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Abstract: Athletes often consume functional beverages in order to improve performance and reduce
oxidative stress caused by high-intensity exercise. The present study aimed to evaluate the antioxidant
and antibacterial properties of a functional sports beverage formulation. The beverage’s antioxidant
effects were assessed on human mesenchymal stem cells (MSCs) by determining thiobarbituric acid
reactive substances (TBARS; TBARS levels decreased significantly by 52.67% at 2.0 mg/mL), total
antioxidant capacity (TAC; TAC levels increased significantly by 80.82% at 2.0 mg/mL) and reduced
glutathione (GSH; GSH levels increased significantly by 24.13% at 2.0 mg/mL) levels. Furthermore,
the beverage underwent simulated digestion following the INFOGEST protocol to assess its oxidative
stability. The analysis of the total phenolic content (TPC) using the Folin-Ciocalteu assay revealed
that the beverage contained a TPC of 7.58 &+ 0.066 mg GAE/mL, while the phenolics identified by
HPLC were catechin (2.149 mg/mL), epicatechin (0.024 mg/mL), protocatechuic acid (0.012 mg/mL),
luteolin 7-glucoside (0.001 mg/mL), and kaempferol-3-O-f-rutinoside (0.001 mg/mL). The beverage’s
TPC was strongly correlated with TAC (R2 = 896). Moreover, the beverage showcased inhibitory and
bacteriostatic effects against Staphylococcus aureus and Pseudomonas aeruginosa. Lastly, the sensory
acceptance test demonstrated that the functional sports beverage was well accepted by the assessors.

Keywords: functional foods; beverage development; sports drink; antioxidant activity; antibacterial
activity; in vitro digestion

1. Introduction

Functional foods are described as foods that can exert physiological effects with
health promoting and/or disease preventing properties [1]. The term “functional foods”
was first used in the 1980s in Japan, and, despite the fact that there is no internationally
acknowledged definition of functional foods, they have become increasingly popular in
many countries around the world [1,2]. Functional foods can consist of a single ingredient or
a series of ingredients which are not present in similar conventional foods, and they usually
include probiotics, prebiotics, phenolic compounds, dietary fibers, vitamins, minerals,
phospholipids, proteins, and amino acids [3]. In recent years, functional beverages with
health-benefiting ingredients, such as polyphenols and amino acids, have been in high
demand for their antioxidant, anti-inflammatory, and anti-aging properties [4]. In addition,
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functional foods and beverages are also important in sports, as more and more athletes
consume them in order to improve exercise performance and reduce oxidative stress [5].

Reactive oxygen species (ROS) are produced continuously in the body via oxidative
metabolism, mitochondrial bioenergetics, and immune function, and the most frequent
forms of ROS include superoxide anion, hydrogen peroxide, singlet oxygen, hypochlorite,
hydroxyl radical, and lipid peroxides, which are involved in the growth, death, and
differentiation of cells [6]. Oxidative stress is the result of the imbalance between the
production and removal of excess amounts of ROS [6] that can alter cellular compounds,
such as lipids, proteins, and DNA, and it is also associated with several diseases, such as
cancer, cardiovascular disease, Parkinson’s, and Alzheimer’s [7]. Chronic exercise is known
to improve redox balance in humans, and it exerts beneficial effects against the potential risk
factors of excessive ROS-mediated diseases [8]. However, high-intensity exercise may lead
to oxidative stress, and high levels of ROS appear to cause contractile dysfunction. During
exercise, ATP is broken down to release energy, and adenosine monophosphate (AMP) can
be formed, which can be further degraded to hypoxanthine, xanthine, and uric acid through
a biochemical process involving xanthine oxidase. Xanthine oxidase induces superoxide
formation by utilizing molecular oxygen, which results in an increase in ROS production [9].
The intake of antioxidant compounds along with physical exercise may reduce the harmful
effects of oxidative stress caused by high-intensity exercise, increase the antioxidant defense
associated with exercise, and increase the positive effects of physical activity [7].

There is a growing body of evidence regarding the ergogenic effects of several com-
pounds [5,10-15]. L-arginine, a semi-essential amino acid that plays critical roles in muscle
development, is widely used as an ergogenic nutrition supplement, and has been investi-
gated for its therapeutic use in a wide variety of pathological conditions, such as hyperten-
sion, pulmonary hypertension, angina, nitrate tolerance, and pre-eclampsia [16]. Citrulline
is a non-essential amino acid that is metabolized to L-arginine and, when given orally,
is more effective than L-arginine in improving arginine plasma concentration because of
hepatic first-pass metabolism avoidance and longer circulation time [16]. Citrulline, which
is mainly examined in the forms of citrulline malate and L-citrulline, has been studied for its
ergogenic, anti-fatigue, and vasodilatory effects [10,14,17,18]. A recent meta-analysis found
that citrulline supplementation significantly improved the performance of high-intensity
strength and power exercise [14]. Another meta-analysis concluded that citrulline supple-
mentation significantly reduced post-exercise rated perceived exertion (RPE) and muscle
soreness without affecting blood lactate levels [18]. Furthermore, it has been shown that cit-
rulline supplementation may increase nitric oxide (NO) production, enhance vasodilation,
and improve athletic performance [18]. The most common dosages of citrulline malate and
L-citrulline used in clinical trials range from 6 to 12 g and 3 to 6 g, respectively [10,14,18]. In
addition, a recent review concluded that a functional beverage that provides the potential
ergogenic benefits of L-arginine and L-citrulline supplementation in the convenience of a
sports drink is worth considering [17]. Caffeine is the most widely used psychoactive sub-
stance and one of the most widely consumed and researched ergogenic aids [11]. Recently,
the International Society of Sports Nutrition (ISSN) published a position stand regarding
caffeine, in which it is stated that aerobic endurance is the form that benefits most from
caffeine use, at doses of 3-6 mg/kg body mass [11]. In addition, a meta-analysis regarding
the effect of acute caffeine ingestion on endurance performance found that caffeine can be
used effectively to enhance endurance performance, especially in sports where athletes are
often separated by small margins [13]. For instance, rowing athletes have been consistently
found to benefit from caffeine supplementation [12]. Apart from exercise, caffeine has
also been reported to trigger arousal and alertness, improve mood, lead to the release of
catecholamines, and even possess antioxidant and anti-inflammatory properties [19].

Hydration and electrolyte requirements constitute another important aspect that needs
to be considered in intense exercise. It is widely known that at the end of exhaustive exercise,
one should replace the fluids and electrolytes that were lost during exercise. The American
College of Sports Medicine (ACSM) also suggests pre-hydrating before the exercise with
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fluids and electrolytes, such as sodium, potassium, and magnesium [20]. Apart from
exercise, magnesium supplementation may reduce blood pressure, hyperglycemia, and
hypertriglyceridemia in patients with obesity, type-2 diabetes, and metabolic syndrome [21],
while adequate potassium intake plays an important role in achieving lower blood pressure
levels [22]. Previously, a single dose containing 3000 mg of sodium di-carbonate, 3000 mg
of potassium di-carbonate, 1000 mg of calcium phosphate and calcium citrate, 1000 mg
of potassium citrate, and 1000 mg of magnesium citrate significantly improved anaerobic
performance in elite soccer players [23].

Polyphenols constitute another important nutrient group that could potentially im-
prove both exercise performance and human health. Polyphenols are phytochemicals with
complex structures that have been getting increasing attention due to their biological prop-
erties. Specifically, polyphenols are known to possess antioxidant effects, as well as increase
the synthesis and bioavailability of NO [24-26]. Cocoa (Theobroma cacao) powder is a rich
source of polyphenols (mainly catechin, epicatechin, anthocyanins, and procyanidins) and
has been shown to possess antioxidant and anti-inflammatory properties, increase NO syn-
thesis, induce vasodilation, reduce blood pressure, and regulate lipid synthesis and glucose
homeostasis [27]. In addition, a systematic review found that cocoa polyphenol supple-
mentation, containing at least 80 mg of epicatechin per dose, may reduce exercise-induced
oxidative stress and improve vascular function [24]. Rosehip (Rosa canina L.) is a native
shrub that belongs to the Rosaceae family, and it is widely consumed in its powder form for
its potent antioxidant and anti-inflammatory properties [28,29]. These health benefits are
mostly attributed to its polyphenol content, which includes gallic acid, 4-hydroxy benzoic
acid, caftaric acid, 2,5-dihidroxy benzoic acid, chlorogenic acid, t-caffeic acid, p-coumaric
acid, and ferrulic acid [30]. Strawberries (Fragaria) and blueberries (Vaccinium) are also
rich in polyphenols, such as anthocyanins (which are responsible for the red-blue-purple
coloring of berries), flavan-3-ol, ellagitannin, hydroxibenzoic acids, and hydroxycinnamic
acids [31,32]. Mainly due to their polyphenol content, the consumption of these fruits has
been found to exhibit favorable effects on antioxidant status, inflammation, insulin sensitiv-
ity, blood pressure, and endothelial function in human studies [31]. These fruit-derived
polyphenols have been studied in concentrations ranging from 50 mg to over 1000 mg and
may also enhance exercise performance and recovery via improved muscle perfusion, as
well as antioxidant and anti-inflammatory mechanisms [33].

The use of antibiotics—including the overuse and misuse—in human and veterinary
practices inevitably have selected for resistant pathogens in the last decades. Therefore,
antibiotic resistance is now considered to be one of the top health challenges facing the 21st
century that has called the World Health Organization (WHO) into action [34]. Currently,
diverse natural products (including functional foods such as honey) demonstrating antibac-
terial activity have been widely investigated as alternatives in order to prevent infections
or to combat multidrug resistant pathogens [35].

Even though sports and energy drinks are widely consumed, their safety is controver-
sial and their over-consumption has been linked with several side-effects. Specifically, it has
been shown that they can cause insomnia, nervousness, stress and dehydration [36-38]. In
addition, they possess dental erosive potential which can lead to poor dental health, mainly
due to the high sugar content [38,39]. Lastly, frequent consumption of sports and energy
drinks can increase the risk for chronic diseases, such as obesity and type 2 diabetes [36,38].
In recent years, there have been several attempts to develop functional drinks with health
benefits but, to the best of our knowledge, none of them aimed at simultaneously improving
exercise performance [40-43]. Therefore, the objectives of this study were (a) to develop
a formulation of a functional sports beverage with ergogenic and antioxidant properties,
(b) to investigate the effect of simulated gastrointestinal digestion on the oxidative stability
of the beverage formulated, (c) to analyze its antioxidant and antibacterial activity, and
(d) to evaluate the sensory acceptability of the beverage formulated.



Int. J. Mol. Sci. 2023, 24, 3558

4 0f22

2. Results and Discussion
2.1. Total Phenolic Content

The total phenolic content (TPC) of the functional sports beverage was found to be
7.58 + 0.066 mg GAE/mL. This relatively high phenolic content of the powder may be
due to the phenolic compounds found in the cocoa extract, the mixed berries powder, and
the rosehip powder. Previous studies have shown that cocoa has a total flavanol content
that ranges from 1.32 & 0.17 to 2.73 & 0.18 mg GAE/g dry matter (DM), with epicatechin
being the main flavanol (0.57 £ 0.07 to 1.15 &+ 0.06 mg GAE/g DM) [44]. Furthermore,
a functional beverage containing cocoa bean shell was found to have a TPC content that
ranged from 0.13 mg GAE/mL to 1.8 mg GAE/mL [45]. In addition, blueberry juice has
been found to possess a TPC ranging from 3.56 £ 0.15 to 8.52 £ 0.19 mg GAE/mL [46].
Similarly, strawberry juice has been shown to have a TPC ranging from 6.05 £ 0.17 to
13.8 £ 0.3 mg GAE/mL [47]. Lastly, the TPC of rosehip has been shown to vary from
10.89 & 0.54 mg GAE/g DM to 26.49 &+ 1.32 mg GAE/g DM [48].

