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Abstract: Non-communicable diseases pose a serious threat to Western countries, in particular
to European populations. In this context, healthy diets, such as the Mediterranean diet and the
New Nordic diet developed in 2004, in addition to other healthy lifestyle choices (i.e., regular
and low to moderate intensity levels of physical activity) can contribute to reduce the risk factors
associated with cardiovascular disease and type 2 diabetes (majorly preventable, diet-related,
non-communicable diseases), including being overweight, obesity, hypertension, hyperglycemia and
hypercholesterolemia. The Mediterranean diet and the Nordic diet share common traits: they are rich
in nutrient-dense foods (mostly plant-derived foods) and low in energy-dense foods (mainly of animal
origin). However, more studies are needed to ascertain the long-term effects of adherence to both
dietary styles with regards to disease prevalence and incidence, especially for the New Nordic Diet.

Keywords: Mediterranean diet; Nordic diet; overweight; obesity; cardiovascular disease; functional
foods; nutraceuticals; bioactive phytochemicals

In the few last decades, the benefits of dietary styles rich in nutrient-dense foods have been
emphasized in terms of longevity, healthy ageing and morbidity. Indeed, diets including plenty of
plant foods have been associated with a reduced risk and incidence of chronic degenerative diseases
such as cardiovascular disease, type 2 diabetes, metabolic syndrome, neurodegenerative disorders and
some cancers. In general, healthy dietary habits include a low consumption of refined sugars, salt,
saturated and trans fats, as well as high intake of fruit, vegetables (including legumes, whole grain
cereals and nuts), low-fat dairy products and healthy lipids (from plant oils and seafood).

According to the World Health Organization (WHO), non-communicable diseases, including
cardiovascular disease, cancers, respiratory diseases and diabetes, are responsible for almost 70% of
all deaths worldwide. The rapid rise of non-communicable diseases has been driven by a number of
(modifiable) behavioral risk factors, such as unhealthy diets, physical inactivity, exposure to tobacco
smoke and the harmful use of alcoholic beverages, in addition to environmental (air pollutants),
occupational (carcinogens, particulates, gases, fumes) and metabolic (overweight/obesity, hypertension,
hyperglycemia, hypercholesterolemia) risk factors [1]. Of the six WHO regions, the WHO European
Region is the most severely affected by non-communicable diseases (Table 1). Therefore, The European
Food and Nutrition Action Plan 2015–2020 aimed at significantly reducing the burden of preventable
diet-related non-communicable diseases, obesity and all other forms of malnutrition prevalent in the
region, with emphasis on the decrease in the prevalence of obesity and diabetes, as well as overweight
children under five years old [1].

Foods 2020, 9, 940; doi:10.3390/foods9070940 www.mdpi.com/journal/foods1
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Table 1. Burden of non-communicable diseases, overweight and obesity in the WHO European
Region: factsheet.

• Cardiovascular disease, diabetes, cancer and respiratory diseases (the four major NCDs) together account
for 77% of the burden of disease and almost 86% of premature mortality

• In 46 countries (accounting for 87% of the Region), more than 50% of adults (aged ≥ 20 years, both sexes)
are overweight or obese, and in several countries the rate is close to 70% of the adult population

• Overweight and obesity are estimated to result in the death of approximately 320,000 men and women in
20 western European countries every year

• Rates of overweight and obesity in some parts of eastern Europe have risen more than threefold since 1980

• Overweight and obesity are also highly prevalent among children and adolescents, particularly in
southern European countries

• The prevalence of overweight and obesity was 11–33% for children aged 11 years, 12–27% for children
aged 13 years and 10–23% for those aged 15 years

Adapted from [1].

A number of studies have established the health-promoting effects of two European diets:
the Mediterranean diet and the Nordic diet, particularly against cardiovascular disease and type
2 diabetes [2]. As substantiated by many observational studies, the Mediterranean diet, low in
energy-dense foods, can be considered the archetype of a health-promoting lifestyle by virtue of the
phytochemical diversity of its food components (Table 2).

Table 2. Dietary pattern and lifestyles of traditional Mediterranean diet.

Dietary Habits

1. High consumption of minimally-processed, local and seasonal plant food (whole-grain cereals, fresh fruit,
cooked and raw vegetables, nuts)
2. Daily fat intake ranging from 25% to 35% of energy (with saturated fat ranging from ≤7% to 8% of energy)
3. Daily intake of low to moderate amounts of dairy products (mainly low-fat cheeses and yogurt)
4. Twice-weekly consumption of low to moderate amounts of fish and poultry; up to seven eggs per week
5. Fresh fruit as the typical dessert, with sweets containing sugars or honey consumed only a few times per
week
6. Consumption of red meat only a few times per month
7. Regular, low to moderate consumption of wine at main meals; approximately 1-2 glasses per day for men
and 1 glass for women (optional)
8. Herbs and spices to season food rather than salt or fat

Lifestyles

1. Regular daily physical activity
2. Enjoy meals with others (family and friends)

Adapted from [3].

The traditional Mediterranean diet originated in the olive- and grapevine-growing areas of the
Mediterranean region and has a strong cultural association with these areas. It is characterized by a
high intake of plant-based foods (cereals, fruit, vegetables, legumes and nuts) and olive oil; a moderate
intake of fish and poultry; a low to moderate intake of red wine; and a low intake of dairy products
(principally yogurt and cheese), red meat, processed meats and sweets (to which fresh fruit is often
substituted). Social and cultural factors closely associated with the traditional Mediterranean diet,
including shared eating practices, post-meal siestas (afternoon naps) and lengthy meal times, are also
thought to contribute to the attributed positive health effects recorded in the Mediterranean region.
However, the Mediterranean diet varies by country and region, despite the common traits, due to the
climatic, cultural and religious differences among southern European, northern African and eastern
Mediterranean populations [4].
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The New Nordic Diet was developed in 2004 by scientists, nutritionists and chefs to address the
growing overweight population and obesity rates, as well as the unsustainable farming systems in the
Nordic countries (Table 3).

Table 3. Guidelines of the New Nordic Diet.

1. Eat more fruit and vegetables every day
2. Eat more whole grain products

3. Eat more food from the sea and lakes
4. Eat higher-quality meat, and less of it
5. Eat more food from wild landscapes

6. Eat organic products whenever possible
7. Avoid food additives

8. Eat more meals based on seasonal products
9. Eat more home-cooked food

10. Produce less waste

Adapted from [5].

This dietary style shares many characteristics with the Mediterranean diet, but comprises
traditional foods from Denmark, Finland, Iceland, Norway and Sweden (please visit the Baltic Sea
Diet Pyramid created by the Finnish Heart Association, the Finnish Diabetes Association and the
University of Eastern Finland at www.helsinkitime.fi). Staple components of the New Nordic Diet
include whole grain cereals (barley, oats and rye), vegetables (cabbage, tubers and root vegetables),
legumes (mainly beans and peas), berries and fruit, nuts and seeds, and fish (herring, mackerel and
salmon). A notable point of difference is the use of rapeseed (canola) oil instead of olive oil, rich in
α-linolenic acid (a type of omega-3 polyunsaturated fatty acid). The Nordic diet is also characterized
by a moderate consumption of dairy products and eggs, as well as a low intake of processed foods,
sweets (including added sugars and sweetened beverages) and red meat. Not least, the Nordic diet
is predominantly plant-based and locally sourced, thus ensuring a more environmentally friendly
production with reduced waste when consumed within the Nordic region [2].

The health benefits of the Nordic diet have also been investigated—though to a lesser extent
than those of the Mediterranean diet—and associated with improvements in risk factors for both
cardiovascular disease and type 2 diabetes. In hypercholesterolemic individuals, the Nordic diet
improved their blood lipid profile and insulin sensitivity, in addition to reducing blood pressure [6].
In subjects with metabolic syndrome, the Nordic diet ameliorated the blood lipid profile with beneficial
effects on low-grade inflammations [7], besides decreasing the ambulatory blood pressure [8]. These
findings, based on randomized clinical trials, were partially confirmed in population-based studies
and the association between the adherence to the Nordic diet and cardiometabolic risk factors is still
equivocal [9]. Adherence to the Nordic diet was also inversely associated with the risk of type 2
diabetes [10] and also induced weight loss in centrally obese men and women [11]. However, despite
the fact that studies have shown that Nordic diet has beneficial effects on the risk factors for diabetes,
such as obesity and low-grade inflammation, evidence on the long-term impact of adherence to the
Nordic diet on diabetes prevalence and incidence requires larger prospective studies [12].

In conclusion, we have to take into account that the adherence to Mediterranean and Nordic diet
may not always be high in the southern and northern European populations, respectively. In other
words, the prevalence and mortality rate of cardiovascular disease and diabetes can be high in some of
these countries (Figures 1 and 2). Therefore, to assess the adherence to both diets is pivotal in order to
evaluate their predictive ability on specific risk factors and biomarkers, by powerful tools such as the
Mediterranean diet score [13] and the Baltic Sea diet score [14].
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Figure 1. Age-standardized mortality rates per 100,000 population in 2014—ischemic heart diseases
(both sexes) in selected European countries (from: WHO Mortality Database, https://apps.who.int/
healthinfo/statistics/mortality/whodpms/).

Figure 2. Age-standardized mortality rates per 100,000 population—diabetes mellitus (both sexes) in
selected European countries (from: WHO Mortality Database, https://apps.who.int/healthinfo/statistics/
mortality/whodpms/).

Author Contributions: Conceptualization, M.I.; data curation, M.I., S.V. and E.M.V.; writing—original draft
preparation, M.I.; writing—review and editing, M.I., S.V. and E.M.V. All authors have read and agreed to the
published version of the manuscript.
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Abstract: In recent years, there has been an increasing interest in studying food and its derived
ingredients that can provide beneficial effects for human health. These studies are helping to
understand the bases of the ancestral use of several natural products, including native fruits as
functional foods. As a result, the polyphenol profile and the antioxidant capacity of the extracts
obtained from different Patagonian native berries have been described. This review aims to provide
valuable information regarding fruit quality, its particular compound profile, and the feasibility of
producing functional foods for human consumption to prevent disorders such as metabolic syndrome
and cardiovascular diseases. We also discuss attempts concerning the domestication of these species
and generating knowledge that strengthens their potential as traditional fruits in the food market
and as a natural heritage for future generations. Finally, additional efforts are still necessary to fully
understand the potential beneficial effects of the consumption of these berries on human health,
the application of suitable technology for postharvest improvement, and the generation of successfully
processed foods derived from Patagonian berries.

Keywords: maqui; murta; calafate; arrayán; Chilean strawberry; berries; functional foods

1. Introduction

When we imagine a place like Patagonia, it is impossible not to evoke images of extraordinary
beauty like southern ice fields. However, a walk through this place also allows us to contemplate
ancestral traditions that include the use of many native species. This southernmost region of the South
American continent extends from 37◦ S to Cape Horn, at 56◦ S, whose geography is characterized by the
Andes range, which is both the continental watershed and the international limit between Argentina
and Chile. It includes the Pacific and Atlantic coasts and lowlands, the southern archipelagos and
tablelands, and the valleys and high plains extending between the Andes and the Atlantic Ocean [1].

The Andean temperate forests of Patagonia have a great diversity of plants with medicinal
properties [2,3]. The use of medicinal and edible native plants is a long-standing tradition in the
Mapuche communities of Southern Argentina and Chile [4–6]. An ethnobotanical survey conducted
in rural villages of San Martin de Los Andes, Argentina, showed the use and knowledge of about 40
and 47 native plants, respectively [5]. Unfortunately, this ancient knowledge tends to disappear in
the younger generations [5]. Moreover, the effects of human activity (e.g., an increase in dwelling
number) and the invasion of alien plants can reduce the availability of forest-associated gathering sites.
Therefore, the use of food derived from non-cultivated plants as part of the diet could be a tradition

Foods 2019, 8, 289; doi:10.3390/foods8080289 www.mdpi.com/journal/foods7
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susceptible to disappearing [7–9] and the cultural, social, and economic aspects must be evaluated
comprehensively if these traditions are to be maintained for future generations [8,9].

In recent years, the interest in food or ingredients that provide beneficial effects for human
health has increased. As a result, many native fruits from different continents have been studied as
a source of functional foods [9–16]. In Chilean Patagonia, edible fruits come from woody or shrub
forest species belonging to the Elaecarpaceae, Berberidaceae, and mainly Myrtaceae families [15,16],
and creeping plants belong to Rosaceae family. These species present fruits rich in antioxidant and
functional compounds, such as Aristotelia chilensis (maqui), Berberis microphylla (calafate), Ugni molinae
(murta), Luma apiculata (arrayán), and Fragaria chiloensis (Chilean strawberry), among others [15–23]
(Table 1). In Chile, these native species are mainly distributed from the Coquimbo to Magallanes
regions (Latitude 31◦ to 55◦), with Chilean Patagonia being the common region for all fruits analyzed
in the present review (Table 1).

Most of the traditional uses of these fruits include consumption as fresh and dried fruits or
being used to make tea, jam, cakes, juice, alcoholic beverages, and textile tinctures. Moreover,
they have tremendous functional potential due to their high antioxidant values, particularly
flavonol and anthocyanin contents and promissory bioassay results as anti-inflammatory, antidiabetic,
and hypolipidemic agents [11,15,16,20–27]. Recently, the morphological characterization, geographical
distribution, and ethnobotany of many of these species have been described in detail by
Ulloa-Inostroza et al. (2017) [15] and Schmeda-Hirschmann et al. (2019) [16]. In this review, we focus
on five fruit species growing in Patagonia with high potential as functional food (i.e., maqui, murta,
calafate, arrayán, and Chilean strawberry, see Table 1); giving a little background on the fruit
quality; and discussing the recent research data available—regarding the particular compound profile,
their processing, and clinical assays—and the aspects to consider the commercial prospection of these
Patagonian berries.

2. Quality Aspects and Bioactive Compounds of Patagonian Berries

2.1. Fruit Quality

According to Barrett et al. (2010) [28], in reference to fruits, the characteristics that impart a
distinctive quality may be described by four different attributes: color and appearance, flavor (taste
and aroma), texture, and nutritional value. All these aspects are determined through the complex
biological process of fruit development and ripening [29,30].

We next summarize the main quality aspects of Patagonian berries, such as color and appearance,
flavor, and texture. Nutritional and functional value-related antecedents of berries will be addressed
in the next sections.

2.1.1. Color and Appearance

The precise definition of the developmental and ripening stages is necessary to determine the
physicochemical and physiological parameters that contribute to the different quality attributes of fruit
at harvest. A representative fruit at the ripe stage for each species analyzed in this review is shown in
Figure 1. In Chilean strawberry, four developmental fruit stages have been described (i.e., small green,
C1; large green, C2; turning, C3; and ripe fruit, C4) [31]. The ripe fruit stage (at harvest) has shown a
pink receptacle and red achenes that, in comparison with the ripe stage of Fragaria x ananassa (‘Aromas’)
fruit, can be 200-fold less red (comparison of the a* color parameter) [32,33]. Regarding the fruit weight
of F. chiloensis fruit, it is nearly half of that present in modern commercial strawberry varieties (such F. x
ananassa ‘Chandler’) [31]. In maqui berry, five different maturity stages have been described, starting
from 21 days after fruit set in central Chile and named as green (I and II), light red, purple, and dark
purple stages [34]. The berry weight per 100 fruits ranges from 10 g (green I stage) to 21 g (dark purple
stage), with the highest increase in weight between the green II and light red stages.
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Figure 1. Patagonian berries with healthy potential as a functional food on the basis of recent research
data available. (A) Aristotelia chilensis (Mol.) Stuntz (maqui)*; (B) Ugni molinae Turcz. (murta)*;
(C) Berberis microphylla G. Forst. (calafate)*; (D) Luma apiculata (DC.) Burret (arrayan)**; (E) Fragaria
chiloensis (L.) Mill. (Chilean strawberry)**. Photography credit to M. Teresa Eyzaguirre-Philippi (*) and
Carlos R. Figueroa (**).

The shape of murta and arrayán fruit was reported as globular, with a major equatorial
diameter [21,44]. As far as we know, the only report for arrayán fruit development was made
by Fuentes et al. (2016) [21]. In that work, the authors classified the fruit development into four stages,
mainly by fruit shape and skin color: small and thin green (La1), rounded turning (La2), rounded
purple (La3), and black ripe (La4) berries, with a decrease in lightness (L*), b*, and chroma values
of fruit skin from approximately 48 to 23 from La1 to La4. As expected, a constant increase in the
fresh and dry weight was observed during fruit development, although a higher increment was noted
between the La3 and La4 stage [21].

For calafate berry, Arena and Curvetto (2008) [45] described a typical double sigmoid curve for
fruit growth, with a constant increase in both the fresh weight and the diameter from 14 to 84 days
after full flowering, reaching a maximum of 420 mg and 9.6 mm, respectively.

2.1.2. Flavor

The soluble solids content (SSC) and titratable acidity (TA) are proper predictor parameters
for the ripening in several fleshy fruits and are the main determinants for fruit flavor [46,47].
Generally, a reduction of TA and a concomitant increase in SSC are observed during fleshy fruit
ripening [48]. Calafate, Chilean strawberry, and arrayán fruits presented this pattern from green to
ripe stages [21,49–51], but no extensive information has existed in maqui and murta berries until now.
The SSC/TA ratio in the arrayán berry increases significantly in the final stages of development [21].
In maqui berry, soluble solids increase during ripening and in dark purple stages, range from 18.8
to 19.9◦ Brix [34], whereas in the ripe stage of arrayán (black ripe stage), a range between 11.5 to
12.5◦ Brix was observed [21]. In murta, 22–25% SSC, 4–8 g/L of organic acid (tartaric), and pH 4.7–5.2
were reported in ripe fruit [44]. For the calafate berry, the entire fruit growth period reaches up to
126 days from the full flower, where the fruit presents the highest SSC (25◦ Brix) and the lowest TA
(2.19% to 2.6%) values [45,49]. In this sense, a 4.5-fold increase in the SSC/TA ratio was observed from
56 to 126 days from a full flower in the calafate berry [45]. In calafate, citric and malic acid contents
increased during the first stages of fruiting and then decreased toward the end of ripening, although
the citric acid content stayed constant from the onset of ripening. Oxalic and tartaric acid contents
were maximal between 42 and 70 days from a full flower and then decreased toward the end of the
fruiting period [50].
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Relatively little information is available regarding the aroma profiles of maqui, calafate, and arrayán
berries. In contrast, more detailed information could be found for Chilean strawberry and murta [51,52].
Chilean strawberry fruit is characterized by its great aroma and flavor [51,53]. In this sense, González
et al. (2009) [51] identified mainly esters, and secondary alcohols and ketones, with esters and alcohols
being up to 73% and 25% of the total volatiles at the ripe stage, respectively. Some esters were reported
for the first time in Chilean native strawberry, without references in the commercial strawberry [51],
suggesting that the native species has a particular aroma profile. In murta, aroma evolution during
storage showed 24 volatile compounds identified, and the concentration of these compounds ranged
from 1.2 to 250.5 μg kg−1 fresh weight. Methyl 2-methyl butanoate, ethyl butanoate, ethyl hexanoate,
ethyl benzoate, ethyl 2-methyl butanoate, methyl hexanoate, and methyl benzoate were the major
components, while the most potent compounds in the murtilla fruit aroma were ethyl hexanoate and
4-methoxy-2,5-dimethyl-furan-3-one [52].

2.1.3. Texture

Fruit firmness is one of the leading quality attributes of texture and has an essential commercial
impact for both exporters and consumers [54]. In this sense, firmness should be a key goal of breeding in
Patagonian soft berries. Strawberry is one of the softest fruits, and loss of firmness is well-documented
as being related to cell wall disassembly during ripening [55]. Most significant decreases in cell
wall polymers associated with Chilean strawberry fruit ripening occur within the pectin fractions,
especially in the covalently bound pectin fraction, which is highly correlated with firmness loss and an
increase in the activity of specific cell wall-related enzymes, such as beta-galactosidase [55]. It was
reported that the modified atmosphere packaging (MAP) of Chilean strawberry during 12 days of
storage at 4 ◦C delayed the fruit dehydration and the firmness loss, that allow the preservation of
quality parameters and anthocyanin compounds compare to fruit storage in the control conditions [56].
However, the application of MAP technology diminished the relative abundance of total volatile
compounds [56]. In the arrayán berry, a significant reduction in fruit firmness was observed between
rounded purple and black ripe stages [21], although this loss in firmness is slower than that observed
during the fruit development of F. chiloensis [31]. The firmness reduction of L. apiculata fruit [21] showed
similar values and trends reported for blueberry fruit [57]. A comparative study of postharvest in
the two varieties of murta (i.e., South Pearl INIA and Red Pearl INIA) showed that Red Pearl INIA
has a major shelf life during 35 days of storage at 0 ◦C [58]. The postharvest assay showed a storage
capacity of South Pearl INIA during 20 days at 0 ◦C, while Red Pearl INIA showed major potential for
post-harvesting [59]. During treatment of a controlled atmosphere (CA), Red Pearl INIA was stored
without problems until 35 days, while South Pearl INIA showed storability until 25 days [59].

2.2. Antioxidant Capacity

In plants, phenolic compounds are produced as secondary metabolites exerting various protective
roles and are generally involved in the defense against stress conditions [60–63]. The main phenolic
compounds in these fruits can be divided into phenolic acids, and flavonoids such as flavonols, flavanols,
and anthocyanins (Figure 2) [62,63]. These molecules are responsible for the major organoleptic
characteristics of plant food, such as the visual appearance, flavor, bitterness, astringency, and aroma [64].
Many beneficial effects attributed to phenolic compounds [64–67] have given rise to a new interest
in finding plant species with a high phenolic content and relevant biological activity. Studies on
the phenolic compounds of the fruits of maqui, murta, calafate, arrayán, and Chilean strawberry
highlight the high antioxidant activity they present [15–23] (Table 2). In the following section, we briefly
summarize the available literature on the main phenolic compounds described for the Patagonian
berries analyzed in this review (Table 2).
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Figure 2. Polyphenols compounds described in vegetables and fruits. Different phenolic
compounds have been reported in native Chilean berries, including phenolic acid, flavonoids such as
quercetins—principally quercetin glycosides—and anthocyanins [15–23]. More details are presented in
the text. Chemical structures credits [68].
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Different methods have been used for determining the total antioxidants in different vegetables
and fruit, including Patagonian berries. Currently, the oxygen-radical absorbing capacity (ORAC) is a
method commonly used to compare the antioxidant capacity in different foods [11,73]. The ORAC
values (as μmol per 100 g of dry weight, DW) of maqui (37,174), calafate (72,425), murta (43,574),
and arrayan (62,500) berries were reported as being higher than in commercial berries such as
raspberries, blueberries (Vaccinium corymbosum ‘Bluegold’) (27,412), and blackberries cultivated in
Chile [11,21,69]. Similar trends were reported using different methods [20]. The Trolox equivalent (TE)
antioxidant capacity (TEAC) showed that maqui (88.1) and calafate (74.5) had a higher antioxidant
capacity (μmol TE per gram of fresh weight, FW) compared to murta (11.7) and blueberry (14.5)
fruits [20]. The analysis by 2,2-diphenylpicrylhydrazyl (DPPH) methods showed that the antioxidant
activity (mg of crude extract per liter) was higher in maqui (399.8) than in murta (82.9) [15]. The IC50

range of maqui extract (0.0012 and 0.0019 g L−1) compared to the average value (0.03 g L−1) of
commercial berries cultivated in Chile, such as blueberry (V. corymbosum), strawberry (F. x ananassa),
and raspberry (Rubus idaeus), indicates that a minor concentration of maqui extract is required to inhibit
DPPH radicals [74,75]. The above information represents a fundamental background supporting
the idea that the Patagonian berries have good potential as a functional food, by themselves or as
food ingredients.

2.2.1. Phenolic Content and Composition

The phenolic compounds reported in native Chilean berries include caffeic acid, ferulic acid,
gallic acid, myricetin, p-coumaric acid, and others [15–23]. Similar to what has been observed for the
antioxidant capacity, high total polyphenols contents (TPC) were found for maqui and calafate [19,20].
The different reports of total phenolic analysis using the Folin–Ciocalteu method showed different
rankings for Patagonian berries. The first studies showed a higher total phenol content (as μmol gallic
acid equivalents (GAE) per gram of FW) for maqui (97 μmol GAE g−1 FW) and calafate (87 μmol GAE
g−1 FW), followed by murta (32 μmol GAE g−1 FW) compared to blueberry (17 μmol GAE g−1 FW) [20].
Some reports showed similar values of the total polyphenols content (as mg GAE per gram of DW) for
calafate (33.9 mg GAE g−1 DW), maqui (31.2 mg GAE g−1 DW) and murta (34.,9 mg GAE g−1 DW) [11],
while other reports indicated significant differences between Patagonian berries, with higher values
for calafate (65.5 mg GAE g−1 DW), followed by arrayán (27.6 mg GAE g−1 DW), and lower values for
murta (9.2 mg GAE g−1 DW) [19].

Concerning the polyphenols composition of the Patagonian berries, maqui and calafate showed
anthocyanin as the main component, while fruits of the Myrtaceae family (e.g., murta and
arrayán) showed a higher content of flavonoid compounds [15,16,18–21,70–72]. Calafate fruit
showed a comparable flavonoid content (0.16 μmol g−1 FW) to that obtained for maqui fruit
(0.12 μmol g−1 FW) [20]. In calafate berry collected from different localities, the identification of
flavonoids and phenolic acids showed a higher content of rutin, gallic-chlorogenic, and caffeic acid,
and the presence of coumaric and ferulic acid, quercetin, myricetin, and kaempferol [20,76].

The multiple bioactive compounds of the maqui berry (i.e., phenolic antioxidants, alkaloids,
flavonoids, and particularly anthocyanins) have contributed to knowledge of the functional potential
of this berry in several countries [38,77–79]. An HPLC analysis of maqui berry extracts showed
10 compounds identified as flavonols and ellagic acid [70]. The non-anthocyanin compounds were
mainly quercetin and its derivatives (with the highest concentration of dimethoxy-quercetin, followed
by rutin (quercetin-3-rutinoside) and quercetin-3-galactoside), myricetin and its derivatives, and an
important content of ellagic acid [70].

In arrayán, the polyphenol compounds identified mainly correspond to flavonols such as quercetin
3-rutinoside and its derivates, tannins and their monomers, and a minor number of anthocyanins [18,21].
In murta, caffeic acid-3-glucoside, quercetin-3-glucoside, and quercetin were reported as three major
compounds in ethanolic extracts of fruit, and the others compounds were gallic acid, rutin, quercitrin,
luteolin, luteolin-3-glucoside, kaempferol, kaempferol-3-glucoside, myricetin, and p-coumaric acid [72].
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In the Chilean strawberry species, several compounds were identified, including an ellagic
acid-based compound, catechin, and flavonol derivatives. The higher content of non-anthocyanins
identified in F. chiloensis and F. x ananassa ‘Chandler’ were ellagic acid and their pentoside
and rhamnoside derivatives and quercetin glucuronide [17]. On the other hand, ellagitannin,
quercetin pentoside, and kaempferol glucuronide were only reported in F. chiloensis and some
compounds—catechin, quercetin pentoside, and quercetin hexoside—were only reported in
Fragaria chiloensis ssp. chiloensis f. chiloensis, and other compounds—procyanidin tetramers and
ellagitannin—were only reported in F. chiloensis ssp. chiloensis f. patagonica [17].

2.2.2. Anthocyanins

Different studies suggest that the highest total anthocyanin content (TAC) can be found in calafate
and maqui berries, especially those harvested in the Chilean Patagonia, followed by fruits of the
Myrtaceae family species, i.e., arrayán and murta [15,20,80]. It was reported that the total anthocyanin
concentrations were higher in calafate fruit extract (between 14 and 26 μmol g−1 FW) [20] and (between
23 and 36 μmol g−1 FW) [80], followed by maqui berries (between 16 and 20 μmol g−1 FW), whereas
murta (0.2 μmol g−1 FW) showed lowest values than blueberry (2.0 μmol g−1 FW) [20].

Similar results were reported by Brito et al. (2014) [19], with a higher anthocyanin content
(as mg cyanidin 3-O-glucoside g−1 DW) in calafate (51.6), followed by arrayán (15.2) and murta (6.9)
berries. The anthocyanin composition of the maqui berry corresponds to 3-glucosides, 3,5-diglucosides,
3-sambubiosides, and 3-sambubioside-5-glucosides of delphinidin and cyanidin, and 34% of total
anthocyanins correspond to delphinidin 3-sambubioside-5-glucoside, the major anthocyanin [71,81].
In calafate berry, the main anthocyanins described were delphinidin-3-glucoside, delphinidin-3-rutinoside,
delphinidin-3,5-dihexoside, cyanidin-3-glucoside, petunidin-3-glucoside, petunidin-3-rutinoside,
petunidin-3,5-dihexoside, malvidin-3-glucoside, and malvidin-3-rutinoside [20]. The above suggests that
the antioxidant capacity observed in calafate berries is probably due to their anthocyanin diversity and,
in maqui, is due to the particular presence of delphinidin 3-sambubioside-5-glucoside.

Nevertheless, the higher flavonoid content in the Myrtaceae family [11,20], anthocyanins such as
peonidin-3-galactoside, petunidin-3-arabinoside, malvidin-3-arabinoside, and peonidin-3-arabinoside,
were reported in both the methanol-HCl and methanol extracts of arrayán fruit [21]. The first three
have been described in blueberry [82], and delphinidin-3-, malvidin-3-, and peonidin-3-arabinoside;
peonidin-3- and malvidin-3-glucoside were described in murta and calafate berries [82].
Other anthocyanins, such as delphinidin-3-arabinoside, cyanidin-3-glucoside, peonidin-3-glucoside,
malvidin-3-glucoside, and petunidin-3-arabinoside, were observed in a methanol-HCl extract of
arrayán fruit by different authors [21,82].

The two major anthocyanins identified in both Chilean strawberry botanical forms were
cyanidin 3-O-glucoside and pelargonidin 3-O-glucoside; these two compounds have generally
been described in different Fragaria spp. [17]. On the other hand, cyanidin-malonyl-glucoside and
pelargonidin-malonyl-glucoside were only reported in Chilean strawberries compared to commercial
strawberry (‘Chandler’) [17].

3. Effects of Processing on Bioactive Compounds

Many native fruits are only available in determining seasons, so it is difficult to have these fresh
fruits for consumption all year or away from collection sites. In general, anthocyanins are susceptible
to degradation under environmental conditions, such as oxygen, heat, and changes in pH, among
others [83]. The effectiveness, uniformity, and richness of these products are dependent upon the
preservation of bioactive compounds throughout the value-added chain. Native berries exhibit high
water activity and are highly perishable and susceptible to microbial deterioration, enzymatic reactions,
and oxidation [39]. The effects of drying, the microencapsulation process, and juice preparation have
been evaluated in maqui and murta berries. In addition, maqui and murta leaf extracts have been
evaluated as ingredients to incorporate in food or coating. It was reported that the incorporation of
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murta leaves extracts in tuna-fish (Thunnus tynnus) gelatin-based edible films leads to transparent
films with increased protection against UV light and antioxidant capacity [84]. The availability of new
products based on maqui and murta as functional ingredients among other Patagonian berries goes
hand in hand with the study of the preservation techniques of these fruits. In the following sections,
we summarize the literature regarding the effect of processing, with an emphasis on functional maqui
and murta products.

3.1. Drying Process

Advances in drying technology and standardization techniques in compound analysis allow for
the possibility of using drying for the development of functional foods and nutraceuticals. It is essential
to consider that the selection of the type of dryer or drying system used for a specific situation must be
based upon the product’s characteristics and drying behavior, as well as the end product required [85].
Solar drying (SoD) is the cheapest method for drying whole fruits and vegetables. However, the long
drying time and the risk of contamination and spoilage due to exposure to an open environment are
the main drawbacks associated with this method. Hot air dryers (HAD) are commonly used by the
food industry as they provide relatively fast, uniform, and sanitary drying [86]. However, in most
cases, it is possible to modify the richness of bioactive compounds of the raw material, as a function
of the temperature/time combination applied in the process [87]. Freeze drying (FD) can produce
high-quality products, but is comparatively more expensive; however, and despite this, FD use has
been increasing in the industry of processing fruits [88].

Besides its potential role in the battle against certain illnesses and degenerative diseases,
some native fruits like maqui or commercial varieties of species like blueberries, cranberries,
and tomatoes, share a unique characteristic: a waxy outer skin. The waxy layer affects the flow
of moisture from inside the fruit to its surface, which is a crucial process in drying. In the particular
case of maqui fruits, the drying process is limited by an external waxy layer similar to that of grapes,
which hinders mass water transfer and reduces the drying rate [89]. Technologies and methods
applicable to the drying of small waxy skinned fruit could be suitable for obtaining foods and
nutraceuticals from maqui fruits. In these cases, several chemical and physical pre-treatments were
suggested by several authors to improve the drying rate of whole fruits with waxy skins, e.g., grapes,
cherries, plums, apricots, and blueberries [90–95]. Pre-treatment methods employing chemical dipping,
mechanical processes, and thermal treatments have been used to overcome the wax barrier in several
applications [96–100].

Drying technologies are widely used in the industry as a strategy to protect functional
molecules—anthocyanins—in value-added products, such as health food ingredients. Convective air
drying technologies such as cabinets or trays, fluidized beds, spouted beds, and microwave/spouted
beds (MWSB), and those using other technologies (spray-drying, freeze-drying, vacuum, microwave,
and osmosis), are some alternatives for processing fruits and vegetables [101]. Between them,
spray-drying (SD) is available in the pharmaceutical and food industries [83,102–104]. This method
is the most used in the food industry because it is economical, rapid, and effective in protecting
this compound [105]. For example, SD is widely used in the pharmaceutical and food industries to
encapsulate anthocyanin compounds due to the short drying times (5–30 s) [83,102–104]. During the
last decade, freeze-drying (FD) has become more widespread in the food industry [103]. The FD
technique is based on the removal of water from a frozen product by sublimation and has been used
as an alternative method to encapsulate anthocyanins [106]. An economically accessible method
is vacuum-drying, which allows effective removal of moisture under low pressure, temperature,
and oxygen levels, and it is useful for thermolabile products [107].

Regarding the evaluation of the drying process of maqui and murta fruits, it was reported that
the preservation techniques—freeze, convective, sun, infrared, and vacuum drying—result in a final
maqui product with proper levels of phenolic compounds [38]. All these drying techniques showed a
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higher content of phenolic and antioxidant compounds, and freeze-dried samples retained over 60% of
delphinidin and cyanidin derivatives of fresh fruits [38].

The convective hot air drying (40 to 80 ◦C) of maqui berries showed that a thermal load and not
a high temperature are the main factors that affect the stability of bioactive compounds. At 40 ◦C,
there was a long exposure of the berries to hot air compared to the drying process at 80 ◦C [39].
Above 60 ◦C, the bioactive components, such as β-carotene, tocopherols, anthocyanin, and vitamin B6,
were not significantly affected, while gallic and ellagic acids increased, as a result of the conversion of
hydrolyzable tannins. This phenomenon indicates that the loss of antioxidant activity is compensated
for by a probable formation of bioactive components directly related to TPC [39]. Similar studies
on murta berries (40 to 80 ◦C) showed that the β-carotene, total phenolic, and flavonoid contents
show a significant decrease during the drying process compared to fresh fruit. However, the ORAC
value showed similar antioxidant activity at higher drying temperatures (70–80 ◦C) compared to fresh
fruit [108]. Otherwise, convective and combined convective-infrared conditions at 40, 50, and 60 ◦C
and 400–800 W show that chromaticity coefficients a* and b*, the total surface color difference (ΔE),
and TPC are dependent on the mode of heat supply. In addition, a constant temperature and high
infrared power 40 ◦C/800 W reduced the drying time, resulting in dried samples with the highest
TPC [42]. A comparative study conducted to evaluate the effect of convective hot-air drying at 65 and
80 ◦C and freeze drying of bioactive compounds of the Red Pearl-INIA variety of murta fruits showed
that freeze-dried fruit retained higher values for TPC (21.924 mg g−1 DW) and TAC (0.134 mg g−1 DW)
than the murta dried by convective hot-air at both temperatures, with a better retention of polyphenols
and antioxidant activity during freeze drying [109].

