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Preface

Antioxidants are a point of focus for different research fields due to their potential oxidative

stress prevention and multiple biological properties, potentiating several industrial applications.

Oxidative stress plays a major role in the pathogenesis of chronic diseases such as cardiovascular and

neurodegenerative disorders, diabetes, and cancer. Antioxidants are capable of inhibiting oxidation

and protecting the human body from free radicals and reactive species, reducing oxidative stress

and, consequently, preventing or delaying many diseases. In foods, antioxidants naturally present

or intentionally added as additives or bioactive compounds can delay or prevent degradation and

rancidity, preserving food quality and extending shelf-life. Despite the growing demand for food

supplements and nutraceuticals, today’s consumers are increasingly aware that diets rich in fruits and

vegetables, among other foods, are directly related to health and well-being due to their high content

of antioxidant compounds. Therefore, the role of antioxidants from foods and natural products in

human health is being extensively investigated, as is the development of new functional ingredients

and food products containing these bioactive molecules. This reprint provides new insights into

the antioxidant properties of foods and natural products, important structural features and the

mechanisms of action of antioxidants and pro-oxidants, as well as antioxidants and pro-oxidants’

potential health-promoting effects.

José Virgílio Santulhão Pinela, Maria Inês Moreira Figueiredo Dias, Carla Susana Correia Pereira,

and José Ignacio Alonso-Esteban

Editors
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Antioxidant Activity of Foods and Natural Products
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1. Introduction

Today, there is growing recognition of the importance of antioxidants in promoting
human health and well-being. These compounds play a vital role in protecting the or-
ganism from oxidative stress, which is implicated in the pathogenesis of various chronic
degenerative diseases, including cardiovascular and neurodegenerative disorders, diabetes,
and different types of cancer [1]. Furthermore, antioxidants serve as indispensable agents
in food preservation by preventing or slowing down oxidation processes, which could
otherwise result in the deterioration of food quality, flavor, color, texture, and nutritional
value [2]. This underscores ongoing research endeavors and the emergence of novel appli-
cations for antioxidant compounds across different disciplines, including chemistry, food
science, nutrition, pharmacology, and medicine.

This Special Issue, titled “Antioxidant Activity of Foods and Natural Products”, has
brought together an interesting collection of cutting-edge research and development contri-
butions. A total of 30 manuscripts were submitted for consideration, each undergoing the
Molecules journal’s rigorous pre-check and peer review process. Ultimately, 12 articles were
accepted for publication in this Special Issue, comprising 1 review article and 11 original
research articles. These studies address current challenges and topics related to the antioxi-
dant properties of foods and natural products, including the antioxidant activity of plant
extracts, botanical preparations, and isolated compounds, the mechanisms of action of
antioxidants and pro-oxidants, and their potential therapeutic effects in vitro and in vivo.

2. An Overview of Published Articles

Bērzin, a and Mierin, a (contribution 1) discussed the role of compounds containing the
1,3-dicarbonyl moiety in preventing oxidative damage and their potential as antioxidants.
The study suggested that while some research points to the importance of substituents in
the benzene ring, others indicate the crucial role of the 1,3-dicarbonyl moiety itself. Addi-
tionally, structural elements such as α-monosubstituted compounds and cyclic structures
were identified as important factors influencing antiradical and antioxidant activity. Over-
all, the findings suggest that 1,3-dicarbonyl compounds hold potential for the development
of effective antioxidants.

The study by Altuntaş et al. (contribution 2) explored the phenolic composition and
bioactivity of 24 Anatolian propolis samples from Türkiye, aiming to classify them by
origin. Phenolic and aromatic acids were identified, and propolis’s antioxidant and antimi-
crobial properties were highlighted. While no single compound was solely responsible for
these effects, the natural mixture as a whole demonstrated therapeutic significance. The
study’s use of principal component analysis effectively clustered samples based on their
biochemical properties, providing insights into propolis’s geographical variations.

Molecules 2024, 29, 1814. https://doi.org/10.3390/molecules29081814 https://www.mdpi.com/journal/molecules1
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Olędzki and Harasym (contribution 3) examined the impact of heat treatments on the
bioactive properties and color–structural characteristics of bell peppers at different maturity
stages (green, yellow, and red). Heat treatments such as contact grilling and roasting
combined with microwaving increased the total phenolic content (TPC) of green peppers,
while roasting and steaming decreased the antioxidant activity of yellow bell peppers.
Moreover, certain methods significantly reduced the content of reducing sugars in red bell
peppers. The study underscored the importance of selecting appropriate heat treatments
to preserve the antioxidant and bioactive properties of bell peppers, thus enhancing the
digestibility and bioavailability of these bioactive constituents.

Sousa et al. (contribution 4) investigated how different time/temperature combina-
tions (65 ◦C/30 min; 77 ◦C/1 min; 88 ◦C/15 s; and 120 ◦C/20 min) affect the chemical
composition and microbial load of olive pomace paste, a by-product of olive oil production.
They found that while there were significant changes in components like ash, fat, vitamin
E, TPC, total flavonoid content (TFC), and hydroxytyrosol and in antioxidant activity, the
fatty acid profile remained constant. The 88 ◦C/15 s combination was the most effective
in preserving the beneficial properties of the paste, making it a feasible industrial-scale
solution to provide a safe and sustainable functional ingredient for novel food products.

In a different study, Ramarao et al. (contribution 5) explored the effects of convective
air-drying, oven-drying, and sun-drying methods on the antioxidant properties of betel
(Piper betle L.) leaves, with fresh leaves serving as a control. The findings revealed that
sun-dried leaves exhibited superior antioxidant properties, including better total antioxi-
dant and DPPH radical scavenging activities and higher TPC and TFC, along with a lower
alkaloid concentration. Additionally, aqueous extracts from fresh and sun-dried leaves con-
tained constituents with antioxidant and anti-inflammatory effects. These findings suggest
that sun-drying maintains the antioxidant potential of betel leaves while augmenting the
presence of biologically active phytoconstituents, suggesting potential applications in the
food and pharmaceutical industries. Further research was recommended to assess safety
aspects and individual composition variations.

Núñez-Gómez et al. (contribution 6) explored the chemical composition, functional
properties, and antioxidant capacity of dietary fiber extracted from lemon peel by drying
with warm air and enzymatic hydrolysis with pectinesterase. The enzymatic treatment
caused a reduction in soluble fiber and an increase in insoluble fiber, along with changes
in the pectin structure, resulting in diminished water and fat absorption capacities; it
also decreased the TPC and antioxidant activity. Conversely, warm air drying had higher
potential for producing high-quality fiber with antioxidant properties from lemon peel.
These findings hold significant implications for the development of novel ingredients rich
in dietary fiber and (poly)phenols with antioxidant capacity, as well as for the valorization
of lemon peels and mitigation of the environmental impact associated with their disposal.

The study by dos Santos et al. (contribution 7) explored the in vitro antidiabetic, antiglyca-
tion, and antioxidant properties of an ethanolic seed extract of Passiflora edulis and piceatannol.
Both samples significantly inhibited the α-amylase, α-glucosidase, and dipeptidyl-peptidase-4
enzymes, with IC50 values indicating their effectiveness compared to standard drugs. The
formation of advanced glycation end-products (AGEs) and β-amyloid fibrils was also inhibited,
demonstrating antiglycation properties. The samples also showed strong antioxidant activ-
ity. These findings suggested the potential of both P. edulis seed extract and piceatannol as
antidiabetic agents, warranting further investigation.

The study conducted by Maliar et al. (contribution 8) addressed the need for a
better understanding of both antioxidant and pro-oxidant effects. A methodology for the
simultaneous determination of antioxidant and pro-oxidant activity on a single microplate
was developed, assuming that the FRAP method could measure both effects due to the
generation of pro-oxidant Fe2+ ions in the Fenton reaction. The study suggested that
compounds with higher numbers of oxygen heteroatoms, particularly sp2-hybridized
compounds like flavonoids, exhibit dominant pro-oxidant effects. Conversely, catechins,
carotenoids, and certain plant extracts, such as those from birch and chestnut leaves,
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demonstrate dominant antioxidant activity over pro-oxidant. These initial findings prompt
further systematic evaluation of a broader range of compounds and plant extracts using
this method.

The potential of a standardized botanical composition from Scutellaria baicalensis and
Acacia catechu in mitigating acute inflammatory lung injury and reducing mortality by
reducing extracellular HMGB1 levels was investigated by Yimam et al. (contribution 9).
HMGB1 is a crucial late inflammatory mediator associated with air pollution-induced
oxidative stress and lung injury. The botanical composition was tested using murine models
of acute lung injury and sepsis. Significant reductions in mortality, pro-inflammatory
cytokines and chemokines, bacterial counts in the lungs and airways, and extracellular
HMGB1 levels were observed. Moreover, cultured macrophages treated with the botanical
product exhibited increased phagocytic activity and decreased extracellular HMGB1 levels.
These findings suggested that the botanical could potentially protect against oxidative
stress-induced lung damage by reducing extracellular HMGB1 accumulation.

Regarding in vivo studies, Truong et al. (contribution 10) investigated the protective
effects of orange sweet pepper (Capsicum annuum L.) juices, prepared by both high-speed
blender and low-speed masticating juicer, against UVB-induced skin damage in SKH-1
hairless mice. Oral administration of these juices reduced UVB-induced skin photoaging by
regulating genes involved in dermal matrix production and maintenance, such as collagen
type I α 1 and matrix metalloproteinases-2, 3, and 9. The juices also restored total collagen
levels in UVB-exposed mice and downregulated the expression of pro-inflammatory pro-
teins, including cyclooxygenase-2, interleukin (IL)-1β, IL-17, and IL-23, likely via inhibiting
the NF-κB pathway. Additionally, the juices enhanced primary antioxidant enzymes in the
skin, such as catalase, glutathione peroxidase, and superoxide dismutase-2, and reduced
UVB-induced DNA damage by preventing 8-OHdG formation. These findings suggest that
sweet pepper juices offer a protective effect against photoaging by inhibiting dermal ma-
trix breakdown, inflammatory response, and DNA damage, while enhancing antioxidant
defense, ultimately leading to a reduction in skin damage.

In another work, Yang et al. (contribution 11) investigated the protective effects
and mechanisms of salidroside in age-related renal fibrosis using SAMP8 mice. The
administration of salidroside for 12 weeks led to improvements in renal function, with
reduced levels of blood urea nitrogen and serum creatinine, and increased serum albumin
levels. Additionally, this phenylpropanoid glycoside reduced mesangial hyperplasia and
levels of transforming growth factor-β and α-smooth muscle actin, indicating the mitigation
of renal fibrosis. The treatment also decreased lipid peroxidation in the kidneys and
regulated iron transport-related proteins and ferroptosis-related proteins. These findings
suggested that salidroside delays renal aging and inhibits age-related glomerular fibrosis
by suppressing ferroptosis in SAMP8 mice.

Lastly, the study by Mattioli et al. (contribution 12) investigated the impact of dietary
n-3 polyunsaturated fatty acids (PUFA) on apelin and resolvin D1 (RvD1) levels in rabbit
testis and sperm. Apelin is an endogenous peptide known for its involvement in both the
release of inflammatory mediators and the expression of antioxidant enzymes, whereas
RvD1 is a specialized pro-resolving mediator derived from n-3 PUFA [3]. The authors fed
rabbits diets enriched with either flaxseed (rich in α-linolenic acid) or fish oil (containing
eicosapentaenoic acid, docosapentaenoic acid, and docosahexaenoic acid) and observed
increased apelin levels in testes of both groups, particularly in the interstitial tissue of the
flaxseed-fed rabbits. The flaxseed-enriched diet also enhanced serum testosterone levels,
while both diets led to higher malondialdehyde and RvD1 levels in the testis. In ejaculated
sperm, apelin and RvD1 were mainly located in the tail, with positive correlations observed
between apelin, sperm motility, and RvD1 levels, suggesting their potential involvement in
male reproduction and inflammation resolution. These findings underscore the potential
benefits of a flaxseed-enriched diet in increasing testicular apelin levels, thereby potentially
ameliorating male reproductive health and inflammatory status.
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3. Conclusions

The articles comprising this Special Issue highlight the pivotal role of antioxidants
in promoting human health and well-being, alongside their versatile applications across
diverse industrial sectors such as food, pharmaceuticals, and medicine. Through deeper
exploration of antioxidant compounds from different foods and natural products and their
underlying mechanisms of action, these studies pave the way for leveraging their thera-
peutic and technological potential in combating oxidative stress and its related diseases.
Furthermore, this advancement will enable the development of innovative strategies for
the preservation and functionalization of foods and dietary supplements, with the ultimate
goal of improving the overall quality of life for individuals worldwide.
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3. Olędzki, R.; Harasym, J. Assessment of the Effects of Roasting, Contact Grilling, Microwave
Processing, and Steaming on the Functional Characteristics of Bell Pepper (Capsicum annuum
L.). Molecules 2024, 29, 77. https://doi.org/10.3390/molecules29010077.

4. Sousa, M.M.; Ferreira, D.M.; Machado, S.; Lobo, J.C.; Costa, A.S.G.; Palmeira, J.D.; Nunes, M.A.;
Alves, R.C.; Ferreira, H.; Oliveira, M.B.P.P. Effect of Different Time/Temperature Binomials
on the Chemical Features, Antioxidant Activity, and Natural Microbial Load of Olive Pomace
Paste. Molecules 2023, 28, 2876. https://doi.org/10.3390/molecules28062876.

5. Ramarao, K.D.R.; Razali, R.; Somasundram, C.; Kunasekaran, W.; Jin, T.L. Effects of Drying
Methods on the Antioxidant Properties of Piper betle Leaves. Molecules 2024, 29, in press.

6. Núñez-Gómez, V.; San Mateo, M.; González-Barrio, R.; Periago, M.J. Chemical Composition,
Functional and Antioxidant Properties of Dietary Fibre Extracted from Lemon Peel after Enzy-
matic Treatment. Molecules 2024, 29, 269. https://doi.org/10.3390/molecules29010269.

7. dos Santos, F.A.R.; Xavier, J.A.; da Silva, F.C.; Merlin, J.P.J.; Goulart, M.O.F.; Vasantha Rupas-
inghe, H.P. Antidiabetic, Antiglycation, and Antioxidant Activities of Ethanolic Seed Extract
of Passiflora edulis and Piceatannol In Vitro. Molecules 2022, 27, 4064. https://doi.org/10.3390/
molecules27134064.

8. Maliar, T.; Maliarová, M.; Blažková, M.; Kunštek, M.; Uváčková, L.; Viskupičová, J.; Purdešová, A.;
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Abstract: Free radicals and oxidants may cause various damages both to the lifeworld and different
products. A typical solution for the prophylaxis of oxidation-caused conditions is the usage of various
antioxidants. Among them, various classes are found—polyphenols, conjugated polyalkenes, and
some sulfur and nitrogen derivatives. Regarding the active site in the molecules, a widely discussed
group of compounds are 1,3-dicarbonyl compounds. Among them are natural (e.g., curcumin and
pulvinic acids) and synthetic (e.g., 4-hydroxy coumarins, substituted Meldrum’s acids) compounds.
Herein, information about various compounds containing the 1,3-dicarbonyl moiety is covered, and
their antiradical and antioxidant activity, depending on the structure, is discussed.

Keywords: antiradical activity; antioxidant activity; 1,3-dicarbonyl compound; β-dicarbonyl
compound; 1,3-diketone; keto–enol tautomerism

1. Introduction

Free radicals and oxidants are an integral part of an aerobic world like planet Earth.
Our bodies naturally produce reactive oxygen and nitrogen species in various endogenous
systems [1]. However, their roles are like two sides of a coin—they may be helpful and
harmful to our bodies [2]. Reactive oxygen species are involved in various physiological
processes as signal mediators [3]. On the other hand, free radicals cause damage to organs,
cells, mitochondria, and bio-molecules. These processes result in oxidative stress, and
aging occurs [4]. Oxidative stress may cause various chronic and degenerative illnesses [2],
e.g., cardiovascular conditions [2,3,5], cancer, autoimmune disorders [2], etc. Furthermore,
oxidized lipids, proteins, and nucleic acids have been detected in the brain tissue of
people who have Parkinson’s disease [6]. Overproduction of reactive oxygen species (ROS)
alternates the mammalian target of rapamycin (mTOR) pathway, which is associated with
the development of Alzheimer’s disease [7]. Oxidative stress has demonstrated a dual
role in cancer cells: the formation of ROS stimulates cellular damage and mutations, thus
promoting the development of a tumor; simultaneously, the overexposure of cancer cells to
ROS may cause their apoptosis [8].

In addition to affecting complex processes in the human body, it is well established
that various products, from food and medicine to technical applications, containing
(poly)unsaturated fatty acid derivatives are suspected of autooxidation. Some recent re-
views have covered lipid peroxidation kinetic studies [9], lipid oxidation in emulsions [10],
autooxidation of both triglycerides and minor components in extra-virgin olive oil during
cooking [11], and the oxidative stability of biodiesel [12] issues. Briefly, lipid autooxidation
is a free radical reaction cascade involving initiation (the formation of lipid radicals) and
propagation, leading to various peroxides. Then, these peroxides, via cyclization, rear-
rangement, scission, and condensation, terminate the reaction chain, leading to secondary
oxidation products (Figure 1). Heat- [13] and sunlight- [14] induced collapse of various
polymer materials results from rapid autoxidation. In contrast, oxidation-response poly-
mers have found application in medicine [15]. The oxidation of polyunsaturated fats in
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food products results in oxidative rancidity [16]. Typically, for minimizing autooxidation
processes and increasing the shelf-life, various antioxidants are added before the oxidation
process develops uncontrollably. Polyphenols are well-known tools for controlling such
undesired changes in the molecular structure of foods [17]. It is worth mentioning that free
radicals have turned into valuable soldiers for the degradation of microplastics [18] and
wastewater treatment [19,20].

Figure 1. Autooxidation of polyunsaturated lipids. Autooxidation is initiated in the position with
the lowest bond dissociation energy—usually the autooxidation in fatty acid triglycerides starts at
the bis-allyl position, followed by the allyl position. The generated carbon radical is suspected to
rearrange, leading to an allyl-type radical. A later reaction with oxygen leads to a peroxyl radical. The
isomerization, scission, rearrangement, and polymerization of primary oxidation products generates
secondary oxidation products.

Different antioxidants may act as influential players in the prophylaxis of disorders
caused by oxidative stress. Anthocyanins have been reported to be protective against
atherosclerosis and cardiovascular disease [21]. Dietary flavonoids have demonstrated
inhibition of low-density lipoprotein (LDL) oxidation and platelet aggregation. Khan et al.
have even speculated that moderate consumption of red wine, due to its flavonoids, may
reduce the risk of atherosclerosis and thrombosis [22].

Several mechanisms have been provided for explaining the reactions between free
radicals and antioxidants. The role of phenol-type antioxidants in hindering the Fenton
reaction by complexing both Fe3+ and Fe2+ ions is well established [23]. On the other hand,
carnosic acid effectively neutralizes peroxyl radicals, leading to quinoid structures [24].
Experimental and theoretical studies have demonstrated that disulfides scavenge HO•
via cleavage of the -S-S- bond [25]. The mechanism strongly depends on the media;
e.g., it is postulated that phenylpropanoids react with free radicals via electron transfer
and sequential proton transfer in solvents with a low ionizing ability [26]. It is worth
mentioning that it is not always possible to distinguish which mechanism is preferable
for explaining antioxidant and/or antiradical activity. E.g., potentiometric studies of
various flavonoids and coumarins have highlighted that their activity is due to synergism
among electron transfer, hydrogen atom transfer, and metal chelation mechanisms [27].
The density functional theory calculations for various ingredients of essential oils have
turned to the hydrogen atom transfer (HAT) mechanism as the most favorable in nonpolar
solvents, whilst the sequential proton loss and electron transfer (SPLET) mechanism is
dominant in polar solutions [28]. If the antioxidant contains only one structural moiety
responsible for antiradical or antioxidant activity, the deduction of the most plausible
mechanism is relatively easy. The situation is complex when the structure contains several
units, which may affect the activity. E.g., the natural polyphenol silybin contains several
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hydroxy groups, and each of them has a different role in providing antiradical and/or
antioxidant activity [29]. When new antioxidants are constructed, it is usually considered
if the antioxidant can scavenge several free radicals: e.g., coumarin–chalcone hybrids are
effective for two SPLET and two HAT cycles [30].

Recent studies on antioxidants, mainly covering antioxidative vitamins, polyphe-
nols, and enzymatic antioxidants, have been reviewed by Parcheta et al. [31]. Various
natural antioxidants are established as useful for preventing UV radiation-induced ROS,
thus turning them into promising agents for cosmetical applications, for example, in sun-
screens [32]. A few classes of common antioxidants—carotenoids [33,34], different polyphe-
nols (flavonoids [34,35], chalcones [36], and anthocyanins [34,37]), and coumarins [38,39]—
have been well-reviewed in the last several years. Another structurally differential class
of compounds—spiro-cyclic systems [40]—have been highlighted as potential antioxi-
dants and free radical scavengers. Nano-science has revealed various nanoparticles, like
CeO2 [41], nano-selenium, nano-zinc [42], and nitroxides [43], as promising antioxidative
scaffolds. Nanostructured forms of organic materials are not an exception: e.g., lignin
seems to be a promising antioxidant and UV shield in sunscreen [44]. Polymeric materials
have turned into a promising solution for delivering antioxidants [45].

To date, there has been no review covering various antioxidants containing the 1,3-
dicarbonyl moiety. Thus, this review covers another exciting class of antioxidants—CH
acids containing β-dicarbonyl moieties. The structure–activity relationship is analyzed,
and the role of dicarbonyl moiety is discussed.

One of the most widely explored 1,3-dicarbonyl compounds is curcumin. It naturally
occurs (up to 2%) mainly in turmeric (Curcuma longa) [46]. Since ancient times, the benefits
of phytochemical curcumin have been applied in traditional medicine [47]. In recent years,
several reviews highlighting various biological activities of curcumin have seen the light of
day, indicating that curcumin is a green anticancer weapon [48–54]. The wide application
of curcumin in cancer therapy has forced Kong et al. [55] to ask whether “curcumin is the
answer to future chemotherapy cocktail?”. This compound has been found to be helpful for
the treatment of various diseases caused by free radicals: e.g., metabolic-associated fatty liver
disease [56], Huntington’s disease [57], diabetes mellitus [58] and diabetic complications [59],
neurodegenerative diseases [60,61], and dermatological disorders [62]. In addition, both
structural modifications of curcumin [49,63] and the synthesis of metal complexes [64] have led
to compounds with promising pharmacological effects. It should be noted that the outstanding
properties of curcumin have encouraged the development of nanoformulations for cancer
treatment [65,66], therapy for aging-related diseases [67], and antimicrobial purposes [68].
Guo et al. analyzed curcumin’s plausible antioxidant activity mechanism [69]. However,
no attention has been turned to structure–activity analysis. Hunyadi covered the metabolic
processes of curcumin in the body [70]. The special biological activities of curcumin have
encouraged effective isolation and purification [71–74], conventional synthetic [74], and
biosynthetic [75] routes.

2. An Overview of the Method Used for Testing Antioxidant and Antiradical Activity

A general overview of the various methods available for testing antioxidant and
antiradical activity was published by Carlos et al. [76]. Briefly, two types of methods are
applied: (1) reactions between antioxidant molecules and the free radicals, and (2) processes
where a real system is suspected to rapidly oxidize and the decrease in the oxidation of the
substrate in the presence and absence of the antioxidant is monitored. The term “antiradical
activity” should be attributed to the methods where the test compound scavenges the
free radicals. The term “antioxidant activity” is provided for methods where the test
compound is used for inhibiting the oxidation of the substrate [77]. The main advantages
of the first group are as follows: usually, the reactions are rather fast, standard laboratory
equipment (UV-Vis spectrometer) is required, the solubility of the antioxidants can be
achieved, and the reaction products may be isolated and characterized. On the other hand,
often, the used radicals are not naturally occurring, and the results may not correlate with
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the activity in real systems. The main advantages of the second group of methods are the
following: the antioxidant is tested in the presence of an oxidative unstable substrate and
the obtained results may be characteristic for predicting antioxidant effectivity in similar
real products. Some of the drawbacks of these methods may include rather long experiment
times, depending on the substrate solubility limitations of plausible antioxidants, and in
some cases, rather specific equipment may be required.

2.1. Tests for Determining Antiradical Activity

Widely used antiradical assays involve the reaction with 2,2-diphenyl-1-picrylhydrazyl
(DPPH), galvinoxyl (GO), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical
cation (ABTS), and hydroxyl radical. DPPH and GO are commercial stable free radicals. In
cases of other test systems, the free radical or radical cation should be generated prior to
the experiment.

The DPPH test (Scheme 1) is widely used to evaluate the antiradical activity of both
individual compounds and plant extracts. Typically, it is a rapid, spectrophotometric
method used for solutions. An overview of this assay was published by Kedare et al. [78].
The quenching of DPPH 1 is monitored at λ = 515 nm. The reaction is run in any solvent;
however, widely used solvents are ethanol and methanol. The reaction rate strongly
depends on the solvents; it was established that the reaction is faster in polar solvents than
in unpolar ones [79]. Some modern DPPH assays involve electrochemical principles [80],
chromatographic routes like thin layer chromatography (TLC) on silica plates [81] or high-
performance liquid chromatography (HPLC) [82], as well as the application of analyte
(solid sample [83] or the sample doped on silica and modified silica plates [84]) or DPPH
(immobilized in 96-well plates [85], pharmaceutical blisters [86], or paper [87]) in solid form.

Scheme 1. Representative reaction between DPPH and an antioxidant.

A less used free radical for the rapid testing of antiradical activity is galvinoxyl 3

(GO) (Scheme 2). Similarly to DPPH assays, the test is implemented in a solution, and
the absorbance (λ = 428 nm [88]) after a certain time is registered [89]. Other routes for
monitoring GO inhibition efficiency involve electron spin resonance [90], HPLC with a
post-column injection of GO [91], and electrochemical assay with galvinoxyl immobilized
on electrodes [92].

Scheme 2. Representative reaction between GO and an antioxidant.

Contrary to the DPPH and GO tests, ABTS radical cation 6 (Scheme 3) should be gener-
ated from the corresponding acid 5 prior to the analysis. A typical reagent for this transforma-
tion is potassium persulfate [93], but faster electrolysis may be useful too [94]. The amount of
the radical cation is monitored by a spectrophotometer (λ = 730. . .750 nm) [93]. Similarly to
GO and DPPH, an HPLC post-column treatment with a radical cation is elaborated for ABTS
assay [95].
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Scheme 3. Generation of ABTS radical cation and its reaction with an antioxidant.

Widely used free radicals for assessing the effectiveness of antioxidants are hydroxyl
radicals. These radicals are usually generated through the Fenton reaction (Scheme 4) using
hydrogen peroxide. Then, the amount of hydroxyl radicals is detected via the reaction of
thiobarbituric acid 7 and malondialdehyde 8 (Scheme 5), which leads to chromophore 9

(λ = 532 nm) [96]. The presence of antioxidants reduces the oxidation of 2-deoxy-D-ribose
10. The principles of this method are well summarized by Apak et al. [97].

Scheme 4. Fe2+ ions are produced in the Haber–Weiss reaction (A), and then, in their reaction with
hydrogen peroxide, hydroxyl radicals are formed (B). Hydroxyl radical formation from hydroxide
ions may be catalyzed by Fe3+.

Scheme 5. The principle for testing antioxidants for their ability to scavenge hydroxyl radicals: the
hydroxyl radicals convert 2-deoxy-d-ribose into malonaldehyde. The latter is trapped by thiobarbi-
turic acid.

The systems described above were elaborated based on hydrogen transfer (or se-
quential proton loss and electron transfer). Some tests involve electron transfer processes.
A widely used method is the ferric-reducing antioxidant power (FRAP). This procedure
involves antioxidant-induced reduction in Fe(III) to Fe(II), leading to blue-colored complex
12 (Scheme 6) with an absorption maximum of λ = 570 nm [98].

Scheme 6. Reduction of Fe(III)–tripyridyltriazine complex 11 in the presence of antioxidants to deep
blue-colored Fe(II)–tripyridyltriazine complex 12.
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Another group of test methods are those for the evaluation of the antioxidant ability
to complex with various metals. This property is of particular interest in the context
of the Fenton reaction, which may occur in real systems. A typical assay involves the
complexation of Fe(II) with antioxidants in the presence of ferrozine. When the analyte
leads to a strong complex with Fe(II), no characteristic ferrozine complex with absorption
at 562 nm is observed [99].

2.2. Determining Antioxidant Activity

Number of methods used for testing antioxidant activity in various lipid systems are
available. Usually these methods are based on the analysis of the primary and secondary
oxidation products. An overview of such methods is given by Abeyrathne et al. [100].

One such method is the β-carotene bleaching test. Herein, the oxidation processes of
linoleic acid 13 in the presence of air are studied, and the rate of degradation of carotene 15

at λ = 470 nm is monitored (Scheme 7) [101].

Scheme 7. Linoleic acid 13 undergoes autooxidation, leading to linoleic acid peroxyl radical 14. The
latter induces the oxidation of β-carotene 15, leading to colorless peroxide 16.

In addition to air-induced methods, assays involving the controlled release of free
radicals are elaborated. Such an example is the AIBN 17-induced peroxidation of linoleates
(Scheme 8) [102].

Scheme 8. Generation of C-centered free radical 18 from AIBN 17 and sequential formation of peroxyl
radical 19.

Similarly, antioxidants are tested not only in model systems but also in real samples.
The substrates used for testing antioxidant efficiency are various vegetable oils and emul-
sions. The tests are run under different accelerated oxidation conditions. These methods
are well summarized in some recent reviews [103–105].

3. Tautomerism of 1,3-Dicarbonyl Compounds

It is well known that 1,3-dicarbonyl compounds exist in a tautomeric equilibrium
between the keto- 20 and enol 21 forms (Scheme 9). Tautomerization is crucial from a
medicinal chemistry viewpoint. The binding between small molecules with biological
targets may strongly be affected by the keto–enol tautomerism of the compound [106].
Thus, understanding the keto–enol equilibrium might also be helpful in constructing
antioxidants and/or free radical scavengers containing the 1,3-dicarbonyl moiety.
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Scheme 9. Keto–enol tautomerism: keto form of acyclic 1,3-dicarbonyl compound 20, enol form of
acyclic 1,3-dicarbonyl compound 21 representing intramolecular hydrogen bonds, cyclic 1,3-diketone
22, twist form of cyclic 1,3-dicarbonyl compound 23, intermolecular hydrogen bonds between two
cyclic 1,3-diketones 24 and Vorländer adduct 25.

The scientific community has studied these equilibria in β-dicarbonyl compounds
for more than a century—one of the first papers was published by Knorr in 1896 [107].
The general trends of the keto–enol equilibrium, both in 1,3-diketones and β-ketoesters,
are well summarized by Iglesias [108]. The equilibrium between diketone and keto–enol
forms is shifted by the temperature, solvents, various additives, and the structure of the
1,3-dicarbonyl compound.

In general, the enol form is facilitated due to the formation of both intra- and in-
termolecular hydrogen bonds. A cyclic six-member transition state, caused by an in-
tramolecular hydrogen bond, favors the enol form in acyclic systems [109]. The formation
of intramolecular hydrogen bonds is not sterically possible in cyclic 1,3-dicarbonyl com-
pounds 22. Such keto–enol tautomers exist as twisted structures 23 [110]. On the other
hand, it is known that such enols in dimedone are stabilized by a network of intermolecular
hydrogen bonds, leading to complex 24. However, when two dimedone units are linked
via a methylene bridge (so-called Vorländer adducts 25), the structure is stabilized through
intramolecular hydrogen bonds [111]. The tautomerization in cyclic 1,3-dicarbonyl com-
pounds is affected by the size of the cycle—tautomerization does not occur in four-member
cycles, while for other 1,3-dicarbonyl compounds, the activation energy is reduced by
increasing the size of the cycle [112]. The enol form is dominant in diketones, while the
keto form is characteristic of β-ketoesters. It has been observed that the introduction of an
additional substituent in the α-position favors the enol form [108]. However, the diketone
form is favored by α-fluorosubstituted diketones (compound 20, R3 = F) [113]. Modifica-
tions of the substituents R1–R3 (structures 20 and 21) in the diketone influence the ratio
between the keto–enol and diketone forms; however, the former is still dominant [114]. The
tautomeric equilibrium has also been studied for various curcumin derivatives: usually,
the enol form is the dominant one; however, some exceptions are known. Both forms are
present in similar amounts when an electron acceptor group is introduced to the benzene
ring or a methyl group is introduced in the α-position [115].

Regarding the polarity of the media, the enol form in “inert” solvents is favored due
lower polarity of the enol [116], whilst polar solvents facilitate the keto–tautomer [108].
Basic solvents (or additives of bases) for ketoesters shift the equilibrium to the keto tautomer,
while for diketones—to the enol tautomer [116]. Usually, the addition of water mediates
the tautomerization process [112].

The equilibrium of tautomeric forms is also affected by concentration [116]. An
increase in temperature reduces the proportion of the enol form in favor of the diketone
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form [114]. The amount of keto form may be facilitated by UV irradiation [113], which may
be significant for products exposed to light.

4. Acyclic 1,3-Dicarbonyl Compounds

4.1. Curcumin and Its Derivatives

Although curcumin demonstrates various beneficial properties, its application is
limited due to its rather low stability. Its decrease in stability is attributed to two main
aspects. One of them is the degradation caused by certain pH values, exposure to light,
and temperature. These degradation products and general relationships are documented
in a recent review article [117]. Briefly, the alkaline conditions, sunlight, and autooxidation
lead to (a) scission of the C-C bond in 1,3-dicarbonyl moiety, leading to dehydrozingerone,
ferulic acid, vanillin, and other low-molecular phenolic compounds, and (b) free radical-
caused dimerization. Experimental data demonstrate that during storage, the amount
of curcumin is reduced. However, no clear correlation between the degree of curcumin
reduction and the antioxidant and/or antiradical activity is described.

In vivo applications of curcumin-containing compositions are subjected to enzymatic
degradation, leading to different dehydrocurcumin derivatives [118,119]. The impact of a
fully conjugated system on the antiradical activity of curcumin is analyzed here below. It
should be noted that tetrahydrocurcumin, due to its lower autooxidation, exhibits better
antioxidant properties in comparison to curcumin [119].

Due to the unique and wide biological activity of curcumin, it is essential to provide
effective delivery systems that allow for transport through the gastrointestinal system and
storing curcumin-containing products for their effective application. The latest trends in
different delivery systems of curcumin are summarized by Chang et al. [120].

The antiradical activity of curcumin (26) is provided by both the aromatic rings (as a
phenolic antioxidant) and the 1,3-carbonyl moiety (Figure 2).

Figure 2. Structures of curcumin and its derivatives: curcumin (26), dehydrozingerone (27), radical
dimerization product 28 of curcumin, α,α-disubstituted curcumin 29, reduced form (“diol”) 30

of curcumin.

For more than a decade, the reasons for providing curcumin’s antiradical and an-
tioxidant activity have been discussed. Jovanovic et al. strongly support the role of the
methylene moiety in reactions with free radicals. The reaction with the methyl radical
justifies this: curcumin rapidly reacted with the radicals generated by pulse radiolysis,
while dehydrozingerone 27 (half-curcumin) did not enter the reaction [121]. However,
later studies with other radicals do not support this statement. Structure–activity studies
of curcumin and its various derivatives have shown that hydroxy groups are crucial for
donating a hydrogen atom to N- or O-centered free radicals. Curcumin inhibited 2,2′-
azobis(2-amidinopropane) (AAPH)-induced oxidation of deoxyribonucleic acid (DNA) and
erythrocytes, and hemin-induced hemolysis of erythrocytes [122].

Meanwhile, the hydroxyl groups are not essential for reducing the 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) cation radical: curcumin and O-benzyl-
protected curcumin demonstrated similar behavior [122]. The azobisisobutyronitrile
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(AIBN)-initiated peroxidation of methyl linoleate and styrene was suppressed by curcumin,
while derivatives without free hydroxyl groups did not reduce oxygen uptake. Thus, the
unique role of hydroxyl groups over the enolate moiety for quenching peroxyl radicals was
demonstrated [123]. Although a hard discussion on the radical formed from curcumin was
published, the existence of a C-centered radical is firmly proved by the isolation of oxida-
tion products. In addition to decomposition products (vanillin and ferulic acid), radical
dimerization product 28 has been isolated [124]. Litwinienko and Ingold have well estab-
lished the solvent effect on the reactivity of curcumin with 2,2-diphenyl-1-picrylhydrazyl
(DPPH)—the reaction rate remarkably increased in solvents, which facilitated ionization
of the antioxidant molecule, thus supporting the SPLET mechanism. These observations
postulate that the first step is the formation of a mono-ion in the most acidic enol moiety,
followed by electron transfer (Scheme 10) [125].

Scheme 10. The plausible mechanism for the reaction between curcumin and DPPH. It is postulated
that the first step is dissociation of curcumin 26 in the ions, leading to curcumin anion 26−. Then,
it is expected that an electron is transferred to the DPPH, leading to curcumin radical 26•. The
formed curcumin radical may undergo another proton loss, leading to either O- or C-centered radical
anion 26•−.

The role of the dicarbonyl moiety has been demonstrated via compounds 29 containing
one or two methyl groups at the α-carbon. The monosubstituted compound 29 was 3- and
24-fold more reactive against DPPH than curcumin 26 and α,α-dimethyl curcumin. The
increased reactivity of the monosubstituted derivative compared to curcumin might be
due to the lower ionization potential of the former [126]. However, structure–activity
correlations for curcumin derivatives give contradictory statements: according to the data
provided by Somparn et al., not only the dicarbonyl moiety but also its reduced form (the
corresponding diol 30) may enhance the activity of these compounds in DPPH and linoleic
acid oxidation assays [127]. Thus, the role of dicarbonyl fragments is diminished.

Curcumin has demonstrated both antiradical activity and antioxidant activity in
sunflower oil in various test systems. The oxidative stability of sunflower oil triglyc-
erides increased by nearly 14-fold in the presence of a curcumin additive (1 mM) [128].
Curcumin effectively reduced the thermal and photo-induced oxidation of β-carotene in
emulsions [129]. Aftab and Vieira demonstrated that curcumin is an effective antioxidant
for the inhibition of heme-enhanced oxidation: curcumin was more than twice as active as
resveratrol [130]. Curcumin has also been studied in various binary mixtures with other
antioxidants. A weak synergistic effect (ABTS test) was observed for a mixture of curcumin
26 and (−)-epicatechin 31 or (−)-epicatechin-rich extract of green tea. The synergistic effect
is explained by the regeneration of curcumin’s phenoxyl radical by an antioxidant with a
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lower redox potential (0.277 V and ~0.8 V for (−)-epicatechin and curcumin, respectively)
(Scheme 11).

Scheme 11. Plausible synergistic effect between curcumin 26 and (−)-epicatechin 31. Curcumin 26 is
postulated as the primary antioxidants, which quenches free radicals, leading to curcumin radical
26•. Then, the curcumin may be regenerated through the reaction of curcumin radical 26• and an
antioxidant with a lower redox potential. Thus, (−)-epicatechin 31 regenerate curcumin 26 and the
corresponding (−)-epicatechin radical 31• by-product is formed.

Binary antioxidant mixtures were tested to inhibit the autoxidation of sunflower oil.
The results were unpredicted: the mixture containing (−)-epicatechin demonstrated a re-
markable synergistic effect, while the mixture with the green tea extract even showed an an-
tagonistic effect [128]. A green tea–curcumin drink helped lower the levels of serum redox,
iron, and lipid peroxidation [131]. A synergistic effect was found for an equimolar mixture
of curcumin and resveratrol in heme-enhanced oxidation of N,N,N′,N′-tetramethyl-1,4-
phenylenediamine. This synergistic effect may be caused by the regeneration of curcumin
by another antioxidant and the chelating of Fe(III) ions [130]. In addition to phenol-type an-
tioxidants, ascorbate is also helpful in regenerating the parent molecule from the curcumin
radical [132].

Hydroxy groups in the phenol rings significantly increase the antiradical activity of
curcumin (Figure 3). Curcumin derivatives 32 with three or more hydroxy groups in the
phenol rings (at least three of the substituent R1–R8 are hydroxy groups) show remarkable
antiradical activity (inhibition concentration IC50 = 4.6–8.0 μM in the DPPH test) which
is up to five times higher than for ascorbic acid (IC50 = 25.1 μM) and curcumin itself
(IC50 = 21 μM). A hydroxy group in the para-position (in compound 32, the R3 and/or R7

is OH) is crucial for high antiradical activity. In contrast, compounds with ortho-hydroxy-
substituted (in compound 32, the R1 and/or R5 are OH) and para-methoxy-substituted (in
compound 32, the R3 and/or R7 is OMe) aromatic rings do not significantly inhibit DPPH
(IC50 > 500 μM). Electron-withdrawing groups, such as carboxylic acids, and their esters
(in compound 32, one of the substituents R1–R8 is COOH or COOAlk, IC50 > 100 μM) or a
bromine atom (in compound 32, one of the substituents R1–R8 is Br IC50 = 43 μM) tend to
reduce the activity of the compound [133,134].

The presence of protons in the α-CH2 group is essential for the antiradical activity of
1,3-dicarbonyl compounds. Replacing these protons with an arylidene group significantly
reduces the antiradical activity of curcumin—DPPH inhibition at a 100 μM concentration
is 61% (in compound 33, R = Ph) and 72% (in compound 33, R = 4-HO-3-MeO-C6H3-).
When replaced by a butylidene group (in compound 33, R = C3H7), thus creating a less
conjugated system than the arylidene substituent, the antiradical activity is even lower
(43%). Curcumin inhibits 91% of DPPH at the same concentration [135]. It can be concluded
that the overall degree of conjugation in the molecule is also crucial for the antiradical
activity of curcumin.
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Figure 3. Synthetic analogs of curcumin: curcumin analogs 32 with various substituents in benzene
rings, α-arylidene curcumin 33, pyrazole moiety bearing curcumin derivative 34, feruloyl acetone
derivatives 35, asymmetric derivatives of curcumin 36 found in ginger, tetrahydrocurcumin 37,
curcumin analogs with shortened conjugate chain 38, β-D-glucopyranosyl modified acyclic 1,3-
diketone derivatives 39.

Fully conjugated systems also play a vital role in ensuring antioxidant activity. For
example, keto–enol tautomerization (thus creating a continuous conjugated chain between the
phenol rings) is not possible in compound 34. The antioxidant activity of this compound is
higher when compared to curcumin, as evidenced by the electrochemical oxidation potential
of these compounds (for curcumin, E0 = 0.66 V; for compound 34, E0 = 0.62 V) [135].

Shortening of the conjugated system decreases antioxidant activity. For example,
in compound 35, where R = Ph or CF3, the IC50 is about two-fold lower than that of
curcumin [134].

Asymmetrical derivatives of curcumin 36 are found in ginger. They show weaker
antioxidant activity than curcumin in DPPH and lipid peroxidation tests. However, com-
pared to the reference compounds, butylhydroxyanisole (BHA) and α-tocopherol, their
activity against peroxides is relatively high. In this case, compounds with a higher degree
of conjugation and a shorter alkyl chain are more effective. Metal ions in the solution
influence the inhibition of peroxy radicals. In a test system where Fe2+ ions induce lipid
peroxides, the antiradical activity of curcumin is much higher than for its asymmetrical
analogs 36. However, when using a test system without the presence of Fe2+ ions, this
difference is much smaller. The activity of the most potent asymmetrical analog 36 is about
80% of the activity of curcumin. Considering that there are twice as many hydroxy groups
in the aromatic system of curcumin, which may provide antiradical activity, the activity of
compound 36 is very high. The lipophilicity of the alkyl chain can explain this in the ginger
compound. It has also been observed that the activity of compound 36 decreases with the
length of the alkyl chain [136].

Tetrahydrocurcumin 37 is a curcumin analog where conjugation is not possible. Still,
it has also shown antioxidant activity: against certain types of radicals (e.g., peroxy and
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alkoxy radicals), it is even higher than that of curcumin (inhibition of lipid peroxidation at
a 150 μM concentration for curcumin is 71%, for its derivative 18–83%). The hydrogenated
form 37 has better bioavailability, and therefore, it is believed that a large part of dietary
curcumin is converted and used in the form of tetrahydrocurcumin [137].

Less conjugated curcumin derivatives 38 (R is H, Me or tert-Bu) show weaker an-
tioxidant properties than curcumin—the time to achieve the same concentration of lipid
peroxidation products (peroxide value (PV) = 100 meq/kg) for compound 38 is two times
shorter than that of curcumin. However, it has been observed that these compounds have
a synergic effect with α-tocopherol. Furthermore, this effect is more significant than for
the antioxidant mixture of ascorbic acid–tocopherol, which is currently used industrially.
The induction period for lipid peroxidation for mixtures of compound 38 and tocopherol is
more than 21 h, while for an ascorbic acid–tocopherol mixture at the same concentration, it
is about 16 h. Other weak antioxidants could show similar properties in binary mixtures
with more potent antioxidants [138].

Although many 1,3-dicarbonyl compounds have high antioxidant activity, they are
mostly insoluble in water and have limited bioavailability. To solve this problem, β-D-
glucopyranosyl derivatives 39 have been synthesized. Their antioxidant activity (DPPH
radical inhibition of 74–85%) is weaker than that of ascorbic acid (98%), but the difference
is not significant. Thus, water-soluble 1,3-dicarbonyl-type antioxidants with an activity
similar to ascorbic acid could be obtained [139]. To increase the bioavailability, conjugates
with pectin are also helpful. These macromolecules tend to self-assemble, leading to
nanomicelles with improved stability compared to curcumin [140].

Various systems for delivering curcumin, in addition to the synthesis of water-soluble
derivatives, have been developed to increase solubility. The bioavailability of curcumin was
increased by introducing it to lecithin-based inverse hexagonal liquid crystals. The antirad-
ical activity of such nanoformulations increased by about 100-fold and 10-fold compared to
the free curcumin according to ABTS and DPPH tests, respectively [141]. The increased
antiradical activity might be explained by lecithin and castor oil’s composition and minor
ingredients. Chen et al. loaded curcumin onto CeO2/SiO2-PEG nanoparticles for its effi-
cient delivery. Such systems showed antioxidant activity against H2O2-induced oxidative
damage in Hep G2 cells [142]. Curcumin loaded onto mesoporous silica nanoparticles
protected against ROS-induced cell damage [143]. Curcumin-loaded iron oxide nanoparti-
cles reduced oxidative stress parameters in depressed rats [144]. A halloysite–cyclodextrin
hybrid material was effective for the encapsulation of curcumin. The proposed material was
influential in delivering curcumin and scavenging DPPH [145]. The loading of curcumin on
both sodium caseinate (NaCas) and sodium caseinate–laponite (NaCas-LAP) nanoparticles
leads to a more soluble form of curcumin. The carrier facilitated the antiradical activity
of curcumin against ABTS 3–4-fold higher compared to curcumin. The results were more
challenging in the DPPH test: the prepared nanoparticles demonstrated weaker antiradical
activity than free curcumin, but a laponite additive to NaCas improved the free radical
scavenging activity [146]. Curcumin has also been introduced in nano-emulsions, and its
stability through the gastrointestinal tract has been established: it was observed that such
emulsions preserve curcumin from degradation in the gastrointestinal tract, and their anti-
radical activity is greater than that of pure curcumin [147]. Lecithin-encapsulated curcumin
demonstrated plasma antioxidant activity [148]. Another delivery system for curcumin
with increased antiradical activity is a xanthan–starch matrix [149]. Chitosan-encapsulated
nano-curcumin demonstrated in vivo reduction of arsenic-induced oxidative stress [150].
Curcumin loaded onto invitrogen cyanine3-labeled N-palmitoyl chitosan (Cy3-NPCS),
and poly(1,4-phenyleneacetone dimethylene thioketal) (PPADT) nanoparticles effectively
delivered medicine to the inflammation site and reduced oxidative stress [151].

The antiradical activity of the curcumin niobium complex 40 (Figure 4) is comparable
to that of ascorbic acid. In the DPPH test, the IC50 of the compound is 120 μg/mL (IC50
of ascorbic acid—101 μg/mL). Similar results are seen in the ABTS test, where the IC50
of the compound is 110 μg/mL (21% of the IC50 of ascorbic acid, when comparing molar
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concentrations) [152]. On the other hand, curcumin and calcium or magnesium complexes
(two molecules of curcumin per cation) were synthesized. In these complexes, the counter
ion did not influence the free radical scavenging activity (DPPH test) in comparison to
curcumin [153].

Figure 4. Niobium complex.

4.2. Other Aliphatic 1,3-Dicarbonyl Compounds

Eucalyptus leaves contain various aliphatic 1,3-diketones 41 (Figure 5). These compounds
do not have a phenol group, so their antioxidant activity is provided solely by the 1,3-
diketone moiety. The most active of them is n-tritriacontane-16,18-dione (R1 = R2 = C15H31),
which shows higher antioxidant properties against peroxy radicals than both butylated
hydroxytoluene (BHT) and tocopherol in water/ethanol systems. However, it did not show
any inhibition of autooxidation in oil systems. This means that the presence of water is
essential for the antioxidant activity of these compounds and keto–enol tautomerization may
be essential, wherein the enol form mainly provides the activity. Tautomerization is only one
of the factors determining the antioxidant activity of a compound. The alkyl chain length is
essential too; e.g., the simplest β-diketone acetylacetone (compound 41 R1 = R2 = CH3) has the
same keto–enol form ratio as for n-trithriacontan-16,18-dione (1:6), but this compound shows
antioxidant properties neither in the oil nor the water/ethanol system [154]. Both R1 and R2 in
diketone 41 should be long alkyl chains to ensure antioxidant activity. This is demonstrated by
the asymmetric compound 41 (R1 = CH3 and R2 = C11H23), which, similarly to acetylacetone,
does not show antioxidant properties.

Figure 5. Other acyclic 1,3-dicarbonyl-type antioxidants: general structure of acyclic diketone
41, acetylacetone complexes with transition metals 42, α-monosubstituted malonate derivative 43,
curcumin–malonate hybrid 44 and arylidene malonamides 45.
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A β-diketone, which contains an additional hydroxy group (in the compound
41 R1 = C15H31, R2 = (CH2)11CH(OH)CH2CH2CH3) shows similar activity to its ana-
log without a hydroxy group. This means that hydroxy groups (and the presence of an
“isopropanol” unit—a scaffold that is well-known due to its high affinity to oxygen) in
the alkyl chains do not affect activity but may potentially improve water solubility, thus
making the compound applicable in various water–oil mixtures, such as foods [155].

In the ferric ion-reducing antioxidant power (FRAP) test, both Co(III) and Ni(II)
complexes with acetylacetone have higher antiradical activity than ascorbic acid. The
anions of the complex play a role in ensuring the overall antioxidant activity of the resulting
chelates. For example, the antioxidant activity of complex 42c is about twice as high as that
of complex 42b. The Co(III) complex 42a has a lower activity than the Ni(II) complex with
the same ligand, which means that the nature of the metal also influences the activity—
oxidation state, size, and other factors [156].

Malonate derivative 43 contains a benzyl group at the α-carbon. The benzyl group’s
type and position of substituents affect the antiradical properties. The unsubstituted
compound 43 (R = H) has good antioxidant activity in the ABTS test (IC50 = 40.0 μg/mL),
which is comparable to the well-known natural antioxidant quercetin (IC50 = 44.5 μg/mL).
Antiradical activity increases if an electron-donating moiety is present in the benzene ring
in the para-position (e.g., compound 43 R = 4-Me, IC50 = 36.0 μg/mL). If there is an electron-
withdrawing group in the para-position (e.g., compound 43 R = 4-CHO, IC50 = 43.0 μg/mL),
it decreases. If the electron-withdrawing group is in the meta-position (e.g., compound
43 R = 3-NO2, IC50 = 41.2 μg/mL), the antiradical activity is similar to the unsubstituted
analog [157].

Compounds 44 could be considered curcumin and malonate hybrids. However, the
antiradical activity of these compounds is fragile (in the DPPH test, the IC50 is 4–10-fold
higher than that of ascorbic acid). The reason could be a steric hindrance and/or electronic
effects, but the exact reason is unknown [158].

The antiradical activity of other malonate derivatives 45 is weak: DPPH radical
inhibition at a 1:1 molar ratio (100 μM concentration) is around 0.5–7.0%. The only case
where slightly better activity was achieved was when R4 = MeO and R5 = OH (inhibition of
51%, IC50 = 110 μM). However, the compound most likely acts as a phenol-type antioxidant
in this case. Like the curcumin compounds, the lack of α-protons appears to suppress
compounds 26 from acting as 1,3-dicarbonyl-type antioxidants [159].

5. Cyclic 1,3-Dicarbonyl Compounds

5.1. Carbocyclic 1,3-Dicarbonyl Compounds

One of the simplest carbocyclic 1,3-dicarbonyl compounds is 1,3-cyclohexadione
(Figure 6). Arylmethyl dimedone 46 shows good antiradical activity against DPPH
(IC50 = 23.0 μM), which is comparable to ascorbic acid (IC50 = 25.7 μM) and tert-butylhydroq
uinone (IC50 = 19.5 μM). In the galvinoxyl test, its activity was even greater when compared
to the reference compounds: the IC50 for compound 46 was 20.3 μM, which is comparable
only to tert-butylhydroquinone (IC50 = 22.6 μM). The activity of other commonly used
antioxidants, such as ascorbic acid (IC50 = 83.0 μM) or α-tocopherol (IC50 = 39.2 μM), under
the same conditions, was considerably lower [160].

Additionally, compounds containing two 1,3-diketone moieties were elaborated.
Tetraketone 47 shows antioxidant properties. However, no clear relationship has been
observed between the position of the substituents in the benzene ring (R = Ar) and the
antiradical activity of the compounds. For example, in the DPPH test, one of the most
active compounds was meta-bromophenyl-substituted tetraketone (IC50 = 52.4 μM), but an
analog containing chlorine showed no antiradical activity. A cinnamic aldehyde derivative
where R is a styryl group exhibited the highest antioxidant activity (IC50 = 33.6 μM), which
is higher than that of the reference antioxidant tert-butyl-4-hydroxyanisole (IC50 = 44.7 μM).
Compound 47, where R is BrC = CHPh, also has relatively high activity (IC50 = 58.4 μM),
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so an extended conjugated system may positively affect the antiradical activity of the
compound [161].

Figure 6. Various cyclic 1,3-diketone-type antioxidants: arylmethyl substituted dimedone 46, bis-
dimedone derivatives 47, myrtucommuacetalone 48, G3-factor 49, garcinol 50, and usnic acid 51.

The activity of tetraketone derivative 47, where R is a 3,5-dimethylphenyl group,
is comparable to ascorbic acid. In the DPPH test, the bis-dimedone derivative inhibited
82% of free radicals (concentration of 100 μg/mL), while ascorbic acid inhibited 80%.
When expressed in molar concentrations, approximately twice as much ascorbic acid as
bis-dimedone is needed to inhibit an equal amount of DPPH radicals [162].

Several compounds containing a 1,3-dicarbonyl group have been isolated from Myrtus
communis plants. Compounds 48 and 49 have demonstrated a good inhibition capacity
against NO·radicals. Compound 49 inhibits 59% NO· at a 25 μg/mL concentration, which
is comparable to the reference compound, NG-methyl-L-arginine acetate, which inhibits
66%. Compound 48 is an even more effective inhibitor (inhibiting 82% of NO·) [163].

Some compounds contain several 1,3-dicarbonyl units. One such antioxidant is garci-
nol. Similarly to compounds 48 and 49, garcinol 50 showed moderate antioxidant activity
in the DPPH test (approximately 85% of the inhibition of ascorbic acid). However, its
NO·radical scavenging activity was more significant than for ascorbic acid. It is also a
somewhat effective superoxide anion scavenger compared to gallic acid [164,165].

Usnic acid 51 has shown moderate antioxidant activity. In the DPPH test, its IC50 value
(49.5 μg/mL) was more than five times that of α-tocopherol (IC50 = 9.8 μg/mL). However,
the O2

− scavenging ability of usnic acid and α-tocopherol is comparable (IC50 = 20.4 and
21.0 μg/mL, respectively) [166]. It has been reported that the interaction of usnic acid with
a human blood cell culture promotes mild cell apoptosis and ROS levels and stimulates
DNA synthesis. The activity of ursnic acid strongly depends on the concentration; at higher
concentrations, it shows cytotoxicity, oxidative stress, and other harmful effects [167].

Carbocycles containing 1,3-dicarbonyl moieties are also found in hops (Figure 7).
The antiradical activity (DPPH test) of lupulones 52 and humulones 53 is similar to that
exhibited by α-tocopherol and ascorbic acid. It is worth mentioning that acylation of
the hydroxy group and the introduction of an additional methyl group (compounds 54

and 55, respectively) increases the activity of the compounds by up to 10 times. These
compounds effectively reduced rat brain lipid peroxidation [168]. The presence of bitter
acids is essential for providing antioxidant and/or antiradical activity in hop extracts. The
inhibition of hydrogen peroxide increases with the amount of humulone in the extract.
More humulone is a more effective scavenger than the phenol-type antioxidant rutin [169].
Wietstock et al. analyzed the antioxidant behavior of bitter acids during wort boiling. A
separate analysis of various ingredients showed similar free radical trapping for both α-
and β-acids, while iso-α-acid 56—a heat-induced isomerization product of α-acid—even
showed some prooxidant effects. The free radical-scavenging activity of the α-acids was
attributed to the presence of three β-keto units, which facilitated the formation of stabilized
phenoxyl radicals [170]. In addition, the Fenton and the Haber–Weiss reactions may be
limited by the complexation of Fe(II) and Cu(I) ions [171]. Due to the complexation of iron
ions, α- and iso-α-acids protected 2-deoxyribose from oxidative degradation. It should be
highlighted that α-acids were more effective [170]. Karabin et al. indirectly reported on the
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antioxidant activity of iso-α-acids. The analysis of iso-α-acids during the storage of lager
beer showed a reduction in both the compounds and the antioxidative activity [172]. In
contrast, other research indicated that beers with a lower amount of iso-α-acids demonstrate
higher antioxidant activity according to an oxygen radical absorbance capacity (ORAC)
test [173]. Humulone- and lupulone-rich hop extract demonstrated antioxidant activity
against reactive oxygen species in cells under simulated solar irradiation [174]. β-Acids
have increased free radical-scavenging properties of chitosan films: a 0.1–0.3% additive
of β-acids to the film increases the inhibition of DPPH to 55–75%. Furthermore, these
films have been found to be valuable covers for soybean oil packages, thus reducing the
autoxidation processes in the oil (the peroxide value of the non-filmed oil after 25 days was
>25 meq O2/kg, while the peroxide value of the samples covered with β-acid-improved
chitosan film was around 10 meq O2/kg) [175].

Figure 7. Hop acids: lupulones 52, humulones 53, acylated lupulones 54, methyl-substituted lupu-
lones 55, and iso-α-acids 56.

5.2. O-Heterocyclic 1,3-Dicarbonyl Compounds
5.2.1. Dihydropyran-2,4-Diones

Overall, the DPPH radical scavenging activity of compound 57 is relatively weak
(Figure 8). However, it can be observed that in cases where R = para-MeOC6H4, the activity
of this compound was even weaker. This means that the substituent in the fifth position of
the dihydropyran ring affects the activity of the compound [176].

Figure 8. Antioxidants with dihydropyran-2,4-diones moieties.

5-Membered lactones 58–61 have been described, too. In silico and in vitro DPPH as-
says have turned pulvinic acid derivatives into promising antioxidants. A slight increase in
antiradical activity was observed when several moieties of tetronic acid 58 were introduced
into the structure [177]. Compounds with the general structure 60 demonstrated good
thymidine and plasmid DNA protection against reactive oxygen species and Fenton-type
oxidative systems [178].

5.2.2. Meldrum’s Acid Derivatives

Various arylmethyl Meldrum’s acids have shown good antioxidant properties (Figure 9).
It has been observed that a hydroxy group at the para-position of the aryl group (in compound
62, R3 = OH) improves the activity of the compound (e.g., for the compound, where R3 = OH
and R2 = OMe, IC50 = 20.3 μM, but if R3 = OH and R2 = R4 = Ome, then IC50 = 14.5 μM).
A fluorine atom (compound 62, R3 = F, IC50 = 18.2 μM) and an acetoxy group (compound
62, R3 = OAc, IC50 = 16.8 μM) in this position gives a similar effect. Conversely, a methoxy
(compound 62, R3 = OMe, IC50 = 26.7 μM) or nitro (compound 62, R3 = NO2, IC50 = 35.0 μM)
para-substituted arylmethyl Meldrum’s acids have relatively low activity [179]. Some dendritic
architectures 63 containing arylmethyl Meldrum’s acid moieties as surface groups have also
been studied. Among them, the derivatives with a flexible glycerol core were determined to
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be a promising scaffold for elaborating powerful antioxidants [180]. The role of C-centered
radicals was proven via trapping the radicals with DPPH with di-substituted Meldrum’s acid
65 [179].

Figure 9. Antioxidants with Meldrum’s acid residue: arylmethyl Meldrum’s acids 62, dendrimers
decorated with arylmethyl Meldrum’s acid units 63, arylidene Meldrum’s acids 64, and arylmethyl
Meldrum’s acid–DPPH conjugate 65.

In contrast, arylidene Meldrum’s acids 64, compared to their reduced analogs 62, have
low antioxidant activity. However, by varying the type and position of the substituents
in the aromatic ring, it is possible to improve the activity, e.g., in compound 64, where
R1 = OMe and R2= CH2CH2CH2Br, IC50 = 55.6 μg/mL in the DPPH test. However, it was
still significantly less than the reference compound—ascorbic acid (IC50 = 6.4 μg/mL) [181].
Compounds with a hydroxy group in the para-position and a methoxy (compound 64,
R2 = OH and R1 = OMe, IC50 = 24 μg/mL) or ethoxy group (compound 64, R2 = OH and
R1 = OEt, IC50 = 39 μg/mL) in the meta-position showed good antiradical activity in
the DPPH test in comparison to ascorbic acid (IC50 = 22 μg/mL). In these cases, activ-
ity is most likely due to the phenol fragment, and the compound acts as a phenol-type
antioxidant [182].

5.2.3. Coumarin and Its Derivatives

Unsubstituted 4-hydroxycoumarin 66 (Figure 10) has moderate antiradical activity
in the DPPH test (EC50 = 3.8 mM) [183–185]. Unsubstituted coumarin also effectively
scavenges HO•. Electron paramagnetic resonance (EPR) spectra analysis has demonstrated
the presence of carbon-centered radicals. It has been suggested that 4-hydroxycoumarin
reacts with HO• through radical adduct formation, followed by hydrogen atom abstraction.
Compound 70 can be formed through sequential hydrogen atom transfer and radical-
radical coupling (Scheme 12) [185].

8-Substituted compounds 74 containing a 4-dihydropyrimidin-2(1H)-one or 4-dihydrop
yrimidin-2(1H)-thione unit can be considered 3-unsubstituted 4-hydroxy coumarins. The
activity of these compounds varied from 9 to 78% (DPPH test), although a strong correlation
between the substituents and the antiradical activity was not observed [186].

The activity of 3-phenyl-4-hydroxycoumarin is slightly lower (EC50 = 4.2 mM) than for
the unsubstituted 4-hydroxycoumarin. Compounds 75, where R2 = H and R1 = electron-
withdrawing group (EWG), showed similar activity to 3-phenyl-4-hydroxycoumarin, for
example, chlorine-substituted compounds (in compound 75, R1 = ortho-Cl, EC50 = 4.14 mM
or R1 = para-Cl, EC50 = 4.15 mM). The antioxidant activity of a naphthyl-substituted 4-
hydroxycoumarin 75 (4-hydroxy-3-naphtyl coumarin) was even weaker.

If there is an electron-donating group (EDG) in the benzene ring at the meta- or para-
position (compound 75, R1 = ortho- or para-EDG), the antiradical activity increases [183,184].
The results of the ORAC test show that a para-methyl group (compound 75, R1 = para-CH3,
ORAC = 6.5) or a meta-hydroxy group (compound 75, R1 = meta-OH, ORAC = 4.9) contain-
ing 3-phenyl-4-hydroxycoumarins have a higher antioxidant activity than the unsubstituted
4-hydroxycoumarin (66, ORAC = 4.2).
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Figure 10. 4-Hydroxycoumarin derivatives: 8-substituted 4-hydroxycoumarins 74, 3-aryl-
4-hydoxycoumarins 75, 3-arylmethyl-4-hydroxycoumarins 76 and 77, amino group contain-
ing 3-hetarylmethyl 4-hydroxycoumarins 78, 3-benzylideneamino-4-hydroxycoumarins 79, 3-
aminomethylene-4-hydroxycoumarins 80, bis-(4-hydroxycoumarins) 81, 3-acetyl-4-hydroxycoumarin–
Co complex 82, coumarin derivatives with rigid 83 or masked 84 and 85 1,3-dicarbonyl units, and
3-acylcoumarin 86.

Among compounds 75, 6-chloro-4-hydroxy-3-(3-hydroxyphenyl) coumarin (R1 = 3-OH,
R2 = Cl) shows the highest activity. The activity of this compound (ORAC = 7.7) is comparable
to the reference compound quercetin (ORAC = 7.3). The presence of an EWG group in the
coumarin aromatic ring (compound 75 R2 = Cl) also improves the antioxidant activity of 4-
hydroxycoumarin [187]. The activity of compounds may be affected not only by the electronic
characteristics of the substituents but also by steric hindrance. Smaller molecules with better
steric availability to the DPPH radical tend to have higher antiradical activity [183].

3-Arylmethyl substituted coumarins 76 also possess considerable antioxidant activity.
The vanillin derivatives 76 are more active (IC50 = 10.0–36.4 μM) against DPPH radicals
than their parent molecules 66 (inhibition at a 1:1 ratio with DPPH is below 15%). Fur-
thermore, the 6-methyl substituted compound 76 (R2 = Me, IC50 = 36.4 μM) shows weaker
antioxidant properties than its unsubstituted analog (R2 = H, IC50 = 10.0 μM). The activity
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of 6-unsubstituted arylmethyl coumarin 76 is even greater than for such antioxidants as
ascorbic acid (IC50 = 25.7 μM) and tert-butylhydroquinone (IC50 = 19.5 μM) [183]. It appears
to be a tendency for electron-withdrawing groups in the coumarin aromatic ring to increase
the antioxidant activity of coumarin derivatives [187], while EWGs decrease it [188]. Several
3-benzyl 4-hydroxy coumarins 77 were analyzed in silico. The results correlate with the
experimental data—they are promising structures for constructing powerful antioxidants.
According to the preliminary theoretical calculation, the activity does not strongly depend
on the substituents [189].

Scheme 12. The plausible mechanism for the reaction between coumarin 66 and hydroxyl radical.
Several pathways for the reaction between 4-hydroxycoumarin and hydroxyl radical are provided.
Route A foresees the reaction of the hydroxyl radical with the 1,3-dicarbonyl moiety, followed by
abstraction of the hydrogen atom, leading to 3-hydroxyl coumarin 70. The same compound can
be obtained through route D: the first step would be homolytic dissociation of the OH bond and a
following reaction with hydroxyl radical. Routes B and C foresee the addition of hydroxyl radical to
the benzene ring, leading to intermediates 68 and 69, and sequential re-aromatization of the system
leads to 5- or 7-hydroxy coumarins 71 and 72.

The substitution of 4-hydroxycoumarin in the third position with various nitrogen-
containing heterocycles through a methylene group produces compounds with good
antioxidant properties. The antiradical activity of compounds 78a–c in the DPPH test
(IC50 = 10.5–11 μM) is higher than that of ascorbic acid (IC50 = 12.5 μM). Perhaps in these
compounds, the methyl groups provide additional radical stabilization in 4-methylpiperazine
and the eighth position of quinoline. Other compounds of this type also show good antiox-
idant properties. Most of them possess higher activity than BHT [190].

The antiradical activity of 4-hydroxycoumarin 79 with an imine moiety in the third
position is generally weaker than curcumin (IC50 = 39.6 μM). Only in some cases, e.g.,
compounds 79, where R1 = OH (IC50 = 48.5 μM), R1 = R2 = OH (IC50 = 45.8 μM), and
especially, R3 = NO2 (IC50 = 38.6 μM), the IC50 value is comparable to the reference
compound. This shows that the position of the OH groups in the benzene ring is important.
The presence of a nitro group may also positively affect the antioxidant activity of the
compound. Conversely, replacing OH groups with OMe, Me groups, or halogens reduces
the activity of compounds 79 [191]. Antonijevic et al. have studied some similar compounds
80, containing hydrazide residue. Compounds that could be considered the derivatives
of vanillic acid (R1 = H, R2 = OMe, R3 = OH) demonstrated superior DPPH inhibition
compared to other tested compounds. Thus, the role of phenol-type antioxidants in these
structures was highlighted [192].

Dicoumarol 81 shows weak antioxidant activity. After 20 min inhibition of ABTS was
only 40% at a 2 mM concentration. However, the intramolecular hydrogen bonds within
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the molecule may hold it in a suitable position to bind to enzymes in biological systems,
helping them interact with other antioxidants [193].

4-Hydroxycoumarin chelates 82 show excellent antioxidant properties as well. For com-
pounds 82 (L = H2O or L = OEt), the IC50 in the DPPH test was 0.022 μmol/L and 0.021 μmol/L,
respectively, while for the 4-hydroxycoumarin ligand itself, IC50 = 0.059 μmol/L [194].

Wang et al. also studied coumarin-fused coumarins 83. Although the compounds
could be considered 1,3-dicarbonyl compounds, they act as phenol-type antioxidants.
Theoretical calculations have revealed compound 83 (R1–R3 = OH) as the most active
one—the compound may be involved even in two HAT or SPLET steps. The compounds
in nonpolar media react via the HAT mechanism, but in polar, the SPLET mechanism is
preferable [195]. Theoretical calculations for a set of compounds 84 containing a fused
cycle, thus restricting keto–enol tautomerism in the 4-hydroxycoumarin system, have been
determined to be promising agents for DPPH inhibition [189]. The plausible explanation
for the activity of these compounds might be the presence of a benzylic position. A
hidden enolate moiety can be seen in glycyrurol 85 isolated from Glycyrrhiza uralensis. This
coumarin derivative effectively reduced MPP+-induced reactive oxygen species in PC12D
cells. However, it did not demonstrate any significant effect in the β-carotene bleaching
test and the DPPH system [196].

