serially diluted with 990 µL of 1% phosphate-buffered
saline (PBS), and 20 µL was staked onto the MHA plates. The number of colonies formed on the
plates after incubation at 30 ◦C for 24 h was counted and the number of CFU/mL was calculated.
Assays were carried out in triplicate. The graph of log CFU/mL versus time was plotted as described
by Ramli et al. [22].

3.6. UHPLC-ESI-MS/MS Analysis

The bioactive fraction was separated using a Hypersil Gold C18 reversed-phase column
(2.1 × 100 mm, 1.9 µm, Thermo, USA) on a Thermos Scientific Ultimate 3000 (Bremen, Germany) with a
mobile phase consisting of LCMS grade water (solvent A) and acetonitrile (solvent B), each containing
0.1% formic acid flowing at 0.4 mL/min. The programmed gradient system consisted of 0 min (95% A),
1 min (95% A), 20 min (5% A), 25 min (5% A), 25.1 min (95% A) and 35 min (95% A). The sample of
1 mg/mL (w/v) was prepared by dissolving 1 mg of a dried sample of the active fraction with 1 mL
of methanol. The resultant mixture was then filtered using 0.22 µm Nylon membranes, and then
10 µL of the filtrate was auto-injected. The MS analysis was done on a Q-Exactive Focus Orbitrap
LC-MS/MS system. The ESI-MS parameters were set as follows: negative mode, collision energy
of 3.5 kV, capillary temperature 350 ◦C, auxiliary gas heater temperature 0 ◦C, sheath gas flow rate
40 arbitrary units and auxiliary nitrogen gas (99% pure) flow rate 8 arbitrary units. Then, the mass
resolution was set to 70,000 full width at half maximum (FWHM) and a full scan of 150–2000 amu.
The identification analysis was carried out by comparing the obtained MS/MS data with the literature.

3.7. Data Analysis

Microsoft Excel (Version 2010) was employed to perform the statistical analysis. Disc diffusion
results were given as a mean ± standard deviation with three replicates.

4. Conclusions

In this study, the leaf and stem bark of A. pavarii were evaluated for anti-MRSA activity.
The antibacterial activity was performed using disc diffusion agar test, MIC and MBC assays, in which
the methanolic extracts and fractions of leaf and stem bark of A. pavarii demonstrated potential
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antibacterial activity against the tested MRSA strains. Among the extracts and fractions, the EtOAc
fraction of A. pavarii leaf revealed the highest antibacterial activity against all tested MRSA strains,
with activity ranging from moderate to significant (MIC 0.08–1.25 mg/mL). In time–kill analysis,
the MRSA strains were found to be completely killed after exposure to this fraction for 30 min to
2 h at 4× MIC and 8× MIC, revealing a remarkable capacity to inhibit or kill the MRSA strains.
The UHPLC-ESI-MS/MS profiling of the bioactive fraction revealed that it contains high amounts of
polyphenolic compounds. Phenolic acid and flavonoids were the main components and could be
responsible for the bioactivity. The present findings add support for the traditional medicinal use of
A. pavarii and highlight its potential as a source of natural antibacterial agents for future exploitation as
natural antibiotics in the fight against MRSA prevalence.
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Abstract: In this research, we assessed the detergency properties along with chemical characteristic of
the surfactant extracts from the most frequently cited detergent plants in Northern Thailand, namely,
Sapindus rarak, Acacia concinna, and Litsea glutinosa. Moreover, as to provide the sustainable option
for production of such valuable ingredients, plant tissue culture (PTC) as alternative method for
industrial metabolite cultivation was also proposed herein. The results illustrated that detergent
plant extracts showed moderate in foaming and detergency abilities compared with those of synthetic
surfactant. The phytochemical analysis illustrated the positive detection of saponins in L. glutinosa

plant extracts. The highest callus formation was found in L. glutinosa explant cultured with MS
medium supplemented with 2.0 mg/L Indole-3-acetic acid (IAA). The callus extract was chemical
elucidated using chromatography, which illustrated the presence of saponin similar to those from the
crude leaf and Quillaja saponin extracts. Compact mass spectrometry confirmed that the surfactant
was of the steroidal diagnostic type.

Keywords: compact mass spectrometry; cleansing properties; detergent plants; phytochemical;
tissue culture

1. Introduction

Surfactants are surface-active compounds with significant potentials for food-beverage, medicinal,
and pharmaceutical industries. In surfactant manufacturing, they can be either chemically synthesized
or found naturally in bio-based forms [1,2]. The first one is non-biodegradable, can be accumulated in
the environment, and therefore is known to be toxic to living organisms [2]. Consequently, trends are
moving towards finding the biological sources of the surfactants [1]. Biosurfactants can be derived
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directly from various natural sources including those of microbials, flora, and fauna [3–5]. Plant-based
surfactants, such as saponins, have gained increasing attention as they are environmentally safe,
less toxic, biodegradable, and renewable [6–10]. Structurally, saponins are amphipathic molecules
consisted of triterpenoids, steroids, and glycosides [7,11,12]. Their aglycone parts are known as genin
and sapogenin, which covalently bound to one or more polar molecules of sugar moieties [13–16].
Steroidal saponins such as diosgenin had been characterized and found in many plant samples [17–19].
Natural surfactants from plant resources are used mainly as detergents for fabric washing, hair,
and body detergents with excellent cleansing properties [20]; for example, Quillaja Saponaria bark
is used as a detergent for washing hair and clothes [21,22]. Saponaria officinalis is known as soap
plant [13,23], and Sapindus saponaria is manufactured as soap and clothing washing detergent [24–26].
Some natural saponins have been traditionally used in folk medicines [4]. The drawback is that
the high value phyto-intermediate raw materials are available naturally with limited abundance.
Additionally, destructive harvesting may result in resource exhaustion and even nearly extinction
from the nature [27]. More importantly, the degree functionality of active ingredient also varies upon
environmental situations [28]. Due to these constraints, the sustainable production of raw material
should be considered [27]. Plant tissue culture (PTC) is a potential alternative method to traditional
plant propagation for retrieving natural products in the ways that multiplying and maintaining higher
consistency and greater true-to-type raw material [29]. Moreover, this in vitro plant regeneration is
also simple and time saving [28]. The underlaying advantage is that it can also help reducing the
invasion of the natural resources and the destruction of biodiversity [30].

In the context of Northern Thai culture, three plant species namely Sapindus rarak, Acacia concinna,
and Litsea glutinosa [31] are frequently mentioned as plants used in cleansing purposes. Among those,
L. glutinosa was the most potential as the model plant for further conservation studies [32]. Belonging
to the family Lauraceae, it also contains different kinds of secondary metabolites, such as alkaloids,
tannins, sterols, and flavonoids, with good capability for medicinal purposes [33,34]. Leaf tissue
of L. glutinosa comprises of numerous secondary metabolites such as megastigmane diglycoside,
roseoside, pinoresinol 3-O-b-D-glucopyranoside [35], 2′-oxygenated flavone glycoside [36], and also
natural saponin-surfactant with lists of proven active biofunctionalities [37,38]. It was also reported to
be an endangered species or very rare in Asia, including in the Philippines, Bangladesh, and India [39].
However, the assessment of its detergency properties along with chemical characterization have not
been reported in the literature. Thus, besides the ultimate aim to evaluate the cleaning properties
of L. glutinosa, we also assessed the PTC as the alternative raw material propagation for extractable
ingredients. The outcome of this study is therefore beneficial for ex situ conservation which inhibits
the overexploitation of natural resource and the destruction of local forest to obtain natural material.

2. Results and Discussion

2.1. Foaming Ability, Stability, and Detergency Ability

Foaming ability, stability, and detergency ability of crude plant extracts are illustrated in Table 1.
Foam produced by mechanical agitation is typically an unsteady thermodynamic system. Although
foam generation has little to do with the cleansing ability of the detergent, it is an important criterion to
evaluate detergent. Detergent can increase the ability to displace air from a liquid or solid surface [40,41].
By dissolving the crude detergent plant extracts, both of methanol or water extracts, in DI water at
the concentration of 5 and 10% (v/v), the foaming regeneration of detergent plant extracts showed
variable in the results after shaken. The highest foam was found in both types extracts from S. rarak

(7.1 ± 0.10 cm) and the lowest was found in L. glutinosa (1.1 ± 0.06 cm). After 5 min, foam height
decreased in all extracts. Chen et al. [40] explained that increase in foam height of detergent was due
to the increasing in the concentrations and types of the detergents in aqueous solution. In the same
study, foam produced by crude saponin extract of Camellia oleifera was less than that from the chemical
synthesized products (SLS and Tween80) at 0.5% solution concentration. In the same way with the
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results from Yang et al. [41] who found that the crude saponin extract from Sapindus mukorossi showed
lower ability of foaming than 0.5% SLS solution but similar to 0.5% Tween80 solution.

Table 1. Detergent properties of crude detergent plant extracts.

Extracts
Type of
Extracts

Concentration
(% v/v)

Foam Height (cm) Detergency
Ability (%)30 s 5 min

Control SLS 0.5 7.93 ± 0.06 a 7.03 ± 0.06 a 88.98 ± 1.92 a

Acacia concinna Methanol 5 2.30 ± 0.10 g 1.03 ± 0.21 f 71.52 ± 2.70 d

Methanol 10 3.10 ± 0.10 f 1.13 ± 0.12 f 82.43 ± 1.33 b

Water 5 5.43 ± 0.21 e 4.47 ± 0.15 e 59.65 ± 2.67 fg

Water 10 6.10 ± 0.20 d 5.13 ± 0.15 d 78.42 ± 1.10 c

Sapindus rarak Methanol 5 5.93 ± 0.12 d 5.30 ± 0.10 d 66.60 ± 1.69 f

Methanol 10 7.10 ± 0.10 b 6.57 ± 0.25 b 74.44 ± 1.90 d

Water 5 6.87 ± 0.06 c 5.77 ± 0.15 c 57.38 ± 0.66 fg

Water 10 7.13 ± 0.15 b 6.74 ± 0.17 b 64.29 ± 3.41 f

Litsea glutinosa Methanol 5 1.13 ± 0.06 i 0.60 ± 0.10 g 54.26 ± 2.96 g

Methanol 10 1.13 ± 0.15 i 0.60 ± 0.10 g 65.69 ± 2.81 f

Water 5 1.37 ± 0.12 h 0.47 ± 0.06 g 48.21 ± 1.71 h

Water 10 1.48 ± 0.08 h 0.50 ± 0.10 g 56.06 ± 1.69 fg

Data are expressed as the mean ± SD of three independent experiments; means with the superscription letters (a–i)
are significantly different at p ≤ 0.05.

Different solvents used to extract the active ingredients could obviously play a role in the foaming
properties. In our experiment, crude aqueous extract showed the highest content of foam compared to
that of the methanol extract. The highest foam was found with 10% v/v methanol extract of S. rarak

(7.1 cm). In the other hand, L. glutinosa extracts either by water or methanol gave low content of
foam (1.1–1.5 cm). These are similar with Inalegwu and Sodipo [20] found that the crude aqueous
extract of Tephrosia vogelii leaves illustrated higher foam height than that of the methanolic extract.
Structural wise, saponins contain one or more sugar moieties attached to steroid or triterpenoid
backbone. The number of sugar molecules could affect foaming characteristics with the lesser the
sugar number, the lower foaming ability of the compound produced. It is also possible that some
saponins possess no foam forming ability [7]. Böttcher and Drusch [42] also added that saponins from
different plant resources illustrated variable in the interfacial properties, which could mask their true
functionality. Not only that, crude extract may contain combination of various compounds such as
protein that could contribute to the formation of foam [43].

Cleansing as described by the removal of dirt, soil, and grease, is the key important property of
the common surfactants and detergency ability. This property is influenced by the content of surfactant
ingredients in the extracted samples. From the result in Table 1, it was observed that methanol extracts
gave much higher cleansing ability than that of the aqueous extract in all cases. Among the detergent
plants tested, the cleansing ability of A. concinna was higher at either 5 or 10% than any others detergent
plants. Here again, we noticed that such the ability increased with the increasing in the concentrations
of all extracts except that of the aqueous extract of L. glutinosa that gave the moderate detergent
ability (48.21 ± 1.71% detergent ability in 5% v/v water extract). Saponins have been proven to be the
surfactive molecules that reduce surface tension and enhance cleansing ability [7,44]. Unsurprisingly,
plants containing saponins are used as substitutes for soap with the hidden benefits as the treatment of
skin lesions caused by fungi [45]. A. concinna pod has been traditionally used in India for bathing due
to the formation of lather or foam in water. It also gave excellent cleansing actions on dirt similar to the
commercial detergents or soaps [46]. Patel and Talathi [44] found that in herbal shampoo comprising
of various aqueous plant extracts, the formulation with A. concinna extract had higher detergency
ability (95.94%) than the extracts of Aloe vera, S. mukorossi, and Phyllanthus emblica because of the higher
saponin content. There, nonetheless, is no report on the detergent ability of L. glutinosa elsewhere.
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2.2. Chemical Properties

2.2.1. Total Saponin Content

Total saponin content showed significant variations within the plant samples and ranged between
0.33–1.55 and 0.52–3.26 mg Diosgenin Equivalents (DE)/g extract, in crude water and crude methanol
respectively. By using alcohol as the extracting solvent, S. rarak showed the highest amount of total
saponin content (3.26 mg DE/g extract), followed by A. concinna (1.15 mg DE/g extract) and L. glutinosa

(0.52 mg DE/g extract). In the same trend with the aqueous extracts, S. rarak showed the highest amount
of total saponin content (1.88 mg DE/g extract), followed by A. concinna (0.52 mg DE/g extract) and
L. glutinosa (0.33 mg DE/g extract). Notable that the detection of specific compound content in plant
extract by using spectrophotometric method may cause an overestimation of the target compound
content due to interferences with other components [47]. Moreover, choice of solvent used can also
affect the total saponin content, and methanol is usually a much preferable choice for extraction of
the compounds of higher polarity [17]. Preliminary phytochemical screening result from Khanpara
et al. [48] reported that A. concinna fruit powder consisted of saponin (8.04%) and other compounds
such as alkaloids, sugars, and flavonoids. Additionally, the study of Chavan et al. [49] revealed
that fruits of A. concinna gave saponin as high as 10−11.5% and was known as “fruit for hair” that
traditionally used as ingredient in traditional shampoo. Saponins exhibit surface properties such as low
surface tension and shear visco-elasticity that possess mechanisms associated with foam and emulsion
stabilization [50]. Saponin plants are indeed in need for detergent and cosmetic manufacturing.
Nonetheless, the limitation of obtaining such the products from the natural resources is that the content
is variable upon genotypes, geographical origin [51,52], and maturation state [45].

2.2.2. Fourier Transform Infrared Spectroscopy (FTIR)

Identification of the functional groups can provide useful information on their mechanical and
chemical properties [53]. Infrared spectroscopy is used to characterize the specific kind of bounds and
the functional groups. The FTIR spectrum of crude plant extracts (prepared in methanol and water)
are given in Figure 1A,B. The data of peak values and the possible functional groups of saponins
from other literatures are presented in Supplementary Materials. FTIR spectrum of crude methanol
or water extracts of the three detergent plants (A. concinna, S. rarak, and L. glutinosa) absorbed light
at the wavenumber ranges of 1025–1620 and 2923–3338 cm−1. All detergent plant extracts showed
characteristic infrared absorbance of the hydroxyl group (OH) at ~3338.65 cm−1 and ~3330.55 cm−1

in methanol extracts of A. concinna and S. rarak and the aqueous extracts gave the peaks at wave numbers
at ~3335.52 cm−1 and ~3261.94 cm−1 of A. concinna and L. glutinosa, respectively. Carbon–hydrogen
(C-H) absorption was found at 2923.23 cm−1 only in methanol extract of L. glutinosa. The C=C
absorbance was observed at 1620.33 cm−1 (A. concinna) and 1606.13 cm−1 (L. glutinosa) in the water
extracts but was not found in the both extracts of S. rarak. Whereas C-O-C absorbance varied from
1035.12 cm−1 (S. rarak) to 1026.26 cm−1 (A. concinna) in the methanol extracts and in the crude aqueous
of S. rarak ~1034.78 cm−1 and 1033.22 cm−1 in L. glutinosa.

This result was similar with previous studies, as follows: Kareru et al. [54] reported characteristic
infrared absorbance of phyto-based saponins of the hydroxyl group (OH) ranging from 3429 cm−1 to
3316 cm−1. Carbon–hydrogen (C-H) absorption ranged from 2931 cm−1 to 2931 cm−1 and oligosaccharide
linkage absorptions to sapogenins (C-O-C) were at 1074 cm−1 and between 1045 cm−1 to 1046 cm−1.
The study of Almutari and Ali [55] reported that saponins showed characteristic infrared absorbance
of the hydroxyl group (OH) in soap nut extract, at 3407 cm−1 in the aqueous extract, 3419 cm−1 in
the 95% ethanol extract, and from 3525 to 3281 cm−1 in the standard Quillaja saponin. The results of
Sapindus extract in the study of Li et al. [56] also found that the stronger absorption of OH, CH2 and
C-O-C in the sapindus extract spectrum, which similar to those of oleanolic acid spectrum (a standard of
triterpenoid saponins). As L. glutinosa received much attention globally, and several studies were evaluated
its chemical compositions and others biological activity [57–59] along with its potential detergency abilities
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reported herein. L. glutinosa was therefore chosen to study the alternative propagation method for bioactive
compound induction.
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Figure 1. FTIR spectrum of crude detergent plants. (A) Crude methanol extracts; A. concinna (—)
common absorption at 3338.65, 1620.33 and 1026.26 cm−1, S. rarak (—) 3330.55 and 1035.12 cm−1,
L. glutinosa (—) 2923.23, 1606.13 and 1032.39 cm−1; (B) Crude water extracts; A. concinna (—) common
absorption at 3335.52, 1617.86 and 1025.25 cm−1, S. rarak (—) 3331.10 and 1034.78 cm−1, L. glutinosa (—)
3261.94, 1591.25 and 1033.22 cm−1.

2.3. In Vitro Plant Material Propagation

After six weeks of incubation, the callus induction from the tissue of L. glutinosa was observed.
The highest callus formation was found in the explants cultured with Murashige and Skoog (MS)
medium supplemented with 2.0 mg/L Indole-3-acetic acid (IAA). The greatest fresh weight was
observed at 0.84 ± 0.47 g in IAA at concentration of 0.5 mg/L. Meanwhile the dry weight was the
highest at 0.13 ± 0.03 g in 2,4-dichlorophenoxyacetic acid (2,4-D) at concentration of 2.0 mg/L (Table 2).
Generally, the callus formed were completely friable with greenish and turned to brown colour after
four weeks (Figure 2A,B). In addition, Wahyuni et al. [60] stated that the colour of callus becomes
brown because they produced phenolic compounds and the variation in callus morphology is due to
the explant variant, basic medium, growth regulators, and the biotic and abiotic supplements in the
culture. In tissue culture, plant growth regulators play significant role in controlling plant growth and
development [61]. Auxins are the major hormones responsible for stem elongation, vascular tissue
differentiation, and cell expansion in plant developmental processes [62]. Similarly the cytokinins are
required for cell division in a wide variety of plant tissue cultures [63]. During the micropropagation,
factors influence the induction of callus are such as plants growth regulator, auxins, and cytokinins,
and environmental condition, light, and temperature [64]. Therefore, in studying plant tissue culture
for metabolites induction, at least two combination of hormone types are required. The study of
callus induction for the production of saponin using different hormones and the combination thereof
including 2,4-D and IAA combined with BAP and kinetin (KIN) [65,66]. The total saponin content
(TSC) varied in the treatments range between 1.87 and 3.12 mg DE/g extract (Table 2). The callus was
used in the evaluation of saponin content and chemical characterization thereafter.

2.4. High Performance Thin Layer Chromatography (HPTLC)

HPTLC result in Figure 3 indicated that crude methanolic extracts of tissues of the detergent plants
as well as the callus of L. glutinosa (LG callus) gave complex metabolites, while standard diosgenin gave
a single band at the rate of flow (Rf) 0.84. For detection of saponins, the blue, violet, yellow, and green
should be visible after derivatization at the visible light. They were best resolved at the wavelength
UV 366 nm after derivatization [67,68]. Comparing the Rf values with the standard Quillaja saponin,
the callus showed the spots at the similar Rfs of 0.2, 0. 39, 0.53 and 0.84, that were comparable with the
methanolic extracts of S. rarak, A. concinna, and L. glutinosa, as shown in Figure 3. Other common peaks
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were also found in the methanolic extracts of detergent plants but were not observed in the standard
diosgenin (Table 3).

Table 2. Callus induction in L. glutinosa from stem cultured on MS medium treated with various
concentrations of auxins (2,4-D and IAA) and 2 cytokinin (kinetin (KIN) and BA) hormones after four
weeks of cultured.

Hormone
Concentration

(mg/L)
% Callus
Induction

Fresh Weight
(g)

Dry Weight
(g)

TSC

2,4-D 0.5 70 ± 14.14 c 0.53 ± 0.24 b 0.03 ± 0.01 e 1.91 ± 0.03 de

1.0 76 ± 16.97 bc 0.62 ± 0.25 b 0.09 ± 0.05 b 2.01 ± 0.04 d

2.0 48 ± 5.66 de 0.61 ± 0.13 b 0.13 ± 0.03 a 2.00 ± 0.16 d

IAA 0.5 90 ± 8.49 ab 0.84 ± 0.47 a 0.07 ± 0.03 c 2.56 ± 0.01 c

1.0 92 ± 5.66 ab 0.56 ± 0.36 b 0.07 ± 0.05 c 2.73 ± 0.07 b

2.0 100 ± 0.00 a 0.62 ± 0.29 b 0.05 ± 0.03 d 3.12 ± 0.10 a

KIN 0.5 34 ± 8.49 ef - - -
1.0 32 ± 5.66 ef - - -
2.0 20 ± 5.66 f - - -

BA 0.5 64 ± 5.66 cd 0.06 ± 0.03 c 0.01 ± 0.00 f 1.85 ± 0.01 e

1.0 66 ± 2.83 cd 0.06 ± 0.03 c 0.01 ± 0.00 f 1.79 ± 0.08 e

2.0 38 ± 2.83 ef 0.05 ± 0.01 c 0.01 ± 0.00 f 2.68 ± 0.04 bc

Data are expressed as the mean ± SD; means with the superscription letters (a–f) are significantly different at p ≤ 0.05.
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Figure 2. Callus formation; (A) Callus from treatment of 2,4-D; (B) Callus from treatment of IAA.

 

 

Figure 3. The HPTLC chromatogram of the crude methanolic of detergent plants after derivatized
viewed under UV 366 nm. Track 1 = standard Diosgenin, 2 = standard Quillaja saponin, 3 and 4 =Callus
of Litsea extracts, 5 = Sapindus extract, 6 = Acacia extract, 7 = Litsea extract. The symbol (+) indicate the
presence of bands on each track.
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Table 3. The rate of flow (Rf) values of the methanolic detergent plant extracts compared with saponin
standard from High Performance Thin Layer Chromatography (HPTLC).

Spot No. Diosgenin Quillaja S. rarak A. concinna L. glutinosa LG Callus

1 0.07
2 0.10 0.12 0.12
3 0.15 0.14
4 0.20 0.19 0.19 0.20 0.21
5 0.26
6 0.29 0.32 0.32
7 0.38 0.40 0.40 0.38 0.39
8 0.46 0.44 0.44 0.45 0.45
9 0.48
10 0.52 0.54 0.54 0.53 0.53
11 0.58 0.59 0.62 0.64
12 0.68 0.69
13 0.72 0.74 0.70
14 0.84 0.84 0.84 0.84 0.84 0.84
15 0.87 0.90

In general, saponins from the same plant species can be found in the different forms of molecular
structures [42]. Moreover, the variation of the structures could lead to the variety of physicochemical
properties and biological activity [50]. The study of Senguttuvan and Subramaniam [68] reported the
HPTLC fingerprints of various metabolites in Hypochaeris radicata L. and saponins can detected by using
the mobile phase consisting of chloroform: glacial acetic acid: methanol: water. The methanolic plant
extracts displayed different Rf pattern and the root extract attained the greater number of saponins
than the leaf extracts. Further, study of Das et al. [69] showed the variable in the Rf peaks of HPTLC
chromatograms of Diplazium esculentum Retz. and suggested that the ethanolic extract could yield
variety of phenolics, flavonoids, and saponins than those found in the aqueous extract. The type of
saponin in the extract was then confirmed by mass spectrometry.

2.5. Compact Mass Spectrometry (CMS)

Mass spectroscopy (MS) is the systematics study of mass spectrum with or without fragmentation
which is characterized by a relationship between the mass of a given ion and the number of elementary
charges that it carries or mass-to-charge ratios (m/z) and relative abundances [70]. Mass spectra of any given
substances are different in fragmentation patterns. These fragmentation patterns are useful to determine the
molar weight and structural information of the unknown molecule [71]. The mass spectra of the methanolic
detergent plant extracts and callus of L. glutinosa gave the identical peak with the m/z 415.6 in positive ion
mode with the standard diosgenin (Table 4). Among the vast array of m/z data of the samples, many peaks
were also found in common (Figure 4). In the report of Li et al. [72] elucidated that the m/z value of 415.3217
was according to the presence protonated aglycone which was the fragmentation of steroidal saponins,
26-O-β-D-glucopyranosyl-3β,20α,26-triol-25(R)-∆-dienofurostan-3-O-α-L-rhamnopyranosyl(1→2)-[α-L-
rhamnopyranosyl(1→4)]-β-D-glucopyranoside (DFE) (Scheme 1). In another study, fragment of aglycone
with the m/z value of 415 was detected in the terrestrinin S (or pseudosapogenins of Type IV) which
confirmed diagnostic ions of steroidal saponin [73]. Thus, the CMS m/z results of crude saponin extracts
from all detergent plants along with the callus produced by L. glutinosa tissue in our study could be
structurally characterized as the steroidal diagnostic type.
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Table 4. Mass spectra of detergent plants methanolic extracts.

Label Maximum Intensity (c/s) % Peak Area Base Peak Mass (m/z)

Diosgenin 1.1 × 108 99.6 415.6
Quillaja 3.1 × 105 70.2 415.6

A. concinna 1.4 × 106 81.1 415.6
S. rarak 1.7 × 105 14 415.6

L. glutinosa 1.5 × 106 86.8 415.6
Callus 2.4 × 105 48.5 415.6

 

 
β

β α Δ α → α→ β  

 

Figure 4. Mass spectra of compound likes diosgenin detected the ion current abundance of m/z 415.6 in
methanolic extract of detergent plant, callus compared with standard contained saponin.
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Scheme 1. The proposed of fragmentation patterns of DFE.

3. Materials and Methods

3.1. Chemicals and Standards

Diosgenin (with molecular weight of 414.5 g/mol and purity of ≥93%) was purchased from
Sigma-Aldrich (Steinheim, Germany). Saponin from Quillaja Bark pure, 10–14% sapogenin content,
was product of PanReac AppliChem (Darmstadt, Germany). The methanol, ethanol, and sulfuric acid
(98%) were products of RCI Labscan (Bangkok, Thailand). Vanillin (99%) was product of Sigma-Aldrich
(Steinheim, Germany). Sodium Lauryl Sulfate (SLS) was product of KEMAUS (New South Wales, Australia).

3.2. Collection and Authentication of Plant Materials

All plant materials used in this study were collected from the forest reserve restored by the
Huai Hong Khrai Royal Development Study Centre (HHKC) during the fields study reported
elsewhere [32]. Plant species confirmation was done by comparison the specimen with those deposited
at plant collection library of the ethnobotanical laboratory, Department of Biology, Faculty of Science,
Chiang Mai University (CMU). The specimens were deposited at Plant Bioactive Compound Laboratory
Herbarium (BACH), Faculty of Agriculture with the voucher number JW009-011. The utilized parts,
including: pericarp of Sapindus rarak (family Sapindaceae), fruit of Acacia concinna (family Fabaceae)
and Leaves of Litsea glutinosa (family Lauraceae) were used in this study. The plant parts were
separated, cleaned and dried at 40 ◦C for 72 h in hot-air oven (WGLL-125BE, Huanghua faithful,
Hebei, China). Thereafter, they were grounded into powder using a hand-held grinder (Philips, The
Netherlands) at speed level 1 prior to solvent extraction and stored in an air-tight container for further
studies. To screen saponin content in plant materials, dry sample powder 0.05 g was suspended in 80%
methanol (v/v) and extracted using ultrasonication. Unless otherwise stated, the supernatant was used
to in colorimetric method for saponin determination later described.

3.3. Determination of Detergent Properties

Unless stated otherwise, 10 g of dried material was extracted with 100 mL of either deionized
water (DIH2O) or 80% methanol at room temperature (25 ± 2 ◦C) according to the method of Inalegwu
and Sodipo [20]. The filtrate was concentrated using automate rotary evaporator under reduced
pressure at 40 ◦C until dried. To evaluate the physiochemical properties of L. glutinosa, A. concinna,
and S. rarak were selected to compare their properties based on the ethnobotanical report from our
previous study. The detergent properties determined were as followed;

3.3.1. Foaming Ability and Stability

Foaming ability was evaluated according to the methods of Chen et al. [40]; Inalegwu and Sodipo [20]
and Pradhan and Bhattacharyya [74] with slight modifications. The extracts were dissolved in water at
the concentrations of 5 and 10% (v/v). The solution was then vigorously shaken for 1 min by hand in a
10 mL measuring cylinder and the foam height was measured at room temperature. Foam stability and
foam height after 30 s and 5 min were also recorded. The measurements were repeated three times from
separate set of samples and the values were averaged.
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3.3.2. Detergency Ability

The detergent abilities of the crude extract were evaluated following the method of Pradhan and
Bhattacharyya [74] with some modifications. The test was conducted using 5 × 5 cm cotton cloth pieces
were cleaned with a 5% Sodium Lauryl Sulfate (SLS) solution, then dried. The samples were suspended
in artificial sebum (consisting of 1 g coconut oil and 1 g paraffin wax in 100 mL hexane solution)
and the mixture was shaken for 15 min. Then samples were removed and left to dryness at room
temperature. In the next step, oil-coated materials were divided into two equal portions, the first part
was washed with 10 mL of the 5 and 10% crude extracts (both methanol and water fractions) and the
second group was cleaned with deionized water (control). After drying, the resided sebum on samples
was extracted with 20 mL hexane for 15 min and the materials were removed. After evaporated off to
dryness, the sebum content was weighed. Finally, the percentage of detergency ability in both cases
was calculated using the following equation;

Detergency Ability = 100 − (T/C × 100) (1)

In which, DA is the percentage of detergency ability. C is the weight of sebum in the controls and
T is the weight of sebum in the test sample.

3.4. Chemical Analyses

3.4.1. Determination Saponin Contents

The method of Makkar [75] with slight modification was used to determine the total saponin
content in plant materials. Briefly, 50 µL of plant extract was mixed with 2.5 mL sulfuric acid 72% (v/v)
and 0.1 mL, 8% vanillin solution in ethanol. The mixtures were incubated in a water bath at 60 ◦C
for 10 min and then cooled in cold water. The absorbance of sample was measured at 544 nm using
SPECTROstar Nano Microplate Reader (BMG LABTECH, Ortenberg, Germany). Diosgenin was used
as the reference standard with saponin content expressed as mg Diosgenin Equivalents (DE) per gram
extract (mg DE/g extract). The final quantification of the phytochemicals is the value of mean ± SD of
three measurements.

3.4.2. Fourier Transform Infrared Spectroscopy (FTIR)

To identify the presence of saponin functional groups, the FTIR spectra of the extracts were
collected by a Bruker model ALPHA II, diamond ATR (Hamburg, Germany) and operating at the basic
of 500–4000 wavenumber for averaging 47 scans per spectrum. For the analysis of the different chemical
bonds in crude extracts, both methanol and water extracts were used for the FTIR measurement [42].

3.5. In Vitro Plant Material Propagation

The lateral bud of plant material was used in this study. For surface sterilization procedures,
the explants were soaked in filtered distilled water followed by 95% ethanol for 5 min. Thereafter,
the explants were soaked in 25% of sodium hypochlorite solution added with 2–3 drops of tween 20
(Sigma, St. Louis, MO, USA) for 20 min. The explants were then thoroughly rinsed with sterile distilled
water to remove any traces of remaining detergents [76].

The explants were inoculated in MS culture medium. The media consisted of 30 g/L sucrose and
7 g/L agar and the pH was adjusted to be within 5.68 after the addition of plant growth regulators.
Different concentration, 0.5, 1.0, and 2.0 mg/L of two auxin (2,4-dichlorophenoxyacetic acid (2,4-D) and
Indole-3-acetic acid (IAA)) and two cytokinin (6-Benzylaminopurine (BA) and Kinetin (KIN)) were
used in the study. The cultures were incubated at 25 ± 2 ◦C.

The observation of callus was done on a weekly basis. At the end of four weeks, the formed callus
was isolated from the explants. The data for callus induction in each treatment was recorded in which
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the morphology, fresh, and dry weights (g) [76]. The percentage of callus initiation was calculated [30].
Thereafter, the content of total saponin was evaluated and characterization on HPTLC and CMS.

3.6. High Performance Thin Layer Chromatography (HPTLC)

HPTLC finger printing study was carried out according to the methods of Avula et al. [77];
Karthika et al. [67]; and Senguttuvan and Subramaniam [68]. The HPTLC system comprising of
Linomat 5 automatic applicator, a twin trough plate development chamber, Camag TLC scanner 3 and
winCATS 4 software version 2.5.18262.1 (CAMAG, Muttenz, Switzerland) were used. The methanolic
extract of the callus, detergent plants (10 µL) and 3 µL of standards (Diosgenin and Quillaja saponins)
were spotted separately in form of bands having band width of 5 mm on glass plates (Merck, Darmstadt,
Germany) with silica gel 60 F254 (20 × 10 cm), using a Hamilton syringe with Linomat 5 applicator
attached to CAMAG HPTLC system. The plate was accommodated with 7 tracks and all samples were
applied according to the following settings: 8 mm from the bottom of the plate, band width 8 mm;
application volume 3–10 µL. All remaining measurement parameters were left at default settings.
Chamber saturation was done using 20 × 10 cm Whatman filter paper for 20 min. Development solvent
was the lower layer of chloroform: glacial acetic acid: methanol: H2O (6.4:3.2:1.2:0.8) till 80 mm from
the lower edge of the plate. Then chromatogram was developed in the twin trough glass chamber
(20 × 10 cm) presaturated with the mobile phase. Developed plates were immersed in Anisaldehyde
sulfuric acid reagent, and dried on heat plate for 5 min at 100 ◦C. The dried plates were kept in a photo
documentation chamber and captured the images in visible light, UV 366 nm and UV 254 nm.

3.7. Compact Mass Spectrometry (CMS)

The experiment was performed using the expression Compact Mass Spectrometer and Atmospheric
Solids Analysis Probe (ASAP) from Advion, Inc. (Ithaca, NY, USA) to measure the presence of saponin
compounds contained in the complex matrix including methanol extracts of detergent plants, callus
of selected detergent plant in comparison with the standards following the standard protocol of
Perez-Hurtado et al. [78]. The instrument was operated in positive ionization mode. All the spectra
were acquired within the range of m/z 400–430.

3.8. Statistical Analysis

The extractions of phytochemicals and analyses were of three separate of each sample. The data were
subjected to Analysis of Variance (ANOVA) and comparison between the mean values of treatment were
confirmed by Duncan’s Multiple Range test at the 95% level of significance. A completely randomized
design (CRD) with 25 replicates was performed to determine the effect of plant growth regulator on callus
induction. The data were presented as mean ± SD. The means comparison and statistical analysis were
done using SPSS 17.0 software [76].

4. Conclusions

The recent study assessed the detergency properties along with chemical confirmation of the
most cited detergent plant in northern Thailand and its alternative propagation for active ingredient
production using plant tissue culture. The results from detergent abilities, physiochemical properties,
and phytochemical analysis showed the positive detection of saponins present in L. glutinosa plant
extracts. Using IAA at 2.0 mg/L concentration in MS media could produce callus that yielded
metabolites of different forms. Further study can investigate in-depth on derivatives of saponin,
identification, and structure elucidation.

Supplementary Materials: The following is available online at http://www.mdpi.com/2223-7747/9/11/1521/s1,
Table S1: FTIR spectra of functional groups of saponins.
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Abstract: To investigate the anti-obesity effects and underlying mechanism of BS21, a combination
of Phyllostachys pubescens leaves and Scutellaria baicalensis roots was used to investigate the effects
of BS21 on adipogenesis, lipogenesis, and browning in 3T3-L1 adipocytes. The expression of
adipocyte-specific genes was observed via Western blot, and the BS21 chemical profile was
analyzed using ultra-performance liquid chromatography (UPLC). BS21 treatment inhibited adipocyte
differentiation and reduced the expression of the adipogenic proteins peroxisome proliferator-activated
receptor γ (PPAR-γ), CCAAT/enhancer-binding protein (C/EBP-α), and adipocyte protein 2 (aP2),
as well as the lipogenic proteins sterol regulatory element-binding protein 1c (SREBP-1c) and
fatty-acid synthase (FAS). BS21 enhanced protein levels of the beta-oxidation genes carnitine
palmitoyltransferase (CPT1) and phospho-acetyl-coA carboxylase (p-ACC). BS21 also induced
protein expressions of the browning marker genes PR domain containing 16 (PRDM16), peroxisome
proliferator-activated receptor gamma co-activator 1-alpha (PGC1α), and uncoupling protein (UCP) 1,
and it induced the expression of the thermogenic gene UCP2. Furthermore, BS21 increased adenosine
monophosphate-activated protein kinase (AMPK) activation. UPLC analysis showed that BS21
contains active constituents such as chlorogenic acid, orientin, isoorientin, baicalin, wogonoside,
baicalein, tricin, wogonin, and chrysin. Our findings demonstrate that BS21 plays a modulatory role in
adipocytes by reducing adipogenesis and lipogenesis, increasing fat oxidation, and inducing browning.

Keywords: adipogenesis; AMPK; anti-obesity; triglycerides; UCP1

1. Introduction

Obesity is the main risk factor for several metabolic abnormalities including hyperlipidemia,
atherosclerosis, type 2 diabetes, dyslipidemia, and hypertension [1]. Obesity develops following a
prolonged period of positive energy imbalance when food intake exceeds total energy expenditure,
which must be reversed for treatment to be successful [2,3]. New approaches for promoting energy
consumption are emerging to inhibit energy intake (appetite or absorption) [4]. Brown adipocytes
in brown adipose tissue (BAT) expend stored energy and produce heat via the expression of brown
fat-specific uncoupling protein (UCP) 1 [5]. Beige adipocytes are inducible brown-like fat cells in white
adipose tissue (WAT) that can consume stored energy following exposure to adrenergic signaling or
chronic cold through UCP1-mediated thermogenesis, and recent treatments for obesity have increased
the therapeutic interest in browning of WAT [6].

285



Plants 2020, 9, 1422

Adenosine monophosphate-activated protein kinase (AMPK) is an intracellular energy sensor
that regulates energy balance and acts as a metabolic switch [7]. AMPK stimulates adenosine
triphosphate (ATP)-producing catabolic pathways (e.g., lipolysis or fatty-acid oxidation) and switches
off ATP-consuming anabolic pathways (e.g., lipogenesis) that increase energy production and
consumption, respectively [8]. Thus, the development of AMPK activators has become a therapeutic
target for obesity [9].

Bamboo leaves, usually as tea, have been used for more than 1000 years in Asia for nutrition
and as herbal medicine and have various biological functions, including antibacterial, antiviral,
and anti-atherosclerosis activities [10]. The antioxidant and anticoagulant effects of Phyllostachys pubescens

Mazel (Bamboo, Poaceae family) leaves have been reported [11]. It was recently reported that
bamboo leaves and its major flavonoid, isoorientin, inhibited adipogenesis in adipocytes [12,13].
Scutellaria baicalensis Georgi (Baikal skullcap, family: Lamiaceae family) roots (S) have been used
in traditional medicine. These roots have diuretic, anti-diarrhea, and anti-inflammation effects [14]
and were recently reported to reduce body weight and improve serum lipid levels in mice [15,16].
Baicalin in S. baicalensis exhibited anti-obesity effects through enhanced fatty-acid oxidation [17].
Our recent study suggested that various mixtures of P. pubescens leaves and S. baicalensis roots (BS) had
anti-obesity effects in obese mice fed a high-fat diet, and a 2:1 (w:w) mixture of the two plant extracts
(BS21) was most effective in decreasing body weight gain and normalizing serum lipid profiles [18].
However, the anti-obesity effects of BS21 and its underlying mechanisms in adipocytes have not been
explored. This study examined the effect of BS21—the most effective combination—on adipogenesis
and browning in 3T3-L1 adipocytes. Ultra-performance liquid chromatography (UPLC) was performed
to determine the constituents of BS21 and assess which constituent inhibited adipogenesis.

2. Results

2.1. Effect of BS21 on Adipocyte Differentiation and Lipolysis in 3T3-L1 Cells

Preadipocytes were stained with fat-specific Oil Red O after inducing adipocyte differentiation in
MDI (3-isobutyl-1-methylxanthine, dexamethasone, and insulin) differentiation media (Figure 1A,B).
Oil Red O staining quantification demonstrated that treatment with 60, 120, 240, and 480 µg/mL
concentrations of BS21 significantly decreased adipocyte differentiation as well as the accumulation
and size of lipid droplets, as shown by a ≈50% decrease in fat accumulation with 240 µg/mL treatment.
After adipocyte differentiation, the secreted levels of adipokines (leptin and adiponectin) were measured
in the supernatant (Figure 1C). BS21 at concentrations of 240 and 480 µg/mL attenuated an increase in
leptin levels following differentiation, and 480 µg/mL also decreased adiponectin levels. The glycerol
concentration in culture supernatants was used as a marker for adipocyte lipolysis. As shown as
Figure 1D, BS21 did not increase lipolysis. Rather, 400 µg/mL of BS21 decreased glycerol levels. None of
these extracts affected cell viability after 24 or 48 h treatment at any concentration tested (Figure 1E).
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Figure 1. Effect of a 2:1 mixture of Phyllostachys pubescens and Scutellaria baicalensis (BS21) on adipocyte
differentiation in 3T3-L1 cells. (A) Oil Red O staining of intracellular triglycerides in 3T3-L1 cells.
3T3-L1 cells were treated with BS21 (60, 120, 240, and 480 µg/mL) during differentiation induction.
(B) Relative densities of lipid contents. (C) Leptin and adiponectin levels in cell supernatants.
(D) Glycerol levels in differentiated cells. (E) Cell viability. Values are expressed as means ± SD
(n = 3). Significant differences were observed between control (undifferentiated preadipocytes) and
differentiated MDI (3-isobutyl-1-methylxanthine, dexamethasone, and insulin) cells: # p < 0.05,
## p < 0.01, and ### p < 0.001. Significant differences were observed between differentiated MDI cells
and BS21-treated cells: * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.2. Effect of BS21 on Adipocyte Marker Protein Expression in 3T3-L1 Cells

We next confirmed the expression of white adipocyte marker proteins in 3T3-L1 cells.
BS21 treatment for 7 days significantly reduced the protein expression of white adipocyte markers
(peroxisome proliferator-activated receptor γ (PPARγ), CCAAT/enhancer-binding protein (C/EBPα),
and adipocyte protein 2 (ap2)) and lipogenic markers (sterol regulatory element-binding protein
(SREBP1c) and fatty-acid synthase (FAS)) in a dose-dependent manner (Figure 2A,B). Expression
levels of the β-oxidation proteins (CPT1 and p-ACC) were significantly increased by 400 µg/mL BS21.
The phosphorylation of the lipolysis gene HSL decreased with BS2. These results suggest that BS21
can regulate lipid metabolism in 3T3-L1 adipocytes.
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Figure 2. Effect of a 2:1 mixture of Phyllostachys pubescens and Scutellaria baicalensis (BS21) on lipid
metabolism-related protein expression in 3T3-L1 cells. (A) Representative bands and (B) relative
changes in protein expression levels. The relative expression levels of proteins were normalized against
a β-actin internal control. Values are expressed as means ± SD (n = 3). Significant differences were
observed between differentiated MDI (3-isobutyl-1-methylxanthine, dexamethasone, and insulin) cells
and BS21-treated cells: * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.3. Effect of BS21 on Browning and AMPK Signaling in 3T3-L1 White Adipocytes

To assess whether BS21 regulates browning, we measured the protein levels of browning marker
genes. BS21 at concentrations of 240 and 480 µg/mL induced expressions of specific brown fat proteins
UCP1, PRDM16, and PGC1α as well as the thermogenesis-related gene UCP2 (Figure 3A,B).
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Figure 3. Effect of a 2:1 mixture of Phyllostachys pubescens and Scutellaria baicalensis (BS21) on brown
adipocyte-specific protein expression and adenosine monophosphate-activated protein kinase (AMPK)
phosphorylation in 3T3-L1 cells. (A) Representative bands and (B) relative changes in protein expression
levels. The relative expression levels of proteins were normalized against a β-actin internal control.
(C) Representative bands and relative changes in p-AMPK and AMPK protein levels are shown.
Target-protein phosphorylation was normalized to the total protein-expression level. (D) 3T3-L1
adipocytes were pretreated with the p-AMPK antagonist dorsomorphin (5 µM) in addition to BS21
at differentiation stages. Values are expressed as mean ± SD (n = 3). Significant differences were
observed between differentiated MDI (3-isobutyl-1-methylxanthine, dexamethasone, and insulin) cells
and BS21-treated cells: * p < 0.05, ** p < 0.01, and *** p < 0.001.
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2.4. Effect of BS21 on AMPK Signaling in 3T3-L1 Cells

We next investigated whether BS21 affects lipid metabolism and browning via AMPK. BS21 at
concentrations of 240 and 480 µg/mL increased AMPK phosphorylation (Figure 3C). This finding
suggested that the increased lipid metabolism and browning effect in BS21-treated 3T3-L1 adipocytes
could be mediated by AMPK activation. To further examine the AMPK signaling mechanism of the
browning effects of BS21, we treated an AMPK antagonist (dorsomorphin). Elevated UCP1 expression
was diminished by treatment with dorsomorphin (Figure 3D). These results indicate that BS21 induced
the browning of 3T3-L1 adipocytes by enhancing AMPK phosphorylation.

2.5. Effect of Nine Major BS21 Compounds on 3T3-L1 Adipocyte Differentiation

UPLC analysis showed that BS21 contained chlorogenic acid, orientin, baicalin, wogonoside,
baicalein, tricin, wogonin, and chrysin (Figure 4 and Table 1). Groups of cells were treated with one of
the nine compounds at concentrations of 10 and 50 µg/mL, and all compounds significantly reduced
adipocyte differentiation and leptin levels except for wogonoside (Figure 5A–C). In particular, baicalein
and baicalin at 10 µg/mL inhibited adipocyte differentiation by 50% compared with the differentiated
MDI cells. These compounds did not affect cell viability at all concentrations tested (Figure 5D).

 

 

 
 

Figure 4. Identification and quantitative analysis of components from BS21: (A) cholorogenic acid,
(B) orientin, (C) isoorientin, (D) baicalin, (E) wogonoside, (F) baicalein, (G) tricin, (H) wogonin, and
(I) chrysin. Identification was based on comparisons of retention times and UV spectra with those of
commercial standards. The components were quantified based on the peak area at 270 nm.

Table 1. BS21 extract constituents.

Chlorogenic Acid Orientin Isoorientin Baicalin Wogonoside Baicalein Tricin Wogonin Chrysin

2.9 ± 0.10 2.6 ± 0.06 28.1 ± 0.35 73.2 ± 0.67 8.9 ± 0.27 4.1 ± 0.02 2.9 ± 0.50 2.2 ± 0.07 0.2 ± 0.04

Data are expressed as mean ± standard deviation (SD).
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Figure 5. Effect of a 2:1 mixture of Phyllostachys pubescens and Scutellaria baicalensis (BS21) constituents
on adipocyte differentiation in 3T3-L1 cells. (A) Oil Red O staining of intracellular triglycerides in
3T3-L1 cells. 3T3-L1 cells were treated with compounds (10 and 50 µg/mL) during differentiation
induction. (B) Relative densities of lipid contents. (C) Leptin levels. (D) Cell viability. Values are
expressed as means± SD (n= 3). Significant differences were observed between control (undifferentiated
preadipocytes) and differentiated MDI cells: # p < 0.05, ## p < 0.01, and ### p < 0.001. Significant
differences were observed between differentiated MDI (3-isobutyl-1-methylxanthine, dexamethasone,
and insulin) cells and BS21-treated cells: * p < 0.05, ** p < 0.01, and *** p < 0.001.

3. Discussion

This study offers the first direct evidence on the anti-obesity effects of BS21 achieved through
anti-adipogenesis and the promotion of browning. The results also provide insights into the regulatory
mechanisms underlying those effects in 3T3-L1 adipocytes.
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PPARγ, C/EBPα, and SREBP-1c are major transcription factors involved in adipocyte differentiation,
lipid accumulation, and glucose homeostasis [19,20]. These proteins regulate the expression of
adipocyte-specific markers such as FAS, adiponectin, leptin, and aP2 [8,21]. In this study, we found that
BS21 decreased the protein levels of transcription factors PPARγ (although it increased at 400 µg/mL
concentration), C/EBPα, and SREBP-1c as well as their downstream target proteins FAS, aP2, leptin,
and adiponectin in 3T3-L1 adipocytes. BS21 did not enhance lipolysis and the protein levels of
phospho-hormone-sensitive lipase (p-HSL), which is an important intracellular neutral lipase that
degrades triglycerides by hydrolyzing the ester bond [22]. BS21 also increased protein levels of UCP1
and UCP2, which are mainly associated with thermogenesis and energy expenditure in brown and
white adipocytes, respectively [23,24]. These results are supported by decreased fat accumulation
in BS21-treated 3T3-L1 adipocytes. Collectively, our findings suggest that BS21 inhibited adipocyte
differentiation by down-regulating lipogenesis and up-regulating thermogenesis during adipogenesis.

To further elucidate the mechanism underlying the anti-obesity effects of BS21, we measured
marker proteins of BAT (PR domain containing 16 (PRDM16), peroxisome proliferator-activated
receptor gamma co-activator 1-alpha (PGC1α), and UCP1) involved in adaptive thermogenesis and the
transition of WAT to brown-like adipose tissue [25]. In addition, the activated β-adrenergic signaling
cascade (protein kinase A, AMPK, p38, and extracellular signal-regulated kinase) induces white fat
browning and brown fat development by elevating PGC1α, PRDM16, PPARγ, and UCP1 [26–29].
In this study, BS21 treatment induced AMPK activation and the expression of brown adipocyte marker
proteins in 3T3-L1 adipocytes. In addition, BS21 treatment at 480 ug/mL increased protein levels
of PPARγ despite the inhibition of adipogenesis. Previous studies reported that ginsenoside Rb1
and curcumin promote the browning of 3T3-L1 adipocytes through the induction of PPARγ [30,31].
To identify its role in the BS21-induced browning pathway, we treated adipocytes with dorsomorphin,
which is a selective inhibitor of AMPK. The arrest of brown fat expression marker protein UCP-1
upon AMPK inhibition reinforced our conclusion that the BS21 mixture induces browning via the
AMPK-mediated pathway. Results from previous studies and the present work suggest that BS21
promotes the browning of white adipocytes through the up-regulation of AMPKα-induced white
browning proteins PGC1α, PRDM16, and UCP1.

Activated AMPK switches on mitochondrial fatty-acid oxidation and lipolysis [7] and turns off
fatty-acid synthesis by inducing the phosphorylation and inactivation of acetyl-CoA carboxylase
(ACC), which is an inhibitor of mitochondrial protein CPT1 activity [32]. BS21 treatment led to
increased expressions of p-ACC and CPT1. Therefore, the enhanced expression of these proteins is
likely to reflect the stimulation of fat oxidation by BS21 treatment. However, even though AMPK
activation was increased by BS21, lipolysis and HSL phosphorylation were decreased after BS21
treatment. These data indicate that the anti-obesity effects of BS21 are independent of the HSL enzyme.
A recent study showed that AMPK activation inhibited lipolysis [33]. Berberine, a hypoglycemic agent
with anti-dyslipidemia and anti-obesity activities, exerts anti-lipolytic effects mainly by reducing the
inhibition of phosphodiesterase in 3T3-L1 cells, leading to a decrease in cAMP and HSL phosphorylation
independent of the AMPK pathway [34]. These results suggest that the effect of BS21 on AMPK
activation may be inhibited or independent of lipolysis.

These results suggest that BS21 may attenuate adipocyte differentiation by suppressing lipid
synthesis and promoting fatty-acid oxidation by regulating AMPK activation. UPLC identified nine
main compounds (chlorogenic acid, orientin, isoorientin, baicalin, wogonoside, baicalein, tricin,
wogonin, and chrysin) in BS21. In our previous study, the two marker compounds isoorientin and
baicalin were identified and quantified for the standardization of BS21 [18]. In this study, we identified
seven compounds as well as isoorientin and baicalin. Eight constituents (except wogonoside) inhibited
adipocyte differentiation and triglyceride accumulation and decreased leptin levels in 3T3-L1 cells.
Consistent with our results, previous studies reported that baicalin, baicalein, wogonin, orientin,
and isoorientin inhibited adipogenesis in 3T3-L1 adipocytes by decreasing expressions of C/EBPα,
SREBP-1c, and PPARγ [13,35–38]. Chlorogenic acid was previously shown to inhibit adipocyte
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differentiation via AMPK activation [39,40]. Tricin suppressed the expression of transcription factors
associated with adipocyte differentiation (PPARγ and C/EBPα) in obese mice fed a high-fat diet [41].
Collectively, the results suggest that these compounds are responsible for the anti-adipogenic activity
of BS21. However, further investigation into the effects of these compounds on obesity is required.

The BS2 extract contains two plant extracts and a variety of compounds. A limitation of this study
is that it is unclear if one or multiple components of BS21 are responsible for the observed effects on
AMPK phosphorylation and thermogenesis. In addition, whether BS2 and its compounds decrease
obesity in vivo using these energy expenditure mechanisms needs further investigation.

4. Materials and Methods

4.1. Preparation of BS21

P. pubescens leaves and S. baicalensis roots for the BS21 mixture were purchased from Zhenjiang
KOC Biotech Co., Ltd. (Jiangsu, China). The dried P. pubescens leaves and S. baicalensis roots were
extracted with 70% ethanol solution for 3 h; then, the extract was prepared by mixing with a 2:1 ratio
of P. pubescens (B) and S. baicalensis root (S) extracts. The lyophilized powder was dissolved in 10%
dimethyl sulfoxide and filtered through a 0.22-µm syringe filter to make the stock solution.

4.2. Chemical Profiling of BS21

A Waters ACQUITY UPLC system equipped with a quaternary pump, auto-sampler, and
photodiode array detector with an ACQUITY UPLC BEH C18 column (100 × 2.1-mm, 1.7-µm) was
used for the chemical profiling of BS21 (Waters Corp., Milford, MA, USA). Elution was performed with
0.1% phosphoric acid solvent A and acetonitrile solvent B. The elution conditions involved holding
the starting mobile phase at 94% A and 6% B for 12 min and applying a gradient (89% A: 11% B
for 3 min, 80% A: 20% B for 20 min, 40% A: 60% B for 1 min). A wash with 100% B was applied
for 2 min, followed by equilibration at 94% A and 6% B for 2 min. The separation temperature was
maintained at 40 ◦C throughout the analysis, with a flow rate of 0.5 mL/min and an injection volume of
3 µL. Each component was analyzed by Quadrupole Dalton (QDa) mass spectrometry, after which
the reference standards were purchased from Sigma-Aldrich (St. Louis, MO, USA) and ChemFaces
Inc. (Wuhan, Hubei, China), respectively. The retention time and UV spectra were compared and
quantified. Components were quantified based on peak areas at 270 nm.

4.3. 3T3-L1 Cell Culture and Differentiation

3T3-L1 cells (ATCC, Rockville, MD, USA) were incubated in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with calf serum (10%) and penicillin/streptomycin (100 µg/mL) in a humidified
atmosphere of 5% CO2 at 37 ◦C. To induce the differentiation of 3T3-L1 preadipocytes, cells were
incubated with DMEM containing 10% fetal bovine serum (FBS), 3-isobutyl-1-methylxanthine (0.5 mM),
dexamethasone (1 µM), and insulin (10 µg/mL) (MDI differentiation media) after reaching confluence
in 24-well plates. After 2 days of induction, cells were cultured in DMEM containing FBS (10%) and
insulin (10 µg/mL) for 2 days and subsequently maintained in DMEM containing FBS (10%). Various
concentrations (60, 120, 240, and 480 µg/mL) of BS21 and its constituents (10 and 50 µg/mL) were added
along with the differentiation medium. To test the effects of p-AMPK inhibitor (dorsomorphin, Sigma,
St. Louis, MO, USA), cells were supplemented with dorsomorphin (5 µM) in differentiation media
until harvest. On day 7, differentiation was assessed based on Oil Red O staining and morphological
changes. A cytotoxicity test of 3T3-L1 cells was performed to examine the effect of BS21 on 3T3-L1
cell viability using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
The experiment was performed in triplicate, and cell viability was calculated relative to that of the
BS21 no-treated control cells.
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4.4. Oil Red O Staining

For Oil Red O staining, the differentiated cells were washed gently with phosphate-buffered saline
(PBS) and fixed with 10% formalin for 15 min. The fixed cells were stained with Oil Red O solution
(in 60 isopropanol and 40% water) for 30 min. After staining, the lipid droplets were visualized using
an Olympus CKX41 microscope (Olympus, Tokyo, Japan) and photographed at 100×magnification
using the Motic image Plus 2.0 program (Motic, Hong Kong, China).

4.5. Measurement of Lipid Content

To quantify intracellular lipids in Oil Red O-stained cells, the stained lipid droplets were dissolved
in isopropanol (500 µL/well) for 30 min, and the extracted dye (100 µL) was transferred to a 96-well
plate. Absorbance was measured at 520 nm using a spectrophotometer (BioRad, Hercules, CA, USA).
The optical density of the fully differentiated adipocytes was set at 100% relative lipid content.

4.6. Measurement of Adipokines

After differentiation, leptin and adiponectin levels in the medium were measured using a
leptin mouse enzyme-linked immunosorbent assay (ELISA) kit (Abcam, Cambridge, UK) and
adiponectin mouse ELISA kit (R&D systems, Minneapolis, MN, USA), respectively, following the
manufacturer’s manuals.

