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Abstract: Antimicrobial resistance is increasing globally and is now one of the major public health
problems. Therefore, there is a need to search for new antimicrobial agents. The food industry
generates large amounts of by-products that are rich in bioactive compounds, such as phenolic
compounds, which are known to have several health benefits, including antioxidant and antimicrobial
properties. Thus, we aimed to characterize the phenolic compounds present in pomegranate, quince,
and persimmon by-products, as well as their antioxidant and antimicrobial activities. Phenolic
compounds were extracted from pomegranate, quince, and persimmon leaves, seeds, and peels
using a mixture of ethanol/water (80/20). The polyphenol profile of the extracts was determined by
high-performance liquid chromatography. The antioxidant activity of the extracts was determined by
the 2,2-diphenyl-1-picrylhydrazyl (DPPH), ferric reducing antioxidant power (FRAP), and cupric
reducing antioxidant capacity (CUPRAC) methods. Antimicrobial susceptibility was evaluated using
the Kirby—Bauer disk diffusion method. In general, leaves showed higher concentrations of phenolics
than the peel and seeds of fruits. In total, 23 phenolic compounds were identified and quantified,
with sanguiin and apigenin-3-O-galactoside being present in the highest concentrations. Leaf extracts
of pomegranate showed higher antioxidant activities than the other components in all methods used.
In general, all extracts had a greater antimicrobial activity against Gram-positive bacteria. Persimmon
leaf and seed extracts inhibited a greater number of bacteria, both Gram-positive and -negative.
The lowest minimum inhibitory concentration (MIC) detected among Gram-positive and -negative
bacteria was 10 mg/mL for pomegranate peel and leaf extracts against Staphylococcus aureus and
S. pseudintermedius and for pomegranate leaf extract against Escherichia coli. Our results reinforce
the need to value food industry by-products that could be used as food preservatives and antibiotic
adjuvants against multiresistant bacteria.
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1. Introduction

The generation of food waste is a worldwide challenge and concern since it is related
with negative environmental impact, underutilization of resources, and tangible losses
of economic value [1-3]. Food waste occurs throughout the entire food supply chain by
producers, retailers, and/or ultimate consumers. Fruit injuries, bruising, and over-ripening
during food transportation and storage are some of the most common reasons that lead to
food waste. This food is rejected because most consumers are reluctant to choose imperfect
foods in terms of shape, color, size, appearance, and freshness [4]. It has already been
described that food waste and by-products, such as peels, seeds, shells, pomace, and leaves
are rich in bioactive compounds, fibers, enzymes, and antioxidants, which make them
useful and interesting for the production of functional foods and drugs and also because of
their potential for the cosmetic industry [5]. Moreover, natural products are valuable and
show unquestionable therapeutic properties linked to low toxicity and high efficiency [6].
In this way, the transformation of food-industry waste into value-added products supports
the concept of a circular economy.

Among numerous compounds that present bioactivity, phenolic compounds are the
ones that have drawn the attention of researchers and industry [7]. These compounds, also
named polyphenols, are a result of the secondary metabolism of plants and can often be
found in foods that are consumed daily by humans [5]. Polyphenols have an important
role regarding protection, chemical defenses, and as pollinator attractants [8,9]. They have
also demonstrated to be valuable against several human diseases, including cardiovascular
disease, cancer, and diabetes [10]. It has been described that they can perform as antimicro-
bial, antioxidant, anti-inflammatory, anti-hepatotoxic, antidiarrheal, antiviral, anti-ulcer,
and antiallergic agents [7]. Their mechanisms of action are not fully elucidated, but studies
have identified several techniques, such as rupturing the outer cell membrane, modifying
the structure and function of the cytoplasmic membrane, complexation with the cell wall,
substrate withdrawal, interacting with genetic material, enzymatic inactivation, disrupting
proton and electron flow, and inhibiting active transport. However, it is believed that the
most common mechanism of antimicrobial action of phenolic compounds is through their
interaction with the cell membrane [11].

The antimicrobial properties of some polyphenols have been accountable for capturing
the attention of researchers due to the rising increase of drug-resistant bacteria detected
in the last years [7]. For several years, people were powerless in the face of different
epidemics, such as smallpox, malaria, syphilis, tuberculosis, and cholera, among many
others infectious diseases. The discovery of antibiotics along with the extensive research
focused on pathogens began to improve this condition [10]. Antibiotics allowed us not
only to treat bacterial infections but also to improve quality of life and life expectancy [12].
Since then, the consumption of antibiotics has significantly increased and, unfortunately,
the excessive and inappropriate use of this class of molecules has led to the development
of mechanisms that enable bacteria to resist antimicrobial agents [13]. Consequently, the
effectiveness of the drugs that are now available to treat bacterial infections has been
severely affected [14]. Antibiotic resistance is one of the world’s most pressing health
issues, and it has been estimated that by 2050, it will be the cause of death for 10 million
people [15]. Given this alarming scenario, new alternative sources of compounds that
present antimicrobial activity, compounds with antibiotic resistance-modulatory properties,
and low-cost sources of natural antioxidant compounds are necessary [7].