2.2. Polyphenolic Composition by HPLC

From the HPLC analysis, five main polyphenolic compounds were identified. Peak 1
was identified as epicatechin, peak 2 as protocatechuic acid, peak 3 as catechin, peak 4 as
luteolin-7-glucoside, and peak 5 as kaempferol-3-O-f3-rutinoside (Figure 1). As can be seen
in Table 1, the amounts of the identified compounds were 23.01 mg/g or 2.149 mg/mL
for catechin, 0.26 mg/g or 0.024 mg/mL for epicatechin, 0.13 mg/g or 0.012 mg/mL for
protocatechuic acid, 0.01 mg/g or 0.001 mg/mL for luteolin 7-glucoside, and 0.01 mg/g or
0.001 mg/mL for kaempferol-3-O-p3-rutinoside regarding the powder (before dissolving in
water) and the beverage (after dissolving the powder in water), respectively. The limit of
detection (LOD) and limit of quantification (LOQ) were established experimentally using
the ratio signal-to-noise methodology. Due to the fact that all considered compounds,
except for kaempferol-3-O-p3-rutinoside, appeared in the chromatogram with high peaks,
the LOD and LOQ were determined only for kaempferol-3-O-f-rutinoside (0.01 mg/g),
and the results obtained for these limits were 0.002 mg/g and 0.006 mg/g, respectively.

Table 1. Polyphenolic composition of the sports beverage.

Polyphenolic Compound Concentration (mg/mL)
Catechin 2.149
Epicatechin 0.024
Protocatechuic acid 0.012
Luteolin 7-glucoside 0.001
Kaempferol-3-O-p-rutinoside 0.001

Table values are means of triplicate determinations.

The main compounds identified in this work are in line with previous findings [49-53].
Specifically, blueberries, strawberries and blackberries have been shown to contain catechin,
luteolin, protocatechuic acid, and kaempferol [49-51]. In addition, the main phenolic
compounds identified in cocoa are epicatechin and catechin [52]. Lastly, HPLC analyses
have identified catechin and kaempferol in rosehip [53].

2.3. In Vitro Antioxidant Activity
2.3.1. Determination of Extracts” Non-Cytotoxic Concentrations in MSC Cells

Before examining the beverage’s antioxidant effects in MSC cells, its cytotoxicity was deter-
mined using the XTT assay in order to select non-cytotoxic concentrations. The results showed
that the beverage had no significant cytotoxicity at concentrations up to 2 mg/mL (Figure 2).
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Figure 1. HPLC chromatograms of the sports beverage at 280 nm (A) and 345 nm (B). The peaks
represent the following phenolics: 1 = epicatechin, 2 = protocatechuic acid, 3 = catechin, 4 = luteolin
7-glucoside, and 5 = kaempferol-3-O-p-rutinoside. Note that not all phenolic compounds showed
peaks at both wavelengths tested.
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Figure 2. Cell viability following the treatment of MSC cells with the sports beverage. The results are
presented as the means + SEM of three independent experiments carried out in triplicate. * p < 0.05
indicates significant difference from the control value.
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2.3.2. Effects of Powder on TAC, TBARS and GSH Levels in MSC Cells

The results showed that the beverage treatment significantly increased TAC levels by
62.83 and 80.82% at 1.0 and 2.0 mg/mL, respectively, in MSC cells (Figure 3). Moreover,
TBARS levels in MSC cells treated with the beverage were decreased significantly by 58.65
and 52.67% at 1.0 and 2.0 mg/mL compared to the control, respectively (Figure 3). Finally,
the beverage treatment significantly increased GSH levels by 27.41 and 24.13% at 1.0 and
2.0 mg/mL in MSC cells, respectively (Figure 3).
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Figure 3. Effects of the sports beverage on (A) TAC, (B) TBARS levels and (C) GSH levels. All values
are presented as the mean =+ SD of three experiments. * means that levels were statistically significant
compared to control (p < 0.05).

Flavonoid-rich dark chocolate consumption has been shown to significantly decrease
TBARS, while procyanidin-rich chocolate led to a decrease of 40% in plasma TBARS and 31%
in plasma TAC [54]. In addition, cocoa treatment has been found to significantly increase
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GSH levels in liver tissue and heart tissue of male Albino Wistar rats [55]. Furthermore,
chocolate containing raspberry and blueberry extracts led to significantly decreased TBARS
levels [56]. Moreover, our research group has reported that methanolic extracts of Rosa
canina decreased ROS and increased GSH levels in human endothelial cells [57]. Lastly, it
has been found that plant-derived exosome-like nanovesicles from strawberries can prevent
oxidative stress in MSC cells, possibly due to their phenol and vitamin C content [58].

When examining the bioactivities of food or beverages, the absorption and the bioavail-
ability of their bioactive compounds are an important issue. Several bioactive compounds
have been found to be effective in in vitro studies, but at much higher concentrations than
those of their peak levels in human plasma [59,60]. In the present study, the maximum
concentration of the beverage in the form of powder used in the cell culture experiments
was 2 mg/mL. The main polyphenolic compounds identified in the beverage were cate-
chin, epicatechin, protocatechuic acid, luteolin-7-glucoside, and kaempferol-3-O-rutinoside.
According to the amount of these polyphenols in the beverage, their concentrations in
the cell culture medium at 2 mg/mL of the beverage in the form of powder were cate-
chin (150 uM), epicatechin (1.8 pM), protocatechuic acid (1.7 uM), luteolin-7-glucoside
(0.047 uM), and kaempferol-3-O-rutinoside (0.034 uM). The concentration of epicatechin
was physiologically meaningful, since it has been shown to achieve 0.6 pM in human
plasma after the administration of green tea [61]. Protocatechuic acid’s concentration can
also be achieved in the human organism, since this phenolic acid has been reported to
remain stable in human plasma at 30 uM for 24 h [62]. Moreover, the concentration of
luteolin-7-glucoside was also meaningful, since a bioavailability study has reported that
it absorbed quickly and reached levels of about 0.7 uM in rat plasma [63]. Regarding
kaempferol-3-O-rutinoside’s bioavailability, studies have shown that kaempferol gluco-
sides are mainly absorbed through mechanisms of active transport and deglycosylation [64].
However, there has not been much data on the bioavailability of kaempferol and its gly-
cosides forms. A concentration of about 0.05 mM of this polyphenol has been found in
human plasma [64]. Thus, our concentration of kaempferol-3-O-rutinoside of 0.034 uM
may be found in the human organism. Catechin’s concentration of 150 uM in our beverage
formulation was higher than that reported in human plasma after the consumption of
beverages that were rich in this polyphenol [60].

2.3.3. Total Antioxidant Capacity (TAC) and Its Correlation with the Total Phenolic Content

The correlation between TAC and the total phenolic content is shown in Figure 4. The
correlation coefficient was R? = 0.896 (y = 4.3246x + 119.21). This result suggests that the
antioxidant activity has a positive correlation with the total phenolic content and indicates
that approximately 89% of the antioxidant activity of the beverage possibly resulted from
its content in phenolic compounds. However, it can also be suggested that the antioxidant
activity of the beverage possibly derived from the rest of the compounds it contained, such
as caffeine anhydrous or citrulline malate, and was not limited to phenols. Previous studies
have shown that the antioxidant activity of phenols is possibly due to their capabilities to
act as reducing agents and hydrogen donors [65].

For examining the beverage’s antioxidant activity, its ability to either enhance antioxi-
dant mechanisms or decrease ROS-induced damage was assessed in human MSCs. The
results showed that the beverage treatment increased the TAC in MSCs, thus indicating
the enhancement of antioxidant molecules. Specifically, a TAC assay based on DPPH*
measured the antioxidant activity of non-enzymatic molecules acting either as hydrogen
atom transfers (HAT) or single electron transfers (SET) [66]. One of the most important
non-enzymatic antioxidant molecules within cells is GSH [67]. Thus, the beverage-induced
increase in GSH levels in MSCs was in accordance with the observed increase in the TAC.
Beverage treatment may cause GSH increases by activating enzymes involved in GSH
synthesis (e.g., glutamate cysteine synthase and glutathione synthetase). Otherwise, the
beverage may increase GSH levels through protection from oxidation by free radical scav-
enging. As shown in the DPPH assay, the beverage by itself possessed compounds having
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free radical scavenging activity. In a different manner, the beverage could augment other
antioxidant molecules scavenging free radicals, as suggested by the TAC increase. More-
over, beverage treatment decreased TBARS levels, a marker of lipid peroxidation, in MSCs.
This TBARS’ decrease could be attributed, at least in part, to beverage-induced increases
in TAC and GSH. The beverage-induced decrease in TBARS was important, since TBARS
is a marker of lipid peroxidation, which is a self-propagating chain reaction. When lipid
peroxidation occurs, damage may be caused to different cellular parts, especially extra- and
intracellular membranes, which can even lead to cellular death [68].

Total antioxidant capacity (% control)

200

160

120

80

40

y =4.3246x +119.21
R2=0.896

3 6 9 12 15 18
Total phenolic content (mg GAE/mL)

Figure 4. Correlation between the total phenolic content and total antioxidant capacity of the sports beverage.

Cell death of stem cells such as MSCs is a decisive factor for pathologies such as
aging [69]. Moreover, in aging, as cell damage accumulates over time, increased ROS’ levels
maintain cell survival [69]. However, this adaptive mechanism has a limit, and so when
ROS’” homeostatic role is surpassed, this deteriorates cellular damage and, subsequently,
the aging process [69]. Moreover, MSCs’ use has been proposed for the treatment of several
diseases such as cardiovascular and neurodegenerative, and, as a result, they have a central
role in regenerative medicine [70-72]. However, oxidative stress leads to MSCs’ death, and
thus impairs their therapeutic effects [73]. Therefore, identifying antioxidant compounds,
such as the formulated beverage, which can improve stem cells’ redox status, is of great
importance [74].

2.4. Antibacterial Activity

The antibacterial activity of the beverage against methicillin-resistant Staphylococcus
aureus 1552 and carbapenem-resistant Pseudomonas aeruginosa 1773 is shown in Table 2.
The beverage showed inhibitory effects against both tested bacterial strains at a concen-
tration of 30 mg/mL. However, the beverage exerted only bacteriostatic, not bactericidal
effects against these strains at tested concentrations (up to 30 mg/mL). This is in accor-
dance with previous findings regarding some of the ingredients used in this formulation,
which demonstrated that strawberries” aqueous extract exerted bacteriostatic effects against
Staphylococcus aureus and Pseudomonas aeruginosa (both at 10% w/v) but not bactericidal
activity [75]. The same study reported that blueberries” aqueous extract and raspberries’
aqueous extract exhibited inhibitory effects against Staphylococcus aureus (5% w/v) and
Pseudomonas aeruginosa (5% w/v), but only the aqueous extract of blueberries showed
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bactericidal effects against both strains at a concentration of 10% w/v [75]. Furthermore,
the MICs of various cocoa powder extracts against Staphylococcus aureus and Pseudomonas
aeruginosa have been reported to range from 5 to 25 mg/mL and from 7.5 to 25 mg/mL,
respectively [76]. The methanolic extract of cocoa pod husk has shown inhibitory and
bactericidal activity against Staphylococcus aureus at a concentration of 0.62 mg/mL and
5 mg/mL, respectively [65]. In addition, pure caffeine has been shown to exert inhibitory
effects against Staphylococcus aureus at a concentration of 200 pg/mL [77]. These differences
might be attributed to the relatively low concentrations of both cocoa extract (0.2% w/v)
and caffeine anhydrous (0.05% w/v) in the beverage formulation.

