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Scientific data and epidemiological evidence collected over the last fifty years have
shown that nutrition plays a decisive role in human health. While before it was considered
essentially a non-disease condition, health is nowadays felt as a state of complete physical,
mental, and social wellness, according to the definition of the World Health Organization.
Eating properly is not only necessary to meet energy needs, avoiding syndromes associated
with nutritional deficiency and excess, but it actively contributes to improve human health.
The functional meaning of nutrition as surely protective and possibly therapeutic is today
amply demonstrated by scientific evidence. Additionally, the increasing sensitivity to the
healthy role of nutrition makes consumers more and more careful when choosing high
quality foods.

The functional role of nutrition is due to specific small molecules with biological
activity. These dietary compounds neither act as energy substrates or plastic materials
for cells, nor as enzymatic cofactors. However, due to their peculiar bioactivity, they can
benefit human health.

Plants are the most important source of bioactive molecules and still represent the
main resource in the quest for new drugs. The interest in dietary phytochemicals is justified
by the results from numerous epidemiological studies that demonstrate how diets rich in
plant foods are able to prevent several human diseases, including cardiovascular, neoplastic,
neurodegenerative, and metabolic pathologies. Of course, it is not possible to demonstrate
that the positive effects resulting from the intake of a specific plant food are due to a
particular component, for the presence of other phytochemicals and any synergistic effects
cannot be neglected. However, experimental results showing biological activity for many
pure dietary phytochemicals suggest that particular components may participate in the
protective effects associated with the consumption of the plant food it can be sourced from.

The documented biological activity of phytochemicals is expressed through several
protective effects, such as antioxidant, anti-inflammatory, antimicrobial, antitumor, im-
munomodulatory, neuroprotective, antihypertensive, antidiabetic actions. The commercial
success of many plant-based supplements is based on these proven biological effects.

Although the protective effect associated with the consumption of plant foods is
ascribable to a number of mechanisms, the biological activity of these phytocomponents has
frequently been related to their ability to function as antioxidants. Many phytochemicals
are in fact redox-active molecules and thus are able to influence the cellular redox balance.
For this reason, besides protecting cells from oxidative stress phenomena, phytochemicals
influence numerous redox-sensitive biological targets that regulate several important
cellular functions. Additionally, the activity of phytochemicals can also involve interactions
of these small molecules with various biological targets, including proteins, DNA and
lipids, and consequently a possible alteration of their function [1].

This Special Issue addresses the biological activity of dietary phytochemicals, either
purified [2] or in extracts from plant foods, and speculates on their potential effects on
human health. The studied plant foods include edible parts (fruits, seeds, leaves, and
flowers) of plants common in the Mediterranean area, such as pomegranate (Punica grana-
tum) [3], oregano (Origanum vulgare) [4], and purslane (Portulaca olearacea) [5], but also of
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several tropical plants, including annona (Annona cherymola) [6], herba mate (Ilex paraguar-
iensis), guaranà (Paullinia cupana) [7], and ash gourd (Benincasa hispida) [8]. Bioactivity
was studied in terms of radical scavenging and antioxidant [5–7,9], antimicrobial [10], and
antiproliferative activity [4].

The collected results suggest that the intake of the aforementioned plant foods in
the context of a balanced diet could be beneficial to health. In addition, considering the
high concentration of bioactive molecules in some of the observed plant matrices, the
presented results hint at the possibility of using some of the studied plant extracts in food
functionalization or in the formulation of dietary supplements.

Due to their ability to exert several biological effects that are potentially useful for
human health, over the years, dietary phytochemicals have drawn increasing interest in
human nutrition research.

The papers collected in this Special Issue contribute to the growth of this research area.
I would like to thank all the authors and the reviewers of the papers published in

this Special Issue for their great contributions and effort. I am also grateful to the editorial
board members and to the staff of the journal for their kind support during the preparation
of this Special Issue.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: In this work, the food quality of four international (Campas, Chaffey, Fino de Jete and
White) and three local (Daniela, Torre1 and Torre2) cultivars of Cherimoya (Annona cherimola Mill)
was investigated. With this aim, pomological traits, sensorial attributes, physiochemical parameters
(pH, total soluble content and total acidity), nutritional composition (macro- and micro-nutrients)
and nutraceutical values (bioactive compounds, radical scavenging and antioxidant properties)
were evaluated. Among the seven observed cultivars, Fino de Jete was identified as the best, not
only for its commercial attributes such as pomological traits and physiochemical values, but also
for its nutritional composition. On the other hand, Chaffey and Daniela were the cultivars with
the highest content of polyphenols, proanthocyanidins, and with the strongest antioxidant capacity.
Concerning the two local ecotypes, Torre1 and Torre2, they displayed a balanced nutritional profile that,
if combined with their discrete nutraceutical, physicochemical and pomological values, may result
in a reassessment of their commercial impact. In conclusion, our data provide interesting information
about the pomological, nutritional, and nutraceutical properties of cherimoya fruits. Our results,
in addition to promoting the commercial impact of local cultivars, may increase the use of individual
cultivars in breeding programs.

Keywords: polyphenols; sensory analysis; mineral content; proanthocyanidins; carotenoids; antioxi-
dant activity; FRAP; DPPH; ABTS; CAA

1. Introduction

The Annonaceae Juss. family covers more than 2000 species, of which 120 belong to
the genus Annona L. [1]. The most famous species are Annona cherimola Mill (cherimoya),
Annona muricata L. (soursop), Annona squamosa L. (conde fruit), Annona reticulata L. (custard
apple), and the interspecific hybrid Atemoya (A. cherimola × A. squamosa). In particular,
Annona cherimola is the most diffused specie in subtropical countries. It is an indigenous tree
of Andean South America and it has naturalized in tropical highlands and subtropical areas
of South America [2]. The marketable value of cherimoya is related to its big, heart-shaped
and conical fruit [3], which may reach considerable weight and size. The edible flesh of
these fruits is white, creamy, and with a custard-like consistency [4]. The aromatic flavor
is a mix of papaya, banana, pineapple, and passion fruit [5]. Although cherimoya fruit
is consumed as fresh fruit, it can be also processed making yogurt, ice creams and other
desserts. It is not recommended to ripen the fruits on the tree, because they lose quality.
Cherimoya fruits are generally harvested when not fully mature, and left for ripening
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under controlled storage conditions. The time of harvesting is commonly determined by
the changes of skin fruit color, which turn from green to yellowish-green in the proximity of
physiological maturity [6]. In Europe, Spain is the most important producer of cherimoya
fruits, and the most important cultivars are Campas and Fino de Jete, which are also the
most widespread cultivars in the global market. In Italy, A. cherimola is well adapted to
the pedoclimatic conditions of the tyrrhenian coastal areas of Sicily and Calabria, where
there are good climate conditions for the production of other exotic and tropical fruits,
such as loquat, mango, litchi, avocado, banana and papaya [7–10]. In particular, in Sicily,
in addition to affirmed cultivars such as Fino de Jete, local ecotypes are also cultivated with
very limited diffusion. Concerning the nutritional value, cherimoya flesh possesses a high
content of sugars, while having low fat content and, in comparison with other tropical
fruits, also good Ca and P content [11]. However, although the nutraceutical properties
of other Annona species have been extensively studied, those related to cherimoya fruits
are much less investigated. The majority of the available literature data suggests that
this tropical fruit is an interesting source of bioactive compounds, including polyphenols
(catechin, proanthocyanidins, hydroxytyrosol) [12,13], alkaloids (annocherines, norisoco-
rydine, cheritamine, annonaine) [14,15], acetogenins (cherimolin-2 and almunequin) [16],
terpenes (myrcene, pinene, linalool, caryophillene, terpenolene and germacrene) [17] and
cyclopeptides (cherimola cyclopetide E and cherimola cyclopetide F) [18,19]. In addi-
tion, antioxidant [20], pro-apoptotic [3,16,17,21], anti-protozoal [22], and anti-diabetic [23]
activities were also demonstrated for extracts obtained from different part of the fruit.

The aim of this study was the investigation of the pomological, physiochemical,
sensorial, nutritional and nutraceutical attributes of seven cultivars of cherimoya fruits
grown in Sicily. Our results provide comprehensive information on the quality of cherimoya
fruits and can be useful for the improvement of the utilization of the specific genotype.

2. Materials and Methods

2.1. Plant Material

The fruits were obtained from trees grown in Vivai Torre (Milazzo, Sicily, Italy; 38◦19′
N, 15◦24′ E; 20 m a.s.l.). Four international affirmed CVs (Campas, Chaffey, Fino de Jete and
White) and three local CVs (Daniela, Torre1 and Torre2) were selected (Table 1). The fruits of
each CV were picked from three 15-year-old trees, grafted on their own rootstock. The trees
were planted in North-South direction, with an inter-tree spacing of 6 m and 6 m between
rows. The yield per tree was measured by weighing and counting the total number of fruits
per tree, and at each harvest time, the trunk circumference was measured at ~15 cm above
the graft union. The yield efficiency and crop load were expressed in kilograms or number
of fruits per trunk of a cross-sectional area (TCSA) or leaf area. A sample of 30 fruits per CV
(10 fruits per 3 trees) was hand-picked when not fully mature, and the color changed from
green to yellow. After harvest, the fruits were left to ripen under storage conditions (20 ◦C).
Fifteen fruits were employed for pomological and physicochemical analysis, and 5 of them
were employed for the sensorial evaluation. Finally, the others 15 fruits were immediately
frozen in liquid nitrogen and then stored at −80 ◦C until the analysis of nutrients, bioactive
compounds, and antioxidant activity was performed within 3 months. Immediately before
the analysis, three fruits for each CV were thawed and peeled, and then the seeds were
removed. The chopped pulp was homogenated. Three aliquots of each homogenate for
each analysis were employed.
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Table 1. The name of cultivar (CV), origin, yield, number of fruits per tree, yield efficiency percentage,
and crop load of the observed seven Annona cherimola cultivars

CV Origin Harvest
Date

Tree
Vigour

Yield Fruits Per
Tree

%Yield
Efficiency

%Crop Load

(kg/tree) (kg/cm2) (fruit/cm2)

Campas Spain 08 Nov High 7.25 ± 0.63 e 50.5 ± 3.0 cb 1.01 ± 0.05 e 8.12 ± 0.51 e

Chaffey USA-
California 03 Dec High 14.04 ± 0.64 c 65.0 ± 3.0 b 4.23 ± 0.19 c 19.55 ± 0.47 a

Daniela Italy 02 Dec Mdium-
low 30.11 ± 0.12 a 80.5 ± 2.0 a 4.21 ± 0.21 c 12.14 ± 0.43 c

Fino
de Jete Spain 02 Dec Medium 30.41 ± 0.78 a 80.0 ± 3.0 a 6.17 ± 0.26 a 16.77 ± 0.21 b

Torre1 Italy 07 Dec Medium 17.15 ± 0.29 b 45.0 ± 3.0 cd 4.55 ± 0.19 c 11.23 ± 0.41 cd

Torre2 Italy 08 Nov High 8.84 ± 0.54 d 26.0 ± 2.0 e 5.23 ± 0.37 b 15.41 ± 0.42 c

White USA-
California 03 Dec High 6.83 ± 0.45 f 35.5 ± 2.0 d 2.41 ± 3.21 d 10.11 ± 0.41 d

Values are expressed as mean ± SD of data collected in two years. Among the same series, different
lowercase letters indicate significantly different values at p ≤ 0.05, as measured by Tukey’s tests.

2.2. Pomological and Physiochemical Analysis

Fruit weight (FW), longitudinal diameter (LD), transversal diameter (TD), seed weight
(SW), peel weight (PeW), pulp weight (PW), flesh firmness (FF), total soluble solids con-
tent (TSSC), and titratable acidity (TA) were measured. FW, SW, PeW and PW (g) were
determined using a digital scale (Gibertini EU-C 2002 RS, Novate Milanese, Italy); LD and
TD (mm) using a digital calliper TR53307 (Turoni, Forlì, Italy); FF (kg/cm2) using a digital
penetrometer TR5325 with a 8 mm diameter tip (Turoni, Forlì, Italy); TSSC (◦Brix) using a
digital refractometer Atago Palette PR-32 (Atago Co., Ltd., Tokyo, Japan) and TA (g citric
acid per L) using a CrisonS compact tritator (Crison Instruments, SA, Barcelona, Spain).
Skin and flesh colors were calculated using a Konica Minolta Colorimeter based on the
CIELAB system that measured the lightness (L*) and the variation from red (+a*) to green
(−a*), and from green (+b*) to yellow (−b*) in the fruits.

2.3. Sensory Analyses

A trained panel consisting of 10 judges (5 females and 5 males, between 22 and 45 years
of age) performed the sensory profile analysis, as previously reported [7]. All panelists were
trained and developed wide expertise in sensory evaluation of tropical fruits. The judges
in preliminary sessions generated 24 sensory descriptors (Table 2), and they evaluated
samples using a hedonic scale, assigning to each descriptor a score from 1 (absence of the
sensation) to 9 (highest intensity). The order of each sample was randomized for each
panelist, and water was provided for rinsing between the different samples.

Table 2. A list of the evaluated sensory descriptors and their definitions.

Descriptors Acronyms Definition

Appearance

Skin Color SC Predominant color of the main surface of the Cherimoya
Flesh Color FC Color of the Cherimoya flesh (from pale green to dark green)

Aroma

Off-Odor OFO Non characteristic odor
Exotic Fruit Odor EXO Characteristic aroma of exotic fruit perceived with the sense of smell

Melon, Banana and
Pear Odor MBO Annona characteristic odor

Medicine Odor MO Non characteristic odor
Grassy Odor GO Characteristic aroma of cut grass perceived with the sense of smell

5
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Table 2. Cont.

Descriptors Acronyms Definition

Fruity Odor FO Fruit characteristic aroma

Flavor

Melon, Banana and
Pear Flavor MBF Annona characteristic odor

Fermented Flavor FFL Characteristic flavor of fruit at initial fermentation process
Exotic Fruit Flavor EXF Exotic fruit characteristic flavor

Fruity Flavor FFL Fruit characteristic flavor
Flavor Alcohol ALF Flavor associated with alcohol scent

Off-flavor OFF Non characteristic odor

Taste and tactile in mouth

Acid A Basic taste on tongue stimulated by acids

Astringent AST Sensory perception in the oral cavity that may include drying sensation,
and roughing of the oral tissue

Sweetness S Taste on the tongue stimulated by sugars and high potency sweeteners
Pungent P Sensation of tingling perceived in the oral cavity

Rheological

Juiciness J The amount of juice/moisture perceived in the mouth.
Consistency C The force it takes to bite through the sample

General Appearance APP Regularity of shape, size, gloss, color and absence of defects
Mellowness M Perceived time during swallowing

Overall Evaluation OVE Overall judgment
Mealiness MEA A flour-like texture

2.4. Nutritional Parameters
2.4.1. Content of Carbohydrates, Lipids, Proteins, Water and Ashes

The carbohydrate and protein content were evaluated as previously described, respec-
tively using Anthrone’s [24] and Kjedahl’s [25] methods. Ash and water contents were
determined through the procedure described in AOAC [26]. The content of lipids was
calculated after lipid extraction with a gravimetric method, as previously described [27].
Data were expressed as g per 100 g of Pulp Weight (PW).

2.4.2. Mineral Content

The contents of K, Na, Ca, Mg, Fe, Cu, Mn, and Zn were determined by atomic absorp-
tion spectroscopy following wet mineralization, and using the instrumental condition as
previously described [28]. Briefly, the samples were digested, and approximately 100 mg
of dried sample was weighed and incubated with 9 mL of 65% (w/w) HNO3, and 1 mL
of 30% (w/v) H2O2 were added. The temperature was set at 200 ◦C for 20 min. Once
cooled, the digested samples were diluted to a final volume of 50 mL with distilled H2O.
All measurements were performed using an Agilent 4200 MP-AES fitted with a double-pass
cyclonic spray chamber and OneNeb nebulizer. The calibration standards were prepared
by diluting a 1000 mg/L multi-element standard solution (Sigma Aldrich and Scharlab S.L.)
in 1% (v/v) HNO3. Finally, P was determined using a colorimetric method [29]. Data were
expressed as mg per 100 g of Fresh Weight (PW).

2.4.3. Vitamin Content

Retinol (Vit. A), Riboflavin (Vit. B2), Niacin (Vit. B3), and Ascorbic Acid (Vit. C) were
extracted and determined according to previously reported methods. Briefly, Vit. A was
extracted and quantified using a commercial kit (Vitamin A Food ELISA Kit, Crystal Chem,
NL) and following the manufacturer’s instructions. Vit. B1 and Vit. B2 were respectively
extracted using 0.1 N HCl [30] or a solution of 1% (v/v) H2SO4 [31]. Quantification was
performed via HPLC equipped with a fluorimetric detector [30,31]. Finally, Vit C was
extracted with 10 mL of 1% (v/v) HPO3 for 45 min from dried extract, previously pre-
pared [7]. After filtration, 1 mL was mixed with 9 mL of C12H7NCl2O2 and the absorbance
was measured at 515 nm against a blank after 30 min. Vitamin C was quantified using a
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calibration curve of authentic L-ascorbic acid (0.02–0.12 mg/100 g). Data were expressed
as mg per 100 g of Fresh Weight (PW).

2.5. Bioactive Compounds and Antioxidant Activities
2.5.1. Total Carotenoid Content (TCC)

TCC was determined in flesh homogenates via spectrophotometric analysis after
extraction of carotenoids, as previously reported [8]. Data were expressed as β-carotene
Equivalent per 100g of PW, using the molecular weight (536.87 g mol−1) and the molar
extinction coefficient (2505 M−1 cm−1) of β-carotene in Hexane.

2.5.2. Preparation of Fruit Extracts

Three aliquots of each homogenate were extracted twice with 70% (v/v) EtOH using
a 1:20 (w/v) ratio. After centrifugation (10 min at 10.000 g, 4 ◦C) and filtration through a
Millex HV 0.45 μm filter (Millipore, Billerica, MA), the supernatants were recovered and
combined together. Ethanolic extracts were used both for the determination of bioactive
compounds and the antioxidant properties.

2.5.3. Total Polyphenol Content (TPC)

The phenolic content of the flesh of the observed CVs of A. cherimola was determined in
ethanolic extracts via the Folin-Ciocalteu method, with some minor changes as previously
reported [32,33]. Results were expressed as mg Gallic Acid Equivalents (GAE) per 100 g
of PW.

2.5.4. Determination of the Total ProAnthocyanidins Content (TPAC) and Investigation of
the Polymerization Linkage via HPLC-MS/MS

The proanthocyanidins (PACs) were evaluated in the ethanolic extracts via BL-DMAC
assay [34] with some minor changes, as previously reported [35]. The PAC concentration
in the extracts was expressed as mg PAC-A equivalent per 100 g of PW.

In order to investigate PAC grade and type, polymerization-binding of catechins was
investigated via High-Pressure Liquid Chromatography (HPLC, Agilent 1260, Technologies,
Santa Clara, CA, USA) coupled with 6330 Series Ion Trap (Agilent Technologies, USA),
as previously reported [9].

2.5.5. Radical Scavenging and Metal Ion Reducing Activity

The antioxidant activity of the ethanolic extracts was measured evaluating both the
radical scavenging activity via ABTS [36] and DPPH [37], and the reducing antioxidant
power via FRAP [38] assays. Data were expressed as mmol Trolox Equivalent (TE) per 100
of PW as previously reported [35].

2.5.6. Cellular Antioxidant Activity Assay (CAA)

The CAA assay was performed as previously described by Wolfe at al [39], with some
minor changes [40]. For the experiments, we used HepG2 (human liver cancer cell line),
obtained from American Type Culture Collection (ATCC) (Rockville, MD, USA). The an-
tioxidant activity was expressed as CAA50 that is the amount of flesh in cell medium
necessary to obtain the 50% of inhibition of oxidative stress, with respect to the positive
control. CAA50 was calculated from concentration-response curves using linear regression
analysis, and it was expressed as μg of PW per mL of cell medium.

2.6. Statistical Analysis

Each assay was repeated three times. All data were tested for differences between
the CVs using one-way analysis of variance (ANOVA; general linear model) followed by
Tukey’s multiple range test for p ≤ 0.05, marking significant differences among the samples
with different lowercase letters. Principal Component Analysis (PCA) and HeatMap
Cluster Analysis were performed using covariant matrix of extraction and varimax rotation.
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All statistical analyses were performed using SPSS ver. 24. The nucleotide sequences were
analysed via CLC software, and the cladogram of gene sequences was performed with
ClustalX software by using the Neighbour Joining (NJ) method. Bootstrap values were
calculated from 100 resampling of the alignment data.

3. Results and Discussion

3.1. Pomological and Physiochemical Parameters

The fruits of the observed A. cherimola CVs showed wide variability of the pomological
(Table 3) and physiochemical (Table 4) parameters. All the observed CVs, except Campas
and White, reached a considerable size, with a small incidence of SW and PeW on the total
FW. For these CVs, the edible part ranged between 73% (Daniela) and 87% (Fino de Jete) of
the total FW. Moreover, Fino de Jete and Daniela produced the largest and biggest fruits.
On the other hand, Campas and White produced the smallest fruits, with an incidence of
non-edible part of about 40%. In addition, significant differences in FF among the different
CVs were not recorded. Concerning the edible part, generally, the largest fruits showed
also the highest percentage of flesh (PW/FW). The highest yield per tree was obtained
in Daniela and Fino de Jete, whereas White, Campas and Torre 2 showed very low values
(Table 1). Yield improvement was caused by the increase of the fruit size, rather than to the
number of fruits; nevertheless, crop load was higher for Fino de Jete and Chaffey. Moreover,
the highest yield efficiency was observed in Chaffey followed by Fino de Jete.

Table 3. The pomological traits of the seven observed Annona cherimola fruits. Data are expressed as mean ± SD. For each
row, different lowercase letters mark significant (p < 0.05) differences among the samples, as measured by one-way ANOVA
followed by Tuckey’s test. The letter “a” denotes the highest content.

Campas Chaffey Daniela Fino de Jete Torre1 Torre2 White

FW 280 ± 26.0 c 392 ± 182 bc 578 ± 163 a 607 ± 121 a 454 ± 62.6 b 485 ± 71.1 ab 362 ± 110 bc

PW 158 ± 80.4 c 290 ± 90.6 b 423 ± 83.5 ab 527 ± 85.5 a 341 ± 90.3 b 375 ± 90.8 b 229 ± 45.7 bc

PeW 49.8 ± 8.21 c 74.7 ± 24.3 ab 92.7 ± 19.9 a 93.3 ± 6.70 a 80.4 ± 6.80 ab 70.4 ± 8.10 b 59.9 ± 12.3 bc

SW 16.2 ± 4.42 ab 15.6 ± 10.0 ab 23.5 ± 6.12 ab 25.6 ± 5.81 a 14.0 ± 7.00 ab 14.2 ± 6.00 ab 13.4 ± 3.71 b

SN 31.6 ± 9.40 ab 22.8 ± 14.3 b 45.0 ± 6.81 a 44.5 ± 17.7 a 24.0 ± 11.1 ab 34.3 ± 7.80 ab 25.3 ± 5.12 ab

LD 85.9 ± 11.3 c 78.3 ± 9.70 c 102 ± 11.9 b 120 ± 15.5 a 119 ± 10.7 ab 115 ± 16.0 ab 77.5 ± 9.30 c

TD 80.3 ± 4.20 b 103 ± 9.61 a 98.4 ± 6.90 a 98.9 ± 6.10 a 77.8 ± 5.00 b 93.5 ± 7.61 a 92.8 ± 12.1 a

FF 1.01 ± 0.60 ab 1.90 ± 1.51 a 1.72 ± 0.40 ab 0.81 ± 0.90 b 0.60 ± 0.51 b 1.60 ± 0.41 ab 1.01 ± 1.11 ab

FW is the Fruit Weight; PW is the Pulp Weight; PeW is the Peel Weight; SW is the Seed Weight; SN is the Seed Number; LD is the
Longitudinal diameter; TD is the Transversal diameter; F is the firmness.

The L*, a* and b* parameters of peel and pulp of Cherimoya fruits were minimally
influenced by the genotype (Table 4). Low a* and high b* values were recorded in both
peel and pulp for all the observed CVs, indicating a brown peel color and a yellow color
of the pulp. It was previously suggested that during the maturation of A. crassiflora fruits,
the decrease of a* and the increasing of b* may be related to chlorophyll degradation and
carotenoid accumulation, typical of ripening processes [41].

Also, TSSC varied low among the analyzed CVs, and the mean value recorded was
19.4 ± 1.82 ◦Brix, and the highest values were recorded in Chaffey and Torre1 (Table 4). Our
results were similar to those of Andrès-Augustin and colleagues who recorded comparable
ranges for TSSC in fruits from commercial and local CVs of Cherimoya from Mexico [42].
Concerning TA, the observed CVs may be grouped in two different subgroups: the first one
included Fino de Jete, Torre1, Torre2 and White, showing a TA value more than 4.0 g malic
acid per L; the second one included Campas, Chaffey, and Daniela, with a TA value less than
4.0 g of malic acid per L (Table 4). When the TSSC/TA ratio is considered, the fruits of the
observed CVs may be divided between the sweetest (Campas, Cheffey and Daniela) and the
bitterest (Fino de Jete and White). On the other hand, Torre1 and Torre2, the two local CVs,
displayed intermediate behaviors.
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Table 4. Color and physiochemical parameters of the seven observed Annona cherimola fruits. For each parameter, different
letters indicate significant (p < 0.05) differences among the cultivars as measured by one-way ANOVA followed by Tuckey’s
test. Letter “a” denotes the highest content.

Colour Parameters

Peel Colour of Fruits Pulp Colour of Fruits

L* a* b* L* a* b*

Campas 61.1 ± 4.61 bc −11.9 ± 1.71 c 30.0 ± 2.82 a 78.4 ± 3.81 a −1.06 ± 0.85 ab 15.9 ± 2.02 a

Chaffey 57.6 ± 4.82 c −8.88 ± 1.82 ab 29.5 ± 2.92 a 82.8 ± 2.91 a −0.92 ± 0.31 ab 13.7 ± 1.83 ab

Daniela 59.1 ± 3.71 bc −11.0 ± 2.21 b 29.5 ± 2.33 a 81.4 ± 5.69 a −1.06 ± 0.54 ab 14.6 ± 2.02 ab

Fino de Jete 69.6 ± 2.72 a −8.73 ± 1.62 a 30.6 ± 2.64 a 83.5 ± 2.78 a −1.14 ± 0.22 ab 13.0 ± 1.74 b

Torre1 63.2 ± 4.01 b −11.5 ± 1.93 bc 31.1 ± 3.19 a 82.0 ± 2.69 a −1.53 ± 0.25 b 12.0 ± 1.88 b

Torre2 63.1 ± 1.48 b −10.3 ± 2.55 b 30.2 ± 1.97 a 82.3 ± 3.39 a −0.91 ± 0.24 ab 13.9 ± 1.59 ab

White 59.7 ± 2.90 bc −10.5 ± 1.41 b 30.4 ± 1.02 a 81.3 ± 3.91 a −0.81 ± 0.24 a 13.3 ± 1.58 b

Physiochemical Parameters

TSSC TA
TSSC/TA pH

(◦Brix) (g L−1 of malic acid)

Campas 18.9 ± 1.01 b 3.57 ± 0.81 c 7.56 ± 7.40 a 5.23 ± 0.91 bc

Chaffey 22.2 ± 4.02 a 3.69 ± 0.70 c 6.67 ± 2.61 a 4.64 ± 0.33 c

Daniela 19.1 ± 1.32 b 3.76 ± 0.40 c 6.08 ± 3.40 a 5.75 ± 0.44 ab

Fino de Jete 16.9 ± 0.81 b 4.61 ± 0.80 ab 4.48 ± 2.50 b 5.23 ± 0.45 bc

Torre1 21.6 ± 1.33 a 4.64 ± 0.32 ab 4.91 ± 1.50 ab 5.01 ± 0.31 bc

Torre2 19.0 ± 0.84 b 4.43 ± 0.71 ab 5.18 ± 2.81 ab 6.02 ± 1.42 a

White 18.7 ± 1.01b 5.26 ± 0.40 a 4.18 ± 2.51 b 4.90 ± 0.11 c

TSSC is the Total Solid Soluble Content; TA is the Titratable Acidity; TSSC/TA is the ratio between the Total Solid Soluble Content; L* is the
lightness; a* is the variation from red (+a*) to green (−a*); b* is the variation from green (+b*) to yellow (−b*). Data are mean values ± SD.

3.2. Sensorial Analysis

The panel evaluation produced sensory profiles indicating that both commercial and
local CVs have good organoleptic characteristics for fresh consumption, thanks to the good
combination of some key attributes (Figure 1). In particular, the fruits recorded high values
for appearance (APP), skin color (SC), flesh color (FC), consistency (C), juiciness (J), and
melon, banana, and pear odor (MBO). The combination of these parameters with the low
values for the medicine (MO) and grassy odor (GO) resulted in a good fruit appeal for
the consumer.

Concerning the taste, sensorial analysis data showed that the observed fruits had high
values of sweetness (S) and low values for astringent (AST), pungent (P), and acid (A) tastes.
In particular, acidic taste is a sensorial attribute known to be one of the most important
quality traits for the consumer, and its perception may be correlated with the TSSC/TA
ratio. However, the lack of significant Pearson correlation between S and TSSC/TA ratio is
not surprising since this correlation is typically stronger for more bitter fruits [43]. Sensorial
analysis also suggested significant differences among the CVs concerning specific parame-
ters such as juiciness (J), pulp (FC) and peel (PC) color and consistency (C). In particular,
panel evaluations suggested that fruits with the lowest FF (Fino de Jete and Torre1) are those
more appreciated because of their consistency.
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Figure 1. Sensorial descriptors of the observed seven cultivars of Annona cherimola fruits. Values are represented as
mean ± SD. For each series, the symbol “*” indicate statistical (p < 0.05) differences among the different cultivars, as
measured by Student’s t-test.

3.3. Nutritional Parameters

The nutritional values per 100 g of the pulp of Cherimoya fruits are shown in Table 5.
We recorded a mean moisture content equal to 79.33 ± 1.11 g per 100 g of PW. The mean
value for the content of proteins, fats, and sugars was equal to 1.62 ± 0.14, 0.22 ± 0.04, and
14.09 ± 1.23 g per 100 g of PW, respectively. These values are in accordance with those
reported from Morton [44]. Nerveless, strong differences in the macronutrients among the
observed seven CVs were not measured, Chaffey was the CV with the highest sugar content,
and Fino de Jete the CV with the lowest.
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Additionally, Fino de Jete also showed the lowest fat content. Concerning fibers, they
were about 3% of the PW, reaching more than 4% in Campas, Daniela, Fino de Jete, and Torre1.
Our results, in agreement with other literature data, demonstrated that cherimoya is a
tropical fruit with high nutritional value. Indeed, it had low fat content, while containing
an amount of sugars and proteins generally higher than other common tropical fruits,
including mango [7], kiwi [45], pineapple [46], and papaya [10].

Micronutrients, including minerals and vitamins, are involved in several biochemical
processes, and their balanced intake is important to prevent deficiency diseases. Plant
foods are important sources of these nutrients [47]. The mineral composition in 100 g of
PW is reported in Table 5. K was the most abundant mineral in all the analyzed samples,
ranging between 25% and 42% of the total mineral content. Moreover, our analysis showed
how Cherimoya, as well as other tropical fruits, is a very reach source of Mg, Ca, and P. In
particular, our results showed that the observed seven CVs of Cherimoya had an amount
of these micronutrients from two- to four-fold higher than other common edible fruits,
such peaches [48,49] and apple [50]. The amount of Na recorded had a mean value of 19.09
± 2.02 mg per 100 g of PW; that is higher than that reported for others tropical fruits, such
as banana, guava, mango, papaya and pineapple [51]. Concerning micro-minerals, our
results suggest that cherimoya fruits are an extraordinary source of Zn, containing two-fold
the amount normally present in red currant [51]. Moreover, we recorded high amounts
of Mn and Cu, meanwhile the Fe contents were markedly lower. Globally, except for Ca
and Zn content, our analysis showed a mineral content comparable to that obtained by
Leterme [47]. Finally, concerning the general mineral composition among the different CVs,
our results revealed significant differences only in K content, recording the highest content
in Fino de Jete and lowest one in Torre2.

Concerning the quantified vitamins, our analysis revealed that the analyzed fruits are
a good source of ascorbic acid, with a mean value equal to 37.66 ± 8.41 mg per 100 g of PW.
On the other hand, we found a great variability among the observed seven CVs. Indeed,
Torre2 was the CV with the highest content of Vitamin C, recording an amount two-fold
higher than Chaffey.

3.4. Nutraceutical Parameters
3.4.1. Total Phenolic Content

Polyphenol compounds are the most abundant dietary phytochemicals [40], and sev-
eral scientific reports demonstrate their positive influence on human health [9]. On the
other hand, several biological actions are documented, including antioxidant [52], antin-
flammatory [53,54], antidiabetic [55], antiproliferative [3,8], antihypertensive [56], and
antihyperlipidemic [57] effects. In this work, TPC in the flesh of the seven observed CVs
was measured via Folin-Ciocalteu assay (Figure 2). Our analysis revealed that TPC varied
between 28.50 ± 1.92 (Fino de Jete) and 174.90 ± 11.69 (Chaffey) mg GAE per 100 g of PW,
recording an average value equal to 75.18 ± 57.94 mg GAE per 100 g PW. The mean value
is higher than those reported for the flesh of other tropical fruits with high commercial
impact, including kiwi, papaya, mango and avocado [7,10,45,58]. Furthermore, the mean
value for TPC in our fruits was 10-fold higher than for cherimoya fruits from Portugal [59],
but 3-fold lower than those obtained for the flesh of fruits from Ecuador [60]. The very
large range suggests a significant variability among the analyzed genotypes. Although
the contribution of reducing compounds different from polyphenols to TPC value cannot
be excluded, the minimal differences in the content of protein and sugar (Tables 4 and 5)
among the seven observed cherimoya fruits suggests that the observed range in TPC mainly
depended on a different content of polyphenols. Among the observed CVs, the highest
value was observed for Chaffey, followed by Daniela. On the other hand, the CVs with
the highest commercial impact (Campas, White and Fino de Jete) recorded the lowest TPC.
Finally, the TPC of the two local ecotypes, Torre2 and especially Torre1, was considerable,
and only lower than that recorded for Chaffey and Daniela.

12



Foods 2021, 10, 35

 

Figure 2. The total polyphenolic content (TPC) in the flesh of the nine observed CVs of Annona
cherimola fruits measured via Folin-Ciocolteau assay. The bars represent mean ± SD. Different
lowercase letters on the top of bars indicate significant differences at p ≤ 0.05 as measured by
one-way ANOVA followed by Tukey’s multiple range test. The letter “a” denotes the highest value.

In our previous work, we also evaluated the phytochemical composition of leaves
obtained from the same observed CVs of A. cherimola [3]. Comparing TPC values measured
in the leaves with that recorded in this work for the flesh of the respective fruits, we
found that for all the observed CVs, the leaves contained more polyphenols than the fruits.
Moreover, for the leaves, a different ranking for TPC was observed. In particular, Torre2,
White, and Fino de Jete were the CVs with the highest TPC in the leaves; meanwhile, Daniela
and Torre1 were those with the lowest [3].

3.4.2. Content of Proanthocyanidins

Proanthocyanidins are polyphenols of high molecular weight with documented pro-
tective actions for human well-being [61]. In particular, their potential protective effect on
the gastrointestinal tract is very interesting. Indeed, thanks both to their high digestive
stability at gastrointestinal conditions, and to their reduced intestinal absorption [62–64],
PACs may reach high concentrations in the intestinal lumen, producing significant biologi-
cal effects at the local level. The potential benefit of PACs in chronic intestinal inflammation
is supported by numerous studies [9,40,65–70], and epidemiological data show an inverse
correlation between food intake rich in proanthocyanidins and the risk of developing
colorectal cancer [9,71,72].

We evaluated tPACs in the flesh of the seven observed cherimoya fruits via BL-DMAC
assay (Figure 3). We recorded a tPAC content ranging between 10.33 ± 4.51 (Fino de Jete)
and 51.67 ± 4.04 (Daniela) mg PAC-A equivalent per 100 g of PW, with mean values of
28.54 ± 7.98 mg PAC-A equivalent per 100 g of PW. In particular, the highest tPACs was
recorded for Daniela, followed by Chaffey, Torre2 and Torre1; meanwhile, the lowest content
was recorded for the Fino de Jete and Campas.
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Figure 3. Total proanthocyanidin content (tPACs) in the flesh of the nine observed CVs of Annona
cherimola fruits measured via BL-DMAC assay. The bars represent mean ± SD. Different lowercase
letters on the top of the bars indicate significant differences at the p ≤ 0.05 level as measured by one-
way ANOVA followed by Tukey’s multiple range test. The letter “a” denotes the highest value. Inside
each bar, the different colors indicate the percentage composition of PAC measured by HPLC-MS/MS,
as reported in the Materials and Methods section.

Finally, the correlation coefficient (p = 0.76), measured by Pearson statistical analysis
(Figure 4), suggested that tPCA strongly contributes to the previously measured TPC value.
Our analysis is in accordance with García-Salas et al., who evaluated the tPAC and TPC
contents in ethanolic extracts from fruits of two different CVs of Cherimoya (Fino de Jete and
Campas) cultivated in Spain [12]. In particular, they showed that cherimoya pulp essentially
contains PACs in addition to hydroxytyrosol and traces of luteolin [12].

Concerning the PACs profile, HPLC-MS/MS analysis revealed that in cherimoya fruits,
B-type PACs represented about 90% of the total PACs. In particular, Daniela displayed
the highest percentage, containing more than 94% of B-type PAC; meanwhile, Chaffey was
the CV with the highest A-type PACs percentage, reaching more than 13%. Even if the
greater bioactivity of PAC-A with respect to PAC-B type is well-known [3,9,32,73], the
presence of the A-type PAC is very limited in food sources [74,75]. On the other hand,
the literature data suggest a higher dosage of PAC-B can exert comparable bioactivity to
the PAC-A type [73]. Regarding the polymerization grade of PACs contained in our fruit
extracts, we found dimers and a small number of trimers. Our findings are in accordance
with Garcia and colleagues, that reported almost exclusively low molecular weight PACs
in cherimoya flesh [12]. Although the limited PAC bioavailability, experimental scientific
data indicate that their intestinal absorption is inversely related to the polymerization
degree [62]. Consequently, dimers and trimers of PAC may also poorly absorbed at the
intestinal level [62,76]. Our results would therefore indicate that the cherimoya PAC
fraction may be at least partially bioavailable.
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Figure 4. A Pearson’s correlation heat map displaying the correlation coefficient (ρ) based on physiochemical, nutritional,
and nutraceutical data of the seven observed cultivars of Annona cherimola fruits. Different colors represent the negative
(red) to positive (blue) correlation between two different parameters.

3.4.3. Content of Carotenoids

Several scientific studies probe how carotenoid intake contributes to preventing hu-
man diseases related to oxidative stress [77]. On the one hand, animals are not able to syn-
thesize carotenoids, and plant foods constitute the major carotenoid sources in the human
diet [7,77]. The TCC of the seven observed CVs of A. cherimola fruits is reported in Figure 5.
Our results showed that cherimoya fruits contain very low amounts of carotenoids. Indeed,
the TCC ranged between 10.33 ± 4.51 (Torre1) and 51.67 ± 4.04 (Torre2) μg β-carotene per
100 g of PW, with an average value of 29.22 ± 12.47 μg β-carotene per 100 g of PW. This
value is about 100-fold less than that recorded for mango and papaya fruits [7,10]. On the
other hand, our results were in accordance with those listed in the USDA National Nutrient
Database [78].
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Figure 5. The Total Carotenoid Content (TCC) in the flesh of the nine observed CVs of Annona
cherimola fruits. The bars represent mean±SD. Different lowercase letters on the top of bars indicate
significant differences at p ≤ 0.05 as measured by one-way ANOVA followed by Tukey’s multiple
range test. The letter “a” denotes the highest value.

3.4.4. Antioxidant Properties

Phytocomponents display various biological properties, and the determination of
the potential bioactivity of plant extracts may contribute to their valorization for food
fortification, but also be of use in the cosmetic and pharmaceutical fields [3,9]. Frequently,
the bioactivity of phytochemicals is related to their antioxidative properties, not only
preventing oxidative stress but also being useful for the modulation of important redox-
dependent cellular functions [48,79].

