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Preface to ”Health Properties of Plant Bioactive
Compounds: Immune, Antioxidant and Metabolic
Effects”

Given that the best way to improve the quality of life of a human being is prevention of

illness, the study of functional compounds, natural food compounds that, in addition to meeting

nutritional needs, have beneficial properties on health, has become an emerging field in the area of

food technology and health due to the increasing popularity of functional foods among consumers

who continually demand healthier products that improve their quality of life and thus prevent

or treat diseases. Therefore, this reprint includes a collection of research findings published in

the Special Issue of the International Journal of Molecular Sciences, titled “Health Properties of Plant

Bioactive Compounds: Immune, Antioxidant and Metabolic Effects”. This collection provides an

updated overview of studies focusing on the positive multifunctional effects of vegetable-derived

compounds, such as peptides, extracts, essential oils, phytosterols, and phenolic compounds, on the

main components of chronic diseases that confer their potential as novel functional foods.

Antonio Carrillo-Vico and Ivan Cruz-Chamorro

Editors
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Health Properties of Plant Bioactive Compounds: Immune,
Antioxidant, and Metabolic Effects
Ivan Cruz-Chamorro 1,2,* and Antonio Carrillo-Vico 1,2,*

1 Departamento de Bioquímica Médica y Biología Molecular e Inmunología, Facultad de Medicina,
Universidad de Sevilla, 41009 Seville, Spain
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Sevi-lla, 41013 Seville, Spain
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In recent decades, people in the industrialized world have increased the demand
for meat-free foods motivated by health, environmental, and animal welfare reasons.
Thus, plant products and their derivatives have gained great popularity in nutrition [1].
Meanwhile, the World Health Organization (WHO) recommends the frequent consumption
of plant foods instead of foods of animal origin, which contain a considerable amount of
saturated fat and cholesterol [2].

The high consumption of plant products has generated an increase in the study
of the beneficial properties of their components beyond their basic macro- and micro-
nutrients [3,4]. In this context, several studies have shown that vegetable-derived peptides
have multifunctional effects related to the main components of chronic diseases, which
have attracted interest from the food, nutraceutical, and pharmaceutical industries.

In this Special Issue, several studies in which different vegetable extracts were tested
have been compiled. The enzyme-assisted extraction of plant compounds is a widely
used method and can be a strategy for sustainable and functional applications [5]. This
method was used to produce an extract of Castana sativa (chestnut) that was shown to have
antimicrobial activity against Streptococcus and Staphylococcus, among others [6]. These
microorganisms are present in the oral cavity during oral mucositis, a common side effect of
oncological treatment. Moreover, the high phenolic content of this extract has been shown
to possess antioxidant activity. Other extracts of Chenopodium quinoa (quinoa), Amaranthus
retroflexus (amaranth), and Fagopyrum esculentum (buckwheat), obtained by simulated
gastrointestinal digestion, showed protective effects against IL-1-induced inflammation
in vitro [7]. Additionally, an extract of Protium heptaphyllum gum resin has been shown
to reduce cholesterol production in human liver cells and regulate the gene expression of
several proteins involved in cholesterol metabolism [8].

Methyl p-coumarate, an esterified derivative of p-coumaric acid and a naturally
occurring compound in plants, has been shown to be an effective agent for reducing
inflammation in an experimental in vivo model of allergic asthma, reducing the influx of
immune cells and mucus secretion in the lung, among other activities [9].

Another natural compound was also tested in a mouse model of anxiety. In that study,
a protein hydrolysate from Lupins angustifolius (lupin) was able to reduce anxiety in mice
evaluated by the elevated plus maze and Morris water maze behavior tests [10].

The clinical application of a vegetable extract of Rosmarinus officinalis (rosemary)
was studied in four patients with osteogenesis imperfecta, a genetic connective tissue
disease [11]. In this study, the extract reduced collagen accumulation in the fibroblasts
of patients, due to increased autophagy of fibroblasts. Furthermore, the rosemary extract
attenuated pro-apoptotic markers, such as cleaved caspase 3.

Finally, the biological effects of Lycium barbarum berries [12], the essential oils of
Annonaceae species [13], antioxidant compounds involved in several disorders [14], as well
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as phytosterols in neurodegenerative diseases [15], and different natural compounds in the
prevention and treatment of oral mucositis [16] were reviewed.

This Special Issue provides an overview of the current research being carried out with
vegetable-derived bioactive compounds. All of these findings confirm and point out that
these compounds may be possible new nutraceuticals capable of preventing or treating
several diseases.
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Abstract: The scientific community and industrial companies have discovered significant enzyme
applications to plant material. This rise imparts to changing consumers’ demands while searching for
‘clean label’ food products, boosting the immune system, uprising resistance to bacterial and fungal
diseases, and climate change challenges. First, enzymes were used for enhancing production yield
with mild and not hazardous applications. However, enzyme specificity, activity, plant origin and
characteristics, ratio, and extraction conditions differ depending on the goal. As a result, researchers
have gained interest in enzymes’ ability to cleave specific bonds of macroelements and release
bioactive compounds by enhancing value and creating novel derivatives in plant extracts. The extract
is enriched with reducing sugars, phenolic content, and peptides by disrupting lignocellulose and
releasing compounds from the cell wall and cytosolic. Nonetheless, depolymerizing carbohydrates
and using specific enzymes form and release various saccharides lengths. The latest studies show
that oligosaccharides released and formed by enzymes have a high potential to be slowly digestible
starches (SDS) and possibly be labeled as prebiotics. Additionally, they excel in new technological,
organoleptic, and physicochemical properties. Released novel derivatives and phenolic compounds
have a significant role in human and animal health and gut-microbiota interactions, affecting many
metabolic pathways. The latest studies have contributed to enzyme-modified extracts and products
used for functional, fermented products development and sustainable processes: in particular,
nanocellulose, nanocrystals, nanoparticles green synthesis with drug delivery, wound healing, and
antimicrobial properties. Even so, enzymes’ incorporation into processes has limitations and is
regulated by national and international levels.

Keywords: enzyme-assisted extraction; plant material; phenolic compounds; oligosaccharides; prebi-
otic; nanocellulose; nanofibers; fermentation; sustainability

1. Introduction

The demand for new and natural compounds, ‘clean label’ trend, rising drug resis-
tance, holistic wellbeing approach of the post-pandemic period, and sustainable living
has intensified the development of plant-derived compounds called biologically active
components [1–3]. Biologically active substances bind by interaction or binding to spe-
cific receptors in stem cells, improving a particular physiological function of the body.
Unfortunately, many such compounds are present in cytosolic cell spaces and plant cell
walls [4]. Many extraction methods cannot achieve these compounds and thus obtain the
highest components yields. That is why enzymes incorporation in various extractions is
currently one of the few methods to provide this result. Enzymes with specific hydrolytic
properties are used to degrade this matrix to gain access to biologically active components
from cytosolic spaces and cell walls [5]. Nevertheless, the global market for industrial
enzymes is expected to grow up to $9.2 billion by 2027 [6]. One of the advantages of
the usage of enzymes is that they can be added to hydrophilic and multi-step lipophilic
extractions, especially for by-product valorization [7]. For example, in Europe, grain, fruit,

5



Int. J. Mol. Sci. 2022, 23, 2359

and vegetable food loss from post-harvest to distribution varies from 20, 41, and 46%,
respectively [7,8]. However, enzyme-assisted incorporation increases phenolic content
in lipophilic extracts, which is potently applicable for nutraceuticals or pharmaceuticals.
However, limitations in the safety of by-products have risen, and greater attention is given
to this topic [8]. In comparison, for hydrophilic extracts, enzymes efficiently increase the
water-soluble content of novel derivatives applicable in food industries [9].

Due to the high demand for diverse health outcomes, functional food categories
arise during the post-pandemic period, especially probiotic and prebiotic categories [10].
Incorporating these foods into human diets may reduce obesity. According to WHO, from
2018 to 2030, obese children will reach from 150 billion to 250 billion, respectively [11].
Gut microbiota modulates lipogenesis and cholesterol synthesis. Dysbiosis initiates higher
absorption of sugars in the small intestines by modulating membrane transport [11,12].
Moreover, acetate, the metabolite made by the gut microbiome in the proper amount,
can boost immune responses by promoting B10 cells, and in higher amounts can lead to
adiposity [13–15]. These challenges invite scientists to search for sustainable and functional
food development worldwide. One scope is enzymes, usually used for plant-based drinks
production and syrups for saccharification, decreased viscosity, higher yield, and low
toxicity in the food industry. However, lately, studies suggest that controlled enzyme-
assisted extraction could lead to a higher and broader density of nutrients [16,17]. For
example, dietary fibers with three or more monomeric units, phenolic compounds, and
complexes can be suggested prebiotics and used for functional food development [18]. Chen
et al. [19] investigated amylolytic and cellulolytic enzymes impact of releasing phenolic
compounds and the correlation in solid-state fermentation with significant results for
increased phenolic compounds content and antioxidant activities [19].

Because the plant material is complex, with varied compositions and matrices, en-
zymes are used in mixtures or cocktails. Besides releasing secondary metabolites and small
peptides, they cleave long-chain molecules into shorter ones. Likewise, these substances
are soluble in the solvent and can enhance organoleptic, technological, and functional
properties. Moreover, enzymatic extraction methods are characterized by mild reaction
conditions, substrate specificity, industrial applicability, and many other advantages [20].
These extracts may be used continuously in many fields and, surprisingly, in green synthesis
development [16,21,22].

Green nanoparticle synthesis in aqueous plant extracts has increased over the last
decade. Scientific discussion and research indicate the appropriate size of nanoparticles
with high potential antimicrobial properties, involving the most common pathogenic bacte-
ria like Escherichia coli, Staphylococcus aureus, and widely spread, highly resistant Candida
albicans [23,24]. Studies identify that phenolic compounds and sugars play an essential
capping and stabilizing role in green nanoparticles synthesis, and enzymes incorporation
could increase the synthesized media yield with economically friendly conditions [25,26].

This review briefly suggests scientific approaches of commercially used hydrolases
and carbohydrases for various plant materials to extract functional ingredients, products
development, and possible applications.

2. Carbohydrases and Phenolic Compounds in Plants

In this review, carbohydrases and hydrolases get a more profound overview due to
the plant cell wall mainly consisting of various carbohydrates, trapping active biological
components. The cell contains various linear heterogeneous polymeric carbohydrates
homologous to cellulose, such as xyloglucans and mannan, and hemicellulose is covalently
linked to cellulose microfibrils and lignin to form complex structural branches. This multi-
component structure in the plant cell wall is called lignocellulose. However, plant polymeric
substances are usually categorized to waste. The global agricultural sector is estimated
to produce 5 × 109 tons of plant-derived biomass each year, where the total amount of
lignocellulosic waste is about 2 × 1011 tons per year [27,28]. The structure of lignocellulose
gives the stability and resistance of the cell to the extraction of internal cellular components
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(Figure 1), where various enzymatic activities are required to degrade all the different forms
of hemicellulose.
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Figure 1. Plant cell wall graphical scheme, describing cross-linked phenolic compounds, peptides, and
polysaccharides network adapted from Acosta et al., 2014 and Carpita et al., 2020 [29,30]. A—cellulose
from cellulose microfibrils, B—hemicelluloses consisting of xyloglucans, glucuronoarabinoxylan, (1–3)
(1–4) β glucans and glucomannan. C—structural proteins, D—pectin consisting of homogalacturonan,
xylogalacturonan, and rhamnogalacturonans I and II; E—phenolic compounds, F—lignin; G—xylan
and mannan coating of cellulose microfibrils.

Enzymes are derived from bacteria, fungi, yeasts, archaea, animal organs, or plant
extracts. However, microbial enzymes are more stable compared to ones having a plant or
animal origin. Moreover, the production of the enzyme during microbial fermentation is
cost-effective and easily adapted to modifications and high purity [31]. Carbohydrases can
be categorized in starch-degrading enzymes: amylases and glucoamylases; and non-starch
polysaccharides (NSP) catalyzing enzymes with cellulolytic, pectinolytic xylanolytic activi-
ties [31–33]. In general, NSP enzymes also can be named xylases, cellulases, and pectinases
due to being composed of glycoside hydrolases, carbohydrate esterases, xylanases, etc.
(Table 1).

Table 1. Structure of commonly found carbohydrates in plant material and enzymes usage of their
cleavage [30–33].

Non-Starch Polysaccharides

Hemicellulose Cellulose Pectin

Consist of

xyloglucans cellulose nanofibrils: homogalacturonan
glucuronoarabinoxylan (a) xylan rhamnogalacturonan I and II
β–glucan (b) mannan xylogalacturonan
glucomannan

Enzymes used in
processes

Xylanases: Cellulases: Pectinases:
exoxylanases endo–(1,4)–β–d–glucanase (EC 3.2.1.4) polygalacturonases
β–xylosidases, exo–(1,4)–β–d–glucanase (EC 3.2.1.91) pectin esterases
xylan–1,4–β-xylosidase β–glucosidases (EC 3.3.1.21) pectate lyase
endoxylanases β–glucosidases (EC 3.3.1.21)

Starches

Consist of
amylose
amylopectin

Enzymes used in
processes

α–Amylases (EC 3.2.1.1)
β–amylase (EC 3.2.1.2)
glucoamylase (EC 3.2.1.3)
α-glucosidase (EC 3.2.1.20)
pullulanase or amylopullulanase (EC 3.2.1.41)
cyclodextrin glycosyltransferase (EC 2.4.1.19)
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NSP enzymes are preferred as a part of commercial enzyme mixture, thus ensuring
complete lysis of cell walls while contributing to a cost-effective means [5,34]. Various
fungi, including Trichoderma sp. and Aspergillus sp., produce carbohydrate-hydrolyzing
enzymes. For many years, Trichoderma sp. has been extensively studied for high cellulase
production [35]. However, most strains of Trichoderma are known to have low β-glucosidase
activity, which causes cellobiose accumulation. Although much effort has been made to
obtain T. reesei mutants by classical mutagenicity, such as RUT-C30, the relatively low
activity of β-glucosidase remains one of the significant barriers to efficient cellulose hy-
drolysis [36]. Aspergillus sp. is important in xylanase production, and the latest studies
showed UV-irradiated Aspergillus mutants for a higher yield of enzymes [37,38]. Endoxy-
nalases, specifically endo-β-1,4-xynalases, are the most important, depolymerizing xylan
polymer into small branches. Xylooligosaccharides later are converted to xylotriose, xy-
lobiose, and xylose [33]. Another essential component of the cell wall is pectin. It is a
polymer of α-D-galacturonate and L-rhamnose units linked to α-1,4 or 1,2 to form so-called
pectic elbows. Pectin, associated with cellulose, imparts stiffness and cohesion to cell
walls [5,34]. Galactose, mannose, fucose, arabinose, xylose, and L-methyl, O-acetyl groups
all these components make four main regions of pectin structure: rhamnogalacturonan
I (RG-I), rhamnogalacturonan II (RG-II), homogalacturonan (HG), and xylogalacturonan
(XG), which are involved in reducing inflammatory processes in human [39]. Pectinolytic
enzymes or pectinases were the first enzymes commercially available in wine and fruit
juices, although the cell wall structure was only determined later [31]. They consist of
three main classes: protopectinases, esterases, and depolymerases. Protopectinases occur
naturally and are responsible for dissolving otherwise undissolved protopectins from im-
mature fruit during maturation. Esterases or pectin methylesterases remove esterified units
to remove methoxy esters. Depolymerases are represented by lyses and hydrolases that
catalyze the fragmentation of glycosidic bonds. Today, pectinases are used in the fruit juice
industry because of their effectiveness: higher juice yield, filterability, lower viscosity, and
increased transparency. Pectinolytic enzymes have been found to be particularly effective in
the extraction of polyphenols, particularly in the release of anthocyanidins from glycosides.
Many pectinolytic mixtures sold today contain all three types of the above classes and a
mixture with cellulases and hemicellulases to achieve an overall synergistic effect [5,40,41].

In general, biological raw material systems range from 5000 to 25,000 individual phy-
tochemicals that can have biological activity. Biologically active substances are metabolites
synthesized in plants that perform plant protection and other functions. There is growing
evidence that biologically active substances can help maintain optimal health and reduce
the risk of chronic diseases such as cancer, cardiovascular disease, stroke, and Alzheimer’s
disease (AD) [42,43]. For example, quercetin found in pines, buckwheats, and many other
plants has a high binding link through hydrogen bonds to the cyclin-dependent kinase 6
(CDK6) and inhibits its activity, which plays an essential role in the progression of different
types of cancer [44]. However, phenolic compounds are usually soluble conjugates (glyco-
sides) or insoluble forms (phenolic acids) covalently linked to carbohydrate radicals or cell
wall structural components such as cellulose, hemicellulose, lignin, and pectin. In the insol-
uble form, the phenolic compounds are linked to the structural cell wall components by
covalent bonds. Phenolic acids bind to lignin through the hydroxyl groups of their aromatic
rings and various polysaccharides and other proteins through ester linkages. They perform
a protective function. Significant interests are given to flavonoids which are found in the
form of glycosides bound to sugar residues via –OH groups (O-glycosides) or via –C–C–
bonds (C-glycosides) [44,45]. The latest article discovers the promising neuroprotective and
memory-enhancer characteristics of flavonoid-rich food and plant extracts by increasing
the functions of neurons and cell proliferation [46]. Flavonoids are involved in regulating
kinase-signaling cascades, including PI3K/Akt, PKC, and MAPK pathways [46,47]. In the
food industry, functional food components are used to replace preservatives due to their
antioxidant and antimicrobial properties [48–50]. Unfortunately, solvent-based extraction
of biologically active substances often suffers from low extraction efficiency, requires a
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long extraction time, and often leaves traces of organic solvents in the final product, which
reduces the quality of the product [51,52]. Therefore, there is a need to develop optimized,
step-by-step extraction methods for beneficial substances for each type of raw material.
Therefore, detailed protocols are required to produce bioactive compounds, especially from
plants where the cell wall may inhibit the extraction efficiency [7,49]. Enzymatic extraction
of biologically active compounds from plants is a potential alternative to conventional
solvent-based extraction methods. Enzymes are ideal catalysts for extracting, modifying,
or synthesizing complex biologically active compounds of natural origin. Enzyme-assisted
extraction is based on the inherent ability of enzymes to catalyze reactions with excep-
tional specificity and the ability to function under mild processing conditions in aqueous
solutions [53]. However, parameters such as enzyme specificity, activity, botanical origin,
pH, enzyme and substrate, liquid to solid ratios, temperature, and time are essential for
obtaining the highest value results [54,55].

Carbohydrases-active enzymes database (CAZy; https://www.cazy.org/, accessed
on 10 February 2022) classified five main classes: glycoside hydrolases, glycosyltrans-
ferases, polysaccharides lyases, carbohydrate esterases, and auxiliary activities [56]. A
mixture of these enzymes has to be implemented into reactions on the results maintained
to achieve. Ideal selected enzymes have high activity and regio-/stereo-selectivity [57].
Moreover, raw materials of plant origin consist of a complex system of various macro-
/micro-components [29]. Plant origin, morphological part, cultivar, and growing conditions
impact the storage of secondary metabolites. The approach of Woo et al. [58] of fifteen
cultivars in oats showed the variation by cultivars and harvesting days of phenolic content
from 3748.4 to 5700.0 mg/100 g [58]. Enzyme usage usually requires low temperatures,
usually 50–60 ◦C; short extraction periods of up to several hours, waste-free production pos-
sibilities, reduced substrate specificity, allowing extraction of many bioactive compounds,
otherwise, were made inaccessible. [45,59]. Examples of various plant material extraction
are presented in Table 2. Additionally, the yield of the extract is often characterized by high
quality and bioavailability. Gonzalez et al. [60] compared ultrasound-assisted extraction
with enzyme-assisted extraction for anthocyanins from blackcurrants, where a significant
difference was not evaluated. Major two Cyanidin 3–O–rutinoside (C3R) and Cyanidin
3–O–glucoside were extracted at similar quantities and accounted for up to 90%. C3R
stimulates the mechanism of insulin secretion through INS-pancreatic β-cells by promoting
calcium channels and activating the PLC-IP3 pathway [61].

Table 2. Examples of various substrates technological parameters for enzyme-assisted extraction.

Enzymes Producent Substrate Enzymes
Quantity

Liquid to
Substrate

Ratio
pH Temp.

◦C Time Ref.

Xylanase
cocktail A. niger Citrus fiber 0.45% 1:20 4.5−6.5 50 120 min Song et al.

[62]

Cellulase A. niger Coffee
by-products 5−15 U 1:25 5.0−6.0 50 30−20 min Belmiro

et al. [63]
Cellulase from
Celluclast 1.5 L T. reesei Banana peel 5 FPU/ml 1:20 6.0−7.0 50 120 h Phirom-on

et al. [64]

Pectinase A. niger Guava pulp 0.10% 2:5 2.97−3.97 45 3–90 min Ninga et al.
[65]

Pectinase A. niger Blackcurrant 108 U/g 0.1:15 and
0.2:15 5−6 60 10−90 min Gonzalez

et al. [60]
Heat stable

alpha-amylase Bacillus sp. Oat flours 0.01% 1:5 5.0−9.0 100 15−75 min Chen et al.
[66]

Furthermore, the method also allows applying greener chemistry in the food industry
and pharmaceutical companies to optimize purer ways to extract new compounds. En-
zymes can disrupt specific bonds and interactions in cell walls and membranes, resulting
in higher extraction yields of bioactive substances [40,67,68].
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3. Enzymatically Treated Polysaccharides as Possible Functional Components

Lignocellulose and starch content differs depending on plant material. Grain materials
usually consist of more starches because of the endosperm in the seed, whereas other
plant parts, like brans, leaves, and others, consist of non-starch polysaccharides. Shah
et al. [62] described three categories of starches: rapidly digestible starch (RDS), resistant
starch (RS), and slowly digestible starch (SDS), which relate glucose release during diges-
tion. Mainly, starches are found in cereals and pseudocereals where β-glucans are the
most widely investigated non-starch polysaccharide and have enormous health-promoting
properties [69]. However, β-glucans properties may vary depending on molar mass, which
can be from 209 up to 2500 (kg mol−1) depending on the cultivar, variety, and the loca-
tion of growth [70,71]. Nonetheless, β-glucans are found in fungi, yeasts, bacteria, and
seaweed. The main difference is the ratio, length, and linkage between D-glucose of β-(1,3)
and β-(1,4) for cereal grains β-(1,3) and β-(1,6) for fungi and yeasts [72]. For oats, novel
oligosaccharides were produced by hydrolyzing β-glucans with dual enzyme-assisted
hydrolysis using α-amylases and transglucosidase in result shorter α-(1,6)-branch linkage
glucans, which stabilize the glucose release during the intestinal phase in vitro and may
be prebiotic [73]. Another study in vitro also resulted in SDS increasing with corn starch
using branching enzymes and maltogenic alpha-amylase [74]. Moreover, as a major non-
starch polysaccharide in cereal grains, arabinoxylans are getting attention for their prebiotic
properties, where enzymatically hydrolyzed fiber releases ferulic acid or combines with
arabinose [75,76]. In general, dietary fibers, with more than three monomeric units known
as prebiotics, are a growing trend for immune support through the microbiome and may
prevent the uprising resistance to drugs for humans and animals [10]. Moreover, because
antibiotic-free products are getting more attention from consumers, feed enhancement with
dietary fibers may support the immune system of animals [19,75]. However, the clinical
study by Wastyk et al. [77] for identifying humans‘ health marker variation while having
the intervention of 10 weeks of high-fiber diet showed an increase in short-chain fatty acid
(SCFAs), the density of microbes for higher protein content, and quantity but no diversity
of microbiome [77]. It suggests that microbiota was insufficient to process increased fiber in-
take, even though glycan-degrading carbohydrate-active enzymes increased [77,78]. These
studies implement the essential role of carbohydrate lengths for human diets. Animal
studies with rats showed the xylan-oligosaccharides (XOS) as a potent dietary supplement
of obesity prevalence. XOS promotes growth of Bifidobacterium strains involved in the
development of obesity and insulin resistance [14,79]. In between, galacto-oligosaccharides
(GOS) in studies with rats implement the potency of gut recoveries after alcohol withdrawal
by a significant increase of butyric and propionic acid and the proliferation of Lactobacillus
and Bifidobacterium strains [80]. Another animal study with GOS extracted from mulberry
treated with β-mannanases showed that 200 mg/kg/day can initiate expression of crucial
glycolysis enzymes such as GK, PK, and PCB and proteins p110 and Akt of key signaling
intermediates, which results in the prevalence of diabetes and obesity [81]. A graphical
scheme of summarized polysaccharides and enzymes combination results is presented in
Figure 2.
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4. Enzymes-Assisted Processes for Plant Materials
4.1. Bioactives Extraction from By-Products

In order to use the enzyme or their mixtures efficiently in extraction methods, it is
essential to understand their catalytic mechanism of action and the optimal activity condi-
tions for the recovery of individual biological raw materials and substances: e.g., a mixture
of cellulose, pectin, and hemicellulose enzymes in a grapefruit peel during hydrolysis
releases sugar into monomeric compounds that microorganisms can use later to produce
ethanol and other fermentation products [82]. Another example is in tomatoes: lycopene
is found mainly in the peel, giving it a red color. Carotenoids, especially lycopene, are
one of the most potent antioxidants of plant origin, with a role in more than twenty differ-
ent induced-signaling pathways and cell cycles described by Qi et al. [83]. According to
scientific knowledge, lycopene is better absorbed from processed products than fresh toma-
toes [84,85]. The digestive enzyme pancreatin is recommended before the solvent extraction
of lycopene. Its use increased the yield of lycopene 2.5-fold compared to that obtained using
the traditional extraction method [54]. Using Pectinex Ultra SP–L (P, pectinolytic enzyme),
Celluclast (C, cellulolytic enzyme), and Viscozyme L commercial enzymes for solvent
extractions, the yield of lycopene was increased as well as antioxidant activity compared
with samples without enzyme mixtures [84]. Moreover, the scientific literature shows that
in the stepwise extraction of buckwheat husk using xylanase commercial preparations, the
yield of soluble fractions increased 4–5 times compared to the control extraction [7]. The
use of enzymes reduces the amount of solvent required for extraction and increases the
yield of extractable compounds. For example, tannase, pectase, cellulase, and hemicellulase
are widely used in juices to increase product yield and improve quality [40,86]. However,
when it is enzymatic extraction alone, compare with other extraction methods. Zheng
et al. [87] described different extraction methods of palm kernel expeller. Dried extracts pre-
pared with enzymes, hydrochloric acid, carboxymethylation, and hydroxipropylation were
compared among chemical composition and physicochemical and functional properties.
All the extract methods increased dietary content, phenolic content, and physicochemical
properties. However, the goals of extract application have to be implemented because all
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extract methods were suitable, although enzyme assistance required fewer organic solvents,
which implements in sustainability coverage [87].

Enzyme-assisted extraction (EAE) presents applicability to extract pectins from wastes
and by–products by increasing plant cell wall permeability [88,89]. Enzymes are applica-
ble to extract many phenolic compounds, including flavonoids and anthocyanidins [90].
Enzyme activity, treatment time, substrate ratio, and particle size are essential to get the
highest efficiency during enzymatic treatment. Optimized conditions were discussed for
pistachio green hull extraction by Yazdi et al. [84]. This research used cellulases, pectinases,
tannases, and their mixtures for the extraction. Results indicated that all of the three
enzymes at the same time used to extract phenolics were giving the highest score [91].
Moreover, by-products may be applied as enzymes production during solid-state fermenta-
tion (SSF). Some of the highest by-products of cacao are bean shell, brewers’ spent grain,
and wheat bran, which have an estimated production of 140 million tons per year. These
were implemented for SSF with Aspergillus awamori, Aspergillus niger, and Aspergillus oryzae,
which produce feruloyl-esterases and amylases. These enzymes in bread enhanced ferulic
acid quantity, total phenolic content, and antioxidant activity [92,93].

4.2. Plant-Based Drinks from Grains and Fermented Drinks Production

There is also no surprise that dairy milk substitute from grains production often
requires enzymatic assistance for increasing extraction yields, proteins, and total solids
content [22]. Annually, global plant-based dairy substitutes were marked to be grown by
10% and by 2019 had reached US 1.8 billion dollars [94]. Moreover, created derivatives
and released sugars create sensory-acceptant organoleptic properties [16]. Amylolytic
enzymes are required due to the amylose and amylolytic ratio of the starches, result-
ing in different rheological and textural properties. However, disrupting amylose and
amylopectin molecules increases liquefying properties of grain beverages. Many starch-
modifying enzymes including α-amylase (EC 3.2.1.1), β-amylase (EC 3.2.1.2), glucoamylase
(EC 3.2.1.3), α-glucosidase (EC 3.2.1.20), pullulanase or amylopullulanase (EC 3.2.1.41),
and cyclodextrin glycosyltransferase (EC 2.4.1.19) are used in industries that cleave the
α-1,4- or α-1,6-glycosidic linkages, leading to the release of reducing sugars and oligosac-
charides which are possibly prebiotic [32,95]. Interestingly, a quantitative prebiotic score of
plant-based dairy substitutes can be identified, describing which prebiotics foster probiotic
strains’ selective growth. Phenolic compounds, reduced sugars, and oligosaccharides are
also great nutrients for bacterial growth, and the fermented food sector is rising due to their
possible probiotic functions [66,96]. However, different plant materials are different sources
for particular strains [76,97]. Enzymes are widely applicable and potent as precursors of
nutrient production and initiate the growth of fermentation starter cultures: e.g., Lactobacil-
lus strains L. reuteri L45, L. plantarum L47, and L. johnsonii L63 growth were initiated by
cellulase- and pectinase-degraded rapeseed fibers [98]. Nissen et al. [99] identified prebiotic
scores with different selectivity of hemp, soy, rice, and their mixtures, where hemp and soy
drinks initiated the highest growth of L. plantarum 98b, and for growth B. bifidum B700795
mixture of hemp-rice and hemp-soy drinks, showed the potent scores [99,100]. Five main
steps are incorporated in the flow chart for manufacturing enzymatically treated and by-
the-step fermented plant-based drinks from plant materials: plant disruption, extraction,
formulation, fermentation, and packaging [94]. However, it is also important not to forget
the cultivar’s selectivity to get the highest value product [101]. Figure 3 represents the
summarized flow chart of plant-based drinks production, where additional importance
is given for plant material selection due to European Commission strategy incorporation
‘from farm to fork’, which is the heart of the European Green Deal priorities from 2019–2024.
Continuing on, the flow chart represents the prebiotic plant-based drink production, which
further on leads to probiotic drink production which can be mono- or multi-microbial [94].
Shori et al. [102] reviewed the plant-based dairy substitutes fermented with probiotic strains
functionality, shelf-life expansions, and nutrition value enhancement [102].
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Moreover, plant-based fermented products have properties against pathogenic bac-
teria, and pH is lower than regular plant-based drinks, affecting product stability [103].
However, another aspect of ingested probiotic food pathway and viability may be in-
vestigated. The texture and nutrient density and the complexity of the food matrix are
responsible for releasing the nutrients delivering specific metabolites and strains to the
intestines [104,105]. Moreover, the density and variety of live cultures may be the essential
indicators for increasing the variety of gut microbiome [77].

4.3. Nanocrystals, Nanofibers, and Nanocellulose

The latest studies indicate that phenolic content increased in fermented
products [96,106,107]. As a sidestream nanocellulosic material, it is usually produced by
Komagataeibacater, Acetobacter, Gluconacetobacter strains which might be used as, e.g., wound
healing biofilm [108]. Specific enzymes release, cleave, transport, and form derivatives
from different plant origins by opening the ability to discover green synthesis applications
for nanofibers, nanocrystals, and nanoparticles. Aqueous different plant extracts are the
new scientific approach for synthesizing nanoparticles by changing environmentally dis-
ruptive chemical and physical methods. Enzyme-assistance by disrupting plant cell wall
microfibrils and amorphous zones is visible through Transmission Electron Microscopy
(TEM), Atomic Force Microscopy (AFM), or Scanning Electron Microscopy (SEM), which
also implies an increase of extract yield [109,110]. Plant extracts contain high phenolic
content and reducing sugars and reducing or stabilizing agents [26,111]. Additionally, as
mentioned before, increasing drug resistance and nanofibers formation is getting attention
for possible antibacterial and drug delivery properties and nanocellulose formation for
biodegradability, non-toxicity, and potential physicochemical properties [112]. Yarbrough
et at. [113] described cellulolytic enzymes performance of nanofibrils and nanocrystals
formation by depolymerizing carbohydrates into smaller units [113]. Depending on the
plant origin, charges and forces change using specific cellulolytic activity characterized
enzymes [68].

Summarized application of enzymes-assisted extraction and their products is de-
scribed in Figure 4.
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Figure 4. Enzyme-assisted extract or possible product applications, where A presents alternative dairy
substitutes development [22], B—fermented beverages production [96], C—nanocrystals formation
from enzymatically treated wood pulp [114]. A and B photographs were taken by the authors at the
Lithuanian Research Centre for Agriculture and Forestry.

5. Existing Rules on the Use of Enzymes and Their Products

At present, in the European Union, food enzymes usage is described under Regulation
(EC) No 1332/2008 of the European Parliament and of the Council of 16 December 2008 on
food enzymes. Enzymes are considered food additives because they are found in the final
products only in inactivated form and in smaller amounts. The definition of food enzymes
are described in Regulation (EC) No 1169/2011 [34]. Specifically, directive 2000/13/EC
describes labeling requirements for food enzymes. However, some limitations occur while
extracting by-products: first, the lack of specific regulations to assure the safety of valorized
products. For human consumption, some substances of food by-products are categorized as
food additives and described in EC Regulation No. 1881/2006. However, it is categorized
as nutraceutical; these products are covered by food supplement Directive 200/46/EC.
Moreover, the contamination of food by-products must be implemented, which is described
in Council Regulation 315/93/EEC. Secondly, if by-products are enzymatically modified,
EC regulation No 258/97 (1997) could apply to food and food ingredients with a new
or intentionally modified primary molecule structure if not used before May 1997. This
regulation ensures the safety assessment before entering the EU market. While entering
the USA market, Food and Drug Administration (FDA) regulates food additives (Sec.
348), new dietary ingredients (Sec. 350b), pesticide chemical residues (Sec. 346a), and
others through Federal Food, Drug, and Cosmetic Act (Chapter 9, Subchapter IV) [8].
Moreover, for worldwide fair food trade, international food standard CODEX Alimentarius,
which is covered by the World Health Organization (WHO) and Food and Agriculture
Organization of the United Nations (FAO), also describes food enzymes as food additives.
Depending on how a product is made, the usage is characterized by enzyme name, the
producent, and the highest dosage. In general, for the standard of food additives CODEX
STAN 192-1995 for flours and starch products, two enzymes are described. In detail, for
α-amylase and glucoamylase, whose producers are Bacillus subtilis (INS 1100(iii)) and
Aspergillus oryzae var. (INS 1100(iii)), dosage is not identified. However, all food additives,
including food enzymes such as xylanases, pectinases, and others, are collected in the list
of CODEX Specification for Food Additives CXN 6–2019 [115]. However, for enzymes
producers, the recommended purity specifications for food-grade enzymes are given by the
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Joint FAO/WHO Expert Committee on Food Additives (JECFA) and the Food Chemical
Codex (FCC).

6. Conclusions

The use of enzymes in extracting biological raw material compounds is an up-and-
coming area from small-scale, laboratory optimization studies to large-scale, industrial
applications. It implies food processing, functional components, and medical devices
development for high antioxidant, anti-inflammatory, and antimicrobial characteristics.
However, success in this area requires interdisciplinary research from various life sciences
disciplines. An important area of research is investigating the stability of enzymes and
their interaction with other food and plant ingredients during processing and storage;
repeatability is also questionable because the plant material differs from the origin, cultivars,
and growing, harvesting, and storage conditions. Additionally, limitations occur in the form
of worldwide regulations of enzymes usage and dosages due to the novel components that
are produced during these processes. However, enzyme-assisted processes are reaching for
more sustainable development of innovations in a broad spectrum of industries.
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Abstract: Oral mucositis (OM), a common side effect of oncological treatment, is an oral mucosal
disorder characterized by painful ulcerations and increased risk of infection. The use of natural
antioxidants to suppress the redox imbalance responsible for the OM condition has emerged as an
interesting approach to prevent/treat OM. This study aims to explore the chestnut (Castana sativa)
shells as potential active ingredient against OM. Therefore, chestnut shells were extracted at different
temperatures (110–180 ◦C) by Subcritical Water Extraction (SWE), aiming to recover antioxidants. The
extracts were also evaluated against microorganisms present in the oral cavity as well as on human
oral cell lines (TR146 and HSC3). The highest phenolic content was obtained with the extraction
temperature of 110 ◦C, exhibiting the best antioxidant/antiradical activities and scavenging efficien-
cies against HOCl (IC50 = 4.47 µg/mL) and ROO• (0.73 µmol TE/mg DW). High concentrations
of phenolic acids (e.g., gallic and protocatechuic acids) and flavanoids (catechin, epicatechin and
rutin) characterized the phenolic profile. The antimicrobial activity against several oral microorgan-
isms present in the oral cavity during OM, such as Streptococcus, Staphylococcus, Enterococcus, and
Escherichia, was demonstrated. Finally, the effects on HSC3 and TR146 cell lines revealed that the
extract prepared at 110 ◦C had the lowest IC50 (1325.03 and 468.15 µg/mL, respectively). This study
highlights the potential effects of chestnut shells on OM.

Keywords: Castanea sativa shells; phenolic compounds; Subcritical Water Extraction (SWE); antimicrobial
activity; oral mucositis

1. Introduction

Oral mucositis (OM) is one of the most common side effects of antineoplastic treat-
ments, namely chemo- and/or radiotherapy, and is defined as an acute inflammatory,
ulcerative, and painful disorder that severely degrades the quality of life of patients [1–3].
Ulceration of buccal mucosa compromises the natural defensive barrier, allowing oral
bacteria and inflammatory cytokines to enter underlying tissues and the systemic blood
supply [2]. During the antineoplastic treatments, reactive oxygen species (ROS) are gen-
erated, leading to the development of oxidative stress, one of the principal phenomena
in the basis of OM development [2,3]. An imbalance between the body’s synthesis of
oxidants and antioxidant defenses of human body is known as oxidative stress, which may
result in a wide range of diseases, including diabetes, cardiovascular or neurodegenerative
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diseases, and, at the last step, cancer [4,5]. Therefore, the oxidative stress pathway could be
a therapeutic target against OM, particularly in what concerns natural antioxidants that
have a strong potential to prevent and control the generation of free radicals and restore
cellular homeostasis [6]. A recent analysis by our research team highlighted the benefits
of using natural substances to treat this oral condition [1]. As the pharma-, nutra-, and
cosmeceutical industries shift their focus on natural bioactive chemicals, natural product
research is increasing due to their unique properties as source of therapeutic phytochem-
icals, commonly associated with efficacy, safety, and minimal side effects [7,8]. Among
natural products, food by-products arise as a unique opportunity, considering sustainable
principles and circular economy questions, such as low cost, abundance, and accessibility.
Agro-industries generate large amounts of by-products in the form of shells, skins, flowers,
leaves, and pulps, that may be used as raw resources to establish added-value products,
a key strategy for a sustainable production [9,10]. This is the case of chestnut shells. Euro-
pean or sweet chestnut (Castanea sativa, Mill.) production has, as its primary purpose, the
natural fruit consumption, or the production of frozen chestnut [11,12]. Portugal is one of
the major European producers, with its main distribution coming from the northeast part
of the country, covering 35,000 ha, with an estimated fruit production of 1800 kg/ha/year
by 2022, expected to rise to about 3000 kg/ha/year in 2030 [11]. The inner and outer shells
are generated by chestnut peeling processes, representing almost 10–15% of the whole
chestnut weight [12,13]. Shells are mostly used as fuel and as source of tannins for wine
aging, also being a major origin of fermentable sugars for the development of biofuels,
while the extracts are known for their high polyphenol content (with emphasis on phenolic
acids, flavonoids, and tannins) [12–14].

Extraction is the most vital phase for the recovery of bioactive compounds from natural
matrices. A great challenge to start implementing eco-friendly and effective extraction
methods, rather than the use of standard solvent extraction, has arisen in industry [15,16].
Greener alternative technologies, such as Subcritical Water Extraction (SWE), are being
described as more ecological and efficient to recover valued compounds and produce high-
quality extracts [17,18]. SWE presents a major advantage by using water as solvent, which
is heated at a temperature range of 100–374 ◦C and a pressure state between 10–100 bar
to maintain in its liquid form [19,20]. Under these parameters, water’s dielectric constant
decreases, exhibiting a behavior like organic solvents and enabling a faster extraction,
higher extraction yield, and efficient recovery of both polar and nonpolar compounds [19].
The short extraction time, energy savings, selectivity, discontinuation of organic solvents,
as well as the low environmental impact and high cost-effectiveness ratio are positive
aspects that should be considered [21,22]. Nevertheless, some phenolic compounds can be
completely or partially degraded at high temperatures, producing new ones. Therefore,
temperature is a key parameter in the SWE [19,21,23]. In 2019, our research team published
the first study that evaluated the subcritical water extraction of chestnut shells, but the
influence of temperature was not deeply explored, posing a challenge. Determining the
ideal SWE temperature (110–180 ◦C) to extract bioactive compounds from C. sativa shells
was the main aim of this study, to produce an optimal extract with promising effects against
OM. While the in vitro effects on several buccal cell lines and the antibacterial activities
against oral pathogens ensure the final OM effects, the phenolic profiles were evaluated to
understand the specific compounds responsible for the antioxidant/antiradical activities.
To the best of our knowledge, this is the first research that provides insights on how OM
can be treated using a food by-product.

2. Results and Discussion
2.1. Extraction Yield

Extraction is a critical step in the phytochemical processing pathway to obtain the
highest quantity of bioactive compounds from plant sources. To standardize plant products,
it is crucial to use an appropriate extraction method [24,25]. Furthermore, for upscaling
reasons, it is crucial to select an appropriate extraction technique and optimize various
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parameters, such as temperature, sample-to-solvent ratio, pH, and extraction period [22].
Various extraction techniques such as maceration, infusion and Soxhlet extraction, and
alternative and greener methods, such as microwave-assisted extraction (MAE), ultrasound-
assisted extraction (UAE), supercritical fluid extraction (SFE), and SWE, are available in
the market [18,24,26–28]. Green extraction techniques are faster and more environmentally
friendly in terms of solvent and energy use, leading to a continuously increasing application
in recent years. In some circumstances, the green extraction yield is considerably higher
than that of the conventional approaches [26,28–30]. Table 1 summarizes the extraction
yields of the different extracts of chestnut shells obtained at different temperatures (110 ◦C,
120 ◦C, 140 ◦C, 160 ◦C, and 180 ◦C).

Table 1. Extraction yields, total phenolic content (TPC), and antioxidant/antiradical activities of
C. sativa extracts prepared by SWE were evaluated by DPPH, ABTS, and FRAP assays. Results are
expressed as mean ± standard deviation (n = 3). Different letters (a, b, c, d, e) in the same column
indicate significant differences between extracts (p < 0.05).

SWE
Extracts

Extraction
Yield
(%)

TPC
(mg GAE/g DW)

DPPH
IC50 (µg/mL)

ABTS
IC50 (µg/mL)

FRAP
(µmol FSE/g)

110 ◦C 20.88 ± 0.78 239.53 ± 23.17 a 426.88 ± 13.42 148.68 ± 13.20 a 4240.38 ± 10.04 a

120 ◦C 21.00 ± 1.49 201.75 ± 13.02 b 489.49 ± 5.96 228.32 ± 16.48 b 4092.98 ± 92.82 b

140 ◦C 20.83 ± 0.62 162.52 ± 7.14 c 460.21 ± 14.81 232.97 ± 4.23 b 3398.98 ± 57.23 c

160 ◦C 20.97 ± 1.74 122.31 ± 5.89 d 496.15 ± 8.75 220.40 ± 7.83 b 2728.06 ± 35.04 d

180 ◦C 20.29 ± 0.93 126.19 ± 6.33 d 583.47 ± 14.68 256.59 ± 5.55 b 2464.32 ± 68.44 e

IC50 = In vitro concentration required to decrease the reactivity of the studied radical species in the tested media
by 50%. GAE = gallic acid equivalent; FSE = ferrous sulphate equivalent.

As it is possible to observe, no significant extraction differences were observed between
the extract’s yields, with the extract prepared at 180 ◦C achieving the lowest value (20.29%),
oppositely to the extract obtained at 120 ◦C (21.00%). Cacciola et al. (2019) evaluated
three different methods (conventional liquid extraction, UAE, and MAE) using water as a
solvent to recover bioactive compounds from chestnut shells. According to the authors,
the extraction yields obtained for conventional liquid extraction, UAE, and MAE were,
respectively, 5.2%, 2.2%, and 3.8% [31], at least four times lower than those shown in
Table 1. In another study, Fernández-Agulló et al. (2014) reported higher extraction yields
for chestnut shells extracted using 50% of organic solvents, namely methanol (12.09%) and
ethanol (13.27%), when compared to conventional extraction at 75 ◦C with water (8.72%)
and MAE (10.75%, 10.38% and 5.64%, respectively, for methanol, ethanol, and water) [32].
The authors demonstrated the influence of temperature on the extraction efficiency, as
the extraction yields increased with the augmented extraction temperatures tested [32].
In addition, Pinto et al. (2021) determined the efficiency of MAE in extracting C. sativa
shells and reported extraction yields ranging from 6.52% (25% aqueous extract) to 11.13%
(100% ethanol) [33]. The same research group tested different SWE times and stated yields
between 6.70 and 9.19% [19].

The influence of sample-to-solvent ratio and mass transport enhancement on chestnut
shells extraction was also evaluated in Microwave-Assisted Subcritical Water Extraction
(MASWE) using a range of temperatures between 100 ◦C and 220 ◦C [34]. According to
the authors, it was evidenced an increase of the extract production proportional to the
increase of temperature, but minor deviations were observed for the sample-to-solvent
ration (1:20–1:30), with exception of the 150 ◦C extract (322.37 mg/g DW and 416.56 mg/g
DW, respectively) [34].

The SWE extraction yields reported in Table 1 were consistent with those determined
by Wang et al. (2014) for citrus peel [35], Silva et al. (2022) for kiwiberry leaves [36], and
Rodrigues et al. (2019) for papaya seed extraction [37].
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2.2. Extraction Yield

Table 1 summarizes the TPC, and antioxidant/antiradical activities of SWE extracts
obtained at different temperatures. As shown, the TPC ranged between 126.19 and
239.53 mg GAE/g DW. The highest results were obtained for the extracts prepared at
120 ◦C (201.75 mg GAE/g DW) and 110 ◦C (239.53 mg GAE/g DW), and significant differ-
ences were noted between the extracts obtained at 120 ◦C and 140 ◦C (p = 0.008). Thermal
degradation is probably responsible for the decrease in polyphenols content at higher
temperatures. Nonetheless, this phenomenon alone cannot explain polyphenol behavior,
as in conventional extraction methods, and the polyphenols breakdown can also occur
at 80 ◦C. In fact, the increase in TPC observed at high SWE temperatures could also be
attributed to the disruption of lignin–phenolic acid linkages or to the breakdown of lignin
itself, resulting in large amounts of phenolic acids [23].

Pinto et al. (2021) assessed the phenolic profile, bioactivity, and cell viability of
C. sativa shells extracted by MAE using different solvents (water and ethanol). The research
team concluded that the highest TPC was achieved by the aqueous extract (173.89 mg
GAE/g DW) [33]. The same authors tested this matrix by SWE extraction using response
surface methodology (RSM) and reported higher TPC values for the extract prepared at
220 ◦C (417.30 mg GAE/g DW); however, the phenolic profile was different from that
obtained in the present study. According to the authors, the response surface 3D plots
of the TPC showed that the temperature of 220 ◦C was the optimal temperature and the
phenolic content at 80 ◦C is higher than that at 150 ◦C, probably due to the degradation
of tannin [19].

IC50 values for the DPPH assay ranged from 426.88 g/mL (110 ◦C) to 583.47 µg/mL
(180 ◦C). Statistical analysis demonstrated significant differences between the extracts
(p = 0.002), which aligns with the TPC results. At lower temperatures the extracts presented
higher phenolic content, resulting in higher antioxidant powers.

Regarding the ABTS assay, the IC50 results varied between 148.68µg/mL and 256.59µg/mL
for the extracts obtained at 110 ◦C and 180 ◦C, respectively. Significant differences were
noted between the extracts obtained at 110 ◦C, 120 ◦C, and 140 ◦C (p < 0.016), as well as
between the extracts obtained at 120 ◦C, 160 ◦C, and 180 ◦C (p < 0.05).

According to Table 1, the extract’s ability to decrease ferric ions increased with tem-
perature was 180 ◦C < 160 ◦C < 140 ◦C < 120 ◦C < 110 ◦C. The extract processed at 110 ◦C
had the highest value (4240.38 µmol FSE/g DW), while the extract produced at 180 ◦C had
the lowest activity (2464.32 µmol FSE/g DW), an almost two-fold difference. Significant
differences (p = 0.031) were observed between the extracts obtained at 110 ◦C and 160 ◦C.

Fernández-Agulló et al. (2014) also used DPPH and FRAP assays to evaluate the
antiradical and antioxidant properties of chestnut shells and found that the aqueous extract
(75 ◦C) obtained by conventional extraction produced the best results (IC50 = 0.031 mg/mL
for DPPH; IC50 = 0.284 mg/mL for ABTS). The same extract obtained the highest FRAP
(56.23 g GAE/100 g extract), in the accordance with TPC results [32]. In the chestnut shells
SWE study, the extract prepared at 220 ◦C was assessed through DPPH, FRAP, and ABTS
assays and showed good results, respectively, 901.16 mg AAE/g DW, 7994.26 mg FSE/g
DW and 815.66 mg TE/g DW [19]. Regarding the UAE extraction of chestnut shells, the
extract (70 ◦C/40 min) also had good antiradical and antioxidant results in the DPPH
(IC50 = 44.1 µg/mL), ABTS (IC50 = 65.4 µg/mL) and FRAP (IC50 = 32.0 µg/mL) assays [38].
Analyzing the results from Table 1 with the authors mentioned above, it is evident that
the extraction conditions are crucial. When the plant matrix was the same, the different
extraction methods used were subjected to several variations. A detailed understanding of
the bioactive composition, particularly the phenolic profile, is, therefore, essential, since the
spectrophotometric assays have limitations such as the sensitivity to pH, reaction time, and
presence of interferents (e.g., sugars and amino acids) [39].
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2.3. Phenolic Profile Identification and Quantification by HPLC-PDA

The phenolic profiles of the C. sativa shells extracts prepared using SWE are detailed
in Table 2.

Table 2. Identification and quantification (mg/g DW) of phenolic compounds present in C. sativa
shells SWE extracts by HPLC-PDA analysis. Results are expressed as mean ± standard deviation
(n = 3).

Phenolic
Compound

110 ◦C 120 ◦C 140 ◦C 160 ◦C 180 ◦C

mg/g DW

Alkaloids
Caffeine 1.18 ± 0.06 1.14 ± 0.06 1.01 ± 0.05 0.33 ± 0.02 0.44 ± 0.02

Chalconoids
Phloridzin 0.83 ± 0.04 0.50 ± 0.03 ND ND ND

Flavanols
Catechin 4.10 ± 0.20 3.65 ± 0.18 1.60 ± 0.08 0.74 ± 0.04 0.69 ± 0.03

Epicatechin 1.68 ± 0.08 1.14 ± 0.06 0.75 ± 0.04 <LOQ <LOQ

Flavonols
Rutin 1.04 ± 0.05 0.64 ± 0.03 0.69 ± 0.03 0.103 ± 0.005 0.136 ± 0.007

Flavonones
Naringin <LOQ <LOQ ND ND ND

Phenolic acids
3,5-di-caffeolquinic

acid <LOQ <LOQ <LOQ ND ND

4-O-caffeyolquinic
acid 0.49 ± 0.02 0.46 ± 0.02 0.40 ± 0.02 0.34 ± 0.02 0.21 ± 0.01

4,5-DI-O-
caffeoylquinic

acid
0.126 ± 0.006 0.22 ± 0.01 0.34 ± 0.02 0.026 ± 0.001 0.28 ± 0.01

Caftaric acid 0.44 ± 0.02 0.26 ± 0.01 0.53 ± 0.03 0.16 ± 0.01 0.58 ± 0.03
Caffeic acid 0.17 ± 0.01 0.16 ± 0.01 0.12 ± 0.01 0.069 ± 0.003 0.12 ± 0.01

Clorogenic acid 0.43 ± 0.02 0.27 ± 0.01 0.18 ± 0.01 0.081 ± 0.004 0.13 ± 0.01
p-Coumaric acid <LOD <LOD <LOD <LOD <LOD

Ellagic acid 0.136 ± 0.007 0.157 ± 0.008 0.181 ± 0.009 0.064 ± 0.003 0.108 ± 0.005
Gallic acid 5.99 ± 0.30 5.08 ± 0.25 4.64 ± 0.23 3.48 ± 0.17 2.40 ± 0.12
Ferulic acid <LOQ <LOQ <LOQ 0.011 ± 0.001 0.056 ± 0.003

Neochlorogenic acid 0.71 ± 0.04 0.59 ± 0.03 0.49 ± 0.02 0.21 ± 0.01 0.28 ± 0.01
Protocatechuic acid 1.68 ± 0.08 1.37 ± 0.07 1.15 ± 0.06 1.31 ± 0.07 1.59 ± 0.08

Sinapic acid ND ND ND <LOQ <LOQ
Syringic acid ND ND ND 0.019 ± 0.001 0.063 ± 0.003
Vanillic acid 1.02 ± 0.05 0.91 ± 0.05 0.55 ± 0.03 0.084 ± 0.004 0.12 ± 0.01

Quercetin-3-O-
galactoside 0.115 ± 0.006 0.099 ± 0.005 0.136 ± 0.007 0.012 ± 0.001 0.120 ± 0.006

Quercetin-3-O-
glucopyranoside 0.057 ± 0.003 0.069 ± 0.003 0.081 ± 0.004 0.043 ± 0.002 0.036 ± 0.002

Stilbenoids
Resveratrol <LOD <LOD <LOD ND ND

Trans-polydatin <LOQ <LOD <LOD <LOD <LOD

Total 20.20 16.71 12.85 7.07 7.37
ND, not detected; LOD, limit of detection; LOQ, limit of quantitation.

As shown in Table 2, health-promoting compounds were grouped into seven different
classes. Overall, 25 phenolic compounds were identified and quantified, with phenolic acids
being the main class of compounds. The extract obtained at 110 ◦C presented the highest
amount of phenolic acids (20.20 mg phenolic acids/g DW), though higher temperatures
led to a significant decrease, such as the extract prepared at 160 ◦C (7.07 mg phenolic
acids/g DW). This may be due to the diminution of the dielectric constant and polarity of
water as temperature increases, which leads to the dissolution of non-polar compounds such
as polyphenols [40]. However, high temperatures have a negative effect on polyphenols
above 120 ◦C, resulting in the breakdown of thermally unstable polyphenols [41].

As it is possible to observe, the major phenolic acid present in all extracts is gallic acid,
particularly at 110 ◦C, 120 ◦C and 140 ◦C (5.99, 5.08 and 4.64 mg/g DW, respectively). This
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compound is extremely important for human health, and several studies have reported
its biological and pharmacological activities, including anti-inflammatory, antioxidant,
anticancer, and antimicrobial activities [42]. Moreover, the presence of protocatechuic acid
may indicate the thermal degradation of catechin [19]. Flavonoids were also identified
in considerable amounts, corresponding to more than 30% of the total phenolic content.
Particularly, catechin ranged from 3.65 to 4.10 mg/g DW for the extracts obtained at 120 ◦C
and 110 ◦C, respectively. The epicatechin amounts in the extracts obtained at 110 ◦C and
120 ◦C were, respectively, 1.68 and 1.14 mg/g DW, while for rutin, the quantities were 1.04
(110 ◦C) and 0.64 mg/g DW (120 ◦C). However, for most of the compounds mentioned, the
results indicate a high temperature sensitivity that should be considered.

Oxidative stress is the main factor in the basis development of OM, which induces
to the activation of the apoptotic process, leading to the clinical manifestation of mucosal
damage. Pro-inflammatory cytokines are in a positive feedback mechanism, conducting to
ulceration, which compromises the mucosal integrity, allowing several microorganisms
to penetrate tissues and increasing the sepsis risk [2,43]. The five phenolic compounds
mentioned above were found at higher concentrations in all the extracts. Because of
their capacity to control crucial cellular enzyme activities that lead to anti-inflammatory,
antioxidant, antimicrobial, and anticancer activities, all of them have been associated with
a wide range of beneficial properties and are expected to be potential treatments and
prevention options for OM [44].

Previous studies have reported discrepancies in the phenolic composition of chestnut
shells extracts, which can be explained by the use of diverse extraction techniques and
also varied extraction settings. For example, Vásquez et al. (2012) analyzed chestnut shells
extracted by organic solvents using conventional methods. The authors reported 11 com-
pounds, with catechin/epicatechin and gallocatechin/epigallocatechin being the principal
ones, while hydrolysable tannins, such as galloyl-glucoses and ellagic acid, were also
present and identified [45]. Gallic acid esters of glucose were particularly present in chest-
nut shells extracted with water at 75 ◦C (conventional extraction) as well as gallocatechin
and catechin [32]. In the chestnut shells extract prepared by UAE, ellagic acid (40.4 µg/mg
DW), caffeic acid derivative (15.4 µg/mg DW) and epigallocatechin (15.3 µg/mg DW) were
identified in high quantities [38], while by MAE the gallic acid and protocatechuic acid
were also detected (117.58 and 16.8 mg/g DW, respectively) [31].

2.4. ROS Scavenging Capacity

A major global issue is the development of disorders related to oxidative stress caused
by an imbalance between reactive species and antioxidants commonly present in the human
body, being a key factor for the OM pathogenesis. However, its mechanism remains unclear.
Nonetheless, it is known that chemo and/or radiotherapy triggers an increase in ROS
generation [1]. Reactive species, such as hypochlorous acid (HOCl), superoxide (O2

•−),
peroxyl radical (ROO•), and peroxynitrite (ONOO-), when produced in excess in living
cells are responsible, directly, or indirectly, for a number of diseases, including OM and, at
last stage, oral cancer [46,47]. One of the most significant classes of natural antioxidants
that can prevent or reduce the harm caused by oxidative stress is the polyphenol family,
which has a positive effect on OM [43]. Table 3 shows the ROS scavenging activity results.

The extract prepared at 140 ◦C (IC50 = 31.14 µg/mL) showed the highest activity in
terms of O2

•− scavenging capacity, whereas the extract prepared at 180 ◦C showed the
lowest activity (IC50 = 73.18 µg/mL). Gallic acid was used as a positive control for this
test, and it produced the best results (IC50 = 23.82 µg/mL). No significant differences
(p = 0.123) were observed between the extracts. However, HOCl was effectively scavenged
by all extracts. While the extract obtained at 160 ◦C had the lowest free radical scaveng-
ing capacity (IC50 = 22.85 ◦C), the extract prepared at 110 ◦C had the best effectiveness
(IC50 = 4.47 ◦C). Significant differences were noted between extracts obtained at 110 ◦C and
140 ◦C (p = 0.026), and 160 ◦C and 180 ◦C (p = 0.027). Regarding the ROO• quenching, the
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efficacy increased in the following order: gallic acid >110 ◦C > 140 ◦C > 120 ◦C >160 ◦C
>180 ◦C. No significant difference (p = 0.379) was observed between extracts.

Table 3. Superoxide anion radical (O2
•−), hypochlorous acid (HOCl), peroxyl radical (ROO•) and

peroxynitrite (ONOO-) scavenging capacities of C. sativa shells SWE extracts. Values are expressed
as mean ± standard deviations (n = 3). Different letters (a, b, c, d) in the same column indicate
significant differences between extracts (p < 0.05).

Reactive Oxygen Species Reactive Nitrogen Species

SWE Extracts O2•− HOCl ROO•
ONOO- in
Presence of

HCO3−

ONOO- in
Absence of

HCO3−

IC50 (µg/mL) IC50 (µg/mL) (µmol TE/mg
DW) IC50 (µg/mL)

110 ◦C 44.36 ± 0.34 cd 4.47 ± 0.29 b 0.73 ± 0.024 b 2.52 ± 0.19 c 2.53 ± 0.22 bc

120 ◦C 46.31 ± 1.37 d 6.49 ± 0.18 b 0.54 ± 0.016 cd 1.41 ± 0.11 b 3.32 ± 0.19 c

140 ◦C 31.14 ± 2.05 b 8.27 ± 0.77 b 0.61 ± 0.037 bc 2.77 ± 0.29 c 2.09 ± 0.21 b

160 ◦C 35.34 ± 3.14 bc 22.85 ± 1.67 c 0.50 ± 0.032 cd 2.79 ±0.26 c 1.89 ± 0.09 b

180 ◦C 73.18 ±1.86 e 20.74 ± 1.27 c 0.49 ± 0.009 d 2.93 ± 0.03 c 5.94 ± 0.30 d

Positive
control

Gallic acid 23.82 ± 0.82 a 1.68 ± 0.16 a 4.23 ± 0.25 a 0.30 ± 0.03 a 0.05 ± 0.00 a

IC50 = In vitro concentration required to decrease the reactivity of the studied reactive species in the tested media
by 50%. TE = Trolox Equivalents.

Comparing with other studies, the SWE extracts prepared in the present study showed
lower ROS scavenging activity. Lameirão et al. (2021) related that the chestnut shells extract
obtained by UAE (at 70 ◦C during 40 min) achieved an IC50 of 14.1 µg/mL, 0.7 µg/mL and
0.3 µg/mL regarding O2

•−, HOCl and ROO•, respectively [38]. Likewise, the optimal SWE
extract (obtained at 220 ◦C) of chestnut shells prepared by Pinto et al. (2021) exhibited high
scavenging activity regarding HOCl (IC50 = 0.79 µg/mL) and O2

•− (IC50 = 12.92 µg/mL).
However, as summarized in Table 3, the extracts in the present study had a better ability
to quench ROO•, as Pinto et al. reported an Ssample/STrolox = 0.084 for the optimal
extract [19].

Regarding RNS, the peroxynitrite (ONOO-) scavenging activity was evaluated in the
absence and in presence of hydrogen carbonate (HCO3

−) to mimic the in vivo environment.
Although the results presented in Table 3 do not attest to a temperature-dependent correla-
tion, a significant ability of the extracts to act as effective reducers of peroxynitrite-mediated
damage can be observed. The best IC50 calculated was 1.41 µg/mL (for the extract prepared
at 120 ◦C) and 1.89 µg/mL (for the extract obtained at 160 ◦C) in the presence and absence
of HCO3

−, respectively. However, the gallic acid achieved best results (IC50 = 0.30 and
0.05 µg/mL, respectively, in presence and absence of HCO3

−). To the best of our knowl-
edge, this is the first peroxynitrite assay performed on chestnut shells extracts. The phenolic
profile, and thus the potential for compounds to degrade, as previously mentioned, could
play a role in the observed discrepancies. No significant differences between the extracts
were observed in the presence (p = 0.285) or absence (p = 0.357) of HCO3

−. However, the
radical scavenging capacity calculations, particularly for HOCl and ROO•, are generally
consistent with the spectrophotometric results (Table 1), indicating that the extract prepared
at 180 ◦C had the lowest potential, while the extract obtained at 110 ◦C had the most
promising characteristics for OM treatment.

2.5. Antimicrobial Activity

The oral cavity contains complex microbiota compromising more than 700 different
bacterial species. The oral cavity is an ideal environment for microbial growth due to its
pH (6.5–7.5), temperature (37 ◦C), soft tissues (palate, tongue, and buccal mucosa), and
hard tissues (teeth) [48]. The oral microbial population is generally balanced however,
pathologies may appear when the ecological balance is disturbed. Chemotherapy-induced
myelosuppression and radiation-induced xerostomia are known to cause microbiome dys-
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biosis, which compromise the saliva flow, a major barrier against potential pathogens [49].
Owing to its ability to affect the innate immune response, which is an activator of the mu-
cositis pathway, the oral microbiota can aggravate or sustain oral mucositis [50]. Examples
of the main species of bacteria commonly isolated from the oral cavity are Porphyromonas,
Lactobacillus, Veillonella, Actinobacillus, Streptococcus, Staphylococcus, Enterococcus, and Es-
cherichia [51,52].

The antimicrobial capacity of SWE C. sativa shells extracts was analyzed against several
Gram-negative and Gram-positive bacteria, the majority of which are present in the oral
cavity in case of OM [52,53]. MIC and MBC were determined for each microorganism at
different extract concentrations (2–64 mg/mL) using a microplate dilution assay. Table 4
summarizes the results for all strains.

Table 4. Minimum Inhibition Concentration (MIC) and Minimum Bactericidal Concentration (MBC)
of C. sativa shells SWE extracts on the bacterial strains tested, at concentrations range of 2–64 mg/mL.
Values are expressed as mean (n = 3).

SWE Extracts

Gram-Negative Gram-Positive

E. coli
ATCC 25922

E. coli
ATCC 8739

E. coli
CTX M2 *

S. aureus
ATCC 25913

S. aureus
MRSA *

E. faecalis

110 ◦C
MIC 8 4 4 - 4 64

MBC 64 - - - 32 -

120 ◦C
MIC 8 4 8 64 8 2

MBC 64 - - - 16 -

140 ◦C
MIC 4 16 4 4 32 64

MBC - - - - 64 -

160 ◦C
MIC 4 4 4 4 4 8

MBC 32 - - 64 32 64

180 ◦C
MIC 8 8 - 4 4 16

MBC 16 4 - 64 16 64

* drug-resistant bacteria; - absence of MIC/MBC.

As can be observed, the chestnut shells extracts obtained at different temperatures
exhibited diverse effects on the growth of microorganisms, which is probably due to the
phenolic content of the extracts.

The extract prepared at 110 ◦C did not present MIC and MBC values for S. aureus
(Gram-positive) at the concentrations tested. However, the extract showed a significant
antimicrobial activity against two drug-resistant bacteria, S. aureus MRSA and E. coli CTX
M2 (MIC of 4 mg/mL and MBC of 32 mg/mL in S. aureus MRSA). This extract also
exhibited MIC in E. coli ATCC 8739, E. coli ATCC 25922, and E. faecalis (8, 4, and 64 mg/mL,
respectively) and MBC of 64 mg/mL in E. coli ATCC 25922. E. coli CTX M2 was resistant
to the extract obtained at 180 ◦C. Compared to the 110 ◦C extract, the extract prepared at
180 ◦C presented higher MIC values for the two non-resistant strains of E. coli (8 mg/mL),
but a lower MIC for E. faecalis (16 mg/mL). At this temperature, the extract exhibited MBC
values for all strains that had growth inhibition. As shown in Table 4, the extract prepared
at 160 ◦C showed better antimicrobial activity, as it showed lower MIC values for most of
the strains tested and displayed MBC values for all the strains, except for the drug-resistant
E. coli CTX M2.

Phenolic compounds may affect bacterial cells by damaging their cellular membranes,
binding to the cell wall, and leading to enzyme inactivation and DNA damage [54]. Fla-
vanols (e.g., catechin and epicatechin) are known to inhibit the in vitro growth of several
strains, including S. mutans and E. coli [55]. Flavonols (e.g., rutin) also exhibit a significant
activity against S. aureus (Gram-positive), possibly through an aggregation mechanism.
Nevertheless, phenolic acids, such as gallic acid, also showed antibacterial activity against
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S. aureus and E. coli. Although these compounds present weaker efficiency in bacterial
growth inhibition when compared to flavonoids, they still prove to be more efficient than
standard antibiotics, such as gentamicin and streptomycin [55,56]. Kang et al. (2008),
studied the antimicrobial effects of gallic acid, one of the main compounds present in Rhus
chinensis L., and reported MIC values of 8 mg/mL for S. mutans. The authors also reported
in vitro inhibition of S. mutans biofilms, demonstrating the antimicrobial activity of gallic
acid [57]. Likewise, Passos et al. (2021) reported the antimicrobial and anti-adherence activ-
ity of gallic acid, an isolated compound of the ethanolic extract of L. ferrea, which exhibited
significant antimicrobial activity and inhibition of adhesion of S. mutans biofilms [58].

Previous research has demonstrated a correlation between phenolic compounds and
the antimicrobial activity, as the quantity of phenolic compounds has a proportional in-
hibitory effect on the microorganism growth [59]. Though, the present results do not
demonstrate a correlation as the extract prepared at 110 ◦C has a higher amount of phe-
nolic compounds and the extract obtained at 160 ◦C showed better antimicrobial capacity.
One of the possible explanations for such data is the antagonistic effect of the combina-
tion of polyphenolic compounds present in the SWE extracts, which may decrease the
antimicrobial ability.

2.6. Cells Viability Assays

Considering the potential use of SWE C. sativa extracts in OM treatment, it is particu-
larly important to assess their effects in in vitro models. In this study, SWE C. sativa shells
extracts were evaluated on HSC3 and TR146 cell lines by MTT assay. Both cell lines mimic
the normal human buccal epithelium and are tumorigenic, making them suitable as oral
mucosal models for testing medication absorption. In particular, the TR146 cell line was
established from a neck metastasis of a buccal carcinomic tumor, and the HSC3 cell line
was derived from tumors of metastatic lymph nodes originating from tongue squamous
cell carcinoma [60–62]. Figure 1 summarizes the obtained results for both cell lines using
various extract concentrations (125–2000 µg/mL), while Table 5 presents the IC50 values.
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Figure 1. Effects of C. sativa shells SWE extracts on the viability of HSC3 cells at a range of concentra-
tions of 125–2000 µg/mL, measured by MTT assay, at 24 h. Values are expressed as mean ± standard
deviation (n = 3). Different letters indicate significant differences between concentrations of the same
sample (p < 0.005) according to Tukey’s HSD test.
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Table 5. IC50 values of oral model cellular lines treated with C. sativa shells SWE extracts, measured
by MTT assay. Values are expressed as mean (n = 3). IC50 = In vitro concentration required to decrease
cell viability by 50%.

Cell Lines IC50 (µg/mL)

SWE Extracts HSC3 TR146

110 ◦C 1325.03 468.15
120 ◦C 1730.39 496.45
140 ◦C 1862.17 663.83
160 ◦C 1923.94 553.79
180 ◦C 1707.33 572.18

Regarding the HSC3 results, the extracts obtained at 160 ◦C and 180 ◦C presented
viabilities of 87.16% and 76.03%, respectively, after exposure with the low concentrations
tested (250 µg/mL). The extracts obtained at 110 ◦C, 120 ◦C, and 140 ◦C showed viabil-
ity reductions at concentrations of 500, 1000, and 2000 µg/mL, respectively. Significant
differences were noted for the different concentrations of the extracts obtained at 110 ◦C
(500–2000 µg/mL; p = 0.044) and 180 ◦C (125–250 µg/mL and 125–2000 µg/mL; p < 0.03).
These results might be explained by the fact that the extract prepared at 110 ◦C contained the
highest concentration of phenolic acids, which was in accordance with Table 1. As shown in
Figure 2, except for the extract prepared at 110 ◦C, none of the extracts obtained at different
temperatures resulted in a reduction in the viability of TR146 cells at a concentration of
125 µg/mL. However, with increasing concentrations, all extracts significantly decreased
cellular viability, leading to viability values below 57% for all extracts at 500 µg/mL. Sig-
nificant differences were observed for the extract prepared at 140 ◦C (125–250 µg/mL;
p = 0.022) and 180 ◦C (25–1000 µg/mL; p = 0.016). These results proved that TR146 cells
were the most sensitive to the SWE chestnut shells extracts (Table 5). Moreover, it can be
concluded that the extracts exhibited antiproliferative effects for both cell lines, with the
extract prepared at 110 ◦C achieving the lowest IC50 value in TR146 (468.15 µg/mL) and in
HSC3 (468.15 µg/mL). This may be due to the higher content of phenolic compounds, as
shown in Table 1.
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Figure 2. Effects of C. sativa shells SWE extracts on the viability of TR146 cells at concentrations range
of 125–2000 µg/mL, measured by MTT assay, at 24 h. Values are expressed as mean ± standard
deviation (n = 3). Different letters indicate significant differences between concentrations of the same
sample (p < 0.005), according to Tukey’s HSD test.

Lambert et al. reported that polyphenols can inhibit different phases of carcinogenesis,
including initiation, promotion, and progression of tumor cells, demonstrating anticancer
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properties [63]. In addition, polyphenols have been reported to prevent oral cancer, as they
come into direct contact with tissues prior to being absorbed, suppressing the proliferation
of oral cancer cells on the surface of epithelial cells [64]. Catechins, for example, have
been demonstrated the capacity to decrease the activity of oral squamous cell carcinoma
(OSCC) in OC2 cells by inhibiting the synthesis of matrix metalloproteinases (MMPs).
Hence, invasion and migration of cancer cells can be regulated [65,66]. To the best of our
knowledge, this is the first study that assessed the effects of SWE chestnut shells extract on
oral model cell lines. This highlights its potential as an ingredient against OM condition.

3. Materials and Methods
3.1. Chemicals

α,α′-azodiisobutyramidine dihydrochloride (AAPH), β-nicotinamide adenine dinu-
cleotide (NADH), dihydrorhodamine 123 (DHR), 2,2-diphenyl-1-picryl-hydrazyl (DPPH),
sodium hypochlorite solution with 4% available chlorine, phenazine methosulphate (PMS),
nitroblue tetrazolium chloride (NBT), fluorescein sodium salt and Trolox were obtained
from Sigma-Aldrich (Steinheim, Germany). Catechin, gallic acid, Folin–Ciocalteu’s reagent
and Triton X-100 were purchased from Sigma Chemical Co. (St. Louis, MO, USA).

For microbial culture, Mueller Hinton Broth (MHB) medium was purchase to Liofilm-
chem (Teramo, Italy), Tryptic Soy Broth (TSB), and Tryptic Soy Agar (TSA) medium was
obtained from Biolife (Milan, Italy). HPLC solvents were delivered by Sigma-Aldrich
(Milan, Italy). Individual’s standards of phenolic compounds used for the identification
and quantification in extracts were purchased from Sigma-Aldrich (Steiheim, Germany).
HPLC solvents were delivered by Sigma-Aldrich (Milan, Italy). Individual’s standards of
phenolic compounds, namely gallic acid (≥99%), protocatechuic acid (99.63%), neochloro-
genic acid (≥98%), caftaric acid (≥97%), chlorogenic acid (>95%), 4-O-caffeyolquinic
acid (≥98%), vanillic acid (≥97%), caffeic acid (≥98%), syringic acid (≥98%), p-coumaric
acid (≥98%), trans-ferulic acid (≥99%), sinapic acid (≥99%), 3,5-di-O-caffeyolquinic acid
(≥95%), ellagic acid (≥95%), 4,5-di-O-caffeyolquinic acid (≥90%), (+)-catechin (≥98%),
(-)-epicatechin (≥90%), naringin (≥95%), quecetin-3-O-galactoside (≥97%), quercetin-3-O-
glucopyranoside (≥99%), rutin (≥94%), phloridzin (99%), trans-polydatin (≥98%), resvera-
trol (≥99%) and caffeine (≥95%), used for the identification and quantification in extracts
were purchased from Sigma-Aldrich (Steiheim, Germany). Dulbecco’s Modified Eagle
Medium (DMEM), penicillin, trypsin-EDTA and streptomycin were provided by Invitrogen
Corporation (Life Technologies, S.A., Madrid, Spain). Dimethyl sulfoxide (DMSO) was
purchased by AppliChem (Darmstadt, Germany).

TR146 and HSC3 cell lines were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). The following reference bacterial strains were obtained from
the American Culture Collection (ATCC): Escherichia coli ATCC 25922, E. coli ATCC 8739,
and Staphylococcus aureus ATCC 25913. All other strains, including resistant bacteria, were
clinical isolates: Enterococcus faecalis and the resistant bacteria, Escherichia coli CTX M2 and
Staphylococcus aureus MRSA.

3.2. Sample

Castanea sativa shells were generously provided by Sortegel, located in Sortes, Bragança,
Portugal. Dehydration of shells occurred at 41 ◦C for 24 h (Excalibur Food Dehydrator,
Pennsylvania, USA) and then were pulverized in a miller to 1 mm particles (Ultra Centrifu-
gal Mill ZM 200, Retsch, Germany). Prior to extraction, samples were carefully blended
and kept at room temperature (20 ◦C), in the dark.

3.3. Subcritical Water Extraction (SWE) of C. sativa Shells

Extraction of C. sativa shells was performed in a homemade subcritical batch-type
extractor of 1.7 L [67]. For it, a built-in valve and 99.99% nitrogen (Messer) pressurization
were used. The samples were then extracted for 30 min at various temperatures between
110 ◦C and 180 ◦C using 20 bars of pressure and a 1:30 sample-to-solvent ratio. The
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vibrating platform (3 Hz) housing the extraction vessel agitated the sample/water mixture
during the extraction. The extraction vessel was then cooled using a flow-through water
bath (20 ± 2 ◦C), and the pressure was released by opening the valve. Filtration was used
to separate the extracts, and the solutions were subsequently lyophilized (Telstar, model
Cryodos −80 ◦C, Spain) and stored at room temperature (20 ◦C) until further analysis. The
ratio between the total weight of the lyophilized extract and the total weight of the extract
obtained following SWE was used to calculate the extraction yield as follows:

Extraction yield (%) =
weight of lyophilized extract

weight of liquid extract
× 100

3.4. Determination of Total Phenolic Content

The Folin–Ciocalteu method was used to measure the total phenolic content (TPC)
using spectrophotometry, with minor changes [19]. A calibration curve (linearity range =
5–100 µg/mL; R2 > 0.996) was created using gallic acid solution. Results were expressed as
mg of Gallic Acid Equivalents (GAE) per g of dry weight (mg GAE/g DW).

3.5. Antioxidant and Antiradical Activities
3.5.1. Ferric Reducing Antioxidant Power (FRAP) Assay

FRAP assay was carried out as described by Benzie and Strain with a few minor
changes [36]. A calibration curve (linearity range: 25–500 µM; R2 > 0.993) was established us-
ing a standard ferrous sulfate (FeSO4 ·7H2O) solution at a concentration of 1 mM. Results were
expressed in µmol of ferrous sulfate equivalents (FSE) per gram of DW (µmol FSE/g DW).

3.5.2. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Free Radical Scavenging Assay

DPPH free radical scavenging assay was performed according to the method described
by Pinto et al. [68]. Trolox was used as reference for the calibration curve (linearity range:
5–125 µg/mL; R2 > 0.989). Results were presented as the radical scavenging activity’s
half-maximal inhibitory concentration (IC50, µg/mL).

3.5.3. 2,2´-Azino-bis-3-ethylbenzothiazoline-6-sulfonic Acid (ABTS) Radical Scavenging
Activity Assay

Extracts were tested for ABTS radical scavenging activity according to Re et al. [69],
with slight adjustments. The calibration curve standard (linearity range: 5–100 µg/mL;
R2 > 0.998) was ascorbic acid and the results were expressed as IC50 (µg/mL).

3.6. HPLC-PDA Analysis

HPLC was used to identify and quantify polyphenols using photodiode array (PDA)
detection [70]. Separation was performed at 25 ◦C using a Gemini C18 column (250 mm
4.6 mm, 5 m, Phenomenex, Alcobendas, Spain). Results on DW (mg/g DW) were repre-
sented as mg of each phenolic component per gram of extract. The calibration data used
for the quantification of individual phenolic compounds in the chestnut shells extracts are
presented in Table S1.

3.7. Reactive Oxygen Species and Reactive Nitrogen Species Scavenging Capacity
3.7.1. Superoxide Radical Scavenging Assay

Superoxide radical (O2
•−) scavenging assay was performed as described by

Gomes et al. [71]. Results were expressed as IC50 of the NBT reduction to diformazan.