Table 2. The antibacterial activity of the sports beverage.

Bacterial Species MIC (mg/mL) MBC (mg/mL)
Staphylococcus aureus 30 >30
Pseudomonas aeruginosa 30 >30

MIC: minimum inhibitory concentration; MBC: minimum bactericidal concentration.

2.5. Oxidative Stability

The beverage was exposed to simulated gastrointestinal conditions (INFOGEST proto-
col), and the oxidative stability was followed at each stage (oral digestion phase, gastric
digestion phase, intestinal digestion phase) by % DPPH scavenging and ferric reducing
antioxidant power (FRAP). The oxidative stability of the beverage is shown in Table 3.
The results suggest that the simulated digestion conditions did not negatively affect the
oxidative stability and the antioxidant potential of the beverage. On the contrary, it was
found that the % DPPH scavenging of the beverage significantly increased from the oral
digestion phase (70.8 & 1.7% DPPH scavenging) to the gastric digestion phase (74.8 & 1.3%
DPPH scavenging) to the intestinal digestion phase (88.1 & 0.3% DPPH scavenging).
Similarly, the FRAP significantly increased from the oral digestion phase and gastric di-
gestion phase (728 £ 93 and 804 & 180 uM, respectively) to the intestinal digestion phase
(1855 £ 72 uM). Other studies have also shown an increase in antioxidant potential of foods
during gastrointestinal digestion. This has been attributed to the release of extra phenols
from the food matrix, especially in the intestinal phase, due to the action of proteases and
lipases [78,79]. It is possible that phenolics bound to the insoluble fiber of berries and
rosehip powders were released during digestion and, therefore, increased the antioxidant
potential of the beverage [80].

Table 3. The oxidative stability (% DPPH inhibition, FRAP) of the sports beverage.

% DPPH Scavenging FRAP (uM TE/mL)
Oral digestion phase (t = 0) 708 +£1.72 728 £932
Gastric digestion phase (t = 135 min) 748 £ 1.3° 804 £1802
Intestinal digestion phase (t = 255 min) 88.1+£03¢ 1855 + 72°

Table values are means = standard deviations (1 = 3). Different superscript letters in the same column represent
statistical differences (p < 0.05).

Similarly to our findings, previous studies have shown that the ferric reducing an-
tioxidant power of rosehip varies from 526.67 & 26.33 uM of trolox equivalents (TE/g) to
1774.51 £ 88.83 uM TE /g [48,49]. In addition, rosehip extract at concentrations of 2.5, 5.0,
and 10.0 mg/mL scavenged DPPH by 39.43, 59.71, and 96.54%, respectively [81]. Cocoa
powder extracts have been shown to have an antioxidant capacity from 11.33 to 26.33 uM/L
Fe Il in a FRAP assay and from 9.47 to 11.68 uM/L Trolox in a DPPH assay [82]. In addition,
cocoa polyphenol extract at a concentration of 1 mg/mL has been shown to scavenge
DPPH by 78.34% [83]. Lastly, wild blueberries have been shown to possess FRAP values of
43.97 £ 8.93 uM/ g, while wild blackberries have a FRAP value of 59.36 uM/g [84].
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Overall acceptance

Sweetness

2.6. Sensory Acceptance

The sensory profile of the beverage is illustrated in the spider web chart in Figure 5.
Attributes with a mean score of >6 are highly preferred or liked, while attributes with a
mean score <4 are unacceptable. The attribute with the lowest mean score was solubility
(7.13 £ 0.88), and the attribute with the highest mean score was aroma (8.23 =+ 0.67), while
the mean score for the overall acceptance was 7.42 £ 0.89. These results suggest that the
beverage was well-accepted regarding all nine attributes (taste, aftertaste, color, aroma,
solubility, mouthfeel, acidity, sweetness, and overall acceptance) among the assessors.

Taste

Aftertaste

Color

Acidity Aroma

Mouthfeel Solubility

Figure 5. Sensory profile of the sports beverage.

The results of the short questionnaire that the assessors filled out regarding their
demographic characteristics, the frequency at which they consume sports/energy drinks,
and the frequency at which they engage in physical activity /exercise are shown in Table 4.
The sensory acceptance test included 31 (16 male, 15 female) assessors, of whom 21 (67.7%)
where in the 18-29 age group, 7 (22.6%) in the 30—44 age group, and 3 (9.7%) where in
the 45+ age group. The questionnaire results showed that 96.8% (N = 30) of the assessors
would be willing to buy the beverage that they tested and that they would prefer it over
others on the market. Lastly, 74.2% (N = 23) of the assessors described the beverage’s
flavor as “berries”, while 25.8% (N = 8) of the assessors described the beverage’s flavor
as “strawberry”.

Sports and energy drinks are widely consumed, but their consumption has been
linked with several side-effects, such as insomnia, nervousness, stress, dehydration and
poor dental health [36-38]. In addition, both sports and energy drinks contain high amounts
of sugars, while there is convincing evidence linking sugar-sweetened beverages to an
increased risk for type 2 diabetes and obesity [38]. Specifically, many sports drinks contain
15 g of sugar per serving (237 mL), and many energy drinks contain 35 g of sugar per
serving (237 mL) [38].
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Table 4. Questionnaire results.

Question N %
Age Group
18-29 21 67.7
30-44 7 22.6
45+ 3 9.7

Do you engage in exercise or
physical activity?
Yes 31 100
No 0 0
How often do you engage in
exercise or physical activity?

1-2/week 17 54.8
3-5/week 11 35.5
5+/week 3 9.7

Do you consume energy
drinks or sports drinks?
Yes 30 96.8
No 1 3.2
If yes, how often do you
consume energy drinks or
sports drinks?

Rarely (a few times per year) 9 29.0

Sometimes (a few times per 13 41.9
month)

Often (1-3/week) 7 22.6

Daily 1 3.2

In recent years, functional beverages with health-promoting properties have been the
center of attention for their antioxidant, anti-inflammatory, and anti-aging properties [4].
These beverages have been getting increasing attention from athletes, who consume them
in order to improve exercise performance and reduce oxidative stress [6,10], since high-
intensity exercise can lead to temporarily increased oxidative stress and cause contractile
dysfunction [7]. The intake of antioxidant compounds can reduce oxidative stress, and
it has even been suggested that a functional beverage formulation, which provides the
potential ergogenic benefits of citrulline supplementation in the form of a sports drink, is
worth considering [17].

In this study, a functional sports beverage, without added sugars, in the form of a
powder that can be dissolved in water, was developed. The final formulation contained
citrulline malate (2.4% w/v), magnesium citrate (0.4% w/v), tripotassium citrate (0.4% w/v),
trisodium citrate (0.4% w/v), mixed berries powder (0.3% w/v), rosehip powder (0.2% w/v),
cocoa extract (0.2% w/v), caffeine anhydrous (0.05% w/v), steviol glycosides (3% w/v),
and maltodextrin (0.2% w/v). Citrulline has been extensively studied at doses ranging
from 3 to 12 g and has repeatedly exhibited endurance-enhancing, power-enhancing,
vasodilatory, and anti-fatigue effects [14,17,18]. Taking this into account, the formulated
beverage contains citrulline malate at a concentration of 2.4% w/v or 6 g per serving,
which should be optimal in order to exhibit its ergogenic effects. In addition, caffeine, at
concentrations of 3-6 mg/kg body mass, has been repeatedly shown to be one of the most
effective and widely-used ergogenic aids in order to improve exercise performance [11,13].
The formulated beverage contains caffeine anhydrous at a concentration of 0.05% or 125 mg
per serving, which should suffice in order to exhibit its ergogenic effects without the adverse
effects, such as heart rate variability and sleep latency [85]. In addition, the formulated
beverage contains tripotassium citrate, trisodium citrate, and magnesium citrate in order to
achieve optimal pre-hydration, according to the recommendations of the ACSM [20].

The present study showcased the relatively high total phenol content of the formu-
lated beverage, with the main phenolic compounds identified being catechin, epicatechin,
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protocatechuic acid, luteolin 7-glucoside, and kaempferol-3-O-3-rutinoside, as well as high
oxidative stability through the simulated gastrointestinal conditions. In addition, the bever-
age’s antioxidant properties positively correlated with the total phenol content (R? = 0.896),
which suggests that approximately 89% of its antioxidant properties can be attributed to
its content in phenolic compounds. Furthermore, in order to sustain a low sugar content,
stevia was used as a sweetener, which has been shown to enhance the bioavailability of
polyphenols [86]. In addition, cocoa extract was added to the beverage, which has been
shown to be able to reduce exercise-induced oxidative stress, due to the improvement
of the nitric oxide function [24,87]. Lastly, the beverage contains rosehip powder and
mixed berries powder. Fruit-derived polyphenols have been shown to improve exercise
performance and enhance recovery by improving vascular function via NO-mediated
mechanisms, and by decreasing oxidative stress via signaling through the nuclear factor
erythroid 2-related factor 2 (Nrf2) [33].

Thus, the composition of the formulated beverage could potentially exhibit ergogenic
and anti-fatigue properties, while the oxidative properties of the beverage could potentially
contribute to mediating exercise-induced oxidative stress. Further experiments and clinical
trials need to be conducted in order to evaluate the ergogenic effects of this beverage
in athletes.

3. Materials and Methods
3.1. Development of the Beverage
3.1.1. Materials

Food-grade citrulline malate 2:1 (THG plc., Manchester, UK), magnesium citrate (THG
plc., Manchester, UK) tripotassium citrate (Manis Chemicals, Athens, Greece), trisodium
citrate (Manis Chemicals, Athens, Greece), cocoa extract (Foodspring GmbH, Berlin, Ger-
many), rosehip powder (Health Trade O.E., Achaia, Greece), mixed frozen berries (blueber-
ries 20%, strawberries 20%, raspberries 20%, black gooseberries 20%, red gooseberries 20%;
Lidl Hellas & SIA OE., Athens, Greece), maltodextrin (Manis Chemicals, Athens, Greece),
caffeine anhydrous (Manis Chemicals, Athens, Greece), and steviol glycosides (Only Bio,
Athens, Greece) were bought and used to prepare beverage samples.

3.1.2. Preparation of Mixed Berries Powder

The mixed frozen berries were used to create a berry powder that would play a three-
fold role in the final beverage: (a) enhance the antioxidant activity of the beverage, (b) serve
as the colorant of the beverage, and (c) serve as the flavoring of the beverage. In order to
prepare the mixed berries powder, 750 g of mixed frozen berries were added to a blender
(Munro 800 S, Essex, UK) and blended until homogenized. Then, the blended berries were
dehydrated in a HENDI 229033 dehydrator (PKS HENDI South East Europe SA, Athens,
Greece) for 48 h at 50 °C. Afterwards, the dehydrated berries were ground using a Bosch
TSM6AO013B grinder (Robert Bosch GmbH, Stuttgart, Germany), and the berry powder
was sieved in order to remove coarser particles. Finally, the berry powder was stored
in an airtight container. From 750 g of mixed frozen berries, we retrieved 75 g of mixed
berries powder.

3.1.3. Beverage Formulation

Several beverage formulations were initially developed in order to reach the effective
concentration of the compounds, while sustaining the solubility and the desired organolep-
tic characteristics of the beverage, using laboratory scale trials involving staff and students
in the food lab as panelists to evaluate the formulations. The final beverage formulation
contains citrulline malate (2.4% w/v), magnesium citrate (0.4% w/v), tripotassium citrate
(0.4% w/v), trisodium citrate (0.4% w/v), mixed berries powder (0.3% w/v), rosehip powder
(0.2% w/v), cocoa extract (0.2% w/v), caffeine anhydrous (0.05% w/v), steviol glycosides
(3% w/v), and maltodextrin (0.2% w/v). This formulation was in the form of an instant



Int. J. Mol. Sci. 2023, 24, 3558

13 of 22

beverage; viz., in the form of powder that is dissolved in water. Specifically, one serving of
the final beverage is equal to 23.35 g of the powder dissolved in 250 mL of water.