4.7. Measurement of Glycerol Content

Glycerol levels in the medium were measured using a glycerol assay kit (Sigma) with glycerol
standards for calibration. Briefly, 100 µL of free glycerol reagent reconstituted in distilled water was
mixed with 10 µL of the test sample. Thereafter, the mixtures were incubated at room temperature for
20 min, and the solution absorbance was measured at 570 nm using a microplate reader.

4.8. Western Blot Analysis

Total protein from cells was extracted with PRO-PREP protein extraction solution (Intron,
Seoul, Korea) according to the manufacturer’s instructions. Total protein samples (15 µg) were
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto
nitrocellulose membranes. The membranes were blocked with EzBlock Chemi (ATTO, Tokyo, Japan)
and then incubated overnight with primary antibodies at 4 ◦C. Primary antibodies to peroxisome
proliferator-activated receptor (PPAR) γ, CCAAT/enhancer-binding protein (C/EBP) α, sterol regulatory
element-binding protein (SREBP)-1c, UCP2, and carnitine palmitoyltransferase (CPT) 1 were obtained
from Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies to adipocyte protein 2 (aP2), fatty-acid
synthase (FAS), UCP1, AMPKα, phospho-AMPKα, and β-actin were purchased from Cell Signaling
(Danvers, MA, USA). Antibodies to phospho-hormone-sensitive lipase (HSL), PR domain containing
16 (PRDM16), and PPARγ co-activator 1-alpha (PGC1α) were obtained from Abcam, and antibodies
to phospho-Acetyl-CoA carboxylase (p-ACC) were purchased from Millipore (Billerica, MA, USA).
After incubation with primary antibodies, the membranes were incubated with the corresponding
horseradish peroxidase-conjugated secondary antibodies (Cell Signaling Technology) for 1 h at room
temperature. Then, the membranes were treated with ECL chemiluminescent detection reagent
(Amersham Bioscience, Little Chalfont, UK), and protein bands were visualized using LAS-1000
(Fujifilm, Tokyo, Japan). The relative band density was determined by densitometry with Image J
software (National Institutes of Health, Bethesda, MD, USA).

4.9. Statistical Analysis

All experiments were repeated at least three times, and each experiment was performed in
triplicate. Differences among experimental groups were evaluated using one-way analysis of variance
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followed by Dunnett’s multiple-range tests. All data are presented as mean ± standard deviation (SD).
For all tests, p < 0.05 was considered statistically significant.

5. Conclusions

The herbal mixture BS21 exerted anti-obesity effects in 3T3-L1 adipocytes by reducing adipogenesis
and activating thermogenesis and browning via AMPK activation. Therefore, the data suggest that
BS21 might be a potential therapeutic candidate for the prevention and treatment of obesity.
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Abstract: Crocus sativus, a medicinally important herbaceous plant, has been traditionally used to
cure coughs, colds, insomnia, cramps, asthma, and pain. Moreover, the therapeutic applications of
saffron include its immunomodulatory and anticancer properties. The current experimental analysis
was performed to explore the potential nutraceutical efficacy of corm, leaf, petal, and stigma of
saffron ethanolic extracts as analgesic, anti-inflammatory, anticoagulant, and antidepressant using
hot plate, carrageenan-induced paw edema, capillary tube and forced swim test, respectively in
mice. The results indicated that among all the extracts, stigma ethanolic extract (SEE) represented
maximum latency activity (72.85%) and edema inhibition (77.33%) followed by petal ethanolic extract
(PEE) with latency activity and edema inhibition of 64.06 and 70.50%, respectively. Corm ethanolic
extract (CEE) and leaf ethanolic extract (LEE) displayed mild analgesic activity of 22.40% and 29.07%,
respectively. Additionally, LEE (53.29%) and CEE (47.47%) exhibited mild to moderate response
against inflammation. The coagulation time of SEE (101.66 s) was almost equivalent to the standard
drug, aspirin (101.66 s), suggesting a strong anticoagulant effect followed by PEE (86.5 s). LEE (66.83
s) represented moderate inhibitory effect on coagulation activity while CEE (42.83 s) showed neutral
effect. Additionally, PEE and SEE also expressed itself as potential antidepressants with immobility
time ≤76.66 s, while CEE (96.50 s) and LEE (106.83 s) indicated moderate to mild antidepressant
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efficacy. Based on the in vivo activities, saffron extract, particularly SEE and PEE, can be used as a
potential nutraceutical and therapeutic agent due to its significant pharmacological activities.

Keywords: Crocus sativus; in vivo; carrageenan; analgesic; antidepressant; anticoagulant

1. Introduction

In recent times, traditional medicinal plants are gaining much attention in pharmaceutical
industries and served as a part of the primary medical emergencies in the treatment of numerous
diseases. Crocus sativus, or saffron, is one such stemless herbaceous plant grown as a source of its
spice for nearly 3600 years and belongs to the family Iridaceae. Saffron is geographically distributed in
Irano-Touranian regions, East Asia, and Mediterranean climates and largely cultivated in countries
like Iran, Afghanistan, India, France, Turkey, Italy, Spain, and Morocco [1]. Current estimates for total
world annual production of saffron are 418 t per year [2]. Iran, the world’s largest producer of saffron
with around 90,000 ha harvest area and 336 t annual yield, is said to produce more than 90% of the
total saffron produced worldwide [3].

Saffron plant comprises of the corm, foliar structure, and floral organs as the main parts (Figure 1).
Commercially, saffron is a dietary spice obtained from three red pungent stigmatic lobes of the
Crocus sativus flower. According to an estimate, it takes around 60,000 Crocus flowers to produce just
1 kg of this unique spice, which equates to 370 to 470 h of work [4] and needs a cultivation area of
approximately 2000 m2 [5]. At a retail price of almost US$1000–10,000 per kg, saffron is considered
the costliest spice of the world [6]. Saffron stigma contains more than 150 phytochemical ingredients,
belonging to various divisions of secondary metabolites such as carotenoids, flavonoids, terpenoids,
and anthocyanin. Amongst the 50 constituents identified so far, apocarotenoids, including crocin,
crocetin, picrocrocin, and safranal, emerge as the major constituents of saffron stigma, primarily
responsible for imparting a distinct colorant, flavor, and aroma to the spice [7]. These compounds
are derived from lipophilic carotenoid, zeaxanthin by oxidative cleavage. Moreover, a series of
flavonoids (all glycosidic derivatives of kaempferol) have also been characterized in the stigma and
petals of saffron, which, together with picrocrocin, give the characteristic bitter feature to this spice [8].
Furthermore, some anthraquinones and anthocyanin secondary components are also reported to be
extracted from corms and petals of saffron [9].

Conventionally, saffron has a long history of being used as a spice and food additive [10].
Besides its use in culinary [11] and cosmetic preparation [12], saffron has been used as a folk
remedy for coughs, colds, insomnia, cramps, asthma and bronchospasms, liver disease, pain, and
epilepsy [2]. Saffron tea has been reputed to be a potential complementary treatment for psoriasis
in medical nutrition therapy [13]. Many pharmacological studies have shown that this plant and its
phytochemicals have emerged as nutraceutical elements, endowed with beneficial effects on health
showing antibacterial [14], antioxidant, cytotoxic [15,16], antifungal [17], immunomodulatory [18,19],
anti-mutagenic [20], aphrodisiac [21], antitussives [22,23], and antiplatelet effects [24]. Traditional and
modern biomedical reports have also proved saffron to cure coronary artery diseases [25], respiratory
diseases [26], menstrual disorders [27,28], and neurodegenerative disorders [29]. All these desirable
properties of saffron have been attributed to the stigmas, whereas other parts of the plant have been
much less studied. Nevertheless, a large quantity of saffron by-products is produced during the
stigmatization process with little commercial value but thrown away after harvesting. According to an
estimate, approximately 1500 kg of leaves, 350 kg of petals, and several hundred cormlets too small for
cultivation or biologically and physically damaged to be regrown are rejected to get spice of only 1
kg [30]. However, this biomass contains a multitude of phytochemical ingredients whose exploitation
would significantly enhance the sustainability and profitability of saffron yield. These saffron based
by-products need to be tested to assess its pharmacological applications.
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Figure 1. Main components of saffron (Crocus sativus), (A) corms (B) flower.

Bioactive compounds from petals have shown antinociceptive, anti-inflammatory [31], cytotoxic,
antimicrobial, antioxidant, antidiabetic [32], antiobesity [33], antidepressant [34], anticancer,
antityrosinase properties, as well as reduce blood pressure and contractility [35]. Several phenolic
compounds from saffron leaves have been identified, showing antibacterial [36,37], anticancer [30],
antioxidant, and metal ion chelating activities [37,38]. Likewise, bioactive constituents in saffron
corm, such as proteoglycans, revealed to have a cytolytic effect on human tumor and plant cells and
triterpenoid saponins on fungicidal and anticancer activities [30]. Polyphenols showing antibacterial,
radical scavenging activity [39,40], and a mannan-binding lectin [41] have also been investigated
in saffron corms. The existing experimental analysis aimed to explore the anti-inflammatory,
analgesic, anticoagulant, and antidepressant potentials of various extracts of Crocus sativus L. in
mice by carrageenan-induced paw edema test, hot plate assay, capillary method, and forced swim
test, respectively. Up to now, ethanolic extracts of stigma, petals, corms, and leaves of in vivo
cultivated saffron have not been previously studied for their nutraceutical properties against analgesia,
inflammation, coagulation, and depression.

2. Results

2.1. Acute Toxicity Study

During the 7-days study, none of the orally administered saffron ethanolic extracts showed any
mortality in the animals treated with 800 mg/kg. Furthermore, tested samples did not produce any
notable behavioral changes in mice during the observation period.

2.2. Hot Plate Analgesic Test

The test is based on the use of thermal stimuli to determine the effect of analgesics. For this
purpose, an easy and cost-effective method, the hot plate analgesic test, was performed. Results of
saffron ethanolic extracts presented in the form of latency time indicated that all the extracts showed
significant (p < 0.05) analgesic effect in a time-dependent manner (Table 1). Aspirin, used as a reference
drug, showed the highest latency (17.51 ± 0.50) at 1 h followed by reduction (16.82 ± 0.45) at 2 h.
Among all the extracts of saffron tested, stigma ethanolic extract (SEE) showed the highest latency
activity (7.80 ± 0.16, 11.30 ± 0.21, 12.80 ± 0.33, and 13.50 ± 0.28) at 0, 0.5, 1, and 2 h, respectively. On
the other hand, leaf ethanolic extract (LEE) exhibited no significant difference at 0 h when compared
with negative control (saline) but showed the least activity of 5.92 ± 0.14, 6.22 ± 0.15, and 6.65 ± 0.19 at
0.5, 1, and 2 h, respectively. Based on the percent inhibition (Figure 2), SEE was more prominent in
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reducing analgesia (44.91%, 63.89%, and 72.85%), followed by petal ethanolic extract (PEE), showing
38.84%, 53.07%, and 64.06% inhibition at 0.5, 1, and 2 h, respectively. Furthermore, corm ethanolic
extract (CEE) and LEE responded poorly and showed weak analgesic activity of 22.40% and 29.07% at
2 h, respectively.

Table 1. Latency time of C. sativus ethanolic extracts in hot plate assay.

Group Dose (mg/kg)
Latency Time (s)

0 h 0.5 h 1 h 2 h

Saline 1 mL/kg 4.70 ± 0.06 5.00 ± 0.02 5.50 ± 0.01 5.40 ± 0.04
Aspirin 10 9.45 ± 0.28*** 16.38 ± 0.42*** 17.51 ± 0.50*** 16.82 ± 0.45***

CEE 800 6.20 ± 0.17*** 6.93 ± 0.16*** 7.15 ± 0.13*** 7.58 ± 0.14***

LEE 800 5.15 ± 0.15 5.92 ± 0.14** 6.22 ± 0.15* 6.65 ± 0.19**

SEE 800 7.80 ± 0.16*** 11.30 ± 0.21*** 12.80 ± 0.33*** 13.50 ± 0.28***

PEE 800 6.78 ± 0.17*** 9.42 ± 0.24*** 10.38 ± 0.29*** 11.13 ± 0.35***

Each value is represented as mean ± S.D. Where, *p < 0.05, ** p < 0.01, *** p < 0.001 statistically significant relative to
control (saline).

Figure 2. Percentage analgesia of C. sativus ethanolic extracts at selected time period in mice. Each
value is represented as mean ± S.D. Where, * p < 0.05, ** p < 0.01, *** p < 0.001 statistically significant
relative to control (saline).

2.3. Carrageenan-induced Hind Paw Edema Test

The anti-inflammatory effects of saffron ethanolic extracts was investigated by the mouse
paw-edema test, and the findings are presented in Table 2. Sub planter injection of carrageenan
gradually increased edema paw volume of the saline-treated animals. However, as a positive control,
diclofenac potassium attenuated paw edema volume by 88.87%, as depicted in Figure 3. Moreover, oral
administration of saffron ethanolic extracts showed a significant (p < 0.05) decrease in edematous paw
volume in a time-dependent manner. SEE (800 mg/kg) produced an anti-inflammatory activity 1 h after
administration and continued until the end of the experimentation, with the most prominent inhibition
of 77.33% followed by PEE (70.50%) at the fourth h of the study. LEE and CEE exhibited moderate but
significant (p < 0.05) potential with the percentage edema inhibition of 53.29% and 47.47%, respectively.
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Table 2. Anti-inflammatory effect of C. sativus ethanolic extracts.

Group Dose (mg/kg)
Mean Edema Volume (mL)

1 h 2 h 3 h 4 h

Saline 1 mL/kg 0.47 ± 0.03 0.56 ± 0.03 0.69 ± 0.04 0.76 ± 0.03
Diclofenac potassium 10 0.25 ± 0.02*** 0.17 ± 0.01*** 0.08 ± 0.01*** 0.04 ± 0.01***

CEE 800 0.43 ± 0.03 0.37 ± 0.03*** 0.30 ± 0.01*** 0.25 ± 0.03***

LEE 800 0.37 ± 0.03** 0.31 ± 0.02*** 0.26 ± 0.01*** 0.20 ± 0.03***

SEE 800 0.26 ± 0.01*** 0.19 ± 0.02*** 0.14 ± 0.01*** 0.07 ± 0.01***

PEE 800 0.29 ± 0.02*** 0.23 ± 0.02*** 0.17 ± 0.01*** 0.11 ± 0.01***

Each value is represented as mean ± S.D. Where, *p < 0.05, ** p < 0.01, *** p < 0.001 statistically significant relative to
control (saline).

Figure 3. Percentage edema inhibition of C. sativus ethanolic extracts at selected time period in mice.
Each value is represented as mean ± S.D. Where, * p < 0.05, ** p < 0.01, *** p < 0.001 statistically
significant relative to control (saline).

2.4. Anticoagulant Assay

The blood clotting activity of saffron extracts was investigated using the capillary tube method.
The results presented in Figure 4 show the effects of oral administration of saffron extracts and aspirin
on coagulation time in mice. As a reference drug, the anticoagulant aspirin (10 mg/kg) significantly
increased blood clotting time (108.5 ± 8.59 s) compared to the control group, saline (38.33 ± 4.92 s). SEE
was the major identified anticoagulant extract showing prominent and significant anticoagulant effect
with coagulation time of 101.66 ± 7.20 s followed by PCC (86.50 ± 6.89 s), respectively. LEE, however,
had a moderate inhibitory effect on coagulation activity with a clotting time of 66.83 ± 6.17 s. CEE, on
the other hand, was unable to prolong the blood clotting time (42.83 ± 6.27 s) and showed an almost
equal response to saline, representing the neutral effect of the selected extract.
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Figure 4. Anticoagulant effect of C. sativus ethanolic extracts. Each value is represented as mean ± S.D.
Where, * p < 0.05, ** p < 0.01, *** p < 0.001 statistically significant relative to control (saline).

2.5. Antidepressant Activity

The antidepressant activity of orally administered saffron ethanolic extracts was tested by forced
swimming test, and findings in the form of immobility time are graphically depicted in Figure 5.
Positive control group administered with drug, fluoxetine HCl produced a strong antidepressant effect
(41.33 ± 4.71 s) at the concentration of 10 mg/kg against the negative control, saline (141.16 ± 6.40
s). Furthermore, saffron ethanolic extracts significantly attenuated immobility time in mice when
compared with the saline-treated control group. At the dose of 800 mg/kg, PEE represented itself as a
potential antidepressant candidate showing a significant reduction in immobility time (69.66 ± 7.63
s) with respect to control and equivalent to the standard drug followed by SEE (76.66 ± 6.56 s). CEE
significantly declined the mean time spent by mice in the immobile state (96.50 ± 6.28 s), signifying
moderate antidepressant effect, whereas LEE exhibited mild activity (106.83 ± 6.24 s) by significantly
attenuating immobility time with respect to serine, but not equivalent to fluoxetine HCl.
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Figure 5. Antidepressant effect of C. sativus ethanolic extracts. Each value is represented as mean ± S.D.
Where, * p < 0.05, ** p < 0.01, *** p < 0.001 statistically significant relative to control (saline).

3. Discussion

Saffron is an extraordinarily rich source of nutraceutical and pharmaceutical properties that
exhibit numerous health benefits and pharmacological effects [42]. In the present study, we have
evaluated the analgesic, anti-inflammatory, anticoagulant, and antidepressant activities of saffron
ethanolic extracts in mice. The selection of 80% ethanol and/or ethanolic extracts was chosen for the
study due to their efficiency against cancer [43,44], blood pressure [45,46], inflammation [47], and
nociception [48,49]. None of the orally administered saffron extracts (800 mg/kg) caused any mortality
or prominent behavioral abnormalities in mice during the 7-days acute toxicity study. In literature,
toxicological reports regarding saffron safety are not uniform. Iranshahi et al. [50] assessed the toxicity
level of 800 mg/kg SEE, PEE, stigma aqueous extract (SAE), and petal aqueous extract (PAE) and found
no toxicological signs on mice. In another study, the maximum non-toxic dose of SEE and PEE was
reported as 2 and 8 g/kg, respectively [48]. Furthermore, LD50 values of intraperitoneal administered
petal and stigma extracts in mice were 6 and 1.6 g/kg, respectively [51]. Similarly, no mortality of mice
was reported within 2 days of study with high oral and intraperitoneal doses (3 g/kg) of the active
constituent of saffron, crocin, in mice [52].

The hot plate is one of the oldest and frequently used animal models to quantify “pain-like”
behaviors in rodents [53]. Based on the species and strain of rodents used in clinical studies, nearly
12 different behaviors, including grooming, freezing, sniffing, licking, stamping of the legs, leaning,
and jumping, have been measured in the hot plate assay [54]. In the present study, hot plate analgesic
assay of saffron extracts demonstrated a time-dependent activity. Among all the saffron extracts,
SEE exhibited the highest analgesic value in delaying the mean paw licking time (13.50 ± 0.28 s) by
suppressing nociception in paws. PEE also delayed the onset time of licking response (11.13 ± 0.35 s).
However, CEE and LEE exhibited weak analgesic activity of 22% and 29% at 2 h, respectively. Good
analgesic drugs suppress the activity of nociceptors and exhibit the least number of lickings in animals.
As per findings, SEE, and PEE thus were found as potent analgesic agents. The maximum analgesic
activity of SEE might be due to the presence of carotenoids such as crocetin, crocin, picrocrocin, and
safranal, as carotenoids have been reported to suppress the synthesis of prostaglandin synthetase [55].
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This speculation is supported by another study where 0.1 and 0.2 g/kg crocin showed significant
anti-edematogenic potential in histamine-induced paw edema in rats [56]. However, according to
Hosseinzadeh and Younesi [48], aqueous and ethanolic stigma and petal extracts of saffron at any
dose exerted no significant analgesic effect in mice. They suggested that the extracts might not act
through central mechanisms, although drugs that alter the animal’s motor ability may enhance the
licking duration on the hot plate method without affecting the central nervous system.

Inflammation serves as a body’s defensive biological response to damaged cells and injured tissue.
The existence of edema is amongst the major signs of inflammation [57]. Carrageenan-induced paw
edema is an established method to investigate the anti-edematous activity of natural products in
rodents [58,59]. In the present study, the anti-inflammatory potential of saffron ethanolic extracts was
studied after a sub-planter injection of 1% λ-carrageenan into mice. Test samples represented significant
anti-edematous potential by regulating biphasic acute inflammatory response induced by carrageenan
and showed the highest edema inhibition in mice after 4 h. Carrageenan induces the inflammatory
process in two phases. The initial phase, which occurs during the first 2.5 h post-carrageenan injection,
attributes to the release of mediators like serotonin, histamine, and bradykinin on vascular permeability.
Serotonin and histamine are produced in the first 1.5 h, while bradykinin is produced within 2.5 h
post-carrageenan injection [60]. The final phase occurs from 2.5 to 6 h after carrageenan injection, is
associated with the overproduction of prostaglandins in tissues [58,61]. In addition to these mediators,
Nitric Oxide (NO) is also reported to play a key role in carrageenan-induced acute inflammation [62,63].
Among all the extracts, SEE effectively inhibited the increase in paw volume of carrageenan-induced
edema showing a maximum percentage of edema inhibition (77.33%) at the end of 4 h followed by
PEE (70.50%) at 800 mg/kg dose. Diclofenac potassium used as a standard drug reduced paw edema
volume by 88.87%. Therefore, it can be assumed that the active constituents of the extract might be
responsible for the inactivation of inflammation process whose mechanism of action need to be studied.
Phytochemicals screening of SAE, SEE, PAE, and PEE on acute inflammation by xylene-induced
ear edema indicated that only SAE and SEE at higher doses possessed anti-inflammatory effects
in mice. However, SAE, SEE, and PEE showed significant activity against chronic inflammation
using formalin-induced edema in rat paw [48]. In another study, saffron aqueous extract suppressed
formalin-induced paw edema in the chronic inflammation but failed to show activity against the
acute phase of a formalin test [64]. Similarly, intraperitoneal injection of stigma constituent, crocin at
concentrations of 0.1 and 0.2 g/kg significantly attenuated paw thickness and infiltration of neutrophils
in paw tissues [56]. Kumar et al. [65] examined various petal extracts of C. sativus Cashmerianus
to assess the anti-inflammatory effect by carrageenan-induced paw edema method. Among all the
extracts, methanol extract (400 mg/mL) exhibited 63.16% inhibition of paw volume, followed by
aqueous (57.89%) and chloroform (50%) extracts. The phytochemical profile of C. sativus petal suggests
that the anti-inflammatory properties of PEE might be due to the presence of nutraceutical compounds,
particularly flavonoids (kaempferol, 12.6% w/w) by modulating the gene and protein expression of
inflammatory molecules [66].

The normal hemostatic process is meant to stop a cut or wound on blood vessels through platelet
thrombus formation; subsequently, there is an eventual elimination of the plug when healing is
complete. It is a delicate multiphase mechanism that requires the interaction of platelets and the
coagulation factors with blood vessels. A defect in any of these phases can result in thrombosis or
hemorrhage [67]. Extracts of various herbal plants have been used for their hemostatic role in wound
healing, anti-infective, and antineoplastic properties [68]. Ankaferd Blood Stopper, an herbal extract
from five plants (Urtica dioica, Alpinia officinarum, Vitis vinifera, Thymus vulgaris, and Glycyrrhiza glabra)
is approved for the management of external hemorrhage and post-surgery dental bleedings in Turkey
to attenuate blood clotting time effectively [69]. Additionally, crude extracts of Fagonia cretica (74.6%),
Hedera nepalensis (73.8%), and Phytolacca latbenia (67.3%) revealed promising anticoagulant effect by
delaying blood clotting time to 86.9 s, 84.3 s, and 67.5 s, respectively [70]. In this study, saline and
aspirin showed a clear line of difference between the coagulation and anticoagulation by depicting
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blood clotting time of 38.33 s and 108.5 s, respectively. The most significant anticoagulant effect
was reported by SEE with a coagulation time of 101.66 s followed by PEE (86.5 s), respectively. LEE
showed a blood clotting time of 66.83 s, representing a moderate inhibitory effect on coagulation
activity. CEE was least effective in anticoagulation property and showed an almost equal response
to saline, indicating a neutral effect of the selected extract, which can be used in the treatment of
blood clotting disorders such as hemophilia. It is said that the corms of C. sativus Cartwrightianus
have a protein factor involved in human platelet aggregation [71]. However, 5 years later, it was
reported that it contains both activator/inducer of platelet aggregation [72]. Crocin delayed blood
clotting time and mitigated respiratory distress as a result of pulmonary thrombosis in mice, inhibited
thrombosis in rats, and suppressed platelet aggregation in rabbits [73]. Crocetin significantly reduced
collagen- and ADP-induced platelet aggregation but failed to reduce arachidonic acid-induced platelet
aggregation [74]. Besides that, crocetin significantly reduced dense granule secretion, while neither
platelets adhesion to collagen nor cyclic AMP level was affected by crocetin [75]. Saffron stigma tablets
(200 and 400 mg/day) assessed for short-term safety and tolerability in a limited number of volunteers
showed that only 200 mg of saffron tablets reduced International Normalize Ratio, platelets, and
coagulation time [76]. Later, in a double-blind, placebo-controlled clinical study with a large sample
size, saffron tablets (200 and 400 mg/day) administration failed to show any major effect on coagulant
and anticoagulant system after one month. The authors suggested that the case reports of hemorrhagic
complications might be due to the high saffron dose, high period of consumption, or idiosyncrasy
activities [77].

Depression is one of the most serious psychiatric disorders affecting approximately 4.7% of the
global population and is ranked as the eleventh most frequent cause of disease burden worldwide [78].
Most of the patients have many concerns about commencing synthetic antidepressants in their
recommended doses due to the anticipated adverse reactions such as libido, constipation, dry mouth,
and dizziness [79]. Hence, extracts of medicinal plants provide the most effective sources of novel drugs
showing promising results with minimum side effects in the routine treatment of depression [80,81].
The Forced Swimming Test (FST) or Porsolt swim test, is the most frequently used test to screen
antidepressants among all rodents with more reliability, sensitivity, and specificity [82]. Immobility
or the flouting response of rodents in FST is traditionally considered an indication of depression
and anxiety [83]. During the FST, treatment of antidepressant drugs attenuate immobility, prolong
its onset and delay active escape behaviors of the animal [84]. In the present study, a prominent
difference in immobility time of saline (141.16 s) and fluoxetine HCl (41.33 s) used as a negative and
positive control, respectively, was observed, representing the reliability of the test. Furthermore, the
administration of saffron extracts showed a significant effect on reducing the immobility time compared
to the saline-treated group. PEE represented itself as a potential antidepressant drug showing a
notable diminution in the immobility period (69.66 s) followed by SEE (76.66 s). Moreover, CEE
(96.50 s) indicated moderate antidepressant effect, whereas LEE (106.83 s) exhibited mild activity.
The potent antidepressant effect exhibited by petal can be strongly linked to the presence of natural
flavonoid, kaempferol as it significantly attenuated immobility behaviors in rats and mice and showed
an almost similar response to fluoxetine [85]. Similarly, in an 8-week double-blind, randomized clinical
study, dried saffron petal (15 mg bid) had similar antidepressant effects as fluoxetine (15 mg bid) in
treating patients with mild-to-moderate depression and no significant differences in observed side
effects [34]. In an investigation comparing the efficacy of saffron stigma and corms with fluoxetine
against depression, petroleum ether, and dichloromethane fractions of saffron stigma and corms
significantly reduced the immobility time in the tail suspension and forced swimming test at all doses
(150, 300, and 600 mg/kg) without altering the locomotor behavior of mice during the open-field
test. The authors highlighted that the antidepressant effect of stigma extracts could be due to crocin
analogs, particularly crocin 1. However, HPLC analysis of corm extract revealed the absence of safranal,
crocin, crocetin, or kaempferol compounds, assuming the presence of other bioactive compounds in
saffron corms showing a potent antidepressant effect which need to be further explored [80]. The
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promising antidepressant activity of saffron secondary metabolites opens the doors for further studies
to understand the mode of action in medicinal plants.

4. Materials and Methods

4.1. Plant Material

Saffron corms obtained from the safranor company, France, were planted in plastic trays and pots
containing black soil in August. The soil texture of experimental black soil was a clay-loam structure
containing 2.74% of total organic carbon and 0.04% of total nitrogen, in addition to 7 ppm of phosphorus,
331.5 ppm of potassium, 64 ppm of calcium, 75.6 ppm of magnesium, and 25.3 ppm of sodium. The
corms were incubated in a temperature-controlled (18 ± 1 ◦C) room under 16 h photoperiod illuminated
with white fluorescent tubes at an irradiance of nearly 40 µmol m−2 s−1. Different saffron parts were
collected as per life span of the plant, i.e., petal and stigma were handpicked during October, leaves
were collected in May, and smaller corms weighing less than 2 g were harvested in June. Individual
parts were air-dried under shade for 7 weeks and ground to powder.

4.2. Chemicals

For animal experiments, all the chemicals, including aspirin, diclofenac potassium, fluoxetine
HCl, ethanol, and carrageenan were purchased from Sigma. All chemicals used in the experiment
were analytical grade.

4.3. Sample Extraction

Powder samples were macerated in ethanol/water (80%, v/v) for a week at room temperature. The
mixture was subsequently filtered with Whatman filter paper 1 (Sigma-Aldrich, St. Louis, MO, USA)
and concentrated by rotary evaporator under reduced pressure at 45 ◦C. Semi-liquid extracts were
further allowed to dry in the fume hood. The crude extracts were freeze-dried and stored in sealed
tubes at −20 ◦C for in vivo studies.

4.4. Standard and Test Drugs Preparation

Ethanolic extracts of saffron were prepared as 0.08 g/mL in 10% DMSO while standard drugs were
dissolved in saline water (0.01 g/mL of 0.9% NaCl) and treated orally at 1 mL/100 g of mouse body
weight. One optimal dose (800 mg/kg) showing maximum effect with no lethal consequences to mice
was selected in this study, as reported previously [50].

4.5. Animals

Adult albino mice (Swiss strain) of either sex between 30–40 g were provided by Veterinary
Research Institute Peshawar, Pakistan. All the mice were housed in aluminum cages (grade 304)
under controlled natural 12/12 h light/dark cycle, temperature (21 ± 2 ◦C), and humidity (50–60%),
and received tap water ad libitum and standard diet at the Animal House, Quaid-I-Azam University
(QAU) Islamabad, Pakistan. Mice were acclimatized in this environment for seven days before the
experiments. All the experiments were carried out between 10:00 and 17:00. The study protocol (Bch
0275) for laboratory animals was in accordance with the recommendations of the Institutional Animal
Ethics Committee (QAU Islamabad), and all the precautionary measures were followed to reduce
animal’s fear and suffering.

4.6. Study Design

Mice were weighed, marked with numbers, and split into 6 groups, each containing 6 mice. All
the samples were administered by oral gavage. Group 1 received saline (0.9%) and was used as a
negative control. Mice in group 2 were given a dose of 10 mg/kg standard drugs (aspirin for analgesic
and anticoagulant, diclofenac potassium for anti-inflammatory, and fluoxetine HCl for antidepressant
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assay) used as a positive control. Group 3, 4, 5, and 6 were administered with a dose of 800 mg/kg CEE,
LEE, SEE, and PEE, respectively.

4.6.1. Acute Toxicity Study

The acute toxicity study of each tested sample was undertaken in accordance with the guidelines
of the Organization for Economic Cooperation and Development (OECD). Albino mice (n=6) were
administered orally with 800 mg/kg of each extract and observed for any changes in behavior and
mortality at intervals of 0, 5, 10, 15, 20, and 24 h. Mice were examined for an additional 6 days for any
signs of late morbidity and mortality.

4.6.2. Hot Plate Analgesic Assay

The test first reported by Eddy and Leimbach [86], with some modifications, was performed to
measure the analgesic activity of saffron extracts. The standard drug, aspirin (10 mg/kg), and saline
(1 mL/kg) were served as a positive and negative control, respectively. The parameter recorded was
based on the latency time for fore- and hind-paw licking and/or jumping responses by placing the
mice on the surface of a hot-plate (IITC Life Science, USA) set at a temperature of 55 ± 1 ◦C and initial
latency time (Ti) was calculated by taking the mean of two readings. Animals with baseline latencies of
<5 s or >30 s were ignored from the study. The final latency time (Tf) was noted after administration of
the drug for each group at the intervals of 0.5, 1, and 2 h, with a cut off time of 30 s. The tested extracts
(0.8 g/kg) were administered orally, and standard (aspirin, 10 mg/kg) was administered subcutaneously.
The percentage analgesia (PA) was measured using the equation:

PA =
( Tf− Ti

Ti

)

× 100 (1)

4.6.3. Carrageenan-induced Paw Edema Test

C. sativus ethanolic extracts were examined for their anti-inflammatory activities using the
carrageenan-induced paw edema test as described by Winter et al. [87]. The test is based on the
principle to assess acute anti-inflammatory activity in the hind paws of mice by developing inflammatory
models with carrageenan, a sulfated polysaccharide agent that triggers inflammation. In this test,
diclofenac potassium (10 mg/kg) was used as a positive control, and saline (1 mL/kg) served as a
negative control to compare the anti-inflammatory effects. Before experimentation, mice were fasted
for 24 h but had access to water. For edema induction, 1% λ-carrageenan (0.1 mL), prepared in 1%
saline was injected into the sub planter tissue of mice left hind paw 1 h after administration of the drug.
The basal volume of the paw was recorded just before and after injection of λ-carrageenan at 0, 1, 2, 3,
and 4 h by digital plethysmometer (UGO Basile, 7140). For every interval, all the data were recorded in
triplicate. The degree of swelling was calculated by the delta volume (A−B), where “A” shows the
mean volume of the left hind paw after and “B” before the treatment of λ-carrageenan. The percentage
edema inhibition (PEI) was measured using the equation:

PEI =
( A− B

A

)

× 100 (2)

4.6.4. Anticoagulant

Blood clotting activity of saffron extracts was evaluated by the capillary tube method reported by
Ismail and Mirza [84]. One hour after oral administration of the dose, the mouse tail was disinfected
with spirit and prickled using a lancet. The tail was pressed firmly to get a bigger drop of blood and
collected in capillary tubes. The time of appearance of the blood drop on the cut tail was recorded.
The tubes were wrapped and maintained at 37 ± 1 ◦C in a water bath. Small portions of each tube
were broken at regular intervals of 10 s, until fibrin thread appeared. The blood coagulation time was
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measured by considering the appearance of a blood drop as a starting point and thread formation as
an endpoint.

4.6.5. Forced Swimming Test

The forced swim test (FST) described by Porsolt et al. [88] was used to screen the extracts of saffron
for their antidepressant activity. On day first, mice were forced to swim individually in a glass tank
of 40 cm height and 18 cm diameter containing water up to 30 cm under natural light. The water
temperature was adjusted to 25 ± 1 ◦C. The water level was adjusted in such a way that mice could
only touch the bottom of the tank with the tip of the tail. After 15 min exposure in the tank, mice
were evacuated, dried offwith a paper towel, and shifted to their home cage. The next day, saline (1
mL/kg) and fluoxetine HCl (10 mg/kg) served as a negative and positive control, respectively, along
with saffron extracts (800 mg/kg) were administered 30 min before the experiment. Mice were allowed
to swim freely for 6 min in the tank, and swimming behaviors were recorded with a video camera.
Before each test, freshwater was introduced. Animals were placed one by one, and after every 2 min,
immobility time was calculated in the last 4 min of swimming practice using a stopwatch. Immobility
time is the time when the mouse stopped all additional movements other than those required for
survival or balancing of their body.

4.7. Statistical Analysis

Data were expressed as mean along with standard deviation. Significant difference between
groups was analyzed with One-way ANOVA in anticoagulant and antidepressant assays and two-way
ANOVA in analgesic and anti-inflammatory assays followed by the Post Hoc Dunnett test. Graphs
were made in GraphPad Prism 5.0 (La Jolla, CA, USA). The results were considered to be significant at
p < 0.05.

5. Conclusions

To the best of our knowledge this is the first report of CEE, LEE, SEE, and PEE from in vivo
grown Crocus sativus L. to determine anti-inflammatory, analgesic, anticoagulant, and antidepressant
properties in mice. SEE and PEE were evinced as a safe natural remedy to treat pain, inflammation,
depression, and the coagulation system. The above results clearly indicate that saffron is an excellent
source of bioactive compounds having great potential as nutraceuticals and health benefits. These
properties can be linked to intrinsic active compounds such as carotenoids and flavonoids found in the
highest amounts in stigma and petals, respectively. However, further epidemiological investigations,
laboratory research, and clinical trials are required to isolate the pharmacologically active molecules
that contribute to the observed effects and to explicate the possible mechanism of action and effect of
the plant on various critical illnesses and medicinal formulations.
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Abstract: Suaeda vermiculata, an edible halophytic plant, used by desert nomads to
treat jaundice, was investigated for its hepatoprotective bioactivity and safety profile on
its mother liquor aqueous-ethanolic extract. Upon LC-MS (Liquid Chromatography-Mass
Spectrometry) analysis, the presence of several constituents including three major flavonoids,
namely quercetin, quercetin-3-O-rutinoside, and kaempferol-O-(acetyl)-hexoside-pentoside
were confirmed. The aqueous-ethanolic extract, rich in antioxidants, quenched the DPPH
(1,1-diphenyl-2-picrylhydrazyl) radicals, and also showed noticeable levels of radical
scavenging capacity in ABTS (2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid) assay. For the
hepatoprotective activity confirmation, the male rat groups were fed daily, for 7 days (n= 8/group, p.o.),
either carboxyl methylcellulose (CMC) 0.5%, silymarin 200 mg/kg, the aqueous-ethanolic extract of
the plant Suaeda vermiculata (100, 250, and 500 mg/kg extract), or quercetin (100 mg/kg) alone,
and on day 7 of the administrations, all the animal groups, excluding a naïve (250 mg/kg
aqueous-ethanolic extract-fed), and an intact animal group were induced hepatotoxicity by
intraperitoneally administering carbon tetrachloride (CCl4). All the animals were sacrificed after 24 h,
and aspartate transaminase and alanine transaminase serum levels were observed, which were noted
to be significantly decreased for the aqueous-ethanolic extract, silymarin, and quercetin-fed groups
in comparison to the CMC-fed group (p < 0.0001). No noticeable adverse effects were observed on
the liver, kidney, or heart’s functions of the naïve (250 mg/kg) group. The aqueous-ethanolic extract
was found to be safe in the acute toxicity (5 g/kg) test and showed hepatoprotection and safety at
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higher doses. Further upon, the cytotoxicity testings in HepG-2 and HepG-2/ADR (Adriamycin
resistant) cell-lines were also investigated, and the IC50 values were recorded at 56.19 ± 2.55 µg/mL,
and 78.40 ± 0.32 µg/mL (p < 0.001, Relative Resistance RR 1.39), respectively, while the doxorubicin
(Adriamycin) IC50 values were found to be 1.3 ± 0.064, and 4.77 ± 1.05 µg/mL (p < 0.001, RR 3.67),
respectively. The HepG-2/ADR cell-lines when tested in a combination of the aqueous-ethanolic
extract with doxorubicin, a significant reversal in the doxorubicin’s IC50 value by 2.77 folds (p < 0.001,
CI = 0.56) was noted as compared to the cytotoxicity test where the extract was absent. The mode
of action for the reversal was determined to be synergistic in nature indicating the role of the
aqueous-ethanolic extract.

Keywords: Suaeda vermiculata; halophyte; aqueous-ethanolic extract; antioxidant; liver toxicity;
cytotoxicity; hepatoprotective; liver disorders; mass spectrometry; LC-MS; HepG-2; HepG-2/ADR

1. Introduction

The liver is a vital organ that regulates both metabolic and detoxification processes.
Disorders pertaining to the liver lead to 2 million deaths annually on a global scale [1].
The liver-related mortalities account for the top 15 leading causes of deaths in the United States. In the
middle-eastern regions, nearly 10% of the population suffers from the infections of hepatitis-B
virus (HBV), and more than 2% of the population is infected with the hepatitis-C virus (HCV),
which indicates high prevalence rates of these liver-related infections, which is in addition to
other liver-based disorders, including the symptomatic conditions of hyperbilirubinemia-related
yellow-coloration, commonly referred to as jaundice. Liver disorders are a serious global healthcare
concern [2], and the demand for valuable health-care resources, as well as attention in curtailing them,
is huge [3,4]. The common risk factors, such as obesity, diabetes, hypercholesterolemia, and excessive
drinking also make the situation further alarming [5]. The available medications for different
liver disorders are limited, and some of the currently prescribed chemotherapeutic medications,
mainly anti-viral, anti-bacterial, and synthetic steroids, have shown various types of adverse effects in
varying proportions to different individuals, and that has the potential to effectively curtail the treatment
options, and in turn, negatively impact the desired health outcomes of the subjects [6]. Previous reports
on the use of plant-based medications, and investigations of traditionally used herbs, have come
back into focus for medicinal purposes, and further drug discovery and development purposes to
offer alternative medications to the widely prescribed synthetic-origin drugs for various types of
liver disorders. This attention has also provided an impetus to newer strategies in drug development for
hepatoprotection purposes [7]. Nonetheless, the use of medicinal plants and their extracts as alternative
sources for prophylactic and therapeutic hepatoprotection has always been intriguing, though it
has been practiced commonly by traditional healers over time. The majority of the ameliorating
claims regarding the hepatoprotective plants, and herbal formulations, remain unproven, vague,
and scientifically unsubstantiated, although efforts are still continuously being pushed into the area,
and newer plants from varying environments and climatic-condition origins, together with improved
testing protocols, are ceaselessly being adopted constantly into the realm of hepatoprotection strategies
at global scales [8–11].

Halophytic plants, growing under high-salinity soil conditions, have also been recorded to
provide relief from symptomatic liver discomforts [8–10]. The halophytes, under the stress of
harsh super-saline habitats in areas with the lowest rainfall and marshy conditions, as well as
desert environments, have accustomed to adverse environmental conditions through developing
various defense mechanisms for survival. These adoptive techniques include multiple strategies which
are morphological, biochemical, physiological, metabolic, and sensory in nature [11,12]. One such
strategy of these halophytes is their responsiveness to elevated oxidative stress conditions of the plants,
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wherein these plants survive high-salinity conditions by producing specific enzymatic, non-enzymatic,
and metabolite products, many of which are secondary metabolite antioxidant molecules concentrated
abundantly in the plant sap [13]. These products have well-established roles in quenching reactive
oxygen species (ROS) [14]. The observation that halophytes are rich in antioxidant constituents
lends credence to the hepatoprotective claims regarding this category of the plants. The oxidative
stress is implicated in the pathogenesis of various other diseases, including liver disorders [15].
The liver, which is also susceptible to acute and chronic toxicities from chemicals, drugs, plant extracts,
and nutraceuticals, as well as to harms from an overdose of food components, along with the inherent
adverse metabolic and biochemical reactions within the liver, has been damage-controlled and treated
by antioxidants, and antioxidant-rich plants, as well as from other natural product extracts rich
in antioxidant materials [16,17]. The pharmacological (or intrinsic) toxicity is prevalent over the
idiosyncratic toxicity, and this does not have any dose-response or temporal relationship to the
generated toxicity [18–20]. The ROS are unstable and highly reactive entities and cause the majority of
the oxidative-stress related damages and injury to the organs, including the liver, which is comparatively
at a higher risk and needs antioxidants to avoid damage and maintain homeostasis. The internally
produced glutathione and other enzymatic entities counteract the liver injury caused by the ROS,
the reactive nitrogen-based species, and the produced oxidative stress. The oral supplementation
of antioxidants for liver disorders has been studied, and several non-enzymatic antioxidants,
(e.g., ascorbic acid, α-tocopherol, silibinin, naringenin, quercetin, curcumin, resveratrol, products of
phenolic, flavonoid, tannin, and carotenoid types) have been exploited [21–23], and the plant-origin
secondary metabolite-based antioxidants have revealed promising in vivo therapeutic effects on liver
disorders in studied animal models [24], though clinical studies were deemed inconclusive [23].
However, the protective roles of these antioxidants on the liver, in experimentally induced-liver injury
and toxication, have been investigated for various pure, single component natural products, and on
the naturally-sourced plants’ extracts, as well as mixtures of synergistic natural products containing
antioxidants of a structurally-varied chemical nature, and were found to be effective [9,25–28].

In this context, the roles of liver enzymes, and other associated biochemical markers of liver
injury and amelioration, are extremely important. The liver’s diagnostic condition is indicated
by measuring these enzymes, and markers in the blood and sera samples. Among the major
hallmarks of the diseased conditions of the liver are the damage of hepatic cells, and the
changed concentrations of antioxidant-natured serum enzymes (i.e., superoxide dismutase, catalase,
glutathione peroxidase, and glutathione transferase). The levels of biomarkers in normal and
hepatotoxicity-induced animals, albeit in the absence of external antioxidant compounds, and extracts
or concoction, differs significantly. The aspartate aminotransferase, alanine aminotransferase,
gamma-glutamyl transpeptidase, and alkaline phosphatase enzyme levels, along with the total protein,
total bilirubin, and malondialdehyde, are known as liver damage biomarkers present in serum.
The normalization of these serum enzyme levels has been observed to signal amelioration of the diseased
conditions of the liver [29–32]. The roles of phenols and polyphenols, flavonoids, tannins, and alkaloid
classes of compounds as external antioxidant entities (either as part of the plant-based products, or as
a single, pure compound), and the silymarin, a known hepatoprotective agent, are considered crucial
in the amelioration process [33–35]. The synergistic actions of the enzymatic antioxidants and their
source (S-adenosylmethionine), as well as the plants’ extract components and individual compounds,
have also been reported participating in the liver protection [36–40].

Suaeda vermiculata, family Amaranthaceae, is a desert halophyte, renowned for its traditionally
claimed liver-protecting activity. This ongoing study aimed to investigate the general claims of the
treatment of various symptomatic liver disorders, and proposed to set out to evaluate the safety profile
of the plant, given its prevalent use by local herbalists and the public in general. The hepatoprotective
activity of the aqueous-ethanolic (aq.-ethanolic) extract from leaves and aerial parts, in addition to
the safety of plant material at higher doses, were examined. Studies were carried out to find the
antioxidant potential, and concentrations of the antioxidant entities in the aq.-ethanolic extract as being
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reactive to 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic
acid (ABTS) in their respective assays. The LC-MS analysis was performed to identify the constituent
parts of the aq.-ethanolic extract of the plant and identify the major antioxidants of phenolics and
flavonoid nature present in the plant extract. Moreover, the effects of the plant extract on the kidneys,
liver, blood sugar, and lipid levels in the CCl4-induced toxicity bearing animal models with lipid
peroxidation conditions, and liver damages were investigated in detail. The cytotoxic effects of the
antioxidant-rich, high-extractive-value aq.-ethanolic extract were also checked on the hepatic cell-lines,
HepG-2, and the resistant HepG-2/ADR.

2. Results

2.1. LC-MS-Based Chemical Fingerprinting of Suaeda vermiculata aq.-Ethanolic Extract

The positive mode electron-spray ionization (ESI) analysis of the aq.-ethanolic extract
of Suaeda vermiculata led to the identification of nine constituents (Table 1). Of these nine
identified compounds, three flavonoids were identified in the plant extract: One flavonol
aglycone (quercetin), and two flavonol glycosides (quercetin-3-O-rutinoside or rutin,
and kaempferol-O-(acetyl)-hexoside-pentoside).
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Table 1. Identification of constituents from the aq.-ethanolic extract of Suaeda vermiculata.

Sr.
RT

(min)
Mol. Formula Calc. Mass

Obsrvd.
Mass

Mass Fragments
Error

(∆ ppm)
Compound Name * R% Refer

1. 16.11 C10H16O5 217.1076 217.10656
[M + H] 239.0883 [M+ + Na]; 455.1877 [2M + Na] −2.265 Senecic acid 0.84 [41]

2. 20.24 C28H30O16 623.1612 623.1611
[M + H]+

446.9041[M-Pentose-acetyl];582.8751
[M-acetyl + 2H] −1.007 Kaempferol-O- (acetyl) hexoside-pentoside 4.37 [42]

3. 21.66 C15H10O7 303.2443 303.0492
[M + H]+ 289.1404 [M-CH2] 0 Quercetin 12.45 [43]

4. 23.45 C15H8O6 285.0399 285.04069
[M + H]+ 284.99585 [M]; 286.04395 [M + 2H] 0.810 Rhein 1.26 [44]

5. 24.18 C12O14O4 223.0970 223.09634
[M + H]+

177.0543 [M + H-C2H10O];
245.0782 [M + Na]; 467.16744 [2M + Na] −0.957 4-Acetyl-6-(2-methylpropionyl)-1,3-resorcinol 2.32 [45]

6. 29.30 C16H22O4 279.1596 279.15900
[M + H]+

301.1407 [M + Na];
579.2921 [2M + Na] −0.323 (2E)-Heptyl-3-(3,4-dihydroxyphenyl) acrylate 3.37 [46]

7. 30.15 C16H30O4 287.2222 287.22140
[M + H]+

199.16898 [M-C4H10O2];
309.20324 [M + Na]; 595.41675 [2M + Na] −1.260 Hexadecanedioic acid 1.57 [47]

8. 31.70 C55H74N4O5 872.5815 872.1408
[M + H]+

256.26268 [Phytyl-C2H5 + H]; 280.26241
[phytyl moiety]; 593.15607 [M-phytyl];

577.12459 [M-phytyl–methyl]; 615.13623
[M-phytyl + Na]

0.240 Pheophytin-a 23.69 [48]

9. 31.75 C27H30O16 633.1431 633.14559
[M + Na]+ 634.14630 [M + H + Na] 4.719 Quercetin-3-O-rutinoside (Rutin) 7.80 [43]

* Relative % calculated based on the individual compound’s peak area and the chromatogram’s total peaks area.
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2.2. Estimations of the Total Phenolics and Flavonoid Contents in the aq.-Ethanolic Extract, and Fractions of the
aq.-Ethanolic Extract Obtained from Suaeda vermiculata

The total phenolics and flavonoid contents of the aq.-ethanolic extract of Suaeda vermiculata and its
fractions were estimated as gallic acid (GAE) and quercetin equivalents (QE) (Table 2). A significant
amount of total phenolics contents were present in the aq.-ethanolic extract (200.6 ± 2.14 mg GAE/g
of the extract’s dry weight). However, the ethyl acetate fraction possessed comparatively very high
concentrations of total phenolics (317.5 ± 0.17 mg GAE/g of fraction’s dry weight). The majority of the
flavonoids’ contents were determined to be present in the chloroform fraction (17.47 ± 0.02 mg QE/g
of fraction’s dry weight), followed by the aq.-ethanolic extract (16.70 ± 1.56 mg QE/g of the extract’s
dry weight).

Table 2. Total phenolics, total flavonoids of the extracts of Suaeda vermiculata.

Extracts Extractive Values *
Total Phenolic

Contents
(mg GAE/g)

Total Flavonoid
Contents

(mg QE/g)

n-Hexane fraction 1.06 15.1 ± 0.60 E nd
Ethyl acetate fraction 4.37 317.5 ± 0.17 A 13.80 ± 0.04 BC

Chloroform fraction 1.27 140.0 ± 1.02 D 17.47 ± 0.02 A

n-Butanolic fraction 6.25 192.6 ± 0.97 C 11.55 ± 0.02 C

aq.-Ethanolic extract (mother liquor) 20.00 200.6 ± 2.14 B 16.70 ±1.56 AB

* Extractive values calculated as g/100 g of the dried plant powder; nd = not detected; GAE = gallic acid equivalent;
QE = quercetin equivalent. The experiment was carried out in triplicates. Values were expressed as mean ± SEM.
Means that do not share a letter are significantly different for the relevant column.

2.3. Determination of Antioxidant Potentials Through Measurement of Free-Radical Scavenging Activity

The in vitro radical scavenging activity of the Suaeda vermiculata mother liquor aq.-ethanolic extract
and its subsequent fractions were estimated by the DPPH and ABTS radical scavenging methods,
and IC50 values (concentrations causing 50 % inhibitions) were determined based on the requisite
percentage inhibitions versus the concentrations (Figure 1). The chloroform and ethyl acetate fractions
demonstrated significant concentration-dependent DPPH and ABTS scavenging activities, all being
maximum at 5 mg/mL as compared to the standard quercetin at the same concentration (Figure 1).
The lowest antioxidant activity was observed for the n-hexane fraction in scavenging the DPPH
and ABTS free radicals, followed by the antioxidant activity of the n-butanolic fraction. The DPPH
radical quenching-based antioxidant activity levels were also recorded for the chloroform, and ethyl
acetate fractions, observed at about 80 and 65 % of strengths, respectively, while the mother liquor,
aq.-ethanolic extract, showed nearly 40 % DPPH radical inhibition strength, all as compared to the
referral standard, quercetin (Figure 1A). The ABTS free radical scavenging antioxidant activity was
also assayed for the chloroform and ethyl acetate fractions and was found at 72 and 70 % strengths,
respectively, followed by the aq.-ethanolic extract antioxidant activity levels at 60 % antioxidant
strength in comparison to the standard quercetin (Figure 1B).
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Figure 1. Radical scavenging activity of Suaeda vermiculata extracts by
(A) 1,1-diphenyl-2-picrylhydrazyl (DPPH), and (B) 2,2’-azino-bis-3-ethylbenzthiazoline-6-sulphonic
acid (ABTS) methods. Values are the mean of three replicates ± SEM. p < 0.0001 using two-way
ANOVA, and p < 0.0001 compared to quercetin for all groups at all the measured concentrations for
both methods according to multiple comparisons for Tukey’s method.
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2.4. Acute Toxicity Study and Dose Selection

Among all the groups (50, 300 mg/kg; 2 and 5 g/kg) checked for acute toxicity, one aq.-ethanolic
extract-treated rat (2 g/kg) died on day 2 of the dose administration. The death was attributed
to a gavage accident since no behavioral pattern difference was observed among the extract-fed
or the control group. According to the Organization for Economic Cooperation and Development
(OECD) guidelines, the dose is considered toxic if more than two animals die. All the animal groups
were monitored daily for any visible signs of toxicity and mortality for up to two weeks. None of
the remaining animals in all the groups displayed any visible signs of toxicity, such as anorexia,
hair erection, lacrimation, tremors, convulsions, salivation, or diarrhea, in the first 24 h until 2 weeks
of the study period. Based on the data, the given dose was determined to be practically non-toxic
according to Hedge and Sterner scale, and 10% (500 mg/kg) of the maximum administered dose (5 g/kg)
in the acute toxicity study was selected as the maximum dose for the pharmacological evaluation [49].

2.5. Safety Determination of aq.-Ethanolic Extract on Liver, Heart, and Kidney

The administration of the aq.-ethanolic extract of Suaeda vermiculata (250 mg/kg, CCl4) in normal
rats showed no significant effects on the levels of liver enzymes AST (aspartate transaminase) and ALT
(alanine transaminase) and was significantly lower (p < 0.02) for TP (total protein) contents estimation
compared to the intact control group. Moreover, the serum creatinine, triglycerides, cholesterol,
and glucose levels showed no significant differences in the 250 mg/kg, CCl4- group when compared
with the intact control group of animals (Tables 3 and 4).

2.6. Hepatoprotective Activity of the aq.-Ethanolic Extract

The AST and ALT values for the CCl4-induced negative control group treated with CMC were
significantly higher (p < 0.0001) when compared with all the CCl4+ induced hepatotoxic groups,
i.e., intact, silymarin (200 mg/kg), quercetin (100 mg/kg), and the extract-fed groups (100, 250,
and 500 mg/kg) (Table 3). Animals were given Suaeda vermiculata aq.-ethanolic extract at daily
doses of 100, 250, and 500 mg/kg, and showed a dose-dependent decrease in AST and ALT liver
enzyme markers. The 500 mg/kg dose-fed animal group showed maximum hepatoprotective activity
(Figure 2), and this group of animals effectively prevented the CCl4-induced elevation of serum
enzyme markers of ALT and AST as compared to the CMC group (CCl4 induced). The silymarin
(200 mg/kg), and quercetin (100 mg/kg)-fed animal groups also showed a significant decrease in AST
and ALT liver marker enzymes, while the silymarin group also showed significantly decreased TP
contents as compared to the negative control group of animals. No differences were found in the levels
of creatinine, or glucose in any CCl4+ induced hepatotoxic groups pre-treated with various doses of
aq.-ethanolic extract as compared to the negative group (Tables 3 and 4). The cholesterol level of the
aqueous-ethanol extract-fed group at 250 mg/kg was comparable to the intact control. The extract
doses of the 100 and 500 mg/kg-fed animal groups caused a significant decrease in the triglyceride
levels as compared to the negative control group of animals (Table 4).
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Table 3. Effect of aq.-ethanolic extract of Suaeda vermiculata on liver and kidney functions on carbon tetrachloride-induced liver toxicity in experimental rats.

Groups
AST
IU/L

ALT
IU/L

TP
g/dL

Creatinine mg/dL

I. Intact control (no CMC, no drug, no aq.-ethanolic extract, CCl4-) 62.83 ±2.21 B 67.42 ± 4.66 B 7.39 ± 0.17 A 0.91 ± 0.02 A

II. aq.-Ethanolic extract, 250 mg/Kg, CCl4- 54.36 ± 3.64 B 55.19 ± 3.47 B 6.14 ± 0.34 BC 0.80 ± 0.04 A

III. Negative control (vehicle CMC 0.5%), CCl4+ 169.57 ± 12.68 A 103.38 ± 4.86 A 7.23 ± 0.17 AB 0.82 ± 0.03 A

IV. Silymarin, 200 mg/kg, CCl4+ 55.40 ± 2.45 B 55.25 ± 2.91 B 5.32 ± 0.14 BC 0.82 ± 0.04 A

V. aq.-Ethanolic extract, 100 mg/kg, CCl4+ 65.35 ± 3.92 B 71.77 ± 4.25 B 7.64 ± 0.23 A 0.80 ± 0.03 A

VI. aq.-Ethanolic extract, 250 mg/kg, CCl4+ 56.29 ± 3.30 B 69.21 ± 3.79 B 7.23 ± 0.27AB 0.86 ± 0.03 A

VII. aq.-Ethanolic extract, 500 mg/kg, CCl4+ 54.59 ± 1.67 B 66.45 ± 7.05 B 7.56 ± 0.32 A 0.87 ± 0.02 A

VIII. Quercetin, 100 mg/kg, CCl4+ 49.54 ± 1.23 B 52.39 ± 4.56 B 8.05 ± 0.18 A 0.82 ± 0.03 A

Values denoted are mean ± SEM, n = 8 animals/group. AST: Aspartate transaminase, ALT: Alanine transaminase, TP: Total protein, CMC: Carboxyl methylcellulose. CCl4−:
Carbon tetrachloride was not administered. CCl4+: Carbon tetrachloride was administered. Means that do not share a letter are significantly different for the relevant column.