Few compounds 86 containing a 3-carboxy group, and thus bearing an exocyclic frag-
ment of the 1,3-dicarbonyl compound, have been studied. However, their antiradical activ-
ity against DPPH was provided due to 6-hydroxy groups (the inhibition of DPPH reached
60%) [197]. Similar systems were studied by Vazquez-Rodriguez et al. The hydroxyl radical
scavenging activity of these compounds is comparable to well-known antioxidants, like
quercetin and catechin. However, the activity of these compounds should be attributed to
the free hydroxyl groups [198].

5.3. N-Heterocyclic 1,3-Dicarbonyl Compounds

Herein, two groups of N-heterocycles are studied (Figure 11): derivatives of barbituric
acid and 4-hydroxyquinolinones. The non-substituted compound 87 (R = H) possesses
antiradical activity against DPPH (76% inhibition at a 100 μg/mL concentration), which is
comparable to ascorbic acid (inhibition is 80%). The presence of halogens in the benzene
ring (in compound 87 R = Hal) reduces activity, while a methoxy group (in compound
68 R = OMe) improves activity [162]. In silico and in vitro data have revealed arylidene
barbiturates 88 to be promising free radical scavengers [177].

Figure 11. 1,3-Dicarbonyl-type antioxidants with N-heterocycle moieties: derivatives of barbituric
acid 87 and 88, 3-acyl-4-hydroxyquinolin-2-ones 89 and 90, 3-arylmethyl-4-hydroxyquinolin-2-one
91, 3-arylmethyl-4-hydroxyquinolin-2-one and DPPH conjugate 92, and 3,3-disubstituted quinolin-
2,4-dione 93.
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DPPH test results have shown that compounds 89, where X = NH and
R1 = 4-NH2C6H4, have high antiradical activity. After 20 min at a concentration of 0.1 mM,
the DPPH inhibition of these compounds (R2 = C6H5 or CH3) was 90%, which was higher
than for the reference compound nordihydroguaiaretic acid (NDGA) (81%). These com-
pounds have the position of amine in the benzene ring in common. Compared to other
compounds of this type, the increased activity is ensured by the absence of intramolecular
forces between the primary amine and the amide carbonyl group. Although the antiradical
activity in the DPPH test of other derivatives 89 is negligible, compounds where X = O,
R1 = CH3, R2 = C6H5 or X = NH, R1 = 2-NH2C6H4, R2 = C6H5 showed excellent results in a
HO• quenching test. Their inhibitions were 95% and 98%, respectively. For comparison,
Trolox inhibited 88% under the same conditions. The previously mentioned para-amino
phenyl compounds 89 showed weak activity in the OH• test (21% and 10%) [199].

The antiradical activity of quinoline derivatives 90 can be improved by introducing
hydroxy groups into positions 6- and 7- of the quinoline ring. Compound 90 without free
hydroxy groups (R1 = R2 = OMe and R3 = H) did not show antiradical activity in the DPPH
test, while the activity of compound 90 (R1 = R2 = OH and R3 = H, effective concentration,
EC50 = 12.2 μM) is comparable to that of quercetin (EC50 = 10.3 μM). Compounds 90 with
R3 = Me (EC50 = 21.7 μM) or R3 = Bn (EC50 = 20.8 μM) also showed high activity (higher
than curcumin, EC50 = 26.6 μM), but the activity of these compounds was weaker than
that of compound 90, where R3 = H. The N-substituent in the quinoline ring also affects
the activity of compound 90: N-unsubstituted quinoline is a better antioxidant than the
N-methyl- or N-benzyl substituted analogs 90 [200].

3-Arylmethyl 4-hydroxyquinoliones 91 are effective DPPH and GO quenchers. Al-
though their activity strongly depends on the substituents in the arylmethyl moiety, the
presence of 1,3-dicarbonyl moiety is reasonable—the corresponding product 92 was iso-
lated [201].

Antioxidants that perform a specific function are also important—inhibiting certain
radicals from treating specific medical disorders. For example, when cis-platinum is used
in cancer treatment, patients often experience hearing impairment caused by additional
ROS generation. Compound 93 has shown an ability to inhibit these ROS, thus preventing
hearing damage [202].

6. Conclusions

The 1,3-dicarbonyl unit is found in many compounds with antiradical and antioxidant
properties. Evidence for the crucial role of the 1,3-dicarbonyl moiety for its antiradical
activity has been demonstrated for various compounds in different test systems. On the
other hand, competing studies are suggesting the dominant role of the substituents in
the benzene ring, thus revealing these compounds as antioxidants—mainly as classical
phenol-type antioxidants. However, the current information has revealed 1,3-dicarbonyl
compounds as promising scaffolds for promising antioxidants. Further investigations
into this series of compounds should result in excellent antioxidants due to the presence
of acidic C-H bonds, thus leading to compounds that may be easily adjusted both for
lipophilic and polar media. The general correlation between the structural elements and an-
tiradical/antioxidant activity are as follows: (a) both acyclic and cyclic α-monosubstituted
1,3-dicarbonyl compounds demonstrate increased activity in comparison both with unsub-
stituted and α,α-disubstituted compounds; (b) the acyclic structures are more sensitive to
various structural modifications; (c) the antiradical activity of cyclic 1,3-dicarbonyl com-
pounds are less affected by the structure of the heterocycle. Thus, cyclic 1,3-dicarbonyl
compounds could be more effective for constructing powerful antioxidants.
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basis of pulvinic acid and coumarine derivatives and their experimental evaluation. PLoS ONE 2015, 10, e0140602. [CrossRef]

178. Habrant, D.; Poigny, S.; Ségur-Derai, M.; Brunei, Y.; Heurtaux, B.; Le Gall, T.; Strehle, A.; Saladin, R.; Meunier, S.; Mioskowski,
C.; et al. Evaluation of antioxidant properties of monoaromatic derivatives of pulvinic acids. J. Med. Chem. 2009, 52, 2454–2464.
[CrossRef]

179. Mierina, I.; Jure, M.; Zeberga, S.; Makareviciene, V.; Zicane, D.; Tetere, Z.; Ravina, I. Novel type of carbon-centered antioxidants
arylmethyl Meldrum’s acids—Inhibit free radicals. Eur. J. Lipid Sci. Technol. 2017, 119, 1700172. [CrossRef]

180. Mierin, a, I.; Peipin, a, E.; Aišpure, K.; Jure, M. 1st generation dendrimeric antioxidants containing Meldrum’s acid moieties as
surface groups. New J. Chem. 2022, 46, 607–620. [CrossRef]
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one-pot synthesis of coumarin-hydroxybenzohydrazide hybrids and their antioxidant potency. Antioxidants 2021, 10, 1106.
[CrossRef] [PubMed]

193. Hamdi, N.; Puerta, M.C.; Valerga, P. Synthesis, structure, antimicrobial and antioxidant investigations of dicoumarol and related
compounds. Eur. J. Med. Chem. 2008, 43, 2541–2548. [CrossRef] [PubMed]

194. Bejaoui, L.; Rohlicek, J.; Ben Hassen, R. New cobalt (II) complexes of ‘3-acetyl-4-hydroxy-2H-chromene-2-one’: Crystal structure
and Hirshfeld surface analysis, fluorescence behaviour and antioxidant activity. J. Mol. Struct. 2018, 1173, 574–582. [CrossRef]

195. Wang, G.; Liu, Y.; Zhang, L.; An, L.; Chen, R.; Liu, Y.; Luo, Q.; Li, Y.; Wang, H.; Xue, Y. Computational study on the antioxidant
property of coumarin-fused coumarins. Food Chem. 2020, 304, 125446. [CrossRef]

196. Fujimaki, T.; Saiki, S.; Tashiro, E.; Yamada, D.; Kitagawa, M.; Hattori, N.; Imoto, M. Identification of licopyranocoumarin and
glycyrurol from herbal medicines as neuroprotective compounds for Parkinson’s disease. PLoS ONE 2014, 9, e100395. [CrossRef]

197. Martínez-Martínez, F.J.; Razo-Hernández, R.S.; Peraza-Campos, A.L.; Villanueva-García, M.; Sumaya-Martínez, M.T.; Cano, D.J.;
Gómez-Sandoval, Z. Synthesis and in vitro antioxidant activity evaluation of 3-carboxycoumarin derivatives and qsar study of
their dpph radical scavenging activity. Molecules 2012, 17, 14882–14898. [CrossRef]

198. Vazquez-Rodriguez, S.; Figueroa-Guíñez, R.; Matos, M.J.; Santana, L.; Uriarte, E.; Lapier, M.; Maya, J.D.; Olea-Azar, C. Synthesis
of coumarin-chalcone hybrids and evaluation of their antioxidant and trypanocidal properties. Medchemcomm 2013, 4, 993–1000.
[CrossRef]

199. Detsi, A.; Bouloumbasi, D.; Prousis, K.C.; Koufaki, M.; Athanasellis, G.; Melagraki, G.; Afantitis, A.; Igglessi-Markopoulou, O.;
Kontogiorgis, C.; Hadjipavlou-Litina, D.J. Design and synthesis of novel quinolinone-3-aminoamides and their α-lipoic acid
adducts as antioxidant and anti-inflammatory agents. J. Med. Chem. 2007, 50, 2450–2458. [CrossRef]

200. Pudlo, M.; Luzet, V.; Ismaïli, L.; Tomassoli, I.; Iutzeler, A.; Refouvelet, B. Quinolone-benzylpiperidine derivatives as novel
acetylcholinesterase inhibitor and antioxidant hybrids for Alzheimer Disease. Bioorg. Med. Chem. 2014, 22, 2496–2507. [CrossRef]

201. Mierin, a, I.; Stikute, A.; Jure, M. A green and effective route leading to antiradical agents with 3-arylmethyl 4-hydroxyquinolin-
2(1H)-one moiety. Tetrahedron Lett. 2022, 99, 153847. [CrossRef]

202. Shin, Y.S.; Song, S.J.; Kang, S.U.; Hwang, H.S.; Choi, J.W.; Lee, B.H.; Jung, Y.S.; Kim, C.H. A novel synthetic compound, 3-amino-3-
(4-fluoro-phenyl)-1H-quinoline-2,4-dione, inhibits cisplatin-induced hearing loss by the suppression of reactive oxygen species:
In vitro and in vivo study. Neuroscience 2013, 232, 1–12. [CrossRef] [PubMed]

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.

34



Citation: Altuntaş, Ü.; Güzel, İ.;
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Abstract: This study aimed to evaluate the biochemical composition and biological activity of propolis
samples from different regions of Türkiye to characterize and classify 24 Anatolian propolis samples
according to their geographical origin. Chemometric techniques, namely, principal component
analysis (PCA) and a hierarchical clustering algorithm (HCA), were applied for the first time to
all data, including antioxidant capacity, individual phenolic constituents, and the antimicrobial
activity of propolis to reveal the possible clustering of Anatolian propolis samples according to
their geographical origin. As a result, the total phenolic content (TPC) of the propolis samples
varied from 16.73 to 125.83 mg gallic acid equivalent per gram (GAE/g) sample, while the number
of total flavonoids varied from 57.98 to 327.38 mg quercetin equivalent per gram (QE/g) sample.
The identified constituents of propolis were phenolic/aromatic acids (chlorogenic acid, caffeic acid,
p-coumaric acid, ferulic acid, and trans-cinnamic acid), phenolic aldehyde (vanillin), and flavonoids
(pinocembrin, kaempferol, pinobanksin, and apigenin). This study has shown that the application
of the PCA chemometric method to the biochemical composition and biological activity of propolis
allows for the successful clustering of Anatolian propolis samples from different regions of Türkiye,
except for samples from the Black Sea region.

Keywords: propolis; Anatolia; antioxidant activity; phenolics; clustering; PCA

1. Introduction

Propolis is a complex substance consisting of natural resinous and sticky materials
collected by bees, Apis mellifera, collected from living plant buds and exudates [1–7]. Propo-
lis is a wax-like natural product formed by honeybees by combining their own wax with
various plant sources [8] and can be considered a non-toxic ‘glue or cement’ for bees [5,8]
that provides many benefits to honeybees, such as sealing cracks and plugging holes in
the walls of the hive, flattening the inner surface of the hive to minimize moisture loss,
regulating humidity and temperature in their nest, and embalming dead insects [1,2,4,9].

The biochemical composition of propolis is quite variable and complex. It depends on
factors such as local flora surrounding the hive accessible to honeybees, collection time,
geographical origin, type of honeybee, diversity of trees, and plant species collected by
honeybees [1,8]. The chemical patterns of propolis types indicate the geographical distri-
bution of plant species [5]. Thus, the chemical composition of propolis differs according
to its phytogeographic origin. The variability of colors (yellow, green, brown, and red) of
propolis depends on the resin sources found in the region (botanical source), as well as the
preparation period [1,2]. However, the chemical composition of some types of propolis,
such as European poplar propolis (from Popolus spp.), Brazilian green (from Baccharis

Molecules 2023, 28, 1121. https://doi.org/10.3390/molecules28031121 https://www.mdpi.com/journal/molecules35



Molecules 2023, 28, 1121

dracunculifolia), and red propolis (from Dalbergia ecastophyllum), has been clarified and
standardized [4,8].

Propolis consists of about 50% resin (i.e., the polyphenolic fraction, including flavonoids
and phenolic/aromatic acids) and 30% wax (waxes and fatty acids), while the essential and
aromatic oils (mainly volatiles) and bee-pollen (free amino acids) are approximately 10%
of propolis, and the remaining 5% consists of other organic and mineral substances [1,8].
Propolis contains more than 300 natural compounds. A list of pharmacologically ac-
tive chemical substances reported in several studies are polyphenols (flavonoids, phe-
nolic acids, and their esters), phenolic aldehydes, flavonoid aglycones, sesquiterpenes,
quinones, coumarins, amino acids, fatty acids, steroids, terpenoids, and inorganic com-
pounds [1,3,5,7,8,10]. The bioactivity of propolis is variable and is believed to be related
to the variation of its chemical composition [8,10]. Due to the presence of bioactive con-
stituents, propolis produces a wide spectrum of important biological activities, such as
being antioxidant (strong scavenger of free radicals), antitumor, antibacterial, antifungal,
antiviral, anti-inflammatory, cardioprotective, and hepatoprotective, and it has anticancer
and immunomodulatory properties [1,3,5,7,8,10,11]. All this has caused propolis to be
known as a natural product that can potentially be used as a therapeutic agent to enhance
the immune system and prevent various human diseases [1].

The antioxidant activity of propolis protects the human body from cell damage be-
cause of free radicals by lowering the number of oxidative chemical reactions that oc-
cur [1,3,6,8,12]. Additionally, propolis was recently assessed for its antimicrobial activity
against both Gram-positive (+) and -negative (−) bacteria, and previous research has con-
firmed the in vitro antibacterial activity of propolis extracts via different assays [1,6]. The
antioxidant and antibacterial activities of propolis are reported to be caused by flavonoids
and phenolic acids and its esters. The interaction and/or synergism between phenolic and
other chemicals in propolis is considered the mechanism of this activity [13]. Flavonoids
and phenolic compounds are the main bioactive components of propolis [2,3], and both
have proven their ability to neutralize free radicals. The wide spectrum of propolis, i.e.,
biological properties and multiple applications, has aroused interest in the study of its
properties according to its origin [2,6].

From the literature reviewed, propolis collected from different places, even from the
same city, may differ substantially in terms of antioxidant capacity, antibacterial activity,
individual phenolic compounds, and, thus, its biological activities [2,4,5,7,8,10]. Türkiye
has a rich phytogeographical structure, and some researchers have attempted to elucidate
the chemical structure of propolis produced there. In one of these studies, Kartal et al. (2002)
examined propolis samples from the Ankara and Marmaris regions and reported that the
botanical origin of the sample from Marmaris could be Pinus brutia L. (pine propolis) [14].
In this context, Popova et al. (2005) studied Turkish propolis, and Populus nigra and P.
euphratica were found to be important sources of propolis [15]. Velikova et al. (2000)
examined a Bulgarian and two Turkish propolis samples and found that their chemical
compositions were similar; they had the characteristics of poplar propolis, and the samples
were particularly rich in caffeic acid and ferulic acid [16]. In a study conducted by Sorkun
et al. (2001) on Turkish propolis of different geographical origins, it was also found that
the samples from Trabzon and Gümüşhane had similar chemical compositions, and the
main components were aromatic and aliphatic acids, esters, and ketones. It was found
that flavanones, aromatic acid and its esters, terpenoids, flavones, and ketones were the
main compounds in the Bursa sample [17]. However, the biochemical data and biological
activities of Anatolian propolis are still scarce.

The present study aims to evaluate the biochemical composition and biological activity
of propolis samples from different regions of Türkiye to characterize and classify 24 propolis
samples based on their geographical origin. In addition, multivariate analysis, principal
component analysis (PCA), and a hierarchical clustering algorithm (HCA) were applied to
all data, including moisture (%), total phenolic and flavonoid content, antioxidant capacities
(DPPH and CUPRAC), individual phenolic and aromatic constituents, and antimicrobial
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activity to show, for the first time, a possible clustering of Anatolian propolis samples from
different regions of origin according to their geographical origin.

2. Results

2.1. Chemical Properties

The moisture content of the 24 propolis samples belonging to different geographical
regions of Türkiye, collected twice in different harvesting seasons, was determined, and
the average results are provided in Table 1. According to Table 1, the propolis samples had
moisture profiles ranging from 3.83 to 7.13% of total weight. The results of this study are
similar to those reported in the literature for other propolis samples, which had moisture
content ranging from 3.40 to 9.16% [18–20]. Propolis samples from the Marmara region
had higher moisture content than other regions. On the other hand, propolis samples from
Central Anatolia had relatively lower moisture content. The variations in moisture content
(%) of propolis samples are most likely due to the type of propolis, the geographical region
and environmental conditions, and the collection period of the propolis [18,21].

Table 1. Moisture content (%) of Anatolian propolis samples (data are expressed as g water/100 g of
the crude sample).

Region City Moisture Content (%)

Black Sea Amasya 5.12 ± 0.1 g

Black Sea Bartın 5.88 ± 0.1 b,c

Black Sea Karabük 5.05 ± 0.1 d,e

Black Sea Kastamonu 4.52 ± 0.3 e,f

Black Sea Ordu 5.09 ± 0.1 d,e

Black Sea Samsun 5.22 ± 0.1 c,d,e

Black Sea Tokat 6.25 ± 0.1 a,b

Black Sea Zonguldak 5.35 ± 0.0 c,d

Black Sea Çorum 4.01 ± 0.1 f,g

Central Anatolia Konya 3.84 ± 0.1 g

Central Anatolia Kütahya 5.15 ± 0.1 c,d,e

Central Anatolia Sivas 3.83 ± 0.1 g

Central Anatolia Yozgat 4.24 ± 0.1 e,f

Marmara Balıkesir 7.13 ± 0.3 a

Marmara Bilecik 6.07 ± 0.1 b,c

Marmara Bursa 5.72 ± 0.3 b,c

Marmara İstanbul 6.22 ± 0.1 a,b

Marmara Kırklareli 5.26 ± 0.5 c,d,e

Marmara Kocaeli 5.22 ± 0.1 c,d,e

Marmara Tekirdağ 4.17 ± 0.1 c,d,e

Mediterranean Adana 4.61 ± 0.1 e,f

Mediterranean Gaziantep 3.70 ± 0.1 g

Mediterranean Hatay 5.86 ± 0.1 b,c

Mediterranean Mersin 3.83 ± 0.1 g

Significant differences in the same column are represented by different letters (a–g) (p < 0.05).

2.2. Antioxidant Activity

The antioxidant activity of the Turkish propolis samples was determined based on the
total phenolic content (TPC) using the Folin–Ciocalteu reagent method, the total flavonoid
content (TFC) by indexing the total flavonoids, the cupric ion-reducing antioxidant capacity
(CUPRAC) using the copper inducing method, and the scavenging free radical DPPH (2,2-
diphenyl-1-picrylhydrazyl) method, since propolis cannot be satisfactorily evaluated by
only one method [8,22]. The higher values of the results indicate a high antioxidant capacity
for the propolis samples for each method. Table 2 shows the TPC, TFC, and antioxidant
capacity (CUPRAC and DPPH) of propolis extract results obtained by analyzing the four
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different methods mentioned above. Significant differences (p < 0.05) in the four different
tests between the Anatolian propolis samples are provided in Table 2.

Table 2. Total phenolic and flavonoid contents and antioxidant capacity results (CUPRAC and DPPH)
of ethanolic extracts of Anatolian propolis samples (data are expressed as mg/g of the crude propolis
sample).

Region City
CUPRAC (mg
TE/g Sample)

DPPH (mg TE/g
Sample)

TPC (mg GAE/g
Sample)

TFC (mg QE/g
Sample)

Black Sea Amasya 345.60 ± 6.7 a,b,c 186.84 ± 8.0 a,b 88.32 ± 1.1 b,c 325.09 ± 11.3 a

Black Sea Bartın 328.23 ± 37.1 a,b,c 157.58 ± 9.8 b,c,d 92.51 ± 3.1 b 251.47 ± 56.3 a,b,c

Black Sea Karabük 257.43 ± 28.4 c,d,e 160.94 ± 30.5 b,c,d 66.42 ± 8.9 d,e,f 240.28 ± 38.2 b,c,d

Black Sea Kastamonu 297.36 ± 39.0 b,c 166.81 ± 23.4 a,b,c 76.51 ± 8.0 c,d 237.07 ± 32.9 c,d,e

Black Sea Ordu 357.73 ± 9.4 a,b 214.50 ± 22.3 a,b 70.23 ± 8.2 c,d,e 301.71 ± 47.8 a,b

Black Sea Samsun 196.35 ± 38.7 e,f,g 128.07 ± 7.3 d,e,f 70.26 ± 2.2 c,d,e 222.04 ± 8.8 c,d,e

Black Sea Tokat 233.45 ± 20.0 c,d,e 228.23 ± 30.1 a 96.00 ± 8.2 b 289.68 ± 12.3 a,b,c

Black Sea Zonguldak 378.93 ± 29.7 a 175.00 ± 12.0 a,b 98.89 ± 5.3 b 323.71 ± 9.4 a

Black Sea Çorum 243.99 ± 16.2 c,d,e 151.82 ± 8.3 c,d 81.33 ± 3.3 c,d 217.56 ± 19.8 c,d,e

Central Anatolia Konya 127.40 ± 6.5 g,h,i 164.41 ± 4.0 a,b,c 110.37 ± 5.0 a,b 147.04 ± 3.0 fg

Central Anatolia Kütahya 360.93 ± 46.8 a,b 160.82 ± 7.6 b,c,d 88.44 ± 13.2 b,c 283.26 ± 37.1 a,b,c

Central Anatolia Sivas 173.21 ± 17.2 f,g 143.26 ± 10,1 c,d 56.89 ± 8.8 e,f 167.73 ± 33.9 e,f,g

Central Anatolia Yozgat 304.88 ± 12.0 b,c 195.36 ± 47.4 a,b 125.83 ± 24.0 a 241.04 30.9 b,c,d

Marmara Balıkesir 225.34 ± 21.6 d,e,f 167.32 ± 6.2 a,b,c 68.88 ± 10.3 d,e 208.50 ± 4.0 d,e

Marmara Bilecik 259.75 ± 30.8 c,d,e 169.74 ± 4.7 a,b,c 71.14 ± 1.8 c,d,e 250.87 ± 16.1 a,b,c

Marmara Bursa 200.73 ± 22.8 e,f,g 143.14 ± 38.2 c,d,e 51.90 ± 9.6 e,f 150.46 ± 22.4 f,g

Marmara İstanbul 227.44 ± 13.7 de,f 111.48 ± 20.6 d,e,f 55.69 ± 16.5 e,f 189.54 ± 35.5 e,f,g

Marmara Kırklareli 370.18 ± 31.6 a 157.61 ± 3.6 b,c,d 83.20 ± 9.1 c 327.38 ± 21.6 a

Marmara Tekirdağ 101.36 ± 4.0 h,i 90.46 ± 3.9 e,f 48.49 ± 5.3 e,f 91.78 ± 4.8 g

Marmara Kocaeli 262.29 ± 28.0 b,c,d 138.26 ± 1.1 d,e,f 71.51 ± 6.8 c,d 182.61 ± 15.0 e,f,g

Mediterranean Adana 147.95 ± 40.9 g,h 80.58 ± 10.9 e,f 41.91 ± 8.8 e,f 142.70 ± 27.4 f,g

Mediterranean Gaziantep 61.55 ± 3.0 h 46.72 ± 2.1 f 16.73 ± 1.0 f 57.98 ± 1.0 g

Mediterranean Hatay 122.04 ± 5.7 g,h,i 85.72 ± 4.6 e,f 34.17 ± 2.9 e,f 109.07 ± 2.9 f,g

Mediterranean Mersin 151.79 ± 21.7 f,g,h 111.74 ± 11.9 d,e,f 41.38 ± 6.6 e,f 167.37 ± 6.6 e,f,g

Significant differences in the same column are represented by different letters (a–h) (p < 0.05). TE (Trolox
equivalent); GAE (gallic acid equivalent); QE (quercetin equivalent).

The correlation between the method results, DPPH, CUPRAC, TPC, and TFC are
shown in Figure 1. A positive, strong correlation is observed between the CUPRAC and
TFC (0.92) and between DPPH and TPC (0.80). The lowest correlation was found between
the CUPRAC and TPC (0.64).

Figure 1. Correlations between the DPPH, CUPRAC, TPC, and TFC results.

2.2.1. Total Phenolic Content and DPPH

The Folin–Ciocalteu colorimetric method was used in this study to determine the
TPC of Anatolian propolis samples [22]. The TPCs of samples are expressed as gallic
acid equivalent (GAE) in 1 g of crude propolis sample. The TPC of the propolis samples

38



Molecules 2023, 28, 1121

from different regions are shown in Table 2. The TPC of the ethanolic extracts of propolis
(EEP) samples varied from 16.73 to 125.83 mg GAE/g sample. Based on the region, the
highest TPC was found in the Yozgat sample from the Central Anatolia region, whereas
the lowest TPC was found in the Gaziantep sample from the Mediterranean region. The
lowest TPC values (41.49–16.73 mg GAE/g sample) were found in the samples from the
Mediterranean region, while the highest values (125.83–92.51 mg GAE/g sample) were
found in the Central Anatolia and Black Sea regions. The TPC values of the samples assayed
in this study differed according to the growing region of the cultivars.

The loss of DPPH reagent after the reaction with the samples was measured in the
DPPH assay. DPPH is a purple-colored stable radical that turns bright yellow when it
combines with free radicals [23]. Propolis’s antioxidant ability was measured in Trolox
equivalent (TE) per gram of crude propolis sample. The antioxidant abilities of the EEP
samples ranged from 46.72 to 228.23 mg TE/g sample according to the results of the DPPH
method. The highest DPPH activity result was observed in the Tokat sample from the
Black Sea region, whereas the lowest DPPH activity value was observed in the Gaziantep
sample from the Mediterranean region. As can be seen in the TFC profile of the propolis
samples, the lowest DPPH activity was obtained in samples from the Mediterranean region
(the Hatay, Adana, and Gaziantep samples) and some samples from the Marmara region,
namely, İstanbul and Tekirdağ.

The TPC and DPPH revealed a substantial correlation coefficient (r = 0.80). These
results are in agreement with those of Ahn et al. 2007, who found a good correlation
between the antioxidant capacity of the TPC and DPPH (r = 0.76) for extracts of Chinese
propolis collected throughout China [8,24].

2.2.2. Total Flavonoid Content and CUPRAC

Table 2 represents the TFC of the crude propolis samples; flavonoids varied from
57.98 to 327.38 mg QE per gram of propolis. The highest flavonoid content was found
in the Kırklareli sample from the Marmara region, while the lowest value was found in
the Gaziantep sample from the Mediterranean region. The lowest TFC was mainly found
in the samples from the Mediterranean region, the highest TFC was observed in EEP
samples from the Black Sea region of Türkiye, and the relatively lowest was found in the
samples from the Marmara region. According to the CUPRAC test results, the propolis
samples from the Black Sea region (Zonguldak) showed the highest result (378.93 mg TE/g
sample), while the radical scavenging capacity of the Kırklareli sample (370.18 mg TE/g
sample) from the Marmara region was slightly higher (Table 2). The CUPRAC results of
the samples varied between 61.55 and 378.93 mg TE/g sample. The CUPRAC results of the
Mediterranean samples showed the lowest values in this test. The TFC and DPPH results
also showed a significant correlation coefficient (r = 0.92), as shown in Figure 1. This was
the highest correlation coefficient obtained in these four different measurement tests.

2.3. Phenolic Composition of Propolis

Propolis often has a wide range of chemical components. In general, propolis con-
tains flavonoids, phenolic acids and esters, phenolic aldehydes and ketones, terpenes,
amino acids, alcohols, and other acids and derivatives [1,25,26]. Several researchers have
used HPLC to determine the polyphenolic components of propolis samples, with most
applications involving different propolis samples from Europe (Italy), Argentina, and
Brazil [27,28]. The individual compounds identified in Anatolian propolis samples are
listed in Table 3. Propolis from mild zones (Asia, Europe, North America, etc.) is mostly
composed of phenolic compounds, such as various flavonoids and aromatic acids and
their esters, obtained from poplar buds, which seem to be the most common source of
propolis [29,30]. In our study of 24 Anatolian propolis samples, the identified substances
were flavonoids (pinocembrin, kaempferol, pinobanksin, and apigenin), phenolic/aromatic
acids (chlorogenic acid, caffeic acid, p-coumaric acid, ferulic acid, and trans-cinnamic acid),
and phenolic aldehyde (vanillin). Many of these substances (pinobanksin, kaempferol,
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ferulic acid, caffeic acid, p-coumaric acid, etc.) have already been determined by several
authors who studied the polyphenolic composition of Turkish [8,17,29] and European
propolis samples [31]. Each sample was analyzed in triplicate to determine the average
phenolic compound content in Turkish propolis. In our study, ten compounds were identi-
fied using the HPLC-PDA system based on ethanolic extracts from propolis samples from
four different regions of Anatolia, Türkiye. The peaks of the polyphenolic compounds
were detected using a conventional addition procedure and quantified using calibration
formulas based on peak normalization rates.

The concentrations of phenolic compounds were calculated as mg/g of the crude
propolis sample. The results summarized in Table 3 show that caffeic acid and ferulic acid
were the major phenolic acid constituents, while pinobanksin and pinocembrin were the
most abundant flavonoids in all propolis samples. Pinobanksin content was lowest in the
sample from Gaziantep (2.95 mg/g), which is from the Mediterranean region, and the
highest was found in the Ordu sample (38.76 mg/g), which is from the Black Sea region.
The other major flavonoid was pinocembrin, whose content ranged from 1.22 mg/g to
6.80 mg/g, with the lowest value found in the Gaziantep sample and the highest value in
the Kocaeli sample.

However, in the samples from the Black Sea region, the pinobanksin content was
several times higher than the samples from the Marmara and Central Anatolia regions.
There is a positive correlation between the number of individual flavonoids and phenolic
compounds and their antioxidant capacities [24,31]. The propolis samples that contained
more flavonoids and phenols also had higher antioxidant capacities.

2.4. Antimicrobial Activity

The disc diffusion method was used to determine the inhibition zones of the 24
different propolis extracts for primary screening. A standard Gram-positive and Gram-
negative bacterial strain and two fungi (a yeast and a mold) were used. According to the
results shown in Table 4, the EEPs of the samples showed antibacterial activity against S.
aureus and E. coli and antifungal activity against C. albicans and A. niger. The antibacterial
activity of the Anatolian propolis samples tested in this study was effective against the
pathogens tested. Table 4 shows that statistically significant differences (p < 0.05) were
found between Anatolian propolis samples for four different microorganisms.
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Table 4. Antimicrobial activity results of ethanolic extracts of Anatolian propolis (data are expressed
as millimeter (mm) inhibition zone).

Region City S. aureus E. coli C. albicans A. niger

Black Sea Amasya 12.00 ± 1.0 a,b 10.50 ± 0.5 a,b 12.50 ± 1.5 a,b 9.50 ± 0.5 a,b

Black Sea Bartın 12.50 ± 1.5 a,b 12.50 ± 1.5 a 10.00 ± 1.0 a,b 11.00 ± 1.0 a,b

Black Sea Karabük 12.00 ± 1.0 a,b 9.50 ± 1.5 a,b 10.50 ± 0.5 a,b 8.75 ± 0.3 b,c

Black Sea Kastamonu 14.00 ± 1.0 a 11.50 ± 0.5 a,b 10.50 ± 0.5 a,b 9.50 ± 0.5 a,b

Black Sea Ordu 10.25 ± 0.2 a,b 10.50 ± 0.5 a,b 9.00 ± 0.0 b 9.00 ± 1.0 b,c

Black Sea Samsun 11.25 ± 1.2 a,b 11.50 ± 0.5 a,b 10.00 ± 1.0 a,b 9.50 ± 0.5 a,b

Black Sea Tokat 9.75 ± 0.7 a,b 9.00 ± 0.0 a,b 10.50 ± 0.5 a,b 10.00 ± 1.0 a,b

Black Sea Zonguldak 13.50 ± 0.5 a,b 11.50 ± 0.5 a,b 11.00 ± 1.0 a,b 11.00 ± 0.0 a,b

Black Sea Çorum 9.25 ± 0.7 a,b 9.50 ± 0.5 a,b 10.50 ± 0.5 a,b 10.00 ± 0.0 a,b

Central Anatolia Konya 9.00 ± 0.2 a,b 8.00 ± 0.0 b 9.00 ± 1.0 b 8.00 ± 0.0 c

Central Anatolia Kütahya 11.25 ± 1.2 a,b 9.50 ± 0.5 a,b 9.50 ± 0.5 a,b 12.00 ± 1.0 a

Central Anatolia Sivas 8.25 ± 0.7 b 9.50 ± 0.5 a,b 11.50 ± 1.5 a,b 9.00 ± 1.0 b,c

Central Anatolia Yozgat 11.00 ± 1.0 a,b 9.50 ± 0.5 a,b 9.00 ± 0.0 b 9.50 ± 0.5 a,b

Marmara Balıkesir 13.50 ± 1.5 a,b 12.00 ± 1.0 a,b 12.00 ± 1.0 a,b 10.50 ± 0.5 a,b

Marmara Bilecik 12.50 ± 1.5 a,b 11.00 ± 1.0 a,b 10.00 ± 0.0 a,b 9.50 ± 0.5 a,b

Marmara Bursa 11.00 ± 1.0 b 8.75 ± 0.3 a,b 10.00 ± 1.0 a,b 8.50 ± 1.0 b,c

Marmara İstanbul 11.00 ± 1.0 a,b 11.00 ± 1.0 a,b 8.75 ± 0.8 10.00 ± 0.5 a,b

Marmara Kırklareli 13.50 ± 0.5 a,b 11.00 ± 1.0 a,b 10.00 ± 1.0 a,b 12.50 ± 0.5 a

Marmara Kocaeli 12.25 ± 0.2 a,b 10.50 ± 0.5 a,b 10.75 ± 0.8 a,b 9.50 ± 0.5 a,b

Marmara Tekirdağ 11.50 ± 0.5 a,b 10.50 ± 0.5 a,b 14.00 ± 1.0 a 10.50 ± 0.5 a,b

Mediterranean Adana 10.00 ± 1.0 a,b 9.50 ± 0.5 a,b 12.50 ± 0.5 a,b 10.00 ± 0.0 a,b

Mediterranean Gaziantep 11.00 ± 1.0 a,b 10.00 ± 0.5 a,b 10.00 ± 1.0 a,b 9.00 ± 0.0 b,c

Mediterranean Hatay 11.00 ± 1.0 a,b 10.50 ± 0.5 a,b 10.00 ± 0.0 a,b 9.50 ± 0.5 a,b

Mediterranean Mersin 13.50 ± 0.5 a,b 10.50 ± 0.5 a,b 12.50 ± 0.5 a,b 9.50 ± 0.5 a,b

Mean values 11.40 10.28 10.58 9.82

Negative Control
** 0 0 0 0

Positive Control *** 50 35 30 30

Significant differences in the same column are represented by different letters (a–c) (p < 0.05). ** 10% dimethyl
sulfoxide (DMSO) solution was used. *** For bacteria, ampicillin (10 μg-Oxoid) commercial discs were used.
*** For mold and yeast, vorozanole (11 μg) commercial discs were used.

The antimicrobial activity of propolis has been attributed to both hydrophilic and
hydrophobic phenolic chemicals, such as flavonoids and aromatic acids and esters, which
can act on the cell walls of bacteria [3]. Caffeic acid and its esters, as well as volatile fractions
containing phenols, have antimicrobial properties. However, whether the antibacterial
and antifungal activities of the ethanol extracts of propolis depend on the concentration
of polyphenolic fractions, such as pinocembrin and caffeic acid derivatives, or on the
synergism of these or other compounds is still unknown [29]. Anjum et al. reported that
the bioactive compounds of propolis, such as pinocembrin, showed antibacterial activity
against Streptococcus spp., and artepillin C and p-coumaric acid showed antibacterial activity
against Helicobacter pylori [25].

2.4.1. Antibacterial Activity

Activity against bacterial pathogens was tested for all propolis samples. As can be
seen in Table 3, all extracts showed different degrees of antibacterial activity against S.
aureus and E. coli, with the strongest antibacterial activity obtained by the samples from
Kastamonu, Bartın, and Kırklareli. Among the 24 samples, Sivas, Konya, and Çorum
showed moderate activity against S. aureus, with inhibition zone values ranging from 8.25
to 9.75 mm. The samples from Kırklareli and Bartın (from the Marmara and Black Sea
regions, respectively) showed high activity against S. aureus with a 13.5 mm inhibition zone
value and against E. coli with a 12.5 mm inhibition zone value, respectively. Consequently,
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the antimicrobial activity test results clearly showed that propolis samples from the Black
Sea region had much stronger antibacterial activity compared with the propolis sample
from Central Anatolia (Table 3). Previous studies indicated that caffeic acid esters are the
main chemicals responsible for this antimicrobial activity [13]. Considering the composition
of propolis from Amasya, it had higher caffeic acid content.

2.4.2. Antifungal Activity

The activity of the propolis samples against fungal strains (C. albicans and A. niger)
was tested. All extracts exhibited significant antifungal activity. However, the antifungal
activity was similar for all samples. The zones of inhibition around the disc observed in
Petri dishes containing C. albicans were slightly larger in the Amasya, Mersin, and Adana
samples than in the other samples. The highest antifungal activity was obtained in samples
from Amasya and Mersin (12.50 mm) for C. albicans and from Kırklareli samples (12.50 mm)
for the A. niger strain. Flavonoids are known for their antibacterial, antifungal, and antiviral
capabilities, and they are assumed to be responsible for the beneficial medicinal properties
of propolis [30]. Propolis’s antibacterial, antifungal, and antiviral properties have also been
observed in the esters of phenolic acids, especially caffeic acids and ferulates [9].

2.5. Principal Component Analysis (PCA)

Principal components (PCs) were determined from the eigenvalues of the correlation
matrix of observations. The eigenvalues were found to be 6.75, 3.16, 2.06, 1.49, 1.22, and
1.03 for PC1 to PC6, respectively. As can be seen in Figure 2, the first six PCs explain 82.68%
of the total variance. The first two PCs account for 35.51% and 16.66% of the total variance,
respectively. Thus, the first two PCs explain the origin of the score plot with a very tight
confidence ellipse.

Figure 2. The explained PCs of the total variance and eigenvalues for each of the PCs.

Figure 3 shows the observations and PCs obtained from the analyzed data. The score
over PC1 and PC2 separates the groups from the Marmara, Central Anatolia, Mediterranean,
and Black Sea regions. The center of the samples from the Marmara region is in the positive
parts of both PC1 and PC2, while the samples from Central Anatolia are in the negative
parts of both PCs. The Black Sea region samples are grouped along the positive part of
PC1, whereas the central point of the samples from the Black Sea region is located on the
negative part of PC2. As a result, it can be stated that the DPPH and E. coli values as two
variables (Figure 4) are useful in clustering the propolis samples from the Marmara and
Black Sea regions separately. Mediterranean propolis samples were well separated from
the other three groups of samples by being on the negative region of the PC1 due to their
significantly higher antifungal activity against C. albicans, their relatively low antioxidant
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capacity determined by four different measurement methods, their low ferulic acid content,
and their lack of vanillin content. On the other hand, apart from the E. coli and DPPH levels,
the S. aureus, vanillin, CUPRAC, TFC, and caffeic acid levels played a key role in clustering
among the propolis samples from Marmara, the Black Sea, and Central Anatolia.

Figure 3. Observations (antimicrobial activity, antioxidant capacity, moisture content (%), and
individual phenolic constituents) and PCs belong to Anatolian propolis.

Figure 4. Contribution of variables (TFC, p-coumaric acid, DPPH, caffeic acid, etc.) to PCs.

The contribution of the variables to the PCs is shown in Figure 4. The CUPRAC and
p-coumaric acid values strongly correlate with PC1 in the positive direction, while the
values of E. coli and kaempferol correlate with PC2 in the positive and negative directions,
respectively. When PCA was applied to map the results of the biochemical composition
and biological activity of the propolis samples (n = 24), differences in the antioxidant and
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antimicrobial capacity profiles were observed for samples collected in different parts of
Anatolia. This is clearly related to the climatic characteristics and local flora surrounding
the hive accessible to honeybees at the collection sites.

A dendrogram of the Turkish propolis samples was generated using a hierarchical
clustering algorithm (HCA) with the Ward method using the packages FactoMineR and
factoextra in R 4.0.4. This algorithm was applied to the first six PCs since they have
eigenvalues greater than 1.0. Figure 5 shows the dendrogram and hierarchical clustering
results of the Turkish propolis samples. As can be seen in Figure 5, the propolis samples
are divided into four clusters. The Ordu and Amasya samples have a strong relationship
with each other and are separated from all the other clusters. Although the Samsun sample
belongs to the Black Sea region, it shows a greater similarity with the samples from the
Marmara region group. In addition, the samples from the Mediterranean region and two
of the samples from the Marmara region (İstanbul and Tekirdağ) are in the same cluster, as
shown in Figure 5.

Figure 5. Dendrogram of Turkish propolis samples obtained from the results of HCA by using the
factoextra package in R.

3. Discussion

According to the results of the total phenolic content (TPC), total flavonoid content
(TFC), and antioxidant capacity measurement methods, phenolic compounds were detected
in different amounts and types in the samples from different geographical regions of
Türkiye. The antioxidant profile of the propolis samples may be related to the diversity
of the geographical areas, plants in the region, and the type of bees [2,32]. Our results for
the TPC and DPPH (2,2-diphenyl-1-picrylhydrazyl) methods, remarkably, follow those of
Shi et al. (2012) [33], who studied 15 Chinese propolis samples, and Ozdal et al. (2019) [8],
who studied 11 Turkish propolis samples. Similarly, the findings of Ahn et al. (2007), who
evaluated the TPC of 20 Chinese poplar-type propolis samples, and Yesiltas, who examined
4 Turkish propolis samples, are also quite parallel to our TPC values [24]. However,
our TPC results were not as high as those of the samples examined by Yesiltas et al.
(2014) [34]. However, the TPC of our samples was relatively higher than the TPC result of
Wieczynska et al. (2017) [35], who studied seven Polish propolis samples, and samples of
Kubiliene et al. (2015) [36], who obtained the samples under different extraction conditions.
Ahn et al. (2007), Moreira et al. (2008) [37], Lagouri et al. (2013) [31], Kumazawa et al.
2004 [33], Ahn et al. (2004) [38], and Shi et al. (2012) reported phenolic compound contents
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ranging from 42.9 to 329.0 mg/g of the propolis sample in China, Macedonia, Greece,
Portugal, and Korea. On the other hand, the results of other studies were reported as
IC50 units of measurement referring to the prepared solution; this could complicate the
comparison of results between different experiments [37]. Alternatively, the results were
exressed in mg Trolox or quercetin equivalent per ethanolic propolis extracts with respect
to the crude propolis sample [39].

Erdogan et al. (2011) used the DPPH method to assess the antioxidant capabilities of
propolis samples from different Anatolian localities, including the cities of Bingol, Rize,
Tekirdağ, and Van [40]. According to their results, the highest value for antioxidant activity
was obtained in the sample from Rize, with a value of 503.70 mg TE/g sample, which
is considerably higher than the DPPH values obtained in our study. The findings of
Yesiltas et al. (2014) also showed high DPPH activity values for some of the samples
(135–454 TE/g) [34]. Our results for the TFC also follow the TFC results of Shi et al. (2012),
Ozdal et al. (2019), and Zarate et al. (2018) [2]. Similarly, the values are also parallel with
the results of Ahn et al. (2007) and Yesiltas et al. (2014). However, our findings for the total
flavonoid content were higher than the values reported in the studies of Ozdal (2019) and
Ahn (2007), respectively. Of the five samples with high TFC values, one sample (Kırklareli)
was from the Marmara region, and four of these samples (Amasya, Zonguldak, Ordu, and
Tokat) were from the Black Sea region. The surrounding flora and climatic conditions might
have contributed to the higher total phenolic and flavonoid content in the propolis samples
obtained from these areas. Our results from the cupric ion-reducing antioxidant capacity
(CUPRAC) assay are higher than the results (24.00–85.00 TE/g sample) of Ozdal et al. (2019)
and slightly lower than the results (575.00 TE/g sample) of Yesiltas et al. (2014).

When the quantitative results of phenols were compared with other publications in
the literature (found by Shi et al. (2012), Ahn et al. (2007), Yesiltas et al. (2014), and Pellati
et al. (2011)), the number of flavonoids ranged from the lowest value (3.44 mg/g sample) to
the highest value (76.50 mg/g sample) for pinobanksin and in a range of 0.43 to 46.00 mg/g
sample for pinocembrin [24,33,34,39]. Furthermore, when comparing the quantitative
composition of phenolic acids and flavonoids with other studies in the literature, our
results for the caffeic acid and p-coumaric acid [8,22,29,30,38], ferulic acid [8,22,30,38], and
kaempferol [3,29,38] contents were in agreement with the results of these works. Moreover,
the ethanolic extracts of our propolis samples were mostly found to be richer in phenolic
compounds (the highest values being 5.41, 5.33, and 5.88 mg/g sample for kaempferol,
apigenin, and p-coumaric acid, respectively) than those of the samples. The caffeic acid
content in propolis was reported by Pellati et al. (2011) in Italian poplar-type propolis
samples ranging from 0.02 to 1.19 mg/g sample [39]. Ozdal et al. (2019) reported the
caffeic acid content in a range between 0.04 and 0.61 mg/g sample in propolis collected
from different parts of Türkiye. In our study, we determined the caffeic acid content,
ranging from 0.88 to 7.38 mg/g sample. Caffeic acid and p-coumaric acid are the most
abundant phenolic acids detected in propolis from Populus spp. in temperate zones [29].
Most individual phenolic acid and flavonoid contents in 24 Turkish propolis samples are
in agreement with the results of other authors [3,8,24,33,34,41]. However, in our study,
chlorogenic acid was detected only in the samples from Samsun, Kırklareli, and Hatay. The
phenolic content in propolis varies depending on the geographical location; therefore, its
biological activity is closely related to biogeographical factors such as local flora, climate,
and seasonal influences [26,40]. The variability of the constituents of the propolis samples
suggests that some of the propolis samples have different chemical compositions.

Our findings for the antimicrobial activity of Anatolian propolis samples showed that
the three propolis extracts were significantly more effective against S. aureus than against E.
coli. These results are in agreement with those reported in the literature [13,42,43], as there
is a consistency between the results of all studies showing that propolis extracts are always
more efficient against Gram+ than Gram− bacteria. The flavonoids, phenolic acids and
esters, and vanillin found in the samples could be responsible for the antibacterial activity
against Gram+ bacteria [42,43]. The zones of inhibition against C. albicans in the Petri dishes
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caused by ethanolic extracts (containing 0.1 g crude sample/mL) from Anatolian propolis
are in agreement with the results of some authors: 8–14 mm found by Kartal et al. [13],
10.0–12.5 mm found by Silva et al. [44], 13–24 mm found by Aliyazicioglu et al. [45], and
14–18 mm found by Kujumginev et al. [9]. Aliyazicioglu et al. (2013) reported that an
inhibitory zone ranging from 8 to 12 mm was obtained against A. niger, whereas, in our
study, we obtained a zone of inhibition ranging between 8.75 and 12.50 mm [45].

This study showed that by applying chemometric methods, principal component
analysis (PCA) on the biochemical composition and biological activity of propolis we were
able to successfully group Anatolian propolis samples from different regions of Türkiye,
except for the samples from the Black Sea region.

4. Materials and Methods

4.1. Materials

Folin–Ciocalteu reagent, neocuprine (Nc), 2,2-diphenyl-1-picrylhydrazyl (DPPH),
Trolox (≥95%), gallic acid (≥98%), and quercetin (≥95%) were obtained from Sigma-
Aldrich. Sodium hydroxide, sodium carbonate, sodium nitrite, potassium persulfate,
ferric chloride hexahydrate, ethanol (≥99.8%), methanol (≥99.9%), dipotassium hydro-
gen phosphate, potassium dihydrogen phosphate, and Whatman® filter papers No. 1
were purchased from Merck (Darmstadt, Germany). Polytetrafluoroethylene (PTFE) filter
0.45 μm, copper (II) chloride, ammonium acetate, aluminum chloride, and potassium
chloride were purchased from Fluka Chemie (Buchs, Switzerland). All chemicals used as
standards in the HPLC analysis, including apigenin, chlorogenic acid, caffeic acid, ferulic
acid, kaempferol, p-coumaric acid, pinocembrin, pinobanksin, trans-cinnamic acid, and
vanillin, were obtained from Sigma-Aldrich Chemie GmbH (Steinheim, Germany).

4.1.1. Propolis Samples

The Anatolian propolis samples were collected from 4 regions (24 different cities) of
Türkiye in June and April 2019. These regions were the Black Sea region (n = 9), the Central
Anatolia region (n = 4), the Marmara region (n = 7), and the Mediterranean region (n = 4)
of Türkiye. All propolis samples were collected from only one provider for each city. The
hand-collected propolis samples were ground and pulverized and then stored in individual
packages in freezing conditions (−18 ◦C) until processing for extract preparation. All
analyses were performed in triplicate for the 24 propolis samples.

4.1.2. Culture Media and Test Microorganisms

Antimicrobial activities of samples were evaluated against Staphylococcus aureus—
ATCC 25923—as Gram-positive bacteria, Escherichia coli—ATCC 25922—as Gram-negative
bacteria, Candida albicans—ATCC 10231—as yeast, and Aspergillus niger—ATCC 16404—as
a mold species. All microorganisms were purchased from the ATCC Culture collection and
conserved and grown in the Food Engineering Department of Istanbul Technical University
laboratories. The screening of antimicrobial activity was performed using Tryptic Soy Agar
(TSA, Oxoid Ltd. Hampshire, UK) for bacteria and Sabouraud Dextrose Agar (SDA, Oxoid
Ltd., Hampshire, UK) for yeast and fungi.

4.2. Methods
4.2.1. Extraction of Propolis

Extraction of propolis was carried out as described by other authors [3,8,46] with some
minor modifications. All propolis samples were ground in liquid nitrogen on a lab-scale
mill (IKA A11 basic analytical mill, Königwinster, Germany) before extraction. In total,
1 g of the finely ground crude propolis sample was mixed with 10 mL (70%) of aqueous
ethanol under constant stirring to obtain a 0.1 g/mL solid extract at room temperature for
24 h. The suspension was then poured into a 50 mL falcon tube and centrifuged at rpm for
10 min to achieve complete separation. After centrifugation, the collected supernatant was
filtered through the Whatman filter paper. The filtrate obtained was kept refrigerated and
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centrifuged again after 24 h at 11,000 rpm at −10 ◦C for 5 min to remove the wax present
in the propolis extract. The final filtrates were kept in the freezer for further analysis. On
the other hand, for the microbiological tests, the ethanolic extracts of the propolis samples
were dried (first, the ethanol was removed with a rotary evaporator, and then, the aqueous
solution was placed in a freeze dryer to remove the water and obtain a dry extract). Then,
the dried propolis extracts were dissolved in 10% dimethyl sulfoxide (DMSO) to obtain a
final concentration of 0.1 mg/mL dry extract for the microbiological tests.

4.2.2. Determination of Moisture Content

To determine the moisture content of the samples, a halogen infrared moisture analyzer
device (HE53, Mettler&Toledo, Zaventem, Belgium) was used. On a tared measuring cup
made of aluminum foil, the previously powdered propolis samples were weighed as 0.5 g
and placed in the instrument, and the moisture content of the samples was determined by
reading the value directly on the screen. All measurements were performed in triplicate.

4.2.3. Antimicrobial Activity Test

The antibacterial and antifungal activity of propolis samples was assayed by using the
disc diffusion method on agar [47]. The antibacterial activity of propolis was tested using
TSA for bacteria and using SDA (Oxoid) as inoculum for the antifungal activity of propolis
samples. S. aureus, E. coli, C. albicans, and A. niger strains were used as test microorganisms.
The antimicrobial activity was determined by calculating the diameter of the inhibitory
zones in a Petri dish, which were discolored after 24 h of incubation at 37 ◦C. An inhibitory
zone with a diameter of less than 5 mm was considered inactive (the diameter of the spot
was 5 mm) [9]. The control experiments showed that the solvent used as a control had
no activity. All microorganisms used as inoculum were cultured overnight at 37 ◦C in
TSB. The turbidity of these suspensions was adjusted to approximately 1 × 106 CFU/mL
by dilution with peptone water. Colonized agar Petri dishes were prepared (15–20 mL)
and inoculated with 100μL of suspensions containing approximately 10 microorganisms
per ml. Then, sterile paper discs (diameter = 6 mm) were positioned on the agar to load
100 μL of each propolis extract (a concentration of 0.1 mg propolis extract in 1 mL of 10%
DMSO). All propolis extracts were dissolved in the 10% DMSO prepared previously. In
addition, DMSO (10%) was used as a negative control, and commercial discs of Ampicillin
(10 mg—Oxoid) were used as a positive control for antibacterial activity, while commercial
discs of vorozanole (11 mg—Oxoid) were used as a positive control for antifungal activity.
S. aureus and E. coli strains were incubated at 37 ◦C for 24 h, C. albicans at 37 ◦C for 48 h,
and A. niger at 25 ◦C for 72 h. Subsequently, the zones of inhibition around the discs were
determined in millimeters (mm). All test results were triple-checked.

4.2.4. Total Flavonoid and Phenolic Content and Antioxidant Activity Tests
Determination of Total Flavonoid Content

The total flavonoid content (TFC) of the propolis samples was determined by reading
a prepared mixture in a spectrophotometer, as described by Kim, Jeong, and Lee (2003) [48]
and modified by Uluata et al. [49] (2021) and Kızıltaş (2021) [50]. The absorbance of the
mixture was measured at 510 nm. All test results were triplicated. A quercetin standard
curve was prepared to determine the TFC of the extracts, and the results were expressed as
mg quercetin equivalent (QE) per gram of crude sample.

Determination of Total Phenolic Content

The total phenolic content (TPC) of propolis was determined using the Folin–Ciocalteu
method, as described by Chen et al. 2015, Hızır-Kadı et al. 2020, and Topal et al. 2021 [51–53].
After 45 min of storage at room temperature in a dark place, the absorbance of the mixtures
was measured at 765 nm using a Biotek Synergy HTC multimode microplate reading
spectrophotometer (Biotek Instruments Inc., USA). Phenolic content was calculated using a
standard curve generated with gallic acid. All measurements were performed in triplicate.
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TPC concentration was expressed as mg gallic acid equivalent (GAE) per gram of crude
sample.

Determination of DPPH Activity

The DPPH assay was also used to determine the radical scavenging power of the
propolis samples according to the method described by Apak et al. 2014 [54]. The violet
free radical DPPH was measured at 517 nm to determine decolorization. All measurements
were performed in triplicate. Trolox was used as a standard, and results were expressed as
μg Trolox equivalent (TE) per gram of crude sample.

Determination of Cupric Ion-Reducing Antioxidant Capacity (CUPRAC)

The CUPRAC assay was performed on propolis samples according to Apak et al.,
2004 [54], modified by Pasli et al., 2019 [55]. CuCl2 solution, 10−2 mM, was prepared in
distilled water. In total, 19.27 g of NH4Ac was dissolved in distilled water and diluted to
250 mL to prepare an ammonium acetate buffer with a pH of 7.0 and a concentration of
1.0 M. A neocuproine (Nc) solution in ethanol (7.5 × 10−3 M) was freshly prepared. In
total, 1 mL of the CuCl2 solution, Nc solution, ammonium acetate buffer, and distilled
water were added to 100 μL of the extract to provide a total of 4.1 mL of the mixture. After
30 min, absorbance was measured at 450 nm against a reagent blank. All measurements
were performed in triplicate. Trolox was used as a standard, and results were expressed as
mg TE per gram of crude sample.

4.2.5. Sample Preparation for HPLC Analysis

After completing the extraction, an aliquot extract (1 mL) was evaporated to dryness
in a rotary evaporator (IKA RV10, Germany) at 40 ◦C. After evaporation, the solvent was
dissolved in 10 mL of pure methanol. It was diluted 100-fold with MeOH and filtered
through a 0.45 μm PTFE filter (Waters, Milford, CA, USA) immediately before injection into
the HPLC system. All sample preparations were performed in triplicate; thus, quantification
data are the average of the three results.

4.2.6. HPLC-PDA Analysis

For HPLC analyses, propolis samples at a concentration of 1 mg/mL were injected
into a Shimadzu 20A Series ultrafast liquid chromatograph (UFLC, Shimadzu Corporation,
Japan) equipped with a microvacuum degasser, autosampler, column oven, controller, and
PDA detector. An ACE C18 column (250 mm × 4,6 mm, 3 μm) was used for chromato-
graphic separations. LC Solution software (Shimadzu Corporation, Kyoto, Japan) was used
for data acquisition and elaboration. The mobile phases were water with 0.75% formic acid
(v/v) (solvent A) and HPLC-grade methanol with 0.75% formic acid (v/v) (solvent B). A
gradient of mobile phase A and mobile phase B was used with a flowrate of 0.5 mL and
10 μL of injection volume for each standard mixture, and the column temperature was set
at 40 ◦C [48]. The mobile phase was degassed in an ultrasonic bath and filtered through a
0.45 μm PTFE filter before use. A blank injection was also used to assess chromatographic
interference at resolution. Stock solutions of the chemical standards were prepared in a
final volume of 10 mL MeOH at a concentration of 1000 μg/mL. Each standard’s stock solu-
tions were prepared in methanol at 10 mg/mL and kept at −20 ◦C. The working standard
solutions were prepared at 5 calibration levels with final concentrations of 6.25, 12.5, 25, 50,
and 100 g/mL. The phenolic/aromatic acids, phenolic aldehyde, and flavonoids present in
the samples were identified and quantified by comparing the retention time and the size
of the peaks in the methanolic extracts with those of the standard components as follows:
chlorogenic acid, caffeic acid, vanillin, apigenin, kaempferol, p-coumaric acid, ferulic acid,
trans-cinnamic acid, pinobanksin, and pinocembrin.
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4.2.7. Statistical Analysis

All statistical analyses of the data obtained were evaluated using R Statistical Program
version 4.0.4 (R Core Team) and MINITAB Statistical Program version 19 (Minitab Inc.). One-
way ANOVA and Tukey’s post hoc test for multiple comparisons with statistical significance
at a 95% confidence level (p < 0.05) were performed to identify group differences. Analytical
data from Anatolian propolis samples were subjected to principal component analysis
(PCA), multivariate statistical analysis [56]. Pearson’s correlation test was used to determine
the correlation between antioxidant activities (CUPRAC, DPPH) with TPC and TFC by
using R 4.0.4.

Recent studies have revealed that variables such as antioxidants and antimicrobial
activities, individual phenolic and flavonoid substances of bee products are significant,
with the greatest discriminatory power in a PCA [4,57,58]. Therefore, these variables were
selected to accurately group the Anatolian propolis samples according to their geographi-
cal origin.

5. Conclusions

This work clarified the phenolic composition and antioxidant and antimicrobial ac-
tivities of 24 Anatolian propolis samples from Türkiye. The current study revealed the
presence of phytochemicals, mainly caffeic acid, p-coumaric acid, ferulic acid, pinobanksin,
and apigenin in Turkish propolis samples. We conclude that ethanolic extracts of propolis
could be a useful adjunct to pharmaceutical products in improving human health by aiding
the antioxidant defense system in combating free radical formation. Our results clearly
demonstrate that Anatolian propolis samples have remarkable antioxidant and antimicro-
bial activities, which was expected since propolis is considered the bee’s defense system
against infections.

Our results and the data from the literature on propolis’s chemical composition and
biological action do not point to a single compound or class of compounds that could be
responsible for this effect. The biochemical properties of Anatolian propolis appear to
have broad therapeutic significance as a natural mixture rather than as a source of a novel
antibacterial, antifungal, or antiviral chemical. The samples were well clustered using
principal component analysis, with antioxidant and antimicrobial activity and phenolic
compound values as parameters. The first two principal components were used to separate
the Turkish propolis samples from each other and proved to be an efficient way to classify
the propolis samples into groups according to the collection site.
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Abstract: Bell peppers (Capsicum annuum L.) in various stages of maturity are widely used in the diets
of individuals and in the food industry; they are consumed both fresh and after thermal processing.
However, every type of processing impacts the overall textural and bioactive characteristics of this
plant-based food. In order to quantify the changes in the bioactive substances and color-structural
characteristics that occur during selected heat treatments (contact grilling, roasting, roasting combined
with microwaving, and steam cooking) of bell peppers at three maturity stages (green, yellow, and
red), analyses of antioxidant activity, reducing sugar content, polyphenolic compound content,
textural properties, and color coordinates in the L*a*b* system were carried out. Some of the processes
used, such as contact grilling (15.43 mg GAE/g d.b.) and roasting combined with microwaving
(15.24 mg GAE/g d.b.), proved to be beneficial as the total polyphenol content of green peppers
(2.75 mg GAE/g d.b.) increased. The roasting (3.49 mg TE/g d.b.) and steaming (6.45 mg TE/g d.b.)
methods decreased the antioxidant activity of yellow bell peppers (14.29 mg TE/g d.b.). Meanwhile,
the roasting (0.88 mg Glc/g d.b.), contact-grilling (2.19 mg Glc/g d.b.), simultaneous microwaving
and roasting (0.66 mg Glc/g d.b.), and steaming (1.30 mg Glc/g d.b.) methods significantly reduced
the content of reducing sugars and reducing substances in red bell peppers (4.41 mg Glc/g d.b.). The
studies proved that in order to preserve the antioxidant and bioactive properties of bell peppers,
it is necessary to consider the use of appropriately selected heat treatments, depending on the
different stages of maturity. The proper selection of adequate thermal treatment can not only increase
digestibility, but also improve the bioavailability of bioactive substances from this raw material.

Keywords: bell pepper; steaming; roasting; microwave; Capsicum annuum; polyphenols; color; texture

1. Introduction

The bell pepper (Capsicum annuum L.) is a vegetable that is cultivated almost world-
wide and is consumed both fresh and after thermal processing; it is also used as a type of
spice [1]. The bell pepper, which belongs to the Solanaceae family, includes many species
and varieties, both sweet and spicy [2]. Regardless of the cultivar, annual bell pepper
fruits are a rich source of polyphenolic compounds, which can be found in the range of
9.2–15.4 mg GAE/100 g of fresh weight (f.w.) [3]. Polyphenols have been confirmed to have
an important function in protecting the body from reactive oxygen species (ROS), which
are one of the main initiators of many diseases [4]. The consumption of flavan-3-ols, for
example, has been proved to be associated with a reduced risk of myocardial infarction,
stroke, and diabetes [5].

Polyphenols present in the diet have also been shown to help modify the blood
lipid profile, normalize blood pressure, reduce insulin resistance, and reduce systemic
inflammation [6,7], while the consumption of polyphenols such as quercetin and resveratrol
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has been linked to improved cardiovascular function [8]. Analyses using high-performance
liquid chromatography coupled with tandem mass spectrometry and electrospray ioniza-
tion (HPLC-ITMS) techniques have enabled the identification of a number of polyphenolic
compounds in Capsicum annuum fruits, such as caffeic acid, coumaric acid, coumaroylquinic
acid, 3-O-caffeoylquinic acid, ferulic acid, sinapic acid, apigenin-O-hexoside, and quercetin-
O-rhamnosyl-O-hexoside [9]. The health-promoting and therapeutic potential of polyphe-
nols present in the diet is also closely linked to the functioning of the gut microbiome,
which converts polyphenolic compounds into a form that is highly bioactive and
bioavailable [10,11]. According to a 2007 study by Anand et al. [12], the bioavailability of,
for example, hexahydroxycurcumin (HHC), a metabolite formed by the biotransformation
of curcumin, is significantly higher than the unmodified form of curcumin.

Some researchers reported that the consumption of bell peppers (especially in the
presence of fats) is beneficial due to their high content of carotenoids, which are essential
for the differentiation process of human epithelial cells [13]. It has been confirmed that
bell pepper fruits contain high amounts of carotenoids reaching levels, depending on the
cultivar, from 133.9 mg/100 g to 324.2 mg/100 g dry basis (d.b.) [13,14]. The content of such
carotenoids as lutein, zeaxanthin, α-carotene, and β-carotene in annual bell pepper fruits
ranges from 1.95 to 3.12, 0.08 to 4.6, 0.0 to 5.16, and 0.0 to 44.42 μg/g d.b., respectively [15].
The activity and impact of carotenoids on the human system are related to the neutral-
ization of free oxygen radicals, mainly singlet oxygen, so these substances help prevent
or alleviate many chronic conditions and diseases, such as glandular cancer, diabetes,
diseases of the visual system, cardiovascular diseases (such as ischemic heart disease), and
aging processes [16].

Bell peppers also have a high content of ascorbic acid (vitamin C). Results show
that the ascorbic acid content depends on the variety and maturity stage of the bell
pepper, and can range from 16.52 to 107.3 mg/100 g of f.w. for green bell peppers, from
129.6 to 159.61 mg/100 g of f.w. for yellow bell peppers, and from 81.19 to 154.3 mg/100 g
of f.w. for red bell peppers, respectively [17,18]. Ascorbic acid is a potent antioxidant, a
cofactor for many biosynthetic enzymes, and for enzymes regulating the expression of
genetic material [19,20]. In addition, ascorbic acid, of which annual bell peppers are a rich
source, also strengthens immune defenses by supporting the cellular functions of both the
innate and acquired immune systems [21]. This is because, among other things, phagocytic
cells (such as neutrophils) have the ability to accumulate ascorbic acid, which enhances
chemotaxis, phagocytosis, and the production of the reactive oxygen species needed by
these cells to kill microorganisms [22]. For this reason, the consumption of raw materials
rich in ascorbic acid results in increased immunity and a lower susceptibility to infection.
Studies indicate that the consumption of ascorbic acid-rich raw materials or vitamin C
supplementation (at 100–200 mg/day) helps to prevent respiratory tract infections and
shortens the duration of systemic infections [23].

Therefore, due to the valuable bioactive and health-promoting properties of bell pep-
pers, this raw material is often consumed in many types of dishes. Thus, the raw material
is subjected to a different thermal-processing techniques that are standard in the food
industry, such as roasting, contact grilling, steam cooking, or microwave processing. How-
ever, the use of these techniques is associated with changes in the bioactive properties and
antioxidant content of the processed samples, which alter its health-promoting characteris-
tics [24]. There is still a lack of studies explaining in detail the possible impact of various
conventional thermal-processing methods on the content of the bioactive substances and,
consequently, on their functional and health-promoting quality.

The purpose of this article is to evaluate the effects of selected heat-treatment methods
on the antioxidant properties and content of the bioactive substances of annual bell pepper
fruits at different stages of maturity.
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2. Results and Discussion

2.1. Total Polyphenols Content

The analysis of the raw materials showed that red bell peppers have the highest
content of polyphenolic compounds, while green bell peppers have the lowest (Table 1).
Similar results were obtained in Zhang et al.’s 2003 study [3], where it was confirmed that
the total content of polyphenols in methanol extracts of green, yellow, and red bell peppers
was 48.4, 54.8, and 64.5 mg GAE/100 g, respectively.

Table 1. The total polyphenol content, antioxidant activity, and reducing sugar content of bell peppers
after different thermal-processing treatments.

R-Stage Processing
SUGARS

mg GlcE/g d.b.
TPC

mg GAE/g d.b.
DPPH

mg TE/g d.b.
ABTS

mg TE/g d.b.
FRAP

μM FeSO4/g d.b.