3.2. Microencapsulation for Liquid Preparation

The anthocyanin content in maqui is significantly higher compared to other berries, which explains
the great interest in its use for nutraceutical purposes. However, these bioactive compounds are
highly labile, depending on the stabilization system used [103]. Microencapsulation technology can be
used as a strategy to protect maqui anthocyanins in healthy food ingredients. Bastías-Montes et al.,
(2019) [110], showed that the microencapsulation of maqui can be one way to protect anthocyanins
from degradation reactions and can be useful in liquid food preparation, such as for juice and yogurt,
with a high content of bioactive compounds. The microencapsulation is a protective technological
alternative through which certain bioactive substances in solid, liquid, or gas stage into microparticles
with a diameter of 1–1000 μm, and has been widely used in the fields of medicine, cosmetics, food,
textile, and advanced materials [111–113]. The unique advantage of microencapsulation lies in the fact
that the core material is completely coated and isolated from the external environment. The aim is
preserving them from various agents, as well as protecting them from oxidation reactions caused by
light or oxygen.

Phenolic compounds are phytochemicals extensively metabolized after consumption; thus,
the bioavailability should be considered when evaluating the potential health benefits of fruit ingestion.
However, bioavailability is influenced by bioaccessibility, which is defined as the relative amount of
nutrients or phytochemicals released from a complex food matrix in the lumen of the gastrointestinal
tract, becoming available for absorption into the body [114,115]. The comparative analysis of
microcapsules of maqui juice powdered by spray-drying or freeze-drying indicated that the morphology
and particle size were the most relevant differences and affect the final solubility (70.4–59.5%) in water.
However, no significant differences in the stability of anthocyanins in yogurt preparation and in the
bioaccessibility after in vitro digestion were observed [104]. Other studies show that the encapsulation
with inulin or sodium alginate allows maqui juice spray-drying until 133 days, and the highest
encapsulation efficiency of anthocyanins was obtained with inulin. Both maqui juice microparticle
methods improved the bioaccessibility (10%) of anthocyanins compared to maqui juice [116]. In murta,
comparative studies showed that the highest bioactivity and storability of bioactive phenolics in juice
extract were 28 ± 1 min for frozen-thawed fruits and 34 ± 1 min for fresh fruits [117]. In addition,
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the bioaccessibility index of polyphenols in fresh murta berries or their juice achieved a relatively high
value (around 70%) at the end of the small intestine digestive step; however, the juice released the
bioaccessible bioactive compounds in the earlier gastric stage, while the fresh fruit increased the release
of bioactive compounds in the small intestine [117].

4. Healthy Potential of Patagonian berries

Phenolic compounds are effective antioxidants and can display various effects, including
anti-microbial, anti-inflammatory, anti-mutagenic, anti-carcinogenic, anti-allergic, anti-platelet,
vasodilator, and neuroprotective effects [65,67,118]. These properties have given rise to a new interest in
finding plant species with a high phenolic content and relevant biological activity. The epidemiological
evidence supporting the benefits of consuming a diet rich in foods containing polyphenols is
strong [119–121]. In addition to the above, the richness of certain phenolic compounds present
in different foods does not guarantee their absorption by the organism, which is how the bioavailability
of each of them arises as one of the properties to study to correlate the intake and the effects thereof.
The bioavailability appears to differ greatly among the various phenolic compounds, and the most
abundant ones in our diet are not necessarily those that have the best bioavailability profile [121–124].
There has been a broad discussion about whether a high polyphenol content or high antioxidant
activity can be associated with a real effect on human health. However, the results related to the
preclinical evaluation of the antioxidant capacity and bioactivity of polyphenol extracts using cell
cultures, isolated tissues, and animal models, before clinical trials, are still a good approach to
understanding the healthy potential of several native fruits. In addition to the advances concerning
characterization of the antioxidant capacity and the profile of bioactive molecules in fresh or processed
Patagonian berries, advances have been made in the evaluation of the healthy potential of these berries
(Figure 3). These sections summarize and discuss the literature regarding the progress in research on
the effect of Patagonian fruit extracts in chronic diseases such as metabolic syndrome (MetS), diabetes,
and cardiovascular diseases (CVD).

4.1. Polyphenols and Anti-Inflammatory Effects

Inflammation is a natural defense mechanism associated with many diseases, such as viral and
microbial infections, allergies, obesity, and autoimmune and chronic diseases, and also includes
reactions to an unhealthy diet or toxic compounds [120]. During the development of chronic
diseases, and due to the higher production of reactive oxygen species (ROS), a series of oxidatives
affect various proteins triggering the release of inflammatory signals that can lead to chronic
inflammation [120,125]. Anti-inflammatory activity of polyphenols such as quercetin, rutin, morin,
hesperetin, and hesperidin has been reported in both acute and chronic inflammation performed
in animal models [120]. Polyphenols can exert anti-inflammatory effects by modulating enzymes
involved in the metabolism of arginine and arachidonic acid, regulating cell activity, and influencing
the production of proinflammatory molecules [120].

The high content of flavonoids, such as quercetin, present in arrayán and murta, suggests its
participation as a protective agent in inflammatory diseases. Quercetin (also known as rutin), mainly
present as quercetin 3-rutinoside in fruits and vegetables, is a flavonol described in the fruits of calafate,
murta, and arrayán; a high concentration of quercetin in the methanolic extract obtained from the
arrayán fruit has been observed [15,21]. Purified quercetin has a variety of biological effects, including
antiallergic, anti-inflammatory, antioxidant, and platelet antiaggregant effects [126]. In addition,
potential protective effects against acute lung injury (ALI) induced by endotoxin or lipopolysaccharide
(LPS), a component of the cell wall of Gram-negative bacteria, have been described [127]. In mice,
the previous administration of quercetin inhibits several mechanisms associated with the inflammatory
process during pulmonary infection, such as the inhibition of arterial blood gas exchange induced
by LPS and the infiltration of neutrophils in the lungs, suppression of LPS-induced expression of
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the macrophage inflammatory protein (MIP)-2, inactivation of matrix metalloproteinase (MMP)-9,
and inhibition of Akt phosphorylation [127].

 
Figure 3. Summary of the Patagonian berries path to becoming functional foods. Maqui* is the native
berry of Chile with major research progress concerning processing and the effect on chronic diseases.
Murta* is the second most studied native berry, and two domesticated varieties are available in the
market. Future studies are critical to strengthening the potential of arrayán**, calafate*, and Chilean
strawberry** fruits. More details in the text. Photography credit to M. Teresa Eyzaguirre-Philippi (*)
and Carlos R. Figueroa (**), map figure credit to commons.wikimedia.org/wiki/File:Pat_map.PNG,
tube figure credit to https://thenounproject.com/term/test-tube/5544/, mouse figure credit to https:
//www.svgrepo.com/svg/53826/mouse, human figure credit to https://www.flaticon.com/free-icon/stan
ding-human-body-silhouette_30473.

Studies conducted in animal models suggest that polyphenols in the diet have a positive effect
on lung injury [128]. The inhalation of quercetin in radiation-induced pneumonitis in rats increases
the number of leukocytes and erythrocytes in the blood, reduces the number of inflammatory cells
in the bronchoalveolar lavage fluid, reduces hemorrhage and the infiltration of inflammatory cells,
and suppresses the expression of proinflammatory cytokines that transform the growth factor β1
and interleukin-6 [128], suggesting that the inhalation of flavonols has the potential to become a new
alternative in the treatment of lung diseases such as radiation pneumonitis.

As we previously stated, the maqui berry is the richest known natural source of delphinidins.
An in vitro assay of this purified molecule showed an increase in the generation of nitrogen oxide (NO)
in endothelial cells, decreased platelet adhesion, and anti-inflammatory effects. Additionally, it has
been reported that delphinidins can counteract aging of the skin and inhibit osteoporosis [26]. Aqueous
extracts of maqui berry prevent the oxidation of low-density lipoproteins (LDL) induced by copper,
protect the cultures of human endothelial cells, and have anti-adipogenic and anti-inflammatory
effects [75,78,129,130]. The extracts of maqui and calafate fruits have inhibitory properties of the
inflammatory response generated by the interaction of adipocytes and macrophages [27]. These extracts
showed a reduction of nitric oxide (NO) production, inhibition of the induction of nitric oxide synthase
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(NOS) and TNF-alpha, and induction of the interleukin 10 (IL-10) gene expression; on this basis, it has
been suggested that they could be potential therapeutic tools against the comorbidity associated with
the development of obesity [27].

An in vitro assay performed in LPS-activated murine macrophage RAW-264 cells showed that
extracts and subfractions of maqui berry, and also quercetin, gallic acid, luteolin, and myricetin,
suppressed the LPS-induced production of NO, by downregulating iNOS and COX-2 expressions;
according to the authors, the phenolic compounds anthocyanins, flavonoids, and organic acids,
as the fractions, may provide a potential therapeutic tool for inflammation-associated disorders [131].
The antioxidant and anti-inflammatory effects of water extracts of maqui berry were tested in a
mouse dermatitis model showing an increase of interferon-gamma (IFN-γ) levels and a decrease of
interleukin-4 (IL-4), suggesting its potential use for atopic dermatitis treatment [132].

Studies in humans showed that anthocyanin maqui extract normalized H2O2 and IL-6
concentrations in exhaled breath condensates (EBC) by asymptomatic smokers [133], suggesting
that the maqui could be considered an interesting alternative for dietary management in patients with
respiratory disorders. Another study showed that the extracts of leaves and berries of murta have a
strong anti-inflammatory activity when applied topically in mice, due to several pentacyclic triterpene
acids, including the 2-a-hydroxy derivatives alphitolic, asiatic, and corosolic acids [129,134–136].

4.1.1. Polyphenols and Metabolic Syndrome

Metabolic syndrome (MetS) includes several metabolic abnormalities, such as abdominal obesity,
hypertension, insulin resistance, and dyslipidemia. MetS has been associated with an increased risk of
CVD and type 2 diabetes mellitus (T2DM) [67]. The onset and progression of MetS are mediated by
body weight and blood pressure reduction, as well as improvement in insulin-sensitivity and lipid
metabolism [119]. The beneficial effects of polyphenols, mainly flavonoids, are associated with their
interaction with several molecular pathways involved in the metabolism of glucose and the regulation
of insulin-signaling pathways [67].

A remarkable activity of polyphenols is their ability to retard carbohydrate digestion by the
direct inhibition of enzymes, such as R-glucosidase and R-amylase [137]. As a result, the inhibition
of these enzymes reduces the glucose absorption rate. It was reported that the crude extract of
murta and maqui leaf rich in polyphenols—lavan-3-ol polymers, quercetin glucoside, and kaempferol
glucoside—showed an effective inhibitory effect by a non-competitive mechanism on R-amylase and
R-glucosidase f [137]. The above suggest a potential effect of these extracts in regulating postprandial
hyperglycemia. In a murine model of type II diabetes, the oral administration of a standardized
anthocyanin-rich formulation from maqui and pure delphinidin 3-sambubioside-5-glucoside (D3S5G)
showed a dose-dependent decrease of fasting blood glucose levels and glucose production in rat liver
cells [138].

A clinical trial conducted on individuals with a moderate glucose intolerance, daily supplemented
with 180 mg Delphinol®, a standardized, water-soluble maqui berry extract, for three months,
showed a progressive decrease of glycosylated hemoglobin, reduction of LDL and VLDL after one
month, and increase of HDL from the baseline during the entire treatment period, without changes
of total cholesterol and triglycerides, suggesting that longer treatment has a better effect on the
glycemic and lipid profile [24,25]. A clinical pharmacokinetic study showed that after single-dose
supplementation with Delphinol®, delphinidin-3-O-glucoside, and cyanidin-3-O-sambubioside,
the selected anthocyanins in the assay reached the maximal concentration after approximately 1 and 2
h, respectively, confirming the bioavailability of these anthocyanins, and also their fast uptake and
metabolism [139].

4.1.2. Cardiovascular Effects

CVD is the primary cause of mortality and morbidity worldwide. There is substantial evidence
that early events of asymptomatic hyperglycemia increase the risk of CVD, even in the absence of
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diabetes [140]. Hyperglycemia is associated with endothelial dysfunction, characterized by reduced
endothelium-dependent vasodilation (EDV), which is usually used as a measure to prove endothelial
function in different pathological conditions [141].

Murta and arrayán berries might have beneficial effects on the management of cardiovascular
diseases. The vasoprotective activity of the extract of these fruits could be associated with a cocktail of
different molecules rather than a particular molecule. It was reported that a murta extract rich in gallic
acid, catechin, quercetin-3-β-D-glucoside, myricetin, quercetin, and kaempferol did not generate toxic
effects on human endothelial cells and had significant antioxidant activity against lipid peroxidation
and superoxide anion and ROS production [142]. The same extract showed a dose-dependent
vasodilator activity in aortic rings in the presence of endothelium, whose hypotensive mechanism
is partially mediated by large conductance calcium-dependent potassium channels and nitric oxide
synthase/guanylate cyclase [142]. Conversely, a methanolic extract of arrayán fruit harvested from
a natural population located at Antuco (Biobio Region, Chile) containing quercetin-3-rutinoside,
petunidin-3-arabinoside, peonidin-3-galactoside, malvidin-3-arabinoside, and peonidin-3-arabinoside
arabinoside, showed vasoprotection properties [21]. Briefly, the methanolic extract of arrayán fruit
showed dose-dependent (0.1, 1, and 10 mg/mL) protection of the acetylcholine-induced relaxation
carried out in rat aortic rings (isolated from same litter animals) preincubated with a high level
of glucose, a condition that drastically affects the endothelium-dependent relaxation induced by
acetylcholine [21]. The above results suggest that the extract of Patagonian berries may act as a
vasoprotector, which allows them to be projected as useful tools to prevent and treat diseases associated
with vascular damage induced by high glucose levels (e.g., postprandial hyperglycemia) [143].

Patagonian fruits not only have a high content of polyphenolic compounds, but also have other
vasoactive compounds. It was reported that the alkaloid 8-oxo-9-dihydromakomakine extracted from
maqui leaves induced a dose-dependent relaxation of aortic rings precontracted with phenylephrine;
the induced vasorelaxation was independent of endothelium and partially reduced plasma membrane
depolarization-induced contraction, suggesting a protective effect of maqui alkaloids in the treatment
of cardiovascular pathologies [144].

A clinical trial conducted in healthy, overweight, and smoker subjects showed that the daily
consumption of anthocyanins was associated with reduced levels of oxidative damage markers in
plasma (oxidized low-density lipoprotein; Ox-LDL) and urine (F2-isoprostanes). The values returned
to the baseline value after 40 days of follow-up, and no significant differences were observed for
anthropometric characteristics, ambulatory blood pressure, and the lipid profile [145].

5. Some Commercial Aspects

In Chile, maqui and murta are the primary Patagonian berries marketed, and most of them
are exported for consumers worldwide (Figure 3). Concerning maqui, the principal harvest is from
woodland shrubs. Although, according to the Center of Native plants of Chile (Universidad de Talca),
this university published the applications of three domesticated varieties of maqui for their commercial
use in the Official Gazette of Chile [146]. Romo and Bastías, (2016) [40] reported that, in 2016, there were
21 companies in Chile related to maqui commercialization since 2009. The Chilean market is focused
on the preparation of beverages or juices based on maqui berry. Of these, 13 companies are located in
the Metropolitan Region (62%), and the rest is distributed in the other regions, concentrated between
the Maule Region and that of Araucanía [40]. In turn, maqui berry-based products can be found in the
international market as frozen, juiced, dehydrated, canned, and other fruit preparations. During 2018,
the maqui production in Chile included (i) 79,132 Kg of frozen fruit with a worth of US $ 598,207 and a
mean value of 7.6 US/kg; and (ii) 3,870 Kg of drying fruit with a worth of US $ 105,269 and a mean
value of 27.2 US/kg [147]. The main target markets were the USA, South Korea, Germany, and Japan.
According to the Forest Institute (INFOR), 75% of maqui berries are exported freeze-dried [148].

In Chile, murta harvest is from woodland shrubs and domesticate varieties [41]. In 1996,
the Agricultural Research Institute of Chile (INIA) developed a domestication program that began with
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the collection of wild germplasm [15,136]. This program included the development of protocols of plant
multiplication [149,150], and the study of genetic diversity by molecular, phenotypic, and agronomic
characterization of the wild germplasm [150]. According to a prospective study for new food
introduction in the European Union requested by the Chilean Office of Agricultural Studies and
Policies (OPEPA) during 2016, the exportation of principally fresh fruit was close to 3,000 Kg, with a
worth of US $80,000. The major exportation markets were Italy, Korea, and France, among others [41].
No available information about the arrayán commercialization or breading program was found.
However, some companies are interested in including some functional arrayán derivate products.

According to the novel food catalog of the European Union, maqui berry has an authorized use
only as or in food supplements, and any other food uses have to be approved for the EU-Novel Food
Regulation [151]. Regarding murta berry, the information currently available suggests that this fruit
meets the requirements for the novel food solicitation [41].

Concerning Chilean native strawberry, no agro-industrial products have been generated, and this
could be because production volumes are low enough to satisfy the demand for raw materials [43]
(Figure 3). However, the “Slow Food” Foundation for Biodiversity, which promotes the protection of the
biodiversity of food and its environmentally friendly production around the world, has incorporated
the Chilean strawberry in the world project known as “The Ark of Taste” (Slow Food Foundation for
Biodiversity, 2015) [152]. This critical tendency, associated with the rescue of gastronomic traditions
and the growing market gourmet in Chile, can contribute to generating Chile’s public policies regarding
protection of the cultural and gastronomic heritage.

With regard to calafate, INIA coordinated the grant conducted for the generation of new varieties
for a natural color generation. The project “Territorial Pole for the development of high value
colorants and antioxidants for the food industry from highly dedicated raw materials produced in the
south-central zone of Chile” includes the participation of INIA and agro-industrial companies and it is
an initiative of “Territorial Poles of Strategic Development” created by the Foundation for Agrarian
Innovation (FIA), with resources provided by the Strategic Investment Fund (FIE) [153].

6. Conclusions

This review provides relevant information about the native Patagonian berries—maqui, murta,
calafate, arrayán, and Chilean strawberry—that could be used as a functional food due to its diverse
and high flavonol and anthocyanin contents that can prevent inflammatory-, metabolic syndrome-,
and cardiovascular-associated pathologies. Within the fruits discussed in this review, maqui is the
native berry with major potential, followed by the murta fruit. Future functional studies and the
production of cultivars are critical to strengthening the potential of these fruits in the food market.
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Abstract: The densely packed storage of valuable nutrients (carbohydrates, lipids, proteins,
micronutrients) in the endosperm of nuts and seeds makes the study of their complex composition a
topic of great importance. Ceramides in the total lipid extract of some ground almonds and pistachios
were searched with a systematic innovative discovery precursor ion scan in a triple quadrupole
tandem mass spectrometry, where iso-energetic collision activated dissociation was performed. Five
descriptors were used to search components with different C18 long chain bases containing different
structural motifs (d18:0, d18:1, d18:2, t18:0, t18:1). The presence of hexoside unit was screened with
a specific neutral loss experiment under iso-energetic collision activated dissociation conditions.
The discovery scans highlighted the presence of two specific hexosyl-ceramides with a modified
sphingosine component (d18:2) and C16:0 or C16:0 hydroxy-fatty acids. The hexosyl-ceramide with
the non-hydroxylated fatty acid seemed specific of pistachios and was undetected in almonds. The
fast and comprehensive mass spectrometric method used here can be useful to screen lipid extracts of
several more seeds of nutraceutical interest, searching for unusual and/or specific sphingosides with
chemically decorated long chain bases.

Keywords: ceramides; lipids; functional food; mass spectrometry; nutraceuticals; traditional food

1. Introduction

The densely packed content of carbohydrates, lipids, proteins, and other micronutrients in the
endosperm of nuts and seeds is the storage of nutrients for the development and early growth of the
seed into a new plantlet [1,2]. This characteristic makes them a complete and healthy food for animals
and humans. Therefore, due to their traditional importance as a food staple in many countries and as
a highly prized nutraceutical complement of health-promoting diets and of value-added traditional
foods, the study of their composition is a topic of great importance [3]. Composition studies are
especially important to relate the contents of micronutrients to health status [4,5] and to confirm the
presence of specific components in complex preparations [6].

In particular, the ceramides present in the fatty component of nuts display a degree of chemical
diversity in the sphingoid bases, fatty acid substituents, and C-1 appendages [7]. Limited information
is available on occurrence and levels of ceramides in nuts. Miraliakbari and Shahidi et al. [8] reported
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that almond and pistachio oils contain 240 and 330 mg/100 g of total sphingolipids, respectively,
measured utilising TLC-FID as a non-specific method of quantification. Using 750 Da as a mean
representative value for sphingolipid molecular masses, this value corresponds to approximately 500
nmol/100 g. By using LC-MS/MS, we found 200 pmol/g = 20 nmol/100 g of ceramide species with the
“standard” (i.e., mammalian) sphingoid base, 1,3-dihydroxy-D4-C18 sphingosine [9]. Even accounting
for inefficient extraction and unspecific measurement, this discrepancy suggests that there is a major
pool of sphingolipids unaccounted for in nuts.

The measured “standard” ceramides are not the only derivatives of sphingoid bases that are
currently known to occur in nuts. Sang et al. [10] used high-resolution 1D and 2D NMR data to identify
in almonds a monoglucocerebroside with a modified sphingoid base, sphinga-4,8-dienine. Fang et
al. [6] employed liquid chromatography coupled to electrospray mass spectrometry with in-source
fragmentation to identify further compounds in several plants, among which were almonds. Among
those identified in almonds, there are ceramides and cerebrosides with trihydroxy bases with zero or
one double bond, mainly 4-hydroxy-8-sphingenine (t18:1), amide-linked to very long chain fatty acids,
with or without an α-hydroxy group. In this study, cerebrosides, expressed as d18:2-C16:0H-GLU,
were measured at 68 μg/g (approximately 100 nanomoles/g, or 10 μmoles/100 g); thus, at a level that is
at least two orders of magnitude higher than sphingosine d18:1 ceramides [6].

To systematically search for unexpected ceramides in lipid extracts, we propose an innovative use
of the triple quadrupole tandem mass spectrometry based on a precursor ion scan with iso-energetic
collision activated dissociation, aimed at systematic discovery and preliminary characterization of the
main sphingosine components of almond and pistachio. Specifically, we searched for components with
different C18 long chain bases containing different structural motifs (d18:0, d18:1, d18:2, t18:0, t18:1).
The presence of hexoside unit was screened with a specific neutral loss experiment under iso-energetic
collision activated dissociation conditions. Connectivity confirmation was achieved by fragment ions
analysis with accurate mass measurements.

2. Results

2.1. Systematic Discovery of Sphingolipids in Almonds and Pistachios

We modified our standard LC-MS-MS method used for targeted ceramide measurement [9] to
allow the systematic identification (discovery) of ceramides and ceramide hexosides with different
sphingosine and fatty acid components. Modifications include:

(a) The use of full scan Precursor Ion (PI scan) of five O” ceramide reporter fragments (m/z 262, 264,
266, 280, 282; Table 1) to highlight ceramides with modified sphingosines;

(b) The use of a full scan Neutral Loss of C6H12O6 hexose (180.2 Da) to ascertain whether the
putatively highlighted ceramides have a hexose attached unit;

(c) The use of a collision energy ramp synchronized to the scan of Q1 in the PI and NL modes
(iso-energetic Precursor Ion, i-PI, and iso-energetic Neutral Loss, i-NL) to analyze all ceramides at
the same value of effective collision energy (see Appendix A);

(d) An extended isocratic step (in respect to the previously published conditions [9]) at full gradient
strength during the UPLC analysis of sphingolipids (total analysis time 22 min) to investigate the
possible presence of ceramides with much longer fatty acids.
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Table 1. Structures of the screened long chain bases and of the corresponding reporter ion fragments.

ID Core Structure of Long Chain Base (LCB) LCB (MW) and O” (m/z)

A

d18:2-4,8
C18H35NO2

MW 297.49
O”

C18H32N]+

m/z 262.22

B

d18:1-4
C18H37NO2

MW 299.50
O”

C18H34N]+

m/z 264.22

C

d18:0
C18H39NO2

MW 301.52
O”

C18H36N]+

m/z 266.22

D

t18:1-8
C18H37NO3

MW 315.50
O”

C18H34NO]+

m/z 280.22

E

t18:0
C18H39NO3

MW 317.52
O”

C18H36NO]+

m/z 282.22

R = H (ceramide); R = Hex (cerebroside); FA
= fatty acid residue

Fragment O” = [LCB − 2 H2O] × H+

The systematic search for ceramides and hexose-linked ceramides that contain each of the five
hypothesized LCBs was performed, for each sample, in four separate chromatographic runs. Each run
alternates two 1-s i-PI scans of m/z 264 (reporter ion of d18:1 internal standards and of ceramides with
d18:1 sphingosine) and one for each of the other LCBs (m/z 262, 266, 280, 282). This procedure allowed
for an estimation of the amount of unexpected ceramides and carbohydrate-linked ceramides with
reference to those of the Cer12:0 and Cer12:0-Glc that show in the i-PI scan of m/z 264.

To verify whether any identified compound is really a ceramide hexoside (there is no possibility
to ascertain hexose stereochemistry and configuration with this set of experiments), an iso-energetic
Neutral Loss scan (i-NL) of the hexose fragment (C6H12O6, MW 180.2 Da) was paired to the Precursor
Ion scan that yielded the putative ceramide hexoside.
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Figure 1 shows the results of this set of experiments applied to a few interesting samples used to
illustrate the discovery procedure. The other samples showed a similar pattern, with only differences
in the relative intensity of the chromatographic peaks.

Figure 1. Chromatographic traces of the iso-energetic Precursor Ion scans of five long chain bases
((A–E), see Table 1 for their structures) in the extract of a pistachio cultivar. The dashed trace displays
the chromatographic gradient, as volume fraction of acetonitrile (%B; right vertical axis). Numbers on
top of prominent peaks are the m/z of the most intense ion signals. Labelled are the added internal
standards (12:0-Cb and 12:0-Cer) and the newly identified hexosyl-ceramides A1 and A2.

Figure 2 illustrates the corresponding integrated mass spectra of each iso-energetic Precursor Ion
scan of Figure 1. Main signals that may correspond to likely unexpected ceramide species awaiting
identification are highlighted.
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Figure 2. Integrated Precursor Ion mass spectra of the iso-energetic scan five long chain bases ((A–E),
see Table 1 for their structures) in the extract of a pistachio cultivar. Integration is performed, for all
experiments, within the 3.5 to 21 min interval of the chromatographic traces of Figure 1. Labelled are
the m/z values of some main signals.
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The measurement of more than 50 chromatographic runs for the 15 examined samples highlighted
the presence of at least two main chemical species. A major, earlier-eluting one (A1, retention time, RT
≈ 8.5 min; relative retention time, RRT = 1.18 vs. 12:0-Cb; MH+ 714) is present in all pistachio and
almond samples (Figure 1A is a representative pistachio sample). A minor, later-eluting one (A2, RT ≈
9.1 min; RRT = 1.23 vs. 12:0-Cb; MH+ 698) is present only in pistachios, but not in almonds. The two
compounds featured prominently in the Par262 trace (Figure 1A) and yielded weaker peaks in the
Par280 (Figure 1D) trace.

According to the general fragmentation pattern of protonated ceramides reported in Figure 3 [11],
the glycosidic nature of compounds A1 and A2 is warranted by the coelution also in the NL180
experiment (Figure 4A,C) and by the observation of the same precursor ions in the NL180 and Par262
spectra (Figure 4B,D).

Figure 3. Overall fragmentation pattern of protonated hexosyl-ceramides, exemplified for those with
the “standard” 1,3-dihydroxy-C-18:1 long chain base. Panel (A): correspondence of fragments to motifs
in the molecular structure. Panel (B): development of decomposition processes and triple quadrupole
scan experiments used to highlight individual molecules from their fragmentation. Panel (C): formal
connectivity of the ceramide pivot fragment O”.
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Figure 4. Confirmation of an unexpected hexose-containing ceramide species in the extract of an
almond cultivar. The highlighted peak in panels (A,C) is that of compound A1. m/z 714 is the molecular
mass (MH+) in both experiments (Par262, panel (B), and NL180, panel (D). m/z 696 derives from MH+

by water loss (panels (B,D)). In Par262 (panel (B)) m/z 552 and 534 derive from the previous ones by the
loss of hexose.

Their connectivity was investigated by recording their Fragment Ion spectra in the EPI mode (Q3
used as a LIT) in separate chromatographic runs (A1, A2, Figure 5).

According to the fragmentation pattern summarized in Figure 3, compounds A1 and A2 thus
consist of:

• A modified sphingosine that carries a further unsaturation in the C18 chain (d18:2, fragment ion
at m/z 262 Th);

• The C-1 of sphingosine is linked to a hexose (paired losses of 180 Da from MH+ and [MH −H2O]+

ions);
• The 2-amino group of the sphingosine is linked to two saturated C16 fatty acids (mass difference

between m/z 262 and the fragments generated by hexose loss), one of which (earlier-eluting
compound A1) carries an additional hydroxyl group.

The occurrence of a linked hexose unit at C-1 was confirmed by performing an NL-180 scan
concurrent to the Par262 scan, observing peaks in both traces at the retention times of the two
compounds and MH+ and [MH − H2O]+ ions (Figure 3).

Final evidence of the identity of the precursor and fragment ions detected in the triple quadrupole
instrument was achieved by re-analyzing two almond and two pistachio extracts under comparable
chromatographic conditions in a quadrupole-ToF instrument that measures m/z at a resolution close
to 30,000. Figure S1 and Table S1 summarize the results. High-resolution measurements match the
elemental composition of the examined precursor ions and of the expected fragments within 2–26 ppm,
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thus confirming the interpretation of the LIT fragment ion spectra of Figure 4 and the connectivity of
the two compounds.

Figure 5. Enhanced Product Ion (EPI, CE 30 DV) spectra of unexpected ceramide species in the extract
of a pistachio cultivar. (A) Compound A1 is that eluting at 8.5 min in the chromatographic trace A of
Figure 1; (B) compound A2 is that eluting at 9.1 min.

Previous researchers already extracted and identified similar compounds in almonds [12].
The authors assigned the connectivity of the additional long chain base double bond as z-Δ8 and
identified the stereochemistry of the appended hexose with the extensive use of Nuclear Magnetic
Resonance experiments.

2.2. Levels of the Discovered Sphingolipids in Almonds and Pistachios

The analysis of three almond and nine pistachio samples highlighted that A2 (which contains
a saturated C16 fatty acid) occurs in both almonds and pistachios, while A1 (which contains a
hydroxylated C16:0-h fatty acid) is specific of pistachio. Their abundance in the sample could be
estimated in the absence of authentic purified reference ceramides, by comparing the peaks areas to
that of C12:0 cerebroside (peak at 7.3 min in panel B of Figure 1) added as an internal standard. In
pistachios, components A1 and A2 were estimated on the average at 19.3 and 5.2 μg/g of extracts,
respectively. In almonds, compound A1 is estimated on the average at 24.2 μg/g of extracts. The levels
of the two characteristic ceramides in the individual nut samples are reported in Table 2.
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Table 2. Levels of two specific ceramides in three almond and nine pistachio samples.

Sample ID A1 A2

M1 13.65 n.d.
M2 22.48 n.d.
M3 36.47 n.d.
P1 39.97 13.64
P2 17.37 2.87
P3 14.69 4.53
P4 14.35 3.63
P5 15.95 4.04
P6 17.26 4.09
P7 19.40 3.74
P8 22.24 7.13
P9 12.52 2.85

A1: RT 8.5 min; MH+ 715; A2: RT 9.1 min; MH+ 699; Results in μg/g (expressed as Cer12:0-Glc equivalents); n.d.:
not detected.

While Reisberg and collaborators [12] did not perform an analytical assessment, but rather isolated
and characterized component A1, they could purify approximately 120 mg from 14 kg of almonds.
This amount corresponds to 8.6 μg/g and is close to that measured in our samples.

2.3. Interference of Triglycerides in the Discovery of Ceramides in Almonds and Pistachios

As apparent from the chromatographic traces and integrated mass spectra of Figures 1 and 2, an
intense signal was detected for materials that eluted later than 15 min and that contained arrays of
signals up to the m/z 1000 limit of the Q1 quadrupole scan. The time limit of 15 min is the elution
time of the ceramide with the longest (C24:0) fatty acid of the standard series. Grounding on the
specificity of the even-m/z O” reporter fragments for nitrogen-containing molecules, this region of the
chromatograms was explored to detect possible sphingoid compounds with more complex structures.

In particular, the Par264 trace (Figure 2B) featured even-m/z molecular signals with a molecular
mass around 900 Da (m/z 898, 900, and 902). Possible connectivity at this molecular size that is
compatible with a ceramide structure might belong to epidermosides, a class of very large ceramides
with a ω-hydroxylated fatty acid, to which a further fatty acid is connected through an ester bond.
Such compounds are found in skin, as components of the lipid mixture of the stratum corneum [13].
However, the Fragment Ion spectra recorded for the main m/z signals did not match the expected
behaviour for the anticipated structures. In particular, the observed fragmentation did not yield the
fragment pair spaced by 18 Da that derives from the two fragmentation modes of the long chain ester
bond. In addition, the compounds eluted earlier than expected for their molecular size based on the
behaviour of the standard series of saturated and unsaturated sphingosine ceramides [14].

Since the occurrence of these likely spurious signals may bias the discovery of high-mass,
unexpected sphingosine derivatives, a brief investigation was undertaken to understand their origin.
In particular, the mass spectral features of the cluster at 18–20 min elution time in the Par264 experiment
(Figures 1B and 2B) matched the loss of the elements of fatty acid-ammonium ion pairs in the
Product ion experiment (diglyceride fragments at m/z 599.5, 601.6, 603.5, data not shown), which is
the well-documented behaviour of triglycerides [15]. High-resolution measurement in the Q-ToF
mass spectrometer on the same extract confirmed the postulated identity of the observed signals as
ammonium ion adducts of triglycerides (Figure S2). In particular, TG ammonium adducts at m/z 900.8
(TG 54:4) were mainly composed of dioleoyl-linoleoyl-glycerol (OOL). This identification is confirmed
by the occurrence of the expected losses of fatty acids in the tandem mass spectra, with the generation
of diglyceride fragments at m/z 601 and 603 in a 3:1 ratio (Figure S2). Under the adopted collision
conditions, the acylium fragments do not form.
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To investigate whether co-extracted triglycerides may be the source of the high-mass signals
erroneously identified as putative complex ceramide (Figures 1B and 2B), a source scan at baseline
unit resolution in Enhanced Mass Scan (EMS) mode was recorded (data not shown). Most m/z signals
recorded at the retention times of the considered chromatographic peaks correspond to a cluster of
eluting triglycerides (TG) with 12C isotopomers at m/z 896.6, 898.7, and 900.5. The observed ion clusters
corresponded to ammoniated triglycerides with a total of 54 fatty acid carbon atoms and a number of
unsaturations that range from six to four, or three, two, and one units of linoleic acid (m/z 896.6 TG 54:6,
m/z 898.7 TG 54:5, m/z 900.5 TG 54:4). The precursor ions detected in the Par264 scan (Figures 1B and 2B)
at m/z 898.5, 900.5, and 902.6 correspond to the [M + 2] isotopomers of each ammoniated triglyceride
(TG 54:6, TG 54:5, TG 54:4; Figure S2C,E), which mainly contain two 13C carbon atoms in the molecule.
Therefore, the observed signal (Figures 1B and 2B), that interferes with the O” reporter fragment ion of
sphingosine ceramides, may correspond to the 13C1-isotopomer (m/z 264) of the acylium fragment of
linoleic acid all-12C C18H31O+ (m/z 263) that is present as a minor process in the spectra of triglycerides
ionized as ammonium-adducted species [16].