In this work, the antioxidant properties of the ethanolic extracts of the flesh of the
observed cherimoya fruits were evaluated in in solution assays and in a cell-based lipid
peroxidation model. Regarding in solution assays, ABTS and DPPH were used to measure
the radical scavenging activity; meanwhile, FRAP was used to evaluate the metal-reducing
activity (Figure 6, Panel A). The mean values for the radical scavenging activity evaluated
by DPPH and ABTS assay were 363.11 ± 153.59 and 228.75 ± 90.52 mmol TE per 100 g PW,
respectively. A lower average value (1.36 ± 0.59 mmol TE per 100 g PW) was measured for
the metal-reducing activity via FRAP assay. Peculiar characteristics of the reaction mixtures
of the different assays and specific differences in the electronic transfer mechanism may
explain the different antioxidant activities recorded [80]. Despite the variability evaluated
in the antioxidant activity, the trend among the analyzed CVs was not influenced by the
different assays, as suggested by the positive correlation (Figure 4) between the values
obtained from the three assays (ρABTS/DPPH = 0.968; ]ρABTS/FRAP = 0.917; ρDPPH/FRAP =
0.949). On the other hand, the obtained results highlight a significant variability in the
nutraceutical potential of the analyzed CVs. Chaffey and Daniela always showed the highest
antioxidant activities; meanwhile, White, Fino de Jete and Campas displayed the lowest ones,
both in terms of radical scavenging and reducing activity.
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Figure 6. The antioxidant activities of ethanolic extracts of the flesh of the seven observed CVs of Annona cherimola. Panel (A)
shows values measured by the radical scavenging (DPPH = violet; ABTS = light blue) and metal-reducing (FRAP = yellow)
assays. Panel (B) shows THE CAA50 value. Within the same series, different lowercase letters indicate significant difference
at the p ≤ 0.05 level as measured by one-way ANOVA followed by Tukey’s multiple range test. The letter “a” denotes
the value.

Additionally, the obtained values were positively correlated with TPC (ρTCP/DPPH
= 0.983; ρTCP/ABTS = 0.940; ρTCP/FRAP = 0.928) (Figure 4), indicating that polyphenols
contribute almost exclusively to the redox-active properties. Moreover, tPACs was also
strongly correlated with FRAP (ρTPAC/FRAP = 0.844), but it found a lower correlation with
ABTS and DPPH (ρTPAC/ABTS = 0.654; ρTPAC/DPPH = 0.664). The higher correlation found
between FRAP and tPAC may be explained by the peculiar structural characteristics of
proanthocyanidins, making it easier to bind metal ions thanks the presence of free meta-
oriented hydroxyl groups [3,7].

Although in solution assays are widely employed to preliminarily evaluate the an-
tioxidant capacities, they cannot measure the antioxidant activity in a biological environ-
ment [40,80]. For this purpose, cellular-based lipid peroxidation models evaluate the po-
tential ability of redox-active compounds to interact with biological membranes [39,81,82].
Therefore, they represent interesting alternatives to in vivo models, which instead may
be expensive, unethical, and not easy to use [39]. In particular, the CAA assay is a very
biologically relevant method because it also takes into account the uptake, metabolism,
and location of antioxidant compounds within cells [39,81]. The antioxidant activity of
the ethanolic extracts of the fruits from the seven observed CVs of A. cherimola expressed
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as CAA50 is displayed in (Figure 6, Panel B). The average CAA50 value was 7.94 mg ±
1.81 of the PW per mL of cell medium was recorded. The obtained values are in the same
range as those determined by Wolfe et al. under the same experimental conditions for
hydrophilic extracts of other fresh fruits [81]. Among the observed CVs, a little variability
in term of CAA50 was recorded. In particular, Chaffey displayed the highest activity, fol-
lowed by Daniela and Torre1. Although in-solution assays are not always predictive of the
antioxidant capacity in biological models, in our experimental conditions, the antioxidant
activity of CAA is positively correlated with the redox-active properties evaluated by in
solution assays (ρCAA/ABTS = −0.943; ρCAA/DPPH = −0.879; ρCAA/FRAP = −0.818) (Figure
4). Furthermore, the strong correlation between the CAA50 values and TPC (ρCAA/TPC =
−0.923) and the lower correlation with tPACs (ρCAA/TPAC = −0.608) of the tested extracts
suggested that the main contribution to CAA was not mainly given by the PACs, but by
other polyphenol compounds. This result is not surprising, considering the low capacity of
polyphenolic polymers to cross the cellular membrane [62].

3.5. Cultivar Discrimination via Principal Component Analysis and HeatMap Cluster Analysis

The Principal Component Analysis (PCA), calculated on the data matrices related to
pomological, physiochemical, nutritional and nutraceutical values previously measured,
allowed for the discrimination between the different fruits of the seven observed CVs of A.
cherimola (Figure 7). In particular, PCA explained 27.32% and 51.73% of the total variance,
respectively for PC1 and PC2. Positive factor scores discriminated Fino de Jete and Daniela
from others CVs. In particular, Fino de Jete is the best CV for the highest values related to
the most important commercial parameters, such as FW, LD, TD, F, and PW, but it also
showed the best nutritional profile among the different CVs, having a good vitamin and
mineral content. On the other hand, Daniela showed the best phytochemical profile and the
highest antioxidant properties while having intermediate pomological, physicochemical,
and nutritional values. Campas was completely separated from other CVs for positive PC2
and negative PC1. In particular, the separation is mainly due to the high mineral content,
and to poor nutraceutical properties and very poor pomological traits. Finally, Torre1,
Torre2, White and Chaffey were grouped for negative PC2. Especially, Torre1 and White had
also negative PC1 due to their similar pomological characteristics. On the other hand,
positive PC1 and negative PC2 factor scores grouped Torre2 and Chaffey for their particular
PAC composition. However, Chaffey also had nutritional and nutraceutical properties better
than Torre2.

The HeatMap coupled with Hierarchical Clustering Analysis confirmed the separation
performed by PCA (Figure 8). In particular, Fino de Jete was completely separated from
other CVs due to high values recorded both for some of the pomological traits, such as FW,
LD, TD, PW, PeW and SN, and for the highest vitamin content. On the other hand, White
were really far from Fino de Jete because the lowest values recorded for all the pomological
traits of fruits, and also for the low vitamin and phytochemical content. For the same
reason, Campas was very close to White. Clustering analysis revealed that the two local
ecotypes, Torre1 and Torre2, had not only similar pomological parameters, but they also
displayed a comparable antioxidant activity both in solution and in cellular models. This
proximity may also be explained by their similar PAC profile. Finally, Daniela and Chaffey
take place in an intermediate position within the clustering due to their acceptable values
recorded both for pomological traits, nutritional values, and nutraceutical properties.
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Figure 7. Scatter plot of the principal components factor scores of the seven observed CVs of Annona cherimola fruits.
Panel (A) shows the clear separation among the different CVs; meanwhile, Panel (B) reports the chemical portioning of the
compounds.

 

Figure 8. Hierarchical clustering analysis and heatmap visualization of the physiochemical, nutritional, and nutraceutical
data of the seven observed cultivars of Annona cherimola fruits. For each row, diverse colors indicate differences between the
values measured for each parameter among the seven cultivars.

19



Foods 2021, 10, 35

4. Conclusions

In the present work, we demonstrated the overall high quality of cherimoya fruits
harvested from plants grown in Sicily, in terms of pomological, physiochemical, nutritional,
and nutraceutical attributes. Our results showed great variability among the seven ob-
served CVs and may contribute to better define the potential commercial impact of the
different CVs. In particular, our analysis showed Fino de Jete as being a commercially appre-
ciated CV for its pomological and physiochemical attributes; it also had high nutritional
values. On the other hand, the local CV Daniela, together to good commercial attributes,
also displayed good nutraceutical properties. Concerning White, a CV less requested on
the market, in addition to having low pomological attributes, it had reduced nutritional
and nutraceutical values. Finally, the two local ecotypes, Torre1 and Torre2, had qualitative
attributes comparable to those measured for the international CVs.
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50. Podsędek, A.; Wilska-Jeszka, J.; Anders, B.; Markowski, J. Compositional characterisation of some apple varieties. Eur. Food Res.

Technol. 2000, 210, 268–272. [CrossRef]
51. Sanchezmoreno, C.; De Pascual-Teresa, S.; De Ancos, B.; Cano, M.P. Nutritional Values of Fruits. Handb. Fruits Fruit Process. 2007,

29–43. [CrossRef]
52. Zhang, H.; Tsao, R. Dietary polyphenols, oxidative stress and antioxidant and anti-inflammatory effects. Curr. Opin. Food Sci.

2016, 8, 33–42. [CrossRef]
53. Shen, Y.; Zhang, H.; Cheng, L.; Wang, L.; Qian, H.; Qi, X. In vitro and in vivo antioxidant activity of polyphenols extracted from

black highland barley. Food Chem. 2016, 194, 1003–1012. [CrossRef]
54. Mannino, G.; CaraDonna, F.; Cruciata, I.; Lauria, A.; Perrone, A.; Gentile, C. Melatonin reduces inflammatory response in human

intestinal epithelial cells stimulated by interleukin-1β. J. Pineal Res. 2019, 67, e12598. [CrossRef] [PubMed]
55. Umeno, A.; Horie, M.; Murotomi, K.; Nakajima, Y.; Yoshida, Y. Antioxidative and Antidiabetic Effects of Natural Polyphenols

and Isoflavones. Molecules 2016, 21, 708. [CrossRef] [PubMed]
56. Rodrigo, R.; Gil, D.; Miranda-Merchak, A.; Kalantzidis, G. Antihypertensive role of polyphenols. Advances in Clinical Chemistry

2012, 58, 225–254. [CrossRef]
57. Shetgiri, P.P.; Darji, K.K.; D’mello, P.M. Evaluation of antioxidant and antihyperlipidemic activity of extracts rich in polyphenols.

Int. J. Phytomedicine 2010, 2, 3.
58. Campos, D.; Teran-Hilares, F.; Chirinos, R.; Aguilar-Galvez, A.; García-Ríos, D.; Pacheco-Avalos, A.; Pedreschi, R. Bioactive

compounds and antioxidant activity from harvest to edible ripeness of avocado cv. Hass (Persea americana) throughout the
harvest seasons. Int. J. Food Sci. Technol. 2020, 55, 2208–2218. [CrossRef]

59. Albuquerque, T.G.; Santos, F.; Sanches-Silva, A.; Oliveira, M.B.; Bento, A.C.; Costa, H. Nutritional and phytochemical composition
of Annona cherimola Mill. fruits and by-products: Potential health benefits. Food Chem. 2016, 193, 187–195. [CrossRef]

60. Vasco, C.; Ruales, J.; Kamal-Eldin, A. Total phenolic compounds and antioxidant capacities of major fruits from Ecuador.
Food Chem. 2008, 111, 816–823. [CrossRef]

61. Dixon, R.A.; Xie, D.-Y.; Sharma, S.B. Proanthocyanidins—A final frontier in flavonoid research? New Phytol. 2004, 165, 9–28. [CrossRef]
62. Deprez, S.; Mila, I.; Huneau, J.-F.; Tomé, D.; Scalbert, A. Transport of Proanthocyanidin Dimer, Trimer, and Polymer Across

Monolayers of Human Intestinal Epithelial Caco-2 Cells. Antioxid. Redox Signal. 2001, 3, 957–967. [CrossRef]
63. Spencer, J.P.; Chaudry, F.; Pannala, A.S.; Srai, S.; Debnam, E.; A Rice-Evans, C. Decomposition of Cocoa Procyanidins in the

Gastric Milieu. Biochem. Biophys. Res. Commun. 2000, 272, 236–241. [CrossRef]
64. Rios, L.Y.; Bennett, R.N.; A Lazarus, S.; Rémésy, C.; Scalbert, A.; Williamson, G. Cocoa procyanidins are stable during gastric

transit in humans. Am. J. Clin. Nutr. 2002, 76, 1106–1110. [CrossRef] [PubMed]
65. Erlejman, A.G.; Fraga, C.G.; Oteiza, P.I. Procyanidins protect Caco-2 cells from bile acid- and oxidant-induced damage. Free.

Radic. Biol. Med. 2006, 41, 1247–1256. [CrossRef]
66. Erlejman, A.G.; Jaggers, G.; Fraga, C.G.; Oteiza, P.I. TNFα-induced NF-κB activation and cell oxidant production are modulated

by hexameric procyanidins in Caco-2 cells. Arch. Biochem. Biophys. 2008, 476, 186–195. [CrossRef] [PubMed]
67. Gentile, C.; Perrone, A.; Attanzio, A.; Tesoriere, L.; Livrea, M.A. Sicilian pistachio (Pistacia vera L.) nut inhibits expression and

release of inflammatory mediators and reverts the increase of paracellular permeability in IL-1β-exposed human intestinal
epithelial cells. Eur. J. Nutr. 2014, 54, 811–821. [CrossRef] [PubMed]

68. Amy, H. Cranberry Proanthocyanidins and the Maintenance of Urinary Tract Health. Crit. Rev. Food Sci. Nutr. 2002, 42, 273–278. [CrossRef]

22



Foods 2021, 10, 35

69. Li, X.-L.; Cai, Y.-Q.; Qin, H.; Wu, Y.-J. Therapeutic effect and mechanism of proanthocyanidins from grape seeds in rats with
TNBS-induced ulcerative colitis. Can. J. Physiol. Pharmacol. 2008, 86, 841–849. [CrossRef]

70. Wang, Y.-H.; Yang, X.-L.; Wang, L.; Cui, M.-X.; Cai, Y.-Q.; Li, X.-L.; Wu, Y.-J. Effects of proanthocyanidins from grape seed on
treatment of recurrent ulcerative colitis in rats. Can. J. Physiol. Pharmacol. 2010, 88, 888–898. [CrossRef]

71. Rossi, M.; Negri, E.; Parpinel, M.; Lagiou, P.; Bosetti, C.; Talamini, R.; Montella, M.; Giacosa, A.; Franceschi, S.; La Vecchia, C.
Proanthocyanidins and the risk of colorectal cancer in Italy. Cancer Causes Control 2009, 21, 243–250. [CrossRef]

72. Prior, R.L.; Gu, L. Occurrence and biological significance of proanthocyanidins in the American diet. Phytochemistry 2005,
66, 2264–2280. [CrossRef]

73. Beecher, G.R. Proanthocyanidins: Biological activities associated with human health. Pharm. Biol. 2004, 42, 2–20. [CrossRef]
74. Gu, L.; Kelm, M.A.; Hammerstone, J.F.; Beecher, G.; Holden, J.; Haytowitz, D.; Gebhardt, S.; Prior, R.L. Concentrations of

proanthocyanidins in common foods and estimations of normal consumption. J. Nutr. 2004, 134, 613–617. [CrossRef] [PubMed]
75. Santos-Buelga, C.; Scalbert, A. Proanthocyanidins and tannin-like compounds–nature, occurrence, dietary intake and effects on

nutrition and health. J. Sci. Food Agric. 2000, 80, 1094–1117. [CrossRef]
76. Gentile, C.; Allegra, M.; Angileri, F.; Pintaudi, A.M.; Livrea, M.A.; Tesoriere, L. Polymeric proanthocyanidins from Sicilian

pistachio (Pistacia vera L.) nut extract inhibit lipopolysaccharide-induced inflammatory response in RAW 264.7 cells. Eur. J. Nutr.
2012, 51, 353–363. [CrossRef] [PubMed]

77. Rao, A.V.; Rao, L. Carotenoids and human health. Pharmacol. Res. 2007, 55, 207–216. [CrossRef] [PubMed]
78. Review of USDA National Nutrient Database for Standard Reference, Release 24 and Dietary Supplement Ingredient Database,

Release 2. J. Agric. Food Inf. 2012, 13, 358–359. [CrossRef]
79. Virgili, F.; Marino, M. Regulation of cellular signals from nutritional molecules: A specific role for phytochemicals, beyond

antioxidant activity. Free Radic. Biol. Med. 2008, 45, 1205–1216. [CrossRef]
80. Thaipong, K.; Boonprakob, U.; Crosby, K.; Cisneros-Zevallos, L.; Byrne, D.H. Comparison of ABTS, DPPH, FRAP, and ORAC

assays for estimating antioxidant activity from guava fruit extracts. J. Food Compos. Anal. 2006, 19, 669–675. [CrossRef]
81. Wolfe, K.L.; Kang, X.; He, X.; Dong, M.; Zhang, Q.; Liu, R.H. Cellular Antioxidant Activity of Common Fruits. J. Agric. Food Chem.

2008, 56, 8418–8426. [CrossRef]
82. Allegra, M.; Gentile, C.; Tesoriere, L.; Livrea, M.A. Protective effect of melatonin against cytotoxic actions of malondialdehyde:

An in vitro study on human erythrocytes. J. Pineal Res. 2002, 32, 187–193. [CrossRef]

23





foods

Article

Antibiofilm and Enzyme Inhibitory Potentials of Two
Annonaceous Food Spices, African Pepper (Xylopia
aethiopica) and African Nutmeg (Monodora myristica)

Alfred Ngenge Tamfu 1,2,3,*, Ozgur Ceylan 2, Selcuk Kucukaydin 4, Mehmet Ozturk 5,

Mehmet Emin Duru 5 and Rodica Mihaela Dinica 3,*

1 Department of Chemical Engineering, School of Chemical Engineering and Mineral Industries,
University of Ngaoundere, Ngaoundere 454, Cameroon

2 Food Quality Control and Analysis Program, Ula Ali Kocman Vocational School,
Mugla Sitki Kocman University, 48147 Ula Mugla, Turkey; ozgurceylan@mu.edu.tr

3 Department of Chemistry Physical and Environment, Faculty of Sciences and Environment,
“Dunarea de Jos” University of Galati, 111 Domneasca Street, 800201 Galati, Romania

4 Department of Medical Services and Techniques, Koycegiz Vocational School of Health Services,
Mugla Sitki Kocman University, 48800 Mugla, Turkey; selcukkucukaydin@gmail.com

5 Department of Chemistry, Faculty of Science, Mugla Sitki Kocman University, 48000 Mugla, Turkey;
mehmetozturk@mu.edu.tr (M.O.); eminduru@mu.edu.tr (M.E.D.)

* Correspondence: macntamfu@yahoo.co.uk (A.N.T.); rodica.dinica@ugal.ro (R.M.D.);
Tel.: +237-675590353 (A.N.T.); +33-6130-251 (R.M.D.)

Received: 29 October 2020; Accepted: 27 November 2020; Published: 29 November 2020

Abstract: Food pathogens represent an important health threat, and it is relevant to study the effect
of foodstuffs such as spices which can inhibit bacterial growth. This study reports the antimicrobial,
antibiofilm, and enzyme (Acetylcholinesterase, Butyrylcholinesterase, urease, tyrosinase) inhibitory
activities of two medicinal food spices belonging to the Annonaceae family, Monodora myristica and
Xylopia aethiopica. GC-MS (gas chromatography mass spectrometry) analysis of silylated samples of
Methanol-Dicloromethane (50:50) extracts of both plants led to the identification of nine compounds
in M. myristica and seven compounds in X. aethiopica. M. myristica and X. aethiopica had the same
minimum inhibitory concentration (MIC) values of 0.625 mg/mL and 2.5 mg/mL on C. albicans and
E. coli, respectively. However, M. myristica had better activity than X. aethiopica on Staphylococcus aureus,
while Pseudomonas aeruginosa was more susceptible to X. aethiopica than M. myristica. The lowest
MIC value was 0.1325 mg/mL, exhibited by M. myristica on S. aureus. Both extracts showed good
antibiofilm activity. On S. aureus, at the same concentration, M. myristica had better antibiofilm
activity than X. aethiopica. On E. coli and Candida albicans, X. aethiopica had better antibiofilm activity
than M. myristica at the same concentration. X. aethiopica showed better violacein inhibition in
Chromobacterium violaceum CV12472, as its percentage inhibition of violacein varied from 80.5% ±
3.0% at MIC to 5.6 ± 0.2 at MIC/8, as compared to M. myristica with 75.1% ± 2.5% at MIC and 15.5% ±
1.1% at MIC/8. The anti-motility activity by swimming and swarming inhibition on P. aeruginosa PA01
was low at test concentrations and in both models, M. myristica showed higher motility inhibition
than X. aethiopica. Although in enzyme inhibitory assays all extracts had low inhibitions compared to
standards tested at the same concentrations, the results show that these plants can be used to manage
food-borne infections.

Keywords: African food spices; GC-MS (gas chromatography mass spectrometry); antimicrobial;
antibiofilm; violacein inhibition; swarming inhibition; swimming inhibition; anticholinesterase;
antiurease; antityrosinase
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1. Introduction

In every region of the world, selected indigenous plants are used as foods and spices,
and investigating their chemical composition and bioactivities has become an interesting field
of research. This is because it reveals both the nutritive value and medicinal potential of these
food materials used as remedies especially for recalcitrant infectious diseases resulting from food
contamination. Spices are defined by Corn et al. (1999) as ingredients usually from vegetables or
different dried plant parts like barks, seeds, and leaves added in nutritionally small quantities to
food in order to improve its color, taste, or flavor and may also play the role of preservatives that
inhibit harmful bacterial growth [1,2]. Most spices are added to food recipes primarily for flavoring,
seasoning, and imparting aroma to foods rather than for their nutritional benefits, and for this reason,
their phytochemical compositions as well as bioactivities are still under-studied [3]. There is need for
the search of locally available nutritional food excipients in Africa and other low income countries
which are plagued with poor nutrition [4]. Xylopia aethiopica and Monodora myristica are two widely
consumed food spices in Africa and both belong to the Annonaceae family of plants and have proven
to be potent in managing microbial and fungal infections [5]. Annonaceous plants are commonly called
custard apples and comprises over 2300 species which possess good biological activities [6].

X. aethiopica, also called African pepper, is a highly consumed food spice in Africa and it is
used traditionally to manage rheumatism, bronchitis, headache, asthma, stomach-aches, neuralgia,
dysenteric conditions, wounds and sores, constipation, epilepsy, fertility, and the ease of childbirth [7].
It has been shown to possess anticancer, antidiabetic, antimalarial, antioxidant, enzyme inhibitory,
antimicrobial, and antibacterial properties and also protects against liver and kidney damage [3,7–14].

Monodora myristica, also called African nutmeg, bears many fruits. The seeds of this plant are
mostly used in dry powdered form which is used as spice in desserts, stews, soups, and cakes. It is
also marketed as whole seeds. These plants’ seeds and powders are used in repelling insects, as a
stimulant, and as remedy for sores, headache, and stomach disorders. In medicine, the bark is used in
treatments of stomachaches, febrile pains, eye diseases, and hemorrhoids [15,16]. This plant possesses
antioxidant, antisplasmodic, antiulcer, antimicrobial, cytotoxic, antinociceptive, anti-inflammatory,
anticancer, and hepatoprotective activities, and it has been proven in male Wistar rats with induced
hypercholesterolemic to modulate lipid peroxidation and bring down cholesterol levels [3,17–25].

These plants have been reported to possess antimicrobial activities, with more emphasis on their
essential oil and little information about their extracts, meanwhile the plant seeds are consumed
in whole. No studies have reported the ability of these plants to inhibit quorum-sensing-mediated
effects in bacteria such as biofilm, violacein production, and swarming and swimming motilities.
The aim of this work is to evaluate the ability of M. myristica and X. aethiopica extracts to inhibit biofilm
formation, violacein production, and swimming and swarming motilities, as well as acetylcholinesterase,
butyrylcholinesterase, urease, and tyrosinase enzymes.

2. Materials and Methods

2.1. Plant Material and Extraction

The seeds of Xylopia aethiopica and Monodora myristica were purchased from the Bamenda
food market. Both spicy plants were identified by Mr. T. Fulbert, a botanist working at the National
Herbarium of Cameroon and compared with existing voucher specimens 28725/SRF Cam. (X. aethiopica)
and 49544/HNC (M. myristica). Of each of the seeds, 200 g were powdered and subjected to maceration
extraction. Then, 2 L of dichloromethane/methanol mixture in the ratio 1:1 was used as the solvent for
extraction process and the mixture was allowed to stand at room temperature for 48 h with intermittent
stirring. After this, the supernatant was carefully decanted and filtered using a Whatman number 1
filter paper. This filtrate was evaporated on a Rotary evaporator to remove the solvent. This process
was repeated three times for each sample to yield crude extracts of X. aethiopica (27 g) and M. myristica
(41 g).
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2.2. GC-FID (Gas Chromatography Flame Ionization Detector) and GC-MS Analyses

Prior to the GC-MS analyses, the samples were silylated using BSTFA [bis
(trimethylsilyl)-trifluoroacetamide], according to the method described by Talla and coworkers [26].
GC-FID and GC-MS were performed as described elsewhere [27]. The GC-MS profiles of the extracts
were achieved on a gas chromatograph (Hewlett-Packard 5890, Bunker Lake Blvd, Ramsey, MN,
USA) with a JEOL MS-600H mass spectrometer (Tokyo, Japan) as detector. Prior to this, GC-FID was
performed on a Shimadzu GC-17(Shimadzu Corp., Kyoto, Japan). We used helium (1 mL/min) as the
carrier gas at a split ratio of 1:10 in a SPB-5VR capillary column of length 30 m and inner diameter
0.25 mm. The initial temperature of the oven was varied as follows: 60 ◦C for 3 min, increased at the
rate of 5 ◦C/min to 180 ◦C, and finally at 7 ◦C/min to 300 ◦C final temperature. A ZB-5MSVR column of
30 m length and 0.25 mm inner diameter was used for GC-MS and the same temperature conditions
as for GC-FID were applied. Next, 250 ◦C and 70 eV was applied for the ion source. Mass spectral
fingerprints were used for identification on the NIST library and compared with some data reported.

2.3. Determination of MIC (Minimal Inhibitory Concentration)

The bacterial and fungal strains Staphylococcus aureus (ATCC 25923), Escherichia coli (ATCC 25922),
Candida albicans (ATCC 10239), Chromobacterium violaceum (CV12472), and Pseudomonas aeroginosa
(PA01) were used.

The broth dilution method, as described by the CLSI (Clinical and Laboratory Standards Institute,
2006), was applied to determine the MIC values [28]. The lowest concentration of extract at which no
bacterial growth was visible was considered as the MIC. Mueller-Hinton Broth (MHB) was used as the
medium and the bacterial concentration used had a density of 5 × 105 colony-forming units (CFU)/mL.
Into 96-well microtiter plates, containing extracts at concentrations (10, 5, 2.5, 1.25, 0.625, 0.312 mg/mL),
100 μL of microbial cell solutions were inoculated and incubated for 24 h at 37 ◦C, after which the MICs
were determined and recorded.

2.4. Assay of Inhibition of Bacterial Biofilm Formation by Extracts

The ability of the extracts to prevent biofilm formation by bacteria (S. aureus, E. coli and C. albicans)
was evaluated at concentrations of 1, 1/2, 1/4, 1/8, and 1/16 (MIC) using the microplate antibiofilm
method [29]. Tryptose-Soy Broth (TSB) containing 0.25% glucose were filled into wells with or without
extracts, and 200 μL of 1% overnight bacterial cell cultures (5 × 105 CFU/mL) were added and incubated
at 37 ◦C for 48 h. The negative control wells contained only TSB and bacterial cells. The planktonic
bacteria were washed after incubation, and the remaining bacteria were stained with 0.1% crystal
violet solution and allowed to sit for 10 min. The dye was washed out carefully with distilled water,
after which 200 μL of ethanol or 33% glacial acetic were filled into the wells of the microplates. Next,
125 μL of the resulting solution were transferred using a pipette into sterile tubes and the total volume
was made up to 1 mL by adding distilled water. The optical density of each tube was read at 550 nm,
and the equation below was used to calculate the percentage inhibition of the biofilm formation.
Each experiment was done three times.

Biofilm inhibition (%) =
OD 550 control−OD 550 sample

OD 550 control
× 100

2.5. Violacein Pigment Inhibition Assay

This assay measures the qualitative quorum-sensing potential of the extracts using Chromobacterium
violaceum ATCC 12472 strain [30]. C. violaceum CV12472 was grown overnight and 10 μL of it were put
into microtiter sterile plates filled with 200 μL of LB broth. Sub-MIC concentrations of extracts were
added and then incubated at 30 ◦C for 24 h. Control plates contained only LB broth and C. violaceum
ATCC 12472. The decrease in the production of violacein pigment was measured by taking the
absorbance at 585 nm. The violacein inhibition percentage of the extracts were calculated as follows:

27



Foods 2020, 9, 1768

Violacein pigment inhibition (%) =
OD 585 control−OD 585 sample

OD 585 control
× 100

2.6. Swimming and Swarming Motility Inhibition on Pseudomonas Aeruginosa PA01

The ability of the extracts to inhibit swarming motility in P. aeruginosa PA01 was performed as
described elsewhere [30]. Briefly, swarming plates consisting of, 0.5% NaCl, 1% peptone, 0.5% agar,
and 0.5% D-glucose together with extracts at three concentrations of 50, 75, and 100 μg/mL were
prepared. P. aeruginosa PAO1 was grown overnight and 5 μL of it were point-inoculated at the center,
and the swarm plates were wrapped with paraffin and inoculated in an upright position for 18 h.
The plates not containing extracts were used as controls. The swarming movement was measured
from the swarm diameter fronts.

The swimming plates consisted of 1.5% agar, 1% peptone, 0.5% NaCl, and 0.5% D-glucose together
with the extracts at 50, 75, and 100 μg/mL concentrations. The same bacteria P. aeruginosa PAO1 was
inoculated as in the swarming model. The inoculation was done for 18 h and control plates did not
contain extracts. Swim zone diameter for samples and controls were used in calculating the percentage
inhibition of swimming motility.

2.7. Cholinesterase Inhibition Assay

Ellman’s Method was used to evaluate the acetylcholinesterase (AChE) and butyrylcholinesterase
(BChE) inhibition potential of extracts, and slight modifications were made [31]. Next, 96-well
microplates were used and acetylthiocholine iodide (0.71 mM) was the substrate in AChE assay,
while butyrylthiocholine chloride (0.2 mM) was the substrate for the BChE assay. In a 96-well plate
containing 150 μL sodium phosphate buffer 100 mM (pH = 8), 10 μL of the sample were mixed with
20 μL of enzymes AChE or BChE. The mixture was incubated at 25 ◦C for 15 min, after which 10 μL of
substrates and 10 μL of Ellman’s Reagent (DTNB 0.5 mM) were added and the volume made up to
200 μL. The absorbance was measured at 412 nm for 10 min. The percentage inhibition of AChE or
BChE was determined control using the formula:

(E − S)/E × 100 (1)

where:

E: activity of enzyme with control.
S: activity of enzyme with sample.

The experiments were repeated three times. Galantamine was used as the standard.

2.8. Tyrosinase Inhibition Assay

A spectrophotometrical method was used to evaluate the anti-tyrosinase activity of extracts in
which tyrosinase enzyme from mushrooms was used following a method described elsewhere with
a slight modification [32]. The substrate used in this assay was L-Dopa, while kojic acid was used
as the standard inhibitor of tyrosinase. The percent inhibition of the enzyme (Inhibition %) by the
extracts was calculated at each sample concentration (μg/mL) in a similar manner as in the AChE and
BChE assay.

2.9. Urease Inhibition Assay

The indophenol method, in which the production of ammonia is measured, was used to determine
the potential of extracts to inhibit urease [33]. A mixture of 25 μL of a Jack bean source urease enzyme,
phosphate buffer 100 mM (pH 8.2), and 50 μL of urea 100 mM was prepared and after the adding of the
samples (10 μL, 1 mM), it was incubated for 15 min at 30 ◦C. Subsequently, 45 μL of phenol reagent 1%
(w/v) and 70 μL of 0.005% (w/v) alkali reagent were both added into each well and the mixture further
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incubated for 50 min. The standard used was Thiourea. The absorbances were recorded at 630 nm and
the % inhibitions were calculated.

2.10. Statistical Analysis

Each activity was done in triplicate. The results were recorded as the means ± standard error of
the mean. Fisher’s test was used to determine the significant differences between means; p < 0.05 were
regarded as significant.

3. Results

3.1. GC-MS Chemical Composition

Nine compounds (Figure 1), including 1-monolinoleoylglycerol, 6,9,12-octadecatrienoic acid benzyl
ester, 3-hydroxyspirost-8-en-11-one, ethyl-3,4,5-trimethoxybenzoate, palmitic (hexadecanoic) acid,
ursodeoxycholic acid and sugars such as glycerol, glucose, and sucrose were identified in M. myristica.
On the other hand, seven compounds (Figure 2), were identified in X. aethiopica, these were 3-carene,
eucalyptol, 2-hydroxy-4-methylbenzoic acid, abietic acid, 3,21-dihydroxypregnan-4-one alongside two
sugars, fructose, and glucose.

Figure 1. Chemical compounds identified in M. myristica seed extract by gas chromatography mass
spectrometry (GC-MS).

29



Foods 2020, 9, 1768

Figure 2. Chemical compounds identified in X. aethiopica seed extract by GC-MS.

3.2. Minimal Inhibitory Concentrations

The minimal inhibitory concentrations (MICs) of both extracts are reported in Table 1. Both plants
X. aethiopica and M. myristica had the same MIC values of 0.625 mg/mL and 2.5 mg/mL on C. albicans
and E. coli, respectively. However, M. myristica had better activity than X. aethiopica on S. aureus,
while P. aeruginosa was more susceptible to X. aethiopica than M. myristica. The lowest MIC value was
0.1325 mg/mL, exhibited by M. myristica on S. aureus.

Table 1. Antimicrobial activities of X. aethiopica and M. myristica (minimum inhibitory concentration
(MIC) values in mg/mL).

Microorganisms
Extracts

X. aethiopica M. myristica

C. albicans ATCC 10239 0.625 0.625

S. aureus ATCC 25923 0.625 0.3125

E. coli ATCC 25922 2.5 2.5

C. violaceum CV12472 2.5 1.25

P. aeruginosa PA01 0.625 1.25

3.3. Percentage Biofilm Inhibition

Prior to antibiofilm assay, the MIC values were determined and the biofilm inhibition potential of
both extracts determined at MIC and sub-MIC concentrations and reported in Table 2. Both extracts
had good antibiofilm activity on S. aureus. On S. aureus, the biofilm inhibition of X. aethiopica varied
from 45.3% ± 1.5% at MIC to 5.2% ± 1.0% at MIC/8 while that of M. myristica varied from 52.6% ± 3.3%
at MIC to 11.3% ± 1.5% at MIC/8. On S. aureus, at the same concentration, M. myristica had better
antibiofilm activity than X. aethiopica. On E. coli and C. albicans, X. aethiopica had better antibiofilm than
M. myristica at the same concentration (p < 0.01).
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Table 2. Effects of different concentrations of X. aethiopica and M. myristica extracts on tested bacteria
biofilm formations.

Strains Conc.
X. aethiopica M. myristica

% of Biofilm Inhibition

S. aureus ATCC 25923

MIC 45.3 ± 1.5 * 52.6 ± 3.3

MIC/2 30.0 ± 3.4 39.0 ± 1.4

MIC/4 16.7 ± 0.4 23.8 ± 0.6

MIC/8 5.2 ± 1.0 11.3 ± 1.5

MIC/16 - -

E. coli ATCC 25922

MIC 21.0 ± 2.5 18.6 ± 0.5

MIC/2 10.5 ± 0.5 8.3 ± 2.0

MIC/4 - -

MIC/8 - -

MIC/16 - -

C. albicans ATCC 10239

MIC 31.7 ± 1.5 29.6 ± 3.3

MIC/2 22.4 ± 1.3 15.3 ± 0.1

MIC/4 09.2 ± 0.5 8.9 ± 2.0

MIC/8 - -

MIC/16 - -

*: Data are the mean of three replicates ± SD. Statistically different (p < 0.01).

3.4. Violacein and Motility (Swimming and Swarming) Inhibition Percentages

The percentage inhibition of violacein pigment synthesis by C. violaceum CV12472 was evaluated
at MIC and sub-MIC concentrations and reported in Table 3. X. aethiopica inhibited violacein production
better than M. myristica, as it percentage inhibition of violacein varied from 80.5% ± 3.0% at MIC to
5.6 ± 0.2 at MIC/8 as compared to M. myristica with 75.1% ± 2.5% at MIC and 15.5% ± 1.1% at MIC/4.
At MIC/16, no inhibition was observed.

The swimming and swarming inhibition assay was carried on P. aeruginosa PA01 at 100 μg/mL,
75 μg/mL, and 50 μg/mL, and the results are given in Table 3. The anti-motility activity of these plant
extracts were low at test concentrations. In both models, M. myristica showed higher motility inhibition
than X. aethiopica (p < 0.05).

Table 3. Effects of X. aethiopica and M. myristica extracts at different concentrations on qualitative
violacein inhibition and swarming/swimming motility.

X. aethiopica M. myristica

Conc. % of Violacein Inhibition (on C. violaceum CV12472)

MIC 80.5 ± 3.0 * 75.1 ± 2.5

MIC/2 37.3 ± 0.7 35.8 ± 0.6

MIC/4 19.4 ± 1.0 15.5 ± 1.1

MIC/8 5.6 ± 0.2 -

MIC/16 - -

% motility inhibition (on P. aeruginosa PA01)

Conc. (μg/mL) Swimming inh. Swarming inh. Swimming inh. Swarming inh.

100 25.1 ± 0.5 28.9 ± 2.0 29.2 ± 0.0 31.7 ± 1.2

75 13.6 ± 0.5 12.0 ± 0.5 16.5 ± 0.8 22.3 ± 1.0

50 - - - 11.6 ± 0.5

*: Data are the mean of three replicates ± SD. Statistically different (p < 0.05).
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3.5. Enzyme Inhibitory Activities

The capacity of X. aethiopica and M. myristica to inhibit some selected enzymes acetylcholinesterase,
butyrylcholinesterase, tyrosinase, and urease are evaluated and reported in Table 4. On AChE,
the activities of X. aethiopica (7.80% ± 0.36%) and M. myristica (9.65% ± 0.11%) were almost the same
but far lower than that of the standard galantamine (80.76% ± 0.52%). This was the same effect for
BChE on which percentage inhibitions of X. aethiopica and M. myristica were 15.48 ± 0.57 and 13.64 ±
0.88 respectively against 74.43% ± 0.30% for galantamine.

X. aethiopica (30.45%± 0.84%) had better inhibition on tyrosinase than M. myristica (23.44%± 1.27%)
while on urease, M. myristica (15.18% ± 0.86%) was more active than X. aethiopica (5.69% ± 0.33%).

Table 4. Anticholinesterase, antityrosinase, and antiurease activities (%inh.) of test samples at
100 μg/mL.

Sample
AChE BChE Tyrosinase Urease

% Inhibition

X. aethiopica 7.80 ± 0.36 15.48 ± 0.57 30.45 ± 0.84 5.69 ± 0.33

M. myristica 9.65 ± 0.11 13.64 ± 0.88 23.44 ± 1.27 15.18 ± 0.86

Galantamine 80.76 ± 0.52 74.43 ± 0.30 NT NT

Kojic acid NT NT NT 67.58 ± 0.23

Thiourea NT NT 75.17 ± 0.18 NT

NT: Not tested. Statistically different (p < 0.01).

4. Discussion

The chemical composition of both plant extracts were effected using GC-MS. The GC-MS was done
after the samples were silylated to enable the detection of a large number of compounds including polar
ones. Silylation helps to reduce polarity of compounds contained in the extract while equally rendering
them more volatile such that they become detectable on GC-MS. These enabled the identification
of major compounds in both extracts. These two plants investigated in this study have evidently
been proven to possess antimicrobial activity and have been used extensively to manage infectious
diseases [34], but much of this has been attributed to its essential oils [5] with little attention on the
extracts. In this study, the extracts have also demonstrated appreciable antimicrobial activity, and this
is advantageous, since the plants are consumed principally in crude form. Antimicrobial activity was
displayed by both plant extracts and these results corroborate with some findings in which these plant
extracts showed antimicrobial activity against some pathogens [35]. However, microbial resistance
arises due to quorum-sensing-mediated traits of pathogens which determines the severity of infections
as well. The assays that involved quorum-sensing-mediated processes in bacteria are usually focused
biofilm formation, violacein pigment production, and swimming and swarming motilities. Prior to
these assays, MIC values are determined and they are performed at MIC and sub-MIC concentrations.
Thus, working at sub-MIC concentrations, the hypothesis of bactericidal effect of extracts that occurs at
high concentrations is eliminated, giving way for QS investigation.

In order to protect themselves during adverse conditions such as immunological defense systems
of host, antibiotics, and starvation, many fungi and bacteria cells constitute self-organized and
three-dimensional communities in which they will live. These constituted and protected communities
are called biofilms and they contribute to the severity of chronic infections as well as the persistence
of resistance to drugs and antibiotics [6,36]. Therefore, most antimicrobial agents treat symptoms of
planktonic bacteria, and disease will resurface, due to the bacteria which were within biofilms and
which will break out when the threat from the antibiotic is over. The potential of these plant extracts to
inhibit biofilm formation by test bacteria is a very desirable effect. This can subsequently eliminate
bacteria resistance or reduce the severity of microbial infections.
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Violacein (violet color) production is one of the quorum-sensing-mediated traits of pathogenic
bacteria C. violaceum that has received maximum attention and has the advantage that it is easily
measurable and quantifiable. Violacein is a biomolecule that has antimicrobial activity against other
microorganisms and also improves the C. violaceum’s ability to cope with environmental stress [37,38].
C. violaceum has been highly applied in evaluating the antiinfective potential of many natural and
synthetic products, and those with violacein inhibition find application potential alternatives to
conventional bactericidal antibiotics.