3.7.2. Hypochlorous Acid Scavenging Assay

Hypochlorous acid (HOCl) scavenging assay was performed accordingly to
Gomes et al. [71]. Gallic acid was used as a positive control. The results were presented as
an inhibition of the HOCl-induced oxidation of DHR, measured in IC50.
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3.7.3. Peroxyl Radical Scavenging Assay

Peroxyl radical (ROO•) assay was carried out according to the method described by
Ou et al. [72]. Trolox was used as standard control. The ratio of the slopes obtained for the
extracts or positive controls to the slope of Trolox (Sample/STrolox), which represents the
ROO• induced oxidation of fluorescein, was used to express the results.

3.7.4. Peroxynitrite Scavenging Assay

The effects of the studied extracts on the of inhibition of ONOO- induced oxidation of
non-fluorescent DHR to fluorescent rhodamine 123 were assessed by peroxynitrite (ONOO-)
scavenging activity. ONOO- was synthesized as described by Whiteman et al. [73]. To
simulate physiological CO2 values, parallel tests were run in the presence of 187.5 mM
NaHCO3, and the results were represented as IC50.

3.8. Antimicrobial Activity
3.8.1. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration
(MBC)

MIC values were determined by the broth microdilution method using a 96-well
plate with MHB medium with minor modifications [74]. Microorganisms were exposed to
extracts (0.05 mL of dilutions + 0.05 mL of MHB medium) in the following concentration
range: 2–64 mg/mL. The extracts were dissolved in deionized water and the results were
compared with those bacteria that had grown in MHB in the presence of water as a control.
The MIC of each extract was determined as the lowest concentration that showed no
turbidity after 24 h of incubation at 37 ◦C. All the 96-well plates and petri dish plates
were sealed.

3.8.2. Growth Rate (GR) Studies

The GR parameter was determined using the broth microdilution method in a 96-well
plate using TSB. All different strains of bacteria were exposed to extracts concentrations
superior, equal, or inferior to the determined MIC, performing 1 h interval readings of the
optical density (OD) at 625 nm, 37 ◦C, for 24 h [74]. Growth rate was determined by fitting
a linear function to an exponential (log) phase curve.

3.8.3. Minimum Bactericidal Concentration (MBC) Determination

MBC assays were evaluated by the broth dilution method, where MBC was established
as the lowest extract concentration that inhibited 99.9% of the bacterial inocula after 24 h of
incubation at 37 ◦C. Briefly, 5 µL was taken from the well obtained from the MIC experiment
from each extract and its dilutions and added to a petri dish plate with TSA medium. All
the petri dish plates were sealed. The plate was divided into six equal areas, and for all
extracts, the area of the lower dilution with no visible colonies was determined as MBC [75].

3.9. Cell Viability Assay

A cell viability assay was performed using two human oral cancer cell lines, namely
TR146 and HSC3. Passages 28 and 6 were used for TR146 and HSC3, respectively. The
cells were cultured in a CellCulture® CO2 Incubator (ESCO GB Ltd., Barnsley, UK) for 24 h
at 37 ◦C and exposed to various extract concentrations (125–2000 g/mL). This assay was
performed according to Pinto et al. [19]. Extracts were dissolved in cell culture medium
or absent and then incubated (2.5 × 104 cells/mL). MTT reagent was added, and the cells
were incubated for 3 h at 37 ◦C, the number of viable cells was estimated, and the crystals
were solubilized using DMSO. The positive and negative control were DMEM and 1% (w/v)
Triton X-100. The background absorbance (630 nm) was subtracted at the 590 nm reading.
Cell viability results were expressed as percentages.
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3.10. Statistical Analysis

Results are expressed as mean ± standard deviation (n = 3). IBM SPSS Statistics
27.0 software (SPSS Inc., Chicago, IL, USA) was used to conduct statistical analysis. Tukey’s
HSD test was used for post hoc comparisons of the means, and one-way ANOVA was
used to analyze sample differences. p values lower than 0.05 (p < 0.05) were recognized
as significant.

4. Conclusions

The scientific data presented in this study support the valorization of C. sativa shells
extracts generated by SWE, an innovative and environmentally safe extraction method that
may be applied as a therapeutic agent for the treatment of OM. The extract that produced
the best results in terms of antioxidant and antiradical activities as well as the ability to
scavenge free radicals was that produced at 110 ◦C, which was the optimal temperature for
extraction. This extract also had a higher variety of polyphenols (25 phenolic compounds),
with a particular focus on gallic acid, protocatechuic acid, catechin, epicatechin, caffeine,
and rutin. Furthermore, antimicrobial activity assays demonstrated that, in general, all
extracts significantly inhibited bacterial growth against strains commonly found in OM
patients. The chestnut shells extracts induced cytotoxic effects in HSC3 and TR146 cells,
with a particular focus on TR146 cell line, and the extract obtained at 110 ◦C exhibited the
lowest IC50 values for both cell lines. All the biological properties exhibited by the SWE
C. sativa shells extract, particularly the extract obtained at 110 ◦C, may target the oxidative
stress caused by anticancer treatments through the antioxidant activity and radical species
scavenging capacity and, consequently, the inflammatory state. In addition, in advanced
conditions (ulceration), it can manage bacterial proliferation and exert antiproliferative
effects in head and neck squamous cell carcinoma. More research is required to reach a
conclusion on the effects on the oral mucosa, particularly on the absorption of phenolic
compounds via the buccal route. These may include in vitro oral epithelial permeation
assays and oxidative stress experiments in cell lines. Furthermore, the sustainable use of
chestnut shells will improve the applicability of food by-products, improve their economic
value, and contribute to environmental sustainability.
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Abstract: Food proteins and peptides are able to exert a variety of well-known bioactivities, some of
which are related to well-being and disease prevention in humans and animals. Currently, an active
trend in research focuses on chronic inflammation and oxidative stress, delineating their major patho-
genetic role in age-related diseases and in some forms of cancer. The present study aims to investigate
the potential effects of pseudocereal proteins and their derived peptides on chronic inflammation and
oxidative stress. After purification and attribution to protein classes according to classic Osborne’s
classification, the immune-modulating, antioxidant, and trypsin inhibitor activities of proteins from
quinoa (Chenopodium quinoa Willd.), amaranth (Amaranthus retroflexus L.), and buckwheat (Fagopyrum
esculentum Moench) seeds have been assessed in vitro. The peptides generated by simulated gastro-
intestinal digestion of each fraction have been also investigated for the selected bioactivities. None of
the proteins or peptides elicited inflammation in Caco-2 cells; furthermore, all protein fractions showed
different degrees of protection of cells from IL-1β-induced inflammation. Immune-modulating
and antioxidant activities were, in general, higher for the albumin fraction. Overall, seed proteins
can express these bioactivities mainly after hydrolysis. On the contrary, higher trypsin inhibitor
activity was expressed by globulins in their intact form. These findings lay the foundations for the
exploitation of these pseudocereal seeds as source of anti-inflammatory molecules.

Keywords: seed storage proteins; peptides; anti-inflammatory; antioxidant; trypsin inhibitors;
quinoa; amaranth; buckwheat; in vitro gastro-intestinal digestion

1. Introduction

Modern trends in dietary approaches and ethical and environmental sustainability con-
cerns catalyze researchers’ interest in plant proteins as an alternative to animal proteins [1].
In this frame, the consumption of pseudocereals has increased significantly over the past
few years, which is also due to their integration into vegan/vegetarian and gluten-free
diets [2]. The protein content of their seeds varies from 9.1 to 16.7% in quinoa, 13.1 to 21.5%
in amaranth, and 5.7 to 14.2% in buckwheat [3]. Their amino acid composition is generally
well balanced, with higher contents of lysine, methionine, and cysteine than common
cereals and legumes [2]. The distribution of the three aforementioned pseudocereal seed
proteins according to their solubility reveals a closer relationship to legumes than to cereal
proteins, since albumins and globulins are the most abundant protein species [4].

It has been well established that foods may contain molecules able to exert a variety
of bioactivities, some of which are related to well-being and disease prevention in humans
and animals [5,6]. Beyond their nutritional value, recent research identified the potential
health benefits of food proteins and peptides. They can exert antioxidant, antihypertensive,
antilipidemic, hypocholesterolemic, antimicrobial, and immune-modulating effects [7,8].
Among these peptides, many have been identified in legume and cereal seeds, including
soybean (Glycine max), lupin (Lupinus ssp.), corn (Zea mays), horse gram (Macrotyloma
uniflorum), cowpea (Vigna unguiculata), common bean (Phaseolus vulgaris), and lentil (Lens
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culinaris) [9–14]. However, there is still a general lack of information about the potential
effects of pseudocereal proteins and their derived peptides on chronic inflammation and
the various forms of oxidative stress, these being considered as major causes of age-related
diseases and of some forms of cancer [15].

The present study aims to advance the knowledge of selected activities potentially
exerted by pseudocereal proteins. The immune-modulating, antioxidant, and trypsin
inhibitor activities of proteins from quinoa (Chenopodium quinoa Willd.), amaranth (Ama-
ranthus retroflexus L.), and buckwheat (Fagopyrum esculentum Moench) seeds have been
assessed in vitro, after purification and separation in different fractions. The three biologi-
cal activities considered in this work are intimately linked to each other with regards to
their implications on human health.

Indeed, inflammation plays an important role in the ability of the immune system to
fend off pathogens and harmful agents. However, an unregulated inflammatory response
can lead to tissue damage and the development of chronic inflammatory diseases [16]. Sev-
eral food-derived compounds are able to modulate the immune response in humans [17].
For example, many compounds may mediate inflammation by altering the DNA-binding
capacities of NF-κB, the major effector of immune response pathways, and other tran-
scription factors [18]. NF-κB acts as a central inflammatory mediator by regulating a vast
array of genes involved in the immune and inflammatory responses. It responds to a large
variety of molecules, including cytokine IL-1β, and its activation induces the expression of
inflammatory cytokines, chemokines, and adhesion molecules [16]. Hence, the control of
the NF-κB pathway represents a potential strategy for preventing inflammation-associated
diseases [17]. In the present work, the effects on cell inflammation of proteins and their pep-
tides obtained by simulated gastro-intestinal digestion have been studied using cultivated
intestinal Caco-2 cells, whose immune response was triggered by IL-1β.

The dampening of oxidative processes is of great importance to human well-being [19].
When free radicals are overproduced or the cellular defenses are impaired, biomolecules
such as lipids, proteins, and DNA may be damaged by oxidative stress [20], ultimately
leading to pathological conditions. Plant foods are rich in antioxidant molecules, especially
phenolic compounds [6]. However, an increasing body of evidence suggests that proteins
and peptides can also exert this protective effect [11,21–29]. The capacity of inhibition
on the oxidation of cellular components can be exerted through multiple mechanisms of
action, including free radical scavenging, metal ion chelation, and hydroperoxides and
reactive oxygen species reduction [30]. In addition, the typical amphipathicity of most
peptides allows them to act both in aqueous and lipidic systems [31].

Although protease inhibitors (PIs) have long been considered anti-nutritional com-
pounds because of their negative effects on protein digestibility, several recent studies have
shown that they may play important roles in the treatment or prevention of inflammation-
associated diseases, such as some types of cancers [32,33], autoimmune diseases [34],
coagulation diseases [35], metabolic syndrome, and obesity [36]. These studies focused
mainly on PIs from leguminous plants, and information about PIs from pseudocereal seeds
continues to remain limited [37–41]. It is known that serine proteases act as modulators
of the immune system and inflammatory response by regulating cytokine and chemokine
production. Aberrant functioning of serine proteases may contribute to the development of
disorders derived from inflammatory cell activation that lead to immunological problems
and excessive activation of inflammation [34]. Thus, the inhibition of serine proteases by
PIs may play a role in the prevention of these diseases [42].

2. Results and Discussion
2.1. Purification of Pseudocereal Protein Fractions and Their In Vitro Digestion

The isolation procedure we adopted allowed us, as a first step, to obtain a water-
soluble fraction, namely albumin, and a salt-soluble fraction, corresponding to globulins.
Albumins and globulins are the most abundant seed proteins of pseudocereals. Amaranth,
buckwheat, and quinoa contain different proportions of each [4]. Albumins include many
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enzymes involved in cotyledon cell metabolism and plant defense, whereas globulin
proteins essentially play a storage role. Due to the low selective pressure, seed storage
proteins (SSPs) show common characteristics among species. Globulins may be classified
according to the sedimentation coefficient as 2S, 7–8S, and 11–13S, also known as vicilin-like
and legumin-like globulin, respectively [43]. In order to visualize the distribution of the
proteins in the obtained fractions, these latter were analyzed by SDS-PAGE (Figure 1). The
albumin electrophoretic patterns are clearly different from those of the respective globulin
fractions, confirming that the procedure allowed the differential solubilization of the two
protein classes (Figure 1).
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Figure 1. SDS-PAGE analysis of albumins and globulin fractions from quinoa (Qu), amaranth (Am),
and buckwheat (Bu) seed proteins. VLC: very low charge; LC: low charge; HC: high charge.

Due to the combination of different factors, including the and the post-translational
modifications, globulin polypeptide chains show size and charge heterogeneity [7]. For
this reason, we further fractionated globulin by ion-exchange chromatography, according
to their net surface charge at pH 8.0, in three fractions named VLC (very low charge), LC
(low charge) and HC (high charge). The quinoa VLC fraction consists of a large range of
different polypeptides. Notably, the SDS-PAGE pattern was very similar to that of the
salt-soluble fraction obtained following isoelectric precipitation of chenopodins, as shown
by Brinegar et al. [44], and very different from the two retained LC and HC fractions.
These two fractions include isoforms of the 11–13S globulin chenopodin, the main quinoa
SSPs [45]. The bands with molecular weights (MWs) of 35–37 and 22–25 kDa correspond to
the α and β chains of chenopodin, respectively. Thus, the purification procedure we set up
allowed the separation of the quinoa proteins using only a single chromatographic step.

Buckwheat VLC, LC, and HC globulin separation produced very similar patterns, with
the only difference being one extra polypeptide of about 50 kDa in the VLC fraction. Again,
this result is due to the charge heterogeneity of constituent polypeptides of buckwheat
globulins [46,47]. The two visible main groups of polypeptides with MWs of 30–47 and
23–25 kDa likely correspond to the α and β chains of 13S globulin, the most abundant
buckwheat globulin [4].

Amaranth separated globulins showed more complex polypeptide profiles than either
the quinoa or the buckwheat samples. The LC fraction included bands likely attributable to
11S amaranthin. Amaranthin subunits consists of acidic (34–36 kDa) and basic (22–24 kDa)
polypeptides. A polypeptide of about 55 kDa is also present in this fraction. In all probabil-
ity, it is the uncleaved precursor (52–59 kDa) [48]. Vicilin-like 7S globulins are represented
by several polypeptides with MWs between 15 and 90 kDa, also present in amaranth
seeds [4]. Due to their more acidic pI, in our case, they are mainly distributed in the VLC
fraction. A typical band of about 38 kDa is visible [49].

Bioactive cryptic peptides are specific protein fragments inactive in the whole intact
protein but active when released by proteolysis. Dietary proteins may supply active
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peptides able to promote human health and well-being [7]. The most studied cryptic
peptides are those released from milk, chicken eggs, and meat protein digestion, whereas
plant proteins are much less studied as source of food-derived active peptides. To obtain
peptides as similar as possible to those that would be obtained following ingestion, a
simulated gastro-intestinal digestion was performed using well-established procedures [50].
The proteolytic treatment caused the breakdown of proteins into fragments with molecular
weights equal to or smaller than 14 kDa, as revealed by SDS-PAGE (Figure 2). In all samples,
only a small number of bands with MWs higher than 30 kDa remained faintly visible.
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digestion. Alb: albumin fraction; VLC: very low-charge globulins; LC: low-charge globulins; HC:
high-charge globulins.

2.2. The Immune-Modulating Capacity of Protein Fractions and Peptides in Caco-2 Cells

To study the immune-modulating activity of intact protein fractions, we evaluated
NF-κB activation by transiently transfecting epithelial intestinal Caco-2 cells with an NF-κB
luciferase reporter construct that includes five NF-κB binding sites. The presence of NF-
κB-activating molecules stimulated the expression of the luciferase gene. The results
are shown in Figure 3. After incubation with the protein fractions, NF-κB activation was
comparable with cells incubated with the culturing media to suggest that amaranth, quinoa,
and buckwheat proteins did not exert pro-inflammatory effects by themselves. Under
stimulation with the pro-inflammatory cytokine IL-1β, the presence of pseudocereal protein
fractions induced the decrease of inflammatory response in all cases but to different extents.

Overall, albumin and VLC globulin showed higher anti-inflammatory activity (a drop
of inflammation from 31 to 74%) than LC and HC globulin fractions (from 20 to 39%).
Quinoa albumin was the most active fraction, showing a 74% inflammation reduction.
The immune-modulating effects of quinoa LC and HC globulin fractions are similar to
those previously described [45] and are slightly higher than those of amaranth and buck-
wheat globulins. In the present study, we demonstrated that amaranth, buckwheat, and
quinoa seed proteins potentially modulate an inflammation response by decreasing NF-
κB activation. To date, very few plant proteins in the intact form are known to possess
anti-inflammatory properties [45,51–53]. The most studied protein presently is lunasin, a
43-amino-acid peptide isolated from soybean which acts on macrophage cells by inhibiting
the NF-κB pathway [54–56]. Recently, lunasin was detected in quinoa seeds as well and
its bioactive effects were confirmed [55]. Since lunasin extraction efficiency in water is
high [57], it is likely that, in our case, it is mainly present in the albumin fraction. This
supports the observed high protective effect of this fraction (Figure 3). The binding of
lunasin with αVβ3 integrin through an Arg-Gly-Asp (RGD) motif has been associated
with inhibition of the NF-κB pathways [54]. Interestingly, the RGD/RGE motif was found
in three sequences of chenopodin [45]. Searching protein sequence databases, an RGE
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motif was found only in sequence ABO93593.1 of buckwheat BW10KD allergen protein,
corresponding to 2S albumin [58].
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Finally, we assessed the potential anti-inflammatory capacity of the pool of peptides
originated from the single fractionated proteins by simulated gastro-intestinal digestion.
In a previous work [45], we showed that the expression of chemokine IL-8 mirrors the
expression of NF-κB in undifferentiated Caco-2 cells stimulated with IL-1β and treated
with quinoa chenopodin isoforms. Since the levels of NF-κB and IL-8 can be considered to
be modulated in the same way, we decided to directly quantify the expression of IL-8 by
qRT-PCR to evaluate the anti-inflammatory effect of the peptides (Figure 4).
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Again, the peptides alone, originating from the different samples, exerted no inflam-
matory activity in Caco-2 cells. Peptides from quinoa and buckwheat protein fractions
were effective in lowering the inflammatory stimulus due to the presence of IL-1β with
a higher extent if compared to the effect exerted by the undigested proteins. On the con-
trary, amaranth peptides showed a minor protective shielding. LC globulin peptides from
amaranth appeared absolutely ineffective.

2.3. The In Vitro Antioxidant Activity of Protein Fractions and Peptides

The antioxidant activity of peptides obtained through generic enzymatic treatments of
total protein extracts from amaranth, buckwheat, and quinoa has been reported [29,59–64].
This finding, although interesting, does not provide information on the most active protein
classes, on their functional implications, or on what might actually happen when proteins
are ingested. Therefore, in order to obtain indications on the specifics of each fraction,
we focused our attention on the radical scavenging capacity of every single pseudocereal
protein fraction and of the peptides generated by their simulated gastro-intestinal digestion.

Figure 5 shows the DPPH radical inhibition percentage at two different protein con-
centrations (0.5 mg/mL and 1 mg/mL). In general, the different globulin fractions showed
low antioxidant activity when tested in the undigested form (amaranth VLC, quinoa and
amaranth LC, and all HC fractions).
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As described in Materials and Methods, the radical scavenging activity was measured
via use of the DPPH (1,1-diphenyl-2-picrylhydrazyl) assay, a well-established method to
evaluate the antioxidant potential of a compound [65]. Many in vitro methods for the
assessment of antioxidant activity in foods of plant origin are available and currently used
in a number of studies [66]. Although the principle of each group of antioxidant assay
methods are similar, their applicability depends on various factors, including the presence
of lipophilic compounds [66]. Gallego et al. [67] reported that the antioxidant activity of
peptides is related more to their amino acid composition, structure, and hydrophobicity
rather than their size. Indeed, studies indicate that a high radical scavenging activity of
protein hydrolysates or peptides is usually associated with a high hydrophobic, aromatic,
or sulphur amino acid content [28,63,68]. For all these reasons, the DPPH method was used
in this study. Different protein fractions, especially from buckwheat and quinoa, showed
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antioxidant activity when tested in the intact form (all albumin, buckwheat VLC and LC,
and quinoa VLC fractions).

The results indicate that the effect of proteolysis on the antioxidant activity varies
according to the protein species. Digested albumins from amaranth and buckwheat possess
scavenging activity similar to, or slightly higher than, the undigested forms. Globulin
fragmented forms showed increased activity in all the cases for amaranth and in quinoa
LC, whereas in the case of buckwheat, the digested globulins scavenging potential was
similar or slightly less when compared to the undigested form. Thus, digestion of these
protein fractions potentially leads to the release of encrypted antioxidant peptides. Indeed,
the most striking result was the observed substantial increase of antioxidant potential in all
the digested globulin fractions from amaranth. An increase in the scavenging capacity as
a result of the degree of proteolysis was reported for amaranth, buckwheat, quinoa, and
chickpea total protein hydrolysates [25,29,59–61,63]. Our results allowed us to quantify the
antioxidant activity of each separated protein class and to identify the protein and derived
peptides fractions showing the highest activities. For example, our data indicate that the
antioxidant peptides were released by LC chenopodin. These data support the findings
of Vilcacundo et al. [64], who identified 17 potential antioxidant peptides from quinoa
proteins, 13 of which derived from acidic and basic subunits of chenopodin.

It has been demonstrated that the fractions of hydrolyzed buckwheat proteins con-
tained di-, tri-, and tetrameric peptides. When tryptophan, proline, valine, leucine, and
phenylalanine were present, these fractions exhibited the strongest radical scavenging
activity [29]. Based on these observations, we investigated the amino acid composition
of albumin and globulin protein classes for each pseudocereal. Table 1 shows the sum
of the percentage content of the amino acids which may be involved in redox reactions
(phenylalanine, tyrosine, tryptophan, histidine, and cysteine).

Table 1. Content of amino acids (AA) whose side chains may be involved in redox reactions.

Quinoa Amaranth Buckwheat

AA Alb a Glob b Alb c Glob c Alb d Glob e

C 6.1 ± 0.6 1.1 ± 0.3 1.9 1.5 7.9 0.9 ± 0.1
F+Y 2.9 ± 0.9 6.1 ± 0.9 5.9 4.8 4 5.9 ± 0.2
W 0.7 ± 0.1 0.8 ± 0.1 / / 0.8 1.0 ± 0.3
H 1.4 ± 1.1 3.0 ± 0.4 2.3 2.3 0.8 2.3 ± 1.0

Tot 11.1 ± 1.5 11.0 ± 0.9 10.1 8.6 13.5 10.1 ± 1.1
n 2 4 / / 1 3

Data are expressed as a percentage of the total amino acid number of the proteins (mean ± SD, where applicable).
n = available sequence number (NCBI Proteins and UniprotKB databases accessed on 10 January 2020). a NCBI:
XP_021758596.1, XP_021758543.1; b Capraro et al. [45]; c Segura-Nieto et al. [48]; d UniProt: Q2PS07; e UniProt:
O23878, O23880, Q9XFM4.

This in silico analysis supports our experimental findings. Indeed, buckwheat albumin,
the richest fraction in antioxidant amino acids, is the most active both in the intact and
digested form. The redox amino acid content of buckwheat albumin is higher than the
globulin fraction and this fits well with the observed difference in the DPPH scavenging
activities of these fractions, especially in the digested forms. However, the experimentally
determined high activity of digested amaranth HC globulin does not match with the
calculated low content of antioxidant amino acids. Possibly, this could be due to the
presence of co-purified polypeptides rich in antioxidant amino acids.

2.4. The Trypsin Inhibitor Activity of Protein Fractions and Peptides

The inhibitory activity was measured in vitro on the L-BAPA substrate by comparison
with the activity of standard trypsin, set to 100%. Table 2 shows the inhibition percentages
of the pseudocereal protein fractions.
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Table 2. Trypsin inhibition percentage of protein fractions as such (native) and following simulated
gastro-intestinal digestion (hydrolyzed).

Fraction Native Hydrolyzed

Quinoa

Albumins 74.6 ± 6.2 2.1 ± 0.3
VLC 65.5 ± 4.1 41.4 ± 2.8
LC 51.8 ± 4.3 32.3 ± 3.2
HC 42.3 ± 3.6 40.8 ± 2.4

Amaranth

Albumins n.d. a 46.3 ± 5.1
VLC 41.5 ± 2.9 33.2 ±3.2
LC 50.2 ± 5.7 31.9 ± 2.7
HC 52.7 ± 3.5 21.7 ± 1.6

Buckwheat

Albumins 51.7 ± 6.8 101.5 ± 7.7
VLC 79.6 ± 5.1 18.6 ± 1.8
LC 83.6 ± 6.2 6.1 ± 3.9
HC 0.4 ± 0.1 1.5 ± 0.2

a n.d.: not determined.

Buckwheat VLC and LC globulins were the most active, with about 79% and 83%
of trypsin inhibition, respectively. The HC fraction showed no inhibitory activity. A
remarkable inhibitory capacity was carried out also by albumin and VLC globulin of
quinoa (74% and 65% inhibition, respectively). Among amaranth proteins, only LC and
HC globulin fractions showed little inhibitory activity (about 50%); on the other hand,
a low content of trypsin inhibitors (TI) has already been described for this species [69].
Different isoforms of buckwheat trypsin inhibitors with molecular weights between 5 to
7 KDa have been identified [70]. Subsequently, we evaluated the residual trypsin inhibitor
activity of proteins after proteolysis. The results showed that TI activity is lower in all cases
except, interestingly, in buckwheat albumin fraction, where it increased to up 100% after
proteolysis, suggesting the possible release of strongly active peptides. To our knowledge,
no previous report has been published describing the release of trypsin inhibitor activity by
proteolysis of seed proteins. However, a peptide from a soybean Bowman–Birk inhibitor,
containing 16 amino acid residues, with strong anti-tryptic activity has been described [71].
No activity was observed for all other protein hydrolyzed fractions tested.

Serine proteinases have been demonstrated to be involved in immunity [72]: they
can inhibit the proteases secreted at the time of injury or infection, which are the prime
initiators of inflammation, and the release of neutrophils from lysosomes [73]. Our results
indicate that the protein fractions with higher TI activity also possess radical scavenging
and immune-modulating properties, supporting the hypothesis of the involvement of TI in
protection against oxidation and inflammation. The Bowman–Birk protease inhibitor (BBI)
from soybean is one of the most studied protease inhibitors. Different mechanisms were
proposed to explain the BBI anti-proliferative and anti-inflammatory effects: the capacity
to inhibit the proteolytic proteasome 20S activity [74], whose inhibition may result in the
induction of apoptosis [75]; the inhibition of cathepsin G, elastase, and mast cell chymase,
proteases involved in inflammatory processes [42]; and the reduction of the neutrophil
infiltration and TNF-α during inflammation [76] and the increased production of IL-10,
an anti-inflammatory cytokine that plays an important role in suppressing autoimmune
diseases [34]. Intriguingly, seed protease inhibitors with antioxidant properties have been
observed [73,77,78].

Overall, we analyzed, in vitro, the different biological effects of pseudocereal-derived
proteins both in intact and in digested form. The evaluation of their bioavailabilities
and metabolic fate was outside the scope of this work. However, previous studies have
shown that some plant proteins introduced with the diet arrive in the intestinal tract in
intact form and may be absorbed by intestinal cells [79]. The susceptibility of proteins and
peptides to digestion and their bioavailability is influenced by diverse conditions, including
extreme pH values and plasma membranes phospholipids interaction [80]. Considering
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this, the bioactivity of intact proteins may be improved by oral administration through
gastro-protected tablets.

3. Materials and Methods
3.1. Protein Extraction and Purification

Sequential extraction of albumin and globulin protein classes was performed accord-
ing to their differential solubilization. Seeds were ground to a meal until sifted through
a 60-mesh sieve. Each of the following steps were performed twice. The flours were
suspended in distilled water (1:10, w/v) and stirred for 4 h at 4 ◦C. The suspension was
centrifuged at 10,000× g at 4 ◦C for 30 min to separate soluble albumin fraction. Pellets
were resuspended (1:20, w/v) in a 50 mM sodium phosphate buffer, pH 7.5, containing
500 mM NaCl. The salt-soluble globulins were extracted for 4 h under stirring at 4 ◦C.
The suspension was centrifuged at 10,000× g for 30 min at 4 ◦C and the supernatant was
recovered. Albumins were dialyzed against water and freeze-dried. Globulins were gel-
filtered using a Sephadex G-50 column, equilibrated in 50 mM phosphate buffer, pH 7.5,
containing 100 mM NaCl. The desalted globulins were immediately loaded on a DEAE-
cellulose column (20 × 180 mm) equilibrated with the same buffer (2 mg protein/mL
resin). The unretained fractions were called VLC proteins, whereas the bound proteins
were fractionated using the same buffer with stepwise addition of 150 and 250 mM NaCl
(fractions LC and HC, respectively). All three fractions were then dialyzed, freeze-dried,
and kept in sealed tubes at 4 ◦C until used.

3.2. SDS-PAGE

SDS-PAGE was carried out according to [81], on 12% polyacrylamide gel. For peptides
separations, 16% polyacrylamide gels were used. Gels were stained by Coomassie Blue
G-250 (BioRad, Milan, Italy.) Low-range SDS-PAGE Standards (Bio-Rad, Hercules, CA,
USA) were used for Mr calculations

3.3. Protein Hydrolysis

Simulated gastro-intestinal digestion was carried out as previously described [50],
focusing the action only on the proteolytic phase. Briefly, freeze-dried protein samples
were dissolved at a concentration of 2 mg/mL in 0.01 M HCl. Pepsin solution was added to
protein samples in a ratio 1:100 (w/w) and the samples were incubated at 37 ◦C for 10 min.
The pH of the solution was then adjusted to 8.0 with 0.5 M NaOH and pancreatin was
added to samples in a ratio 1:100 (w/w). The samples were incubated under shaking at
37 ◦C for 10 min. At the end, the reaction was stopped with a protease inhibitor cocktail
(Merck Life Science, Milan, Italy) as recommended by the manufacturer.

3.4. Caco-2 Cells Cultivation and Immuno-Modulation Assay

All methods and protocols were essentially performed as previously described [45,82].
Cells were cultured in 75 cm2 flasks at 37 ◦C under 5% CO2, using DMEM supple-

mented with 10% inactivated fetal bovine serum, 2 mM L-glutamine, 100 U/mL penicillin,
and 0.1 mg/mL streptomycin as growing medium.

Caco-2 cells were transfected with the plasmid pNiFty2-Luc (InvivoGen, Rho, Italy),
after 24 h they were seeded in 24-multiwell plates at a density of 2 × 105 cells/cm2. The
immuno-modulation assay was then performed 24 h after transfection. The medium was
replaced with fresh DMEM containing protein samples at the concentration of 1.0 mg/mL
and incubated for 4 h at 37 ◦C. When appropriate, interleukin 1β (IL-1β) was added to
the cell medium (10 ng/mL) for stimulating cell immune response. After incubation,
plates were chilled on ice for 15 min and cells were scraped from the wells, transferred
into 1.5 mL tubes and sonicated three times for 10 s on an ice bath, using a Soniprep
150 device (MSE, Heathfield, East Sussex, UK). After spinning, 100 µL of each supernatant
was transferred in a 96-well microtitre plate (PerkinElmer, Waltham, MA, USA) and added
with 25 µL of a solution containing ATP and D-luciferin (final concentrations: 1 mM
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and 10 µM, respectively. Luminescence was measured every 2 min using a Victor3 1420
Multilabel Counter (Perkin-Elmer, Waltham, MA, USA). The maximum recorded signal
was considered for comparing the results.

For IL-8 expression quantifications, Caco-2 cells were seeded in 12-multiwell plates
using complete DMEM and incubated as described until they reached confluence. Sub-
sequently, cells were treated with 1 mg/mL of proteins or peptide samples for 1 h in
the presence or absence of IL-1β (20 ng/mL), in complete DMEM. Total RNA was puri-
fied using the Aurum Total RNA Tissue Kit (Bio-Rad, Hercules, CA, USA) according
to the manufacturer’s instructions. One µg total RNA was reverse transcribed into
cDNA (20 µL final volume) using iScript Reverse Transcription Supermix for RT-qPCR
kit (Bio-Rad, Hercules, CA, USA) and a Mastercycler Personal 5332 Thermal Cycler
(Eppendorf Italia, Milano, Italy ). Reaction conditions were: 5 min at 25 ◦C, 20 min
at 46 ◦C, and 1 min at 95 ◦C. The cDNAs were then diluted 1:100 with sterile water
and 2 µl used as templates in quantitative PCR, using SsoAdvanced Universal SYBR
Green Supermix and a CFX Connect Real-Time PCR detection system (Bio-Rad, Her-
cules, CA, USA). IL-8 specific primers were: 5′-ATGACTTCCAAGCTGGCCGTGGCT-
3′ and 5′-TCTCAGCCCTCTTCAAAAACTTCTC-3′ [83]. The GAPDH reference gene
was amplified with the following primers: 5′-GGAAGGTGAAGGTCGGAGTC-3′ and
5′-CACAAGCTTCCCGTTCTCAG-3′ [84]. Cycling conditions were: 3 min at 95 ◦C, then
40 cycles of denaturation (20 s at 95 ◦C), annealing (30 s at 55 ◦C), and extension (30 s
at 72 ◦C). For each experiment, cDNA from unstimulated Caco-2 cells was used as the
calibrator. Negative controls were performed without cDNA. Relative amounts of target
genes compared to the GAPDH reference gene were calculated according to Livak [85].
Effects of the different molecules on inflammation were expressed as fold changes in target
genes expression relative to the untreated control sample. Each individual treatment was
performed in triplicate.

3.5. Antioxidant Activity Determinations

Antioxidant activities were assessed using the 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenging method, as previously described [86]. Briefly, 0.5 mL of DPPH (Merck
Life Science, Milan, Italy) solution in methanol (0.03 mg/mL) were added to 0.5 mL
of sample solutions at different concentrations and incubated for 15 min in the dark.
Subsequently, the absorbance at 515 nm was measured by a spectrophotometer (Lambda 2,
Perkin-Elmer, Waltham, MA, USA). The results were expressed as IC50, namely, the extract
concentration that scavenged 50% of DPPH [87].

3.6. Trypsin Inhibitor Activity Assay

Trypsin inhibitor activity (TIA) was measured according to ISO 14902 standard method
with slight modifications [88]. Trypsin activity was quantitatively determined by using
the synthetic substrate Nα-Benzoyl-L-arginine 4-nitroanilide hydrochloride (BAPA, Merck
Life Science, Milan, Italy). Trypsin stock solution was prepared dissolving 27 mg of trypsin
(Merck Life Science, Milan, Italy) in 100 mL of 1 mM HCl with 5 mM CaCl2. This solution
was then diluted 1:20 prior to the test execution. BAPA working solution was obtained
diluting 1:100 of the stock solution (1.5 mM in DMSO) in 50 mM Tris-HCl, pH 8.2, and
5 mM CaCl2. The assay was performed by mixing 0.1 mL of protein extract (0,4 mg/mL)
with 0.1 mL of BAPA working solution and 0.2 mL of water. After 10 min of incubation
at 37 ◦C, 0.1 mL of trypsin solution was added and the sample was incubated for 10 min
at 37 ◦C. The reaction was stopped by adding 0.1 mL of 30% acetic acid. The absorbance
for the sample reading at 410 nm was a measure of the trypsin activity in the presence
of the sample inhibitors (As). The reaction was also run in the absence of inhibitors by
replacing the sample extract with an equal amount of water (standard). The corresponding
absorbance was the reference reading (Ar). In addition, reagent blanks for the sample
readings (Abs) and a reagent blank for the reference readings (Abr) were also prepared by
adding the acetic acid solution before the trypsin solution.
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TIA was calculated as i =
[
(Ar − Abr) − (As − Abs)

Ar − Abr

]
× 100

Each experiment was performed in triplicate.

3.7. Statistical Analysis

Data reported in the histograms are expressed as the mean ± SE. Data from RT-qPCR
were analyzed by using the CFX Maestro software (Bio-Rad, Hercules, CA, USA). Data
were analyzed by a t-test; p values < 0.05 were considered statistically significant.

4. Conclusions

In this work, we explored three different biological effects exerted by each class of
proteins and peptides derived from different pseudocereals, using biochemical method-
ologies and in vitro model cell systems. We designed our experiments so that the results
complement what was previously reported. We also describe a fairly realistic depiction of
what the gastro-intestinal proteolysis might produce.

On the whole, the obtained results, thanks to the separations in single protein classes,
alongside increasing knowledge about their individual effect, open new perspectives for
their possible application, for example, in nutraceutical formulations.
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Abstract: Hypercholesterolemia is one of the major causes of cardiovascular disease, the risk of
which is further increased if other forms of dyslipidemia occur. Current therapeutic strategies include
changes in lifestyle coupled with drug administration. Statins represent the most common therapeutic
approach, but they may be insufficient due to the onset of resistance mechanisms and side effects.
Consequently, patients with mild hypercholesterolemia prefer the use of food supplements since these
are perceived to be safer. Here, we investigate the phytochemical profile and cholesterol-lowering
potential of Protium heptaphyllum gum resin extract (PHE). Chemical characterization via HPLC-
APCI-HRMS2 and GC-FID/MS identified 13 compounds mainly belonging to ursane, oleanane,
and tirucallane groups. Studies on human hepatocytes have revealed how PHE is able to reduce
cholesterol production and regulate the expression of proteins involved in its metabolism. (HMGCR,
PCSK9, LDLR, FXR, IDOL, and PPAR). Moreover, measuring the inhibitory activity of PHE against
HMGR, moderate inhibition was recorded. Finally, molecular docking studies identified acidic tetra-
and pentacyclic triterpenoids as the main compounds responsible for this action. In conclusion,
our study demonstrates how PHE may be a useful alternative to contrast hypercholesterolemia,
highlighting its potential as a sustainable multitarget natural extract for the nutraceutical industry
that is rapidly gaining acceptance as a source of health-promoting compounds.

Keywords: hypercholesterolemia; gene expression; HMGCR; PCSK9; PPARα; enzymatic activity;
molecular docking; statin; monacolin; breu branco

1. Introduction

Hypercholesterolemia is a form of hyperlipidemia that is characterized by the presence
of high levels of circulating low-density lipoprotein cholesterol (LDL-C). It is the major
cause of arteriosclerosis [1], which may lead to serious cardiovascular diseases (CVDs)
such as hypertension, cerebrovascular disease, peripheral arterial disease, coronary disease,
deep vein thrombosis, and pulmonary embolism [2]. CVDs are the leading cause of death
globally and were responsible for 31% of all global deaths in 2016, as estimated by WHO
(World Health Organization) [3]. According to the different hypercholesterolemia risk lev-
els, a number of therapeutic strategies are actually available [1]. As a first step, changes in
lifestyle and diet behaviors are strongly recommended [1,4]. In particular, the consumption
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of foods with high carbohydrates, saturated fats, and high cholesterol levels should be
avoided, while increasing the intake of foods rich in fiber, potassium, unsaturated fats,
and saponins [5,6]. Statin therapy represents the most common pharmacological approach
for the management of hypercholesterolemia, and the current guidelines recommend a
treatment with the maximally tolerated dose of statins [1]. This class of drugs exerts
cholesterol-lowering effects by affecting the enzymatic activity of 3-hydroxy-3-methyl-
glutaryl coenzyme A reductase (HMGCR) and also increasing the hepatic expression of
the LDL receptor (LDLR) and reducing low density lipoprotein (LDL) and very low den-
sity lipoprotein (VLDL) synthesis [7]. However, in most cases, statin monotherapy was
insufficient to achieve the recommended LDL-C level [2,8], also because of the onset of
drug-resistance mechanisms [7]. In these cases, statin therapy is replaced or accompanied
by the administration of other drugs, such as fibrate, niacin, and ezetimibe [1,8]. Further-
more, recent epidemiological evidence has shown that patients under treatment with statin,
alone or in combination with other medicines, might present muscle-related symptoms or
other pharmacological side effects, which lead to the discontinuation of treatments [9,10].
For these reasons, patients with a clinical picture of low hypercholesteremic severity prefer
applying nonpharmacological approaches, such as phytotherapeutic ones, because they are
perceived as natural, safer, and free of side effects [11]. Among the different phytochemical
approaches, red yeast rice (RYR) has been used for centuries as herbal medicine in China
to alleviate symptoms derived from hypercholesterolemia conditions [12–14]. Currently,
RYR is also present in the global market as a dietary supplement (DS), and, in 2008, it was
estimated that USD 20 million was spent by American consumers exclusively on this DS
category [12]. The antihypercholesterolemic activity of RYR is attributed to the presence of
monacolin K [7,13] and citrinin [15]. While monacolin K efficacy is linked to its structural
equality to lovastatin [16,17], citrinin is a mycotoxin with documented antihypercholes-
terolemic properties [15,18]. However, recent clinical studies attributed significant side
effects to both compounds. In particular, equally to other statins, monacolin K displayed
anaphylaxis, hepatotoxicity, central nervous system complaints, rhabdomyolysis effects,
and a high possibility of developing diabetes mellitus [7,14,19]. On the other hand, the
nephrotoxicity, carcinogenicity, cytotoxicity, and teratogenicity of citrinin are well known
even at a very low dosage [20]. For these reasons, in the last few decades, the research of
new medicinal plants as an alternative approach for the treatment of hypercholesterolemia
is on-going [21–23]. In particular, attention is focused on the identification of new phyto-
chemicals that may exert an antihypercholesterolemic action through a different mechanism
of action from what has been reported for statins [24].

Burseraceae is a pantropical-distributed family consisting of 21 genera and more than
700 species [25], of which 135 belong to the Protium genus [25,26]. Protium heptaphyllum is
a traditional medicinal plant distributed in the Amazon region, especially in Brazil [27].
Equally to other species belonging to the Burseraceae family, P. heptaphyllum also yields large
amounts of resin from the trunk wood [26]. The resin, popularly known as “almécega”
or “breu branco”, is collected and used locally in folk medicine practices for its analgesic,
anti-inflammatory, and expectorant effects; some recent works have demonstrated sev-
eral of those activities. In particular, concerning central actions, Aragão and colleagues
showed in a murine model system both anticonvulsant effects related to the GABAergic
system [28,29], and anxiolytic and antidepressant effects involving benzodiazepine-type
receptors and noradrenergic mechanisms [26]. In addition, antinociceptive potential was
also demonstrated [30,31]. The traditional use of the oily resin in inflammatory syndromes
is justified by data from several in vivo studies. In particular anti-inflammatory effects
of P. heptaphyllium gum resin extracts were showed in pleuritis [32], gastric ulcer [30,33],
carrageenan induced-edema [34] acute periodontitis [35], and pancreatitis [35]. However,
the mechanisms involved in the observed anti-inflammatory action were not clarified. More
recently, antibacterial activity [36–38] and effects on blood sugar level and lipid profile have
also been highlighted for the essential oil obtained from P. heptaphyllum gum resin [39–41].
The observed effects on lipid metabolism involved a decrease of total cholesterol, LDL-C,
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serum triglycerides, and VLDL, with an elevation of high-density lipoprotein cholesterol
(HDL-C). In addition, antilipidemic effects were associated with modulatory actions on the
secretion of hormones related to fat and carbohydrate metabolism [40]. In a more recent
study, in order to investigate the mechanism involved in the hypolipidemic action of the
resin, De Melo et al. evaluated the antiadipogenic activity of an α- and β-amyrin mixture
in 3T3-L1 murine adipocytes [42]. They showed significant suppression of adipocyte dif-
ferentiation by downregulation of adipogenesis-related transcription factors, including
PPARγ (Peroxisome Proliferator-Activated Receptor α9 and C/EBPα (CCAAT-enhancer
binding protein α) [42].

In the past twenty years, the chemical composition of the essential oil obtained from
the resin of P. heptaphyllum has been largely investigated. In particular, De Lima [38]
and Rüdigera [26] showed as this resin was rich in terpenoid compounds, especially
monoterpenes (α- and γ-terpinene, p-cymenol, terpinolene, α-pinene, p-cymene, 3-carene,
limonene), sesquiterpenes (g- and D-cadinene), and pentacylic triterpenes belonging the
classes of ursane, oleanane, tirucalane, lupane, and taraxtane. Among them, α-amyrin
and β-amyrin have always been identified as the main phytochemicals responsible for the
observed in vitro and in vivo biological activities.

In this work, we investigate the hypocholesterolemic potential of a new chemically
characterized P. heptaphyllum resin extract (PHE). With this purpose, we measured the
in vitro effects of PHE on cholesterol biosynthesis in comparison with monacolin K [43].
Moreover, we also evaluated if PHE affects HMGCR, evaluating both changes in enzymatic
activity and the binding ability of the molecules identified in PHE. Finally, studies on the
expression of genes related to cholesterol metabolism were performed.

2. Results and Discussion

2.1. HPLC-APCI-HRMS2(High Performance Liquid Chromatography coupled with Atmospheric
Pressure Chemical Ionization and High Resolution Mass Spectrometry) and GC-FID/MS (Gas
Chromatography coupled with Flame Ionization Detector and Mass Spectrometry) Analyses
identified Tetra- and Pentacyclic Triterpenoic compounds as the main constituent of PHE

The composition of PHE was assessed by gas and liquid chromatographic analyses
coupled to mass spectrometry. Eleven compounds were identified (Figure 1) and quantified
(Table 1).

Among them, two were small-sized volatile organic compounds (∆3-carene (#1); p-
cymene (#2)), six were nonacidic pentacyclic triterpenes (α-amyrin (#3); β-amyrin (#4);
α-amyron (#5); β-amyron (#6); brein (#7); maniladiol (#8)), two were acid pentacyclic
triterpenois (oleanolic acid (#9); ursolic acid (#10)), and three were tetracyclic triterpenoids
(elemonic acid (#11); α-elemolic acid (#12); β-elemolic acid (#13)).

The fraction containing the volatile organic compounds (VOCs) was the least repre-
sentative in PHE, reaching only about 1.5% of total composition. Meanwhile, Compound
#1 was a bicyclic monoterpene consisting of fused cyclohexene and cyclopropane rings,
and #2 was the alkylbenzenic form of #1, which originated after pyrolysis under oxidative
conditions [44]. Both compounds are naturally distributed in several aromatic plants and
gum resins [45], and they are widely used as ingredients for the realization of cosmetics,
such as perfumes [45].

Nonacidic triterpenoids (NATs) and acidic triterpenoids (ATs) were the most abundant
molecules in PHE, representing more than 28% and 39% of total composition, respectively.
Among the identified NATs, the compounds having a ursane skeleton (#3, #5, and #7) were
more predominant with respect to those composed by an oleanane skeleton (#4, #6, and #8).
Compounds #3 and #4 contributed to more than 20% of the PHE composition. They are
compounds well-known in the literature to exert various pharmacological actions, includ-
ing analgesic, anti-inflammatory, gastroprotective, hepatoprotective, and hypolipidemic
properties [46]. #5, #6, #7, and #8 are compounds originated by the structural changes of #3
and #4. In particular, #5 and #6 are the oxidized forms, respectively, of #3 and #4; mean-
while, #7 and #8 are their 5-hydroxy forms. However, #5, #6, #7, and #8 contribute, together,
just 20% of the identified NATs and only 6% of total identified and quantified compounds
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in PHE. Concerning ATs, HPLC analysis revealed the presence of two pentacycles (#9 and
#10) and three tetracycles (#11, #12, and #13) having at least one acid function. Regarding
the ATS with a tetracyclic core, the identified compounds had a very similar structure,
belonging to the tirucallane groups and exclusively differing, for the substituent group,
in the C3 position (Figure 1). Among the ATs having pentacyclic scaffolds, #9 belongs to
the oleanane group and #10 has a ursane skeleton. ATs are widely distributed in the plant
kingdom, and they are most abundant in particular plant gum resins [47–49]. Growing
evidence has shown a greater attitude for ATs to bind the active site of different enzymes,
thanks to the presence of one or more carboxylic substituents in the chemical scaffolds that
are able to accept noncovalent bonds easily [50–53].
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Table 1. Chemical composition of P. heptaphyllum gum resin extract. For each compound, CAS ID,
MW, chemical formula, name, and percentage composition are reported in the table.

# CAS ID MW Chemical
Formula Class Name Composition (%)

1 13466-78-9 136.23 C10H16 VOCs
∆3-carene 0.70 ± 0.08%

2 99-87-6 134.22 C10H14 p-cymene 0.90 ± 0.02%

3 638-95-9 556.9 C39H56O2

NATs

α-amyrin 12.40 ± 1.39%
4 559-70-6 426.7 C30H50O β-amyrin 9.50 ± 1.17%
5 638-96-0 424.7 C30H48O α-amyron 2.20 ± 0.08%
6 638-97-1 424.7 C30H48O β-amyron 1.70 ± 0.61%
7 465-08-7 442.7 C30H50O2 Brein 1.30 ± 0.08%
8 595-17-5 442.7 C30H50O Maniladiol 0.90 ± 0.06%

9 508-02-1 456.7 C30H48O3

ATs

Oleanolic acid 0.05 ± 0.01%
10 77-52-1 456.7 C30H48O3 Ursolic acid 0.06 ± 0.01%
11 28282-25-9 454.7 C30H46O3 Elemonic acid 15.60 ± 0.06%
12 28282-27-1 456.7 C30H48O3 α-elemolic acid 10.57 ± 0.76%
13 28282-54-4 456.7 C30H48O3 β-elemolic acid 12.80 ± 1.38%

CAS ID: Chemical Abstracts Service identification number; MW: molecular weight; VOCs: volatile organic
compounds (mono- and sesquiterpenes); NATs: nonacidic triterpenes; ATs: acidic triterpenes containing a
carboxyl group.

2.2. PHE Decreases Total Cholesterol in Hepatocytes

In order to evaluate cholesterol production, hepatocytes were treated for 6 or 12 h
with PHE (25–200 µg mL−1). The same experimental conditions were used to assay LHA
(0.01–10 µg mL−1) as positive control (Figure 2). LHA is a molecule originated by in vivo
metabolism of lovastatin [54,55]. Indeed, lovastatin is a prodrug presenting a γ-lactone
closed ring in the form that it is administered. The closed ring strongly limits its inhibitory
action on HMGCR, but it can be easily hydrolyzed in vivo into different active metabolites,
which appear in plasma after 24 h after oral administration [55,56]. Among them, the
most effective cholesterol-lowering agent is LHA, in which the γ-lactone closed ring is
hydrolyzed, forming a β-hydroxy acid function [54,55].
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No significant decreases in cholesterol production were observed at the tested concen-
trations after 6 h of treatment with LHA or PHE (Figure 2A). On the other hand, both LHA
and PHE were able to negatively affect the cholesterol amount in a dose-dependent manner
upon 12 h incubation (Figure 2B). In particular, LHA lowered the cholesterol levels at all the
tested dosages, with a decrement of about 50% at 1 µg mL−1 or higher concentrations. Our
data are in good agreement with the literature for LHA [55–57]. Regarding PHE, treatment
with 200 µg of the gum resin extract was able to reduce cholesterol levels in a similar way
to 10 µg mL−1 of the pure LHA molecule.

The observed effect on cholesterol after treatment with PHE may be correlated to
the peculiar phytochemical composition of the gum resin extract. In particular, chromato-
graphic analysis has shown how PHE is a rich source of triterpenes and triterpenoic acids
mainly belonging to ursane (#3, #5, #8, and #10), oleanane (#4, #6, #7, and #9), and tiru-
callane (#11, #12, and #13) classes. Previous studies have evidenced how cyclic triterpenes
may exert several beneficial effects in metabolic disorders, modulating factors involved
in glucose, lipid, and cholesterol metabolism. For example, Tang and coworkers demon-
strated the decrease of cholesterol and fatty acid biosynthesis by the inhibition of SREBP
(sterol regulatory element-binding protein) after interaction of SCAP (SREBP cleavage
activating protein) with betulin, a cyclic triterpene having a lupane skeleton very similar to
the compounds identified in PHE [58].

Concerning the phytochemicals identified and quantified in PHE, #3 and #4 are two
pentacyclic triterpenoids whose cholesterol-lowering activity is well known and already re-
ported in the literature [46]. In particular, a recent in vivo study highlighted the preventive
role of #3 in attenuating high fructose diet-induced metabolic syndrome [59]. Additionally,
#9 and #10 have been reported to exert in vivo cardiovascular, antihyperlipidemic, and
antioxidant effects in a Dahl salt-sensitive rat model [60]. Moreover, a potential mechanism
of action involving PPAR-α activation, a key role receptor involved in glucose and lipid
homeostasis, has been proposed [61].

2.3. Triterpenoic Acids of PHE Modulate HMGCR Activity Assuming Similar Poses to LHE in the
Active Site of the Enzyme

Statins regulate cholesterol levels by acting as reversible and competitive inhibitors of
the enzyme HMGCR, which is involved in the conversion of acetyl-CoA into mevalonate,
a key step that triggers the biosynthetic process of cholesterol metabolism [62]. This
action is due to the structural similarity of activated statins, which have a β-hydroxy-acid
function that is mistakenly recognized by the enzyme as its natural ligand (β-hydroxy β-
methylglutaryl-CoA) [63–66]. The experimental evidence on in vitro biosynthesis showed
a decrement of total cholesterol after 12 h of hepatocyte treatment with 200 µg mL−1 PHE,
similar to 10 µg mL−1 LHA (Figure 2B). Therefore, we investigated the possibility that
phytochemical content in PHE could exert a cholesterol-lowering activity through a statin-
like action mechanism and the modulation of HMGCR enzymatic activity. Consequently,
HMGR activity was monitored after treatment with LHA (0.01–100 µg mL−1) or PHE
(10–200 µg mL−1) (Figure 3). LHA dampened HMGCR activity in a dose dependent
manner. In particular, a complete enzymatic abolition was observed at 100 µg mL−1 LHA,
with a 50% inhibition between 1–10 µg mL−1 LHA. On the other hand, the treatments
with PHE exerted a weaker effect, although a dose-dependent inhibition of enzymatic
activity was detectable (about 26% reduction at the highest concentration). Kashyap and
colleagues, reviewing different patents related to extracts composed of two compounds that
we identified in PHE (#9 and #10), have reported inhibitory activity against HMGCR [67],
although scientific evidence supporting this hypothesis has not been currently reported in
the literature.
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Figure 3. Effect of lovastatin hydroxy acid (LHA) and Protium heptaphyllum resin extract (PHE) on
HMG-CoA reductase activity. Data are expressed as mean ± SD of three different replicates. Among
the two conditions (LHA or PHE), different lowercase letters indicate significant (p < 0.05) changes
among treatment concentrations, as calculated by one-way ANOVA analysis followed by Tukey’s test.

Molecular docking studies on HMGCR were performed with the aim of analyzing the
binding properties of the identified compounds in PHE (Table 1, Figure 1) and hypothesiz-
ing the binding site with the AAs involved. We started in silico studies by selecting both
lovastatin and its activated form (LHA) as known HMGCR inhibitors (Table 2). In the past,
similar studies have also been performed on phytochemical compounds present in extracts
of Withania coagulans fruits [68,69].

Table 2. Molecular docking results of the identified compounds in Protium heptaphyllum resin
extract (PHE).

# Compound Name Docking Score Prime Energy IFD Score

Lovastatin −6.247 −29124.9 −1462.494
Lovastatin Hydroxy Acid −14.667 −29097.0 −1469.500

1 ∆3-carene −3.220 −29015.2 −1453.979
2 p-cymene −4.009 −29030.2 −1455.521
3 α-amyrin −4.637 −29073.5 −1458.313
4 β-amyrin −4.405 −29079.4 −1458.376
5 α-amyron −5.196 −29066.6 −1458.528
6 β-amyron −4.245 −29030.2 −1455.753
7 Brein −5.307 −29066.2 −1458.666
8 Maniladiol −5.356 −29151.0 −1462.869
9 Oleanolic acid −9.835 −29059.2 −1462.795
10 Ursolic acid −8.008 −29074.3 −1461.721
11 Elemonic acid −6.786 −29212.4 −1467.408
12 α-elemolic acid −4.724 −29220.5 −1465.750
13 β-elemolic acid −6.828 −29166.3 −1465.142

IFD Score: induced fit docking score.
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The position of lovastatin in the binding site of HMGCR is shown as the AAs in-
volved are Val663, Ser684, Ser661, Leu857, Cys561, Ala856, Leu853, Asn755, Hid752, and Lys692.
However, only Ala751, Lys735, and Asn755 played an important role in binding (Figure 4A).
On the other hand, when the AAs involved in LHA–HMGCR complex stabilization were
analyzed, significant differences were observed with respect to the lovastatin–HMGCR
complex (Figure 4B). In particular, Asp690, Ser664, Lys735, Ala751, Lys692, Hid752, Lys691,
Glu559, Arg590, Asn755, Leu857, Ser661, and Ser684 surrounded the docked structure, and
the complex was further stabilized by the formation of six bonds with some AAs residues
(Asp690, Ser684, Lys735, Glu559, and Arg590). To be precise, these bonds exclusively involved
the β-hydroxy-acid moiety that is present only after in vivo activation of lovastatin.
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Figure 4. Maps of amino acid (AA) residues involved in the binding of lovastatin (A) and lovastatin
hydroxy acid (LHA; (B)) into 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGR).

Table 2 also reports the molecular docking results with regard to interactions between
HMGCR and several compounds previously identified in PHE (Table 1, Figure 1). Most of
the molecules identified in the extract showed low docking score values (IFD score < −1460),
indicating a weak interaction with the active site of HMGCR. In particular, #1 and #2 showed
low binding affinity to the receptor site. Regarding the compounds having docking scores
ranging between −4.5 and −6.0 (#3, #4, #5, #6, #7, #8, and #9), a limited surrounding by
AA residues was observed. However, despite #8 recording a docking score equal to −5.356
because of the surrounding of only eight AA residues (Leu857, Val683, Leu853, Arg590, Ala856,
Asp690, Lys691, and Asn755), it had an IFD score comparable to lovastatin, thanks to the
significative interactions established with Lys691 and Asn755 (Figure 5).

On the other hand, among the docked structures, only ATs showed docking scores
and IFD values indicative of good interaction with the enzyme (Table 2). Among them,
the pentacyclic triterpenoids showed the highest docking scores but the lower IFD values
with respect to the tetracycles. In particular, the docked structures of #9 and #10 were
surrounded by a large number of AA residues (11 surrounded #9 and 13 surrounded
#10). Ten of the observed AA residues surrounded both the molecules (Hid752, Lys691,
Lys692, Ser684, Asp690, Lys735, Leu857, Arg590, Val683, Leu853), suggesting their important
contribution in the stabilizing of both compounds in the active site of HMGCR (Figure 6).
Interestingly, nine of them were also found to be involved in the stabilization of LHA inside
the binding site (Figure 4B). Concerning the bonds directly involved in the stabilization
of the complex, the carboxyl group of the two ATs seems to be as important as in LHA.
However, while the acidic function of #9 and #10 made only three bonds (Lys692, Ser684, and
Lys735; Figure 6A,C), LHA was further stabilized by three additional bonds (Lys692, Ser684,
Asp690, Lys735, Leu857, and Arg590) involving β- and δ-hydroxyl groups (Figure 4B). The
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differences in binding properties between ATs and LHA may explain the lower docking
score values of #9 and #10 with respect to LHA.
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Figure 6. Molecular docking of oleanolic acid (#9) and ursolic acid (#10) with the active site of
3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGR). Panels (A,C) show the interactions
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respectively, inserted into the hydrophobic cavity of HMGCR.
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Concerning the acidic tetracyclic terpenoids (#11, #12, and #13), despite having low–
medium docking scores, they reported the highest IFD scores among the identified com-
pounds in PHE. Moreover, even though they did not reach the IFD values measured for
LHA, our data suggest that the three tetracycles were able to better interact with the AA
residues present in the HMGR receptor site and, consequently, to exert a comparable in
silico inhibitory activity. Differently from the docked structures of #9 and #10, the AAs
surrounding #11, #12, and #13 were quite different. In particular, #11 was surrounded by 18
AA residues (Met657, Asp767, Glu559, Gly560, Leu562, Cys561, Ser852, Ser565, Arg568, Ala856,
Leu857, Leu853, Arg590, Hid752, Lys691, Asp690, Asn755, and Met655); meanwhile, #13 was
surrounded by 16 AAs residues (Ala751, Asp690, Lys692, Ser684, Lys735, Ser661, Val683, Leu857,
Glu665, Arg590, Met657, Lys691, Asn755, Hid752, Leu853, and Leu562) (Figure 7). Among
them, the same AA residues that seem to be important for the stabilization of LHA in the
HMGR binding site through interaction with its β-hydroxy acid function (Figure 4B) were
also observed in the docked structures of #11 (Arg590, Hid752, Lys691, Asp690, Asn755, and
Met655) and #13 (Asp690, Ala751, Lys692, Ser684, and Lys735). This last aspect may explain
the higher values recorded for tetracycles with respect to pentacycles.
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2.4. PHE Modulates the Expression of Cholesterol-Related Genes

We demonstrated that cell exposure to 200 µg mL−1 PHE for 12 h was able to reduce
cholesterol production in a comparable way to 10 µg mL−1 lovastatin (Figure 2). On the
other hand, results from enzymatic assay showed that 200 µg mL−1 of PHE produced
about 20% inhibition of HMGCR activity; meanwhile, the same enzyme was inhibited
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by more than 90% by lovastatin at 10 µg mL−1 (Figure 3), as previously reported for
statins [70,71]. These results suggested differences in the action mechanism of PHE in
reducing cholesterol synthesis with respect to lovastatin. In particular, the effects on
cholesterol production may involve mechanisms other than post-translational ones. This
hypothesis is also supported by molecular docking studies, in which weaker interactions
between the identified compounds in PHE (Table 1, Figure 1) and HMGCR were highlighted
when compared with the interaction established with statins (Table 2).

In the past, the ability of plant bioactive compounds to regulate the expression of
target genes has been largely demonstrated [72,73]. In particular, it has been reported that
gene expression may be modulated by phytochemicals via both genetic and epigenetic
mechanisms [74,75]. In particular, phytochemical compounds may affect gene expression
via the modulation of several biological targets, such as DNA, lipid rafts, and transcriptional
factors, directly binding them or indirectly affecting the cellular redox state [75]. In this
work, we investigated whereas the observed effect related to the decrease of cholesterol
level after PHE treatment could be linked to changes in gene expression of HMGCR
via qRT-PCR (quantitative Reverse Transcription Polymerase Chain Reaction) analysis.
Cells exposed to PHE (1–50 µg mL−1) displayed a dose-dependent downregulation of
HMGCR. In particular, 10 µg mL−1 PHE was able to inhibit 50% HMGCR gene expression
(Figures 8 and 9). This result is in contrast with the effect reported for statins. Indeed,
it is well known in the literature that statins, including lovastatin, interfere with the
negative feedback of cholesterol on the transcription of the HMGCR gene, resulting in its
upregulation [76]. Upregulation of the HMGCR gene is also a strong limiting factor for the
pharmacological effect of statins [7,76].

In addition to de novo synthesis, cholesterol homeostasis depends on other processes,
including cellular uptake, intestinal absorption, and metabolic turnover in biliary salts [77].
With the aim of evaluating if PHE may influence other important processes for choles-
terol homeostasis, we evaluated the effects derived by cell exposure to PHE on the gene
expression of cholesterol-metabolism-related genes.

LDLRs (low-density lipoprotein receptor) play a key role in regulating LDL-C levels
in the blood by influencing the clearance of LDL-C from circulation. The gene expression
of the receptor is regulated at both transcriptional and post-translational levels [78]. Mean-
while, transcriptional regulation is dependent on the availability of intracellular cholesterol;
post-translational mechanisms depend on the action of PCSK9 (Proprotein Convertase
Subtilisin/Kexin type 9) and IDOL (Inducible Degrader of Low-density Lipoprotein Recep-
tor) [78,79]. These two proteins are synthesized in hepatocytes and secreted into plasma.
Here, PCSK9 binds LDLR in an extracellular site, interfering with receptor in-membrane
recycling, while IDOL marks LDLR with ubiquitin, leading to its degradation by lyso-
somes [80]. Consequently, high plasmatic levels of PCSK9 and IDOL reduce the amount of
LDLR in the hepatocyte membrane, resulting in higher levels of plasmatic LDL-C. There-
fore, the discovery of new agents that may inhibit PCSK9 and IDOL expression is a useful
tool for the treatment of hypercholesterolemia. This finding is also supported by the role
of new anti-PCSK9 monoclonal antibody drugs such as alirocumab and evolocumab [1].
With the aim of evaluating whether PHE could contribute to the regulation of LDLR levels
through transcriptional mechanisms, we checked the effects of the treatment on the expres-
sion of LDLR, PCSK9, and IDOL genes. Surprisingly, the LDLR gene was downregulated
(Figure 8). On the other hand, under our experimental conditions, we recorded a reduction
in the expression of both PCSK9 and IDOL after treatment with PHE in the tested concen-
tration range (Figure 8). In particular, 80% of IDOL and PCSK9 inhibition was obtained
at 50 and 10 µg mL−1 PHE, respectively. These results suggest a stabilization of LDLR
through post-translational mechanisms.
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Figure 8. Effect of Protium heptaphyllum resin extract (PHE) on gene expression of HMGCR, LDL-R, IDOL, PPARα, FXR, and
PCSK9 on HepG2 cells. After the seeding, cells were treated for 6 h with PHE. Untreated cells were used as control (dashed
line). Bars represent the mean ± SD of three qRT-PCR analyses. Values are expressed as fold change with respect to the
gene expression of control cells. The symbol “*”, when present, indicates significant (p < 0.05) differences between treated
and control samples, as calculated by the Mann–Whitney test. Representative heat map analysis coupled with hierarchical
cluster analysis is reported in Figure 9. HMGCR: 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase; FXR: farnesoid X
receptor; LDLR: low-density lipoprotein receptor; IDOL: inducible degrader of low-density lipoprotein receptor; PCSK9:
proprotein convertase subtilisin/kexin type 9; PPARα: peroxisome proliferator-activated receptor α.

Since high levels of intracellular cholesterol induce the inhibition of the LDLR gene, it
has been reported that statins indirectly induce its gene expression [81–83]. PCSK9 is also
regulated by intracellular sterol levels. However, despite low intracellular cholesterol levels
inhibiting PCSK9 gene expression, statins have been shown to induce its expression [81–83].
This process causes an attenuation of the lipid-lowering effects of statins. Our results,
with respect to the observed statin’s gene expression modulation, demonstrate that the
phytocomponents present in PHE have an opposite effect on transcriptional and post-
transductional regulation of membrane LDLR.

To compensate for the fraction that escapes enterohepatic circulation and is removed
by feces, bile salts are de novo synthesized from cholesterol in hepatocytes [84]. This
conversion represents the major route for the removal of cholesterol from the body, and
it is well known that an increased turnover of bile salts is able to reduce LDL-C [84]. Bile
salts regulate their own synthesis in a negative feedback loop by activating FXR (Farnesoid
X Receptor). As a consequence of the activation, FXR reduces the expression of cholesterol-
7α-hydroxylase (CYP7A1), the first and main rate-controlling enzyme in the pathway of
bile salt synthesis [85]. Cell exposure to PHE determined a strong downregulation of FXR
under all tested concentration ranges (Figure 8). In particular, 60% of its inhibition was
already observed at the lowest PHE concentration (1 µg mL−1). Since FXR is considered the
major regulator of bile salt synthesis, our result suggests that PHE may strongly increase
cholesterol turnover.
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Figure 9. Hierarchical clustering analysis and heatmap visualization of the gene expression of HMGCR, LDL-R, IDOL,
PPARα, FXR, and PCSK9 on HepG2 cells evaluated via qRT-PCR analysis. For each row, diverse colors indicate differences
in gene expression for each gene among the different treatments. HMGCR: 3-hydroxy-3-methyl-glutaryl-coenzyme A
reductase; FXR: farnesoid X receptor; LDLR: low-density lipoprotein receptor; IDOL: inducible degrader of low-density
lipoprotein receptor; PCSK9: proprotein convertase subtilisin/kexin type 9; PPARα: peroxisome proliferator-activated
receptor α.

Increased activity of CYP7A1 is also associated with the activation of nuclear receptor
PPARα (Peroxisome Proliferator-Activated Receptor α), which is principally involved
in lipid metabolism regulation. Concerning cholesterol metabolism, PPARα activation
intensely downregulates the expression of HMGCR [86], promotes cholesterol conversion
into bile acids [87], and influences the absorption of cholesterol in the intestinal tract [88].
Consequently, the clinical use of PPARα agonists improves the overall plasmatic lipid
profile and reduces cardiovascular risks [89]. In our experimental conditions, cell exposure
to PHE increased the gene expression of PPARα. Surprisingly, already at the lowest PHE
concentration, an upregulation of the transcript was observed (Figure 8).

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

Protium heptaphyllum oleum-resin was collected in Brazil in April 2019. The bioactive
compounds present in the raw material were extracted by Abel Nutraceuticals (Turin, Italy;
Extract Batch #P75-2-0) through a patent-pending hydroalcoholic extraction process tar-
geted to increase the concentration of acidic triterpenes present in the resin. The form of the
extract provided for this study (which is branded as Hepamyr® by the company in its final
commercial powder form) was the solid crude extract of the resin obtained after extraction,
purification, and complete solvent removal. For both high-pressure liquid chromatography
(HPLC) analysis and biochemical assays, the dried extract was completely resuspended in
ethanol (Sigma-Aldrich, Berlin, Germany, EU); meanwhile, diethyl ether (Sigma-Aldrich,
Germany) was used for gas-chromatographic (GC) analysis sample preparation.

3.2. Chemical Characterization Via HPLC-APCI-HRMS2

Semi-untargeted qualitative and quantitative analyses were performed by an HPLC
system (Dionex ultimate 3000 HPLC, ThermoFisher Scientific, Waltham, MA, USA) coupled
via atmospheric-pressure chemical ionization (APCI) to a high-resolution tandem mass
spectrometry instrument (HRMS2; LTQ Orbitrap, ThermoFisher Scientific, Waltham, MA,
USA). Separation was carried out with Luna C18(2) 150× 2 mm, 100 Å, 3 µm (Phenomenex,
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Torrance, CA, USA) using 0.1% (v/v) formic acid (solvent A) and 0.1% (v/v) acetonitrile
(solvent B) as mobile phases. Chromatographic separation consisted of a solvent ramp from
5% to 100% solvent B for 30 min, followed by column reconditioning of 15 min. The flow
rate was set to 0.2 mL min−1 and the injection volume to 10 µL. Detection parameters were
the following: negative ionization mode; capillary temperature: 250 ◦C; APCI vaporizer
temperature: 450 ◦C; sheath gas: 35 Arb; auxiliary gas: 15 Arb; discharge needle: 5 kV;
the acquisition was carried out in Dependent Scan mode with a mass range from 220 to
1000 m/z, normalized CE: 35V. Raw data obtained were analyzed with Thermo Xcalibur
software (ThermoFisher Scientific, Waltham, MA, USA); molecules were identified using
the MetFrag online tool [90]. Quantification of identified acidic triterpenes was performed
with a calibration curve of moronic acid (TCI-Europe, Bruxelles, Belgium, EU).

3.3. Chemical Characterization via GC-MS and GC-FID

Volatile compounds (VOC) were profiled via GC coupled with a mass spectrometer
(MS) and quantified by GC coupled with a flame ionization detector (FID; GCMS-QP2010
SE, Shimadzu, Japan). Qualitative and quantitative analyses were performed using an
Rtx-5MS column (30 m; 0.25 mm ID; 0.25 µm film thickness; Restek, Milan, Italy, EU). The
injection port was in split mode (split ratio 1:5) for GC-FID analysis or in splitless mode
for GC-MS analysis. The temperature of the injection port was kept at 280 ◦C. The carrier
gas was helium, with a constant flow of 1 mL min−1. The temperature gradient was as
follows: initial temperature 50 ◦C, then a 3 ◦C min−1 ramp-up to 140 ◦C and a 12 ◦C min−1

ramp-up to 320 ◦C. The final temperature was held for 10 min. MS detector conditions
were as follows: ionization energy 70 eV, ion source 200 ◦C, and quadrupole 150 ◦C; the
acquisition was in scan mode (scan range 50–650 m/z). VOC-targeted identification and
quantitation were achieved with a VOC terpene analytical-standard mix (Cannabis Terpene
Mix B; CRM40937; Sigma-Aldrich, USA). Meanwhile, the identification was carried out
with the NIST database and the FFNSC3 Shimadzu mass spectra library. Identification
and quantification of not acid triterpenes (NATs) were carried by GC-MS (TRACE 1310
coupled to TSQ Quantum Ultra, Thermo Scientific, USA). The detection was led in full-
mass mode (50–450 m/z scan range), and the identification was performed by the NIST
database. The injection volume was 0.5 µL, and the injector was a PTV in splitless mode at
constant temperature (280 ◦C). The carrier gas was He (1.2 mL min−1), and a DB-1 column
(30 m × 0.53 mm ID × 5 µm film thickness) was assembled on the GC instrument. The
temperature gradient was 150 ◦C initial temperature, 150 ◦C at 4 min, 320 ◦C at 12.5 min,
320 ◦C at 20 min. For the quantification, the extracted ions were the following: 218, 203,
426, 189 m/z. Quantification of identified triterpenes was performed with a calibration
curve of α- and β-amyrin (TCI-Europe, Belgium).

3.4. Determination of Cholesterol Levels

Cholesterol production was evaluated from THLE-3 ATCC® CRL-11233 cells (Ameri-
can Type Culture Collection ATCC, USA). THLE-3 cells were derived from primary normal
liver cells by infection with SV40 large T-antigens. Cells were cultured in bronchial epithe-
lial cell growth medium (BEGM; Lonza/Clonetics Corporation, Walkersville, MD, USA) in
5% CO2 at 37 ◦C. The culture flasks used for the experimentation were precoated with a
mixture containing 0.01 mg mL−1 fibronectin, 0.03 mg mL−1 bovine collagen type I, and
0.01 mg mL−1 bovine serum albumin dissolved in BEBM medium.

To evaluate cholesterol production by THLE-3 cells, a cholesterol/cholesteryl ester
assay kit (Abcam, Cambridge, United Kingdom, EU) was employed. Fluorescent determi-
nation was performed following the instructions provided by the manufacturer. Briefly,
cells were seeded on 6-well coated plate, and 48 h after seeding, they were treated with the
active carboxylate form of lovastatin (CAS 75225-50-2, Enzo Life Sciences, Inc., Farmingdale,
NY, USA) at concentrations ranging 0.01–10 µg mL-1 in cell medium, PHE (25–200 µg mL−1

in cell medium), or simply with BEGM. Cells were treated for 6 and 12 h. After incubation
time, the cell monolayer was washed 5 times with phosphate-buffered saline (PBS). Lipid
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extraction was performed by using 200 µL of 7:11:0.1 (v/v/v) chloroform:isopropanol:NP40
solution. The extracts were then centrifuged for 10 min at 15,000× g. Samples were desic-
cated in a vacuum chamber, and then dried lipids were dissolved in assay buffer, treated
with cholesterol reaction mix, and finally incubated for 60 min at 37 ◦C. Fluorescence was
recorded using an F5 FilterMax microplate reader (Molecular Devices, San Jose, CA, USA)
set at 535 nm for excitement and at 587 nm for emission.

3.5. Evaluation of HMGCR Activity

In order to evaluate the effect of PHE on HMGCR activity, the Colorimetric HMG-CoA
Reductase Activity Assay Kit (Abcam, UK) was employed. This assay is based on the
consumption of NADPH by the enzyme, which can be consequently measured by the
decrease of the absorbance at 340 nm. The assay was performed following the instructions
provided by the manufacturer, testing different concentrations of LHA (100–0.01 µg mL−1)
as a positive control and PHE (10–200 µg mL−1). The absorbance was measured using an
F5 FilterMax microplate reader (Molecular Devices, San Jose, CA, USA) in Kinect mode for
30 min every 2 min at 37 ◦C.

3.6. Molecular Docking Studies and Validation on HMGCR
3.6.1. Ligand and Protein Preparation

Before in silico studies, both ligands and the protein–ligand complex were prepared
as described below. The ligands were optimized for molecular docking using the default
setting of the LigPrep Tool implemented in Schrödinger’s software (v2017-1) [91]. All the
potential tautomer and stereoisomer combinations were also generated for the biologically
relevant pH (pH = 7.0 ± 0.4) using the Epik ionization method [92]. Moreover, energy
minimization was done using the integrated OPLS 2005 force field [93]. Regarding the
protein, the high-resolution crystal structure of the complex related to the catalytic portion
of human HMGCR and lovastatin was downloaded from the Protein Databank (PDB ID:
1HWK) [62,94]. The Protein Preparation Wizard of Schrödinger’s software was employed
for protein structure preparation using the condition previously described [95]. Bond
orders, hydrogen atoms, and the protonation of the heteroatom states were assigned using
the Epik-tool set at biologically relevant pH values (pH = 7.0 ± 2.0). Additionally, the
H-bond network was adjusted and optimized. Finally, a restrained energy minimization
step (RMSD of the atom displacement for terminating the minimization set at 0.3 Å) was
done using the Optimized Potentials for Liquid Simulations (OPLS)-2005 force field on the
obtained structure [93].

3.6.2. Molecular Docking

Molecular docking studies were performed using the Glide program [96–98]. The
receptor grid was prepared by assigning lovastatin as the centroid of the grid box. The
3D structures of the conformers previously generated were then docked into the receptor
model using the Standard Precision mode as the scoring function. Five different poses
for each ligand conformer were included in the postdocking minimization step, and
at least two docking poses for each ligand conformer were generated. The proposed
docking procedure was able to redock the crystallized lovastatin within the receptor-
binding pocket with RMSD < 0.51 Å. An IFD application is an accurate and robust method
aimed at accounting for both ligand and receptor flexibility [99], and it was performed
with the aim of inducing fit docking simulations [91,100] using the Schrödinger software
suite [101,102]. The atomic coordinates for c-Kit were downloaded from the Protein
Databank (PDB id 1HWK) and submitted to the Protein Preparation Wizard module in
Schrödinger in order to add hydrogen, assign partial charges (using the OPLS-2001 force
field), confer protonation states, and remove crystal waters. The IFD protocol was carried
out as previously reported [103,104]. Briefly, the ligands were docked into the rigid receptor
model with scaled-down van der Waals (vdW) radii. The Glide Standard Precision (SP)
mode was used for the docking, and the different ligand poses were retained for protein
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structural refinements [97,98]. In order to include all amino acid (AA) residues within
the dimensions of 25 × 25 × 25 Å, the docking boxes were defined from the center of
the original ligands [105,106]. The induced-fit protein–ligand complexes were produced
using Prime software [105,106]. The previously determined ligand poses, including all
residues with at least one atom located within 5.0 Å, were submitted to both side chain and
backbone refinements. All poses generated were then hierarchically classified, refined, and
further minimized into the active site grid before being finally scored using the proprietary
GlideScore function, defined as Equation (1):

GScore = 0.065 x vdW + 0.30 x Coul + Lipo + Hbond + Metal + BuryP + RotB + Site (1)

where vdW is the energy term for van der Waals interactions; Coul is the Coulomb energy;
Lipo is the lipophilic contact term that refers to potential favorable hydrophobic interactions;
Hbond is the H-bonding term; Metal is the metal-binding term; BuryP is a penalty term
assigned to buried polar groups; RotB is a penalty factor assigned for freezing rotatable
bonds; Site is a term used to describe favorable polar interactions in the active site.