3.2. Determination of Total Phenolic Content (Folin-Ciocalteu)

Polyphenols were photometrically determined by the Folin—Ciocalteu procedure
according to Gortzi et al. [88] with slight modifications. A calibration curve was prepared
using the absorbance of 5 standard solutions (with concentrations of 1.0-10 mg/L of gallic
acid) prepared in 25-mL flasks. During the preparation of these solutions, 1 mL of Folin—
Ciocalteu reagent (AppliChem, ITW Reagents) was added in each flask. After 3 min, 2 mL
of Na,COj aqueous solution (25% w/v) was added. The flasks were then filled with DI
water and left to stand for 1 hr in the dark. Finally, the absorbance of each solution was
measured at 725 nm using a JASCO V-630 spectrophotometer. A solution including all of
the reagents without the addition of gallic acid was used as a blank. For the polyphenol
determination of the sample, 0.934 g of the beverage powder were mixed with 5 mL MeOH
and 5 mL DI water, and 1 mL of this solution was added in a 25 mL flask containing 15 mL
DI water. Then, 1 mL of Folin—Ciocalteu reagent was added and, after 3 min, 2 mL of
NayCOs3 aqueous solution (25% w/v) were added, and the flask was filled with DI water.
Finally, their concentration was photometrically determined using the calibration curve
(y = 0.0921x + 0.0496 and R? = 0.983). The concentration of the total phenolic content in the
beverage was reported as milligrams of gallic acid equivalents (GAE) per mL.

3.3. HPLC

The method was conducted according to the method by Athanasiadis et al. [89]. Briefly,
a Shimadzu liquid chromatograph (CBM-20A) and a Shimadzu detector (SPD-M20A) were
used. A Phenomenex Luna C18(2) (100 A5 um, 4.6 x 250 mm) (Phenomenex, Inc.,
Torrance, CA, USA) retained at 40 °C, a flow rate of 1 mL min—!, and an injection volume
of 20 uL were used. The mobile phases and the elution program used have been described
previously [90]. Quantification calibration curves were prepared using three points (0, 10,
and 50 mg mL’l), for caffeic acid (quantified at 320 nm, y = 0.000009x + 0.8755, R? = 0.9986),
rosmarinic acid (at 320 nm, y = 0.00002x + 0.3334, R? = 0.9998), and luteolin-7-O-glucoside
(at 345 nm, y = 0.00002x + 1.0794, R? = 0.9980). The estimation of the total area was carried
out at 280 nm and 345 nm.

3.4. In Vitro Antioxidant Activity
3.4.1. Cell Culture Conditions

Human mesenchymal stem cells (MSCs) were obtained from the Wharton jelly of um-
bilical cords (WJ-MSCs) from term gestation newborns after birth, having obtained consent
from the parents, as previously described [91]. Isolated W]J-MSCs were cultured, as re-
ported previously [69], in Dulbecco’s modified Eagle’s medium (DMEM) high glucose with
stable glutamine and sodium pyruvate (BioWest, Miami, FL, USA) plus 10% fetal bovine
serum (FBS; Thermo Fisher Scientific, Waltham, MA, USA) and 1% penicillin/streptomycin
(Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C in a humidified atmosphere of 5%
CO;. Cells were maintained in culture in order to produce three different passages (i.e.,
P18, p23, and p28) that were used for the experiments. The medium was changed twice a
week and cells were passed when 90% confluency was reached.

3.4.2. XTT Cell Viability Assay

The antioxidant activity of the beverage in MSC cells was examined using non-
cytotoxic concentrations. In order to select these concentrations, the cytotoxicity of the
beverage was determined using the XTT cell viability assay kit (Sigma) as previously
described [92]. Briefly, MSC cells were seeded into a 96-well plate (1 x 10* cells per well)
in DMEM containing 10% fetal bovine serum (FBS). After 24 h incubation at 37 °C in
5% COy, cells were treated with different concentrations of the beverage in DMEM plus
10% FBS and incubated for another 24 h. Then, 50 uL of XTT test solution were added
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to each well. After 4 h of incubation, absorbance was measured at 450 nm and also at
630 nm as a reference wavelength in a Bio-Tek ELx800 microplate reader (Winooski, VT,
USA). The negative control was cells in DMEM plus 10% FBS. Also, the absorbance of each
beverage concentration alone in DMEM plus 10% FBS and XTT test solution was tested at
450 nm. The absorbance values shown by the beverage alone were subtracted from those
derived from cell treatment with the beverage. The absorbance values of the control and
the beverage were used for calculating the percentage inhibition of cell growth caused by
the beverage treatment using the following formula:

Inhibition (%) = [(O.D.control — O.D.sample)/O.D.control] x 100

where O.D.control and O.D.sample indicate the optical density of the negative control and
the tested substance, respectively. All experiments were carried out in triplicate and on
three separate occasions.

3.4.3. Cell Treatment with Beverage

For assessing the beverage’s effect on the MSCs’ redox status, cells were seeded into
75 cm? flasks in DMEM containing 10% FBS. After 24 h incubation at 37 °C in 5% CO,, the
cells were treated with different concentrations of the beverage formulation in the form of
powder in DMEM, with 10% FBS, and again incubated for 24 h. Then, cells were detached
by trypsinization and used for the determination of lipid peroxidation, total antioxidant
capacity (TAC), and reduced glutathione (GSH) levels.

3.4.4. TBARS Assay for the Determination of Lipid Peroxidation

For the determination of lipid peroxidation, TBARS assay was used. After trypsiniza-
tion, the cells were suspended in PBS buffer and lysed by vortexing. Afterwards, cell lysates’
protein concentration was determined using Bradford assay. Then, a slightly modified
TBARS assay, as described by Keles et al. [93], was used. Specifically, a total of (400-X) puL
of PBS, where X was the amount of cell suspension to have 30 pg of protein in the assay, or
400 pL of PBS for the blank, was mixed with 500 pL Tris-HCI (200 mM, pH 7.4) and 500 pL
35% TCA and incubated for 10 min at room temperature. Afterwards, a 1 mL solution
consisting of 2 M NaySOy4 and 55 mM thiobarbituric acid was added, and the samples were
incubated at 95 °C for 45 min. Subsequently, the samples were cooled on ice for 5 min and
vortexed following the addition of 1 mL of 70% TCA. The samples were then centrifuged
at 15,000 g for 3 min, and the absorbance of the supernatant was read at 530 nm. The
calculation of the TBARS concentration was based on the molar extinction co-efficient of
malondialdehyde and was expressed as TBARS nmol per mg of protein of cell lysate. Each
experiment was repeated at least three times.

3.4.5. Assessment of TAC Levels

After trypsinization, the cells were suspended in PBS buffer and lysed using sonication,
and cell lysates” protein concentrations were determined using Bradford assay. Then, TAC
was assessed as described previously [94]. The reaction was performed in 1 mL containing
50 uL of cell lysate containing 30 pg of protein, 450 uL of 10 mM sodium phosphate buffer
(pH =7.4), and 500 pL of 0.1 mM 2,2-diphenyl-1-picrylhydrazyl (DPPH") radical solution.
Samples containing only the radical solution were diluted in sodium phosphate buffer
(pH =7.4) and were used as control. The samples were mixed vigorously and incubated for
60 min at room temperature (RT) in the dark. Then, they were centrifuged (20,000 g, 3 min,
4 °C), and the absorbance was monitored at 517 nm. TAC was expressed as pumol DPPH-
reduced to 1,1-diphenyl-2-picryldrazine (DPPH-H) by the antioxidant components of the
cell lysate per mg of sample protein. Each experiment was repeated at least three times.

3.4.6. Assessment of GSH Levels

After trypsinization, the cells were suspended in PBS buffer and lysed using sonication.
Afterwards, cell lysates’ protein concentrations were determined using Bradford assay.
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Then, GSH levels were assessed as described previously [94]. In particular, the reaction
was performed in 1 mL containing 520 uL of 67 mM sodium phosphate buffer (pH = 8.0),
150 uL of cell lysate suspension containing 30 pg protein, and 330 uL of 1 mM 5,5'-dithiobis
(2-nitrobenzoic acid) (DTNB) solution. The samples were mixed and incubated at RT in
the dark for 15 min, and the absorbance was monitored at 412 nm. The concentration of
GSH was calculated on the basis of the millimolar extinction coefficient of DTNB and was
expressed as nmol GSH/mg of protein of cell lysate. Each experiment was repeated at least
three times.

3.5. Antibacterial Activity
3.5.1. Bacterial Strains and Growth Conditions

The antibacterial activity was tested against methicillin-resistant Staphylococcus au-
reus 1552 and carbapenem-resistant Pseudomonas aeruginosa 1773. These clinical strains
were identified and characterized by standard methods (kindly provided by Prof. Spyros
Pournaras, School of Medicine, National and Kapodistrian University of Athens). Bacte-
ria were routinely grown in Mueller-Hinton Broth (Lab M, Greater Manchester, UK) or
Mueller-Hinton agar (Lab M, Greater Manchester, UK) at 37 °C.

3.5.2. Determination of Minimum Inhibitory Concentration (MIC)

Determination of MICs was performed in sterile 96 well polystyrene microtiter plates
(Kisker, Steinfurt, Germany) according to Tsavea and Mossialos [95], with some minor
modifications. Briefly, overnight bacterial cultures cultured in Mueller-Hinton broth were
adjusted to 0.5 McFarland turbidity standard (approx. 1.5 x 10® CFU mL~'). Approxi-
mately 5 x 10* CFUs in 10 uL. Mueller-Hinton broth were added to 190 uL Mueller-Hinton
broth containing the tested compound at 30, 25, 20, 15, 10 and 5 mg/mL in triplicates.
Control wells contained Mueller-Hinton broth inoculated with bacteria. Optical density
(OD) was determined at 630 nm using an ELx808 Absorbance Microplate Reader (BioTek,
Santa Clara, CA, USA) just prior to incubation (t = 0) and after 24 h incubation (t = 24) at
37 °C. The OD for each replicate well at t = 0 was subtracted from the OD of the same
replicate well at t = 24. The growth inhibition at each compound concentration was deter-
mined using the following formula: % inhibition = 1 — (OD test well/OD of corresponding
control well) x 100. Minimum inhibitory concentration was determined as the lowest
concentration which resulted in 100% growth inhibition.

3.5.3. Determination of Minimum Bactericidal Concentration (MBC)

Minimum bactericidal concentration (MBC) is the lowest concentration of any com-
pound killing tested bacteria. The MBC was determined by transferring a small quantity
of sample contained in each replicate well of the microtiter plates to Mueller-Hinton agar
plates by using a microplate replicator (Boekel Scientific, Feasterville, PA, USA). The plates
were incubated at 37 °C for 24 h. The MBC was determined as the lowest concentration at
which no grown colonies could be observed [96].

3.6. INFOGEST Protocol

In order to investigate the effect of the digestive tract on the oxidative stability of the
beverage, the INFOGEST protocol was used according to Floros et al. [97]. According to the
INFOGEST protocol, digestion involves the exposure of food to three phases (oral, gastric,
and intestinal phase). The electrolytes used for every stage were prepared in advance in
stock solutions and stored at —10 °C. Specifically, stock solutions of KCI (0.5 M), KH,PO4
(0.5 M), NaHCOs; (1 M), NaCl (2 M), MgCl,(H,0)e (0.15 M), (NH4),CO;5 (0.5 M), HCI
(0.09 M), and CaCl,(H,0), (0.025 M) were prepared. These stock solutions were used to
create the simulated fluids (1.25x) for each stage of digestion, known as simulated salivary
fluid (SSF), simulated gastric fluid (SGF), and simulated intestinal phase (SIF), as described
sufficiently in the INFOGEST protocol manuscript [98].
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3.6.1. Oral Digestion Phase

The protocol began with the preparation of the samples and their primary homog-
enization. One gram of sample was added to a test tube and mixed with SSF (1.25x).
Distilled water was added to achieve a final volume ratio of 1:1. The final mixture was
transferred to a heated incubator, where the test tube was shaken under heating for 2 min
at a constant temperature of 37 °C.