G

RM 4.15 ± 0.17 b 2.75 ± 0.42 a 11.77 ±0.37 c 0.68 ± 0.16 a 10.54 ± 0.37 c

CG 1.99 ± 0.16 a 15.43 ± 1.15 c 7.27 ± 0.52 b 3.32 ± 0.09 c 1.37 ± 0.07 b

R 2.27 ± 0.20 a 7.09 ± 0.57 b 1.57 ± 0.06 a 0.58 ± 0.13 a 1.43 ± 0.08 b

MWR 1.88 ± 0.13 a 15.24 ± 0.01 c 1.94 ± 0.13 a 1.05 ± 0.10 b 0.76 ± 0.04 a

S 2.07 ± 0.62 a 6.25 ± 0.47 b 7.18 ± 0.42 b 3.79 ± 0.18 d 1.44 ± 0.05 b

Y

RM 5.61 ± 0.08 d 17.00 ± 0.68 e 14.29 ± 0.51 e 5.03 ± 0.12 d 19.93 ±1.64 b

CG 1.45 ± 0.21 c 12.56 ± 0.68 c 8.73 ± 0.77 d 4.42 ± 0.11 c 1.79 ± 0.13 a

R 1.12 ± 0.08 b 9.02 ± 0.28 b 3.49 ± 0.11 b 3.77 ± 0.06 a 0.82 ± 0.04 a

MWR 1.16 ± 0.06 b 15.24 ± 0.35 d 1.94 ± 0.16 a 5.40 ± 0.04 e 1.08 ± 0.04 a

S 0.80 ± 0.04 a 6.31 ± 0.11 a 6.45 ± 0.50 c 4.03 ± 0.04 b 1.17 ± 0.00 a

R

RM 4.41 ± 0.12 d 17.26 ± 0.64 b 20.00 ± 0.51 c 5.28 ± 0.10 d 39.79 ± 1.05 b

CG 2.19 ± 0.35 c 17.20 ± 2.57 b 9.29 ± 0.81 c 4.34 ± 0.04 c 1.62 ± 0.08 a

R 0.88 ± 0.04 ab 23.56 ± 0.35 c 1.40 ± 0.14 a 1.77 ± 0.06 a 1.13 ± 0.04 a

MWR 0.66 ± 0.01 a 5.46 ± 0.36 a 1.27 ± 0.05 a 2.82 ± 0.14 b 1.29 ± 0.01 a

S 1.30 ± 0.26 b 6.01 ± 0.69 a 7.91 ± 0.55 b 4.16 ± 0.18 c 1.46 ± 0.20 a

processing *** *** *** *** ***
R-stage *** *** *** *** ***

processing × R-stage *** *** *** *** ***

R-stage—ripening stage; G—green pepper; Y—yellow pepper; R—red pepper. For Processing: RM—raw material,
CG—contact grilling, R—roasting, MWR—microwave plus roasting, S—steaming. TPC—total polyphenols
content; GlcE—glucose equivalent; GAE—gallic acid equivalent; TE—Trolox equivalent. Lower-case letters in
columns mean that a statistically significant difference was found between samples for same R-stage (p = 0.05),
***—p < 0.001 for interaction between factors.

The results confirm that red bell peppers may be a raw material with high health-
promoting potential. It has been found that consuming red bell peppers is related to
a reduction in the risk of developing metabolic syndrome and the risk of death from
cardiovascular disease, among other risks [25]. It has been shown that all the thermal
treatments (R, MWR, CG, S) caused a statistically significant increase in the total content
of polyphenolic compounds in green bell peppers. The greatest increase in the content
of polyphenolic compounds was observed for green bell peppers after contact grilling
(increase from 2.75 to 15.43 mg GAE/g d.b.).

On the other hand, in green bell pepper samples processed with simultaneous mi-
crowaving and roasting, a significant, more than five-fold increase, in the content of
polyphenolic compounds (from 2.75 to 15.24 mg GAE/g d.b.) was observed, while a
significant, more than two-fold increase (from 2.75 to 6.25 mg GAE/g d.b.) was observed
as a result of steam cooking. Similar results were reported in our previous study for green
bell peppers of the ‘Ożarowska’ cultivar (from the 2022 crop season);using a microwave
treatment, it was observed that the total content of polyphenolic compounds was increased
by more than 2.7 times (7.40 GAE μM/g d.b). Further, by cooking the peppers in boiling
water, the total content of polyphenolic compounds was increased by more than 3.5 times
(9.76 GAE μM/g d.b.) (compared to the raw material content of 2.75 GAE μM/g d.b.) [26].
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Different results were obtained in a study by Özgür et al. in 2011 [27], where
the total content of polyphenolic compounds in green bell peppers was reduced from
96.04 to 55.47 mg GAE/g during conventional oven drying, and in a study by Hameed
et al. in 2023 [28], where steamed fresh green broccoli (Brassica oleracea) showed a higher
total content of polyphenolic compounds (191.75 mg/g d.b.) compared to samples after
microwave treatments (180.03 mg/g d.b.) and a hot-air-drying process in an oven
(176.85 mg/g d.b.) [28].

It was also found that all the heat-treatment methods used (R, MWR, CG, S) caused
a reduction in the total content of polyphenolic compounds in yellow bell peppers. The
greatest reduction was observed for yellow bell peppers that underwent a steam-cooking
treatment (from17.00 to 6.31 mg GAE/g d.b). In contrast, oven treatment resulted only in a
47% reduction in total polyphenolic compounds (from 17.00 to 9.02 mg GAE/g d.b.).

Similar results were reported in an earlier study of yellow bell peppers of the
‘Ożarowska’ cultivar, where a significant reduction of more than 40% in the total
content of polyphenolic compounds was observed as a result of microwave treatment
(10.14 GAE μM/g d.b.) and cooking in boiling water (10.03 GAE μM/g d.b.) compared to
the raw material (17.00 GAE μM/g d.b.) [26]. Also, a study by Reis et al. in 2013 [29]
showed that the total content of polyphenolic compounds in yellow bell peppers of the
‘Cumari-do-Para’ bell pepper (Capsicum chinense) cultivar grown in Brazil was reduced
due to drying (at 65 ◦C) from 9748.22 to 1415.44 mg GAE/kg.

For red bell peppers, a significant, more than three-fold reduction in the content of
polyphenolic compounds was observed as a result of simultaneous microwaving and
roasting (from17.26 to 5.46 mg GAE/g d.b.), as well as steam cooking (reduction from
17.26 to 6.01 mg GAE/g d.b.). Oppositely, grilling resulted in a significant 36% increase
in the TPC of red bell peppers, from 17.26 to 23.56 mg GAE/g d.b. Similar results were
recorded in an earlier study on red bell peppers, where a significant 11% reduction in the
TPC was also observed as a result of microwave treatment (15.37 GAE μM/g d. b) as well
as a significant more than nine-fold reduction in the TPC (1.86 GAE μM/g d.b.) as a result
of boiling water cooking [26].

Different results were obtained in a study of red bell peppers of the ‘Capia’ bell
pepper cultivar, which were subjected to conventional and microwave drying. Here, the
TPC decreased from 1297.49 mg GAE/100 g to 392.95 mg GAE/100 g (by 69.71% for
drying in a 720 W microwave oven for 16 min) and 348.64 mg GAE/100 g (by 73.13% for
drying in a conventional oven at 120 ◦C for 100 min), respectively. On the other hand, a
69.05% reduction in the TPC of ‘Capia’ bell peppers to 401.54 mg GAE/100 g was observed
when using a warm-air-drying process (drying process carried out in the open air for
1 day) [30]. Also, Özgür confirmed that the oven-drying process for cooking red bell peppers
causes a reduction in total polyphenol content from 130.79 to 89.82 mg GAE/g [27].

Different results were obtained by Speranza et al. in 2019 [31] for red bell peppers
(‘Senise’ cultivar) dried in an oven (with forced air circulation) for 48 h at 55 ◦C (and at an
internal relative humidity of the air stream of about 15–17%). As a result of this experiment,
it was shown that the drying process did not cause significant changes in the total content
of polyphenolic compounds in the red bell peppers, which were grown in the Battipaglia
region of southern Italy. In contrast, the same ‘Senise’ cultivar of bell peppers grown
in the Montanaso region (northern Italy) had a 7.6% reduction in the total polyphenolic
compounds after a heat-treatment process in a forced-air oven [31].

The microwave and roasting method (reduction from17.26 to 5.46 mg GAE/g d.b.),
as well as the steaming method, resulted in a significant reduction in the total content of
polyphenolic compounds in red bell peppers (reduction from 17.26 to 6.01 mg GAE/g
d.b.). Our study showed that the contact-grilling method preserves more polyphenolic
components than the microwave treatment combined with roasting method as well as the
steam-cooking method. This can be attributed to more controlled heating conditions. In
addition, steam cooking appears to cause the leaching of water-soluble antioxidants, which
increases with the duration of the process. Polyphenols are substances that are mostly
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water-soluble. During the steaming process, polyphenol molecules may move into the
particles of steam rising in the steamer. Since a significant decomposition of plant tissues
occurs during heat treatment, there may be an intensive migration of cellular components
(including polyphenols) from the bell pepper skin into the hot steam.

Arfaoui reported results that are highly consistent with our results about different
heat-treatment methods, which proves that cooking causes the most drastic changes in
the composition of polyphenolic compounds in processed vegetables [32]. For this reason,
perhaps processes such as roasting, contact grilling, and microwaving combined with
roasting resulted in a smaller reduction in the content of polyphenolic compounds than the
steam-cooking process.

On the other hand, processes such as roasting and contact grilling may contribute to
the degradation of polysaccharides such as hemicellulose and pectin, which fill the gaps
between cellulose microfibrils in the cell wall of bell pepper cells [33]. This phenomenon
leads to a shrinking of the cell wall, which may result in a retention of a large number of
polyphenolic compounds inside the cells in the outer layers of the bell pepper skin.

At the same time, the observed changes may have been responsible for the decrease in
the hardness parameter of all types of processed bell peppers (green, yellow, and red) as a
result of the heat-treatment methods used.

A study by Zahoor et al. in 2023 [34] showed that the total polyphenol content of
red bell peppers was significantly reduced from 86.39 to 75.10 mg GAE/100 g d.b. as a
result of microwave treatment (with a microwave power of 320 W) at 50 ◦C. However,
when the same process was carried out (at a microwave power of 320 W) at 70 ◦C, no
significant reduction in the total content of polyphenolic compounds was observed, which
was confirmed to be 85.23 mg GAE/100 g d.b. On the other hand, when the drying process
was carried out at a microwave power of 480 W and at 70 ◦C, a significant increase in the
total content of polyphenolic compounds was observed to 92.30 mg GAE/100 g d.b. [34].

In our study, heat treatment in the form of roasting had a beneficial effect on the total
content of polyphenolic compounds in green and red bell peppers. In addition, in the case
of yellow bell peppers, only a 10% reduction in the total content of polyphenolic compounds
was observed as a result of the simultaneous roasting and microwaving process. The reason
for the observed changes may be the release (under high temperature and microwave
radiation) of polyphenolic compounds, which are strongly bound in the cell-wall matrix of
unprocessed raw materials [35].

Presumably, the high temperature and microwave radiation(for the Y-MWR variant)
caused the inactivation of polyphenol oxidase (PPO) and other oxidative enzymes, such
as lipoxygenase, which were released from the damaged bell pepper cells [36]. This
phenomenon may have significantly reduced the degradation of polyphenolic compounds
in the yellow bell peppers due to the simultaneous roasting and microwaving process.

A partial confirmation of the results we obtained are found in the results of a study on the
microwave treatment of black peppers (Piper nigrum L.), the treatment of which (lasting 15 min
at a power of 300 W) caused a significant reduction (from 79.62 to 36.20 mg GAE/100 g d.b.)
in the total polyphenol content [37]. Also, in a study by Kaur et al. in 2005 [38], it
was shown that the total polyphenol content of yellow sweet ‘Bachata’ bell peppers
(Capsicum annuum L.) that were subjected to hot-air convection drying (at three different
temperatures of 40, 50, and 60 ◦C) was reduced from 784.01 mg GAE/100 g d.b. to
630.76 mg GAE/100 g d.b.

2.2. Total Antioxidant Activity vs. DPPH Radical

The analysis of the total antioxidant potential of raw bell peppers showed that red bell
peppers had the highest antioxidant activity (20.00 mg TE/g d.b.), followed by yellow bell
peppers (14.29 mg TE/g d.b.) and green bell peppers (11.77 mg TE/g d.b.).

Our results are confirmed by research conducted by Sun et al. in 2007 [39], where
green bell peppers were shown to have an antioxidant activity of 2.1 μmol TE/g f.w.,
while red bell peppers had an antioxidant activity of 3.9 μmol TE/g f.w. In the current
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study, it was observed that all heat treatments reduced the total antioxidant activity (mea-
sured using the DPPH method) in green, yellow, and red bell peppers. The greatest
reduction in antioxidant activity in green bell peppers occurred as a result of roasting
treatments (Table 1).

The current study showed that the steam cooking of green, yellow, as well as red
bell peppers preserves more antioxidant components than roasting and the combined
microwave and roasting treatment. This can be attributed to more destructive heating
conditions (than during steamer heating), which cause the degradation of thermolabile
antioxidants like ascorbic acid [40].

Largely similar results were reported in earlier studies on green and yellow bell
peppers of the ‘Ożarowska’ cultivar, where a significant 62.76% reduction in the total
antioxidant activity due to microwave treatment was observed in green bell peppers
(reduction from 74.91 to 47.02 TE μM/g d.b.) and a significant 43.83% reduction in the
antioxidant activity in yellow bell peppers (reduction from 57.10 to 25.03 TE μM/g d.b.),
relative to the raw material [26]. Also, in a study conducted by Hameed et al. in 2023 [28],
it was shown that a steam treatment of fresh green broccoli (Brassica oleracea) preserves
higher antioxidant activity (58.80 DPPH (%)) (expressed as a percentage of DPPH radical
neutralization) than a microwave treatment (54.95 DPPH (%)). However, in the same
experiment, a hot-air treatment (oven roasting) (expressed as a percentage of neutralized
DPPH radicals) proved almost as beneficial as the steam treatment and gave the tested
broccoli an antioxidant activity of 58.36 DPPH (%) [28].

The greatest reduction in antioxidant activity in yellow (reduction from 14.29 to
1.94 mg TE/g d.b.) and red (reduction from 20.00 to 1.27 mg TE/g d.b.) bell peppers was
due to the combined microwaving and roasting treatment process. It was shown that the
process of roasting red bell peppers reduced the antioxidant activity of the sample by as
much as 97% relative to the raw material.

The intense red color of red bell pepper fruits is due to the presence of carotenoids, the
biosynthesis of which occurs mainly during the ripening of the peppers [41]. Our results
indicate that there is probably a greater loss of carotenoids due to roasting than during
processing with other heat-treatment techniques. At the same time, contact grilling allows
for the better retention of carotenoids (greater stability of bell peppers to heat treatment).

Similar results were obtained in a study of red bell peppers of the ‘Capia’ cultivar,
where it was observed that the total antioxidant activity of bell peppers is reduced by
drying in a conventional oven (at 120 ◦C), where there was a reduction in the antioxi-
dant activity to 3.80 mmol TE/kg, from a level of 35.85 mmol TE/kg for the raw ma-
terial. On the other hand, when a microwave oven-drying process was used (at 720 W
for 16 min), a reduction in the antioxidant activity to 3.71 mmol TE/kg f.w. was
observed. When drying in fresh and warm air (for 1 day) was applied, a reduction
in the total antioxidant activity was observed in ‘Capia’ bell peppers to a level of
3.94 mmol TE/kg f.w. [30]. Substantially similar results were obtained in a study of red
bell pepper fruits of the ‘Senise’ cultivar grown in the Battipaglia region (southern Italy)
and Montanaso region (northern Italy). It was confirmed that the process of drying (roast-
ing) in a forced-air oven caused a significant reduction in the total antioxidant activity
measured using the DPPH method by 33 percent [30]. Another study showed that the
antioxidant activity of fresh red bell peppers is reduced using conventional oven-drying
(from 8720.70 to 694.55 μmol TE/g d.b.) [27].

Desai, in a study of black pepper (Piper nigrum L.) fruit, observed a significant re-
duction in the total antioxidant activity (expressed as a percentage of the DPPH radical
inhibition from 85.12 to 53.97%) (measured using the DPPH method) when the raw material
was microwaved (for 15 min at an appliance power of 300 W) [37].

Different results were obtained by Zahoor et al. in 2023 [34], where it was shown
that the microwave-treatment process performed at a temperature of 60 ◦C resulted in a
60% increase in the antioxidant activity (expressed as the amount of extract required to
neutralize 50% of the DPPH radicals) relative to the raw material.
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2.3. Total Antioxidant Activity vs. ABTS Radical

Slightly different results were provided by the analysis of antioxidant activity using the
ABTS method. The contact grilling (increase from 0.68 to 3.32 mg TE/g d.b.), simultaneous
microwaving and grilling (increase from 0.68 to 1.05 mg TE/g d.b.), and steam cooking
(increase from 0.68 to 3.79 mg TE/g d.b.) of green bell peppers were shown to significantly
increase the antioxidant activity of the raw material.

A 2023 study by Hameed et al. [28] similarly showed that fresh green broccoli
(Brassica oleracea), after steam treatment, exhibits a higher antioxidant activity
(64.28 DPPH (%)) (expressed as percentage of the DPPH radical neutralization) than after
microwave treatment (57.60 DPPH (%)). In the same experiment, hot-air treatment (baking)
proved significantly less favorable than steam treatment and conferred antiradical activity
on the tested broccoli (expressed as a percentage of the neutralized ABTS cation radicals
at 63.69 ABTS (%)) [28].

On the other hand, in the case of yellow bell peppers, it was observed that con-
tact grilling (reduction from 5.03 to 4.42 mg TE/g d.b.), roasting (reduction from
5.03 to 3.77 mg TE/g d.b.) and steaming (reduction from 5.03 to 4.03 mg TE/g d.b.) resulted
in a significant reduction in the antioxidant activity as measured using the ABTS method.
At the same time, it was shown that simultaneous microwaving and roasting processes
(increase from 5.03 to 5.40 mg TE/g d.b.) result in a significant increase in antioxidant
activity in yellow bell peppers. It was shown that all the heat-treatment processes used
caused a significant reduction in the antioxidant activity of red bell peppers. The greatest
reduction in the antioxidant potential of red bell peppers was observed due to roasting
(reduction from 5.28 to 1.77 mg TE/g d.b.). In a study conducted by Desai, it was shown
that there is a significant reduction (from 4.81 to 2.33 mmol TE/100 g d.b.) in the total
antioxidant activity (measured using the ABTS method) in black pepper (Piper nigrum L.)
fruits that were microwave-treated (lasting 15 min at a device power of 300 W) [37].

In contrast, the smallest reduction in antioxidant activity was caused by the contact
grilling of red bell peppers (reduction from 5.28 to 4.34 mg TE/g d.b.). Perhaps this was
due to the fact that contact grilling does not deprive the processed samples of antioxidants
to the same extent as other processing methods [42].

2.4. Total Reducing Activity

It was shown that for all the samples, each of the thermal-processing methods used
resulted in a significant reduction in the total oxidoreductive activity. In the case of green
bell peppers, the greatest reduction in oxidoreductive activity was observed in the case
of the combined microwaving and roasting process(from 10.54 to 0.76 μM FeSO4/g d.b.).
In the case of green bell peppers, the process of roasting and steam-cooking resulted in
the smallest reduction in oxidoreductive activity (from 10.54 to 1.44 μM FeSO4/g d.b.).
Similarly, for yellow bell peppers, the roasting process caused the greatest reduction
in oxidoreductive activity (from 19.93 to 0.82 μM FeSO4/g d.b.). In the case of yellow
bell peppers, the contact-grilling process caused the smallest reduction in oxidoreductive
activity compared to other heat treatments. However, it should be noted that in the case
of yellow and red bell peppers, all heat-treatment processes caused a reduction in the
oxidoreductive activity, with a similar degree of attenuation of the value of this parameter.
In the case of red bell peppers, all heat-treatment processes caused a reduction in the
oxidoreductive activity. In the case of red peppers, it was the roasting process that caused
the greatest reduction in oxidoreductive activity (from 39.79 to 1.13 μM FeSO4/g d.b.). In
contrast, for red bell peppers, the oxidoreductive activity was reduced to the least extent
with contact grilling (from 39.79 to 1.62 μM FeSO4/g d.b.), as shown in Table 1.

Partially concurrent results were obtained in a study by Fong-in, where it was found
that fresh edible Astraeus odoratus mushrooms (665 mg ascorbic acid/100 g d.b.) lose
oxidoreductive potential as a result of steam cooking (510 mg ascorbic acid/100 g d.b.)
and microwave treatment (445 mg ascorbic acid/100 g d.b.). The same study showed that
the baking process (795 mg ascorbic acid/100 g d.b.), on the other hand, increases the
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oxidoreductive potential relative to the raw material (665 mg ascorbic acid/100 g d.b.). In
contrast, the traditional grilling process (675 mg ascorbic acid/100 g d.b.) caused no change
in the oxidoreductive potential of the tested raw material [43].

All thermal-treatment processes, such as roasting, contact grilling, steaming, and
simultaneous roasting and microwaving, resulted in a reduction in the reducing activity
for all types of tested bell peppers. Additionally, our study did not show significant differ-
ences in the reducing activity for all tested samples between the roasting process and the
steaming process.

Reductive activity is closely related to the ability of a substance to donate electrons,
which is revealed by the reduction of Fe3+ iron ions to Fe2+ iron ions. Lower values of
reducing activity in the case of the thermal-treatment techniques used may result from
the penetration of polyphenolic compounds into the water fraction (water vapor), or
their flow out of the raw material together with the cell juice during roasting or contact
grilling. Additionally, during thermal treatments, polyphenolic compounds can form strong
hydrogen bonds with the sulfur amino acids present in bell peppers (such as cysteine and
methionine), thus losing the ability to donate electrons [44].

The same observed changes were probably accompanied by a loss of turgor in the
bell pepper cells, which led to a decrease in the hardness and chewiness of all types of
processed bell peppers (green, yellow, and red) as a result of the heat-treatment methods
used. This, in turn, was observed as the processed samples became softer and less firm at
the same time.

Slightly different results were obtained in research conducted by Nandasiri, where it
was shown that baking using the air-fry technique (baking with hot air) allowed for the
maintenance of a higher reducing activity of broccoli sprouts (measured using the FRAP
method at the level of 0.37 mM TE/g d.b.), and Brussels sprouts (at the level of 0.26 mM
TE/g d.b.), than during the steam-cooking process, where values of 0.13 mM TE/g d.b.
were confirmed for these materials, 0.14 and 0.8 mM TE/g d.b., respectively.

Similarly, it was observed that the air-frying treatment allowed the maintenance of a
higher reducing activity (measured using the FRAP method) of kale leaves (0.31 mM TE/g
d.b.), red cabbage (0.265 mM TE/g d.b.), and green cabbage (0.16 mM TE/g d.b.). This
was more beneficial than the steaming process for these raw materials, where a reduction
activity was observed at levels of 0.15, 0.09, and 0.055 mM TE/g d.b., respectively [45].

2.5. Reducing Sugars Content

It was shown that all the heat-treatment methods used reduced the reducing sugars
content in green, yellow, and red bell peppers. The greatest loss of reducing sugars in
green bell peppers was observed from the simultaneous microwaving and grilling of this
raw material (from 4.15 to 1.88 mg Glc/g d.b.). In the case of yellow bell peppers, the
greatest reduction in reducing sugars content was observed for bell peppers that were
steam-treated (from 5.61 to 0.80 mg Glc/g d.b.). On the other hand, the greatest decrease in
reducing sugars content was observed for red bell peppers that were steam-treated (from
4.41 to 0.88 mg Glc/g d.b.).

Similar results were obtained in a study of red bell peppers of the ‘Senise’ cultivar
grown in the Montanaso region (northern Italy), which were subjected to roasting in a
forced-air oven, resulting in a significant reduction of 28% in total reducing sugars [31].
Also, in a study conducted by Bianchi and Lo Scalzo in 2018 [46], it was observed that the
drying process of hot chili bell pepper powder significantly reduces the content of sugars
such as glucose and fructose. In a study that used a forced hot-air stream to dry Hungarian
red sweet bell peppers (Capsicum annuum), a significant reduction in the reducing sugars
content such as glucose and fructose was observed [47]. Perhaps the pronounced decrease
in the content of reducing sugars in red bell peppers that we observed as a result of roasting
was due to the utilization of reducing monosaccharides (mainly fructose), which underwent
the Maillard reaction during the initial stages of thermal processing [48].
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2.6. Color Profile Change after Treatments

Significant changes in the color of the analyzed samples were observed between the
raw material and heat-treated samples. The color analysis showed that the values of L*, a*,
and b* were significantly higher for roasted green peppers (GR), green peppers grilled using
contact grilling (GCG), green bell peppers that were microwaved and roasted (GMWR)
(except for the parameter a* for the GMWR sample), and green peppers that were processed
using water steaming (GS) compared to the raw material (Table 2).

Table 2. Color values of samples in the L*, a*, b* (CIELAB) color space.

R-Stage Processing L* a* b* C h

G

RM 54.88 ± 2.00 a −13.80 ± 0.46 b 15.40 ± 0.63 a 20.68± 0.76 b 131.83 ± 0.50 e

CG 59.57 ± 0.07 b −3.23 ± 0.06 d 17.51 ± 0.02 b 17.81 ± 0.03 a 100.40 ± 0.17 a

R 67.44 ± 0.40 d −11.11 ± 0.39 c 28.61 ± 0.98 d 30.69 ± 1.05 c 111.13 ± 0.25 b

MWR 61.07 ± 0.23 b −16.14 ± 0.10 a 24.70 ± 0.21 c 29.50 ± 0.23 c 123.10 ± 0.10 c

S 65.32 ± 1.58 c −10.89 ± 0.66 c 15.49 ± 1.37 a 18.93 ± 1.50 a 125.10 ± 0.69 d

Y

RM 99.28 ± 0.49 e 3.36 ± 0.18 c 89.63 ± 0.84 e 89.69 ± 0.83 e 87.93 ± 0.15 c

CG 89.80 ± 0.68 c 5.33 ± 0.16 d 72.89 ± 0.96 c 73.08 ± 0.97 c 85.87 ± 0.06 b

R 51.79 ± 0.42 a −13.34 ± 0.07 a 14.04 ± 0.22 a 19.36 ± 0.21 a 133.47 ± 0.31 e

MWR 84.42 ± 1.15 b −0.65 ± 0.07 b 65.94 ± 2.11 b 65.94 ± 2.11 b 90.53 ± 0.06 d

S 97.78 ± 0.12 d 10.72 ± 0.10 e 85.23 ± 1.16 d 85.89 ± 1.17 d 82.90 ± 0.00 a

R

RM 64.25 ± 0.53 c 54.82 ± 0.85 d 36.65 ± 1.18 d 65.94 ± 1.35 c 33.70 ± 0.48 c

CG 57.52 ± 1.02 a 47.68 ± 0.76 a 27.82 ± 0.71 a 55.20 ± 1.01 a 30.20 ± 0.27 a

R 62.18 ± 0.76 b 51.49 ± 1.84 c 33.47 ± 1.64 c 61.41 ± 2.43 b 32.95 ± 0.37 b

MWR 62.66 ± 0.09 b 45.20 ± 0.17 b 29.95 ± 0.16 b 54.22 ± 0.08 a 33.45 ± 0.25 bc

S 95.11 ± 0.47 d 2.90 ± 1.08 e 80.12 ± 0.48 e 80.18 ± 0.50 c 88.00 ± 0.74 d

R-stage—ripening stage; G—green pepper; Y—yellow pepper; R—red pepper. For Processing: RM—raw material;
CG—contact grilling; R—roasting; MWR—microwave plus roasting; S—steaming. Lower-case letters means that
a statistically significant difference was found between samples for the same R-stage.

This indicates that processes such as roasting, simultaneous roasting and microwaving,
and steam processing cause a loss of green color intensity (toward a brightening of the
green color), while the contact-grilling process causes browning of the bell pepper surface.

Perhaps the particularly large increase in the b* value for green bell peppers due to the
roasting process and the combined roasting and microwaving process was a result of the
effects of reactive oxygen species, such as ozone, peroxides, and hydroxyl radicals, which
oxidize the color substances contained in the skin of green bell peppers [49].

Reactive oxygen species that are generated during microwave processing cause the
degradation of cell structures and the chlorophyll pigments they contain, such as chloro-
phyll a and b. Reactive oxygen species accelerate the degradation of chlorophyll during
heat treatment to brown pheophytin, which is caused by the loss of the magnesium ion in
the active center of the chlorophyll molecule [50].

On the other hand, in 2021 Darici et al. [51] reported that the microwave drying of
green bell peppers (180 W) resulted in a decrease in L* and b* values, while a significant
increase in a* values compared to fresh bell peppers was observed. This was indicated by
the browning of the processed samples.

For green bell peppers, the smallest difference in color relative to the raw material was
observed for the steam-treated bell peppers. After the combined microwave and roasting
treatment, a delta E value of 11.4 was obtained for the green bell peppers (Table 3).

Similar results were obtained by Darıcı et al. in 2021 [51] (ΔE values of 13.97) for
green bell peppers that were microwave-dried. On the other hand, in a study conducted
by Eyarkai et al. in 2016 [52], it was shown that the blanching process for vegetables such
as green peas, eggplant, and green bell peppers resulted in a reduction of all CIE color
coordinates (L, a, b) in these raw materials, which was associated with a weakening of color
as a result of the leaching and migration of color substances into hot water [53].
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Table 3. Delta E values for the tested bell peppers.

R-Stage RM-R RM-MVR RM-S RM-CG

G 19.0 ± 2.2 11.4 ± 0.7 10.3 ± 3.2 11.7 ± 0.9

Y 90.2 ± 1.0 28.1 ± 3.0 8.5 ± 0.6 18.2 ± 2.8

R 5.1 ± 4.0 11.8 ± 1.5 74.4 ± 0.6 13.2 ± 1.2
For R-stage: G—green pepper; Y—yellow pepper; R—red pepper. For Processing: RM—raw material; CG—contact
grilling; R—roasting; MWR—microwave plus roasting; S—steaming.

In the case of yellow bell peppers, on the other hand, it was observed that the heat-
treatment methods used reduced the L* brightness value and the b* value. The a* value of
yellow bell peppers was decreased in the case of the roasting process and the simultaneous
roasting and microwaving process and increased due to contact grilling and steaming.
The observed changes were related to the yellow bell peppers’ loss of its bright yellow
color toward a green color due to roasting, as well as the loss of its intense bright yellow
color toward a dark yellow color due to contact grilling. There was a loss of an intense
bright yellow color due to the simultaneous microwaving and roasting method, and its
transformation to a green–yellow color was observed. The smallest difference in color was
observed for yellow bell peppers after the steam treatment, as shown in Table 3.

Darici reported the same results from a study on yellow sweet bell peppers of the
‘Charleston’ cultivar (bell peppers with an elongated conical shape) and yellow sweet bell
peppers. The microwave drying of these raw materials (180 W) resulted in a decrease in
L* and b* values, while a significant increase in a* values compared to fresh bell peppers
was observed, which was indicated by a strong browning of the raw material [51].

It is possible that the heat-treatment techniques used resulted in increased browning
(non-enzymatic browning) with the simultaneous decomposition of pigments present in
yellow and red bell peppers, such as β-carotene, zeaxanthin, quercetin, and luteolin. The
decomposition of these pigments may have reduced the L* value in the yellow and red bell
peppers [54]. In addition, it was indicated that the drying phenomenon that accompanies
such thermal treatments as roasting and microwaving can cause the oxidation of ascorbic
acid to dehydroascorbic acid, which in turn leads to a decrease in the brightness of the
surface of the processed samples [55,56].

In the case of red bell peppers, there was a reduction in the L*, a* and b* values due
to the roasting, contact-grilling, and combined microwaving and roasting processes. This
resulted in a brightening (loss of brightness) of the red color of peppers when roasted, a
darkening of the color when contact-grilled, and a dulling of the surface of peppers that
were both roasted and microwaved. Also, in another study on red bell peppers of the
‘Capia’ cultivar, a reduction in the L* (brightness) value was noted after air-drying this raw
material (from 35.56 to 28.30). When using conventional oven drying (at 120 ◦C) and drying
using a microwave oven (at 720 W for 16 min), a reduction in L* values was observed to
31.86 and 31.04, respectively [27]. The same study confirmed that the a* and b* values of
red raw bell peppers (22.67), as a result of the heat-treatment methods used (oven-drying,
microwave-drying, and air-drying processes) are significantly reduced [27]. Also, in a study
conducted by Deng et al. in 2018 [57], it was shown that the L* values of red peppers after
the drying process decreased from a value of 41.60 to 26.64.

However, in the case of red bell peppers, the steam treatment resulted in an increase
in L* and b* values and a simultaneous decrease in the a* value. In the case of red bell
peppers, steam cooking caused a marked brightening of the surface of the red bell peppers
toward yellow (Table 3). Different results were obtained in a study conducted by Eyarkai
et al. in 2016 [52], where the blanching process of beets caused a reduction in all CIE color
coordinates (L*, a* and b*), which was associated with a weakening of the color intensity of
this raw material.

Statistically significant differences were found in the C values between raw green bell
peppers and roasted green bell peppers, contact-grilled green bell peppers, and green bell
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peppers that were both microwaved and roasted. There were also statistically significant
differences in C values between raw yellow bell peppers and yellow bell peppers that
were roasted, yellow bell peppers that were contact-grilled, yellow bell peppers that were
processed with both microwaving and roasting, and yellow bell peppers that were treated
with steam cooking. There were also statistically significant differences in C values between
raw red bell peppers and roasted red peppers, red peppers grilled by the contact-grilling
method, red bell peppers that were processed with both microwaving and roasting, and
red bell peppers that were treated with steam cooking. There were statistically significant
differences in h values between the raw material and the samples subjected to all heat
treatments for all types of bell peppers tested.

2.7. Textural Profile Changes after Treatments

Changes in textural parameters depending on the type of heat-treatment method used
are shown in Table 4.

Table 4. Textural properties of the tested bell peppers.

R-Stage Processing Hardness [N] Cohesiveness Springiness Chewiness [N] Resilience

G

RM 76.7 ± 0.1 e 0.784 ± 0.023 ab 0.667 ± 0.000 a 40.01 ± 1.14 e 0.68 ± 0.09 ab

CG 5.4 ± 0.1 a 0.726 ± 0.028 a 0.838 ± 0.028 b 3.22 ± 0.18 a 0.76 ± 0.11 bc

R 8.7 ± 0.4 b 0.839 ± 0.065 b 0.926 ± 0.004 b 6.69 ± 0.19 c 0.57 ± 0.02 a

MWR 10.4 ± 0.1 c 0.755 ± 0.005 ab 0.641 ± 0.037 a 5.02 ± 0.17 b 0.98 ± 0.06 d

S 12.2 ± 0.9 d 0.841 ± 0.030 b 1.046 ± 0.064 c 10.63 ± 0.50 d 0.87 ± 0.02 cd

Y

RM 34.4 ± 2.9 b 0.818 ± 0.057 a 0.701 ± 0.018 a 19.73 ± 2.49 b 0.86 ± 0.18 a

CG 10.4 ± 0.4 a 0.824 ± 0.036 ab 0.834 ± 0.235 a 7.11 ± 2.08 a 0.73 ± 0.21 a

R 12.1 ± 1.0 a 0.868 ± 0.009 ab 0.727 ± 0.084 a 7.64 ± 1.45 a 0.68 ± 0.04 a

MWR 10.6 ± 0.4 a 0.798 ± 0.018 a 0.691 ± 0.033 a 5.87 ± 0.63 a 0.66 ± 0.02 a
S 12.1 ± 1.2 a 0.914 ± 0.036 b 0.731 ± 0.272 a 7.94 ± 2.50 a 0.77 ± 0.09 a

R

RM 48.6 ± 1.1d 0.720 ± 0.015 a 0.622 ± 0.030 a 21.73 ± 1.10 d 0.73 ± 0.12 a

CG 3.3 ± 0.8 a 0.698 ± 0.125 a 1.084 ± 0.118 b 2.56 ± 1.30 a 0.67 ± 0.42 a

R 11.5 ± 0.1 b 0.896 ± 0.008 b 0.763 ± 0.100 ab 7.86 ± 1.05 b 0.70 ± 0.10 a

MWR 16.4 ± 2.9 c 0.786 ± 0.013 ab 0.818 ± 0.257 ab 10.24 ± 1.64 bc 0.74 ± 0.16 a

S 19.6 ± 0.6 c 0.813 ± 0.035 ab 0.718 ± 0.072 a 11.42 ± 1.00 c 0.88 ± 0.14 a

processing *** * ns *** ns
R-stage *** *** * *** ns

Processing × R-stage *** ns ns *** ns

R-stage—ripening stage; G—green pepper; Y—yellow pepper; R—red pepper. For Processing: RM—raw material;
CG—contact grilling; R—roasting; MWR—microwave plus roasting; S—steaming. Lower-case letters mean that a
statistically significant difference was found between samples for the same R-stage. (p = 0.05), ns—statistically
non-significant, *—p < 0.05, ***—p < 0.001.

Hardness is one of the most important textural parameters that change after heat
treatment. Studies indicate that the hardness of the vegetable samples is strongly correlated
with fiber content and is defined as the maximum value of the force measured at the first
compression stage [58].

The results of the texture analysis showed that there was a significant reduction in the
hardness of all types of processed peppers—green, yellow, and red—as a result of all four
heat-treatment methods used (Table 4).

To the greatest extent, the analyzed raw materials were subjected to a reduction in
hardness when they were subjected to contact grilling. Hardness reduction occurred by
93%, 69%, and 93%, respectively, for the raw green, yellow, and red bell peppers.

Similar results were obtained by Merve in a study of yellow sweet ‘Charleston’ pep-
pers, green peppers, and yellow sweet bell peppers that were subjected to microwave
drying, where a reduction in the hardness parameter was observed by 60%, 48%, and
14%, respectively, relative to the raw materials [51]. Studies indicate that heat-treatment
processes such as microwave processing and roasting cause a strong reduction in the turgor
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potential (pressure) and solubilization of pectic substances, resulting in the collapse of
cellular structures and the softening of highly hydrated tissues, such as those present in
many varieties of annual peppers (Capsicum annuum L.) [59].

In our study, steam processing was shown to reduce the hardness of green, yellow,
and red peppers by 84%, 64%, and 59%, respectively. Also, in a study conducted by Eyarkai
et al. in 2016 [52], a significant reduction in the hardness of the vegetables studied was
observed due to blanching. The greatest reduction in hardness (by 90%) was observed in
green peppers, followed by eggplant (by 80%), green peas (by 60%), and a slight reduction
(by 25%) in beets. Our study showed a significant reduction in the hardness of green, yellow,
and red peppers due to roasting (roasting) by 88.65%, 64.82%, and 76.33%, respectively.
Also, in a study on raw chickpea seeds (Cicer arietinum L.), it was shown that their hardness
decreased significantly with an increase in roasting time [60].

No significant changes in cohesiveness were shown for green bell peppers as a result
of all four heat treatments used. Similarly, no significant changes in cohesiveness were
shown for yellow bell peppers as a result of the thermal-processing methods used, such as
roasting, simultaneous microwaving and roasting, and contact grilling. Only as a result of
steam processing was there a significant increase in consistency for yellow bell peppers
relative to the raw material. There was also no significant change in consistency for red bell
peppers as a result of the thermal treatments used, such as simultaneous microwaving and
roasting, contact grilling, and steam processing. Only as a result of roasting was there a
significant increase in consistency for red bell peppers relative to the raw material.

The significant increase in springiness was observed for green bell peppers as a result
of roasting, contact-grilling, and steam-processing methods.

In contrast, no significant change in springiness was observed for yellow bell pep-
pers as a result of all four heat treatments. For red bell peppers, a significant increase in
chewiness (relative to the raw material) was observed only as a result of their process-
ing with contact grilling. There was a significant reduction in the chewiness that was
observed (relative to the raw material) in all processed types of samples—green, yellow,
and red peppers—as a result of all four thermal-processing methods used. The reduction
in chewiness occurred to the greatest extent for the contact grilling of green bell peppers,
the simultaneous microwaving and roasting of yellow peppers, and the simultaneous
microwaving and roasting of red bell peppers.

The results of the study showed that only the simultaneous microwaving and roasting
method and steam-processing method significantly increased the resilience of green bell
peppers. In contrast, no significant changes in resilience were observed for yellow and red
peppers as a result of all four heat-treatment methods.

3. Materials and Methods

3.1. Analytical Reagents and Standards Used

The following analytical reagents were used for the analyses: glucose, Trolox
(6-hydroxyl-2,5,7,8–tetramethylchromo-2-carboxylic acid, 2,2–diphenyl–1-picrylhydrazyl
(DPPH), 2,2–azino–bis (3-ethyl benzothiazoline-6-sulphonic acid) (ABTS), TPTZ
(2,3,5-triphenyltetrazolium chloride), gallic acid, and iron (III) sulphate hydrate (Pol-Aura,
Zabrze, Poland). All solutions and buffers were prepared using distilled and deionized water.

3.2. Plant Research Material

The research material consisted of annual bell pepper fruits (Capsicum annuum L.),
which were cultivated in the southern regions of Mazovia in Poland. The peppers were of
the ‘Ożarowska’ cultivar. The bell pepper fruits were purchased in a fruit and vegetable
store in Wrocław, Poland, in August 2022. The tested bell pepper fruits represented the
three main stages of ripening (green, yellow, and red) of this cultivar. The fruits were stored
for several dozen hours at a temperature of 4 ◦C until they were processed and analyzed.
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3.3. Heating Procedures

The tested raw materials were pre-washed in running water and the bell pepper stalks
were then removed by hand. Then, the raw materials were cut into fragments 7–8 cm
long and about 4–5 cm wide, from which the seeds were removed. Then, the tested raw
materials were subjected to four thermal treatments: roasting, roasting combined with
microwaving, contact grilling, and steaming. The resulting samples are shown in Table 5.

Table 5. Bell pepper chunks before (raw material) and after each thermal treatment.

Processing
Green Bell

Pepper
Yellow Bell

Pepper
Red Bell
Pepper

Raw Material—RM

Steaming—S

Roasting—R

Roasting and Microwave—MWR

Contact Grilling—CG

3.3.1. Steam Cooking

The washed fragments (quarters) of the bell peppers were drained of moisture and
were then placed on a sieve in the upper part of a steamer (Clatronic DG 3547, Clatronic,
Kempen, Germany) so that the raw material did not come into contact with the boiling
water. The steaming time recommended for annual bell peppers (10 min) was counted
from the moment the water boiled in the lower part of the device and produced hot steam,
which generated a temperature of 110–120 ◦C inside the steamer.

3.3.2. Contact Grilling

The washed fragments (quarters) of the bell peppers were drained of moisture and
were then placed between the lower and upper grill plates (OptiGrill Elite XL GC760D
electric grill with automatic programs, TEFAL, Rumilly, France). The recommended contact-
roasting time for annual bell peppers (15 min) was counted from the moment the device
heated up to a temperature of 200 ◦C.

3.3.3. Roasting

The washed fragments (quarters) of the bell peppers were drained of moisture and
were then placed in the oven chamber on the rotating tray of a multifunction microwave
device (GE83X, Samsung Electronics, Suwon, Republic of Korea). The recommended
microwaving time for annual bell peppers (15 min) was counted from the moment the
device heated up to 180 ◦C.

3.3.4. Simultaneous Roasting and Microwave

The washed fragments (quarters) of the bell peppers were drained of moisture and
were then placed in the oven chamber on the rotating tray of a multifunction microwave
device (GE83X, Samsung Electronics, Republic of Korea), which was thermally processed
using a system of heaters and microwave radiation simultaneously. The recommended
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time for this type of processing (2 min and 30 s) was counted from the moment the device
heated up to a temperature of 180 ◦C.

3.4. Extract Preparation

The raw materials and processed samples were homogenized using a manual homog-
enizer (CAT DI 18 Basic, Caterpillar, Irving, TX, USA). The resulting 5 g of homogenate
was extracted with a 10 mL methanol and water (80/20 v/v %) mixture for one hour on a
radial stirrer (MX-RD PRO, ChemLand, Stargard, Poland) at 60 rotations per minute, and
then centrifuged (MPW-350, MPW, Warszawa, Poland) for 15 min. at 10,000 rpm and 5031
g. The supernatant obtained after centrifugation was analyzed for the total antioxidant
potential, reduction potential, and content of bioactive substances.

3.5. Determination of Total Phenolic Compounds

The total content of polyphenolic compounds was determined spectrophotometrically
(SEMCO, S91 E, Gdynia, Poland) using the Folin–Ciocalteu reagent according to the method
of Yen et al. in 1995 [61] after introducing minor modifications. For this purpose, 0.1 mL
of the Folin–Ciocalteu reagent and 1.58 mL of H2O were added to the obtained extracts
(0.02 mL). After 5 min of incubation, 0.3 mL of a saturated sodium carbonate solution
(Na2CO3) was added. The total phenolic compounds were determined after 20 min of incu-
bation at 38 ◦C in the dark. As it reacts with polyphenolic substances, the Folin–Ciocalteu
reagent forms a blue complex that has a maximum absorbance at 765 nm. A standard curve
was prepared for gallic acid [61]. All the samples were analyzed in duplicate. The content
of polyphenolic compounds in the tested material was calculated from the calibration
curve and presented in milligrams of gallic acid equivalent (GEA) per gram of dry basis
(dry weight)—d.b.

3.6. Determination of Antioxidant and Oxidoreductive Activities
3.6.1. DPPH Test

The antioxidant capacity (in relation to stablethe 2,2-diphenyl-1-picrylhydrazyl radical
(DPPH•)) for the raw materials and the processed samples was measured spectrophoto-
metrically (SEMCO, S91 E, Poland) using the method of Klymenko et al. in 2019 [62] with
minor modifications. For this purpose, 0.035 mL of the test solution was measured and
added to 1 mL of (0.1 mM) a methanolic DPPH solution. The mixture was shaken and left
at room temperature for 20 min, after which the absorbance was measured at 517 nm. All
the samples were analyzed in duplicate [62]. The total antioxidant activity in the tested
material was calculated from the calibration curve and presented in milligrams of Trolox
equivalent (TE) per gram of dry basis (dry weight)—d.b.

3.6.2. ABTS Test

The antiradical capacity of the raw materials and the processed samples against the
cationic radical 2,2-azo-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS•+) was measured
spectrophotometrically (SEMCO, S91 E, Poland)using the Sridhar method (2019) with
minor modifications. The ABTS•+ solution was prepared by mixing 7 mM of ABTS stock
solution with 2.45 mM of potassium persulfate solution and incubating the mixture at
room temperature (23 ◦C) in the dark for 16–24 h. The ABTS•+ solution was diluted with
phosphate buffer (0.1 M) to give an absorbance of 0.900 ± 0.05 at 734 nm. To 1.0 mL of the
diluted ABTS•+ solution, 0.02 mL of the extract to be tested was added. The absorbance at
734 nm was read exactly 10 s after mixing the test extract with the ABTS•+ solution. All
the samples were analyzed in duplicate [63]. The total antioxidant activity in the tested
material was calculated from the calibration curve and presented in milligrams of Trolox
equivalent (TE) per 1 g of dry basis (dry weight)—d.b.
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3.6.3. FRAP Test

The reducing power (ability to reduce ferric ions Fe3+) of the raw materials and
the processed samples was measured spectrophotometrically (SEMCO, S91 E, Poland)
according to the method of Re et al. in 1999 [64], with minor modifications. The test
extract was added to 1 mL of FRAP solution (acetate buffer (300 μM, pH 3.6), a solution
of 10 μM TPTZ in 40 μM HCl and 20 μM FeCl3 in the ratio 10:1:1 (v/v)). The mixture was
shaken and left at room temperature for 20 min, after which the absorbance was measured
at 593 nm. All the samples were analyzed in duplicate [64]. The total reducing activity
was calculated from the calibration curve and presented in milligrams of iron (II) sulfate
equivalent FeSO4

−·7H2O per 1 g dry basis (dry weight).

3.7. Measurement of Reducing Sugar Content

The sugar content of extracts for the raw materials and the processed samples was
measured spectrophotometrically (SEMCO, S91 E, Poland) using a modified method ac-
cording to Miller et al. in 1959 [65], taking advantage of the reducing properties of sugars
towards 3,5-dinitrosalicylic acid (DNS). To 1 mL of the test sample, 1 mL of DNS reagent
was added and mixed thoroughly. The resulting mixture was then heated in boiling water
for 5 min. After the mixture cooled to room temperature, its absorbance at 535 nm was
measured. All the samples were analyzed in duplicate [65]. The total content of reducing
sugars in the tested material was presented in milligrams of glucose equivalent per gram
of dry basis (dry weight).

3.8. Color Measurement

The color of the fresh and processed bell peppers’ surface was assessed using a Konica
Minolta CR-310 chroma meter (Konica Minolta, Ramsey, NJ, USA) in CIE color space
(L*,a*, b* co-ordinates). Color co-ordinates (L*, a*, b*), and parameters (chroma, hue) were
taken in triplicate and expressed as means ± standard deviation [26].

3.9. Texture Measurements

The texture of the bell peppers was examined using a TPA test (Texture Profile Analysis)
with an AXIS texture analyzer FC200STAV500 (AXIS, Gdansk, Poland) with the software
AXIS FM v.2.18, as previously reported by Olędzki & Harasym [26].

In order to determine the textural properties of bell peppers, an analysis of the texture
profile was carried out on cylindrical samples with a diameter of 20 mm and a 5 mm height,
taken with the skin from the middle fragments of the fruit. Measurements to the fresh bell
peppers were performed on the skin (external) side.

Hardness was the force expressed in the unit of newton (N) at the maximum deforma-
tion, whereas cohesiveness, springiness, chewiness, and resilience were calculated from
two peaks, corresponding, respectively, to the first and second sample compression cycle.
The analysis was carried out in quadruplicate at 25 ◦C on bell pepper cylinders cut from
different pieces of each bell pepper fruit. The results were reported as means (from four
measurements from each sample) ± standard deviation [26].

3.10. Dry Basis Assessment

Four samples were taken from each raw pepper and processed pepper. Each sample
was cut into small pieces and 2 g of the chopped sample was placed on an aluminum
plate in a weighing–drying machine (MA-30, Sartorius GmbH, Göttingen, Germany). An
automatic method was set in the machine’s operating software, according to which the
samples were dried at 105 ◦C. From the data obtained, the average of four measurements
was calculated for each type of bell pepper. The obtained dry matter contents served as a
reference point for presenting the results of the antioxidant activity, reducing activity, total
content of polyphenolic compounds, and content of reducing sugars in the tested peppers.
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3.11. Statistical Analysis

The results from all methods are given as mean values and their standard deviation.
Data were subjected to one-way and two-way analysis of variance and mean values were
compared using Tukey’s test (p < 0.05). Values of p< 0.05 were considered statistically signif-
icant. The statistical analysis was performed using Statgraphics Centurion 19 (Statgraphics
Technologies, Inc., The Plains, VA, USA) statistical software.

4. Conclusions

The study showed that the heat-treatment methods used have significant and differen-
tial effects on the antioxidant properties and bioactive content of fresh bell pepper fruits.
For green bell peppers, the thermal processes that preserve more antioxidant components
were contact grilling and steaming.

For yellow bell peppers, on the other hand, the thermal processes that proved to be
beneficial in terms of polyphenol content were the simultaneous microwave and roasting
method and contact-grilling method. However, due to the antioxidant activity, processes
such as contact grilling and steaming appeared to be beneficial for yellow bell peppers.
For red bell peppers, roasting proved to be an exceptionally favorable thermal-treatment
process, which even increased the total content of phenolic compounds (relative to the raw
material). On the other hand, in terms of antioxidant activity, contact-grilling and steaming
processes proved to be favorable processes for red bell peppers.

The proper selection of the thermal-treatment process according to the ripeness and
cultivar of bell peppers can increase not only their digestibility, but also improve the
bioavailability of nutrients and bioactive substances contained in the raw material. There-
fore, to ensure the optimal intake of antioxidants contained in processed bell pepper fruits,
it is necessary to consider the use (during food preparation) of separate heat-treatment pro-
cesses for different stages of bell pepper maturity (bell pepper color forms). The obtained
results suggest that in the future it would be good to develop industry guidelines for the
food and catering industry regarding thermal-processing methods for vegetable and fruit
plant raw materials.
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26. Olędzki, R.; Harasym, J. Boiling vs. microwave heating—The impact on physicochemical characteristics of bell pepper
(Capsicum annuum L.) at Different Ripening Stages. Appl. Sci. 2023, 13, 8175. [CrossRef]

27. Özgür, M.; Özcan, T.; Akpinar-Bayizit, A.; Yilmaz-Ersan, L. Functional compounds and antioxidant properties of dried green and
red peppers. Afr. J. Agric. Res. 2011, 6, 5638–5644. [CrossRef]

28. Hameed, A.; Fatima, N.; Iftikhar, H.; Mehmood, A.; Tariq, M.R.; Ali, S.W.; Ali, S.; Shafiq, M.; Ahmad, Z.; Ali, U.; et al. Effect of
different drying and cooking treatments on phytochemicals and antioxidant activity in broccoli: An experimental in vitro study.
Food Sci. Technol. 2023, 43, e101622. [CrossRef]

29. Reis, R.C.; Castro, V.C.; Devilla, I.A.; Oliveira, C.A.; Barbosa, L.S.; Rodovalho, R. Effect of drying temperature on the nutritional
and antioxidant qualities of Cumari peppers from Para (Capsicum chines Jacqui). Braz. J. Chem. Eng. 2013, 30, 337–343. [CrossRef]

70



Molecules 2024, 29, 77

30. Özcan, M.M.; Uslu, N. Quantitative changes of bioactive properties and phenolic compounds in capia pepper (Capsicum annuum L.)
fruits dried by the air, conventional heater, and microwave. J. Food Process. Preserv. 2022, 46, e16897. [CrossRef]

31. Speranza, G.; Lo Scalzo, R.; Morelli, C.F.; Rabuffetti, M.; Bianchi, G. Influence of drying techniques and growing location on the
chemical composition of sweet pepper (Capsicum annuum L., var. Senise). J. Food Biochem. 2019, 43, e13031. [CrossRef]

32. Arfaoui, L. Dietary plant polyphenols: Effects of food processing on their content and bioavailability. Molecules 2021, 26, 2959.
[CrossRef]

33. Lewicki, P.P. Effect of pre-drying treatment, drying and rehydration on plant tissue properties: A review. Int. J. Food Prop.
1998, 1, 1–22. [CrossRef]

34. Zahoor, I.; Ganaie, T.A.; Wani, S.A. Effect of microwave assisted convective drying on physical properties, bioactive compounds,
antioxidant potential and storage stability of red bell pepper. Food Chem. Adv. 2023, 3, 100440. [CrossRef]

35. Ke, Y.; Deng, L.; Dai, T.; Xiao, M.; Chen, M.; Liang, R.; Liu, W.; Liu, C.; Chen, J. Effects of cell wall polysaccharides on the
bioaccessibility of carotenoids, polyphenols, and minerals: An overview. Crit. Rev. Food Sci. Nutr. 2023, 63, 11385–11398.
[CrossRef] [PubMed]

36. Schweiggert, U.; Schieber, A.; Carle, R. Inactivation of peroxidase, polyphenoloxidase, and lipoxygenase in paprika and chili
powder after immediate thermal treatment of the plant material. Innov. Food Sci. Emerg. Technol. 2005, 6, 403–411. [CrossRef]

37. Desai, S.; Upadhyay, S.; Sharanagat, V.S.; Nema, P.K. Physico-functional and quality attributes of microwave-roasted black pepper
(Piper nigrum L.). Int. J. Food Eng. 2023, 19, 561–572. [CrossRef]

38. Kaur, R.; Kaur, K.; Singh, J.S. Drying kinetics, chemical, and bioactive compounds of yellow sweet pepper as affected by processing
conditions. J. Food Process. Preserv. 2022, 46, e16330. [CrossRef]

39. Sun, T.; Xu, Z.; Wu, T.C.; Janes, M.; Prinyawiwatkul, W.; No, H.K. Antioxidant activities of different colored sweet bell peppers
(Capsicum annuum L.). J. Food Sci. 2007, 72, 98–102. [CrossRef] [PubMed]

40. Reda, S.Y. Evaluation of antioxidants stability by thermal analysis and its protective effect in heated edible vegetable oil.
Ciênc. Tecnol. Aliment. Camp. 2011, 31, 475–480. [CrossRef]

41. Maiani, G.; Periago Castón, M.J.; Catasta, G.; Toti, E.; Cambrodón, I.G.; Bysted, A.; Schlemmer, U. Carotenoids: Actual knowledge
on food sources, intakes, stability and bioavailability and their protective role in humans. Mol. Nutr. Food Res. 2009, 53, 194–218.
[CrossRef]

42. Pérez-Burillo, S.; Rufián-Henares, J.Á.; Pastoriza, S. Effect of home cooking on the antioxidant capacity of vegetables: Relationship
with Maillard reaction indicators. Food Res. Int. 2019, 121, 514–523. [CrossRef]

43. Fong-in, S.; Khwanchai, P.; Prommajak, T.; Boonsom, S. Physicochemical, nutritional, phytochemical properties and antioxidant
activity of edible Astraeusodoratus mushrooms: Effects of different cooking methods. Int. J. Gastron. Food Sci. 2023, 33, 100743.
[CrossRef]
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Abstract: Olive pomace is a by-product from olive oil production that can be further processed
to obtain olive pomace paste. In this work, the influence of different time/temperature binomials
(65 ◦C/30 min; 77 ◦C/1 min; 88 ◦C/15 s; and 120 ◦C/20 min) on the nutritional quality, chemical
composition, and efficiency on control/elimination of natural microbial load of olive pomace paste
was ascertained. The treatments significantly impacted the contents of ash, fat, vitamin E, phenolics
(including hydroxytyrosol), flavonoids, and antioxidant activity, but not the fatty acids profile. The
binomial 88 ◦C/15 s showed the greatest potential since it better preserved the phytochemical and
antioxidant properties as well as the protein and fiber contents. This binomial is also faster and
easy to be implemented at an industrial level, allowing the obtention of a safe functional ingredient
to satisfy consumers’ demands for novel sustainable products, simultaneously, responding to food
safety and food security concerns.

Keywords: olive pomace; food security; heat treatment; vitamin E; fatty acids; hydroxytyrosol

1. Introduction

The world population is expected to reach 9.1 billion people by 2050, implying that
30% more food will be necessary [1]. Consequently, the food industry faces an emergent
challenge: to ensure food security while avoiding environmental depletion. A new program
called “Transforming our world: the 2030 Agenda for Sustainable Development” aimed
at a crucial goal, sustainable food consumption and production [2]. This emphasizes the
duty to adopt more sustainable measures, such as adding value to agri-food by-products
through the production of healthy food for the growing human population while preventing
environmental and natural resources exhaustion.

Portugal was the fourth major olive oil producer in the European Union in 2019 [3].
Therefore, considering that on average 35–40 kg of olive pomace (OP) are produced for
each 100 kg of processed olives [4], it is evident that this by-product affects the Portuguese
economy and the environment. Three common extraction techniques can be used in olive
oil production: traditional pressing mills, three-phase systems, and two-phase systems [4].
Traditional pressing mills are mainly used in small olive mills. In a three-phase system, large
amounts of water are added to the olive paste, which leads to the worldwide production of
30 million m3 of olive mill wastewater every year. The two-phase system is an eco-friendly
system where no water is added. Indeed, in this system, the olive paste is centrifuged,
resulting in the production of olive oil and OP. Taking into account that this system reduces
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wastewater production and allows the obtention of OP, the two-phase system is becoming
the most used one [4].

OP is a semi-solid biomass composed of olives’ pulp, skin, and small stone frag-
ments [5]. The interest in this by-product is due to its lipid fraction (rich in α-tocopherol
and oleic acid) and its considerable content of bioactive compounds, especially hydrox-
ytyrosol [1]. However, to use this by-product as a fresh ingredient in food products, the
remaining stone pieces must be removed, a process that generates a homogenous biomass
called olive pomace paste (OPP).

Taking all of this into consideration, in the present work, OP from a two-phase system
from Trás-os-Montes, Portugal, was used. The sample was a mixture of the following olive
varieties: Cobrançosa, Cordovil, Madural, and Verdeal Transmontana. This work aimed
to manually remove the OP’s stone to obtain OPP, characterize the chemical features of
OPP, and evaluate the impact of different heat treatments (65 ◦C/30 min, 77 ◦C/1 min,
88 ◦C/15 s, and 120 ◦C/20 min) on the nutritional quality (proximate analysis, vitamin E
and fatty acids (FA) profiles, phytochemicals contents, and antioxidant activity) as well
as its efficiency on the control/elimination of the microbiological load of OPP to select
the best process for obtaining a functional ingredient for incorporation into foodstuffs to
satisfy both consumers’ demands for novel sustainable products and to answer current
food security concerns.

Some previous studies have also evaluated the impact of drying olive pomace through
other methods but with slight differences in relation to the present work. Ahmad-Qasem
and colleagues (2013) dried olive pomace in a forced air laboratory drier at different
temperatures (50, 70, 90, 120, and 150 ◦C), using a sample from Spain which included the
olive pits [6]. Uribe et al., in 2013 and 2014, used a convective dryer at different temperatures
(40, 50, 60, 70, 80, and 90 ◦C), using olive pomace from Chile [7,8]. Uribe et al. (2013) used a
mixture of the following olive varieties: Frantoio, Leccino, Racimo, Barnea, and Picual [7],
while Uribe and colleagues (2014) used only the Picual olive variety [8]. Pasten and fellow
researchers (2019) used a sample of exhausted olive pomace (the remaining olive oil was
extracted using solvents) from Chile, which was also dried in a laboratory-scale convective
hot-air dryer at 40, 50, 60, 70, 80, and 90 ◦C [9].

2. Results and Discussion

This section presents the results of the proximate analysis, vitamin E and FA profiles,
phytochemicals contents, antioxidant activity, and microbiological load of OPP after treat-
ment with different time/temperature binomials. The impact of the heat treatments on
the composition of OPP is also discussed. The manual removal of the crushed olive stones
from 5.3 kg of OP resulted in 2.3 kg of OPP, so this process had a yield of 43%. Thus, stone
pieces make up 57% of OP, a part that contributes to the weight of the samples, but not for
analysis as the aim of this study is to obtain a paste for food purposes. Even though this
process had low profitability, its escalation into an industrial level is already implemented
in some olive mills, e.g., with a stainless sieve and stainless rolls, not to obtain OPP but
to recover the stones, which are then sold as biomass. In addition, OPP is a new and
alternative approach to use OP, which has been studied by other authors to be handled by
drying [6–9] as mentioned before. The results are expressed both in dry weight (dw) to
assess the impact of the different applied treatments, and in fresh weight (fw) to evaluate
the quality attributes of this new food ingredient.

2.1. Proximate Analysis

OP is a heterogeneous biomass with a moisture content of 50–60 g/100 g and large
amounts of minerals, dietary fiber, and oligosaccharides [10]. The results from proximate
analysis (Table 1) confirmed that fresh OP had a moisture content of 60.9 g/100 g, also
presenting a residual fat content of 1.4 g/100 g (fw), an ash content of 1.1 g/100 g (fw),
and a high-fiber content of 17.2 g/100 g (fw). Regarding fresh OPP, a significant 1.2-fold
increase in moisture and ash as well as a 1.7-fold increase in total fat, were registered in
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comparison to the results obtained for fresh OP (p < 0.05). However, significant decreases
of 56% in carbohydrates and 27% in total fiber were observed, relatively to the fw results.
The differences between OP and OPP can be explained by stone removal.

Table 1. Proximate composition of olive pomace samples.

g/100 g Sample Moisture Total Protein Ash Total Fat Total Fiber
Remaining

Carbohydrates

Dry
weight

OP - 6.3 ± 0.8 c 2.7 ± 0.0 d 3.6 ± 0.1 c 44.0 ± 0.9 b 43.4 ± 1.6 a

OPP - 9.6 ± 0.6 a 4.9 ± 0.0 c 9.3 ± 0.3 a 48.0 ± 0.9 a 28.2 ± 1.8 c

OPPA - 8.4 ± 0.2 ab 5.3 ± 0.0 bc 8.1 ± 0.4 ab 44.0 ± 0.4 b 34.1 ± 0.2 b

OPPB - 8.6 ± 0.5 ab 5.4 ± 0.0 b 8.2 ± 0.2 ab 44.3 ± 0.1 b 33.5 ± 0.8 bc

OPPC - 8.9 ± 0.1 ab 5.2 ± 0.0 bc 7.0 ± 0.0 b 44.6 ± 0.4 b 34.4 ± 0.4 b

OPPD - 7.0 ± 0.6 bc 5.9 ± 0.3 a 6.8 ± 0.9 b 43.5 ± 0.2 b 36.8 ± 2.1 b

Fresh
weight

OP 60.9 ± 0.3 d 2.5 ± 0.3 a 1.1 ± 0.0 d 1.4 ± 0.0 c 17.2 ± 0.3 a 16.9 ± 0.3 a

OPP 73.9 ± 0.1 ab 2.5 ± 0.2 a 1.3 ± 0.0 c 2.4 ± 0.1 a 12.5 ± 0.2 b 7.4 ± 0.4 d

OPPA 73.1 ± 0.0 bc 2.2 ± 0.1 a 1.4 ± 0.0 b 2.2 ± 0.1 ab 11.8 ± 0.1 bc 9.2 ± 0.1 bc

OPPB 74.7 ± 0.3 a 2.2 ± 0.1 a 1.4 ± 0.0 bc 2.1 ± 0.0 ab 11.2 ± 0.0 c 8.5 ± 0.5 cd

OPPC 73.9 ± 0.6 ab 2.3 ± 0.0 a 1.3 ± 0.0 bc 1.8 ± 0.0 bc 12.3 ± 0.1 b 8.3 ± 0.5 cd

OPPD 72.4 ± 0.0 c 1.9 ± 0.2 a 1.6 ± 0.1 a 1.9 ± 0.3 bc 11.4 ± 0.1 c 10.8 ± 0.6 b

OP, olive pomace; OPP, olive pomace paste; OPPA, olive pomace paste processed at 65 ◦C, 30 min; OPPB, olive
pomace paste processed at 77 ◦C, 1 min; OPPC, olive pomace paste processed at 88 ◦C, 15 s; OPPD, olive pomace
paste processed at 120 ◦C, 20 min. The results are presented in g/100 g of sample in fresh or dry weight, as mean
± standard deviation (n = 3). Within each column, different letters represent significant differences (p < 0.05)
between samples, for results expressed in fresh or dry weight, separately.

Uribe et al. (2013) showed that, after drying, a loss of protein occurs due to solubility
changes or denaturation [7]. Denatured protein is likely to be involved in Maillard reactions,
which are reactions that occur between reactive carbonyl groups (reducing sugars) and
nucleophilic amino groups (amino acids, peptides, or proteins), resulting in melanoidins
formation [7,11]. These reactions occur spontaneously in food exposed to heat, especially if
the temperature is above 100 ◦C [11]. In this study, the applied heat treatments decreased
the total protein contents in comparison to OPP (13% in OPPA, 10% in OPPB, 7% in OPPC,
and 27% in OPPD, relatively to the dw results). Only OPPD reached temperatures above
100 ◦C and this was the treatment where the greatest protein loss was detected (p < 0.05).
On the contrary, the lower impact of OPPA, OPPB, and OPPC on protein content can be
explained by the use of temperatures below 100 ◦C.

The applied heat treatments had a positive impact in the ash content, especially OPPD,
where a 1.2-fold increment was observed (p < 0.05), regarding the dw results. Total ash
increment may be explained by minerals release from the organic matter with the processing
temperatures. Indeed, it was reported that processing can enhance the bioaccessibility of
some minerals (e.g., Ca and Fe) in vegetable foods [12]. Therefore, it would be interesting
to access the individual mineral composition of all samples since OP is rich in minerals,
namely, K [7,9,13].

OPP residual fat content decreased with the different heat treatments, especially with
OPPC and OPPD, which led to a significant loss of 25% and 27%, respectively, regarding
the dw results, according to Pasten et al. (2019), temperature could promote fat degradation
by hydrolysis or oxidation [9].

The results also showed high total fiber contents in all samples (43.5–44.6 g/100 g),
but OPP presented the highest amount (48 g/100 g dw). This feature, typical of olive cakes,
is related to the presence of olive skin and pulp [8] and confirms that OP is a rich source of
dietary fiber [8,9]. The reported healthy properties of fiber in preventing hyperglycemia,
decreasing cholesterol levels, reducing colon cancer risk, and heart diseases [7,14], make
this fresh heat-treated OPP a product of great interest to the food sector. Regarding the
impact of heat treatments in the fiber contents, small but statistically significant decreases
were verified, with a maximum loss of 9% (in OPPD), regarding the dw results. Dhingra
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et al. (2012) reported that processing could change the physicochemical characteristics of
dietary fiber [14]. As an example, different heat treatments applied to wheat bran formed
heat-resistant fiber-protein complexes [14]. This means that heat treatment is a promising
tool to be considered, as it can lead to various changes in food products.

All in all, the use of this heat-treated by-product as a food ingredient could allow
the development of foodstuffs with “low-fat” and “high-fiber” claims, considering the
proximate analysis results (Table 1) and the UE Regulation (EC) No. 1924/2006 of the
European Parliament and Council of 20 December 2006, on nutrition and health claims
made on foods. Therefore, this by-product is an undeniably interesting ingredient in answer
to the rising interest of consumers in functional foods [15].

2.2. Vitamin E Profile

The term “vitamin E” refers to a set of fat-soluble compounds with unique antiox-
idant properties crucial for health: α-, β-, γ-, and δ-tocopherols, and α-, β-, γ-, and δ-
tocotrienols [16]. Total vitamin E content (Table 2) ranged from 4.4 to 6.1 mg/100 g (dw).
If we compare the total vitamin E contents in dw of OP and OPP a 1.4-fold increment
occurred (p < 0.05), which can be explained by stone removal as previously mentioned, and
the consequent increase in the total fat content. However, the location of vitamin E vita-
mers in plant cells should be considered, for example, α-tocopherol is inside chloroplasts;
while β- and γ-tocopherols are outside organelles [9]. Therefore, the physical method used
to obtain OPP can lead to the rupture of some intact cells and consequent release of a
higher quantity of the vitamers. During processing, vitamins are often damaged and lost,
due to their susceptibility to environmental factors (e.g., light, temperature, and oxygen),
which can affect their stability [17]. This means that food processing can result in vitamin
E loss due to exposure to the aforementioned degrading factors. In this study, all heat
treatments had a slight negative impact on total vitamin E content (p < 0.05), with decreases
ranging from 6% to 13% in relation to OPP (dw). Taking these results into consideration
and the processing conditions (OPPC was exposed for 15 s to oxygen; while OPPD was
processed in a closed glass container), exposure to oxygen may play an essential role in
vitamin E degradation, as lower exposure to this factor has resulted in a lower reduction
of its amount (only 6% in OPPD). Additionally, vitamin E is a powerful chain-breaking
antioxidant [16], protecting long-chain FAs from oxidation [1]. Therefore, the observed
reductions in this parameter could also be related to PUFA preservation, which will be
discussed in Section 2.3. α-Tocopherol was the major vitamer present in all samples, which
was also reported by Nunes et al. (2018) and Pasten et al. (2019) [1,9]. The amounts in fresh
samples are similar to the ones reported for other seed oils [18]: guariroba, tamarind, and
pinha (1.2, 1.2, and 1.4 mg/100 g, respectively), meaning that this by-product could be an
interesting source of α-tocopherol, which is linked to the prevention of lipid peroxidation
and scavenging of lipid peroxyl radicals [1]. Despite being heat-stable, α-tocopherol is
sensitive to oxidation [7], which can explain the lowest decrease in its content especially in
OPPD (7%, dw) in relation to OPP. The processing conditions (minimum oxygen exposure
in OPPD) seem to explain these results since α-tocopherol has a considerable susceptibility
to oxygen as previously mentioned. The obtained results confirm that OPP is an extremely
valuable food ingredient, since their vitamin E contents could promote healthy aging and
have potential in preventing cancer, arthritis, and cataracts [16].
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Table 2. Vitamin E profile of olive pomace samples.