Finally, in order to account for both protein–ligand interaction energy and total energy
of the system, the IFD score was calculated according to Equation (2):

IFD score = 1.0 Glide_Gscore + 0.05 Prime_Energy (2)

As a result of this equation, the compounds were ranked for its IFD score, considering
that the most negative IFD score is conferred to the most favorable binding.

3.7. Gene Expression via qRT-PCR

Gene expression was evaluated on a HepG2 cancer cell line (American Type Culture
Collection ATCC, Manassas, VA, USA). The cells were cultured in RPMI supplemented with
5% (v/v) FBS, 2 mM L-glutamine, 50 IU mL−1 penicillin, and 50 µg mL−1 streptomycin,
and they were grown in 75 cm2 culture flasks under humidity (85–95% H2O), temperature
(36.5–37.3 ◦C), and CO2 (4.9–5.1%) controlled conditions [22].

When the cells reached about 80% confluence, they were collected using a gamma-
irradiated solution containing 0.12% trypsin and 0.02% EDTA in Dulbecco′s phosphate-
buffered saline (133.00 mg L−1 CaCl2, 100.00 mg L−1 MgCl2, 200.00 mg L−1 KCl, 200.00 mg
L−1 KH2PO4, 8000 mg L−1 NaCl, and 1143.56 mg L−1 Na2HPO4) without phenol red [22].
The cells were seeded in 24-multiwell plates at a density equal to 5 × 105 cells/well.
After 24 h, they were treated for 8 h with PHE (1–50 µg mL−1 cell medium) in fresh FBS-
free RPMI, and total cellular RNA was isolated after their lysis using a commercial kit
(GenElute™ Direct mRNA Miniprep Kits, Sigma-Aldrich, USA) [72]. For each sample, the
same amount of total RNA (one microgram) was reverse-transcribed using a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, USA) and oligo (dT), following the
protocol provided by the manufacturer [107]. qMAXSen™ Green qPCR MasterMix (Low
ROX™; Canvan, Australia) was employed to analyze the obtained cDNA for quantitative
real-time PCR (qRT-PCR) using a QuantStudio™ 3 Real-Time PCR System (Thermofisher,
USA) [108]. The qRT-PCR was performed as previously described [72], using the primers
reported in Table 3. Finally, relative expression was calculated according to the Pfaffl
method [109] using Equation (3):

Fold Change =
(EGOI)

∆Ct GOI

(EHKG)
∆Ct HKG (3)

where E is the primer efficiency; GOI is the gene of interest; HKG is the housekeeping gene;
Ct is the cycle threshold; ∆Ct is the difference between the control average and average Ct.
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Table 3. Genes employed for qRT-PCR analysis. For each gene, the name, acronym, and nucleotide
sequences for both Forward (F) and Reverse (R) primers are reported in the table.

Gene
Acronym Sequence (5′−3′) Accession Number

HMGCR
F TGATTGACCTTTCCAGAGCAAG

NM_000859.2R CTAAAATTGCCATTCCACGAGC

FXR
F TCTCCTGGGTCGCCTGACT

NM_005123R ACTGCACGTCCCAGATTTCAC

LDLR
F AGTTGGCTGCGTTAATGTGA

NM_000527.4R TGATGGGTTCATCTGACCAGT

IDOL
F AAGTTCTTCGTGGAGCCTCA

NM_013262R ACTGAGTTCCACTGCCTGCT

PCSK9
F GCTGAGCTGCTCCAGTTTCT

NM_174936.3R AATGGCGTAGACACCCTCAC

PPARα
F CTGGAAGCTTTGGCTTTACG

NM_005036.4R GTTGTGTGACATCCCGACAG

βACT F CGGGAAATCGTGCGTGACAT
NM_001101.3R GGACTCCATGCCCAGGAAGG

HMGCR: 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase; FXR: farnesoid X receptor; LDLR: low-density
lipoprotein receptor; IDOL: inducible degrader of low-density lipoprotein receptor; PCSK9: proprotein convertase
subtilisin/kexin type 9; PPARα: peroxisome proliferator-activated receptor α; βACT: β-actin.

3.8. Statistical Analysis

For each experiment, at least three different replicates were performed. The results
are expressed as mean values ± standard deviation (SD). Significative differences among
the sample were evaluated by the Mann–Whitney test or one-way ANOVA, followed by
Tukey’s test. The Mann–Whitney test was employed to analyze data related to cholesterol
release and gene expression experiments, in which a direct comparison between control
and treatment was required. One-way ANOVA, followed by Tukey’s test, was employed
to evaluate what different concentrations of treatment (LHE or PHE) could give in terms of
HMGCR activity. Hierarchical cluster analysis, coupled with heat map visualization, was
generated using SPPSS software (v24).

4. Conclusions

Our results provided information on the functional properties of Protium heptaphyllum
gum resin extract. Specifically, we have shown that PHE is a rich source of triterpenoic
compounds, mainly belonging to the ursane, oleanane, and tirucallane classes, which
are limitedly distributed in nature. Moreover, our observations suggest that Protium
heptaphyllum gum resin has a specific effect on cholesterol metabolism. Therefore, PHE
may be a useful alternative to improve dyslipidemia and its clinical complication, such as
atherosclerosis and CVDs. For this reason, Protium heptaphyllum may become an interesting
raw material for the nutraceutical industry in addition to gaining acceptance as a source
of health-promoting compounds. Finally, the obtained results may boost the production
demand of this resin, improving the income of local rainforest communities. This, together
with the application of innovative and sustainable models in the production chain, based
on the use of vegetable nontimber forest products, are the base concept of the circular
economy [110].

5. Patents

A patent related to a part of this work is pending (application number 102020000015598).
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Abstract: Methyl p-coumarate (methyl p-hydroxycinnamate) (MH) is a natural compound found
in a variety of plants. In the present study, we evaluated the ameliorative effects of MH on airway
inflammation in an experimental model of allergic asthma (AA). In this in vitro study, MH was found
to exert anti-inflammatory activity on PMA-stimulated A549 airway epithelial cells by suppressing
the secretion of IL-6, IL-8, MCP-1, and ICAM-1. In addition, MH exerted an inhibitory effect not only
on NF-κB (p-NF-κB and p-IκB) and AP-1 (p-c-Fos and p-c-Jun) activation but also on A549 cell and
EOL-1 cell (eosinophil cell lines) adhesion. In LPS-stimulated RAW264.7 macrophages, MH had an
inhibitory effect on TNF-α, IL-1β, IL-6, and MCP-1. The results from in vivo study revealed that the
increases in eosinophils/Th2 cytokines/MCP-1 in the bronchoalveolar lavage fluid (BALF) and IgE in
the serum of OVA-induced mice with AA were effectively inhibited by MH administration. MH also
exerted a reductive effect on the immune cell influx, mucus secretion, and iNOS/COX-2 expression
in the lungs of mice with AA. The effects of MH were accompanied by the inactivation of NF-κB.
Collectively, the findings of the present study indicated that MH attenuates airway inflammation in
mice with AA, suggesting its potential as an adjuvant in asthma therapy.

Keywords: asthma; methyl p-coumarate; Th2 cytokines; eosinophil; NF-κB

1. Introduction

The prevalence of allergic asthma (AA) is increasing globally [1,2]. The sustained
airway inflammation induced by allergic sensitization is a major pathophysiological char-
acteristic of AA [3]. Airway epithelial cell-derived cytokines, chemokines, and adhesion
molecules (IL-6, IL-8, MCP-1, and ICAM-1) are associated with the development of AA [4,5].
Macrophage-released cytokines and chemokines (TNF-α, IL-1β, IL-6, and MCP-1) affect
airway inflammation in asthma pathogenesis [6,7]. Th2 cytokines (IL-4, -5, and -13) and
eosinophils play an important role in the development of airway inflammation and mucus
secretion in subjects with AA [8,9]. This increase in mucus secretion is a feature of AA and
is related to airflow limitations [10,11]. It has also been reported that the increase in the
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expression of inducible nitric oxide (NO) synthase [iNOS] may affect mucus secretion by
inducing NO production in subjects with AA [12,13]. The inhibition of cyclooxygenase-2
(COX-2) has been shown to improve asthmatic symptoms in a clinical study [14] and in
mice with AA [15]. The increased activation of NF-κB causes bronchial inflammation, induc-
ing cytokine/chemokine/mediator expression in an experimental models of AA [16–18].
Phorbol 12-myristate 13-acetate (PMA) has been used in in vitro asthma studies as it is
known to promote the expression of cytokines/chemokines/adhesion molecules and the
activation of NF-κB/AP-1 in A549 airway cells [15,19]. Ovalbumin (OVA) has been used in
in vivo asthma studies as it induces bronchial inflammation by accelerating eosinophil in-
flux, Th2 cytokine/IgE production, mucus secretion, iNOS/COX-2 expression, and NF-κB
activation [20–22].

The beneficial effects of plant phenolic compounds on the improvement of inflam-
matory disorders have been reported in both in vitro and in vivo studies [23–25]. Methyl
p-coumarate (methyl p-hydroxycinnamate) (MH), an esterified derivative of p-coumaric
acid, was discovered in the flower of the medicinal plant Trixis michuacana var longifolia
(D. Dow) C. [26], the roots and stems of Comptonia peregrine [27], the bark of Melicope
latifolia [28], the leaves of Hainan Morinda citrifolia (Noni) [29], the fruit of Jujube (Ziziphus
jujuba Mill.) [30], and in aloe vera [31]. Zhang et al. reported that MH has antibacterial
properties [29], and Kubo et al. showed that MH has a suppressive effect on the formation
of melanin in murine melanoma cell line B16 [32]. In addition, the experimental results
from Lee et al. demonstrated that MH exerts an anti-inflammatory effect by suppressing
the secretion of NO and the expression of iNOS in lipopolysaccharide (LPS)-stimulated
RAW264.7 macrophages, and it exerts protective effects in mice with LPS-induced acute
respiratory distress syndrome (ARDS) by inhibiting the secretion of TNF-α/IL-1β and the
expression of iNOS [33,34]. However, to date and to the best of our knowledge, it has not
been determined whether MH exerts an anti-asthmatic effect. Based on the inhibitory effect
of MH on iNOS, which is an important factor in AA pathogenesis, protective effects of
MH against AA are expected. Thus, the present study was undertaken to examine the
protective effects of MH in an experimental model of AA.

2. Results
2.1. Suppressive Effects of MH against the PMA-Stimulated Inflammatory Response in A549 Cells

CytoX assay was used to assess the cytotoxicity of MH (5, 10, 25, 50, and 100 µM) in
A549 cells or 10 nM PMA-stimulated A549 cells. The results showed that significant cell
death did not occur until 100 µg/mL MH was administered (Figure 1a,b). Thus, doses
were chosen for in vitro anti-inflammatory effects. ELISA results indicated that 10 nM
PMA led to significant upregulation of IL-6 secretion (Figure 1c), whereas pretreatment
with MH suppressed this upregulation in PMA-stimulated A549 cells. MH pretreatment
inhibited the secretion of IL-8, MCP-1, and ICAM-1 in A549 cells following PMA adminis-
tration (Figure 1d–f). In addition, MH suppressed the PMA-stimulated phosphorylation
of IκBα and p65 in A549 cells (Figure 2a,b). It also exerted suppressive effects on NF-κB
nuclear translocation in PMA-stimulated A549 cells (Figure 2c,d). In addition, MH exerted
an inhibitory effect not only against c-Jun/c-Fos phosphorylation but also c-Jun/c-Fos
nuclear translocation in PMA-stimulated A549 cells (Figure 2e–h). Collectively, the re-
sults from these in vitro studies confirmed that MH exerts anti-inflammatory effects in
PMA-stimulated A549 cells by suppressing the secretion of cytokine/chemokine/adhesion
molecules and the activation of NF-κB/AP-1.
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Figure 1. Effects of MH on secretion of cytokines, chemokines, and adhesion molecules in 
PMA−stimulated A549 cells. Cells were treated with MH (5, 10, 25, 50, and 100 μM) 1 h prior to 
incubation with 10 nM PMA for 18 h. (a,b) Cell viability was evaluated using CytoX assay. (c–f) The 
levels of IL−6, IL−8, MCP−1, and ICAM−1 were detected using ELISA kits. Data are expressed as the 
mean ± SD (n = 3) (# p < 0.05 for comparison with control; * p < 0.05 for comparison with 10 nM PMA). 

Figure 1. Effects of MH on secretion of cytokines, chemokines, and adhesion molecules in
PMA−stimulated A549 cells. Cells were treated with MH (5, 10, 25, 50, and 100 µM) 1 h prior
to incubation with 10 nM PMA for 18 h. (a,b) Cell viability was evaluated using CytoX assay.
(c–f) The levels of IL−6, IL−8, MCP−1, and ICAM−1 were detected using ELISA kits. Data are
expressed as the mean ± SD (n = 3) (# p < 0.05 for comparison with control; * p < 0.05 for comparison
with 10 nM PMA).
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Figure 2. Effects of MH on activation of NF−κB and AP−1 in PMA−stimulated A549 cells. Cells were 
treated with MH (10, 25, 50, and 100 μM) 1 h prior to incubation with 10 nM PMA for 1 h. (a,b) The 
levels of p−IκBα and p−NF-κB p65 in whole cell lysate were detected using Western blotting. (c,d) 
The levels of NF−κB p65 in cytoplasmic cell fraction lysate and nuclear cell fraction lysate were 
detected using Western blotting. (e,f) The levels of p−c−Jun and p−c−Fos in whole cell lysate were 
detected using Western blotting. (g,h) The levels of c−Jun and c−Fos in cytoplasmic cell fraction 
lysate and nuclear cell fraction lysate were detected using Western blotting. Data are expressed as 
the mean ± SD (n = 3) (#,†,!,¡ p < 0.05 for comparison with control; *,●,▲,▼ p < 0.05 for comparison with 
10 nM PMA). 

Figure 2. Effects of MH on activation of NF−κB and AP−1 in PMA−stimulated A549 cells. Cells
were treated with MH (10, 25, 50, and 100 µM) 1 h prior to incubation with 10 nM PMA for 1 h.
(a,b) The levels of p−IκBα and p−NF-κB p65 in whole cell lysate were detected using Western
blotting. (c,d) The levels of NF−κB p65 in cytoplasmic cell fraction lysate and nuclear cell fraction
lysate were detected using Western blotting. (e,f) The levels of p−c−Jun and p−c−Fos in whole cell
lysate were detected using Western blotting. (g,h) The levels of c−Jun and c−Fos in cytoplasmic
cell fraction lysate and nuclear cell fraction lysate were detected using Western blotting. Data are
expressed as the mean ± SD (n = 3) (#,†,!,¡ p < 0.05 for comparison with control; *,•,N,H p < 0.05 for
comparison with 10 nM PMA).
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2.2. Suppressive Effects of MH on Adhesion of Eosinophil and Airway Epithelial Cells

The infiltration of eosinophils into the airway epithelium is an important event in
asthma development [35]. It has been proven that the promotion of ICAM-1 secretion in
airway epithelial cells causes the recruitment of eosinophils [4,15]. Here, the inhibitory
ability of MH against ICAM-1 secretion was notable in activated A549 airway epithelial
cells (Figure 1f). Thus, we examined whether MH could affect the adhesion of airway
epithelial cells and eosinophils. As shown in Figure 3a,b, the increase in fluorescence
intensity that indicates the adhesion of eosinophil cell line EOL-1 and A549 cells was
remarkably reversed by MH pretreatment.
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lated inflammatory response in RAW264.7 macrophages by showing its suppressive effect 
on the secretion of NO/PGE2 and the activation of NF-κB [33]. However, the inhibitory 
ability of MH on cytokines and chemokines, such as IL-6 and MCP-1, which are important 
factors in AA development [6,7], was not confirmed in that study. Interestingly, the effects 
of MH on the suppression of molecules (TNF-α, IL-1β, IL-6, and MCP-1) were notable in 
LPS-stimulated RAW264.7 cells (Figure 4a–d). 

Figure 3. Effect of MH on the adhesion of A549 and EOL−1 cells. A549 cells were treated with
100 µM MH 1 h prior to incubation with 10 nM PMA for 5 h. Subsequently, EOL−1 cells stained with
calcein AM were incubated with A549 cells for 1 h. (a) Green fluorescence, which indicated A549
and EOL−1 cell adhesion, was observed using fluorescence microscopy (magnification, ×100; scale
bar, 100 µM). (b) The levels of EOL−1 cells adhering to A549 cells were quantified by detecting the
fluorescence intensity. Data are expressed as the mean ± SD (n = 3) (# p < 0.05 for comparison with
control; * p < 0.05 for comparison with 10 nM PMA).

2.3. Suppressive Effects of MH against the LPS-Induced Inflammatory Response in RAW264.7 Cells

Previous observations indicated the protective properties of MH in the LPS-stimulated
inflammatory response in RAW264.7 macrophages by showing its suppressive effect on the
secretion of NO/PGE2 and the activation of NF-κB [33]. However, the inhibitory ability of
MH on cytokines and chemokines, such as IL-6 and MCP-1, which are important factors
in AA development [6,7], was not confirmed in that study. Interestingly, the effects of
MH on the suppression of molecules (TNF-α, IL-1β, IL-6, and MCP-1) were notable in
LPS-stimulated RAW264.7 cells (Figure 4a–d).
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ophil/macrophage influx was examined. A significant upregulation in these cells was dis-
covered in the BALF of the AA group compared to the NC group through Diff-Quik stain-
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Figure 4. Effects of MH on secretion of cytokines and chemokines in LPS−stimulated RAW264.7 cells.
Cells were treated with MH (5, 10, 25, 50, and 100 µM) 1 h prior to incubation with 500 ng/mL LPS
for 18 h. (a–d) The levels of TNF−α, IL−1β, IL−6, and MCP−1 were detected using ELISA kits.
Data are expressed as the mean ± SD (n = 3) (# p < 0.05 for comparison with control; * p < 0.05 for
comparison with 500 ng/mL LPS).

2.4. Inhibitory Effects of MH on Recruitment of Immune Cells in Mice with AA

Based on in vitro anti-inflammatory ability, we examined the ameliorative ability
of MH on airway inflammation in OVA-induced mice with AA (Figure 5). It is well -
known that the recruitment of immune cells (eosinophils and macrophages) accelerates
the inflammatory response in the airway [9]; therefore, the suppressive ability of MH on
eosinophil/macrophage influx was examined. A significant upregulation in these cells
was discovered in the BALF of the AA group compared to the NC group through Diff-
Quik staining and cell counting (Figure 6a,b). However, a notable decrease in these cells
was confirmed in the AA group with a 5 mg/kg administration of MH. Interestingly, its
ability was comparable to that of a 1 mg/kg administration of DEX, which was used as a
positive control.
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scope images of immune cells (magnification, ×400; scale bar, 25 μm). (b–e) The numbers of immune 
cells in BALF were determined using cell counting. NC: normal control mice; OVA: OVA-sensi-
tized/challenged mice; DEX: 1 mg/kg DEX-treated OVA mice; and MH 5: 5 mg/kg MH-treated OVA 
mice group. Data are expressed as the mean ± SD (n = 6) (# p < 0.05 for comparison with normal 
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Figure 5. The establishment of the mice with AA and the administration of MH. BALB/c mice were
randomly divided into four groups, sensitized with OVA/alum mixture on days 0 and 7, and exposed
to OVA inhalation on days 11–13. Oral administration of MH or DEX was performed on days 9–13.
On day 15, the mice were sacrificed, and the collection of BALF, serum, and lungs was performed
for analysis.

80



Int. J. Mol. Sci. 2022, 23, 14909

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 7 of 16 
 

 

 
Figure 5. The establishment of the mice with AA and the administration of MH. BALB/c mice were 
randomly divided into four groups, sensitized with OVA/alum mixture on days 0 and 7, and ex-
posed to OVA inhalation on days 11–13. Oral administration of MH or DEX was performed on days 
9–13. On day 15, the mice were sacrificed, and the collection of BALF, serum, and lungs was per-
formed for analysis. 

 
Figure 6. Effects of MH on recruitment of eosinophils and macrophages in mice with AA. (a) Micro-
scope images of immune cells (magnification, ×400; scale bar, 25 μm). (b–e) The numbers of immune 
cells in BALF were determined using cell counting. NC: normal control mice; OVA: OVA-sensi-
tized/challenged mice; DEX: 1 mg/kg DEX-treated OVA mice; and MH 5: 5 mg/kg MH-treated OVA 
mice group. Data are expressed as the mean ± SD (n = 6) (# p < 0.05 for comparison with normal 
control; * p < 0.05 for comparison with OVA group). 

Figure 6. Effects of MH on recruitment of eosinophils and macrophages in mice with AA. (a) Mi-
croscope images of immune cells (magnification, ×400; scale bar, 25 µm). (b–e) The numbers of
immune cells in BALF were determined using cell counting. NC: normal control mice; OVA: OVA-
sensitized/challenged mice; DEX: 1 mg/kg DEX-treated OVA mice; and MH 5: 5 mg/kg MH-treated
OVA mice group. Data are expressed as the mean ± SD (n = 6) (# p < 0.05 for comparison with normal
control; * p < 0.05 for comparison with OVA group).

2.5. Suppressive Effects of MH on Secretion of Th2 Cytokines, MCP-1, and IgE in Mice with AA

Next, we focused on MH suppression of Th2 cytokines, MCP-1, and IgE. ELISA
results showed the remarkable upregulation of Th2 cytokines (IL−4, −5, and −13) in BALF
of mice with AA (Figure 7a–c). This upregulation was significantly decreased in mice
with AA and MH administration. Based on the role of the key chemokine, MCP-1, in
eosinophil/macrophage infiltration [36], the inhibitory effect of MH on this molecule was
examined. MH administration inhibited the increased MCP-1 level in BALF of the AA
group (Figure 7d). In addition, MH resulted in the downregulation of OVA-specific IgE in
the serum of mice with AA (Figure 7e). Generally, its inhibitory ability against IL-4, IL-5,
MCP-1, and IgE secretion was similar to that of DEX.
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(a–d) The levels of Th2 cytokines (IL−4, −5, and −13) and MCP−1 in BALF were determined using
ELISA assays. (e) The level of OVA−specific IgE in the serum was determined using ELISA assays.
Data are expressed as the mean ± SD (n = 6) (# p < 0.05 for comparison with normal control; * p < 0.05
for comparison with OVA group).

2.6. Suppressive Effects of MH on Immune Cell Influx and Mucus Secretion in Mice with AA

To detect immune cell influx in lung tissue, we performed H&E staining. The results
indicated an increased influx of immune cells around the airway in the AA group (Figure 8a).
This trend was effectively ameliorated in both the MH- and DEX-treated groups. To confirm
the secretion level of mucus in the lungs, PAS staining was performed. As shown in
Figure 8b, the results indicated that mucus secretion was markedly increased in the airway
epithelium of mice with AA (Figure 8b). However, this increase was attenuated with the
administration of MH or DEX.
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2.7. Suppressive Effects of MH on iNOS and COX-2 Expression in Mice with AA

The expression changes of iNOS and COX-2 in the lungs of mice were determined
using Western blotting. As shown in Figure 9a,b, an increase in iNOS expression was
observed in the lung tissue lysates of mice with AA compared to the control group, and
this increase was suppressed in the AA group with MH administration. Subsequently,
the expression level of COX-2 was examined, and the results revealed that the elevated
expression of COX-2 in the lung tissue lysates of the AA group was reduced with MH
administration. The effect of MH (5 mg/kg) on the suppression of these molecules was
comparable to that of DEX (1 mg/kg).
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quantitative analysis was performed using ImageJ software. (c,d) The levels of p−NF−κB p65
and p−IκBα in lung tissues were detected using Western blotting, and quantitative analysis was
performed using ImageJ software. Data are expressed as the mean ± SD (n = 3) (# p < 0.05 for
comparison with normal control; * p < 0.05 for comparison with OVA group).
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2.8. Effects of MH on NF-κB Inactivation in Mice with AA

As shown in Figure 9c,d, increased p65 phosphorylation was confirmed in the lungs
of the AA group, whereas this tendency was reversed by MH administration. In addition,
MH had a reductive effect on IκBα phosphorylation in the AA group (Figure 9c,d). The
ability of MH to suppress NF-κB and IκBα activation was similar to that of DEX.

3. Discussion

The airway epithelium is the main source of inflammatory-associated molecules [37],
and airway epithelial cell-derived IL-6 affects T helper cell (Th cell)-derived cytokine
production [5]. The upregulation of IL-8 has been reported in the airway epithelium
of asthma patients [38,39]. Bronchial epithelial cell-derived MCP-1 is known to induce
bronchial remodeling by affecting monocyte/macrophage recruitment against allergen
exposure in subjects with AA [40]. In addition, airway epithelial cell-derived ICAM-1 is
closely associated with the promotion of airway inflammation in subjects with AA through
eosinophil recruitment [4,15]. Macrophages isolated from patients with asthma generate
more IL-6 than those in patients without asthma [41]. Macrophages are well-known
producers of MCP-1, and the amelioration of airway inflammation was related to MCP-1
suppression in an experimental mouse model of OVA-induced AA [16,42]. Collectively, the
inhibition of airway epithelial cell- and macrophage-released molecules may ameliorate
airway inflammation in subjects with AA. In the present study, MH notably inhibited
not only IL-6/IL-8/MCP-1/ICAM-1 secretion in activated-airway epithelial cells but also
airway cell/eosinophil adhesion. Furthermore, MH decreased the secretion of TNF-α,
IL-1β, IL-6, and MCP-1 in activated macrophages. Since these results showed that MH has
anti-inflammatory effects on both airway epithelial cells and macrophages, we evaluated
its protective effect against airway inflammation in an AA animal model.

Cumulative evidence indicates a pivotal role of Th2 cytokines, MCP-1, and IgE in the
development of AA. IL-4 causes Th2 cell differentiation and macrophage/B-cell activa-
tion [43]. IL-5 promotes eosinophilic inflammation in the pathogenesis of asthma [44]. IL-4
and -5 lead to MCP-1 upregulation in bronchial epithelial cells by affecting macrophage
recruitment [40,45]. IL-13 affects not only B-cell activation, IgE production, and mast cell
activation but also mucus secretion in subjects with AA [46]. In addition, modulating Th2
cytokines and IgE has been suggested as a therapeutic approach in asthma therapy [47–49].
This information highlights the importance of Th2 cytokines and IgE regulation in subjects
with AA. In this study, MH exerted a regulatory effect on Th2 cytokines/IgE secretion, as
well as immune cell recruitment, in mice with AA. Similar to the results from an in vitro
study, the regulatory ability of MH on MCP-1 was discovered in an in vivo study. Our
results indicated that MH may ameliorate asthma symptoms by modulating Th2 cytokines,
MCP-1, and IgE.

As mentioned earlier, the abnormal production of mucus can obstruct airflow [10,11],
and IL-13 affects goblet cell hyperplasia and mucus production [50]. As the ability of MH to
suppress IL-13 was confirmed in an in vivo study, its suppressive ability in mucus secretion
was also examined. Interestingly, its ability was similar to that of the positive control of
DEX. These results reflect that MH has a regulatory effect on both IL-13 secretion and
mucus production, suggesting that MH may improve the airflow obstruction in subjects
with AA. Further confirmation of the inhibitory ability of MH on another factor affecting
mucus production could highlight the anti-asthmatic effect of MH.

The upregulation of various molecules, including cytokines, chemokines, and adhesion
molecules, has been reported in the pathogenesis of asthma [36,51,52] and in experimental
models of inflammatory lung diseases, including AA [53–55]. Accumulated evidence
has indicated that the activation of NF-κB plays a pivotal role in the expression of in-
flammatory molecules in lung epithelial cells and macrophages [5,13,15,56,57]. Chauhan
et al. suggested that a reduction in NF-κB activation can ameliorate OVA-induced airway
inflammation, leading to the suppression of inflammatory molecules [15,18,58]. Thus,
targeting NF-κB pathways could be a promising therapeutic approach for AA. The in vitro
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and in vivo results from this study revealed that MH has an inhibitory ability against
various molecules and NF-κB activation. Therefore, these results reflect that the protective
effects of MH against airway inflammation in experimental asthma may be associated with
the modulating ability of MH against NF-κB activation. However, further studies on the
mechanisms of asthma improvement are needed before it can be developed as an adjuvant.

The information obtained from in vitro and in vivo studies has shown the biological
properties of natural compounds from plants. Their regulatory effects against inflammatory
molecules and NF-κB activation have been proposed for the treatment of inflammatory
lung diseases, including AA [15,53,59,60]. Interestingly, in this study, the plant phenolic
compound MH inhibited the production of various molecules and the activation of NF-
κB in both in vitro and in vivo studies of experimental asthma, indicating the potential
of natural compounds for asthma therapy. Compared with the anti-asthma effect of the
existing natural compounds (40 or 200 mg/kg) [59,60], MH showed a superior effect at a
low dose (5 mg/kg). Therefore, it is thought to be advantageous for development as an
anti-asthma adjuvant.

4. Material and Methods
4.1. Reagents and Cell Culture

Methyl p-coumarate (methyl p-hydroxycinnamate) (MH) was obtained from SynQuest
Laboratories, Inc. Airway epithelial cell line A549 and macrophage cell line RAW264.7
were obtained from the American Type Cell Culture (ATCC, Rockville, MD, USA), and
were respectively grown in RPMI 1640 (contains 100 units/mL of penicillin in 100 µg/mL)
and DMEM (contains 1% antibiotic antimycotic solution), supplemented with 10% FBS, at
37 ◦C in a CO2 incubator.

To determine the cell viability, A549 cells were placed into 96-well plates at an average
density of 2 × 104 cells per well and were maintained with MH (5–100 µg/mL) for 1 h.
Then, the cells were incubated with 10 nM PMA or without PMA for 24 h. Subsequently,
cell viability was measured in triplicate using a CytoX cell viability kit (LPS Solution, Inc.,
Daejeon, Korea).

To analyze the secretion levels of inflammatory molecules from A549 and RAW264.7 cells,
A549 cells were placed in 96-well plates at an average density of 0.5 × 105 cells per well,
maintained with MH for 1 h, and incubated with PMA (10 nM) for 18 h. RAW264.7 cells
were placed in 96-well plates at an average density of 0.5 × 105 cells per well, maintained
with MH for 1 h, and incubated with 500 ng/mL LPS for 18 h. Subsequently, the culture
supernatants were assayed for cytokine, chemokine, and adhesion molecules using ELISA kits
(BD Biosciences, Franklin Lakes, NJ, USA and R&D Systems, Inc., Minneapolis, MN, USA).

4.2. Nuclear and Cytoplasmic Extraction

The isolation of the nuclear and cytoplasmic fractions was performed based on pre-
vious protocols [61]. In brief, A549 cells were moved to a 60 mm cell culture dish at an
average density of 2.5 × 105 cells per dish and maintained with MH (10–100 µM) for 1 h.
Subsequently, the cells were incubated with 10 nM PMA for 1 h. Finally, cell harvesting
was performed using mechanical scraping, and the isolation of the nuclear and cytoplasmic
fractions was performed using a NucBusterTM Protein Extraction Kit (cat. no. 71183, Merck,
Darmstadt, Germany).

4.3. Cell Adhesion Assays

Cell adhesion assays were used to determine the inhibitory ability of MH against the
adhesion of airway cells and eosinophils based on previous protocols [15]. In brief, A549
cells were placed in 96-well plates at an average density of 1 × 104 cells per well, maintained
with MH for 1 h, and subsequently incubated with PMA for 5 h. Eosinophilic leukemia
EOL-1 cells stained with calcein AM (cat. no. 4892-010-02, Bio-Techne Corp, Minneapolis,
MN, USA), a cell-permeable dye that has been used for cell adhesion research [4], were
placed at an average density of 5 × 104 cells per well in 96-well plates containing A549 cells.
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After 1 h, the co-cultured cells were washed with PBS, and the degree of adhesion was
quantitatively analyzed through the fluorescence intensity, measured using a fluorescence
microscope (Eclipse Ti-U, Nikon, Tokyo, Japan, 490/520 nm).

4.4. Establishment of the OVA-Induced AA mouse model

Female BALB/c mice (6 weeks old, Koatech Co., Ltd., Pyeongtaek, Korea) were divided
into four groups (n = 6 per group) as follows: (i) NC, normal control group; (ii) OVA,
ovalbumin/alum-sensitized group; (iii) DEX, OVA + dexamethasone (DEX, 1 mg/kg)-
treated group; (iv) MH, OVA + methyl p-hydroxycinnamate (MH, 5 mg/kg)-treated group.

The experimental AA mouse model was developed based on previous protocols [21].
In brief, the intraperitoneal injection (i.p.) of the OVA/alum mixture was performed on
BALB/c mice on days 0 and 7. They were exposed to 1% OVA for 1 h daily on days 11 to
13. The oral administration (p.o.) of 5 mg/kg MH or 1 mg/kg DEX (positive control) was
performed on days 9 to 13.

4.5. Immune Cell Count and ELISA

BALF collection to detect the immune cell count and Th2 cytokine production was
performed under anesthesia, induced by the mixture of 30 mg/kg Zoletil and 5 mg/kg
xylazine (i.p.) on day 15, as previously described [34]. Diff-Quik staining was performed
using BALF cells to distinguish the morphology of immune cells, and the immune cells, such
as eosinophils and macrophages, were counted using a light microscope (magnification,
×400) [62]. BALF supernatant was assayed for Th2 cytokines/MCP-1, and serum was
assayed for IgE using ELISA kits (R&D Systems, Inc., Minneapolis, MN, USA and Biolegend,
Inc., San Diego, CA, USA).

4.6. Western Blot Analysis

The lysates of cell culture and mouse lungs were prepared in a lysis buffer in the
presence of protease/phosphatase inhibitors, and BCA protein quantification was then
performed. Denatured protein samples were loaded on 10–15% SDS-PAGE gels and trans-
ferred to PVDF membranes. After blocking the membranes with 5% skimmed milk in TBST,
the membranes were incubated with the following primary antibodies: phosphorylated
(p)-IκBα (cat. no. 9246), p-NF-κB p65 (3033), p-c-Jun (32740), c-Jun (9165), p-c-Fos (5348),
and c-Fos (2250) (all 1:1000; Cell Signaling Technology, Inc., Danvers, MA, USA); IκBα (cat.
no. MA5-15132) and β-actin (MA5-15739) (both 1:1000; Invitrogen; Thermo Fisher Scientific,
Inc., Rockford, IL, USA); NF-κB p65 (cat. no. sc-8008), iNOS (sc-651), COX-2 (sc-1747), and
Lamin A/C (sc-376248) (all 1:1000; Santa Cruz Biotechnology, Inc., CA, USA). Then, the
membranes were maintained with the corresponding secondary antibodies, washed with
PBS, and exposed to ECL solution to visualize each band.

4.7. Histological Analysis

The lung tissues were washed, fixed with 10% formalin, and finally embedded in
paraffin. The paraffin-embedded lung tissues were then sectioned at a thickness of 4 µm
using a rotary microtome and stained with H&E and PAS staining solution [63,64].

4.8. Ethics Statement

The procedures for the animal experiments were approved by the IACUC on 23 March
2022 of the Korea Research Institute of Bioscience and Biotechnology (KRIBB, Chungbuk,
Korea; KRIBB-AEC-22074). The procedure was also performed in compliance with the NIH
Guidelines for the Care and Use of Laboratory Animals, as well as the Korean national
laws for animal welfare.

4.9. Statistical Analysis

Values are expressed as the mean ± SD ≥ 3 independent experiments. One-way
ANOVA followed by Tukey’s multiple comparison test were performed to analyze the
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differences between groups using SPSS 20.0 software (IBM Corp, Armonk, NY, USA).
p < 0.05 was considered to indicate a statistically significant difference.

5. Conclusions

The modulatory effects of MH on airway cell/macrophage-derived molecules, airway
cell/eosinophil adhesion, Th2 cytokine/MCP-1/IgE secretion, eosinophil/macrophage
recruitment, mucus production, and iNOS/COX-2 expression were, in general, significant.
These effects were accompanied by the suppression of NF-κB activation. These results
demonstrate the anti-inflammatory effects of MH on airway inflammation and suggest that
these effects may be based on NF-κB inactivation. Thus, it is suggested that MH may hold
promise as an adjuvant in the treatment of AA. Further experiments confirming whether
MH acts directly on the proteins may clarify the effect and mechanism of MH.
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Abstract: Anxiety is the most prevalent psychiatric disorder worldwide, causing a substantial
economic burden due to the associated healthcare costs. Given that commercial anxiolytic treatments
may cause important side effects and have medical restrictions for prescription and high costs, the
search for new natural and safer treatments is gaining attention. Since lupin protein hydrolysate
(LPH) has been shown to be safe and exert anti-inflammatory and antioxidant effects, key risk factors
for the anxiety process and memory impairment, we evaluated in this study the potential effects of
LPH on anxiety and spatial memory in a Western diet (WD)-induced anxiety model in ApoE−/−

mice. We showed that 20.86% of the 278 identified LPH peptides have biological activity related to
anxiolytic/analgesic effects; the principal motifs found were the following: VPL, PGP, YL, and GQ.
Moreover, 14 weeks of intragastrical LPH treatment (100 mg/kg) restored the WD-induced anxiety
effects, reestablishing the anxiety levels observed in the standard diet (SD)-fed mice since they spent
less time in the anxiety zones of the elevated plus maze (EPM). Furthermore, a significant increase
in the number of head dips was recorded in LPH-treated mice, which indicates a greater exploration
capacity and less fear due to lower levels of anxiety. Interestingly, the LPH group showed similar
thigmotaxis, a well-established indicator of animal anxiety and fear, to the SD group, counteracting
the WD effect. This is the first study to show that LPH treatment has anxiolytic effects, pointing to
LPH as a potential component of future nutritional therapies in patients with anxiety.

Keywords: lupin; peptides; protein hydrolysates; anxiety; ApoE−/−; functional foods; peptidomics

1. Introduction

Anxiety disorders (AnxDs), characterized by anxiety and fear, are the most common
mental disorder worldwide [1]. They affect 33.7% of the global population during their
lifetime, generating an important economic burden due to enormous healthcare expen-
diture [2]. AnxDs have serious consequences on physical and mental health (headache,
irritability, breathing problems, depression, fatigue, etc.), affecting the course of normal
daily activities of patients and reducing their quality of life [3]. Numerous studies have
shown a strong relationship between anxiety and the consumption of diets rich in refined
sugars and saturated fats [4,5]. Furthermore, the intake of these types of diet is the main risk
factor for the generation of chronic diseases (diabetes, high blood pressure, cardiovascular
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diseases (CVDs), Alzheimer’s disease, and chronic obstructive pulmonary disease), which
in turn have been shown to be closely related to the presence of anxiety [6–11]. Thus,
anxiety is highly prevalent in patients with chronic diseases and can also increase the risk
of worsening functional impairment, comorbidities, and mortality [12–14]. Within chronic
diseases, there is a close connection between anxiety and memory loss. Thus, several pieces
of evidence have shown how acute stress can hinder the memorization process [15,16]. For
these reasons, anxiety is postulated to be a modifiable risk factor for chronic diseases.

Nutrition is considered a major risk factor for chronic diseases. Scientific evidence
supports the view that diet changes have positive or negative effects on health [17]. Thus,
fine control of the diet can be useful in preventing the onset of some diseases. In this regard,
dietary supplementation has been considered a strategy to modulate different metabolic
pathways [18,19]. In particular, nutritional psychiatry, based on diet improvement for the
prevention and treatment of mental disorders, including anxiety, is gaining attention in the
scientific community, which uses animal models to assess the influence of new nutritional
strategies and pharmacological interventions [20].

There are several commercial treatments to reduce anxiety (selective serotonin reup-
take inhibitors, barbiturates, benzodiazepines, analogues of benzodiazepine, etc.); however,
many of them have important side effects that affect quality of life, such as drowsiness,
sedation, confusion, and headache [21]. Therefore, the search for new natural and safer
treatments has been of great interest over the last few years. The dietary supplementation
with proteins and peptides have shown beneficial effects in human health modulating
and/or optimizing several physiological processes and diseases such as hypertension,
obesity, atherosclerosis, neurological dysfunctions, and other metabolic disorders [22–27].
There are many peptides from different foods that have also shown anxiolytic and anti-
amnesic activity [28]. Soymorphin-5 (YPFVV), soymorphin-6 (YPFVVN), and soymorphin-7
(YPFVVNA) [29], derived from soybean β-conglycinin, as well as rubiscolin-6 (YPLDLF)
and rubimetide (MRW) [30], obtained from ribulose-1,5-bisphosphate carboxylase-oxygenase
(RuBisCO) [31], have been shown to possess anxiolytic-like effects in mouse models. More-
over, ovolin (VYLPR) [32] from ovoalbumine, and peptides from αs1-casein [33,34] and
β-lactoglobulin [35], have also been shown to reduce anxiety. Numerous peptides with
antiamnesic effects from β-lactoglobulin have also been identified [36].

On the other hand, several studies have reported high levels of anxiety and spatial
cognitive deficits (memory loss) in apolipoprotein E (ApoE) knockout mice (ApoE−/−)
compared to wild-type mice [37–39]. ApoE deficiency results in an age-dependent dysreg-
ulation of the hypothalamic-pituitary-adrenal (HPA) axis through a mechanism that affects
primarily the adrenal gland. The HPA axis regulates the secretion of glucocorticoids (GCs),
which play important roles in several brain functions, including cognition. Dysregulation
of the HPA axis has also been associated with behavioral alterations. Thus, ApoE−/−

mice show higher anxiety values than wild-type animals by using the elevated plus maze
(EPM) test [40]. In addition, anxiety and memory loss can be accelerated and increased in
ApoE−/− fed a high-fat diet by oxidant and inflammatory effects [37,38]. Moreover, recent
studies have shown a strong link between high cholesterol levels and anxiety [4,41].

Oxidative stress and inflammation play a key role in the anxiety process and memory
impairment. In fact, alteration in redox balance, increased reactive oxygen species (ROS)
production and high circulating inflammatory cytokines such as interleukin (IL)-1, IL-6, and
tumor necrosis factor (TNF) have been detected both in anxiety patients and stressed animal
models of anxiety [42–44]. In this line, our group has previously described that a Lupinus
angustifolius protein hydrolysate (LPH) exerts hypocholesterolemic, anti-inflammatory and
antioxidant effects in in vitro [45] and in vivo [46,47] models. In light of these considera-
tions, this study aimed to identify LPH peptides with potential anxiolytic and antiamnesic
effects and to evaluate the potential effects of LPH.
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2. Results
2.1. Characterization of LPH
2.1.1. Chemical Analysis of LPH

The molecular weights of the detected peptides ranged from 0.76 to 3.11 kDa. Specifi-
cally, the percentage of peptides identified with a molecular weight of <1 kDa, 1–1.5 kDa,
1.5–2.0 kDa, 2.0–2.5 kDa, and >2.5 kDa were 5.05%, 41.00%, 39.20%, 11.15%, and 3.60%,
respectively (Figure 1A). LPH contained peptides with hydrophobicity <+10 kcal/mol
(10.43%), +10–15 kcal/mol (19.42%), +15–20 kcal/mol (36.33%), +20–30 kcal/mol (21.94%),
and >+30 kcal/mol (11.87%) (Figure 1A). Furthermore, the peptides consisted of 7–26 amino
acid (aa) residues, being the most frequent peptides (83.10%) containing between 10–19 aa
(Figure 1B). Regarding the aa composition, glutamic acid, leucine, and isoleucine were
the most represented (12.90%, 10.30% and 8.00%, respectively), while tryptophan, and
methionine were the least (0.4%, and 0.5%) (Table 1).
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Table 1. Amino acid composition of the identified peptides in the LPH.

Amino Acid No. %

Glu (E) 493 12.9
Leu (L) 396 10.3
Ile (I) 307 8.0

Pro (P) 307 8.0
Arg (R) 287 7.5
Asp (D) 275 7.2
Val (V) 249 6.5
Gly (G) 224 5.8
Ser (S) 202 5.3
Gln (Q) 196 5.1
Asn (N) 185 4.8
Lys (K) 151 3.9
Ala (A) 130 3.4
Thr (T) 130 3.4
Phe (F) 122 3.2
Tyr (Y) 84 2.2
His (H) 60 1.6
Trp (W) 19 0.5
Met (M) 16 0.4
Cys (C) 0 0.0

Ala, alanine; Arg, arginine; Asn, asparagine; Asp, aspartic acid; Cys, cysteine; Gln, glutamine; Glu, glutamic acid;
Gly, glycine; His, histidine; Ile, isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; Pro,
proline; Ser, serine; Thr, threonine; Trp, tryptophan; Tyr, tyrosine; Val, valine.

Finally, the bioactivity analysis of the LPH showed that 51 of the 278 sequences
(18.34%) possess a score value greater than 0.5 threshold (Figure 1C).

2.1.2. LPH Contains Peptides with Anxiolytic and Antiamnesic Effects

There were 278 peptides with an area greater than 107 identified in LPH (Supplementary
Table S3). These peptides belonged mainly to conglutins, the main storage protein in lupin
seed. Of the 278 identified sequences, 58 peptides (20.86%) with potential biological
activity related to anxiolytic/analgesic effects were identified. In particular, 49 (17.62%)
sequences contained a demonstrated antiamnesic motif and 9 (3.24%) sequences contained
a demonstrated anxiolytic motif (Table 2).

Table 2. The number of identified LPH peptides with anti-amnesic and anxiolytic activity.

Effect Bioactive
Peptide Motif a

BIOPEP-UWM
ID b Origin Protein c Accession

Number c N. Peptides Reference

anti-amnesic VPL 3166 Non-conglutin proteins 1 [48]

PGP 3459 α-Conglutin F5B8V7 3 [49]
PG 3460
GP 3461

β-Conglutin F5B8W1 14
F5B8W2
F5B8W3

Non-conglutin proteins 31

anxiolytic YL 8310 α-Conglutin F5B8V6 4 [50]
Non-conglutin proteins 1

GQ 2890 α-Conglutin F5B8V6 3 [51]
F5B8V7

Non-conglutin proteins 1

TOTAL 58
a 1-letter amino acid code. b ID number present in the BIOPEP-UWM database [52]. c Accession number present
in “UniProtKB” (http://www.uniprot.org/, accessed on 1 April 2022).
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Of these 58 peptides, 41.38% were peptides from conglutin proteins, whereas 58.62%
were from non-conglutin proteins. The tripeptides VPL and PGP, and the dipeptides PG
and GP, were the sequences related to antiamnesic effects and identified with the BIOPEP-
UWM IDs 3166, 3459, 3460, and 3461, respectively. The dipeptides YL and GQ were the
sequences associated with anxiolytic effects and identified with the following IDs, 8310 and
2890, respectively. The physicochemical properties and primary structures of the identified
motifs are shown in Figure 2.
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2.2. In Vivo Experiments
2.2.1. LPH Treatment Does Not Alter the Body Weight of Mice

To find the differences in weight changes between mice fed different diets and treated
or not with LPH, the body weights of the mice were measured throughout the experiment.
As shown in Table 3, there were no significant differences in the baseline body weight
(BBW) at the beginning of the experiment among the experimental groups. Furthermore,
after 16 weeks of diet, there were no differences in the final body weight (FBW) and in the
body weight gain (BWG) between the groups fed WD and SD. In addition, 14 weeks of
LPH treatment did not generate changes in the FBW and BWG of the mice, compared to
the groups fed WD or SD.

Table 3. Body weight parameters.

Parameter (g)
Experimental Group

SD WD WD + LPH

BBW 20.35 ± 0.41 20.98 ± 0.36 20.88 ± 0.49
FBW 26.20 ± 0.87 26.50 ± 0.54 27.15 ± 0.69
BWG 5.85 ± 1.18 5.53 ± 0.65 6.28 ± 1.09

Baseline body weight (BBW), final body weight (FBW) and body weight gain (BWG) in ApoE−/− mice. Values
are shown as the mean and standard error of the mean of each group. SD, standard diet fed-mice; WD, Western
diet-fed mice; WD + LPH, Western diet-fed mice treated with LPH. No statistical differences were observed
between the groups for each weight parameter.

2.2.2. LPH Palliates the Anxious Effects Induced by WD Ingestion

As shown in Figure 3B, WD-fed mice spent significantly less time in the open arms
of the elevated plus maze and more in the closed arms compared to the SD group. This
effect was overcome by LPH treatment. Furthermore, the time spent in the center was
significantly shorter in WD compared to SD and WD + LPH. Representative images of the
tracks of the mice in EPM are shown in Figure 3A. Other anxiety-related behaviors, such as
head dips and rears, were also evaluated. As shown in Figure 3C, the number of head dips
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was significantly lower in the WD group compared to the SD and WD + LPH groups, while
no differences in the rears were observed among groups.
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Figure 3. Representative images of the tracks of mice in the elevated plus maze (A). Time spent in
opened arms, closed arms, and center zone (B), head dips and rears (C). Values are shown as the mean
and standard deviation of each group. * p ≤ 0.05; ** p ≤ 0.01; n.s., not significant; SD, standard diet
fed-mice; WD, Western diet-fed mice; WD + LPH, Western diet-fed mice treated with LPH; LPH,
lupin protein hydrolysate.

2.2.3. LPH Treatment Does Not Improve Spatial Memory but Modulates WD-Induced
Thigmotaxis, an Anxiety-Related Behavior

To study spatial learning and memory, the platform in the Morris water maze (MWM)
was placed according to the Figure 4A. During nonvisible platform sessions (days 1–5), all
groups learned to reach the submerged platform, due to the decrease in the mean latency
over the consecutive five days of the learning period in all groups (Figure 4B). There were
no significant differences between the groups in the latency time. After the removal of the
platform (trial phase), there were also no differences in the time spent in the platform zone
among the groups (Figure 4D), but curiously, there was a decrease in the total distance
traveled for the WD-fed mice compared to the SD-fed mice (Figure 4E). This effect was
overcome by the LPH treatment. Moreover, thigmotaxis was significantly higher in the
WD diet group compared to the SD group, while LPH was able to reverse this increase,
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reducing thigmotaxis to values significantly different to the WD group, both considering
the number of times animals approached the walls of the pool (Figure 4F) and the time
spent in the outer area of the pool (Figure 4G). Representative images of the tracks of mice
in the trial phase are shown in Figure 4C.
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Figure 4. Representative image of the acquisition phase of the Morris water maze (A); latency of
the mice during the five days (B). Representative images of the trial phase (C); time in the platform
zone (D), distance traveled (E) and thigmotaxis (F,G). Values are shown as the mean and standard
deviation of each group. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; n.s., not significant; SD, standard
diet-fed mice; WD, Western diet-fed mice; WD + LPH, Western diet-fed mice treated with LPH; LPH,
lupine protein hydrolysate.

3. Discussion

LPH is a mixture of low molecular weight peptides obtained after hydrolysis of L.
angustifolius proteins with Alcalase®, which have shown beneficial effects on oxidant and
inflammatory status in different models [45–47]. Due to inflammation and oxidative stress
are key processes in anxiety and memory impairment, the present work aimed to study the
potential anxiolytic and antiamnesic effects of LPH. To achieve this goal, a multidisciplinary
study has been conducted using a combination of analytical, molecular, biochemical, and
behavioral techniques.
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Since the bioactivity of food-derived peptides depends on their physicochemical
features, such as length, hydrophobicity, and amino acid sequence, our first objective
was to identify the composition of LPH peptides. Mass spectrometry analysis revealed
the presence of 278 sequences from the L. angustifolius database in LPH, of which 58%
derive from conglutins, the main seed storage proteins in lupin [53]. Furthermore, we
found that approximately 20% of LPH peptides are potentially bioactive. In addition, the
physical-chemical analysis showed that LPH mainly contains small-sized and hydrophobic
peptides. Both are important features of peptides that determine their interaction with
several physiological targets and their bioactivities, and these factors have also been
demonstrated to influence peptide self-assembly, emulsifying capacity, and other properties,
including biostability and potentially bioavailability [54].

The peptides analysis allowed us to identify sequences containing some known anxi-
olytic and antiamnesic motifs. Specifically, we identified 4 peptides (VPL, PGP, PG, and
GP) present in 49 different sequences with antiamnesic effects and 2 peptides (YL and
GQ) in 9 different sequences with anxiolytic effects. LPH contained 5 different sequences
that present the YL dipeptide, which is able to activate the 5-hydroxytryptamine (sero-
tonin) receptor 1A, the dopamine D1 receptor, and the type A receptor of c-amino butyric
acid in mice, which play a pivotal role in anxiety. On the other hand, dipeptide YL has
shown comparable effects to diazepam in equal doses [50], while PGP, PG, and GP have
been demonstrated to enhance memory consolidation processes in the central nervous
system [49]. In accordance with these data, the present study reports the beneficial effects
of 14 weeks of LPH treatment on WD consumption-induced anxiety in ApoE−/− mice. In
fact, WD-fed ApoE−/− mice have previously been demonstrated to successfully reproduce
spatial cognitive deficits (memory loss) and anxiety status through a dysregulation of the
HPA axis that regulates GCs synthesis, which plays an important role in several brain
functions [38,39]. LPH exhibited anxiolytic-like activity, with no differences in learning
or spatial memory, and its effects were not related to change in body weight, since mice
belonging to different groups did not show a significant difference in BWG.

It is well known that high-fat and high-free-sugar diets are part of the environmental
factors that can aggravate or favor the development of anxiety [55,56]; many reports have
shown that a high-fat diet accelerates cognitive deficits and anxiety in ApoE−/− mice [37].
To study anxiety, we used the EPM, a well-established test to evaluate anxiolytic/anxiety-
like behaviors. In the EPM, mice experience the natural conflict between exploring a new
place and the tendency to avoid a dangerous area [57]. We observed that WD significantly
increases anxiety behavior since WD-fed mice remained less time on the opened arms and
the center of the platform in the EPM compared to SD-fed mice. Opened arms and center
areas are considered anxiety zones because rodents have an innate fear of elevated open
spaces and tend to spend less time in them [58,59]. Thus, mice treated with anxiolytic drugs
(i.e., diazepam) remained longer in the opened arms and in the center of the EPM [60].
Interestingly, WD-fed mice treated with LPH remained longer in the opened arms and in the
center zone, and less time in the closed arms compared to the WD group. In addition, mice
fed with WD showed fewer head dips in comparison to the control group. This behavior,
which consists of lowering the head over the sides of the opened arms toward the floor, is
considered exploratory and is related to a lower level of anxiety and fear [61]. These results
are consistent with previous studies in humans [62] and mice [63], in which the anxiogenic
power of a high-fat diet is also demonstrated. Interestingly, a significant increase in the
number of head dips was recorded in LPH-treated mice, pointing to a higher exploration
capacity and less fear, all caused by lower levels of anxiety.

The results obtained in the MWM revealed no impairment in memory or spatial
learning after WD consumption. There were no differences in latency time or time spent
in targeted section between mice fed with SD and WD. This fact could be associated with
the age of the mice and the time of WD consumption. Janssen et al. concluded that
ApoE−/− mice perform MWM with better results than wild-type ones and demonstrated
that WD does not alter the results in ApoE−/− mice [64]. Furthermore, Champagne et al.
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showed that older ApoE−/− mice obtain the worst results in MWM [65]. Apart from
that, the present study shows that WD-fed mice covered less distance than mice from
SD and LPH groups. Several pieces of evidence have shown that changes in distance
may be due to alterations in the motivation to find the platform and greater capacity for
exploration [66], but also due to lower activity or worse fitness [67]. Furthermore, WD-
treated mice exhibited more thigmotaxis than the LPH group. Moreover, LPH-treated mice
showed similar thigmotaxis to the SD group. This behavior is a well-established indicator of
animal anxiety and fear [68,69]. This fact is consistent with the results observed in the EPM,
strengthening the protective effect of LPH on WD-induced anxiety.

Although bioactive peptides from white eggs [70], salmon [71], bovine casein [72], or
soy [29] have been described to exert anti-anxiety activity, to our knowledge, this is the
first study to report the anxiolytic-like properties of a protein hydrolysate from lupin. High
levels of oxidative stress and inflammation in the brain have been widely reported to be two
of the main contributing factors involved in the development of anxiety [42–44]. Moreover,
recent studies have shown a strong link between high cholesterol levels and anxiety [69].
Our group has previously shown that LPH exerts anti-inflammatory, antioxidant, and lipid-
lowering effects both in ApoE−/− mice [47,73] and humans [45,46]. Therefore, we suggest
that these LPH properties may also be directly or indirectly responsible for the anxiolytic-
like effects. In addition, the presence of peptides in the LPH with already demonstrated
anxiolytic effects similar to those of diazepam, such as YL and GQ, could also be the cause
of the demonstrated anxiolytic effects. However, the presence of other peptides in the LPH
that have not yet proved their anxiolytic effects cannot be ruled out.

As in each study, this has certain solvable limitations. The number of mice used was
limited (n = 4 per group); however, i) a small number of mice was sufficient to achieve
significant differences, ii) two different anxiety analyses were performed to confirm the
effect, and iii) the Cohen’s test analysis shows a large size effect on each variable studied
(Supplementary Table S2). We also consider important to highlight that an SD + LPH group
has not been included in the study, since SD mice do not exhibit anxious behaviors. In fact,
the only reason we used an SD group was to check that WD consumption generates anxiety.

The main strength of this work is the multidisciplinary strategy used. First, a detailed
chemical characterization of the LPH composition was performed by using nano-HPLC-
MS/MS and UHPLC-HRMS to identify its peptide composition. Afterward, an in silico
study was carried out for the identification of anxiolytic and antiamnesic peptides. Finally,
an in vivo study confirmed through two different tests (EPM and thigmotaxis during the
MWM) that LPH treatment palliates the anxious effects generated by the ingestion of WD.
This study is the first to show the in vivo anxiolytic-like effect of a plant-derived total
protein hydrolysate.

4. Materials and Methods
4.1. LPH Preparation

LPH was produced at the Instituto de la Grasa (CSIC, Seville, Spain), as previously de-
scribed [45]. Briefly, the lupin protein isolate was resuspended in distilled water (10% w/v)
and hydrolyzed in a bioreactor at pH 8 and temperature 50 ◦C using Alcalase® 2.4 L
(2.4 AU/g; Novozymes, Bagsvaerd, Denmark) for 15 min. The enzyme was inactivated by
heating at 85 ◦C for 15 min; after centrifugation at 8000 rpm for 15 min, the supernatant
containing LPH was collected and lyophilized. Finally, it was dissolved in 0.9% saline
solution to obtain the LPH necessary for the duration of the experiment, filtered, auto-
claved, aliquoted, and stored at −80 ◦C. The chemical stability and characterization of LPH
were checked out at the several steps of this process through HPLC, no differences were
observed (data not shown).

4.2. Purification and Concentration of Peptides

An amount of 1 mg of LPH was acidified with aqueous trifluoroacetic acid (TFA) at
pH 2.5, loaded into the Bond Elut C18 EWP cartridge (Aligent, Santa Clara, CA, USA)
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(previously washed with acetonitrile (ACN) and conditioned with 0.1% TFA), and washed
with 3 mL of 0.1% TFA. The elution was carried out with 0.5 mL ACN/H2O (50:50, v/v)
containing 0.1% TFA, and the peptides were dried in a Speed Vac SC250 Express (Thermo
Savant, Holbrook, NT, USA). The dry residue was reconstituted in 150 µL of 0.1% formic
acid in H2O.

4.3. Peptides’ Analysis and Identification by Mass Spectrometry

The peptides were studied by nano-HPLC using an Ultimate 3000 coupled to an
Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, Bremen, Germany), as previ-
ously described [74]. The preconcentration of the samples (20 µL) was performed on a
µ-precolumn (Thermo, 300 µm i.d. 5 mm Acclaim PepMap 100 C18, 5 µm particle size, 100 Å
pore size) using H2O/ACN (99:1 v/v) with 0.1% TFA (v/v) at a flow rate of 10 µL/min. The
peptides were dispersed on an EASY-Spray column (Thermo, 15 cm × 75 µm i.d. PepMap
C18, 3 µm particles, 100 Å pore size).

The peptide spectra were obtained using the same parameters described in our previous
work [73]. The protein sequence database of L. angustifolius (31,386 sequences) was down-
loaded from UnitProt and used for the identification of raw data spectra using Proteome
Discoverer v1.3 (Thermo) in combination with the Mascot search engine v2.3.02. Precur-
sor ion tolerance and the fragment ion tolerance were 10 ppm and 0.05 Da, respectively;
no enzyme was used for digestion and methionine oxidation was considered as dynamic
modification. The decoy function, set at 1%, was used for false discovery rate calculations.

4.4. Bioactivities Peptide Analysis

The physicochemical properties (molecular weight, amino acid composition, and hy-
drophobicity) of the peptides were obtained using the open access ProtParam tool (https:
//web.expasy.org/protparam/, accessed on 1 April 2022) [75]. The peptide Ranker tool
(http://distilldeep.ucd.ie/PeptideRanker/, accessed on 1 April 2022) was used to predict the
bioactivity of LPH [76]. It provides scores in the range of 0−1, being 1 the most active. The
threshold was fixed at 0.5; therefore, peptides with scores above 0.5 were labeled as ‘bioactive’.
To identify sequences with demonstrated bioactive motifs, the peptides were analyzed using
the BIOPEP-UWM database (http://www.uwm.edu.pl/biochemia/index.php/pl/biopep/,
accessed on 1 April 2022) [52]. In addition, the primary structure of the motifs was drawn
using the PepDraw tool (https://pepdraw.com/, accessed on 1 June 2022).

4.5. Animals and Experimental Design

The experimental design is shown in Supplementary Figure S1. Twelve male ApoE−/−

mice (B6.129P2-ApoEtm1Unc/J) were housed in the animal facility of the Faculty of Psy-
chology (University of Seville, Seville, Spain) under specific pathogen-free conditions in
a room with controlled temperature (22 ± 2 ◦C), humidity (<55%), and a 12-h light–dark
cycle with free access to water and food. The mice were housed in a sealsafe® 1285L cage
(Tecniplast, Italy) [77] with a floor area of 542 cm2 and a maximum air speed at the animal
level of 0.05 m/s. Four mice were housed per cage. The particular characteristics of these
cages allow no air drafts at the animal level, avoiding the risk of stress and heat loss. The
animals were initially classified into two groups: mice fed a standard diet (SD, n = 4, Teklad
Global 14% Protein Rodent Maintenance Diet, ENVIGO, Indianapolis, IN, USA) [78] and
mice fed a Western diet (WD, n = 8, 58V8-45 kcal% fat, TestDiet, St. Louis, MO, USA) [79]
from the Special Diets Production Section of the University of Granada (Granada, Spain).
The composition of each diet is specified in Supplementary Table S1.

Six-week-old mice from the WD group were randomly divided into two groups and
treated intragastrically with LPH (100 mg/kg, n = 4) or vehicle (n = 4) for 14 weeks,
respectively. Thus, the experimental groups were set as follows: SD-fed mice group (SD,
n = 4), WD-fed group (WD, n = 4), and WD-fed and LPH-treated (100 mg/kg) mice group
(WD + LPH, n = 4). SD-fed mice were also intragastrically treated with vehicle. The dose
of LPH was selected based on our previous studies [45–47,73]. Individual body weight
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was measured and recorded weekly. Behavioral tests were performed at the Laboratory of
Animal Behavior & Neuroscience (a specific installation inside the Animal Facility of the
Faculty of Psychology), where the animals were placed a week earlier for their habituation.
The tests were carried out with a 10-day inter-test interval.

The experimental procedures were approved by the Ethics Committee of the Vir-
gen Macarena-Virgen del Rocío University Hospital (reference number 21/06/2016/105)
and were carried out under Spanish legislation and the EU Directive 2010/63/EU for
animal experiments.

4.6. Behavioral Tests
4.6.1. Elevated Plus Maze

Anxiety-like behavior was evaluated using the EPM test. It was performed as previ-
ously described [32]. Briefly, the maze consists of four arms made out of polyvinyl chloride;
two non-consecutive opened arms (30 cm long × 5 cm wide) and two closed arms that
generate a common center zone (5 × 5 cm). The EPM was placed 60 cm above the floor in
the center of a room (286 × 288 × 320 cm; w-l-h respectively) illuminated by four 100-W
halogen lamps. The characteristics of the EPM are shown in Figure 5. In order to minimize
exploratory behavior and facilitate habituation to the context, mice were placed in the room
for 45 min prior to the test. To start the test, each mouse was placed in one of the opened
arms facing the opposite direction to the center and was free to move for 5 min. All sessions
were recorded using a camera located over the maze. For the trials, the experimenter re-
mained in an adjoining zone to control the video tracking system. Additionally, the observer
could see the performance of the animal in real time on a monitor. Other anxiety-related
behaviors, such as head dips and rears, and the number of times that mice showed them,
were also annotated and recorded. The test started at 11:30 a.m. during the light phase
of the light-dark cycle, and none of the researchers stayed in the room while the test took
place. The floor of the elevated plus maze apparatus was cleaned with 10% ethanol between
tests. Subsequently, the recording was processed using the Animal Tracker plugin for ImageJ
v. 1.53k software (National Institutes of Health-NIH-, Bethesda, MD, USA) and the time
spent in the arms and center of the maze was measured. Opened arms and center areas
are considered anxiety zones according to [58,59]. Analyses were carried out under blind
conditions by three investigators. Representative videos are available in Videos S1–S3.
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4.6.2. Morris Water Maze

The MWM was designed as a method to study spatial memory and learning processes.
The experimental procedures were performed as described by Janseen et al. [64]. Briefly,
the test consists of a circular pool (100 cm in diameter) filled with water (at 25 ◦C) and a
circular platform (8 cm in diameter, 20 cm in height) located in a specific quadrant of the
pool. It was virtually divided into four different sections, and different visual clues were
located on the walls of the room (characteristics of the MWM are shown in Figure 6). The
test was carried out for 5 consecutive days. To avoid the use of possible intramaze cues to
solve the task, the experimental apparatus was randomly rotated between sessions. On day
0, mice received two habituation trainings; animals were located in two different sections
and allowed to swim for 90 s until they reached the visible platform (2 cm above the water
surface). Once on the platform, the mice stand there for 15 s. On days 1–5, animals were
placed in each section and allowed to swim for 90 s or until they reached the non-visible
platform. In this phase, the water was opaque by adding a white dye (lime) and the time
between tests was 45 min. Finally, on the fifth day, the platform was removed, and the mice
were placed in the pool for 90 s (the scheme of the Morris Water Maze protocol is shown in
Supplementary Figure S2). All sessions were recorded with a video tracking system that
overlooked the pool from above. The test started at 11:30 a.m. during the light phase of the
light–dark cycle, and the experimenter stayed in an adjoining zone for the test. The latency
time, distance traveled, and time spent in each quadrant were analyzed using the Animal
Tracker plugin for ImageJ software (NIH). In addition, thigmotaxis, considered as the times
the animal approaches the walls of the pool and the time spent in the outer area (15% of the
apparatus) of the pool, was calculated. Analyses were carried out under blind conditions
by three investigators. Representative videos are available in Videos S4–S6.
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Figure 6. Characteristics of the Morris Water Maze. The test consists of a circular pool (100 cm in
diameter) filled with water (at 25 ◦C) and a circular platform (8 cm in diameter, 20 cm in height)
placed in a specific zone of the pool. The pool was virtually divided into four different quadrants and
different visual clues were located on the walls of the room. All sessions were recorded with a video
monitoring system that overlooks the pool from above. Figure created by BioRender.com.

4.7. Statistical Analysis

All results were presented as mean ± standard deviation, and the statistical analysis
was carried out using one-way ANOVA followed by Dunn’s post hoc test using Jeffreys’s
Amazing Statistics Program (JASP v. 0.16.3, Amsterdam, The Netherlands). A difference
with a p-value ≤ 0.05 was considered statistically significant. The size effect was analyzed
using Cohen’s test, and a d-value > 0.80 was considered as ‘large effect size’.
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5. Conclusions

In conclusion, this is the first study to show the in vivo anxiolytic effects of a lupin
protein hydrolysate. Moreover, several sequences containing peptide motifs associated
with anxiolytic effects were identified within the LPH mixture. Future studies will be
needed to investigate the molecular mechanisms that cause the anxiolytic effect of LPH, as
well as to compare this effect with an anxiolytic drug such as diazepam. In addition, several
strategies, such as the incorporation of peptides into biocompatible vehicles to enhance their
stability and bioavailability during transepithelial transport, are recommended for future
investigation. The present study confirms the pleiotropic effects of the peptide mixture,
including anxiolytic effects, pointing to LPH as a potential component of future nutritional
therapies in patients with anxiety, being a possible strategy to reduce the consumption of
drugs with side effects.
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Joanna Sutkowska-Skolimowska 1 , Justyna Brańska-Januszewska 2, Jakub W. Strawa 3 , Halina Ostrowska 2,
Malwina Botor 4, Katarzyna Gawron 4 and Anna Galicka 1,*

1 Department of Medical Chemistry, Medical University of Bialystok, Mickiewicza 2A, 15-222 Bialystok, Poland
2 Department of Biology, Medical University of Bialystok, Mickiewicza 2A, 15-222 Bialystok, Poland
3 Department of Pharmacognosy, Medical University of Bialystok, Mickiewicza 2A, 15-230 Bialystok, Poland
4 Department of Molecular Biology and Genetics, Faculty of Medical Sciences in Katowice, Medical University

of Silesia, Medykow 18, 40-475 Katowice, Poland
* Correspondence: angajko@umb.edu.pl

Abstract: Osteogenesis imperfecta (OI) is a heterogeneous connective tissue disease mainly caused
by structural mutations in type I collagen. Mutant collagen accumulates intracellularly, causing
cellular stress that has recently been shown to be phenotype-related. Therefore, the aim of the
study was to search for potential drugs reducing collagen accumulation and improving OI fibroblast
homeostasis. We found that rosemary extract (RE), which is of great interest to researchers due to its
high therapeutic potential, at concentrations of 50 and 100 µg/mL significantly reduced the level of
accumulated collagen in the fibroblasts of four patients with severe and lethal OI. The decrease in
collagen accumulation was associated with RE-induced autophagy as was evidenced by an increase
in the LC3-II/LC3-I ratio, a decrease in p62, and co-localization of type I collagen with LC3-II and
LAMP2A by confocal microscopy. The unfolded protein response, activated in three of the four tested
cells, and the level of pro-apoptotic markers (Bax, CHOP and cleaved caspase 3) were attenuated by
RE. In addition, the role of RE-modulated proteasome in the degradation of unfolded procollagen
chains was investigated. This study provides new insight into the beneficial effects of RE that may
have some implications in OI therapy targeting cellular stress.

Keywords: rosemary extract; collagen type I; unfolded protein response; autophagy; proteasome;
skin fibroblasts; apoptosis; osteogenesis imperfecta

1. Introduction

Osteogenesis imperfecta (OI) is a rare hereditary bone disease, with a frequency of 1 in
15,000 to 20,000 live births, characterized by phenotypic and genotypic heterogeneity [1,2].
The most common symptoms include bone fragility, skeletal deformities, reduced bone
mineral density, short stature, blue sclera, dentinogenesis imperfecta, hearing impairment,
joint hypermobility, skin fragility, muscle weakness, and cardio-respiratory defects [1–3].

Despite recent discoveries of mutations in many genes, the most common are muta-
tions in genes encoding type I collagen, which cause the majority (85%) of cases of OI [1–5].
Mutations in the COL1A1 or COL1A2 genes encoding the α1(I) and α2(I) chains of type
I collagen, respectively, are dominant and cause quantitative or structural disturbances
in collagen. The classification of OI due to collagen mutations includes four types, the
phenotype of which ranges from mild (type I) and moderate (type IV) to severe (type III)
and perinatal lethal in OI type II [6]. The molecular defect in OI type I is a null COL1A1
allele due to premature stop codons, either directly or through frame shifts resulting in
reduced synthesis of functional collagen type I [4,5,7]. OI types II-IV are mainly caused
by substitutions of glycine residues by another amino acid (80%), but also by splicing site
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mutations as well as small triplet deletion or duplication mutations, which shift the register
of α-chains in the helix [2,4,5,8]. Most of them result in the synthesis of mutant misfolded
collagen molecules. In recent years, many other causative genes associated with recessive
and X-linked forms of the disease have been detected. Most of these genes code for type
I collagen-related proteins that play an important role in folding and post-translational
modifications, secretion as well as quality control of collagen synthesis. Mutations of
proteins unrelated to collagen type I play an important role in osteoblast maturation and
bone mineralization [2,3,5,8–10].

Synthesis of type I collagen is a complex process including the intracellular and extra-
cellular steps preceding the formation of mature collagen fibrils. Two proα1 and one proα2
chain are synthesized in the endoplasmic reticulum (ER) and undergo important post-
translational modifications prior to triple helix folding, including hydroxylation of proline
(at C-4 and C-3) and lysine residues [11,12], which have fundamental importance for the sta-
bility of the helix. Proper folding and post-translational modifications in the ER determine
the effectiveness of collagen secretion to the extracellular matrix (ECM) [11,12]. Glycine
substitutions are responsible for the delay in the formation of the triple helix. Prolonged
exposure of procollagen chains to post-translational modifying enzymes leads to increased
hydroxylation of proline and lysine residues and glycosylation of hydroxylysine residues,
causing the synthesis of collagen molecules with the abnormal structure [2,4,5,8,13]. The
mutated collagen is secreted into ECM, but it may be partially retained in the ER causing
cellular stress, which may be related to the clinical outcome [14–18]. It has been reported
that some OI cells activate an unfolded protein response (UPR) to restore cell homeosta-
sis [14,17–21]. The best-studied three ER membrane receptors of UPR include inositol
requiring enzyme 1 (IRE1), PKR-like endoplasmic reticulum kinase (PERK), and activating
transcription factor 6 (ATF6) [19,20,22]. Under normal conditions, the chaperone—binding
immunoglobulin protein (BiP) binds all three sensor proteins in their ER luminal domain
and keeps them inactive, while under stressful conditions it binds preferentially to mis-
folded proteins leading to activation of UPR pathways. ATF6 moves to the Golgi apparatus,
where it is cleaved by different proteases and then, as an active transcription factor, enters
the nucleus and activates the promoter of its related target genes. IRE1 and PERK are acti-
vated by autophosphorylation and oligomerization. Activated IRE1 forms an alternative
spliced variant of the X-Box binding protein 1 (XBP1s), which, as a transcription factor,
increases the expression of various chaperones and proteins involved in the proteasomal of
ER-associated degradation (ERAD). The activation of PERK inhibits global protein synthe-
sis through phosphorylation of eukaryotic translation initiation factor (eIF2α) but favors the
translation of some mRNAs, such as the activating transcription factor 4 (ATF4), which is
involved in both cell survival and ER stress-dependent apoptosis. During chronic stress, ER
promotes apoptosis by upregulating genes such as the homologous protein of the CCAAT
enhancer binding protein (CHOP) [20,22,23]. If conformation of mutated collagen is not
improved by chaperones, it is destined for degradation most often via autophagy [24].

Autophagy is a complex system regulated by more than 30 autophagy-related gene
(ATG) proteins. The most studied markers associated with autophagy are beclin 1, a
microtubule-associated protein 1 light chain 3 (LC3), and sequestosome 1 (SQSTM1/p62),
later referred to as p62 [25]. In some cases, especially the mutations occurring in C-
propeptide, that most affect the trimer assembly, the retrotranslocation of misfolded pro-
collagen chains into the cytosol may occur and result in their degradation by the protea-
some [26,27].

So far, anti-catabolic bisphosphonates, denosumab as a synthetic parathyroid hor-
mone and growth hormone have been used in the therapy of OI [1,3,10]. Experimental
OI therapy strategies such as genetically engineered stem cell transplantation methods,
reprogramming of somatic cells into pluripotent stem cells as well as anti-transforming
growth factor (TGF-β) therapy have been summarized by us recently [28]. The major
disadvantages of these therapies are their poor efficacy, or cytotoxic side effects. Research
is still underway to find new and more effective drugs. According to the latest research,
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the chemical 4-phenylbutyrate chaperone (4-PBA) is of great interest, the molecular target
of which is ER stress caused by intracellular retention of mutant collagen in osteoblasts and
fibroblasts [16–18,29,30].

Medicinal plants containing significant amounts of polyphenols are of great interest
to researchers due to their high therapeutic potential. Polyphenols are widely studied
as regulators of fundamental biological processes, including cell proliferation, apoptosis,
and autophagy [31,32]. Rosemary (Rosmarinus officinalis L., Lamiaceae) is a rich source of
many bioactive polyphenol compounds with a wide range of biological activities, such as
antioxidant, antimicrobial, anti-inflammatory, antidiabetic and anticancer [33,34]. In our
previous study, we showed a beneficial effect of rosemary extract (RE) on the biosynthesis
of type I collagen in OI type I fibroblasts with quantitative type I collagen defect [35]. This
time we examined whether RE could reduce the accumulation of mutant collagen in the
fibroblasts of two patients with severe type III and two patients with lethal type II OI
carrying mutations in α(I) chain. In addition, possible mechanisms involved in the action
of RE were also investigated.

2. Results
2.1. Steady-State Collagen Analysis in OI Fibroblasts

To identify mutated collagen, the mobility of the α1(I) and α2(I) bands was analyzed
by SDS-urea polyacrylamide gel electrophoresis (SDS-urea PAGE) (Figure 1). All cells
with glycine substitution (G910S and G1448V in patients 1 and 2 with severe type III, and
G691C and G352S in patients 1 and 2 with lethal type II OI) in the α1(I) showed delayed
migration of α1(I) and α2(I) chains and intracellular retention. In OI type II (patient 1)
cells, an additional band [α1(I)]2 dimer was identified between the α1(I) monomers and
the α1(III) trimer, confirming the substitution of glycine with cysteine (G691C).
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Figure 1. SDS-urea polyacrylamide gel electrophoresis (SDS-urea PAGE), in non-reducing conditions,
of collagen type I in fibroblasts of patients 1 and 2 OI types III and II with glycine substitutions in
α1(I) chain. To detect collagen after electrophoretic separation, silver staining was used; N—normal
cells, Std—standard (bovine collagen type I) (Biocolor Life Science, UK).

2.2. Reduced Accumulation of Collagen Type I in OI Fibroblasts Treated with Rosemary Extract

In untreated OI fibroblasts, the accumulation of collagen type I in all four cell lines was
confirmed by Western blot (Figure 2). When OI cells were treated with RE at the concen-
trations of 1–100 µg/mL, the level of accumulated collagen in cell layers was significantly
reduced at 25, 50 and 100 µg/mL RE in OI type III patient 1, and at the concentrations of
50 and 100 µg/mL RE in the rest of the cells. Moreover, in cells of OI III 1 (at 50 µg/mL
RE) and OI III 2 (at 50 and 100 µg/mL RE) the level of collagen type I was normalized
(Figure 2a). The level of collagen secreted by OI fibroblasts, apart from the increase in the
medium of OI III 1 fibroblasts treated with 100 µg/mL RE, remained unchanged. It should
be added that RE at these concentrations did not significantly affect the viability of OI cells
(Supplementary Figure S1).
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Figure 2. The effect of rosemary extract (RE) on the levels of secreted (in medium) and intracellularly
accumulated type I collagen in OI type III (a), and OI type II (b) cells; β-actin was used as cell protein
loading control. The bars represent the results of the gel densitometry as the mean values from three
independent experiments; * p < 0.05, OI cells vs. normal (N) cells; † p < 0.05, OI treated cells vs. OI
untreated cells. The data are expressed as a percentage of the normal sample taken as 100%; dark
green and light green bars represent normal and OI, respectively.

Since rosmarinic acid (RA) is an essential component of RE, we also examined its effect
on the mutant collagen retention. RA in a wide range of concentrations (1–100 µM), apart
from lowering the accumulation of collagen in OI II 1 cells at its highest concentration
(100 µM), had no effect in the remaining cells (Supplementary Figure S2). In the subsequent
studies, we focused on the mechanisms of action of RE at the concentrations of 50 and
100 µg/mL.