3.6.2. Gastric Digestion Phase

The oral bolus was mixed with SGF (1.25x). Additionally, pepsin was solubilized with
water to reach a final activity of 2000 U/mL and added to the mixture. The pH was set to 3
by the addition of the HCl solution (1 M). Distilled water was added until a final volume
ratio of 1:1 was reached. The final mixture was transferred to the temperature-controlled
incubator, where it remained for 2 h at a temperature of 37 °C.

3.6.3. Intestinal Digestion Phase

The gastric chyme was mixed with SIF (1.25X), pancreatin solution (100 TAME U/mL),
and bile salt solution (10 mmol/L). The pH was set to 7 by the addition of NaOH solution
(1 M). Distilled water was added until a final volume ratio of 1:1 was reached. The mixture
was finally transferred to the temperature-controlled incubator, where it remained for 2 h
at a constant temperature of 37 °C.

3.6.4. Sample Treatment and Storage

BHT (500 ppm) was added after the end of the protocol to inhibit further oxidation,
while samples were frozen and kept at —20 °C until further evaluation.

3.6.5. DPPH Assay (% DPPH Inhibition)

Antioxidant activity was measured as % DPPH inhibition as described by Tepe
et al. [99] with slight modifications. An amount of 0.00192 % w/v DPPH solution was
prepared by diluting 0.48 mg DPPH (2,2-Diphenyl-1-picrylhydrazyl) with 25 mL methanol.
An amount of 0.1 mL of the beverage was added to 3.9 mL of the methanol DPPH solution.
The samples were incubated for 30 min in the dark, and the absorbance was read against a
blank at 517 nm with spectrophotometer (Unicam, Helios y). The % DPPH inhibition was
calculated by the following equation:

A —A
Scavenging capacity% = DEPH Smple s 100
ApPPH

where Apppy is the absorbance of the control reaction (containing all reagents except the
sample), and Agyypie is the absorbance of the sample.

3.6.6. Ferric Reducing Antioxidant Power (FRAP)

The reducing power of the powder was determined according to the method of
Oyaizu [100] with slight modifications. Briefly, the beverage was diluted with distilled
water (final ratio: 1/40), and 1 mL of this solution was mixed with 2 mL distilled water
and 2.5 mL of 0.2M phosphate buffer (pH 6.6). Then, 2.5 mL of 1% potassium ferricyanide
was added, and the sample was incubated at 50 °C for 30 min. Afterwards, 2.5 mL of
10% trichloroacetic acid was added to the mixture, and it was centrifuged at 2000 rpm
for 10 min. A total of 2.5 mL of the supernatant were collected and mixed with 2.5 mL
distilled water and 0.5 mL of 0.1% ferric chloride. The absorbance was read at 700 nm with
a spectrophotometer (Unicam, Helios y).

3.7. Sensory Acceptance Testing

The sensory acceptance testing was conducted according to the method by
O’Sullivan [101] with modifications. The test was performed at the food laboratory and
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31 volunteers (16 males, 15 females) who regularly engage in physical exercise (at least
1-2/week) and consume sports or energy drinks were recruited from the University of
Thessaly. The sensory analysis was done to evaluate the sensory acceptability of the bev-
erage. The test was conducted using a 9-point hedonic scale, ranging from 1 for “dislike
extremely” to score 9 “like extremely”. Each assessor was provided with approximately
50 mL of the beverage and 250 mL of water for mouth rinsing before sample testing. The
sensory attributes evaluated were taste, aftertaste, color, aroma, solubility, mouthfeel,
acidity, sweetness, and overall acceptance. In addition, the assessors filled out a short
questionnaire regarding their demographic characteristics, the frequency at which they
consume sports/energy drinks, and the frequency at which they engage in physical activ-
ity /exercise. After the testing, they were also asked to describe the flavor of the beverage
and their willingness to purchase the beverage.

3.8. Statistical Analysis

All experiments were performed in triplicate, and all data are expressed as the mean + stan-
dard deviation. Differences were considered significant at p < 0.05. All statistical analyses
were performed with the SPSS software (version 14.0; SPSS). For statistical analysis, one-
way ANOVA was applied followed by Dunnett’s test for multiple pair-wise comparisons.
Dose response relationships were examined by Spearman’s correlation analysis.

4. Conclusions

This study aimed to evaluate the antioxidant and antibacterial properties of a func-
tional sports beverage formulation. The total phenolic content assessed by the Folin—
Ciocalteu assay was found to be 7.58 £+ 0.066 mg GAE/mL, while the main phenolic
compounds identified by HPLC were catechin, epicatechin, protocatechuic acid, luteolin
7-glucoside, and kaempferol-3-O-f3-rutinoside. Furthermore, the antioxidant analyses
showed that the beverage possessed strong antioxidant properties. TPC was found to be
strongly correlated with TAC (R? = 896), while the simulated gastrointestinal conditions
showed that digestion positively affected the oxidative stability of the beverage and in-
creases its antioxidant properties. In addition, the beverage exhibited bacteriostatic effects
against Staphylococcus aureus, a Gram-positive pathogen, and Pseudomonas aeruginosa, a
Gram-negative opportunistic pathogen. Lastly, the sensory acceptance test revealed that
the functional sports beverage was highly accepted by the assessors. A total of 96.8% of the
assessors reported being willing to buy the beverage and that they would prefer it over
others on the market.

The present study is not without limitations. Specifically, in this study, we did not
directly assess the potential ergogenic or anti-fatigue properties of the formulated beverage.
Additionally, the antioxidant properties of the beverage were only assessed in vitro. Further
experiments and clinical trials should be conducted in order to evaluate the ergogenic
effects and confirm the antioxidant properties of this beverage in athletes.

Author Contributions: Conceptualization, A.K. and O.G.; methodology, A.K., O.G., PV, DS, V.T.
and D.M,; investigation, AK,, SK., D.S,, DM,, N.G. and C.T,; resources, O.G., 2.V, D.S., V.T. and
D.M.; writing—original draft preparation, A.K.; writing—review and editing, O.G., AK,, SM., PV,
D.M., V.T. and D.S,; supervision, O.G.; project administration, O.G.; funding acquisition, O.G. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: We would like to thank Stavros Lalas for his valuable assistance during the
HPLC analysis.



Int. ]. Mol. Sci. 2023, 24, 3558 18 of 22

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Vorage, L.; Wiseman, N.; Graca, J.; Harris, N. The Association of Demographic Characteristics and Food Choice Motives with the
Consumption of Functional Foods in Emerging Adults. Nutrients 2020, 12, 2582. [CrossRef] [PubMed]

2. Nguyen, N.; Nguyen, H.V,; Nguyen, P.T; Tran, V.T.; Nguyen, H.N.; Nguyen, TM.N.; Cao, TK.; Nguyen, T.H. Some Key Factors
Affecting Consumers’ Intentions to Purchase Functional Foods: A Case Study of Functional Yogurts in Vietnam. Foods 2019, 9, 24.
[CrossRef] [PubMed]

3. Lobine, D.; Rengasamy, K.R.R.; Mahomoodally, M.F. Functional foods and bioactive ingredients harnessed from the ocean:
Current status and future perspectives. Crit. Rev. Food Sci. Nutr. 2022, 62, 5794-5823. [CrossRef] [PubMed]

4. Nazir, M.; Arif, S.; Khan, R.S.; Nazir, W.; Khalid, N.; Magsood, S. Opportunities and challenges for functional and medicinal
beverages: Current and future trends. Trends Food Sci. Technol. 2019, 88, 513-526. [CrossRef]

5. Orru, S.; Imperlini, E.; Nigro, E.; Alfieri, A.; Cevenini, A.; Polito, R.; Daniele, A.; Buono, P.; Mancini, A. Role of Functional
Beverages on Sport Performance and Recovery. Nutrients 2018, 10, 1470. [CrossRef]

6. Tan, B.L.; Norhaizan, M.E; Liew, W.P. Nutrients and Oxidative Stress: Friend or Foe? Oxidative Med. Cell. Longev. 2018, 2018, 9719584.
[CrossRef]

7. Arazi, H.; Eghbali, E.; Suzuki, K. Creatine Supplementation, Physical Exercise and Oxidative Stress Markers: A Review of the
Mechanisms and Effectiveness. Nutrients 2021, 13, 869. [CrossRef]

8. Pappas, A.; Tsiokanos, A.; Fatouros, 1.G.; Poulios, A.; Kouretas, D.; Goutzourelas, N.; Giakas, G.; Jamurtas, A.Z. The Effects of
Spirulina Supplementation on Redox Status and Performance Following a Muscle Damaging Protocol. Int. ]. Mol. Sci. 2021, 22, 3559.
[CrossRef]

9. He, F; Li, J; Liu, Z,; Chuang, C.C.; Yang, W.; Zuo, L. Redox Mechanism of Reactive Oxygen Species in Exercise. Front. Physiol.
2016, 7, 486. [CrossRef]

10. Gonzalez, A.M.; Trexler, E.T. Effects of Citrulline Supplementation on Exercise Performance in Humans: A Review of the Current
Literature. ]. Strength Cond. Res. 2020, 34, 1480-1495. [CrossRef]

11.  Guest, N.S.; VanDusseldorp, T.A.; Nelson, M.T.; Grgic, J.; Schoenfeld, B.J.; Jenkins, N.D.M.; Arent, S.M.; Antonio, J.; Stout, J.R.;
Trexler, E.T.; et al. International society of sports nutrition position stand: Caffeine and exercise performance. J. Int. Soc. Sport.
Nutr. 2021, 18, 1. [CrossRef] [PubMed]

12.  Kim, J.; Kim, E.K. Nutritional Strategies to Optimize Performanceand Recovery in Rowing Athletes. Nutrients 2020, 12, 1685.
[CrossRef]

13. Southward, K.; Rutherfurd-Markwick, K.J.; Ali, A. The Effect of Acute Caffeine Ingestion on Endurance Performance: A
Systematic Review and Meta-Analysis. Sports Med. 2018, 48, 1913-1928. [CrossRef]

14. Trexler, E.T,; Persky, A.M.; Ryan, E.D.; Schwartz, T.A.; Stoner, L.; Smith-Ryan, A.E. Acute Effects of Citrulline Supplementation
on High-Intensity Strength and Power Performance: A Systematic Review and Meta-Analysis. Sports Med. 2019, 49, 707-718.
[CrossRef] [PubMed]

15. Viribay, A.; Burgos, J.; Fernandez-Landa, J.; Seco-Calvo, J.; Mielgo-Ayuso, J. Effects of Arginine Supplementation on Athletic
Performance Based on Energy Metabolism: A Systematic Review and Meta-Analysis. Nutrients 2020, 12, 1300. [CrossRef]

16. Rashid, J.; Kumar, S.S.; Job, KM.; Liu, X.; Fike, C.D.; Sherwin, CM.T. Therapeutic Potential of Citrulline as an Arginine
Supplement: A Clinical Pharmacology Review. Paediatr. Drugs 2020, 22, 279-293. [CrossRef]

17.  Speer, H.; D’Cunha, N.M.; Davies, M.].; McKune, A.J.; Naumovski, N. The Physiological Effects of Amino Acids Arginine and
Citrulline: Is There a Basis for Development of a Beverage to Promote Endurance Performance? A Narrative Review of Orally
Administered Supplements. Beverages 2020, 6, 11. [CrossRef]