To test whether this hypothesis holds, the same sample was analyzed with a simultaneous
recording of the Precursor Ion spectra of m/z 263 (the acylium fragment of linoleic acid, all-12C
C18H31O+) and of m/z 264 (13C1-isotopomer). As apparent in the two superimposed graphs of Figure
S3, the chromatographic profiles of m/z 263 and 264 closely match in the time frame later than
approximately 9 min, and their intensities are in an approximately 4:1 ratio. Only in the time frame
between 7.5 and 8.5 min, where the abundant 12:0 ceramides elute, the m/z 264 signal (the O” fragment
of S18d:1) predominates over the background signal and yields the expected molecular precursors of
the S18d:1 species. In the time frame later than approximately 9 min, the two Precursor Ion spectra
record signals of ammoniated triglyceride and diglyceride from the bulk of the un-fractionated lipid
extract (spectra not shown). In particular, between 18 and 20 min, the Par263 scan (Figure S3) detects
domes of molecular signals, among which those at m/z 896.9, 898.8, and 900.9 (TG 54:6, TG 54:5 and
TG 54:4). The corresponding Par264 scan detects domes of molecular signals (m/z 897–902, spectra
not shown) with an intensity that is approximately 25% of that of the corresponding signals of the
Par263 scan. This intensity ratio closely corresponds to that expected for the occurrence of the 13C
isotopomers of the fatty acid in the fragment signals of the precursor triglycerides (Figure S4).

3. Discussion

Research on the characterization of oils and solid fats (butter) derived from nuts is extensive [17],
due to the long traditional use of these products and of increasing consumption as alternatives to dairy
sources. Most analyses focus on the composition of major components, such as the presence of fatty
acids [18,19]), of triglycerides and of some minor components with nutraceutical properties, such as
vitamins and antioxidants [8,20,21].

Sphingolipid research in plants has highlighted the presence of modified long chain bases, mainly
t18:1 and d18:2, linked to commonly occurring and more rare odd-carbon and hydroxylated fatty
acids [6,10,12,22,23].

Observation of ceramides with a modified long chain base and with specific fatty acids may
increase the variety of chemical indicators that can be employed to confirm the presence of specific
high-value nuts, such as pistachios and almonds, in food preparations, and to highlight contamination
or adulteration with extraneous materials [2,24,25]. Several techniques are currently used for this task,
including direct Near-Infra-Red [26] and Raman [27] spectroscopy, mineral element pattern [28], and
chemometric evaluation of untargeted LC-HRMS analysis [29].

It is of note that selective scans in the Precursor Ion and Neutral Loss modes are unique of the
tandem triple quadrupole (and, earlier, of some magnetic) mass spectrometer configuration. The sole
limitation of the use of triple quadrupole is the unit resolution of the mass filters. As highlighted in our
case, spurious signals can be generated from the unexpected contribution of isotopic components of bulk
constituents. This approach allowed observing and understanding for the first time the interference of a
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high load of triglycerides in the selective discovery search for trace level nitrogen-containing lipophilic
secondary metabolites by triple quadrupole tandem mass spectrometry methods. In addition, the
comparatively lower sensitivity of the iso-energetic Precursor Ion approach is inherent to the use of a
scan mode, rather than MRM, and is an unavoidable trade-off of the demonstrated higher coverage of
different chemical species [30,31].

Complete characterization of the discovered ceramide hexosides entails recognition of the hexose
stereochemistry and confirmation of the position and stereochemistry of the structural modifications of
the fatty acid and of the sphingosine. These structural details cannot be easily differentiated by simple,
on the fly recording of tandem mass spectra but need isolation of more substantial amounts of purified
materials by mass spectrometry guided preparative methods.

4. Materials and Methods

4.1. Reagents, Chemicals, and Standards

Sphingolipid standards, including ceramides with d18:1D4 sphingosine long-chain base (LCB) and
saturated/singly unsaturated straight-chain even-carbon fatty acids (12–24 FA) and C12:0 cerebroside
were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Methanol, ethanol, acetonitrile,
ammonium formate, and formic acid (all analytical grade) were supplied from Merck (Darmstadt,
Germany). Water was MilliQ-grade (Millipore, Milford, MA, USA).

4.2. Plant Material

Three selected almond (A6, A7, A8) and nine pistachio (P7–P15) extracts were analyzed in this
study. Their codes and their main characteristics are reported in Table 3.

Table 3. Pistachio and almond samples examined in this study. The first column refers to the blinded
analysis code and the second column to the sample code.

ID Sample Nut Product Origin Characteristics

Pistachio (Pistacia vera L.)

P1 P7 Shelled Bronte DOP (Sicily, Italy) Not roasted, not salted
P2 P8 Shell USA Roasted, salted
P3 P9 Shell Non EU Organic, roasted, not salted
P4 P10 Shell Iran Not roasted, not salted
P5 P11 Shell USA Roasted, not salted
P6 P12 Shelled Noberasco Not roasted, not salted
P7 P13 Flour Iran
P8 P14 Flour Italy
P9 P15 Flour Italy

ID Sample Nut Product Origin Characteristics

Almond (Prunus dulcis Mill.)

M1 A6 Shelled California (USA) Died
M2 A7 Shelled California (USA) Dried
M3 A8 Shelled California (USA) Dried

4.3. Sphingolipid Extraction Procedure

The total lipid extracts were prepared as described elsewhere [9]. Briefly, after the addition of 10
μL of IS (Cer C12, gluCer C12 20 mM), the powder (250 mg) was extracted in a microtube with an
O-ring seal screw with 500 μL of methanol, 100 μL water, and 250 μL chloroform [32]. The samples
were sonicated for 30 min and incubated overnight in an oscillator bath at 48 ◦C. The supernatant
was evaporated under a stream of nitrogen. The residues were dissolved in 150 μL of methanol and
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then centrifuged for 10 min at 13,000 rpm. The clean supernatant (130 μL) was transferred into the
autosampler vials, and 10 μL were directly injected in LC-MS/MS.

4.4. LC-MS/MS Instrumentation

Two separate sets of mass spectrometry measurements were performed in different computerized
integrated systems, each consisting of a liquid chromatograph coupled to a tandem mass spectrometer.

Discovery of ceramides and ceramide hexosides with a diverse long chain base was accomplished
in a hybrid triple quadrupole-linear ion trap tandem mass spectrometer. The integrated liquid
chromatograph system was an UltiMate® 3000 LC Systems (Dionex™, Sunnyvale, CA, USA), with
an autosampler, binary pump, and column oven (Thermo Fisher Scientific, Waltham, MA, USA). The
tandem mass spectrometer was an AB Sciex 3200 QTRAP LC-MS/MS instrument with electrospray
ionization (ESI) TurboIonSpray™ source (AB Sciex Framingham, MA, USA). Instruments were managed
with manufacturers’ software (Analyst software (version 1.6.2) and according to manufacturers’
instructions. Results exported as .txt files were post-processed in custom spreadsheets, as needed. The
principle of the innovative scan modes employed in this instrument is briefly described in Appendix A.

A set of confirmative measurements used a Shimadzu UPLC interfaced to a TripleTOF 6600
(Sciex, MA, USA) high-resolution hybrid quadrupole time-of-flight mass spectrometer equipped
with Turbo Spray IonDrive, under essentially the same chromatographic conditions (2.3, v. infra).
The resolution was close to 30,000 according to the manufacturer’s software evaluation. The main
instrument parameters were: CUR 35, GS1 55, GS2 35, capillary voltage 5.5 kV, source temperature 350
◦C, declustering potential (DP) 50 eV. Two analysis modes were applied. One (“targeted” approach)
recorded, within each 1-s measurement cycle, the source spectrum (m/z 200–1400; 250 ms accumulation
time) and the fragment ion spectra of selected precursors only (100 ms accumulation time). The
other (“untargeted” approach) recorded, within each 1-s measurement cycle, the source spectrum, and
the fragment ion spectra of the ten most abundant precursor ions that occur in the previous source
spectrum. Collision energy was set at 30 V on a nitrogen gas target. Data were extracted with the
proprietary PeakView data management software and exported to spreadsheets for further evaluation.

4.5. Separation and Detection of Sphingolipids by LC-MS/MS

Separation of the lipid extract containing ceramides was accomplished in an ACQUITY UPLC
BEH C-8 Column, 130 Å, 1.7 μm, 2.1 mm × 100 mm (Waters, Millford, MA, USA) preceded by a security
guard cartridge. The flow rate was 0.3 mL/min; the autosampler and the column oven were kept at 15
◦C and 30 ◦C, respectively, the operating pressure was 450 Psi.

The two mobile phases were: phase A, 2 mM ammonium formate in water and phase B 1 mM
ammonium formate in methanol, both containing 0.2% formic acid (v/v). A multi-linear extended
gradient with a total analysis time of 22 min was programmed: the column was equilibrated with 80%
(B), increased to 90% (B) in 3 min, held for 3 min, increased to 99% (B) in 9 min, held for 3 min, back to
the initial conditions in 2 min, and kept for 2 min at 80% (B).

Mass spectrometry was performed in the positive ion mode (ESI+). The ion spray voltage was
set at 5.5 kV, and the source temperature was set at 300 ◦C. Nitrogen was used as a nebulizing gas
(GS 1, 45 psi), turbo spray gas (GS 2, 50 psi), and curtain gas (25 psi). Source spectra were recorded
in separate experiments in the Enhanced MS (EMS) mode at a scan speed of 1000 Da/s that yielded
baseline separation of unit mass peaks in the m/z range 450–1000. The collision-activated dissociation
(CAD) MS-MS experiment used nitrogen as collision gas at the low pressure setting (1.2 × 10−5 Torr).

4.6. Untargeted Discovery LC-MS/MS Analysis by Iso-Energetic Precursor Ion and Neutral Loss Scan in a
Triple Quadrupole

An untargeted discovery method was developed to investigate the presence of unexpected
sphingolipids in the samples. Briefly, the method employs Precursor Ion (PI) scans of the analysing
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quadrupole (Q1), while holding the selecting quadrupole (Q3) to transmit the reporter fragment ions
generated by CID of protonated ceramides with different long chain bases (fragment O”).

Those selected are at m/z 264.4 (d18:1D4 sphingosine, [11]) and isomeric d18:1D8 [6], m/z 262.4
(d18:2D4,8); m/z 280.4 (t18:1D8, [6]).

Another set of experiments employed Neutral Loss scans, whereby both Q1 and Q3 mass filters
are simultaneously scanned at the same rate, with a fixed offset of transmitted m/z, which corresponded
to the mass of a specific molecular unit. In this case, the neutral fragment was the C6H12O6 unit (MW
180.2) of hexose.

The upper scan range of Q1 was initially m/z 450–700 in 1 s (measurement of the standard ceramide
panel), and later, the upper m/z value was raised to m/z 1000 to allow analysis of ceramides with as
many 60 carbon atoms. During each 1-s scan of Q1 (or of linked Q1 and Q3), the CAD potential (q2-Q1)
was synchronously ramped in order that, at each m/z value of the precursor ion transmitted by Q1, the
effective collision energy was held constant (iso-energetic, or i-CID). The particular selected value of
the effective collision energy was selected following a spectroscopic study of model ceramides. Actual
employed values are of 1.6 eV for the Precursor Ion scans (generation of O” fragment from MH+) and
1.0 eV for the Neutral Loss scan (loss of the hexose unit from the MH+). Conversion of centre-of-mass
collision energy to instrument voltage was accomplished with a re-arranged form of the standard
equation (a more detailed explanation is reported in Appendix A). Typical ranges of collision voltage
for the Precursor Ion scans were 27.3–44.5 DV for the low mass range (m/z 450–750) and 27.3–55.9 DV
for the extended mass range (m/z 450–1000). The corresponding values for the Neutral Loss scan were
27.3–44.5 DV for the low mass range (m/z 450–750) and 27.3–55.9 DV for the extended mass range (m/z
450–1000).

4.7. Relationship of Molecular Structure to Chromatographic Retention

To assist and to confirm the identification of unexpected ceramide species, a descriptor of the
relationship of molecular structure to chromatographic retention was established. A standard mixture
of ceramides ranging from C 12:0 to 24:0 (2.6 μM each) was injected under described conditions.
Natural logarithm of capacity factor k’, defined as the number of column void volumes necessary to
elute each compound, was plotted against the natural logarithm of both the total number of carbon
atoms in the ceramide and of the sole number of carbons of the FA (graph reported in Figure S5).

The void volume was estimated from the geometric parameters of the column and from the mobile
phase flow. A correction factor for fractional column packing was identified from technical literature,
as 0.51 of the physical column volume. Relative retention times (RRT) were calculated with reference
to the elution of C12 glucosyl ceramide (cerebroside, 12:0-Cb for short).

4.8. Isotope Pattern Calculation

Isotope pattern calculation was accomplished with an online freeware calculator (https://www.
envipat.eawag.ch/index.php; last accession 4 November 2019). The software allows modulation of the
mass resolution to envision the profile of the isotope cluster in the employed instrumental conditions.
In this instance, the resolution was modulated at two different values, according to the employed
mass spectrometer. A value of 500 (DM/M), slightly lower than that effective in the triple quadrupole
instrument, but sufficient to match the measured ion profiles, was employed to simulate the isotopic
envelopes for the first tier of measurements. A value of 10,000 (DM/M) was employed to calculate the
abundances and accurate m/z of precursor and fragment ions anticipated for the identified compounds,
and to compare with high-resolution measurements.

5. Conclusions

This report furthers our previous one on the targeted analysis of ceramides (d18:0, d18:1) in
almond and pistachio [9]. This technique exploits the performance of the triple quadrupole tandem
mass spectrometer well beyond its traditional use by analytical chemists.
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Success with this approach will prompt a complete investigation of the structural details of the
observed phytochemicals that cannot be resolved with the analytical and spectroscopic techniques
employed in this preliminary survey. Semi-preparative chromatographic separation of crude lipid
preparations driven by the selective scan will enable to obtain enriched fractions of the unexpected
components. The use of high-energy collision induced dissociation will characterize the connectivity
of the ceramide and fatty acid subunits [11], and deglycosidation will enable to separately identify the
linked hexose.

Availability of a fast and comprehensive method to screen lipid extracts for trace sphingosides with
chemically decorated long chain bases will be applied to analyze several more seeds of a nutraceutical
interest that are the base of typical foods of the Italian lore.
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Appendix A

Re-arranged form of the standard equation for energy transfer in Collision Induced Dissociation.
In Collision Induced Dissociation of ions, the relation of centre-of-mass, or “effective” (E CM) to

laboratory-frame or “nominal” (E lab) collision energy depends:

• On the mass of the resting target gas in the collision cell (m TAR) and
• On the mass (m/z) of the impinging (singly-charged) precursor ion (m PAR),

according to the standard Equation (1).

E CM = E lab ×m TAR/(m TAR +m PAR)

For a fixed collision gas employed (e.g., m TAR, nitrogen, MW 28, or argon, MW 40), and for each
specific value of “laboratory frame” collision energy, the “centre-of-mass” collision energy decreases
as the m/z value of the precursor ions increase. The variation is not linear, either with the m/z of the
precursor ion, or with the value of the “laboratory frame” collision energy.

Standard algebraic passages allow re-formulating Equation (1) to the linear working Equation (2):

E lab = E CM + E CM ×m PAR/m TAR.

This linear equation allows to “back”-calculate the necessary laboratory frame collision voltage at
each value of m/z of the precursor ion corresponding to a specific constant value of centre-of-mass
collision energy.
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29. Çavuş, F.; Us, M.F.; Güzelsoy, N.A. Assesing Pistachio Nut (Pistacia vera L.) Adulteration with Green Pea
(Pisum sativum L.) by Untargeted Liquid Chromatography-(Quadrupole-Time of Flight)-Mass Spectrometry
Method and Chemometrics. Available online: https://dergipark.org.tr/en/pub/bursagida/issue/40169/477784
(accessed on 20 January 2020).

30. Canela, N.; Herrero, P.; Mariné, S.; Nadal, P.; Ras, M.R.; Rodríguez, M.Á.; Arola, L. Analytical methods in
sphingolipidomics: Quantitative and profiling approaches in food analysis. J. Chromatogr. A 2016, 1428,
16–38. [CrossRef]

31. Markham, J.E.; Jaworski, J.G. Rapid measurement of sphingolipids from Arabidopsis thaliana by
reversed-phase high-performance liquid chromatography coupled to electrospray ionization tandem mass
spectrometry. Rapid Commun. Mass Spectrom. 2007, 21, 1304–1314. [CrossRef]

32. Dalmau, N.; Jaumot, J.; Tauler, R.; Bedia, C. Epithelial-to-mesenchymal transition involves triacylglycerol
accumulation in DU145 prostate cancer cells. Mol. Biosyst. 2015, 11, 3397–3406. [CrossRef]

Sample Availability: Small samples of some almond and pistachio specimens are available from the authors
upon reasonable request.

© 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/).

46



foods

Article

Wild Italian Prunus spinosa L. Fruit Exerts In Vitro
Antimicrobial Activity and Protects Against In Vitro
and In Vivo Oxidative Stress

Luisa Pozzo 1,*, Rossella Russo 1, Stefania Frassinetti 1, Francesco Vizzarri 2,3, Július Árvay 4,

Andrea Vornoli 1,5, Donato Casamassima 2, Marisa Palazzo 2, Clara Maria Della Croce 1 and

Vincenzo Longo 1

1 Institute of Agricultural Biology and Biotechnology (IBBA), National Research Council, 56124 Pisa, Italy;
rossella.wilbur@gmail.com (R.R.); stefania.frassinetti@ibba.cnr.it (S.F.); vornolia@ramazzini.it (A.V.);
clara.dellacroce@ibba.cnr.it (C.M.D.C.); v.longo@ibba.cnr.it (V.L.)

2 Department of Agricultural, Environmental and Food Sciences, University of Molise, 86100 Campobasso,
Italy; francesco.vizzarri@uniba.it (F.V.); casamassima.d@unimol.it (D.C.); m.palazzo@unimol.it (M.P.)

3 Department of Agricultural and Environmental Sciences, University of Bari Aldo Moro, 70126 Bari, Italy
4 Department of Chemistry, Faculty of Biotechnology and Food Sciences, Slovak University of Agriculture,

94976 Nitra, Slovakia; julius.arvay@uniag.sk
5 Cesare Maltoni Cancer Research Center, Ramazzini Institute, Bentivoglio, 40138 Bologna, Italy
* Correspondence: luisa.pozzo@ibba.cnr.it; Tel.: +39-0503152702

Received: 8 November 2019; Accepted: 17 December 2019; Published: 19 December 2019

Abstract: Polyphenol-rich foods could have a pivotal function in the prevention of oxidative
stress-based pathologies and antibacterial action. The purpose of this study was to investigate
the in vitro antimicrobial activity, as well as the in vitro and In Vivo antioxidant capacities of wild
Prunus spinosa L. fruit (PSF) from the southeast regions of Italy. The total phenolic content (TPC)
was quantified, and the single polyphenols were analyzed by HPLC-DAD, showing high rutin and
4-hydroxybenzoic acid levels, followed by gallic and trans-sinapic acids. PSF extract demonstrated
antimicrobial activity against some potentially pathogenic Gram-negative and Gram-positive bacteria.
Besides, we investigated the cellular antioxidant activity (CAA) and the hemolysis inhibition of
PSF extract on human erythrocytes, evidencing both a good antioxidant power and a marked
hemolysis inhibition. Furthermore, an In Vivo experiment with oxidative stress-induced rats treated
with a high-fat diet (HFD) and a low dose of streptozotocin (STZ) demonstrated that PSF has a
dose-dependent antioxidant capacity both in liver and in brain. In conclusion, the wild Italian Prunus
spinosa L. fruit could be considered a potentially useful material for both nutraceutical and food
industries because of its antioxidant and antimicrobial effects.

Keywords: wild Italian Prunus spinosa L. fruit; blackthorn; phenolic compounds;
antimicrobial; antioxidant

1. Introduction

Considering that traditional foods are increasingly believed healthy and wholesome, food
manufacturers are developing new food products returning to natural products and traditional recipes
that will be attractive to the widest potential consumers [1,2]

Blackthorn (Prunus spinosa L.), which belongs to the Rosaceae family, is a perennial plant originally
growing in temperate continental climate of the northern hemisphere, particularly widespread in the
Mediterranean countries and in the southeast regions of Italy. It is used for treatment of many diseases
due to its diuretic, spasmolytic, antimicrobial, and antioxidant activities [3]. Moreover, Prunus spinosa
L. fruit (PSF) is used for the production of various traditional jams and beverages such as juice, wine,
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tea, and distillates in food industry [4]. It contains substantial quantities of phenolic antioxidants,
including, in particular, flavonols, phenolic acids, and coumarin derivatives [5].

Epidemiological investigations demonstrated that diets rich in plant polyphenols protect against
diabetes, osteoporosis, cardiovascular, and neurodegenerative diseases [6]. Dietary compounds and
specific polyphenol-rich foods could have a pivotal function in the prevention of diseases associated
with oxidative stress by increasing the circulation of antioxidant compounds and neutralizing the
reactive oxygen species, due to their number and position of hydroxyl groups [7]. Protein nitration, lipid
peroxidation, chronic inflammation, and oxidative damage to DNA may be prevented by polyphenols,
which results in vasodilatory, vasoprotective, anti-atherogenic, antithrombotic, and anti-apoptotic
effects, as free radical scavengers, metal chelators, inhibitors of pro-inflammatory enzymes, and
modifiers of cell signaling pathways [8].

Recently, new alternatives have become desirable, and plants metabolites have been screened
for antimicrobial agents for treatment of infectious diseases, due to the development of antibiotic
resistance by pathogenic bacteria [9]. For instance, in several studies, dietary polyphenols have been
reported to exert an antibacterial activity [10].

In the present study, the potential biological activities of wild blackthorn fruit from southeast
regions of Italy were investigated. Considering the PSF as a potential natural source of phenolic
compounds, this work was designed to study its in vitro antimicrobial, antioxidant, and antihemolytic
activities. Moreover, for the first time, the In Vivo protective effect and antioxidant capacity of PSF in
high-fat diet (HFD) and streptozotocin (STZ)-induced oxidative stress has been studied.

2. Materials and Methods

Blackthorn fresh fruits were obtained from wild orchards of the Campobasso (Italy) area in October
2015. Taxonomic identification of plant material was confirmed by Prof. Elisabetta Brugiapaglia from
Department of Agricultural, Environmental and Food Sciences, University of Molise, Campobasso, Italy.

2.1. Chemicals and Reagents

All solvents and chemicals were of analytical grade. Nutrient Broth (NB), Nutrient Agar (NA),
Mueller Hinton Broth (MHB), Mueller Hinton Agar (MHA), McFarland standard were purchased from
Oxoid (Basingstone, UK). 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), 2,2′-azobis
(2-amidinopropane) dihydrochloride (AAPH), 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA),
dinitrophenylhydrazine (DNPH), trichloroacetic acid (TCA), perchloric acid (PCA), thiobarbituric acid
(TBA), 1,1,3,3-tetramethoxypropane (TEP), guanidine hydrochloride, ortho-phthalaldehyde (OPA),
reduced glutathione (GSH), phosphoric acid, potassium dihydrogen phosphate (KH2PO4), hydrochloric
acid (HCl), streptozotocin (STZ), ethanol, ethyl acetate, and methanol from Sigma-Aldrich (St. Louis,
MO, USA). All HPLC analytical standards, including protocatechuic acid, syringic acid, rutin, ellagic
acid, cynaroside, daidzein, neochlorogenic acid, chlorogenic acid, vitexin, trans p-coumaric acid,
trans-sinapic acid, trans ferulic acid, rosmarinic acid, resveratrol, apigenin, myricetin, quercetin, and
kaempferol, were bought from Sigma-Aldrich (St. Louis, MO, USA). Phosphate buffer saline (PBS) was
bought from VWR (Radnor, PA, USA).

2.2. Plant Material Preparation

After the pits were removed, the frozen fruits were lyophilized and crushed in a mortar, and
the powder was stored at −20 ◦C. Briefly, 1 g of sample was extracted with 10 mL of water for
2 h on a horizontal shaker Unimax 2010 (Heidolph Instruments, GmbH, Schwabach, Germany) for
in vitro antioxidant activity, polyphenols quantification, and antimicrobial activity. PSF extracts were
centrifuged (2300× g at 4 ◦C for 20 min) (Jouan CR3i centrifuge, Newport Pagnell, UK), and the
supernatants were collected.

For the In Vivo experiment, the lyophilized and powdered fruit was dissolved in water.
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2.3. Total Phenolic Content (TPC) and Polyphenols Quantification by HPLC-DAD

For the determination of total phenolic content in water extract, we followed the Singleton
and colleagues protocol [11]. The concentration of polyphenols was expressed as mg of gallic acid
equivalents (GAE)/g of dry weight (d.w.).

Prior to HPLC analysis, the extracts were filtered through syringe filters Q-Max (0.22 μm, 25 mm,
PVDF) (Frisenette ApS, Knebel, Denmark) into the HPLC vials. The HPLC apparatus consisted of an
Agilent 1260 Infinity HPLC (Agilent Technologies GmbH, Waldbronn, Germany) quaternary solvent
manager coupled with degasser (G1311B), sampler manager (G1329B), Diode Array Detector (G1315C),
column manager (G1316A). The analytical column was a Waters Cortecs endcapped RP-C18 column
(150 mm × 4.6 mm × 2.7 μm particle size; Waters Corp., Milford, MA, USA). The analyses were carried
out at 30 ◦C by a gradient system with a mobile phase of 0.1% ortho-phosphoric acid in deionised
water (C) and acetonitrile gradient grade (D) at a flow rate of 0.60 mL/min, and the injection volume
was 5 μL. The gradient elution was as follows: 0–1 min (90% C and 10% D), 1–5 min (85% C and 15%
D), 5–10 min. (80% C and 20% D), 10–12 min. (80% C and 20% D), 12–20 min (30% C and 70% D), and
20–25 min (30% C and 70% D). The post-run was set at 3 min. The samples were kept at 4 ◦C in the
sampler manager. The detection wavelengths were set at 265 nm (gallic acid, 4-hydroxibenzoic acid,
rutin, and genistein), 320 nm (chlorogenic acid, caffeic acid, trans-p-coumaric acid, trans-sinapic acid,
trans-ferulic acid, rosmarinic acid, resveratrol), and 372 nm (myricetin, quercetin and kaempferol).
Data were analyzed by Agilent Open Lab Chem Station software for LC 3D systems.

2.4. HPLC-DAD Method Validation

Reference phenolic compounds were dissolved in HPLC purity methanol and diluted to
appropriate concentration ranges (5–50 μg/mL). The linearity of each calibration curve was assessed by
linear regression analysis. The limit of detection (LOD) and quantification (LOQ) were estimated by
measuring signal-to-noise ratio of the individual peak of each standard compound. The LOD and
LOQ were calculated according to the International Conference on Harmonisation guidelines [12].

2.5. Antimicrobial Activity

2.5.1. Growth Conditions of Pathogenic Bacteria

The bacterial strains were supplied by the American Type Culture Collection (ATCC).
The antimicrobial activity of PSF extract was studied on three Gram-negative bacteria, specifically
Escherichia coli (ATCC 25922), Salmonella enterica ser. typhimurium (ATCC 14028), and Enterobacter
aerogenes (ATCC 13048), and two Gram-positive bacteria, Enterococcus faecalis (ATCC 29212) and
Staphylococcus aureus (ATCC 25923).

2.5.2. Antimicrobial Activity

The growth inhibition of selected bacteria exerted by PSF extract was determined according to
Delgado Adámez and colleagues [13], with some modifications.

The tested bacteria were cultured in MHB at 37 ◦C for 16 h and diluted to match the turbidity of 0.5
McFarland standard. Fifty microliters of bacterial suspensions (about 1–5 × 105 CFU/mL) was added
to 100 μL of MHB and to 100 μL of blackthorn extract (0, 0.25, 0.50, 0.75, and 1.00 mg/mL) in a 96-well
plate. A negative control was included on each microplate. A positive control of bacterial growth
inhibition consisting of two antibiotics, vancomycin (10 μg/mL) for Gram-positive and gentamicin
(10 μg/mL) for Gram-negative bacteria was added to the microplate. The plates were incubated at
37 ◦C for 24 h. Afterwards, the optical density (OD) at 600 nm was determined by a microplate reader
(Eti-System fast reader Sorin Biomedica, Modena, Italy). The percentage of growth inhibition was
calculated as follows:

% growth inhibition = 100 − (ODS/ODC) × 100 (1)
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where ODS is the optical density of the sample and ODC is the optical density of the negative control
(PSF 0 mg/mL).

2.6. In Vitro Antioxidant Activity in Red Blood Cells (CAA-RBC) and Hemolysis Test

According to the regulations of “Fondazione G. Monasterio CNR-Regione Toscana”, human
blood samples were obtained from three healthy volunteers in ethylenediaminetetraacetic acid
(EDTA)-treated tubes and centrifuged (2300× g at 4 ◦C for 10 min). Plasma and buffy coat were
removed, and erythrocytes were washed twice with PBS pH 7.4.

The antioxidant activity of PSF extract (100 mg/mL) was evaluated in an in vitro system with
a modified assay in red blood cells as described by Frassinetti and colleagues [14]. Each value was
express as CAA units, as follows [12]:

CAA unit = 100 − (
∫

SA\
∫

CA) × 100 (2)

where
∫

SA is the integrated area of the sample curve and
∫

CA is the integrated area of the control curve.
Hemolysis of PSF extract (100 mg/mL) was analyzed according to the protocol described by

Frassinetti and colleagues [15] using AAPH, a generator of peroxyl radicals, to cause the red blood cell
lysis. The values reported are the percentage of hemolysis compared with the control.

2.7. Animal Study

2.7.1. In Vivo experiment

Male Wistar rats (200–230 g b.w.) were maintained with ad libitum access to food and drinking
water for a 12 h light/dark cycle in cages at room temperature with the 55% relative humidity. Rats were
divided into two groups: the control (CTR) group (n = 5), fed a standard diet (64% carbohydrates,
19% proteins, 7% minerals and vitamins, 6% fibers, and 4% fats; the fats percentage corresponds to
the 11% of the diet-derived energy) and the high-fat diet (HFD) group, fed a high fat/cholesterol diet
(48.7% carbohydrates, 28% fats, including 2% cholesterol, 13.8% proteins, 4.4% fibers, 5.1% minerals
and vitamins, the fats percentage corresponds to the 55% of diet-derived energy). After 5 weeks,
the animals of HFD group were treated with a single i.p. injection of streptozotocin (40 mg/kg) [16].
Twenty four rats, resulted to be diabetic with a plasma glucose concentration >250 mg/dL, continued
to be fed a HFD diet for a further 4 weeks and were randomly divided into three groups: HFD (n = 8)
group, PSF400 (n = 8) group, and PSF800 (n = 8) group (Figure 1). Rats from CTR and HFD groups were
intragastrically administered the same volume of water; rats from PSF400 and PSF800 groups were
intragastrically administered lyophilized PSF at different doses (400 mg/kg b.w. and 800 mg/kg b.w.,
respectively). The weight gain was calculated by initial and final weights. The rats were sacrificed and
blood samples were collected by cardiac puncture under general anesthesia. Liver and brain tissues
were stored at −80 ◦C. Hepatic lipids were quantified and oxidative stress markers were analyzed in
liver and brain. Blood was centrifuged (2300× g for 15 min) to obtain serum samples for laboratory
analysis. Local Ethical Committee approved all animal procedures in accordance with the European
Communities Council Directive of 24 November, 1986 (86/609/EEC).

50



Foods 2020, 9, 5

Figure 1. Study design of the In Vivo experiment. CTR, control group; HFD, high-fat diet group;
PSF400, PSF800.

2.7.2. Biochemical Analysis

Serum analyses were performed by a semi-automatic analyzer for clinical chemistry (model
ARCO, Biotecnica Instruments SPA, Rome, Italy) for aspartate aminotransferase (AST), alanine
aminotransferase (ALT), total cholesterol, and triglycerides. Glucose levels were measured with a
glucose meter (Accu-Chek® Roche, Mannheim, Germany), and insulin using a Rat Insulin ELISA kit
(Mercodia, Uppsala, Sweden).

2.7.3. Hepatic Lipids Quantification

Fat content of the liver samples was determined by Folch and colleagues protocol [17], slightly
modified. Liver samples from rats were homogenized with equal volumes of water and methanol.
The resulting homogenate was subjected to three subsequent extractions in chloroform, followed
by two washes with KCl 1 M and water. After complete evaporation and prolonged drying of the
chloroform, fat content was weighed and expressed as mg/g tissue.

2.7.4. Oxidative Stress

Malondialdehyde (MDA) concentration of liver and brain samples was analyzed according to
Seljeskog and colleagues [18], with some adaptations. An aliquot of 100 μL of homogenate sample was
mixed with 0.1125 N PCA (300 μL) and 40 mM TBA (300 μL) for 10 sec and placed in a boiling water
bath for 60 min. Methanol (600 μL) and 20% TCA (w/v) (200 μL) were added to the suspension and
mixed for 10 sec, after cooling in a freezer at −20 ◦C for 20 min. The MDA content was quantified in
the supernatant (7000× g for 6 min) by fluorimeter (Perkin Elmer LS-45, Perkin Elmer, Walham, MA,
USA) (λex = 525, λem = 560). A standard curve was prepared by dissolving hydrolyzed TEP in water at
different concentrations (33.5, 16.8, 8.4, 4.20, 2.10, 1.05, and 0.52 μM). The results have been expressed
as nmol MDA/g tissue.

The protein carbonylation was determined using the method adapted from Terevinto and
colleagues [19]. Liver and brain samples were homogenized and incubated with 0.02 M DNPH in 2 M
HCl. Proteins were then precipitated by adding 20% TCA and recovered by centrifugation (625× g for
10 min). Pellets were washed three times with ethanol:ethyl acetate (1:1, v/v), melted in 6 M guanidine
HCl in 0.02 M KH2PO4 (pH 6.5), and centrifuged. The absorbance of the supernatant was measured at
390 nm. The results have been expressed as nmol/g tissue.
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The GSH content in liver and brain samples was evaluated according to Browne and Armstrong [20],
with slight modifications. Proteins were then precipitated by adding 10% TCA (w/v) at 4 ◦C for 30 min.
An aliquot of 150 μL of the sample was incubated with an equal volume of o–phthaldehyde (1 mg/mL)
in 10% methanol (v/v) by 15 min at 37 ◦C. After centrifugation (625× g for 3 min), fluorescence was
measured (Perkin Elmer LS-45, Perkin Elmer, Walham, MA, USA) (λex = 350, λem = 420). A calibration
curve has been performed by dissolving GSH in water at different concentrations (50, 25, 12.5, 6.25,
3.13, 1.56, 0.78 μM), and GSH concentrations have been calculated as μmol GSH/g tissue.

2.8. Statistical Analysis

The statistical analyses have been performed by Statistical Package for Social Science (SPSS) 17 for
Windows (SPSS, Inc., Chicago, IL, USA). The results are shown as the mean value ± standard deviation
(s.d.) and analyzed through a one-way ANOVA and Tukey’s test for post-hoc with significance at
p ≤ 0.05.

3. Results and Discussion

3.1. Quantification of Total Polyphenols

The TPC of wild Italian blackthorn fruit extract was quantified by a spectrophotometric method,
and the content was 5.50 ± 0.19 mg GAE/g d.w. To our knowledge, any other results have been found
about total phenolic content of blackthorn fruit on dry weight, but some authors reported that TPC in
blackthorn fruit on fresh weight ranged from 0.42–4.13 mg GAE/g [21–23].

