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Preface

Functional foods provide health benefits beyond basic nutrition and have emerged as a
promising strategy for preventing and managing non-communicable diseases (NCDs). These include
obesity, cardiovascular diseases, cancer, and type II diabetes, which are among the leading causes
of mortality worldwide, accounting for over 41 million deaths annually. Functional foods contain
bioactive compounds capable of modulating physiological functions and reducing disease risks. In
recent years, researchers have explored a wide range of plant-derived compounds, marine bioactives,
and commercially available nutraceuticals that may serve as therapeutic agents for metabolic,
inflammatory, and degenerative disorders.

This reprint of the Special Issue delves into the latest advancements in functional food science,
presenting insights from recent studies on bioactive ingredients, their mechanisms of action, and
their potential applications in human health. The chapters explore various food sources—including
quinoa, avocado, edible wild plants, marine algae, and plant-derived compounds such as ursolic
acid—and their roles in managing diabetes, controlling obesity, protecting cardiovascular health, and
reducing neuroinflammation. Additionally, this reprint of the Special Issue explores the therapeutic
potential of commercially available supplements, such as Dekosilhue®, melatonin, and caffeine-free
fat loss formulations, evaluating the scientific backing for their use as nutraceuticals.

This reprint of the Special Issue aims to serve as a comprehensive reference for nutritionists,
healthcare professionals, food scientists, and industry stakeholders interested in the intersection of
food technology and health sciences.

Interdisciplinary collaboration between nutrition science, medicine, and food technology will be
instrumental in translating laboratory findings into real-world dietary solutions. We hope that this
reprint will inspire further exploration and innovation in this field, ultimately contributing to the
global effort to combat NCDs through evidence-based nutrition.

Ivan Cruz-Chamorro and Guillermo Santos Sianchez
Guest Editors
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Non-communicable diseases (NCDs), including obesity, cardiovascular conditions,
cancer, and type II diabetes, are the primary causes of mortality worldwide, accounting
for over 41 million deaths annually. NCDs are often associated with a dietary pattern that
is considered a risk factor due to its relatively high content of fat, refined sugar, salt, and
cholesterol [1]. For this reason, dietary approaches are cost-effective and safe interventions
that can provide short- and long-term benefits for the management of these NCDs. In this
sense, the use of ‘functional foods” could be considered a useful strategy to prevent or
improve these medical outcomes, and it has gained significant research attention in the
fields of food health and technological innovations [2,3].

This Special Issue, entitled “Functional Foods as a New Therapeutic Strategy 2.0”,
provides an overview of some potential ingredients and foods that could be used in
future therapeutic functional foods and nutraceuticals. Among the foods/ingredients
studied in the five original articles and six reviews that make up this Special Issue are
(1) vegetables such as quinoa (contribution 1), avocado (contribution 2), and some edible
plants (Momordica balsamina, Trifolium pratense, Achillea millefolium, etc.) (contributions 3-5);
(2) plant-derived compounds like ursolic acid (contribution 6); (3) commercially available
supplements such as Dekosilhue® (contribution 7), melatonin (contribution 8), and Phoenix
caffeine-free (Legion®) (contribution 9); and (4) marine products such as marine organisms,
edible seaweeds (contribution 10), and marine macroalgae (contribution 11).

Taco et al. highlight the potential of quinoa leaves, which consistently show high
levels of polyphenols and x-amylase inhibition after 80 days of cultivation, regardless
of variety, time, or production site. These leaves exhibit strong free radical scavenging
activity and a-amylase inhibition, suggesting potential benefits for managing diabetes and
oxidative stress-related diseases. Compared to quinoa seeds, quinoa leaves offer valuable
health-promoting properties. The authors noted that further research could unlock the
potential of quinoa leaves as a dietary vegetable, functional food, or source of bioactive
compounds for the food and pharmaceutical industries.

The avocado (Persea americana) seed contains 64% of the phenolic compounds found
in the entire fruit, indicating its potential for use in managing obesity, a significant risk
factor for metabolic disorders. Research conducted by Mokhele et al. explored the impact
of avocado seed powder on obesity caused by a high-fat diet in rats. After 6 weeks, rats
consuming a high-fat diet with avocado seed powder gained less weight than those in
the control group. Furthermore, triglyceride levels were lower in the treatment group.
Due to its phytochemicals and trace elements, avocado seed powder shows promise as a
natural solution for reducing obesity. Nonetheless, more extensive studies are necessary to
understand its long-term effects, mechanisms, and safety for human use before it can be
recommended as a regular supplement.

Nutraceuticals 2025, 5,7
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On the other hand, three narrative reviews in this Special Issue deal with the bioactive
chemical components of edible and wild plants and their potential use in folk medicine.
Red clover (Trifolium pratense), native to Southeast Europe and Anatolia, has traditionally
been used to treat upper respiratory conditions. Zuki¢ et al. highlight the bioactive
compounds in red clover, with a focus on its commercially available isoflavone extracts,
which have proven effective in managing menopausal symptoms. These symptoms include
hot flashes, mood changes, sleep disturbances, and long-term risks such as osteoporosis,
cardiovascular disease, and cognitive decline. The review analyzed eight randomized
controlled trials involving 8769 menopausal women. The results showed that isoflavones
which are structurally similar to 17p-estradiol activate estrogen receptors, alleviating
common menopausal symptoms. Compounds like biochanin A and formononetin reduce
hot flashes, improve lipid profiles, maintain bone density, and exhibit anticancer and
cognitive benefits. Polyphenols such as daidzein and genistein also address hot flashes,
lipid metabolism, and atherosclerosis. The authors concluded that red clover isoflavones
hold promise for managing menopause-related health concerns.

The review from Thiaw et al. explores the therapeutic and nutritional potential of Mo-
mordica balsamina, commonly known as balsam apple. Widely used in traditional medicine,
its various parts—leaves, fruits, roots, and stems—contain bioactive compounds such as
polyphenols, flavonoids, terpenes, and carotenoids. These molecules demonstrate diverse
biological activities, including antioxidant, anti-inflammatory, anti-diabetic, anticancer, and
antimalarial properties. The leaves of this plant are particularly rich in micronutrients, pro-
teins, and amino acids, making them a valuable nutritional resource. The review highlights
the chemical composition of this plant, as well as its biological functions and nutritional
benefits, while emphasizing the need for conservation strategies, further exploration of its
cosmetic applications, and innovative methods for synthesizing its bioactive compounds.

Finally, and continuing in the field of wild edible plants, Fantasma et al. carried out
a narrative review that summarizes the phytochemical, nutritional, and pharmacological
properties of wild plants commonly found in the central Italian Apennines and the Mediter-
ranean region, such as Achillea millefolium, Borago officinalis, and Foeniculum vulgare. These
plants are commonly used to treat ailments like digestive issues, colds, and circulatory
problems, as well as more specific conditions such as hypertension and hyperglycemia.
Their effects, which are discussed in the review, are attributed to phytochemicals like
phenols, polyphenols, flavonoids, and carotenoids, which are gaining attention for their
diverse biological effects and health benefits.

In addition to plants, fruits, and seeds, there are compounds that are extracted from
plant sources for their health-promoting properties. This is the case with ursolic acid, a
triterpenoid found in plants like cranberries, which has strong anticancer potential. Kornel
et al. conducted a review of recent evidence on the effect of this acid on colorectal cancer.
Research over the past decade suggests that it inhibits the proliferation of colon cancer cells
and induces apoptosis. Furthermore, limited animal studies also indicate reduced tumor
volumes and angiogenesis.

On the other hand, there are also products on the market that have been shown to have
therapeutic effects. Dekosilhue® (DKS), for example, is a phytocomplex composed of a mix
of thirteen plant extracts that is used as a dietary supplement to promote carbohydrate
and lipid metabolism and has recently been reported to possess anti-neuroinflammatory
activity. The study conducted by Borgonetti et al. evaluated DKS for its potential to reduce
microglial senescence, produced by chronic low-grade systemic inflammation, a key factor
in obesity.

Senescence was induced in a microglial cell line (BV2 cells) using intermittent
lipopolysaccharide stimulation, and treatment with DKS (100 g/mL) decreased f-
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galactosidase activity, restored senescence-associated heterochromatin foci, and improved
cell viability. DKS also reduced transcription factor (NF-«B) expression by 20%, a key regu-
lator of the senescence-associated secretory phenotype. Additionally, DKS increased the
viability of neuronal cells (SH-SY5Y cells) exposed to a senescent BV2-conditioned medium.
These findings suggest that DKS exhibits senotherapeutic properties, with the potential to
serve as an adjunctive intervention for obesity and related neurological disorders.

The effectiveness of caffeine-free fat loss supplements in enhancing thermogenesis re-
mains unclear. The study conducted by Lafontant et al. compared the effects of a caffeinated
(CAF) and non-caffeinated (NCAF) fat loss supplement on resting energy expenditure
(REE), hunger, and hemodynamic variables in 25 healthy adults. CAF significantly in-
creased participants” REE compared to the placebo at all time points, while NCAF reduced
hunger more effectively than CAF and the placebo at 120 min post ingestion. CAF raised
systolic and diastolic blood pressure, but neither supplement affected participants” heart
rate. NCAF showed its potential to work as a fat loss aid through appetite suppression.

The study from Santos-Sdnchez et al. explored the effects of melatonin (MLT) on
lipid metabolism and cardiovascular risk in ApoE-deficient mice fed a Western diet. Mice
were treated intragastrically with 2 or 9 mg/kg of MLT for 12 weeks. Although their
body weight remained unchanged, the higher MLT dose significantly reduce low-density
lipoprotein (LDL) cholesterol (LDL-C) levels and improved cardiovascular risk indexes.
Additionally, MLT lowered hepatic total cholesterol and LDL-C levels, decreased leukocyte
and lymphocyte populations, and enhanced antioxidant status. These findings suggest that
MLT could be considered a functional ingredient that prevents or treats the development
of cardiovascular diseases derived from a high cholesterol intake.

Seaweed is emerging as a sustainable and nutrient-rich food source, offering high
levels of the vitamins, minerals, and proteins essential for human health. Seaweeds could
serve as an alternative protein source, addressing global food security concerns and dietary
needs, particularly within plant-based diets [4]. The review by Cotas et al. explores the
growing interest in seaweed as a food source and nutraceutical. Seaweeds are recognized
for their sustainability and potential to combat climate change, but their tendency to
contain both beneficial and harmful components necessitate regulations to ensure consumer
safety. Variations in composition among seaweed species influence their suitability as
food or nutraceuticals, emphasizing the need for careful species selection and monitoring.
The review underscores the importance of developing safe, innovative, and sustainable
seaweed-based food products while addressing regulatory and safety challenges to improve
human health.

Taking a more specific approach, the review by Yamaguchi highlights the potential
of the marine alga Sargassum horneri to be a functional food factor with therapeutic and
preventive effects against various metabolic disorders, including osteoporosis, diabetes,
inflammation, and cancer. S. horneri water extracts promote bone health by stimulating
osteoblastic bone formation and inhibiting osteoclastic bone resorption, preventing bone
loss from aging and diabetic conditions. They also reduce serum glucose and lipid levels,
suppress adipogenesis, and alleviate inflammation. Additionally, S. horneri extract inhibits
the growth of bone-metastatic breast cancer cells (MDA-MB-231) and suppresses NF-«B
signaling, which is linked to inflammation, in osteoblastic and macrophage cells. This
multifunctional bioactive component shows promise for developing health supplements to
prevent and manage metabolic disorders.

The research presented in this Special Issue underscores the growing potential of func-
tional foods and nutraceuticals to become viable strategies for preventing and managing
NCDs. These diverse studies highlight the expanding scope of dietary interventions in
improving metabolic, cardiovascular, and inflammatory conditions. While these findings
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reinforce the promise of bioactive compounds in addressing key health challenges, further

clinical studies are necessary to translate these findings into safe and effective dietary

solutions. As functional food science continues to evolve, interdisciplinary collaboration

between nutrition, medicine, and food technology will be crucial in developing innovative
approaches to enhancing global health.

Author Contributions: G.S.-S. and 1.C.-C.: Writing—original draft. All authors have read and agreed

to the published version of the manuscript.
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Abstract: The present study aimed to qualitatively assess the influence of Chenopodium
quinoa Willd. varieties (INIAP-Tunkahuan, INIAP-Pata de Venado varieties and Chimbo-
razo genotype), phenological stages (40, 60, and 80 days), and places of cultivation (Pich-
incha and Chimborazo Ecuadorian provinces) on the leaf and seed phenolic composition
and biological properties. Their nutraceutical potential was assessed through qualitative
analyses of (i) their polyphenols by high-performance thin-layer chromatography (HPTLC);
and (ii) their free radical scavenging (quenching of 2,2-diphenyl-1-picrylhydrazyl free
radical, DPPH®) and x-amylase inhibitory properties (iodine visualization of starch hydrol-
ysis) by HPTLC-bioautography. Compared to seeds, the quinoa leaf methanolic extracts
present a high content of polyphenols with free radical scavenging activity, and compounds
with an «-amylase inhibitory property; both biological activities indicate a remarkable
potential of quinoa leaves, which may be relevant for the treatment of diabetes but also
for the chemoprevention and/or treatment of pathologies related to oxidative stress. In
quinoa leaves harvested after 80 days of cultivation, regardless of the place of production
and the variety, a high content of bioactive compounds was observed. Future research is
undoubtedly needed to further promote quinoa leaves as a dietary vegetable or to develop
them into a nutritional supplement. This would empower quinoa smallholders in Andean
regions to promote the sustainable development of this culture in its places of origin.

Keywords: amaranthaceae; DPPH?®; polyphenols; antioxidant detection; x-amylase en-
zyme inhibitor screening

1. Introduction

Quinoa (Chenopodium quinoa Willd., Amaranthaceae) is an important crop recognized
as an ally for global food security in the 21st century and stands out among the crops for its
resistance to abiotic stresses such as drought, hot temperature, high altitude, and saline soils.
It has a broad genetic diversity, which allows it to adapt to various tough environments,
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such as highlands and frost [1-3]. Quinoa seeds are rapidly gaining global popularity as a
functional food and nutraceutical because they contain a variety of bioactive compounds
(flavonoids, saponins, peptides, phytoecdysteroids, phytosterols, lectins, among others)
with antioxidant, cytotoxic, antidiabetic, and anti-inflammatory broad spectra properties,
demonstrated in vitro [4-7].

Today, biologically active compounds isolated from plants are still important sources
for modern drug and nutraceutical formulations. Koseoglu Yilmaz et al. previously
reported the phenolics, flavonoids, and biological activities of acetone and methanol
extracts of a scarcely studied species, C. album subsp. album var. micropyhllum (note: the
botanical status of this plant is not recognized in www.worldfloraonline.org (accessed on
12 December 2024). Acetone and methanol extracts showed similar DPPH free radical
scavenging activities, whereas the cupric ion-reducing capacity of the acetone extract was
the highest. The methanol extract was found to contain significant amounts of hesperidin
and rutin [8].

Peru, Bolivia, and Ecuador are the leading quinoa-producing countries in the Andean
region, as they have the largest quinoa cultivation areas and are key centers of domesti-
cation and biodiversity [9,10]. While quinoa is now grown in many countries worldwide,
preserving agrobiodiversity remains a crucial task. This preservation not only safeguards
the plant’s genetic diversity but also protects the cultural heritage of the indigenous farmers
in the Andean region [11]. Today, quinoa faces growing global demands. Sudden spikes
in consumer interest led to rising prices, prompting land-use changes at both farm and
national levels, resulting in rapid production increases. This phenomenon, known as a
“boom”, is often followed by a “bust”, where prices and production sharply decline [12].
These effects are beginning to surface in Ecuador. Quinoa boom and bust cycles could have
unforeseen consequences for consumers, including food insecurity in the regions of pro-
duction and origin, simplified local food systems, and a potential reduction in the genetic
diversity that has been preserved for centuries. Addressing this challenge requires a more
inclusive approach that fosters active decision-making and evaluates future scenarios. One
way to enhance the sustainable development of quinoa is by diversifying its use through
research that explores the nutraceutical potential of other plant parts, such as the leaves,
and by empowering smallholders to engage in sustainable production practices [11,12]. In
this context, only limited information is available on the nutraceutical potential of quinoa
leaves, even though their polyphenolic content is reported to be even higher compared
to seeds [5,13]. The young quinoa leaves (harvested in the phenological vegetative stage,
around 90 days of cultivation) are used as vegetables in some places in Asia and North and
South America [13,14]. The advantages of promoting the consumption of quinoa leaves
would be to (i) reduce the growth time before harvesting, i.e., a maximum of 3 months for
leaves compared to 6 to 9 months for seeds, which, for producers, would lessen the risks of
climatic threats; (ii) diversify the economy of quinoa producers; and (iii) promote health,
as quinoa leaves may help in chemoprevention of cancer and other diseases related to
oxidative stress; indeed, a previous in vitro study reported a probable high bioavailability
of quinoa leaf polyphenols with cytostatic and anti-invasive effects on prostate cancer
cells [13].

Polyphenolic compounds are a diverse and widely occurring group of plant phyto-
chemicals; they are potent antioxidants and reactive oxygen species (ROS) quenchers [15,16]
through both direct and indirect mechanisms, notably hydrogen donation, metal chela-
tion, antioxidant enzyme upregulation, nuclear factor erythroid 2-related factor 2 (Nrf2)
activation, sirtuin activation and/or pro-oxidant enzyme inhibition [17]. Such proper-
ties presumably imply preventive and/or therapeutic effects on a wide range of diseases,
from cancer to neurodegenerative disorders [18]. Among polyphenols, flavonoids have
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been extensively investigated and are already successfully applied to the treatment of
osteoarthritis and certain vascular diseases; their interest has led to the development of
new product delivery systems likely to increase their efficacy [17,19]. Also, a high number
of in vitro and in vivo studies indicate that a diet rich in flavonoids may contribute to
reducing the incidence of diabetes; flavonoids notably reduce glycemia, inhibit x-amylase
and «-glucosidase, and protect the pancreas [20]. The inhibition of starch-hydrolyzing
enzymes delays the elevation of postprandial blood sugar levels. Most of the commercially
available synthetic inhibitors, such as acarbose, miglitol, and voglibose, strongly inhibit
ax-amylase and x-glucosidase, leading to colonic fermentation of undigested saccharides,
abdominal distention, meteorism bloating, flatulence, and possibly diarrhea [21,22]. There-
fore, there is interest in screening natural sources for novel enzyme inhibitors that may
present fewer side effects [5]. Natural sources investigated for flavonoids’ antidiabetic po-
tential, specifically quercetin and kaempferol, include apples, berries, red onions, cherries,
grapefruits, teas, cruciferous vegetables, Hypericum ascyron L., and Myrica rubra (Lour.)
Siebold & Zucc [20,23].

When studying natural sources of active compounds, such as quinoa leaves, it is nec-
essary to know the influence of production factors on their quality and efficacy, i.e., on their
polyphenolic profiles and their biological activities. Indeed, a versatile analytical system
is required to study such influences [24]. In this sense, high-performance thin-layer chro-
matography (HPTLC) and bioautographic assays on HPTLC plates play a relevant role in
rapidly fingerprinting and screening plant extracts for various bioactivities, e.g., antibacte-
rial, antifungal, antioxidant, or enzyme inhibition [25,26]. HPTLC-bioautography, applied
to these complex matrices, enables the fast detection and localization of the compounds
responsible for tested activities. Furthermore, this technique is effective, relatively inexpen-
sive, and can be performed in small research laboratories without access to sophisticated
equipment [27]. A distinct advantage of HPTLC assays resides in the chromatographic
separation that precedes the application of detection reagents, which reduces or avoids
interferences, notably from colored compounds such as leaf chlorophylls.

Ecuador exhibits significant morphological variability in quinoa crops, making it
important to determine the chemical profile of compounds with biological activities.

Our previous study [28] allowed us to optimize the parameters necessary for obtaining
reproducible results in the assay of a-amylase inhibitory activity, focusing on extracts
derived from a single quinoa variety. Based on these data, the present paper aims to study
the variabilities inherent to Chenopodium quinoa cultivars, culture stations, and phenological
stages. Additionally, this study proposes a qualitative method for the rapid detection
of phenolic compounds and associated bioactivities in quinoa leaves, while minimizing
interference from colored molecules such as chlorophyll, which can affect results obtained
using spectrophotometric methods.

2. Material and Methods
2.1. Plant Material

In this study, INIAP-Tunkahuan (IT) and INIAP-Pata de Venado (PV) quinoa varieties
and the Chimborazo (C) quinoa genotype from Ecuador were investigated. The INIAP
varieties, selected for their low saponin content, were grown at the Instituto Nacional de
Investigaciones Agropecuarias (INIAP), Santa Catalina Experimental Station, Pichincha
Province (altitude 3050 m.a.s.l.,, 0°22/01” S 78°33'17" W; during quinoa leaves growth and
harvest, average temperature 12 °C, relative humidity 78%, rainfall 20 mm) and in Calpi,
Chimborazo Province (altitude 3060 m.a.s.1., 1°38'48" S 78°43'47" W; during quinoa leaves
growth and harvest, average temperature 14 °C, relative humidity 74%, rainfall 37 mm).
The Chimborazo genotype has a high saponin content and is cultivated in Calpi; it is
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endemic to Ecuador and exclusively cultivated in Chimborazo Province, whose name is

due to its proximity to the Chimborazo volcano. The cultivation cycles of INIAP-Tunkahuan
and INIAP-Pata de Venado varieties and Chimborazo genotype are 150-170, 130-150, and
240-270 days, respectively. The phenological growth of the different quinoa varieties and
genotype is presented in Figure 1, according to previous descriptions of stages [27,28];

Table 1 describes the investigated samples with their phenological stages at harvest times.

After harvest, quinoa leaves were washed with distilled water, and the excess water was

removed with a paper towel. They were then lyophilized, ground, and stored at —20 °C.
Seed quinoa samples were stored at —20 °C and ground before analysis. All material was
powdered in a laboratory mill (PX-MFC 90 D, Kinematica AG, Malters, Switzerland) and
sieved to obtain particle sizes < 0.5 mm.

Vegetative stage |

Leaf D

[C==3)

Flowering

[ |

Seedlngi

INIAP-Tunkahuan
INIAP-Pata de Venado
Chimborazo

Maturity

Cultivation cycle

90-130 days 150-170 days
70 days 130-150 days
120 days 240-270 days

Figure 1. Phenology growth of quinoa plant (adapted from Sosa-Zuniga et al. [29] and Yzarra

et al. [30]).

Table 1. Description of quinoa methanolic extracts, sweet and bitter varieties, investigated in

this work.
. L. Place of . Phenological ~ Track N° in
Quinoa Description Cultivation Variety or Genotype Characters Stage Chromatogram

Green leaves 40 days @ 1

(b)
INIAP-Tunkahuan (IT) 60 days 2
80 days © 3
Pichincha (P) Green leaves 40 days @ 4
Quinoa leaves INIAP-Pata de 60 days ®) 5
@Qr) Venado (PV) 80 days © 6

(b)
Sweet INTAP-Tunkahuan (IT) Green leaves 60 days 7
) 80 days © 8
Chimborazo (C) INIAP-Pata de Green leaves 60 days ®) 9
Venado (PV) 80 days © 10

Quinoa seed INIAP-Tunkahuan (IT) White seeds 6 months a,b,c
Pichincha (P) INIAP-Pata de .
(QS) Venado (PV) White seeds 5 months d,e f

Mix of yellow, green, ®)
and red leaves 60 days 1

. Mix of yellow, green, ©
Bitter Quln((git)eaves Chimborazo (C) Chimborazo (C) and red leaves 80 days 12
Yellow leaves (y) 80 days © 13
Green leaves (g) 80 days © 14
Red leaves (r) 80 days © 15

(@) Vegetative stage: six true leaves are visible on the plant. ) Vegetative stage: amounts of leaves significantly
increase. () Vegetative stage: large amounts of leaves.
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2.2. Chemicals and Reagents

2-Aminoethyl diphenylborinate (97%) (NP reagent), x-amylase from Bacillus licheni-
formis (Cat. No. A4582-5mL), soluble starch (ACS reagent), iodine (>99.8%), 2,2-di (4-tert-
octylphenyl)-1-picrylhydrazyl (DPPH®), rutin hydrate (>94%), quercetin hydrate (>95%),
kaempferol (>90%), and chlorogenic acid (>95%) were purchased from Sigma-Aldrich
(Darmstadt, Germany); hyperoside (>98%) and isoquercitroside (>99%) were obtained
from Extrasynthese (France); polyethyleneglycol 400 (PEG 400), methanol (99%), absolute
ethanol (>99.8%), methyl ethyl ketone (GPR reactapur), formic acid (98%), and ethyl acetate
(ACS reagent) were purchased from VWR Chemicals. Water was obtained using milli-Q
grade water Plus Millipore (18.0 MQ)-cm).

2.3. Extraction

To prepare the extracts, 0.150 g of quinoa leaf powder or 0.300 g of quinoa seed powder
were mixed with 3 mL of methanol-water (80:20, w/w), vortexed for 2 min, heated at 40 °C
for 1 h, sonicated at room temperature (RT) for 30 min, and centrifuged (4000 x g, 20 min,
25 °C; UniCen MR, Herolab, Germany) [31]. The supernatants were stored in an amber
glass 5 mL vial with a screw cap and analyzed the following day.

2.4. Preparation of Solutions

Standard solutions were separately prepared in methanol at the following concentra-
tions: 0.8 mg/mL of quercetin, 1.6 mg/mL of rutin, 0.5 mg/mL of hyperoside, 1.0 mg/mL
of isoquercitroside, 1.0 mg/mL of kaempferol, and 1.2 mg/mL of chlorogenic acid. For
polyphenols detection, a 10 g/L solution of diphenylboric acid 2-amino ethyl ester, and a
50 g/L solution of PEG 400 were prepared in methanol. For radical scavengers’ detection,
a 0.05% (w/v) DPPH® solution was prepared in methanol and protected from light. The
a-amylase solution (~5 U/mL) was prepared by mixing 50 uL of x-amylase stock solution
with 20 mL of water and diluting it to the required concentrations with ethanol-water
(10:90, v/v). A homogeneous solution of starch was prepared by dissolving 1 g of starch
in 40 mL of water (70 °C, stirring at 350 rpm for 30 min), adding water up to 100 mL, and
cooling to room temperature slowly by stirring. That solution was viscous and difficult to
apply using the automatic Camag® Derivatizer; therefore, 10 mL of ethanol was added,
and the solution was stirred for 2 h at RT to reduce its viscosity [32].

2.5. High-Performance Thin-Layer Chromatography

HPTLC was performed according to the general chapter 2.8.25 of the European Phar-
macopoeia 10 [32]. Fingerprinting of polyphenolic compounds was performed according
to the procedure reported by Liu et al. [31]; antioxidant and «-amylase inhibitory zones
were visualized using the protocols reported by Agatonovic-Kustrin et al. [33] with some
optimizations [32]. Chromatographic layers were HPTLC silica gel 60 Fys4 plates, size
20 x 10 em (Merck, Darmstadt, Germany). Samples were applied by spray, using an Auto-
matic TLC Sampler (ATS 4, Camag, Basel, Switzerland); 4, 6, and 8 uL of the sample were
sprayed onto the plate for the polyphenols detection protocol, the free radical scavenging
assay (DPPH?®), and the x-amylase inhibition assay, respectively; 15 bands of 8 mm were ap-
plied per plate, 8 mm from the plate’s lower edge; the plates were equilibrated under a 33%
relative humidity and developed over a pathway of 70 mm from the lower edge in an Au-
tomated Multiple Development chamber (AMD2, Camag) with formic acid-water-methyl
ethyl ketone-ethyl acetate (10:10:30:50, v/v/v/v). The plates were dried automatically for
5 min after development and heated at 105 °C for 60 min using a TLC Plate Heater (Camag).
All reagents were sprayed with the Derivatizer Camag®, selecting the appropriate nozzle.
Upon derivatization, the plates were documented as digital images under short-wave UV

10
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light (254 nm), long-wave UV light (365 nm), and white light using the TLC Visualizer 2.
The Camag® systems were driven by visionCATS software, version 2.5.

Post-Chromatographic Derivatization

Polyphenolic compounds: 2 mL of aminoethyl diphenylborinate solution was applied on
the warm plate (green nozzle, level 3) followed by 2 mL of polyethyleneglycol 400 solution
(blue nozzle, level 2).

Free radical scavenging assay (DPPH®): 2 mL of DPPH solution was applied on a
warm plate (green nozzle, level 3). Images were recorded 90 s, 30 min, and 100 min
after derivatization.

a-Amylase inhibition assay: 3 mL of x-amylase solution was applied (yellow nozzle,
level 4) on a cooled plate that was then incubated at 37 °C for 30 min in a humid chamber.
Then, 2 mL of starch solution was applied (yellow nozzle, level 6), and the plate was
incubated at 37 °C in a humid chamber for 10 min and treated with iodine vapors for 2 min
(1 g of solid iodine in a lidded 27.0 x 26.5 x 7.0 cm TLC development chamber).

3. Results and Discussion
3.1. Polyphenols HPTLC Fingerprinting

Phenological stages, cultivation sites, and varieties were evaluated by HPTLC methods
for their influence on polyphenolic profiles, ROS scavenging, and a-amylase inhibition of
quinoa leaves’ polar extracts. The HPTLC fingerprints of quinoa leaves and quinoa seeds
were compared, considering that quinoa seeds have been extensively studied in recent
years for their nutritional and health relevance [7].

Quinoa seeds and leaves contain many secondary metabolites, such as polyphenols,
terpenoids, steroids, and nitrogen-containing compounds. Polyphenols, including phe-
nolic acids, flavonoids, and tannins, constitute bioactive secondary metabolites that are
reported to play significant roles, notably for antimicrobial, antioxidant, anti-inflammatory,
antitumor, and anticarcinogenic activities [6,34]. Most recent studies on quinoa leaves
primarily report the total content of polyphenols and flavonoids. Notably, the contents of
these secondary metabolites are higher in young leaves compared to quinoa seeds [35,36].
Gawlik-Dziki et al. reported that, in the leaves of Chenopodium quinoa variety Faro, the
predominant phenolic acids were ferulic, sinapic, chlorogenic, and gallic acids, while rutin,
kaempferol, and isorhamnetin were the most abundant flavonoids [13].

Considering that phenolic acids and flavonoids, based on kaempferol and quercetin
aglycones, are the most abundant compounds in quinoa, with previously reported biologi-
cal activities, the present HPTLC study investigated major representative compounds from
these groups. This approach aimed to determine not only their Rf values but also the colors
they developed with NP reagent-PEG, allowing for the interpretation of the HPTLC finger-
prints of sweet and bitter quinoa leaf extracts. Characteristic colors of different polyphenols
(standard solutions) upon treatment with NP reagent-PEG are shown in Figure 2. The
yellow /orange spots correspond to quercetin and its derivatives hyperoside, isoquercitro-
side, and rutin; the green and blue spots correspond to kaempferol and chlorogenic acid,
respectively [31].

According to previous studies on the extraction of polyphenols, hydromethanolic
solvents are particularly suited to extract these compounds. And so, in this study, the
mixture methanol-water 80:20 (v/v) was retained. The HPTLC fingerprints of polyphenols
from sweet and bitter quinoa leaf extracts (Table 1) indicate (Figure 3) an abundance of
glycosides based on the flavonols quercetin and kaempferol (yellow and green spots, respec-
tively) and of phenolic acids (blue spots). These compounds have been extensively studied,
mostly in vitro, for their chemopreventive and anticarcinogenic effects [6,13]. The red spots

11
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probably correspond to chlorophylls [37]. Interestingly, Gawlik-Dziki et al. associated the
presence of high levels of the flavonols kaempferol, isorhamnetin, and rutin in a quinoa leaf
extract (young leaves at 90 days; ethanol 50%, v/v) with an inhibition of prostate cancer
cell proliferation, motility, and competence for gap junctional communication [13,31].

A B C D E F

Figure 2. HPTLC chromatogram of standard phenolic compounds: quercetin, 3.2 ug (A); chlorogenic

acid, 4.8 ug (B); hyperoside, 2.0 pg (C); kaempferol, 4.0 ug (D); isoquercitroside, 4.0 pg (E); rutin,
6.4 ug (F). Mobile phase: formic acid-water—methyl ethyl ketone—ethyl acetate (10:10:30:50, v/v/v/v);
treatment with NP reagent-PEG and visualization under UV3g5nm-

The HPTLC profiles of INIAP-Tunkahuan (Figure 3; tracks 1, 2, 3) and INIAP-Pata de
Venado (Figure 3; tracks 4, 5, 6) leaves from Pichincha vary according to phenological stages.
As exemplified by peak profiles of INIAP-Tunkahuan (Figure 3), the later vegetative stages
(60 and 80 days vs. 40 days, respectively) lead (i) to increased peak areas for kaempferol
derivatives, by 8 and 23% (green peak 1) and by 26 and 29% (green peak 2), and quercetin
derivatives, by 16 and 17% (yellow peak 1) and by 31 and 35% (yellow peak 2); and (ii) to
decreased peak areas for phenolic acids, by 41 and 55% (blue peak 1) and by 18 and 70%
(blue peak 2). These results are consistent with those of Buitrago et al. [14], who recorded
1.3 times higher contents of flavonoids (90 days versus 30 and 180 days) in quinoa leaf
ethanolic extracts (ethanol 96% v/v). Similarly, Baldeon et al. confirmed that the total
polyphenol content in quinoa leaves varies with the phenological stage. Interestingly,
they reported that the highest levels of total phenolic compounds in four Peruvian quinoa
cultivars (Blanca Junin, Pasankalla, Salcedo INIA, and Blanca Criolla) were observed during
the second phenological stage, 42 days after sowing. Another study on young Peruvian
quinoa leaves from three cultivars (Titicaca, Puno, and Vikinga) demonstrated that the
contents of ferulic acid, isoquercetin, and rutin significantly varied depending on plant
density, harvesting moment, and cultivar [38,39].

The influence of phenological stages on leaf flavonoid content and/or profile was also
shown for plant species from many different families, e.g., Moraceae (Morus alba L. [40]),
Passifloraceae (Passiflora alata, Dryander [41]), and Portulacaceae (Portulaca oleracea L. [42]).

The HPTLC fingerprints of sweet quinoa leaves appear quite similar at days 60 and
80, indicating that there are no significant effects of variety (INIAP-Tunkahuan or INIAP-
Pata de Venado) or cultivation place (Pichincha or Chimborazo); these harvesting times
correspond to the end of the vegetative stage (cf. Figure 1), when leaves are most abundant
and locally consumed as vegetables [13]. In both sites, over all the cultivations of samples,
the environmental conditions were quite similar (cf. Section 2.1), precluding any of the
well-known meteorological impacts on polyphenol profiles [43]. The results of this study
differ from those reported in the seeds of two Peruvian species (Chenopodium quinoa, six
ecotypes, and Chenopodium pallidicaule Aellen, three varieties), in which the contents of the
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most relevant flavonoids, quercetin and kaempferol glycosides, as well as phenolic acids,
differed according to both species, ecotypes, and varieties [44].
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Figure 3. HPTLC fingerprints of polyphenols in Ecuadorian quinoa leaf extracts (methanol-water,
80:20, w/w; sample-solvent ratio, 1:20 w/v; application volumes, 4 uL). Mobile phase: formic acid-
water-methyl ethyl ketone—ethyl acetate (10:10:30:50, v/v/v/v). Derivatization with NP and PEG;
examination under UV3g5,y,. Quinoa leaves from Pichincha: INIAP-Tunkahuan (tracks 1, 2, 3),
INIAP-Pata de Venado (tracks 4, 5, 6). Quinoa leaves from Chimborazo: INIAP-Tunkahuan (tracks 7,
8), INIAP-Pata de Venado (tracks 9, 10), Chimborazo* genotype (tracks 11, 12).

The chromatographic profiles of Chimborazo bitter quinoa leaves (Figure 3; tracks 11,
12) were comparable to those of the sweet varieties. The endemic Chimborazo bitter geno-
type has the particularity of developing morphotypes bearing leaves with three clearly
differentiated colors, yellow, green, and red [45], and is then considered a “mestiza” geno-
type. Figure 4 shows the polyphenol profiles of extracts obtained from leaves separately
collected according to color (these samples were obtained in a specific experiment where
quinoa plants of these three colors were separately cultivated); these can be compared with
samples composed by mixing the three types of leaves (Figure 3; tracks 11, 12). Interestingly,
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regardless of the morphotype color, their polyphenolic fingerprints appear quite similar;
the color difference could be attributed to carotenoids, which would be interesting to
further investigate.

Yellow Green Red

\

Figure 4. HPTLC fingerprints of polyphenols in yellow, green, and red leaves of the Chimborazo bitter
quinoa variety extracts (methanol-water; 80:20, w/w; sample-solvent ratio, 1:20 w/v; application
volumes, 4 uL). Mobile phase: formic acid—water—methyl ethyl ketone—ethyl acetate (10:10:30:50,
v/v/v/v). Derivatization with NP and PEG; examination under UV345,y,. Samples as per Table 1.

3.2. DPPH*® Assay

Phenolic compounds are a diverse and widely occurring group of phytochemicals
in plant foods, reputed for their beneficial effects on health. They are of considerable
interest due to their antioxidant and enzyme-inhibiting properties, as well as their ability
to scavenge free radicals and reactive oxygen species. Flavonol glycosides isolated from
Chenopodium quinoa seeds have demonstrated antioxidant activity in the DPPH® assay.
Zhu et al. reported the isolation of six flavonol glycosides from quinoa seeds, all of
which exhibited antioxidant activity in this test. Notably, the two identified quercetin
3-glycosides showed significantly stronger activity than the four kaempferol 3-glycosides
present [13,34,46]. Also, Gawlik-Dziki et al. reported that hydroethanolic extracts of
quinoa leaves (50% v/v ethanol), which contained considerable amounts of ferulic, sinapic,
chlorogenic, and gallic acids, as well as rutin, kaempferol, and isorhamnetin, were able to
prevent lipid oxidation. However, their reducing power and antioxidant activity, measured
using an ABTS*® decolorization assay, were significantly lower [13].

The direct HPTLC-DPPH?® assay was applied here to assess the free radical scavenging
activity of quinoa leaf extracts, with the distinct advantages of easiness and rapidity [33,40].
The intensely violet DPPH?® is reduced into the yellow 2,2-diphenyl-1-picrylhydrazine
(DPPH-H), upon reaction with a hydrogen atom donor. The quinoa compounds with free
radical scavenging properties were separated on the HPTLC plate, appearing as yellow
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zones against the violet DPPH® background; the intensity of reagent decolorization is
proportional to a compound’s free radical scavenging potency and amount [40]. Figure 5a
profiles the compounds that contribute to the free radical scavenging activity of sweet and
bitter quinoa leaves, compared with rutin. Ninety seconds after derivatization, the same
three yellow zones (Rf 0.32, 0.48, and 0.85) appear in all quinoa leaf samples, regardless
of harvest time (40, 60, and 80 days), variety, and place of cultivation (Pichincha and
Chimborazo). Baldion et al. assessed the influence of the phenological profile on the
antioxidant capacity of leaves from four Peruvian quinoa varieties (Blanca Junin, Blanca
Criolla, Pasankalla, and Salcedo). They reported the highest ABTS*® radical scavenging
capacity in Pasankalla (1492 umol TEAC/g) at the second stage, 44 days after sowing.
During the same stage, Blanca Junin (1127 pmol TEAC/g), Salcedo (1042 umol TEAC/g),
and Blanca Criolla (946 pmol TEAC/¢g) also reached their maximum values. This study
observed that the highest ABTS™® radical scavenging capacities coincided with the highest
total phenolic content at the same stage, a trend also reported previously in Peruvian
Andean medicinal leaves, where correlations between ABTS*® and total phenolic content
were established. Additionally, studies by Gawlik-Dziki et al. (2013) on quinoa leaves
indicated strong relationships between the concentration of phenolic compounds and
antioxidant activity, including ABTS*® antiradical capacity [13,38].
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Figure 5. Free radical scavenging activity of Ecuadorian quinoa leaf extracts (methanol-water; 80:20,
w/w; sample-solvent ratio, 1:20 w/v; application volumes, 6 uL). Mobile phase: formic acid-water—
methyl ethyl ketone—ethyl acetate (10:10:30:50, v/v/v/v). Derivatization with DPPH® for 90 s (a)
and 100 min (b) and examination under visible light. Rutin 0.50 ug (track, ST). Quinoa leaves from
Pichincha: INIAP-Tunkahuan (tracks 1, 2, 3), INIAP-Pata de Venado (tracks 4, 5, 6); quinoa leaves
from Chimborazo: INIAP-Tunkahuan (tracks 7, 8), INIAP-Pata de Venado (tracks 9, 10), Chimborazo
variety (tracks 11, 12) and Chimborazo* genotype yellow, green, and red colors (tracks 13, 14, 15).
Samples as per Table 1.

Upon derivatization, the plate was maintained at RT in the dark for 30 min
(Figure S1, Supplementary Materials) and 100 min (Figure 5b); with time, the intensity of
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the discolored bands increased, with a higher number of yellowish zones appearing. Recent
studies on HPTLC bioautography by Agatonovic-Kustrin et al. [33] and Islam et al. [47]
indicate that the rates of reaction between DPPH® and substrates vary widely, according to
their antioxidant potency and amounts, and that times between 30 and 60 min are needed
to complete the reaction.

Additionally, regardless of the color of Chimborazo bitter quinoa leaves, as shown in
Figure 5a,b, they show similar fingerprints of free radical scavenging activity (composite
samples in tracks 11, 12; yellow, green, and red leaves in tracks 13, 14, 15, respectively).

3.3. a-Amylase Inhibitory Activity

The HPTLC bioautography with “micro droplet” spraying was optimized in our
laboratory for the screening of compounds with x-amylase inhibitory activity [31] to
considerably reduce the reagent needs (from 40-200 mL to 2-3 mL) and plate smearing
usually associated with dipping methods [33,48,49]. A clear and defined blue zone (Rf 0.38;
marked with a solid red line; Figure 6a) highlighting the position of x-amylase inhibitor(s)
was observed in all samples, regardless of the harvest time, variety, and place of cultivation.
Slight blue areas (Rf 0.53 or 0.55; marked with a red dotted line), possibly due to a low
effectiveness or concentration of x-amylase inhibitor(s), were observed in some samples,
especially in samples with a harvest time of 80 days, regardless of the variety or cultivation
site. To clearly see these blue zones, the applied sample volumes were increased (Figure 6b).
A previous study suggested that the prominent blue area at the lower edge of the plates
may indicate incomplete removal of migrated formic acid, leading to enzyme denaturation
and preventing starch degradation [28]. Hence, only the zone above formic acid can be
inspected for active compounds. In an in vitro assay, Hemalatha et al. reported a strong
inhibition of a-amylase from hydromethanolic quinoa bran extracts (80% v/v methanol), an
activity attributed to phenolic acids (vanillic, ferulic, and chlorogenic acids) and flavonoids
(the flavonols quercetin, kaempferol, myricetin, rutin; the flavones luteolin and apigenin;
the flavanone naringenin; the flavan-3-ol catechin; and the isoflavone daidzein); moreover,
the inhibitory activity of quinoa milled fractions ranged in the order of bran > hulls >
whole seed > dehulled seed > milled seed. A significant correlation was also noted between
a-amylase inhibitory activity and total phenolic compounds [5].

On the other hand, Coronado-Olano et al. reported both x-amylase and x-glucosidase
inhibitory activities in three commercial varieties of Chenopodium quinoa (Salcedo INIA
and Negra Collana) and two commercial varieties of Chenopodium pallidicaule Aellen lo-
cally known as “cafiihua” (INIA 406-ILLPA and Cupi). Salcedo INIA, Negra Collana, and
Cupi showed a significantly higher inhibition of x-amylase compared to INI 406-ILLPA.
Furthermore, in the varieties of quinoa and canihua, a significant correlation was ob-
served between x-amylase inhibition and total phenolics, total flavonoids, DPPH® radical
scavenging activity, gallic acid, and chlorogenic acid [50].

On our HPTLC chromatograms, at least two blue zones were observed in most of
the samples marked with a solid red line (Figure 6b). Interestingly, a third but faint blue
zone in the samples of the INIAP-Tunkahuan variety, 80 days from both Pichincha and
Chimborazo, was observed (marked with a red dotted line). This may be attributed to
the higher phenolic compound content in quinoa leaves harvested at 80 days compared
to those collected at 40 and 60 days after sowing. These qualitative results that indicate
an inhibition of x-amylase by quinoa leaf extracts should be further confirmed through
in vivo studies to validate a potentially interesting antidiabetic activity.
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Figure 6. x-Amylase inhibitory activity of Ecuadorian quinoa leaf extracts [methanol-water; 80:20,
w/w; sample-solvent ratio, 1:20 w/v; application volumes, 8 pL (a) and 14 uL (b)]. Mobile
phase: formic acid-water-methyl ethyl ketone—ethyl acetate (10:10:30:50, v/v/v/v). Derivatization
with a-amylase, starch, and iodine; examination under visible light. Quinoa leaves from Pichincha:
INIAP-Tunkahuan (tracks 1, 2, 3), INIAP-Pata de Venado (tracks 4, 5, 6); quinoa leaves from Chimb-
orazo: INIAP-Tunkahuan (tracks 7, 8), INIAP-Pata de Venado (tracks 9, 10), Chimborazo variety
(tracks 11, 12), and Chimborazo* genotype, yellow, green and red colors (tracks 13, 14, 15). Samples
as per Table 1. The red marks indicate x-amylase inhibition zones. The large blue smear at the bottom
of the plate (Rf 0.0 to 0.2) is due to inhibition of x-amylase by the formic acid of the mobile phase.
Samples as per Table 1.

As shown in Figure S2, the development with a more polar mobile phase (formic acid-
water—methyl ethyl ketone—ethyl acetate; 10:20:40:30, v/v/v/v) allows a better resolution of
x-amylase inhibitory bands and a reduction in the formic acid band height at the bottom of
the plate.

The major advantage of bioautography is its ability to quickly screen many samples
for various bioactivities, such as antioxidant and enzyme inhibition, while using minimal
reagent quantities (3 and 2 mL). This method ensures a uniform background and high de-
tection sensitivity. The optimized fast screening technique enables the rapid localization of
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bioactive compounds within complex plant matrices and colored extracts, as demonstrated
with quinoa leaves. This is particularly beneficial because it eliminates the need for sample
pretreatment before analysis, streamlining the process significantly.

3.4. Comparison of HPTLC Fingerprints of Quinoa Leaves Versus Seeds

Due to their radical scavenging properties, polyphenols such as flavonoids and pheno-
lic acids are considered major contributors to the antioxidant activity of quinoa leaves [13],
but previous reports [51,52] indicate that there is not necessarily a correlation between
polyphenol content and DPPH® scavenging. For quinoa leaves, however, there is a clear cor-
relation, as the radical scavenging bands correspond to glycosides of quercetin, kaempferol,
and phenolic acids (Figure 3, in all tracks, yellow, green, and blue spots, respectively).

Several in vitro studies indicate a strong inhibition of x-amylase and x-glucosidase
by quinoa seed extracts [5,6], and Graf et al. reported that quinoa seeds possess in vivo
antidiabetic properties, notably attributed to leached phytoecdysteroids and flavonoids [4].
By contrast, little information is available so far on the eventual antidiabetic properties
of quinoa leaves. Interestingly, our HPTLC-bioautographies show that the x-amylase
inhibitors we evidence in leaves (blue zones in all tracks of Figure 6, Rf: 0.40) do not
correspond to the major polyphenol (yellow bands in Figure 3, Rf: 0.30 and 0.46).

Given the demonstrated chemopreventive interest of seeds [53], their profiles were
compared with those obtained from leaves; as the bitter quinoa seeds, Chimborazo variety,
were not available, only the sweet varieties could be compared (Figure 7; IT, tracks a, b,
cand PV, tracks d, e, f). These HPTLC profiles indicate much less intense bands in seed
extracts, for the detection of polyphenols, free radical quenchers, and x-amylase inhibitors.

+ +
09 0.96 0.96 09
08 08
07 07
06 06
05 05
04 04
03. 03
02 e Jpas—— + 02
01 0.19 . 0.20 . 01
a b c d e £

Quinoa seeds: INIAP-Tunkahuan (IT)  INIAP-Pata de Venado (PV)

Figure 7. HPTLC fingerprints of polyphenols (derivatization with NP and PEG; examination under
UV36snm): tracks a (IT) and d (PV); free radical scavenging activity (derivatization with DPPH*®
for 100 min and examination under visible light): tracks b (IT) and e (PV); x-amylase inhibition
(derivatization with x-amylase, starch, and iodine; examination under visible light): tracks c (IT) and f
(PV) of Ecuadorian quinoa seed extracts (methanol-water; 80:20, w/w; sample-solvent ratio, 1:40 w/v,
and application volumes, 8, 12, and 16 uL, respectively). Mobile phase: formic acid—water-methyl
ethyl ketone—ethyl acetate (10:10:30:50, v/v/v/v). Samples as per Table 1. The red marks indicate
a-amylase inhibition zones. The large blue smear at the bottom of the plate (Rf 0.0 to 0.2) is due to
inhibition of x-amylase by the formic acid of the mobile phase. Samples as per Table 1.

These results indicate a major interest in further investigating quinoa leaves, which
could be an asset for producers to develop new products with high added value.

4. Conclusions

Quinoa leaves harvested after 80 days of cultivation consistently exhibited higher
levels of polyphenols and x-amylase inhibition, regardless of production location or variety.
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Moreover, the content of free radical scavenging compounds appeared independently of
variety, cultivation time, and production site.

The HPTLC-bioautography methods described in the present study will be a useful
tool for the quality control of raw materials in the future production of health-promoting,
high-value products based on quinoa leaves. Reliable, fast, and easy to perform, they
provide in situ information about the biological activity of separated compounds. Com-
pared to the often-praised quinoa seeds, the much less consumed quinoa leaves present
a high content of polyphenols with free radical scavenging activity, and an interesting
x-amylase inhibitory property; these biological activities indicate a remarkable potential
of quinoa leaves, which may be relevant for the management of diabetes but also for the
chemoprevention and/or treatment of pathologies related to oxidative stress. Therefore,
further research is essential to explore the potential of quinoa leaves as a dietary vegetable,
in the development of functional foods, or for the extraction of bioactive compounds des-
tined for the food and/or pharmaceutical industries. Such initiatives could significantly
benefit quinoa smallholders in the Andean regions, promoting economic empowerment
and sustainability.
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Abstract: Avocado seed contains 64% of the phenolic compounds of the whole fruit. This makes
avocado seed a potential candidate for the development of treatments for different illnesses, including
obesity (the major risk factor for metabolic disorders). The aim of this study was to investigate the
effects of avocado seed powder on high-fat diet-induced obesity in rats. Sprague Dawley rats (16 rats)
were fed a high-fat diet for 10 weeks. After 10 weeks, the rats were assigned into two groups of eight
animals each and were fed either a high-fat diet (HFD; control group) or a high-fat diet containing
avocado seed powder (HFD-A; treatment group) for 6 weeks. Animals were weighed weekly, and
weekly weight gain was determined. Animals in the treatment (avocado seed) group showed
significantly lower body weight gain (7.8 & 9.63 g) than animals in the control group (33.9 & 10.84 g)
at the end of this study. The treatment group presented with lower triglycerides than the control,
with LDL and HDL comparable to the control group. Avocado seed powder showed potential to
reduce obesity in rats fed a high-fat diet. Avocado seed can therefore be investigated further as a
potential anti-obesity nutraceutical.

Keywords: Persea americana; avocado seed; high-fat diet; obesity reversal; anti-obesity; weight gain;
weight loss

1. Introduction

Obesity may lead to metabolic syndrome, a cluster of metabolic disorders that includes
insulin resistance, hyperglycemia, dyslipidemia and hypertension [1]. There is an increased
risk of developing type 2 diabetes, cardiovascular diseases [2] and certain cancers [3] in
obese individuals. The aforementioned diseases are major contributors to the increased
morbidity and premature mortality recorded worldwide [4]. According to the World Health
Organization (WHO), more than 1 billion people were obese worldwide in 2022 and the
prevalence of obesity will continue to rise [5]. Urgent interventions are therefore needed
to combat obesity and related disorders. Among the interventions against obesity and
its co-morbidities, is the use of anti-obesity agents and nutraceuticals. Plant materials
are potential sources of therapeutic agents and nutraceuticals. They contain abundant
bioactive compounds that play major roles in the prevention and treatment of diseases [6].
In addition to their nutritive value, nutraceuticals possess medicinal properties and have
been used in the management of different diseases such as cancers, arthritis and metabolic
disorders [7]. Different nutraceuticals possessing anti-obesity effects have been reported [8].
With increasing interest towards the use of functional foods for disease management,
avocado fruit and seed are potential leads to the discovery of anti-obesity nutraceuticals.

Avocado (Persea americana Mill) has been reported to possess medicinal properties [9-11].
It is from the Lauraceae family, and it is cultivated in tropical and sub-tropical areas in
Mexico, Brazil, India and South Africa [12]. Avocado fruit has an olive-green peel with a
smooth, fatty, thick and almost creamy-textured pulp. Avocado seed makes up 13% of the
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fruit and contains 64% of the phenolic compounds contributing to 57% of the antioxidant
activity of the whole fruit [13]. The seed contains higher antioxidant activity, and higher
procyanidin content than the pulp [14].

Phytochemicals found in avocado seed include flavonoids, alkaloids, saponins, glyco-
sides and tannins [15-17]. The phenolic compounds in avocado seed include protocatechuic
acid, kaempferide, vanillic acid, chlorogenic acid, syringic acid, rutin and kaempferol [13].
Phenolic compounds reduce adipogenesis, inhibit digestive enzymes and possess anti-
inflammatory and antioxidant effects [18,19]. These properties play a major role in obe-
sity management. The seed also contains nutrients such as carbohydrates, proteins and
fats [16,20] and minerals such as magnesium, potassium, sodium, zinc and chromium, in
addition to vitamin C [12,16,21]. These trace elements affect different pathways of glucose
and lipid metabolism [22].

Avocado seed extracts have been found to have anti-hypertensive properties, lower
total cholesterol levels and possess hypoglycemic activities [12,15,23]. Even though the
seeds contain beneficial phytochemicals, they are usually disposed during processing and
consumption, thus contributing to environmental waste. The use of avocado seed may
contribute towards the management of obesity and its comorbidities, while also reducing
organic waste burden. This study therefore aimed to investigate the obesity prevention
effects of avocado seed powder on obesity induced by a high-fat diet in rats.

2. Materials and Methods

Hass avocado (Persea americana Mill) fruits were purchased from a local market in
Makhado, Limpopo province, South Africa. Sprague Dawley rats were sourced from South
African Vaccines Producers, Johannesburg, while standard animal pellets were bought
from Epol, South Africa. Palm stearin was obtained from commercial food provider Ingreto
in Johannesburg, South Africa.

2.1. Animal Feed Preparation

The avocado seeds were cut into small pieces with a knife and dried in an oven at
30 °C for 72 h. Dried seeds were milled into powder and stored in the fridge at 4 °C until
further use. Standard commercial Epol pellets were ground to a powder together with
molasses (constituting 8% of the final feed) as a binding agent. Palm stearin (20% of the total
final feeds) was added to the chow to make a high-fat diet (HFD). Powdered avocado seed
(20% of the total feed) was included in the HFD mix to make a high-fat diet with avocado
seed powder for treatment. The ingredients were all mixed and pelleted using a pelleting
machine. The formulated pellets were HFD and HFD with avocado seeds (HFD-A). The
pellets were spread on an open surface for approximately 1 h to air cool after production.
They were then weighed, packaged in 5 kg plastic bags, sealed, labeled and stored in a
refrigerator (—4 °C) until use.

2.1.1. Nutritional Analysis of Food Pellets

Nutritional analysis of the formulated pellets was conducted at the South African
Grain Laboratory (SAGL) using validated methods. The pellets were analyzed for protein
content, fat content, fiber content, moisture content and ashes [24]. Protein content was
determined using an AACC international approved method of analysis (the combustion
method). Fat was extracted from the samples with petroleum ether using Soxhlet extraction
apparatus, based on AACC method 30-25.01. To determine the moisture content, the
feed sample weighing 2 g was dried in an oven at 105 °C for 5 h and the dried feed was
reweighed. The moisture content was calculated as the difference in weights.

2.1.2. Elemental Analysis of Food Pellets

Elemental analysis was performed using the method by [25]. The pellets were crushed
into a powder with a mortar and pestle. The powdered samples were acid digested to
decompose the organic and inorganic components of the samples and release the elements
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from the sample matrix [26]. The solutions were then cooled and diluted with distilled
water to make a sample concentration of 33.33 mg/mL. Then, the concentrations of boron
(B), sodium (Na), magnesium (Mg), potassium (K), calcium (Ca), manganese (Mn), iron
(Fe), copper (Cu), molybdenum (Mo), selenium (Se), arsenic (As) and chromium (Cr) were
determined with an inductively coupled plasma-optical emission spectrometer (ICP-OES).
Where readings were above the linear dynamic range, the samples were diluted further.
Standards of the elements were obtained from SMM instruments; Johannesburg, South
Africa (SA), Industrial analytical; Johannesburg, South Africa (SA) and Teknolab Sorbent
AB; Kungsbacka, Sweden, and were used at the concentration of 50 pg/mL.

2.2. In Vivo Assays

Ethical approval to conduct this study was obtained from the Animal Ethics Committee
of the University of Pretoria (V038-15) and the Animal Research Ethics Committee of
Tshwane University of Technology (AREC2015/10/005(2)). This study was conducted
following the South African Medical Research Council’s guidelines on ethics for medical
research (use of animals in research and training [27]), and the South African National
Standard (the care and use of animals for scientific purposes [28]). Other than the researcher,
the animals were under the care of a certified animal technician with indirect supervision
of a veterinarian. The animals were observed for any signs of distress such as behavioral
changes, tremors, salivation, diarrhea, lethargy, sleep, convulsions or coma throughout this
study. At the end of this study, the animals were euthanized under anesthesia.

2.2.1. Animal Model

Eight-to-twelve-week-old male Sprague Dawley rats sourced from South African
Vaccine Producers (Johannesburg; South Africa) were used as animal models in this study.
The rats were kept at the University of Pretoria Biomedical Research Centre in conventional
cages (one rat per cage with sawdust bedding, facial tissues, egg containers, shredded
paper as nesting material, wooden sticks as gnawing material and 15 cm PVC pipe for
hiding). The room was maintained at a temperature of £22 °C, controlled relative humidity
(50-60%) and a light/dark cycle of 12 h [29]. The animals received a high-fat diet (HFD)
to induce obesity for 10 weeks, after which they were randomly assigned to 2 groups of
8 animals per group. Rats in one group (n = 8) continued with a HFD (control group) for
6 more weeks, while the treatment group (n = 8) received a high-fat diet with avocado seed
(HFD-A; treatment group) for 6 weeks. The animals were weighed at the beginning of the
study (week 0), then weekly and the weight for each animal was recorded. The weight gain
for each animal was calculated as the difference between its weekly weight and its weight
at week 0 of the treatment (Equation (1)), while percentage weight gain was calculated
using Equation (2). Food intake was monitored by weighing the amount of food that was
given and the amount that remained after every 48 h to determine food consumption using
Equation (3).

Weekly weigh gain = WweekX — Wweek0 (1)

where W = weight, X = week number and 0 = initial

Yweight gain — Weekly weight gain

Initial weight > 100 @

Mass food in — Mass of food left
2 days

Daily food intake = 3)
The animals were euthanized at the end of week 16 (thus, 10 weeks of obesity induction
and 6 weeks of treatment). The animals were sacrificed by cardiac puncture under isoflurane
anesthesia [30]. After the animal was confirmed dead, the kidneys, liver, heart, adipose
tissue and brain were isolated and weighed. Blood samples were collected and sent to the
pathology lab for liver function tests (ALT, AST and ALP) and cholesterol analysis (total
cholesterol, high-density lipoproteins, low-density lipoproteins and triglycerides).
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2.2.2. Histopathology

Histopathology was conducted on 3 randomly selected rat samples from each group
by IDEXX laboratory (Pretoria North, South Africa). Organ specimens were collected and
fixed in 10% buffered formalin. The organs were cut, and the tissues were processed in
an automated histological tissue processor overnight. Histological sections of 5 um were
cut on a microtome and the resultant slides were stained with hematoxylin and eosin
dyes in an automated histological stainer. The slides were examined, and morphological
findings recorded.