The One Health concept recognizes the interconnection between human, animal, and
environmental health, and seeks integrated solutions to promote the health of all living
beings. In the case of food industry by-products, there are several ways to approach their
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sustainable management and use in the context of One Health, such as waste reduction,
which can be done through more efficient production practices, better packaging and logis-
tics strategies, and consumer awareness; recycling and reusing food industry by-products
instead of discarding them; valorization of by-products since they often contain valuable
nutrients and compounds with benefits for human and animal health; and proper man-
agement of by-products to avoid risks to animal and human health, including monitoring
residues and contaminants, implementing good hygiene and food safety practices, and
adopting measures to control diseases that may arise from these by-products. In short,
integrating the problem and the use of food industry by-products in the context of One
Health involves a holistic and collaborative approach, which considers the impacts on
human, animal, and environmental health, and seeks sustainable and beneficial solutions
for all parties involved.

Bearing this in mind, one economical and feasible approach to reduce the food industry
impact and fight antimicrobial resistance is to extract bioactive compounds from food waste
and by-products and use them as potential antibiotic adjuvants. Therefore, the aim of this
work is to extract phenolic compounds from different components of three fruits (pomegranate,
persimmon, and quince), characterize their content of phenolic compounds, and evaluate their
antioxidant and antimicrobial activity. This work provides information for the development of
new antimicrobial agents while promoting a sustainable methodology.

2. Results and Discussion
2.1. Phenolic Compounds

Pomegranate, quince, and persimmon peels, seeds, and leaves are considered as waste;
nevertheless, they have received much attention recently due to their chemical content
of bioactive compounds. The total phenolic content (TPC) of each extract was obtained
by the Folin—Ciocalteu assay. The results for total phenolic content of the pomegranate,
quince, and persimmon by-products are presented in Table 1. In general, the leaves
showed higher concentrations of phenolics than the peel and seeds of fruits. When compar-
ing the three fruits, pomegranate leaf extract had the highest concentration of phenolics
(333.02 £ 21.22 ng/mg), followed by the quince leaf extract (209.78 + 14.28 pug/mg). How-
ever, most studies that evaluated the TPC of both pomegranate leaves and peels reported
that the peel extracts had higher content of phenolics than the leaf extracts [16-18]. It is
well known that TPC may be influenced by the growing conditions, as several factors such
as light, temperature, and nutrients in the soil may affect the composition of the fruit [19].
Other studies focused only on the TPC of pomegranate peel and seeds and showed that
regardless of the type of solvent or cultivar used, peel extracts had a higher TPC than seeds,
which is in accordance with our results [20-22]. In our study, the seeds were the component
with the lowest concentration of phenolic compounds in both quince (12.54 £ 1.09 pug/mg)
and pomegranate extracts (21.01 &+ 1.19 ug/mg). However, surprisingly, the persimmon
seed extract had higher content of phenolics (148.17 £ 5.92 ng/mg) than the peel and seeds
of all fruits. Our results are in accordance with the results of Jang et al. (2010), who reported
a higher TPC in seeds (81.81 mg/g) than in peels (6.92 mg/g) despite the fact that in our
study we obtained much higher TPC values for both components [23]. However, most
studies focus only on one individual component of persimmon. One study reported a
very low TPC in persimmon seeds of four cultivars when compared to our results [24].
Other studies reported a lower TPC in persimmon leaves and peels when compared to our
results. Hossain et al. (2018) studied the TPC in leaves of different persimmon cultivars
and reported a concentration ranging from around 60 to 112 mg/g [25]. Choe et al. tested
the influence of different concentrations of ethanol on the extraction of phenolics from
persimmon peels and reported a TPC of 12.39 mg/g for 70% ethanol [26]. Finally, regarding
the quince extracts, the leaves had the highest TPC (209.78 pg/mg) of the three quince
components, whereas the seed extract had the lowest TPC (12.54 £ 1.09 ug/mg) of all com-
ponents studied in this work. These results are in accordance with other studies, although
we obtained higher values than most of these studies [27-29]. Regarding the quince peel,
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Stojanovié et al. reported a concentration of TPC much higher than in our study (ranging
from 140.12 pg/g to 202.92 ug/g), which may be explained by the different extraction
method used [19]. However, considerably lower content (11.9 mg/g) was obtained by
Tzanakis et al. [30].

Table 1. Total phenolic content of individual fruit components (mean value & SD, n = 3).

Fruit Component Total Phenol Content *
Leaf 333.02 4+ 21.222
Pomegranate Peel 71.94 +4.73b
Seed 21.01 £1.19°¢
Leaf 209.78 + 14.28 @
Quince Peel 61.88 + 4.56°
Seed 12.54 +1.09
Leaf 173.98 +4.512
Persimmon Peel 20.61 +1.72°
Seed 148.17 +5.92 ¢

* Values expressed as pg of gallic acid/mg of residue. For each group, an ANOVA was performed, with different
superscript letters indicating significant differences (p < 0.05).