The HPLC-DAD method validation was estimated by quantifying the limit of detection (LOD),
limit of quantification (LOQ), and the recovery. All parameters indicate that the method exhibits a
good sensitivity for identification as well as quantification of the polyphenols. All the parameters are
listed in Table 1.

Table 1. Retention time (Rt), LOD (limit of detection), LOQ (limit of quantification), and recovery of
phenolic compound quantification method by HPLC-DAD in the Prunus spinosa L. fruit (PSF) aqueous
extract (n = 3).

Phenolic Compound Rt (min) LOD (ug/mL) LOQ (ug/mL) Recovery (%)

Gallic acid 2.860 0.012 0.033 98.2 ± 0.81
Rutin 5.909 0.009 0.030 89.1 ± 0.89

4-hydroxibenzoic acid 7.112 0.005 0.017 101.2 ± 1.01
Caffeic acid 8.361 0.008 0.027 97.5 ± 0.99

Trans p-coumaric acid 11.741 0.004 0.013 96.0 ± 0.80
Trans -ferulic acid 12.981 0.003 0.010 97.8 ± 1.08
Trans-sinapic acid 13.062 0.011 0.037 98.2 ± 1.15

Myricetin 17.081 0.015 0.050 99.5 ± 0.88
Rosmarinic acid 17.463 0.009 0.023 102.1 ± 0.96

Quercetin 18.853 0.090 0.299 99.5 ± 0.95
Genistein 19.811 0.009 0.031 91.5 ± 0.77

The quality of phenolic profile of wild Italian blackthorn and the concentrations of single
compounds are shown in Table 2. Rutin (183.94 mg/kg d.w.) was the principal phenolic component,
followed by 4-hydroxybenzoic acid, gallic acid, trans-sinapic acid, quercetin, trans-ferulic acid, caffeic
acid, rosmarinic acid, trans cumaric acid, genistin, and myricetin. Our findings are partially in
accordance with those of some other authors that showed considerable quantities of phenolic acids
(quercetin and caffeic acid) in blackthorn fruits from Southeast Serbia [3,24]; by contrast we did
not find either neochlorogenic or kaempferol. HPLC-UV analysis of the methanolic extract of fresh
blackthorn plums from Turkey recently allowed Baltas and colleagues to detect five phenolic acids,
namely protocatechuic acid, p-OH benzoic acid, vanillic acid, syringic acid, and p-coumaric acid, as
well as flavonoids, such as epicatechin and luteolin [25]. Another recent study about quantification of
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phenolic compounds by HPLC-UV in methanolic extract of frozen blackthorn fruits from Romania
showed high chlorogenic and neochlorogenic acid levels, followed by glycosides of quercetin [23].
Considering that the solubility of polyphenols in solvent of different polarity is determined by their
structure, different types of extraction solvent and procedures may influence the efficiency of phenolic
compounds extraction and their resultant content [3].

Table 2. Concentrations of phenolic compounds in the PSF aqueous extract.

Phenolic Compound Concentration (mg/kg d.w.)

Gallic acid 41.10 ± 3.68
Rutin 183.94 ± 0.45

4-hydroxybenzoic acid 73.93 ± 0.06
Caffeic acid 3.36 ± 0.36

Trans p-coumaric acid 2.99 ± 0.02
Trans-ferulic acid 4.93 ± 0.07
Trans-sinapic acid 37.69 ± 0.05

Myricetin 1.47 ± 0.03
Rosmarinic acid 3.23 ± 0.03

Quercetin 9.94 ± 0.01
Genistin 1.74 ± 0.00

3.2. Antimicrobial Activity

The antimicrobial activity on selected Gram-negative (Figure 2A) and Gram-positive (Figure 2B)
enteric bacteria was measured by evaluating the growth inhibition by increasing concentrations of
PSF extract. The antimicrobial activities have been compared with the standard antibiotics, used as
positive controls.

The lowest concentration of tested PSF extract (0.25 mg/mL) inhibited more than 50% of the
Gram-negative bacteria Escherichia coli (70.19% ± 1.21%), Salmonella typhimurium (79.98% ± 0.54%),
and Enterobacter aerogenes (83.02% ± 0.54%) growth (Figure 2A). The same concentration (0.25 mg/mL)
was able to inhibit more than 50% of the Gram-positive bacteria Enterococcus faecalis (82.86% ± 1.94%)
and Staphylococcus aureus (79.92% ± 1.23%) growth (Figure 2B). The antimicrobial activity of phenolic
compounds occurring in plant foods has been widely studied against a wide range of microorganisms.
The damage to the bacterial membrane and suppression of some virulence factors, including enzymes
and toxins, are suggested to be the mechanisms of their antimicrobial action [26]. Some flavonoids
(rutin, myricetin, and quercetin) and phenolic acids (gallic, caffeic, and ferulic acids) of PSF extract
may be responsible for its antibacterial action [27,28].
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Figure 2. Growth inhibition effect of PSF extract (0, 0.25, 0.50, 0.75, and 1.00 mg/mL) against
Gram-negative bacteria (A) (Escherichia coli ATCC 25922, Salmonella enterica ser. typhimurium ATCC
14028, and Enterobacter aerogenes ATCC 13048) and Gram-positive bacteria (B) (Enterococcus faecalis
ATCC 29212 and Staphylococcus aureus ATCC 25923). Significantly different from negative control (PSF
0 mg/mL): *** p ≤ 0.001. Results are reported as means (n = 3) values ± standard deviation.

3.3. In Vitro Antioxidant Activity

As shown in Figure 3A, pretreated erythrocytes with PSF aqueous extract (100 mg/mL) exhibited
a significantly higher cellular antioxidant activity (CAA unit = 48.43 ± 1.68) compared with untreated
cells (CAA = 0; p ≤ 0.001), comparable to 100 μM Trolox (CAA unit = 16.52 ± 3.60; p ≤ 0.001) and
500 μM Trolox (CAA unit = 36.67 ± 1.48; p ≤ 0.001). Taking these results into consideration, the EC50
of PSF extract for antioxidant activity in red blood cells was 100 mg/mL.

The antihemolytic activity of PSF extract was screened in erythrocytes exposed to high doses of
AAPH, causing a strong oxidative hemolysis. Figure 3B shows that PSF extract exerted a significant
inhibition of AAPH-induced hemolysis compared with the control erythrocytes (AAPH-treated).
PSF extract (100 mg/mL) pretreated cells demonstrated a marked antihemolytic effect (84% hemolysis
inhibition) compared with AAPH-treated cells (p ≤ 0.001), with a reduction of the hemolysis similar to
that of the highest concentration of the reference standard (500 μM Trolox). The antihemolytic EC50
of PSF extract was 10 mg/mL (data not shown). We found that PSF exerted a potent ROS-scavenger
activity. Indeed, when intact human erythrocytes were pre-incubated with a PSF aqueous extract,
a strong protective effect against AAPH-generated ROS production and hemolysis was observed.
These antioxidant and antihemolytic effects of PSF are probably due to the activity of gallic acid, rutin,
and quercetin in red blood cell [29,30].
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Figure 3. (A) Effects of PSF extract (100 mg/mL) on cellular antioxidant activity (CAA) in human
erythrocytes. Significantly different from untreated cells (CAA unit = 0): *** p ≤ 0.001. (B) Effects of PSF
extract (100 mg/mL) on dihydrochloride (AAPH)-induced oxidative hemolysis in human erythrocytes.
Significantly different from CTR (AAPH-treated cells): *** p ≤ 0.001. Trolox was used as reference
standard. Results are reported as means (n = 3) values ± standard deviation.

3.4. In Vivo Experiment

3.4.1. The Effect of Blackthorn on Body Weight and Liver Weight

In comparison with CTR group, rats of the HFD group exhibited a significant lower final body
weight (396.8 ± 40.6 vs. 307.5 ± 23.3 g/rat, respectively) (p ≤ 0.001). The administration of PSF did not
induce significant changes in the final body weight, neither in PSF400 group (317.2 ± 27.6 g/rat), nor in
PSF800 group (312.7 ± 42.5 g/rat), when compared with HFD group.

However, when compared with CTR rats, HFD rats exhibited a statistically significant increase in
liver weight (8.9 ± 1.4 vs. 13.4 ± 1.2 g, respectively) (p ≤ 0.001) and in relative liver weight (2.2 ± 0.2
vs. 4.1 ± 1.0 g liver/100 g b.w., respectively) (p ≤ 0.001). No significant difference in liver weight was
found between HFD-fed rats and PSF-treated rats of PSF400 group (14.8 ± 1.7 g) and PSF800 group
(14.6 ± 1.8 g). The same trend was found in relative liver weight between HFD-fed rats and PSF-treated
rats of PSF400 group (4.5 ± 0.3 g liver/100 g b.w.) and PSF800 group (4.8 ± 0.7 g liver/100 g b.w.).
HFD treatment caused hepatic lipid accumulation and increased liver weight and all the biochemical
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parameters in serum [16,31]. However, the PSF extract did not improve the liver weight and serum
and liver biochemical parameters linked to steatosis.

3.4.2. The Effect of PSF on Serum and Liver Biochemical Parameters

Serum AST, ALT, glucose, total cholesterol, triglycerides, and total hepatic lipid content were
significantly higher in the HFD group compared with the normal diet group (CTR group), while serum
insulin was significantly lower. After four weeks of treatment with 800 mg of PSF/kg b.w., rats of
the PSF800 group showed a significant decrease of total hepatic lipids content compared with HFD
group (162.15 ± 35.52 vs. 209.90 ± 11.91; p ≤ 0.05) (Table 3). Some studies have demonstrated that
polyphenols decrease the hepatic lipid accumulation caused by high-fat diet [32]. Moreover, it was
also reported that the single isolated polyphenol can improve the high liver lipids content due to a
high-fat diet administration, as in the case of rutin [33], gallic acid [34], and quercetin [35]. The crude
extracts can be more advantageous than the isolated components, since a single bioactive molecule can
change its properties with the presence of other compounds in the extracts [36].

Table 3. Nutritional effect of PSF on biochemical parameters in serum and liver of rats (n = 7).

CTR HFD PSF400 PSF800

AST (UI/dl) 93.98 ± 7.04 194.33 ** ± 42.90 181.00 ** ± 22.23 168.50 * ± 44.81
ALT (UI/dl) 39.06 ± 10.09 143.17 ** ± 35.15 146.52 ** ± 51.96 133.58 ** ± 36.90

Insulin (μg/l) 1.44 ± 0.80 0.19 ** ± 0.15 0.22 ** ± 0.15 0.20 ** ± 0.03
Glucose (mg/dl) 145.20 ± 20.80 439.67 *** ± 70.21 432.57 *** ± 33.57 443.60 *** ± 43.32

Total cholesterol (mg/dl) 109.30 ± 21.40 236.20 *** ± 45.09 228.36 *** ± 29.13 219.18 *** ± 17.94
Triglycerides (mg/dl) 75.73 ± 7.38 179.80 ** ± 59.30 164.33 ** ± 30.52 170.25 ** ± 21.80

Total hepatic lipids (mg/g) 65.36 ± 9.14 209.90 *** ± 11.91 198.29 *** ± 34.52 162.15 *** § ± 35.52

Analyses were performed through one-way ANOVA and Tukey’s test for post-hoc. *, p ≤ 0.05 vs. CTR; **, p ≤ 0.01
vs. CTR; ***, p ≤ 0.001 vs. CTR; §, p ≤ 0.05 vs. HFD. AST, aspartate aminotransferase; ALT, alanine aminotransferase.

3.4.3. The Effect of PSF on Liver and Brain Oxidative Stress of Rats

The high-fat diet was probably responsible for the decrease of GSH (Figure 4A) content and the
increase of protein carbonylation (Figure 4C) and MDA (Figure 4E) levels in the liver samples of HFD
rats, compared with the CTR group. Moreover, while hepatic GSH content was not affected by PSF
treatment (Figure 4A), administration of PSF improved the oxidative stress status of rats according
to the protein carbonylation, at the higher concentration of treatment (800 mg/kg b.w.) (Figure 4C),
and to the MDA content, in a dose-dependent manner (Figure 4E). It has been demonstrated that
plant polyphenols are related to the improvement of hepatic oxidative stress caused by a high-fat
diet through the e activation of Nrf2 transcription factor, which increases expression of antioxidant
enzymes [37]. Moreover, it was reported that even the single polyphenol, if isolated, can improve the
high-fat-diet-induced hepatic oxidative stress, as in the case of rutin [33] and gallic acid [38].

In comparison with the CTR group, HFD treatment promoted an increase of the brain oxidative
stress parameters in rats, as shown by protein carbonylation (Figure 4D) and MDA assay (Figure 4F).
The addition of 400 mg/kg b.w. and 800 mg/kg b.w. of PSF to the diet reversed the effect caused
by the high-fat diet and, in particular, the MDA assay showed a dose-dependent response pattern.
Nevertheless, both the HFD and the PSF treatments did not induce significant changes in rat brain
GSH levels (Figure 4B). The intake of a high-fat diet is linked to an increased risk of neurodegenerative
disease related to diabetes [39]. Considering that, the polyphenols-rich fruits could protect neurons
against the oxidative stress induced by intake of saturated fatty acids [40]. Recently, Nabavi and
colleagues demonstrated that gallic acid exerts a neuroprotective effect against sodium fluoride-induced
oxidative stress in rat brain [41]. Moreover, it has been shown that other polyphenols contained in
PSF, such as rutin, ferulic acid, and trans-sinapic acid, should contribute to the prevention of brain
oxidative stress in rats [42–44].
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Figure 4. Effect of PSF treatment at two different concentrations (PSF400 and PSF800) on GSH content
of liver (A) and brain (B), protein carbonylation of liver (C) and brain (D), and malondyaldeide of liver
(E) and brain (F). Results are reported as means (n = 7) values ± standard deviation. Values within each
row of different letters are significantly different (p ≤ 0.05), p ≤ 0.05 vs. CTR; **, p ≤ 0.001 vs. CTR; ��,
p ≤ 0.01 vs. HFD; ���, p ≤ 0.001 vs. HFD.

Our findings suggest an improved liver and brain antioxidant defense in rats treated with PSF.

4. Conclusions

All in all, our findings indicated that wild Italian blackthorn fruit is rich in polyphenol compounds,
shows an in vitro antioxidant activity, and exhibits a selective growth inhibition of some potentially
pathogenic bacteria strains. Moreover, this study is the first to evaluate an In Vivo antioxidant
activity of PSF. In particular, our findings indicated that the oxidative stress arising in HFD group
is decreased in liver and brain tissues by the intake of blackthorn fruit. The PSF supplementation
demonstrated In Vivo antioxidant capacities, reducing liver and brain oxidative stress, probably due
to the presence of polyphenols, such as rutin, 4-hydroxybenzoic acid, gallic acid, trans-sinapic acid,
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quercetin, trans-ferulic acid, caffeic acid, rosmarinic acid, trans coumaric acid, genistin, and myricetin,
which were identified in the blackthorn fruit.

Thus, it is supposed that the regular consumption of wild Italian blackthorn fruit should increase
the circulation of bioactive compounds, such as polyphenols, which could possibly improve the
endogenous antioxidant system and protect tissues against oxidative stress damage induced by
high-fat diet and hyperglycemia. Considering its beneficial properties, wild Italian blackthorn fruit
can be potentially used to produce natural functional food, novel nutraceuticals, and it can also be
employed in food processing.
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ALT alanine aminotransferase
ANOVA analysis of variance
AST aspartate aminotransferase aspartate aminotransferase
AATCC american type culture collection
AAPH 2,2’-azobis (2-amidinopropane) dihydrochloride
CAA-RBC cellular antioxidant activity in red blood cells
CFU colony-forming unit
CTR control
DCFH-DA 2,7-dichlorodihydrofluorescein diacetate
DNPH dinitrophenylhydrazine
EC50 half maximal effective concentration
EDTA ethylenediaminetetraacetic acid
GAE gallic acid equivalent
GSH reduced glutathione
HCl hydrochloric acid
HFD high fat diet
KH2PO4 potassium dihydrogen phosphate
LOD limit of detection
LOQ limit of quantification
MIC minimum inhibitory concentrations
MDA malondialdehyde
MHA Mueller Hinton agar
MHB Mueller Hinton broth
NA nutrient agar
NB nutrient broth
OD optical density
PBS phosphate buffer saline
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Abstract: (1) Background: Traditional foods are important in the diets of Black Africans and Caribbeans
and, more widely, influence UK food culture. However, little is known about the nutritional status of
these ethnic groups and the nutrient composition of their traditional foods. The aim was to identify
and analyse African and Caribbean dishes, snacks and beverages popularly consumed in the UK for
energy, macronutrients and micronutrients. (2) Methods: Various approaches including focus group
discussions and 24-h dietary recalls were used to identify traditional dishes, snacks, and beverages.
Defined criteria were used to prioritise and prepare 33 composite samples for nutrient analysis in a
UK accredited laboratory. Quality assurance procedures and data verification were undertaken to
ensure inclusion in the UK nutrient database. (3) Results: Energy content ranged from 60 kcal in Malta
drink to 619 kcal in the shito sauce. Sucrose levels did not exceed the UK recommendation for adults
and children. Most of the dishes contained negligible levels of trans fatty acid. The most abundant
minerals were Na, K, Ca, Cu, Mn and Se whereas Mg, P, Fe and Zn were present in small amounts.
(4) Conclusion: There was wide variation in the energy, macro- and micronutrients composition of
the foods analysed.

Keywords: nutrients; food composition; African; Caribbean; macronutrients; energy; vitamins
and minerals

1. Introduction

In the United Kingdom (UK), as in other high-income countries, nutrition related ill-health is more
common in some minority ethnic groups. For example, obesity, type 2 diabetes, hypertension and
cardiovascular conditions are more common among ethnic groups of Black African origin compared to
the majority population [1–4].

The development and implementation of effective public health programmes and nutrient
recommendations requires reliable data on the nutritional status of the target population. In the
UK, as elsewhere, national diet and nutrition surveys are regularly carried out in order to assess
the dietary habits and nutritional status of the population. Information from these surveys inform
government policies, public health education and interventions to promote nutrition related health
and prevent non-communicable diseases [5]. According to the 2011 UK census, about 20% of the
population self-identified as non-white British. Those from South Asian groups make up the largest
minority ethnic group (7.5%). People of Black ethnicity were the second largest minority group
(3.3%), with Black Africans being the fastest growing minority population [6,7]. The UK National
Diet and Nutrition Survey (NDNS) which began in 1992 is designed to assess the dietary habits
and nutritional status of adults and children [5]. The survey is the only source of high-quality
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data on dietary intakes and nutritional status in a representative sample of the population [8].
However, minority ethnic groups are not represented in the NDNS and other annual health surveys
such as Health Survey for England [5,9,10]. To date, only two national health surveys have been
conducted with boosted ethnic minority samples; this was in 1999 and 2004 [9,10]. The data collected
involved questionnaire-based interviews, physical measurements, blood sample analysis, health and
psychosocial wellbeing, cardiovascular disease (CVD) risk, tobacco use, alcohol consumption, obesity,
blood pressure and physical activity and eating habits among the African-Caribbean, South Asian,
Chinese and Irish groups throughout England. The data on eating habits was based on a food
frequency questionnaire which did not include the traditional foods of these minority ethnic groups.
The absence of these traditional foods is mainly due to the lack of reliable and comprehensive data on
their nutrient composition. Ethnic foods are becoming increasingly popular and also contribute to the
UK food culture They contribute around 19% of foods consumed (at least 4% of which are African
and Caribbean foods) [11,12]. A reliable nutrient composition database of these traditional foods is
therefore needed for comprehensive assessment of the nutritional status and dietary habits of these
population groups. Accurate nutrient data are also essential in monitoring health and nutritional
status as well as the development of tailored initiatives to tackle the widening inequalities in health
and to improve nutrition related health [13].

The aim of the current study was to identify and analyse African and Caribbean dishes, snacks and
beverages popularly consumed in the UK for energy, macronutrients and micronutrients. These new
nutrient composition data will have various uses including nutritional surveys and health surveillance
in Black ethnic groups and the majority population of the UK. This study is part of the programme of
research of the Migrant Health Research group, School of Clinical and Applied Sciences, Leeds Beckett
University. One of the aims of the group is to develop reliable and comprehensive nutrient composition
data for popular multi-ethnic foods in the UK.

2. Materials and Methods

The full details of the methodology have been described elsewhere [14]. The procedures followed
in developing these data are in line with the FAO (Food and Agriculture Organisation of the United
Nations) and INFOODS (International Network of Food Data Systems) guidelines on production,
management and data quality of food composition data [15,16].

Briefly, all volunteers were provided with an information sheet on the study and written consent
was obtained; in accordance with the 1975 Declaration of Helsinki. The study was approved by the
Faculty of Health and Social Science Research Ethics Committee, Leeds Beckett University (reference
number 22,946).

2.1. Identification, Selection and Sampling of Popularly Consumed African and Caribbean Foods

Different sources including Mintel reports on ethnic foods and restaurants in UK [17,18],
consumption data from food surveys and research papers [19–31] as well as data from major food
retailers including ethnic food retailers, manufacturers, restaurants and takeaways were used to identify
popularly consumed North African, West African and Caribbean dishes, snacks and beverages in the
UK. Additional new data were collected using 24-h dietary recall, 10 focus group discussions and 5
individual interviews with African (North and West) and Caribbean adult over 18 years, living in Leeds,
UK. See Figure S1 for stages involved in the selection of dishes, snacks and beverages for analyses.

A total of 33 (14 West African, 14 Caribbean and 5 North African) dishes, snacks and beverages
were prioritised for nutrient analyses. Prioritisation was based on food consumption patterns, common
nutrition-related diseases, consumer demand and preference, relevance to health inequalities and data from
the focus groups and individual interviews. Traditional desserts are not commonly consumed [19–31] and
therefore were not included. Table 1 shows the description of the 33 prioritised foods (dishes (n = 26), snacks
(n = 3, plantain chips, meat patties and fried dumplings) and dessert (n = 1, kunafa) and beverages (n = 3,
‘Malta’ or other malt drink, rum and Guinness (Irish stout beer) punch).
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2.2. Sampling, Preparation and Analyses of Prioritised Dishes, Snacks and Beverages

Traditional foods and ingredients were purchased from the four UK supermarkets with the
largest market share (Tesco, Sainsbury’s, Asda and Morrison’s) as well as ethnic food shops and stalls,
by stratified sampling approach. Stratification was based on type of retail outlet or sale point, sources,
location and manufacturer brands. Ingredients were randomly purchased within each stratum in order
to account for variations such as manufacturer’s brands, processing conditions and retail outlet.

Female volunteers, 6 West African, 6 North African and 9 Caribbean were recruited to cook the
prioritised dishes, beverages and snacks in the Nutrition kitchen at the University. They were recruited
from places of worship and recreation, and other local hubs through word of mouth and poster
advertisements. They all received an information sheet on the study and written consent was obtained.

The volunteer cooks regularly prepare and consume their assigned traditional dishes, beverages
and snacks, as such were familiar with the ingredients, recipes and cooking procedures. Prior to the
cooking sessions, the volunteers provided the list of ingredients and recipes, including quantities.
Recipe harmonisation was by identification of common recipes, types and quantity of ingredients and
methods of food preparation from the sources previously mentioned. These recipes and ingredients
matched those provided by the volunteers. Preparation of dishes, snacks and beverages was therefore
based on the harmonised recipes.

Composite samples were prepared according to procedures described by Apekey et al. [14].
Equal weights (500 g of edible portions) of similar foods, beverages or snacks were combined by
mixing in a food blender to form a composite sample weighing ≈ 4000 g. Composite samples were
prepared from 1 to 8 primary samples in order to reflect the variability in the composition due to recipe
variations. Rigorous quality assurance procedures and verification of data were undertaken to ensure
inclusion in the UK nutrient database, McCance and Widdowson’s The Composition of Foods. A total
of 33 samples were sent to a UK accredited laboratory in Leeds for nutrient analyses. See Figure S2
and Figure S3 for composite sample preparation process.

The methods used are accredited through the United Kingdom Accreditation Service (UKAS) to
the ISO 17025 (International Organisation for Standardisation) standard and as such are fully validated.
In order to meet the repeatability criteria documented in the methods used, the analytical tests were
repeated. The analytical methods used are described in Table 2.

Table 2. Analytical methods used for the nutrient analysis.

Nutrient Reference Method

Ash BS4401-1 1998 ISO 936:1998

Moisture BS4401-3:1997 ISO 1442:1997

Nitrogen (Total nitrogen) Elementar Rapid N Cube Condensed Manual

Fatty acids by FAME Profile (MUFA, PUFA, SFA, Trans) Kirk, R S, Sawyer, R, Pearson’s Composition and Analysis of Foods, 9th edn,
Longman, 1991, p24

Sugars The sample is dissolved in water, with heating, clearing and dilution if necessary,
and analysed by high performance liquid chromatography using refractive index
detection

Chloride The test sample is extracted in hot water, filtered and analysed by ion
chromatography

K, Ca, Mg, P, Fe, Cu, Zn, Cl, Mn, Se The samples are digested using a digiprep digestion block and analysed by ICP-MS

Sodium The sample is ashed, the ash dissolved in water and the sodium content determined
by Flame Photometry

Dietary fibre (AOAC) AOAC method 985 29

Dietary fibre (NSP) The sample undergoes enzymatic hydrolysis of starch, precipitation of NSP in
ethanol, acid hydrolysis of the NSP and measurement of the released constituent
sugars (Englyst)

Energy Calculated from the protein, fat, carbohydrate (including sugars), and AOAC fibre
using the values in Annex XIV of Regulation (EU) No 1169/2011. No allowance was
made for the presence of any polyols, salatrims, alcohol, organic acid or erythritol

Protein Total nitrogen multiplied by 6.25

Total fat BS:4401:Part 4 1970
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Table 2. Cont.

Nutrient Reference Method

Carbohydrate Available carbohydrate is calculated by difference (100 minus the sum of protein,
total fat, ash, moisture, alcohol and AOAC fibre) in 100 g of food

Vitamin A A7272: Vitamin A (Retinol). EN 12823-1 2014, LC-DAD

ß-carotene A7270: Beta-carotene, juice and vegetables. Pro-vitamin A; EN 12823-2:2000,
LC-DAD

Vitamin B1 thiamine base A7273: Vitamin B1 -Thiamine base. EN 14122:2003, mod., LC-FLD, Food and feed

Vitamin B12 DJCDE: Vitamin B12 HPLC (Immuno) Food and Feed. J. AOAC 2008, vol 91 No 4,
LC-UV/DAD

Vitamin B2 (riboflavin) A7274: Vitamin B2—riboflavin; EN 14152:2003, mod. LC-FLD

Vitamin B5 (Panthotenic acid) DJ5BG: Vitamin B5 LC/MS/MS; AOAC 2012.16, LC/MS/MS with isotope dilution.

Biotin (vitamin H) A7284: Vitamin B8—biotin, microbiological. Analogous to FDA method, LST AB
266.1,1995, Nephelometry

Vitamin B6 (pyridoxine) A7251: Vitamin B6. EN 14164, LC-FLD

Calcium Pantothenate See Vitamin B5 (Panthotenic acid)

Vitamin C A7291: Vitamin C. Food Chemistry, 94 626-631, LC-DAD

Vitamin D2 A7294: Vitamin D2 (μg/100g). EN 12821:2009, LC-DAD

Folic acid total (vitamin B9/M) A7286: Vitamin B9—Total folate, microbiological; NMKL 111:1985, Nephelometry

α, β, γ and δ Tocopherol See sum of tocopherols

Sum tocopherols A7297: Vitamin E (tocopherol profile). EN 12822:2014, LC-FLD

Vitamin PP/B3 DJB05: Vitamin B3 (Total Niacin) EN-HPLC; EN 15652:2009, LC-FLD.

K—Potassium; Ca—Calcium; Mg—Magnesium, P—Phosphorus; Fe—Iron; Cu—Copper; Zn—Zinc; Cl—Chlorine;
Mn—Manganese; Se—Selenium; MUFA—Monounsaturated fatty acids; PUFA—Polyunsaturated fatty acids;
SFA—Saturated fatty acid; NSP—Non-starch polysaccharide; α—alpha; β—beta; γ—gamma and δ-delta.

3. Results and Discussion

The new data represents the energy, macronutrients (Tables 3–8), mineral (Tables 9 and 10) and
vitamin (Tables 11–13) composition per 100 g edible portion of Caribbean, North and West African
dishes, snacks and beverages popularly consumed in the UK.
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3.1. Moisture, Energy, Carbohydrate, Protein and Fat Composition

All the foods analysed contained moisture ranging from 4 to 84.8 g/100 g (Tables 3–5). The wide
variation in the moisture content is attributed to the type of ingredients and cooking method used.
Shito sauce and plantain chips require deep fat frying which results in a decrease in moisture with a
simultaneous increase in oil [32], hence the low moisture content of these two foods.

Calculated energy values (Tables 3–5) ranged from 60 kcal in Malta drink to 619 kcal (per 100 g
edible portion) in the shito sauce. For the shito sauce, the ingredient of the highest amount is oil,
hence the high energy value recorded. An observational study by Goff et al. [21] reported that in the UK
the principal sources of energy in the adult Caribbean diet included rice and peas and sugar sweetened
beverages, whereas for Ghanaians it was jollof rice. These foods are however lower in energy than shito
sauce in the current study. These new food composition data would allow for better quantification of
nutrient intake and recommendation of serving size in these population groups. It would also enable
health care professionals to identify which foods to encourage or otherwise, when providing dietary
advice. Carbohydrate level ranged from less than 0.1 g (in jerk chicken and goat curry) to 62.1 g/100 g
edible portion of plantain chips (Tables 3–5).

The relationship between dietary carbohydrate intake and risk of hypertension, stroke, type 2
diabetes and obesity, all of which are predominant in people of African and Caribbean ethnicities in the
UK [1,2,4] continue to receive a lot of attention. Recently there has been specific focus on carbohydrates
and type 2 diabetes. US academics and clinicians are calling for carbohydrate restricted diets as a first
approach to prevention and management of type two diabetes [33]. The British Dietetics Association
now advise supporting people’s choice of low carbohydrate diets for weight loss and diabetes
management [34]. On the other hand, the Scientific Advisory Committee on Nutrition [35] considered
evidence from both prospective cohort studies and randomised controlled trials on carbohydrates and
health. The committee concluded that total carbohydrate intake appears to be neither detrimental
nor beneficial to cardio-metabolic (including cardiovascular disease, insulin resistance, glycaemic
response and obesity) health. The main starch containing foods were fried dumplings, salt fish, meat
patties, keneky, fufu, plantain chips, eba, rice and peas, jollof rice and kunafa (Tables 3–5). The review by
SACN [35] reported no association between total starch intake and incidence of coronary events or
type 2 diabetes. Corn porridge, kunafa and the sugar-sweetened beverages (Malt/Malta, Guinness and
rum punch) contained the highest amounts of total sugars. Sucrose levels were mostly less than 1 g but
highest in kunafa (18.6 g) and Guinness punch (11.7 g). Lactose levels were general less than 0.1 g/100 g
of edible portion, therefore negligible (Tables 3–5). However, high consumption of sugar-sweetened
beverages is associated with type 2 diabetes and weight gain in children and teenagers [36,37].

In addition, a review by SACN [35] indicated that limited intake of free sugars (total of Non Milk
Extrinsic Sugars and added sugars) could reduce the risk of heart disease, type 2 diabetes, bowel health
and tooth decay hence the recommendation to limit intakes to 19 g or 5 sugar cubes for children aged
4 to 6, 24 g or 6 sugar cubes for children aged 7 to 10 and 30 g or 7 sugar cubes for 11 years and over,
based on average population diets. The current food composition data shows that sucrose levels did
not exceed the SACN recommendation for both adults and children.

Increased intakes of total dietary fibre, especially cereal fibre and wholegrain are strongly associated
with a lower risk of cardio-metabolic disease [35]. Plantain chips contained the highest amount of fibre
of 5.5 g/100 g (Tables 6–8). Non-starch polysaccharide (NSP) levels ranged from 0.3 to 23.7 g/100 g
of edible portion of food (Tables 6–8). For those who regularly consumed the dishes, snacks and
beverages analysed in the current study, other sources of dietary fibre would need to be included in
their diet in order to meet the SACN [35] recommendations (fibre intake of 30 g a day for those aged 16
and over, 25 g for 11 to 15-year-olds, 20 g for 5 to 11-year-olds and 15 g for 2 to 5-year-olds).

The protein content (Tables 3–5) of most of the dishes, snacks and beverages apart from rum punch,
Malta drink and eba was above 1 g with jerk chicken containing the highest amount of 27.4 g/100 g.
The contributors of protein were from animal, fish and vegetable sources hence the noticeably low
levels in the beverages (rum punch and Malta drink) and eba which is made from ground cassava.
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Although the protein composition of the vegetable dishes (e.g., vegetable couscous, 4.3 g of protein/100 g
of edible portion) were comparatively lower, current evidence suggests that dietary patterns based on
more plant sources of protein, or that include unprocessed animal protein also low in saturated fats,
could reduce the risk of cardiovascular diseases [38]. Thus, these new data could provide guidance on
cardiovascular health in both the majority and Black ethnic populations in the UK [39].

Total fat includes triglycerides, phospholipids, sterols and related compounds. Only shito sauce,
plantain chips and kunafa contained over 20 g/100 g of fat (Tables 6–8). Shito sauce, plantain chips,
Egushi stew and kunafa contained over 5 g of saturated fatty acids (SFA)/100 g edible portion of food
(Tables 6–8). They also contained comparatively high levels of monounsaturated fatty acids, MUFA.
Nearly half the samples analysed had less than 1 g of polyunsaturated fatty acids (PUFA) per 100 g of
edible portion of food. Furthermore, trans fatty acids (TFA) levels were generally less than 1 g per
edible portion of food, hence considered negligible. The main fatty acids present in the foods analysed
were SFA, MUFA and PUFA. With reference to current nutrition labelling guidance in UK, shito sauce,
plantain chips, egushi stew and kunafa would be classified as high fat foods because they contained
over 5 g SFA/100 g edible portion of food [40,41]. A key focus of dietary advice and guidelines is the
four fatty acids (TFA, SFA, MUFA, n-3 PUFA and n-6 PUFA) because of their reported association
with cardiovascular disease risk [42–44]. However, the previous notion that dietary SFAs lead to
increase in serum cholesterol and thus contribute to the risk of cardiovascular disease risk [45] has
been challenged [46]. A review by Hammad et al. [47] found that replacing SFA and TFA with n-6
PUFA, n-3 PUFA, or MUFA might protect cardiovascular health but the optimal amount of PUFA or
MUFA that can be used to replace SFA and TFA was not identified.

3.2. Mineral Composition

Generally, there were wide variations in the mineral content of the dishes, beverages and snacks
analysed. This could be attributed to factors such as variations in ingredients, recipes, cooking or
processing methods and brands. The most abundant minerals were Na, K, Ca, Cu, Mn and Se, whereas
Mg, P, Fe and Zn were present in small amounts (Tables 9 and 10). Generally, chloride level was less
than 370 mg per 100 g edible portion of all the dishes, beverages and snacks.

Sodium (Na) levels in the dishes, beverages and snacks ranged from 3 to 313 mg/100 g (1 gram
of sodium per 100 g = 2.5 grams salt). High salt intake is strongly linked to raised blood pressure
which increases the risk of heart disease and stroke; common and major causes of death in Europe
and UK [48,49]. Although salt intake in the UK is currently on a steady downward trend, levels are
8 g per day on average, therefore above the recommendation of no more than 6 grams per person per
day for adults. A reduction in average salt intake from 8 g to 6 g per day is estimated to prevent over
8000 premature deaths each year and save the UK National Health Service (NHS) over £570 million
annually [50]. A review by Van-Horn [51] concluded that recommendations to reduce sodium intakes
to 2400 mg/d were beneficial. Thus, these traditional dishes, beverages and snacks would increase the
low salt options for consumers, which could lead to reduction in overall daily salt intake.