2.3. Phytochemical Analysis

To determine the phytochemicals responsible for the obesity prevention effects of
avocado seed powder observed in this study, avocado seed powder methanol extract was
subjected to analysis by liquid chromatography coupled with mass spectroscopy (LC-MS),
as described before [31].

2.4. Data Analysis

Results were reported as mean =+ standard deviation (n = 8). Data collected were
analyzed using Stata software version 14 (StataCorp LLC: College Station, TX, USA).
A generalized least squares (GLS) regression model was used to determine significant
statistical differences between the treatment groups and the control group. This method was
utilized because it improved statistical efficiency and minimized the chances of reporting
erroneous inferences. The results were considered significantly different at p < 0.05.

3. Results
3.1. Nutritional and Elemental Analysis

Results of the nutritional composition of the formulated pellets are shown in Table 1.
Although HFD showed a higher protein than HFD-A, HFD-A showed a higher fat content
than HFD. For elemental composition, a solution obtained from the acid digestion of HFD-A
showed a higher content of Mg, K, Ca, Mn and Fe than a solution from HFD (Table 2).

Table 1. Nutritive value of pellets in %.

Analysis HFD HFD-A
Moisture (%) 9.30 8.10
Protein (%) 16.09 13.70
Ash (%) 546 4.82
Fat (%) 19.50 24.50
Fiber (%) 4.60 4.70

Table 2. Elemental content of the solution obtained from acid digestion of the pellets in mg/L.

Trace Elements (mg/L)

Cu Se Mo As Cr Na Mg K Ca Mn Fe

HFD

0.60 023 <-017 0.01 <-0.08 3401 17.08 69.03 4275 0.52 1.89

HFD-A

0.34 016 <-018 001 <-0.07 3026 2252 >105.0 57.08 0.76 2.52

3.2. In Vivo Study
3.2.1. Animal Food Intake and Effects of Avocado Seed Powder on Animal Weights

The food intake by animals in both groups was comparable, as animals in HFD
consumed an average 22.18 + 0.66 g/day while animals in HFD-A consumed an average of
28.04 £ 3.11 g/day. The difference in food intake by the treatment group was not significant
(p > 0.05) when compared with food intake by the control group. The weekly weights of the
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animals for the treatment period are presented in Table 3, with weight gain/loss presented
in Figure 1.

Table 3. Weekly weights of the animals across the treatment period (mean + SD; n = 8).

Week HFD (Control) Group Weight (g)  HFD-A (Treatment) Group Weight (g)

0 345.88 +9.16 306.75 + 4.06
1 340.00 £ 11.48 288.38 £ 6.65
2 350.00 + 11.77 288 + 6.59

3 355.88 + 10.37 286.88 +7.28
4 362.38 +12.93 289.88 + 9.51
5 363.63 + 15.84 293.25+9.22
6 379.75 + 12.67 314.5+9.72

—e&— HFD-control —e- -HFD-A

Figure 1. Weight gain per group during treatment period of this study (error bars represent the
standard deviation of mean (n = 8)).

There was a significant weight loss in the first week of treatment for the animals in
the HFD-A group (Figure 1). The animals in this group did not gain weight until week 3,
after which they showed minimal weight gain compared with the control group (p < 0.05)
until the end of this study. HFD-A gained 7.75 + 9.63 g, while HFD gained 33.88 4 10.84
g by the end of this study. Percentage weight gain for animals was 9.81% and 2.53% for
HFD and HFD-A, respectively, by the end of this study. A significant difference in average
animal weights between the two groups was observed throughout this study.

3.2.2. Effects of Avocado Seed Powder on Animal Organ Weight and
Biochemical Parameters

There was no significant difference in the relative heart weight between the two groups
(Figure 2). HFD-A presented with a significantly higher brain weight than the control.
Adipose tissue was significantly lower in HFD-A compared with the control.
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Figure 2. Percentage organ weight relative to the body weight of the animals. * Statistical significance
(p < 0.05) when treatment group is compared with HFD-control.

Regarding biochemical parameters (Table 4), the treatment group showed triglyceride
levels significantly lower (p < 0.05) than that of the control group, with comparable HDL
and LDL. Both groups presented comparable total cholesterol levels. The ALP in HFD-A
group was significantly higher than in the control group.

Table 4. Biochemical parameters of the animals at the end of this study (mean =+ SD; n = 8).

Analysis HFD HFD-A
Total cholesterol (mmol /L) 2.38 £ 0.13 223 +0.32
Triglycerides (mmol/L) 0.49 £ 0.10 0.34 £0.05%
HDL (mmol/L) 0.98 £+ 0.05 1.00 £ 0.08
LDL (mmol/L) 0.59 £+ 0.08 0.69 £+ 0.11
ALT (U/L) 65.75 £ 14.67 70.75 £ 12.93
ALP (U/L) 130.00 + 22.81 175.88 +28.40 *
AST (U/L) 83.63 £ 18.95 74.29 £10.13

* Statistical significance (p < 0.05) when HFD-A is compared with HFD.

3.2.3. Post-Mortem Results

All the animals were in good health with no abnormalities detected in both groups.
The livers of some animals in both groups were histologically within normal limits, while
some revealed mild vascular changes with varying distribution patterns in the hepatocyte
cytoplasm. Macroscopic pathology was not detected with all other tissues.

3.3. Phytochemical Analysis

Figure 3 presents LC-MS chromatogram for the avocado seed powder extracts. Further
analysis of peaks 309 and 351 fragments showed the presence of cinnamic acid. Fragments
of peak 371 showed the presence of ferulic acid, neochlorogenic acid and flavone. Peak
702 fragments showed the presence of isoferulic acid-3-O-glucoronide and rothindin. From
the LC-MS chromatograms, it was established that the main constituents of avocado seed
powder extracts were ferulic acid, neochlorogenic acid and flavone.
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4. Discussion

Rats are considered the best models for studying human metabolic syndrome as they
have similar metabolic patterns as humans [32]. The animals maintained their good health
throughout this study and none of them became sick or died from the treatment.

Food intake determines calorie intake, which is one of the risk factors of obesity devel-
opment. High food intake might lead to a higher calorie intake than energy expenditure,
leading to the accumulation of body fat and obesity development. Sprague Dawley rats
have shown the ability to become obese when placed on a HFD [33]. HFD has also been
used to induce obesity in Zucker rats and mice [34-36].

The treatment group gained significantly less weight than the control group in this
study, showing the potential of avocado seed to reduce weight gain. A previous study
showed that avocado fruits (not avocado seed) resulted in drastic weight loss and reduction
in BMI in individuals who received avocados daily for 6 months in an obesity reduction
study [9]. Avocado seed oil may be responsible for the reduction of weight observed
in animals fed with HFD-A (shown by the high crude fat content of HFD-A compared
with HFD). Avocado seed oil is full of monounsaturated fatty acids, beneficial for the
management of obesity and other inflammatory disorders. These fatty acids increase the
secretion of adiponectin and reduce the plasma levels of pro-inflammatory cytokines [37].

Animals in the treatment group showed significantly less adipose tissue when com-
pared with the control in this study. Similar results were previously obtained with Cosmos
caudatus Kunth leaf [32]. Animals on a high-fat diet might present with high-fat deposits
regardless of their weight [38]. Since the accumulation of adipose tissue in obesity is due to
an increase in the number of adipocytes (hyperplasia), which follows increased adipocyte
differentiation and size (hypertrophy), a decrease in adipose tissue mass might be asso-
ciated with a reduction in adipocyte differentiation [35]. This is shown by a decrease in
the mRNA level of differentiation biomarkers such as PPARy, C/EBPx and adiponectin in
weight reduction [35]. Therefore, avocado seed powder might possibly inhibit one or more
of the processes involved in adipocyte differentiation and proliferation [39].

Trace elements such as zinc, iron, calcium, copper, manganese and selenium, play
a major role in the regulation of metabolic pathways, including lipid regulation [40],
and act as co-factors for enzymes. Disturbances in their homeostasis have been noted
in obesity [41,42] and may lead to oxidative stress, reduction in immunity and increased
expression of inflammatory mediators. Their supplementation to the required concentration
may, therefore, play a role in ameliorating obesity. Avocado seed powder showed the
presence of Fe, K, Ca, Mn and Mg in this study. Talabi et al. (2016) reported avocado seed to
contain calcium, phosphorus, potassium and sodium [20]. While the other study reported
the presence of sodium, potassium, calcium, magnesium, iron, manganese and zinc in
avocado seed [43]. According to Bouglé et al. (2009), trace elements decrease oxidative
and inflammatory stress, thereby preventing obesity and its co-morbidities. Calcium
suppresses 1-«-25-dihydroxycholecalciferol, leading to increased adipocyte differentiation
and lipogenesis from fatty acids and inhibits lipolysis [42]. The role of magnesium and
calcium in obesity modulation has been demonstrated with deep sea water (DSW), for
instance. DSW resulted in weight reduction in mice, decreased levels of adiponectin and
PPARYy and decreased levels of circulating adipogenic proteins in the DSW group compared
with the tap water group and this was attributed to the presence of Mg and Ca [44]. In
addition to regulating insulin production and action, magnesium is a co-factor for different
enzymatic reactions involved in glucose modulation [45].

In this study, HFD-A showed a potential to decrease triglycerides, with LDL, HDL
and total cholesterol comparable to animals fed with HFD. Obesity is associated with
various biochemical abnormalities such as high triglyceride levels and low HDL [46].
High-fat-containing meals increase the level of cholesterol and also alter lipid profiles [47].
Higher levels of cholesterol and triglycerides were previously obtained from rodents on
a HFD (21% fat content of the food) than with the control (5% fat content) [48]. A good
treatment would therefore be able to decrease total cholesterol, triglyceride and LDL while
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increasing the level of HDL. Avocado oil has been found to alleviate non-alcoholic fatty
liver disease, hyperglycemia and dyslipidemia in rats fed with a high-fat/high-fructose diet
by improving mitochondrial function and reducing the levels of reactive oxygen species,
pro-inflammatory factors and lipid peroxidation [10].

Though the mechanism of obesity prevention was not established from this study,
phytochemicals such as apigenin (flavone), hesperetin (flavanone), cyanidin (anthocyanins)
and curcumin (phenolic acid) among others have been found to combat obesity in different
ways [49]. These phytochemicals have been reported to reduce the digestion of fat (prob-
ably through lipase inhibition), hence reduce lipid absorption from the gastro-intestinal
tract, and also effect anti-inflammatory actions [49]. Polyphenols also cause a decrease in
lipogenesis and increase lipolysis [17,39,50,51]. The flavonoids and saponins in avocado are
associated with inhibition in the inflammatory pathways involved in obesity development
and the pathophysiology of its comorbidities [51,52]. These phytochemicals may be respon-
sible for the observed anti-obesity effects of avocado seed powder, as the LC-MS analysis
indicated the presence of cinnamic acid, ferulic acid, neochlorogenic acid, isoferulic acid-
3-O-glucoronide and rothindin in this study. Ferulic acid and chlorogenic acid have been
reported to elicit their anti-obesity effects through the inhibition of pancreatic lipase [53].
As obesity is associated with inflammation, agents with anti-inflammatory effects would
be beneficial. The reduction of inflammatory cytokines has been reported as one of the
mechanisms the phytochemicals follow in obesity management. This mechanism was
reported for cinnamic acid [54], ferulic acid [55] and neochlorogenic acid [56], in preventing
or reversing obesity. It was reported that the anti-obesity activity of ferulic acid was due to
its potential to inhibit inflammatory markers such as tumor necrosis factor-« (TNF-o) and
monocyte chemoattractant protein-1 (MCH-1) [55]. This was also observed in a study by
Tian et al., 2022, where ferulic acid reduced the production of the inflammation cytokines
TLR-4, NF-kB, TNF-«, IL-13 and IL-6 and reduced weight gain in mice fed a high-fat
diet [57]. In addition, ferulic acid reduced leptin levels and increased ghrelin levels in mice
fed with HFD [55].

Avocado seed has been reported to contain catechins, hydroxybenzoic acids, hydrox-
ycinnamic acids, flavonols and procyanidins [13]. Another study showed the presence
of 5-O-caffeoylquinic acid, quercetin 3-O-glucoside, quercetin 3-O-galactoside, quercetin
3-O-rutinoside, quercetin-3,4’-diglucoside and quercetin 3-O-arabinoside [58]. These phy-
tochemicals have been reported to play a significant role in the treatment of obesity and
its co-morbidities [59]. Hence, the potential anti-obesity properties shown by avocado
seed powder in this study may be attributed to these phytochemicals. The phytochemical
composition of plants is affected by genetic, environmental and physical factors [60]. Param-
eters for extraction methods such as temperature, duration of extraction, solvent-to-solid
ratio and storage conditions affect the phytochemical content [61]. These may explain the
differences in the phytochemical composition of the avocado seed from this study and the
other studies.

Although animals in the treatment group showed increased brain weight, both the
post-mortem and histology examination did not confirm injury to any other organ and did
not reveal any lesions due to toxic effects in any of the organs in both groups. As a major
organ of metabolism, the liver is more prone to drug toxicity [62]. Liver injury can increase
the permeability of hepatocytes, as they lose their integrity, accompanied by the leakage of
the enzymes into the bloodstream [63]. The increase in liver enzymes in the blood might
therefore be directly proportional to the extent of the injury. The results of the liver enzymes
showed that the animals on HFD-A had higher ALP than those on HFD. Apart from its
use in hepatic function analysis, ALP is also elevated in bone disease [64]. An increase in
ALP levels of the treatment group may therefore require further investigations. An increase
in ALT and AST levels on animals fed avocado seeds has been reported previously [65].
However, another study found no significant changes in liver enzymes associated with
avocado seed [66]. The changes in liver enzymes might indicate possible liver damage
in this group. However, the histopathology results did not show any detectable liver
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References

injury or injury to any other organ. The vascularization observed in this study might
be due to microvesicular lipidosis, which has been reported before in mice on HFD [67].
Vascularization might also show hepatocellular damage under oxidative stress [68]. Since
other findings (clinical and anatomical) did not point towards any clinically significant
hepatic changes, the importance of the observed changes was uncertain due to the degree
of the hepatic lesions (varying between normal, minimal/slight and mild).

In this study, avocado seed showed the potential to reduce weight gain in rats fed
with a high-fat diet. Avocado seed should be investigated further for its mechanisms of
action and safety.

5. Conclusions

Avocado seed powder contains different phytochemicals and trace elements with
potential for use in management of obesity. In this study, avocado seed powder has shown
potential to prevent obesity and reduce triglycerides. However, the long-term effects of the
avocado seed powder ingestion still needs to be investigated. Further studies should be
conducted over a long period to determine the mechanisms of action of avocado seed in
managing obesity and its safety in humans. Until that is done, we would not recommend
it’s chronic use in supplements.
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Abstract: This review seeks to deepen our comprehension of the African plant Momordica balsamina L.
by elucidating its therapeutically important molecules and nutrient composition. Commonly referred
to as the balsam apple, this plant species is extensively harnessed for its diverse therapeutic potential
across its various organs, including leaves, fruits, roots, and stems. Numerous bioactive molecules
have been isolated or identified within this plant, notably encompassing polyphenols, flavonoids,
terpenes, and carotenoids. These compounds exhibit a wide array of biological activities, ranging
from antioxidative, anti-inflammatory, anti-diabetic and anti-carcinogenic to anti-malarial properties,
among others. Furthermore, the leaves of Momordica balsamina L. stand out for their abundant mi-
cronutrients, proteins, and amino acids. This investigation aims to shed light not only on the botanical
characteristics of the Momordica balsamina plant and its potential applications in traditional medicine
but also on its chemical composition, biological functionalities, and physicochemical attributes, thus
accentuating its nutritional advantages. Nonetheless, an intriguing avenue presents itself for the
exploration of strategies to conserve this species, delve deeper into its potential within the cosmetics
industry, and innovate methodologies for the synthesis or biosynthesis of these bioactive molecules.

Keywords: Momordica balsamina L.; phytotherapy; phytochemicals; biological properties; nutritional
values; cosmetic uses

1. Introduction

For millennia, humanity has drawn upon environmental resources to ensure survival
and well-being. Even in contemporary times, plants remain invaluable sources of sus-
tenance and medicinal properties [1,2]. Nevertheless, a scarcity of ethnobotanical and
chemical investigations has obscured the full extent of their pharmacopeia, nutritional
value, and therapeutic potential.

In the present era, uncovering the botanical intricacies and therapeutic merits of
plants presents a formidable challenge. Indeed, plants are fundamental and essential
components in pharmaceutical research and production [1]. Consequently, delving into
their chemical compositions and nutritional profiles emerges as a critical pursuit to enhance
their application in medicine. Notably, plant-based derivatives constitute over 50% of
the global medicinal repertoire [3]. These plants are frequently encountered in herbalists’
domains, traditional healing practices, marketplaces, or their regions of origin. The leaves,
barks, roots, and fruits of medicinal plants constitute the most utilized components for
phytotherapeutic purposes, often administered via maceration, infusion, digestion, or
decoction [4].
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https:/ /www.mdpi.com/journal /nutraceuticals



Nutraceuticals 2023, 3

The Cucurbitaceae family, widely employed in traditional medicine, encompasses
herbaceous vines with tendrils and, in some cases, shrubs. Certain of these species exhibit
widespread distribution across tropical and subtropical regions [4,5]. Cucurbits notably
hold a significant position in Africa, offering a range of edibles (such as squash, pumpkin,
and melon) and utilitarian items (like gourds and sponges). The fruits of numerous cucurbit
species, rich in micronutrients, constitute dietary staples in Africa, sometimes consumed
as juices to alleviate micronutrient deficiencies. Plants within the Momordica genus are of
notable importance for their remedial attributes [6].

Momordica balsamina, commonly known as balsam apple or referred to as Mburbuf
or Mborbof in the Wolof language (native to Senegal), belongs to the Momordica genus.
Flourishing in arid expanses of tropical and subtropical Africa, M. balsamina serves a dual
role, being both a dietary staple and a fundamental element of traditional African medicine.
It finds application in alleviating diverse symptomatic manifestations, including those
associated with diabetes and malaria [7].

The primary objective of this article is to provide a comprehensive botanical delin-
eation of M. balsamina, followed by an exhaustive exploration of its numerous applications.
Subsequently, a detailed synthesis of its chemical composition, biological activities, and
nutritional potential is presented. M. balsamina, with its numerous applications in the food
sector, as a source of medicine, and potentially as a source for new cosmetic ingredients, is
well worth this review paper. The uniqueness of this review lies in its extensive coverage,
encompassing not only the phytochemical and pharmacological aspects of M. balsamina
but also its nutritional potential, traditional uses, and cosmetic applications. The literature
search was carried out using the following databases: Google Scholar, Science Direct, Pub
Chem, ACS, and Scopus. The keywords mainly used were “Momordica balsamina”, associ-
ated with thematic words such as botany, traditional use, biological properties, nutritional
value, and cosmetic use.

2. Botanical Description and Geographical Distribution of Momordica balsamina

The genus Momordica comprises approximately fifty-nine herbaceous or perennial
herbaceous species, occasionally manifesting as small shrub climbers. These plants belong
to the cucurbit family and are indigenous to tropical and subtropical regions of Africa, Asia,
and Australia [8].

M. balsamina (Figure 1) is an annual herbaceous, monoecious, climbing plant with
glabrous or lightly hairy stems up to 4 to 5 m long, equipped with tendrils for attachment
to nearby vegetation. It grows at altitudes of 0 to 1293 m [3,4,9].

The leaves of M. balsamina (see Figure 1a) exhibit a light green hue. They are alternate,
waxy, simple, and lobed, featuring three to five distinct lobes reaching up to half of the leaf
blade. These leaves can reach a length of 12 cm [4,9,10].

The flowers (see Figure 1d) are pale yellow, unisexual, and solitary. They take on a
rounded, trumpet-like form, characterized by a pedicel measuring up to 0.5 cm in length.
The receptacle spans 0.5-1 mm, while the sepals are narrow and can grow up to 0.5 cm.
Petals range from 0.5 to 1.5 cm in length, surrounding a unicellular inferior ovary [3,4,10].

The fruits of M. balsamina (see Figure 1b) adopt a spindle-shaped appearance, with
colors shifting from orange to vibrant red. These fruits exhibit about 19 rows of regular
or irregular, short, blunt, non-prickly, creamy, or yellowish spines. Upon ripening (when
orange), the fruits, which measure 25-60 mm, spontaneously split into three coiled valves,
revealing numerous seeds enshrouded by a vivid (see Figure 1c), extremely adhesive scarlet
aril. This aril is edible and possesses a sweetness akin to watermelon. The seeds are encased
within a crimson pulp. Oval and compressed, the seeds span 9 to 12 mm in length [3,4,10].

M. balsamina is a prevalent vegetable within tropical and subtropical zones [6]. Origi-
nating from tropical Africa, it has proliferated across drier areas of South Africa and coastal
regions of Australia. Its cultivation has extended to European gardens, as well as to Central
American, Arabian, tropical Asian, and Indian regions. In India, it thrives naturally in
forests during the rainy season. This species has been introduced to parts of the Neotropics,
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gaining naturalization in the United States and Pakistan [9,11]. It can be found growing in
the wild across southern African regions, including Botswana, Swaziland, Namibia, and
South Africa. Within South Africa, it flourishes in the Eastern and Northern Cape, Limbo,
and Kwazulu-Natal provinces [3].

(b)

(d)

Figure 1. Different parts of the M. balsamina plant: (a) leaves, (b) fruits, (c) seeds, and (d) flower
(Mareme THIAW, Ngoundiane (Thies-Senegal) 2022).

3. Chemical Composition of Momordica balsamina

M. balsamina is revered in traditional medicine for its diverse chemical composition,
contributing to its efficacy in treating a multitude of diseases. Each part of the plant is
utilized in accordance with its distinct chemical composition and the specific ailment to
be treated.

The plant’s leaves, fruits, stems, seeds, and bark collectively contain a spectrum of
compounds, including resins, alkaloids, flavonoids, glycosides, steroids, terpenes, cardiac
glycosides, and saponins, among others [3,12-14].

Indeed, the aerial part of M. balsamina has been found to contain a variety of com-
pounds, including terpenoids [12-14], alkaloids, saponins [13,14], tannins [12,13], flavonoids,
anthocyanins, mucilages, and reducing compounds [12]. Additionally, the presence of
glycosides and glycoside saponins has also been noted [14].

The fruit of M. balsamina notably contains a significant quantity of saponins, steroid
rings, and carbohydrates. Alkaloids, tannins, flavonoids, glycosides, steroids, and terpenes
are also present, albeit in smaller amounts [3].
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Based on findings from ethnopharmacology surveys, phytochemical screenings, and
extract fractionation via chromatography, a range of biological tests can be conducted. These
include assessments in vitro and in vivo of antioxidant, antibacterial, anti-diabetic, anti-
inflammatory, anti-malarial, antiviral, and anti-HIV properties, among others (Table 1) [15-18].
The observed biological activities can be attributed to the presence of identified or isolated
metabolites within M. balsamina extracts, including flavonoids, terpenes, phenolic acids,
carotenoids, and more (refer to Table 1).

Numerous phenolic acids, such as quinic acid and various chlorogenic acids, have
been identified within the plant [16,17]. Unique compounds, including pseudolaroside
A acid and isocitric feruloyl acid, have been reported for the first time in relation to
M. balsamina [19]. Common flavonoids, including kaempferol, quercetin, and isorhamnetin,
have been identified, each exhibiting distinct glycoside forms [16,17]. Notably, certain
flavonoids demonstrate in vitro and in vivo an array of biological activities, such as anti-
inflammatory, antioxidant, anti-diabetic, and anti-malarial effects [16,17,20].

Cucurbitane triterpenoids, the main constituents isolated from this species encompass-
ing balsaminols, balsaminosides, balsaminagenins, karavilagenins, and cucurbalsaminols,
have been extensively investigated by Ramalhete et al. (2010), (2011), and (2022) for their
diverse bioactivities, including anti-diabetic, anti-malarial, antiplasmodial, anti-cancer, an-
tibacterial, and P-glycoprotein (P-gp)-inhibitory effects [18,20,21]. Carotenoids, including
zeaxanthin, lutein, and (3-carotene, renowned for their antioxidative, anti-inflammatory,
and anti-aging properties, have also been identified within the plant [17,20]. Biosynthetic
pathways for cucurbitane have been established by Ramalhete et al. (2022) [18]. It pro-
posed biosynthetic routes for the new cucurbalsaminane skeleton starting from a tetracyclic
cucurbitane skeleton, with an «,3-unsaturated carbonyl at C-7.

Balsamin, a ribosome-inactivating protein (RIP), was isolated from the seeds of the
plant M. balsamina [11]. It allows the in vitro inhibition of HIV-1 replication at the translation
stage [11,22]. Ajji et al. (2018) [22] have shown that balsamin also possesses anti-tumor,
antibacterial, and DNase-like activity. Moreover, a broad-spectrum antibacterial activity
has been documented [18].

The chemical diversity of the plant has made it effective in treating various health
problems, and its potential in traditional medicine has been substantiated by numerous
biological tests, highlighting the significance of M. balsamina as a valuable resource in both
traditional medicine and modern pharmacology for a wide range of health issues.

Table 1. Metabolites of M. balsamina and their biological activities.

Class of
Compounds

Compounds Biological Activity Essay/Conclusion References

Balsamin

In vitro.
Inhibits HIV-1 replication in T-cell lines and
Antiviral activity human primary CD4* T cells during the [23]
translation of viral proteins with an ICs( of
approximately 10 nM after three days of treatment.

In vitro
Inhibition the growth in a dose-dependent manner
Antibacterial of pathogens Staphylococcus epidermidis [24]
(MICs = 1.56 ug/mL) and Staphylococcus aureus
(MICs = 6.25 ug/mL).

Flavonoids

In vitro.

Kaempferol Depigmenting Tyrosine inhibition in B16 melanoma cells with [25]

ICs0 171.40 M.
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Table 1. Cont.

Class of

Compounds Compounds

Biological Activity

Essay/Conclusion

References

Kaempferol

Anti-inflammatory

In vitro.
Potent inhibitory activity relative to Nitric Oxide
(NO) production, induced by Lipopolysaccharides
(LPS) in RAW 264.7 cells (IC5( 15.40 uM) without
cytotoxicity, and inhibited NF-kB-mediated
luciferase activities (ICsy 90.30 pM).

[25]

Managing
cancer-associated
ailments

In vitro.
Effectively inhibit (IC5p 43 pmol/L) multiple
cancer-associated pathways in triple-negative
breast cancer cells (TNBC cells) simultaneously.

[26]

Flavonoids

Quercetin

Anti-carcinogenic/
Antioxidant

In vitro.
Scavenge oxygen-free radicals HyO, (ICsy 5 M)
and O~ (IC50 9 uM); inhibit lipid peroxidation
(IC50 60 uM); and quench 8 ohdg formation via
UV light irradiation (ICsy 0.8 M) and Fenton
reaction (ICsy 80 uM).

[27]

Antioxidant/
Anti-inflammatory

In vivo
Preserve the function of the liver in acute alcoholic
injury by upregulating the expression of
Interleukin 10 and Oxygenase-1 and thus
inhibiting NLRP3 inflammasome activation and
inflammatory factor secretion.

[28]

Isorhamnétine

Anti-inflammatory

In vitro.
At 30 and 60 mg/kg, inhibits the inflammatory
response to lipopolysaccharides (LPS) in RAW

264.7 cells and in an acute lung injury (ALI) model.

It significantly suppresses the overproduction of
pro-inflammatory cytokines and neutrophil
migration and reduces the histopathological

changes and lung edema induced by LPS.

[29]

Phenolic Acids Quinic acid

Anti-inflammatory

In vitro.

At 0.10 ug/mL, inhibits vascular cell adhesion
molecule-1 (VCAM-1) expression via the
suppression of mitogen-activated Protein (MAP)
kinase and NF-«b signaling pathways in
TNF-«-stimulated vascular smooth muscle cells
(VSMCs).

[30]

Antiviral

In vitro.

Inhibits HBV (Hepatitis B Virus) DNA replication
and Hepatitis B surface antigen (HBsAg)
production in HepG2.2.15 cells infected with duck
Hepatitis B virus.

[31]

Triterpenoids ~ Karavilagenin C

Anti-malarial

In vitro.

Anti-malarial activity against the
chloroquine-sensitive (3D7) (IC5p 10.40 M) and
the chloroquine-resistant (Dd2) (ICsp 11.20 uM)

strains of Plasmodium falciparum.

[21]

Antibacterial

In vitro.

At 3 uM inhibition, the activity of bacterial efflux
pumps of methicillin-resistant Staphylococcus
aureus (MRSA) COLoxa by increasing
the intracellular accumulation of ethidium
bromide.

[32]
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Table 1. Cont.

Class of

Compounds Compounds Biological Activity Essay/Conclusion References
In vivo.
. . P-glycoprotein Inhibition of P-glycoprotein in a mouse lymphoma
Karavilagenin C modulation activity cell transfected with the human ABCB1 gene. (18]
Fluorescence activity ratio (FAR) 42.10 at 2 uM.
In vitro.
Balsaminagenin Inhibition of the activity of bacterial efflux pumps
s ;3 Ch Antibacterial of Enterococcus faecalis by increasing the [18]
intracellular accumulation of ethidium bromide at
30 uM.
In vivo.
Cucurbalsamin P-glycoprotein Inhibition of P-glycoprotein in a mouse lymphoma [18]
one B modulation activity cell transfected with the human ABCB1 gene.
. R Fluorescence activity ratio (FAR) 76.90 at 2 uM.
Triterpenoids
Balsaminoside In vitro.
A Anti-malarial Inhibition of P. falciparum 3D7 (ICs 4.60 uM) and [20]
Dd2 (ICs( 4.00 uM stem cell growth.
In vitro.
karavilagenin E Anti-malarial Inhibition of P. falciparum 3D7 (ICsy 4.70 uM) and [20]
Dd2 (ICs( 8.20 uM) stem cell growth.
Balsaminol
STOUPS, Anti-diabetic,
Balsaminoside X .
. Anti-malarial,
and Balsamina- .. .
. Antiviral, Anticancer,
genine groups, antibacterial [18,20,21]
Karavilagenin R
roups P-glycoprotein (P-gp)
& - inhibitors, and others.
Cucurbalsaminol
groups

4. Nutritional Value of Momordica balsamina

M. balsamina stands as a plant rich in vital nutrients and holds a significant place in
African cuisine [33]. The leaves of M. balsamina deemed a significant green-leaf vegetable,
possess multifaceted nutritional potential. It offers a source of nutrients (Figure 2) that
complements major dietary components [9]. Table 2 highlights the nutritional composition,
encompassing protein, fiber, fat, and caloric value of M. balsamina leaves. Notably, the
protein content of this wild vegetable is remarkably high (287.70 + 1.80 g/kg or 28.77%),
surpassing that of numerous other vegetables [9]. This elevated protein content positions
it as a promising protein supplement or meat substitute, especially for resource-scarce
rural communities [9]. In line with recommended daily protein allowances, a mere 3 g of
M. balsamina leaves could significantly contribute to daily protein requirements.

With its relatively low crude fiber content (37.20 & 7.90 g/kg), M. balsamina leaves
contribute substantially to dietary fiber intake, an essential component in human nutri-
tion [9]. Characteristic of most green leafy vegetables, M. balsamina boasts a modest caloric
value (1892.20 kcal/kg), making it a favorable dietary addition for those aiming to manage
caloric intake [34].
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Figure 2. Nutrients of M. balsamina leaves.

Its impressively high ash content (127.00 & 17.00 g/100 g) establishes M. balsamina as
a dependable source of essential minerals (Table 3) [9]. Notably, potassium and calcium
dominate the mineral composition (27.05 and 22.20 g/kg, respectively). Even a modest
consumption of 4 g for children and 6 g for adults of M. balsamina can fulfill a part of
daily calcium needs, along with potassium requirements ranging from 1.50 g to 17.00 g [9].
These results are not in agreement with studies by Karumi et al. (2004) [35] who report
higher concentrations of Fe, Zn, and Mn at 28.00 £ 0.52 g/kg, 15.91 + 0.13 g/kg, and
30.27 + 0.32 g/kg, respectively (n = 5). In contrast, copper, potassium, and calcium show
lower levels at 6.85 £+ 0.22 g/kg, 0.98 & 0.11 g/kg, and 2.45 + 0.44 g/kg, respectively.
The elevated potassium content suggests its potential as a dietary addition to mitigate
hypertension, stroke, cardiac disorders, kidney damage, and osteoporosis, particularly
in conjunction with low-sodium diets [9]. In contrast, the levels of sodium, magnesium,
zinc, and iron remain relatively low, underscoring the need for alternative sources of these
minerals. A high potassium content is a valuable source for managing hypertension and
other cardiovascular conditions [2].

While M. balsamina leaves are found to be low in vegetable lipids, aligning with the
characteristic low-fat nature of leafy greens, the results substantiate its role in promoting
health and preventing obesity [34].

Nutritional data on M. balsamina fruits reveal that they are among the most diverse
and promising vegetable crops. They contain a range of essential minerals, with potassium
(43.67 mg/100 g) and phosphorus (9.67 mg/100 g) being the most significant. Additionally,
these fruits contain calcium (2.02 mg/100 g), sodium (0.53 mg/100 g), iron (1.24 mg/g),
and zinc (0.38 mg/100 g). Consequently, incorporating M. balsamina fruits into the human
diet is an intriguing possibility [36].

Table 4 delves into the amino acid composition of M. balsamina leaves, revealing a
preponderance of non-essential amino acids, primarily glutamic acid and aspartic acid,
comprising 12.38 and 8.21 mg/100 g of protein, respectively [34]. However, it is noteworthy
that while these proteins, including balsamin, are rich in certain amino acids, their profile
lacks balanced proportions of the eight essential amino acids, including isoleucine, leucine,
lysine, methionine, phenylalanine, threonine, valine, and histidine.
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In the final analysis, nutritional data reveal that M. balsamina offers a wealth of nu-
trients, making it an essential dietary component with the potential to enhance dietary
diversity, support health management, and provide nutrient supplementation for diverse
populations. However, it is important to note that its amino acid profile does not achieve
an optimal balance of the eight essential amino acids. The nutritional composition of the
M. balsamina may be variable, probably dependent on farming. This highlights the impor-
tance of incorporating this plant into a diet that includes other food sources to achieve a
well-balanced nutritional intake.

Table 2. Nutritional composition of M. balsamina leaves.

Nutrients Composition (g/kg) [9,34] Recommended Daily Intake [37]
Protein 287.70 + 1.80 1'0&3'25/% ll()% g;’%vye;‘é;if/}g; ;‘?Xéiﬁi)ld)
Fat 53.70 & 8.60
Crude fiber 37.20 £7.90
Ash 127.00 = 17.00
Moisture 710.00 £ 0.90
Available Carbohydrate 390.50 & 2.00
Calorific Value (Kcal/kg) 1892.20

Age range: children (1 to 18); adults (19 to 70); mean + standard deviation of three replicates.

Table 3. Mineral composition of M. balsamina leaves and fruits.

Minerals Leaves (g/kg) [9] Fruits (mg/100 g) [36] Recommended Daily Intake [37]

Calcium 22.20 £ 0.50 2.02 210-800 mg/day (Child); 1000-1300 mg/day (Adult)
Magnesium 3.82 + 0.06 - 80-410 mg/day (Child); 310-420 mg/day (Adult)
Phosphorus 3.24 £0.01 9.67 460-1250 mg/day (Child); 700 mg/day (Adult)

Potassium 27.05 £ 0.27 43.67 0.4-4.5 g/day (Child); 4.7 g/day (Adult)

Sodium 0.06 + 0.02 0.53 1.5-2.3 g/day (Child); 2.3 g/day (Adult)

Iron 0.14 +0.01 1.24 7-15 mg/day (Child); 8-18 mg/day (Adult)
Manganese 0.15 £ 0.00 - 0.6-2.2 mg/day (Child); 1.8-2.3 mg/day (Adult)
Zinc 0.39 +0.01 0.38 3-8 mg/day (Child); 8-11 mg/day (Adult)

Age range: children (1 to 18); adults (19 to 70); mean =+ standard deviation of three replicates.

Table 4. Amino acid composition of M. balsamina leaves.

Concentration (g/100 g Recommended Daily Intake

Amino Acid Protein) [34] in mg/tiez 3::13; g;]ight for
Essential amino acids
Isoleucine 2.94 10
Leucine 8.38 14
Lysine 3.94 12
Methionine 0.90
Phenylalanine 3.94
Threonine 3.13 7
Valine 4.11 10
Histidine 2.50 8-12
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Phytoconstituents

Table 4. Cont.

Concentration (g/100 g Recommended Daily Intake

Amino Acid Protein) [34] in mg/:l-;)zr 3:;13; }';l;]ight for
Non-essential Amino Acids

Cysteine 0.56
Total Sulfur 1.46
Tyrosine 2.62
Total aromatic 6.46
Alanine 4.16
Arginine 4.87
Aspartic acid 8.21
Glutamic acid 12.38
Glycine 4.66
Proline 3.21
Serine 4.00

5. Biological Properties of Momordica balsamina

M. balsamina leaves have been employed as a vegetable, consumed as a decoction,
or incorporated into various recipes in conjunction with other plants [39]. The leaves,
fruits, seeds, and bark of this plant offer substantial medicinal benefits, including anti-
HIV, anti-plasmodial, anti-diarrheal, antiseptic, antibacterial, antiviral, anti-inflammatory,
antimicrobial, hypoglycemic, antioxidant, analgesic, hepato-protective properties, and so
many others (Figure 3) [3,40,41].

sanzadoxd reo1Sojorg

Figure 3. Biological properties and phytoconstituents of Momordica balsamina.
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Indeed, the methanolic extract of the M. balsamina aerial part exhibits antiplasmodial
activities that are highly promising with very low toxicity. This extract showed in vitro ac-
tivity on three strains of Plasmodium falciparum (P. falciparum) (F32-Tanzania, FcB1-Colombia,
and FeM29-Cameroon) and in vivo activity on mice infected with Plasmodium vinckei, which
were treated either intraperitoneally or orally in a 4-day suppression test. This could
potentially explain its widespread use in traditional malaria treatment in Niger [42]. In a
study by Ramalhete et al. (2010) [20], the anti-malarial activity of new triterpenoids isolated
from M. balsamina was demonstrated. These triterpenes and, notably, certain derivatives
of karavilagenin exhibited substantial in vitro activity against P. falciparum strains 3D7
and Dd2, with low cytotoxicity. Furthermore, Clarkson et al. (2004) [43] demonstrated
the in vitro activity of the aqueous extract of leaves and stems of M. balsamina against
P. falciparum D10.

The antibacterial activity of M. balsamina was studied in vitro by Abdulhamid et al.
(2023) [44], using methanol leaf extracts against Staphylococcus aureus and Escherichia coli
over a 24 h period. They reported that methanol extracts from M. balsamina exhibited
sensitivity (measured by the zone of inhibition) against the tested bacteria, suggesting that
M. balsamina leaves could serve as a natural antibacterial alternative for infections caused by
these bacteria. This discovery aligns with previous research by Otimenyin et al. (2008) [45]
and Jigam et al. (2004) [46], who also demonstrated in vitro antibacterial activity against
various bacteria, including Pseudomonas aeruginosa, Salmonella typhi, Bacillus subtilis, Proteus
mirabilis, and Klebsiella pneumoniae, using extracts from M. balsamina. Additionally, a protein
isolated from M. balsamina known as balsamin has shown in vitro antibacterial properties
against bacteria such as Staphylococcus aureus, Salmonella enterica, Staphylococcus epidermidis,
and Escherichia coli, suggesting its potential as a nutraceutical [24]. The ethyl acetate extract
of the aerial parts of the M. balsamina plant also exhibited remarkable antibacterial activity
in vitro against the E. faecalis strain [47]. Thus, crude extracts of M. balsamina possess
significant potential as antimicrobial agents, potentially explaining their traditional use in
treating diabetic wounds [45]. M. balsamina leaves could serve as a natural antibacterial
alternative for infections caused by these bacteria and can be utilized in the treatment of
infectious diseases.

The M. balsamina plant exhibits remarkable anti-HIV potential. In fact, the plant protein
MoMo30 (30 kDa protein), isolated from M. balsamina, effectively inhibits HIV-1 in vitro at
nanomolar levels while exhibiting minimal cellular toxicity at inhibitory concentrations [48].
This finding is in line with the work of Coleman et al. (2022) [49]. They found that the
aqueous extract of M. balsamina leaves inhibits HeLa-CD4+-LTR-Bgal cells with HIV-1n1.4.3
by more than 50% at concentrations of 0.02 mg/mL and above, with no toxicity in the
0-0.5 mg/mL range [49]. Other antiviral properties of the plant have been demonstrated.
For instance, in vitro tests against the growth of Newcastle disease virus on a cell line of
chicken embryo fibroblast (CEF) using aqueous extracts of fruit pulp and leaves have shown
promising potential in the management of Newcastle disease [50]. Ampitan et al. (2023) [51]
demonstrated the in vivo efficacy of M. balsamina extract against avian paramyxovirus-
1 infection in broilers. These results indicate that the plant can prevent the virus from
attaching to host cells, thus confirming its antiviral potential against this virus [50].

Khumalo et al. (2023) [52] conducted a study demonstrating that oral administration
of methanolic leaf extracts of M. balsamina to pre-diabetic rats, induced by an experimental
high-fat, high-carbohydrate diet, attenuated diabetes-associated renal function abnormal-
ities. This treatment reduced damage and restored renal function. Similar research by
Siboto et al. (2018) [53], using diabetic rats induced by streptozotocin (STZ), suggests that
M. balsamina may have beneficial effects on processes associated with renal disorders in
STZ-induced diabetic rats [52,53]. The in vivo study conducted by Sani et al. (2019) [54] on
diabetic rats, induced by an injection of alloxan monohydrate, further confirms this prop-
erty of the plant. Kgopa et al. (2020) [55] revealed that relatively non-polar extracts from
M. balsamina fruits, such as hexane and ethyl acetate extracts, can increase glucose uptake
by RIN-m5F (-cells In vitro. They argued that M. balsamina fruit extracts may exert their
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anti-diabetic effects not only via increased insulin sensitivity and inhibition of intestinal
glucose absorption but also via the stimulation of insulin synthesis and secretion [55].

The results of research by A.T. Samaila’s [56] revealed that M. balsamina leaf and root
extracts have the potential to generate drugs and compounds with antifungal properties,
effectively targeting pathogenic fungi.

Mabasa et al. (2012) [16] demonstrated in vitro anti-inflammatory activity in M. bal-
samina leaves on RAW 264.7 cell lines. They confirmed that M. balsamina leaves contain
nontoxic secondary metabolites that may play a pivotal role in human health as anti-
inflammatory agents [16]. Ndhlala et al. (2011) [57] showed the in vitro anti-inflammatory
capacity of the aqueous extract of M. balsamina via the inhibition of cyclo-oxygenase 1 and
cyclo-oxygenase 2.

Biological studies have indicated that M. balsamina possesses anticancer properties.
In fact, a significant number of triterpenoids tested in vitro by Silva (2017) [58] demon-
strated robust P-glycoprotein (P-gp) modulation activity with a Fluorescence Activity
Report (FAR) > 10 and synergistic interactions with the antitumor drug doxorubicin. These
findings support their potential as multidrug resistance (MDR) reversers.

This plant possesses significant antioxidant potential. The in vitro antiradical capacity,
as demonstrated by Odhav et al. (2007) [59] on methanol extracts of its leaves, exhibits
strong inhibition of free radicals.

Studies in vitro conducted by Okpara et al. (2017) [60] on the methanolic extract of
M. balsamina fruit also demonstrated its potential effectiveness in managing diarrhea. The
methanolic extract, when administered at moderate doses (400 mg/kg and 800 mg/kg),
significantly reduced the gastrointestinal transit of activated charcoal in mice. Furthermore,
oral administration of the extract (at doses of 200 mg/kg, 400 mg/kg, and 800 mg/kg)
provided dose-dependent protection to Wistar rats against castor oil-induced diarrhea
(2 mL/rat) and significantly reduced castor oil-induced enteropooling in Wistar rats.

The aqueous leaf extract of M. balsamina demonstrated a promising effect on acetic
acid-induced twisting/stretching in Wistar rats in a dose-dependent manner. This extract
was found to have significant antinociceptive (analgesic) effects, with a reduction of up to
71.3% observed at a dose of 400 mg/kg body weight [61].

M. balsamina is a plant with significant anti-malarial potential. Triterpenoids, isolated
from M. balsamina, possess a broad range of potent biological activities, including hepato-
protective, anti-malarial, anti-inflammatory, cardiovascular, anti-diabetic, and antiparasitic
effects [20].

Continued investigations and exploration of the bioactive compounds within M.
balsamina hold immense potential for the development of novel drugs and therapeutic ap-
proaches across various medical disciplines. The identification and isolation of its bioactive
compounds have opened new avenues for drug development and therapeutic interven-
tions spanning diverse medical fields. The wide-ranging pharmacological properties of M.
balsamina, substantiated by scientific research, not only underscore its significance in tradi-
tional medicine but also illuminate its potential in modern pharmaceutical research. This
plant’s diverse bioactive compounds have demonstrated their ability to address various
health conditions, making it a valuable resource for both traditional and modern medicine.
However, it should be noted that some biological studies have limitations either due to the
high concentrations required to produce a biological effect or the low content of specific
active ingredients in the plant. This is the case with balsamin, a bioactive protein found in
the seeds of the plant but in low concentrations.

6. Traditional Uses of Momordica balsamina

M. balsamina is an intriguing plant renowned for its potent medicinal properties.
It finds application in treating a variety of conditions, such as hypertension, digestive
disorders, malaria, diabetes, and measles prevention [4].

Furthermore, M. balsamina is recommended for addressing dermatological ailments
like pimples, skin spots, and edema. It serves as a remedy for wounds, eczema, allergies,
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and skin infections while also functioning as a skin moisturizer. Its effectiveness in address-
ing dermatological issues may be associated with its scientifically proven anti-inflammatory
and antibacterial properties.

The plant assumes the role of an anthelmintic when employing its fruits, seeds, and
leaves. Leaves are used to combat fever and excessive uterine bleeding, while the whole
plant is utilized to manage syphilis, rheumatism, hepatitis, and diverse skin conditions. It
has applications as an abortifacient, aphrodisiac, galactogen, and diabetic treatment [4,62].
M. balsamina is used for its anti-diabetic properties. Indeed, diabetic patients consume leaf
decoctions orally to regulate blood sugar levels. The plant is employed in various forms,
such as infusions, poultices, and herbal teas, to address issues like liver problems, stomach
cramps, and ulcers [4].

The utilization of M. balsamina in traditional medicine is both diverse and extensive,
spanning various countries and cultures. This plant has found its way into the pharma-
copeias of different regions, where its different parts are harnessed to address a multitude
of health concerns. Below is an overview of its traditional medicinal applications (refer to
Figure 4).

The leaves are hulled or infused to treat malar-
ia, poultices for skin infections.

The leaves, roots, stems and pulp are infused
or decocted to treat hypertension, digestive
disorders, malaria, diabetes, rheumatism, skin
disorders, stomach aches, hemorrhoids, and

painful periods.

The leaves and stem are used in the form of a

decoction to treat hernias and are oxytocic.

The fruits and leaves are infused to treat
hypertension, digestive disorders, malaria,
diabetes, rheumatism, skin disorders, stomach
aches, hemorrhoids, and painful menstruation
and are used as a treatment of asthenia and as

a hemostatic antiseptic.

The leaves and fruits are used in the form of a
decoction to treat HIV and AIDS.

Figure 4. The utilization of M. balsamina in traditional medicine in Africa [2,3,42,63]. Data presented
in the figure refer to traditional uses of the plants based on ethnobotanical studies.

In Senegal, it is employed for its anti-inflammatory, anthelminthic, and antibacte-
rial properties for treating dermatosis, stomachaches, rheumatism, hemorrhoids, painful
menstruation, and other ailments. An aqueous extract of its leaves alleviates menstrual
discomfort in young girls. It also finds anti-malarial and anti-diabetic properties, often
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in the forms of decoction or infusion. The Wolof people (Senegal) utilize the fruits for
purgative and deworming purposes [2,3]. This use highlights its anthelmintic properties.

In Nigeria, M. balsamina addresses asthenia and digestive issues, while the Fulani
people use it as a deworming agent and tranquilizer [63]. It is even integrated into prescrip-
tions for mental health concerns. Additionally, the maceration of the entire plant acts as a
galactagogue and is employed for chest massages to alleviate intercostal pain [3].

In Togo, a decoction of M. balsamina’s aerial parts, along with honey and Zanthoxyloides
fagara root bark, functions as an oxytocic agent. Togolese people frequently utilize the
leaves and stems. Oral administration of calcined aerial parts powder is employed to treat
hernias [63].

In different regions, the plant’s fruits and leaves are used as hemostatic antiseptics for
wound treatment. In Zambia, the use of M. balsamina is associated with its antiviral potential.
Indeed, a decoction of the entire plant is used to treat conditions like syphilis, human
immunodeficiency virus (HIV), and acquired immunodeficiency syndrome (AIDS) [3].

In Niger, crushed M. balsamina leaves are used as poultices for skin infections. Pounded
leaves are recommended for hemorrhoids, diabetes, and fever. In combination with Com-
bretum micranthum, it is utilized to treat malaria. Some women mix it with henna for
abortion [63].

The Hausa people (Mali) use the whole plant for embalming, drinking, and bathing to
ward off malevolent spirits [63].

In Syria, an infusion of fruit or leaf powder is used as an antiseptic and for treating
asthenia and hemostasis [3].

In Indonesia, bitter melon is not only known as a vegetable but also traditionally used
as a laxative, a fever remedy, and an appetite stimulant. Additionally, bitter melon leaves
are used to alleviate menstrual discomfort, heal burns, treat skin diseases, and act as a
vermifuge [64].

The traditional medicinal applications of M. balsamina are both diverse and extensive,
reflecting its adaptability and effectiveness in addressing a multitude of health concerns.
These uses have been passed down through generations and are integrated into the tradi-
tional healing practices of various countries and cultures. M. balsamina has found a place in
the pharmacopeias of different regions, where its different parts are harnessed to improve
the well-being of individuals and communities. Its role as a natural remedy for a wide
range of ailments highlights its importance in traditional medicine.

In the realm of traditional medicine, M. balsamina has long held a revered position for
its therapeutic effects on a multitude of ailments. Scientific studies have now provided
empirical evidence to validate these traditional uses, further emphasizing their importance
in preserving and promoting traditional healing practices. Moreover, in the context of
modern pharmaceutical research, M. balsamina emerges as a promising candidate. Its
potential as an anti-diabetic agent, as well as its antimicrobial, anticancer, HIV-inhibiting,
anti-inflammatory, anti-malarial properties, and many others, showcase the plant’s phyto-
constituents offering a wealth of opportunities for drug discovery and innovation. This
interdisciplinary approach, bridging the wisdom of traditional medicine with the rigor of
scientific research, paves the way for the advancement of healthcare and the enhancement
of global well-being. It is essential to recognize that many traditional uses of M. balsamina
rely on its biological or pharmacological properties. Nevertheless, it should be noted that
the effectiveness of M. balsamina for certain health issues in traditional uses still requires
further investigation regarding its biological or pharmacological properties.

7. Cosmetic Use of Momordica balsamina

In the realm of cosmetics, M. balsamina finds extensive application in addressing
dermatological concerns. Notably, the juice extracted from the leaves of M. balsamina
has been employed as a natural soap [62]. This unique formulation, often referred to as
“pimples natural soap,” harnesses the properties of M. balsamina to combat pimples, skin
spots, and edema. When mixed with water, it produces a mildly soapy solution. The plant’s
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soothing attributes extend to the treatment of wounds, eczema, pimples, allergies, and skin
infections. Additionally, M. balsamina serves as a highly effective skin moisturizer [10,62].

The utilization of M. balsamina for dermatological issues can indeed be linked to its
demonstrated anti-inflammatory [16] and antibacterial [44-46] properties, as supported
by biological studies. These properties make the plant a valuable natural remedy for skin-
related problems. Incorporating M. balsamina into dermatological treatments or skincare
routines holds promise as a natural and holistic approach to addressing skin issues.

The use of M. balsamina in natural soap formulations reflects its role in promoting skin
health and well-being. However, there have been limited studies conducted on its cosmetic
applications. Therefore, it would be intriguing to conduct further research into the cosmetic
uses of M. balsamina. Indeed, the cosmetic potential of M. balsamina is an intriguing area
that warrants further exploration via research. While some traditional uses of M. balsamina
in skincare and cosmetics have been documented, there is still much to discover about its
specific cosmetic applications and the potential benefits it can offer in modern skincare and
beauty products.

8. Other Uses of Momordica balsamina

The versatility of the M. balsamina plant transcends beyond therapy and encompasses
various other domains. The whole plant extract demonstrates insecticidal properties,
making it a valuable tool in pest control. The seeds of the plant are often utilized as arrow
poison. The plant contributes to mitigating micronutrient deficiencies within the soil,
aiding in soil health and fertility enhancement [3]. Extracts from the leaves of M. balsamina
serve as effective metal cleaners [62]. Additionally, the ethanolic extract of M. balsamina
leaves has been studied for its potential to safeguard copper from corrosion within acidic
environments [19]. In the Hausa regions of Nigeria and the Niger Republic, the leaves are
incorporated into green vegetable soups consumed by nursing mothers. It is believed that
these soups aid in post-labor blood regeneration and the purification of breast milk [34].
Among farmers, the plant is harnessed to augment milk production in cows [63]. The
multifaceted applications of M. balsamina highlight its valuable contributions across diverse
sectors, ranging from cosmetics and therapy to agriculture and beyond.

Its anthelmintic properties enable it to combat gastrointestinal disorders (diarrhea)
in animals [65]. Breeders in Benin use M. balsamina leaves and stems in combination with
potash in the form of maceration to combat diarrhea in animals [66].

The multifaceted applications of M. balsamina highlight its valuable contributions
across diverse sectors beyond traditional medicine. They underscore the importance of un-
derstanding and preserving traditional knowledge of the plant’s uses in various communities.

9. Adverse Effects of Momordica balsamina

Toxicity and cytotoxicity studies were conducted on crude extracts of M. balsamina.
Oral administration of the methanolic extract of M. balsamina to albino mice for one week
revealed that doses of 30 and 40 mg/kg do not induce any toxicity. However, when the
dosage ranges from 50 mg/kg to 150 mg/kg, instances of mouse fatalities are observed due
to the toxicity of the methanolic extract, with an average death rate of 20% in most cases.
An intoxication syndrome becomes evident in mice starting from 50 mg/kg, followed by
occasional cases of death, with the highest average death rate reaching 40% [63]. In contrast,
the larval cytotoxicity test conducted by Dehou et al. [16] using the Artemia salina model
indicates that the hydro-ethanoic and dichlomethanic extracts do not exhibit toxicity, with
LCsg values of 2.25 mg/mL and 5.20 g/mL, respectively.

Mabasa et al. (2021) [16] have demonstrated that M. balsamina leaves have no cytotoxic
activity against human colorectal adenocarcinoma cell lines HT29 and Caco2.

These findings suggest that while certain extracts of M. balsamina may exhibit toxicity
at high doses, others, such as the hydro-ethanoic and dichlomethanic extracts, appear to
be safer. The specific components and concentrations of the extracts play a crucial role in
determining their toxicity levels. The toxicity and cytotoxicity studies on crude extracts of
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M. balsamina provide important insights into the safety and potential risks associated with
the use of these extracts.

Furthermore, some compounds isolated from M. balsamina, including balsaminae-
poxide, balsaminatriol, balsaminal, balsaminol G, karavilagenin A, karavilagenin B, kar-
avilagenin C, and kuguacin B, have demonstrated interactions with the anti-cancer drug
doxorubicin, as reported by Ramalhete et al., (2016) [67]. In fact, the interaction of these non-
cytotoxic compounds with doxorubicin was assessed in vitro in a combination chemother-
apy model using ABCB1-transfected mouse T lymphoma cells (L5178Y-MDR). These com-
pounds displayed a synergistic interaction with the anti-cancer drug doxorubicin [58,67].

These findings highlight the complexity of M. balsamina’s effects on different models
and cell lines. While some extracts and compounds may exhibit toxicity at high doses,
others appear to be safe. The specific components and concentrations of the extracts play
a significant role in determining their toxicity levels. Additionally, the interactions with
anti-cancer drugs suggest potential applications in combination chemotherapy. These
studies emphasize the importance of careful dosage and safety assessments when using
M. balsamina for various purposes.

10. Conclusions and Future Directions

In summary, this review underscores the extensive utilization of M. balsamina within
traditional African medicine. The breadth of its traditional applications finds validation
in its diverse array of biological properties and intricate chemical compositions. Conse-
quently, we advocate for the incorporation of M. balsamina in phytotherapeutic practices. It
is imperative, however, to acknowledge the potential toxicity associated with many plants
employed in traditional medicine, and therefore, meticulous attention must be dedicated
to ensuring proper usage, adherence to prescribed doses, and mitigation of potential toxic
effects. Simultaneously, it becomes essential to safeguard a sustainable and ample reservoir
of active compounds, thereby averting the depletion of vital natural resources. In this
context, comprehensive investigations into the innovative methodologies and strategies for
the synthesis or biosynthesis of these naturally occurring bioactive constituents. However,
it is important to acknowledge that the development of new drugs, whether derived from
natural sources like M. balsamina or synthetic compounds, is a complex and lengthy process.
The transition from laboratory and preclinical studies to clinical trials is a critical step
in drug development. Clinical studies are necessary to evaluate the safety and efficacy
of M. balsamina-based treatments in humans. Considering that most biological tests are
conducted on crude extracts of M. balsamina or even on isolated compounds in experimen-
tal studies, it is now crucial to progress toward clinical studies for the development of
new drugs.

Overall, M. balsamina’s nutritional richness suggests a pivotal role in enhancing dietary
diversity, managing health, and supplementing nutrients across populations. M. balsamina,
rich in vital micronutrients and macronutrients, holds significance in African cuisine as a
versatile plant. Its leaves, a valuable green vegetable, offer high protein content, making
it a potential protein supplement, particularly for resource-scarce communities. With
considerable dietary fiber and modest caloric value, it aids nutritional intake and suits
calorie management.

Furthermore, given its prevalent application in addressing dermatological concerns,
particularly in Senegal, there exists a compelling rationale to embark on comprehensive
studies exploring its potential within the cosmetic sphere. As the intricate interplay between
tradition, science, and sustainability unfolds, embracing the multifaceted potentials of
M. balsamina beckons us toward a realm of holistic health and well-being.
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Abstract: Red clover (Trifolium pratense L.) is found in southeast Europe and Anatolia. Its primary
traditional medicinal use includes the treatment of various conditions of the upper respiratory tract.
In recent years, its isoflavones have become the focus of research aimed at developing treatments to
alleviate menopausal symptoms. Reduced levels of circulating estrogen due to reduced ovarian func-
tion can cause short-term symptoms such as hot flashes, palpitations, difficulty sleeping, headaches,
fatigue, mood disorders and reduced concentration but also long-term chronic conditions, such as
cardiovascular disease, accelerated weight and bone mass loss, atrophic vaginitis, osteoporosis, and
cognitive impairment. The aim of this narrative review was to analyze the effects of commercially
available and standardized red clover extracts on menopausal women. Eight randomized controlled
trials on a total of 8769 menopausal women (aged 40 to 65 years) evaluated the effect of red clover
isoflavone extract on menopausal symptoms. In all studies, isoflavone extract treatment showed
improvement in all menopausal symptoms, including some common comorbidities, namely, hot
flashes (1487 women, 25%), blood lipids (1155 women, 19%), atherosclerosis (6938 women, 79%), risk
of breast cancer and endometrial cancer (428 women, 5%), osteoporosis and osteopenia (555 women,
6%), and menopause-related cognitive impairment (3530 women, 40%).