Table 4. Effect of aq.-ethanolic extract of Suaeda vermiculata on blood glucose, triglycerides, and cholesterol on carbon tetrachloride (CCl4)-induced liver toxicity in
experimental rats *.

Groups
Glucose
mg/dL

Cholesterol
mg/dL

Triglycerides mg/dL

I. Intact control (no CMC, no Drug, no aq.-ethanolic extract, CCl4-) 122.46 ± 2.66 A 85.06 ± 1.85 A 86.26 ± 2.24 BC

II. aq.-Ethanolic extract, 250 mg/Kg, CCl4- 101.82 ± 4.47 AB 78.73 ± 3.87 AB 74.11 ± 2.95 C

III.] Negative control (vehicle CMC 0.5%), CCl4+ 111.23 ± 3.23 AB 61.70 ± 1.42 D 100.20 ± 6.80 AB

IV.] Silymarin, 200 mg/kg, CCl4+ 110.43 ± 6.43 AB 65.94 ± 2.17 CD 99.54 ± 4.28 AB

V.] aq.-Ethanolic extract, 100 mg/kg, CCl4+ 99.86 ± 4.15 B 59.46 ± 1.66 D 76.56 ± 3.25 C

VI.] aq.-Ethanolic extract, 250 mg/kg, CCl4+ 99.49 ± 7.00 B 80.93 ± 2.08 AB 97.53 ± 3.58 AB

VII.] aq.-Ethanolic extract, 500 mg/kg, CCl4+ 98.79 ± 6.70 B 66.66 ± 2.20 CD 78.16 ± 2.62 C

VIII.] Quercetin 100 mg/kg, CCl4+ 115.46 ± 3.58 AB 72.83 ± 1.57 BC 3.02 A

* Values are denoted as mean ± SEM. CMC: Carboxyl methylcellulose. CCl4-: Carbon tetrachloride was not administered. CCl4+: Carbon tetrachloride was administered. Means that do
not share a letter are significantly different for the relevant column.
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Figure 2. The hepatoprotective effects of Suaeda vermiculata aq.-ethanolic extract on CCl4 induced
liver toxicity. Percentage protection of CCl4 induced elevation of AST and ALT enzymes. The protection
percentage formula assumes the enzyme level of the CCl4 administered negative group (carboxyl
methylcellulose) at 0% protection and that of intact group (no exposure to CCl4) at 100% protection
as such they are excluded from the graphical representation. In addition, the aq.-ethanolic extract
250 mg/kg CCl4- the group which did not receive CCl4- is also excluded from the graphical representation.
**** Data differed significantly at p < 0.0001 when compared with the negative control group. Values are
expressed as mean ± SEM, n = eight rats per group, CCl4-: Carbon tetrachloride was not administered.
CCl4+: Carbon tetrachloride-induced liver toxicity.

2.7. Cytotoxicity of Suaeda vermiculata Extract in Wild Type Sensitive and Resistant Hepatic Cell-Lines

To test the cytotoxicity of Suaeda vermiculata aq.-ethanolic extract in sensitive HepG-2 and
resistant cells, HepG-2/ADR, evaluations were conducted in comparison to the standard cytotoxic drug,
doxorubicin (DOX). Figure 3 demonstrates the dose-response curves of the Suaeda vermiculata

aq.-ethanolic extract group in comparison to the chemotherapeutical agent, DOX. The moderate
cytotoxic effect of Suaeda vermiculata aq.-ethanolic extract in HepG-2 showed an IC50 value of
56.19 µg/mL, and in HepG-2/ADR-resistance cells, the IC50 value was 78.40 µg/mL with relative
resistance (RR) at 1.39 (Table 5).

Figure 3. The dose-response curves of Suaeda vermiculata aq.-ethanolic extract: (A) aq.-ethanolic extract,
and (B) doxorubicin (DOX) in wild-type HepG-2, and resistant HepG-2/ADR cell-lines.
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Table 5. The IC50 values of Suaeda vermiculata aq.-ethanolic extract compared to DOX in HepG-2
wild types, and HepG-2/ADR resistant cell-lines, and their relative resistance (RR) using MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay.

Groups
IC50 (µg/mL) *

RR
HepG-2 HepG-2/ADR

aq.-Ethanolic extract 56.19 ± 2.55 78.40 ± 0.32 *** 1.39
Doxorubicin 1.3 ± 0.064 4.77 ± 1.05 *** 3.67

* Values expressed as mean ± SEM, *** = p < 0.001 using Student’s t-test.

2.8. Suaeda vermiculata aq.-Ethanolic Extract Reverses DOX Cytotoxicity in Resistant Hepatic Cell-Lines

To examine the reversal effects of the combination of DOX and Suaeda vermiculata

aq.-ethanolic extract, the DOX-resistant HepG-2/ADR cell lines were selected. The DOX-resistant cells
were treated with DOX in the presence and absence of 20 µg/mL Suaeda vermiculata aq.-ethanolic extract.
As shown in Figure 4, Suaeda vermiculata extracts synergistically enhanced the cytotoxicity of DOX,
as observed from the dose-response curves of the combination and isobologram. The IC50 values
of DOX alone or in combination with Suaeda vermiculata aq.-ethanolic extract in DOX resistant cells
are shown in Table 6. The combination of DOX with Suaeda vermiculata extract significantly reduced
(p < 0.001) the IC50 value of DOX, with FR in resistant cell lines to 2.77, and CI at 0.56 (Table 6).

Figure 4. (A) The dose-response curves and isobologram analysis of the combination of DOX with
20 µg/mL of Suaeda vermiculata extract in resistant HepG-2/ADR. (B) The isobologram on the right side
of the figure showed the synergistic interaction between DOX and the extract. IC50, DOX, and IC50

extract correspond to the IC50 for DOX and extract alone. CI < 1 indicates synergism, CI = 1 indicates
additive, and CI > 1 indicates antagonism.

Table 6. Synergistic interaction of a combination of DOX with 20 µg/mL of Suaeda vermiculata

aq.-ethanolic extract in resistant HepG-2/ADR cell-lines *.

Groups
IC50 (µg/mL) Synergistic Parameters

HepG-2/ADR FR CI r IB

Doxorubicin (DOX) 4.77 ± 1.05 – – – –
DOX + aq.-ethanolic extract 1.72 ± 0.07 *** 2.77 0.56 0.99 Synergism

* Values were expressed as mean ± SEM. CI, combination index; FR, fold reversal; IB, isobologram; and medium
effect equation (r-value). CI < 1 indicates synergism, CI = 1 indicates additive, and CI > 1 indicates antagonism.
*** = p < 0.001 using Student’s t-test.

3. Discussion

The identification of the flavonoid derivatives (quercetin, quercetin-3-O-rutinoside or rutin,
and kaempferol-O-(acetyl)-hexoside-pentoside) in the aq.-ethanolic extract of the Suaeda vermiculata is
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consistent with the halophytic nature of the plant, thereby having excessive antioxidants compounds,
especially flavonoids. In addition, the nature of these flavonoids is in conformity with the
previously isolated and identified flavonoids from the genus Suaeda [43]. For instance, the quercetin
(12.45%), and quercetin-3-O-rutinoside (7.80%) were previously isolated from Suaeda japonica,

Suaeda salsa, and Suaeda physophora [43], while kaempferol and kaempferol glycoside are also
common constituents of the genus Suaeda plants, and have been reported both from Suaeda japonica

and Suaeda asparagoides [43]. The LC-MS analysis of the aq.-ethanolic extract showed a base
peak at m/z 872.1408 [M + H]+ which was identified as the pheophytin-a (23.69%), the reported
major chlorophyll-based constituent from Suaeda vermiculata species [48]. The fragmentation
pattern for pheophytin-a showed mass peaks at m/z 256.26268 [phytyl-C2H5 + H], 280.26241
[phytyl moiety], 593.15607 [M-phytyl], 577.12459 [M-phytyl–methyl], and m/z 615.13623 [M-phytyl
+Na], which together confirmed the structure of the compound. The LC-MS analysis of the plant’s
aq.-ethanolic extract also showed base peaks for the rhein (anthraquinone aglycone) at m/z 285.04069
[M + H]+, in addition to the base peaks for senecic acid, 4-acetyl-6-(2-methylpropionyl)-1,3-resorcinol,
(2E)-heptyl-3-(3,4-dihydroxyphenyl) acrylate, and hexadecanedioic acid at m/z 217.10656 [M + H],
223.09634 [M + H]+, 279.15900 [M + H]+, and m/z 287.22140 [M + H], respectively.

The higher contents of phenolics in the ethyl acetate fraction is probably owing to the ability of ethyl
acetate as a mid-polarity solvent to dissolve the phenolic contents of the aq.-ethanolic extract much easier
than the relatively non-polar, and lipophilic solvents, i.e., n-hexane, and chloroform. Besides, the ethyl
acetate fraction accumulated more phenolics and flavonoid contents compared to the n-butanol fraction,
which could be due to the fact that ethyl acetate as a solvent was used in the extraction sequence of
aq.-ethanolic mother liquor before the n-butanol. Additionally, the majority of the flavonoid contents
were present in the chloroform fraction (17.47 ± 0.02 mg QE/g of fraction’s dry weight), which was
closely followed by the aq.-ethanolic extract (16.70 ±1.56 mg QE/g of extract’s dry weight), indicating a
lesser degree of hydrophilicity of the products, culminated through the presence of fewer hydroxylation
sites and glycosylation of the flavonoids encountered in the chloroform extract, which were able to be
extracted in this lipophilic solvent under the presence of aqueous partitioning phase.

The presence of higher concentrations of phenolics and flavonoids is consistent with the previously
published data about flavonoid and phenolic contents present in the solvents, such as chloroform
and ethyl acetate [50–53]. In the current study, the relatively high mg per gram content values
of the phenolics and flavonoids are in the chloroform and ethyl acetate fractions compared to the
mother liquor and confirms the higher antioxidant activity of these fractions over the mother liquor.
Furthermore, the pheophytin-a, which was reported for the mild antioxidant activity, and isolated
previously form Suaeda vermiculata chloroform fraction [48] as part of the ongoing study, also played
a role in the antioxidant activity of the chloroform fraction. Additionally, the steroidal constituent,
β-sitosterol [48], along with other unsaturated oxygenated products [54] identified in the chloroform
fraction of the Suaeda vermiculata contributed to the higher antioxidant value of the chloroform fraction.
Nonetheless, the mother liquor aq.-ethanolic extract was pursued in further studies into the biological
evaluations as a hepatoprotective extract, since the traditional practice of the use of plants’ aerial
parts as a whole for liver disorders provided an equivalence between the prevailing practice and
the aq.-ethanolic extract, the mother liquor obtained from the plant’s extraction. The mother liquor
aq.-ethanolic extract was also selected for the biological evaluations as it represented the largest
number of constituents obtained through a comparatively significant high-extractive value (20 g/100 g
of the dried plant herbs). Moreover, the statistically insignificant difference (Table 2) in the flavonoid
contents of the aq.-ethanolic extract (16.70 ± 1.56 mg/g QE) in comparison to the chloroform fraction’s
flavonoid contents (17.47± 0.02 mg/g QE) supported the choice of the aq.-ethanolic extract for biological
activity evaluations.

The current investigation confirmed the Suaeda vermiculata plant’s richness in antioxidant
components compared to other Suaeda species [43]. The in vitro radical scavenging activity of
the Suaeda vermiculata mother liquor aq.-ethanolic extract and its subsequent fractions were estimated
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by the DPPH and ABTS radical scavenging methods, and the IC50 values (concentrations causing
50% inhibitions) were determined based on the requisite percentage of radicals’ inhibitions versus the
concentrations (Figure 1). Notably, the presence of higher concentrations of antioxidant compounds,
measured as radical scavenging capacity in DPPH and ABTS assays is a direct indication of the
antioxidant potential of the plant’s constituents, but not necessarily the high presence of phenolics
and flavonoids, which can only be the reasons for higher antioxidant potential, though these two
categories of products, i.e., phenolics and flavonoids, seem to be the reason for the dominating
antioxidant potential of the plant. The higher antioxidant presence in the extract and the fractions of
the Suaeda vermiculata can be attributed to the high-salinity habitat of the plant in comparison to its
other counterpart species growing in different climatic locations [43]; the former has been the herb of
choice for the local population for treatment of liver disorders, especially jaundice [48,55]. However,
the biomechanistics connections between the higher antioxidant concentration levels of compounds in
the plant, and its hepatoprotective action have not been conclusively established, though it has been
well-observed, and a relationship is proposed at the primary levels (Figure 5), albeit without intricate
and basic biomechanistics roles playing, and interconnections, or the feedback responsibilities of the
components in the presented cycle. Nonetheless, a plausible mechanistic explanation of the toxicity
and its amelioration, based on known information, is proposed herein (Section 3.1).

Figure 5. Prospective roles of antioxidants in hepatoprotection.

Moreover, it has to be noted that the present study found no adverse effects of the aq.-ethanolic
extract on the liver and kidney enzymes of the normal rats, and the plant extract also did not induce
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any toxicity at doses as high as 5 g/kg. The study also revealed that the aq.-ethanolic extract of
Suaeda vermiculata had no significant effects on the blood glucose levels for the treated normal rats as
compared to the control group of animals which (blood glucose levels) was measured at 101.82 ± 4.47
and 122.46 ± 2.66 mg/dL, respectively. Additionally, the natural healing in CCl4 -induced hepatotoxic
animals, ingestion of potent hepatotoxins, and evaluations of the hepatoprotective action using several
natural products are abundantly available in the literature [56–58]. As for the local Suaeda species,
where the Suaeda vermiculata is concerned, there were no other pharmacological data of any kind,
comparative, or otherwise available on the liver-protecting activities of this plant or the plants of the
differently-located Suaeda species, referring to those located in Iran.

The locally procured Suaeda vermiculata aq.-ethanolic extract, as shown in Table 5,
exhibited moderate cytotoxicity on HepaG-2 (IC50 56.19 ± 2.55 µg/mL), designated in accordance
with the provisions of the previous classification of the cytotoxicity criteria of the natural products
extracts on cell lines [59]. As previously reported, the extract was considered active if it had a mean
IC50 value <100 µg/mL; a moderate level of activity was considered between 10–100 µg/mL; and the
strong cytotoxic activity was designated with <10 µg/mL of the IC50 values. Suaeda vermiculata

aq.-ethanolic extract also exhibited moderate cytotoxicity in HepG-2/ADR, the resistance cell-lines
(IC50 78.40 ± 0.32 µg/mL with RR 1.39) (Table 5). In resistance cell lines, like HepG-2/ADR,
the P-gp is overexpressed as part of the mechanism to escape cell-death induced by anti-cancer
chemotherapeutic agents. The cytotoxicity results indicated that Suaeda vermiculata aq.-ethanolic extract
could be a potential modulator of P-gp, most probably due to the presence of quercetin and other
flavonoids (kaempferol, and rutin, Table 1). The flavonoids and phenolics, e.g., kaempferol, rutin,
apigenin, daidzein, fisetin, luteolin, silibinin, naringin, proanthocyanidin, (-)epicatechin-3-O-gallate,
etc., are known P-gp inhibitors [60–62]. The Suaeda vermiculata aq.-ethanolic extract’s cytotoxicity
results were further confirmed from a combination experiment which improved the cytotoxicity of DOX
(Table 6) through combination with a low and non-toxic concentration (20 µg/mL) of the aq.-ethanolic
extract [63,64]. Again, the presence of the phenolics, together with flavonoids components in the
aq.-ethanolic extract (Table 1) could explain these inhibitory effects [63].

3.1. A Plausible Biomechanistic Aspect of Liver Toxicity and Its Amelioration

The induction of liver toxicity by carbon tetrachloride (CCl4) ensues through free radicals
generation [65]. The cytochrome P450 bio-transforms CCl4 [66] to form trichloromethyl radical (CCl3•),
which, in turn, in the presence of oxygen, lipid, and protein, forms trichloromethyl peroxyl radical
(CCl3OO•) that eventually leads to lipid peroxidation [67]. These transformations lead to hepatocyte
dysfunction through the destruction of the intracellular and the plasma membranes of the organ [68–70].

The hepatotoxicity was induced in animals by CCl4 injections and led to an increase in serum
aminotransferase AST and ALT levels, generally being an AST > ALT relationship in the toxic
situations [71], wherein both the AST and ALT were considered as biomarkers of liver damage [72–75].
In the current study, rats with CCl4-induced hepatotoxicity were confirmed to have significantly
increased levels of AST and ALT in the negative control compared to the intact group of animals
(Table 3). The administration of the aq.-ethanolic extract induced significant (p < 0.05) hepatoprotective
action against CCl4-induced liver-toxicity by improving the liver functions, as indicated by the
reductions in the levels of the liver enzymes, ALT, and AST, again as compared to the negative
control (Table 3). The aq.-ethanolic extract-treated animals showed liver enzyme levels at comparable
levels to the intact animals (as standard controls), and silymarin and quercetin groups of animals.
Silymarin is an established antioxidant also used as a standard referral compound in the evaluation
of the hepatoprotective activity of nutraceuticals, and other natural products [76–78]. The protective
effects of quercetin are associated with a decrease in the oxidative stress in the hepatotoxicity-induced
liver tissues [79,80]. The AST values for all the aq.-ethanolic extract dose groups in the current study
are comparable with the quercetin. The aq.-ethanolic extract showed protective effects in CCl4-induced
hepatotoxicity conditions, as well as safety from toxicity induction up to 5 g of the aq.-ethanolic extract
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administration, which showed no adverse effect on the extract-fed animals. The protective effects of
the aq.-ethanolic extract indicated the ameliorating effects of the Suaeda vermiculata concerning the
liver cells in the in vivo conditions (Figure 6).

The comparatively higher concentrations of the flavonoids and phenolics in the halophytes,
in comparison to the other normal-conditioned plants, might also be the scientific explanation for
their liver-protecting activity [43,48,54,81,82]. Moreover, the hypoglycemic effects reported from other
plants of the genus Suaeda, for example, Suaeda fruticosa produced a significant decrease in the blood
glucose levels in normal rats, and a further reduction in the diabetic rat models was observed [83].
The study reported that the aqueous extract of Suaeda fruticosa induced a significant decrease in
the plasma cholesterol without noticeably affecting the plasma triglyceride levels in the treated rats.
The free-radical scavenging potential and the inter-linked antioxidant components in the plant extract
reportedly played a critical role in hepatotoxicity which was mediated by the actions of free-radicals
on hepatocytes leading to cell necrosis [81]. In this connection, the Suaeda vermiculata aq.-ethanolic
extract also showed free-radical inhibition properties, and the data reported in this study is following
previously published reports demonstrating the hepatoprotective effects in CCl4-induced extensive
liver damage models by the aq.-ethanolic extract containing antioxidant compounds as part of the
mother liquor obtained from the plant [56–58,66,84–90].

Figure 6. Sketch representing the role of the plant extract in liver protection.

4. Materials and Methods

4.1. Chemicals and Reagents

All chemicals were of analytical grade. Methanol (HPLC grade), carbon tetrachloride, formic acid,
(Sigma Aldrich, USA), doxorubicin was also of analytical grade. Silymarin tablets were obtained from
Micro Labs Limited, Mumbai, India, and used as obtained.
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4.2. Plant Material Collection and Extraction

The Suaeda vermiculata plant material (2 kg) was collected (10/2019) from Buraydah City, Qassim,
and identified by the institutional botanist at Qassim University (QU). The shade-dried herbs were
grinded to a coarse powder (1.4 kg), and extractions performed following the cold maceration method
under stirring for 24 h from 70% aqueous-ethanol, repeatedly (3Lx3). The hydroalcoholic extract was
filtered and evaporated to dryness under reduced pressure and <40 ◦C temperature to yield 86.3 g of
the dried extract, part of which was stored under −20 ◦C for further use. The dried aq.-ethanolic extract
(50 g) was suspended in 500 mL distilled water and fractionated with n-hexane, chloroform, ethyl
acetate, and n-butanol. The fractions were subjected to dryness under vacuum and <40 ◦C, and stored
under −20 ◦C for future use.

4.3. LC-MS Experimental Design

Chemical fingerprinting of the aq.-ethanolic extract was performed by C18 reverse phase HPLC
chromatographic analysis. The compounds were identified by the coupled MS spectrometry through
data interpretation and were compared with the literature-reported mass values. The compounds’
identification processes were based on the data from the internal library software, and comparison of
the available mass-fragments with the literature reports. The relative percentages of the identified
compounds were calculated in relation to the total area of the chromatogram. Analytical results are
summarized in Table 1.

4.3.1. High-Pressure Chromatography (HPLC): The Chemical Fingerprinting

The separation procedure was carried out using a C18 column (C18 synchronism 250 × 2.1, 5 µ).
The mobile phase solvents were composed of A: 100% water+ (0.1 % formic acid), and B: 100% methanol
+ (0.1 % formic acid). The gradient elution program was followed. The injections [methanol blank,
caffeine (QC), and the samples] volume was 20 µL for each, and the flow rate was set at 450 µL/min.
UV-Vis detection was performed, and the scanned wavelength was set between 220–600 nm with
a scan rate of 20 Hz. Two channels (254 and 268 nm) were also used. The XcaliburTM software
(Thermo Scientific) was used for method development and data treatments. All the chromatographic
work was carried out at the Faculty of Medicine Laboratories, Umm Al-Qura University, Makkah,
Saudi Arabia.

4.3.2. Mass Spectrometer

The analysis was performed using a Thermo LTQ Velos Orbitrap mass spectrometer
(Thermo Scientific, Pittsburgh, PA, USA) equipped with a heated ESI ion source. The mass scan
range was set to 100–2000 m/z, with a resolving power of 100,000. The m/z calibration of the
LTQ-Orbitrap analyzer was performed in the positive ESI mode using a solution containing caffeine,
MRFA (Met-Arg-Phe-Ala) peptide, and Ultramark 1621, in accordance with the manufacturer’s
guidelines. The ESI was operated with a metal needle operating at 4.5 kV. For all the experiments,
the source vaporizer temperature was adjusted to 450 ◦C, the capillary temperature was set at 275 ◦C,
and the sheath and auxiliary gases were optimized, and set to 30 and 15 arbitrary units, respectively.

4.4. Determination of Total Phenolic Contents

The total phenolic contents of the extract and fractions were determined using the Folin–Ciocalteu
method [91]. Briefly, 4 mL of the extract/fraction (40 µg/mL in ethanol) was mixed with 2.5 mL of the
Folin–Ciocalteu reagent (diluted with distilled water, 10%, v/v) for 5 min, and then 2.5 mL of 20% (w/v)
sodium carbonate was added. The mixture was allowed to stand for 60 min in the dark, and the
absorbance was measured at 760 nm using a V-630, JASCO, Japan, UV-Visible spectrophotometer.
The analyses were performed in triplicate, and the total phenolic contents were calculated using
the linear regression equation of the calibration curve (y = 0.002x − 0.014, R2 = 0.998) of gallic acid
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performed between the concentrations of 0.05 to 0.5 mg/mL, and expressed as the mg of gallic acid
equivalent per gram (mg GAE/g) of the dried extract/fractions weights (Table 2).

4.5. Determination of Total Flavonoid Contents

The total flavonoid contents were estimated using the aluminium chloride complex-forming
assay [92]. An aliquot of extract/fraction (1.5 mL of 1 mg/mL in ethanol) was mixed with 500 µL of
10% aluminum chloride solution, and the mixture was allowed to stand for 60 min. Absorbance was
measured at 510 nm, and a calibration curve (y= 0.001x+ 0.013 R2 = 0.994) for quercetin was then plotted
using 0.05 to 0.5 mg/mL of quercetin in methanol. The equivalents of milligram quercetin per gram
(mg QE/g) of the fully concentrated extract/fractions were used to calculate the total flavonoid contents.

4.6. Evaluation of Free-Radical Scavenging Activity

4.6.1. DPPH Assay

The scavenging activity of the extract was estimated using 1,1-diphenyl-2-picrylhydrazyl (DPPH)
as a free-radical [93] with slight modification. The DPPH working solution (1.5 mL, 100 µM in
methanol) was mixed with 0.5 mL of the extract/fraction/standard (quercetin solution) at different
concentrations (0.156 to 5 mg/mL). The mixtures were vortexed thoroughly for 5 min and left in the
dark at room temperature (RT) for 20 min, and absorbance was measured at 517 nm to estimate the
reduction in DPPH color intensity. The scavenging activity of the extract/fraction and standard control
were calculated using the following equation:

Scavenging % =

(

1− Sab

Bab

)

× 100 (1)

The Sab and Bab refer to the sample absorbance and blank absorbance, respectively.

4.6.2. ABTS Assay

The ability of the extract and fractions to scavenge ABTS radical formation was assayed according
to the method of Floegel et al. [94] with slight modification. The radical cation of the ABTS
(2,2’-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid) was generated by heating the mixture of
2,2-azobis(2-amidinopropane) dihydrochloride (1 mM) and 2.5 mM of the ABTS in phosphate buffer
(10 mM, pH 7.4) at 68 ◦C for 40 min on a water bath. The mixture was allowed to cool to room
temperature and filtered. The freshly prepared ABTS solution (980 µL) was mixed with 20 µL of
the serially diluted extract/fraction, and quercetin solution (0.156 to 5 mg/mL in ethanol) separately.
The mixture was incubated for 10 min at 37 ◦C before the measurement of ABTS color reduction at
734 nm using a spectrophotometer. The ABTS scavenging activity of the extract and standard quercetin
was calculated by defining the percentages of the absorbance reduction of ABTS-extract mixture in
comparison to the absorbance of the ABTS blank solution from the following equation:

Scavenging % =

(

1− Tab

Cab

)

× 100 . (2)

The Tab and Cab refer to the sample and blank absorbances, respectively.

4.7. Acute Toxicity Studies and Sample Size

Acute toxicity studies were conducted following the OECD procedure for acute toxicity
testing [95,96]. Briefly, ten-week-old female Sprague Dawley rats (n = 20), weighing 200 ± 50 g,
overnight fasted, were randomly divided and weighed, and single aq.-ethanolic extract doses were
administered (n = 5/group) using oral (p.o.) route with 50 and 300 mg/kg, and 2 and 5 g/kg. The animals
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were observed for abnormality in behavior and movement for the first three days and mortality for up
to two weeks [96].

The required sample size for the experiment was determined using mean ± SEM AST values
between the CCl4-induced injury untreated group and the CCl4-induced injury aq.-ethanolic
extract-treated group, based on a previously published report [58]. The calculated effect size d
was 4.27 using a two-tail option on G Power V.3.1.9.4 software, Heinrich Heine University, Düsseldorf,
Germany [97]. To achieve a statistical power (1-β err prob) of 80 % and a specific α error probability
of 0.05, the minimum required sample size in each group was n> 3 mice.

4.8. Effect of aq.-Ethanolic Extract on Liver and Kidney Enzymes in Addition to Lipid and Sugar Levels

The study was performed in accordance with the Animal Research: Reporting In Vivo Experiments
(ARRIVE) statement [98].

4.8.1. Experimental Animal Groups

Male ten-week-old naïve Sprague Dawley rats (n = 64) weighing 200 ± 50 g, obtained from the
animal house facility, College of Pharmacy, Qassim University, Saudi Arabia, were maintained in
individual polyacrylic cages housing 2 or 3 rats with a chow diet obtained from the First Milling
Company in Qassim, Buraydah, Saudi Arabia, and water ad libitum, 7 days before the start of
the experiments. The animals were maintained at RT (~ 25 ◦C) and relative humidity of ~65% with
a controlled light-dark cycle of 12:12 h. The institutional Research Ethics Committee approved the
experimental procedure and animal care (Approval ID 2019-CP-8) as per the Guidelines for the Care
and Use of Laboratory Animals. Animals were divided randomly into eight groups (n = 8/group).
The intact animals (group I) remained untouched during the experimental procedure, while another
group received 250 mg/kg (group II) of the aq.-ethanolic extract of Suaeda vermiculata orally for seven
days to monitor the effect of the extract on the liver and kidney. The remaining groups were administered
p.o. once daily with carboxyl methylcellulose 0.5% (CMC, negative control, group III), 200 mg/kg
silymarin (positive control, group IV) [99–101], or aq.-ethanolic extract dose of 100, 250, or 500 mg/kg
(groups V–VII), and 100 mg/kg quercetin (group VIII) [102,103] for 7 days, followed by induction of
hepatotoxicity using single intraperitoneal (i.p.) dose of CCl4 dissolved in olive oil (1:1, 1.0 mL/kg) [56].
Olive oil (an emulsifying agent) helped to dissolve CCl4 sufficiently for induction of liver damage
and is neither toxic nor possesses any hepatotoxicity related to pharmacological activity [57,58,104].
Twenty-four hours after the administration of CCl4, blood samples were withdrawn from the orbital
vein in ethylene diamine tetraacetic acid (EDTA)-heparinized tubes under mild general anesthesia with
ketamine, and samples were centrifuged to separate plasma [105]. The separated plasma was used for
the determination of levels of aspartate transaminase (AST) and alanine transaminase (ALT) levels,
total protein (TP), creatinine, blood glucose, total cholesterol, and triglycerides with spectrophotometric
assays. Percentage hepatotoxic protection was calculated using the following equation [106]:

Hepatoprotection % =

[

a− b

a− c

]

X 100 (3)

where a, b, and c refer to the mean value of the marker enzyme level produced by hepatotoxin;
toxin plus test sample, and control, respectively.

4.8.2. Determination of Levels AST, ALT, TP, and Creatinine

The levels of ALT and AST in plasma samples were determined using an optimized UV-test,
in accordance with the International Federation of Clinical Chemistry (IFCC) procedure. The kit was
supplied by the Crescent Diagnostics Company, KSA, (product catalog #CZ902L for ALT, and #CZ904L
for AST). The absorbances were measured at 340 nm, and the readings were multiplied by a factor
of 952 using the kinetic method [107]. The plasma level of TP was measured using the photometric,
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colorimetric test. The cupric ions reacted with protein in an alkaline solution to form a purple complex.
The absorbance of the complex was proportional to protein concentration in the samples [108].
The plasma creatinine was determined by the kinetic method without deproteinization–Jaffe reaction
(Crescent Diagnostics Company, #604). In the Jaffe reaction, the creatinine reacted with alkaline picrate
to produce a reddish-orange color, the intensity of which at 490 nm was directly proportional to
creatinine concentration [109].

4.8.3. Determination of Plasma Level of Glucose, Cholesterol, and Triglycerides

The glucose level was determined after enzymatic oxidation in the presence of glucose-oxidase
(Crescent Diagnostics Company, #605). The formed hydrogen peroxide reacted under the catalysis
of peroxidase with phenol and 4-aminoantipyrine to form a red-violet using quinone imine dye
as an indicator [110]. The total amount of cholesterol was determined after enzymatic hydrolysis
and oxidation (Crescent Diagnostics Company, #603). The colorimetric indicator quinone imine
was generated from phenol and 4-aminoantipyrine by hydrogen peroxide under the catalytic action
of peroxidase, and the color intensity was then measured at 546 nm [111]. The triglycerides were
determined after enzymatic splitting with lipoprotein lipase (Crescent Diagnostics Company, #611)
wherein the indicator was quinone imine, generated from 4-chlorophenol and 4-aminoantipyrine by
hydrogen peroxide to form a red color quinone imine dye measured at 546 nm [111].

4.9. Cell-Lines

Human cell-lines of hepatocellular carcinoma HepG-2 were cultivated in complete media under
standard conditions in 5% CO2, 37 ◦C, and were free of mycoplasma [112]. DOX (Adriamycin)-resistant
hepatic cell-lines HepG-2/ADR were developed by treating and maintaining the cells in media
supplemented with 5 µg/mL DOX in the laboratories of King Abdullah University of Science and
Technology, Thuwal at the Core Labs, Biological and Environmental Sciences and Engineering
Division (BESE). Using RT-PCR, the development of DOX resistance through P-gp expression as
compared to the parent sensitive cell-lines was confirmed. The DOX-free media were applied 7–10 days
before conducting any experiments.

4.10. Cytotoxicity and Reversal Assay

Exponentially growing cells (2 × 103 cells/well) were seeded in 96-well plates for MTT cell viability
assay [113]. The cells were grown for 24 h, then treated with serial concentrations of Suaeda vermiculata

aq.-ethanolic extract (up 500 µg/mL) and DOX (100 µg/mL) for 24 h and with MTT solution (0.5 mg/mL)
for 4 h. The DMSO dissolved the reaction product (crystals). Absorbance was determined at 570 nm
using a SpectraMax M5e Multi-Mode Microplate Reader (Molecular Devices, LLC, USA). The same
protocol was used to evaluate the cytotoxicity of the combination of DOX with Suaeda vermiculata

aq.-ethanolic extract (20 µg/mL, a low, non-toxic dose). All experiments were carried out in triplicate.
The IC50 values were determined. The Student’s t-test was applied to determine the degree of significant
difference between the sets of data. The relative resistance (RR) for tested samples was calculated using
the following equation:

Relative resistance =
IC50 in resistance cells
IC50 in sensitive cells

(4)

Combination index (CI): The nature of the interaction (synergistic, additive, or antagonistic)
between extracts and DOX was determined by the combination index (CI).

Combination Index =
CDOX,50

IC50, DOX
+

Cextract,50

IC50,extract
(5)
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where CDOX,50 is the IC50 value for the cytotoxic agent in a two-drug combination, and Cextract is the
fixed concentration of the extract, herein aq.-ethanolic extract. IC50,DOX, and IC50,extract corresponded
to the IC50 for DOX, and aq.-ethanolic extract alone [114].

4.11. Statistical Analysis

Data were expressed as the mean ± standard error of the mean (SEM). Differences between
groups were analyzed using two-way ANOVA followed by a posthoc test using Tukey’s multi-group
comparison on GraphPad Prism 8.0.2, San Diego, U.S.A. The normality data were checked using
GraphPad Prism. The data were considered significant if p< 0.05 [115]. The superscripts used to describe
significance among the groups in the tables was obtained using Minitab 19.1. A Kolmogorov–Smirnov
test was used for the determination of the normality of the data.

5. Conclusions

The current study demonstrated the hepatoprotective potential and ameliorative effects of the
Suaeda vermiculata aq.-ethanolic extract in CCl4-induced liver toxicity-bearing rat models. It also
demonstrated the extract’s effective roles in cell line-based studies in controlling the damages from
experimental liver cancer cell-lines. The aq.-ethanolic extract showed no adverse effects on the liver,
kidney enzymes, glucose, or on the cholesterol levels in the experimental rats, though it showed a
noticeable reducing effect on the triglycerides. The ongoing data on the concentrations of the antioxidant,
and comparable liver-protective effects when equated with the silymarin and quercetin, confirmed the
beneficial effects of the aq.-ethanolic extract in hepatoprotection, and also the safety of the extract at
higher dose administrations. It also suggested that the consumption of the plant material by locals
can be regarded as safe. The aq.-ethanolic extract has the potential to offer newer leads, and generate
molecular templates upon intensive chemical investigation together with bioassay-guided biological
activity pursuance towards finding a potential curative agent as a single molecular entity, or as part of
the synergistic action of multiple molecules obtained from the plant’s extract for curing liver disorders
at par, or higher levels of effectiveness in terms of reduced dose, and speed of recovery in comparison
to the available silymarin derivatives, and other hepatoprotective synthetic products utilized for
the purpose.
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Abstract: The chemical composition of cuticular waxes and pigments and the morphological features
of cork oak (Quercus suber) leaves were determined for six samples with seeds of different geographical
origins covering the natural distribution of the species. The leaves of all samples exhibited a hard
texture and oval shape with a dark green colour on the hairless adaxial surface, while the abaxial
surface was lighter, with numerous stomata and densely covered with trichomes in the form of
stellate multicellular hairs. The results suggest an adaptive role of leaf features among samples of
different provenance and the potential role of such variability in dealing with varying temperatures
and rainfall regimes through local adaptation and phenotypic plasticity, as was seen in the trial site,
since no significant differences in leaf traits among the various specimens were found, for example,
specific leaf area 55.6–67.8 cm2/g, leaf size 4.6–6.8 cm2 and photosynthetic pigment (total chlorophyll,
31.8–40.4 µg/cm2). The leaves showed a substantial cuticular wax layer (154.3–235.1 µg/cm2)
composed predominantly of triterpenes and aliphatic compounds (61–72% and 17–23% of the
identified compounds, respectively) that contributed to forming a nearly impermeable membrane
that helps the plant cope with drought conditions. These characteristics are related to the species
and did not differ among trees of different seed origin. The major identified compound was lupeol,
indicating that cork oak leaves may be considered as a potential source of this bioactive compound.

Keywords: coak oak; chlorophyll; terpenes; lupeol; cuticular permeance

1. Introduction

The extracellular surface of plant leaves is covered by a hydrophobic layer known as the cuticle,
which is composed primarily of cutin, an insoluble polyester of hydroxyfatty acids, glycerol and complex
mixtures of waxes that are deposited within and above the structural cutin matrix [1–3]. Cuticular waxes
vary between plant species and are composed of different organic solvent-soluble lipids, consisting of
very long chain fatty acids and their derivatives including aldehydes, primary alcohols and alkanes;
in some species they also contain significant amounts of pentacyclic triterpenoids [4–6]. They show
a high degree of crystallinity, low chemical reactivity and hydrophobicity [7,8]. The composition of
cuticular waxes is influenced by plant genotype, leaf side and age. Waxes differ in their functions and
responses to biotic and abiotic environments.

Cuticular waxes confer properties upon the leaf surface such as nonstomatal water loss and gas
exchange control, as well as protection from the external environment. Wax deposition is often a
response to water stress and therefore stress resistant plants adapted to arid conditions often have
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thicker wax layers than those from more temperate locations or those that are susceptible to stress [9–14].
Content is not the only factor determining the properties and function of the waxy layer; knowledge
of its composition is also important. However, the relationship among cuticular wax content and
composition, leaf morphology and the response to different environmental conditions remains unclear.

Cork oak (Quercus suber L.) is an evergreen sclerophyllous tree species distributed in the western
Mediterranean Basin, with a natural range including Algeria, France, Italy, Morocco, Portugal,
Spain and Tunisia. Cork oak forests play an important ecological role in terms of carbon sequestration,
soil protection, hydrological cycle regulation and ecosystem sustainability, while they are also of critical
economic importance due to their production of cork that feeds a dedicated industrial chain [15].
However, climate change scenarios involving enhanced water deficits in the Mediterranean region
threatens the ecosystem, even if cork oak shows considerable adaptability to environmental conditions
and its genetic variability allows it to cope with climatic variation [16].

An approach to simulating a shift of climatic characteristics is provenance analysis, which enables
an assessment of the phenotypic response of various populations and the identification of populations
growing well and resistant to adverse environmental factors through the use of indicators or estimators
of plant responses to environmental factors, that is, morphological and physiological characteristics [17].
Since the natural distribution of Q. suber encompasses significant environmental and geographic
gradients, it can be expected that long-term natural selection and genetic drift have resulted in a high
level of genetic variation among populations concerning adaptive traits such as leaf morphological
area and the accumulation of cuticular wax on leaf surfaces.

However, little information is available for Q. suber regarding natural variation in leaf morphology,
cuticular features and phytochemical data, despite the fact that it has been demonstrated that the species
possesses several mechanisms for drought tolerance including small and thick leaves, sclerophyllicity
and deep tap-rooting [18–21]. Only one work was found in the literature regarding the cuticular
waxes of Q. suber leaves [22]; for a sampling of two trees in spring and summer, the report described a
composition including mainly n-alkyl esters (25–45% of the wax extract) and alkanols (18–50%), as well
as alkanes, alkanals and alkanoic acids. The paper also noted significant variability in the content of
cuticular waxes.

The aim of this study is to develop further knowledge of the features of Q. suber leaves and their
variability, mainly in terms of cuticular wax quantity and composition, by using samples with different
seed geographical origins that represent the area of the species’ natural distribution. Sampling was
performed in the Cork Oak Provenance and Progeny Trial established in Portugal by the European
Network for the Evaluation of Genetic Resources of Cork Oak for Appropriate Use in Breeding and
Gene Conservation Strategies [23–25]. Leaves from trees with six different geographical origins (from
Portugal, Spain, Italy, France, Morocco and Tunisia) were collected and the morphological parameters,
pigments and cuticular wax characteristics were analysed, looking for variations which may be related
to genetic or edaphoclimatic issues. This will be the first detailed study of the leaf features and cuticular
wax composition of a broad sample of cork oak of different provenance, thereby providing insights
into the species’ variability.

2. Results

The leaves from all of the Quercus suber samples showed a hard texture and oval shape with a dark
green colour on the adaxial surface and a lack of trichomes, while the abaxial surface was lighter with
numerous stomata and was densely covered with epidermal hairs (trichomas) in the form of stellate
multicellular hairs (Figure 1). Figure 2 shows an exemplary Q. suber leaf cross-section observed using
optical microscopy, showing the thick cuticular membrane covering the adaxial leaf side deposited on
the epidermal cell layer with between-cell indentations. The trichomes and stomata are clearly visible
on the abaxial side.
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Figure 1. Scanning electron micrographs of the adaxial (left) and abaxial (right) surface of Quercus

suber leaves.

The average leaf features of the six cork oak provenances are presented in Table 1. Leaf size (LS)
differed significantly among provenances (p = 0.018), ranging between 4.6 cm2 in the French sample
(small leaves) and 6.8 cm2 in the Italian sample (larger leaves), with a mean coefficient of variation of
leaf area of 0.39 (between 0.23 and 0.42). The mean specific leaf area (SLA) was 64.1 cm2/g, ranging
between 55.6 cm2/g (Spanish sample) and 67.8 cm2/g (Italian sample), with a coefficient of variation in
all provenances between 0.15 and 0.9 and lacking statistically significant differences (p = 0.243).

Table 1. Morphological and physiological characterization of leaves of cork oak (Quercus suber)
from six provenances. The provenances are Portugal (PT35), Spain (ES11), Italy (IT3), France (FR3),
Morocco (MA27) and Tunisia (TU32). Mean and standard deviation of 20 leaves per provenance.

Leaf Features/Provenance Code PT35 ES11 IT3 FR3 MA27 TU32

Leaf size (LS; cm2) 6.2 ± 2.1a 5.1 ± 2.1b 6.8 ± 2.7a 4.6 ± 1.9b 6.4± 2.8a 5.6 ± 2.1b
Specific leaf area (SLA; cm2/g) 61.5 ± 18.5a 55.6 ± 17.6a 67.8 ± 22.7a 63.1 ± 19.4 a 64.7 ± 27.9a 63.7 ± 28.9a

Sclerophylly index (g/dm2) 0.9 ± 0.3a 1.0 ± 0.4a 0.8 ± 0.3a 0.9 ± 0.4a 0.9 ± 0.4a 0.9 ± 0.4a
Cuticular wax content (µg/cm2) 212.5 ± 40.3a 182.2 ± 60.2a 201.0 ± 60.4a 231.5 ± 64.4a 173.0 ± 80.6a 136.4 ± 45.9b
Cuticular wax content (mg/g) 25.9 ± 0.5a 20.7 ± 0.5a 25.7 ± 0.6a 29.7 ± 0.7a 24.2 ± 0.4a 21.6 ± 0.4a

Photosynthetic Pigments

Chlorophyll a (µg/cm2) 26.6 ± 1.6a 23.9 ± 3.2b 24.1 ± 2.0b 21.1 ± 1.4b 26.4 ± 2.9a 24.8 ± 0.7b
Chlorophyll b (µg/cm2) 13.3 ± 2.1a 12.0 ± 1.9a 12.1 ± 1.4a 10.7 ± 1.4b 14.0 ± 1.8a 12.7 ± 0.5a

Chlorophyll a/b ratio 2.0 ± 0.3a 2.0 ± 0.1a 2.0 ± 0.1a 2.0 ± 0.1a 1.9 ± 0.1a 2.0 ± 0.1a
Total chlorophyll (µg/cm2) 40.0 ± 3.4a 35.9 ± 5.0b 36.3 ± 3.4b 31.8 ± 1.8b 40.4 ± 4.5 a 37.5 ± 1.0a
Total chlorophyll (mg/g) 2.5 ± 0.2a 2.1 ± 0.3a 2.3 ±0.2a 2.1 ± 0.1a 2.5 ±0.3a 2.7 ± 0.1a

Total carotenoids (µg/cm2) 8.4 ± 0.4 a 7.9 ± 0.7b 7.5 ± 0.8b 7.2 ± 0.1b 8.7 ± 0.1a 8.3 ± 0.2a
Chlorophyll/carotenoids ratio 0.2 ± 0.03a 0.3 ± 0.03a 0.3 ± 0.04a 0.3 ± 0.01a 0.2 ± 0.03a 0.2 ± 0.01a

Cuticular Water Permeability

Tcut × 10−4 (g/m2s) 5.5 2.7 4.9 3.3 4.8 4.0
P × 10−5 (m/s) 2.4 1.2 2.1 1.4 2.1 1.7

(Tcut) cuticular transpiration rate at maximum driving force. (P) cuticular permeance. Means in each row followed
by the same letter are not significantly different at p < 0.05.

The total chlorophyll content expressed on a unit per leaf area basis or per unit dry weight
ranged between 40.4 µg/cm2 (2.53 mg/g) (Moroccan provenance) and 31.8 µg/cm2 (2.06 mg/g) (French
provenance) with similar ratios of chlorophyll a to chlorophyll b between provenances (1.9 to 2.0).
The total carotenoids concentration ranged from 8.7 µg/cm2 (Moroccan provenance) to 7.2 µg/cm2

(French provenance). Data on content of total chlorophyll and carotenoids within provenances expressed
by mg/g and µg/cm2 differed significantly (p < 0.001). The average values of total chlorophylls and
carotenoids in leaves of Portuguese, Moroccan and Tunisian provenance were higher than the average
values of other provenances.

The average extracted yield of cuticular wax was 189.4 µg/cm2, with some variation among
provenances, although differences were not statistically significant (p = 0.449), ranging from the lowest
value of 136.4 µg/cm2 (Tunisia) to the highest value of 231.5 µg/cm2 (France), with coefficients of
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variation between 0.27 and 0.43. On a dry leaf mass basis, the cuticular waxes represented on average
24.6 mg/g, ranging between 20.7 mg/g (Spain) and 29.7 mg/g (France). Based on the driving force, the
cuticular transpiration rate of the adaxial leaf surface ranged from 2.7 × 10−4 g/m2s to 5.5 × 10−4 g/m2s
and the cuticular water permeance ranged from 1.6 × 10−5 m/s to 2.5 × 10−5 m/s.

 

−

− − −

 
(a) (b) 

Figure 2. Optical microscopy photographs of a cross-section of a Quercus suber leaf (a) and an
enlargement of the adaxial side showing the cuticular membrane (b). Arrows indicate the cuticular
structures covering the epidermal cell layer.

The results obtained for the cuticular wax composition of the Q. suber leaves are summarized
in Table 2 regarding chemical families and detailed for the six provenances of Q. suber in Table 3.
On average, the cuticular wax extracts were composed of terpenes (60.1 % of peak area), fatty acids
(12.7%) and alkanes (6.1%), with a small proportion of alkanols (1.1%) and aromatics compounds
(1.9%). The average proportion of identified compounds in the chromatograms was 91.2%.

Table 2. Chemical class composition of the cuticular wax of leaves from six Quercus suber provenances,
as a percentage of the total peak areas in the GC-MS chromatograms. Mean and standard deviation of
12 samples.

Family Percent of Total Compounds

n-Alkanols 1.10 ± 0.56
n-Alkanes 6.07 ± 0.72
Fatty acids 12.73 ± 2.41

Aromatic compounds 1.94 ± 0.44
Sterols 5.32 ± 1.23

Terpenes 60.05 ± 3.65
Others 3.76 ± 1.98

Total identified compounds 91.15 ± 3.95

A principal component analysis (PCA) and cluster analysis (CA) were performed on the seven
chemical families of epicuticular wax compounds (alkanols, alkanes, fatty acids, aromatic compounds,
sterols, terpenes and others) found in 12 Q. suber leave samples obtained from six provenances. From the
analysis of the eigenvalues of the principal components and of the scree plot, the initial hyperspace
defined by seven dimensions (one for each group of compounds) was reduced to a plane defined by
the first two principal components. This plane explained 56.5% of the information contained in the
original data. Figure 3 shows the projections of both compound groups and samples on this plane.
The first dimension (Factor 1) is positively correlated with n-alkanols and n-alkanes, while terpenes
are correlated with the negative side of this axis. This indicates that samples ES-1 and Pt-2 show the
highest contents of n-alkanols and n-alkanes, while samples FR-2 and MA-1 show the highest amounts
of terpenes and lowest amounts of n-alkanols and n-alkanes. The second principal component (Factor
2) is highly correlated with aromatic compounds, which increases along this axis. Therefore, samples
ES-2 and TU-1 show the highest content of aromatic compounds. From the analysis of Figure 3, it is
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difficult to identify groups of samples. Since Figure 3 shows the projections of samples on a plane
and not in their original position in the hyperspace, a cluster analysis was performed on the same
data to identify groups of samples (Figure 4). Again, no clear group separation was observed by
CA. This confirms that there is a similar pattern for the chemical profile of the cuticular waxes of all
provenances regarding chemical families.

 

 

 

Figure 3. Principal component analysis (PCA) of the chemical classes of epicuticular wax compounds
from leaves of 12 samples from six provenances: (left) score plots of the original variables; (right)
sample plot (ES—Spain; Fr—France; IT—Italy; MA—Morocco; PT—Portugal; TU—Tunisia).

 

 

 

Figure 4. Dendrogram obtained by cluster analysis of the family classes of epicuticular wax compounds
from 12 leave samples from six provenances (ES—Spain; FR—France; IT—Italy; MA—Morocco;
PT—Portugal; TU—Tunisia).

The chemical compounds identified in the cuticular waxes of leaves from the six Q. suber

provenances are presented in Table 3 in proportion of the total chromatogram area and are grouped by
chemical family.
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Table 3. Chemical composition (% of all chromatogram peak areas) of the cuticular waxes of leaves
from six Quercus suber provenances (mean of two trees per provenance). The provenances are Portugal
(PT35), Spain (ES11), Italy (IT3), France (FR3), Morocco (MA27) and Tunisia (TU32).

Compound/Provenance Code PT35 ES11 IT3 FR3 MA27 TU32 Whole Leaves

n-Alkanols 2.03 1.33 0.90 0.93 0.35 1.05 1.10 ± 0.56
hexadecan-1-ol (C16OH) 0.21 0.17 0.08 0.00 0.05 0.08 0.10 ± 0.08
octadecan-1-ol (C18OH) 0.00 0.17 0.03 0.00 0.00 0.00 0.03 ± 0.07
tretracosan-1-ol (C24OH) 1.43 0.75 0.53 0.66 0.15 0.60 0.69 ± 0.42
octacosan-1-ol (C28OH) 0.39 0.24 0.27 0.27 0.15 0.37 0.28 ± 0.09

n-Alkanes 5.78 5.92 5.57 6.09 5.55 7.46 6.06 ± 0.72
n-pentadecane (C15) 0.10 0.06 0.04 0.04 0.08 0.15 0.08 ± 0.04
n-Pentacosane (C25) 0.38 0.33 0.36 0.42 0.42 0.44 0.39 ± 0.04
n-heptacosane (C27) 0.20 0.28 0.28 0.21 0.10 0.27 0.22 ± 0.07
n-octacosane (C28) 3.65 3.73 3.07 3.96 3.56 4.38 3.73 ± 0.44

1-nonacosene (C29(2)) 0.06 0.39 0.00 0.10 0.19 0.25 0.17 ± 0.14
n-nonacosane (C29) 0.47 0.10 0.33 0.49 0.29 0.40 0.35 ± 0.14

n-hentriacontane (C31) 0.93 1.04 1.49 0.87 0.92 1.57 1.14 ± 0.31

Fatty Acids 15.22 11.70 14.19 14.93 11.12 9.24 12.73 ± 2.41

Saturated 14.57 11.50 13.50 13.48 9.93 8.59 11.93 ± 2.33
octanoic acid (C8:0) 0.13 0.17 0.13 0.04 0.08 0.13 0.11 ± 0.05
nonanoic acid (C9:0) 0.05 0.21 0.28 0.17 0.03 0.06 0.13 ± 0.10
nonadioc acid (C9(2)) 0.04 0.11 0.05 0.40 0.33 1.07 0.33 ± 0.39
decanoic acid (C10:0) 0.11 0.09 0.22 0.00 0.05 0.09 0.09 ± 0.07

dodecanoic acid (C12:0) 0.13 0.16 0.21 0.12 0.10 0.12 0.14 ± 0.04
tetradecanoic acid (C14:0) 0.25 0.15 0.35 0.27 0.28 0.31 0.27 ± 0.07
hexadecanoic acid (C16:0) 1.04 1.37 1.01 1.66 1.95 1.62 1.44 ± 0.37
octadecanoic acid (C18:0) 0.21 0.23 0.17 0.31 0.27 0.29 0.25 ± 0.05

eicosanoic acid (C20:0) 0.35 0.23 0.26 0.43 0.28 0.29 0.31 ± 0.07
docosanoic acid (C22:0) 0.67 0.44 0.39 0.69 0.38 0.45 0.50 ± 0.14

tetracoscanoic acid (C24:0) 0.55 0.32 0.40 0.82 0.20 0.23 0.42 ± 0.23
hexacosanoic acid (C26:0) 0.88 0.53 0.71 0.87 0.64 0.27 0.65 ± 0.23
octacosanoic acid (C28:0) 4.03 2.51 3.19 3.39 2.38 1.22 2.79 ± 0.98
triacontanoic acid (C30:0) 6.13 4.98 6.13 4.31 2.96 2.44 4.49 ± 1.56

unsaturated 0.65 0.20 0.69 1.45 1.19 0.65 0.81 ± 0.45
9,12-octadecadienoic acid (C18:2) 0.12 0.06 0.20 0.39 0.37 0.17 0.22 ± 0.13

9,12,15-octadecatrienoic acid
(C18:3) 0.53 0.14 0.49 1.06 0.82 0.48 0.59 ± 0.32

Aromatic Compounds 1.39 2.57 1.77 1.77 1.41 1.74 1.78 ± 0.43
benzoic acid 0.06 0.13 0.11 0.06 0.03 0.08 0.08 ± 0.04

4-hydroxybenzaldehyde 0.11 0.23 0.07 0.17 0.14 0.12 0.14 ± 0.06
vanillin 0.01 0.06 0.06 0.00 0.11 0.03 0.05 ± 0.04

4-(2-hydroxyethy) phenol 0.13 0.20 0.16 0.48 0.35 0.07 0.23 ± 0.15
methyl p-coumarate, trans 0.06 0.16 0.00 0.16 0.12 0.12 0.10 ± 0.06

quercetin/myricetin 0.19 0.05 0.27 0.05 0.21 0.08 0.14 ± 0.09
kaempferol 0.13 0.30 0.55 0.00 0.09 0.49 0.26 ± 0.22
pinoresinol 0.33 0.46 0.32 0.62 0.04 0.50 0.38 ± 0.20

2,3-dihydrobenzofuran 0.26 0.17 0.12 0.17 0.07 0.18 0.16 ± 0.06
hexadecy-(E)-p-coumarate 0.38 0.99 0.23 0.24 0.32 0.25 0.40 ± 0.29

Sterols 5.11 3.16 5.14 6.36 6.62 5.54 5.32 ± 1.23
β-tocopherol/γ-tocopherol 0.34 0.42 1.07 0.22 0.29 0.62 0.49 ± 0.31

α-tocopherol 0.58 0.22 0.41 0.66 0.69 0.16 0.45 ± 0.23
β-sitosterol 4.19 2.52 3.66 5.48 5.64 4.76 4.38 ± 1.18

Terpenes 55.64 57.53 62.56 58.24 64.61 60.70 59.88 ± 3.36

diterpenes 1.00 0.29 1.21 1.59 1.30 0.55 0.99 ± 0.49
phytol 0.46 0.21 1.00 1.18 0.86 0.38 0.68 ± 0.39

α-tocopherolquinone 0.54 0.08 0.21 0.41 0.44 0.17 0.31 ± 0.18

pentacyclic triterpenes 54.64 57.24 61.35 56.65 64.31 60.15 59.06 ± 3.54
α-amyrin 1.01 0.92 0.97 1.00 1.09 0.73 0.95 ± 0.12
β-amyrin 5.14 4.82 4.63 5.68 8.26 5.30 5.64 ± 1.34

lupeol 37.76 34.37 38.59 32.91 37.22 40.49 36.89 ± 2.79
friedooleanan-3-ol 3.95 7.59 8.25 7.29 7.85 5.82 6.79 ± 1.62

friedelin 2.94 5.39 3.79 4.60 4.86 3.12 4.12 ± 0.99
betulin 1.42 1.40 1.44 2.02 2.25 1.75 1.71 ± 0.36

oleanolic acid 0.43 0.63 0.61 0.92 0.42 0.76 0.63 ± 0.19
betulinic acid 1.27 1.31 1.78 1.73 1.94 1.83 1.64 ± 0.28
ursolic acid 0.72 0.81 1.29 0.50 0.42 0.35 0.68 ± 0.35

Others 3.48 3.59 2.66 8.21 3.29 3.48 4.12 ± 2.03
myo-inositol/ Scyllo-inositol 1.55 1.30 1.60 3.46 1.06 1.01 1.66 ± 0.91

D (-) fructofuranose 0.39 0.33 0.00 0.79 0.39 0.38 0.38 ± 0.25
D (-) fructopyranose 0.43 0.36 0.00 0.79 0.28 0.51 0.40 ± 0.26

glycerol 0.46 0.75 0.45 0.56 0.59 0.29 0.52 ± 0.16
6,10,14 trimethtylpentadecan-2-one 0.09 0.52 0.23 1.91 0.40 0.82 0.66 ± 0.66

1-Linoleylglycerol 0.08 0.01 0.14 0.25 0.27 0.11 0.14 ± 0.10

Total identified compounds 88.65 85.80 92.77 96.52 93.94 89.21 91.15 ± 3.95

Bold is highlighted the family of compounds.
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Triperpenes represented between 54.7% (Portuguese provenance) and 64.3% (Moroccan
provenance) of the total peak area. Lupeol was the major triterpene found in all the provenances
(33–40% of the compounds). Other abundant triterpenes were friedooleanan-3-ol (6.8% on average),
friedelin (4.1%) and β-amyrin (5.7%), followed by smaller amounts of betulin and betulinic acid.
Oleanolic and ursolic acids were also identified but in small amounts.