μg/100 g Sample α-Tocopherol α-Tocotrienol β-Tocopherol γ-Tocopherol δ-Tocopherol Total Vitamin E

Dry
weight

OP 4133 ± 138 d 62 ± 1 c 50 ± 1 c 97 ± 2 c 17 ± 0 c 4360 ± 143 d

OPP 5715 ± 227 a 109 ± 1 b 78 ± 2 b 162 ± 6 ab 37 ± 0 b 6101 ± 234 a

OPPA 4906 ± 65 c 130 ± 1 a 73 ±1 b 146 ± 4 b 36 ± 0 b 5290 ± 65 c

OPPB 4983 ± 84 c 127 ± 5 a 73 ± 1 b 146 ± 3 b 37 ± 0 b 5365 ± 87 c

OPPC 5066 ± 42 bc 112 ± 3 b 71 ± 0 b 148 ± 5 b 32 ± 0 b 5430 ± 45 bc

OPPD 5335 ± 93 b nd 106 ± 6 a 165 ± 11 a 115 ± 4 a 5722 ± 112 b

Fresh
weight

OP 1614 ± 54 a 24 ± 0 d 20 ± 1 b 38 ± 1 bc 7 ± 0 c 1703 ± 56 a

OPP 1489 ± 59 b 28 ± 0 c 20 ± 1 b 42 ± 2 ab 10 ± 0 b 1590 ± 61 b

OPPA 1318 ±17 c 35 ± 0 a 20 ± 0 b 39 ± 1 bc 10 ± 0 b 1421 ± 18 c

OPPB 1262 ± 21 c 32 ± 1 b 18 ± 0 b 37 ± 1 c 9 ± 0 b 1358 ± 22 c

OPPC 1324 ± 11 c 29 ± 1 c 18 ± 0 b 39 ± 1 bc 8 ± 0 b 1419 ± 12 c

OPPD 1472 ± 26 b nd 29 ± 2 a 46 ± 3 a 32 ± 1 a 1579 ± 31 b

OP, olive pomace; OPP, olive pomace paste; OPPA, olive pomace paste processed at 65 ◦C, 30 min; OPPB, olive
pomace paste processed at 77 ◦C, 1 min; OPPC, olive pomace paste processed at 88 ◦C, 15 s; OPPD, olive pomace
paste processed at 120 ◦C, 20 min; nd, not detected. The results are presented in μg/100 g of sample in fresh or
dry weight, as mean ± standard deviation (n = 3). Within each column, different letters represent significant
differences (p < 0.05) between samples, for results expressed in fresh or dry weight, separately.

2.3. Fatty Acids Profile

All samples evidenced a rich composition in oleic acid (73–75%, Table 3), followed by
palmitic (11%) and linoleic (9–10%) acids. These results are in agreement with Nunes et al.
(2018) and Uribe et al. (2013) [1,7]. In general, OP and OPP had similar FA profiles but some
statistical differences were found when comparing monounsaturated fatty acids (MUFA)
and polyunsaturated fatty acids (PUFA) sums (p < 0.05). A minimal increase in MUFA was
observed as well as a slight decrease in PUFA, particularly in linoleic acid. Since PUFA
are more vulnerable to lipid peroxidation [19], oxygen exposure during OPP production
probably caused their loss. Drying is also a cause of changes in OP’s FA profile since high
temperatures can induce lipid hydrolysis or oxidation [9] as stated before. However, in this
study, neither the most abundant FAs (oleic, palmitic, and linoleic) nor the MUFA/PUFA
ratio were significantly affected by processing. In another study, OP drying also resulted in
only minor differences in the FA profile [7]. These results could be explained by the presence
of vitamin E that protects PUFA against oxidative damage (Section 2.2). To conclude, the
residual fat of this by-product can present noticeable health benefits similar to olive oil:
high contents of oleic acid, a FA associated with the inhibition of cholesterol synthesis [9];
and a considerable amount of linoleic acid, a FA linked to blood pressure control [7].

Table 3. Fatty acids profile of olive pomace samples.

Fatty Acids (Relative %) OP OPP OPPA OPPB OPPC OPPD

Myristic (C14:0) 0.03 ± 0.00 a 0.02 ± 0.00 b 0.02 ± 0.00 b 0.02 ± 0.00 b 0.03 ± 0.00 a 0.03 ± 0.00 a

Palmitic (C16:0) 11.18 ± 0.08 a 11.18 ± 0.04 a 11.24 ± 0.01 a 11.30 ± 0.15 a 11.24 ± 0.02 a 11.25 ± 0.02 a

Palmitoleic (C16:1) 0.59 ± 0.03 a 0.60 ± 0.03 a 0.63 ± 0.00 a 0.60 ± 0.03 a 0.63 ± 0.01 a 0.64 ± 0.00 a

Heptanoic (C17:0) 0.10 ± 0.00 a 0.10 ± 0.00 a 0.10 ± 0.00 a 0.10 ± 0.01 a 0.10 ± 0.00 a 0.10 ± 0.00 a

Stearic (C18:0) 2.82 ± 0.15 a 2.85 ± 0.20 a 2.79 ± 0.01 a 2.84 ± 0.21 a 2.81 ± 0.01 a 2.79 ± 0.04 a

Oleic (C18:1n9c) 73.07 ± 0.40 b 74.69 ± 0.26 a 74.37 ± 0.12 a 74.41 ± 0.11 a 74.29 ± 0.03 a 74.24 ± 0.24 a

Linoleic (C18:2n6c) 9.97 ± 0.47 a 8.52 ± 0.33 b 8.79 ± 0.13 b 8.68 ±0.28 b 8.85 ± 0.05 b 8.91 ± 0.07 b

Arachidic (C20:0) 0.51 ± 0.05 a 0.47 ± 0.03 a 0.45 ± 0.00 a 0.46 ± 0.03 a 0.46 ± 0.01 a 0.45 ± 0.04 a

α-linolenic (C18:3n3) 0.92 ± 0.10 a 0.90 ± 0.10 a 0.96 ± 0.01 a 0.89 ± 0.07 a 0.93 ± 0.02 a 0.93 ± 0.02 a

cis-11-Eicosenoic (C20:1n9) 0.38 ± 0.01 a 0.34 ± 0.02 a 0.35 ± 0.00 a 0.35 ± 0.01 a 0.35 ± 0.01 a 0.35 ± 0.02 a

Behenic (C22:0) 0.28 ± 0.04 a 0.21 ± 0.02 b 0.21 ± 0.00 b 0.22 ± 0.03 ab 0.21 ± 0.00 b 0.20 ± 0.02 b

Lignoceric (C24:0) 0.16 ± 0.02 a 0.12 ± 0.01 b 0.11 ± 0.00 b 0.12 ± 0.00 b 0.11 ± 0.01 b 0.12 ± 0.01b

∑ SFA 15.07 ± 0.15 a 14.97 ± 0.22 a 14.91 ± 0.01 a 15.07 ± 0.35 a 14.95 ± 0.03 a 14.93 ± 0.12 a

∑ PUFA 10.89 ± 0.46 a 9.42 ± 0.34 b 9.74 ± 0.10 b 9.57 ± 0.28 b 9.78 ± 0.05 b 9.85 ± 0.07 b

∑ MUFA 74.03 ± 0.31 b 75.64 ± 0.20 a 75.34 ± 0.10 a 75.36 ± 0.10 a 75.27 ± 0.02 a 75.22 ± 0.18 a

MUFA/PUFA 6.81 ± 0.33 b 8.04 ± 0.31 a 7.73 ± 0.09 a 7.88 ± 0.23 a 7.70 ± 0.04 a 7.64 ± 0.07 a

OP, olive pomace; OPP, olive pomace paste; OPPA, olive pomace paste processed at 65 ◦C, 30 min; OPPB, olive
pomace paste processed at 77 ◦C, 1 min; OPPC, olive pomace paste processed at 88 ◦C, 15 s; OPPD, olive
pomace paste processed at 120 ◦C, 20 min; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA,
polyunsaturated fatty acids. The results are expressed in relative % as mean ± standard deviation (n = 3) in dry
weight. Within each line, different letters represent significant differences (p < 0.05) between samples.

77



Molecules 2023, 28, 2876

2.4. Phytochemicals Contents and Antioxidant Activity

OP contains many functional compounds [10]. Indeed, its high phenolic content makes
it phytotoxic [1]. The following phytochemical contents and antioxidant activity assays
were accessed to better understand OPP’s phytochemical composition (Table 4).

Table 4. Phytochemicals contents and antioxidant activity of olive pomace samples.

Sample
TPC

g GAE/100 g
TFC

g CE/100 g
HTC

g/100 g
FRAP

g FSE/100 g
DPPH•-SA
g TE/100 g

Dry weight

OP 3.08 ± 0.13 d 2.69 ± 0.03 d 0.36 ± 0.00 cd 4.43 ± 0.57 d 1.53 ± 0.06 bc

OPP 4.09 ± 0.11 a 3.44 ± 0.03 a 0.65 ± 0.04 a 6.10 ± 0.28 a 1.84 ± 0.10 a

OPPA 3.46 ± 0.14 c 2.80 ± 0.19 cd 0.35 ± 0.02 d 4.98 ± 0.11 c 1.38 ± 0.05 c

OPPB 3.50 ± 0.16 c 2.88 ± 0.09 c 0.40 ± 0.03 cd 5.17 ± 0.17 bc 1.46 ± 0.04 c

OPPC 3.81 ± 0.15 b 3.10 ± 0.08 b 0.42 ± 0.02 c 5.47 ± 0.26 b 1.66 ± 0.12 b

OPPD 3.81 ± 0.13 b 3.32 ± 0.20 a 0.54 ± 0.03 b 6.10 ± 0.43 a 1.92 ± 0.14 a

Fresh weight

OP 1.20 ± 0.05 a 1.05 ± 0.01 a 0.14 ± 0.00 b 1.73 ± 0.22 a 0.60 ± 0.02 a

OPP 1.07 ± 0.03 b 0.90 ± 0.01 b 0.17 ± 0.01 a 1.59 ± 0.07 a 0.48 ± 0.03 c

OPPA 0.93 ± 0.04 d 0.75 ± 0.05 d 0.09 ± 0.00 c 1.34 ± 0.03 b 0.37 ± 0.01 d

OPPB 0.89 ± 0.04 d 0.73 ± 0.02 d 0.10 ± 0.01 c 1.31 ± 0.04 b 0.37 ± 0.01 d

OPPC 1.00 ± 0.04 c 0.81 ± 0.02 c 0.11 ± 0.00 c 1.43 ± 0.07 b 0.43 ± 0.03 c

OPPD 1.05 ± 0.04 bc 0.92 ± 0.05 b 0.15 ± 0.01 ab 1.68 ± 0.12 a 0.53 ± 0.04 b

OP, olive pomace; OPP, olive pomace paste; OPPA, olive pomace paste processed at 65 ◦C, 30 min; OPPB, olive
pomace paste processed at 77 ◦C, 1 min; OPPC, olive pomace paste processed at 88 ◦C, 15 s; OPPD, olive pomace
paste processed at 120 ◦C, 20 min; TPC, total phenolics content; TFC, total flavonoids content; HTC, hydroxytyrosol
content; FRAP, ferric reducing antioxidant power; DPPH•-SA, 2,2-diphenyl-1-picrylhydrazyl radical scavenging
ability; GAE, gallic acid equivalents; CE, catechin equivalents; FSE, ferrous sulphate equivalents; TE, trolox
equivalents. The results are presented as mean ± standard deviation (n = 3). Within each column, different
letters represent significant differences (p < 0.05) between samples, for results expressed in fresh or dry weight,
separately.

2.4.1. Total Phenolics Content (TPC)

TPC in olive oil reaches a maximum of 53 mg gallic acid equivalents (GAE)/100 g [20],
this is because only 2% of the phenolic compounds pass to olive oil during its production, so
98% remain in OP in two-phase extraction systems [1], which explains the considerable TPC
found in OP (3.08 g GAE/100 g dw) in the present study. The production of OPP resulted
in an increase of 1.3 times in TPC (dw) explained by stone removal. Pasten et al. (2019)
showed that drying could have a negative impact and drying for long periods can lead
to phenols aerial oxidation and enzymatic degradation [9]. In this study, all the applied
treatments resulted in a slight but significant decrease in the TPC, ranging from 7% to 15%
(dw). Additionally, TPC reduction seems to be correlated to oxygen exposure as OPPA and
OPPB registered higher losses (15% and 14%, respectively) and were the treatments with
prominent oxygen exposure. On the contrary, a minor reduction of 7% was observed in
OPPC and OPPD submitted to the minimum oxygen exposure. Kim et al. (2021) reported
that heat treatment of apple puree in the presence of oxygen led to a 33% reduction in TPC,
while the heat treatment without oxygen preserved the TPC values, allowing to conclude
that oxidation may be the cause of phenol degradation, but it can also occur by enzymatic
action [21]. Nowadays, the consumption of polyphenol-rich foodstuffs is correlated to
the prevention of some diseases, e.g., Parkinson’s, Alzheimer’s, or diabetes [15]. Taking
into consideration the considerable TPC of heat-treated OPP and the rising interest for
foodstuffs enriched in natural antioxidants, the incorporation of this ingredient in new
products has great potential. Indeed, Difonzo et al. (2021) reported that the incorporation
of 5% and 10% OP powder in pasta allowed for improved TPC and antioxidant activity
results [10].
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2.4.2. Total Flavonoids Content (TFC)

Flavonoids are one of the main phenol groups present in olive oil by-products [9],
hence the considerable TFC registered in OP (2.69 g catechin equivalents—CE/100 g)
(Table 4). Their consumption is linked to a reduction of neuroinflammation, cognition
improvement, and weakening of the symptoms of Alzheimer’s [15]. Therefore, the use of
fresh heat-treated OPP as a natural food ingredient seems promising. All fresh heat-treated
samples registered higher contents than the ones found in other fruits, namely, banana,
mango, and mandarin (24.8, 22.7, and 27.4 mg CE/100 g, respectively) [22]. OPP production
allowed a 1.3-fold increment in TFC (p < 0.05), which can be explained by stones removal
and a possible release resulting from OP processing. Flavonoids are also heat-sensitive
compounds [23]. In fact, a previous study by Pasten et al. (2019) showed that OP drying
resulted in a significant reduction of TFC [9]. Here, all the applied treatments resulted in
slight losses (p < 0.05), ranging from 3% (OPPD) to 19% (OPPA), regarding the dw results.
Moreover, it is noticeable that OPPC and OPPD had the lower impact, being the treatments
where oxygen exposure is minimum, whereas the higher oxygen exposure in OPPA and
OPPB may explain the lowest contents. These results suggest that oxygen exposure while
processing should be minimized, as oxygen seems to be the main degradative factor of the
studied antioxidants (vitamin E, TPC, and TFC).

2.4.3. Hydroxytyrosol Content (HTC)

Hydroxytyrosol (HT), the major polyphenol present in OP draws the attention of
the food industry due to its health-promoting traits and antioxidant potential [1]. HT
is obtained, during olives ripening, from the hydrolysis of oleuropein [5]. Furthermore,
during olive crushing and malaxation to produce olive oil, most of the HT glucoside is
degraded to HT [24]. The solubility of HT in water [25] and OP’s high moisture content
(61 g/100 g) can explain the considerable HTC in all samples (0.35–0.65 g/100 g dw), when
compared to the ones found in virgin olive oils: 0.3–29.3 mg/kg [20]. The significant
1.8-fold increase in HTC with OPP production could be explained by stone removal and
possible release from cells. HT is one of the most powerful natural antioxidants, and its
ability to scavenge reactive species and disrupt peroxidation chain reactions is due to
its ortho-diphenolic group [25]. However, its numerous hydroxyl groups are extremely
vulnerable to air and light exposure [25]. Therefore, it is possible to foresee that the applied
heat-treatments could result in its degradation. In fact, similar to what happened for TPC,
a decrease in HTC was registered in all treatments, especially in OPPA with a significant
loss of 46% (dw). OPPD had the lowest impact, resulting in a 17% reduction (p < 0.05,
dw). Once again, the processing conditions may explain the highest impact in OPPA
and OPPB since they are more exposed to oxygen. On the other hand, OPPD occurred
in a closed vase container, being the sample protected from oxidation, which avoided
HT degradation. The same justification can be used for OPPC that was submitted to
low-time processing (15 s). HT provides numerous health benefits: cardioprotective, anti-
inflammatory, antitumoral, and neuroprotective activities [25]. For example, the enrichment
of biscuits with HT allowed a reduction of low-density lipoprotein (LDL) blood levels [26].
Difonzo et al. (2021) reported that a traditional Italian snack showed a higher HTC when
it was enriched with 20% fermented OP [10]. Hence, incorporating heat-treated OPP in
foodstuffs may provide both healthy and tasty options to consumers.

2.4.4. Ferric Reducing Antioxidant Power (Frap) and 2,2-Diphenyl-1-picrylhydrazyl
Radical Scavenging Ability (DPPH•-SA)

The antioxidant capacity of all samples was determined by FRAP and DPPH•-SA
methods. In FRAP assay, 2,4,6-tripyridyl-s-triazine (TPTZ) is reduced to a colored prod-
uct. In DPPH•-SA assay, a radical is neutralized by reduction (electron transference) or
quenching (hydrogen transference) [27]. These two methods are often used together due
to their complementarity. The considerable FRAP and DPPH•-SA values found in OP
(4.43 g ferrous sulphate equivalents–FSE/100 g and 1.53 g Trolox equivalents—TE/100
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g dw, respectively) are explained by the considerable amounts of phenolics, HT, and
flavonoids, which were obtained in the present study and previously discussed. Difonzo
et al. (2021) reported that OP incorporation in bread allowed for an increase in the an-
tioxidant capacity [10]. This supports that the antioxidant attributes of this by-product
can be exploited in the development of food products, especially those produced to be
consumed raw, such as pâtés and toppings, since temperature due to cooking might re-
sult in antioxidants loss as seen in the previous results (vitamin E, TPC, TFC, and HTC),
which consequently reduces the antioxidant capacity as will be discussed below. Table 4
shows that OPP and OPPD registered the highest values for FRAP and DPPH•-SA assays
(around 6 g FSE/100 g and 2 g TE/100 g dw, respectively). A significant loss of antioxidant
capacity with heat treatments in both assays was registered in this study. These results
were expected since antioxidant contents were also reduced due to heat, oxygen, and light
sensibility. Pasten et al. (2019) also showed that OP drying resulted in a significant loss of
antioxidants [9]. Moreover, Kim et al. (2021) showed that heat-treated apple puree in the
presence of oxygen had considerably lower antioxidant activities than fresh apple: FRAP
and DPPH•-SA methods were reduced 4% and 6%, respectively [21]. Considering the
processing conditions of this study, once again, oxygen exposure seems to have the bigger
impact on antioxidants since OPPA and OPPB registered the lowest values in both assays.
The minimal oxygen exposure can explain the antioxidant capacity registered in OPPD
and OPPC in both assays. Nevertheless, there was a slight enhancement of the antioxidant
properties in OPPD in FRAP and DPPH•-SA methods (fw), which could be explained by
the formation of melanoidins, which are a result of Maillard reactions, as significant protein
loss was also observed (Section 2.1).

2.5. Microbiological Analysis

Olive by-products exhibit antimicrobial activity against pathogenic bacteria and fungi
strains due to phenolics’ presence [28]. Therefore, considering the large TPC registered
in all samples, OPP could exhibit antimicrobial activity even after a heat treatment. A
microbiological analysis was still mandatory to ensure the effectiveness of the applied heat
treatments to reduce the natural microbiota of this by-product and, therefore, guarantee
consumers’ safety. Indeed, heat treatment is an economic process that aims to reduce
or destroy microorganisms, vegetative cells, yeasts, and molds. The total number of
microorganisms was counted at 22 ◦C to understand the diversity of bacteria present at
typical ambient temperatures and at 37 ◦C to encourage the growth of bacteria that can
grow at body temperature [29]. According to the results (Table 5), all treatments effectively
reduced the natural microbiological load of OPP, especially OPPA, OPPC, and OPPD. The
results from OPPA, OPPB, and OPPC were expected to simulate pasteurization, a heat
treatment which inactivates the non-spore-forming bacteria and the majority of vegetative
spoilage microorganisms [30]. The treatment of OPPB was able to reduce the number of
microorganisms in comparison to the control samples, but did not eliminate them entirely
in the assay at 37 ◦C as happened in the other treatments, showing that it was not so
effective. The effectiveness of OPPD was also expected since it replicates heat-sterilization,
a successful process that kills all forms of microorganisms [31]. To conclude, the applied
treatments are of great interest to ensure that OPP meets safety and quality standards
and also allows shelf-life extension, being imperative to the sustainability of the food
chain supply.
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Table 5. Total count of microorganisms at 22 ◦C and 37 ◦C (48 h) of olive pomace samples.

Temperature Sample Dilution Total Count of Microorganisms (CFU)

22 ◦C

OP 10−2 3.6 × 103

OPP 10−2 4.4 × 103

OPPA 10−1 Ø
OPPB 10−1 Ø
OPPC 10−1 Ø
OPPD 10−1 Ø

37 ◦C

OP 10−1 1.2 × 103

OPP 10−1 1.2 × 103

OPPA 10−1 Ø
OPPB 10−1 5.3 × 102

OPPC 10−1 Ø
OPPD 10−1 Ø

OP, olive pomace; OPP, olive pomace paste; OPPA, olive pomace paste processed at 65 ◦C, 30 min; OPPB, olive
pomace paste processed at 77 ◦C, 1 min; OPPC, olive pomace paste processed at 88 ◦C, 15 s; OPPD, olive pomace
paste processed at 120 ◦C, 20 min; CFU, colony forming unit; Ø, result below 30 CFU.

3. Materials and Methods

3.1. Chemicals

Ultra-pure water was obtained in a Milli-Q purification system (Millipore, Bedford,
MA, USA). Chemicals and reagents were of analytical grade. Kjeldahl tablets, abso-
lute ethanol, sodium carbonate (Na2CO3) decahydrate, sulfuric acid, sodium hydroxide
(NaOH), n-hexane, and anhydrous sodium sulfate (Na2SO4) were obtained from Merck
(Darmstadt, Germany). HPLC-grade solvents were acquired from Chem-Lab (Zedelgem,
Belgium) and Merck (Darmstadt, Germany). The tocopherols and tocotrienols standards
and tocol were obtained from Calbiochem (La Jolla, CA, USA) and Matreya Inc. (Pleas-
ant Gap, PA, USA). Folin–Ciocalteus’ reagent, gallic acid, catechin, heptahydrate ferrous
sulphate, 2,2-diphenyl-1-picrylhydrazyl radical (DPPH•), Trolox, ferric chloride (FeCl3),
total dietary fiber assay kit, 2,4,6-tripyridyl-s-triazine (TPTZ), sodium nitrite (NaNO2),
aluminum chloride (AlCl3), sodium acetate, boron trifluoride (BF3) in methanol solution,
butylated hydroxytoluene (BHT), Supelco 37 FAME Mix, and hydroxytyrosol (HT) standard
were acquired from Sigma-Aldrich (St. Louis, MI, USA). Boric acid (4%) and potassium
hydroxide (KOH) were purchased from Panreac (Barcelona, Spain). Methanol was acquired
from Honeywell International, Inc. (Morris Plains, NJ, USA). Sodium chloride (NaCl), chlo-
roform, and sand were acquired from VWR Chemicals (Alfragide, Portugal). Petroleum
ether was purchased from Carlo Erba Reagents (Val de Reuil, France). Ethanol (96%) and
dichloromethane were acquired from AGA (Prior Velho, Portugal) and Honeywell l Riedel-
de Haën TM (Seelze, Germany), respectively. Total microorganism count was performed
with Plate Count Agar, Liofilchem (Teramo, Italy).

3.2. Sample Preparation

The sample of OP (5.3 kg, Figure 1) was obtained from a two-phase extraction olive
mill (Trás-os-Montes, Portugal). The sample was a mixture of the following olive varieties:
Cobrançosa, Cordovil, Madural, and Verdeal Transmontana.

In the laboratory, after homogenization, the remaining crushed olive stones were
manually removed using a stainless-steel sieve to obtain the OPP (Figure 2).

Then, OPP was homogenized and divided into 250 g samples, which were submitted
to the different heat treatments (Table 6) to eliminate the natural microbiological load.

The designated treatments—OPPA, OPPB, and OPPC—were selected according to
Fellows (2009) [32], and were performed in a Thermomix TM 31 (Vorwerk, Wuppertal,
Germany, Figure 3a). The OPPD treatment took place in a SANYO Labo autoclave (Gemini
BV, Apeldoorn, The Netherlands, Figure 3b). Control samples (OP and OPP) were not
submitted to any heat treatment. All six samples (OP, OPP, OPPA, OPPB, OPPC, and OPPD)
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were stored at −80 ◦C separately, and lyophilized (Telstar Cryodos-80 Terrassa, Barcelona,
Spain, Figure 3c).

Figure 1. Olive pomace sample.

Figure 2. Olive pomace paste.

Table 6. Time/temperature binomials applied to the olive pomace paste (OPP).

Samples Temperature (◦C) Time

OPPA 65 30 min
OPPB 77 1 min
OPPC 88 15 s
OPPD 120 20 min

( ) ( ) ( )

Figure 3. Equipment used for processing the olive pomace paste: (a) Thermomix TM 31; (b) SANYO
Labo autoclave; (c) Telstar Cryodos-80 Terrassa.
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3.3. Proximate Composition

Proximate analysis was carried out according to official methods [33]: total ash was
analyzed in a muffle furnace at 500 ◦C (920.153 method); total fat was extracted with
petroleum ether (991.36 method); total protein was determined by the Kjeldahl method
(928.08 method), using 6.25 as the nitrogen conversion factor [34]; and total fiber was
assessed by enzymatic-gravimetric procedures (985.29 method). Moisture content was
determined in an infrared balance (DBS—KERN & SOHN GmbH, Balingen, Germany).
The remaining carbohydrates were calculated by difference [34]. The results are presented
in g/100 g of sample, both in fw and dw.

3.4. Vitamin E Profile

The lipid fraction of the samples was extracted according to Alves et al. (2009) [35],
with minor modifications by Ferreira et al. (2023) [36]. An appropriate amount of sample
was weighted to Falcon tubes to obtain 20 mg of fat, then 75 μL of 0.1% BHT solution
(m/V), 50 μL of tocol (0.1 mg/mL, internal standard), and 1 mL of absolute ethanol were
added. Tubes were stirred for 30 min (Heidolph Multi Reax Vibrating Shaker, VWR In-
ternational, Radnor, PA, USA). Then, 2 mL of n-hexane was added. Tubes were stirred
again (30 min) and 1 mL of 1% NaCl solution (m/v) was added, followed by agitation
(2 min) and centrifugation (5000 rpm, 5 min). The supernatant was transferred to new
tubes. A re-extraction was performed by adding 2 mL of n-hexane, followed by agitation
(30 min) and centrifugation (5000 rpm, 5 min). Next, the supernatant was transferred to the
second tube and anhydrous Na2SO4 was added. Tubes were centrifuged (5000 rpm, 5 min),
the supernatant was transferred to new tubes, and concentrated under a nitrogen stream
until 1 mL. Next, 500 μL of the supernatant was transferred to an amber injection vial for
vitamin E profile analysis in a HPLC-DAD-FLD system (Jasco, Tokyo, Japan) equipped
with an MD-2015 multiwavelength diode array detector coupled to an FP-2020 fluorescence
detector (Jasco, Tokyo, Japan) programmed for excitation and emission at 290 and 330 nm,
respectively. Compound separation was accomplished in a normal phase Supelcosil TM LC-
SI column (75 mm × 3.0 mm, 3.0 μm, Supelco, Bellefonte, PA, USA). The eluent was 1.2% of
1,4-dioxane in n-hexane (v/v)—isocratic elution. The flow rate and injection volume were
0.7 mL/min and 20 μL, respectively. The UV spectra was used to identify the 8 vitamers
previously mentioned. The comparison of their retention times with those of standards was
used for quantification, using fluorescence signals and calibration curves obtained with
standard stock solutions of each vitamer (α-tocopherol: y = 0.159x − 0.007, R2 = 0.9991,
0.22–10.95 μg/mL; β-tocopherol: y = 0.203x − 0.015, R2 = 0.9995, 0.21–10.38 μg/mL; γ-
tocopherol: y = 0.177x − 0.015, R2 = 0.9994, 0.21–13.48 μg/mL; δ-tocopherol: y = 0.226x − 0.018,
R2 = 0.9995, 0.23–11.71 μg/mL;α-tocotrienol: y = 0.188x − 0.015, R2 = 0.9990, 0.19–9.65 μg/mL;
β-tocotrienol: y = 0.147x − 0.013, R2 = 0.9994, 0.25–12.36 μg/mL; γ-tocotrienol: y = 0.167x
− 0.021, R2 = 0.9991, 0.24–12.17 μg/mL, and δ-tocotrienol: y = 0.177x + 0.016, R2 = 0.9996,
0.24–12.18 μg/mL). The results are presented in μg/100 g of sample in fw and dw.

3.5. Fatty Acids Profile

FAs were derivatized to fatty acid methyl esters (FAME), according to ISO 12966-
2:2017 [37]. Briefly, the remaining 500 μL of the lipid fraction obtained in Section 3.4.
were evaporated under a nitrogen stream and resuspended in 1 mL of dichloromethane.
Afterwards, 1.5 mL of 0.5 M KOH in methanol was added, and tubes were stirred and
placed in a heating block (100 ◦C, 10 min, Stuart SBH130D/3 block heater, Stafford, UK).
After cooling (ice, 5 min), 2 mL of 14% BF3 in methanol was added followed by another
heating (100 ◦C, 30 min) and cooling (ice, 5 min) period. After adding 2 mL of deionized
water and 4 mL of n-hexane, tubes were centrifuged (3000 rpm, 5 min). The supernatant was
mixed with anhydrous Na2SO4, centrifuged (3000 rpm, 5 min), and 1 mL was transferred to
injection vials for FA profile analysis in a gas chromatograph coupled to a flame ionization
detector (GC-FID, Shimadzu GC-2010 Plus, Shimadzu, Tokyo, Japan) and a split/splitless
AOC-20i auto-injector (Shimadzu, Tokyo, Japan). FAME separation was achieved in a
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CP-Sil 88 silica capillary column (50 m × 0.25 mm i.d.; 0.20 μm film thickness, Varian,
Middelburg, The Netherlands), using helium as carrier gas. The temperature program used
was: 120 ◦C for 5 min; increase to 160 ◦C at 2 ◦C/min; hold for 15 min; and increase to
220 ◦C at 2 ◦C/min. Injector and detector were at 250 ◦C and 270 ◦C, respectively. A split
ratio of 1:50 and an injection volume of 1.0 μL were used. FAME identification was carried
out by comparing their retention times with those of standards (Supelco 37 Component
FAME Mix, Supelco, Bellefonte, PA, USA). Data were analyzed based on relative peak areas,
being the results expressed in relative % of each FA.

3.6. Phytochemicals Contents and Antioxidant Activity

For extracts preparation, 125 mg of each sample was mixed with 50 mL of methanol
and deionized water (80/20; v/v) solution, at 40 ± 2 ◦C, under constant stirring (600 rpm,
60 min, MS-H-S10 magnetic stirrer, ChemLand, Stargard, Poland), in triplicate. Extracts
were filtered (Whatman No. 4 filter paper) and stored at −20 ◦C until further analysis.

3.6.1. Total Phenolics Content (TPC)

TPC was determined according to Ferreira et al. (2023) [36]. In a microplate, 30 μL of
each extract (Section 3.6) was mixed with 150 μL of Folin–Ciocalteu’s reagent (1:10) and
120 μL of 7.5% (m/V) Na2CO3. The microplate was incubated at 45 ◦C for 15 min, followed
by 30 min at room temperature (RT), light-protected. The sample’s absorbance was mea-
sured in a microplate reader (Synergy HT GENS5, BioTek Instruments, Inc., Winooski, VT,
USA) at 765 nm. A gallic acid calibration curve (y = 0.009x + 0.006, R2 = 0.999, 5–100 mg/L)
was used for quantification. Results are expressed in g of GAE/100 g of sample in fw
and dw.

3.6.2. Total Flavonoids Content (TFC)

TFC was evaluated according to Ferreira et al. (2023) [36]. Thus, 1 mL of each extract
(Section 3.6) was mixed with 4 mL of deionized water and 300 μL of 5% NaNO2 (m/V).
After 5 min at RT, 300 μL of 10% AlCl3 (m/v) was added to the previous mixture. Later, after
incubation at RT (1 min), 2 mL of 1 M NaOH and 2.5 mL of deionized water were added.
The absorbance was measured at 510 nm in a microplate reader (Synergy HT GENS5, BioTek
Instruments, Inc., Winooski, VT, USA). A catechin calibration curve (y = 0.002x + 0.001,
R2 = 0.998, 2.5–400 mg/L) was used for quantification. The sample’s TFC is expressed in g
of CE/100 g of sample in fw and dw.

3.6.3. Hydroxytyrosol Content (HTC)

HT analysis was carried out with 1 mL of each extract (Section 3.6) in an HPLC-DAD-
FLD system (Jasco, Tokyo, Japan), consisting of a LC-NetII/ADC hardware interface, a
pump (Jasco PU-2089), an automatic sampler (Jasco AS-2057 Plus), a multiwavelength
diode array detector (Jasco MD-2018 Plus) coupled to a fluorescence detector (Jasco FP-2020
Plus) and a column thermostat (Jasco CO-2060 Plus). HT was evaluated by fluorescence and
monitored at λ excitation and λ emission of 280 and 330 nm, respectively. A gradient elution
program using as solvents acetic acid (A, 1%) and methanol (B, 100%) was employed: 0 min,
5% B; 30 min, 25% B; 50 min, 75% B; 55 min, 100% B; 60 min, 100% B; 63 min, 5% B. A
Zorbax-SB-C18 (250 × 4.6 mm, 5 μm, Agilent Technologies, Amstelveen, The Netherlands)
chromatographic column was used, at 20 ◦C, with a flow rate of 1 mL/min and an injection
volume of 20 μL. A HT calibration curve was obtained (y = 10147x + 3486.5, R2 = 0.9998,
0.25–200 μg/mL). Results are presented in g/100 g of sample in fw and dw.

3.6.4. Ferric Reducing Antioxidant Power (FRAP) and 2,2-Diphenyl-1-picrylhydrazyl
Radical Scavenging Ability (DPPH•-SA)

FRAP assay was determined according to Ferreira et al. (2023) [36]. In a microplate,
aliquots of 35 μL of each extract (Section 3.6) were mixed with 265 μL of the FRAP reagent:
acetate buffer (0.3 M), TPTZ solution (10 mM), and FeCl3 (20 mM). The microplate was
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incubated (37 ◦C, 30 min), light-protected, and the absorbance was measured in a microplate
reader at 595 nm (Synergy HT GENS5, BioTek Instruments, Inc., Winooski, VT, USA). A
calibration curve with ferrous sulphate (y = 0.002x + 0.080, R2 = 0.999, 25–500 mg/L) was
used for quantification. Results were expressed as g of FSE/100 g of sample in fw and dw.

DPPH•-SA assay was determined according to Ferreira et al. (2023) [36]. In a mi-
croplate, aliquots of 30 μL of each extract (Section 3.6) were mixed with 270 μL of fresh
DPPH• solution in ethanol (6 × 10−2 mM). Absorbance (525 nm) was measured in a mi-
croplate reader (Synergy HT GENS5, BioTek Instruments, Inc., Winooski, VT, USA) every
2 min until reaction endpoint at 20 min to assess the kinetics of the reaction. A Trolox
calibration curve was obtained (y = −0.007x + 0.540, R2 = 0.999, 5.62–175.34 mg/L) and
results presented in g of TE/100 g of sample in fw and dw.

3.7. Microbiological Analysis

The samples were serially diluted until 10−8 dilution, with ultrapure sterile water.
Then, in all dilutions (from 10−1 to 10−8), the total count of microorganisms was determined
to evaluate the efficacy of the applied processes in the microbiological load reduction. The
total count of microorganisms was achieved by the pour-plate method, meaning that
1 mL of each sample dilution was poured into different sterile Petri plate dishes, and
then mixed with 20 mL of liquid plate count agar (PCA) cooled to about 50 ◦C. After
solidification, plates were incubated at two different temperatures (22 ◦C and 37 ◦C) for
48 h (n = 3). In the analysis of the results, only the visual counting of the colony-forming
units (CFU) that yield between 30 and 300 CFU was considered. The results obtained
for the different heat-treatments (OPPA, OPPB, OPPC, and OPPD) were compared with
OP and OPP (without treatment) to assess the efficiency of the applied treatments in the
reduction of microbiological load. The results were expressed as the mean of CFU for each
incubation temperature.

3.8. Statistical Analysis

Statistical analysis was performed using IBM SPSS v. 25 (IBM Corp., Armonk, NY,
USA). Data are expressed as mean ± standard deviation. Significant differences between
samples were assessed by one-way ANOVA, followed by Tukey’s HSD to make pairwise
comparisons between means. The level of significance for all hypothesis tests (p) was 0.05.

4. Conclusions

OPP (obtained from OP, a by-product of olive oil production) presented high moisture,
residual fat, and considerable fiber contents. Moreover, its lipid fraction can be considered
a quality attribute as a source of vitamin E (especially α-tocopherol), oleic acid (a MUFA
related to healthy characteristics and food stability), and linoleic acid (a PUFA known for
reducing total and LDL cholesterol blood levels). Additionally, it showed high contents of
total phenolics, particularly hydroxytyrosol, and total flavonoids, allowing the development
of food products with natural antioxidant properties. All of this is in agreement with new
consumer trends: the search for functional foods rich in bioactive compounds.

In this study, OPP was submitted to four different heat treatments. All effectively
reduced the microbial load, meaning that the use of heat-treated OPP as a functional ingredi-
ent will not compromise consumers’ health. Overall, the selected treatments had a negative
impact on the quality attributes of OPP, especially in vitamin E, namely, α-tocopherol, total
phenolics, particularly hydroxytyrosol, total flavonoids, and antioxidant capacity. Never-
theless, none of them significantly affected OPP’s FA profile, which remained a source of
beneficial FA (oleic and linoleic acids).

An interesting conclusion of this study is that the heat treatment should be carefully
planned and evaluated, especially in relation to oxygen exposure, while processing food
products to maintain their nutritional quality. Indeed, undesirable changes in the antioxi-
dant quality occurred with heat-treatment that can be related to the presence of oxygen.
Therefore, oxygen exposure should be limited.
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From the applied heat-treatments, OPPC (88 ◦C/15 s) and OPPD (120 ◦C/20 min)
stood out due to the lower impact on the previously mentioned bioactive compounds and
antioxidant properties. However, foreseeing the sustainable development and the cost
of processing, OPPC was selected as the best treatment to apply for this product at an
industrial level for further incorporation into foodstuffs as it is the fastest method and
completely eliminated the microbiological load.

To conclude, even after heat treatment, OPP remains an interesting nutritional biomass
due to its contents of total dietary fiber, vitamin E, and other bioactives. Therefore, incorpo-
rating heat-treated OPP at 88 ◦C for 15 s in new functional food products seems promising
due to the health-related characteristics. Moreover, it contributes to the circular economy
and sustainability of the olive oil sector, since it allows the use of OP, a by-product that
otherwise represents an environmental burden.

Author Contributions: Conceptualization, M.M.S. and M.B.P.P.O.; methodology, D.M.F., S.M.,
A.S.G.C., R.C.A. and J.D.P.; validation, D.M.F., S.M., H.F. and M.A.N.; formal analysis, M.M.S.,
D.M.F. and J.D.P.; investigation, M.M.S., D.M.F., J.C.L., S.M. and J.D.P.; resources, A.S.G.C., H.F. and
M.B.P.P.O.; data curation, M.M.S., D.M.F. and J.D.P.; writing—original draft preparation, M.M.S.;
writing—review and editing, D.M.F. and R.C.A.; visualization, M.M.S. and D.M.F.; supervision, H.F.
and M.B.P.P.O.; project administration, H.F. and M.B.P.P.O.; funding acquisition, H.F. and M.B.P.P.O.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by FCT/MCTES (Fundação para a Ciência e Tecnologia/Ministério
da Ciência, Tecnologia e Ensino Superior, Portugal) through the projects EXPL/SAU-NUT/0370/2021—
Unveiling natural microbiota of fresh olive pomace for a new fermented food of potential synbiotic
action, UIDB/50006/2020 and UIDP/50006/2020; and by the project AgriFood XXI I&D&I (NORTE-
01-0145-FEDER-000041) cofinanced by the European Regional Development Fund, through the
NORTE 2020 (Programa Operacional Regional do Norte 2014/2020).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: D.M.F. is thankful for the PhD grant from FCT/MCTES (2022.13375.BD). S.M.
is grateful to the project PTDC/SAU-NUT/2165/2021 for her research grant. J.C.L. acknowl-
edges the grant provided by LAQV—Tecnologias e Processos Limpos—UIDB/50006/2020 (RE-
QUIMTE 2018-11). J.D.P. thanks the project EXPL/SAU-NUT/0370/2021 for his researcher con-
tract. R.C.A. thanks FCT for funding through the Scientific Employment Stimulus—Individual Call
(CEECIND/01120/2017 contract).

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

Sample Availability: Samples of olive pomace are not available from the authors upon request, but
they can be provided by the olive oil producer during the seasonal harvest period.

References

1. Nunes, M.A.; Costa, A.S.G.; Bessada, S.; Santos, J.; Puga, H.; Alves, R.C.; Freitas, V.; Oliveira, M.B.P.P. Olive pomace as a valuable
source of bioactive compounds: A study regarding its lipid- and water-soluble components. Sci. Total Environ. 2018, 644, 229–236.
[CrossRef]

2. Nations, U. Transforming Our World: The 2030 Agenda for Sustainable Development. Available online: https://sdgs.un.
org/sites/default/files/publications/21252030%20Agenda%20for%20Sustainable%20Development%20web.pdf (accessed on 7
February 2023).

3. Commission, E. Olive Oil: Detailed Information on the Market Situation, Price Developments, Balance Sheets, Production and
Trade. Available online: https://ec.europa.eu/info/food-farming-fisheries/plants-and-plant-products/plant-products/olive-
oil_en (accessed on 7 February 2023).

4. Nunes, M.A.; Pimentel, F.B.; Costa, A.S.; Alves, R.C.; Oliveira, M.B.P. Olive by-products for functional and food applications:
Challenging opportunities to face environmental constraints. Innov. Food Sci. Emerg. Technol. 2016, 35, 139–148. [CrossRef]

5. Nunes, M.A.; Páscoa, R.N.M.J.; Alves, R.C.; Costa, A.S.G.; Bessada, S.; Oliveira, M.B.P.P. Fourier transform near infrared
spectroscopy as a tool to discriminate olive wastes: The case of monocultivar pomaces. Waste Manag. 2020, 103, 378–387.
[CrossRef]

86



Molecules 2023, 28, 2876

6. Ahmad-Qasem, M.H.; Barrajon-Catalan, E.; Micol, V.; Cárcel, J.A.; Garcia-Perez, J.V. Influence of air temperature on drying
kinetics and antioxidant potential of olive pomace. J. Food Eng. 2013, 119, 516–524. [CrossRef]

7. Uribe, E.; Lemus-Mondaca, R.; Vega-Gálvez, A.; López, L.A.; Pereira, K.; López, J.; Ah-Hen, K.; Di Scala, K. Quality Characteriza-
tion of Waste Olive Cake During Hot Air Drying: Nutritional Aspects and Antioxidant Activity. Food Bioprocess Technol. 2013, 6,
1207–1217. [CrossRef]

8. Uribe, E.; Lemus-Mondaca, R.; Vega-Gálvez, A.; Zamorano, M.; Quispe-Fuentes, I.; Pasten, A.; Di Scala, K. Influence of process
temperature on drying kinetics, physicochemical properties and antioxidant capacity of the olive-waste cake. Food Chem. 2014,
147, 170–176. [CrossRef]

9. Pasten, A.; Uribe, E.; Stucken, K.; Rodríguez, A.; Vega-Gálvez, A. Influence of Drying on the Recoverable High-Value Products
from Olive (cv. Arbequina) Waste Cake. Waste Biomass Valorization 2019, 10, 1627–1638. [CrossRef]

10. Difonzo, G.; Troilo, M.; Squeo, G.; Pasqualone, A.; Caponio, F. Functional compounds from olive pomace to obtain high-added
value foods—A review. J. Sci. Food Agric. 2021, 101, 15–26. [CrossRef]

11. Ruan, D.; Wang, H.; Cheng, F.; Ruan, D.; Wang, H.; Cheng, F. The Maillard Reaction; Springer: Berlin/Heidelberg, Germany, 2018.
12. Cilla, A.; Barberá, R.; López-García, G.; Blanco-Morales, V.; Alegría, A.; Garcia-Llatas, G. Impact of processing on mineral

bioaccessibility/bioavailability. In Innovative Thermal and Non-Thermal Processing, Bioaccessibility and Bioavailability of Nutrients and
Bioactive Compounds; Elsevier: Amsterdam, The Netherlands, 2019; pp. 209–239.

13. Nunes, M.A.; Pawlowski, S.; Costa, A.S.G.; Alves, R.C.; Oliveira, M.B.P.P.; Velizarov, S. Valorization of olive pomace by a green
integrated approach applying sustainable extraction and membrane-assisted concentration. Sci. Total Environ. 2019, 652, 40–47.
[CrossRef]

14. Dhingra, D.; Michael, M.; Rajput, H.; Patil, R. Dietary fibre in foods: A review. J. Food Sci. Technol. 2012, 49, 255–266. [CrossRef]
15. de Araújo, F.F.; de Paulo Farias, D.; Neri-Numa, I.A.; Pastore, G.M. Polyphenols and their applications: An approach in food

chemistry and innovation potential. Food Chem. 2020, 338, 127535. [CrossRef]
16. Rizvi, S.; Raza, S.T.; Ahmed, F.; Ahmad, A.; Abbas, S.; Mahdi, F. The role of vitamin E in human health and some diseases. Sultan

Qaboos Univ. Med. J. 2014, 14, e157.
17. Dhakal, S.P.; He, J. Microencapsulation of vitamins in food applications to prevent losses in processing and storage: A review.

Food Res. Int. 2020, 137, 109326. [CrossRef]
18. Shahidi, F.; Camargo, A.C.D. Tocopherols and Tocotrienols in Common and Emerging Dietary Sources: Occurrence, Applications,

and Health Benefits. Int. J. Mol. Sci. 2016, 17, 1745. [CrossRef]
19. Ayala, A.; Muñoz, M.F.; Argüelles, S. Lipid Peroxidation: Production, Metabolism, and Signaling Mechanisms of Malondialdehyde

and 4-Hydroxy-2-Nonenal. Oxidative Med. Cell. Longev. 2014, 2014, 360438. [CrossRef]
20. Bayram, B.; Esatbeyoglu, T.; Schulze, N.; Ozcelik, B.; Frank, J.; Rimbach, G. Comprehensive Analysis of Polyphenols in 55 Extra

Virgin Olive Oils by HPLC-ECD and Their Correlation with Antioxidant Activities. Plant Foods Hum. Nutr. 2012, 67, 326–336.
[CrossRef]

21. Kim, A.-N.; Lee, K.-Y.; Rahman, M.S.; Kim, H.-J.; Kerr, W.L.; Choi, S.-G. Thermal treatment of apple puree under oxygen-free
condition: Effect on phenolic compounds, ascorbic acid, antioxidant activities, color, and enzyme activities. Food Biosci. 2021, 39,
100802. [CrossRef]

22. Silva, K.D.R.R.; Sirasa, M.S.F. Antioxidant properties of selected fruit cultivars grown in Sri Lanka. Food Chem. 2018, 238, 203–208.
[CrossRef]

23. Gunathilake, K.D.P.P.; Ranaweera, K.K.D.S.; Rupasinghe, H.P.V. Effect of Different Cooking Methods on Polyphenols, Carotenoids
and Antioxidant Activities of Selected Edible Leaves. Antioxidants 2018, 7, 117. [CrossRef]

24. Klen, T.J.; Vodopivec, B.M. The fate of olive fruit phenols during commercial olive oil processing: Traditional press versus
continuous two- and three-phase centrifuge. LWT Food Sci. Technol. 2012, 49, 267–274. [CrossRef]

25. Leonardis, A.D.; Macciola, V.; Iacovino, S. Delivery Systems for Hydroxytyrosol Supplementation: State of the Art. Colloids
Interfaces 2020, 4, 25. [CrossRef]

26. Mateos, R.; Martínez-López, S.; Baeza Arévalo, G.; Amigo-Benavent, M.; Sarriá, B.; Bravo-Clemente, L. Hydroxytyrosol in
functional hydroxytyrosol-enriched biscuits is highly bioavailable and decreases oxidised low density lipoprotein levels in
humans. Food Chem. 2016, 205, 248–256. [CrossRef]

27. Costa, A.S.G.; Alves, R.C.; Vinha, A.F.; Costa, E.; Costa, C.S.G.; Nunes, M.A.; Almeida, A.A.; Santos-Silva, A.; Oliveira, M.B.P.P.
Nutritional, chemical and antioxidant/pro-oxidant profiles of silverskin, a coffee roasting by-product. Food Chem. 2018, 267,
28–35. [CrossRef]

28. Gullón, P.; Gullón, B.; Astray, G.; Carpena, M.; Fraga-Corral, M.; Prieto, M.A.; Simal-Gandara, J. Valorization of by-products from
olive oil industry and added-value applications for innovative functional foods. Food Res. Int. 2020, 137, 109683. [CrossRef]

29. Ratnayaka, D.D.; Brandt, M.J.; Johnson, K.M. CHAPTER 6—Chemistry, Microbiology and Biology of Water. In Water Supply, 6th
ed.; Ratnayaka, D.D., Brandt, M.J., Johnson, K.M., Eds.; Butterworth-Heinemann: Boston, MA, USA, 2009; pp. 195–266.

30. Deak, T. Chapter 17—Thermal Treatment. In Food Safety Management; Lelieveld, Y.M.H., Ed.; Academic Press: San Diego, CA,
USA, 2014; pp. 423–442.

31. Berk, Z. Food Process Engineering and Technology, 3rd ed.; Academic Press: Cambridge, MA, USA, 2018.
32. Fellows, P.J. Food Processing Technology: Principles and Practice; Elsevier: Amsterdam, The Netherlands, 2009.
33. AOAC. Official Methods of Analysis, 21st ed.; Association of Official Analytical Chemists: Arlington, VA, USA, 2019.

87



Molecules 2023, 28, 2876

34. Tontisirin, K. Chapter 2: Methods of Food Analysis. Food Energy: Methods of Analysis and Conversion Factors: Report of a Technical
Workshop; Food and Agriculture Organization of the United Nations: Rome, Italy, 2003.

35. Alves, R.; Casal, S.; Oliveira, M.B.P. Determination of vitamin E in coffee beans by HPLC using a micro-extraction method. Food
Sci. Technol. Int. 2009, 15, 57–63. [CrossRef]

36. Ferreira, D.M.; Nunes, M.A.; Santo, L.E.; Machado, S.; Costa, A.S.G.; Álvarez-Ortí, M.; Pardo, J.E.; Oliveira, M.B.P.P.; Alves, R.C.
Characterization of Chia Seeds, Cold-Pressed Oil, and Defatted Cake: An Ancient Grain for Modern Food Production. Molecules
2023, 28, 723. [CrossRef]

37. ISO 12966; Animal and Vegetable Fats and Oils—Gas Chromatography of Fatty Acid Methyl Esters: Part 2: Preparation of Methyl
Esters of Fatty Acids. ISO: London, UK, 2017.

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.

88



Citation: Ramarao, K.D.R.; Razali, Z.;

Somasundram, C.; Kunasekaran, W.;

Jin, T.L. Effects of Drying Methods on

the Antioxidant Properties of Piper

betle Leaves. Molecules 2024, 29, 1762.

https://doi.org/10.3390/

molecules29081762

Academic Editors: José Pinela,

Carla Pereira, Maria Inês Dias and

José Ignacio Alonso-Esteban

Received: 9 January 2024

Revised: 4 February 2024

Accepted: 7 February 2024

Published: 12 April 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Effects of Drying Methods on the Antioxidant Properties of
Piper betle Leaves

Kivaandra Dayaa Rao Ramarao 1,2, Zuliana Razali 1,2,*, Chandran Somasundram 1,2, Wijenthiran Kunasekaran 3

and Tan Li Jin 3

1 Institute of Biological Sciences, Faculty of Science, University of Malaya, Kuala Lumpur 50603, Malaysia;
kivaandra@gmail.com (K.D.R.R.); chandran@um.edu.my (C.S.)

2 The Center for Research in Biotechnology for Agriculture (CEBAR), University of Malaya,
Kuala Lumpur 50603, Malaysia

3 Wari Technologies Sdn. Bhd., 2A-2, Galleria Cyberjaya, Jalan Teknokrat 6, Cyber 5,
Cyberjaya 63000, Selangor, Malaysia; wijen@wari.tech (W.K.); lijin@wari.tech (T.L.J.)

* Correspondence: zuliana@um.edu.my

Abstract: Piper betle leaf powder is increasingly utilised as a health supplement. In this study,
P. betle leaves were subjected to four different drying methods: convective air-drying, oven-drying,
sun-drying, and no drying, with fresh leaves as control. Their antioxidant properties were then
evaluated using colourimetric assays and GC-MS. Results showed that the sun-dried leaves had
the highest (p < 0.05) total antioxidant capacity (66.23 ± 0.10 mg AAE/g), total polyphenol content
(133.93 ± 3.76 mg GAE/g), total flavonoid content (81.25 ± 3.26 mg CE/g) and DPPH radical scav-
enging activity (56.48 ± 0.11%), and the lowest alkaloid content (45.684 ± 0.265 mg/gm). GC-MS
analysis revealed that major constituents of aqueous extracts of fresh and sun-dried P. betle leaves
were hydrazine 1,2-dimethyl-; ethyl aminomethylformimidate; glycerin; propanoic acid, 2-hydroxy-,
methyl ester, (+/−)-; and 1,2-Cyclopentanedione. In conclusion, sun-dried leaves exhibited overall
better antioxidant properties, and their aqueous extracts contained biologically active phytocon-
stituents that have uses in various fields.

Keywords: Piper betle; drying; total polyphenol content; total flavonoid content; DPPH radical
scavenging activity; GCMS analysis

1. Introduction

Piper betle leaves are from the genus Piper of the Piperaceae family (Table 1). There
are over 100 varieties of which about 40 are found in India alone [1]. It is known as Betel
leaves in English and commonly referred to as ‘sirih’ or ‘sireh’ by the locals in its place
of origin, Malaysia. It is cultivated in India, Indonesia, the Philippines, and many other
Southeast Asian and East African countries [2]. P. betle is an aromatic creeper with smooth,
shiny dorsiventral heart-shaped leaves [3,4]. P. betle leaves are important for millions in
India as their source of income depends on the supply chain of this crop, from production
to processing to sales [5].

P. betle is a gem in traditional medicine where its uses range from the Ayurvedic
field to TCM (traditional Chinese medicine) and even to Western medicine [6]. Its leaves
are consumed after meals as a mouth freshener since it has a pleasant smell and as a
digestive stimulant [7]. This edible leaf is known to possess medicinal properties such as
anti-inflammatory and antioxidant activities [8]. It has seen uses in traditional medicine
as a wound-healing agent and to improve digestion [9]. These biological activities are
attributed to their high antioxidant activities and compounds [10]. The consumption of
antioxidant-rich products like P. betle leaves can especially help to neutralise free radicals
in our body, thus preventing or delaying the oxidative damage of lipids, proteins, and
nucleic acids [11]. Various extractions, like aqueous extractions, were performed on the
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leaf, and gas chromatography-mass spectrometry (GC-MS) was commonly used to identify
the phytochemical constituents [6]. These compounds include alcohols, esters, aldehydes,
and alkanes [6,12].

Table 1. Taxonomic classification of Piper betle.

Level Classification

Kingdom Plantae
Division Magnoliophyta

Class Magnoliopsida
Order Piperales
Family Piperaceae
Genus Piper
Species betle

Drying is a process of moisture removal. It has been employed as a method for the
drying of leaves for decades [10]. Drying methods involve heat application on a product
to remove moisture, and this removal of water can help prevent the decomposition of
phytochemicals and microbial contamination in the product [4]. The leaves’ moisture
content is usually reduced quickly to prevent enzymic reaction and oxidation, which often
damages bioactive compounds in the leaf [10]. There is also a 35 to 75% loss of fresh
leaf produce during storage and transport, which causes economic and environmental
waste [13]. Therefore, drying is seen as a desirable method for the preservation of bioactive
compounds like antioxidants in leaves. A recent study by Thi et al. [14] showed that dried
P. betle leaves contained higher amounts of antioxidants than fresh leaves. This is because
drying helps to concentrate the nutrients in the leaves [15]. Another study by Sahu et al. [16]
showed that drying temperatures affect the antioxidant activity of P. betle leaves, specifically
at high temperatures (80 ◦C) where polyphenol oxidases could have degraded, causing a
reduction in the antioxidant activity. The methanolic extract of dried P. betle leaves was
shown to contain potent antioxidant compounds like hydroxychavicol, which reduced
inflammation by mediating the downregulation of the NF-κB and MAPK pathways [17]. It
is also worth noting that these bioactive compounds in the leaves vary based on factors
like geographical origin; therefore, it is important to not overgeneralise and continuously
monitor their quality as health-promoting foods.

2. Results

The effects of various drying methods on the antioxidant properties of P. betle leaves
were studied. The time taken for the betel leaves to dry was 4.5 h, 3 h, and 6 h in the oven,
in the convective air-dryer, and under the sun respectively. The dried samples’ percentage
weight loss was 81.57% in the oven, 81.90% in the convective air-dryer, and 79.37% under
the sun. Figure 1 presents the pictures of the leaves before drying (fresh leaves) and after
they were subjected to each drying method, whereas Table 2 depicts the colour parameters
as L*, a*, and b* values as measured using the chroma meter.

From Figure 1, it can be seen that the leaves darkened post-drying compared with
the control (fresh leaves). This was supported by the data from the chroma meter’s
measurement where, as shown in Table 2, the L* values decreased (p > 0.05) in all three
drying methods compared with fresh leaves, indicating that dried leaves became darker.
In addition to that, the a* values were observed to have significantly increased (p < 0.05)
while b* values significantly decreased (p < 0.05) for sun-dried leaves compared with
fresh leaves.
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Figure 1. Pictures of Piper betle leaves subject to various drying conditions: (A) fresh leaves; (B) oven-
dried leaves; (C) convective air-dried leaves; (D) sun-dried leaves.

Table 2. Colour of Piper betle leaves subject to various drying methods.

Colour Parameter

Drying Method
Fresh Oven Convective Sun

L* 41.8 ± 4.53 a 33.17 ± 2.96 a 33.13 ± 2.91 a 33.47 ± 2.29 a

a* −7.53 ± 0.54 a −5.13 ± 0.86 b −3.20 ± 0.67 bc −2.70 ± 0.67 c

b* 28.07 ± 6.76 a 16.70 ± 2.07 ab 15.97 ± 2.38 ab 15.23 ± 1.53 b

a*/b* −0.29 ± 0.10 a −0.31 ± 0.03 a −0.21 ± 0.07 a −0.18 ± 0.05 a

Results were expressed as mean ± SD from three experiments (n = 3). 1 One-way ANOVA was carried out for
each treatment (p < 0.05) and showed significance. Post hoc analysis, (Tukey HSD test) was used to identify
which pair(s) in each column was/were statistically different. The same letter denotes mean values that are not
significantly different (p > 0.05).

Based on Figure 2, TAC was the highest in sun-dried P. betle leaves (66.23 ± 0.10 mg
AAE/g), while TAC in the fresh sample was significantly lower (p < 0.05) at 17.14 ± 1.44 mg
AAE/g compared with oven-dried (63.30 ± 0.91 mg AAE/g) and convective air-dried
(62.39 ± 0.11 mg AAE/g) samples. Overall, dried leaves exhibited a higher TAC when
compared with fresh leaves. This observation was further noticed in TPC, DPPH radical
scavenging activity, and TFC. Based on Figure 2, the total polyphenol content (TPC) in
sun-dried samples (133.93 ± 3.76 mg GAE/g) was significantly higher (p < 0.05) compared
with oven-dried, convective air-dried, and fresh leaf samples. This TPC value obtained was
comparable to the TPC of P. betle leaves analysed by Dwijayanti et al. [8] at 128.92 ± 1.2 mg
GAE/g and Vikrama et al. [18] at 130.00 ± 1.15 mg GAE/g. In addition to that, no significant
difference (p > 0.05) was observed between oven-dried (122.69 ± 2.04 mg GAE/g) and
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convective air-dried (121.43 ± 2.64 mg GAE/g) samples. Figure 2 shows that the %
inhibition in fresh P. betel leaves was the lowest, at 39.68 ± 0.10%, while sun-dried samples
exhibited the highest % inhibition at 56.48 ± 0.11%. No significant difference (p > 0.05)
was observed between oven-dried and convective air-dried samples with inhibition of
46.08 ± 0.48% and 42.46 ± 3.22%. Furthermore, the total flavonoid content (TFC) of P. betle
ranged from 10.42 ± 0.25 to 81.25 ± 3.26 mg CE/g. Sun-dried samples had significantly
higher (p < 0.05) TFC (81.25 ± 3.26 mg CE/g) compared with oven-dried and convective
air-dried leaves at 68.19 ± 0.07 and 64.10 ± 0.16 mg CE/g respectively. As for alkaloid
content, Figure 2 shows that the oven-dried samples possess the highest alkaloid content
at 46.872 ± 0.153 mg/gm. No significant difference (p < 0.05) was observed between
fresh and convective air-dried samples, while sun-dried had the lowest alkaloid content
(45.684 ± 0.265 mg/gm) among the treatments. Alkaloids are widely found in plants and
have various biological effects where they act primarily as defence components against
pests or herbivores.

 

Figure 2. The TAC, DPPH radical scavenging activity, TPC, and TFC of Piper betle leaves subject to
various drying treatments. Results were expressed as mean ± SD from three experiments (n = 3).
One-way ANOVA was carried out for each treatment (p < 0.05) and showed significance. Post hoc
analysis (Tukey HSD test) was used to identify which pair(s) in each column was/were statistically
different. The same letter denotes mean values that are not significantly different (p > 0.05).

The phytocompounds and their compound nature in sun-dried and fresh samples
extracted using water are presented in Table 3. A total of 27 types of compounds were iden-
tified using GC-MS and were classified into esters (6), ketones (6), heterocyclic compounds
(4), alcohols (2), alkanes (2), ethers (2), amides (1), amines (1), carboxylic acids (1), phenolic
compounds (1), and sulfur compounds (1). The percentages of each compound in the
sun-dried and fresh leaves and the total from both are presented in a pie chart (Figure 3).
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Table 3. List of phytocompounds identified by GC-MS in the aqueous extracts of Piper betle leaves
using various drying and extraction methods.

Drying Method: Sun-Dried
Extraction Method: First

Peak R Time Area % Name Nature of Compound

1 3.144 43.56 Hydrazine, 1,2-dimethyl- Hydronitrogen

2 3.262 4.04 Ethyl aminomethylformimidate Ester

3 3.598 1.55 Acetic acid, hydroxy-, methyl ester Ester

4 3.701 1.49 Acetoin Ketone

5 3.974 10.35 Glycerin Alcohol

6 4.119 2.30 Propanoic acid, 2-hydroxy-, methyl ester, (+/−)- Ester

7 6.297 3.34 2-Cyclopenten-1-one Ketone

8 8.110 0.87 1,3,5,7-Cyclooctatetraene Heterocyclic compound

9 9.832 15.50 1,2-Cyclopentanedione Ketone

10 12.656 2.21 Oxirane, [(2-propenyloxy)methyl]- Ether

11 13.926 1.21 1,2-Cyclopentanedione, 3-methyl- Ketone

12 14.086 2.20 1,2-Cyclopentanedione, 3-methyl- Ketone

13 17.801 0.88 2-Cyclopenten-1-one, 3-ethyl-2-hydroxy- Ketone

14 19.695 1.15 Silane, dimethyldi(but-3-enyloxy)- Ether

15 21.990 0.86 Benzofuran, 2,3-dihydro- Heterocyclic compound

16 23.041 1.88 Caprolactam Amide

17 30.767 6.62 Benzoic acid, 2,5-dimethyl- Carboxylic acid

Drying Method: Sun-Dried
Extraction Method: Second

Peak R time Area % Name Nature of compound

1 3.133 45.09 Hydrazine, 1,2-dimethyl- Hydronitrogen

2 3.258 3.78 Ethyl aminomethylformimidate Ester

3 3.599 1.46 Acetic acid, hydroxy-, methyl ester Ester

4 3.699 1.56 Acetoin Ketone

5 3.972 9.95 Glycerin Alcohol

6 4.121 1.38 Propanoic acid, 2-hydroxy-, methyl ester, (+/−)- Ester

7 6.297 2.77 2-Cyclopenten-1-one Ketone

8 9.819 14.12 1,2-Cyclopentanedione Ketone

9 12.651 1.88 Octane, 4-ethyl- Alkane

10 13.921 1.19 1,2-Cyclopentanedione, 3-methyl- Ketone

11 14.083 2.03 1,2-Cyclopentanedione, 3-methyl- Ketone

12 17.799 1.09 2-Cyclopenten-1-one, 3-ethyl-2-hydroxy- Ketone

13 19.693 1.04 Silane, dimethyldi(but-3-enyloxy)- Ether

14 23.036 2.04 Caprolactam Amide

15 25.080 0.54 2-Methoxy-4-vinylphenol Phenolic compound

16 30.760 10.09 Benzoic acid, 2,5-dimethyl- Carboxylic acid
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Table 3. Cont.

Drying Method: None (Fresh Leaves)
Extraction Method: First

Peak R time Area % Name Nature of compound

1 3.031 16.59 Hydrazine, 1,2-dimethyl- Hydronitrogen

2 3.253 9.74 Ethyl aminomethylformimidate Ester

3 3.344 2.41 Trimethylsilyl ethaneperoxoate Ester

4 3.985 29.41 Glycerin Alcohol

5 4.133 3.87 Propanoic acid, 2-hydroxy-, methyl ester, (+/−)- Ester

6 4.366 2.45 2-Propenoic acid, methyl ester Ester

7 4.653 3.56 Alpha-monopropionin Alcohol

8 6.341 4.63 2-Cyclopenten-1-one Ketone

9 9.708 10.65 1,2-Cyclopentanedione Ketone

10 9.804 5.77 1,2-Cyclopentanedione Ketone

11 12.666 2.42 Decane Alkane

12 14.070 6.26 2-Cyclopenten-1-one, 2-hydroxy-3-methyl- Ketone

13 22.891 2.23 Caprolactam Amide

Drying Method: None (Fresh Leaves)
Extraction Method: Second

Peak R time Area % Name Nature of compound

1 3.041 19.88 Hydrazine, 1,2-dimethyl- Hydronitrogen

2 3.200 1.15 Ethyl aminomethylformimidate Ester

3 3.261 9.83 Allyl mercaptan Sulfur compound

4 3.342 2.20 Trimethylsilyl ethaneperoxoate Ester

5 3.606 1.54 Acetic acid, hydroxy-, methyl ester Ester

6 3.982 27.88 Glycerin Alcohol

7 4.129 3.60 Propanoic acid, 2-hydroxy-, methyl ester, (+/−)- Ester

8 4.427 2.08 Pyrrole Heterocyclic compound

9 4.554 1.40 Glycerin Alcohol

10 4.646 1.82 Propanoic acid, 1-methylpropyl ester Ester

11 6.311 4.64 2-Cyclopenten-1-one Ketone

12 8.115 0.97 Styrene Heterocyclic compound

13 9.714 11.16 1,2-Cyclopentanedione Ketone

14 9.792 4.65 1,2-Cyclopentanedione Ketone

15 12.655 3.48 Decane Alkane

16 13.922 1.70 1,2-Cyclopentanedione, 3-methyl- Ketone

17 14.061 2.03 1,2-Cyclopentanedione, 3-methyl- Ketone

R time = Retention time.
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Figure 3. Pie diagram showing the percentage of phytochemical groups identified in Piper betle leaves
for sun-dried samples (A), fresh samples (B), and the combined total (C).

3. Discussion

The decreased L* values in the dried leaves indicate that they became darker since L*
values range from black at 0 to white at 100. However, the decrease was not significant
(p > 0.05). On the other hand, the dried leaves also experienced an increase in a* and a
decrease in b* values, indicating a loss of greenness as the a* measures red when positive
and green when negative while b* measures yellow when positive and blue when negative.
The natural greenness in leaves is associated with chlorophylls, but drying could lead to a
loss of magnesium ions, which causes chlorophylls to be converted to pheophytins [19,20].
Higher L* values and lower a*/b* values are desirable in dried material [21]. Based on
these criteria, both fresh and dried P. betel leaves presented desirable colour since there was
no significant difference in the L* and a*/b* values between them.