2.3. Activation of Unfolded Protein Response in OI Cells

To determine whether retained mutant procollagen activates UPR, the expression of
BiP, protein disulfide isomerase (PDI), ATF4, AFT6 and XBP-1s was evaluated (Figure 3).
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Figure 3. (a) The influence of rosemary extract (RE) on mRNA relative expression of binding
immunoglobulin protein (BiP), protein disulfide isomerase (PDI), and activating transcription factors
4 and 6 (ATF4, ATF6) in OI types III and II cells. The bars represent the results of the mean values
from three independent experiments; * p < 0.05, OI cells vs. normal cells; † p < 0.05, OI treated
cells vs. OI untreated cells; dark green and light green bars represent normal and OI, respectively.
(b) Unspliced and spliced X-box binding protein 1 (Xbp-1u and Xbp-1s) RT-PCR products were
analyzed on 7% polyacrylamide gel. (c) Western blot analysis of BiP, ATF4, ATF6 and XBP-1s in OI
type III and II cells; β-actin was used as cell protein loading control. The bars represent the results
as the mean values from three independent experiments; * p < 0.05, OI cells vs. normal (N) cells;
† p < 0.05, OI treated cells vs. OI untreated cells. The data are expressed as a percentage of the normal
sample taken as 100%; dark green and light green bars represent normal and OI, respectively.
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Expression of the chaperone BiP, which is an activator of UPR sensors, was significantly
increased in untreated OI cells at the mRNA level beyond OI II 1 cells where it remained
unchanged compared to the normal cells (Figure 3a). PDI, which catalyzes the formation
and isomerization of disulfide bonds and acts as a collagen chaperone, was significantly
increased in all untreated OI cells at mRNA level (Figure 3a). In the presence of RE (50
and 100 µg/mL), the expression of both chaperone transcripts was mostly reduced to a
different extent compared to the untreated OI cells (Figure 3a).

ATF4, which is the effector in the PERK branch, was according to the analysis of
its transcript expression, upregulated in untreated OI cells. RE either did not change or
it decreased the expression of this factor mRNA, dependently on RE concentration, in
comparison to the untreated OI cells (Figure 3a).

Expression of ATF6 was also investigated, and the level of its mRNA in untreated OI
cells increased compared to the control. In cells exposed to RE (50 and 100 µg/mL) the
decrease in ATF6 gene expression was noted in OI III, no effect in OI II 2 or stimulating
effect of 100 µg/mL RE in OI II 1 (Figure 3a).

Activation of the IRE1α branch was studied by determining the level of XBP-1 expres-
sion in which splicing is mediated by this protein. In normal cells, the splicing form of
XBP-1 (XBP-1s) was absent, while in OI it was manifested mainly in type III OI and was
barely detectable in OI II cells (Figure 3b). Under the influence of RE at a concentration of
100 µg/mL, the spliced form disappeared in OI type III and only the unspliced (XBP-1u)
form was observed, while in RE-treated OI II cells a slower migrating band appeared, with
greater intensity in OI II 1 (Figure 3b). To find out whether the changes in the expression of
proteins included in the UPR in OI cells reflect the expression of their genes, Western blots
were performed (Figure 3c).

The results of the Western blot analysis revealed a similar increase in BIP at the
protein level as was at the mRNA level, and no increase in untreated OI II 1 cells where no
upregulation of the BIP gene was shown. Interestingly, RE at both concentrations (50 and
100 µg/mL) increased BIP expression in OI II 1 cells, and in others with upregulation of
this chaperone protein, the RE induced decrease in relation to untreated OI cells was noted
(Figure 3c). The expression of ATF4 and ATF6 transcription factors at the protein level was
increased as at the mRNA level, except for OI II 1 cells, where their genes were upregulated.
In RE-treated cells, the normalization of ATF4 level was achieved, while the ATF-6 level
was either unaffected or significantly decreased by RE in OI III 1 cells (Figure 3c). XBP-1s
at the protein level was almost undetectable in normal age-matched cells for OI type III,
while its expression increased almost 6-fold and 4-fold in OI III 1 and 2 cells, respectively,
and significantly decreased under the influence of RE. In contrast, in untreated OI II cells,
only an upward trend and no RE effect on the expression of this spliced form of the factor
was observed (Figure 3c).

2.4. Rosemary Extract-Induced Autophagy in OI Cells

ATG5 and beclin 1, which are important in initiation of autophagosome formation,
increased in all untreated OI cells at the mRNA level and their expression intensified in the
presence of RE (Figure 4a). In addition, the expression levels of autophagy related markers
were determined by Western blot as well. Beclin 1 level increased in untreated OI III and OI
II 2 and even more in RE treated cells consistent with gene expression, while there was no
change in untreated and RE treated OI II 1 cells compared to normal cells (Figure 4b). LC3-II
as a marker of the final fusion of the autophagosome with the lysosome was increased
in untreated OI cells apart for OI III 1. In the presence of RE (50 and 100 µg/mL), no
effect in OI III 2 and significant stimulation of LC3-II expression in the remaining cells was
demonstrated as compared to untreated cells (Figure 4b).
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Figure 4. (a) The influence of rosemary extract (RE) on mRNA relative expression of autophagy-
related gene (ATG5) and beclin 1 in OI types III and II cells. The bars represent the results of the mean
values from three independent experiments; * p < 0.05, OI cells vs. normal cells; † p < 0.05, OI treated
cells vs. OI untreated cells; dark green and light green bars represent normal and OI, respectively.
(b) Western blot analysis of beclin 1, microtubule-associated protein 1 light chain 3 (LC3-I/LC3-II),
and sequestosome 1 (SQSTM1/p62) in OI type III and II cells; β-actin was used as cell protein loading
control. The bars represent the results as the mean values from three independent experiments;
* p < 0.05, OI cells vs. normal (N) cells; † p < 0.05, OI treated cells vs. OI untreated cells. The data
are expressed as a percentage of the normal sample taken as 100%; dark green and light green bars
represent normal and OI, respectively.

In order to assess the dynamic process of autophagy, the ratio of LC3-II to LC3-I
was determined, which in untreated cells either increased (in OI III 1 and 2) or remained
unchanged (in OI II 1 and 2) compared to normal, while RE significantly induced autophagic
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flow in all OI cells (Figure 4b). The expression of p62, which is an indicator of autophagic
degradation, was unchanged in OI III and increased in OI II cells. We examined whether
RE facilitates degradation of p62. Treatment of cells with RE significantly decreased the p62
level, which suggests RE-induced autophagic degradation (Figure 4b). Since p62 and LC3-II
are also degraded along with the digestion of cell components by autophagy; therefore,
in order to further confirm that the increase in LC3-II induced by RE was not indicative
of accumulation of this protein, ammonium chloride (NH4Cl) as a lysosome proteolysis
inhibitor was used. In all OI cells with inhibited lysosomal protein degradation, not only
the LC3-II level but also p62 were significantly higher than in cells treated with RE alone
(Supplementary Figure S3).

To confirm that collagen type I is degraded in the lysosomal pathway, a lysosome-
enriched cell fraction was prepared and tested for its level in the presence and absence
of lysosomal inhibitor in RE treated cells. We found that collagen type I was localized
to a very small extent in the lysosomal fraction of normal cells and to a much greater
extent in untreated OI cells (Figure 5). In OI cells treated with RE alone the level of type I
collagen was lower than in the presence of inhibitor of lysosomes NH4Cl, which indicates
its lysosomal degradation.
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Figure 5. Western blot analysis of type I collagen in the lysosome-enriched cellular fraction, prepared
as described in Methods, in OI types III and II cells treated with 50 µg/mL RE and 50 mM NH4Cl.
Equal amounts of proteins were loaded on 10% polyacrylamide gel. The bars represent the results of
the gel densitometry as the mean values from three independent experiments; * p < 0.05, OI cells vs.
normal (N) cells; † p < 0.05, OI cells treated with RE vs. OI untreated cells; ‡ p < 0.05, OI cells treated
with RE + NH4Cl vs. OI cells treated with RE alone. The data are expressed as a percentage of the
normal sample taken as 100%; dark green and light green bars represent normal and OI, respectively.

Using confocal fluorescence microscopy with immunofluorescence staining, represen-
tative images of which are presented in Figure 6, we assessed the localization of endogenous
collagen I, LC3-II and lysosomal-associated membrane protein 2A (LAMP2A) in normal
and OI cells. It was observed that compared to normal cells, collagen type I staining inten-
sity (red) in untreated OI cells increased, and after treatment with RE it decreased, whereas
LC3-II (green) inversely decreased in untreated OI cells and increased in the presence of RE.
Similar to the Western blot results, collagen type I staining decreased in the presence RE;
moreover, it was co-localized with LC3-II as evidenced by the merged images (Figure 6a).
We additionally assessed co-localization of collagen type I and LAMP2A, which is a lysoso-
mal marker. As shown in Figure 6b, co-immunofluorescence staining for collagen type I
(red) and LAMP2A (green) showed the increase in their co-localization after treatment of
OI cells with RE. The above results suggest a stimulating effect of RE on the intracellular
collagen degradation mediated by the autophagolysosomes.
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Figure 6. Colocalization of collagen type I (red)/LC3-II (green) (a), and of collagen type I
(red)/LAMP2 (green) (b), and changes in the intensity of staining of these proteins in normal (N)
and OI types III and II cells, treated with 50 µg/mL rosemary extract (RE), revealed by confocal
microscopy analysis. A merge signals of colocalizing collagen type I/LC3-II and collagen type I
(/LAMP2 were detectable, with greater intensity in RE-treated cells. Nuclei were stained with DAPI
(blue). Scale bar, 50 µm. Representative immunofluorescent images are shown.

2.5. Involvement of Proteasome in Degradation of Unfolded Procollagen Chains in OI III 2 Cells

Since it has been reported that unfolded procollagen chains can be degraded by
the ERAD pathway [27], we checked the polyubiquinination of type I procollagen in OI
cells following SDS-PAGE under non-reducing conditions. As it turned out, under these
conditions, polyubiquitinated proteins corresponding to the molecular weight of procol-
lagen chains were detected only in OI III 2 cells, and the increase in this modification
was noted in the presence of RE (Supplementary Figure S4). In order to determine the
way of their degradation, a Western blot of polyubiquitinated proteins (Figure 7a) and
SDS-PAGE of silver-stained proteins (Figure 7b) in the presence of proteasome and au-
tophagy inhibitors were performed. Three polyubiquitinated protein bands corresponded
to monomers, dimers and trimers of type I procollagen. Dimers and trimers are stabilized
by the formation of inter-chain disulfide bonds within the C-propeptide. There was the
increased level of unfolded proα1(I) chains and a decreased level of trimers in OI cells com-
pared to the control cells (Figure 7b), while the level of monomer polyubiquitination was
slightly reduced in OI cells (Figure 7a). In the presence of bortezomib (BR), a proteasome
inhibitor, increased levels of polyubiquitinated monomers correlated with increased level
of unfolded procollagen chains. Treatment with autophagy inhibitors chloroquine (CQ)

115



Int. J. Mol. Sci. 2022, 23, 10341

and 3-methyladenine (3-MA) remained without effect on the level of polyubiquitination,
but interestingly, the level of unfolded procollagen chains in the presence of CQ slightly
increased and under the influence of 3-MA decreased as compared to untreated OI cells.
Rosemary extract caused the increase in the polyubiquitination of monomers and dimers
(Figure 7a), which was accompanied by a marked decrease in the level of unfolded collagen
(Figure 7b).
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Figure 7. Polyubiquitynation (a) and SDS-PAGE of silver-stained (b) procollagen type I monomers,
dimers and trimers, performed under non-reducing conditions in normal (N) and OI III 2 cells treated
with 50 and 100 µg/mL rosemary extract (RE), 50 nM bortezomib (BR), 50 µM chloroquine (CQ), and
5 mM 3-methyladenine (3-MA).

Additionally, the effect of RE on proteasomal activities: chymotrypsin-like (Ch-L),
trypsin-like (T-L) and caspase-like (C-L) in untreated and RE-treated OI fibroblasts was
examined. As shown in Figure 8a, the decrease in T-L and C-L activities and no change in
ChT-L activity were found in untreated OI cells, while in the presence of RE all activities
were lowered as compared to untreated cells. The effectiveness of BR was confirmed by
inhibitory effect on all proteasome activities (Figure 8b). The use of autophagy inhibitors,
in turn, resulted in a slight stimulation of ChT-L activity by 3-MA and an inhibitory effect
of CQ on all proteasome activities (Figure 8b).

To check whether the inhibition of proteasome activity by RE does not lead to the
accumulation of non-collagen proteins, the level of silver-stained lysate proteins separated
on 10% gels under reducing conditions was assessed and additionally the level of polyu-
biquitination of these proteins (Supplementary Figure S5). The increase in the level of
polyubiquitinated total proteins (Supplementary Figure S5a) coincided with the increase
in the level of total protein expression in OI untreated cells (Supplementary Figure S5b)
compared to the normal, which can be explained by the disruption of the autophagy and
proteasome degradation processes. Treatment of OI cells with RE did not lead to the total
protein accumulation, as was the case with the use of proteasome (BR and MG132) or
autophagy (CQ, 3-MA and NH4Cl) inhibitors, their levels were comparable to the normal
(Supplementary Figure S5b).

2.6. Expression and Activity of Collagen Type I Degrading MMPs

Additionally, we assessed the expression of matrix metalloproteinases MMP-1 and
MMP-2, degrading extracellular collagen I, in untreated and RE exposed OI cells. MMP-
1 mRNA in OI cells was significantly upregulated compared to normal cells, while RE
significantly decreased it. MMP-2 was upregulated at the mRNA level in OI type II and
was normalized in the presence of both RE concentrations (50 and 100 µg/mL) in OI II 1
and at 100 µg/mL in OI II 2 (Supplementary Figure S6a).

The zymography allowed to identify mainly pro-MMP-2 in media of normal cells and
additionally its active form MMP-2 in OI, while RE, beyond OI II 1, at a concentration of
100 µg/mL, showed a lowering effect, the highest in OI III 1 (Supplementary Figure S6b).
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Figure 8. Proteasomal activities: chymotrypsin-like (ChT-L), trypsin-like (T-L) and caspase-like (C-L)
in OI III 2 cells treated with 50 and 100 µg/mL rosemary extract (RE) (a), 5 nM bortezomib (BR),
50 µM chloroquine (CQ) and 5 mM 3-methyladenine (3-MA) (b). The bars represent the mean values
from three independent experiments. (a) * p < 0.05, OI cells vs. normal cells; † p < 0.05, OI cells treated
with RE vs. OI untreated cells; dark green and light green bars represent normal and OI, respectively;
(b) * p < 0.05, OI cells treated with inhibitors vs. OI untreated cells.

2.7. Rosemary Extract Reduces the Expression of Apoptosis Markers in OI Cells

The results presented in Figure 9 showed the significant increase in the expression
of proapoptotic proteins such as Bax and CHOP at both mRNA and the protein levels as
well as cleaved caspase-3 protein. Under the influence of RE at both concentrations (50 and
100 µg/mL), downregulation of these markers was mostly observed; even if the levels of
Bax and CHOP mRNA did not change in OI II 1 cells, a significant decrease was observed
at the protein level.
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Figure 9. (a) The effect of rosemary extract (RE) on mRNA relative expression of Bax and CCAAT
enhancer binding protein (CHOP) in OI types III and II cells. The bars represent the results of the
mean values from three independent experiments; * p < 0.05, OI cells vs. normal cells; † p < 0.05,
OI treated cells vs. OI untreated cells; dark green and light green bars represent normal and OI,
respectively. (b) Western blot analysis of Bax, CHOP and cleaved caspase-3 in OI type III and II cells;
β-actin was used as cell protein loading control. The bars represent the results as the mean values
from three independent experiments; * p < 0.05, OI cells vs. normal (N) cells; † p < 0.05, OI treated
cells vs. OI untreated cells. The data are expressed as a percentage of the normal sample taken as
100%; dark green and light green bars represent normal and OI, respectively.

3. Discussion

OI is a genetically and phenotypically heterogeneous group of connective tissue
disorders caused mainly by an autosomal dominant mutations in collagen type I, which
is the most abundant protein in bone and skin ECM [1–10]. The discovery in the last
two decades of new causative genes (around twenty) that are involved in the regulation
and function of type I collagen, but also in other aspects of bone biology [2,3,5,8–10]
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confirms the complexity of the underlying mechanisms and complicates understanding
the relationship between mutations and phenotype as well as finding an effective and
a universal method of treating the disease. Recently, ER stress caused by intracellular
retention of mutant collagen in osteoblasts and fibroblasts was found as an attractive target
of OI therapy [14–21]. The use of the chemical chaperone 4-PBA, approved by Food and Drug
Administration, reduced ER stress and restored cell homeostasis in human fibroblasts of OI
patients carrying dominant mutations in α1 and α2 collagen type I chains [17] as well as
recessive mutations in cartilage-associated protein (CRTAP), prolyl-3-hydroxylase 1 (P3H1)
and cyclophilin B (PPIB) impairing prolyl-3 hydroxylation of collagen type I [18]. Moreover,
it was found that 4-PBA normalizes the overproduction of type I collagen and improves
the misfolding of the type I collagen helix in OI fibroblasts due to glycine substitution, and
also improves the impaired mineralization of osteoblasts differentiated from OI induced
pluripotent stem cells [30]. Administration of this drug to the OI dominant zebrafish
model, carrying typical glycine substitution G574D in COL1A1, alleviated cellular stress
and improved bone mineralization in larvae and skeletal deformity in adults. This was
accompanied by the reduction of the ER cisternae size and promoting the secretion of
collagen [29]. Similarly, in osteoblasts of two murine OI models carrying G349C mutation
in COL1A1 (Brtl mouse) and G610C in COL1A2 (Amish mouse), 4-PBA prevented collagen
type I accumulation through increased its secretion and reduction of aggregates in mutant
cells [16]. In addition, increased collagen incorporation into the matrix and improved
mineral deposition in osteoblasts was observed in both murine models, which convinces
about the influence of ER stress on the phenotype. Therefore, as well as the discovery of
the therapeutic potential of this chemical chaperone, finding of other safe compounds to
reduce cellular stress and restore cell homeostasis may be a new strategy for treating this
disease, or at least some OI cases.

This study provides, for the first time, evidence of the beneficial effects of rosemary
extract on fibroblasts with mutations in the collagen triple helix resulting in intracellular
collagen accumulation. Moreover, the presented results explain the likely mechanisms of
reducing cellular stress, mainly by enhancing the degradation of mutant collagen through
autophagy. For our study, we chose glycine substitutions in the α1(I) chains of two patients
with severe OI type III (G901S and G1448V), and two with lethal type II (G352S and G691C).
As we demonstrated by SDS-urea-PAGE, all cells showed delayed migration of α1 and α2
collagen chains and intracellular accumulation of mutant collagen.

Collagen type I is characterized by a unique right-handed triple helical structure,
and each of three left-handed polyproline-like helices contains a repeated sequence (Gly-
X-Y) in which X and Y are often proline and hydroxyproline [36]. The triple helical
domain is flanked on both sides by N- and C-terminal propeptides. Procollagen folding
takes place in the ER, after which the protein is transported to the Golgi apparatus and
secreted, where the cleavage of propeptides takes place and mature collagen is formed.
Folding is a very complex process involving many chaperones, such as BiP, PDI, prolyl
4-hydroxylase, various peptidyl-prolyl cis-trans isomerases, and heat shock protein 47,
whose role is to provide stabilization of the structure and to protect aggregation of unfolded
chains [11,12,37].

We found increased BiP expression in two OI type III (G901S and G1448V) and one OI
type II (G352S) cells, and a consequent activation of UPR pathways, whereas in OI II 1 cells
with G691C the expression of this chaperone remained unchanged compared to the normal
cells. According to Besio et al. [17] increased BiP was detected in three out of five tested
fibroblasts with glycine substitution in α1 and α2 chains. Expression of PDI, which catalyzes
the formation and isomerization of disulfide bonds and acts as a collagen chaperone by
interacting with collagen α single chains, was upregulated in all α1(I) mutant cells, while
in the study of Besio et al. [17] in four out five cells with mutations in α1(I) and it remained
unchanged in cells with mutations in α2(I). The same authors reported the activation of
mainly the PERK pathway and increased ATF4 expression in cells with mutations in α1
and α2 as well as IRE1α pathway with a predominance in cells with mutations in α2,
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but there was no difference in the level of activated ATF6 [17]. In contrast, in our study,
along with the increase in BiP expression, activation of both transcription factors ATF4
(effector of PERK pathway) and ATF6 in cells with BiP upregulation was found, while
expression of spliced forms of XBP1 (effector of IRE1α pathway) was predominant in OI
type III as confirmed by real-time PCR and polyacrylamide gel electrophoresis of (reverse
transcriptase) RT-PCR product. It should be added that in our studies, the lack of increase
in BiP expression in cells with G691C mutation was consistently associated with the lack of
activation of UPR proteins, while in the case of some collagen and non-collagen mutations,
activation of some UPR pathways was also observed in the absence of BiP [17,18]. It is
possible that other factors or regulatory mechanisms are involved in the activation of the
UPR during ER stress. In the osteoblasts of the mouse OI model with the substitution of
glycine by cysteine (G610C), closely located to the one we studied (G691C) but in α2(I), no
conventional UPR was detected also, only enhanced autophagy [15]. Moreover, as it turned
out in our studies, the upregulation of genes of transcription factors ATF4 and ATF6 did
not coincide with the increased amount of the protein, which means that their expression is
regulated by post-transcriptional mechanisms and the expression of the genes themselves
cannot be compared without determining the expression at the protein level.

Based on the obtained results, we can say that RE, if not completely eliminated, largely
reduced ER stress caused by the accumulation of mutant collagen. This was evidenced by
the decreased expression of chaperone proteins BiP and PDI as well as effectors of UPR
branches along with the decreased level of intracellular collagen. Interestingly, in OI II 1
cells where we did not detect increased BiP expression and activation of UPR pathways,
upregulation of pro-survival factors (BiP, ATF6 and XBP-1s), but not ATF4, was found
in RE-treated cells. Activation of the PERK pathway leads to inhibition of global protein
translation by inhibition of eIF2α except for ATF4, which in the active form can upregulate
both the survival (autophagy) and the apoptotic (CHOP) pathway genes. In turn, the active
transcription factors ATF6 a and XBP1s enhance the expression of chaperones, and also
ATF6 of genes for proteins involved in ERAD [19,20,22]. While it is still unknown how
activation of individual UPR pathways and their effectors directly affects collagen, one
study found that forced XBP1s expression in cells with glycine substitution (G425S) in α1
(I) chain enhanced the folding/assembly and secretion of mutant type I collagen [38].

Since the cell response to ER stress caused by intracellular accumulation of mutant
collagen is most often autophagy or, less frequently, ERAD, we investigated the activation
of these two degradation systems in untreated and RE exposed OI cells.

Autophagy, is a dynamic tightly regulated lysosomal pathway of degradation of
intracellular components, including soluble proteins, aggregated proteins and damaged cell
organelles. It is an evolutionarily conserved process, capable of responding to stress to limit
cell damage. The autophagy process is regulated by several ATG core proteins, of which
LC3 plays essential role in the formation and maturation of the autophagosome, [25,39].
Cytosolic form LC3-I is converted into an active membrane-bound form LC3-II during
the formation of the autophagosomes, while the final degradation of the cargo takes place
after fusion of autophagosome with lysosomes. It is strictly dependent on the p62, which
apart from the ratio LC3-II/LC3I, is an important marker of effective autophagic flux [40].
Even though the LC3-II level was increasing in lethal untreated cells as compared to the
aged-matched control, the ratio LC3-II/LC3-I remained unchanged, which along with the
p62 increase indicated a lack of activation of autophagy. OI III cells showed an increase in
the LC3-II/LC3-I ratio, but the p62 level remained unchanged, which also did not suggest
an increase in autophagic activity. p62 with LC3 recognition sequence binds to LC3-II and
after the formation of the autophagosome and its fusion with the lysosome, is degraded
inside the autophagolysosome, that is why the decrease in p62 expression may indicate an
active process of autophagy.

A markedly increased autophagic activity was observed in all OI cells after RE expo-
sure, as shown by a dose-dependent increase in LC3-I to LC3-II conversion, along with
accelerating p62 degradation. In addition, the stimulation of ATG5 mRNA and beclin 1
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mRNA and protein, which initiate autophagosome formation, was demonstrated in RE-
treated cells. Another evidence of the stimulating effect of RE on the degradation of mutant
collagen with involvement of lysosomal pathway was the confirmation of the presence
of collagen type I in the lysosomal fraction and the increase in its level in cells treated
additionally with ammonium chloride, which raises the pH and thus inactivates lysosomes.
The same results were obtained in the presence of chloroquine—another autophagy in-
hibitor (not shown). Moreover, the immunofluorescence microscopy studies have showed
that collagen type I collocation increase in RE-treated OI cells with both the marker of
autophagosome (LC3-II) and marker of lysosomes (LAMP2A). These results clearly indicate
the RE-mediated degradation of mutated collagen type I in the autophagolysosomal pro-
cess, although digestion of collagen by lysosomes regardless of autophagy cannot be ruled
out. Omari et al. [41] showed that in addition to autophagy, accumulated in OI collagen
type I can be digested in a noncanonical autophagy process.

As reported earlier the proteasome may be involved in the removal of unfolded pro-
collagen chains [27]. Misfolded proteins or unfolded procollagen chains are retranslocated
from the ER to the cytosol for degradation by the 26S proteasome after modification with
polyubiquitin chains. As expected, polyubiquitination of unfolded proα1(I) chains was
demonstrated in OI III 2 with a C-propeptide mutation (G1448V). The increase in the
amount of unfolded procollagen chains in untreated OI cells can be explained by decreased
C-L and T-L proteasome activities. The greater accumulation of these chains in the presence
of BR, which inhibited to a much greater extent all three activities (ChT-L, T-L and C-L)
of the proteasome confirms the proteasome’s contribution to the removal of these chains.
However, while it turned out that RE also decreased ChT-L, T-L and C-L activities, this
decrease did not coincide with the accumulation of unfolded chains. On the contrary, there
were lower levels of them than in untreated cells. At this stage of the study, it is difficult to
explain the mechanism of action of RE in these cells, but it is very likely that in the case
of inhibition of the proteasome activity, unfolded chains may be partially degraded in the
process of RE-activated autophagy or by the proteasome, as the activity of the proteasome
was only partially inhibited. It was also noted that, despite the reduction in proteasome ac-
tivity by CQ, which inhibits autophagy, there was no additional accumulation of unfolded
chains. On the other hand, another inhibitor of autophagy 3-MA that block autophagy
at the initiation and maturation stages by acting on phosphoinositol 3 phosphate kinase
(PI3K), caused a decrease in the level of unfolded chains compared to untreated OI cells,
perhaps due to its stimulating effect on ChT-L activity. Since the two protein degradation
systems (proteasome and autophagy) appear to be mechanically linked, it is suspected
that when the proteasome is inhibited, autophagy may be activated to remove polyubiqui-
tinated/unfolded protein aggregates and promote cell survival [42]. It is possible that a
decrease in proteasome activity, also noted in other RE-treated OI cells used in this study
(results not shown), triggers autophagy, protecting cells from the toxic long-term stress
leading to cell apoptosis. The increase in the expression of pro-apoptotic proteins (Bax,
CHOP and active caspase 3) in OI cells and their significant reduction or even normalization
in the presence of RE, may unequivocally indicate that the accumulation of mutant type
I collagen caused such stress and despite the activation of UPR (with the exception of OI
II), the degradation processes mediated by autophagy and the proteasome were disturbed.
The cell’s response to inhibited intracellular degradation processes could be a significant
upregulation of extracellular MMP-1 and MMP-2 genes, lowered in the presence of RE,
while the importance of these upregulation requires further study. Moreover, the observed
increase in the level of extracellular type I collagen only in the presence of 100 µg/mL
RE in OI III 1 can be explained by its strong inhibitory effect on the activity of MMP-2
and not by an increase in collagen secretion. Negative correlations between the activity of
lysosomal enzymes and MMPs have been reported [43] and are worth studying further,
but our research focuses on the intracellular degradation processes.

It is also possible that, under the influence of RE, collagen folding is improved due to
reduced over-modification of free procollagen chains as a RE-induced decrease in mRNA
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expression of one of the enzymes (β(1-O) galactosyltransferase (GLT25D1)) involved in
these modifications was observed (data not shown).

Phytochemicals, due to their natural origin, low toxicity, as well as many valuable
biological and pharmacological properties, are of wide interest among researchers as
potential drugs with a high therapeutic and preventive potential for many diseases. R.
officinalis is a polyphenol-rich source constituents such as luteolin and apigenin derivatives,
caffeic acid derivative (rosmarinic acid) and other such as diterpenes (rosmanol isomers),
detailed qualitative analysis of which was presented earlier [35].

In our previous studies, we have shown a stimulatory effect of rosemary and lemon
balm extracts, RA as well as some flavonoids on collagen biosynthesis in OI type I [35,44]
as well as normal human skin fibroblasts [45–47]. In these studies, the use of RA alone in a
wide range of concentrations did not bring the expected effects, which may suggest the par-
ticipation of other components of the rosemary extract in stimulating autophagy or its other
effects. It has been reported by other authors that luteolin 7-O-glucoside (one of the identi-
fied RE components) protects against damage to the heart muscle induced by starvation by
enhancing autophagy through inhibition of mechanistic target of rapamycin (mTOR) and
extracellular signal-regulated kinase (ERK) signaling pathway [48]. It has also been shown
that apigenin increases the expression of LC3-II, the formation of autophagolysosomal
vacuoles and triggers autophagic flow in hepatocellular carcinoma cells [49]. It is widely
accepted that a variety of plant extracts and dietary phytochemicals including resveratrol,
curcumin, epigallocatechin-3-gallate, punicalagin, oleuropein, myricetin and rosmarinic,
norhydroguaiaretic, and ferulic acids may stimulate autophagy [31,50]. These compounds
remove protein aggregates, stimulate the antioxidant defense and ameliorate the ER stress,
resulting in increased cell survival [31–34,50]. Pierzynowska et al. [51] reported on the
removal of mutant huntingtin aggregates in the transfected HEK293 cells via genistein-
induced autophagy, which may be the basis for the development of an effective therapy
for this inherited neurodegenerative disease. Interestingly, like RE in OI cells, genistein
showed significant inhibition of all protesome activities in the fibroblasts of patients with
all types of mucopolysaccharidosis, which according to the authors, may lead to the sta-
bilization of lysosomal enzymes and constitute a new approach in the treatment of this
genetic disease [52].

A synergistic effect of several different compounds present in the rosemary extract
may also be likely. While the biological properties (e.g., antioxidant) of polyphenols were
previously related mainly to the structure of these compounds, now a more convincing
explanation is modulating the activity and/or expression of key proteins for signaling
cascades by interacting with them or modulating epigenetic regulation of gene expression.
Therefore, it is believed that pleiotropic mechanisms and specific polyphenol-protein
interactions are involved in their beneficial effects [53,54].

Finally, the limitations of this study should also be mentioned. Firstly, experiments
were conducted on fibroblasts, which is related to the availability of biological material,
and the disease mainly affects the skeletal system. On the other hand, collagen type I is a
major component of skin and bone and, with a few exceptions, is similarly expressed in
fibroblasts and osteoblasts. It is also worth noting that the activity of the proteasome may
vary with age and even tissues or may be different in OI patients; therefore, more detailed
studies are needed to understand the molecular mechanisms of RE-induced changes in
proteasome activity. Although at this stage of our research we did not focus on explaining
the consequences of proteasome inhibition by RE, the lack of accumulation of non-collagen
proteins was shown.

4. Materials and Methods
4.1. Chemicals

Dulbecco’s minimal essential medium (DMEM), fetal bovine serum (FBS) and phosphate-
buffered saline (PBS) were obtained from Gibco (Thermo Fisher Scientific, Waltham,
MA, USA); penicillin, streptomycin, and glutamine were purchased from Quality Bio-
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logicals Inc. (Gaithersburg, MD, USA). Radioimmunoprecipitation assay (RIPA) buffer,
protease inhibitor cocktail (P8340), magnesium L-ascorbate, sodium dodecyl sulfate (SDS),
dimethyl sulfoxide (DMSO), [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide] (MTT), bovine serum albumin (BSA), pepsin, gelatin, NH4Cl, CQ, 3-MA, and MG132
were provided by Sigma-Aldrich Corp. (St. Louis, MO, USA). BR was a product of Selleck
Chemicals (Houston, TX, USA). Proteasome substrates: N-Suc-LLVY-AMC (7-amido-4-
methylcoumarin) was purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA), Bz-
VGR-AMC and Z-LLE-AMC were obtained from Enzo Life Sciences, Inc. (Farmingdale,
NY, USA). Rosemary extract (RE) was prepared and characterized using LC-MS technique
according to procedure described in our previous study [35]. RA was a product of BIOKOM
(Warsaw, Poland).

4.2. Fibroblast Culture and Treatment

The study was performed on skin fibroblasts derived from two patients with severe
OI type III and mutations in COL1A1: Gly901Ser (patient 1) and Gly1448Val (patient 2), and
two patients with lethal OI type II and mutations in COL1A1: Gly691Cys (patient 1) and
Gly352Ser (patient 2) as well as two age matched normal cells. The normal skin fibroblast
line used as a control for OI type III was CRL-1474 obtained from American Type Culture
Collection (Manassas, VA, USA), and as a control for OI type II the normal line was derived
from the foreskin on the 7th day of life of the donor. Fibroblasts from skin biopsy of OI
patients and healthy control were obtained after informed consent in accordance with the
Declaration of Helsinki and was approved by Bioethical Committee of the Jagiellonian
University in Kraków, Poland (KBET/108/B/2007).

Fibroblasts were cultured in DMEM supplemented with 10% FBS, 2 mM glutamine,
penicillin (50 U/mL) and streptomycin (50 µg/mL) at 37 ◦C in a humidified incubator in
atmosphere containing 5% CO2. For experiments, fibroblasts were grown to 90% confluence
and the cultured medium was replaced with fresh DMEM without serum, supplemented
with 25 µg/mL of magnesium ascorbate, before addition of compounds. Compounds were
stored at 4 ◦C as the concentrated stock solutions in DMSO and were diluted in medium
prior to addition to cell cultures. Fibroblasts were treated with RE at the concentration
of 1–100 µg/mL and RA at the concentrations of 1–100 µM for 24 h. In addition, cells
were treated with autophagy inhibitors: 50 µM CQ, 50 mM NH4Cl and 5 mM 3-MA or
proteasome inhibitors: 50 nM BR and 2.5 µM MG132, all of which were dissolved in
DMSO and appropriately diluted before adding to cell cultures. In all experiments the
concentration of DMSO did not exceed 0.05% (v/v).

4.3. MTT Test to Determine Viability of Treated Cells

Fibroblasts (1 × 104 cells per well) were treated with RE (1–200 µg/mL) for 24 h.
Then cells were washed three times with PBS and MTT solution (0.5 mg/mL) was added
for 4 h. After removing MTT solution 1 mL of 0.1 M HCl in absolute isopropanol was
added to dissolve formazan crystals by thoroughly shaking on a plate shaker (BioSan, Riga,
Latvia), and the absorbance at 570 nm was measured using a microplate reader (TECAN,
Männedorf, Switzerland).

4.4. Quantitative Real-Time PCR

Total RNA was isolated from cultured cells using a Total RNA Mini Plus concentrator
(A&A Biotechnology, Gdynia, Poland) and the concentration of RNA was determined
using NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
The equal amounts (1 µg) of total RNA were used to the synthesis of complementary
DNA (cDNA) with the use of cDNA Synthesis Kit (Bioline, London, UK). Quantitative
Real-time PCR (qRT-PCR) analysis was performed in the CFX96 Real-Time System thermal
cycler (Bio-Rad, Hercules, CA, USA) using the SensiFAST™ SYBR kit (Bioline, London,
UK). The expression of desired gene was normalized to the level of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and changes were calculated by the ∆∆Ct method.
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The sequences of primers (Genomed, Warsaw, Poland) are shown in Supplementary Table
S1. The qRT-PCR parameters were as follows: 30 s at 95 ◦C followed by 40 cycles: 10 s at
95 ◦C, 10 s at 60–62 ◦C and 20 s at 72 ◦C. The reaction products were verified by analysis of
their melting curves.

4.5. XBP1 Splicing Analysis

PCR mixture contained 1 µg of isolated RNA and primers (0.3 µM each): sense (5′-
TCAG CTT TTA CGA GAG AAA ACT CAT GGC CT-3′) and antisense (5′-AGA ACA TGT
GTG TCG TCC AAG TGT GTC GTC CAA GTG TG-3′) purchased in Genomed (Warsaw,
Poland). Samples were incubated 30 min at 50 ◦C followed by 30 cycles at 94 ◦C, 60 ◦C, and
72 ◦C for 30 s each in the CFX96 Real-Time System thermal cycler (Bio-Rad, Hercules, CA,
USA). Reaction products were analyzed by electrophoresis on 7% polyacrylamide gel and
visualized with ethidium bromide.

4.6. Western Blot

Cell layers were harvested using RIPA buffer (Sigma-Aldrich Corp., St. Louis, MO,
USA) and protease inhibitor cocktail (P8340) (Sigma-Aldrich Corp., St. Louis, MO, USA).
The conditioned media were collected and concentrated 10 times with Centrifugal Filter
Units (10K) (Merck Millipore Ltd., Carrigtwohill, County Cork, Ireland). The concentration
of total protein in cell lysates and media was measured using BCA Protein Assay Kit
(Pierce, Rockford, IL, USA) and Coomassie Plus—The Better Bradford Assay Reagent (Ther-
moFisher Scientific, Rockford, IL, USA), respectively. For Western blot an equal amount
of protein (20 µg) was loaded on polyacrylamide gel (7.5%, 10% or 12% depending on the
molecular mass of protein). Proteins were transferred from gels onto Immobilon-P Transfer
membranes (Merck Millipore Ltd., Tullagreen, Carrigtwohill, County Cork, Ireland), which
were blocked with 5% (w/v) non-fat dried milk diluted in 50 mM Tris-HCl, pH 7.5, 500 mM
NaCl, 0.05% (v/v) Tween 20 (TBS-T) for 1 h at room temperature. Then, membranes were
washed with TBS-T and incubated overnight at 4 ◦C with solutions of the following primary
monoclonal antibodies: mouse anti-collagen type I (1:1000; Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA), rabbit anti-ATF4 (1:1000; Abcam, Cambridge, UK), rabbit anti-ATF6
(1.1000; Abcam, Cambridge, UK), rabbit Bax (1:1000; Cell Signaling Technology, Danvers,
MA, USA), mouse Beclin-1 (1:1000; Cell Signaling Technology, Danvers, MA, USA), rabbit
BiP (1:1000; Cell Signaling Technology, Danvers, MA, USA), mouse cleaved caspase-3
(1:1000; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), mouse CHOP (1:1000, Cell
Signaling Technology, Danvers, MA, USA), rabbit anti-procollagen I (1:1000; Abcam, Cam-
bridge, UK), rabbit LC3 (1:1000, Cell Signaling Technology, Danvers, MA, USA), mouse
anti-p62 (1:1000; Abcam, Cambridge, UK), mouse XBP-1s (1:1000; Cell Signaling Technol-
ogy, Danvers, MA, USA), mouse poly ubiquitinylated proteins, multi ubiquitin chains
(1:500; Biomol Int., Plymouth Meeting, PA, USA), and rabbit anti- β-actin (1:1000; Sigma-
Aldrich Corp., St. Louis, MO, USA) as a loading control. In the next step the appropriate
horseradish peroxidase conjugated secondary antibody: anti-mouse immunoglobulin G
(IgG) (whole molecule) (1:2000; Sigma-Aldrich Corp., St. Louis, MO, USA), anti-rabbit
antibodies (1:2000; Cell Signaling Technology, Danvers, MA, USA), anti-rabbit immunoglob-
ulin G (IgG), Fc, HRP conjugate antibodies (1:2000; EMD Millipore Corp., Temecula, CA,
USA) or anti-mouse IgG (whole molecule)—alkaline phosphatase antibody (1:2000; Sigma-
Aldrich Corp., St. Louis, MO, USA) was added for 1 h with gentle shaking. After washing
with TBS-T membranes were subjected to Westar Supernova Chemiluminescent Substrate
for Western Blotting (Cyanagen, Bologna, Italy) and analyzed by densitometry (G:BOX,
Syngene, Cambridge, UK). The intensity of analyzed proteins were normalized to β-actin
which was a loading control. The data were expressed as a percentage of the normal sample
taken as 100%. Determination of polyubiquitinated proteins was performed using Sigma
Fast BCIP/NBT Alkaline Phosphatase Substrate (Sigma-Aldrich, St. Louis, MO, USA) by
colorimetric detection (Gel Doc XR and Gel Documentation System; Molecular Imager Gel
Doc XR, Bio-Rad Laboratories Inc., Hercules, CA, USA).
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4.7. Immunofluorescence

Fibroblasts grown on cover-slips were fixed in 4% paraformaldehyde in PBS for
10 min at room temperature. After fixation, the cells were permeabilized in PBS containing
0.2% Triton-X100 for 5 min and blocked in 5 % normal donkey serum (Sigma-Aldrich Corp.,
St. Louis, MO, USA) at room temperature for 60 min to block non-specific reactions. Then
cells were incubated with mouse monoclonal anti-collagen type I antibody (1:250, Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA) and rabbit monoclonal anti-LC3B antibody
(1:2000, Cell Signaling Technology, Danvers, MA, USA) or rabbit polyclonal anti-LAMP2A
antibody (1:100, Abcam) for 60 min at room temperature. After incubation, the cells were
washed three times with PBS and incubated in donkey anti-mouse IgG conjugated with
Alexa Fluor 543 (1:200, Molecular Probes) or donkey anti-rabbit IgG conjugated with
Alexa Fluor 488 (1:200, Molecular Probes) at room temperature for 1 h. Then, the cells
were washed three times in PBS and stained with 4′,6′-diamidino-2-phenylindole (DAPI,
Sigma-Aldrich Corp., St. Louis, MO, USA) for 10 min to indicate cell nuclei. The samples
were washed twice with PBS and embedded in fluorescent medium (Medium Coverquick,
Hygeco, OH, USA), dried overnight and stored in the dark until assessment. The immune
labeled cells were analyzed using Nikon Digital Sight DS-Fi1 camera and a fluorescence
microscope Nikon ECLIPSE Ti/C1 Plus, equipped with three filters DAPI (blue), FITC
(green), and TRITC (red) (excitation wavelength/emission filter: 405/450 nm, 488/515 nm,
543/605 nm, respectively). No fluorescence signal was detected when cells were incubated
with secondary antibodies alone (data not shown). At least five pictures of different areas
of each treatment group were taken, independently analyzed and one representative image
for each study group was presented.

4.8. Steady-State Analysis of Type I Collagen

Procollagens was extracted from cell lysates by precipitation overnight at 4 ◦C with
ammonium sulfate (176 mg/mL). To obtain collagen, procollagen was subjected to digestion
with pepsin (50 µg/mL) for 4 h at 4 ◦C. For electrophoretic analysis of migration of collagen
chains, SDS-urea-PAGE (5% polyacrylamide gel) and silver staining were used.

4.9. Subcellular Fractionation

Cells were suspended in buffer containing 40 mM KCl, 5 mM MgCl2, 2 mM EGTA,
10 mM HEPES, pH 7.5 for 30 min on ice. They were then homogenized by shearing
30 times through a 28.5-gauge needle and centrifuged at 1000× g for 10 min. The pellet
was collected as the nuclear fraction, while the supernatant was subjected to centrifugation
at 12,000× g for 10 min. The lysosome enriched pellet was washed using isotonic buffer
(150 mM NaCl, 5 mM MgCl2, 2 mM EGTA, 10 mM HEPES pH 7.5) and dissolved in lysis
buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris-HCl pH 7.5). The presence of collagen
type I in this fraction was analyzed by Western blot.

4.10. Determination of Proteasome Activities

Cells were sonicated in lysis buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM
NaCl, 1 mM EDTA,1 mM EGTA, 0.5% Triton X, and centrifuged at 12,000× g for 15 min
at 40 ◦C. The total protein concentration in supernatants was determined by the Bradford
method in BioPhotometer (Eppendorf, Hamburg, Germany), using the Bio-Rad Protein
Assay Dye Reagent Concentrate (Bio-Rad Laboratories Inc., Hercules, CA, USA) with BSA
as a standard. The supernatants were diluted to concentration of 1.5 mg protein/mL in
the lysis buffer. The reaction mixture (total volume of 50 µL) contained 30 µL of assay
buffer (100 mM Tris/HCL, pH 7.5, 1 mM EDTA, 1 mM EGTA pH 7.5), 10 µL of cell lysate
supernatant and 10 µL of fluorogenic peptide-AMC substrates: Suc-LLVY-AMC (Sigma
Aldrich Corp., St. Louis, MO, USA) for chymotrypsin-like activity, Bz-VGR-AMC (Enzo
Life Sciences, Inc., Farmingdale, NY, USA) for trypsin-like activity or Z-LLE-AMC (Enzo
Life Sciences, Inc., Farmingdale, NY, USA) for caspase-like activity in a final concentration
of 100 µM each [55]. The 96-well black plates (Corning Inc., Corning, NY, USA) were
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used and the assays were performed at 37 ◦C in FLUOStar OPTIMA (BMG Labtech Gmbh,
Offenburg, Germany) over 30 min with one reading every 2 min, at 355 nm for excitation
and 460 nm for emission. One unit of the proteasome activity was expressed as the amount
of AMC released from the substrate per minute (pmol/min). The activity was calculated
for the amount of total protein (U/mg). All assays were performed in triplicates.

4.11. Zymography for the Determination of MMP Activity

The conditioned media were collected and subjected non-reducing SDS–PAGE. The
substrate for MMP was gelatin (1 mg/mL) (Sigma-Aldrich Corp., St. Louis, MO, USA).
In order to remove SDS, gels were incubated in 2.5% Triton X-100 solution for 30 min at
room temperature. In the next step, gels were incubated overnight in 50 mM Tris-HCl, pH
8.0, 5 mM CaCl2, 5 µM ZnCl2 and 0.02% NaN3) at 37 ◦C with gentle shaking. After that,
they were stained with Commassie blue R-250 solution and destained until the appearance
of white stripes on a dark blue background. Images of the zymograms were analyzed by
densitometry (G:BOX, Syngene, Cambridge, UK).

4.12. Statistical Analysis

The results were statistically analyzed using the Statistica 12 software (StatSoft, Tulsa,
OK, USA) and presented as the mean ± standard deviation (SD). Statistical differences
were estimated by the use of one-way ANOVA followed by Tukey’s test and values of
p < 0.05 were considered as significant.

5. Conclusions

This study provides new insight into the effects of rosemary extract on OI fibroblasts
with mutant collagen retention. The data presented here shows, for the first time, the
pro-autophagy effect and the protective action of RE against the apoptosis of OI fibroblasts.
Our findings could have important implications in OI treatment trials as RE removed
accumulated mutant collagen and unfolded procollagen chains, improving cell homeostasis
as indicated by decreased expression of UPR proteins. Reduction of proteasome activity
by RE did not result in additional accumulation of non-collagen proteins. Although the
exact mechanisms of the autophagy stimulatory and the proteasome and MMP (-1 and
-2) inhibitory effects of RE require elucidation, the obtained results of our research are
promising and worth continuing in order to understand the molecular pathways involved
in the pathology of OI and beneficial effects of RE.
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Abbreviations

3-MA 3-Methyladenine
4-PBA 4-Phenylbutyrate
ATF4 Activating transcription factor 4
ATF6 Activating transcription factor 6
BiP Binding-Immunoglobulin Protein
BR Bortezomib
C-L caspase-like activity
Ch-L chymotrypsin-like activity
CHOP CCAAT enhancer binding protein
CQ Chloroquine
DMEM Dulbecco’s minimal essential medium
DMSO Dimethyl sulfoxide
ECM Extracellular matrix
eIF2 Eucaryotic translation initiation factor
ER Endoplasmic reticulum
ERAD Endoplasmic reticulum (ER)-associated degradation
FBS Fetal bovine serum
IRE1 Inositol requiring enzyme 1
LAPM2A Lysosomal-associated membrane protein 2A
LC3 Microtubule associated protein 1 Light Chain 3
MMPs Matrix Metalloproteinases
NH4Cl Ammonium chloride
OI Osteogenesis imperfecta
P3H1 Prolyl 3-Hydroxylase 1
PBS Phosphate-buffered saline
PERK PKR-like endoplasmic reticulum kinase
PDI Protein disulfide isomerase
RA Rosmarinic acid
RE Rosemary extract
RIPA Radioimmunoprecipitation assay buffer
SDS Sodium dodecyl sulfate
SDS-urea PAGE SDS-urea polyacrylamide gel electrophoresis
SQSTM1/p62 Sequestosome-1
TGF-β Transforming Growth Factor Beta
T-L trypsin-like activity
UPR Unfolded protein response
XBP-1s X-Box binding protein 1
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Abstract: Lycium barbarum L. is a species widely used in dietary supplements and natural healthcare
products. The berries, also known as goji or wolfberries, mostly grow in China, but recent reports
on their outstanding bioactive properties have increased their popularity and cultivation around
the world. Goji berries are a remarkable source of phenolic compounds (such as phenolic acids and
flavonoids), carotenoids, organic acids, carbohydrates (fructose and glucose), and vitamins (ascorbic
acid). Several biological activities, such as antioxidant, antimicrobial, anti-inflammatory, prebiotic,
and anticancer activities, have been associated with its consumption. Hence, goji berries were
highlighted as an excellent source of functional ingredients with promising applications in food and
nutraceutical fields. This review aims to summarize the phytochemical composition and biological
activities, along with various industrial applications, of L. barbarum berries. Simultaneously, the
valorization of goji berries by-products, with its associated economic advantages, will be emphasized
and explored.

Keywords: goji berries; pro-healthy effects; phenolics; biological properties; functional ingredients

1. Introduction

Plants have been used for thousands of years as a source of compounds for traditional
medicine, aiming to prevent and treat health problems [1]. Due to a broad number of
studies that describe the influence of natural products on the human endogenous defense
system [2,3] as well as “curative” effects against a wide spectrum of disorders, including
cardiovascular and neurodegenerative diseases, obesity, and certain types of cancer [4],
multiple natural products have been used for healthcare proposes. Nowadays, the inter-
est in exotic berry-type fruits has expanded worldwide [5–8]. Society has become more
concerned with eating habits, mostly due to the reinforcement of a positive relationship
between good eating habits and the prevention of disease development, particularly dia-
betes and cardiovascular and neurological pathologies [9]. Simultaneously, the emergent
awareness of the planet and the impact that various types of industries have on it has
boosted the population’s concerns and demands for greener formulations with bioactive
ingredients recovered from natural sources [5,10]. Therefore, the consumption of natural
matrices has increased in recent years, not only as supplements for imbalanced diets but
also as an integral part of a normal healthy diet [7,11].

Recently, several reports highlighted the impressive bioactive capacities of goji
berries [2,4,10,12–16], not only in cell assays [17–19] but also in animal studies [3,14,20] and
human trials [21]. Despite the growing numbers of published papers regarding the bioac-
tive composition of goji berries, few of them give particular emphasis to in vivo studies
as well as to the by-products generated during berry production. Therefore, the aim of
this work is to provide a comprehensive review of the bioactive compounds of goji berries,
along with their biological activity, giving a particular focus to in vivo studies and clinical
trials. The various industrial applications of L. barbarum berries will also be highlighted, as
well as the valorization of goji berries by-products.
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2. Lycium barbarum L.

Lycium barbarum L. is one of the most common species of the Solanaceae family [13,22].
The berries traditionally grow in China, Tibet, and other parts of Asia [6,13,23]. China is the
primary worldwide supplier [24,25], with about 25,000–30,000 tons of dried fruit annually
produced in Ningxia, Xinjiang, Gansu, Qinghai, and Mongolia [26]. Asia is the region
with the highest production (71.2%), followed by Africa (15.8%), America (8.3%), Oceania
(3.4%) and Europe (1.3%) [27]. Due to the rising reports of the positive correlation between
the consumption of natural matrices and health improvement [9], the production of fruit
has been increasing in the last 20 years all over the world. This is the case of goji berries,
whose production has been increasing in the last decades [28], particularly in Europe (Italy,
Romania, Bulgaria, Portugal, Greece, Serbia), Northern America, and Australia. Currently,
Romania has the largest cultivated area of L. barbarum in the European Union [4,10]

The goji berries can be divided into different classes according to their ripening stage,
dimension, weight, color, firmness, solid soluble content, pH, and titratable acidity [22].
The mature fruit (Figure 1) is between 1 and 2 cm long, presenting an ellipsoid shape and
a bright orange-red color, similar to a mature mini-tomato, and contains between 20 and
40 tiny seeds per fruit [6,13,22].
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The berries have a sweet taste [16] and are widely used as a dietary supplement and
natural health product [4,23,25]. Although mostly consumed fresh in the regions of cultiva-
tion [9], around the world, goji berries are essentially consumed dried [9,12] or transformed into
alimentary products, such as juices, herbal teas, yogurt products, granola, powders, and tablets,
among others [9,12,30]. The most commonly sold goji berry-based products are beverages, wine,
juice, tea, and concentrates [4,14,23]. A popular goji berry juice brand, “GoChi”, has shown
increasing effectiveness as an antioxidant, giving rise to subjective feelings of general well-being
as well as improvements in neurologic/psychologic performance and human gastrointestinal
functions [23], which has led to huge popularity among consumers.

For thousands of years, goji berries have been used as herbal medicine in Asian
countries [24]. Based on their rich nutritional value and medical properties, such as their
antioxidant, antimicrobial, immunomodulatory, and anti-inflammatory effects [15,23,31],
the fruit has been employed as an anti-aging treatment, tranquilizer, and thirst-quenching
treatment [2,13]. As a folk medicine, L. barbarum fruits have been employed by the local
population for blood nourishing, in the treatment of early onset diabetes, tuberculosis,
dizziness, and chronic cough, and for the protection of eye health [15].

All these pro-healthy properties have attracted the attention of consumers to goji juices
and fruits, transforming goji berries into one of the most popular functional food ingredi-
ents/supplements worldwide [13]. Nevertheless, the consumption of natural supplements
needs to be balanced to avoid negative effects related to overuse or interaction with other
medical treatments [7]. Therefore, risk/benefit evaluations are urgently needed when used
in foods or health-promoting formulations in order to avoid negative impacts [4].
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3. Bioactive Compounds and Chemical Composition of L. barbarum L.

The bioactive composition of plants is influenced by many factors, such as variety,
ripeness, geographic location, and climatic conditions. Since during fruit growth, physio-
logical, biochemical, and molecular changes occur, ripeness might be the most influential
factor in the fruit’s bioactive composition [31,32]. Therefore, deep knowledge about the
ripening stage of goji berries is needed to determine the best stage and obtain the most
adequate bioactive compounds. Yet, in general, various researchers have reported that goji
berries have a remarkable concentration of antioxidants, fat, dietary fibers, essential amino
acids, valuable trace minerals, and vitamins [3,6,13,23,30,33,34]. In the next subsections,
the different classes of bioactive compounds present in goji berries will be deeply analyzed.

3.1. Phenolic Compounds

Phenolic compounds act as a defense mechanism to provide adaptation and survival
capacity in adverse environmental conditions to plants, such as protection against ultravio-
let radiation (UV), pathogen aggression, parasites, and predators [5,35]. These compounds
usually add nutritional and functional value, contributing to the fruit’s organoleptic char-
acteristics, such as astringency, bitterness, and aroma. Simultaneously, they guarantee out-
standing biological activities and pro-healthy properties against oxidative stress [5,13,31],
being capable of delaying, preventing, and inhibiting oxidation by scavenging free radicals
and, therefore, reducing oxidative stress [35].

Reactive oxygen species (ROS) naturally occur in living organisms, being involved
in processes such as proliferation and apoptosis [25]. However, when the quantities of
ROS, such as superoxide radicals (O2

·−), hydrogen peroxide (H2O2), and hydroxyl radicals
(OH·-−), overcome the activity of endogenous antioxidant mechanisms, namely antioxidant
enzymes (e.g., superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx))
and non-enzymatic molecules (e.g., glutathione (GSH), ascorbic acid, α-tocopherol), a state
of oxidative stress is initiated [10,25,35].

Oxidative stress is implicated in the aging process as well as in several pathologies
(e.g., cardiovascular dysfunction, various typologies of cancer, inflammation, rheumatism,
diabetes, rheumatoid arthritis, pulmonary emphysema, dermatitis, cataract, neurodegen-
erative diseases, endothelial cell dysfunction, and several autoimmune diseases linked to
degenerative processes of aging) that frequently lead to invalidity or death [3,9,13]. When
the endogenous antioxidant mechanisms are not enough to stop and prevent oxidative
stress, supplementation is needed to strengthen the antioxidant state and the cell defense
mechanisms of organisms [25]. Fruit phenolic compounds are excellent candidates to
perform this scavenging effect against ROS and other radical species [35].

Phenolics, flavonoids, and carotenoids are intrinsically related to nutritional and health
promotion capacity; therefore, their quantification may help to clarify some activities of natural
products [36]. Table 1 summarizes the total phenolic compounds (TPC), total flavonoid content
and total carotenoid content (TCC) of goji berries, according to different authors.

Table 1. Total phenolic compounds (TPC), total flavonoid content and total carotenoid content (TCC)
of goji berries according to different studies.

TPC TFC TCC Reference

31.6 mg GAE/100 g dw 28.3 mg CAE/100 g dw 23.30 mg CAE/100 g dw [2]
145.2 mg GAE/100 g dw 74.5 mg QE/100 g dw - [3]

1160–1570 mg GAE/100 g dw - - [4]
1413 mg GAE/100 g dw - - [37]
3000 mg GAE/100 g dw 2480 mg QE/100 g dw - [12]
268.5 mg GAE/100 g fw - - [13]

449–778 mg GAE/100 g dw - 400–950 mg/100 g dw [28]
162.4 mg GAE/100 g fw 214.2 mg HE/100 g fw 41.71 mg/100 g fw [33]

97.23 mg/100 g dw - 212.94 mg/100 g dw [36]

GAE—gallic acid equivalents; CAE—catechin equivalents; HE—hyperoside equivalent; QE—quercetin equiv-
alents; TPC—total phenolic content; TFC—total flavonoid content; TCC—total carotenoid content; fw—fresh
weight; dw—dry weight.
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As can be observed in Table 1, the values achieved for the different assays (TPC, TFC,
and TCC) are slightly different between studies. For example, the TPC varied between
31.6 mg GAE/100 g dw [2] and 3000 mg GAE/100 g dw [12]. These variations are mostly
due to the different postharvest techniques used that mainly affect the bioactive components
present, as well as the extraction solvents employed and the samples’ geographical origin.
Islam et al. [2] studied the phenolic profile, antioxidant capacity, and carotenoid content of
dried goji berries harvested in China and extracted with a mixture of acetone/water/acetic
acid (70:29.5:0.5). According to the authors, the TPC achieved a value of 31.6 mg GAE/100 g
dw, while the TFC was 28.3 mg CAE/100 g dw. These values were considerably lower
than the ones reported by Magalhães et al. [12]. Despite the same geographical origin,
the authors lyophilized the samples and extracted them for 5 days using methanol (80%),
which could justify the huge differences observed.

A study conducted by Donno et al. [13] using goji berries supplied by a farm located in
Alzate di Momo, Northern Italy, reported the presence of organic acids (4461.02 mg/100 g
fw) and polyphenolic compounds (12,697.90 mg/100 g fw). Meanwhile, in a study [31]
using goji berries provided by a planting base in Gansu Province, China, the researchers
identified nine phenolic compounds by UPLC-MS/MS, including quercetin, isoquercitrin,
chlorogenic acid, ferulic acid, p-coumaric acid, caffeic acid, isorhamnetin, cinnamic acid,
and rutin, being rutin, isoquercitrin, and chlorogenic acid. Similarly, Pires et al. [30]
extracted goji berries supplied by a Portuguese company and reported the presence of nine-
teen phenolic compounds (71 mg/g dw): eight flavonols (27.6 mg/g dw), seven phenolic
acid derivatives (32.7 mg/g dw), one flavan-3-ol (10.4 mg/g dw), and three chlorogenic
acids (25.07 mg/g dw). According to the authors, the principal phenolic compounds quan-
tified were quercetin-3-O-rutinoside (16.6 mg/g dw) and p-coumaric acid (12.3 mg/g dw).
Nardi et al. [3] conducted a phytochemical analysis on a methanolic extract of goji berries,
revealing the presence of phenolic compounds (142.2 mg/100 g of extract) and flavonoids
(74.5 mg/100 g of extract), while the qualitative analysis identified rutin and quercetin as
the principal compounds. Wojdyło et al. [36] highlighted the carotenoid content of goji
berries from new cultivars in Poland (212.94 mg/100 g dw). The authors identified different
types of carotenoids, namely zeaxanthin (84.54 mg/100 g dw), β-carotene (19.35 mg/100 g
dw), neoxanthin (16.04 mg/100 g dw) and cryptoxanthin (72.29 mg/100 g dw).

3.2. Nutritional Composition

A study carried out by Bora et al. [23] attested to the presence of carbohydrates
(46 g/100 g of fw), dietary fibers (16 g/100 g fw), proteins (13 g/100 g fw) and fat
(1.5 g/100 g fw) in goji berries. In another study, Ilić et al. [33] reported the presence of
moisture (75.32 g/100 g of fw), carbohydrates (16.93 g/100 g fw,), dietary fiber (3.63 g/100 g
fw), protein (1.98 g/100 g fw), fat (1.15 g/100 g fw), and ash (0.84 g/100 g fw) in L. barbarum
berries. Similarly, Pires et al. [30] evaluated the presence of carbohydrates (87 g/100 g
dw), proteins (5.3 g/100 g dw), fat (4.1 g/100 g dw), and ash (3.21 g/100 g dw) in dried
goji berry fruits and stems. The same authors also reported the presence of soluble sugars
(27.9 g/100 g dw), such as fructose (12.7 g/100 g dw), glucose (14.4 g/100 g dw), and
sucrose (0.8 g/100 g dw). However, different authors [10,16,20,21,38–41] attested that
polysaccharides are the major carbohydrates present in goji berries, being the principal
active ingredients isolated from the fruit. Among them, water-soluble polysaccharides,
homogeneous polysaccharides, pectin polysaccharides, acidic heteropolysaccharides, and
arabinogalactans (composed of arabinose, glucosamine, galactose, glucose, xylose, man-
nose, fructose, ribose, galacturonic acid, and glucuronic acid) are the most prevalent.

Regarding organic acids, Pires et al. [30] stated that citric, succinic, and oxalic acids
(respectively, 1.29 g/100 g dw, 0.77 g/100 g dw, and 0.010 g/100 g dw) were detected,
as well as tocopherols, namely α-tocopherol and δ-tocopherol (0.23 mg/100 g dw and
0.09 mg/100 g dw, respectively). The authors also determined the fatty acids content
(4.1 g/100 g dw), more specifically detecting sixteen fatty acids, with polyunsaturated fatty
acids being the predominant group, namely linoleic acid (53.4%), oleic acid (16.5%) and
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palmitic acid (12.77%). In parallel, Ilić et al. [33] reported that the most abundant fatty
acids were linoleic (52.1%), oleic (23.6%) and palmitic (17.6%) acids, accounting for 95%
of the total fatty acids, which is in concordance with Skenderidis et al. [32], who reported
concentrations of 37.89–43.96%, 16.71–20.07%, and 15.08–21.79%, respectively.

Concerning the mineral content, numerous studies showed that the principal minerals
present in goji berries are potassium, sodium, and calcium. Bora et al. [23] reported
that 100 g of goji berries contain 434 mg of potassium, 60 mg of calcium, 5.4 mg of iron,
and 1.5 mg of zinc. Llorent-Martínez et al. [6] reported a higher amount of potassium
(1460 mg/100 g), sodium (550 mg/100 g), and calcium (50 mg/100 g), while Ilić et al. [33]
quantified potassium (445.12 mg/100 g dw), phosphor (231.52 mg/100 g dw), sodium
(74.57 mg/100 g dw), and calcium (29.02 mg/100 g dw).

In what concerns vitamins, ascorbic acid (48.94 mg/100 g fw) and tocopherols
(0.33 mg/100 g dw) have been described in goji berries [13,14,30,33,41]. Vitamin E, also
known as α-tocopherol, is the major liposoluble antioxidant present in the cells’ antioxidant
defense system, being able to inhibit membrane lipidic peroxidation [5,42], while vitamin
C, also known as ascorbic acid, is an important antioxidant compound of goji berries [10].

Table 2 summarizes the nutritional composition and phenolic composition of goji
berries according to the data reported by different authors.

Table 2. Phytochemical and nutritional composition of L. barbarum berries, according to different
studies.

Compounds Amount Reference

Phenolic compounds

• Phenolic acids

- Chlorogenic acid
- p-coumaric acid
- Ferulic acid
- Caffeic acid

• Flavanols

- Rutin
- Quercetin

• Flavan-3-ol

- Catechin
- Epicatechin

12,697.90 mg/100 g fw

• 32.70 mg/g

- 25.07–1.07 mg/g
- 12.30 mg/g
- 0.98–0.93 mg/g
- 0.93–8.99 mg/g

• 27.60 mg/g

- 16.60–12.84 mg/g
- 10.23–9.41 mg/g

• 10.40 mg/g

- 1.34–1.13 mg/g
- 2.18–1.98 mg/g

[3,9,13,30]

Organic acids

• Citric
• Malic
• Oxalic
• Quinic
• Tartaric

4461.02 mg/100 g fw

• 254.09 mg/100 g fw
• 601.43 mg/100 g fw
• 13.41 mg/100 g fw
• 2011.73 mg/100 g fw
• 1580.35 mg/100 g fw

[13]

Carotenoids

• Zeaxanthin
• β-Carotene
• Cryptoxanthin

212.94 mg/100 g dw

• 84.54 mg/100 g dw
• 19.35 mg/100 g dw
• 72,29 mg/100 g dw

[36]

Vitamins

• Ascorbic acid
• Tocopherol • 2.39–48.94 mg/100 g fw

• 0.33 mg/100 g dw

[13,34,36]
[30]

135



Int. J. Mol. Sci. 2023, 24, 4777

Table 2. Cont.

Compounds Amount Reference

Carbohydrates

• Total sugars
• Soluble sugar

- Glucose
- Fructose
- Sucrose

77.1–87 g/100 g dw

• 45.60–67.83 g/100 g dw
• 27.09 g/100 g dw

- 14.40–17.32 g/100 g dw
- 12.70–21.71 g/100 g dw
- 0.80–1.48 g/100 g dw

[30,34]
[26,34]
[28,30]

Dietary fibers

• Soluble
• Insoluble

3.63–16 g/100 g fw

• 0.90–5.5 g/100 g dw
• 2.73–11.7 g/100 g dw

[23,33]
[30]

Proteins

• Essential amino acids
• Non-essential amino acids

5.3–14.3 g/100 g dw

• 2.139 g/100 g dw
• 6.728 g/100 g dw

[30,34]
[34]

Fatty acids

• Linoleic acid
• Oleic acid
• Palmitic acid

0.39–4.1 g/100 g dw

• 37.89–53.4%
• 16.5–23.6%
• 12.77–21.79%

[30,34]

Ash 0.78–3.21 g/100 g dw [30,34]

Minerals

• Potassium
• Calcium
• Sodium
• Iron
• Phosphor

• 434–1460 mg/100 g fw
• 29–60 mg/100 g fw
• 75–550 mg/100 g fw
• 5.4 mg/100 g fw
• 232 mg/100 g fw

[6,23,33]

fw—fresh weight; dw—dry weight.

The variations observed between the different studies may be explained by several
reasons. As mentioned earlier, a broad number of biological variables interfere with
the bioactive composition of fruits, such as ripeness, geographic origin, or climatic condi-
tions [26,31,32,36]. On the other hand, the extraction techniques employed, the extractor sol-
vents used, and the quantification techniques employed, may lead to different results [9,43].
Generally, mature fruits are associated with huge amounts of bioactive compounds with
pro-healthy effects.

4. Biological Activities of L. barbarum L.

Goji berries have been used for thousands of years as herbal medicines in Asian coun-
tries due to their rich nutritional value, medical properties, and biological
activities [2,13,23,31]. Several studies highlighted the pro-healthy effects of goji berries,
particularly in regarding their antioxidant [2,4,12,13], anti-tumor [4,10,15,40], antimicro-
bial [10,24], hypoglycemic [10], hypolipidemic [10,14], anti-mutagenic [40], immunomod-
ulatory [16], prebiotic [10,23,24], anti-aging [10], anti-fatigue [10] and neuroprotective
activities [12]. These biological activities have been closely related to the fruits’ phenolic
composition, particularly phenolic acids, flavonoids, carotenoids, and tannins, which are
associated with different biological effects [2,5,23,31,42]. This correlation led to reports of
health benefits associated with liver, kidney, eyesight, immune system, circulation, and
longevity disorders [4,19,24,30,36]. The following sections will discuss each biological
activity in detail.
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4.1. Antioxidant Activity

Oxidative stress is a phenomenon that occurs due to an imbalance between pro-
oxidants and antioxidants, being a consequence of the excessive production of reactive
species [3]. In some situations, external antioxidant supplementation is required to reestab-
lish the balance, and fruits’ phenolic compounds are well-known for this capacity [35]. The
main contributors to the antioxidant capacity of food, especially fruits and vegetables, are
phenolic compounds, particularly phenolic acids and flavonoids, carotenoids, tocopherol,
polysaccharides, ascorbic acid, and condensed tannins [2,5,10,36,42]. These molecules stim-
ulate the antioxidant defenses by delaying, inhibiting, or preventing the free radicals from
damaging proteins, DNA, and lipids, as well as by scavenging free radicals by hydrogen
atom transfer or electron donation or enhancing endogenous antioxidant defenses, such as
antioxidant enzymes (SOD, CAT, GPx, . . . ) [3,10,13,35].

Different assays are usually employed to evaluate the radical and antioxidant scav-
enging capacity. The most frequently applied include the 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH•), the 2,20-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) radical cation
(ABTS•+), scavenging activity, and ferric reducing antioxidant power (FRAP) [10,43].
Table 3 summarizes the reported data on the antioxidant and antiradical activities of goji
berries.

Table 3. Antioxidant and antiradical activities of goji berries according to different authors.

DPPH Assay ABTS Assay FRAP Assay References

4.526 µmol TE/g 129 µmol TE/g 5.324 µmol TE/g [33]
18.5–13.9 µmol VCE/g 61–54 µmol/g - [9]

16.65 µmol TE/g 59.14 µmol TE/g 35.1675 mmol Fe2+E/g [2]
- 16.0–68.3 µmol TE/g 14.4–63.0 µmol TE/g [36]

8.79–9.35 mg TE/g 24.86–25.12 mg TE/g 16.91–19.52 mg TE/g [4]
3.12 mg TE/g - - [22]

- - 42.10 µmol TE/g dw [28]
- - 19.36 µmol Fe2+E/g [13]

TE—Trolox equivalent; VCE—vitamin C equivalent; IC50—half-maximal inhibitory concentration; Fe2+E—Fe2+

equivalent; AAE—ascorbic acid equivalent; fw—fresh weight; dw—dry weight.

A study conducted by Islam et al. [2] assessed the TPC (3.16 mg GAE/g dw), TFC
(2.83 mg CAE/g dw), condensed tannin content (CTC; 1.08 mg CAE/g dw), and monomeric
anthocyanin content (MAC; 0.24 mg MAC/g dw) of goji berries, along with DPPH (16.65
µmol TE/g dw), ABTS (59.14 µmol TE/g dw), and FRAP (3516.75 mmol Fe2+E/g dw)
capacity. The results showed a positive linear correlation between DPPH, ABTS, FRAP,
and phenolic compounds (0.786, 0.643 and 0.856, respectively), flavonoids (0.857, 0.714 and
0.786, respectively), condensed tannin (0.429, 0.714 and 0.643, respectively) and anthocyanin
content (0.643, 0.786 and 0.857, respectively), supporting the idea that phenolic compounds
are the main contributors to the antioxidant/antiradical activities of goji berries, which
is in line with previous studies [35]. Another study [13] evaluated the TPC (268.5 mg
GAE/100 g fw), FRAP (19.36 µmol Fe2+E/g fw), and total bioactive compound content
(TBCC; 5806.80 mg/100 g fw) of a methanolic extract of goji berries and identified and quan-
tified the principal bioactive compounds present, namely polyphenols (12,697.90 mg/100 g
fw) and organic acids (4461.01 mg/100 g fw). Afterwards, the authors verified the cor-
relation between the antioxidant activity and the variables evaluated, reporting a strong
positive correlation between the antioxidant capacity and phenols (0.8290), organic acids
(0.8606), TPC (0.9996) and TBCC (0.8363), which attests to the antioxidant capacity of goji
berries.

Similarly, after identifying and quantifying the polyphenols (97.23 mg/100 g dw),
carotenoids (212.94 mg/100 g dw), organic acids (24.7%), and flavonols (75.3%), Wojdyło
et al. [36] determined the antioxidant/antiradical activities of goji berries by FRAP (1.44–
6.30 mmol TE/100 g fw) and ABTS assays (1.60–6.83 mmol TE/100 g fw). The Pearson
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correlation allowed the verification of a linear correlation between ABTS or FRAP and the
total polyphenolic compounds (0.523 and 0.038, respectively), phenolic acids (0.277 and
0.328, respectively), and flavonols (0.531 and 0.409, respectively). However, goji berries
have a high content of carotenoids; therefore, the Pearson correlation between the ABTS
or FRAP and the total carotenoids (0.462 and 0.409, respectively), zeaxanthin (0.381 and
0.315, respectively), β-carotene (0.316 and 0.277, respectively), neoxanthin (0.546 and 0.527,
respectively) and cryptoxanthin (0.411 and 0.379, respectively) proved the importance of
these compounds for the antioxidant power of this fruit.

Meanwhile, Pehlİvan Karakaçs et al. [20] evaluated the levels of antioxidant enzymes
(namely SOD, CAT, and GPx) and malondialdehyde (MDA), a characteristic molecule of the
oxidative state, when a L. barbarum polysaccharide (LBP) extract was orally administrated
to rats for 4 weeks. The LBP extract was prepared by crushing 200 g of dried fruits and
performing 2 extractions with 600 mL of a chloroform:methanol (2:1) solution at 80 ◦C.
The results showed that the SOD, CAT, and GPx levels increased, while the MDA levels
decreased in the blood serum of rats treated with LBP extract, supporting the in vivo
antioxidant power of goji berries.

Skenderidis et al. [25] also demonstrated the antioxidant activity of an aqueous extract
of L. barbarum berries cultivated in Greece and extracted by ultrasound-assisted extraction
(UAE). The results of the XTT assay performed in C2C12 muscle cells showed cytotoxicity
in concentrations higher than 125 µg/mL. The levels of GSH were also evaluated by flow
cytometry after exposing C2C12 muscle cells to the extract (25 µg/mL and 100 µg/mL),
and the results revealed an increase of 127.5% and 189.5%, respectively, when compared to
the control. As for the thiobarbituric acid reactive substance (TBARS) levels, a marker of
lipid peroxidation, the decreases of 21.8% and 9.4% after exposure to 25 µg/mL and 100
µg/mL, respectively, attested to the antioxidant capacity of goji berries extracts.

4.2. Anticancer Activity

Despite the extensive research and the advances in cancer treatments made in recent
years, cancer is still a worldwide problem [17,40]. The knowledge that several polyphenol-
rich extracts from natural matrices have been suggested as promising anticancer agents
with few side effects, being associated with lower risks of cancer and cancer mortality, has
increased consumers’ interest in fruits and natural matrices [5,6,35].

Kwaśnik et al. [17] performed a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay with human natural killer cells (NK-92) against human colon cancer
cell line LS180 after 48 h of incubation in the presence or absence of an ethanolic extract
of goji berries in different concentrations (1–500 µg/mL). According to the authors, in the
absence of the extract, the strongest anticancer effect obtained (with the elimination of 91%
of the cancer cells) occurs when LS180 and NK-92 were used in a ratio of 1:1. In the presence
of extract, using the same ratio, 94.8% of the LS180 cells were eliminated. Therefore,
goji berries extract reduced by 5%, 12.8% and 20.6%, respectively, the proliferation of
LS180 using concentrations of 1, 2.5 and 5 µg/mL. When LS180 and NK-92 cells, in a
ratio of 2:3, are exposed to goji berries extract in concentrations of 2.5 and 5 µg/mL, the
viability of LS180 cells is reduced to 96.5% and 98.1%, respectively. These results support
the chemopreventive properties of goji berry extract, depending on the dose and number of
lymphocytes used. Probably, this is due to the immunomodulatory properties of goji berries,
which increase the viability and proliferation of NK cells and promote their recognition
and elimination capacity.

Another study assessed the proliferation and apoptotic and necrotic effects of different
concentrations of an ethanolic extract of goji berries in the T47D human breast cancer cell
line [44]. The MTT assay results attested to a strong decrease in cell proliferation after
exposure to the highest extract concentration (1 mg/mL) (70%, 55.7%, and 51.4% after 24, 48,
and 96 h, respectively). The bromodeoxyuridine (BrdU) cell proliferation assay supported
these results, showing a sharp decrease in the proliferation of T47D cells, similar to the
Neutral Red (NR) cell viability assay, which demonstrated a slight decrease in the T47D cell
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viability. The Western blotting analyses employed to evaluate the expression of p21 and
p53 proteins, cyclin-dependent kinase 6 (CDK6), and cyclin D1 highlighted the significant
increase in p21 and p53 protein expression as well as a slight decrease in CDK6 and cyclin
D1 expression. Regarding T47D cells, an increase in the apoptotic percentage was detected
(37%, 61.6%, and 88% when treated with 0.1, 0.5, and 1 mg/mL of extract, respectively),
as well as a significant necrotic change at 0.5 mg/mL of extract for propidium iodide and
Hoechst solution staining. These results attested that the anticancer activity of goji berries
extract is due to apoptotic effects through the mitochondrial pathway. To confirm these
results using Western blotting, the authors demonstrated a dose-dependent significant
increase in pro-apoptotic Bax protein expression and a decrease in anti-apoptotic BclxL
protein expression after treatment of T47D cells with the extract for 48 h when compared to
the control.

A study using hepatoma cells (SMMC-7721 and HepG2), cervical cancer cells (HeLa),
gastric carcinoma cells (SGC-7901), and human breast cancer cells (MCF-7) determined
the influence of L. barbarum fruits’ crude polysaccharides on the inhibition of cancer cell
growth via cell arrest and apoptosis [40]. According to the authors, the fruits’ crude polysac-
charides were obtained by water extraction, alcohol precipitation and deproteinization,
and fractional precipitation with gradient concentrations of ethanol (30%, 50%, and 70%),
originating different fractions (LBGP-I-1, LBGP-I-2, and LBGP-I-3). Through an MTT assay,
all L. barbarum fruit polysaccharide fractions showed a remarkable inhibition of SMMC-
7721, HeLa, and MCF-7 cell growth in a dose-dependent manner, with MCF-7 cells being
more sensitive to the LBGP-I-3 fraction (with a cell viability reduction to 48.96%). To study
the inhibitory mechanism behind this result, the cell cycle of MCF-7 cells treated with
LBGP-I-3 at 1000 µg/mL was analyzed by flow cytometry. The results showed a percentage
of 72.76%, 24.21%, and 3.04% of cells in the G0/G1, S, and G2/M phase, respectively,
suggesting that LBGP-I-3 arrested the MCF-7 cell cycle at the G0/G1 phase. AO-EB and
DAPI staining were used to detect basic morphological changes in apoptotic cells, with the
results attesting that the LBGP-I-3 fraction induces the MCF-7 apoptosis. The results also
supported that the apoptotic effect was caused by the increased expression of pro-apoptotic
Caspase-3, 8, and 9 proteins as well as the decrease in the Bcl-2/Bax ratio and mitochondrial
membrane potential. A significant decrease in T-SOD and CAT activities, as well as GSH-Px
activity and GSH content, coupled with the enhancement of the MAPK signaling pathway,
down-regulating p-ErK1/2 levels and up-regulating p-JKN and p-p38 levels, was also
observed.