Keywords: red clover; Trifolium pratense L.; menopause; red clover extracts; bioactive compounds

1. Introduction

Menopause is the physiological or iatrogenically induced cessation of menstruation
(amenorrhea) due to reduced ovarian function. The decrease in circulating estrogen levels
can cause menopausal symptoms, including short-term symptoms such as hot flashes,
palpitations, sleep difficulties, headaches, fatigue, mood disorders, and decreased concen-
tration, as well as long-term chronic conditions such as cardiovascular diseases, accelerated
bone loss, atrophic vaginitis, osteoporosis, and cognitive impairment [1]. Perimenopause
refers to the years before (duration varies widely) and one year after the last menstrua-
tion. Perimenopause is usually characterized by an increased frequency of menstruation
followed by thinning (oligomenorrhea), but any pattern is possible; conception is still pos-
sible during perimenopause. The period after menopause is called postmenopause [2].
The term “climacteric” comes from the Greek word “klimakter”, meaning change, and
encompasses the entire period of gradual ovarian function decline from perimenopause,
through menopause, including postmenopause [3]. Premature menopause, also known as
premature ovarian failure, is defined as the cessation of menstruation before the age of 40
and can be caused by factors such as smoking, living at high altitudes, and malnutrition [4].
Tatrogenic (artificially induced) menopause can occur due to medical procedures such as
oophorectomy, chemotherapy, pelvic radiation, or any other procedure that disrupts blood

supply [5].
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As the ovaries age, their response to pituitary gonadotropins, follicle-stimulating
hormone (FSH), and luteinizing hormone (LH) weakens, initially causing shortened follicu-
lar phases (with shorter and irregular cycles), less frequent ovulations, and consequently
reduced progesterone production [6]. Eventually, the follicles become unresponsive, re-
sulting in limited estradiol production. Estrogens (now mainly estrone) still circulate;
they are produced by peripheral tissues such as adipose tissue and skin from androgens
like androstenedione and testosterone [7]. However, the overall estrogen level is much
lower. Around menopause, androstenedione levels decrease by half, but the decline in
testosterone, which begins gradually during young adulthood, does not accelerate during
menopause as the stroma of the postmenopausal ovary and the adrenal glands continue to
secrete significant amounts [8].

The diagnosis of physiological menopause is clinically confirmed when menstruation
is absent for one year. The aforementioned manifestations or symptoms can be treated (e.g.,
with hormones or selective serotonin reuptake inhibitors (SSRIs, antidepressants)). In the
United States, the average age of physiological menopause is 51 years, while in Croatia, the
average age of menopause is 48.8 years [9,10].

The aim of this narrative review was to analyze the effects of commercially available
standardized extracts of red clover (T. pratense L.) on women'’s health during menopause.
Eight randomized controlled trials were included in this review; all assessed the effect of
red clover isoflavone extract on menopausal symptoms [1,8,9,11-16].

2. Botanical Origins

Clover (Trifolium) is one of the most important legumes (Fabaceae) in temperate and
humid regions. It plays a crucial role in livestock nutrition [8] and makes a significant
contribution to agricultural and animal production in Europe and America. Red clover
(Trifolium pratense L.) naturally grows in southeastern Europe and Anatolia, with Anatolia
being recognized as its homeland [17].

The Latin name of the genus Trifolium comes from the Greek word frifolion (three-
leaved), a compound of the words tria (three) and folium (leaf). The species name pratensis
(meadow) indicates the plant’s habitat. Red clover is a herbaceous perennial plant belonging
to the legume family (Fabaceae). It naturally grows in the regions of Europe and western
Asia and is often found as a real green carpet in meadows and pastures. It reproduces
through seeds. In agriculture, red clover is considered a significant plant. Clusters of
symbiotic bacteria form on its roots, which bind nitrogen from the air and thereby fertilize
the soil. In addition to enriching the soil by giving it fertility, it is also important as a
fodder plant. It is an excellent source of nectar and can contribute to substantial honey
production. Daily intake can reach up to 3 kg per hive, yielding a total of up to 260 kg
of honey per hectare [18]. Seven diploid varieties (2n = 2x = 14) have been identified
worldwide. It serves as a natural source of valuable isoflavonoids, utilized in commercial
products (e.g., Menoflavon, Rimostil, Promensil) in some parts of the world [17].

The stem is upright, highly branched, and sparsely hairy, growing up to 50 cm. The
root system is a taproot, well-branched, ranging from 50 to 100 cm in length, with round
nodules. The leaves are alternate, elliptical, 2-4 cm long, and 1-1.5 cm wide, with a
distinct white triangular spot, arranged in groups of three on a hairy stalk. At the base
of the stalk, there are two membranous stipules. The lower leaves are on stalks around
20 cm long, while the upper ones are short-stalked or nearly sessile [19]. The flowers are
hermaphroditic, irregular, clustered in head-like inflorescences on a 1-7 cm long, hairy
stalk. The inflorescence is compound. The calyx is bell-shaped, covered with hairs, and has
five triangular lobes. The corolla resembles a butterfly, red in color, and is twice as long as
the calyx. The ovary has an elevated stigma carrying 1-2 embryonic seeds, with 10 stamens,
9 of which are fused into a tube. Blooming occurs from May to autumn [20]. The fruits are
rounded pods containing 1-2 elongated-ovate, smooth seeds [18].

It can be sown alone for hay production or mixed with cereals in crop rotations. It can
be cultivated in various soil types, pH values, and environmental conditions, providing
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good yields [21]. Tetraploid Trifolium pratense L., obtained through classical hybridization
methods, is an important forage plant in Asia, Europe, North America, New Zealand, and
Australia. Records show that in the year 2000, clover seed was produced on 25,422 hectares
in European Union member states [red clover (T. pratense L.) on 11,031 ha; white clover
(T. repens L.) on 4346 ha; and other clover species on 10,045 hectares]. France had the largest
area for red clover production (5732 hectares), followed by Sweden [22].

3. Bioactive Compounds from Red Clover with Beneficial Health Effects

Red clover contains a number of potent bioactive compounds including polyphenols,
flavonoids, coumarin derivatives, cyanogenic glycosides, and volatile oils, as well as
vitamins and trace minerals [23], which have been identified in parts of the plant in various

quantities, as summarized in Table 1.

Table 1. Bioactive compounds and their quantities identified in all parts of Trifolium pratense L.

. . Quantity
Plant Part Bioactive Compounds (mg/g in Dry Metter dm) Reference
formononetin 2.88
biochanin A 1.95
Roots - [8,23-26]
maackiain 2.68
pseudobaptigenin 2.19
biochanin A 39.3
formononetin 322
genistein 23.4
L daidzein 5.1
eaves
glycitein, irilone, quercetin, ononin, [25-30]
maackain, orobol, pratensein,
pseudoapigenin, prunetin,
. . <1
prunetin-4-glucopyranoside,
genistein-7-galactopyranoside,
pinitol-6-methoxycyclo-hexanepentaol
formononetin 349
biochanin A 18.7
genistein 2.37
Stems daidzein 34.9 [18,28,30]
prunetin, glycitein, pseudoapigenin,
pratensein, irilone, orobol,
prunetin-4-glucopyranoside, <1

genistein-7-galactopyranoside,
pinitol-6-methoxycyclo-hexanepentaol

56



Nutraceuticals 2024, 4

Table 1. Cont.

. . Quantity
Plant Part Bioactive Compounds (mg/g in Dry Metter dm) Reference
biochanin A 0.93
formononetin 0.83
genistein 0.64
daidzein 0.20
Seeds flavonol quercetin, taxifolin [24,25,28-31]
dihydroxyquercetin, soyasaponin I,
22-O-glycosides, 22-O-diglycosides, <
astragaloside VIII, prunetin,
prunetin-4-glucopyranoside,
pinitol-6-methoxycyclohexanepentaol
biochanin A 37.4
formononetin 23.6
genistein 34.1
Flowers daidzein 4.9 [28,30]
prunetin, genistein,
prunetin-4-glucopyranoside, <1

genistein-7-galactopyranoside,

pinitol-6-methoxycyclohexanepentaol

In phytotherapy, the flower heads of red clover are used for tinctures, which are
collected during the flowering season. Red clover flower juice is used for eye diseases [18].
The red clover concentrate (obtained by extraction by continuous boiling in water) and
infusion (soaked in cold or hot water without boiling) are still used as expectorants (means
of facilitating the expectoration of tracheal secretions), alternatives (improving the state of
body fluids), sedatives, and rheumatism drugs. Red clover is occasionally used to induce
menstruation or as a fertility tonic [32-34].

Today, the well-known and clinically tested commercial products, available in North
America that contain red clover are Promensil, Rimostil, and Trinovin, all produced by
Novogen, Ltd. (North Ryde, NSW, Australia). Given the extent of the available clinical evi-
dence for the aforementioned commercial products, the majority of the evidence presented
in this review is based on these particular products.

4. Use of Red Clover in the Treatment of Perimenopause and Postmenopause
Symptoms

In the 19th and 20th centuries, infusions (flower tea) or tinctures (ethanol extract)
were used to treat upper respiratory tract diseases such as cough, asthma, bronchitis,
laryngitis, and tuberculosis. They were also employed as mild sedatives, antispasmodics
(for whooping cough, measles), and remedies for rheumatism. Creams and ointments
were used for the treatment of burns, wounds, gout, and fungal infections. Southeastern
Cherokee Indians used flower tea or aerial parts to treat fever, Bright’s disease (chronic
inflammation of the kidneys, nephritis), leukorrhea (vaginal discharge), and as a “blood
medicine”. The Southern Ute Indian tribe, native to Colorado, used red clover syrup
as an abortifacient, and they rolled red clover leaves into cigarettes, using them to treat
asthma [35-38].

Commercial products containing red clover were introduced to the market in the
early 20th century for the treatment of various health conditions. In the year 1900, the
Wm. S. Merrell Chemical Company (Cincinnati, OH, USA) produced a trifolium extract
for treating syphilis, scrofula, chronic rheumatism, and various skin issues. In the year
1920, Harry Hoxsey and Norman Baker introduced Hoxsey as a cancer remedy. For
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the same application, in 1934, Flora, Inc. (Lynden, WA, USA) and Flora Manufacturing
& Distributing, Ltd. (Burnaby, BC, Canada) produced Flor-Essence or “Indian tea”.

The growing interest in red clover isoflavones can be attributed to research on the
estrogenic effects of Trifolium species on grazing and experimental livestock. Given that red
clover isoflavones show structural similarities to endogenous 17(3-estradiol, they can exert
their biological effects via activating the estrogen receptor (ER), showing higher affinity
for ER-f than for ER-«. In addition, numerous nonhormonal effects of isoflavones have
been reported, including tyrosine kinase inhibition, antioxidant activity, and effects on ion
transport [39-41].

Over the past few years, semipurified isoflavone supplements from red clover have
been studied for the use in menopause, improving bone health and maintaining the cardio-
vascular system, and in the treatment of breast, ovarian, and prostate cancer. A summary
of the bioactive compounds that have shown effects on the symptoms and common comor-
bidities of menopause is shown in Table 2.

Table 2. Bioactive compounds isolated from red clover (Trifolium pratense L.) plant parts with positive
effects on the common symptoms and/or comorbidities during menopause.

Menopausal Aglycones of Red Quantity
Symptom§ a'n.dlor Clover Isoflavone (mg/g dw) Red Clover Plant Parts References
Comorbidities Extract
) ) 729 £1.29 leaves
biochanin A 2.81 + 0.04 stems
8.15 +3.14 leaves
formononetin 8.87 +2.61 stems
Hot flashes 0.62 4 0.23 leaves, stems [1,8,11-16,28,42,43]

genistein 0.27 £0.17 stems

0.46 +0.12 aboveground parts
o 0.55 £+ 0.35 leaves
daidzein 0.07 + 0.06 stems
) 8.15 + 3.14 leaves
formononetin 6.38 +1.95 stems
) ) 8.12+1.21 leaves
. . biochanin A 2.80 + 0.65 stems

Bl‘i‘;if;i‘;ﬁfg;e‘“ 0.69 = 0.03 leaves [1,8,11-16,26,28,44]

genistein 0.31£0.22 stems

0.34 +0.11 aboveground parts
o 0.55 + 0.35 leaves
daidzein 0.07 + 0.06 stems
) ) 9.05 £+ 2.69 leaves
biochanin A 2.66 £0.79 stems
0.59 + 0.30 leaves

Atherosclerosis genistein 0.13 £+ 0.05 stems [1,8,11-16,28,45]

0.22 +0.04 aboveground parts
) ) 729 £1.29 leaves
biochanin A 3.08 + 0.96 stems
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Table 2. Cont.

Menopausal Aglycones of Red Quanti
Symptoms and/or Clover Isoflavone (mg/ dt“}:) Red Clover Plant Parts References
Comorbidities Extract &
6.46 + 1.61 leaves
. ; biochanin A 233+ 1.74 stems
nticancer effects
8.15 +3.14 leaves (1,8,11-16,28,45]
formononetin 1032 + 3.63 stems
. 8.15 4+ 3.14 leaves
formononetin
17.51 +2.24 stems
Bone health [1,8,11-16,26,28,46]
5.77 + 0.81 leaves
biochanin A 1.39 + 034 stems
8.15+ 3.14 leaves
f ti
ormononetin 10.53 + 3.50 stems
Cognitive effects [1,8,11-26,28]
) ) 8.30 £ 2.15 leaves
biochanin A 2.30 + 1.36 stems

In plant isoflavones, glycosides are prominent. The hydrolytic conversion of glycosides
to aglycone analogs is required to facilitate absorption. Fermented isoflavone aglycone
preparations show increased bioavailability compared to that of similar glycosides. The
use of enzymatic techniques and probiotics has been proven to enhance the uptake of these
compounds, thereby improving the efficacy of isoflavone treatment [47].

Despite the well-known benefits of hormone therapy in menopause, due to the po-
tential serious side effects and the risk of breast cancer, the use of this alternative therapy,
even in the treatment of hot flashes, remains controversial [45,48]. Many women have
discontinued hormone therapy after the publication of the Women’s Health Initiative study
results, seeking an effective and safe alternative to alleviate menopausal symptoms [49,50].

The reluctance to accept hormone therapy, which has been associated with concerns
about its safety, has led to the popularization of many alternative and complementary
treatment methods [42,51,52]. For several years, red clover has been one such alternative
that women use to treat menopausal symptoms, including hot flashes [40].

4.1. Hot Flashes

The most common symptom of menopause are hot flashes, which can last several
years after menopause. About 70% of women report experiencing them, with differences in
different populations [53,54]. The frequency of hot flashes depends on climate conditions,
race/ethnicity, but also diet and lifestyle, as well as women’s personal attitude toward the
end of reproductive life and aging [55-57]. Sometimes, the intensity of hot flashes can be
so significant that treatment should be considered, since women report sleep and mood
disturbances that eventually negatively impact their daily activities at home or at work,
and the overall quality of life [58,59]. Hot flashes are thought to be the result of the brain’s
response to progressive estrogen deficiency and fluctuations in neurotransmitter activity,
especially in the serotonergic and noradrenergic pathways, leading to instability of the
hypothalamus thermoregulation mechanism. Ultimately, this results in increased blood
flow to the skin and the enhanced activity of sweat glands, causing these symptoms [54,60].

Lambert et al. [11] launched one of the first studies addressing the impact of combined
red clover isoflavones and probiotics on the vasomotor symptoms of menopause. They
included the objective skin conductance (SC) capture of hot flashes and the determination
and standardization of the concentration and molecular form of the isoflavone component
of red clover extract (RCE); with a combined methodology, they considered participant
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characterization and eligibility [61]. They conducted a parallel, double-blind, randomized
controlled trial of 62 women from the northern Denmark region in perimenopause, aged
40-65 years, with a BMI of 20-40, who reported > 5 hot flashes/day and had follicle-
stimulating hormone (FSH) levels > 35 IU/L.

Each participant, twice a day for 12 weeks, received treatment with bioavailable
RCE, providing 34 mg/d of isoflavones and probiotics, or a masked placebo formulation.
The bioavailable RCE was obtained by adding a heterogeneous culture of lactic acid
probiotic bacteria to the red clover extract to facilitate cold fermentation and improve
bioavailability [62]. The standardization of the aglycone content after fermentation was
confirmed by liquid chromatography—mass spectrometry (LC-MS) by DB Lab A/S, (Odense,
Denmark). With the purpose of improving the characteristic taste and appearance of RCE,
stevia and sugar-free berry/orange aroma were added.

The primary outcome was the change in the daily frequency of hot flashes from
baseline to 12 weeks using 24 h SC (ambulatory skin conductance). Secondary outcomes
included changes in SC-determined intensity (HFI), self-reported HFF (rHFF), severity of
hot flashes (rHFS), blood pressure, and plasma lipids [63]. A significant reduction in 24 h
HFF was observed when comparing the change from baseline to 12 weeks of RCE treatment
with that of the placebo. rHFF was also significantly reduced in the RCE group compared
to that in the placebo group. Other parameters were not significantly different. RCE was
well tolerated. The results suggested that moderate doses of RCE were more effective and
superior to the placebo in reducing physiological and self-reported vasomotor symptoms
(hot flashes, flushing, and night sweats).

Kanadys et al. [1] conducted a meta-analysis on the effectiveness of red clover isoflavones
in alleviating hot flashes and symptoms in perimenopausal and postmenopausal women.
Twelve randomized, placebo-controlled clinical trials were selected for the analysis, with
trial durations ranging from 12 weeks to 2 years. The clinical studies were conducted
in Australia, Peru, the Netherlands, the United States, the United Kingdom, Ecuador,
Brazil, Austria, Iran, and Denmark. In total, 1179 menopausal women participated in
the studies, with sample sizes ranging from 37 to 252 (1043 participants included in the
final analysis). Eight trials included postmenopausal women, three studies included
women in peri- and postmenopausal periods [64-66], and women in perimenopause were
included in one study [11]. The average dose of red clover isoflavones was 65.1 mg/d
of aglycone equivalent (range 37.1-160 mg/d). Two studies included two therapeutic
groups with different doses of isoflavones [64,67]. The compositions of the isoflavones
and their doses varied among the studies. Eight studies measured the daily frequency
of hot flashes (>3/day). Ten studies evaluated the presence and/or severity of various
somatic and psychological symptoms using menopause symptom assessment scales. In
most studies, a dose of 40-80 mg/d of RCIE was used, except in [5], where 37.1 mg/d of
aglycone was applied. Out of eight RCTs with ten comparisons assessing the frequency
of hot flashes, six [11,42,64,67,68] demonstrated a reduction in hot flashes, including four
significant reductions [11,42,68] in the isoflavone group compared to a placebo group;
in four comparisons, no differences were observed between the groups [64,66,67,69].

The meta-analysis of eight studies (ten comparisons) demonstrated a statistically signif-
icant reduction in the daily incidence of hot flashes in women receiving red clover compared
to that in those receiving a placebo [11,42,65-67,70,71]. Due to 87.34% homogeneity, the
analysis showed a significant difference in postmenopausal women with >5 hot flashes
per day when the follow-up period was 12 weeks, with an isoflavone dose of >80 mg/day,
and when formulations contained a higher proportion of biochanin A.

Booth [14] conducted an analysis of studies administering semipurified red clover
preparations to women for alleviating menopausal hot flashes. The examined studies pro-
vided short-term results (<12 weeks), and the achieved positive effects of the preparations
required 8 weeks to manifest. Six short-term trials (<4 months) investigated the effective-
ness of red clover isoflavone supplements in reducing hot flashes, of which only three
studies, all using Promensil, yielded positive results. A two-month noncontrolled study
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provided 23 menopausal women (aged 40-65 years) one Promensil tablet per day, reaching
a 56% reduction in the frequency and a 43% reduction in the intensity of hot flashes. In the
second double-blind, randomized, placebo-controlled study, 51 postmenopausal women
(aged 45-65 years) were randomized to receive one Promensil tablet per day or placebo
over 3 months. The two groups did not differ significantly in the frequency of hot flashes.
Among one or four Promensil tablets per day over the 3 months, 37 postmenopausal
women (aged 4065 years) also did not differ in terms of the frequency of hot flashes. The
authors, however, noted a significant placebo response.

A 4-month, randomized, double-blind study evaluated the effect of one tablet of
Promensil per day in comparison to that of a placebo on the frequency and intensity
of hot flashes in 30 Peruvian postmenopausal women (younger than 60 years; median
age 52 £ 0.7 years) [70]. The frequency of hot flashes decreased by 49% and 11% in the
treated and placebo groups, respectively, and the intensity of hot flashes decreased by
47% compared to 0% in the placebo group. Another double-blind, randomized, placebo-
controlled study encompassing 30 Dutch postmenopausal women (aged 49-65 years)
showed that two Promensil tablets per day in comparison reduced the frequency of hot
flashes by 44% compared to placebo after 12 weeks [68]. The authors also reported a small
change in the mean body mass index (BMI) in the treated group in comparison to the
placebo group [70].

Tice et al. [64] conducted a double-blind, randomized, placebo-controlled study on
252 women aged 45 to 60 years, finding a similar reduction in hot flashes after 12 weeks
in the two treatment arms (Promensil, 82 mg isoflavones/day, high genistein + biochanin
A; Rimostil, 57 mg isoflavones/day, high daidzein + formononetin) in comparison to a
placebo. Although the overall results did not reach statistical significance, a slightly better
response was found in women with BMI > 25 kg/m? regardless of active treatment arm,
suggesting metabolic effect of red clover isoflavones.

Shakeri et al. [15] conducted a randomized, triple-blind, placebo-controlled clinical
trial involving 72 healthy postmenopausal women over 12 weeks. The intervention arm
received two capsules containing 40 mg of dried red clover leaves per day. The placebo was
two capsules containing 40 mg of starch per day. The outcome measures were menopausal
symptoms determined using the Menopause Rating Scale (MRS) [71]. The overall MRS
score decreased from 20.41 to 10.08 in the intervention group and from 20.77 to 17.20
in the control group [72], which was attributed to scores in the vegetative-somatic and
psychological categories of menopausal symptoms. In comparison to the placebo, dried red
clover leaves were more effective in reducing the severity of vasomotor and menopausal
symptoms, including mood disorders, especially symptoms of anxiety and depression.

Akbaribazm et al. [8] conducted a randomized, double-blind, placebo-controlled
study. They reviewed 80 related articles on the beneficial effects of red clover on biological
processes involving the participation of 190 postmenopausal women. The research results
showed that the ethanolic extract of the aerial parts of red clover (398 mg/day standardized
to 120 mg of isoflavones) significantly reduced hot flashes and vasomotor symptoms in the
studied women after 12 months [64].

4.2. Blood Lipoproteins

The potential effect of red clover isoflavones on lipid metabolism has been proven in
animal models [73,74], while human findings have been mixed. Some studies showed a
blood-lipid-lowering effect [75-77], while others found no change in lipid status [44,78].

Kanadys et al. [13] conducted a systematic review and meta-analysis with the aim
of explaining the effect of a specific standardized isoflavone extract of red clover on the
lipid profile of peri- and postmenopausal women. Ten studies, with interventions between
12 weeks and 12 months, fit the inclusion criteria, encompassing a total of 910 menopausal
women, average age 53.9 (+4.1), (range 40-85). The studies were conducted in the United
Kingdom, Ecuador, Australia, Denmark, Serbia, and the United States [79]. The mean dose
of red clover isoflavone (RCI) extract was 61.5 mg per day as aglycone equivalents (range,
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33.8-160 mg per day). The meta-analysis confirmed that red clover extract is effective in
reducing the concentration of total cholesterol but not the levels of HDL-C, LDL-C, and
triglycerides [13].

Booth [14] reviewed several studies investigating the effects of red clover isoflavone
preparations on arthrosis risk, namely serum concentrations of HDL, LDL, and triglyc-
erides. Studies included in the review tested the effects of Promensil, Rimostil, and three
experimental formulations, P-07, P-07(b), and P-083, on serum lipids. All observed products
differed significantly in both the total contents of isoflavones and their ratios (daidzein +
formononetin vs genistein + biochanin A). These differences prevented the proper compari-
son since, for example, Rimostil, in comparison to Promensil, contains more formononetin
and daidzein relative to genistein and biochanin A.

Four out of seven studies that assessed the effects of Promensil on plasma lipid levels
had positive results [65,67,78,79], and the remaining found no effect [44,80,81] on HDL,
LDL, or triglycerides. Two of the four studies with positive results reported an increase in
HDL in postmenopausal women who consumed one or two tablets per day of Promensil
for at least one month [67,78]. Reduced triglycerides in perimenopausal women consuming
one tablet of Promensil during 12 months was reported in another study [65]. In a more
recent study, lower triglycerides were found in women who consumed two Promensil
tablets for only three months, but the effect was limited to women with baseline triglyceride
levels > 178 mg/dL [80].

Four clinical studies examined the effect of Rimostil on plasma lipids [69,76,80,82].
One study, with negative findings [83], was conducted on patients with type 2 diabetes, a
population known to have imbalanced lipid levels and a high risk of heart disease [84,85].
Positive findings, specifically increased HDL levels, were reported from an uncontrolled
study in postmenopausal women who consumed one, two, or three Rimostil tablets daily
for six months [69]. Another study, which used the same treatment protocol and duration as
that previously mentioned but included a placebo, reported an increase in in HDL levels in
postmenopausal women [76]. Interestingly, both studies [69,76] also reported reduced levels
of apolipoprotein B in the treatment groups, another specific risk factor for atherosclerosis.
Possibly, the reason lies in the different balances of isoflavones in Rimostil as compared to
Promensil. Reduced triglyceride levels in women with baseline values > 178 mg/dL after
using Promensil were found, as previously mentioned [79].

In perimenopausal women, experimental formulation P-07, containing 86 mg of red
clover isoflavones per day consumed over 3 menstrual cycles, showed no impact on the
total cholesterol, LDL, HDL, triglycerides, or lipoproteins [77]. The use of P-07 for 3 months
in women before and during perimenopause had no effect on plasma lipids [86].

One study reported gender-specific effect of red clover isoflavones on LDL levels. This
randomized, placebo-controlled, crossover, double-blind study encompassed men and
postmenopausal women. The study used a red clover formulation enriched with biochanin
A [P-07(b)] and a formulation enriched with formononetin (P-083) [44]. Only the P-07(b)
product showed a 9.5% reduction in LDL in men only. Neither formulation affected the
plasma lipid levels in postmenopausal women.

Clinical studies assessing the effects of the use of Promensil and Rimostil on serum
lipids were reviewed by Akbaribazm et al. [8]. In a double-blind, randomized, placebo-
controlled trial, supplementation with a 50 mg Rimostil tablet for 2 years reduced triglyc-
eride and LDL levels and increased HDL levels in 189 menopausal women [87]. In another
randomized, double-blind, placebo-controlled prospective study on 37 postmenopausal
women with symptoms of estrogen deficiency, treatment with 40 mg/kg of Promensil in
comparison to a placebo for 12 weeks had the same results: significantly lower triglyceride
and LDL levels and increased HDL levels [67].

The administration of 40 mg of biochanin A to 19 women with premenstrual syn-
drome over 12 weeks in a randomized, double-blind, placebo-controlled trial had reduced
triglyceride and LDL levels and increased HDL levels and reported significant reductions
in premenstrual syndrome symptoms such as fatigue and swelling [88].
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4.3. Atherosclerosis

Atherosclerosis is a general term for several conditions in which the artery wall be-
comes thinner and less elastic. The most common and important form is atherosclerosis,
where the accumulation of fatty material occurs beneath the inner sheath (endothelium)
of the arterial wall [5]. As a late symptom of menopause, as a consequence of a change
in fat metabolism, lipoproteinemia alters the intensity of the atherosclerosis process. Con-
sequently, high blood pressure is a common presentation. These factors contribute to
increased risks of heart attack and stroke during menopause [89].

Arterial compliance, a measure of arterial stiffness, correlates with the presence of
atherosclerotic plaques in major blood vessels. The first study [44] administered one
Promentsil tablet daily for 5 weeks. The dose was then doubled to two tablets per day (80 mg
isoflavones/day) for an additional 5 weeks. Both treatment groups (both doses) showed
an increase in arterial compliance. The second study was a randomized, double-blind
crossover study that gave two tablets of two different products to normotensive men and
postmenopausal women for 6 weeks per treatment. One product was significantly enriched
with biochanin A [P-07(b); Novogen, Ltd.; noncommercial formulation], and the other was
enriched with formononetin (P-083; Novogen, Ltd.; noncommercial formulation). Product
P-083, enriched with formononetin, had a more favorable effect on arterial compliance than
product P-07(b), which was enriched with biochanin A.

Vascular endothelial function has not been firmly linked to the development of
atherosclerosis or hypertension but is assumed to play major role in its pathology. Based on
the findings of two studies, supplementation with red clover isoflavones showed no effect
on platelet adhesion or aggregation factors. After 6 weeks in the study by Teede et al. [90],
the plasma levels of vascular cell adhesion molecule-1 (VCAM-1) were reduced in the
group receiving 80 mg/day of red clover extract enriched with formononetin (P-083). The
administration of up to 85.5 mg/day of isoflavones (Rimostil) to postmenopausal women
for 6 months did not result in changes in coagulation factors V, VII, VIII, antithrombin III, or
fibrinogen in the blood [69]. The serum taken from 25 healthy postmenopausal women with
mild menopausal symptoms, receiving a daily dose of a combination of soy and red clover
isoflavone product (Phytogyn, Gynea, Barcelona, Spain; 17 mg soy isoflavones, 38 mg
red clover isoflavones) for 6 months, showed that the treatment stimulated the release
of prostacyclin in the endothelial cells of human umbilical veins [91]. Since prostacyclin
can inhibit platelet adhesion and aggregation in the endothelium, this could be one of
the mechanisms by which red clover isoflavones improve vascular health. Red clover
isoflavones also increased the activity of endothelial nitric oxide synthase (eNOS), eNOS
expression, and nitrite levels in the endothelial cells of human umbilical veins after 48 h of
exposure [92]. This is another potential (direct, genomic) vascular mechanism of action of
red clover isoflavone supplements.

Akbaribazm et al. [8] conducted a systematic review of clinical studies to explain the ef-
fects of a specific standardized extract of red clover isoflavones on the cardiovascular system
of postmenopausal women. Flavonoids have various effects, including anti-inflammatory,
antiangiogenic, and antiallergic effects. The transcription factor NF-kB plays a role in
inducing the expressions of inflammatory mediators such as cytokines, cell surface recep-
tors, adhesion molecules, and acute-phase proteins. Treatment with genistein (0.3 mg/kg),
a component of red clover, for 8 weeks inhibited the development of atherosclerosis by
inhibiting the expressions of NF-kB, thrombin, TNF-« cytokines, and vascular cell adhesion
molecule-1 (VCAM-1) in LDL receptor knockout mice [93]. These factors (i.e., NF-KB,
TNF-a, and VCAM-1) contribute to the development of atherosclerosis by inducing mono-
cyte accumulation and promoting monocyte adhesion to the vessel wall at sites prone to
atherosclerotic lesion formation [94]. Furthermore, the Fas/Fas ligand system has been
identified to be under the control of the estrogen receptor in monocytes. This suggests a link
between estrogen and many disorders, including atherosclerosis, vascular inflammation
(vasculitis), and rheumatoid arthritis [95].
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The risk of cardiovascular diseases increases after menopause. In a 20-year follow-up
of 2873 women younger than 55 years within the Framingham study, the annual inci-
dence of cardiovascular diseases (coronary heart disease, stroke, and congestive heart
failure) was reported as 0.6-5% per 1000 women in perimenopausal women aged <40 and
50-54 years [96]. A randomized, double-blind, placebo-controlled trial [97] found that the
administration of drospirenone (2 mg) plus -estradiol (1 mg) over a 13-month period
significantly lowered blood pressure and endometrial bleeding in 1142 postmenopausal
women. The most likely explanation for these observations is the protective effect of en-
dogenous female sex steroids, especially estrogen, during the years before menopause [98].
In various studies, the effects of raw extracts and compounds isolated from red clover
on heart and vascular diseases have been investigated. The use of commercial products
containing the active ingredients from red clover, including biochanin A and formononetin,
increased vascular vasoconstriction, SAC, and the speed of the pulmonary artery. The
reason for these effects may be associated with the release of vasoconstrictor compounds,
including NO, prostaglandins (PGs), and endothelial hyperpolarization factor. Calcium
is essential for the contraction of the smooth muscle cells in the vascular wall; however,
formononetin inhibits the intracellular influx of Ca into vascular smooth muscle cells [48].

4.4. Breast and Endometrium Carcinoma

Breast cancer stands as the leading cause of death among women from all can-
cerous diseases [99]. The introduction of the antiestrogen drug tamoxifen has signifi-
cantly improved the health and overall survival of women with estrogen/progesterone
diseases [100,101]. However, in perimenopausal women, antiestrogens induce early
menopausal syndrome, which are often poorly tolerated [102], leading to therapy dis-
continuation in a considerably high percentage of cases [103,104].

Ferraris et al. [12] conducted a systematic review of clinical studies with the aim of
determining whether a red clover preparation together with a dietary intervention applied
in perimenopausal women with breast cancer (BC) improves menopausal symptoms due
to antiestrogen treatment and therefore promotes tamoxifen compliance, prevents weight
gain, and is safe.

Surgically treated perimenopausal women with estrogen receptor-positive (ER+) dis-
eases taking tamoxifen were engaged in a prospective, double-blind, randomized trial [99].
The red clover group (n = 42) received one oral tablet daily of an 80 mg pharmaceutical
extract of red clover for 24 months. The placebo group (n = 39) received one oral tablet daily
without an active ingredient. All women were encouraged to adopt a Mediterranean-type
diet and to remain active. Outcomes included menopause assessment (MRS), body mass
index (BMI), waist and hip circumference, insulin resistance, and levels of cholesterol,
triglycerides, and sex hormones. The safety indicators investigated were endometrial
thickness, breast density, and the effects of patient serum on ER-positive breast cancer cell
lines [105].

The red clover group exhibited significantly greater reductions in BMI and waist
circumference. HDL cholesterol significantly increased in both groups. The levels of total
cholesterol, LDL cholesterol, triglycerides, insulin resistance, and sex hormones did not
significantly vary during the study period and did not differ between groups. Snack
and red/processed meat consumption significantly decreased in both groups, while the
consumption of unrefined grains, legumes, fish, nuts, and seed oils significantly increased.
Physical activity also significantly increased. Endometrial thickness remained constant.
Breast density significantly decreased in both groups. Proliferation and estrogen-regulated
gene expression did not differ in the cell lines treated with the serum from each group.

The first study assessing red clover in tamoxifen-treated patients with BC, containing
isoflavones, proved the treatment was clinically and in vitro safe and was associated with
reduced BMI and waist circumference. However, dietary and lifestyle interventions likely
improved menopausal symptoms.
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Booth [14] analyzed five clinical studies, none designed to specifically assess the effect
of red clover isoflavone supplementation in patients with breast cancer. In a study involving
women with increased breast density, 177 participants (aged 49-65 years) with Wolfe P2/DY
mammographic breast density patterns received one tablet of Promensil per day for one
year. The study showed no statistically significant changes in estradiol, FSH, or luteinizing
hormone (LH) levels [65]. Importantly, there were no significant differences in the breast
density patterns between the treated and placebo groups. This is a positive outcome, as
it is known that hormone replacement therapies (e.g., conjugated equine estrogens plus
medroxyprogesterone acetate) increase mammographic density, a risk factor for breast
cancer [106]. These results suggest that the consumption of red clover isoflavones by
women at high risk of breast cancer may be safe, although studies have not been conducted
on patients with confirmed breast cancer.

A randomized, placebo-controlled, crossover pilot study provided two Promensil
tablets to 16 premenopausal women and 7 postmenopausal women for one month. It
reported a nonsignificant reduction in insulin-like growth factor 1 (IGF-1) levels in peri-
menopausal but not postmenopausal women [78]. High serum IGF-1 levels are associated
with an increased risk of breast cancer [107], making these results interesting for analysis
through a larger study.

A study addressing cyclic mastalgia (breast pain) involved a placebo period of two
menstrual cycles, and participants with an average pain reduction of 30% compared
to baseline (i.e., a low placebo response) were then randomized and given one or two
Promensil tablets (40 or 80 mg of red clover isoflavones) per day during three menstrual
cycles [108]. Breast pain was significantly reduced by 44% in the 40 mg group and 31% in
the 80 mg group compared to the placebo. A three-day increase in menstrual cycle length
was observed in the 80 mg group compared to the placebo group. These findings imply a
positive effect on breast pain in women experiencing normal hormonal fluctuations during
their menstrual cycle.

A three-month study examined the endometrial effects in perimenopausal women
of receiving 50 mg of red clover isoflavones daily (P-07) and found no change in the
proliferative index Ki-67 in approved biopsy samples taken during the late follicular
phase. There were also no changes in plasma estradiol, FSH, progesterone, or endometrial
thickness [86]. Increasing the dose to 85.5 mg of isoflavones/day with Rimostil over
6 months in postmenopausal women did not result in increased endometrial thickness or
breakthrough bleeding [87]. These results indicate the inability of red clover isoflavone
supplements to stimulate endometrial hyperplasia in women, at least when taken over a
short period.

Phytoestrogens influence the sensitivity of breast cancer cells to analogs of vitamin
D3 [1]. Breast mammographic density (MBD) is considered an indicator of breast cancer
progression or treatment failure [109]. This marker relates to the radiodensity of connective,
epithelial, and radiolucent fatty breast tissue. Diet influences MBD, potentially affecting
the level of endogenous estrogen. For example, it was observed that a low-fat, high-
carbohydrate diet containing isoflavones reduced MBD [51]. Although antiestrogenic
drugs like tamoxifen reduce MBD, hormone replacement therapy (HRT) increases this
parameter [110]. Insulin-like growth factor-I (IGF-I) also increases the risk of developing
breast cancer.

Akbaribazm et al. [8] analyzed a clinical study that was randomized, placebo-controlled,
and double-blind, aiming to investigate the use of Promensil tablets daily (equivalent to
86 mg/day of total isoflavones) for 2 months in four Dutch hospitals. The study showed a
reduction in IGF-I in 23 postmenopausal women who received 40 and 80 mg/day. Promen-
sil tablets alleviated breast pain by 44% and 31% in 18 perimenopausal women over three
menstrual cycles.

The presence of phytoestrogens in different parts of red clover can influence repro-
ductive tissues and estrogen receptors. In a randomized, double-blind, placebo-controlled
study, 30 postmenopausal women were treated with Promensil (equivalent to 80 mg of
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red clover isoflavones) [111]. There was no significant change in their plasma levels of
estradiol, FSH, or LH hormones or endometrial thickness; yet, hot flashes were reduced
in 44% of the participants [68]. ER-« is expressed in breast, uterus, and ovarian tissues;
ER-f is expressed in bones and blood vessels [112]. Furthermore, treatment with genis-
tein (375 and 750 ug/g) for 21 days increased uterine weight and reduced bone loss and
osteoporosis. One systematic review [45] concluded that isoflavones such as daidzein and
genistein enhance the proliferation of endometrial gland cells, increase the expression of
ER-f3, and reduce the expression of ER-«. In a normal state, endometrial cells express
higher levels of ER-a than ER-B. In an in vitro study, endometrial gland cells isolated
from premenopausal and nonpregnant women in the proliferative phase after incubation
with genistein (1.15 pumol/mL) and daidzein (2.4 umol/mL) showed significant expression
reduction in ER-« and an increase in ER-3 mRNA [113]. The secretion of cytokines such
as TNF-a and IL-1a also decreased. Finally, phytoestrogens modulate the expression of
ER-a/ 3 at the mRNA and protein levels in endometrial gland cells [114].

4.5. Osteoporosis and Ostopenia

The modern way of life increasingly eliminates movement and a healthy diet, which
contribute to the reduction in bone density, resulting in osteopenia and osteoporosis [115].
Osteopenia is defined as a bone mineral density (BMD) where the T-value is between
—1.0 and —2.5, and above —2.5 is the state of osteoporosis [116]. Osteopenia occurs more
often in postmenopausal women due to the loss of estrogen. Osteoporosis is a chronic
disease of the bone system in women, which, with its progressive course and complication,
accompanied by a high degree of disability and mortality, has significant medical, economic
and social consequences for both the individual and society as a whole [117]. The decrease
in bone mass first affects the trabecular bone (vertebrae, ribs), which leads to kyphosis
and a consequent decrease in height. Only after five or more years do the changes affect
the cortical bone (neck of the femur, distal radius), which increases the possibility of
fractures. The risk of osteoporosis also depends on genetic predisposition and race, eating
habits, constitution, and caffeine consumption, as well as on gynecological factors, such
as parity, breastfeeding, regularity of menstruation in the reproductive period, previous
gynecological surgery, other diseases (hyperthyroidism, hyperparathyroidism), and taking
medications such as glucocorticoids [16]. Studies have shown that taking dried red clover,
an extract, or a pharmaceutical product combined with calcium can significantly slow the
loss of BMD in postmenopausal women with osteoporosis [118].

In a 12-month, double-blind study with parallel design, 78 postmenopausal osteopenic
women were supplemented two times a day with calcium (1200 mg/day), magnesium
(550 mg/day), calcitriol (25 mg/day), and a red clover extracts rich in isoflavone aglycones
and probiotics (RCE, 60 mg isoflavone aglycones/day and probiotics) or a masked placebo.
RCE in combination with supplementation was more effective than supplementation
alone. Over 12 months of use, RCE prevented menopause-associated decreases in BMD,
normalizing bone turnover, promoting a favorable estrogen metabolite profile (2-OH:16x-
OH), and stimulating equal production in postmenopausal women with osteopenia [11].

Five studies examined the effects of red clover isoflavone extracts on BMD or markers
of bone turnover. Three studies reported bone preservation measured using BMD. After
a 1-month placebo run-in period, a 6-month study documented increases in the proximal
forearm but not in the distal forearm BMD for 25, 50, and 75 mg daily doses of red clover
isoflavones in menopausal women. Another 6-month study found 4.1% and 3.0% increases
in the proximal radius and ulna BMD, respectively, in postmenopausal women taking
57 mg and 85 mg of red clover isoflavones per day [6]. One-year treatment with a daily
dosage of one pharmaceutical tablet significantly reduced the loss of BMD of the lumbar
spine in perimenopausal women [66]. No effect was found in postmenopausal women
nor was there an effect on hip BMD in either group. Possibly, red clover isoflavones prefer
cortical over trabecular bone, which has yet to be confirmed.
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None of the studies found effects on the levels of urinary N-telopeptide (a putative
marker of bone resorption) or serum osteocalcin (a putative marker of bone formation).
However, the correlation of these markers with the actual change in BMD is still unclear.
The first study included perimenopausal women who took 50 mg of red clover isoflavones
per day (product P-07, noncommercial, Novogen, Ltd.) for 3 months [86]. The second study
used Promensil and Rimostil for 3 months in menopausal women [79]. The previously
mentioned 1-year study by Atkinson et al. [65] also found no effect on bone resorption,
despite positive outcomes for BMD and bone mineral content, implying that physiological
levels of bone markers are inaccurate markers of BMD and bone turnover rate.

4.6. Cognitive Effects

Menopause negatively affects cognitive functions [119]. By reducing the concentration
of inhibin B, it leads to a lack of negative feedback on the secretion of pituitary FSH [2,120].

From a neurobiological standpoint, the monoamine neurotransmitters serotonin, nore-
pinephrine, and dopamine appear to modulate hot flashes and mood disorders [121].
Damage to these regulatory pathways favors the onset of depression when this dysregu-
lation occurs within the prefrontal cortex and limbic system, which are the SNC regions
involved in mood control [122]. Moreover, the deregulation of hypothalamic thermoregula-
tory centers affects the appearance of vasomotor symptoms. Therefore, treating hot flashes
with menopausal hormone therapy (MHT) may prevent or reduce depressive symptoms
in vulnerable women, rather than treating only mood disorders without controlling va-
somotor symptoms [123]. A total of 40% of women reported episodes of forgetfulness in
perimenopause. Women in the menopausal transition have symptoms of depression up to
four times more often, which are associated with hormonal fluctuations and the presence of
vasomotor symptoms [124]. Several risk factors are associated with depression, including
lower socioeconomic status, stress, a previous history of depression, and a higher body
mass index. A longer reproductive period is associated with a lower risk of developing
depression [125].

Only one study examined the effect of red clover isoflavones on the cognitive function
in postmenopausal women [126]. Thirty women over the age of 60 years received two
tablets of Rimostil or a placebo for 6 months. Better results on visual-spatial intelligence
tests was found in women receiving Rimostil in comparison to the placebo (12% increase
vs. 3% decrease, respectively).

5. Possible Side Effects

Red clover is generally recognized as safe by the Food and Drug Administration
(FDA), and most studies have found it to be well tolerated. Nevertheless, possible side
effects, drug interactions, and risks for certain populations have been identified [127].

The use of red clover should be avoided in patients taking hormonal drugs, because
the chemical components of red clover and hormones compete for the same hormone
receptor sites and can lead to inflammation of the eyes, mouth, and penis [17].

Users of thrombolytic agents and low-molecular-weight heparin should be aware
of the possibility of increased bleeding, as the plant may contain coumarins, which have
anticoagulant properties. The concurrent use of red clover and contraceptives may alter the
effectiveness or enhance the contraceptive’s side effects. Additionally, the use of red clover
with progesterone may result in reduced effectiveness. Experiments on animals conducted
in vitro showed that the concomitant use of red clover and the anticancer drug tamoxifen
led to the reduced effectiveness of the drugs. The plant, herbal extract, or semipurified
isoflavonoids from the extract should not be used during pregnancy until further studies
confirm their safety for use [128].

Additionally, no safety data on red clover among children or pregnant or breastfeeding
women exist, so it should be avoided in these groups (34 trusted sources).

Finally, red clover may slow blood clotting and should be avoided in case bleeding
disorders are present [129].
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6. Conclusions

This narrative review provides insights into the bioactive compounds of red clover
(T. pratense L.), particularly focused on its commercially available isoflavone extracts that
have shown efficacy in the treatment of various symptoms and comorbidities in menopausal
women. This review, however, did not look at other red clover extracts that are under
intense research, and this is its main limitation.

Despite its well-documented traditional medicinal uses, a limited number of clini-
cal studies tested its health effects. The majority of research has focused on red clover
isoflavones, which, due to their structural similarity to endogenous 17f3, estradiol can
activate estrogen receptors and alleviate common menopausal symptoms. However, the
other bioactive compounds isolated from red clover leaves, aglycones biochanin A and
formononetin, reduce hot flashes, improve blood lipid composition, reduce atherosclerosis,
maintain bone mineral density, show anticancer activity, and have cognitive effects in
menopausal women. Polyphenols like daidzein isolated from red clover leaves have been
shown to affect hot flashes and blood lipid composition; genistein, isolated from the leaves,
stems, and aerial parts of the plant, has an effect on hot flashes, blood lipid composition,
and atherosclerosis.

Despite the limited clinical data, various bioactive components isolated from red
clover plant show different activities with regard to menopausal symptoms, and as such
should receive more research interest with regard to developing new pharmacological
strategies to improve women'’s health during menopause.
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Abstract: All over the world, wild edible plants are an essential source of chemical components
that justify their use in folk medicine. The aim of this review is to document and summarize the
knowledge of ten wild plants analyzed in a previous study for their ethnomedical significance.
Achillea millefolium, Borago officinalis, Foeniculum vulgare, Gentiana lutea, Juniperus communis, Laurus
nobilis, Malva sylvestris, Satureja montana, Silybum marianum and Urtica dioica were the subjects of
our study. They are commonly found in the central Italian Apennines and the Mediterranean basin.
Phytochemicals contained in wild plants, such as phenols, polyphenols, flavonoids, condensed
tannins, carotenoids, etc., are receiving increasing attention, as they exert a wide range of biological
activities with resulting benefits for human health. Based on the 353 studies we reviewed, we focused
our study on the following: (a) the ethnobotanical practices and bioactive phytochemicals; (b) the
composition of polyphenols and their role as antioxidants; (c) the methodologies commonly used to
assess antioxidant activity; (d) the most advanced spectroscopic and spectrometric techniques used
to visualize and characterize all components (metabolomic fingerprinting). The potential of pure
compounds and extracts to be used as nutraceuticals has also been highlighted through a supposed
mechanism of action.

Keywords: wild edible plants; ethnobotany; medicinal food; nutraceuticals; functional foods; Italian
Apennines; Mediterranean basin

1. Introduction

In recent decades, several epidemiological studies have shown a progressive growth in
the incidence of chronic degenerative diseases in the population, mainly due to an incorrect
diet. The main factors responsible for the pathogenesis of degenerative diseases are believed
to be oxidative stress and inflammatory processes, which are involved in cardiovascular
diseases, rheumatoid arthritis, and diabetes mellitus [1]. Thus, medicinal plants rich in
antioxidants, such as polyphenols, flavonoids, and carotenoids, may contribute to the
prevention of chronic diseases [2,3]. Natural products are important therapeutic agents and
are becoming an attractive option as they have a lower incidence of adverse reactions and
lower costs than synthetic pharmaceuticals [4].

The supplementation of natural products with antioxidant activity into the diet is
therefore considered the main solution to reduce the occurrence of many health problems.
For this reason, there is a growing interest in unexplored plants or wild plants characterized
by bioactive molecules with potential health-beneficial effects [5]. Wild plants have been
known for centuries in folk medicine for their therapeutic properties, and many scientific
studies have determined the chemical composition of plant extracts and highlighted their
side effects. In folk medicine, commonly used extraction procedures include conventional

Nutraceuticals 2024, 4, 190-231. https://doi.org/10.3390/nutraceuticals4028013
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methods such as maceration, percolation, decoction, and infusion. Most wild plants known
for their therapeutic effects are often used as food. They are especially common in salads as
green vegetables, but are also cooked, fried, or boiled, used in omelet dishes, etc. [6].

Wild plants may play an essential role in a healthy diet as an alternative source of
minerals, vitamins, and phytochemicals with antioxidant capacities, or they can be used as
supplements to formulate functional foods. The use of wild plants in popular cuisine is a
common practice in Italy [7], but their consumption varies in different regional districts.
Generally, all plant organs are consumed, including the leaves, tender stems, bulbs, seeds,
and roots [8]. In Italian tradition, as well as in other countries, wild plants are generally
eaten in salads or as boiled vegetables in soups, herb omelets or drink preparations [8]. The
Central Apennine mountains represent one of the world’s biodiversity hotspots, with a
rich flora characterized by the presence of numerous endemics [9].

In recent decades, social and economic changes have caused the depopulation of
mountain villages in the Apennines; as a result, wild food plants are declining due to the
lack of oral transmission of traditional knowledge from generation to generation. Modern
lifestyles are quickly transforming traditions, and the consumption of wild foods is not
as common as it was in the past [10]. Minerals and the primary metabolites of plants
are essential for humans. In contrast, the secondary metabolites of plants are not vital to
humans, but experimental research has shown that they promote health and longevity [10].

The ten wild edible plants reported in this analysis are the result of a selection based
on these criteria:

(1) An analysis of about 90 wild plants reported for their ethnopharmacological
properties by Fortini et al. [11];

(2) The selection of the ten most common wild edible plants identified in the flora of
the south—central Apennines that are used as food or beverages without adverse health
effects [8,11].

The aim of the present review is as follows:

(a) To provide an overview of wild food plants typical of the Mediterranean basin and
traditionally used in the gastronomy of the central Apennine area (Italy), characterized by
their high biological diversity and whose cultural heritage is well known;

(b) To summarize the current knowledge on the potential use of edible wild plant ex-
tracts in the prevention or treatment of some of the most widespread diseases in developed
countries, such as cardiovascular diseases, cancer, neurodegenerative diseases, diabetes,
obesity, and liver disease;

(c) To illustrate and discuss the chemical composition of edible wild plants, their
nutritional properties, and their relationship with the biological effects reported in the
literature for the development of nutraceuticals or functional foods;

(d) To identify the methodologies that are commonly used to assess antioxidant
activity in vitro and in vivo, and to highlight widely used advanced spectroscopic and
spectrometric methods that are able to identify all primary and secondary metabolites
contained in an extract (metabolic fingerprinting).

2. Strategy of Searching Articles

A comprehensive phytochemical analysis of the ethnobotanical literature and a bio-
logical activity search on the food plants used in the Apennine and Mediterranean area
were carried out using existing online scientific databases, such as Scopus, Web of Science,
Wiley Online Library, and Science Direct, as well as Google Scholar keywords. The search
was limited from 2000 to November 2023. The information summarized in Tables 1 and 2
was obtained from research articles (in vivo or in vitro studies). A total of 353 studies were
selected and included in this review.

3. Role of Nutraceuticals

The term nutraceutical is commonly used in marketing, but there is no regulatory
definition. Nutraceuticals are substances that are not recognized as nutrients but that have
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positive physiological effects on the human body and possess multiple therapeutic benefits.
Epidemiological studies indicate that a diet rich in plant-based foods significantly reduces
the risk of chronic-degenerative diseases, suggesting that some natural components found
in plants may be effective agents for the prevention of diabetes, hypertension, heart disease,
Alzheimer’s disease, and arteriosclerosis [12,13].

Some nutrients, herbal products, probiotics, polyunsaturated fatty acids, and phyto-
chemicals are considered nutraceuticals. Since ancient times, many plant extracts, now
marketed as herbal products, have provided hundreds of remedies to treat acute and
chronic diseases.

Herbal nutraceuticals are foods prepared from plants, and some examples include
Yarrow (Achillea millefolium), which contains bioactive components useful for treating lack
of appetite, gastric disorders, or diarrhea, or Chamomile (Matricaria recutita), which is
widely used to treat insomnia, gastrointestinal disorders, inflammation, wounds, ulcers,
muscle spasms, etc. [14].

The term ‘probiotics’ refers to live microorganisms that, when administered in suf-
ficient quantities, provide health benefits by regulating the balance of human intestinal
microorganisms and inhibiting the colonization of pathogenic bacteria in the gut. In ad-
dition, probiotics help the body build a healthy protective layer of the intestinal mucosa,
enhancing the intestinal barrier effect and improving immunity [15].

Polyunsaturated fatty acids (PUFAs), mainly omega-3 and omega-6, have been shown
to decrease the production of inflammatory eicosanoids, cytokines, and reactive oxygen
species (ROS), and to possess immunomodulatory effects. They are, therefore, able to
alleviate inflammatory pathologies and are effective in the prevention and treatment of
coronary heart disease, hypertension, diabetes, arthritis, and other inflammations [16].

Phytochemicals are non-nutritive bioactive plant components that have attracted
interest in human nutrition due to their potential effects as antioxidants, as well as their
anti-inflammatory, immunomodulatory, and anticarcinogenic effects. They are naturally
occurring secondary metabolites that impart color, taste, odor, and texture to plants [17].
Many vegetables, wild plants, legumes, whole grains, fruit, fruit and vegetable juices,
tea/coffee, and spices have nutraceutical properties as they contain compounds with
antioxidant activity, such as flavonoids, phenolic acids, anthocyanins, terpenoids, tannins,
carotenoids, phenylethanoid glycosides, etc. [18]. Antioxidants used in the diet consist
of different phytochemical molecules that are present in low concentrations [18], and
their consistent inclusion in the diet has a protective effect against free-radical-related
disease [19,20].

Polyphenols are found more abundantly in the edible parts of plants and are consid-
ered one of the main classes of plant compounds responsible for antioxidant activity, as
they can scavenge free radicals such as reactive oxygen species; thus, they are of particular
interest to the food and pharmaceutical industries [21]. Polyphenols are considered the
principal agents responsible for several biological [22] and pharmacological functions, as
they exhibit anti-inflammatory, antimicrobial, anti-allergic, antiviral, antithrombotic, and
hepatoprotective activity, and they are involved as signaling molecules in some biochemical
reactions [23], and in modulating a range of cancer signaling pathways [24].

3.1. Antioxidant Activity

In biological systems, oxidative stress is a complex process characterized by an im-
balance between the production of free radicals (ROS) and the body’s ability to eliminate
these reactive species through endogenous and exogenous antioxidants. During metabolic
processes, a variety of reactions take place in which the initiators are reactive oxygen
species (ROS), such as hydrogen peroxide (H,O5), the superoxide radical anion (O, ), and
many others. Endogenous antioxidants are enzymes, such as superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase, while examples of non-enzymatic compounds
include bilirubin and albumin [25]. When an organism is exposed to a high concentration
of ROS, the endogenous antioxidant system fails, and to compensate for this antioxidant
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deficit, the body can use exogenous antioxidants provided through food, dietary supple-
ments, or pharmaceuticals. The main characteristic of an antioxidant compound is that
it can prevent or break the chain of oxidative propagation by stabilizing the radical that
is generated, thus reducing oxidative damage in the human body. Phenolic compounds,
through their distinctive chemical structure, reduce or inhibit free radicals by reducing
oxidative stress and, thus, inflammatory processes [26].

Data from the literature suggest that plant polyphenols (PPs), especially phenolic
acids and flavonoids, can inhibit the inflammation process by regulating the production of
pro-inflammatory molecules, such as cytokines like tumor necrosis factor (TNF-«), nitric
oxide (NO), and leucocyte adhesion, which are produced during inflammatory reactions.
PPs have been shown to play a crucial role in the immune-inflammatory response [27,28].
Hence, inhibition of the production of such pro-inflammatory molecules is expected to
have therapeutic value against inflammatory diseases. By blocking reactive oxygen species,
flavonoids can mitigate photo-oxidative damage in plants [29,30].

The mechanisms of action of these compounds in the human organism have not
been fully elucidated [5]. Studies have indicated that the mechanism underlying the
radical-scavenging activity of polyphenols is related to the high reactivity of the phenolic
OH-groups through hydrogen atom donation. Radicals can be inactivated through the
following equation [26]:

PPs(OH) + R®* — PPs(O°) + RH

where R® is a free radical and O° is a reactive oxygen species.

In flavonoids, structure-activity relationship (SAR) studies have shown that to achieve
the best antioxidant activity, the following functions are required in the chemical structure:
an ortho-hydroxy substitution in the B ring, a C2-C3 double bond, and a carbonyl function
at C4 in the C ring (Figure 1) [31,32]. The free hydroxyl groups on the B ring donate
hydrogen atoms to a radical to obtain neutral derivatives with stable molecular structures,
interrupting the chain reaction. At the same time, a relatively stable flavonoid radical is
produced. Flavonoids with the C2-C3 double bond in conjugation with a C4 carbonyl group
are planar; this structural feature allows for a charge delocalization from the A ring to the
B ring throughout the aromatic system. In flavonoids with the ortho-dihydroxy group
(catechol), the formation of flavonoid phenoxy radicals can be stabilized via the mesomeric
equilibrium with the ortho-semiquinone structures [33]. Moreover, some flavonoids can
chelate transition metal ions (pro-oxidants), which are responsible for the production of
reactive oxygen species and inhibit the lipoxygenase reaction [5].

OH O

Figure 1. Basic structure of flavonoids. R=OH flavonols; R=H flavones.

Phytoestrogens belong to the class of flavonoids but, due to their structural similarity
to estrogens, are able to interact with the estrogen receptor [32,34]. Although polyphenols
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and flavonoids are generally associated with health-promoting properties, it has been
reported that, when consumed in high doses, flavonoids can act as pro-oxidants and
mutagens, and are thus cytotoxic [35].

The method based on the Folin-Ciocalteu reagent is commonly used to determine and
quantify total phenols in many matrices. This method evaluates the ability of phenols to
react with oxidizing agents, but is not very selective as it reacts with any phenol [36].

3.2. Methods of Estimation of Total Antioxidant Activity (TAC)

The antioxidant activity of an extract can be evaluated in vitro or in vivo by means of
simple experiments. Several in vitro methods are proposed and described in the literature to
determine the effectiveness of antioxidant compounds in different matrices (plant extracts,
blood, etc.) using lipophilic, hydrophilic, and amphiphilic media (emulsions). Because
of their mechanism, in vitro methods can be divided into two main groups: (a) hydrogen
atom transfer (HAT) reactions and (b) transfer reactions of a single electron (SET) [37].

Reducing compounds donate electrons or hydrogen atoms to compounds which
have higher reduction/oxidation (redox) potentials. The latter group of compounds in-
cludes free radicals and other oxidants occurring in living systems. These methods are
widely used due to their high speed and sensitivity. When assessing the antioxidant ca-
pacity/activity of a sample, more than one method should be used [37]. Diverse tests
have been developed to evaluate the potential antioxidant activity of plant extracts or pure
secondary metabolites in vitro. The most popular assay includes 2,20-azinobis (3-ethyl-
benzothiazoline-6-sulphonic acid (ABTS) [38,39]. The antioxidant activity (colorimetric
method) measured by ABTSe reduction is usually referred to as that of Trolox (6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid), a standard antioxidant. This allows for the
results to be expressed in Trolox equivalents (TE).