In order to obtain the qualitative and quantitative profile of the chemical composition
of the extracts, they were further evaluated by high-performance liquid chromatography
with diode array detection (HPLC-DAD). It was only possible to identify phenolic com-
pounds in the extracts of pomegranate leaf and peel, persimmon, and quince leaf and
peel. The results of the phenolic composition of the extracts are shown in Table 2. Overall,
23 different compounds were identified and quantified: 13 compounds in the pomegranate
leaf (9 hydrolyzable tannins, 3 flavones, and 1 hydroxycinnamic acid); 5 in the pomegranate
peel (hydrolyzable tannins); 5 in the persimmon peel (1 hydroxyflavonoid and 4 flavonols);
10 in the quince leaf (5 catechins, 3 flavonols, 1 quinic acid, and 1 hydroxycinnamic acid);
and 8 in the quince peel (4 catechins, 2 flavonols, 1 quinic acid, and 1 hydroxycinnamic acid).
Pomegranate extracts are known to be rich in different types of ellagitannins including puni-
calagin, punicalin, and ellagic acid found in different matrixes such as pomegranate juice,
husk, and peel [31]. Ellagitannins are a class of bioactive compounds mainly composed of
hydrolyzed tannins that are commonly found in pomegranates, berries, ground elm, tea,
walnuts, and chestnuts [32,33]. Most of the health benefits associated with pomegranate
have been ascribed to these phenolic compounds [34-36]. In our study, apigenins were
the compounds present in the greatest concentration in the pomegranate leaf, followed
by sanguiin. Sanguiin H6 has been reported to be associated with pomegranate, but it
is the major ellagitannin in raspberries and other berries [37,38]. Oenothein B was also
detected in pomegranate leaves. This compound constitutes a unique class of ellagitannins
and has been reported to exhibit a variety of physiological activities beneficial to human
health [39]. Other studies have found this compound in pomegranate aril extracts [40,41].
Although punicalagin is considered the main component in pomegranates, punicalagin
o and 3 were only detected in pomegranate peel in our study [41]. In fact, punicalagin
was the main component in the peel extract followed by ellagic acid. These results are
concordant with the ones obtained by Fraschetti et al., who reported that pomegranate
peel is rich in punicalagins and ellagic acid [33]. It has been shown that pomegranate juice
and peel are rich in gallic acid and ellagic acid [21,42,43]. Regarding the quince extracts,
in our study, the most abundant compound was caffeic acid followed by procyanidin and
quercetin-3-O-rutinoside in the leaf extract, while in the peel extract, the major compound
was caffeic acid followed by quercetin-3-O-rutinoside. Other studies have shown that
quercetin-3-O-rutinoside and procyanidins are the main compounds in quince leaves, peel,
and pulp [27,44]. The high concentrations of procyanidins in quince may explain the astrin-
gency and bitterness that are characteristic of this fruit [27]. Caffeic acid and derivates were
also detected in high concentrations in quince in other studies [45,46]. Both caffeic acid and
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quinic acids, such as chlorogenic acid, have a high number of health benefits [47]. Finally,
in the persimmon extracts, the most abundant compound was kaempferol-3-O-glucoside,
and kaempferol derivates were also detected. Other studies have shown that kaempferol
and derivates and quercetin are common compounds in persimmon [48-51]. Nevertheless,
in contrast, Yaqub et al. reported that caffeic acid, p-coumaric acid, and ferulic acid were
present in large quantities in persimmon extracts, which were not detected in our study [48].

Table 2. Retention time (Rt), wavelengths of maximum absorption in the visible region (Amax),
identification, and quantification (mg/g extract) of the phenolic compounds present in the extracts of
individual fruit components.

Peak

Rt (min)

Quantification (mg/g of Dry Extract)

Amax (nm) Identification

PL PP Pe QL Qr
1 21.94 254 Oenothein B 15.04 nd nd nd nd
2 22.58 254 Pedunculagin-2 5.00 nd nd nd nd
3 23.24 320 Sanguiin-isomer 5.26 nd nd nd nd
4 23.58 320 Sanguiin-isomer 598 nd nd nd nd
5 24.24 320 Sanguiin-Hé6 37.39 nd nd nd nd
6 24.73 320 p-coumaric acid 16.00 nd nd nd nd
7 25.10 320 Sanguiin-isomer 29.83 nd nd nd nd
8 25.86 320 Sanguiin-isomer 40.84 nd nd nd nd
9 26.70 320 Sanguiin-isomer 7.39 nd nd nd nd
10 27.44 320 Ellagic acid 16.17 nd nd nd nd
11 28.88 320 Apigenin-3-O-galactoside 93.73 nd nd nd nd
12 29.34 320 Apigenin-3-O-rutinoside 31.08 nd nd nd nd
13 30.46 320 Apigenin-3-O-rhamnoside 25.25 nd nd nd nd
14 22.46 320 Punicalagin o nd 5.77 nd nd nd
15 23.15 320 Punicalagin (3 nd 6.73 nd nd nd
16 24.60 320 Ellagic acid-glucoside nd 0.91 nd nd nd
17 25.31 320 Ellagic acid-pentoside nd 0.57 nd nd nd
18 26.88 320 Ellagic acid nd 3.31 nd nd nd
19 22.52 320 Chlorogenic acid nd nd nd 2.02 1.25
20 23.22 320 Procyanidin nd nd nd 0.26 nd
21 23.89 320 Caffeic acid nd nd nd 8.10 3.33
22 24.48 320 Procyanidin nd nd nd 0.32 0.35
23 2491 320 Procyanidin nd nd nd 1.71 0.60
24 25.39 320 Procyanidin nd nd nd 2.50 0.39
25 25.80 320 Procyanidin nd nd nd 0.72 0.72
26 26.33 320 Quercetin-3-O-rutinoside nd nd nd 3.62 2.07
27 26.99 320 Quercetin -3-O-xiloside nd nd nd 2.90 nd
28 27.25 320 Quercetin-3-O-rhamnoside nd nd nd 1.38 nd
29 24.31 370 Cyanidin nd nd 0.62 nd nd
30 26.95 370 Quercetin-3-O-galactoside nd nd 1.21 nd 5.98
31 27.20 370 Kaempferol-3-O-Rhamoside nd nd 2.57 nd nd
32 28.00 370 Kaempferol-3-O-glucoside nd nd 4.84 nd nd
33 28.18 370 Kaempferol-3-O-Rhamoside nd nd 1.38 nd nd

PL: pomegranate leaf; PP: pomegranate peel; Pe: permison leaf; QL: quince leaf; QP: quince peel; nd: not detected.