From this experiment, dried P. betle leaves were found to contain higher amounts of
antioxidants such as polyphenolics and higher antioxidant activity compared with fresh
leaves, and this finding was consistent with a study by Thi et al. [14]. The dried samples
had a higher TAC probably due to the drying treatment, which possibly induced structural
changes in the leaf, thus increasing the extraction of antioxidant compounds by enhanced
solvent and mass transfer [22]. Plant phenolics have garnered interest due to their effective-
ness as free radical scavengers and antioxidants defending against ultraviolet radiation or
pathogens [1,23,24]. The low TPC in fresh leaf samples was probably caused by the pres-
ence of an active enzyme called polyphenol oxidase that degrades the phenolic compounds,
and in the dried samples, low water activity might have led to the inactivation of these
enzymes resulting in higher levels of phenolic compounds in the samples [25]. Reports in
the literature about the effects of drying on the TPC of plant samples vary. Some suggest
that drying aids in breaking down the cell wall of plant materials, which helps release
phenolics into the extracting solvent; conversely, drying can change the chemical structures
of the phenolic compounds and cause them to adhere to other cellular components, which
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makes their extraction difficult [26]. Flavonoids and their derivatives are excellent free
radical scavengers. Sun-dried samples had the highest TFC in the P. betle leaves. This
could be due to the temperature in sun-dried samples being lower (38–45 ◦C) since the
loss of flavonoids generally occurs at higher temperatures due to thermal degradation [27].
This might have led to a significant (p < 0.05) decrease in TFC value in oven-dried and
convective air-dried samples. The drying time of sun-dried samples was also the longest,
indicating a slower water loss rate, which might cause phenolics like flavonoids to increase
as suggested by Zhang et al. [28].

DPPH is a stable free radical when interaction with an antioxidant receives electron
or hydrogen atoms to neutralise its free radical character [29]. The DPPH free radical
scavenging assay allows a preliminary assessment of a compound or sample of interest [9].
Based on our results, the sun-dried samples that had a significantly higher (p < 0.05) TPC
and TFC also had a significantly higher (p < 0.05) DPPH radical scavenging activity. This
trend was also followed at the opposite end of the spectrum, i.e., the fresh leaves had a
significantly lower (p < 0.05) TPC and TFC, which corresponded to a significantly lower
(p < 0.05) DPPH radical scavenging activity. This indicates that the drying influence of TPC
and TFC of the leaf samples affected their antioxidant activity. Lou et al. [30] suggested that
high TPC might contribute to the high antioxidant activity, which is probably due to the
high hydrogen-donating ability of phenolic compounds [31]. The antioxidant activity of a
leaf sample is also strongly related to its flavonoid content where the higher the content,
the higher the radical scavenging activity [1,32,33]. Future studies can explore this further
by testing multiple concentrations of the sun-dried leaf extract to optimise its antioxidant
content and DPPH radical scavenging activity.

Based on the results, the major constituents found in the P. betle leaf extracts were
esters (2%), ketones (22%), heterocyclic compounds (15%), alcohols (7%), alkanes (7%), and
ethers (7%). The were differences in the type of compounds observed in the dried and
fresh leaves upon extraction. For instance, an absence of phenolic type and carboxylic acid
compounds was noticed in the aqueous extracts of the fresh leaves compared with the dried
leaves. This could be due to their low amount in the fresh samples, coupled with the fact
that carboxylic acids are usually extracted from aqueous solutions using organic solvents
by the principle of reactive extraction [34]. In the dried samples, the drying process could
have helped concentrate these compounds; therefore, their presence was more prominent.
Conversely, there was almost double the percentage of alcohol- and ester-type compounds
in the fresh leaf extracts compared with dried extracts. This could be due to the low boiling
point of alcohols and esters, which have high heating sensitivity [35]. Furthermore, this
was also consistent with a report by Zhang et al. [36] who observed that drying reduces
ester content as they are hydrolysed during heat treatments.

Hydrazine, 1,2-dimethyl-; Ethyl aminomethylformimidate; glycerin; propanoic acid,
2-hydroxy-, methyl ester, (+/−)-; and 1,2-Cyclopentanedione were noticed in all of the
sample extracts. Hydrazine, 1,2-dimethyl- is the only hydronitrogen compound found
in our sample extracts. It has a molecular formula of C2H8N2 and a molecular weight
of 60.1 g/mol. Hydrazine and its derivatives have been utilised to prevent the corrosion
of boiler plants [37] and are widely utilised in the production of polymers, pharmaceu-
ticals, and agricultural pesticides [38,39]. It is worth noting that daminozide, a type of
plant growth regulator, can degrade to form dimethylhydrazine [40]. Its presence in our
results could shed light on potential contaminants and safety risks posed by small-time
vendors’ products since the leaf samples were obtained from a market. Pesticide residue
has been reported in P. betle leaves recently [41]. Further studies are, therefore, recom-
mended to explore this possibility in the samples obtained. Glycerin is also known as
glycerol and has multiple uses across industries like pharmaceuticals and food [42]. To
the best of our knowledge, this paper is the first to report on the presence of glycerin in
the aqueous extract of the P. betle leaves. It is an alcoholic compound with a molecular
weight of 92.09 g/mol and a molecular formula C3H8O3. It has been used as an alter-
native energy source for animal feeding. It possesses antioxidant properties as shown
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in a study by Araújo et al. [43] who demonstrated that supplementation with glycerine
in diets of broilers increased its expression of uncoupling protein (UCP), which is re-
lated to mitochondrial function and glutathione peroxidase (GPx), which combats reactive
oxygen species. Glycerin also has antimicrobial and anti-inflammatory properties [44].
Glycerin and Alpha-monopropionin are alcohol-related compounds found in our sample
extracts. Ethyl aminomethylformimidate is an ester compound with 102.14 g/mol molec-
ular weight and a molecular formula of C4H10N2O. Other ester compounds detected in
the sample extracts were 2-Propenoic acid, methyl ester; acetic acid, hydroxy-, methyl
ester; ethyl aminomethylformimidate; propanoic acid, 1-methylpropyl ester; propanoic
acid, 2-hydroxy-, methyl ester, (+/−)-; and trimethylsilyl ethaneperoxoate. Oxirane, [(2-
propenyloxy)methyl]- and silane, dimethyldi(but-3-enyloxy)- were ether-related products
found in the extracts. 1,2-Cyclopentanedione is a ketone-based compound with a molecular
weight of 98.1 g/mol and a molecular formula of C5H6O2. Other ketone compounds found
in the extracts were acetoin; 1,2-Cyclopentanedione; 1,2-Cyclopentanedione, 3-methyl-;
2-Cyclopenten-1-one; 2-Cyclopenten-1-one, 2-hydroxy-3-methyl-; and 2-Cyclopenten-1-
one, 3-ethyl-2-hydroxy-. 1,2-Cyclopentanedione, 3-methyl- has been shown to have anti-
inflammatory properties via the suppression of pro-inflammatory gene expression through
NF-κB signalling pathway modulation [45]. It has also been shown to possess radical
scavenging properties by decreasing ONOO−, which is a by-product of reactive oxygen
and nitrogen species that causes tissue damage via the formation of nitrotyrosine adducts
glutathione (GSH) reductase [46]. We have also identified alkanes such as decane and
octane, 4-ethyl-. Caprolactam and benzoic acid, 2,5-dimethyl- were amide and carboxylic
acid compounds, respectively. Caprolactam is, more specifically, a cyclic amide with a
molecular weight of 113.16 g/mol and a molecular formula of C6H11NO. Its derivatives
are utilised in biomedical fields for drug delivery systems [47]. 2-Methoxy-4-vinylphenol
is a phenolic compound while allyl mercaptan is a sulfur-based compound found in the
extracts. 2-Methoxy-4-vinylphenol has a molecular weight of 150.17 g/mol and a molec-
ular formula of C9H10O2. It is also a well-known styrene metabolite [48,49]. A study
by Jeong et al. [50] showed that it possesses potent anti-inflammatory properties by in-
hibiting nitric oxide (NO), prostaglandins (PGE2), inducible NO synthase (iNOS), and
cyclooxygenase-2 (COX-2) in cells. Several heterocyclic compounds were also identified in
the sample extracts, such as 1,3,5,7-Cyclooctatetraene; benzofuran, 2,3-dihydro-; pyrrole;
and styrene. While styrene is primarily a synthetic compound that can raise concerns about
potential contaminants/ micropollutants, it has been identified in various natural plants, for
example, in cinnamon by Fragnière et al. [51]. The authors acknowledged that incidences of
styrene in food may not be related to exogenous contamination since it occurs naturally in
foods. Overall, the bioactive compounds identified in the P. betle aqueous extracts possess
medical properties such as antioxidant and anti-inflammatory activities that could have
contributed to its role as a health-promoting agent and its role in the treatment of various
ailments as claimed by traditional health practitioners.

4. Materials and Methods

4.1. Sample Preparation

Piper betle leaves were purchased from a local market in Petaling Jaya, Malaysia located
approximately 6 km away from the Postharvest Laboratory, University of Malaya, Malaysia.
They were immediately transported early in the morning (7 am MYT) in plastic bags and
processed in the lab.

4.2. Drying Methods

Leaves were weighed, and 50 g was used for each drying experiment: oven-dried
(55 ◦C), convective air-dried (60 ◦C), sun-dried (38–45 ◦C), and fresh leaves. The temper-
atures of the drying systems were measured using a thermometer. For sun-drying, the
experiment was conducted from 10 am to 4 pm (sunlight directly reached the leaf samples
in a tray without obstruction). Convective air-drying was conducted using a prototype

97



Molecules 2024, 29, 1762

self-built convective air-dryer [52]. The experiment was conducted in triplicates. The
samples were spread evenly on the drying trays and left to dry until the sample weight was
consistent for three readings. The dried leaves were pounded into powder under liquid
nitrogen using a pestle and mortar.

4.3. Colour Measurement

Leaf colour was measured before and after drying with fresh leaves serving as a
control. A chroma meter (Minolta CR-20, Tokyo, Japan) was used to measure the L*, a*,
and b* values of fresh and dried P. betle leaves. The chroma meter was standardised with a
white standard plate before three random measurements were taken for each sample. The
values were recorded as L*, a* and b* and a*/b* based on Ali et al. [53] where L* measures
the whiteness, with ranges from (black at 0 to white at 100), a* measures red when positive
and green when negative, while b* measures yellow when positive and blue when negative.

4.4. Antioxidant Analysis
4.4.1. Preparation of Extract

Leaves were prepared based on a method by Uribe et al. [54]. Briefly, a solid/liquid
mixture with the ratio of 1:4 comprising a powdered sample and 80% methanol was pre-
pared. The mixture with 80% methanol was chosen based on Jaiswal et al. [55]. The mixture
was placed on an orbital shaker (Shellab Orbital Shaking Incubator S14, Cornelius, OR, USA)
for 30 min at 200 rpm (room temperature). Next, the mixture was centrifuged at 6500 rpm
for 10 min at 4 ◦C, and the resulting supernatant was used for subsequent analysis.

4.4.2. Total Polyphenol Content

The samples’ total polyphenol content (TPC) was determined using Folin–Ciocalteu
assay modified to a microscale [56]. A total of 0.79 mL of distilled water was added to
0.01 mL of the sample (gallic acid solution of known concentrations replaced the sample for
the standard curve), followed by 0.05 mL of Folin–Ciocalteu reagent. After 1 min, 0.15 mL
of sodium carbonate was added, and the mixture was left to stand at 25 ◦C for 2 h. The
absorbance was measured at a wavelength of 750 nm using a spectrophotometer (Shimadzu
UV-200-RS, MRC, Petah-Tikva, Israel). The equation from the gallic acid standard curve
was y = 0.0056x, R2 = 0.9955, and results were expressed as mg of gallic acid equivalent
(GAE) per gram of sample.

4.4.3. Total Antioxidant Capacity

Total antioxidant capacity (TAC) was determined by the phosphomolybdenum method [57].
First, 1 mL of solution (0.6 M sulphuric acid, 4 mM ammonium molybdate, 28 mM sodium
phosphate) of equal volumes was prepared. Subsequently, 0.01 mL of sample was added
to the reagent mixture (80% methanol was used to replace the sample for blank), and the
tubes were incubated for 90 min at 95 ◦C. The absorbance was read at 695 nm against blank
once the sample cooled to room temperature. The equation of the ascorbic acid standard
curve was y = 0.0018x, R2 = 0.9981. The results were expressed as milligrams of ascorbic
acid equivalent (AAE) per gram of plant material.

4.4.4. DPPH Radical Scavenging Assay

The DPPH assay was carried out via a method described by Bae and Suh [54]. 0.1 mM
DPPH solution was prepared with 80% methanol. A total of 1 mL of the solution was added
to 500 μL of samples. The radical scavenging activity was calculated using the formula:

% DPPH inhibition = (Acontrol − Asample/Acontrol) × 100

where Acontrol: absorbance of control; Asample: absorbance of the sample.
The results were reported as % inhibition.
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4.4.5. Total Flavonoid Content

Total flavonoid content (TFC) was determined using the colourimetric method based
on Sakanaka et al. [58]. Briefly, 1.25 mL of distilled water was added to the 0.25 mL
sample. The sample was replaced with (+)-standard catechin solution for standard curve
construction. After that, 75 μL of a 5% sodium nitrite solution was added and left at room
temperature for 6 min. Then, 150 μL of a 10% aluminium chloride solution was added, and
the mixture was incubated for 5 min; then, 0.5 mL of 1 M sodium hydroxide was added.
Distilled water was used to bring the mixture up to 2.5 mL. The absorbance was measured
at 510 nm. The catechin standard curve had an equation of y = 0.0135x, R2 = 0.9943, and
the results obtained were reported as milligrams of catechin equivalent (CE) per gram
of sample.

4.5. Gas Chromatography-Mass Spectroscopy (GCMS) Analysis

Various households tend to prepare P. betle leaf extracts using water for consump-
tion. Therefore, based on the antioxidant results, we extended our study by comparing
phytocompounds found in aqueous extracts of sun-dried and fresh leaves using GCMS.

4.5.1. Sample Preparation

P. betle leaves were purchased from a local market in Petaling Jaya, Malaysia, located
approximately 6 km away from the Postharvest Laboratory, University of Malaya, Malaysia.
Leaves (10 g) were subjected to (a) the drying treatment under the sun and (b) no treatment
(fresh) for GC-MS analysis. The leaves were ground into powder under liquid nitrogen
using a pestle and mortar. Then, the powdered samples were extracted in aqueous solu-
tions via 2 different methods. The first method was based on Madi et al. [59] with slight
modifications where powdered leaves were soaked in hot distilled water (100 ◦C) in a 1:10
solid/liquid ratio for 30 min. Once the suspension settled at room temperature, it was
filtered using Whatman No. 1 filter paper. The second method involved soaking the leaves
in distilled water (1:10 solid/liquid ratio) and leaving them overnight. The following day,
the extract was filtered using Whatman No. 1 filter paper. Filtered extracts from both the
first and second extraction methods were then concentrated in a rotary evaporator and
resuspended at 1 mg/mL.

4.5.2. Screening of Compounds

The characterisation of the phytochemicals in the leaves was performed using GC-MS
QP2010 Plus (Shimadzu, Tokyo, Japan). GC was conducted in the temperature program-
ming mode with an Rtx-5MS column (0.25 mm, 30 m). The initial column temperature was
40 ◦C for 1 min. The injection temperature was 300 ◦C (splitless mode); the oven tempera-
ture was programmed from 40 ◦C and held for 5 min to 160 ◦C at a rate of 4 ◦C/min, then
to 280 ◦C at a rate of 5 ◦C/min and held for 15 min. Identifications were based on mass
spectral matching with standard compounds in the NIST library with a similarity index
of at least 80% [33]. The relative amounts of individual components were expressed as
percent peak areas relative to the total peak area.

4.6. Statistical Analysis

Results were expressed as mean ± SD from three experiments (n = 3). One-way
ANOVA was performed using the Statistical Package for the Social Sciences (SPSS) v23.0
(IBM, Armonk, NY, USA) for each treatment. If significance was shown (p < 0.05), a
post hoc analysis, (Tukey HSD test) was performed to identify which pair(s) in each
column was/were statistically different. The same letter denotes mean values that are not
significantly different (p > 0.05).

5. Conclusions

Sun-drying has often been employed by the masses to dry products because it is
easily accessible, requires low skill, and is low cost. This is crucial to those who rely on
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small-scale plantations of this crop like home-grown or small farms as a reliable source
of income. However, it would be disadvantageous if the quality of the leaves is not
proportionate to the work that was invested, especially for a health-conscious consumer
market. To this end, many studies have shown varying reports on sun-drying’s efficacy
for leaf products, owing to the possible thermal and UV-induced degradation of bioactive
compounds in them. Therefore, our study provided important evidence in support of the
use of sun-drying as a preparation method for P. betle leaves. This is because the sun-dried
samples showed a significantly higher (p < 0.05) TAC, TFC, TPC, and alkaloid content, and
DPPH radical scavenging activity compared with all other drying treatments and fresh
samples. This is important for locals who wish to market sun-dried P. betle leaves as a
high-antioxidant natural product. Furthermore, the aqueous extracts revealed important
bioactive compounds like 1,2-Cyclopentanedione, 3-methyl-, glycerin, and 2-Methoxy-
4-vinylphenol that have strong antioxidant and anti-inflammatory properties, while the
others have important applications in various fields ranging from pharmaceuticals to the
food industry. Future studies are recommended to assess the individual composition
of each leaf sample and evaluate the microbial and pesticide residue to provide a more
comprehensive understanding of the safety of these leaves for consumption.
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Abstract: Lemon peel represents an interesting by-product owing to its content of dietary fibre (DF)
and (poly)phenols, which is of great importance for its valorisation. Hence, the objective of this
study was to characterise the DF, total phenolic content (TPC), and antioxidant capacity of two
lemon-peel-derived ingredients using two different methods (drying with warm air and enzymatic
hydrolysis with pectinesterase). The analysis included a DF assessment, followed by neutral sugars
characterisation through GC-FID and uronic acids determination via colorimetry. Subsequently, TPC
and antioxidant capacity using the FRAP method were quantified through spectrophotometry. The
swelling capacity (SWC), water retention capacity (WRC), and fat absorption capacity (FAC) were also
determined as functional properties. It was observed that pectinesterase treatment led to a reduction
in soluble DF and an increase in insoluble DF. This treatment also affected the pectin structure, thereby
diminishing its ability to absorb water and fat within its matrix. The TPC was also reduced, resulting
in a decrease in antioxidant capacity. Conversely, employing warm air exhibited a noteworthy
increase in antioxidant capacity. This underscores its crucial contribution to the valorisation of lemon
peel, not only by diminishing the environmental impact but also by enabling the acquisition of fibre
ingredients with a noteworthy antioxidant capacity.

Keywords: soluble dietary fibre; (poly)phenols; by-product; swelling capacity; water retention
capacity; functional ingredient; valorisation

1. Introduction

The growing generation of by-products in the agro-industry has heightened the neces-
sity for developing techniques that enable their reintegration into the food chain [1]. This
is crucial for implementing the increasingly prevalent circular economy models [2]. No-
tably, lemons, being a globally consumed fruit, contain components with health-enhancing
properties, including dietary fibre, vitamins, minerals, and bioactive compounds, such as
(poly)phenols and carotenoids [3].

Concerning by-products from lemons, they typically originate from the peel or pulp [1].
This is largely due to the predominant use of the fruit for juice production [4]. Citrus peel,
in general, is rich in dietary fibre, flavonoids, carotenoids, and essential oils [5]. Specifically,
the albedo, constituting the inner part and being the primary component of the peel, serves
as the main source of fibre in the fruit. It is considered high-quality fibre owing to its
association with bioactive compounds integrated into its matrix [6]. When treating these by-
products, the extraction conditions are crucial. This includes solvents, enzymes, or physical
conditions, all of which significantly influence the characteristics and the composition of
the ingredients obtained from these by-products [7–9]. Furthermore, depending on the
method selected, there are several advantages and disadvantages. In this sense, enzymatic
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methods have a higher yield and allow for obtaining fibre fractions with higher purity.
On the other hand, these methods require more laborious protocols, which need a greater
number of reagents and are therefore more expensive. Conventional drying processes, in
turn, are cheaper and do not require reagents, thus reducing the use of water and energy,
but, in contrast, the fibres obtained are of lower purity [10].

Dietary fibre has several health effects, such as intestinal motility, an effect on post-
prandial glucose and insulin response, a cholesterol-lowering effect, and a prebiotic effect,
among others [11]. In addition, dietary fibre may have an antioxidant effect, as it may have
(poly)phenols attached through hydrogen bonds to the polysaccharides, which are known
as non-extractable (poly)phenols (NEPPs) [12,13]. Extractable (poly)phenols (EPP), on the
other hand, are those that are not bound to the fibre matrix and can therefore be extracted
with organic solvents, while NEPPs must be extracted by acid or alkaline hydrolysis. As for
EPPs, they can be absorbed in the first parts of the gastrointestinal tract because of their free
form. NEPPs, on the other hand, must be released from the fibre, and this release occurs to
a greater extent in the colon after fermentation of the dietary fibre [14,15].

Therefore, dietary fibre bound to (poly)phenols might have an antioxidant effect asso-
ciated with the presence of these compounds. Upon ingestion, these (poly)phenols facilitate
the neutralisation of free radicals by donating additional electrons. In this process, they
prevent cell damage and serve as a protective barrier against chronic diseases associated
with oxidative stress, including heart disease, diabetes, and specific types of cancer [16].

The objective of this study was to analyse the composition of dietary fibre and the
(poly)phenol content and antioxidant capacity of two different samples, which were ob-
tained from lemon peel by-products dried using hot air or treated through enzymatic
hydrolysis with pectinesterase, in order to evaluate their nutritional value and their func-
tional properties as fibre-rich food ingredients.

2. Results and Discussion

2.1. Dietary Fibre Content

Figure 1 illustrates the percentages of total dietary fibre (TDF), soluble dietary fibre
(SDF), and insoluble dietary fibre (IDF) expressed in g/100 g, revealing statistically signifi-
cant differences between the two samples of lemon peel (LP) and lemon peel treated with
pectinesterase (LPp). The TDF content was 45% for the LP sample and 61% for the LPp,
which was notably higher, indicating a significant reduction in fibre content in the sample
that did not undergo pectinesterase hydrolysis or that the treatment with pectinesterases in
the LPp sample results in the removal of other components that comprise the peel when the
supernatant is removed after the enzymatic treatment, leading to fibre concentration. The
TDF content observed for both samples closely aligns with that documented by the USDA
for lemon peel, which is 58% in dry weight (calculated based on the water content) [17].

Figure 1. Dietary fibre composition expressed as percentage g/100 g of dry weight (d.w.) for lemon
peel (� LP) and lemon peel hydrolysed by pectinesterase (� LPp). SDF (soluble dietary fibre);
IDF (insoluble dietary fibre); TDF (total dietary fibre). Values are expressed as mean ± SD (n = 3).
* Indicates significant differences (p < 0.05) among the samples for each fibre fraction (SDF, IDF,
and TDF).

104



Molecules 2024, 29, 269

In terms of the SDF and IDF content, significant disparities were noted between the
two samples. In both instances, the IDF fraction prevailed over SDF. When assessed as a
percentage of the total fibre, the LP sample exhibited a higher proportion of SDF (41.5%)
compared to the LPp sample (25.5%). Conversely, LPp displayed a greater percentage of
IDF at 74.5% as opposed to LP, which registered 58.5%. The variance in SDF proportion
can be attributed to the enzymatic treatment with pectinesterases to which the LPp sample
has been subjected. These enzymes hydrolysed the polysaccharide primarily contributing
to this fibre fraction, pectin, thus yielding smaller polymers exhibiting characteristics
reminiscent of SDF.

A literature review estimated the amount of fibre in dried citrus peel to be 57%, with
the results obtained in our study falling near this value [18]. Other authors estimated
slightly higher average values. Czech et al. [19] described a TDF amount of 64%, while
Rafiq et al. [6] showed values in a range between 60% and 68%. Another study reported
similarity with the LPp sample in terms of the total percentage and different fractions;
these authors described a TDF content for peels from different citrus fruits between 62%
and 64%, of which the SDF was between 13% and 14% and the IDF was between 49% and
50% [20]. Moreover, when comparing these results with those obtained by other authors
for soy fibre extracted with an enzymatic cellulase treatment, the results were also similar,
reporting a mean content of 63% of IDF and 6.5% of SDF [21]. This outcome suggests
that citrus-fruit-peel-derived products could be of interest to the food industry given their
potential uses as functional components in confectionery, bakery items, or the production
of high-fibre foods.

2.2. Dietary Fibre Characterisation by GC-FID

Table 1 presents the neutral sugars and uronic acid profiles of both lemon peel samples
expressed as percentages. Moreover, Figure S1 shows the chromatograms obtained for
the neutral sugars in both samples and in the standard mix. Notable differences in the
content of all analysed sugars and uronic acids were observed between samples. In the
LP sample, the primary sugars were arabinose, followed by galactose, while glucose,
xylose, and mannose exhibited percentages ranging from 7% to 9%. Rhamnose and fucose
were present in lower concentrations. In contrast, the LPp sample featured galactose,
rhamnose, and glucose as the major sugars, with intermediate percentages of arabinose and
mannose falling within the 4% to 9% range, and lower proportions of fucose and xylose.
These findings in the LP sample align with those of previous researchers who reported
that dried citrus peel samples predominantly contain arabinose, galactose, and glucose,
underscoring the direct impact of the treatment on the proportion of neutral sugars [20].
The uronic acid content in LP was higher than the LPp due to the fact that LP was not
treated with pectinesterase. However, the values for both samples were between those
previously reported by other authors (12–24%) [9,20,22]. When comparing the results for
both fractions with those obtained by other authors for a broccoli by-product fibre extracted
with an anzymatic method and another as a control, the results agree with those obtained
in our study, showing that the arabinose, xylose, and mannose content were higher in the
control samples, as is observed for these neutral sugars in the LP sample [23].

The proportions of the primary dietary fibre polysaccharides, namely cellulose, hemi-
cellulose, and pectin, were calculated from the neutral sugars, as shown in Table 1. In
both samples, pectin emerged as the dominant polysaccharide, constituting approximately
73% of the composition, with no significant differences observed between the two samples.
This outcome may be attributed to the pectin percentage calculation, which considers
monosaccharides. In the case of the hydrolysed peel, these monosaccharides exist in a
free state rather than forming more complex structures, such as pectin. However, notable
variations were detected in the percentages of cellulose and hemicellulose. In the LP sample,
hemicellulose prevailed at 18.7%, overcoming cellulose at 8.2%. Conversely, in the LPp
sample, cellulose was the dominant component, accounting for 18.7%, while hemicellulose
constituted 7.5% of the total polysaccharide content. These results were in agreement with
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those showed for the dietary fibre composition (Table 1), where it can be seen that LPp
sample had more insoluble fibre, mainly due to the cellulose content. In accordance with
findings from other authors, citrus residues generally display a composition expressed as a
percentage, with approximately 43% pectin, 11% hemicellulose, and 9% cellulose, values
that closely resemble those obtained in our samples [18].

Table 1. Percentages (%) of neutral sugars, uronic acids, cellulose, hemicellulose, and pectin in lemon
peel (LP) and lemon peel hydrolysed by pectinesterase (LPp) §.

Composition (%) LP LPp

Rhamnose 3.3 ± 0.2 24.1 ± 1.2 *
Fucose 1.1 ± 0.3 * 0.2 ± 0.2

Arabinose 31.6 ± 1.4 * 9.3 ± 0.9
Xylose 9.4 ± 1.3 * 0.8 ± 0.2

Mannose 7.3 ± 0.3 * 4.4 ± 0.3
Galactose 21.4 ± 0.6 25.5 ± 0.8 *
Glucose 9.1 ± 0.2 20.8 ± 1.2 *

Uronic acids 16.9 ± 0.1 * 14.9 ± 0.1
Cellulose 1 8.2 ± 0.2 18.7 ± 1.0 *

Hemicellulose 2 18.7 ± 1.2 7.5 ± 0.4 *
Pectin 3 73.1 ± 1.1 73.8 ± 0.7

§ Values are expressed as mean ± SD (n = 3). * Indicates significant differences (p < 0.05) among the samples.
1 Cellulose: glucose × 0.9; 2 hemicellulose: (fucose + xylose + mannose + (glucose × 0.1)); 3 pectin: (rhamnose +
arabinose + galactose + uronic acids).

When calculating other parameters related to the fibre composition (Table 2), signifi-
cant differences are observed in the mannose-to-xylose ratio, which reflects the proportion
of mannose relative to xylose in hemicellulose. Previous studies, such as the investigation
by Peng et al., have reported that water-soluble hemicelluloses from maize stems exhibit
a higher mannose content and a lower xylose content [24]. This could elucidate why the
hemicellulose in LPp, with a greater mannose contribution, was primarily composed of
water-soluble hemicelluloses. Conversely, in the case of LP, which exhibited the lowest man-
nose contribution and thus the highest xylose content, non-water-soluble hemicelluloses
were the predominant constituents.

Table 2. Sugar ratios for characterisation of pectin and hemicellulose from lemon peel (LP) and lemon
peel hydrolysed by pectinesterase (LPp) §.

Parameter LP LPp

Mannans to hemicelluloses contr 1 0.8 ± 0.1 5.7 ± 1.6 *
Linearity of pectin 2 0.3 ± 0.0 0.3 ± 0.0

Rhamnose and uronic acid contr 3 0.2 ± 0.0 1.6 ± 0.1 *
RG-I Branching 4 16.1 ± 1.3 * 1.5 ± 0.1

§ Values are expressed as mean ± SD (n = 3). * Indicate significant differences (p < 0.05) among the samples.
Lemon peel (LP); lemon peel hydrolysed by pectinesterase (LPp). 1 Contribution of mannans to hemicelluloses:
mannose/xylose; 2 linearity of pectin: uronic cids/(fucose + rhamnose + arabinose + galactose + xylose); 3 con-
tribution of rhamnose and uronic acids to pectins: rhamnose/uronic acids; 4 branching of RG-I: (arabinose +
galactose)/rhamnose.

Moreover, additional indices, such as pectin linearity, the contribution of rhamnose
and uronic acids to pectins, and RG-I branching, were computed, and significant differences
were also observed for them. The results indicated that pectin linearity was similar, with
no significant differences observed. This parameter holds significance as it determines the
ability to create emulsions, which is favoured when linearity is higher due to the enhanced
hydration properties of pectin [25]. Nevertheless, it is expected that the pectin chains may
differ between the samples due to the enzymatic action.

Additionally, the ratio of rhamnose to uronic acid was significantly higher in LPp
compared to LP, indicating the presence of longer RG-I domains. The RG-I domains repre-
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sent around 7–14% of the whole pectin and are composed of rhamnose and galacturonic
acids. These are the ones that give the branched structure, and they are crucial as they
confer elasticity and viscosity among other gelling properties. Concerning RG-I branching,
which reflects the extent of branching in the pectin molecules, LP exhibited the highest
values. These findings align with the research of other authors, who have demonstrated
that variations in the extraction process can directly influence the structure of the obtained
pectin [26].

The composition of LPp suggests higher solubility, as indicated by the mannose-to-
xylose ratio. Conversely, in terms of the contribution of rhamnose and uronic acids to
pectin, LPp exhibited higher values, which means longer branches. This signifies that
pectinesterase treatment led to the hydrolysis of pectin, thereby releasing uronic acids,
maintaining rhamnose, and increasing this ratio. The RG-I branching index, which signifies
the presence of galactose and arabinose side chains attached to the rhamnose of the pectin,
shows more chain domains. To sum up, LP had more branches, but they are shorter, and
LPp had less branches but longer ones. As such, LPp molecules were more flexible, which
allowed them to interact less with each other, resulting in less rigid structures that allow,
for example, a better stabilisation of emulsions [25,27]. Another parameter to characterise
the pectin structure in the isolated samples was the length of the side chains, which are
mainly formed by arabinose and galactose units. The length of the side chains was highest
in LP, indicating that pectin from this sample may have stronger molecular interactions,
thus leading to more consistent structures and making this characteristic interesting at an
industrial level [27]. This outcome is due to LP preserving the integrity of lemon pectin, as
it has not undergone pectinesterase treatment, thereby retaining the branching structure.

2.3. Functional Properties

Swelling capacity, water retention capacity, and fat absorption capacity were measured
to evaluate the functional properties of LP and LPp (Table 3). There were significant differ-
ences in all of the functional properties determined, with the LP sample showing higher
mean values compared to the LPp sample. The LP sample exhibits better hydration proper-
ties and contains a higher amount of SDF, allowing it to retain more water and fat within its
matrix. These properties suggest its potential use as a natural added ingredient in bakery
products and to fortify dairy foods and develop low-fat products [28,29]. These results are
supported by those reported by Rivas et al. (2022), who reported that enzymatic treatment
reduces hydration properties of dietary fibre isolated from broccoli by-products [23]. In a
study by Huang et al., untreated citrus peel displayed mean functional property values of
SWC at 8 mL/g, WRC at 8 g/g, and FAC at 2 g/g. The hydration property values were
similar to those of the LP sample but differed from the data obtained for the treated sample
(LPp), except for FAC [5].

Table 3. Functional properties of lemon peel (LP) and lemon peel treated with pectinesterase (LPp).

Functional Property LP LPp

SWC (mL water/g) 9.9 ± 0.07 *,1 2.6 ± 0.0
WRC (g water/g) 1.1 ± 0.0 * 0.8 ± 0.1

FAC (g oil/g) 9.3 ± 0.6 * 2.7 ± 0.2
1 Values are expressed as mean ± SD (n = 3). * Indicate significant differences (p < 0.05) among the samples.
Lemon peel (LP); lemon peel treated with pectinesterase (LPp). SWC (swelling capacity); WRC (water retention
capacity); FAC (fat absorption capacity).

On the other hand, according to Zhang et al., SDF from lemon peel exhibited higher
values for all three functional properties compared to the data obtained in this study for
LPp [30]. These results indicate that after treatment with pectinesterase, the hydration
and fat absorption properties decrease primarily due to the changes in the pectin structure
discussed in the previous section.

107



Molecules 2024, 29, 269

A correlation analysis, illustrated in Figure 2, was carried out to explore the relation-
ship between the functional properties, dietary fibre composition, and characterisation.
The results indicated a positive correlation between the three analysed properties and SDF,
whereas a negative correlation was observed with the presence of TDF and IDF. Regarding
the correlation of functional properties with the mannose/xylose contribution index, all
three properties exhibited a negative correlation. This suggests that in the analysed sam-
ples, a higher presence of soluble hemicellulose does not enhance functional properties,
highlighting its association with the pectin structure. Notably, the correlation with the
mannose/xylose contribution index revealed a negative impact on the functional proper-
ties, particularly with the contribution of rhamnose and uronic acids. As described earlier,
longer chain lengths result in increased stiffness, thus hindering the formation of compact
structures that can retain water or oils [27].

Figure 2. Correlation analysis between functional properties (FAC (fat absorption capacity), SWC
(swelling capacity), and WRC (water retention capacity)) and fibre composition (TDF (total dietary
fibre), IDF (insoluble dietary fibre), SDF (soluble dietary fibre), PEC (pectin content), CEL (cellu-
lose content), HEM (hemicellulose content), MANCON (mannose contribution to hemicellulose),
RUCONT (rhamnose–uronic acid contribution to pectin), LIN (linearity of pectin), and BRANCH
(branching of pectin)) in the lemon peel fibre samples.

Contrary to previous findings by Belkheiri et al. [26], greater RG-I branching in the
samples was linked to improved functional properties. It is essential to note that the
individual characteristics of pectin are less crucial than the overall structure of pectin
in determining its flexibility. In this instance, LPp molecules exhibited higher flexibility,
indicating a lack of rigid structures and, consequently, reduced capacity to retain water and
oil within its composition.

2.4. Total Phenolic Content

Figure 3 displays the TPC in the EPP and NEPP fractions of both samples. It is
noteworthy that there were no significant differences in EPP between the samples, with a
mean value of 3.7 mg GAE/g. Although an increase in EPP could be expected due to the
potential enzymatic release, it should be noted that these compounds could be removed
after the application of ethanol to precipitate the soluble polysaccharides. Regarding the
NEPP, a notable observation is that the LP fraction exhibited the highest significant content,
being 1.4 times greater than that observed for LPp. The lower presence in the LPp may be
due to the aforementioned effect, which resulted in an enzymatic release of compounds.
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Figure 3. Total phenolic content (TPC) expressed as mg of gallic acid equivalents (GAE)/g of the
sample in dry weight (d.w.) for lemon peel (� LP) and lemon peel hydrolysed by pectinesterase
(� LPp). EPP (extractable (poly)phenols); NEPP (non-extractable (poly)phenols). Values are expressed
as mean ± SD (n = 3). * Indicates significant differences (p < 0.05) among the samples.

Singh et al. (2020) reported a range of TPC in lemon peel from 88 mg GAE/g to
190 mg GAE/g, with values akin to those found in our sample (LP, 150.4 mg GAE/g) [3].
Other studies have cited TPC content between 65 and 72 mg GAE/g, aligning closely with
our findings [7,8]. Treatment with pectinesterase resulted in reduced NEPP content, leading
to a lower TPC in the LPp sample. This suggests that the applied processing may trigger
the release or loss of (poly)phenols from the fibre matrix.

Although no individual (poly)phenols have been identified in this study, it should
be noted that the major (poly)phenols described by other authors are eriocitrin, hes-
peridin, rutin, and other compounds, such as limonin, that belong to the furanolactones
group [31,32]. Moreover, the literature indicates variations in (poly)phenol content based
on the extraction process [33]. In this case, for LPp, where ethanol was used to precipitate
soluble polysaccharides, it may also contribute to removing part of the (poly)phenols and
therefore lead to a lower content compared to LP, where no ethanol was used. In addi-
tion, the drying process may also affect the (poly)phenol content, as air drying is the least
preservative for these compounds, although it should be noted that in our study, where
this method was used, the total values are similar to those described by other authors, as
previously indicated [33].

2.5. Antioxidant Capacity

Figure 4 illustrates the antioxidant capacity of both samples, as assessed through FRAP
in the EPP and NEPP extracts. Notably, significant variations were noted, indicating that the
antioxidant capacity was higher in LP compared to LPp for both extracts and, consequently,
in the overall content. The disparity in content was remarkable, with values 3.3 times
higher for EPP, 3.4 times higher for NEPP, and 3.4 times higher for the total content in LP
compared with LPp. It is important to acknowledge that these findings are in alignment
with those observed for TPC. However, it is worth noting that the differing ratios may be
attributed to other compounds influencing antioxidant capacity, such as carotenoids, which
were not measured in the current study [34]. Additionally, there was a positive correlation
observed for NEPP and the total content concerning antioxidant capacity.

It is notable that the values observed in this study appear to be lower than those
reported by other researchers for lemon peel samples, ranging between 133 and 380 μmol/g.
This disparity could potentially be attributed to variations in sample acquisition methods,
differences in the extraction process employed for analysis, or the utilisation of different
lemon varieties in the respective studies [7,8].
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Figure 4. Antioxidant capacity expressed as μmol of Trolox/g of sample in dry weight (d.w.) for lemon
peel (� LP) and lemon peel hydrolysed by pectinesterase (� LPp). EPP (extractable (poly)phenols);
NEPP (non-extractable (poly)phenols). Values are expressed as mean ± SD (n = 3). * Indicates
significant differences (p < 0.05) among the samples.

While other authors have reported a decline in antioxidant capacity due to hot air
drying, such an effect was not evident in our study. It is important to note that the observed
outcomes may not solely be attributable to this treatment or the presence of other bioactive
compounds. The formation of Maillard compounds should also be considered, as they arise
from heat treatment to the sugars present in the sample [35]. Although these compounds
were not measured in the present study, they may potentially have been formed. As
previously mentioned, the LPp sample underwent treatment with pectinesterase and
precipitation with ethanol, which may contribute to the removal of part of the sugars
present in this sample, thus resulting in lower production of these compounds in case they
were formed.

All of the results taken together show that lemon peel is a valuable source of dietary
fibre that is predominantly soluble and primarily comprises pectin; it also contains IDF
due to its cellulose and hemicellulose components. It boasts good functional properties,
including hydration and fat absorption properties. Moreover, the presence of (poly)phenols
contribute to its antioxidant capacity.

In conclusion, upon treatment with pectinesterases, there were noticeable changes
in the composition due to pectin hydrolysis. This process resulted in a reduction in the
SDF percentage, an increase in the IDF content, a higher proportion of cellulose, and a
diminished hemicellulose content. The alteration in the pectin structure adversely affected
hydration and fat absorption properties. Simultaneously, processing led to a reduction in
the (poly)phenol content, consequently the diminishing antioxidant capacity.

For all that, the treatment applied compromises further uses of the obtained ingredients
and is a crucial step in the valorisation of lemon by-products. Because the valorisation
of lemon peel by-products emerges as a crucial avenue, this will enable the acquisition
of novel ingredients rich in dietary fibre and (poly)phenols with a notable antioxidant
capacity. This approach holds promise for mitigating the environmental impact associated
with substantial by-product generation at the agro-industrial level.

3. Materials and Methods

3.1. Samples

In the current study, we employed two samples derived from by-products of the citrus
industry, specifically lemon peels. One sample was obtained by drying lemon peels with
warm air in a chamber at 60 ◦C until constant weight (LP) (≈48 h), while the other sample
underwent a hydrolysis process using pectinesterases (LPp), and, after the enzymatic
treatment, the sample was subsequently dried using the same conditions described above.
Both samples were ground, and the powders obtained were stored under refrigeration
until analyses were performed.
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3.2. Enzymatic Treatment

The lemon peel sample was mixed with water (1/1, v/v), and then pectin was hydrol-
ysed by adding 1% of commercial pectinesterase (EC 3.1.1.11.) (pectin/NaCl, w/v) (Sigma,
St. Louis, MO, USA). Samples were introduced to a water bath at 30 ◦C for 30 min at pH 7.5.
To inactivate the enzyme, samples were introduced to a bath at 90 ◦C during 2 min, and
after that they were put in cold water until reaching room temperature. Absolute ethanol
was added in a proportion of 1/4, v/v to precipitate the soluble dietary fibre polysaccha-
rides. In the following step, the solid phase was separated through centrifugation, and it
was dried in a chamber at 60 ◦C until constant weight (≈48 h).

3.3. Dietary Fibre Quantification

Total dietary fibre (TDF), insoluble dietary fibre (IDF), and soluble dietary fibre (SDF)
were determined through the enzymatic–gravimetric method described by Prosky et al. [36].
In short, an enzymatic digestion was carried out by using the Total Dietary Fibre Assay Kit
(Megazyme Ltd., Wicklow, Ireland).

For analysis, 0.5 g of each sample was weighed and diluted with 40 mL of MES-TRIS
Buffer. After homogenisation, 50 μL of α-amylase enzyme was added to facilitate starch
hydrolysis, which was placed for 30 min at 100 ◦C and 60 rpm in a thermostatic bath.
Subsequently, 100 μL of protease was added and maintained at 60 ◦C under the same
conditions. Once digestion was completed, the mixture was cooled to 20 ◦C, and the pH
was adjusted between 4.1 and 4.8 before adding 5 mL of 0.561 N HCl. Next, 200 μL of
amyloglucosidase was introduced, and the mixture was incubated for 30 min at 60 ◦C. To
separate the two phases, the Fibertec System E 1023 (Foss, Högänas, Sweden) was used. An
initial filtration was performed to isolate the IDF. The volume obtained from the filtrate of
the previous step was combined with a 95% ethanol solution at 65 ◦C and allowed to stand
for one hour. Following this, the filtration procedure was repeated, and the SDF residue
was collected.

Once the residues were obtained, their weight was calculated by determining the
ash and protein content. This involved using a muffle furnace for the incineration of the
residues at 525 ◦C during 24 h. Additionally, the Kjeldahl method was used to quantify
both the total nitrogen and the protein [37].

3.4. Dietary Fibre Characterisation through Gas Chromatography

To determine the composition of dietary fibre polysaccharides, a process similar to
that previously described for SDF and IDF was carried out, but only the TDF fraction
was obtained. After enzymatic digestion, 95% ethanol was added at 65 ◦C, followed by
centrifugation at 4500× g for 10 min, and the protocol described by Englyst et al. was
followed [38]. Briefly, the supernatant was removed, and the residue was treated with 5 mL
of 12 M H2SO4. It was maintained in a 35 ◦C bath for 30 min, with homogenisation every
10 min. Finally, the mixture was heated in a bath for 1 h at 100 ◦C, with homogenisation
every 10 min. Once the acid hydrolysis was complete, breaking down the polysaccharide
chains, sugar derivatisation was performed on the hydrolysed samples. The analysis was
performed using a Gas Chromatography (GC) 7890B (Agilent, Machelen, Belgium). A
mixture of neutral sugars (rhamnose, fucose, arabinose, xylose, mannose, galactose, and
glucose) was used as the standard, and allose (2595-97-3, Thermo Scientific, Madrid, Spain)
served as the internal standard. The results were expressed as a percentage.

Uronic acids were determined through the colorimetry method described by Scott
(1979) [39] using the hydrolysed residue obtained in the previous extraction. In short,
the sample was diluted with 2 M H2SO4 and 300 μL of 3% boric acid and 2% sodium
chloride were added, followed by 5 mL of H2SO4. The mixture was then heated in a 70 ◦C
bath for 40 min. After cooling, 200 μL of dimethylphenol was added, and after 15 min,
the absorbance was measured at 400 nm and 450 nm to remove hexose interference. For
quantification, galacturonic acid was used, and the results were expressed as a percentage.
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The pectin, hemicellulose, and cellulose percentages and the pectin structure in
the samples were estimated based on the calculations proposed by Houben et al. and
Umaña et al. [40,41].

3.5. Functional Properties

To determine the hydration properties (SWC and WRC) of the fibre and the fat absorp-
tion capacity, three different functional properties were analysed based on the protocols
previously published by Navarro-González et al. [42].

The WRC was measured by weighting 1 g of the sample, which was mixed with 30 mL
of MilliQ water and then homogenised. After standing for 24 h, it was centrifuged at
3000 rpm for 20 min. The supernatant was removed, and the dry residue was weighed and
kept for 18 h at 110 ◦C. The WRC was calculated according to the gravimetric difference.

For the SWC, 0.1 g of the sample was weighed, and 10 mL of MilliQ water was added.
The mixture was mixed and left at room temperature for 18 h, followed by measuring the
volume occupied by the dry residue in the graduated tube.

For the FAC, 4 g of the sample was weighed, and 24 mL of sunflower oil was added.
The mixture was homogenised at 5 min intervals for 30 min. Subsequently, the mixture
was centrifuged for 25 min at 3000 rpm, and the supernatant was removed. The residue
with the adsorbed oil was weighed, and the calculation was performed according to the
gravimetric difference.

3.6. (Poly)phenol Extraction and Total Phenolic Content Analysis

To extract (poly)phenols, two different extraction procedures described by Arranz
et al. [43] were employed to yield both extractable (poly)phenols (EPP) and non-extractable
(poly)phenols (NEPP). In short, to determine the EPP, 0.25 g of the sample was taken
and blended with a solution of methanol and water acidified with 1% HCl (50/50, v/v)
to achieve a pH close to 2. The samples were homogenised in an orbital shaker and
subsequently centrifuged (4500× g, 10 min, room temperature) to collect the supernatant.
This process was then repeated using a solution of acetone/water (70/30 v/v), and the
resulting supernatant was combined with the previous one.

The pellet derived from the preceding process was used for determining the NEPP.
This pellet was mixed with 10 mL of methanol/water/formic acid (79/19/1, v/v/v), which
underwent a 20 h incubation at 85 ◦C, followed by centrifugation (4500× g, 10 min, room
temperature). The collected supernatant was isolated, and the resultant residue was washed
with the extraction solvent and mixed with the one previously obtained.

The total phenolic content (TPC) was analysed for both the EPP and the NEPP using
the Folin–Ciocalteu method described by Singleton and Rossi (1965) [44]. This method
involves an oxidation/reduction and colorimetric reaction. For the colorimetric assay, both
a Folin–Ciocalteau reagent and Na2CO3 were added until approximately pH 10, where a
blue chromophore emerged due to the reduction of phosphomolybdic-phosphotungstic
complexes, leading to tungsten and molybdenum oxides. After 1 h, absorbance was mea-
sured at 750 nm using a UV–visible spectrophotometer (Evolution 300, Thermo-Scientific,
Oxford, UK). Gallic acid (Riedelde Haën, Hannover, Germany) was used as the standard,
and the TPC in the samples was expressed as mg of gallic acid equivalents (GAE)/g of the
sample expressed in dry weight (d.w.).

3.7. Antioxidant Capacity Analysis

The antioxidant capacity analysis was determined in both fractions, EPP and NEPP,
extracted following the protocol described above. For that, the ferric reducing antioxidant
power (FRAP) assay was used following the protocol described by Benzie and Strain
(1996) [45]. Briefly, 100 μL of both EPP and NEPP extracts were mixed with 900 μL of the
FRAP reagent. Absorbance was measured at 593 nm in a UV–visible spectrophotometer
(Evolution 300, Thermo-Scientific, Oxford, UK) precisely 4 min from the commencement of
the reaction. The FRAP reagent composition comprises 0.3 M of acetate buffer, a 10 mM
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2,4,6-tripyridyl-s-triazine (TPTZ) solution in a 40 mM HCl solution, and FeCl3·6H2O
solution in the following proportions: 20 mL of acetate buffer, 2 mL of TPZP, and 2 mL of
FeCl3·6H2O. Trolox was used as the standard, and the results were expressed as mg Trolox
equivalents (TE)/g of the sample in d.w.

3.8. Statistical Analysis

The data were processed using R studio, version 4.0.5 (R Foundation for Statistical
Computing, Vienna, Austria). All assays were conducted in triplicate. Normality was
determined through the Shapiro–Wilk test. The homogeneity of variances was analysed
using the Bartlett test. The t-student test was conducted to determine significant differences
at p-value < 0.05. Correlation analysis were performed using the Pearson correlation test
for the relationships between the functional properties and fibre composition parameters.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules29010269/s1, Figure S1: Chromatograms of (a) standard
mix I for LP sample; (b) standard mix II for LPp sample; (c) LP sample; (d) LPp sample. Different
peaks are 1 (rhamnose); 2 (fucose); 3 (arabinose); 4 (xylose); 5 (allose); 6 (mannose); 7 (galactose);
8 (glucose).
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Abstract: The objective of this work was to investigate the antidiabetic, antiglycation, and antioxidant
potentials of ethanolic extract of seeds of Brazilian Passiflora edulis fruits (PESE), a major by-product
of the juice industry, and piceatannol (PIC), one of the main phytochemicals of PESE. PESE, PIC,
and acarbose (ACB) exhibited IC50 for alpha-amylase, 32.1 ± 2.7, 85.4 ± 0.7, and 0.4 ± 0.1 μg/mL,
respectively, and IC50 for alpha-glucosidase, 76.2 ± 1.9, 20.4 ± 7.6, and 252 ± 4.5 μg/mL, respectively.
The IC50 of PESE, PIC, and sitagliptin (STG) for dipeptidyl-peptidase-4 (DPP-4) was 71.1 ± 2.6,
1137 ± 120, and 0.005 ± 0.001 μg/mL, respectively. PESE and PIC inhibited the formation of
advanced glycation end-products (AGE) with IC50 of 366 ± 1.9 and 360 ± 9.1 μg/mL for the initial
stage and 51.5 ± 1.4 and 67.4 ± 4.6 μg/mL for the intermediate stage of glycation, respectively.
Additionally, PESE and PIC inhibited the formation of β-amyloid fibrils in vitro up to 100%. IC50

values for 1,1-diphenyl-2-picrylhydrazyl radical (DPPH•) scavenging activity of PESE and PIC
were 20.4 ± 2.1, and 6.3 ± 1.3 μg/mL, respectively. IC50 values for scavenging hypochlorous acid
(HOCl) were similar in PESE, PIC, and quercetin (QCT) with values of 1.7 ± 0.3, 1.2 ± 0.5, and
1.9 ± 0.3 μg/mL, respectively. PESE had no cytotoxicity to the human normal bronchial epithelial
(BEAS-2B), and alpha mouse liver (AML-12) cells up to 100 and 50 μg/mL, respectively. However,
10 μg/mL of the extract was cytotoxic to non-malignant breast epithelial cells (MCF-10A). PESE and
PIC were found to be capable of protecting cultured human cells from the oxidative stress caused
by the carcinogen NNKOAc at 100 μM. The in vitro evidence of the inhibition of alpha-amylase,
alpha-glucosidase, and DPP-4 enzymes as well as antioxidant and antiglycation activities, warrants
further investigation of the antidiabetic potential of P. edulis seeds and PIC.

Keywords: passion fruit; piceatannol; agro-industrial residues; type 2 diabetes; cytotoxicity; seeds

1. Introduction

The Passiflora (Passifloraceae family) genus has more than 500 species; however,
Passiflora edulis Sims f. flavicarpa O. Degenerer (yellow or sour form passion fruit) and P. alata
(sweet form) are the two main economically important species [1]. Brazil is currently the
leading producer of passion fruit in the world, with 690,364 tons of production in 2020 [2].
Several biological properties of passion fruits have been demonstrated using in vitro and
in vivo studies, such as antioxidant (leaf, peel, and seed), analgesic, antidepressant, sedative
and anxiolytic-like (leaf), anti-inflammatory (peel and leaf), antimicrobial (seed), anti-
hypertensive (peel), hepatoprotective (peel and seed), and antidiabetic (peel, juice, and
seed) activities [3]. In Brazil, P. edulis, also known as “maracuja”, has been used widely in
folk medicine as an anxiolytic, sedative, and analgesic agent [4].
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One of the main bioactive compounds of seeds of P. edulis is piceatannol (PIC,
3,3′,4′,5-trans-tetrahydroxystilbene), an analog of resveratrol. Although the health-promoting
effects of PIC have not been studied extensively as resveratrol [5], it has been shown to pos-
sess preventive effects concerning cardiovascular diseases and certain cancers [6], being anti-
inflammatory [7], photoprotective [8], and as a skin hydration [9] and an antidiabetic agent [10].

Diabetes is one of the significant health problems worldwide, mainly due to its in-
creased prevalence, irreversible complications, and high economic burden [11]. The Interna-
tional Diabetes Federation stated that 537 million people aged 20–79 years in the world or
about 10.5% of all adults in this age group were affected by diabetes in 2021. More than 90%
of diabetes cases are type 2 diabetes mellitus (T2DM), a metabolic disorder characterized
by chronic hyperglycemia due to insufficient production of insulin by the pancreas or by
insulin resistance [12].

The present therapeutic drugs used in the management of T2DM are sulfonylureas,
biguanides, SGLT2 inhibitors, alpha-glucosidase inhibitors, dipeptidyl peptidase-4 (DPP-4)
inhibitors, GLP-1 receptor agonists, thiazolidinediones, amylin analogs, and insulin [13].
However, continuous use of some FDA-approved oral drugs is accompanied by side effects;
for instance, acarbose (ACB) leads to abdominal or stomach pain, flatulence, diarrhea,
bloating, and cramping [14]. As such, there is a continuous need for safe, natural health
products that can be used to prevent and manage T2DM.

One of the strategies to prevent postprandial hyperglycemia in T2DM is inhibiting the
catalytic activity of digestive enzymes, which are responsible for catalyzing the hydrolysis
of oligosaccharides into glucose, including alpha-amylase and alpha-glucosidase. These
enzymes increase glucose absorption and, as a result, increase the glucose level in the
bloodstream [15]. Another potential therapeutic approach that lowers blood glucose
concentration in T2DM is blocking the action of DPP-4, an enzyme that degrades the
hormone incretin, which is secreted into the blood after a meal to stimulate insulin secretion
from pancreatic β-cells and to regulate glucose production by the liver [13].

Diabetes has also been considered a risk factor for neurodegenerative diseases such
as Alzheimer’s disease (AD) [16,17], which is characterized by the accumulation of extra-
cellular insoluble senile plaque and intracellular neurofibrillary tangles. Hyperglycemia,
as an inevitable consequence of increased insulin resistance, leads to the glycation of pro-
teins and, consequently the formation of advanced glycation end products (AGEs) [18].
AGEs, which accumulate over some time and are not frequently detoxified, have been
associated with amyloid-based neurodegenerative diseases [17], stabilizing protein ag-
gregates [19]. Furthermore, the interaction of AGEs with AGE receptors (RAGE) causes
inflammatory processes and oxidative stress in cells. As RAGE is not specific, it can also
interact with other ligands such as β-amyloid peptide (Aβ), forming agglomerates, which
lead to increased inflammation, oxidative stress, neuronal dysfunction, with consequent
AD aggravation [18].

(Poly)phenol-rich plant extracts and individual (poly)phenols have been extensively
studied as an alternative or complement to the current hypoglycemic medicines. In vitro
studies have demonstrated that (poly)phenols interact with enzymes and other biological
macromolecules. The interaction depends on the composition, molecular weight, and the
position of hydroxyl groups of the bioactive compounds [20].

Daily administration of PIC caused a decrease in glucose levels in animal models. For
instance, PIC supplementation reduced fasting blood glucose in both db/db mice and high-
fat diet-fed C57BL/6J mice [21]. PIC promoted glucose uptake in the absence of insulin
in cultured myotubes; enhanced AMP-activated protein kinase (AMPK) activation and
glucose transporter type 4 (GLUT4) translocation to overcome insulin resistance [21]. PIC
lowered the blood glucose and improved glucose tolerance in diabetic mice [22]. Therefore,
PIC has therapeutic potential for the prevention and improvement of symptoms of diabetes.

However, to our best knowledge, no study has been reported in relation to the seeds
of Brazilian P. edulis (yellow passion fruit) as an antidiabetic agent through the association
of alpha-glucosidase, alpha-amylase, and DPP-4 inhibition mechanisms, not even as an
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antiglycant in the initial and intermediate stages of glycation and as an inhibitor of fibrilla-
tion of proteins subjected to glycation. As such, the present study investigated the potential
use of bioactive chemical constituents of passion fruit seeds as a natural health product for
managing chronic disorders, primarily T2DM. Total antioxidant capacity, antidiabetic, and
antiglycation activities of extracts prepared from seeds of Brazilian P. edulis and with PIC
were investigated. In addition, the cytotoxicity of passion fruit seed extracts (PESE) was
studied using three cell lines.

2. Results and Discussion

2.1. Antidiabetic Activity

In vitro antidiabetic potential of PESE and PIC was investigated by determining the
ability to inhibit pancreatic alpha-amylase, alpha-glucosidase, and DPP-4. In this study,
ACB and STG were used for comparison purposes. All tested samples showed activity
against alpha-amylase, alpha-glucosidase, and DPP-4 in a concentration-dependent manner
(Table 1). For pancreatic alpha-amylase, PESE, PIC, and ACB presented IC50 values of
32.1 ± 2.7, 85.4 ± 0.7, and 0.4 ± 0.1 μg/mL, respectively. For yeast alpha-glucosidase, the
values of IC50 of PESE, PIC, and ACB were 76.2 ± 1.9, 20.4 ± 7.6, and 252 ± 4.5 μg/mL,
respectively. IC50 values of PESE and PIC were higher when compared to ACB for alpha-
amylase but significantly lower (p ≤ 0.05) for alpha-glucosidase. Interestingly, passion fruit
seed presented an IC50 value 3-times lower than PIC in alpha-amylase but 4-fold higher in
the alpha-glucosidase assay. Moreover, PIC showed antidiabetic activity in terms of alpha-
glucosidase, which was 12-fold higher than ACB. For DPP-4 human recombinant enzyme,
the values of IC50 of PESE, PIC, and STG were, respectively, 71.1 ± 2.6, 1137 ± 120, and
0.005 ± 0.001 μg/mL. The results indicate that other bioactive compounds are also involved in
the inhibition of alpha-amylase, while PIC may be a key component against alpha-glucosidase.

Table 1. Antidiabetic activity in vitro of ethanolic extract of P. edulis seeds (PESE) and reference compounds.

Sample
Alpha-Amylase

IC50 (μg/mL)
Alpha-Glucosidase

IC50 (μg/mL)
DPP-4

IC50 (μg/mL)

PESE 32.1 ± 2.7 a 76.2 ± 1.9 A 71.1 ± 2.6 x

PIC 85.4 ± 0.7 b 20.4 ± 7.6 B 1137.5 ± 120.2 y

ACB 0.4 ± 0.1 c 251.6 ± 4.5 C -
STG - - 0.005 ± 0.001 z

IC50 values for alpha-amylase, alpha-glucosidase, and DPP-4 are given. a–c, A–C, x–z, mean ± SD followed by different
letters within the same assay represent significant differences (ANOVA analysis was performed followed by the
Tukey test, p ≤ 0.05). Data are means of triplicates. Abbreviation: PIC, piceatannol; ACB, acarbose; STG, sitagliptin.

The extract of passion fruit peel also displayed higher potential towards alpha-
glucosidase than alpha-amylase. The ethanolic extract of a hybrid passion fruit peel was
shown to have a weak inhibitory effect in alpha-amylase with IC50 values of 1.8 ± 0.1 mg/mL
(1800 ± 100 μg/mL), but a stronger effect in alpha-glucosidase with IC50 values of
0.6 ± 0.1 mg/mL (600 ± 100 μg/mL), which was 4.3-fold higher than standard drug ACB,
with IC50 values of 0.3 ± 0.1 mg/mL (300 ± 100 μg/mL) [23].

The same pattern was described by Loizzo et al. [24], when investigating the hy-
poglycemic activity of ethanol extracts of seeds, peel, and pulp of ten Columbia native
Passiflora species. Among all studied extracts, P. ligularis seeds + pulp had the greatest activ-
ity with IC50 values of 22.6 and 24.8 μg/mL against alpha-amylase and alpha-glucosidase,
respectively, followed by P. pinnatistipula (IC50 values of 46.4 and 37.7 μg/mL against
alpha-amylase and alpha-glucosidase, respectively). Positive control, ACB, had IC50 values
of 50 μg/mL using starch as the substrate for alpha-amylase and 35.5 μg/mL, when using
maltose as the substrate for alpha-glucosidase.

Pan et al. [25] obtained a different IC50 value for PIC, isolated from ethanol extract
of P. edulis Sims seeds, which may be due to different conditions performed (substrate,
enzyme concentrations, and incubation time). However, PIC derivatives exhibited potent
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inhibition against in vitro alpha-glucosidase with IC50 values ranging from 1.7 to 35.1 μM.
Among them, IC50 of PIC was 4.3 ± 0.07 μM, while for ACB, it was 218 ± 3.14 μM.

Concerning other plant families, the leaves of Annona muricata are frequently used by
Brazilians as a natural treatment of T2DM and its complications. Ethyl acetate fractions
obtained from ethanolic extract of A. muricata leaves, which are rich in (poly)phenolic com-
pounds, showed inhibition of alpha-amylase (IC50 9.2 ± 2.3 μg/mL) and alpha-glucosidase
(IC50 413 ± 121 μg/mL), respectively, although less active than the ACB standard (IC50
0.05 ± 0.01, for alpha-amylase, and 3.4 ± 0.6 μg/mL for alpha-glucosidase) [26].

Antidiabetic drugs aim mainly to achieve normoglycemia and minimize the progres-
sion of diabetes complications. Current antidiabetic drugs can interfere in one or more of
the eight pathways which results in hyperglycemia. ACB, for instance, inhibits digestive
enzymes, such as alpha-amylase, alpha-glucosidase, sucrase, and maltase. The inhibitor of
these enzymes delays the digestion and absorption of dietary carbohydrates from the ep-
ithelium of the small intestine, and, thus, decreases the demand for insulin. Differently, STG
acts to reduce the incretin effect in the small intestine by blocking the DPP-4 enzyme [13].

Due to the variety of mechanisms by which normoglycemia can be achieved, several
tests can be performed to assess the antidiabetic potential of natural products. Generally,
in vitro assays usually test the inhibition of digestive and DPP-4 enzymes. Our findings
reveal that PESE and PIC can act as inhibitors of alpha-amylase, alpha-glucosidase, and
DPP-4. Even though ACB and STG are more effective in terms of concentration in the
inhibition of alpha-amylase and DPP-4, this extract and the pure compound PIC can be
further investigated for use in natural antidiabetic formulations. Factors such as cost, safety,
and side effects should be analyzed since the major concerns of the current drugs are the
critical side effects associated with their over-use [13,15].

A recent study indicated that PIC inhibited the formation of p-nitrophenol by alpha-
glucosidase through hydrophobic interactions and hydrogen bonding between hydroxy
groups and amino acid residues in a non-competitive mechanism. The formation of the
PIC-alpha-glucosidase complex may induce changes in the enzyme conformation, altering
its function of digesting carbohydrates [27].

2.2. Inhibition of AGE in the Initial and Intermediate States of Glycation by the Extract

Glycation of BSA was performed in the presence and absence of PESE and PIC.
Aminoguanidine (AMG) was used as a positive control. Inhibition of the initial and
intermediate stages of glycation was carried out using a mixture of reducing sugars (fructose
+ glucose) and methylglyoxal (MGO), respectively.

The AGE formation inhibitory effect was proportional to the sample concentration.
PESE and PIC were able to inhibit the formation of fluorescent AGEs for seven days of
incubation at 37 ◦C with IC50 of 366 ± 1.9 and 51.5 ± 1.4 μg/mL for the BSA/fructose +
glucose model, and 360 ± 9.1 and 67.4 ± 4.6 μg/mL for BSA/MGO, respectively (Table 2).

Table 2. The antiglycation activity and percentage of inhibition of formation of amyloid fibrils of
ethanolic extract of P. edulis seeds (PESE) and reference compounds.

Fructose + Glucose MGO

Sample
Antiglycation Inhibition of

Amyloid Fibrils (%)

Antiglycation Inhibition of
Amyloid Fibrils (%)IC50 (μg/mL) IC50 (μg/mL)

PESE 367 ± 1.9 a 87.4 ± 2.7 b 360 ± 9.1 a 71.9 ± 4.5 b

PIC 51.5 ± 1.4 b 100 ± 5.3 a 67.4 ± 4.6 b 100 ± 3.8 a

AMG 25.5 ± 5.0 c 35.0 ± 5.9 c 50.4 ± 1.8 c 30.3 ± 4.4 c

IC50 values were estimated using two models of glucose + fructose and methylglyoxal (MGO). The percentage
values of inhibition of the formation of amyloid fibrils presented are the highest obtained for PESE, PIC, and AMG
at concentrations of 200, 200, and 100 μg/mL, respectively. a–c Mean ± SD followed by different letters in the same
assay represent significant differences (ANOVA analysis was performed followed by the Tukey test, p ≤ 0.05).
Data are means of triplicates. Abbreviations: PIC, piceatannol; AMG, aminoguanidine; MGO, methylglyoxal.
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PIC showed higher activity when compared to PESE. The activity of PESE was only
2-fold lower than AMG in the initial stage of glycation and 1.3-fold lower in the intermediate
stage. Therefore, PESE and PIC can act as antiglycation agents, probably by preventing
the reaction of (di)carbonyl compounds from binding to protein and thus preventing the
accumulation of AGEs.

In diabetes, AGEs are found in many organelles, associated with its complication, such
as kidneys, retina, and atherosclerotic plaques. The inhibition of glycation is considered an
effective strategy against the development or progression of degenerative diseases such as
T2DM, atherosclerosis, and Alzheimer’s disease, and their complications, as well as in the
reduction of chronic inflammatory processes [28,29].

The MGO trapping assay was performed employing its derivatization with ortho-
phenylenediamine (OPD). PESE, PIC, and the positive control AMG presented 21.9%,
65.1%, and 99.6% of MGO trapping, respectively. Despite the above-shown differences,
these results indicate that PESE is capable of acting in the intermediate stage of glycation,
inhibiting reactive carbonyl species such as MGO and, consequently, it may reduce the
formation of AGEs. The intermediate stage of the glycation reaction leads to the formation
of reactive carbonyl species, such as MGO (a model compound), which in turn reacts with
amino groups of biomolecules for the formation of AGEs [30]. Moreover, although the
classic pathway of the Maillard reaction is well established as a trigger for the formation of
AGEs, all reactions leading to the formation of α, β-dicarbonyl compounds in the body also
contribute to the formation of AGEs [18]. Thus, the trapping capacity of MGO, a dicarbonyl
compound produced during glycation, is an important step against the formation of AGEs.

Zhang, Wang, and Liu [31] observed that after reaction with MGO (5 mM), robinin,
procyanidins, luteolin, quercetin, chrysoeriol, kaempferol, genistein, apigenin, and rutin
at 5 mM showed capture percentage values of 54.4%, 46.3%, 40.7%, 21.4%, 41.8%, 58.9%,
43.4%, 36.5%, and 49.3%, respectively, values lower than those found in this work for
PIC (65.1%, 2 mM). In another study, with ethanolic extract of onion peel (0.5 mg/mL), it
was observed elimination of approximately 70% of MGO (0.33 mM) after 1 h of reaction,
an excellent capture potential [32], while the methanolic extracts of berries and grapes,
using a similar method, showed from 20% to 50% of MGO (10 mM) capture potential.
Raspberry, strawberry, blackberry, cranberry, blueberry, and noble grape at a concentration
of 2.5 mg/mL showed capture potential of 20%, 30%, 45%, 50%, and 50%, respectively, after
1 h of reaction with MGO [33].

2.3. Effect on the Formation of Amyloid Fibrils In Vitro

Protein glycation plays an important role in triggering or facilitating the aggregation
of proteins, through the formation of crosslinked β structures that in turn leads to the
formation of amyloid fibrils [34]. Thus, the potential of PESE and PIC for inhibiting the
formation of amyloid fibrils was evaluated in two different systems, one with BSA in the
presence of glucose and fructose (BSA/Fru + Glu) and the other in the presence of MGO
(BSA/MGO). The thioflavin T (ThT) fluorescence assay was used as a general indicator for
the formation of amyloid fibrils [35].