2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity, a colorimetric
method, is one of the most stable free radicals and is frequently used in the evaluation
of radical scavengers in natural foods. The DPPH assay method is straightforward and
can be used to perform a quick manual analysis of antioxidant contents [40]. The ferric
reducing antioxidant power assay (FRAP), a colorimetric method, is based on the reduction
of the 2,4,6-tripyridyl-s-triazine (TPTZ)-Fe?* to the deep blue TPTZ-Fe?* complex [41,42].
The cupric-reducing antioxidant capacity (CUPRAC) method uses copper 2+-neocuproine
(2,9-dimethyl-1,10-phenanthroline), which can be reduced by antioxidants [43]. The oxygen
radical absorbance capacity (ORAC) assay is based on the inhibition of the oxidation of a
fluorescent substrate (and fluorescence loss) by peroxyl radicals. Commonly used peroxyl
radical generators in this assay are represented by azo-compounds that decompose at
elevated temperatures [44,45]. Chemiluminescence (CL) assays are based on the reaction of
ROS/RNS with detection reagents to generate species in an excited state that emit light
upon de-excitation to the ground state [46]. The main chemiluminescence reagents that are
used include luminol, lucigenin, and peroxyoxalate [37].

Less popular methods include the potassium ferricyanide reducing power (PFRAP)
assay [47], the total reactive antioxidant potential (TRAP) test [48], and the -carotene-
linoleic acid bleaching (BCLB) assay [49].

For all in vivo methods, the samples that are to be tested are usually administered to
mice, rats, etc., following methods that ensure strict compliance with recommended doses
and administration times. Upon completion, the animal is typically sacrificed, and the
blood and/or tissues are used for analysis [50]. The main methods used with plasma are
the Ferric-Reducing Ability of Plasma (FRAP) [51] and the measurement of y-Glutamyl
transpeptidase activity (GGT), which is important for glutathione homeostasis [52]. The es-
timate of reduced glutathione (GSH) is used as an index of cell protection from free radicals,
peroxides, and other toxic compounds [53]. Estimating glutathione peroxidase (GSHPx)
activity is important; this activity may indicate a disturbance of the prooxidant/antioxidant
balance [54]. Glutathione-S-transferase (GST) is believed to play a physiological role in
initiating the detoxification of potential alkylating agents, including pharmacologically
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active compounds. Under these circumstances, GST is important to carcinogenesis and
chemoresistance [55]. Erythrocyte lysate can be used as a substrate for the evaluation
of antioxidant enzymes such as SOD and CAT activity [50]. The glutathione reductase
(GR) assay is important for maintaining the supply of reduced glutathione [56]. Finally,
lipid peroxidation (LPO) is the most important test, which considers the quantity and
physiological importance of biological membranes and lipoproteins. LPO is commonly
used to estimate the oxidative state of the cell [57].

3.3. Metabolomics Analysis

The phytochemicals contained in plant food sources or non-food plants are an unlim-
ited reservoir of nutraceutical compounds with a broad range of biological activities [58,59].
The plant metabolome consists of primary metabolites, secondary metabolites, vitamins,
organic acids, alkaloids, etc.; therefore, the metabolome of plants is the main target in the
search for new nutraceuticals at present [60].

Metabolomic analysis allows for the simultaneous detection of all primary and sec-
ondary metabolites in a biological system and provides qualitative and quantitative infor-
mation on its components. Metabolomics is, therefore, a powerful tool for defining the
phytochemical profile in an extract and allows several phenomena to be monitored. It can
help to understand plant responses to stress, assess changes in natural products in different
tissues/organs or during growth or ripening, etc. [61]. Metabolomics can be undertaken
using two different approaches: non-targeted and targeted methods.

Currently, the two main analytical techniques used for these purposes are nuclear mag-
netic resonance (NMR) spectroscopy in both 1D and 2D experiments and mass spectrometry
(MS), often coupled with separation techniques such as liquid or gas chromatography (LC
or GC) [62-64].

NMR methods provide information on a wide range of compounds present in the
plant extract in a single experiment, offering advantages in terms of the simplicity of sample
preparation, the time required for analysis, high reproducibility, and the acquisition of a
large amount of data in a relatively short time [65]. NMR spectroscopy is a non-destructive
technique because the sample can be recovered and used in a further experiment. However,
the main drawback of NMR spectroscopy is its relative lack of sensitivity, coupled with
the overlapping of signals in the 'H NMR spectrum of biological samples, which limits
the identification of metabolites. The acquisition of 2D NMR experiment series (TOCSY,
HSQC, HMBC) in metabolomics workflows can reduce the signal overlap and provide
crucial information to elucidate the structure of metabolites.

Over the years, efforts have been made to improve sensitivity and resolution in NMR
experiments with ultra-high-field magnets [66].

The richness of this information often results in high spectral complexity, so multivari-
ate data analysis is required to study the spectra and extract meaningful information.

NMR is an evolving field, and many new techniques are emerging in NMR-based
metabolomics analysis. Among these, high-resolution magic-angle sample spinning
(HRMAS) has been increasingly applied in recent years [67] due to its potential in solid-
state sample analyses without previous extraction. Other new NMR applications include
hyperpolarization methods, ultrafast 2D NMR methods, pure-shift NMR techniques, and
hybrid NMR approaches [67].

MS-based techniques are the most widely implemented strategies for metabolomics
purposes, especially UPLC-MS with electrospray ionization (ESI), thanks to the greater
sensitivity that this technique offers. In recent years, further developments have taken place
using high-resolution (HR)-MS techniques, with the possibility of accurately determining
the mass of a compound. However, these techniques are less robust than NMR techniques.
A difference can be found between targeted and non-targeted methods. The results of the
former are generally comparable across studies, whereas non-targeted methods require
careful quality-control procedures to assess robustness and repeatability over time [68].
Moreover, the high sensitivity offered by MS, especially HRMS techniques, has disadvan-
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tages, such as ion suppression, meaning that other strategies are required to increase the
number of metabolites.

Multivariate methods are routinely used to visualize biological data, identify possible
clusters, and build predictive models based on the amount of data obtained from previous
spectral datasets [69]. Multivariate data analysis (MVA) can be divided into two main
categories: unsupervised analyses to explore data without any class membership and
supervised analyses to discriminate among known groups of interest. Techniques such
as Principal Component Analysis (PCA) and Orthogonal Partial Least Squares Discrim-
inant Analysis (OPLS-DA) provide an essential platform for the rapid interpretation of
information-rich spectral datasets to infer biological conclusions. Through the proper
application of preprocessing transformations, the optimal choice of analysis algorithms,
and the judicious application of validation metrics, MVA can lend a powerful hand in the
biological understanding and exploration of complex metabolic systems.

4. Botanical Information, Ethnobotanical Practices, and Bioactive Phytochemicals in
Wild Edible Plants

The characteristic botanical information (systematics, etymology, distribution, habitat, etc.)
was obtained for each species analyzed in this study. Table 1 provides references showing where
the complete information can be obtained.

Table 1. Botanical information, including scientific name and important morphological characteristics,
systematics, etymology, distribution, and habitat.

Scientific Name and

In'lpor’(a(l:'l}tl Mortphological Systematics Etymology Distribution and Habitat Ref.
aracters
Achillea millefolium L. . . Tradition (Pliny) states that
: Domain Eukaryota, Kingdom R
Perenr}lalﬁler}l:gceous' Elefmt, Plantae }]Sivision g AChlfll}E:_S healed Cslion‘le wounds The A. millefolium is native to
roots in the rhizome; hairy Magnolio—’p hyta, Class of his comrades in arms_ Europe; it gfows in temperate
stem; 51mp'1e or branched; liopsid S/ bel during the siege of Troy, with regions all over the world up
leafy; ascending; can reach up Magnoliopsida, Subclass the plant, hence the name of
P 80’ om in hei /ht The hai Asteridae, Order Asterales, the genre. The name (milfoil) to 2500 m. It prefers sunny [7071]
sht. 'Y Family Asteraceae, Subfamil : : - places, meadows, and the g
4 y d deeply indented
leaves have contours, both Asteroideae, Tribe is due to }ts eeply m Aente edges of paths and railways; it
lanceolate and linear. The Anthemideae, Subtribe leaves; in fact, the eplthgt also adapts well to dry, stony,
flowers are white or pink, Mo P refers to the numerous foliar 3 e
L N Achilleinae, Genus Achillea, >0 A and acidic soils.
whitish achenes. The fruits : i ; laciniae that characterize
Species A. millefolium. !
are achenes. this plant.
Borago officinalis L.
is an herbaceous plant; it can . .
reach up to 80 cm. It has The etymology of its name is
elliptic oval leaves and Domain Eukaryota, Kingdom ~ uncertain. Some suppose that This herb is well adapted to
petioles, with rough hair and a Plantae, Division at der{yes frgm th,? Arabic the Mediterranean basin and
dark green color, collected in a Magnolio-phyta, Class abou }?nd, rash”. ?ther% widespread throughout Italy,
basal rosette 10-15 cm lon, Magnoliopsida, Order assume that it comes from the =\ oo it orows spontaneousl [72,73]
=4 g P Latin “wad” or from the Celtic & P y
which are then smaller on the Solanales, Famil u ” o up to 1800 m above sea level.
4 barrach”, meaning “brave p
stem. The flowers have five Boraginaceae, Genus Borago " o . It prefers a rich soil, without
tal di ] i B. officinali man”. The Italian name t t wate
ble gﬁr?) lseasrtrae;n%il 1 }Tuqts e and specie B. officinalis. Borage comes from the stagnant water.
] . 1 atin Borago.
achenes that contain &
small seeds.
. . Fennel is a typical
Foeniculum oulgare Mill is Eukaryota Domain, Kingdom The names comes from Mediterranean glgnt Itis
complex and difficult to Plantae, Division foenum, meaning hay, due to mainly found in southern
summarize. It derives from the Magnolio-phyta, Class the subtlety of the leaves and amnty dislands,
distinction between the Magnoliopsida, Subclass its intense aromatic odor. reglons anc 1siands, irom sea [74,75]

varieties of wild fennel and
“sweet” fennel
(horticultural production).

Rosidae, Order Apiales,
Family Apiaceae, Foeniculum
Genus and F. vulgare Specie.

Vulgare means that the plant is
quite widespread
(vulgar = common).

level up to about 1000 m
altitude. It prefers sunny,
unspoilt, dry, and
pebbled places.
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Table 1. Cont.

Scientific Name and

Important Morphological Systematics Etymology Distribution and Habitat Ref.
Characters
. . . It is widespread, from marine
Juniperus communis L. is an regions to mountainous areas,
evergre;n shrlzlb ?rl tgeoe Wlt}ha Domain Eukaryota, Kingdom The term Juniperus derives and is found in dry pastures,
twifrtifh ltirnuer;r’r?eec;le—lri‘[l:eta 4 Plantae, Subkingdom Tracheo from itnix, heifer, and pario, as well as on moors or
pungent leav;es, gathered,in bionta, Sup‘er_di'visio‘n Sperma mear\ipg giving birth. This ‘is Scrubland. It isavery
verticils of 3. Male flowers are _tophyta, Division Pinophyta,  due to its presumed properties long-lived species in the [76,77]
yellowish; female flowers are ~ Class Pinopsida, Order Pinales, favoring childbirth. temperate regions of the
small greenish cones, which Family Cupressaceae, Genus ~ Communis epithet obviously northern hemisphere. It is
produce berries Juniperus, Specie J. Communis. means common, banal. resistant to low temperatures,
(called cuddles). and tol;erates all‘lilty and
strong wind.
Malva sylvestris L. is an annual
bherbficleous plant ﬂiat[_lﬁ Eukaryota Domain, Kingdom Th th
st:;ri\rélail g;c?virteé\ 2(1)6180 CI; M aPlIz:gltiaoe_, ]ﬁi‘?;igfass conssnge;r':lifrirtllirtrl]ﬁeé gr(eeek The plant is native to Europe
The leaves of palminervia M. SnoTopayta, “Malatto” and “maldkhe”, and temperate Asia; it can be
agnoliopsida, Order . 4 o [78,79]
have 5-7 lobes and an . means emollient, benevolent, found in fields and
. . Malvales, Family Malvaceae . . .
irregularly serrated margin. . with reference to the soothing uncultivated places.
. Genus Malva and Specie .
The flowers are grouped axils M. syloestris properties of these plants.
of leaves. The fruit is a : :
circular poliachenio.
Gentiana lutea L. is an
herbaceous, perennial species
with very slow growth. AIt can According to Pliny, Gentiana ‘Gentian is a plant that grows
rgach up to 150 cm, with a Domain Eukaryota, Kingdom derives from Gentius (in in meadows and low-humlduy
single stem that is hollow Plantae, Phylum Greek, , Gentios) Genzio, last pastures, as well as in
inside, and green leaves. The Magnolio-i:)hyZa Class king of the Illyrians (Il century  calcareous soils, rich in organic
flowers are yellow, sometimes M liopsid ’O 4 BC), discoverer of the substances, with heavy [80,81]
punctuated with darker color, Ga gnt(.) lOIiSI ;’ r'l er antimalaric properties of the sunlight. In Italy, it grows in !
star-shaped, and gathered in Genti entiana Ce;s, ang y i roots of G. lutea. The lutea the central-southern
bundles to the axil of the en 1anz§ceee:§,e Gerl%se 0 entiana, name derives from ltteus Apennines, at an altitude that
upper leaves. The fruit is an P ’ (yellow); that is, the varies between 1000 and 2200
oblong oval capsule, which floral color. m above sea level.
opens at maturity in two parts,
containing brown oval seeds.
Laurus nobilis L. The name of this plant comes
The laurel often appears in Domain Eukaryota, Kingdom from the Latin “laus”, e .
shrubs when pruned. In Plantae, Subkingdom Tracheo meaning praise, to highlight L TOblhi}lls a cotr;\mon Sp etc11e S
natural conditions, it becomes  bionta, Superdivision Sperma the curative properties of the aong ftehncl)\z ;rtn coasta
a tall tree reachingup to 10m.  tophyta, Division Magnolio plant, which have been arggzi(r)\ i taley g tegrzgrvbian
Itis an evergreen plant. The phyta, Class Magpohopmda, | pra{s@c’! from ancient times. spontaneously in the central [82,83]
leaves are ovate, dark green, Subclass Magnoliidae, Order "N obilis” stands for illustrious, and southern areas along the
leathery, glossy on the top, and Laurales, Family Lauraceae, ~ important, famous. For others, coast, while in the nort}%em
dull underneath. The fruits of Genus Laurus, Specie the vulgar name would be regions it is cultivated
the laurel are black and shiny L. nobilis L. derived from the Celtic root g )
berries with only one seed. “laur”, meaning green.
Satureja montana L. is an
herbaceous species which
grows to 50 cm. The stems are ~ Domain Eukaryota, Kingdom . . .
woody at the base, tetragonal, ~ Plantae, Subkingdom-Tracheo The term Satureja is of sZ\r]:q?—t:\l; esf g‘;cé?; lspaegi;e;l;éaz}e
erect, and have short back bionta, Superdivision Sperma uncertain etymology. The ; :
i s : ; u“ P to the mountainous regions of
hairs when pubescent. They tophyta, Division Magnolio specie name “mountain
; To . central-southern and western
are usually widely branched phyta, Class Magnoliopsida, comes from mons montis, [84]

from the bottom to form a
small bush. The leaves are
bright green, opposite, and
subsessile. The fruit is formed
by 4 oval achenes dotted with
small grains.

Subclass Asteridae, Order
Lamiales, Family Lamiaceae,
Tribe Mentheae, Genus
Satureja, Specie S. montana.

mountain, meaning “of the
mountains”, because it grows
1000-1400 m above sea level.

Europe. Its habitat is that of
calcareous, rocky, arid lands,
at the edge of mountain roads,
at up to 1400 m altitude.
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Table 1. Cont.

Scientific Name and
Important Morphological
Characters

Systematics

Etymology

Distribution and Habitat

Ref.

Silybum marianum (L) Gaertn is
an herbaceous species with
vigorous bearing that can
reach up to 150 cm. The plant
is completely glabrous and
spiny. The scape is robust,
streaked, and branched, with
erect branches. The plant has
hermaphroditic flowers, with
a tubular red-purple corolla;
these are united in large
globular end heads, covered
with strong bracts.

Urtica dioica L.

Nettle is a perennial,
deciduous herbaceous plant,
30-250 cm tall. It has an erect,
densely hairy, striated, and
grooved stem. The leaves are
large, ovate, and opposite;
lanceolate, jagged, and
pointed; dark green on the
upper side, and lighter and
hairier on the lower side. The
female flowers are collected in
long hanging spikes, while the
male flowers are grouped in
erect spikes.

Domain Eukaryota, Kingdom
Plantae, Subkingdom Tracheo
bionta, Superdivision Sperma

tophyta, Division Magnolio

phyta, Class Magnoliopsida,

Subclass Asteridae, Order
Asterales, Family Asteraceae,
Subfamily Cichorioideae, Tribe
Cardueae, Subtribe Carduinae,
Genus Silybum,
Specie S. marianum.

Domain Eukaryota, Kingdom
Plantae, Division Magnolio
phyta, Class Magnoliopsida,
Subclass Rosidae, Order
Urticales, Family Urticaceae,
Genus Urtica, Specie U.dioica.

The term Silybum comes from
the Greek silybon/sillybon,
the name which Dioscorides
called some edible thistles,
which was taken over by Pliny
to denote sillybus, a type of
thistle. The name “marianum”
derives from the Virgin Mary.

’

The name “nettle” probably
derives from the Latin “urere”
(Urtica), meaning burn,
indicating the effect of the
irritating substances contained
in stinging hairs.

Milk thistle is a wild species,
widespread in all the
Mediterranean regions from

sea level to submountain areas.

Its habitat is in ruins, along
roads, and in uncultivated
areas, and it is common in
desert and sub-desert areas
ranging from the
Mediterranean basin to
Central Asia.

U. dioica is widespread in
Europe, most of Asia, North
Africa, and North America. In
Italy, it is found in all regions:
uncultivated land, woods,
urbanized areas, roadside, and
places in the half-shade of
nitrate-rich soil, ranging from
the plains to 2300 m above
sea level.

[85,86]

[87,88]

Table 2 lists the main ethnobotanical uses, phytochemical constituents, and biological
activity of the selected wild edible plants (see also Figure 2).

Table 2. Phytochemical components, ethnobotanical uses, and biological activity of selected wild

edible plants.

Scientific Name

Ethnobotanical Uses

Phytochemical
Components

Biological Activity

Ref.

Tea for gastrointestinal disorders.
Essential oils (from flowers)
against influenza. Infusions,

decoctions, or fresh juices

A. millefolium L.

against hemorrhage,

hemorrhoidal, menstrual
problems, and dysmenorrhea,
toothache, headache, diuretic,
wounds, and burns (hemostatic).

Rutin; luteolin 7-O-glucoside;
apigenin 4'-O-glucoside;
apigenin 7-O-glucoside; luteolin
4'-O-glucoside

Anti-inflammatory activity,
treatment of gastrointestinal and
hepato-biliary disorder and skin

inflammation. The in vitro

anti-inflammatory activity was
established through the
inhibition of matrix
metalloproteinases (MMP-2 and
-9), which are involved in
psoriasis and atopic dermatitis
and in inflammatory bowel
diseases such as ulcerative colitis
and Crohn’s disease.

[89-93]

Diuretic; promotes perspiration;
emollient; lenitive; mild laxative;

B. officinalis L.

diuretic.

Decoction of leaves against

rheumatism and as a diuretic.
Leaf poultice against tooth
abscess. Digestive; depurative.

Flavonoids; phenolic acids;
rosmarinic acid; syringic; sinapic;
chlorogenic acids. p—sitosterol,
oleuropein; lithospermic acid
(leaves); tocopherols;
sterols; squalene.

Anti-inflammatory properties

(HaCaT and BJ cell lines) and

anti-ageing properties. Weak

anti-inflammatory activity in
murine RAW 264.7 macrophage

cell.

Cytotoxic effects of extracts by
MTT assay against human liver
(HPG2), prostate (LNCaP) and

colon (HT-29) cancer.

[11,94-104]

Antispasmodic and carminative
effects. Promotes intestinal

F. vulgare Mill.

peristalsis. Diuretic action.

Cures respiratory diseases as

an expectorant.

Cirsiliol, 4-O-caffeoylquinic acid
(4-CQA); vanillic acid;
O-coumaric acid; rosmarinic
acid; kaempferol; resveratrol;
rutin; myricetin;
catechin; quercetin.

Antioxidant; antimicrobial;
anti-inflammatory. Protection
against cardiovascular diseases,
neurological disorders, and
diabetes, and
hepatoprotective effects.

[105-120]
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Table 2. Cont.

Scientific Name Ethnobotanical Uses sz;);};g:;::l Biological Activity Ref.
In folk medicine, it is known for
its digestive and
appetite-stimulating effects. Isovitexin. i .
Other uses include antipyretic, sovi eiég\(;l}iseosggonann, Anti-inflammatory properties,
G. lutea L. hepatoprotective, hypoglycemic, isoorientin—z’—O—glucl)side and with the rate of enzyme [121-127]
antianemic, and cardiotonic . - -' inhibition increasing with time.
activity; for sores and minor isoorientin-4'-O-glucoside &
wound healing; for stomach
ulcers, as an immune stimulant.
Urinary antiseptic for acute and . s . ..
chr};ni c cygritiS' diuretic: Quercetin, kaempferol, Antldlgbetlc, ant1-1nﬂammgtory,
emmenagogu o sudorific: myricetin, isorhamnetin, and antihypercholesterolemic,
digestive: anti-inflammator patuletin derivatives in their antihyperlipidemic, and
%Se d a6 a stimulant and ¥ composition. hepatoprotective effects.
J. communis L. disinfectant against constipation Quinic acids, 5-O-caffeoylquinic, ~ Anticancer properties alleviate [128-134]
chronic Bright's disease ’ catechin, epicatechin, luteolin, cardiovascular disorders.
migraine drog s rheuma,tic apigenin, naringenin, Anticataleptic activity alleviates
& sv\;ellinp Sy’an d amentoflavone, and neuropathologies and improves
infantile m%e'rculosis their derivatives. the mental state of individuals.
In cooking recipes, it is used to
provide an aroma and a spicy . . .
flavour to meat, fish, broths, and Isoquercitrin, luteolin, rutin,
vegetables. It is a component of apigenin derivatives, catechin,
two tyglcal 'Itahan vegetable cinnamtannin Bl_, eplca’gechm Anti-inflammatory: reduction in
_ infusions: one used as a hexoside, (+)-catechin, lung inflammation caused by
L. nobilis L. digestive, called “canarino”, and (—)-epicatechin, LP3 and in skin lesions and [135-142]

one for the treatment of
respiratory aliments, called
Ricotto or Ricuotto. It is used in
treatments for gastro-intestinal
disorders, carminative, diarrhea,
hemorrhoids, stomach aches,
and kidney diseases.

epigallocatechin, and methyl
eugenol. Gallic; vanillic;

rosmarinic acid; ferulic acid;

coumaric acid. Costunolide;
santamarine; reynosine.

inflammation caused by
Propionobacterium acnes.

M. sylvestris L.

Used to treat various ailments,
such as colds, antiseptic, colic,
constipation, cough, cystitis,
high fever, migraines, puerperal
mastitis, stomachic, wounds,
and abscesses. Leaves, flowers,
fruits, roots, shoots, and seeds
are applied in infusions,
decoctions, poultices, liniments,
lotions, baths, and gargles.

Gossypetin
3-sulphate-8-O-3-Dglucoside;
hypolaetin 3’-sulphate;
isoscutellarein
8-O-B-D-glucuronpyranoside;
hypolaetin
8-O-8-D-glucuronopyranoside;
3-O-p-D-glucopyranosyl-8-O-f3-
D-glucuronopyranoside;
hypolaetin 4’-methyl ether
8-O-B-D-glucuronopyranoside.

Antibacterial, anti-inflammatory,
antioxidant, and
anti-inflammatory activity on
carragenin-induced edema in
rats. Antiproliferative activity on
cancer cell lines. Reduction in
nephrotoxicity induced
by gentamicin.

[11,143-155]

S. montana L.

Effective against colds, asthma,
antitussive and expectorant,
cough, bronchitis, and
inflammation of the
respiratory tract.

Rosmarinic acid, caffeic acid and
its glycoside derivatives.
Quercetin, catechin or
luteolin derivatives.

High antimicrobial potential,
together with antioxidant and
anxiolytic capacity.
Hepatoprotective effects,
protection against cardiovascular
ailments, and uses in
cancer treatment.

[156-161]

S. marianum (L)
Gaertn

Antihypertensive; stimulates
milk production in rats and
insect (flies) repellents. Used in
the treatment of liver
dysfunctions and gallbladder
disorders, laxatives, and breast
cancer treatment.

Flavonoids. Flavonolignan
complex composed of
isosilychristin, isosilybin A and
isosilybin B, silybin A and
silybin B, silychristin, silydianin,
and taxifolin
mariamide A and
mariamide B (seeds).

Antidiabetic agent
(x-glucosidase and PTP1B
inhibitory activities), used in the
treatment of chronic hepatitis,
cirrhosis, and hepatic toxic
lesions, with choleretic and
cholagogue effects.
Applied in Italy to treat liver and
gastrointestinal disorders and as
a laxative, with
anti-inflammatory, antioxidant,
cardiovascular protective,
anti-cancer, and
neuroprotective effects.

[11,162-168]
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s . Phytochemical . . ..
Scientific Name Ethnobotanical Uses Components Biological Activity Ref.
Antiviral, antimicrobial,
In folk medicine, it has been 3-O-caffeoylquinic acid; antioxidant, anti-inflammatory,
used to treat rheumatism, 4-O-caffeoylquinic acid; antiaging, and
UL divica L. arthritis, gout, eczema, anemia, 5-O-caffeoylquinic acid; cytotoxic/anticancer effects, as [169-171]

urinary tract infections, kidney
stones, hay fever, and the early
stages of an enlarged prostate.

caffeoylmalic acid;
p-coumaroylmalic acid;
quercetin O-rutinoside.

well as benign prostatic,
hyperplasia, antidiabetic,
antiendometriosis, and

nephroprotective effects.

4.1. Ethnobotanical and Ethnomedicinal Relevance

A. millefolium L. (Asteraceae family) is commonly known as yarrow or milfoil. It is the
best-known and most widespread species, and has been one of the most used plants in
both folk and conventional medicine for over 3000 years [172]. A. millefolium is native to
Europe and western Asia, widespread in most temperate regions, and represented by about
85 species, which are mostly found in Europe, Asia, and North America [173]. In Bosnia—
Herzegovina, the flowers are used as vegetables or in the preparation of liqueurs [129].
The leaves can be eaten cooked or raw. As they have a slightly bitter taste and a strong
licorice-like scent, they can be added to mixed salads [6,11]. The plant is used in traditional
medicine against wounds, burns, and internal and external bleeding due to its hemostatic
properties. Almost all the pharmacological activities are attributed to the flowering tops
and leaves [174]. Several cultures use this plant for different treatments. In Italy, it is
mainly used against gastrointestinal problems but is also used also for urinary problems
such as diuretics, menstrual problems, toothache, and sedatives [89]. These properties are
attributed to the essential oils, sesquiterpenes, and phenolic compounds [92,93]. The recipe
states that three cup of Achillea tea a day, prepared with 1.5 g crude drug, equal to a 900 mg
extract, would cause an anti-inflammatory effect [90].

The Borago genus belongs to the Boraginaceae family. It comprises only five species,
B. officinalis, B. trabutii, B. longifolia, B. pygmaea, and B. morisiana, all of them native to the
Mediterranean basin. In folk medicine, most medicinal plants are used as aqueous extracts,
which provide raw materials for different medicinal purposes. B. officinalis seeds and the
aerial parts are traditionally used to treat respiratory, cardiovascular, and gastrointestinal
diseases [103]; borage juice and tea are used to treat flu, colds, injuries, and ulcers. Borage
is generally cultivated for its culinary and medicinal uses; currently, the preferentially
consumed parts are the seeds, which are marketed for their oil. Therefore, borage is
considered an oilseed crop [104]. As a vegetable, borage is included in many recipes from
different countries: in Germany, it is used for the preparation of green sauce; in the Italian
region, Liguria is an ingredient in the famous “Preboggion”; in Crete, in France, in Great
Britain, and in Spain, it is boiled and sautéed with garlic. Borago flowers are used as snacks,
salads, vinegar aromatizers, fritters, and soups in Italy, Libya, and Spain [175].
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Figure 2. Some examples of plant wild species traditionally used in the central Apennines as food
and/or medicine: (a) A. millefolium [70]; (b) B. officinalis [72]; (c) F. vulgare [74]; (d,e) G. lutea L. subsp.
Lutea, reprinted with permission from Ref. [176]; copyright 2008-2024, Giuliano Mereu, (f,g) L. nobilis,
reprinted with permission from Ref. [177]; copyright 2008, Marinella Zepigi (h) J. communis, reprinted
with permission from Ref. [177]; copyright 2008, Marinella Zepigi (i) M. sylvestris, reprinted with
permission from Ref. [177]; copyright 2008, Marinella Zepigi (j) S. montana, reprinted with permission
from Ref. [178]; copyright 2024, Enzo de Santis (k) S. marianum; [179] (1) U. dioica [180].

Fennel (Foeniculum vulgare Mill.) is a plant belonging to the Apiaceae family and
represents one of the most used plants in traditional medicine. It is a plant that grows
spontaneously as a native aromatic plant in the large area around the Mediterranean basin,
particularly in Israel, Egypt, and Tunisia, and on both coasts of the Adriatic Sea: Montene-
gro, Croatia, and Italy [108,112-116,181,182]. Alcoholic beverages are often enriched with
aromatic components, such as herbs (leaves, roots, seeds, and flowers), fruits (whole fruit,
peel, and hazel) and natural sweetening agents [117,183]. The preparation of these drinks
dates to ancient Mediterranean history, and aromatic plants and essential oils are still used
today [118]. In popular Italian cuisine [159], fennel liqueur, reaching 30% alcohol content,
called “Finocchietto”, is produced by macerating the fruits of F. vulgare in alcohol [119].
The characteristic flavor of fennel essential oil is related to the presence of anethole, fen-
chone, and estragole, which are the main chemical components. Anethole has a sweet,
anise-like note, while estragole has a bitter flavor. The composition and concentration
of the individual components depend on the geographical origin of the plant. Generally,
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southern European plants produce sweeter-tasting extracts, while plants from central and
northern Europe have more bitter flavors [112]. Fennel can also be used as an herbal tea
for stomach aches due to its antispasmodic and carminative effects, aids intestinal peristal-
sis, has a diuretic effect, acts as an expectorant, and is also recommended for respiratory
diseases [120].

Gentiana lutea L. is also known as yellow gentian, bitter root, and bitter herb. Belonging
to the Gentianaceae family, it grows wild in hilly areas of Europe as far as Japan and is
present in the traditional medicine of many countries [184], especially due to its antiseptic
and anti-inflammatory properties [185]. The roots are the most widely used part of the
plant as they are rich in bitter-tasting molecules such as amarogentin and gentiopicroside,
and they have been known for their medicinal properties since antiquity. G. lutea L. radix
is often used in the preparation of bitter liqueurs to stimulate the appetite and improve
digestion. “Amaro di genziana” is a typical liqueur produced in the Abruzzo region of
Italy. The quality of the gentian root is assessed by evaluating the main bitter principle,
gentiopicroside [186].

Gentiana is considered a pleiotropic drug as it has multiple properties, such as antimi-
crobial, antioxidant, anti-inflammatory, anti-atherosclerotic, antihypertensive, hepatopro-
tective, and antidepressant activity [125-127]. Gentiana is a plant included in the “Regional
Red Lists of the Plants” of Italy and is a protected plant (L.R. 11.9.1979 no. 45).

The Juniperus genus is a member of the Cupressaceae family [187] and has about
68 species and 36 variants of the same species. The J. communis, also called Zimbro, is
the only species of Juniperus that has been documented as existing in both hemispheres,
and has been found in the arctic regions of both Asia and North America. The Alps,
Scandinavia, Poland, northwest European lowlands, and the mountainous regions of the
Mediterranean in Europe are home to more varieties [188,189]. The considerable variety
in the morphological traits and chemical composition of secondary metabolites can be
traced to the vast geographical dispersion of the species [187]. Berries have a fragrant, spicy
aroma and a slightly bittersweet flavor. Mature, dark berries are used in cuisine to season
sauces and stuffing, and in pickling meats, and are also used to flavor spirits like gin or
grappa. Juniperus has been traditionally used in many countries as a diuretic, antiseptic,
and digestive [131].

Laurus nobilis L. is a member of the family Lauraceae, which comprises 32 genera
and about 2000-2500 species [141]. It is cultivated in temperate areas of the world, mainly
in south Europe and the Mediterranean basin [190,191]. It is also known as laurel, bay
laurel, or sweet bay, and is the laurel tree featured Greek and Roman mythology [142],
where it was considered a symbol of peace and a sign of victory in both military and sports
competitions. Laurel is used in cooking as a flavoring and provides a spicy taste for meat,
fish, broths, and vegetables. It is a component of a typical Italian plant infusion used as a
digestive, named “canarino” [135]. Based on the classifications of diseases and remedies
in ethnomedicine and ethnopharmacology suggested by Staub et al. [136], the major uses
of L. nobilis include treatments for gastro-intestinal complaints, including indigestion,
constipation, and flatulence; it is also used for diarrhea, hemorrhoids, and stomach aches.
The leaves are traditionally used to reduce blood glucose levels and for fungal and bacterial
infections [136]. This species is also reported to treat kidney diseases and coughs, colds, flu,
and sore throats. Laurel leaves are one of the main ingredients of a preparation used for
the treatment of respiratory ailments that are often called “Ricotto” or “Ricuotto”. They
still used in this way today and can be found in the traditional phytotherapy of central and
southern Italian regions [135]. Essential oils or fumigations with bay leaves are also used
as repellents and insecticides against home insects and crop pests [138].

Malva sylvestris L. is a flowering plant belonging to the Malvaceae family. It is native
to north Africa, southwest Asia and southern Europe (Mediterranean area), although it is
widespread worldwide as a weed [192]. Its edible uses are found in popular gastronomy;
the young leaves are eaten raw in salads or, together with the sprouts, are used in soups and
as boiled vegetables [143]. Traditionally, the plant has been used to treat various ailments,
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such as coughs, colds, diarrhea, dysentery, hypertension, and skin diseases [11]. The
Greeks and Romans noted its emollient and laxative properties, and several ethnobotanical
surveys conducted in Europe highlight the potential of this neglected local resource, whose
use is now on the brink of disappearance [143]. Roots, shoots, leaves, flowers, fruits,
and seeds are applied in infusions, decoctions, poultices, liniments, lotions, baths, and
gargles [98,149-155]. Also known as mallow, it is considered to have spasmolytic, lenitive,
and choleretic effects. It is also used as a bronchondilator, an expectorant, in acne and skin
care, and as an antiseptic, emollient, and demulcent [153-155].

Satureja montana L., known as winter savory, is a plant belonging to the Lamiaceae
family. This family includes approximately 236 genera and more than 6000 species, some
of them important medicinal plants [193]. The Satureja genus is mainly distributed in
the Mediterranean area. Reports have been registered in Italy [194-196], Spain [197],
France [198], Montenegro [199], Slovenia [200], Croatia [201], Serbia [202], Bosnia, and
Herzegovina [203]. Winter savory is often used in Mediterranean recipes, and, recently,
the use of its essential oil as a natural antibacterial agent in food packaging has been
reported. [204,205]. The enrichment of olive oil with winter savory essential oil (EO)
has led to low values of lipid oxidation and a higher concentration of antioxidants (total
phenols and pigments) [206]. Winter savory dried leaf is used as an herbal tea [207]; this
is an aqueous preparation that is extemporaneously prepared for oral administration for
therapeutic purposes. In some regions of Italy, it is used for nervous gastric pains, bloating,
and vomiting [161].

Silybum marianum L. Gaertn. (milk thistle) is a medicinal plant widespread in southern
Europe, northern Africa, and parts of southern Russia, and found in North and South
America and southern Australia. The aerial parts of the plant are edible and are cooked
like the artichoke [208]. In Italy, its use has been reported in the treatment of liver and
gastrointestinal disorders and as a laxative [168]. The leaves, unripe fruits, roots, and the
bark are used in the treatment of gastroenteritis, diarrhea, and dysentery, while the leaves
are applied on sores and for hemorrhoidal pains [11]. The leaves also act as a choleretic
and cholagogue [74] and the Greeks have suggested that S. marianum could be used to treat
gallstones and allergic coughs, and for “blood purification” [164].

Urtica dioica L. (stinging nettle) is an herbaceous perennial flowering plant growing
in temperate and tropical wasteland areas around the world. It grows 1-2 m high and
produces pointed leaves and white to yellowish flowers. Nettle has a well-known reputa-
tion for giving a savage sting when the skin touches the hairs and bristles on the leaves
and stems [169]. U. dioica is certainly one a primitive vegetables that has been consumed
since time immemorial. For a long time, in folkloric medicine, it has been used to treat
rheumatism, arthritis, gout, eczema, anemia, urinary tract infections, kidney stones, hay
fever, and the early stages of an enlarged prostate [169,209].

4.2. Bioactive Phytochemicals

Many secondary metabolites were isolated from each plant; Figures 3 and 4 show some
of the most significant natural products from the polar, apolar, and essential oil (EO) extracts.

The MeOH extract of Italian A. millefolium (Vercelli, Italy) was shown to contain chloro-
genic acid, 1,3-dicaffeoylquinic acid, 1,4-dicaffeoylquinic acid, 3,4-dicaffeoylquinic acid, 3,5-
dicaffeoylquinic acid, and phenolic compounds like rutin, luteolin 7-O-glucoside, apigenin
4’—O—glucoside, apigenin 7-O-glucoside, and luteolin 4/ -O-glucoside [91]. Major volatile
compounds found in the Italian A. millefolium include the following: o-pinene, 17.2%;
sabinene, 3.9%; B-pinene, 2.1%; (E)-methyl isoeugenol, 8.8%; -bisabolene, 16.6%. Achillea
oils were shown to have antifungal activity [210] and cytotoxicity activity against cancer
cells [211]. Other compounds, like alkaloids, choline, achillinin A, azulene, chamazulene,
salicylic acid, artemetin, lignans, tannins, and flavonoids, were found in this plant [172,174].
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Figure 3. Common plant phenolic components and some volatile essential oil components (carvacrol;
(E)-anethole; x-pinene; camphene; a-humulene; limonene).

An analysis of the aerial parts (methanolic extracts) of B. officinalis from Algeria
revealed the presence of many flavonoids, rosmarinic acid, gallic acid, and chlorogenic acid,
while, in the essential oil, spathulenol was the main component [212]. A lignane derivative,
officinalioside, was isolated from the polar extract of borage’s aerial parts from Egypt, along
with megastigmane derivatives (actinidioionoside, (6S,9R)-roseoside, crotalionoside C), and
kaempferol 3-O-3-D-galactopyranoside [213]. The RP-HPLC analyses of the methanolic,
ethanolic, and aqueous extracts of Borage flowers from Iran confirmed the presence of
phenolics (gallic acid; pyrogallol; salicylic acid; caffeic acid), flavonoids (myricetin; rutin),
and isoflavonoid (daidzein). The EO from borage flowers was also prepared, and the
major individual fatty acids were a-linolenic, stearidonic, palmitic, linoleic, and y-linolenic
acids [214]. As a member of the Boraginaceae family, B. officinalis is also known for its
pyrrolizidine alkaloid content and its toxic properties [215]; oleuropein and litospermic acid
were also identified in the aqueous extract of the plant [101]. The seed oil of B. officinalis is
considered one of the richest natural sources of y-linolenic acid (GLA, 18:3 n-6), ranging
from 20 to 23% of the total fatty acid composition. GLA displays interesting medicinal
properties, such as anti-inflammatory and anti-cancer properties, and can be used as an
emollient of the skin and mucous membranes [104]. The main polyunsaturated fatty acids
that were identified were linoleic acid (18:2 n-6), a-linolenic acid (18:3 n-3), y-linolenic acid
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(18:3 n-6, GLA), and stearidonic acid (SDA, 18:4, n-3), which account for approximately
70% of the polyunsaturated fatty acids [216].
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Figure 4. Some natural products from wild plants: malvidin from M. sylvestris; gentisin from G. lutea;
scopoletin from U. dioica; costunolide from L. nobilis; achillinin A from A. millefolium; taxifolin from
S. marianum; officinalioside from B. officinalis; amentoflavone from J. communis; rosmarinic acid from
F. vulgare.

In general, the main ingredients of F. vulgare EOs are anethole (40-70%), fenchone
(1-20%), and estragole (2-9%). Trans-anethole is also a common main component of
fennel populations, especially cultivated populations. Alpha-pinene, camphene, methyl
chavicole, and limonene are also presented in essential oils [112,115,217,218]. Differences
in the quality of the essential oils’ composition have been observed. These differences
may be caused by different chemotypes, phenological stages, drying conditions, distil-
lation modes, and geographic and climatic factors [115,181]. The main composition of
fennel essential oil from mid-southern Italy includes x-pinene (33.75%), 3-pinene (5.13%),
myrcene (5.25%), 3-carene (6.12%), y-terpinene-like (9.45%), estragole (25.06%), and (E)-

89



Nutraceuticals 2024, 4

anethole (5.30%) [113]. Flavonoids and some important hydroxycinnamic acids are the
most abundant polyphenols in fennel waste. Methanolic fennel seed extracts from Saudi
Arabia were shown to contain vanillic acid, o-coumaric acid, and rosmarinic acid. Among
the flavonoids, kaempferol, resveratrol, and rutin were found in higher concentrations,
followed by myricetin, catechin, and quercetin [111]. In an aqueous extract of F. vulgare
waste, 24 phenolic compounds were found, and 4-O-caffeoylquinic acid (4CQA) had the
highest concentration of 1949 mg/g and 5824 mg/g of total polyphenols [110]. These
exert evident antioxidant activity and other important biological properties, such as anti-
inflammatory and anti-tumor activities, as well as the ability to modulate cell signaling and
gene expression in different experimental models [5], making them good candidates for
nutraceutical applications [219]. Complex trimers of stilbenes diglucosides were isolated
from polar extracts of the fruit of F. vulgare, which were tested for their in vitro antioxidant
activity [142].

Several secondary metabolites have been identified from G. lutea, such as iridoids,
secoiridoids, xanthones, and flavones, which are distributed in different concentrations
between the aerial parts and rhizomes. Gentiopicroside and stemoside were found to be
abundant in the roots; iso-vitexin predominated in the leaves, and the amount of isogentisin
was found to be ten times higher in the flowers than in the leaves. [220-223]. Iridoids and
secoiridoids are a broad group of cyclopentane [c] pyran monoterpenoids found in the
Gentiana genus, particularly in the leaves of G. lutea. Loganic acid, sweroside, amarogentin,
gentiopicroside, swertiamarin, and their derivatives belong to these classes of compounds.
They have been shown to have a large variety of pharmacological properties, including
hepatoprotective, antitumor, and anti-inflammatory effects. Isovitexin, isosaponarin, isoori-
entin, and its glycosides are the main flavonoids isolated from Gentiana and known for
their antioxidant and anti-inflammatory activities [224]. Xanthones such as isogentisin,
gentisin, mangiferin, and gentiol are compounds of great interest due to their antibacterial,
antifungal, hepatoprotective, and antioxidant activity. They have mainly been isolated in
roots as mono- or polymethyl ethers or as glycosides. [225-228].

J. communis species contain a complex mixture of secondary metabolites that are respon-
sible for both organoleptic characteristics, such as aroma and color, and beneficial health
effects. These metabolites can be divided into several major categories, such as carotenoids
and chlorophylls, phenolic compounds, and Volatile Organic Compounds (VOC’s) [229].
Generally, most phenols reported in the Juniperus plant include caffeoylquinic acids with
their corresponding derivatives, amentoflavone, catechin, epicatechin, quercetin, and their
derivatives (see Table 2) [132]. Flavonols and flavones have been shown to act as radical
scavengers and are associated with anti-inflammatory, antimicrobial, anti-proliferative, and
pro-apoptotic properties. Furthermore, flavanones acting in synergy with flavones can
inhibit the development of estrogen-dependent colon tumors. [133]. Several anthocyanins
have also been isolated in juniper berries and, generally, occur in the form of cyanidin,
delphinidin, peonidin, and pelargonidin glycosides. Anthocyanins also act as radical scav-
engers and exhibit anti-inflammatory activity, interacting with related pathways, increasing
antioxidant defenses, and diminishing proinflammatory biomarkers, thus preventing the
occurrence of many oxidative-stress-related disorders [130]. The chemical composition of
the essential oil of J. communis differs according to the part of the plant that is extracted
(berries, leaves, flowers) and the berries’ stage of ripening [134].

L. nobilis leaves contain flavonoids such as isoquercitrin, luteolin, and rutin, and
apigenin derivatives and flavonols such as catechin, cinnamtannin B1, epicatechin hex-
oside, (+)-catechin, (—)-epicatechin, epigallocatechin, and methyl eugenol. Many phe-
nolic acids have been detected: rosmarinic acid, caffeic acid, 3,4-dihydroxybenzoic acid,
2-hydroxycinnamic acid, and others (see Table 2). Several cyclic terpenoids were found
in L. nobilis, such as gazaniolide, spirafolide, reynosin, costunolide, santamarine, and
lauroxepine [139]. The chemical composition of the EO from laurel leaves has been an-
alyzed in different studies, and 1,8-cineole was found to be the major component [139].
Other compounds were present in appreciable amounts, such as camphene (0.05-13.4%),
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linalool (0.37-47.21%), methyl eugenol (3.3-7.8%), D- limonene (21.6-32.4%), sabinene
(0.34-14.05%), neoiso-isopulegol (2.5%), eugenol (0.22-2.47%), y-terpinene (0.23-3.48%),
x-pinene (1.39-8.92%), B-pinene (3.0-6.22%), and terpinen-4-ol (1.21-5.2%). a-terpinyl
acetate (5.9-15.33%) and o-humulene (0.51-8.58%) were major constituents [141,230-233].
Anthocyanins were found in berries from L. nobilis with cyanidin 3-O-glucoside (41%) and
cyanidin 3-O-rutinoside (53%) [139]. The main compounds of berries” EO were 1,8-cineole,
a-phellandrene, 3-pinene, x-pinene, a-terpinyl acetate, sabinene, camphene, germacrene
D, and p-caryophyllene [139,141]. Several megastigmane and phenolic components were
also isolated from polar extracts of L. nobilis leaves that exhibited anti-inflammatory activ-
ity [142,234].

Many phenolic compounds were detected in extracts from various parts of M. sylvestris. To-
tal phenolic compounds were identified in leaves (3865 mg g~ 1), flowering stems
(317.0 mg g 1), flowers (258.7 mg g™ '), and immature fruits (56.8 mg g~ ') [143]. The primary
components of the leaves were identified as gossypetin 3-sulphate-8-O-3-D-glucoside (gossypin)
and hypolaetin 3 -sulphate, followed by isoscutellarein 8-O-f3-D-glucuronpyranoside, hypo-
laetin 8-O-f-D-glucuronopyranoside, 3-O-3-D-glucopyranosyl-8-O-f3-D-glucuronopyranoside,
and hypolaetin 4"-methyl ether 8-O-3-D-glucuronopyranoside [145,235,236]. Anthocyanins like
malvin (malvidin 3,5-glucoside), found only in flavylium cationic form, were mostly identified
in flowers [237-240]. Oenin (malvidin 3-O-glucoside), malvidin, delphinidin, delphinidin-
3-O-glucoside, kaempferol derivatives, quercetin, apigenin, myricetin, and genistein were
detected in the flowers, and the total anthocyanin content was found to be 0.42-7.3% of the
dry weight [239,241,242]. The leaves of M. sylvestris contain y-sitosterol, stigmasterol, and
campesterol [243]. Vernolic acid, linoleic acid, palmitoleic acid, sterculic acid, myristic acid,
lauric acid, malvalic acid, oleic acid, and palmitic acid are the primary fatty acids found in seed
oil [244,245]. Sesquiterpenes, nor-terpenes, monoterpenes, and diterpenes were also found in
M. sylvestris [246]. Linalool, linalool-1-oic acid, and linalool-2-oic acid were detected in aqueous
extracts from fresh leaves, along with several megastigmane derivatives [247].

S. montana (winter savory) is used in cooking due to its distinctive aroma, which is
related to the presence of essential oils. The EO yield from the fresh plant can vary be-
tween 0.12 and 0.7% [197,203,248,249], with the volatile fraction mainly being characterized
by thymol and carvacrol (oxygenated monoterpenes), indicators of antimicrobial activ-
ity [250,251], associated with open-chain and/or monocyclic monoterpenes that exhibit
an allelopathic effect [252]. Carvacrol has been classified as Generally Recognized As Safe
(GRAS) and approved for use in food [253], while linalool and p-cymene (non-oxygenated
monoterpenes) have been shown to have analgesic effects [204]. Polar extracts contain
variable amounts of secondary metabolites, such as phenolic acids, phenylpropanoids,
fatty acids, tannins, and tocopherols [254,255]. The main constituents of the phenolic acid
components were caffeic acid (78.17 pg g~!) and gallic acid (15.36 ug g~ !). Quercetin,
p-coumaric acid, chlorogenic acid, and ferulic acid were represented at concentrations of
2.36,1.59, 1.36, and 0.50 pg g~ !, respectively [255].

From S. marianum, a typical extract, namely silymarin, is used. This is a mixture of
different flavonolignans, and, at present, the term “silymarin” is indicative of an extract of
S. marianum that is rich in these compounds. It is composed of silicristin, isosilybin A and
B, dehydroxylysilybin and silybin, and flavonoids such as taxifolin, with silybinin being
the most active. Silybinin consists of two diastereoisomers: silybin A and silybin B [256].
Flavonolignans have been isolated from the seeds and fruits and are the biologically
active constituents of the plant; to date, 23 compounds have been identified from this
species [163]. Several other minor flavonolignans have also been found: silychristin,
isosilychristin, and silydianin, with several flavonoids, such as taxifolin [167], and 3/-O-
methyltaxifolin and dihydrokaempferol from plant seeds [257]. Polyphenolic compounds
such as hydroxycinnamic acids (caffeic, chlorogenic, ferulic, and cynarinic acids) and
flavonoids (apigenin; catechin; luteolin; luteolin-7-O-glucoside; quercetin) have also been
identified [257]. The oil fraction is known to be rich in fatty acids, palmitic (C16:0), oleic
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(C18:1) and linoleic (C18:2) organic acids, sterols (cholesterol, campesterol, and stigmasterol)
and tocopherol (vitamin E), triacylglycerols, and phospholipids.

The active chemical part of U. dioica includes several compounds from the lipophilic
and hydrophilic extracts of different parts of the plant [170]. In particular, the com-
monly known phytochemical components from U. dioica are flavonoids, tannins, volatile
compounds, and sterols [171,258,259]. Hexahydrofarnesyl acetone, carvacrol, carvone,
naphthalene, copaene-8-ol, anethol, geranyl acetone, 3-ionone, a-ionone, and phytol are
characterized as the main components of U. dioica essential oil [260,261]. Rhizomes of
U. dioica contain other biologically active compounds, such as scopoletin, sterols, fatty
acids, polysaccharides, and isolectins [262]. Extracts of U. dioica have been studied for
their various potential therapeutic applications: antitumor, antimicrobial, analgesic, and
anti-inflammatory activity has been evidenced. Extracts showed antioxidant properties,
and experimental tests proved that the constituents of U. dioica may have neuroprotective
effects [263].

4.3. Evaluation of In Vitro Antioxidant Activity of Selected Edible Wild Plants

The antioxidant activity of A. millefolium was tested by different assays. DPPH scav-
enging test of MeOH extract showed an ICsp = 1.18 mg mL~!; total antioxidant capacity
(TAC) based on Cu (II) reduction and lipid peroxidation measurements (TBARS/LDL)
were also calculated [91]. In the same study, Total Polyphenol Content (TPC) for the Italian
plant was determined by Folin-Ciocalteau assay, with a result of 281.7 mg g~ reported
as mEq of Gallic acid [91]. Dias et al., in 2013, reported the results of DPPH, TBARS, and
inhibition of 3-carotene bleaching tests [264]. Mohammed et al., in 2023, described the an-
tioxidant activity of the essential oils using TAA, DPPH, FRAP, and Metal Chelating Assay
(MCA) [211], and the Total Flavonoid Content (TFC) of the Iranian plant was measured
using the standard curves of Rutin and reported as mg per g dry weight [265].

B. officinalis seed extracts from Poland were assessed for their total polyphenol content
using the Folin—Ciocalteau method, followed by an evaluation of antioxidant potential
using the FRAP assay and the free radical method with the DPPH reagent. The flavonoid
content in borage seeds was much lower than that observed in borage flower and leaf oil;
however, the antioxidant activity of the seed meal infusion was high [266].

The antioxidant activity of essential oil extracted from different parts of F. vulgare was
evaluated, showing that the leaves have a better ECsq (12.37 mg mL ™! at 60 min incubation)
than seeds and umbels [267]. A similar study conducted on Tunisian EOs from fennel,
characterized by their richness in estragole, revealed an important antioxidant activity [182],
while the antioxidant activity of Tajikistan fennel EO was moderate. ECsj values were
between 30 and 210 mg L~! [268]. Finally, the Italian wild cultivar of fennel has a better
antioxidant activity in essential oil when compared to cultivated fennel [269]. The total
phenolic content (TPC) of the methanolic fennel seed extract (FS) was 70.42 mg gallic acid
equivalent (GAE) g~1; Total Flavonoids (TFC) and Total Flavonols (TFL) were 4.83 and
4.93 mg quercetin equivalent (QE) g™, respectively. Antioxidant activity was 9.36 pmol of
Trolox equivalent (TE) g~ [111].

The most studied part of G. [utea is the roots due to the presence of characteristic secoiri-
doid glucosides. G. lutea root’s antioxidant activity was evaluated through various assays,
including total phenolic content (TPC), DPPH, ferric-reducing antioxidant power (FRAP),
and oxygen radical absorbance capacity (ORAC). Both methanol and ethanol produced
the extracts with the highest activity, but methanol is toxic and not suitable for human
use. Ethanol is safe and environmentally friendly and should be the first choice when
producing extracts from natural resources. pH also plays a significant role in antioxidant
activity, with higher activity observed under acidic conditions while increased pro-oxidant
action was observed under alkaline conditions [125]. Gentiopicroside and stemoside were
not directly involved in antioxidant activity, but mass spectrometry data indicated that
antiradical scavenging activity is probably associated with xanthones’ glycosides [226].
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Furthermore, in vivo studies have evaluated the antioxidant activity of G. lutea root extract
against ketoconazole-induced testicular damage in rat models [270].

In vitro tests showed that the J. communis ethanolic extract of berries showed a half-
maximal inhibitory concentration (ICsp) of 1.42 ug mL~!. Berries’ methanolic extracts and
essential oils also exhibited the capacity to scavenge DPPHe, ferric species, and {3-carotene
species. Ethanolic extracts of J. communis berries also showed the ability to scavenge
peroxyl radicals and reduce power potential [271]. The remarkable antioxidant capacities
displayed by J. communis extracts are indeed linked to their phenol and terpenoid content,
in particular, quercetin, which contains the flavan-3-ol system, with hydroxyl groups in
the ‘key positions’ of its structure (see Section 3.1), making it a potent radical scavenger.
Regarding the antioxidant activity of terpenes, it has already been reported that a-pinene,
p-cymene, limonene, and linalool possess notable capacities to block lipid peroxidation and
to avoid deoxyribose degradation [272].

L. nobilis L. is a source of monoterpenes and other antioxidant compounds, such
as tocopherol. The ultrasound-assisted extract (UAE) of dried laurel leaves from Brazil
presented total phenolic compounds (TPC) of 47 mg GAE g~ per extract, and the hydrodis-
tillation extract (HD) shows a TPC of 22 mg GAE g*1 extract and ECsp (35 £ 1 ug mL~1).
Although phenolic compounds are the primary natural antioxidants, they are not the only
class of substances that contribute to the antioxidant performance of natural products,
which explains the good ECs results obtained for the HD extract, since this extract does
not possess «-tocopherol [230]. A potent suppression of lipid peroxidation was observed in
aqueous and ethanolic extracts, with 96.8% and 98.6% inhibition rates, respectively, when
using a linoleic acid emulsion at a concentration of 60 g mL~! [139].

M. sylvestris contains phenolic compounds in its leaves and flowers, which may be
responsible for the plant’s antioxidant activity [273]. Several tests have also determined the
antioxidant properties of the plant. In the DPPH test, the aqueous extract at concentrations
of 20 g mL~! and 100 g mL~" showed scavenging activity by decreasing the DPPH radical
by 24% and 30%, respectively. The 0.1 mg mL~! aqueous extract demonstrated 87%
antioxidant activity when tested using the £3-carotene-linoleic acid assay. Antioxidant
activity was also found in the EO of M. sylvestris (77% antioxidant activity) [151,274].
Overall, the antioxidant activity in the seed extracts was moderate to poor [275-277].

Due to the presence of polyphenolic compounds, ethyl acetate fractions of S. montana
from MeOH extract and the total EO demonstrated radical scavenging activity via DPPH
and ABTS assays. A spray-dried hydroalcoholic extract of winter savory, in combination
with 10% maltodextrin as a carrier and drying agent, also showed the same activity [278].
EOs show less antioxidant activity than aqueous or ethanol extracts; this is due to the
presence of carvacrol and sesquiterpenes that do not give rise to antioxidant activity [279].

Several studies on antioxidant activity were carried out on methanol, ethanol, and
aqueous extracts and EO. However, many papers agree that the remarkable antioxidant
properties of S. marianum are significantly related to its flavonolignan content [165].

The aqueous extract of U. dioica leaves exhibited antioxidant activity, achieved by the
DPPH radical scavenging (ICsy = 16.93 ug mL~1), reducing power (ECso = 30.07 ug mL 1),
and polarographic (HPMC = 243.2% mL 1) assays [259]. Based on these results, U dioica
extracts have been proposed as an antioxidant and as a source of anti-ageing phytochemicals
for cosmetic applications [280]. A comparative study by Carvalho et al. demonstrated that
the antioxidant properties of U. dioica are greater than those observed for the aerial parts of
other nettle species [171].

5. Therapeutic Potential of Selected Edible Wild Plants
5.1. Anti-Inflammatory Activity

A. millefolium has shown anti-inflammatory activity. It is used in the treatment of
gastrointestinal and hepato-biliary disorders and to treat skin inflammation. This activity
is probably due to the presence of sesquiterpenes, known for their anti-inflammatory
activity through the inhibition of arachidonic acid metabolism. Antiphlogistic activities
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have been observed in Yarrow fractions enriched with flavonoids and di-caffeoylquinic
acids. The anti-inflammatory activity of this extract is ascribable to the inhibition of human
neutrophil elastase, which is known to be associated with the inflammatory process. The
in vitro anti-inflammatory activity was also established through the inhibition of matrix
metalloproteinases (MMP-2 and -9). These proteases are involved in psoriasis, atopic
dermatitis, and inflammatory bowel diseases such as ulcerative colitis and Crohn’s disease.
Azulenes, which make up about half of the chemical compounds in yarrow, are a potent
anti-inflammatory agent [90].

The seed oil of B. officinalis has shown powerful anti-inflammatory and analgesic
effects. Seed oil was tested against carrageenan-induced inflammation and compared with
indomethacin, a known anti-inflammatory drug. The analgesic effect of Borago seed oil was
tested in mice using two assays: the tail immersion test, which is used to determine the
central analgesic effect, and the writhing test, which is used to determine the peripheral
analgesic effect in mice [94]. Borage extracts have exhibited anti-inflammatory properties,
as observed in the methanolic extracts, which result in a potent inhibition of collagenase
and elastase activity. This characteristic underlines the anti-ageing properties, meaning
that borage extracts are a source of valuable bioactive compounds with protective effects
on skin cells [97].

The oral administration (200 mg kg—1) of F. vulgare fruit methanolic extract exhibited
inhibitory effects against acute and subacute inflammatory diseases and type IV allergic
reactions and showed a central analgesic effect. At the same time, the administration
of methanolic extracts of F. vulgare led to an increase in plasma SOD and catalase while
MDA decreased. These data seem to demonstrate that the use of methanolic extracts from
fennel seeds is effective in relieving inflammation [281]. Extracts and pure compounds
from F. vulgare fruits showed antioxidant activity in vitro (DPPH, TBARS); the antioxidant
activity was higher in the pure compounds than the crude extracts but was weaker than
the reference compound, i.e., quercetin [282].