There is increasing evidence to suggest that lower potassium intake or serum potassium levels are
associated with a higher risk for type 2 diabetes [52–54]. Although potassium levels (Tables 9 and 10)
were less than the UK recommendation of 3.5 mg/day for adults [55], intervention studies are needed
to prove that high intakes or supplementation can improve glucose metabolism.

There is evidence to suggest lower calcium intake below the lower reference nutrient intake
(LRNI) in some UK minority groups especially women of Black and Asian ethnicities and living
on low income [56]. There was calcium present in all the dishes, beverages and snacks analysed
(Tables 9 and 10). However, to ensure adequate intake, individuals who regularly consume these
dishes would need to include other calcium rich foods in their diet. The latest NDNS data shows
that mean intakes of vitamin D were below the RNI (reference nutrient intake) in all age/sex groups
and therefore at greater risk of developing a deficiency [50]. About 15 minutes daily exposure to
sunlight is recommended. Taking a daily supplement of 10 μg vitamin D is also recommended for
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the UK population, especially ethnic minority groups from African, Afro-Caribbean and South Asian
backgrounds with dark skin and /or cover their bodies when outdoors for cultural reasons, who may
not get enough exposure to sunlight [50].

In the UK, around 48% of girls 11 to 18 years and women aged 19 to 64 years have iron intakes
below the LRNI and with evidence of anaemia [50]. Iron deficiency anaemia has been associated
with low offspring birthweight, can increase susceptibility to infection, and also impact on cognitive
development of children and adolescents [57,58]. Data from UK dietary surveys including the Low
Income Diet and Nutrition Survey (LIDNS) [26,56,59–62] suggest that iron intakes or status in some
South Asian and Black African-Caribbean ethnic minority populations is lower than their White British
counterparts. However, according to the SACN [63] report on iron and health, available data suggest
that iron intakes of minority ethnic groups aged 16 years and over are not below those of the general
UK population. The lack of reliable data on biochemical markers of iron status in UK Black population
would account for differences in reported iron intakes and status. The iron content of the dishes,
beverages and snacks in the current study were low and ranged from <0.2 to 2.8 mg/100 g edible
portion of food (Tables 9 and 10). Thus, individuals who regularly consume these dishes, beverages
and snacks will need to include other sources of iron in their diet to prevent the risk of anaemia.

The zinc content was generally very low (Tables 9 and 10) and therefore these foods are not
adequate sources of this micronutrient. Zinc is required for growth and normal function of the immune
system. Although Zn deficiency is associated with poor growth and increased risk of infection, there is
no reliable biomarker to identify the status of this micronutrient [64,65].

Selenium was present in each dish, beverage and snack although levels were varied with plantain
chips containing the highest amount—94 μg/100 g of edible portion. In the UK, a substantial proportion
of adults aged 19 years and over have selenium intake below the LRNI but the health implications of
this are unclear [50].

Jerk chicken, callaloo and saltfish, fried dumplings and egushi stew contained higher levels of most
of the nutrients but they are high in fat. If adequate portion sizes are consumed, they would provide
health benefits especially to these three population groups that have been shown to be vulnerable to
inadequate micronutrient intake. It is important to note that the adequacy of micronutrient intakes of
individuals who regularly consumed these foods depend on various factors including food preparation
method, portion size, frequency of consumption and bioavailability rather than just the mineral
content per 100 g of the food. Furthermore, reliable biomarkers are needed for better assessment of
micronutrient status.

3.3. Vitamins

Vitamin A (Tables 11–13) was only present in kunafa and meat patties (200 μg and 24.3/100 g of
food, respectively). However, β-carotene was present in twenty-five of the foods analysed. In addition,
results from the NDNS showed that mean daily intake of most vitamins derived from dietary sources
were close to or above the RNI [5]. Based on UK recommendation for vitamin A [55], kunafa could
contribute about a third of the RNI of vitamin A (i.e., representing RNI of about 33% for females,
29% for males (11 years and over); 50% RNI for children age 1 to 10 years). However, this dessert
is high in sugar and therefore modified recipe (containing reduced sugar) should be adopted by
those who consume it. Vitamin D was not present in any of the foods. People of Black ethnicity are
among the groups identified as vulnerable to vitamin D deficiency [50]. It is therefore crucial that,
this population group increases their exposure to sunlight and also take supplements to avoid the risk
of deficiency since dietary sources are unlikely to meet the current RNI of 10 μg per day [66]. There is
growing interest around the bioavailability, metabolism, nonantioxidant activity and the role of the
various forms of vitamin E in human diseases. Alpha-and gamma-tocopherols are considered the two
major forms of the vitamin depending on the source [67]. European Food Safety Authority, EFSA [68]
defined Adequate Intake of alpha-tocopheral as 13 mg/day for men, 11 mg/day for women, 6 mg/day
for children aged 1 to <3 years (both sexes), 9 mg/day for children aged 3 to <10 years (both sees),
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for children aged 10 to <18 years, 13 mg/day for boys and 11 mg/day for girls and for infants aged
7–11 months, this was set at 5 mg/day. Shito could contribute adequate amount of alpha-tocopherol to
the diet. This is likely to be due to the high PUFA content of this sauce.

The water-soluble vitamin composition of the food also varied. Folate was present in most foods,
unlike vitamins C and B12. Folate levels range from 0 to 43.2 μg/100 g which is below the RNI for all
age groups. The UK government has launched a consultation in 2019 to consider the practicality and of
mandatory folic acid fortification, along with the controls on voluntary fortification [69]. The absence
or low levels of vitamin C may be attributable to heat losses during cooking. Groundnut soup
and goat curry contained the highest amount of biotin (16.1 μg/100 g) and vitamin B12 (2.13 μg/100
g), respectively. Similarly, the highest concentration of calcium pantothenate (1.25 mg/100 g) and
vitamin B5 (1.15 mg/100 g) were found in jerk chicken and vitamin B1 (0.297 mg/100 g) in Malta drink.
Guinness punch had the most amount of vitamins B2 (0.295 mg/100 g) and B6 (0.231 mg/100 g).

3.4. Comparison with Similar Foods in the UK Nutrient Database (McCance and Widdowson’s the Composition
of Foods)

The only similar food identified in McCance and Widdowson’s The composition of foods [70]
was ripe plantain, fried in vegetable oil. This was different in composition to the plantain chips in
the current data. For instance, the moisture content was higher (34.7 g vs. 4 g), fat lower (9.2 g vs.
24.2 g) and lower energy (267 kcal vs. 484 g) in the ripe plantain, fried in vegetable oil compared to the
plantain chips in the current study. The differences would be due to the cooking method, variety of
plantain and degree of ripening. In addition, fried plantain is usually consumed as part of a dish
whereas plantain chips are snacks. Furthermore, plantain chips in the current study are prepacked
samples that are thinly-sliced and deep fat fried to reduce moisture content and enhance shelf life.
Foods such as rice and peas and jerk chicken are very popularly consumed among both the majority and
ethnic minority populations in the UK [19–31], but nutrient data for these foods are not available in the
McCance and Widdowson food composition tables [70].

3.5. Strengths and Limitations

The study team comprised of trained researchers (including a food scientist and registered
nutritionists) with experience in food composition and analyses, and who are of African or Caribbean
ethnicity. As previously described by Apekey et al. [14], the various sources, approaches and
interview probing questions used enabled the identification of popularly consumed foods. The use
of focus group interviews and 24-h dietary recalls also enabled the identification of foods regularly
consumed, determination of the frequency of consumption over a period and also improved precision.
The interviews and focus group discussions lasted for an hour and therefore allowed for the researchers
to capture detailed information on traditional foods, recipes, cooking methods and frequency of
consumption. The use of volunteers of the relevant ethnicities in the food preparation in a university
Nutrition kitchen allowed for variations in recipes and cooking methods to be taken into account,
thereby enhancing the authenticity of the dishes, beverages and snacks. Furthermore, the food
samples were analysed in a UK accredited laboratory with trained staff and rigorous quality assurance
procedures were followed to ensure the data obtained is reliable and valid.

Limitations of the study include possible introduction of selection bias by the use of convenient
sampling to recruit volunteer. However, this approach of sampling through community partnerships
or organisations has been shown to improve recruitment of minority ethnic groups into health-related
research [71]. The use of 24-h recall may introduce recall bias since it relies on the memory of the
volunteers [72]. Although analysing individual foods instead of composite ones may improve the
representativeness of the samples analysed, this approach is more complex, time consuming [73] and
beyond the scope of the present study.
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3.6. Implications for Future Research and Practice

These new nutrient data will contribute to ongoing interactive educational workshops with
local communities, and nutrition education and resources in diabetes clinics. The data will allow for
better quantification of nutrient intake and recommendations for appropriate serving sizes in these
population groups. Furthermore, they will also enable health care professionals to identify which
foods to encourage or otherwise, when providing dietary advice. The data will be made available
to international and relevant European agencies, for inclusion in their Nutrient Databanks such as
the UK’s McCance and Widdowson’s The Composition of Foods. It will also be made available to
health authorities, policy makers and other bodies that have direct influence on promoting health
and wellbeing. The data will have various potential uses including (1) contribution to the evidence
base of food habits and diet quality, of direct value to nutritional surveys and health surveillance
in African and Caribbean populations in the UK and elsewhere in Europe, (2) provide information
for components of health promotion programmes contributing to addressing health inequalities and
improving quality of life, (3) provide accurate energy and nutrient composition of key dishes for more
reliable nutrition labelling and (4) further contributing to health promotion, and food composition
data, and the nutrition, dietetics and public health curriculum in the UK and elsewhere.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/10/500/s1,
Figure S1: Stages in the prioritisation of popular dishes, snacks and beverages., Figure S2: Composite samples
preparation protocol, Figure S3: Stages in the preparation of composite samples.
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Abstract: We investigated the protective effect of Brazilian propolis, a natural resinous substance
produced by honeybees, against glycation stress in mouse skeletal muscles. Mice were divided
into four groups: (1) Normal diet + drinking water, (2) Brazilian propolis (0.1%)-containing diet +
drinking water, (3) normal diet +methylglyoxal (MGO) (0.1%)-containing drinking water, and (4)
Brazilian propolis (0.1%)-containing diet +MGO (0.1%)-containing drinking water. MGO treatment
for 20 weeks reduced the weight of the extensor digitorum longus (EDL) muscle and tended to
be in the soleus muscle. Ingestion of Brazilian propolis showed no effect on this change in EDL
muscles but tended to increase the weight of the soleus muscles regardless of MGO treatment.
In EDL muscles, Brazilian propolis ingestion suppressed the accumulation of MGO-derived advanced
glycation end products (AGEs) in MGO-treated mice. The activity of glyoxalase 1 was not affected by
MGO, but was enhanced by Brazilian propolis in EDL muscles. MGO treatment increased mRNA
expression of inflammation-related molecules, interleukin (IL)-1β, IL-6, and toll-like receptor 4 (TLR4).
Brazilian propolis ingestion suppressed these increases. MGO and/or propolis exerted no effect on
the accumulation of AGEs, glyoxalase 1 activity, and inflammatory responses in soleus muscles.
These results suggest that Brazilian propolis exerts a protective effect against glycation stress by
inhibiting the accumulation of AGEs, promoting MGO detoxification, and reducing proinflammatory
responses in the skeletal muscle. However, these anti-glycation effects does not lead to prevent
glycation-induced muscle mass reduction.

Keywords: advanced glycation end products; anti-glycation; glycative stress; glyoxalase;
methylglyoxal; cytokine

1. Introduction

The skeletal muscle is the largest organ that contributes to maintaining physical locomotive
function. It is also a major site of glucose and lipid metabolism and an endocrine organ with myokine
secretions [1]. A number of epidemiological studies revealed that people with type 2 diabetes tend to
have lower muscle strength and mass [2]. The potential underlying mechanism of this skeletal muscle
dysfunction is linked to hyperglycemia, chronic inflammation, and oxidative stress [2].
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Glycation is a biochemical process through which reducing sugars like glucose react and bond
non-enzymatically with proteins. Glycation stress, which is caused by glycation and includes the
formation of advanced glycation end products (AGEs) and a subsequent dysfunction of proteins
and/or cellular signaling [3], are considered related with the progress of muscle dysfunctions. It has
been reported that elevated AGEs in the blood or skin are negatively correlated with muscle mass,
grip strength, and glucose tolerance in the elderly [4–8] and patients with diabetes [9]. Our recent
study demonstrated that AGEs suppressed formation of myotubes in C2C12 skeletal muscle cells
by deteriorating cellular signal transduction of protein synthesis and suggested that AGEs inhibited
skeletal muscle formation and maturation [10]. Furthermore, serum AGE levels are related to diabetic
complications in children and young adults with type 1 diabetes [11–13], thus indicating that glycation
stress might affect skeletal muscle function regardless of age. In fact, our previous study revealed
that the consumption of an AGE-rich diet for 16 weeks in young mice led to degenerative changes
in skeletal muscle, including low muscle mass, low grip strength, low force relative to muscle mass,
and muscle fatigability [14]. Furthermore, AGEs treatment in skeletal muscle has been illustrated to
induce insulin resistance in young male and female rodents [15,16]. Therefore, inhibiting glycation
stress is considered an effective strategy for preventing skeletal muscle dysfunction regardless of age.

AGEs lead to the activation of different signaling pathways mediated by several cell surface
receptors. The activation of receptors for AGEs (RAGE) is considered as a major mediator of AGE
pathogenicity [17,18]. Although the recruitment of RAGE stimulates myogenesis that is important for
skeletal muscle development, the chronic stimulation of RAGE, due to high concentration of AGEs,
causes myopathy through inflammatory responses [19]. In addition to RAGE, toll-like receptor 4 (TLR4)
is involved in AGE-mediated inflammatory responses, such as cytokine production [20]. The interaction
between AGEs-RAGE leads to activation of intracellular nuclear factor-κ B and subsequently increases
the expression of several proinflammatory cytokines, including tumor necrosis factor-α (TNFα) and
interleukin (IL)-6 [21]. Furthermore, AGEs stimulates the secretion of IL-6 through RAGE and/or
TLR4 in macrophages [22]. A recent study has also demonstrated that AGEs-induced inflammatory
responses occur via IL-1β in human placental cells [23]. These proinflammatory cytokines are known
factors of muscle wasting [24] and insulin resistance [25], and thus the suppression of AGEs-associated
inflammatory responses can be a target of maintaining muscle functions.

Propolis, a natural resinous substance produced by honeybees, is traditionally used in herbal
medicine and has recently been suggested to possess several biological properties including anticancer,
antioxidant, and anti-inflammatory activities [26]. The wide diversity of plant species used by bees as
resin sources for propolis production determines its chemical diversity by region. Among propolis of
various production area, Brazilian propolis contains a number of phenolic compounds such as artepillin
C, p-coumaric acids, and kaempferide [27,28], and has become a popular health supplement due to its
many biological properties [29]. Recent studies have reported that several polyphenol substances exert
anti-glycation functions by inhibiting the formation of AGEs, promoting their degradation, and by
exerting an antagonizing effect on AGE receptors [30]. This suggests that Brazilian propolis may
possess an anti-glycation capacity and contributes to maintaining skeletal muscle functions. Previous
studies demonstrated that European poplar type of propolis have anti-glycation activity in vitro [31–33].
However, no reports have investigated the anti-glycation effects of Brazilian propolis and its efficacy
in vivo.

In the present study, we aimed to examine the protective effect of Brazilian propolis against
glycation stress in the skeletal muscle. To this end, we subjected the skeletal muscles of mice to
glycation stress using methylglyoxal (MGO), a precursor of AGEs, for 20 weeks and investigated the
effect of Brazilian propolis on alleviation of this stress.
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2. Materials and Methods

2.1. Animals and Treatment

Twenty-four male C57BL/6NCr mice (4-weeks-old) were purchased from Shimizu Breeding
Laboratories (Kyoto, Japan). The mice were placed in a room maintained at 22–24 ◦C with a
12:12 h light/dark cycle. After 1 week of adjustment, the mice were randomly divided into four
groups (n = 6/group): (1) Normal diet (AIN-93G; Oriental Koubo, Tokyo, Japan) + drinking water
(N), (2) Brazilian propolis (0.1%)-containing diet + drinking water (PRO), (3) normal diet + MGO
(0.1%)-containing drinking water (MGO), and (4) Brazilian propolis (0.1%)-containing diet +MGO
(0.1%)-containing drinking water (MGO + PRO). The Brazilian propolis powder of ethanol extracts
(LY-009), standardized to contain a minimum of 8.0% artepillin C was obtained from Yamada Bee
Company, Inc. (Okayama, Japan). The Brazilian propolis was originated from Baccharis dracunculifolia
of Southeast Brazil. The nutritional information of AIN-93G and Brazilian propolis powder of ethanol
extracts is listed in Table 1. The doses of propolis and methylglyoxal, and their duration of intake were
determined by previous experimental studies [34,35]. For each group, all mice were housed in a single
cage and provided free access to food and drinking water for 20 weeks. Body weight was measured
once every two weeks. Food and fluid intakes were measured during two consecutive days every two
weeks and averaged as grams per day per mouse.

Table 1. Nutritional information of AIN-93G and Brazilian propolis powder of ethanol extracts.

Components AIN-93G (per 100 g) Brazilian Propolis Powder (per 100 g)

Carbohydrate 63.0 g 4.2 g
Protein 20.0 g 0.7 g

Fat 7.0 g 47.0 g
Mineral 3.5 g 0.4 g
Vitamin 1.0 g
Calories 400 kcal 758 kcal

At the end of the study period, the slow-twitch soleus muscle and fast-twitch extensor digitorum
longus (EDL) muscles and tibia were collected from each mouse under anesthesia using mixtures
of medetomidine hydrochloride (0.3 mg/kg), midazolam (4.0 mg/kg), and butorphanol (5.0 mg/kg).
All animal protocols were carried out in accordance with the Guide for the Care and Use of Laboratory
Animals by the National Institutes of Health (Bethesda, MD, USA) and were approved by the Kyoto
University Graduate School of Human and Environmental Studies (approval number: 28-A-2, approval
date: 2016.3.29).

2.2. Anti-Glycation Assay

The anti-glycation activity of propolis was performed using the Albumin Glycation Assay Kit
(AAS-AGE-K01, Cosmo Bio, Tokyo, Japan). Briefly, propolis was dissolved in dimethyl sulfoxide
at a concentration of 0, 0.1, 1, 10, and 100 mg/mL, and the solutions were incubated with 50 mM
glyceraldehyde and bovine serum albumin solutions for 48 h at 37 ◦C. The fluorescence of AGEs was
estimated using a fluorescence microplate reader equipped with a 355 nm excitation filter and 460 nm
emission filter. Inhibitory effects of AGE formation were expressed as percent change relative to the
value of a solution containing 20 mM aminoguanidine.

2.3. Measurement of MGO-Derived AGE Content

The MGO-derived AGE content in muscles was measured using an OxiSelect Methylglyoxal
Competitive ELISA Kit (STA-811, Cell Biolabs, Milpitas, CA, USA) according to the manufacturer’s protocol.
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2.4. Measurement of Glyoxalase 1 Activity

The activity of glyoxalase 1 in muscles was measured using a Glyoxalase I Activity Assay Kit
(Colorimetric) (K591-100, BioVision, San Diego, CA, USA) according to the manufacturer’s protocol.

2.5. Real-Time RT-PCR Analysis

A separate set of muscle samples were subjected to RT-PCR analysis, which was performed as
previously described [36]. Total RNA was extracted from frozen muscles using the RNeasy Mini
Kit (Qiagen, Venlo, Netherlands). RNA was reverse-transcribed into complementary DNA (cDNA)
using PrimeScript RT Master Mix (Perfect Real Time) (Takara Bio, Kusatsu, Japan). Synthesized
cDNA was subjected to real-time RT-PCR (Step One Real Time System, Applied Biosystems,
Carlsbad, CA, USA) using SYBR Premix Ex Taq II (Takara Bio, Kusatsu, Japan) and then analyzed
using StepOne Software v2.3 (Applied Biosystems, Foster City, CA, USA). Relative fold change
of expression was calculated by the comparative CT method. β-actin and ribosomal protein S18
(Rps18) was used as an internal standard. Primers used were as follows: Interleukin-1β (IL-1β),
5’-TCCAGGATGAGGACATGAGCAC-3’ (forward) and 5’-GAAC GTCACACACCAGCAGGTTA-3’
(reverse); IL-6, 5’-CCACTTCACAAGTCGGAGGCTTA-3’ (forward), and 5’-TGCAAGTGCATC
ATCGTTGTTC-3’ (reverse); toll-like receptor 4 (TLR4), 5’-TCCTGTGGACAAGGTCAGCAAC-3’
(forward) and 5′-TTACACTCAGACTCG GCACTTAGCA-3’ (reverse); receptor for AGE (RAGE),
5’-AGCCACTGGAATTGTCGATGAG-3’ (forward), and 5’-GCTGTGAGTTCAGAGGCAGGA-3’
(reverse); β-actin, 5’-CATCCGTAAAGACCTCTATGCCAAC-3’ (forward), and 5’-ATGGAGCCAC
CGATCCACA-3’ (reverse); and Rps18, 5’-TTGGTGAGGTCAATGTCTGCTTT-3’ (forward), and 5’-AA
GTTTCAGCACATCCTGCGAGT-3’ (reverse).

2.6. Statistics

All values were expressed as means ± SE. For each group of data, normality (the Kolmogorov–
Smirnov test) and equal variance tests (Levene’s test) were performed and data that were not normally
distributed were log-transformed before the analysis of variance (ANOVA). The statistical significance
of differences in body weight, food intake, and fluid intake between groups was determined via a
repeated-measures ANOVA. The statistical significance of differences in muscle weight, MGO-derived
AGEs content, and mRNA expression was analyzed using two-way ANOVA with propolis and MGO
as the main factors. In the event of significant main effects and/or interactions, post hoc Tukey-Kramer
tests were performed. Differences between groups were considered statistically significant at p < 0.05.
All statistical analyses were performed using the Ekuseru-Toukei 2012 software (Social Survey Research
Information, Tokyo, Japan).

3. Results

3.1. Anti-Glycation Effects of Brazilian Propolis In Vitro

The inhibitory activity of Brazilian propolis against formation of AGEs was evaluated by
measurement of fluorescent AGEs formed by glyceraldehyde and bovine serum albumin (Figure 1).
Propolis inhibited the formation of fluorescent AGEs (0 mg/mL, 0 ± 4.53%; 0.1 mg/mL, 31.1 ± 2.87%;
1.0 mg/mL, 84.5 ± 2.00%; 10 mg/mL, 118 ± 0.62%; 100 mg/mL, 122 ± 1.79%, means ± SE, n = 4/group).

3.2. The Effect of Brazilian Propolis on Body Weight, Food and Fluid Intake, and Muscle Weight

Body and muscle weights and food and fluid intake are presented in Table 2 and Figures S1–S3.
Repeated measures ANOVA did not reveal significant differences in the body weights among the
groups (p = 0.070). Food intake was significantly different among the groups (p = 0.0004); specifically,
MGO + PRO group had lower food intake than all other groups (p = 0.007 vs. N; p = 0.003 vs. PRO;
p = 0.001 vs. MGO). Fluid intake was significantly different among the groups (p = 0.0004); in that,
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the PRO (p = 0.010), MGO (p = 0.043), and MGO + PRO (p = 0.0003) groups had lower fluid intakes
than N group. Two-way ANOVA revealed that MGO, but not propolis, had a significant main effect
on EDL muscle weight normalized to tibia length (propolis, p = 0.69; MGO, p = 0.039) (Table 2) and
muscle cross sectional area (CSA) (propolis, p = 0.95; MGO, p = 0.042) (Table S1). No significant main
effects were observed for soleus muscle weight normalized to tibia length (propolis, p = 0.054; MGO,
p = 0.086) (Table 2) and muscle CSA (propolis, p = 0.18; MGO, p = 0.13) (Table S1). However, propolis
and MGO showed a large (η2 = 0.16) and moderate (η2 = 0.12) effect size in soleus muscle mass as
calculated using η2, respectively.

Figure 1. The inhibitory effect of Brazilian propolis used at different concentrations (0, 0.1, 1.0, 10,
and 100 mg/mL) on formation of advanced glycation end products (AGEs). Values are means ± SE;
n = 4/group. Values are expressed as percent change relative to the value of aminoguanidine.

Table 2. Body weight, food intake, fluid intake, and muscle weight.

Normal Propolis MGO
MGO +
Propolis

ANOVA

Initial body weight
(g) 17.7 ± 0.8 17.7 ± 0.5 17.6 ± 0.5 17.7 ± 0.4 —

Final body weight
(g) 41.1 ± 0.7 41.3 ± 0.8 38.5 ± 0.8 40.4 ± 0.5 p = 0.070

Food intake
(g/day/mouse) 3.8 ± 0.6 † 3.7 ± 0.4 † 3.7 ± 0.4 † 3.4 ± 0.4 p = 0.0004

Fluid intake
(g/day/mouse) 3.2 ± 0.4 2.8 ± 0.3 * 2.9 ± 0.3 * 2.7 ± 0.3 * p = 0.0004

EDL weight/tibia
(mg/mm) 0.65 ± 0.03 0.67 ± 0.02 0.62 ± 0.02 0.62 ± 0.01

Propolis
(p = 0.69)

MGO
(p = 0.039)

Soleus weight/tibia
(mg/mm) 0.55 ± 0.01 0.59 ± 0.01 0.53 ± 0.02 0.56 ± 0.02

Propolis
(p = 0.054)

MGO
(p = 0.086)

EDL, extensor digitorum longus; MGO, methylglyoxal; n = 4–6/group; * and † indicates p < 0.05 vs. Normal and
MGO + propolis group, respectively.
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3.3. Brazilian Propolis Suppressed the Accumulation of MGO-Derived AGEs in the Skeletal Muscle In Vivo

The content of MGO-derived AGEs in EDL and soleus muscles was measured to evaluate the
effect of Brazilian propolis on accumulation of AGEs in the skeletal muscle in vivo. In the EDL muscle,
two-way ANOVA revealed a significant interaction (p = 0.020); specifically, the content of MGO-derived
AGEs following MGO treatment tended to increase (p = 0.08), but it had a large effect size as calculated
using Cohen’s d (d = 1.54). Brazilian propolis ingestion suppressed this accumulation (p = 0.003)
(Figure 2). In the soleus muscle, no significant alterations in the content of MGO-derived AGEs was
observed according to ANOVA (MGO, p = 0.59; propolis, p = 0.97) (Figure 2).

 
Figure 2. The content of methylglyoxal (MGO)-derived advanced glycation end products (AGEs) in
skeletal muscles. The extensor digitorum longus (EDL) and soleus muscles were dissected from mice
treated with or without Brazilian propolis (0.1%)-containing diet or MGO (0.1%)-containing drinking
water for 20 weeks. Values are means ± SE; n = 5–6/group. * p < 0.05 between the groups.

3.4. Brazilian Propolis Enhanced Glyoxalase 1 Activity in The Skeletal Muscle

To evaluate the ability of Brazilian propolis to detoxify MGO in the skeletal muscle, the activity
of glyoxalase 1, a dicarbonyl compound eliminating enzyme, was measured in the EDL and soleus
muscles. In the EDL, two-way ANOVA revealed a significant main effect of propolis, but not MGO
(propolis, p = 0.038; MGO, p = 0.49) (Figure 3). In the soleus muscle, no significant alterations in
glyoxalase 1 activity was observed via ANOVA (MGO, p = 0.25; propolis, p = 0.47) (Figure 3).

Figure 3. The activity of glyoxalase 1 in skeletal muscles. EDL and soleus muscles were dissected
from mice treated with or without Brazilian propolis (0.1%)-containing diet or MGO (0.1%)-containing
drinking water for 20 weeks. Values are means ± SE; n = 5–6/group. †, significant main effect between
diets (normal and propolis).
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3.5. Brazilian Propolis Suppressed MGO-Induced mRNA Expression of Inflammatory-Related Molecules in The
Skeletal Muscle

To evaluate the effect of propolis on inflammatory responses, the mRNA expression of proinflammatory
cytokines, IL-1β and IL-6, and AGEs-related receptors, TLR4 and RAGE, were measured in the EDL
and soleus muscles (Figure 4). In the EDL muscle, two-way ANOVA revealed significant effects on
IL-1β, Il-6, and TLR4 expression. MGO treatment significantly increased the mRNA expression of
IL-1β (p = 0.037); however, the ingestion of Brazilian propolis suppressed this increase (p = 0.006).
MGO treatment tended to increase the mRNA expression of IL-6, and propolis ingestion suppressed this
effect in MGO-treated mice (p = 0.036). MGO treatment significantly increased the mRNA expression
of TLR4 (p = 0.028), but no change was observed under propolis ingestion (p = 0.20). The mRNA level
of RAGE in the EDL muscle was not altered by either MGO (p = 0.28) or propolis (p = 0.41). In the
soleus muscle, no significant alterations in the mRNA expression of IL-1β (MGO, p = 0.078; propolis,
p = 0.44), IL-6 (MGO, p = 0.80; propolis, p = 0.34), TLR4 (MGO, p = 0.21; propolis, p = 0.38), and RAGE
(MGO, p = 0.33; propolis, p = 0.16) were observed via ANOVA (Figure 4).

Figure 4. mRNA expression of interleukin (IL)-1β, IL-6, toll-like receptor 4 (TLR4), and receptor for
AGEs (RAGE) in skeletal muscles. The EDL and soleus muscles were dissected from mice treated with
or without propolis (0.1%)-containing diet or MGO (0.1%)-containing drinking water for 20 weeks.
Data of IL-1β in the EDL muscle were log-transformed for normal distribution before analysis of
variance (ANOVA). Values are means ± SE; n = 3–6/group. * p < 0.05 between the groups.

4. Discussion

The current study revealed several novel findings regarding the effect of Brazilian propolis on
glycation stress in the skeletal muscle. Firstly, Brazilian propolis inhibited the formation of AGEs
in vitro (Figure 1). Secondly, the 20-week ingestion of Brazilian propolis suppressed the accumulation
of MGO-derived AGEs (Figure 2), promoted activity of glyoxalase 1 (Figure 3), and attenuated
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mRNA expressions of proinflammatory cytokines IL-1β and IL-6 (Figure 4) in the EDL but not the
soleus muscle.

Glycation stress is suppressed by several mechanisms such as inhibition of AGEs formation,
MGO formation, and oxidative stress, detoxification of MGO, and blocked activation of AGEs
receptors [30]. To date, many researchers have evaluated the inhibitory effect of natural compounds on
the formation of AGEs, and many natural plants are confirmed to reduce glycation stress by inhibiting
this formation [37,38]. In this study, we provided evidence for the inhibitory capacity of Brazilian
propolis on formation of AGEs in vitro (Figure 1). To the best of our knowledge, this is the first study
to demonstrate Brazilian propolis-induced anti-glycation activity. In accordance with this finding,
European propolis, which differ from Brazilian propolis in terms of raw materials and components,
have been revealed to inhibit glucose-derived and D-ribose-derived AGEs production [31–33].
These findings suggest that various types of propolis have the capacity to inhibit AGEs formation
in vitro.

We also provided a subsequent confirmation for the inhibitory effect of Brazilian propolis on
formation of AGEs in vivo by showing that Brazilian propolis led to suppression of MGO-derived AGE
accumulation in the skeletal muscle of MGO-loaded mice (Figure 2). This protective effect was seen in
the fast-type EDL muscle but not the slow-type soleus muscle. Our previous study demonstrated that
a 16-week glycation stress induced by a high-AGE diet in mice promoted the accumulation of AGEs in
the EDL but not the soleus muscle [14]. Furthermore, another research has shown that the accumulation
of AGEs in the diabetic rat skeletal muscle was greater in fast-type muscle [39]. These findings suggest
that fast-type muscles are susceptible to AGEs and that Brazilian propolis improves the inhibitory
capacity against AGE formation in fast-type muscle. The potential mechanisms regarding the greater
susceptibility of fast-type muscles to AGEs have been described. First, slow-type muscles have a higher
protein turnover rate than fast-type muscles [40,41], thus indicating that AGEs are more easily broken
down in slow-type muscle than fast-type muscle, and fast-type muscles have a tendency to accumulate
AGEs. Second, fast-type muscles are more susceptible to changes in nutrients and hormones than
slow-type muscles [42], thus indicating that fast-type muscles are more sensitive to AGEs and propolis
than slow-type muscles. However, considering the finding that MGO tended to affect muscle mass
with a large effect size in soleus muscle (Table 2), additional examinations using other muscles are
needed to clear the fiber-type specific susceptibility to glycation stress.

Brazilian propolis increased muscle mass of soleus almost significantly (p = 0.054) with a moderate
effect size (η2 = 0.12), raising a possibility that Brazilian propolis has a hypertrophic effect in soleus
muscle regardless of glycation stress. However, there was no significant difference in the calculated
muscle CSA (Table S1), indicating that propolis-induced increase in soleus muscle mass was not caused
by hypertrophy. In this regard, Brazilian propolis might stimulate glycogen accumulation, and thereby
led to muscle mass gain, because it has been shown that Brazilian propolis stimulated glucose uptake
in mouse skeletal muscle [43]. However, a previous study has shown that six-week intake of water
extract of Korean propolis did not affect glycogen content in the gastrocnemius muscle of rat [44].
Another possibility is that Brazilian propolis increased connective tissue in muscle because it has been
shown that propolis stimulated migration and proliferation of fibroblast cells [45]. At present, however,
we have no clear explanation for the mechanism by which Brazilian propolis causes gain of soleus
muscle mass without hypertrophy.

Detoxification of MGO is also important for reducing glycation stress. MGO is a highly reactive
dicarbonyl compound and the major precursor in the formation of AGEs [46,47]. When MGO
production exceeds the detoxification capacity, it can modify arginine residues to form MGO-derived
AGEs [47]. The most important MGO detoxification system is the glyoxalase system and glyoxalase 1
functions as a rate-limiting enzyme in this system. Under normal physiological conditions, >99% of
MGO is metabolized via the glyoxalase system [48]. In the present study, propolis enhanced glyoxalase
1 activity in the EDL muscle (Figure 3), indicating its capability to detoxify MGO, and thereby in
inhibition of MGO-derived AGE production. Therefore, in addition to the inhibitory effect of AGE
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formation, an enhancement of the glyoxalase system mediated by Brazilian propolis may contribute to
the inhibitory effect of accumulation of MGO-derived AGEs in the skeletal muscle.

Inflammation is a crucial contributor toward pathology of diseases implicated in skeletal muscle
dysfunction [25,49,50]. Binding of AGEs to AGE receptors including RAGE and TLR4 are potent
inducers of inflammatory responses [22]. Inhibition of RAGE and TLR4 effectively reversed the
AGE-induced inflammatory signaling [22,51]. In the present study, Brazilian propolis showed no
effect of mRNA expression of RAGE, but prevented MGO-treated induction of IL-1β, IL-6, and TLR4
(Figure 4). Consistent with this observation, previous studies have shown that propolis inhibits
production of IL-1β in human immune cells [52] and IL-6 in murine macrophages [53]. The current
study is the first study that shows that Brazilian propolis has a protective effect on AGE-induced
inflammatory responses in the skeletal muscle.

Among the various components of Brazilian propolis [27,28], kaempferide [54], ferulic acid [55],
and caffeic acid derivatives [56] are established inhibitors of AGE formation. Furthermore, it has been
shown that propolis-induced anti-inflammatory responses may occur due to the synergistic effect of
its compounds, artepillin C [57], coumaric acid and cinnamic acid [53], and hesperidin, quercetin,
and caffeic acid derivatives [52]. Flavonoid compounds also have a stimulating effect on the glyoxalase
system and thereby contribute to neuroprotection [58]. Collectively, the protective activity of propolis
against glycation stress in the skeletal muscle may be attributed to the combined biological activity of
these phenolic compounds.