The formation of β-amyloid fibrils decreased as sample concentration increased for
both systems, achieving 100% of inhibition, when treated with PIC at a concentration of
200 μg/mL (Table 2). AMG, however, was able to inhibit up to 35% of the formation of
aggregates from the glycation reaction, being therefore less effective in maintaining the
native structure of the protein, when compared to PESE and PIC. Our findings suggest that
(poly)phenols of PESE might protect the protein backbone since the treatment with PESE
and PIC decreased the formation of amyloid fibrils in BSA.

2.4. Antioxidant Activity

Our previous study identified six major phenolic compounds of PESE, including
PIC, astringin, scirpusin A, scirpusin B, isookanin-7-O-glucoside, and naringenin-7-O-
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glucoside. Among them, PIC has emerged as a promising compound with important
biological activities [36]. Hence, PIC was also investigated in this study, along with PESE.

The TPC of PESE corresponds to 227 mg GAE/g, dry weight (DW). DPPH• and HOCl
scavenging assays of PESE and PIC revealed that the antioxidant capacity of PESE is lower
than that of PIC; however, this is similar to quercetin (QCT) in the DPPH• scavenging
assay (Table 3). HOCl scavenging activity showed that both PESE and PIC exhibit a strong
antioxidant effect in a concentration-dependent manner; PIC had the highest activity and
PESE was similar to QCT. Regarding the capacity of scavenging O2

•−, PIC presented the
highest potential followed by QCT and PESE.

Table 3. Total phenol content (TPC) and antioxidant capacity of ethanolic extract of passion fruit
seeds and piceatannol, toward HOCl and O2

•−.

Sample
TPC

(mg GAE/g DW)
DPPH•

IC50 μg/mL
HOCl

IC50 μg/mL
O2

•−
IC50 μg/mL

PESE 227 ± 3.9 20.4 ± 2.1 a 1.7 ± 0.3 a 38.2 ± 0.5 a

PIC - 6.3 ± 1.3 b (25.8) 1.2 ± 0.5 b (7.8) 7.3 ± 0.02 c (30.1)
QCT - 4.8 ± 1.0 b (15.9) 1.9 ± 0.3 a (4.0) 8.8 ± 0.3 b (29.2)

PESE, ethanolic extract of P. edulis seeds; PIC, piceatannol, QCT, quercetin, DW, dry weight; GAE, gallic acid
equivalents; DPPH•, 1,1-diphenyl-2-picrylhydrazyl; HOCl, hypochlorous acid; O2

•−, superoxide anion radical; a–c,
mean ± SD followed by different letters within the same column represent significant differences (ANOVA analysis
was performed followed by the Tukey test, p ≤ 0.05). Data in parenthesis are in μM. Data are means of triplicates.

Therefore, the results suggest that PIC may be an important (poly)phenolic compound
in passion fruit seeds extracts. Furthermore, these results indicate that PESE is a poten-
tial antioxidant mixture against ROS. Recently, Rotta et al. [37] obtained similar results
(250 ± 20 mg GAE/g, DW) for TPC and IC50 (19 ± 3 μg/mL) for DPPH• in extracts of
P. edulis seeds prepared by using ethanol:water solution (70:30, v/v) at 80 ◦C for 4 h.

Inhibiting intracellular ROS formation would provide a therapeutic strategy to coun-
teract oxidative stress and cell damage [38]. Several in vitro and animal models and limited
human studies have revealed that supplementation with a (poly)phenol-rich diet has attenu-
ated oxidative stress, reduced postprandial and fasting blood glucose levels, and improved
insulin release and sensitivity [39]. Therefore, antioxidant phytochemicals present in PESE,
such as PIC, can contribute to homeostasis.

2.5. The Extract Reduces Intracellular ROS-Induced by a Carcinogen

To evaluate the pro-oxidant and/or antioxidant effects of PESE and PIC, cultured
BEAS-2B, AML-12, and MCF-10A cells were exposed to a carcinogen alone or pretreated
with PESE and PIC [40]. We have demonstrated that 100 μM of 4-[(acetoxymethyl)
nitrosamine]-1-(3-pyridyl)-1-butanone (NNKOAc) induces intracellular ROS production in
BEAS-2B cells without reducing cell viability [41]. NNKOAc is a precursor of NNK, which
is the most abundant N-nitrosamine and the most potent carcinogen in cigarette smoke [42].
NNKOAc generates similar cytosolic reactive electrophilic compounds as NNK, which
binds to DNA, forming DNA adducts and inducing DNA damage [41].

It was observed that PESE and PIC at 50 μg/mL were able to protect all cultured cells
from the oxidative stress caused by the carcinogen (Figure 1). PESE at 100 μg/mL also
prevented the ROS generation in BEAS-2B cells with NNKOAc. However, they were not
able to prevent oxidative stress in AML-12 and MCF-10A cells. Our results demonstrate
that the PESE and PIC can mitigate ROS generation, especially under oxidative stress,
which is considered the primary event in diabetes.
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Figure 1. (A–F). The relative amount of reactive oxygen species (ROS) assessed on BEAS-2B, AML-12,
and MCF-10A cell lines after exposure to either carcinogen alone or with pretreatment of PESE
or PIC. All the treatment groups were compared to dimethyl sulfoxide (DMSO) control. a–c, x–z,
mean ± SD followed by different letters represent significant differences (ANOVA analysis was
performed followed by the Tukey test, p ≤ 0.05). Data are means of triplicates. Abbreviation: AML-12,
alpha mouse liver 12; BEAS-2B, normal human bronchial epithelial cells; MCF-10, non-tumorigenic
epithelial cells; DMSO, dimethylsulfoxide; NNKOAC, 4-[(acetoxymethyl)nitrosamine]-1-(3-pyridyl)-
1-butanone; PESE, ethanolic extract of P. edulis seeds; PIC, piceatannol.
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It has long been recognized that hyperglycemia induces the formation of ROS, including
superoxide radical anion (O2

•−), hydroxyl radical (•OH), and hydrogen peroxide (H2O2).
Under aerobic conditions, ROS are generated during normal metabolic activities, but the
imbalance between the excessive ROS generation and lack of antioxidant defense are the
primary factors that might cause lipid peroxidation, protein denaturation, and DNA mutation
in healthy cells. These reactive species deteriorate β-cell function and increase insulin resis-
tance, which triggers the aggravation of T2DM [29]. Treatment with PESE and PIC at lower
concentrations might protect cells against glucose toxicity through scavenging ROS.

2.6. Cytotoxicity of the Seed Extract of P. edulis (PESE) and PIC

The examination of the cytotoxicity of natural extracts helps in the evaluation of their
safety, which is important in the development of nutraceuticals or dietary supplements.
When the cell viability is greater than 90%, a sample is nontoxic at the tested dose [43].
A dose-responsive decline in the viability of BEAS-2B, AML-12, and MCF-10A cells was
observed with increasing PESE and PIC concentrations (p ≤ 0.05) (Figure 2). However,
PESE did not impact the viability of BEAS-2B cells up to 100 μg/mL, while in AML-12 and
MCF-10A cells, their viabilities were reduced by 25%. Up to 250 μg/mL PIC, the viability
of AML-12 cells was maintained while in MCF-10A cells, viability was maintained above
80% up to 100 μg/mL PIC.

BEAS-2B cells appear to be more sensitive to PIC, with a reduction of approximately
50% of cell viability at the concentration of 100 μg/mL (409 μM). Despite the reduction in
viability in some of the concentrations in the different cells studied, PESE and PIC do not
reduce the cell viability in the bioactive concentrations that were effective in the inhibition
of alpha-amylase, alpha-glucosidase, DPP-4, and antiglycation.

Hyperglycemia is well documented to have long-term effects on multiple organs,
including the kidney, heart, brain, liver, and eyes. Diabetes also affects lung function by
inducing inflammatory processes and fibrotic changes in the tissue [28]. Here, our results
suggest that PESE and PIC are relatively safe for normal liver and lung cells and thus may
not be harmful to organs and tissues. However, extensive toxicological assessments using
experimental animal models need to be performed.

The cytotoxicity of PESE was investigated in the Vero E6 cell line and no decrease
in cell viability was observed; however, at the highest concentration (100 μg/mL) there
was an increase in cell viability, which according to the authors [36] may be related to a
possible increase in mitochondrial proliferation or enzyme activity. The cell viability of
human placental HTR-8/SVneo cells was also assessed in the presence of the extract, also
with no reduction in cell viability at up to 100 μg/mL [36].

Yepes and colleagues have reported that the ethanol extract of purple passion fruit seeds
at 1000 and 4000 μg/mL concentrations did not decrease the viability of normal human
leukocyte cells, which is in contrast with the results of the present study [44]. Another
study stated that an extract of defatted yellow passion fruit seed obtained using pressurized
liquid extraction significantly decreased viability in all prostate cancer cell lines (PC-3, 22Rv1,
LNCaP, and VcaP) in a dose- and time-dependent manner (10, 20, and 30 μM) [45].
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Figure 2. (A–F). Dose-dependent effect of ethanolic extract of passion fruit seeds on the viability
of BEAS-2B, AML-12, and MCF-10A cell lines after 24 h of incubation. All the treatment groups
were compared to dimethyl sulfoxide (DMSO) control. a–e, v–z, mean ± SD followed by dif-
ferent letters represent significant differences (ANOVA analysis was performed followed by the
Tukey test, p ≤ 0.05). Data are means of triplicates. Abbreviation: AML-12, alpha mouse liver 12;
BEAS-2B, normal human bronchial epithelial cells; MCF-10A, non-tumorigenic epithelial cells; DMSO,
dimethylsulfoxide; PESE, ethanolic extract of P. edulis seeds; PIC, piceatannol.
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3. Material and Methods

3.1. Chemicals

The analytical solvents and chemicals used for antioxidant and antiglycation activi-
ties were purchased from Sigma-Aldrich (Steinheim, Germany): Folin–Ciocalteu reagent
(FC), DPPH•, β-nicotinamide adenine dinucleotide (NADH), 4-nitro blue tetrazolium
chloride (NBT), N-methylphenazonium methyl sulfate (PMS), AMG, sodium hypochlo-
rite solution (NaOCl), dihydrorhodamine 123 (DHR), QCT, OPD, and ThT. PIC was
obtained from AK Scientific (Union City, CA, USA). The analytic solvents, chemicals,
and enzymes used for antidiabetic assays were obtained from Sigma-Aldrich (Oakville,
ON, Canada): pancreatic alpha-amylase, yeast alpha-glucosidase, ACB, STG, 2-chloro-4-
nitrophenyl-α-D-maltotrioside, 4-nitrophenyl-α-D-glucopyranoside, trisodium phosphate,
N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid), 4-(2-hydroxyethyl)piperazine-
1-ethanesulfonic acid (HEPES), and DPP-4. All the reagents were of analytical grade, and
the stock solutions and buffers were prepared with Milli-Q purified water. LHC-9 growth
medium for BEAS-2B cells was purchased from ThermoFischer 91 (Chelmsford, MA, USA).
MEBMTM mammary epithelial basal medium and supplementation (MEGMTM Mam-
mary Epithelial Cell Growth Medium Kit) for MCF10-A cells, and DMEM F-12 medium
(ATCC) supplemented with insulin-transferrin-selenium (ITS-G) for AML-12 cells were
purchased from Lonza (Basel, Switzerland). NNKOAc was purchased from Toronto Re-
search Chemicals (Toronto, ON, Canada). MGO, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy
methyl phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS), phenazine methosulfate (PMS),
and 2′,7′-dichlorofluorescein diacetate dye (DCFH-DA) were purchased from Sigma-
Aldrich (Oakville, ON, Canada). Stock solutions were prepared with DMSO, and the
final concentrations were not exceeding 0.5% (v/v) in the culture treatment medium.

3.2. Plant Material

The P. edulis material used in this study was collected in 2019 from the company “Polpa
de Frutas Santa Luzia”, a local fruit processing industry located in Marechal Deodoro,
Alagoas Brazil. Firstly, the remaining pulp in the seeds was removed manually. Seeds
were washed in distilled water, dried in an oven at 50 ◦C for 48 h, and ground in a blender.
The seed samples were kept in an amber flask at room temperature. Next, extraction was
performed in a Soxhlet apparatus using 12 g of dry ground seeds. n-hexane (200 mL) was
used to remove fat from the samples. Then, extraction was carried out with 200 mL ethanol
for 6 h. Both solvents were removed by reduced pressure with a rotary evaporator. Extracts
were maintained at 4 ◦C until further analysis. In this study, the ethanolic extract of P. edulis
seeds (PESE) was evaluated.

3.3. Antidiabetic Activity Assays In Vitro
3.3.1. Alpha-Amylase Inhibition Assay

Plant extract screening for alpha-amylase inhibition was conducted using the pre-
viously described method [46], with some modifications. Except as otherwise indicated,
solutions were prepared in 0.01 M potassium phosphate buffer containing sodium chloride
(60 mM) and sodium azide (0.02% w/v), pH 6.8. The PESE and PIC solutions were prepared
in a buffer containing 8% ethanol. To a 96-well clear plate, 20 μL of plant extract and 20 μL
of alpha-amylase from porcine pancreas (4 U/mL in buffer) were added. After 10 min of
incubation at 37 ◦C, 20 μL of the substrate 2-chloro-4-nitrophenyl-α-D-maltotrioside (5 mM)
was added. The mixture was then incubated for 30 min at 37 ◦C for the reaction to take
place. The reaction was terminated by adding 240 μL of trisodium phosphate solution of
pH 11 (1% w/v) to stop enzyme activity. Then, the absorbance at 405 nm was recorded using
the microplate reader (Infinite® 200 PRO, TECAN, Männedorf, Switzerland) to quantify
the amount of 2-chloro-4-nitrophenol released. The effectiveness of the tested inhibitors
was compared with ACB, a prescribed antidiabetic drug for alpha-amylase inhibition that
was used as a means of comparison. The positive control was a mixture of enzyme and
substrate without inhibitors. Sample control containing sample and buffer was used to
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eliminate color interference. Buffer was used as blank. The percentage of the alpha-amylase
inhibition was calculated as I% = [(Abs0 − Abs1)/Abs0] × 100, where A0 is the absorbance
of the positive control subtracted from the blank, Abs 1 is the absorbance in the presence of
the extract subtracted from sample control. The IC50 (half-maximal inhibitory concentra-
tion) was calculated graphically, using an analytical curve by plotting the concentration
versus the inhibition percentage (I%).

3.3.2. Alpha-Glucosidase Inhibition Assay

The alpha-glucosidase inhibition assay was performed using a previously described
method [15] with minor modifications. First, solutions were prepared in 0.01 M potassium
phosphate buffer (pH 6.8), unless otherwise stated. Various concentrations of PESE and PIC
were prepared in a buffer containing 2.5% ethanol. To a 96-well clear plate, 120 μL of the
samples and 20 μL of alpha-glucosidase enzyme (0.25 U/mL) were added. The plate was
incubated at 37 ◦C for 15 min before adding 20 μL of 4-nitrophenyl-α-D-glucopyranoside
(5 mM) substrate. The mixture was then incubated at 37 ◦C for 15 min for the reaction
to take place. After incubation, the reaction was stopped by adding 80 μL of 0.2 M sodium
carbonate in 0.1 M potassium phosphate buffer, pH 6.8. The absorbance at 405 nm was
recorded using a microplate reader (Infinite® 200 PRO, TECAN, Männedorf, Switzerland)
to quantify the amount of p-nitrophenol (PNP) released. ACB, an antidiabetic drug used as
an alpha-glucosidase inhibitor for T2DM, was used for comparison purposes. The positive
control was the mixture of enzyme and substrate without inhibitors. The sample control
consisted of the mixture of sample and buffer. The buffer was used as a blank. The percentage
of the alpha-glucosidase inhibition and IC50 was calculated as described in Section 3.3.1.

3.3.3. Dipeptidyl Dipeptidase Enzyme (DPP-4) Inhibition Assay

The DPP-4 inhibition assay was performed according to an established method [46].
Briefly, to a 96 well plate, 20 μL of the sample at different concentrations, 20 μL DPP-
4 human recombinant enzyme solution (3.125 mU), and 50 μL of Gly-Pro-7-amido-4-
methylcoumarin hydrobromide substrate (2.5 μM) were added. The reaction mixture was
incubated for 30 min in the dark at 37 ◦C. Then, the fluorescent product was recorded at
excitation/emission wavelengths of 350/450 nm using the microplate reader (Infinite® 200
PRO, TECAN, Männedorf, Switzerland). STG, a standard DPP-4 inhibitor, was used to
compare the effectiveness of PESE and PIC. The percentage of the DPP-4 inhibition and
IC50 was calculated as described in Section 3.3.1.

3.4. Antiglycation Activity Assays In Vitro
3.4.1. Inhibition of Advanced Glycation End Products (AGE) Formation in the Initial Stage
of Glycation

The formation of AGEs was measured after incubation of a system containing protein
and carbohydrates. This assay was based on previous methods [47]. The reaction system
was obtained by adding 300 μL of plant extract or of the pure compound (at different
concentrations), 150 μL D-fructose (200 mM), 150 μL of D-glucose (200 mM), and 300 μL
of bovine serum albumin (BSA, 3 mg/mL) to a test tube. All these solutions, except plant
extract, were dissolved in 0.05 M potassium phosphate buffer (pH 7.4) containing NaCl
(100 mM) and NaN3 (0.02% w/v). The plant extract was prepared in a buffer containing 60%
ethanol. The mixture was incubated in the dark at 37 ◦C for 7 days with constant stirring.
After the incubation, 200 μL of the reaction mixture was transferred to a 96-well black
plate, and fluorescent AGEs were measured using a microplate reader (Infinite® 200 PRO,
TECAN, Männedorf, Switzerland) at λex = 360 and λem = 440 nm. X. Aminoguanidine
(AMG), a known AGE formation inhibitor, was used as a standard. The reaction mixture
without inhibitors was used as a positive control. Color interference from the sample
was eliminated by a sample control (buffer and sample). The fluorescence readings for
the experimental treatment were blanked against extract blanks to eliminate the baseline
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fluorescence of the sample. The percentage of the AGE inhibition and IC50 was calculated
as described in Section 3.3.1.

3.4.2. Inhibition of AGE Formation in the Intermediate Stage of Glycation

The BSA-MGO assay was based on those described before [33], with some modifi-
cations. This experiment is based on the formation of fluorescent AGEs from the middle
stage of protein glycation. MGO (1.5 mM) and BSA (3 mg/mL) were dissolved separately
in 0.05 M phosphate buffer (pH 7.4) containing NaCl (100 mM) and NaN3 (0.02% w/v).
Then, 300 μL of MGO was incubated with samples at different concentrations (dissolved
in a buffer containing 60% ethanol) for an hour at 37 ◦C, in the dark, with constant stir-
ring. After BSA (3 mg/mL) was added to the reaction mixture and incubation time was
extended to 48 h at 37 ◦C in darkness. The rest of the procedure was the same as that for the
BSA-glucose/fructose model that is described above. The percentage of the AGE inhibition
and IC50 was calculated as described in Section 3.3.1.

3.4.3. Inhibition of the Formation of Amyloid Fibrils Using ThT Assay

The fibrillar state of modified BSA was determined with ThT as previously de-
scribed [48]. ThT is a probe that binds directly to amyloid fibrils to give a strong fluorescent
signal and thus can be used to quantify β-amyloid [35] due to protein glycation. Basically,
30 μL of glycated protein (approx. 1 mg/mL), obtained as described previously, was mixed
with 100 μL ThT reagent (10 μM ThT in 100 mM phosphate buffer, pH 7.0), and fluorescence
was collected at excitation/emission wavelengths of 450/490 nm in a microplate reader
(Infinite® 200 PRO, TECAN, Männedorf, Switzerland). Fresh BSA solution (1 mg/mL) and
PBS were used as controls.

3.4.4. Evaluation of MGO Capture Using Derivatization with OPD

MGO scavenging was tested using a described procedure [33], with slight modifica-
tions. The quantification of MGO was based on derivatization with OPD, leading to the
formation of the product 2-methylquinoxyline (2-MQ). MGO and OPD were dissolved in
phosphate buffer (50 mM, pH 7.4) to a concentration of 2 mM and 4 mM, respectively. AMG
(2 mM) was used as a positive control, PESE and PIC were prepared with a concentration
of 2 mg/mL and 2 mM, respectively. The reaction system was composed of 125 μL of the
MGO solution, 125 μL of phosphate buffer (negative control), or PESE incubated at 37 ◦C
for 1 h. After 250 μL of the OPD solution was added, the tubes were kept for 30 min for the
derivatization reaction between MGO and OPD to complete. Then, the chromatographic
analysis was performed. All solutions were previously filtered (microfilter pore diameter
0.45 μm). The conditions for the analysis by high-performance liquid chromatography
(HPLC) were: deionized water with formic acid (0.1% v/v, solvent A) and methanol (sol-
vent B) were used as mobile phases, the flow rate of 1.0 mL/min, and the injection volume
was 20 μL. The linear gradient for elution was: starting at 5% of solvent B, 0–3 min, 5 to
50% B; 3–16 min, isocratic in 50% B; 16–17 min, 50–90% B; 17–19 min, isocratic in 90% B
and 19–19.5 min, 90–5% B. The derivatization product, 2-methylquinoxyline (2-MQ), was
detected at 315 nm, with a retention time of 10 min. The percentage of trapping efficiency
of MGO was calculated using the following equation: % trapping MGO = [100 − (peak
area after adding sample/peak area without adding sample) × 100].

3.5. Scavenging of Free Radical and Reactive Oxygen Species (ROS) Assays
3.5.1. Total Phenolic Content (TPC)

The TPC was estimated using the Folin–Ciocalteu (FC) method, as described [49], with
some modifications. Briefly, 180 μL of deionized water, 300 μL of FC reagent, and 2.4 mL of
5% sodium carbonate (w/v) were added to 120 μL of diluted samples. After incubation in
a water bath at 40 ◦C in the dark for 20 min, the absorbance of the resulting mixture was
measured at 760 nm using a UV–Vis spectrophotometer (Agilent 8453). The results were
expressed as milligrams of gallic acid equivalents (mg GAE) per gram of dry extract.
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3.5.2. Radical Scavenging Assay DPPH•

Antioxidant activity of PESE was determined using the DPPH• method [50]. Briefly,
aliquots of 0.30 mL of sample dissolved in ethanol (5–25 μg/mL) were mixed with 2.70 mL
of DPPH• solution (40 μg/mL in methanol). After incubation in the dark for 30 min, the
absorbance was read at 516 nm, using a UV–Vis spectrophotometer (Agilent Technologies,
Santa Clara, CA, USA). Results were expressed as the half-maximal inhibitory concentration
(IC50) in μg/mL.

3.5.3. Hypochlorous Acid (HOCl) Scavenging Activity

HOCl scavenging activity of PESE and PIC was determined [51]. Briefly, a freshly
prepared HOCl solution, by adjusting the pH of a 1% solution of NaOCl to 6.2 with
dropwise addition of diluted H2SO4, was diluted to 30 μM, using 100 mM phosphate
buffer pH 7.4. For the analysis, in a 96-well plate, the following reagents were added at the
indicated final concentrations: 150 μL of buffer solution (100 mM, pH 7.4), 50 μL of PESE
(1, 5, 10, 25, 50, 100, 200, and 300 μg/mL), 50 μL of DHR 123 (5 μM) and 50 μL of HOCl
(5 μM). QCT was used as means of comparison. Fluorescence assays were performed in
a microplate reader (Infinite® 200 PRO, TECAN, Männedorf, Switzerland), at 37 ◦C, at
wavelengths of 505 ± 10 nm and 530 ± 10 nm, for excitation and emission, respectively.
The results were expressed as IC50 (μg/mL) of extract solution.

3.5.4. Superoxide Anion Radical Scavenging Activity

The potential of the samples to scavenger superoxide anion radicals was deter-
mined [51], with minor modifications. In a 96-well plate, the following solutions were
added to the final concentrations indicated: 50 μL of PESE (1 to 300 μg/mL), 50 μL of
NADH (166 μM), 150 μL of NBT (43.3 μM), and 50 μL of PMS (2.7 μM). Phosphate buffer
(19 mM, pH 7.4) was used to dissolve NADH, NBT, and PMS. QCT was used as means of
comparison. The experiment was conducted at 37 ◦C in a microplate reader (Infinite® 200
PRO, TECAN, Männedorf, Switzerland), and the absorbance was measured at 560 nm. The
results were expressed as IC50 of extract solution in μg/mL.

3.5.5. Measurement of Intracellular ROS Level

The generation of intracellular ROS in BEAS-2B, AML-12, and MCF-10A cells after
treatments was measured as described previously [40]. Briefly, DCFH-DA dye was readily
taken up by cells and is subsequently hydrolyzed to DCFH, which can be oxidized to a
measurable fluorescent product dichlorofluorescein (DCF). The cells, pre-treated with PESE
or PIC for 3 h, were exposed to the carcinogen NNKOAc, for 3 h, or alone in different
experimental groups. Cells with DMSO media (0.5%) served as the vehicle control. After
treatments, DCFH-DA was added to the cell culture plates at a final concentration of 5 μM
followed by 40 min incubation at dark. The fluorescence degradation was then measured
at an excitation and emission wavelength of 485 nm and 535 nm, using a microplate reader
(Infinite® 200 PRO, TECAN, Männedorf, Switzerland).

3.6. Cell Cultures and Cell Viability Assay

BEAS-2B, MCF10-A, and AML-12, cells were purchased from the American Tissue
Type Culture Collection (ATCC; CRL-9609, CRL-10317, and CRL-2254) and cultured with
a specific medium. BEAS-2B cells were cultured with LHC-9 media at 37 ◦C in an incu-
bator with 5% CO2. Culture flasks (polystyrene T75) were pre-coated with a mixture of
0.01 mg/mL fibronectin, 0.03 mg/mL bovine collagen type I, and 0.01 mg/mL bovine
serum albumin were dissolved in LHC-9 medium overnight. MCF10-A cells were cultured
in mammary epithelial basal medium (MEBM) culture medium supplemented with the
Mammary Epithelial Cell Growth Medium Kit (Lonza), and AML-12 cells in DMEM-F12
medium (ATCC) were supplemented with insulin-transferrin-selenium (ITS, GIBCO), 10%
fetal bovine serum, and 1% antibiotic (penicillin-streptomycin, Gibco) at 37 ◦C in a 5% CO2
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incubator. Cells were grown to around 70% confluence on the culture flask, and passages
(<10) were employed for all experimental conditions.

MTS Cell Titer 96™ aqueous cell proliferation assay was used to determine cell viabil-
ity [41]. BEAS-2B, AML-12, and MCF-10A cells were treated with PESE and PIC at different
concentrations to determine the non-cytotoxic dose. For that, 1 × 104 cells were plated on a
96-well plate with a growth medium of 100 μL/well. After 24 h, cells were treated with
PESE or PIC for an additional 24 h. Fifteen microliters of MTS reagent (with PMS) was then
added to each well and incubated for 3 h in the dark. Absorbance was recorded at 490 nm
using a microplate reader (Infinite® 200 PRO, TECAN, Männedorf, Switzerland). For each
experiment, cells with DMSO media served as control, and cells with only culture medium
and MTS reagent served as the blank.

3.7. Statistical Analysis

All analyses were performed in triplicate (n = 3) with three independent studies and
using Graph-Pad Prism software (GraphPad Software Inc., San Diego, CA, USA). Data
were presented as the mean ± standard deviation (SD), and analyses of variance, one-
way ANOVA, followed by Tukey test and p ≤ 0.05 were considered significant between
experimental groups.

4. Conclusions

Passion fruit seeds, by-products of the juice industry, have the potential for use as a
low-cost antioxidant and bioactive source for developing nutraceuticals and dietary sup-
plements, for managing blood glucose levels, and consequently, reducing the progression
of complications of T2DM. In this work, PESE showed a potent antidiabetic, antiglycant,
and antioxidant potential without being toxic to BEAS-2B cells at bioactive concentrations.
Furthermore, it was observed that PESE could protect some of the tested cultured cell lines
from the oxidative stress caused by the presence of the chemical carcinogen, NNKOAc.
Although it is still early to suggest the use of ethanolic extract from passion fruit seeds in
the treatment of T2DM, this work demonstrates its potential dietary use to manage T2DM
and glycation-associated complications. Further investigations on the efficacy and safety of
PESE, using pre-clinical experimental animal models are encouraged and are underway.
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Abstract: Oxidative stress is a well-known phenomenon arising from physiological and nonphysio-
logical factors, defined by the balance between antioxidants and pro-oxidants. While the presence
and uptake of antioxidants are crucial, the pro-oxidant effects have not received sufficient research
attention. Several methods for assessing pro-oxidant activity, utilizing various mechanisms, have
been published. In this paper, we introduce a methodology for the simultaneous determination of
antioxidant and pro-oxidant activity on a single microplate in situ, assuming that the FRAP method
can measure both antioxidant and pro-oxidant activity due to the generation of pro-oxidant Fe2+ ions
in the Fenton reaction. Systematic research using this rapid screening method may help to distinguish
between compounds with dominant antioxidant efficacy and those with dominant pro-oxidant effects.
Our preliminary study has revealed a dominant pro-oxidant effect for compounds with a higher
number of oxygen heteroatoms, especially sp2 hybridized compounds (such as those containing keto
groups), such as flavonoids and plant extracts rich in these structural types. Conversely, catechins,
carotenoids, and surprisingly, extracts from birch leaves and chestnut leaves have demonstrated
dominant antioxidant activity over pro-oxidant. These initial findings have sparked significant
interest in the systematic evaluation of a more extensive collection of compounds and plant extracts
using the developed method.

Keywords: oxidative stress; antioxidant activity; pro-oxidant activity; compounds; plant extract

1. Introduction

The commercial database SciFinder, one of the most widely utilized databases, reveals
a significant lack of scientific papers on pro-oxidants. Keyword searches for “ANTIOXI-
DANT/PROOXIDANT/ANTIOXIDANTS and PROOXIDANTS” in titles yielded 55,177
records for antioxidants, 542 records for pro-oxidants, and only 227 records for papers
mentioning both antioxidants and pro-oxidants. The database categorizes these results
into manuscripts, patents, reviews, clinical studies, books, conference contributions, etc.
A similar situation arises when searching for antioxidant/pro-oxidant activity in plant
extracts. To provide a systematic overview of this field, it is essential to describe and explain
the FRAP method applied in this paper. FRAP stands for “Ferric Reducing Antioxidant
Power”. This assay measures antioxidant power by reducing ferric-tripyridyltriazine (Fe3+-
TPTZ) to an intense blue-colored ferrous-tripyridyltriazine complex (Fe2+-TPTZ) at a low
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pH, with an absorption maximum of 593 nm [1]. Trolox is commonly used as a positive
control, and results can be expressed as μM of Trolox equivalents or μM Fe2+ based on a
standard curve. The FRAP assay is a proven method for assessing the antioxidant capacity
of foods and legume seeds, which is closely related to their polyphenol contents [1]. In
1996, Benzie and Strain developed the FRAP assay to estimate the ferric-reducing power of
human plasma [2]. Dragsted et al. [3] adapted the FRAP assay for use with a microtiter
plate reader in a 96-well format. Their team successfully determined the FRAP values of
plant extracts and agrarian crop extracts using a slightly modified method on microtiter
plates [4–8]. In the paper by Wojtunik-Kulesza [9], it was highlighted that the FRAP assay
requires specific conditions, including an acidic medium (pH 3.6) to facilitate iron solubil-
ity and a temperature of 37 ◦C. The low pH reduces the ionization potential, promoting
electron transfer and increasing the redox potential, which affects the dominant reaction
mechanism [10,11]. However, it is essential to note that the FRAP assay, similar to other
assays, has its limitations. The redox potential of the Fe3+/Fe2+ pair plays a crucial role,
as compounds with a lower redox potential may yield falsely high Fe3+ reduction results.
Additionally, FRAP assay results depend on the timescale of the analysis [11].

In the field of antioxidant and pro-oxidant activity methods, numerous papers and
concepts have been introduced. In brief, reduction of a chemical refers to a gain of electrons,
while oxidation refers to a loss of electrons [12]. A reductant or reducing agent donates
electrons, causing another reactant to be reduced, while an oxidant or oxidizing agent
accepts electrons, leading to the oxidation of another reactant. These terms have specific
meanings in the context of a biological system [12]. Based on this perspective, assays can
be divided into two categories: antioxidant capacity assays involving oxidants that are
not necessarily pro-oxidants, and antioxidant capacity assays involving oxidants that are
pro-oxidants, as published in [1,13]. The FRAP assay falls under the first category, as it
involves an oxidant, Fe3+. However, it is essential to note that Fe3+ is not necessarily a
pro-oxidant. On the other hand, Fe2+, produced from the reduction in Fe3+ in the FRAP
assay, could act as a pro-oxidant due to its reaction with H2O2. Nevertheless, neither Fe2+

nor Fe3+ directly cause oxidative damage to lipids, proteins, or nucleic acids.
The explanation of Fenton reactions and the significance of Fe2+ and Fe3+ ions in

these reactions is crucial for understanding the subsequent discussions. The Fenton system
uses ferrous ions (Fe2+) to react with hydrogen peroxide (H2O2), producing hydroxyl
radicals (OH•) and hydroxide ions (OH−) (Equation (1)). Fenton-like reactions involve
a two-step system, generating hydroperoxyl radicals (HO2

•) in the subsequent reactions
(Equations (2) and (3)).

H2O2 + Fe2+ → Fe3+ + OH• + OH- (1)

The hydroxyl radical is a very reactive oxidant capable of rapidly reacting with
surrounding molecules.

H2O2 + Fe3+ → Fe···OOH2
+ + H+ (2)

Fe···OOH2+ → Fe2+ + HO2
• (3)

The significance of Fenton-like reactions lies not only in the production of the HO2
•

radical but also in the conversion of ferric ions (Fe3+) to ferrous ions (Fe2+), which can
initiate another Fenton reaction cycle. The kinetics of Fenton oxidation are complex and can
be described by a combined pseudo-first-order kinetic model, while Fenton-like reactions
follow simpler, pseudo-first-order kinetics [14]. However, several studies have shown
that the rate of decomposition of H2O2 and the rate of oxidation of organic solutes are
much slower using Fe3+/H2O2 than Fe2+/H2O2 as a source of radicals [15]. In Fenton-
like reactions, ferric ions react with H2O2 to produce ferrous ions at a very slow rate
(k = 0.001–0.01 M−1 s−1) [16]. Macáková et al. [17] published a paper describing that iron
reduction potentiates hydroxyl radical formation only in flavonols. Flavonoids, substantial
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components of the human diet, are generally considered beneficial. However, they may
possess possible pro-oxidative effects based on their reducing potential. The study revealed
that a substantial reduction of ferric ions occurred under acidic conditions, particularly
with flavonols and flavanols containing the catecholic ring B. This paper, along with others,
sheds light on the interactions between flavonoids and iron, bringing another dimension
to the understanding of these reactions. The findings showed that flavonols such as
morin and rutin exhibited progressive pro-oxidant effects, while 7-hydroxyflavone and
hesperetin were the only flavonoids with dose-dependent inhibition of hydroxyl radical
production [17].

As far as the authors are aware, there has not been a paper published describing
the FRAP assay as a method for the simultaneous determination of both antioxidant and
pro-oxidant activities of tested samples based on the conversion of Fe3+ to Fe2+. The
ferrous ion is currently recognized as the more pro-oxidative form of iron. However,
there are similar methods based on the same principle, involving the colorization of some
transition metals. Many of these methods employ both the ferrous and ferric ions in
the complex for spectrophotometric determination and analysis. Particularly, several
methods for determining pro-oxidant activity have been published, such as the method
of reducing power (RP) using potassium ferricyanide [18], the Ferric-ferrozine assay for
total antioxidant capacity using ferrozine as a ligand [19], the CUPRAC method using
neocuproine as a ligand [20], or the copper reducing activity index (CRAI) assay using
sodium diethyldithiocarbamate as a ligand (DDTC) coupled with TBARS determination of
pro-oxidative fragments of linoleic acid [21].

In addition to the methods mentioned earlier, several techniques are available for
quantifying the pro-oxidant effect on DNA, proteins, or lipids [22], or determining the
pro-oxidant effects on cell morphology in vitro [23,24].

The simultaneous detection of both antioxidant and pro-oxidant activities has been
published. Some papers used peroxidase (myeloglobin/H2O2)-generated ABTS+• [2,2′-
azinobis-(3-ethylbenzthiazoline-6-sulfonic acid)] radical cation [25], the β-carotene bleach-
ing assay [25], and the crocin bleaching assay [26]. In this paper, we present a simultaneous
determination of antioxidant activity using the DPPH method and antioxidant pro-oxidant
activity of compounds and extract samples using the FRAP method, modified on a microplate.

Antioxidative active compounds and well-known antioxidants, including vitamins,
may also act as pro-oxidants, depending on their concentration. For instance, vitamin C is
a potent antioxidant, but it can exhibit pro-oxidant behavior depending on the dosage [27].
The pro-oxidant effect of vitamin C can also manifest when it interacts with iron, reducing
Fe3+ to Fe2+, or with copper, reducing Cu2+ to Cu+ [28,29]. The supplementation of
vitamin C may result in a reduced normal biological response to free radicals and create an
environment that is more susceptible to oxidation, potentially leading to mild oxidative
stress due to its pro-oxidative properties [27]. Similarly, alpha-tocopherol, is another well-
known potent antioxidant that can act as a pro-oxidant in high concentrations. This occurs
due to its reaction to reactive oxygen species (ROS), where it remains in its reactive form
without the availability of ascorbic acid [30,31].

Similarly, the same effect has been observed in another well-known category of
antioxidants—flavonoids. Even flavonoids have been reported to act as pro-oxidants in
systems containing transition metals. Flavonoids, such as quercetin and kaempferol, induce
DNA damage and lipid peroxidation in the presence of transition metals [32]. Flavonoids
can potentially act as pro-oxidants through several mechanisms, including direct interac-
tion with oxygen via the Fl-O• radical [33], inhibition of mitochondrial respiration, causing
a substrate-independent cyanide-insensitive respiratory burst in isolated mitochondria,
associated with the production of ROS [34], and oxidation by peroxidases, resulting in the
formation of intracellular phenoxyl radicals by myeloperoxidase [35]. Finally, flavonoids
can act as pro-oxidants by oxidizing low-molecular antioxidants [36].

A similar situation was observed for other phenolics in general. Phenolics can also
display pro-oxidant effects, especially in systems containing redox-active metals. The
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presence of iron or copper catalyzes their redox cycling and may lead to the formation of
phenolic radicals, which damage lipids and DNA [37,38].

The main goal of this paper was to investigate the simultaneous determination of
antioxidant/Fe3+-reducing activity, producing pro-oxidant Fe2+ ions in randomly selected
compounds and plant extracts on a microplate. The objective was to observe significant
differences among the tested samples and initiate a systematic, rapid evaluation for fur-
ther research.

2. Results and Discussion

In this study, we assessed the antioxidant activity of 30 randomly selected compounds
and 18 plant extracts using the DPPH method, as well as their ability to reduce Fe3+ ions
using the FRAP method, with TROLOX as a standard. The pro-oxidant antioxidant balance
index (PABI) was calculated from the ratio FRAP50/DPPH50 according to Equation (4). The
results for the tested compounds, along with their CAS numbers, DPPH50 and FRAP50
values, correlation coefficients, and the targeted PABI, are presented in Table 1. These
compounds were randomly selected from our ongoing parallel studies. Several compounds
were excluded from the dataset shown in Table 1 because their values were outside the
testing interval.

Table 1. Compounds tested, including CAS numbers, DPPH50, FRAP50 values, correlation coefficients
(r2), and pro-oxidant antioxidant balance index (PABI).

STANDARD/
Compound

CAS
DPPH50

(μM)
r2 FRAP50

(μM)
r2 PABI

TROLOX 53188-07-1 115.01 ± 1.5 0.9895 171.14 ± 7.9 0.906 1.49

Quercetin 117-39-5 356.03 ± 1.8 0.954 156.26 ± 4.1 0.963 0.44

Rutin 153-18-4 400.81 ± 7.9 0.970 >4086 - -

Baicalein 491-67-8 49.16 ± 1.4 0.958 186.19 ± 4.9 0.945 3.79

Morin 480-16-0 78.87 ± 2.2 0.915 176.85 ± 3.4 0.956 2.24

7,8-Dihydroxyflavone 38183-03-8 63.17 ± 1.4 0.939 253.91 ± 2.9 0.952 4.02

Hesperidin 520-26-3 523.24 ± 14.5 0.976 >4086 - -

Diosmin 520-27-4 >4086 - >4086 - -

Apigenin-7-glucoside 578-74-5 >4086 - >4086 - -

(−)-Epicatechin 490-46-0 22.49 ± 0.5 0.950 279 ± 0.9 0.997 12.40

(+)-Catechin 154-23-4 192.63 ± 5.5 0.997 4479.36 ± 10.8 0.944 23.25

L-Ascorbic acid 50-81-7 164.06 ± 9.9 0.938 337.2 ± 0.8 0.938 2.06

Tannic acid 1401-55-4 111.82 ± 2.3 0.982 49.51 ± 0.5 0.974 0.44

Crocin 42553-65-1 771.1 ± 9.4 0.975 884.32 ± 17.2 0.960 1.15

β-Carotene 7235-40-7 2086 ± 29.5 0.971 >4086 - -

Purpurin 81-54-9 941.3 ± 28.6 0.993 2504.61 ± 30.8 0.955 2.66

Silibinin 22888-70-6 3336.48 ± 107.1 0.974 1365.1 ± 22.7 0.929 0.41

Olivetol 500-66-3 >4086 0.939 >4086 - -

Gallic acid 149-91-7 50.72 ± 0.8 0.931 408.97 ± 10.07 0.978 8.06

Caffeic acid 331-39-5 177.25 ± 8.8 0.937 500.39 ± 8.6 0.969 2.82

Protocatechuic acid 99-50-3 166.31 ± 8.1 0.982 >4086 - -

Avenanthramide A 108605-70-5 448.6 ± 11.4 0.968 1730.67 ± 16.8 0.965 3.86

Avenanthramide B 108605-69-2 1566.2 ± 60.5 0.863 2778.45 ± 43.3 0.946 1.77

Avenanthramide C 116764-15-9 431.14 ± 20.6 0.989 1468.64 ± 14.3 0.971 3.41

The obtained results clearly indicate that the majority of the tested compounds ex-
hibited both DPPH• scavenging ability and Fe3+ reducing activity, thereby producing
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pro-oxidative Fe2+ ions. However, certain compounds such as rutin, β-carotene, and proto-
catechuic acid demonstrated antioxidant activity according to the DPPH method, yet their
FRAP50 values exceeded the testing interval (1–4096 μM), suggesting lower pro-oxidant
activity in comparison to their antioxidant activity. Based on the perspective of antioxidant
activity determined by the DPPH method, the most potent compounds were the well-
known flavonoids quercetin, morin, baicalein, 7,8-dihydroxyflavone, (−)-epicatechin, and
polyphenolic acid-gallic acid, which exhibited higher antioxidant activity than the standard
TROLOX. In the second category, compounds with DPPH50 values falling within the range
of 115–500 μM were less active than the standard. This group included compounds such as
rutin, hesperidin, (+)-catechin, L-ascorbic acid, tannic acid, caffeic acid, protocatechuic acid,
and avenanthramide A and C.

When comparing antioxidant activity and the production of pro-oxidant Fe2+ ions
using the PABI parameter, we can divide tested compounds into three categories: com-
pounds with dominant pro-oxidant activity (PABI < 1), compounds with roughly balanced
pro-oxidant/antioxidant activity (PABI from 1 to 2), and compounds with dominant an-
tioxidant effect (PABI > 2). Compounds with PABI values less than 1 were considered
pro-oxidants. These compounds included quercetin, tannic acid, and silibinin. On the other
hand, compounds with PABI values within the interval of 1–3, representing a balanced
pro-oxidant/antioxidant profile, included the standard TROLOX, morin, L-ascorbic acid,
crocin, an anthraquinone purpurin, caffeic acid, and avenanthramide B. Remarkably, com-
pounds with significantly high PABI values (over 5) included gallic acid (PABI = 8.06), and
most notably, both tested catechins/(−)-epicatechin PABI = 12.4, (+)-catechin PABI = 23.25).
Overall, both antioxidant and pro-oxidant activities varied throughout the entire testing
concentration range (1–4096 μM), with PABI values spanning the interval of 0.41–23.25.
These findings provide insight into the diversity of PABI values within the randomly se-
lected compound collection, demonstrating a variation of over 50 times in this study. It is
important to note that this ratio could change with an expansion of the tested compound
collection. From a structural perspective, our findings support the thesis presented in the
Introduction section [17], which suggested that a substantial reduction in ferric ions occurs
under acidic conditions, particularly with flavonols and flavanols containing the catechol
moiety in the B ring. Pro-oxidant activity refers to the ability to interact with transition
metals, forming coordination complexes. These chemical compounds consist of a central
atom or ion, which is usually metallic and is called the coordination center, surrounded by
bound molecules or ions known as ligands or complexing agents. The coordination of Fe
ions can occur with biomolecules possessing free ionic pairs in relatively close proximity,
such as the catechol in the B ring or the keto group of flavonols and flavanols with an OH
group in the vicinal position (position 3) on the C ring or near position (position 5) on the A
ring. This may explain the higher pro-oxidant activity of flavonols and flavanols compared
to catechins, which lack the sp2 hybridized keto group in position 4 of the C ring.

Our study’s findings indicate that flavonoids, particularly quercetin and flavolignan
silibinin, exhibit more pronounced pro-oxidant properties due to specific structural features.
These include the presence of a C2–C3 double bond in the C ring, the catechol conformation
of vicinal hydroxyl groups, or the hydroxyl group in combination with the keto group
at position 4 [33]. This observation aligns with existing literature [39,40], including other
sources that suggest quercetin’s pro-oxidant effect contributes to its potential anticancer
efficacy [41]. There are some records on the pro-oxidant activity of silibinin [42]. Contrary to
our findings, previous publications have highlighted the pro-oxidant activity of catechins,
particularly in the context of their anticancer effects [43,44]. It is important to acknowledge
that our results are solely derived from in vitro studies, and this could partially explain the
discrepancy. The saturated C-ring of catechins, lacking double bonds, may mitigate their
pro-oxidant potential. A similar situation might be observed in gallic acid [45].

The second part of the study focused on screening randomly selected plant extracts
prepared using an extraction process provided in the Material and Methods section. The
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study encompassed medicinal plants (n = 18), which are currently being explored. The
achieved results are presented in Table 2.

Table 2. Randomly selected medical plant extracts, including DPPH50, FRAP50 values (expressed in
mg of extract dried matter per milliliter), correlation coefficients (r2), and pro-oxidant antioxidant
balance index (PABI).

Plant Species, Latin
Name and Bot. Classifier

Plant Part
DPPH50

(mg dm/mL)
r2 FRAP50

(mg dm/mL)
r2 PABI

Sessile oak,
Quercus petraea, (Matt.)

Liebl.
leaves 2.54 ± 0.2 0.949 1.81 ± 0.22 0.980 0.71

Silver birch,
Betula pendula, Roth. leaves 1.6 ± 0.2 0.998 2.37 ± 0.3 0.986 1.48

Horse chestnut,
Aesculus hippocastanum, L. leaves 1.82 ± 0.1 0.979 9.09 ± 0.04 0.934 4.98

Old man’s beard,
Clematis vitalba, L. bark 7.72 ± 0.3 0.913 32.33 ± 0.2 0.944 4.18

Rapeseed,
Brassica napus, L. grains 145.15 ± 0.1 0.962 11.64 ± 0.3 0.961 0.08

Rhubarb,
Rheum rhabarbarum, L. root 1.39 ± 0.2 0.962 0.58 ± 0.1 0.933 0.42

Pedunculate oak,
Quercus robur, L. bark 0.5 ± 0.1 0.973 0.3 ± 0.1 0.939 0.61

Black elderberry,
Sambuicus nigra, L. flower 1.09 ± 0.1 0.968 1.61 ± 0.2 0.966 1.47

Woundwort,
Prunella vulgaris, L. flower 1.57 ± 0.1 0.965 1.27 ± 0. 1 0.962 0.81

Green tea,
Camelia sinensis, (L.)

Kuntze.
flower 1.93 ± 0.1 0.923 0.21 ± 0.1 0.993 0.11

Liquorice,
Glycyrrhiza glabra, L. root 5.62 ± 0.2 0.955 3.41 ± 0.2 0.967 0.61

Common wormwood,
Artemisia absinthium, L. leaves 1.73 ± 0.1 0.984 1.25 ± 0.1 0.963 0.73

Thistle,
Silybum marianum, (L.)

Gaertn.
grain 7.22 ± 0.4 0.991 1.61 ± 0.1 0.970 0.22

Chamomile,
Matricaria chamomilla, L. flower 5.06 ± 0.3 0.984 5.03 ± 0.2 0.981 0.99

Ginger,
Zingiber officinale, Roscoe. root 4.62 ± 0.2 0.994 5.43 ± 0.3 0.991 1.18

Turmeric,
Curcuma longa, L. root 17.52 ± 0.5 0.988 11.44 ± 0.4 0.982 0.65

Sage,
Salvia officinalis, L. leaves 0.27 ± 0.1 0.975 1.73 ± 0.1 0.959 6.27

Grape wine,
Vitis vinifera, L.

frost dried
grapes 3.52 ± 0.1 0.976 40.63 ± 1.8 0.961 11.53

Based on the results, there are some differences among medical plant extracts, although
they are not as pronounced as those seen with single compounds. These variations can be
attributed to the “buffer” effect of the complex mixtures found in these extracts, which could
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consist of numerous compounds. The antioxidant activity of the strongest samples, such as
oak, birch leaves, bark, green tea leaves, common wormwood leaves, and rhubarb roots, is
well documented in the literature. In our experiments, these samples exhibited DPPH50
values under 2 mg of extract-dried matter per milliliter. While there is less information
in the literature regarding the ability to reduce Fe3+ ions and produce pro-oxidant Fe2+

ions, it is particularly interesting to interpret the results based on PABI values. Surprisingly,
most of the tested extract samples (oak, rapeseed, rhubarb, wormwood, green tea, licorice,
common wormwood, thistle, chamomile, or turmeric) had PABI values under 1, indicating
a predominant pro-oxidant effect over antioxidants. In contrast, extract samples prepared
from silver birch, horse chestnut, old man’s beard, black elderberry, ginger, sage, and
notably grape wine showed a dominant antioxidant activity over pro-oxidant. One of the
most promising findings is related to sage, which exhibited the most potent antioxidant
activity among the samples with a high PABI index.

In the current body of literature, only a single paper focuses on the potential pro-
oxidant effects of polyphenols from sage (and rosemary) [46], and only a handful of papers
address grape wine [32,47], despite the abundance of publications discussing its antioxidant
effects. Compared to our results, only a limited number of publications have described
the simultaneous determination of antioxidant and pro-oxidant activities, preferably in a
single format.

3. Materials and Methods

3.1. Chemicals and Solvents

2,2-Diphenyl-1-picrylhydrazyl radical (DPPH•), 2,2-Diphenyl-1-picrylhydrazin (DPPH),
2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ), FeCl2·4H2O, FeCl3·6H2O, TROLOX, quercetin, rutin,
baicalein, morin, 7,8-dihydroxyflavone, (−)-epicatechin, (+)-catechin, L-ascorbic acid, tannic
acid, crocin, -caroten, purpurin, silibinin, olivetol, gallic acid, caffeic acid, protocatechuic
acid, avenanthramides A, B, and C, flavone, ergocalciferol, lipoic acid, biotin, thiamin,
indole-3-carbinol, astaxanthin, uric acid, sodium acetate, ethanol, and acetic acid were
purchased from Merck /Sigma/ (St. Louis, MO, USA).

3.2. Preparation of the Extract Samples

Randomly selected plant material from 18 plant species (refer to Table 2) was chosen
based on their bioactivity in our current research. A total of 2 g of dried plant matter was
disintegrated into small pieces (under 5 mm particle size). The plant matter was then
extracted in screwed-up tubes with 20 mL of a 50% ethanol solution in the dark at room
temperature for 24 h. Afterward, the extract was filtered and stored in Eppendorf tubes at
4 ◦C in the dark.

3.3. Principles of Microplate Methods

The DPPH method was employed for measuring antioxidant activity, while the FRAP
method was used to measure both antioxidant and pro-oxidant activity. Both methods were
performed on microplates that were previously modified by our research team [4–8], ensuring
equal concentrations of key reagents (DPPH, TPTZ, and FeCl3) at 0.4 mM. Briefly, a 0.4 mM
DPPH• radical solution was prepared in ethanol. For the FRAP assay, separate solutions A
and B were prepared, with solution A containing 0.0187 g of TPTZ in 10 mL of ethanol and
solution B containing 0.338 g of sodium acetate in 88.3 mL of water and 1.748 mL of acetic
acid. These solutions were mixed freshly before each experiment. Additionally, 1.2 mM
solutions of FeCl2·4H2O and FeCl3·6H2O were prepared freshly prior to the experiments.
The microplate template used for the assays is presented in Figure 1.
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Figure 1. Microplate template. Organization of the microplate consisting of a tested sample field
(wells A2–H12) and columns dedicated to standard, representing 100% conversion (wells A1–F1) and
0% conversion (wells A12–F12) for the assays.

3.4. Definition of the Conversion Intervals

In the first column (column 1), a 100% conversion standard for the DPPH method was
applied using 2,2-diphenyl-1-picrylhydrazine (DPPH), and for the FRAP method, a solution
of FeCl2·4H2O was used instead of the sample. In contrast, in the last column (column
12), 0% conversion standard for the DPPH method was applied using 2,2-Diphenyl-1-
picrylhydrazyl radical (DPPH•), and for the FRAP method, a solution of FeCl3·6H2O was
used instead of the sample.

3.5. Application of Tested Sample on Microplate

First, dilution of tested samples (compounds, extracts) in the microplate testing field
was realized by both following dilution modes.

Mode 1, dilution to 1/2 concentration (100 μL of tested samples into column 2, 50 μL
of ethanol into columns 3–10), transfer of 50 μL in the direction of columns 2–11 using one
8-channel micropipette. Starting from stock solution (for compounds) with a concentration
of 8.192 mM, we achieve final concentrations in μM: 4096, 2048, 1024, 512, 256, 128, 64, 32, 16,
and 8 μM. The extract samples were tested in 50% ethanol solutions as they were prepared.

Mode 2, dilution to 2/3 concentration (150 μL of tested samples into column 2, 50 μL
of ethanol into columns 3–10), transfer of 100 μL in direction of columns 2–11 using one
8-channel micropipette, and removal of volume 100 μL from the last column. Starting from
stock solution (for compounds) with optimal concentration determined by mode 1.

3.6. Application of Tested Sample on Microplate

Firstly, the dilution of tested samples (compounds and extracts) was realized on the
microplate testing field by following both dilution modes. Mode 1, dilution to 1/2 con-
centration (100 μL of tested samples into column 2, 50 μL of ethanol into columns 3–10),
transfer of 50 μL in the direction of columns 2–11 using one 8-channel micropipette. Starting
from stock solution (for compounds) with a concentration of 8.192 mM, we achieve final
concentrations in μM: 4 096, 2 048, 1 024, 512, 256, 128, 64, 32, 16, and 8 μM. The extract
samples were tested as 50% ethanol solutions.

Mode 2, dilution to 2/3 concentration (150 μL of tested samples into column 2, 50 μL
of ethanol into columns 3–10), transfer of 100 μL in the direction of columns 2–11 using one
8-channel micropipette, and removal of volume 100 μL from the last column. Starting from
stock solution (for compounds) with optimal concentration determined by mode 1.

3.7. Preparation of the Microplate

Phase I—Application of the conversion standards:
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• adding 50 μL of a 0.4-mM solution of 2,2-diphenyl-1-picrylhydrazine in ethanol into
the wells A1–C1;

• adding 50 μL of a 1.2-mM water solution of FeCl2·4H2O into the wells D1–F1;
• adding 50 μL of a 0.4-mM solution of DPPH• into the wells A12–C12;
• adding 50 μL of a 1.2-mM water solution of FeCl3·6H2O into the wells D12–F12.

Phase II—Application of FeCl3 solution and microplate filling:

• adding 50 μL of a 1.2-mM solution of FeCl3·6H2O into the field of three rows D2–F11,
• adding 150 μL of 50% (v/v) ethanol into the “background” wells in rows G and H

(G2–H11).

3.8. Preparation of Starting Reagents

DPPH reagents were prepared as a 0.4-mM solution in ethanol freshly before the exper-
iment. Similarly, FRAP reagent was prepared freshly before the experiment accordingly: 10
mL of a 6-mM TPTZ solution in ethanol and 90 mL of a sodium acetate-acetic buffer (0.338
g of sodium acetate dissolved in 88.5 mL of water, followed by the addition of 1.478 mL of
acetic acid).

3.9. Starting and Adapting the Microplate before Measurement

The microplate was initialized by adding 150 μL of 0.4 mM DPPH reagent to rows A,
B, and C, achieving a final DPPH concentration of 0.3 mM in the reaction mixture. Similarly,
100 μL of FRAP reagent was added to rows D, E, and F to achieve a final concentration
of 0.3 mM for TPTZ and Fe3+ ions in the reaction mixture. Subsequently, 100 μL was
removed from the whole microplate to achieve an optical density (OD) within the limit of
the Lambert–Beer law.

3.10. Microplate Incubation and Measurement

The microplate was incubated for 10 min at room temperature, followed by measure-
ments at 520 nm and 630 nm for DPPH and FRAP, respectively. The optical density (OD)
data of the samples were adjusted by subtracting the background data and transformed
into percentile values of conversion measurement using 0% and 100% conversion data.
DPPH50 and FRAP50 parameters correspond to a concentration of a compound responsible
for 50% conversion of either DPPH radical or Fe3+ to Fe2+ (expressed in μM). They were
calculated from the following function plot: percentage of conversion = f(concentration).
For extract samples, the concentration of dry matter weight of the extracted sample was
used. The pro-oxidant antioxidant balance index /PABI/ was calculated according to
Equation (4), using the micromolar expression for compounds and the weight of dried
matter expression for extract samples.

Pro-oxidant Antioxidant Balance Index /PABI/ = FRAP50/DPPH50 (4)

3.11. Statistical Analysis of Data

Each experiment was repeated three times with eight replicates. Results were presented
as the mean ± standard deviation (SD). The correlation coefficient was calculated using the
Spearman method. A difference was considered statistically significant when * p < 0.1.

4. Conclusions

In summary, this study aimed at developing a rapid screening microplate method
for simultaneous detection of the antioxidant and pro-oxidant activities of a diverse range
of compounds and medical plant extracts. This study provides a preliminary overview,
shedding light on the potential range of compounds spanning from those with strong
antioxidant effects to those with pronounced pro-oxidant effects. Subsequent in-depth
investigations are needed to build upon these initial insights.

Our upcoming research will focus on elucidating the structural characteristics that
contribute to the prevalence of pro-oxidant effects. We plan to employ molecular mechanics
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and semi-empirical calculations using suitable software tools to delve into this aspect. Such
analysis may be particularly beneficial for compounds commonly found in food, cosmetics,
and pharmaceutical additives produced via plant suspension cultures. This will allow us
to deepen our understanding of these compounds’ effects and implications.
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Abstract: HMGB1 is a key late inflammatory mediator upregulated during air-pollution-induced
oxidative stress. Extracellular HMGB1 accumulation in the airways and lungs plays a significant
role in the pathogenesis of inflammatory lung injury. Decreasing extracellular HMBG1 levels may
restore innate immune cell functions to protect the lungs from harmful injuries. Current therapies
for air-pollution-induced respiratory problems are inadequate. Dietary antioxidants from natural
sources could serve as a frontline defense against air-pollution-induced oxidative stress and lung
damage. Here, a standardized botanical antioxidant composition from Scutellaria baicalensis and
Acacia catechu was evaluated for its efficacy in attenuating acute inflammatory lung injury and sepsis.
Murine models of disorders, including hyperoxia-exposed, bacterial-challenged acute lung injury,
LPS-induced sepsis, and LPS-induced acute inflammatory lung injury models were utilized. The
effect of the botanical composition on phagocytic activity and HMGB1 release was assessed using
hyperoxia-stressed cultured macrophages. Analyses, such as hematoxylin-eosin (HE) staining for
lung tissue damage evaluation, ELISA for inflammatory cytokines and chemokines, Western blot
analysis for proteins, including extracellular HMGB1, and bacterial counts in the lungs and airways,
were performed. Statistically significant decreases in mortality (50%), proinflammatory cytokines
(TNF-α, IL-1β, IL-6) and chemokines (CINC-3) in serum and bronchoalveolar lavage fluid (BALF),
and increased bacterial clearance from airways and lungs; reduced airway total protein, and decreased
extracellular HMGB1 were observed in in vivo studies. A statistically significant 75.9% reduction
in the level of extracellular HMGB1 and an increase in phagocytosis were observed in cultured
macrophages. The compilations of data in this report strongly suggest that the botanical composition
could be indicated for oxidative-stress-induced lung damage protection, possibly through attenuation
of increased extracellular HMGB1 accumulation.

Keywords: HMGB1; inflammatory lung injury; oxidative stress; sepsis

1. Introduction

The respiratory system is an easy target for constant endogenous and exogenous
harmful attacks. Among the most pressing global challenges, inhalation of environmental
fine particulate matter (PM2.5) from air pollution is a crucial risk factor that is known to
cause significant oxidative and inflammatory damage to the lungs. Air pollution, including
from wildfires, causes poor air quality problems and threatens the general public health.
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Recently, in 2022, researchers from the University of Southern California found a 5%
increase in mortality risk on extreme PM2.5-only days compared with nonextreme days,
highlighting the severe consequence of air pollution [1]. The mortality risk increased to 21%
when heat was coupled with air pollution in this same survey. These recurrent exposures to
air pollution are known to compromise the innate pulmonary immune response, leaving the
lung susceptible to bacterial and viral infections as well as air-pollution-induced oxidative
damage [2,3]. Older adults and people with weakened immune systems are more prone to
and at greater risk of catastrophic health outcomes. Current conventional pharmaceutical
intervention for this global health challenge is inadequate. Daily supplementation of
antioxidants in the form of dietary polyphenols could potentially be considered as frontline
defense and/or adjunct for air-pollution-induced oxidative stress damage of the lung.

Extracellular HMGB1 is among the key inflammatory mediators elevated by exposure
to pollution. It is integral to oxidative-stress-associated downstream effects, surrendering
the lung to injury and impeding its function [4,5]. It is a potent, late systemic inflammatory
mediator known to serve as an alarmin to surrounding tissues, signaling the loss of cel-
lular homeostasis and triggering a subsequent cytokine storm. The extracellular HMGB1
secreted passively by oxidative stressed cells or actively by activated innate immune cells is
highly pro-inflammatory, with a crucial role in sepsis. High levels of HMGB1 in pulmonary
tissues have been reported to be associated with a compromised immune response. An
increased level of extracellular HMGB1 decreases alveolar macrophage phagocytic activity,
subjecting sensitive lung tissue to pathogen invasion or pollution-related damage [6–8].
Antioxidants known to decrease the release of extracellular HMBG1 or inhibit its activity
may restore the normal function of innate immune cells (i.e., alveolar macrophage phago-
cytic activity). For instance, the inhibition of HMGB1 expression in acute lung injury in
murine models has been shown to reduce inflammation and tissue damage in addition to
sustaining macrophage phagocytic activity, preserving immune activity and respiratory
tract function [7,9–12].

Delivery of natural polyphenols in dietary supplements provides a unique advantage
in oxidative stress management compared to the administration of simple antioxidant
vitamins, as natural polyphenols have a greater structural diversity with a possibility of
additional benefit than antioxidation [13]. In this regard, significantly diverse antioxidation
properties have been reported for Scutellaria baicalensis and Acacia catechu extracts or their
active constituents that make up the UP446 composition. For example, baicalin, a flavonoid
from the root of S. baicalensis, has been found to have antioxidant properties that were
significantly better than ascorbic acid and butylated hydroxytoluene (BHT) when evaluated
on diphenylpicrylhydrazyl radical (DPPH) scavenging activity by iron-chelating assays [14].
It was also reported that baicalin and its aglycon, baicalein, scavenged hydroxyl radicals,
DPPH radicals and alkyl radicals in a dose-dependent manner while effectively inhibiting
lipid peroxidation of rat brain cortex mitochondria induced by ferrous ascorbic acid, AAPH
or NADPH [15]. S. baicalensis root extract was also found to protect lipid peroxidation in
lung tissue after free-radical-induced injury using linoleic acid hydroperoxide (LHP) [16].
Similarly, record numbers of health benefits of A. catechu and its active catechins have
been reported through a reduction in ROS. For instance, A. catechu heartwood extract,
characterized for its high catechin content, was assessed for its neuroprotection activity
in both human neuroblastoma cells and rat brain tissues following hydrogen peroxide
exposure. The extract was found to reduce ROS formation and protect the mitochondria
from oxidative-stress-induced damage in both species [17]. Catechins exhibited strong
properties of neutralizing reactive oxygen and nitrogen species in various oxidative-stress-
induced lipid peroxidation assays in vivo and in vitro providing protection from oxidative-
stress-induced damage [18,19].

UP446 is a standardized composition consisting primarily of a free B-ring flavonoid,
baicalin, from S. baicalensis and a flavan, catechin, from the heartwoods of A. catechu as
detailed in the materials and methods section. The composition is a dual cyclooxygenase
(COX) and lipoxygenase (LOX) enzyme inhibitor which was found to decrease mRNA
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expression and protein levels of the proinflammatory cytokines, such as interleukin (IL)-1β,
IL-6, and tumor necrosis factor (TNF)-α in preclinical studies [20,21]. Recently, it has been
reported that the composition was considered beneficial in mounting a robust humoral
response (elevated total IgA and IgG levels) in healthy participants following influenza
vaccination paired with strong antioxidation capacity (increased glutathione peroxidase) in
a randomized double-blind placebo control clinical trial [22]. These preclinical and clinically
proven anti-inflammatory, antioxidant and immune support properties of the composition
may have significant contributions to a healthy respiratory system. The current studies
were designed to explore additional mechanisms by which the composition could provide
protection to the lung and/or the respiratory system in general.

The botanicals constituting the composition tested in this report have been stud-
ied separately or together and indicated for various uses in respiratory system support.
S. baicalensis was recorded in the classical Chinese medical literature (Shen Nong Ben Cao)
from the Eastern Han dynasty (circa 200 C.E. or 2200 years ago). A recent list of the top
30 herbs in Traditional Chinese Medicine (TCM) for treating respiratory infections based
on the analysis of two TCM databases (the World Traditional Medicine Patent database
(WTM) and the Saphron TCM database) had Radix Scutellariae as the second most utilized
herb, with a 38% frequency in all TCM compositions for treatment of respiratory tract
infections [23].

Bioflavonoids, mainly baicalin and its aglycon, baicalein, have been identified as the
bioactive components of Radix Scutellariae, with biological functions related to antioxidation,
anti-inflammation, reduction in the allergic response, and antibacterial activity [24]. Broad
spectrum anti-viral activity of these bioflavonoids for commonly isolated causative agents
of respiratory tract infection has been reported from in vitro and in vivo studies. For
instance, baicalin and baicalein exhibited potent antiviral activity through the inhibition of
proteins that viruses need to bind to and bud from host cells–activities that are essential
for infection [25]. In mice infected with Influenza A H1N1 virus (swine flu), an extract
from Radix Scutellariae modulated their inflammatory response to reduce disease severity,
decreased lung tissue damage, and ultimately increased their survival rate [26]. Recently,
it was also found that the ethanol extract of S. baicalensis inhibits SARS-CoV-2 3CLpro
in vitro with an IC50 of 8.52 μg/mL and inhibits the replication of SARS-CoV-2 virus in
Vero cells with an EC50 of 0.74 μg/mL [27]. Among the major components of S. baicalensis,
baicalein strongly inhibits SARS-CoV-2 3CLpro activity in vitro with an IC50 of 0.39 μM
and inhibits replication of SARS-CoV-2 in Vero cells with an EC50 of 2.9 μM. The study
demonstrates that the ethanol extract of S. baicalensis limited coronavirus replication in live
cells at a concentration that could be achieved following oral administration for a clinically
meaningful outcome [27].

Similarly, Acacia catechu has been used in ayurvedic medicine for centuries, with
significant science-based reports suggesting its application in respiratory system support.
Acacia catechu has been found to increase the number of antibody-producing cells, increase
macrophage phagocytic activity, and inhibit the release of pro-inflammatory cytokines [28];
it has been found to be beneficial in ameliorating chemically induced oxidative stress,
inflammation, and apoptosis in the lungs of mice [29], and it has been shown to increase
immune modulation effects on both cell-mediated and humoral immunity in vivo [30].

Recently, Feng et al. have shown that a standardized blend of Scutellaria baicalensis
and Acacia catechu may have a therapeutic advantage for COVID-19 through a “multi-
compound and multi-target” approach to directly inhibit the virus, improve immune
function, and reduce the inflammatory response associated with COVID-19. The author’s
suggestion was based on a systems pharmacology methodology integrated by ADME
screening, target prediction, network analysis, gene ontology (GO), Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analysis, molecular docking, and molecular
dynamic simulations [31].

Given these research-based findings for S. baicalensis and A. catechu, in the present
study, we evaluated the effect of an antioxidant botanical composition (UP446) on the
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level of HMGB1 release from hyperoxia-stressed macrophages in vitro and assessed its
impact on survival in a lipopolysaccharide (LPS)-induced sepsis and acute inflammatory
lung injury model. We further expanded our evaluations and tested the composition of
hyperoxia-exposed and bacteria (Pseudomonas aeruginosa)-challenged acute lung injury
in vivo for its application in respiratory system support.

2. Results

2.1. Effect of UP446 on LPS-Induced Mortality Rate

Three hours following intraperitoneal injection of LPS, mice started to show early
signs of endotoxemia. Exploratory behavior of mice was progressively reduced and was
accompanied by ruffled fur (piloerection), decreased mobility, lethargy, and diarrhea. While
these signs and symptoms seemed to be present in all the treatment groups, the magnitude
of severity was more pronounced in the vehicle-treated group.