The bacterial communities that are formed on surfaces constitute a serious health threat and
potent contamination. The colonization of various surfaces by bacteria through bacterial motility can
be reduced or limited by the use of natural substances and compounds which need to be identified
and evaluated for their applications to impede bacterial colonizations [39]. Before forming biofilms,
bacteria move by swimming and swarming and colonize surfaces, and this step is believed to be an
initial step for the formation of the biofilm in flagellated P. aeruginosa PA01. This bacterium can use its
flagella to swim towards surfaces followed by swarming and twitching motilities, which enables it to
colonize surfaces and establish biofilm communities.

Cholinesterase inhibitors are a group of medicines that block the normal breakdown of
acetylcholine. Deterioration of the central nervous system and Alzheimer’s disease (AD) result
from cholinergic deficiency and are associated with dementia. As a remedy to this situation, various
cholinesterase inhibitors such as natural compounds and extracts and synthetic analogues and their
hybrids are being employed [40]. Natural medicines are gaining ground because of their low toxicities
and few side effects compared to synthetic ones. The enzyme-mediated browning reaction in harvested
fruits is usually initiated by the copper-containing oxidase enzyme called tyrosinase. It is an enzyme
with multiple functions and is responsible for the undesirable over-pigmentation of human skin
in a process that is similar to that which takes place during the browning of fruits. The first two
steps in mammalian melanogenesis are catalyzed by this enzyme, and hence the search for potent
tyrosinase inhibitors, especially those that can be used safely in cosmetics and foods, is an attraction
for researchers [41]. Many bacteria produce the nickel-dependent urease (ureolytic bacteria) enzyme,
which is capable of hydrolyzing urea to produce ammonia with the emission of carbon dioxide as well.
The emission of ammonia from agriculture is usually associated with these bacteria, and it also causes a
number of infectious diseases [42]. Inhibiting urease is beneficial to human health and some notorious
bacteria depend on urease-mediated processes for survival. Although in the enzyme inhibitory assays
no extract had an inhibition close to that of the standards, these results are moderate because the
extracts were tested at the same concentrations as the pure standard compounds.

Many of the compounds identified in these plants have previously been described in some
medicinal plant extracts. 1-monolinoleoylglycerol, which is found in M. myristica has been described
in the extract of Datura stramonium and Salvadora persica and the extracts of these plants have shown
antimicrobial and anticancer activities [43,44]. Certain sugars were detected in both M. myristica
and X. aethiopica plant extracts notably sucrose, glucose, glycerol, and fructose. These sugars
were shown to possess antibacterial activities [45,46]. Ethyl-3,4,5-trimethoxybenzoate detected in
M. myristica and other derivatives of 3,4,5-trimethoxybenzoic acid have been identified in medicinal
plant Mitracarpus scaber and have demonstrated antimicrobial properties [47], and Anarcadium occidentale
(cashew gum) also has been synthesized and evaluated for antioxidant and enzyme inhibition [48].
6,9,12-octadecatrienoic acid phenylmethyl ester was found in the extract of M. myristica, and this
compound was detected in Croton bonplandianum extract which possesses anti-inflammatory and
enzyme inhibitory potentials [49]. 3-hydroxyspirost-8-ene-11-one, which was detected in M. myristica,
has been previously described in Artemisia annua, and this plant extract studied showed antioxidant,
antimicrobial, and anti-inflammatory activities [50]. Ursodeoxycholic acid was identified in M. myristica,
and this compound has been synthesized from a natural source [51]. Hexadecanoic acid contained in
M. myristica has been described in many plants and this compound has good medicinal properties
including anti-inflammatory, antioxidant, and enzyme inhibitory activities including anticholinesterase
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activity [52–54]. The compound 2-Hydroxy-4-methylbenzoic acid present in X. aethiopica has been
detected previously in Hemidesmus indicus and mangrove fungus and has displayed anti-inflammatory,
antipyretic, and antioxidant activities [55,56]. In the extract of X. aethiopica, abietic acid was identified,
and this compound has been detected in Isodon wightii, which displayed antibacterial, antioxidant,
and anticholinesterase activities [57]. A major component of eucalyptus called eucalyptol or 1,8-cineole
identified in X, aethiopica extract has been detected in many species of eucalyptus, whose extracts
possess antimicrobial and antiviral activities [58,59]. The volatile compound 3-carene was detected
in the extract of X. aethiopica and has been described as an antimicrobial compound [60]. From these
analyses of previous studies, it can be understood that the antimicrobial, antibiofilm, and enzyme
inhibitory activities of these extracts of M. myristica and X. aethiopica can be attributed to these chemical
compounds that they contain.

5. Conclusions

The investigation of bioactivities of food extracts and food-derived substances is attracting much
attention because of their considerable and known safety. These food substances are exploited for their
medicinal properties besides their nutritive values especially to combat food-borne infections resulting
from various food pathogens. The emergence and spread of drug-resistant strains nowadays threatens
the use of conventional antibiotics in order to treat bacterial infections and diseases. New strategies such
as biofilm inhibition and quorum-sensing disruption are therefore necessary to overcome persistent
infections especially those that involve resistant biofilm formation by the pathogens. Both food spices
X. aethiopica and M. myristica have shown biofilm inhibitory potentials and also violacein inhibition and
swimming/swarming motilities inhibitions. These traits are quorum-sensing-mediated processes which
help to increase the resistance of bacteria and virulence of their infections. Both extracts displayed
low to moderate anticholinesterase activities and tyrosinase and urease inhibitory potentials, which is
interesting for these natural food spices. As an added value to the antimicrobial properties of these
two natural food spices, they can be desirable as enzyme inhibitors which may present no or milder
side effects than conventional synthetic drugs used for this purpose. The bioactivities of these extracts
opens a space for the search of the bioactive molecules contained in them.
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Abstract: Plant secondary metabolites possess chemopreventive and antineoplastic properties, but the
lack of information about their exact mechanism of action in mammalian cells hinders the translation
of these compounds in suitable therapies. In light of this, firstly, Origanum vulgare L. hydroalcoholic
extract was chemically characterized by spectrophotometric and chromatographic analyses; then,
the molecular bases underlying its antitumor activity on B16-F10 and A375 melanoma cells were
investigated. Oregano extract induced oxidative stress and inhibited melanogenesis and tumor cell
proliferation, triggering programmed cell death pathways (both apoptosis and necroptosis) through
mitochondria and DNA damage. By contrast, oregano extract was safe on healthy tissues, revealing no
cytotoxicity and mutagenicity on C2C12 myoblasts, considered as non-tumor proliferating cell model
system, and on Salmonella strains, by the Ames test. All these data provide scientific evidence about
the potential application of this food plant as an anticancer agent in in vivo studies and clinical trials.

Keywords: oxidative stress; necroptosis; plant extract; secondary metabolite; γH2AX; copper

1. Introduction

More than one-third of all pharmaceutical molecules approved by the Food and Drug
Administration and by the European Medicines Agency are natural compounds, or their derivatives,
and about one-quarter of them specifically originate from plants [1–4]. In detail, over 60% of the
anticancer drugs are phytochemicals, such as alkaloids and polyphenols, confirming that the plant
kingdom is a valuable source of chemopreventive and chemotherapeutic agents [5–7].

Overall, scientific data have documented that this type of metabolites exerts an inhibitory effect
on a broad range of mammalian tumor cell lines in in vitro and in vivo systems [8,9]. According
to the literature, the main mammalian cellular and molecular mechanisms influenced by plant
molecules are those that involve the following targets: nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB); protein tyrosine kinases (PTKs); target mitogen-activated protein kinases
(MAPKs); cyclooxygenase (COX-2); cyclin-dependent kinases (Cdks); phosphoinositide 3-kinase (PI3K)
interactors; activator protein 1 (AP1); and cytoskeleton components [10–22].

Among all biological properties, the free radical scavenging activity seems to be the most validated
device employed by phytochemicals to inhibit tumor cell growth, counteracting reactive oxygen
species (ROS) production and limiting protein, lipid, and DNA oxidation [23]. Nevertheless, a growing
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body of evidence brought this opinion into question, arguing that the antiradical activity of the
natural compounds has a potential role in chemoprevention, but it cannot fully explain the relative
antitumor effect [24,25]. In addition, it is important to underline that a wide number of plant secondary
metabolites have also shown unexpected pro-oxidant consequences, including DNA damage and
apoptosis, especially at high concentrations and in the presence of transition metal ions [26–29].

Origanum vulgare L., also known as oregano, is a Mediterranean plant species belonging
to the Lamiaceae family which, nowadays, represents one of the most used culinary herbs.
However, the application of oregano in several ethnobotanical practices, including folk medicine,
dates to ancient times. Regarding its phytotherapic effect, various investigations have been performed,
documenting that oregano essential oil possesses antimicrobial, antiviral, antifungal, antioxidant,
anti-inflammatory, digestive, expectorant, neuroprotective, antispasmodic, and antidiabetic properties,
simultaneously. Moreover, some literature works have also associated a strong anticancer activity to
such type of plant extract. For these reasons, O. vulgare is capturing greatly the attention of the food,
cosmetic, and pharmaceutical industries [30–35].

According to all this evidence, the present research aimed at investigating the molecular mechanism
underlying the antineoplastic effect of O. vulgare L. ssp. hirtum phytocomplex against murine (B16–F10)
and human (A375) melanoma cells.

2. Materials and Methods

2.1. Plant Material

Origanum vulgare L. plants were collected at the Vatopedi Holy Monastery on Mount Athos
(Greece), in the summer of 2018. The plant material was transferred to the Botanical Garden of
Rome “Tor Vergata”, where its taxonomic identity was confirmed by Prof. Antonella Canini and
Prof. Angelo Gismondi, based on morphological features. A part of the sample was deposited in
the Herbarium of the Botanical Garden (voucher n. 127C), while the remaining portion was dried
out (for 7 days at 37 ◦C) and used for the present research. In particular, the whole dried plants
were powdered in liquid nitrogen, resuspended in 50% ethyl alcohol (200 mg/mL) and incubated,
in agitation, for 24 h in the dark. After centrifugation for 20 min at 11,000 g, the supernatant was
filtered (0.22 μm), completely desiccated at 30 ◦C by a vacuum drying system (Concentrator Plus,
Eppendorf, Hamburg, Germany), and stored at −80 ◦C.

2.2. Total Phenol and Flavonoid Content

Hydroalcoholic oregano extract (HCOE) was solubilized in 50% ethyl alcohol at the final
concentration of 200 mg/mL. The phenolic content in HCOE was measured according to the
Folin–Ciocalteu modified method, as described in Impei et al. [36]. Results were reported as μg
of gallic acid equivalents per gram of dried plant material (μg GAE/g DMW), applying a gallic acid
calibration curve (0–30 mg/L). The amount of flavonoids in OE was assessed by the aluminium chloride
colorimetric method [37]. Data were reported as μg of quercetin equivalents per gram of dried plant
material (μg QE/g DMW), using a quercetin calibration curve (0–50 mg/L).

2.3. High-Performance Liquid Chromatography-Diode Array Detector (HPLC-DAD) and Gas
Chromatography-Mass Spectrometry (GC-MS) Analyses

HCOE was characterized by an HPLC system (Shimadzu, Kyoto 604-8511, Japan) associated with
an SPD-M20A diode array detector (DAD, Shimadzu, Kyoto 604-8511, Japan) and a Phenomenex Luna
C18(2) (3 μm × 4.6 mm × 150 mm) column. A flow of 0.95 mL/min was applied, using formic acid
1% (buffer A) and methanol (buffer B). The following elution gradient was adopted: t0 min (A 85%,
B 15%); t20 min (A 65%, B 35%); t55 min (A 10%, B 90%); t68 min (A 85%, B 15%); t70 min (A 85%, B 15%).
UV–visible absorption spectra at 280 and 340 nm were monitored. Plant metabolites were identified
and quantified comparing their retention time, absorbance spectrum, and chromatographic peak area
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with those of relative pure standards (Sigma-Aldrich) at different concentrations. The amount of each
detected molecule was reported as μg per 100 mg of dried plant material (μg/100 mg DMW).

GC-MS analysis was performed exactly as described in Nanni et al. [29]. In particular, to perform
this investigation, HCOE was solubilized in 100% methanol at the final concentration of 200 mg/mL
and then injected in the instrument.

2.4. Cell Cultures and Plant Treatments

Murine melanoma cells (B16–F10), human melanoma cells (A375), and murine myoblasts (C2C12)
were cultured under standard conditions [38,39] in Dulbecco’s Modified Eagle’s Medium (DMEM).
For cell experiments, HCOE was solubilized in sterilized PBS 1X, at the concentration of 1200 mg
of dried plant material equivalent per mL, and added directly to the cell medium at specific doses.
In particular, treatments were performed by exposing cells, for 4, 24 or 48 h, at 2, 4, 6, 8, or 10 mgs of
dried plant material equivalent per mL of culture medium. Control cells (CNT) were treated only with
PBS, at the highest volume of treatment, to check the influence of this non-toxic solvent on cells.

2.5. Cell Proliferation, Selectivity Index, and Cell Cycle Analysis

Cell viability was evaluated by the MTT kit (Sigma-Aldrich Merck, Darmstadt, Germany),
as reported in the relative guidelines. Results were reported as percentage variation compared to the
control (CNT), which was considered as a unit (100%). Plant extract cytotoxicity was measured using
the Trypan Blue (1%, w/v) exclusion test and counting dead cells by a Neubauer-modified chamber.
The selectivity index (SI) of HCOE on tumor and non-tumor cells was measured according to the
following formula: SI = IC50 non-tumor cell line/IC50 cancer cell line (considering that IC50 represented
the concentration at which 50% of cell proliferation was inhibited). Cell cycle analysis was performed by
a FACSCalibur instrument (Beckton and Dickinson, Le Pont-de-Claix, France) associated to CellQuest
software, counting 10,000 events per sample and using the protocol documented in Gismondi et al. [40].
Cytofluorimetric data were shown as a percentage of cells in G0/G1, S, G2/M, and sub-G1 phase.
Other treatments were performed by necrostatin-1 (NEC-1; 20 μM, 48 h), Z-VAD-FMK (Z-VAD; 20 μM,
48 h), and Paclitaxel (TAX; 20 nM, 8 h) (Sigma-Aldrich).

2.6. Mutagen and Mutagen-Protective Activity

An Ames test was carried out on Salmonella typhimurium strains (TA97a, TA98, TA100 and TA1535)
in order to evaluate the mutagen and mutagen-protective activity of HCOE. The assays were carried out
as widely reported by Rossi et al. [41,42]. In detail, the mutagenic activity was determined by counting
Salmonella colonies (Colony Counter 560; Suntex Instruments Company Ltd., New Taipei City, Taiwan)
in plates treated with different concentrations of oregano extract in the presence and absence of S9 mix
metabolic activation. The results were considered positive (potential mutagen) if the amount of revertant
colonies was, at least, double that of the negative control. To determine the potential mutagen protection
capacity of HCOE (concentration range: 0.01–0.1 mg/plate), bacteria were exposed to mutagenic agents,
with or without S9 mix, and exposed or not to different concentrations of HCOE. Used mutagens
were 2-nitrofluorene (2 μg/plate; Sigma-Aldrich) for TA97a, TA98, and TA1535; NaN3 (2 μg/plate;
Sigma-Aldrich) for TA100 without S9; and 2-aminoanthracene (2 μg/plate; Sigma-Aldrich) for all
Salmonella strains cultured with S9 mix. Data were expressed as CFU/plate. The inhibition rate (IR)
of HCOE for mutagenic induction was measured according to the formula: IR (%) = (A−B) × 100/A
(where A and B represent the number of revertants in positive controls or in plates with HCOE,
without spontaneous colonies, respectively). Negative controls, represented by dimethylsulfoxide
(DMSO) treated strains, were performed to evaluate the background of spontaneous revertants.

2.7. Protein Analysis

Cells were lysed in High Salt Buffer (2 mM CaCl2, 350 mM KCl, 50 mM Tris HCl pH 7.4,
1 mM MgCl2) containing 1% protease inhibitor cocktail and 1% NP40. Proteins whose concentration
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was measured by the Bradford method [43] were separated by SDS-PAGE and transferred onto
nitrocellulose membrane. Protein signals were detected by a chemiluminescent kit (Luminol Reagent;
Santa Cruz Biotechnology, Dallas, TX, USA) and a VersaDoc Imaging System associated with
Quantity One software (Bio-Rad). After normalization with GAPDH, the results were indicated
as percentage change compared to the CNT, which was considered as a unit (100%). The antibodies
(Santa Cruz Biotechnology) used for Western blotting analyses were as follows: mouse monoclonal
GAPDH; mouse monoclonal microphthalmia-associated transcription factor (Mitf); mouse monoclonal
p53; mouse monoclonal Parp-1; mouse monoclonal caspase-3 (Casp-3); rabbit polyclonal Bcl-2;
rabbit polyclonal Bax; mouse monoclonal control outer mitochondrial membrane protein TOMM20;
mouse monoclonal cytochrome c (Cycs); peroxidase-conjugated rabbit, and mouse secondary antibodies.
Staurosporine (STS; 2 μM, 4 h) was used as an inducer for apoptosis (Sigma-Aldrich).

2.8. Real-Time-PCR (RT-PCR) Assay

Total RNA was extracted by a Pure Link RNA Mini Kit (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA). RNA concentration and purity were evaluated with a Nanodrop ND1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). For cDNA synthesis, 2.5 μg
of RNA were incubated for 2 min at 65 ◦C with 0.4 mM of each dNTP (Euroclone, Milan, Italy).
Then, 40 units of RNA inhibitor (Promega, Madison, WI, USA), 0.5 μg random hexamer primers
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), 200 units of Moloney murine leukemia
virus reverse transcriptase (Promega), 1× enzyme buffer, and 10 mM dithiothreitol were added to reach
the final volume of 25 μL. The mix was incubated for 90 min at 37 ◦C. RT-PCR reactions were carried out
in 20 μL of volume composed of 10 ng of cDNA, 5 μM of each primer, and 50% SYBR green (Kapa SYBR
Fast qPCR kit; Kapa Biosystems, Roche, Wilmington, MA, USA, Country). cDNA amplification was
carried out in an IQ5 thermocycler (Bio-Rad) with the following method: (i) initial denaturation at
95 ◦C, 4 min; (ii) 45 cycles of denaturation at 95 ◦C for 20 s (sec), primer annealing at 60 ◦C (for all genes)
for 30 s, and extension at 72 ◦C for 30 s; and (iii) production of disassociation curve, from 50 to 90 ◦C
(rate: 0.5 ◦C every 5 s), for the verification of the results. The 2−ΔΔCt formula was used to measure mRNA
concentration for each gene: in detail, the threshold cycle (Ct) of the target gene monitored in the treated
sample was normalized for the internal reference gene (β-actin, ACTB; ΔCt) and for the respective
value of the control sample (ΔΔCt), which was considered as a unit (100%). Supplementary Materials
Table S1 reports the list of primers used in this work: microphthalmia-associated transcription factor
(MITF), tyrosinase-related protein 1 (TYRP1), tyrosinase (TYR), P21, P27, P53, cyclin-dependent kinase
1 (CDK1), cyclin B1 (CCNB1), and β-actin (ACTB) [44–48].

2.9. Reactive Species Level and Mitochondrial Mass and Membrane Potential Measurement

Intracellular reactive oxygen (ROS) and nitrogen (RNS) species, mitochondrial mass,
and mitochondrial transmembrane potential were measured by 2′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA; green signal; 10 μM, 15 min), 4-amino-5-methylamino-2′,7′-difluorofluorescein
diacetate (DAF-FM DA; green signal; 2.5 μM, 30 min), MitoTracker Green (MTG; green signal;
250 nM, 30 min), and MitoTracker Red CMX ROS (MTR; red signal; 250 nM, 30 min) fluorescent
assays (Sigma-Aldrich), respectively. The analyses were performed using the protocol described in
Gismondi et al. [49] (FACSCalibur instrument; filters: FL-1+ for green; FL-2+ for red) and counting
10,000 cytofluorimentric events per sample. Negative controls were carried out treating cells with PBS
1X, whereas positive controls were produced incubating cells with hydrogen peroxide (H2O2; 5 mM;
for DCFH-DA test), S-nitrosoglutathione (GSNO; 0.5 mM: for DAF-FM DA test), and carbonyl cyanide
m-chlorophenyl hydrazone (CCCP; 10 μM; for mitochondrial tests) for 4 h before the exposure to the
appropriate probe. All results were reported as a percentage variation of cell fluorescence compared to
the CNT sample, which was considered as a unit (100%). Changes in the mitochondrial membrane
potential were reported as MTR/MTG ratio, as suggested by Pendergrass et al. [50].

42



Foods 2020, 9, 1486

2.10. Immunofluorescence Microscopy

For γH2AX and 53BP1 foci detection, cells (grown on slides) were fixed in 4% paraformaldehyde
for 15 min, permeabilized with 0.4% Triton X-100 in PBS for 10 min, blocked in PBS blocking solution
(10% FBS, 0.1% Triton X-100) for 3 h, and incubated for 2 h with primary antibodies (mouse monoclonal
γH2AX Ser-139; rabbit polyclonal 53BP1; Merck Millipore). Then, samples were exposed for 1 h
to the respective secondary antibodies (goat anti-mouse IgG labeled with Alexa Fluor 488 and goat
anti-rabbit IgG labeled with Alexa Fluor 594; Invitrogen, Eugene, OR, USA). Nuclei were stained with
0.1 mg/mL of DAPI for 1 min. Images were acquired by a Leica DMR microscope (Leica Microsystems,
Wetzlar, Germany) equipped with a Leica DFC 350 FX digital camera, EBQ 100 isolated fluorescent
lamp (Leistungselektronik Jena GmbH, Jena, Germany), UV/FITC/TRITC filters, and 40X and 100X
objectives. All images were elaborated by Leica Qwin Pro image analysis software and captured at the
same instrument settings and exposure times in order to ensure a correct comparison. For foci counting,
500 cells for each experimental condition were analyzed by ImageJ. Control treatments were performed
by etoposide (ETO; 500 nM, 8 h) and triethylenetetramine (TETA; 50 μM, 48 h) (Sigma-Aldrich).

2.11. Statistical Analysis

Results were reported as mean value ± standard deviation (SD) of measurements obtained by
independent experiments (n ≥ 3). Statistical significance was evaluated by one-way ANOVA test
(Microsoft Excel software) vs. the respective control; a p-value < 0.05 was considered significant
(* < 0.05; ** < 0.01; *** < 0.001).

3. Results

3.1. Chemical Characterization of the O. vulgare L. Phytocomplex

For a preliminary typization of the plant sample, the concentration of simple phenols and
flavonoids in the O. vulgare L. extract was measured by spectrophotometric analyses. The amount
of total phenols in HCOE was equal to 107.50 ± 10.81 μg GAE/g DMW, while flavonoids were
230.79 ± 13.97 μg QE/g DMW. Then, in order to identify the main plant metabolites underlying
the bioactivity of the oregano extract, two different chromatographic approaches were applied to
characterize the biochemical profile of this natural matrix. As reported in Table 1, 13 compounds were
identified and quantified in HCOE by the HPLC-DAD technique (Supplementary Materials Figure S1).

Table 1. High-performance liquid chromatography-diode array detector (HPLC-DAD) profiles of
oregano extract. Plant molecules and their concentration, detected in hydroalcoholic oregano extract
(HCOE) by HPLC-DAD analysis, are reported. Results were indicated as μg of metabolite per 100 mg
of dried material (μg/100 mg DMW) and represent the mean ± SD of six independent experiments.

Compound μg/100 mg DMW ± SD

Chrysin 8.47 ± 0.06

Rutin 2.15 ± 0.05

Myricetin 0.03 ± 0.01

Caffeic acid 0.35 ± 0.02

1,1-Dimethylallyl caffeate 1.28 ± 0.03

Caffeic acid phenethyl ester 0.76 ± 0.03

Gallic acid 0.18 ± 0.01

Kaempferol 0.04 ± 0.01

p-Coumaric acid 0.30 ± 0.01

Genistein 1.02 ± 0.02

Quercetin-3-o-arabinoside 2.37 ± 0.04

Chlorogenic acid 1.03 ± 0.04

Apigenin 0.26 ± 0.01
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The most abundant molecule was chrysin (8.47 ± 0.06 μg/100 mg DMW), followed by
quercetin-3-o-arabinoside (2.37 ± 0.04 μg/100 mg DMW) and rutin (2.15 ± 0.05 μg/100 mg DMW).
Moreover, the phytocomplex extracted by O. vulgare L. samples was characterized by GC-MS analysis;
in total, 45 secondary metabolites were detected and subjected to relative quantitation (Table 2).

Table 2. GC-MS profile of oregano extract. Plant metabolites and their relative abundance, detected
in HCOE by GC-MS analysis, are reported. The relative abundance of each molecule was indicated
as a percentage value with respect to the total mixture (100%). Values represented the mean of three
independent experiments. The SD for each measurement was always <5% of the respective molecule
peak area.

GC-MS Detected Compound %

m-Cymol 0.57

p-Mentha-1,3,8-triene 0.31

p-Cymene-2,5-dione 0.87

Thymol 16.64

Carvacrol 34.82

Caryophyllene oxide 0.90

t-Butylhydroquinone 1.86

Isopropyl laurate 0.94

Palmitic acid 2.50

Ethyl palmitate 1.33

Phytol 0.84

Retinoic acid 0.73

Methyl linolenate 7.96

Ethyl linolenate 7.35

3,3-Dimethylbutanoic acid 0.03

p-Mentha-1,4-diene 0.13

alpha-Aminoisobutanoic acid 0.03

p-Mentha-6,8-dien-2-ol 0.94

Myrtenyl acetate 0.54

2,6-Dimethyl-1,3,5,7-octatetraene 0.29

3,5-Dihydroxy-6-methyl-2,3-dihydro-4H-pyran-4-one 0.33

Thujone 0.52

Octyl acetate 0.19

2,3-Dimethyl-2-pentanol 0.11

Dimethyl malonate 0.04

Ehtyl acetimidate 0.09

Dimethylhexynediol 0.20

Linalool oxide 0.89

trans-2-Hexenyl caproate 0.29

2-Ethyl-3-hydroxyhexyl 2-methylpropanoate 0.09

1-Tetradecanol 0.10

Hydroxydehydrostevic acid 0.11
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Table 2. Cont.

GC-MS Detected Compound %

2,2,4-Trimethyl-1,3-pentanediol diisobutyrate 1.22

Caprylic ether 0.07

alpha-Methylglucoside 7.95

Hexadecane 0.92

Retinyl acetate 0.84

Stearic acid 0.99

Butyl citrate 3.58

Jasmone 0.44

Oleic Acid 0.33

Oleic acid amide 0.72

3-Hexadecanol 0.40

The most abundant molecules were carvacrol (34.82%), thymol (16.61%), and linolenic acid methyl
ester (7.96%).

3.2. O. vulgare L. Extract Reduces B16-F10 Cell Growth Not Affecting C2C12 Cell Viability

The biological effect of O. vulgare L. hydroalcoholic extract on the proliferation of B16-F10 cells, a
murine melanoma line characterized by high aggressiveness and drug resistance, was investigated,
by MTT assay, after exposure for 24 and 48 h with different concentrations of plant phytocomplex
(0.1–10 mg/mL). Simultaneously, to check the safety of HCOE on non-tumor cells, C2C12 myoblasts
were exposed to similar treatments. HCOE did not affect C2C12 cell growth after 24 h of incubation
(Figure 1A), whereas a slight decrease of myoblast viability was observed after 48 h of treatment,
reaching 27% at the highest concentration of extract (Figure 1B). By contrast, the oregano sample
significantly decreased B16–F10 proliferation: in particular, after 24 and 48 h of incubation, 10 mg/mL
of HCOE caused a reduction of melanoma cell viability of 73.42% (Figure 1C) and 84.11% (Figure 1D),
respectively. According to these results, IC50 values for C2C12 cells treated with HCOE, for 24 and
48 h, were estimated to be 55.44 and 14.28 mg/mL, respectively. For B16-F10, these values were 7.23
and 4.72 mg/mL, in that order. Consequently, for HCOE, the selectivity index was 7.66 after 24 h of
treatment and 3.03 at 48 h.

The cytotoxicity of the oregano extract was evaluated by the Trypan Blue exclusion test. C2C12
and B16-F10 proliferation curves were generated, counting living cells after treatment with HCOE
(2–10 mg/mL) or PBS (CNT) for 24 and 48 h. Simultaneously, dead cells were also counted in each
sample. As expected, C2C12 cell growth was slightly affected by HCOE (Figure 1E). The strongest
cytotoxic effect (21.25%) was observed after 48 h of incubation with the highest dose of HCOE.
However, in all cases, the percentage of dead cells was always lower than 22% (Table 3). For B16-F10,
cell proliferation significantly decreased in a dose-dependent manner (Figure 1F), and a remarkable
percentage of dead cells was achieved at 10 mg/mL of HCOE (42% and 44.75% after 24 and 48 h of
incubation, respectively) (Table 3).

To confirm the previous data, the B16–F10 cell cycle was analyzed after exposure to HCOE for 48 h.
As shown in Figure 1G, low doses of plant extract induced a cell accumulation in the G1/G0 phase,
whereas 10 mg/mL of HCOE determined an accumulation of cells in the G2/M phase equal to 45.24%.
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Figure 1. C2C12 and B16-F10 cell growth. C2C12 (A,B) and B16-F10 (C,D) cell growth was measured
after 24 h (A,C) and 48 h (B,D) of treatments with Phosphate Buffered Saline (PBS), as control, and
different concentrations of O. vulgare plant extract (HCOE). Results expressed as percentage with
respect to PBS represent the mean ± SD of four independent experiments (* p < 0.01; *** p < 0.001
vs. control). Proliferation curves of C2C12 (E) and B16-F10 (F) cells were generated counting, by a
Neubauer modified chamber, the amount of alive cells after staining with Trypan Blue at 0, 24, and 48 h
of treatments with HCOE. Results are indicated as the mean ± SD of four independent experiments.
(* p < 0.05 vs. control) (G) Cell cycle analysis of B16-F10 after treatment, for 48 h, with 2, 4, 6, 8, and 10
mg/mL HCOE is shown. For each sample, the percentage amount of cells in every cycle phase (G0/G1,
S, and G2/M) was measured by cytofluorimetric analysis. Results are indicated as mean ± SD of four
independent experiments (* p < 0.05; ** p < 0.01; *** p < 0.001 vs. control).
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Table 3. Cytotoxicity analysis. The percentages of C2C12, B16-F10, and A375 dead cells identified by
the Trypan Blue test after 24 and 48 h of HCOE treatment are reported. Data are reported as mean ± SD
of four independent replicates. (* p < 0.05 vs. control).

Cell Line Treatment
Time

24 h 48 h

C2C12

CNT (PBS) 6.07 ± 0.80 4.61 ± 0.11

HCOE

(2 mg/mL) 13.33 ± 0.41 11.67 ± 2.60

(4 mg/mL) 13.16 ± 0.32 11.33 ± 3.43

(6 mg/mL) 18.86 ± 0.28 16.35 ± 0.80

(8 mg/mL) 20.25 ± 0.51 * 19.78 ± 1.57 *

(10 mg/mL) 20.67 ± 0.17 * 21.25 ± 2.36 *

B16-F10

CNT (PBS) 1.86 ± 0.13 5.31 ± 0.26

HCOE

(2 mg/mL) 14.90 ± 1.16 14.84 ± 1.17

(4 mg/mL) 12.98 ± 2.38 26.62 ± 0.95 *

(6 mg/mL) 24.36 ± 0.84 * 33.29 ± 1.49 *

(8 mg/mL) 37.30 ± 2.90 * 39.45 ± 3.44 *

(10 mg/mL) 42.00 ± 3.73 * 44.75 ± 1.86 *

A375

CNT (PBS) 5.38 ± 1.09 5.00 ± 1.71

HCOE

(2 mg/mL) 17.78 ± 1.38 13.10 ± 1.92

(4 mg/mL) 16.82 ± 0.75 25.38 ± 2.96 *

(6 mg/mL) 29.44 ± 1.17 * 34.71 ± 1.86 *

(8 mg/mL) 31.21 ± 3.81 * 48.26 ± 0.77 *

(10 mg/mL) 47.14 ± 1.73 * 55.13 ± 1.47 *

3.3. Oregano Treatment Shows Antiproliferative Activity Also on A375 Human Melanoma Cells

The antiproliferative properties of the oregano extract on B16–F10 murine melanoma cells
encouraged us to continue our research, testing if the same plant preparation could also exhibit similar
effects on the A375 human melanoma line. The data obtained by the MTT assay are reported in
Figure 2A,B. In detail, HCOE treatments at selected doses (2, 4, 6, 8, 10 mg/mL) decreased A375 cell
viability, respectively, by 20.73%, 26.42%, 39.02%, 38.21%, 58.40%, and 3.86% after 24 h of incubation,
and by 4.84%, 17.95%, 39.43%, 54.77%, and 80.40% after 48 h compared to the corresponding controls.
In addition, in this case, the selectivity index was estimated. IC50 values for A375 cells treated with
HCOE, for 24 and 48 h, were 9.14 and 7.08 mg/mL, respectively. Consequently, the SI with respect to
C2C12 cells was 6.07 after 24 h of treatment and 2.02 at 48 h.

The Trypan Blue exclusion test confirmed these results, evidencing reduced proliferation curves
(Figure 2C) and significant cytotoxicity levels on human melanoma cells, especially after exposure
to 10 mg/mL HCOE (47.14% and 55.13% of dead cells after 24 and 48 h of incubation, respectively)
(Table 3).

Taking into account the great antiproliferative activity exerted by HCOE, the A375 cell cycle
was analyzed after treatment with 10 mg/mL of oregano extract for 48 h. As reported in Figure 2D,
a significant increase of cells in the G2/M phase (19.55%) was detected with respect to the control (CNT).
In this context, the (TAX), a well-known plant drug able to induce G2/M phase arrest [51,52], was also
used as positive control.

This evidence was consistent with the RT-PCR experiments performed to measure cyclin-dependent
kinase 1 (CDK1), cyclin B1 (CCNB1), and P21 and P27 mRNA levels (Figure 2E). Indeed, the expression
of CCNB1 and CDK1 genes, which are key factors in the transition from the G2 to the M phase [53],
appeared reduced after 48 h of incubation with oregano extract. At the same time, P21 and
P27 transcripts, which are CDK1/Cyclin B1 inhibitors [54–56], increased in the presence of HCOE.
Similar results were obtained after exposure to TAX, although the P21 mRNA level remained unaltered
compared to the control, as documented by the literature [57].
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Figure 2. A375 cell growth and cycle. A375 cell viability was measured after 24 h (A) and 48 h (B) of
treatment with 2, 4, 6, 8, and 10 mg/mL HCOE. Results, expressed as percentage with respect to the PBS
control (CNT; considered as unit, 100%), represent the mean ± SD of four independent experiments
(* p < 0.05; ** p < 0.01; *** p < 0.001 vs. control). (C) Proliferation curves of A375 cells were generated by
counting, with a Neubauer modified chamber, the amount of alive cells after staining with Trypan Blue
at 0, 24 and 48 h of treatment with HCOE. Results were indicated as mean ± SD of three independent
experiments (* p < 0.05 vs. control). (D) A375 cell cycle analysis after 48 h of treatment with paclitaxel
(TAX) or 10 mg/mL HCOE is shown. For each sample, the percentage amount of cells in every cycle
phase (G0/G1, S and G2/M) was measured by cytofluorimetric analysis. Results are expressed as mean
± SD of three independent experiments (** p < 0.01; *** p < 0.001 vs. control). (E) P21, P27, CCNB1,
and CDK1 mRNA levels, measured by RT-PCR, in A375 cells treated for 48 h with TAX or 10 mg/mL
HCOE are reported. Gene expression, calculated as mRNA amount after normalization for ACTB
mRNA (2-ΔΔCt), is reported as percentage with respect to the PBS control (CNT; considered as unit,
100%). Data represent the mean ± SD of three independent measurements (* p < 0.05; ** p < 0.01
vs. control).

3.4. Oregano Extract Has Neither Mutagenic Nor Mutagen-Protective Effects

Before investigating, in depth, the antitumor effect exerted by HCOE on A375 cells, the potential
mutagenic and mutagen-protective activities of the oregano extract were analyzed in order to confirm
HCOE safety on non-tumor living model systems. For the assessment of both properties, an Ames
test was carried out with Salmonella typhimurium strains TA97a, TA98, TA100, and TA1535 in the
presence or absence of the metabolic activator S9 mix. As indicated in Supplementary Materials
Table S2, HCOE did not show any toxicological evidence. Indeed, at all tested doses, the t/c values,
namely the ratio between the number of colonies of Salmonella strains grown in the presence of oregano
extract (t) and those on the control medium (c), were never higher or equal to 2 and never presented a
dose–response trend [58].

As concerns the evaluation of the mutagen-protection effect mediated by HCOE, a properly
modified Ames test [40] was carried out. The plant extract did not exhibit any protective activity
against well-known mutagen compounds, as indicated by the inhibition rate (IR) percentages reported
in Supplementary Materials Table S3. Indeed, despite the presence of IR-positive values, the HCOE
dose–response effect was not observed with significant values.

3.5. Oregano Phytocomplex Impairs MITF Pathway and Accumulates Reactive Species in A375 Cells

The molecular mechanism underlying oregano antineoplastic activity was clarified by using A375
cells as a model system. In particular, according to previous data, 10 mg/mL of HCOE (thenceforth
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HCOE10) was selected as a treatment dose, showing strong antiproliferative results on tumor cells and
minimal effects on non-tumor ones.

The expression of the main genes involved in the MITF pathway, which is a cell signal that plays a
crucial role in melanoma progression [59], was analyzed by RT-PCR (Figure 3A). In A375 cells, HCOE10
treatment, for 48 h, drastically decreased MITF, TYR, and TYRP1 mRNA levels of 16.27%, 27.93%,
and 27.74%, respectively, compared to the control. This result was also corroborated by Western
blotting analysis of Mitf protein content (Figure 3B); densitometric quantitation evidenced that oregano
extract determined a reduction of 38.3% of Mitf protein, with respect to the control (Figure 3C).

Figure 3. Analysis of mouse monoclonal microphthalmia-associated transcription factor (MITF)
signaling and cell redox state. (A) MITF, tyrosinase (TYR), and tyrosinase-related protein 1 (TYRP1)
mRNA levels, measured by RT-PCR, in A375 cells treated for 48 h with 10 mg/mL HCOE are reported.
Gene expression calculated as mRNA amount after normalization for β-actin (ACTB) mRNA (2-ΔΔCt)
is reported as percentage with respect to the PBS control (considered as unit, 100%). Data represent the
mean ± SD of four independent measurements (** p < 0.01 vs. control). (B) Representative Western
blotting membrane of Mitf and Gapdh protein levels is shown. (C) Quantitation of MITF protein in
A375 cells treated for 48 h with HCOE 10 mg/mL is reported. The results obtained by the ratio between
Mitf and Gapdh (used as internal loading control) are indicated as percentage values with respect to
PBS control (considered as unit, 100%). Data indicate the mean ± SD of three independent experiments
(* p < 0.05 vs. control). (D) Intracellular reactive oxygen (ROS) and nitrogen (RNS) species levels were
quantified in A375 cells, treated with 10 mg/mL of HCOE for 4, 24, and 48 h, by DCFH-DA and DAF-FM
DA fluorescent assays, respectively. Radical species concentration is reported as percentage compared
to PBS control (CNT). Hydrogen peroxide (H2O2) and S-Nitrosoglutathione (GSNO) treatments were
performed as positive controls for ROS and RNS analysis, respectively. Results are expressed as mean
± SD of three independent measurements (* p < 0.05; ** p < 0.01; *** p < 0.001 vs. control).

As the inhibition of the MITF pathway has been associated to reactive species burst [29],
the influence of the plant extract (that is HCOE10 treatment for 4, 24 and 48 h) on ROS and RNS
levels was monitored in A375 by DCFH-DA and DAF-FM DA assays, respectively (Figure 4D).
Oregano treatment for 4 h did not influence cell redox state, whereas a prolonged exposure caused a
significant increase of reactive species: after 24 and 48 h, respectively, +92.82% and +32.51% for ROS
and +37.42% and +22.98% for RNS, compared to control cells. Positive controls, using inducers of ROS
(i.e., H2O2) and RNS (i.e., GSNO), were carried.
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Figure 4. Cell death analysis and mitochondrial damage evaluation. A375 cell proliferation was
analyzed after treatment, for 48 h, with 10 mg/mL HCOE, 10 mg/mL HCOE + 20 μM necrostatin-1
(HCOE10 + NEC-1), or 10 mg/mL HCOE + 20 μM Z-VAD-FMK (HCOE10+Z-VAD). (A) Cell death
percentage was evaluated by flow cytometric assay, counting sub-G1 events. Results are expressed
as mean ± SD of three independent experiments (* p < 0.05; ** p < 0.01 vs. control). (B) Alive cells
were counted by the Trypan Blue exclusion test at 48 h of treatment with HCOE10, HCOE10+NEC-1,
and HCOE10+Z-VAD. Results expressed as percentage with respect to the PBS control (CNT; considered
as unit, 100%) are expressed as the mean ± SD of three independent experiments (* p < 0.05; ** p < 0.01;
*** p < 0.001 vs. control). (C) A375 cell viability was measured by MTT assay after 48 h of treatment
with HCOE10, HCOE10+NEC-1, and HCOE10+Z-VAD. Results, expressed as percentage with respect
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to the PBS control (CNT; considered as unit, 100%), represent the mean ± SD of three independent
experiments (** p< 0.01 vs. control). Mitochondrial mass (D) and membrane potential (E) measurements,
after 4 h of treatment with carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (10 μM) (used as
positive control) or 48 h of incubation with 10 mg/mL HCOE, were carried out by using MitoTracker
Green (MTG) and MitoTracker Red CMX ROS (MTR), respectively. Results are expressed as percentage
variation of fluorescence with respect to PBS control (CNT; considered as unit, 100%) (* p < 0.05;
** p < 0.01 vs. control). (F) Changes in mitochondrial membrane potential are expressed as MTG/MTR
ratio (* p < 0.05 vs. control).