2.2. Antioxidant Activity

Several studies have shown that the beneficial effects of antioxidants on human health
are due to their capacity to reduce oxidative stress. Therefore, assessing the antioxidant
capacity of foods and food industry by-products is important not only to ensure the
quality of foods but also to promote the use of these components in human and animal
health [52]. In our study, we investigated the antioxidant activity of ethanolic extracts of
fruit components using the DPPH, FRAP, and CUPRAC methods.

As shown in Table 3, all individual components of pomegranate, persimmon, and
quince had an effective and potent reducing power. Furthermore, an assessment was con-
ducted to determine the relationship between the TPC and antioxidant activities measured
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using different methods. The findings revealed a significant and robust positive correlation
among all the methods (p < 0.001). As expected, leaf extracts of pomegranate showed
higher antioxidant activities than the other components in all methods used. These results
are in accordance with other studies [16,53]. However, Amri et al. (2017) reported that
pomegranate leaf extract had a higher antioxidant capacity with the DPPH method but not
with the FRAP [53]. On the other hand, pomegranate seed extract had a significantly lower
activity than leaf and peel extracts. Studies have shown similar but also contrary results
to ours [16,17,21,53]. Studies conducted by Elfalleh et al. [17] and Tehranifar et al. [16]
showed a higher antioxidant activity in pomegranate peels. Nevertheless, in most studies,
seed extracts had the lowest antioxidant capacity. Leaf extracts of pomegranate had 91.6%
DPPH scavenging activity, which, as stated by other authors, can be considered as a full
absorption inhibition of DPPH because the 100% value cannot be reached since the color of
the final solution is always yellowish in comparison with the colorless control solution [54].
Pomegranates are a good source of several phenolic compounds, including punicalagins,
hydrolyzable tannins, anthocyanins, and ellagic acid, which are responsible for the antioxi-
dant activity [55]. In our study, these compounds were detected in higher proportions in
leaf than peel extracts.

Table 3. Antioxidant activity of individual fruit components determined by three different methods
(mean value £ SD, n = 3).

Fruit Component DPPH ! FRAP 2 CUPRAC?3
Leaf 91.61 £ 0342 6448.44 + 524.05 2 3427.78 +91.00 2
Pomegranate  Peel 49.15 + 3.06 ° 2262.89 + 217.01° 807.59 +9.63 P
Seed 7.46 + 0.98 € 583.78 + 31.66 € 148.67 + 16.35 ¢
Leaf 82.81 + 3412 4306.78 + 588.45 2 162622 + 84.112
Quince Peel 2428 +1.50P 1266.67 + 107.48 P 456.44 + 19.93P
Seed 021 +£0.04¢ 204.61 + 14.68 € 120.74 + 10.78
Leaf 71.65 + 3.27 2 3770.67 + 401.06 2 1374.22 + 175.43 2
Persimmon Peel 7.98 +£1.45b 550.44 + 37.18 P 153.89 + 11.10 P
Seed 77.97 4+ 2.98 2 4224.56 + 319.90 2 1573.56 + 16.252

1 expressed in % of DPPH scavenging activity; 2 expressed in as umol FeSOy equivalents g~! dry weight;
3 expressed in uM/L Trolox equivalents. For each group, an ANOVA was performed, with different superscript
letters indicating significant differences (p < 0.05).

Quince leaf extracts also showed the highest antioxidant activity, followed by peel
and seed extracts. Although the number of studies evaluating the antioxidant activity of
the quince leaf, seed, and peel are very scarce, a study conducted with 13 quince varieties,
including the variety ‘Portugal” which was the same as in our study, showed that this is one
of the varieties with the highest antioxidant power [28]. In the same study, the percentage
of DPPH scavenging activity in the leaf extracts (55.5%) was lower than that obtained in
our study (82.81%). In contrast, the percentages of DPPH scavenging activity in the peel
(26.39%) and seed (2.93%) extracts were higher than our study.

Contrary to the other fruits, the persimmon seed extract had the highest antioxidant
activity in all methods. Nevertheless, the antioxidant activity between the persimmon
leaf and seed extracts was not significantly different. Studies comparing the antioxidant
activities of permission components are also quite scarce. Nevertheless, Jang et al. obtained
similar results, with seeds showing a higher antioxidant capacity than leaves [23]. Other
studies have shown that persimmon leaves are rich in antioxidants and that the seeds have
a strong radical-scavenging activity [48,56,57].

While some phenolics may possess both antioxidant and antimicrobial properties, the
correlation between these two activities is not always straightforward. The antioxidant
activity of phenolic compounds primarily involves their ability to scavenge free radicals
and inhibit oxidative stress [58]. On the other hand, the antimicrobial activity is related
to their ability to disrupt microbial cell membranes, inhibit enzyme activity, or interfere
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with microbial DNA replication [7]. Although some phenolic compounds may exhibit both
activities, it is important to note that the mechanisms and effectiveness of antioxidant and
antimicrobial actions can vary depending on the specific compound and the targeted mi-
croorganism. The relationship between antioxidant and antimicrobial activities of phenolic
compounds suggests a potential synergy between their protective effects against oxidative
stress and their ability to combat microbial infections.