Food and fluid intakes were significantly affected by propolis and/or MGO treatment (Table 2).
Food intake was reduced in the MGO + PRO group compared with that in the other groups,
thus suggesting that MGO + PRO group received a lower contribution from propolis. However,
the beneficial effects of propolis, including reduced AGEs accumulation and inflammatory responses,
were confirmed in this group. Fluid intake was affected by treatment with MGO and/or propolis,
but there was no difference between the MGO and MGO + PRO groups, thus indicating that the
beneficial effects of propolis in the MGO + PRO group, including reduced MGO-derived AGEs content
and inflammatory responses, were not caused by decreased MGO consumption. Therefore, we believe
that the difference of food and fluid intakes does not influence the conclusions of this study.

5. Conclusions

The present study revealed that Brazilian propolis protects against MGO-induced glycation stress
in mouse skeletal muscles. Brazilian propolis inhibits the accumulation of AGEs, promotes MGO
detoxification, and reduces the levels of proinflammatory cytokines. However, Brazilian propolis does
not prevent glycation-induced muscle mass reduction. These bioactivities of Brazilian propolis may be
effective to protect skeletal muscle dysfunctions induced by aging and pathogenesis.
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Abstract: Several plant-based traditional ingredients in Asia are anecdotally used for preventing
and/or treating type 2 diabetes. We investigated three such widely consumed ingredients, namely
corn silk (CS), cumin (CU), and tamarind (TA). The aim of the study was to determine the effects of
aqueous extracts of these ingredients consumed either as a drink (D) with high-glycemic-index rice or
added to the same amount of rice during cooking (R) on postprandial glycemia (PPG), insulinemia
(PPI), and blood pressure (BP), over a 3 h measurement period. Eighteen healthy Chinese men (aged
37.5 ± 12.5 years, BMI 21.8 ± 1.67 kg/m2) took part in a randomized crossover trial, each completing
up to nine sessions. Compared to the control meal (plain rice + plain water), the addition of test
extracts in either form did not modulate PPG, PPI, or BP. However, the extracts when added within
rice while cooking gave rise to significantly lower PPI than when consumed as a drink (p < 0.01).
Therefore, the form of consumption of phytochemical-rich ingredients can differentially modulate
glucose homeostasis. This study also highlights the need for undertaking randomized controlled
clinical trials with traditional foods/components before claims are made on their specific health effects.

Keywords: corn silk; cumin; tamarind; aqueous extracts; form; postprandial glycemia;
postprandial insulinemia

1. Introduction

Arising from traditional dietary and alternative medicine practices across Asia (e.g., traditional
Chinese medicine, Ayurveda) there have been a plethora of food-based components claimed as
beneficial in improving the risk of diabetes and other cardiometabolic conditions. Unfortunately,
the majority of these traditional practices have been based on historical pretext rather than on solid
scientific evidence. In fact, robustly controlled clinical trials have been sparse, and most of the research
claims came from in vitro studies and/or in vivo animal studies. In general, these traditional ingredients
are all plant-based ingredients, rich in polyphenols and other phytonutrients with a wide range of
biological functions including α-amylase and α-glucosidase enzyme inhibition, anti-inflammatory and
antioxidant properties, insulin secretagogues, etc. [1–3]. In Asia, over centuries these ingredients have
been integrated as part of daily diets of individuals into various culinary preparations and thereby
used simultaneously as traditional “medicines” to maintain health and reduce disease risk. Three such
commonly used traditional ingredients include corn silk, cumin, and tamarind, and some of the prior
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evidence for their biological effects related to improving glycemic control and/or type 2 diabetes risk
are outlined below.

Corn silk (Stigma maydis) is a waste by-product of corn and has been long used in traditional Chinese
medicine to treat diabetes and associated conditions [4]. Corn silk is rich in various phytonutrients
(e.g., polyphenols, terpenoids, etc.), vitamins, and minerals, as detailed elsewhere [5]. There are
several mechanisms through which corn silk is thought to improve glycemic control, which include
inhibition of α-amylase and α-glucosidase enzymes [6–8], inhibition of inflammation [9], reduced
formation of advanced glycation end products (AGEs), reduced oxidative stress, and the enhancement
of glucose-stimulated insulin secretion [6,10,11]. Therefore, corn silk has the potential to improve
postprandial glycemic control, although to our best knowledge this has not been tested using a
randomized controlled trial (RCT) in normoglycemic, non-diabetic individuals.

Similarly, both cumin and tamarind have been used as traditional food ingredients across various
Asian cuisines and are considered to have glycemic-improving properties. For example, it has been
previously shown that the consumption of cumin seeds by streptozotocin-induced diabetic rats led to
significant reductions in hyperglycemia and glucosuria as well as improvements in renal function [12].
Another study showed reductions in both fasted blood glucose and glycated hemoglobin when
alloxan-induced diabetic rats were administered cumin over a 6-week period [13], whereas a separate
study showed a reduction in postprandial glycemic responses in rabbits fed cumin [14]. More recently,
it has also been demonstrated that the cuminaldehyde found in cumin has significant α-glucosidase as
well as aldose reductase inhibition [15]. On the other hand, tamarind pulp extract has been shown
to improve glycemic, insulinemic, as well as lipidemic responses upon feeding to high-fat-induced
obese rats for 10 weeks [16]. Several other studies using rat/mice models of diabetes have also shown
improvements in glycemic parameters with various extracts of tamarind [17–20]. While the collective
evidence in animal studies for both cumin and tamarind having the potential to improve glycemic
control is rather substantial, there have been hardly any randomized controlled trials in humans.

Therefore, in this “Phytochemical Rich Ingredients as Functional Foods (PRIFF)” study, the primary
aims were to assess the three ingredients, viz., corn silk, cumin, and tamarind as listed above, in terms
of their effects on postprandial glycemia and insulinemia, when consumed with a carbohydrate-rich
meal principally consisting of a high-glycemic-index (GI) white rice. The secondary aim was to also
measure the effects of these three ingredients on postprandial blood pressure. The study used aqueous
extracts which can be obtained using household preparation methods. For cumin and tamarind,
we used dietary doses, whereas for corn silk we used two separate doses—the “high dose” consisting
of an amount commonly used in traditional Chinese medicine, and a lower (one-half of the high) dose
to assess whether this lower, “dietary” dose would still be effective in improving glycemic parameters.
Moreover, there is now considerable evidence that the food form plays an important role in determining
glycemic and/or insulinemic responses [21–23]. We therefore investigated all the test ingredients in
two separate forms: (i) extracts consumed as a drink (D) with plain rice or (ii) extracts added into rice
(R) during cooking and consumed with plain water.

2. Materials and Methods

2.1. Recruitment and Ethics

Eighteen volunteers were enrolled in this study through flyers placed around The National
University of Singapore and from our center’s recruitment database of volunteers who had previously
given consent to be contacted for research. Inclusion criteria for this study were: Chinese, male,
age between 21 to 60 years old, body mass index (BMI) between 18.5 and 25.0 kg/m2, waist circumference
≤90 cm, fasting blood glucose <7.0 mmol/L, blood pressure <140 mmHg and <90 mmHg for systolic
and diastolic, respectively. Interested volunteers attended a screening visit after an overnight fast
(no food or drink except water for a minimum of 10 h). At the screening visit, height was measured
using a stadiometer (Seca 217, Hamburg, Germany), weight and body fat percentage were measured
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using the Tanita analyzer (BC-418, Tokyo, Japan), seated resting blood pressure was measured using an
automated sphygmomanometer (Omron HEM907, Singapore). Fasting glucose was measured in whole
blood using a HemoCue 201 RT analyzer (Angelholm, Sweden) upon obtaining capillary blood using a
single-use lancet device (Abbott Diabetes Care, Alameda, CA, USA). Volunteers were excluded if they
met any one of the following criteria: taken part in sports at the competitive and/or endurance levels;
smoking; being allergic to common food (e.g., eggs, shellfish, dairy, nuts, gluten) and test ingredients;
intentionally restricting food intake; have glucose-6-phosphate deficiency (G6PD) or metabolic diseases,
cardiovascular diseases, or disorders involving the gut, liver, or kidney; taking prescribed medication
or dietary supplement that affects glycemia or interferes with other study measurements; consume
≥6 alcoholic drinks per week; donated blood within 4 weeks of study participation; had poor veins
impeding venous access; had a history of severe vasovagal syncope following blood draws; had or was
a carrier of a chronic infection (e.g., hepatitis B or C, human immunodeficiency virus); suffering from
active tuberculosis (TB) or receiving treatment for TB; or was related to a member of the study team.
All volunteers provided written informed consent. All volunteers were given a choice of attending five
or nine test sessions. This study was reviewed and approved by the National Healthcare Group (NHG)
Domain-Specific Review Board, Singapore (DRSB Ref: 2018/00258). The study has been registered on
clinicaltrials.gov under study ID No. NCT03685916.

2.2. Preparation of Aqueous Extracts and Study Meals

Dried, mature corn silk, commonly sold as an ingredient to treat diabetes by traditional Chinese
medicine (TCM) practitioners, was purchased locally. Aqueous extracts were obtained by adding 552 g
of corn silk to 2.3 L of tap water and boiling for 15 min. A total of three batches of extraction were
undertaken. After pooling, the total volume of the corn silk extract (CS) was made up to 6.9 L and
filtered through a fine mesh strainer to remove corn silk particles. Then, 50 mL of this concentrated
extract (24 g/100 mL) was aliquoted and stored frozen in a −20 ◦C freezer until further use. An aqueous
extract of cumin was prepared by adding 552 g of ground cumin powder (Pattu brand, Sabi Foods
(India) Pvt. Ltd., Tamin Nadu, India) into 2.4 L of tap water and allowing the mixture to boil for
15 min. A further 2.4 L of tap water was added to the viscous mixture and boiled for an additional
15 min. Finally, the cumin extract (CU) was filtered through a fine mesh filter and the volume made
up to 2.3 L and filtered through a fine mesh strainer to remove cumin particles. Then, 50 mL of this
concentrated extract (24 g/100 mL) was aliquoted and stored frozen in a −20 ◦C freezer until further
use. For the tamarind extract (TAM), 460 g of deseeded tamarind pulp (Lion Dates Impex Pte Ltd.,
Trichy, India) was added to 1.2 L of tap water and boiled for 15 min. The first aqueous extract was
obtained by filtering the mixture through a fine mesh filter and the residual tamarind pulp re-extracted
with another 1.2 L of tap water via boiling for another 15 min. The mixture from the second extraction
was filtered and both tamarind aqueous extracts were pooled and the volume made up to 2.3 L. Then,
50 mL of this concentrated extract (20 g/100 mL) was aliquoted and stored frozen in a −20 ◦C freezer
until further use. All stored concentrated extracts were thawed and diluted either four-fold for CS-12,
CU, and TAM, or diluted two-fold for CS-24 with filtered water on the day of the test session, to make
up to a total of 200 mL of “diluted aqueous extract”.
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The study meals (including rice) were prepared fresh every morning, and the test extracts were
either added into rice (R) during cooking or made up into a drink (D). The study meals were rich in
carbohydrates, providing approximately 50 g of available carbohydrates mainly from high-GI glutinous
rice (Thai glutinous rice, Fairprice, Singapore) and 20 g of cooked garden peas (Frozen garden peaks,
Fairprice, Singapore). The control meal (CON) was made up of 65 g of glutinous rice cooked in 200 mL
of filtered water in a household rice cooker, 20 g of peas (steamed for 2 min in microwave), and a glass
(200 mL) of filtered water. The rice (R) test meals consisted of 60 g of glutinous rice cooked in 200 mL
of the diluted aqueous extract (detailed above), 20 g of peas, and 200 mL of filtered water, whereas the
drink (D) test meals consisted of 60 g of glutinous rice cooked in 200 mL of plain filtered water, 20 g of
peas, and 200 mL of diluted aqueous extract. The food ingredients used and the energy content and
nutrient composition of each test meal as obtained from food packet labels or nutrient databases (US
Department of Agriculture) are shown in Table 1.

2.3. Total Polyphenol Content (TPC Analyses) of Aqueous Extracts

Total polyphenol contents (TPCs) were determined by the Folin–Ciocalteu (FC) assay in triplicates
using a method adopted from Medina-Remón et al. [24]. Briefly, 1 mL of the aqueous concentrated
extract was transferred to a microfuge tube and centrifuged at 13,000× g for 5 min at room temperature
to obtain the supernatant. Subsequently, 100 μL of tap water (blank), supernatant, or gallic acid
standard was added to 200 μL of 10% FC reagent in a 96-well clear polystyrene microplate followed by
the addition of 800 μL of 700 mM sodium carbonate. After a 2-h incubation at room temperature in the
dark, the absorbance at 765 nm was measured in a microplate reader (Tecan Infinite 200, Mannedorf,
Switzerland). The TPC was calculated using the regression equation derived from a gallic acid standard
curve and expressed as gallic acid equivalents (GAE).

2.4. Study Design

This was a randomized crossover design whereby each volunteer came for five or nine test sessions
with a minimum 1-day wash-out between sessions. The order of the study meals were randomized
using the RAND function in Microsoft Excel. Volunteers were asked to avoid strenuous exercise and
alcohol intake 24 h prior to their test session and to arrive at the center at 08:30 after an overnight
fast of at least 10 h. Upon arrival, volunteers had their baseline (T0) blood pressure measured and
a fasted blood sample drawn (after 5 min of rest) at the antecubital vein via cannula by a trained
phlebotomist. Volunteers were then served the study meal and instructed to consume the meal within
15 min. Subsequent blood collection was carried out at T15, 30, 45, 60, 90, 120, 150, and 180 min after
the first bite. Duplicate blood pressure measurements were taken hourly at T60, 120, and 180 min.
A schematic of the study design is shown in Figure 1.
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Figure 1. Schematic of study design.

2.5. Blood Sampling and Analytical Methods

Venous blood was collected in K2EDTA vacutainers (BD, New Jersey, NJ, USA), placed immediately
on ice, and centrifuged at 1500× g for 15 min within an hour of blood draw to obtain plasma. Plasma
samples were then stored at −80 ◦C in aliquots until ready for analyses. Plasma glucose and insulin
concentrations were determined by the COBAS c311 and e411 automated analyzers (Roche Diagnostics
GmbH, Berlin, Germany), respectively. For each analyzer, a successful two-point calibration was
performed at the start of the study. Thereafter, quality control was done daily before analyzing the
plasma samples. For each assay, 250μL of thawed undiluted plasma was analyzed in a Hitachi cup using
the manufacturer’s recommended cassette for glucose and insulin measurement. All samples were
analyzed over a 5-day period using the same analytical instrumentations and laboratory consumables
(including standards and quality controls). All samples from a given individual (i.e., all treatments and
all time points) were analyzed within the same batch and the same day, in order to limit any effects
of experimental variations. The inter-batch coefficient of variation for glucose analysis was 7.51%,
and that for insulin analysis was 1.99%.

2.6. Statistical Analyses

The primary outcome of this study was the acute effects of the test ingredients on the postprandial
glucose and insulin responses for up to 180 min. The secondary outcomes were: i) the effect of the form
in which the test ingredients were administered (R vs. D) on the 30, 120, and 180 min postprandial
glucose and insulin responses; and ii) the acute effects of the test ingredients on the postprandial blood
pressure measured over 180 min. Incremental areas under the curve (iAUCs) of glucose and insulin
were calculated using the change in glucose or insulin above baseline fasting concentration, ignoring
the area beneath the baseline. Total areas under the curve (tAUCs) of systolic and diastolic blood
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pressure measurements were calculated using the absolute blood pressure values measured at the
time points.

All analyses in this study were done using Statistical Package for the Social Sciences (SPSS) version
24 (IBM, New York, NY, USA). Data were assessed for normality using the Shapiro–Wilk test as well as
visually from the histogram and normal Q–Q (quantile-quantile) plots. Square-root transformation of
the data was used where necessary to achieve normality. The treatment effect on the iAUCs of insulin
and glucose was tested using linear mixed effects procedure in SPSS with treatment as the fixed factor
and compound symmetry (CS) covariance structure. For the interaction between form and treatment
test, a linear mixed effects procedure with both treatment and form as fixed factors was used with CS
covariance structure.

3. Results

Mean total polyphenol content (TPC) was lowest in the cumin aqueous extract (103.0 ± 3.4 mg
GAE/100 g of cumin powder) and highest in the tamarind aqueous extract (440.1 ± 13.3 mg GAE/100 g
of tamarind pulp). Mean TPC of corn silk was 233.1 ± 2.2 mg GAE/100 g of dried corn silk.

Of the 18 volunteers enrolled in the study, 16 volunteers completed all nine test sessions.
One volunteer only completed three test sessions, while another only completed five sessions.
The baseline anthropometric and metabolic characteristics of the volunteers to indicate the profile
of volunteers who completed the study are presented in Table 2. All participants had their fasted
glucose concentration at screening visit of less than 6.0 mmol/L, except for one participant who
had a concentration of 6.20 mmol/L and would therefore be considered as having impaired fasted
glucose (IFG).

Table 2. Baseline anthropometric and metabolic characteristics.

Measurement Mean ± S.D.

Age (Years) 37.5 ± 12.5
Height (m) 1.7 ± 0.06
Weight (kg) 63.9 ± 7.09
Body mass index (kg/m2) 21.8 ± 1.67
Body fat (%) 16.5 ± 4.25
Waist (cm) 78.8 ± 5.36
Systolic blood pressure (mmHg) 120.0 ± 7.75
Diastolic blood pressure (mmHg) 76.5 ± 7.37
Resting heart rate (bpm) 64. ± 10.03
Fasting blood glucose (mmol/L) 5.2 ± 0.43

3.1. Postprandial Glycemic and Insulinemic Response to Control and Test Meals

Figures 2 and 3 respectively show plasma glucose and insulin concentrations over time.
As expected, mean plasma glucose concentration rose significantly above baseline fasting levels
in the first hour after meal initiation, peaking at T30 and falling below baseline at T150 and T180
(Figure 2). Similarly, the mean plasma insulin concentration rose significantly above baseline fasting
levels in the first 2 h after meal initiation, peaking at T45 and returning to baseline levels at T150
(Figure 3). There were no significant differences between the various treatments as compared with
the control on postprandial glycemia, irrespective of the food form, evaluated using incremental
areas under the curve for various time intervals (iAUC30, iAUC120, or iAUC180), as shown in Table 3.
There were also no differences in the postprandial glycemic responses between the two different forms
(rice vs. drink) of consumption, irrespective of the test ingredients. Similarly, there were no significant
differences in the influence of the various treatments as compared with the control on postprandial
insulinemia as evaluated using incremental areas under the curve for various time intervals (iAUC30,
iAUC120, or iAUC180). However, there was a significant increase (p < 0.01) in postprandial insulinemia
(iAUC120 or iAUC180) when the test ingredients were consumed as a drink (D) as compared with the
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same ingredients being cooked within rice (R), irrespective of the test ingredients. It should also be
noted that the form × treatment interactions were not significant across all measures, as shown in
Table 3.

 

Figure 2. Postprandial changes in plasma glucose concentration during various treatments. CSD12:
corn silk drink 12 g; CSR12: corn silk rice 12 g; CSD24: corn silk drink 24 g; CSR24: corn silk rice 24 g;
CUD: cumin drink; CUR: cumin rice; TAMD: tamarind drink; TAMR: tamarind rice.

 

Figure 3. Postprandial changes in plasma insulin concentration during various treatments. CSD12:
corn silk drink 12 g; CSR12: corn silk rice 12 g; CSD24: corn silk drink 24 g; CSR24: corn silk rice 24 g;
CUD: cumin drink; CUR: cumin rice; TAMD: tamarind drink; TAMR: tamarind rice.
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3.2. Postprandial Changes in Blood Pressure during Control and Test Meals

The postprandial changes in systolic and diastolic blood pressures are shown in Figures 4 and 5,
respectively. There were no significant differences between treatments, irrespective of form or between
forms, irrespective of treatments at baseline and in the total area under the curve (tAUC) of the
postprandial systolic or diastolic blood pressure, as shown in Table 4.

 

Figure 4. Postprandial changes in systolic blood pressure during various treatments. corn silk drink 12
g; CSR12: corn silk rice 12 g; CSD24: corn silk drink 24 g; CSR24: corn silk rice 24 g; CUD: cumin drink;
CUR: cumin rice; TAMD: tamarind drink; TAMR: tamarind rice.

 

Figure 5. Postprandial changes in diastolic blood pressure during various treatments. CSD12: corn silk
drink 12 g; CSR12: corn silk rice 12 g; CSD24: corn silk drink 24 g; CSR24: corn silk rice 24 g; CUD:
cumin drink; CUR: cumin rice; TAMD: tamarind drink; TAMR: tamarind rice.
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Table 4. Baseline and total areas under the curve (tAUCs) of blood pressure over the postprandial period.

Treatment
Baseline (0 min) Total AUC 0–180 min

Systolic BP
(mmHg)

Diastolic BP
(mmHg)

Systolic BP
(mmHg min)

Diastolic BP
(mmHg min)

Control 114.58 ± 3.12 71.56 ± 2.52 20,815.00 ± 528.18 12,902.50 ± 391.60
Test ingredients cooked in rice and consumed with plain water (R)

Corn silk (12 g) 115.19 ± 2.25 72.81 ± 2.59 20,493.75 ± 458.67 11,454.17 ± 1049.87
Corn silk (24 g) 112.91 ± 3.16 72.91 ± 2.32 20,270.63 ± 526.11 11,385.83 ± 1034.56
Cumin 113.61 ± 2.37 73.22 ± 2.65 20,689.17 ± 471.23 12,929.17 ± 419.73
Tamarind 110.59 ± 3.11 70.0 ± 2.68 20,331.18 ± 487.74 12,169.17 ± 842.99
Test ingredients added into water and consumed with plain rice (D)

Corn silk (12 g) 112.22 ± 2.57 72.0 ± 2.48 20,349.38 ± 448.14 11,344.17 ± 1030.44
Corn silk (24 g) 115.25 ± 2.46 73.41 ± 2.07 20,701.88 ± 511.97 11,649.17 ± 1046.57
Cumin 113.69 ± 2.74 72.61 ± 2.17 20,769.17 ± 448.02 13,054.17 ± 381.35
Tamarind 115.88 ± 2.44 72.06 ± 1.84 20,777.65 ± 365.70 12,315.83 ± 801.08
p-Value for treatment
(overall)

0.206 0.705 0.624 0.393

4. Discussion

Given that Asians are at a greater risk of type 2 diabetes and prediabetes, and considering that the
dietary carbohydrate loads in Asians are much higher than in other parts of the world, there is a drive
to identify functional ingredients within the Asian dietary context which can improve glycemic control.
This trial was set out to test the effects of three separate ingredients, at dietary doses, for their individual
effects on postprandial glycemia and insulinemia when consumed along with a carbohydrate-rich
meal consisting of a portion of high-GI rice. We have previously shown improvements in postprandial
glycemic control with polyphenol-rich mixed spices [25,26]. The three ingredients chosen in this study
were also rich in phenolic compounds as measured here and reported elsewhere for cumin [27–29],
tamarind [30–33], and dried corn silk [5,34]. Furthermore, inhibition of α-amylase and α-glucosidase
activities are important determinants for any natural compound with a potential to reduce postprandial
glycemia [35], and all three ingredients used in our study (or compounds found within them) have
been shown to possess such activities in previous studies [8,36–39]. These ingredients were also
specifically chosen for their extensive traditional utility, particularly across Asia. Cumin and tamarind
are both used in several preparations as spices/condiments in rice-based dishes (e.g., “jeera” (cumin)
rice), curries, soups (e.g., cumin and/or tamarind in “rasam”, mulligatawny soup, tom yum goong
soups, etc.) or as beverages such as “jal jeera” (cumin water in India) or as “nam makham” (tamarind
drink in Thailand). Given their extensive consumption in several different forms (i.e., in foods and in
beverages), we further investigated any potential differences in their glycemic/insulinemic responses
when either consumed as a drink or added into rice while cooking. Corn silk extract (CS) on the other
hand was investigated not only due to its extensive use by traditional Chinese medicine practitioners as
an anti-diabetic formulation [4,40], but also because corn silk is a common agricultural waste product
which is rich in polyphenols and there is potential utility of its reintroduction back into the food
system. This is particularly relevant considering the recent drive to re-introduce polyphenol-rich
food-processing by-products back into the food system, as had been discussed in detail elsewhere [41].

Despite our careful selection of the ingredients tested, our study failed to demonstrate any
significant effects on postprandial glycemia or insulinemia as compared to the control meal without
these ingredients. There could be several reasons for this observation. First of all, we recruited
non-diabetic, healthy individuals, all of whom are likely to have had adequate glycemic control.
Indeed, some studies have previously shown that the postprandial glycemic response even between
high- and low-GI meals did not differ in young healthy individuals [42]. Furthermore, the postprandial
metabolic responses to the same foods are often different between normal and at-risk individuals [43,44].
Therefore, the results of our study may not be applicable to type 2 diabetic or other at-risk populations,
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who may well have benefited from the ingredients used. Nonetheless, the strengths of our study were
that we used a crossover design, carefully matched the macronutrient composition between treatments,
and used dietary doses of the ingredients in a real-life dietary context. In contrast, most of the animal
studies supporting favorable effects often used much higher relative doses which are not achievable
through usual dietary means in humans. Nonetheless, considering that our ingredients were rich in
various phytochemicals with antioxidant as well as anti-inflammatory properties, there may be other
favorable downstream effects including the prevention of complications associated with postprandial
hyperglycemia (especially in type 2 diabetics), including oxidative stress, chronic inflammation, etc.,
which were not measured in this study.

While the phytochemical-rich ingredients used in our study per se did not give rise to any obvious
effects on postprandial glycemia or insulinemia, there was a significant lowering of the postprandial
insulinemic responses when the test meals were consumed within cooked rice (R) as compared to
being consumed in the drink (D) form separately from the rice. This suggests that the food matrix in
which phytochemical-rich ingredients are consumed has an effect on postprandial metabolic responses.
Our research group has previously shown that both postprandial glycemic [22] and lipidemic [45]
responses depended on the food matrix. Others have also shown that the postprandial glycemic
lowering potential of polyphenol-rich ingredients depended on the form in which it was consumed [46],
and various cooking methods were shown to significantly alter polyphenol bioaccessibility as well as the
biological properties of polyphenol-rich ingredients, including differences in α-glucosidase inhibitory
activity [47]. Furthermore, we and others have reported that the timing/sequence of consumption of
polyphenol-rich ingredients (e.g., consumption prior to rather than concurrent consumption) produced
different effects [48,49].

Similar to our findings, others have also reported greater postprandial insulinemic responses
to a homogenized meal as compared with a solid meal [23]. There could be several mechanistic
explanations for such observations. It is well known that various polyphenols can interact with starch
molecules, leading to the formation of starch–polyphenol complexes [50,51] which can significantly
restrict the access of digestive enzymes (e.g., amylases and glucosidases) and thereby the in vitro and
in vivo digestibility of these starches [52–54]. Thus, the prior cooking of our ingredients within rice (R)
may have led to differences in the extent of starch–polyphenol complex formations as well as starch
accessibility and digestibility as compared to the ingredients being co-consumed within a separate
drink (D). Moreover, we and others have previously shown that polyphenol-rich foods, including
spices, can increase the secretion of gut hormones such as glucagon-like peptide-1 (GLP-1) [26,55].
It has also been shown previously that liquid meals (prepared by homogenizing solid meals) produced
greater levels of both postprandial GLP-1 and insulin as compared to the same meal consumed
solid [56]. Given that the gastric emptying of the liquid part of mixed (solid–liquid) meals occurs
before the solid part [57], this may further explain the relatively greater insulinemic response when the
ingredients were consumed within a drink (D) as compared to the same consumed within cooked rice
(R). Given that postprandial insulinemia is an independent risk factor for diabetes and cardiovascular
diseases [58,59], findings that food form plays a role has potential clinical implications. More research
is therefore needed to confirm this observation.

5. Conclusions

This study demonstrated that adding aqueous extracts of corn silk, cumin, and tamarind at
dietary doses, in two separate forms, to a high-GI rice consisting of approximately 50 g of available
carbohydrates in healthy volunteers conferred no additional benefits on postprandial glycemia or
insulinemia. Our randomized, controlled clinical trial findings are insightful and advantageous in that
these ingredients are traditionally believed in Asia to be beneficial in reducing the risk of diabetes,
although to date, the majority of the previous evidence supporting these claims had been undertaken in
animals, most often at relatively high doses. Some of the limitations of this study were the acute nature
of the study design, the limited number of postprandial parameters being measured, and the fact that
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this study was undertaken in a cohort of healthy, normoglycemic, non-diabetic individuals. While
other longer-term beneficial effects (e.g., anti-inflammatory, antioxidant, etc.) of the test ingredients
in a population with a compromised glucose homeostasis (e.g., type 2 diabetics) cannot be ruled out,
this study highlights the need for more controlled clinical trials in the future before specific claims are
assumed regarding the specific benefits of traditional ingredients. Finally, this study also highlights
the importance of the food form on postprandial insulinemia, in that phytochemical-rich ingredients
in liquid forms (e.g., soups and beverages) may elicit greater postprandial insulinemic response than
when consumed within a solid meal. Therefore, future applications of our study findings include
the manipulation of food forms via various food consumption, preparation, and processing methods,
in order to improve the metabolic consequences of certain foods and/or composited dishes.
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Abstract: The phenolic profile of skin and flesh from Manifera indica main commercial cultivars (Keitt
and Tommy Atkins) in Costa Rica was studied using ultra performance liquid chromatography
coupled with high resolution mass spectrometry (UPLC-ESI-MS) on enriched phenolic extracts.
A total of 71 different compounds were identified, including 32 gallates and gallotannins (of different
polymerization degree, from galloyl hexose monomer up to decagalloyl hexoses and undecagalloyl
hexoses); seven hydroxybenzophenone (maclurin and iriflophenone) derivatives, six xanthonoids
(including isomangiferin and mangiferin derivatives); 11 phenolic acids (hydroxybenzoic and
hydroxycinnamic acid derivatives); and eight flavonoids (rhamnetin and quercetin derivatives).
The findings for T. Atkins skin constitute the first report of such a high number and diversity of
compounds. Also, it is the first time that the presence of gallotannin decamers and undecamers are
reported in the skin and flesh of Keitt cultivar and in T. Atkins skins. In addition, total phenolic content
(TPC) was measured with high values especially for fruits’ skins, with a TPC of 698.65 and 644.17 mg
gallic acid equivalents/g extract, respectively, for Keitt and T. Atkins cultivars. Antioxidant potential
using 2,2-diphenyl-1-picrylhidrazyl (DPPH) and oxygen radical absorbance capacity (ORAC) methods
were evaluated, with T. Atkins skin showing the best values for both DPPH (IC50 = 9.97 μg/mL)
and ORAC (11.02 mmol TE/g extract). A significant negative correlation was found for samples
between TPC and DPPH antioxidant values (r = −0.960, p < 0.05), as well as a significant positive
correlation between TPC and ORAC (r = 0.910, p < 0.05) and between DPPH and ORAC antioxidant
methods (r = 0.989, p < 0.05). Also, cytotoxicity was evaluated in gastric adenocarcinoma (AGS),
hepatocarcinoma (HepG2), and colon adenocarcinoma (SW620), with T. Atkins skin showing the best
results (IC50 = 138–175 μg/mL). Finally, for AGS and SW 620 cell lines particularly, a high significant
negative correlation was found between cytotoxic activity and gallotannins (r = −0.977 and r = −0.940,
respectively) while for the HepG2 cell line, the highest significant negative correlation was found
with xanthonoids compounds (r = −0.921).

Keywords: Mangifera indica; mango; UPLC; ESI-MS; polyphenols; xanthonoids; gallotannins;
hydroxybenzophenones; mass spectrometry; antioxidant; antitumoral
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1. Introduction

Several studies have linked vegetable consumption, especially fruits, with a reduced risk for
cardiovascular disease and cancer, thus the importance of metabolites’ characterization. Mango
(Mangifera indica L.) is a commercial fruit cultivated worldwide that holds the fifth position in total
production amongst the main fruit crops, with 5.4 million hectares in approximately 100 countries,
especially in areas with subtropical and tropical climates [1]. Out of the large number of cultivars
reported, Keitt and Tommy Atkins are the most important commercialized mango cultivars in
Costa Rica.

The bioactive effects reported for M. indica include antioxidant activity, anti-inflammatory,
antipyretic, antibacterial, antiviral, antimicrobial, and anticancer, as well as hepatoprotective and
gastroprotective properties, in addition to immunomodulatory and lipid-lowering drug effects [2–5].
Particularly, it has been reported that mango exhibits antiproliferative activity in MDA-MB-231
adenocarcinoma breast cell lines, HepG2 liver, and HL-60 leukemia cancer cells [6], as well as
antitumoral effects on MCF-7 breast carcinoma cells [7], Molt-4 leukemia, A-549 lung, LnCap prostate,
and SW-480 colon cancer cells [8]. These studies report different results depending on mango
cultivar and on cancer cell lines; however, the effects have mainly been attributed to the fruits’
polyphenolic contents.

In fact, several studies have reported polyphenolics benefits on health based on findings from the
above bioactivities [9] and have established their role in reducing the risk of degenerative and chronic
diseases, therefore contributing to long-term health protection [10]. For instance, their contents in
fruits have been associated to a lower risk for cardiovascular diseases and cancer, hence the increase in
interest in fruit consumption and the importance of scientific research for polyphenols’ characterization
and their associated valuable effects on health.

Previous studies of M. indica polyphenols have focused, for instance, on properties of
xanthonoid compounds, mainly mangiferin isomers [11,12] and gallotannins [13], which have
been studied for their anticarcinogenic effects [6,14]. Other studies have involved gallotannins
and hydroxybenzophenones [15], xanthonoids and flavonoids [16,17], or phenolic acids and
gallotannins [18]. Few reports have studied all five types of compounds [19,20] and their biological
activities [21].

Polyphenols’ antioxidant properties have been linked, among others, with their anti-inflammatory
and anticancer activities, which have been reported to increase with gallotannins’ degree of
polymerization of specific structures, which has been found to enhance such properties [22], thus
further knowledge on phenolic structures’ characterization in mango fruits would contribute to a
better understanding of their implications in the fruits’ quality as a source of dietary compounds with
potential biological properties.

Therefore, the objective of the present work was to obtain enriched polyphenolic extracts of fruits
from M. indica commercial cultivars in Costa Rica and to characterize them through ultra performance
liquid chromatography coupled with high resolution mass spectrometry (UPLC-DAD-ESI-MS), with an
emphasis on the five types of compounds previously reported. An evaluation of the total polyphenolic
contents and antioxidant activity using 2,2-diphenyl-1-picrylhidrazyl (DPPH) and oxygen radical
absorbance capacity (ORAC) methods, as well as the cytotoxic activity (MTT) on the adenocarcinoma
AGS gastric cell line, adenocarcinoma HepG2 hepatic cell line, and adenocarcinoma SW620 colon cell
line was also carried out in the different extracts.