Two mice from the vehicle-treated group were found deceased 24 h after LPS injection.
The survival rate was determined for this group and was found as 62.5% at this time point
(Figure 1). Mice treated with UP446 had a 100% survival rate 24 h after LPS injection.
Survival rates of 87.5% and 50% were observed for mice treated with UP446, and vehicle,
respectively, 34 h after LPS injection. Perhaps the most significant observation for UP446-
treated mice was observed 48 h after LPS injection. At this time point, there was only a
12.5% survival rate for the vehicle-treated mice, while UP446-treated mice showed a 75%
survival rate. On the third day (72 h after LPS injection), the survival rates for the groups
were 62.5% and 12.5% for UP446 and vehicle, respectively. All mice in the vehicle control
group were deceased after 82 h of LPS injection, leaving a 0% survival rate for this group.

Figure 1. Effect of UP446 on the survival rate of mice with LPS-induced endotoxemia. Eight weeks
old, male CD-1 mice (n = 8) were used in this study. While the control mice were injected with only
PBS, the model mice (LPS) were pretreated with composition—UP446 for 7 days before lethal dose
intraperitoneal injection of LPS at 25 mg/kg with a 10 mL/kg PBS volume an hour after the last dose.
Animals were observed hourly and monitored for 5 days after LPS injection. The survival rate was
calculated as: 100 − [(deceased mice/total number of mice) × 100]%.

On the other hand, mice treated with UP446 showed a 50% survival rate and remained
the same 96 h and 120 h after LPS injection. This survival rate was statistically significant
(p = 0.001) when compared to the vehicle-treated animals (Figure 1). Surviving animals
showed progressive improvements in their well-being. Mice appeared physically better
and gradually resumed normal behaviors.
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2.2. Effect of UP446 on LPS-Induced Acute Inflammatory Lung Injury

The severity of lung damage as a result of intratracheal LPS was assessed using
H&E-stained lung tissue (Figure 2A). Rats in the vehicle-treated group showed statistically
significant increases in the severity of pulmonary edema (2.5-fold increase) (Figure 2B) and
lung damage (3.5-fold increase) (Figure 2C). Daily oral treatment of rats for a week with
the high dose of UP446 at 250 mg/kg resulted in a statistically significant 20.8% reduction
in overall lung damage severity when compared to vehicle-treated, LPS-induced, acute
lung injury rats (Figure 2C). Similarly, a strong trend in the reduction in pulmonary edema
(23.3% reduction, p = 0.08) was observed for the high dose of UP446 when compared to the
vehicle-treated rats (Figure 2B). The low dose UP446 group saw minimal changes in the
histopathology evaluation relative to the vehicle-treated diseased rats.

 

Figure 2. Effects of UP446 on lung histopathology from LPS-induced acute inflammatory lung injury
model in rats. Male SD rats (n = 10) at the age of 9 weeks old were treated with the composition—
UP446 orally for 7 days before the treatment with LPS. On the 8th day, an hour after oral treatment,
LPS was instilled intratracheal (i.t.) at 10 mg/kg dissolved with PBS. The control rats (n = 7) re-
ceived only PBS. Treatment groups include G1= control, G2 = LPS, G3 = LPS + UP446-125 mg/kg
and G4 = LPS + UP446-250 mg/kg. G1 and G2 received the carrier vehicle (i.e., 0.5% CMC) during
treatment period. G1, G2 and G4 were used for histopathological analysis. Rats were sacrificed 24 h
post intratracheal LPS administration. At necropsy, the left lobe was dissected out, fixed in formalin
and submitted to Nationwide Histology for histopathology analysis by a certified pathologist. Tissue
and slide preparation were done per company protocol. (A) lung histopathology Magnification
100×. dark arrowhead: interstitial edema; open arrowhead: hemorrhagic alveolar sac; open arrow:
endothelial damage and hemorrhage; dark arrow: infiltration of inflammatory cells mainly neu-
trophils and monocytes/macrophages; asterisk: alveolar space. (B) Pulmonary edema: alveolar, duct
and bronchial, alveolar wall and Interstitial edema, congestion, hemorrhagic perivascular, alveolar
sac edema, fibrin exudate, hemorrhagic alveolar sac, alveolar duct thicken dt Hyalin membrane
type I loss, apoptotic cells, specific parameter scores 0–4. (C) Severity: Normal, minimum-mild,
moderate, and extreme. Focal, regional, reginal extensive coalescing, diffuse, score 0–4. * p ≤ 0.05,
*** p ≤ 0.00001.
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Statistically significant elevations in proinflammatory cytokine and inflammatory
protein levels were observed for vehicle-treated rats challenged with LPS. These increases
were significantly reduced when rats were treated with UP446 (Figure 3A–E). Statistically
significant and dose-correlated reductions were observed for rats treated with UP446 at
250 mg/kg and 125 mg/kg orally. These reductions were calculated against the vehicle
control and were found to be 90.7% and 69.8% for TNF-α (Figure 3A) and 81.2% and
61.8% for IL-1β (Figure 3B) when UP446 was administered at 250 mg/kg and 125 mg/kg,
respectively. While the highest dose (250 mg/kg) resulted in a 74.6% reduction in the level
of BAL IL-6, the lower dose showed a 58.3% reduction (Figure 3C). In this study, LPS rats
treated with the high dose of UP446 showed statistically significant 42.4% reductions in
CRP compared to the vehicle-treated disease model (Figure 3D).

Figure 3. Effect of UP446 on inflammatory cytokines, and chemokines in LPS-induced ALI in
rats. Male SD rats (n = 10) at the age of 9 weeks old were treated with the composition—UP446
at 125 mg/kg and 250 mg/kg orally for 7 days before the treatmpleent with LPS. On the 8th day,
an hour after oral treatment, LPS was instilled intratracheal (i.t.) at 10 mg/kg dissolved with
PBS. The control rats (n = 7) received only PBS. Treatment groups include G1 = control, G2 = LPS,
G3 = LPS + UP446-125 mg/kg and G4 = LPS + UP446-250 mg/kg. G1 and G2 received the carrier
vehicle (i.e., 0.5% CMC) during treatment period. Rats were sacrificed, serum for TNF-α (A) and
IL-1β (B) and bronchoalveolar lavage (BAL) for IL-6 (C) and CRP (D) was collected 24 h post
intratracheal LPS administration. The right lobe was homogenized for MIP-2/CINC-3 (E) activity
analysis. * p ≤ 0.05; ** p ≤ 0.001; *** p ≤ 0.00001.

The daily oral treatment of UP446 at 250 mg/kg for a week caused a statistically
significant reduction in cytokine-induced neutrophil chemoattractant 3 (CINC-3) in LPS-
induced acute lung injury animals (Figure 3E). The level of CINC-3 in the normal control
rats receiving only the PBS intratracheally was near zero. In contrast, intratracheal LPS-
induced acute lung injury rats treated with the carrier vehicle showed an average lung
homogenate level of CINC-3 at 563.7 ± 172.9 pg/mL. This level was reduced to an average
value of 360.8 ± 110.7 pg/mL for the 250 mg/kg UP446 treated rats. This 36% reduction
in CINC-3 level for the rats treated with 250 mg/kg of UP446 was statistically significant
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when compared to the vehicle-treated disease model. The lower dose UP446 group only
had a marginal 10.5% reduction in lung homogenate CINC-3 level in comparison to the
vehicle-treated rats.

2.3. Effect of UP446 on Hyperoxia-Exposed, Bacteria-Challenged Mice

Pre-exposure to hyperoxia (O2) caused significantly more severe acute lung injury,
indicated by the amount of protein secretion and lung edema in these mice compared to
the mice that remained at room air (RA) (Figure 4A). The composition UP446 significantly
reduced this effect by 58.1%. The reduction in the total protein content in lung lavage fluids
of mice in the UP446-treated group was statistically significant compared to that of mice
treated with hyperoxia and vehicle control (O2).

 

Figure 4. Effect of UP446 on BALF total protein (A), BALF bacterial load (B) and lung homogenate
bacterial load (C) in oxidative stress/bacterial challenged mice. Following treatment with the
composition UP446 (250 mg/kg) orally for seven days, mice were exposed to >90% oxygen for 48 h
and continued oral treatment for 2 more days before being inoculated with Pseudomonas aeruginosa
(PA). Mice were euthanized 24 h after bacteria inoculation; lungs were lavaged, and the lavage fluid
was used to determine the total protein content (A) and bacterial load (B). Bacterial load was also
determined from the lung homogenate (C). * p ≤ 0.05, ** p ≤ 0.001; **** p ≤ 0.0001.

Bacterial loads in the airways (Figure 4B) and lung homogenates (Figure 4C) were
elevated 36- and 44-fold, respectively, by preexposure of the mice to hyperoxia (O2), com-
pared to those of mice that remained at room air (RA). Mice treated with UP446 had
significantly lower (88.3% and 88.8% reductions) bacterial loads in their airways and lung
homogenates, respectively, compared to mice exposed to hyperoxia and treated with ve-
hicle alone. These differences in the bacterial loads in airways and lung homogenates
were statistically significant compared to that of mice treated with hyperoxia and vehicle
control (O2).

2.4. Effect of the Composition on HMGB1 Release

Mice with hyperoxia-induced lung injury that were challenged with Pseudomonas
aeruginosa (PA) bacteria showed a 5-fold increase in extracellular HMGB1 in the lung lavage
compared to the room air (RA) mice challenged with PA. Pretreating animals with UP446
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showed a 71.6% reduction in the level of extracellular HMGB1 in the lung lavage compared
to vehicle-treated mice exposed to hyperoxia and PA infection (Figure 5A). These reductions
were statistically significant for both the positive control and UP446 groups.

 

Figure 5. (A) Effect of UP446 on HMGB1 in oxidative stress/bacterial challenged mice. Following
treatment with the composition UP446 (250 mg/kg) orally for seven days, mice were exposed
to >90% oxygen for 48 h and continued oral treatment for 2 more days before being inoculated
with Pseudomonas aeruginosa (PA). Mice were euthanized 24 h after bacteria inoculation; lungs were
lavaged, and the lavage fluid was used to determine HMGB1 expression levels. (B) Hyperoxia-
induced HMGB1 release in RAW 264.7 cells: RAW 264.7 cells either remained at room air (21% O2) or
were exposed to 95% O2 for 24 h in the presence of a composition at indicated concentrations. HMGB1
levels in the media were determined by Western blot analysis. Each value represents the mean ± SEM
of 2 independent experiments, in duplicates. “ns”: no significance. * p ≤ 0.05, *** p < 0.001 compared
to room air control (AR). # p < 0.05, ## p < 0.01, ### p < 0.001 compared to vehicle control.

Compared to the room air control group (21% O2) (RA), HMGB1 release in the hyper-
oxia control group (95% O2) (O2) was significantly increased. The vehicle, DMSO, did not
significantly alter HMGB1 release compared to the hyperoxia control group. In contrast,
treatment with the composition UP446 resulted in dose-correlated, statistically significant
reductions (75.9–89.7%) in the level of HMGB1 when tested at 3.7 μg/mL, 11.1 μg/mL and
33.3 μg/mL (Figure 5B).

2.5. Effect of the Composition UP446 on Macrophage Phagocytic Activity

Cultured macrophages (RAW264.7) were subjected to hyperoxia for 24 h in the pres-
ence of either different concentrations of the composition UP446 or the vehicle alone. As
indicated in the images, hyperoxia exposure significantly compromised macrophage phago-
cytic activity. The composition UP446 at doses as low as 3.7 μg/mL significantly enhanced
macrophage function. Increasing the concentration further to 11.1 and 33.3 μg/mL did not
seem to enhance the phagocytic activity of macrophages from what was already observed
for the lowest concentration, though a slight increase was seen for the higher concentration
tested. Optimum activation of macrophages for their phagocytic activity was already
observed at the minimum concentration tested. The phagocytosis activity from each UP446
concentration was statistically significant (Figure 6). These results suggest that the compo-
sition UP446 enhances alveolar macrophage phagocytic activity, protecting lung functions
under oxidative stress.
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Figure 6. Hyperoxia-compromised macrophage phagocytic function. RAW 264.7 cells either remained
at room air (21% O2) or were exposed to 95% O2 for 24 h in the presence of a standardized composition
(specifics and conc.). Cells were then incubated with FITC-labeled latex mini-beads for 1 h and
stained with phalloidin and DAPI to visualize the actin cytoskeleton and nuclei, respectively. For
quantification of phagocytic activity, at least 200 cells per group were counted and the number of
beads per cell was represented as a percentage of the 21% O2 (0 μg/mL) control group. Each value
represents the mean ± SEM of 2 independent experiments for each group, in duplicates. Significance
is compared to the 95% O2 (0 μg/mL) control group. ** p < 0.001 compared to room air control (AR).
# p < 0.05, ## p < 0.01compared to vehicle control.

3. Materials and Methods

3.1. The Botanical Composition

A proprietary botanical composition UP446 is a mixture of standardized extracts from
roots of S. baicalensis and heartwoods of A. catechu with a baicalin content not less than
60% and aa catechin content not less than 10% in the composition (Figure 7). Other minor
flavonoids, such as wogonin 7-glucuronide and baicalein, etc., account for about 15% of
the total weight. Moisture, ash, fat, and fiber constitute the remaining weight. A detailed
method for the preparation of the two major flavonoids, baicalin and catechin, from the
roots of S. baicalensis and the heartwoods of A. catechu, respectively, was disclosed in a US
patent [32].

3.2. Lipopolysaccharide (LPS)-Induced Sepsis in Mice

Purpose-bred CD-1 mice purchased from Charles River Laboratories at the age of
8 weeks were used for this study. Mice were acclimated for a week before being assigned
to study groups. Groups included: G1 = Normal control, G2 = vehicle control (0.5%
carboxymethyl cellulose (CMC)), and G3 = UP446 (250 mg/kg). Eight mice were allocated
to each group. Mice were pretreated with the composition (UP446) for 7 days before
receiving a lethal dose intraperitoneal injection of LPS (E. coli, 055:B5; Sigma, St. Louis,
MO, USA; Lot# 081275) at 25 mg/kg with a 10 mL/kg PBS volume. LPS was dissolved in
phosphate-buffered saline (PBS; Lifeline, Lot # 07641). Animals were observed hourly and
monitored for 5 days after LPS injection. The survival rate compared LPS + vehicle (0.5%
CMC; Spectrum, New Brunswick, NJ, USA; Lot # 1IJ0127) and LPS + UP446. Mice were
kept in a temperature-controlled room and were provided with food and water ad libitum.
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Figure 7. HPLC chromatogram and chemical structure of free B-ring flavonoid (baicalin) and flavan
(catechin). The flavonoids were detected using a UV detector at 275 nm and identified based on
retention time by comparison with known flavonoid standards. Free B-Ring Flavonoids: Baicalin:
R1 = R2 = OH, R3 = Glucuronide, R4 = R5 = H; Baicalein: R1 = R2 = R3 = OH, R4 = R5 = H; Oroxylin
A: R1 = R3 = OH, R2 = OMe, R4 = R5 = H; Chrysin: R1 = R3 = OH, R2 = R4 = R5 = H; Wogonin:
R1 = R3 = OH, R4 = OMe, R3 = R5 = H; Wogonin 7-Glucuronide: R1 = OH, R3 = Glucuronide,
R4 = OMe, R2 = R5 = H. Flavans: Catechin (+): R1 = R2 = R3 = R4 = R5 = OH; Epicatechin (−):
R1 = R2 = R3 = R4 = R5 = OH.

3.3. Lipopolysaccharide (LPS)-Induced Acute Inflammatory Lung Injury in Rats

The study was designed to evaluate the direct impact of the composition UP446 in
alleviating LPS-induced acute lung injury, with daily oral administration at 250 mg/kg
(high dose) and 125 mg/kg (low dose). Animals were pretreated with the test materials for
7 days before model induction with LPS. On the 8th day, an hour after oral treatment, LPS
was delivered intratracheally (i.t.) at 10 mg/kg, dissolved in 0.1 mL/100 g PBS, to each
rat. The normal control rats received the same volume i.t. of PBS only. Groups included
G1 = Normal control without LPS, G2 = vehicle control (0.5% CMC) with LPS, G3 = UP446
high dose (250 mg/kg) with LPS and G4 = UP446 low dose (125 mg/kg) with LPS. Ten rats
were allocated to each group.

Surviving animals were sacrificed 24 h after intratracheal LPS administration. At
necropsy, bronchoalveolar lavage (BAL) was collected by intratracheal injection of 1.5 mL
PBS into the right lobe of the lung, followed by gentle aspiration at least 3 times. Recovered
fluid was pooled, centrifuged at 1500 rpm for 10 min at 4 ◦C, and was used to measure
cytokines (e.g., IL-6) and pulmonary protein level. This same right lobe was collected for
tissue homogenization from each rat for MIP-2/CINC-3 protein quantification. The left
lobe was fixed with formalin and submitted for histopathology evaluation to Nationwide
Histology for analysis by a certified pathologist. Serum collected at necropsy was used to
measure cytokines, such as TNF-α and IL-1β.

3.4. The Effects of the Botanical Composition on Hyperoxia-Exposed-, Bacterial-Challenged, Acute
Inflammatory Lung Injury In Vivo

The effect of the botanical composition UP446 on bacterial clearance and HMGB1
expression level was evaluated in vivo. Male C57BL/6 mice (6 to 10 weeks old; The Jackson
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Laboratory, Bar Harbor, ME, USA) were used in this study, which was approved by the
Institutional Animal Care and Use Committee at St. John’s University. The mice were
housed in a pathogen-free environment, maintained at 22 ◦C and 50% relative humidity
with a 12 h light/dark cycle. All mice had ad libitum access to standard rodent food
and water. Mice were randomized to G1 = Normal control without bacterial inoculation,
G2 = vehicle-treated disease model, and G3 = Disease model + UP446 (250 mg/kg). Follow-
ing treatments with the vehicle, or the composition UP446 at 250 mg/kg orally for seven
days, mice were exposed to >90% oxygen for 48 h and continued oral treatment for 2 more
days before being inoculated with 0.1 × 108 colony-forming units (CFUs) of Pseudomonas
aeruginosa (PA). Mice were placed in microisolator cages (Allentown Caging Equipment,
Allentown, NJ, USA) that were kept in a plexiglass chamber (Bio-Spherix, Lacona, NY, USA)
for hyperoxia exposure. An oxygen analyzer (MSA; Ohio Medical Corporation, Gurnee,
IL, USA) was used to monitor the O2 concentration in the chamber. Mice were euthanized
24 h after bacteria inoculation and bronchoalveolar lavage (BAL) fluid was collected. The
lungs were gently lavaged twice with 1 mL of a sterile, nonpyrogenic phosphate-buffered
saline (PBS) solution (Mediatech, Herndon, VA, USA), containing a cocktail of protease and
phosphatase inhibitors (Pierce, ThermoFisher Scientific, Waltham, MA, USA). BAL samples
were centrifuged at 200× g at 4 ◦C for 5 min, and the resultant supernatants were immedi-
ately used for quantitative bacteriology. Lung tissues were immediately collected into 1 mL
cold PBS containing a protease and phosphatase inhibitor cocktail (Pierce, ThermoFisher
Scientific) followed by homogenization by a dounce tissue homogenizer [6].

3.5. Hyperoxia-Induced HMGB1 Release in Macrophages

The effect of the composition in reducing the level of HMGB1 release was tested in
murine immune cells in vitro. RAW264.7 cells either remained in room air (21% O2) or were
exposed to 95% O2 for 24 h in the presence of the composition UP446 at concentrations of
0, 3.7, 11.1 and 33.3 μg/mL. HMGB1 levels in the cell culture media were determined by
Western blot analysis described below in the assay section.

3.6. Phagocytosis Activity of Macrophages

The effect of the composition on the phagocytic activity of macrophages was tested
in vitro. RAW264.7 cells either remained in room air (21% O2) or were exposed to 95% O2
for 24 h in the presence of a standardized composition (UP446) at concentrations of 3.7,
11.1, 33.3 and 100 μg/mL. Cells were then incubated with FITC-labeled latex mini-beads
for one hour and stained with phalloidin and DAPI to visualize the actin cytoskeleton and
nuclei, respectively. For quantification of phagocytic activity, at least 200 cells per group
were counted, and the number of beads per cell was represented as a percentage of the 21%
O2 (0 μg/mL) control group.

3.7. Assays
3.7.1. Cytokines and Chemokines

The presence of TNF-α/IL-1β/IL-6 in undiluted rat serum was measured using the
rat TNF-α/IL-1β/IL-6 Quantikine ELISA kit from R&D Systems (product#: RTA00, RLB00
and R6000B, respectively) as follows: undiluted serum was added to a microplate coated
with TNF-α/IL-1β/IL-6 antibody. After 2 h at room temperature, TNF-α/IL-1β/IL-6 in
serum was bound to the plate and the plate was thoroughly washed. Enzyme-conjugated
TNF-α/IL-1β/IL-6 antibody was added to the plate and allowed to bind for 2 h at room
temperature. The washing was repeated, and enzyme substrate was added to the plate.
After developing for 30 min at room temperature, a stop solution was added, and the
absorbance was read at 450 nm. The concentration of TNF-α/IL-1β/IL-6 was calculated
based on the absorbance readings of a TNF-α/IL-1β/IL-6 standard curve.

The presence of CRP in rat bronchoalveolar lavage (BAL) diluted 1:1000 was measured
using the C-Reactive Protein (PTX1) Rat ELISA kit from Abcam (product#: ab108827) as
follows: 1:1000 diluted BAL was added to a microplate coated with CRP antibody. After
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2 h on a plate shaker at room temperature, CRP in BAL was bound to the plate and the
plate was thoroughly washed. Biotinylated C-Reactive Protein Antibody was added to the
plate and allowed to bind for 1 h on a plate shaker at room temperature. The washing was
repeated, and Streptavidin-Peroxidase Conjugate was added to the plate. After incubating
for 30 min at room temperature, washing was repeated, and chromogen substrate was
added. After developing for 10 min at room temperature, a stop solution was added, and
the absorbance was read at 450 nm. The concentration of CRP was calculated based on the
absorbance readings of a CRP standard curve.

Cytokine-induced neutrophil chemoattactant 3 (CINC-3)/macrophage inflammatory
protein 2 (MIP-2) ELISA was carried out as follows: 50 μL of each rat lung homogenate
sample (10 per group for vehicle, UP446 low dose, UP446 high dose, 7 per group for control)
and 50 μL of assay diluent buffer was added to the wells of a 96-well microplate coated
with monoclonal CINC-3 antibody and allowed to bind for 2 h. The plate was subjected to
5 washes before an enzyme-linked polyclonal CINC-3 antibody was added and allowed
to bind for 2 h. The wells were washed another 5 times before a substrate solution was
added to the wells and the enzymatic reaction was allowed to commence for 30 min at
room temperature protected from light. The enzymatic reaction produced a blue dye that
changed to yellow with the addition of the stop solution. The absorbance of each well was
read at 450 nm (with a 580 nm correction) and compared to a standard curve of CINC-3 in
order to approximate the amount of CINC-3 in each rat lung homogenate sample.

3.7.2. Bacterial Counts

Bacterial counts in the lung homogenate and bronchoalveolar lavage were quantitated
in serially diluted Luria–Bertani broth using a colony formation unit assay plated onto
Pseudomonas Isolation Agar (Difco, Sparks, MD, USA) at 37 ◦C for 18 h.

3.7.3. Western Blot Analysis

Cells were washed three times with PBS and lysed using a cell lysis buffer (Cell
Signaling Technology, Danvers, MA, USA) supplemented with Halt Protease and Phos-
phatase Inhibitor Cocktail (78440, ThermoFischer, Waltham, MA, USA) for intracellular
protein analysis. The total protein content of cell lysate was determined by using the
Bicinchoninic Acid (BCA) assay kit (23225, ThermoFisher, Waltham, MA, USA), as per the
manufacturer’s instructions. Samples were loaded onto 12% or 15% SDS-polyacrylamide
gels (Bio-Rad, Hercules, CA, USA) and transferred to Immobilon-P membranes (Milli-
pore, Bedford, MA, USA). Nonspecific binding sites on the membrane were blocked by
incubating the membrane with 5% nonfat dry milk (Bio-Rad, Hercules, CA, USA) in Tris-
buffered saline, containing 0.1% Tween 20 (TBST), for 1 h at room temperature. Next, the
membranes were washed three times with TBST, and incubated overnight at 4 ◦C with
anti-HO-1 (1:1000, #ab13248, Abcam, Cambridge, UK) and anti-pan-actin (1:1000, #8456,
Cell Signaling) antibodies, diluted in 5% nonfat dry milk in TBST. After three washes
with TBST, the membranes were incubated with goat anti-rabbit horseradish peroxidase-
coupled secondary antibody (1:5000; GE Healthcare, Chicago, IL, USA) for 1 h at room
temperature. Subsequently, membranes were again washed three times with TBST, and the
immunoreactive proteins were visualized using the SuperSignal West Pico Plus Chemilumi-
nescent Substrate (ThermoFisher, Waltham, MA, USA), as per the manufacturer’s instruc-
tions. Images were obtained using the Bio-Rad ChemiDoc XRS imaging system (Bio-Rad,
Hercules, CA, USA). The immunoreactive bands were quantified using ImageJ software
(version 2.0.0).

3.7.4. Statistical Analysis

Data were analyzed using Sigmaplot (Version 11.0, San Jose, CA, USA). The results
are represented as mean ± one SD. Statistical significance between groups was calculated
by means of single factor analysis of variance followed by a paired t-test. p-values less than
or equal to 0.05 (p ≤ 0.05) were considered statistically significant. When the normality test
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failed, for nonparametric analysis, data were subjected to Mann–Whitney sum ranks for
t-test and Kruskal–Wallis one-way analysis of variance on ranks for ANOVA. When the
treatment group sizes were unequal, Dunn’s test was used for pairwise comparisons and
comparisons against the placebo group following rank-based ANOVA.

4. Discussion

Poor air quality from recent wildfires and other sources of air pollution poses a major
public health threat worldwide. Antioxidants could potentially be considered as frontline
defense and/or adjunct for air-pollution-induced oxidative stress damage of the lung.
Historically, herbal medicines have been considered as an alternative to pharmaceuticals
because of their relative safety; however, scientifically sound, research-backed, safe and
efficacious nutritional supplements from natural sources for respiratory system support
(i.e., mitigation of pollution-induced oxidative stress damage) are very limited. Scutellaria
baicalensis and Acacia catechu, known antioxidants, have long been used in Traditional
Chinese Medicine (TCM) and ayurvedic preparations, respectively, for centuries for vari-
eties of human ailments. For instance, Radix Scutellaria has been reported as the second
most utilized herb, with a 38% frequency in all TCM compositions for the treatment of
respiratory tract infections [20]. Findings depicted in this report may support the frequent
historical usage of these botanicals for respiratory system support.

Recent discoveries in pulmonary pathophysiology have shown extracellular HMGB1
as an alarmin to trigger profound inflammatory and immune responses following oxidative-
stress-induced lung injury [11]. In the current report, we evaluated UP446 (an antioxi-
dant composition) in multiple pre-clinical in vivo and in vitro models suggestive of its
respiratory-system-support-related mode of action with the direct or indirect involvement
of extracellular HMGB1.

The hypothesis that the composition could be involved in reducing the level of ex-
tracellular HMGB1 was first tested in a sepsis model indirectly. The composition UP446
effectively prevented the development of sepsis in a Lipopolysaccharide (LPS)-induced
sepsis model. Mortality was significantly reduced (i.e., 50%) as a result of UP446 supple-
mentation. Since mortality was the end point measurement, we did not measure the level of
serum HMGB1 in this study; however, previously, it was reported that there is a correlation
between high serum levels of HMGB1 and sepsis, resulting in an unbalanced host immune
response, culminating in the death of the mice [33]. As such, the increased survival rate in
UP446-treated animals in the current study could possibly be linked to the reduction in
extracellular HMGB1 and mitigation of its downstream inflammatory effects.

We proceeded to assess the impact of the composition on acute inflammatory lung
injury using an LPS-induced lung injury in rats. Intratracheal instillation of lipopolysaccha-
ride (LPS) into the lungs of animals triggers an intense inflammatory response. It causes
acute inflammatory lung injury that mimics the pathology in humans, characterized by
pathological changes, such as diffuse alveolar damage, accompanied by profound increases
in proinflammatory cytokines, infiltration of polymorphonuclear cells, increased alveolar
capillary membrane permeability, and accumulation of protein-rich fluid in the alveolar
space, leading to edema [34–36]. These pathological changes may be a direct consequence
of increased accumulation of HMGB1 in the airways and the lungs, causing severe inflam-
matory injury. It has been reported that extracellular HMGB1 triggers the production of
potent proinflammatory cytokines and chemokines, such as TNF-α, IL-1β, CINC-3, and IL-
6, increased endothelial/epithelial barrier permeability, infiltration of polymorphonuclear
cells, and formation of lung edema, causing lung injury and loss of lung function [12,37].
As such, major cytokines and chemotactic factors involved in acute inflammatory response
in the lung have significant clinical relevance in cytokine storm intervention and alleviating
the severity of acute respiratory distress syndrome (ARDS). In the current study, the com-
position UP446 mitigated LPS-induced acute inflammatory lung injury, possibly through
inhibition of HMGB1 though our assay failed to show differences in the airway HMGB1
level in this model, suggesting the presence of additional pathways for the composition.
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Nevertheless, as evidenced by the histopathology data, a statistically significant reduc-
tion in cellular and structural damage was observed as a result of oral supplementation of
the composition UP446. Marked reductions in pulmonary edema further strengthened the
lung protection capacity of the composition, possibly through a reduction in extracellular
HMGB1 and hence improving the phagocytic activity of alveolar macrophages. Effec-
tive alleviation of acute inflammatory lung injury by the composition UP446 was further
demonstrated by a reduction in key proinflammatory cytokines and chemokines (TNF-α,
IL-1β and IL-6 and CINC-3) as well as the inflammatory protein CRP. Substantiating our
findings, it was reported that the blend of Scutellaria and Acacia was found to decrease
lung wet-to-dry weight ratio, mitigate lung histopathological changes, and reduce the
release of inflammatory mediators, such as TNF-α and IL-1β, in BAL in a rat model of
acute lung injury (ALI) [38]. Similarly, baicalein, a phenolic flavonoid from the root of
Scutellaria baicalensis has been shown to significantly mitigate LPS-induced lung edema and
attenuate the levels of IL-1β, TNF-α, IL-6, CINC-3 in broncho alveolar lavage fluid, with
marked improvement of lung histopathological symptoms, in an LPS-induced rat model
of acute inflammatory lung injury [39]. The major constituent of UP446, baicalin, has also
been found to inhibit the cytoplasmic translocation of HMGB1 induced by lipopolysac-
charide in vitro. In vivo, baicalin decreased serum HMGB1, TNF-α, IL-1β and IL-6 while
improving survival and tissue injury of septic mice [40].

We further carried out an additional preclinical in vivo study to better understand the
mode of action of the composition UP446 in a model that mimics mechanical ventilation-
induced oxidative stress and secondary pulmonary bacterial infection. It has been previ-
ously shown that exposure to hyperoxia can compromise the host defense against bacterial
infections, resulting in higher bacterial loads in lung tissues and airways and increased total
protein content in lung lavage fluids upon microbial infection [6]. In the current study, we
observed these phenomena in the vehicle-treated disease model with significant increases
in bacterial load and protein exudate, whereas supplementation with UP446 showed signif-
icant reductions in both protein and bacterial load, suggesting the standardized botanical
composition’s ability to improve host defense mechanisms, possibly through the reduction
in extracellular HMGB1.

Accumulation of extracellular HMGB1 in the airways compromises innate immunity,
leading to the impaired ability of alveolar macrophages to clear invading pathogens,
exacerbating inflammatory lung injury. HMGB1-triggered cytokine storm can subsequently
cause severe acute respiratory tract and lung injury that could ultimately cause death [6,38].
The involvement of HMGB1 in the pathogenesis of acute lung injury has been demonstrated
in mouse models whereby the intratracheal administration of anti-HMGB1 antibodies
mitigated the development of lung injury and increased survival rates [37]. To determine
whether UP446-attenuated acute lung injury in mice exposed to hyperoxia and PA is due
to its impact on the accumulation of extracellular HMGB1 in the airways, the levels of
HMGB1 were measured in the lung lavage fluids. Prolonged exposure of the mice to
hyperoxia and microbial infection increased the accumulation of HMGB1 in the airways
by about 5-fold. Pretreating animals with UP446 showed a 71.6% reduction in the level
of HMGB1 expression compared to vehicle-treated mice exposed to hyperoxia and PA
infection. These data suggest that the composition UP446 can reduce the accumulation of
airway HMGB1 in mice exposed to hyperoxia and PA infection. These findings suggest
the enhanced ability of UP446 to improve host defense mechanisms against oxidative
stress and microbial infection involving the respiratory system. Previously, the antioxidant
activity of the composition through increasing endogenous antioxidant enzyme has been
demonstrated in a human clinical study. In this study, healthy participants who were
supplemented with the composition for 56 days orally showed a statistically significant
increase in the serum level of glutathione peroxidase (GSH-Px) both at the interim (day 28)
and the end of study (day 56) compared to baseline [20].
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5. Conclusions

Reducing the level of extracellular HMGB1 induced by oxidative stress and/or respi-
ratory tract infection could have a significant impact on protecting the lungs from injury
and preserving normal physiological respiratory tract functions. The compilations of data
in this report strongly suggest that the antioxidant composition UP446 could be indicated
for lung protection through mitigation of HMGB1. Further confirmatory studies focused
on the impact of the composition on this molecular target in humans is suggested.
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Abstract: Sweet pepper fruits (Capsicum annuum L.) contain various nutrients and phytochemicals
that enhance human health and prevent the pathogenesis of certain diseases. Here, we report that
oral administration of orange sweet pepper juices prepared by a high-speed blender and low-speed
masticating juicer reduces UVB-induced skin damage in SKH-1 hairless mice. Sweet pepper juices
reduced UVB-induced skin photoaging by the regulation of genes involved in dermal matrix produc-
tion and maintenance such as collagen type I α 1 and matrix metalloproteinase-2, 3, 9. Administration
of sweet pepper juices also restored total collagen levels in UVB-exposed mice. In addition, sweet
pepper juices downregulated the expression of pro-inflammatory proteins such as cyclooxygenase-2,
interleukin (IL)-1β, IL-17, and IL-23, which was likely via inhibiting the NF-κB pathway. Moreover,
primary antioxidant enzymes in the skin were enhanced by oral supplementation of sweet pepper
juices, as evidenced by increased expression of catalase, glutathione peroxidase, and superoxide
dismutase-2. Immunohistochemical staining showed that sweet pepper juices reduced UVB-induced
DNA damage by preventing 8-OHdG formation. These results suggest that sweet pepper juices
may offer a protective effect against photoaging by inhibiting the breakdown of dermal matrix,
inflammatory response, and DNA damage as well as enhancing antioxidant defense, which leads to
an overall reduction in skin damage.

Keywords: high-speed blender; low-speed masticating juicer; skin health; sweet pepper juice;
UVB radiation

1. Introduction

The skin, the largest organ of the human body, is composed of the epidermis, dermis,
and subcutis, which provide the first line of defense against external environmental factors,
such as physical damage, temperature shock, pathogens, and ultraviolet (UV) radiation [1].
In addition, skin appearance, especially human facial skin, importantly contributes to self-
confidence, social interaction, and quality of life. Various risk factors, including genetics,
hormonal changes, metabolic processes, and environmental stimuli, such as UV radiation,
xenobiotics, and bacteria, can affect skin structure, function, and appearance [2].

Sunlight is one of the most crucial causes of skin aging, also known as photoaging,
and accounts for up to 90% of visible skin aging [3]. Skin photoaging is characterized
by mottled pigmentation, roughness, dryness, visible wrinkles, and decreased elasticity.
Although UVB accounts for only a small portion of total UV radiation, it can penetrate
the basal cell layer of epidermal cells and causes serious damage to the epidermis and
dermis of the skin and is therefore primarily responsible for sunburn and erythema [3,4].
In addition, UVB also provokes the degradation of extracellular matrix (ECM) composition
in the dermis, which is composed primarily of type I collagen with lesser amounts of type
II collagen, elastin, proteoglycans, and fibronectin, thereby leading to the loss of structure
and integrity, laxity, and wrinkles [4,5].
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Numerous epidemiological and laboratory studies suggest regular consumption of
fruits and vegetables can enhance skin health and delay skin aging [6]. A wide range of
phytochemicals stemming from edible plants has been reported to exert antioxidant and
anti-inflammatory activities, which contribute to alleviating inflammatory response, restor-
ing the functionality of the skin from photodamage, and preventing further progression
of solar UV-induced skin disorders [7]. Sweet peppers, belonging to the genus Capsicum
with more than 200 varieties, are considered natural sources of bioactive compounds such
as carotenoids, vitamin C and E, flavonoids, phenolic compounds, and dietary fiber [8].
Previous studies alongside research in our laboratory found that orange sweet pepper fruit
contains a wide range of carotenoids, such as viola, anthera, capsanthin, lutein, zeaxan-
thin, cryptoxanthin, carotene, and lycopene, in which lutein, β-cryptoxanthin, α-carotene,
and zeaxanthin contents are higher than those in other sweet pepper fruits [9–11]. From
the pharmaceutical point of view, sweet pepper exerts various health benefits, such as
antioxidant [12], anti-inflammation [13], cancer chemopreventive activity [14], and pre-
vention of cardiovascular diseases [15]. Yellow/orange/red sweet pepper fruit extracts
were found to inhibit the lipopolysaccharide-induced inflammatory response by inducing
heme oxygenase (HO)-1 in RAW 264.7 macrophages [16]. Using in vitro and in vivo mod-
els, fermented yellow/orange/red sweet pepper fruits with Lactobacillus plantarum have
been indicated to exert protective effects against oxidative stress-mediated retinal dam-
age [17]. Four colors of sweet peppers (green, yellow, orange, and red) exert antioxidant
activities and inhibitory effects on Alzheimer’s disease-associated key enzymes, such as
acetylcholinesterase, butyrylcholinesterase, and β-secretase, and thereby may be useful for
the prevention of Alzheimer’s disease [18]. In addition, clinical studies have shown that the
administration of red sweet pepper xanthophylls inhibited UV-induced skin damage [19]
and improved moisture on facial skin in volunteers [20].

Fresh vegetable/fruit juice has been receiving great interest from consumers because
of a simple household juicing preparation, retaining the major health-promoting compo-
nents of whole vegetables/fruit, and the absence of additives and preservatives [21,22].
Consequently, household juicers based on several technologies such as centrifugal blending
and cold-pressing were developed [22]. Although physicochemical characteristics of veg-
etable/fruit juice prepared by several different household juicers have been evaluated, the
effects of juicing methods on the biological activity of the juice in experimental models have
seldomly been investigated [23,24]. Therefore, this study aimed to evaluate and compare
the photoprotective effects of fresh orange sweet pepper juices prepared by a household
high-speed blender (HSB) and a low-speed masticating juicer (LSM) against UVB-induced
skin damage in SKH-1 hairless mice.

2. Results and Discussion

2.1. HSB and LSM Sweet Pepper Juices Inhibit UVB-Induced Photoaging in SKH-1 Hairless Mice

The consumption of fresh vegetable/fruit juice has recently been attracting great
interest in the improvement of skin health. Fresh juice contains a wide range of bioac-
tive compounds, such as carotenoids and polyphenols that contribute to maintaining
skin functions and preventing skin injury and carcinogenesis. Carotenoids have been
demonstrated to exert various benefits on the skin, including protection against sunlight-
induced erythema, pigmentation and collagen degradation, the inhibition of UV-induced
oxidative stress and inflammation, and the prevention of photoaging and photocarcinogen-
esis [25]. In addition, amounting studies have indicated that carotenoid supplementation
for 3–24 weeks increases serum levels of carotene, lutein, and lycopene, as well as skin
levels of β-carotene and total carotenoids [26–29]. Furthermore, dietary carotenoids such
as α/β-carotene, lutein, and zeaxanthin are distributed to various layers of skin and the
highest levels are often found in the stratum corneum closest to the skin surface to pro-
tect skin from harmful effects of sunlight [25,30]. On the other hand, UV radiation could
reduce the levels of β-carotene, lycopene, and other carotenoids in the skin, which may
potentially be attributed to ROS, thereby increasing the risk of photodamage [31,32]. Taken
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together, regular intake of carotenoid-rich vegetables/fruits may be an effective strategy for
skin health enhancement as well as complementary protection against solar UV-induced
skin damage.

Protective effects of HSB and LSM sweet pepper juices against photoaging were exam-
ined using UVB-irradiated hairless mice and animal experimental design was illustrated
in Figure 1a. Results showed that no significant difference in body weight and food con-
sumption among experimental groups was observed throughout 7 weeks of treatment,
suggesting that sweet pepper juices did not exhibit adverse effects (Figure 1b,c). Com-
pared to the normal control, HSB, or LSM juice-only group, skin wrinkle was obviously
observed in UVB-irradiated mice, whereas wrinkle development was suppressed by oral
administration of sweet pepper juices (Figure 1d). In addition, H&E staining revealed a
considerable increase in epidermal thickness in UVB-irradiated mice (Figure 1e,f). However,
oral administration of sweet pepper juices significantly decreased epidermal hyperplasia
and no significant difference among HSB juice, LSM juice, and positive control vitamin C
groups was observed. This observation is in line with previous studies, which suggest that
the hyperplasia of the epidermis in hairless mice irradiated with UV radiation is associated
with the hyperproliferation of keratinocytes [33,34]. In normal human and mouse skin, the
apoptotic and proliferative processes of keratinocytes are tightly regulated to construct the
epidermis and chronic UV radiation may dysregulate these two events, resulting in the
proliferation of keratinocytes to replace apoptotic cells and subsequently leading to the
development of skin cancer [35,36].

Figure 1. Protective effects of HSB and LSM sweet pepper juices against photoaging in UVB-irradiated
SKH-1 hairless mice. (a) Animal experimental design. (b) Body weight. (c) Food consumption.
(d) Photos of dorsal mouse skin. (e) Representative images of H&E staining. (f) Epidermal thickness.
Data are expressed as the mean ±SD. *** p < 0.001 values are considered as statistically significant
differences. HSB, high-speed blender; LSM, low-speed juicer; VTMC, vitamin C.

Skin photoaging is characterized by the atrophy of the dermal connective tissue that
is associated with the destruction of extracellular matrix (ECM) components, particularly
collagen fibers. UV radiation stimulates the synthesis of matrix metalloproteinase (MMP)
members, such as MMP-1, -2, -3, -9, and -13 in the skin keratinocytes and fibroblasts,
which in turn degrade collagen and other ECM proteins, thereby leading to wrinkle
formation and skin aging [37]. Increased levels of MMPs are found in murine and human
skins irradiated with UV radiation [5,38]. In addition, UV radiation also reduces collagen
production, mainly through downregulation of types I and III procollagen synthesis [39].
This study confirmed that UVB considerably decreased collagen content in skin tissues, as
indicated by Masson’s trichrome staining and total collagen content assay (Figure 2a,b).
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However, oral supplementation of HSB or LSM juice partially restored the level of collagen
fiber. Consistently, UVB significantly downregulated the expression of collagen type I
alpha 1 (Col1A1) but upregulated the expression of matrix collagen degradation enzymes
such as MMP-2, MMP-3, and MMP-9 (Figure 2c,d). Such effects were reversed by the
daily consumption of sweet pepper juices. A recent study has shown that carotenoids-
and polyphenol-rich extracts reduced MMP-1 expression and simultaneously enhanced
procollagen synthesis in normal human dermal fibroblasts under the condition of oxidative
stress [40]. Although both HSB and LSM juices did not reduce MMP-2 expression and LSM
juice was more effective in reducing MMP-9 expression, in general, the efficacy of HSB and
LSM juices was similar and comparable to that of positive control vitamin C. These findings
suggest that sweet pepper juice exerts anti-photoaging activity in a model of UVB-irradiated
hairless mice by increasing collagen synthesis and suppressing collagen degradation.

Figure 2. Effects of HSB and LSM sweet pepper juices collagen content in UVB-irradiated SKH-1
hairless mice. (a) Representative images of Masson’s trichrome stain for collagen fibber (Blue);
(b) Total collagen content in skin tissues from each group; (c) Protein expression of Col1A1 in skin
tissues; (d) Protein expression of matrix proteinase (MMP)-2, MMP3, and MMP-9 in skin tissues.
Data are expressed as the mean ±SD. * p < 0.05, ** p < 0.01, and *** p < 0.001 values are considered
as statistically significant differences. HSB, high-speed blender; LSM, low-speed juicer; VTMC,
vitamin C.

2.2. HSB and LSM Sweet Pepper Juices Attenuate Inflammatory Response in UVB-Irradiated
SKH-1 Hairless Mice

Chronic UVB irradiation is reported to cause skin inflammation, as characterized by ac-
celerating the production of pro-inflammatory mediators and cytokines. Cyclooxygenase-2
(COX2) catalyzes the rate-limiting step in the conversion of arachidonic acid into
prostaglandins [41]. UV-induced COX-2 expression stimulates keratinocyte proliferation
and epidermal hyperplasia, induces the production of other pro-inflammatory media-
tors, and triggers skin carcinogenesis [42,43]. Furthermore, COX-2 is also recognized as
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a molecular link between inflammation and tumorigenesis [44]. Transgenic SKH-1 mice
with COX-2 overexpression promote the development of UV-induced skin carcinogenesis,
whereas COX-2 knockout mice exhibit significant mitigation of UV-elicited skin tumorigen-
esis [43,45]. In addition, selective COX-2 inhibitors were found to considerably suppress
UV-induced epidermal hyperplasia and inflammation, as well as skin tumorigenesis in
terms of tumor number and tumor size [42,46,47]. Therefore, inhibition of COX-2 expression
may be a beneficial strategy for preventing UV-caused skin injury and carcinogenesis.

Aberrant expression of COX-2 was observed in the models of human and murine skins
acutely and chronically irradiated with UVB [48–50]. In the present study, chronic exposure
of mice to UVB remarkably induced COX-2 expression in skin tissues (Figure 3a). However,
UVB-induced COX-2 expression was significantly decreased by daily consumption of
sweet pepper juices. In addition, under the condition of UV irradiation, keratinocytes and
other skin-associated cells secrete a large number of pro-inflammatory cytokines, such as
interleukin (IL)-1β, IL-6, IL-17, IL-23, and tumor necrosis factor (TNF)-α that play a crucial
role in UV-induced skin inflammation due to their action of inducing edema and erythema,
decreasing skin integrity, and increasing chemoattractant and other inflammatory molecules
expression and ROS formation [51,52]. Moreover, these pro-inflammatory cytokines also
provoke massive infiltration of immune cells, especially neutrophils that excrete matrix
metalloproteinases capable of degrading extracellular matrix components and produce
ROS likely to devastate vital cellular components and thereby enhance UV-induced skin
damage [53,54]. Considering the suppression of pro-inflammatory cytokine production may
contribute to the activity of sweet pepper juices, the levels of IL-1β, IL-23, IL-17, and TNF-α
were examined. Results indicated that HSB and LSM sweet pepper juices significantly
reduced protein levels of IL-1β and IL-23, but not IL-17 and TNF-α in UVB-irradiated mice
(Figure 3b). Such inhibition of inflammatory factors partially explains the ability of sweet
pepper juice in reducing UVB radiation-induced skin edema and inflammation, epidermal
thickness, and skin aging. On the other hand, no significant difference in anti-inflammatory
activity between HSB- and LSM-juices was observed, suggesting that the efficiency of fresh
sweet pepper juice was independent to juicing methods.

Figure 3. Anti-inflammatory effects of HSB and LSM sweet pepper juices in UVB-irradiated SKH-1
hairless mice. (a) Protein expression of COX-2; (b) Protein expression of IL-1β, IL-17, IL-23, and
TNF-α in skin tissues; (c) Protein expression of p-p65 and p65 in skin tissues. Data are expressed as
the mean ±SD. * p < 0.05, ** p < 0.01, and *** p < 0.001 values are considered as statistically significant
differences. HSB, high-speed blender; LSM, low-speed juicer; VTMC, vitamin C.
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Nuclear factor kappa (NF-κB) is a redox-sensitive transcription factor responsible
for regulating the transcriptional expression of a wide range of pro-inflammatory factors,
such as COX-2, cytokines, chemokines, and adhesion molecules [55]. Activation of NF- κB
pathway by UV radiation is observed in many models of murine and human skins [56–59].
Thus, we further explored effects of HSB and LSM juices on NF-κB signaling pathway
in UVB-exposed mice. Results showed that oral administration of sweet pepper juices
significantly inhibited UVB-induced NF-κB activation, as evident from decreased p65
phosphorylation (Figure 3c). Although there was not significant difference between HSB
and LSM juices, LSM juice appeared to exert more pronounced anti-inflammatory activity
than HSB juice. In particular, the anti-inflammatory effect of sweet pepper juices seemed to
be better than that of vitamin C. These data suggest that sweet pepper juices may inhibit
UVB-induced skin inflammation by suppressing NF-κB pathway.

2.3. HSB and LSM Sweet Pepper Juices Enhance Antioxidant Defense Systems in UVB-Irradiated
SKH-1 Hairless Mice

The skin is one of a few organs that come into direct contact with exogenous oxidative
sources, such as sunlight. Solar UV radiation can promote the formation of reactive oxygen
species (ROS) such as superoxide anion radical, hydrogen peroxides, hydroxyl radicals, and
other oxidants that directly and/or indirectly damage to biomolecules, such as proteins,
lipids, and nucleic acids and interrupts cellular signaling pathways, eventually leading to
skin damage. Approximately 80% of ROS in the skin are thought to be produced by UVA
and UVB irradiation [60].

Oxidative stress is thought to play a central role in triggering and driving the signaling
events that lead to cellular responses, such as cell death, cellular senescence, and inflam-
mation, following UVB radiation. ROS can activate redox-sensitive transcription factors,
such as NF-κB and AP-1 that upregulate the production of inflammatory mediators and
cytokines. In addition, UVB-induced ROS also stimulates the release of MMP enzymes,
such as MMP-1, -2, -3, -9, and -13, in keratinocytes and fibroblasts, which in turn degrade
collagen and other ECM proteins, and simultaneously attenuate collagen synthesis in the
skin [1,61]. Therefore, oxidative stress mediates a variety of UVB radiation-induced skin
damage such as edema, erythema, hyperplasia, inflammation, and skin aging through
inappropriate regulation of signaling pathways, thereby increasing the risk of skin cancer.

Skin cells are equipped with an antioxidant defense system, consisting of enzymatic
and non-enzymatic antioxidants, which maintain the pro-oxidant/antioxidant balance by
ROS elimination. Nevertheless, flooding of ROS can overwhelm the cellular antioxidant
defense capacity and further generate reactive oxidants, resulting in oxidative stress and
consequently oxidative photodamaging of the skin [62]. Therefore, regular supplementation
of antioxidants is a useful strategy to prevent adverse effects of solar UV radiation.

A battery of antioxidant enzymes plays a vital role in counteracting excessive ROS ac-
cumulation, thereby maintaining cellular redox homeostasis. Primary antioxidant enzymes,
including catalase (CAT), glutathione peroxidase (GPx), and superoxide dismutase (SOD)
are considered to be the most important antioxidant defense in the skin [62]. SOD acts as
the first line of defense that catalyzes the dismutation of superoxide anion into oxygen
and hydrogen peroxide, with the latter being further decomposed by CAT and GPx [63].
Earlier studies reported that chronic UV exposure reduced protein levels of activities of
primary antioxidant enzymes, resulting in a wide range of skin disorders such as sunburn,
erythema, photoaging, and even cancer [64–66].

To further investigate whether the protective effects of HSB and LSM sweet pepper
juices were linked to the enhancement of the antioxidant defense system, we examined the
expression of antioxidant enzymes in the mouse skin tissues. UVB irradiation abolished the
expression of primary antioxidant enzymes, including CAT, GPx, and SOD-2, suggesting
provoked oxidative stress in UVB-exposed mouse skin (Figure 4a). In contrast, both HSB
and LSM juices significantly restored the levels of these antioxidant enzymes. Although
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there was not a significant difference between HSB and LSM juices, LSM juice appeared to
be more effective in inducing the expression of antioxidant enzymes than HSB juice.

Figure 4. Antioxidant effects of HSB and LSM sweet pepper juices in UVB-irradiated SKH-1 hairless
mice. (a) Protein expression of CAT, GPx, and SOD-2 in skin tissues; (b) Immunostaining for 8-OHdG
in skin tissues. Data are expressed as the mean ±SD. * p < 0.05, ** p < 0.01, and *** p < 0.001 values are
considered as statistically significant differences. HSB, high-speed blender; LSM, low-speed juicer;
VTMC, vitamin C.

DNA damage induced by UVB irradiation occurs mainly via oxidative processes
and 8-OHdG is the major mutagenic form of oxidative DNA damage [67]. The present
study hypothesizes that sweet pepper juice acts as an antioxidant capable of protecting
cells/tissues from DNA damage caused by UVB radiation. Immunohistochemical analysis
indicated a high level of 8-OHdG in the mouse skin chronically irradiated with UVB
radiation, compared to the normal control, HSB, or LSM juice-only group. However, both
HSB and LSM sweet pepper juices exerted a protective effect against UVB-induced DNA
damage, as indicated by a reduced level of 8-OHdG (Figure 4b). Taken together, these
findings suggest that sweet pepper juice exerts antioxidant activity to protect against
UVB-induced skin injury along with its anti-inflammatory property.

3. Conclusions

In conclusion, the regular intake of fresh vegetable/fruit juice containing various intact
phytonutrients without preservatives is believed to bring about health benefits, including
skin health improvement. Sweet orange pepper fruit with high levels of carotenoids, vita-
min C, and other bioactive components have the potential for use in a dietary supplement
for skin health. In this study, oral administration of sweet pepper juice exerted a protective
effect against UVB-induced skin aging in a hairless mouse model by inhibiting MMP expres-
sion and restoring collagen synthesis, thereby preventing skin wrinkles. UVB-induced skin
inflammation was suppressed by the consumption of sweet pepper juice. Simultaneously,
sweet pepper juice also maintained the antioxidant defense capacity of the skin and thus
prevented UVB-induced oxidative damage. In addition, juicing methods were considered
in the present study and sweet pepper juice prepared by an LSM juicer may exhibit pro-
nounced efficacies, compared to the juice by HSB. However, different experimental models
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with long-term consumption are required to compare the biological effects of HSB and
LSM juices.

4. Materials and Methods

4.1. Materials

Formalin, hematoxylin, and eosin were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Anti-Col1A1, p-p65, p65, COX-2, MMP-2, MMP-3, TNF-α, and peroxidase-
conjugated secondary anti-rabbit antibodies were obtained from Cell Signaling Technology
(Boston, MA, USA). Anti-catalase, GPx, SOD-2, IL-1β, Il-17, Il-23, MMP-9, and peroxidase-
conjugated secondary anti-mouse antibodies were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). Anti-8-OHdG antibody was procured from Thermo Scientific
(Waltham, MA, USA). All other chemicals used in this study were of analytic grade.

4.2. Preparation of Orange Sweet Pepper Juice

Orange sweet pepper fruits (Capsicum annuum L.) were purchased from Hoengseong
Rainbow farm (Gangwon-do, South Korea) and processed right after arrival. For purpose
of this study, fresh orange sweet pepper juices were prepared daily using a high-speed
blender (HSB, HC-BL 2000, HappyCall, Gimhae, South Korea) and a low-speed masticating
juicer (LSM, H200-DBFA03, Hurom Co. Ltd. Gimhae, South Korea). The major bioactive
constituents in orange sweet pepper juices were analyzed. Total phenolic content in LSM
and HSN juices was 111.77 ± 1.88 mg/100 mL and 96.45 ± 3.56 mg/100 mL, respectively,
while total carotenoid content was 3.49 ± 0.01 mg/100 mL and 4.18 ± 0.1 mg/100 mL,
respectively. The level of total ascorbic acid was 119.80 ± 3.19 mg/100 mL for LSM juice
and 100.63 ± 1.10 mg/100 mL for HSB juice.

4.3. Animal Experimental Design and UVB Irradiation

Six-week-old female SKH-1 hairless mice were purchased from Orient Bio (Seongnam,
South Korea) and housed in plastic cages at 25 ± 2 ◦C and 50 ± 5% relative humidity under
a 12–12 h light–dark cycle. All animals were allowed free access to standard food and
water ad libitum. All experiment protocols were approved by the Institutional Animal
Care and Use Committee of Kyungpook National University (No. KNU 2021-182). After
a week of acclimation, mice were randomly divided into seven groups (n = 10): Normal
control, HSB juice (10 mL/kg), LSM juice (10 mL/kg), UVB, UVB + HSB juice (10 mL/kg),
UVB + LSM juice (10 mL/kg), and UVB + Vitamin C (positive control, 100 mg/kg). HSB
juice, LSM juice, or Vitamin C were orally administered to the animals in each group daily
for 7 weeks, while the mice in the normal control and UVB groups were given an equal
amount of distilled water. Vitamin C is well-known to protect against UVB-induced skin
damage [68,69] and vitamin C (100 mg/kg) was used as a positive control according to
previous studies [70,71]. Food intake and body weight were regularly recorded throughout
the study. UVB irradiation was performed three times per week for 7 weeks using a BioLink
Crosslinker system (Vilber Lourmat, Paris, France) with peak emission at 312 nm. The UVB
dose was started at 100 mJ/cm2 in the first week and 150 mJ/cm2 in the following two
weeks and increased up to 200 mJ/cm2 in the last four weeks. At the end of the experiment,
the mice were sacrificed with CO2 and dorsal skin tissues were rapidly harvested. After
removing lipid and connective tissues, a part of skin tissues was cut and fixed in a 10%
formalin solution, and the rest of the tissue samples were snap-frozen in liquid nitrogen
and then stored at −80 ◦C for further analysis.

4.4. Histological and Immunohistochemical Analyses

Dorsal skin tissues of each group were fixed in 10% neutral formalin and embed-
ded in paraffin. Sections were stained with hematoxylin and eosin (H&E) for general
histopathology and Masson’s trichrome to examine epidermal thickness and collagen fiber,
respectively. For immunostaining, the sections were incubated with specific mouse anti-
8-OHdG primary antibody in a humidified chamber overnight at 4 ◦C and followed by
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incubation with horseradish-conjugated secondary antibody and 3,3’-diaminobenzidine.
Representative H&E, Masson’s trichrome, and immunostained images of sections were
captured using a digital microscope (Paxcam, Villa Park, IL, USA).

4.5. Measurement of Total Collagen Content

Dorsal skin tissues were homogenized in distilled water and total collagen content
was measured by total collagen assay kit (Biovision, Waltham, MA, USA) according to the
manufacturer’s instructions.

4.6. Western Blot Analysis

Dorsal skin tissues were homogenized in RIPA buffer containing protease and phos-
phatase inhibitors (Thermo Fisher Scientific, Waltham, MA, USA) using Precellys 14 tissue
homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France). The lysates were
then centrifuged at 13,000× g for 15 min at 4 ◦C to obtain supernatant. Protein samples
were aliquoted out and stored at −80 ◦C. The protein concentrations were measured using
a PierceTM BAC protein assay kit (Thermo Fisher Scientific). An equal amount of protein
samples was resolved on SDS-PAGE gel and then transferred to polyvinylidene fluoride
membrane using a semidry transfer system (Bio-rad, Hercules, CA, USA). After blocking
with 5% non-fat skim milk, the membranes were incubated with specific primary antibodies
overnight at 4 ◦C and followed by hybridization with proper secondary antibodies for 3 h
at 4 ◦C. Eventually, protein bands were visualized using Western Blotting Luminol reagent
(Santa Cruz Biotechnology).

4.7. Statistical Analysis

Data are presented as the mean ± standard deviation (SD) of at least three independent
experiments. Statistical analysis was performed using analysis of variance followed by the
Tukey’s post hoc test. The p-value < 0.05 was considered to be statistically significant.
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Abstract: Renal fibrosis progression is closely associated with aging, which ultimately leads to renal
dysfunction. Salidroside (SAL) is considered to have broad anti-aging effects. However, the roles and
mechanisms of SAL in aging-related renal fibrosis remain unclear. The study aimed to evaluate the
protective effects and mechanisms of SAL in SAMP8 mice. SAMP8 mice were administered with SAL
and Ferrostatin-1 (Fer-1) for 12 weeks. Renal function, renal fibrosis, and ferroptosis in renal tissue
were detected. The results showed that elevated blood urea nitrogen (BUN) and serum creatinine
(SCr) levels significantly decreased, serum albumin (ALB) levels increased, and mesangial hyperplasia
significantly reduced in the SAL group. SAL significantly reduced transforming growth factor-β
(TGF-β) and α-smooth muscle actin (α-sma) levels in SAMP8 mice. SAL treatment significantly
decreased lipid peroxidation in the kidneys, and regulated iron transport-related proteins and
ferroptosis-related proteins. These results suggested that SAL delays renal aging and inhibits aging-
related glomerular fibrosis by inhibiting ferroptosis in SAMP8 mice.

Keywords: renal fibrosis; ferroptosis; aging; salidroside; iron transport

1. Introduction

The elderly population rate is increasing, owing to improvements in living and medical
standards [1]. Many organs change during aging, and the kidneys are particularly affected
by aging [2]. Aging causes structural changes in the kidney which lead to conditions such as
glomerular and tubular hypertrophy, glomerulosclerosis, and tubulointerstitial fibrosis [3].
Patients with chronic kidney disease (CKD) develop renal anemia and exhibit reduced
erythropoietin secretion [4]. Actively combating renal anemia can improve the quality of
life and survival rate of patients with CKD [5]. Therefore, research on mechanisms involved
in renal aging and alleviation of circulating iron deficiency has gained attention because of
their significance in the prevention of aging-related glomerular fibrosis.

Senescence-accelerated mouse (SAM) strains consist of senescence-prone inbred strains
(SAMP) and senescence-resistant inbred strains (SAMR) [6]. SAMP8 mice are one of the
senescence-accelerated prone mice, based on the grading score data of aging, life span,
and pathological phenotype, Kyoto University conducted selective inbreeding on AKR/J
mouse strain donated by Jackson Laboratory in 1968 [7], which is characterized by learning
and memory deficits and impaired immune function [8]. The serum oxidative stress level
of SAMP8 mice was higher than that of SAMR1 mice [9], and the expression levels of
muscle atrophy, and inflammation fibrosis-related and aging gene marker genes in elderly
SAMP8 mice, were significantly different from those in the young control group [10].
Elderly SAMP8 mice can show adverse cardiac remodeling [11], liver fibrosis [12], and
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renal fibrosis [13], which are age-related pathologies, and their incidence rate and severity
increase with age [6].

Studies have shown that age-related mitochondrial dysfunction is closely related to
renal fibrosis [14]. There is dysfunction in the mitochondria of elderly SAMP8 mice [15].
Renal pathological changes of 9-month-old SAMP8 mice include renal tubulointerstitial
fibrosis and focal segmental glomerulosclerosis. Renal fibrosis of SAMP8 mice is related to
age. The Wnt/β-catenin/RAS signaling pathway was activated in the kidney of SAMP8
mice [16]. Compared with the aging SAMR1 control group, the consumption level of
GSH/GSSG ratio and MDA level in the 6-month-old-month old SAMP8 mice were in-
creased [17]. Early CKD was observed in aged SAMP8 mice [18]. A spontaneous model
such as SAM has obvious advantages over the gene-modified model, as it can better reflect
the changes in age-related diseases. It is hoped that it can be used more widely for the
research of biological gerontology resources [6]. There was ferroptosis and increased lipid
peroxidation levels in the muscle of SAMP8 mice [19].

A recent study suggested that ferroptosis plays an important role in renal tubular
injury in tubular epithelial cells (TECs), and suggested that ferroptosis plays a key role
in driving kidney injury and can be used as a treatment strategy [20]. Ferroptosis is an
iron-dependent cell death caused by lipid peroxidation that is controlled by integrated
oxidant and antioxidant systems [21]. The iron-containing enzyme lipoxygenase is the
main ferroptosis promoter by producing lipid hydroperoxides, and its function relies on the
Acyl-CoA synthetase long-chain family member 4 (ACSL4)-dependent lipid biosynthesis
activation [22]. In contrast, the selenium-containing enzyme Glutathione Peroxidase 4
(GPX4) is currently recognized as a central repressor of ferroptosis, and it is dependent
on glutathione, which is produced by the activation of the cystine–glutamate anti-porter.
Similar to transferrin (TF), it acts as a positive ferroptosis regulator by increasing iron
intake [23]. Ferritin is the major intracellular iron storage protein complex and includes
ferritin light polypeptide 1 (FTL1) and ferritin heavy polypeptide 1 (FTH1) [24]. Increased
ferritin expression limits ferroptosis. Recent studies have indicated that FTH1 increases
autophagy, which can degrade ferritin to elevate iron levels, resulting in oxidative injury
through the Fenton reaction [25].

Salidroside (SAL) is a phenylpropanoid glycoside with various pharmacological ben-
efits [26] which acts as an anti-oxidative, anti-fatigue, anti-inflammatory, anti-aging, and
anti-diabetic agent. SAL has been found in sweet-scented Osmanthus, Oleifera, Striga, and
Rhodiola L [27]. Current evidence suggests that SAL affects renal interstitial fibrosis in
unilateral ureteral obstruction model mice [28]. However, there were few reports of SAL
involved in renal interstitial fibrosis in the context of aging. In this study, we aimed to
investigate the therapeutic effects of SAL in renal interstitial fibrosis in SAMP8 mice and
explore its possible mechanism.

2. Results

2.1. Screened Potential Targets

After removing duplicates, 434 targets of SAL and 2586 targets of aging-related renal
fibrosis were collected (Table S1). Overlap between targets of SAL and aging-related renal,
183 potential therapeutic targets of SAL were selected and presented by Venn diagrams
(Figure 1A).
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Figure 1. Potential-target screening and enrichment analysis. (A) The predicted targets of SAL and
aging-related renal fibrosis. A total of 183 overlap targets were screened by the Venn diagram. The
bubble maps of molecular function (B), biological process (C), and cellular component (D).

2.2. Enrichment Analysis of Potential Targets

The bubble maps provide a graphical representation of the highly enriched terms
of function categories. The main molecular functions included amide binding, growth
factor-receptor binding, and protein phosphatase binding (Figure 1B). The main biological
processes included neutrophil degranulation, neutrophil activation, and response to oxida-
tive stress (Figure 1C). The main cellular components included the glutamatergic synapse,
the integral component of the synaptic membrane, and the vesicle lumen (Figure 1D). The
main enriched pathways included ferroptosis, aging, apoptosis, dopaminegic synapse,
glycolysis/gluconeogenesis, the TNF signaling pathway, MAPK signaling pathway, mTOR
signaling pathway, and neurotrophin signaling pathway (Figure 2).
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Figure 2. Circle diagram of the significant KEGG pathways.

2.3. Network Analysis of Potential Targets

The PPI network consisted of 183 nodes and 1332 edges, with an average node
degree of 14.7 (Figure 3A). The PPI network contained five clusters, with a local clus-
tering coefficient of 0.466, which was related to tau protein binding metal ion binding,
response to oxygen-containing compounds, and regulation of the cell cycle, respectively
(Figure 3B). The subnetworks selected by MCODE include module 1 (MCODE score = 27.758)
(Figure 3C) and module 2 (MCODE score = 3.667) (Figure 3D). Clusters 1 and 2 were related
to the regulation of programmed cell death and abnormal cell death, respectively. Based on
the above findings, the following studies were focused on ferroptosis.

Figure 3. Network cluster analysis. (A) PPI network of 183 potential therapeutic targets. (B) Network
cluster analysis. The main function of each cluster was identified by enrichment analysis. (C,D)
High-scoring subnetworks and their major function.
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2.4. Effects of SAL Treatment on Renal Function Parameters from the Serum of SAMP8 Mice

To investigate the protective effect of SAL against aging-related renal damage, bio-
chemical parameters, including BUN and SCr, were evaluated. The serum BUN and SCr
levels in the SAMP8 group were significantly higher than in the SAMR1 group (p < 0.01;
Figure 4A,B). The BUN and SCr levels in the SAL-L, SAL-H, and Fer-1 groups were signifi-
cantly reduced compared to the SAMP8 group, particularly in the SAL-H group (p < 0.01).
The serum ALB levels in the SAMP8 group were significantly decreased when compared
with the SAMR1 group (p < 0.001; Figure 4C). However, the serum ALB levels in the SAL-L,
SAL-H, and Fer-1 groups significantly increased when compared with the SAMP8 group,
particularly in the SAL-H group (p < 0.01). This indicated that senescence-related renal
dysfunction had emerged in the SAMP8 group, and SAL had protective effects on the
abnormal symptoms.

Figure 4. Effects of SAL on renal function parameters in the serum of SAMP8 mice. (A) The blood
urea nitrogen (BUN) serum level. (B) The serum creatinine (SCr) level. (C) The albumin (ALB) serum
level. Data are expressed as means ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

2.5. Effects of SAL Treatment on Histopathological Changes in the Kidneys of SAMP8 Mice

The results of H&E staining revealed that the number of mesangial cells, the volume
of glomeruli, and the proliferation of the mesangial matrix were further increased in
the SAMP8 group. However, the number of glomerular cells, glomerular volume, and
mesangial cell proliferation was significantly reduced in the SAL-L, SAL-H, and Fer-1-
treated groups than in the SAMP8 group (Figure 5A). Masson staining also revealed that
numerous cyanine-stained collagen fibers and very little red-stained normal kidney tissue
appeared in the kidney glomeruli of the SAMP8 group when compared with the SAMR1
group (p < 0.01; Figure 5B). This indicated that aging significantly induces glomerular
mesangial expansion and mesangial matrix accumulation. However, the SAL-L, SAL-H,
and Fer-1 groups showed significantly reduced accumulation of blue-stained collagen fibers
in the glomerular basal region than that in the SAMP8 group (p < 0.05, p < 0.01; Figure 5C).
These results suggested that SAL treatment ameliorated renal lesions in the SAMP8 group
because of aging.
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Figure 5. Effects of SAL on histopathological changes in the renal cortex in SAMP8 mice: hematoxylin–
eosin (H&E) and Masson staining, 400×. (A,B) The results of HE staining in the renal cortex. The
arrows indicate the glomerular mesangial cells. (C,D) The results of Masson staining in the renal
cortex. The arrows indicate glycoprotein deposition. Data are expressed as means ± SD, ** p < 0.01,
*** p < 0.001, **** p < 0.0001.