Sterols were present in amounts varying between 3.2% and 6.6% in the Spanish and Maroccan
provenances, respectively. β-Sitosterol was the major compound from this family in all cases,
while tocopherols (α, β and γ tocopherol) were present in smaller amounts.

The aliphatic compounds constituted an abundant group including fatty acids (9.2–15.2% of
the compounds), n-alkanes (5.6–7.5%) and primary alcohols (0.4–2.0%), which together accounted
for 17–23% of the total compounds. Among the fatty acids, C30, C28 and C16 acids were predominant,
representing 36.8%, 22.7% and 12.9% of the total fatty acids, respectively. The homologous series
of saturated acids with an even number of C was present from C8 to C30. Unsaturated acids
only represented on average 6.9% of the total fatty acids. The chain length of the n-alkanes varied
between C15 and C31, with n-octacosane (C28) and hentriacontane (C31) as the major compounds.
Alkanols comprised only 0.4–1.3% of all compounds, with tretracosanol (C24OH) and octacosanol
(C28OH) as the major compounds in the wax extracts. Glycerol was present in minor amounts, as well as
one monoacylglycerol. Aromatic compounds comprised 1.4–2.6% of all compounds, with kaempferol,
pinoresinol and hexadecy-(E)-p-coumarate as the major compounds.

3. Discussion

The study was conducted in a Q. suber provenance trial where 35 cork oak provenances covering
the natural distribution range are represented, which is of utmost importance to assess the effect of
seed geographic origin on adaptive traits [26,27]. In the present study, six provenances were selected
that cover the broad geographic area of cork oak distribution (Portugal, Spain, France and Italy in
southern Europe and Morocco and Tunisia in northern Africa).

The cork oak leaves in the trees of all the provenances showed a clear schlerophytic character
(Figures 1 and 2) and their morphological features (Table 1) were within the range of values reported
for the species. Leaf sizes (4.6–6.8 cm2) were similar to those reported by Mediavilla et al. [28]
for Q. suber leaves taken from different orientations in the canopy (5.5–7.4 cm2) and the 7.1 cm2 reported
by Prats et al. [20]. The specific leaf area values (55.6–67.8 cm2/g) were of the same order of magnitude
as those obtained in adult leaves of Q. suber growing under contrasting environments and located in
different positions and orientations of the canopy (50.0 to 126.0 cm2/g) [28–32].

When comparing the six cork oak provenances, two sets could be defined in relation to leaf
area (Table 1), with ES, FR and TU provenances characterized by smaller leaves and PT, IT and
MA provenances characterized by larger leaves. Specific leaf area (SLA) for the six provenances
showed a low coefficient of variation (CV 0.14), suggesting that they developed a similar degree of leaf
sclerophylly. This finding is in line with most of the few available studies on Q. suber. Rzigui et al. [31]
observed that there was no difference in SLA values between two provenances in Tunisia (Gafour and
Feija) with contrasting environments (125 and 126 cm2/g) and Daoudi et al. [33] reported that SLA
did not differ significantly between three humid, semi-arid and sub-humid provenances in Algeria,
although SLA was lower under conditions of water deficiency. Lobo-do-Vale et al. [32] reported an
adaptive response to drought with an SLA reduction (85 cm2/g in a mild year and 65 cm2/g in a dry
year), while Aranda et al. [34] observed that, while irrigation had no significant effect, SLA decreased
with increasing irradiance, thereby improving the potential for carbon uptake relative to transpiration
water loss. SLA plays an important role in linking plant carbon and water cycles and is sensitive to
environmental change [35,36], with leaf traits being influenced by a combination of species, climate and
soil factors [37–39].

In the present study, the observed amounts of the total chlorophyll, expressed per unit of leaf
area or per unit of dry weight (Table 1), were consistent with those reported in the available studies
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for Q. suber, for example, the results of Ramírez-Valiente et al. [30] for leaves of open-pollinated trees
from populations in Morocco, Portugal and Spain (2.68 mg/g, 2.64 mg/g and 2.74 mg/g respectively)
and 55.7 µg/cm2 and 56.0 µg/cm2 total chlorophyll in sun and shade leaves of 40-year-old Q. suber

trees [40]. Mediavilla et al. [28] also observed that the chlorophyll content differed among canopy
orientations, with lower values on the west side (80 vs. 110 µg/cm2), probably due to a direct effect of
excess radiation at the time of the day with highest leaf temperatures and lowest water potential on
the west facing leaves.

A substantial average wax layer of 189.4 µg/cm2 (or 24.6 mg/g) covered the leaves of the six Q. suber

provenances (Table 1) without any provenance effect. The values are slightly above the 125 µg/cm2

reported by Martins et al. [22] for the cuticular wax of young leaves of Q. suber. A higher amount of
cuticular wax is observed in Q. suber leaves than in other Quercus species. For instance, young leaves of
Q. ilex (holm oak, a persistent leaf oak) have 71 µg/cm2 of cuticular wax [22], Q. robur (pedunculate oak,
deciduous tree growing in cooler climates with less hydric stress) has 59 µg/cm2 [41] and Q. petraea

(sessile oak) has 101.5–134.5 µg/ cm2 [42]. Similar values were also reported for Q. polymorpha (Mexican
white oak) leaves, with a wax layer of 199.4 µg/cm2 [43].

The high wax content of the cork oak leaves suggests that cuticular characteristics may be
associated with adaptation to the local environmental conditions of high temperatures and water
deficit. Accumulation of cuticular wax is considered an important strategy against drought in many
plant species, providing an essential barrier to protect plants from drought stress [44,45]. In this study,
the cork oak did not differ in their responses to environmental conditions by provenance, indicating that
the accumulation of cuticular waxes on the leaves, albeit depending on the species, mainly responds to
the specific environmental conditions.

Despite the role of the cuticle as a water barrier, there is still a movement of water through the
cuticle between the outer cell wall of the epidermis and the surrounding atmosphere, giving the cuticle
some permeability [46]. This movement is based on a simple diffusion process along a gradient of
the water’s chemical potential with the water molecules being absorbed at one interface, following a
random path through the cuticle in a mainly lipophilic chemical environment and desorbed at the other
interface [47]. The degree to which cuticles transferred water was measured in the adaxial leaf surface of
the Q. suber samples, with an average cuticular permeance of 1.8 × 10−5 m/s (Table 2). No information is
available on the cuticular permeance of Q. suber leaves but comparison with other Quercus species shows
that this value is quite low, in agreement with its adaptation to hot and dry environments. The available
values for cuticular permeances range from 3.6 × 10−5 m/s for Q. ilex, 7.3 × 10−5 m/s for Q. rubra,

10 × 10−5 m/s for Q. coccifera, to 27 × 10−5 m/s for Q. sessiliflora [47]. The permeances determined with
isolated cuticular membranes were from 3.8 × 10−5 m/s to 7.4 × 10−5 m/s for Q. petraea [48].

Our results on the chemical composition of the dichloromethane extract of Q. suber leaves
(Tables 2 and 3) show that the majority of compounds are pentacyclic triterpenoids (mainly lupeol)
and that long-chain aliphatic components are mainly fatty acids (mainly in C30, C28 and C16).
The extraction method may have a determining role in the extent of compound solubilization, namely,
on the amount of terpenes in relation to aliphatic compounds. Since the objective in the present study
was to extract the total wax layer, including epicuticular and intracuticular waxes from both sides of
the leaf, an intensive 6 h extraction with dichloromethane was conducted.

The only work to our knowledge regarding the composition of cuticular waxes in young Q. suber

leaves [22] applied a quick surface extraction method by dipping and shaking the leaves for a few
seconds with chloroform and this explains the compositional differences to our results. In fact,
this extract contained only small amounts of triterpenoids (triterpenone, friedelin), although the
aliphatic composition was similar to that found in the present study: 4–27% n-alkanes; 18–50% even
chain amphiphilic compounds (n-alkan-1-ols); up to 25% n-alkanals; <5% n-alkanoic acids; and 25–45%
n-alkyl esters [22]. It was reported that triterpenoids are located almost exclusively in the intracuticular
wax compartment and therefore require a more intensive extraction procedure [49,50].
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The cuticular wax composition appears to be related to the species, since no statistical significant
differences were found between cork oak provenances and there was no clustering of provenances by
chemical families, based on PCA and cluster analysis (Figures 3 and 4).

Q. suber leaf wax contains the same lipid classes as Q. ilex and Q. robur but with different distribution
patterns. In a Q. ilex leaf, the most abundant wax components are C22 and C24 n-alkanoic acids (38%)
and n-alkan-1-ols (43–54%), with small amounts of the triterpenols α- and β-amyrin [30]. In a Q. robur

leaf wax, the dominating classes are alcohols (about 70% of the wax with chain lengths ranging from
C16 to C34, with tetracosanol as a main component), fatty acids (20% of the wax, especially with chain
length of C14 and C22), aldehydes (28%, of the wax with chain lengths from C20 to C32 with C26 and
C28 as the main components) and several triperpenoids (8% of the wax, taraxerol, β-amyrin, α-amyrin
and lupeol were identified) [41,51].

A comparison with Fagus and Castanea species, also members of the Fagaceae family to which
Q. suber belongs, shows that the epicuticular leaf wax of Castanea sativa consists of a homologous
series of wax lipids (wax esters, aldehydes, primary alcohols and fatty acids) and large amounts of
triterpenoids (α- and β-amyrin and lupeol) [52], while that of Fagus sylvatica contains only wax lipids,
without any triterpenoids [53].

The cuticular wax of Q. suber leaves is rich in triterpenoids that can be obtained as an extract after
solubilization. Over the last three decades, extensive research has revealed important pharmacological
applications of triterpenoids with potential uses in new functional foods, drugs, cosmetics and
healthcare products. Lupeol was studied for the treatment of various diseases, including skin
wounds and various medicinal properties of lupeol have been reported, including anti-inflammatory,
antioxidant, anti-diabetic and anti-mutagenic effects [54–56].

Quercus suber leaves are a promising and highly available source of triterpenes, since large
quantities of leaves are generated each year from silvicultural practices (e.g., pruning), which can
be used to produce chemicals using environmentally friendly extraction processes [57]. Our results
estimate a potential extraction yield per kg of dry leaves of Q. suber of 15 g triterpenes, of which 9 g
is lupeol.

4. Material and Methods

4.1. Sampling

The study was carried out on a provenance trial of Quercus suber L. at Herdade do Monte Fava,
Santiago do Cacém, near Setúbal, in central Portugal (38◦ 00′ N, 08◦07′ W, altitude 79 m). The site has a
Mediterranean climate, with hot and dry summers (total year rainfall, 556.6 mm; summer accumulated
rainfall, 19.4 mm; annual average temperature, 15.8 ◦C; average minimum temperature of the coldest
month, 4.3 ◦C; average maximum temperature of the hottest month, 31.3 ◦C) and the soil has a sandy
texture [26]. The trial was established in March 1998, as part of an international network on cork oak
genetic resources funded by an EU Concerted Action Fair 202 [23]. The plant material included in
this field trial resulted from a seed collection conducted during the autumn of 1996 from 35 cork oak
populations that covered the species’ natural range; seedlings were raised from these seeds with a
common protocol in one nursery, planted in the trial field and the trees were allowed to grow until
leaves were sampled [23,26].

The sampling carried out for the present study included 21-year-old trees from six provenances:
Portugal, Spain, Italy, France, Morocco and Tunisia. Detailed information on the location and climate
data from the original seed collection sites of the studied provenances is given in Table 4 as well as that
of the trees’ growing site. Leaves were randomly sampled from two trees of each provenance in March
2019. The leaves were collected from different branches on the southern exposed side of the crown, in
the lower part of the canopy up to a height of approximately 2 m, making up a total sample per tree of
about 100 leaves.
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Table 4. Characterization of the trial site and identification of the Quercus suber provenances with
collection site location, Tm annual average air temperature (◦C) and the long-term annual average
precipitation (PPT, mm) (adapted from Varela [23]) and characterization of the provenance trial of
Quercus suber (Herdade do Monte Fava).

Provenance Code Country of Seed Collection Latitude Longitude Altitude (m) Tm (◦C) PPT (mm)

PT35 Portugal, Ermidas do Sado 38◦ 00′ N 8◦ 70′ W 79 15.8 557

ES11 Spain, Alpujarras 36◦ 50′ N 3◦ 18′ W 1300 13.0 742

IT13 Italy, Puglia 40◦ 34′ N 17◦ 40′ E 45 16.6 588

FR3 France, Landes 43◦ 45′ N 1◦ 20′ W 20 12.3 870

MA27 Morocco, Rif Occidental I.2 35◦ 07′ N 5◦ 16′ W 300 n.a. 1280

TU32 Tunisia, Mekna 36◦ 57′ N 8◦ 51′ W 12 17.9 948

Monte da Fava Portugal, Santiago do Cacém 38◦ 00’ N 8◦ 07’ W 79 15.8 557

n.a.: not available.

4.2. Morphological Variables

The morphological variables were measured in 20 leaves that were randomly selected from leaves
sampled for each of the two trees of each provenance. Leaves were digitalized and analysed using
WinSEEDLETM 2011. The leaves were oven-dried at 70 ◦C to a constant mass and the total dry mass per
leaf was determined. Specific leaf area (SLA, cm2/g) was calculated as the ratio between the measured
leaf area and dry weight; this was used as an indirect index of sclerophylly. The sclerophylly index
was calculated as (IE) = leaf dry mass (g)/2 × leaf area (dm2) and defines sclerophylly as IE > 0.6 and
mesophylly as IE < 0.6, according to Rizzini [58].

4.3. Determination of Leaf Pigment Contents

Chlorophyll a and b were determined in six disks of known area taken from leaves of each of
the two trees per provenance. The tissue samples were homogenized in the dark during 24 to 36 h,
with 3 mL of dimethylformamide solution. Chlorophyll a and b, carotenoids and total chlorophyll
were quantified in the supernatant phase by using a spectrophotometer and readings were taken at
663.8, 646.8 and 480.0 nm, respectively, according to the methodology described by Lichthenthaler [59]
and using the equations and specific absorption in the wavelength reported by Wellburn [60]. The leaf
pigments chlorophyll a and b, total chlorophyll and carotenoids were expressed as µg/cm2 of leaf area.

4.4. Cuticle Permeability Assay

The cuticular permeance was determined by the measurement of water loss through the adaxial,
astomatous leaf surface. Leaf samples were rehydrated by submerging the petioles of the leaves in
water at room temperature for 12 h. The leaf petioles and the abaxial leaf surface were sealed with
paraffin wax to ensure that water transpiration only occurred via the stomata-free adaxial leaf surface.
Leaf weight was measured immediately afterwards. Leaf samples were then placed in boxes over
silica gel and placed in an incubator with control the surrounding temperature (25 ◦C) and weighed
repeatedly over a 4 h period. The transpiration rate (flux of water vapor; J, in g m−2 s−1) was obtained
from the change in fresh weight of the samples (∆W, in g) over time (∆t, in s) and surface area (A, in m2):

J =
∆W

∆t ×A
.

The leaf surface area (A leaf) of the adaxial surface was obtained by scanning the leaf surface.
The cuticular permeance P (in m s−1) and minimum leaf conductance gmin can be obtained from

the transpiration rate J and the driving force ∆c of water across the cuticle according to

P = gmin =
J

cWV

(

alea f − aair

) =
J

cWV ∆c
.
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The driving force (∆c) is the difference between the concentration of water vapour in the leaf
interior and the surrounding atmosphere (g m–3), resulting in permeability parameters in m s–1.
Since during cuticular transpiration the diffusion of water occurs in the solid phase of the cuticle,
atmospheric pressure has no influence and, consequently, using the concentration-based driving force
is appropriate. The resulting permeability parameters were described in m s–1. The water activity of
leaf samples (aleaf) was assumed to be unity [49]. The humidity of the air was controlled by silica gel,
resulting in a water activity (aair) close to zero. Therefore, the driving force for water loss through
transpiration was identical to the density of water vapour at saturation in the air (cWV at 25 ◦C was
23.07 g m−3; [61]) [14,62].

4.5. Extraction of Cuticular Waxes

Cuticular wax was extracted from whole fresh leaves with dichloromethane in a Soxhlet apparatus
over 6 h using a sample of 20 leaves per tree. After extraction, the solvent was evaporated. This extraction
method yields a total wax mixture containing both epicuticular and intracuticular waxes that cover
both sides of the leaf.

The amount of soluble cuticular lipids was determined from the mass difference of the extracted
leaves after drying at 105 ◦C and was expressed on a leaf surface area and dry weight basis (the ratio
between wax in µg and the two-sided leaf surface area in cm2, obtained by digitalization).

4.6. Cuticular Wax Composition

The cuticular wax (obtained as dichloromethane extracts from 20 leaves per tree) was analyzed
using gas-chromatography mass spectrometry (GC-MS). Two mg of each leaf extract was taken
and derivatized in 120 µL of pyridine; the compounds with hydroxyl and carboxyl groups were
trimethylsilylated into trimethylsilyl (TMS) ethers and esters, respectively, by adding 80 µL of
bis(trimethylsily)-trifluoroacetamide (BSTFA). The reaction mixture was heated at 60 ◦C for 30 min in
an oven. The derivatized extracts (1 µL) were immediately analyzed by GC-MS (EMIS, Agilent 5973
MSD, Palo Alto, CA, USA), with an ionization energy of 70 eV and the MS source was kept at 220 ◦C
under the following GC conditions: Zebron 7HGG015-02 column (30 m, 0.25 mm; ID, 0.1 µm film
thickness), with injector at 280 ◦C. The column temperature was initially held at 50 ◦C for 1 min,
raised to 150 ◦C at a rate of 10 ◦C min−1, then to 300 ◦C at 4 ◦C min−1, to 370 ◦C at 5 ◦C min−1 and at
8 ◦C min−1 until it reached 380 ◦C; this was followed by an isothermal period of 5 min. Compounds
were identified as TMS derivatives by matching their mass spectra with a GC-MS spectral library (Wiley,
NIST) and by comparing their fragmentation profiles with published data [63,64]. Two replicates were
made per extract.

4.7. Structural and Anatomical Observations

For scanning electron microscopy (SEM), small pieces of fresh- and air-dried leaves were fixed to
sample holders and observed with a scanning electron microscope (TM 3030 Plus Hitachi).

The cuticular membrane was observed in a thin leaf cross section by optical microscopy. The leaves
were impregnated with DP 1500 polyethylene glycol and cross sections of approximately 10µm thickness
were cut with a rotary microtome (Medite M530). The sections were stained with safranin and astral
blue and were mounted in Euparal. Observations were made using a light microscope (Leica DM LA)
and the photomicrographs were taken with a Nikon Microphot-FXA.

4.8. Statistical Analyses

To compare leaf functional traits among provenances, one-way analysis of variance (ANOVA) was
performed. Duncan’s post-hoc tests were used to analyse pairwise differences between provenances.
Statistical significance was set at p < 0.05. All statistical analyses were performed using the Sigmaplot®

(Version 11.0, Systat Software, Inc., Chicago, IL, USA).
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Principal component analysis (PCA) and cluster analysis (CA) were performed to analyse the
chemical composition of cuticular wax from leaves of Quercus suber trees of different provenance.
Using PCA, the hyperspace was defined by the original variables and dimension reduction was carried
out using the significant principal components (new axes). These new axes were correlated with the
original variables. Thus, the samples were plotted onto a reduced space where similar samples could
be grouped. Agglomerative hierarchical CA, using the Euclidean distance and single-linkage method,
was carried out to assess the existence of groups of samples suggested by PCA [65]. PCA and CA were
performed with the StatisticaTM software, version 6, from Statsoft (Tulsa, OK, USA).

5. Conclusions

The results obtained for Quercus suber leaves from six different provenances suggest the adaptive
value of leaf features under a Mediterranean climate, namely, specific leaf area, leaf size and
photosynthetic pigment, highlighting their potential role in dealing with varying temperatures
and rainfall regimes through local adaptation and phenotypic plasticity. Cork oak leaves possess a
substantial cuticular wax layer that forms a nearly impermeable membrane which is a tool to cope
with adverse drought related with environmental conditions. The composition of the cuticular wax
also favours the hydrophobicity of the layer by inclusion of very long-chain alkanes and alkanoic acids
(e.g., C28 and C30). These characteristics are species specific and did not differ across provenances.

Triterpenes are the major component of the cuticular wax complex and contain a high proportion of
lupeol. Thus, the leaves of cork oak represent a potential source for this interesting bioactive compound.
The chemical composition of the cuticular wax did not differ among provenances, which may be
ascribed to similar water stress conditions in the Mediterranean region, which probably has a stronger
effect than genetic variability in Q. suber.
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Abstract: Psilocybin-containing mushrooms, commonly known as magic mushrooms, have been
used since ancient and recent times for depression and to improve quality of life.
However, their anti-inflammatory properties are not known. The study aims at investing
cytotoxicity; antioxidant; and, for the first time, anti-inflammatory effects of Psilocybe natalensis,
a psilocybin-containing mushroom that grows in South Africa, on lipopolysaccharide-induced
RAW 264.7 macrophages. Macrophage cells were stimulated with lipopolysaccharide and treated
with different concentrations of Psilocybe natalensis mushroom extracted with boiling hot water,
cold water and ethanol over 24 h. Quercetin and N-nitro-L-arginine methyl ester were used as
positive controls. Effects of extracts on the lipopolysaccharide-induced nitric oxide, prostaglandin
E2, and cytokine activities were investigated. Phytochemical analysis, and the antioxidant and
cytotoxicity of extracts, were determined. Results showed that the three extracts inhibited the
lipopolysaccharide-induced nitric oxide, prostaglandin E2, and interleukin 1β cytokine production
significantly in a dose-dependent manner close to that of the positive controls. A study proposed
that ethanol and water extracts of Psilocybe natalensis mushroom were safe at concentrations used,
and have antioxidant and anti-inflammatory effects. Phytochemical analysis confirmed the presence
of natural antioxidant and anti-inflammatory compounds in the mushroom extracts.

Keywords: depression; antioxidant; cytokines; anti-inflammatory; cytotoxicity; medicinal mushroom;
Psilocybe natalensis

1. Introduction

Studies have shown an association between pathological inflammation and various chronic
diseases, such as cancer and cardiovascular diseases [1]. Inflammation is known as a normal protective
response to injury and/or infection. It involves complex processes that limit tissue injury in normal
circumstances; however, in chronic inflammation, immune cells are dysregulated and tend to lose their
self-limiting nature as a result thereof [1].

A number of inflammatory cytokines are involved in the pathogenesis of chronic inflammation [2].
Inflammatory cytokines are cell-signalling protein molecules that are released during inflammation
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and introduce signalling cascades that are able to activate the immune system [3]. Type 1 cytokines
include tumour necrosis factor (TNF-α), and interferon-y and interleukin (IL) 1β, which play a primary
role in enhancing the cellular immune response. Type 2, on the other hand, includes IL6, IL10 and
IL13, which are more linked to antibody responses [4]. These cytokine also set in motion the activation
of acute-phase proteins like C-reactive protein that further activate the immune system to release more
cytokines and sustain the pathological inflammation state [4]. As a result, there is a higher uncontrolled
release of pro-inflammatory cytokine such as TNF-α and IL 1β observed in many chronic diseases
associated with pathological inflammation [2]. Oxidative stress also plays a significant role in the
pathophysiology of inflammation via the actions of free radicals, non-radical molecules, and reactive
oxygen and nitrogen species [5]. Lowered antioxidant concentrations and increased oxidative stress are
also associated with mitochondrial dysfunctions and cell death [2]. In macrophages, lipopolysaccharide
(LPS), a well-known endotoxin, induces productions of inflammatory mediators like inducible nitric
oxide (iNO) and prostaglandinE2, which are synthesised by inducible nitric oxide synthase (iNOS)
and cyclooxygenase-2, also known as prostaglandin endoperoxide sythase-2 (PGE2), respectively,
in addition to pro-inflammatory cytokine activation [2,6]. As a result, LPS is commonly used as a
potent inflammatory agent in different experimental models of inflammation studies [7].

Psilocybin-containing mushrooms, commonly known as magic mushrooms, are reported to have
been used for centuries for their sacred, healing and mind-manifestation hallucinogenic powers within
various indigenous societies [8,9]. Fatal intoxications due to exposure to magic mushrooms are rare
and often reported to be mainly in combination with other drugs [10]. Furthermore, the lethal dose of
magic mushrooms in rats is 280 mg/kg, and for humans is 17 kg/70 kg, which is very low, and magic
mushrooms are therefore not normally considered toxic [10].

The crude water and sometimes ethanol extracts of psilocybin-containing mushrooms are the
main source and method of treatment taken by many people. Many species of mushrooms are
known to contain various molecules and scavenger-free radicals such as polysaccharides and phenol
compounds [11]. Consequently, many naturally occurring substances in plants and mushrooms are
perceived to possess antioxidant activities [11]. Studies have been performed on magic mushrooms
with regards to their antidepressant properties; however, very little is known of their antioxidant
potential and, to the best of our knowledge, there are no scientific reports on their anti-inflammatory
potentials or properties.

This study aimed at investigating the cytotoxicity; antioxidant; and, for the first time,
anti-inflammatory effects of Psilocybe natalensis mushroom, commonly known as “Natal Super strength”,
which is one of the well-known psilocybin mushrooms in the family Strophariaceae and genera of
Psilocybe, that grow in South Africa on LPS-induced RAW264.7 macrophages [9]. The Psilocybe

natalensis mushroom spores were identified and authenticated with an SKU number NSS-1 by the
Spore Spot Company, Durban, South Africa. We hypothesize that the water and ethanol extracts of
Psilocybe natalensis mushroom have anti-inflammatory properties. These results will reveal for the first
time the potential anti-inflammatory mechanism offered by Psilocybe natalensis magic mushroom.

2. Results

2.1. ABTS Free Radical Scavenging Activity of P. natalensis Extracts

The extracts and positive controls, trolox and ascorbic acid, had concentration-dependent effect
on the antioxidant activity. The positive controls showed inhibitory concentration (IC50) very low
under 1 µg/mL, as shown in Table 1. The ethanol displayed an IC50 less than 50 µg/mL, while the hot
water and cold water showed IC50 greater than 50 µg/mL but less than 100 µg/mL.

2.2. Cytotoxicity of P. natalensis Extracts

The lethal concentrations (LC50) of the extracts were higher than the positive
control—doxorubicin—on measurements of toxicity on normal Vero cells, as shown on Table 1.
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The ethanol extracts were mostly safe on the viability of cells with LC50 > 100 µg/mL, followed by hot
water and cold water, which had the lowest LC50 of 25 µg/mL, Table 1.

Table 1. 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical scavenging activity of
the extracts and their cytotoxicity effect on Vero cells.

Sample ABTS IC50 (µg/mL) Vero LC50 (µg/mL)

Hot-water 86.233 ± 2.370 49.080 ± 3.340
Cold-water 90.154 ± 8.748 25.046 ± 0.460

70% Ethanol 26.586 ± 5.378 182.190 ± 11.860
Ascorbic acid 0.026 ± 0.003 not applicable

Trolox 0.928 ± 0.006 not applicable
Doxorubicin not applicable 10.000 ± 1.327

2.3. Anti-Inflammatory Effects of the Extracts

2.3.1. Inhibitory Effects of P. natalensis Extracts on Inducible NO Production and % Cell Viability

The control LPS-induced cells significantly increase (p < 0.001) the nitrite content compared to the
normal cells, as shown in Figure 1. The positive controls—quercetin and LNAME—both inhibited the
inducible NO significantly (p < 0.001 and p < 0.001, respectively) compared to the control cells. Figure 1
also shows the hot-water extract significantly decreased the inducible NO with all the concentrations
50 µg/mL (p < 0.001), 25 µg/mL (p < 0.001) and 10 µg/mL (p < 0.001) in comparison to the control
cells. The ethanol extract significantly decreased the iNO with the 50 µg/mL (p < 0.001) very close to
LNAME values and 25 µg/mL (p < 0.001) but non-significantly with 10 µg/mL (p = 0.299) compared
to the control cells. Meanwhile the cold-water significantly inhibited the iNO only with the lowest
concentration 10 µg/mL (p < 0.001). The results also showed that the extracts were not toxic to the
macrophage cells in comparison to doxorubicin, the toxic positive control, Figure 1. Furthermore,
the % cell viability of treated cells where iNO production was significantly inhibited were safe at ≥80%
cell viability.

 

  

(A) (B) 

α β

β

Figure 1. The inhibitory effect of P. natalensis extracts on LPS-induced NO production (A) and % cell
viability (B) on RAW 264.7 macrophages treated with different concentrations (10, 25 and 50 µg/mL)
and positive controls; for Figure 1A: quercetin (50 µg/mL), N-Nitro-L-Arginine Methyl Ester (LNAME)
(100 µM) and for Figure 1B: LNAME (25, 50 and 100 µM) and doxorubicin (4, 10 and 20 µM) over 24 h.
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2.3.2. Effects of P. natalensis Extracts on PGE2 Production

The control LPS-induced cells significantly (p < 0.001) increased the concentration of PGE2

in comparison to the normal cells, as shown in Figure 2. The positive controls—quercetin and
LNAME—significantly reversed and inhibited the PGE2 concentrations p < 0.001 and p < 0.001
respectively compared to the control cells. The three extracts also significantly inhibited the PGE2

concentrations in comparison to the control cells, see Figure 2. The ethanol had an accelerating
dose-dependent inhibition that increased as concentration increased, and potent inhibition was with
50 µg/mL (p < 0.001) concentration, which was very close to quercetin and lower than LNAME.
The hot-water and cold-water, on the other hand, had a deceleration dose-dependent response where
PGE2 inhibition was weakened as concentrations increases. The potent inhibition for both hot-water
and cold-water was with the lowest concentration 10 µg/mL (p < 0.001 and p < 0.001, respectively),
which was lower than both LNAME and quercetin and very close to the normal cells.

 

 

α β

β

Figure 2. Inhibitory effects of P. natalensis extracts on LPS-induced PGE2 production on RAW 264.7
macrophages treated with different concentrations (10, 25 and 50 µg/mL) and positive controls; quercetin
(50 µg/mL) and LNAME (100 µM) over 24 h.

2.3.3. Effects of P. natalensis Extracts on Cytokine Production

The LPS-induced control cells increased the TNF-α non-significantly while IL1β (p < 0.001) and
IL10 (p < 0.001) were significantly increased in comparison to the normal cells (Figure 3). Moreover,
the three extracts significantly decreased the IL1β production very closed to LNAME. The ethanol
extract significantly increased the IL10 production with 50 µg/mL (p < 0.001) same as LNAME
(p < 0.001) in comparison to the control, while the hot-water and cold-water extracts decreased it in a
dose-dependent response but were still higher than normal non-induced cells, Figure 4.
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(A) (B) 

α β
Figure 3. Effects of P. natalensis extracts on LPS-induced TNF-α (A) and IL1β (B) production in RAW
264.7 macrophages treated with different concentrations (10, 25 and 50 µg/mL), and positive controls
quercetin (50 µg/mL) and LNAME (100 µM) over 24 h.

 

α β

Figure 4. Effects of P natalensis extracts on LPS-induced IL10 production in RAW 264.7 macrophages
treated with different concentrations (10, 25 and 50 µg/mL) and positive control LNAME (100 µM) over
24 h.

2.3.4. Phytochemical Determination

Figure 5 shows the gas chromatography-mass spectrometry (GCMS-MS) chromatograms of the
hot-water, cold-water and ethanol extracts of P. natalensis mushrooms, respectively. The compounds
with known antioxidant and anti-inflammatory from the chromatograms of the three extracts are
tabulated in Table 2 with their molecular weight, formulas and area % per extracts. There were
six known compounds with natural antioxidant and anti-inflammatory activities extracted from the
three P. natalensis mushroom extracts. Compound n-hexadecoid acid with known antioxidant and
anti-inflammatory activity was found to be present in all the three extracts with different degrees of area
percentage. Ethanol extracts had the highest area % of compounds like nonadecane and tetradecane,
which are known to possess anti-inflammatory and antioxidant properties along with other medicinal
benefits that were not derived from the water extracts.
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Figure 5. Gas chromatography-mass spectrometry (GCMS-MS) chromatogram of hot-water (A),
cold-water (B) and 70% ethanol (C) extracts of P. natalensis mushroom.
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Table 2. Compounds identified in the cold-water, hot-water and 70% ethanol extracts of P. natalensis

mushroom with antioxidant and anti-inflammatory activities.

Compound Name MW Formula Area % Activity Reference

Cold Hot Ethanol

n-Hexadecanoic acid 256 C16H32O2 1.7129 2.0765 2.313 Anti-inflammatory [12]
Antioxidant [13]

4H-Pyran-4-one,
2,3-dihydro- 144 C6H8O4 2.0452 Antioxidant [13]

3,5-dihydroxy-6-methyl- Anti-inflammatory

3-Octanone 128 C8H16O 3.6742 3.2977 Antioxidant [14]
Anti-inflammatory

Dibutyl phthalate 278 C16H22O4 12.383 Anti-inflammatory [15]

Nonadecane 268 C19H40 19.7244 Antioxidant [16,17]
Anti HIV

Antibacterial
Antimalarial

Tetradecane 198 C14H30 17.1872 Anti-inflammatory [18]
Antimicrobial

Anti-diarrhoeal

MW: Molecular weight.

3. Discussion

The antioxidant potential of the extracts was determined using ABTS assay, which is one of the
most commonly used radical scavenging assays methods for evaluating different natural product
and functional food materials because of its quick, reproducible and inexpensive properties [19].
Phongpaichit et al. [20] state that the radical scavenging activity of extracts with IC50 < 100 µg/mL has
good antioxidant potential while the ones with IC50 < 50 µg/mL are considered potent antioxidant
agents. Accordingly, the hot-water and cold-water extracts of P. natalensis mushroom had good
antioxidant potential while the ethanol had potent activity. Since increased oxidative stress and
lowered antioxidant concentrations play a great role in the genesis and progression of inflammation,
the scavenging properties of P. natalensis mushroom extracts will be of beneficial in chronic inflammation
treatment [2]. Cytotoxicity results showed that the extracts were safe on normal Vero cells compared to
positive control doxorubicin. Moreover, the results also indicated that the ethanol and water extracts of
P. natalensis mushroom will be regarded as safe in relation to the American National Cancer Institution
guidelines, which state that an extract with LC50 ≤ 20 µg/mL is toxic [21].

Macrophage cells are reported as key immune cells in the initial stage of inflammation [22].
According to [23], RAW 264.7 macrophage cells provide an excellent model in drug screening for their
potential use in inflammatory diseases and to evaluate potential inhibitors of pathways leading to
inducible NO production. As a result, when the RAW cells are induced with LPS, they lead to a series
of responses that include synthesis and production of prostanoids and pro-inflammatory cytokines
present in pathological inflammation illnesses. Our study showed that the control LPS-induced
cells significantly increase in iNO, PGE2, IL1β and IL10 productions and TNF-α non-significantly in
comparison to the normal cells. This was in agreement with other studies confirming the activation
of signalling pathways, which leads to the release of pro-inflammatory cytokines, including IL1 β,
TNF-α and mediators like NO and PGE2 and anti-inflammatory cytokines like IL10 induced by LPS in
RAW macrophage cells in the study [24–26]. The positive controls LNAME and quercetin in our study
significantly reversed these effects.

The three extracts of P. natalensis magic mushroom dose-dependently inhibited iNO production,
and the effects were more pronounced with the highest concentration of the ethanol extract. Furthermore,
these inhibition effects were not due to cytotoxicity, as shown in Figure 1, where the percentage cell
viability of the extracts was ≥80% in safe margins in all the concentrations where significant iNO
inhibition was observed. Since iNO accumulation is a major macrophage-derived inflammatory
mediator involved in the pathogenesis of various inflammation diseases, inhibiting or controlling its
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production is significant in anti-inflammatory investigation [25,27]. By suppressing iNO production,
the extracts demonstrated an important healing potential effect in pathological inflammation.

The three extracts inhibited the LPS-induced PGE2 production, which is another mediator of
inflammation significantly close to the LNAME and quercetin. During inflammation, induced increase
in PGE2 production is also associated with the occurrence of pathological pain; as a result, the inhibitory
properties of P. natalensis mushrooms extracts on PGE2 demonstrated their potential ability to alleviate
inflammation and physical chronic pains associated with pathological inflammation [28,29].

With regards to the cytokine activities, the hot-water, cold-water and ethanol extracts of P. natalensis

mushroom decreased significantly the LPS-induced pro-inflammatory cytokines IL1β and reduced
TNF-α non-significantly. Only the ethanol extract at the highest concentration used significantly
increased the anti-inflammatory cytokine IL10 above the control in line with LNAME, while the other
extracts down-regulated it in a dose-dependent manner. It is known that high levels of pro-inflammation
cytokines like IL1β and TNF-α are present in the pathogenesis of many chronic diseases associated
with chronic inflammation, and that they contribute to cell injury and damage and also initiate or
sustain the inflammation state [4,30]. By suppressing the LPS-induced production of IL1β and TNF-α
cytokines, the P. natalensis mushroom extracts demonstrate another positive potential benefit in chronic
inflammation treatment.

These P. natalensis mushroom extracts effects were confirmed by the GCMS-MS analysis,
which showed that the three mushroom extracts contained compounds known to induce natural
antioxidant and anti-inflammatory effects such as n-hexadecanoic acid; 4h-Pyran-4-one, 2,3-dihydro-
3,5-dihydroxy-6-methyl-; 3-octanone; and dibutyl phthalate. The GCMS-MS results also showed
that the ethanol extract had very high percentage area of compounds known to have antioxidant
and anti-inflammatory effects such as nonadecane and tetradecane, as shown in Table 2. As a result,
the phytochemical analysis supported the greater positive effects that were observed with the ethanol
extracts in comparison to the water extracts in the study.

In summary, these results indicated that the water and ethanol extracts of Psilocybe natalensis

mushroom have potential antioxidant activity, an important factor in oxidative stress dysfunctions
associated with inflammation. The results also indicated that the extracts will be considered safe
in concentrations used. The study showed that the three extracts inhibited induced NO and
PGE2 productions, the two inflammatory mediators involved in pathogenesis of inflammatory
diseases. Furthermore, the results proposed that the hot-water, cold-water and ethanol extract
lowered LPS-induced TNF-α and inhibited induced pro-inflammatory cytokine IL1β, the well-known
pro-inflammatory cytokines reported to be high in chronic inflammations, and their reduction was
associated with improvement in the diseases [31]. Moreover, the ethanol extract increased the
concentrations of anti-inflammatory cytokine IL10. The GCMS-MS analysis supported these findings
by showing presence of compounds known to induce natural antioxidant and anti-inflammatory
compounds in the three extracts.

4. Materials and Methods

4.1. Ethical Clearances

The protocol for this study was approved by University of Pretoria Research Ethics Committee,
and the protocol number REC045-18 was assigned. Since psilocybin mushrooms are schedule 7
substances in South Africa, approval by the South African Department of Health Medical Control
Council (MCC) was applied for, and a permit license POS 223/2019/2020 was given for the project.

4.2. Mushroom Growth and Making Extracts

The spore prints syringe of Psilocybe natalensis (P. natalensis) mushroom also known as “Natal
super strength” were identified and authenticated with an SKU number NSS-1by the Spore Spot
Company, Durban, South Africa, together with a growing sterile substrate kit (SSK-2), and were both
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purchased from the Spore Spot Company. Upon arrival, the spores were inoculated in a sterile substrate
in sterile conditions in a triple locked laboratory under strict supervision as required by the MCC
department. As soon as mycelium started to colonise about 60% of the substrate, it was transferred
into a sterile monotub designed and donated by Mr L. Morland for the project. The temperature was
controlled with an air conditioner and humidity supplied using a Clicks humidifier. As soon as the
mushrooms fruit and mature, they were harvested and dried in an open oven at 35–36 ◦C over one to
two days. The dried mushrooms were grounded into fine powder using a grinder. Extracts were made
by measuring 5 g of dried powder into small sterile beaker and dissolved with 50 mL of boiling distilled
water, cold water and 70% ethanol. The mixture was stirred using a stirrer for 5 min and allowed
to stand for 24 h. After 24 h, the mixtures were filtered into small vials no 6 (Lasec, Johannesburg,
South Africa) that were previously weighed and dried over night at 30 ◦C in an open oven. The extracts’
yield was calculated and stored in dark in a fridge until use.

4.3. Free Radical Scavenging Activity on ABTS

The 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) (Sigma-Aldrich, Johannesburg,
South Africa) scavenging activity of the three extracts was assessed using methods of [32]. Ascorbic acid
and trolox were used as positive controls. Briefly, freshly prepared ABTS was added into the two
wells of each extract sample, while methanol was added into the other two wells to be used as blank,
and the ability of the mushroom extracts to scavenge ABTS radicals was determined using a microplate
reader (Biotek, Synergy HT, Analytical & Diagnostic Products CC, Johannesburg, South Africa) at a
wavelength of 734 nm. The experiments were repeated three times, and inhibition concentration(IC)
measured as IC50 values were calculated according to the formula: % ABTS inhibition = ((Absorbance
control − Absorbance sample)/Absorbance control) × 100. The antioxidant ability was expressed as
IC50 value, which is the concentration of the sample necessary to inhibit ABTS by 50%.

4.4. Cytotoxicity of Extracts on Vero Normal Cells

Viability of cells was determined using the tetrazolium-based colorimetric (MTT) assay described
by [33] with modifications on normal African green monkey kidney (Vero) cells purchased from
American Type Culture Collection (ATCC, Manassas, VA, USA) [34]. When cells had reached confluent
culture, they were harvested and centrifuged at 200× g for 5 min and then resuspended in growth
medium to 1 × 104 cells/mL into each well of columns 2 to 12 of a sterile 96-well microtitre plate,
and column 1 was used as blank (no cells). The growth medium used was Minimal Essential Medium
(MEM), (PAN Biotech, Biocom Africa, Johannesburg South Africa) supplemented with 0.1% gentamicin
(Virbac, Johannesburg, South Africa) and 5% foetal calf serum (separation scientific, Johannesburg,
South Africa). The plates were incubated for 24 h at 37 ◦C in a 5% CO2 incubator. Then, MEM was
aspirated from the cells and replaced with 200 µL of a serial prepared concentration range of extract.
The serial dilutions of the test extracts were prepared in sera-free MEM. The microtitre plates were
incubated at 37 ◦C in a 5% CO2 incubator for 48 h with extracts. Untreated cells (negative control) and
positive control (doxorubicin chloride, Pfizer Laboratories, Johannesburg, South Africa) were included.

After incubation, the media (with and without treatment) were aspirated, and cells were washed
with 200 µL phosphate buffered saline (PBS) (Whitehead Scientific, Johannesburg, South Africa).
Then, 100 µL of media was added to all the wells and 30 µL MTT (Inqaba biotec, Pretoria, South Africa,
stock solution of 5 mg/mL in PBS) was added to each well and the plates incubated for a further 4 h at
37 ◦C. After incubation with MTT, the medium in each well was carefully removed without disturbing
the MTT crystals in the wells. The MTT formazan crystals were dissolved by adding 50 µL DMSO to
each well. The plates were shaken gently until the MTT solution was dissolved. The amount of MTT
reduction was measured immediately by detecting absorbance in a microplate reader (Biotek, Synergy
HT, Analytical & Diagnostic Products CC, Johannesburg, South Africa) at a wavelength of 540 nm and
a reference wavelength of 630 nm. The wells in column 1, containing medium and MTT but no cells,
were used to blank the plate reader. Viability of cells in percentages was calculated using the formula:
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% Viability = ((Sample Absorbance/control Absorbance) × 100). The experiments were performed in
triplicate and repeated twice in different times. The lethal concentrations (LC50) values were calculated
as the concentration of test extract resulting in a 50% reduction of absorbance compared to untreated
cells. The 50% lethal concentration of the samples and positive control doxorubicin were obtained by
linear regression analysis of concentration-response curve plotting between percentage of viability and
sample concentration of two independent assays.

4.5. Anti-Inflammatory Effects of the Extracts

4.5.1. RAW 264.7 Macrophage Cell Culture

The RAW 264.7 macrophage cells purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA USA) were used in this study and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Pan Biotech, Separations scientific) supplemented with 10% Foetal bovine
serum (Gibco, Sigma-Aldrich, Johannesburg, South Africa) and 1% of penicillin (100 units/mL)
and streptomycin (100 µg/mL) (Celtic Molecular Diagnostics) at 37 ◦C in a 5% CO2 atmosphere
(HERAcell 150, Thermo Electron Corp., Separation scientific, Johannesburg, South Africa). The cells
were allowed to grow, and reached 80% confluence before being used in the experiments.

4.5.2. Cytotoxicity of Extracts on LPS-Induced RAW 264.7 Macrophages

The RAW 264.7 cells were seeded at a density of 4 × 104 cells/well into each well of column 2 to 11
of sterile tissue culture treated 96 well plates (NEST, Whitehead scientific, Johannesburg, South Africa)
and incubated for 24 h at 37 ◦C in a 5% CO2. Then, media was aspirated from all the wells and
replaced with fresh medium. The cells were treated with lipopolysaccharide (LPS) (Sigma-Aldrich,
Johannesburg, South Africa) at a concentration of 1 µg/mL in the presence of different concentrations
of the three extracts (10, 25 and 50 µg/mL) and incubated for 24 h. Cytotoxicity was measured using
MTT assay same as with the Vero cells above. Viability of cells in percentages was calculated using
the formula: % Viability = ((Sample Absorbance/control Absorbance) × 100). The experiments were
repeated two times on different occasions.

4.5.3. Treatment with the Extracts

The RAW 254.7 macrophage cells were plated 1 × 106 cells per 25 cm2 tissue culture flasks
(NEST, Whitehead scientific, Johannesburg, South Africa) over 24 h. Then, the medium was removed,
fresh media added and the cells were stimulated with LPS 1 µg/mL and treated with the extracts
at 10, 25 and 50 µg/mL concentrations. Quercetin (Sigma-Aldrich, Johannesburg, South Africa),
a well-known antioxidant and a flavonol found in many fruits and plants, and N-Nitro-L-Arginine
Methyl Ester (LNAME) (Sigma-Aldrich, Johannesburg, South Africa), a nitric oxide synthase (NOS)
inhibitor, were used as positive controls. Control cells were stimulated with LPS but not treated.
Normal cells were cells that were neither stimulated with LPS nor treated with extracts. The cells were
exposed to LPS and treated over 24 h. After 24 h, medium was removed and stored in −80 freezer until
day of analysis.

4.5.4. Nitrite Content Measurements

To measure nitric oxide production in cell culture media after 24 h of treatments in LPS-induced
macrophage cells, nitrite content was measured in cell culture supernatant as an indication of NO
production based on the Griess reaction (Sigma-Aldrich, Johannesburg, South Africa). Briefly, 100 µL
of cell culture supernatant was added to 100 µL of Griess reagent incubated for 15 min and absorbance
measured at 540 nm. The concentration of nitrite was determined from the serial diluted standard curve.
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4.5.5. PGE2 Activity Measurements

The effects of the extracts on PGE2 were determined using the mouse PTGS2/COX-2 Prostaglandin
endoperoxide synthase 2 (PGE2) ELISA kit (Elabscience, Biocom Africa, Johannesburg South Africa)
according to the manufacture manual protocol. Concentrations of mouse PGE2 in the cell culture
media samples were calculated from the standard curve. The absorbance was directly proportional to
the concentrations of PGE2 in the sample medium.

4.5.6. Cytokine Activity Measurements

The effects of the extracts on levels of TNF-α, IL1 β and IL10 were determined and quantified
using the mouse ELISA kits with catalogue numbers E-EL-M0049, E-EL-M0037 and E-EL-M0046,
(Elabscience, Biocom Africa, Johannesburg South Africa)), respectively, following the same protocol as
above using the instructor manual on the cell culture medium.

4.6. Phytochemical Determination of the Extracts

Phytochemical determination of extracts was performed using the gas chromatography-mass
spectrometry (GCMS-MS) by the LC-MS (Synapt Waters, Johannesburg, South Africa) facility at the
Chemistry Department, University of Pretoria. The water and ethanol extracts of Psilocybe natalensis

mushrooms were dissolved in methanol (1 mg/mL). Chromatograms and presence of compounds in
the three extracts were produced.

4.7. Statistical Analysis

Results are expressed as mean ± standard deviations, and statistically significant values were
compared using one-way ANOVA analysis of variance using an interactive statistical program
(Sigmastat, SPSS version 26, San Jose, CA, USA) and pairwise multiple comparison procedures using
Holm—Sidak method. Normality testing was done using Shapiro—Wilk and equal variance test using
Brown—Forsythe. The p-value of ≤0.050 was considered statistically significant.

5. Conclusions

The results proposed for the first time that the water and ethanol extracts of Psilocybe natalensis are
safe in the concentrations used, and have antioxidant and anti-inflammatory properties. The study
recommends further investigations of the mushroom effects in vivo in this field.
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Abstract: Sorbus commixta Hedl. (Rosaceae family) has a long history as a medicinal plant in East Asian
countries. In this study, we evaluated the effect of S. commixta fruit extracts prepared with different
ethanol concentrations on anti-melanoma activity, and the extraction yield of phenolic compounds
and flavonoids. Using the partitioned fractions from the EtOH extract, we found that the butanol
fraction (BF) possessed strong cytotoxic activity against SK-MEL-2 cells (human melanoma cells) but
not against HDFa cells (human dermal fibroblast adult cells). Additionally, BF-induced cell death
was mediated by the inhibition of the mitogen-activated protein kinase/extracellular regulated kinase
(MEK/ERK) signaling pathway, coupled with the upregulation of caspase-3 activity in SK-MEL-2
cells. Furthermore, HPLC analysis of polyphenolic compounds suggested that S. commixta fruits
contained several active compounds including chlorogenic acid, rutin, protocatechuic acid, and
hydroxybenzoic acid, all of which are known to possess anti-cancer activities. Although this study
has been carried out by cell-based approach, these results suggest that S. commixta fruits contain
promising anti-melanoma compounds.

Keywords: Sorbus commixta fruit; anti-melanoma activity; caspase-3; polyphenolic compounds

1. Introduction

Malignant melanoma, an aggressive and fatal form of skin cancer, is a malignant melanocyte tumor
that accounts for approximately 75% of skin cancer-related deaths worldwide [1–3]. In recent years,
melanoma incidence has continued to increase worldwide, and the onset of malignant melanomas is
reportedly affected by various environmental and genetic factors, such as ultraviolet exposure and
carcinogenic BRAF mutations [4–6]. Despite the wide variety of therapies available to treat melanoma,
including surgery, radiation therapy, immunotherapy, and chemotherapy [7–9], phytochemicals have
been recognized as better anti-cancer therapies to prevent or inhibit carcinogenesis [10]. Camptothecin,
vincristine, vinblastine, taxol, topotecan, podophyllotoxin, and irinotecan are good examples of
plant-based anticancer molecules [11]. Growing evidence supports that plant-derived natural products
are important sources of novel candidates, with pharmacological applicability.

Sorbus commixta Hedl. (Rosaceae family) is a well-known medicinal plant used traditionally
in East Asian countries including Japan, China, and Korea for the treatment of asthma and other
bronchial disorders [12,13]. Additionally, S. commixta extracts exhibit a range of biological effects, such
as anti-inflammatory [14], antioxidative [15], anti-atherogenic [13,16], vasorelaxant [17], and anti-lipid
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peroxidation activities [18]. Furthermore, the S. commixta fruit also has been used for the treatment of
bronchitis and gastrointestinal disorders, as well as for its anti-inflammatory, anti-diabetic, diuretic,
and vasorelaxant properties [12,19]. Phytochemical analysis of S. commixta fruits has revealed the
presence of active ingredients often used in cosmetics, including rutin, isoquercitrin, caffeoylquinic acid,
dicaffeoylquinic acid, neosakuranin, chlorogenic acid, neochlorogenic acid, carotenoids, and ascorbic
acid [20–22], suggesting the potential applicability of S. commixta fruits for the production of herbal
cosmetics with anti-melanoma activity. Nonetheless, the anti-melanoma properties of S. commixta

fruits are yet to be comprehensively characterized.
Therefore, our study analyzed the effect of S. commixta fruit extracts prepared with different

ethanol (EtOH) concentrations on anti-melanoma activity, as well as the role of the mitogen-activated
protein kinase/extracellular regulated kinase (MEK/ERK) pathways in the activation of cytotoxicity.
Additionally, seven polyphenolic compounds were identified in S. commixta fruit extracts via HPLC.
Therefore, we expect our study to motivate further interest in the use of S. commixta fruits as a natural
anti-melanoma source in the cosmetic and pharmaceutical industries.

2. Results and Discussion

2.1. Effects of S. commixta Fruit Extracts and Solvent Fractions on Human Melanoma SK-MEL-2 Cell

Extraction efficiencies are affected by the solvent type and concentration [23]. Particularly, EtOH is
considered an excellent solvent and is therefore often used to recover polyphenols from plant matrices,
as it is also safe for human consumption [24]. In addition, EtOH is completely miscible with water.
Therefore, our study conducted further experiments to define the effect of S. commixta fruit extracts
prepared with different EtOH concentrations on anti-melanoma activity. As shown in Figure 1A,
incubation with 100 µg/mL of EtOH extracts significantly inhibited the proliferation of SK-MEL-2
cells (28.85 ± 3.38%), although ethanol concentration did not have a substantial impact on SK-MEL-2
cell cytotoxicity. Among the bioactive compounds of S. commixta fruit [22], phenolic and flavonoid
compounds have been proposed. Binary-solvent systems have been found to be more effective for the
extraction of these compounds from plants compared to mono-solvent systems [25,26]. However, in the
case of S. commixta fruit, EtOH extract contained higher TPC (total phenolic content) levels than water
extracts, but solvent concentrations did not significantly affect the extraction of phenolic compound
yields. TFC (total flavonoid content) in the extracts increased with increasing ethanol concentrations,
and the mono-solvent system examined herein (EtOH) was more effective in extracting phenolic and
flavonoid compounds than EtOH/water solvents (Table 1). Additionally, higher concentrations of
chlorogenic acid, rutin, protocatechuic acid, and hydroxybenzoic acid in EtOH extracts were observed
compared to other extracts, suggesting that the differences in the cytotoxic activity of S. commixta fruit
extracts were due to their concentration and composition of polyphenolic compounds.

 

μ

μ

Figure 1. Anti-melanoma activities of Sorbus commixta fruit extracts. (A) Cytotoxic effects of ethanol
concentration on SK-MEL-2 cells. (B) Effect of solvent fractions of Sorbus commixta fruit ethanol extract
on anti-melanoma activity. SK-MEL-2 cells were treated with 100 µg/mL of each extract or solvent
fraction. After incubation for 48 h, cell viability was determined via the MTT assay. (C) Dose-dependent
effect of butanol fraction (BF) on the viability of SK-MEL-2 cells and HDFa human dermal fibroblast
adult cells. Dimethyl sulfoxide (DMSO) treated samples served as mock. Values with different letters
were found to be significantly different (p < 0.05). Values are reported as the mean ± SE. Hexane
fraction, HF; ethyl acetate fraction, EF; butanol fraction, BF; aqueous fraction, AF.
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Table 1. Effect of ethanol concentration on polyphenolic compound extraction from Sorbus

commixta fruits.

Polyphenolic
Compounds

Water Extract
25% EtOH

Extract
50% EtOH

Extract
75% EtOH

Extract
EtOH Extract

Total phenol content 1 50.27 ± 4.2 a 55.71 ± 3.44 a 60.02 ± 9.35 a 64.36 ± 6.35 a 67.98 ± 4.28 a

Total flavonoid content 2 2.49 ± 0.25 a 3.53 ± 0.23 a 4.91 ± 0.25 b 6.09 ± 0.21 c 8.65 ± 0.5 d

Chlorogenic acid 3 111.81 ± 2.54 a 127.14 ± 1.56 b 150.70 ± 3.40 c 176.72 ± 4.58 d 344.70 ± 7.18 e

Ferulic acid 3 0.14 ± 0.02 b 0.09 ± 0.01 a 0.06 ± 0.002 a 0.08 ± 0.01 a 0.13 ± 0.01 b

Hydroxybenzoic acid 3 0.13 ± 0.01 a 0.13 ± 0.02 a 0.10 ± 0.01 a 0.10 ± 0.01 a 0.20 ± 0.01 b

Protocatechuic acid 3 0.79 ± 0.01 a 0.78 ± 0.09 a 0.92 ± 0.05 ab 1.05 ± 0.03 bc 1.22 ± 0.06 c

Rutin 3 ND ND 0.28 ± 0.06 a 0.48 ± 0.08 b 0.60 ± 0.04 b

1 Total phenolic content analyzed as gallic acid equivalent (GAE) µg/mg of extract; values are the average of triplicate
experiments. 2 Total flavonoid content analyzed as quercetin equivalent (QE) µg/mg of extract; values are the
average of triplicate experiments. 3 µg/g of extract values are the average of triplicate experiments. Values with
different superscripted letters are significantly different (p < 0.05). ND = Not detectable.

Organic solvents such as ethyl acetate (relative polarity 0.228), butanol (relative polarity 0.586),
and hexane (relative polarity 0.009) were used to partition the crude extract via the liquid–liquid
extraction technique, which is a method to separate compounds, based on their relative solubilities in
two different immiscible liquids with different polarities. Therefore, this method is commonly used for
the separation of a substance from mixture [27]. It is well known that ethanol (relative polarity 0.654)
can dissolve polar compounds, such as sugar, amino acid, glycoside compounds, phenolic compounds
with medium polarity, aglycon flavonoids, anthocyanins, terpenoids, flavones, and polyphenols [28],
indicating that EtOH extract is a complex mixture of organic compounds. Based on the liquid–liquid
extraction technique, highly polar substances, such as organic acids, polysaccharides, free sugars, and
proteins stay in the aqueous phase, whereas other relatively less polar compounds, such as terpenoids
and polyphenols, are more soluble in organic solvents [29,30]. To enrich the active compounds in
S. commixta fruit EtOH extract, the extracts were partitioned with different solvents, after which the
cytotoxicity of each solvent fraction against SK-MEL-2 cells was evaluated. As shown in Figure 1B, the
anti-melanoma activities of solvent fractionated EtOH extracts exhibited the following order: BF > EF
>HF > AF (83.47%, 33.57%, 9.43%, and 5.56%, respectively). Although several drugs have been used
for the treatment of cancer, their cytotoxicity towards normal cells remains a major drawback, which
results in secondary malignancy risk [31]. To investigate the effect of BF on the viability of normal
cells, HDFa and SK-MEL-2 cells were treated with different concentrations (25 µg/mL, 50 µg/mL, and
100 µg/mL) of BF (Figure 1C). BF exhibited very little cytotoxicity against HDFa cells (5.98%) up to
50 µg/mL, whereas BF showed cytotoxic effects on SK-MEL-2 cells at concentrations of 50 µg/mL,
indicating that BF can be a potent source of anticancer agents due to its selective cytotoxicity against
melanoma cells. Further experiments were performed at exposure concentrations below (≤50 µg/mL).