2.3. Antimicrobial Activity

Antimicrobial resistance is increasing worldwide and is becoming a public health
concern. It has been more than a decade since a new class of antibiotics has been devel-
oped; therefore, the development of new antimicrobial agents and antibiotic adjuvants is
essential. In this study, we investigated the antimicrobial activity of the phenolic extracts
of individual fruit components against several different genera and species of medically
important bacteria. In addition, since there was a great inhibition of Staphylococcus aureus,
the antimicrobial activity of the extracts against ten multidrug-resistant MRSA of human
and animal origin was also investigated. The results of the size of the inhibition zones of
Gram-positive and -negative bacteria as well as the minimum inhibitory concentrations
(MICs) of all inhibited strains are shown in Tables 4 and 5. In general, the extracts had
a greater antimicrobial activity against Gram-positive bacteria since all, except for Ente-
rococcus faecium, were inhibited by at least one of the extracts. None of the extracts was
able to inhibit the growth of Klebsiella pneumoniae and Salmonella spp. It has been shown
that Gram-positive bacteria are more susceptible to the action of fruit phenolic compounds
than Gram-negative bacteria [7,11,59-61]. This is due to the strong electronegativity of the
outer membrane of the cell wall of Gram-negative organisms, which may lead to weaker
interactions between the membrane and phenolics due to the multiple hydroxyl groups
found in these compounds [61-63]. The TPC and the individual phenolic compounds in
each extract may also influence their antimicrobial activity. Nevertheless, no significant
correlation was found between the TPC and the size of the inhibition zones. Although, in
general, the TPC is positively correlated with antimicrobial activity, this was not the case
with pomegranate peel and leaf extracts. Leaf and peel extracts of pomegranate inhibited
the growth of the same strains. Nevertheless, leaf extract produced larger inhibition zones
in Gram-negative bacteria than peel extracts but with higher MICs, whereas peel extracts
produced larger inhibition zones in Gram-positive bacteria with lower MICs. This result
may be due to the different individual phenolics found in each extract. Apigenin was found
in greater amounts in pomegranate leaf extract, followed by sanguiin. The antibacterial
potential of apigenin against different pathogens was investigated in other studies, and,
generally, this compound inhibits the growth of both Gram-positive and -negative bacte-
ria [64-68]. In a study by Dong et al., apigenin had no inhibitory action against S. aureus.
However, apigenin was responsible for a decrease in the S. aureus toxin, a-hemolysin, to
low concentrations [64]. Other studies have shown that the main targets of apigenin may
be the nucleic acid processing enzymes and cell/wall membrane [67,68]. The antimicrobial
activity of pomegranate leaf extract may also be due to the presence of sanguiin. Studies
have shown the antimicrobial activity of this compound, and Aguilera-Correa et al. hy-
pothesized that its action against MRSA strains is due to MRSA DNA-gyrase inactivation
originated by sanguiin H-6 [69]. However, pomegranate peel extract lacked both apigenin
and sanguiin, or they were present in residual amounts, with punicalagin being the most
abundant compound. In a study by Gosset-Erard et al., pure punicalagin had antimicrobial
activity against Escherichia coli, Pseudomonas, and Salmonella, but in our study, among the
Gram-negative bacteria, it only was effective against E. coli [70]. In our study, pomegranate
peel extract was able to inhibit all Staphylococcus, with MICs mainly of 10 mg/mL. Xu et al.
reported a good antistaphylococcal effect of punicalagin with MIC of 0.25 mg/mL, which
may be attributed to the increase in potassium efflux and consequently morphological
damage of the cell membrane [71]. Quince extracts inhibited a smaller number of bacteria
than extracts from the other two fruits, having no activity against any of the Gram-negative
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bacteria. In a study by Benzarti et al., quince leaf extract had antimicrobial activity against
E. faecium, Streptococcus agalactiae, and Bacillus subtilis, but it failed to inhibit the growth of
Salmonella, E. coli, S. aureus, and Staphylococcus epidermidis [72]. In another study, quince leaf
extract was able to inhibit the growth of K. pneumoniae, Salmonella, E. coli, and Pseudomonas,
but in that study, much higher concentrations were used than in our study [73]. Quince
peel extract showed antimicrobial activity only against four MRSA strains, one of human
origin and three of animal origin, with MICs of 75 mg/mL, which is in accordance with
another study which reported that the quince ethanolic leaf extract was only active against
S. aureus [74]. These results may be due to the procedures used to prepare the phenolic
extracts, which have been shown to influence the TPC amount and, consequently, the
antimicrobial properties of the extracts [63]. The potential of quince leaf extract has been
attributed to the presence of chlorogenic acid, which has demonstrated a high level of
action against S. aureus, Pseudomonas aeruginosa, E. coli, and Candida albicans while catechins,
often present in this extract, showed moderate activity [75]. In our study, both quince leaf
and peel extracts contained chlorogenic acid and catechins, but the compounds present
in the highest concentration were caffeic acid and quercetin-3-O-galactoside, respectively.
Antimicrobial activity of caffeic acid against S. aureus has been attributed to the presence of
one or more hydroxyl groups on the phenolic ring of caffeic acid [76]. Nevertheless, the
inhibitory effect of caffeic acid on other bacteria occurs mainly by inhibition of enzyme
activity, changing the membrane permeability and damage of the structure of proteins and
DNA [77]. Finally, although the MICs of persimmon extracts were generally higher than
the other fruit extracts, they were effective against a greater number of bacterial strains.
Moreover, the persimmon seed extract was effective against a high number of strains while
the seed extracts of pomegranate and quince had no inhibitory effect on any of the strains
tested. In the study of Amri et al., persimmon extracts showed inhibitory action against
S.aureus, S. epidermidis, E. coli, Salmonella, and P. aeruginosa, among others, but the MICs were
much higher than in our study (S. aureus: 312.5 mg/mL; E. coli: 1250 mg/mL; Salmonella:
1250 mg/mL; and P. aeruginosa: 625 mg/mL) [51]. In the same study, persimmon extracts
did not show antimicrobial activity against the multidrug-resistant strains, which contrasts
with our results, as all of the MRSA strains used in our study were multidrug-resistant. In
another study, persimmon peel and leaf extracts were also effective in inhibiting the growth
of Salmonella, S. aureus, and E. coli [78]. However, in our study, persimmon extracts were
not active against Salmonella. In fact, none of the extracts tested had any inhibitory effect on
the growth of Salmonella, K. pneumoniae, Listeria monocytogenes, and E. faecium. In our study,
kaempferol, particularly kaempferol-3-O-glucoside, was the most abundant compound in
persimmon extracts. In the study of Fu et al. (2016), several phenolic compounds were ana-
lyzed individually regarding their antimicrobial activity, and kaempferol showed inhibitory
effects against several bacterial strains, including both Gram-positive and Gram-negative
strains [50]. The inhibitory effect detected with all three persimmon extracts may be due to
the generation of hydrogen peroxide in persimmon tissues, since Arakawa et al. showed
that the antimicrobial activity of persimmon extracts correlated with bacterial susceptibility
to hydrogen peroxide [79]. The antimicrobial activity of the extracts tested in our study
involves many mechanisms that may be attributed to the different phenolic compounds
found in each extract and may include inhibition of DNA gyrase and nucleic acid synthesis,
pore formation, and alteration of the cell membrane/wall, among others [50].
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Table 4. Antimicrobial susceptibility (inhibition zones, mm) of Gram-positive and Gram-negative
bacteria to the extracts of fruit components.