G. lutea L. has been used to prevent or treat inflammatory disorders for centuries.
In vitro studies have shown that G. lutea root extracts have anti-inflammatory properties,
with the rate of enzyme inhibition increasing with time. In vivo studies have also demon-
strated that apolar and alcoholic extracts of G. lutea rhizomes have anti-inflammatory
activity in different animal models [127].

The anti-inflammatory effects of J. communis have already been evaluated by in vitro
and in vivo studies. The anti-inflammatory activity is closely associated with the presence of
phenolic compounds and terpenes, such as amentoflavone, x-pinene, 1-octanol, and linalool.
These compounds have been shown to inhibit inflammatory cytokine and prostaglandin
expression [125]. Recently, loganic acid and gentiopicroside were tested in silico using an
innovative technique named Inverse Virtual Screening (IVS) to highlight putative partners
among a panel of proteins involved in inflammation and cancer events [283].

L. nobilis extracts have shown the ability to reduce edema caused by chemicals in
the ears and paws and lung inflammation caused by LPS. Bay leaf extracts also induced
a reduction in skin injuries and inflammation caused by Propionobacterium acnes [140].
Megastigmane and phenolic components able to inhibit nitric oxide production were
isolated from polar extracts of L. nobilis leaves [142], and it has been proven that lauroside
B induces apoptosis in human melanoma cell lines by inhibiting NF-«B activation [234].

Numerous studies have investigated the anti-inflammatory properties of M. sylvestris [284].
Their results claim that malvidin 3-glucoside, isolated from M. sylvestris leaves, is mainly
responsible for the anti-inflammatory action on the skin. In carrageenan-induced oedema in rats,
the anti-inflammatory properties of creams with various concentrations of mallow extract were
evaluated. A 5% malva cream effectively reduced carrageenan-induced edema when compared
to placebo therapy. This effect was greater than that of a cream containing 2% indomethacin,
used as a positive control and a potent non-selective inhibitor of cyclo-oxygenase-2 (COX-2) [148].
The beneficial component rutin was isolated in a chemical investigation of M. sylvestris extract.
This flavonoid is widely used in plant-based beverages, cuisine, and folk medicine [285]. Rutin
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has been shown to be an anti-inflammatory therapeutic candidate, with a novel mechanism for
selective COX-2 inhibition [286].

Methanolic extracts from S. montana were evaluated for their anti-inflammatory activ-
ity using COX-1, COX-2, 5-LOX, and MPO inhibition assays. The alcoholic extract showed
both a powerful anti-inflammatory activity and a strong antioxidant activity [287].

Silymarin extract from S. marianum showed an important anti-inflammatory effect
in carrageenan-induced rat paw oedema, inhibiting the release of elastase proteinases
from neutrophils as a response to normal and chronic inflammation [165]. The common
molecular targets of S. marianum are the multiple signaling pathways associated with
oxidative stress and inflammation. In addition, flavonolignans are potential PPARy and
ABCAL1 agonists, PTP1B inhibitors, and metal chelators [288].

5.2. Anti-Microbial Activity

A. millefolium extracts show antimicrobial activity. They are used as an infusion for
respiratory tract infection [172], against flu as an antiseptic [174], to treat gastrointestinal
infections, and as an anti-acne [90]. Many papers reported the antifungal activity of the
essential oils on various fungal strains, with an MIC ranging from 0.32 to 1.25 uL. mL~!
against dermatophyte strains [210]. Vitalini et al. 2011 reported luteolin 7-O-glucoside and
apigenin 7-O-glucoside as the most active compounds against the Plasmodium falciparum
chloroquine-resistant strain (ICs5y of MeOH extract = 44.6 ug mL~1) [91].

In B. officinalis flower extracts, high (methanolic extract), moderate (ethanolic extract),
and weak (aqueous extract) antimicrobial activity was reported [214]. Flavonoid-rich
extracts and EO Borago aerial parts were tested on bacteria isolated from respiratory in-
fections of clinical patients. Multiresistant hospital isolates were found to be sensitive
to the flavonoid extracts and to the essential oil; interestingly, Escherichia coli (resistant),
Streptococcus pneumoniae (sensitive to amoxicillin), and Klebsiella pneumoniae (sensitive to
Imipeneme) were sensitive to flavonoids [289].

Fennel essential oils showed extensive antibacterial activity against Gram-positive
bacteria and fungi such as Aspergillus niger. Gram-negative bacteria, particularly E. coli, are
less sensitive to fennel essential oils, as well as Listeria innocua CECT910 and Pseudomonas
fluorescens [290-292]. An antimicrobial role against Giarda duodenalis has been described
by the trans-2,4-undecadienal (IC5y 72.1 ug mL~1). However, it was not active as the
positive control metronidazole (IC5p 0.5 pg mL~1) against the parasite [293]. The activity
of the essential oil of F. vulgare also varied considerably between Gram-negative and
Gram-positive bacteria. This low antimicrobial activity also seems to be related to strain
susceptibility and the essential oil’s composition, which is poor in components such as
carvacrol and thymol, which are usually associated with higher antimicrobial activity [294].
Other authors specifically describe controversial antimicrobial properties obtained using
different extraction methods [295].

Interestingly, the experiment was designed to evaluate the effectiveness of fennel
essential oil in controlling Fusarium solani infections on Vicia faba L. The growth of F. solani
was inhibited both in vitro and in vivo, allowing for a reduction in disease incidence by
50%. The essential oil acted on both the fungus and the plant as an enhancer of defense
reactions [296].

In vitro studies have shown that Pseudomonas aeruginosa, Bacillus subtilis, Proteus
mirabilis, Staphylococcus epidermidis, and Candida albicans were the most sensitive to Gentiana
leaf extract, with MIC values between 0.12 and 0.31 mg mL~! [220,297,298]. The flower
extract was not very active against the tested microorganisms, with the most sensitive
being Salmonella enteritidis (MIC 0.15 mg mL~!). Both leaf and flower extracts showed
an antitubercular effect against Mycobacterium bovis. Tests performed on isolated pure
compounds showed a broader spectrum of activity; gentiopicrin was active against E. coli
(0.12 mg mL~1), while it had a moderate effect against Staphylococcus aureus and Salmonella
typhimurium (0.15 mg mL~1). Xanthone isogentisin was particularly active against M. bovis,
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while moderate activity was observed against the gram-negative E. coli and P. aeruginosa
(0.15 mg mL~1) and the gram-positive Micrococcus luteus (0.15 mg mL ™).

A different biological activity was observed in J. communis extracts. In phenol-rich
extracts, antiparasitic action dominates, whereas essential oils exhibit antimicrobial ef-
fects. [129]. Generally, extracts with a more balanced composition in their components
showed greater antibiotic effects against multiresistant hospital isolates belonging to the
species S. aureus, Serratia marcescens, Enterobacter cloacae, K. pneumoniae, P. aeruginosa, Acine-
tobacter baumanii, and Listeria monocytogenes, as well as C. albicans. The use of essential oils
obtained from J. communis biomass, without differentiating each of its parts, showed remark-
able inhibitory activity against E. coli at concentrations between 1.25 and 2.5 mg mL~1[299].
Notable inhibitory activities were observed against other Gram-negative bacteria, such
as P. mirabilis, K. pneumoniae, P. aeruginosa, and Morganella morganii; however, only slight
activity against L. monocytogenes and methicillin-resistant S. aureus was observed [130]. The
different effects against various pathogenic fungi obtained using the EOs of Juniperus are
believed to be related to the composition of the EOs, particularly the ratio of sesquiterpene
hydrocarbons and oxygenated aromatic hydrocarbons [300].

Since ancient times, L. nobilis has been an important ingredient in traditional medicine
for the treatment of different infectious diseases [301]. L. nobilis EO, seed oil, and a methano-
lic extract of seed oil showed antibacterial activity in vitro. However, the methanolic extract
of the seed oil has higher antibacterial activity than the EO. L. nobilis was detected to
have EO activity against S. aureus, B. subtilis, and Staphylococcus intermedius. One of the
main constituents of bay leaf is 1,8 cineole, which may be responsible for its antibacterial
activity. The antifungal activity of EO from leaves was examined on seven strains of plant
pathogenic fungi in vitro at different concentrations. The highest antifungal activity was
obtained against the fungus Botrytis cinerea at a concentration of 250 mg mL~! [302]. Bay
leaf EO has shown efficacy against a large panel of Gram-negative and Gram-positive
bacteria and three fungi [303].

M. sylvestris exhibited moderate activity against selected microorganisms associ-
ated with typical antibiotics [304]. De Souza et al. showed the antimicrobial activity
of M. sylvestris aerial part extracts against C. albicans, S. aureus, M. luteus, B. subtilis, S. epi-
dermidis, E. coli, and Saccharomyces cerevisiae. Their study reported that ethanol extracts of
M. sylvestris were active against P. aeruginosa, B. subtilis, and E. coli, whereas methanol ex-
tracts only showed activity against S. cerevisiae [305]. The antimicrobial activity of ethanolic
extracts of the leaves and flowers against Helicobacter pylori strains ranged from moderate to
low [306]. Other studies showed that the seed oil inhibited the growth of all tested microor-
ganisms except the Gram-negative bacteria [307]. The only preparation of M. sylvestris that
demonstrated substantial antimicrobial activity against fungi was an aqueous extract of the
leaves. The aqueous extract prevented the growth of colonies of the Fusarium culmorum,
Aspergillus candidus, A. niger, and Penicillium species [308].

S. montana EO (SEO) was demonstrated to have antimicrobial activity in several
application fields, ranging from veterinary medicine [309,310] to plant pathology, with
phytogenic bacteria such as Xanthomonas euvesicatoria [311]. In general, gram-positive
bacteria proved to be more sensitive to EO treatment, while gram-negative bacteria were
less sensitive—even more resistant yeasts and fungi [312,313]. The impact of SEO is
certainly effective and important, but the disposal problem must be taken into consideration,
as this can cause problems and modify the microbial communities of soil and water [314].
Encouraging results were obtained from a combined therapy of SEO and antibiotics. For
example, associations between SEO and erythromycin and gentamicin have been described.
This association improves the effectiveness of monotherapeutic treatments, reduces adverse
effects by reducing the dose of the drug, and combats antibiotic-resistant bacteria [253,315].
Antiphytoviral activity was also described [316].

S. marianum extracts were tested against several pathogenic strains, such as P. aeruginosa,
E. coli, Salmonella typhi, S. epidermidis, and K. pneumoniae [317]. In a recent study, Rakelly
de Oliveira et al. [318] demonstrated an interesting antibacterial effect of silymarin and its
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major compound, silibinin. Indeed, silymarin inhibited E. coli at MIC = 512 pg mL~!, while
silibinin inhibited 64 ug/mL (MIC = 64 pug mL~1), P. aeruginosa (MIC = 1024 ug mL~1), and
S. aureus (MIC = 1025 ug mL~1). An important effect against C. albicans was also observed by
Yun e Lee et al. Their results revealed that a possible mechanism of action of silymarin as an
antifungal agent may involve an increase in the membrane permeability of C. albicans [319].

The antibacterial activity of ethanol and aqueous extracts of U. dioica has been demon-
strated against both Gram-positive and Gram-negative bacteria and yeasts, including
Proteus mirabilis, P. aeruginosa, Enterobacter aerogenes, E. coli, Citrobacter koseri, S. pneumonia,
S. aureus, M. luteus, S. epidermidis, and C. albicans. The extracts were also active against
Mycobacterium tuberculosis in cases of multiple drug resistance [170,320]. Notably, the
aqueous (microwave-assisted, ultrasound-assisted, and subcritical water extraction) and
ethanol extracts of U. dioica leaves also confirmed the antibacterial activity, with a mini-
mal inhibitory concentration (MIC) of 9.76 ug mL ! and 0.0625-0.500 mg mL~! against
methicillin-resistant (MRSA) and methicillin-sensitive (MSSA) S. aureus strains [259]; these
observed effects are assumed to be due to the high content of hydroxycinnamic acids
(chlorogenic, caffeic, and rosmarinic acids) and flavonoids (quercetin) [321].

5.3. Protection against Cardiovascular Diseases

The hydroalcoholic extract of B. officinalis leaves, rich in polyphenols and sterols, pro-
duced a concentration-dependent relaxation of spontaneous and K*-induced contractions
(80 mM) in isolated rabbit jejunum preparations, suggestive of a Ca** antagonistic effect.
In rabbit aorta preparations, Borago showed a vasodilator effect against phenylephrine- and
K*-induced contractions. When tested in guinea pig atria, B. officinalis inhibited the force
and speed of atrial contractions. These results suggest the spasmolytic effects of Borago
extracts [103].

Recent experiments in rats suggest that the inhalation of F. vulgare essential oil by
experimental animals could lead to a reduction in blood pressure [322].

G. lutea root extracts may also have promising activity in the prevention and treatment
of cardiovascular disease, particularly thromboembolic disorders, attributable to their bitter
constituents, such as amarogentin and isovitexin [125].

L. nobilis decoction is utilized to reduce blood pressure and treat cardio-vascular
illnesses [140]. The powdered leaves of L. nobilis have positive effects on lipid and blood
sugar dysregulation. After treatment, there was a reduction in plasma glucose levels, a
decrease in overall cholesterol levels, a significant decrease in low-density lipoprotein
(LDL) levels, an increase in high-density lipoprotein (HDL) levels, and a decrease in
triglyceride levels [323]. Extracts of L. nobilis leaves showed a vascular protective effect
and angioprotective activity on rat liver capillaries, and they prevented the progression
of necroinflammation. These results could be explained by the presence of flavonoids,
terpenes, and terpenoids with antioxidant and antimicrobial properties [139].

The main components of the EO of S. montana, such as carvacrol and thymol, have
been found to be responsible for reducing serum cholesterol levels. Carvacrol and other
monoterpene hydrocarbons, flavonoids such as apigenin, and phenolic acids such as labiatic
acid could contribute to the antiplatelet properties [324]. Satureja flavonoids also have
antioxidant and anti-hyperlipidemic properties [325].

The various traditional uses of S. marianum have motivated several experimental
investigations into the pharmacological properties of the plant. Antihypertensive and
cardioprotective activities have been documented, which seem to be linked to the presence
of taxifolin [165].

U. dioica (leaves extracts) and isolated flavonoids were active against thrombin-induced
platelet aggregation (IC50 values of 0.25 £ 0.05 and 0.40 + 0.04 mg/mL) [326].

5.4. Role of Wild Plants in Cancer Prevention and Treatment

Due to the considerable number of different secondary metabolites, the tested species
exhibit toxic activity against the growth of tumor cell lines, and several experiments were
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conducted both in vivo and in vitro. A. millefolium showed activity on human cancer
cell lines (MCF-7, NCI-H460, HCT-15, HeLa, and HepG2) with low toxicity to primary
non-cancerous liver cells (PLP2) [264].

B. officinalis EO contains a high concentration of y-linolenic acid, with several anti-
cancer activities, inhibiting the p38 MAPK-dependent activator protein and the mitochondria-
mediated apoptosis pathway [327].

The ethanolic extract of F. vulgare seeds significantly reduced the growth of lung
cancer cells both in vitro and in vivo. The alcoholic extract reduced viability and triggered
apoptosis in lung cancer cell lines NCI-H446 and NCI-H661 by targeting the Bcl-2 protein,
which may suggest that it has potential as a therapeutic drug for lung cancer [328]. The role
of anethole, found in fennel extracts, in anti-cancer activity was demonstrated in albino
mice [329].

In vitro studies have investigated the cytotoxic effect of the G. lutea leaf extract on
various cell lines, including human cervix adenocarcinoma (HeLa), breast cancer (MCEF7),
prostate cancer (PC3), and colon cancer (LS174). The Gentian methanolic leaf extract
demonstrated a moderate cytotoxic effect against HeLa cells, with an IC50 value of
41.1 £ 1.5 pg mL~!, compared to cisplatin, used as a control [125].

Methanolic extracts of ]. communis leaves have been found to block the growth and
development of C6 rat-brain tumor and HeLa human-cervix carcinoma cells, PC3 human-
prostate cancer cells, HCT 116 human-colon cancer cells, and MCF7 breast cancer cells.
Essential oil and extracts from J. communis berries have also been found to suppress A549
human lung adenocarcinoma epithelial cells” growth and development, as well as suppress
the development of SH-SY5Y human neuroblastoma cells [330,331].

L. nobilis seed extract was suitable for eliminating multidrug-resistant P-glycoprotein-
expressing tumor cells [139]; fresh EO exhibited growth-inhibitory effects on the breast
cell line, lung cell line, and brain cancer cell line. The cervix cell line exhibited the lowest
sensitivity to essential oil (IC5y value of 1.8 ug mL~1) [141].

The study of Alesiani et al. [332] demonstrated the cytotoxic activity of M. sylvestris
leaf extracts on murine using an MTT assay and human cancer cell lines.

Studies have been conducted on the antiproliferative activity of S. montana extracts
on “mice’s model of induced Ehrlich ascites carcinoma (EAC)”. The results show that the
extracts had a positive role in inducing oxidative stress in malignant cells [279]. Carvacrol
is confirmed to have an antitumor effect on liver cancer [333], as well as apoptosis [334],
metastatic breast cancer cells (MDA-MB 231) [335], and on human colon adenocarcinoma
(HT-29) and human breast adenocarcinoma (MVE-7) [160].

Silibinin, silymarin, and silybin A and B from S. marianum possess anticancer activity
on several tumor cell lines [165].

U. dioica aqueous extracts have responded positively in studies on prostate and breast
cancer [336,337].

5.5. Neurological Disorders and Wild Plants

The various metabolites may play an important role in neurological disorders. A. mille-
folium is used as a sedative and analgesic against pain (headache, toothache, menstrual
pain, and dysmenorrhea) [338,339].

The analgesic effect of B. officinalis seed o0il was tested in mice using two assays: a
tail immersion test to determine the central analgesic effect, and a writhing test, used to
establish the peripheral analgesic effect in mice [94].

Inran et al. investigated the role of fennel seed extracts in promoting functional
recovery following a mechanical insult to the sciatic nerve of mice, concluding that F. vulgare
may be a potential therapeutic candidate to accelerate functional recovery after peripheral
nerve injury [340,341]. In both studies, the authors considered fennel extracts and trans-
anethole to be suitable candidates for the prevention and treatment of stress-induced
neurological disorders [342].
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G. lutea extract and its compounds exert effects on the central nervous system (CNS).
Iridoids such as geniposide have been found to exert beneficial effects on neuronal cell
cultures due to their ability to activate protein kinase, leading to neuronal cell differentia-
tion [343]. The same plant extracts also enhanced neurite outgrowth [344]. G. lutea extract
significantly enhanced the viability of cells treated with vinblastine and prevented Bcl-2
phosphorylation induced by the antimitotic drug vinblastine. These results suggested that
G. lutea may be a potential vegetable resource for preventing and treating Parkinson’s and
Alzheimer’s disease thanks to its MAO-B inhibition activities [345].

A neuroprotective effect was observed in the n-hexane fraction of L. nobilis. Indeed, in
an in vivo study using rodents with Parkinson’s disease, the fraction exhibited a marked
inhibition of 6-hydroxydopamine (6-OHDA)-induced cell loss of tyrosine hydroxylase
(TH)-positive cells in the substantia nigra [139]. Additionally, bay leaf extracts showed
promising results in reducing neuronophagia, localized gliosis, and neural necrosis in
the rat brain, helping to resolve the lead-induced imbalance in brain acetylcholinesterase
(AcChE) activity [140,346].

The dried methanolic extract from S. montana leaves was demonstrated to have sig-
nificant anxiolytic activity in rats. Carvacrol and rosmarinic acid, used as controls, only
showed a moderate anxiolytic effect in some tests [347]. Satureja genera essential oil may
act as a neuroprotective agent in the early stage of Alzheimer’s disease [348], as well as
S. marianum extracts [165].

5.6. Diabetes and Hepatoprotective Effects of Edible Wild Plants

Recently, A. millefolium ethanolic extract was tested for its in vivo antidiabetic effects.
The hydroalcoholic extract possesses an anti-diabetic effect in vivo through a multitarget ac-
tivity involving x-glucosidase inhibition, insulin secretion, and potential insulin-sensitizing
actions [165].

B. officinalis was shown to have relevant hypoglycemic activity in rat models [349].

Essential oil and aqueous extracts of F. vulgare were administered to rats with
streptozotocin-induced diabetes, with hyperglycemia corrected from (162.5 + 3.19 mg dL1
to (81.97 + 1.97 mg dL. 1), and reducing the pathological abnormalities in diabetic-induced
rats [350] A similar study showed that fennel seed extract and its active ingredient frans-
anethole can protect the liver from diabetes-induced liver damage in rats, probably through its
hypoglycemic and antioxidant effects [351]. Experimental treatments with the 80% methanolic
extract of the wild and cultivated fennel showed hepatoprotective effects at a concentration of
12.5 ug mL~! and hepatotoxic effects at a concentration of 1000 ug mL~! [352]. In a further
study, oxidative stress and the complications of hepatotoxicity caused by CCly injection in
rats were reversed by the administration of fennel seed extracts at 300 or 600 mg kg~'. The
improvement in liver function was monitored by following the attenuation values of the
enzymes ALT, AST, and ALP [111].

Gentiana roots have been widely used in folk medicine, so scientific studies have fo-
cused on their choleretic and hepatoprotective properties, which make them a good remedy
for stomach and liver inflammations. In pylorus-ligated mice treated with methanolic
extract of gentian root in the duodenum, there was a decrease in gastric juice secretion
and total acid production, with a noticeable dose-dependent effect at doses of 500 and
1000 mg kg~!. The hepatoprotective activity of gentian root may be due to gentiopicroside,
which has been reported in previous studies to resolve cholestasis [353,354]. As the inci-
dence of liver problems has increased in recent years, the use of gentian root extracts may
provide an alternative to synthetic drugs due to their hepatoprotective activity [354,355].

Ethyl acetate fractions of ]. communis leaf extracts have been shown to be hepatopro-
tective agents, promoting favorable portal triads and central-vein arrangements [356].

Extracts of L. nobilis have been used in folk medicine due to their anti-diabetic ef-
fect. Diabetic rats treated with L. nobilis extracts showed a significant decrease in glucose
concentration compared to untreated diabetic rats. A beneficial effect on pancreatic islet
regeneration was also observed, and levels of liver enzymes, total protein, creatine ki-
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nase, calcium, urea, and ferritin returned to near-normal levels. The EO of L. nobilis also
suggested the inhibition of alpha-glucosidase, which is an indication of its in vitro antidia-
betic activity [139,140]. An extract of L. nobilis leaves proved to be a powerful free radical
scavenger in vivo, preventing carbon tetrachloride-induced hepatotoxic effects in rats.

The methanolic extract of M. sylvestris protected liver tissue from the harmful effects
of paracetamol in a dose-dependent manner by lowering the blood levels of liver enzyme
markers. In animals treated with mallow, the dramatic lowering of the blood levels of liver
enzyme markers was complemented by the regeneration of liver tissue, demonstrating
the hepatoprotective properties. The traditional use of mallow in liver problems has been
scientifically validated through the hepatoprotective activity of M. sylvestris [147,357].

The EO of savory products, through experiments on rats, induces a hepatoprotec-
tive effect and a decrease in inflammatory processes in the organs of the gastrointestinal
tract [358].

The silymarin extract from S. marianum was found to promote hepatocyte regener-
ation and inhibit liver fibrosis by significantly increasing the survival time of rats with
paracetamol-induced liver injury [359]. In addition to the hepatoprotective action, scientific
evidence suggests that silibin exerts its activity by interacting with various tissues through
the modulation of inflammation and apoptosis, which, together with its antioxidant power,
are the key points that have led to its use in various diseases [360]. Oral administration of
silymarin extract was able to generate a significant decrease in ALP, ALT, and AST in the
liver tissue of rats with lead-induced liver toxicity [361].

U. dioica showed a hepatoprotective effect by increasing the activity of some liver
enzymes (paraoxonase, arylesterase, and catalase). Treatment with U. dioica reduced
oxidative stress, with a decrease in ceruloplasmin levels. Also, treatment with U. dioica
extracts generated an antioxidant effect, preventing the formation of some oxidant agents
such as LOOH and showing a protective effect on the liver in rats damaged by hepatic
ischaemia-reperfusion [355]. U. dioica can prevent liver fibrosis and cirrhosis, suggesting
that this plant probably protects the liver through immunomodulatory and antioxidant
activities [362].

5.7. Other Biological Activity

The results of in vitro tests on human keratinocytes (HaCaT) and fibroblasts (BJ)
showed that methanol and methanol/water extracts of B. officinalis can reduce the intra-
cellular level of reactive oxygen species in skin cells. It has been proposed that oral or
topical borage oil may be effective for the treatment of atopic dermatitis. Atopic dermatitis
is believed to be associated with an abnormality in the metabolism of essential fatty acids
(EFAs), particularly the altered production of gamma-linolenic acid (GLA), so nutritional
supplementation with omega-6 essential fatty acids (w-6 EFAs) is of potential interest
for the treatment of atopic dermatitis. Borage oil is of interest because it contains two to
three times more GLA than evening primrose oil (Oenothera biennis L.). Borage oil is well
tolerated in the short term, but no long-term tolerability data are available [363].

In human studies, G. lutea extracts were effective in reducing increased intestinal
permeability, a problem that causes a more significant absorption of endotoxins due to
the loss of integrity of the epithelial cells of the intestine tenuous. In Complementary and
Integrative Medicine (CIM), G. lutea reduced the time needed to resolve the alterations
in intestinal permeability to 4-5 months compared to the expected 6 months [364]. The
Committee on Herbal Medicinal Products approved the use of G. lutea for mild stomach and
gut complaints. Still, they limited their approval to their traditional use and not long-term
use, as there is poor evidence from clinical trials [125]. Gentian root and its hydroalcoholic
extracts have shown potential in treating skin disorders, including atopic dermatitis and
psoriasis. Further research is needed to understand the mechanisms behind these effects
and their potential applications in various skin conditions.

Hydroethanolic extracts (90% ethanol, v/v) of ]. communis berries displayed antipro-
gestational and antifertility activity at doses ranging from 50 to 450 mg/kg on female
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rats, without estrogenic or antiestrogenic effects. Moreover, the oral administration of
hydroethanolic extracts (50% ethanol, v/v) from . communis berries at doses of 300 and
500 mg/kg in albino female rats from day 1 to day 7 of pregnancy exhibited dose-dependent
anti-implantation activity. Furthermore, these extracts, at the same concentrations, gen-
erated abortions when administered on days 14, 15, and 16 of pregnancy. No teratogenic
effects were detected. [365].

M. sylvestris (aqueous or hydroalcoholic extract) increases skin hydration and prevents
or alleviates skin dryness when used as a cream, lotion, serum, patch, emulsion, hydrogel,
mask, etc. [2,143]. The extracts of mixed Mentha piperita and M. sylvestris have a substantial
skin-whitening effect. Cosmetics made from the leaves and flowers of M. sylvestris and
other plant extracts inhibit melanogenesis and tyrosinase activity, improving skin color and
reducing pigmentation [2].

Silymarin from S. marianum protects the kidneys against renal ischemia/reperfusion
injury in Wistar rats. The protective effect is associated with its antioxidant properties, as it
possibly acts as a free-radical-scavenger and lipid peroxidation inhibitor. Thus, new thera-
peutic strategies, such as antioxidant supplementation with flavonoid silymarin, could be
explored for protection against damage caused by ischemia and reperfusion [366]. Studies
have shown that S. marianum extracts have an immunomodulatory effect in vitro and are
able to increase lymphocyte proliferation. These properties were strongly associated with
the increase in IF-y, IL-4, and IL-10 [367]. In addition, extracts of S. marianum fruits have
shown hyperprolactinemic activity, which exerts a stimulating effect on milk production in
the mother [162]. An antiulcerogenic effect of S. marianum extract has been reported in rats.
This activity involves a reduction in acid production and increase in mucin secretion, and
the release of prostaglandin E, with a decrease in leukotrienes [368].

6. Conclusions

This review has gathered all the basic information on the phytochemical, nutritional,
and pharmacological profile of the active ingredients known to date, as published in vari-
ous books and journals on the wild plants under study from 2000 to November 2023. Most
of the ailments treated with wild plants are common: digestive disorders, colds, coughs,
circulatory problems, diarrhea, etc. However, there are some examples of treatments for
more specific diseases, such as hypertension, hypercholesterolemia, hyperglycaemia, and
others. Their use in folk medicine is supported by scientific investigations and, together
with the knowledge of their side effects, makes these plants potential sources for nutraceu-
tical purposes. Wild plants are often identified as functional foods because of their higher
content of vitamins, antioxidants, trace elements and fibers compared to cultivated crops.
The richness of natural antioxidants, mainly phenolic compounds with nutraceutical prop-
erties, is crucial in preventing acute and chronic diseases induced by improper nutrition, so
wild plants lend themselves to the formulation of dietary supplements with benefits for
human health and longevity, allowing for an improved quality of life.
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Abstract: Colorectal cancer is the third leading cause of cancer-related deaths, and the five-year
survival rate of the metastatic disease is less than 15%. Treatment approaches include surgery,
systemic chemotherapy and radiotherapy. The aggressive nature and low five-year survival rate of
metastatic colorectal cancer indicate a need for new treatment options to help combat this disease.
Ursolic acid is a pentacyclic triterpenoid naturally occurring in many plants, with high concentrations
found in cranberries. This review summarizes evidence from the last ten years of the effects of ursolic
acid on colorectal cancer. Overall, the available studies indicate that the treatment of colon cancer
cells with ursolic acid results in a significant inhibition of proliferation and induction of apoptosis.
In addition, the limited in vivo studies indicate a significant reduction in tumor volume and tumor
angiogenesis in animal models of colorectal cancer administered ursolic acid. More in vivo animal
studies are required to better understand the potential anticancer properties of ursolic acid and to
form the basis for human clinical trials.

Keywords: colorectal cancer; ursolic acid; proliferation; metastasis; xenograft

1. Introduction

Colorectal cancer (CRC) accounts for approximately 10% of yearly diagnosed cancer
cases, causing nearly 900,000 deaths worldwide annually [1], and it is the fourth most
common cancer globally [2]. In the United States, it is the third most common cause of
cancer-related deaths, causing approximately 53,200 deaths every year [2,3]. The 5-year
survival for localized CRC is approximately 91% but only 14% for metastatic CRC [2,4].
Many of the cases and deaths from CRC are due to modifiable risk factors including
smoking, high alcohol consumption, excess body weight, unhealthy diet and low physical
activity [1-3]. Age and gender are factors in developing CRC. Although more than 50%
of diagnoses occur in people over the age of 65, incidence rates in people under 50 years
of age are on the rise and men are 33% more likely to develop this disease compared with
women [2]. Heritable factors account for only 12-35% of CRC cases, therefore the majority
of cases are sporadic [5].

Colorectal cancer arises from the glandular epithelial cells of the large intestine. The
sporadic growth of CRC is typically due to the accumulation of genetic mutations and/or
epigenetic modifications such as methylation in key cellular signaling pathways (resulting
in hyper-proliferative cells [1,3,6,7]) and the transformation of normal glandular epithelial
cells to adenocarcinomas [8]. CRC pathogenesis includes the following main steps: from a
normal colon epithelium to aberrant crypt focus formation to polyp/adenoma formation to
adenocarcinoma [8]. The crypts and polyps are benign but are considered to be pre-cancerous.

CRC s divided into four unique molecular subtypes known as the consensus molecular
subtypes or CMSs. CMSI is associated with immune evasion mechanisms, CMS2 is the
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largest subtype and is known as the canonical subtype, CMS3 is a metabolic subtype and
CMS4 is known as the mesenchymal subtype [9].

A person’s diet and lifestyle are key risk factors in the development of colorectal
cancer as they influence gut microbiota, which has been established to play a pivotal role in
colorectal carcinogenesis [10-12]. Bacteria in the gut play an important role in regulating
digestion, absorbing nutrients and providing critical immune functions [12]. The wide
diversity in microorganisms that make up an individual’s gut microbiome contributes to
making colorectal cancer a heterogenous cancer type [4,13,14].

The heterogeneity seen in CRC [14] makes its treatment challenging. Another cause of
difficulty in treating colorectal cancer is that CRC cells are prone to developing resistance
to chemotherapy drugs [14,15].

The main function of the colon in normal physiology is to reabsorb water, minerals
and nutrients for use throughout the body, and malfunctions in these processes, which
happen in CRC, lead to dehydration and malnourishment [12,16]. Symptoms of CRC can
vary depending on the region of the colon that is effected but typically include dehydration,
fatigue, anemia, abdominal pain, altered bowel movement (diarrhea or constipation),
weight loss and blood in the stool [17,18].

Surgery is often the first treatment option when CRC is diagnosed early as it is relatively
easy to remove the primary tumor. However, once the tumor develops metastatic properties,
surgery is no longer the best/most effective method of treatment. Systemic chemotherapy
is used most often in patients with CRC. There are many (approximately 35) Federal Drug
Administration (FDA)-approved drugs currently in use to treat CRC. The five most commonly
used FDA-approved drugs to treat CRC are 5-fluorouracil, capecitabine, irinotecan, oxaliplatin
and trifluridine/tipiracil [3]. Many of the approved chemotherapy drugs work by interrupting
DNA synthesis or causing DNA breaks [3]. Chemotherapy drugs that are currently available
and in use are associated with severe side effects including anemia, diarrhea, gastrointestinal
perforations and cardiac ischemia among others. Novel compounds with less side effects and
high efficacy are needed to treat metastatic and drug-resistant CRC.

Traditionally, plant-derived chemicals have been developed into agents used to treat
cancer. Some examples of plant-derived chemotherapy agents include paclitaxel, derived
from the bark of the Pacific yew tree, Taxus brevifolia, and the semi-synthetic docetaxel,
a taxoid derived from a precursor extracted from the leaves of the European yew tree,
Taxus baccata [19,20]. These chemotherapy medications are being used in treatments against
prostate, breast and lung cancers. The search for novel plant-derived chemicals with strong
anticancer potential is on-going and is an important field of research. Ursolic acid (UA), a
pentacyclic triterpenoid (Figure 1) (chemical formula C3pHyg03), is found in the leaves and
fruits of more than 120 plant species. Originally, it was isolated and identified in the 1920s
in the epicuticular waxes of apples [21].

Fruits such as cranberries, black elderberries, apples and pears contain substantial
levels of UA [22,23], as does olive oil [24]. Many flowering plants also contain UA, with
high levels found in lavender, white deadnettle, marigold, rosinweed, basil, rosemary,
daylily and olive tree leaves [24-27] (Table 1).

Table 1. Ursolic acid (UA) concentrations in different plants and fruits.

Concentration of UA
(FW = Fresh Weight) Reference
(DW = Dry Weight)

Source
Common and Botanical Name

Apple (peel
p[’i/mlfg ) 1.52 mg/g DW [28]
Apple (whole fruit) 0.77 £ 0.1 mg/g to [22]
E Malus 1.85 4+ 0.17 mg/g
2
= Cranberry 0.46-1.09 mg/g FW 23]

Vaccinium macrocarpon

Pear 0.3481 mg/g (mature fruit) 29,30]
pyrus 0.1293 mg/g FW (young fruit) 4
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Table 1. Cont.

Concentration of UA
(FW = Fresh Weight) Reference
(DW = Dry Weight)

Source
Common and Botanical Name

Basil

Ocimum tenuiflorum 202mg/g DW [27]
Rosmti?ji?t%{inalis 158-29.5 mg/g [31]
2
E Thyr;f;y;igﬂris 9.4 mg/g DW [31,32]
Origg)nrsgfll:;lgmy 28mg/g DW [31]
Salviasojfj%?inalus 18 mg/g DW 131]
Lavender 54636484 ;“gg// g DM, 26531]
10.5 mg/g (flowers)
é Wﬁ:ﬁ;ifﬁ?ﬁgﬂe 39.1-110.4 mg/g D.W. (33]
Rt oo 127 mg/5 DV o
é Silplllz{i?:fzgeslc;wers 17.95-22.05 mg/g D.W. [34]
Ol europeae 18mg/5DW 1]
e — o

Figure 1. Chemical structure of ursolic acid and some of the plants (apples, pears, cranberries,
elderberries, lavender, olives and rosemary) that contain high concentrations of UA. This chemical
structure was created in BioRender.com (https://www.biorender.com; accessed 23 May 2024) and
the image was created using Microsoft PowerPoint 2024.

There is substantial evidence showing that UA exhibits a wide range of biological
activities [35,36], including anti-inflammatory [37], neuroprotective [38,39], antidiabetic [40]
and anticancer properties [41-44].

This review article provides a summary of research data published in the last 30 years that
examine the effects of UA against CRC in vitro and in vivo. Although there are a number of
published reviews examining UA and its effects against cancer (PubMed search listed 125), only
one focused specifically on colorectal cancer [41]. A PubMed search was performed using the
keywords ursolic acid and colorectal cancer (63 results) and ursolic acid and colon cancer (66
results). Articles that were specific to colorectal cancer or colon cancer and ursolic acid were
included in this review. Articles were excluded if they were not specific to these cancer types,
did not use ursolic acid in their treatments, were review papers or were not available in English.
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2. Effects of Ursolic Acid against Colorectal/Colon Cancer
2.1. Effects of Ursolic Acid against Colorectal/Colon Cancer: In Vitro Evidence

A significant number of studies (Table 2) have examined the effects of ursolic acid in

colorectal cells in vitro.

Table 2. Effects of ursolic acid against colorectal cancer: in vitro studies.

Cell Type

Dose/Duration

Effects

Mechanism

Reference

HCT15

UA
30 uM

| Cell viability
Cell cycle arrest (G0/G1
phase)

Not examined

[45]

HT-29

UA
10, 20 and 40 uM

J Cell proliferation
1 Apoptosis

| p-EGFR
| p-ERK }
| p-p38
I pINK
1 Bal-2
J Bel-xL
1 Cleaved caspase 3
T Cleaved caspase 9

[46]

HCT15
CO115

UA25and 4 uM
(HCT15)
and
UA 10 and 15 uM
(CO115)

J Cell proliferation
1 Apoptosis

| p-AKT
L KRAS

[47]

HT-29

UA
20 and 30 pM

J Cell proliferation
T Apoptosis

1 Caspase 3 activity
1 DNA fragmentation
1 Cleaved Parp
1 PGE2 concentration
| p-ERK
T p-p38
1TCOX-2

[48]

HT-29

UA
25 uM

1 ATP in cytosol
1 P2Y2 mRNA
1 COX-2 protein
1 DNA fragmentation
1Tp-p387 p-Src protein

[49]

HCT-116

UA
5,34.7 and 50 pM

| Cell viability
1 Apoptosis
T ROS
| Cell migration

| BCL-2 protein
| Survivin protein
| NFkB
| SP1 protein
1T BAX mRNA
1 P21 mRNA
1 P53 mRNA
J FN1T mRNA
JCDH2
JJCTNNB1
| Twist

[50]

HT-29

UA
20,40 and 80 uM

J SHH protein and
mRNA

} Gli-1 protein and
mRNA

J VEGF-A protein and

mRNA

J bFGF protein and
mRNA

HUVEC

UA
20,40 and 80 M

| Cell viability
| Cell migration

Not examined

[51]

HT-29

UA
20,40 and 80 uM

1 Cell viability
J Cell survival
1 Cell cycle progression
1 Apoptosis

|} Cells in s-phase
| Cyclin D1 protein and
mRNA
| CDK4 protein and
mRNA
1 p21 protein and mRNA
1 DNA fragmentation
J Bcl-2 protein and
mRNA
1 Bax protein and mRNA
| p-Erk1/2 protein
1 p-JNK protein
| p-p38 protein

[52]

HCT116
HT29
SW480

UA
25 uM

| Cell viability

| Tumor sphere formation

| p-STATS3 protein
1 Cleaved caspase 3

[53]

119



Nutraceuticals 2024, 4

Table 2. Cont.

Cell Type

Dose/Duration

Effects

Mechanism

Reference

SW480
LoVo

UA
20,40 and 60 M

| Cell viability
| Colony formation
| Cell migration
T Apoptosis

1 MMP9 mRNA
1 CDHI mRNA
| p-Akt
J p-mTOR
+ p-PTEN
1 pINK
| p-ERK
| COX-2 protein and
mRNA
| PGE2
1 NF-kB translocation
1 p300 translocation
1 Cleaved PARP
T Cleaved caspase -3, -8
and -9

[54]

HCT116
HT29

UA
20, 40, 60 and 80 uM

1 Apoptosis
1 Cell viability

1 TUNEL positive cells
1 Cleaved PARP
T Cleaved caspase-3
| pJAK2
| p-STAT3
J STAT3 nuclear
translocation
| miR-4500 mRNA
expression

[55]

HCT116
HCT-8

UA
40 uM

| Cell viability
| Cell migration
| Cell invasion

| TGF-$31 protein
| p-Smad2/3
1 p-FAK
| ZEB1
| N-cadherin
1 miR-200a mRNA
1 miR-200c mRNA

[56]

SW620
HCT116

UA
10, 30 and 60 pM

| Cell viability
J Clone formation
| Cell migration
L EMT

1 Caspase 3 activity
J Mesenchymal
phenotype
1 E-cad protein
J Integrin protein
J Vimentin protein
| Twist protein
| Zeb1 protein

[57]

SW-480
HCT116

UA
10 uM

| Cell viability
1 Cell injury
Cell cycle arrest (S phase)

J CCNB1 mRNA and
protein
J CDK1 mRNA and
protein
| CDK2 mRNA
| CCND1 mRNA and
protein
| CCNA2 mRNA and
rotein
1 CDC20 mRNA and
protein
J CKS2 mRNA
|} CCNB2 mRNA

[58]

HT-29
HCT116

UA
2540 UM

1} Cell viability
J Cell number
| Colony formation
1 Apoptosis

J NUFIP1 mRNA

[59]

RKO

UA
14,17 and 20 uM
Conventional
conditions

| Cell viability
1 Apoptosis

Cell cycle arrest (G0/G1
phase)

1 Casp-3, -8 and -9
activity
1 Bax protein
| Bcl-2 protein

UA
25,28,31 uM
24h
Poly-HEMA coated
plates

| Cell viability
1 Apoptosis
1 Anoikis

| p-FAK

1 p-PI3K

| p-Akt
| N-cadherin
1 E-cadherin

[60]

HCT-116"MO~

UA
20 uM

J Cell proliferation
| Migration
1 Apoptosis

J Bcl-2 protein and
mRNA

T Bax protein and mRNA

1 Caspase -3 and -9
mRNA

1 c-Myc protein and
mRNA

| GLI1 protein and
mRNA

J SHH protein and
mRNA

| SUFU protein and
mRNA

| p-Akt protein

[61]
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Table 2. Cont.

Cell Type Dose/Duration Effects Mechanism Reference
J ¢-Myc protein
J Cyclin D1 protein
J} Wnt4 mRNA and
protein
|} Cell proliferation + TCF4:§£ ﬁA and
J Migration
SW620 UA 1 Apoptosis 4+ LEF1 mRNA and [62]
7.5,15 and 30 uM Cell le arrest-G0/G1 protein
el cycle arres 1 GSK3p mRNA and
phase .
protein
| p-GSK3- protein
| B-catenin mRNA and
protein
T p-B-catenin
| p-Akt
HCT-116 and UA | Migration J p-mTOR [63]
SW480 15 uM | Invasion J ARL4AC
1 MMP2
B . | Cell proliferation
N/A UA-computational 1 Apoptosis [64]

model J Angiogenesis

Table legend: 1 increased, | reduced, p—phosphorylated.

Human colorectal cancer cells (HCT15) treated with UA (24 to 72 h) had increased cell
fragmentation and death, with an ICs, value of 30 uM UA. There was an accumulation of
cells in the GO/G1 phase of the cell cycle. These data showed significant anticancer activity
of UA through the induction of colorectal cancer cell cycle arrest [45].

UA inhibited the growth of HT-29 colon cancer cells and increased apoptosis, as
indicated by the decreased levels of the antiapoptotic proteins Bcl-2 and Bcl-xL and the
increased activation of the apoptotic markers caspases -3 and -9 [46]. UA treatment de-
creased the phosphorylation of EGFR, ERK1/2, p38 MAPK and JNK signaling molecules.
The use of the EGFR inhibitor AG1478 or the MEK inhibitor U0126 in combination with
UA enhanced the inhibitory cell proliferation response. Together, these data indicate the
inhibition of colorectal cancer cell and the suppression of the EGFR/MAPK signaling
pathway [46].

Treatment of HCT15 and CO115 human colon cancer cells with UA decreased pro-
liferation and increased apoptosis [47]. UA decreased phosphorylation of Akt in CO115
cells compared with the controls. In HCT15 cells, UA significantly reduced the protein
level of KRAS. Based on these results, the authors concluded UA may act on the PI3K and
Ras pathways.

UA induced apoptosis in HT-29 colorectal cancer cells, an effect that was associated
with increased p38 phosphorylation and COX-2 levels [48]. The elevation of COX-2 was
suggested to play a role in UA-induced apoptosis resistance, as the use of a p38-specific
inhibitor or COX-2 siRNA resulted in an increase in UA-mediated apoptosis [48]. In
subsequent studies, the same team of researchers examined signaling upstream of p38 and
found that treatment of UA HT-29 colorectal cancer cells with UA increased cytosolic ATP
and expression of the ATP receptor P2Y2 [49]. The activation of P2Y2 by UA treatment
resulted in the activation of Src, downstream phosphorylation/activation of p38, induction
of COX-2 and apoptosis resistance [49].

Human HTC-116 colon cancer cells treated with UA had decreased cell viability and
increased apoptosis, as indicated by the increased nuclear fragmentation and reduced cell
migration [50]. UA treatment increased the levels of reactive oxygen species (ROS) and
the increase was attenuated with the addition of NAC, a ROS inhibitor. BCL-2, survivin,
NFkB and SP1 mRNA levels were decreased, while BAX, P21 and P53 mRNA levels were
increased with UA treatment. In addition, mRNA levels of FN1, CDH2, CTNNB1 and
TWIST (cell migration-associated genes) were decreased following UA treatment. HT-29
colorectal cancer cells treated with UA (20, 40 and 80 uM) had a significant decrease in
phosphorylation of STAT3, Akt and p70S6K [51] (Table 2). Treated cells had a decrease in
mRNA and protein levels of sonic hedgehog (SHH) and Gli-1, both proteins associated
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with angiogenesis. This treatment also inhibited protein and mRNA levels of vascular
endothelial growth factor (VEGF-1) and basic fibroblast growth factor (bFGF), two more
angiogenesis markers. Human umbilical vein endothelial cells (HUVECsS) treated with
the same concentrations of UA had significantly reduced viability and migration [51].
Although these data suggest a role for UA to act as an anti-angiogenesis agent in CRC cells,
the researchers did not examine the functional effects of UA.

The same HT-29 colorectal cancer cells were found in another study to have had
reduced viability and survival with UA treatment [52]. Fluorescence-activated cell sorting
(FACS) analysis following UA treatment revealed less cells in the S phase of the cell cycle
and an increased number of apoptotic cells. UA-induced apoptosis was also seen by an
increase in DNA fragmentation. Treatment with UA (20, 40 and 80 M) reduced protein
and mRNA levels of cyclin D1 and CDK4 and increased p21. The protein and mRNA
levels of anti-apoptotic Bcl-2 was decreased with UA while expression of pro-apoptotic Bax
was increased. UA reduced phosphorylation of mitogen-activated protein (MAP) kinases
Erk1/2, JNK and p38 [52].

Ursolic acid (25 uM) inhibited phosphorylation of signal transducer and activator of
transcription-3 (STAT3) and increased cleavage of caspase 3 in human HT29, HCT116 and
SW480 colorectal cancer cells [53] (Table 2). Inhibition of p-STAT3 was associated with a
significantly reduced viability in these cells. The ICsj for UA-induced inhibition of viability
in these cells was lower than the ICs( of resveratrol or capsaicin, two other common dietary
compounds reported to have antiproliferative properties, suggesting that UA is a more
potent inhibitor. In these three CRC cell lines, UA completely inhibited the formation of
tumor spheres when grown in anchorage-independent conditions [53].

Colorectal cancer cells SW480 and LoVo had reduced viability and survival when
exposed to UA [54], while the same concentration of UA did not significantly affect CCD841
normal epithelial-like cells, indicating a sparing of normal/healthy cells. In addition,
treatment with UA inhibited cell migration, an effect that was associated with a decreased
mRNA level of MMP-9 and an increased mRNA level of CDH1 (key molecules in invasion
and migration). Treatment of SW480 cells with UA reduced phosphorylation of Akt, mTOR
and ERK yet increased phosphorylation of PTEN. Pre-treating cells with Akt inhibitor
(LY294002, 5 uM) or ERK inhibitor (U0126, 20 uM) prior to UA treatment abrogated the
UA-induced reduction in viability. UA (20 and 40 uM) inhibited protein and mRNA levels
of COX-2 and decreased prostaglandin E2 (PGE2) production. UA induced translocation of
NF-kB and p300 from the nuclei to the cytoplasm and attenuated p300-mediated NF-kB
and CREB2 acetylation. Finally, UA induced apoptosis and caused an increase in cleavage
of apoptosis signaling molecules PARP (caspases -3, -8 and -9) [54].

Human HCT116 and HT29 CRC cells treated with UA (20, 40, 60 or 80 uM) had
increased apoptosis, as seen by TUNEL staining (Table 2) [55]. UA treatment increased
the cleavage of apoptotic proteins PARP and caspase-3 and reduced phosphorylation
levels of signaling molecules Janus kinase 2 (JAK2) and signal transducer and activator
of transcription 3 (STAT3). Nuclear translocation of STAT3 was also blocked with UA
treatment. qRT-PCR analysis showed that UA increased the mRNA level of miR-4500 in the
HCT116 cells. Application of an miR-4500 inhibitor reversed the UA-induced cytotoxicity
and apoptosis. These findings provide evidence that, in CRC cells, UA induces apoptosis
by upregulating miR-4500 and inhibiting the JAK2/STAT3 signaling pathway [55].

Ursolic acid treatment of HCT116 and HCT-8 colon cancer cell lines resulted in sig-
nificantly decreased cell viability, altered cell morphology and decreased cell migration
and invasion [56]. These effects were associated with downregulation of proteins in the
TGF-p1 signaling pathway (total protein levels of TGF-31, p-Smad/2/3, p-FAK, ZEB1 and
N-cadherin). qt-PCR analysis showed that UA increased mRNA levels of miR-200a and
miR-200c in both cell lines, and that HCT-8 cells also had an increase in miR-200b. Together,
these results suggest that UA acts to inhibit CRC cell viability, migration and invasion
through modulating the TGF-$1/ZEB1/miR200 signaling pathway [56].
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Treatment of human colon cancer cells SW620 and HCT116 with UA (10-60 puM)
resulted in decreased cell viability, clone formation and inducement of caspase-3-mediated
apoptosis [57]. UA induced a decrease in cell migration and epithelial-mesenchymal
transition (EMT), which was associated with an increased protein level of E-cadherin, while
protein levels of vimentin, integrin, twist and Zeb1 (metastasis biomarkers) were decreased.
These findings suggest that UA has antiproliferative and antimetastatic properties via the
inhibition of EMT in colorectal cancer [57].

SW-480 and HCT-116 human colorectal cancer cells had a decreased viability when
treated with UA (5-100 uM) [58]. Flow cytometry analysis of the cell cycle showed that UA
treatment increased the number of cells in the S phase in both CRC cell lines. UA signifi-
cantly decreased mRNA and protein levels of genes associated with cell cycle progression
(CCNBI1, CDK1, CCND1, CCNA2 and CDC20). mRNA levels of CDK2, CKS2 and CCNB2
were also decreased with UA. Fluorescence staining with Ethd-1 showed an increased
number of injured cells following treatment with 30 pM UA and a significant increase in
damaged cells when treated with the CCNB1 inhibitor (R0-3306; 10 uM), suggesting that
CCNBI and its associated targets are involved in the anticancer effects of UA. These results
suggest that UA inhibits the proliferation of colon adenocarcinoma cells by downregulating
CCNBY1, thus blocking the division of cells [58].

Human CRC cells (HT-29) had reduced viability and colony formation and increased
apoptosis following treatment with UA (2.5-40 uM) [59]. Nuclear fragile X mental retarda-
tion interacting protein 1 (NUFIP1) mRNA and protein levels were reduced following UA
treatment and this effect was increased in sh-NUFIP1 knockdown models. When NUFIP1
was knocked down, HCT116 cells had increased protein levels of tumor suppressors p53
and p21. These findings suggest that NUFIP1 is an oncogene that drives CRC development
and can be counteracted with UA treatment. Further studies are needed to explore the
interaction between UA and NUFIP1 in more detail [59].

Human colorectal cancer RKO cells treated with UA had reduced cell viability [60].
Flow cytometry revealed a GO/G1 cell cycle phase arrest. Further analysis showed in-
creased activity of caspases -3, -8 and -9. UA reduced the protein level of Bcl-2 yet increased
the Bax protein level. UA-induced apoptosis was associated with an increase in levels of
ROS. When RKO cells were grown in suspension (a detached condition), there was again a
UA-induced decrease in cell growth. In detached conditions, UA induced anoikis (another
form of programmed cell death that occurs in anchorage-dependent cells when they are
detached from their surrounding extracellular matrix). Increased anoikis was associated
with a decrease in phosphorylation of anoikis-related proteins FAK, PI3K and Akt. UA
treatment of RKO cells also inhibited epithelial-mesenchymal transition. UA downregu-
lated N-cadherin expression and upregulated E-cadherin. These findings together show
that, in colorectal cancer cells, UA is able to induce caspase-dependent apoptosis and
FAK/PI3K/ Akt signaling-related anoikis, suggesting it has potential as an effective treat-
ment against anchorage-dependent and anchorage-independent cancers [60]. The authors
suggest that they saw a UA-induced time dependent effect; however, the data presented
here do not appear to support that, and more detail is required to show that there was a
true time dependent effect. While this paper begins to examine anoikis, it does not provide
strong enough evidence that this event is what is occurring or being induced with their
UA treatment protocol over other forms of cell death; more evidence for the initiation of
anoikis would make the claim stronger.

Ursolic acid inhibited the proliferation and migration of CRC cells HCT-116"SMO~
(smoothened (SMO) gene knockdown cell line) [61]. Smoothened is a g-protein coupled re-
ceptor important in the canonical hedgehog signaling pathway; however, the non-canonical
hedgehog pathway can be activated without the involvement of SMO. In this study, UA
(10, 20, 30 and 40 uM) reduced cell proliferation in SMO knockdown cells and HCT-116 cells
at the same concentrations. Normal human colon mucosa epithelial cells (NCM460) did
not show any significant changes in proliferation with UA (15-300 uM), suggesting cancer
cell specific effects. Wound healing assays showed significantly decreased cell migration
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with UA treatment in both the normal and knockdown cells. Apoptosis was induced in the
HCT-116"MO~ cells, as examined by flow cytometry. Furthermore, the apoptosis-related
protein BCL-2 level was reduced, while the BAX level was increased. qRT-PCR analysis
showed a decreased mRNA level of BCL-2 and increased mRNA levels for BAX, caspase-9
and caspase-3. Signaling molecules important in the hedgehog pathway were examined
with UA treatment and showed decreased protein and mRNA levels of MYC (c-Myc),
glioma-associated oncogene (GLI1) and sonic hedgehog (SHH), while protein and mRNA
levels of suppressor of fused (SUFU) were increased. Finally, this research group found
that UA decreased the phosphorylation of Akt and suggested that the suppression of
Akt signaling inhibited the hedgehog signaling cascade [61]. Together, these results show
that UA exerted its anticancer effects against CRC cells through the suppression of Akt
signaling-dependent activation of SMO-independent hedgehog signaling. Importantly, this
paper provides evidence that UA did not exert cytotoxic effects against normal colon tissue,
suggesting that it may exert its anticancer effects with lower overall side effects.

Treatment of SW620 human colorectal cancer cells with UA reduced proliferation and
colony formation and increased apoptosis [62]. UA inhibited the rate of cell migration in a
wound healing assay. UA at the same concentrations showed no effect on NCM460 (normal
human colonic cells), indicating a cancer cell specific effect. UA caused cell cycle arrest
in the G0/G1 phase, which was associated with a decrease in mRNA levels of c-Myc and
cyclin D1 (common cell cycle markers). These effects were associated with a decrease in
Wnt/ 3-catenin signaling. UA increased mRNA and protein levels of GSK-33 and decreased
mRNA levels of 3-catenin, Wnt4 and TCF4. Phosphorylation of GSK3 and Wnt4 was
decreased, while the phosphorylation level of 3-catenin increased [62].

Zhang et al. [63] found that treatment of HCT-116 and SW480 cells with UA re-
sulted in significant inhibition of migration and invasion that was associated with reduced
ADP-ribosylation factor like GTPase 4C (ARL4C) and MMP2 levels and reduced phospho-
rylation of Akt and mTOR. The inhibitory effect of UA on cell migration and invasion and
on MMP2 were reversed by ARL4C overexpression. In addition, UA, the Akt inhibitor
LY294002 and the mTOR inhibitor rapamycin increased ARL4C ubiquitination, an effect
reversed by the proteasome inhibitor MG-132 [63]. Altogether, these data indicate that UA
inhibits CRC cell migration and invasion by inhibiting Akt-mTOR signaling and increasing
ubiquitination of ARL4C, resulting in its degradation.

Using a series of database and computational methods, a protein interaction (PPI) net-
work was created. Using this, PPI Zhao et al. (2021) concluded that UA can target multiple
signaling pathways [64]. Analysis revealed 113 potential targets of UA in colon cancer cells;
the core targets were interleukin-6 (IL-6), mitogen-activated protein kinase 3 (MAPK3),
vascular endothelial growth factor receptor (VEGFA), caspase-3, mitogen-activated protein
kinase 8, tumor necrosis factor, cyclin D1 and STAT3 [64]. The computational analysis
performed in this paper provided strong evidence for UA to act against colon cancer cells
through a wide variety of signaling pathways; however, experiments based off these data
need to be performed using in vitro and in vivo models to confirm that UA does have these
effects in a physiological model.

Overall, these studies indicate that the treatment of colorectal cancer cells with ursolic
acid leads to decreased cell viability, survival, migration and invasion and increased
apoptosis and cell cycle arrest. These effects are associated with decreased phosphorylation
of signaling proteins Akt, mTOR, JNK and ERK and increased levels of cleaved PARP,
casp-3 and casp-9 (Figure 2).

2.2. Effects of UA in Combination with Chemotherapy Agents and Radiation

Colorectal cancer can be treated systemically with chemotherapy agents, and there are
several drugs with FDA approval for use against CRC; however, their efficacy is often reduced
due to patients developing drug resistance. To help overcome drug resistance and harmful
side effects experienced with many chemotherapy agents, researchers are examining other
compounds that can be given in combination to enhance the efficacy of the chemo drugs,
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Colorectal Cancer Cells 7~

reducing the required dosage and lowering the severity of the side effects. A number of
studies have examined the effects of UA treatment in combination with other agents.

(Caspases ) — (Gaspased)

HT-29
SW480 |
LoVo l
HT-116
Cell Viability -
Cell Survival Apoptosis
Migration GO0/G1 Cell cycle arrest
Invasion
Figure 2. Summary of the effects of ursolic acid in human colorectal cancer cells. This figure was created
using BioRender.com and Microsoft PowerPoint based on studies presented in Table 2 above. Green
arrows show stimulation; red arrows show inhibition; black arrows show established pathways.
Colon cancer cells SW480 and LoVo had reduced cell viability and migration when
treated with UA in combination with 1 mM melatonin (MT) [65] (Table 3). This treat-
ment induced apoptosis, caused changes in cell morphology and modulated cytochrome
c/caspase, MMP9/COX-2 and p300/NF-kB signaling. UA combined with MT triggered
the release of cytochrome c from the mitochondria, inducing cleavage of caspase (-3 and -9)
and PARP proteins. UA plus MT treatment inhibited MMP-9 and COX-2 protein levels and
promoted p300 and NF-kB translocation from the nucleus to the cytoplasm. The effects of
the combined treatment were greater than UA or MT treatment alone [65].
Table 3. Effects of UA in combination with chemotherapy agents.
Cell Type Dose/Duration Effects Mechanism Reference
J MMP9 mRNA expression
| Cell viabili 1 Cleaved PARP
SW480 UA 20, 40 and 60 uM Ce“ viabt ’t‘,y 1 Cleaved caspase -3 and -9 -
LoVo Melatonin 1 mM b e onration | COX-2 protein and mRNA 1631
T Apoptosis 1 p300 cytoplasmic translocation
1 NF-kB cytoplasmic translocation
1 p-JNK p46 protein
J p-mTOR protein
UA 4 uM . 1 LC3-I protein
HCT15 5-FU 100 uM T Apoptosis + LCS-prrotein [e6]
1 p62 protein
1 p53 levels
J Mitochondrial membrane potential
1 Cleaved caspase -3, -8 and -9
| p-B-Raf
| p-MEK1/2
SW480 | p-ERK1/2
SW620 UA 10 pumol/L |} Cell viability | p-Akt 67
LoVo Oxaliplatin 0.4 pmol /L T Apoptosis 1 p-p38 171
RKO 1 pINK
| pIKK«
1 p-IkBa
| p-p65

J p-NF-kB (plasma and nucleus)
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Table 3. Cont.