Plant-derived polyphenolic compounds (i.e., including flavonoids) have been reported to possess
a wide range of pharmacological properties and many polyphenolic compounds have been shown to
induce cell cycle arrest and apoptosis in various types of cancer cells [32,33]. Moreover, the anticancer
activity of plant extracts has been widely linked to their TPC and TFC. Therefore, our study analyzed
TPC and TFC in solvent fractions of S. commixta fruit ethanol extracts. As shown in Table 2, BF
contained the highest amount of phenolic compounds (87.15 ± 4.66 µg GAE/mg of extract), whereas
the lowest level of TPC was observed in HF (19.89 ± 2.65 µg GAE/mg of extract). Additionally, total
flavonoid levels were measured in the following order: BF (22.25 ± 0.77 µg QE/mg of extract) > EF
(13.54 ± 0.43 µg QE/mg of extract) > HF (6.25 ± 1.25 µg QE/mg of extract) > AF (5.96 ± 1.11 µg QE/mg
of extract). These results suggested that the inhibitory effect of S. commixta fruit solvent fractions on
SK-MEL-2 cell proliferation was significantly related to their TFC and TPC. To further identify the
active substance that caused SK-MEL-2 cell cytotoxicity, the polyphenolic compounds of the solvent
fractions of S. commixta fruit were analyzed and quantified via HPLC. We identified and quantified
seven polyphenolic compounds, including chlorogenic acid, ferulic acid, gallic acid, hydroxybenzoic
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acid, protocatechuic acid, rutin, and sinapinic acid (Table 2). BF contained the highest amount of
chlorogenic acid (912.72 ± 68.04 µg/g of extract), which is a known antioxidant, anti-inflammatory, and
anti-cancer polyphenol compound [34,35].

Table 2. Polyphenolic compounds in solvent fractions of Sorbus commixta fruit ethanol extract.

Polyphenolic Compounds Hexane Fraction Ethyl Acetate Fraction Butanol Fraction Aqueous Fraction

Total phenol content 1 19.89 ± 2.65 a 72.59 ± 5.34 c 87.15 ± 4.66 d 44.07 ± 2.77 b

Total flavonoid content 2 6.25 ± 1.25 a 13.54 ± 0.43 b 22.25 ± 0.77 c 5.96 ± 1.11 a

Chlorogenic acid 3 2.20 ± 0.03 a 93.12 ± 14.54 b 912.72 ± 68.04 c 74.20 ± 2.88 ab

Ferulic acid 3 0.02 ± 0.004 a 1.24 ± 0.05 b 0.11 ± 0.01 a 0.02 ± 0.001 a

Gallic acid 3 ND 0.17 ± 0.02 b 0.04 ± 0.02 a ND
Hydroxybenzoic acid 3 0.36 ± 0.02 b 1.66 ± 0.11 c 0.13 ± 0.01 a 0.04 ± 0.003 a

Protocatechuic acid 3 0.05 ± 0.003 a 2.20 ± 0.22 b 2.86 ± 0.01 c 0.26 ± 0.05 a

Rutin 3 ND 0.12 ± 0.03 a 2.59 ± 0.17 b 0.12 ± 0.02 a

Sinapinic acid 3 ND 0.13 ± 0.01 b 0.07 ± 0.01 a ND
1 Total phenolic content analyzed as gallic acid equivalent (GAE) µg/mg of extract; values are the average of triplicate
experiments. 2 Total flavonoid content analyzed as quercetin equivalent (QE) µg/mg of extract; values are the
average of triplicate experiments. 3 µg/g of extract values are the average of triplicate experiments. Values with
different superscripted letters are significantly different (p < 0.05). ND = Not detectable.

2.2. BF Blocks the MEK/ERK Signaling Pathway

The mitogen-activated protein kinase (MAPK) cascade is an important signaling pathway involved
in cellular processes, such as proliferation, and apoptosis. Importantly, dysregulation of MAPK cascades
has been linked to several cancers and other diseases [36]. For instance, the MEK/ERK signaling
pathway has been shown to play an important role in tumorigenesis and cancer progression [37],
suggesting that MEK and ERK are key protein kinases to target for the discovery of anticancer drugs.
Therefore, to investigate the involvement of the MEK/ERK signaling pathway in cell death induced
by BF, we analyzed the activation level of the MEK/ERK pathway after treatment with BF. As shown
in Figure 2A, activation of MEK1/2 and ERK1/2 was inhibited by BF treatment in a dose-dependent
manner, indicating that BF reduces the survival of SK-MEL-2 cells by inhibiting the activation of MEK
and ERK.

 

μ

μ

μ μ

 

Figure 2. Molecular mechanisms of BuOH fraction (BF)-induced cytotoxicity against SK-MEL-2 cells.
(A) Effect of the mitogen-activated protein kinase/extracellular regulated kinase (MEK/ERK) signaling
pathway on BF-induced cell death. (B) Effect of BF on caspase-3 activity in SK-MEL-2 cells. All values
are reported as the mean ± SE. DMSO treated samples served as mock. Mean separation within
columns was determined via Duncan’s multiple range test at a 0.05% level.

Caspases (aspartate-specific cysteine proteases) are a family of protease enzymes with
fate-determining roles involved in many cellular processes, including programmed cell death,
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differentiation, neuronal remodeling, and inflammation [38]. During apoptosis, caspase-3 (i.e., a
major executioner caspase) is cleaved at an aspartate residue to yield a p12 and a p17 subunit to form
the active caspase-3 enzyme [39], resulting in the cleavage of key structural proteins, cell cycle proteins,
and DNase proteins, such as poly (ADP-ribose) polymerase, gelsolin, ICAD/DFF, and DNA-dependent
kinase [40]. When SK-MEL-2 cells were treated with 50 µg/mL BF, caspase-3 activity was strongly
increased (Figure 2B), indicating that BF induced cell death via caspase-3 activation. ERK has been
found to directly phosphorylate pro-caspase-9 to inhibit caspase-9 processing and caspase-3 activation,
resulting in the inactivation of the caspase cascade during apoptosis [41], suggesting that BF increased
caspase-3 activity by inhibiting ERK activation in SK-MEL-2 cells. Additionally, chlorogenic acid has
been shown to inactivate ERK in hepatocellular carcinoma cells [42]. Furthermore, rutin, which exhibits
several promising pharmacological properties including antitumor activity [43], was approximately
22 times more abundant in BF (2.59 ± 0.17 µg/g of extract) than in EF (0.12 ± 0.03 µg/g of extract) and
AF (0.12 ± 0.02 µg/g of extract) (Table 2). Taken together, these relationships suggest that rutin and
chlorogenic acid might be potential anti-melanoma active compounds in S. commixta fruit.

In cancer biology, reactive oxygen species (ROS) are known as a double-edged sword, because the
imbalance or accumulation of ROS lead to both the survival and death of cancer cells, respectively [44,45].
Particularly, it has been shown that ROS enhances the activation of the Raf/MEK/ERK signaling pathways
to promote cancer cell survival, cell proliferation, cell migration, and differentiation [46], whereas ROS
accumulation via pro-oxidants under severe oxidative stress conditions leads to apoptosis and cell
death [47]. BF-treated SK-MEL-2 cells exhibited similar levels of ROS as compared with mock control
(Figure 3), suggesting that inactivation of MEK by BF-treatment (Figure 2A) was not mediated by
ROS levels.
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Figure 3. Effects of the BuOH fraction (BF) on reactive oxygen species (ROS) production in SK-MEL-2
cells. ROS level was analyzed using the fluorescent probe DCFH-DA. DMSO treated samples served as
mock. Values are reported as the mean ± SE. Values with different letters were found to be significantly
different (p < 0.05).

3. Materials and Methods

3.1. Plant Materials and Sample Preparation

Fresh S. commixta fruits were harvested from the research forest at Chungbuk National University,
after which the air-dried fruits were ground into a fine powder using a blender. The ground materials
were soaked in water, EtOH/water mixtures (25:75 v/v (EtOH 25%), 50:50 v/v (EtOH 50%), and
75:25 v/v (EtOH 75%)), or absolute EtOH for 24 h at room temperature, then sonicated in an ultrasonic
bath (1 h × 3 times). The suspension was then filtered and evaporated under reduced pressure, and
lyophilized to produce dried powder extract. Additionally, 150 g of the crude EtOH extract was
suspended in 1 L of water and sequentially partitioned with hexane (HF, 1 L × 2 times), ethyl acetate
(EF, 1 L × 2 times), and n-butanol (BF, 1 L × 2 times). The remaining aqueous extract was used as an
aqueous fraction (AF). After filtration, each fraction was evaporated using a vacuum evaporator.
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3.2. Cell Viability Assay

SK-MEL-2 human melanoma cells (ATCC® HTB-68™) and HDFa human dermal fibroblast adult
cells (ATCC® PCS-201-012™) were purchased from the American Type Culture Collection (ATCC).
Cells were cultured in RPMI 1640 medium or DMEM medium supplemented with 10% fetal bovine
serum (FBS), 100 U/mL penicillin, and 100 µg/mL streptomycin at 37 ◦C in a humidified chamber
containing 5% CO2.

The cytotoxicity of each sample was determined via the MTT assay. Briefly, cells were seeded into
96-well plates at a 5 × 103 cells/well seeding density and incubated at 37 ◦C in a humidified chamber
containing 5% CO2 for 24 h. The cells were then treated with the above-described extracts or fractions
at a 100 µg/mL concentration. After incubation for 48 h, the medium was replaced with 20 µL of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (1 mg/mL in PBS) for 4 h.
Formazan crystals were dissolved in dimethyl sulfoxide (DMSO), and the absorbance was measured at
520 nm using an iMARK microplate reader (Bio-Rad Laboratories GmbH, Munich, Germany).

3.3. Western Blot

After treatment with various BF concentrations for 48 h, SK-MEL-2 cells were analyzed via
immunoblotting. The cells were washed with ice-cold PBS and lysed in RIPA buffer (50 mM Tris-HCl
pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate, 1 mM EDTA, and 10 mM
NaF). Protein concentrations were quantified with the PierceTM BCA Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA). Afterward, 20 µg protein samples were separated via 10% SDS-PAGE
and transferred to a PVDF membrane (Millipore, Burlington, MA, USA). After blocking with 5% non-fat
dried milk, the membranes were hybridized with MEK1/2, phospho-MEK1/2 (Ser217/221), ERK1/2,
and phospho-ERK1/2 (Thr202/Tyr204) (Cell Signalling Technology, Beverly, MA, USA). The signal
was detected and visualized via the ECL reagent (SuperSignal™West Pico PLUS Chemiluminescent
Substrate; Thermo Fisher Scientific, Waltham, MA, USA) with an Azure c280 imaging system (Azure
Biosystems, Inc., Dublin, CA, USA).

3.4. Caspase-3 Activity and Intracellular ROS Measurement

Protein extraction and the analysis of caspase-3 activity were performed using a Caspase-3/CPP32
Fluorometric Assay Kit (BioVision, Milpitas, CA, USA), according to the manufacturer’s instructions.
In addition, Intracellular ROS was detected using the DCFH-DA fluorogenic probe as described by
Yoo et al. [48]. Caspase-3 activity (400 nm excitation and 505 nm emission) and DCF fluorescence
(485 nm excitation and 525 nm emission) were analyzed using a SpectraMax Gemini EM microplate
reader (Molecular Devices, San Jose, CA, USA).

3.5. Determination of TPC and TFC

TPC and TFC were measured according to the Folin–Ciocalteu and colorimetric methods,
respectively, as described by Jin et al. [49] TPC was expressed in milligrams of gallic acid equivalents
(mg GAE/g extract) using an equation obtained from a standard gallic acid graph. TFC was determined
as milligrams of quercetin equivalents (QE) per gram of extract (mg QE/g extract).

3.6. HPLC Analysis

HPLC analysis was performed using a Shimadzu liquid chromatography system (LC-10ADvp)
coupled with an ultraviolet-visible detector (SPD-10A; Shimadzu, Kyoto, Japan). The samples were
separated with PerkinElmer Brownlee SPP columns (2.7 µm C18 2.1 × 150 mm) at 40 ◦C at a 0.3 mL/min
of flow rate. The mobile phases consisted of water containing 0.1% formic acid (mobile phase A)
and acetonitrile containing 0.1% formic acid (mobile phase B). The following gradient elution was
performed: 10% B in 0–1.6 min, 20% B in 1.6–11.3 min, 25% B in 11.3–17.8 min, 30% B in 17.8–22.7 min,
60% B in 22.7–25.9, and holding at 80% B in 25.9–28.2 min, the samples were finally reconditioned to
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the initial conditions. Concentrations were calculated by comparing the sample peak areas with the
standard calibration curve.

3.7. Statistical Analyses

All experiments were conducted in independent triplicates and significant differences between
groups were determined via Duncan’s multiple range test. Values of p< 0.05 were considered significant.

4. Conclusions

Our study analyzed the effect of different ethanol concentrations on the polyphenolic compound
composition and anti-melanoma activity of S. commixta fruit extracts. The overall results of the
present study suggest that EtOH extract contained a high level of polyphenolic compounds, such as
chlorogenic acid, rutin, protocatechuic acid, and hydroxybenzoic acid, all of which are well-known
pharmaceutically active compounds, indicating that EtOH extract of S. commixta fruits could be a useful
source of natural anti-melanoma agents. Additionally, we found that BF induced SK-MEL-2 cell death
by increasing caspase-3 activity and inhibiting the MEK/ERK pathway. Taken together, our results
provide valuable information for the development of novel anticancer drugs based on S. commixta

fruit, as well as the optimization of extraction conditions in future studies.
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Abstract: Jerusalem artichoke (JA) is widely known to have inulin-rich tubers. However, its fresh
aerial biomass produces significant levels of leaf protein and economic bioactive phytochemicals.
We have characterized leaf protein concentrate (JAPC) isolated from green biomass of three Jerusalem
artichoke clones, Alba, Fuseau, and Kalevala, and its nutritional value for the human diet or
animal feeding. The JAPC yield varied from 28.6 to 31.2 g DM kg−1 green biomass with an average
total protein content of 33.3% on a dry mass basis. The qualitative analysis of the phytochemical
composition of JAPC was performed by ultra-high performance liquid chromatography-electrospray
ionization-Orbitrap/mass spectrometry analysis (UHPLC-ESI-ORBITRAP-MS/MS). Fifty-three
phytochemicals were successfully identified in JAPC. In addition to the phenolic acids (especially
mono- and di-hydroxycinnamic acid esters of quinic acids) several medically important hydroxylated
methoxyflavones, i.e., dimethoxy-tetrahydroxyflavone, dihydroxy-methoxyflavone, hymenoxin, and
nevadensin, were detected in the JAPC for the first time. Liquiritigenin, an estrogenic-like flavanone,
was measured in the JAPC as well as butein and kukulkanin B, as chalcones. The results also
showed high contents of the essential amino acids and polyunsaturated fatty acids (PUFAs; 66-68%)
in JAPC. Linolenic acid represented 39–43% of the total lipid content; moreover, the ratio between
ω-6 and ω-3 fatty acids in the JAPC was ~0.6:1. Comparing the JA clones, no major differences in
phytochemicals, fatty acid, or amino acid compositions were observed. This paper confirms the
economic and nutritional value of JAPC as it is not only an alternative plant protein source but also as
a good source of biological valuable phytochemicals.

Keywords: circular economy; green biorefinery; polyunsaturated fatty acids; phytochemicals; amino
acids; food and feed; UHPLC-ESI-ORBITRAP-MS/MS

1. Introduction

The global protein demand continuously grows as the world population exponentially increases.
In Europe, the increasing protein dependency particularly obtained from soybean has triggered an
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urgent need for alternative production systems. Locally grown green biomass crops represent an
alternative protein source. Due to high green biomass yield and regrown capacity, clover, alfalfa,
and grasses are the most common and prospective plant species for leaf protein isolate. However,
digestion of green biomass by monogastric animals is difficult because of its high fiber content [1].
Green biorefinery is a complex processing system with a dedicated goal of making a commercially
viable production system of added-value protein based on green biomass [2]. Separating fresh green
biomass into two fractions is a key step in the green biorefinery. The fibrous pulp contains insoluble and
fiber-bound protein, while the other fraction (green juice) is soluble protein-rich [1]. Soluble proteins
in green juice can be precipitated by different techniques. Recovered protein concentrate is separated
from brown juice fraction by filtration. Moreover, the quality of leaf protein concentrate as a main
product is very important. Based on extended qualitative and quantitative analysis, alfalfa leaf
protein concentrate can be directed towards feed and/or food [3,4]. However, besides the well-known
herbaceous species, a range of agro-industrial crops is constantly expanding, which can be utilized in
the green biorefinery [5].

Jerusalem artichoke (JA), a perennial plant, belongs to the Asteraceae family. Cultivation of JA has
many advantages as it is tolerant to biotic stress, i.e., pests and diseases [6]. It can grow normally in a
wide range of soils including salt-affected soil, sandy soil, and marginal lands with nearly zero levels of
fertilization [7–9]. Moreover, it showed potential resistance to drought, frost, and high temperatures [10].
It yields a huge green biomass almost 120 tons ha−1 fresh mass [11]. These aspects are important when
avoiding competition with food production on arable lands. The recognized nutritional value of JA is
mainly due to the high inulin and fructose contents in its tubers, which additionally contain protein,
nutrients, and vitamins [12]. Additionally, JA is well-known as multipurpose use crop where its aerial
part has attracted the interest of many researchers, firstly, concerning bioenergy production due to
its high lignocellulosic content, high biomass yield, and low inputs [6]. Among the phytochemicals,
sesquiterpene lactones, phenolic acids, flavone glucosides (kaempferol 3-O-glucoside and quercetin
7-O-glucoside), chlorophylls, and carotenoids have been described by several authors in the whole
plant or different organs such as tubers, leaves, or flowers [13–19]. These isolated phytochemicals are
known as potential anticancer, antidiabetic, antioxidant, antifungal, and antimicrobial in addition to
their other medical uses [13,17].

Despite green leafy shoot of JA can be utilized directly as fresh forage, silage, or food pellets for
animal feeding [9,12], most of the animal species do not prefer it because of trichome-rich leaves and
stems [8]. Considering its high green biomass, regeneration capacity, and chemical composition, leafy
shoots of JA can be alternatively used in the green biorefinery practice; however, there is a shortage of
knowledge in this area [20].

The objectives of the present work were to produce and characterize the biological value of
JAPC originating from the green biomass of JA. We aimed to provide detailed insights into the
extraction efficiency and biochemical composition of JAPC. Therefore, three clones of JA representing
different climatic zones were grown under low input conditions in Hungary. In addition to total
protein, amino acid composition, and fatty acids profile the biochemical composition and qualitative
determination of phytochemicals in the JAPCs from these clones were measured using ultra-high
performance liquid chromatography-electrospray ionization-Orbitrap/mass spectrometry analysis
(UHPLC-ESI-ORBITRAP-MS/MS).

2. Materials and Methods

2.1. Experimental Installation

A field experiment was conducted in 2016 at the Horticultural Demonstration garden of the
University of Debrecen, Hungary (47◦33′ N; 21◦36′ E). Three different clones of JA (i.e., Alba, Fuseau,
and Kalevala) were compared for their fresh aerial biomass, phytochemical content, and biochemical
traits of the JAPC, under low input conditions. Tubers of JA clones representing three climatic zones
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were obtained from different sources as follows: Alba was obtained from a Hungarian market; Fuseau
was obtained from Ismailia, Egypt; and Kalevala was obtained from Helsinki, Finland. The experiment
was set up in a randomized complete block design with six replicates. The area of the experimental plot
was 0.8 × 0.6 m2; the row was 3.5 m in length and 0.8 m in width, and within-row spacing was 0.6 m.
The cultivation of the JA clones started on 5 April 2016, using identically sized tubers (60–80 g/tuber).
Neither irrigation nor fertilization was applied. The chemical characteristics of the experimental soil
were as follows: total N (555 ± 2 mg kg−1); total P (6793 ± 17 mg kg−1); total K (1298 ± 7 mg kg−1); and
humus (1.9% ± 0.02%).

2.2. Harvest of Above-Ground Biomass

Due to the ability of JA plants to regrow, the green biomass of the three clones was harvested
twice during the growing season, when young shoots reached 1.3–1.5 m in height from the soil surface.
The first harvest was conducted on 27 June 2016, and the second on 8 August 2016. The fresh yield of
the aerial parts was measured.

2.3. Fractionation of Harvested Green Biomass

The harvest of JA plants was conducted early in the morning and they were immediately transferred
to the laboratory in an icebox to prevent the chemical compounds from degrading. The plants were
harvested 15–20 cm above the soil surface. A 1 kg harvest of green biomass was mechanically pressed
and pulped using a twin-screw juicer (Green Star GS 3000, Toronto, ON, Canada) in three replicates.
Thereafter, the green juice was thermally coagulated at 80 ◦C in one step to obtain the JAPC. The JAPC
was separated from the brown-colored liquid fraction using cloth filtration. Both the fresh and dry
masses of the JAPC were measured before it was lyophilized using an Alpha 1–4 LSC Christ lyophilizer.

2.4. Biochemical Composition of JAPC

2.4.1. Crude Protein Content

The total protein content of the JAPC was measured as total N content using the Kjeldahl
method [21]. Briefly, 1 g lyophilized sample was weighed in a 250 mL Kjeldahl digestion tube, then
15 mL concentrated sulfuric acid (99%, VWR Ltd., Debrecen, Hungary) and two catalyst tablets were
added. The Kjeldahl digestion tubes were placed in a Tecator Digestor (VELT, VWR Ltd, Debrecen,
Hungary) at 420 ◦C for 1.5 h. The total N content in the digested samples was measured by titration and
calculated based on the weight of the titrated solution and the sample weight. The total protein content
of the sample was calculated using the following equation: Total protein % = total N content × 6.25.

2.4.2. Quantification of Amino Acid Composition in JAPC Using an Amino Acid Analyzer

Lyophilized and ground samples of JAPC were digested with 6 M HCl at 110 ◦C for 23 h. Since the
digested sample was designed to contain at least 25 mg N, the measured weights of the samples were
variable. Alternating application of inert gas and a vacuum using a three-way valve was conducted to
remove air. Following hydrolysis, the sample was filtered into an evaporator flask and the filtrate was
evaporated under 60 ◦C to achieve a syrup-like consistency. Thereafter, distilled water was added to
the sample and evaporation was conducted twice more under the same conditions. The evaporated
sample was washed with citrate buffer pH 2.2. For the analysis of amino acid composition an INGOS
AAA500 (Ingos Ltd., Prague, Czech Republic) amino acid analyzer was used. The separation was
based on ionic exchange chromatography with post-column derivatization of ninhydrin. A UV/VIS
detector was used at 440/570 nm.

2.4.3. Determination of Fatty Acid Composition in JAPC Using Gas Chromatography

The esterification of fatty acids in the JAPC fraction into methyl esters was conducted using a
sodium methylate catalyst. Lyophilized homogeneous sample (70 mg) was weighed into a 20 mL tube;
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3 mL of n-hexane, 2 mL of dimethyl carbonate and 1 mL of sodium methylate in methanol were added.
The contents of the test tube were shaken for 5 min (Janke and Kunkel WX2) and then 2 mL of distilled
water was added before the tube was shaken again. The samples were centrifuged at 3000 rpm for
2 min (Heraeus Sepatech, UK). A 2.0 mL sample of supernatant (hexane phase) was transferred into a
container through filter paper, which contained anhydrous sodium sulfate. The prepared solution
contained approximately 50–70 mg cm−3 fatty acid methyl ester (FAME) and was suitable for analysis
by gas chromatography. Gas chromatography was performed using an Agilent 6890 N coupled to
an Agilent flame ionization detector. A Supelco Omegawax capillary column (30 m, 0.32 mm i.d.,
0.25 µm film thickness) was used to separate FAMEs. The oven temperature was 180 ◦C and the total
analysis time was 36 min. An Agilent 7683 automatic split/splitless injector was used with an injector
temperature of 280◦C and a 100:1 split ratio. The injection volume was 1 µL. The carrier gas was
hydrogen with a flow rate of 0.6 mL min−1 and the makeup gas was N with a flow rate of 25.0 mL
min−1. The components were identified from retention data and standard addition.

2.5. Screening of Phytochemicals in JAPC by UHPLC-ESI-ORBITRAP-MS/MS

2.5.1. Sample Preparation

To prepare the hydro-alcoholic extracts, 0.5 g ground JAPC powder was extracted with 25 mL
methanol:water solution. The mixture was stirred at 150 rpm for 2 h at room temperature.
The hydro-alcoholic extracts were filtered using a 0.22 µm PTFE syringe filter.

2.5.2. UHPLC-ESI-ORBITRAP-MS/MS Analysis

Phytochemical analyses were performed using UHPLC-ESI-ORBITRAP-MS/MSwith a Dionex
Ultimate 3000RS UHPLC system (Thermo Fisher, Waltham, MA, USA) coupled to a Thermo Q Exactive
Orbitrap hybrid mass spectrometer equipped with a Thermo Accucore C18 analytical column (2.1 mm
× 100 mm, 2.6 µm particle size). The flow rate was maintained at 0.2 mL/min and the column oven
temperature was set to 25 ◦C ± 1 ◦C. The mobile phase consisted of methanol (A) and water (B) (both
acidified with 0.1% formic acid). The gradient program was as follows: 0–3 min, 95% B; 3–43 min, 0%
B; 43–61 min, 0% B; 61–62 min, 95% B; and 62–70 min, 95% B. The injection volume was 2 µL.

2.5.3. Mass Spectrometry Conditions

A Thermo Q Exactive Orbitrap hybrid mass spectrometer (Thermo Fisher, Waltham, MA, USA)
was equipped with an ESI source. The samples were measured in both positive and negative ionization
modes separately. The capillary temperature was 320 ◦C and spray voltages were 4.0 kV in positive
ionization mode and 3.8 kV in negative ionization mode, respectively. The resolution was 35,000 for
MS1 scans and 17,500 for MS2 scans. The scanned mass interval was 100–1500 m/z. For the tandem MS
(MS/MS) scans, the collision energy was set to 30 nominal collision energy units. The difference between
measured and calculated molecular ion masses was less than 5 ppm in each case. The data were
acquired and processed using Thermo Trace Finder 2.1 software based on own and internet databases
(Metlin, Mass Bank of North America, m/z Cloud). After processing, the results were manually checked
using Thermo Xcalibur 4.0 software (ThermoFisher, Waltham, MA, USA).

2.6. Quality Assurance of Results

The glass- and plastic-ware used for analyses were usually new and were cleaned by soaking in
10% (v/v) HNO3 for a minimum of 24 h, followed by thorough rinsing with distilled water. All chemicals
were analytical reagent grade or equivalent analytical purity. All equipment was calibrated, and
uncertainties were calculated. Internal and external quality assurance systems were applied at the
Central Laboratory of the University of Debrecen, according to MSZ EN ISO 5983-1: 2005 (for Total N),
and the Bunge Private Limited Company Martfű Laboratory, according to MSZ 190 5508: 1992 (for
fatty acid composition).
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2.7. Statistical Analysis

Before the ANOVA test, Levene’s Test for Equality of Variances was performed. The Levene’s test
for different variables at all treatments was negative, p < 0.05, showing homogeneity of the variances.
The experimental design was established as a randomized complete block design with six replicates.
The data obtained from the experiments were subjected to one-way ANOVA by ‘R-Studio’ software
and the means were compared by Duncan’s Multiple Range Test at p < 0.05 [22].

3. Results

3.1. Green Biomass of Jerusalem Artichoke Clones

The yield of the aerial fresh biomass of different JA clones is presented in Table 1. Clones displayed
almost the same fresh biomass yield. Hence, no significant differences among the clones (i.e., Alba,
Fuseau, and Kalevala) were noticed, especially during the first harvest. The harvest time largely
influenced the yield. The average fresh biomass yield was approximately 5.3 kg m−2 for the first
harvest, while for the second harvest the yield was significantly reduced to 2.4 kg m−2 (Table 1).
The total aerial fresh biomass yield—as an average—was estimated to be 7.7 kg m−2.

Table 1. Aerial fresh biomass, dry mass, and total protein content of Jerusalem artichoke leaf protein
concentrate (JAPC) isolated from green biomass of different clones.

Clones
Fresh Biomass Yield (kg m−2) JAPC (g kg−1 Fresh Biomass) Total Protein %

1st Harvest 2nd Harvest 1st Harvest 2nd Harvest 1st Harvest 2nd Harvest

Alba 5.0 ± 0.43 a 1.8 ± 0.22 b 31.9 ± 0.63 a 30.4 ± 0.59 a 35.3 ± 0.8 a 31.6 ± 0.8 b
Fuseau 5.2 ± 0.28 a 2.6 ± 0.19 ab 28.3 ± 0.04 a 28.8 ± 0.25 a 33.3 ± 0.9 a 35.2 ± 0.8 a

Kalevala 5.6 ± 0.65 a 2.8 ± 0.57 a 32.3 ± 0.53 a 28.0 ± 0.13 a 33.8 ± 0.7 a 33.4 ± 0.7 ab

Means followed by different letters in the same column show significant differences according to Duncan’s test at
p < 0.05.

3.2. JAPC Yield

The yield of JAPC, extracted using thermal coagulation, from 1 kg fresh green biomass of the JA
clones is displayed in Table 1. No significant differences were seen between the JA clones in either the
first or the second harvests. The JAPC yield ranged from 28.3 (Fuseau) to 32.3 (Kalevala) g kg−1 fresh
biomass for the first harvest, while for the second harvest it varied from 28 (Kalevala) to 30.4 (Alba) g
kg−1 fresh biomass (Table 1). However, the results showed that the average JAPC dry yield from the
first and second harvests was 30.8 and 29.1 g kg−1 fresh biomass, respectively. Therefore, 1 kg of green
biomass of JA was estimated to yield approximately 30 g JAPC dry mass as an annual average.

3.3. Total Protein Content of JAPC

The total protein content (m/m%) of JAPC generated from fresh green biomass of JA clones ranged
between 33.3 m/m% (Fuseau) and 35.3 m/m% (Alba) in the first harvest, while in the second, it varied
from 31.6 m/m% (Alba) to 35.2 m/m% (Fuseau). Statistically, no significant differences were calculated
either between the clones or harvests (Table 1). The average total protein content in the first harvest was
34.1 m/m% and 33.4 m/m% in the second based on the dry weight. The annual average total protein
content of the JAPC extracted from the JA fresh biomass was estimated to be 33.8 m/m% (Table 1).

3.4. Amino Acid Composition of JAPC

The amino acid composition of the JAPC obtained from the green biomass of the JA clones is
presented in Table 2. Essential amino acids (i.e., lysine, histidine, isoleucine, leucine, phenylalanine,
methionine, threonine, and valine) play a major nutritional role in feed; therefore, they are of special
interest. Among the investigated JA clones, Kalevala displayed the highest content of five essential
amino acids (i.e., phenylalanine, histidine, isoleucine, threonine, and valine). Additionally, the content
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of aspartic acid, glycine, glutamic acid, proline, and serine was the highest in Kalevala, with values of
4.23, 2.13, 4.82, 2.20, and 1.90 m/m%, respectively (Table 2). Lysine is particularly important in animal
feed and its content in Alba, Fuseau, and Kalevala ranged between 2.19 and 2.32 m/m% in the first
harvest. Lysine content in the clones was similar regardless of the harvest time with higher value in
the second harvest (2.35–2.54 m/m%) than the first harvest. Methionine is another limiting essential
amino acid. The methionine content in Alba and Fuseau clones ranged between 0.82 and 0.95 m/m% in
both harvests (Table 2). A reduction in methionine content was found in the second harvest for all
clones except Fuseau.

Table 2. Amino acid profile (m/m%) of Jerusalem artichoke leaf protein concentrate (JAPC) extracted
from green biomass of different clones.

Amino Acid
1st Harvest 2nd Harvest

Alba Fuseau Kalevala Alba Fuseau Kalevala

Lysine 2.32 ± 0.02 ‡ a 2.19 ± 0.02 c 2.25 ± 0.02 b 2.35 ± 0.03 c 2.54 ± 0.01 a 2.46 ± 0.02 b
Histidine 0.80 ± 0.20 a 0.71 ± 0.01 b 0.83 ± 0.03 a 0.72 ± 0.02 c 0.76 ± 0.02 b 0.82 ± 0.02 a
Isoleucine 1.72 ± 0.03 a 1.64 ± 0.02 b 1.77 ± 0.02 a 1.72 ± 0.02 bc 1.86 ± 0.02 a 1.78 ± 0.02 ab
Leucine 3.25 ± 0.05 b 3.08 ± 0.02 c 3.31 ± 0.01 a 3.19 ± 0.02 b 2.46 ± 0.02 c 3.30 ± 0.10 a

Phenylalanine 2.12 ± 0.02 b 1.96 ± 0.02 c 2.19 ± 0.01 a 2.03 ± 0.03 b 2.20 ± 0.10 a 2.18 ± 0.02 a
Methionine 0.87 ± 0.03 a 0.84 ± 0.02 a 0.79 ± 0.03 b 0.82 ± 0.02 b 0.95 ± 0.01 a 0.77 ± 0.02 c
Threonine 1.96 ± 0.01 b 1.87 ± 0.02 c 2.33 ± 0.03 a 1.95 ± 0.02 c 2.12 ± 0.02 b 2.33±0.03 a

Valine 2.05 ± 0.05 a 2.02 ± 0.02 a 2.06 ± 0.02 a 2.10 ± 0.02 b 2.34 ± 0.01 a 2.09 ± 0.01 b
Alanine 2.36 ± 0.05 a 2.20 ± 0.10 b 2.35 ± 0.02 a 2.32 ± 0.02 b 2.47 ± 0.02 a 2.34 ± 0.02 b
Arginine 2.08 ± 0.04 a 1.88 ± 0.02 b 1.86 ± 0.01 b 1.87 ± 0.02 c 1.97 ± 0.02 b 2.21 ± 0.01 a

Aspartic acid 3.81 ± 0.01 b 3.63 ± 0.03 c 4.23 ± 0.03 a 3.89 ± 0.02 b 4.23 ± 0.03 a 4.24 ± 0.04 a
Cysteine 0.24 ± 0.02 a 0.22 ± 0.02 a 0.22 ± 0.02 a 0.24 ± 0.02 ab 0.26 ± 0.02 a 0.23 ± 0.03 bc
Glycine 2.04±0.04 b 1.93 ± 0.03 c 2.13 ± 0.01 a 1.99 ± 0.01 b 2.14 ± 0.01 a 2.14 ± 0.02 a

Glutamic acid 4.29 ± 0.01 bc 4.14 ± 0.02 c 4.82 ± 0.02 a 4.38 ± 0.02 c 4.74 ± 0.02 b 4.79 ± 0.02 a
Proline 1.92 ± 0.03 b 1.82 ± 0.02 c 2.20 ± 0.10 a 2.04 ± 0.02 b 2.18 ± 0.01 a 2.19 ± 0.01 a
Serine 1.74 ± 0.04 b 1.67 ± 0.02 b 1.90 ± 0.10 a 1.77 ± 0.02 c 1.89 ± 0.01 b 1.93 ± 0.01 a

Tyrosine 1.48 ± 0.02 a 1.38 ± 0.02 c 1.46 ± 0.02 ab 1.42 ± 0.02 c 1.61 ± 0.01 a 1.55 ± 0.01 b
Ammonia 0.49 ± 0.01 ab 0.47 ± 0.02 b 0.52 ± 0.02 a 0.52 ± 0.02 a 0.48 ± 0.02 b 0.54 ± 0.02 a
‡ Standard deviation. Means followed by different letters in the same row and same harvest show significant
differences according to Duncan’s test at p < 0.05.

3.5. Qualitative Analysis of JAPC Fatty Acid Composition

Both saturated (SFA) and unsaturated fatty acids (UFA) were detected in the JAPC. Polyunsaturated
fatty acids (PUFA) including linoleic acid (C18:2ω –6) and linolenic acid (C18: 3ω –3) predominated
(66%–68%) in all of the JA clones (Figures 1 and 2). Among these fatty acids, linolenic acid (38.6%–42.7%)
exhibited a narrow range of content that was present in the highest amount regardless of harvest time
or clone. Linoleic acid was present in the second-highest concentration, at a minimum of 23.4% in the
first harvest JAPC of Kalevala and a maximum of 26.9% in the second harvest JAPC of Alba. All of
the analyzed JAPC samples exhibited a low concentration of unknown fatty acid, which comprised
0.3–0.6% of the total fatty acid content (Figure 1). Among the monounsaturated fatty acids (MUFAs),
oleic acid (C18:1ω–9) was detected at a high value (6.6–11.6%), whereas the content of palmitoleic
acid (C16:1ω–7) was significantly lower and ranged from 0.7% to 1.1% (Figure 1). The saturated fatty
acids (SFA), myristic acid (C14:0), palmitic acid (C16:0), and stearic acid (C18:0) were also identified.
Palmitic acid was the most abundant saturated component with no significant differences (16.4–17.9%)
either between clones or time of harvest. The percent composition of myristic acid (2.5–6.9%) and
stearic acid (1.5–1.8%) in the JAPC fractions were markedly lower than that of palmitic acid. Opposing
tendencies were found for the oleic and myristic acid contents between the first and second harvests.
The myristic acid content in JAPC was higher in the first harvest in all the three JA clones, while the
oleic acid content was higher in the second harvest JAPC of Alba and Kalevala (Figure 1).
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Figure 1. Fatty acid composition (%) of Jerusalem artichoke leaf protein concentrate (JAPC) extracted
from the green biomass of three clones (Alba, Fuseau, and Kalevala).
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Figure 2. Distribution of saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and
polyunsaturated fatty acids (PUFA) in Jerusalem artichoke leaf protein concentrate (JAPC) extracted
from the green biomass of three clones (Alba, Fuseau, and Kalevala).

3.6. Screening JAPC Phytochemicals Using UHPLC-ESI-ORBITRAP-MS/MS

The profiles of the phytochemicals in the JAPCs isolated from the JA clones Alba, Fuseau, and
Kalevala, exhibited negligible differences between them. Up to 61 phytochemicals were defined, based
on specific retention time, accurate mass, isotopic distribution, and fragmentation pattern, and by
screening the following MS databases: Metlin, mzCloud, MoNA-MassBank of North America, and
our own database. Table 3 indicates that phenolic compounds comprised a significant component of
the compounds identified. Regardless of JA clones, three caffeoylquinic acid isomers: chlorogenic
acid (3-O-caffeoylquinic acid), neochlorogenic acid (5-O-caffeoylquinic acid), and cryptochlorogenic
acid (4-O-caffeoylquinic acid), respectively, were identified in the JAPCs with a characteristic
[M−H]− ion at m/z 353.0873. Considering the area of the peak of extracted ion chromatogram
of isomers the 3-O-caffeoylquinic acid is the dominant one, while a lower ratio of neochlorogenic
acid (5-O-caffeoylquinic acid) and cryptochlorogenic acid (4-O-caffeoylquinic acid) were detected
(Figure 3). Additionally, three di-O-caffeoylquinic acid isomers ([M−H]− ion at m/z 515.1190), four
coumaroylquinic acid isomers ([M−H]− ion at m/z 337.0924), and a 5-O-feruloylquinic acid ([M−H]−

ion at m/z 367.1029) were identified in the hydro-alcoholic extracted JAPC. The investigation also
revealed a compound with a [M−H]− ion at m/z 299.0767 in all of the JAPC extracts. The ion scan

389



Plants 2020, 9, 889

experiment of this ion showed corresponding fragment ions at m/z values of 137.0233; 113.0229; 93.0331;
85.0281; and 71.0122. After comparison with the databases, this compound was identified as salicylic
acid 2-O-β-d-glucoside.

Table 3. Chemical composition of Jerusalem artichoke leaf protein concentrate (JAPC) extracted from
green biomass.

No. Compound Formula
Retention

Time

Measured Mass (m/z)
Fragments 1 Fragments 2 Fragments 3 Fragments 4 Fragments 5

[M + H]+ [M − H]-

1 γ-Aminobutyric acid C4H9NO2 1.25 104.07116 87.0446 86.0607 69.0342 58.0658

2 Quinic acid C7H12O6 1.27 191.05557 173.0447 171.0289 127.0388 93.0331 85.0280

3 Betaine (Trimethylglycine) C5H11NO2 1.28 118.08681 59.0737 58.0659

4 Malic acid C4H6O5 1.33 133.01370 115.0024 89.0230 87.0075 72.9916 71.0123

5 Nicotinic acid (Niacin) C6H5NO2 1.51 124.03986 96.0450 80.0501 78.0347

6 Citric acid C6H8O7 1.73 191.01918 173.0082 129.0182 111.0075 87.0073 85.0280

7 Neochlorogenic acid
(5-O-Caffeoylquinic acid) C16H18O9 10.14 353.08726 191.0557 179.0344 173.0448 135.0441

8 Salicylic acid-2-O-glucoside C13H16O8 13.56 299.07670 137.0234 113.0229 93.0331 85.0280 71.0123

9 Chlorogenic acid
(3-O-Caffeoylquinic acid) C16H18O9 14.83 353.08726 191.0556 179.0344 173.0443 161.0234 135.0441

10 Cryptochlorogenic acid
(4-O-Caffeoylquinic acid) C16H18O9 16.11 353.08726 191.0555 179.0344 173.0447 161.0232 135.0441

11 4-O-(4-Coumaroyl) quinic
acid C16H18O8 16.14 337.09235 191.0555 173.0447 163.0390 119.0489 93.0331

12
Vanillin

(4-Hydroxy-3-methox
ybenzaldehyde)

C8H8O3 16.22 153.05517 125.0600 111.0445 110.0366 93.0341 65.0393

13 5-O-(4-Coumaroyl)quinic
acid C16H18O8 17.38 337.09235 191.0556 173.0447 163.0391 119.0490 93.0332

14 Indole-3-acetic acid C10H9NO2 17.98 174.05551 146.0601 144.0440 130.0651 128.0492

15 4-O-(4-Coumaroyl)quinic
acid cis isomer C16H18O8 18.04 337.09235 191.0556 173.0447 163.0391 119.0489 93.0331

16
Isoscopoletin

(6-Hydroxy-7-meth
oxycoumarin)

C10H8O4 18.33 193.05009 178.0264 165.0550 149.0598 137.0600 133.0287

17 5-O-Feruloylquinic acid C17H20O9 18.42 367.10291 193.0503 191.0556 173.0447 134.0362 93.0331

18 Riboflavin C17H20N4O6 19.03 377.14611 359.1352 243.0879 200.0824 172.0872 69.0342

19
Scopoletin

(7-Hydroxy-6-meth
oxycoumarin)

C10H8O4 19.08 193.05009 178.0263 165.0546 149.0597 137.0601 133.0287

20
Azelaamic acid

(9-Amino-9-oxononanoic
acid)

C9H17NO3 19.21 186.11302 125.0959 97.0647

21 6-Methylcoumarin C10H8O2 19.44 161.06026 133.0651 115.0547 105.0704 91.0547 79.0549

22 5-O-(4-Coumaroyl)quinic
acid cis isomer C16H18O8 19.63 337.09235 191.0555 173.0446 163.0390 119.0491 93.0330

23 Indole-4-carbaldehyde C9H7NO 19.67 146.06059 118.0655 117.0574 91.0548

24 Fraxidin or Isofraxidin C11H10O5 19.72 221.04500 206.0219 190.9983 163.0030

25 Loliolide C11H16O3 20.05 197.11777 179.1069 161.0962 135.1171 133.1015 107.0860

26
4-Hydroxy-3-meth

oxycinnamaldehyde
(Coniferyl aldehyde)

C10H10O3 20.59 179.07082 161.0599 147.0442 133.0652 119.0495 55.0186

27 7-Deoxyloganic acid isomer C16H24O9 22.36 359.13421 197.0815 153.0909 135.0805 109.0643 89.0230

28 Di-O-caffeoylquinic acid
isomer 1 C25H24O12 22.61 515.11896 353.0884 191.0556 179.0342 173.0447 135.0441

29 Di-O-caffeoylquinic acid
isomer 2 C25H24O12 22.77 515.11896 353.0884 191.0556 179.0342 173.0446 135.0440

30 Salvianolic acid derivative
isomer 1 C27H22O12 22.80 537.10331 375.0705 201.0165 179.0343 161.0234 135.0440

31 Butein (2′,3,4,4′-Tetrah
ydroxychalcone) C15H12O5 23.00 273.07630 255.0656 227.0699 209.0602 163.0391 137.0235

32 Quercetin-3-O-glucuronide C21H18O13 23.26 477.06692 301.0359 178.9980 163.0028 151.0026 121.0281

33 Isoquercitrin (Hirsutrin,
Quercetin-3-O-glucoside) C21H20O12 23.47 463.08765 301.0358 300.0283 271.0253 255.0300

34 Chrysoeriol-O-glucoside C22H22O11 23.87 461.10839 299.0560 298.0484 270.0537 255.0292 227.0346

35 Salvianolic acid derivative
isomer 2 C27H22O12 24.60 537.10331 375.0705 201.0166 179.0343 161.0236 135.0440

36 Di-O-caffeoylquinic acid
isomer 3 C25H24O12 24.62 515.11896 353.0884 191.0557 179.0342 173.0447 135.0440
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Table 3. Cont.

No. Compound Formula
Retention

Time

Measured Mass (m/z)
Fragments 1 Fragments 2 Fragments 3 Fragments 4 Fragments 5

[M + H]+ [M − H]-

37 Azelaic acid C9H16O4 25.05 187.09704 169.0863 143.1070 125.0959 123.0803

38 Kaempferol-3-O-
glucuronide C21H18O12 25.18 461.07200 285.0410 229.0505 113.0231

39 Apigenin-O-
malonylglucoside C24H22O13 25.21 517.09822 473.1116 269.0461 268.0376

40 Astragalin
(Kaempferol-3-O-glucoside) C21H20O11 25.26 447.09274 285.0410 284.0331 255.0302 227.0350

41 Isorhamnetin-3-O-glucoside C22H22O12 25.48 477.10330 315.0524 314.0437 285.0406 271.0248 243.0292

42
Kukulkanin B

(2′,4′,4-Trihydroxy-3′-
methoxyxchalcone)

C16H14O5 25.50 287.09195 269.0810 241.0864 177.0548 145.0286 137.0235

43 Isorhamnetin-3-O-
glucuronide C22H20O13 25.70 491.08257 315.0517 300.0275 271.0249

44 Dihydroactinidiolide C11H16O2 27.16 181.12286 163.1119 145.1014 135.1171 121.1015 107.0860

45 Dimethoxy-
tetrahydroxyflavone C17H14O8 28.38 345.06105 330.0386 315.0153 287.0204 215.0347 178.9978

46 Dihydroxy-methoxyflavone C16H12O5 29.89 283.06065 268.0381 267.0305 240.0427 239.0350 211.0396

47 Dimethoxy-trihydr
oxyflavone isomer 1 C17H14O7 30.09 329.06613 314.0439 299.0197 283.0869 271.0247 255.0913

48 Trihydroxy-trime
thoxyflavone C18H16O8 30.36 359.07670 344.0541 329.0307 314.0075 301.0358 286.0129

49 Dimethoxy-trihyd
roxyflavone isomer 2 C17H14O7 30.38 329.06613 314.0439 299.0201 283.0871 271.0252 253.0763

50 Liquiritigenin (4′,7-
Dihydroxyflavanone) C15H12O4 30.56 255.06574 153.0183 135.0077 119.0489 91.0175

51
Hymenoxin

(5,7,Dihydroxy-3′,4′,
6,8-tetramethoxyflavone)

C19H18O8 32.11 375.10800 360.0840 345.0606 342.0736 330.0367 317.0659

52 Epiafzelechin trimethyl
ether C18H20O5 33.32 317.13890 167.0704 163.0755 155.0705 137.0598 121.0651

53
Nevadensin

(5,7-Dihydroxy-4′,
6,8-trimethoxyflavone)

C18H16O7 33.91 345.09743 330.0736 315.0501 312.0631 287.0554
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Among flavonoids, isorhamnetin-3-O-glucoside with m/z 477.1033, kaempferol 3-glucuronide
(kaempferol 3-O-β-d-glucopyranosiduronic acid) with m/z 461.0720, and astragaline (kaempferol
3-O-β-d-glucopyranoside) with m/z 447.0927 was found in the JAPC. However, to our knowledge,
this is the first time glucuronide derivatives of isorhamnetin (isorhamnetin-3-O-glucuronide)
and isoquercetin (quercetin 3-O-β-d-glucopyranoside) with m/z 463.0877 (Table 3 and Figure 4)
have been identified. In addition to flavonols, most of the identified flavonoids belonged
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to the flavones. As far as we are aware, none of these has been identified previously
in JAPC. For instance, we identified two dimethoxy-trihydroxyflavone isomers ([M − H]−

ion at m/z 329.0661), dimethoxy-tetrahydroxyflavone ([M − H]− ion at m/z 345.0611),
dihydroxy-methoxyflavone ([M − H]− ion at m/z 283.0607), and trihydroxy-trimethoxyflavone
([M − H]− at m/z 359.0767). Hymenoxin (5,7-dihydroxy-3′,4′,6,8-tetramethoxyflavone) at m/z 375.1080
and nevadensin (5,7-hydroxy-4′,6,8-trimethoxyflavone) at m/z 317.1389 were identified in positive
ESI mode (Table 3). Within flavonoids, Butein (2′,3,4,4′-tetrahydroxychalcone) and kukulkanin B
(3′-methoxy-2′,4,4′-methoxychalcone) which related to chalcones subgroup were identified. Finally,
liquiritigenin (4′,7-dihydroxyflavanone; [M −H]− at m/z 255.0657) was the only flavanone found in
this study (Figure 4).Plants 2020, 9, x FOR PEER REVIEW 11 of 17 
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In addition to polyphenols, three different terpenes consistently appeared in the JAPC of
the JA clones. Loliolide (1,3-dihydroxy-3,5,5-trimethylcyclohexylidene-4-acetic acid lactone) is a
C11 monoterpenoid lactone, which was observed with a [M + H]+ ion at m/z 197.1178 (Figure 4).
Dihydroactinidiolide as a volatile monoterpene with a [M+H]+ ion at m/z 181.1229, and 7-deoxyloganic
acid isomer, an iridoid monoterpene with a [M −H]− ion at m/z 359.1342, were recognized. Several
proteinogenic amino acids were also identified (Table 3). In terms of vitamins, vitamin B molecules
such as nicotinic acid (niacin; [M + H]+ ion at m/z 124.0399) and riboflavin ([M + H]+ ion at m/z

377.1461) were seen, while organic acids, i.e., malic acid and citric acid, and plant hormones such as
indole acetic acid, were also identified in the JAPC.

4. Discussion

One important aspect of the biorefinery to become a competitive process is to produce at least
one product of high value. The quantitative analysis of crude protein content of JAPC is a priority.
The protein content of JAPC is influenced by plant type and also by the processing method. The
average total protein content of the JAPC produced from Alba, Fuseau, and Kalevala was 33.4 m/m%;
however, most of the isolated protein was found in the leaves, as these organs contain 3-fold higher
total protein than the stem [23]. The JAPC comprised parenchyma tissues (80–87%) containing easily
released cytoplasmic and chloroplast proteins such as Rubisco, which is of high nutritional value [24].
The time of harvest is critical to the quantity and quality of the JAPC produced from the aerial parts of
the JA. Rashchenko [25] reported that the N content of older leaves is ~50% less than that in young
leaves and Seiler [26] reported that the total protein content fell by 32.6% between the vegetative and
flowering stages of JA growth. Knowing this, the shoots were harvested at the point of the maximum
green leaf; ahead of senescence and before the bottom leaves turn dry. Ultimately, there was no
significant difference in protein content between the two harvests.

In terms of an ideal protein source, the amino acid profile cannot be ignored, because among
the 20 proteinogenic amino acids, nine cannot be synthesized by most animal species [20]. The
content of these essential amino acids is, therefore, of particular interest. Among the green biomass
fractions, the JAPC, as a dedicated protein enriched product for feed, was examined thoroughly.
Several indispensable amino acids, i.e., lysine, isoleucine, leucine, methionine, and threonine, were
present in high concentrations in the JAPC. However, even higher amino acid contents were found in
JAPC by Rawate and Hill [27]; this may be attributed to different extraction methods and varieties.
Additionally, the amino acid profiles exhibited minor differences between the two harvests, which may
be due to differences in weather and plant age, as has previously been documented [11,25,26].

Considering the scientific literature about phytoconstituents of different JA organs, it was assumed
that the green biomass-originated JAPC can be more than an alternative protein source. Qualitative
analysis of phytochemicals in JAPC was performed by UHPLC-ESI-MS in both negative and positive
ESI modes. The negative mode was used to identify flavonoid and phenolic acid (hydroxycinnamic acid
and benzoic acid) derivatives, as it provided better sensitivity. The easy protonation of N in the positive
mode made it suitable for identifying terpenes, amino acids, coumarins, and coumaroylquinic acids.

Phenolic compounds are one of the largest groups of plant secondary metabolites. Among
them, phenolic acids are an important subgroup and their presence is characteristic of the Asteraceae
family. The most revealed phenolic acids are the mono- and di, and even tri-hydroxycinnamic
acid (p-coumaric, caffeic, and ferulic acids) esters of quinic acids in the tuber and shoot organs
of JA [15,17,19]. Our measurements confirmed 13 different “phenolic acids” from green biomass
originated hydro-alcoholic extracted JAPC. The three structural isomers of caffeoylquinic acid were
identified with a similar degree of ionization, and the same molecular weight and fragmentation
pattern. Hence, the area of the peak of extracted ion chromatogram of isomers is comparable and
the 3-O-caffeoylquinic acid seemed to be the dominant one (Figure 3). However, neochlorogenic acid
(5-O-caffeoylquinic acid) displayed the lowest ratio. Chlorogenic acid (3-O-caffeoylquinic acid) is
known as the most abundant isomer in plants, whereas cryptochlorogenic acid (4-O-caffeoylquinic
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acid) and neochlorogenic acid (5-O-caffeoylquinic acid) are present in much lower concentration [27].
Yuan et al. [15] cited 3-O-caffeoylquinic acid and 1,5-dicaffeoylquinic acid in high concentrations in
JA leaves. However, Liang and Kitts [28] mentioned that 5-O-caffeoylquinic acid is the predominant
isomer in fruits and vegetables. The presence of these phenolic acids is interesting from the aspect
of both humans and animals, as several biological roles are attributed to caffeoylquinic acid isomers
including antioxidant and antibacterial activities, hepato- and cardio-protection, anti-inflammatory
and antipyretic activities, neuroprotection, anti-obesity, antiviral, and anti-hypertension activities, and
central nervous system stimulation. Additionally, these compounds modulate lipid metabolism and
glucose levels in both genetic metabolism-related disorders and healthy people [15,29]. Based on their
health-promoting effects, caffeoylquinic acid isomers are increasingly recommended as natural and
safe food additives, in place of synthetic antibiotics and immunity boosters.

The four different coumarins have also been revealed in the JAPC. Coumarins are widely
distributed non-flavonoid polyphenols in the plant kingdom (Figure 5B). However, “simple coumarins”
as coumarin subgroup is mainly present in the Asteraceae family. Therefore, each coumarin
subclass-related compounds are used for the chemotaxonomic approach, too. Scopoletin and ayapin
were already described in tubers of JA and assumed the presence of them in aerial part as in the
case of Helianthus annuus [30]. Our measurement confirmed the presence of scopoletin along with
isoscopoletin, 6-methyl coumarin, and fraxidin from green biomass originated product of JA. Some of
simple coumarins are known as phytoalexins. At the same time, fraxidin and scopoletin have also
shown potent antiadipogenic activity against the preadipocyte cell line in vitro assay systems [31].
Within non-flavonoid phenolics, two salvianolic acid derivatives and a salicylic acid-2-O-glucoside
were also in detectable amounts.
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Flavonoids are widespread secondary metabolites that occur as part of the phenolic constituents of
plants. However, only a few of these have been described in the aerial part of JA including isorhamnetin
glucoside, kaempferol glucuronide, and kaempferol-3-O-glucoside [14]. Based on the present qualitative
analysis, 18 flavonoid compounds were revealed in the JAPC as green biomass originated product
(Figure 5). Generally, cell vacuoles are the main storage places for soluble flavonoids. The JPAC is
mostly made up of content released from the cytoplasm and vacuoles cell fractions, which may be the
reason for the relatively high proportion of identified flavonoids. Within flavonoids, five flavonols were
detected in the JAPC, in which all of them occurred as glycosides. Primarily, the solubility of flavonoids
is due to their sugar substitutions. Among the sugars, glucose and glucuronic acid at a single position
are probably the most common substituents [32]. The importance of flavonoid glucuronides is related
to their health-promoting activities such as the anti-inflammatory and neuroprotective activities of
quercetin-3-O-glucuronide [33]. Most of the identified flavonoid compounds belong to the flavones
(Figure 5C). All of the flavone compounds were hydroxylated methoxyflavones, which contain one
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or more methoxy groups instead of a hydroxyl group on a flavone framework. The substitution
of a methoxy group for a hydroxyl group in flavones has significant importance. One side the
hydroxyl groups of flavones have free radical scavenging activity, but extensive conjugation of free
hydroxyl groups to flavones results in low oral bioavailability; hence, they undergo rapid sulfation
and glucuronidation in the small intestine and liver by phase II enzymes. Consequently, conjugated
metabolites, but not the original compounds, can be found in plasma [34]. However, if one or more
hydroxyl groups are capped by methylation, the substitution of a methoxy group by the hydroxyl
group induces an increase in metabolic stability and improves transport and absorption. Considering
the biological properties and chemical characteristics of hydroxyl and methoxy groups together, the
hydroxylated methoxyflavones combine many advantages from both functional groups, improving
their potential for application in human health [34]. Therefore, the presence of several hydroxylated
methoxyflavones such as dimethoxy-trihydroxyflavone isomers, dimethoxy-tetrahydroxyflavone,
dihydroxy-methoxyflavone, trihydroxy-trimethoxyflavone, hymenoxin, and nevadensin, increase the
value of JAPC.