18. Rhim, H.C.; Kim, SJ; Park, J.; Jang, K.-M. Effect of citrulline on post-exercise rating of perceived exertion, muscle soreness, and
blood lactate levels: A systematic review and meta-analysis. . Sport Health Sci. 2020, 9, 553-561. [CrossRef] [PubMed]

19. Barcelos, R.P; Lima, FD.; Carvalho, N.R.; Bresciani, G.; Royes, L.F. Caffeine effects on systemic metabolism, oxidative-
inflammatory pathways, and exercise performance. Nutr. Res. 2020, 80, 1-17. [CrossRef]

20. Sawka, M.N.; Burke, L.M.; Eichner, E.R.; Maughan, R.J.; Montain, S.J.; Stachenfeld, N.S. American College of Sports Medicine
position stand. Exercise and fluid replacement. Med. Sci. Sport. Exerc. 2007, 39, 377-390. [CrossRef]

21. Piuri, G.; Zocchi, M.; Porta, M.D.; Ficara, V.; Manoni, M.; Zuccotti, G.V.; Pinotti, L.; Maier, J.A.; Cazzola, R. Magnesium in Obesity,
Metabolic Syndrome, and Type 2 Diabetes. Nutrients 2021, 13, 320. [CrossRef]

22. Filippini, T.; Naska, A.; Kasdagli, M.L; Torres, D.; Lopes, C.; Carvalho, C.; Moreira, P.; Malavolti, M.; Orsini, N.; Whelton, PX.;
et al. Potassium Intake and Blood Pressure: A Dose-Response Meta-Analysis of Randomized Controlled Trials. ]. Am. Heart Assoc.
2020, 9, e015719. [CrossRef] [PubMed]

23. Chycki, J.; Golas, A.; Halz, M.; Maszczyk, A.; Toborek, M.; Zajac, A. Chronic Ingestion of Sodium and Potassium Bicarbonate,
with Potassium, Magnesium and Calcium Citrate Improves Anaerobic Performance in Elite Soccer Players. Nutrients 2018, 10, 1610.
[CrossRef] [PubMed]

24. Decroix, L.; Soares, D.D.; Meeusen, R.; Heyman, E.; Tonoli, C. Cocoa Flavanol Supplementation and Exercise: A Systematic

Review. Sports Med. 2018, 48, 867-892. [CrossRef] [PubMed]


http://doi.org/10.3390/nu12092582
http://www.ncbi.nlm.nih.gov/pubmed/32854396
http://doi.org/10.3390/foods9010024
http://www.ncbi.nlm.nih.gov/pubmed/31881653
http://doi.org/10.1080/10408398.2021.1893643
http://www.ncbi.nlm.nih.gov/pubmed/33724095
http://doi.org/10.1016/j.tifs.2019.04.011
http://doi.org/10.3390/nu10101470
http://doi.org/10.1155/2018/9719584
http://doi.org/10.3390/nu13030869
http://doi.org/10.3390/ijms22073559
http://doi.org/10.3389/fphys.2016.00486
http://doi.org/10.1519/JSC.0000000000003426
http://doi.org/10.1186/s12970-020-00383-4
http://www.ncbi.nlm.nih.gov/pubmed/33388079
http://doi.org/10.3390/nu12061685
http://doi.org/10.1007/s40279-018-0939-8
http://doi.org/10.1007/s40279-019-01091-z
http://www.ncbi.nlm.nih.gov/pubmed/30895562
http://doi.org/10.3390/nu12051300
http://doi.org/10.1007/s40272-020-00384-5
http://doi.org/10.3390/beverages6010011
http://doi.org/10.1016/j.jshs.2020.02.003
http://www.ncbi.nlm.nih.gov/pubmed/33308806
http://doi.org/10.1016/j.nutres.2020.05.005
http://doi.org/10.1249/mss.0b013e31802ca597
http://doi.org/10.3390/nu13020320
http://doi.org/10.1161/JAHA.119.015719
http://www.ncbi.nlm.nih.gov/pubmed/32500831
http://doi.org/10.3390/nu10111610
http://www.ncbi.nlm.nih.gov/pubmed/30388775
http://doi.org/10.1007/s40279-017-0849-1
http://www.ncbi.nlm.nih.gov/pubmed/29299877

Int. ]. Mol. Sci. 2023, 24, 3558 19 of 22

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Deley, G.; Guillemet, D.; Allaert, FA.; Babault, N. An Acute Dose of Specific Grape and Apple Polyphenols Improves Endurance
Performance: A Randomized, Crossover, Double-Blind versus Placebo Controlled Study. Nutrients 2017, 9, 917. [CrossRef]
Gaamouri, N.; Zouhal, H.; Hammami, M.; Hackney, A.C.; Abderrahman, A.B.; Saeidi, A.; El Hage, R.; Ounis, O.B. Effects of
polyphenol (carob) supplementation on body composition and aerobic capacity in taekwondo athletes. Physiol. Behav. 2019, 205,
22-28. [CrossRef]

Sorrenti, V.; Ali, S.; Mancin, L.; Davinelli, S.; Paoli, A.; Scapagnini, G. Cocoa Polyphenols and Gut Microbiota Interplay:
Bioavailability, Prebiotic Effect, and Impact on Human Health. Nutrients 2020, 12, 1908. [CrossRef]

Igual, M.; Garcia-Herrera, P.; Camara, R.M.; Martinez-Monz, J.; Garcia-Segovia, P.; Camara, M. Bioactive Compounds in Rosehip
(Rosa canina) Powder with Encapsulating Agents. Molecules 2022, 27, 4737. [CrossRef]

Pekacar, S.; Bulut, S.; Ozﬁpek, B.; Orhan, D.D. Anti-Inflammatory and Analgesic Effects of Rosehip in Inflammatory Muscu-
loskeletal Disorders and Its Active Molecules. Curr. Mol. Pharmacol. 2021, 14, 731-745. [CrossRef]

Koczka, N.; Stefanovits-Banyai, E.; Ombédi, A. Total Polyphenol Content and Antioxidant Capacity of Rosehips of Some Rosa
Species. Medicines 2018, 5, 84. [CrossRef]

Miller, K.; Feucht, W.; Schmid, M. Bioactive Compounds of Strawberry and Blueberry and Their Potential Health Effects Based on
Human Intervention Studies: A Brief Overview. Nutrients 2019, 11, 1510. [CrossRef]

Sandhu, A.K.; Miller, M.G.; Thangthaeng, N.; Scott, T.M.; Shukitt-Hale, B.; Edirisinghe, I.; Burton-Freeman, B. Metabolic fate of
strawberry polyphenols after chronic intake in healthy older adults. Food Funct. 2018, 9, 96-106. [CrossRef] [PubMed]

Bowtell, J.; Kelly, V. Fruit-Derived Polyphenol Supplementation for Athlete Recovery and Performance. Sports Med. 2019, 49,
3-23. [CrossRef] [PubMed]

Meyer, E.; Gastmeier, P.; Deja, M.; Schwab, F. Antibiotic consumption and resistance: Data from Europe and Germany. Int. ]. Med.
Microbiol. 2013, 303, 388-395. [CrossRef] [PubMed]

Kafantaris, I; Tsadila, C.; Nikolaidis, M.; Tsavea, E.; Dimitriou, T.G.; Iliopoulos, I.; Amoutzias, G.D.; Mossialos, D. Transcriptomic
Analysis of Pseudomonas aeruginosa Response to Pine Honey via RNA Sequencing Indicates Multiple Mechanisms of Antibacterial
Activity. Foods 2021, 10, 936. [CrossRef]

Fields, S.; MacDonald, J.; Joseph, A.; Wold, L.; Collins, C.; Dawn, R. Consumption of Sports and Energy Drinks by High School
Athletes in the United States: A Pilot Study. Beverages 2015, 1, 218-224. [CrossRef]

Salinero, J.J.; Lara, B.; Abian-Vicen, J.; Gonzalez-Millan, C.; Areces, E.; Gallo-Salazar, C.; Ruiz-Vicente, D.; Del Coso, J. The use
of energy drinks in sport: Perceived ergogenicity and side effects in male and female athletes. Br. . Nutr. 2014, 112, 1494-1502.
[CrossRef]

Larson, N.; Laska, M.N.; Story, M.; Neumark-Sztainer, D. Sports and energy drink consumption are linked to health-risk
behaviours among young adults. Public Health Nutr. 2015, 18, 2794-2803. [CrossRef]

Milosevic, A. Sports drinks hazard to teeth. Br. |. Sports Med. 1997, 31, 28-30. [CrossRef]

Prado, F.C.; De Dea Lindner, J.; Inaba, J.; Thomaz-Soccol, V.; Brar, S.K.; Soccol, C.R. Development and evaluation of a fermented
coconut water beverage with potential health benefits. J. Funct. Foods 2015, 12, 489-497. [CrossRef]

Liu, N.; Nguyen, H.; Wismer, W.; Temelli, F. Development of an orange-flavoured functional beverage formulated with beta-glucan
and coenzyme Q10-impregnated beta-glucan. J. Funct. Foods 2018, 47, 397-404. [CrossRef]

Segura-Badilla, O.; Lazcano-Hernandez, M.; Kammar-Garcia, A.; Vera-Lopez, O.; Aguilar-Alonso, P.; Ramirez-Calixto, J.; Navarro-
Cruz, A.R. Use of coconut water (Cocus nucifera L) for the development of a symbiotic functional drink. Heliyon 2020, 6, €03653.
[CrossRef] [PubMed]

Wang, T.; Soyama, S.; Luo, Y. Development of a novel functional drink from all natural ingredients using nanotechnology. LWT
2016, 73, 458-466. [CrossRef]

Gomez-Juaristi, M.; Sarria, B.; Martinez-Lépez, S.; Clemente, L.B.; Mateos, R. Flavanol Bioavailability in Two Cocoa Products
with Different Phenolic Content. A Comparative Study in Humans. Nutrients 2019, 11, 1441. [CrossRef]

Rojo-Poveda, O.; Barbosa-Pereira, L.; Mateus-Reguengo, L.; Bertolino, M.; Stévigny, C.; Zeppa, G. Effects of Particle Size and
Extraction Methods on Cocoa Bean Shell Functional Beverage. Nutrients 2019, 11, 867. [CrossRef] [PubMed]

Wu, Y; Xu, L.; Liu, X.; Hasan, KM.E; Li, H.; Zhou, S.; Zhang, Q.; Zhou, Y. Effect of thermosonication treatment on blueberry juice
quality: Total phenolics, flavonoids, anthocyanin, and antioxidant activity. LWT 2021, 150, 112021. [CrossRef]

Arend, G.D.; Adorno, W.T.; Rezzadori, K.; Di Luccio, M.; Chaves, V.C.; Reginatto, EH.; Petrus, ].C.C. Concentration of phenolic
compounds from strawberry (Fragaria X ananassa Duch) juice by nanofiltration membrane. . Food Eng. 2017, 201, 36-41.
[CrossRef]

Butkeviciaité, A.; Urbstaité, R.; Liaudanskas, M.; Obelevicius, K.; Janulis, V. Phenolic Content and Antioxidant Activity in Fruit of
the Genus Rosa L. Antioxidants 2022, 11, 912. [CrossRef]

Huang, W.-Y.; Zhang, H.-C.; Liu, W.-X,; Li, C.-Y. Survey of antioxidant capacity and phenolic composition of blueberry, blackberry,
and strawberry in Nanjing. J. Zhejiang Univ. Sci. B 2012, 13, 94-102. [CrossRef]