3.6. Apoptosis/Necroptosis via Mitochondrial Pathway Is Induced in A375 Cells by HCOE

The decrease of melanoma cell growth, together with the evidence of high toxicity, cell cycle arrest,
and MITF pathway inhibition, suggested that HCOE could induce cell death. For this reason, A375 cell
viability was evaluated after co-treatments with oregano extract and Z-VAD-FMK (an anti-apoptotic
pan-caspase inhibitor; [60]) or necrostatin-1 (NEC-1) (an inhibitor of necrosis/necroptosis [61]).
Flow cytometry analysis (Figure 4A) showed that both co-treatments partially suppressed cell
death (−17.43% of cells in the sub-G1 phase for the HCOE10 + NEC-1 sample; −22.90% for the
HCOE10 + Z-VAD sample), with respect to the HCOE10-treated sample. Trypan Blue exclusion
test (Figure 4B) confirmed this result, evidencing an increase of alive cells of 9.31% and 24.82% after
exposure to HCOE10 +NEC-1 and HCOE10 + Z-VAD, respectively, compared to the treatment with
only HCOE10. On the contrary, by MTT assay (Figure 4C), only HCOE10 + Z-VAD treatment seemed
to rescue A375 cell viability compared to the HCOE10 sample.

Taking into account that mitochondrial damage is one of the main consequences of the oxidative
stress (previously documented by ROS and RNS monitoring) and that the MTT assay (reported above)
is an indicator of mitochondria activity [62,63], mitochondrial mass and membrane potential were
estimated, respectively, by MitoTracker Green (MTG) and MitoTracker Red CMX ROS (MTR)
cytofluorimetric assays in A375 exposed to HCOE10 for 48 h. CCCP, a well-known mitochondrial
uncoupler, was used as a positive control. As shown in Figure 4D–F, HCOE10 treatment slightly
affected mitochondrial mass, while it induced a strong depolarization. MitoTracker Red fluorescence
was also normalized with the MitoTracker Green signal (MTR/MTG); this ratio was reduced by 42.17%
after oregano treatment compared to the control.

Mitochondrial membrane permeability loss suggested mitochondrial damage and apoptosis
induction. To check this hypothesis, Western blotting analyses were carried out, monitoring specific
markers of these phenomena. In particular, the protein levels of Bax, Bcl-2, cytochrome c (Cycs),
and mitochondrial import receptor subunit TOMM20 were detected and quantified (Figure 5A–C).
After 48 h of exposure to HCOE10, an approximately 2-fold increase of Bax/Bcl-2 ratio was observed.
Moreover, as demonstrated in the case of staurosporin treatment (STS, used as positive control) [64],
the plant extract caused the increase of Cycs (+135.2%) compared to TOMM20. The lack of changes
in the TOMM20 level in oregano-treated cells confirmed the previous cytofluorimetric results for
mitochondria mass..

Finally, additional immunoblots (and relative densitometric quantitations) were performed to
study caspase-3 (Casp-3) and Parp-1 levels, as shown in Figure 5D–F. HCOE10 treatment, for 48 h,
significantly decreased pro Casp-3 and full-length Parp-1 levels with respect to the negative control
(CNT), inducing Parp-1 cleavage as also observed in the presence of STS. These effects were almost
completely rescued by treating melanoma cells with HCOE10 and Z-VAD simultaneously.
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Figure 5. Analysis of mitochondria, apoptosis, and DNA damage markers. (A) Representative Western
blotting membranes of Bcl-2, Bax, TOMM20, Cycs, and Gapdh protein levels evaluated in A375 cells
treated for 4 h with staurosporine (STS, 2 μM) (used as positive control) or for 48 h with 10 mg/mL
HCOE are shown. Quantitation of Bcl-2, Bax, TOMM20, and Cycs proteins was performed and the ratio
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between Bax/Bcl-2 (B) and Cycs/TOMM20 (C) are reported as percentage values, with respect to PBS
control (CNT; considered as unit, 100%). (D) Representative Western blotting membranes of full
length and cleaved form of Parp-1, pro caspase-3 (pro Casp-3), and Gapdh protein levels are shown.
Quantitation of pro Casp-3 and Parp-1 proteins in A375 cells treated for 4 h with STS or for 48 h
with 10 mg/mL HCOE and 10 mg/mL HCOE + 20 μM Z-VAD-FMK (HCOE10 + Z-VAD) are reported.
(E) Pro Casp-3 levels evaluated by the ratio between pro Casp-3 and Gapdh (used as internal loading
control) are expressed as percentage values with respect to PBS control (CNT; considered as unit, 100%).
(F) The cleaved Parp-1/full-length Parp-1 ratio is expressed as percentage values with respect to PBS
control (CNT; considered as unit, 100%). (G) P53 mRNA level were measured by RT-PCR in A375
cells treated for 48 h with 10 mg/mL of HCOE. Gene expression, calculated as transcript amount after
normalization for ACTB mRNA (2−ΔΔCt), is reported as percentage with respect to the PBS control
(CNT; considered as unit, 100%). (H) A representative Western blotting membrane of p53 and Gapdh
protein levels is shown. (I) Quantitation of p53 protein in A375 cells treated for 48 h with 10 mg/mL
HCOE is reported. Results obtained by the ratio between p53 and Gapdh (used as loading control)
signals are indicated as percentage values with respect to PBS control (CNT; considered as unit, 100%).
All data indicate the mean ± SD of three independent experiments (* p < 0.05; ** p < 0.01; *** p < 0.001
vs. negative control).

3.7. HCOE Triggers DNA Breakages Mediated by Metal Ions

Since the pro-oxidant activity of several plant metabolites has been associated to DNA damage [65],
the P53 gene expression level was monitored both in terms of transcript and protein amount, in A375
cells after exposure to HCOE10, for 48 h. As shown in Figure 5G–I, oregano treatment increased p53
mRNA (+102.1%) and protein (+95.95%) concentration, compared to the control.

To confirm the induction of DNA breakages by oregano extract, γH2AX and 53BP1 foci,
two well-known markers of DNA damage [66,67], were detected by immunofluorescence (IF) analysis
on A375 cells treated with HCOE10 for 48 h. In detail, an average of 14.86 ± 1.50 γH2AX foci
and 14.10 ± 1.05 53BP1 foci per cell were measured with respect to 2.60 ± 1.56 γH2AX foci and
3.27 ± 1.14 53BP1 foci per cell found in the control sample (Figure 6A). Representative IF images per
each sample were reported in Figure 6B; here, the treatment with etoposide (ETO), an inhibitor of
topoisomerase II enzyme, represented the positive control. IF analysis showed that the major part
(82% of cases) of γH2AX and 53BP1 foci co-localized (Figure 6B, panel l). In addition, considering that
polyphenols, such as flavonoids, catalyze DNA breakages in the presence of metal ions (e.g., copper) [68],
we evaluated the ability of oregano extract to trigger DNA damage in the presence of a copper chelator
(TETA). The co-treatment HCOE10 + TETA determined a significant reduction of the level of DNA
breakages (9.91 ± 2.91 γH2AX foci and 5.71 ± 1.87 53BP1 foci per cell) with respect to the pure treatment
with HCOE10 (Figure 6A,B, panels q–t).
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Figure 6. Immunofluorescence analysis. (A) The amount of γH2AX and 53BP1 foci detected in A375
cells treated with PBS (CNT), etoposide (ETO), 10 mg/mL HCOE (HCOE10), triethylenetetramine
(TETA) or HCOE10+TETA were counted. Results are expressed as mean of foci per cell ± SD of
three independent experiments (* p < 0.05; ** p < 0.01; *** p < 0.001 vs. control). (B) Representative
immunofluorescence images of A375 cells treated with PBS (CNT) (a–d), etoposide (ETO) (e–h),
10 mg/mL HCOE (HCOE10) (i–l), triethylenetetramine (TETA) (m–p), or HCOE10+TETA (q–t) are
shown. γH2AX foci are in green, 53BP1 foci are in red, while nuclei were stained in blue with DAPI.
Merged images are also reported. The white bars indicate 15 μm.

4. Discussion

Among tumors, skin cancer is the most common neoplasia worldwide. In particular, the more
aggressive and deadliest form of this pathology is represented by melanoma [69]. Melanoma is a
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multi-factorial disease, depending on both environmental and endogenous factors. Indeed, about 90%
of melanomas are caused by ultraviolet light exposure [70], while the remaining 10% has been associated
to genetic defects [71]. Currently, such type of skin cancer is treated by surgical removal, which leads to
a high survival rate except in the presence of metastases. In the latter case, a chemotherapeutic approach
based on several drugs, such as Dacarbazine (an alkylating agent), Vemurafenib (BRAF kinase inhibitor),
Ipilimumab (monoclonal antibody targeting for cytotoxic T-lymphocyte antigen-4), Pemrolizumab
(monoclonal IgG4 antibody), and Nivolumab (monoclonal antibody targeting for Programmed Death-1
protein) [72], is the most efficient strategy to treat melanoma. However, the aggressiveness and the
high rate of multi-drug resistance of this pathology highlight the need of new antineoplastic molecules.

Phytochemicals, namely secondary metabolites, produced by plants to protect themselves from
environmental stresses and promote their reproduction [73], have been widely documented to
exert a great variety of non-negligible bioactivities even on mammalian systems. Indeed, it has
been documented that several plant compounds promote apoptosis and inhibit metastasis and
angiogenesis [74–77]. For this reason, they have been taken under consideration thanks to their relevant
medical and pharmaceutical properties. In this scenario, plant phytocomplexes can represent potential
antiproliferative and anti-invasive cocktails for drug-resistant melanomas.

Based on the previous evidence, in the current research, the biological effect of a hydroalcoholic
extract from plants of Origanum vulgare L. ssp. hirtum (HCOE) was investigated on highly metastatic
and drug-resistant murine (B16-F10) and human (A375) melanoma cells. Indeed, although a potential
antineoplastic effect has been associated to oregano extracts [30–35], the capacity of this herb to
contrast the growth of the above-mentioned melanoma lines has never been elucidated in detail.
Moreover, as one of the main goals of the cancer research is the discovery of new drugs with limited or
without adverse side effects for healthy tissues, oregano extract was also tested on C2C12 myoblasts,
which is a non-tumor cell model.

Since plant extract bioactivity cannot be attributed only to its more representative compounds,
rather than to the synergic effect of plant molecules present both in high concentration and in
trace [78–80], first of all, we investigated the biochemical profile of the oregano extract used in this
study by chromatographic approaches (HPLC-DAD and GC-MS). A total of 58 metabolites were
detected and recognized. Moreover, the amount of total phenols and flavonoids in HCOE was also
measured, together with its in vitro antiradical power, to better characterize the plant extract.

The GC-MS chemoprofile obtained in the current research totally was in line with those documented
in the literature. In this regard, O. vulgare ssp. hirtum essential oil can be classified in four chemotypes,
according to its main constituents, especially thymol and carvacrol, and relative ratios. For instance,
O. vulgare ssp. hirtum essential oil extracted from plants grown in Southern Italy and Northern
Greece would seem rich in thymol, while that obtained from plant material propagated in Southern
Greece was abundant in carvacrol [81–83]. Although purified from plants grown on Mount Athos
(Northern Greece), our oregano extract showed a chemoprofile more similar to those of Southern
Greece. To explain this phenomenon, it is important to keep in mind that several independent variables,
such as plant growth stage and environment conditions, may strongly influence the phytocomplex.
On the other hand, the oregano sample here studied revealed a content of phenolics double compared
to that reported in the literature [84,85].

As concerns oregano biological activity, the plant phytocomplex determined a great reduction of
B16-F10 cell growth, especially after 48 h of exposure with the highest doses (6, 8, 10 mg/mL), while it
minimally influenced the myoblast division rate. B16-F10 and C2C12 proliferation curves confirmed
the previous MTT outcomes. Moreover, HCOE induced a significant time- and dose-dependent toxicity
on murine melanoma cells, whereas a low percentage of Trypan blue positive cells was detected in the
case of C2C12. To validate these results, IC50 values and selectivity indexes (SI) for the plant treatments
on both cell lines were calculated. According to the literature, a reliable SI value must be equal to or
greater than 2 [86], and HCOE satisfied this requirement. Cell cycle analysis of B16-F10 demonstrated
that oregano extract caused an increase of cells in G2/M phase.
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This promising evidence encouraged us to check if oregano extract could exert antineoplastic
effects also against a human melanoma cell line with the aim to lay the basis for future desirable
application in translational medicine. As expected, significant antiproliferative activity, with a high
selectivity index, together with a relevant cytotoxic effect of HCOE on A375 cells was confirmed.

Taking into account all previous data, the concentration of 10 mg/mL of oregano sample was
selected for further experiments, showing the best antiproliferative effect.

Cytofluorimetric and RT-PCR analyses proved that the plant extract blocked cell division in the
G2/M phase, acting on the expression of specific key genes implicated in the inception of the mitotic
process (i.e., CDK1, CCNB1, P21, and P27) [53,55,56] such as paclitaxel, which is a well-known plant
anticancer drug with antimitotic property.

Before proceeding with the other analyses, as the final objective of the current research was
the valorization of an oregano hydroalcoholic extract for potential chemotherapeutic applications,
the control of the safety for the plant preparation with reference to mutagenic properties was necessary.
For this purpose, the Ames test, recommended by the European Food Safety Authority (EFSA) as
a proper assay to assess food safety [87], was carried out. It provided the proof that HCOE did not
have a non-mutagenic effect [88,89], as expected. Indeed, O. vulgare and its derivatives, which are
accepted as food ingredients by the U.S. Food and Drug Administration, are listed among the GRAS
(Generally Recognized As Safe) substances by the Code of Federal Regulations of the USA and are
generally well tolerated by the human body, although gastrointestinal upset and skin allergic reactions
have been associated to them [90]. However, the lack of data regarding oregano genotoxicity [91,92]
highlights the need for further studies on this topic and valorizes the present preliminary results.
The mutagen-protective activity of HCOE was also investigated in order to further analyze the plant
extract under a healthy point of view. Unfortunately, at all tested doses, no protective property against
known mutagenic compounds was documented.

In the second part of this work, the molecular mechanism underlying the bioactivity of HCOE on
melanoma cells was investigated in depth. First of all, the efficiency of the MITF pathway was verified,
studying the expression rate of MITF, TYR, and TYRP1 genes. The results revealed an antimelanogenic
activity of the oregano extract on A375, as already suggested by the literature [93].

At low levels, reactive species play a key role in cell signaling, but their overproduction can lead to
mitochondrial alterations (i.e., DNA mutations, respiratory chain damage, membrane permeability loss),
oxidative stress, and an inhibition of specific genes, including those related to melanin synthesis [29,94].
Therefore, according to the previous results, intracellular ROS and RNS levels were measured in
A375 cells, demonstrating that HCOE10 had a remarkable pro-oxidant effect, especially after 24 h of
incubation. This evidence suggested that oregano antitumor activity could be based on a reactive
species-mediated apoptotic process. Literature data about carvacrol bioactivity, one of the most
abundant phenolic monoterpenoids of oregano (as also documented in the present research by GC-MS
analysis, see Table 2), would support this hypothesis. Indeed, several published works showed that
this compound induces apoptosis in different tumor cell lines by increasing the ROS amount and
disrupting mitochondrial membrane potential [95–97].

All previous considerations suggested that HCOE10 could trigger cell death in A375. For this
reason, to clarify which cell death pathway was induced by oregano extract, a pan-caspase inhibitor,
Z-VAD-FMK, and an inhibitor of necroptosis, necrostatin-1 [98], were used in co-treatments with
HCOE10 on the melanoma cells. The experiments demonstrated that the decrease of tumor cell
proliferation was partially due to both apoptosis and necroptosis induction, as already suggested
by Savini et al. [99] and Rubin et al. [100]. Indeed, these two phenomena are strongly correlated to
each other because they share the same stimuli (such as TNF-α), ligands, and receptors [101,102].
The mechanism underlying the activation of apoptosis and/or necroptosis is still under investigation.
Nevertheless, Annexin V/propidium iodide staining in the presence of necrostatin-1, as well as the
analysis of TNF-α level, could be performed in the future to better clarify the role of these two pathways
in oregano-induced cell death [103,104].
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Since in MTT assay, only HCOE10 + Z-VAD double treatment rescued A375 viability, taking into
account that mitochondria are both generators of and targets for reactive species (whose levels were
previously observed to be increased in the presence of HCOE), a mitochondria impairment caused by
oregano extract was hypothesized. To validate this theory, cytofluorimetric analyses, based on the use
of MitoTracker Green and MitoTracker Red CMX-ROS probes, were performed. The data confirmed a
loss of mitochondrial potential after HCOE10 treatment, while no significant change in mitochondrial
mass was appreciated. By contrast, CCCP-treated cells (the positive control) showed an increase of
mitochondrial mass, which was probably due to mitochondrial fragmentation [105,106] associated to
an expected membrane depolarization.

As known in the literature, the permeabilization of the mitochondrial outer membrane is an
event promoted by the pro-apoptotic protein Bax. Bcl-2, on the other hand, is an anti-apoptotic
factor that prevents apoptosis by inhibiting Bax. Therefore, an elevated Bax/Bcl-2 ratio is a feature of
apoptotis induction. As a consequence of Bax activation, damaged mitochondria release cytochrome
c into the cytoplasm, leading to caspase-3 induction and Parp-1 cleavage [107,108]. In view of this,
the amount of apoptosis-related proteins (Bax, Bcl-2, Cycs, Casp-3, and Parp-1) were evaluated
in A375 after 48 h of incubation with HCOE10. Oregano extract was able to trigger apotosis
in the human melanoma cells by increasing Bax and Cycs concentrations and decreasing Bcl-2
and pro Casp-3 amounts. Moreover, as expected, Parp-1 cleavage was evident in oregano-treated
cells. HCOE10 + Z-VAD co-treatment reversed HCOE effect, showing protein levels similar to
those detected in the respective negative control. All these results confirmed that the plant extract
induced, in A375 cells, a caspase-dependent apoptosis, which was mediated by mitochondrial damage.
However, considering that both ROS and RNS play an important role also in autophagy and that
mitophagy is strictly involved in mitochondrial turnover [109,110], it would be interesting in the future
to investigate if autophagy/mitophagy is also induced by oregano treatment.

Another important key element in the apoptotic process is the P53 gene, whose protein promotes
BAX gene expression by direct activation of its promoter and BCL2 downregulation [111–113]. P53 is
activated in response to a wide range of genotoxic insults. It is involved in several DNA-repair
machineries, such as nucleotide excision repair, for the removal of helix-distorting lesions (typical of
UV-damage) and base excision repair (BER) in case of base oxidative modifications [114,115]. As known
in the literature, plant compounds, especially polyphenols, can cause oxidative DNA strand breakage,
alone or in the presence of transition metal ions. Indeed, among all, the copper (that is the most
abundant ion of the cell nucleus, together with zinc), after reduction from Cu(II) to Cu(I) form by the
action of plant metabolites, is particularly prone to produce ROS (especially the hydroxyl radical)
during its re-oxidation, bind chromatin (particularly guanines), and cause DNA breakages [116,117].

The existence of such types of event prompted us to analyze P53 mRNA and protein levels
and evaluate DNA damages (detecting γH2AX and 53BP1 foci by IF) upon HCOE10 exposure.
Oregano treatment induced in A375 p53 upregulation, at both the transcriptional and translational
level, and DNA breakages. In detail, γH2AX is the phosphorylated form of the histone 2AX
(H2AX). Its phosphorylation is an early consequence of double and single-strand breakages [118–121];
therefore, the detection of γH2AX is widely used as a marker of DNA damage. On the other hand,
p53 binding protein 1 (53BP1) locates only to DNA double-strand breaks [122]. IF analyses highlighted
a great number of γH2AX and 53BP1 foci, which often co-localized in HCOE10-treated cells with
respect to untreated controls. This evidence, together with Ames test results, pointed out that oregano
hydroalcoholic extract acts as a genotoxic but not mutagenic agent in A375 melanoma cells, causing DNA
single and double-strand breaks [123]. Furthermore, taking into account that DNA damage often results
from the binding of phytochemical to transition metal ions, such as copper [124–126], co-treatments
with HCOE10 and a copper chelator (TETA) were performed. Surprisingly, the sequestration of copper
by TETA protected A375 cells from HCOE10-induced DNA damage, confirming that this metal ion
plays a fundamental role in oregano bioactivity and relative DNA cleavage reaction.
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In cancer masses, the concentration of iron and zinc is lower, whereas the copper concentration is
usually higher than in healthy tissues [127–132]. This feature can explain why plant compounds exert
selective cytotoxic activity against tumor cells but not toward non-tumor ones [133–139], justifying our
data about oregano cytotoxicity on B16–F10 and A375 but not on C2C12.

In conclusion, O. vulgare hydroalcoholic extract, due to its peculiar chemical profile and pro-oxidant
effect, inhibits melanogenesis and melanoma cell proliferation. Through in-depth molecular analyses,
the antineoplastic activity of the oregano extract was associated to its ability to trigger programmed cell
death (apoptosis and necroptosis) in A375 human melanoma cells via mitochondria and DNA damage.
As this molecular mechanism was correlated to the intracellular/nuclear concentration of copper ions,
oregano phytochemicals appeared to be slightly toxic or non-toxic for non-tumor cells. All this evidence
represents a robust starting point for further studied focused on the design of new anti-melanoma
natural drugs. Indeed, according to the present data, O. vulgare phytocomplex, working in synergy,
represent an excellent candidate as anticancer agent, being highly selective and effective against human
melanoma cells.
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of polyphenolic antioxidants to HL-60 cells: Description of quantitative structure-activity relationships.
FEBS Lett. 1999, 462, 392–396. [CrossRef]

134. Chen, Q.; Espey, M.G.; Krishna, M.C.; Mitchell, J.B.; Corpe, C.P.; Buettner, G.R.; Shacter, E.; Levine, M.
Pharmacologic ascorbic acid concentrations selectively kill cancer cells: Action as a pro-drug to deliver
hydrogen peroxide to tissues. Proc. Natl. Acad. Sci. USA 2005, 102, 13604–13609. [CrossRef] [PubMed]

135. Taniguchi, H.; Yoshida, T.; Horinaka, M.; Yasuda, T.; Goda, A.E.; Konishi, M.; Wakada, M.; Kataoka, K.;
Yoshikawa, T.; Sakai, T. Baicalein overcomes tumor necrosis factor-related apoptosis-inducing ligand
resistance via two different cell-specific pathways in cancer cells but not in normal cells. Cancer Res. 2008,
68, 8918–8927. [CrossRef] [PubMed]

136. Wei, L.; Lu, N.; Dai, Q.; Rong, J.; Chen, Y.; Li, Z.; You, Q.; Guo, Q. Different apoptotic effects of wogonin
via induction of H2O2 generation and Ca2+ overload in malignant hepatoma and normal hepatic cells.
J. Cell. Biochem. 2010, 111, 1629–1641. [CrossRef] [PubMed]

137. Wilken, R.; Veena, M.S.; Wang, M.B.; Srivatsan, E.S. Curcumin: A review of anti-cancer properties and
therapeutic activity in head and neck squamous cell carcinoma. Mol. Cancer 2011, 10, 12. [CrossRef]
[PubMed]

64



Foods 2020, 9, 1486

138. Calderón-Montaño, J.M.; Martínez-Sánchez, S.M.; Burgos-Morón, E.; Guillén-Mancina, E.;
Jiménez-Alonso, J.J.; García, F.; Aparicio, A.; López-Lázaro, M. Screening for selective anticancer activity of
plants from Grazalema Natural Park, Spain. Nat. Prod. Res. 2018, 33, 3454–3458. [CrossRef] [PubMed]

139. Cheimonidi, C.; Samara, P.; Polychronopoulos, P.; Tsakiri, E.N.; Nikou, T.; Myrianthopoulos, V.;
Sakellaropoulos, T.; Zoumpourlis, V.; Mikros, E.; Papassideri, I.; et al. Selective cytotoxicity of the herbal
substance acteoside against tumor cells and its mechanistic insights. Redox. Biol. 2018, 16, 169–178. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

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

65





foods

Communication

Antioxidant Capacity of Tempura Deep-Fried
Products Prepared Using Barley, Buckwheat,
and Job’s Tears Flours

Asuka Taniguchi 1, Nami Kyogoku 1,2, Hiroko Kimura 3, Tsubasa Kondo 3, Keiko Nagao 1 and

Rie Kobayashi 1,3,*
1 Graduate School of Humanities and Life Sciences, Tokyo Kasei University, Tokyo 1738602, Japan;

g190301@tokyo-kasei.ac.jp (A.T.); kyogoku@kanazawa-gu.ac.jp (N.K.); nagao@tokyo-kasei.ac.jp (K.N.)
2 Department of Food and Nutrition, Kanazawa Gakuin College, Ishikawa 9201392, Japan
3 Faculty of Home Economics, Tokyo Kasei University, Tokyo 1738602, Japan; 716hiroko.w@gmail.com (H.K.);

kondo-t@tokyo-kasei.ac.jp (T.K.)
* Correspondence: kobayashi-r@tokyo-kasei.ac.jp; Tel.: +81-3-3961-7248

Received: 7 August 2020; Accepted: 2 September 2020; Published: 7 September 2020

Abstract: Tempura is a dish of battered and deep-fried foods, and wheat flour is typically used;
however, barley, buckwheat, and Job’s tears have an antioxidant capacity. This study investigated
whether replacing wheat flour with flours from these three crops in tempura affects the antioxidant
capacity and deterioration of frying oil. Radical scavenging activity and polyphenol content of
tempura were measured by chemiluminescence-based assay and the Folin–Denis method, respectively.
The peroxide value, p-anisidin value, acid value, and polar compound of the oil used in frying were
measured as indexes of oil deterioration post-frying due to oxidation. Although the frying oil of barley
showed higher p-anisidin value than that of wheat, the oil samples’ deterioration level measured
in this study was low. The antioxidant capacity and polyphenol content in the three flours samples
were higher than those in wheat sample, with buckwheat producing the greatest values, followed by
Job’s tears, and then barley. Thus, deep-fried products prepared using the three flours demonstrated
superior antioxidant capacity owing to the abundance of antioxidant components. Therefore, tempura
can be enjoyed in a healthier manner by using batter prepared using those flours, and substituting
wheat flour with the three flours can increase the antioxidant capacity of deep-fried products.

Keywords: tempura; deep-fried product; barley; buckwheat; Job’s tears; antioxidant capacity;
oil deterioration; polyphenol

1. Introduction

Tempura is a traditional Japanese dish that has gained popularity all over the world. It is prepared
from a batter of water and flour; sea food or vegetable is lightly dipped in the batter and then instantly
fried [1]. In general, wheat flour is used to prepare tempura; however, the structural characteristics
of gluten present in wheat flour disturb the process of cooking high-quality tempura. The quality
improvement of tempura has been studied: Nakamura et al. [2] used rice flour in their experiment;
Matsunaga et al. [1] added different types of starch from various plants to wheat proteins, and Carvalho
et al. [3] replaced water during batter preparation with ethanol and a CO2 injection. Each of the methods
described above effectively improved the quality of tempura. Another study by Martínez-Pineda
et al. [4] prepared tempura using batter with malt dextrin, ethanol, baking powder, and corn flour.
They concluded that adapting batter ingredients according to the purpose was an effective strategy
to improve the quality of deep-fried products. Despite these studies conducted on tempura quality,
no research has examined the use of barley, buckwheat, and Job’s tears that do not construct gluten
structure in preparing tempura.

Foods 2020, 9, 1246; doi:10.3390/foods9091246 www.mdpi.com/journal/foods67
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In addition, these flours have several health benefits [5–7]. Regular intake of these grains reduces
the risk of several chronic diseases associated with oxidative stress. Therefore, the biofunctionality
of these flours is an attractive option for people who are looking for healthier options. Studies have
demonstrated that these grains have high antioxidant capacities [8,9]. However, few studies have
focused on the antioxidant capacity of these flours in deep-fried products, especially tempura.

We hypothesized that these flours of barley, buckwheat, and Job’s tears not only provide health
benefits but also make cooking tempura easier and improve its texture. We hope that research on
tempura prepared using these flours will help establish their wider use for these flours. The quality
and palatability of tempura prepared using those flours have already been evaluated in our previous
study [10]. Hence, this study examined the antioxidant capacity of tempura prepared using barley,
buckwheat, and Job’s tears flours.

In the human body, the antioxidant activity of foods sequesters reactive oxygen is generated by
electron reduction during metabolism [11]. Usually, reactive oxygen acts on immune functions [12], but
when these oxygen groups are over produced, they cause lifestyle-related disease. Although the human
body has antioxidant enzymes to extinguish reactive oxygen [12], they are not enough to inhibit excess
active oxygen. The peroxyl radical, which is secondarily generated from the oxidation of cell lipids
by active oxygen generated with energy production, is a particularly toxic reactive oxygen species,
which promotes serial oxidation and spreads cell disorder. To erase peroxyl radicals, which cannot be
absorbed or sequestered by other means in the human body, antioxidant activity in foods is essential.
Antioxidant components derived from foods for peroxyl radicals are expected to reduce the risks of
lifestyle-related diseases.

In addition, it is necessary to manage the quality of oil as tempura is a dish in which the ingredients
are deep-fried in oil. In Japan, there are standards [13] for foods that use a lot of oil during cooking to
manage oil quality. One of the rules has to do with peroxide value (PV) and acid value (AV). These are
indexes of fat deterioration in foods. Oil deterioration causes a change in smell, taste, and color and
decreases nutritive value. Deteriorated oil gives detrimental effects, such as nausea, abdominal pain,
and lassitude to the human body. Thus, deterioration of oil is an important index and is related to health
function. Since the deterioration mechanism of heated oil is complicated and its evaluation is necessary
using multiple indicators, p-anisidin value (AnV) and polar compound (PC) were also examined.

Therefore, the present study investigated whether the use of three flours of barley, buckwheat,
and Job’s tears in preparing tempura could be useful for increased antioxidant capacity as a new added
value. In this analysis, we evaluated the antioxidant capacity of their tempura based on peroxyl radical
scavenging activity, polyphenol content, and oil oxidation.

2. Materials and Methods

2.1. Ingredients

Barley flour (Fiber snow; six-row barley, JA Komatsushi), buckwheat flour (common buckwheat,
Nikkoku Seifun Corp., Nagano, Japan), and Job’s tears flour (Akishizuku, Takada Hiryo–ten Co.,
Tochigi, Japan) were used. In addition to these flours, weak wheat flour (Hoshihime, protein content
8.8 g, Nikkoku Seifun Corp., Nagano, Japan) was used to compare with the three flours.

2.2. Preparation of Tempura Samples

The water content ratio for tempura is usually 160% of the weight of the wheat flour. Water ratios
for the barley, buckwheat, and Job’s tears flours were adjusted until the viscosity based on the steady
flow measured using a rheometer (HAAKE MARS II, Thermo Fisher Scientific, Inc., Waltham, MA,
USA) of the resulting batters was consistent with that of the wheat-based batter [14]. These ratios were
determined to be as follows: barley, 260%; buckwheat, 190%; Job’s tears, 190%. After adding water to
each flour, they were stirred 60 times at a speed of once every second. The buckwheat and Job’s tears
batter were left to rest for 30 min, and then they were stirred again 10 times. The four batters were
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dispensed into silicon cups (ϕ30 mm, height 10 mm, Daiso Industries Co., Ltd., Hiroshima, Japan)
by 2.0 mL each and fried in canola oil (stored unopened in a dark and cool place, The Nisshin OilliO
Group, Ltd., Tokyo, Japan) for 140 s at a temperature of 180 ◦C–190 ◦C using a fryer (CDF-100, Cuisinart
Compact Deep Fryer, Cuisinart, Stamford, CT, USA). After cooling for 1 min, they were preserved in a
freezer (MDF-300E1, deep freezer, Fukushima Industries Corp., Osaka, Japan) set at −80 ◦C for at least
24 h. In the following measurements, six tempura samples were milled and analyzed in each test.

2.3. Preparation of Oil after Frying Samples

After frying, the oil was used for PV, AV, AnV and PC analysis. Frying oil samples were heated
for 3 h at 180 ◦C ± 5 ◦C. During this time, 48 samples of tempura were fried and allowed to radiate
heat naturally after heating (Figure 1).

Figure 1. Tempura frying process used in this study.

2.4. Chemiluminescence Method

After preliminary freezing, the samples were freeze-dried (DC800, Freeze Dryer, Yamato Scientific
Co., Ltd., Tokyo, Japan) and then crushed using a mill (IFM-800, Iwatani Corp., Osaka, Japan). Crushed
samples were used for analysis of chemiluminescence and measurement of peroxyl radical scavenging
activity, as described previously [15]. The results were measured using a photon counter (Lumitester
C-100, Kikkoman Co., Ltd., Chiba, Japan) and shown as IC50 values. IC50 was defined as the sample
density that was half the light emission value of the phosphate buffer solution without an antioxidant
component. This was calculated as previously reported [15], and the results were expressed in
Trolox equivalents.

2.5. Analysis of Oil Oxidation

Frying oils include various components, such as peroxides, which are produced by primary
oxidation; carbonyl compounds, which are secondary products of this oxidation; free fatty acids,
which are produced by hydrolysis, and polymerized glycerols. In the present study, PV, AV, AnV,
and PC were measured to evaluate the complicated deterioration of frying oils. The AV, AnV, and PC
were measured according to the standard methods of the Japan Oil Chemists’ Society [16].

PV was measured based on previous standards [13]. Sample oil (5 g) was mixed with 10 mL
of chloroform (FUJIFILM Wako Pure Chemical Corp., Tokyo, Japan) and 15 mL of glacial acetic
acid. Potassium iodide saturated solution (1 mL; FUJIFILM Wako Pure Chemical Corp.) was added,
which was prepared with 70 g of potassium iodide dissolved (FUJIFILM Wako Pure Chemical Corp.)
in 50 mL of boiled deionized water and shaken intensely for 1 min. They were left for 10 min in the
dark, and after the addition of 75 mL of deionized water, the samples were again intensely shaken.
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Subsequently, they underwent titrimetric analysis with 0.01 M sodium thiosulfate (FUJIFILM Wako
Pure Chemical Corp.), which is a standard solution, and 1% starch solution, which is an indicator that
1 g of soluble starch (FUJIFILM Wako Pure Chemical Corp.) was boiled and dissolved with 100 mL
of deionized water. The 0.01 M sodium thiosulfate was diluted from 0.1 M sodium thiosulfate that
had been previously quantified. This titration comprised the blank containing no oil. The formula to
calculate PV was as follows:

PV = 0.01 × (A - B) × F × 1000/S (1)

where A is the titration amount of 0.01 M sodium thiosulfate in the main examination (mL), B is the
titration amount of 0.01 M sodium thiosulfate in the blank examination (mL), F is the titer of 0.1 M
sodium thiosulfate, and S is the weight of the oil samples (g).

2.6. Polyphenol Contents

Total polyphenol content in each flour type and tempura sample were measured by the Folin–Denis
method [17]. Each flour type or sample (1.0 g) was mixed with 80% ethanol/water solution and heated
to 80 ◦C while stirring with a magnetic stirrer. After 30 min, they were centrifuged at 3000 ×g for
10 min and then treated as extracted samples. A 1.0 mL aliquot from each extracted sample was mixed
with 1.0 mL of Folin & Ciocalteu’s Phenol reagent (MP Biomedicals, Inc., Santa Ana, USA) and left for
3 min. Sodium bicarbonate solution (1.0 mL, 10% w/w) was added, stirred, and reacted for 60 min at
a room temperature. The absorbance at 700 nm was measured using a spectrophotometer (UH5300,
HITACHI Ltd., Tokyo, Japan). Results were expressed as mg of catechin per 100 g of sample.

2.7. Statistical Analysis

Means ± standard deviation was calculated and analyzed for significant differences by Tukey’s
test of multiple comparisons after performing analysis of variance using R software (3.3.4). For samples,
values of p < 0.05 were considered significant.

3. Results

3.1. Antioxidant Capacity of Barley, Buckwheat, and Job’s Tears Flours and Their Tempura

Peroxyl radical scavenging activity was measured and expressed in Trolox equivalents. In this
unit, a higher value indicates a higher antioxidant capacity (Figure 2). The antioxidant values of
the flours of barley, buckwheat, and Job’s tears were significantly higher than those of wheat flour.
When comparing the flour and the fried batter in barley, buckwheat, and Job’s tears, the antioxidant
values of fried batter were significantly lower than that of the flour. However, the antioxidant values
of buckwheat and the Job’s tears samples were higher than that in the wheat sample also in fried batter.
Although the average value of the radical scavenging activity was higher in the barley sample than in
the wheat sample, there was no significant difference between the barley and wheat samples.

3.2. Oxidation of the Oil Used in Frying

In this study, PV, AV, AnV, and PC were measured to evaluate the oxidation of the oil used
for frying.

AV is the concentration free fatty acids in the oil due to the hydrolysis of oil [18], and PC measures
oxidization, dimerization, and polymerization of triacylglycerols and diacylglycerols and free fatty
acids [19]. AV was 0.1 for all sample oils, while PC was as follows: wheat, 6.0% ± 0.24%; barley, 5.7% ±
0.42%; buckwheat, 5.4% ± 0.12%; Job’s tears, 5.6% ± 0.26%. These indexes of frying oils were at the
same level, and there was no significant difference.

PV and AnV were compared, and the results are showed in Table 1. PV is an index of peroxides;
however, since peroxides are thermally unstable and decompose at high temperatures [20], AnV that
evaluates its decomposition products, aldehydes, and ketones was examined. The oil samples used
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for frying barley, buckwheat, and Job’s tears flours had a lower PV than that used for wheat flour.
Although the oil used for buckwheat and Job’s tears samples did not show significant difference
compared with the oil used for wheat and barley sample, AnV of the oil used for barley sample was
higher than that used for wheat sample.

Figure 2. Peroxyl radical scavenging capacity in the four flours examined in this study. The IC50 value
was defined as the sample density that was half the value of the phosphate buffer solution wherein
light emissions did not include an antioxidant component. Results are expressed as Trolox equivalents
and measured using a chemiluminescence-based assay. Each value represents the mean ± SD (n = 3).
Different letters a-f for flours and fried batter indicate a significant difference (p < 0.05, Tukey test).

Table 1. Peroxide value (PV) and p-anisidin value (AnV) of oil after frying in the four flours examined
in this study.

PV AnV

Wheat 4.82 ± 1.66 a 39.3 ± 1.98 a

Barley 2.61 ± 1.22 b 53.2 ± 6.58 b

Buckwheat 3.02 ± 1.26 b 43.8 ± 1.30 a,b

Job’s Tears 3.15 ± 1.71 b 45.6 ± 3.00 a,b

The index of oil deterioration of the oil used to fry each of the 48 samples was measured to evaluate primary
oxidation. Each value is expressed as the mean ± SD (n = 3). Different letters a-b indicate a significant difference
(p < 0.05, Tukey test).

3.3. Polyphenol Content

As with antioxidant capacity, barley, buckwheat, and Job’s tears flours displayed higher polyphenol
content than wheat flour (Figure 3). Although the polyphenol content was significantly decreased
by frying, tempura samples prepared using buckwheat and Job’s tears flours maintained high levels
of polyphenol. The polyphenol content of barley sample was between that of wheat and Job’s
tears samples, with no significant difference. The polyphenol content in tempura was highest for
buckwheat, followed by Job’s tears, barley, and finally wheat. This was the same order as that of
antioxidant capacity.
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Figure 3. Polyphenol content in each of the flours examined in this study, measured using the
Folin–Denis method. Each value represents the mean ± SD (n = 3). Different letters a-e for flours and
fried batter indicate a significant difference (p < 0.05, Tukey test).

4. Discussion

In this study, we investigated whether substituting wheat flour with flours of barley, buckwheat,
and Job’s tears in deep-fried batter enhances tempura’s antioxidant capacity and suppresses
deterioration of the frying oil. In addition, we also examined the contribution of polyphenol present in
those grains to these effects.

It was confirmed that the peroxyl radical scavenging activity in barley, buckwheat, and Job’s
tears flours was significantly higher than that of wheat flour. Among the three flours, buckwheat and
Job’s tears samples had high peroxyl radical scavenging activity, even after deep-frying. In particular,
the buckwheat sample had the highest antioxidant value among the four flours examined, comparable
with that of ginger [21], which is known to possess antioxidant activity [22]. Although other studies
have reported that the use of these flours in baked products increases the antioxidant capacity [23,24],
this study found that similar effects could be achieved with deep-fried products using these flours.