2. Materials and Methods

2.1. Materials, Reagents and Solvents

Mangifera indica fruits were acquired in the ripe state from a local producer from Marichal Orotina
Orotina (Keitt cultivar) and Fabio Baudrit Station (Alajuela). Cultivars were confirmed with the
support of the Costa Rican National Herbarium and vouchers are deposited there. Reagents, such as
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fluorescein, 2,2-azobis(2-amidinopropane) dihydrochloride (AAPH), 2,2-diphenyl-1-picrylhidrazyl
(DPPH), Trolox, gallic acid, Amberlite XAD-7 resin, fetal bovine serum, glutamine, penicillin,
streptomycin, amphotericin B, and trypsin–ethylenediaminetetraacetic acid (EDTA), were provided
by Sigma-Aldrich (St. Louis, MO, USA). Human gastric adenocarcinoma cell line AGS, human
colorectal adenocarcinoma SW 620, and human hepatocellular carcinoma Hep-G2 were obtained from
American Type Culture Collection (ATCC, Rockville, MD, USA). In order to evaluate the specificity
of the cytotoxic activity towards these cancer cells with respect to normal cells, a selectivity index
(SI) was determined by also measuring the cytotoxicity on normal non-cancer cells, according to
previous publications [23–25]. Different cell lines are used in the literature, such as normal mouse
subcutaneous fibroblast L929 in studies evaluating cytotoxicity on HeLa and SiHa cervical cancer
cells [26]; normal human dermal fibroblast TelCOFSO2MA used in comparative cytotoxicity studies
with Caco-2 colon and OE19 esophageal adenocarcinoma cell lines [27] and normal monkey epithelial
kidney Vero cells used as non-tumoral control cells in studies evaluating cytotoxicity towards MCF-7
breast and HeLa cervix cancer cells [24]; Caco-2 colon and A549 lung cancer cells [23]; AGS gastric
and SW620 adenocarcinoma cells [28]; and malignant HepG2 hepatoma cells [25]. These Vero cell
lines were selected for this study due to previous reports and accessibility (American Type Culture
Collection, Rockville, MD, USA). Finally, solvents, such as acetone, chloroform, and methanol, were
purchased from Baker (Center Valley, PA, USA), while DMSO was acquired from Sigma-Aldrich
(St. Louis, MO, USA).

2.2. Phenolic Extracts from Mangifera. Indica Fruits

M. indica fruits were rinsed in water, peeled, and both the skin and flesh material were freeze-dried
in a Free Zone at −105 ◦C, 4.5 L, Cascade Benchtop Freeze Dry System (Labconco, Kansas, MO,
USA). The freeze-dried material was preserved at −20 ◦C until extraction. Freeze-dried samples were
extracted in a Dionex™ ASE™ 150 Accelerated Solvent Extractor (Thermo Scientific™, Walthman, MA,
USA) using methanol:water (70:30) as solvent for 7.5 g of sample in a 34 mL cell, at 40 ◦C. Next, the
extract was evaporated under vacuum to eliminate the methanol and the aqueous phase was washed
with ethyl acetate and chloroform to remove less-polar compounds. Afterwards, the aqueous extract
was evaporated under vacuum to eliminate organic solvent residues and was eluted (2 mL/min) in
an Amberlite XAD7 column (150 mm × 20 mm), starting with 300 mL of water to remove sugars,
and then with 200 mL each of methanol:water (80:20) and pure methanol to obtain the polyphenols.
Finally, the enriched extract was obtained after evaporation to dryness using a Buchi™ 215 (Flawil,
Switzerland) rotavapor.

2.3. Total Phenolic Content

The polyphenolic content was determined by modification of the Folin–Ciocalteu (FC) method [29],
which is based on the oxidation of the hydroxyl groups of phenols by the mixture of phosphotungstic
and phosphomolybdic acids. Briefly, each polyphenolic enriched extract was dissolved in MeOH (0.1%
HCl) to obtain a 500 ppm solution and 2 mL were combined with 0.5 mL of FC reagent. Afterwards
10 mL of Na2CO3 (7.5%) were added and the volume was completed to 25 mL with water. Blanks were
prepared in a similar way but using 0.5 mL of MeOH (0.1% HCl) instead of the sample. The mixture
was left standing in the dark for 1 h and then absorbance was measured at 750 nm. Values obtained
were extrapolated in a gallic acid calibration curve. Total phenolic content was expressed as mg gallic
acid equivalents (GAE)/g sample. Analyses were performed in triplicate.

2.4. UPLC-DAD-ESI-TQ-MS Analysis

The UPLC-MS system used to analyze the composition of M. indica fruit extracts consisted of
an LTQ Orbitrap XL mass spectrometer with an Accela 1250 binary Pump, PAL HTC Accela TMO
autosampler, PDA detector (Thermo Fisher Scientific, San Jose, CA, USA), and G1316A column
compartment (Agilent, Palo Alto, CA, USA). Separation was carried out by a modification of a method

121



Foods 2019, 8, 384

previously described [30]. Briefly, a Hypersil Gold AQ RP-C18 UHPLC column (200 mm × 2.1 mm
i.d., 1.9 μm, Thermo Fisher Scientific) with an UltraShield pre-column filter (Analytical Scientific
Instruments, Richmond, CA, USA) were used at a flow rate of 0.3 mL/min. Mobile phases A and B
consist of a combination of 0.1% formic acid in water, v/v and 0.1% formic acid in acetonitrile, v/v,
respectively. The linear gradient is from 4% to 20% B (v/v) at 20 min, to 35% B at 30 min and to 100%
B at 31 min, and held at 100% B to 35 min. The UV/Vis spectra were acquired from 200 to 700 nm.
The mass spectrometer was calibrated using Pierce™ LTQ ESI Negative Ion Calibration Solution, and
the conditions for the negative electrospray ionization mode used were set as follows: Sheath gas,
70 (arbitrary units); aux and sweep gas, 15 (arbitrary units); spray voltage, 4.8 kV; capillary temperature,
300 ◦C; capillary voltage, 15 V; and tube lens, 70 V. The mass range was from 100 to 2000 amu with a
resolution of 30,000, FTMS AGC target at 2e5, FT-MS/MS AGC target at 1 × 105, isolation width of
1.5 amu, and max ion injection time of 500 ms. A clean chromatographic separation was obtained,
and the most intense ion was selected for the data-dependent scan to offer MS2 to MS5 product ions,
respectively, with a normalization collision energy at 35%.

2.5. DPPH Radical-Scavenging Activity

DPPH evaluation was performed by a modification of the original method [31], based on
antioxidant determinations using a stable free radical. Briefly, a solution of 2,2-diphenyl-1-picrylhidrazyl
(DPPH) (0.25 mM) was prepared using methanol as the solvent. Next, 0.5 mL of this solution were
mixed with 1 mL of each polyphenolic-enriched extract at different concentrations ranging between 4
and 40 ppm, and incubated at 25 ◦C in the dark for 30 min. The mixture absorbance was measured
at 517 nm. Blanks were prepared for each concentration. The percentage of the radical-scavenging
activity of the sample was plotted against its concentration to calculate IC50 (μg/mL). The samples were
analyzed in three independent assays. Results were expressed as IC50 (μg/mL), which is the amount of
sample required to reach 50% radical-scavenging activity.

2.6. ORAC Antioxidant Activity

The ORAC (oxygen radical absorbance capacity) antioxidant activity was determined by
modification of a method using fluorescein as a fluorescence probe [32]. Briefly, the reaction was
performed in 75 mM phosphate buffer (pH 7.4) at 37 ◦C. The final assay mixture consisted of AAPH
(12 mM), fluorescein (70 nM), and either Trolox (1–8 μM) or the extract at different concentrations.
Fluorescence was recorded every minute for 98 min in black 96-well untreated microplates (Nunc,
Denmark), using a Polarstar Galaxy plate reader (BMG Labtechnologies GmbH, Offenburg, Germany)
with 485-P excitation and 520-P emission filters. Fluostar Galaxy software version 4.11−0 (BMG
Labtechnologies GmbH, Offenburg, Germany) was used to measure fluorescence. Fluorescein was
diluted from a stock solution (1.17 mM) in 75 mM phosphate buffer (pH 7.4), while AAPH and
Trolox solutions were freshly prepared. All reaction mixtures were prepared in duplicate and three
independent runs were completed for each extract. Fluorescence measurements were normalized to
the curve of the blank (no antioxidant). From the normalized curves, the area under the fluorescence
decay curve (AUC) was calculated as:

AUC = 1 +
∑i=98

i=1

∫
i

/ ∫
0
, (1)

where
∫

0 is the initial fluorescence reading at 0 min and
∫

i is the fluorescence reading at time i. The net
AUC corresponding to a sample was calculated as follows:

Net AUC = AUCantioxidant − AUCblank. (2)

The regression equation between the net AUC and the antioxidant concentration was calculated.
The ORAC value was estimated by dividing the slope of the latter equation by the slope of the Trolox
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line obtained for the same assay. Final ORAC values are expressed as mmol of Trolox equivalents
(TE)/g of phenolic extract.

2.7. Evaluation of Cytotoxicity of Extracts

2.7.1. Cell Culture

The human gastric adenocarcinoma cell line AGS, human colorectal adenocarcinoma SW 620,
human hepatocellular carcinoma Hep-G2, and monkey normal epithelial kidney cells Vero were grown
in minimum essential Eagle’s medium (MEM) containing 10% fetal bovine serum (FBS) in the presence
of 2 mmol/L glutamine, 100 IU mL−1 penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL amphotericin
B. The cells were grown in a humidified atmosphere containing 5% CO2 at 37 ◦C and sub-cultured by
detaching with trypsin–EDTA solution at about 70% to 80% confluence. For the experiments, 100 μL of
a cell suspension of 1.5 × 105 cells/mL were seeded overnight into 96-well plates. The cells were further
exposed for 48 h to various concentrations of extracts (50 μL), dissolved in DMSO, and diluted with
cell culture medium to final concentrations between 15 and 500 μg/mL. The DMSO concentrations
used in the experiments were below 0.1% (v/v) and control cultures were prepared with the addition of
DMSO (vehicle control).

2.7.2. Assessment of Cytotoxicity by MTT Assay

After incubation for 48 h, MTT assays were performed to evaluate cytotoxicity. Briefly, the medium
was eliminated, cells were washed twice with 100 μL of PBS, and incubated with 100 μL MTT solution
(3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide, 5 mg/mL in cell culture medium) for 2 h
at 37 ◦C. The formazan crystals formed were dissolved in 100 μL of ethanol 95% and the absorbance
was read at 570 nm in a microplate reader. Dose–response curves were established for each extract and
the concentration that is enough to reduce the cell viability by 50% (IC50) was calculated.

In order to evaluate if the cytotoxicity activity was specific against the cancer cells, a selectivity
index (SI) was determined. This index is defined as the ratio of IC50 values of normal epithelial kidney
cells (Vero) to cancer cells (AGS, HepG2, or SW620).

2.8. Statistical Analysis

In order to evaluate if the total phenolic contents (TPC) contribute to the antioxidant activity
evaluated with the DPPH and ORAC methodologies, a correlation analysis was carried out between
the TPC values and the DPPH and ORAC results. Also, one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test was applied to the TPC, DPPH, and ORAC values, and differences
were considered significant at p < 0.05.

3. Results and Discussion

3.1. Phenolic Yield and Total Phenolic Contents

The extraction process described in the Materials and Methods section allowed the
phenolic-enriched extracts to be obtained, which are expressed as g of phenolic enriched extract/100 g
of dry material and are summarized in Table 1. Keitt cultivar skin presented the highest yield (2.77 g
extract/100 g dry material) whereas Tommy Atkins flesh showed the lowest value (0.57 g extract/100 g
dry material). In both cultivars, skin extract yields were higher than flesh extracts.
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Table 1. Extraction yield and total phenolic content.

Sample Lyophilization Yield (g/100 g) 1 Extraction Yield (g/100 g) 2 Total Phenolic Content (TPC) (mg/g) 3,4,5

Keitt

Skin 20.8 2.77 698.65 ± 0.47 a

Flesh 16.9 0.69 291.14 ± 1.19 b

T. Atkins

Skin 21.5 2.75 644.17 ± 5.79 c

Flesh 17.6 0.57 162.67 ± 1.46 d

1 g of dry material/100 g of fresh weight 2 g of phenolic enriched extract/100 g of dry material 3 mg of gallic acid
equivalents (GAE)/g extract. 4 Values are expressed as mean ± standard deviation (S.D.) 5 Different superscript
letters in the column indicate differences are significant at p < 0.05.

The total phenolic contents (TPC) summarized in Table 1 show results ranging between 162.7
and 698.7 gallic acid equivalents (GAE)/g dry extract. The one-way analysis of variance (ANOVA),
with a Tukey post hoc as the statistical test, showed a significant difference (p < 0.05) between results
for the skin and flesh of M. indica samples, with a much higher average for skins corresponding to
671.4 GAE/g dry extract compared to a three times lower average value of 226.9 GAE/g dry extract for
flesh. Total phenolic contents (TPC) previous reports for the flesh of T. Atkins cultivars from Mexico
and Spain range between 15.3 and 21.77 mg GAE/100 g FW [8,33], whereas our finding of 16.3 mg
GAE/100 g FW (value calculated using TPC and lyophilization yields from Table 1) fits within that
range. Meanwhile, values reported for the skins of T. Atkins (43.17 mg GAE/100 g FW) and Pica
(72.01 mg GAE/100 g FW) cultivars from Chile [34] are lower than our result of 380.9 mg GAE/100 g FW
(value calculated using TPC and lyophilization yields from Table 1). In respect to Keitt flesh, results
from the literature show variability, reporting values ranging between 17.99 and 59.43 mg GAE/100 g
FW for Keitt and other cultivars from Italy and China [21,33] whereas our result of 33.9 mg GAE/100 g
FW (value calculated using TPC and lyophilization yields from Table 1) fits in that range. Finally,
regarding Keitt skin, previous results for this and other cultivars from China range between 368.52 and
641.9 mg GAE/100 g FW [21]. Our finding of 402.5 mg GAE/100 g FW (value calculated using TPC and
lyophilization yields from Table 1) fit within that range and are higher than values found for the Irwin
cultivar (26.9 mg GAE/g extract) from Korea [35]. TPC content variations are linked to polyphenols
present in extracts [36,37] and the influence of these metabolites in extracts’ biological properties, such
as the antioxidant capacity [38,39] and cytotoxic activity [14,22], as discussed in the following sections.

3.2. Profile by UPLC-DAD-ESI-TQ-MS Analysis

The UPLC-DAD-ESI-MS/MS analysis described in the Materials and Methods section allowed
identification of 71 compounds, including 32 gallates and gallotannins, six xanthonoids, eight
hydroxybenzophenones, eight flavonoids, and 11 phenolic acids and derivatives, in Costa Rican
Keiit and T. Atkins commercial cultivars. Figures 1 and 2 show the chromatograms of the 71 different
compounds and Table 2 summarizes the results of the identification analysis.
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Figure 1. High Performance Liquid Chromatography (HPLC) chromatogram of Mangifera indica Tommy
Atkins cultivar skin extract, in a Hypersil Gold AQ RP-C18 column (200 mm × 2.1 mm × 1.9 μm) using
an LTQ Orbitrap XL Mass spectrometer (Thermo Scientific™, Walthman, MA, USA) in a mass range
from 100 to 2000 amu.
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Figure 2. High Performance Liquid Chromatography (HPLC) chromatogram of Mangifera indica Keitt
flesh extract in a Hypersil Gold AQ RP-C18 column (200 mm × 2.1 mm × 1.9 μm) using an LTQ
Orbitrap XL mass spectrometer (Thermo Scientific™, Walthman, MA, USA) in a mass range from 100
to 2000 amu.
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3.2.1. Benzoic and Hydroxycinnamic Acids

Peaks 6 and 9 had an [M−H]− ion at m/z 299.0780 (C13H15O8) and a main MS2 fragment at m/z 137
[M−H−162]− corresponding to a loss of hexose (Glc). Thus, those peaks were identified as isomers of
hydroxybenzoic acid hexoside [40], as shown in Figure 3.

 
Figure 3. Structure and fragments of acid derivatives (6) and (9).

As represented in Figure 4, peak 12 was identified as 5-hydroxyferuloyl hexoside, with
[M−H]− = 371.0993 (C16H19O10), with fragments at m/z 233 due to the fragmentation of the aromatic
moiety, and at m/z 209 [M−H−162]− due to loss of an hexoside. [41] Peak 17 had an [M−H]− ion at
193.0515 (C10H9O4) that agreed with ferulic acid, with fragments at m/z 178, 149, and 134, due to a loss of
methyl groups [M−H−15]−, carbon dioxide from the carboxylic acid [M−H−44]−, and cleavage through
the double bond [M−H−59]− [42]. Peak 24 was assigned to sinapic acid due to its [M−H]− ion at 223.0618
(C11H11O5), which had main fragments at m/z 208 [M−H−15]−, 179 [M−H−44]−, and 164 [M−H−59]−.
Peaks 27 ([M−H]− = 517.2304, C24H37O12) and 28 ([M−H]− = 519.2462, C24H39O12) were identified
respectively as sinapic acid O-pentosyl-hexoside and dihydrosinapic acid O-pentosyl-hexoside, which
showed an MS2 fragment at [M−H−132]− due to a loss of pentoside, and an MS3 fragment at
[M−H−132−162]− due to a subsequent loss of hexoside. [20].

Compound R1 R2 C7–C8 
12 -Hexoside -OH C=C 
17 -H -H C=C 
24 -H -OCH3 C=C 
27 -Hexosyl-Pentosyl -OCH3 C=C 
28 -Hexosyl-Pentosyl -OCH3 C-C 

Figure 4. Structure and fragments of acid derivatives (12), (17), (24), (27), and (28).

Peaks 35, 37, and 38 (Figure 5) were identified as isomers of a derivate of syringic acid hexoside,
which has an [M−H]− ion at 403.1621 (C18H27O10) and successive fragments at m/z 241 (loss of
hexoside) and 197 (aglycone of syringic acid) [43]. Peak 47 had [M−H]− ion at 300.9995 (C14H5O8) that
is coincident with ellagic acid, whose fragments at m/z 257 and 229 were previously reported [19,44].
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Figure 5. Structure and fragments of acid derivatives (35), (37) and (38).

3.2.2. Other acids

As shown in Figure 6, peak 1, [M−H]− = 191.0568, whose molecular formula was C7H11O6, agreed
with quinic acid. Peaks 16 and 33 had an [M−H]− ion at 443.1934 (C21H31O10), and fragments at m/z
425 (loss of water), 281 (loss of hexoside), 237 (α-cleavage to carbonyl group), and 219 (cleavage of
double bond); so they were identified as isomers of dihydrophseic acid hexoside [45].

Figure 6. Structure and fragments of acid derivatives (1), (16), and (33).

3.2.3. Gallotanins

As represented in Figure 7, compounds 4 and 8 (galloyl O-hexose isomers) show an [M−H]− ion
at m/z 331.0671 (C13H15O10), with a main fragment at m/z 169 corresponding to gallic acid. Peak 5 was
identified as galloylquinic acid as it had an [M−H]− ion at m/z 343.0667 (C14H15O10) and a fragment
m/z 191 consistent with quinic acid due to loss of galloyl [19] Peaks 2, 3, and 7 with an [M−H]− ion
at m/z 493.1214 (C19H25O15) were assigned to galloyl O-sucrose due to the MS2 fragment at m/z 313,
consistent with a loss of an O-hexoside, and MS3 fragment at m/z 169 corresponding to gallic acid
(loss of second hexoside) [46].

Peak 13, [M−H]− 357.0834 (C15H17O10), showed a main MS2 fragment at m/z 169 and an MS3
fragment at m/z 125, which is consistent with gallic acid, thus this peak was tentatively assigned to
methyl gallate [19]. Peak 15 (di-O-galloyl quinic acid) had an [M−H]− ion at m/z 495.0794 (C21H19O14),
with a main fragment at m/z 343 due to the loss of a galloyl. A subsequent loss of quinic acid gives a
fragment at m/z 169 [47]. Peak 21 was identified as hydroxybenzoyl galloyl hexoside due to its [M−H]−
ion at 451.0900 corresponding to a molecular formula of C20H19O12. The MS2 fragment at m/z 313
occurs due to a loss of hydroxybenzoyl, and MS3 at m/z 169 to subsequent loss of hexoside [20].
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Compound R 
2, 3, 7 -sucrose 

4, 8 -hexoside 
5 -quinic acid 

13 -methyl 
15 -galloylquinic acid 

21 -hydroxybenzoyl 
hexoside 

Figure 7. Structure and fragments of gallate derivatives.

Peaks 11 and 20 had an [M−H]− ion at 483.0799 (C20H19O14), with a main MS2 fragment at m/z
169, consistent with di-O-galloyl hexose isomers [19].

A series of peaks (Figure 8) were identified as poly-O-galloyl hexoses due to their MS2
fragments at [M−H−170]− (loss of O-galloyl) and [M−H−152]− (loss of galloyl), and MS3 fragment
at [M−H−170−152]− due to the loss of a subsequent galloyl. This analysis allowed identification of
peaks 19, 22, and 29 ([M−H]− = 635.0888, C27H23O18) as tri-O-galloyl hexose; peaks 31, 32, 40, 41, 44,
and 45 ([M−H]− = 787.1008, C34H27O22) as tetra-O-galloyl hexose; and peak 51 ([M−H]− = 939.1132,
C41H31O26) as penta-O-galloyl hexose [20].

Compounds with more units of gallate in their structures show an MS2 fragment at [M−H−152]−
due to loss of galloyl, and loss of a second galloyl gave an MS3 fragment at [M−H−152−152]−. Therefore
it was possible to identify peaks 54, 55, and 56 ([M−H]− = 1091.1238, C48H35O30) as hexa-O-galloyl
hexose isomers; peaks 57, 58, and 59 ([M−H]− = 1234.1351, C55H39O34) as hepta-O-galloyl hexose
isomers; peaks 60 and 61 ([M−H]− = 1395.1466, C62H43O38) as octa-O-galloyl hexose isomers; peaks
63 and 64 ([M−H]− = 1547.1576, C69H47O42) as nona-O-galloyl hexose isomers; peaks 65 and 66
([M−H]− = 1699.1690, C76H51O46) as deca-O-galloyl hexose isomers; and peaks 67, 69, and 70
([M−H]− = 1851.1819, C83H55O50) as isomers of undeca-O-galloyl hexose isomers [15].

 
Figure 8. Structure and fragments of gallotannins.

3.2.4. Hydroxybenzophenones

Maclurin 3-C-hexoside derivates (Figure 9) were identified by their molecular formula and
characteristic fragment at m/z 303 due to retro Diels–Alder cleavage of hexoside. Thus, peak 10
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([M−H]− = 423.0943, C19H19O11) was identified as maclurin 3-C-hexoside. Peak 14 ([M−H]− = 575.1047,
C26H23O15) had main fragments at m/z 423 (loss of galloyl) and 303, so it was identified as maclurin
3-C-(2-O-galloyl)-hexoside. Peak 18 ([M−H]− = 737.1588, C32H33O20) showed a main MS2 fragment at
m/z 575 due to a loss of hexoside, and MS3 fragments at m/z 423 and 303 as the previous peak, so it was
identified as maclurin 3-C-(2-O-hexosyl-galloyl)-hexoside. Peak 26 ([M−H]− = 727.1166, C33H27O19),
identified as maclurin 3-C-(2,3-di-O-galloyl)-hexoside, had an MS2 fragment at m/z 575 due to the loss
of one galloyl, and main MS3 fragments at m/z 485 (cleavage of hexoside) and 405 (loss of O-galloyl).
Peak 34 ([M−H]− = 543.1149, C26H23O13) had a main fragment at m/z 285 due to the loss of water of a
fragment at m/z 303, coincident with reports for maclurin-3-C-(p-hydroxybenzoyl)-hexoside [19,48].

Peak 25 ([M−H]− = 559.1101, C26H23O14) was identified as iriflophenone 3-C-(2-O-galloyl)-
hexoside, due to its MS2 fragment at m/z 407 ([M−H−152]−, loss of galloyl) and MS3 fragment at m/z
287 (hexoside cleavage). Peak 36 ([M−H]− = 711.1216, C33H27O18) had an MS2 fragment at m/z 559 due
to a loss of a galloyl, and an MS3 fragment at 387 (loss of O-galloyl), so it was assigned to iriflophenone
3-C-(2,3-di-O-galloyl)-hexoside [49].

 
Compound R1 R2 a R3 a 

10 -OH -H -H 
14 -OH -Galloyl -H 
18 -OH -Galloyl-Hexosyl -H 
25 -H -Galloyl -H 
26 -OH -Galloyl -Galloyl 
34 -OH p-hydroxybenzoyl -H 
36 -H -Galloyl -Galloyl 

Figure 9. Structure and fragments of hydroxybenzophenones a Positions of substituents may vary
among the hexoside ring.

3.2.5. Xanthonoids

As represented in Figure 10, peak 23 had an [M−H]− ion at 583.1311, with a molecular formula of
C25H27O16. It showed MS2 fragments at m/z 565 (loss of water), 493 [M−H−90]−, and 463 [M−H−120]−
(both due to cleavage of C-hexoside). The main MS3 fragment at m/z 331 [M−H−90-162]− occurred by
the loss of a O-hexoside. Thus, this peak was identified as mangiferin O-hexoside [50].

Peaks 30 and 46 were identified as isomers mangiferin and isomangiferin as they had an [M−H]−
ion at 421.0787 (C19H17O11) and fragments at m/z 331 [M−H−90]− and 301 [M−H−120]−, both of
them due to cleavage of glicoside. Peaks 39 and 42 showed an [M−H]− ion at 573.0891 (C26H21O15),
with an MS2 fragment at m/z 421 [M−H−152]− and the same MS3 fragments as mangiferin, thus
they were identified as the isomers maguiferin O-gallate and isomangiferin O-gallate [16]. Peak 48
([M−H]− = 725.1004, C33H25O19) had an MS2 fragment at m/z 573 ([M−H−152]−, loss of galloyl) and
MS3 fragments at m/z 421 (loss of second galloyl) and 403 (loss of O-galloyl), so it was assigned to
mangiferin-di-O-gallate [48].
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Compound R1 R2 R3 

23 -H -H -O-hexoside 
30, 46 -H -H -H 
39, 42 -Galloyl -H -H 

48 -Galloyl -Galloyl -H 

Figure 10. Structure and fragments of xanthonoids.

3.2.6. Flavonoids

Peak 43, [M−H]− = 595.1303 (C26H27O16) showed (Figure 11) fragments at m/z 300 and 301,
coincident with a quercetin aglycone. Thus, this peak was identified as quercetin-3-O-pentosylhexoside.
Peaks 49 and 50 were identified as isomers of quercetin 3-O-hexoside, due to their [M−H]− ion at
463.0893 (C21H19O12) and the fragment at m/z 301 ([M−H−162]−, loss of hexoside). Similarly, peaks 52
and 53 ([M−H]− = 433.0786, C20H17O11) had the same fragment at m/z 301 [M−H−132]− due to the
loss of a pentoside, so they were identified as isomers of quercetin 3-O-pentoside [19].

Peak 62 had an [M−H]− ion at 609.1467, consistent with the molecular formula of C27H29O16.
Its main MS2 fragments at m/z 314 and 315 suggest the presence of a rhamnetin aglycone, so it was
assigned to rhamnetin O-pentosylhexoside [51]. Peak 68, with [M−H]− = 447.1054, C22H21O12, was
identified as rhamnetin O-hexoside, due to its MS2 fragment at m/z 315 (loss of hexoside) [19] while peak
71 ([M−H]− = 315.0513, C16H11O7) was identified as the aglycone rhamnetin, with a main fragment at
m/z 271 coincident with previous reports [52,53].

Compound R1 R2 

43 -pentosylhexoside -H 
49, 50 -hexoside -H 
52, 53 -pentoside -H 

62 -pentosylhexoside -CH3 
68 -hexoside -CH3 
71 -H -CH3 

 

m/z=301, 315 

Figure 11. Structure and fragments of flavonoids.
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Regarding the total number of polyphenols in M. indica Keitt and T. Atkins cultivars,
149 compounds were found, comprising 12 xanthonoids, 32 phenolic acids and derivatives,
10 hydroxybenzophenones, 10 flavonoids, and 85 gallates and gallotannins. T. Atkins skins have a
greater number of compounds than Keitt skins, which exhibit the highest number of gallates and
galloltannins with 32 different compounds. In respect to compound diversity, gallotannins are the
most recurrent group of polyphenols in both Keitt and T. Atkins skin samples and in Keitt flesh while
phenolic acids are the most abundant group in T. Atkins flesh. Xanthonoids are present in all skin and
flesh samples and the other two subfamilies differ in their occurrence. For instance, flavonoids are more
abundant in T. Atkins skin while hydroxybenzophenones are found only in the skins of both cultivars.

When comparing reports from the literature, our findings coincide with previous reports on Keitt
and T. Atkins cultivars from Brazil and Spain [15,17,20,54] showing that skins have a higher number
and diversity of polyphenols than flesh and also that Keitt skin and flesh show a similar phenolic
profile while the T. Atkins cultivar shows a different profile, with very low diversity for flesh. On the
other hand, our results for the Keitt cultivar, which has been given more attention in the literature,
indicate a higher number and diversity of compounds than those reported for cultivars from China,
Spain, and the USA [13,19,21], particularly in xanthonoids and gallate and gallotannins, with similar
results to other reports on cultivars from Spain [20,54].

On the other hand, when comparing the reports for other cultivars in the literature, our results for
Keitt and T. Atkins skin cultivars from Costa Rica show a greater number and diversity of polyphenols
than the findings on 18 cultivars from Australia, Kenya, Peru, and Thailand [17], as well as from
Brazil [55], China [21], and Spain [19], and similar results to the Sensation cultivar from Spain [54].
In the case of flesh, T. Atkins results are similar to cultivars from Mexico and Haiti [8] and higher than
those for the Haden cultivar from Brazil [55], while Keitt flesh shows greater and more diverse results
than for the other nine different cultivars from Peru and Thailand [17]; as well as from Brazil [55],
Mexico, and Haiti [8]; and similar results to the Sensation cultivar from Spain [54].

Finally, our findings for Costa Rican cultivars indicate an important number of gallotannin
oligomers of a higher polymerization degree in both Keitt and T. Atkins skins as well as in Keitt
flesh; for instance, galloyl hexose decamers and undecamers that are reported for the first time for
these two cultivars. These results are of special interest due to reports showing an enhancement
of anti-inflammatory and anticancer activities, with gallotannins’ higher degree of polymerization,
for instance, showing better results than dimers or the galloyl hexose monomer [22].

3.3. Antioxidant Activity

The DPPH and ORAC values obtained are summarized in Table 3. Regarding DPPH, one-way
ANOVA with a Tukey post hoc as the statistical test shows a significant difference (p < 0.05) between
the results for polyphenolic enriched extracts of skin and flesh. For instance, skins show a higher
antioxidant activity, with an average of 10.95 μg extract/mL while the flesh average is 20.15 μg
extract/mL. At the individual level, T. Atkins skin presents the greater antioxidant value (IC50 = 9.97 μg
extract/mL), followed by Keitt skin (IC50 = 11.93 μg extract/m). Both are higher than findings for the
skin of cultivars from Chile reporting a value of IC50 = 46.39 μg extract/mL for T. Atkins cultivar and
IC50 = 32.23 μg extract/mL for Pica cultivar [34]. This trend is also found when comparing flesh from
these cultivars, where IC50 = 122.22 μg extract/mL and IC50 = 73.76 μg extract/mL were reported for
T. Atkins and Pica mangoes [34], lower than our results for Keitt (IC50 = 17.78 μg extract/mL) and
T. Atkins (IC50 = 22.51 μg extract/mL) cultivars. On the other hand, when comparing our DPPH values
expressed as mmol TE/g extract (in respect to Trolox IC50 = 5.62 μg/mL) with reports in the literature,
it is observed that Keitt and T. Atkins skin values fit in the range between α-tocopherol and enju extract
(0.42–0.76 mmol TE/g extract), which are existing antioxidant food additives [56].
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Table 3. DPPH and ORAC antioxidant activity.

Sample
DPPH 1,2 ORAC 1,2

IC50 (μg/mL) (mmol TE/g Extract) (mmol TE/g Extract)

Keitt

Skin 11.93 ± 0.69 a 0.47 ± 0.03 a 8.30 ± 0.01 a

Flesh 17.78 ± 0.33 b 0.32 ± 0.01 b 5.20 ± 0.12 b

T. Atkins

Skin 9.97 ± 0.36 c 0.56 ± 0.02 c 11.02 ± 0.11 c

Flesh 22.51 ± 0.44 d 0.25 ± 0.01 d 3.56 ± 0.07 d

1 Values are expressed as mean ± S.D. 2 Different superscript letters in the same column indicate differences are
significant at p < 0.05. ORAC: oxygen radical absorbance capacity; DPPH: 2,2-diphenyl-1-picrylhidrazyl method.

In respect to ORAC evaluation, the results also show significant differences (ANOVA, p < 0.05)
between skin and flesh extracts. In fact, skins exhibit a higher antioxidant activity, with an average of
9.66 mmol TE/g extract, while the flesh extract average is 4.68 mmol TE/g extract. At the individual
level, T. Atkins skin also shows the highest antioxidant value (11.02 mmol Trolox equivalents/g extract),
followed by Keith skin (8.30 mmol TE/g extract), while the lowest value is shown by T. Atkins flesh
(3.56 mmol TE/g extract). A previous study on the flesh of different cultivars from Spain reported an
ORAC value of 156.6 μmol TE/100 g fresh weight for T. Atkins cultivar and higher values for Francis
and Ataulfo cultivars (225.8 and 326.6 μmol TE/100 g fresh weight, respectively) [8], all of which are
lower than our results for Keitt flesh (357.1 μmol TE/100 g fresh weight) and T. Atkins flesh (606.4 mmol
TE/100 g fresh weight).

Finally, a correlation analysis was carried out between total polyphenolic contents (TPC) values
(Table 1) and the DPPH and ORAC results. The findings indicate a significant positive correlation
(p < 0.05) between both DPPH (mmol TE/g extract) and ORAC antioxidant findings (r = 0.989),
and between TPC and ORAC values (r = 0.910), and a significant negative correlation (p < 0.05) was
found between the TPC results and DPPH values (r = −0.960). Therefore, our results align with
previous studies reporting a correlation between the total polyphenolic contents and antioxidant
activities of Mangifera indica cultivars [54].

3.4. Cytotoxicity

Table 4 and Figure 12 summarize the IC50 values for the cytotoxic effect of M. indica extracts
on different human carcinoma cells, namely AGS, HepG2, and SW620 cell lines, all related to the
digestive tract. The development of these types of cancers has been associated to a lower consumption
of vegetables and fruits [57], particularly 60% of stomach cancer and 43% of colon cancer are attributed
to deficient consumption of vegetables [58]. For this reason, it is interesting to evaluate the cytotoxicity
activity of fruit phytochemical-enriched extracts on these tumoral cells.

Table 4. Cytotoxicity of M. indica extracts towards gastric (AGS), colon (SW-620), and liver (Hep-G2)
carcinoma cells as well as towards Vero non-tumoral cells.

Sample
IC50 (μg/mL)

AGS 1,2 SW 620 1,2 Hep-G2 1,2 Vero 1,2

Keitt
Skin 197 ± 16 a,b,* 223 ± 24 a,*,& 309 ± 23 a,& >500 a,#

Flesh 256 ± 32 a,* 374 ± 18 b,& 369 ± 17 a,& >500 a,#

T. Atkins
Skin 138 ± 8 b,ˆ 175 ± 7 a,ˆ 164 ± 13 b,ˆ 278 ± 3 b,#

Flesh >500 c,# >500 c,# >500 c,# >500 a,#

1 Different superscript letters in the same column indicates that differences are significant at p < 0.05. 2 Different
superscript signs in the same row indicates differences are significant at p < 0.05.
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The IC50 values shown in Table 4 suggest that a better cytotoxic effect is displayed by the extracts
obtained from skin than the extracts obtained from flesh. This difference is statistically significant for
all cell lines in the T. Atkins cultivar and for SW-620 cells in the Keitt cultivar. The better results of the
skin extracts are in agreement with results previously described for other cultivars [35,59,60]. Also,
publications that compared extracts from different parts of the mango highlight the potential of skin
and kernel extracts in the cytotoxic activity of different cell lines [61,62].
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Figure 12. Cytotoxicity dose–response curves of M. indica extracts on AGS, HepG2, and SW620
adenocarcinoma cell lines and Vero normal cell lines. Results are presented as mean ± SD of three
independent experiments. Mg-TA-f (T. Atkins cultivar flesh), Mg-K-f (Keitt cultivar flesh), Mg-TA-s
(T. Atkins cultivar skin), and Mg-K-s (Keitt cultivar skin).