Cell Type Dose/Duration Effects Mechanism Reference
RKO UA 20 and 40 uM/L | Cell viability J MDR1 protein and mRNA expression
LoVo 5-FU 4 and 8 uM/L 1 Chemosensitivity (hypoxia) J HIF-1e protein and mRNA [68]
SW480 Oxaliplatin 0.5, 1 and 1.5 uM/L 1 Apoptosis | VEGF
1 Cleaved caspase -3
+ROS
HCTS8 UA 20 pmo/L J Cell viability 1 NAPDH protein 169]
SW480 Oxa 0.4 pmol/L T Apoptosis | P-gp mRNA and protein
J MRP mRNA and protein
J BCRP mRNA and protein
1 Caspase -3, -8 and -9 activity
ua 15 uM | Cell survival + Cleaved PARP
RKO Oxa 2.5 uM A . Survivi . [70]
48h 1 Apoptosis J Survivin protein
J XIAP protein
UA5 pug/mL s
i OA 100 jig/mL j Sell viability N/A 71]
CPT-110.075 ug/ml igration
1 Cleaved caspase -9
1 Cleaved PARP
1 E-cadherin
1 MMP-9
J uPA
| Cell proliferation f ccﬁllfﬁ g}d CDK6
HCT116 UA 15 uM Iépff:o?srmaﬁ . | p-Akt 72
HT-29 DOX 1.5 uM 0 ony tormatio | p-GSK-3p
J Cell migration T e-Myc
G1 cell cycle arrest b Rass?lflA
1 Mst1 and Mst2
1 Savl
1 p-Mob1
Tp-Yap
| CTGF
1 Cleaved PARP
| Cell viabilty [ Cleaved caspases 9 and 8
LoVo UA 10 mM J Colony formation 1 Md-1 73]
HCT116 Sorafenib 10 mM 1 Apoptosis ¥ Bim
TROS + MDA
J GSH
CT26 UA * ge" Sf[lr"ii"al | Casp 3
Mouse colon cancer 15 uM + Rtf))sop 0SS J Bel2 [74]
cells 15 Gy radiation 1 GSH 1 Cleaved PARP

Table legend: 1 increased, | reduced, p—phosphorylated.

HCT15 cells treated with a combination of UA and 5-fluorouracil (5-FU, 100 uM)
(a chemotherapy agent used in CRC) showed a significant increase in TUNEL positive
cells compared with either compound alone [66]. The combined treatment increased the
phosphorylation level of JNK while decreasing the phosphorylation level of mTOR (p46),
and increased protein levels of autophagy markers LC3-I, LC3-II and p62. The combined
treatment also increased p53 protein levels. Based on these results, the authors concluded
that UA is able to enhance the apoptotic effects of 5-FU by activating JNK signaling [66].
This study provides evidence that UA has the potential to act synergistically to enhance the
effects of 5-FU (a chemotherapy drug already in use).

Ursolic acid’s ability to enhance the efficacy of oxaliplatin (OXL) treatment was exam-
ined in human CRC cells (SW480, SW620, LoVo and RKO) [67]. The combination treatment
of SW620 cells reduced viability, induced apoptosis and reduced mitochondrial membrane
potential. Cleaved caspase -3, -8 and -9 were increased, while levels of anti-apoptotic mark-
ers Bcl-xL, Bcl-2 and survivin were decreased. A drug combination index analysis revealed
a synergistic effect between UA and oxaliplatin for the inhibition of proliferation in all cell
lines tested; RKO cells had the greater interaction, with 0.68 synergy. Multiple signaling
pathways appeared to be involved in the anticancer effects, seen as the treatment causing
changes in levels of proteins associated with MAPK, PI3K/Akt and NF-kB signaling [67].

Treatment with UA caused colon cancer cells (RKO, LoVo and SW480) to become
more sensitive to treatment with chemotherapy agents 5-FU or oxaliplatin [68] (Table 3).
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This occurred by the inhibition of MDR1 via HIF-1x under hypoxic conditions; UA alone
and the combinations also inhibited HIF-1e in normoxic conditions. Additionally, UA
downregulated VEGF protein levels and inhibited angiogenesis. These findings indicate
that UA could act as a chemosensitizer in colon cancer by inhibiting HIF-1&, MDR1 and
VEGEF [68].

Human CRC cells HCT8 and SW480 treated with UA (20 umol/L) and oxaliplatin
(Oxa) (0.4 pmol/L) had reduced proliferation, increased apoptosis and ROS production [69].
The combination treatment significantly increased these effects compared with either parent
compound alone. The protein level of apoptotic marker cleaved caspase-3 was increased.
ROS levels, detected by DCFH-DA assay, were significantly increased with the combination
treatment compared with either drug alone. Similarly, the combination treatment increased
the protein level of NADPH (a primary resource for ROS production). The combination
treatment significantly reduced mRNA and protein levels of permeability glycoprotein
(p-gp), MRP and BCRP (genes associated with drug resistance) [69]. Based on these results,
the authors conclude that UA enhances the anticancer effects of oxaliplatin in CRC cells via
the ROS-mediated inhibition of drug resistance.

Another research group, Zheng et al. 2020, also examined the synergistic effect of
ursolic acid and oxaliplatin (Oxa), using RKO cells [70]. The combination treatment (UA
and Oxa) enhanced apoptosis and reduced survival when compared with treatment with
either compound alone. Increased activity of caspase -3, -8 and -9 and a significant increase
in cleaved PARP protein levels was seen. In RKO cells, the combination treatment decreased
the protein levels of the X-linked inhibitor of apoptosis (XIAP) and survivin. These results
provide evidence that UA and Oxa have a synergistic effect and may be used together in
the treatment of CRC [70].

Human HT-29 colon cancer cells treated with UA (5 ug/mL) and oleanolic acid (OA,
100 pg/mL) had reduced viability [71]. UA combined with camptohecin-11 (CPT-11,
0.075 pg/mL) had no cytotoxic effect. Normal healthy cells (CCD 841) did not show
cytotoxicity with either treatment protocol. UA combined with OA or CPT-11 inhibited
the migration of HT-29 and SW620 CRC cells. HT-29 cells had reduced protein levels of
MMP2 with both treatment protocols, while SW620 cells had reduced protein levels of
MMP9 with both treatments. Both HT-29 and SW620 cells treated with UA combined
with CPT-11 had reduced levels of urokinase-type plasminogen activator receptor (uPAR)
immunofluorescence [71].

Ursolic acid in combination with chemotherapy agent doxorubicin (DOX) was ex-
amined in human colon cancer cell line HCT116 and human colorectal cancer cell line
HT-29; the results showed a synergistic effect [72]. UA combined with DOX significantly
decreased cell proliferation and colony formation, a response that was greater than with
either compound alone. The combination treatment significantly increased the number of
apoptotic cells and levels of cleaved caspase 9 and cleaved PARP. A wound healing assay
revealed the significant inhibition of migration associated with an increase in protein levels
of E-cadherin, MMP-9 and uPA (metastasis markers with the combined treatment). Cell
cycle arrest in the G1 phase was seen and protein levels of cell cycle markers CDK4, CDK6
and cyclin D1 were all decreased. The combined treatment decreased phosphorylation
levels of Akt and GSK3f and reduced c-Myc levels. UA combined with DOX increased the
protein levels of Hippo signaling pathway proteins Rassf1A, Mstl, Mst2, Savl and CTGF
and increased phosphorylation levels of Mob1 and Yap. The inhibition of Akt signaling
with PI3K inhibitor (LY2940002) further increased the protein levels of Hippo pathway
proteins, and the synergistic anticancer effects seen with the combined treatment occurred
through the Akt/Hippo signaling pathway [72].

The combination treatment of ursolic acid and sorafenib (an FDA-approved tyrosine
kinase inhibitor drug) showed synergistic anticancer effects in HCT-116 and LoVo colon cancer
cells. The combined treatment significantly decreased cell viability and survival and increased
apoptosis compared with either compound alone [73]. The protein levels of cleaved PARP,
cleaved caspases -9 and -8 and LC3 I and II increased with the combined treatment.
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Mouse colon cancer cells (CT26) exposed to 15 Gy of gamma irradiation and then
treated with UA had significantly decreased survival and increased apoptosis compared
with each treatment alone [74]. Irradiation and UA combined decreased caspase3 and
Bcl2 protein levels and increased the level of cleaved PARP. The combination treatment
significantly increased the level of cellular ROS (DCF assay) and increased mitochondrial
ROS (DHR 123 assay), while levels of GSH were decreased [74].

The above studies provide evidence that the combination of ursolic acid with the
chemotherapy drugs 5-fluorouracil, oxaliplatin and doxorubicin and the tyrosine kinase
inhibitor sorafenib or in combination with irradiation result in significant enhanced re-
sponses. The combination treatment increased the level of apoptosis in CRC cells above the
level of either treatment alone (Figure 3).

Ursolic Acid
In combination with:

| | |

5-FU OXA DOX Sorafenib Semma
l 1 l irradiation

|
OApoptosis ) OApoptosis ) OApoptosis ) OApoptosis )
(1 viabity ) O Viability ) (1Prolifsration) O ROS )
| survival j,Fti?T:g;‘;n | viability
(vgaion ) (Iogoin ) (1,00 )

Figure 3. Ursolic acid has synergistic effects with 5-fluorouracil (5-FU), oxaliplatin (OXA), doxorubicin

(DOX), sorafenib and gamma irradiation. This figure was created with Microsoft PowerPoint 2024
based on the studies presented in Table 3. (1: increased, |: reduced).

2.3. Effects of Ursolic Acid on Animal Models of Colorectal Cancer

This section summarizes articles that examined the effects of UA utilizing animal
models of colorectal cancer.

The daily intraperitoneal administration of UA inhibited the growth of tumors in
mice xenografted with human CRC cells (HT-29), evidenced by reduced tumor volume
and weight [52] (Table 4). No change in the body weight of the animals was seen. Tumor
samples from UA-treated mice had reduced PCNA cell staining. Consistent with the
in vitro results reported in Section 2.1, tumor tissue samples from mice treated with UA
had reduced mRNA and protein levels of cyclin D1 and CDK4, while p21 mRNA and
protein levels were increased. Tumor samples had an increase in the percent of TUNEL
positive cells. UA treatment decreased the protein level of Bcl-2 in tumor samples yet
increased the protein and mRNA levels of Bax. Reduced phosphorylation of the MAP
kinases, Erk1/2, JNK and p38 and reduced phosphorylation of STAT3 were seen in the
tumor samples, suggesting that UA acts to reduce tumor growth in CRC xenografts via the
inhibition of these signaling pathways [52].

Table 4. Effects of ursolic acid on animal models of colorectal cancer.

Model

Dose/Duration Effects Mechanism Reference

Male BALB/c athymic mice
xenografted with HT-29 cells
(1.5 x 10°)

Daily intraperitoneal injection

J PCNA

J cyclin D1 protein and mRNA
| CDK4 protein and mRNA

1 p21 protein and mRNA

1+ TUNEL

J Bcl-2 protein and mRNA [52]
1 Bax protein and mRNA

| p-STAT3

| p-Erk1/2

LpINK

| p-p38

UA

125 mg/kg J Tumor volume

J Tumor weight
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Table 4. Cont.

Model Dose/Duration Effects Mechanism Reference
J CD31 positive cells
| p-STAT3
Male BALB/c athymic mice UA i piA;(OtSGK
xenografted with HT-29 cells 12.5 mg/kg | Tumor volume i lS)I-]IJH positive cells and mRNA
6 oo . NS
(1.5 x 10°) Daily intraperitoneal injection 1 Gli-1 positive cells and mRNA (51]
J VEGF-A positive and mRNA
| bFGF positive cells and mRNA
. . . UA
Chlckmchrz:\?r)a:llantmc 0.25 mg J Number of blood vessels
embrane 72h
Female athymic nude mice 10 UA/
xenografted with HCT116 gg'l mg J Tumor volume N/A [53]
cells (1 x 107) ) oAy
intraperitoneal injection
Female nude mice UA
xenografted with HCT15 cells 75 éngl/kg J Tumor size T P62N<25> [66]
(10° cells) laily T pINK (ns)
Orally in Nutella
J BCL-2 protein and mRNA
1 BAX protein and mRNA
UA 1 Caspase -3 and -9 mRNA
Male BALB/c nude mice 10,20 or 40 mg/kg J Tumor weight J e-Myc protein and mRNA 161]
HCT-116"MO~ cells (1 x 107) Intraperitoneal injection | Tumor volume J GLI1
12 consecutive days J SHH
J} SUFU
1 p-Akt
1 GSK3 mRNA and protein
| B-catenin mRNA and protein
. T Body weight J WNT4 mRNA and protein
Nude mice UA A N
xenografted with SW620 cells 15,30 or 60 mg/kg + ¥umor wellght + I](E:II;;L m[l{(ll\\llj: an;l protein [62]
(1 x 107) Intragastrical | Tumor voume b MR NA an protein
1 Apoptosis 1 p-B-catenin
1 p-GSK3p3
| Nuclear 3-catenin
Male BALB/c-nude mice 20 UA/k
HCT-116 cells (5 x 10°) Immézgwfeal | Lung metastasis | ARLAC [63]
injected in tail vein Daily/42 days
| p-ERK1/2
. UA . 1 p-Akt
Xeno; I;?f’rt\:cliev?i‘:}feswlﬁcfﬂ cells 20 mg/kg i ¥E$g: vwkfllfr]:\te 4 pIKKa [67]
8 Oxaliplatin 10 mg/kg 1 Ki-67 pos cells
1 TUNEL pos cells
Female nude mice 10 UA/k + Animal sival ti
xenografted with HCTS8 or me/xg nimat survivat time N/A [69]
5 Oxaliplatin J Tumor volume
SW480 cells (1 x 10°)
10 mg/kg
1 Ki67
| p-Akt
UA 1 RassflA
Athymic nude mice . 1T Mstl
xenografted with HCT116 10mg/kg/day + Tumor weight 1 Mst2 )
cells . | Tumor volume 1 Savl
2 mg/kg/twice weekly
T p-Mob1
Tp-Yap
} CTGF
1 Ki67
J} CD31
J Nuclear p65
| B-catenin
UA | p-STAT3
Cyclin D1 protein
250 mg/kg +Cy P
Male athymic nu/nu mice Orally, daily i ¥umor gr(fwth i CIE%‘ECFR toi
Luciferase-transfected Capecitabine Tumm‘ Vo I}r\\e g 12 protein [75]
HCT116 cells 60 mg/kg | Tumor weight | Bel-2 protein
Orally, 2/week | Metastasis J Bel-xl protein
}{)’, i J Survivin protein
combination TICAM-1
| VEGF
J MMP9
1 p53
1 p21

Table legend: 1 increased, | reduced, p—phosphorylated.
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Ursolic acid (12.5 mg/kg, daily) inhibited CRC tumor volume yet did not affect the
body weight of mice xenografted with human HT-29 colorectal cancer cells, suggesting
that UA acts as an anticancer agent in vivo, with minimal toxicity to the animal [51]. UA
treatment in these mice caused reduced intratumoral microvessel density and decreased
the protein level of CD31 (a vascular differential marker). This research group used a chick
embryo chorioallantoic membrane model treated with UA (0.25 mg for 72 h), which resulted
in a reduced total number of blood vessels. A bio-plex phosphoprotein assay showed that
UA decreased phosphorylation of STAT3, Akt and p70S6K. The immunohistochemistry of
tumor samples showed decreased protein levels of sonic hedgehog (SHH) and Gli-1 with
the UA treatment, suggesting that UA suppresses the sonic hedgehog signaling pathway.
Immunohistochemistry analysis further showed a decrease in levels of VEGF-A and bFGF
(important markers of angiogenesis). Taken together, the findings from this study support a
role for UA as an anticancer treatment through its ability to inhibit angiogenesis in tumors
through multiple signaling pathways [51].

Ursolic acid (10 mg/kg) treatment (by daily intraperitoneal injection for 13 days)
suppressed the growth of tumors in mice xenografted with human colon cancer cells
(HCT116) [53] (Table 4). The tumor volume was calculated by caliper measurements and
found to be reduced in the UA-treated mice compared with the controls [53]. Unfortunately,
no tumor tissue examination or other measurements were performed in this study.

Female nude mice xenografted with human CRC (HCT15) cells had reduced tumor
size when treated with UA (75 mg/kg orally daily for 14 days) [66]. Immunohistochemical
analysis of excised tumor tissues showed a slight increase in the protein level of p62 and
the phosphorylation level of JNK following UA treatment, while levels of LC3 and Ki67
were not changed. These results suggest that UA reduces tumor growth in vivo, possibly
through JNK signaling and induced autophagy [66].

Nude mice xenografted with smoothed knockdown HCT-11 cells and treated
with UA (10, 20 or 40 mg/kg) for 12 consecutive days had decreased tumor volume and
weight compared with no-treatment mice [61]. Analysis of the extracted tumors showed
that UA induced apoptosis in the tumor cells through the inhibition of Bcl-2 and increased
BAX (protein and mRNA). Tumor tissues had increased mRNA levels of caspases -9 and
-3, increased mRNA and protein levels of SUFU and reduced mRNA and protein levels
of c-Myc, GLO1 and SHH. These results were consistent with the cell culture data from
the same research group (reported above, Section 2.1) [61]. The combined results from this
study provide evidence that UA acts through a complex signaling mechanism involving
non-canonical hedgehog signaling and inhibited Akt signaling.

Human SW620 CRC cell-xenografted mice treated with UA (15, 30 and 60 mg/kg) by
intragastric administration had a significantly higher body weight after 16 days compared
with the controls, and a significantly decreased tumor weight and volume [62]. Analysis
of the tumors showed that UA treatment induced apoptosis; mRNA and protein levels of
Bcl-2 were decreased, while mRNA and protein levels of Bax were increased. UA treatment
increased mRNA levels of caspases -3 and -9. UA-treated mice had increased mRNA and
protein levels of GSK3f and decreased mRNA and protein levels of 3-catenin, WNT4, TCF4
and LEF1. The phosphorylation level of 3-catenin increased, while the level of GSK3f
decreased. There was a decrease in the level of nuclear (3-catenin protein [62].

Zhang et al. [63] injected HCT-116 cells into the tail vein of male BALB/c-nude mice,
establishing a lung metastatic model of colon cancer and found that daily administration of
UA (20 mg/kg) for 42 days resulted in a significant decrease in lung metastases (accompa-
nied by prevention of weight loss). Lung tissue immunohistochemical analysis revealed
that the expression of ARL4C was significantly decreased in animals administered UA
compared with the control untreated animals. These data indicate that UA could inhibit
the metastasis of colon cancer to the lungs.

Mice xenografted with human CRC SW620 cells were treated with UA (20 mg), OXL
(10 mg) or a combination for five consecutive days and sacrificed on day 50 for tumor
and tissue examination [67]. The combination of UA and OXL caused a decrease in tumor

hSMO—
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volume and tumor weight above that seen with either compound alone. Immunohistochem-
istry showed that the combination treatment led to a decrease in Ki-67 protein levels and
an increase in TUNEL positive cells. Serum concentrations of ALT and AST showed that
OXA caused impaired liver function, which was attenuated with the addition of UA to the
treatment. Tumor tissues examined with immunohistochemistry and Western blot showed
that the antitumor effects were associated with the inhibition of Akt and ERK1/2 signaling.
Phosphorylation levels of ERK1/2, Akt and IKK« were reduced following the combined
treatment [67]. These results suggest that UA enhances the effect of the chemotherapy
agent OXL and contributes to reducing the OXL-associated side effects.

The combination of ursolic acid and oxaliplatin increased the survival time and re-
duced the tumor volume of mice xenografted with human CRC (HCT8 or SW480) cells [69].
The anticancer effects with the combined treatment were enhanced compared with either
compound alone.

Mice xenografted with HCT116 human colon cancer cells were treated with UA
(10 mg/kg/day), DOX (2 mg/kg/twice weekly) or combined UA and DOX by intraperi-
toneal injection [72] (Table 4). Following treatment, the mice were sacrificed and tumor and
serum samples were collected. Serum samples showed no significant change in biochemical
markers ALT, AST, BUN and creatinine, suggesting that the treatments did not impair
liver or kidney function of the animals. The body weight of the animals did not differ
between the treatment groups. Tumor volume was significantly decreased with UA or
DOX treatment, and the decrease was enhanced with the combined UA and DOX treat-
ment. Cell proliferation marker Ki67 was reduced with the combination treatment when
examined with immunohistochemistry. Tumors from UA- and DOX-treated animals had
reduced protein levels of CTGF, reduced phosphorylation levels of Akt, increased protein
levels of Rassf1A, Mst1, Mst2 and Sav1 and increased phosphorylation levels of Mob1 and
Yap [72]. These results are consistent with in vitro findings previously reported by this
group (Section 2.2 above). The results from this study, both in vitro and in vivo, show that
the combination of UA and DOX have strong anticancer effects over either treatment alone.

Nude mice were orthotopically implanted with luciferase-transfected HCT116 human
colorectal cancer cells and treated via oral gavage with UA (250 mg/kg daily), capecitabine
(CAP) (60 mg/kg twice/week) or both in combination. Tumor growth was measured
on days 7, 14, 21 and 28 by bioluminescence imaging and showed reduced growth with
UA treatment. Importantly, greater growth inhibition of the tumor was seen with the
combination treatment over 28 days [75]. The excised tumors had significantly decreased
tumor volume and weight only with the combination treatment. The sacrificed animals
were examined for metastatic growths; UA, CAP and combination treatment mice all had
reduced metastases in the liver, intestine, lung and spleen. Significant levels of UA (mea-
sured by HPLC) were detected in serum (480 ng/mL) and tissue (356 mg/mL) samples
that were collected four hours after UA oral administration. These data suggest that UA
reached the animals’ circulation and infiltrated the tumor. Extracted tumor tissues were
further analyzed by immunohistochemistry and Western blot and it was found that UA
enhanced the effects of capecitabine. UA inhibited levels of nuclear p65 and (3-catenin,
reduced protein levels of cyclin D1, cMyc, Bcl2, Bcl-xI and survivin and reduced phospho-
rylation levels of STAT3 and EGFR. The metastasis markers ICAM-1, VEGF and MMP-9
were reduced in tumor tissues with the UA treatment of animals, and expression of tumor
suppressor genes p53 and p21 were increased with either UA or the combined treatment.
Immunohistochemical analysis also showed a reduced expression of proliferation markers
Ki67 and CD31 [75]. This paper provides strong evidence that UA acts as an anticancer
drug against colorectal cancer and also acts as a capecitabine chemosensitizing agent. Im-
portantly, this paper shows that the oral administration of UA results in significant UA
serum levels and that UA is able to enter the tumor tissue, achieving detectable levels in
the tumor.
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Although limited in vivo animal studies exist, the evidence indicates that oral or intraperi-
toneal administration of UA in mice xenografted with human CRC cells causes reduced tumor
volume and tumor weight. Oral administration also reduces cancer metastasis (Figure 4).

“._CRC Cells
®

— Oral Tumor volume
administration Tumor Weight

75-250mg/kg Metastasis
daily Tumor growth

Xenografted Mouse

—| LP Injection Tumor volume
10-40 mg/kg Tumor Weight

Figure 4. Ursolic acid reduced tumor growth in animals xenografted with human CRC cells. This
figure was created with BioRender.com. |: reduced.

A search of ClinicalTrials.gov (accessed on 22 June 2024) for the disease “colorectal
cancer” or “colon cancer” and the term “ursolic acid” found no results. A search for “cancer”
and “ursolic acid” also had no results at this time. Overall, there are currently no clinical
trials examining UA against CRC or any other cancer.

2.4. Bioavailability and Potential Toxicity of UA

Similar to many other polyphenols, UA has limited bioavailability due to its low water
solubility and high molecular weight (456.7 g/mol) [76,77]. Studies examining the bioavail-
ability of UA are limited. Yin et al. administered UA in mice (0.05% UA added to the
diet) for 8 weeks, then measured UA plasma levels and examined UA tissue distribution.
The plasma level of UA was 580 ng/mL or 1.26 uM. Tissues that showed UA accumula-
tion included the liver (9.7 ug/g), colon (6.4 ug/g), kidney (5.9 ug/g), heart (3.9 ug/g),
bladder (2.9 ng/g) and brain (1.6 ug/g) [77]. In another study, oral administration of UA
(100 mg/kg body weight) in rats resulted in a plasma concentration of 300 ng/mL
(656.89 nM) within one hour. The concentration decreased after 4 h, but the animals
maintained a plasma concentration of about 100 ng/mL (218.96 nM) for 12 h [76]. Al-
though there are currently no studies examining UA plasma levels in humans after oral
administration of the parent UA compound, a study by Xia et al. [78] administered in
humans UA nanoliposomes via intravenous infusion at a dose of 98 mg/m?. These subjects
had peak plasma concentrations of 3404.6 ng/mL (7454.78 nM) four hours after infusion.
This peak was followed by a rapid decline, about 10-fold, and the concentration 6 h post-
infusion was approximately 300 mg/mL (656.89 nM). There was another 10-fold decline
and, at 16 h post-infusion, the subjects had approximately 30 ng/mL (65.69 nM) UA plasma
concentration [78]. The above studies suggest that UA administration results in plasma
UA levels in the nano- to micromolar range. The concentrations found in the plasma were
comparable to concentrations of UA used in many of the in vitro studies showing potent
anticancer effects.

A 2013 study by Wang et al. administered ursolic acid liposomes via a 4 h intravenous
infusion in healthy adult volunteers and patients with advanced solid tumors. The maxi-
mum tolerated dose was found to be 98 mg/m? and the dose-limiting toxicity presented as
diarrhea and hepatotoxicity. UA liposomes showed a linear pharmacokinetic profile [79].

132



Nutraceuticals 2024, 4

Mice that were orally given one dose of 10 mg/kg of body weight UA had an elevated
neutrophil count, serum glutamic oxaloacetic transaminase (SGOT), alkaline phosphatase
(ALP) and urea levels and a decrease in white blood cells, lymphocytes and platelets.
Some alterations were also seen in the architecture of the liver, kidney and spleen tissue
that were recoverable, indicating that the toxic effects caused with oral administration are
reversable [80]. An acute oral toxicity study in which mice were given a single dose of UA
and then observed for 2 weeks for signs of toxicity or mortality showed the oral LDs of
UA was >2000 mg/kg in mice [80].

3. Discussion/Conclusions

Colorectal cancer is the fourth most diagnosed cancer worldwide [4]. It is the second
leading cause of cancer-related deaths among men and third leading cause of cancer-related
deaths among women. The incidence rate is continuing to rise, and new treatment options
are needed to overcome treatment resistance commonly seen in CRCs.

Many medications, including current chemotherapy drugs such as paclitaxel and
docetaxel [19,20], were originally derived from plants. Other plant-derived compounds
may have strong anticancer effects and they need to be studied. In this paper, studies
examining the pentacyclic triterpenoid ursolic acid and its effects against colorectal cancer
were reviewed.

The in vitro studies all showed reduced proliferation and survival and increased levels
of apoptosis of colorectal cancer cells treated with UA (Table 2 and Figure 2). Most of the
research groups used concentrations of UA ranging from 20 to 80 uM. Only one study with
low (2.5 uM) UA concentration found significant inhibitory effects [59].

Some studies examined the effects of ursolic acid when it was given in combination
with compounds that are already known to inhibit CRC. Oxaliplatin, a platinum compound
that inhibits DNA synthesis and is therefore cytotoxic, is currently used in the treatment
of CRC but is associated with severe side effects. 5-fluorouracil is another currently used
chemotherapy agent given for CRC; this drug works systemically by inhibiting thymidylate
synthase thus blocking DNA replication. Doxorubicin is an antibiotic, originally derived
from Streptomyces peucetius bacterium, that interacts with DNA by intercalation and inhibits
macromolecule biosynthesis. All these currently accepted treatments act on DNA on
a systemic level that causes many severe systemic side effects. Results of the articles
summarized in this review (Table 3) suggest that the doses of some of these compounds
may be reduced when combined with UA, thereby reducing the occurrence and severity of
side effects.

The administration of UA in mice xenografted with human colorectal cancer cells
showed decreased tumor growth and reduced tumor volumes, weights and size. Impor-
tantly, none of the animal studies reported reduced weight or premature death of the
treated animals, suggesting that UA is safe and has limited side effects.

The evidence from the studies reviewed here indicates that UA is active against
colorectal cancer cells. UA inhibits human colorectal cancer cell proliferation, survival and
migration and induces apoptosis. In addition, the evidence indicates that UA may act as a
chemosensitizer to enhance the effectiveness of currently approved drugs in the treatment
of CRC. The limited evidence from in vivo animal studies indicates that UA administration
reduces CRC tumor growth without causing side effects.

More studies should be performed to examine the anticancer potential of UA in
animals before considering human clinical trials.
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Abstract: Growing evidence indicates chronic low-grade systemic inflammation as a major patho-
physiological mechanism of obesity. Systemic inflammation provokes an immune response in the
brain through the activation of microglia that results in the development of neuroinflammation,
cellular senescence, and occurrence of neurological dysfunction. In the efforts to identify an inno-
vative intervention with potential efficacy on obesity and associated complications, our aim was to
study the capability of the dietary supplement Dekosilhue® (DKS), successfully used for improving
the control of body weight, to attenuate microglia senescent phenotype. Microglia senescence was
induced by intermittent stimulation of BV2 cells with LPS 500 ng/mL every 72 h for 4 h/day, over a
period of 10 days. DKS (100 ug/mL) treatment reduced $3-galactosidase activity and expression, the
formation of senescence-associated heterochromatin foci to control levels, and increased cell viability
of senescent BV2 (2 folds of control). DSK reduced the expression of Nuclear Factor-kB (NF-kB)
(20% lower than control), a key molecule involved in the acquisition of the senescence-associated
secretory phenotype (SASP). DKS promoted a neuroprotective effect by increasing the cell viability of
SH-SY5Y neuronal cells exposed to the senescent BV2 conditioned medium to values of non-senescent
cells. In conclusion, DKS attenuated the senescent microglia phenotype, showing senotherapeutic
activity that might be further investigated as adjunctive intervention for obesity and obesity-related
neurological disturbances.

Keywords: microglia; cellular senescence; inflammation; neuroinflammation; phytocomplex

1. Introduction

Obesity affects nearly one-third of the entire population; its incidence continues to
rise [1] and is not effectively controlled by current interventions [2]. Obesity, rather than
being simply the result of an energy imbalance between calorie intake and expenditure, is
a complex, chronic multifactorial disorder associated with a wide range of metabolic and
neurological disorders. Growing evidence indicates chronic low-grade systemic inflamma-
tion as a major pathophysiological mechanism underlying obesity [3]. Obesity causes a
phenotypic modification of adipocytes which become inflamed and secrete proinflamma-
tory cytokines, leading to an elevation of the peripheral inflammatory response [4,5]. In
spite of its low-grade nature, inflammation of the adipose tissue is mechanistically linked
to metabolic disease and remote organ complications of obese individuals [6,7]. Since
the peripheral and central innate immune systems are in constant communication [8],
systemic inflammation provokes an immune response in the brain [9], leading obesity to
promote the development of neuroinflammation [10,11] and the occurrence of neurological
disturbances [12].
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On a cellular level, a main trait of neuroinflammation is the activation of the resident
immune cells in the brain, the microglia, whose primary function is to maintain the CNS
homeostasis. Upon stimulation, these cells rapidly become activated and undergo morpho-
logical and molecular changes [13]. Microglia alter their morphology and functional activity
in response to the increased pro-inflammatory response from the circulation, creating a
less neurotrophic tissue environment that may contribute to neurodegeneration [14]. In
an unresolved chronic inflammatory situation, microglia may not cope with this continu-
ous stimulus and lose their homeostatic activity, becoming senescent [15]. The senescent
microglia are characterized by morphological changes, impaired phagocytic activity, and
huge release of inflammatory mediators [16].

Senescent cell abundance increases with obesity in peripheral tissues (adipose, hepatic,
pancreatic) and the brain in experimental animals and obese humans [17], and recent
studies have shown that eliminating senescent cells can alleviate obesity-induced metabolic
dysfunction in several tissues [18,19]. Interestingly, cellular senescence of CNS cells is
taking on an increasingly interesting role in the study of new therapeutic strategies in
neurodegenerative diseases [20,21]. Thus, targeting senescent cells with natural or synthetic
agents is a promising new therapeutic approach for chronic diseases [18-22]. Studies
suggest that, for treating complex inflammatory disorders with multifactorial natures, a
balanced modulation of more than one target can be a more efficient strategy than the
single target modulation [23]. In this frame, plant species often serve as good sources
for identifying these kinds of multitarget intervention. Bioactive principles present in the
herbal remedy may act synergistically among them and also modulate the activity of other
bioactive constituents from other plant sources [24]. In the efforts devoted to identifying
innovative interventions with potential efficacy on obesity and associated complications,
the aim of this study was to investigate the effectiveness of nutraceutical interventions.
Dekosilhue® (DKS) is a phytocomplex composed of an association of thirteen plant extracts,
used as dietary supplement to promote carbohydrate and lipid metabolism, that has
recently been reported to possess anti-neuroinflammatory activity [25]. On these bases, we
examine the effectiveness of DKS in attenuating the microglia senescent phenotype in an
in vitro model of microglial senescence.

2. Materials and Methods
2.1. Reagents

The commercially available food supplement Dekosilhue® (DKS) (expiration date
30 September 2025; kindly provided by Gianluca Mech S.p.A., Vicenza, Italy) was used in
the study. The list of constituents is reported in Table 1.

Table 1. Composition of Dekosilhue® (DKS). The content of each constituent (aqueous extract) is
expressed as grams of extract in 1 L of product (g/L).

DKS Constituent g/L
Cinnamon (Cinnamomum zeylanicum Blume) bark 90
Orthosiphon (Orthosiphon stamineus Benth) leaf 90
Green tea (Camellia sinensis (L.) Kuntze) leaf 90
Mate (Ilex paraguariensis A.St.Hill) leaf 70
Gymnema (Gymnema sylvestre R. Br.) leaf 70
Bean (Phaseolus vulgaris L.) pod 60
Pineapple (Ananas comosus (L.) Merr.) stem 40
Common gromwell (Lithospermum officinale L.) seeds 40
Horsetail (Equisetum arvense L.) herb 40
Curly dock (Rumex crispus L.) root 30
Asparagus (Asparagus officinalis L.) root 30
Fennel (Foeniculum vulgare Miller) fruit 30
Birch (Betuta pendolo Roth.) leaf 20
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DKS was obtained using a decoction process. Briefly, the raw material (root, leaf,
cortex, fruit, aerial part, stem, according to each plant) is cooked several times in water at
temperatures between 97 and 99 °C. For the in vitro tests, DKS was diluted in distilled water
and then diluted in media at a concentration of 100 p1g/mL, as previously optimized [25].
Bacterial lipopolysaccharide (LPS) from Gram-(Salmonella enteridis) was purchased from
Sigma-Aldrich (Milan, Italy). All chemicals and solvents used in the present study were of
analytical grade or with purity above 95%.

2.2. Cell Cultures

BV2 (immortalized murine microglial cells, C57BL/6 Tema Ricerca, Genova, Italy)
were kept in culture in a 75 cm? flask (Sarstedt, Verona, Italy) in medium containing RPMI
(Sigma-Aldrich, Milan, Italy) with 10% heat-inactivated fetal bovine serum (56 °C, 30 min)
(FBS, Gibco, Milan, Italy), 1% glutamine, and 1% penicillin-streptomycin solution (Merck,
Milan, Italy).

A human neuroblastoma cell line (SH-SY5Y), kindly donated by Prof. Lorenzo
Corsi (University of Modena and Reggio Emilia, Italy), was cultured in DMEM (Sigma-
Aldrich) and F12 Ham’s nutrients mixture (Sigma-Aldrich), containing 10% heat-inactivated
FBS (Sigma-Aldrich, Milan, Italy), 1% L-glutamine (Sigma-Aldrich, Milan, Italy), and
1% penicillin-streptomycin solution (Sigma-Aldrich, Milan, Italy) until confluence (70-80%).
The cells were grown in a humidified atmosphere with 5% CO; at 37 °C. EDTA-trypsin
solution (Sigma-Aldrich, Milan, Italy) was used for detaching the cells from flasks, and cell
counting was performed using a hemocytometer via Trypan blue staining.

2.3. Senescent Microglia Model

The senescent model was performed as previously reported [26]. BV2 cells were
treated with the LPS (Merck, Darmstadt, Germany) 4 times, for 4 h/day for a total of
10 days, at a concentration of 500 ng/mL in minimal medium (RPMI with 3% FBS), as
reported in Figure 1. DKS (100 ug/mL) was added for 24 h after the last LPS stimulation.
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Figure 1. Schematic representation of the senescent microglia model, administration, and tests schedule.

2.4. Sulforhodamine B (SRB) Assay

The SRB test was performed to assess cell viability [27]. Briefly, cells were seeded in
96-well plates (2.0 x 10* cells per well) and fixed in 50% trichloroacetic acid (TCA, Merck,
Darmstadt, Germany) at 4 °C for 1 h. Then, they were treated with SRB 0.4% in acetic acid
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1% for 30 min at rt. Finally, Tris-HCl pH = 10 was used and absorbance at 570 nm was
recorded using a multiplate reader (Biorad, Milan, Italy). Three independent experiments
(n = 3) were carried out to evaluate the effect of each treatment. Cell viability values were
normalized to the mean of the control.

2.5. Senescence-Associated Heterochromatin Foci Analysis (SAHF)

Immortalized murine microglial cells (BV2) were seeded in 24-well plates (1.0 x 10° cells
per well) containing previously sterilized slides at the bottom of the wells. Following treat-
ments, cells were fixed with 4% PFA for 30 min at 4 °C. After 3 washes with PBS, the slides
were treated with a solution containing DAPI in mounting medium (90% glycerol + PBS)
and images were taken (OLYMPUS BX63F fluorescence microscope connected to a PC).
Three independent experiments (1 = 3) were carried out to evaluate the effects of treatments.
The DAPI intensity values were normalized to the mean of the control [26].

2.6. f-Galactosidase Activity Assay

In a 96-well plate, 25 pL of fresh cell lysate, 80 pL of solution containing 76 uL of
“buffer A” (NaH,PO4 100 mM, KCI 10 mM, MgSO, 1 mM) and 4 pL of 8-mercaptoethanol
were added to each well. The plate was left in an oven at 37 °C for 5 min. Then, 25 pL
of the chromogenic substrate, o-nitrophenyl 8-D-galactopyranoside (ONPG) 4 mg/mL
in NaH,POy buffer (pH = 7.5), was added for each well, and the plate was placed back
in the stove at 37 °C for 2 h until a light-yellow color was obtained. After the required
time had elapsed, 45 uL of stop solution (Na,CO3; 1 M) was added to each well and a
spectrophotometer reading was taken at 405-450 nm.

2.7. Neuroprotection Model

On day 10 after LPS intermittent stimulation, DKS (100 pg/mL) was added to senes-
cent BV2 cells. The conditioned medium was collected and centrifuged (1000 g for 10 min,
37 °C). The pellet was discarded, and the supernatant was stored at —80 °C. The cell
viability of the SH-SY5Y cells treated with the conditioned medium from untreated or
DKS-treated senescent BV2 for 48 h was assessed to evaluate the neuroprotective activity
of DKS. Unstimulated BV2 medium was used as a control [28].

2.8. Western Blot (WB)

Protein samples (30 pug of protein/lane) were separated by SDS_PAGE on 10% minigels
and thereafter transferred to nitrocellulose membranes for 90 min at 110 V. Membranes
were blocked for 90 min in PBST (PBS with 0.1% Tween) containing 5% non-fat dry milk.
After blocking membranes were incubated overnight at 4 °C with primary antibodies:
anti-B-galactosidase (Santa Cruz Biotechnology, Santa Cruz, CA, USA, Cat# sc-65670, RRID:
AB_831022IBA1), anti-p-NF«B p65 (Santa Cruz Biotechnology, Santa Cruz, CA, USA, Cat#
sc-136548). Blots were then rinsed three times with PBST and incubated at rt with HRP-
conjugated secondary antibodies for 2 h, and then detected via Colorimetric detection Kit
(Opti-4CN™ Substrate Kit, BIO-RAD). Signal intensity (pixels/mm?) was quantified using
Image] (NIH). For each sample, the signal intensity was normalized to that of total protein
stained by Ponceau S. The treatments were carried out in three independent experiments
(n = 3), and protein expression was calculated by normalizing the values to the mean of
the control.

2.9. Statistical Analysis

The data are presented as the mean £ SEM. One-way or two-way ANOVA, followed
by Tukey or Bonferroni post hoc tests, was performed. p < 0.05 was considered statistically
significant. The software GraphPad Prism (version 9.5, San Diego, CA, USA) was used.
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3. Results
3.1. Effects of DKS on Microglial Senescent Cells

Repeated intermittent exposition of BV2 cells to low doses of the inflammatory agent
LPS (LPS 500 ng/mL every 72 h for 4 h/day) promoted the development of a senescent
phenotype. Cell viability was progressively reduced, starting from 2 days of treatment up to
10 days of intermittent stimulation, when a highly significant reduction of cell viability was
observed (Figure 2A). Lower doses of LPS were ineffective. DKS (1-100 png/mL) did not
alter cell viability of unstimulated BV2 cells (Figure 2B). Thus, the experimental condition
of 10 days of intermittent LPS treatment was chosen to conduct the study. For treatment
effect experimentations, BV2 cells were treated overnight with DKS 100 pug/mL on day 10,
after the last inflammatory stimulus, and the effects on main senescence parameters (i.e.,
3-galactosidase, SAHF, cell viability, SASP) were evaluated.
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Figure 2. LPS and DKS effects on cell viability by the SRB test. (A) Time-course evaluation of
cell viability in BV2 cells intermittently exposed to LPS (500 ng/mL). Two-way ANOVA * p < 0.05,
**p <0.01, *** p < 0.001 in comparison with unstimulated control (CTRL) group. (B) Dose-response
effect on cell viability of unstimulated BV2 cells by DSK (1, 10, 100, and 1000 pg/mL). Vertical lines
represent SEM.

3.2. Effect on f3-Galactosidase Activity and Expression

f3-galactosidase (£3-gal) represents one of the main markers of cellular senescence [29].
In Figure 3A, we can observe a significant increase in £8-gal activity compared with control
cells, which were not stimulated with LPS. DKS significantly reduced this activity bringing
the values closer to those of the control (CT) group. This result was then confirmed by
evaluating the expression of the enzyme by Western blot (WB) analysis. In Figure 3B, we
can observe the increase of $3-gal protein expression induced by LPS and the reversal of this
up-regulation by DKS, obtaining CTRL-like levels.
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Figure 3. Effect of DKS on 3-galactosidase. (A) -galactosidase (£8-gal) activity is increased on fresh
cell lysate. DKS treatment counteracted this activity. (B) 8-galactosidase (£-gal) protein expression
and representative blots. One-way ANOVA * p < 0.05.

3.3. Reduction of SAHF Formation

Senescent cells tend to form clusters of heterochromatin, resulting in a reduction in
the expression of genes involved in cell replication processes, leading to cell death [30]. In
senescent cells, as can be seen from the results shown in Figure 4A,B, a lower intensity in the
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staining of the nuclear marker DAPI and an increase in the expression of heterochromatin
foci (Figure 4C) was observed compared with control cells. DKS treatment increased the
intensity of DAPI staining and significantly reduced the number of heterochromatin foci

compared with senescent cells.
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Figure 4. Effect of DKS on senescent-associated heterochromatin foci (SAHF). DAPI staining of nuclei
(quantification analysis (A); representative image of DAPI intensity (B)) and SAHF formation (C) in
BV2 senescent cells at 10 days after intermittent stimulus with LPS (500 ng/mL). DSK (100 ug/mL)
reverted both LPS-induced senescence markers. (D) Decrease of cell viability by LPS intermittent
stimulus and reversal by DSK (100 pg/mL). (E) Representative image of cell viability. One-way
ANOVA *p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001.

From Figure 4D,E, we can observe that DSK is able to significantly increase cell viability
compared with senescent cells treated with LPS, suggesting a reduction in the apoptotic
mechanism and an increase in cell replication.

3.4. DKS Reduced SASP Inflammatory Markers

The senescent cells take on new characteristics, including an increase in the produc-
tion and secretion of cytokines, growth factors, and proteolytic enzymes, leading to the
acquisition of a proinflammatory phenotype defined as “secretory phenotype associated
with senescence” (SASP) [31,32]. The production of these factors appears to be controlled
by complex molecular mechanisms involving the transcription factor NF-kB [33], which
also represents the main driver of pro-inflammatory microglia activation. LPS-senescent
microglia cells had higher levels of phosphorylated NF-kB p65 subunit protein expression,
and DKS treatment counteracted this increase to values comparable to that observed for
the CT group (Figure 5). These results suggested a reduction of microglial activity in the
inflammatory process associated with the development of the senescent phenotype.
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Figure 5. Effect of DKS on NF-kB pathway activation. Reversal by DKS (100 pg/mL) of increased
pNE-kBp65 protein expression induced by LPS (500 ng/mL) intermittent stimulation. Representative
blots are reported. One-way ANOVA * p < 0.05, **** p < 0.0001.

3.5. Neuroprotective Activity of DKS

SH-SY5Y cells were stimulated with medium from senescent BV2 cells, taken on
day 10 from the beginning of the LPS intermittent stimulation (Figure 6A). After 48 h
stimulation, neuronal cells showed a reduction of cell viability, evaluated by SRB test,
compared with neurons treated with non-senescent BV2 medium (Figure 6B). SH-SY5Y
cells stimulated with DKS-treated senescent BV2 medium showed a higher percentage of
living cells, highlighting a neuroprotective effect of treatment on neurotoxicity induced by
microglia aging (Figure 6B).
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Figure 6. Neuroprotective effect of DKS. (A) Schematic representation of the experimental protocol.
(B). Evaluation of neuronal viability (SRB test) in SH—SY5Y cells exposed to non—senescent medium,
senescent medium or senescent medium followed by DKS (100 ug/mL) treatment. One-way ANOVA
*p <0.05*p<0.01.
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4. Discussion

The present study investigated the capability of the food supplement DKS to attenuate
microglia senescence in an in vitro model. The results obtained showed the senotherapeutic
properties of DKS and illustrated its efficacy in promoting neuroprotection against the
senescent microglia-associated neurotoxicity.

Obesity is associated with profound changes in cellular function, showing a patho-
physiology that recapitulates a chronic condition similar to the aging process. Indeed,
obesity is a condition in which the burden of senescent cells is particularly high. An ex-
aggerated and abnormal accumulation of senescent cells in tissues drastically increases
the secretion of SASP factors, fostering the development of a persistent low-grade chronic
inflammation [34]. Components of the SASP secreted by senescent adipocytes have been
suggested to confer and exacerbate insulin resistance [35,36]. Several reports indicate that
senescent cells accumulate in adipose tissue of obese and diabetic humans and mice [37,38]
and in other organs, including the brain [17]. Thus, targeting senescent cells by means of
senotherapeutics has been postulated as a new strategy to alleviate obesity and to improve
obesity-associated complications [12,18].

With the aim of searching for an innovative senotherapeutic treatment potentially
useful in the therapy of obesity and associated neurological complications, we investi-
gated the antisenescence activity of DKS, a product containing polyphenol-based herbal
extracts with antioxidant and anti-inflammatory properties, currently used as adjuvant in
hypocaloric diet to stimulate the metabolism of lipids and carbohydrates. Indeed, natural
compounds are increasingly attracting scientific interest for their beneficial effects and high
tolerability. Many natural constituents, especially polyphenols from commonly used herbal
preparations, are widely known to possess antioxidant and anti-inflammatory activities and
their anti-obesity effect has been documented [39]. Specifically, treatments endowed with
antioxidant and anti-inflammatory activity are promising candidates to mitigate cellular
senescent. Of note, oxidative stress, increased in obesity [37], plays an important role in the
generation of senescent cells [40] and concurs to the activation of microglia, key cells that
play a prominent role not only in the immune and inflammatory response, but also in neu-
roprotection, food intake, and energy expenditure [41]. Indeed, activation of microglia is a
key event in obesity, and in mice fed with high-fat diet, the degree of microgliosis parallels
the degree of weight gain [42]. Furthermore, obesity-associated neuroinflammation may be
involved in neurodegenerative alteration observed in obese subjects [43].

Exposure of BV2 immortalized murine microglia cells to LPS has been broadly used
as a model of neuroinflammation. We have recently shown that, by prolonging the time of
exposure and reducing the concentration of LPS, BV2 cells produced a model of microglia
senescence [26]. In this model, DKS was able to attenuate $3-gal activity and expression.
Increased senescence-associated 3-gal activity was the first marker used for the revelation
of cellular senescence in tissues in situ [44] and it is presently recognized as one of the
prominent markers of cellular senescence. DKS was also able to reduce SAHF formation,
which are heterochromatin domains that induce silencing of various genes involved in
the promotion of proliferation and represent a well-known marker for senescent cells [45].
Importantly, treatment of BV2 senescent cells with DKS largely reduced the expression of the
phosphorylated p65 subunit of the transcription factor NF-kB, a key event in the acquisition
of the SASP phenotype, restoring the basal levels of the protein. NF-kB represents one
of the main regulators of proinflammatory processes, as well as driving of microglia
activation and the activation of genes that could contribute to cellular senescence and
SASP acquisition [46]. Thus, NF-kB represents a key target for both anti-inflammatory and
anti-senescence activity. Of note, SASP activity is increased in murine senescent microglia
in in vitro and in vivo models, whereas in microglia from the aged mouse brain, SASP is
unaltered [16]. This evidence further correlates the microglia senescent phenotype that has
acquired SASP activity with pathological conditions rather than with physiological aging.

Senotherapeutics comprise drugs that promote a selective cell death of senescent
cells, termed senolytics, and drugs that suppress markers of senescence, in particular
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the SASP, termed senomorphics [47]. Senomorphic drugs are emerging as alternatives to
target senescence-associated diseases [48]. Indeed, the SASP is involved in the secretion
of cytokines, chemokines, growth factors, and reactive oxygen species that can lead to
detrimental effects on neighboring tissues. Senescence then spreads, since SASP factors can
convert adjacent cells to senescence. At the molecular level, senomorphics act by targeting
the most important transcription factors for inflammatory mediators, i.e., NF-kB, indicating
a promising senomorphic activity for DKS. Multiple commonly used drugs, including
metformin [49], have been classified as senomorphics. These compounds usually improve
longevity in animal models, confirming the therapeutic value of reducing the effects of
senescent cells.

Neurological disturbances are associated with obesity [12]. Neuroinflammation has
emerged as key risk to the development of neurological disturbances and microglia dom-
inate as contributors to neuroinflammation [50]. Senescent glial cells are found in obese
laboratory animals, and their removal attenuates anxiety-related behaviors [51]. Previous
findings showed anti-neuroinflammatory properties for DKS by reducing the levels of
proinflammatory mediators [25], and we thus investigated the capability of DKS to protect
neurons in the presence of microglia senescent phenotype. We observed that treatment with
DKS counteracted the decrease of cell viability of neuronal cells exposed to the neurotoxic
insult induced by senescent BV2 medium, showing a potential neuroprotective activity.
Growing evidence indicates the potential role of glucagon-like peptide-1 receptor (GLP-1R)
activation in the management of obesity and obesity-related brain disorders [52]. GLP-IR
activation in microglia suppress their inflammatory response and prevent neurodegen-
eration in obese mice, making the modulation of this pathway a promising therapeutic
strategy. On these bases, we cannot exclude an involvement of GLP-1R mediated effects in
the activity of DKS.

Senomorphic treatment represents a safer approach to target senescent cells, as it
reduces the generation of SASP factors without causing the death of senescent cells [47].
Obesity causes a continuous production of new senescent cells, given ongoing metabolic
insults, and anti-SASP strategies may require a continual treatment to maintain efficacy,
given that senescent cells are not eliminated from tissue. Of course, effectiveness, tolerabil-
ity, and safety must be carefully considered further for use in clinical practice. DKS contains
extracts from more than ten medicinal plants, obtained through an extraction process with
water at high temperatures. This phytocomplex fosters a synergistic activity between the
various components, allowing the use of lower doses that limit the occurrence of potential
side effects. In addition, DKS represent a multitarget approach that has been postulated to
represent a more effective therapeutic strategy than single target therapies in multifactorial
disorders, including obesity [53].

5. Conclusions

Obesity, an impending global threat, is not being effectively controlled by current
intervention. The prevalence of obesity is rising, creating an urgent need for efficacious
therapies. Growing evidence illustrates cellular senescence as a causal factor in obesity-
related inflammation and metabolic derangements. Removing or blunting the effects of
senescent cells can alleviate obesity-induced organ and tissue dysfunction. Our results
showed the senotherapeutic activity of DKS on senescent microglia, and its neuroprotective
effect toward the senescent microglia-associated neurotoxicity. Thus, DKS might hold
promise as an adjunctive intervention to control inflammation-related mechanisms of
obesity and obesity-related complications.
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Abstract: Melatonin (MLT), a natural compound found in the animal and vegetable kingdom, partici-
pates in several physiological processes. MLT exerts antioxidant and anti-inflammatory activities,
among others, but information about its action on lipid metabolism is still scarce. For this reason, mice
deficient in apolipoprotein E (ApoE~/~) fed a Western diet (WD) were intragastrically treated with
different concentrations of MLT (2 and 9 mg/kg) for 12 weeks. The lipid parameters were quantified,
and, since links between cardiovascular risk and immune function and oxidative stress have been
established, we also analyzed the population of leukocytes and the oxidative stress status. Although
there was no change in the weight of the mice, a significant reduction in low-density lipoprotein
cholesterol (LDL-C) was observed in mice treated with the higher concentration of MLT tested in this
study. Additionally, an improvement in cardiovascular risk indexes was observed. A reduction in
the hepatic total cholesterol (TC) and LDL-C levels was also observed in the treated mice. Finally,
a decrease in leukocytes and lymphocytes in particular, as well as an increase in the antioxidant
status, were shown in MLT-treated mice. In conclusion, MLT is a promising candidate that could be
considered as a possible functional ingredient capable of preventing cardiovascular risk.

Keywords: ApoE; cardiovascular diseases; hypocholesterolemia; LDL; leukocytes

1. Introduction

Cardiovascular diseases (CVDs), including coronary, rheumatic and congenital heart,
cerebrovascular, and peripheral arterial diseases, are the leading cause of mortality world-
wide (being responsible for 32% of all global deaths in 2019) and a major contributor to
disability [1]. Furthermore, CVDs remain a major cause of rising health care costs, and
their prevalence nearly doubled from 271 million in 1990 to 523 million in 2019 [2]. The
relationship between cholesterol and CVDs has been reported by several epidemiological
studies [3-5]. Low-density lipoprotein cholesterol (LDL-C) levels, also called ‘bad choles-
terol” as it is the main cholesterol-carrying particle in plasma, are directly associated with
the subsequent risk of CVDs, due to LDL-C’s ability to be deposited in the intima vessels
and thus cause obstruction [6]. In contrast, increasing high-density lipoprotein cholesterol
(HDL-C) levels has been accepted as a therapeutic strategy to reduce the risk of death
from CVDs because HDL-C transports cholesterol from tissues to the liver, reducing the
serum values [7]. However, studies have shown that when conventional lipid parameters
remain apparently normal or moderately high, lipid relationships such as the Castelli risk
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index (CRI) I (CRI-I, considered as the ratio between total cholesterol -TC- and HDL-C) and
IT (CRI-II, considered as the LDL-C/HDL-C ratio), and the atherogenic index of plasma
(AIP, considered as the logarithm of the ratio between triglycerides -TGs- and HDL-C)
are diagnostic alternatives for the prediction of cardiovascular events [8-10] and the effec-
tiveness of therapy [11]. Specifically, the CRI-I has been associated with the formation of
coronary plaques [12,13], and the CRI-II has been shown to be a predictor of cardiovascular
risk [14]. Regarding the AIP, previous studies have correlated high values of this index to
the risk of cardiovascular incidence and all-cause mortality in patients with coronary heart
disease [15-17].

Alternatively, an elevated count of white blood cells serves as a robust and autonomous
indicator of the risk of heart-related issues in individuals of all genders, whether they have
coronary heart disease or not. Furthermore, an increased quantity of leukocytes is linked to
the occurrence of coronary heart disease, peripheral arterial conditions, and strokes [18].
Furthermore, alterations in lipid metabolism are closely related to alterations in the immune
system and prevailing chronic systemic inflammation in people with a pathological increase
in body fat [19]. Furthermore, a rise in lymphocyte count has been observed in conditions
like obesity, diabetes, and cardiovascular disease. Lymphocytes are notably elevated in
visceral fat, playing a significant role as a key controller of insulin resistance. [20]. For this
reason, the relationship between nutritional status and immune functions has been widely
studied over the years, associating malnutrition with pathological conditions [21,22]. In
such studies, overweight mice fed a Western diet (WD) have shown an increase in the total
number of leukocytes and lymphocyte cell numbers [23,24].

Furthermore, oxidative stress has been widely highlighted as a major risk factor in
the development of the main cardiovascular diseases. This is an imbalance between the
production of reactive oxygen species (ROSs) and antioxidant defenses caused by certain
cardiovascular risk factors, such as diabetes, hypertension, smoking, and obesity [25]. At
the cardiovascular level, oxidative stress is highly implicated in myocardial infarction,
ischemia/reperfusion, and heart failure due to damage to the vascular system through
lipid peroxidation, membrane damage, immune cell activation (proteases, nucleases, and
protein kinases), structural remodeling, or inflammation [26].

Melatonin (MLT) is considered a pleiotropic molecule due to its participation in various
physiological processes. This particular indoleamine is primarily produced by the pineal
gland in accordance with a daily cycle, reaching its highest levels at nighttime and the
lowest levels during the daytime in humans [27]. In recent decades, this molecule has been
shown to not be exclusively synthesized in the pineal gland but also in several peripheral
tissues, such as the gastrointestinal tract, immune system cells, and skin cells [28,29].
Unlike studies on its antioxidant role, studies on the effect of MLT on the regulation of lipid
metabolism are scarce. Previous studies have shown that MLT can reduce serum levels of
TC, LDL-C, HDL-C, and TGs. However, the conclusions obtained are variable and depend
on the methodology used [30-33]; thus, more studies are required to determine the benefits
of MLT for the lipid profile [34].

Furthermore, the immunomodulatory role of MLT has been extensively studied in
recent years, and its efficacy in controlling inflammatory processes has been demonstrated
in different diseases [29,35-37]. Previous studies have reported that MLT therapy decreases
the number of leukocytes in burn-induced Wistar rats [38] and controls the count of leuko-
cytes and lymphocytes during intense effort in adolescent athletes [39]. However, there is no
evidence of the anti-inflammatory role of MLT in an animal model of cardiovascular risk.

Given that growing evidence has shown that MLT might exert a cardiovascular protec-
tive effect through the control of lipid metabolism and anti-inflammatory and antioxidant
status, the aim of this study was to evaluate the effect of MLT on (i) the plasmatic and
hepatic lipid profile, (ii) white blood cell population, and (iii) anti-inflammatory and ox-
idative stress status in an experimental model of cardiovascular disease consisting of
apolipoprotein E (ApoE) knockout mice (ApoE~/~) fed a WD.
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2. Materials and Methods
2.1. Study Design

Male ApoE~/~ mice (kindly donated by Dr. Antonio Ordofiez and Dr. Raquel
del Toro), at the age of four weeks, were kept in the animal facility at the Instituto de
Biomedicina de Sevilla (IBiS) under typical conditions, which included a 12 h light and
12 h dark cycle, a temperature of 22 + 2 °C, and humidity levels below 55%. These
mice were provided with unrestricted access to both water and a Western diet (Test Diet
58v8, containing 45% energy from fat, as detailed in Supplementary Table S1). When
the mice turned 6 weeks old, they were randomly divided into three groups and treated
intragastrically with MLT daily (Sigma Aldrich, MO, USA) 2 mg/kg (WD + MLT (2 mg/kg),
n=12),9 mg/kg (WD + MLT (9 mg/kg), n = 12) or the vehicle (=ethanol; WD, n = 10) for
12 weeks (Figure 1). The mice were closely monitored, controlled, and observed by the
researchers themselves and by the technical staff of the IBiS Animal Facility. In addition,
the veterinary manager of the animal facility checked the health status of the animals every
week, not recording any side effects.