4.3. Antimicrobial Activity

The phytochemicals present in plants, particularly phenolic acids, flavonoids, and
tannins, exert their antimicrobial effects by complexing with extracellular and soluble
proteins, leading to the disruption of the microbial membrane, metal ion deprivation, and
interactions with enzymes [30,45]. Another way of explaining the antimicrobial activity
of polyphenols is their structural features, as well as the pH and sodium chloride concen-
tration, which results in physiological changes in the microorganisms and, eventually, cell
death [45].

A study carried out by Kabir et al. [45] confirmed that chlorogenic acid, one of the
principal phenolic acids detected in goji berries, exhibited a bacteriostatic and bactericidal
effect against Escherichia coli. The bacteriostatic effect was assessed by measuring the
optical density by determining the growth inhibition of chlorogenic acid when added
to a culture of E. coli. Regarding the bactericidal effect, it was assessed by using mid-
logarithmic phase cell cultures (106 cells/mL) at different doses (2.5, 5.0, and 10 mM),
treatment times (0, 1, 3, and 6 h), temperatures (20, 37, 45, and 50 0C), and pH conditions
(8.0, 7.0, 6.0, 5.0, and 4.0). The overall results demonstrated a synergetic antimicrobial
effect expressed by chlorogenic acid and related compounds and a dose, temperature, and
time-dependent bactericidal effect. The authors stated that the bactericidal effect shown
by chlorogenic acid may be due to the capacity to promote physiological changes on the
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microbial cell membrane that result in cell death. This study corroborated the results
achieved by Ilić et al. [33], which evaluated the antimicrobial activity of goji berries from
Serbia. According to the authors, the methanolic extract of goji berries presented mild
antimicrobial activity against Gram-positive and Gram-negative bacteria as well as yeast,
with remarkable activity against Klebsiella pneumoniae, Salmonella abony, and Pseudomonas
aeruginosa. In another study, Mocan et al. [46] also explored the antimicrobial activity of
L. barbarum flowers. According to the authors, the antimicrobial activity was mild against
Gram-positive (namely Staphylococcus aureus, Bacillus subtilis, and Listeria monocytogenes)
and Gram-negative (Salmonella typhimurium) bacteria and lacking against E. coli, oppositely
to what was observed for goji berries.

4.4. Anti-Inflammatory Activity

The inflammatory response is initiated by the stimulation of innate immunity, the re-
lease of immune effectors, the inhibition of enzymes, and the production of pro-inflammatory
mediators, such as tumor necrosis factor-α (TNF-α), interleukins (IL), and transcription
factor nuclear factor kappa B (NF-kB) [3]. If over-expressed, inflammation can cause nu-
merous complications in patients, being an important hallmark of diseases or pathological
conditions, such as cancer, neurodegenerative diseases, respiratory pathologies, and sev-
eral autoimmune diseases [3,5]. Natural extracts, typically rich in alkaloids, flavonoids,
terpenoids and tannins, have been associated with anti-inflammatory effects [5]. A study
conducted by Nardi et al. [3] addressed the anti-inflammatory effect of L. barbarum berries
using paw edema carrageenan, an acute model of inflammation widely employed to eval-
uate the anti-inflammatory effect of natural products. Briefly, the right paw of mice was
injected with 450 µg of carrageenan, and the left paw was injected with the same volume of
sterile phosphate-buffered saline (PBS) (control). After established conditions, the animals
were orally administered with a methanolic extract of goji berries in doses of 50 mg/kg
and 200 mg/kg, 12 h after 12 h, for 10 days. The authors stated that after the carrageenan
injection, neutrophils migrate to the inflamed paw and release enzymes, such as myeloper-
oxidase, which increase ROS production and induce an inflammatory state. The results
attested to the anti-inflammatory capacity of the compounds present in goji berries, with
the doses of 50 mg/kg and 200 mg/kg leading to a reduction of paw edema in 38% and
63.8% of mice, respectively.

4.5. Immunomodulatory Activity

Immune response suppression is usually associated with the development of immuno-
logical diseases. The actual research is focused on finding immunomodulating agents
capable of preventing and treating these disorders [47]. Goji berries have been reported as a
support to the immune system [6,47], either by regulating the expression of immune factors,
such as cytokines and cell adhesion molecules [16,39], or by promoting the proliferation
and activity of immune cells, such as natural killer cells [17] and lymphocytes [47].

Different authors [16,24,39,47] stated that the immunomodulatory effects of L. bar-
barum fruits are greatly related to LBP, one of the major active ingredients isolated from
berries. LBP is a mixture of proteoglycans and polysaccharides that mainly consists of
arabinose, galactose, glucose, xylose, and a small amount of rhamnose, mannose, and galac-
turonic acid as its glycosidic part. It was reported that LBP is an adjuvant that improves the
immune responses against vaccines and increases humoral immunity [39], probably due to
an increased expression of IL-2 and TNF-α, molecules involved in immunomodulation [16].
To assess the immune function alteration during the administration of LBP, Zhu et al. [39]
divided fourteen mice into two groups and administered a dose of 0.1 mL/10 g body
weight of LBP powder for 14 days in the first group, the experimental group, and the
same volume of physiological saline via intragastric administration in the second group,
the control group. After the experimental period, blood samples were collected, and the
animals were sacrificed to excise the spleen and thymus. The viscera indices were mea-
sured (thymus or spleen index = weight of thymus or spleen (mg)/body weight (1000 mg)),
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and the concentrations of immune factors (namely, transforming growth factor-β (TGF-β),
interferon-γ (IFN-γ), and IL-6) in the serum were detected using a commercial enzyme-
linked immunosorbent assay (ELISA) kit. The results supported the theory that LBP can
enhance the innate immune response since the spleen and thymus index of mice from the
experimental group (5.12 mg/1000 mg and 4.12 mg/1000 mg, respectively) were signifi-
cantly higher (p < 0.05) when compared to the control group (namely 4.19 mg/1000 mg and
2.86 mg/1000 mg). Moreover, the concentration of the immune factors TGF-β and IL-6 in
the experimental group (namely, > 500 pg/mL and ≈ 100 pg/mL) were also significantly
higher (p < 0.05) when compared to the control group.

It has also been reported that phenolic amides from the nonpolysaccharide fraction
of L. barbarum fruits can not only in vitro modulate the proliferation of B and T cells but
also enhance the immune cell factors (IFN-γ, IL-2, and IL-10) [47]. Prednisone-induced
immunodeficient mice were intragastrically administered with a phenolic amid extract,
showing a significant spleen cell proliferation (p < 0.01) when compared to the prednisone-
induced immunodeficient mice intragastrically administered with an ethanolic extract of
goji berries or an LBP extract. The immunological cytokines (IFN-γ, IL-2, and IL-10) were
also significantly enhanced (p < 0.01) in mice treated with the ethanolic goji berries extract,
LBP extract, and phenolic amide extract when compared to the control. Overall, the total
phenolic amides had the strongest immunity-activating effects.

Since natural killer cells are one of the first elements from the innate immune system
to act, Kwaśnik et al. [17] studied the cell viability and proliferation of human natural
killer cells (NK-92) in the presence of an ethanolic goji berry extract. The authors high-
lighted that goji berry extract has the capacity to enhance NK cell proliferation by 61.0% in
concentrations ranging between 1 and 250 µg/mL.

4.6. Prebiotic Activity

Prebiotics are non-digestible ingredients that can selectively promote the growth
and activity of specific bacteria, modulating the gut microbiota [39]. Goji berries have
demonstrated a gut microbiota positive modulating effect [18,39], probably due to phe-
nolic compounds or polysaccharides present, such as LBP [43]. The prebiotic activity of
goji berries was attested to by Skenderidis et al. [18], who cultivated strains of Bifidobac-
terium and Lactobacillus in the presence and absence of different encapsulated goji berry
extracts. According to the authors, the extract with higher amounts of polyphenols and
polysaccharides stimulated the growth and proliferation of probiotic strains on a larger
scale, mostly Bifidobacterium strains, when the cultures were submitted to a gastrointestinal
environment (simulated gastric and intestinal juices). Another study [39] assessed the
prebiotic activity of LBP in vitro through the growth of L. acidophilus and B. longum. Both
strains were properly cultivated, and different concentrations of LBP powder (experimental
group) and glucose (control group) were administered. These experiments highlighted
the positive effect of LBP on the growth of both strains when compared to the control
group. The authors also evaluated the effects of LBP intake on the composition of cecal gut
microbiota [39]. After mice were administered a dose of 0.1 mL/10 g body weight of LBP
powder for 14 days, the cecal content samples were collected, and the microbial DNA was
extracted and amplified. The results showed a clear modification of the gut microbiota after
treatment, with the dominant bacterial communities being Firmicutes and Proteobacteria.
Furthermore, the percentage of beneficial bacteria, such as Akkermansia, Lactobacillus and
Prevotellaceae, significantly increased when compared to the control.

4.7. Neuroprotective Activity

Since neurological damage may occur as a consequence of oxidative stress and in-
flammation, goji berries have been associated with neuroprotective effects [43]. A study
conducted by Fernando et al. [19] assessed the neuroprotective activity of a goji berry
powder (GBP) against the development of Alzheimer’s disease (AD). The authors observed
that diets rich in antioxidants can directly affect amyloid beta levels and influence the
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development of AD. To test this theory, human neuroblastoma BE(2)-M17 cells were treated
with and without 20 µM of amyloid beta 42 and exposed to different concentrations of GBP
(0.6, 0.9, 1.2, 1.5 and 1.8 µg/mL). The GBP significantly increased the cell viability up to
105% (GBP at 1.2 µg/mL), while the Western blot analysis showed a significant reduction in
the amyloid beta up to 20% (GBP at 1.5 µg/mL). Furthermore, the ELISA attested to a 17%
reduction of the amyloid beta in amyloid beta-induced neuronal cells when compared to
the control (GBP at 1.5 µg/mL). Other authors [16,24] also stated that the major active ingre-
dient isolated from goji berries, LBP, has ocular and neuroprotective effects [20]. In another
study, Pehlİvan Karakaçs et al. [20] reported that LBP has a neuroprotection effect in female
rats by performing behavioral tests and immunohistochemistry analyses. The animals
were submitted to ovariectomy and daily treated with oral low and high doses of polysac-
charides obtained from L. barbarum fruits (20 and 200 mg/kg) for 4 weeks. According to
the behavioral test performed, the LBP present in goji berries can decrease stress-induced
anxious behavior in rats. The behavioral disruption could be caused by the accumulation
of ROS in the brain, which increases oxidative stress, leading to mitochondrial dysfunction
in neuronal cells and apoptosis. However, behavioral disruption can also be caused by
variations in neurotransmitter levels in some brain regions, such as the hippocampus. The
neuroprotective effect of LBP was demonstrated by the increased levels of brain-derived
neurotrophic factor, which promotes neuronal proliferation, survival, and maintenance of
neuron structure and function in the hippocampus region.

4.8. Antihyperglycemic Activity

Diabetes is a complex chronic disease caused by metabolic disorders of carbohydrates,
lipids, lipoproteins, and increased oxidative stress [43]. It is characterized by the inability
to maintain blood glucose levels within healthy ranges, leading to hyperglycemia [36].
Drug treatment is inevitable; however, it is often expensive or unavailable [36]. In these
cases, a change in patient lifestyle and eating habits is extremely important [21,38,43].
Therefore, industries are encouraged to find alternative compounds with antihyperglycemic
properties, mostly from natural sources, such as goji berries [5,10]. Enzyme inhibitors
are good candidates for the treatment of non-insulin-dependent diabetic patients [36].
Since pancreatic α-amylase and intestinal α-glucosidase are enzymes responsible for the
hydrolysis of carbohydrates into monosaccharides, such as glucose, the capacity of goji
berries to inhibit these enzymes proves the antihyperglycemic effect of this fruit [36].
According to Wojdyło et al. [36], the inhibition of α-amylase and α-glucosidase was, on
average, 63% and 10%, respectively.

Most of the experiments that report the antihyperglycemic activity of goji berries
have attributed this property to LBP [21,25,38]. Cai et al. [21] performed a clinical trial to
study the antidiabetic efficacy of LBP. Sixty-seven patients diagnosed with type II diabetes
were divided into two groups and treated twice daily, for three consecutive months, with
capsules of 300 mg of microcrystalline cellulose in the control group and capsules with
150 mg of LBP power and 150 mg microcrystalline cellulose in the experimental group. The
results of the oral metabolic tolerance test reported a significant decrease in serum glucose
levels when compared to the control (−7.86% vs. 1.61%), as well as serum insulin (−56.71%
vs. −8.73%). Regarding the insulinogenic index (insulin/glucose), the results attested to
a noticeable increase (−0.98% vs. 0.04%, respectively, for the experimental and control
groups). During the experimental period, the patients were asked not to change their
previous therapies in order to compare the antidiabetic effect of LBP with or without the
hypoglycemic medicines. After 3 months of treatment, the patients without hypoglycemic
drugs showed a significant decrease in serum glucose, serum insulin, and the homeostasis
model assessment index of insulin resistance, while the patients with hypoglycemic drugs
did not present significant alterations, demonstrating that LBP has profound hypoglycemic
efficacy when disassociated from hypoglycemic drugs.

The study developed by Zhao et al. [38] focused on the effect of LBP extract on diabetic
rabbits (induced by Alloxan), evaluating the extract’s effect on diabetic nephropathy (DN).
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The experimental period lasted for 12 weeks, in which twenty-five rabbits were divided
into five groups: group (I)—control group; group (II)—DN control group; group (III)—LBP
prevention group from developing DN; group (IV)—positive DN control group using
Telmisartan drug (10 mg/kg/day in 3 mL); group (V)—LBP treatment group using the LBP
(10 mg/kg/day in 3 mL) as DN treatment. The results demonstrated that LBP not only
helps after the development of DN but also benefits the prevention of complications since
group (V) showed improvements in fasting glucose tolerance when compared to group
(II), while group (III) had better results than group (V). This study also highlighted that
LBP can be more efficient in the treatment of DN than standard drugs (in group (V), the
kidney weight index (KWI) was significantly higher (p < 0.01) than in group (IV)). As for
kidney function, even though LBP may be able to protect this organ from injuries, it cannot
entirely treat it since the serum urea nitrogen and creatinine levels from groups (III), (IV)
and (V) were significantly lower (p < 0.01) that in group (II). No significant changes were
observed regarding group (I).

4.9. Antihyperlipidemic Activity

In addition to the biological activities described above, the antihyperlipidemic effect of
goji berries has also been reported. Pai et al. [14] fed murine models with a high-fat diet (5 g
of deoxycholic acid and 300 g of warm coconut oil mixed with 700 g of powdered rat chow
per day) for 45 days to induce a state of hyperlipidemia. In the last 30 days of the study, a
group of animals was orally treated daily with 10 mg/kg and 20 mg/kg of a 50% hydroalco-
holic extract of L. barbarum fruits. The results showed a positive antihyperlipidemic activity,
with the extract promoting a significant decrease in the triglyceride levels for both doses as
well as a significant decrease in very low-density lipoprotein cholesterol at the highest dose,
a significant increase in the high-density lipoprotein cholesterol at the lowest dose, and a
dose-dependent decrease in the total cholesterol and low-density lipoprotein cholesterol
levels. Additionally, the results obtained with the animals treated with the L. barbarum
fruits and the animals treated with the standard antihyperlipidemic drug atorvastatin were
similar, reinforcing the positive antihyperlipidemic activity of goji berries. The authors
explained that this effect may be caused by more than one compound present in goji berries,
namely polysaccharides and vitamins, such as vitamin C. Additionally, riboflavin, ascorbic
acid, and coumarin and their synergistic effects may contribute to the hypolipidemic effect
observed.

5. Potential Applications of L. barbarum L.

Goji berries can be used in different industries, such as the food, nutraceutical, or
cosmetic industries. Regarding the food industry, it has been reported that the aqueous
extracts of goji berries can be employed as potentially prebiotic food additives [10,18].

Goji extract has also been successfully used in meat products to improve their sensory
properties and oxidative stability during storage [48]. The addition of 1.0% of goji berry ex-
tract and 1.0% of buckwheat flour improved the oxidative stability and quality of modified
horse-meat products, resulting in a better smell, taste, and surface color after 21 days of
storage [49]. Another study determined the effect of the addition of goji berries or goji berry
extract on sausages [48]. The addition of 1% of goji berry extracts effectively suppressed
lipolysis and protein/lipid oxidation, reducing the microbial count during storage and
preserving the sausages’ color, aroma, and taste. Antonini et al. [50] also evaluated the
addition of goji berries to meet formulas and determined that the addition of chia seeds
and L. barbarum puree (2.5% and 5%, respectively) to beef burgers promotes a higher TPC,
an increase of up to 70% of the total antiradical capacity (through the oxygen radical ab-
sorbance capacity (ORAC), ABTS, and DPPH) and a decrease in the lipid peroxidation of
up to 50%.

The confectionery and bakery industries are also using goji berries and their com-
pounds to improve the functional, sensory, and texture properties of various products [10].
Muffins and cookies enriched with different amounts of goji berry powder or by-products
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showed an increase in the TPC, insoluble, and soluble fiber contents as well as good sensory
properties [23].

Nutraceuticals are foods, beverages, or supplements with high concentrations of
bioactive compounds with outstanding health-promoting effects on the human body, being
incorporated into consumers’ daily diets [9]. Due to the bioactive compounds present in
their fruits, goji berries are being investigated as a potential nutraceutical ingredient [2,3,5].
As previously mentioned, goji berries have been used in herbal medicine for thousands of
years [24], along with hundreds of plants cultivated worldwide for their substances to be
used in medicine and pharmaceutical formulations [51]. Based on the long-term traditional
use of goji berries, this fruit is now generally recognized as non-toxic [10]. However,
adverse effects can occur and, depending on the goji berries’ use, a public health risk can
be considered [51]. The presence of tropane alkaloids, chemical contaminants, such as
pesticides and toxic elements, or some proteins that can cause allergic reactions in sensitive
consumers are clearly risks [10]. Therefore, caution and professional guidance should be
exercised regarding the safe consumption of natural matrices, such as goji berries, to avoid
adverse effects, toxicity, and allergies [52].

Furthermore, the application of this fruit and its components at high levels in different
industries, such as the food, pharmaceutical, nutraceutical, or cosmetic industry, can
substantially deteriorate the sensory, textural, and overall quality of the final products [23].
More studies need to be conducted to determine to what point the use of this fruit is
beneficial for consumers [4]. However, overall, considering the excellent nutritional profile
and the positive health effects of goji berries, this fruit can be classified as a “superfruit” [12,
13].

6. Valorization Prospects of L. barbarum L.

During the production and processing of food products, a huge amount of waste is
generated, in which a significant amount of bioactive compounds may be present [11]. In
the European Union (EU), approximately 88 million tons of waste are generated annually,
with associated costs estimated at EUR 143 billion [42]. The last data from the Food
and Agriculture Organization of the United Nations (FAO) state that fruit and vegetable
processing wastes, such as peels, pomace, flowers, stems, leaves, seeds, and pulps, are the
5th highest contributor (8% of total food waste) [42,53].

In the processing of goji berries, significant amounts of wastes are generated (approxi-
mately 10 kg of waste per 90 kg of goji beverage) [23]. In addition to the economic costs
associated with these wastes’ disposal, a serious negative impact on the environment is esti-
mated [23]. As a result, industries face the urgent and necessary challenge of implementing
greener, more efficient, sustainable, and eco-friendly processing protocols [5]. Regarding
processing protocols, since extraction is a critical step in the isolation and purification of
bioactive compounds, industries have focused on overcoming the limitations of conven-
tional extraction methods, such as reduced extraction efficiency, high energy employment,
and the use of high amounts of solvent wastes [32]. For this reason, new green extraction
technologies have emerged [41], such as hot water extraction (HWE), subcritical water
extraction (SWE), supercritical fluids extraction (SFE), ultrasound-assisted extraction (UAE)
and microwave-assisted extraction (MAE).

Therefore, the valorization of agro-residues and industrial wastes has proved to be an
advantage [23,42]. As previously referred, goji berries are ingested in many forms and bring
a panoply of beneficial pro-healthy effects to consumers, from nutritional to medicinal and
curative approaches. However, their by-products, including leaves, stems, young shoots,
and root bark, can also be consumed as part of a traditional diet, and used for medicinal
purposes [33]. For instance, a study developed in Portugal [30] compared the composition
of goji stems and berries and reported similar values of phenolic compounds (71.9 vs.
71 mg/g dw), organic acids (2.08 vs. 2.07 g/100 g dw), energy (383 vs. 408 kcal/100 g
dw), total carbohydrates (78.1 vs. 87 g/100 g dw) and fat (4.6 vs. 4.1 g/100 g dw). In what
concerns tocopherols (3.59 vs. 0.33 mg/100 g dw), proteins (7.4 vs. 5.3 g/100 g dw) and
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saturated fatty acids (68 vs. 26.1%), the stems revealed a high content. However, stems
also had higher antioxidant and antiradical capacities (DPPH scavenging activity (EC50
= 0.28 mg/mL), reducing power (EC50 = 0.23 mg/mL), β-carotene bleaching inhibition
(EC50 = 0.26 mg/mL), and TBARS inhibition (EC50 = 0.07 mg/mL), as well as antibacterial
activity against Gram-negative (Escherichia coli, Morganella morganii, Pseudomonas aerugi-
nosa, Acinetobacter baumannii) and Gram-positive bacteria (Staphylococcus aureus, Listeria
monocytogenes, Enterococcus faecalis) when compared to goji berries [30].

Another study determined the chemical composition (TPC, TFC, and HPLC/MS
analysis) and evaluated the antioxidant activity (Trolox equivalent antioxidant capacity
(TEAC), hemoglobin/ascorbate peroxidase activity inhibition (HAPX) assay, inhibition
of lipid peroxidation catalyzed by cytochrome c and electron paramagnetic resonance
(EPR) spectroscopy) of an ethanolic extract of L. barbarum flowers [46]. The results show its
richness in chlorogenic, p-coumaric, and ferulic acids, isoquercitrin, rutin, and quercitrin
(similar to what was stated in studies concerning goji berries [3,30,31]) and a TPC and TFC
very similar to L. barbarum fruits (3.75 and 0.61 mg/g dw vs. 1.45 and 0.75 mg/g dw [3],
respectively). Regarding the antioxidant capacity, the results attested to their activity, which
was positively correlated with their chemical composition. After an ultrasonic extraction
with methanol/water (70:30, v/v), an extract of goji berry leaves was evaluated regarding
phenolic profile and antioxidant capacity (TEAC and EPR spectroscopy) [54]. The phenolic
profile revealed the presence of chlorogenic acid and rutin, as previously reported for goji
berries [3,30,31]. Regarding the antioxidant activity, the results showed a high antioxidant
power (140 mg TE/g dw and 212 mg FSE/g dw, respectively). Along with the enzyme
inhibitory activity (cholinesterase, α-amylase, α-glucosidase and tyrosinase), antimicrobial
activity (S. aureus, Bacillus cereus, Listeria monocytogenes, Enterococcus faecalis, Pseudomonas
aeruginosa, Salmonella typhimurium, E. coli, Fusobacterium nucleatum, and Peptostreptococcus
anaerobius) and antifungal activity (Aspergillus flavus, Aspergillus niger, Candida albicans, Can-
dida parapsilosis, and Penicillium funiculosum), this study confirms the potential of goji leaves
to be used as a valuable source of bioactive compounds. Apart from that, polyphenols
from goji berries leaves were also encapsulated in liposomes to improve their delivery
and successfully serve as polyphenol carriers, demonstrating a cytoprotective effect on
L-929 mouse fibroblast cells [10].

Based on the results detailed above, it can be stated that goji berry by-products, such
as fruits skins, pulps, stems, and seeds, have high amounts of dietary fiber, vitamins,
minerals, phytochemicals, and antioxidants, being a valuable ingredient for the food
industry. Therefore, the incorporation of goji berry by-products, for example, in the bakery
industry, may provide benefits to consumers as well as manufacturers, not only due to their
nutritional value but also due to the economic advantage that comes from the elimination
of the costs required for its disposal [23]. Nevertheless, safety and security studies should
be previously performed considering these potential applications.

7. Conclusions

Goji berries can be classified as a “superfruit” due to their outstanding phytochem-
ical composition, which includes phenolic acids (up to 32.70 mg/g), flavonoids (up to
38.00 mg/g), organic acids (up to 44.61 mg/g fw), carotenoids (up to 2.13 mg/g dw),
carbohydrates (up to 87.00 g/100 g dw), and vitamins (up to 48.94 mg/100 g fw). The
main phenolic compounds reported in this fruit are phenolic acids (chlorogenic acid and
p-coumaric acid) and flavonoids (rutin and quercetin). Aside from these compounds,
vitamins (ascorbic acid), carbohydrates (polysaccharides), and carotenoids (zeaxanthin,
β-carotene, and cryptoxanthin) are the main compounds responsible for the incredible
biological activity observed, such as antioxidant, anti-tumor, antimicrobial, hypoglycemic,
hypolipidemic, anti-mutagenic, immunomodulatory, and prebiotic activities. In this regard,
goji berries can be used in the food, nutraceutical, and pharmaceutical industries as a source
of functional ingredients. Despite this, L. barbarum leaves, flowers, and steams are valuable
sources of bioactive compounds that can be explored for use in different industries. Even
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though the valorization of goji by-products helps to reduce the food waste produced during
food processing, the high energy required, as well as the use of high amounts of solvents
in the extraction processes, are still challenges. In the future, the implementation of green
extraction techniques is expected at industrial levels, minimizing the wastes produced and
maximizing the extraction of bioactive compounds from goji berries and by-products.
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Abstract: The present work involves a systematic review of the chemical composition and biological
effects of essential oils from the Annonaceae species collected in Brazil from 2011 to 2021. Annonaceae
is one of the most important botanical families in Brazil, as some species have economic value in the
market as local and international fruit. In addition, the species have useful applications in several
areas—for instance, as raw materials for use in cosmetics and perfumery and as medicinal plants.
In folk medicine, species such as Annona glabra L. and Xylopia sericea A. St.-Hil. are used to treat
diseases such as rheumatism and malaria. The species of Annonaceae are an important source of
essential oils and are rich in compounds belonging to the classes of mono and sesquiterpenes; of these
compounds, α-pinene, β-pinene, limonene, (E)-caryophyllene, bicyclogermacrene, caryophyllene
oxide, germacrene D, spathulenol, and β-elemene are the most abundant. The antimicrobial, anti-
inflammatory, antileishmania, antioxidant, antiproliferative, cytotoxic, larvicidal, trypanocidal, and
antimalarial activities of essential oils from the Annonaceae species in Brazil have been described
in previous research, with the most studies on this topic being related to their antiproliferative or
cytotoxic activities. In some studies, it was observed that the biological activity reported for these
essential oils was superior to that of drugs available on the market, as is the case of the essential oil
of the species Guatteria punctata (Aubl.) R. A. Howard., which showed a trypanocidal effect that was
34 times stronger than that of the reference drug benznidazol.

Keywords: natural products; Brazilian species; essential oil; applications

1. Introduction

The species of Annonaceae are flowering plants consisting of trees, shrubs, and lianas.
These species present a combination of striking characteristics and form one of the most
uniform botanical families from both anatomical and structural points of view; they are
one of the most primitive families of Angiosperms and belong to the class Magnoliopsida,
subclass Magnoliidae, and order Magnoliales [1].

Annonaceae consists of 2106 species and more than 130 genera. The family is con-
centrated in the tropics, and about 900 species are neotropical, 450 are Afrotropical, and
the others are Indomalayan [2]. Annonaceae plays an important ecological role in terms
of species diversity, especially in tropical forest ecosystems [3]. In Brazil, the family has
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confirmed occurrence in all states, with about 380 species being described here, distributed
across 32 genera. The Amazon biome contains three quarters of all Annonaceae species,
with 268 occurring here. Meanwhile, the Atlantic Forest houses 98 species and the Cerrado
has approximately 52 [4].

Some species of Annonaceae are of economic value in the international fresh fruit
market, such as Annona cherimola Mill. (“Cherimólia”) and Annona squamosa L. (“pinha”) [5].
In Brazil, some Annona fruits are highly sought after, such as Annona crassiflora Mart.
(“Araticum”), A. squamosa, and Annona muricata L. (“graviola”) [3]. In addition, some
species are often used as raw materials in the cosmetics and perfumery industries and as
medicinal plants [6].

Numerous species of Annonaceae are odoriferous and these fragrances are due to the
presence of essential oils (EOs) [7]. In nature, EOs have many important functions, such as
attracting insects or allowing allelopathic communication between plants [8]. In addition,
they have antibacterial, antiviral, anti-inflammatory, and antifungal properties, among
others [9].

According to the review published by Fournier et al. [10], the main volatile constituents
of EOs from the Annonaceae species are monoterpene hydrocarbons in fruits and seeds,
sesquiterpene hydrocarbons in leaves, and oxygenated sesquiterpenes in bark and roots.
After this review (1999), several articles were made available in the literature showing the
chemical and biological properties of EOs obtained from Annonaceae species [11–14]. In
this context, the present work aims to carry out a systematic review of the essential oils of
the Annonaceae species collected in Brazil in the last ten years, evaluating their chemical
compositions and their potential biological activities.

2. Essential Oils

EOs are present in various aromatic plants, usually found in tropical and subtropical
countries. They are obtained from various parts of aromatic plants, including leaves,
flowers, fruits, seeds, buds, rhizomes, roots, and bark [9]. Chemically, EOs are mixtures
of 20–60 components in varying concentrations, with some compounds found in high
concentrations (20–70%) and others in only small amounts. Most of the components of EOs
are designated as lipophilic terpenoids, phenylpropanoids, or derivatives of short-chain
aliphatic hydrocarbons of low molecular weight, with the first being the most frequent
and characteristic constituents. Among these, acyclic mono- and sesquiterpenoids and
mono-, bi-, or tricyclics of different chemical classes constitute the majority of EOs, such as
hydrocarbons, ketones, alcohols, oxides, aldehydes, phenols, and esters [15].

Several techniques have been used to obtain EOs. These techniques depend on the part
of the plants from which the oil will be extracted, the stability of the oil when faced with
heat, and the susceptibility of the oil’s constituents to undergoing chemical reactions. Some
of the techniques commonly used for EO extraction are hydrodistillation, hydrodiffusion,
enfleurage, cold pressing, steam distillation, solvent extraction, microwave-assisted process,
and carbon dioxide extraction [16–21].

Essential oils play an important role in plants and act as antibacterials, antivirals,
antifungals, and insecticides and protect plants from herbivores. It is possible to list about
3000 EOs, but only 300 are used in perfumes, and makeup products, sanitary products,
dentistry, and agriculture; as preservatives and flavor additives for food; as fragrances for
household cleaning products; as industrial solvents; and as natural remedies [22].

In recent years, EOs have gained great popularity in the food, cosmetic, and pharma-
ceutical industries. Consumers have developed increasing interest in the use of natural
products as alternatives to artificial additives or pharmacologically relevant agents.

Medical professionals are more interested in the medicinal properties of EOs, as re-
search has shown the antibacterial, fungicidal, relaxant, stimulant, and antidepressant
effects of these volatile substances. Furthermore, EOs are known for their therapeutic prop-
erties and are therefore used in the treatment of various infections caused by pathogenic
and non-pathogenic diseases [16].
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Consumer concerns about chemical preservatives have driven the growing interest in
some natural antimicrobials, such as EOs [23]. In the food industry, the current trend to
reduce the use of food preservatives in favor of natural alternatives makes EOs and their
components viable alternatives for this application [24].

In the food industry, limonene monoterpene, a component of many EOs, is used as a
flavoring in the production of desserts, ice cream, and non-alcoholic beverages. Thymol, a
crystalline substance with an intense odor that is part of the chemical composition of the
EO of thyme (Thymus vulgaris L. and T. zygis L.) and whose content varies between 22% and
50%, is used as a flavoring agent in food products, such as sweets, syrups, and seasoning
mixtures [25]. The monoterpene eucalyptol (or cineole) is a colorless liquid with a camphor
odor; one of the most abundant sources of 1,8-cineole is Eucalyptus globulus Labill. leaves.
The EO of this species is used as a flavoring additive in various food products (such as in
meat) as well as in beverages. Due to the fresh odor of cineole, this substance is applied in
large quantities in oral care products [25].

In the cosmetics industry, EOs are vital assets, as in addition to providing pleasant
aromas for various products they are also able to act as preservatives and active agents
and, simultaneously, offer several benefits to the skin. EOs with a high added value
include are citrus, lavender, eucalyptus, tea tree, and other floral oils, which are used
as fragrances, while linalool, geraniol, limonene, citronellol, and citral are very popular
fragrance components used in different cosmetics [26].

3. Annonaceae Ethnobotanics

Natural products, especially those derived from plants, have been used to help hu-
manity treat various ailments for many millennia [27]. Plants have played an important
role in the survival of many human communities. They have been used in many different
ways—e.g., as food, medicines, and ornaments; for mystical and religious purposes; as
lumber; and for making handicrafts. Knowledge about the use of plant resources has been
transmitted from father to son and from ancient civilizations to the present day.

Brazil is formed from the Amazon Forest biome, the Pantanal, savannah and woodland
Cerrado, the semi-arid forest Caatinga, pampas fields, and the Atlantic Forest rainforest.
These varied biomes reflect the enormous wealth of flora and the greatest biodiversity on
the planet. In addition, there is great cultural diversity in Brazil and the use of medicinal
plants results from different knowledge built over time [28].

The Amazon region has approximately 55,000 species of plants, most of which are still
little known and many of which are used for medicinal and religious purposes [29]. In this
region, indians, caboclos, riverside dwellers, rubber tappers, quilombolas, fishermen, small
rural producers, and extractivists hold rich knowledge about plants that is passed from
generation to generation through oral tradition. It is also known that the cultural diversity
of this country positively influences the ethnobotanical use of medicinal plants and in a
way increases its biodiversity, given the inclusion of exotic species in the national flora
brought by the different peoples who have come to this country [30].

In this context, ethnobotany is a branch of science that analyzes and studies the
knowledge of various peoples about the use of plants. It is through this that the profile of
a community and its uses of plants are learned, as each community has its own customs
and peculiarities, aiming to extract information that may be beneficial regarding the uses
of medicinal plants [30].

Several plants of the Annonaceae family are used in folk medicine due to their phar-
macological properties, which are attributed to the presence of secondary metabolites of
different classes, such as alkaloids, acetogenins, and flavonoids [31].

The Annona muricata L. species, similar to other Annona species, including A. squamosa L.
and A. reticulata L., are widely used in traditional medicine against a variety of diseases,
especially cancer and parasitic infections. The fruits of A. muricata are used as a natural
remedy for diseases such as neuralgia, arthritis, diarrhea, dysentery, fever, malaria, par-
asites, rheumatism, skin rashes, and worms. In addition, many women eat the fruit to
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increase their production of breast milk after giving birth. The leaves of this species are
used to treat cystitis, diabetes, headaches, and insomnia. Extract made from the leaves has
anti-rheumatic and neurologic effects, while the cooked leaves are used to treat abscesses
and rheumatism. Crushed seeds are believed to be anthelmintic [32].

Among the medicinal species of Xylopia, X. frutescens Aubl. is found in Central and
South America, Africa, and Asia. In Brazil, the plant is popularly known as “embira”,
“embira-vermelha”, and “pau carne”, and its seeds are used in folk medicine as a bladder
stimulant; to trigger menstruation; and to combat rheumatism, halitosis, caries, and intesti-
nal diseases [33]. The leaves and flowers of the X. laevigata (Mart.) R.E.Fr. species are used
to treat painful diseases, heart disease, and inflammatory conditions [34]. Xylopia sericea
A. St.-Hil. is an aromatic plant popularly known as pindaíba, pindaíba vermelha, and/or
pimento-de-macaco; it is traditionally used as food and as an antimalarial, similar to other
representatives of the Xylopia genus [35].

Some species of Guatteria are used in traditional medicine; in Northern Brazil, the
seeds of G. ouregou (Aubl.) Dunal are used to treat dyspepsia, stomach pain, and uterine
pain [36].

The species Duguetia furfuracea (A.St.-Hil.) Saff. is known as “araticum-seco”. In
folk medicine, the powder from its seeds is mixed with water for use in the treatment of
pediculosis, while an infusion of its leaves and branches is used to treat rheumatism. [37].
Duguetia lanceolata A.St.-Hil., popularly known as pindaíba, beribá, or pinhão, is a perennial
species distributed across several states of Brazil; in popular medicine, this plant has been
used as an anti-inflammatory, for healing, and as an antimicrobial agent [38]. Table 1 shows
the 19 species of Annonaceae used in traditional Brazilian medicine.

Table 1. Ethnobotanical use of Annonaceae species occurring in Brazil.

Scientific Name Popular Name Brazil Region Part of the Plant Used Medicinal Use Reference

Annona coriacea (Mart.) Marolo, araticum
and araticum-liso Southeast Not specified

Parasites, ulcers,
inflammatory

processes,
rheumatism and

anthelmintic

[39]

A. crassiflora Mart. - Not specified Fruits and seeds
(infusion) Diarrhea [31]

A. crassiflora Marolo Cerrado Seeds Chronic diarrhea [40]

A. dioica St. Hil. Araticum Cerrado Seeds, fruit and leaves
Chronic diarrhea,

emollient and
rheumatism

[40]

A. glabra L. - Not specified Leaves Rheumatism [31]

A. glabra Araticum and
araticum do brejo Northeast Leaves Rheumatism and

vermifuge [41]

A. leptopetala (R.E.Fr)
H. Rainer Pinha-brava Northeast Not specified Anti-tumor and

anti-inflammatory [42]

A. montana Macfad
Graviola,

araticum-grande
and jaca-do-Pará

Northeast Leaves Snake bites and
obesity [41]

A. salzmannii A. DC. - Northeast Leaves and bark Diabetes, tumors,
and inflammation [43]

A. spinescens Mart - Not specified Fruits and seeds Ulcers [31]

A. squamosa L. - Northeast Leaves

Stimulants,
antispasmodics,

sweats,
anthelmintics, and

insecticides

[44]

A. squamosa - Not specified Leaves Boils and ulcers [31]

A. squamosa Pinha, ata and
fruta-de-conde Northeast Seeds Bath to remove lice [41]
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Table 1. Cont.

Scientific Name Popular Name Brazil Region Part of the Plant Used Medicinal Use Reference

A. sylvatica A. St.-Hil

Araticum,
araticum-do-mato,

cortiça and
cortiça-amarela

Southeast Leaves

Fever, cough,
ulcers caused by
syphilis, muscle

spasms, and
diarrhea

[45]

A. vepretorum Mart. Pinha da Caatinga Northeast Roots and Leaves

Bee and snake
stings,

inflammation,
heart pain,

bath for allergies,
skin diseases,

fungal and
bacterial infections

[46]

Duguetia furfuracea
(A.St.-Hil.) Saff Araticum-seco Cerrado Seeds Parasiticidal [47]

D. furfuracea Araticum-seco Southeast Stem bark Bath to remove lice [41]
D. furfuracea Araticum seco Cerrado Branches with leaves Rheumatism [40]

D. lanceolata St. Hil. - Not specified Leaves Anti-inflammatory [31]

D. lanceolata Pindaíba, beribá
and pinhão Not specified Not

specified

Anti-
inflammatory,
healing, and
antimicrobial

[38]

Guatteria ouregou
(Aubl.) Dunal. - North Seeds

Dyspepsia,
stomach and
uterine pain

[36]

Rollinia leptopetala
R.E.Fr Pinha-brava Northeast Stem bark Stomachic [41]

Xylopia aromatica
(Lam.) Mart.

Pimenta-de-
macaco Cerrado Fruits, leaves and stem

bark
Digestive and anti-

inflammatory [40]

X. aromatica
Pimenta-de-

macaco,
pimenta-de-negro

North Not specified Carminative and
stimulating [48]

X. frutescens Aubl. - Not specified Barks Flu [49]

X. frutescens
Embira and
semente-de-

embira
Northeast Seeds and fruits Digestive [41]

X. frutescens
Embira,

embira-vermelha
and pau carne

Northeast Seeds

Bladder stimulant,
triggering

menstruation,
fighting

rheumatism, for
halitosis, for tooth

decay, and for
intestinal diseases

[33]

X. laevigata (Mart.) R.
E. Fries Meiú and pindaíba Northeast Leaves and flowers

Painful disorders,
heart disease, and

inflammatory
conditions

[34]

X. sericea A. St.-Hil. Embiriba and
pindaíba Southeast Seeds and fruits Analgesic and

anti-inflammatory [50]

X. sericea

Pindaíba, pindaíba-
vermelha and/or

pimenta-de-
macaco

Southeast Not specified Antimalarial [35]
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4. Phytochemistry of Annonaceae Essential Oils

The chemical composition of Annonaceae EOs is varied; in general, mono and
sesquiterpenes are the most abundant compounds. In this work, were gathered stud-
ies on the chemical composition of EOs from Annonaceae, referring to 38 different species
with a geographic distribution in the Brazilian territory. Information regarding the major
chemical constituents identified (>5%), yield, collection data, and extraction method used
for these EOs is shown in Table 2.

Table 2. Chemical composition of essential oils from Annonaceae species occurring in Brazil.

Species Collection Place Collection Date
Part of
Plant

(Yield)

Extraction
Technique

Majority Constituents
(% >5);

Substance Classes; Total
Reference

Anaxagorea Brevipes Benth Amazonas September 2009 Leaves
(0.52%) HD Guaiol, γ-eudesmol, β-eudesmol and

α-eudesmol; M: 3.35%, SH: 13.56%; T: 75.69% [51]

Annona coriacea Mart. São Paulo October 2009 Leaves
(0.05%) HD

Bicyclogermacrene, γ-muurolene and
δ-cadinene; M: 20.0%, S: 76.7%; O: 3.3%;

T: 96.5%
[39]

A. exsucca DC. Pará March 2019 Leaves (NI) HD

Linalool, β-elemene, (E)-caryophyllene,
α-humulene, germacrene D and

bicyclogermacrene; HM: 2.3%, OM: 11.61%,
SH: 80.52%, OS: 4.07%; T: 99.34%

[52]

A. exsucca Pará September 2019 Leaves (NI) HD

p-Cymene, sylvestrene, terpinolene, linalool,
germacrene D and bicyclogermacrene; HM:
43.36%, OM: 19.39%, SH: 31.29%, OS: 5.10%;

T: 99.14%

[52]

A. leptopetala
(R.E.Fr.) H. Rainer Paraíba August 2016 Leaves

(0.04%) HD
α-Limonene, linalool, α-terpineol,

(E)-caryophyllene, bicyclogermacrene,
spathulenol and guaiol; T: 98.1%

[42]

A. pickelii (Diels) H. Rainer Sergipe March 2010 Leaves
(0.2%) HD

Bicyclogermacrene, (E)-caryophyllene,
α-copaene and germacrene D; M: 0.6%, S:

97.7%; T: 98.3%
[43]

A. pickelii Sergipe September 2010 Leaves
(0.3%) HD Bicyclogermacrene, (E)-caryophyllene and

α-copaene; T: 99.5% [53]

A. salzmannii A. DC. Sergipe March 2010 Leaves
(0.1%) HD

Bicyclogermacrene, (E)-caryophyllene,
δ-cadinene, α-copaene, and

allo-aromadendrene; M: 2.5%, S: 93.7%;
T: 96.2%

[43]

A. salzmannii Sergipe September 2010 Leaves
(0.04%) HD

δ-cadinene, (E)-caryophyllene, α-copaene,
bicyclogermacrene and germacrene D;

T: 98.7%
[53]

A. squamosa L. Sergipe September 2012 Leaves HD
(E)-Caryophyllene, germacrene D and
bicyclogermacrene; M: 2.0%; S: 65.1%;

T: 99.1%
[44]

A. sylvatica A. St.-Hil
Anelise

Mato Grosso do
Sul September 2010 Leaves

(0.17%) HD Hinesol, (Z)-caryophyllene, β-malien,
γ-gurjunene; T: 98.97% [45]

A. vepretorum Mart. Sergipe April 2012 Leaves
(0.59%) HD

α-Phellandrene, o-cymene, (E)-β-ocimene,
bicyclogermacrene and spathulenol; M:

30.18%, S: 67.41%, T: 97.59%
[54]

A. vepretorum Pernambuco January 2012 Leaves
(0.09%) HD α-Pinene, limonene, spathulenol and

caryophyllene oxide; T: 93.9% [3]

A. vepretorum Pernambuco April 2015 Leaves (NI) HD Limonene, (E)-β-ocimene, germacrene D and
bicyclogermacrene [55]

A. vepretorum Sergipe April 2010 Leaves (NI) HD

Bicyclogermacrene, spathulenol,
α-phellandrene, α-pinene, (E)-β-ocimene,
germacrene D and p-cymene; M: 29.2%, S:

68.9%; T: 98.1%

[56]

A. vepretorum Sergipe March 2012 Leaves
(0.76%) HD Bicyclogermacrene, spathulenol and

α-phellandrene; M: 34.0%; S: 65.1%; T: 99.1% [44]

Bocageopsis multiflora
(Mart.) R.E. Fr. Amazonas June 2013 Leaves

(0.34%) HD
α-trans-Bergamotene, β-bisabolene,

spathulenol and β-copaen-4-α-ol; HM: 0.3%,
OM: 1.0%, SH: 34.3%, OS: 49.5%, T: 95.0%

[49]

B. multiflora Rondônia July 2018 Aerial parts
(0.12%) HD cis-Linalool oxide (furanoid) and

1-epi-cubenol [57]

B. pleiosperma Maas Amazonas NI Leaves
(0.28%) HD (E)-α-Bergamotene, (E)-β-farnesene and

β-bisabolene; T: 87.64% [58]

B. pleiosperma Amazonas NI Barks
(0.27%) HD β-Selinene, α-selinene, β-bisabolene and

δ-cadinene; T: 97.11% [58]

B. pleiosperma Amazonas NI Twigs
(0.25%) HD β-Bisabolene, (2Z,6Z)-farnesol and

cryptomerone; T: 72.64% [58]

Cardiopetalum calophyllum
(Schltdl.) Goiás September 2014 Flowers (NI) HD (E)-Caryophyllene, germacrene D and

germacrene B; M: 0.51%, S: 70.11% [59]

C. calophyllum Goiás December 2014 Fruits (NI) HD Germacrene D, germacrene B and
spathulenol; M: 0.55%, S: 73.29% [59]

C. calophyllum Goiás March 2014 Leaves (NI) HD
Spathulenol, viridiflorol, (–)-isolongifolol

acetate, and (Z,E)-farnesol; M: 0.43%,
S: 66.04%

[59]
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Duguetia furfuracea
(A. St. -Hil.) Saff. Minas Gerais August 2016 Stem bark

(0.5%) SD
Cyperene, α-gurjunene, bicyclogermacrene,

2,4,5-trimethoxystyrene and (E)-asarone;
T: 99.5%

[13]

D. furfuracea Minas Gerais August 2016 Leaves
(0.8%) HD Spathulenol and bicyclogermacrene [60]

D. furfuracea Minas Gerais August 2016
Underground
parts (wood)

(0.7%)
HD

(E)-Asarone, cyperene,
2,4,5-trimethoxystyrene, bicyclogermacrene

and α-gurjunene
[60]

D. furfuracea Minas Gerais August 2016
Underground
parts (trunk)

(0.9%)
HD (E)-Asarone and 2,4,5-trimethoxystyrene [60]

D. lanceolata St. Hil. Minas Gerais April 2012 Twigs (0.4%) HD

β-Elemene, β-caryophyllene, β-selinene,
δ-cadinene, caryophyllene oxide, humulene II

epoxide, β-eudesmol and
cadina-1,4-dien-3-ol; HM: 4.0%, OM: 3.8%,

SH: 40.0%, OS: 44.9%; T: 92.9%

[61]

D. lanceolata Minas Gerais NI Leaves
(0.4%) HD α-Selinene, aristolochene, (E)-caryophyllene

and (E)-calamenene [60]

D. lanceolata São Paulo March 2012 Leaves
(0.3%) HD

trans-Muurola-4(14),5-diene, β-bisabolene,
3,4,5-trimethoxy-styrene and

2,4,5-trimethoxy-styrene
[62]

D. lanceolata Minas Gerais NI Barks (0.5%) HD
β-elemene, caryophyllene oxide and

β-selinene; HM: 1.6%, OM: 5.9%, SH: 31.9%,
OS: 59.8%, H: 0.4%; T: 99.6%

[38]

D. quitarensis
Benth. Rondônia June 2018 Aerial parts

(0.11%) HD
4-Heptanol, α-thujene, α-copaene,

(E)-caryophyllene and germacrene D; M:
21.2%, OM: 2.5%, S: 37.8%, OS: 1.4%; T: 97.3%

[57]

D. gardneriana Mart. Sergipe November 2013 Leaves
(0.13%) HD β-Bisabolene and elemicin; S: 96.0%; T: 96.0% [11]

Ephedranthus amazonicus
R.E. Fr Amazonas September 2012 Leaves

(0.2%) HD
Cyclosativene, α-muurolene, spathulenol,

caryophyllene oxide and humulene epoxide
II; OM: 0.6%, SH: 20.8%, OS: 74.2%; T: 98.0%

[49]

Fusaea longifolia Saff Rondônia July 2018 Aerial parts
(0.18%) HD

(E)-Caryophyllene, β-selinene, cis-β-guayene
and (Z)-α-bisabolene; M: 0.1%, S: 85.6%, OS:

2.0%; T: 88.5%
[57]

Guatteria australis A.
ST.-HIL. Rio de Janeiro February 2011 Aerial parts

(0.1%) HD

β-Pinene, trans-pinocarveol, trans-verbenol,
myrtenol, spathulenol and caryophyllene

oxide; M: 14.45%, OM: 27.47%, S: 0.76%, OS:
51.89%; T: 94.26%

[63]

G. australis São Paulo NI Leaves
(0.16%) HD (E)-Caryophyllene, germacrene D and

germacrene B; M: 17.24%, S: 79.40%; T: 96.64% [64]

G. blepharophylla Mart. Amazonas September 2012 Leaves
(0.16%) HD Palustrol, spathulenol and caryophyllene

oxide; SH: 6.4%, OS: 88.0%; O: 4.6%; T: 99.0% [49]

G. blepharophylla Amazonas January 2008 Leaves
(0.3%) HD Caryophyllene oxide; M: 0.1%, S: 91.2%;

T: 91.3% [65]

G. elliptica R. E. Fries São Paulo NI Leaves
(0.11%) HD Spathulenol and caryophyllene oxide; SH:

0.5%, OS: 99.5%; T: 100.0% [9]

G. elliptica São Paulo NI Leaves
(0.21%) HD

Spathulenol, caryophyllene oxide and
β-copaen-α-ol; SH: 9.5%, OS: 91.5%, O: 0.5%;

T: 100.0%
[9]

G. friesiana
(W.A.Rodrigues) Erkens &

Maas
Amazonas NI Leaves

(1.17%) HD γ-Eudesmol, β-eudesmol and α-eudesmol; S:
93.0%; T: 93.0% [66]

G. friesiana Amazonas January 2008 Leaves
(0.6%) HD β-Eudesmol, γ-eudesmol e α-eudesmol; S:

98.2%; T: 98.2% [65]

G. hispida (R.E. Fries) Amazonas July 2008 Leaves
(0.5%) HD (E)-Caryophyllene; M: 68.4%, S: 31.0%;

T: 99.4% [65]

G. latifolia (Mart.) R.E.Fr. Rio de Janeiro February 2011 Aerial parts
(0.1%) HD Spathulenol and caryophyllene oxide; OM:

6.94%, S: 3.35%, OS: 64.46%; T: 73.24% [63]

G. megalophylla Diels Amazonas September 2018 Leaves
(0.12%) HD

δ-elemene, β-elemene, γ-muurolene,
bicyclogermacrene and spathulenol; M: 1.41%,

S: 87.30%; T: 88.71
[67]

G. pogonopus Mart. Sergipe NI Leaves
(0.22%) HD Germacrene D, γ-amorphene and

spathulenol; S: 88.4%; T: 88.4% [66]

G. pogonopus Sergipe February 2012 Leaves
(0.28%) HD

α-Pinene, β-pinene, (E)-caryophyllene,
germacrene D, bicyclogermacrene and
γ-patchoulene; M: 23.13%, S: 60.44%;

T: 86.19%

[68]

G. punctata (Aubl.) R. A.
Howard. Rondônia September 2018 Aerial parts

(0.39%) HD
(E)-Caryophyllene, germacrene D,

cis-β-guayene and (E)-nerolidol; HO: 2.8%; M:
0.6%; S: 56.8%; OS: 19.1%; T: 79.3%

[57]

G. sellowiana Schltdl Rio de Janeiro February 2011 Aerial parts
(0.1%) HD

(Z)-β-Farnesene, β-bisabolene,
cis-α-bisabolene, spathulenol and

caryophyllene oxide; OM: 5.16%; S: 6.55%; OS:
78.28%; T: 89.99%

[63]
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G. ferruginea A. St.-Hil. Rio de Janeiro February 2011 Aerial parts
(0.1%) HD

trans-Pinocarveol, myrtenol,
(E,E)-α-farnesene, spathulenol and

caryophyllene oxide; M: 1.47%; OM: 24.54%;
S: 1.91%; OS: 60.41%; T: 88.33%

[63]

Onychopetalum amazonicum
R.E.Fr. Amazonas March 2015 Leaves

(0.18%) HD

α-Copaene, (E)-caryophyllene,
bicyclogermacrene, δ-cadinene, spathulenol

and caryophyllene oxide; SH: 60.7%, OS:
27.1%; T: 87.8%

[69]

O. amazonicum Amazonas March 2015 Trunk bark
(0.37%) HD α-Gurjunene, allo-aromadendrene and

α-epi-cadinol; SH: 56.9%; OS: 35.3%; T: 92.2% [69]

O. amazonicum Amazonas March 2015 Twigs
(0.34%) HD

α-Gurjunene, α-epi-cadinol and
cyperotundone; SH: 27.5%; OS: 47.5%;

T: 75.0%
[69]

O. periquino (Rusby) D.M.
Johnson & N.A. Murray Acre March 2017 Leaves

(0.24%) HD β-elemene, β-selinene and spathulenol; SH:
78.86%; OS: 12.45%; T: 91.31% [70]

Porcelia macrocarpa R.E.
Fries São Paulo NI Leaves HD Germacrene D, bicyclogermacrene and

phytol; M: 0.39%; S: 76.0%; D: 7.3%; T: 84.0% [71]

P. macrocarpa São Paulo November 2011 Fruits HD

Neril, geranil formate, γ-muurolene,
δ-cadinene,

dendrolasin, hexacosane; M: 44.8%; S: 37.1%;
D: 0.51%; HC: 10.49%; O: 6.7%; T: 99.6%

[71]

Unonopsis guatterioides
(A.DC.) R.E.Fr

Mato Grosso do
Sul March 2005 Leaves

(0.15%) HD

α-Copaene, β-elemene, (E)-caryophyllene,
α-humulene, allo-aromadendrene,

germacrene D, bicyclogermacrene and
spathulenol

[72]

Xylopia aromatica (Lam.)
Mart. Amazonas September 2012 Leaves

(0.25%) HD

trans-Pinocarveol, α-campholenal, camphor,
dihydrocarveol, verbenone and spathulenol;
HM: 2.2%; OM: 52.3%; SH: 14.6%; OS: 29.5%;

T: 98.6%

[49]

X. aromatica Goiás February 2015 Leaves
(0.1%) HD

Bicyclogermacrene, spathulenol, globulol,
cis-guaia-3,9-dien-11-ol and khusinol; OM:
2.74%, SH: 9.62%, OS: 71.25%, D: 1.2%, O:

13.15%; T: 97.96%

[73]

X. aromatica Goiás October 2014 Flowers
(0.2%) HD

Bicyclogermacrene, 7-epi-α-eudesmol,
khusinol, pentadecan-2-one and n-tricosane;
OM: 3.44%; SH: 17.24%; OS: 51.7%; D: 6.88%,

O: 20.67%; T: 99.93%

[73]

X. frutescens Aubl. Paraíba April 2010 Leaves (NI) HD (E)-Caryophyllene, γ-cadinene, β-ocimene
and cadin-4-en-10-ol; T: 90.20% [74]

X. frutescens Sergipe April 2013 Leaves (NI) HD
(E)-β-Ocimene, β-elemene,

(E)-caryophyllene, germacrene D and
bicyclogermacrene

[75]

X. frutescens Sergipe July 2011 Leaves
(1.0%) HD

(E)-Caryophyllene, bicyclogermacrene,
germacrene D,

δ-cadinene, viridiflorene and α-copaene; M:
0.41%; S: 96.10%; T: 96.51%

[33]

X. laevigata (Mart.) R. E.
Fries Sergipe NI Leaves

(1.4%) HD
Germacrene D, bicyclogermacrene,

(E)-caryophyllene and germacrene B;
T: 98.68%

[76]

X. laevigata Sergipe November 2012 Fresh fruits
(0.4%) HD α-Pinene, β-pinene and limonene; M: 95.0%;

S: 4.6%; T: 99.6% [77]

X. laevigata Sergipe April 2013 Leaves HD
(E)-Caryophyllene, γ-muurolene, germacrene

D, bicyclogermacrene, δ-cadinene and
germacrene B

[75]

X. laevigata Sergipe April 2010 Leaves
(>1.0%) HD

γ-Muurolene, δ-cadinene, germacrene D,
bicyclogermacrene, α-copaene and

(E)-caryophyllene;
M: 2.14%, S: 95.35%; T: 97.49%

[34]

X. laevigata Sergipe March 2010 Leaves
(1.58%) HD

Germacrene D, bicyclogermacrene and
(E)-caryophyllene; M: 1.15%, S: 98.60%;

T: 99.75%
[34]

X. laevigata Sergipe July 2010 Leaves
(>1.0%) HD

Germacrene D, bicyclogermacrene,
(E)-caryophyllene and germacrene B; M:

7.28%, S: 91.18%; D: 0.22 T: 98.68%
[34]

X. langsdorffiana St.-Hil. &
Tul. Paraíba July 2012 Fresh fruits

(0.03%) HD α-Pinene, camphene, D-limonene,
caryophyllene oxide and esclarene; T: 100.0% [12]

X. sericea A. St.-Hil. Minas Gerais September 2011 Fruits
(0.93%) HD Germacrene D, spathulenol and guaiol; M:

9.65%; S: 81.5%; D: 7.79%; O: 0.1%; T: 99.04% [50]

X. sericea Minas Gerais July 2012 Leaves
(0.5%) HD α-Pinene, β-pinene, o-cymene and

D-limonene [78]

SD: steam distillation; HD: hydrodistillation; HC: hydrocarbons; D: diterpenes; M: monoterpenes (hydrocarbons and oxygenates);
S: sesquiterpenes (hydrocarbons and oxygenates); HM: hydrocarbon monoterpenes; OM: oxygenated monoterpenes; SH: sesquiterpene
hydrocarbons; OS: oxygenated sesquiterpenes; O: other class; NI: not informed; T: total identified compounds.

Most studies carried out with EOs of Annonaceae occurring in Brazil, published
between the years 2011 and 2021, were conducted with species belonging to the genera
Annona, Guatteria, and Xylopia (Figure 1). Collections were mostly carried out in the states
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of Amazonas and Sergipe (Figure 2). To date, about 100 volatile chemical constituents
(>5%) have been obtained from the EOs of Annonaceae species collected in Brazil. Among
these compounds, α-pinene, β-pinene, limonene, (E)-caryophyllene, bicyclogermacrene,
caryophyllene oxide, germacrene D, spathulenol, and β-elemene are the most abundant
(Figure 3).

Figure 1. Distribution of studies with essential oils according to the genus of Annonaceae occurring
in Brazil from 2011 to 2021.

Figure 2. Percentage of studies conducted with essential oils from Annonaceae species collected in
Brazil between the years 2011 and 2021.
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Figure 3. Structure of the major chemical constituents identified in the essential oils of Annonaceae species occurring
in Brazil.

5. Biological Activities

It is generally accepted that chemical composition determines the bioactivities of
EOs. Annonaceae species have been widely used in folk medicine. Their EOs have been
evaluated for several effects, including anti-inflammatory, antitumor, antibacterial, and
antioxidant effects [49,61].

A total of 60 studies involving the biological activities of EOs from Annonaceae species
collected in the Brazilian territory between the years 2011 and 2021 are described in this
work. The bioactivities reported for Annonaceae EOs are represented in Figure 4. Several
EOs presented more than one reported biological activity, with the most frequent studies
being related to antiproliferative or cytotoxic activities, representing 28% of the results
listed here.

Figure 4. Distribution of studies on the biological activities of essential oils from Annonaceae species
occurring in Brazil.
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5.1. Antimicrobian Activity

Annonaceae species are an important source of new antimicrobial agents for combat-
ing resistant microorganisms; several EOs of this family had their antimicrobial properties
evaluated and showed potentially relevant results.

The EOs of Bocageopsis multiflora, Duguetia quitarensis, Fusaea longifolia, and Guatteria
punctata were evaluated to determine their antibacterial activity [57]. The EO of B. multiflora,
which is rich in cis-linalool oxide (furanoid) (33.1%) and 1-epi-cubenol (16.6%), showed
antibacterial activity against Gram-negative and Gram-positive strains, with MIC values of
4.68 µg·mL−1. The EO of D. quitarensis, which is mainly composed of 4-heptanol (33.8%),
α-thujene (18.4%), (E)-caryophyllene (14.4%), germacerne D (6.3%), and α-copaene (5.3%),
was found to be active against the Gram-positive microorganisms Streptococcus mutans
and Streptococcus pyogenes, with an MIC value of 37.5 µg·mL−1. The EO of F. longifolia,
which is rich in β-selinene (19.3%), cis-β-guaiene (18.3%), (Z)-α-bisabolene (12.0%), and
(E)-caryophyllene (7.1%), was found to be active against Pseudomonas aeruginosa,
Streptococcus mutans, and Staphylococcus aureus and resistant to methicillin, with an MIC
value of 37.5 µg·mL−1. The EO of Guatteria punctata, with a high content of germacrene
D (19.8%), (E)-nerolidol (9.9%), (E)-caryophyllene (8.4%), and cis-β-guaiene (5.5%), was
found to be active against S. mutans and S. pyogenes, with an MIC value of 4.68 µg·mL−1 [57].

The EO from the leaves of Anaxagorea brevipes, composed mainly of β-eudesmol
(13.16%), α-eudesmol (13.05%), γ-eudesmol (7.54%), and guaiol (5.12%), showed an an-
tibacterial and antifungal inhibitory effect against Kocuria rhizophila, penicillinase-negative
Staphylococcus aureus, Candida albicans, and Candida parapsilosis, with MIC values ranging
from 25.0 to 100.0 µg·mL−1 [51].

The EOs of Xylopia aromatica, which is rich in spathulenol (21.5%), dihydrocarveol
(11.6%), and trans-pinocarveol (10.2%), as well as Guatteria blepharophylla, which is rich in
caryophyllene oxide (55.7%), spathulenol (8.9%), and palustrol (6.5%), showed strong activ-
ity against the Gram-positive bacteria Streptococcus sanguinis (MIC = 0.02 mg.mL−1) [49].

The EOs from the leaves, branches, and bark of the trunk of Onychopetalum amazonicum
were evaluated to determine their antimicrobial activity against four bacterial strains and
five pathogenic fungi. The EO from the trunk bark exhibited activity against Staphylococcus
epidermidis, E. coli, and Kocuria rhizophila, with an MIC value of 62.5 µg·mL−1. The observed
activity may be associated with the presence of the sesquiterpene allo-aromadendreno
(21.2%) [69].

The antibacterial activity of the EO of Xylopia sericea fruits was investigated and the
results showed that this EO, which has a high content of the sesquiterpenes spathulenol
(16.42%), guaiol (13.93%), and germacrene D (8.11%), has bacteriostatic effects against
S. aureus (MIC = 7.8 µg·mL−1), Enterobacter cloacae (MIC = 7.8 µg·mL−1), Bacillus cereus
(MIC = 15.6 µg·mL−1), and Klebsiella pneumoniae (MIC = 62.5 µg·mL−1) [50].

The antimicrobial activity of EOs from Xylopia aromatica flowers and leaves was tested
against Gram-positive and Gram-negative bacterial strains and fungi. The EO of the flower,
which is rich in pentadecan-2-one (16.38%), bicyclogermacrene (9.74%), 7-epi-α-eudesmol
(7.76%), khusinol (7.23%), n-tricosane (6.17%), and heptadecan-2-one (5.83%), and the EO
of the leaf, which is rich in spathulenol (27.11%), khusinol (13.04%), bicyclogermacrene
(8.52%), globulol (6.47%), and cis-guaia-3,9-dien-11-ol (5.98%), exhibited a lower MIC
against S. pyogenes (200 and 100 µg·mL−1, respectively) [73].

The EOs from two specimens of Guatteria elliptica collected in Paranapiacaba and
Caraguatatuba (São Paulo), which have high levels of spathulenol (53.9%) and caryophyl-
lene oxide (40.9%), respectively, showed an inhibition of growth of less than 100% at the
highest concentration tested (3 mg.mL−1), and MIC values > 3 mg.mL−1 against all the
microorganisms tested [9].

The EOs from four Guatteria species (G. australis, G. ferruginea, G. latifolia, and G. sellowiana),
which are rich in spathulenol (11.04–40.29%) and caryophyllene oxide (7.74–40.13%),
showed a strong antibacterial activity (MIC = 0.062−0.25 mg.mL−1) against Rhodococcus equi
strains [63].
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The EO from the leaves of G. australis, which is rich in germacrene B (50.6%), germa-
crene D (22.2%), and (E)-caryophyllene (8.9%), had little effect against S. aureus and E. coli
(MIC = 250 µg·mL−1) [64].

The antimicrobial activities of EOs from the leaves, branches, and bark of
Bocageopsis pleiosperma were evaluated. The EOs obtained from the bark had a moder-
ate effect against Staphylococcus epidermidis (MIC = 250 µg·mL−1), while the other EOs did
not show antimicrobial activity [58].

The EO from the leaves of Annona vepretorum, which is rich in bicyclogermacrene
(43.7%), spathulenol (11.4%), α-phelandrene (10.0%), α-pinene (7.1%), (E)-β-ocimene
(6.8%), germacrene D (5.8%), and p-cymene (4.2%), exhibited significant antimicrobial
activity against S. aureus, S. epidermidis, and Candida tropicalis, with MIC values below
1000 µg·mL−1 [56].

The antimicrobial activities of EO oils from the leaves of Annona pickelli, which are
rich in bicyclogermacrene (45.4%), (E)-caryophyllene (14.6%), and α-copaene (10.6%), and
Annona salzmannii, with high contents of bicyclogermacrene (20.3%), (E)-caryophyllene
(19.9%), δ-cadinene (15.3%), α-copaene (10.0%), and allo-aromadendreno (5.7%), were
evaluated and the results obtained showed that the EO of A. salzmannii was more effective,
exhibiting significant antimicrobial activity against most of the microorganisms tested [43].

The EO of D. lanceolata, which is rich in β-elemene (12.7%), caryophyllene oxide
(12.4%), and β-selinene (8.4%), inhibited the growth of Staphylococcus aureus, Streptococcus
pyogenes, Escherichia coli, and Candida albicans, with MIC values of 60, 20, and 60 µg·mL−1,
respectively [38].

5.2. Anti-Inflammatory Activity

Many species of Annonaceae have been used to treat inflammatory diseases in folk
medicine. Pharmacological studies have shown that some terpenoids and EOs from this
family have significant anti-inflammatory effects, such as caryophyllene oxide and the
EO of Duguetia lanceolata. The EO from the branches of D. lanceolata, which is rich in
β-elemene (8.3%), β-caryophyllene (6.2%), caryophyllene oxide (7.7%), β-eudesmol (7.2%),
β-selinene (7.1%), and δ-cadinene (5.5%), played a crucial role as a protective factor against
carrageenan-induced acute inflammation [61].

The EO from the bark of the underground stem of Duguetia furfuracea, which is
rich in (E)-asarone (21.9%), bicyclogermacrene (16.7%), 2,4,5-trimethoxystyrene (16.1%),
α-gurjunene (15.0%), and cyperene (7.8%), was shown to have anti-inflammatory ef-
fects [13].

The EO from the leaves of Annona sylvatica, which are composed mainly of hinesol
(8.16%), (Z)-caryophyllene (7.31%), β-maliene (6.61%), and γ-gurjunene (5.46%), showed
anti-inflammatory activity against the persistent inflammation induced by CFA (Complete
Freund’s Adjuvant) [45].

5.3. Antileishmanial Activity

The EO from the leaves of Guatteria australis, which has a high concentration of
germacrene B (50.6%), germacrene D (22.2%), and (E)-caryophyllene (8.9%), presented
anti-leishmania activity against Leishmania infantum (IC50 = 30.7 µg·mL−1) [64].

The EO of Annona coriacea, which has a high percentage of bicyclogermacrene (39.8%),
presented antileishmania activity against the promastigote forms of four species of Leishmania,
being more active against L. chagasi (IC50 = 39.93 µg·mL−1) [39].

5.4. Antioxidant Activity

Antioxidants are widely used in the food industry for a variety of reasons, including
preventing oxidation; neutralizing free radicals; preserving food; and enhancing flavor,
aroma, or color. As some synthetic antioxidants exhibit carcinogenic effects and can be
toxic to nature, researchers have intensified the search for natural antioxidants [79]. In
several studies with EOs, the antioxidant activity is related to compounds such as thymol,
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carvacrol, α-terpinene, β-terpinene, β-terpinolene, 1,8-cineol, eugenol, and linalool, which
have an antioxidant activity similar to that of α-tocopherol [80].

The EOs from the leaves of two specimens of Guatteria elliptica, which were collected
in Paranapiacaba and Caraguatatuba, showed a low antioxidant potential (EC50 = 7.24 and
28.68 mg.mL−1 using DPPH assays) for the EOs from Paranapiacaba and Caraguatatuba,
respectively [9]. The difference in EC50 values can be attributed, at least in part, to the
different contents of the main compounds present in EOs. Natural products such as EOs
are formed by a complex mixture of organic compounds that act synergistically, increasing
biological or even antagonistic activity and thus reducing the verified activity [80,81].

The EO of Xylopia sericea was investigated for its antioxidant potential using differ-
ent methods. The EO of the fruit is rich in spathulenol (16.42%), guaiol (13.93%), and
germacrene D (8.11%), and presented significant antioxidant activity through the DPPH
(2,2-diphenyl-1-picryl-hydrazyl) methods (IC50 49.1 µg·mL−1), β-carotene/linoleic acid
bleaching (IC50 6.9 µg·mL−1), TAC (Total Antioxidant Capacity) (IC50 78.2 µg·mL−1), and
TBARS (Thiobarbituric Acid Reactive Substances) (80.0 µg·mL−1) [50].

The EO from Duguetia lanceolata branches showed a high content of β-elemene
(8.3%), β-caryophyllene (6.2%), caryophyllene oxide (7.7%), β-eudesmol (7.2%), β-selinene
(7.1%), and δ-cadinene (5.5%). Antioxidant effects gained using the DPPH assay (EC50
159.4 µg·mL−1), Fe+3 reduction (EC50 187.8 µg·mL−1), and the inhibition of lipid peroxida-
tion (41.5%) were considered significant [61].

The antioxidant potential of the EO of Guatteria australis leaves, which are rich in
germacrene B (50.6%), germacrene D (22.2%), and (E)-caryophyllene (8.9%), was evaluated
using two methods. Antioxidant capacity was considered either medium (TLC/DPPH,
light yellow spot) or small (ORAC assay, 457 µmolTE.g−1) [64].

The EO from the leaves of Annona vepretorum, which are rich in bicyclogermacrene
(43.7%), spathulenol (11.4%), α-phelandrene (10.0%), α-pinene (7.1%), (E)-β-ocimene (6.8%),
germacrene D (5.8%), and p-cymene (4.2%), was able to capture radicals, but the antioxidant
activity was considered weak. In the kinetic method of the ORAC assay, the result obtained
was 204.24 µmolTE.g−1, while the TLC produced a yellow spot where the EO was applied
due to the DPPH reduction [56].

The Eos from the leaves of Annona pickelli, which are rich in bicyclogermacrene (45.4%),
(E)-caryophyllene (14.6%), and α-copaene (10.6%), as well as Annona salzmannii, which
have high contents of bicyclogermacrene (20.3%), (E)-caryophyllene (19.9%), δ-cadinene
(15.3%), α-copaene (10.0%), and allo-aromadendrene (5.7%), showed significant antioxidant
capacity in the ORAC and DPPH assays [43].

5.5. Antiproliferative and Cytotoxic Activities

The search for new drugs that show activity against different types of cancer has
become one of the most interesting subjects to research in the area of natural products.
As a result, several EOs from Annonaceae species and their bioactive constituents were
evaluated to determine their antiproliferative and cytotoxic properties.

The cytotoxic, mutagenic, and genotoxic profiles of the EO from Xylopia laevigata
leaves were investigated. The results showed that the EO, which is rich in germacrene D
(43.6%), bicyclogermacrene (14.6%), (E)-caryophyllene (7.9%), and germacrene B (7.3%),
has mutagenic and antiproliferative activities, which can be related to the cytotoxic effect
of the main components of the EO [76].

The in vitro cytotoxicity of Annona vepretorum EO (pure, microencapsulated with
β-cyclodextrin and some of its main constituents) on tumor cell lines of different his-
totypes was evaluated. Furthermore, the in vivo efficacy of this EO in mice has been
described. The results showed that the sesquiterpene spathulenol and EO, which have a
high concentration of bicyclogermacrene (35.71%), spathulenol (18.89%), (E)-β-ocimene
(12.46%), α-phellandrene (8.08%), and o-cymene (6.24%), exhibited promising cytotoxic-
ity. The tumor growth in vivo was inhibited by EO treatment (34.46% inhibition) and EO
microencapsulation was found to increase tumor growth inhibition (62.66% inhibition) [54].
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The antitumor activity and toxicity of the EO of Annona leptopetala leaves, which
are rich in spathulenol (12.5%) and α-limonene (9.0%), were evaluated. The EO showed
antitumor activity in vitro and in vivo, mainly in the leukemia cell line, without major
changes seen in the toxicity parameters evaluated [42].

The in vitro cytotoxic activity of the EO from fresh fruits of Xylopia laevigata and its
main constituents (limonene, α-pinene, and β-pinene) was evaluated against four tumor
cell lines (mouse melanoma, human hepatocellular carcinoma, human promyelocytic
leukemia, and chronic myelocytic leukemia) and non-tumor cells (human peripheral blood
mononuclear cells). Neither the EO nor its major constituents showed cytotoxic activity
(IC50 > 25.0 µg·mL−1) [77].

The in vitro and in vivo antileukemic potential of the EO from the leaves of Guatteria
megalophylla was investigated. The in vitro cytotoxic potential of the EO was evaluated
in human cancer cell lines (HL-60, MCF-7 CAL27, HSC-3, HepG2, and HCT116) and in
non-cancerous human cell lines (MRC-5). The in vivo efficacy was evaluated in C.B17
SCID mice with HL-60 cell xenografts. The results showed that this EO has anti-leukemic
potential (with an IC50 value of 12.51 µg·mL−1 for HL-60 cells), and the main constituents
spathulenol (27.7%), γ-muurolene (14.3%), bicyclogermacrene (10.4%), β-elemene (7.4%),
and δ-elemene (5.1%) can play a central role in the registered activities [67].

The antiproliferative activity of the EO from the leaves of Anaxagorea brevipes was
investigated in a number of cancer cell lines and the bioactivity was described against
MCF-7 (breast, TGI = 12.8 µg·mL−1), NCI-H460 (lung, TGI) = 13.0 µg·mL−1), and PC-3
(prostate, TGI = 9.6 µg·mL−1). The antiproliferative activity found was attributed to the
major constituents of the EO: β-eudesmol (13.16%), α-eudesmol (13.05%), γ-eudesmol
(7.54%), and guaiol (5.12%) [51].

The antitumor activity and toxicity of Xylopia langsdorffiana EO, which is rich in
α-pinene (34.5%) and limonene (31.7%), were evaluated. The EO was found to cause
in vitro and in vivo growth inhibition in tumor cells, without major changes seen in the
toxicity parameters evaluated [12].

The EOs from two specimens of Guatteria elliptica showed important antitumor activity
against breast and prostate cancer cells (IC50 = 7.0 and 5.5 µg·mL−1, respectively) and a
low cytotoxicity against normal fibroblasts (IC50 > 22.2 µg·mL−1 and IC10 = 18.5 µg·mL−1,
respectively) [9].

The EO of Duguetia gardneriana, which has a high content of β-bisabolene (80.9%),
exhibited a cytotoxic effect. The IC50 values were obtained for mouse melanoma, human
hepatocellular carcinoma, human promyelocytic leukemia, and human chronic myelocytic
leukemia cell lines (16.8, 19.1, 13.0 and 19.3 µg·mL−1, respectively). The in vivo antitumor
activity was evaluated using C57BL/6 mice inoculated subcutaneously with B16-F10
melanoma cells, revealing tumor growth inhibition rates of 5.37 and 37.52% at doses of 40
and 80 mg/kg/day, respectively [11].

The antiproliferative activity of the EOs of four Guatteria species (G. australis, G. ferruginea,
G. latifolia, and G. sellowiana) was investigated. These EOs contained the oxygenated
sesquiterpenes spathulenol (11.04–40.29%) and caryophyllene oxide (7.74–40.13%) as the
main constituents. The evaluation of the antiproliferative activity showed a strong selec-
tivity (1.1–4.1 µg·mL−1) against the ovarian cancer tumor lineage, which was even more
active than the positive control doxorubicin (11.7 µg·mL−1) [63].

The EO from the leaves of Guatteria australis, which had a high concentration of
germacrene B (50.6%), germacrene D (22.2%), and (E)-caryophyllene (8.9%), had a strong
antiproliferative effect against NCI-ADR/RES (ovarian- resistant) and HT-29 (colon). The
TGI (Total Growth Inhibition) values were equal to 31.0 and 32.8 µg.mL–1, respectively [64].

The antiproliferative activity of the EO of Annona sylvatica leaves, which is rich in
hinesol (8.16%), (Z)-caryophyllene (7.31%), β-maliene (6.61%), and γ-gurjunene (5.46%),
was evaluated in vitro against nine human tumor cell lines: melanoma (UACC-62), breast
(MCF-7), lung (NCI-H460), ovary (OVCAR03), prostate (PC-3), colon (HT-29), renal (786-0),
resistant ovary (NCI/ADR-Res), and glioma (U251). The results demonstrate that the EO
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has anticancer activity, with GI50 values (concentrations that elicit an inhibition of 50%
of the cell growth) in the range of 36.04–5.37 µg·mL−1, but at the highest concentration
cytostatic activity and cytotoxic effects were observed for all cell lines [45].

The EO of Annona pickelii¸ which is mainly composed of bicyclogermacrene (38.0%),
(E)-caryophyllene (27.8%), α-copaene (6.9%), and α-humulene (4.0%), as well as the EO
of Annona salzmannii, which is rich in δ- cadinene (22.6%), (E)-caryophyllene (21.4%),
α-copaene (13.3%), bicyclogermacrene (11.3%), and germacrene D (6.9%), exhibited potent
antitumor activity. The most significant activity was observed against U251 (glioma, CNS),
UACC-62 (melanoma), MCF-7 (breast), NCI-460 (lung), and HT-29 (colon) for the EO of
A. pickelii e U251, 786-0 (kidney) and NCI-460 for the EO of A. salzmannii, all with TGI
values below 50 µg·mL−1 [53].