From minor flavonoids, two chalcones were detected in JAPC. Butein (2′,3,4,4′

-Tetrahydroxychalcone) is one of them which is widely biosynthesized in plants; however, no reference
has been found citing it in JA. Based on preclinical studies, butein exhibits significant therapeutic
potential against various diseases. In vitro and in vivo studies support that butein can suppress
proliferation and trigger apoptosis in various human cancer cells with no or only minimal toxicity
inducing in normal cells [35].

Liquiritigenin (4′,7-dihydroxyflavanone) as the only flavanone was measured in JA flowers by
Johansson et al. [13]. Our results confirmed the presence of liquiritigenin in JAPC, too. Liquiritigenin
is known to be a promising active estrogenic compound and is a highly selective estrogen receptor β
agonist, which may be helpful to women who suffer from menopausal symptoms [36].

Three terpenes consistently appeared in the tested JAPC from all the JA clones. Loliolide, a
C11 monoterpenoid lactone, is considered to be a photo-oxidative or thermally degraded product of
carotenoids [37]. Similarly, we identified dihydroactinidiolide, a volatile monoterpenoid, which is
a flavor component of several plants such as tobacco and tea. According to Yun et al. [38], thermal
treatment induces the formation of dihydroactinidiolide from β-carotene. Kaszás et al. [8] confirmed
that the green juice of the JAPC contains a marked number of carotenoids, which may be able
partially to convert to loliolide or dihydroactinidiolide, causing the number of detectable terpenes
to increase. Studies have confirmed that loliolide inhibits growth and germination, while also being
phytotoxic, repelling leaf-cutter ants and having antitumor and antimicrobial activities in animals and
microorganisms [37,39]. Dihydroactinidiolide has a carbonyl group that can react with nucleophilic
structures in macromolecules, providing high potential reactivity to the molecules. It also shows
cytotoxic effects against cancer cell lines [38]. The 7-Deoxyloganic acid isomer is the third terpene,
which is known to be an intermediate in the secoiridoid pathway in plants.

The fatty acid and lipid contents of JA tubers have been reported by several authors [11,40];
however, little information is available about the fatty acid composition of its leaves and JAPC [41].
Recently, rapidly growing interest is for PUFAs, because humans and other mammals are incapable
of synthesizing omega-6 and omega-3 PUFAs, due to the lack of ∆12 and ∆15 desaturase enzymes,
which insert a cis double bond at the n-6 and n-3 positions [42]. Hence, linolenic and linoleic acids are
essential nutrients converted from oleic acid in the endoplasmic reticulum of plant cells. Linolenic
acid is the precursor of longer-chain PUFAs such as eicosapentaenoic acid (EPA: C20:5ω –3) and
docosahexaenoic acid (DHA: C22:6ω –3), which can be synthesized in humans. Similarly, linoleic
acid is an essential precursor to dihomo-γ-linoleic acid (DGLA: C20:3ω –6) and arachidonic acid
(C20:4ω –6). As they are essential to life, linolenic and linoleic acids must be supplied to animals
and humans through diet. In the JAPC of all JA clones, the highest contribution to the fatty acid
profile was made by linolenic acid (38.6–42.7%) and linoleic acid (23.4–26.9%) as shown in Figures 1
and 2. The correct proportions of linoleic and linolenic acids are emphasized by anthropological
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and epidemiological studies. The required ratio of omega-6 to omega-3 essential fatty acids is ~1:1,
according to the evolutionary history of the human diet. In contrast, in the current Western diet, this
ratio has shifted to 10–20:1, which is not beneficial to health and promotes the pathogenesis of many
diseases [43]. We found a ratio of ~0.6:1 for omega-6 to omega-3 essential fatty acids in JAPC, which is
very favorable and close to Paleolithic nutrition levels.

Concerning the harvest time, Alba and Kalevalas’ JAPC exhibited higher oleic acid contents in
the second harvest (when the nights were cooler). According to Barrero-Sicilia et al. [44], plants often
respond to low temperature by increasing the levels of unsaturated fatty acids in the membrane and
increasing membrane fluidity and stabilization. We found the opposing tendency in the saturated
myristic acid (C14:0) contents of the JAPC, in which levels were higher in the first harvest (when the
nights were warmer).

In summary, this study delivers deeper insights into JAPC originating from the fractionated
green biomass of different JA clones focusing on its content of different phytochemicals that are
potentially bioactive compounds and have several important uses. Future studies should investigate
the anti-nutritional ingredients of JAPC, analyze the chemical composition of other fractions such as
the brown juice and fiber, and calculate the economic viability of JA crops.

5. Conclusions

This paper discusses two important points related to JA. Firstly, we examined the potential
production of leaf protein from its aerial parts. Secondly, we aimed to determine the quality of
produced JAPC as a promising protein source that could be directed to human consumption and/or
animal feeding. Biochemical analyses revealed that the JAPC is not only a good source of protein
with a favorable amino acid composition but also a repository of essential fatty acids, flavonoid
and non-flavonoid phytonutrients. The saturated palmitic acid (C16:0), stearic acid (C18:0), and the
monosaturated form of stearic acid, oleic acid (C18:1ω–9), are often referred to as common fatty
acids. They are biosynthesized in the plastids and partially incorporated into the cell and subcellular
membranes [45]. The JAPC originates mainly from crushed cells of vegetative tissues containing
membrane debris, which explains the relatively higher proportion of palmitic (16.4–17.9%) and
oleic (6.6–11.6%) acids. Moreover, several important viable compounds were detected in JAPC.
These compounds are known for their antibacterial, anti-inflammatory, and antipyretic activities,
neuroprotection, anti-obesity, antiviral, and anti-hypertension activities, hepato- and cardio- protection,
and central nervous system stimulation. However, the quantity and quality of the phytochemicals
are specific to the species and can vary with the bioanalytical technology used. Hence, a quantitative
analysis of identified phytocompounds needs to confirm the nutritional value of JAPC. Overall, the
present results confirm that the green aerial parts of this underestimated plant can be a source of
marketable products involving into green biorefinery concept.
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Abstract: Polygonum hydropiper L. is a traditionally used medicinal plant. The present study was designed
to explore the α-amylase inhibitory, antioxidant, and antimicrobial activities of Polygonum hydropiper L.
Polarity-based solvent extracts (n-hexane, acetone, chloroform, methanol, ethanol, and water) of
Polygonum hydropiper leaves and stem were used. Antioxidant activity was assessed by free radical
scavenging assay (FRAP) and 2,2-diphenylpicrylhydrazyl (DPPH) free radical scavenging activity
methods. Quantitative phytochemical analyses suggested that the stem of Polygonum hydropiper L.
contains higher levels of bioactive compounds than its leaves (p < 0.05). The results suggested that
stem-derived extracts of Polygonum hydropiper L. are more active against bacterial species, including
two Gram-positive and three Gram-negative strains. Moreover, our results showed that the bioactive
compounds of Polygonum hydropiper L. significantly inhibit α-amylase activity. Finally, we reported
the polarity-based solvent extracts of Polygonum hydropiper L. and revealed that the stem, rather than
leaves, has a high antioxidant potential as measured by FRAP and DPPH assay with IC50 values of
1.38 and 1.59 mg/mL, respectively. It may also be deducted from the data that the Polygonum hydropiper

L. could be a significant candidate, which should be subjected to further isolation and characterization,
to be used as an antidiabetic, antimicrobial and antioxidant resource in many industries, like food,
pharmaceuticals and cosmetics.

Keywords: water-pepper; FRAP; DPPH; polarity-based solvent extraction; α-amylase inhibition

1. Introduction

The Polygonaceae family is comprised of 48 genera and 1200 species [1,2]. Among the 60 species
of the Polygonum distributed throughout the world, approximately 20 species are found in Pakistan [3].
They grow in moist places and shallow water. Polygonum hydropiper L. is an important medicinal
plant of Polygonaceae family. It is commonly grown annually in the wet areas and is recognized as a
common weed which is native to Southeast Asia [4]. Morphologically, the stem is round; its length
usually varies from 40 to 70 cm [5].
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This species has anti-inflammatory potential [6] and insecticidal properties [7], along with
anticholinesterase, phytotoxic, anthelmintic, antiangiogenic, anticancer, antimicrobial, and antioxidant
potential [8–11]. This plant is used in treating broad range of disorders, including gastrointestinal
disturbances, neurological disorders, inflammation, and diarrhea [12]. Moreover, it is used to treat
other diseases, like dyspepsia, itching skin, excessive menstrual bleeding, hemorrhoids, and cancer
(particularly colon, breast, and prostate cancer) [13]. Furthermore, sap of the leaves is used to treat
headache, pain, toothache, liver enlargement, gastric ulcer, dysentery, and loss of appetite. The juice of
this plant is considered useful for treating wounds, skin diseases, and painful carbuncles [14]; it can
also be used as an anthelminthic herb, in the treatment of snake-bites, and as a diuretic [15].

The phytochemicals of P. hydropiper L. include catechins, procyanidins, condensed tannins,
and antitumor agents that are flavanols in nature [16]. Flavonoids with antioxidant activity and aldose
reductase and tyrosinase inhibitory activities have also been found in P. hydropiper L. [4,17]. Due to
the presence of drimane-type sesquiterpenes, P. hydropiper L. has some insecticidal and antifungal
activities [18,19]. The antifungal activities of P. hydropiper L. are due to the presence of confertifolin,
a natural antimicrobial compound [20]. Other bioactive compounds of P. hydropiper L. include gallic
acid; ellagic acid; 3,3′-di-O-methyl ether; anthraquinone; aromatic 6-lactone; and flavonoids such
as viscosumic acid, oxymethyl-anthraquinones, rutin, hyperin, isoquercitrin, epicatechin, quercetin,
kaempferol, and isorhamnetin [21]. It has been reported that this species contains pyrocatechol,
4-methyloxazole, caryophyllene, succinimide, vanillic acid, myristic acid, farnesol, arachidic acid,
methyl ester, and capsaicin [10].

The excessive and long-term use of synthetic drugs causes several side effects [22]. In the
human body, numerous cellular processes produce free radicals (FR) and reactive oxygen species
(ROS). Such toxics may also be produced exogenously by pollutants, radiation, smoke, drugs,
and xenobiotics [23]. Overproduction of different chemically reactive oxygen plagiaristic molecules
such as hydrogen peroxide (H2O2), superoxide (O2

−), and hydroxyl radicals (OH−) is highly toxic and
leads to biomolecular damage, which in turn causes diabetes mellitus, cancer, atherosclerosis, and heart
and neurodegenerative diseases [24]. In contrast, the overproduction of FR and ROS species can be
averted by antioxidant substances. It is reported that secondary metabolites of plants like phenols,
flavonoids, and alkaloids have antioxidant, antidiabetic, anthelminthic, lipid-lowering, anticoagulant,
and antimicrobial properties [25].

Diabetes mellitus is characterized by hyperglycemia, lipedema, and oxidative stress and predisposes
affected individuals to long-term complications afflicting the eyes, skin, kidneys, nerves, and blood
vessels. Recently, it has been estimated that the prevalence of diabetes by 2025 will increase from
143 million to 300 million patients [26]. Various studies have indicated that dietary supplementation
with combined antiglycation and antioxidant nutrients might be a safe and simple complement to
traditional therapies targeting diabetic complications [27]. Hyperglycemia, through both enzymatic
and non-enzymatic mechanisms, produces oxidative stress by producing free radicals. α-Amylase
hydrolyzes (1,4)-α-D-glucosidic linkages in polysaccharides containing three or more (1,4)-α-linked
D-glucose units, which ultimately increases the blood sugar level; α-amylase-inhibiting drugs such
as acarbose, miglitol, and voglibose are frequently used in diabetes management [28,29]. However,
α-amylase-inhibiting drugs cause severe side effects like bloating and abdominal uneasiness [30].
Therefore, the administration of natural resources to treat diabetes seems to be a promising strategy.
To this end, targeting α-amylase inhibition by natural remedies may be an ideal platform in diabetes
prevention [31,32]. In this context, the current study was designed to determine the bioactive
compounds of P. hydropiper. Furthermore, the extracts of P. hydropiper were evaluated for their potential
to inhibit α-amylase activity and reduce oxidative stress. Finally, the antimicrobial potential of
P. hydropiper was demonstrated.
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2. Results

2.1. Determination of Bioactive Compounds

In first series of experiments, class of secondary metabolites including alkaloids, tannins, flavonoids,
β-carotene, and lycopene from the leaves (PHL) and stem (PHS) of P. hydropiper were extracted with
their respective solvents and quantified. The comparative analyses found that concentrations of
alkaloids and tannins were significantly higher in P. hydropiper stem than in leaves (t = −3.22, p = 0.032;
t = −3.61, p = 0.023). However, flavonoids were found in comparable amounts in both stem and leaves
(t = −0.427, p = 0.691) (Table 1). We also noticed that the leaves of P. hydropiper contained significantly
higher concentrations of β-carotene and lycopene than those found in the stem of P. hydropiper (t = 2.90,
p = 0.044; t = 4.31, p = 0.013).

Table 1. Phytochemical constituents of P. hydropiper leaves and stem.

Phytochemical
PHL

Concentration (mg/mL) a
PHS

Concentration (mg/mL) a

Alkaloids 4.32 ± 0.354 8.17 ± 1.13 *
Tannins 1.76 ± 0.287 3.54 ± 0.402 *

Flavonoids 6.11 ± 0.344 6.33 ± 0.392
β-Carotene 0.461 ± 0.075 * 0.194 ± 0.053
Lycopene 0.762 ± 0.138 * 0.136 ± 0.043

a Values are means of triplicate determination (n = 3) ± standard deviations; * indicates significant difference
(p < 0.05) between leaves and stem; PHL, P. hydropiper leaves; PHS, P. hydropiper stem.

2.2. In Vitro Evaluation of α-Amylase Inhibition

The different solvent extracts of P. hydropiper stem and leaves were investigated for their potential
to inhibit α-amylase activity at six different concentrations (0.46, 0.94, 1.88, 3.75, 7.50, and 15 mg/mL).
The dose–response calibration curves for n-hexane, acetone, chloroform, ethanol, methanol, and water
extracts of P. hydropiper leaves and stem were constructed individually. Percent α-amylase inhibition
and IC50 values were determined from the dose–response calibration curves for each type of extract
(Figures 1 and 2).

Theα-amylase inhibitory activities of the leaf extracts were ranked in the following order: n-hexane
(IC50 1.03 mg/mL; R2 0.566) > chloroform (IC50 1.53 mg/mL; R2 0.6492) >methanol (IC50 2.32 mg/mL;
R2 0.7255) > acetone (IC50 4.70 mg/mL; R2 0.9919) > water (IC50 4.85 mg/mL; R2 0.7629) > ethanol
(IC50 13.89 mg/mL; R2 0.3249). Differently from those of the leaf extracts, the α-amylase inhibitory
activities of the stem extracts were ranked in the following order: chloroform (IC50 2.599 mg/mL;
R2 0.8232)>methanol (IC50 3.517 mg/mL; R2 0.8375)> ethanol (IC50 5.672 mg/mL; R2 0.4736)> n-hexane
(IC50 6.910 mg/mL; R2 0.4399) > acetone (IC50 11.86 mg/mL; R2 0.5608) > water (IC50 13.12 mg/mL;
R2 0.6824).

2.3. Antioxidant Capacity

The antioxidant potential of the different extract types was analyzed at six concentrations (0.46,
0.94, 1.88, 3.75, 7.50, and 15 mg/mL) by using the free radical scavenging assay (FRAP) and the
2,2-diphenylpicrylhydrazyl (DPPH) assay. Table 2 shows the antioxidant potential measured by
two assays.
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Inhibition of α

–

Figure 1. Inhibition of α-amylase activity by different extracts (ethanol, (A); acetone, (B); methanol, (C);
n-hexane, (D); chloroform, (E) and water, (F)) of P. hydropiper leaves (PHL) and stem (PHS). Solid lines
represent hyperbolic dose–response curves, which were generated in GraphPad Prism. Values represent
the means of triplicate measurements (n = 3).
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α
Figure 2. α-Amylase inhibitory activity of the different extracts tested: comparison of IC50 values.
The IC50 values were calculated from dose-dependent percent inhibition. Values represent the means
of triplicate measurements (n = 3). Bars represent the standard deviation.

Table 2. Antioxidant activity of P. hydropiper extracts in different solvents at different concentrations.

FRAP Activity % Activity

Concentration (mg/mL) a

0.46 0.94 1.88 3.75 7.50 15 IC50

PHL n-hexane 83.33 ± 7.2 ** 79.28 ± 6.1 ** 74.07 ± 3.5 ** 63.86 ± 6.4 * 44.38 ± 11 32.87 ± 7.8 ** 5.52
PHL acetone 74.72 ± 1.8 ** 71.95 ± 4.1 ** 51.53 ± 4.7 ** 19.27 ± 3.1 ** 8.43 ± 1.9 3.95 ± 0.8 2.29
PHL ethanol 68.37 ± 7.3 ** 62.46 ± 3.2 ** 56.68 ± 8.0 ** 42.18 ± 4.3 ** 29.35 ± 3.3 26.48 ± 4.8 * 2.99

PHL methanol 65.53 ± 3.2 ** 59.78 ± 2.5 ** 49.43 ± 3.8 ** 25.97 ± 3.9 ** 25.17 ± 3.3 12.87 ± 4.6 2.30
PHS n-hexane 72.15 ± 3.2 ** 67.87 ± 5.3 ** 45.94 ± 5.3 ** 42.88 ± 1.6 * 31.45 ± 3.3 29.10 ± 6.1 * 1.50
PHS acetone 67.23 ± 12 ** 52.70 ± 3.6 ** 40.04 ± 6.5 ** 16.03 ± 4.0 ** 7.39 ± 1.4 3.57 ± 0.8 * 1.81
PHS ethanol 74.52 ± 3.32 ** 69.66 ± 5.5 ** 46.91 ± 5.1 ** 43.67 ± 6.0 * 34.41 ± 4.8 28.66 ± 8.2 1.38

PHS methanol 69.31 ± 3.19 ** 65.96 ± 5.3 ** 44.33 ± 5.3 ** 37.62 ± 4.0 ** 27.61 ± 4.5 22.55 ± 6.0 1.73

DPPH Activity

PHL acetone 72.91 ± 5.7 68.06 ± 3.6 ** 65.16 ± 3.6 ** 32.93 ± 6.0 * 22.03 ± 5.1 * 16.88 ± 2.2 2.94

PHL ethanol 82.68 ± 5.6 80.52 ± 4.4 ** 72.02 ± 4.7 ** 59.93 ± 5.6 ** 42.19 ± 2.5 30.06 ± 1.3 * 5.14
PHS acetone 77.93 ± 3.2 71.95 ± 5.5 ** 50 ± 5.1 ** 46.21 ± 3.8 * 32.60 ± 3.3 * 27.57 ± 9.1 1.59
PHS ethanol 82.93 ± 9.4 78.13 ± 4.6 ** 72.55 ± 5.8 ** 64.78 ± 3.4 ** 47.88 ± 0.2 * 36.72 ± 5.3 * 6.88

a Values are means of triplicate determination (n = 3) ± standard deviations; p values less than 0.05 were considered
to be statistically significant; * p < 0.05, ** p < 0.01; PHL, P. hydropiper leaves; PHS, P. hydropiper stem.

The FRAP activities for different extract types of both stem (PHS) and leaves (PHL) were
observed to be ranked in the following order: PHS ethanol (IC50 1.38 mg/mL; R2 0.7847) > PHS
n-hexane (IC50 1.50 mg/mL; R2 0.8407) > PHS methanol (IC50 1.73 mg/mL; R2 0.8483) > PHS
acetone (IC50 1.81 mg/mL; R2 0.8814) > PHL acetone (IC50 2.29 mg/mL; R2 0.977) > PHL methanol
(IC50 2.30 mg/mL; R2 0.9121) > PHL ethanol (IC50 2.99 mg/mL; R2 0.8090) > PHL n-hexane
(IC50 5.52 mg/mL; R2 0.7588). All types of extracts of the stem showed higher FRAP activity than those
of the leaves of P. hydropiper.

The DPPH activities of both stem and leaves were also analyzed for different extract types at
different concentrations. The acetonic extracts of both stem and leaves were more effective than ethanolic
extracts. The activities was observed to be ranked in the following order: PHS acetone (IC50 1.59 mg/mL;
R2 0.8330)> PHL acetone (IC50 2.94 mg/mL; R2 0.9244)> PHL ethanol (IC50 5.14 mg/mL; R2 0.9102) > PHS
ethanol (IC50 6.88 mg/mL; R2 0.8126).

405



Plants 2020, 9, 852

2.4. Antimicrobial Activity

Our results showed strong antibacterial activities for both acetonic and ethanolic extracts at
all six concentrations (0.46, 0.94, 1.88, 3.75, 7.50, and 15 mg/mL) of P. hydropiper stem and leaves.
Zones of inhibition of the tested extracts are depicted in Table 3. The acetonic stem extract showed
antibacterial activity against five different microbial species (Escherichia coli, Staphylococcus aurous,
Klebsiella pneumoniae, Morganella morganii, and Haemophilus influenzae); however, the leaves did not
show antibacterial activity against E. coli and S. aureus. The ethanolic extracts of stem and leaves
showed strong antiproliferative activities against all the microbial species tested (Table 3).

Table 3. Antimicrobial activity of different solvent extracts of P. hydropiper leaves and stem at
different concentrations.

Clear Zone of Inhibition (mm) of HP Extracts a Ant Ag (mm) a

Microorganisms Leaf Concentration (mg/mL) Stem Concentration (mg/mL) DMSO A

0.46 0.94 1.88 3.75 7.50 15 0.46 0.94 1.88 3.75 7.50 15

Acetonic extract

E. coli ND ND ND ND ND ND 9 10 12 14 16 17 ND 20
S. aureus ND ND ND ND ND ND 9 11 13 15 17 18 ND 22

K. pneumonia 9 10 12 13 14 16 9 10 11 13 14 15 ND 17
H. influenzae 9 10 12 13 14 16 9 11 12 14 16 18 ND 20
M. morganii 10 12 13 14 15 17 10 12 14 15 17 19 ND 17

Ethanolic extract

E. coli 9 10 11 13 14 15 9 11 12 13 14 16 ND 20
S. aureus 9 10 12 13 15 17 9 10 12 14 15 17 ND 22

K. pneumonia 7 8 9 13 14 15 9 10 12 13 14 16 ND 17
H. influenzae 7 11 12 14 15 17 10 11 12 13 15 17 ND 20
M. morganii 9 10 11 13 15 17 9 10 12 13 15 16 ND 17
a Values are means of triplicate determination (n = 3); ND, not detected at this concentration; A, ampicillin (10 µg);
DMSO, dimethyl sulfoxide (100%); Ant Ag, antimicrobial agent.

3. Discussion

The excessive use of synthetic drugs causes several side effects and may lead to conflict [22].
In contrast, traditional medicines are harmless, effective, and inexpensive drug candidates. In order to
evaluate the biological activities of plant extracts with respect to traditional uses, P. hydropiper was
previously screened for its antioxidant potency and antimicrobial and antipathogenic activities at low
doses and with few solvent extractions [8,10]. We evaluated the antioxidant and antibacterial potential
at high doses and with several different solvent extractions; additionally, we screened the α–amylase
inhibitory potential of P. hydropiper.

Our results show that P. hydropiper leaves are rich in tannins and flavonoids, which is in
strong agreement with the results of Nakao et al. (1999), who they reported condensed tannins,
procyanidins, and catechins which are flavones in nature [16]. Yang et al. (2011) also reported the
presence of flavonoid in P. hydropiper leaves [21]. Previously, it was reported that P. hydropiper species
contained 4-methyloxazole (flavonoid in nature) and succinimide [8]. The therapeutic application
of β-carotene showed a strong association with a lower risk of lung cancer [33]. β-Carotene along
with phenytoin has great antiepileptic activity and can be used as a therapeutic agent in epilepsy
management [34]. Tannins have been reported as anticancer and anti-inflammatory agents and
can be used for ulcerated tissues [35–37]. Polyphenols are known not only to ease the oxidative
stress status, but also to act on cellular signaling pathways, including vascular endothelial growth
factor (VEGF)-mediated angiogenesis, endoplasmic reticulum (ER) stress, nitric oxide (NO·) signaling,
and nuclear factor E2-related factor 2 antioxidant pathways, thus preventing vascular complications in
diabetes. Resveratrol, one of the most studied polyphenols, has been reported to restore the insulin
receptor substrate 1 (IRS-1) and endothelial nitric oxide synthase (eNOSx) signaling pathway in
endothelial cells under palmitate-induced insulin resistance [38,39]. As a source of tannins, P. hydropiper
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may be used to treat cancer, inflammation, and ulcerated tissues. Furthermore, our findings revealed
that the leaves of P. hydropiper contain a significantly high level of lycopene. The intake of lycopene
reduces the risk of prostate cancer [40] and plays a protective role against nephrotoxicity [41].
Lycopene consumption can also regulate endothelial function, thereby reducing oxidative stress in
healthy humans [42].

Enzymes that are primarily involved in increasing blood glucose, such asα-amylase andα-glucosidase,
have been targeted as a therapeutic approach in postprandial hyperglycemia [43] because their inhibition
can cause reduction in postprandial hyperglycemia [44]. Our results indicate that α-amylase activity was
inhibited by the extracts of P. hydropiper leaves only. Specifically, the n-hexane extract of the leaves showed
the most potent antiamylase activity. Therefore, we suggest that leaf extracts of P. hydropiper could be used
as a future therapeutic candidate in treating hyperglycemia.

The antioxidant activity of leaf and stem extracts was determined by two methods: the free radical
scavenging assay (using ferric ion reducing agent) using and the DPPH scavenging assay. The results
in our study indicate that this plant species was potently active, which suggests that all different
extracts of P. hydropiper leaves and stem contained compounds that are capable of hydrogen donation
to the free radical for the purpose of eliminating the odd electron, thus reducing the radicals’ activity.
This also implies that this plant species may be beneficial, especially at high concentrations, for treating
the pathological damage caused by radicals’ activities. All of the extracts of both stem and leaves
at different concentrations were also active against the Gram-negative and Gram-positive bacteria.
However, such activity was not shown by the acetonic extract of leaves against E. coli (which might be
due to outer membrane in Gram-negative bacteria acting as a permeability barrier) and S. aureus [45].
Hence, we suggest that ethanolic extracts of P. hydropiper stem and leaves could be used as antioxidant
and antibacterial agents and should be studied further.

4. Materials and Methods

4.1. Chemical and Reagents

Soluble starch, potassium ferrocyanide, trichloroacetic acid, ferric chloride, and solvents used
for polarity-based extraction (n-hexane, acetone, chloroform, ethanol, and methanol) were purchased
from Sigma-Aldrich (Lahore, Pakistan). Dimethylsulfoxide, quercetin, Folin’s phenol, and tannic acid
were obtained from Merck (Karachi, Pakistan). Porcine pancreatic α-amylase, ascorbic acid, and DPPH
solution were purchased from Sigma-Aldrich (Lahore, Pakistan) for measurement of α-amylase, FRAP,
and DPPH assay, respectively. All reagents were biochemical reagent grade.

4.2. Sample Collection

Polygonum hydropiper was collected from Mardan District, Khyber Pakhtunkhwa, Pakistan, in April 2016.
The plant was identified as P. hydropiper and deposited in the Department of Botany, Abdul Wali Khan
University, Mardan, Pakistan.

4.3. Sample Preparation

Fresh leaves and stem of P. hydropiper were separated, washed with tap water to remove dust,
and then air-dried at 25 ◦C for 30 days in an air flux drying oven. The plant parts were crushed to fine
powder (80 mashes) with the help of an electric blender. Powdered samples were placed in sterile
sealed bags each containing a damp paper towel and kept at 4 ◦C for further analyses.

4.4. Solvent–Solvent Extraction

The extracts of powdered samples were isolated using the solvent–solvent extraction method.
Several solvents (n-hexane, acetone, chloroform, ethanol, methanol, and water) were used to ensure
the polarity-based extraction. Initially, each sample was extracted by shaking with n-hexane at a ratio
of 1:10 (w/v) for 24 h at room temperature. The corresponding sample was then filtered by Whatman
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filter paper. The pellet was separated, and the supernatant was transferred to a preweighed Falcon
tube. The residual pellet was re-extracted with next solvent, which was slightly polar than n-hexane,
using the same ratio, temperature, and time. The same procedure was repeated with all solvents,
and all extracts were allowed to dry in oven at 37 ◦C. The dried sample was weighed and redissolved
in dimethylsulfoxide (DMSO) at a final concentration of 15 mg/mL.

4.5. Phytochemical Determination

4.5.1. Determination of Flavonoids

Flavonoid estimation was carried out by spectrophotometric assay as previously described [46].
Five grams of air-dried powdered sample was dissolved in 50 mL of 80% aqueous ethanol and
incubated for 24 h in a shaker incubator. The extract was centrifuged at 10,000 rpm and 25 ◦C for 15 min.
The pellet was discarded and the supernatant containing flavonoids was stored in a 50 mL Falcon tube
at 4 ◦C. The flavonoid extract (250 µL) was mixed with 1.25 mL of sterile distilled water and 75 µL of 5%
NaNO2 solution. After 5 min, 150 µL of 10% AlCl3.H2O was added, and the mixture was incubated for
6 min. Thereafter, 500 µL of 1 M NaOH and 275 µL of sterile distilled water were added to the mixture.
The solution was mixed, and absorbance was measured at λ of 415 nm. Different concentrations of
quercetin (15–500 µg) were used as standards to calculate the standard curve, while 80% aqueous
ethanol was used as blank.

4.5.2. Determination of β-Carotene and Lycopene

β-Carotene and lycopene were extracted and quantified according to the method described by
Lillian et al. [47]. Briefly, methanol extract was prepared by dissolving 10 g of air-dried powdered
sample in 100 mL of methanol and incubating in a shaker incubator for 24 h. The extract was filtered by
Whatman filter paper, the pellet was discarded, and supernatant was isolated. Thereafter, the methanol
contents were evaporated by heating in a water bath. The dried sample was dissolved in acetone and
n-hexane mixture (4:6). Finally, the reaction mixture containing β-carotene and lycopene was stored at
4 ◦C. The spectrophotometric analysis was carried out by measuring absorbance at λ’s of 453, 505, 645,
and 663 nm. β-Carotene and lycopene contents were calculated [48] by using the following equations:

Lycopene (mg/50 mL) = 0.0458A663 + 0.372A505 − 0.0806A453 (1)

β− carotene (mg/50 mL) = 0.216A663 + 0.304A505 − 0.452A453 (2)

4.5.3. Determination of Tannins

Tannin contents of P. hydropiper were extracted using the method of Makkar et al. [49]. Briefly,
0.5 g of each air-dried powdered sample was dissolved in 100 mL of 70% acetone and incubated while
shaking for 6 h. The sample was filtered by Whatman filter paper, the pellet was discarded, and the
supernatant was stored in a 50 mL Falcon tube at 4 ◦C. Different concentrations of tannic acid (3–50 mg)
were prepared by serial dilution from stock solution (50 mg/100 mL of 70% acetone). The tannin
extracts (50 µL) was mixed with 950 µL of sterile distilled water. Thereafter, 0.5 mL of Folin’s phenol
reagent (mixture of phosphomolybdate and phosphotungstate), used for phenolic and polyphenolic
antioxidants detection, and 2.5 mL of 20% NaCO3 solution were added and vortexed. The solution
was incubated at room temperature for 40 min. Finally, the absorbance was measured at λ of 725 nm.
During the experiment, 70% acetone was used as blank and treated as positive control.

4.5.4. Determination of Alkaloids

Alkaloids were extracted by using the acid–base shifting method [46]. Briefly, dried powdered
sample was dissolved in ethanol at a ratio of 1:10 (w/v) and left to shake for 24 h at room temperature.
The extract was concentrated while drying in an oven. The dried sample was redissolved in ethanol
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with 1% HCl. The mixture was then precipitated in a refrigerator for 3 days. The solution was filtered,
and pH was maintained at 8–10 by the addition of ammonium hydroxide. This basic solution was
extracted with chloroform by using a separating funnel. The chloroform layer containing alkaloids
was recovered, and ethanol layer was discarded. The chloroform was evaporated by heating in a water
bath. Finally, the sample was dried in an oven and alkaloid contents were measured.

4.6. α-Amylase Inhibition Assay

Screening of extracts for α-amylase inhibition was carried as previously described for the starch
iodine assay [5]. In brief, the assay mixtures composed of 120 µL of 0.02 M sodium phosphate
buffer (pH 6.9 containing 6 mM sodium chloride), 1.5 mL of porcine pancreatic α-amylase (PPA)
solution (0.05 mg/2 mL H2O) and P. hydropiper extracts (sample from solvent–solvent extraction) at
concentrations ranging from 0.46 to 15 mg/mL (w/v) were incubated at 37 ◦C for 10 min. Afterward,
soluble starch (1%, 0.1 g/10 mL (w/v)) was added to each reaction test tube and incubated at 37 ◦C for
15 min. Then, 1 M HCl (60 µL) was added to stop the enzymatic reaction, followed by the addition of
300 µL of iodine reagent (5 mM I2 and 5 mM KI). The color change was noted, and the absorbance
was recorded at λ of 620 nm on a spectrophotometer (721 2C50811136 Shimadzu, Japan). The control
reaction representing 100% enzyme activity did not contain any P. hydropiper extract. To eliminate the
absorbance produced by extracts, appropriate extract controls without α-amylase were also included.
A dark blue color indicates the presence of starch, a yellow color indicates the absence of starch, and a
brownish color indicates partially degraded starch in the reaction mixture. In the presence of extracts,
the starch will not degrade upon its addition to the enzyme assay mixture, hence giving a dark blue
color complex. In contrast, the absence of color complex indicates the lack of inhibitor and means that
starch is completely hydrolyzed by α-amylase. The percentage inhibition of α-amylase was calculated
by the following formulas:

I
α−amylase% =

∆Acontrol − ∆Asample

∆Acontrol
× 100 (3)

∆Acontrol = Atest −Ablank (4)

∆Asample = Atest −Ablank (5)

4.7. Antioxidant Activity Determination

4.7.1. Free Radical Scavenging Assay (FRAP)

Herein, the ability of extracts to reduce ferric ions was determined by using a previously described
method [50], with modifications. The extract (750 µL) of each sample was mixed with an equal amount
of phosphate buffer (0.2M, pH 6.6) and 1% potassium ferricyanide (a source of ferric ions). The mixture
was incubated at 50 ◦C for 20 min. After incubation, an equal amount of trichloroacetic acid (10%) was
added to stop the reaction. The sample was then centrifuged at 3000 rpm for 10 min. The upper layer
(1.5 mL) was separated and mixed with an equal amount of distilled water and 0.1 mL of FeCl3 solution
(0.1%). A blank was also prepared by using same procedure, and the absorbance was measured at λ of
700 nm as the reducing power. In parallel, ascorbic acid (Vitamin C) was used as standard positive
control. The assay was repeated in triplicate, and percentage inhibition was calculated using the
following formula:

%Scavenging effect =
Control absorbance− Sample absorbance

Control absorbance
× 100 (6)
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4.7.2. 2,2-Dipheny-1-Picrylhydrazyl (DPPH) Scavenging Assay

The DPPH (2,2-dipheny-1-picrylhydrazyl) free radical scavenging capacity of the extract was
determined by using a previously described method [51], with modifications. The solution was
prepared by dissolving the 0.006 g of DPPH in 100 mL dimethylsulfoxide (DMSO). The extract (1 mL)
of each sample was mixed with an equal amount of DMSO and used to prepare desired concentrations
of sample (i.e., six concentrations from 0.468 to 15 mg/mL). The solutions of the required concentrations
were then transferred into a test tube by taking 1 mL of sample and 2 mL of DPPH solution. The blank
was prepared by mixing 1 mL of DMSO with 2 mL of DPPH. All solutions were then incubated for
30 min at 37 ◦C. The absorbance of each concentration was taken at λ of 517 nm. The percent scavenging
activity was calculated as:

%Scavenging activity =
A0 −A1

A0
× 100 (7)

where A0 represents absorbance of the control and A1 is the absorbance of the sample. Each experiment
was performed in triplicate.

4.8. Antimicrobial Activity Determination

4.8.1. Selection of Microorganisms

Antimicrobial activity was evaluated against Escherichia coli, Staphylococcus aurous, Klebsiella pneumoniae,
Morganella morganii, and Haemophilus influenzae. Microorganisms were obtained from the National
Institute of Health (NIH) in Islamabad, Pakistan. The stock inoculums were subcultured using the
streaking method. Inoculums of all microbes were prepared in sterilized LB-broth medium (Miller’s
LB Broth, Sigma-Aldrich, St. Louis, MO, USA). Twenty grams of LB-broth powder was added to 1 L of
distilled water and autoclaved for 15 min at 121 ◦C. The autoclaved liquid medium (5 mL) was then
poured into separate test tubes and settled to cool at 50 ◦C. Bacterial inoculums were transferred to the
medium-filled test tube and incubated while shaking at 37 ◦C for 24 h. Later, optical density of each
culture was taken at λ of 660 nm and an absorbance level of 0.5–1.0 was considered for the optimal
determination of antimicrobial activity.

4.8.2. Preparation of the Culture Medium

The culture medium was prepared by dissolving 20 g of LB-broth medium in 1000 mL of distilled
water. A turbid solution was obtained, which was heated until it became a clear transparent solution,
using continuous shaking to dissolve the agar completely. The medium was sterilized at 121 ◦C for
15 min at 15 pounds of pressure. Sterilized medium (35 mL) was poured into petri dishes under the
laminar flow hood and left to solidify at room temperature.

4.8.3. Antimicrobial assay

Antimicrobial activity was evaluated by agar well diffusion method. Seventy-five microliters of
each microbial culture was spread individually on separate plates. A sterile cork-borer was used to
bore wells (9 mm) in each inoculum-spread plate. Acetone and ethanol extracts (100 µL of each) were
pipetted into individual wells. In each plate, a negative control (DMSO 100%) and a positive control
(ampicillin 10 µg) were treated as standard. The plates were incubated at 37 ◦C for 24 h. For each plate,
zones of inhibition were measured in millimeters.

4.9. Statistics

All the statistical analyses were performed using IBM SPSS Statistics 20.0 software (Armonk, NY,
USA). The graphs were created in GraphPad Prism 5.0 software (La Jolla, CA, USA). One-way ANOVA
test was performed for the comparison of groups, and an independent samples t-test was performed
for differences between the two groups. All the data are presented as mean and standard error of
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triplicate measurements. The IC50 values were calculated from dose-dependent percent inhibition
using GraphPad Prism. Statistically significant difference was considered for p < 0.05.

5. Conclusions

The present study highlights that P. hydropiper possesses a strong α-amylase inhibitory potential
and reveals its potency to be used as a strong source of future therapeutic agents in diabetes. Our study
also indicates that this plant species may be beneficial for treating the pathological damage caused by
radicals’ activities and bacterial infections. Future studies are required to unveil the novel bioactive
compounds of P. hydropiper, which might be helpful in studying the precise mechanisms of α-amylase
inhibition, antioxidant potential, and antimicrobial activity.
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Abstract: Many underutilized tree species are good sources of food, fodder and possible therapeutic
agents. Balanites aegyptiaca (L.) Delile belongs to the Zygophyllaceae family and is popularly known
as “desert date”, reflecting its edible fruits. This tree grows naturally in Africa, the Middle East
and the Indian subcontinent. Local inhabitants use fruits, leaves, roots, stem and root bark of the
species for the treatment of various ailments. Several research studies demonstrate that extracts
and phytochemicals isolated from desert date display antioxidant, anticancer, antidiabetic, anti-
inflammatory, antimicrobial, hepatoprotective and molluscicidal activities. Mesocarp of fruits, seeds,
leaves, stem and root bark are rich sources of saponins. These tissues are also rich in phenolic acids,
flavonoids, coumarins, alkaloids and polysterols. Some constituents show antioxidant, anticancer and
antidiabetic properties. The objective of this review is to summarize studies on diverse bioactive
compounds and the beneficial properties of B. aegyptiaca.

Keywords: bioactive compounds; polysterols; polyphenols; saponins; therapeutic properties

1. Introduction

Balanites aegyptiaca (L.) Delile (Family: Zygophyllaceae) is an underutilized fruit-
yielding tree (Figure 1A) native to Africa and distributed in tropical and subtropical regions
of Africa, from Senegal in the west (16 ◦W) to Somali in the East (49 ◦E) and Jordan
in the north (35 ◦N) to Zimbabwe in the south (19 ◦S). B. aegyptiaca is also distributed
in India, Myanmar, Iran, Jordan, Oman, Palestine, Saudi Arabia, Syria and Yemen [1].
Young leaves (Figure 1B) and tender shoots are used as vegetables. Leaves and fruits are
used as fodder for livestock [1]. Fiber obtained from tender bark and older dried bark is
used for the preparation of medicines (Figure 1C). Unripe and ripe fruits (Figure 1D,E) are
edible and popularly known as “desert date”. The fruits are processed into beverages and
liquor. Timber is suitable for the construction of furniture, domestic items and musical
instruments. The wood produces high-quality charcoal fuel and industrial activated
charcoal. Gum or resin produced from stems are used as glue. Seeds contain about 49%
edible oil (Figure 1F,G),which is also used in the production of biodiesel fuel [1].

B. aegyptiaca is used in African and Indian traditional medicine. Roots and bark are
purgative and anthelmintic. A decoction of roots is used to treat malaria. The bark is used
to deworm cattle, and the roots are boiled into a soup and used to treat edema and stomach
pains. Roots are also used as an emetic [1]. The fruit is usedto treat jaundice in Sudan [2].
Seed oil is used as a laxative and for the treatment of hemorrhoids, stomach aches, jaundice,
yellow fever, syphilis and epilepsy [3]. Bark extracts are used to kill freshwater snails and
copepods. A decoction of bark is also used as an abortifacient and antidote in West African
traditional medicine [4].
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Figure 1. Morphology of Balanitesaegyptiaca (L.) Delile: (A) habit, (B) leaves, (C) stem bark, (D) ripened
fruits, (E) rind (left) and pulp (right), (F) seed kernels and (G) seed oil.

2. Nutritional Composition of Fruits, Seeds and Leaves

Ripe fruits display a thin brownishepicarp (Figure 1E), dark brown and fleshy meso-
carp (Figure 1E) and thick endocarp nut (Figure 1F). The edible partsof the pulp and
kernel yield oil. The pulp is rich in carbohydrates (62.63%) and protein (9.19%; Table 1) [5].
Fruit pulp shows lesser amounts of fat (2.58%) and dietary fiber (2.93%). The overall energy
value is 346.82 kcal/100 g. Fruits are also rich in minerals, including calcium, magnesium,
phosphorus, potassium and sodium (Table 1) [6]. Iron, copper, manganese, lead, chromium,
cobalt, cadmium and selenium are reported in lower concentrations (Table 1). Major fatty
acids in fruit pulp are oleic (37.17%), linoleic (27.73%) and palmitic (22.02%; Table 2) [7].
The fruit pulp also exhibits amino acids (Table 3) [8] and vitamins (Table 3). Antinutritional
factors are comparatively less (Table 4) [5].

Seeds are rich in fixed oil content (49.00%) with a significant content of proteins
(32.40%) and carbohydrates (8.70%; Table 1) [9,10]. Seed oil is used for edible purposes;
major fatty acids arelinoleic (47.84%), oleic (22.80%), palmitic (16.68%) and stearic (11.67%)
(Table 2) [11]. It has been demonstrated that biodiesel from seed oil meets all international
biodiesel standards [11]. Seeds contain minerals, such as potassium, phosphorus and
calcium in higher concentrations (Table 1) and amino acids (Table 3) [9]; seed cake isused
for animal feed. However, seeds also contain oxalate (8.51 mg/g DW), antinutrient and
possibly toxic constituents (Table 4).

Young leaves and shoots are used as vegetables in African countries. Leaves and shoots
are also popular livestock fodder [1]. Leaves are a good source of carbohydrates (28.12%)
and proteins (15.86%) and contain ash (9.26%) and dietary fiber (30.75%; Table 1) [12].
Leaves also provide minerals (Table 1), fatty acids (Table 2), amino acids (Table 3) and
vitamins (Table 3) [12,13]. Leaves contain antinutrients in meager concentrations (Table 4).
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Table 1. Nutritional and mineral composition of desert date pulp, seeds and leaves.

Proximate (%)

Components Pulp [5,6] Seeds [9,10] Leaves [12,13]

Moisture 18.27 5.20 13.11
Protein 9.19 32.40 15.86

Fat 2.58 49.00 2.90
Ash 4.40 3.30 9.26

Carbohydrate 62.63 8.70 28.12
Dietary fiber 2.93 1.40 30.75

Energy (kcal/100g) 346.82 605.40 202.02

Mineral composition (mg/g DW)

Calcium (Ca) 1.41 1.51 0–2.65
Iron (Fe) 0.0494 0.0484 NR *

Magnesium (Mg) 0.73 0.887 0.23–0.77
Phosphorus (P) 0.48 3.60 1.51–5.32
Potassium (K) 22.20 6.36 1.76–4.81
Sodium (Na) 0.48 0.053 NR

Zinc (Zn) 0.0065 0.0286 NR
Copper (Cu) 0.0039 0.0118 0.05–0.65

Manganese (Mn) 0.0033 0.0192 0.02–0.08
Lead (Pb) 0.0030 0.0050 NR

Chromium (Cr) 0.0040 0.0060 NR
Cobalt (Co) 0.0107 0.0120 NR

Cadmium (Cd) 0.0347 0.0163 NR
Selenium (Se) 0.0005 NR NR

* NR = not reported.

Table 2. Fatty acid composition of desert date pulp, seeds and leaves.

Fatty Acid Pulp (% in oil) [7] Seeds (% in oil) [11] Leaves (µg/g DW) [13]

Saturated fatty acids (SFA)
Lauric (C12:0) ND * ND 0.17–0.28

Myristic (C14:0) 0.1 0.05 0.043–0.074
Pentadecylic (C15:0) ND 0.046 ND

Palmitic (C16:0) 22.02 16.683 0.29–1.98
Margaric (17:0) ND 0.106 ND
Stearic (C18:0) ND 11.67 0.008–0.049

Nonadecylic(19:0) ND 0.032 ND
Arachidic (C20:0) ND 0.34 0.274–0.439
Behenic (C22:0) ND 0.059 0.026–0.038

Tricosylic (C23:0) ND 0.012 0–0.003
Lignoceric (C24:0) ND 0.042 0.028–0.298

Hyenic (C25:0) ND ND 0.078–0.121
Monounsaturated fatty acids (MUSFA)

Pentadecenoic
(C15:1) ND 0.003 0.08–0.31

Palmitoleic (C16:1) ND 0.027 ND
Oleic (18:1) 37.17 22.807 0.03–0.061

Nonadecenoic
(19:1) ND 0.175 ND

Gadoleic (20:1) ND 0.061 ND
Tetracosenoic

(C24:1) ND ND 0.077–0.266
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Table 2. Cont.

Fatty Acid Pulp (% in oil) [7] Seeds (% in oil) [11] Leaves (µg/g DW) [13]

Polyunsaturated fatty acids (PUSFA)
Hexadecadienoic

(C16:2) ND ND 0.406–1.835

Linoleic (C18:2) 27.73 47.847 0.025–0.642
Eicosadienoic

(C20:2) ND ND 0.116–0.296

Hexadecatrienoic
(C16:3) ND ND 0.761–2.142

Octadecatrienoic
(C18:3) ND ND 0.20–0.525

Total SFA (%) 22.16 29.04 1.84–3.38
Total MUSFA (%) 37.17 23.073 0.179–0.637
Total PUSFA (%) 27.73 47.847 1.727–5.174

* ND = not detected.

Table 3. Amino acid and vitamin composition of desert date pulp, seeds and leaves.

Amino Acid
Pulp

(mg/g DW) [5,8,14]

Seeds
(g/100 g of Protein)

[9]

Leaves
(g/100 g of Protein)

[12,13]

Alanine 2.90 3.50 1.80

Aspartic acid 4.43 8.29 7.86

Arginine 3.00 2.70 4.20

Cystine 1.65 2.52 0.79

Glutamic acid 7.10 8.91 10.80

Glycine 2.52 4.10 9.65

Histidine 0.80 1.99 2.83

Isoleucine 1.87 3.47 3.50

Leucine 3.04 6.47 6.23

Lysine 1.64 5.00 4.51

Methionine 0.60 0.75 0.73

Phenylalanine 1.90 4.61 4.80

Proline 30.80 2.78 1.85

Serine 1.80 4.29 2.01

Threonine 2.17 4.25 2.88

Tyrosine 1.84 2.75 3.16

Valine 2.23 3.29 4.07

Tryptophan 0.70 NR * NR

Vitamin (mg/g DW)

Vitamin A

α-carotene NR NR 0.33–0.54
β-carotene 0.6484 NR 0.25–0.81

β-cryptoxanthin NR NR 0.02–1.14
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Table 3. Cont.

Amino Acid
Pulp

(mg/g DW) [5,8,14]

Seeds
(g/100 g of Protein)

[9]

Leaves
(g/100 g of Protein)

[12,13]

Vitamin B

Thiamine 0.0027 NR 0.24–0.51
Riboflavin 0.0007 NR NR
Niacin(B3) 0.0174 NR NR
Vitamin B6 0.0021 NR NR

Vitamin C

Ascorbic acid 1.05 NR 0.57–2.05

Vitamin E

α-tocopherol NR NR 0.08–0.57
β-tocopherol NR NR 0.01–0.04
γ-tocopherol NR NR 0.01–0.063
δ-tocopherol NR NR 0.13–0.96

Vitamin K

Phylloquinone NR NR 0.21–1.37

* NR = not reported.

Table 4. Antinutritional components of desert date pulp, seeds and leaves.

Antinutritional Factors (mg/g DW)

Components Pulp [5] Seeds [9] Leaves [12]

Oxalate 0.38 8.51 0.75
Phytate 1.82 0.2133 0.0297
Tannins 0.40 0.275 0.041
Saponin 0.62 4.279 ND
Nitrate ND * 0.39 ND

Cyanogenic glycosides ND 0.0096 ND

* ND = not detected.

3. Phytochemicals Isolated from Desert Date

B. aegyptiaca produces a variety of secondary metabolites, such as polyphenols (phe-
nolic acids, flavonoids and coumarins), alkaloids, steroids, saponins (spirostanolsaponins,
furostanolsaponins and open-chain steroidal saponins) and pregnane glycosides, iso-
lated from plant tissues, such as fruit, seeds, leaves, stem bark, roots and galls (Table 5).

3.1. Polyphenols

Polyphenols exhibit phenolic structural features with one or more aromatic rings,
each with one or more hydroxyl groups [15]. Polyphenols are grouped into phenolic acids,
flavonoids, stilbenes, lignans and tannins. These compounds are important as natural
therapeutic agents involved in the prevention of degenerative diseases, particularly cancers,
cardiovascular diseases and neurodegenerative diseases [16].

Phenolic acids are nonflavonoid polyphenolic compounds of benzoic acid and cinnamic
acid. Major phenolic acids, which are isolated from tissues of B. aegyptiaca, include caffeic
acid (1), ferulic acid (2), gentisic acid (3), p-coumaric acid (4), sinapic acid (5), syringic acid
(6), vanillicacid (7), 2-methoxy-4-vinylphenol (8), 2,6-dimethoxyphenol (9), 2-methoxy-3(-2-
propenyl)-phenol (10), 2-methoxy-4-(1-propenyl)-phenol (11), 2,4-di-tert-butyl-phenol (12),
2,6-di-tert-butyl-phenol (13) and 3-hydroxy-1-(4-hydroxy-3-methoxyphenyl)-1-propanone
(14) (Table 5; Figure 2) [2,17–19].
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Figure 2. Structures of phenolic compounds isolated from desert date.

3.2. Flavonoids

Flavonoids exhibit a diphenyl propane–flavone skeleton with a three-carbon bridge
between phenyl groups and commonly cyclized with oxygen. Epicatechin O-glucoside
(28), hyperoside (19), isorhamnetin (18), isorhamnetin-3-O-glucoside (23), isorhamnetin 3,7-
diglucoside (25), isorhamnetin 3-O-galactoside (27), isorhamnetin 3-O-robinobioside (26),
isorhamnetin 3-rutinoside (24), kaempferol (15), myricetin (16), quercetin (17), quercetin 3-
glucoside (21), quercetin 3-rutinoside (22) and quercitrin (20) are isolated from different
tissues of B. aegyptiaca (Table 5; Figure 3) [19–22].
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Figure 3. Structures of flavonoids and coumarins isolated from desert date.
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Table 5. Phytochemicals isolated from various parts of desert date.

No. Compound Name Plant Parts Reference

PHENOLICS
1 Caffeic acid Gall, leaf [19]
2 Ferulic acid Gall, leaf [19]
3 Gentisic acid Gall, leaf [19]
4 p-Coumaric acid Gall, leaf [19]
5 Sinapic acid Gall, leaf [19]
6 Syringic acid Stem bark [2]
7 Vanillic acid Stem bark [2]
8 2-methoxy-4-vinylphenol Fruit, leaf [18]
9 2,6-dimethoxyphenol Leaf [18]

10 2-methoxy-3(-2-propenyl)-
phenol Leaf [18]

11
2-methoxy-4-(1-propenyl)-

phenol
(Isoeugenol)

Leaf [18]

12 2,4-di-tert-butyl-phenol Seed [17]
13 2,6-di-tert-butyl-phenol Seed [17]

14
3-hydroxy-1-(4-hydroxy-3-

methoxyphenyl)-1-
propanone

Stem bark [2]

FLAVONOIDS
15 Kaempferol Leaf [19]
16 Myricetin Leaf [19]
17 Quercetin Fruit, leaf, seed [19,20,22]
18 Isorhamnetin Fruit, seed [20,22]
19 Hyperoside Gall, leaf [19]
20 Quercitrin Leaf [19]

21 Quercetin 3-glucoside
(isoquercetin) Leaf, seed [19,21,22]

22 Quercetin 3-rutinoside (Rutin) Fruit, gall, leaf, seed [19–22]
23 Isorhamnetin-3-O-glucoside Fruit, leaf, seed [20–22]
24 Isorhamnetin 3-rutinoside Fruit, leaf, seed [20–22]
25 Isorhamnetin 3,7-diglucoside Leaf, seed [21,22]

26 Isorhamnetin
3-O-robinobioside Seed [22]

27 Isorhamnetin 3-O-galactoside Seed [22]
28 Epicatechin O-glucoside Fruit [20]

COUMARINS
29 Bergapten Stem bark [23]
30 Marmesin Stem bark [23]

ALKALOIDS
31 N-trans-Feruloyltyramine Stem bark [2]
32 N-cis-feruloyltyramine Stem bark [2]
33 Trigonelline Fruit [20]

STEROIDS
34 Diosgenin Fruit [24]
35 Yamogenin Fruit, root, stem bark [25]
36 6-Methyldiosgenin Fruit [24]
37 Rotenone Root [26]
38 β-Sitosterol Seed (oil) [27]
39 Cholesterol Seed (oil) [27]
40 Campesterol Seed (oil) [27]
41 Stigmasterol Seed (oil) [27]
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Table 5. Cont.

No. Compound Name Plant Parts Reference

PREGNANE GLYCOSIDES

42

Pregn-5-ene-3β,16β,20(R)-
triol

3-O-(2,6-di-O-α-L-
rhamnopyranosyl)-β-D-

glucopyranoside

Fruit [28]

43
Pregn-5-ene-3β,16β,20(R)-

triol
3-O-β-D-glucopyranoside

Fruit [28]

SAPONINS
SPIROSTANOL SAPONINS

44 Balanitin 1 Root, stem bark [29]
45 Balanitin 2 Root, stem bark [29]
46 Balanitin 3 Root, stem bark [29]
47 Balanitin 4 Seed [30]
48 Balanitin 5 Seed [30]
49 Balanitin 6 Seed [30,31]
50 Balanitin 7 Fruit, root, seed [30–32]
51 Deltonin Seed [33]

52

(3β,20S,22R,25R)-spirost-5-en-
3-yl

β-D-xylopyranosyl-(1→3)-β-
D-glucopyranosyl-(1→4)[α-L-
rhamnopyranosyl-(1→2)]-β-

D-glucopyranoside

Root [34]

53

(3β,20S,22R,25S)-spirost-5-en-
3-yl

β-D-xylopyranosyl-(1→3)-β-
D-glucopyranosyl-(1→4)[α-L-
rhamnopyranosyl-(1→2)]-β-

D-glucopyranoside

Root [34]

FUROSTANOL SAPONINS
54 Balanitesin Fruit [35]
55 Balanitoside Fruit [24,36]

56

22R and 22S epimers of
26-(O-β-D-glucopyranosyl)-3-
β-[4-O-(β-D-glucopyranosyl)-
2-O-(α-L-rhamnopyranosyl)-
β-D-glucopyranosyloxy]-

22,26-dihydroxyfurost-5-ene

Fruit [37]

57

Xylopyranosyl derivative of
26-(O-β-D-glucopyranosyl)-3-
β-[4-O-(β-D-glucopyranosyl)-
2-O-(α-L-rhamnopyranosyl)-
β-D-glucopyranosyloxy]-

22,26-dihydroxyfurost-5-ene

Fruit [37]

58

(3β,20S,22R,25R)-26-(β-D-
glucopyranosyloxy)-22-
methoxyfurost-5-en-3-yl

β-D-xylopyranosyl-(1→3)-β-
D-glucopyranosyl-(1→4)
[α-L-rhamnopyranosyl-

(1→2)]-β-D-glucopyranoside

Root [34]
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Table 5. Cont.