Kadivec, M.; Moze Bornsek, S.; Polak, T.; Demsar, L.; Hribar, J.; Pozrl, T. Phenolic Content of Strawberry Spreads during
Processing and Storage. J. Agric. Food Chem. 2013, 61, 9220-9229. [CrossRef]

éaponjac, V.T; Gironés-Vilaplana, A.; Djilas, S.; Mena, P; Cetkovié, G.; Moreno, D.A.; Canadanovié-Brunet, J.; uli¢, J.; Stajci¢, S.;
Vin¢i¢, M. Chemical composition and potential bioactivity of strawberry pomace. RSC Adv. 2015, 5, 5397-5405. [CrossRef]


http://doi.org/10.3390/nu9080917
http://doi.org/10.1016/j.physbeh.2019.03.003
http://doi.org/10.3390/nu12071908
http://doi.org/10.3390/molecules27154737
http://doi.org/10.2174/1874467214666210804154604
http://doi.org/10.3390/medicines5030084
http://doi.org/10.3390/nu11071510
http://doi.org/10.1039/C7FO01843F
http://www.ncbi.nlm.nih.gov/pubmed/29318244
http://doi.org/10.1007/s40279-018-0998-x
http://www.ncbi.nlm.nih.gov/pubmed/30671906
http://doi.org/10.1016/j.ijmm.2013.04.004
http://www.ncbi.nlm.nih.gov/pubmed/23727396
http://doi.org/10.3390/foods10050936
http://doi.org/10.3390/beverages1030218
http://doi.org/10.1017/S0007114514002189
http://doi.org/10.1017/S1368980015000191
http://doi.org/10.1136/bjsm.31.1.28
http://doi.org/10.1016/j.jff.2014.12.020
http://doi.org/10.1016/j.jff.2018.05.037
http://doi.org/10.1016/j.heliyon.2020.e03653
http://www.ncbi.nlm.nih.gov/pubmed/32258492
http://doi.org/10.1016/j.lwt.2016.06.050
http://doi.org/10.3390/nu11071441
http://doi.org/10.3390/nu11040867
http://www.ncbi.nlm.nih.gov/pubmed/30999654
http://doi.org/10.1016/j.lwt.2021.112021
http://doi.org/10.1016/j.jfoodeng.2017.01.014
http://doi.org/10.3390/antiox11050912
http://doi.org/10.1631/jzus.B1100137
http://doi.org/10.1021/jf4035767
http://doi.org/10.1039/C4RA14296A

Int. ]. Mol. Sci. 2023, 24, 3558 20 of 22

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Zyielewicz, D.; Krysiak, W.; Oracz, J.; Sosnowska, D.; Budryn, G.; Nebesny, E. The influence of the roasting process conditions on
the polyphenol content in cocoa beans, nibs and chocolates. Food Res. Int. 2016, 89, 918-929. [CrossRef]

Stanila, A.; Diaconeasa, Z.; Roman, I.; Sima, N.; Danut, M.; Roman, A.; Sima, R. Extraction and Characterization of Phenolic
Compounds from Rose Hip (Rosa canina L.) Using Liquid Chromatography Coupled with Electrospray Ionization—Mass
Spectrometry. Not. Bot. Horti Agrobot. Cluj Napoca 2015, 43, 349-354. [CrossRef]

Arranz, S.; Valderas-Martinez, P.; Chiva-Blanch, G.; Casas, R.; Urpi-Sarda, M.; Lamuela-Raventos, R.M.; Estruch, R. Cardioprotec-
tive effects of cocoa: Clinical evidence from randomized clinical intervention trials in humans. Mol. Nutr. Food Res. 2013, 57,
936-947. [CrossRef]

Noori, S.; Nasir, K.; Mahboob, T. Effects of cocoa powder on oxidant/antioxidant status in liver, heart and kidney tissues of rats. .
Anim. Plant Sci. 2008, 19, 174-178.

Kaur, M.; Kumar, S.; Bhat, Z.F,; Naqvi, Z.; Jayawardena, R. The impact of raspberry and blueberry extract on the microbial and
lipid oxidative stability of calcium and chicken protein fortified composite chocolate. J. Food Process. Preserv. 2022, 46, e16216.
[CrossRef]

Kerasioti, E.; Apostolou, A.; Kafantaris, I.; Chronis, K.; Kokka, E.; Dimitriadou, C.; Tzanetou, E.N.; Priftis, A.; Koulocheri, S.D.;
Haroutounian, S.A.; et al. Polyphenolic Composition of Rosa canina, Rosa sempervivens and Pyrocantha coccinea Extracts and
Assessment of Their Antioxidant Activity in Human Endothelial Cells. Antioxidants 2019, 8, 92. [CrossRef] [PubMed]

Perut, F; Roncuzzi, L.; Avnet, S.; Massa, A.; Zini, N.; Sabbadini, S.; Giampieri, F.,; Mezzetti, B.; Baldini, N. Strawberry-Derived
Exosome-Like Nanoparticles Prevent Oxidative Stress in Human Mesenchymal Stromal Cells. Biomolecules 2021, 11, 87. [CrossRef]
Cai, 2.Y,; Li, X.M.; Liang, J.P; Xiang, L.P.; Wang, K.R.; Shi, Y.L.; Yang, R.; Shi, M,; Ye, ].H.; Lu, J.L.; et al. Bioavailability of Tea
Catechins and Its Improvement. Molecules 2018, 23, 2346. [CrossRef] [PubMed]

Narumi, K.; Sonoda, J.; Shiotani, K.; Shigeru, M.; Shibata, M.; Kawachi, A.; Tomishige, E.; Sato, K.; Motoya, T. Simultaneous
detection of green tea catechins and gallic acid in human serum after ingestion of green tea tablets using ion-pair high-performance
liquid chromatography with electrochemical detection. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2014, 945-946, 147-153.
[CrossRef]

Yang, C.S.; Chen, L.; Lee, M.J.; Balentine, D.; Kuo, M.C.; Schantz, S.P. Blood and urine levels of tea catechins after ingestion of
different amounts of green tea by human volunteers. Cancer Epidemiol. Biomark. Prev. 1998, 7, 351-354.

Song, J.; He, Y.; Luo, C.; Feng, B.; Ran, F; Xu, H,; Ci, Z,; Xu, R.; Han, L.; Zhang, D. New progress in the pharmacology of
protocatechuic acid: A compound ingested in daily foods and herbs frequently and heavily. Pharmacol. Res. 2020, 161, 105109.
[CrossRef] [PubMed]

Yasuda, M.T.; Fujita, K.; Hosoya, T.; Imai, S.; Shimoi, K. Absorption and Metabolism of Luteolin and Its Glycosides from the
Extract of Chrysanthemum morifolium Flowers in Rats and Caco-2 Cells. J. Agric. Food Chem. 2015, 63, 7693-7699. [CrossRef]
Kashyap, D.; Sharma, A.; Tuli, H.S,; Sak, K.; Punia, S.; Mukherjee, T.K. Kaempferol—A dietary anticancer molecule with multiple
mechanisms of action: Recent trends and advancements. J. Funct. Foods 2017, 30, 203-219. [CrossRef] [PubMed]

Indrianingsih, A.W.; Wulanjati, M.P.; Windarsih, A.; Bhattacharjya, D.K.; Suzuki, T.; Katayama, T. In vitro studies of antioxidant,
antidiabetic, and antibacterial activities of Theobroma cacao, Anonna muricata and Clitoria ternatea. Biocatal. Agric. Biotechnol. 2021,
33, 101995. [CrossRef]

Apak, R.; Ozyﬁrek, M,; Giigliy, K.; Capanoglu, E. Antioxidant Activity/Capacity Measurement. 1. Classification, Physicochemical
Principles, Mechanisms, and Electron Transfer (ET)-Based Assays. J. Agric. Food Chem. 2016, 64, 997-1027. [CrossRef]

Haddad, M.; Hervé, V.; Khedher, M.R.B.; Rabanel, ].M.; Ramassamy, C. Glutathione: An Old and Small Molecule with Great
Functions and New Applications in the Brain and in Alzheimer’s Disease. Antioxid. Redox Signal. 2021, 35, 270-292. [CrossRef]
Gaschler, M.M.; Stockwell, B.R. Lipid peroxidation in cell death. Biochem. Biophys. Res. Commun. 2017, 482, 419-425. [CrossRef]
Trachana, V.; Petrakis, S.; Fotiadis, Z.; Siska, E.K,; Balis, V.; Gonos, E.S.; Kaloyianni, M.; Koliakos, G. Human mesenchymal stem
cells with enhanced telomerase activity acquire resistance against oxidative stress-induced genomic damage. Cytotherapy 2017, 19,
808-820. [CrossRef]

Goutas, A.; Trachana, V. Stem cells’ centrosomes: How can organelles identified 130 years ago contribute to the future of
regenerative medicine? World ]. Stem Cells 2021, 13, 1177-1196. [CrossRef]

Pillai, A.; Vignesh, M.; JeanPierre, A.; Rao, S.R. Restoration of vascular endothelial integrity by mesenchymal stromal/stem cells
in debilitating virus diseases. Hum. Cell 2022, 35, 1633-1639. [CrossRef]

Regmi, S.; Liu, D.D.; Shen, M.; Kevadiya, B.D.; Ganguly, A.; Primavera, R.; Chetty, S.; Yarani, R.; Thakor, A.S. Mesenchymal
stromal cells for the treatment of Alzheimer’s disease: Strategies and limitations. Front. Mol. Neurosci. 2022, 15, 1011225.
[CrossRef]

Chen, H.; Zhou, L. Treatment of ischemic stroke with modified mesenchymal stem cells. Int. ]. Med. Sci. 2022, 19, 1155-1162.
[CrossRef] [PubMed]

Hou, J.; Wang, L.; Wang, C.; Ma, R.; Wang, Z.; Xiao, H.; Zeng, D.; Ling, L.; Wang, Y. Ginsenoside Rgl Reduces Oxidative Stress
Via Nrf2 Activation to Regulate Age-Related Mesenchymal Stem Cells Fate Switch between Osteoblasts and Adipocytes. Evid.
Based Complement. Altern. Med. eCAM 2022, 2022, 1411354. [CrossRef] [PubMed]

Khalifa, H.O.; Kamimoto, M.; Shimamoto, T.; Shimamoto, T. Antimicrobial Effects of Blueberry, Raspberry, and Strawberry
Aqueous Extracts and their Effects on Virulence Gene Expression in Vibrio cholerae. Phytother. Res. 2015, 29, 1791-1797. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.foodres.2016.03.026
http://doi.org/10.15835/nbha43210028
http://doi.org/10.1002/mnfr.201200595
http://doi.org/10.1111/jfpp.16216
http://doi.org/10.3390/antiox8040092
http://www.ncbi.nlm.nih.gov/pubmed/30959906
http://doi.org/10.3390/biom11010087
http://doi.org/10.3390/molecules23092346
http://www.ncbi.nlm.nih.gov/pubmed/30217074
http://doi.org/10.1016/j.jchromb.2013.11.007
http://doi.org/10.1016/j.phrs.2020.105109
http://www.ncbi.nlm.nih.gov/pubmed/32738494
http://doi.org/10.1021/acs.jafc.5b00232
http://doi.org/10.1016/j.jff.2017.01.022
http://www.ncbi.nlm.nih.gov/pubmed/32288791
http://doi.org/10.1016/j.bcab.2021.101995
http://doi.org/10.1021/acs.jafc.5b04739
http://doi.org/10.1089/ars.2020.8129
http://doi.org/10.1016/j.bbrc.2016.10.086
http://doi.org/10.1016/j.jcyt.2017.03.078
http://doi.org/10.4252/wjsc.v13.i9.1177
http://doi.org/10.1007/s13577-022-00785-3
http://doi.org/10.3389/fnmol.2022.1011225
http://doi.org/10.7150/ijms.74161
http://www.ncbi.nlm.nih.gov/pubmed/35919816
http://doi.org/10.1155/2022/1411354
http://www.ncbi.nlm.nih.gov/pubmed/36267094
http://doi.org/10.1002/ptr.5436
http://www.ncbi.nlm.nih.gov/pubmed/26292998