In the analysis of the deterioration process of frying oil, the PV and AnV of each sample showed
significant differences, and there was a moderate negative correlation between the parameters at
r = 0.614 (Pearson product-moment correlation coefficient, p < 0.05). A high AnV signifies that the
decomposition of primary oxidation products is progressing; i.e., the oil in which the samples of barley
flour, buckwheat flour, and Job’s tears flour were fried tended to proceed to secondary oxidation
compared with the wheat sample. However, AV and PC were low in all sample oils, indicating that
the oil deterioration did not progress. The AV was extremely low, and limited free fatty acid was
produced during frying. In Europe, the PC is used to regulate the oil used for frying [25]. According to
the regulations, frying oil with 25%–27% PC should be changed, and the PC of the frying oil samples
in this study were 5.6%–6.0% lower than the specified range in the regulation. We suggest that the
oil samples used in this study began to deteriorate; in some of the oil samples, we observed foaming,
which indicates deterioration. Nevertheless, as mentioned above, not all the oil samples deteriorated
in the frying process.

Deteriorated oil causes oxidative rancidity and taste deterioration, and it contains components
that are harmful to the body. These components, which are generated by the deterioration of the oil,
are absorbed in deep-fried products with the frying oil and reduce the quality of the oil used for frying
as well as the deep-fried products. The toxicity of the deteriorated oil has been studied, and it has
been suggested that the cause of toxic effects in heating oil is due to polymerization [26]. In this study,
the deterioration level of the oil, including the polymer, was evaluated using PC. However, the PC of
the three samples was not higher than that of the wheat flour. It is presumed that the risk of health
damage did not increase through the use of these three flours. However, the deterioration of oil in this
study was extremely low, and it was not at a level to judge the harmful effects on the human body.
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Although there was no evident difference in the deterioration between the frying oil samples in the
results of this study, it may be necessary to increase the number of frying samples and the heating time
to evaluate the deterioration level of each oil sample over time.

Barley, buckwheat, and Job’s tears contain antioxidant components [27–29]. Polyphenol was one
of the components that was measured in this study. The flours of these samples, especially buckwheat,
had much higher polyphenol content than the wheat flour and the amounts thereof ranked in the
same order as those for the radical scavenging assay. In addition, the correlation between the radical
scavenging activity and polyphenol content was rs = 0.953 (Spearman’s rank correlation coefficient,
p < 0.001), suggesting that polyphenol in those flours is an active antioxidant that contributes to the
high antioxidant capacity of tempura, which is fried at a high temperature.

Therefore, the fried samples using the three flours, particularly the buckwheat and Job’s tears
flour samples, showed high peroxyl radical scavenging capacity as well as polyphenol content, and the
use of barley, buckwheat, and Job’s tears flours for cooking may result in tempura containing a higher
antioxidant capacity than that prepared using wheat flour.

People on dietary restrictions, such as caloric control, tend to avoid tempura because it is a
deep-fried product. We previously examined the quality and palatability of tempura using flours of
barley, buckwheat, and Job’s tears and found that the odor indices of those samples decreased compared
with that of raw batter of the three flours and that oil absorption was approximately the same as or lower
than that of the wheat sample. In the preference sensory evaluations, those samples received good
evaluation, except for the grayish color of the buckwheat sample (Figure 4) [10]. Although it has already
been evaluated that devising a suitable preparation method for tempura is effective in improving its
texture and suppressing oil absorption [1–4], our results suggest that the use of barley, buckwheat,
and Job’s tears is a useful substitute for wheat flour when cooking tempura because it maintains
its favorable characteristics, such as crispy texture, fragrant smell, and reduction in oil absorption.
Moreover, the present study demonstrated that the use of those flours increases the antioxidant capacity
of tempura as a new added value. Therefore, the use of barley, buckwheat, and Job’s tears flours is
expected to allow more people to enjoy tempura in a healthier manner. The finding that deep-fried
products can acquire an antioxidant capacity by substituting wheat flour with barley, buckwheat, and
Job’s tears flours is a significant benefit that could be applicable to other deep-fried foods as well.

Figure 4. Preference sensory evaluation. Each value is expressed as the mean for each criterion.
*** p < 0.001, ** p < 0.01, * p < 0.05 compared with the wheat sample (Dunnett test), n = 49. Panel:
female university students and teachers aged 18–26 years. Evaluation method: 5-point scoring method
of −2 (least preferred) to 2 (preferred). Evaluation sample: sweet potato tempura using each flour
examined in this study in the batter. These data were previously reported in [10].
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Abstract: Quali-quantitative analyses of anthocyanins and non-anthocyanin phenolic compounds
performed with the use of liquid chromatography coupled with high resolution mass spectrometry,
were evaluated in juice of pomegranate fruits (‘Dente di Cavallo’), in relation to different light
exposures (North, South, West and East). A total of 16 compounds were identified, including phenolic
acids, flavonoids, hydrolysable tannins, and anthocyanins, known for their health-promoting effects.
Striking differences were observed about the total phenolic content, which was high in juices from
fruits with east- and north-facing position, while it was lower in juices facing south. The greatest
contents of total flavonoids and anthocyanins were recorded in fruit juices with southern exposure;
however, there are no great differences in the content in phenolic acids. Tannins were mainly
synthesized in fruit juices with West exposure. The results showed that the position within the tree
had no significant effects on color juice, however, it significantly (p < 0.05) affected data on fruit weight,
soluble sugars and juice yield. Remarkable synergies existed among polyphenols and phytochemicals
in pomegranate juice, but collecting fruits with different solar exposure could enhance different health
benefits, i.e., the juices with higher polyphenols content could have more anticancer effect or those
with higher tannins content could have more antimicrobial effect.

Keywords: Punica granatum; polyphenols; hydrolysable tannins; flavonoids; Ultra High Performance
Liquid Chromatography-Orbitrap-Mass Spectrometry

1. Introduction

Pomegranate (Punica granatum L.) trees are cultivated worldwide in subtropical and tropical
regions. Among the largest countries producers are Iran, India, USA, Turkey, Egypt, Italy, Chile,
and Spain [1]. The crop is known since ancient time, for its nutritional, medicinal, and ornamental
importance [2].

Spain and Italy are the main European producers. In Italy, pomegranate fruits production amounts
to around 60,000 tons per year, and the best producers are the Apulia and Sicily regions. The most
cultivated varieties are Dente di Cavallo, Mollar, Acco, and Wonderfull [3].
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About 50% of the total weight of the pomegranate is made up of peel and carpellar membranes,
important sources of active compounds such as flavonoids; elagitannins; proanthocyanidins;
polysaccharides; and minerals such as calcium, magnesium, phosphorus and sodium.

The edible component of the fruit represents approximately 50% of the fruit made up of 80%
of arils (fleshy part) and 20% of seeds (woody part). The arils contain 85% water; 10% sugars such
as glucose and fructose; 1.5% pectin; organic acids such as ascorbic acid, citric acid, and malic acid;
and phenolic compounds such as phenolic acids, flavonoids and anthocyanins. The seeds are instead
rich in lipids. The oil that can be extracted is 12–20% of the total weight of the seeds and is characterized
by a high concentration of polyunsaturated fatty acids such as linoleic acid and linolenic acid. The seeds
also contain proteins, vitamins, fiber, pectins, sugars, and phytoestrogens [4].

The market is constantly growing, which is presumably due to the increasing awareness of
consumers of the potential health benefits attributed to the pomegranate trees and their processed
products [5–7].

Pomegranate juices (PJs) are well known for their beneficial properties, they carry out antioxidant,
antimicrobial, anticancer, cholesterol-lowering, anti-atherosclerotic, and anti-diabetic activities [8–16].
As anthocyanin-rich food, pomegranate juices have been used at various concentrations to enhance
the color, taste and aroma properties; to increase the health-benefits properties; and to improve shelf
lives of the fortified foods [17–19]. The numerous pharmacological studies associated with the regular
consumption of PJs in the prevention of certain diseases and the improvement of health conditions,
have made it possible to define the fruit as a functional food. Anthocyanins, ellagic acid derivatives,
and hydrolysable tannins were detected in pomegranate juices as responsible for antioxidant activity.
Anthocyanins are important flower and fruit pigments; they attract pollinators and seed dispersers
and protect plant tissues from photo-inhibition and oxidation resulting from photosynthesis [20].

Anthocyanins act as free radical scavengers, thanks to the o-diphenol substitution in ring B of
anthocyanins (Figure 1) and the conjugated double-bond system, stabilizing radicals due to hydrogen
donation. Metal chelation [21] or DNA and protein binding [22] are important in biological systems.

Figure 1. Anthocyanins in pomegranate juices [23].

Delphinidin, cyanidin and pelargonidin glycosides are the most representative anthocyanins in
PJs with strong antioxidant activities [23–26].

As is known, plants and their fruits exhibit physiological responses to solar radiation [27,28]. It is
believed that exposure to solar radiation stimulates the production of phenolic substances, which absorb
UV rays, to protect tissues from DNA-induced damage [29–31].
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Direct exposure to sunlight has been shown to regulate the biosynthesis of phenolic compounds
by altering the expression of genes that code for enzymes of the biosynthetic pathways [32–35].

On some types of fruit, it has been observed that the content of anthocyanins and quercetin is
far superior in the parts exposed to light, while for other important compounds such as catechins,
phloridzin and chlorogenic acid, there are no differences between the fruits exposed to light and those
exposed to shade [36].

This work aims to enhance the understanding of the relationship between light of solar radiation on
the accumulation of total phenolic content, flavonoids and hydrolysable tannins during fruit ripening.

Pomegranate fruits cv “Dente di Cavallo”, of an experimental orchard located in south-eastern
Sicily, Italy, under natural sun irradiance, with North, South, East, and West exposure (Noto N, Noto S,
Noto E and Noto W) were collected and total phenolic contents, total anthocyanin contents, and the
levels of hydrolysable tannins in the pomegranate juices were determined.

The ultra-high-performance liquid chromatography and high-resolution quadrupole Orbitrap
mass spectrometry (UHPLC–Orbitrap-MS) approach was employed to perform phytochemical analyses
in PJs of the fruits growing with different light exposure; moreover, color and physicochemical analysis
were carried out.

2. Materials and Methods

2.1. Plant Material, Harvesting Procedures, Preparation of Pomegranate Juices (PJs) and Instrumental
Color Measurement

The experimental analysis was conducted on samples of fruits belonging to the cv “Dente di
Cavallo”, one of the main cultivars cropped in Sicily. The selected plant material were harvested
during November 2018 at the field located in Noto (c.da Fiumara, 36.90◦ N; 15.05◦ E, Syracuse, Sicily).

The orchard was established in 1993; hence, trees are 25 years old, it is 2.5 ha. Pomegranate trees
were planted at a spacing of 4 m × 4 m. They are drip irrigated, and standard cultural practices are
performed (pruning, thinning, fertilization and pest control treatments). Ten trees have been sampled
and for each tree, five fruits per four geographical orientation of tree (North-N, South-S, East-E and
West-W respectively). Each tree is a biological repetition.

The harvest was performed according the ripening stage, about 180 days after full bloom.
Samples were taken from 12:00 h to 14:30 h.

After picking, fruits were immediately transported to the laboratory. Each fruit was carefully
cut at the equatorial zone with a sharpened knife, and then intact arils were manually obtained from
whole fruits, and the juices were obtained by squeezing them by mechanical press and stored at −20 ◦C.
Weight of the fruits (1 mg accuracy on a balance), weight of the arils per fruit, juice yield (%) and
the color of juices (L *, a *, b *) by colorimeter Minolta CR 400 (Konica Minolta, Milan, Italy) were
determined [23,37].

2.2. Total Phenolic Content (TPC)

Phenolic contents of PJs were determined by Folin–Ciocalteu’s method, and total polyphenols
content (TPC) was expressed as grams gallic acid equivalents (GAE) per L−1 of juice [23].

2.3. Determination of Phenolic Compounds by UHPLC–Orbitrap-MS

Identification of polyphenols (phenolic acids, flavonoids, tannins and anthocyanin-derived
pigments) in PJs was based on a reported procedure and the UHPLC–Orbitrap-MS method previously
developed [23].

The MS detection was conducted in two acquisition modes: full scan (positive and negative ion
modes) and targeted selected ion monitoring. For targeted selected ion monitoring analyses, a mass
inclusion list containing exact masses and expected retention times of target phenolic acids, flavonoids,
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tannins, and anthocyanins analytes was built and applied (Supplementary materials Figures S1 and
S3). Phenolic compounds were also identified by MS/MS data-dependent dd-ms2 scanning mode.

2.4. Statistical Analysis

Data were submitted to the Bartlett’s test and then analyzed using analysis of variance (ANOVA).
Means were statistically separated on the basis of Student-Newmann-Kewls test.

3. Results

Single fruit weight resulted in being 297± 10.97 g, with variations due to solar radiation, influencing
the weight of arils and the juice yield (Table 1). Soluble sugars resulted on average 13.4 ± 0.4 ◦Brix,
picked in 14.8 ± 0.77 ◦Brix in fruit collected in W and S exposure. The color of juice did not show
statistical differences in relation to the solar radiation.

Table 1. Fruit weight, juice yield, soluble sugars, and juice color coordinates.

Fruit Weight
(g)

Arils Weight
(g Fruit−1)

Juice Yield
(%)

Soluble Sugar
(◦Brix)

L * a * b *

Noto E 276 ± 13.25 b 170 ± 2.04 b 56.9 ± 1.19 b 13.2 ± 0.16 b 40.7 ± 2.12 11.5 ± 0.37 21.88 ± 0.70
Noto N 319 ± 13.40 a 189 ± 4.54 ab 61.5 ± 2.58 a 13.7 ± 0.33 b 40.6 ± 0.97 11.4 ± 0.48 21.75 ± 0.83
Noto W 282 ± 9.02 b 162 ± 8.26 b 63.2 ± 1.52 a 14.7 ± 0.35 a 41.2 ± 1.77 11.7 ± 0.47 21.85 ± 0.59
Noto S 342 ± 8.21 a 218 ± 6.10 a 66.7 ± 3.47 a 14.8 ± 0.77 a 41.3 ±1.16 11.9 ± 0.44 21.7 ± 1.24
Means 297 ± 10.97 179 ± 5.24 59.2 ± 2.19 13.4 ± 0.40 40.9 ± 1.50 11.6 ± 0.44 21.8 ± 0.84

Different letters within the same column indicate differences at p < 0.05. All values are mean± SD of five independent
measurements of each sample.

Total phenolic content (TPC) is an important quality parameter of PJs above all for the organoleptic
characteristics, especially color and taste properties and, of course, for the high antioxidant activity.
Light exposure during growth greatly affect phenolics accumulation. Phenolic compounds are important
secondary metabolites with antioxidant capacity in fruit and were found to be associated with resistance
to scald development in fruits [38]. The Folin–Ciocalteu test indicated a high TPC in all samples of
juice analyzed. TPC levels ranged from 4.82 g GAE L−1 to 11.06 g GAE L−1, with the highest amount
in Noto N (11.06 ± 0.37 g GAE L−1), followed by Noto E (11.02 ± 0.10 g GAE L−1) (Figure 2).

 

Figure 2. TPC (g GAE L−1 juice) of the samples. Different letters indicate differences at p < 0.05; n = 5.

Elagitannins, such as punicalagins and punicalins, are the main hydrolysable tannins found in
PJs, while, among anthocyanins, cyanidin, pelargonidin, and delphinidin, glucosides are the main
bio-molecules characterizing the PJs. The factor “position within the tree” has been studied, besides the
differences in TPC, also for the evaluation of the profile in polyphenols in juices.

Identification of polyphenols phenolic acids, flavonoids, and hydrolysable tannins in PJs have
been built on reported UHPLC–Orbitrap-MS approach [23].
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The presented data in Table 2 show the average values of the fruit juices in the four positions
studied (East, West, South and North exposure), for anthocyanins content.

The anthocyanin profile was determined for PJs of different samples, and the chemical structures
were determined by the mass spectra in positive ionization mode at different fragmentation energy,
and by comparison with literature data.

An inclusion list (Supplementary Materials, Figure S1), in which were reported the molecular
formula together with the accurate mass of anthocyanins known, was prepared [23].

Six anthocyanins with a retention time of between 12.20 min and 14.06 min were identified in all the
PJs samples. The two available standards were cyanidin-3-O-glucoside and cyanidin-3,5-O-diglucoside.
Their use was useful to recognize their presence in the juices analyzed by comparing the retention
times. Furthermore, the exact mass and the study of their MS/MS fragmentation was crucial for the
identification of the glycosylated anthocyanins (Supplementary Materials, Figure S2).

The quantitative analysis of anthocyanins performed with the use of liquid chromatography
coupled with high resolution mass spectrometry, combines the quadrupole selection of the precursor
ion with the Orbitrap detection at high resolution and mass precision.

The results proved that the juices studied had the same phenolic qualitative profile but their
relative abundances were considerably different. For their quantification, cyanidin 3-O-glucoside m/z
449.1078 [M]+ was the reference compound used for quantification of pelargonidin-3-O-glucoside,
delphinidin-3-O-glucoside (Table 3). Cyanidin 3,5-O-diglucoside m/z 611.1606 [M]+ is the reference
compound in positive mode for pelargonidin-3,5-O-diglucoside and delphinidin-3,5-O-diglucoside
(Supplementary Materials, Table S1).

Table 2. Anthocyanins content mg L−1 of juice of different fruits (SD).

Phenolic Compounds Noto E Noto N Noto W Noto S

Cyanidin-3-O-glucoside * 69.85 ± 1.06 cd 145.81 ± 1.77 b 87.47 ± 0.39 d 169.74 ± 0.25 a

Delphinidin-3-O-glucoside 21.08 ± 0.19 cd 41.93 ± 0.19 b 19.66 ± 0.23 d 45.83 ± 0.06 a

Pelargonidin-3-O-glucoside 8.61 ± 0.08 d 17.41 ± 0.10 b 9.91 ± 0.03 c 21.66 ± 0.03 a

Pelargonidin-3,5-O-diglucoside 36.87 ± 0.22 c 50.21 ± 0.17 b 24.52 ± 0.02 d 56.02 ± 0.11 a

Cyanidin-3,5-O-diglucoside * 374.00 ± 1.97 c 639.78 ± 1.02 b 305.63 ± 0.14 d 765.69 ± 0.51 a

Delphinidin-3,5-O-diglucoside 118.66 ± 1.42 c 212.11 ± 0.21 b 69.43 ± 0.27 d 225.98 ± 0.14 a

Total anthocyanins 510.41 1107.25 516.62 1284.92

Different letters in row indicate differences at p < 0.05. * Commercial standard used for their quantification.

In particular, Noto S shows the highest content of total anthocyanins (Table 3), followed by Noto
N, Noto W and Noto E. Delphinidin, cyanidin and pelargonidin 3-glucosides and 3,5-diglucosides,
which are responsible for the red–purple colour of juices, represent the main anthocyanins of the PJs. In
decreasing order, the concentrations of anthocyanins in juices were: cyanidin-3,5-O-diglucoside
in a range of 305.63–765.69 mg L−1; delphinidin-3,5-O diglucoside, 69.43–225.98 mg L−1;
pelargonidin-3,5-O-diglucoside, 24.52–56.02 mg L−1; cyanidin-3-O-glucoside, 69.85–169.74 mg L−1;
pelargonidin-3-O-glucoside, 8.61–21.66 mg L−1; and delphinidin-3-O-diglucoside, 19.66–45.83 mg L−1.

In the current study, the levels of anthocyanins obtained are greater than those reported by
literature for other cultivar grown in Sicily [39]. In addition, great differences were observed in function
of sunlight exposure; Noto S showed higher anthocyanins content (1284.92 mg L−1) followed by Noto
N (1107.25 mg L−1).

An inclusion list was prepared before UHPLC-MS analysis in negative mode of Noto S, Noto N,
Noto E, and Noto W samples (Supplementary Materials, Figure S3).
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Table 3. Identified anthocyanins in positive ionization in pomegranate juices by UHPLC-Orbitrap-MS approach.

Compounds [M]+ m/z MS/MS m/z Molecular
Formula

Retention
Time (min)

Pelargonidin-3-O-glucoside 433.1129 271.0593 C21H21O10 14.08

Cyanidin-3-O-glucoside * 449.1078 287.0542 C21H21O11 13.56

Delphinidin-3-O-glucoside 465.1028 303.0492 C21H21O12 13.17

Pelargonidin-3,5-O-diglucoside 595.1658 433.1120271.0594 C27H31O15 13.44

Cyanidin-3,5-O-diglucoside * 611.1606 449.1018287.0542 C27H31O16 12.79

Delphinidin-3,5-O-diglucoside 627.1556 465.1018303.0492 C27H31O17 12.20

MS/MS = Fragmented anthocyanidin molecular weight. This fragment ion is cleavage product free from the sugar
moiety. * Commercial standard used for their quantification.

Mass spectra in Full MS, accurate mass and the spectra in MS/MS made it possible to structurally
recognize phenolic compounds with retention times between 8.52 min and 20.67 min. Ten compounds
have been identified belonging to the class of phenolic acids, flavonoids and tannins, already known in
the literature for pomegranate [40].

Figure S4 shows the retention times of the compounds with exact mass collected in the inclusion
list. Table 4 shows the tannins, phenolic acids and flavonoids identified in PJ samples in negative mode.

Table 4. Phenolic compounds identified in negative ionization in PJs by UHPLC-Orbitrap-MS approach.

Compounds [M-H]− m/z MS/MS m/z Molecular
Formula

Retention Time
(min)

Gallic acid * 169.01344 125.02334 C7H6O5 11.12

Kaempferol-3-O-glucoside 447.09414 285.00387 C21H20O11 13.56

Quercetin 3-O-hexoside 463.08932 300.9990 C21H20O12 13.16

Rutin * 609.14805 447.0571284.9679 C27H30O16 12.87

Vanillic acid hexoside 329.08895 167.03417101.02327 C14H18O9 13.09

Ferulic acid hexoside 355.10476 175.03937160.0130 C16H20O9 14.25

Ellagic acid pentoside 433.04277 300.9990 C19H14O12 19.85

Ellagic acid deoxyhexoside 447.05824 300.9990 C20H16O12 20.67

Corilagin 633.07469 470.98416 C27H22O18 14.20

Lagerstannin C 649.07055 486.97901 C27H22O19 8.52

* Commercial reference compounds used for quantification of individual phenolic constituents.

Rutin, gallic acid and cyanidin 3-O-glucoside m/z 447.093 [M-2H]− were used as reference
standards. Cyanidin 3-O-glucoside in negative mode was useful for quantification of vanillic acid
hexoside, ferulic acid hexoside, ellagic acid pentoside, ellagic acid deoxyhexoside, kaempferol 3-O
glucoside, quercetin 3-O-hexoside, corilagin, and lagerstannin C.

Each phenolic compound was quantified using its respective reference compound of the calibration
curves [23]; linear equations and linear regression coefficient of the standards used are reported in the
Supplementary Materials (Table S1).

Table 5 shows the quantities of total and individual phenolic compounds expressed as mg L−1

contained in the different pomegranate juices.
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Table 5. Phenolic content expressed as mg L−1 of PJs.

Phenolic Compounds Noto E Noto N Noto W Noto S

Gallic acid * 1.12 ± 0.00 b 0.9 ± 0.04 b 1.21 ± 0.03 b 0.94 ± 0.05 b

Kaempferol-3-O-glucoside 74.94 ± 0.09 c 103.59 ± 0.19 b 62.99 ± 0.11 d 130.80 ± 0.16 a

Quercetin 3-O-hexoside 26.60 ± 0.06 c 33.60 ± 0.03 b 16.96 ± 0.02 ef 37.55 ± 0.04 a

Rutin * 0.74 ± 0.02 b 1.02 ± 0.00 a 0.77 ± 0.00 b 1.13 ± 0.01 a

Vanillic acid hexoside 67.75 ± 0.12 b 70.34 ± 0.01 a 47.52 ± 0.07 e 58.00 ± 0.01 c

Ferulic acid hexoside 60.35 ± 0.01 a 59.97 ± 0.04 a 33.93 ± 0.10 c 53.77 ± 0.26 b

Ellagic acid pentoside 10.48 ± 0.26 b 10.60 ± 0.04 b 13.18 ± 0.08 a 12.36 ± 0.08 a

Ellagic acid deossihexoside 26.64 ± 0.09 c 23.77 ± 0.03 d 29.94 ± 0.06 a 28.32 ± 0.04 b

Corilagin 8.70 ± 0.17 b 6.86 ± 0.02 c 12.66 ± 0.03 a 7.90 ± 0.02 bc

Lagerstannin C 10.03 ± 0.05 d 12.66 ± 0.04 c 22.01 ± 0.06 a 13.01 ± 0.06 c

Total phenolic acids 1.12 0.90 1.21 0.94
Total phenolic acids hexoside 128.10 130.31 81.45 111.77

Total flavonoids 102.28 138.21 80.72 169.48
Total hydrolysable tannins 55.85 53.89 77.79 61.59

Different letters in row indicate differences at p < 0.05. * Commercial reference compounds used for quantification
of individual phenolic constituents.

The compounds are listed below according to their chemical class, and the concentrations are
expressed in mg L−1 of juice. Among the hydrolysable tannins, similar levels of lagerstannin C and
corilagin (10.03–22.01 mg L−1 and 6.86–2.66 mg L−1, respectively) were found in all samples. Noto W
sample has shown a higher content of ellagic acids derivative (29.94 mg L−1) and overall a higher
concentration of tannins.

The highest concentration of flavonoids was found in the juices of the Noto N and Noto S samples
(138.21 and 169.48 mg L−1 respectively). Noto N and Noto E had a higher content of phenolic acids
hexoside (130.31 and 128.10 mg L−1, respectively).

In the present study, pomegranate fruits with South and North exposure had juices with
significantly higher concentrations of anthocyanins, Noto S (1284.92 mg L−1), followed by Noto
N (1107.25 mg L−1). Noto S showed the higher content in flavonoids (169.48 mg L−1). Noto N
with 130.31 mg L−1 shower the highest concentration of total phenolic acids hexoside. The relative
distribution of each class of phenolic compounds is reported in Table 3. Noto E synthesized mainly
total hydrolysable tannins followed by Noto N. Noto S accumulated mainly total flavonoids (Figure 3).

 

Figure 3. Partitioning (% of total) of the main phenolic compounds in pomegranate juices in relation to
solar exposure.

4. Discussion

The polyphenol composition of PJs has been characterized as being complex and unique,
comprising mainly anthocyanins, phenolic acids and hydrolysable tannins. In this work, we used
UHPLC-Orbitrap-MS method for the analysis of both. The main hydrolysable tannins, flavonoids,
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phenolic acids and anthocyanins in juices of fruits with different sunlight exposures, in order to provide
a simple and easily applicable method for quality control of the juices, were identified. Juices of all the
samples present similar HPLC-MS profiles, with great difference mainly regarding some anthocyanins
contents. The values of TPC recorded in PJs are greater than those reported in Sicilian pomegranate
juices by Todaro et al. [39], which ranged from 0.95 to 3.10 g GAE L−1, but are similar to the other
data reported in literature [41,42]. Differences in reported total phenolic compounds content could be
partially explained by pomegranate variety, different water content, environmental growing conditions
or ripening stage [43], and pre- and post-harvest treatments [44].

Phenolic compounds are important secondary metabolites with antioxidant capacity associated
with resistance to the development of sunburn on the fruit surface [45]. It has been reported that the
activity of enzymes involved in the phenolic metabolism pathway can be photonically upregulated [46].
The photoprotective function of anthocyanins has been well documented [47].

Great differences were observed in function of sunlight exposure; PJ with South exposure showed
higher anthocyanins content followed by North exposure fruit juices. The highest concentration of
flavonoids was found in the juices of the Noto S sample, with a relative percentage of 49.3% of
total phenolic compounds. Noto N showed the highest content of phenolic acids hexoside (44.6%),
while fruit exposed to West showed 32% in tannins against values lower than 18% in the other samples.
Fruit exposure to sun radiation in S, E and W positions might reduce the concentration of flavonoids
and phenolic compounds due to elevated temperature, which causes a reduction in their synthesis
or even partial degradation. Anthocyanins are typical potent antioxidants and may contribute to
hydrogen peroxide scavenging during direct light sun exposure [46]. Based on the markedly higher
anthocyanin contents in sun-exposed pomegranate fruits (Noto S) than in the shaded one, we suggest
that they might be the main phenolic compounds responsible for protecting fruit from UV/high light
damage, where as other class of phenolics are involved to a lesser extent in photoprotection of fruits.

5. Conclusions

The obtained results provided evidence that relevant differences on the patterns of anthocyanins
in pomegranate fruits can be explained by the effect of light exposure.

Enhanced knowledge of the role played by sunlight intensity on the accumulation of phenolic
compounds enables support of cultural practices for a given phenolic profile in pomegranate fruits
and fosters the production of high-quality juices.

This study gave new information about the different compositions in bio-molecules with health
benefit of PJs in relation to solar exposure of the pomegranate fruits.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/9/1161/s1,
Figure S1: Inclusion list with molecular formula and accurate mass of anthocyanins in positive ionization,
by UHPLC–Orbitrap-MS; Figure S2: Retention time (min) of anthocyanins identified in PJs; Figure S3: Inclusion
list of phenolic acids, flavonoids and tannins with molecular formula and accurate mass of anthocyanins in
negative ionization, by UHPLC–Orbitrap-MS; Figure S4: Retention time (min) of phenolic acids, flavonoids and
tannins identified in PJs; Table S1: m/z, molecular formula, linear regression model and coefficient of determination
of external standards used for calibration.
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7. Işık Özgüven, A.; Gültekin, U.; Gözlekçi, S.; Yilmaz, I.; Yilmaz, C.; Küçük, E.; Imrak, B.; Korkmaz, C. A review

of the economics and the marketing of the pomegranate industry in Turkey. Acta Hortic. 2015, 221–228.
[CrossRef]

8. Katz, S.R.; Newman, R.A.; Lansky, E.P. Punica granatum: Heuristic Treatment for Diabetes Mellitus.
J. Med. Food 2007, 10, 213–217. [CrossRef]

9. Esmaillzadeh, A.; Tahbaz, F.; Gaieni, I.; Alavi-Majd, H.; Azadbakht, L. Cholesterol-Lowering Effect of
Concentrated Pomegranate Juice Consumption in Type II Diabetic Patients with Hyperlipidemia. Int. J.
Vitam. Nutr. Res. 2006, 76, 147–151. [CrossRef]

10. Aviram, M.; Dornfeld, L.; Rosenblat, M.; Volkova, N.; Kaplan, M.; Coleman, R.; Hayek, T.; Presser, D.;
Fuhrman, B. Pomegranate juice consumption reduces oxidative stress, atherogenic modifications to LDL,
and platelet aggregation: Studies in humans and in atherosclerotic apolipoprotein E-deficient mice. Am. J.
Clin. Nutr. 2000, 71, 1062–1076. [CrossRef]

11. Davidson, M.H.; Maki, K.C.; Dicklin, M.R.; Feinstein, S.B.; Witchger, M.S.; Bell, M.; McGuire, D.K.;
Provost, J.C.; Liker, H.; Aviram, M. Effects of Consumption of Pomegranate Juice on Carotid Intima-Media
Thickness in Men and Women at Moderate Risk for Coronary Heart Disease. Am. J. Cardiol. 2009, 104,
936–942. [CrossRef] [PubMed]

12. Aviram, M.; Rosenblat, M.; Gaitini, D.; Nitecki, S.; Hoffman, A.; Dornfeld, L.; Volkova, N.; Presser, D.;
Attias, J.; Liker, H.; et al. Pomegranate juice consumption for 3 years by patients with carotid artery stenosis
reduces common carotid intima-media thickness, blood pressure and LDL oxidation. Clin. Nutr. 2004, 23,
423–433. [CrossRef] [PubMed]

13. Lei, F.; Zhang, X.N.; Wang, W.; Xing, D.M.; Xie, W.D.; Su, H.; Du, L.J. Evidence of anti-obesity effects of the
pomegranate leaf extract in high-fat diet induced obese mice. Int. J. Obes. 2007, 31, 1023–1029. [CrossRef]
[PubMed]

14. Boussetta, T.; Raad, H.; Lettéron, P.; Gougerot-Pocidalo, M.A.; Marie, J.C.; Driss, F.; El-Benna, J. Punicic acid a
conjugated linolenic acid inhibits TNFα-induced neutrophil hyperactivation and protects from experimental
colon inflammation in rats. PLoS ONE 2009, 4. [CrossRef] [PubMed]

15. Romier-Crouzet, B.; Van De Walle, J.; During, A.; Joly, A.; Rousseau, C.; Henry, O.; Larondelle, Y.; Schneider, Y.J.
Inhibition of inflammatory mediators by polyphenolic plant extracts in human intestinal Caco-2 cells.
Food Chem. Toxicol. 2009, 47, 1221–1230. [CrossRef] [PubMed]

16. Reddy, M.K.; Gupta, S.K.; Jacob, M.R.; Khan, S.I.; Ferreira, D. Antioxidant, antimalarial and antimicrobial
activities of tannin-rich fractions, ellagitannins and phenolic acids from Punica granatum L. Planta Med. 2007,
73, 461–467. [CrossRef]

17. Gerardi, C.; Albano, C.; Calabriso, N.; Carluccio, M.A.; Durante, M.; Mita, G.; Renna, M.; Serio, F.; Blando, F.
Techno-functional properties of tomato puree fortified with anthocyanin pigments. Food Chem. 2018, 240,
1184–1192. [CrossRef]

18. Kabakcı, S.A.; Türkyılmaz, M.; Özkan, M. Changes in the quality of kefir fortified with anthocyanin-rich
juices during storage. Food Chem. 2020, 326, 126977. [CrossRef]

19. El-Seideek, L.; Zaied, S.F.; Hassan, M.I.; Elgammal, M.H. Antimicrobial, biochemical, organoleptic and
stability properties of cookies fortified by pomegranate juice during storage. Res. J. Pharm. Biol. Chem. Sci.
2016, 7, 288–299.

85



Foods 2020, 9, 1161

20. Lee, D.W.; Gould, K.S. Anthocyanins in Leaves and Other Vegetative Organs: An introduction; Elsevier B.V.:
Amsterdam, The Nethersland, 2002; pp. 1–16. ISBN 9780080953052.

21. Kühnau, J. The flavonoids. A class of semi-essential food components: Their role in human nutrition.
World Rev. Nutr. Diet. 1976, 24, 117–191.

22. Jaldappagari, S.; Motohashi, N.; Gangeenahalli, M.P.; Naismith, J.H. Bioactive Mechanism of Interaction
Between Anthocyanins and Macromolecules Like DNA and Proteins. In Bioactive Heterocycles VI.; Springer:
Berlin/Heidelberg, Germany, 2008; pp. 49–65.

23. Di Stefano, V.; Pitonzo, R.; Novara, M.E.; Bongiorno, D.; Indelicato, S.; Gentile, C.; Avellone, G.; Bognanni, R.;
Scandurra, S.; Melilli, M.G. Antioxidant activity and phenolic composition in pomegranate (Punica granatum L.)
genotypes from south Italy by UHPLC-Orbitrap-MS approach. J. Sci. Food Agric. 2019, 99, 1038–1045.
[CrossRef] [PubMed]

24. Fernandes, L.; Pereira, J.A.; Lopéz-Cortés, I.; Salazar, D.M.; González-Álvarez, J.; Ramalhosa, E.
Physicochemical composition and antioxidant activity of several pomegranate (Punica granatum L.) cultivars
grown in Spain. Eur. Food Res. Technol. 2017, 243, 1799–1814. [CrossRef]

25. Fischer, U.A.; Dettmann, J.S.; Carle, R.; Kammerer, D.R. Impact of processing and storage on the phenolic
profiles and contents of pomegranate (Punica granatum L.) juices. Eur. Food Res. Technol. 2011, 233, 797–816.
[CrossRef]

26. Gómez-Caravaca, A.M.; Verardo, V.; Toselli, M.; Segura-Carretero, A.; Fernández-Gutiérrez, A.; Caboni, M.F.
Determination of the Major Phenolic Compounds in Pomegranate Juices by HPLC–DAD–ESI-MS. J. Agric.
Food Chem. 2013, 61, 5328–5337. [CrossRef] [PubMed]

27. Ballaré, C.L. Light Regulation of Plant Defense. Annu. Rev. Plant Biol. 2014, 65, 335–363. [CrossRef]
[PubMed]

28. Zoratti, L.; Karppinen, K.; Escobar, A.L.; Häggman, H.; Jaakola, L. Light-controlled flavonoid biosynthesis in
fruits. Front. Plant Sci. 2014, 5, 534. [CrossRef]

29. Li, J.-H.; Guan, L.; Fan, P.-G.; Li, S.-H.; Wu, B.-H. Effect of Sunlight Exclusion at Different Phenological Stages
on Anthocyanin Accumulation in Red Grape Clusters. Am. J. Enol. Vitic. 2013, 64, 349–356. [CrossRef]

30. Winkel-Shirley, B. Biosynthesis of flavonoids and effects of stress. Curr. Opin. Plant Biol. 2002, 5, 218–223.
[CrossRef]

31. Zlatev, Z.S.; Lidon, F.J.C.; Kaimakanova, M. Plant physiological responses to UV-B radiation. Emirates J.
Food Agric. 2012, 24, 481–501. [CrossRef]

32. Azuma, A.; Yakushiji, H.; Koshita, Y.; Kobayashi, S. Flavonoid biosynthesis-related genes in grape skin are
differentially regulated by temperature and light conditions. Planta 2012, 236, 1067–1080. [CrossRef]

33. Matus, J.T.; Loyola, R.; Vega, A.; Peña-Neira, A.; Bordeu, E.; Arce-Johnson, P.; Alcalde, J.A.
Post-veraison sunlight exposure induces MYB-mediated transcriptional regulation of anthocyanin and
flavonol synthesis in berry skins of Vitis vinifera. J. Exp. Bot. 2009, 60, 853–867. [CrossRef] [PubMed]

34. Zhang, Z.Z.; Li, X.X.; Chu, Y.N.; Zhang, M.X.; Wen, Y.Q.; Duan, C.Q.; Pan, Q.H. Three types of ultraviolet
irradiation differentially promote expression of shikimate pathway genes and production of anthocyanins in
grape berries. Plant Physiol. Biochem. 2012, 57, 74–83. [CrossRef]

35. Martínez-Lüscher, J.; Sánchez-Díaz, M.; Delrot, S.; Aguirreolea, J.; Pascual, I.; Gomès, E. Ultraviolet-B radiation
and water deficit interact to alter flavonol and anthocyanin profiles in grapevine berries through transcriptomic
regulation. Plant Cell Physiol. 2014, 55, 1925–1936. [CrossRef] [PubMed]

36. Singleton, V.L.; Rossi, J.A.J. Colorimetry to total phenolics with phosphomolybdic acid reagents. Am. J.
Enol. Vinic. 1965, 16, 144–158.

37. Melilli, M.G.; Di Stefano, V.; Sciacca, F.; Pagliaro, A.; Bognanni, R.; Scandurra, S.; Virzì, N.;
Gentile, C.; Palumbo, M. Improvement of Fatty Acid Profile in Durum Wheat Breads Supplemented
with Portulaca oleracea L. Quality Traits of Purslane-Fortified Bread. Foods 2020, 9, 764. [CrossRef]

38. Barden, C.L.; Bramlage, W.J. Accumulation of antioxidants in apple peel as related to preharvest factors and
superficial scald susceptibility of the fruit. J. Am. Soc. Hortic. Sci. 1994, 119, 264–269. [CrossRef]

39. Todaro, A.; Cavallaro, R.; Lamalfa, S.; Continella, A.; Gentile, A.; Fischer, U.A.; Carle, R.; Spagna, G.
Anthocyanin profile and antioxidant activity of freshly squeezed pomegranate (Punica Granatum L.) Juices of
sicilian and Spanish provenances. Ital. J. Food Sci. 2016, 28, 464–479. [CrossRef]

40. Awad, M.A.; De Jager, A.; Van Westing, L.M. Flavonoid and chlorogenic acid levels in apple fruit:
Characterisation of variation. Sci. Hortic. 2000, 83, 249–263. [CrossRef]

86



Foods 2020, 9, 1161

41. Tezcan, F.; Gültekin-Özgüven, M.; Diken, T.; Özçelik, B.; Erim, F.B. Antioxidant activity and total phenolic,
organic acid and sugar content in commercial pomegranate juices. Food Chem. 2009, 115, 873–877. [CrossRef]
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Abstract: The expression of bioactivity depends on the assimilation of different classes of natural
substances (e.g., phenolic compounds) in vivo. Six functional extracts (Aspalathus linearis, leaves;
Paullinia cupana, seeds; Aristotelia chilensis, berries; Ilex paraguariensis, leaves; Syzygium aromaticum,
cloves, and wild berries) were analyzed in vitro and in vivo as an alternative to alleviating pathologies
associated with oxidative stress (proliferation of cancer cells). The purpose of this research was to
evaluate the in vitro and in vivo antioxidant and cytotoxic potential of hydroalcoholic solutions, in
addition to the assimilation capacity of bioactive components in Saccharomyces boulardii cells. In vivo
antioxidant capacity (critical point value) was correlated with the assimilation ratio of functional
compounds. The results of in vitro antioxidant activities were correlated with the presence of
quercetin (4.67 ± 0.27 mg/100 mL) and chlorogenic acid (14.38 ± 0.29 mg/100 mL) in I. paraguariensis.
Bioassimilation of the main nutraceutical components depended on the individual sample. Phenolic
acid levels revealed the poor assimilation of the main components, which could be associated with
cell viability to oxidative stress.