+ vehicle (n = 10)

ApoE™ +MLT [2 mg/kg] (n=12)

+ WD

+MLT [9 mg/kg] (n=12)
Week 4 6 18

Euthanize

Figure 1. Experimental design of the study. ApoE~/~, apolipoprotein E knockout mice; MLT,
melatonin; WD, Western diet.

The MLT doses used in this study were chosen because they are equivalent doses of
10 mg and 50 mg MLT/day, respectively, in humans, calculated according to [40] (Figure 2).
Daily food intake and individual body weight were measured weekly and recorded. At the
endpoint, fasted animals were euthanized, and blood was collected in Minicollect EDTA
tubes (Greiner Bio-one, Kremsmiinster, Austria) by cardiac puncture. Subsequently, plasma
was obtained by centrifugation (3000x g, 4 °C, 10 min) and stored at —20 °C until use.
The animals were then perfused with phosphate-buffered saline (PBS) for 5 min using an
FH100 peristaltic pump (Thermo Scientific, Vantaa, Finland), and the liver was collected
and stored until use.

A B
H3C\o CisHigN,0, S
MW: 232.283 g/mol _Cduwivarent doses |
H
N\n/CH3 2 mg/kg 10 mg/day
9 mg/kg 50 mg/day
NH / (0]

Figure 2. Chemical structure of melatonin ((A), CAS number: 73-31-4) and equivalent doses of it in
mice and humans (B). MW, molecular weight.

Every experimental process adhered to the regulations established by Spanish law and
conformed to the guidelines outlined in the EU Directive 2010/63/EU regarding animal
experiments. Additionally, these procedures received approval from the Ethics Committee
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at the Virgen Macarena and Virgen del Rocio University Hospitals, with reference number
21/06/2016/105.

2.2. Plasma and Hepatic-Lipid Profile

Plasma lipid parameters (including TC, TGs, LDL-C, and HDL-C) were measured with
chemiluminescence immunoassay techniques using the COBAS e601 modular analyzer
(Roche Diagnostic, Basel, Switzerland). In addition, the cardiovascular disease risk indexes
CRI-I, CRI-II, and AIP were calculated according to [41]. On the other hand, 100 mg liver
tissues were homogenized with a TissueRuptor (Qiagen, Hilden, Germany), and the hepatic
TC, HDL-C, LDL-C, and TG concentrations were measured in the supernatants produced
by Cobas Integra 400 (Roche Diagnostics, Indianapolis, IN, USA) at the ‘Estacién Biologica
de Donana’ (EBD-CSIC, Seville, Spain).

2.3. White Blood Cell (WBC) Count

White blood cells were quantified in blood samples using the SYSMEX XE 5000 Hematol-
ogy Analyzer (Sysmex Europe GmbH, Norderstedt, Germany) fluorescence flow cytometer.

2.4. Plasma ELISA

To confirm that MLT could act as an anti-inflammatory molecule, TNF was quanti-
fied by a commercial enzyme-linked immunosorbent assay (BD OptEIA™ Mouse TNF
(Mono/Mono) ELISA Set, BD Biosciences, San Jose, CA, USA).

Briefly, the plasma of mice was incubated overnight with anti-mouse TNF antibody in
a precoated 96-well plate. A biotinylated anti-mouse TNF antibody and streptavidin-HRP
conjugate enzyme were used to detect the TNF cytokine. The addition of tetramethylbenzi-
dine (TMB; Sigma-Aldrich, Saint Louis, MO, USA) led to the development of a color that
was read at 450 nm with a CLARIOstar Plus microplate reader (BMG Labtech, Ortenberg,
Germany) once the reaction was stopped by HCL.

2.5. Plasma Antioxidant Capacity

To test the role of MLT in the antioxidant capacity, the Trolox equivalent antioxidant ca-
pacity (TEAC) assay was performed. Briefly, 140 uL of 2,2-azino-bis-(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS, Sigma-Aldrich) radical solution was mixed with 10 pL of plasma.
After 30 min of incubation at 30 °C, the ABTS radical content was quantified using a
CLARIOstar Plus microplate reader (BMG Labtech) at 730 nm. Then, the values were
extrapolated by a Trolox (Sigma-Aldrich) standard curve.

2.6. Statistical Analysis

The data are presented as the mean value accompanied by the standard error of the
mean (SEM). Statistical analysis involved the use of non-parametric Mann-Whitney U
tests or two-way ANOVA, followed by post hoc corrections, and statistical significance
was established at p-values equal to or less than 0.05. The data underwent analysis using
GraphPad Prism v.8 (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Melatonin Does Not Alter the Body Weight of Mice

As shown in Figure 3A, no significant differences in body weight (p = 0.815) were
observed between the three experimental groups throughout the experiment. No dif-
ferences were shown in basal or final body weight (Figure 3B,C) between the control
group (basal: 21.29 & 0.48 g; final: 26.32 £ 0.45 g) and the groups given 2 mg/kg MLT
(basal: 20.38 £ 0.84 g, p = 0.594; final: 26.16 & 0.82 g, p = 0.987) or 9 mg/kg MLT (basal:
20.37 £ 0.82 g, p = 0.571; final: 26.57 & 0.87 g, p = 0.959). Additionally, the mice did not
show significant differences in body weight gain when treated with MLT at 2 mg/kg
(5.78 £0.39 g, p = 0.288) and 9 mg/kg (6.23 + 0.39 g, p = 0.118) compared to the control
group (5.03 & 0.49 g) (Figure 3D).
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Figure 3. Body weight monitored over time (A), basal body weight (B), final weight (C), and
body weight gain (D) in the in vivo experiments. Data were represented as mean = SEM. n.s., not
significant. MLT, melatonin; WD, Western diet.
3.2. MLT Improves the Plasmatic Lipid Profile and Reduces the Risk of Cardiovascular Disease
To investigate the lipid-lowering effect of MLT, the plasma lipid profile and the main
cardiovascular risk indexes were analyzed. As shown in Table 1, a significant reduction
was observed in LDL-C values (—24.6%, p = 0.008) in mice treated with 9 mg/kg MLT,
compared to the control group. No significant differences were observed in the values of
TC, TGs, or HDL-C between the MLT groups compared to the WD group (p > 0.05).
Table 1. Plasma lipid profile.
. . WD + MLT WD + MLT
BII,:::;T:::] (mW/]gL) (2 mg/kg) p-Value (9 mg/kg) p-Value
& (% of Control) (% of Control)
TC 506.10 £ 12.34 106.20 & 8.81 0.548 87.12 4 6.59 0.151
TG 99.38 4 0.72 110.80 4= 14.89 0.706 105.20 = 9.37 0.683
LDL-C 373.20 £ 36.81 112.20 +12.10 0.643 7543 £+ 4.39 0.008
HDL-C 113.70 £ 33.59 103.40 £ 5.41 0.548 111.00 £ 11.16 0.691

Results are expressed as a percentage of the control group and represent the mean 4 SEM of each group. TC,
total cholesterol; TGs, triglycerides; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein
cholesterol; MLT, melatonin.

In addition, cardiovascular risk was evaluated in each group by calculating the indexes
CRII, CRI I, and AIP. Although no differences in CRI I or II were observed at the lowest
concentration (2 mg/kg) (104.50 £ 12.27% and 110.80 + 15.81%, respectively, p > 0.05),
they were reduced at the highest concentration of MLT (9 mg/kg) (CRI I: 80.35 & 7.04%,
p =0.016 and CRI II: 74.93 + 6.27%, p = 0.016) (Figure 4). In addition, mice treated with
MLT showed a reduction in the AIP of 51.74% and 42.31% at both concentrations of MLT
tested (p < 0.05), respectively (Figure 4).
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Figure 4. Evaluation of cardiovascular disease risk through Castelli risk index I (TC/HDL-C) (A)
and II (LDL-C/HDL-C) (B) and atherogenic index of plasma (Log(TG/HDL-C)) (C). Results are ex-
pressed as a percentage of the control group and represent the mean + SEM of each group. * p < 0.05,
**p < 0.01 vs. WD group; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipopro-
tein cholesterol; MLT, melatonin; TC, total cholesterol; TGs, triglycerides; WD, Western diet.

3.3. MLT Treatment Decreases Hepatic Lipids

As shown in Figure 5, the levels of TC (Figure 5A) and LDL-C (Figure 5C) were
reduced by 21.57 and 14.17%, respectively, after treatment with 9 mg/kg MLT, without
significant differences in 2 mg/kg MLT-treated mice. On the other hand, TG (Figure 5B)
and HDL-C (Figure 5D) levels remained unchanged for both groups treated with MLT.

100

o
T

B C D
i 150 | 150 | 150 ‘
el | g ~
== £ 1001 L Q 1001 S 100 L
©] o * o
S
P 2 g
© 2 9
o - ® - + -
& %0 g % g 50
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o oL | I . | oL | I . | 0
1 wD E WD+MLT[2 mg/kg] Il WD+MLT[9 mg/kg]

Figure 5. Hepatic TC (A), TG (B), LDL-C (C), and HDL-C (D) content in the three experimental
groups. Results are expressed as a percentage of the control group and represent the mean 4+ SEM
of each group. * p < 0.05 vs. WD. n.s., not significant. HDL-C, high-density lipoprotein cholesterol;
LDL-C, low-density lipoprotein cholesterol; MLT, melatonin; TC, total cholesterol; TGs, triglycerides;
WD, Western diet.

3.4. MLT Reduces Lymphocytosis

To determine the immune status after MLT treatment, the total number of leukocytes,
as well as their subpopulations (lymphocytes, monocytes, and granulocytes) was quantified
in the plasma sample.

As shown in Table 2, although there were no significant differences in the number
of leukocytes in the mice treated with 2 mg/kg MLT compared to the control group
(p > 0.05), the daily ingestion of 9 mg/kg MLT significantly reduced the number of leuko-
cytes (—50.36%, p = 0.011). In particular, MLT treatment reduced the lymphocyte popula-
tions by 56% (p = 0.030), while the monocyte and granulocyte subpopulations were not
altered by the MLT treatment.

155



Nutraceuticals 2024, 4

>

TNF-a production

(% of control)

=

b=
a1
S

Table 2. Hemogram.

MLT MLT
3
Cells (x10°/uL) WD 2 mg/kg) (9 mg/kg)
Leukocytes 1.49 +£0.21 1.14 £0.16 0.74 £0.15*%
Lymphocytes 0.99 £0.18 0.76 £ 0.14 043 £0.13*%
Monocytes 0.069 £ 0.024 0.067 £ 0.021 0.062 £ 0.032
Granulocytes 0.37 £ 0.06 0.31 £ 0.03 0.33 +0.04

Results are expressed as the number of cells = SEM of each experimental group. *, p < 0.05 with respect to the
control group. MLT, melatonin; WD, Western diet.

3.5. MLT Reduces the Number of TNF Pro-Inflammatory Cytokines and Improves the
Antioxidant Capacity

The immunomodulatory effect of MLT was corroborated by quantifying the pro-
inflammatory cytokine TNF in the plasma of mice. As shown in Figure 6A, MLT treatment
reduced the TNF concentration in a dose-dependent manner, with a statistical difference
for the treatment with MLT 9 mg/kg being observed (a reduction of 52.6%, p = 0.044, with
respect to the WD group). The antioxidant capacity of MLT was measured by the ABTS
radical scavenging assay in plasma. Figure 6B shows a significant increase in the TEAC
values in plasma of mice treated with MLT 9mg/kg. Specifically, the treatment increased
the TEAC values by 58.5 £ 29.70% compared to the control group (WD). No differences
were observed for 2 mg/kg MLT-treated mice.

B

100

50

WD

WD +MLT [2 mg/kg]

B0

WD + MLT [9 mg/kg]

rolox Equivalent
Antioxidant Capacity (%)

i
|
I -

Figure 6. Effect of MLT treatment on plasma anti-inflammatory and antioxidant status evaluated by
an enzyme-linked immunosorbent assay (ELISA) (A) and the Trolox equivalent antioxidant capacity
(TEAC) assay (B). Results are expressed as a percentage of the control group and represent the mean
=+ SEM of each group. * p < 0.05 with respect to the Western diet (WD) group. MLT, melatonin.

4. Discussion

This study highlights the cardioprotective effect of MLT therapy in an ApoE~/~
mouse model characterized by a greater susceptibility to cardiovascular accidents. In
fact, ApoE~/~ mice display poor lipoprotein clearance with subsequent accumulation
of cholesterol ester-enriched particles in the blood, which promotes the development of
atherosclerotic plaques [42].

The present study shows, for the first time, that treatment with MLT for 12 weeks
reduces the LDL-C concentration and cardiovascular risk indexes in WD-fed ApoE~/~ mice.
Additionally, MLT treatment decreases the plasma levels of lymphocytes and improves the
plasma antioxidant status. The effects of MLT were not related to the body weight gain of
the mice, which remained unchanged for the three experimental groups.

High plasma concentrations of TC, TG, and LDL-C, as well as low plasma concen-
trations of HDL-C, among other things, are risk factors for the onset and progression of
CVDs [25,41]. Similarly, a previous study showed that an increase of 1.0 mmol/L in LDL-C
was associated with an increased absolute risk of myocardial infarction in individuals
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aged 70-100 years [43]. On the contrary, an increase of 1 mg/dL in HDL-C reduces the
risk of coronary heart disease by 2% in men and 3% in women [44]. It is remarkable that
in the present study, 12 weeks of MLT treatment at 9 mg/kg reduced plasma LDL-C by
—24.6%, while HDL-C levels were not altered. Furthermore, a strong association has been
shown between CVDs, metabolic dysfunction-associated fatty liver disease (MAFLD), and
the accumulation of liver fat (steatosis) [45]. In this sense, the present study shows for
the first time that treatment with 9 mg/kg MLT reduced the liver total cholesterol and
LDL-C in WD-fed ApoE*/ ~ mice, which is in agreement with previous studies performed
in rats [46,47]. Although these previous studies showed the effect of MLT treatment on
serum cholesterol and LDL-C concentration [48-50], none of these were performed in a
specific model of hypercholesterolemia and cardiovascular disease. In fact, these previ-
ous studies were focused on the effect of MLT on a specific increase in LDL-C caused
by nicotine administration [51], cigarette smoke [52], diabetes induction [53], or a diet
modification [31,54].

In addition, MLT reduces the CRI I, CRI II, and AIP, which are used as optimal
indicators of cardiovascular risk [41]. Bhardwaj et al. have reported that CRIs can contribute
significantly to the estimation of the risk of coronary artery disease, especially when the
absolute values of the plasma lipid parameters do not change markedly [55]. Furthermore,
Quispe and colleagues proposed that the CRI I should be considered for additional risk
assessment in the primary prevention population, specifically in high-CV-risk individuals,
such as patients with diabetes [56]. Regarding the AIP ratio, this is a novel indicator of
dyslipidemia, and patients with coronary artery disease (CAD) have significantly higher
values compared to healthy controls [57]. Furthermore, the AIP has been described as an
independent predictor of CAD [57]. Although it was previously shown that daily treatment
of rats fed a high-cholesterol diet with intraperitoneal MLT at 12.5 mg/kg decreased the
CRIII [31], there are no previous studies related to the effect of MLT on the CRIT and AIP.
Thus, to our knowledge, this is the first study to describe the potential of this molecule
to reduce the CRI I and II, and AIP in a mouse model with hypercholesterolemia and
cardiovascular risk.

Taking into account the present results, together with previous studies, we suggest that
MLT could be a good candidate to prevent the development of CVDs and treat pathologies
that cause an imbalance in the lipid profile, such as metabolic syndrome and obesity,
among others.

In addition, the role of MLT in the modulation of the immune system has been exten-
sively studied over the last years in different contexts, such as in autoimmune diseases [58],
infections [59], and even pathologies associated with metabolic syndrome, including neu-
roinflammation [60]. Mice fed with WD have an increased number of blood leukocytes
and lymphocytes [23]. According to these data, elevated cholesterol levels are widely
known to predispose individuals to a pro-inflammatory state through a systemic increase
in leukocytes and, to a greater extent, the lymphocytes and soluble mediators secreted by
these cells [61]. Furthermore, a previous study has shown that body fat affects the number
of circulating leukocytes and lymphocytes in children [24]. In numerous studies, the ca-
pacity of MLT to modulate the immune response in different diseases has been described,
as well as the association of this molecule with low blood levels of leukocytes and/or
lymphocytes [29,62]. Winklewski et al. showed that MLT treatment significantly decreases
the number of leukocytes and lymphocytes in ethanol-intoxicated mice [63], and other
authors have shown that MLT treatment reduces the number of lymphocytes in animals
with zymosan-induced peritonitis [64]. Furthermore, recent studies show the ability of MLT
to not only control the number of immune cells such as leukocytes and/or lymphocytes
in various pathological situations, but also to modify its pro/anti-inflammatory profile,
favoring resolution of the disease [35,58,65]. However, there is no evidence of the effect
of MLT on blood leukocyte and/or lymphocyte levels in mice fed a high-fat diet. This
study is the first to report the effect of MLT on the levels of lymphocytes and leukocytes
in ApoE™/~ mice fed with a WD. Furthermore, since a decrease in the population of
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lymphocytes in the blood, as well as in the plasma levels of TNF, was observed in this
study, we could say that MLT contributes to the decrease in the subpopulation of Thl
lymphocytes, being characterized by the production of TNF and involved in inflammatory
processes [66]. Also, M1 pro-inflammatory macrophages are responsible for the production
of TNE. Our results indicate a slight decrease in monocytes, which could contribute to the
decrease in M1-phenotype macrophages and therefore to the decrease in TNF. This is in
agreement with previous results which demonstrated that MLT promotes the polariza-
tion of macrophages to an M2-type anti-inflammatory profile [67]. In this way, MLT has
been shown to reduce TNF levels in the blood in women with polycystic ovary syndrome,
patients with COVID-19, and anemic patients with chronic kidney disease, among other
populations [68-70].

Finally, oxidative stress is widely known for its role in the generation and develop-
ment of cardiovascular diseases. ApoE~/~ mice have been shown to have a high basal
pro-oxidative status compared to C57BL/6 mice due to the antioxidant role of ApoE [71].
In the present work, oxidative stress was also increased through the intake of a WD. Fur-
thermore, it has been widely demonstrated that the consumption of fat-rich diets increases
oxidative stress, and in turn, increases the risk of developing cardiovascular disease [72]. In
the present investigation, the intake of 9 mg/kg MLT daily for 12 weeks was capable of alle-
viating the oxidative effects caused by the consumption of the WD, with no improvements
being observed when the daily concentration consumed was 2 mg/kg MLT. Due to the
close relationship between oxidative stress and cardiovascular diseases, it is concluded that
the consumption of MLT, in addition to leading to the previously mentioned effects, would
reduce the risk of cardiovascular disease, through the reduction in oxidative stress. The
fact that MLT controls the number of systemic lymphocytes as well as the lipid parameters
in WD-fed ApoE*/ ~ mice, a murine model of hypercholesterolemia, atherosclerosis, and
metabolic syndrome, indicates that this molecule could be used to restore the lipid and
anti-inflammatory imbalance generated in the development of cardiovascular events.

In addition, it is important to note that chronobiotic MLT is not the same as MLT,
which is administered in high doses to treat different diseases. Both have different treat-
ment guidelines to obtain the greatest effectiveness without harming the patient’s health.
Specifically, therapy with high doses of MLT has been tested in patients with Charcot—
Marie-Tooth neuropathy (70 mg/day for 6 months) [73], in multiple sclerosis (25 mg/day
for 6 months) [74], and neoplastic cachexia (20 mg/day for 3 months) [75], among other
diseases, and in all of them, there was evidence of its effectiveness as an anti-inflammatory
or antioxidant without showing side effects that could compromise the patients” health.
Furthermore, a series of articles reinforce the hypothesis that increasing inflammatory
responses leads to the suppression of nocturnal MLT production and that MLT adminis-
tration to control inflammatory processes could at the same time compensate for this loss
of nocturnal MLT [76-79]. In line with this, it would also be interesting to delve deeper
into the possibilities offered by chronotherapy in MLT treatment in the future, the objec-
tive of which is to understand the impact that biological rhythms have on the response
to a given therapy to optimize its action, maximize the benefits, and minimize possible
adverse effects.

As a limitation of our study, the effect of MLT globally on the number of leukocytes and
lymphocytes was analyzed, but not the effect that MLT could have on the different immune
subpopulations. In fact, different subsets of white blood cells play different roles, and some
are even opposite [80,81]. However, there are previous studies in which MLT therapy in an
inflammatory context decreases the number of CD4 cells and macrophages, and more specif-
ically the potentially pathogenic Th1 cells (characterized by the production of TNF), while
promoting the regulatory responses mediated by Tregs [35,58]. Regarding macrophage
subpopulations, MLT favors polarization from M1 (characterized by the production of TNF)
towards the M2 profile, promoting an anti-inflammatory environment [67]. Our results
support the hypothesis that MLT could reduce these pro-inflammatory subpopulations
(Th1 cells and M1 macrophages) due to a decrease in TNF levels.
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Given all the above and that MLT is a pleiotropic molecule with a wide range of
functions, we suggest that the consumption of MLT could also control other key risk factors,
such as oxidative stress, involved in these pathologies.

5. Conclusions

MLT could be considered a functional ingredient to prevent or treat the development of
CVDs derived from high cholesterol intake, since in addition to controlling plasma and liver
TC and LDL-C levels and reducing CV risk indexes, it decreases systemic inflammation
and oxidative stress due to excessive fat consumption. However, more research is needed
to decipher the molecular mechanisms by which MLT exerts these actions and to develop
clinical trials to determine the effect of MLT in patients with cardiovascular risk.
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Abstract: There has been a rise in popularity of “stimulant-free” or caffeine-free fat loss supple-
ments, but it is not well understood whether those fat loss supplements are effective at enhancing
thermogenesis without caffeine’s influence. The purpose of this study was to examine the effects
of a caffeinated and non-caffeinated commercially available fat loss supplement on resting energy
expenditure (REE), hunger, and hemodynamic variables in healthy adults. Twenty-five healthy male
and female participants completed three separate laboratory visits after overnight fasts. Baseline
assessments of REE, subjective hunger, heart rate (HR), and blood pressure (BP) were followed by
ingestion of a caffeinated (Phoenix, Legion® ; CAF), non-caffeinated (Phoenix Caffeine-Free, Legion®;
NCAEF), or placebo (PL) fat loss supplement. REE, hunger, HR, and BP assessments were repeated at
60-, 120-, and 180-min post-ingestion. CAF, but not NCAF, significantly elevated REE greater than
PL at all time points (p < 0.05). NCAF significantly reduced hunger compared to CAF and PL at
the 120-min time point (p = 0.006). CAF significantly increased diastolic BP 60-min post-ingestion
and significantly increased systolic BP 120- and 180-min post-ingestion compared to NCAF and PL.
Further research is warranted with respect to investigating non-caffeinated ingredients and their
effects on REE.

Keywords: stimulants; non-stimulant; fat loss; fat burner; metabolism

1. Introduction

The ability to effectively induce body composition changes is the goal of many diet and
exercise intervention programs for those with excess adiposity. For some individuals with
overweight and obesity, interventions have extended beyond diet and exercise intervention
programs to include the use of dietary supplements (i.e., thermogenic fat burners) [1].
The use of thermogenic supplements (i.e., fat burners) extends beyond this population to
fitness-minded individuals and physique athletes that desire extremely low levels of fat
mass [2,3]. Recent investigations have identified that commercially available thermogenic
supplements and ingredients typically contained in such products positively induce acute
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changes in energy intake and energy expenditure, and when taken chronically may elicit
positive changes in body composition [4,5].

One of the more common ingredients found in thermogenic supplements is caffeine.
With decades of research on caffeine, it has a strong scientific backing to support its appli-
cation to aid in fat loss. Numerous clinical trials have shown acute caffeine ingestion to
significantly increase metabolic rate, plasma free fatty acid concentration and fat oxidation
in normal weight and obese individuals [6,7]. These observed beneficial adaptations ob-
served are derived through its release of catecholamines which act on adrenergic receptors,
catalyzing a critical step in the process of fat oxidation [8], which is reflected in a lower
respiratory exchange ratio (RER). For these reasons, caffeine has landed itself as one of the
most common ingredients found within commercially available thermogenic supplements.
However, additional effects from the stimulatory nature of catecholamine release associ-
ated with caffeine consumption include increased heart rate (HR), blood pressure (BP),
and feelings of anxiety and restlessness [9]. Due to these drawbacks, dietary supplement
manufacturers have formulated “stimulant-free” supplements to meet the demands of
individuals who desire a thermogenic effect without additional stimulation of the central
nervous system. Since caffeine is typically omitted from stimulant-free supplements, the
term “caffeine-free” is often used interchangeably.

A wide variety of ingredients in caffeine-free products have been utilized by supple-
ment manufacturers such as extracts from tree bark, herbs, and various plant compounds.
Commercially available supplements commonly use multiple ingredients in conjunction
to provide individual unique benefits or work synergistically with one another to aid
in weight loss. In the present study, the ingredients under investigation include Caral-
luma fimbrata, Coleus forskohlii (Forskolin), Mucuna pruriens (L-DOPA), Griffonia simplicifolia
(5-Hydroxytryptophan; 5-HTP), Kaempferia parviflora (Black Ginger), Aframomum melegueta
(Grains of Paradise), Laminaria jaoponica aresch, and caffeine.

Caralluma fimbrata, a flowering plant native to India, has been consumed in times of
famine as it is hypothesized to have appetite suppressant effects [10]. While the results
on its effectiveness regarding fat loss are mixed, Caralluma fimbrata supplementation has
been shown to be effective in reducing both waist circumference and hip-to-waist ratio [10].
Herbs such as Forskolin have been shown in previous studies to specifically increase
cAMP production in animal models [11,12]; cAMP is a regulatory step in the process of fat
breakdown (lipolysis) [13]. Mucuna pruriens, alegume from regions of Africa and southwest
Asia, contains naturally high levels of L-DOPA. While the primary mechanisms of action
attributed to L-DOPA are cognitive, they may provide application to individuals seeking
fat loss. Previous investigations have shown supplementation of L-DOPA to be effective in
increasing circulating levels of dopamine and serotonin in healthy male participants [14].
Increases in these hormones may aid in mental clarity, alertness and reduction in feelings
of anxiety commonly associated with prolonged caloric restriction and energy deficits [15].

The supplements in the present study (Phoenix and Phoenix Caffeine-Free, Legion®,
Clearwater, FL, USA) also contain Griffonia simplicifolia, standardized to 98% 5-HTP. A
byproduct of the naturally occurring amino acid L-Tryptophan, in clinical trials 5-HTP
has demonstrated an ability to reduce overall calorie consumption, decrease carbohydrate
intake, and increase early feelings of satiety in obese individuals consuming a hypocaloric
diet [16,17]. Kaempferia parviflora, known as Thai Ginseng or Black Ginger, has been shown
in animal models to decrease body weight via a reduction in voluntary feed intake over an
8-week period [18]. Additionally, supplementation of this extract may increase activation of
brown adipose tissue and subsequent total body energy expenditure [19]. There is evidence
to suggest that chronic supplementation of Grains of Paradise may favorably increase
metabolic rate [20]. However, the single investigation that observed these effects included
exposure to cold therapy and brown fat as prerequisites for inclusion, which may have
impacted the ability to generalize the results [20]. Finally, Laminaria jaoponica aresch is an
extract of sea kelp, native to southeast Asia. Occurring naturally within this brown alga
is fucoxanthin, a carotenoid suggested to promote numerous health benefits including
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the inhibition of fat cell proliferation and improvements in glucose control in diabetic
populations [21]. In a previous randomized, placebo-controlled, clinical trial, significant
reductions in body weight, waist circumference and body fat were observed with chronic
supplementation of fucoxanthin [22].

While it is understood that the aforementioned ingredients may have a positive in-
fluence on fat loss and resting energy expenditure (REE) individually, the effect of their
combination is less clear. Therefore, the primary purpose of this study was to investigate
the effects of a commercially available multi-ingredient caffeinated and caffeine-free supple-
ment on resting energy expenditure in metabolically healthy men and women. A secondary
aim was to determine whether the multi-ingredient thermogenic supplement had an acute
effect on the suppression of hunger. Tertiary objectives for this study were to determine the
effects of the thermogenic dietary supplement on resting HR and BP.

2. Materials and Methods
2.1. Participants

Thirty men and women between the ages of 18 and 39 years volunteered to participate
in this study. A total of 5 participants dropped out/did not complete all required lab visits
due to personal reasons unrelated to the study, leaving only 25 participants (women, n = 18;
men, n = 7) included in the data analysis. Characteristics of analyzed participants are
presented in Table 1. Participants varied in training and supplementation history; thus, a
within-subjects protocol was used. The research protocol was approved by the University of
South Florida Institutional Review Board (IRB ID: STUDY001825), and all ethical guidelines
set forth in the Declaration of Helsinki were adhered to. All participants provided written
informed consent prior to participation in this study. Participants were required to be
between the ages of 18 and 50 years and free from metabolic, cardiovascular, and pulmonary
diseases. Additionally, participants were excluded if they were pregnant or nursing, actively
under treatment for any medical conditions, or had any sensitivities/allergies to the dietary
supplements’ ingredients. Participants were instructed to maintain their typical dietary
habits throughout the duration of the study.

Table 1. Participant characteristics.

. All Participants Female Participants Male Participants
Characteristic (N = 25) (0 =18) =7
Age (years) 23.0+ 45 229450 233 +3.1
Weight (kg) 68.9 £ 159 65.1 +17.1 78.6 £ 4.9
Height (cm) 164 +£9.9 159.0 £ 7.1 176 £ 5.0
BMI (kg/m?) 25.6 £47 256 £55 255+ 2.0

Data are presented as mean + standard deviation.

2.2. Experimental Design

This study utilized a randomized, triple-blind, placebo-controlled cross-over design.
Each participant was scheduled to visit the lab on 3 separate days, with each visit being
randomly assigned to a supplement condition: caffeinated (CAF, Phoenix, Legion®); non-
caffeinated (NCAF, Phoenix Caffeine-Free, Legion®); or placebo (PL; inert ingredients).
The ingredients contained in CAF and NCAF are presented in Table 2. All visits were
consistently held in the same laboratory and were initiated between 6:15 a.m. and 6:30 a.m.
The lab was climate-controlled; the mean temperature, barometric pressure, and humidity
were 22.9 °C, 760.1 mmHg, and 46.7%, and these were stable across each of the visits with
coefficient of variance values of 1.9%, 0.3%, and 3.1%, respectively. Participants reported to
the lab following overnight fast (>8 h) and abstinence from exercise for at least 24 h.
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Table 2. List of active ingredients for each supplement condition.

Phoenix (CAF) Pheonix Caffeine-Free (NCAF)
Dose Ingredient Dose
Vitamin B6 (Pyridoxine HCI) 1.7 mg Vitamin B6 (Pyridoxine HCI) 1.7 mg
Vitamin B12 (Methylcobalamin) 2.4 mcg Vitamin B12 (Methylcobalamin) 2.4 mcg
Todine (Potassium Iodide) 240 mcg Todine (Potassium Iodide) 240 mcg
Caralluma fimbriata [ Aerial Parts] Extract 20:1 1000 mg Caralluma fimbriata [ Aerial Parts] Extract 20:1 1000 mg
Coleus forskohlii [Root] Extract (Standardized to 250 m Coleus forskohlii [Root] Extract (Standardized to 250 m
contain 20% Forskolin) & contain 20% Forskolin) &
Mucuna pruriens [Seed] Extract (Standardized to 153 m Mucuna pruriens [Seed] Extract (Standardized to 153 m
98% L-DOPA) 8 98% L-DOPA) 8
Griffonia simplicifolia [Seed] Extract (Standardized 153 m Griffonia simplicifolia [Seed] Extract (Standardized 153 m
to 98% 5-HTP) & to 98% 5-HTP) &
Black Ginger (Kaempferia parviflora) [Root] Extract 100 m Black Ginger (Kaempferia parviflora) [Root] Extract 100 m
(Standardized to 2.5% Dimethoxyflavone) 5 (Standardized to 2.5% Dimethoxyflavone) 5
Grains of Paradise (Aframomum melegueta) [Seed] 30m Grains of Paradise (Aframomum melegueta) [Seed] 30m
(Standardized to 12.5% 6-Paradol) & (Standardized to 12.5% 6-Paradol) &
Laminaria japonica aresch [Whole Plant] Extract 16 me Laminaria japonica aresch [Whole Plant] Extract 16 me
(Standardized to 50% Fucoxanthin) & (Standardized to 50% Fucoxanthin) &
Caffeine Anhydrous 200 mg - -

Doses are provided for a single serving of each supplement, which is delivered in three vegetarian capsules.

2.3. Testing Sessions

Participants were encouraged to use the restroom and void their bladders at the start
of each lab visit. Following that, body weight and height were assessed with a physician
beam scale (Health-O-Meter™, Model 402KL, McCook, IL, USA). Next, participants rested
in a reclined position for 15 min prior to REE assessments. Indirect calorimetry was used
to assess REE with a ParvoMedics TrueOne® 2400 Canopy System (ParvoMedics, Inc.,
Salt Lake City, UT, USA). The device was calibrated immediately preceding the baseline
REE assessment and recalibrated between assessments as time allowed. During each REE
assessment, participants were instructed to relax, lie motionless, breathe normally, and
refrain from speaking or falling asleep for the entirety of the 20 min assessment. The initial
5 min of each assessment were discarded, and the final 15 min of data collected were used to
calculate REE [23]. After the REE assessment, participants sat with their legs uncrossed and
had their resting HR and BP recorded using a previously validated automated, oscillometric
BP measurement device (Omron 5 series Model BP742, Lake Forest, IL, USA) [24]. HR and
BP were assessed in triplicate with each measurement separated by 2 min, and the average
of the three measurements was recorded.

Figure 1 presents the sequence of events during each testing session. REE was assessed
atbaseline, 60-, 120-, and 180-min post-ingestion. After the baseline assessment, participants
ingested 3 capsules of either CAF, NCAF, or PL, with water under the supervision of
research personnel. All capsules were identical in shape, smell, size, color, and taste.
Immediately after each REE assessment, the participants had their resting HR and BP
assessed along with a hunger VAS scale. The hunger VAS scale was presented in Likert-
style, with 7 possible responses on a continuous line ranging from “very hungry” to “full”.

2.4. Statistical Analysis

All statistics were computed using SPSS version 28.0 (IBM Corp., Armonk, NY, USA).
The dependent variables of REE, RER, HR, systolic blood pressure (SBP) and diastolic
blood pressure (DBP) were analyzed using a 3 (within factor of condition: CAF, NCAF,
PL) x 4 (within factor of time: baseline, 60-, 120-, 180-min) repeated measures analysis
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of variance (RMANOVA). When an interaction was present, changes from baseline were
compared at each time point using a RMANOVA. When no interactions were present,
the main effects of each condition were analyzed. The total energy expenditure over the
180-min period was also calculated by dividing the individual REE at each time point by
24 and then implementing the trapezoidal method to obtain the area under the curve for
the entire 180-min window. An RMANOVA across total energy expenditure during this
window was then computed to compare differences in total energy expenditure. Hunger
scores were analyzed using a non-parametric Friedman test. Statistical significance was set
atp < 0.05.

Supplement Ingestion
(CAF, NCAF, or PL)

Iv | | |

| T T |
T 60-minutes 120-minutes 180-minutes

_

REE, RER, Heart Rate, Blood Pressure, & Hunger
Questionnaire Assessments Following Supplement Ingestion

Baseline Measures:
- Heart Rate
- Blood Pressure
-REE
-RER
- Hunger Questionnaire

Figure 1. An overview of testing sessions.

3. Results
3.1. Resting Energy Expenditure (REE)

There was a significant interaction (p < 0.001) for REE (Figure 2). There was a significant
difference for the change in REE the 60-min time point (p = 0.019) with a larger increase in
REE resulting from CAF compared to NCAF (p = 0.025) and PL (p = 0.022). At the 120-min
time point, there was a greater increase in REE in CAF compared to NCAF (p < 0.001) and
PL (p < 0.001). At the 180-min time point, the changes in REE were statistically different
(p < 0.001) with CAF increasing to a greater extent than NCAF (p < 0.001) and PL (p = 0.014).
At the 180-min time point, PL also increased to a greater extent than NCAF (p = 0.043).
When examining total energy expenditure during the 180-min window (Figure 3), there
was a statistically significant difference (p = 0.003) with CAF resulting in a greater energy
expenditure than PL (p < 0.001). No significant differences were observed between CAF
and NCAF (p = 0.070) nor NCAF and PL (p = 0.095).
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Figure 2. (A) REE values over the 180-min study period; (B) change from baseline in Resting Energy
Expenditure; error bars represent 95% confidence intervals; * indicates statistical significance at the
p < 0.05 level.
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Figure 3. (A) Total energy expenditure over the 180-min study period; (B) individual responses for
changes in total energy expenditure, with each line indicating one individuals REE values across each
of the trials; * indicates statistical significance at the p < 0.05 level.

3.2. Respiratory Exchange Ratio (RER)

There was a significant interaction for RER (p = 0.009), but no post hoc analyses were
statistically significant. There was no difference in the change in RER at 60-min (p = 0.093),
120-min (p = 0.873), or 180-min (p = 0.735) time points. Table 3 outlines the changes in RER
and other secondary outcomes between time points.

Table 3. Respiratory exchange ratio, hemodynamic variables, and hunger scores.

Baseline A 60-min A 120-min A 180-min
Respiratory Exchange Ratio
CAF 0.83 (0.06) 0.029 (0.007, 0.052) 0.006 (—0.014, 0.026) 0.008 (—0.014, 0.030)
NCAF 0.84 (0.04) 0.007 (—0.011, 0.026) 0.010 (0.011, 0.031) 0.019 (0.000, 0.038)
PL 0.85 (0.05) 0.008 (—0.008, 0.024) 0.005 (—0.027, 0.037) 0.009 (—0.021, 0.039)
Heart Rate (beats/min)
CAF 65 (9) —-1.3(-39,1.3) —0.5(-3.0,1.9) —-1.2(-3.2,0.8)
NCAF 68 (12) 0.3(-2.6,3.2) —0.8(—3.6,2.0) —3.3(-6.5,-0.1)b
PL 65 (11) —0.3(-3.0,2.5) —0.8(—3.5,1.9) 0.7(-1.8,3.2)
Systolic Blood Pressure (mmHg)
CAF 119 (14) 3.2 (0.5, 6.0) 5.5 (2.4, 8.5) P 6.3 (2.6,10.1) @b
NCAF 119 (13) 0.7 (=22,3.6) 0.4(-2.3,32) 1.3 (—14,4.0)
PL 119 (12) 0.0 (—2.9,29) 1.3(—14,4.1) 15 (—1.5,4.5)
Diastolic Blood Pressure (mmHg)
CAF 76 (10) 6.1(3.7,8.5) b 40(19,62)° 43(1.2,7.5)
NCAF 75(9) 1.5(-0.9, 3.9) 1.1(-0.8,3.0) 29(1.2,4.6)
PL 76 (8) 0.7 (-1.3,2.8) 1.2(-1.3,3.6) 1.3(-0.5,3.1)
Hunger Score
CAF 3(3,4) 0(-1,0) 0(-1,0.25)2 —1(-2,0)
NCAF 4(3,4) 0(=1,0) —-1(=2,-1) —-1(-2,-1)
PL 4(3,4) 0(=1,0) -1(-1,0)° —1(=2,0)

Baseline data are presented as mean (standard deviation). Changes from baseline are presented at each of
the 60-, 120-, and 180-min time points along with the 95% confidence intervals to demonstrate the variability
of the intervention. Hunger scores are presented as medians (25th, 75th percentiles). Subscripts next to each
value indicate a significant difference (p < 0.05) from another condition at each specific time point as follows:
a = different from NCAF, ? = different from PL.

3.3. Heart Rate and Blood Pressure

There was a significant interaction for HR (p = 0.029). There were no differences in
the change in HR at 60-min (p = 0.6540) or 120-min (p = 0.975) time points. There was a
difference at the 180-min time point (p = 0.016), with HR decreasing to a greater extent in
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NCAF than in PL (p = 0.007), but no differences were present between CAF and NCAF
(p = 0.160) nor CAF and PL (p = 0.112).

There was a significant interaction for SBP (p = 0.028). While there were no differences
in the change in SBP at the 60-min (p = 0.186) time point, there was at both the 120-min
(p = 0.007) and 180-min (p = 0.016) time points. At both 120-min and 180-min time points,
SBP increased to a greater extent in CAF compared to NCAF (120-min, p = 0.006; 180-min,
p = 0.013) and PL (120-min, p = 0.035; 180-min, p = 0.025). No differences were present
between NCAF and PL at either 120-min (p = 0.465) or 180-min (p = 0.896) time points.

There was a significant interaction for DBP (p = 0.013). There was a significant dif-
ference in the increase in DBP at the 60-min time point (p = 0.002) with greater increases
present in CAF compared to NCAF (p = 0.015) and PL (p = 0.001). No differences were
present between NCAF and PL (p = 0.597). There were no differences in the change in DBP
at 120-min (p = 0.052) or 180-min (p = 0.138) time points.

3.4. Hunger Scores

There was no difference in the change in hunger at 60-min (p = 0.949) or 180-min
(p = 0.302) time points. At the 120-min time point, the change in hunger did differ (p = 0.006)
with hunger scores decreasing to a greater extent in NCAF relative to both CAF (p = 0.018)
and PL (p = 0.014). No differences were present between CAF and PL (p = 0.648).

4. Discussion

The primary results of this study were that the CAF treatment was able to elevate
REE when compared to NCAF and PL at all time points, and that the NCAF was able
to suppress perceptions of hunger two hours post-ingestion compared to CAF and PL
treatments. Presumably, with an increase in energy expenditure and a decrease in energy
intake (resulting from a reduction in hunger), ingestion of the multi-ingredient thermogenic
supplements used in this study would promote fat loss outcomes over longer periods
of supplementation. Relative to REE, the CAF treatment significantly elevated REE by
5.1%, 7.2%, and 8.6% at 60-min, 120-min, and 180-min post-ingestion respectively. This
is consistent with previous research with respect to both effect and magnitude [6,25].
Previous work from our laboratory using similar caffeine-containing multi-ingredient
thermogenic supplements reported nearly identical increases in REE three hours post-
ingestion, with increases of approximately 9% compared to pre-supplementation baseline
levels [26-28]. NCAF did not impact energy expenditure differently than the PL condition
at any time point, despite limited evidence for ingredients found in both CAF and NCAF
supplements to increase energy expenditure [19,20,29]. A potential explanation for this
observed phenomenon may be an interaction effect, or lack thereof. CAF and NCAF
contained identical ingredients and dosages with the sole exception of 200 mg caffeine
anhydrous present in CAF but not NCAF. This single-ingredient deletion, coupled with the
strength of randomized, placebo-controlled, triple-blinded, cross-over study design, allows
for NCAF’s lack of effect on REE to be reasonably attributed to the absence of caffeine.

Previous literature on the ingredients of the present thermogenic supplements, as
outlined earlier, suggest that each ingredient was included to either suppress appetite,
increase energy expenditure, or upregulate fat metabolism. Caffeine is well understood
to achieve all three of those desired outcomes on its own [7,8,25,30] and thus could still
potentially bring about the observed effects of CAF without any of the other ingredients.
For the ingredients in the NCAF treatment, consideration of their efficacy without the
presence of caffeine, as well as their dosing, is warranted.

Forskolin is understood to upregulate lipolysis by increasing activation of cAMP.
Interestingly, Forskolin’s ability to increase cAMP activation is maximized when in the
presence of both adenosine deaminase and a methylxanthine [11]. This is due to adenosine
deaminase’s ability to degrade adenosine, an inhibitor of cAMP, as well as methylxanthines’
ability to block adenosine from binding to adenylate cyclase and to inhibit the degradation
of cAMP [11]. Caffeine is a methylxanthine [31], meaning Forskolin’s ability to upregulate
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lipolysis is less robust when caffeine is not present. Black Ginger has evidence supporting
its efficacy in increasing brown adipose tissue activation when containing a concentration
of 4.07% dimethoxyflavone, which is the primary polymethoxyflavonoid in Black Ginger
extract and is responsible for inhibiting cAMP phosphodiesterase, an enzyme that degrades
cAMP [19]. CAF and NCAF contain a concentration of 2.5% dimethyoxyflavone but,
given NCAF’s lack of effect on REE, it is likely that caffeine is able to inhibit cAMP
phosphodiesterase in CAF regardless of Black Ginger [11].

Grains of Paradise was another ingredient contained in both CAF and NCAF treat-
ments. Previous research in healthy women reported that chronic (4 weeks) Grains of
Paradise supplementation at a dosage of 30 mg/day, which was the same amount contained
in CAF and NCAF treatments, significantly increased whole-body energy expenditure [29].
In the present study, only an acute dosage was assessed for its effectiveness of increasing
resting energy expenditure. Considering NCAF’s lack of an REE response, it is plausi-
ble that repeated daily dosages of Grains of Paradise across several weeks are needed to
induce an increase in resting energy expenditure. Mucuna pruriens has some evidence
supporting its effect on increasing levels of epinephrine and norepinephrine in humans
with 5 g of crushed seed powder ingested daily [14]. L-DOPA is the active ingredient in
Mucuna pruriens, and although both CAF and NCAF contain 153 mg of Mucuna pruriens
standardized at 98% L-DOPA, it is not possible to determine whether the dose contained in
the present supplements is optimal compared to the doses in previous research due to the
unknown concentration of L-DOPA in 5 g of crushed seed powder. Nonetheless, caffeine is
understood to increase the release of epinephrine and norepinephrine itself, which may
help further explain the increase in REE observed in CAF but not in NCAF, especially in
the possible event of the L-DOPA dose in CAF and NCAF being suboptimal.

RER was not different between any conditions, despite CAF’s impact on REE. Caf-
feine has been previously shown to support weight loss and fat loss [32], suggesting
caffeine favors increasing lipid metabolism. A recent meta-analysis by Conger and col-
leagues [33] suggests caffeine’s effect on lipid metabolism is more robustly measured via
blood biomarkers rather than via whole-body gas exchange, which may explain a lack of
observed difference in RER from the CAF group to NCAF or PL.

There were minimal differences in hunger scores between the groups, with the only
difference observed being a decrease in hunger at the 120-min time point for the NCAF
group. Caralluma fimbriata found in both CAF and NCAF supplements has limited evi-
dence to suggest appetite suppression [10]; however, the inclusion of this ingredient in
both supplements does not explain the sole observed difference during the experiment.
There is evidence that caffeine exerts modest reductions in hunger, but the data are not
consistent [30,34,35], suggesting high interindividual variability. Griffonia simplicifolia is
understood to decrease energy intake, predominantly through a reduction in carbohydrate
consumption, at dosages of 750 mg or 900 mg of 5-HTP. Standardized to 98% 5-HTP, CAF
and NCAF both provide 153 mg of Griffonia simplicifolia, which may be suboptimal and
provide some explanation of CAF and NCAF's ability to impact hunger throughout each of
the three-hour post-supplementation time frame. Furthermore, it may be possible that the
interaction of caffeine with Caralluma fimbriata, Griffonia simplicifolia, and the other included
ingredients may have produced a null effect on hunger that was not observed in NCAF
due to its exclusion of caffeine.

Additional outcomes for this study included BP and HR responses between supple-
ment conditions. The CAF condition had no effect on HR at any time point. This finding is
consistent with prior work in our laboratory reporting that caffeine-containing thermogenic
supplements had no effect on resting heart rate three hours post-ingestion [26-28]. The only
observed difference in HR was a significant decrease in the NCAF group at the 180-min
time point when compared to PL. Considering this significant decrease in tandem with the
lack of observed increase in REE, there is plausibility in the combined effect of NCAF’s
ingredients being somewhat depressive if not inert. More research on the interactive
mechanistic pathways of each ingredient is needed to better elucidate the cause behind
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the observed significant decrease in HR at the 180-min time point. Focusing on BP, CAF
induced a significant increase in systolic blood pressure at 120- and 180-min time points
compared to NCAF and PL. This observation was also consistent with previous work from
our laboratory relative to consumption of a caffeine-containing thermogenic supplement
and systolic blood pressure [26,28]. This is likely due to caffeine’s known effect on cardiac
contractility; it can be speculated that although not measured, stroke volume may have
increased, leading to an increase in BP despite the absence of significant change in HR.
While caffeine is well understood to acutely increase BP, caffeine ingestion has been shown
to have positive effects on overall long-term cardiometabolic health and other diseases [36].

Despite the inherent strengths of the triple-blind placebo-controlled design, the present
study is not without limitations. Inclusion of a caffeine-only condition would have better
elucidated the impact caffeine has on desired outcome variables when combined, alone, and
absent from the other active ingredients in CAF and NCAF. Future studies investigating
caffeinated and non-caffeinated thermogenic supplements would benefit from including
a caffeine-only condition. Another potential limitation of the design was not accounting
for training status nor caffeine habituation differences among the subjects. A recent meta-
analysis by Carvalho and colleagues [37] concluded that caffeine habituation did not
influence the ergogenic potential of caffeine; however, more research is needed on the
effects of caffeine habituation on metabolic response. Furthermore, the cross-over nature
of the present study design suggests that any existing effect of caffeine habituation would
have been equally present between all three supplement conditions. Additionally, the
present study did not compare the results of the male participants to that of the female
participants in a separate analysis, as that was not the purpose of this study. Some limited
previous literature has shown sex differences in caffeine metabolism [38], making this an
interesting area for future research. One delimitation of the present study is the lack of
body weight adjusted dosing. Given that the purpose of this study was to examine the
effects of a commercially available thermogenic supplement, it is important to recognize
that the general population has abundant access to these types of pre-blended commercially
available products. Therefore, the use of this supplement with pre-determined dosing
provides greater generalizability of results for the average consumer. Finally, the time
points chosen for data collection could be considered both a limitation and delimitation.
The present study captured the results at 60-, 120-, and 180-min post-ingestion of the
supplements. Potential differences between conditions could have remained unobserved
between time points; however, the use of intermittent rather than continuous testing
allowed for additional data (HR, BP, hunger scores) to be collected and therefore resulted
in a more robust overall design.

5. Conclusions

The primary results of this study were that the CAF treatment was able to elevate
REE when compared to NCAF and PL at all time points, and NCAF was able to suppress
perceptions of hunger two hours post-ingestion compared to CAF and PL treatments.
Additionally, the caffeinated supplement did not influence subjective hunger or heart rate
responses but did increase acute systolic blood pressure responses. The non-caffeinated
supplement exhibited a modest effect via hunger suppression and may find utility as a fat
loss aid through that mechanism. However, further research is warranted for the ingredients
of both thermogenic supplements, specifically focused on the impact of caffeine, varying
ingredient dosages, and ingredient interaction effects on resting energy expenditure, fat
metabolism, and appetite suppression in humans. Future research examining adaptations to
chronic supplementation with Phoenix and Phoenix Caffeine-Free would also be beneficial
for further elucidating the overall efficacy of these commercially available supplements.
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Abstract: Seaweeds have been utilized for millennia in Asian countries, although they have only
more recently become popular in Western society. They began to be used in ancient times because of
their long-term properties and, nowadays, seaweeds are being targeted as a potential tool to combat
climate change. There are not many laws governing seaweeds because they have just lately been
utilized as food. However, guidelines are being developed to regulate their manufacture and use.
Because of seaweed’s tendency to accumulate components, whether helpful or poisonous, limited
doses of certain substances have been established to prevent consumer overdosage. Aside from
chemical safety, microbiological safety is important for people, and preventing any pathogen from
spreading and infecting seaweeds is critical. As a result, systems and ways to safeguard consumers
must be developed. Because various seaweed species have varied compositions, certain seaweeds
may be safer nutraceuticals than others. To ensure the safety of seaweed-based food items, the
HACCP (Hazard Analysis Critical Control Point) system needs to be used. The majority of seaweeds
consumed come from aquaculture; however, others come from wild harvesting. To ensure the success
of the cultures, the waters must be tested for chemicals and biological risks, as well as for the pH,
salinity, and temperature. Seaweeds have enormous promise in many industries, but in the food
industry, they are beginning to play a major role, and seizing the chances to produce innovative, safe,
and sustainable food sources is strongly advised. This critical review investigates the real potential
of seaweed as a human food source and as a nutraceutical solution. This review also focuses on the
usage of seaweed as a food product and the procedures required to prepare it. In addition, it compiles
information on the applicable legislation and regulations, and it addresses the lengthy road that has
to be traveled to increase human well-being by employing a new food source in a controlled manner
while simultaneously reducing the human population’s health problems.

Keywords: human welfare; new methods; food safety; food security; bioavailability

1. Introduction

The world’s population is expected to reach ten billion in the next three decades. Food
production must be increased by 70% [1]. In addition, meat output will double in the same
time period. As a result, the hunt for alternative food sources is critical [2]. Agriculture
and intensive farming have led to arable land saturation and restricted availability of fresh
water [3,4]. Thus, aquatic organisms can be key for food safety and security due to being
cultivated in aquatic systems, with usage of terrestrial land, where agriculture, farms, and
food industries near coastal areas can be used to transform and work the seaweeds into the
food industry [5].

Seaweeds are one of the most promising sustainable food types. Their capacity
to absorb CO, from the water and atmosphere is an excellent way to combat climate
change [6]. Furthermore, they have the ability for rapid development in the water, which
simplifies manufacturing methods and decreases production costs [4]. Despite the fact
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that seaweeds have been used for millennia in nations such as China, Japan, and Korea,
they were only recently introduced as a food source in Western civilizations [5]. After
WWII, it was discovered that there was inadequate protein consumption due to exponential
population expansion. To combat this nutrient deficiency during the war, seaweeds played
an important role, as they are high in various macronutrients and micronutrients, including
vitamins, minerals and proteins [7,8]. Also, nowadays, seaweed could play this important
role again to mitigate malnutrition and food insufficiency. The nutritional potential of
seaweeds is directly tied to their biochemical profiles and bioactive qualities, which are
known to vary greatly between species [9]. Isolated polysaccharides (e.g., alginate and
fucoidan), proteins (phycobiliproteins), polyphenols (e.g., phlorotannins), carotenoids
(e.g., fucoxanthin), and n-3 long-chain polyunsaturated fatty acids (e.g., eicosapentaenoic
acid) are among the highlights [10]. The biochemical composition and functional properties
of algae feedstocks have been extensively studied over the last few decades, aided greatly by
the advancement and development of new techniques that enable high-resolution profiling
of proteins, lipids, polysaccharides, pigments, and others [11-13]. Overall, seaweeds are a
sustainable supply of natural high-value bioactive chemicals with the potential to produce
novel human nutrition products.

They have also been employed as a new food due to their polymers, such as carrageenan,
agar, and alginate, as well as their gelling, emulsifying, and thickening capabilities [14,15].

The FAO and WHO published a report that evaluated the current food safety informa-
tion regarding seaweed produced from both wild stocks and aquaculture and proposed
more discussion as well as international advice [16]. The report noted that morbidities
and deaths associated with eating seaweed are uncommon, but it warned that the limited
evidence raises worries that some risks may be present in seaweed [17]. These risks in-
clude chemical hazards such as heavy metals (principally inorganic arsenic and cadmium),
persistent organic pollutants (e.g., dioxins and polychlorinated biphenyls), radionuclides
and pesticide residues; microbiological hazards (e.g., Salmonella spp., Bacillus spp., and
norovirus); physical hazards (e.g., metal pieces, glass splinters, crustacean shells, micro-
and nanoplastics); and allergens [17]. Thus, there is a need for technology and meth-
ods to ensure seaweed’s potential for human welfare and reduce the inherent risks to
human health.

This critical review attempts to explore seaweed as food for humans. It focuses on
the application of seaweed as a food product and the methods needed to make it safe to
eat. In addition, it gathers information on the relevant legislation and regulations and
discusses the long road that needs to be traveled to improve human well-being by using
a new food source, in a controlled way, and also to decrease the health problems of the
human population.

2. Seaweeds as a Possible Nutraceutical Food Source

Seaweeds are a basic ingredient in South Asiatic cuisine; however, there has been a
considerable increase in seaweed consumption in European countries over the last decade,
from traditional sushi to afternoon snacks and novel foods (processed or not) [18]. The
current move in Western diets has shifted to more plant-based and sustainable food sources,
and it is expected to amplify in the next years. Thus, it is expected that by 2050, 0.1% of our
seas would be dedicated to growing seaweed as a food source, producing 15 times more
seaweed than is currently produced to meet the rising world demand [19]. Despite the
recent spectacular rise of seaweed as a food product, outside of Asia, there are presently no
food standards governing the safety and quality of seaweed, posing a potential harm to
consumer health [20].

Seaweed is often regarded as a ‘superfood’ in the Western world, connected with
healthy lifestyles and sustainability. Its significant nutritional value is derived from macro-
and micronutrients such as vitamin By, dietary fibers, and omega-3 fatty acids, among
others, and it is a rich source of various bioactive substances that have health advantages
(e.g., polyphenols, sulphated polysaccharides, pigments) [20]. However, for seaweed to
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be a potential safe nutraceutical food source, there is a need to overcome several steps
from biomass production until the market (Figure 1), although there is need for a more
robust system.

In general, compared to green and brown algae, red algae contains a high amount
of proteins, reaching 47% (Pyropia tenera) of the dry matter [21]. On the other hand, the
lipids in these seaweeds present relatively lower contents. Also, there are not signifi-
cant differences between red and brown algae, as they both revealed low fat and high
fiber content. Red algae contains soluble fibers such as sulphated galactans (agars and
carrageenans), xylans and floridean starch [22-24]. Brown seaweeds demonstrate lower
protein content when compared with the other seaweeds but have more mineral and
phenolic compound content [23].

Seaweed as a safe nutraceutical
food

Production
Aquaculture
Offshore
farming

Aquaculture
quality control
Water tests (pH,
temperature,
biological, etc.)

Legislation and
Regulations
Certifications and
regulatory requirements

Figure 1. The real and normal steps of seaweed biomass as a human food source.

2.1. A Good Source of Nutrients?

Seaweeds are presented as a sustainable source of protein and dietary fibers from
the sea, decreasing the pressure on wild-capture fisheries and being an eco-friendly alter-
native to meat protein [25]. Seaweed mariculture seems like a perfectly fitting solution
to the secure food and feed demand, all the while avoid placing additional pressure on
arable/available land and freshwater resources (leaving aside possible land-based cul-
tivation of certain seaweed species) [26]. Studies generally agree that seaweeds contain
high-quality proteins with essential amino acids (lysine, methionine, to name a couple,
depending on the strain) and are a rich source of other bioactives, including taurine, lipids,
carotenoids, and pigments [27-29].