Xylopia laevigata EO has significant anticancer potential in vitro and in vivo. The cy-
totoxic effects of EOs from the leaves of three specimens of X. laevigata were evaluated
against different tumor lines: OVCAR-8 (ovarian carcinoma), SF-295 (GLIOBLASTOMA),
HCT-116 (colon carcinoma), HL-60 (promyelocytic leukemia), and PBMC (peripheral lym-
phoblast). In the in vitro cytotoxic study, different EO samples with similar chemical
profiles (γ-muurolene, δ-cadinene, germacrene B, α-copaene, germacrene D, bicycloger-
macrene, and (E)-caryophyllene) showed cytotoxicity to all the tumor lines tested. In the
in vivo antitumor study, the tumor growth inhibition rates were 37.3–42.5% [29].

The EO from Xylopia sericea leaves, characterized by α-pinene, β-pinene, o-cymene, and
D-limonene, showed a low cytotoxicity to HepG2 cells (human hepatocellular carcinoma)
(CC50 275.9 µg·mL−1) [78].

The EO from Xylopia frutescens leaves, which are rich in €-caryophyllene (31.48%), bi-
cyclogermacrene (15.13%), germacrene D (9.66%), δ-cadinene (5.44%), viridiflorene (5.09%),
and α- copaene (4.35%) showed cytotoxicity against the tumor cell lines NCI-H358M (bron-
choalveolar carcinoma of the lung) and PC-3M (metastatic prostate carcinoma), with IC50
values ranging from 24.6 to 40.0 µg·mL−1, respectively. In the in vivo antitumor study, the
tumor growth inhibition rates were 31.0–37.5% [33].

The antiproliferative activity of the EO from Cardiopetalum calophyllum leaves, which
is mainly made up of spathulenol (28.78%), viridiflorol (9.99%), and (Z,E)-farnesol (6.51%),
was evaluated in different human tumor cell lines: adenocarcinoma of the breast (MCF-
7), cervical adenocarcinoma (HeLa), and glioblastoma (M059J), in addition to a normal
human cell line (GM07492A, pulmonary fibroblasts). The IC50 values ranged from 216.8 to
353.51 µg·mL−1 and selectivity was not observed [82].

5.6. Larvicidal Activity

The larvicidal effect of EOs from Annonaceae species was tested against several dis-
ease vectors. The EOs of two species of Duguetia were evaluated against the larvae of
Artemia salina and Culex quinquefasciatus. Essential oils from the leaf, wood, and bark
of the underground stem of D. furfuracea showed potent activity against A. salina larvae
(LC50 6.01, 7.79 and 9.98 µg·mL−1, respectively). The main constituents were spathu-
lenol (47.2%), bicyclogermacrene (26.4%), and caryophyllene oxide (5.2%) in the EO of
the leaf, (E)-asarone (21.9%), bicyclogermacrene (16.7%), 2,4,5-trimethoxystyrene (16.1%),
α-gurjunene (15.0%), and cyperene (7.8%) in the underground stem bark EO, as well as
(E)-asarone (16.6%), cyperene (15.7%), spathulenol (14.2%), 2,4,5-trimethoxystyrene (13.2%),
bicyclogermacrene (8.6%), and α-gurjunene (8.1%) in the wood EO. The EO of D. lanceolata
leaves, which is rich in α-selinene (11.0%), aristolochene (5.8%), (E)-caryophyllene (5.3%),
and (E)-calamenene (5.2%), also showed potent activity against A. salina larvae (LC50
0.89 µg·mL−1). The EOs of both species were moderately active against C. quinquefasciatus,
as they exhibited LC50 values ranging from 57.8 to 121.7 µg·mL−1 [60].

The EO of Onychopetalum periquino, which has a high concentration of β-elemene
(53.16%), spathulenol (11.94%), and β-selinene (9.25%), showed a high larvicidal activity
against Aedes aegypti larvae, with an LC50 of 63.75 µg·mL−1 reaching 100% mortality at
200 µg·mL−1 [70].
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The EOs of Xylopia laevigata, which are rich in germacrene D (27.0%), bicyclogerma-
crene (12.8%), (E)-caryophyllene (8.6%), γ-muurolene (8.6%), and δ-cadinene (6.8%), and
of Xylopia frutescens, which has high levels of bicyclogermacrene (23.2%), germacrene D
(21.2%), (E)-caryophyllene (17.4%), β-elemene (6.3%), and (E)-β-ocimene (5.2%), did not
show larvicidal activity [75].

The larvicidal activity of EOs from Annona pickelli leaves, which are rich in bicycloger-
macrene (45.4%), (E)-caryophyllene (14.6%), and α-copaene (10.6%), and Annona salzmannii,
which has high contents of bicyclogermacrene (20.3%), (E)-caryophyllene (19.9%),
δ-cadinene (15.3%), α-copaene (10.0%), and allo-aromadendrene (5.7%), was determined
against Aedes aegypti larvae. However, no larval mortality was detected at concentrations
of up to 1000 µg·mL−1 [43].

The EO of Duguetia lanceolata, which is rich in β-elemene (12.7%), caryophyllene oxide
(12.4%), and β-selinene (8.4%), was active against A. salina larvae with LC50 values equal
to 49.0 µg·mL−1 and was about nine times more poisonous than the standard used thymol
(LC50 = 457.9 µg·mL−1) [38].

The larvicidal activity of the EOs of Guatteria blepharophylla, Guatteria friesiana, and
Guatteria hispida was tested against A. aegypti larvae; the lethal concentrations of LC50, LC95,
and LC99 were, respectively, 85.74, 199.35, and 282.76 ppm for G. hispida; 58.72, 107.6, and
138.37 ppm for G. blepharophylla; and 52.6, 94.37, and 120.22 ppm for G. friesiana. The EO of
G. friesiana, rich in α-, β- and γ-eudesmol, showed better insecticidal effect [65].

5.7. Trypanocidal and Antimalarial Activities

Chagas disease, also known as American trypanosomiasis, is caused by the protozoan
parasite Trypanosoma cruzi. With a complex pathophysiology and dynamic epidemiological
profile, this disease remains an important public health concern and is an emerging disease
in non-endemic countries. For its etiological treatment in both the acute and chronic phase,
there are two main drugs for the treatment of the disease: benznidazole and nifurtimox [83].

The EOs of Bocageopsis multiflora, Duguetia quitarensis, Fusaea longifolia, and Guatteria
punctata were evaluated to determine their trypanocidal activity. The results showed that
these EOs were active at the concentrations tested. The EO of G. punctata was the most
active, with an IC50 = 0.029 µg·mL−1, being 34 times more active than the reference drug
benznidazole. The authors reported that the strong activity observed for this species can
be attributed to the presence of germacrene D (19.8%) and (E)-caryophyllene (8.4%) in the
composition of the EO of G. punctata [57].

Essential oils extracted from the leaves of Guatteria friesiana, which have a high content
of β-eudesmol (51.9%), γ-eudesmol (18.9%), and α-eudesmol (12.6%), and from the leaves
of Guatteria pogonopus, which are rich in spathulenol (24.8%), γ-amorphene (14.7%), and
germacrene D (11.8%), demonstrated potent trypanocidal and antimalarial activity with
IC50 values below 41.3 µg·mL−1 [66].

The EO from the leaves of Annona vepretorum, which has high levels of bicyclogerma-
crene (43.7%), spathulenol (11.4%), α-phellandrene (10.0%), α-pinene (7.1%), (E)-β-ocimene
(6.8%), germacrene D (5.8%), and p-cymene (4.2%), showed potent trypanocidal activity
with an IC50 value equal to 31.9 µg·mL−1 [56].

The trypanocidal activity of EOs from Annona pickelii, which are rich in bicyclogerma-
crene (38.0%), (E)-caryophyllene (27.8%), α-copaene (6.9%), α-humulene (4.0%), and EOs
from Annona salzmannii, which are rich in δ-cadinene (22.6%), (E)-caryophyllene (21.4%),
α-copaene (13.3%), bicyclogermacrene (11.3%), and germacrene D (6.9%), were evaluated.
The results showed that the A. pickelii EO was the most active, with an IC50 value of
27.2 µg·mL−1, while the IC50 value observed for A. salzmannii EO was 89.7 µg·mL−1 [53].

The EOs of Annona squamosa, which are rich in (E)-caryophyllene (27.4%), germacrene
D (17.1%), and bicyclogermacrene (10.8%), and the EOs Annona vepretorum, which are rich
in bicyclogermacrene (39.0%), spathulenol (14.0%), and α-phellandrene (11.5%), showed
potent trypanocidal and antimalarial activity, with IC50 values below 20 µg·mL−1 and a
strong inhibition of the proliferation of amastigote forms [44].
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The EO of Annona coriacea, which has a high percentage of bicyclogermacrene (39.8%),
showed trypanocidal activity against trypomastigote forms of T. cruzi (IC50 168.50 µg·mL−1) [39].

The antiplasmodic activity of Xylopia sericea EO, which is characterized by α-pinene,
β-pinene, o-cymene, and D-limonene, was evaluated and showed a low growth inhibition
(24.0 to 50.0 µg·mL−1) against Plasmodium falciparum, a malaria-associated protozoan, in
humans [78].

5.8. Other Activities

The EOs of Xylopia laevigata and Xylopia frutescens showed a low degree of pro-
tection against Aedes aegypti landings and, therefore, low repellent activity. The EO of
X. laevigata had a high concentration of germacrene D (27.0%), bicyclogermacrene (12.8%),
(E)-caryophyllene (8.6%), γ-muurolene (8.6%), and δ-cadinene (6.8%), while high levels of
bicyclogermacrene (23.2%), germacrene D (21.2%), (E)-caryophyllene (17.4%), β-elemene
(6.3%), and (E)-β-ocimene (5.2%) were identified in the EO of X. frutescens [75].

The anticonvulsant, sedative, anxiolytic, and antidepressant activities of the EO from
the leaves of Annona vepretorum, which is rich in (E)-β-ocimene (42.59%), bicyclogermacrene
(18.81%), germacrene D (12.19%), and limonene (10.02%), were investigated in mice. The
results showed that acute treatment with the EO of this species has anxiolytic, sedative,
antiepileptic, and antidepressant effects [55].

The sesquiterpene caryophyllene oxide and the EO from Duguetia lanceolata branches,
which is rich in β-elemene (8.3%), caryophyllene oxide (7.7%), β-eudesmol (7.2%),
β-selinene (7.1%), β-caryophyllene (6.2%), and δ-cadinene (5.5%), have an antinociceptive
effect, as they were shown to reduce abdominal contortions in mice [61].

The insecticidal, antifungal, and antiaflatoxigenic activities of Duguetia lanceolata EO
were evaluated in stored grain spoilage agents. The main constituents of this EO were
β-bisabolene (56.2%) and 2,4,5-trimethoxystyrene (19.1%). The results suggested that
the EO has promising grain protection properties against Sitophilus zeamais and Zabrotes
subfasciatus, showing a comparable activity to that of a deltamethrin-based insecticide
(positive control) [62].

The antinociceptive effect of a Duguetia furfuracea underground stem bark EO, com-
posed mainly of (E)-asarone (21.9%), bicyclogermacrene (16.7%), 2,4,5-trimethoxystyrene
(16.1%), α-gurjunene (15.0%), and cyperene (7.8%), was investigated. The results showed
that the antinociceptive activity of this EO is possibly mediated by adenosinergic and opi-
oidergic pathways and that its properties do not induce effects on motor coordination [13].

The EO from fresh leaves of Unonopsis guatterioides, which is rich in α-copaene
(15.7%), bicyclogermacrene (15.7%), trans-caryophyllene (15.7%), α-humulene (9.0%),
allo-aromadendreno (8.4%), and spathulenol (7.3%), showed a phytotoxic effect on the
germination, growth, and development of monocotyledonous (Allium cepa) and dicotyle-
donous (Lactuca sativa) plants [72].

6. Methodology

In this work, a systematic review was carried out to show studies published between
the years 2011 and 2021 on the chemical composition and biological properties of EOs of
Annonaceae species collected in Brazil, which can serve as a reference for the future research
and use of these species. In addition, a section on the ethnobotanical use of these species
was also inserted in order to express their importance in traditional Brazilian medicine.

Pubmed, WOS, Scopus, and Scielo were used as virtual databases to search for the
peer-reviewed articles that were used to compose the present work. The keywords used
for the research were: “Annonaceae”, “óleos essenciais”, “essential oils”, “atividades
biológicas”, “biological activities”, “ethnobotany”, and “medicinal use”.

The selection of manuscripts to compose this review was based on studies published
in peer-reviewed journals; in addition, a careful review was carried out to confirm whether
the species studied in the published articles were of Brazilian origin, as reported at
www.floradobrasil.jbrj.gov.br (accessed on 29 September 2021). The quality of the reviewed
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studies is well known—only peer-reviewed articles were included, and we considered
only papers in the English language for gathering data regarding the chemical composition
and biological properties of EOs of Annonaceae species. However, for the section on the
ethnobotanical use of these species, data published in the Portuguese language were also
considered. Theses, Ph.D. dissertations, and unpublished articles were not included in this
review. Therefore, we focused on phytochemical and/or in vitro, in vivo, and in animal
studies, with the aim of providing up-to-date information on the biological properties of
EOs from Annonaceae species collected in Brazil.

According to the website CrossRef, from 2013 to 2021, journal articles (1244), compo-
nents (237), chapters (55), dissertations (32), posted content (10) peer reviews (3), datasets
(3), conference papers (3), monographs (1), and books (1) were used, with the year 2018
(201) having the highest number of publications. The main journals that published ar-
ticles on Annonaceae were ChemInform (53); Phytotaxa (43); Natural Product Research
(27); Journal of Essential Oil Research (27); Botanical Journal of the Linnean Society (27);
Blumea—Biodiversity, Evolution and Biogeography of Plants (27); Biochemical Systematics
and Ecology (27); Nordic Journal of Botany (26); Kew Bulletin (25); and Taxon (24).

In the science direct database, a total of 1888 papers were published, including re-
view and research articles, chapters, and books. The main periodicals were Journal of
Ethnopharmacology (270); Biochemical Systematics and Ecology (49); Forest Ecology and
Management (49); South African Journal of Botany (45); Phytochemistry (38); Phytochem-
istry Letters (34); Review of Palaeobotany and Palynology (33); Herbal Medicine (32);
Industrial Crops and Products (28); Journal of Herbal Medicine (27); Flora (26); Molecular
Phylogenetics and Evolution (23); Studies in Natural Products Chemistry (23); Asian Pacific
Journal of Tropical Biomedicine (23); Food Research International (22); European Journal of
Medicinal Chemistry (22); Tetrahedron Letters (21); Palaeogeography, Palaeoclimatology,
Palaeoecology (21); Biomedicine & Pharmacotherapy (19); Dictionary of Trees, Volume 2:
South America, 2014 (18); Brazilian Journal of Pharmacognosy (18); The Alkaloids: Chem-
istry and Biology (17); Phytom Medicine (16); Bioorganic & Medicinal Chemistry Letters
(15); and Food Chemistry (14). By analyzing the numbers of papers published in the two
databases, we were able to identify the importance of the topic for the scientific community.
Furthermore, this is the first report on a literature review of the Annonaceae species found
in Brazil.

7. Conclusions

Studies relating to natural products are important, as they can be sources of new
chemically active molecules with potential applications in diverse human activities. In
the present review, we note that Brazilian Annonaceae species can be sources of bioactive
compounds such as α-pinene, β-pinene, limonene, (E)-caryophyllene, bicyclogermacrene,
caryophyllene oxide, germacrene D, spathulenol, and β-elemene, which are present in
the essential oils of the plants. Furthermore, the potential use of these EOs in terms of
their antimicrobial, antiproliferative, cytotoxic, larvicidal, antioxidant, anti-inflammatory
activities, etc., was also described. In some cases, it was possible to observe that the
biological activity reported for the essential oil (EO) was superior to that of drugs available
on the market, such as the EO of the species Guatteria punctata, which showed a trypanocidal
effect that was 34 times more active than that of the reference drug benznidazole. This and
other studies demonstrate that it is necessary to expand research to the EOs of Annonaceae,
especially species occurring in Brazil, since studies on these are still scarce and there
is a considerable number of Annonaceae species that are unexplored in terms of their
content, chemical composition, and the biological activities of their EOs. In addition, the
ethnobotanical use of some plants of this family was demonstrated, and it was found that
the most cited species in folk medicine belong to the Annona genus.
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Abstract: Obesity is a risk factor that leads to the development of other diseases such as dyslipidemia
and diabetes. These three metabolic disorders can occur simultaneously, hence, the treatment requires
many drugs. Antioxidant compounds have been reported to have activities against obesity, dyslipi-
demia and diabetes via several mechanisms. This review aims to discuss the antioxidant compounds
that have activity against obesity, dyslipidemia and diabetes together with their molecular signaling
mechanism. The literature discussed in this review was obtained from the PUBMED database. Based
on the collection of literature obtained, antioxidant compounds having activity against the three
disorders (obesity, dyslipidemia and diabetes) were identified. The activity is supported by various
molecular signaling pathways that are influenced by these antioxidant compounds, further study of
which would be useful in predicting drug targets for a more optimal effect. This review provides
insights on utilizing one of these antioxidant compounds as opposed to several drugs. It is hoped
that in the future, the number of drugs in treating obesity, dyslipidemia and diabetes altogether can
be minimized consequently reducing the risk of side effects.

Keywords: obesity; oxidative stress; dyslipidemia; diabetes; antioxidant

1. Introduction

Obesity is a pathological condition of excessive fat accumulating in the tissues under
the skin and spreading to the organs and tissues around the body. From a health per-
spective, obesity is malnutrition caused by long-term excessive consumption of unhealthy
food. Obese patients have health problems, one of which is an increase in total cholesterol
levels > 200 mg/dL. The World Health Organization (WHO) points out that obesity is a
chronic disease and is one of the risk factors for degenerative diseases such as diabetes
and dyslipidemia, as well as acute coronary disease, hypertension, hyperuricemia and
polycystic ovary syndrome [1]. Obesity can trigger oxidative stress through various mech-
anisms such as oxidative phosphorylation, glyceraldehyde autoxidation and superoxide
formation [2]. Oxidative stress is a condition when there is an increase in the number of free
radicals and/or a decrease in antioxidant activity [3]. Oxidative stress plays a role in co-
morbid obesity such as diabetes, dyslipidemia, endothelial dysfunction and mitochondrial
dysfunction [2].

Patients with obesity are often associated with lipid abnormalities [4]. Approximately
60–70% of obese patients have dyslipidemia. In addition, insulin resistance disorders also
contribute to the development of dyslipidemia. In recent years, dyslipidemia caused by
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the combined action of insulin resistance and obesity has been referred to as “metabolic
dyslipidemia” with the main characteristics of increasing levels of triglycerides (TG) and
decreasing levels of high-density lipoprotein (HDL). Under this condition, there can also
be an increase in low-density lipoprotein (LDL) levels [5].

Diabetes mellitus (DM) is one of the comorbidities of obesity caused by oxidative stress.
DM is a chronic disease affecting the body’s metabolism, characterized by increased blood
sugar levels exceeding normal limits. In Southeast Asia, the number of diabetes cases in
2019 reached 88 million people and 90% of them were type 2 diabetes mellitus, half of which
have complications that lead to death. The International Diabetes Federation (IDF) listed
Indonesia as the 7th highest diabetic country with a prevalence of 8.5 million, and the num-
ber is predicted to increase to 14.1 million by 2035 [6]. The study by Mohieldein et al. (2015)
reported that prediabetes was associated with obesity, development of dyslipidemia and
decreasing total antioxidant status. Lifestyle changes such as weight loss, regular physical
activity and a healthy diet should be encouraged to prevent progression to type 2 diabetes
and its complications from prediabetes [7].

The hyperglycemia condition in DM has a significant impact on the vascular endothe-
lium, which is caused by the auto-oxidation of glucose during the formation of free radicals,
which in turn leads to macro- and microvascular dysfunction due to oxidative stress [3].
Oxidative stress conditions in DM are usually associated with an increase in endothelial
cell apoptosis, which shows an increase in the free radical formation and a decrease in
antioxidant capacity [8].

Metabolic disorders such as obesity, dyslipidemia and diabetes are the main causes
of life-threatening ischemic heart disease [9]. Based on research by Vona et al. (2019)
and Pechánová et al. (2015), it is reported that this metabolic disorder is accompanied by
chronic inflammation mediated by oxidative stress. Increased oxidative stress in metabolic
disorders plays a role in causing mitochondrial dysfunction, accumulation of protein and
lipid oxidation products and disruption of the antioxidant system [10,11]. Clinical studies
show that obesity co-occurring with metabolic disorders such as dyslipidemia and diabetes
will increase the risk of death compared to obesity without metabolic disorders. However,
when compared with lean individuals, obesity may increase the risk of death from various
complications that accompany this condition [12].

At present, many people have adopted a healthy lifestyle, such as eating foods or tak-
ing medications derived from natural ingredients, especially those containing antioxidant
compounds that can prevent and treat various diseases [13]. Compounds with antioxidant
activity such as kahweol have been reported to have antidiabetic properties by suppressing
pancreatic cell apoptosis and increasing insulin secretion in streptozotocin (STZ)-induced
mice [14]. Another study by Pan et al. (2018) reported that flavonoids such as resveratrol
(3,4′,5-trihydroxy-stilbene, RES) are widely present in vegetables and fruits with biological
and pharmacological effects such as antiobesity, antioxidation activity and antidiabetic [15].
The combination of resveratrol and quercetin has also been reported to reduce hyper-
glycemia, serum glucose dysfunction and dyslipidemia in streptozotocin (STZ)-induced
diabetic rats [16].

Of the many studies that discuss metabolic disorders and antioxidants from the
literature, only two studies are obtained, which are closest to the discussion in this review.
The two studies are conducted by Dal et al. (2016) and Shabbir et al. (2021). In a review
article by Dal et al. (2016), the effect of consuming antioxidants from various sources such as
functional foods, plants, fruits, vegetables, vitamins, supplements and other natural sources
rich in polyphenols on diabetes and vascular complications based on in vivo, in vitro and
clinical trials in humans were discussed [17]. Another review article by Shabbir et al. (2021)
discusses the activity of polyphenol antioxidant compounds, namely, curcumin, quercetin
and catechins, against metabolic disorders that focus on the role of the gut microbiota,
which is affected by these antioxidant compounds to improve metabolic disorders [18].

In the two aforementioned reviews, there has been no detailed discussion on the
effect of antioxidant compounds and their molecular signaling mechanisms against obesity,
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dyslipidemia and diabetes. The novelty of this review is the summary of information on
antioxidant compounds derived from natural products based on the results of in vivo,
in vitro and clinical trials that can treat obesity, dyslipidemia and diabetes. This could
provide an insight on the antioxidant compounds that can simultaneously act as an antiobe-
sity, antidyslipidemia and antidiabetic as compared to the current practices that require
several drugs for the treatment of the three metabolic disorders, hence minimizing the use
of multiple drugs and the risk of side effects and drug interactions. Identifying the plants
containing these valuable compounds could also potentially yield a cheaper alternative
treatment in the form of a herbal preparation to treat all three illnesses in the future.

In addition, this review also provides information on the molecular signaling path-
ways influenced by the antioxidant compounds from natural products that play a role
in the development of obesity, dyslipidemia and diabetes. This would be useful for re-
searchers to further investigate the activity of these antioxidant compounds to determine
therapeutic targets.

2. Method

This review was made based on the results of the collection and review of journals
obtained from the PUBMED database with several related keywords such as “antioxidant
AND natural product AND obesity”, “antioxidant AND natural product AND antidia-
betes”, “antioxidant AND natural product AND antidyslipidemia”, “signaling pathways
AND natural product”, “obesity AND dyslipidemia AND natural product”, “antioxi-
dant AND oxidative stress AND obesity AND dyslipidemia AND diabetes”, “ resveratrol
AND metabolis disorders AND clinical study”, “quercetin AND clinical study AND an-
tiobesity”, “curcumin AND antiobesity AND clinical study”, ”anthocyanins AND clinical
study AND anti obesity”, “antioxidant AND metabolic disorders AND clinical study”,
“antioxidant AND antiobesity AND antidiabetes”, “antioxidant AND antidislipidemia
AND antidiabetes”.

The inclusion criteria for the main article are articles published in ≥2016 and research
articles that discuss pharmacological antioxidant activity against obesity, dyslipidemia
and diabetes as well as the signaling pathways of these antioxidant activities. Inclusion
criteria for supporting articles are articles that discuss the metabolic disorders of obesity,
dyslipidemia, diabetes and oxidative stress including the mechanism of metabolic disorders
and the relationship between these metabolic disorders. This supporting article is taken
from articles published between 2000 and 2021 with most of the articles included being
published after 2016. Exclusion criteria for the main articles were duplicate articles, review
articles, research with crude extracts and unrelated articles/irrelevant articles that do not
discuss in detail the activity of the chemical compounds contained.

Based on the search results using related keywords, 782 journals were obtained, which
were then reduced after removing 60 duplicate articles, 155 review articles, 152 research arti-
cles with crude extracts and 270 unrelated/not specific articles. The results are 145 selected
articles consisting of 49 supporting articles, 68 articles discussing antioxidant activity
against obesity, dyslipidemia and diabetes and 28 articles discussing signaling pathways of
antioxidant activity, which were used to be studied in this review. The article search flow
can be seen in Figure 1.
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3. Oxidative Stress and Its Relation to Metabolic Disorders (Obesity, Dyslipidemia
and Diabetes)

Oxidative stress is a condition of an imbalance of production and accumulation of
reactive oxygen species (ROS) in cells and tissues with the ability of biological systems to
detoxify these reactive products [19]. Reactive oxygen species (ROS) in normal amounts
contribute to various physiological processes such as hormone biosynthesis, defense sys-
tems, cellular signaling and fertilization. However, increased ROS production results in
a condition known as oxidative stress, which has implications for various diseases such
as diabetes, dyslipidemia, hypertension, atherosclerosis, heart failure, stroke and other
chronic diseases [20,21]. Oxidative stress contributes to the development of obesity’s
comorbidities [2]. Possible contributors to oxidative stress in obesity include increased
hyperglycemia in tissue, lipids, vitamin and mineral deficiencies, chronic inflammation,
endothelial dysfunction and impaired mitochondrial function [19].

3.1. Obesity

Obesity is one of the metabolic disorders resulting from an imbalance between energy
intake and consumption. Obesity is marked by the inflammation of many cells, including
macrophages [22] and adipose tissue [23]. Macrophages produce cytokines such as IL-6
and tumor necrosis factor alpha (TNFα), which also play a role in causing insulin resistance.
In addition, obesity can cause the body’s resistance to insulin, mediated in part by free fatty
acids (FFA) and adipokines such as retinol binding protein-4 (RBP4) and resistin, which can
reduce insulin sensitivity [24]. Obesity is the main cause of metabolic syndromes such as
type 2 diabetes mellitus, insulin resistance, dyslipidemia, hypertension and non-alcoholic
fatty liver diseases (NAFLD) [1,25].

Obesity is known to have a relationship with the incidence of oxidative stress. Based
on research done on several obese patients, it was reported that abdominal obesity may
affect the occurrence of inflammation that triggers an increase in oxidative stress [26].
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Studies show that obesity in visceral adipose tissue contributes to a state of oxidative stress
that may lead to insulin resistance [27,28].

3.2. Dyslipidemia

Dyslipidemia is a serious problem because it is a major risk for coronary heart disease.
Dyslipidemia is caused by several factors such as genes, diet, lifestyle, obesity, and many
more [29]. Dyslipidemia in obesity consists of elevated levels of triglycerides (TG) and free
fatty acids (FFA), decreased and dysfunctional high-density lipoprotein (HDL) and a slight
increase of low-density lipoprotein-cholesterol (LDL) levels. In addition, the concentration
of apolipoprotein B (apo B) may also increase due to excessive production of apo B in the
liver containing lipoproteins [30].

Dyslipidemia in obesity is characterized by the occurrence of hypertriglyceridemia due
to the accumulation of triglycerides in the liver. This leads to the inhibition of chylomicron
lipolysis caused by increased synthesis of very low-density lipoprotein (VLDL) in the liver
due to the competition for lipoprotein lipase (LPL). Hypertriglyceridemia will induce an
increase in the exchange of cholesterol esters (CE) and triglycerides between VLDL, LDL
and HDL via cholesteryl ester transfer protein (CETP) [25].

Based on previous research, hypercholesterolemia may induce apoptosis and au-
tophagy caused by ROS activation [31]. Increased production of ROS affects the develop-
ment of dyslipidemia and other cardiovascular diseases. Free radicals function physiologi-
cally as signal transducers and maintain homeostasis in cellular signaling, but when these
pathways are disrupted, they may cause risk factors for atherosclerosis, one of which is
dyslipidemia [32,33].

3.3. Diabetes Mellitus

Diabetes mellitus (DM) is a metabolic disorder characterized by increased blood sugar
levels. DM can be divided into two types: DM type 1 and DM type 2. DM type 1 is caused
by the unavailability of insulin produced by pancreatic beta cells, which can be caused by
genetic or autoimmune disorders, while type 2 DM occurs due to lack of insulin secretion or
insulin resistance, or both. DM type 2 can occur due to the influence of genetic, epigenetic
or lifestyle factors [34].

Various inflammatory cytokines such as IL-1β produced by M1 macrophages can
cause local and systemic inflammation, pancreatic cell dysfunction and insulin resistance
in the liver, adipose and musculoskeletal tissues [35]. M1 macrophages are also associated
with diabetes complications, such as kidney disease, neurological diseases, retinopathy, and
cardiovascular diseases. However, to date, the underlying mechanism of M1 macrophage
accumulation in diabetic patients is not fully known [22].

Hyperglycemia in prediabetes may trigger oxidative stress and increase inflammatory
factors that affect vascular dysfunction. This oxidative stress may also cause interference
with glucose uptake from muscle cells and fat cells and may reduce insulin sensitivity [27].
Another study also reported an increase in ROS concomitantly with suppression of the
antioxidant enzyme superoxide dismutase (SOD) in rats induced by hyperglycemia [36].

4. Antioxidant Activities from Natural Products to Treat Obesity, Dyslipidemia and
Diabetes Mellitus

Antioxidants are substances that can counteract free radicals and prevent free radicals
from damaging cells. Free radicals are the root cause of health problems, such as cancer,
premature aging, cardiovascular disease and digestive diseases. The body naturally pro-
duces antioxidants, but when free radicals are abundant, this process will not be efficient
and its effectiveness also decreases with age. Increasing the intake of antioxidants can
prevent various diseases and reduce health problems. Food such as fruits and vegetables
contain important antioxidants such as vitamins A, C, E and beta-carotene, as well as
essential minerals such as selenium and zinc [37]. Several antioxidant compounds from
natural ingredients that have been widely studied and have antiobesity, antidyslipidemia
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and antidiabetic activity are resveratrol, curcumin, quercetin and anthocyanin as well as
other antioxidants.

4.1. Resveratrol

Resveratrol (3,5,4′-trihydroxy-trans-stilbene) is a natural antioxidant compound that
can be found in various plants, such as Polygonum cuspidatum, peanuts and fruits, such as
grapes and berries. The use of resveratrol as a nutraceutical has also been widely reported
based on testing in animal and human models as a treatment for obesity, metabolic disorders
and cardiovascular disorders [38]. Resveratrol is a polyphenolic antioxidant compound
that has various biological activities and has been used as a dietary supplement [38].

A clinical study was conducted on 13 patients with type 1 diabetes who were given
resveratrol in 500 mg capsules for 60 days. From the results of this study, it is known that the
administration of resveratrol can reduce fasting blood sugar (FBS) significantly (p < 0.05)
compared to the initial value with FBS levels of 253.69 ± 49.67 vs. 174.38 ± 45.19 [39].
Another clinical study by Jorge et al. (2020) was conducted on 25 obese individuals
(BMI 30 kg/m2) aged 30–60 years who were randomly assigned to a placebo group and
a group given resveratrol at a dose of 250 mg/day accompanied by the same program of
physical activity and diet carried out for three months. After 3 months, it was reported
that in the resveratrol group there was a significant decrease (p < 0.05) in body weight,
BMI, waist circumference, total cholesterol (TC), VLDL and a significant increase in HDL
levels, while in the placebo group significant reduction in body weight, BMI and waist
circumference was also reported but no significant reduction in lipid profile [40].

Another study by Rabbani et al. (2021) reported that administration of oral capsules
containing a combination of trans-resveratrol and hesperetin (90 mg tRES: 120 mg HESP)
for 8 weeks tested on obese patients showed a decrease in inflammation which was char-
acterized by a decrease in the expression of IL-8 and receptor for the advanced glycation
end product (RAGE). In addition, this combination also improves insulin resistance and
hyperglycemia [41].

In vivo testing has been carried out on rats induced with a high-fat diet for 12 weeks
which were then given resveratrol at a dose of 20 mg/kg/day for 4 weeks, and the results
showed a reduction in total cholesterol by 8.4% and LDL by 6.6%. compared to the HFD
group (hyperlipidemia group) [42]. Another study was conducted by Campbell et al. (2019)
on male C57BL/6J rats which were given a high-fat diet for 16 weeks accompanied by the
administration of resveratrol doses of 50, 75 and 100 mg/kg body weight via drinking
water. Based on the results, the administration of resveratrol doses of 75 and 100 mg/kgbw
could significantly (p < 0.05) prevent weight gain in rats compared to the HFD group. In
addition, the administration of resveratrol doses of 75 and 100 mg/kgbw was also reported
to prevent chronic inflammation, which was characterized by a decrease in serum IL-1 and
TNFα (p < 0.05), as well as oxidative stress in the liver and brain as indicated by an increase
in activity of superoxide dismutase, catalase and glutathione peroxidase (p < 0.05) [43].

Research on the antiobesity activity of resveratrol compounds has also been carried
out by Chang et al. (2016) in vivo and in vitro. In vivo testing activity of resveratrol was
carried out on male C57BL/6C rats induced with high fat diet (HFD) accompanied by
the administration of resveratrol at doses of 1, 10 and 30 mg/kgbw for 10 weeks with
the results showing that the administration of resveratrol with these three doses may
significantly attenuate dose-dependent HFD-induced weight gain compared to the HFD
group without any treatment. Furthermore, in vitro testing on 3T3-L1 cells by administering
resveratrol at a concentration of 0.03 to 100 µM for 24 h significantly inhibited dose-
dependent adipose lipolysis [44]. Based on in vivo, in vitro and clinical trials discussed
previously, resveratrol is a potent antioxidant compound in overcoming metabolic disorders
of obesity, dyslipidemia and diabetes. However, there is very little information about the
dosage and safety for long-term use of this compound, hence, further research is needed to
provide an optimal effect of resveratrol and reduce the risk of side effects.
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4.2. Curcumin

Curcumin found in turmeric root (Curcuma longa L.) has been reported to have physi-
ological effects such as antioxidant, antiobesity, anti-inflammatory, antidyslipidemic and
antidiabetic. Turmeric is widely consumed in Asian countries and used as a cooking spice
with no reported toxicity [45]. In vitro assays were carried out by Zhao et al. (2021) on
3T3-L1 preadipocytes and the results showed that incubation of curcumin at doses of 10,
20 and 35 µM for 8 days could induce adipogenic differentiation and accumulation of
intracellular fat droplets. These results also showed that there was a 55.0% and 74.7%
decrease in preadipocyte viability compared to the control group on incubation with 50 µM
and 75 µM curcumin, respectively (p < 0.01). Administration of curcumin has also been
reported to enhance mitochondrial respiratory function, induce adipogenic differentia-
tion and regulate peroxisome proliferation activated receptor γ (PPARγ) and peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) expression [46,47].

In vivo testing was carried out on male albino wistar rats induced with HFD for
4 weeks followed by administration of curcumin at a dose of 80 mg/kg body weight/day
for the next 6 weeks. The results showed that there was a significant decrease in BMI
(p < 0.05) in rats given curcumin, a BMI value of 0.78 g/cm2 compared to the obese group
with a BMI of 0.86 g/cm2 [48].

Clinical trials have been carried out by Thota et al. (2019) on several individu-
als with a high risk of developing diabetes, having a BMI ranging from 25–45 kg/m2,
with fasting glucose levels of 6.1–6.9 mmol/L and HbA1c levels between 5.7–6.4% were
given curcumin tablets at a dose of 2 × 500 mg curcumin/day taken every morning
and night for 12 weeks. The results of this study indicate that curcumin can increase in-
sulin sensitivity by 32.7 ± 10.3%, reduce serum triglycerides by 0.79%, compared to the
placebo group, which had an increase of 26.89%, and significantly reduce insulin resistance
(−0.3 ± 0.1 vs. 0.01 ± 0.05, p = 0.0142), as compared to the placebo group [49,50].

In vivo testing was carried out on male wistar rats by inducing rats with an intraperi-
toneal injection of nicotinamide (110 mg/kg) and streptozotocin (45 mg/kg) in a fasting
state. The results of this study by Goushki et al. (2020) reported that the administration of
curcumin (100 and 200 mg/kg/day) and nano curcumin (100 and 200 mg/kg/day) could
significantly (p < 0.001) reduce fasting blood sugar (FBS) with FBS levels respectively also
158.13, 163.75, 173.38 and 158 mg/dl, compared to the FBS value in the diabetes group of
518.5 mg/dl [51]. In addition, a study by Roxo et al. (2019) was also carried out on male
wistar rats induced with STZ at a dose of 40 mg/kg IV so that diabetic rats with blood
sugar levels in the range of 380–510 mg/dl were then given a dose of curcumin, 30 mg/kg,
60 mg/kg and 90 mg/kg, and the results showed that none of these doses caused toxicity
in rats. Furthermore, the study reported that administration of curcumin at a dose of
90 mg/kg could improve the lipid profile, which was indicated by a significant decrease
(p < 0.05) in plasma triacylglycerol and cholesterol levels compared to diabetes controls,
and inhibit the advanced glycation end products (AGE)/RAGE signaling pathway [52,53].

Tests in streptozotocin-induced diabetic mice show that tetrahydrocurcumin (THC) at
a dose of 120 mg/kg/day for 12 weeks can relieve diabetic cardiomyopathy by attenuating
oxidative stress due to hyperglycemia and activating the SIRT1 pathway [54]. Other tests
by Lima et al. (2020) reported that administration of curcumin at a dose of 90 mg/kg for
45 days can significantly increase the activity of antioxidant enzymes such as superoxide
dismutase, paraoxonase 1 and catalase in 40 mg/kg STZ-induced rats compared to negative
controls [55].

Based on a study by Li et al. (2019), the administration of curcumin 20 µM for
24 h at 37 ◦C to INS-1 cells induced with high glucose/palmitate could effectively inhibit
oxidative stress, cell proliferation, increase insulin levels and reduce nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase expression as compared to high palmitate
(PH) [56], while an in vivo study conducted on C57BL/6J rats induced with a high-fat diet
for 3 months and then given curcumin at a dose of 1.5 g/kg/day for 8 weeks showed that
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curcumin can protect islet cells of Langerhans from apoptosis by modulating the NADPH
pathway [57].

Based on the results of curcumin testing in vivo, in vitro and based on clinical trials,
it is known that curcumin compounds have good potential in the treatment of metabolic
disorders of obesity, dyslipidemia and diabetes. However, further research is needed to
obtain the optimal dose, the appropriate dosage form, safety testing for long-term use and
the possible side effects so that it can provide optimal effects on metabolic disorders of
obesity, dyslipidemia and diabetes in humans.

4.3. Quercetin

Quercetin belongs to the class of flavonols found in many fruits and vegetables
such as apples, berries, cauliflower, cabbage and beans. Quercetin has also been widely
studied as having antioxidant, antidyslipidemic, antidiabetic, anti-inflammatory and other
activities [58]. In vitro tests were carried out on 3T3-L1 adipocytes, and it was reported that
administration of pentamethylquercetin (PMQ) at concentrations of 1 and 10 M increased
glucose consumption by 24.6% and 66.4% (p < 0.05 and p < 0.01 vs. vehicle). This suggests
that PMQ can increase insulin activity in 3T3L1 adiposity. Furthermore, in vivo testing was
carried out on wistar rats induced with HFD and given PMQ at a dose of 0.04% g/g for
17 weeks. The test results showed a significant decrease (p < 0.05) in serum glucose, TC, TG
and LDL levels in rats given PMQ compared to the HFD group of rats [59]. Tests on rats
induced using STZ reported that there was a significant decrease (p < 0.05) in body weight
in diabetic rats, and administration of 75 mg/kg bw of quercetin for 28 days showed an
increase in body weight of 17.83%, a decrease in blood glucose of 66.80%, triglycerides of
24%, VLDL of 48%, LDL of 31.75% and total cholesterol 26.43% and an increase in HDL of
78.88%, compared to the group of HFD mice [60].

In vivo testing was carried out on wistar rats with STZ induction of 55 mg/kg bw, and
an excision wound of 2 cm× 2 cm (400 mm2) was made. Then, after being declared diabetic
on blood sugar measurements after 72 h, quercetin was given orally at a dose of 100 mg/kg
body weight + quercetin ointment (1%) for 21 days. The results showed that quercetin can
normalize changes in blood glucose levels comparable to the normal control group with
blood sugar levels ranging from ±150 mg/dl, while the blood sugar levels of the HFD
group were ±350 mg/dl and could heal wound areas in diabetic rats significantly greater
than the diabetes group [58]. A study by Zhuang et al. (2018) reported that administration
of quercetin isolated from Edgeworthia gardneri at a dose of 0.5 g/kg quercetin per day for
4 weeks in db/db mice with type 2 diabetes mellitus (T2DM) could induce insulin secretion
at a concentration of 0.10 mol/L, inhibit palmitate-induced pancreatic cell apoptosis and
ameliorate mitochondrial dysfunction [61].

Clinical testing was conducted by Lee et al. (2016) on obese male and female Korean
individuals who were given quercetin-rich onion peel extract (OPE) capsules at a dose of
100 mg for 12 weeks. The results obtained were that quercetin-rich OPE supplementation
significantly reduced body weight and BMI from 70.0 ± 11.4 to 69.2 ± 11.4 kg (p = 0.02)
and BMI from 26.6 ± 3.3 to 26.3 ± 3.2 kg/m2 (p = 0.03), whereas in the placebo group there
was no significant change. Waist and hip circumference showed significant changes in
both groups. The waist circumference of the control group decreased from 90.2 ± 6.5 to
89.5 ± 6.4 cm, while the OPE group decreased by 2 cm from 91.9 ± 7.6 to 89.9 ± 7.7 cm.
The hip circumference of the control group decreased from 100.7 ± 5.2 to 99.9 ± 4.6 cm,
while the OPE group decreased by 1.3 cm from 101.1 ± 5.9 cm before the experiment to
99.9 ± 6.3 cm after the experiment. In addition, skinfold thickness in the control group
decreased significantly by 2.2 mm from 33.2 ± 5.5 to 31.1 ± 5.6 mm (p < 0.001), whereas
in the OPE group it decreased significantly by 3.2 mm from 34.1 ± 7.1 to 30.9 ± 6.4 mm
(p < 0.001). OPE also showed a significant reduction in arm fat percentage by 0.7% from
36.1% ± 8.8% to 35.5% ± 5.5% (p = 0.03) and total body fat by 0.6% from 38.2% ± 6.5% to
37.6% ± 6.4% (p = 0.02) [62].
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4.4. Anthocyanin

Anthocyanins are polyphenolic compounds found in pigmented fruits and vegetables.
It is reported that this compound has pharmacological activities such as antioxidant, anti-
inflammatory and anti-obesity [63]. In vitro assays were carried out on 3T3-L1 cells by
administering 5, 10, 15, 20, 25, 30, 50, 100 and 200 g/mL anthocyanin fraction (AnT Fr)
for 24 h, and the results showed the inhibition of lipid accumulation via regulation of
adipogenesis and lipogenesis-related genes and signaling proteins [64]. An in vitro study
by Han et al. (2018) reported that administration of anthocyanins at a dose of 200 g/mL
showed a lipid reduction of 60% [65] and the administration of 10 g/mL can decrease ROS
and increase catalase (CAT) and superoxide dismutase (SOD) enzymes significantly [66]. A
study by Suantawee et al. (2017) reported that administration of cyanidin, an anthocyanin,
at a dose of 1–300 µM can increase insulin release from INS-1 cells and stimulate insulin
secretion [67], whereas administration at 60, 100 and 300 µM increased insulin secretion six
times higher than the control [68]. In addition, in vivo studies on obese rats reported that
administration of blackberry anthocyanins (BLA) and blueberry anthocyanins (BBA) at a
dose of 200 mg/kg food for 12 weeks could inhibit body weight gain by 40.5% and 55.4%,
respectively [63].

A clinical trial was conducted by Zhang et al. (2020) on dyslipidemic patients who
were given anthocyanins in the form of supplements to see the dose-response relationship
of oxidative stress and inflammation in dyslipidemic patients. Based on these tests, it was
found that anthocyanin supplementation (320 mg/day) for 6 weeks significantly increased
total-SOD compared to the placebo (p < 0.05). Anthocyanins (80 mg/day) significantly
reduced serum IL-6 (−20%), TNF-α (−11%) and urinary 8-iso-PGF2α (−27%) versus the
placebo (p < 0.05). A dosage of 320 mg/day anthocyanin supplementation can significantly
reduce serum IL-6 (−40%), TNF-α (−21%) and malondialdehyde (MDA) (−20%) [69].

4.5. Other Antioxidants

Obesity may cause a decrease in total antioxidant capacity (TAC) in obese compared to
normal individuals. This condition may also lead to a decrease in HDL levels [70]. Various
in vivo and in vitro studies have been carried out to investigate the activity of antioxidant
compounds from natural ingredients towards obesity. Lemon is known to have antioxidant
activity, and lemon fermented product (LFP) at 0.75 and 1 mg/mL for 10 days was reported
to inhibit the accumulation of lipids by 8.3% in 3T3L1 adipocytes. In addition, based on
in vivo studies using mice, LFP at a dose of 2.89 g/kg for 9 weeks can reduce the body
weight of obese mice by 9.7%, decrease triglyceride levels (17.0%), glucose (29.3%) and free
fatty acids (17.9%) and can increase serum HDL (17.6%) [71].

In other studies, by Liao et al. (2019), antioxidant polysaccharides okra (OP) derived
from okra (Abelmoschus esculentus L.) at doses of 200 and 400 mg/kgbw showed a significant
reduction of dyslipidemia in rats induced by a high-fat diet and streptozotocin 100 mg/kg.
The lipid profiles such as total cholesterol, triglycerides and LDL were significantly reduced
as compared to the negative control group. These studies also reported that there was an
increase in antioxidant enzymes at a dose of 400 mg/kg of OP such as superoxide dismutase
(sod), catalase (cat) and glutathione peroxidase (gsh-px) by 274.18 ± 24.1, 57.09 ± 6.91 and
530.08 ± 45.1 u/mg prot respectively [72].

Clinical trials were conducted on healthy individuals aged 30–75 years who consumed
green tea in combination with glucosyl hesperidin (GT gH), which contained 178 mg
glucosyl hesperidin and 146 mg epigallocatechin gallate (EGCG), for 12 weeks. The results
showed that GT gH prevented the addition of body weight, and the antiobesity effect of
GT gH is more pronounced in people < 50 years old [73].

In vivo testing was carried out on wistar rats fed with strawberry ellagitannins (ET),
which showed that a level of 0.24% of the total diet for 4 weeks can be used effectively for
the prevention and treatment of metabolic disorders associated with obesity, dyslipidemia,
imbalanced redox status and inflammation [74]. In vivo testing was also carried out by
Sousa et al. (2020) on male Sprague-Dawley rats induced on a high-fat diet then given α-
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terpineol at a dose of 50 mg/kg, which improved insulin sensitivity and reduced (p < 0.05)
serum levels of the proinflammatory cytokines TNF-α and IL-1β, when compared with the
control group [75].

5. Effect of Antioxidants on Metabolic Disorders of Obesity, Dyslipidemia and
Diabetes
5.1. Relationship between Obesity, Dyslipidemia and Diabetes

In the obese population, there is a decrease in skeletal muscle strength and function
as well as impaired skeletal muscle mitochondrial respiratory function that contributes to
increased mitochondrial ROS production compared to normal-weight individuals [76]. It
has been reported that the ratio of type II and type I skeletal muscle fibers is higher than
that of normal individuals, with two to three-fold ROS production [77]. Tumor necrosis
factor alpha (TNF-α) functions as a catalyst in oxidative stress which is only expressed by
type II muscle fibers. Based on studies, systemic administration of TNF-α has been shown
to reduce the production of skeletal muscle strength in test animals and can increase muscle
protein loss through oxidative activation of the TNF-α/nuclear factor kappa B (NF-κB)
signaling pathway. Skeletal muscle oxidative stress induced by TNF-α is preventable by
the administration of antioxidants, suggesting that TNF-α may provide an important target
for confirming obesity-associated oxidative stress [78].

Obesity can trigger various complications, as shown in Figure 2. Obesity leads to
increased and dysfunctional adipocytes [79]. Adipocytes produce adipokines and hor-
mones whose rate and effect of secretion are influenced by the distribution and amount
of available adipose tissue. High secretion of pro-inflammatory adipokines by adipocytes
and macrophages may cause systemic inflammation in some obese patients [80]. The
accumulation of excess lipid intermediates (such as ceramides) triggers lipotoxicity with
cell dysfunction and apoptosis in some non-obese tissues. Inflammatory cytokines that are
elevated in non-adipose tissue cause impaired signaling and insulin resistance, especially
in obese patients, leading to type 2 DM [81].
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Increased adipocytes can also trigger increased lipid production, causing the triglyc-
erides in adipocytes to hydrolyze and release free fatty acids (FFA). Dilation of adipose
tissue causes high plasma FFA levels in some patients. Apart from adipose tissue, lipids can
also be found in liposomes [82]. Too many fat cells can cause liposomes (steatosis) in liver
cells to expand and form large vacuoles associated with diseases, including non-alcoholic
fatty liver disease (NAFLD), steatohepatitis and cirrhotic steatohepatitis [83]. This finding
is one of many pathophysiological mechanisms of obesity-induced dyslipidemia (increased
triglyceride levels, LDL, decreased HDL), type 2 DM, obesity-associated liver disease and
osteoarthritis [84–86].

In obese patients, there is an increase in reactive oxygen species (ROS) and a decrease
in antioxidant defense. Increased oxidative stress in obesity can cause inflammation.
In addition, the hormone leptin secreted by adipocytes also plays a role in inducing
oxidative stress [87]. Oxidative stress plays a role in causing insulin resistance leading to
type 2 diabetes and dyslipidemia [88].

Compounds with antioxidant activity in the treatment of type 2 diabetes can acti-
vate the 5′adenosine monophosphate-activated protein kinase (AMPK) pathways, down-
regulate the expression of cyclooxygenase-2 (COX2) related genes to release pro-inflammatory
mediators, increase glucose tolerance and insulin sensitivity, reduce inflammatory cells
and reduce cytokines levels. Pro-inflammatory agents in the serum, such as IL-1B, IL-6
and TNF-α, can inhibit the activation of NF-κB and inhibit the expression of macrophage
chemotactic protein (MCP1) [89]. It is reported that the use of antioxidants in patients with
type 2 diabetes can effectively prevent complications, which is supported by various studies
on antioxidants and the pathological process of diabetes caused by increased oxidative
stress [13].

5.2. Antioxidant Mechanisms Associated with Obesity, Dyslipidemia and Diabetes

Several antioxidant compounds have been studied and have activity against obesity,
oxidative stress, dyslipidemia and diabetes. Kukoamine B compounds are known to
have activity in preventing inflammation and reducing lipid accumulation and oxidative
stress [90]. Another antioxidant compound, salidroside, has also been investigated to
have activity in inhibiting the formation of ROS that leads to oxidative stress [91,92]. In
addition, salidroside can also protect cells from apoptosis caused by H2O2 induction [93].
The antioxidant compound polysaccharide okra (OP) is known to prevent an increase in
levels of free fatty acids (FFA), triglycerides and LDL and can prevent a decrease in HDL
levels [72].

Kahweol is an antioxidant diterpene compound derived from coffee. Based on re-
search, kahweol can inhibit adipogenesis and lipid accumulation while lowering blood
glucose levels in rats induced by hyperglycemia [14,94]. Besides playing a role in inhibit-
ing ROS and suppressing lipid accumulation, antioxidant compounds also have activity
against insulin resistance. An antioxidant compound known to affect insulin resistance
is asphalathin. Asphalathin can improve insulin resistance in in vitro testing with palmi-
tate induction [95,96], while other studies have also shown that asphalathin can treat
hyperglycemia accompanied by inflammation and apoptosis [97].

Another antioxidant compound that also affects insulin resistance is isothiocyanate.
This compound reduced lipid accumulation and inflammation in the palmitate-induced
test [98]. In another study, it was also reported that isothiocyanate compounds can sup-
press inflammation caused by an increase in pro-inflammatory cytokines and can reduce
oxidative stress levels [99]. The activities of some of these antioxidant compounds against
obesity, oxidative stress, dyslipidemia and diabetes are summarized in Figure 3.

183



Int. J. Mol. Sci. 2022, 23, 2056

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 12 of 23 
 

 

salidroside can also protect cells from apoptosis caused by H2O2 induction [93]. The anti-
oxidant compound polysaccharide okra (OP) is known to prevent an increase in levels of 
free fatty acids (FFA), triglycerides and LDL and can prevent a decrease in HDL levels 
[72]. 

Kahweol is an antioxidant diterpene compound derived from coffee. Based on re-
search, kahweol can inhibit adipogenesis and lipid accumulation while lowering blood 
glucose levels in rats induced by hyperglycemia [14,94]. Besides playing a role in inhibit-
ing ROS and suppressing lipid accumulation, antioxidant compounds also have activity 
against insulin resistance. An antioxidant compound known to affect insulin resistance is 
asphalathin. Asphalathin can improve insulin resistance in in vitro testing with palmitate 
induction [95,96], while other studies have also shown that asphalathin can treat hyper-
glycemia accompanied by inflammation and apoptosis [97]. 

Another antioxidant compound that also affects insulin resistance is isothiocyanate. 
This compound reduced lipid accumulation and inflammation in the palmitate-induced 
test [98]. In another study, it was also reported that isothiocyanate compounds can sup-
press inflammation caused by an increase in pro-inflammatory cytokines and can reduce 
oxidative stress levels [99]. The activities of some of these antioxidant compounds against 
obesity, oxidative stress, dyslipidemia and diabetes are summarized in Figure 3. 

 
Figure 3. Antioxidant mechanisms in obesity, dyslipidemia and diabetes [100]. Obesity can cause 
inflammation of macrophage cells so macrophages will be polarized into M1 macrophages due to 
inflammation. M1 polarized macrophages will secrete inflammatory cytokines such as TNFα and 
IL-6, which can cause pancreatic dysfunction that leads to insulin resistance. Insulin resistance will 
cause type 2 DM with hyperglycemia, which can increase ROS, causing oxidative stress. Obesity 
can form ROS through the formation of superoxide, oxidative phosphorylation and auto-oxidation 
of glyceraldehyde, causing oxidative stress. Obesity can also cause an increase in FFA and adi-
pokines, which can reduce insulin sensitivity and lead to type 2 diabetes and dyslipidemia. In ad-
dition, obesity also affects fat accumulation, which can cause an increase in FFA, TG and LDL and 
a decrease in HDL, which can cause dyslipidemia. 

6. Antioxidant Compound Signaling Pathways 
Based on the previous discussion, it is known that several antioxidant compounds 

have antiobesity, antidyslipidemic and antidiabetic activities both in vitro and in vivo and 

Figure 3. Antioxidant mechanisms in obesity, dyslipidemia and diabetes [100]. Obesity can cause
inflammation of macrophage cells so macrophages will be polarized into M1 macrophages due to
inflammation. M1 polarized macrophages will secrete inflammatory cytokines such as TNFα and
IL-6, which can cause pancreatic dysfunction that leads to insulin resistance. Insulin resistance will
cause type 2 DM with hyperglycemia, which can increase ROS, causing oxidative stress. Obesity can
form ROS through the formation of superoxide, oxidative phosphorylation and auto-oxidation of
glyceraldehyde, causing oxidative stress. Obesity can also cause an increase in FFA and adipokines,
which can reduce insulin sensitivity and lead to type 2 diabetes and dyslipidemia. In addition, obesity
also affects fat accumulation, which can cause an increase in FFA, TG and LDL and a decrease in
HDL, which can cause dyslipidemia.

6. Antioxidant Compound Signaling Pathways

Based on the previous discussion, it is known that several antioxidant compounds
have antiobesity, antidyslipidemic and antidiabetic activities both in vitro and in vivo
and clinically. Furthermore, this review discusses the signaling pathways of antioxidant
compounds derived from natural products against obesity, dyslipidemia and diabetes as
well as oxidative stress that can trigger the emergence of these metabolic disorders (Table 1).

Table 1. Antioxidant signaling pathways of natural product.

Compounds Sources Experimental Models Mechanisms Ref.

Anthocyanin
(100 and 400 mg/kg for

5 weeks)
Vaccinium corymbosum

Streptozotocin-
induced diabetic rats

and HepG2 cells.

Hyperglycemia and
hyperlipidemia are inhibited by

reducing the expression of
enzymes involved in

gluconeogenesis, lipogenesis, and
lipolysis via the adenosine

monophosphate
(AMPK)-activated kinase signaling

pathway in HepG2 cells.

[101]
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Table 1. Cont.

Compounds Sources Experimental Models Mechanisms Ref.

Aspalathin
(10 g/mL for 3 h)

Aspalathus linearis
(Green rooibos)

C2C12 skeletal muscle
cells and 3T3-L1 fat
cells induced with

palmitate.

Aspalathin modulates the major
insulin signaling PI3K/AKT and

AMPK effectors to ameliorate
insulin resistance by increasing
glucose transporter expression.

[96]

Bouchardatine
(50 mg/kg/days) Bouchardatia neurococca Male C57BL/6J mice

induced with HFD.

Bou may have therapeutic
potential for obesity-related

metabolic diseases by increasing
the capacity of energy expenditure

in adipose tissues and liver
through a mechanism involving

the SIRT1–LKB1–AMPK axis.

[102]

Ginseng oligopeptides
(GOPs)

(0.125, 0.5 and 2.0 g/kg
bw for 7, 24 and

52 weeks)

Panax ginseng
Mice that were induced
with a high-fat diet for

4 weeks.

Oligopeptides increase the normal
content of insulin and protect

pancreatic cells from apoptosis
associated with type 2 diabetes

mellitus by inhibiting NF-κB
activity to protect against

inflammation due to diabetes.

[103]

Gossypol
in vivo

(1 and 2.5 mg/kg at 0,
30, 60, 90, 120, 150 and

180 min on glucose
tolerance test) and
in vitro (25, 50 and
75 µg/mL for 24 h)

Gossypium sp.

Mouse myoblast cells
(C2C12) and

streptozotocin-induced
(STZ) mouse
myoblasts.

Gossypol (GSP) can activate the
insulin receptor substrate 1

(IRS-1)/protein kinase B (Akt)
signaling pathway and can

translocate glucose transporter 4
(GLUT 4) into the plasma

membrane at C2C12 myotube,
thereby increasing glucose uptake.

[104]

Hyperoside
(200, 100 and 50 mg/kg

for 4 weeks)

Zanthoxylum
bungeanum

Mice that were induced
with alloxan and a

high-fat diet.

Hyperoside inhibits the
phosphorylation of p65/NF-κB,
MAPK (including p38, JNK and

ERK1/2).

[105]

Isothiocyanate
(Moringa

isothiocyanate/MIC-1)
(5 µM for 24 h)

Moringa oleifera
HK-2 cells were given
high glucose to induce

oxidative stress.

Nrf2-ARE is activated by MIC1 to
suppress inflammation and reduce

oxidative stress.
[99]

Kahweol
(2.5 and 5 µM for 24 h) Coffea sp.

INS-1 cells tonal clonal
induced with

streptozotocin (STZ).

Kahweol downregulates NF-κB,
antioxidant proteins, inhibitors of

DNA binding and cell
differentiation.

[14]

Kukoamine B
(50mg/kg/day for

9 weeks)
Lycium chinense

Diabetic mouse model
(dB/dB) using
metabolomics

approach (Biocrates
p180)

Kukoamine B regulates the
NF-κB/PPAR transcriptional

pathway to reduce inflammation
in diabetes.

[106]

Lycium barbarum
Polysaccharide (LBPS)

(100, 250, and
500mg/kg for 4 weeks)

Lycium barbarum
HFD and

streptozotocin-induced
mice.

It inhibits serum levels of
inflammatory factors (IL-2, IL-6,

TNF-α, and IFN-α), protects
kidney damage and inhibits

NF-κB expression.

[107]
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Table 1. Cont.

Compounds Sources Experimental Models Mechanisms Ref.

Mangiferin
(40 mg/kg for 28 days) Mangifera indica

Research on myocardial
ischemia-reperfusion
(IR) in diabetic rats.

Mangiferin can reduce IR injury in
diabetic rats through inhibition of
the AGE-RAGE/MAPK pathway

thereby preventing oxidative
stress, apoptosis and

inflammation.

[108]

Morroniside
(6.25, 12.5, 25, 50 and
100 µmol/L for 24 h)

Cornus officinalis Sieb.

In vitro study using rat
renal tubular epithelial

cells (mRETCs)
induced with palmitate

and glucose.

Morroniside increases cholesterol
reduction via the PGC1a/LXR

pathway and and it also
downregulates RAGE, p38MAPK

and NF-κB expression via the
AGEs/RAGE signaling pathway.

[109]

Nodakenin (NK)
(10 and 20 mg/kg for

5 weeks)
Angelicae gigas Male C57BL/6N mice

with a high-fat diet.

Administration of NK can
improve the phosphorylation level

of AMPK, indicating that NK
exerts anti-adipogenic and

antioxidant effects.

[110]

Onopordopicrin
(0.125, 0.25 and

0.5 µg/mL for 24 h)
Arctium lappa

A model of human
muscle cells exposed to
H2O2 oxidative stress.

Onopordopicrin has antioxidant
activity by limiting the production
of free radicals and DNA damage

and through activation of the
Nrf2/HO-1 signaling pathway in

muscle cells.

[111]

Pectic bee pollen
polysaccharide

(RBPP-P)
in vitro (0.1 mg/mL for

24 h and
in vivo (20 mg/kg for

8 weeks)

Rosa rugosa

HepG2 cells treated
with high-glucose and

high-fatty acids and
obese mice with a

high-fat diet (HFD)
inducer.

This polysaccharide is able to
decrease hepatic steatosis and

insulin resistance by promoting
autophagy through

AMPK/mTOR-mediated signaling
pathways.

[112]

Phanginin A
(250 mg/kg for

26 days)
Caesalpinia sappan Male ob/ob mice.

Phanginin A activates SIK1 and
causes inhibition of

gluconeogenesis with increased
PDE4 and inhibition of the

cAMP/PKA/CREB pathway in
the liver.

[113]

Polyphenol
(125–500 mg GP/mL

for 8 days)
Vitis vinivera Preadiposit 3T3-F442A

cells.

It induces adiposity differentiation
through upregulation of GLUT-4,

PI3K and adipogenic genes.
[114]

Polysaccharide
(200 and 400 mg/kg bw

for 8 weeks)

Okra (Abelmoschus
esculentus (L.) Moench).

Rats that were given a
high-fat diet (HFD)

combined with
injection of 100 mg/kg

streptozotocin (STZ)
intraperitoneally (ip).

Okra polysaccharide (OP) exert
their type 2 antidiabetic effects in

part by modulating oxidative
stress via Nrf2 transport in the
PI3K/AKT/GSK3β pathway.

[72]
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Table 1. Cont.

Compounds Sources Experimental Models Mechanisms Ref.

Polysaccharide
(80, 160 and

320 mg/kg/day for
4 weeks)

Angelica sinensis
BALB/C mice induced

with a high-fat diet
were used.

Angelica sinensis polysaccharide
(ASP) is reported to lower blood

glucose and improve insulin
resistance through regulation of

metabolic enzymes and activation
of the PI3K/Akt pathway in HFD

mice. It can also decrease lipid
accumulation and fatty liver by

increasing PPARγ expression and
activation of the adiponectin

signaling pathway SIRT1
and AMPK.

[115]

Polysaccharide
(0.1, 1.0, 10 and

100 µg/mL for 0, 12, 24,
48 and 72 h)

Astragalus mongholicus AGE-induced DCM cell
model.

Astragalus polysaccharides can
decrease intracellular ROS levels,

increase SOD activity and GSH-Px
and lower MDA and NO levels.

[116]

Procyanidin
(25, 50 and 75 µg/mL

for 24 h)
Rubus amabilis

MIN6 cells were given
0.5 mM palmitate (PA)
for 24 h to induce cell

apoptosis.

Procyanidin can activate the
PI3K/Akt/FoxO1 signal to protect

MIN6 cells from apoptosis
induced by palmitate induction.

[117]

Puerarin
(25, 50 and 100 mg/kg

for 12 weeks)
Pueraria lobata Mice induced with

streptozotocin.

Puerarin significantly lowers
blood sugar levels and prevents
cataracts as well as lowers the
level of expression of retinal

vascular endothelial growth factor
and interleukin-1β and increases
the expression of Nrf2 and Ho-1

mRNA so that it can reduce
oxidative stress in diabetic rats.

[118]

Pyrogallol-
phloroglucinol-6,6-

bieckol (PPB)
(2 mg/kg for 4 weeks)

Ecklonia cava
C57BL/6N mice

induced with HFD for
8 weeks.

It inhibits RAGE ligands, reduces
RAGE expression and binding of

RAGE and RAGE ligands and
reduces proinflammatory

cytokines that cause obesity.

[119]

Resveratrol
(1 mg/kg/day for

8 weeks)
Polygonum cuspidatum

Goto-Kakizaki (GK)
type 2 diabetic female

rats.

Resveratrol increases adenine
nucleotide and citrate synthase

activity by increasing the
expression of eNOS-SIRT1 and

P-AKT.

[120]

Salidroside
(100 mg/kg/day for

5 weeks)
Rhodiola rosea Mice induced by

high-fat diet (HFD).

Salidroside suppresses ROS
production and inhibits the

JNK-caspase apoptotic cascade,
inhibiting FOXO-1 by activating

AMPK-AKT.

[121]

Saponins
(40 mg/kg) Momordica carantia L.

Mice that were induced
with a high-fat diet and

streptozotocin.

Saponins exhibit hypoglycemic
activity possibly via the

AMPK/NF-κB signaling pathway
by activating AMPK

phosphorylation and energy
metabolism of the body.

[122]
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Table 1. Cont.

Compounds Sources Experimental Models Mechanisms Ref.

Simmondsin
(10, 20, 40, 80 and

150 µg/mL for
simmondsin for 24 h)

Simmondsia Chinensis
Fructose-induced
oxidative stress in
RIN5f beta cells.

Simmondsin is reported to reduce
ROS by 69%, activate caspase-3,

increase antioxidant defense,
inhibit p22phox and increase Nrf2

factor.

[123]

Toosendanin (TSN)
in vitro (12.5 nM, 25

and 50 nM for 6 days)
in vivo

(0.1 mg/kg/day for
one month)

Melia toosendan
3T3L1 preadipocytes

and mice induced with
a high-fat diet.

TSN can inhibit adipocyte
differentiation and lipid

accumulation by activating
Wnt/β-catenin signaling,

inhibiting mRNA and protein
levels of PPAR-γ and C/EBP-α,

which proves that TSN can inhibit
adipogenesis via its mechanism in

inhibiting transcription factor
cascades.

[124]

6.1. The Phosphoinositide 3-Kinase/Protein Kinase B (PI3K/AKT)

The phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) signaling pathway is a
regulator of physiological processes associated with type 2 diabetes mellitus. Most studies
reported that the PI3K/AKT pathway not only promotes insulin signal transduction but
can also stimulate glucose uptake in adipose and liver [72]. Phosphorylated protein kinases
can activate glycogen synthase kinase 3 beta (GSK3β), which then triggers NF-E2-related
factor (Nrf2) from the binding of Keap1 to the nucleus. Then, target genes are transactivated
through antioxidant response elements (AREs) to inhibit oxidative stress. Some of the
compounds in Table 1 that can induce vasodilation through the PI3K/AKT signaling
pathway are polysaccharides [72], anthocyanin [101], resveratrol [120], gossypol [104],
procyanidins [117] and polyphenol [114].

6.2. The Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2) Signaling

The NFE2 system associated with kelch-like ECH-associated protein 1 (Keap1) factor 2
(Nrf2) is a defense system for cellular homeostasis. The interaction between Nrf2 and Keap1
can trigger the expression of the B globin gene known as a key marker of oxidative stress in
cells [125]. Levels of oxidative stress and inflammation in cells are common in most tissues.
Nrf2 and NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) are the
two main transcription factors that play a role in regulating cellular responses to oxidative
stress and inflammation. There is functional crosstalk between these two pathways based
on pharmacological and genetic studies which stated that NF-κB activity will be disrupted
with the absence of Nrf2, causing an increase in cytokine production. In addition, NF-B also
plays a role in modulating the activity and transcription of Nrf2 [126]. Based on Table 1,
several natural compounds were reported to act on the Nrf2 cell homeostasis system such
as isothiocyanates [99], ocra polysaccharides [72], simmondsine [123] and puerarine [118].

Moringa isothiocyanate (MIC1) is the main isothiocyanate found in Moringa oleifera.
MIC-1 can activate Nrf2-ARE at levels similar to sulforaphane (SFN), suppress pro-inflammatory
cytokines, reduce ROS and inhibit high glucose (HG)-induced transforming growth factor
beta 1 (TGFβ1) [99]. Another antioxidant compound, namely, okra polysaccharide (OP),
significantly reduces the increase in blood sugar, cholesterol, triglycerides and LDL. OP
also decreases ROS and mitochondrial dysfunction by inhibiting activation of NADPH
oksidase 2 (Nox2). In summary, OP has activity against type 2 DM via Nrf2 transport of the
PI3K/AKT pathway [72]. Simmondsin and puerarin are also reported to reduce oxidative
stress via the same mechanism, namely, by activating the Nrf2 pathway [118,123].
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6.3. The Peroxisome Proliferation Activated Receptor γ (PPARγ)

The peroxisome proliferation activated receptor γ (PPARγ) is a transmembrane tran-
scription factor. When activated by the ligand, PPARγ inhibits the transcription of NF-κB
and reduces the expression of the cytokine gene in inflammation, which may decrease
the inflammatory response. In vivo studies have shown that the induction of a high-fat
diet can lead to an increase in glucose levels and insulin resistance accompanied by a
decrease in PPAR activation [127]. Compounds reported in Table 1 with activity to in-
crease PPARγ expression are kahweol [14], Angelica sinensis polysaccharide (ASP) [115] and
toosendanin [128].

6.4. The Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells (NF-κB) Signaling

NF-κB is a transcription factor consisting of seven transcription factors that are struc-
turally related and play a role in regulating the expression of many genes. NF-κB usually
represents the p50-p65 heterodimer, which is the major Rel/NF-κB complex in most cells.
The NF-κB subunit is expressed in many places but its induction and expression depend
on the stimulus and cell type. NF-κB can be activated by cytokines, ROS, viral infection,
vasopressors and DNA damage. NF-κB and Nrf2 play a role in cellular homeostasis and
responses to stress and inflammation, whose molecular mechanisms depend on cell type
and tissue context [129]. Based on Table 1, several natural compounds are reported to act on
the NFκB cell homeostasis system such as kahweol [14], kukoamine B [106], saponins [122],
oligopeptides [103] and hyperoside [105]. These compounds can prevent cell apoptosis
due to the induction of hyperglycemia and downregulation of NFκB to protect against
inflammation caused by diabetes [14,103].

6.5. 5′AMP-Activated Protein Kinase (AMPK) Signaling

AMP-activated protein kinase (AMPK) plays a role in regulating energy metabolism
through the inhibition of anabolic pathways and stimulation of catabolic pathways. In
addition, AMPK also plays a role in enzyme regulation through phosphorylation and
regulation of transcription factors and coactivators [130]. Based on Table 1, several natural
compounds can increase AMPK levels, such as salidroside [121], aspalathin [102], nodake-
nine [110], anthocyanins [101], saponin [122], peptic bee pollen polysaccharide [112] and
bouchardatine [102]. Salidroside (Figure 4) and other antioxidant compounds that act in
the AMPK pathways can decrease ROS production, improve mitochondrial function by
reducing NADPH oxidase-2 (NOX2) expression and inhibit the JNK-caspase 3 apoptotic
cascade by activating AMPK [121].
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In conditions of persistent hyperglycemia of uncontrolled diabetes mellitus, the end
product is advanced glycation end (AGE). Glycation is one of the mechanisms that con-
tribute to diabetes complications such as cardiomyopathy, nephropathy, retinopathy and

189



Int. J. Mol. Sci. 2022, 23, 2056

neuropathy [131]. Advanced glycation ends (AGEs) play a role in the disruption of cellular
functions including denaturation of target proteins and reduced function of AGEs. The
accumulation of AGEs in tissues can damage organs and trigger chemical oxidative stress.
Another mechanism of AGEs is the receptor associated with the receptor for the advanced
glycation end product (RAGE). The increase in RAGE causes an increase in ROS synthesis
and oxidative stress. One of the oxidative stresses is the phosphorylation of the primary
signal transduction cascade, which is the molecularly activated protein kinase (MAPK)
that activates NF-κB [132]. In Table 1, the compounds with a AGE/RAGE inhibitory mech-
anism are mangiferin [108], morroniside [109] and pyrogallol-phloroglucinol-6,6-bieckol
(PPB) [119].

6.7. SIRT (Sirtuin)

Sirtuin 1 (SIRT1) and sirtuin 3 (SIRT3) proteins play an important role in counteracting
oxidative stress. In degenerative diseases such as type 2 diabetes, especially in women, there
is a high risk of death from myocardial infarction, even with drug therapy for diabetes.
Compounds that can increase SIRT1 are resveratrol and bouchardatine [102] (Table 1).
Resveratrol (RSV) is a natural polyphenol that has antioxidant activity and can improve
mitochondrial dysfunction. RSV has been shown to increase NO production, increase NOS
expression and activity, prevent eNOS release and increase NO bioavailability [120].

7. Conclusions

Various antioxidant compounds have been reported to have beneficial activities against
obesity, dyslipidemia and diabetes in the literature. The molecular signaling mechanism
of the reported compounds associated with obesity, dyslipidemia and diabetes has also
been discussed. However, further research is needed to determine the optimal dose of
these antioxidant compounds so as to provide optimal effects on these metabolic disor-
ders. Furthermore, the review also provides insights into antioxidant compounds that act
simultaneously against obesity, dyslipidemia and diabetes to minimize the use of drugs
and the risk of side effects. Further research on the side effects of long-term use of these
antioxidant compounds should also be explored, thereby increasing the safety of long-term
use of these compounds.
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Abstract: The present work focuses on in vitro cultures of Ruta montana L. in temporary immer-
sion PlantformTM bioreactors. The main aim of the study was to evaluate the effects of cultivation
time (5 and 6 weeks) and different concentrations (0.1–1.0 mg/L) of plant growth and develop-
ment regulators (NAA and BAP) on the increase in biomass and the accumulation of secondary
metabolites. Consequently, the antioxidant, antibacterial, and antibiofilm potentials of methanol
extracts obtained from the in vitro-cultured biomass of R. montana were evaluated. High-performance
liquid chromatography analysis was performed to characterize furanocoumarins, furoquinoline
alkaloids, phenolic acids, and catechins. The major secondary metabolites in R. montana cultures were
coumarins (maximum total content of 1824.3 mg/100 g DM), and the dominant compounds among
them were xanthotoxin and bergapten. The maximum content of alkaloids was 561.7 mg/100 g DM.
Concerning the antioxidant activity, the extract obtained from the biomass grown on the 0.1/0.1 LS
medium variant, with an IC50 0.90 ± 0.03 mg/mL, showed the best chelating ability among the
extracts, while the 0.1/0.1 and 0.5/1.0 LS media variants showed the best antibacterial (MIC range
125–500 µg/mL) and antibiofilm activity against resistant Staphylococcus aureus strains.

Keywords: in vitro cultures; Ruta montana; coumarins; alkaloids; phenolic compounds; antibiofilm
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1. Introduction

Plants of the Ruta genus have a rich and varied chemical composition. They mainly
contain compounds from the group of coumarins, alkaloids, flavonoids, phenolic acids,
and essential oil [1,2]. Ruta montana is widespread in the Mediterranean region since it
grows in sandy and dry areas, specifically in countries such as Algeria, Morocco, and
Tunisia. These plants also grow in Greece, Portugal, and Turkey in Europe [3–6]. The
diverse chemical composition of the species includes compounds from groups of alkaloids,
flavonoids (flavanols, including catechins and flavones), coumarins (hydroxycoumarins
and furanocoumarins), organic acids, tannins, among other essential oils (sesquiterpenes
and monoterpenes). The genus R. montana also contains derivatives of leucoanthocyanins,
sterols, triterpenes, mucus, monosaccharides, and anthracene [1–3,7–10]. Additionally, the
diverse chemical composition of R. montana favors multidirectional therapeutic uses. The
species further contains furanocoumarins, such as bergapten and xanthotoxin, which are
used in dermatology to treat vitiligo and psoriasis [11,12]. Although these compounds
have a therapeutic effect, they also have some toxic effects, such as photodermatitis as
well as kidney and liver damage [6]. Therefore, their application should be controlled.

197



Int. J. Mol. Sci. 2023, 24, 7045

The raw materials of R. montana have antidiabetic properties, which cause a decrease in
the blood glucose concentration and improve glucose tolerance. Further, they may also
have a positive effect on the architecture of the pancreatic islets [2,13]. The extracts of
R. montana also show antioxidant activity due to the high content of phenolic compounds.
The compounds have the ability to scavenge free radicals [2,6]. The essential oil obtained
from R. montana has antifungal, insecticidal, and larvicidal properties, which showed an
inhibitory effect on the growth of the Candida albicans and Aspergillus niger species [2,3].
Additionally, the species have proven antimicrobial properties. Rue extracts from the
species inhibited the growth of pathogens, such as Staphylococcus aureus, Bacillus subtilis,
Listeria innocua, Proteus mirabilis, and Clavibacter michiganensis. The ketone components of
the essential oil are the substances that are responsible for this activity [7]. The extracts
from R. montana are also considered to be a potential antihypertensive drug. Studies
conducted on rats suffering from hypertension revealed that this agent lowered systolic
and diastolic blood pressure, mean blood pressure, and heart rate. Moreover, it caused
dose-dependent relaxation of the aorta. It is likely that the prostaglandin pathway mediates
these processes [14].

In vitro plant cultures have great potential for the commercial production of secondary
metabolites. This method has many advantages. It allows the synthesis of bioactive
compounds under controlled conditions, regardless of climate and soil conditions. In vitro
plant cultures can be carried out continuously using selected cell lines, which makes them
a valuable and reliable source of secondary metabolites [15].

A modern method of cultivation, a temporary immersion system (PlantformTM), was
selected for the in vitro cultures. This type of bioreactor allows for obtaining a large amount
of biomass in a short period of time [16]. PlantformTM bioreactors have recently been used
to produce secondary metabolites. They are very useful for cultivating shoot cultures, the
enlargement of which on a larger scale has been a major technical problem so far. This
method allowed the production of secondary metabolites from various groups of com-
pounds on a larger scale. The authors of studies on Schizandra chinensis cultures conducted
in various types of bioreactors found the highest production of lignans in cultures carried
out in PlantformTM bioreactors [17]. Subsequently, Centella asiatica cultures in PlantformTM

bioreactors turned out to be a valuable source for obtaining asiaticoside, phenolic acids,
and flavonoids [18]. Cultures of Scutellaria lateriflora maintained in this type of bioreactor
showed a high ability to accumulate verbascoside and flavonoids [19]. The in vitro plant
cultures are considered an alternative high-quality plant material for pharmaceutical or
cosmetic purposes. Currently, there are no studies on the in vitro cultures of R. montana.
Therefore, the present study aimed to investigate the biosynthetic, antioxidant, antibacterial,
and antibiofilm potential of the in vitro cultures of R. montana using a temporary immersion
system (PlantformTM).