Keywords: yeast; antioxidant; cytotoxicity; bioavailability; viability

1. Introduction

Most phenolic compounds are assimilated at the time of transit to the small intestine [1], but some
are biotransformed in the colon under the action of the microbiota. As a result, the biological value
may be altered because of new compounds resulting after the fermentative action of the microbial
pattern. Some portion of these compounds may be completely degraded, as observed for compounds
with a high molecular weight (e.g., curcumin) [2]. Despite being known for their antimicrobial effect,
certain compounds (such as phenolics) can be assimilated (bioaccumulation) by certain yeast strains,
such as Rhodotorula mucilaginosa [3]. This bioavailability process has been partially observed for gallic
acid. Its use as a carbon source explains the biological response determined by the consumption of
these functional molecules [4]. The determination of bioavailability [5] is much more significant in vivo
as an indicator of cell absorption because for phenolic compounds the accumulation is difficult to
evaluate [6].

The use of a carrier vehicle for the delivery of phenolic compounds increases the in vivo
bioavailability [7] and reduces the yield of biotransformations that limit the bioactivity expression. For
example, gallic acid has no stability in the fermentative action of the microbiota, but resistance to the
action of oxidative stress is mediated through this compound [8]. Its action is limited by the amount
that is absorbed into the small intestine, because the remaining amount is inaccessible in vivo [9].

The use of probiotic yeast biomass (such as Saccharomyces boulardii) for assimilating these
compounds increases bioavailability, and the biological action may be performed in such cases via
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direct action on the microbial pattern in the colon [2,10]. This process is equivalent to biotransformation
into an intermediate compound. Modulation of the microbiological response can be achieved both by
restoring eubiosis and promoting the synthesis of compounds with a biomarker role (e.g., short-chain
fatty acids) [4]. The metabolism of such compounds has demonstrated the presence of strains belonging
to the genus Bacteroides and/or the phylum Firmicutes, while the synthesis of compounds has had
positive effects on human well-being [11].

New sources of biologically-active compounds have been identified after the determination
of bioactivity and the chemical characterization of the natural substrate represented by medicinal
herbs [12]. The quantity of functional compounds (such as polyphenolcarboxylic acids) depends on
the vegetal material [13], the product conditioning mode, the climatic conditions, the soil composition,
and the vegetative stage of the plant [14]. The presence of different bioactive compounds in a large
quantity has been correlated with increased resistance to the action of free radicals, which increases life
expectancy [15].

A comparison of the biological capacities (such as antioxidant and cytotoxic activities) of different
products provides a valid tool to determine their health benefits [16]; functional products have greater
benefits because of their antioxidant effect [17]. However, the total antioxidant capacity is the result
of the presence of several classes of compounds (such as vitamin C, flavonoids, phenolic acids, and
anthocyanins), which affect human health differently. Therefore, in vitro determination does not reflect
all of the biological activity [18]. The contribution of individual compounds and/or effects in vivo
should be examined through models that provide an image of the interaction and bioassimilation of
these molecules [19]. Bioassimilation could be defined as the results of uptake of the bioaccessible
phenolic fraction by the yeast cells by mechanisms of transmembrane absorption [20].

Therefore, this study aimed to compare the antioxidant and cytotoxic potentials of hydroalcoholic
extracts of the following: (1) Aspalathus linearis (rooibos; high in antioxidants, but low tannin content and
without caffeine; used for protection against stroke, heart disease, and cancer) [21,22]; (2) Paullinia cupana
(guarana: used for physical, mental, and cancer-related fatigue with no significant side effects) [23];
(3) Aristotelia chilensis (Mol.) Stuntz (maqui; different therapeutic properties based on levels of
antioxidants) [24]; (4) Ilex paraguariensis A. St.-Hil. (yerba mate; source of biological compounds
for the nutraceutical industry) [25]; (5) Syzygium aromaticum (L.) Merr. & L.M.Perry (cloves; food
preservative and different medicinal purposes) [26]; and (6) wild berry (Rosa canina, Rubus idaeus, and
Vaccinium myrtillus—1:1:1; which are relevant to the prevention of degenerative diseases) [27]. The
effect on probiotic yeast, S. boulardii, was examined by determining the assimilation capacity of cells
(enriched biomass) as their in vivo bioassimilation and antioxidant capacity.

2. Materials and Methods

2.1. Samples

Six dried samples (A. linearis, leaves; P. cupana, seeds; A. chilensis, berries; I. paraguariensis, leaves;
S. aromaticum, cloves, and wild berries) were tested and selected because of their use as alternatives
for alleviating pathologies associated with oxidative stress. All samples were purchased from local
shops (e.g., Kaufland, Romania) and were dried in an air oven (Memmert oven UFB400) at 40 ◦C until
a constant weight was obtained. The samples (10 g) were mixed with 50% ethanol (to determine a
balance between the bioactive compounds present in the extracts) and stored for 48 h in the dark until
the mixture was filtered under vacuum. A quantity of 100 g for each sample and 1000 mL solvent was
used. The solutions were stored in brown bottles [8].

2.2. Determination of Bioactive Compounds

The experiments were performed with high-pressure liquid chromatograph (HPLC),
ELITE-LaChrom (Merck-Hitachi, Tokyo, Japan), with DAD (Diode-Array Detection) detector analytic
scales (KERN 770). The chromatographic column of stainless steel comprised the stationary stage of
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octadecylsilane (Inertsil ODS-3 250 * 4.6 mm * 5 μm); mobile stages—mobile stage A, phosphoric
acid/water, pH = 2.5 and mobile stage B, methanol. Flow rate of the mobile stage was 1.0 mL/min;
elution type: with linear composition gradient of the mobile stage. UV detection was = 330 nm;
temperature of column oven, 40 ◦C; injection volume, 20 μL. After the chromatographic system was
balanced, the basic line was a straight line and the reference solution was injected. The differences
between successive determinations were limited to a maximum of 2%. After the injection of the test
solutions, we registered the chromatograms.

Reference solutions (mixtures of 10 μg/mL), were chlorogenic acid, caffeic acid, coumaric acid,
ferulic acid, rosemarinic acid, vanillic acid, luteolin 7-glycoside, rutin, apigenin 7-glycoside, luteolin,
apigenin, quercetin, quercetin 3-rhamnoside, kaempferol, kaempferol 3-rhamnoside, kaempferol
3-rutinoside, kaempferol 7-glucoside, kaempferol 3-galactoside, catechin, myricetin, myricetin
3-glucoside, and pyrogallol [28,29]. Other reagents used in the determinations were methanol,
orthophosphoric acid, ultrapure water, absolute ethanol, and solvent ethanol/water (50:50, v/v). For the
sample solution, in a measuring bottle of 50 mL, we introduced 0.5000 g of sample powder, adding
around 40 mL of solvent, and performing ultrasonication for 30 min at 40 ◦C. Supplements to 50 mL
with the same solvent and filters were added.

The content in the compounds of interest was calculated using the formula compound
% = [(Ap × Ce) × Ae] × (50/G) × 100, where Ap is the range of the compound’s peak “i” in sample
solution, Ae is the range of the compound’s peak “i” in the reference solution, Ce is the concentration
of compound “i” in the reference solution (mg/mL), G is the quantity of processed sample (mg), and 50
is the correction coefficient [28,29].

2.3. Assessment of the In Vitro Antioxidant Potential

The antioxidant potential of all hydroalcoholic extracts was assessed by determining the DPPH
(2,2-diphenyl-1-picrylhydrazyl) scavenging activity [30] and the chelating activity [31].

In the case of DPPH scavenging activity, the reaction mixture was 0.1 mL sample, 0.49 mL ethanol,
and 0.39 mL DPPH (1 mM). The mixture was kept for 30 min in a dark place. The absorbance of the
final mixture was measured at 517 nm against the blank.

In the case of chelating activity, the reaction mixture was 1 mL of sample mixed with 50 μL of
2 mM FeCl2. After 5 min, 0.2 mL of 5 mM ferrozine solution was added. The mixture was kept at room
temperature for 10 min. The absorbance of the final mixture was measured at 562 nm against the blank.

Ascorbic acid (1 mg/mL) and EDTA (Ethylenediaminetetraacetic acid, 0.5 mg/mL) were
used as controls, and the remaining activities were calculated using the following formula:
AbsM−AbsP

AbsM
× 100 [32], where AbsM is the absorbance of the control and AbsP is the absorbance

of the sample.

2.4. Determination of the In Vivo Antioxidant Potential

The antioxidant potential in vivo was evaluated by a modified protocol [2]. A strain of
Saccharomyces boulardii, a probiotic yeast obtained from the University of Lille, Lille, France, was
used. The biomass was obtained using YPG medium (Yeast Extract–Peptone–Glucose; 2% glucose, 2%
peptone, and 1% yeast extract) and further cultivated in a lab shaker incubator at 30 ◦C, for 48 h, at
150 rpm. The yeast cells were separated through centrifugation (4500× g, 5 min). The reaction mixture
was 0.1 mL sample, 0.1 mL yeast cells in a sterile saline solution, and 0.2 mL H2O2. The mixture was
made in 100-well honeycomb microplates (sterilized by gamma radiation) and incubated at 30 ◦C for
1 h using Bioscreen C MBR (Oy Growth Curves Ab Ltd., Helsinki, Finland). The critical concentration
was defined as the cross between the viability and mortality lines (different concentrations of H2O2

(%)—0.05, 0.1, 0.3, 0.5, 1, 2, and 3), and expressed as a critical point (%). The untreated sample
was used as a control for critical point determination. The tests were made until and after bioactive
compound assimilation. Finally, the antioxidant potential in vivo was quantified as a percentage value
that resulted after the bioactive compound assimilation. The results were calculated in comparison

91



Foods 2020, 9, 953

with a control that was realized at the same critical point for each sample but without an extract in the
reaction mixture.

2.5. Bioavailability Index Quantification

The bioavailability index was determined based on the method presented by Celep et al. (2018) [33],
with some modifications, using the same S. boulardii strain. The extract (1 mg/mL), was added to
the culture media via filtration through sterile Milllipore membrane (0.22 μm) and inserted in the
temperature-controlled orbital shaker (LabTech) in an 80 mL Duran bottle (sterile-venting membrane
screw caps; 0.2 μm (ePTFE membrane). Chlorogenic acid (1 mg/mL) was used as a control. The
bioavailability index (BI) was calculated using the following formula: quantity of absorbed phenolics

quantity of total phenolics ×
100 [2,33], where the quantity of absorbed phenolics was estimated after the biomass was freeze-dried
and the presence of total phenolics was determined as presented in Section 2.2.

2.6. Evaluation of Cytotoxicity

The cytotoxic effect of hydroalcoholic extracts was assessed by measuring HCT-8 and S. boulardii
cell viability using the Vybrant® MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
Cell Proliferation Assay Kit. The human epithelial HCT-8 cell line isolated from ileocecal colorectal
adenocarcinoma, passage 18, was cultivated in RPMI 1640 (Sigma, St. Louis, MO, USA) supplied with
10% fetal bovine serum (FBS; Biochrom, Berlin, Germany) in polystyrene 96-well plates at 37 ◦C, 5%
CO2 until they reached a 60% confluence; S. boulardii strain was cultured in YPG at 30 ◦C for 24 h,
120 rpm.

The medium was removed and the cells were incubated for 24 h in fresh media with extracts in
concentrations of 10% and 1%. After the incubation, the medium was removed and the cells were
washed one time with warm PBS (phosphate-buffered saline) and incubated with MTT solution for
2.5 h (human cell line) and 4 h (yeast strain).

The dye was solubilized with DMSO (Dimethyl sulfoxide) and the plate was read at 540 nm
using Synergy HTX (Biotek, Winooski, VT, USA). All of the samples were performed in triplicate. Cell
viability was calculated according to the formula: % cell survival = (mean sample absorbance/mean
control absorbance) × 100. An untreated sample with extracts (only with 5% and 0.5% ethanol,
respectively) was used as control [34].

2.7. Statistical Analysis

All of the parameters investigated were evaluated in a minimum of three independent
determinations, and the results were expressed as the mean ± standard deviation (SD). The mean
and SD values were calculated using the IBM SPSS Statistics 23 software package (IBM Corporation,
Armonk, NY, USA). The significance level for the calculations was set as follows: significant, p ≤ 0.05;
very significant, p ≤ 0.01; and highly significant, p ≤ 0.001, using the normal distribution of the variables.
The differences were analyzed by ANOVA followed by a Tukey post hoc analysis. Analysis and
correlation of the experimental data were conducted with the IBM SPSS Statistics software package
(IBM Corporation, Armonk, NY, USA) [35].

3. Results

3.1. Determination of Bioactive Compounds

The ability of some nutraceuticals to reduce the physiological effects of oxidative stress was related
to the distribution of bioactive compounds (like phenolic acids and flavonoids). Thus, Figure 1 depicts
the level of major compounds responsible for expressing the biological effects. The complex distribution
of nutraceutical effect molecules was evidenced in the S. aromaticum extract (5732.65 ± 87.59 μg/mL
gallic acid equivalent), with significant differences from the remainder of the extracts (p ≤ 0.001). For
A. linearis and maqui, the total phenolic quantity was similar to the wild berries sample. In contrast,
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the reduced quantity of phenolic compounds present when using P. cupana was inversely proportional
to the expression of the antioxidant capacity in vitro [36]. In the case of the total flavonoid content
measurement (Figure 2), the result was different; this result could be interpreted as an effect determined
primarily by the tested samples and solvent. This was the case of P. cupana extract, which was similar
to that of S. aromaticum (approximately 7.00 μg/mL, p ≤ 0.01) [37].

Figure 1. The total quantities of phenolic compounds in the extracts. Different letters in each column
represent significant statistical differences (p ≤ 0.05) between extracts, n = 4.

Figure 2. The total quantities of flavonoid compounds in the extracts. Different letters in each column
represent significant statistical differences (p ≤ 0.05) between extracts, n = 4.

A similar pattern of major bioactive compounds was identified in the test samples, in which the
main phenolic acids were chlorogenic, caffeic acids, and quercetin, as a flavonoidic compound. Table 1
reveals a high number of flavonoids and a varied distribution of kaempferol derivatives. The in vitro
response was an expression of the distribution of these compounds [38], particularly for S. aromaticum
and I. paraguariensis. In addition, the quercetin level for S. aromaticum was 4.67 ± 0.27 (p ≤ 0.001), greater
than phenolic acids. Chlorogenic acid contained in the extract of I. paraguariensis showed a higher
level compared to that in the remaining samples and control (p ≤ 0.001). The difference between the
chemical quantification (Table 1) and assay results (Figure 1) was determined by the possible presence
of other compounds in trace amounts that could not be determined. The solvent used (50% ethanol)
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determined a high solubility in water and the differences between these two assays were a result of
this aspect. They were in quantities that did not directly affect the bioavailability results [2].

Table 1. Quantitative analysis of major bioactive compounds from the extracts.

Compounds
(mg/100 mL Extract)

Aspalathus
linearis

Paullinia
cupana A. chilensis Ilex

paraguariensis
Syzygium

aromaticum Wild Berries

Chlorogenic acid 0.21 ± 0.01 a 0.60 ± 0.01 a 0.04 ± 0.01 a 14.38 ± 0.29 c 0.06 ± 0.01 a 0.37 ± 0.01 a

Caffeic acid 0.11 ± 0.01 a 0.01 ± 0.01 a 0.005 ± 0.02 a 0.19 ± 0.10 a 0. 60 ± 0.08 b 0.30 ± 0.01 b

Rutin nd nd nd 0.13 ± 0.01 a 0.11 ± 0.01 b 0.07 ± 0.08 b

Quercetin 0.68 ± 0.04 c 0.20 ± 0.01 a 0.13 ± 0.01 a 0.96 ± 0.04 c 4.67 ± 0.27 c 0.21 ± 0.02 b

Kaempferol 7-glucoside 0.04 ± 0.01 c 0.06 ± 0.05 b 0.04 ± 0.01 b 2.88 ± 0.30 c 0.02 ± 0.01 a 0.02 ± 0.01 a

Kaempferol
3-galactoside 0.02 ± 0.03 b 0.24 ± 0.01 a 0.33 ± 0.05 c 6.09 ± 0.29 1.07 ± 0.05 c 0.01 ± 0.03 c

Kaempferol
3-rutinoside 0.06 ± 0.02 a 0.03 ± 0.05 a 0.04 ± 0.02 a 0.56 ± 0.41 0.10 ± 0.07 b 0.03 ± 0.01 a

Kaempferol
3-rhamnoside 0.01 ± 0.01 a 0.02 ± 0.05 a nd 0.24 ± 0.03 b 0.04 ± 0.08 c 0.08 ± 0.05 b

Myricetin 3-glucoside 0.95 ± 0.08 b 0.11 ± 0.01 a 0.09 ± 0.04 b 0.03 ± 0.01 b 0.40 ± 0.03 b 0.002 ± 0.07 a

Quercetin 3-rhamnoside 0.14 ± 0.01 a 1.84 ± 0.04 c 0.31 ± 0.09 b 40.52 ± 0.93 0.37 ± 0.01 b 0.24 ± 0.01 a

Different letters represent significant statistical differences (p ≤ 0.05) between extracts, n = 3; nd—not detected.

3.2. Determination of In Vitro Antioxidant Activities

We also sought to determine the antioxidant potential expressed as the DPPH-scavenging activity
and chelation capacity (Figure 3). The maqui extract demonstrated the highest scavenging activity
(81.71 ± 2.73%), which was similar to that of ascorbic acid (as a control), and 25% higher than that of
the control sample (p ≤ 0.001). The remainder of the extracts showed values within ±10% of the second
blank. The overall data suggested that maqui is a potential source of antioxidant compounds, the
results being sustained by a previous study that demonstrated that the freeze-dried samples retained
the highest quantity of bioactive compounds [39].

I. paraguariensis demonstrated a chelation capacity at least 25% higher than that of the control
(88.47 ± 1.25%). The results demonstrated a prophylactic role in preventing the generation of free
radicals in the case of administration of extracts as functional supplements. In addition, A. linearis
exhibited a balance of the two properties (65.90± 1.65% for DPPH scavenging activity and 66.95 ± 1.39%
for chelating activity), demonstrating pharmacological importance through multiple actions.

The exploitation of bioactive components in extracts also consists of their assimilation by biomass
and the increase in the resistance to oxidative stress. This study aimed to use S. boulardii as a model for
demonstrating the stability and resistance of eukaryotic yeast to the presence of free radicals.
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Figure 3. In vitro antioxidant activities of the samples. Different letters represent significant statistical
differences (EDTA/ascorbic acid vs. samples; p ≤ 0.05), n = 3; EDTA/ascorbic acid was used as control.

3.3. Determination of Bioavailability Index

According to Figure 4, the highest BI was determined for I. paraguariensis extract, with an average
value exceeding 60% (p ≤ 0.05). Wild berries showed the smallest value (p ≤ 0.01 vs. chlorogenic
acid), although they are currently a widely-used product. The BI value was similar to the presence of
maqui. It was possible to identify the correlation between the total presence of bioactive components,
particularly chlorogenic acid. The stability of this compound in fermented medium is an advantage
over the remainder of the unstable components (e.g., quercetin). This result showed that it cannot be
used as a carbon source in the presence of probiotic strains, such as S. boulardii. These results support
findings of recent studies that demonstrated the significant role of chlorogenic acid in the control of
oxidative-stress-related causes [40].

Figure 4. Bioavailability index of extracts based on S. boulardii in vivo model. Different letters represent
significant statistical differences (chlorogenic acid vs. samples; p ≤ 0.05), n = 3; chlorogenic acid was
used as control.
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This compound is important in its action in the colon because bioavailability depends on the
metabolism exerted by the microbiota. It can be absorbed directly without affecting its chemical
structure in case it directly reaches the colon. Otherwise, its derivatives (caffeic acid) are responsible
for the antioxidant effects in vivo [41], and they can protect the eukaryotic cells in the presence of
free radicals.

3.4. Determination of In Vivo Antioxidant Activities after the Assimilation Process

In Figure 5, the in vivo effect of the presence of the functional components is shown by the
critical point value. The content of phenolic compounds showed a direct correlation, although for
maqui, S. aromaticum, and I. paraguariensis the values were not significantly different (p < 0.01). A
direct relationship between bioavailability index (Figure 4) and critical point value (Figure 5) was
determined for A. linearis and P. cupana. For these tests, the results demonstrated a balance between
exo- and endo-protection offered by these extracts. The exception was the use of I. paraguariensis extract
which resulted in a highly-critical point, 1.40 ± 0.01% (p < 0.01 vs. untreated sample). This result
demonstrated that a high quantity of phenolic compounds does not always cause in vivo protection
against oxidative stress.

Figure 5. In vivo antioxidant activity before the bioassimilation process, but in the presence of extracts.
Different letters represent significant statistical differences (untreated sample vs. samples; p ≤ 0.05),
n = 3; untreated sample was used as control.

After the bioactive compound assimilation, the improvement of viability is shown in Figure 6.
The extract of P. cupana caused the loss of viability, and the result was considered to be determined
by a pronounced antimicrobial effect or its use as a carbon source. Exo-protection calculated for
I. paraguariensis could not be obtained even after fermentative assimilation. The result was similar to the
control sample (chlorogenic acid) but ~60% higher compared to wild berries. The bioactive component
was best assimilated for the extract of S. aromaticum, offering a viability increase of 21.21 ± 0.03%
compared to the exo-protection phase. The result was interpreted as an effect of quercetin assimilation
(Table 1).
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Figure 6. Increased viability of S. boulardii cells after bioactive compound assimilation. Different letters
represent significant statistical differences (chlorogenic acid vs. samples; p ≤ 0.05), n = 3; chlorogenic
acid was used as control.

3.5. Determination of Human Cell Viability

The human epithelial cell viability in the presence of the plant extracts is shown in Figure 7.
Exposure of the epithelial cells at low concentrations of hydroalcoolique plant extracts (1%) did not
affect their viability; the exception was S. aromaticum, with an increase of cell viability of 10%. Instead,
exposure of the cell line HCT-8 to higher concentrations of wild fruits and I. paraguariensis had a strong
cytotoxic effect. The MTT assays measured the mitochondrial activity of cells. There was the possibility
that S. aromaticum stimulated the cell enzyme activity. Other factors might have determined higher cell
proliferation, such as slightly more cells were inoculated due to small pipetting errors, a favorable
position in the plate, or just natural variations of cellular metabolism.

Figure 7. Evaluation of the HCT-8 cell viability via MTT assay in the presence of hydroalcoholic extracts.
Different letters represent significant statistical differences (untreated sample vs. samples; p ≤ 0.05),
n = 3; untreated sample was used as control.
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The cytotoxic activity was high in the extracts where the rutin was absent (Table 1), and the
bioavailability showed average values. The minimum obtained was recorded in the samples that
contained high amounts of phenolic acids, which could be understood as a form of exo-protection. Low
flavonoid concentration determined specificity, which corresponded to previous studies performed
on other tumor and nontumor cells [42]. For A. linearis the balanced distribution of the two major
phenolic acids corresponded to a maximum cell number. The obtained results showed that the chemical
composition was the main factor that influenced the cytotoxic activity. The HCT-8 cells morphology
modifications after cultivation with 10% extracts are presented in Supplementary Figure S1.

The metabolic activity of the strain S. boulardii was modulated uniquely by plant extracts. Wild
berries, in addition to A. linearis had an inhibitory effect (Figure 8). In contrast, P cupana stimulated
yeast cell metabolism (p ≤ 0.001). The effect of wild berries confirmed the cytotoxic effect shown at 10%
concentration. This aspect demonstrated that treatments with wild berries and I. paraguariensis affect
the metabolic activity of both yeast and human epithelial cell line HCT-8.

Figure 8. MTT assay of S. boulardii cells cultivated in the presence of hydroalcoholic extracts. Different
letters represent significant statistical differences (chlorogenic acid vs. samples; p ≤ 0.05), n = 3;
chlorogenic acid was used as control.

4. Discussion

The relationship between the degree of protection expressed in vitro and the possibility of any
in vivo action was affected by the high bioassay variability as an expression of the biomass biological
value. From the data obtained we can consider that such biomass (for example, for I. paraguariensis)
provides protection from the formation of free radicals that cause oxidative stress. This study
showed that bioaccessibility and bioavailability are indicators of the in vitro/in vivo relationship. The
identification of the critical point of contact led to the definition of innovative mechanisms for the
exploitation of bioactive components that can ultimately improve the bioaccessibility and bioavailability
of the target compound. This aspect should be confirmed by further experiments. This in vivo indicator
expressed the potential of the product (such as a functional extract, I. paraguariensis) to sustain the
physiological mechanisms of protection against oxidative stress. This was an image of biological action
after administration and could determine a real characterization of the bioactivity and bioavailability
(Figures 4 and 5).
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The ability to assimilate yeast cells led to an understanding of the stability of the functional
components and the importance that the pattern and the level of these compounds play in vivo.
Thus, one of the perspectives that this study demonstrated was that increasing the concentration of a
compound is not the essential factor; rather, it is the distribution of the whole spectrum of nutraceuticals
in the tested product. This aspect explains the negative effects of the administration of green tea
extracts [43] or the lack of a clinical result in many dietary supplements based on medicinally- or
nutritionally-functional compounds [44]. The correlation between in vitro and in vivo data must be
validated using laboratory models (yeasts) to demonstrate that a nutraceutical can also represent a
pharmaceutical product. This link is one of the limiting points in the development of competitive
products for personalized treatments (reducing inflammatory processes, for example) [2]. Such results
would clinically validate the expansion of the nutraceutical industry to limit the action of the factors
that determine degenerative pathologies.

The results shown in Figure 4 illustrate the high degree of absorption of the bioactive components
of I. paraguariensis and A. linearis. The use of yeast was seen as an in vivo model to demonstrate the
ability of the phenolic component for absorption after oral administration. This property was not
correlated with cytotoxic capacity, demonstrating the biological versatility of chlorogenic acid as a
bioactive compound. This study has contributed to the understanding of how the phytocomplex
(particularly the active compounds) influences the eukaryotic cell response to oxidative stress. A
chemical versatility that was controlled by the type of cells it interacted with was also demonstrated.
The current study has shown that the phenolic pattern influences the same type of cells differently. The
increase in the bioavailability index was correlated with poor cytotoxicity for I. paraguariensis.

Although the study did not take into account the influence of the physico-chemical factors during
the gastrointestinal transit, it was considered that the remainder of the samples do not have a major
influence as protectors in the action of oxidative stress. It can be assumed that the absorption in
S. boulardii follows the same general principles as the absorption in the human intestinal lumen (e.g.,
molecular mass and degree of biotransformation of the phenolic component). Without eliminating
comparative differences with multicellular organisms, strains belonging to the genus Saccharomyces are
considered to be a model organism that can provide an overview of pharmacological applications that
could be developed against oxidative stress [45].

Thus, the pattern of functional compounds and their molar ratio was considered the primary
cause of bioavailability following prolonged exposure. The cytotoxic activity was high (i.e., over 90%)
in extracts where rutin was absent (Table 1) because of possible bioconversion into rutin sulphate
(metabolite; [46]). In addition, xenobiotic effects are possible as a secondary cause of blocking the
cellular uptake process. Such effects were determined by secondary compounds, which act on the
membrane transport mechanisms. In some studies, the effect of cell non-accumulation was considered
as a positive effect (in the liver) because it did not involve increased cytotoxicity.

This study presented a series of in vitro and in vivo data that explain the exo- and endo-cellular
mode of action of functional extracts. The biological effect showed specificity based on the
profile of the bioactive compounds. It has been shown that different phenolic compounds have a
characteristic ability to be assimilated, which explains the value of bioassimilation. The high capacity of
incorporation of quercetin into eukaryotic cells increased the degree of protection against oxidative stress
(Figures 5 and 6). Phenolic acids (such as chlorogenic acid) did not significantly influence endo-oxidative
protection. A positive correlation between phenolic compounds and in vitro activities was calculated
for all extracts, but I. paraguariensis and S. aromaticum presented low values (r ≈ 0.3), similar to that
of wild berries. A similar value was obtained in the case of cytotoxic activity of the same extracts
and results observed for other berry samples, not only for representatives of the same berry. A high
correlation value was calculated for A. linearis (r ≥ 0.5), and also for P. cupana and maqui (r ≥ 0.9) in the
case of both in vitro activities. In contrast, in vivo antioxidant protection was directly correlated with
the presence of the phenolic component (r ≥ 0.9) for all extracts.
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This fact confirms that this acid is relevant as a non-pharmacological product because it has a
non-invasive character in the prevention of degenerative pathologies [47]. For quercetin, the biological
response was characteristic of a certain microbial species. Species of the same genus may have
variability in the case of the bioavailability–biological effect. The results were confirmed by clinical
studies that concluded that this compound showed differences at the individual level characterized by
a pharmacologically-variable bioefficiency [48].

The bioavailability and expression of antioxidant action are dependent upon their primary action,
and, by oral consumption, the function is profoundly affected in vivo [49]. Bioavailability via enriched
biomass is a useful method for increasing the pharmacological value of S. boulardii, which enhances
the assimilation of the active substance in the human colon. This is important because it increases the
resistance of probiotic biomass to oxidative stress present in the case of dysbiosis. These products will
maintain greater viability when interacting with the target microbiota and will be able to exert their
effect for a longer time, an essential property in the microbial modulation process. In vivo delivery of
compounds may be considered to improve blood concentration without considering biotransformations
that may occur along the gastrointestinal tract. These aspects were supported by the present results,
providing a lab mirror of the functional product that will have an in vivo effect.

5. Conclusions

In addition to the increase in the oxidative stress stability, bioassimilation and bioavailability of
phenolic compounds define the in vivo complex action that phenolic compounds exert on interaction
with eukaryotic cells. In conclusion, the use of I. paraguariensis extract increased the cellular capacity to
protect against exogenous factors supporting oxidative stress compared with both the control sample
and the assimilation of I. paraguariensis. The level and pattern of phenolic compounds expressed the
antioxidant and cytotoxic activities. A correlation between bioactive compounds and different activities
in vitro/in vivo was not obtained in the case of high levels because it was a species-specific relationship.
An accurate understanding of bioassimilation and bioavailability processes will define the ability of
probiotic biomasses to release functional components and will improve nutraceutical formulation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/7/953/s1,
Figure S1: HCT-8 cells’ morphology modifications after cultivation with 10% extracts, 200X.
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Abstract: The aim of the study was to determine the in vitro enzyme inhibition activities of aqueous
polyphenolic extracts of nine popular Bangladeshi vegetables, namely ash gourd, bitter gourd, brinjal,
Indian spinach, kangkong, okra, ridge gourd, snake gourd, and stem amaranth. Polyphenolic
glycosides were the major compounds present in the extracts. Inhibition of α-amylase (up to 100% at
1 mg/mL) was stronger than α-glucosidase inhibition (up to 70.78% at 10 mg/mL). The Indian spinach
extract was the strongest inhibitor of pancreatic lipase activity (IC50 = 276.77 μg/mL), which was
significantly better than that of orlistat (381.16 μg/mL), a drug. Ash gourd (76.51%), brinjal (72.48%),
and snake gourd (66.82%) extracts were the most effective inhibitors of angiotensin-converting enzyme
(ACE), an enzyme whose excessive activities have been associated with hypertension. Brinjal also
had a significantly higher renin-inhibitory activity than the other vegetable extracts. We conclude
that the vegetable extracts may have the ability to reduce enzyme activities that have been associated
with hyperglycemia, hyperlipidemia, and hypertension.

Keywords: Bangladesh; vegetables; polyphenols; amylase; glucosidase; renin; angiotensin-converting
enzyme; lipase; mass spectrometry

1. Introduction

Several physiological disturbances can be attributed to the effect of metabolic syndrome, which
is a condition characterized by disease conditions such as obesity, dyslipidemia, hyperglycemia,
and hypertension [1]. These metabolic syndrome-related diseased are considered major health concerns
worldwide. Obesity is considered as one of the main factors in the pathogenesis of cardiovascular
diseases such as hypertension, stroke, type 2 diabetes mellitus (T2DM), and cancer [2,3]. Postprandial
hyperglycemia (PPHG), a major feature of T2DM, occurs when the blood glucose level increases after
consuming a meal and this is an important factor taken into consideration for diabetes management.
PPHG can be controlled by inhibiting the enzymes responsible for causing elevated blood glucose [4].
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Several epidemiological and empirical studies have reported that consumption of fruits
and vegetables containing polyphenol compounds play an important role in inhibiting
carbohydrate-hydrolyzing enzymes such as α-amylase and α-glucosidase [5]. α-amylase (EC 3.2.1.1)
is responsible for the hydrolysis of α-1,4 glucosidic bonds of starches, which are then converted to
oligosaccharides. These oligosaccharides are further converted to maltose, glucose, and limit dextrins,
causing blood glucose levels to increase [6]. The enzymeα-glucosidase (EC 3.2.1.20), located in the brush
border of the small intestine enterocytes, is responsible for carbohydrate breakdown and synthesis.
α-glucosidase is a carbohydrate-hydrolase that releases monosaccharides, and is the main enzyme
responsible for increasing blood glucose levels after consumption of a meal. Therefore, subsequent
to the initial α-amylase hydrolysis of dietary carbohydrates, α-glucosidase plays an important role
in ensuring the release of absorbable monosaccharides in the intestinal tract [7]. To control PPHG,
acarbose, miglitol, and voglibose are drugs that are used as α-glucosidase and α-amylase inhibitors.
However, these drugs not only are expensive but they also affect the gastrointestinal system negatively,
with long-term use of these drugs causing flatulence and diarrhea [8].

Digestion of dietary triglycerides occurs in the small intestine by a key enzyme called pancreatic
lipase (PL) to release 2-monoglyceride and fatty acids, which are then absorbed. Hence, inhibition of
PL (EC 3.1.1.3) activity is regarded as a major approach for obesity prevention and treatment [9–11].
Although orlistat (a drug) has been used as a PL inhibitor, the negative side effects such as bloating,
oily spotting, fecal urgency, steatorrhea, and fecal inconsistency have reduced acceptance [12,13].

Another reason for the development of cardiovascular diseases is hypertension, which causes
arteriosclerosis, congestive heart failure, coronary heart disease, end-stage renal diseases, myocardial
infarction, and stroke [14]. The renin–angiotensin system (RAS) has been found to be one of the major
regulatory mechanisms in blood pressure regulation [15]. Within the RAS, renin (EC 3.4.23.15) acts on
angiotensinogen to release angiotensin I, which is then cleaved by angiotensin-converting enzyme
(ACE) to produce angiotensin II, a potent vasopressor. Therefore, ACE (EC 3.4.15.1) and/or renin
inhibition help to manage hypertension and offer cardiovascular protection by limiting the physiological
level of angiotensin II. Just like obesity and diabetes, current clinical management of hypertension
involves mainly the use of drugs, which also have negative side effects [15].

Different in vitro and in vivo studies have observed that dietary phenolic compounds have
many properties beneficial for maintaining human health [16]. In particular, studies have found
that phenolic compounds are helpful for inhibiting lipase, alpha-amylase, alpha-glucosidase, ACE,
and renin [17–20]. In fact, polyphenol-rich extracts have been shown to reduce blood pressure in
spontaneously hypertensive rats and could serve as potential antihypertensive agents [21,22]. Therefore,
this research investigated the enzyme inhibition ability of aqueous extracts of nine popular Bangladesh
vegetables to determine their potential utility as agents against obesity (PL, α-glucosidase, α-amylase),
diabetes (α-glucosidase, α-amylase), and hypertension (ACE, renin). Aqueous extracts were used in
order to enhance the practical utilization of the research outcome, since the human gastrointestinal
tract is highly hydrophilic and soluble compounds are more likely to be absorbed or interact with
enzymes than hydrophobic compounds.

2. Materials and Methods

2.1. Materials

Fresh vegetables, namely ash gourd (BINA CHALKUMRA 1), bitter gourd (BARI KOROLA 1),
brinjal (BARI BEGUN 8), Indian spinach (BARI PUISHAK 1), kangkong (BARI GIMAKOLMI 1),
okra (BARI DHEROSH 2), ridge gourd (BARI JHINGA 1), snake gourd (BARI CHICHINGA 1),
and stem amaranth (BARI DATA 1), were collected from the Bangladesh Agricultural Research Institute
(BARI), Gazipur, Bangladesh. The vegetables were dried in the oven at 40 ◦C, ground into powders,
and then stored at −20 ◦C. Porcine pancreatic α-amylase, porcine PL, rat intestinal acetone powder,
acarbose, orlistat, 4-nitrophenyl α-D-glucopyranoside (PNP), N-(3-[2-furyl]acryloyl)-phenylalanyl
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glycyl glycine (FAPGG), and rabbit lung ACE were purchased from Sigma-Aldrich (St. Louis, MO,
USA). A human recombinant renin inhibitor screening assay kit was purchased from Cayman Chemicals
(Ann Arbor, MI, USA). Other analytical grade chemical reagents were obtained from Fisher Scientific
Company (Oakville, ON, Canada).

2.2. Extraction of Polyphenolic Compounds

Water-soluble free (unbound) polyphenols were extracted using a previous method [23] with
minor modifications as follows. Briefly, dried vegetable powders were weighed and one part mixed
with 20 parts of distilled water (1:20) in a 500 mL beaker, which was then adjusted to 60 ◦C and stirred
for 2 h [23]. After cooling to ambient temperature, the mixture was centrifuged for 30 min at 5600× g,
and the supernatant passed through a muslin cloth to collect filtrate #1. The residue was mixed with
water (1:20) and the extraction, centrifugation, and filtration processes repeated to collect filtrate #2,
which was then combined with filtrate #1. The combined filtrate was partially evaporated in a rotary
evaporator (Heidolph Instruments GmbH & CO., Schwabach, Germany) under vacuum (~24 mm Hg)
at 60 ◦C, and the aqueous residue freeze-dried and stored at −20 ◦C.

2.3. UHPLC MS/MS Analysis of Polyphenolic Compounds

An Agilent 1290 UHPLC system (Santa Clara, CA, USA) coupled with an HSS T3 2.1 × 100 mm
1.7 μm column from Waters Corp (Milford, MA, USA) was used to perform UHPLC analysis of
the vegetable extracts. Samples were mixed with distilled water, vortexed, and passed through
a 0.2 μm filter. Then, a 5 μL portion of the filtrate was injected onto the column followed by elution at
a flow rate of 0.5 mL/min using mobile phases A and B (0.1% formic acid in water and 0.1% formic acid
in acetonitrile, respectively) at 40 ◦C. The following gradients were used: initial holding time 0.5 min,
mobile phase B ramped up to 50% after 5 min, 95% after 6 min, held for 1 min, and re-equilibrated for
1.5 min. Compounds were identified using a diode array detector at a wavelength range of 230–640 nm
in 2 nm increments and a frequency of 5 Hz. The mass spec was carried out in an Agilent 6550 QTOF
(Santa Clara, CA, USA) at 200 ◦C, using a drying gas pressure of 18 psi, 40 psi nebulizer and 350 ◦C
sheath gas, a pressure of 12 psi, and 3500 V capillary with a 1000 V nozzle, and ran in positive ion
electrospray at a frequency of 3Hz and acquisition from 30–1700 m/z. The MS/MS was performed
at a narrow quadruple setting (1.3 atomic mass units), using 10, 20, and 40 eV collision energy and
30–1700 m/z. The compounds were identified using MS/MS fragmentation patterns and quantified
based on the MS peak area.

2.4. Inhibition of α-Amylase Activity

α-amylase inhibition assay was carried out using a previous method [14] with slight modifications.
Plant extracts were dissolved in 1 mL of 0.2 mM sodium phosphate buffer, pH 6.9 containing 6 mM
NaCl. Then, 100 μL of sample aliquot (0.03–10 mg/mL final concentration) and 100 μL of α-amylase
solution were added together in a test tube and incubated for 10 min at 25 ◦C. A 100 μL amount of 1%
starch (previously dissolved in the same buffer, heated, and cooled) was added to the mixture and
incubated again at 25 ◦C for 10 min. Then, 200 μL of 96 mM dinitrosalicylic acid (DNSA), prepared
in 2 M sodium potassium tartrate tetrahydrate, were added to terminate the reaction and heated in
a water bath at 100 ◦C for 15 min. Subsequently, a 3 mL amount of double-distilled water was added
after the reaction mixture was cooled down to room temperature. From this reaction mixture, a 200 μL
aliquot was transferred to a 96-well microplate and absorbance read at 540 nm using a Synergy™ H4
microplate reader (Biotek™, Winooski, VT, USA) at 25 ◦C. The phosphate buffer was used as a blank and
its absorbance subtracted from each well to calculate enzyme activity. Acarbose, a known α-amylase
inhibitor, was used as standard and assayed concomitantly with the samples. The inhibitory activity of
α-amylase was calculated using the following equation:

Inhibition (%) = (Ac−As/Ac) × 100)
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where Ac = Absorbance of the control (no inhibitor) and As = Absorbance of the sample.