No. Compound Name Plant Parts Reference

59

(3β,20S,22R,25S)-26-(β-D-
glucopyranosyloxy)-22-
methoxyfurost-5-en-3-yl

β-D-xylopyranosyl-(1→3)-β-
D-glucopyranosyl-(1→4)
[α-L-rhamnopyranosyl-

(1→2)]-β-D-glucopyranoside

Root [34]

60

26-O-β-D-glucopyranosyl-
(25R)-furost-5-ene-3β,22,26-

triol
3-O-(2,4-di-O-α-L-

rhamnopyranosyl)-β-D-
glucopyranoside

Fruit [38]

61

22-methyl ether of 26-O-β-D-
glucopyranosyl-(25R)-furost-

5-ene-3β,22,26-triol
3-O-(2,4-di-O-α-L-

rhamnopyranosyl)-β-D-
glucopyranoside

Fruit [38]

62

26-O-β-D-glucopyranosyl-
(25R)-furost-5-ene-3β,22,26-

triol
3-O-[α-L-rhamnopyranosyl-
(1→2)]-[β-D-xylopyranosyl

(1→3)]-[α-L-
rhamnopyranosyl-(1→4)]-β-

D-glucopyranoside

Fruit [38]

63

22-methyl ether of 26-O-β-D-
glucopyranosyl-(25R)-furost-

5-ene-3β,22,26-triol
3-O-[α-L-rhamnopyranosyl-
(1→2)]-[β-D-xylopyranosyl

(1→3)]-[α-L-
rhamnopyranosyl-(1→4)]-β-

D-glucopyranoside

Fruit [38]

64 Balanin B2 Stem bark [39]

65

26-(O-β-D-glucopyranosyl)-
22-O-methylfurost-

5-ene-3β,26-diol-3-O-β-D-
glucopyranosyl-(1→4)-
[α-L-rhamnopyranosyl-

(1→2)]-β-D-glucopyranoside

Fruit [40]

66

25R and 25S epimers of
26-O-β-D-glucopyranosyl-
furost-5-ene-3,22,26- triol

3-O-[α-L-rhamnopyranosyl-
(1→3)-

β-D-glucopyranosyl-(1→2)]-
α-L-rhamnopyranosyl-(1→4)-

β-
D-glucopyranoside

Fruit [41]
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67

26-O-β-D-glucopyranosyl-
(25R)-furost-5-ene-3,22,26-

triol 3-O-[
β-D-glucopyranosyl-(

1→2)]- α-L-rhamnopyranosyl-
(1→4)-β-D-glucopyranoside

Fruit [41]

68

26-O-β-D-glucopyranosyl-
(25R)-furost-5,20-diene-3,26-

diol
3-O-[α-L-rhamnopyranosyl-

(1→3)-
β-D-glucopyranosyl-(1→2)]-
α-L-rhamnopyranosyl-(1→4)-

β-D-glucopyranoside

Fruit [41]

69

25R and 25S epimers of
26-O-β-D-glucopyranosyl-
furost-5,20-diene-3,26-diol

3-O-[
β-D-glucopyranosyl-(1→2)]-
α-L-rhamnopyranosyl-(1→4)-

β-D-glucopyranoside

Fruit [41]

OPEN-CHAIN STEROIDAL SAPONINS

70

(3β,12α,14β,16β)-12-
hydroxycholest-5-ene-3,16-

diyl bis
(β-D-glucopyranoside)

Root [34]

71 Balanin B1 Stem bark [39]
72 β-Sitosterol glucoside Stem bark [42]

73 Stigmasterol-3-O-β-D-
glucopyranoside Stem bark [40]

3.3. Coumarins

Coumarins are phenolic compounds displaying fused benzene and α-pyrone rings and
are known for anti-inflammatory, anticoagulant, antimicrobial, anticancer, antioxidant and
neuroprotective properties [43]. Bergapten (29) and marmesin (30) are coumarins extracted
from stem bark (Table 5; Figure 3) [23].

3.4. Alkaloids

Alkaloids are compounds that contain basic nitrogen atoms [44] and show varied
biological activities. They are especially useful for cancer treatment. N-cis-feruloyltyramine
(32), N-trans-feruloyltyramine (31) and trigonelline (33) are some of the alkaloids isolated
from stem bark and fruit (Table 5; Figure 4) [2,20].

3.5. Phytosterols

Phytosterols are bioactive compounds found naturally in food with chemical structures
similar to cholesterol. Various clinical studies consistently show that intake of phytosterols,
such as beta-sitosterol, campesterol and stigmasterol, is associated with a significant reduction
in levels oflow-density lipoprotein in humans. B. aegyptiaca produces several steroids, such as
campesterol (40), cholesterol (39), diosgenin (34), 6-methyldiosgenin (36), rotenone (37),
β-sitosterol (38), stigmasterol (41) and yamogenin (35) (Table 5; Figure 4) [24–27].
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Figure 4. Structures of alkaloids, steroids and pregnane glycosides isolated from desert date.

Pregnane glycosides are naturally occurring sugar conjugates of C21 steroidal com-
pounds, isolated from various plants and many show anticarcinogenic properties [45].
Pregn-5-ene-3β,16β,20(R)-triol 3-O-(2,6-di-O-α-L-rhamnopyranosyl)-β-D-glucopyranoside
(42) andpregn-5-ene-3β,16β,20(R)-triol 3-O-β-D-glucopyranoside (43) were extracted from
the fruits of desert date (Table 5; Figure 4) [28].

3.6. Saponins

Saponins are bioorganic compounds that exhibit triterpenoid or steroidal skeletons
that are glycosylated by varying numbers of sugar moieties attached at different positions.
Steroidal saponins are further classified intospirostanol, furostanol and open-chain steroidal
saponins [46]. Saponins exhibit a widerange of biological properties, including hemolytic
factorsand anti-inflammatory, antimicrobial, insecticidal, anticancer and molluscicidal activi-
ties [47]. Various spirostanol, furostanol and open-chain steroidal saponins, which are isolated
from fruits, seeds, roots and stem bark are presented in Table 5 and Figures 5 and 6 [24,29–42].
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Figure 5. Structures of spirostanolsaponins isolated from desert date.
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Figure 6. Structures of furostanoland open-chain steroidal saponins of desert date.

4. Biological Activity

Extracts and compounds from extractionsof B. aegyptiaca todate exhibita wide range
of biological activity (Table 6).
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4.1. Antioxidant Properties

Various kinds of physical and physiological stresses lead to the overproduction of
oxidants in the human body, which can cause oxidative damage of DNA, proteins and lipids.
Furthermore, this damage is responsible for several disorders in the human body such as
cardiovascular diseases, cancer and aging. It was reported that minor fruits and nuts possess
abundant antioxidant phytochemicals, and the consumption of minor fruits and nuts is
beneficial to the human body [48]. The antioxidant effects ofmethanol extracts ofstembark on
1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid (ABTS) scavenging is demonstrated and accounted for in the total soluble phenolic and
flavonoid contents [49]. Furthermore, Hassan et al.’s [49] results show that methanol extracts
display the highest phenolic content (35.17 mg gallic acid equivalents/g) and considerable
flavonoid content (112.83 mg quercetin equivalents/g). Methanol extract showed the
highest free radical scavenging activity atIC50 = 40 µg/mL and IC50 = 125.85 µg/mL in
DPPH and ABTS assays, respectively. The antioxidant properties of aqueous fruit extracts
were assessed in streptozotocin-induced diabetic rats [50]. Oral administration produced
a significant (p < 0.01) increase in mean plasma total antioxidant levels and a significant
(p < 0.01) decrease in malondialdehyde levels. The antioxidant properties of leaf and
root extracts were also demonstrated [51]. Balanitin 1 and balanitin 2 (saponins) were
isolated from bark extracts and demonstrated antioxidant propertiesin vitro, using a method
based on the Briggs–Rauscher oscillating reaction [39]. Polyphenols such as quercetin and
kaempferol are the major components responsible for antioxidant activities [52]. In addition,
phytosterols including ß-sitoterol, stigmasterol and campesterolhave been reported to
exert antioxidant activity [53]. Polyphenols, phytosterols and saponins together might be
responsible for the antioxidant activity of desert date.

4.2. Antimicrobial Properties

Plants synthesize several antimicrobial compounds, including phenolics such as sim-
ple phenols, phenolic acids, quinones, flavonoids, flavones, flavonols, tannins, coumarins,
terpenoids, essential oils and alkaloids [54]. The mechanism of action of these compounds
ranges from membrane disruption, substrate deprivation, intercalation into the cell wall/or
DNA and enzyme inhibition. Desert date is rich in all these phytochemicals and demon-
strates potent antimicrobial activity. The bark of B. aegyptiaca is widely used in African folk
medicine for the treatment of wounds and skin diseases. The effects of aqueous ethanolic
extracts of bark on bacteria isolated from wounds have been reported [55]. These ex-
tracts inhibited the growth of Pseudomonas aeruginosa and Staphylococcus aureus in vitro.
The in vitro antifungal activity of saponin-rich extracts of fruit mesocarpwas explored
against phytopathogenic fungi [56]. These extracts were moderately active (34.7%) against
Alternariasolani and highly active (89.01%) against Pythium ultimum, and activity was signif-
icantly higher compared to the fungicide, metalaxyl (15 µg/mL). The antifungal activity of
ethanolic and methanolic extracts of root bark and fruit have been demonstratedagainst
Aspergillus niger, Candida albicans, Penicilliumcrustosum and Saccharomyces cerevisiae [57].

4.3. Hepatoprotective Properties

A methanolic extract of leaves was evaluated for hepatoprotective activity against car-
bon tetrachloride (CCl4)-induced hepatic damage in rats [58]. Administration of the extract
(200 and 400 mg/kg per os) markedly reduced the CCl4-induced elevation of serum marker
enzymes, such as glutamate pyruvate transaminase, glutamate oxaloacetate transaminase,
alkaline phosphatase and bilirubin. Similarly, fruit mesocarp and stem bark aqueous
extracts amelioratedCCl4-induced hepatotoxicity in rats, as measured by liver enzyme
activity, blood parameters and histopathology [59]. Ethanolic extracts of bark protected
hepatocytes against paracetamol-and CCl4-induced hepatotoxicity in rats, analogous to
silymarin [60]. Bioactive compounds, primarily obtained from dietary sources, contain a
wide range of free radical scavenging constituents, including polyphenols, alkaloids and
phytosterols, which are responsible for hepatoprotective effects [61]. Desert date is rich in
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polyphenols, phytosterols and saponins. It has depicted very good antioxidant potential
and thus increased the cellular antioxidant defense system, which may be responsible for
the hepatoprotective effects of desert date.

4.4. Anticancer Properties

Cancer is a major health problem. Radiotherapy, chemotherapy and surgical removal
are the current treatment methods. However, these methods have varied disadvantages
such as drug resistance and toxic effects on nontargeted tissues. Therefore, researchers are
searching for naturally available plant-based bioactive compounds for cancer therapy [62].
Among the plant-based bioactive compounds, saponins and phytosterols have significant
importance in reducing the risk of cancer [63,64]. Varioussteroidal saponins isolated from
various tissues of B. aegyptiaca are reported to display anticancer activities. For example,
a mixture of balanitin-6 and balanitin-7 (28:72) isolated from kernels showgrowth inhibition
in human cancer cell lines in vitro [31]. Balanitin-6/balanitin-7 exhibited higher antiprolif-
erative activity than well-known natural cancer therapeutic agents, such as etoposide and
oxaliplatin. Balanitin-6/balanitin-7 displayed its highest activity against A549 nonsmall
cell lung cancer (IC50, 0.3 µM) and U373 glioblastoma (IC50, 0.5 µM) cell lines. Balanitoside
extracted from the fruit also showed anticancer activity against Ehrlich ascites carcinoma
(EAC)-bearing Swiss albino mice [36]. Mice injected intraperitoneally with balanitoside (10
mg/kg body weight) displayed decreases in liver and serum enzyme levels. Issa et al. [65]
studied an aqueous extract of pulp on the development and growth of EAC and metastasis
to the liver and spleen. Treatment with the extract (400 mg/kg) inhibited tumor growth
and proliferation in ascetic fluid, inducing a significant decrease in tumor volume, total cell
volume and viable cell count and prolongedmouse survival. The authors also recorded sig-
nificant decreases in levels of lipid peroxidation and increased superoxide dismutase and
catalase activity and P53 (a tumor suppressor protein) expression. The saponin, balanitin-7
isolated from seed kernels, showed antiproliferative activity [32]. These agents showed
potent antiproliferative activity against MCF-7 human breast cancer cells and HT-29 human
colon cancer cells, with IC50 values of 2.4 and 3.3 µM, respectively.

4.5. Anti-Inflammatory Properties

Inflammation is a pattern of response to injury, which involves the accumulation of
cells, exudates in irritated tissue, which allows protection from further damage. A variety
of in vitro and in vivo experiments has shown that certain flavonoids and saponins possess
anti-inflammatory activity [66]. The mechanism by which flavonoids and saponins exert
their anti-inflammatory effects involves the inhibition of cyclooxygenase and lipoxyge-
nase activities [67]. Desert date exhibited potent anti-inflammatory activity; for example,
Speroni et al. [39] studied the in vivoanti-inflammatory activity of methanol and butanol
extracts and two saponins, viz. balanin-B1 and balanin-B2, isolated from B. aegyptiaca bark
in rats with edema induced bycarrageenin. Both extracts exhibited a significant reduction
of rat paw edema. The inhibition produced by methanolextract, butanol extract, balanin-
B1 and balanin-B2 were 32%, 68%, 62% and 59%, respectively. Likewise, the influence of
seed oil on liver and kidney fractions in rat serum was evaluated [68]. Seed oil (100 mg/kg)
in the rat dietdecreased nitrogen oxide and lipid peroxidation. Further, mRNA and protein
expression of tumor necrosis factor-α and interleukin-6 were downregulated, leading to
a reduction of cyclooxygenase-2, reflecting anti-inflammatory activity.

4.6. Antidiabetic Activity

Diabetes is a chronic disease that occurs either when the pancreas does not produce
enough insulin or when the body cannot effectively use the insulin it produces. Sev-
eral medicinal plants have demonstrated hypoglycemic and hyperglycemic activities;
these activities seem to be mediated through increased insulin secretion via stimulation of
pancreatic cells, interfering with dietary glucose absorption or through insulin-sensitizing
action [69]. Kamel et al. [38] demonstrated the antidiabetic effect of an aqueous extract of
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fruit in streptozotocin (STZ)-induced diabetic mice after oral administration. They also iden-
tified steroidal saponins, 26-O-ß-D-glucopyranosyl-(25R)-furost-5-ene-3ß,22,26-triol-3-O-[α-
L-rhamnophyranosyl-(1→1)]-[ß-D-xylopyranosyl-(1→3)]-[α-L-rhamnopyronosyl-(1→4)]-
ß-D-glucopyranoside and its 22-methyl ether in the extract and recognized two additional
saponins, 26-O-ß-D-glycopyranosyl-(25R)-furost-5-ene-3ß,22,26,-triol-3-O-[2,4-di-O-α-L-
rhamnopyranosyl)-ß-D-glucopyranoside and its methyl ether. A combination of saponin-
sexhibited greater antidiabetic activity than individual saponins. Gad et al. [70] adminis-
tered fruit extracts (1.5 g/kg body weight) to STZ-induced diabetic rats and studied the
glycogencontent of liver and kidney and on some key enzymes of liver involved in car-
bohydrate metabolism. STZ (50 mg/kg body weight) caused a five-fold increase in blood
glucose level, an 80% reduction in serum insulin level, a 58% decrease in liver glycogen and
a seven-fold increase in kidney glycogen content. A marked increment in the activity of
glucose-6-phosphatase activity and decreasedactivity of glucose-6-phosphate dehydroge-
nase and phosphofructokinase were recorded. Treatment of rats with fruit extract reduced
blood glucose levels by 24% and significantly decreased liver glucose-6-phosphatase activ-
ity. The authors also demonstrated that the extract inhibited α-amylase activity in vitro.
The major component in the extract was diosgenin, based on high-performance thin-layer
chromatography. Additionally, Al-Malki et al. [71] showed that ethyl acetate extract con-
taining β-sitosterol modulatedoxidative stress induced by streptozotocin.

Table 6. Biological activities of compounds isolated from various parts of desert date.

Compound Part Activity Model/Method Reference

Balanitin 1 Root and stem bark Molluscicide Biomphalaria glabrata [29]
Balanitin 2 Root and stem bark Molluscicide Biomphalaria glabrata [29]
Balanitin 3 Root and stem bark Molluscicide Biomphalaria glabrata [29]
Balanitin 4 Seed Anticancer P-388 Lymphocytic leukemia cell line [30]
Balanitin 5 Seed Anticancer P-388 Lymphocytic leukemia cell line [30]

Balanitin 6 Seed Anticancer

Different cancer cell lines including the
P-388 Lymphocytic leukemia cell line
and female mice injected with L1210

syngeneic murine leukemia cells

[30,31]

Balanitin 7 Fruit, root, seed
Anticancer

1.Different cancer cell lines and female
mice injected with L1210 syngeneic

murine leukemia cells
2. P-388 Lymphocytic leukemia cell line

3.Human breast cancer cells (MCF-7)
and human colon cancer cells (HT-29)

[30–32]

Nematocidal Caenorhabditiselegans [72]
Deltonin Seed Molluscicidal Biomphalaria glabrata [33]

Balanitoside Fruit
Anticancer Ehrlich ascites carcinoma bearing Swiss

albino mice [36]

Antidiabetic Streptozotocin-induced diabetes in
Wistar rats [73]

Balanin B2 Stem bark Anti-inflammatory Carrageenin-induced paw edema in
male Sprague Dawley rats [39]

26-(O-β-D-
glucopyranosyl)-22-O-

methylfurost-
5-ene-3β,26-diol-3-O-β-D-
glucopyranosyl-(1→4)-[α-

L-rhamnopyranosyl-
(1→2)]-β-D-

glucopyranoside

Fruit Antidiabetic

α-Glucosidase and aldose
reductase inhibitory activities (in vitro)
and streptozotocin-induced diabetes in

male albino Wistar rats (in vivo)

[40]
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Table 6. Cont.

Compound Part Activity Model/Method Reference

25R and 25S epimers of
26-O-β-D-glucopyranosyl-
furost-5-ene-3,22,26- triol

3-O-[α-L-
rhamnopyranosyl-(

1→3)- β-D-glucopyranosyl-
(1→2)]-

α-L-rhamnopyranosyl-
(1→4)-β-

D-glucopyranoside

Fruit Aldose reductase
inhibitor

Aldose reductase inhibition activity on
rat liver homogenate [41]

26-O-β-D-glucopyranosyl-
(25R)-furost-5-ene-3,22,26-

triol 3-O-[
β-D-glucopyranosyl-(

1→2)]- α-L-
rhamnopyranosyl-(1→4)-
β-D-glucopyranoside

Fruit Aldose reductase
inhibitor

Aldose reductase inhibition activity on
rat liver homogenate [41]

26-O-β-D-glucopyranosyl-
(25R)-furost-5,20-diene-

3,26-diol
3-O-[α-L-

rhamnopyranosyl-(1→3)-
β-D-glucopyranosyl-

(1→2)]-
α-L-rhamnopyranosyl-

(1→4)-β-D-
glucopyranoside

Fruit Aldose reductase
inhibitor

Aldose reductase inhibition activity on
rat liver homogenate [41]

25R and 25S epimers of
26-O-β-D-glucopyranosyl-
furost-5,20-diene-3,26-diol
3-O-[ β-D-glucopyranosyl-

(1→2)]-
α-L-rhamnopyranosyl-

(1→4)-β-D-
glucopyranoside

Fruit Aldose reductase
inhibitor

Aldose reductase inhibition activity on
rat liver homogenate [41]

Balanin B1 Stem bark
Anti-inflammatory Carrageenin-induced paw edema in

male Sprague Dawley rats [39]

Antioxidant ROS scavenging activity by
Briggs-Rauscher oscillating reaction [39]

Hassanin et al. [74] tested a crudeethanolic fruit extract and itsbutanolic and
dichloromethane fractions on stress-activated protein kinase/c-Jun N-terminal kinase
(SAPK-JNK) signaling in experimental diabetic rats. Six groups of male Wistar rats were
used: normal control, diabetic, diabetic rats treated with crude, butanol or dichloromethane
factions (50 mg/kg body weight), and diabetic rats were treated with gliclazide as a
reference drug. Treatments continued for one month. Extract treatments produced a re-
duction in plasma glucose, hemoglobin A1c, lactic acid, lipid profile and malondialdehyde
levels, which induced an increase in insulin and reduced glutathione (GSH) levels and
catalase and superoxide dismutase activities. Moreover, the authors observed the down-
regulation of apoptosis signal-regulating kinase 1, c-Jun N-terminal kinase 1 and protein
53 and the upregulation of insulin receptor substrate 1 in rat pancreas. Glucose trans-
porter 4 was upregulated in rat muscle. Liquid chromatography and high-resolution
mass spectrometry (LC-HRMS) analysis identified balanitin-2, hexadecenoic acid, methyl
protodioscin and 26-(O-β-D-glucopyranosyl)-3-β-[4-O-(β-D-glucopyranosyl)-2-O-(α-L-
rhamnopyranosyl)-β-D-glucopyranosyloxy]-22,26-dihydroxyfurost-5-ene in crude extract
and balanitin-1 and trigonelloside C in butanoland dichloromethane fractions of crude
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extract. Ezzat et al. [40] isolated several compounds from pericarp, including stigmasterol-
3-O-β-D-glucopyranoside (a), a pregnane glucoside: pregn-5-ene-3β,16β,20(R)-trio1-3-O-β-
D-glucopyranoside (b); a furostanolsaponin: 26-(O-β-D-glucopyranosyl)-22-O-methylfurost-
5-ene-3β,26-diol-3-O-β-D-glucopyranosyl-(1→4)-[α-L-rhamnopyranosyl-(1→2)]-β-D-
glucopyranoside (c). The latter component possessed significant α-glucodidase (AG) and
aldose reductase inhibitory activities in streptozotocin-induced diabetic Wistar rats. Com-
pound (c) also caused a significant increment in insulin and C-peptide levels.

4.7. Molluscicidal Activity

Regarding the effects of fruit extracts on juvenile and adult Bulinusglobosus and
B.truncatus, two Planorbid (ramshorn) freshwater snails have been reported [75]. LC95 val-
ues were 16.9 and 19.7 µg/mLand 14.2 and 12.0µg/mLforjuvenile and adults of B. globosus
and B. truncatus, respectively. Seed, endocarp, mesocarp and whole fruit extracts were
assessed against adult Biomphalariapfeifferi, another Planorbid snail, and Lymnaeanatalen-
sis, a Lymnaeid pond snail [76]. LC90 values were 77.70, 120.04, 89.50 and 97.55 mg/L
against Biomphalariapfeifferi for seed, endocarp, mesocarp and whole fruit extracts, respec-
tively, and 102.30, 138.21, 115.42 and 127.69 mg/L against Lymnaeanatalensis. Furthermore,
the molluscicidal activity of seed oil on Monachacartusiana, aHygromiid land snail, has been
demonstrated [77]. Bioactive compounds were identified assaponins, such as diosgenin,
yamogenin and 3,5-spirostadiene.

4.8. Other Activities

Several studies demonstrate the antinematode andantiplasmodial activities of B. ae-
gyptiaca extracts. Shalaby et al. [78] showed the effects of methanolicfruit extracts on enteral
and parenteral stages of Trichinellaspiralis (pork worm). The authors also evaluated the
effectiveness of methanolic extract against preadult migrating larvae and encysted larvae
of Trichinellaspiralis in rats and compared them with the commonly used anthelmintic chem-
ical, albendazole. Methanolic extract (1000 mg/kg body weight) for five successive days
throughout the parasite lifecycle led to a marked reduction in migrating and encysted lar-
vae by 81.7% and 61.7%, respectively. In another study, the efficacy of a methanolicextract
on Toxocaravitulorum (roundworm), a major parasite in cattle and buffalo, was assessed [79].
They incubated parasites in a ringer solution containing 10, 30, 60, 120 and 240 µg/mL
of ethanolic extract for 24 h. The most prominent activity at 240 µg/mLcausedthe dis-
organization of body cuticle musculature. Kusch et al. [17] evaluated a crude extract of
seeds for antiplasmodial activity. An IC50 value for chloroquine-susceptible Plasmodium
falciparum NF54 was 68.26 µg/µL. The compound responsible for this activity was6-phenyl-
2(H)-1,2,4-triazin-5-one oxime. The authorsalso showed that two phenolic compounds,
2,6-di-tert-butyl-phenol and 2,4-di-tert-butylphenol, displayedantiplasmodial activity at
IC50 values of 50.29 and 47.82 µM, respectively.

5. Conclusions

B. aegyptiaca or desert date is an underutilized tree species. The nutritional status of
the fruits, leaves and seeds indicate that this species could be exploited as a food source.
Seed oil might also be a good source of biodiesel. Leaves and young shoots are nutritionally
rich and could be exploited as cattle feed. Furthermore, fruits, leaves, roots and the bark of
stem and roots are substantial sources of bioactive phytochemicals that display a host of
possibly useful biological properties. B. aegyptiaca might prove to be a valuable source of
bioactive agents for use in human and veterinary medicine.
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Abstract: Euphorbia antisyphilitica Zucc, better known as the candelilla plant, is one of the 10 non-
timber forest products of greatest economic importance in the desert and semi-desert regions of
Mexico. Moreover, it is a potential source of some functional phytochemicals such as polyphenolic
compounds, wax and fiber, with potential applications in food, cosmetic and pharmaceutical in-
dustries. Thus, this review aims to describe these phytochemicals and their functional properties
as antimicrobial, antioxidant, reinforcing and barrier agents. In addition, a suitable valorization
of the candelilla plant and its byproducts is mandatory in order to avoid negative effects on the
environment. This review provides, for the first time, an overview of the alternative methodologies
for improving candelilla plant production, pointing out some of the agricultural aspects of the
cultivation of this plant.

Keywords: candelilla plant; antioxidant properties; antimicrobial activity; polyphenols; candelilla
cultivation; candelilla wax

1. Introduction

The genus Euphorbia belongs to the Euphorbiaceae family, and it is one of the largest
genera of higher plants, with more than 2000 recognized species, such as Euphorbia thymi-
folia, Euphorbia neriifolia, Euphorbia antiquorim, Euphorbia chamaesyce, Euphorbia helioscopia
and Euphorbia antisyphilitica [1,2]. One of the most important species of this family is
E. antisyphilitica Zucc, better known as the candelilla plant, which is used traditionally as
an herbal remedy in countries such as India and other arid and semiarid countries [1]. It
naturally grows in the desert and semi-desert regions of northern Mexico, and this non-
timber plant is a very important economic resource for the people living in these areas, due
to the extreme climatic conditions which restrict agricultural activities [3,4]. The candelilla
plant grows in clusters, with thin wax-covered stems that protect them as thick layers
giving tolerance against environmental conditions (i.e., temperature variations) and biotic
agents (i.e., insects) [5,6]. Therefore, this plant is mainly used to obtain wax, which can be
considered as a multipurpose agent for several industries due to its unique properties and
multiple applications in the formulation of food, cosmetic and pharmaceutical products. In
addition, the candelilla plant has proven to be a good source of other useful phytochemicals
such as fiber, wax and polyphenolic compounds (i.e., catechin and ellagic acid), as shown
in Figure 1. In this sense, this review provides interesting information generated from
around the world about some constituents and bioactive compounds from the candelilla
plant and their functional properties.
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Figure 1. Phytochemicals and functional properties of E. antisyphilitica Zucc.

2. Phytochemicals Present in Candelilla Plant and Byproducts

Usually, a proximal chemical analysis is carried out to determine the chemical con-
stituents of a plant material. In this sense, the chemical analysis of candelilla plants has
been reported by Rojas-Molina et al. [5] and Ventura-Sobrevilla et al. [7], as shown in
Table 1. Although the chemical composition of plants is strongly influenced by factors such
as weather conditions, and season and genetic variability, it can be seen from the reported
proximal analysis that lipids and ashes are the major constituents of candelilla plants,
which are related to the presence of candelilla wax as mentioned above. Moreover, it has
been reported that the candelilla plant possesses a large number of high-quality bioactive
phytomolecules with potential applications in different industries acting as antimicrobial
and antioxidant agents, and providing other technological advantages [8–13]. Figure 2
shows the structure of the main phytochemicals identified in the candelilla plant and its
byproducts.

Table 2 shows the phytochemicals obtained from the candelilla plant and its byprod-
ucts, and the functional activity of these compounds. Since candelilla wax is one of the most
important constituents of E. antisyphilitica, it is necessary to know its chemical composition,
which has been reported as follows: n-alkanes (hentriacontane as the main component) >
high molecular weight esters > alcohols and sterols > free acids (7–9%) [4,5,14–17]. Another
important structural component of the candelilla plant is fiber, which can be used as a
support in the production of hydrolytic enzymes and as a reinforcing agent, as explained
below [11,18]. It has been established that candelilla bagasse fiber (CBF) comprises cellu-
lose (45%), hemicellulose (16%), lignin (37%), pectin (1.8%), wax (0.5%) and water-soluble
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extract (8–12%), a composition that is similar to other natural fibers (i.e., sisal and jute
fiber) with industrial applications [11]. In addition, the presence of some polyphenolic
compounds has also been reported in the candelilla plant. Rojas-Molina et al. [5] and
Ventura-Sobrevilla et al. [7] detected the presence of hydrolysable and condensed tannins,
as well as the presence of catechin, ellagic and gallic acid. The first study about the ex-
traction of ellagic acid from E. antisyphilitica was reported by Aguilera-Carbo et al. [19];
the authors reported that the candelilla plant has at least double the quantity of this phe-
nolic compound than other plant materials such as Turnera diffusa and Jatropha dioica.
Recently, the putative structure of a high molecular weight (860.7 g mol−1) ellagitannin
called candelitannin has been reported in candelilla residues [9]. Finally, flavonoids and
other molecules (samonins and quinons) can be found in the methanolic extracts of the
candelilla plant [8]; however, no further information has been provided about these com-
ponents. Regardless of these reports, there is currently limited information on the chemical
characterization of this plant, which provides an opportunity for innovative studies in this
field due to its economic importance.

Table 1. Proximal chemical analysis carried out in candelilla plants.

g per 100 g of Dry Material

Component [5] [7]

Moisture 0.4 ± 0.0006 4.44
Total solids 99.6 ± 1.81 95.6

Lipids 15.9 ± 1.119 15.92
Crude fibers 9.0 ± 1.217 9.05

Proteins 2.3 ± 0.0571 1.42
Ashes 10.9 ± 0.315 10.89

Total sugars 0.27 ± 0.043
23.93Reducing sugars 0.16 ± 0.021

 

−

a b c

d
e

Figure 2. Main phytochemicals identified in E. antisyphilitica and byproducts: (a) ellagic acid; (b) gallic acid (candelilla
whole plant); (c) candelitannin (candelilla byproducts); (d) hentriacontane (wax); (e) cellulose (candelilla bagasse fiber).

3. Agricultural Aspects of Cultivation

According to a very recent study published by Vargas-Pineda et al. [20], candelilla
plants have a distribution area of more than 19.1 million hectares in North America under
the current climatic conditions. Nevertheless, although the collection of candelilla plants is
an important economic activity for communities from northern Mexico, any overharvesting
should be avoided. Villa-Castorena et al. [21] conducted a comprehensive study related to
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the production of candelilla seedlings by cuttings. In this study, four eco-types of candelilla
plants called Cuencamé, Cuatrociénegas, Tlahualilo and Viesca, four growing substrates
(sandy soil, mixture of river sand and coconut fiber (1:1), mixture of river sand and peat
moss (1:1) and mixture of peat moss, perlite and vermiculite (1:1:1)), and four chemical
treatments (ProRoot, magic root, phenoxyiacetic acid and a treatment without chemical
application) for root promotion were evaluated. According to the authors, untreated Cua-
trociénegas eco-type had the highest ability to promote superior rooting of the cuttings due
to its special genetic characteristics which allow this eco-type to produce more endogenous
auxins for emitting more roots without the presence of other chemicals. For the other
eco-types, the cuttings treated with growth media of peat moss with perlite and vermiculite
and the mixture of river sand and peat most improved the percentage of rooted cuttings
and the shoot growth of this plant. In this sense, the production of candelilla plants can be
explored in controlled environments such as greenhouses in order to provide seedlings of
good quality for the reforestation of affected areas. In addition, it has been reported that
candelilla plants exhibited greater relative growth rate (0.15 g·g−1·d−1) and relative water
content (88%), which was associated with the physiological status of this plant, allowing
its consideration for suitable growth and production as green roofs in arid regions [22].

On the other hand, some stress conditions in the cultivation of candelilla plants, such as
the use of lime on the cultivation soil, can improve the production of secondary metabolites
(i.e., epicular wax) due to an increase in the pH of the plant tissues due to the alkaline
conditions in the soil [23]. According to the authors, candelilla plants cultivated on a liming
soil (10 g per pot) reach, on average, more than 54% extractable wax when compared to the
control and other abiotic stress conditions (plastic cover and solar reflection). However,
no additional studies related to the effect of the stress conditions on additional secondary
metabolite expression of this plant were found, which enables the development of new
research in this regard.

4. Functional Properties of the Phytochemicals

Due to their functional characteristics, phytochemicals of candelilla plant have the
potential to be used in several processes in food, cosmetic and biotechnological industries,
as they have demonstrated antimicrobial and antioxidant properties (phenolics and wax),
good barrier properties (wax) and reinforcing and biotechnological properties (fiber).

4.1. Antimicrobial Properties

In the last decade, interest in the study of the phytochemical constituents of E. an-
tisyphilitica has grown (Table 2). In addition, it has been reported that plants from
northern Mexico have several secondary metabolites to which some biological activi-
ties are attributed [8,12]. Thus, the studied molecules have proven to be highly effec-
tive at acting as antifungal and antimicrobial bacterial agents [8,9,12]. In their study,
Serrano-Gallardo et al. [12] evaluated non-toxic methanolic extracts of four different plants
used as a traditional remedy from a semi-desert region in Mexico, including E. antisyphi-
litica. In their study, the authors evaluated different concentrations of the plant extracts
(500, 100 and 2000 µg mL−1) against two reference bacterial strains, Staphylococcus aureus
BAA44 and Klebsiella pneumoniae 9180, and four bacteria isolated from clinical samples
(S. aureus, K. pneumoniae, Pseudomonas aeruginosa and E. coli). From the obtained re-
sults, the authors found that the candelilla extracts presented antimicrobial activity against
all the tested bacteria at 500 µg mL−1 (as a minimum inhibitory concentration), which
can be related to the phytochemical profile detected in this plant (saponins and quinones).
This is according to the previous results reported by Vega-Menchaca et al. [8], who de-
termined that methanolic extracts from candelilla leaves showed antimicrobial activity
against clinically isolated bacteria strains such as S. aureus, E. coli O157 and Enterobacter
aerogenes 9183. In comparison, in the study of Vega-Menchaca et al. [8], the minimum
inhibitory concentration needed for the inhibition of S. aureus was lower (26.8 µg mL−1)
than that reported by Serrano-Gallardo et al. [12], which could be due to the presence of
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flavonoids in candelilla extracts evaluated by Vega-Menchaca et al. [8], as explained by the
authors. However, it is important to consider other factors which can affect phytochemical
composition of candelilla plants such as weather conditions and season.

Candelilla byproducts also contain other bioactive phenolic compounds that have
been related to the antimicrobial activities of candelilla extracts against Erwinia amylovora,
Xanthomonas axonopodis and Clavibacter michiganensis [10]. According to the authors,
polyphenolic compounds from the hydro-alcoholic extracts obtained from the candelilla
byproducts are responsible for the inhibitory effect against the pathogenic bacteria. This
antimicrobial potential could be related to the presence of ellagitannins such as candelitan-
nin in these plant materials which has shown effective antifungal properties against four
phytopathogenic fungal strains: Alternaria alternata, Fusarium oxysporum, Colletotrichum
gloeosporioides and Rhizoctonia solani [9]. The antimicrobial activities exhibited by the
phenolic-rich extracts from candelilla plants may be attributed to the interaction of these
compounds with the cell membrane causing several modifications to it and changes in var-
ious intracellular functions, such as interspecific permeability causing microbial death [24].
Thus, polyphenolic compounds from the candelilla plant can be an important alternative to
traditional antimicrobial agents, and a complement to antibiotic therapy. On the other hand,
it has been proven and hypothesized that, by itself, candelilla wax has antimicrobial effects
on E. coli ATCC 10536 and some fungal strains such as Botrytis cinerea, Colletotrichum
gloeosporioides and Fusarim oxysporum, when it is used in the formulation of edible
coatings and films [25,26]. However, due to scarce information in the literature, the specific
role of candelilla wax in this effect is still unknown.

4.2. Antioxidant Properties

Free-radical scavenging of extracts from candelilla byproducts was evaluated by
Burboa et al. [10]. The authors reported that ethanolic extracts can inhibit more than 88%
of the DPPH• radicals according to the methodology used for this analysis, which was
related to the presence of phenolic compounds in these extracts. This is in line with the
findings reported for other species of the Euphorbiaceae family, in which polyphenolic
compounds have been detected, such as tannins and flavonoids, which are well known
for their antioxidant capacity [1]. Nevertheless, regardless of the high content of phenolic
compounds, the evaluation and exploitation of antioxidant properties of candelilla plant
extracts are still scarcely explored. In this sense, more research should be conducted with
the purpose of generating new and innovative knowledge about the antioxidant properties
of the polyphenolic compounds and other phytochemicals from this plant material, as they
have great potential to be applied in food, pharmaceutical and cosmetic industries.

4.3. Barrier Properties of Candelilla Wax

Barrier properties of candelilla wax against water vapor and gas transfer are two of the
most important features for researchers, and they are usually measured by the formulation
of edible coatings and films. The moisture barrier property is the most recognized charac-
teristic of candelilla wax, which is based on its hydrophobic nature and capacity to form a
compact network in synergy with other structural compounds such as proteins and carbohy-
drates [6,14,27,28]. According to Kowalczyk et al. [27], candelilla wax-based films exhibit low
water and oxygen permeability compared to other lipid sources, which decreases when the
concentration increases (from 0.5 to 2.0%). This can be attributed to its ability to increase film
surface hydrophobicity. In the same way, some authors have recorded a decrease in the weight
loss of food products such as avocado, “Golden Delicious” apples, Fuji apples and Persian
limes. This could be due to the morphology of the coating surface which has a homogenous
particle size and less roughness, reducing the open area of the emulsified solids network and
therefore avoiding loss of moisture from the fruit [6,28–30]. However, more studies must be
conducted regarding the low oxygen permeability of candelilla wax-based coating and films, as
it can affect some quality and sensory attributes of coated food products due to the anaerobic
respiration and changes in pH [31,32].
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Table 2. Phytochemicals from candelilla plant, methods for characterization, registered yields and potential functional
activity.

Chemical
Nature

Phytochemicals Yield
Analysis Method for

Chemical
Characterization

Potential Activity Reference

Phenolic
compounds

Ellagic acid 2.18 ± 0.39 mg g−1 HPLC
Anti-atherosclerotic,

antimicrobial and
antioxidant activity

[19]

Hydrolysable
tannins 0.56 ± 0.010

Colorimetric methods

Antioxidant activity [5]
Condensed

tannins 0.16 ± 0.013

Ellagic acid 2.2 ± 0.15 mg g−1

HPLC
Gallic acid 0.6 ± 0.03 mg g−1

Catechin 0.2 ± 0.02 mg g−1

Ellagic acid 6.06−7.09 mg g−1 Antitumoral, antiviral,
antioxidant activity [33]

The presence of
ellagitannins and
ellagic acid was
hypothesized NI

NI Antimicrobial, antioxidant
and antihemolytic activities [10]

Candelitannin FT-IR and HPLC Antifungal activity against
phytopathogenic agents [9]

Carbohydrates Fiber

Water absorption
index and critical
humidity point

and SEM

Great potential to be used as
support in solid-state
fermentation process

[18]

FT-IR,
thermogravimetry and

X-ray diffraction

As a reinforcing agent for
polypropylene composites [11]

FT-IR,
thermogravimetry,
X-ray diffraction

and SEM

Reinforcing, structural and
thermal agents [34]

Dynamic mechanical
analysis and SEM

Improve the mechanical
properties of polypropylene

composites
[35]

Lipids Candelilla wax

NI (No identified)

Excipients clinical
applications [36]

Reduces water permeability
of edible films [15]

In the encapsulation of
fertilizers with slow-release

properties
[13]

HPLC and GC
Structural agent in food

systems
[16]

[17]

NI

Antimicrobial and water
resistance properties [25]

2–5 g 100 g−1 Can be used to obtain
petroleum [37]

Other
compounds

Saponins and
quinones NI NI Antimicrobial potential [12]

SEM = scanning electron microscope; FT-IR = Fourier transform infrared spectroscopy; HPLC = high-performance liquid chromatography;
GC = gas chromatography.

442



Plants 2021, 10, 8

4.4. Other Functional Applications

Due to the candelilla wax extraction process generating large amounts of lignocellu-
losic waste, they can be used for different technological purposes. Regarding the biotech-
nological aspects, candelilla fiber has been used as a support for fungal growth to the
production of ellagitannase due to its ellagitannin content [18]. In this study, the authors
evaluated four agroindustrial byproducts, and, although it was concluded that candelilla
stalks have great potential for use as support for solid-state fermentation (SSF), the lowest
values of ellagitannase were obtained using this plant material. Thus, future studies must
focus on the standardization of this biotechnological process in order to increase enzyme-
activity titles. On the other hand, due to their physico-chemical characteristics, candelilla
fiber has also been used as a reinforcing agent in the formulation of new composites based
on polypropylene (PP) and CBF [11]. In this study, the authors found that this byproduct is
stable at around 200 ºC, which improves the thermal stability and tensile properties of the
CBF–PP composites due to the crystallinity index of the cellulose and the disruption of the
free moment of the polymeric chains in the matrix, respectively. In a more recent study, it
was demonstrated that candelilla fiber contains intracuticular wax and resins, which has
the benefit of being a compatibilizer between the fiber and the polypropylene [35]. This is
according to a recent study by Pulido-Barragán et al. [34], who reported that CBF is a good
plant material for obtaining cellulose nanocrystals, which can be used as a reinforcing,
structural or thermal agent, as well as for 3D printing and as a constructive nanocellulosic
paper agent, among other technical applications due its the specific physico-chemical prop-
erties. Although these studies were well conducted, limited information on the application
of candelilla fiber is available, providing an opportunity for the investigation of other
functional properties of this plant material.

5. Final Remarks and Perspectives

Since the candelilla plant is an endemic of the semiarid regions of northern Mexico,
this country has been recognized for its potential to be the main producer of candelilla
wax. However, this review provides interesting and innovative information associated
with the promising applications and sustainable valorization of other phytochemicals from
the candelilla plant not published elsewhere. In addition, it provides an opportunity for
developing more investigations into the physicochemical characterization of polyphenolic
compounds (different to ellagic acid), and the fiber present in the candelilla plant and
its byproducts. Furthermore, considering its great potential to be used as a source of
components with several functional applications, researchers should focus more on the
evaluation, stability and application of the phytochemicals of this plant, as they could help
to replace synthetic molecules used at the industrial level. In addition, the waste disposal
for animal feed (after the SSF process) and the evaluation of CBF as a reinforcing agent
(after the extraction of wax and phenolic compounds) could be of great interest for creating
a “zero waste” process as an integral use of this plant resource.
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Abstract: The zebrafish (Danio rerio) is used as an embryonic and larval model to perform in vitro
experiments and developmental toxicity studies. Zebrafish may be used to determine the toxicity of
samples in early screening assays, often in a high-throughput manner. The zebrafish embryotoxicity
model is at the leading edge of toxicology research due to the short time required for analyses,
transparency of embryos, short life cycle, high fertility, and genetic data similarity. Zebrafish toxicity
studies range from assessing the toxicity of bioactive compounds or crude extracts from plants to
determining the optimal process. Most of the studied extracts were polar, such as ethanol, methanol,
and aqueous solutions, which were used to detect the toxicity and bioactivity. This review examines
the latest research using zebrafish as a study model and highlights its power as a tool for detecting
toxicity of medicinal plants and its effectiveness at enhancing the understanding of new drug
generation. The goal of this review was to develop a link to ethnopharmacological zebrafish studies
that can be used by other researchers to conduct future research.

Keywords: zebrafish; toxicity; embryotoxicity; medicinal plant; animal model

1. Introduction

Herbal plants have pharmacological and therapeutic characteristics due to the natural chemical
compounds they contain [1]. Hence, they are widely utilized every day for culinary purposes and
nutritional supplements to promote health [2]. This product can be toxic, so its toxicity must be
measured to ensure adequate safety for human health [3]. Although many people view most medicinal
plants as safe, poisoning can occur in some cases. Consumers can also be exposed to potential health
risks caused by specific components or contaminants of botanical products; thus, their risk needs to
be evaluated [4,5]. Plant materials and their extracts contain various toxic substances synthesized
by plants as a defense against disease, insects, and other organisms [6]. Botanical toxicity studies
are complicated due to expense, time, use of animals, and the complex mix of components [4,7].
The most commonly used extraction solvents, from polar to non-polar, are water, ethanol, methanol,
acetone, ethyl acetate, chloroform, dichloromethane and hexane, and numerous researchers have
studied the effectiveness of these solvents [8]. Various extracts may display distinctive cytotoxicity
traits and a wide variety of pharmacological consequences at different concentrations [9]. Additionally,
numerous factors affect compounds, such as the type and volume of extraction solvents used and
varying storage environments [8]. Bioactive compounds in medicinal plants can have toxic impacts on
cardiac glycosides, phorbol esters, alkaloids, cyanogenic glycosides, and lectins [10]. The statistical
evaluation carried out by the National Pharmaceutical Control Bureau and Health ministry’s Malaysian
Adverse Drug Reaction Advisory Committee in 2013 confirmed that 11,437 cases of harmful drug
reaction had been reported, and 0.2% were due to herbal remedies [1]. Thus, the evaluation of the
toxicity of potential drug compounds has been enhanced in recent years [11]. Allopathy drugs and
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complementary and alternative medicines require a toxicology assay to identify any harmful effects
that are not well-known until signs and symptoms appear after high consumption [12].

However, the main objective of toxicity research is to predict human toxicity via fast and accurate
testing of many substances [13] based on model systems [14], and different routes of drug delivery
systems such as using nanoparticles in the gastrointestinal tract [15] or chemical fertilizers and
water retention as an example [16]. Previously, classical toxicity screening (including rodents, dogs,
and rabbits) involved the compilation of data from a given laboratory for one substance at a time [17];
however, these tests are frequently expensive, time-consuming, and tedious [18]. This classic method
focused on studying chemical compounds on phenotypic cell or animal results [19]. Thus, an attractive
alternative approach involves applying the 3R concept of human-animal studies (i.e., reduction,
replacement, and refinement), but it is not consistent with the use of rodent animal models [20].
Replacement: Zebrafish assays can be used to substitute such animal-toxicity studies using larval
zebrafish, and it can be shown that larval zebrafish represent a critical system model; Reduction:
zebrafish larvae can be used as a first-level model for toxicity to classify toxic drug candidates so that
more stable drugs can be evaluated in mammalian models; Refinement: The model of embryonic and
larval zebrafish provides a refined design to research organisms since embryos are partially fertilized
and translucent in their early life [21]. It is recommended that the number of animals is limited, the test
methods minimize pain and suffering of experimental animals, and approved substituted animal tests
are used as much as possible [22].

The zebrafish (Danio rerio) is a suitable model for screening drugs for potential use to treat
human diseases [23] based on phylogenetic analysis of fish and human genomes, which shows similar
morphology and physiology of the nervous, cardiovascular, and digestive systems [18]. The zebrafish
genome has been sequenced in full [24]. Zebrafish are a fast model for the study of genetic and de novo
mutations [25]. The genes can inactivate in vivo, simulate human phenotypes, and obtain information
on human diseases with genetic background through genomic editing approaches, such as CRISPR/Cas9
or artificial site-specific nucleases, zinc-finger nucleases, and transcription activator-like nucleases [25].
Zebrafish also provide a significant data file for vertebrate animals that enables researchers to anchor
biochemical, genetic, and cellular hypotheses to high-performance observations at structural, functional,
and behavioral levels [26]. The zebrafish embryotoxicity test, or fish embryotoxicity test (FET), is gaining
popularity because it provides a total and well-defined developmental duration for a vertebrate embryo
and allows the study of its early life stages [27]. As experimental models, both adults and zebrafish
embryos are used [22]. For example, various compound tests (e.g., measurement of drug cardiotoxicity)
have been conducted to assess drug effects in zebrafish efficiently [11]. Additionally, for the last
two decades, zebrafish have been used to study angiogenesis, metastasis, anticancer drug screening,
and an assessment of drug toxicity [28]. In summary, the cell structural and biochemical similarities
between humans and zebrafish enable rapid forecasting of the possible impacts of chemical and other
substances on human communities. Because zebrafish are becoming increasingly important as a test
model, husbandry requirements to enhance the reproducibility and efficiency of this type of model in
research environments are needed [29].

Toxicity studies generally begin in in vitro studies, with many different cell lines at different
sample concentrations. The substance is then tested in several animal models, especially in mice
and rats, before using on patients [30]. As mentioned in Table 1, there are several explanations why
zebrafish as an animal model could be extremely useful for intermediate toxicity tests.
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Table 1. Suggested methods for toxicological analysis [30,31]

Cells Fruit Fly Zebrafish Rodents Humans

Benefits Fast, simple,
inexpensive

Short period of
generation

Fast, simple,
inexpensive

Complexity of
body

High value
translation

Well-standardized Work easily with Complexity of
body

Adequate
predictiveness

Credible and
logical

Many probable
readings

Low maintenance
costs

Ethical
examination

in vivo

Administration
route

Dosage details

Limitations Modest
predictivity

Genetically far
from human beings

Modest flexibility Time-consuming
and costly

Time-consuming
and costly

Simplified process Simple anatomy Moderate foresight Comprehensive
regulation

Comprehensive
regulation

Low value
translation

No efficient
immune system

Moderate value
translation

Ethical limits Ethical limits

In vitro toxicity studies are inexpensive, fast, and easy, as shown in Table 1, but cultured cells are
poorly associated with in vivo processes and therefore have limited translation benefit, while accurate
data are obtained from laboratory rodent studies to extrapolate toxicants to humans [32]. Hence,
the gold standard for predictive analysis of chemical risks to humans remains vertebrate toxicity
studies; however, these studies are unsuitable for initial toxicity screening due to the reasons above
and often involve significant amounts of a valuable test compound [26]. There has been a trend in the
last 30 years towards the restricted use of higher animals in herbal toxicology studies in particular [22].
These animals have a series of restrictions. For example, rodents may be immune to the cardiotoxicity,
especially when the endpoint is left ventricular contractile function. This may be due to rodents’ ability
to substitute for myocyte failure by employing alternative mechanisms [25]. The zebrafish model
is especially useful for the bioassay-guided identification of bioactive secondary metabolites [33].
The National Health Institute (NIH), USA, recently promoted a zebrafish model organism to study
various genetically engineered diseases [34]. The Food and Drug Administration has recognized
zebrafish tests for toxicity and safety evaluations for investigative newly developing drugs [26].
Large volume screening platforms exist in the form of a multi-wave plate format for testing chemical
impacts on embryo development by assessing deformities, mortality, and structural characteristics
across a range of concentrations [26]. Small molecules may be introduced directly into the water in
multi-well racks, where fish take them up via diffusion. The researched drugs can also be injected
into the yolk sac [35]. Thus, the zebrafish is a great model for studying the premature embryonic
diet on toxicants [36]. Although researchers hope that both adults and embryos will prove useful for
toxicology studies, embryos are ideal for toxicity examinations because of the transparency of the
egg, which makes it easy to detect developmental phases and evaluate endpoints during the toxicity
test [22,37]. This enables technical and economic benefits over rodent models [26,38] to reduce the
number of substances and reduce the cost of animals in the development of drugs [39]. Up to 200–300
embryos can be developed per pair of adult zebrafish, while a typical pair of rodents only produce
5–10 descendants per matching occurrence [24]. Five days after post fertilization (dpf), the heart,
liver, brain, pancreas, and other organs are created [40]. The three-lobe liver of zebrafish reflects
humans’ biological function, including the absorption and production of lipids, vitamins, proteins,
and carbohydrates [25]. One of the significant benefits of using zebrafish is that compounds can be
easily supplied by adding water, similar to chemicals in the cell culture medium, which generally
requires an overall amount of only 100 µL during growth [41]. Their optical clarity makes it easy to
produce and recognize phenotypic properties during mutagenesis screening, and determine toxicity
endpoints during toxicological analysis [32]. In addition, zebrafish embryos have been incredibly
helpful in studying heart development and the functional effects of toxicants [14]. Figure 1 illustrates
the temporal distinction between humans, rats, and zebrafish in early developmental life [26,41].
During development, there are still several limitations in the chemical identification of zebrafish.
The fish is ectothermic and lacks heart septa, limbs, synovial joints, cancellous bones, lungs, and other
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organs [42]. Age is one of the most important limitations. Although chemical tests can be undertaken
in adult fish, a high-performance scan using appropriate quantities of small molecules requires the
animals to fit into a multi-well plate [19]. The analysis of gene expression throughout the larvae is
feasible due to the optical transparency of the zebrafish tissues, which enables good penetration for
light microscopy [32].

An alternative preliminary toxicity test is called the brine shrimp lethality test, which involves
testing different toxicant concentrations. However, this technique does not reveal abnormalities or
causes of death [43]. In contrast, using zebrafish as a screening model animal has some rational
benefits, including large embryos, large numbers of embryos for testing, and simple visualization
of organogenesis using fluorescence and transgenic strains [36]. Additionally, the ability to view
biological processes provides the researcher with visual links to the organ system dynamics and,
possibly, interorgan systems [44].

Figure 1. Comparative analysis of human, rat, and zebrafish based on the early stages of development.

Today, many herbal products claim to provide pharmaceutical health benefits but do not provide
any toxicological data [1]; thus, the safety of these drugs is questionable. This review aimed to compare
the results of studies of the toxicity of medicinal plants and assess the toxicity tests used to analyze
some of these commercial products from plants. This paper is the first review to assess the toxic and
teratogenic effects of plant extracts on the zebrafish model to the best of our knowledge.

2. Zebrafish as a Suitable Alternative Animal Model for Toxicity Tests

One of the main goals of medicinal plant toxicology research is to identify many bioactive
compounds with specific toxicity within a short period [13]. For many years, higher species have
been used as models to measure medicinal products based on their toxicity [11]. For instance,
recent studies of acute toxicity have mainly used mice as the animal model. Nevertheless, it is difficult
to achieve a thorough and immediate toxicity check with this organism because of its strong state
of breeding, high expenses, complicated procedures, and ethical restrictions [45]. Instead of using
rodents, fish are the best candidate for this purpose. Fish traditionally have been used in toxicity
testing of individual substances and effluents [46], and today zebrafish are commonly utilized to
test for developmental toxicity, general toxicity and to carry out medication screening as a credible
vertebrate model [11,26]. Hence, the first large-scale studies for bioactive molecules using zebrafish
embryos were published, using the merits of zebrafish as phenotypic testing models to evaluate the
effects of biomolecules and explore different bioactive compounds [47]. The zebrafish is widely used in
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numerous subfields of biology, and without a doubt, it is one of the leading species in various research
areas, including developmental biology, ecotoxicology, and genetics [48]. Zebrafish embryos can also
quickly consume tiny molecular compounds, thus providing a valuable model for drug testing and
evaluating teratogenic effects [49,50] of exposure to toxic compounds [38]. Zebrafish embryos and
larvae are outstanding models for testing the toxicity of substances, especially if those substances are
present in low quantities [51]. Zebrafish larvae are very useful in imaging studies, and they likely will
prove useful for non-imaging endpoints. Scientists are discovering new innovative paths for evaluating
biochemical processes [19]. Within 5–6 days dpf, zebrafish development reflects the full developmental
period of a vertebrate embryo before it becomes self-sustainable and, therefore, this substitute organism
is not currently recognized as a genuine in vivo form by European law [52].

Teratology is the study of unusual growth, and a teratogen is any substance that triggers the
production of a congenital anomaly or enhances the occurrence of a specific hereditary deficiency [53].
Screening for teratogenicity includes introducing zebrafish embryos to the required concentration of
the compound of interest, and it has become a popular model for analyzing the teratogenic effects of
medicines [35]. Teratological and embryo-toxic effects are easy to detect due to the transparency of
zebrafish embryos during their growth outside of their parent [54]. Teratogenic effects include tail
malformation, pericardial edema, malformation of the notochord, scoliosis, yolk edema, and growth
delays [22]. Therefore, it is essential to evaluate the embryotoxic and teratogenic toxicity of medicinal
plants on embryo growth. Embryo malformations may be caused by activation of the Caspase-3
enzyme, which is the leading cause of apoptosis [55], or by other factors such as reactive oxygen
species-induced oxidative stress [6].

The effectiveness of the zebrafish model system was evident in the 1960s and 1970s, as numerous
studies used zebrafish as bioassays of chemicals affecting normal functioning and reproductive success.
During the 1980s and 1990s, many researchers verified that zebrafish are a convenient and reliable option
for comprehensive toxicological screening and early life and lifetime exposure tests [56]. In 2000, the first
chemical screening procedure was reported that allowed researchers to test a very slight concentration
of compounds on live zebrafish in 96-well plates [19]. To date, there are ten types of tests used to study
toxicity in zebrafish: (1) the zebrafish embryo toxicity test (FET); carcinogenicity; (2) developmental
toxicity and teratogenicity assessments; (3) reproductive toxicity assessment; (4) behavioral toxicity
assessment; (5) endocrine disorders; (6) acute toxicity; (7) neurotoxicity; (8) optical (ocular toxicity);
(9) cardiotoxicity; and (10) vascular toxicity [31]. Among the available tests, FET is the most useful
for assessing chemical and substance toxicity in zebrafish [48]. Numerous toxicity studies of specific
chemicals have shown a significant correlation between results for zebrafish embryos and acute toxicity
of fish [57]. The FET test aims to determine the acute toxicity of the embryonic phases and establish
variables for zebrafish [52]. It is based on mortality and teratogenesis of the zebrafish embryos [46].
FET is a valuable option for replacing the use of adult animals to evaluate toxicity and enhance existing
toxicity assays [48]. Advantages of this test include:

1. A wide range of chemicals may be relevant;
2. Embryos are short-lived, susceptible, cost-effective, and have low variability;
3. The regulatory and scientific communities consider them to be standardized;
4. The tolerance of various species or organisms can be compared [58].