2.6. SAL Ameliorates Renal Interstitial Fibrosis in SAMP8 Mice

We assessed protein expression levels of the profibrotic factor TGF-β1. PCR and
Western blot analysis revealed that TGF-β1 expression was significantly increased in
the kidney tissue of mice in the SAMP8 group when compared with the SAMR1 group.
TGF-β1 protein expression was significantly decreased in the SAL-L, SAL-H, and Fer-1
groups, (Figure 6A,B). Western blot analysis was used to evaluate the expression of α-SMA
expression, which is the main molecular marker for myofibroblasts. The results of the
Western blot indicated that α-SMA protein expression in the SAMP8 group was significantly
increased compared to that in the SAMR1 group, while the level was significantly decreased
after being treated with SAL (Figure 6C,D). These results suggested that SAL mediates the
secretion of pro-fibrotic factors and activation of myofibroblasts in aging-induced renal
tissue, thereby inhibiting aging-induced renal interstitial fibrosis.
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Figure 6. Effects of SAL on expressions of α-SMA and TGF-β1 in renal tissue of SAMP8 mice
(Western blot and q-PCR). (A) The relative expression of α-SMA. (B) The relative expression of
TGF-β1. (C,D) Western blot analysis of α-SMA and TGF-β1 expression, and quantification in the
kidney. Data are expressed as means ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

2.7. Effects of SAL Treatment in SAMP8 Mice on Lipid Peroxidation and GPX4

We assessed oxidative stress and lipid peroxidation in the kidney tissues of the mice.
Malondialdehyde (MDA) was enhanced, while superoxide dismutase (SOD) and glu-
tathione (GSH) were decreased in the kidneys of the SAMP8 group when compared with
the SAMR1 group (Figure 7). However, the results in the SAL-L, SAL-H, and Fer-1 groups
revealed a decrease in MDA, SOD, and GSH increase in the SAMP8 group (Figure 7A–C).
Furthermore, we measured GPX4 expression in the mouse kidneys. Immunohistochemistry
showed that GPX4 expression decreased in the kidneys of the SAMP8 group; however, the
expression of GPX4 was increased in the SAL and Fer-1 groups (Figure 7D,E). These find-
ings further confirmed that lipid peroxidation and ferroptosis are involved in aging-related
kidney disease, and that SAL ameliorated aging-related kidney ferroptosis.

Figure 7. Effects of SAL on the lipid peroxidation and GPX4 levels of SAMP8 mice. (A) The MDA
levels. (B) The SOD levels. (C) The GSH levels. (D,E) The GPX4 levels (IHC). Data are expressed as
means ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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2.8. SAL Ameliorates Renal Iron Overload in SAMP8 Mice

We measured the iron content in kidney tissue. Iron staining revealed that the iron
content in the kidneys of the SAMP8 group was significantly increased (Figure 8A), and
the iron content in the renal tubules was relieved after treatment with SAL and Fer-1
(Figure 8B). Western blot showed increased TFR1 expression in the kidneys of the SAMP8
group when compared with the SAMR1 group, while SAL and Fer-1 treatment decreased
TFR1. FPN1 and FTH1 expression decreased in the SAMP8 group when compared with
the SAMR1 group. SAL and Fer-1 treatment increased the expression of these proteins in
the SAMP8 group (Figure 8B,C). These results suggested that aging causes iron overload in
renal tubules; however, SAL reduces iron overload in the kidneys of the SAMP8 group.

Figure 8. The effects of SAL on kidney iron deposition and the expression of iron transport-related
proteins in SAMP8 mice. (A) Kidney iron deposition magnification × 400. (B,C) The expression of
FTH1, TFR1, and FPN1 proteins in the kidney of SAMP8 mice. Data are expressed as means ± SD,
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

2.9. SAL Ameliorates Renal Ferroptosis in SAMP8 Mice

To determine whether ferroptosis occurs in the kidneys of SAMP8 mice, and whether
SAL attenuates aging-induced kidney damage. The expressions of ACSL4, GPX4, and
SLC7A11 were detected. In the SAMP8 group, ACSL4 expression was increased
(Figure 9A,D,E), and SLC7A11 and GPX4 expression were decreased (Figure 9B–D,F).
SLC7A11 and GPX4 expression were significantly improved, and ACSL4 expression was
decreased after treatment with SAL and Fer-1 (p < 0.05; Figure 9A,D,E).
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Figure 9. Effects of SAL on the expressions of ACSL4, SLC7A11, and GPX4 in renal tissue of SAMP8
mice (Western blot and q-PCR). (A) The relative expression of ACSL4. (B) The relative expression
of SLC7A11. (C) The relative expression of GPX4. (D–F) Western blot analysis of ACSL4, SLC7A11,
and GPX4 expression, and quantification in the kidney. Data are expressed as means ± SD, * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001.

2.10. Molecular Docking Analysis

Molecular docking can mimic the binding ability of different bound compounds and
proteins. The classical targets of ferroptosis and SAL were used for molecular docking.
The details of these proteins are listed in Table 1. The drug-target binding affinity and the
best-scored docked position between this SAL and GPX4, SLC7A11, ACSL4, FTH1, TFR1,
and FPN1 are indicated in Figure 10. To some extent, the results supported the reliability of
WB and revealed the mode of action of SAL on ferroptosis.

Table 1. Potential targets ID.

Uniprot ID PDB ID AlphaFord ID Gene Symbol

P36970 5l71 GPX4
D4ADU2 Q9WTR6 SLC7A11
O35547 Q9QUJ7 ACSL4
P19132 5xb1 FTH1
Q99376 Q62351 TFR1
Q923U9 Q9JHI9 FPN1
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Figure 10. Diagram of molecular docking patterns between SAL and vital ferroptosis protein targets.
The docking positions of the binding mode with the best binding energy are shown from global and
local perspectives, respectively. The 2D binding modes and detailed docking solutions are presented.
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3. Discussion

Aging is a significant risk factor for several common human diseases [29]. CKD has
become a growing problem worldwide, as it can lead to end-stage renal disease (ESRD)
due to renal fibrosis. Aging is an important factor closely related to the occurrence and
progression of renal fibrosis [30]. Therefore, finding suitable drugs to prevent the early
onset of renal fibrosis because of aging is necessary to reduce the incidence of age-related
kidney diseases. Previous studies have found that renal fibrosis occurs in SAMP8 mice [13],
and this phenomenon was also found in this study.

Rhodiola Rosea is a well-known herb, and SAL is one of its main active components
and is reported to have anti-aging and antioxidant activities [31]. Recent studies have
found that SAL inhibits doxorubicin-induced cardiomyopathy by modulating ferroptosis-
dependent pathways [32]. In CKD, the major structural kidney lesions include advanced
glomerular and interstitial fibrosis, which ultimately leads to renal fibrosis, causing func-
tional failure. It is well-known that aging is closely associated with changes in kidney
structure and function [33]. A previous study showed that accumulation of senescent
cells is involved in the development of renal fibrosis by upregulating the secretion of
pro-inflammatory mediators and pro-fibrotic factors, ultimately preventing cell regener-
ation [34]. However, the protective effects of SAL against renal fibrosis because of renal
aging are unclear. In this study, we found that BUN and SCr significantly decreased,
ALB increased, and renal function improved in the SAMP8 group after SAL treatment.
Ni et al. stated that SAL can ameliorate renal interstitial fibrosis in mice with diabetic
nephropathy [35]. Rui Li et al. found that SAL treatment significantly reduced the release
of inflammatory cytokines and inhibited the TLR4/NF-κB and MAPK signaling pathways.
The administration of SAL may be a new therapeutic strategy for the treatment of renal
fibrosis [36]. This is consistent with our findings.

With the progress of high-throughput technologies, biomedical data have greatly ac-
cumulated and continue to grow rapidly. Network pharmacology provides a feasible way
to obtain an overall understanding of Traditional Chinese medicine (TCM) prescriptions
from these massive clinical and experimental data [37]. Therefore, the combination of
network pharmacology and experimental research is a promising approach for identifying
potential targets and uncovering therapeutic mechanisms. In this study, 183 potential
therapeutic targets of salidroside were screened by network pharmacology for further
research. Enrichment analysis and PPI network analysis found that salidroside can regulate
metal ion binding, tau protein binding, and oxygen-containing compounds via the ferrop-
tosis pathway. Based on the network pharmacology findings, the following experimental
research was focused on ferroptosis.

Mesangial expansion, massive accumulation of the mesangial matrix, glomerular
hypertrophy, glomerular fibrosis, and interstitial fibrosis were significantly improved in
the SAMP8 group after SAL treatment. These results suggested that intervention can delay
the development of a series of structural lesions that occur in the early onset of renal aging
in the SAMP8 group. A previous study showed that SAL inhibited the transformation
of renal tubular epithelial cells to myofibroblasts in vitro by inhibiting the expression of
α-SMA and TGF-β1 based on the dosage. This study revealed that SAL treatment for
12 weeks significantly attenuated mesangial cell proliferation and matrix deposition in the
aged SAMP8 group. Furthermore, the TGF-β1 and α-sma expression levels significantly
decreased in the SAMP8 group after 12 weeks of SAL administration. These results indicate
that SAL treatment has a protective effect against renal fibrosis progression because of aging
in the SAMP8 group. In the kidneys of patients with CKD, iron deposits lead to increased
iron uptake and/or insufficient iron output. Iron accumulation triggers Fenton-mediated
oxidative damage may lead to renal injury, indicating that CKD renal iron accumulation
initially induces ferroptosis and that iron plays a deleterious role in CKD progression.
Therefore, regulation of the expression of iron metabolism proteins plays a significance in
restoring renal iron metabolism and alleviating ferroptosis.
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The accumulation of intracellular iron promotes lipid peroxidation, leading to cell
death [38]. The results showed that TFR1 significantly increased in the SAMP8 group,
whereas FTH1 and FPN1 expression significantly decreased. After 12 weeks of SAL admin-
istration, TFR1 levels decreased, and FTH1 and FPN1 levels increased. Kidney iron staining
also suggested that iron deposition in the kidneys of the SAMP8 model increased, and iron
deposition reduced after SAL intervention, indicating that SAL can ameliorate renal iron
overload in an aging model. Ferroptosis is a form of iron-dependent regulated cell death
induced by excessive lipid peroxidation, which is morphologically and mechanistically
distinct from apoptosis.

In diabetic nephropathy renal biopsies, ferroptosis-related molecules SlC7A11 and
GPX4 expression were reduced compared to in non-DN patients [39]. The involvement of
ferroptosis has also been demonstrated in an animal model of streptozotocin-induced DN.
Significant changes in markers associated with ferroptosis included decreased GPX4 expres-
sion levels and increased ACSL4 expression, lipid peroxidation products, and ferroptosis
in DN mice [40]. Iron accumulation in multiple organs, including the brain and kidneys,
can lead to increased oxidative damage and decreased function in the aging process [41].
Therefore, iron levels can serve as potential ferroptosis biomarkers, and are an important
causative factor of age-related diseases. GPX4 utilizes reduced glutathione to convert
lipid hydroperoxides to lipid alcohols, thereby reducing lipid peroxidation and inhibiting
ferroptosis [42]. Cysteine is obtained by most cells by importing extracellular cystine via
the amino acid transporter SLC7A11 [43]. Interventions in the ferroptosis pathway effec-
tively inhibit the progression of these diseases, suggesting that ferroptosis is a potential
therapeutic target [44]. As a redox cycle nitrogen oxide, SAL helps reduce oxidative stress
and has been reported to protect against neurodegenerative diseases in many models. A
growing body of research has shown that SAL has significant beneficial antioxidant effects
in many neurological diseases [28].

MDA is a major aldehyde product of lipid peroxidation. Enzymatic antioxidants
include SOD, CAT, and GSH-Px [45]. Recent studies have shown increased MDA and
decreased SOD, CAT, and GSH levels in kidney animals with diabetes than those in control
kidneys. Our previous study showed that salidroside could inhibit the ferroptosis of
neurons in AD mice [46]. In this study, results showed that MDA was elevated and SOD
and GSH were decreased in SAMP8 group kidneys. However, SAL treatment inhibited
MDA and increased SOD and GSH levels in the kidneys of the SAMP8 group. Furthermore,
GPX4 levels were lower in the kidneys of the SAMP8 group than in SAMRI mice, whereas
GPX4 levels were elevated in the kidneys of SAL-treated groups. Although GPX4 disruption
is repaired by SAL, upregulation of SLC7A11 expression has been reported to cure the
disease by inhibiting ferroptosis. SLC7A11 levels decreased in the kidney tissues of the
SAMP8 group. However, it was restored by SAL.

This study provides evidence that SAL exerts a protective effect against aging-related
kidney disease by inhibiting ferroptosis. Therefore, this study provides a strategy for the
treatment of ferroptosis-related diseases that are caused by aging and lays the foundation for
the development of new therapeutic drugs for ferroptosis-related diseases. However, this
study explored only the relationship between SAL, ferroptosis, and renal interstitial fibrosis
in the context of aging, and there is no related research conducted on the mechanisms
involved, which need to be further explored in the future.

4. Materials and Methods

4.1. Screen Targets of SAL and Aging-Related Renal Fibrosis

We hypothesize that the targets of SAL that intersect with the targets of aging-
related renal fibrosis were potential therapeutic targets of SAL in SAMP8 mice. The
potential targets of SAL were retrieved from ChemMapper databases (http://www.lilab-
ecust.cn/chemmapper/index.html) (search date: 13 July 2022), PharmMapper databases
(http://lilab.ecust.edu.cn/pharmmapper/index.php) (search date: 13 July 2022), Similarity
ensemble approach (SEA, http://sea.bkslab.org/) (search date: 14 July 2022), SuperPred
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databases (http://prediction.charite.de/) (search date: 14 July 2022), and SwissTargetPre-
diction (http://www.swisstargetprediction.ch/) (search date: 14 July 2022). The therapeu-
tic targets for aging-related renal fibrosis were obtained from the GeneCards databases
(https://previous.genecards.org/) (search date: 8 July 2022) and phenolyzer databases
(https://phenolyzer.wglab.org/) (search date: 8 July 2022).

4.2. Enrichment Analysis and Network Construction

The enrichment analysis was performed by the SangerBox (http://sangerbox.com (ac-
cessed on 1 October 2022)) and cluster profile (http://yixuetongji.top/tools.html (accessed
on 1 October 2022)), which can classify molecular function, biological process, cellular com-
ponents, and the KEGG pathway. The screened common targets between SAL and aging-
related renal fibrosis were analyzed to construct a PPI network. The protein subnetworks
were constructed by the MCODE algorithm (http://baderlab.org/Software/MCODE (ac-
cessed on 1 October 2022)).

4.3. Experimental Design

Three-month-old male SAMP8 mice and SAMR1 mice were obtained from the De-
partment of Medicine (Department of Experimental Animal Science) of Peking University
and were fed in the SPF-level experimental animal center of Southern Medical University.
The experiment was approved by the Animal Ethics Committee of Southern Medical Uni-
versity (Approval number: L2019185). Groups were designed when mice were 5 months,
including the SAMP8+saline (i.g., n = 10), SAMP8 + 30 mg/kg/day salidroside (Macklin,
lot: C10739039) (i.g., n = 8), SAMP8 + 60 mg/kg/day salidroside (i.g., n = 8), and SAMP8 +
5 mg/kg/day Ferrostatin-1 (Fer-1, Topscience, lot: 347174-05-4) (i.p., n = 8) groups. Fer-1 is
a potent inhibitor of ferroptosis and was used as a positive control [47]. SAMR1 mice were
used as the control group (saline, i.g., n = 10). All the mice were treated for 3 months. After
the intraperitoneal injection of pentobarbital sodium, blood was collected from the heart.
The abdominal cavity was opened and the kidney removed. One kidney tissue was fixed
in formalin and embedded in paraffin for pathological staining, while the rest was quickly
frozen in liquid nitrogen and preserved at −80 ◦C for further study.

4.4. Biochemical Analysis

Renal function was assessed by measuring albumin (ALB), blood urea nitrogen (BUN),
and serum creatinine (SCr) in mice. Aortic blood obtained from anesthetized mice was
used to measure SCr (C011-2-1JianChen Nanjing), BUN (C013-1-1JianChen Nanjing), and
ALB (A028-2-1JianChen Nanjing) levels.

4.5. Histology and Morphometry

Kidneys were removed and fixed with 4% paraformaldehyde for 24 h at 4 ◦C. Sections
(5 μm) were cut from paraffin-embedded kidney tissues. Sections were stained with
hematoxylin–eosin (HE) and Masson’s trichrome staining for h analysis. Masson staining
was used to quantify fibrosis. Sections were made to detect collagen fibers. The area of
interstitial fibrosis was identified, excluding the vascular area of the area of interest, such
as interstitial fibrosis or interstitial fibrosis. Collagen was deposited to the total tissue
area. Tubular. ImageJ software (http://rsb.info.nih.gov/ij, access date: 17 April 2022) was
used. In addition, a qualitative assessment was included, which was performed blindly
by a renal pathologist. The sections for immunohistochemical staining were incubated
with a primary antibody against GPX4 overnight at 4 ◦C, and secondary anti-goat IgG
(Proteintech, SA00001-2, Chicago, IL, USA) for 30 min at room temperature. DAB color
development, hematoxylin counter-staining, and dehydrated transparent mount section
were obtained. The sections were stored in the dark and eventually photographed with
digital slice scanner (KF-PRO-005, KFBIO, China).
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4.6. Kidney Iron Staining

The paraffin sections (5 μm) were dewaxed, hydrated, and then immersed in TBST
containing 3% H2O2 for 10 min. The sections were then treated with an equal-ratio mixture
of 4% aqueous potassium ferrocyanide and 4% hydrochloric acid for 30 min. Iron staining
was amplified with TBS containing 0.025% DAB and 0.0033% H2O2 for 10 min. All sections
were handled simultaneously to maintain consistency in the dyeing conditions. The sections
were stained with hematoxylin, differentiated, sealed, and observed.

4.7. Measurement of Malondialdehyde (MDA), Superoxide Dismutase (SOD), and
Glutathione (GSH)

The MDA, SOD, and GSH levels in tissues were detected using a lipid peroxidation
MDA assay kit, GSH assay kit, and SOD assay kit (Beyotime, Shanghai, China), respectively,
following the instructions of the manufacturer.

4.8. Polymerase Chain Reaction

Total RNA was extracted from the kidney tissues using TRIzol reagent (Invitrogen)
and converted to cDNA using the HiScript ® III-RT SuperMix for qPCR (+gDNA wiper)
kit (Vazyme Biotech Co., Ltd.); qPCR was performed using ChamQ Universal SYBR qPCR
Master Mix (Vazyme Biotech Co., Ltd.) in Roche LightCycler96. The relative mRNA levels
were calculated by normalization to the GAPDH levels (B661304, Sangon Biotech, Shanghai,
China). Relative gene expression was analyzed based on fold-change (2− ΔΔ Ct method).
Primer sequences were shown in Table 2.

Table 2. Gene primer sequence used for qRT-PCR.

GPX4 Forward primer CCGCCGAGATGAGCTGG
Reverse primer GTCGATGTCCTTGGCTGAG

SLC7A11 Forward primer ATGGTCAGAAAGCCAGTTGTG
Reverse primer CAGGGCGTATTACGAGCAGT

ACSL4 Forward primer TCCCTGGACTAGGACCGAAG
Reverse primer GGGGCGTCATAGCCTTTCTT

TGF-β Forward primer CCAGATCCTGTCCAAACTAAGG
Reverse primer CTCTTTAGCATAGTAGTCCGCT

α-sma Forward primer CTATGAGGGCTATGCCTTGCC
Reverse primer GCTCAGCAGTAGTAACGAAGGA

β-actin Forward primer CCACCATGTACCCAGGCATT
Reverse primer CGGACTCATCGTACTCCTGC

4.9. Western Blotting

The kidney tissues of mice in each group were added with protein lysate, and the
total protein was extracted after homogenization. The protein concentration of each
group was calculated by the BCA method and denatured at 5 × loading buffer at 95
◦C for 10 min. The total protein loading of each group was 20 μg. Protein samples were
electrophoresed in SDS–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
onto PVDF membranes (Millipore, Billerica, MA, USA). The blots were blocked with 5%
skimmed milk. Then, they were probed with primary antibodies: GPX4 (ab125066, 1:2000,
Abcam, Cambridge Science Park, Cambridge, UK), SLC7A11 (26864-1-AP, 1:1000, Pro-
teintech, Chicago, IL, USA), ACSL4 (ab155282, 1:10,000, Abcam, Cambridge Science Park,
Cambridge, UK), TFR1 (bs-21319R, 1:1000, Bioss, Bejing, China), FTH1 (#3998, 1:1000,
CST, Boston, MA, USA), FPN1 (2660, 1-1-AP, Proteintech, Chicago, IL, USA), α-sma
(# 19245, 1:2000, CST, Boston, MA, USA), and TGF-β1 (#84912, 1:1000, CST, Boston, MA,
USA) overnight at 4 ◦C. The blots were washed and incubated for 1 h at room temperature
with the HRP-conjugated secondary antibody and then developed with enhanced chemilu-
minescence reagents (E412-01, Vazyme, Nangjing, Jiangsu, China). The densitometry of the
protein bands was quantified using ImageJ software.
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4.10. Molecular Docking

The main compounds of SAL and aging-related renal fibrosis protein targets were
analyzed by molecular docking using the AutoDock Vina and AutoDock. The 3D structures
of key protein targets were obtained from the RCSB Protein Data Bank (PDB) and AlphFold
databases. The figures of the active binding site were generated with the PyMOL software.

4.11. Statistical Analysis

Quantitative data are represented as mean ± Standard Deviation (SD). Statistical
analyses were completed using SPSS version 25. Comparison among groups was analyzed
using a one-way analysis of variance (ANOVA) test with Tukey post hoc multiple compar-
isons. Results were considered statistically significant when p < 0.05. Data were tabulated
and plotted using GraphPad Prism, version 8.

5. Conclusions

After the intervention of SAL, renal fibrosis and ferroptosis in 8-month-old SAMP8
mice can be alleviated, which may be related to regulating renal iron metabolism, reducing
iron deposition, regulating SLC7A11 and GPX4 protein expression, and finally alleviating
renal ferroptosis. SAL delays renal aging and inhibits aging-related glomerular fibrosis by
inhibiting ferroptosis in SAMP8 mice.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27228039/s1, Table S1: The targets of SAL and 2586
aging-related renal fibrosis.
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Abstract: Apelin and other novel adipokines have been associated with normal and pathological
reproductive conditions in humans and animals. In this paper, we used a rabbit model to investigate
if apelin and resolvin (RvD1) in testis and sperm are associated with the oxidative status of semen and
serum testosterone of rabbits fed different diets enriched with flaxseed (alpha-linolenic acid, ALA)
or with fish oil (eicosapentaenoic acid, EPA, docosapentaenoic acid, DPAn-3, and docosahexaenoic
acid, DHA). Apelin and RvD1 were detected by ELISA and apelin and the apelin receptor by
immunofluorescence. Increased levels of apelin in testes from both enriched diets were shown,
particularly in the interstitial tissue of the FLAX group. The FLAX diet enhanced serum testosterone,
and both enriched diets showed higher levels of malondialdehyde and RvD1 in the testis. In ejaculated
sperm, apelin and its receptor were localized in the entire tail of the control and both treated groups.
The ryanodine receptor was investigated in rabbit testis; the fluorescent signal was increased in
mature elongated spermatids of the FLAX group. In conclusion, this data seems to indicate that
FLAX increases the amount of apelin in testis, suggesting an involvement of this adipokine in male
reproduction and probably a role in the resolution of the inflammatory status.

Keywords: angiotensin-like-receptor 1; apelin; diet; ejaculated sperm; oxidative stress; PUFA;
resolvins; ryanodine receptor; testes

1. Introduction

The lipid profile of a diet deeply affects the reproductive functions of humans and
other animal species [1]. The main effects are related to several changes in the lipid profile
of germ cells and reproductive tissues, and to modification of hormonal assets and the
cascade of some lipid-derived molecules (isoprostanes, sterols, etc.) [2]. Oxidation and
inflammation are relevant endpoints of this complex interaction among dietary lipids and
derived molecules since dietary lipids modulate the fatty acids profile of tissues and, thus,
their oxidative onset [3].

Supplemental dietary n-3 PUFA improved sperm motion traits and resulted in an
enrichment of membrane fatty acid in the sperm and testes of the rabbits [2]. Testes showed
high gene expression of enzymes involved in PUFA synthesis, as Δ6 desaturase (FADS2),
elongase (ELOVL)2, and ELOVL5, and the low expression of Δ5 desaturase (FADS1).
Intermediate metabolites, enzymes, and final products were found differently in Leydig,
Sertoli, and germinal cells [4].

In recent studies, adipokines, such as adiponectin, chemerin, visfatin, resistin, and
omentin, have been associated with normal and pathological reproductive conditions in
humans and animals [5–7].
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Apelin is an endogenous peptide that is expressed in the brain, placenta, heart, lungs,
kidneys, pancreas, testis, prostate, and adipose tissues. It has been suggested that apelin
affects energy metabolism [8] and the release of inflammatory mediators [9]. Apelin also
inhibits the release of reactive oxygen species (ROS) in adipocytes, promotes the expression
of antioxidant enzymes [10], and seems to play a protective role in the progression of
lymphatic tumors. Moreover, apelin is locally synthesized in the hypothalamus, pituitary
gland, ovaries, and testes of many species, showing autocrine and/or paracrine effects [11].
The receptor of apelin, called angiotensin-like-receptor 1 (APJ), and the apelinergic system
are expressed in several tissues of the brain, spleen, placenta, heart, liver, intestine, prostate,
thymus, ovary, lung, kidney, stomach, adipose tissue, and testis, where many pleiotropic
effects are observed.

Moustafa [12] observed that in rats, the administration of n-3 or n-6 fatty acids im-
paired steroidogenesis but improved the antioxidant and anti-inflammatory status of the
reproductive system via modulation of adipokines in the testicles. Das et al. [13] indicated
that apelin may be a signal during the early postnatal stage for the regulation of germ
cell proliferation, apoptosis, and expression of androgen receptors. Accordingly, it seems
that the diet and the availability of some nutrients (e.g., fatty acids) have a relevant role in
sperm physiology and in the homeostasis of the apelinergic system [14].

Recently apelin/APJ-R system has been localized in human spermatozoa and testicular
tissue and is probably involved in human fertility [15].

At the same time, it appears that other molecules derived from omega-3 fatty acids
(eicosapentaenoic acid, EPA, docosapentaenoic acid, DPAn-3, and docosahexaenoic acid,
DHA), like resolvin (Rv)D1, play a major role in promoting the restoration of normal
cellular function following an inflammation occurring after tissue injury [16,17].

RvD1 amount was positively correlated with F2-IsoPs and reduced sperm quality, and
it increased along with other markers of oxidative stress and inflammation as fatty acids
content and clinical biomarkers [18].

In this paper, we used the rabbit as a model to investigate if the apelinergic system
(apelin and APJ) in sperm and testis and RvD1 may be associated with the fatty acids
profile and the oxidative status semen and serum testosterone of rabbits fed different diets
enriched with flaxseed, which has a very high alpha-linolenic acid (ALA) level, or with fish
oil that directly supplies ALA derivatives (EPA, DHA, and DPA). The possible involvement
of the ryanodine receptor (RyR), a lipid mediator of resolution of inflammation, the major
cellular mediator of induced calcium release, was also detected.

2. Results

Testosterone level, sperm parameters and fatty acid profile of sperm, and oxidative
status are shown in Table 1.

Table 1. Serum testosterone (pg/mL) and sperm characteristics (progressive motility %, curvilinear
velocity, VCL μm/sec, malondialdehyde, MDA nmol MDA/mL, fatty acids, and FA % of total FA) of
rabbits fed experimental diets. Polyunsaturated fatty acids, PUFA; very long chain PUFA, VLCP.

Groups

Serum
Testos-
terone

(pg/mL)

Sperm
Motility

(%)

VCL
(μm/sec)

MDA
(nmol

MDA/mL)

n-3 PUFA
(% of Total

FA)

n-6 PUFA
(% of Total

FA)

n-3 VLCP
(% of Total

FA)

n-6 VLCP
(% of Total

FA)

Control 3.63 b 62.13 a 184.7 ab 2.82 a 0.63 a 38.56 c 0.39 a 26.12 c

FLAX 4.60 c 76.31 b 236.5 b 14.79 b 4.25 b 22.45 b 2.83 b 18.31 a

FISH 2.82 a 77.27 b 226.9 b 20.64 c 13.12 c 19.06 a 12.62 c 23.62 b

SE 0.15 1.29 7.05 0.31 0.15 0.21 0.11 0.29

p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

On the same column with different letters (a–c) means p < 0.001.
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The FLAX group showed the highest testosterone concentration, whereas the FISH
group showed the lowest level (3.63 vs. 4.60 and 2.82 pg/mL, respectively, in the control,
FLAX, and FISH groups).

The sperm motility and curvilinear velocity (VCL) increased in the rabbits fed FLAX
and FISH diets.

Sperm MDA, as well as n-3 PUFA and n-3 VLCP, were higher in enriched dietary
groups compared to the control. In the latter groups, n-6 PUFA and n-6 VLCP resulted in
significantly lower values with respect to the control (Table 1).

Apelin and RvD1, as well as MDA level, n-3 and n-6 PUFA, and n-3 and n-6 VLCP in
testis, are shown in Table 2. Apelin resulted higher in the FLAX group compared to the
control and FISH groups. RvD1 showed higher values in both enriched dietary groups
with respect to that found in the control. MDA, n-3 PUFA, and n-3 VLCP were higher in
the FLAX and FISH groups compared to the control, while n-6 PUFA and n-6 LCP resulted
in lower values (Table 2).

Table 2. Apelin (ng/g), resolvin (RvD1) (pg/g), malondialdehyde MDA (nmol/g), polyunsaturated
fatty acids (PUFA), and vary long chain PUFA (VLCP %) in testes of rabbits fed experimental diets.

Groups
Apelin
(ng/g)

RvD1
(pg/g)

MDA
(nmol/g)

n-3 PUFA
(%)

n-6 PUFA
(%)

n-3 VLCP
(%)

n-6 VLCP
(%)

Control 1.187 a 111.578 a 34.755 a 2.305 a 38.695 b 0.078 a 26.525 b

FLAX 2.400 b 382.058 b 42.295 c 7.747 c 32.428 a 1.602 c 18.700 a

FISH 1.166 a 394.157 b 37.370 b 4.470 b 32.262 a 0.950 bc 17.930 a

SE 0.197 20.971 0.270 0.192 0.312 0.036 0.325

p value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

On the same column with different letters (a–c) means p < 0.001.

The correlation among the previous traits is shown in Table 3 and Supplementary
Table S1. A high positive (p > 0.01) correlation was recorded between apelin, RvD1, and
lipid oxidation in the testis (MDA), whereas only the RvD1 was positively correlated with
the sperm lipid oxidation (MDA). RvD1 also showed a positive correlation with the sperm
kinetic parameters (VCL and motility), whereas the apelin was positively correlated with
serum testosterone (T, p < 0.01) and VCL (p < 0.05).

n-3 PUFA in the testis showed a higher positive correlation with these latter proteins,
whereas the sperm n-3 PUFA was only correlated with RvD1 (p < 0.01). On the contrary,
n-6 PUFA was negatively correlated only with the RvD1 in both testis and sperm (p < 0.01).
Testis and sperm lipid oxidation exhibited a strong correlation with the kinetic traits of
sperm. As expected, n-6 and n-3 PUFA were inversely correlated both in the testis and
sperm.

The n-3 intake (estimated considering that the feed intake was no different between
groups, ~150 g/d) was correlated with almost all the parameters (positive with apelin,
RvD1, MDA, T, VCL, Motility, and n-3 testis profile; negative with n-6 PUFA of sperm
and testis) except n-3 PUFA of sperm, whereas n-6 intake was significantly correlated with
apelin, testis MDA, and T.

Immunofluorescence performed on ejaculated sperm showed that apelin was located
on the entire tail (Figure 1a,b) of the sample from the control (Figure 1a) and enriched
dietary groups (e.g., FLAX; Figure 1b). The APJ receptor was also detected in the tail in all
the samples (control and both enriched diets) (Figure 1c).
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Figure 1. Ejaculated spermatozoa of the control (a) and FLAX (b) rabbits incubated with anti-apelin
antibody. A fluorescent label was detected in all samples along the sperm tail (a,b). The APJ receptor
was localized in the entire tail (c) in all the samples. Bars: 5 μm.

As shown in Figure 2, apelin was strongly expressed in the interstitial tissue of the
testis from the FLAX (Figure 2b) compared with the control (Figure 2a) and FISH groups
(Figure 2c). Spermatids were labeled in both enriched dietary groups. As in sperm, the
localization of the APJ was similar to what showed for apelin.

 

Figure 2. UV micrographs of rabbit testicular tissue treated with anti-apelin antibody from control
(a) and enriched diets ((b) FLAX; (c) FISH). A weak fluorescent signal is present in the interstitial
tissue of controls and FISH diets (a,c), respectively). In (b), high labeling intensity in the interstitial
tissue is evident. In (b,c), spermatids are labeled. Bars: 50 μm.

Finally, the amount and distribution of ryanodine receptors were investigated in the
testes. In the testes of the control rabbits, a faint label was observed in interstitial cells,
and fluorescent spots were detected in a few numbers of spermatids (Figure 3a). A weak
presence of the signal in samples from rabbits fed both enriched diets was observed in
the interstitial tissue, and a high-dotted localization was detected in seminiferous tubules
(Figure 3b,c). In particular, the fluorescence was increased in mature elongated spermatids
of the FLAX group (Figure 3b).
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Figure 3. Immunolocalization of ryanodine receptors in rabbit testicular tissue from the control
(a,b) FLAX, and (c) FISH groups. A dotted fluorescent signal is present in the seminiferous tubules in
a reduced number of spermatids (a); the number of spots appears increased in (b,c), and strongly
present in b, in particular. A faint localization in the interstitial tissue is shown (b,c). Bars: 50 μm.

3. Discussion

In this study, the possible role of apelin and its receptors, RvD1, and ryanodine
receptors were investigated in the reproductive system and mature sperm of rabbits fed
different diets enriched with ALA (FLAX group), or VLCP (FISH group). Rabbit represents
a good animal model for studying sperm modifications due to the diet of other stressors
(infection, inflammation, etc.) [19–21].

It is widely known that some adipokines, such as apelin, can regulate male and female
reproduction according to the energy balance of the body. Chemerin, apelin, resistin, and
visfatin are expressed in the ovaries of various animal species; however, the role of apelin in
male reproduction has not yet been clarified [22]. Moretti et al. [15] detected increased levels
of apelin and IL-1β concentrations in patients’ samples with varicocele and infections.

It has been reported that diets rich in n-3 fatty acids and low in saturated fatty acids and
trans-fatty acids, if adequately protected with antioxidants (vitamins E, C, D, β-carotene,
selenium, zinc, folate), are positively associated with sperm quality [2,23]. Different dietary
sources of n-3 polyunsaturated fatty acids modify the lipid plasma membrane of the somatic
and germ cells of the rabbit testis, even if they do not change the spermatogenesis and/or
the ultrastructure [2]. This fact was confirmed in this study, where spermatozoa from
rabbits of FLAX and FISH groups displayed increased progressive motility.

In this paper, ELISA and immunofluorescence analysis in the testes from both enriched
diets showed that apelin was widely expressed, particularly in the interstitial testis of the
FLAX group, in agreement with other authors that have reported high intakes of PUFA and
VLCP [24]. Moreover, spermatids appeared labeled in both enriched dietary groups.

Apelin and APJ were detected in the entire tail of ejaculated sperm in the control and
both treated groups. In other cell models, apelin can reduce mitochondrial ROS-triggered
oxidative damage [25], mitochondria apoptosis, and inflammatory responses stimulated
by NF-κB and NLRP3 inflammasome [26]. Overproduction of ROS has been linked to
sperm damage and male infertility. There are many pathological conditions, including
varicocele, tobacco usage, alcohol, obesity/metabolic syndrome, leukocytospermia, and
sexually transmitted infections [27], which enhance the production of radicals.

Recently, in mouse, apelin and its receptor were localized in the Leydig and germ
cells, where they can influence testis steroidogenesis [13]. It has been reported that, in
rats, intraperitoneal administration of apelin resulted in a decrease of serum testosterone,
luteinizing, and follicle-stimulating hormone [28]. In the canine testis, apelin was detected
in spermatids and mature sperm, and the APJ receptor was also detected in the cytoplasm
of Leydig cells [29].

Exogenous treatment with other adipokines, as well as adiponectin, positively influ-
enced testicular mass, insulin receptor expression, and testosterone synthesis in the testis
of aged mice [30].

196



Molecules 2023, 28, 6188

FLAX diet increased serum testosterone, and both the enriched diets enlarged MDA
and RvD1 in the testis. Previously, Castellini et al. [2] showed persistent higher blood
testosterone in rabbits fed a three-month FLAX diet.

Different authors [31–33] suggested that dietary flaxseed, being one of the richest
sources of phytoestrogens (lignans), may increase testosterone hormone secretion by mod-
ulating blood cholesterol; indeed, lignans are able to reduce blood cholesterol (mainly
on low-density lipoprotein, LDL) competing with the cholesterol anabolism of liver and
favoring the sterol-hormone one [34]. Furthermore, the flaxseed phytoestrogens possess, to
a greater or lesser extent, functional similarity to the 17β-estradiol, thus, binding the same
receptors of estrogen hormones (α and β-estrogen receptors) [35].

Serum testosterone, oxidation, and the amount of n-3 PUFA in the testis were positively
correlated with apelin and RvD1. RvD1 is a member of the specialized pro-resolving
lipid mediator family derived from LC, and consequently, it increased the lipid oxidation
(testis and sperm MDA) induced by the higher PUFA concentration of enriched diets.
However, the reproductive apparatus was able to counteract this higher oxidative thrust
since RvD1 was correlated with sperm motility and VCL, suggesting that its activation
improves sperm kinetic, probably operating an anti-inflammatory/antioxidant action on
reproductive tissues, as hypothesized hereinafter (Figure 4).

Figure 4. Tentative scheme of action of antioxidants and resolving molecules following high dietary
PUFA intake. Solid line = mechanism flow; dotted line (arrows and squares) = molecule activity; red
line = reducing activity; green line = enhancing activity. PUFA: polyunsaturated fatty acids; ROS:
reactive oxygen species.

In humans, the RvD1 amount was increased in patients with leukocytospermia, varico-
cele, and idiopathic infertility compared to fertile men and with other markers of oxidative
stress and inflammation, such as fatty acids content and clinical biomarkers suggesting a
possible role for a diagnosis of inflammatory status and a subsequent appropriate thera-
peutic approach [18].

Sperm motility is influenced by the lipid composition of the plasma membrane, largely
determined by VLCP that ameliorates the flexibility of cells. The lipid bilayer of the
rabbit sperm membrane consists mainly of cholesterol and phospholipids [36], which
contain about 43% VLCP with more than 20 carbon atoms, with DPA n-6 being the most
representative [4]. The VLCP in the sperm membrane is derived from linoleic acid (C18:2n-
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6; LA) and ALA resulting, in turn, from the dietary intake and are converted into their
derivatives by the liver, or to a lesser extent, by testicular cells [4]. Furthermore, the lipid
bilayers are constituted by different sterols (cholesterol and desmosterol, a cholesterol
precursor), which, together with the phospholipids, modulate the membrane fluidity,
sperm capacitation, and acrosome reaction [23]. Nordgren et al. [37] suggested that higher
n-3 PUFA intake provides more substrate to produce pro-resolving lipid mediators during
high-risk pregnancy/delivery conditions. Zirpoli et al. [38] observed that acute or chronic
administration of n-3 PUFA enhanced RvD1, eliciting cardio- and neuroprotection through
the activation of several interrelated anti-inflammatory pathways.

Probably, increasing PUFA intake activates a complex mechanism consisting in trigger-
ing the cascade of several molecules, as follows: PUFA intake > PUFA tissues > oxidative
thrust > oxidative markers (e.g., MDA, Isoprostanes) > antioxidants response (enzymatic
and non-enzymatic) and resolving molecules (i.e., apelin and resolvin) = inflammation
controlling or solving (Figure 4).

Indeed, it is reported that resolvins were enzymatically produced by oxidized VLCP
metabolites; in particular, the RvD1 comes from DHA oxidation [39,40] in response to in-
flammation. There are two phases in acute inflammation: the onset phase and the resolving
phase [39]. During the onset phase, fatty acids-mediators such as prostaglandins (PG) and
leukotrienes (LT) operate as pro-inflammatory mediators, whereas after tissue injury or
trauma, some specific mediators (i.e., PG-E2 and LT-B4) drives the neutrophils infiltration
into the injured tissue, and remove dead cells. After that, it initiates the resolving phase,
where pro-resolving lipid mediators act against acute inflammation with a mechanism that
is not yet well defined.

PUFA intake increases the PUFA content of tissues, inducing, on the one hand, the
oxidative thrust ROS-mediated (malondialdehyde MDA and isoprostanes) and from the
other, the fatty acid-mediators release (prostaglandins PG, leukotrienes LT, and thrombox-
anes TB). The increase of fatty acid mediators modulates tissue inflammation (onset phase).
Contemporarily, the antioxidant’s defense (enzymatic and non-enzymatic) acts against
oxidation in the onset phase, followed by resolving molecules activation (resolving phase),
which reduces ROS generation and tissue inflammation.

As previously reported, in physiological conditions, a higher intra-testicular expres-
sion of the apelinergic system in the mouse testes was associated with a reduction in
testosterone secretion [13]; conversely, in this research, apelin was negatively correlated
with the serum testosterone in the FLAX diet (Supplementary Table S1), probably due to
phytoestrogens competition, as previously stated.

Moreover, higher levels of apelin in the testis of the FLAX group are associated with
increased oxidation in the testis and sperm. These results underline that the number of
antioxidants in the diet (i.e., α-tocopherol), even if considered supranutritional (50 vs.
200 mg/kg biblio), is not sufficient to balance the oxidation thrust induced by lipoperoxi-
dation of VLCP. Compensatory mechanisms have probably been activated with possible
effects on the reproductive system [3]. For example, the effect of vitamin E is partially
compensated by the activation of enzymes (i.e., cytochrome p450) and by some other mech-
anism studied in this experiment (Figure 4), namely the increase of apelin and RvD1 for
reducing the oxidation and/or its deleterious effect on cells of reproductive apparatus [41].

It is reported that in human neuroblastoma SH-SY5Y cells, apelin reduced calcium
release, caspase-3, and cytochrome c, preventing apoptosis, oxidative stress, and mitochon-
drial toxicity [42].

The resolution of inflammatory processes may be also modulated by calcium chan-
nels. Therefore, finally, the presence of ryanodine receptors (RyRs) was investigated in the
testes of rabbits. RyRs are intracellular calcium release channels that are highly expressed
in striated muscles and neurons but are also detected in several non-excitable cells [43].
Spermatogenic cells express transcripts for all three RyR isoforms. However, there is no
consensus regarding the presence and exact localization of RyRs in mature sperm [44].
This receptor was localized in the mitochondrial helix or in the entire sperm tail and may
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be involved in the capacitation process [45]. It is known that the atrial activity of the
Ca2+/calmodulin-dependent protein kinase II (CaMKII) is higher during sepsis and causes
hyperphosphorylation of cardiac ryanodine receptor 2 (RYR2) channels preventing neu-
ronal excitotoxicity, smooth muscle relaxation, vasodilation, and immunomodulation [46].
RvD1 can reduce the pro-inflammatory phenotype of microglia and enhance phagocytosis
of Aβ by microglia of AD patients and ameliorates the decline of phagocytosis of FAM-Aβ

through binding to different receptors. The in vitro effects were concentration-dependent
on MAPK, PI3K, and calcium signaling pathways [47].

On the other side, it has been recently reported that apelin influences the expression
of mitochondrial calcium uniporter, which increases mitochondrial calcium uptake [48],
suggesting a relationship between apelin levels and calcium that may have a fundamental
role not only in inflammation resolution but in sperm physiology and fertilization ability
(i.e., spermatozoa capacitation).

4. Materials and Methods

4.1. Animals and Experimental Design

Fifteen New Zealand White male rabbits were trained for semen collection with
an artificial vagina (50 days), then, they were divided into three homogeneous groups
(5/group): the control group was fed ad libitum with the standard diet, the FLAX group
was fed a standard diet, which was supplemented with 10% of extruded flaxseed, the FISH
group was fed a standard diet, which contained 3.5% of fish oil (Nordic Naturals Omega-3®,
Table 4). The dietary protocol involved 60 days. Animals were handled as reported in
Boiti et al. [49]. The feed intake was registered weekly to calculate the approximate intake
of n-3 and n-3 VLCP. Semen samples were evaluated at the beginning and at the end of the
protocol. This study was conducted in accordance with the Guiding Principles in the Use
of Animals and approved by the Animal Ethics Monitoring Committee of the University of
Siena (CEL AOUS; authorization no. 265/2018-PR, ISOPRO 7DF19.23).

Table 4. Formulation (g/kg of diet), chemical composition (g/kg of diet), and main fatty acids (% of
total fatty acids) of diets. Linoleic acid, LA; alpha-linolenic acid, ALA; polyunsaturated acids, PUFA;
long-chain PUFA, VLCP.

Control FLAX FISH

Dehydrated alfalfa meal 300 380 380
Soybean meal 44% 150 100 150

Barley meal 410 310 335
Wheat bran 52 52 52
Soybean oil 30 - -

Extruded flaxseed - 100 -
Fish oil - - 35

Beet molasses 20 10 10
Calcium carbonate 7 7 7

Calcium diphosphate 13.5 13.5 13.5
Salt 7 7 7

DL-methionine 0.5 0.5 0.5
Vitamin-mineral premix † 10 10 10

Crude protein 175 174 175
Ether extract 480 472 425
Crude fiber 124 137 130

Ash 89 84 90

LA 50.45 22.30 20.50
ALA 11.15 45.80 18.50

n-6 PUFA 51.45 22.80 21.00
n-3 PUFA 11.35 46 26.40
n-3 VLCP - - 10.50

Nordic Naturals Omega-3® = purified deep sea fish oil (from anchovies and sardines) containing EPA—330 mg/
100 g, DHA—220 mg/100 g, and other VLCP—140 mg/100 g + α-tocopherol for preservation. † Per kg diet:
vitamin A—11.000 IU; vitamin D3—2000 IU; vitamin B1—2.5 mg; vitamin B2—4 mg; vitamin B6—1.25 mg; vitamin
B12—0.01 mg; alpha-tocopheryl acetate—200 mg; biotine—0.06 mg; vitamin K—2.5 mg; niacin—15 mg; folic
acid—0.30 mg; D-pantothenic acid—10 mg; choline—600 mg; Mn—60 mg; Fe—50 mg; Zn—15 mg; I—0.5 mg;
Co—0.5 mg.
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Blood samples drawn from the marginal ear vein were collected in tubes containing
Na2-EDTA and centrifuged at 5000× g for 15 min at 4 ◦C. Serum was obtained from blood
samples coagulated at room temperature for 2 h, and then the collection tubes were rimmed
and refrigerated at 4 ◦C for 24 h before analysis.

At the end of the trial (110 days), the rabbits were killed, and their testes were accu-
rately removed; a part was fixed for immunofluorescence, and another part was stored
at −80 ◦C for the evaluation of malondialdehyde (MDA), fatty acid content, apelin, and
RvD1.

4.2. Testosterone Evaluation in Blood Serum

The testosterone concentration in rabbit serum was performed by radioimmunoassay
(RIA) using the Testosterone RIA KIT (Ref: RK-61M Institute of Isotopes Co. Ltd., Bucharest,
Romania) as reported in Castellini et al. [2].

4.3. Semen Quality Assessment

Semen samples were collected by means of an artificial vagina heated to 38 ◦C with
water and immediately transferred to the laboratory. Sperm quality was immediately
evaluated on raw samples, as reported by Castellini et al. [2]. The concentration of sperm
was evaluated with a Thoma-Zeiss chamber, and record sperm motility (%) and curvilinear
velocity (VCL, μm/s) was evaluated by means of a computer assisted sperm analysis
(CASA) system.

After, semen samples were centrifuged for 15 min, and the sperm cells were divided
into three aliquots. One aliquot was processed for immunocytochemistry, and the other two
aliquots of 108 spermatozoa/mL were stored at −80 ◦C for the evaluation of the oxidative
status and fatty acid profile.

4.4. Oxidative Status of Testis and Sperm

Lipid peroxidation in the testis was assessed by the MDA level. Rabbit tissue sam-
ples were homogenized in a 0.04 M K+-phosphate buffer (pH 7.4) containing 0.01% BHT
(1:5 w/v). The homogenate was deproteinized with acetonitrile (1:1) and then centrifuged
at 3000× g for 1 min. The supernatants were used for MDA analysis after pre-column
derivatization with 2,4-dinitrophenylhydrazine according to the method published by
Shara et al. [50] with minor modifications. The samples were immediately stirred, extracted
with 5 mL of pentane, and dried using nitrogen. MDA hydrazone was quantified by
isocratic HPLC using a Waters 600 E system controller HPLC instrument equipped with a
Waters Dual 2487 UV detector set at 307 nm. A 5 μm Ultrasphere ODS C18 column was
used with a mobile phase composed of acetonitrile (45%) and HCl 0.01 N (55%) at a flow
rate of 0.8 mL/min. A calibration curve with MDA concentrations ranging from 0.2 to
10 nmol/mL was used for quantification. The MDA concentration was calculated by peak
areas using an Agilent 3395 integrator. The results are expressed as nmol/g tissue.

The extent of sperm lipid peroxidation (thiobarbituric reactive substances, TBARs)
was assessed by measuring malondialdehyde (MDA) along with other substances that are
reactive to 2-thiobarbituric acid (TBA), as reported by Mourvaki et al. [51]. The results were
expressed as nmol MDA/mL.

4.5. Fatty Acid Profiles of Diets, Testis and Sperm

Lipids were extracted from the sperm and testis according to Folch et al. [52]; the
esterification was performed according to Christie [53]. The trans-methylation procedure
was performed using eicosenoic acid methyl esters (Sigma-Aldrich, Bellefonte, PA, USA) as
an internal standard.

The fatty acid composition was determined using a Varian gas chromatograph (CP-3800)
equipped with a flame ionization detector and a capillary column 100 m long × 0.25 mm ×
0.2 μm film (Supelco, Bellefonte, PA, USA). Helium was used as the carrier gas with a
flow of 0.6 mL/min. The split ratio was 1:20. The oven temperature was programmed, as
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reported by Mattioli et al. [54]. Individual fatty acid methyl esters (FAMEs) were detected
by comparing the relative retention times of peaks in the sample with those of a standard
mixture (FAME Mix Supelco; 4: 0 to 24: 0) plus cis- 395 9 cis-12 C18: 2; cis-9 cis-12 cis-15
C18: 3; and cis-9 cis-12 cis-15 C18: 3 (all from Sigma-Al- 396 drich). The fatty acids were
expressed as % of total fatty acids. The average amount of each 397 fatty acid was used
to calculate the sum of the total saturated fatty acid, monounsaturated 398 fatty acid, and
polyunsaturated fatty acids (PUFA) n-3 and n-6. The very long-chain PUFA 399 (VLCP)
included: EPAn-3, DPAn-3, and DHAn-3 acids, and arachidonic (ARAn-6) and 400 DPAn-6
were determined. The fatty acids profile of diets and registered feed intake was 401 used to
estimate the daily intake of -3 PUFA and n-6 PUFA (g/day).

4.6. Immunofluorescence in Testis and Sperm

Small pieces of rabbit testes were fixed with 10% buffered formalin for 24 h at
4 ◦C, and then washed in water for 1 h. The samples were dehydrated in an increas-
ing series of ethanol and cleared with xylene. Then, the specimens were incubated with
three infiltrations of molten paraffin at 60 ◦C for 1 h, and solidified at room temperature.
Paraffin sections were obtained by a Leica RM2125 RTS microtome (Leica Biosystem, Wet-
zlar, Germany); sections were deparaffinized with xylene, dehydrated in a series of ethanol
concentrations for 5 min, and finally, in water. For antigen retrieval, the sections were
washed and treated with heat-induced epitope retrieval 1 (HIER 1) buffer (10 mM sodium
citrate) at pH 6 for 20 min at 95 ◦C.

Sperm were smeared on slides, fixed in 4% paraformaldehyde for 15 min and treated
with a blocking solution (phosphate-buffered saline (PBS)–bovine serum albumin (BSA) 1%
Normal Goat Serum (NGS) 5%) for 20 min.

Specimens were treated overnight at 4 ◦C with the rbbit anti-apelin polyclonal antibody
(Abcam, Cambridge, UK) diluted 1:500 or rabbit anti-APJ-R polyclonal antibody (Thermo
Fisher Scientific, Waltham, MA, USA) diluted 1:100 or anti-ryanodine receptor polyclonal
antibody (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA) diluted 1:500. After
three washes for 10 min in PBS, reactions were revealed by an anti-rabbit antibody raised in
goat Alexa Fluor® 488 conjugate (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA),
diluted at 1:500 for 1 h at room temperature. Primary antibodies were omitted in the control
slides. Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI) solution (Vysis,
Downers Grove, IL, USA) for 10 min; the slides were washed in PBS and mounted with
1,4-diazabicyclo[2.2.2]octane (DABCO, Sigma-Aldrich, Milan, Italy) to observe fluorescence.
All the samples were analyzed under a Leica DMI 6000 fluorescence microscope (Leica
Microsystems, Wetzlar, Germany) with a 63× objective, and the images were acquired
using the Leica AF 6500 Integrated System for imaging and analysis.

For standardization and comparison of the different groups, only good-quality sections
at the same magnification were investigated; at least 10 sections of tissue from each group
were evaluated. Two hundred sperm per sample were evaluated. In detail, the images
were obtained with HCX PL FLUOTAR 63×/1.25 oil objective; filters for TRIC and FITC
were selected. The micrographs were not modified with image elaboration software. The
specificity of the antibodies, guaranteed in the datasheets of both antibodies, was also
evaluated by omitting the primary antibodies

4.7. Resolvin (Rv) D1 and Apelin Assays in Testis

In homogenates of testicular tissue (75% w/v, in phosphate-buffered solution, pH 7.4),
RvD1 and apelin were measured by a quantitative sandwich enzyme-linked immunosor-
bent assay (ELISA) (MBS2601295 MyBioSource, San Diego, CA, USA, and abx585113,
Abbexa, Cambridge, UK, respectively). A biotin-labeled antibody and horseradish perox-
idase + avidin were applied for bound biotin-labeled antibody detection. Spectrometric
detection of color intensity at 450 nm allowed the determination of testis RvD1 and apelin
amounts by comparing the optical density of each sample to the standard curve (respec-
tively ranging from 2000 pg/mL to 31.2 pg/mL RvD1 amounts, ranging from 8000 to
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125-pg/mL apelin amounts). In all experiments, measures were performed in duplicate in
each sample.

4.8. Statistical Analysis

Lipid oxidation, fatty acids profile, testosterone, and sperm kinetic traits were analyzed
with a linear model to evaluate the fixed effect of diet (control, FLAX, FISH; SPSS v28) Least
squares (LS) mean, and pooled standard error (SE) are reported. The Bonferroni correction
was applied for multiple comparisons. The significance was set at p < 0.05. A correlation
was built to detect associations among the main variables (apelin, RvD1, MDA, n-3 PUFA,
n-6 PUFA, final testosterone, MDA, sperm motility, curvilinear velocity VCL), also within
dietary groups (Supplementary Table S1). The correlation was defined as high when the
Pearson coefficient was (r) > |0.5|, medium when r ranged from 0.3 to 0.5, and low when r
< |0.3|.

5. Conclusions

The data seems to indicate that dietary supplementation of FLAX increases the amount
of apelin in the testis, whereas the RvD1 increased in both the supplemented diets.

Apelin in ejaculated sperm was mainly localized in the tail, and its positive correlations
with sperm motility and RvD1 level could suggest an involvement of these molecules in
male reproduction and probably a role in the resolution of inflammatory status induced by
dietary challenges (acute or chronic).

The proposed diet, by influencing apelin levels, could directly and indirectly, stimulate
the resolution of reproductive inflammation.

Further studies on the biological system (in vivo and in vitro) challenged with pro-
inflammatory or pro-oxidative molecules could be done to find a relationship with other
derived molecules.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28176188/s1, Table S1: Correlations (Pearson’s coefficient)
between all considered variables.
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11. Kurowska, P.; Barbe, A.; Różycka, M.; Chmielińska, J.; Dupont, J.; Rak, A. Apelin in Reproductive Physiology and Pathology of
Different Species: A Critical Review. Int. J. Endocrinol. 2018, 2018, 9170480. [CrossRef] [PubMed]

12. Moustafa, A. Effect of Omega-3 or Omega-6 Dietary Supplementation on Testicular Steroidogenesis, Adipokine Network,
Cytokines, and Oxidative Stress in Adult Male Rats. Oxid. Med. Cell Longev. 2021, 2021, 5570331. [CrossRef] [PubMed]

13. Das, M.; Gurusubramanian, G.; Roy, V.K. Postnatal developmental expression of apelin receptor proteins and its role in juvenile
mice testis. J. Steroid Biochem. Mol. Biol. 2022, 224, 106178. [CrossRef] [PubMed]

14. Salas-Huetos, A.; Bulló, M.; Salas-Salvadó, J. Dietary patterns, foods and nutrients in male fertility parameters and fecundability:
A systematic review of observational studies. Hum. Reprod. Update 2017, 23, 371–389. [CrossRef] [PubMed]

15. Moretti, E.; Signorini, C.; Corsaro, R.; Noto, D.; Tripodi, A.S.; Menchiari, A.; Micheli, L.; Ponchia, R.; Collodel, G. Apelin is found
in human sperm and testis and is raised in inflammatory pathological conditions. Cytokine 2023, 169, 156281. [CrossRef]

16. Serhan, C.N.; Chiang, N.; Dalli, J.; Levy, B.D. Lipid mediators in the resolution of inflammation. Cold Spring Harb. Perspect. Biol.
2014, 7, a016311. [CrossRef]

17. Duvall, M.G.; Levy, B.D. DHA- and EPA-derived resolvins, protectins, and maresins in airway inflammation. Eur. J. Pharmacol.
2016, 785, 144–155. [CrossRef]

18. Signorini, C.; Moretti, E.; Noto, D.; Micheli, L.; Ponchia, R.; Collodel, G. Fatty Acid Oxidation and Pro-Resolving Lipid Mediators
Are Related to Male Infertility. Antioxidants 2022, 11, 107. [CrossRef]

19. Marchiani, S.; Vignozzi, L.; Filippi, S.; Gurrieri, B.; Comeglio, P.; Morelli, A.; Danza, G.; Bartolucci, G.; Maggi, M.; Baldi, E.
Metabolic syndrome-associated sperm alterations in an experimental rabbit model: Relation with metabolic profile, testis and
epididymis gene expression and effect of tamoxifen treatment. Mol Cell Endocrinol. 2015, 401, 12–24. [CrossRef]

20. Marco-Jiménez, F.; Vicente, J.S. Overweight in young males reduce fertility in rabbitmodel. PLoS ONE 2017, 12, e0180679.
[CrossRef]

21. Fan, J.L.; Castellini, C.; Page, C.P.; Spina, D. The rabbit as a biomedical model. In The Genetics and Genomics of the Rabbit; CABI:
Wallingford, UK, 2021; pp. 310–325.

22. Estienne, A.; Bongrani, A.; Reverchon, M.; Ramé, C.; Ducluzeau, P.H.; Froment, P.; Dupont, J. Involvement of Novel Adipokines,
Chemerin, Visfatin, Resistin and Apelin in Reproductive Functions in Normal and Pathological Conditions in Humans and
Animal Models. Int. J. Mol. Sci. 2019, 20, 4431. [CrossRef] [PubMed]

23. Yuan, C.; Zhang, K.; Wang, Z.; Ma, X.; Liu, H.; Zhao, J.; Lu, W.; Wang, J. Dietary flaxseed oil and vitamin E improve semen quality
via propionic acid metabolism. Front. Endocrinol. 2023, 14, 1139725. [CrossRef] [PubMed]

24. Yuzbashian, E.; Zarkesh, M.; Asghari, G.; Hedayati, M.; Safarian, M.; Mirmiran, P.; Khalaj, A. Is apelin gene expression and
concentration affected by dietary intakes? A systematic review. Crit. Rev. Food Sci. Nutr. 2018, 58, 680–688. [CrossRef] [PubMed]

25. Zhou, Q.; Cao, J.; Chen, L. Apelin/APJ system: A novel therapeutic target for oxidative stress-related inflammatory diseases
(Review). Int. J. Mol. Med. 2016, 37, 1159–1169. [CrossRef] [PubMed]

26. Yan, J.; Wang, A.; Cao, J.; Chen, L. Apelin/APJ system: An emerging therapeutic target for respiratory diseases. Cell Mol. Life Sci.
2020, 77, 2919–2930. [CrossRef]

27. Agarwal, A.; Rana, M.; Qiu, E.; AlBunni, H.; Bui, A.D.; Henkel, R. Role of oxidative stress, infection and inflammation in male
infertility. Andrologia 2018, 50, e13126. [CrossRef]

28. Tekin, S.; Erden, Y.; Sandal, S.; Etem Onalan, E.; Ozyalin, F.; Ozen, H.; Yilmaz, B. Effects of apelin on reproductive functions:
Relationship with feeding behavior and energy metabolism. Arch. Physiol. Biochem. 2017, 123, 9–15. [CrossRef]

203



Molecules 2023, 28, 6188

29. Troisi, A.; Dall’Aglio, C.; Maranesi, M.; Orlandi, R.; Suvieri, C.; Pastore, S.; Bazzano, M.; Martínez-Barbitta, M.; Polisca, A.
Presence and localization of apelin and its cognate receptor in canine testes using immunohistochemical and RT-PCR techniques.
Vet. Res. Commun. 2023, 47, 937. [CrossRef]

30. Choubey, M.; Ranjan, A.; Bora, P.S.; Baltazar, F.; Martin, L.J.; Krishna, A. Role of adiponectin as a modulator of testicular function
during aging in mice. Biochim. Biophys. Acta Mol. Basis Dis. 2019, 1865, 413–427. [CrossRef]

31. Shultz, T.D.; Bonorden, W.R.; Seaman, W.R. Effect of short-term flaxseed consumption on lignan and sex hormone metabolism in
men. Nutr. Res. 1991, 11, 1089–1100. [CrossRef]

32. Li, W.; Tang, D.; Li, F.; Tian, H.; Yue, X.; Li, F.; Weng, X.; Sun, W.; Wang, W.; Mo, F. Supplementation with dietary linseed oil during
peri-puberty stimulates steroidogenesis and testis development in rams. Theriogenology 2017, 102, 10–15. [CrossRef] [PubMed]

33. Qi, X.; Shang, M.; Chen, C.; Chen, Y.; Hua, J.; Sheng, X.; Wang, X.; Xing, K.; Ni, H.; Guo, Y. Dietary supplementation with linseed
oil improves semen quality, reproductive hormone, gene and protein expression related to testosterone synthesis in aging layer
breeder roosters. Theriogenology 2019, 131, 9–15. [CrossRef] [PubMed]

34. Knight, D.C.; Eden, J.A. A review of the clinical effects of phytoestrogens. Obstet. Gynecol. 1996, 87, 897–904. [PubMed]
35. Martin, P.M.; Horwitz, K.B.; Ryan, D.S.; McGuire, W.L. Phytoestrogen interaction with estrogen receptors in human breast cancer

cells. Endocrinology 1978, 103, 1860–1867. [CrossRef]
36. Apel-Paz, M.; Vanderlick, T.K.; Chandra, N.; Doncel, G.F. A hierarchy of lipid constructs for the sperm plasma membrane.

Biochem. Biophys. Res. Commun. 2003, 309, 724–732. [CrossRef]
37. Nordgren, T.M.; Anderson Berry, A.; Van Ormer, M.; Zoucha, S.; Elliott, E.; Johnson, R.; McGinn, E.; Cave, C.; Rilett, K.; Weishaar,

K.; et al. Omega-3 Fatty Acid Supplementation, Pro-Resolving Mediators, and Clinical Outcomes in Maternal-Infant Pairs.
Nutrients 2019, 11, 98. [CrossRef]

38. Zirpoli, H.; Chang, C.L.; Carpentier, Y.A.; Michael-Titus, A.T.; Ten, V.S.; Deckelbaum, R.J. Novel Approaches for Omega-3 Fatty
Acid Therapeutics: Chronic Versus Acute Administration to Protect Heart, Brain, and Spinal Cord. Annu. Rev. Nutr. 2020, 40,
161–168. [CrossRef]

39. Serhan, C.N.; Brain, S.D.; Buckley, C.D.; Gilroy, D.W.; Haslett, C.; O’Neill, L.A.; Perretti, M.; Rossi, A.G.; Wallace, J.L. Resolution
of inflammation: State of the art, definitions and terms. FASEB J. 2007, 21, 325. [CrossRef]

40. Moro, K.; Nagahashi, M.; Ramanathan, R.; Takabe, K.; Wakai, T. Resolvins and omega three polyunsaturated fatty acids: Clinical
implications in inflammatory diseases and cancer. World J. Clin. Cases 2016, 4, 155–164. [CrossRef]

41. Meunier, B.; de Visser, S.P.; Shaik, S. Mechanism of oxidation reactions catalyzed by cytochrome P450 enzymes. Chem. Rev. 2004,
104, 3947–3980. [CrossRef]

42. Samandari-Bahraseman, M.R.; Elyasi, L. Apelin-13 protects human neuroblastoma SH-SY5Y cells against amyloid-beta induced
neurotoxicity: Involvement of anti oxidant and anti apoptotic properties. J. Basic. Clin. Physiol. Pharmacol. 2021, 33, 599–605.
[CrossRef] [PubMed]

43. Chiarella, P.; Puglisi, R.; Sorrentino, V.; Boitani, C.; Stefanini, M. Ryanodine receptors are expressed and functionally active
in mouse spermatogenic cells and their inhibition interferes with spermatogonial differentiation. J. Cell Sci. 2004, 117 Pt 18,
4127–4134. [CrossRef] [PubMed]

44. Zhou, Y.; Ru, Y.; Wang, C.; Wang, S.; Zhou, Z.; Zhang, Y. Tripeptidyl peptidase II regulates sperm function by modulating
intracellular Ca2+ stores via the ryanodine receptor. PLoS ONE 2013, 8, e66634. [CrossRef] [PubMed]

45. Moretti, E.; Signorini, C.; Noto, D.; Corsaro, R.; Micheli, L.; Durand, T.; Oger, C.; Galano, J.M.; Collodel, G. F4-Neuroprostane
Effects on Human Sperm. Int. J. Mol. Sci. 2023, 24, 935. [CrossRef]

46. Dobrev, D.; Heijman, J.; Hiram, R.; Li, N.; Nattel, S. Inflammatory signalling in atrial cardiomyocytes: A novel unifying principle
in atrial fibrillation pathophysiology. Nat. Rev. Cardiol. 2023, 20, 145–167. [CrossRef] [PubMed]

47. Zhu, M.; Wang, X.; Hjorth, E.; Colas, R.A.; Schroeder, L.; Granholm, A.C.; Serhan, C.N.; Schultzberg, M. Pro-Resolving Lipid
Mediators Improve Neuronal Survival and Increase Aβ42 Phagocytosis. Mol. Neurobiol. 2016, 53, 2733–2749. [CrossRef] [PubMed]

48. Chen, Z.; Zhou, Q.; Chen, J.; Yang, Y.; Chen, W.; Mao, H.; Ouyang, X.; Zhang, K.; Tang, M.; Yan, J.; et al. MCU-dependent
mitochondrial calcium uptake-induced mitophagy contributes to apelin-13-stimulated VSMCs proliferation. Vascul. Pharmacol.
2022, 144, 106979. [CrossRef]

49. Boiti, C.; Castellini, C.; Besenfelder, U.; Theau-Clément, M.; Liguori, L.; Renieri, T.; Pizzi, F. Guidelines for the handling of rabbit
bucks and semen. World Rabbit. Sci. 2005, 13, 71–91.

50. Shara, M.A.; Dickson, P.H.; Bagchi, D.; Stohs, S.J. Excretion of formaldehyde, malondialdehyde, acetaldehyde and acetone in the
urine of rats in response to 2,3,7,8-tetrachlorodibenzo-p-dioxin, paraquat, endrin and carbon tetrachloride. J. Chromatogr. 1992,
576, 221–233. [CrossRef]

51. Mourvaki, E.; Cardinali, R.; Dal Bosco, A.; Corazzi, L.; Castellini, C. Effects of flaxseed dietary supplementation on sperm quality
and on lipid composition of sperm subfractions and prostatic granules in rabbit. Theriogenology 2010, 73, 629–637. [CrossRef]

52. Folch, J.; Lees, M.; Sloane-Stanley, H. Asimplemethod for the isolation and purification of total lipids from animal tissue. J. Biol.
Chem. 1957, 226, 497–509. [CrossRef] [PubMed]

204



Molecules 2023, 28, 6188

53. Christie, W.W. A simple procedure for rapid transmethylation of glycerolipids and cholesteryl esters. J. Lipid Res. 1982, 23,
1072–1075. [CrossRef] [PubMed]

54. Mattioli, S.; Dal Bosco, A.; Maranesi, M.; Petrucci, L.; Rebollar, P.G.; Castellini, C. Dietary fish oil and flaxseed for rabbit does: Fatty
acids distribution and Δ6-desaturase enzyme expression of different tissues. Animal 2019, 13, 1934–1942. [CrossRef] [PubMed]

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.

205





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

www.mdpi.com

Molecules Editorial Office
E-mail: molecules@mdpi.com

www.mdpi.com/journal/molecules

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.





Academic Open 
Access Publishing

mdpi.com ISBN 978-3-7258-1115-1