2. Results and Discussion
2.1. Biomass Growth

The R. montana cultures grown in bioreactors mainly in the form of shoots (Figure 1).
The cultures were characterized by an 8-fold increase in biomass. The content of dry
biomass obtained from the R. montana bioreactor cultures ranged between 8.042 (LS medium
containing 0.5/1.0 mg/L NAA/BAP, 5-week growth cycle) and 7.247 g (LS medium contain-
ing 0.1/0.1 mg/L NAA/BAP, 6-week growth cycle). The maximum weight was obtained
after a 5-week cultivation period (growth cycle) on the LS medium containing 0.5/1.0 mg/L
NAA/BAP. There were no significant differences in biomass growth after 5 and 6 weeks of
the culture cycle for most of the LS medium. Only in case of the LS 0.5/0.5 medium variant
was the dry biomass after 5 weeks significantly higher compared to those for 6 weeks. This
was due to the gradual withering away of cultures. Macroscopic observations of the tissue
showed the cultures had a tendency to die out after 6 weeks. An intense green color was
observed on the 5-week-old cultures, while the 6-week-old cultures were partially covered
in brown. The content of obtained dry biomass is summarized in Table 1.
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Figure 1. Ruta montana bioreactor culture (LS NAA/BAP 0.1/0.1 mg/L, 5-week growth cycle). 

Table 1. The dry weight (DW) [g] obtained from R. montana bioreactor cultures for different growth 
cycle and LS medium variants. 

Growth Cycle 
LS Medium Variant NAA/BAP (mg/L) 

LS 0.1/0.1 LS 0.1/0.5 LS 0.5/0.5 LS 0.5/1.0 LS 1.0/1.0 
5 weeks 7.734 ± 0.31 ab 7.775 ± 0.36 ab 8.030 ± 0.47 b 8.042 ± 0.31 b 7.738 ± 0.59 ab 
6 weeks 7.247 ± 0.86 a 7.916 ± 0.02 ab 7.265 ± 0.18 a 7.787 ± 0.25 ab 7.946 ± 0.21 ab 

Mean of three replications ± SD. Different letters (a,b) indicate significant differences (p < 0.05). 

The increase in dry biomass varied from 8.9-fold (LS 0.1/0.1, 6 weeks) to 9.9-fold (LS 
0.5/1.0, 5 weeks). Previous studies on the increase in biomass in in vitro cultures of another 
species of the Ruta genus indicated a wide variation, depending on the type of culture 
used, the duration of its cultivation, and the medium variant used. In the studies on the 
accumulation of furanocoumarins in R. graveolens shoot cultures, which were conducted 
for 6 weeks in liquid stationary cultures on medium with NAA/BAP 2.0/2.0 mg/L, a 5-fold 
growth of dry biomass was observed. The highest increase occurred between the 7th and 
21st day of culture [20]. In the next studies, the in vitro cultures of Ruta graveolens ssp. 
divaricata were grown for 4 weeks on the LS medium, supplemented with NAA/BAP at 
various concentrations, ranging between 0.1 and 3.0 mg/L. The fold increase in the dry 
biomass was 6.2–6.3 [21]. Another research was carried out on agitated cultures on the 
species Ruta corsica, Ruta chalepensis, and Ruta graveolens, on the LS medium with the ad-
dition of NAA/BAP at a concentration of 0.1/0.1 mg/L for a period of 3, 4, 5, 6, and 7 weeks. 
The highest increase in biomass for R. graveolens was observed for the culture grown for 4 
weeks (33.3-fold increase), while for R. chalepensis and R. corsica, the highest increase oc-
curred after 5 weeks (33.7-fold and 31.3-fold increase, respectively) [22]. The increase in 

Figure 1. Ruta montana bioreactor culture (LS NAA/BAP 0.1/0.1 mg/L, 5-week growth cycle).

Table 1. The dry weight (DW) [g] obtained from R. montana bioreactor cultures for different growth
cycle and LS medium variants.

Growth Cycle
LS Medium Variant NAA/BAP (mg/L)

LS 0.1/0.1 LS 0.1/0.5 LS 0.5/0.5 LS 0.5/1.0 LS 1.0/1.0

5 weeks 7.734 ± 0.31 ab 7.775 ± 0.36 ab 8.030 ± 0.47 b 8.042 ± 0.31 b 7.738 ± 0.59 ab

6 weeks 7.247 ± 0.86 a 7.916 ± 0.02 ab 7.265 ± 0.18 a 7.787 ± 0.25 ab 7.946 ± 0.21 ab

Mean of three replications ± SD. Different letters (a, b) indicate significant differences (p < 0.05).

The increase in dry biomass varied from 8.9-fold (LS 0.1/0.1, 6 weeks) to 9.9-fold (LS
0.5/1.0, 5 weeks). Previous studies on the increase in biomass in in vitro cultures of another
species of the Ruta genus indicated a wide variation, depending on the type of culture
used, the duration of its cultivation, and the medium variant used. In the studies on the
accumulation of furanocoumarins in R. graveolens shoot cultures, which were conducted
for 6 weeks in liquid stationary cultures on medium with NAA/BAP 2.0/2.0 mg/L, a
5-fold growth of dry biomass was observed. The highest increase occurred between the
7th and 21st day of culture [20]. In the next studies, the in vitro cultures of Ruta graveolens
ssp. divaricata were grown for 4 weeks on the LS medium, supplemented with NAA/BAP
at various concentrations, ranging between 0.1 and 3.0 mg/L. The fold increase in the
dry biomass was 6.2–6.3 [21]. Another research was carried out on agitated cultures on
the species Ruta corsica, Ruta chalepensis, and Ruta graveolens, on the LS medium with the
addition of NAA/BAP at a concentration of 0.1/0.1 mg/L for a period of 3, 4, 5, 6, and
7 weeks. The highest increase in biomass for R. graveolens was observed for the culture
grown for 4 weeks (33.3-fold increase), while for R. chalepensis and R. corsica, the highest
increase occurred after 5 weeks (33.7-fold and 31.3-fold increase, respectively) [22]. The
increase in biomass in cultures of other plant species cultivated in temporary immersion
bioreactors differ depending on the duration of the culture and the media variants used.
The microshoot cultures of Scutellaria lateriflora were maintained in PlantformTM bioreactors
on two media (LS and MS—Murashige—Skoog, both contained 0.5/1.0 mg/L NAA/BAP)
for 4 weeks. The increase in dry biomass was 6.3-fold on MS medium and 6.9-fold on the LS
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medium [19]. Shoot cultures of Schizandra chinensis conducted in PlantformTM bioreactors
on MS medium containing 1.0/3.0 mg/L NAA/BAP showed good increase in biomass
(from 2.5-fold after 30 days of cultivation to 9-fold after 60 days of cultivation) [17].

In conclusion the R. montana cultures showed good biomass growth. There are no
statistically significant differences between the media used.

2.2. Phytochemical Investigation
2.2.1. HPLC Analysis

The HPLC analysis of methanol extracts obtained from the biomass of R. montana
bioreactor cultures identified various secondary metabolites related to alkaloids and phe-
nolic compounds (coumarins and catechins) (Table 2). There were only small amounts of
phenolic acids accumulated. Spectrophotometric determinations indicated the presence
of polyphenolic and flavonoid compounds in the extracts (Table 3). However, according
to the HPLC analysis, there were no flavonoids corresponding to the reference substances
used. The absence of the main flavonoid—rutoside, which is typically present in the
parent plant, was particularly significant. The absence can be explained due to the fact
that in vitro cultures generally tend to have different metabolic pathways compared to
the parent plants. Some of the enzymes can also become inactive or complex glycosidic
bonds, which are not present in the parent plant, often form due to the glycosylation
process [15]. The HPLC analysis confirmed the accumulation of linear furanocoumarins
(bergapten retention time (RT) = 63.72 min, isoimperatorin RT = 70.55 min, isopimpinellin
RT = 60.91 min, psoralen RT = 53.38 min, xanthotoxin RT = 54.18 min), furoquinoline
alkaloids (γ-fagarine RT = 64.68 min, 7-isopentenyloxy-γ-fagarine RT = 71.92 min, skim-
mianine RT = 62.36 min), and catechins (catechin RT = 7.3 min). Sample chromatograms
of the extract from R. montana in vitro cultures are included in Supplementary Materials
(Figures S1 and S2).

The dynamics of the accumulation of individual metabolites varied according to
the time of culture and the LS medium variant. Overall, the production of the metabo-
lites was higher after the 5-week growth cycle. The exceptions are isopimpinellin and
7-isopentenyloxy-γ-fagarine, which, on most variants of the LS medium, reached a higher
content after a 6-week growth cycle. Table 2 shows the mean contents [mg/100 g DW]
of individual metabolites depending on the LS medium variant and the growth cycle. A
comparison of homogeneous groups marked with the letters a-g was used, where “a”
means the group of lowest mean, followed by “b” for the next average, and so on to the
highest averages. The results of detailed statistical analyzes and the list of homogeneous
groups are included in the Supplementary Materials, for each metabolite separately.

Among the coumarins, the highest accumulated individual metabolite was xantho-
toxin (maximum content 885.9 mg/100 g DW, LS 0.5/0.5 medium, 5-week growth cy-
cle). The second highest accumulated metabolite was the coumarin bergapten, with the
maximum content obtained after the 5-week growth cycle on the 1.0/1.0 LS medium
(446 mg/100 g DW). The quantity of psoralen was also high, with the maximum content of
340.1 mg/100 g DW (5-week growth cycle, LS 0.1/0.1). The amounts of isopimpinellin and
isoimperatorin were lower, with the maximum content of 223.2 (6-week growth cycle, LS
1.0/1.0) and 105.8 mg/100 g DM (5-week growth cycle, LS 1.0/1.0), respectively.

Among the confirmed furoquinoline alkaloids, γ-fagarine was accumulated in the
highest amount (305.4 mg/100 g DW) on the 0.1/0.1 LS medium, after the 5-week growth
cycle. The maximum skimmianine content was 233.7 mg/100 g DW (5-week growth cycle,
LS 0.5/1.0). Isopentenyloxy-γ-fagarine was accumulated in the lowest amount, with the
maximum content of 42.2 mg/100 g DW (6-week growth cycle, LS 0.5/0.5).

In the analyzed catechins, catechin was accumulated after the 5-week growth cycle,
in the maximum amounts of 89.6 mg/100 g DW on the 0.1/0.1 LS medium; this result
is in agreement with those obtained with the spectrophotometric determinations of the
condensed tannins (Tables 2 and 3).
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Table 2. Average content of metabolites [mg/100 g DW] in methanol extracts obtained from biomass
of R. montana bioreactor cultures depending on the duration of the culture (5 and 6 weeks) growth
cycle and LS medium variant.

LS Medium Variant Growth Cycle

Accumulated Compounds NAA/BAP (mg/L) 5 Weeks 6 Weeks

Bergapten 0.1/0.1 435.32 ± 50.26 bcd 403.75 ± 35.98 abcd

0.1/0.5 375.70 ± 27.51 a 364.99 ± 17.31 a

0.5/0.5 440.91 ± 21.31 cd 395.18 ± 34.86 abcd

0.5/1.0 386.32 ± 30.63 ab 378.85 ± 21.30 a

1.0/1.0 445.99 ± 18.08 d 388.82 ± 42.73 abc

Isoimperatorin 0.1/0.1 104.01 ± 9.72 de 86.44 ± 3.95 c

0.1/0.5 79.11 ± 5.75 c 56.35 ± 14.32 b

0.5/0.5 87.65 ± 7.76 cd 35.23 ± 2.37 a

0.5/1.0 84.00 ± 9.72 c 82.81 ± 18.34 c

1.0/1.0 105.78 ± 7.29 e 82.33 ± 8.48 c

Isopimpinellin 0.1/0.1 81.09 ± 8.77 a 79.50 ± 7.52 a

0.1/0.5 100.75 ± 13.77 ab 148.58 ± 6.99 c

0.5/0.5 92.89 ± 0.61 ab 154.44 ± 20.64 c

0.5/1.0 90.25 ± 14.70 ab 168.38 ± 12.19 c

1.0/1.0 113.97 ± 16.58 b 223.21 ± 36.68 d

Psoralen 0.1/0.1 340.07 ± 14.03 e 236.59 ± 40.05 d

0.1/0.5 182.13 ± 15.72 bc 185.22 ± 22.54 c

0.5/0.5 150.21 ± 11.24 a 181.77 ± 9.57 bc

0.5/1.0 152.67 ± 6.37 ab 169.00 ± 12.13 abc

1.0/1.0 168.45 ± 14.68 abc 150.23 ± 1.91 a

Xanthotoxin 0.1/0.1 863.78 ± 57.12 f 772.92 ± 45.05 cde

0.1/0.5 682.89 ± 26.80 ab 825.65 ± 64.82 def

0.5/0.5 885.92 ± 34.83 f 846.06 ± 18.84 ef

0.5/1.0 731.96 ± 50.07 abc 771.51 ± 47.02 cde

1.0/1.0 748.75 ± 38.92 bcd 665.85 ± 57.15 a

Total coumarins 0.1/0.1 1824.26 ± 98.07 d 1579.20 ± 50.29 bc

0.1/0.5 1420.58 ± 35.81 a 1580.80 ± 68.30 bc

0.5/0.5 1657.57 ± 45.79 c 1612.67 ± 49.17 bc

0.5/1.0 1445.20 ± 86.25 ab 1570.55 ± 18.55 bc

1.0/1.0 1582.94 ± 33.95 bc 1510.44 ± 104.38 ab

γ-Fagarine 0.1/0.1 305.42 ± 19.28 e 215.82 ± 12.41 d

0.1/0.5 172.27 ± 36.64 c 159.87 ± 15.20 bc

0.5/0.5 146.64 ± 6.45 abc 151.05 ± 13.10 abc

0.5/1.0 133.85 ± 8.53 ab 128.08 ± 18.70 a

1.0/1.0 133.61 ± 13.47 ab 130.70 ± 13.75 ab

Isopentenyloxy-γ-fagarine 0.1/0.1 30.79 ± 3.61 d 39.42 ± 3.45 e

0.1/0.5 18.59 ± 2.40 a 30.66 ± 1.57 cd

0.5/0.5 26.17 ± 2.02 bc 42.20 ± 4.30 e

0.5/1.0 21.93 ± 1.64 ab 32.88 ± 0.72 d

1.0/1.0 25.90 ± 2.26 b 22.34 ± 3.02 ab

Skimmianine 0.1/0.1 225.46 ± 14.16 fg 126.58 ± 12.12 c

0.1/0.5 197.64 ± 18.26 ef 89.38 ± 6.45 b

0.5/0.5 195.22 ± 23.06 ef 51.95 ± 14.28 a

0.5/1.0 233.73 ± 27.88 g 199.69 ± 30.19 ef

1.0/1.0 179.84 ± 24.17 de 158.27 ± 4.47 cd

Total alkaloids 0.1/0.1 561.66 ± 29.70 f 381.82 ± 15.50 e

0.1/0.5 388.50 ± 25.29 e 279.91 ± 22.69 ab

0.5/0.5 368.04 ± 31.01 de 245.20 ± 2.97 a

0.5/1.0 389.51 ± 22.39 e 360.66 ± 21.15 de

1.0/1.0 339.35 ± 17.92 cd 311.31 ± 12.33 bc

Catechin 0.1/0.1 89.62 ±0.97 f 50.80 ±6.41 bc

0.1/0.5 76.12 ±11.16 e 59.25 ±3.91 cd

0.5/0.5 59.70 ±5.98 d 46.38 ±3.68 b

0.5/1.0 61.16 ±2.69 d 22.01 ±1.83 a

1.0/1.0 73.56 ±3.51 e 60.82 ±1.91 d

Means of three measurements ± SD. Different letters (a–g) indicate significant differences between homogenous
groups (p < 0.05) between LS medium variants for each compound after a certain growth cycle.
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Table 3. Total phenolic, flavonoid, and condensed tannin content, free radical scavenging activity
(DPPH) test, reducing power, and ferrous ion chelating activity of methanol extracts obtained from
biomass of R. montana bioreactor cultures grown on LS medium variant supplemented with different
concentrations of NAA/BAP (0.5/0.5, 0.1/0.5, 1.0/1.0, 0.1/0.1 mg/L), after 5-week growth cycle.

LS Medium Variant
NAA/BAP (mg/L)

Total
Polyphenols
(mg GAE/g)

Total Flavonoids
(mg QE/g)

Condensed
Tannins

(mg CE/g)

DPPH
IC50 (mg/mL)

Reducing Power
ASE/mL

Fe2+ Chelating
Activity

IC50 (mg/mL)

0.1/0.1 26.94 ± 0.67 a 24.60 ± 0.58 b 10.97 ± 0.5 c >2 mg/mL 28.95 ± 2.37 b 0.90 ± 0.03 a

0.1/0.5 41.61 ± 0.77 e 45.65 ± 0.33 e 9.42 ± 0.57 b >2 mg/mL 26.62 ± 3.25 b 2.47 ± 0.01 c

0.5/0.5 29.64 ± 0.76 b 16.96 ± 0.01 a 4.68 ± 0.32 a >2 mg/mL 19.54 ± 0.64 a 0.94 a ± 0.02 a

0.5/1.0 31.10 ± 0.88 c 28.44 ± 0.20 c 5.40 ± 0.2 a >2 mg/mL 39.75 ± 0.50 c 0.93 ± 0.03 a

1.0/1.0 34.32 ± 0.22 d 33.00 ± 0.70 d 6.21 ± 0.44 a >2 mg/mL 18.28 ± 4.30 a 1.68 ± 0.02 b

Reference standard BHT
0.07 ± 0.01

BHT
1.44 ± 0.02 d

EDTA
0.01 ± 0.001 d

Values are expressed as mean ± SD (n = 3). a–e Different letters within the same column indicate significant
differences between mean values (p < 0.05).

All the analyzed extracts had very high furanocoumarin total content. The maximum
content of 1824.3 mg/100 g DW was obtained on the 0.1/0.1 LS medium after the 5-week
growth cycle. High contents of furanocoumarins were also noted after the 5-week growth
cycle on LS 0.5/0.5 and LS 1.0/1.0 media 1657.6 and 1582.9 mg/100 g DW, respectively.

The maximum content of the analyzed furoquinoline alkaloids (561.6 mg/100 g DW)
was also obtained on the 0.1/0.1 LS medium after the 5-week growth cycle.

The obtained results suggest that R. montana bioreactor cultures can be proposed
as an alternative and rich in vitro controlled source of linear furanocoumarins and furo-
quinoline alkaloids. Xanthotoxin and bergapten have photosensitizing effects on hu-
man skin and their pigmentation-stimulating and antiproliferative properties are utilized
in the symptomatic treatment of vitiligo, psoriasis, and mycosis fungoides. Therefore,
Bergapten is better tolerated by patients [11,12]. The obtained results showed very high
levels of xanthotoxin (above 800 mg/100 g DW) and bergapten (above 400 mg/100 g
DW). For comparison, the content of these compounds in plants cultivated in the field
is 410 and 110 mg/100 g DW, respectively [23]. The biosynthetic potential for the pro-
duction of furoquinoline alkaloids is also an interesting area of study. Furoquinoline
alkaloids show a number of biological activities, including antifungal and antibacterial
properties, inhibitory activity toward AchE (acetylcholinesterase), and 5-HT2 receptor-
inhibiting properties [24]. The content of the above-mentioned groups of metabolites in
cultures of another species of rue—R. graveolens varies depending on the type of culture,
culture conditions, and the strategies used to increase the production of bioactive metabo-
lites. Study on the level of accumulation of furanocoumarins in stationary liquid shoot
cultures of R. graveolens confirmed the presence of the following coumarins: psoralen,
xanthotoxin, isopimpinellin, bergapten, imperatorin, and umbelliferon. The maximum
content of coumarins (966 mg/100 g DW) was determined after a 4-week growth cycle
in the LS medium containing 2/2 mg/L NAA/BAP, and the dominant metabolites were
found to be xanthotoxin (330 mg/100 g DW) and bergapten (320 mg/100 g DM) [20]. In
subsequent studies performed in stationary liquid cultures maintained under various
light conditions on the LS medium containing 2/2 mg/L NAA/BAP (6-week breeding
cycle), the highest total content of coumarins (1022 mg/100 g DM) was observed in the
cultures grown under white constant artificial light. The maximum content of the main
furanocoumarins (xanthotoxin and bergapten) was 433.4 and 219.5 mg/100 g DM, respec-
tively [25]. Similar to previous studies, in the study on R. graveolens agitated cultures,
it was observed that the most dominant coumarins were xanthotoxin (428.3 mg/100 g
DW) and bergapten (186.6 mg/100 g DW). The highest total content (917.2 mg/100 g DW)
of linear furanocoumarins was reached after a 5-week growth cycle on the LS medium
containing 0.1/0.1 mg/L NAA/BAP. The dominant furoquinolic alkaloids were skimmia-
nine (94.6 mg/100 g DW) and γ-fagarine (54.5 mg/100 g DW). The highest total content
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(155.9 mg/100 g DW) of these alkaloids was noted after a 5-week growth cycle on the LS
medium containing 0.1/0.1 mg/L NAA/BAP [22].

Use of abiotic and biotic elicitors in agitated shoot cultures of R. graveolens caused an
increase in the production of furanocoumarins and furoquinoline alkaloids. The highest ob-
tained contents of the main coumarins were as follows: xanthotoxin (288.36 mg/100 g DW,
8.5-fold increase, compared to control cultures), bergapten (153.78 mg/100 g DW, 3.7-fold
increase) The highest obtained contents of main furoquinoline alkaloids were as follows:
γ-fagarine (68.0 mg/100 g DW), skimmianine (48.0 mg/100 g DW) [26–28].

2.2.2. Total Phenolic, Flavonoid, and Condensed Tannin Content

Total content of phenolic, flavonoid, and condensed tannins was measured in extracts
from biomass obtained after 5-week growth cycle. The results of Folin–Ciocâlteu assay
indicated that the total phenolic content was highest in the extract of R. montana biomass
grown on the LS medium variant supplemented with NAA/BAP at the concentration
of 0.1/0.5 mg/L, followed by the in vitro culture maintained on the LS medium variant
1.0/1.0 (Table 3).

Similar trend was observed for the total flavonoid content that, in the different extracts,
varied from 16.96 to 45.65 mg QE/g extract. The extract obtained from in vitro culture
maintained on the LS medium variant 0.1/0.5 contained the highest content of flavonoids,
followed by the extract maintained on the LS medium variant 1/1 (Table 3).

The condensed tannin content, as evaluated by the vanillin assay, was found to be
low in all the extracts. Among the extracts, that obtained from R. montana in vitro culture
maintained on the LS medium variant 0.1/0.1 resulted as the richest (10.97 ± 0.50 mg QE/g
extract) (Table 3). The content of condensed tannins determined by spectrophotometric
method followed the same trend observed for these compounds determined by HPLC
analysis; in fact, the content of condensed tannins as well as of catechins detected by HPLC
resulted higher in the extract obtained from biomass grown on the variant LS 0.1/0.1 and
decreased in the same order (Tables 2 and 3).

Recently, the content of total polyphenols was determined spectrophotometrically in a
methanolic extract obtained from the aerial parts of R. montana collected in Algeria and in
Morocco [29,30]. Interestingly, our extracts, obtained from biomass cultured in vitro, were
found much richer both in phenolic compounds and in flavonoids than those prepared
from the same species growing in field, demonstrating that the in vitro plant cultures can
be considered an alternative high-quality plant material for pharmaceutical or cosmetic
purposes. The content of phenolic compounds in cultures of other species of rue has not
been extensively studied. This is due to the generally low content of these compounds.
In the study on R. graveolens shoots grown in stationary liquid cultures on four different
variants of the LS medium (with NAA and BAP added at different concentrations, in the
range from 0.1 to 3.0 mg/L), the total content of phenolic acids was determined in the range
from 85.04 to 108.28 mg/100 g DW (depending on the medium variant). The highest con-
tent of the tested phenolic acids was observed on the LS medium containing 2.0/2.0 mg/L
NAA/BAP [31]. In the study on effect of monochromatic light conditions on the production
of free phenolic acids in stationary liquid shoot cultures of R. graveolens, the highest total
content (103.4 mg/100 g DW) of phenolic acids was observed in the biomass from the
cultures cultivated on the LS medium, containing 3.0/1.0 mg/L NAA/BAP under white
light [32]. An attempt was also made to increase the production of phenolic compounds in
agitated shoot cultures of R. graveolens using the phenylalanine feeding method. The addi-
tion of this precursor increased 1.5-fold the production of phenolic compounds (phenolic
acids and catechins). The highest obtained contents were, respectively, 109 mg/100 g DW
(total content of phenolic acids) and 65.9 mg/100 g DW (catechin content) [33].

2.3. Antioxidant Activity

Reactive oxygen species (ROS) are widely regarded as etiologic factors for several
diseases, including cancer, inflammation, and organ injuries. Evidence suggests that the
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antioxidants, scavenging ROS in pathological condition, may reduce cell damage and
control the pathological process [34]. Antioxidants can be divided into primary (or chain-
breaking) and secondary (or preventive) categories, and the primary antioxidant reactions
can be classified into hydrogen-atom transfer (HAT) and single-electron transfer (SET).
The HAT mechanism takes place when an antioxidant scavenges free radicals donating
hydrogen atoms; an antioxidant acting by SET mechanism transfers a single electron to
reduce any compound. Antioxidants can act through various mechanisms, and therefore it
is vital to use methodologies with distinct mechanisms to evaluate the antioxidant capacity
of plant-derived phytocomplexes or isolated compounds.

Based on the different mechanisms of determination of the antioxidant capacity, three
in vitro tests were used to determine the in vitro antioxidant effectiveness of R. montana
extracts: the DPPH assay (involving both HAT and SET mechanisms), and the reducing
power assay (based on SET mechanism); the ferrous ions chelating activity was determined
to assess the secondary antioxidant ability.

The DPPH test is the most common spectrophotometric method used to evaluate the
free scavenging properties of a phytocomplexes or pure compounds due to its simple,
rapid, sensitive, and reproducible procedures. Figure 2A shows the results of the DPPH
test; it is evident from the comparison of all extracts of the species of R. montana and the
reference standard BHT that, in the range of concentrations assayed, all of them display a
weak activity. This result is confirmed by the IC50 values as well, which were higher than
2 mg/mL for all the extracts (Table 3).

The Fe3+–Fe2+ transformation method was used to evaluate the reducing power of the
R. montana extracts, which show that all extracts displayed mild activity compared to the
standard BHT (Figure 2B). The calculated ASE/mL values indicated that the best reducing
efficacy was highlighted for the extracts obtained from R. montana biomass grown on 1/1
and 0.5/0.5 LS medium variants (18.28 ± 4.30 and 19.54 ± 0.64 ASE/mL, respectively)
(Table 3).

The R. montana extracts exhibited good, dose-dependent, and chelating properties in
the Fe2+ chelating activity assay (Figure 2C). Comparing the IC50 values calculated for all
the extracts, the values obtained from biomass in vitro cultured on the 0.1/0.1 LS medium
variant, with an IC50 of 0.90 ± 0.03 mg/mL, with about 84% activity at the maximum
concentration assayed, resulted as the most active, followed by those from in vitro culture
grown on the 0.5/0.5 and 0.5/1 LS medium variants (Table 3).

It is evident from the obtained results that R. montana extracts act as weak primary
antioxidants and possess good secondary antioxidant properties.

Ruta genus is rich in bioactive phytochemicals, such as coumarins, phenolic acids,
flavonoids, alkaloids, and tannins [6]. The phytochemical investigations carried out by
HPLC have highlighted a different metabolic profile of the in vitro cultures of R. montana
than that of the parent plant. The flavonoids in all the extracts were undetectable, and
phenolic acids were only present in small amounts. The main secondary metabolites
in R. montana cultures were linear furanocoumarins (the dominant compound among
them was xanthotoxin), followed by furoquinoline alkaloids (γ-fagarine, 7-isopentenyloxy-
γ-fagarine, skimmianine) and catechins. It was reported that coumarins imperatorin,
xanthotoxin, and bergapten did not possess antiradical activity against DPPH, though they
exhibited a moderate level of reducing power and were effective in the ferrous ion-chelation
test [35]. Coumarins reduce the level of oxidative stress via chelation of redox-active Cu
and Fe, thus suppressing the ROS formation via the Fenton reaction [36]. It was reported
that catechin can act as free radical scavengers as well as a metal chelator [37].

It is evident from the result of the chelating activity assay that the extract obtained
on the 0.1/0.1 LS medium variant is the most effective; this extract is also the richest in
coumarins and catechin. Therefore, the good secondary antioxidant properties highlighted
for all R. montana extracts could mainly be related to the great amount of coumarins
and catechin.
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Figure 2. Free radical scavenging activity (DPPH assay) (A), reducing power (B), and ferrous ion
chelating activity (C) of methanol extracts obtained from biomass of R. montana bioreactor cultures
2 grown on LS medium variant supplemented with different concentrations of NAA/BAP mg/L
293 (0.5/0.5, 0.1/0.5, 1.0/1.0, 0.1/0.1), after 5-week growth cycle. Reference standard: BHT (A,B),
EDTA (C). Values are expressed as the mean ± SD (n = 3). Statistically significant differences between
different variant are indicated as **** p < 0.0001.
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2.4. Antibacterial Screening

There has been an increase in the spread of resistant bacterial strains due to the
continued inappropriate usage of antibiotics. Many of these produce biofilms, which are
a complex bacterial community encased in an extracellular polymeric matrix notoriously
difficult to eradicate once established [38]. The biofilm network possesses the ability to
evade environmental threats, such as antimicrobials and host defense mechanisms [39].
Due to this global health issue, there has been extensive research on finding alternative
therapeutics. Plants rich in natural secondary metabolites are one of the go-to reservoirs in
discovering potential resources to alleviate this problem [40]. In this study, the antibacterial
screening of R. montana extracts was performed against a representative set of Gram-
positive and Gram-negative bacterial strains. All the extracts obtained from in vitro culture
of R. montana grown on the LS medium variants supplemented with NAA/BAP at different
concentrations showed selective antibacterial activity. Table 4 shows the results of the
antibacterial activity screening of extracts of the R. montana biomass grown on the different
LS medium variants. The extract the 0.1/0.1 LS medium showed the highest activity
against all the Staphylococcus strains and E. coli ATCC 10536 with the best effect against
S. aureus ATCC 6538, S. aureus ATCC 43300, and S. aureus 74CCH (MIC = 125 µg/mL;
MBC = 250–500 µg/mL), followed by the 0.5/0.5 LS medium active against S. aureus ATCC
43300 (MIC = 125 µg/mL) and S. epidermidis ATCC 35984 (MIC = 250 µg/mL), the 0.5/1.0
LS medium active against S. aureus 74CCH (MIC = 125 µg/mL) and S. epidermidis ATCC
35984 (MIC = 250 µg/mL), and the 0.1/0.5 LS medium active against S. aureus ATCC
43300 (MIC = 125 µg/mL). The extracts showed no activity against E. coli DSM 105388,
P. aeruginosa ATCC 9027, and P. aeruginosa DSM 102273. The presence of a high content of
xanthotoxin, followed by bergapten, psoralen, γ -fagarine, and catechins, likely justifies
the efficacy of these extracts [41,42]. The good activity of the 0.5/0.5 LS medium against
all the Staphylococcus strains can be due to the high content of xanthotoxin, followed by
bergapten and skimmianine [41–44]. Coumarins have the ability to bind to the B subunit
of DNA gyrase in bacteria and can inhibit DNA supercoiling by blocking the ATPase
activity [45]. Alkaloids, such as γ-fagarine, have been shown to exhibit antimicrobial
activity by inhibiting enzyme activity or other mechanisms, such as bacterial membrane
disruption of Gram-negative bacteria [43]. Catechins demonstrated bactericidal effects
on both Gram-positive and Gram-negative bacteria, including multidrug-resistant strains
through membrane disruption and damage in DNA and protein oxidation [46].

Table 4. MIC and MBC values (µg/mL) of methanol extracts obtained from biomass of R. montana
bioreactor cultures grown on LS medium variant supplemented with different concentrations of
NAA/BAP, 5-week growth cycle.

LS Medium Variant NAA/BAP

Strains
0.1./0.1 0.1/0.5 0.5/0.5 0.5/1.0 1.0/1.0

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC

S. aureus ATCC 6538 125 500 1000 n.a 500 1000 n.a. n.a. 1000 1000

S. aureus ATCC 43300 125 250 125 n.a 125 n.a. n.a. n.a. 500 1000

S. aureus 815 500 n.a. 1000 n.a 1000 n.a. 500 1000 n.a. n.a.

S. aureus 74CCH 125 250 1000 n.a 500 n.a. 125 n.a. 500 n.a.

S. epidermidis ATCC 35984 500 500 500 n.a 250 n.a. 250 n.a. 1000 n.a.

E. coli ATCC 10536 500 1000 n.a. n.a n.a. n.a. n.a. n.a. n.a. n.a.

n.a. not active at concentrations assayed.

In a previous study, the extracts obtained from in vitro-cultured biomass of different
species of Ruta, such as R. chalepensis, R. corsica, or R. graveolens, showed a good bacte-
riostatic activity against S. aureus [22]. The results obtained in this study highlight that
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the biomass of R. montana produced in vitro by bioreactors can also represent a source of
compounds with antibacterial activity, which are effective against resistant S. aureus strains
as well.

2.5. Effect on Biofilm Formation

The R. montana extracts demonstrated a good capacity to reduce biofilm formation of
methicillin-resistant S. aureus (MRSA) strains and biofilm producers (Figure 3). Compared
to the demonstration on S. aureus 74CCH (53–27%) at 1/2 MIC, there was a higher activity
on S. aureus 815 with a biofilm biomass reduction range from 78 to 37% and on S. aureus
ATCC 43,300 with reduction from 71 to 28%. The extract 0.5./1.0 LS medium, particularly,
reduced the biofilm formation of S. aureus 815 (78%) and S. aureus 43,300 (69%) followed by
the 0.5/05 LS medium on S. aureus 43,300 (71%) and the 0.1/0.1 LS medium on S. aureus
815 (69%). The extract of the 0.5/0.5 LS medium showed a high activity against S. aureus
ATCC 43,300 with a reduction in biofilm formation of 72% at 1/4 MIC. According to a study
by Lemos et al. (2016), the action of the extracts was classified as highly effective in the
range from ≤60% to ≤90% of the biofilm reduction. Statistically significant differences are
indicated as * p < 0.05 vs. each control group [47]. The activity of extracts on strong biofilm
producer strains is interesting. LS 0.5/1.0, followed by the LS 0.5/0.5 and 0.1/0.1 LS media
variants among all the extracts, showed the best activity. Coumarins and alkaloids can
interfere in biofilm production by repressing curli genes and motility genes, while catechins
disrupt glycocalyx [48–50].
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Figure 3. The effect of methanol extracts obtained from the biomass of R. montana bioreactor cultures
grown on LS medium variant supplemented with different concentrations of NAA/BAP mg/L
(0.1/0.1, 0.1/0.5, 0.5/0.5, 0.5/1.0, 1.0/1.0), 5-week growth cycle, on S. aureus strains biofilm formation
reduction. The reduction percentage of biofilm formation was calculated using the following formula:
[(OD492 nm with extract/OD 492 nm without extract) × 100]. Statistically significant differences are
indicated as * p < 0.05 vs. each control group.
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3. Materials and Methods
3.1. In Vitro Cultures

The starting material was the in vitro cultures of R. montana, established in 2018 from
the seeds obtained from the Botanical Garden in Vácrátót, Hungary. The initial cultures
were carried out in the form of liquid stationary cultures on Linsmaier and Skoog (LS)
medium [51] and plant growth and development regulators: naphthyl-1-acetic acid (NAA)
and 6-benzylaminopurine (BAP) at the concentration of 1.0/1.0 mg/L.

Ruta montana cultures were conducted in PlantformTM bioreactors (Plant Form AB,
Lomma, Sweden). For this, 15.0 g of previously grown plant biomass was placed in
the bioreactors, which was then poured over with 500 mL of LS medium. Growth and
development regulators in five concentration variants were added to it (Table 5). Immersion
frequency was 5 min every 90 min. The cultures were maintained at 25 ± 2 ◦C under
constant artificial light (16 µM·m−2·s−2). The cultivation was carried out for a period of
5 and 6 weeks. After this time, fresh biomass was collected and dried at approximately
38 ◦C.

Table 5. Concentration of plant growth regulator [mg/L] in LS medium variants.

Growth Regulator
LS Medium Variant NAA/BAP (mg/L)

0.1/0.1 0.1/0.5 0.5/0.5 0.5/1.0 1.0/1.0

NAA 0.1 0.1 0.5 0.5 1.0

BAP 0.1 0.5 0.5 1.0 1.0

3.2. Extraction

Briefly, 1.0 g of micronized dry biomass was weighed into 250 mL round bottom flasks
and 50 mL of methanol was extracted from the flasks for 2 h at the solvent boiling point
(64.7 ◦C). Following this, the extracts were evaporated. They were then dissolved in 4.0 mL
high-performance liquid chromatography (HPLC)-grade methanol and filtered through
Millipore membrane filters with a pore size of 0.22 µm for the HPLC analysis. Micronized
dry biomass, 6–10 g of DW obtained after 5-week growth cycle, was used to prepare the
extracts for the biological assays following the above-mentioned procedure.

3.3. Phytochemical Investigation
3.3.1. Total Phenolic, Flavonoid, and Condensed Tannin Content

The spectrophotometric methods were used to determine the total phenolic, flavonoid,
and condensed tannin content of R. montana extracts. The Folin–Ciocâlteu method was
used to measure the total phenolic content with gallic acid used as a standard phenolic
compound [52]. An aliquot of 0.1 mL of each sample solution was mixed with 0.2 mL Folin–
Ciocâlteu reagent, 2 mL of distilled water, and 1 mL of 15% Na2CO3. A linear calibration
curve of gallic acid in the range from 125 to 500 µg/mL was constructed. After a 2 h
incubation at room temperature, the absorbance was measured at 765 nm, using a UV-1601
spectrophotometer (Shimadzu, Milan, Italy). The total phenolic content was expressed as
mg gallic acid equivalents (GAE)/g of extract (dw) ± standard deviation (SD).

The aluminum chloride spectrophotometric assay was used to measure the total
flavonoid content of the extracts [53]. Appropriately diluted 250 µL of each sample solution
was mixed with 750 µL MeOH, 50 µL µL of 10% aluminum chloride, 50 µL of 1 M potassium
acetate, and 1.4 mL of distilled water. The samples were incubated at room temperature in
the dark for 30 min, and the reaction absorbance was measured at 415 nm using a UV-1601
spectrophotometer (Shimadzu, Milan, Italy). Quercetin was used to make the calibration
curve, and the total flavonoid content was expressed as mg quercetin equivalents (QE)/g
extract (dw) ± SD.

The vanillin method was used to determine the condensed tannin content of the
extracts [54]. Briefly, 25 µL of each sample solution was mixed with 750 µL of 4% vanillin in
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MeOH and 375 µL of concentrated hydrochloric acid. After incubation at room temperature
in the dark for 20 min, the absorbance of the reaction mixture was measured at 500 nm. The
(+)-catechin was used as the reference standard, and the results were estimated as catechin
equivalents (CE) and mg CE/g extract (dw) ± SD.

The results of the spectrophotometric determinations were obtained from the average
of three independent experiments.

3.3.2. HPLC Analyses

Reversed-phase HPLC analysis was performed as described elsewhere [55] on a
Merck–Hitachi liquid chromatograph (LaChrom Elite, Hitachi, Tokyo, Japan) equipped
with a DAD detector L-2455 and a Purospher ® RP-18e 250 × 4 mm/5 mm column (Merck,
Darmstadt, Germany). The analysis was conducted at 25 ◦C, with a mobile phase consisting
of A—methanol, B—methanol:0.5% acetic acid 1:4 (v/v). The gradient elution, at the flow
rate of 1 mL min–1, was as follows: 100% B for 0–20 min; 100–80% B for 20–35 min; 80–60%
B for 35–55 min; 60–0% B for 55–70 min; 0% B for 70–75 min; 0–100% B for 75–80 min;
100% B for 80–90 min; wavelength range 200–400 nm. The quantification was performed at
λ = 254 and 330 nm (phenolic acids, catechins, coumarins, and alkaloids) and at 330 and
370 nm (flavonoids).

The standards were purchased from the following companies: bergapten, impera-
torin, xanthotoxin, and psoralen from Roth (Karlsruhe, Germany); caffeic acid, chloro-
genic acid, cinnamic acid, ellagic acid, gallic acid, gentizic acid, isoferulic acid, neochloro-
genic acid, o-coumaric acid, protocatechuic acid, rosmarinic acid, salicylic acid, sinapic
acid, syringic acid, apigenin, apigetrin (apigenin 7-glucoside), hyperoside (quercetin 3-O-
galactoside), isoquercetin (quercetin 3-O-glucoside), isorhamnetin, kaempferol, luteolin,
myricetin, populnin (kaempferol 7-O-glucoside), robinin (kaempferol 3-O-robinoside-7-
O-rhamnoside), quercetin, quercitrin (quercetin 3-O-rhamnoside), rhamnetin, rutoside,
vitexin, 5,7-dimethoxycoumarin, 4-hydroxy-6-methylcoumarin, 6-methylcoumarin, osthole,
and umbelliferone from Sigma-Aldrich (St Louis, MO, USA); p-coumaric acid, vanillic
acid, ferulic acid, p-hydroxybenzoic acid, coumarin, and scopoletin from Fluka (Bucha,
Switzerland); caftaric acid, cryptochlorogenic acid, isochlorogenic acid, catechin, epigal-
locatechin, epicatechin gallate, epicatechin, epigallocatechin gallate, cinaroside (luteolin
7-O-glucoside), osthenol, 4-methylumbelliferone, 4,6-dimethoxy-2H-1-benzopyran-2-one,
and skimmianine from ChromaDex (Irvine, CA, USA); 4-O-feruloylquinic acid, apigetrin
(apigenin 7-O-glucoside), apigenin 7-O-glucuronide, astragalin (kaempferol 3-O-glucoside),
avicularin (quercetin 3-O-α-L-arabinofuranoside), trifolin (kaempferol 3-O-galactoside),
isopimpinellin, isoimperatorin, daphnetin 7-methyl ether, rutaretin, daphnetin, osthenol,
bergaptol, daphnetin dimethyl ether, γ-fagarine, and 7-isopentenyloxy-γ-fagarine from
ChemFaces (Wuhan, China).

3.4. Antioxidant Activity
3.4.1. DPPH Assay

The DPPH (1,1-diphenyl-2-picrylhydrazyl) assay was carried out to evaluate the free
radical scavenging activity of R. montana extracts, using the protocol reported in a previous
study by the authors [56]. The extracts were tested in the range from 0.0625 to 2 mg/mL,
and butylated hydroxytoluene (BHT) was utilized as positive control. A volume of 0.5 mL
of each sample was mixed with 3 mL of methanol DPPH solution (0.1 mM) and incubated
in the dark for 20 min at room temperature. Then, the color change of the solutions was
estimated by measuring the absorbance using a spectrophotometer (UV-1601, Shimadzu)
at the wavelength of 517 nm. The scavenging activity was measured as the decrease in
absorbance of the samples vs. DPPH control solution. The radical scavenging activity
percentage (%) was calculated by the formula [(Ao − Ac)/Ao] × 100, where Ao is the
absorbance of the control and Ac is the absorbance in the presence of the sample or standard.
Three independent experiments were carried out, and the results are reported as the mean
radical scavenging activity percentage (%) ± SD and mean 50% inhibitory concentration
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(IC50) ± SD defined as the concentration of the essential oil necessary to reduce or inhibit
50% of DPPH radical solution. The best activity against the DPPH radical was obtained
with the lowest value of IC50. IC50 values were estimated by a nonlinear regression curve
with the use of Prism Graphpad Prism version 9.0 for Windows, GraphPad Software, San
Diego, CA, USA (www.graphpad.com (accessed on 10 January 2023)). The dose–response
curve was obtained by plotting the percentage of inhibition versus the concentrations.

3.4.2. Reducing Power Assay

The Fe3+–Fe2+ transformation method was used to estimate the reducing power of
R. montana extracts [57]. The extracts were tested in the range from 0.0625 to 2 mg/mL,
and BHT and ascorbic acid were utilized as positive controls. One mL of each sample
was added after mixing 2.5 mL of phosphate buffer (0.2 M, pH 6.6) and 2.5 mL of 1%
potassium ferricyanide. Following the incubation at 50 ◦C for 20 min and rapid cooling,
2.5 mL of 10% trichloroacetic acid was added, and the mixture was centrifuged (3000 rpm,
10 min). Then, 2.5 mL of the supernatant was transferred into another test tube and mixed
with 2.5 mL of distilled water and 0.5 mL of 0.1% ferric chloride (FeCl3). After a 10-min
incubation in the dark at room temperature, the color change of the samples was estimated
by measuring absorbance at 700 nm. Three independent experiments were carried out, and
the results are expressed as the mean absorbance values ± SD and ascorbic acid equivalents
(ASE/mL) ± SD.

3.4.3. Ferrous Ion (Fe2+) Chelating Activity Assay

The spectrophotometric measurement of the Fe2+-ferrozine complex was used fol-
lowing the protocol of Deker and Welch to determine the Fe2+ chelating activity of the
R. montana extracts [58]. The extracts were tested in the range from 0.0625 to 2 mg/mL,
and ethylenediaminetetraacetic acid (EDTA) was used as positive control. After mixing
1 mL of each sample with 0.5 mL of methanol and 0.05 mL of 2 mM FeCl2, 0.1 mL of 5 mM
ferrozine was added to initiate the reaction. The mixture was incubated in the dark at room
temperature for 10 min, and the color change of the solutions was estimated by measuring
absorbance spectrophotometrically at 562 nm. Three independent experiments were carried
out, and the results are reported as the mean inhibition of the ferrozine–(Fe2+) complex
formation (%) ± SD and IC50 ± SD.

3.5. Antibacterial Bioassays
3.5.1. Bacterial Strains

The antibacterial activity of R. montana extracts was tested against the following strains:
S. aureus ATCC 6538, S. aureus ATCC 43300, S. aureus 815, S. aureus 74CCH, S. epidermidis
ATCC 35984, Escherichia coli ATCC 25922, E. coli ATCC 10536, E. coli DSM 105388, Pseu-
domonas aeruginosa ATCC 9027, and P. aeruginosa DSM 102273 [59]. The strains were stored
in the private collection of the Department of Chemical, Biological, Pharmaceutical and
Environmental Sciences, University of Messina (Italy). They were stored at −70 ◦C in
Microbanks™ (Pro-lab Diagnostics, Neston, UK). All reagents were purchased from Sigma-
Aldrich (Milan, Italy), unless otherwise specified in the text.

3.5.2. Antibacterial Screening

The minimum inhibitory concentration (MIC) and the minimum bactericidal con-
centration (MBC) of R. montana extracts were established according to the Clinical and
Laboratory Standards Institute, with a few modifications [60]. Overnight cultures of the
bacterial strains were grown at 37 ◦C in Mueller–Hinton Broth (MHB; Oxoid, Milan, Italy).
The methanol extracts were dissolved in dimethyl sulfoxide (DMSO) and further diluted
using MHB to obtain a final concentration of 2 mg/mL. Two-fold serial dilutions were
prepared in a 96-well plate. The tested concentrations ranged from 1000 to 7.8 µg/mL.
Working bacterial cultures were adjusted to the required inoculum of 1 × 105 CFU/mL.
Positive controls (medium with inocula, but without the extracts) and vehicle controls
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(medium with inocula and DMSO) were included. The concentration of solvent (DMSO)
did not exceed 1%. Tetracycline was tested against all bacteria at concentrations ranging
from 32 to 0.016 µg/mL. To determine MBC, aliquots (10 µL) were taken from each well
and inoculated in Mueller–Hinton Agar (MHA, Oxoid, Basingstoke, UK). The cultures were
incubated for 24 h at 37 ◦C. The bacterial growth was indicated visually and by a developer
of the enzymatic activity (triphenyl tetrazolium chloride 0.05%), which reveals bacterial
growth of purple color after 15 min of heating at 37 ◦C. MIC was defined as the lowest
concentration of the extracts that completely inhibited growth compared to the growth
controls. MBC was defined as the lowest concentration of extracts that did not allow visible
growth when the aliquots of the well contents were plated on MHA and grown for 24 h at
37 ◦C. All experiments were repeated thrice in duplicate.

3.5.3. Effect on Biofilm Formation

The effect of R. montana extracts on the biofilm formation by Staphylococcus strains
was assayed based on the results obtained from the antibacterial screening. Staphylococcus
aureus 815 and S. aureus 74CCH clinical isolates and S. epidermidis ATCC 35984 reference
strain, among all the strains, are known as slime producers. They have been selected
for their icaA/icaD gene presence, slime production, capability of forming biofilm on
polystyrene surface, hemolytic activity, and agar typing [61]. The antibiofilm effect was
assessed according to the description by Cramton et al., with a few modifications [54].
Overnight culture in 10 mL TSB with 1% glucose (TSBG) was diluted to standardize the
Staphylococcus strain suspensions (1 × 106 CFU mL). Aliquots of 100 µL were dispensed
into each well of the sterile flat-bottom 96-well polystyrene microtiter plates (Corning
Inc., Corning, NY) in the presence of 100 µL subinhibitory concentration (1/2 and 1/4
MIC) of each extract or 100 µL medium (control). The microtiter plates were incubated
for 24 h at 37 ◦C. Positive biofilm controls (cells + TSBG) and negative controls (TSBG)
were included. Planktonic growth was determined by spectrophotometric values (OD492
nm) using the microplate reader. The medium was then aspirated and the wells, rinsed
twice with phosphate-buffered saline, were fixed by drying for 1 h. Once the wells were
fully dry, 200 µL of 0.1% safranin was added for 2 min. The content of the wells was then
aspirated, and 200 µL of 30% acetic acid (v/v) was added to the wells after they were rinsed
with water, for the spectrophotometric analysis (OD492 nm). The results were derived from
three separate experiments. The OD492 nm value obtained for each Staphylococcus strain
without the extracts was used as the control. The ratio between the values of OD492 nm
with and without the extracts was used to calculate the reduction percentage of biofilm
formation in the presence of different extracts, adopting the following formula: [(OD492 nm
with extract/OD 492 nm without extract) × 100].

3.6. Statistical Analysis

Statistical comparison of the HPLC data was performed using the two-way analysis
of variance (ANOVA), followed by the NIR post hoc test (STATISTICA v. 13.3 software,
StatSoft, Inc., Tulsa, OK, USA). Three replicates were performed for each treatment. The
comparison of the data obtained from the spectrophotometric determinations and an-
tioxidant and antibiofilm tests was made using the ANOVA, followed by Tukey–Kramer
multiple comparisons test (GraphPAD Prism Software for Science). p-values less than 0.05
were considered to be statistically significant. Detailed results of the statistical analysis are
included in the Supplementary Materials.

4. Conclusions

The study proved the ability of R. montana bioreactor cultures to accumulate sec-
ondary metabolites from various groups of compounds such as alkaloids, coumarins,
flavonoids, and catechins. Furanocoumarins, xanthotoxin and bergapten in particular, and
furoquinoline alkaloids were produced in the highest amounts. Thus, R. montana cultures
can be proposed as a biotechnological source to obtain these valuable compounds. Further,
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R. montana bioreactor cultures showed good chelating properties as well as antibacterial
and antibiofilm efficacy against resistant Staphylococcus strains. The use of a modern tem-
porary immersion system (PlantformTM) allows for obtaining a large amount of biomass
containing secondary metabolites with therapeutical potential in a short time.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24087045/s1, Figure S1: Sample chromatogram of the extract
from Ruta montana in vitro cultures (0.1/0.1 LS medium, 5-week growth cycle). Figure S2: Enlarged
fragment of a sample chromatogram of the extract from Ruta montana in vitro cultures (0.1/0.1 LS
medium, 5-week growth cycle) 1. psoralen, 2. xanthotoxin, 3. isopimpinellin, 4. skimmianine,
5. bergapten, 6. γ-fagarine, 7. 7-isopentenyloxy-γ-fagarine,8. Isoimperatorin.
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Abstract: Phytosterols constitute a class of natural products that are an important component of
diet and have vast applications in foods, cosmetics, and herbal medicines. With many and diverse
isolated structures in nature, they exhibit a broad range of biological and pharmacological activities.
Among over 200 types of phytosterols, stigmasterol and β-sitosterol were ubiquitous in many plant
species, exhibiting important aspects of activities related to neurodegenerative diseases. Hence,
this mini-review presented an overview of the reported studies on selected phytosterols related to
neurodegenerative diseases. It covered the major phytosterols based on biosynthetic considerations,
including other phytosterols with significant in vitro and in vivo biological activities.

Keywords: phytosterols; neurodegeneration; Alzheimer’s disease; natural products; blood brain
barrier

1. Introduction

Neurodegenerative disease (ND) is a group of disorders (Alzheimer’s, Parkinson’s,
multiple sclerosis, amyotrophic lateral sclerosis, Huntington’s disease, prion disease, etc.)
that result in progressive degeneration of structure or function of the neurons. Neurode-
generation may progress differently with various levels and locations of neuronal circuitry
in the brain, ranging from molecular to systemic pathways.

Alzheimer’s disease (AD) is the most common form of dementia, characterized by
progressive memory loss, cognitive impairment, and behavioral complications. Patho-
physiologically, AD is characterized by excessive amyloid-beta (Aβ) peptide aggregation,
intracellular neurofibrillary tangles, highly phosphorylated tau protein, deficiency of essen-
tial neurotransmitters, and oxidative stress-induced neuronal damage [1–3]. To date, the
FDA approved drugs have included medicines that may help minimize or alleviate symp-
toms by regulating chemicals implicated in neurotransmission, such as acetyl cholinesterase
inhibitors (donepezil, galantamine, and rivastigmine) and glutamate receptor antagonists
(memantine). Aducanumab (marketed as Aduhelm, an anti-amyloid antibody intravenous
(IV) infusion therapy), a new drug recently approved by the FDA, may delay clinical degen-
eration with benefits to both cognitive and motor function in patients with AD. However,
all of these treatments suffer from side effects ranging from headache, nausea, confusion,
dizziness, falls, and amyloid-related imaging abnormalities (ARIA; including swelling in
the brain and micro hemorrhaging/superficial siderosis). This justified the screening of
new and safe therapeutic agents from natural sources. In this context, several plants and
their bioactive components were reported to inhibit Aβ formation, cholinesterases, tau
proteins aggregation, and free radicals [4–7]. Various phytosterols are anti-inflammatory
in action and are known to abrogate production and activation of nitric oxide (NO), tu-
mor necrosis factor-α (TNF-α), cyclooxygenase-2 (COX-2), inducible nitric oxide synthase
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(iNOS), and phosphorylated extracellular signal-regulated protein kinase (p-ERK) [8].
Hence, phytosterols may possess therapeutic implications in neurodegenerative diseases.

Phytosterol is a collective term for plant sterols and their saturated forms (stanols).
They are present in dietary sources such as unrefined plant oils, nuts, seeds, and legumes [9].
Phytosterols can be called ‘plant cholesterol’ due to their structural similarity to cholesterol.
An additional methyl group (campesterol) or ethyl group (sitosterol) at the C-24 position or
an additional double bond at the C-22 position (brassicasterol or stigmasterol) differentiate
them from cholesterol. Depending on the nature of the diet, sitosterol (65%), campesterol
(23%), and stigmasterol (10%) belong to the major group among over 200 types of phytos-
terols [10]. Other important phytosterols such as brassicasterol, avenasterol, and fucosterol,
along with the saturated forms of phytosterols (sitostanol, campestanol, and stigmastanol),
are present in minor quantities in the diet. The dietary intake of phytosterols varies from
150–450 mg/day [11], but their intestinal absorption is less than 2% (phytosterols) and 0.2%
(phytostanols) in comparison to cholesterol, which is nearly 50% [12,13]. As a result of low
absorption and rapid biliary elimination, physiological concentrations of phytosterols in
the plasma are on the order of 10−3 in comparison to cholesterol [14].

Phytosterols have recently gained the attention of researchers due to cholesterol and
lipid lowering, anti-atherogenic and immunomodulating properties, especially with a
report on the changes in cholesterol metabolism of patients with AD [15–17]. Essentially,
there is rarely any information in association with their toxicity apart from the indistinct
anabolic effect for some [18], and they have already been declared safe (up to 3 g/day) by
the Food and Drug Administration (FDA) and the European Union Scientific Committee
(EUSC) [19].

Phytosterols have the ability to cross the blood–brain barrier (BBB) and accumulate in
the brain [20]. Hence, they might have a significant role in modulating various pathways in
the brain linked to neurodegeneration. As the research or review reports on this important
aspect were limited, herein, the influences of phytosterols in neurodegenerative diseases
were reviewed and discussed. The most prevalent plant sterols, stigmasterol, β-sitosterol,
and campesterol [21], were mainly discussed with several minor sterols— brassicasterol,
lanosterol, 24(S)-saringosterol, 4,4-dimethyl phytosterols, and ergosterol—for their action
mechanisms in potentially treating AD.

2. Biosynthesis of the Phytosterols in Plants

The biosynthesis of phytosterols in plants consists of three major steps. As highlighted
in Zhang et al. [22], step one involves the mevalonate or isoprenoid pathway. With acetyl-
CoA as the starting point, the process lead to the formation of mevalonate, which serves
as an intermediate in the biosynthesis of isoprenoids. Step two is described as the cycliza-
tion of squalene and its subsequent conversion to 2,3-oxidosqualene, generating various
triterpenes and the phytosterols (lanosterol and cycloartenol). In step three, cycloartenol is
converted to 24-methylene cycloartenol by the action of C-24-sterol methyltransferase 1
(SMT1). As shown in Figure 1, the formation of the 24-methylene cycloartenol would facili-
tate the biosynthesis of the major plant sterols β-sitosterol, stigmasterol, and campesterol.
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Figure 1. A simplified overview of the biosynthetic pathway of the major phytosterols in plants.
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3. Plant Sterols in the Brain

As the exact mechanism through which phytosterols cross the BBB is still not fully
understood, it was speculated that high density lipoprotein (HDL)-like particles carrying
plant sterols and apolipoprotein E (ApoE) assist this process in brain [18,23,24]. The HDL-
like particles are transported through the scavenger receptor class B type 1 (SR-B1) HDL
receptors, present on the apical side of the BBB and released into the brain through ATP-
binding cassette (ABCA/ABCG1) transporters, on the basolateral side of the BBB and on
the astrocytes membrane. Low density and very low density lipoprotein (LDL/VLDL)
receptors could transfer these HDL-like particles loaded with plant sterols on the surface of
microglia and oligodendrocytes (Figure 2). Even though the brain accounts for 2.1% of the
total body weight, it contains nearly 23% of all free cholesterol [25], which is synthesized by
the brain itself (in situ), because the cholesterol in the circulation will not cross the BBB. A
steady cholesterol turnover plays a critical role in synapse formation, cell–cell interactions,
and intracellular signaling [25,26]. The level of cholesterol is maintained in the brain by
removal of excess cholesterol out of the BBB in the form of polar 24-(S)-OH-cholesterol [27].
On the other hand, the metabolism of phytosterols is entirely different in the brain. Due to
the presence of alkyl groups at C-24, they cannot be converted to more polarized derivatives.
Therefore, after entering the brain circulation, phytosterols are irretrievably accumulated
and incorporated into the cell membranes [28], where they display a positive role in
reducing inflammation, Aβ levels, and β-secretase activity [29]. Again, the mechanism
is still not confirmed, but is expected to occur through peroxisome proliferator-activated
receptors (PPAR) signaling, involving the activation of liver X receptor/retinoid X receptor
(LXR/RXR) and the regulation of apolipoprotein E (ApoE) [18]. The sterols from Aloe vera
were reported to act through PPAR receptors and increased the expression of fatty acid
transporter (FATP1), acyl-CoA- oxidase 1 (ACOX1), and carnitine palmitoyl transferase 1
(CPT1) in a dose-dependent manner, as well as by increasing glutathione and decreasing
IL-18 expression [30]. Cholesterol is highly amyloidogenic; however, stigmasterol (having
an additional double-bond at C-22/C-23 and an ethyl-group at C-24 in cholesterol skeleton)
significantly decreased Aβ levels [31]. Evidence linked raised cholesterol levels to increased
Aβ generation in cellular and most animal models of AD [32], and studies have indicated
that drugs that inhibit cholesterol synthesis also lower Aβ in these models [33]; however,
some other results are contradictory [34]. Studies showed that changes in cholesterol
homeostasis, distribution within neurons, and compartmentation affected the processing of
APP and Aβ generation [35]. The identification of a variant of the apolipoprotein E (APOE)
gene as a major genetic risk factor for AD is also consistent with a role for cholesterol in
the pathogenesis of AD [36]. The activity of an enzyme responsible for clearing cholesterol
from peripheral cells, lecithin cholesterol acyltransferase (LCAT), is significantly decreased
in atherosclerosis and AD [37].
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Figure 2. Pathway of dietary phytosterol assimilation in humans. Phytosterols and dietary cholesterol are mainly absorbed
in the intestine through NPC1L1 transporter. After absorption, sterols are esterified by ACAT and transported to the liver in
the form of chylomicrons. The unesterified sterols are pumped out by ABCG5/ABCG8 transporters. The plasma efflux
of sterols is regulated by ABCA1, which is involved in the assembly of HDL-like particles with the assimilated sterols. In
liver, phytosterols stimulate LXR receptors regulating ApoE expression required for HDL and LDL assembly and uptake.
Stimulated LXR receptors upregulate ABCG5/G8 transporters and augment sterol absorption. The exported HDL-like
particles containing phytosterols are taken up by SR-IB receptors expressed on the liver, adrenal, and brain surface. SR-B1
has a crucial role in the flux of phytosterols across the BBB. ABCA1/ABCG1 transporters present on astrocytes and the
basolateral side of the cerebral endothelium also assist in the transfer of phytosterols. Inside the brain, PS exert a positive
effect on brain function by escalating A-β plaque clearance, increasing re-myelination besides reducing neuro inflammation
and BACE 1 activity. Abbreviations: ABC, ATP-binding cassette transporters; A-β, Amyloid-β; ACAT, Acyl-coenzyme
A cholesterol acyl transferase; ApoE, Apolipoprotein E; BACE1, β-Secretase 1; HDL, High-density lipoprotein; SR-B1,
Scavenger receptor class B type 1; LDL, Low-density lipoprotein; LXR, Liver X receptor; NPC1L1, Niemann-Pick C1 like 1
protein; PS, Phytosterols.

In particular, binding of cholesterol to the C-terminal transmembrane domain (C99,
also known as the β-CTF) of the amyloid precursor protein (APP) seems to favor the
amyloidogenic pathway in cells by endorsing localization of C99 in lipid rafts where γ-
secretase and possibly β-secretase are present [38]. The products formed (amyloid-β and
the intracellular domain of the APP (AICD)) might possibly down-regulate ApoE-mediated
cholesterol uptake and cholesterol biosynthesis. Another possible mechanism by which
cholesterol/C99 promote amyloidogenesis is via directly modifying substrate binding,
catalysis, or product dissociation by β- or γ-secretase. The activity of these enzymes is
much higher in the presence of cholesterol than in its absence [39]. The APP appears
as a cellular cholesterol sensor; when membrane cholesterol levels are high, APP binds
cholesterol to form a complex and promote the amyloidogenic pathway [40]. In a study
using HT22 mouse hippocampal cells, the effect of substituting cholesterol with β- sitosterol
was evaluated on APP metabolism. The results showed that the substitution stimulated
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non-amyloidogenic APP processing possibly by redistribution of APP from lipid rafts
toward non-raft regions, without affecting membrane fluidity (Figure 3) [41].

Figure 3. (A) Membrane cholesterol favors β-secretase cleavage of APP by direct binding to the C-terminal transmembrane
domain of APP, generating neurotoxic Aβ and less sAPP α. (B) Substitution of membrane cholesterol with β-sitosterol
promotes the re-distribution of APP in non-raft region and non-amyloidogenic processing, generating less Aβ and more of
neuroprotective sAPP α. Abbreviations: Aβ: beta amyloid; APP: amyloid precursor protein; sAPP α: soluble alpha-amyloid
precursor protein.

In fact, they significantly reduced brain Aβ levels and β- and γ-secretase activities
in vivo, suggesting that a diet enriched in plant sterols might be beneficial for AD. Addition-
ally, the administration of a blend of sitosterol (60%), campesterol (25%), and stigmasterol
(15%) has been shown to have an anti-inflammatory effect on central nervous system (CNS)
demyelination in an autoimmune encephalomyelitis (EAE) model of multiple sclerosis
(MS) [42]. The similar outcomes were expected for AD, as both AD and MS were tightly
related in lipid metabolism. Phytosterols are also known to prevent disease progression
and to improve motor defects by increasing myelin content by facilitating incorporation of
proteolipid protein (PLP) into myelin membranes, improving density of oligodendrocytes
and reducing inflammation in animal models [43,44]. RT-PCR results indicated the role of
phytosterols in modulating the action of a variety of growth factors from their involvement
in the differentiation and survival of oligodendrocyte precursor cells [43]. Phytosterol
supplementation elevated the expression levels of fibroblast growth factor 1 (FGF1) and
Sonic hedgehog (SHH), without affecting insulin-like growth factor 1 (IGF1), epidermal
growth factor (EGF), and ciliary neurotrophic factor (CNTF).
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4. Neuroprotective Effects of the Selected Phytosterols

This section highlights various biological activities in vitro or in vivo by the major
phytosterols, such as β-sitosterol, stigmasterol, and campesterol, and other minor sterols
brassicasterol, lanosterol, 24(S)-saringosterol, and the 4,4-dimethyl sterols. The structures
of the selected phytosterols included in this review are shown in Figure 4, and a summary
of their implicated neuroprotective activities is shown in Table 1 and Figure 5.

Figure 4. Structure of the phytosterols with potential activities against neurodegenerative diseases.
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Figure 5. Phytosterols exert a multitarget approach to ameliorate symptoms of AD. (A) Some prevent amyloid-beta
aggregation by inhibiting cleavage of the amyloid precursor protein (APP) by β-secretase (BACE-I). This causes a shift in
the non-amyloidogenic pathway and reduces the levels of Aβ produced. (B) Aβ can self-aggregate to form oligomers and
eventually amyloid plaques. Some phytosterols are able to inhibit the formation of amyloid plaques by binding to Aβ,
inhibiting aggregation, and thereby promoting the formation of nontoxic oligomers. Toxic Aβ monomers and oligomers have
been shown to induce microglial activation and proliferation. Activated microglia secrete pro-inflammatory cytokines such
as IL-1β and IL-6. (C) Some phytosterols have been shown to reduce the levels of these cytokines. Some phytosterols reduce
oxidative stress by increasing the levels of antioxidant enzymes and reducing lipid peroxidation. (D) Acetylcholine (ACh), a
neurotransmitter essential for processing memory and learning, is decreased in both concentration and function in AD.
Decreased levels of ACh can be restored by anticholinesterase activity of various phytosterols. (E) ROS irreversibly oxidize
DNA and are important mediators of Aβ-induced neuronal cell death in the development of AD. Abbreviations: APP:
Amyloid Precursor Protein; AChE: Acetyl Cholinesterase Enzyme; BACE 1: Beta-Secretase 1; BChE: Butyl Cholinesterase
Enzyme; Bcl-2: B-Cell Lymphoma 2; CAT: Catalase; GPX: Glutathione Peroxidase; HO 1: Heme Oxygenase; ROS: Reactive
Oxygen Species; SOD: Superoxide Dismutase.

4.1. β-Sitosterol

β–Sitosterol is one of the main dietary phytosterols belonging to the class of organic
compounds known as stigmastanes. These are sterol lipids with a structure based on the
stigmastane skeleton, which consists of a cholestane moiety bearing an ethyl group at the C-
24 position. In a comprehensive study, the effects of β-sitosterol in behavioral studies were
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observed in transgenic mice using a shallow water maze (SWM), Y-maze, and balance beam
tests. The in vivo (in frontal cortex and hippocampus) and in vitro anti-acetyl choline es-
terase (AChE), anti-butyl choline esterase (BChE) inhibitory potentials, antioxidant activity,
and molecular docking were also analyzed [45,46]. β-sitosterol revealed strong Ache prop-
erties under both in vitro and in vivo conditions. An IC50 value of 55 and 50 µg/mL against
AChE and BChE, respectively [45], and 62 µg/mL against both AChE and BChE [46] were
reported in vitro, while the activity was significantly lower in brain tissue homogenates.
The AChE inhibition was further confirmed by in silico studies in which β-sitosterol was
strongly bound to the active sites of AChE and BChE through the para-hydroxyl group
of the phenolic moiety networked with the active site water molecule and the side chain
carbonyl residues through H-bonding. The rest of the active compound was packed in a
shallow pocket through H-bonding [46]. In the antioxidant assays, the IC50 values were ob-
served as 140, 120, and 280 µg/mL in the 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH),
2,2 -azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and hydrogen peroxide
(H2O2) assays, respectively. The treatment group had lower oxidative stress in comparison
to the disease control. β-Sitosterol was reported to increase levels of antioxidant enzymes
by activating the estrogen receptor/PI3-kinase pathway. It also regulated glutathione
levels, suggesting its role as an effective free radical scavenger [47,48]. Furthermore, glu-
cose oxidase-mediated oxidative stress and lipid peroxidation might be inhibited from the
incorporation of β-sitosterol into cell membrane, which showed valuable effects of this
compound in neurodegenerative disorders including AD [47]. β-sitosterol also restored
behavioral deficits, working memory, and motor coordination in transgenic animals [45]. It
also hastened neuron degeneration in mice deficient for LXRβ [49], suggesting that LXRβ
activation by non-glucosylated sitosterol is neuroprotective.

In another study, the effect and mechanism of β-sitosterol on deficits in learning and
memory in amyloid protein precursor/presenilin 1 (APP/PS1) double transgenic mice
was investigated. APP/PS1 mice were treated with β-sitosterol for 4 weeks, from the
age of 7 months. Brain Aβ metabolism was evaluated using ELISA and Western blotting.
β-sitosterol treatment ameliorated spatial learning and recognition memory capacity, along
with reduction in plaque deposition and renovation of the excitatory postsynaptic current
frequency in the hippocampus [50]. Substitution of cholesterol by β-sitosterol promoted
non-amyloidogenic AP processing by migrating it to non-lipid raft region [41]. However,
contradictory results were obtained in another study [31], where β-sitosterol increased the
secretion of amyloid by 115.2% ± 2.2%.

Reports have suggested the role of cholesterol in amyloid precursor protein (APP)
processing [40,51–53]; thus, cholesterol may be considered as a target for developing drugs
to treat AD. Phytosterols are structurally similar to cholesterol and have been widely used
to reduce blood cholesterol [54]. It was found that β-sitosterol efficiently repressed the
release of high cholesterol-driven platelet Aβ. In addition, β-sitosterol also prevented high
cholesterol-induced increases in β- and γ-secretase activity [55].

Mitochondrial dysfunction has a critical role in neuronal degeneration [56]. Therefore,
augmentation of mitochondrial function by increasing the mitochondrial membrane poten-
tial (∆Ψm) and mitochondrial adenosine triphosphate (ATP) may be valuable in treating
AD. Previously, it was suggested that an enhancement in mitochondrial ATP levels may be
beneficial for neurodegenerative diseases [57]. Integration of β-sitosterol into mitochon-
drial membrane augmented the mitochondrial function by endorsing inner mitochondrial
membrane fluidity, thereby raising the ∆Ψm and ATP concentrations. Hence, β-sitosterol
could be an effective dietary therapy for neurodegenerative diseases such as AD [58].

Continual neuroinflammation in neurodegenerative diseases damages the neurons
due to the release of toxic factors such as nitric oxide. In a study, β-sitosterol displayed
anti-inflammatory action in BV2 cells upon exposure to LPS by reducing the expression
of pro-inflammatory markers, such as interleukin-6 (IL-6), inducible nitric oxide (iNOS),
tumor necrosis factor-α (TNF-α), and cyclooxygenase-2 (COX-2). It also suppressed the
phosphorylation and degradation of inhibitor of nuclear factor kappa B (IκB) and inhibited
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the phosphorylation of nuclear factor kappa B (NF-κB) and extracellular signal-regulated
kinase (ERK), which regulated various cytokines in inflammatory pathway [59].

All of these studies confirmed the multi-target potential of β-sitosterol in management
of memory deficit disorders such as AD.

4.2. Stigmasterol

Stigmasterol is a steroid derivative having a hydroxyl group in position C-3 of the
steroid skeleton, unsaturated bonds in position C-5/C-6 of the B ring, and alkyl substituents
in position C-22/C-23. Stigmasterol is shown to be involved in neuroprotection through a
multi-target approach. Stigmasterol isolated from Rhazya stricta fruits displayed in vitro
AChE inhibitory activity with an IC50 of 644 ± 11.75 µM [60]. It was also reported to
reduce amyloid plaques by decreasing the β-secretase cleavage of APP [31]. Stigmasterol
displayed neuroprotective activity against glutamate-induced toxicity by inhibition of
reactive oxygen species (ROS) and Ca2+ production in in vitro studies [61]. To investigate
the possible neuroprotective mechanisms of stigmasterol, an H2O2-induced oxidative stress
model in SH-SY5Y neuroblastoma cells was established [62]. H2O2 exposure raised the
levels of ROS significantly within the cells, inducing apoptosis. However, pre-incubation
with stigmasterol prevented oxidative stress-induced cell death by reducing the level of
ROS in the cells. It also upregulated catalase, forkhead box O (FoxO) 3a, and anti-apoptotic
protein B-cell lymphoma 2 (Bcl-2) in the neurons. Additionally, it also increased the expres-
sion levels of sirtuin 1 (SIRT1) and decreased the levels of acetylated lysine [62]. Sirtuins
are highly conserved NAD (+)-dependent enzymes that have positive effects in age-related
neurodegenerative diseases. In vitro and in vivo studies revealed that the increased SIRT1
protein ameliorated AD-like symptoms by reducing the memory decline [63]. Similarly,
reduction of Aβ aggregations was reported through activation of SIRT1 causing upregula-
tion of APP metabolism by α-secretase [64]. Moreover, overexpression of SIRT1 protected
SH-SY5Y cells from toxicity-induced cell death [65]. Using docking studies, the possible
interaction between stigmasterol and the activator binding site of SIRT1 was also inspected.
According to the binding analysis, SIRT1 interacted with stigmasterol and resveratrol; both
compounds bind to Thr209 and Pro212 by van der Waals and hydrophobic interactions, re-
spectively. Moreover, they also shared binding interactions with Phe414, Asp292, Gln294, and
Ala295 [62]. Stigmasterol was also reported to inhibit several pro-inflammatory cytokines
in IL-1β-treated cells without affecting IL-6 levels, suggesting its role in the IL-1β-induced
NF-κB inflammatory pathway [66].

Transcriptomic analysis implicated the role of stigmasterol in upregulating genes
involved in neuritogenesis (Map2, Dcx, Reln) and synaptogenesis (Arc, Egr1, Nr4a1), thereby
stimulating neuronal architecture in primary hippocampal neurons for processing memory
and learning. Stigmasterol also decreased the expression of K+ transport genes to sustain
neuronal excitability under adverse conditions [67]. Thus, the broad spectrum of action
has made stigmasterol a potential therapeutic candidate for the prevention and treatment
of brain disorders, especially AD. Mice fed with stigmasterol-enriched diets exhibited the
reduction of Aβ generation by diminishing β-secretase activity, decreasing expression
of all γ-secretase components, reducing cholesterol and presenilin distribution in lipid
rafts involved in amyloidogenic APP cleavage, and by decreasing β-secretase 1 (BACE1)
internalization to endosomal compartments [31].

4.3. Campesterol

Campesterol is characterized by the presence of a hydroxyl group at C-3 of the steroid
skeleton and saturated bonds throughout the sterol structure, with the exception of the
C-5/C-6 double bond in the B ring. Campesterol only marginally affected Aβ secretion
in APP695-expressing SH-SY5Y cells, mainly due to increased γ-secretase activity. The
β-secretase activity was also significantly increased in purified membranes of mouse brains
(104.8% ± 1.4), whereas no effect was observed in SH-SY5Y wild type (wt) membranes.
Both gene expression and protein levels of BACE1 were unchanged. However, campesterol
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significantly increased γ-secretase activity in the purified membranes of SH-SY5Y wt
cells and mouse brains (115.5% ± 3.0 and 106.9%, respectively). Gene expression of all
components of the γ-secretase complex remained unchanged in the presence of campesterol,
reflected by unchanged PS1 protein level [31].

In a clinical trial of AD patients, sitosterol and campesterol levels in the brain were
almost similar in comparison to the healthy control group (6.3 ± 0.8 ng/mg and
6.2 ± 0.8 ng/mg versus 5.0 ± 0.8 ng/mg and 5.0 ± 0.8 ng/mg, p < 0.05, in the assayed and
control groups, respectively). However, the levels of 27-hydroxycholesterol were decreased
due to oxidative damage, where the BBB was not disturbed [68].

4.4. Brassicasterol

Brassicasterol is a 3β-sterol, that is, (22E)-ergosta-5,22-diene substituted by a hydroxy
group at position 3β. It is found in marine algae, fish, and rapeseed oil. In the early stages
of AD, the functions of the BBB and choroid plexus are impaired, resulting in reduced
concentrations of phytosterols in cerebrospinal fluid (CSF). Both sitosterol and brassicas-
terol were significantly reduced, but when corrected for CSF cholesterol concentrations,
only brassicasterol was reduced significantly in CSF of AD patients. Brassicasterol also
amended the predictive value, when added to the biomarkers pTau and Aβ-42. Therefore,
brassicasterol may be a novel additional CSF biomarker of AD patients [69]. Although their
study was not designed to determine whether brassicasterol levels in CSF may be prog-
nostic of AD progression, their observations nonetheless generated interesting hypotheses
about the utility of plant sterol metabolism as a potential biomarker in AD.

However, in another study [31], brassicasterol directly increased β-secretase activity in
purified membranes of SH-SY5Y wt cells and mouse brains (108.5% ± 1.9 and 106.6% ± 1.7,
respectively) without affecting gene expression and protein level of BACE1. Similarly, γ-
secretase activity was also slightly, but significantly, increased in purified membranes
of SH-SY5Y wt cells and mouse brains (108.2% ± 1.0 and 111.4% ± 1.6%, respectively).
Considerable changes in gene expression were only found for the γ-secretase compo-
nents presenilin 2(PS2)/anterior-pharynx-defective protein 1 (APH1B), but not for the
homologues PS1 and APH1A, presenilin enhancer 2 (PEN2) [31].

4.5. Lanosterol

Lanosterol is a ∆8,24 phytosterol formed from the cyclization of 2,3-oxidosqualene
catalyzed by lanosterol synthetase [22]. It was shown to be a potential candidate in the
treatment of cataracts by disrupting the aggregations of intracrystalline proteins [70]. Sev-
eral studies suggested it as a promising modulator of neurodegenerative diseases [71–74].
In silico studies revealed that lanosterol disrupted the aggregations of the amyloidogenic
KLVFFA peptide chain in Aβ42 by hydrophobic interaction with Phe-19 and Phe-20 and
interfering with the β-sheet-β-sheet packing interactions. This was further correlated with
the thioflavin T (ThT) fluorescence assay and atomic force microscope (AFM) imaging.
Furthermore, lanosterol also revealed neuroprotective effects with PC12 cells upon Aβ42
treatment [71].

The aggregation of misfolded proteins in neuronal cells is interconnected with neu-
rodegeneration. In vitro report utilizing HeLa and HEK-293A cells revealed that lanosterol
and lanosterol synthase facilitated the renewal of the cell’s trapped misfolded proteins
in intracellular proteostasis. Lanosterol effectively minimized the number and size of
sequestosomes/aggresomes in HeLa and HEK-293A cells. These results suggested a
cytoprotective property of lanosterol in facilitating cell proliferation and survival by dis-
aggregating and refolding ubiquitinated misfolded proteins [72]. Lanosterol treatment
reduced the accumulations and cytotoxicity of misfolded protein aggregations through
induction of co-chaperone (CHIP) and by promoting autophagy [73].