Inhbition Zone (mm)

Bacterial Strain Pomegranate Quince Persimmon

Leaf Peel Seed Leaf Peel Seed Leaf Peel Seed

Antibiotics *

Gram-negative

E.colil 22 17 - - - - 11 - 10 23

E.coli2 8 7 - - - - 9 - 7 27

E.coli3 - - - - - - 9 - - 24

K. pneumoniae 1 - - - - - - - - - 30

K. pneumoniae 2 - - - - - - - - - 27

K. pneumoniae 3 - - - - - - - - - 26

K. oxytoca 1 - - - - - - 10 - 9 29

K. oxytoca 2 - - - - - - 8 - 9 32

K. oxytoca 3 - - - - - - 8 - - 31

P. aeruginosa 1 - - - - - - 9 - 10 33

P. aeruginosa 2 - - - - - - 10 - 8 35

Salmonella spp. - - - - - - - - - 30
Gram-positive

S. aureus 1 17 20 - 12 - - 11 - 9 21

S. aureus 2 16 20 - 11 - - 12 9 10 22

S. pseudintermedius 1 10 15 - 10 - - 8 9 9 29

S. pseudintermedius 2 12 17 - 11 - - 9 - 8 26

L. monocytogenes 1 - - - 8 - - - - - 33

L. monocytogenes 2 - - - 10 - - - - - 30

E. faecium - - - - - - - - - 22

E. faecalis 8 15 - 9 - - 9 - 8 25

MRSA

H1 12 18 - 10 - - 10 - 10 28

H2 17 17 - 12 8 - 14 8 15 32

H3 12 17 - 10 - - 10 7 10 27

H4 13 18 - 10 - - 11 - 10 29

H5 15 19 - 9 - - 12 - 10 25

Al 17 15 - 14 10 - 16 10 - 30

A2 12 20 - 13 11 - 15 10 - 32

A3 15 19 - 12 9 - 12 9 - 30

A4 14 19 - 14 - - 16 - - 33

A5 12 17 - 10 - - 11 - - 29

* Trimethoprim /sulfamethoxazole was used for E. faecalis, E. faecium, and L. monocytogenes; chloramphenicol for S.
aureus, S. pseudintermedius, E. coli, K. pneumoniae, and K. oxytoca; and ciprofloxacin for P. aeruginosa and Salmonella
spp. H: human origin; A: animal origin.

Table 5. Minimum inhibitory concentration (MIC) of all strains inhibited by the extracts of fruit

components.
MICs (mg/mL)
Bacterial Strain Pomegranate Quince Persimmon
Leaf Peel Seed Leaf Peel Seed Leaf Peel Seed
Gram-negative

E.coli1l 10 25 - - - - 75 - 75

E. coli 2 50 75 - - - - 75 - 75

E.coli3 - - - - - - 75 - -
K. oxytoca 1 - - - - - - 75 - 100

K. oxytoca 2 - - - - - - 75 - 50

K. oxytoca 3 - - - - - - 100 - -

P. aeruginosa 1 - - - - - - 75 - 75

P. aeruginosa 2 - - - - - - 75 - 75
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Table 5. Cont.
MICs (mg/mL)
Bacterial Strain Pomegranate Quince Persimmon
Leaf Peel Seed Leaf Peel Seed Leaf Peel Seed
Gram-positive

S. aureus 1 50 10 - 50 - - 25 - 25

S. aureus 2 25 10 - 25 - - 25 75 25

S. pseudintermedius 1 10 10 - 25 - - 25 75 25

S. pseudintermedius 2 10 25 - 50 - - 50 - 50
E. faecalis

MRSA

H1 10 10 100 25 - - 50 - 50

H2 25 10 - 10 75 - 25 75 10

H3 25 25 - 25 - - 50 100 50

H4 25 10 - 25 - - 50 - 50

H5 50 10 - 50 - - 25 - 50

Al 25 10 - 10 75 - 25 25 25

A2 50 10 - 25 75 - 10 75 25

A3 50 10 - 25 75 - 25 25 50

A4 10 10 - 10 - - 10 - 50

A5 50 10 - 25 - - 50 - 25

H: human origin; A: animal origin.