As shown in Table 4, in all assessed samples, the comparison of the cytotoxic effect between the
different types of carcinoma cell lines showed better IC50 values against the gastric cells (AGS) than the
hepatic (HepG2) and colon (SW-620) cell lines. Few reports of cytotoxic effects are available for gastric
adenocarcinoma cell lines; for instance, for skin extracts of the Irwi mango cultivar, a dose-dependent
effect from 125 to 1000 μg/mL was described on AGS cells [35] and a low cytotoxic effect on Kato-III
cells using an ethanolic leaf extract of Okrong mango (IC50 > 200 μg/mL) [63]. Our results show better
cytotoxic activity in ranges of 15 to 500 μg/mL, with an IC50 of 138 ± 8 μg/mL for Tommy Atkins skin
and 197 ± 16 μg/mL for Keith skin cultivars.

Table 4 also shows a significantly better cytotoxic effect on the hepatocellular carcinoma cells
(HepG2) for the T. Atkins cultivar compared to Keitt mango. In fact, the IC50 value assessed for
T. Atkins skin is 164 ± 13 μg/mL, which is similar to results reported for the Irwin cultivar, which
caused a decrease of 50% viability in concentrations between 125 and 250 μg/mL when incubated with
HepG2 cells [35]. However, skin extracts of another mango species, M. pajang, showed better cytotoxic
activity for HepG2 (IC50 = 36.5 μg/mL) than M. indica varieties [61].

On the other hand, the cytotoxic effect of M. indica cultivar skin extracts on colon carcinoma
(SW-620) shows an IC50 of 175 ± 7 μg/mL for T. Atkins skin and 223 ± 24 μg/mL for the Keitt cultivar
(Table 4). Previous reports for other varieties of M. indica cited IC50 values over 200 μg/mL for pulp
extract [64] in similar colon carcinoma cell lines. In addition to the cytotoxic effect, the extracts used
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in this study showed a significant difference (p < 0.05) between the IC50 of the control non-tumoral
cell line (Vero) and the tumoral cell lines. This kind of selectivity is a desirable characteristic for any
compound with chemotherapy potential [65,66].

Finally, the results of the correlation analysis of cytotoxic activities (Table 4) for each cell line
with the abundance of polyphenolic compounds in each sample (Table 2) show a significant negative
correlation between cytotoxic effects and the number of polyphenols for all cell lines, AGS (r = −0.984),
HepG2 (r = −0.974), and SW620 (r = 0.983), at p < 0.05. In fact, T. Atkins skin constitutes the sample
with more polyphenolic compounds and with the best cytotoxic activity, followed by the skin of the
Keitt cultivar. Specific correlations between the cytotoxic activity and the presence of each type of
polyphenolic compounds identified were calculated and it was observed that for AGS and SW 620 cell
lines, the cytotoxic activity showed a particularly high significant negative correlation with gallotannins
(r = −0.977 and r = −0.940, respectively), followed by a significant negative correlation of the SW620
cytotoxicity results with xanthonoids (r = −0.880). In turn, cytotoxic effects on the HepG2 cell line
had the best significant negative correlation with xanthonoids (r = −0.921). These specific correlation
values between the types of phenolic compounds and cytotoxic activity suggest that gallotannins and
xanthonoids play an important role in the toxicity against cancer cells. In fact, previous reports suggest
that these two classes of compounds seem to be strong determinants of the anti-tumor activity of
mango extracts [14].

One of the main xanthonoids present in the skin extracts of our study is mangiferin and its
isomeric forms (Table 2). These compounds have been described in the literature as promising
anticancer polyphenols [11,67,68]. The ability of mangiferin to inhibit cancer cells is achieved through
several molecular targets, however, one of the important mechanisms is associated with induction
of apoptosis [68,69]. Although, besides apoptosis induction, other mechanisms of cell cytotoxicity
have been postulated for mangiferin [11], such as cell cycle arrest [70] and a decrease in matrix
metalloproteinase activities and reversal of the epithelial–mesenchymal transition [71].

Concerning gallates or gallotannins identified in mango extracts, in vitro studies have shown
strong cytotoxic activity; for instance, inhibitions of 55% to 75% in the proliferation of breast, liver, and
leukemia cancer cell lines treated with 40 to 80 μg/mL of extracts from Chinese cultivars [6]. The main
compounds detected in these mango extracts correspond to pentagalloyl hexose to nonagalloyl hexose
isomers. Also, these authors tested penta-galloyl hexoside and gallic acid to treat the same cell lines
and confirm the potential role of these compounds as antiproliferatives. Another study on Keitt extract
containing galloyl hexosides ranging from pentagalloyl hexose to nonagalloyl hexose inhibited 90% of
breast cancer cell lines, with a concentration of 10 μg/mL evidencing strong activity [19].

Table 2 shows that skin extracts from mango contain a high number of gallotannins with different
degrees of polymerization, ranging from monogalloyl hexose to undeca-galloyl hexoses. Studies of
gallotannins from red maple species in colon and breast cancer cells showed an association between
the higher number of galloyl groups in the gallotannins and better anticancer activity [22]. Particularly,
the penta galloyl glucoside from fruits, such as maple, gallnuts, and oak, and medicinal herbs (Galla rhois,
Rhus chineensis, Paeonia suffruticosa) has been widely associated to anticancer effects in prostate, breast,
glioma, hepatocellular, and colorectal carcinoma [72–74]. The suggested mechanisms associated to
the cytotoxicity involve induction of apoptosis through an increase of Bax/Bcl-2 protein levels, cell
cycle arrest in S-phase, and the inhibition of NF-κB activation, with the consequent downregulation of
inflammatory cytokines [73].

Even though our results and the cited previous reports suggest that gallates and xanthonoids
seem to be strong determinants of the anti-tumor activity, the mechanism of cell cytotoxicity has to be
determined and the target molecules of the M. indica extract remain to be identified. Also, despite our
results indicating a correlation with the presence of xanthonoids and gallates and the cytotoxic activity
in tumoral cell lines, these compounds are probably not the only factors responsible for the observed
biological effects. The contribution of other components present in the extracts should be clarified
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because reports in the literature of similar anti-cancer properties are available for phenolic acids and
flavonoids [75,76] and hydroxybenzophenones [77].

4. Conclusions

The analysis of phenolic-enriched extracts of Keitt and T. Atkins, the main commercial cultivars of
M. indica in Costa Rica, using UPLC-DAD-ESI-MS techniques identified a total of 149 compounds,
82 of them in the Keitt cultivar, including 54 different gallotannins, which demonstrates the potential
value of this fruit with a greater and more diverse number of compounds than cultivars from different
countries and similar to previous important results reported for Keitt fruits from Spain [20,50]. Besides,
our results for T. Atkins skin showing 59 compounds, including 30 gallotannins, constitutes the first
report of such a high number and diversity of polyphenolic compounds for this cultivar. On the
other hand, the TPC, DPPH, and ORAC antioxidant capacity showed high significant correlations
(p < 0.05), with Keitt and T. Atkins skins exhibiting the highest values. Further, cytotoxicity results
were also better for skin extracts in all three adenocarcinoma cell lines studied. For AGS and SW
620 cell lines, cytotoxicity activity showed a particularly high significant negative correlation with
gallotannins (r = −0.977 and r = −0.940, respectively), while for the HepG2 cell line, the highest
significant negative correlation was found with xanthonoid compounds (r = −0.921). These results and
the presence of diverse xanthonoids and numerous gallotannins of a high polymerization degree, such
as decamers (decagalloyl hexoses) and undecamers (undecagalloyl hexoses), which are reported for
the first time for these M. indica cultivars, suggest the potential of these extracts for further studies.
For instance, xanthonoids have been linked with anti-inflammatory and anticancer activities, and
gallotannins of a higher degree of polymerization have been found to enhance such properties [22];
hence, structure–activity relationship studies would contribute to increase the knowledge on the fruits
as a source of dietary compounds and bioactivities associated with potential health benefits.
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Abstract: To evaluate the fluctuation of secondary metabolites in Arabian lilac during a year, aerial
parts of the plant were harvested in the middle of each month. The essential oils content from fresh
and dried plant materials was analyzed by gas chromatography-flame ionization detector (GC-FID)
and gas chromatography-mass spectrometer (GC-MS), individually. Phytochemical contents, along
with antiradical scavenging potential of the related methanol extracts were separately assessed.
The spring and autumn samples (fresh and dried) yielded more essential oil than the other samples.
Forty-one compounds were identified totally in the oils and the major constituents characterized
were β-caryophyllene, sabinene, and caryophyllene oxide. The extracts obtained from winter and
summer plants possessed the highest total phenolics. The maximum amount of total flavonoid
content was measured in winter (December and January), whereas the minimum one was observed
in spring (March). The summer and winter samples showed the highest and lowest content of
flavones and flavanols, respectively, whereas the anthocyanin content was higher in winter than in
summer. Moreover, antiradical activity of the extracts in summer and winter samples was higher
than in other seasons. Overall, this study can provide useful information regarding the best harvest
period of Arabian lilac to yield the desired compounds for application in phytopharmaceutical and
food industries.

Keywords: Verbenaceae; isoprenoids; β-caryophyllene; flavonoids; anthocyanins; antiradical
capacity; DPPH

1. Introduction

The Vitex genus (Verbenaceae family) comprises nearly 270 species predominantly of trees and
shrubs that are widely distributed in tropical and subtropical regions, along with some species
growing in the temperate zones [1]. Many species of this genus have been extensively commended
because of notable therapeutic effects on several female disorders such as endometriosis, abnormal
menstrual cycle, menopausal conditions, corpus luteum insufficiency, hyper-prolactinaemia, infertility,
acne, menopause, disrupted lactation, and cyclic breast pain, and, therefore, Vitex genus has been
known as female herb since ancient times [2]. Furthermore, this genus possesses anti-inflammatory,
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anti-histaminic, anti-microbial, anti-pyretic, analgesic, and antioxidant activities and is used to remedy
asthma, allergies, skin illnesses, diarrhea, and gastrointestinal and liver diseases. It was also reported
these plants are insect repellent and aid in snake bite treatment [3]. The hydroalcoholic extract of
Vitex trifolia exhibited the most potency against Culex quinquefasciatus larvae compared with other
studied Vitex species [4].

The aforementioned benefits are attributed to the existence of a wide array of active substances
including essential oils (EOs), phenolic acids, flavonoids, lignans, and anthraquinones, etc. [5].

Vitex trifolia L. is a stout aromatic shrub (less than 5 m height) with green-gray trifoliate leaves and
white and violet flowers widespread in Southeast Asia, Micronesia, Australia, and East Africa [2,6].
Vitex trifolia var. purpurea commonly known as Arabian lilac is one of the most important varieties
of this species. This plant can be easily distinguished from other plants of this species due to the
annual color variation of leaves from green to violet and, therefore, it is mainly used as an ornamental
plant in the landscapes. Leaves are traditionally recommended for the treatment of rheumatic pains,
inflammation, sprains, and wound healing [1]. Infusion and decoction are also beneficial therapeutic
preparations in the improvement of intestinal ailments and treatment of tuberculosis and amenorrhea
and have been used by indigenous populations. Moreover, the essential oil (EO) of Vitex trifolia L. is
often used as a sedative, an anti-inflammatory and used for headaches, colds and coughs as well as in
liver disorders and HIV [1,7]. Phytochemical studies revealed that the methanolic extract of leaves
possesses strong antioxidant activity and is considered as a potent anticancer agent due to its high
content of phenolic compounds including phenolic acids, flavonoids, flavones, and flavonols [5].

In plants, the biosynthesis of secondary metabolites is strongly influenced by endogenous (genetic)
and exogenous (environmental and edaphic) factors; therefore, their amount and chemical diversity
are not constant during the plant lifecycle [8]. Environmental conditions, such as seasonal variations,
are key factors capable of affecting the quantity and quality of these compounds.

There is a high correlation between the content and chemical composition of EOs and phenolic
compounds and the antioxidant capacity of some medicinal plants with seasonal variations.
For instance, the evaluation of the quantity and quality of EOs extracted from different species
of Ocimum and Thymus genus, Origanum syriacum, Mentha pulegium, Thymbra spicata, Satureja thymbra,
Salvia trilobal, and Lanata camara has shown a wide range of variations during the different months
and seasons [9–15]. The same correlation was reported for total phenolic and flavonoid contents
as well as the antioxidant capacity of the Thymus genus and Vaccinium myrtillus with the seasonal
variations in environmental conditions [9,11,16]. However, to the best of our knowledge, to date,
no information has been reported on the effect of seasonal variations on the quality and quality of
secondary metabolites of Vitex genus. Hence, the present study focused, for the first time, on the
variability of the chemical profile of Arabian lilac in different months of a year, to determine the
best period of harvesting and achieve the highest level of desirable bioactive compounds for uses in
pharmaceutical and food industries.

2. Materials and Methods

2.1. Plant Materials

Aerial parts of Arabian lilac (Vitex trifolia var. purpurea) were collected in the middle of each
month during the year 2014 from Ahvaz, a city in the south of Khuzestan province, Iran (latitude 31◦

20’ N, longitude 48◦ 40’ E, altitude 20 m asl) located in an arid to semi-arid region with temperate
winter and very hot summer (Table 1). Plant material was taxonomically identified by the botanist
Dr. Mehrangiz Chehrazi and voucher specimens were deposited in the herbarium (KHAU-235).
One kilogram of plant material was collected from five trees close to each other during the year.
Samples were harvested from all (four) sides of each plant. The samples were mixed; half (500 g) was
used to extract EO and stored in liquid nitrogen to determine total anthocyanin content. The second
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portion (500 g) was shade dried at room temperature (20–25 ◦C) to extract the EO of dried aerial parts
and measure total phenolic, flavonoid, flavone, and flavanol contents and antiradical capacity.

Table 1. The air temperature and relative humidity recorded in Iran, Ahvaz locality in 2014.

Month
Temperature (◦C) Relative Humidity (%)

Minimum Maximum Average Minimum Maximum Average

January 4.6 21 12.8 29 92 61
February 9.6 23.2 16.4 19 64 42

March 15.4 30.4 22.9 27 94 61
April 15.2 28.2 21.7 20 46 33
May 28 37 32.5 19 43 31
June 28.8 45.2 37 8 31 20
July 30 50.2 40.1 12 62 37

August 30.6 48 39.3 20 74 47
September 29.6 44.8 37.2 15 46 31

October 24 35.6 29.8 41 97 69
November 10.6 28.4 19.5 25 73 49
December 14.4 17.6 16 64 95 80

2.2. Essential Oil Extraction

Fresh aerial parts (50 g) were individually subjected to hydro-distillation using Clevenger-type
apparatus for 3 h according to the method recommended in the European Pharmacopoeia [17].
The obtained EOs were dried over anhydrous sodium sulfate (Na2SO4) and kept in sealed glass
vials at 4 ◦C. The yields of EOs were determined based on fresh and dried matter and calculated as
weight of oil (g) /100 g of fresh and dried aerial parts (% w/w), respectively.

2.3. Essential Oil Composition

The essential oils were analyzed by Agilent 7890 gas chromatograph coupled with an Agilent 5975
mass spectrometer; HP-5MS (5%-phenyl–95%-methyl polysiloxane) capillary column (30 m × 0.25 mm
i.d., 0.25 μm film thickness, Agilent technologies, Santa Clara, CA, USA); helium carrier gas
at 1.5 mL/min; injector temperature 280 ◦C; detector temperature 300 ◦C; column temperature
40 ◦C (1 min)–300 ◦C (3 min) at 5 ◦C/min. The injection was done with a split ratio of 10:1.
Scanning (1 scan/s) was accomplished in the range 50 to 500 m/z using electron impact ionization
at 70 eV. The gas chromatography-flame ionization detector (GC-FID) analyses were performed
with a Varian 3800 gas chromatograph, equipped with a flame ionization detector and a capillary
column CP-Sil8-CB (5%-diphenyl–95%-dimethyl polysiloxan, Agilent technologies, Santa Clara,
CA, USA) of 30 m × 0.25 mm i.d., 0.25 μm film thickness, using the same conditions of the gas
chromatography-mass spectrometer (GC-MS). The relative number of individual components of oil
were calculated by the GC peak and arranged in order of GC elution. EOs constituents were identified
based on the retention indices relative to C5-C28 n-alkanes obtained in the same conditions and
by comparing their mass spectra with those recorded in the Wiley 7 n.L and those reported in the
literature [18].

2.4. Phenolic Compounds

2.4.1. Preparation of Plant Extracts

One gram of powdered dried leaves and 5 mL methanol (70%) were transferred to a centrifuge
tube and shaken at 120 rpm for 24 h. Then, the samples were centrifuged at 4000 rpm for 15 min,
and the supernatant was used for quantification of phenolic compounds. The obtained methanolic
extract was diluted with deionized water at a ratio of 1 to 30 and stored at −20 ◦C.
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2.4.2. Total Phenolic Content

Total phenolic content (TPC) was determined by the spectrophotometric method using the
Folin-Ciocalteu reagent described by Wojdylo et al. [19]. Briefly, the methanolic extract (100 μL) was
mixed with 200 μL of Folin-Ciocalteu’s reagent (50%) and 2 mL of deionized water in a test tube.
After 3 min, 1 mL of 20% Na2CO3 solution was added to the test tube and vortexed well. The mixture
was maintained for 1 h at room temperature in the dark. The absorbance of the samples was recorded
at 765 nm using a spectrophotometer (Shimadzu UV-1201, Kyoto, Japan). The concentration of total
phenolics was calculated based on a standard curve of gallic acid (0, 50, 100, 150, 200, 250, 300,
and 350 μg/mL) as a reference and expressed as mg GAE (gallic acid equivalents)/g of dry weight.

2.4.3. Total Flavonoid Content

The determination of total flavonoid content (TFC) was performed by the aluminum chloride
colorimetric method [20]. For this purpose, 1 mL of the extracted sample solution was blended
with 300 μL of NaNO2 solution (5%). After 5 min, 600 μL of AlCl3 (10%) was added to the reaction
mixture that was allowed to remain for 6 min. Then, NaOH (4 mL, 1 M) was added to the sample
solution and adjusted to 10 mL with distilled water. The absorbance was measured at 510 nm using a
spectrophotometer. A calibration curve was constructed with quercetin solutions at concentrations 0
to 1000 μg/mL, and TFC was expressed in term of mg QUE (quercetin equivalents)/g of dry weight.

2.4.4. Total Flavone and Flavanol Contents

The total flavones and flavanols were assayed according to the modified method of
Popova et al. [21]. In brief, the methanolic extract (1 mL) was mixed with 1 mL of AlCl3 (5%),
and the sample solution was adjusted to 2.5 mL with methanol (70%). The absorbance of samples was
recorded at 425 nm using a spectrophotometer (Shimadzu UV-1201). Quercetin solution (0–35 μg/mL)
was used as a reference standard, and total flavone and flavanol content was expressed as mg QUE/g
of dry weight.

2.5. Total Anthocyanin Content

The assessment of total anthocyanin content (TAC) content was performed by the pH differential
method [22]. Fresh leaves (3 g) were extracted with 20 mL solvent methanol: 10 N HCL (90:10%, v/v).
The obtained extract was shaken at 200 rpm for 10 min, and the sample solution was centrifuged
at 5000 rpm for 15 min at 4 ◦C. Then, 4 mL supernatant were separated and diluted with 36 mL of
two different buffers; potassium chloride pH = 1.0 (0.025 M) and sodium acetate pH = 4.5 (0.4 M),
respectively. After 20 min of incubation at room temperature and dark, the absorbance of samples was
measured at 520 and 700 nm using a spectrophotometer (Shimadzu UV-1201). The concentration of
anthocyanin calculated using Equations (1) and (2).

A = (A520 − A700) pH1.0 − (A520 − A700) pH4.5 (1)

TAC = (A × MW × DF × 100)/MA (2)

where, A refers to the absorbance; MW is molecular weight of cyanidin-3-glucoside (C3G)
(449.2 g/mol); DF is the dilution factor (10); MA is the molar absorptivity coefficient of
cyanidin-3-glucoside (26,900 M−1cm−1), and TAC expressed as mg C3G/100 mL of plant extract.

2.6. Antioxidant Activity

The antioxidant activity of the extracts was estimated by the reduction of free radical DPPH
(2,2-diphenyl-1-picrylhydrazyl) method, as described by Oke et al. [23] with minor modifications.
The methanol extract (100 μL) was mixed with 5 mL of 0.004% methanol solution of DPPH radical.
The reaction mixture was vigorously shaken, then incubated for 30 min in the dark at room
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temperature. The absorbance was read against a blank (methanol) at 517 nm using a Shimadzu
UV-1201 spectrophotometer, and the percentage of antioxidant activity was calculated as Equation (3).

AA = [(AB − AS)/AB] × 100 (3)

where, AA is antioxidant activity expressed as a percentage, AB is absorbance of the blank (containing
reaction mixture without sample extract) and AS is absorbance of the reaction mixture with
sample extract.

2.7. Statistical Analysis

All the experiments were performed in triplicate and data presented in this paper were statistically
analyzed using completely randomized design (CRD) using SAS version 9.1 (SAS Institute Inc., Cary,
NC, USA). When ANOVA F test was significant, Duncan’s multiple range test was performed to
determine the differences among the mean values at 5% level of significance and results are expressed
as the mean ± standard deviation (SD).

3. Results

3.1. Essential Oil Content

The results demonstrated that the EO content underwent profound changes that seemed to
strongly depend on the collection time (p < 0.01). EOs of the fresh aerial parts showed two intermittent
ascendant trends during the year. The plants collected in spring and autumn contained a higher
amount of EOs than the other seasons (Figure 1). The oil content of these samples began to increase
from January and reached the highest amount (0.22%) at the beginning of the heat period (March).
After that, the accumulation of EO gradually decreased from April, and the lowest amount was
obtained in July (0.09%). There was a significant difference between the oil content of the plants
collected from August to December. Similarly, the accumulation of oils increased again with a slight
slope in August and September and showed the second peak in October (0.18%). Then, the percentage
of EO declined from November and eventually reached its lowest level in December (0.10%). The dried
aerial parts of plants contained more EOs than fresh ones varying in the range of 0.21 to 0.45%.
Moreover, the essential oil content of the dried aerial parts significantly changed during the different
seasons (p < 0.01) and showed a pattern similar to the one reported for the fresh aerial parts (Figure 1).
The maximum amount of oils was detected in March (0.45%), followed by October and November
(0.39%) while the minimum was recorded in August (0.21%).

Figure 1. The seasonal variation of the essential oil content extracted from fresh and dried aerial parts
of Arabian lilac. Values are the mean ± standard deviation (SD) of three replications (n = 3).
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3.2. Essential Oil Composition

The EO composition of the fresh and dried aerial parts of Arabian lilac, along with their relative
percentages and chemical classes in different collection periods are listed in Table 2. According to the
GC-MS analysis, forty-one components were identified during different months, representing 97.02
to 98.92% and 97.03 to 99.96% of the fresh and dry oils, respectively. The major components of oils
were classified into five groups; monoterpene hydrocarbons (α-pinene and sabinene), sesquiterpene
hydrocarbons (β-caryophyllene and laurenene), oxygenated sesquiterpenes (caryophyllene oxide
and (5E,9Z)-farnesyl-acetone), diterpene hydrocarbons (phytane and abietadiene) and oxygenated
diterpenes (phytol, manool oxide, (6Z,10Z)-Pseudo phytol, manool, and 7α-hydroxy-manool).

The predominant compounds of the fresh and dried plant’s oils were β-caryophyllene
(22.60–35.03% and 25.14–32.43%, respectively), sabinene (7.24–16.73% and 11.04–18.38%,
respectively), caryophyllene oxide (3.78–6.38% and 4.48–7.29%, respectively), (6Z,10Z)-Pseudo phytol
(0.00–15.02% and 0.00–14.12%, respectively), laurenene (3.29–7.32% and 2.80–6.90%, respectively),
(5E,9Z)-farnesyl-acetone (3.03–4.76% and 3.22–5.01%, respectively).

Sabinene, caryophyllene oxide, (6Z,10Z)-Pseudo phytol, (5E,9Z)-farnesyl-aceton, phytol, and
α-pinene in fresh oils were less than in dried ones. In contrast, the fresh oils contained higher amounts
of the β-caryophyllene, laurenene, phytane, manool oxide, and abietadiene compared with dried
aerial parts. The most abundant chemical groups of the total fresh and dried sample’s oils were
sesquiterpenes, diterpenes, and monoterpenes. However, the fresh oils were richer in sesquiterpene
and diterpene hydrocarbons, and the dry oils contained higher amounts of the oxygenated types of
diterpenes and sesquiterpenes.

The data presented in Table 2 clearly shows a high variability in the percentages of the EO
composition throughout the year. The biosynthesis of β-caryophyllene, as a major constituent of
Arabian lilac’s oil, markedly varied in different months and its annual fluctuation trend was the same
for both fresh and dried oils. β-Caryophyllene in fresh oils had an ascendant trend from January, and
the highest level was recorded in March (35.03%). Then, there was a clear decline during April and
May. Moreover, the lowest level was obtained in June (22.60%). The amount of β-caryophyllene of dry
oils increased continuously from February and declined again after rising in September. Furthermore,
the maximum and minimum percentage of β-caryophyllene in dry oils were recorded in September
(32.43%) and February (25.14%), respectively.

Sabinene, the second main component of Arabian lilac’s oil, was highly increased in spring and
autumn in fresh and dried material’s oils. In contrary, there was a great decrease in its amount when
oils were harvested during winter and summer. The highest content of sabinene in fresh and dried
samples was found in March (16.73%) and October (18.38%), respectively. Additionally, the lowest
amounts were obtained in July (7.24%) and August oils (11.04%), respectively (Table 2). The variation
pattern of laurenene, manool oxide, manool, α-pinene, and abietadiene of fresh and dried aerial parts’
oils was similar to that exhibited for β-caryophyllene and sabinene.

A quite different trend in the amount of caryophyllene oxide in fresh and dried sample’s oils from
other components was found. The amount of this constituent in the fresh plant’s oils of summer and
winter seasons was higher than in spring and autumn seasons and the maximum content was obtained
in January (6.38%). The maximum of caryophyllene oxide of dried sample oils was observed in June
(7.29%) whereas the least amount was obtained when plants were collected in September (4.48%).
Similarly, the variations in the amount of (5E,9Z)-farnesyl-aceton, (6Z,10Z)-Pseudo phytol, phytol, and
7α-hydroxy-manool throughout the year was the same as those of caryophyllene oxide changes.
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3.3. Total Phenolic Content

The total phenolic content (TPC) (p < 0.01) significantly varied in different months of the year
ranging from 9.48 to 13.69 mg GAE/g of dry weight (DW) (Figure 2). The TPC gradually increased in
December and reached its maximum amount in January (13.69 mg GAE/g DW). Then, a slight drop in
TPC occurred in February (12.49 mg GAE/g DW) and March (11.19 mg GAE/g DW). Although, there
was no significant difference among TPC of March, April, and May extracts, it increased slightly in
spring, and the highest content was obtained in early summer (13.52 mg GAE/g DW). TPC dramatically
declined from to September (9.48 mg GAE/g DW). The samples collected in autumn contained a
lower value of TPC than those collected in other seasons. However, the least amount was recorded in
September (9.48 mg GAE/g DW).

Figure 2. The seasonal variation of total phenol and flavonoid contents of Arabian lilac. Values are the
mean ± SD of three replications (n = 3). DW: dry weight; GAE: gallic acid equivalents.

3.4. Total Flavonoid Content

The quantitative analysis of total flavonoid content (TFC) showed a significant difference in the
diverse seasons (p < 0.01). As shown in Figure 2, there was a high level of TFC when the plants were
harvested in the winter and summer, while its amount was low during the spring and autumn seasons.
The maximum amount of TFC was found in December (11.31 mg QUE/g DW) and remained constant
in January and, then, clearly decreased from the end of the winter season (February) and finally
reached the minimum level in the middle of the spring (March) (9.40 mg QUE/g DW). Afterwards,
a considerable rise occurred in June (11 mg QUE/g DW) which followed on July (10.92 mg QUE/g
DW). However, this rate remained unchanged, and it began to increase again from September to
December after a sharp drop in August (9.64 mg QUE/g DW).

3.5. Total Flavone and Flavanol Contents

The seasonal variation had marked impact on the amount of total flavone and flavanol contents
(TFFC) (p < 0.01). The lowest concentration of TFFC was recorded in January (2.10 mg QUE/g DW).
The amount of the TFFC was continuously increased from February, and the maximum concentration
appeared in July (2.32 mg QUE/g DW). Thereafter, an opposite trend was observed and markedly
declined from August to December (2.29–2.16 mg QUE/g DW) (Figure 3).

3.6. Total Anthocyanin Content

Total anthocyanin content (TAC) significantly differed (p < 0.01) from one month to another
(1.26–2.81 mg C3G/100 mL). The pattern of seasonal variation of the TAC was interestingly
quite reverse with respect to the TFFC pattern. The plants collected in winter contained higher
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levels of TAC compared with other seasons, and the maximum amount was observed in January
(2.81 mg C3G/100 mL). Conversely, the anthocyanins were in lower concentrations during spring
and especially summer. As shown in Figure 3, it declined from February to August with
relatively sharp slope and the least level was obtained when the plants were harvested in August
(1.26 mg C3G/100 mL), which was 2-fold less than that obtained in January. Then, the TAC increased
during autumn from September to November.

Figure 3. The seasonal variation of total flavone and flavanol, and anthocyanin content of Arabian lilac.
Values are the mean ± SD of three replications (n = 3). QUE: quercetin equivalents.

3.7. Total Antioxidant Activity

Although the extracts wholly exhibited an effective reducing power of the radical species
target DPPH•, their scavenging effect was strongly dependent on the time of collection (p < 0.01).
The strongest antiradical potential was detected in January (91.02%) which was not constant,
and it significantly decreased from February, and the extracts collected in March showed lower
total antioxidant activity (TAA) (86.90%). The TAA of the extracts began to increase during spring
and summer and peaked in July (90.15%). After that, a significant decrease trend was observed in the
ability to scavenge free radicals of the extracts harvested in August and September. The TAA increased
again from October to January (Figure 4). Eventually, the results obtained from the evaluation of
DPPH• reducing power indicated that the extracts collected in winter and summer seasons were more
effective than the ones harvested in spring and autumn.

Figure 4. The seasonal variation of antioxidant activity of Arabian lilac. Values are the mean ± SD of
three replications (n = 3).
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4. Discussion

In the current study, the EO content extracted from fresh and dried aerial parts of Arabian lilac
significantly varied in different collection periods and the samples harvested in spring and autumn
showed higher EO contents than those collected during summer and winter. It seems that the increase
of EO content (due to defense and protection roles) in the mentioned seasons might be related to the
plant's exposure to stress because of a sudden change in environmental and climate conditions in the
early spring (when the temperature begins to warm) and early autumn (when temperature begins to
cool) (Figure 1). On the other hand, the decrease in EO content during the summer and winter seasons
could be due to change in the biosynthetic pathway of secondary metabolites toward the production
of metabolites with more defensive potential such as phenolic compounds. Several studies carried
out on Ocimum basilicum [13], Mentha spicata and Mentha pulegium [24], and Artemisia verlotiorum [25]
showed that environmental factors can considerably vary EO content of medicinal plants.

The variety of the EO’s composition is influenced by some factors including radiation, humidity,
soil condition, and temperature. Environmental stresses during seasonal variations can also alter
the biosynthetic pathways [26]. In our findings, β-caryophyllene clearly decreased in summer and
winter. Since β-caryophyllene is converted to its oxidized form, namely caryophyllene oxide, through
an oxidation reaction, the reduction of the level of this component (in fresh and dried aerial parts’
oils) and increase of caryophyllene oxide in these seasons could be ascribed to oxidative stress due to
high and low temperature as well as the activation of enzymes of the oxidation reactions. Moreover,
the opposite variation patterns of manool with other components of the same class and the reduction
of their content in the fresh and dried plant’s oils collected in summer and winter could be attributed
to their conversion to oxidized and hydroxylated forms such as manool oxide and 7α-hydroxy-manool,
respectively (Table 2). Previously published studies also revealed that EO composition of Ocimum
species [10,13], Rosemarinus officinalis [27], and Mentha spicata [24] varies highly throughout the year.

Phenolic compounds, which have several hydroxyl groups, play a notable role in inactivating free
radicals and exert antioxidant property [9]. The current study showed the total flavone, and flavanol
contents of Arabian lilac significantly varied through the year and extract collected in summer,
particularly on July, contained higher amounts of total flavones and flavanols (Figure 3). Regarding
the ability of flavonoids to inhibit free radicals and the results obtained in this study, it seems that
flavones and flavanols represent a defense mechanism of Arabian lilac against severe heat stress in
the summer to reduce the harmful and destructive effects of the oxidative stress caused by heat stress.
Our findings confirmed the results of Bujor et al. [16].

According to the literature, this is a first-time evaluation of changes in the TAC during the year.
The TAC of the plant obtained in winter was significantly higher than in other seasons (Figure 3).
A significant increase in the concentration of anthocyanins in the winter seems to be probably a defense
mechanism against low temperature stress to reduce the damage of cell and tissue freezing [28–33].
The results interestingly revealed the variations pattern of anthocyanins was opposite with flavones
and flavanols. Because the dihydro-flavonol is a common intermediate precursor of anthocyanins,
flavones and flavanols [34], it seems that the decrease in temperature during winter has led to a change
in the biosynthesis of flavones towards the production of anthocyanins, thereby reducing flavones and
increasing anthocyanins.

Moreover, there were two peaks in the quantities of TPC and TFC during the summer and winter
while their amount declined significantly in the spring and autumn (Figure 2). The increase in the TPC
of extracts collected in summer and winter could be associated to the high quantity of flavones and
flavanols content of Arabian lilac in summer and anthocyanins content in winter. Hence, the amount
of TPC and TFC decreased in spring and autumn that could be related to a shift in the biosynthetic
pathway of secondary metabolites towards the production of EOs in the plant. It seems that when
the plant encounters oxidative stress due to a sudden change of temperature in the early spring
and autumn, the biosynthetic pathway of secondary metabolites in the plant is directed toward the
production of EOs rather than phenolic compounds [34,35].
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Furthermore, there are few studies on seasonal variations of the antioxidant properties of
medicinal plants. Galasso et al. [11] reported a significant change in the reducing power of
Thymus longicaulis C. Presl extracts at various harvesting times. The seasonal variations of the
antioxidant activity were similar to TPC and TFC (Figure 4). Indeed, the extracts yielded in summer
and winter, especially in January and July, with higher levels of flavonoid compounds including
flavones and flavanols, showed a higher antiradical power (Figure 2).

5. Conclusions

This study provides useful information on the seasonal variations of the quality and quantity of
secondary metabolites as well as the antioxidant activity of the Arabian lilac. The results showed that
weather conditions in the early spring and autumn were favorable to produce essential oil and increase
the amounts of β-caryophyllene, sabinene, and manool. Although EO content decreased during the
summer and winter seasons, the plants collected in these seasons contained higher caryophyllene
oxide, phytol, (6Z,10Z)-Pseudo phytol, manool oxide and 7α-hydroxy-manool. The optimum time of
harvesting plants to achieve the highest quantity of flavones and flavanols was summer, while the
samples collected in the winter are rich in anthocyanins. It is recommended to harvest the plant in
summer and winter, when it exhibits the highest TPC, TFC, and has the most powerful antioxidant
activity. Therefore, the knowledge of the impact of environmental factors, such as seasonal changes,
can help producers to choose the best period for plant harvesting and production of plant products
richer in the desired compounds for exploitation in pharmaceutical and food industries.
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