2.5. Inhibition of α-Glucosidase Activity

α-glucosidase inhibitory activity of the samples was determined according to a previously
described method [24] with the following modifications. First, a 300 mg portion of rat intestinal
powder was mixed with 9 mL of 0.9% (w/v) NaCl solution and centrifuged at 5600× g for 30 min,
and the supernatant was used as the source of α-glucosidase activity. Plant extracts were dissolved
(final concentration of 0.03–10 mg/mL) in 0.1 M sodium phosphate buffer pH 6.9 and 50 μL mixed
with 50 μL of the α-glucosidase solution in a 96-well microplate followed by incubation for 10 min
at 37 ◦C. Then, 100 μL 5 mM (PNP) also dissolved in the phosphate buffer were added to each well
and the absorbance read at 405 nm in 30 s intervals for 30 min using the Synergy™ H4 microplate
reader with temperature maintained at 37 ◦C. A blank measurement was taken without the addition of
the enzyme, and its absorbance was subtracted from each well. Acarbose, an α-glucosidase inhibitor,
was used as standard and assayed using the same protocol. The following equation was used to
determine the α-glucosidase inhibitory activity of the samples:

Inhibition (%) = (Ac−As)/(Ac) × 100

where Ac = Absorbance of the control (no inhibitor) and As = Absorbance of the sample.

2.6. Inhibition of Lipase Activity

The method described by Tang et al. [25] with slight modifications was used to determine PL
inhibition by measuring the release of 4-methyl umbelliferone (4MU) from 4-methyl umbelliferyl
oleate (4MUO). PL solution (final concentration of 3.125 U/mL) was prepared in 13 mM Tris-HCl buffer,
pH 8.0 containing 1.3 mM CaCl2 and 25 μL added to the mixture containing 225 μL of a 0.5 mM
4-MUO solution and 25 μL of sample (different concentrations) to start the enzyme reaction, followed
by incubation for 1 h at 37 ◦C. The Synergy™ H4 microplate reader was set at 400 nm and used to
measure the amount of 4MU released during the reaction. Orlistat, a commonly used pharmacological
agent against PL, was used as the standard.

The following equation was used to calculate PL inhibition:

Inhibition (%) = (Ac−As)/(Ac) × 100

where Ac = Absorbance of control (no inhibitor) and As = Absorbance of the sample.

2.7. ACE Inhibition Assay

The method described by Alashi et al. [21] was used to determine ACE-inhibitory activity of
the polyphenolic extracts. ACE, FAPGG (ACE substrate), and samples were individually dissolved in
50 mM Tris-HCl buffer, pH 7.5 containing 0.3 M NaCl. A 10 μL aliquot of ACE (final reaction activity
25 mU) was added to each well containing 170 μL of 0.5 mM FAPPG and 20 μL of samples at 37 ◦C.
The buffer was used as blank (uninhibited reaction), while captopril, an ACE-inhibitory drug, was used
as standard and assayed using a similar protocol. Absorption was read at 345 nm at 1 min intervals for
30 min to determine the reaction rate. The slope of the blank or sample reactions was used to calculate
the percentage ACE inhibition as follows:

ACE inhibition (%) =

⎛
⎜⎜⎜⎜⎝

Slope (A/min)blank − Slope (A/min)sample

Slope (A/min)blank

⎞
⎟⎟⎟⎟⎠× 100)
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2.8. Renin Inhibition Assay

The renin-inhibitory activity of samples was determined using a previously described method [26].
Briefly, 20 μL of the substrate, 160 μL of assay buffer, and 10 μL of distilled water were mixed and
added to the background well. Then, 20 μL of the substrate, 150 μL of assay buffer, and 10 μL of water
were mixed into the control (uninhibited) wells, whereas the sample (inhibited) wells contained same
reagents except that the water was replaced with 10 μL of samples (0.5 mg/mL assay concentration).
This was followed by the addition of 10 μL of renin solution (dissolved in the assay buffer) to the control
and sample wells to initiate enzyme reaction; the microplate was shaken for 10 s to ensure adequate
mixing of the reagents and then incubated at 37 ◦C for 10 min in the dark. Enzyme catalytic activity
was measured as the fluorescence intensity (FI) measured at excitation and emission wavelengths of
340 and 490 nm, respectively. Enzyme inhibition was calculated as follows after subtracting the FI of
the background well from the control and sample wells:

Renin inhibition (%) = (FI of control well− FI of sample well)/( FI of control well) × 100

2.9. Statistical Analysis

A minimum of duplicate assays were used to find out the mean values and standard deviations.
For statistical analysis, analysis of variance (Kruskal–Wallis ANOVA) was used, while significant
differences (p < 0.05) between mean values were determined by the Duncan’s multiple range tests.
The IBM SPSS statistical package (version 24, Armonk, NY, USA) was used for all statistical analyses.

3. Results

3.1. UHPLC MS/MS Analysis

The major polyphenolic compounds identified in the vegetable extracts are shown in Table 1.
More polyphenolic compounds were detected from Indian spinach, kangkong, and okra as compared
to other vegetable extracts. The identified compounds were mainly chlorogenic acid and the glycosides
of quercetin, vitexin hexoside, and kaempferol. Kaempferol O-sophoroside was particularly present at
a very high concentration in snake gourd and may be the main compound that determined the bioactive
properties of this extract.

Table 1. Main polyphenolic compounds of aqueous extracts of vegetables *.

Samples Polyphenolic Compounds Retention m/z MS/MS Concentration

Time (min) (Da) (Da) (mg/g)

A 1 B 2

Ash Gourd Vitexin ramnoside 3.2 579 433, 313, 283 1.23 0.77

Brinjal Chlorogenic acid 2.4 355 163 5.63 4.07

Indian spinach
Vitexin arabinoside 3.0 465 433, 313, 283 8.96 3.40
Vitexin 3.2 433 313, 283 2.82 1.07
Kaempferol O-rutinoside 3.4 595 449, 287 0.12 0.05

Kangkong
Dicaffeoyl quinic acid 3.5 517 163 6.92 3.72
Quercetin hexoside 3.4 465 163 4.46 2.40
Chlorogenic, isochlorogenic acid 2.5 355 163 10.12 5.43

Okra
Quercetin O-sophoroside 3.0 627 301 3.33 2.28
Quercetin O-hexoside 3.4 465 301 2.63 1.80
Quercetin malonyl O-hexoside 3.5 551 301 0.66 0.45

Snake gourd Kaempferol O-sophoroside 3.1 611 287 81.35 57.15

* Compounds in bitter gourd, ridge gourd, and stem amaranth could not be identified. 1 Dried polyphenolic extract.
2 Dried vegetable powder.
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3.2. α-Amylase Inhibition

The inhibitory activity of α-amylase obtained in this study by the phenolic extracts was mostly
dose-dependent, although at higher concentrations than acarbose, the standard compound (Figure 1).
However, for brinjal and stem amaranth, decreases at sample concentrations >0.6 and 0.8 mg/mL,
respectively, were observed. Only ash gourd had detectable activity at 0.2 mg/mL, whereas only
brinjal, Indian spinach, and snake gourd had high inhibition levels at 0.4 mg/mL. Kangkong had no
detectable activity at 0.2–0.6 mg/mL. Among the vegetable extracts, the ridge gourd achieved 100%
inhibition at 1 mg/mL concentration, which is significantly (p < 0.05) better than the other extracts.
The okra (40.82% ± 1.88%) and stem amaranth (36.84% ± 0.49%) showed the lowest levels of α-amylase
inhibition, respectively, at 1 mg/mL.

Figure 1. Inhibition of α-amylase activity at different concentrations of acarbose and aqueous
polyphenolic extracts of vegetables. Bars are means (n = 3) ± standard deviation.

3.3. α-Glucosidase Inhibition

A mostly dose-dependent effect was also observed as the inhibitory activity of α-glucosidase
increased with increasing concentration for almost all the samples (Figure 2). However, decreases in
α-glucosidase inhibition were observed at sample concentrations >6 and 8 mg/mL for bitter gourd
and stem amaranth, respectively. The highest inhibition was observed for brinjal (70.78% ± 3.45%) at
10 mg/mL, which is similar to that of acarbose (69.36% ± 0.80% at 0.5 mg/mL), a purified synthetic
inhibitor of α-glucosidase. With the exception of brinjal (higher activity) and stem amaranth (lower
activity), the inhibitory values obtained for the vegetable extracts were similar at 10 mg/mL, but snake
gourd had the lowest inhibition at 0.2 mg/mL.

Figure 2. Inhibition of α-glucosidase activity at different concentrations of acarbose and aqueous
polyphenolic extracts of vegetables. Bars are means (n = 3) ± standard deviation.
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3.4. Pancreatic Lipase (PL)-Inhibitory Activity

PL inhibition was strong for all the vegetable extracts, which enabled IC50 calculation as shown
in Figure 3. Because lower IC50 values indicate stronger inhibitory activity, the results obtained
show that Indian spinach (276.77 ± 4.95 μg/mL) was the most active with a significantly (p < 0.05)
lower value than orlistat. Brinjal (397.22 ± 2.36 μg/mL), okra (427.94 ± 1.40 μg/mL), and kangkong
(482.04 ± 0.67 μg/mL) also had strong activities, although lower than orlistat (381.16 μg/mL). It is also
noticeable that the stem amaranth extract had the weakest PL inhibition (IC50 = 723.394 ± 2.36 μg/mL),
just as it showed the lowest inhibitions of α-amylase and α-glucosidase inhibitory activities.

Figure 3. IC50 values (n = 3 ± standard deviation) for the inhibition of pancreatic lipase (PL) activity by
orlistat and aqueous polyphenolic extracts of vegetables. Bars with different letters have mean values
that are significantly (p < 0.05) different.

3.5. Angiotensin-Converting Enzyme (ACE)-Inhibitory Activity

Different levels of ACE inhibition were obtained for the vegetable extracts but, in general, the ash
gourd (76.51% ± 0.25%), brinjal (72.48% ± 0.02%), and snake gourd (66.82% ± 0.99%) were the most
active (Figure 4). All the vegetable extracts had significantly (p < 0.05) weaker inhibition than captopril,
the ACE-inhibitory drug. It is also observable that ash gourd also showed a good record for inhibiting
α-amylase and α-glucosidase. Stem amaranth showed the lowest activity for all the concentrations
and the lowest ACE inhibition, which is consistent with the observed poor inhibitory activities against
PL, amylase, and glucosidase.

Figure 4. Inhibition of angiotensin-converting enzyme (ACE) activity (n = 3 ± standard deviation) by
1 mg/mL captopril and aqueous polyphenolic extracts of vegetables. Bars with different letters have
mean values that are significantly (p < 0.05) different.
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3.6. Renin-Inhibitory Activity

The highest renin inhibitory activity was exhibited by brinjal (79.64% ± 7.63%) at 0.5 mg/mL
as compared to 99.11% ± 1.75% for aliskiren (drug) at 0.05 mg/mL (Figure 5). The snake gourd had
the significantly lowest renin inhibition, which was not significantly (p > 0.05) different from the stem
amaranth with no detectable renin inhibition.

Figure 5. Inhibition of renin activity (n = 3 ± standard deviation) by aliskiren and aqueous
polyphenolic extracts of vegetables. Bars with different letters have mean values that are significantly
(p < 0.05) different.

4. Discussion

UHPLC MS/MS analysis is considered an effective analysis method because it provides high
selectivity, high sensitivity, and the potentiality for robust and accurate analysis identification of
compounds [27]. As shown in Table 1, the dominant phenolic compounds were the glycosides,
which reflect the aqueous extraction. The water solubility properties of the phenolic compounds
could enhance their interactions with target enzymes within the hydrophilic environment of
the gastrointestinal tract. For example, the aqueous extracts of some bean varieties were shown
to have stronger lipase inhibition than the ethanolic extracts [28]. Inhibition of α-amylase was mainly
dose-dependent except for brinjal and stem amaranth, where their decreases occurred at higher
sample concentrations. However, the dose-dependent inhibitory activity pattern observed for most of
the samples was also reported for α-amylase inhibition by bitter gourd extract [29]. The decreased
α-amylase inhibition at high concentrations of brinjal and stem amaranth may be due to increased
interactions between the polyphenol molecules, which reduced interactions with the enzyme protein.
The weaker α-amylase inhibitory activity when compared to acarbose, which is an approved drug,
suggests lower enzyme binding intensity by the polyphenolic compounds. A previous study also
reported that the ethanolic extract of bitter gourd exhibited lower α-amylase activity than acarbose [29].
The high inhibitory activity of snake gourd (89.26% ± 0.23%) may be attributed to the kaempferol
O-sophoroside, although the contribution of other non-identified compounds cannot be discounted.
The low inhibitory activity of okra suggests that the quercetin glycosides, which were the main identified
compounds in the extract, are not very effective inhibitors of α-amylase. In contrast, other extracts that
contained vitexin, chlorogenic acid, and dicaffeoyl quinic acid had higher inhibitions of α-amylase
activity when compared to okra that contained mainly quercetin glycosides. α-amylase inhibitors
are also referred to as starch blockers because they prevent starch absorption. Digestive amylase
enzyme and other secondary enzymes play a critical role in breaking down complex carbohydrates
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such as starch, without which they cannot be absorbed because polysaccharides need to be broken
down first into monosaccharides for absorption to take place [30]. The association between α-amylase
inhibition and its potential contribution to the management of T2DM with phenolic extracts have been
investigated for other vegetables [31,32].

α-glucosidase is another enzyme that makes glucose available in the body by breaking down
oligo- and disaccharides, converting them into absorbable monosaccharides. Therefore, in order to
reduce serum glucose levels and manage related diseases, α-glucosidase inhibition has been proposed
as a suitable approach [33,34]. This work showed that the vegetable extracts had weaker α-glucosidase
inhibition than acarbose, the drug. In fact, only brinjal extract at 8 and 10 mg/mL produced similar
inhibitory values to acarbose at 0.25 mg/mL. In contrast, a nanoparticulated ethanolic extract of bitter
gourd was reported to have stronger α-glucosidase inhibition than acarbose [29]. Nwanna, Ibukun,
and Oboh [35] reported 50% inhibition of α-glucosidase activity for a similar eggplant variety using
63.24 ± 0.30 μg/mL, which is stronger than the results obtained in this work. The difference may be
due to their use of solvent extraction, which could have isolated more compounds than the aqueous
extraction used in the present work. The observed variations in identifiable polyphenolic compounds
of the vegetable extracts did not have strong effects in influencing α-glucosidase inhibition. However,
the results obtained in this work agree with a previous work [30], which suggested that brinjal phenolics
may have potential for use in controlling T2DM because of the strong glucosidase-inhibitory property.
A previous work [36] reported 66.64% (at 2.5 mg/mL), which is higher than the 48.65% (at 6 mg/mL)
obtained in this work. The α-glucosidase inhibitory properties of a sample have been shown to be
dependent on the type of extracting solvent; for example, ethyl acetate extract had stronger activity
than hexane, methanol, and chloroform extracts of bitter gourd [36]. Therefore, the weaker activity
obtained for the bitter gourd extract in this work may be due to the aqueous extraction as compared to
the ethyl acetate extract.

Lipase is secreted in the pancreas and is used as a catalyst to aid triglyceride hydrolysis in
the stomach, and this hydrolysis is completed by intestinal lipase in the small intestine [28,37]. It has
been estimated that about 50–70% of total dietary fats are hydrolyzed for absorption by PL [38],
which emphasizes the importance of this enzyme in calorie release from diets. Surprisingly, orlistat is
the only FDA-approved drug for inhibiting PL. It was reported that orlistat can prevent approximately
30% of dietary fat absorption; however, regular usage is associated with some undesirable side effects
like flatulence, diarrhea, oily spotting, incontinence, abdominal cramping, and fecal urgency [39].
Therefore, the search for active PL inhibitors, especially natural compounds with potentially fewer
side effects, has become important. Results from this work confirmed the PL-inhibitory activity of
the vegetable extracts, especially the stronger effect of Indian spinach as compared to orlistat. Therefore,
the Indian spinach extract could serve as a potential agent for use in limiting PL-dependent digestion
of dietary lipids. While there may be contributions from other polyphenolic compounds, the results
suggest that the unique combination of vitexin with the kaempferol and vitexin glycosides contributed to
the stronger PL inhibition by Indian spinach. This is because ash gourd and snake gourd, which contain
vitexin and kaempferol glycosides, respectively, but not both types of polyphenols, were not as active as
Indian spinach. The activities obtained in this work are weaker than the 92.0 ± 6.3 to 128.5 ± 7.4μg/mL
reported for the polyphenolic-rich extracts of common bean varieties [10]. The differences may be
due to the type of sample and the extraction solvent since acetone was used as compared to aqueous
extraction in the present work.

ACE is responsible for the formation of angiotensin II, a powerful vasoconstrictor; excessive
physiological levels of angiotensin II lead to hypertension [15]. Therefore, ACE activity inhibition has
been used to prevent and treat various diseases like heart failure, myocardial infarction, nephropathy,
and even diabetes. However, apart from the different negative side effects associated with the use of
pharmacological agents, ACE-inhibitory drugs are not permitted for use during pregnancy due to
potential damage to the fetus [40]. Therefore, foods may serve as sources of ACE-inhibitory compounds
with less harmful effects. For example, flavanols have been shown to inhibit in vitro activity of ACE
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as well as in isolated rat kidney membranes [41]. The vegetable extracts had lower ACE inhibition
than captopril, which is consistent with the strong antihypertensive activity associated with standard
drugs. However, the advantage of natural products is the reduced risk of negative side effects that
could make them preferred antihypertensive agents when compared to synthetic drugs. Moreover,
it is possible to incorporate these vegetable extracts into foods for regular consumption to combat
the incidence of hypertension [21]. The results suggest that the presence of multiple compounds as
identified in this work produced no strong synergistic effect since the strongest ACE inhibition was
associated with samples where one polyphenolic compound predominate. However, it should be
emphasized that other non-identified compounds may have contributed to the observed activities.
The results are consistent with previous reports, which have reported that ACE-inhibitory activity
varies because of differences in polyphenolic compounds of different plant extracts [21,42–45].

Renin inhibition has also been shown to be an effective means of reducing blood pressure
because it catalyzes the rate-determining step (conversion of angiotensinogen to angiotensin I) in
the RAS pathway [15,46]. However, effective renin-inhibitory drugs are rare and only one (aliskiren)
has so far been approved as an antihypertensive agent [47]. Therefore, natural compounds that
inhibit renin activity could enhance the management of hypertension. This is possible because
polyphenolic compounds such as saponins have been shown to bind renin protein [48] and produce
blood pressure-lowering effects after oral administration to rats [49]. As shown in Figure 5, the vegetable
extracts had weaker renin inhibition than aliskiren even though the drug was used at 10 times lower the
concentration of the extracts. The weaker renin inhibition by the vegetable extracts is consistent with the
high purity and chemical potency of the synthesized drug. However, brinjal extract had the strongest
renin inhibition among the vegetables, which suggests that this sample could serve as a potential
natural product to reduce renin activity. Unlike ACE inhibition, the presence of multiple polyphenolic
compounds may have worked synergistically to contribute to the renin-inhibitory activity of Indian
spinach, kangkong, and okra. Reports of polyphenol-dependent inhibition of renin activity are scant,
but a previous work with aqueous vegetable leaf extracts reported <40% inhibitions, although at a
lower concentration of 0.25 mg/mL [22]. Strong inhibition of in vitro renin activity was also reported
for purified soybean saponins with an IC50 value of 59.9 μg/mL [49]. The high purity of the saponin
preparation could have contributed to the high renin inhibition when compared to the mixture of
polyphenolic compounds used in this work.

5. Conclusions

Results from this work have shown that the aqueous extracts of vegetables could inhibit enzyme
activities with respect to obesity, diabetes, and hypertension. The extracts were more effective
inhibitors of α-amylase than α-glucosidase, which suggests a strong potential to limit excessive glucose
release during digestion because starch hydrolysis is the rate-limiting step. Ability of the extracts
to also inhibit PL suggests potential use as agents to limit the release of fatty acids during intestinal
digestion, which could assist in reducing hyperlipidemia. Inhibition of ACE and renin activities are
indications of potential blood pressure-reducing ability, which could also make the extracts function as
antihypertensive agents. Overall, Indian spinach and brinjal extracts produced the most promising
inhibitory effects on the five enzymes studied in this work, whereas stem amaranth extract was
the poorest. However, in vivo determination of enzyme inhibitory activities using suitable animal
disease models is required to confirm potential health benefits.
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Abstract: The addition of functional ingredients to breads could have effects on preventing cardiovascular
diseases, cancers and inflammation. The incorporation of 0–5–10–15% of three populations of dried
purslane flour on the rheological, sensorial and nutritional quality of fortified durum wheat breads
were evaluated. The increase in dried purslane (up to 15%) caused an increase in the resistance to
the mixture and a consequent reduction in its extensibility. The “panel test” gave a largely positive
evaluation in 10% of enrichment. The fatty acids in breads resulted higher with the 5% substitution.
Contrary to what has been imagined, the increase in percentage of substitution to 10 and 15% did
not lead to an increase in linoleic (omega-3) and α-linolenic (omega-6) acid and probably the cause
is in the cooking. The total phenols content and the antioxidant potential, evaluated by ferric
reducing antioxidant potential (FRAP) and 2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) assays of the enriched breads increased with the percentage of the dry purslane substitution.
The enrichment of the durum wheat flour with 5% purslane resulted in a good compromise to obtain
good rheological characteristics of loaves and breads with decreased omega-6/omega-3 ratio and
good antioxidant properties.

Keywords: durum wheat bread; Portulaca oleracea L.; essential fatty acids; omega-6/omega-3
ratio; antioxidants

1. Introduction

Functional foods can be considered those whole, enriched or enhanced foods, that provide health
benefits in addition to basic nutritional functions, when consumed as part of a varied diet on a
regular basis.

Recent consumer interest in nutrition and health has increased the commercial demand for
functional foods [1,2]. Functional foods can also be obtained by fortifying the product with so called
phytochemicals; components with high nutritional value found in nature in different types of plants.
Foods fortified with phytochemicals have been associated with the prevention of at least four frequent
causes of death: cancer, cardiovascular diseases, high blood pressure, and diabetes [1–4]. Interests in
incorporating bioactive ingredients, plant materials, herbs or spices, rich in bio-compounds, into popular
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foods such as bread, have grown rapidly due to the increased consumer health awareness [5]. Bread is
the staple food of the Mediterranean diet and is appreciated and eaten in countries around the world.
The bread produced basically from wheat flour, is rich in carbohydrate and provides more than 50%
of the total energy intake. Due its relatively low cost, availability, acceptability, and widespread
consumption, bread is an excellent product in which the incorporation of functional ingredients,
especially omega-3 fatty acids, is attempted [6]. In recent decades, different research teams have
worked on fortifying bread with natural compounds due to the demands for healthier food [7,8].
Thus, whole grains and seeds are commonly used in the production of bread [9,10]. Moreover, a
technical challenge for food technologists is the production of breads with greater volume, smoother
texture and good shelf life, possessing the quality characteristics derived from the functional properties
of fats.

Portulaca oleracea L. (purslane) is an annual herbaceous plant with reddish stems and alternate
leaves from the family Portulacaceae. Purslane is distributed in many parts of the world and specifically
the tropical and subtropical areas. The aerial parts of the plant are somewhat crunchy, have a slight
lemony taste and are consumed as salads [11,12]. It is a well known plant in traditional medicine;
its medicinal value is evident from its use as purgative, cardiac tonic, emollient, muscle relaxant,
anti-inflammatory and diuretic with immune-protective properties [13–15].

Purslane has been described as a power food due its high nutritive and antioxidant properties
and activities, mainly acting as a free radical scavenger, metal quencher and lipid peroxidation
inhibitor, thanks to its phenolic constituents and several fatty acids. Purslane is abundant in ω-3
fatty acids, particularly in α-linolenic acid (0.83 mg g−1), for which it is considered one of the richest
plant sources. Apart from α-linolenic acid, which represents nearly up to 30% of purslane oil, other
essential fatty acids have also been detected in plant tissues, such as palmitoleic, palmitic, linoleic,
oleic and stearic, acids, as well as trace amounts of 20:5ω-3 and 22:6ω-3, namely eicosapentaenoic
acid and docosahexaenoic acid, respectively [12,16]. In a number of regions in southern Italy, bread
is mainly made from durum wheat, and different varieties have been identified as suitable for both
bread and pasta production [17,18]. In this study, the effect of incorporating different amounts of dried
purslane flour on the technological, sensorial and nutritional quality of fortified durum wheat breads
was evaluated.

2. Materials and Methods

2.1. Plant Material

Purslane germplasm was collected in three different sites of eastern Sicily: Caltagirone (Cal;
37◦11′07′′ N-14◦13′19′′ W), Cassibile (Cas; 36◦58′33′′ N-15◦12′18′′ W) and Santa Venerina (SVen;
37◦40′23′′ N-15◦19′26′′ W) during June 2017. In the identified sites of collection, the plant
resulted widespread and naturally covered the degraded soils. The biomorfological and chemical
characterization of the plant material were reported in a previous study [12]. Linolenicacid resulted as
the most abundant (0.86 mg g−1), followed by the palmitic (0.76 mg g−1) and oleic acids (0.25 mg g−1)
in dried whole plants [7]. The collected parts of the plant were blended thoroughly for homogeneity
and washed with deionized water. After draining the excess water, the biomass (leaves + stalks) was
dried at 40 ◦C for 3 days and ground into powder (about 300 micron). The final moisture content was
less than 8%.

2.2. Bread-Making Test

Each form of bread was obtained adding to 400 g of commercial durum wheat flour (xg semolina
+ xg dried purslane) 8 g of sucrose, 8 g of salt, 24 g dehydrated mother yeast and x mL of distilled
water, calculated according to the water absorption index (WA) by Brabender farinograph analysis.
The obtained mixture was divided into two 200 g shapes and placed in rectangular aluminum pans of
23 × 11 × 5 cm. For each purslane population, different concentrations (5%, 10% and 15% w/w) of the
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substitution on the total weight of the flour were studied. Bread without purslane was used as the
control (CTRL). The different types of produced bread are reported in Table 1. Three replicates were
prepared for each bread sample. The bread loafs were square-shaped in an experimental aluminum box,
in leavening conditions of 30 ◦C for 1 h, 75% r.h. and bakedin a Polin mod. Wind Pierre experimental
oven (Verona. Italy), at 180 ◦C, for 18 min. The bread samples (Cal5, Cal10, Cal15, Cas5, Cas10, Cas 15,
SVen5, SVen10 and SVen15, Table 1) were then subjected to the instrumental measurement for volume
(Geass Volumometer, cm3) and the height of the loaf of breads (Vernier Caliper, cm).

Table 1. Bread samples.

Origin Code
Percentage of Substitution

5% 10% 15%

Cassibile Cas Cas5 Cas10 Cas15
Caltagirone Cal Cal5 Cal10 Cal15
S. Venerina SVen SVen5 SVen10 SVen15

2.3. Rheological Characteristics

The dough-mixing properties of the control and the different mix were examined with the
Brabender Farinograph (Brabender, Duisburg, West Germany) according to the constant flour weight
procedure (AACC n◦ 54–21). Three hundred grams’ flour was mixed at the optimum water absorption
and the farinograph curve was centered on the 500 BU line. According to the standard procedure, the
following farinograph indices were determined: (1) water absorption of blend (WA), (2) development
time of dough (DT), (3) stability of dough (S), and (4) the degree of softening of dough (DS) (Table 2).
The alveographic test was used to analyze the effect of the additions on the dough rheological behavior
performed by Chopin alveograph (Chopin, Villeneuve La Garenne, France) according to the standard
alveographic (UNI n◦ 10453 method) (American Association of Cereal Chemists 2000). Each sample
was analyzed in triplicate and the deformation energy W (strength) and P/L (tenacity/extensibility
ratio) were calculated.

Table 2. Alveographic and farinographic indices of the doughs enriched with purslane averaged for
concentrations and populations. Different letters indicate differences at p < 0.05 (according to the
Duncan test).

Populations

Alveograph Analysis Farinograph Analysis

W
(strength)

(10−4 J)

P/L
(tenacity/extensibility

ratio)

Water
Absorption %

Development
Time
(min)

Stability
(min)

Average of concentrations
Cas 86 a 7.79 a 64.92 c 3.47 a 9.35 a
Cal 86 a 7.91 a 65.50 a 3.45 a 9.20 a

SVen 88 a 8.50 a 65.05 ab 5.45 a 8.97 a
Means 86.78 8.07 65.16 4.13 9.18

Average of populations
0 135 a 3.58 b 62.90 d 2.00 b 4.20 d
5 67 b 10.15 a 64.40 c 2.57 b 6.13 c
10 58 b 10.48 a 65.70 b 4.43 b 9.47 b
15 - - 67.63 a 7.50 a 16.90 a

Means 86.78 8.07 65.16 4.13 9.18

2.4. Sensorial Analysis of Bread

Bread samples were submitted to a panel of 10-trained tasters (five men and five women,
aged between 27 and 60 years) in order to evaluate the sensory attributes. The panel group was an
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on-going panel with prior training. The panelists were selected based on their sensory skills (ability
to accurately determine and communicate the sensory attributes as the appearance, odor, flavor and
the texture of a product). The samples (CTRL and 5%, 10% and 15% of the fortified bread of all three
populations) were served in dishes randomly labeled with three-digit random numbers for all panelists.
The beads were sliced (1 cm thick) and were offered in distinct dishes at the same time. Water was
provided for rinsing purposes. They were evaluated on crust thickness, elasticity, hardness, friability,
apparent softness (force required for compressing the bread slice on a flat surface with a finger, to obtain
a deformation about 50% of crust); on crumb elasticity, friability, cohesiveness, humidity, optical
evaluation of the average size and homogeneity of the alveoli, cohesiveness to the crust. We asked
the panelists to give a bread overall judgment for the overall taste and odor. To this end, a 10-point
scale was used: 1—low sensation, 10—high sensation while for overall taste and odor and final overall
judgment, 1corresponds to extremely unpleasant and 10 to extremely pleasant. The threshold of
acceptability was set at 6.

2.5. Bread Colour Evaluation

Bread color data were collected with the use of a Minolta colorimeter CR, 400, as previously
described by Melilli et al. [19]. The colorimeter was calibrated using the manufacturer’s standard
white plate (L* = 96.55; a* = −0.35; b* = −0.16), where the L* value represents light–dark spectrum with
a range from 0 (black) to 100 (white), the a* value represents the green–red spectrum with a range from
−60 (green) +60 (red). The b* value represents the blue–yellow spectrum with a range from −60 (blue)
+60 (yellow) (CIELAB color space) [20].

2.6. Fatty Acids Content

The fatty acids content was determined in the germplasm collected [12], in the CTRL and in the
breads enriched with purslane. The fatty acid composition was studied on 0.5 g amounts of samples
after the saponification of triglycerides, as described in Melilli et al. [12], after the fatty acids were
transformed into corresponding methyl esters (FAMEs) and injected in a gas chromatography–mass
spectrometry (GC/MS) (Thermo-Fisher) [21,22]. Using Thermo Scientific Xcalibur Data system software
for Windows, the peak areas were determined and identified by the comparison of the retention times
with those of a FAMEs standard mix (Supelco CRM18918 SUPELCO FAME Mix C8–C24) separated
under the same chromatographic conditions. Triplicate analyses were prepared for each sample,
and the analyzed FAMEs were expressed in mg g−1.

2.7. Total Phenols Content

The total phenol content in the bread samples (TPC) was determined using the Folin–Ciocalteu
method as reported by Singleton, et al. [23], with some modifications [24]. One gram of fine bread
powder was extracted with 10 mL of a solution MeOH:H2O (80:20). After sonication for 40 min,
the extracts were filtered and stored in a −20◦C freezer overnight. For the determination of the TPC,
625 μL of the Folin–Ciocalteu reagent (Merck, Darmstadt, Germany, diluted 5 times) and 1.2 mL of
Na2CO3 (7% w/v) solution were added to 125 μL of the samples’ extracts. The mixtures were vortexed
for two minutes and incubated in the dark for 1 h. Absorbance at 760 nm was measured using a
spectrophotometer (Eppendorf Bio Spectrometer® basic). The TPC was expressed as mg gallic acid
equivalent in 100 g of dried bread samples (mgGAE 100 g−1d.m.). For every sample, the protocol was
repeated three times.

2.8. Antioxidant Activity

Bread samples with added purslane at 5 and 10% as well as the CTRL were submitted to analysis.
Two aliquots of 5 g of each dried bread sample was extracted three times with 15 mL of 70% ethanol
(v/v) distilled water. After a cleanup step via centrifugation (10 min at 10,000× g, 4 ◦C), and filtration
through a Millex HV 0.45 μm filter (Millipore, Billerica, MA, USA), the supernatants of each extraction
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cycle were recovered, combined, and used for the analysis of antioxidant activity. The antioxidant
properties of the extracts from bread samples were evaluated using two antioxidant assays: the ABTS
(2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) assay and the ferric reducing antioxidant power
(FRAP) assay. The ABTS assay was performed according to Re et al. [25] and the FRAP assay was
performed according to Benzie and Strain [26]. The calibration curve was constructed using Trolox,
an hydrophilic analogue of vitamin E. The samples were analyzed at five different dilutions, within the
linearity range of the assay, as described by Gentile et al. [27]. All the measurements were repeated
two times and values expressed as μmol Trolox equivalent (TE) 100 g−1.

2.9. Data Analysis

Data were submitted to the Bartlett’s test for the homogeneity of variance and then analyzed
using an analysis of variance (ANOVA). Means were statistically separated on the basis of a
Student–Newmann–Kewls test, when the ‘F’ test of the ANOVA for treatment was significant at
least at the 0.05 probability.

3. Results and Discussion

3.1. Rheological Characteristics

The results of the rheological characteristics (Table 2) show that the origin of the purslane did not
result in significant differences in the properties of the dough; on the contrary, the different percentages
of substitution of wheat semolina with dried purslane induced highly significant differences both on
the parameters detected by alveograph and farinograph.

It is known that gluten is composed of glutenin and gliadin subunits: the first ones give the dough
toughness, while the gliadins determine its extensibility. The alveographic indices are normally related
to the quality and quantity of gluten; in particular, the p value indicates the dough tenacity and the
L value, its extensibility. The P/L configuration ratio indicates the balance between the two factors.
As shown in previous works, the P/L parameter greatly affects the bread-making quality and a value of
this ratio close to unity is favorable to the baking process [17].

Table 2 shows that a partial substitution (from 5 to 10%) of wheat semolina with dried purslane
induced significant modifications on the alveographic parameters (P/L and W). By comparing the
CTRL sample and the formulation containing 5% dried purslane, the W value decreased by about 50%;
on the contrary, the P/L value tripled. In the formulation containing 10% dried purslane, the W value
decreased by about 43% and the P/L value increased, indicating inextensible dough. Moreover, when
the substitution level increased, up to 15%, the alveographic indices could not be determined, indicating
that the high substitution level was opposed to the dough development. The farinographic parameters
included the water absorption, development time and the dough stability. Table 2 shows that the
value of all the farinographic indices increased with the increase in the percentages of substitution.
In particular, it shows the greatest variation of water absorption among farinograph indices, which
is in agreement with the observations of Wang et al. [28]. The partial replacement, from 5 to 15%
wheat semolina by the dried purslane, led to an increase in water absorption (Table 2). As for the
development time, only the mixture with 15% dried purslane showed a significant increase in DT value
(7.50 min). Concerning S during mixing, the addition of different percentages of dried purslane caused
a progressive increase in the values, in particular in the formulation containing 15% dried purslane.
Significantly, S increased from 4.2 min (no addition) to 16.90 min (15%).

3.2. Color, Form and Organoleptic Characteristics of the Fortified Breads

The color of the food is the first parameter of quality evaluated by consumers. The objective
values of CIELAB, on crust and crumb, the height and the volume of the bread samples, subjected to
sensory analyses, are reported in Table 3, as the average of the percentage of substitution and of the
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purslane origin. The color indices were not affected by the type of purslane added both for the crust
and crumb, that on average, had L* values of 41.35 (crust) and 47.87 (crumb).

Table 3. L*, a*, b* in the breads enriched with purslane on the average of concentrations and populations.
Different letters indicate differences at p < 0.05.

Populations
Crust

L*
Crust

a*
Crust

b*
Crumb

L*
Crumb

a*
Crumb

b*
Height

cm
Volume

cm3

Average of concentrations
Cal 42.01 a 9.96 a 19.59 a 49.00 a 1.47 b 16.34 a 5.53 a 265 a
Cas 41.18 a 9.97 a 18.69 a 47.57 b 2.10 a 15.83 a 5.59 a 260 a

SVen 40.88 a 10.38 a 19.55 a 47.04 b 2.04 a 16.19 a 5.71 a 263 a
Means 41.35 10.10 19.28 47.87 1.87 16.12 5.61 263

Average of populations
0 46.82 a 16.69 a 28.09 a 69.26 a −0.28 d 22.58 a 5.67 b 336 a
5 39.74 c 9.98 b 19.02 b 44.80 b 2.04 c 15.35 b 5.98 a 259 b
10 37.06 d 8.21 c 14.55 d 40.30 c 2.71 b 14.03 c 5.48 b 240 bc
15 41.79 b 5.53 d 14.88 c 37.11 d 3.01 a 12.52 d 5.32 b 217 c

Means 41.35 10.10 19.14 47.87 1.87 16.12 5.61 263

The same behavior was noticed for the visual appearance of the loaf of breads (high 5.61 cm with
a volume of 263.19 cm3 as average). Statistical differences in color were recorded in relation to the
percentage of purslane substitution for the crust and crumb; in fact, together they resulted darker,
increasing from 0 (CTRL) to 15%. The height of the loaf of bread resulted improved by adding 5%
purslane flours.

The addition of purslane to bread was expected to influence its structure, altering the organoleptic
characteristics. For this reason, the sensory properties of the bread samples were investigated in this
work were addressed (Table 4). All the samples had values ranging from 8 to 6 in the overall bread
judgment until 10% substitution (Table 4), except for the Cas10 sample (5.3).

Table 4. Sensory attributes of the crust and crumb of the fortified breads with purslane and their overall
judgment. The threshold of acceptability for the bread’s overall judgment is 6.

Sensory Attributes

Crust Means

Cas Cal SVen

CTRL 5 10 15 5 10 15 5 10 15 Cas Cal SVen 5% 10% 15%

Thickness a 3.0 4.0 3.0 4.0 4.0 4.0 5.0 4.3 5.0 4.0 4.0 4.3 4.4 4.1 4.0 4.3
Elasticity a 5.5 5.5 6.0 6.0 6.0 8.0 6.0 4.0 4.0 4.0 5.5 6.7 4.0 5.2 6.0 5.3
Hardness a 5.0 6.0 6.0 4.0 6.0 6.0 4.0 5.3 4.0 6.0 6.0 5.3 5.1 5.8 5.3 4.7
Friability a 4.0 3.0 2.0 4.0 4.0 4.0 4.0 2.0 2.0 6.0 3.0 4.0 3.3 3.0 2.7 4.7

Apparent softness a 3.0 3.0 2.0 4.0 4.0 4.0 3.0 4.0 2.0 4.0 3.0 3.7 3.3 3.7 2.7 3.7

Crumb
Elasticity a 5.0 6.0 6.0 4.0 4.0 6.0 4.0 3.0 4.0 6.0 6.0 4.7 4.3 4.3 5.3 4.7

Apparent softness a 3.3 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
Friability a 5.0 5.0 6.0 4.0 4.0 6.0 6.0 3.0 5.0 6.0 5.0 5.3 4.7 4.0 5.7 5.3

Cohesiveness a 5.0 6.0 6.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 6.0 4.0 4.0 4.7 4.7 4.0
Humidity a 3.8 5.0 4.0 4.0 4.0 4.0 4.0 3.0 4.0 6.0 5.0 4.0 4.3 4.0 4.0 4.7

Average size of the alveoli a 3.5 4.5 2.0 3.0 3.3 2.0 4.0 3.5 2.0 3.0 4.5 3.1 2.8 3.8 2.0 3.3
Homogeneity of the alveoli a 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0
Cohesiveness to the crust a 7.5 7.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 7.0 6.0 6.0 6.3 6.0 6.0
Bread overall judgment b 8.0 8.0 5.3 4.0 7.3 6.0 4.0 8.0 6.7 4.0 5.8 5.8 6.2 7.8 6.0 4.0

a 1—good feeling and 10—bad feeling; b 1—extremely unpleasant, 10—extremely pleasant. CTRL—bread
without purslane.

For crumb, the addition of purslane led to a darker color than for the CTRL. The thickness resulted
higher than 4.0 in all the samples than in the CTRL (3.0), while the hardness sensation was higher
until 10% substitution only for the Cas and Cal bread samples. SVen breads, on average of purslane
fortification, gave the similar results (5.1) with respect to the CTRL (5.0).
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The elasticity of crumb resulted improved in the Cas5 and Cas10 breads, while the other samples
gave values lower than the CTRL (5.0). The alveoli average size and distribution were not affected by
the dry purslane addition.