3. Materials and Methods
3.1. Plant Material and Extract Preparation

Plant material used included the individual components of three autumn fruits:
pomegranate (Punica granatum, Acco variety), persimmon (Diospyros kaki, Fau Fau va-
riety), and quince (Cydonia oblonga, Portugal variety), namely, leaves, peel, and seeds.
Samples were collected during autumn 2020 in the north of Portugal. The individual com-
ponents were manually separated, lyophilized, and mill-powdered. For the preparation
of the extracts, 2 g of the lyophilized powdered samples was extracted with 100 mL of a
mixture of ethanol/water (80/20), by stirring for 2 h at ambient temperature, followed
by sonication for 15 min. Then, each sample was centrifugated (11,000 g, 15 min) and
the pellet was re-extracted (Model 2100, Kubota, Japan). The supernatant was collected
to undergo the centrifugation process again, with the aim of obtaining solutions with
maximum purity in terms of phenolic compound content. The supernatants were collected,
and the solvents evaporated under vacuum on a rotary evaporator at 40 °C. Finally, the
dry residues obtained were redissolved with dimethylsulfoxide (DMSO). The extracts were
stored at —20 °C until further analysis.

3.2. Determination of Total Phenolic Content

The total phenolic content of the extracts was evaluated by the Folin-Ciocalteu assay.
The external calibration was done using different concentrations (0.01, 0.005, 0.05, 0.1, and
0.25 mg/L) of gallic acid. Briefly, 2.0 mL of solution A (mix 10 mL of 2% Na;COj3; with
0.1 mL of CuSOy4 and 0.1 mL of sodium and potassium tartrate) was added to 200 puL of the
extracts at a concentration of 20 mg/mL. The mixture was mixed, and after 4 min, 0.4 mL of
0.5 M sodium hydroxide was added. The absorbance was measured at 760 nm. The results
of TPC are expressed as mg gallic acid equivalents (GAE)/g sample [80].

3.3. HPLC-DAD Analysis

The evaluation of the phenolic composition was performed after the redissolution of
extracts to a final concentration of 5 mg/mL and filtering through a 0.22 um filter using
a solid-liquid extraction followed by high-performance liquid chromatography (HPLC)
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(Gilson, Villers-le-bel, France)-diode-array detector (DAD) (Thermo Electron, San Jose, CA,
USA). The compound separation was performed by gradient elution on a C18 column (5 pm
particle size; 250 mm x 4.6 mm) (ACE, Aberdeen, Scotland) using a mobile phase of 0.1%
(v/v) trifluoroacetic acid (TFA) in water (eluent A) and 0.1% TFA in acetonitrile (eluent B)
and a flow rate of 1 mL min—1. The chromatograms were recorded at 254, 320, and 370 nm.
Phenolic compounds were identified based on retention times, UV spectra, and UV max
absorbance bands with the available reference compounds. Compound quantification in
the extracts was performed by the internal standard method, and the results are expressed
inmg g_1 dry weight [81].

3.4. Determination of Antioxidant Activity

Antioxidant activity was determined using three colorimetric methods: the inhibi-
tion of free radicals of DPPH (2,2-diphenyl-1-picrylhydrazyl); the FRAP method (ferric
reducing antioxidant power), based on the ability of antioxidants to reduce Fe®* to Fe?*
in the presence of 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ); and the CUPRAC method (cupric
reducing antioxidant capacity).

3.4.1. DPPH

To determine the inhibition of DPPH radicals, the method of Siddhraju and Becker
(2003) was followed with some modifications [82]. This method consists of reducing the
valence electron of the free hydrogen atom in DPPH by the action of antioxidants (H atom
donors), resulting in the formation of hydrazine (DPPH-H). Briefly, 4 mg of DPPH was
mixed with 100 mL of 95% ethanol. Then, 285 uL. of DPPH solution and 15 uL of extract
were added to each well of the microplate and a standard blank solution was prepared
(DPPH solution and extraction solvent instead of sample). The microplates were placed in
the dark and at room temperature for 30 min. After the incubation period, the absorbance
was measured at 517 nm.

The % DPPH radical scavenging capacity was calculated using the following formula:

)

WAA — <Abs Blank — Abs Sample > « 100

Abs Blank
The result is expressed as % DPPH radical inhibition.

3.4.2. FRAP

The ferric reducing antioxidant power (FRAP) method was performed according to
the method of Stratil et al. [83]. This method entails the reduction of a ferric complex,
2,4,6-tripyridyl-s-triazine (Fe3*-TPTZ), by antioxidants to the ferric form (Fe?*-TPTZ). A
buffer solution of acetate (300 mM, pH 3.6), TPTZ (2,4,6-tripyridyl-S-triazine) solution at
10 mM in 40 mM of HCl, and a solution of FeCl3.6HO at 20 mM was prepared. An aqueous
solution of iron sulfate was prepared to create a calibration curve with concentrations
ranging from 0.0 and 1000 pM. Then, 25 uL of each sample was added to 275 uL of
FRAP reagent in each well of the microplate, and the microplate was incubated at room
temperature in the dark for 5 min. After this procedure, the absorbance was measured at
593 nm and reported in pmol FeSOy equivalents g~ ! dry weight.