Int. ]. Mol. Sci. 2023, 24, 3558 21 of 22

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Todorovic, V.; Milenkovic, M.; Vidovic, B.; Todorovic, Z.; Sobajic, S. Correlation between Antimicrobial, Antioxidant Activity, and
Polyphenols of Alkalized /Nonalkalized Cocoa Powders. J. Food Sci. 2017, 82, 1020-1027. [CrossRef]

Bazzaz, B.S.E; Fakori, M.; Khameneh, B.; Hosseinzadeh, H. Effects of Omeprazole and Caffeine Alone and in Combination with
Gentamicin and Ciprofloxacin Against Antibiotic Resistant Staphylococcus Aureus and Escherichia Coli Strains. J. Pharmacopunct.
2019, 22, 49-54. [CrossRef]

Ti, H.; Zhang, R.; Li, Q.; Wei, Z.; Zhang, M. Effects of cooking and in vitro digestion of rice on phenolic profiles and antioxidant
activity. Food Res. Int. 2015, 76, 813-820. [CrossRef]

Rodriguez-Roque, M.].; Rojas-Grati, M.A.; Elez-Martinez, P.; Martin-Belloso, O. Soymilk phenolic compounds, isoflavones and
antioxidant activity as affected by in vitro gastrointestinal digestion. Food Chem. 2013, 136, 206-212. [CrossRef]

Chandrasekara, A.; Shahidi, F. Bioaccessibility and antioxidant potential of millet grain phenolics as affected by simulated in vitro
digestion and microbial fermentation. J. Funct. Foods 2012, 4, 226-237. [CrossRef]

Sadigh-Eteghad, S.; Tayefi-Nasrabadi, H.; Aghdam, Z.; Zarredar, H.; Shanehbandi, D.; Khayyat, L.; Seyyed-Piran, S.H. Rosa canina
L. Fruit Hydro-Alcoholic Extract Effects on Some Immunological and Biochemical Parameters in Rats. Bioimpacts 2011, 1, 219-224.
[CrossRef]

Belsc¢ak, A.; Komes, D.; Horzi¢, D.; Gani¢, K.K.; Karlovi¢, D. Comparative study of commercially available cocoa products in
terms of their bioactive composition. Food Res. Int. 2009, 42, 707-716. [CrossRef]

Bubonja-Sonje, M.; Giacometti, J.; Abram, M. Antioxidant and antilisterial activity of olive oil, cocoa and rosemary extract
polyphenols. Food Chem. 2011, 127, 1821-1827. [CrossRef]

Koca, I.; Karadeniz, B. Antioxidant properties of blackberry and blueberry fruits grown in the Black Sea Region of Turkey. Sci.
Hortic. 2009, 121, 447-450. [CrossRef]

Clark, I; Landolt, H.P. Coffee, caffeine, and sleep: A systematic review of epidemiological studies and randomized controlled
trials. Sleep Med. Rev. 2017, 31, 70-78. [CrossRef]

Agulld, V.; Garcia-Viguera, C.; Dominguez-Perles, R. The use of alternative sweeteners (sucralose and stevia) in healthy soft-drink
beverages, enhances the bioavailability of polyphenols relative to the classical caloric sucrose. Food Chem. 2022, 370, 131051.
[CrossRef]

Cavarretta, E.; Peruzzi, M.; Del Vescovo, R.; Di Pilla, F,; Gobbi, G.; Serdoz, A.; Ferrara, R.; Schirone, L.; Sciarretta, S.; Nocella, C.;
et al. Dark Chocolate Intake Positively Modulates Redox Status and Markers of Muscular Damage in Elite Football Athletes: A
Randomized Controlled Study. Oxidative Med. Cell. Longev. 2018, 2018, 4061901. [CrossRef]

Gortzi, O.; Lalas, S.; Chatzilazarou, A.; Katsoyannos, E.; Papaconstandinou, S.; Dourtoglou, E. Recovery of Natural Antioxidants
from Olive Mill Wastewater Using Genapol-X080. J. Am. Oil Chem. Soc. 2008, 85, 133-140. [CrossRef]

Athanasiadis, V.; Lakka, A.; Palaiogiannis, D.; Pappas, V.M.; Bozinou, E.; Ntourtoglou, G.; Makris, D.P.; Dourtoglou, V.G.; Lalas,
S.I. Pulsed Electric Field and Salvia officinalis L. Leaves: A Successful Combination for the Extraction of High Value Added
Compounds. Foods 2021, 10, 2014. [CrossRef]

Kaltsa, O.; Grigorakis, S.; Lakka, A.; Bozinou, E.; Lalas, S.; Makris, D.P. Green Valorization of Olive Leaves to Produce Polyphenol-
Enriched Extracts Using an Environmentally Benign Deep Eutectic Solvent. AgriEngineering 2020, 2, 226-239. [CrossRef]
Tsagias, N.; Koliakos, I.; Karagiannis, V.; Eleftheriadou, M.; Koliakos, G.G. Isolation of mesenchymal stem cells using the total
length of umbilical cord for transplantation purposes. Transfus. Med. 2011, 21, 253-261. [CrossRef] [PubMed]

Kreatsouli, K.; Fousteri, Z.; Zampakas, K.; Kerasioti, E.; Veskoukis, A.S.; Mantas, C.; Gkoutsidis, P; Ladas, D.; Petrotos, K,;
Kouretas, D.; et al. A Polyphenolic Extract from Olive Mill Wastewaters Encapsulated in Whey Protein and Maltodextrin Exerts
Antioxidant Activity in Endothelial Cells. Antioxidants 2019, 8, 280. [CrossRef] [PubMed]

Keles, M.S.; Taysi, S.; Sen, N.; Aksoy, H.; Akcay, F. Effect of corticosteroid therapy on serum and CSF malondialdehyde and
antioxidant proteins in multiple sclerosis. Can. J. Neurol. Sci. 2001, 28, 141-143. [CrossRef]

Spanidis, Y.; Veskoukis, A.S.; Papanikolaou, C.; Stagos, D.; Priftis, A.; Deli, C.K.; Jamurtas, A.Z.; Kouretas, D. Exercise-Induced
Reductive Stress Is a Protective Mechanism against Oxidative Stress in Peripheral Blood Mononuclear Cells. Oxidative Med. Cell.
Longev. 2018, 2018, 3053704. [CrossRef] [PubMed]

Tsavea, E.; Mossialos, D. Antibacterial activity of honeys produced in Mount Olympus area against nosocomial and foodborne
pathogens is mainly attributed to hydrogen peroxide and proteinaceous compounds. . Apic. Res. 2019, 58, 756-763. [CrossRef]
Szweda, P. Antimicrobial Activity of Honey. In Honey Analysis; de Alencar Arnaut de Toledo, V., Ed.; IntechOpen: Rijeka, Croatia,
2017; p. 10.

Floros, S.; Toskas, A.; Pasidi, E.; Vareltzis, P. Bioaccessibility and Oxidative Stability of Omega-3 Fatty Acids in Supplements,
Sardines and Enriched Eggs Studied Using a Static In Vitro Gastrointestinal Model. Molecules 2022, 27, 415. [CrossRef]
Brodkorb, A.; Egger, L.; Alminger, M.; Alvito, P.; Assuncao, R.; Ballance, S.; Bohn, T.; Bourlieu-Lacanal, C.; Boutrou, R.; Carriére,
F.; et al. INFOGEST static in vitro simulation of gastrointestinal food digestion. Nat. Protoc. 2019, 14, 991-1014. [CrossRef]
Tepe, B.; Daferera, D.; Sokmen, A.; Sokmen, M.; Polissiou, M. Antimicrobial and antioxidant activities of the essential oil and
various extracts of Salvia tomentosa Miller (Lamiaceae). Food Chem. 2005, 90, 333-340. [CrossRef]


http://doi.org/10.1111/1750-3841.13672
http://doi.org/10.3831/KPI.2019.22.006
http://doi.org/10.1016/j.foodres.2015.07.032
http://doi.org/10.1016/j.foodchem.2012.07.115
http://doi.org/10.1016/j.jff.2011.11.001
http://doi.org/10.5681/bi.2011.031
http://doi.org/10.1016/j.foodres.2009.02.018
http://doi.org/10.1016/j.foodchem.2011.02.071
http://doi.org/10.1016/j.scienta.2009.03.015
http://doi.org/10.1016/j.smrv.2016.01.006
http://doi.org/10.1016/j.foodchem.2021.131051
http://doi.org/10.1155/2018/4061901
http://doi.org/10.1007/s11746-007-1180-z
http://doi.org/10.3390/foods10092014
http://doi.org/10.3390/agriengineering2020014
http://doi.org/10.1111/j.1365-3148.2011.01076.x
http://www.ncbi.nlm.nih.gov/pubmed/21623971
http://doi.org/10.3390/antiox8080280
http://www.ncbi.nlm.nih.gov/pubmed/31387273
http://doi.org/10.1017/S0317167100052823
http://doi.org/10.1155/2018/3053704
http://www.ncbi.nlm.nih.gov/pubmed/30405875
http://doi.org/10.1080/00218839.2019.1649570
http://doi.org/10.3390/molecules27020415
http://doi.org/10.1038/s41596-018-0119-1
http://doi.org/10.1016/j.foodchem.2003.09.013

Int. ]. Mol. Sci. 2023, 24, 3558 22 of 22

100. Oyaizu, M. Studies on Products of Browning Reaction Antioxidative Activities of Products of Browning Reaction Prepared from
Glucosamine. Jpn. J. Nutr. Diet. 1986, 44, 307-315. [CrossRef]

101. O’Sullivan, M.G. (Ed.) Chapter 3—Sensory Affective (Hedonic) Testing. In A Handbook for Sensory and Consumer-Driven New
Product Development; Woodhead Publishing: Cambridge, UK, 2017; pp. 39-57.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.5264/eiyogakuzashi.44.307

	Introduction 
	Results and Discussion 
	Total Phenolic Content 
	Polyphenolic Composition by HPLC 
	In Vitro Antioxidant Activity 
	Determination of Extracts’ Non-Cytotoxic Concentrations in MSC Cells 
	Effects of Powder on TAC, TBARS and GSH Levels in MSC Cells 
	Total Antioxidant Capacity (TAC) and Its Correlation with the Total Phenolic Content 

	Antibacterial Activity 
	Oxidative Stability 
	Sensory Acceptance 

	Materials and Methods 
	Development of the Beverage 
	Materials 
	Preparation of Mixed Berries Powder 
	Beverage Formulation 

	Determination of Total Phenolic Content (Folin-Ciocalteu) 
	HPLC 
	In Vitro Antioxidant Activity 
	Cell Culture Conditions 
	XTT Cell Viability Assay 
	Cell Treatment with Beverage 
	TBARS Assay for the Determination of Lipid Peroxidation 
	Assessment of TAC Levels 
	Assessment of GSH Levels 

	Antibacterial Activity 
	Bacterial Strains and Growth Conditions 
	Determination of Minimum Inhibitory Concentration (MIC) 
	Determination of Minimum Bactericidal Concentration (MBC) 

	INFOGEST Protocol 
	Oral Digestion Phase 
	Gastric Digestion Phase 
	Intestinal Digestion Phase 
	Sample Treatment and Storage 
	DPPH Assay (% DPPH Inhibition) 
	Ferric Reducing Antioxidant Power (FRAP) 

	Sensory Acceptance Testing 
	Statistical Analysis 

	Conclusions 
	References