In general, the addition of purslane improved the darkness, as can be expected, with an increase
in the percentage of substitution. With the exception of the 15% substitution, all the bread samples
had good elasticity, thickness, friability and apparent softness with very small variations between the
purslane accessions. The general judgment was always close to 6 (acceptability threshold) in the bread
samples (means Cas 5.8, Cal 5.8 and SVen 6.2).

3.3. Chemical Characterization and Antioxidant Activity

Table 5 shows the FAMEs content detected in the CTRL bread and the fortified breads. The literature
data of the FAMEs of dry purslane were also reported [12]. The content of the fatty acids in breads
was influenced by both the percentage of substitution and the type of purslane used to enrich the
bread samples. As it is possible to observe, the content in linolenic acid, linoleic acid and oleic acid is
strongly influenced by the percentage of substitution. In fact, the initial content of FAMEs detected in
dry purslane influenced the final fatty acid content of the fortified breads. The CTRL bread sample
showed good levels of total FA (

∑
fatty acids 221.2 mg 100 g−1). The results obtained showed a 54%

increase in Cas5, 23% in SVen5 and 10% in Cas10. On the contrary, no increase in content was observed
in all the other bread samples.

Table 5. Fatty acid methyl esters (FAME) content (mg 100 g−1) in the fortified breads. Different
letters indicate statistical differences at p < 0.05 among percentage of substitution into the same
purslane population.

Fortified Bread Sample Dry Purslane *

CTRL Cal5 Cal10 Cal15 Cas5 Cas10 Cas15 SVen5 SVen10 SVen15 Cal Cas SVen

Palmitic a. 42.0 41.0 a 35.0 b 32.4 c 65.1 a 47.4 b 29.3 c 48.6 a 38.5 b 35.1 b 39.0 42.0 35.0
Oleic a. 38.5 35.5 a 30.6 b 26.2 c 56.9 a 40.0 b 24.1 c 41.4 a 32.9 b 28.2 b 20.0 21.0 10.0

LA 132.3 119.3 a 104.3 b 90.3 c 203.0 a 141.1 b 83.6 c 143.8 a 115.1 b 93.7 c 88.0 78.0 51.0
ALA 8.4 13.2 a 9.3b 10.5 b 16.6 a 13.0 a 7.7 b 13.1 a 9.5 b 9.9 b 84.0 89.0 67.0∑

fatty acids 221.2 209.0 a 179.2 b 159.5 c 341.5 a 241.5 b 144.6 c 246.8 a 196.0 b 166.9 c 172 167 118
PUFA 140.7 132.5 a 113.6 ab 100 b 219.6 a 154.1 b 91.3 c 156.9 a 124.6 b 103.6 c 231 230 163

PUFA/SFA 3.3 3.2 a 3.2 a 3.1 a 3.4 a 3.2 a 3.1 a 3.2 a 3.2 a 2.9 b 4.41 3.98 3.37
ω-6/ω-3 ratio 15.7 9.0 b 11.2 a 8.6 b 12.2 a 10.9 b 10.9 b 10.9 b 12.1 a 9.4 b 1.05 0.88 0.76

* [12]; (LA: linoleic acid; ALA: α-linolenic acid; PUFA: polyunsaturated fatty acid; SFA: saturated fatty acid).

Regarding α-linolenic acid (ALA), 8.4 mg 100 g−1 was the concentration of this fatty acid in the
CTRL, but its content was higher in the all samples analyzed, in particular in the Cal5 (13.2 mg 100 g−1)
Cas5 (16.6 mg 100 g−1) and SVen5 (13.2 mg 100 g−1). The linoleic acid concentration in CTRL was
132.3 mg 100 g−1, and increased considerably in Cas5 (203.0 mg 100 g−1) and SVen5 (143.8 mg 100 g−1).
In general, for both Cas5 and SVen5, there was an increased concentration of PUFA compared to the
CTRL (140.7 mg 100 g−1) of 219.6 and 156.9 mg 100 g−1, respectively. Focusing the contents of ALA and
LA in dry purslane [7], we would have expected an increase with higher purslane substitution, which
instead was not observed. We hypothesized that the baking process may have altered the structure
of the PUFAs. Regarding the ω6/ω3 ratio, which in the CTRL was 15.7 mg g−1, this decrease was
observed in all the samples and was within a range of 8.6 and 11.2 mg g−1.

These data agree with Giaretta et al. [29], that found the addition of kinako flour and chia seed
to bread resulted in a significant increase in the content of polyunsaturated fatty acid (PUFA) with a
lower ω6/ω3 ratio. The effect of the baking process was mainly directed on the ω6/ω3 ratio.

The importance of the ratio of the ω6/ω3 essential FA is well examined by Simopoulos [30].
According to the author, western diets are deficient in ω3 fatty acids, and have excessive amounts
of ω-6 fatty acids, promoting the pathogenesis of many diseases, including cardiovascular disease,
cancer, and inflammatory and autoimmune diseases, whereas increased levels of omega-3 PUFA
(a low ω-6/ω-3 ratio) exert suppressive effects.
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On the contrary of FA, the TPC content, reported in Figure 1, increased with the percentage of dry
purslane substitution. Common bread presented a TPC content of 27 mgGAE 100 g−1. On the average
of the three types of purslane, adding 5% dry purslane the TPC content was double (56 mgGAE100 g−1).
At 10 and 15% substitution, the effect of the dry purslane added resulted statistically different.
The increase in TPC, using Cal purslane resulted 75 (Cal 10) and 91 mgGAE100 g−1 (Cal 15), while using
Cas or SVen purslane, the increase in TPC was smaller (73 mgGAE100 g−1, value averaged at 15% of
Cas and SVen substitution).

Figure 1. The total phenol content (TPC) of the fortified breads, obtained with durum wheat flour and
purslane at three different concentrations. (ns) indicates not statistically different. (***) significant at
0.001 probability level. LSD (Least Significant Difference) (p < 0.05) Cas = 15.3; LSD (p < 0.05) Cal = 12.8;
LSD (p < 0.05) SVen = 14.2.

Considering the results of the sensory properties of the fortified breads, the antioxidant properties,
in terms of FRAP and ABTS, were analyzed until 10% purslane substitution. The FRAP (ferric reducing
antioxidant power) assay was based on the reduction of ferric ion by phenols and the ABTS assay with
2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) was based on free radical scavenging [16–18].
Results are graphed in Figure 2. An increase in antioxidant activity is one of the main aims of food
supplementation. Both assays (FRAP and ABTS assays) highlighted the capacity of purslane to increase
the antioxidant potential of enriched samples vs. the CTRL. We decided to focus the interest on
the samples with the lower substitution, also in view of the best values of ALA content, TPC and
antioxidant potential activity.

Regarding the ABTS results: breads with 5% purslane had an antioxidant activity of 244.7 μmol
TE 100 g−1 vs. 159.9 μmol TE 100 g−1 in CTRL. The results of the FRAP assay had the same trend: also
in this case, values did not result statistically different among the types of purslane, that on average
had an antioxidant potential of 8921 vs. 580 μmol TE 100 g−1 in CTRL.
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Figure 2. Trolox equivalent (TE) antioxidant activity (FRAP assay and ABTS assay) of the fortified
breads obtained with durum wheat flour and the three populations of purslane at 5 and 10% substitution.
Different letters among bars indicate significant differences at 0.05 probability level. FRAP: ferric
reducing antioxidant power); ABTS 2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid).

4. Conclusions

The rheological characteristics of the wheat flour dough enriched with dried purslane provided
useful information on the modifying effect of these additions on the behavior of the dough during its
development, mixing and testing. However, the fundamental difference in the rheological effect of the
additions was that the increase in the dose of dried purslane caused a reduction in its extensibility.

The inclusion in the wheat flour of plants rich in bioactive compounds certainly gave fortified
bread good potential in relation to health benefits. Even though the increasing interest of consumers
in these products, the food development and food design have to find a good compromise between
the percentage of substitution of plant/herbs or spice and the sensorial properties. In our work,
the enrichment of durum wheat flour by up to 5% purslane resulted in a good compromise to obtain
the good rheological characteristics of loaves and breads with a decrease inomega-6/omega-3 essential
FA ratio and good antioxidant properties. Considering in the Sicilian and Mediterranean tradition,
common bread is made mainly using durum wheat, the addition of only 5% dry purslane could
be a useful strategy to increase the bioactive compounds with potential health benefitsin bread.
Trials concerning the shelf life of the products are ongoing.
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Abstract: Resveratrol is a bioactive compound in many foods. Since its anticancer activity
was reported in 1997, its health benefits have been intensively investigated. Resveratrol has
antioxidant, anti-inflammatory, immunomodulatory, glucose and lipid regulatory, neuroprotective,
and cardiovascular protective effects, therefore, can protect against diverse chronic diseases, such as
cardiovascular diseases (CVDs), cancer, liver diseases, obesity, diabetes, Alzheimer’s disease,
and Parkinson’s disease. This review summarizes the main findings of resveratrol-related health
benefits in recent epidemiological surveys, experimental studies, and clinical trials, highlighting its
related molecular mechanisms. Resveratrol, therefore, has been regarded as a potent candidate for
the development of nutraceuticals and pharmaceuticals to prevent and treat certain chronic diseases.

Keywords: resveratrol; bioactivities; anticancer; anti-obesity; antidiabetes; molecular mechanisms

1. Introduction

Many foodstuffs and their bioactive components are beneficial to certain diseases including
cardiovascular diseases (CVDs) and cancer [1,2]. Resveratrol is a polyphenol, which naturally occurs
in numerous foods, such as blueberries and peanuts, as well as grapes and their derived products like
red wine [3]. Since resveratrol was reported to possess strong anticancer properties in tumor initiation,
promotion, and progression stages in the well-regarded journal Science in 1997 [4], its bioactivities and
health benefits have been intensively investigated. Many epidemiologic studies demonstrated that
resveratrol is effective in the prevention of some diseases, such as CVDs and cancer [5,6]. Additionally,
numerous experimental studies have illustrated that resveratrol is beneficial to a broad range of
diseases, including CVDs, diabetes, obesity, cancer, liver diseases, Alzheimer’s disease, and Parkinson’s
disease through redox/inflammatory/immune signaling pathways as well as the interplay between
lipid and glucose metabolism [7–14]. Driven by the promising results from experimental research,
many clinical trials have also elicited the efficacy of resveratrol against certain diseases [15,16].

This review summarizes the main findings regarding the bioactivities and health impacts of
resveratrol, based on systematically searching English literature from Web of Science Core Collection
and PubMed in the last five years, using the key word “resveratrol”. The literature was categorized into
epidemiological surveys, experimental studies, and clinical trials. In particular, this review highlights
the health benefits of resveratrol on chronic diseases including CVDs, cancer, liver diseases, obesity,
diabetes, Alzheimer’s disease, and Parkinson’s disease, and its related molecular mechanisms. We hope

Foods 2020, 9, 340; doi:10.3390/foods9030340 www.mdpi.com/journal/foods131
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that this narrative review paper can provide updated information about resveratrol and can attract
more attention to its health benefits.

2. Observational Studies

Since resveratrol was illustrated to be one of the key factors in wine contributing towards the
French paradox (high intake of saturated fat but low mortality from coronary heart disease), it has
attracted overwhelming interest worldwide, and many epidemiological studies have investigated the
relationship between resveratrol consumption and human health [17–20]. Specifically, dietary patterns
rich in resveratrol were demonstrated to significantly reduce all-cause mortality [21,22]. Resveratrol
also showed its potential to improve CVD risk factors, presenting significantly decreased fasting
blood glucose, triglycerides (TGs), and heart rate [6]. In addition, a case-control study reported
a significant inverse association between resveratrol from grapes (but not from wine) and breast
cancer risk [17]. Furthermore, a lower risk of esophageal cancer was linked with higher resveratrol
intake [5]. However, some null results or even harmful effects on health have also been reported.
For instance, in a cross-sectional study in the Iranian population, resveratrol intake (top quantile,
0.054 mg/day and more) was positively associated with high blood pressure (hazard ratios, HR: 1.52; 95%
confidence intervals, 95% CI: 1.02–2.27), without an significant association with waist circumference, TG,
high-density lipoprotein (HDL), blood glucose, and metabolic syndrome [19]. Similar null outcomes
were found in other studies [18,23]. In fact, the findings from different epidemiological studies are
often inconsistent, because their validity depends on many factors like the study design, sample size,
resveratrol dose, follow-up duration, as well as the participants’ race, health status, eating patterns,
and their food preference (Table 1). Nevertheless, the positive results support further exploration of
what other health effects resveratrol might provide and how it achieves them.
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3. Experimental Studies

Given the observed benefits based on resveratrol consumption, a great deal of research has
explored more health outcomes of resveratrol as well as the underlying molecular mechanisms.

3.1. Antioxidative Activities

Resveratrol has shown strong antioxidant properties in many studies [24,25]. Resveratrol
protects against oxidative stress, one of the primary contributors to many diseases, through various
redox-associated molecular pathways (Figure 1 and Table 2). For instance, resveratrol upregulated
the phosphatase and tensin homolog (PTEN), which decreased Akt phosphorylation, leading to an
upregulation of antioxidant enzyme mRNA levels such as catalase (CAT) and superoxide dismutase
(SOD) [26]. Resveratrol could also improve the antioxidant defense system by modulating antioxidant
enzymes through downregulation of extracellular signal-regulated kinase (ERK) activated by reactive
oxygen species (ROS) [27]. Meanwhile, resveratrol reduced the ischemia-reperfusion injury-induced
oxidative stress by inhibiting the activation of the p38 mitogen-activated protein kinase (MAPK)
pathway, thus the levels of antioxidants like glutathione (GSH) increased, and free radicals were
directly scavenged [28]. Furthermore, resveratrol activated adenosine monophosphate (AMP)-activated
protein kinase (AMPK) to maintain the structural stability of forkhead box O1 (FoxO1), facilitate its
translocation, and accomplish its transcriptional function [25]. Moreover, resveratrol was demonstrated
to improve systemic oxidative and nitrosative stress by activating AMPK, then sirtuin 1 (SIRT1) and the
nuclear factor erythroid-2-related factor 2 (Nrf2) associated antioxidant defense pathways, as Nrf2 acts
as the master regulator of numerous genes encoding antioxidants and phase II-detoxifying enzymes and
molecules [29,30]. Additionally, resveratrol exhibited antioxidant bioactivities by regulating antioxidant
gene expression via the Kelch-like ECH-associated protein 1 (Keap1)/Nrf2 pathway and SIRT1 [31].
Recently, resveratrol was reported to attenuate oxidative injury owing to the induced autophagy via the
AMPK-mediated inhibition of mammalian target of rapamycin (mTOR) signaling or via the activation
of transcription factor EB (TFEB), which promoted the formation of autophagosomes and lysosomes as
well as their fusion into an autolysosome [32,33]. Generally, resveratrol protects against oxidative stress
mainly by (i) reducing ROS/reactive nitrogen species (RNS) generation; (ii) directly scavenging free
radicals; (iii) improving endogenous antioxidant enzymes (e.g., SOD, CAT, and GSH); (iv) promoting
antioxidant molecules and the expression of related genes involved in mitochondrial energy biogenesis,
mainly through AMPK/SIRT1/Nrf2, ERK/p38 MAPK, and PTEN/Akt signaling pathways; (v) inducing
autophagy via mTOR-dependent or TFEB-dependent pathway.
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Figure 1. The antioxidant molecular mechanisms of resveratrol. 1� Resveratrol unanchors Nrf2 in
the cytoplasm, disrupting its Keap1-dependent ubiquitination and degradation. The built-up Nrf2
translocates into the nucleus, binds to ARE, and initiates the transcription of many antioxidative
genes such as SOD and CAT to reduce oxidative stress. 2� Resveratrol promotes the transcriptional
functions of FoxOs in the nucleus to facilitate the transcription of many antioxidative genes like HO-1,
contributing to the reduction of oxidative stress. 3�Resveratrol upregulated PTEN, a major antagonist of
PI3K, blocking the Akt activation. Consequently, the activated Akt reduces, leading to decreased FoxOs
phosphorylation. Therefore, less p-FoxOs translocate from the nucleus to the cytoplasm, and more
FoxOs remain in the nucleus to act as transcriptional factors. 4� Resveratrol activates AMPK to maintain
the structural stability of FoxOs, facilitate its translocation, and accomplish its transcriptional function.
In addition, the activated AMPK phosphorylates PGC-1α, which can translocate into the nucleus, and be
deacetylated by SIRT1. Then PGC-1α promotes Nrf2, leading to increased antioxidative gene expression
and then reduced oxidative stress. Resveratrol activates AMPK, leading to SIRT1 activation, which
inhibits MAPK signaling pathways and results in autophagy. 5� Resveratrol induces autophagy by
activating TFEB, which promotes the formation of autophagosome and lysosome as well as their fusion
into an autolysosome, leading to reduced oxidative stress. Abbreviations: AC, acetyl; Akt, protein
kinase B; AMPK, AMP-activated protein kinase; ARE, antioxidant response element; CAT, catalase; ERK,
extracellular signal-regulated kinase; FoxO, forkhead box protein O; GPx, glutathione peroxidase; GβL,
G protein β subunit-like; HO-1, heme oxygenase 1; Keap1, Kelch-like ECH-associated protein 1; LKB1,
liver kinase B1; MAP2K, mitogen-activated protein kinase kinase; MAPK, mitogen-activated protein
kinase; mSIN1, mammalian stress-activated protein kinase interacting protein 1; mTOR, mammalian
target of rapamycin; mTORC2, mTOR Complex 2; NAD, nicotinamide adenine dinucleotide; NF-κB,
nuclear factor kappa-light-chain-enhancer of activated B cells; Nrf2, nuclear factor (erythroid-derived
2)-like 2; P, phosphorylation; p53, phosphoprotein p53; PDK1, phosphoinositide dependent kinase 1;
PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 1α; PI3K, phosphatidylinositol
3-kinase; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol-3,4,5-trisphosphate;
PTEN, phosphatase and tensin homolog; Rictor, the rapamycin-insensitive companion of mTOR; SIRT1,
sirtuin 1; SOD, superoxide dismutase; STAT, signal transducer and activator of transcription; TF,
transcription factor; TFEB, transcription factor EB.

3.2. Anti-Inflammatory Activities

Resveratrol has been illustrated to have potent anti-inflammatory activities in many studies
(Table 2) [34–37]. Resveratrol protected from inflammation not only by inhibiting the production
of pro-inflammatory cytokines such as tumor necrosis factor α (TNF-α) and interleukin-1β (IL-1β),
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but also by inducing anti-inflammatory heme oxygenase-1 (HO-1) in RAW264.7 macrophages [38].
Additionally, resveratrol suppressed IL-6 transcription, modulating the inflammatory responses as
an estrogen receptor α (ERα) ligand mediated by SIRT1, which functions as an ER coregulator [39].
Resveratrol could also inhibit nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)
signaling independent of SIRT1 [40]. Moreover, resveratrol attenuated inflammation by downregulating
high mobility group box 1 (HMGB1) as well as suppressing NF-κB and Janus kinase (JAK)/signal
transducer and activator of transcription (STAT) signaling pathways [41,42]. In addition, both in vitro
and in vivo, the anti-inflammatory effects of resveratrol were associated with its inhibition of the
toll-like receptor 4 (TLR4)/NF-κB signaling cascade [43,44]. Furthermore, resveratrol attenuated
inflammation by inhibiting the activation of NACHT, LRR, and PYD domains-containing protein 3
(NALP3) inflammasome and inducing autophagy via SIRT1 upregulation and AMPK activation [34,35].
In a study on osteoarthritis, resveratrol interrupted an inflammatory amplification loop [45]. Specifically,
the resveratrol-induced NF-κB inhibition resulted in decreased IL-6 secretion, leading to suppressed
signal transducer and activator of transcription 3 (STAT3) activation in macrophages. Since STAT3
was responsible for the positive regulation of IL-6 secretion, inhibition of STAT3 made IL-6 levels
even lower. Resveratrol could also block ERK1/2 activation, consequently upregulating MyD88
Short, a negative regulator of inflammation [36]. Altogether, resveratrol was able to regulate the
pro- and anti-inflammatory cytokines and chemokines to protect against inflammation, mainly by
upregulating SIRT1, suppressing NF-κB, and the associated cascades, as well as inhibiting NALP3
inflammasome activation.

3.3. Immunomodulating Effects

Resveratrol has exerted immunomodulating effects in various studies (Table 2) [46–48]. Resveratrol
modulates immune response against pathogens like viruses, bacteria, and some toxic materials.
For instance, resveratrol upregulated immune responses and reduced immunocyte apoptosis in
chickens receiving conventional vaccinations and improved the growth of young chickens [49].
Resveratrol also reduced the activity of respiratory syncytial virus and inhibited the toll/IL-1 receptor
domain-containing adaptor inducing β interferon (TRIF) expression through upregulating sterile α

and armadillo motif protein (SARM) [50]. In addition, resveratrol prevented enterovirus 71 (EV71)
replication and reduced the virus-induced elevated IL-6 and TNF-α secretion in rhabdosarcoma cells
via suppressing IκB kinase (IKK)/NF-κB signaling pathway [48]. Moreover, resveratrol inhibited human
rhinoviruses-16 replication and normalized virus-induced IL-6, IL-8 and regulated on activation normal
T cell expressed and secreted (RANTES) as well as the expression of intercellular adhesion molecule-1
(ICAM-1) [47]. Additionally, resveratrol maintained the immune function in rotavirus-infected
piglets, resulting in attenuated diarrhea and inflammation [51]. Moreover, resveratrol triggered an
immune response to protect against non-typeable Haemophilus influenzae (a respiratory bacterium)
without developing resistance in vitro [46]. Resveratrol also decreased bacterial viability and reduced
infectious airway inflammation without noticeable host toxicity in vivo [46,52]. In addition, resveratrol
showed immunomodulatory properties via reducing bacterial and inflammatory biomarkers in
lipopolysaccharides (LPS)-challenged primary Atlantic salmon macrophages [52]. Resveratrol
also modulated immunity caused by some toxic materials like concanavalin A (Con A), showing
upregulation of SIRT1 and reduction of cytokines such as TNF-α, interferon γ (IFN-γ), IL-6, and
monocyte chemoattractant protein-1 (MCP-1) [53]. Interestingly, resveratrol was found to strongly
enhance immune activity in immunosuppressive mice, showing a bidirectional regulatory effect on
immunity [54]. Specifically, resveratrol improved spleen lymphocyte proliferation, enhanced the
function of peritoneal macrophages, and increased the CD4+ cells in peripheral blood. Furthermore,
some cytokines in the serum were upregulated, such as IL-1α/β, IL-2, and TNF-α. Based on a
statistical analysis of human microarray data, a recent study revealed that resveratrol regulated many
immune response pathways including peroxisome proliferator-activated receptor α (PPAR-α)/retinoid
X receptor α (RXRα) activation, IL-10 signaling, natural killer cell signaling, leucocyte extravasation

136



Foods 2020, 9, 340

signaling, and IL-6 signaling [55]. Recently, it was revealed that resveratrol could suppress the aryl
hydrocarbon receptor (AhR) pathway, resulting in the reversal of imbalanced Th17/Treg, the main
characteristic of immune thrombocytopenic purpura [56].In short, resveratrol could modulate both
cellular and humoral immunity to reduce replication and the viability of pathogens, and bidirectionally
regulate the related cytokine/chemokine production through the canonical immune response pathways
as mentioned above.

3.4. Cardiovascular Diseases

Resveratrol has been reported to protect against CVDs in certain research (Table 2) [57–59].
Resveratrol prevented the pathological progression of hypertension, a major risk factor of CVDs,
through Nrf2 activation, owing to its antioxidant and anti-inflammatory capacity [60]. Resveratrol
could also lower blood pressure in hypertensive mice by inducing oxidative activation of cyclic
guanosine monophosphate (cGMP)-dependent protein kinase 1α (PKG1α) [61]. Atherosclerosis is
another main contributor to CVDs. Resveratrol was able to block atherosclerotic plaque progression
by acting against pro-atherogenic oxysterol signaling in M1 (inflammation-encouraging) and M2
(inflammation-decreasing) macrophages [57]. Meanwhile, resveratrol prevented the activation
of inflammasome, a contributor to the vascular inflammatory injury and atherosclerosis, via
downregulating NF-κB p65 and p38 MAPK expression, and upregulating SIRT1 expression [62].
In addition, resveratrol ameliorated atherosclerosis partially through restoring intracellular GSH via
AMPK-α activation, resulting in inhibited monocyte differentiation and reduced pro-inflammatory
cytokine production [59]. Moreover, resveratrol regulated the band 4.1, ezrin, radixin, and moesin
(FERM)-kinase and Nrf2 interaction, leading to decreased expression of ICAM-1 and then the inhibition
of monocyte adhesion [63]. Resveratrol also exhibited antithrombotic effects via decreasing the
tissue factors like TNF-α, and such action could be facilitated by aortic endothelial cells that could
deconjugate resveratrol metabolites to free resveratrol [64]. Furthermore, one of the atherosclerosis
consequences, high fat/sucrose diet-induced central arterial wall stiffening, was improved by resveratrol
based on its protective activities against oxidative stress and inflammation [7]. Resveratrol also
effectively prevented CVD by improving the cardiac and vascular autonomic function, protecting
the erythrocytes via interacting with hemoglobin and reducing heme-iron oxidation [65,66]. In a
heart failure model, resveratrol mitigated atrial fibrillation by upregulating PI3K and endothelial
NOS (eNOS) [8]. In summary, the cardiovascular protective effects of resveratrol mainly depend on
the capabilities of reducing oxidative stress and alleviating inflammation through Nrf2 and/or SIRT1
activation, PI3K/eNOS upregulation, and NF-κB downregulation.

3.5. Cancers

Resveratrol has exhibited protective impacts on various cancers, like colorectal cancer, lung
cancer, breast cancer, prostate cancer, ovarian cancer, cervical cancer, liver cancer, and gastric cancer
(Table 2) [14,67–71]. For instance, resveratrol was reported to inhibit the formation and growth of
colorectal cancer by downregulating oncogenic KRAS expression [68]. Resveratrol also prevented
tumorigenesis and progression of non-small cell lung cancer (NSCLC) cells by interrupting glycolysis
via inhibition of hexokinase II expression, which was mediated by downregulation of the epidermal
growth factor receptor (EGFR)/Akt/ERK1/2 signaling pathway [69]. Moreover, resveratrol showed
pro-apoptotic/anti-proliferative effects in LNCaP cells (human prostate adenocarcinoma cells) through
inducing the expression of cyclooxygenase (COX)-2, promoting ERK1/2 activation, and facilitating
p53-dependent anti-proliferation gene expression [14]. In addition, resveratrol could decrease the
efficiency of ovarian cancer cells adhering to peritoneal mesothelium in vitro by downregulating the
production of α5β1 integrins and upregulating the release of soluble hyaluronic acid [70]. Resveratrol
was also reported to inhibit the expression of phospholipid scramblase 1 (PLSCR1), leading to the
growth inhibition of HeLa cells [71]. Furthermore, resveratrol showed proliferation-inhibitory and
apoptosis-inducing effects in HepG2 cells by activating caspase-3 and caspase-9, upregulating the
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Bax/Bcl-2 ratio, and inducing p53 expression [72]. Resveratrol also inhibited the invasion and migration
of human gastric cancer cells by blocking the epithelial-to-mesenchymal transition, which was mediated
by metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) [73]. Additionally, resveratrol
protected against breast cancer metastasis by promoting antitumor immune responses via blunting
STAT3, leading to inhibited generation and function of tumor-evoked regulatory B cells (tBregs) as well
as decreased production of transforming growth factor β (TGF-β) (a downstream target of STAT3),
which was required by the tBregs to convert resting CD4+ T cells to the metastasis-promoting FoxP3+

regulatory T cells (Tregs) [67]. Although some research showed that resveratrol may be beneficial in
breast cancer chemoprevention due to its non-estrogen function [74], different doses of resveratrol
showed controversial effects due to its interaction with estrogens, which induce cellular proliferation
and play a key role in breast cancer development and progression. Specifically, it was found that
high concentrations of resveratrol could inhibit the proliferation of estrogen receptor alpha positive
(ERα+) breast cancer, while low concentrations increased the growth of ERα+ cells [75,76]. It was
reported that at low concentrations, resveratrol not only bound to ERs due to its structural similarity
with E2, but also increased the formation of estrogen precursor steroids and inhibited the inactivation
of active steroids, resulting in elevated active estrogen levels, leading to breast cancer cell growth
and progression [77,78]. However, “more resveratrol is better” was challenged in some cases [79].
For instance, in terms of colorectal cancer chemoprevention, lower doses of resveratrol from dietary
exposures exerted a better efficacy than high doses (200 times higher previously used in phase I clinical
trials) due to its pro-oxidant activity at high doses and AMPK signaling upregulation.

Collectively, resveratrol has shown its anticancer bioactivities by impairing glycolysis, inhibiting
cancer cell growth and proliferation, inducing apoptosis, promoting antitumor immune responses,
and preventing adhesion, migration and invasion of cancer cells by modulating related molecules
and gene expression through various signaling pathways. Of note, different doses may lead to very
different effects, which sometimes could be opposite. Therefore, consideration regarding doses and
matrix should be paid more attention in future studies.

3.6. Liver Diseases

Resveratrol has shown its protective impacts on several liver diseases in some studies
(Table 2) [9,80–82]. Specifically, resveratrol alleviated non-alcoholic fatty liver disease (NAFLD)
by upregulating the low-density lipoprotein receptor (LDLR) and scavenger receptor class B type I
(SRB1) gene expressions in the liver [83], or by regulating autophagy and decreasing the activity of
NF-κB, resulting from restoring its inhibitor, nuclear factor of kappa light polypeptide gene enhancer
in B-cells inhibitor α (IκBα) [84]. Resveratrol also improved high-fat diet (HFD)-induced fatty liver
by downregulating adipose differentiation-related proteins and increasing the numbers of CD68+

Kupffer cells [9]. As for chemical-induced liver diseases, resveratrol could markedly restore the
morphology and function of alcohol-injured liver through inducing autophagy, or downregulating
hypoxia-inducible factor 1α (HIF-1α) expression [85,86]. In addition, resveratrol ameliorated
CCl4-induced liver injury by blocking the Notch signaling pathway [82]. Furthermore, resveratrol
attenuated N′-Nitrosodimethylamine-induced hepatic fibrosis by restoring the architecture and
normalizing collagen deposition, mainly due to its antioxidative activities and downregulation of smooth
muscle actin (α-SMA), which suppressed hepatic stellate cell activation [80,81]. Moreover, resveratrol
pretreatment mitigated liver cirrhosis by improving the homing of bone marrow-derived mesenchymal
stem cells [87]. In summary, resveratrol could improve NAFLD, chemical-induced liver injuries, fibrosis,
and cirrhosis by modulating redox status, regulating lipid metabolism, ameliorating inflammation, and
inducing autophagy with various cytokines, chemokines, and transcription factors involved.

3.7. Diabetes

Resveratrol has been elicited to attenuate diabetes and its relevant complications in many
studies (Table 2) [88–91]. Resveratrol was observed to significantly reduce blood glucose levels,
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plasma lipids, and free fatty acids in diabetic mice, and it inhibited the expression of inflammatory
mediators (e.g., ICAM-1, vascular cell adhesion molecule-1, and MCP-1) both in the aorta and in
the blood, by inhibiting the NF-κB pathway [92]. In addition, resveratrol could relieve diabetes via
increasing insulin action and glucose utilization due to visfatin expression restoration, SIRT1 activation,
and glucose transporter modulation [89]. Moreover, resveratrol increased glucose uptake to improve
insulin resistance in the muscle by decreasing diacylglycerol (DAG) accumulation and protein kinase
C θ (PKC-θ) translocation, and preventing lipolysis under the condition of adipose hypoxia, because
resveratrol could preserve phosphodiesterase 3B expression (PDE 3B) to downregulate cyclic adenosine
monophosphate (cAMP), leading to the inhibition of protein kinase A (PKA)/hormone-sensitive
lipase (HSL) activation [90]. Moreover, resveratrol showed protective effects on adipose tissue in
diabetic mice by preventing ROS-mediated mitochondrial fission via AMPK-dependent upregulation
of Drp1 phosphorylation, and by blocking the activation of NALP3 inflammasome via inhibition of
endoplasmic reticulum stress (ERS) [93]. Resveratrol also protected against diabetic complications such
as myocardial fibrosis, diabetic nephropathy, and erectile dysfunction [11,88,94]. Furthermore, maternal
resveratrol administration to the rats was evidenced to prevent the offspring’s glucose intolerance and
islet dysfunction, which were associated with gestational diabetes [91]. In summary, resveratrol could
effectively regulate glucose metabolism, improve insulin resistance, improve diabetic complications,
and restore the function of multiple systems via modulating SIRT1/NF-κB/AMPK signaling pathways
and some associated molecules like NALP3 inflammasome, as well as the expressions of relevant genes.

3.8. Obesity

Obesity has become a severe health issue globally. Resveratrol significantly decreased the
body weight and fat mass in mice with HFD-induced obesity, showing reduced leptin and lipids in
plasma, modulated metabolism of glucose and insulin, and restored immune dysfunction, via the
activation of PI3K/SIRT1 and Nrf2 signaling pathways, and the inhibition of transcriptional regulators
(e.g., EP300 gene), which are involved in the differentiation of adipocytes as well as lipid storage and
metabolism [95,96]. Moreover, besides a significant dose-dependent decrease of weight gain and lipid
deposition in the liver and adipose tissues of HFD-induced obese mice, low concentrations of resveratrol
(1–10 μM) suppressed adipogenic differentiation in pre-adipocytes, downregulated the expression
of peroxisome proliferator-activated receptor γ (PPAR-γ) and perilipin protein in differentiated
adipocytes, and inhibited TNF-α-induced lipolysis in mature adipocytes [97]. Additionally, resveratrol
prevented against obesity through markedly enhancing the catecholamine production, accompanied by
suppressing the pro-inflammatory M1 macrophages and activating anti-inflammatory M2 macrophages
in white adipose tissue, which play a pivotal role in the trans-differentiation of white adipocytes
into beige adipocytes [98]. Furthermore, resveratrol administrated to the pregnant and lactating
mice led to promoted white adipose browning and thermogenesis in the male descendants, and
these health benefits persisted and prevented obesity in their future life [99]. In addition, resveratrol
protected against sarcopenic obesity by improving mitochondrial function and reducing oxidative
stress through the PKA/liver kinase B1 (LKB1)/AMPK pathway [100]. Resveratrol also showed
positive impacts on obesity-related complications, such as reproductive dysfunction like infertility and
endocrine disorders [101,102]. To summarize, resveratrol has been illustrated to decrease body weight,
regulate lipid deposition, modulate adipocyte gene expression, and promote white adipose browning,
via PI3K/SIRT1, Nrf2, PPAR-γ, TNF-α, and PKA/LKB1/AMPK signaling pathways (Table 2).

3.9. Alzheimer’s Disease and Parkinson’s Disease

Alzheimer’s disease and Parkinson’s disease are neurodegenerative disorders, seriously decreasing
life quality, while resveratrol may have the potential to improve these diseases. For instance, resveratrol
inhibited the aggregation of amyloid β (Aβ), a key factor in Alzheimer’s disease, by modulating
specific proteins such as ubiquitin-like protein (UBL)/X-box binding protein 1 (XBP-1) involved
in proteostasis [103]. Furthermore, resveratrol prevented memory loss in Alzheimer’s disease by
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decreasing elevated levels of mitochondrial complex IV protein in the mouse brain via the activation of
SIRT1 and AMPK pathways [104,105]. In terms of Parkinson’s disease, resveratrol ameliorated ERS by
downregulating the gene expression of C/EBP homologous protein (CHOP) and glucose-regulated
protein 78 (GRP78), inhibiting caspase-3 activity in the rat brain, and ameliorating oxidative damage
via suppressing xanthine oxidase activity and protein carbonyl formation as well as activating the
glutathione peroxidase and Nrf2 signaling pathway [10]. Resveratrol also alleviated Parkinson’s disease
through elevating miR-214 expression, leading to decreased mRNA expression of α-synuclein [106].
Taken together, resveratrol ameliorated Alzheimer’s disease and Parkinson’s disease by activating the
SIRT1, AMPK, and Nrf2 signaling pathways and modulating the associated gene expressions (Table 2).

3.10. Sex-Dependent Effects of Resveratrol

Acting as an estrogen agonist, resveratrol showed sex-dependent effects on some diseases,
which causes increasing concerns (Table 2). CVD risk increases with increasing age, gradually in
men while disproportionately in women, and such a lower risk was in association with estrogen’s
cardioprotective properties [107,108]. In a recent in vivo study, sex differences were observed in rats
with surgically-induced myocardial infarction (MI) due to the resveratrol treatment (2.5 mg/kg/d) [109].
Superior improvements were observed in females in terms of interventricular septal wall dimension
at systole (IVSDs), end-systolic volume (ESV), ejection fraction (EF), fractional shortening (FS),
and isovolumic relaxation time (IVRT), among which IVRT was purely sex-dependent. In another
study, long-term resveratrol treatment in rats (50 mg/L in drinking water, 21 days) increased the
relaxations to estrogen in aortae, more potently in males, probably due to the effects of resveratrol
on promoting nitric oxide and/or suppressing superoxides [110]. Alongside this, it was revealed that
resveratrol (20 mg/kg) significantly increased dopamine transporter (DAT) in the striatum in female but
not in male mice [111]. The in vitro study in the same research indicated that resveratrol upregulated
DAT in the dopaminergic cells by inducing its gene transcription. Additionally, sex differences in the
effect of resveratrol were also found in a mouse model of dextran sulfate sodium-induced colitis [112].
Adverse effects were observed in females but not in males, regarding weight loss, stool consistency, and
discomfort. Such results indicate that special attention should be paid to the application of resveratrol,
a phytoestrogen, which can interact with hormone receptors and result in sex-dependent effects that
can be beneficial or harmful.
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4. Clinical Trials

In light of the positive epidemiological evidence and the promising results from experimental
studies, resveratrol has been investigated in the human population as a potential nutraceutical
(Table 3). There are certain encouraging outcomes reported. Specifically, resveratrol intake (500 mg/day
for 30 days) was demonstrated to reduce CVD risk factors by increasing SIRT1, enhancing total
antioxidant capacity in healthy individuals, decreasing low-density lipoprotein cholesterol (LDL-C),
ApoB, and oxidized LDL [113–115]. Moreover, resveratrol prevented bone density loss (500 mg/day
for 6 months) in type-2 diabetic patients [116]. In addition, resveratrol showed benefits in obesity,
NAFLD, and neurodegenerative diseases [15,16,117,118]. However, some null outcomes have also been
reported. For instance, resveratrol intake (250 mg/day for 8 weeks) did not increase SIRT1 nor improve
many cardiovascular risk factors in healthy aged men [58]. In some other studies, no significant
improvements were found in metabolic biomarkers in patients with Alzheimer’s disease, obesity or
type-2 diabetes, respectively, though their resveratrol intake ranged from 150 to 1000 mg/day with
different duration of 4–52 weeks [119–122]. Therefore, the outcomes of clinical studies are not always
consistent. Of note, the health effects of resveratrol as a therapeutic intervention may be affected
by many factors, such as baseline health status of the subjects, their demographic profile, lifestyle,
eating pattern, resveratrol dose, and intervention period. Nevertheless, a well-designed study, proper
sample size, and a scientific evaluation system are also needed. Furthermore, although resveratrol is
well-tolerated and safe as reported by most of the clinical trials, very few adverse effects (e.g., nausea
and diarrhea) were observed, as well as some unfavorable results like an increase in total cholesterol,
ApoB, the homeostatic model assessment-insulin resistance (HOMA-IR) score, fasting blood glucose,
body fat, and the inflammatory markers [15,114,118]. Interestingly, resveratrol was reported to mask
the exercise training-induced benefits, blunting the improved cardiovascular health parameters [58].
It might be attributable to the potent antioxidant capability of resveratrol, which could scavenge the
free radicals induced by exercise training, because the appropriate number of free radicals is necessary
for health maintenance. Therefore, it could be suggested that foods containing resveratrol should not
be consumed during exercise.
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5. Conclusions

Resveratrol is one of the most investigated bioactive compounds in foods. A number of
epidemiologic studies have demonstrated that resveratrol is effective in the prevention of some diseases
such as CVDs and cancer, although the results are sometimes inconsistent. In addition, the experimental
studies have shown that resveratrol possesses many bioactivities and health benefits like antioxidant,
anti-inflammatory, immunomodulatory effects, and improving CVDs, cancer, liver diseases, diabetes,
obesity, Alzheimer’s disease, and Parkinson’s disease. Furthermore, resveratrol showed some effects
in patients with CVDs and obesity in clinical trials, although inconsistency has also been reported.
In the future, more bioactivities and health benefits of resveratrol should be evaluated, and further
clarification of the underlying mechanisms of action is required. In order to develop resveratrol into
functional foods and pharmaceuticals, more clinical trials are essential to confirm its efficacy and
observe the possible adverse events, and the dose–effect relationship should be paid special attention
as well.
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