3.4.3. CUPRAC

To quantify the cupric reducing antioxidant capacity (CUPRAC), the method of Apak
et al. was used with some modifications [84]. The following solutions were prepared:
CuCl; (10 mM in water), neocuproin (7.5 mM in 96% ethanol), and an ammonium acetate
buffer solution (N4CH3CO,) (1 mM, pH 7.0, in water). Then, 50 puL of CuCl, and 50 pL of
neocuproin were added to each well of the microplate, followed by 50 uL of N4CH3COs,,
25 uL of each sample, and 25 uL of water, and incubated in the dark at room temperature
for 30 min. Finally, the absorbance was measured at 450 nm. A calibration curve was
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created with trolox as standard, and the results are expressed in pM of trolox equivalents
per g of sample (UM TE/g).

3.5. Antimicrobial Activity
3.5.1. Bacterial Strains, Culture Media, and Growth Conditions

Antimicrobial susceptibility testing was performed against 12 Gram-negative strains:
3 Escherichia coli, 3 Klebsiella pneumoniae, 3 Klebsiella oxytoca, 2 Pseudomonas aeruginosa, and
1 Salmonella sp., and against 8 Gram-positive strains: 2 Listeria monocytogenes, 2 Staphylo-
coccus pseudintermedius, 2 Staphylococcus aureus, 1 Enterococcus faecium, and 1 Enterococcus
faecalis. The best results obtained after the initial screening were obtained with S. aureus
strains. Therefore, further antimicrobial susceptibility tests were performed against other
strains of S. aureus with different clonal lineages and origins. Thus, 10 methicillin-resistant
S. aureus (MRSA) strains with multidrug-resistant profiles were used: 5 of human origin
and 5 of animal origin [85,86]. All bacterial strains were subcultured in brain heart infusion
(BHI) agar (Oxoid, Basingstoke, UK) for 24 h at 37 °C. The strains are part of the University
of Tras-os-Montes and Alto Douro. Miiller-Hinton (MH) agar (Oxoid, Basingstoke, UK)
was used for the antimicrobial susceptibility assay.

3.5.2. Antimicrobial Susceptibility Test

The antimicrobial susceptibility testing was carried out by the Kirby—Bauer disk dif-
fusion method against Gram-negative and Gram-positive bacteria. The evaluation the
growth inhibition was performed as previously described [7]. Briefly, each phenolic extract
had an initial concentration of 100 mg/mL and was diluted to 75, 50, 25, and 10 mg/mL
using DMSO. Then, 20 pL of each extract concentration were loaded onto sterile blank
disks (6 mm diameter). After 24 h of incubation on BHI agar, colonies of each strain were
suspended in tubes containing 3 mL of saline solution to a turbidity equivalent to 0.5 Mc-
Farland standard. Then, each suspension was seeded onto MH agar plates, the disks were
placed on the plates, and the plates were incubated for 24 h at 37 °C. The inhibition zones
were measured with a ruler and considered an indication of antibacterial activity. The mini-
mum inhibitory concentration (MIC) was determined as the lowest concentration among
those tested that effectively inhibited bacterial growth. Disks loaded with DMSO were
used as negative controls. Antibiotic disks loaded with trimethoprim /sulfamethoxazole
(E. faecalis, E. faecium, and L. monocytogenes), chloramphenicol (S. aureus, S. pseudintermedius,
E. coli, K. pneumoniae, and K. oxytoca), and ciprofloxacin (P. aeruginosa and Salmonella spp.)
were used as positive controls.

3.6. Statistical Analysis

The results are expressed as mean values and standard deviation (SD). Skewness and
kurtosis coefficients were computed for univariate normality analysis purposes. For the
TPC and antioxidant activities, one-way analysis of variance (ANOVA) followed by Tukey’s
HSD test was used with p = 0.05. Correlations between TPC and biological activities were
analyzed using Pearson’s correlation coefficients. The analyses were carried out using IBM
SPSS Statistics for Mac, Version 26.0 (IBM Corp., Armonk, New York, NY, USA).

4. Conclusions

Our results showed that food industry by-products, such as peels, seeds, and leaves,
are a rich and diverse source of phenolic compounds with high antioxidant properties and
antimicrobial activity even against multidrug-resistant bacteria. Therefore, these residues,
which are mainly harmful to the environment, can be used for the benefit of human and
animal health. Our study confirms the activity of phenolic compounds present in the
extracts of individual fruit components against both Gram-positive and -negative bacteria
which may be used as food preservatives or as antibiotic adjuvants.

The reuse of by-products from the food industry plays a key role in the One Health
context and in the issue of antibiotic resistance. These by-products, which are often dis-
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carded as waste, can contain valuable nutrients and bioactive compounds. By using them
sustainably, we can reduce waste, promote the circular economy, and contribute to food se-
curity. Furthermore, by adopting appropriate management practices for these by-products,
it is possible to avoid environmental contamination and the spread of pathogens, thus
reducing the need for the indiscriminate use of antibiotics in food production. In this way,
the reuse of by-products from the food industry not only benefits human and animal health,
but also protects the environment and strengthens the effectiveness of antibiotics, making it
an integrated and sustainable approach to face the challenges of One Health and resistance
to antibiotics.
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