The possibility of tracking many toxicity endpoints, including alteration of molecular processes and
malformations, is one of FET’s main advantages with Danio rerio [59]. With the FET test, acute toxicity
is assessed based on positive results, and embryo formation is examined every day for any unusual
developmental phenotypes, especially morphological defects, including (i) coagulation of fertilized
eggs; (ii) lack of somite formation; (iii) lack of detachment of the tail-bud from the yolk sac; and (iv)
lack of a heartbeat [52]. Nagel (2002) outlined these toxicity indicators as measured using an inverse
light microscope based on “yes” or “no” responses to the presence of the four factors [60]. On the
other hand, Hermsen et al. [61] introduced a new model of embryotoxicity (ZET) using the general
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morphology score (GMS). A separate scoring list was established for teratogenic impact, which helped
track slow progress, developmental delay, and teratogenicity. However, the ZET, along with GMS,
operates as an essential and useful test method for screening the chemicals’ embryotoxic properties in
the compound groups studied [27]. Furthermore, the MolDarT was created with zebrafish eggs/larvae
to develop a molecular mechanism test method [61]. It is based in theory on the DarT (Danio rerio

teratogenicity test), established by Nagel et al. [60], which reveals and tracks the developmental impact
and deformities of freshly fertilized zebrafish eggs within 48 h [62].

Experiments to test toxicity include acute, sub-chronic, and chronic studies of compounds’ toxicity
to specific organ pathways and hypothesis-driven research [31]. Zebrafish were found to be a useful
tool for the comprehension not only of neurotoxicants’ structural and chemical effects but also for the
assessment of behavioral dysfunction correlated with such toxicity [38]. Several behavioral endpoints
are used in neurotoxicity studies to determine the therapeutic influences of medications and their
neurotoxins on neuron development in zebrafish [63]. There is an incomparable system to identify
endocrine activity lacking significant morphological abnormalities [13]. For the reasons described
above, zebrafish toxicity screening provides many significant experimental advantages, including
embryo and larvae visibility, high-efficiency short test time, low number of necessary compounds,
ease of handling, and direct delivery compounds [54]. The zebrafish embryo develops quickly outside
the mother’s body and enters maturity in a couple of months, among other benefits [38]. Additionally,
more than 70% of the disease-associated genes are similar to those found in human diseases [50].
Furthermore, the physical, biochemical, genetic, and molecular makeup of zebrafish, including organs
and tissues, has been demonstrated to be identical to their mammalian relatives. Metabolites, signaling
mechanisms, and neurological and cognitive structures are similar to those in mammals [54].

A compound’s toxicity is measured using two indicators: the median effective concentration
(EC50) and the median lethal concentration (LC50). The concentration-response curve is generated
using 24 h of data to obtain the EC50 (teratogenic effects) and LC50 (embryotoxic effects). The ratio
of LC50 to EC50 is the corresponding therapeutic index (TI). In pharmaceutical administration, a TI
value < 1 is optimal [50,64]. The strength of the association between zebrafish embryo LC50 values and
rodent LD50 values for 60 different compounds was demonstrated in one particular laboratory study
by Ali and colleagues [42]. Test protocols for the use of zebrafish embryos (FET) in the Organization
for Economic Cooperation and Development (OECD) test guideline 236 were tested and applied [65].
As determined by OECD guidelines, the value of LC50 is calculated based on lethality, coagulation,
lack of somite formation, heartbeat failure, and a lack of detachment of the tail. In contrast, teratogenic
effects are used to compute the EC50 values [22]. Parng et al. (2002) showed that the toxicity of the drug
tested (ethanol) was similar for zebrafish and mammals with log LC50 values of 4.0 and 3.8 mg/mL,
respectively [66]. Throughout the screening steps, zebrafish bioassays have been used to classify the
active fractions based on endpoints developed and tested in other species, which led to identification
of the actual effect of extracts on different life stages in zebrafish (Table 2).

Table 2. Zebrafish bioassays and measured endpoints.

Life Stage Measured Endpoints References

Egg Survival, hatching, teratology [1,60,67]
Larvae Survival, abnormalities, enzyme activities and behavior [67–70]
Adults Survival, behavior, enzyme activities and genotoxicity [71,72]

Additionally, indicators such as delayed growth, restricted movement, irregular head-trunk angle,
scoliosis/flexure, and yolk sac edema have been analyzed in developing zebrafish [73]. However, recent
findings indicate that herbal products’ metabolism using zebrafish can represent actual outcomes
of mammalian methods, while single in vitro methods cannot do so [39]. Table 3 lists some toxicity
screening studies of medicinal plants that used zebrafish as the model organism.
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Table 3. Existing studies that screened toxicity of medicinal plants using the zebrafish model.

Plant/Family Common Name Extraction/Part of Plant
Concentrations
Range (µg/mL)

LC50 (µg/mL) Characteristics of Effect Reference

Acorus calamus/Acoraceae Sweet flag Ethanol/rhizome n.a. n.a.

Fish treated with this extract returned
to normal condition and revealed a

decrease level in superoxide dismutase
and decreased mitochondrial volume

and cell viability.

[74]

Achyranthes
aspera/Amaranthaceae

Chaff-flower, prickly
chaff flower, devil’s

horsewhip, burweed
Ethanol/leaf n.a. n.a.

Fish treated with this extract returned
to normal condition and revealed

decrease in superoxide dismutase level
and decreased mitochondrial and cell

viability.

[74]

Achyranthes
bidentate/Amaranthaceae

Ox knee, niu xi
(Chinese) Aqueous/root 0–30.01 µg/mL No mortality

observed

The extract did not exhibit noticeable
lethal or severe side effects on

zebrafish larvae/embryos.
[75]

Allium
carinatum/Amaryllidaceae

Keeled garlic, witch’s
garlic

70% aqueous
methanol/whole plant 1–60 µg/mL 55.8 µg/mL

The extract reduced developmental
toxicity and neutropenia. No
teratogenic effects were seen.

[76]

Allium
flavum/Amaryllidaceae

The small yellow
onion,

yellow-flowered
garlic

70% aqueous
methanol/whole plant 1–60 µg/mL 50.3 µg/mL

The extract reduced developmental
toxicity and neutropenia. No
teratogenic effects were seen.

[76]

Andrographis
paniculata/Acanthaceae Green chiretta, creat Aqueous/leaf 0–10,000 µg/mL 525.5 µg/mL (48 hpf)

525.6 µg/mL (96 hpf)

Morphological defects were observed
at 96 hpf after exposure to teratogen

concentration.
[2]

Annona
squamosa/Annonaceae

Sugar apple,
sweetsop Ethanol/young leaf 100–1000 µg/mL n.a.

Late hatching process and
morphological deformations occurred
at higher concentrations up to 800 µg.

[77]

Avicennia
marina/Acanthaceae

Grey mangrove or
white mangrove

Methanol/bark, leaf, stem,
flower and fruit 50–100 µg/mL n.a. n.a. [78]

Azadirachta
indica/Meliaceae Neem Ethanol (cold)/fruit 1000–5000 µg/mL n.a. Not toxic to adult zebrafish and did

not alter the locomotor system. [79]

Bougainvillea
galbra/Nyctaginaceae

The lesser
bougainvillea,
paperflower

Aqueous/bracts 1–300 µg/mL 85.51 µg/mL

Yolk sac edema was observed at
different concentrations.

Hypopigmentation in the embryo was
caused by the purple bract extract at 30
µg/mL. Overall, this extract generally

showed moderate embryo toxicity.

[80]
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Plant/Family Common Name Extraction/Part of Plant
Concentrations
Range (µg/mL)

LC50 (µg/mL) Characteristics of Effect Reference

Bixa Orellana/Bixaceae Achiote Hot water/leaf 50–10,000 µg/mL n.a.

Plant extract affected the hatchability
of embryos and was linked to delayed

development. Also, a coagulated
embryo, and tail malformation were

observed as teratogenic effects.

[81]

Capsicum
chinense/Solanaceae

Habanero type
pepper Ethanol/fruit 0.39–100 µg/mL 39.7 ± 2.1 µg/mL

The embryo demonstrated late
development represented by an

absence of pigmentation of the tail,
and irregular formation of the somites
demonstrated the noticeable tail curve

with a wide end.

[82]

Carthamus
tinctorius/Asteraceae

Safflower (English),
Kashefeh (Persian) Aqueous/flower 40–1000 µg/mL 345,600 µg/L

Hatching inhibition, depressed heart
rate, abnormal spontaneous

movement, pericardial edema, yolk
sac edema, unusual head-trunk tilt,

suppression of melanin release,
enlarged yolk, and short body length

were identified.

[83]

Clinacanthus
nutans/Acanthaceae Sabah snake grass Hexane/leaf 15.63–500 µg/mL 75.49 µg/mL

Morphological disorders (less
pigmentation, tail bending, edema,

abnormal yolk sac).
[84]

Cinnamon
zeylanicum/Lauraceae

True cinnamon tree,
Ceylon cinnamon Aqueous/bark 0–10,000 µg/mL 985.8 µg/mL (48 hpf)

50.58 µg/mL (96 hpf)

This plant showed minimum
embryotoxicity on zebrafish. In 72 hpf

embryos, higher concentration of
extract provoked yolk sac and

pericardial edema.

[2]

Croton
tiglium/Euphorbiaceae

Purging croton,
Jamaal gota (Hindi) Aqueous/seed 4000–24,000 µg/mL 11,880 µg/mL (24 h)

8160 µg/mL (48 h)

Signs of stress, enhanced respiratory
rate, jerky movements, loss of

equilibrium, circular swimming before
losing balance.

[10]

Curcuma
longa/Zingiberaceae Turmeric Methanol/rhizome 7.8–125 µg/mL

92.42 µg/mL (24 hpf)
79.20 µg/mL (48 hpf)
68.32 µg/mL (72 hpf)
56.68 µg/mL (96 hpf)

55.90 µg/mL (120 hpf)

Physical anatomy deformities as
teratogenic effects; tail bending, yolk
sac edema extension, and a curved

trunk were observed at high
concentration among hatched

embryos.

[1]

Curcuma
longa/Zingiberaceae Turmeric Methanol/rhizome

No concentration
ranges were
mentioned

(10 µg/mL used)

n.a.

No visible symptoms of toxicity were
observed: no change in heart rate,

body impairment, absence or delay in
reaction to tactile stimuli, or mortality.

[85]
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Plant/Family Common Name Extraction/Part of Plant
Concentrations
Range (µg/mL)

LC50 (µg/mL) Characteristics of Effect Reference

Curcuma
xanthorrhiza/Zingiberaceae

Javanese ginger,
Temulawak Ethanol/rhizome 100–500 µg/mL 180.52 µg/mL at 48 h

79.55 µg/mL at 96 h

Major malformations of the pericardial
edema of embryos at a concentration
of 100 µg/mL, yolk sac edema and tail

malformation also were observed.

[43]

Javanese ginger,
Temulawak Aqueous/rhizome 0–10,000 µg/mL 748.6 µg/mL (48 hpf)

703.7 µg/mL (96 hpf)

Decreased survival rate, organ
deformity, unusual heartbeat, and

delayed hatching rates.
[2]

Cynodon dactylon/Poaceae Scutch grass Hexane, chloroform,
acetone, methanol/n.a. 10–100 µg/mL 32.6 µg/mL The period of systole and diastole was

decreased by the methanol extract. [86]

Derris elliptica/Fabaceae Tuba root (Indonesia),
opay (Philippines) Aqueous/leaf 50 (0.05%),

500 (0.5%) µL/mL n.a.

The concentration of 0.5% led to the
early death of embryos: unformed

head, unformed tail, coagulation, and
death. A delay in growth and

restricted movement compared to the
control group were present at 0.05%.

[53]

Dieffenbachia
amoena/Araceae Spotted dumbcane Aqueous/leaf 0–10,000 µg/mL 1190 µg/mL

Growth retardation, no heartbeat was
noticed at 500 µg/mL and higher
concentrations (cardiotoxicity).

[87]

Diospyros
discolor/Ebanaceae

Velvet persimmon,
velvet apple, mabolo

tree
Aqueous/leaf 0.05–10% 1%

Tail malformation, delayed growth,
head abnormality, yolk malformations,

and abdominal swelling were
observed.

[88]

Eclipta
prostrata/Asteraceae

False daisy, yerba de
tago, Karisalankanni

and bhringraj
Aqueous/leaf 0.01–40% 1%

At the concentration of 0.01% v/v and
1% v/v, did not observe any mortality

and abnormality
[89]

Enydra
fluctuans/Asteraceae

Marsh herb, water
cress Ethanol/leaf 12,500–400,000 µg/mL

24 h: 204,132 µg/L
48 h: 170,513 µg/L
72 h: 139,478 µg/L
96 h: 92,956 µg/L

The death rate was found as the
exposure period was extended from 24

to 96 h, the median lethal
concentration decreased. A negative
relationship between exposure time

and LC50 was found.

[90]

Eugenia
polyantha/Myrthaceae Bay leaf Aqueous/leaf 0–10,000 µg/mL 921.2 µg/mL (48 hpf)

60.39 µg/mL (96 hpf)

Decreased survival rate, organ
deformity, unusual heartbeat, and

delayed hatching rates.
[2]

Euphorbia pekinensis
Rupr/Euphorbiaceae

The Peking spurge,
daji (Chinese)

Aqueous/commercial
raw herb 100–250 µg/mL 250–300 µg/mL

(previous study) n.a. [91]
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Plant/Family Common Name Extraction/Part of Plant
Concentrations
Range (µg/mL)

LC50 (µg/mL) Characteristics of Effect Reference

Euodia rutaecarpa
(Tetradium

ruticarpum)/Rutaceae

Goshuyu (Japanese),
Bee tree

Evodiamine (Commercial
product) 0.05–1.6 µg/mL 0.354 µg/mL (LC10)

Evodiamine (bioactive compound)
had a 10% lethality at 354 ng/mL and

caused heart defect, changes in
heartbeat and blood flow, and

pericardial malformation. Also, it
could cause cardiovascular side effects

involving oxidative stress.

[92]

Excoecaria
agallocha/Euphorbiaceae Back mangrove Methanol/bark, leaf and

stem 50–100 µg/mL n.a.

Higher concentrations induced intense
impacts on embryo melanogenesis.

Those concentrations also reduced the
eye melanin material of the embryo.

[78]

Ficus glomerate/Moraceae
Cluster fig tree,

Indian fig tree, goolar
fig

Hot aqueous/leaf 125–2000 µg/mL 239.88 µg/mL

Lower hatchability, body size,
heartbeat rate, and morphological
growth defects of the embryo were

exhibited.

[73]

Garcinia
hanburyi/Clusiaceae

Siam gamboge,
Hanbury’s Garcinia

Commercial
product/dried yellow

resin
0.5–1.0 µM 1.76 µM

Gambogic acid triggered a lack of fin
developmental in the zebrafish

embryo.
[93]

Garcinia mangostana
(Xanthone crude

extract)/Clusiaceae
Mangosteen Mixture of acetone and

water (80:20) 7.81–250 µg/mL 15.63 µg/mL Among surviving zebrafish, no
deformities were found. [28]

Geissospermum
reticulatum/Apocynaceae

Challua caspi
(Kichwa language) Ethanol/bark 0.1 µg/mL n.a.

This plant was nontoxic and caused no
deformations to zebrafish, even at high

concentrations.
[94]

Himatanthus
drasticus/Apocynaceae Janaguba milk (latex) Commercial product 500–1500 µg/mL 1188.54 µg/mL

This plant can be considered to have
low toxicity. No teratogenic effect was

observed.
[95]

Hylocereus
polyrhizus/Cactaceae Pitaya Ethanol; water solution

(70:30, v/v)/peel & pulp
100–1000 µg/mL and

20 µL) >1000 µg/mL (96 h) The results indicated the pulp and peel
of this plant were non-toxic. [96]

Leonurus
japonicus/Lamiaceae

Oriental/Chinese
motherwort

Essential oil/the aerial
parts 6.25–100 µg/mL 1.67 ± 0.23 µg/mL

Motherwort essential oil was toxic to
embryos. Morphological

abnormalities: partial or complete
absence of eye development, yolk sac
oedema, curved spine, tail deformities,

scattered haemorrhages in the
oedematous yolk sac, incomplete heart
development, and pericardial oedema.

[97]
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Concentrations
Range (µg/mL)

LC50 (µg/mL) Characteristics of Effect Reference

Ligusticum
chuanxiong/Apiaceae Szechuan lovage A protein-containing

polysaccharide/rhizome 0–800,000 µg/L 965 µg/mL No significant morphological
anomalies were found. [98]

Maerua subcordata (Gilg)
DeWolf/Capparaceae

Methanol/fruit, leaf, root
tuber, and seed

150,000–
1,500,000 µg/L 209,000 µg/L ≤5% sub-lethal abnormalities (signs of

malformation of the heart). [4]

Marsdenia tenacissima
(Xiaoaiping

extract)/Asclepiadaceae

Murva (Hindi),
Tong-Guan-Teng

(Chinese)
Commercial product 0–3200 µg/mL

2660 µg/mL (24 hpf)
2310 µg/mL (48 hpf)
1920 µg/mL (72 hpf)
1910 µg/mL (96 hpf)

1790 µg/mL (120 hpf)

Severe malformation such as
impairment of the swim bladder,

retaining the yolk, pericardial oedema,
and tail curvature. Histopathological
study: Xiaoaiping induced lesion of

the liver, muscle, and heart.

[99]

Millettia
pachycarpa/Fabaceae

Bokol-bih, Holsoi,
Bokoa-bih (Assamese

or Hindi)
Aqueous/root 1–7.5 µg/mL 4.276 µg/mL

There were a few developmental
anomalies, such as yolk sac oedema,

curvature of the spinal cord,
pericardial oedema, swim bladder

swelling, reduced heart rate, and late
hatching. This plant extract is also

linked to reactive oxygen species and
apoptosis, which induced embryonic
mortality and toxicity (identified in

trunk, brain, and tail).

[6]

Momordica
charantia/Cucurbitaceae

Bitter melon, bitter
gourd, bitter apple Methanol/fruit, seed 1–400 µg/mL 50 µg/mL (only seed

extract)

Although it affected the heartbeat, the
fruit extract is considered to be
harmless and no mortality was

observed. The seed extract
demonstrated a slight level of

developmental failure and had
significant cardiac toxicity.

[100]

Hot and cold
aqueous/leaf 15.625–1000 µg/mL

144.54 µg/mL: Hot
aqueous Chinese

extract
199.53 µg/mL: Hot

aqueous Indian
extract

251.19 µg/mL: Cold
aqueous Chinese

extract

For all samples the heart beat differed
at higher concentrations. Also, mild

toxicity was observed, although
consumption of this plant is assumed

to be safe.

[12]

457



Plants 2020, 9, 1345

Table 3. Cont.

Plant/Family Common Name Extraction/Part of Plant
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Range (µg/mL)

LC50 (µg/mL) Characteristics of Effect Reference

Aqueous/leaf 0.05–3% 3.0% at 24 h

Teratogenic effects such as bent back,
tip of tail bent, oedema in the yolk sac,
and scoliosis. Delayed development
and morphological deformities of the

embryo were observed.

[101]

Moringa
oleifera/Moringaceae

Drumstick tree,
Moringa Hot water/leaf and bark 0.3–6 µg/mL

1.5 µg/mL at 36 h
(leaves);

3 µg/mL at 36 h (bark)

Even low concentration was
embryo-toxic and had teratogenic

impacts on the developing embryos.
[102]

Essential oil/seed 0.1–1000 µg/mL 21.24 ± 0.44 µg/mL

High concentrations (≥ 50 µg/mL)
caused 100% mortality of embryos.

The process of angiogenic blood vessel
formation in zebrafish embryos was

substantially disturbed by the seed oil.

[103]

Aqueous/seed 12.5–200 µg/mL
190 µg/mL (48 h)
133 µg/mL (72 h)
49 µg/mL (96 h)

No toxic endpoint was seen after 24 h,
hatching was prolonged, and the

larval period at 96 h compared with
the control was decreased.

[104]

Moringa
peregrina/Moringaceae Miracle tree Essential oil/seed 0.1–1000 µg/mL 25.11 ± 0.547 µg/mL

High concentrations (≥ 50 µg/mL)
caused 100% mortality of embryos.

The process of angiogenic blood vessel
formation in zebrafish embryos was

substantially disturbed by the seed oil.

[103]

Olea europaea/Oleaceae Olive
Raw and polar fraction

(raw oil:
commercial)/fruit

1–100%

Raw oil: 11.98%
(EC50)

Polar fraction: 61.87
(EC50)

Abnormalities observed included
non-hatching, pericardial oedema, and
blood accumulation, and more were

expressed at a concentration of 11.98%.
Raw oil induced 50% of developmental
abnormalities compared with the polar

fraction. After 96 h, strong
developmental retardations such as

developmental delay and
absence/prolongation of pigmentation

formation were observed.

[105]

Onosma
dichroantha/Boraginaceae n.a. Cyclohexane, ethyl

acetate, methanol/root 0.02–50 µg/mL n.a. n.a. [106]

Orthosiphon
stamineus/Lamiaceae Java tea Aqueous/whole plant 0–10,000 µg/mL 1685 µg/mL (48 hpf)

1685 µg/mL (96 hpf) n.a. [2]
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Palicourea
deflexa/Rubiaceae n.a. Methanol (fraction)/leaf 1–100 µg/mL 72.18 µg/mL

At high concentration (100 µg/mL),
some possible anomalies, such as no
development of somites, decreased

pigmentation, and formation of
oedema were observed. Lethality only

appeared after 96 h.

[52]

Palmaria
palmata/Archaeplastida

Dulse, dillisk (dilsk),
red dulse, sea lettuce
flakes (creathnach)

Crude protein
(hydrolysate)/leaf 1–10,000 µg/mL n.a.

At high concentration (10 mg/mL),
larvae started developing spinal

curvature and a deformed yolk sac. At
5 mg/mL, larvae appeared to have a
swollen yolk sac and developed a

curved spine.

[51]

Passiflora
caerulea/Passifloraceae

Bluecrown
Passionflower Aqueous/leaf 40–120 µg/mL 80 µg/mL

(40–120 µg/mL)

Mortality increased based on
concentration and delay in hatching.

No apparent signs of abnormal growth
or morphology were detected in

embryos at 96 hpf.

[107]

Peucedanum
alsaticum/Apiaceae n.a. n-heptane, ethyl acetate,

methanol, water/fruit 50–400 µg/mL n.a. n.a. [33]

Phyllanthus
niruri/Phyllanthaceae

Gale of the wind,
stonebreaker Aqueous/leaf 0.05–10% –

Tail malformation and coagulation
were detected as the most remarkable

toxic effect from the extract;
dose-dependent impacts on the
heartbeat and hatchability of the

embryo also were detected.

[108]

Piper betle/Piperaceae
Betel, Ikmo, Daun
sirih (Malay), Paan

(Hindi)
Hot water/leaf 50–10,000 µg/mL –

The plant extract affected the
hatchability of embryos and was

linked to delayed development. Also,
a coagulated embryo and tail

malformation were observed as a
teratogenic effect.

[81]

Polygonum
multiflorum/Polygonaceae Tuber fleeceflower n-hexane, ethyl acetate,

water/root 0–175,000 µg/L TIs: 1430 (ethyl
acetate), 630 µg/L

40 and 105 mg/L concentrations (all
extracts) induced yolk sac oedema

(heart oedema), hemovascular defects,
abnormal trunk, and necrosis. The
water extract induced synthesis of

melanin in zebrafish through
stimulation of tyrosinase.

[109]
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Water, ethanol, methanol,
acetone/dried roots 0–10,000 µg/mL

129.4 ± 2.7 µg/mL
(water)

58.2 ± 1.9 µg/mL
(30% ethanol)

39.8 ± 0.8 µg/mL
(50% ethanol)

27.9 ± 2.3 µg/mL
(70% ethanol)

25.5 ± 2.0 µg/mL
(95% ethanol)

48.8 ± 2.8 µg/mL
(methanol)

23.6 ± 2.2 µg/mL
(acetone)

Teratogenic effects included
coagulated embryos, lack of

development of the somite, absence of
tail detachment and heartbeat, and

malformation of the notochord

[110]

Psoralea
corylifolia/Fabaceae Babchi Commercial product

(Psoralen) 0–6.70 µg/mL
3.40 µg/mL (LC50)
2.52 µg/mL (LC10)
1.98 µg/mL (LC1)

Psoralen therapy caused hatching rate
and body size to decrease and the
abnormality rate of zebrafish to

increase significantly. Yolk retention,
pericardial oedema, swim-bladder

malformation, and curved body form
were observed.

[111]

Punica
granatum/Lythraceae pomegranate Ethanol/peel 100–250 µg/mL 196,037 ± 9.2 µg/mL

No issues with the reproductive
organs, heart, and androgen hormones

were detected.
[112]

Rhizosphora
apiculata/Rhizosphoraceae Mangrove Methanol/bark, leaf, stem

and root 50–100 µg/mL n.a.
Higher concentrations of the extract

from bark, leaf, and stem did not cause
mortality.

[78]

Salvia
miltiorrhiza/Lamiaceae Red sage

Commercial
product/Tanshinone IIA
(diterpene quinone)/root

0.44–7.06 µg/mL 5.44 µg/mL (72 hpf)
3.77 µg/mL (96 hpf)

Tan-IIA showed potential
cardiotoxicity and growth inhibition in

zebrafish embryos. Scoliosis, tail
deformity, and pericardium oedema

were the primary signs of
teratogenicity.

[45]

Sida acuta/Malvaceae Wireweed Hexane, chloroform,
acetone, methanol/n.a. 10–100 µg/mL 20.9 µg/mL

The methanolic extract led to heartbeat
rate reductions (more significant than
nebivolol as a positive control). This
study reported no teratogenic effects.

[86]
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Solidago
canadensis/Asteraceae

Canada goldenrod,
Canadian goldenrod Ethanol/leaf 0–500µg/mL

0.42 ± 0.03 µg/mL
(24 h)

0.33 ± 0.04 µg/mL
(48 h)

0.32 ± 0.03 µg/mL
(72 h)

This paper only mentioned that low
toxicity on zebrafish was observed. [113]

Sonneratia alba/Lythraceae Mangrove tree Methanol/bark and leaf 50–100 µg/mL – – [78]

Spilanthes
acmella/Asteraceae

Paracress, toothache
plant, Sichuan

buttons, buzz buttons,
tingflowers, electric
daisy Kradhuawean

(Thai)

Aqueous/leaf 0.01–20% n.a. No mortality was observed in the
highest concentration test. [89]

Spondias
mombin/Anacardiaceae

Yellow mombin, hog
plum Hydroethanolic/leaf

1–9 g/kg (LD50);
25,000–75,000 µg/L

(LC50)

4.515 g/kg (LD50: 48 h:
immersion)

49.86 µg/mL (LC50:
48 h: oral)

There were no recorded
teratogenic effects. [114]

Streblus asper/Moraceae
Siamese rough bush,

khoi, serut,
thoothbrush tree

Methanol/bark 50–100 µg/mL 2,000,000 µg/mL
Slight oedema of heart muscles at

100 µg/mL. No other severe
malformations were observed.

[115]

Sutherlandia
frutescens/Fabaceae

Cancer bush, balloon
pea, sutherlandia

Aqueous and 80%
ethanol 5–50 µg/mL 30.00 µg/mL

Both extracts showed bleeding and
pericardial cyst development at high

concentration, but the aqueous extract
was less toxic to larvae.

[8]

Aqueous, ethanol/aerial
part 5–300 µg/mL

297.57 µg/mL
(aqueous)

40.54 µg/mL (ethanol)

The high concentration of both extracts
inhibited hatching rate and mortality. [116]

Terminalia
chebula/Combretaceae Myrobalan Ethanol/fruit, leaf, root n.a. n.a.

At 50 µg/L, fish treated with this
extract came back to normal condition

and showed a related decrease in
superoxide dismutase and decreased

mitochondria and cell viability.

[74]

Tetrapterys (Melanolepis)
multiglandulosa/Malpighiaceae Pakalkal (Tagalog)

Dichloromethane, hexane,
ethyl acetate, methanol

and water/leaf
n.a. 200 µg/mL (methanol

extract)
A significant ecdysteroid was the most

toxic in the zebrafish. [117]
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Tinospora
cordifolia/Menispermaceae

Heart-leaved
moonseed, gaduchi,

guduchi, giloy,
Makabuhay (Filipino)

Aqueous/leaf and bark 0.01–10% 1% (leaves),
10% (barks)

Abnormalities of head and tail,
delayed development, reduced

mobility, stunted tail, and
scoliosis/flexure were observed.

[118]

Thuja
orientalis/Cupressacae Oriental Arbor-vitae Ethanol/leaf 150–2400 µg/mL 702.9 µg/mL

At 2.4 mg/mL embryos were
coagulated; at 1.2 mg/mL they did not
hatch and oedema was observed; 0.6

mg/mL resulted in skeletal deformities;
at 0.3 mg/mL slight oedema was
observed; at 0.15 mg/mL normal

growth was observed.

[50]

Trapa natans/Lythraceae Water chestnut, water
caltrop

Acetone, methanol and
ethyl acetate/leaf

100,000–
1,000,000 µg/mL

50 µg/mL (methanol)
40 µg/mL (acetone)

30 µg/mL (ethyl
acetate)

Methanol and acetone extracts did not
show toxicity to zebrafish. [119]

Tripterygium
wilfordii/Celasteraceae

Thunder god vine, léi
gōng téng (Mandarin)

Purchased commercially
each compound 1/10, 1/5, 1/2 LC50

Taxol: 0.10, 0.21,
0.53 µg/mL;

Gambogic acid 0.03,
0.05, 0.13 µg/mL;

Triptolide: 0.04, 0.07,
0.18; Auranofin: 0.84,

1.68, 4.21 µg/mL;
Mycophenolic acid:

0.44, 0.95, 2.22;
Curcumin: 0.43, 0.87,

2.17 µg/mL;
Thalidomide: 0.71,
1.43, 3.56 µg/mL

From those 7 compounds, gambogic
acid followed by taxol showed high

anticancer activity
[120]

Zanthoxylum sp./Rutaceae n.a. Commercial product;
zanthoxylum 0–1000 µg/mL 81.18 µg/mL No teratogenic effects were reported. [121]

Days post-fertilization: dpf; Hours post-fertilization: hpf; n.a.: not applicable.

462



Plants 2020, 9, 1345

3. The Most Relevant Behavioral Effects and Basic Methodology Based on Toxicological
Assessment Observed in Zebrafish Larvae

Previously, zebrafish were used for toxicity evaluations of agrochemicals, but recently they have
been used for toxicity assessments for therapeutic compounds [11]. Of note, the zebrafish response
is also a sensitive predictor of irregular toxicity changes [34]. In particular, specific tasks have been
created or changed to test the behavior of zebrafish compared to rodent models. Quite basic swimming
steps and the ability to capture/consume can often be helpful [38]. The creation of behavioral tests that
can employ repeated tests in a short window (i.e., within 24 h) may prove to be the perfect compromise,
and some researchers have begun designing tasks that use multiple tests to measure their acquisition
during a single session [38]. If one particular mode of action is to be detected, various experimental
parameters can contribute to incoherent actions (hypo-or hyperactivity) responses of zebrafish when
determining toxicity [122]. As a consequence, several behavioral evaluation methods have been
developed to address different behavioral endpoints, including spontaneous tail coiling, photomotor
response (PMR), locomotor response (LMR), and the alternating light/dark-induced locomotor response
(LMR-L/D) [122], which we will not discuss further in this review.

Zebrafish are easy to control in toxicology screening tests using different platforms (exposure
format) for detecting parameters. The type of exposure format is classified into ten categories, six of
which are useful. Zebrafish body length at 5 dpf is about 4 mm, so a multiple-well plate can be
used to incubate zebrafish larvae [17]. However, embryos cover a wide range of sizes based on the
performing test, so 6-well to 96-well transparent plates can be used. Analytical experiments that
use microplates, such as cell-based evaluation, can be conducted and applied to high-performance
primary drug screening [123]. Furthermore, zebrafish larvae fit onto 96 or 386-well microplates [24].
Because the zebrafish embryo is tiny, can be handled easily [31], and requires only a small number of
compounds per test, they can be screened in a 96-well microplate format [123]. However, OECD TG236
suggests using a 24-well plate (with a medium of 2 mL per well), as it overcomes the problem of
high concentration developing in conjunction with evaporation [17]. Nevertheless, TG236 specifically
checks for lethality and only considers developmental defects indirectly [17]. Table 4 lists several
studies that analyzed embryotoxicity and apoptotic induction.
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Table 4. Description of toxicological aspects of various studies.

Exposure Format Number Exposure Stage Exposure Time
Parameters Evaluated

(Endpoint)
Compound(s) Reference

96-well plates 1/well 24 hpf 96 h Embryotoxicity Armatamide, rubecenamide, lemairamin,
rubemamine, and zanthosine [121]

1/well (10/group) 6 hpf 96 h Embryotoxicity and
teratogenic effects

Palmitic acid, phytol, hexadecanoic acid,
1-monopalmitin, stigmast-5-ene, pentadecanoic
acid, heptadecanoic acid, 1-linolenoylglycerol,

and stigmasterol

[84]

30/group
(90 embryos) n.a. 96 h Teratogenic effects and

embryotoxicity Alkaloids, flavonoids, phenolics, and saponins [73]

1/well 24 hpf 72 h Acute toxicity assay Polysaccharides, peptides, protein, lipids,
terpenoids, saponins, phenolics, and sterols [12]

12/group 2 hpf 96 h Embryotoxicity and
teratogenic effects α/β-thujone, thujone [50]

n.a. 1 hpf (embryo) 72 h
Cytotoxicity and

embryonic toxicity test
(survival rate)

Xanthone [28]

4/group (per well) 12 hpf 48 h

Embryotoxicity
(mortality, hatchability,

heartbeat rate, and
malformation),

teratogenic activity

Ascorbic acid, flavonoids, phenolics, and
carotenoids [102]

1/well 24 hpf 96 h Embryotoxicity and
teratogenic effects

Capsaicin, ethyl palmitate, ethyl linoleate,
dihydrocapsaicin, and docosenamide [84]

36/group 2.5–3.7 hpf 72 h Developmental toxicity
and behavioural safety

Roots: glycoside, siaraside (pregnane glycoside);
Stem bark: α-amyrin, acetate, lupeol, and

β-sitosterol
[115]

12/group 4 cell embryo
stage 144 h Embryotoxicity (heart

rate and hatching time) Spilanthal, and flavonoid [89]

24-well plates 12 fertilized
eggs/group 6 hpf 120 h

Embryotoxicity and
teratogenic effects

(hatching rate, heartbeat,
otolith, blood circulation,

tail detachment, and
motility)

Catechin, epicatechin, and naringenin [1]

20/concentration 6 hpf 96 h Embryotoxicity [76]

10/well 6 hpf 96 h Embryotoxicity
Methanol extract: phenolic compound

(p-heydroxybenzoic acid), phenolic acid,
flavonoid, and flavonoid glycoside

[119]

10/group (30 per
tested sample) 64-cell (egg) 96 h Embryotoxicity Phenolic compounds: tyrosol, catechol.

Hydroxytyrosol, gallic acid, and ascorbic acid. [105]
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Table 4. Cont.

Exposure Format Number Exposure Stage Exposure Time
Parameters Evaluated

(Endpoint)
Compound(s) Reference

1/well 4 hpf 96 h Embryotoxicity

Pyrrolizidine alkaloids such as senecionine or
senecivernine; phenolic compounds, terpenoids,
and iridoids, glucosinolates (glucolepidin and

glucobrassicin), alkaloids or amines (stachydrine
and trigonelline)

[4]

4/group 12 hpf 48 h Embryotoxicity,
teratogenic effects n.a. [108]

30/group 4 hpf 96 h Embryotoxicity Phenols, and polyphenols [107]
10/well 16 cell stage 72 h Embryotoxicity n.a. [82]
6/well 24 hpf 96 h Embryotoxicity Sutherlandin, and sutherlandioside [116]

6/group (per well)
(n =18) 24 hpf 216 h Developmental toxicity

and cardiotoxicity No pure compound isolated [8]

15/well 2 hpf 96 h Embryotoxicity,
teratogenic effects Alkaloids (stachydrine) [97]

4/well – 48 h Embryotoxicity,
teratogenic effects n.a. [88]

n.a. 6 hpf 96 h

Acute toxicity in vivo
(zebrafish), in silico

(computational
chemistry)

Brevifolin, tannin, saponin, quinone,
steroid/triterpenoid, and flavonoid [112]

15/well 4 hpf 96 h Embryotoxicity,
teratogenic effects Psoralen [111]

40/group 16-cell stage 96 h Zebrafish embryo acute
toxicity (ZFET)

Emodin, rhein, physcion
(dihydroxyanthraquinone), chrysophanol,

aloe-emodin, rhaponticin, polygonumnolide, and
2,3,5,4’-tetrahydroxystilbene-2-O-β-D-glucopyranosede,

and resveratrol-2-O-β-D-glucopyranoside

[110]

30/group (10/well) 9 hpf 55 h Anti-melanogenic and
embryotoxicity

Lupeol (triterpenoid), hydrolysable, and
3,3′-di-O-methyl ellagic acid (bark of S. alba) [78]

1/well (20 embryos
per concentration) 16-cell stage 168 h Embryotoxicity n.a. [104]

20 eggs/group
(1 embryo per well 1 hpf (embryo) 96 h

Embryotoxicity,
teratogenic effects (body

axis, head, tail, blood
circulation, eyes, heart,
pigmentation, somite,

and yolk sac)

Curcumin, desmethoxycurcumin, and
bisdemethoxycurcumin [43]
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Table 4. Cont.

Exposure Format Number Exposure Stage Exposure Time
Parameters Evaluated

(Endpoint)
Compound(s) Reference

1/well 32-cell stage 96 h Embryotoxicity harman-3-carboxylic acid, βc alkaloids:
β-carboline alkaloid [52]

30 embryos/well 2 hpf 96 h

Toxicity on cell and
zebrafish (coagulation of

eggs, tail detachment,
presence of heartbeat,

and hatching rate)

Alkanes, alkenes, amino acid, amines, and amides [2]

20/well 6 hpf 72 h –
3-O-propionyl-5, 10, 14-O-triacetyl-8-O-(20

-methyl- butanoyl)-cyclomyrsinol, and mirsinance
type diterpene

[91]

20/well 2 hpf 70 Embryotoxicity,
teratogenic effects Gambogic acid [93]

5/group (per well) 6 hpf 120 h Developmental toxicity
and apoptosis induction Rotenone, and saponin [6]

10/well 24 hpf 96 h Embryotoxicity n.a. [86]

6/well 7 dpf 24 h
Determination of

maximum tolerated
concentration (MTC)

ar-turmerone, α, β-turmerone, and α-atlantone [85]

12-well plates 4/group (per vial) 1 hpf (embryo) 48 h Embryotoxicity,
teratogenic effects Beta-momorcharin [101]

20/group 6 hpf 96 h Embryotoxicity,
teratogenic effects Quinochalcones, and flavonoids [83]

4/well – 48 h Embryotoxicity,
teratogenic effects

Flavonoids, terpenoids, cardiac glycosides,
saponins, and tannins [81]

4/group (per well) 12 hpf 48 h Embryotoxicity,
teratogenic effects

Alkaloids, di-terpenoid lactones, glycosides,
steroids, sesquiterpenoid, phenolics, and aliphatic [118]

3/well n.a. 48 h Embryotoxicity and
teratogenicity Rotenone [53]

10/well 48 hpf 48 h Embryotoxicity Peptides [51]

12/group egg 120 h

Developmental toxicity
(mortality, hatching rate,

oedema, and
malformations)

Alkaloids, flavonoids, terpene derivatives,
glycosides, novel diazepine, and squalene [77]

Glass beaker 24/group n.a. 96 h Acute toxicity test

Phyllocactins, betanins,
2′-O-apiosyl-malonyl-betanin,

6′-O-malonyl-2-descarboxybetanin, flavonoids,
isorhamnetin triglycosides,

quercetin-3-O-hexoside, and carbohydrates.

[96]
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Table 4. Cont.

Exposure Format Number Exposure Stage Exposure Time
Parameters Evaluated

(Endpoint)
Compound(s) Reference

15/group 0 hpf 48 h Acute toxicity test,
histopathology Fatty acids, lupeol, and terpenes [114]

Glass Petri dish 6/group adult 96 h Fish acute toxicity

Alkaloids, phenol, and flavonoids with some
chemical groups of alkanes, aromatics, hydroxyls,
carbonyls, aldehyde, amines, nitriles, amides and

ethers

[78]

30/Petri dish 6 hpf 72 h Embryotoxicity

Moringa oleifera seed oil: 2,2-Bipydidine,3,3-diol,
myristoleic acid, palmitoleic acid, stearic acid,

oleic acid, arachidic acid, methyl-9-octadecanoate,
adrenic acid, erucic acid, behenic acid,

decamethylcyclopentasiloxane, α-tocopherol,
γ-tocopherol, β-sitosterol, camphenone,
hexahydrofarnesylacetone, linoleic acid,

gadoleic/eicosenoic acid
Moringa peregrina seed oil: palmitic acid, stearic

acid, oleic acid, arachidic acid, gadoleic/eicosenoic
acid, tricosane, erucic acid, behenic acid,
α-tocopherol or γ-tocopherol, α-sitosterol,
δ-tocopherol, 2-allyl-5-t-butylhydroquinone,

isamoxole, hexahydrofarnesylacetone, linoleic
acid, and β-sitosterol

[103]

n.a. 8-cell stage 5 dpf Embryotoxicity,
teratogenic effects

1,2-cyclopentanedione,
2,3-dihydro-3,5-dihydroxy-6-methyl-4h-pyran-4-one,

1,3;2,5-dimethylene-l-rhamnitol, elemol,
(-)-selina-4.alpha.,11-diol, and beta-eudesmol

[100]

20/Petri dish 1–4 cell stage 72 h Embryotoxicity Shikonin, β,β-dimethylacrylalkannin, and
β,β-dimethylacryl shikonin [106]

Rectangular glass
tank 12/group n.a. 48 h Acute toxicity Fatty acids, esters, alcohols, and the sterol

sitosterol [114]

REKO glass (artificial
egg environment) 20 fertilized eggs 4 hpf 48 h Embryotoxicity,

teratogenic effects Phenolic compounds [94]

10/glass tank n.a. 48 h
Evaluation of

genotoxicity and acute
toxicity

Phenolic compounds, alkaloids, saponins,
terpenoids, carbohydrates, and tannins [10]

Vial 4/group (per well) n.a. 48–72 h

Cytotoxicity, toxicity,
teratogenicity

(hatchability and
heartbeat rate)

n.a. [87]

Vessel 10/group adult 72 h Fish acute toxicity n.a. [113]
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Apoptotic functions are identical in zebrafish and humans [66], and can be easily detected using
fluorescent labeling methods [123]. The zebrafish model was used to discover the toxicity of 69 plants
in this review, including 88 crude plant extracts, eight polyherbal formulates/commercial products,
and two phytocompounds. In terms of exposure format, out of 58 studies described in Table 4, 25 used
24-well plates, and 10 used 96-well plates.

4. Using Zebrafish Embryos to Detect Developmental Toxicity

It seems that the number of zebrafish screening tests to evaluate the toxicity of compounds will
keep increasing each year [19]. The use of fish embryos was proposed as an alternative screening
method to assess fish’s acute toxicity [21,57]. In transparent species, the effects of compounds on
different organs, such as the brain, heart, cartilage, liver, intestine, and kidney, were identified without
arduous screening [66]. This specific trait also makes it feasible to quickly measure toxicity endpoints
of multiple substances [6,124], highlighting the efficacy of toxicity models using zebrafish embryos [66].
For example, after 2005, regular sewage surveillance monitoring of fish embryotoxicity has been
made compulsory, substituting conventional fish tests no longer approved for standard whole effluent
assessment [62].

From the egg phase, zebrafish embryos can survive by ingesting yolk and can visibly be tested
for malformation for a few days in a single well of a microplate [32]. When the embryo is not
clumped, has a cardiac beat, has fully shaped body sections, and the tail is detached from the yolk,
the standard endpoints of embryogenesis have been said to have occurred [28]. The main characteristics
of embryogenesis and the genetic basis of growth in zebrafish have been widely researched [125].
Another significant indicator for assessing toxicity is the hatching rate, and zebrafish embryos start to
hatch at about 48 h post-fertilization (hpf) under ordinary conditions [8]. Delayed growth of zebrafish
embryos can result in a low hatchability and can thus be among the critical aspects of the sub-lethal
effects of plant extracts [53].

The essential cell structure and biochemical similarities between humans and animals enable
researchers to use the zebrafish model to forecast the possible impacts of chemicals and other human
communities [10]. Furthermore, it is easier to study the biochemical mechanisms of significant
zebrafish organs, whereas histological analysis required in the mouse model is more difficult [66].
Testing parameters commonly used for zebrafish include embryo survival rate, lethality, behavior,
and organ deformity; researchers have found that zebrafish exhibit a strong dose reaction to toxicity,
making it a useful animal model for toxicity screening [123]. Previously, we mentioned FET; most studies
use OECD guidelines to measure toxicity of crude extract/fractions, and those guidelines for FET
set levels as follows: dangerous (10 mg/L < LC50 < 100 mg/L), toxic (1 mg/L < LC50 < 10 mg/L),
and carcinogenic (LC50 < 1 mg/L) [126].

Zebrafish developmental toxicity testing is a type of FET (FET can be used for any fish species),
and it is primarily aimed at supplementing developmental toxicity screening in mammals [17].
When detecting developmental toxicity in zebrafish embryos, endpoint parameters are categorized in
two ways compared to a standard (negative control). First, lethality is assessed based on coagulation,
malformation of somites, absence of heartbeat, and lack of tail detachment. Second, teratogenicity is
evaluated based on abnormal eye development, lack of spontaneous movement, unusual heart rate,
lack of pigmentation, and edema. The standard shows normal development [60,127].

5. Defects in Zebrafish Organs Found in Developmental Toxicity Studies

In developmental toxicity studies, the mortality of zebrafish embryos occurs before 24 hpf or just
after hatching, and cardiac deformities are sometimes detected, such as pericardial edema, abnormal
heart form due to edema or aplasia, and irregular heartbeat [4]. The motility of the zebrafish embryo
can also be affected by toxins, as exhibited by coagulation, heart failure, and non-development of the
yolk embryo’s tail [112]. Other factors, such as reactive oxygen species-induced oxidative stress, are also
assumed to be linked to abnormal development during embryogenesis [128]. A teratogenicity test is
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carried out to assess developmental toxicity (i.e., if the compound has teratogenic effects on the embryos).
After treatment, the development stages of embryos are observed under an inverted microscope to
look for malformations based on the numerical system designed from 5 to 0.5, where 1 indicates severe
malformation, 4 indicates slight malformation and 5 is totally normal [50]. The teratogenic score is
calculated as follows:

Teratogenicity % =

[

Malformation score at each developmental stage
Total score

]

× 100 (1)

In such analyses, it is essential to specify the observational setup and endpoint evaluation (i.e.,
which particular behavioral change(s) will be analyzed). Below we discuss the defects to vital organs
of zebrafish that can occur during the toxicity assay.

5.1. Heart (Cardiotoxicity)

The zebrafish is an excellent model organism for studying organogenesis and the cardiovascular
system [86,129]; thus, it was developed quickly as a cardiovascular research model organism [35].
The first active organ that develops in zebrafish is the heart [73,130,131]. The heartbeat is a primary and
relevant sub-lethal endpoint in the embryonic fish toxicology assay [73,130]. It is regularly assessed as
an indicator of toxicity in zebrafish embryos [73] and estimates fish metabolic function as a biological
factor [6,132]. In zebrafish, the normal embryonic heartbeat of 120–180 beats per minute is close to that
of the human heartbeat. At the embryo pharyngula level, the heartbeat pulse can be tracked because
the tail is visibly pigmented [102,118]. Ismail et al. reported that the most vulnerable stage for external
stimulation (e.g., chemicals, toxicants, and physical pressure) is the early growth stage of embryos [2].
In toxic environments, pericardial edema can be caused by the general response. Pericardial edema in
zebrafish embryos can be caused by many different toxicants [133], and changes in heartbeat rate may
be a common reaction to toxicant exposure [130]. The toxicity mechanism of a compound is due to
activation of Na+ and K+ inhibitors, and these Na+ channels likely trigger the heart rate. An elevated
heart rate can overwhelm the myocardium and cause operational and biological damage to the heart of
zebrafish [134]. For example, studies of the effects of medicinal plants such as Andrographis paniculata,
Cinnamon zeylanicum, Curcuma xanthorrhiza, Eugenia polyantha, Orthosiphon stamineus [2], Tinospora

cordifolia [118], Carthamus tinctorius [83], and Euodia retaecara [92] on zebrafish embryos reported a
decreased heartbeat. In contrast, embryos treated with curcumin showed a heartbeat increase [1].

The heart is anteroventral in zebrafish and lies between the operculum and pectoral girdle in the
thoracic cavity [35,135]. It is divided into the atrium, sinus venous, ventricle, and bulbous arteriosus,
it starts beating at about 22 to 26 hpf [17,136], and produces a full set of ion channels and metabolic
regulation [123]. In later stages, the normal function of the heart plays a leading role in the growth of
the embryo. An abnormally formed cardiovascular system can result in the unusual overall growth
of the animal, severe malformations, and a malfunctioning body [8]. Additionally, when the heart
is swollen due to the active compounds in the pericardial sac, cardiac cells become irritated [43].
The following method is used to measure a normalized cardiac rate [120]:

% Normalized cardiac rate =
Heart rate (sample test)

Heart rate (vehicle)
× 100 (2)

Zebrafish embryos are also being used in cardiotoxicity (reduction of heartbeat) studies to model
various human diseases [11]. The morbidity and mortality of people with cancer are associated with
cardiotoxicity [35]. Most common drugs have cardiotoxic effects and affect the heart in zebrafish model
systems [86]. A very accurate zebrafish cardiotoxicity assay assessing potential drug toxicity to the
human cardiovascular system has been documented [11]. Thus, the effects of cardiotoxicity, such as
minimal or no blood flow, may be explained by the fact that a large percentage of apoptotic heart cells
lead to underdevelopment of the heart and pericardium, which in turn can cause an unusual heartbeat
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and a delay in body development (growth retardation) [137,138]. Gao et al. reported that the expression
of two heart markers (amhc and vmhc) reflected the seriousness of heart failure in zebrafish [133].

At day 3 of the formation of zebrafish embryos, the primary and sprout vessels become active,
and the blood vessel structure is quite like that in the human body [91]. A single endothelial cell layer
surrounded by supporting cells forms the vessels that constitute the circulatory system. Endothelial
precursor cells result from vasculogenesis and angiogenesis within the lateral mesoderm of mammal
embryos. Vasculogenesis explains the de novo establishment of blood vessels by angioblast coalescence.
In comparison, angiogenesis includes the creation of new vessels by earlier developed vessels and is
typically described by the sprouting of an endothelial cell [139]. Kinna et al. reported the potential role
of zebrafish crim1 in regulating vascular and somatic development [140].

5.2. Gills

Gills are essential to fish because they are the leading site for gas exchange [141–143], and they
engage in osmoregulation [90], ionic control, acid-base balance, and excretion of nitrogen waste in
fish [144]. Several studies on the histological organization and physiology of gills in many fishes have
been carried out [145]. Enhanced green fluorescent protein (EFGP) is a successful marker for toxic
chemicals in transgenic zebrafish. One of the benefits of this zebrafish transgenic model system is that
spatio-temporal patterns of EGFP expression can be assessed during initial stages after exposure to a
particular toxicant [146]. A study by Seok and colleagues found that the most effective and earliest
expression of EGFP was seen in zebrafish gills, indicating that the gill is the most sensitive tissue and
is impacted at relatively low metal concentrations [146]. The studies conducted by Rajini et al. [147]
showed that visible damage such as inflammatory cell infiltration in gills, minimum aggregation
in primary lamellas, secondary lamellae fusion, diffuse epithelial hyperplasia, and multifocal cell
mucosal hyperplasia occurred in zebrafish exposed to sublethal concentrations of a combination
of pesticides [147]. Generally, in zebrafish, gills exposed to toxicants from 48 to 72 h show fusion,
and clubbing of distal lamellar regions [148]. However, for herbal toxicity, this organ has not fully
been considered.

5.3. Tail

One of the endpoints of embryonic growth in zebrafish is when the tail is detached entirely from
the yolk [28], which can be affected by toxicants. The tail emerges during the larval stages from the
primordium in the ventral fin fold, which coincides with a gap in the melanophore line immediately
before the back tip of the notochord [149]. Tail kink and tail bending are malformations caused by
toxicity. However, tail malformations and spinal axis disabilities can also be affected by predation and
a drastic decrease in the food supply [6].

5.4. Yolk Sac

Like human embryos, zebrafish embryos possess a protruding yolk sac, but in zebrafish, it serves as
a nutritional reservoir for the embryo [36,43]. Yolk sac edema is a common pathology in toxicity tests of
zebrafish [32,150], and it is a sign of reduced nutrient adsorption by the embryo [43]. It may be affected
by overhydration of osmoregulation and toxin accumulation in the yolk sac [150]. Malformation in
other organ systems that help allocate nutrients may be the trigger for this deficiency. This deficit
could also contribute to nutritional absorption, undernourished embryos, and embryo mortality [43].
After maternal exposure, toxicants can be placed in the yolk sac as well [36]. As they are deposited in
the yolk, the embryo becomes directly exposed to these toxicants, which allows for definitive exposure
timing. Hence, a finite quantity of maternally stored embryo yolk is used in the zebrafish embryo for
early feeding, and it provides an understanding of embryo nutrition processes and disruptions that
occur due to toxicity exposure [36].

In zebrafish developmental toxicology research, there are numerous classes of yolk phenotypes.
Yolk sac edema is quite like yolk edema. Yolk retention refers to decreased mobility/use or malabsorption
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of the yolk. If the area of the yolk sac is significantly greater in a test fish than in the control fish,
it suggests that yolk absorption has been affected. On the other hand, the rapid use of yolk leads to a
smaller yolk area and indicates enhanced movement or use of the yolk [36].

5.5. Hatchability

A zebrafish embryo is assumed to have been hatched once it is entirely out of the chorion.
Certain drugs and extracts can affect hatchability. Lack of hatchability may imply a growth lag or slow
development [102]. For example, zebrafish embryos exposed to Millettia pachycarpa extract exhibited a
considerable dose-dependent reduction in embryo hatching [6]. Zebrafish embryos start to hatch at
48 hpf in ordinary conditions [8], but percent hatchability after 72 h post-treatment exposure (hpte) is
calculated using the following formula [73]:

% Hatchability =
No. of hatched embryos

Initial no. of embryos
× 100 (3)

According to the literature, this model to determine the toxicity of crude extracts or bioactive
compounds, and toxicological effects can be compared.

6. Chemical Studies of Embryotoxicity

Changes in fish behavior are sensitive indicators of unintended chemical pollution [151].
The zebrafish model is vital in evaluating the effects on embryonic/larval activity of developmental
exposure to harmful compounds [38]. Comprehension and monitoring of these considerations and
future revision/harmonization of procedures will reduce the uncertainty of the outcomes for chemical
hazard assessments [122].

6.1. Salinity

Several early life researches have been carried on the effects of salinity on zebrafish [152].
When larval zebrafish are subjected to mild environmental stressors, severe salinity shifts lead to a
quick locomotive reaction [153]. Lee and colleagues showed that larvae (5 dpf) treated with NaCl
exhibit dramatically increased locomotive activity and concentration-dependent reactions. A linear
relationship between whole-body cortisol and sodium chloride in the concentration range of 5.84 ppt
was shown in zebrafish larvae [154].

6.2. Phytochemical Compounds

Yumnamcha et al. [6] reported the presence of saponins, alkaloids, phenolic compounds,
and triterpenoids in the aqueous extract of Millettia pachycarpa. Potent hemolytic activity was
found to lead to acute cell membrane death in zebrafish. The toxic function of saponin in the zebrafish
embryo is uncertain. However, prior studies have shown that it can be caused by physicochemical
characteristics (surfactant) and/or membranolytic impacts on the chorion, a semipermeable membrane
that covers the embryo until it hatches [6,155]. Moreover, according to Liu et al. [156] and
Yumnamcha et al. [10], some bioactive compounds such as saponin mixtures and alkaloids can
cause damage to DNA. Artemisia capillaris was evaluated for its toxicity based on embryotoxicity,
and isofraxidine 7-O-(6′-O-p-coumaroyl)-β-glucopyranoside was isolated from this plant. The toxicity,
death, and cardiac rates of handled zebrafish embryos are used to diagnose safe and effective
concentrations [157].

In contrast to flavone, artificial flavonoids such as kaempherol, 7-hydroxyflavone, 6-methoxyflavon,
and 7-methoxyflanone induced considerable toxicity in zebrafish larvae [158]. Additionally, the lack of
flavonoids can potentially trigger oxidative stress to cellular molecules, which leads to lower survival
rates of zebrafish embryos [12]. Bugel et al. [63] reported that 15 of 24 flavonoids affected at least one or
more behavioral and developmental endpoints in zebrafish. However, they focused on two endpoints
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in their experiment: abnormal spastic behaviors (72 hpf) and alternations in the larval photomotor
responses assay (120 hpf). Li et al. [99] exposed zebrafish to Xiaoping at high doses, and many larvae
opted to swim at a medium to a low rate, which led to decreased locomotion ability. Changes in
larval behavior have been confirmed to be associated with damage to the central nervous system.
The function of neural population numbers in animals with a broader central nervous system is being
measured using fluorescence and new devices developed over the last decade [159]. In one study,
zebrafish embryos subjected to different caffeine dosages demonstrated a decrease in susceptibility
to touch-induced movement. Such abnormalities were linked to changes in muscle fibers and axon
projections of both primary and secondary motor neurons through immunohistochemistry [160].
Furthermore, toxicological testing may also impact other environmental variables (temperature, water,
pH, total hardness or dissolved oxygen) [161].

7. Conclusions

The data collected in this study suggest that zebrafish embryotoxicity tests are able to evaluate
drug toxicity and that the zebrafish model offers a suitable replacement for laboratory animals such
as rats, mice, and rabbits. As a toxicology model, zebrafish can expose developmental toxicity
mechanisms because they are close to mammals. Zebrafish embryos and larvae showed significantly
higher susceptibility to toxins than did adult zebrafish. In this review, most of the extracts were
polar, such as ethanol, methanol and aqueous extracts, which were used to detect the toxicity and
bioactivity. However, the use of the zebrafish model will provide insight into the mechanisms of
toxicity of medicinal plants and will help identify and discover new medications for the treatment
of human diseases. The zebrafish model is planned as a replacement for models based on higher
vertebrate animals to study medicinal plants’ toxicity.
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