The neuroprotective effects of lanosterol was also demonstrated in vivo [74]. Ad-
ministration of lanosterol to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-treated mice
showed lanosterol reduction in the nigrostriatal region, suggesting an altered lanosterol
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metabolism involvement in Parkinson’s disease pathogenesis. Treatment with lanosterol
also indicated the increased cell viability in dopaminergic neurons, when cells were treated
with 1-methyl-4-phenylridium, by regulating and inducing mitochondrial function and
depolarization, and promoting autophagy.

4.6. 24(S)-Saringosterol

24(S)-Saringosterol or (3β)-stigmasta-5,28-diene-3,24-diol is a marine phytosterol com-
monly isolated from the edible seaweed Sargassum fusiforme. 24(S)-saringosterol was
shown to be a potential anti-atherosclerotic natural agent by lowering cholesterol and a
selective LXR-β agonist [75,76]. An in vivo study of APPswePS1DE9 mice treated with
24(S)-saringosterol for 10 weeks revealed a slowing of cognitive decline based on enhanced
spatial and object memory assessments. It also reduced the in vivo expression of ion-
ized calcium-binding adapter molecule 1 (Iba1), a marker for microglial activation and
inflammation. No effect was detected on the amount of Aβ plaques, hence suggesting the
neuroinflammatory effects of 24(S)-saringosterol in the deterrence of cognitive decline or
limited penetration through BBB [77].

Dietary supplementation of S. fusiforme enriched in 24(S)-saringosterol in an AD mouse
model indicated a reduction in hippocampal Aβ plaques and improvement in short-term
memory. In vitro treatment with the same extract on mouse neuroblastoma (N2a) cells also
exhibited a reduced secretion of Aβ plaques [78]. The reduction in the levels of Aβ plaques
by dietary supplementation of S. fusiforme extracts enriched with phytosterols including
24(S)-saringosterol may indicate a synergistic model of the phytosterols in the prevention
of neurodegenerative diseases.

4.7. 4,4-Dimethyl Phytosterols

4,4-Dimethyl phytosterols are a class of bioactive compounds having two methyl
groups at the C-4 position of the aliphatic A-ring. Significant amounts of α-amyrin, β-
amyrin, taraxerol, and lupeol are present in plants and vegetable oils. In scopolamine-
induced cognitive impairment in mice, elevated levels of memory-related proteins in
hippocampus were reported in the presence of α-amyrin and β-amyrin. Improvement
in cognitive function was found to be induced through the activation of extracellular
signal-regulated kinase (ERK) and glycogen synthase kinase-3β (GSK-3β). Additionally,
β-amyrin and not α-amyrin displayed anti-AChE activity [79,80]. In scopolamine- and
streptozotocin-induced memory deficit studies in mice, taraxerol also displayed anti-AChE
activity through activation of the AChE receptor system [81]. Molecular docking studies
confirmed high affinity of taraxerol for fibrils and Aβ [82]. Lupeol was found to inhibit
BACE1 in both enzymatic and docking studies and is therefore a promising candidate for
AD treatment [83,84]. The reduced levels of LDL-C were typically related to the prevalence
of AD and PD [85]. Consequently, the anti-Alzheimer’s and anti-Parkinsonian poten-
tial of 4,4-dimethy sterols may also be linked to their cholesterol metabolism regulating
activity [86].

In addition, the elimination of the misfolded proteins through autophagy is an impor-
tant mechanism in preventing neurodegenerative diseases. It was found that β-amyrin
participated in the LGG-1 (ubiquitin-like modifier involved in the formation of autophago-
somes) related autophagy pathway by improving LGG-1 expression and exhibiting a
protective effect on dopaminergic neurons by decreasing cell damage, and α-synuclein
aggregation, which improves PD symptoms [87].

4.8. Ergosterol

Ergosterol is the most abundant fungal phytosterol bearing the ∆5,7 diene oxysterol
skeleton [88]. In in vitro β- and γ-secretase assays utilizing N2a cells, ergosterol slightly
decreased the β-secretase activity at 20–80 µM concentrations, while strongly inhibiting
the γ-secretase activity at 40 µM [53].
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These data suggest the promising potentials of the phytosterols as modulators of
neurodegenerative diseases. The neuroprotective effects exhibited by the phytosterols are
summarized in Table 1.

Table 1. Neuroprotective mechanisms of the reported phytosterols.

Phytosterol Mode of Action Study References

β–Sitosterol AChE and BChE inhibitory activity in vivo (mice), in vitro, in silico [45,46]
Increased levels of antioxidant enzymes by

activating estrogen
receptor/PI3-kinase pathway

in vitro (RAW 264.7; HT22) [47,48]

Anti-inflammatory in vitro (BV12) [59]
Increase mitochondrial potential in vitro (HT22) [58]

Stigmasterol AChE inhibitory activity in vitro [60]
Reduced the β-secretase activity. Reduced the

expression of all
γ-secretase components

Reduced the cholesterol and presenilin
distribution in lipid rafts implicated in

amyloidogenic APP cleavage. Decreased the
BACE1 internalization to endosomal

compartments, involved in APP β-secretase
cleavage

in vivo (mice), in vitro (HT22) [31,55]

Decrease ROS in vitro (SH-SY5Y) [61,62]

Anti-inflammatory
in vitro (mouse chondrocytes

and human osteoarthritis
chondrocytes)

[66]

Brassicasterol Marker in CSF of AD patients cerebrospinal fluid (CSF) [69]
Minor or no effect on Aβ secretion in vivo (mice) [31]

Campesterol Minor or no effect on Aβ secretion in vivo (mice) [31]

Lanosterol
Reduced the accumulations and cytotoxicity of Aβ

aggregation through induction of co-chaperone
and by promoting autophagy

in silico, in vitro (HeLa, PC12,
HEK-293A), in vivo (mice) [71–74]

24(S)-Saringosterol Reduced the in vivo expressions of Iba1 in vivo (mice) [77]
Dietary

supplementation
of S. fusiforme
enriched in

24(S)-saringosterol

Reduced secretion of Aβ plaques. Improves
memory in AD mice model in vivo (mice), in vitro (N2a) [78]

α-Amyrin Elevated levels of memory related proteins
through the activation of ERKGSK-3β in vivo (mice) [79]

β-Amyrin
Elevated levels of memory related proteins

through the activation of ERKGSK-3β. AChE
inhibitory activity

in vivo (mice) [79,80]

Taraxerol AChE inhibitory activity in vivo (mice) [83]
High affinity of taraxerol for fibrils and amyloid- β in silico [84]

Lupeol BACE-I inhibitory activity in vitro, in silico [85,86]
Ergosterol Reduced the β- and γ-secretase activity in vitro [44]

5. Physiological versus Pathological Features of Phytosterols

In diet, phytosterols primarily reduce blood cholesterol concentrations [89] by lower-
ing serum LDL-cholesterol concentrations, with no effect on either serum HDL-cholesterol
concentrations or triacylglycerol levels [90]. They are also anti-inflammatory and have
physiological functions such as growth regulation and the promotion of protein synthe-
sis, immune regulation, and hormone-like effects [91]. The hypocholesterolemic effect of
4-desmethyl sterols is well known [92], whereas 4,4-dimethylsterols (lupeol, α-amyrin,
cycloartenol) have limited action on cholesterol reduction [93]. As phytosterols reduce the
solubility of cholesterol, some other lipophilic compounds such as lipophilic antioxidant
nutrients may also be displaced. Randomized trials have shown that phytosterols lower
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the blood concentrations of β-carotene (by about 25%), α-carotene (by 10%), and vitamin E
(by 8%) [94,95], which protect the oxidation of LDL cholesterol. However, after the action
of phytosterols, β-carotene was found to be reduced by 8–19%, while fat-soluble vitamins
(A, D, E, K) remained unchanged [94]. Therefore, intake of food rich in carotenes may
balance this side effect.

The most adversarial effect of phytosterols is seen in a rare inherited disease, sitos-
terolemia, described by tendon xanthoma and premature coronary disease [96]. These
patients have mutated ABCG5 and ABCG8 transporters that cause reduced transport of
phytosterols from enterocytes back into the intestinal lumen and reduced secretion into
bile. Hence, these patients have increased phytosterol absorption (3–4 fold) and low bil-
iary excretion, resulting in build-up of these compounds in plasma and tissues [97]. A
relationship between increased plasma phytosterols (7–16%) and increased risk of coro-
nary heart disease (CHD) has been reported [98]. However, various contradictory reports
rule out any relation between phytosterols and the risk of incident CHD. Additionally,
plasma concentrations of the main phytosterols (sitosterol and campesterol) can be used
as bio markers for cardiometabolic risk, as moderately elevated plasma sitosterol, but not
campesterol, may possibly indicate decreased risk for CHD [14]. Thus, the available data
are contradictory and more in-depth studies are required to confirm whether phytosterols
are friend or foe.

6. Safety Concerns for the Phytosterols

Even though intake of phytosterols (up to 3 g/day) is considered safe by the FDA,
information on their toxicity is limited, including their indistinct anabolic effect [18]. No ad-
verse effect of phytosterols on mental or cognitive activity has been reported yet. However,
oxidized phytosterols were reported to exhibit neurotoxicity with glutamate excitotoxicity
and ROS generation [87,99]. Several unfavorable effects of phytosterols on endothelium-
dependent vasorelaxation in wt mice have been reported [100–103]. The types and con-
centrations of phytosterols or their structure may determine and influence the production
of superoxides by endothelial cells [101–103]. Collectively, these studies indicated that
phytosterols could modulate various endothelium-dependent processes, such as vasore-
laxation, oxidative stress, ischemia–reperfusion, and neuroinflammation, which are key
biological processes in the progression of CNS disorders. Therefore, depending on the
nature, concentrations, and target cells, the phytosterols may have critical influences on
neurodegenerative disorders [104].

7. Future Perspectives and Conclusions

Phytosterols are an important component of diet. They have wide applications in
foods and cosmetics. To date, our knowledge has been limited to their cholesterol-lowering
properties, protective effects mostly against cardiovascular diseases, and their anti-cancer
and anti-inflammatory potential. Extensive research on the use of phytosterols for the
preventive and therapeutic management of other diseases should be highly explored.
The impact of phytosterols on the central nervous system is another exciting avenue of
investigation. Phytosterols could cross the BBB through a less-known mechanism and
become accumulated in the brain. The BBB is one of the most important and largest barriers
among the three CNS barriers for the exchange of constituents between the blood and the
CNS [105]. Any impairment in the brain endothelial cells may alter the normal function
of adhesion molecules, chemotactic proteins, and angiogenic factors; thus, increased ROS
production, infiltration of immune cells, and neuroinflammation could be the consequences
in CNS disorders [106–109]. Moreover, normal functioning of various signaling pathways
occurring at lipid rafts (cholesterol-rich domains), such as γ-aminobutyric acid and gluta-
mate signaling, may perturb the synaptic vesicle turnover, protection of motor neurons
by brain-derived neurotrophic factor (BDNF), functioning of the calcium channel, and
calcium-dependent neurotransmitter release [110–113].
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AD patients are shown to have compromised cholesterol turnover [114,115], where
suppressed cholesterol biosynthesis may reduce the production of Aβ both in vitro
and in vivo [68]. Likewise, a cholesterol-rich diet increased the generation of Aβ in
mice [116–118]. The increased cellular cholesterol turnovers were in association with
increased expression of the LXR-activated genes, which significantly amended cognitive
performance in AD animal models [119–121].

Because the early stage of AD is linked to BBB dysfunction, the decreased concen-
trations of phytosterols in CSF could be used as a promising prognostic biomarker. Im-
portantly, cholesterol is highly amyloidogenic, whereas the phytosterols are not. In fact,
phytosterols significantly reduced brain Aβ levels and β- and γ-secretase activities in vivo,
suggesting that a diet enriched in plant sterols might be beneficial for neurodegenerative
diseases. Research on the optimal doses of phytosterols through oral administration would
be essential. Because the consumed phytosterols would have limited intestinal absorp-
tion and crossing the BBB may take longer periods of ~6 weeks, higher doses may be
required to capture the benefits [122]. Researchers have resorted to nanoencapsulation
for improving the bioavailability of phytosterols in the food industry [123–125], but only
for research purposes as a methodology of drug delivery. Thus, future studies should be
carried out to explore the therapeutic and disease-specific mechanisms of phytosterols for
their neuroprotective role in neurodegenerative diseases.
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Abstract: Cancer, a major world public health problem, is associated with chemotherapy treatments
whose administration leads to secondary concerns, such as oral mucositis (OM). The OM disorder is
characterized by the presence of ulcers in the oral mucosa that cause pain, bleeding, and difficulty in
ingesting fluids and solids, or speaking. Bioactive compounds from natural sources have arisen as an
effective approach for OM. This review aims to summarize the new potential application of different
natural products in the prevention and treatment of OM in comparison to conventional ones, also
providing a deep insight into the most recent clinical studies. Natural products, such as Aloe vera,
Glycyrrhiza glabra, Camellia sinensis, Calendula officinalis, or honeybee crops, constitute examples of
sources of bioactive compounds with pharmacological interest due to their well-reported activities
(e.g., antimicrobial, antiviral, anti-inflammatory, analgesic, or wound healing). These activities are
associated with the bioactive compounds present in their matrix (such as flavonoids), which are
associated with in vivo biological activities and minimal or absent toxicity. Finally, encapsulation
has arisen as a future opportunity to preserve the chemical stability and the drug bioa vailability
of bioactive compounds and, most importantly, to improve the buccal retention period and the
therapeutic effects.

Keywords: cancer; drug delivery; natural products; oral mucositis; treatment

1. Introduction

Cancer is currently a major public health problem all over the world. In 2020, almost
19.3 millions new cases were diagnosed worldwide [1]. Treatment of malignancies with
cytotoxic chemotherapy (CT), radiation (RT), or a combination of the two is becoming
more effective, as it is associated with short- and long-term adverse effects, including
mucositis [2,3]. This secondary reaction may occur in any area of the gastrointestinal tract’s
mucosal layer, from the mouth to the anus, with the oral cavity being the most prevalent
location. The cytotoxicity is caused by a variety of mechanisms, including inhibition of
DNA replication and repair, cell-cycle arrest, DNA damage, and cell death [4]. However,
the precise and complex molecular pathways underlying the oral epithelial damage are not
completely known [5,6].

Oral mucositis (OM) is a painful inflammatory and frequently ulcerative disorder of
the oral mucosa that severely reduces the patient’s quality of life [3,7,8]. OM occurs in
20 to 40% of the patients submitted to conventional CT, 80% of patients on high-dose CT,
75 to 100% of patients receiving hematopoietic cell transplants, and practically all patients
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with head and neck squamous carcinoma (HNSC) undergoing RT [4,5,9–11]. Common
symptoms of OM include pain, bleeding, ulcers, and difficulty ingesting fluids or solids
and speaking, as well as severe complications, such as secondary infections and signif-
icant weight loss, which may compromise the treatment of the primary disease and its
outcome [2,12,13]. In addition, OM may result in the need for enteral or parenteral nutri-
tion [14,15] and systemic analgesics [16–18], thus increasing hospitalizations [13,19], the use
of resources and higher costs [19,20], and, in some cases, the risk of sepsis [8,21]. However,
when mucositis progresses, topical analgesics become less effective and systemic opioids
may be required [22–24]. Different strategies have been used to attempt the prevention
or amelioration of this condition, and some clinical trials were effective [8,16,17,25]. For
example, cryotherapy [11,26] and keratinocyte growth factor [11,27] demonstrated some
benefits in preventing mucositis. Zinc [28,29] and vitamin E [28,30,31] were effective in
reducing the severity of OM, but Aloe vera [32], amifostine [4,33], glutamine [28,30,34],
honey [32,35–38], photobiomodulation (PBM) therapy [39–41], and antibiotics [21] demon-
strated lower evidence of benefits. The studies reviewed were evaluated in patients with
different types of cancer who underwent different treatment approaches.

While there are a growing number of innovative anticancer agents, few therapeutic
alternatives for the prevention or treatment of oral mucositis have been reported. Most
important, the scarce alternatives that have been successfully achieved are still unsatisfac-
tory [6,16]. Therefore, the search for alternative compounds obtained from natural sources
could be an option and a challenge for this research field. Natural compounds, in contrast
to synthetic ones, are often thought to have fewer side effects, are easy to access, and
present beneficial bioactive properties (e.g., anti-inflammatory, antioxidant, and antimi-
crobial properties), making them interesting solutions as promising therapeutics. Aside
from the protective results of natural products against toxicity induced by radiation or
antineoplastic drugs, one of the most promising preventive measures in patients during
therapy may be the employment of natural products. The aim of this review is to provide an
overview of the use of natural compounds for the prevention and eventual treatment of OM
in cancer patients and their potential applications in drug delivery systems to overcome
the specific limitations of the oral cavity environment.

2. Oral Mucositis

As previously stated, mucositis is an inflammatory response condition of the oral
mucous membrane that is frequently observed in malignant neoplastic patients undergoing
CT, RT, or both. This condition develops due to interactions among an oral tissue injury, the
oral cavity environment, bone marrow suppression, and innate predisposing factors in the
patient [18,42,43]. The symptoms of OM, such as oral mucosal atrophy, swelling, erythema
and subsequent pain, bleeding, ulceration, difficulty in feeding and even swallowing saliva,
or a combination thereof, may be diverse [2,11,44]. Difficulties with eating reduce the
nutritional intake, resulting in a decline in the patient’s nutritional status. This can also
seriously affect their speech due to an uncomfortably dry mouth and a decrease or increase
in salivation [11,16,44]. OM may also be aggravated by injuries induced by sharpened
teeth, bruxism, food, and microorganisms [44,45]. Naturally, additional ulcers provide an
easy access point for microorganisms, including bacteria, fungi, and viruses, to enter the
bloodstream because of the loss of mucosal integrity, culminating in systemic infections
that may cause the treatment for fighting the primary disease to be discontinued or even
threaten the patient’s survival. Moreover, the dysphagia, xerostomia, and changes in taste
caused by OM can increase the systemic symptoms, such as lethargy and anorexia, as well
as psychological issues. Consequently, OM is associated with increased resource needs and
potentially major economic impacts—depending on its severity—due to the more frequent
and prolonged hospitalizations for support and nutritional care and analgesic treatments.

Three tools are available for assessing the severity of OM. The most extensively used
is the World Health Organization’s Oral Mucositis Grading Scale (WHO-OMGS), which
incorporates clinical criteria to evaluate the OM lesion and eating capacity [46]. On the
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other hand, the Common Terminology Criteria for Adverse Events in its fifth revision
(CTCAE v5.0) considers the following factors when assessing the impact of OM: pain
intensity, ability to eat, and need for intervention [46]. Finally, Radiation Therapy Oncology
Group (RTOG) defines the severity of RT-induced OM using a four-point scale [46]. OM is
classified according to these three criteria, as summarized in Table 1.

Table 1. Available clinical scales for oral mucositis assessment. Adapted from [16]. NA—Not applicable.

Scale Grade 0 Grade 1
(Mild)

Grade 2
(Moderate)

Grade 3
(Severe)

Grade 4
(Life-Threatening)

Grade 5
(Death)

WHO No findings
Oral erythema
and soreness;

no ulcers

Oral erythema, ulcers;
solid diet tolerated

Oral ulcers;
liquid diet only

Oral alimentation
impossible NA

CTCAE None

Asymptomatic
or mild

symptoms;
intervention not

indicated

Moderate pain or ulcer
that does not interfere

with oral intake;
modified diet indicated

Severe pain,
interfering with

oral intake

Life-threatening
consequences; urgent

intervention
indicated

Death

RTOG No change over
baseline

Irritation; may
experience mild

pain, not
requiring
analgesics

Patchy mucositis that
may produce an

inflammatory
serosanguinous
discharge; may

experience moderate
pain requiring

analgesia

Confluent,
fibrinous

mucositis; may
include severe
pain requiring

narcotics

Ulceration,
hemorrhage, or

necrosis
NA

2.1. Physiopathology of OM

In the last decades, substantial evolution has taken place in the understanding of the
complex mechanism behind the development of mucositis [6]. A five-phase model that
begins with an (i) initiation involving cell injury, (ii) elevation of inflammatory cytokines, a
(iii) primary damage response, and (iv) signaling and amplification of the inflammatory
cascade, followed by (v) ulceration and mucosal repair through epithelial proliferation,
has been reported by different authors [2,3,16,47]. Thus, OM is characterized by a cascade
of events that occur simultaneously and are mechanistically related (Figure 1). Therefore,
each factor that drives each phase may constitute a possible therapeutic target [16].

The mucositis initiation phase—initiation—corresponds to the injury of oral mucosal
cells caused by CT and/or RT. This phase begins instantaneously as the antineoplastic
treatment is being administered [5,6,48,49]. The second phase—upregulation with mes-
senger generation—involves the cytotoxic effect, resulting in the generation of reactive
oxygen and nitrogen species (ROS and RNS, respectively) and DNA damage, leading to
basal and suprabasal epithelial cell death [2,3,6]. Particularly, when DNA strands breaks,
the apoptotic process is activated, with p53 and nuclear factor κB (NF- κB) playing major
roles [50,51]. At this point, inflammatory cytokines, chemokines, and adhesion molecules
are generated when NF- κB, the key mediator of pro-inflammatory gene expression, is acti-
vated, which is clinically manifested as mucosal damage. The release of pro-inflammatory
cytokines, such as tumor necrosis factor (TNF-α), interleukin-1β (IL-1β), and interleukin-6
(IL-6), is mediated through transcription factor activation, and this promotes connective
tissue and endothelial damage, limiting the tissue oxygenation and stimulating epithe-
lial basal cell death [2,18,50–53]. The third phase—signaling and amplification—is the
consequence of tissue damage, apoptosis, enzyme activation, and vascular permeability,
which amplify the molecules of the innate immune response as pro-inflammatory cytokines
in a positive feedback mechanism, leading to more tissue damage [18,54]. In the fourth
phase—ulceration—clinical signs of mucositis become visible, as the integrity of the mucosa
and submucosa is disrupted, causing pain control to be required [3,5,16]. In neutropenic
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patients, the immune cells cannot respond properly, and the ulcerative lesions allow several
microorganisms to penetrate into the connective tissue, triggering the production of more
pro-inflammatory cytokines and increasing the tissue damage [50,51]. Bacteremia and
sepsis are mostly caused by herpes simplex virus, Candida albicans, or other fungal genera,
such as Aspergillus [10]. Healing usually occurs naturally after the cancer treatment is
ceased, and it is marked by epithelial proliferation, migration, and differentiation promoted
by the extracellular matrix [2,3,49]. The oral mucosa recovers, but the patient remains at
risk for recurrent episodes due to residual angiogenesis [16,18,49,55].
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mucosa and submucosa is disrupted, causing pain control to be required [3,5,16]. In neutro‐

penic patients, the immune cells cannot respond properly, and the ulcerative lesions allow 

several microorganisms to penetrate into the connective tissue, triggering the production of 

more pro‐inflammatory cytokines and increasing the tissue damage [50,51]. Bacteremia and 

sepsis are mostly caused by herpes simplex virus, Candida albicans, or other fungal genera, 

such as Aspergillus [10]. Healing usually occurs naturally after the cancer treatment is ceased, 

and it is marked by epithelial proliferation, migration, and differentiation promoted by the 

extracellular matrix [2,3,49]. The oral mucosa recovers, but the patient remains at risk for re‐

current episodes due to residual angiogenesis [16,18,49,55]. 

CT patients often experience acute symptoms 3–5 days following its administration, 

with ulcerative lesions appearing a few days later and resolving within 2 weeks [3,44,51]. 
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Figure 1. Diagram representing the mucosal cells and clinical manifestations of oral mucositis.

CT patients often experience acute symptoms 3–5 days following its administration,
with ulcerative lesions appearing a few days later and resolving within 2 weeks [3,44,51].
On the other hand, RT mucositis is a chronic condition that lasts up to 7 weeks. The
radiation doses range from 2 to 70 Gy per day and cause ulcerations that remain for
3–4 weeks after the treatment is ceased [9,11,18]. The lack of taste develops because the oral
mucosa is exposed to radiation after few weeks, compromising nutrition and psychological
status, while the recovery begins 6–8 weeks after the completion of the treatment [5,9].

2.2. Risk Factors

The risk factors of OM can be classified as patient-related, tumor-related, and treatment-
related variables, as summarized in Table 2 [16,45].
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Table 2. Risk factors related to patients, tumors, and treatments in the development of oral mucositis.

Risk Factor Criteria References

Related to patient

Age Extremities [9,12,25,45,56–58]
Gender Female [2,3,10,23]
Body mass index (BMI) Low and high body mass index [2,3,10,23]
Dental prosthesis Orthodontics and prosthesis [9,11]
Education Lack of health literacy [7,55,59,60]

Oral hygiene Oral hygiene less than 2 times/day
Periodontal disease [2,3,10,23]

Comorbidities Diabetes mellitus, renal and hepatic dysfunction [16,54,61]
Leucocytes Neutropenic patients are immunocompromised [2,18,45]
Alcohol Use of alcohol prior to and during treatment [2,3,18,45]
Smoking Smoking prior to and during treatment increases the severity [5,45]
Genetics Genetic polymorphisms (e.g., TNF-α) [10,45]
Mucosal trauma Sharpened teeth [5]

Related to tumor

Types of cancer Solid tumors have higher risk, mainly those located near oral cavity [12,45,47]

Related to treatment

Type of treatment 5-fluorouracil, Doxorubicin, Methotrexate, Cisplatin, Vinblastine,
Mitomycin, Transtuzumabe, Docetaxel, Melphalan [10,16,54]

Dose High doses over short periods and their extension [10,16,54]
Type of administration Intravenous [2,10,16,45,54]

Microbiota

In the patient-related factors, gender has been linked to mucositis, since women are
associated with a higher risk, which could be due to dosimetric considerations [12,25,58,62].
However, other studies reported the absence of evidence that gender and OM are corre-
lated [16,45,58,63]. Although age is frequently reported as a mucositis risk factor, there are
few consistent reports that link younger and older patients and mucositis severity [45,58].
Likewise, the effect of body mass index (BMI) on mucositis risk is inconsistent, with data
suggesting that a low BMI and a BMI higher than 25 are related with a superior risk, as body
composition can affect drug metabolism, as can smoking and poor oral hygiene [18,45,58].
Genetic variants, previous treatment, and comorbidities (such as renal dysfunction and
diabetes mellitus) have been indicated as possible factors for chronic OM associated with
RT [16,61].

In what concerns the tumor’s nature, its location, size, and stadium may also influence
the grade of OM [45]. For instance, in HNSC patients, the standard protocol includes
RT with a specific area and prescription dose, which influences the exposure to radiation
and the subsequent mucosal damage [16,45]. However, in recent years, there was an
increased investment in intraoral medical devices that enable the minimization of excessive
irradiation of normal tissues [64].

Although the risk factors of OM are not completely understood, the characteristics
of anticancer therapeutics (mechanism of action, dose, planning, and number of cycles)
are closely associated with the prevalence and severity of the lesions, as their effects
accumulate [12,18,45]. It is well known that female patients using methotrexate and
melphalan have a greater chance of developing this local inflammatory condition [16].

Along with investigating intrinsic patient characteristics, such as pre-existing medical
conditions, altered oral dynamics, and general health, age, oral health (hygiene prior
to treatment), nutritional status, and liver and kidney function are critical, as they are
parameters that a medical team must consider [2,18]. Aside from that, it is necessary to
emphasize that OM is frequently documented only in its advanced phases owing to the
requirements for clinical therapy and assistance [13,14,19,65]. Therefore, the search for new
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active ingredients that could be used in the prevention (and even treatment) of OM is of
utmost importance.

2.3. Prevention and Management of OM

OM management strategies include either preventive or symptom control strate-
gies [8,18,23,25]. The primary key measure in preventing OM is the preservation of tissue
during RT treatment planning and the use of RT procedures that conserve the uninvolved
oral mucosal surface [17,66]. Some strategies are addressed in the evidence-based guide-
lines developed by the Multinational Association of Supportive Care in Cancer and the
International Society of Oral Oncology (MASCC/ISOO), which present three categories: a
recommendation, a suggestion, and a situation where no guideline is possible [54,63]. These
guidelines can be adjusted at any time to compensate for possible restraints in the clinic
and patient choices [63]. Table 3 summarizes the recommended or suggested strategies for
most of the groups of cancer patients.

Table 3. Management of Oral Mucositis Guidelines created by the Multinational Association for
Supportive Care in Cancer and the International Society of Oral Oncology.

Intervention Aim MASCC/ISOO
Guideline Category Results References

Oral care Prevention Suggestion
Increases patient’s awareness and
enhances their compliance with

treatment
[5,37,46,60,63,67–69]

Oral cryotherapy Prevention Recommendation
Local vasoconstriction that
minimizes drug absorption [11,46,70–73]

Photobiomodulation
therapy Prevention Recommendation Promotes wound healing and has

an anti-inflammatory effect [23,26,39–41,46]

Benzydamine
mouthwash Prevention Recommendation

Anti-inflammatory properties by
inhibiting the production of
pro-inflammatory cytokines

[46,53,54,74–76]

Keratinocyte growth
factor-1 (palifermin) Prevention Recommendation Proliferation and restoration of

epithelial cells [26,27,46]

Glutamine Prevention Suggestion It is used by cells of the immune
system [28,30,34,46]

Honey Prevention Suggestion Inhibits bacterial growth and
enhances healing rate [32,35,37,38,46,77]

Patient-controlled
analgesia (e.g., 0.2%

morphine mouthwash)
Treatment Recommendation Pain management [46,78,79]

Zinc supplements Prevention Suggestion Prevents lipids peroxidation and
replaces redox-reactive metals [28,30,46]

Doxepin mouthwash Treatment Suggestion In topical application, it has
analgesic and anesthetic properties [46,78,80]

Vitamin E Prevention Suggestion
Antioxidant that may protect

tissue damage from free oxygen
radicals

[28,30,31,46,73]

Amifostine Prevention Suggestion

Reduces DNA strand breaks,
recruits ROS scavengers, and

preserves salivary glands,
endothelium, and connective

tissue integrity

[4,33,46]
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Proper oral health and hygiene are essential for mitigating the risk and severity of
OM [11,60]. Before initiating CT or RT, all potential causes of mucosal irritation should be
removed, as they may worsen and prolong the development of oral mucositis [60]. Teeth
with sharp surfaces must be restored, orthodontics and protheses should be removed, and
the maintenance of a stable oral microbiome is also an important aspect. The presence of a
balanced nutrition is another variable that may help in the relief of discomfort from mu-
cositis [9,11,60]. Alcohol, smoking, and foods that are crunchy, acidic, spicy, or sweetened
should be limited or eliminated [81].

As previously stated, OM can make the ingestion process a challenge, as it is normally
unpleasant and, in extreme cases, impossible due to painful symptoms; therefore, a liquid
diet is the only solution [2,18]. Therefore, soft and liquid diets may be necessary, and, in the
case of patients that cannot tolerate a liquid diet, the solution is parenteral nutrition [17].
The patients’ complaints can be reduced with the use of specific mouthwashes with topical
analgesics, anesthetics, antibiotics, and steroids [67,74,80,82], as topical analgesics and
anesthetics are intended to relieve localized pain [23].

According to the MASCC/ISOO guidelines (Table 3), a benzydamine mouthwash
may be useful due to its anti-inflammatory properties, which inhibit the production of
TNF-α and IL-1β [46,53,63,74]. However, the use of saline, sodium bicarbonate, and
antimicrobial (e.g., chlorhexidine 0.12%) rinses can ameliorate the symptoms of moderate
mucositis [53,83]. In clinical practice, topical analgesics (e.g., morphine, benzocaine, and
menthol) are applied to provide temporary relief in some patients, but their concentrations
are not well established [22,84].

Currently, palifermin was the only agent that has been approved by the European
Medical Agency (EMA) and the American Food and Drug Administration (FDA) for the
prevention of OM in HSCT patients receiving CT and RT. However, on 1 April 2016,
the European Commission withdrew the marketing authorization for this drug in the
European Union (EU). The withdrawal was at the request of the marketing authorisation
holder, which notified the European Commission of its decision to permanently discontinue
the marketing of the product for commercial reasons. It has also been tested in HNSC
patients in terms of its reduction of the state of pathogenic severity [10]. The MASSC/ISOO
guidelines also indicate cryotherapy and photobiomodulation (PBM) protocols for more
advanced phases. In particular, cryotherapy has been reported to reduce the symptoms
of oral mucositis in patients undergoing CT as a result of its vasoconstriction, decrease in
the blood flow, and reduction of the local distribution of the chemotherapeutic agent (e.g.,
fluorouracil (5-FU) and melphalan) [23,71]. Thirty minutes of ice chips used prior to the
administration CT are the recommended and tolerable period [71,73].

PBM is another method employed to stabilize and inhibit the development of OM [39,85].
It has anti-inflammatory effects, diminishes the pain, and improves the healing rate of
the basal wound. The energy applied to the specific area must be adapted according to
the patient’s lesion. To relieve the most common complaints, PBM can be used both pro-
phylactically and therapeutically, that is, it can be used before and after an antineoplastic
treatment [40,86,87]. Mucositis may also be treated with supplementary vitamins and min-
erals. For instance, vitamin E, a potent antioxidant, may reduce the grade of mucositis by
preventing the damage caused by ROS [2]. A blood test performed in severe OM patients
demonstrated a lack of some vitamins (such as vitamins E, A, and D), which inhibited the
pro-inflammatory pathways [34]. Different studies also showed that oral zinc supplements
may be applied as a prophylactic treatment [18,29,30].

Therefore, for most of the strategies recommended or suggested in Table 3, the research
in the literature displays minimal evidence or even contradictory results, thus invalidat-
ing the definitions of the guidelines [7,8,54,63]. Consequently, the search for new active
ingredients with potential therapeutic effects for preventing or treating OM is a challenge.
Natural compounds, the majority of which are rich in polyphenols, are an option that
should be explored.
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3. Natural Compounds and Their Properties for Preventing/Treating OM

Currently, the protocols and therapeutical agents available from the different authori-
ties have the purpose of ameliorating the OM grade, as mentioned in the previous section,
but no treatments with reasonable results have been established [42,53,88]. Aside from that,
many of these compounds have been associated with adverse effects and high costs [8,19].
Thus, natural products, such as honey, Aloe vera, curcumin, or propolis, are of huge interest
for the nutraceutical and pharmaceutical industries, as they are easily accessible and allow
more cost-effective treatments with minimal or no toxicity when compared to conventional
strategies [89,90]. Their richness in bioactive compounds with anti-inflammatory, antioxi-
dant, antiseptic, analgesic, and wound-healing properties that may interfere with many
cellular signaling pathways could play an important role in the progression of OM and the
activity of carcinogenic cells (e.g., HNSC) [10].

3.1. Bee Products

Honey is a natural product generated by bees and has been used since ancient times in
traditional medicine. The huge diversity of studies has shown the multiplicity of beneficial
applications of honey based on its antioxidant, anti-inflammatory, antibacterial, antiviral,
antifungal, antitumoral, antimutagenic, and wound-healing properties [32,35,37,38,77].
The composition of honey is difficult to exactly define, as the components and relative
amounts are conditioned by the flora of the geographical area from which honeybees
collect pollen [91]. In a general way, honey is a heterogeneous mixture of water, nectar
sugars, and glandular secretions produced by honeybees that contain proteins, vitamins,
and enzymes [92]. One of the enzymes present is glucose oxidase, which, when in contact
with body tissue, may stimulate the production of hydrogen peroxide, which acts as a
messenger and promote wound healing and rapid epithelization at low concentrations by
stimulating the proliferation of fibroblasts and epithelial cells [92,93]. It is also suggested
that matrix metalloproteases of connective tissue and neutrophil serine proteases may
be activated by hydrogen peroxide [94]. Furthermore, the levulose and fructose present
in honey may improve local nutrition and promote epithelialization [93,94]. Honey also
has immunomodulatory effects, as it influences the activation of macrophages and the
proliferation of B-lymphocytes and T-lymphocytes [95], in addition to decreasing the
inflammatory process by inhibiting cyclooxygenase pathway and reducing prostaglandin
synthesis [96]. The beneficial effects of honey may also be due to its moisturizing effect,
low pH, and viscosity which inhibit the proliferation of bacteria [35].

Charalambous et al. conducted a randomized, controlled trial to evaluate the potential
effect of thyme honey rinses on HNSC patients [35]. In this study that involved 72 par-
ticipants, a solution of 20 mL of thyme honey diluted in 100 mL of purified water was
given to the patients to gargle in the oral cavity three times per day (15 min before and
after the RT session and 6 h later) for 7 weeks, starting from the first day of the fourth week
of RT. The results showed a significant improvement (p < 0.001) in the patients’ quality
of life, leading to fewer symptoms and maintenance of the body weight (p = 0.001) when
compared to saline rinses [35]. Honey mouthwash also proved to be effective in a ran-
domized, single-blind controlled trial that enrolled 53 patients [97]. The honey solution
(honey-to-water ratio of 1:20) at 37 ◦C was gargled and kept in the mouth before and after
each meal and before sleeping for 30 s by the treatment group, while the patients in the
control group received routine care, such as ingestion of fluconazole capsules, nursing
care, and mouth hygiene training [97]. According to the authors, the solution reduced
or eliminated weight loss, leading to some weight gain and preventing and reducing the
severity of OM in the acute myeloid leukemia patients receiving CT (p < 0.001 at the fourth
week of treatment) [97]. In another randomized, controlled trial with a parallel design
involving 150 children, Sener et al. treated 25 OM patients with honey (with vitamin E
as the most effective compound) for 21 days, applying the amount of 1–1.5 g of honey
per weight (kg) of the child twice per day (every 12 h) [31]. Honey was found to be more
effective in the management of OM (p < 0.05) when compared to chlorhexidine, a wide-
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spectrum antifungal and bactericidal antiseptic solution that is frequently used in oral
care [31]. Motallbnejad et al. also conducted a randomized single-blind (examiner-blind)
clinical trial to evaluate the effect of pure honey on radiation-induced mucositis in a total of
40 patients with head and neck cancer receiving RT [95]. Twenty patients were instructed
to rinse and gradually swallow 20 mL of pure honey 15 min before radiation, then again at
intervals of 15 min and six hours after radiation, while the control group was advised to
rinse with 20 mL of saline before and after radiation. This procedure was repeated weekly
from the beginning of the treatment until the end of the RT. The honey-receiving patients
exhibited a significant reduction in OM (p < 0.001) when compared to the control group [95].
In a unicenter randomized, controlled clinical human study involving 82 patients with
head and neck cancer treated with RT over 4–6 weeks, the treatment group was instructed
to take 20 mL of Ziziphus honey 15 min before and after the radiation and before sleeping
at night, while the control group repeated the process using 20 mL of 0.9% saline [92].
The results showed that the proportion of mucositis (Grades 3 and 4) was lower in the
honey-treated group (p = 0.016 and p = 0.032 for Grades 3 and 4 of mucositis, respectively)
than in the control group at the end of 6 weeks of RT [92]. In 2010, Khanal et al. conducted
a single-blinded, randomized, controlled clinical trial over 6 weeks on 40 oral carcinoma
patients receiving RT [91]. Radiation was given once per day for 5 days a week, and the
application was performed 15 min before and after radiation and once before going to bed.
Honey extracted from beehives of the Western Ghats forests or lignocaine gel 2% (control
group) was swished around the oral cavity for 2 min and expectorated. Only one of the
20 patients of the treatment group developed intolerable mucositis (p < 0.0001) compared
to 15 of the 20 patients of the lignocaine group [91]. Caffeine, a natural alkaloid with hy-
poalgesic, antioxidant, and anti-inflammatory effects, has also been screened as a potential
ingredient to work against oral mucositis [98–101]. In a double-blinded randomized clinical
trial involving 75 patients (that randomly fell into three treatment groups) presenting OM
after CT, the therapeutic effects of coffee plus honey were compared with those of topical
steroids that are usually used in the treatment of OM after CT [98]. A syrup-like solution
was prepared for each treatment group: 300 g of honey plus 20 g of instant coffee for the
honey-plus-coffee group; 300 mg of honey for the honey group; the control group was
treated with 20 eight-milligram ampoules of betamethasone solution. All groups were
instructed to sip 10 mL of the prescribed product and swallow every 3 h for 1 week. While
all treatment regimens decreased the severity of the lesions, the best result was achieved in
the honey–coffee group (p < 0.05), followed by the honey-and-steroid groups [98].

3.1.1. Propolis

Propolis is a resinous material produced by bees and is frequently used as natural
nutritional supplement [102]. It is composed of a mix of plant buds and exudates, bee en-
zymes, pollen, and wax, and it has been widely used by different civilizations to treat colds,
wounds, and ulcers due to its anesthetic, antimicrobial, anti-inflammatory, antitumor, im-
munomodulatory, and antioxidant properties [102]. Similarly to honey, the chemical compo-
sition of propolis is highly dependent on the diversity of the flora and bee species [103,104].
It is mainly composed of proteins, amino acids, vitamins (A, B1, B2, B3, and B7), minerals,
essential oils, phenolic acids, alcohols, fatty acids, and flavonoids [102,105–108]. Regarding
OM, the bioactivity of propolis is mainly associated with flavonoids, as these molecules
are capable of sequestering or inhibiting the formation of free radicals, and they promote
immunomodulatory, antioxidant, wound-healing, and anti-inflammatory activities [109].
The anti-inflammatory properties are directly related with the inhibition of the synthesis
of prostaglandins and promotion of phagocytic activity [110]. In addition, propolis pro-
motes healing effects in epithelial tissues, while the presence of iron and zinc improves the
synthesis of collagen [108].

Akhavan-Karbassi et al. conducted a randomized double-blind placebo-controlled
trial to evaluate the potential effect of propolis mouthwash on head and neck tumor patients
undergoing CT [111]. In the treatment group (n = 20), 5 mL of propolis mouth rinse (30%
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extract) was administered every 8 h for 7 consecutive days. The solution was swished in
the patients’ mouths for 60 s, gargled, and expectorated. In the control group (n = 20), the
process was repeated with a placebo mouth rinse. OM, erythema, and eating and drink
ability were evaluated. When compared to the control group, the treatment group presented
significant improvement in OM, wound healing, and erythema at day 7 (p = 0.006), but no
significant differences in eating and drinking ability were observed (p = 0.21). Moreover,
65% of the patients in the propolis group were completely healed by day 7 of the trial [111].

3.1.2. Royal Jelly

Royal jelly is a secretory product of the cephalic glands of nurse bees that serves as the
diet of honeybee larvae in their first 2–3 days, while for the queen, it is the specific food
for her whole life period [112]. It is widely used in folk and mainstream medicines and as
a dietary supplement due to its antioxidant, anti-inflammatory, hypoglycemic, antibiotic,
antitumor, antiallergic, antiaging, immunomodulatory, neurotrophic, hypocholesterolemic,
hepatoprotective, hypotensive, and blood pressure regulatory activities [112–120].

Similarly to the aforementioned bee products, the composition of royal jelly is de-
pendent on the geography and climate [121]. It is a complex substance with a unique
combination of sugars (mainly glucose and fructose, as well as traces of sucrose, maltose,
trehalose, melibiose, ribose, and erlose), proteins (which represent >50% of the dry weight
of royal jelly), amino acids, nucleotides, ascorbic acid, phenols, waxes, fatty acids, steroids,
and phospholipids [121]. The impact that royal jelly has on OM may be closely related
to its anti-inflammatory and wound-healing activities. However, the active compounds
of royal jelly and the mechanisms underlying these activities are still largely unknown.
In vitro studies performed on mice revealed that supernatants of royal jelly suspensions
added to a mouse peritoneal macrophage culture stimulated with lipopolysaccharides
and IFN-γ efficiently suppressed the secretion of pro-inflammatory cytokines TNF-α, IL-6,
and IL-1, which was probably due to protein factors such as Major Royal Jelly Protein 3
(MRJP3) [119]. MRJP2, MRJP3, and MRJP7 are thought to be responsible for the wound-
healing bioactivity of royal jelly, as they stimulate cell migration and proliferation [122],
along with the antioxidant compounds present in royal jelly, which, when taken orally,
lowered the levels of 8-hydroxy-2-deoxyguanosine, a marker of oxidative stress in mouse
kidney DNA and serum [123].

Suemaru et al. evaluated the effects of royal jelly, honey, and propolis on OM induced
with 5-fluorouracil and mild abrasions made on the cheek pouch in hamsters [124]. The
bee products were topically administered to the oral mucosa. Royal jelly ointments at
3%, 10%, and 30% improved the recovery from 5-fluorouracil-induced damage in a dose-
dependent manner, while the results of ointments of honey at 1%, 10%, and 100% and
propolis at 0.3%, 1%, and 3% were not statically different from those of the Vaseline-treated
control group [124]. In a more in-depth trial in Golden Syrian hamsters, the influence of
royal jelly on 5-fluorouracil-induced OM was assessed using oral mucosal adhesive films
containing royal jelly [125]. The 5-fluorouracil was administered through intraperitoneal
injections on days 0 and 2, and the left cheek pouches of hamsters (n = 12 per group) were
everted and scratched with a small wire brush on days 1 and 2. Royal-jelly-containing
sodium alginate–chitosan films (10% or 30%) were applied to the cheek pouches every day
from day 3. Royal-jelly-containing films (both 10% and 30%) improved the recovery from
5-fluorouracil-induced OM, which presented lower erythema and absence of ulceration
and abscesses on day 8. They also reduced the myelo-peroxidase (MPO) activity and the
expression of pro-inflammatory cytokines. The data suggest that these effects were caused
by the anti-inflammatory or antioxidative properties of royal jelly [125]. In humans, the
effect of royal jelly on OM in patients with different types of malignancies undergoing
RT and CT was evaluated by Erdem et al. in a randomized, controlled trial [126]. In this
clinical trial that involved 103 patients, all patients received a mouthwash therapy with
benzydamine hydrochloride and nystatin rinses. In addition, patients in the experimental
group received royal jelly two times per day for a total daily dose of 1 g. Royal jelly was
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orally swished for 30 s and swallowed. The treatment group showed a mean resolution
time of OM that was significantly shorter than that of the control group (OM Grade 1:
p = 0.0001; OM Grade 2: p = 0.0001; OM Grade 3: p = 0.05) [126]. In a single-blind clinical
trial that involved 13 patients with head and neck cancer receiving CT, 1 g of royal jelly
was given three times per day to the treatment group during the RT period [127]. Royal
jelly was shown to have a preventive effect on the progression of CT-induced OM from the
early phase (p < 0.001) [127].

3.2. Spondias Mombin

The leaves of Spondias mombin, commonly known as the cashew tree, are a rich source
of interesting bioactive compounds, with particular emphasis on tannins, saponins, triter-
penes, and flavonoids [128]. Traditionally, the leaves have been used to treat inflammatory
pathologies, making them a promising source for the development of new therapeutic
agents for OM [128]. Gomes et al. assessed the effects of a hydroethanolic extract of
S. mombin leaves on 5-fluorouracil-induced OM in Golden Syrian male hamsters [128].
The animals were orally pre-treated with the hydroethanolic extract of S. mombin leaves
(50, 100, or 200 mg/kg) for ten days [128]. The treatment with the highest dose of the
extract (200 mg/kg) showed the best healing effect, with hamsters displaying reduced
oxidative stress and inflammation and no evidence of ulceration. Further analysis showed
re-epithelialization, absence of hemorrhage, discrete mononuclear inflammatory infiltra-
tion, and lower expression levels of different molecules involved in the modulation of
inflammation, such as MMP-2, COX-2, TNF-α, NF-κB p50 NLS, iNOS, and IL-1β, as well
as an increase in glutathione (GSH) levels [128]. Although the mechanisms behind these
effects remain under investigation, the hydroethanolic extract of S. mombin leaves is rich in
potent antioxidant phenolic phytochemicals, such as ellagic acid (12 mg/g) and chlorogenic
acid (19.4 mg/g), which could justify these activities [129]. Studies have demonstrated that
chlorogenic acid acts on the reduction of COX-2 expression in macrophages, as well as in
the inhibition of the production of pro-inflammatory cytokines, such as IL-1β and TNF-α,
and of NF-κB activation [129]. On the other hand, chlorogenic acid was proven to promote
wound healing in rats [130], while ellagic acid acted by down-regulating MMP-2 expression
and inhibiting NF-κB-mediated transcriptional activation [129]. These activities may justify
the results achieved in the previously detailed trial.

3.3. Camellia sinensis

Camellia sinensis (green tea) is one of the most popular drinks in the world and is widely
known for its antimicrobial, antitumoral, antioxidant, and anti-inflammatory activities [67].
Different compounds with therapeutic effects have been discovered in this plant. The ma-
jority of the health-promoting properties are associated with polyphenols [131], which rep-
resent almost 30% of the fresh-leaf dry weight, including flavandiols, flavonols, flavonoids,
and phenolic acids [132]. However, most of the polyphenols present in leaves of C. sinensis
are catechins, namely, (+)-catechin, (−)-epicatechin, (+)-gallocatechin, (−)-epigallocatechin
(EGC), (−)-epicatechin gallate, and (−)-epigallocatechin gallate (EGCG) [133]. Catechins are
mainly responsible for the ROS scavenging and antioxidant activities of C. sinensis [134,135].
EGCG, in particular, efficiently inhibits the transcription of NF-κB, resulting in a decrease
in the expression of different pro-inflammatory genes [136]. The anti-inflammatory effect of
catechins may be due to the activation of endothelial nitric oxide synthase (eNOS) [137,138].

The effect of green tea on OM was evaluated in oral cancer patients [67]. For that, a
single-blind randomized, controlled trial was made with 63 participants. For 6 months,
after the tooth-brushing procedure, the intervention group rinsed the mouth with a solution
of 5 g of green tea dissolved in 100 mL of water for 60 s, and the control group rinsed
the mouth with 100 mL of tap water for the same period. The results demonstrated an
improvement in oral health status and the preservation of the oral mucosa at the end of
the follow-up period (6 months), with a higher reduction of the oral health status score in
the intervention group than in the control group (p = 0.008) [67]. In another randomized
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study, the effect of Baxidil Onco® mouthwash (Sanitas Farmaceutici Srl, Tortona, Italy),
composed of C. Sinensis leaf extract and palmitoyil hydrolyzed wheat protein, was tested in
60 hematologic patients undergoing hematopoietic stem cell transplantation (HCST) [139].
Twenty mL of Baxidil Onco® was used to rinse the mouths of 28 patients four times per day
for at least one minute without swallowing, while the remaining 32 patients were treated
with standard prophylactic schedules and served as control. The results demonstrated that
the incidence, severity, and duration of OM were significantly reduced (p = 0.022) by the
oral rinsing with Baxidil Onco® [139].

3.4. Plantago Major

In traditional Persian medicine, Plantago major was used as a wound-healing herb, as it
possesses a wide range of bioactive properties, such as anti-inflammatory, antiulcerogenic,
antioxidant, antimicrobial, analgesic, wound-healing, and immunomodulatory effects [140].

Soltani et al. conducted a randomized, double-blind, placebo-controlled clinical trial
to assess the effects of P. major syrup as a natural agent against OM for 7 weeks [141]. The
participants were HNSC patients who were going to receive RT. The 23 patients of the
intervention group received 7.5 cc of P. major syrup three times per day, starting from three
days before the start of RT until the end of it, while the placebo group received 7.5 cc
of placebo syrup. The P. major syrup was shown to be effective in the reduction of the
mucositis and the severity of pain caused by RT (p < 0.001) [141]. A multicenter randomized,
controlled trial developed by Cabrera-Jaime et al. evaluated the efficacy of P. major extract
vs. chlorhexidine vs. sodium bicarbonate in the treatment of CT-induced OM in solid-tumor
cancer patients with grade II–III mucositis [140]. A total of 45 patients were randomized
for one of the treatments, consisting of a 5% aqueous solution of sodium bicarbonate
together with (i) an additional dose of 5% sodium bicarbonate, (ii) P. major extract, or
(iii) 0.12% chlorhexidine. The solutions were applied over 14 days. The differences in
healing time and the lower pain levels among the three groups were not statistically
significant (p = 0.702) [140].

The properties of P. major leaves are dependent on the different compounds present.
The leaves are rich in different bioactive molecules, such as aucubin, a glycoside with anti-
toxin activity, and ursolic, oleanolic, and α-linoleic acids, which inhibit COX-2-catalyzed
prostaglandin production [142–144]. Extracts of P. major leaves have remarkable antioxidant
and antiradical capacities due to the presence of baicalein, lutolin, salicylic acid, citric acid,
ascorbic acid, apigenin, ferulic acid, benzoic acid, chlorogenic acid, oleanolic acid, and
ursolic acids [145,146]. According to different studies, the bioactivity of P. major is due to
the decrease in the inflammatory reaction through the modulation of NF-κB, NO, COX-2,
and B4 leukotriene (LB4) levels [140].

3.5. Aloe vera

A. vera is a plant that has been used for medical purposes for thousands of years. It
is widely employed for the treatment of various medical conditions, such as oral ulcers,
psoriasis, skin burns, and frostbite, since it presents analgesic, liver-protection, antifun-
gal, antidiabetic, anti-inflammatory, antiproliferative, anticarcinogenic, antiaging, and
immunomodulatory properties [147–149]. In addition, it can scavenge free radicals, im-
prove wound oxygenation, promote wound healing, increase collagen formation, and
inhibit metalloproteinase and collagenase activity [150–154]. Different studies have shown
the potent free-radical and superoxide anion activity of three derivatives from A. vera,
namely, isorabaichromone, feruoylaloesin, and p-coumaroylaloesin [150,151]. The benefi-
cial effects, assumed to be exerted in the oral cavity, may also be due to its moisturizing
effect, which is provided by the polysaccharide components (principally mannose, glucose,
xylose, arabinose, galactose, and rhamnose), which provide and sustain moisture in tis-
sues [155]. One of the sugars present in a higher quantity, mannose-6-phosphate, acted as
an active-growth substance and anti-inflammatory agent in in vivo studies on mice [156].
The anti-inflammatory effects of A. vera extracts are attributable to the inhibitory action on
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the arachidonic acid pathway via COX-2 inhibition [150,157], as well as the reduction of
leukocyte adhesion molecules and TNF-α levels [158]. In vitro and animal assays suggest
that A. vera promotes wound healing through the reduction of the vasoconstriction and the
platelet aggregation at the wound site [152].

An initial assessment of A. vera’s potential in preventing RT-induced OM did not yield
promising results in a single-institution, double-blind, prospective, randomized trial that
involved 58 head and neck cancer patients [159]. The patients were instructed to take a
20 mL swish (A. vera solution or placebo) and swallow four times daily, beginning on the
first day and continuing throughout the course of RT. However, no significant differences
were observed between treatments (p = 0.07) [159]. Better results were achieved in other
studies. Mansouri et al. evaluated the effect of A. vera on CT-induced OM in patients
with acute lymphocytic leukemia and acute myeloid leukemia [160]. In this randomized,
controlled clinical trial, 64 patients were divided into an intervention group and a control
group. The first group was instructed to wash their mouths with 5 mL of A. vera solution
for 2 min three times per day for 14 days. The control group repeated the procedure using
mouthwashes that are typically recommended by hematologic centers, including normal
saline, nystatin, and chlorhexidine. An evaluation of the patients’ mouths was performed
on days 1, 3, 5, 7, and 14. Even though, regarding the intensity of stomatitis and pain, no
significant differences were found between the two groups on the first day, a significant
difference was observed in this regard on the other days (p < 0.001) [160]. In a similar study,
an assessment of the effect of A. vera mouthwash on CT-induced OM was performed in
a double-blinded randomized clinical trial on 120 patients, who were divided into three
groups [161]. Until 2 weeks after the CT sessions, group 1 received tablets with 10 mg of
atorvastatin daily plus a placebo mouthwash, group 2 received placebo tablets and A. vera
mouthwash, and group 3 received placebo tablets and placebo mouthwash. The analysis
of the results showed that 50% of the placebo patients (group 3) experienced mucositis,
while that value decreased to 2.5% in group 2 (p < 0.042), with no significant differences
between groups 1 and 3 (p < 0.674) [161]. Likewise, the efficacy of A. vera use for prevention
of CT-induced OM was evaluated in a randomized, controlled clinical trial in 26 children
with acute lymphoblastic leukemia [162]. Depending on the treatment group, a 70% A. vera
solution or a 5% sodium bicarbonate solution was applied twice per day to oral tissues with
spongeous sticks. The application started 3 days before the CT therapy. The application
of A. vera solution showed to be effective in the prevention and reduction of OM severity
(p < 0.001) [162]. A triple-blind randomized and controlled interventional quality-of-life
clinical trial on the efficacy of A. vera and a benzydamine mouthwash in the alleviation
of RT-induced OM was performed by Sahebjamee et al. in a study with 26 head and
neck cancer patients [163]. The intervention group rinsed the mouth three times per day
with 5 mL of an A. vera mouthwash, while the control group repeated the procedure with
benzydamine mouthwash. The protocol was applied from the first day of RT until the end
of the treatment, demonstrating that A. vera mouthwash was as efficient as benzydamine at
reducing the severity of RT-induced OM, without differences between them (p < 0.09) [163].

3.6. Curcuma Longa

Curcuma longa, also known as turmeric, is an herb that is extensively grown in
Asia [164] and is often used culinarily as a spice and in traditional Asian medical treatments
for depression, stress, infection, and dermatological diseases [165,166]. Various compounds
were identified in this plant, including polyphenols, sesquiterpenes, diterpenes, triter-
penoids, sterols, and alkaloids [165,167]. Among these, the most studied component of
C. longa is curcumin, a lipophilic polyphenol extracted from the rhizomes of C. longa, which
represent 2–5% of turmeric [164,165].

Due to the antioxidant, anti-inflammatory, and anticancer effects of curcumin, it has
an important role in the prevention of depression, cancer, and pro-inflammatory, neurode-
generative, diabetic, autoimmune, and cardiovascular diseases [168–172]. Furthermore,
curcumin has antimicrobial, insecticidal, larvicidal, and radioprotective activities [165].
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Curcumin mediates its effects through direct or indirect interactions with growth factors,
kinases, enzymes, transcription factors, receptors, and proteins that regulate cell prolifera-
tion and apoptosis [168,173–175]. In the case of OM, the beneficial effects of curcumin may
be related with the upregulation of TGF-β-1, which promotes re-epithelialization through
the stimulation of fibronectin and collagen production by fibroblasts, while increasing
the rate of granulation [168,176,177]. TGF-β-1also promotes the removal of dead tissue
by enhancing the recruitment of macrophages [177]. Aside from that, curcumin potently
inhibits the activation of nuclear factor-κB (NF-κB), but activates others, such as the nuclear
factor erythroid 2-related factor 2 (Nrf2) [168,176,177]. COX-2, the inducible form of COX,
can be selectively induced by mitogenic and inflammatory stimuli, resulting in enhanced
synthesis of prostaglandins, such as IL-6. The activation of NF-κB significantly upregu-
lates superoxide dismutase (SOD) expression [168,176,177]. Curcumin also enhanced the
expression of antioxidant enzymes such as SOD, catalase (CAT), glutathione (GSH), and
glutathione peroxidase (GSH-px) through the regulation of Nrf2 [168,176,177].

The wound-healing ability of curcumin is accelerated by its antioxidant activity, as it
decreases the levels of lipid peroxides (LPs) and increases the activity levels of superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) [178].

In a placebo-controlled study, an assessment of the tolerability of a curcumin mouth-
wash for the prevention of OM in pediatric patients undergoing CT was performed in a
group of seven pediatric and young-adult patients [179]. In this study, which was devel-
oped without a control group for ethical reasons, in addition to the standard preventive oral
care consisting of 0.2% chlorhexidine mouthwash for 30 s twice per day, the patients also
used a mouthwash with 10 drops of Curcumall® (a dietary supplement containing turmeric,
curcumin and ginger) twice per day during the CT treatment. The researcher concluded
that curcumin mouthwash was safe and well tolerated by the patients [179]. The efficiency
of curcumin mouthwash in cancer patients undergoing RT and suffering from OM was
evaluated in a randomized trial involving 20 patients [180]. The study group used 0.004%
curcumin mouthwash diluted at a ratio of 1:5 for 1 min three times per day for 20 days,
while the control group was treated with standard preventive oral care using a commer-
cially available 0.2% chlorhexidine mouthwash to be used in a 1:1 dilution for 1 min three
times per day for 20 days. Curcumin promoted faster wound healing and better patient
compliance in the management of RT-induced OM (p < 0.001) [180]. In another double-blind
randomized clinical trial, the effects of curcumin encapsulated in nanomicelles on OM
in 32 head and neck cancer patients receiving RT were evaluated [181]. During the RT,
patients in the treatment group received daily one capsule of SinaCurcumin® (Exir Nano
Sina Company, Tehran, Iran), which contained 80 mg of curcumin-loaded nanomicelles.
The control group received placebo tablets containing lactose. There were statistically
significant differences (p < 0.05) between the two groups in the severity of OM, as all of the
patients in the placebo group developed OM versus the 32% of the case group [181].

3.7. Olea Europaea

Olive leaf extract is a natural product extracted from Olea europaea, which is tradi-
tionally used to treat and prevent hypertension and diabetes due to its antioxidant, anti-
inflammatory, anticancer, antiapoptotic, antimicrobial, hypoglycemic, and diuretic proper-
ties [182–187]. The leaves of O. europaea contain a high concentration of phenolic compounds
(1450 mg/100 g of fresh leaf), with secoiridoid oleuropein, verbascoside, rutin, luteolin-
7-glucoside, and hydroxytyrosol as the main phenolic constituents [188]. Oleuropein is
possibly the main active compound promoting the wound-healing activity of olive leaf
extract, as it increases collagen fiber deposition and advanced re-epithelialization [189,190].
Furthermore, it has been demonstrated that oleuropein decreases oxidative stress and
inflammation through the modulation of the COX-2, AMPF, eNOS, MAPK, and apoptosis
cell signaling pathways in in vivo studies on mice [187]. In addition, olive leaf extract also
inhibited the aggregation platelets in in vitro studies [186].
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In 2013, the effect of a mouth rinse containing olive leaf extract on the prevention of se-
vere OM in CT-receiving patients, as well as an estimation of its effect on the salivary levels
of pro-inflammatory cytokines, was assessed in a prospective, randomized, double-blind,
placebo-controlled cross-over study design involving 25 cancer patients [182]. The studied
drugs (olive leaf extract at 333 mg/mL, benzydamine hydrochloride at 0.15 g/100 mL, or
normal saline) were self-administered 3–4 times daily for 14 days, starting on the first day
of chemotherapy. The patients were evaluated weekly until 15 days after CT for each cycle.
The findings indicated that the olive leaf extract could effectively reduce the OM rates
(p < 0.001) by decreasing the salivary levels of IL-1β and TNF-α [182]. Briefly, Ahmed et al.
performed an experimental animal study and a prospective, randomized, double-blind,
placebo-controlled cross-over study to evaluate the management of OM with mouthwashes
containing olive leaf extract [191]. In the animal study, 45 male albino rats received two
intraperitoneal injections of 5-fluorouracil (60 mg/kg) on day 0 and day 2. The first group
received normal saline, the second group received olive leaf extract (333 mg/mL), and
the third group received benzydamine hydrochloride (0.15 g/100 mL). By the end of the
study (day 14), the control group presented ulcerated connective tissue that was not com-
pletely covered by epithelium, and there was evidence of necrosis and degeneration. The
animals with the olive leaf extract and benzydamine hydrochloride presented a totally
re-epithelialized mucosal surface with hyperkeratinization and hyperplasia, while the
sub-epithelia were more organized, with decreased cellularity of fibrous tissue [191]. In
a clinical study, 62 CT-receiving patients were divided to receive olive leaf extract, ben-
zydamine hydrochloride, or a placebo in the form of a mouth rinse, and the treatment
was changed in the next chemotherapy cycle for each patient (cross-over design) [191].
Mouth rinses were self-administered 3–4 times per day for 14 days from the start of the CT.
When compared to the benzydamine hydrochloride and the control, the olive leaf extract
more efficiently reduced the oral pain, dysphagia, and functional impairment of eating
(p < 0.001) [191].

3.8. Glycyrrhiza glabra

Glycyrrhiza glabra, commonly known as licorice, is one of the most important herbal
medicines for traditional Chinese medicine and Japanese Kampo medicine [192]. It is
traditionally used to relieve inflammation, gastric and peptic ulcers, arthritis, eye and liver
disorders, hyperacidity, and sex-hormone imbalance [193–201]. This plant has attracted
the attention of the pharmacological field due to its antimicrobial, antiviral, and anti-
inflammatory properties [202–205]. The roots of G. glabra have been found to possess many
secondary metabolites, with numerous pharmacological properties that contribute to their
medicinal use, including flavonoids (such as liquirtin, rhamnoliquirilin, liquiritigenin, and
prenyllicoflavone A) and volatile components (including pentanol, hexanol, tetramethyl
pyrazine, linalool, and terpinen-4-ol) [206]. The essential oil extracted from the roots of
G. glabra contains propionic acid, 1-methyl-2-formylpyrrole, benzoic acid, 2,3-butanediol,
and ethyl linoleate, among other compounds. The roots of G. glabra are also composed of
20% moisture, 3–16% sugars, 30% starch, and 6% ash [207].

The main biologically active components of G. glabra are dipotassium glycyrrhizinate,
glycyrrhizin, also known as glycyrrhizic acid, and its aglycone, glycyrrhetinic acid [206].
Dipotassium glycyrrhizinate has similar properties to those of corticosteroids, namely,
anti-inflammatory, antiallergic, and antibiotic activities, without the side effects of allergic
reactions on the skin [208]. This property is due to dipotassium glycyrrhizinate’s abil-
ity to efficiently inhibit the activity of phospholipase A2 enzyme, which is necessary for
several inflammatory processes [209–211]. Moreover, it is able to avoid damage to the
extracellular matrix by inhibiting the activity of hyaluronidase enzyme, histamine release,
inflammatory chemical mediators, leukotrienes, and prostaglandins [212]. Glycyrrhizic
acid inhibits prostaglandin E2 synthesis by suppressing the activity of COX-2, resulting in
the augmentation of NO production through the enhancement of iNOS mRNA secretion
and indirectly preventing platelet aggregation [211,213,214]. The anti-inflammatory activity

249



Int. J. Mol. Sci. 2022, 23, 4385

of glycyrrhizic and glycyrrhetinic acids is realized through cytokines such as 1β, IL-4, IL-5,
IL-6, IL-8, IL-10, IL-12, and IL-17, IFN-γ, and TNF-α [215–217]. Moreover, these compounds
also present immunomodulatory activity through their interaction with different transcrip-
tion factors, such as NF-κB, as well as signal transducers and activator of transcriptions
(STAT- 3 and STAT-6) [215].

Najafi et al. conducted a double-blind clinical trial to evaluate the potential effect of
G. glabra extract on cancer patients under head and neck radiotherapy [207]. The experi-
mental group received a 50% extract of Glycyrrhiza (hydroalcoholic extract) and the placebo
group received a brown-colored water. The patients were asked to use 20 cc twice per
day for 14 days after the beginning of RT. According to the results obtained, Glycyrrhiza
extract efficiently decreased the OM, wound size, and irritation (p < 0.001) [207]. The effect
of G. glabra on head and neck cancer patients receiving RT was also evaluated in a small
randomized study with six patients who were assigned to receive a licorice mucoadhesive
film or a placebo mucoadhesive film [218]. The level of pain and the mucositis severity
were significantly lower in the licorice-mucoadhesive-film-receiving patients in the last
2 weeks of the clinical trial (weeks 3 and 4) (p < 0.05) [218].

The efficiency of a G. glabra root extract in preventing CT-induced OM in colon cancer
patients was evaluated in a double-blind randomized clinical trial that involved 72 pa-
tients [219]. The treatment group received 5% licorice root extract, and the control group
received a combined mouthwash composed of aluminum, magnesium, diphenhydramine,
nystatin powder, and 2% lidocaine. For one week, from the first day of CT, both mouth-
washes were used daily, every 8 h, at a dose of 10 cc. The researchers did not observe differ-
ences between the two groups in terms of the incidence and severity of OM (p > 0.05) [219].

3.9. Matricaria Recutita

The chamomile plant, Chamomilla recutita or Matricaria recutita, one of the most common
medicinal plants, is characterized by flowers with anti-inflammatory, antibacterial, and
antifungal properties [220]. It is mainly used to treat different inflammatory conditions
of the skin and mucosa, as it promotes faster a wound-healing process in comparison
to corticosteroids [220,221]. M. recutita owes its therapeutic activity to chamazulene, α-
bisabolol, bisabolol oxides, spiroethers, and flavonoids [220]. Flavonoids—in particular,
apigenin-7-glucoside—have been found to be responsible for the anti-inflammatory activity
that may be involved in recuperation from OM [222]. Pre-clinical studies showed evidence
of the anti-inflammatory action of M. recutita through the inhibition of COX-2 and IL-
6 production [223,224].

In a small comparative study with random assignment, dos Reis et al. evaluated
the efficacy of M. recutita infusion cryotherapy for the prevention and reduction of the
intensity of OM in gastric and colorectal cancer patients [225]. The study was performed
during the first course (5 days) of CT. The patients in the M. recutita group received
a cup of ice chips made with an M. recutita infusion at 2.5%, while the control group
received a cup of ice chips made with pure water. The patients in both groups were
instructed to swish the ice chips around in their mouths for at least 30 min, starting 5 min
before the CT infusion. The M. recutita group presented less pain and had no ulcerations
when compared to the control group [225]. The effects and the percentage of extract
necessary to reduce the incidence and intensity of OM in patients undergoing hematopoietic
stem cell transplantation were assessed in a randomized, controlled, phase II clinical
trial [221]. All 40 patients received standard oral care, while the treatment group received
an additional mouthwash containing a liquid extract of M. recutita at 0.5%, 1%, or 2%. When
compared with the control group, the M. recutita group at 1% (equivalent to 0.108 mg of
apigenin-7-glucoside/mL) demonstrated have reduced incidence, intensity, and duration
of OM in patients undergoing hematopoietic stem cell transplantation (p < 0.01) [221].
Shabanloei et al. performed a randomized, double-blind clinical trial between alloporinol
and M. recutita extract in the prevention of OM in CT-receiving patients [226]. Group
1 received 5 mg/mL of allopurinol, group 2 received a solution of 8 g of M. recutita in
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50 cc, and the control group received a normal saline solution as a mouthwash. All patients
gargled daily, four times per day, for the 16 days following the beginning of CT. The
researchers concluded that both the allopurinol and M. recutita mouthwashes were effective
in reducing post-CT OM, with no significant differences in the mean stomatitis (p = 0.59)
and stomatitis pain (p = 0.071) [226].

3.10. Calendula officinalis

Calendula officinalis, commonly known as marigold, has been used for centuries as a
topical and oral herbal remedy due to its bactericidal, antioxidant, anti-inflammatory, anti-
septic, hepatoprotective, and anti-metastatic effects, with applications in blood purification
and treatment of herpes, keratolytic radiation dermatitis, wounds, and scars, and as an
antispasmodic [227–229]. The main compounds that contribute to its medicinal use are
triterpenoids, flavonoids, oleanolic acid, faradiol, glycosides, quinones, tannins, coumarins,
carotenoids, saponins, alkaloids, phenolic acids, and amino acids [227]. Triterpenoids
provide anti-inflammatory and anti-edematous effects, in addition to stimulating the pro-
liferation of fibroblasts, possibly through the inhibition of COX-2, C3-convertase, and
5-lipoxygenase [230–232]. Flavonoids are reported to have anti-inflammatory, antioxidant,
and anti-edematous properties, in addition to their inhibition of lipoxygenase enzymes and
mast cells [233].

The potential of C. officinalis extract for the healing of 5-fluorouracil-induced OM was
studied in hamsters [229]. OM was induced in 60 male hamsters on days 0, 5, and 10 through
the intraperitoneal administration of 5-fluorouracil (60 mg/kg). The cheek pouch was
scratched with a needle once per day, from day 1 until day 12, when erythematous changes
were noted. The treatment of OM started on days 12–17 with the topical application of
a gel once a day. The animals were divided into four groups: 12 without treatment as
control animals, 15 treated with 5% C. officinalis gel, 15 treated with 10% C. officinalis gel,
and 15 treated with the gel base. The C. officinalis gel (5% and 10%) significantly reduced
the microscopic and macroscopic scores of OM when compared with the gel base and the
control group. Moreover, the animals of the treatment groups gained more weight than
those in the gel base and the control groups [229]. In humans, the effect of C. officinalis on
OM was evaluated in a placebo-controlled clinical trial with 40 patients with neck and head
cancers under RT or concurrent CT [234]. Patients were given 5 mL of either placebo or a
2% C. officinalis extract gel mouthwash to be held for at least 1 min in the oral cavity two
times per day. Compared to the placebo group, the intensity of OM was significantly lower
in the C. officinalis mouthwash group at weeks 2, 3, and 6 (p < 0.048). According to the same
study, the high content of flavonoids and phenolic compounds and the antioxidant activity
may be responsible for the protective effect of C. officinalis in RT-induced OM [234].

3.11. Other Compounds

In addition to the compounds mentioned above, different experiments were also
performed to evaluate the potential of other natural compounds for preventing/treating
OM. However, due to the low number of studies published, not only regarding the OM
application, but also with respect to the molecular mechanism of action enrolled, a section
was not dedicated to them in this review. Table 4 summarizes the different natural products
in these circumstances.
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Table 4. Summary of studies with natural products for prevention/treatment of oral mucositis.

Name Properties/Mechanisms Application Experimental
Setting/Model References

Manuka (Leptospermum
scoparium) essential oil

Anti-inflammatory, analgesic,
antimycotic, and antibacterial Mouthwash Randomized

placebo-controlled trial [235]

Kanuka (Kunzea
ericoides) essential oil

Anti-inflammatory, analgesic,
antimycotic, and antibacterial Mouthwash Randomized

placebo-controlled trial [235]

Indigo root
(Isatis indigotica)

Anti-inflammatory and
antiviral Mouthwash Randomized clinical trial [236]

Rhodiola algida Immunomodulatory effects Mouthwash Randomized clinical trial [237]

Thymus spp. L Antiseptic, anti-inflammatory,
antimicrobial, and antimycotic Mouthwash Randomized pilot study [238]

Eucalyptus
Antibacterial, antiviral,

antifungal, anti-inflammatory,
analgesic, and antioxidant

Topical gel Hamsters [239]

Zizyphus jujuba Anti-inflammatory, analgesic,
and wound healing Topical gel and dietary Hamsters [240]

Zataria multiflora

Carminative, stimulant,
diaphoretic, diuretic,
antiseptic, anesthetic,

antispasmodic, anti-hermitic,
antidiarrheal, and analgesic

Mouthwash Randomized clinical trial [241]

Carapa guianensis oil Anti-inflammatory, analgesic,
and antimicrobial Topical gel/swab

Controlled and
randomized clinical trial/

hamsters
[242,243]

Plantago ovata
Antioxidant,

anti-inflammatory, and
antibacterial

Mouthwash Randomized cross-over
clinical trial [244]

Achillea millefolium Antimicrobial and
anti-inflammatory Mouthwash Double-blind, randomized,

controlled trial [82]

Vaccinium myrtillus

Antioxidant, cardioprotective,
neuroprotective,

anti-inflammatory, and
anticarcinogenic

Topical application,
gavage administration,

mouthwash
Clinical trials, Hamsters [245–247]

Carum carvi Antioxidant, antidiabetic,
antifungal, and antimicrobial Topical gel Hamsters [248]

Pistacia atlantica Antioxidant and
anti-inflammatory Topical gel Hamsters [249,250]

Hypericum perforatum Antioxidant and
anti-inflammatory Topical gel Hamsters [251]

Elaeagnus angustifolia Anti-inflammatory, analgesic,
and wound healing Topical gel Hamster [252]

Trachyspermum ammi
Anti-inflammatory, antiviral,
antifungal, antioxidant, and

analgesic
Topical gel Hamsters [250]

Hippophae rhamnoides

Antioxidant,
anti-inflammatory,
antimicrobial, and
anti-ulcerogenic

Gavage administration Rats [253,254]

4. Conclusions and Future Perspectives

OM is a common and incapacitating side effect of antineoplastic therapies. The
increased knowledge of its pathogenesis allows a better prediction of a patient’s risk
with the aim of adapting the management protocols and improving the development of
new therapies. Nevertheless, standard guidelines for preventing and treating OM do not
display significant effectiveness. The interest in natural products as potential therapeutic
drugs has increased in recent years, as they have the advantage of being accessible and
generating minimal side effects, with potential properties that include anti-inflammatory,
antioxidant, antimicrobial, antiulcerative, and wound-healing capacities. In addition, over

252



Int. J. Mol. Sci. 2022, 23, 4385

recent years, there have been multiple efforts to develop naturally based therapies, with
natural compounds being tested in model organisms and clinical trials that are currently
ongoing. However, the environment of the oral cavity is a complex system that is divided
into two functional layers—the epithelium (thick and avascular) and the underlying tissue
(vascular)—that are anatomically different, which affects their permeability to drugs and
the capacity for maintaining a system for a certain period [255]. The buccal mucosa, which
is composed of epithelial cells, provides a large surface area of almost 100 cm2 [256]. This
area is ideal for attaching a drug delivery system, providing a permeability that is 4 to
4000 times higher than that of skin [256–259]. Oral administration provides the advantage
of a simple administration that does not suffer from the first-pass metabolism and that is
safe and increases the drug availability. In addition, this route has a rapid action, reduced
side effects, easy access to the local condition, and great patient compliance [255,260].
These characteristics make the buccal mucosa an optimal solution for the systemic and
local treatment of OM [261]. However, it also has limitations that are associated with
a functionalized protective barrier. The presence of saliva and its enzymatic action, as
well as the constant mechanical pressure caused by eating and speaking movements,
may compromise the penetration of the drug present in the delivery system; as such, the
application of mucoadhesive components may be required to solve this issue, but this can
compromise the therapeutic effectiveness [255,257–259].

Due to the characteristics of the oral cavity, it is necessary to develop novel strategies
for overcoming topical delivery, such as mucoadhesive dosage forms (e.g., films, tablets).
For the treatment of oral diseases, the most suitable formulations investigated were in the
form of tablets, films, sprays, mouthwashes, gels, and pastes [24,259,262]. Gel and film
formulations were evaluated in hamsters with CT-induced mucositis. By the 28th day, the
hamsters’ mucosa appeared to be healed, as no erythema or edema was visible. These
results proved their efficiency, as the animals’ survival was higher than in the control group,
and these treatments showed promising potential for a function as an occlusive patch and
for delivering therapeutic compounds [261]. Films containing ethanolic propolis extract
also presented optimal mucoadhesion capacity, ensuring the release of propolis compounds,
a good stability, a high swelling capacity, and antimicrobial effects against S. aureus [263]. In
addition, the incorporation of nanoparticles in the forms of dosage for buccal drug delivery
has recently been encouraged [24,256,264]. Furthermore, nanoparticles could transport
many therapeutic agents [24,256]. Functional and biocompatible carriers that display
chemical stability are sought in the innovation of buccal drug delivery systems [264–267].
Chitosan is an example of a biopolymer that is biologically safe and bioadhesive, and it has
been used in several studies for the development of drug delivery systems, as it has longer
retention periods in the oral mucosa [261,268,269]. In addition, it inhibits the attachment of
C. albicans to human oral mucosal cells [261,268,269].

A SWOT diagram (Figure 2) was constructed with the aim of summarizing the previ-
ously described strengths, weaknesses, opportunities, and threats of employing natural
products for the prevention/treatment of OM.

Despite the significant advances made in this area, more investigations are needed
to ensure that these formulations reach the pharmaceutical market, and few have been
published regarding this topic with natural products.
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