In reality, seaweeds are a low-calorie meal, making them appealing for inclusion in
the human daily diet (Table 1). In addition, the incorporation of vitamins, fibers, and
proteins provides a high nutritional value as well as a variety of health advantages [18].
Polysaccharides from seaweeds (Figure 2), for example, have a positive effect on the
digestive system but are calorie-free, unlike fibers. Because of their positive properties,
these biological molecules might be employed to create innovative and functional meals, as
well as implemented in pharmacological and medical applications [30-33].
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Table 1. Nutrient composition of some edible seaweed (% dry weight) (adapted from Pereira [32,33];

Guiry and Guiry [24]).
Species C0N1:$:n Proteins Ashes Dietary Fibers ~ Carbohydrates Lipids
Alaria esculenta (P) Winged Kelp 9-20 - 42.86 46-51 1-2
Caulerpa lentillifera (C) Green Caviar 10-13 24-37 33 38-59 0.86-1.11
C. racemosa (C) Sea Grapes 17.8-18.4 7-19 64.9 33-41 9.8
Chondrus crispus (R) Irish Moss 11-21 21.08 10-34 55-68 1.0-3.0
Codium fragile (C) De;d Man’s 8-11 21-39 5.1 39-67 0.5-1.5
ingers
Eisenia bicyclis (P) Arame 7.5 9.72 10-12 60.6 0.1
Fucus spiralis (P) Spiral Wrack 10.77 - 63.88 - -
F. vesiculosus (P) Bladder Wrack 3-14 14-30 45-59 46.8 1.9
Gracilaria chilensis (R) Penco 13.7 189 - 66.1 1.3
Himanthalia elongata (P) ~ Sea Spaghetti 5-15 30-36 33-37 44-61 0.5-1.1
Laminaria digitata (P) Oarweed 8-15 37.59 37.3 48 1.0
Palmaria palmata (R) Dulse 8-35 15-30 28.57 46-56 0.7-3
Porphyra umbilicalis (R) Purple laver 29-39 12 29-35 43 0.3
Pyropia tenera (R) Nori 33-47 20.5 12-35 44.3 0.7
Pyropia yezoensis (R) Nori Seaweed 3144 7.8 48.6 444 21
Saccharina japonica (P) Sweet Kelp 7.5 26.63 10-36 51.9 1.0
S. latissima (P) Sugar Kelp 6-26 34.78 30 52-61 0.5-1.1
Sargassum fusiforme (P) Hizikia 11.6 19.77 17-62 30.6 1.4
Ulva compressa (C) Tape Weed 21-27 18.6 33-45 48.2 0.3
U. lactuca (C) Sea Lettuce 10-25 12.9 29-38 36-43 0.6-1.6
. Lacy Sea
U. australis (C) Lettuce 20-26 - - 47.0 -
U. rigida (C) Glasan 18-19 28.6 38-41 43-56 0.9-2.0
U. reticulata (C) Ribbon Sea 17-20 - 657 50-58 17-23
Lettuce
Undaria pinnatifida (P) Wakame 12-23 26-39 16-46 45-51 1.5-4.5

C—Chlorophyta (green algae); R—Rhodophyta (red algae); P—Phaeophyceae (brown algae).
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Lambda-carrageenan

iota-carrageenan

Figure 2. Polysaccharides’ structures.

178



Nutraceuticals 2024, 4

Seaweed bioactive substances have fueled nutraceutical interest in these functional
meals. Polysaccharides (for instance, alginate, fucoidan, ulvan, agar, and carrageenan), pro-
teins (for example, amino acids, phycobiliproteins (for example, phycoerythrin) (Figure 3),
carotenoids (beta-carotene and fucoxanthin (Figure 3)), phenolic compounds (such as
phlorotannins), vitamins (particularly vitamins A, B, C, D, E, and K), essential minerals
(such as calcium, iron, iodine, magnesium, and potassium) and polyunsaturated fatty acids
(namely w-3 fatty acids) constitute the interesting group of compounds [34].

These seaweed-derived compounds have been studied in the treatment of human
diseases and pathologies such as hyperglycemia, diabetes, metabolic disorders, cancer,
pathogenic diseases, aging, obesity, bone-related diseases, and neurodegenerative and
cardiovascular diseases [4,8,10,35-38].

Phycoerithrin Fucoxanthin

Figure 3. Pigments’ structures.

There are about 600 edible seaweed species recognized globally, with Porphyra/Pyropia sp.
(Rhodophyta), Undaria pinnatifida (Figure 4), and Saccharina/Laminaria sp. (Phaeophyceae)
being the main three used in Asian meals, known as the food product names “nori”,
“wakame”, and “kombu” [39]. Although their contents vary greatly according to the
species, location, growing/production circumstances, and harvest season, they are all
capable of delivering essential macro- and micronutrients. Macronutrients are proteins,
lipids, and carbohydrates that must be consumed in bigger amounts on a regular basis to
provide energy. Micronutrients are vitamins, minerals, and trace elements that, although
required in minute amounts, are essential for maintaining key processes [4].

Figure 4. Undaria pinnatifida young specimen.

Seaweeds are complete protein sources because they include all nine essential amino
acids (EAAs) required for protein synthesis, tissue repair, and nutrition absorption: histi-
dine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and
valine [40,41]. We are unable to synthesize EAAs, so we must consume them through
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our food to ensure optimal organ function. Seaweeds have very similar patterns in terms
of the non-essential amino acids (NEAAs), with aspartic and glutamic acid accounting
for a significant portion (20-32%) of the total amino acids [42,43]. In fact, significant
amounts of these two amino acids are responsible for the seaweeds’ characteristic taste and
“umami” flavor [39,43].

Seaweeds are made up of hydrocarbons (e.g., squalene), sterols (e.g., cholesterol), and
mostly fatty acids (FAs), the amount of which varies depending on the species, environ-
mental circumstances, and life cycle phases [39,44,45]. Myristic acid (C14:0) and palmitic
acid (C16:0), the respective monounsaturated versions, palmitoleic acid (C16:1) and oleic
acid (C18:1), and linoleic acid (C18:3), the most prevalent PUFA, were the most abundant
FAs discovered in the three groups of examined seaweeds [45-47]. Seaweed structural
polysaccharides are similar to terrestrial plant polysaccharides and primarily consist of
celluloses, hemicelluloses, xylans, and mannans, whereas storage polysaccharides, such as
carrageenan, alginate, and agar, are more specific to seaweed species and are the most com-
mercially exploited components of seaweeds [15,48]. These textural and stabilizing storage
polysaccharides are commonly extracted by the hydrocolloid industry and employed in
culinary applications [49]. Vitamins, like micronutrients, are required for optimal physi-
ological function in minute quantities and their solubility determines their classification.
Vitamins A, D, E, and K are examples of fat-soluble vitamins. These necessitate appropriate
dietary fat intake because lipids are required for absorption, transport, and cellular uptake.
Water-soluble vitamins include vitamin C, vitamin B; (thiamine), vitamin B, (riboflavin),
vitamin B, vitamin By, niacin, pantothenic acid, biotin, and folate [4].

The mineral profile of seaweeds varies according to the species, geographical location
of harvest, wave exposure, seasonal, annual, environmental and physiological factors, type
of processing, and method of mineralization. However, the mineral content, especially I,
Fe, Mg, Ca, P, Na, and K, is abundant in seaweeds [8,50].

Due to their bioactive compounds and enrichment in other nutritional compounds,
they are considered an excellent nutraceutical raw source for human welfare [51]. There is
also interest in nutraceutical preparations for health benefits, and macroalgae offer promise
as dietary supplements, with ingestion connected with positive health impacts due to the
components they contain. Nutraceutical products are non-specific biological medications
intended to improve general health, alleviate signs and symptoms, and prevent cancer.
The term “nutraceutical” is a combination of the words “nutrient” (a nutritious dietary
component) and “pharmaceutical” (a therapeutic drug) [52]. Seaweed bioactive compounds
have the potential to play an important therapeutic role in illness prevention in humans.
However, for this concept to be applied in the fulfilment of the concept, there is a need to
certify that seaweeds promote health benefits with reduced secondary effects [52,53].

2.2. A Danger to Human Welfare?

Seaweeds absorb minerals and important trace elements from their immediate sur-
roundings due to their unique cell wall structure with excellent biosorption characteristics.
This great accumulation capability, however, may cause seaweed to accumulate potentially
toxic materials found in its surroundings [54]. As a result, hazardous metals, including
cadmium, lead, mercury, inorganic arsenic, and iodine, to mention a few, are frequently
present at quantities many orders of magnitude greater than in water [55]. Unregulated
distribution of seaweed species containing these components in high quantities may have
negative health consequences for the unwary consumer. Certain seaweed species can have
extraordinarily high quantities of iodine, resulting in excessive iodine levels when even
modest amounts are ingested [56]. Although a necessary element of thyroid hormone pro-
duction, excessive iodine intake can cause thyroid gland malfunction. In contrast, mercury,
lead, cadmium, and inorganic arsenic have no biological purpose in the human body and
can be toxic in even minute doses [57]. Furthermore, lead is categorized as potentially
carcinogenic and neurotoxic, while inorganic arsenic is recognized as a “class I carcinogen”,
and their presence in seaweed puts customers” health at risk [20,58]. It is also important to
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note that various seaweed species have varying biosorption preferences for these hazardous
substances [59]. Furthermore, extrinsic factors such as the geographic location, aquatic
habitat, season, sample or processing methods can all influence the elements’ composition,
even within the same seaweed species. Several food regulators are worried about consumer
health and safety as a result of seaweed intake due to its possible toxicological profile [60].

3. Seaweed as Food: Regulations

The usage of seaweeds, as well as their production and marketing, have changed
dramatically in recent decades, particularly in Europe, where their use is not always
customary [61,62]. However, this relatively young European sector is beset by a lack of
rules and norms governing the production and use of seaweeds [63]. This absence of
controls is especially concerning since seaweeds collect and retain substances that, when
consumed, can be toxic to people. Biosorption of heavy metals, such as mercury or arsenic,
as well as the mineral iodine, in particular, need regulatory attention and the establishment
of appropriate intake recommendations [63,64]. Only a few laws for seaweeds and seaweed
products exist in Europe to ensure safe consumption. These regulations cover aspects
of biology (including the authorization of seaweed species) as well as the composition
of imported and locally produced products. The EU has also set out to conduct risk
evaluations to define appropriate levels of ingestion and, lastly, to inform laws. Adaptations
and extensions of the present legislation and guidelines are expected based on these risk
assessments as well as the developing nature of the industry in Europe [63,65].

Outside of Europe, regulatory systems governing seaweeds and seaweed-based foods
are in various stages of development. The market for edible seaweeds and seaweed
products in the United States, like in Europe, is currently increasing [66]. In the United
States, a lack of national legislation has recently resulted in the provision of an extensive set
of guidelines and regulations for the safe consumption of seaweeds and seaweed-derived
products by the Connecticut Sea Grant in collaboration with the Connecticut Department
of Agriculture Bureau of Aquaculture [67]. By bridging the gap in national legislation
and locally different state rules, these latest recommendations constitute an important
step toward the industry’s efficient and safe expansion, which is required to satisfy the
rising demand [66].

In Asia, where seaweeds have long been used and consumed, regulatory frameworks
are more developed than in places of the world where the seaweed business is a relatively
new sector. More information on the particular rules in China and Japan, as well as the
other regions mentioned above, may be found in Campbell et al. [68].

The different types of seaweed do not impact the regulations, as they are considered
similar between them, although seaweed compounds approved for the food industry
(carrageenans, alginates and agar) are separated and very controlled in terms of the origin
and extraction and purification methods. The major critical point is the mineral content of
seaweeds, which includes all types of seaweeds; however, brown seaweeds are more prone
to accumulate heavy metals [4].

How the Regulations Can Make the Seaweed Secure, Reducing the Risks to Human Health

The primary goal of law and regulation is to create and translate policies concerning
the environment and/or health into rights and responsibilities, as well as to establish means
to guarantee that such obligations are met [69].

Legislation is an important aspect of every business, especially if it impacts all the
parties involved in the project, such as the primary producers and end-product makers.
The legislation’s goal is to safeguard both consumers and producers while also controlling
the market for each commodity [63].

The accumulation level of pollutants is considerable due to the peculiarities of sea-
weeds’ cell wall structure and their growth environment [70]. To ensure that humans are
not endangered, legislation was enacted to establish the maximum amounts of harmful
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components in macroalgae, to regulate the amount of certain compounds ingested and to
prevent food poisoning [63].

Since macroalgae has only recently gained popularity as a food product in the EU
(European Union), the quantity of the laws on seaweeds in the EU is limited. The European
Commission in 2006 established limit amounts of harmful chemicals for various meals in
Commission Regulation (EC) No. 1881/2006 [65,71]. However, the EU has not set any limits
for the amount of cadmium or inorganic arsenic found in various seaweed products [71].

As previously stated, macroalgae food items are not heavily regulated; nevertheless,
macroalgae-derived additives such as carrageenan, agar, alginate, and others are controlled
under (EC) No. 1333/2008 [65,72]. Because of their emulsifying, thickening, and gelling
qualities, they have been employed. These items are designated by the numbers E401—
E407a, and creating these categories will aid in the control of these substances as well as in
their identification when needed [63].

Despite these negative and positive impacts of the human food source and food
regulations, there are various aspects that can be checked to observe and make seaweed a
future secure food source [26].

4. Seaweed as a Future Secure Food

Seaweeds are rich in nutrients and contains high concentrations of proteins, amino
acids and minerals [73]. However, because of their tendency to retain substances such as
heavy metals and other hazardous chemicals, their consumption must be continuously
regulated [74]. Anthropogenic activities began to expand significantly around two decades
ago, increasing the number of harmful substances released into the atmosphere and seas.
All of these actions have an effect on algae, either directly or indirectly [73,75].

Biological, chemical, and physical dangers are the three types of hazards evaluated in
relation to food safety [76]. As previously stated, seaweeds are excellent storage for toxic
compounds [70], which are the most dangerous to seaweeds [63]. Chemical intoxication
can cause a variety of health issues, and excessive use of certain substances can harm
the neurological, circulatory, enzymatic, endocrine, and immunological systems [77,78].
Monitoring and limiting human consumption of seaweeds is critical to this.

4.1. Seaweed Aquaculture

Even though aquaculture produces most of the seaweed consumed globally (almost
97%), involving key instruments for seaweed food safety and nutritional, water composition
analysis is uncommon in offshore and inshore aquaculture (Figure 5) [79].

| —Zeinsier

Figure 5. Ulva sp. inshore cultivation in Mondego river estuary, Figueira da Foz, Portugal.
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Thus, the nutritional profile of seaweed can have a large range of values due to
the intrinsic differences across species and specimen, but also to changes in the nutrient
concentrations in water, water temperature, and salinity [80,81].

Thus, these variations can make seaweed aquaculture a risky method for ensuring
food safety (due to the possibility of heavy metal accumulation in seaweed); nowadays, to
overcome this, chemical analysis and nutritional evaluation per cultivated seaweed batch
are required [4], but it is expensive and one of the major issues in offshore aquaculture.
Seaweed aquaculture may need novel techniques to regulate or manage the nutritional
content of seaweeds, such as the use of data simulation to anticipate nutritional values
and ensure the best nutritional values [38]. In comparison to wild specimens and offshore
production, nutritional values in inshore aquaculture can be more precisely monitored and
standardized since water and abiotic elements can be readily regulated [38,82].

Now, farming is being enhanced by incorporating technology that can be further
explored to provide an overall insight and optimize the number and quality of seaweeds
farmed, lowering the cultivation expenses, low seaweed quality, and nutrient pollution [83].

The next step in seaweed aquaculture involves the informatization of the cultivation
system, allowing for more controlled cultivation systems and predictions of seaweeds’ nu-
tritional value using a specific kinetic model to obtain similar values for different batches of
seaweed cultivated in the same area, thereby improving seaweeds’ safety after cultivation
by eliminating concerns such as water nutrient fluctuations and potential contamina-
tions [81]. Sensors that provide real-time data regarding critical information in the offshore
system, such as the nutrients, pH, temperature, and salinity, can also be incorporated. In
this scenario, inshore culture is the optimal growing method for improving seaweed food
safety; nevertheless, this safety comes at a cost to seaweed output [52,53,83]. Thus, in the
future, cost-effective cultivation technologies (both offshore and onshore) that improve
food safety while lowering costs will be required [83,84].

Green seaweeds (Chlorophyta), of which there are 2200 species, may grow to a maxi-
mum height of 1 m. They are mostly farmed in inshore systems or harvested wild. Red
seaweeds (Rhodophyta), which number 6100 species, are effective photosynthesizers in
deeper seas. They vary in length and are comparable to green seaweeds. They are grown
for direct consumption and the polysaccharide extraction business. They are typically
grown in nearshore systems (off-bottom line, floating raft, and basket methods). They are
mostly farmed in longlines in offshore circumstances; after Porphyra sp., the giant brown
seaweeds (Kelps—Phaeophyceae) are the most produced seaweeds in the world [23,83].

4.2. Seaweed Storage

Seaweed storage requirements are determined by variables such as the time required
between harvest and processing, climatic conditions, the quality of the collected material,
expenses, energy requirements, and environmental consequences. Temporary seaweed
storage might occur at the seaweed farm, aboard ships, in the harbor, near the food
processing business, or near stores. Pre-processing (for example, drying) is frequently
necessary before seaweed may be preserved. There has been very little study on these
crucial areas [85].

As seaweeds have a short shelf life, methods to reduce the possible biological dangers
are critical. Dehydrating the seaweeds is one method. By drying the product, the water
content decreases, which means there is less accessible water [86,87], reducing the possibility
for infections to proliferate and reproduce and ensuring food safety [88]. Drying processes
extend the shelf life of seaweeds but can have a detrimental influence on their chemical
composition and their bioactive qualities [89].

4.3. Seaweed Commercial Products

For large-scale seaweed processing, drying technologies are unfeasible. Sun-drying
needs wide areas and is weather-dependent; however, it is low-cost and already employed
in feed production. Oven-drying (or convective air-drying) is an energy-intensive and
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costly industrial process. Other processes, such as lyophilization, are mostly utilized in
businesses where the target components are small molecules rather than algae [31,90-92].

Another safe method to ingest seaweeds is in fermented foods. This is a food produced
mostly of fermented and salted cabbages, but it has lately been tested with seaweeds. The
acidity caused by the low pH and high salt concentration prevents undesired microbes
from developing, therefore preserving the product [88]. When compared to terrestrial
biomass, seaweeds have distinct carbohydrates, which provide a difficulty, particularly
owing to the presence of mannitol and laminarin. Based on this understanding, current
terrestrial biomass methods cannot be directly adapted to macroalgae biomass, and the
selection of suitable microbes is critical for the success of seaweed fermentation [31].

Opportunities for marketing seaweeds as fresh vegetables are growing as a result
of the increasing demand in foods that are minimally processed [4]. and call for more
research on how the storage temperature affects the quality of fresh seaweeds and how to
monitor the seaweed quality during refrigerated storage [85]. Because fresh seaweeds are
highly perishable and begin to deteriorate quickly after harvest, rapid analysis techniques
and more analysis are needed. Thus, the application of Modified Atmosphere Packag-
ing has been demonstrated to be a viable strategy for conserving minimally processed
seaweed, outperforming the efficacy of vacuum packing [93]. It should be highlighted
that the seaweed species can display diverse behaviors depending on the treatments used,
emphasizing the necessity for rapid investigation of this new preservation strategy [93].

Furthermore, the presence of hazardous chemicals, such as toxins or heavy metals, in
seaweeds must be carefully monitored [94]. In this situation, it was discovered that solar-
drying, boiling, and seaweed dehydration, as well as other methods of processing (such as
washing or cooking), lowered the toxins and the concentrations of other volatile chemicals
(such as iodine or arsenic) in seaweeds [95-98]. Thus, it is critical to have scientific data
about the heat treatment process as well as the chemical characterization of the resulting
product in order to obtain the best method of maintaining the important properties of
seaweed; it is also critical to find new methods of heat treatment that do not destroy the
nutritional value of seaweeds.

The safety of seaweeds and the quality starts not in biochemicals but in the certifi-
cations and guidelines for the food industry due to be a crucial point to guarantee the
security of the seaweed to the food industry, without exposing it to external risks between
cultivation and the final product.

4.4. Guidelines for Food Safety in Industry

Ensuring food safety in the food industry entails following norms and regulations to
avoid foodborne diseases and protect consumers. The handling and packing of seaweed
by the food industry chain, for example, can be a hotspot for cross-contamination with
viruses, bacteria, fungus, protozoa, organic compounds such as prions, natural poisons, and
persistent organic pollutants [13,99]. If preservation measures are inadequate, for example,
after harvesting the seaweed, contaminating organisms may proliferate. Guidelines for
preventing these contaminations, such as Hazard Analysis Critical Control Points (HAC-
CPs) and Good Manufacturing Practices (GMP), are, nevertheless, thoroughly defined in
food security standards. Food safety can also be enhanced by the application of ISO2200.
After-harvest biomass management might avoid product deterioration while ensuring a
low level of pollutants. The major critical point of danger in food safety is mostly due to
man-handling the seaweed from the harvest until the seaweed consumption.

4.4.1. Good Manufacturing Practices (GMPs)

The food business is one of the world’s most significant industries. As the world’s
population grows, so does the need for food goods. However, as demand grows, so does
the responsibility for ensuring the safety and quality of food items. Implementing Good
Manufacturing Practices (GMPs) is a critical step in ensuring the safety and quality of
seaweed [100]. GMPs define the operating conditions and regulations required to ensure
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cleanliness across the food chain and in its manufacturing. GMPs are a set of standards
that outline management and handling activities with the goal of guaranteeing safe food
production conditions. They are also important in the design and operation of facilities, as
well as in the creation of food-related processes and products. The Codex Alimentarius
designed GMPs with the primary goal of protecting customers. It comprises numerous
essential operating criteria and processes that food firms must follow [101].

GMPs are norms and processes that are meant to ensure the safety and quality of food
items. These principles and practices apply to all areas of food production, including food
product manufacturing, processing, packaging, and storage. The primary goal of GMPs
is to decrease the risks involved with food manufacturing while also ensuring that food
products are safe and of high quality [100].

GMP compliance is critical for the food business for the following reasons:

1.  Ensure food safety: The fundamental goal of GMPs is to ensure food product safety.
GMPs ensure that food items are free of contamination, adulteration, and other
potentially dangerous chemicals [100].

2. Meeting regulatory requirements: GMP implementation is a legal obligation in
several countries. Companies that do not follow GMPs face legal action, penalties,
and closure [100].

3. Improving brand reputation: Companies that use GMPs are seen as responsible and
dependable. This boosts the company’s reputation and consumer trust [100].

4. Improving efficiency: Using GMPs may help businesses improve efficiency by de-
creasing waste, minimizing downtime, and increasing overall output [100].

5. Improving product quality: Good Manufacturing Practices (GMPs) guarantee that
food items are of high quality and fulfill customer expectations. This can boost
consumer happiness and loyalty [100].

4.4.2. HACCPs

Seaweeds contain a variety of important and hazardous components, and humans
have no control over their existence in the wild. For seaweeds to be edible in terms of the
mineral concentration, precautions must be taken to prevent overdosage, such as adhering
to the DRI (Daily Recommended Intake) guidelines for seaweeds. These numbers indicate
that a daily intake of one product will not impair one’s health [54].

To reduce the danger of mineral overdosage, analysis can be performed to define
and quantify those components in specific goods. There is, however, the HACCP (Hazard
Analysis Critical Control Point) system, which is a methodology for establishing food safety
processes and procedures [102]. The primary purpose of implementing this system is to
prevent, for example, harm to humans resulting from food hazards, whether physical, bio-
logical, or chemical hazards, or to reduce them to an acceptable level [103]. Implementing
this approach in the seaweed area is yet another way to safeguard consumers from mineral
overdosage. Analyzing the essential control points entails identifying particular processes
in the seaweed-processing process that are most likely to cause harm and measuring the
three major risks. For physical risks, it is necessary to check to see whether there is any-
thing that should not be there, such as plastics. Analyses must be performed to detect the
presence of bacteria, viruses, or parasites in biological risks. Chemical analysis is required
for chemical dangers, which include minerals and heavy metals, to ensure that the limits
have not been exceeded. All of the procedures mentioned above must be paired with an
investigation of the water in which the seaweeds were formed, because the environment in
which they grow is also important for their composition [102,103].

By analyzing the risks and hazards in food, HACCP implementation protects both
consumers and the industries that use it. Once these businesses are HACCP-certified, they
can assure people that the food they produce is safe for customers [103].
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4.4.3. 15O 22000

ISO 22000 is an international standard that provides rules for food safety management
systems. The standard is intended to assist organizations in implementing efficient food
safety management systems and ensuring that food items are safe to consume. The stan-
dard is based on the concepts of Hazard Analysis Critical Control Points (HACCPs) and
integrates GMP features [104].

While GMP requirements ensure safe and sanitary food manufacturing, ISO 22000
takes a broader approach to food safety management by covering the whole food supply
chain, from raw material acquisition to final product delivery [101,105].

Companies must take a systematic approach to food safety management, which
involves identifying possible risks, establishing control measures, and assessing the efficacy
of those measures. GMP implementation is a critical step in guaranteeing the safety and
quality of food products. GMPs establish norms and procedures for all areas of food
production, including the manufacture, processing, packing, and storage of food items. ISO
22000 establishes a framework for GMP implementation in the food business [100].

It is critical to regulate storage and manufacturing environments using the essential
features of ISO 22000: The standard requires the implementation of an FSMS (Food Safety
Management System) that addresses food safety hazards at every stage of the food chain
(from production until the consumer’s home), basic conditions and activities necessary for
maintaining a hygienic environment throughout the food chain, a systematic approach to
identifying, evaluating, and controlling food safety hazards, an increased focus on upper
management’s involvement in establishing and upholding the FSMS, and continuous at-
tempts to improve. ISO 22000 adheres to the high-level structure (HLS) typical of other ISO
management system standards, which includes understanding the internal and external
factors that can impact the FSMS, the role of top management and quality control experts in
establishing food safety policies and the objectives for that specific industry, risk manage-
ment, objectives, and planning to achieve food safety in that targeted company. There is a
need for support (mostly, general awareness, communication and scientific evaluations). In
addition, frequent performance evaluations are required to monitor, measure, analyze, and
evaluate performance, as well as internal and external audits and management reviews to
enhance performance and rectify nonconformances [105,106].

Through all the steps that need to be addressed, there is a key element related to
human welfare: “Seaweed can be a real keystone to the human food chain? And how we
can enhance the food safety?”.

5. Seaweed Food’s Real Potential: How Can Be Checked?

There is a requirement in the food sector to ensure product safety and quality; however,
seaweeds live in areas where it is more difficult to ensure their safety and quality using
just typical procedures for plants and vegetables [4]. As a result, the safety of seaweeds’
consumption and understanding of their quality is currently a hot topic in order to ensure a
“new” food source that can substitute the plants’ part in the human diet, thereby reducing
the pressure on the terrestrial ecosystem [10,107]. Still, the seaweed safety check is similar
to terrestrial vegetables, being only necessary for the nutritional composition and bacterial
analysis (Figure 6).

To evaluate the bioavailability of seaweed nutrients and bioactive substances in simple
raw material, in food or in meals, it is necessary to understand their content, structure,
interactions with other dietary components, and destiny in the human body after ingestion.
Thus, to observe all the data above and to fully understand the complex chemical reaction,
there is a need to develop a system that can support the food agencies regarding the
ingredients and their real potential [8,108].
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Figure 6. Standard methodologies for determining the nutritional composition of seaweeds and
possible new technological steps toward food safety in seaweed consumption.

5.1. Chemical and Biochemical Techniques: New Approaches

The methodologies and approaches used for seaweed nutritional composition as direct
food are based on the Association of Official Analytical Chemists (AOAC) international
standards, similar to other food sources, which are based on standard procedures [109]. As
a result, the nutritional content analysis of seaweed is the same as that of other foods, such
as vegetables. However, seaweeds include substances other than necessary nutrients, such
as phenolic compounds, pigments, fatty acids, minerals, and perhaps heavy metals [10].
As a result, seaweed can absorb potentially dangerous metals or pollutants [10]. Other
types of study are needed to provide additional assurance that seaweed is an excellent
and safe dietary source [110]. Food safety concerns have become critical in promoting
public health safety and the financial viability of global food companies throughout the
global food supply chain [110]. Despite the newest technology, detection methods, leg-
islation, and consumer education on food safety and quality, there is still an increase in
foodborne disease outbreaks throughout the world, despite the latest food standards and
customer expectations [110].

Different lab-scale techniques like microbial analysis, microscopic examination, gas
chromatography-mass spectrometry, liquid chromatography, differential scanning calorime-
try, and nuclear magnetic resonance are used, but most of these techniques are costly,
time-consuming and required technical experts [111]. Biological techniques, such as culture-
dependent microbiological techniques to quantify viable bacteria, nucleic acid detection
technology (e.g., multiplex PCR), biochemical detection techniques, and immunological
detection techniques are examples of common traditional microbial detection techniques,
which can be prone to errors and also take some time for analysis when talking about fresh
or perishable food [112].

5.1.1. Classical Techniques

By utilizing sensing platforms, the great majority of food contaminations, such as
heavy metals, pathogens, mycotoxins, pesticides, veterinary medications, herbicides, and
unlawful additions, may be examined [113]. HPLC (high-performance liquid chromatog-
raphy), GC-MS (gas chromatography-mass spectrometer), MS (mass spectrometry), and
ELISA (enzyme-linked immunosorbent assay) are common conventional detection meth-
ods in food science that can provide high sensitivity and selectivity in terms of sensing
approaches for the detection of various types of food contaminations [114,115]. Tradi-
tional sensing platforms, on the other hand, need professional operators to deploy samples
and expensive devices, which is time-consuming and costly [116]. Furthermore, well-
developed sensing technologies are frequently used in the lab, which cannot meet the critical
need of on-site determination, which necessitates portable sensors to obtain the result in-
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stantly [117]. As a result, simple, rapid, economical, and portable analytical approaches for
determining different food contaminations have received considerable attention [113,118].

5.1.2. New Technological Approaches

The evaluation of quality in the food sector is a significant problem due to the need
for high-cost equipment and lengthy analysis to ensure that products reaching customers
are safe and of the highest quality. Existing technologies often require significant re-
sources, skilled individuals, and sophisticated analytical techniques, which has generated
a desire for quick and cost-effective solutions [111]. The use of current analytical systems
ensures that the utilized technique is sensitive, linear, and repeatable. This is particularly
important for method development and validation, as it provides the foundation for
future studies (Table 2).

Table 2. New technological approaches and their demonstrated potential.

Typology Techniques Supported Analysis
UV/VIS Spectroscopy Grape-must caramv;l ir?dvinegar; ediblz oils degradation;
Spectroscopy ) antioxi ant. compounds o

Detect mycotoxins; detect adulteration in dairy products; authenticity of

FTIR-ATR meat and meat products; identify pathogenic bacteria; quantify sugars;

characterize polysaccharides
Detect meat adulteration; fish quality;
NIRS analyze constituents in fruits, oils and milk products; quantify adulterated
oils; analyze rheological parameters; determine protein concentration and
nutritional composition
Detect food spoilage due to bacterial and fungal infections; monitor
E-Nose fermentation processes; detect fraud in food products; monitor the
Electrochemical oxidation process; determine the shelf life of macroalgae
E-Eye Classification of olive oil; identify food fraud
Detection of tetracycline residues in milk; microbiological quality of fish
E-tongue samples; sensory analysis of vegetable milk; quality parameters;
characteristics of aqueous extracts from seaweed
Imaging Hyperspectral imaging Detect fecal contamination; detect chemical residues and contaminants;
detection of foodborne pathogens
Seaweed biomass products; mineral composition of milk; analyze plant
Fluorescence X-ray Fluorescence material; determination of cadmium; evaluate
algae-based supplements; heavy metal contamination
UV/VIS Spectroscopy

Absorption spectroscopy in the ultraviolet and visible (UV/VIS) range is a rapid
method used for the qualitative and quantitative assessment of sample substances. This
approach has been applied in numerous fields of study in food science and food process-
ing companies due to its simplicity and dependability [119]. UV /VIS spectroscopy is
a technique used to monitor and measure the interactions of UV and visible light with
various chemical substances in the wavelength range of 200 to 780 nm. The approach takes
advantage of the physical reactions of light and analytes in the sample, such as absorp-
tion, scattering, diffraction, refraction, and reflection. UV and visible light absorption are
limited to certain chromophores and chemical species with specified molecular functional
groups. When the electrons within chromophores are stimulated, they produce distinct
absorption spectra for individual molecules. UV /VIS spectroscopy applies to solid, liquid,
and gaseous materials. However, UV absorption solute analysis is only feasible in homo-
geneous solutions. Nonhomogeneous samples often show significant interference within
the spectra, especially when solid particles are present. This is due to the absorption and
light-scattering effects of individual particles. The benefits and limitations of this technique
include the sensitivity, equipment cost, remote-sampling capabilities, and the ability to

188



Nutraceuticals 2024, 4

analyze liquid, solid, and slurry samples with chemical resolution. The path length can
also have an influence [120,121].

The utilization of UV /VIS spectroscopy stands out prominently in ensuring food
safety, as evidenced by several recent studies across diverse food industries [122].

In the assessment of grape-must caramel in balsamic vinegar from Modena and
Spanish PDO wine vinegar, UV /VIS spectroscopy emerges as a rapid analytical method,
offering the potential for the quantification of the caramel content below legal limits. This
underscores its crucial role in verifying compliance and authenticity within regulated
food products [123].

Similarly, UV/VIS spectroscopy, coupled with chemometrics, demonstrates its efficacy
in evaluating the impact of heating on various edible oils. By discerning the characteristic
spectral changes indicative of oil degradation, UV /VIS spectroscopy enables the precise
determination of the acid value, thus ensuring the quality and safety of heated oils [124].

Moreover, in the quantitative analysis of edible blend oils, UV/VIS spectroscopy
is integrated with weighted multiscale support vector regression, providing enhanced
accuracy in predicting the oil composition. This innovative approach showcases the
instrumental role of UV /VIS spectroscopy in addressing complex compositional challenges,
thereby bolstering food safety standards [125].

In one study, the Irish seaweed Himanthalia elongata (Phaeophyceae) was investigated
as a natural source of antioxidant compounds [126]. The ethyl acetate subfraction showed
high scavenging capacities for DPPH and lipid peroxidation, indicating strong antioxidant
activity. LC-DAD-ESI-MS/MS analysis identified eight phenolic compounds, including
some not previously reported in H. elongata. These results suggest the potential use of puri-
fied subfractions in food, pharmaceutical and cosmetic applications for health promotion
due to their antioxidant properties [126]. Overall, this study highlights the importance
of UV /VIS spectroscopy in the characterization of compounds from seaweeds and their
potential contribution to food safety and health.

UV /VIS spectroscopy plays a vital role in food safety, enabling rapid and accurate
analysis of the compounds present in both conventional foods and marine algae. By
providing insight into the chemical composition of these products, UV/VIS spectroscopy
helps to identify and quantify substances that may affect their safety and quality. This
analytical technique makes a significant contribution to ensuring the integrity of food
products and marine algae-based dietary supplements, thereby protecting public health
and enhancing consumer confidence.

FTIR-ATR

Fourier transform infrared (FTIR) spectroscopy is a very effective method of analysis
that does not damage the material and provides a “fingerprint” of the compounds present.
The spectral peaks correspond to the vibration frequencies between the bonds of each
atom in each chemical present in the sample, and they indicate the absorption of the IR
beam. FTIR procedures are efficient, dependable, and easy to use, requiring no sample
pre-treatment. Such approaches offer a simple and consistent way to handle a wide range
of foods with non-destructive analysis, with the entire sample and analysis process often
taking less than five minutes from start to finish. Previous research has demonstrated
that FTIR-based methods, when combined with other chemometric techniques, can be
effectively utilized in food industry processes to identify chemicals that may compromise
the quality of the food or have been added to falsely claim that a food item is something
other than what it is [127].

FTIR-ATR (Fourier-transform infrared spectroscopy—attenuated total reflectance) is a
low-cost technique that analyses the chemical bonds of dried materials. This technique is
an improvement over previous techniques that required a liquid extract solution [128]. It
employs infrared light to vibrate chemical bonds and can be used to analyze the polysac-
charides, pigments, phenolic fractions, compound oxidation, and microplastics in seaweeds
before commercialization [128-131]. Compared to chromatography, the FTIR approach is
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less expensive and easier to use. However, it is less sensitive to biochemical quantification
and quality analysis [107,132].

Food safety is a growing concern worldwide as consumers become increasingly aware
of the risks associated with food contamination, adulteration, and deterioration. In this
context, the use of FTIR-ATR is proving to be a powerful and versatile tool for ensuring the
quality and authenticity of food.

The application of FTIR-ATR in food safety has been demonstrated in several recent
studies. For example, researchers have used the technique to detect the presence of myco-
toxins in foods such as sultanas, helping to prevent risks to human health [133]. FTIR-ATR
has also been used to detect adulteration in dairy products such as cheese, ensuring the
authenticity and quality of these foods [134].

Another important aspect is monitoring the quality and authenticity of meat and meat
products, where FTIR-ATR has proven to be a valuable tool. This technique allows the
detection of adulteration and the assessment of the deterioration status, and it ensures
compliance with food safety standards quickly and efficiently [135].

In addition, FTIR-ATR has been used to identify pathogenic bacteria rapidly and
accurately in a wide range of foods, providing an effective alternative to traditional methods
of microbiological analysis. This rapid identification capability is critical in preventing
outbreaks of foodborne illness [136].

The technique has also been used to quantify the sugars in products such as honey, monitor
pesticide residues in crops and to detect adulteration in a wide range of foods [137,138].

In this study, FTIR-ATR was used to extract and characterize polysaccharides from
macroalgae including Eucheuma denticulatum, Solieria chordalis (Rhodophyta) and Sargassum
muticum (Phaeophyceae) [139]. The research focused on the identification of cell-wall
polysaccharides such as carrageenans, fucoidans and alginates, highlighting the potential
of these compounds for various applications in food and biotechnology.

Comparison of purified extracts with commercial solutions of polysaccharides showed
strong similarities in the spectra, validating the extraction methods and confirming FTIR-
ATR as a reliable technique for polysaccharide analysis. In addition, the study investigated
seasonal variations in the polysaccharide composition, revealing differences in fucoidans,
alginates and carrageenans depending on the time of harvest [139]. This information can
guide the optimization of extraction processes and improve the utilization of macroalgal
polysaccharides in different economic sectors.

The research also provided insights into the structural characteristics of carrageenans
in specific algal species, such as the presence of iota-carrageenan at mature stages of
development [139]. This knowledge can facilitate better control of the extraction methods
and enable targeted applications of these compounds.

In a related study, ulvan, an edible sulphated polysaccharide extracted from Ulva lactuca
(Chlorophyta), was used for the biosynthesis of silver nanoparticles (Ag-NPs) to produce bio-
nanocomposite films for active food packaging. FTIR-ATR spectroscopy was used to confirm
the formation of these films, which exhibited antimicrobial and antioxidant properties,
making them potential replacements for conventional food-packaging materials [140].

FTIR-ATR is proving to be a valuable tool for ensuring food safety, particularly in the
analysis of both traditional and novel food sources such as marine algae.

NIRS

Near-infrared spectroscopy (NIRS) is a promising approach for nondestructive and
easy food safety inspection and control. It offers great benefits, such as speed, noninvasive
measurement, ease of use, and low sample preparation requirements [141]. NIRS has been
widely demonstrated to be effective in this field.

When radiation enters the sample, it is either reflected, absorbed by molecular bonds,
or transmitted, resulting in changes in the light energy. These changes may reflect certain
chemical bonds and, therefore, the properties of the tested items. To conduct scientific
studies, it is important to select appropriate equipment and apparatus with better con-
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figurations, such as high spectral resolution, extensive scanning ranges, and adjustable
scanning speed. Although NIRS systems are used to monitor manufacturing lines, they
should be explicitly developed for commercial use as the application is typically speci-
fied [142]. However, it is important to consider the impact of the characteristics of NIRS
instrumentation components on the overall performance when creating such a system.
In recent years, advancements in hardware and software have made NIRS sensors more
portable and practical [143]. The method of sample collection that is most suitable for
the elements to be examined can have a significant impact on the overall outcome of the
endeavor. The IRS for evaluating food quality involves collecting the spectra of tested items
and constructing calibration models to correlate the spectral fingerprints with the sample
attributes [143,144]. Nonetheless, NIR spectra contain enormous amounts of data that
need to be processed, so chemometrics (a mixture of statistical and quantitative sciences)
is often used to extract usable information that can significantly improve the potential
applications of NIRS. Furthermore, to prevent fraudulent situations, NIRS can be used to
perform qualitative and quantitative analyses of harmful compounds in food. The food
industry has effectively demonstrated the potential of NIRS. Although more research has
been conducted on food quality analysis, the use of NIRS in food safety evaluation and
control is also increasing. This will be explored in detail in the following sections. The
following sections show the number of recently published publications cited in this study,
covering several application disciplines (such as freshness assessment, authenticity and
adulteration, toxin detection and unlawful treatments) [141].

The NIRS technique has been widely studied in the food industry, particularly in
detecting meat adulteration and assessing fish quality and fishery products [145,146].
However, its potential is not limited to these sectors alone, as it offers numerous possibilities
in other areas of the food industry. For example, Kurz et al. [147] identified and analyzed
the constituents in fruits, Kuligowski et al. [148] in oils, and Balabin and Smirnov [149]
in milk products. Studies have demonstrated that NIRS can accurately discriminate and
quantify adulterated oils [150].

NIR technology has been successfully applied in various areas, such as evaluating
beef freshness, determining tomato maturity and textural properties, and analyzing rheo-
logical parameters in wheat grains [151-153]. These examples highlight the versatility and
effectiveness of NIRS in the food industry, providing a valuable tool to ensure food quality,
authenticity, and safety [141].

NIRS is a promising tool for ensuring food safety and quality in traditional food
products and macroalgae. Recent studies have shown that NIRS can be applied to various
aspects of seaweed analysis, including monitoring microbiological growth, determining the
protein concentration, and assessing the nutritional composition [154-156]. For example,
NIRS has proven effective in predicting the microbial counts in stored seaweed samples,
providing rapid and real-time assessment of the product quality [154]. Furthermore,
NIRS has been successfully used for on-site detection of the protein concentration in red
seaweed, offering a non-destructive and precise alternative to traditional laboratory-based
methods [155]. Furthermore, NIRS has demonstrated potential in evaluating the nutritional
value and digestibility of brown seaweeds [156]. However, further validation on larger
datasets may be required to assess its robustness.

NIRS shows potential as a versatile and efficient tool for enhancing food safety and
quality assurance in conventional and emerging food sources like macroalgae. Its non-
destructive nature, rapid analysis capabilities, and real-time assessments make it valuable
for monitoring and ensuring food safety throughout the production and supply chain.
Although NIRS shows considerable potential, further research and validation are required
to fully establish its reliability and accuracy in different food matrices, including macroalgae.
Nevertheless, with ongoing advancements and refinement, NIRS is poised to play a crucial
role in advancing food safety and quality standards in the future.
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E-Nose

Electrochemical (EC) methods, including impedance spectroscopy, voltammetry, po-
tentiometry, and coulometry, have made significant contributions to food analysis. It is
important to note that these methods provide objective and precise measurements of food
components. EC techniques directly convert chemical processes occurring at the elec-
trode/electrolyte interface into quantifiable electronic signals, such as altered conductive
properties (conductometric), current (amperometry), and potential or charge accumulation
(potentiometric) [111,157].

The electronic nose, as a non-invasive technology for identifying volatile substances,
has been applied to food safety and quality analysis. The use of the E-Nose for pathogen
identification has been proven to be successful and superior to traditional approaches. The
E-Nose is a non-invasive and rapid approach that requires little or no sample preparation,
making it perfect for use as an online monitoring tool. An E-Nose is a device that combines a
chemical sensor array system with partial specificity and an appropriate pattern recognition
system to distinguish simple or complex odors. It can analyze volatile organic compounds
(VOCs) generated by microorganisms and is used as an alternative approach to identify
and classify various chemicals and bacteria [110].

In the food industry, the E-Nose is used to detect food spoilage bacteria, total volatile
basic nitrogen, trimethylamine, and fungal infections [158-164]. The E-Nose has several
advantages over traditional and non-invasive approaches, such as vibrational spectroscopy
and hyperspectral imaging. Despite these benefits, E-Noses are currently used in a limited
number of applications in the food industry. The growth of E-Nose systems in the food
industry has been rapid despite challenges in terms of sensor selection and the difficulty of
implementing pattern recognition algorithms in low-cost hardware components. However,
the necessity for such algorithms has hindered progress [111]. It is important to maintain
objectivity when discussing these limitations.

E-Nose technology has a significant application in classifying the degree of contamina-
tion in leftover cooked foods, as demonstrated by research conducted in Malaysia. The odor
characteristics of local leftover cooked meals are analyzed by E-Nose devices equipped
with sensor arrays, which effectively classify the contamination levels with high accuracy
rates ranging from 90% to 100%. This article highlights the potential of E-Nose technology
in ensuring the safety and quality of prepared foods worldwide [165].

E-Nose technology has proven to be valuable in monitoring fermentation processes.
Studies on the fermentation of Tremella aurantialba (fungi) have exemplified this. By detect-
ing volatile compounds associated with fermentation, E-Nose devices allow for real-time
analysis and prediction of the fermentation phases. This technology offers precise monitor-
ing and control, ensuring the quality and safety of fermented food products [166].

In postharvest scenarios, E-Nose technology coupled with machine vision provides a
rapid and non-destructive method for detecting the freshness and spoilage of perishable
food items such as spinach [167]. By analyzing odor and image data, E-Nose devices
accurately classify the freshness levels, facilitating timely quality assessments during stor-
age [168]. E-Nose technology has been used to detect microbial spoilage in canned foods by
analyzing volatile organic compounds (VOCs), providing early indicators of spoilage [169].

E-Nose technology is being used to detect fraud in food products, specifically extra
virgin olive oil, by analyzing the VOCs emitted by olive oil samples [170]. This technology
helps distinguish between authentic and adulterated or fraudulent products. Additionally,
E-Nose devices are used to monitor the oxidation process of frying oils, ensuring quality
control and preventing the consumption of degraded or rancid oils [171].

The various applications of E-Nose technology in food safety highlight its importance
in modern food production and distribution systems. E-Nose devices offer versatile solu-
tions for enhancing food safety and quality control practices, from detecting contamination
and spoilage to monitoring fermentation processes and ensuring product authenticity. As
technology advances, research and implementation of E-Nose technology are poised to
redefine food safety standards. This will benefit both consumers and the food industry.
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Electronic nose (E-Nose) technology provides a quick and efficient method for evalu-
ating the quality and shelf life of food products, including macroalgae. In a recent study,
the shelf life of different types of macroalgae was evaluated using an E-Nose over a storage
period of 150 days. The E-Nose system detected the release of volatile organic compounds
(VOCs) from the macroalgae, which are indicative of food deterioration [172].

The E-Nose recorded significant changes in the values for certain types of macroalgae
during the storage period. These changes in the sensor values were positively correlated
with the physical, microbiological, and Fourier-transform infrared (FTIR) spectroscopy
parameters, providing comprehensive insights into the quality and shelf life of the macroal-
gae samples [172].

E-Nose technology has the potential to enhance food safety and quality assurance in
both traditional food products and emerging food sources such as macroalgae. Its ability to
detect changes in food quality quickly and accurately makes it a valuable tool for the food
industry, facilitating timely interventions to maintain product freshness and safety.

E-Eye

Color is a crucial aspect of food quality as it is closely linked to perceptions of freshness,
maturity, attractiveness, and safety. Customers often examine the color of food when
making purchases [173]. Color is the perceptual response to the visible spectrum of the
light that is reflected or emitted by an object. This response is generated by the interaction of
light with receptors in the retina, which then sends a signal to the brain via the optic nerve.
Color perception is influenced not only by the object itself but also by the surrounding
lighting conditions [174]. Therefore, color analysis is crucial for categorizing items such as
meat, peas, maize, canola, rice, and wheat for human and animal consumption [173].

The E-Eye is a detection system that utilizes visual information identification and
analysis to assess food quality [175]. Color differentiation is achieved by comparing wave-
lengths. There are various color spaces available, such as HSI (hue, saturation, intensity),
HSV (hue, saturation, value), HSL (hue, saturation, lightness), and HSB (hue, satura-
tion, brightness), which differ in sensitivity [174]. The E-Eye has advantages for use in
food quality evaluation due to its low cost, portability, and ease of implementation on a
large scale [176].

This technology can be powered by colorimetry, spectrophotometry, or computer
vision. Using appropriate equipment can result in a more accurate color description [177].
The E-Eye can detect the appearance-related characteristics of samples but not the flavor-
or aroma-related components [178]. Therefore, combining multiple technologies such as
the E-Nose and E-Tongue has become an alternative to detect the various characteristics of
samples. Spectrophotometers are devices used to measure color that analyze the spectrum
distribution of a sample’s transmittance or reflectance. They offer a spectral analysis of
the reflectance wavelength and/or transmission qualities of objects [179]. Near-infrared
reflectance (NIR) spectrophotometers are commonly used in the food industry to evaluate
the chemical composition of items, particularly in cases where color is a crucial factor. This
includes assessing the levels of proteins, oil, starch, fiber, and moisture. It is important to
maintain objectivity in the evaluation of these elements [173,180].

Several research studies have demonstrated the applicability of E-Eye technology
to various food products and safety scenarios. For example, in the characterization of
edible olive oils, E-Eye devices were used alongside an electronic nose (E-Nose) and
electronic tongue (E-Tongue) to assess the oil quality deterioration during storage [181].
Through innovative data-processing techniques and mid-level data fusion approaches,
E-Eye technology facilitated the classification of olive oil samples based on freshness,
demonstrating high classification accuracy rates.

E-Eye technology has also been instrumental in the fight against food fraud, particu-
larly in the case of Italian lentils. Using red—green-blue (RGB) imaging and discriminant
classifiers, E-Eye devices were able to classify lentils according to the harvest year and ori-
gin, as well as to discriminate between expired and edible samples. These results highlight
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the effectiveness of E-Eye technology in detecting subtle visual changes associated with
food quality and authenticity [182].

The integration of E-Eye technology into food safety practices offers significant
benefits, enabling rapid and non-destructive assessment of external food characteristics.
From assessing food coloring in Chinese medicine to distinguishing between expired and
edible lentils, E-Eye devices show immense potential for improving food safety measures.
As research continues to explore the capabilities of E-Eye technology, its adoption is
expected to grow, providing valuable tools to ensure the integrity and safety of food
products worldwide [175,182].

Although macroalgae are vulnerable to spoilage, they offer numerous health-promoting
compounds, making them a valuable food source. Due to the increasing demand for food
quality and safety, sensitive and rapid analytical technologies are needed in the seafood
industry. When applying the E-Eye technology to macroalgae safety, it is expected to
yield similar benefits. The E-Eye system can effectively assess the quality and authen-
ticity of macroalgae products by utilizing rapid and non-destructive techniques, such as
spectroscopic methods. This approach offers advantages such as speed, minimal sam-
ple preparation, and the ability to monitor products in real time, which enhances food
safety practices [183].

E-Eye technology shows potential for enhancing food safety and quality assessment
for both conventional food products and sources such as macroalgae. Its quick and non-
invasive nature makes it a valuable tool for monitoring freshness and authenticity, thereby
contributing to consumer confidence and industry standards.

E-Tongue

Taste is the perception of chemicals that stimulate the taste buds on the tongue [184].
The E-Tongue has advanced in terms of the sensitivity, selectivity, and multiplexing capabil-
ities of current biosensors, enabling accurate and rapid quality prediction of samples. This
has led to its use in various industries, including pharmaceuticals, cosmetics, and food [185].

The term “E-Tongue”, which is an analogy to the human tongue, was first introduced in
the 1990s and has since been extensively researched. It is a technology that uses a collection
of sensors to detect chemical solutions. The system consists of an electrochemical cell (sensor
array), a measuring module, and a pattern recognition algorithm capable of distinguishing
between the simple and complex chemical systems that make up the flavor [180,184].

By examining various components of a sample, the electronic tongue extracts a signal
signature [186]. The E-Tongue can describe the flavor of complex liquids or samples that
have been transformed into liquid form [187]. The main purpose of this technology is to
analyze meals using a collection of sensors, such as ion-selective electrodes with specific
features, followed by statistical analysis. This allows for the collection of information on
the freshness and maturity levels [187,188]. An E-Tongue sensor array provides multi-
dimensional information in a short amount of time [189]. This technology distinguishes
distinct patterns of classes of molecules responsible for flavor. The complicated information
obtained by E-Tongue measurement is processed using multivariate statistical analysis. In
contrast, human taste and flavor perception involves matching signals from taste receptors
with memories to determine taste and flavor [187]. Additionally, an E-Tongue’s sensor suite
can include a wide range of chemical sensors, such as electrochemical, optical, mass, and
enzymatic sensors [180,189]. The combination of these techniques can improve seaweed
quality characterization and safety.

One application of the E-Tongue is the detection of tetracycline residues in milk
samples [190]. The E-Tongue successfully identified the presence of tetracycline residues in
milk samples, providing a rapid and reliable method for contaminant detection without
the need for sample pre-treatment.

Similarly, studies have demonstrated the superiority of E-Tongue technology coupled
with advanced machine-learning algorithms such as back-propagation neural networks
(BP-NN) in assessing the microbiological quality of fish samples [191]. These approaches
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outperformed traditional microbiological plating methods in predicting the total viable
counts (TVCs), demonstrating the high accuracy and reliability of E-Tongue-based models in
assessing microbiological quality parameters and improving food safety assurance measures.

In addition, the E-Tongue technology was instrumental in the sensory analysis of
vegetable milk [192]. The results underlined the potential feasibility of using electronic
tongues for simple, rapid, and effective sensory evaluation to ensure quality and con-
sumer satisfaction.

E-Tongue technology was also explored for the express evaluation of quality parame-
ters in vegetable oils [193]. Investigations into the use of multi-sensor systems have shown
promising results. The application of these tools has demonstrated the potential for the
development of rapid and simple methods for express quality assessment of vegetable oils,
further highlighting the versatility and effectiveness of E-Tongue technology in improving
food safety and quality assurance measures.

The diverse applications of E-Tongue technology underscore its importance in ensur-
ing food safety, quality, and consumer satisfaction in various sectors of the food industry.
From contaminant detection to sensory analysis and quality assessment, E-Tongue technol-
ogy continues to play a key role in advancing food safety measures and maintaining high
food quality standards.

The use of E-Tongue technology in food safety, specifically in relation to macroalgae,
presents potential for quality assessment and product development. By utilizing the E-
Tongue, researchers can examine the taste profile and chemical composition of macroalgae-
based products, aiding in the creation of innovative food formulations and substitutes.

In the development of a low-sodium salt substitute, the E-Tongue can evaluate the taste
characteristics of aqueous extracts from seaweed and other marine sources. By assessing
taste parameters such as saltiness, bitterness, and umami, the E-Tongue can identify extracts
with desirable flavor profiles. This helps researchers identify potential candidates for salt
substitute formulations [194]. In addition, the E-Tongue can aid in comprehending the
intricate interplay of salty constituents in macroalgae extracts. This can lead to the creation
of improved salt substitutes that emulate the flavor of conventional sodium-based salts.
By scrutinizing the sensory characteristics of macroalgae extracts, researchers can refine
formulations to attain the desired taste profiles while diminishing the sodium content. This
can help address health issues linked to excessive salt consumption [194].

The use of E-Tongue technology shows potential to improve food safety and quality as-
sessment for both traditional food products and innovative macroalgae-based formulations.
The E-Tongue provides rapid and accurate sensory analysis, allowing researchers to evalu-
ate taste characteristics, identify flavor compounds, and optimize product formulations.
This contributes to the development of healthier and more sustainable food alternatives.

Hyperspectral Imaging

Hyperspectral imaging (HSI) is a non-destructive technology used in food safety to
identify adulterations, as well as microbiological, chemical, and physical contamination.
HSI combines conventional imaging with spectroscopy to obtain a spectrum for each point
(i.e., pixel) in an area of interest in the material being examined [195]. HSI's spectroscopic
component can cover spectral ranges from ultraviolet (UV) to terahertz. However, the
most commonly used ranges are visible (VIS) and near-infrared (NIR). Studies have shown
that when integrated with chemometrics and machine learning, HSI can identify fungal
contamination in food. HSI detected fungal infections on grains at an early stage, indicating
the possibility of early identification and removal of affected sections to minimize or
prevent the development of fungal diseases. The use of HSI has been documented in
identifying pollutants in fruits, vegetables, and meat products in the VIS-NIR or NIR
range [195]. This method has also been found feasible in detecting faults and features
related to the composition of meat products [196]. Physical contamination of food poses
two primary difficulties, namely fecal contamination and the presence of foreign elements
in food matrices. Fecal contamination is a significant food safety concern as it can introduce
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harmful germs into fruits, vegetables, and meat, leading to potential cases of food poisoning.
It is associated with various fungal and bacterial pollutants [197,198].

Hyperspectral imaging has been investigated by researchers for its potential to ensure
food safety. Studies have shown that hyperspectral-imaging systems are effective in detect-
ing fecal contamination on fresh produce surfaces and in poultry-processing facilities [199].
These systems can differentiate between fecal contaminants and food surfaces, providing
valuable insights for preventing foodborne illnesses.

Investigations have shown that hyperspectral imaging is highly versatile in various
food safety applications. It can detect chemical residues and contaminants, as well as
assess food quality attributes such as freshness and ripeness [198]. Hyperspectral imaging
provides a non-destructive and efficient means of monitoring food safety throughout the
supply chain.

Additionally, studies have highlighted its potential for rapid and accurate detection
of foodborne pathogens. Hyperspectral-imaging systems can identify specific microbial
strains and assess their presence in food products, enabling proactive measures to prevent
foodborne outbreaks and ensure consumer safety [198].

The research conducted in this field demonstrates the significant potential of hyper-
spectral imaging in enhancing food safety practices and standards. As technology advances,
hyperspectral-imaging systems are expected to play a crucial role in shaping the future of
food safety in the food industry.

Hyperspectral imaging shows potential for improving food safety, especially in the
context of macroalgae. By using advanced imaging techniques and innovative algorithms,
researchers can enhance the accuracy and efficiency of foreign object detection, ensuring
the quality and safety of seaweed products [200]. Furthermore, hyperspectral imaging can
be applied to a range of food products, making it a versatile and powerful tool for ensuring
food quality across multiple industries.

X-ray Fluorescence

Mineral analysis is a critical aspect of assessing seaweed’s impact on human health.
However, it is a complicated and time-consuming technique. To reduce the time and
expense associated with Inductively Coupled Plasma (ICP) techniques, a faster method-
ology suitable for frequent and numerous sample testing is required. A beam of primary
X-rays, produced by an X-ray tube in X-ray fluorescence (XRF), bombards the material. The
collimator restricts the cross-section of the main beam, allowing for specific excitation of
the sample. This stimulation results in the release of fluorescence radiation. An energy-
dispersive detector is used to measure the energy distribution of the fluorescence light.
It allows for the identification and calculation of the relative concentrations of elements
present in a sample. X-ray fluorescence spectroscopy (XRF) is a non-destructive and con-
tinuous technique that has become viable for generating high-resolution elemental data.
The adjusted operating conditions improve the minimal detection limits and detection
efficiency for several evaluated items. X-ray fluorescence spectrometry offers advantages
over other multi-element methods, such as ICP-MS/ICP-OES. It requires limited sample
preparation, provides non-destructive analysis, has a higher total speed, generates less
hazardous waste, and has lower operating costs [201,202].

The gamma X-ray (XRF) technology was tested and calibrated against wet samples of
seaweed to determine the relative and quantitative levels of elements. XRF is commonly
used in geology and material sectors to evaluate the amounts of valuable or dangerous
metals in solid or manufactured materials. However, it has not been widely accepted in the
biological sciences, despite its potential [203].

The use of XRF has enabled frequent testing of seaweed biomass products, resulting
in a developing record of range measurements for each element. This has allowed for
the development of a profile of elemental ranges for nutrition and safety purposes for
a specific type of seaweed. The nutritional value and safety of seaweed are determined
by its elemental profile, which varies across different species. Therefore, it is crucial to

196



Nutraceuticals 2024, 4

thoroughly test all seaweeds and provide the results to the user. It is important to note
that some seaweeds, such as Kombu, contain quantities of trace elements that exceed
the recommended daily intake and even the upper limit. Hence, Kombu should only be
consumed in very small doses [203].

A recent research review examined the application of XRF in the elemental analysis of
milk [204]. Different configurations of XRF spectrometers were evaluated for their ability to
quantify minerals and trace elements in milk samples with the accuracy and reproducibility
required for food products. The study highlighted practical examples of the use of XRF
techniques to determine the mineral composition of milk, emphasizing the importance of
instrumentation, sample preparation, calibration and quantification procedures to ensure
reliable results [204].

Another study investigated the use of low-power XRF systems, including energy-
dispersive X-ray fluorescence (EDXRF) and micro-XRF (u-XRF), for multi-element analysis
and chemical imaging of various edible plant species [205]. The research demonstrated the
feasibility of these XRF methods in analyzing plant material without the need for complex
sample preparation, offering advantages in terms of simplicity and cost-effectiveness
compared to traditional methods. The results underlined the potential of XRF techniques to
increase knowledge of the impact of environmental factors, such as irrigation with treated
wastewater, on the elemental composition of food products [205].

Another study focused on the rapid determination of cadmium in rice using energy-
dispersive X-ray fluorescence spectrometry. The research evaluated the detection efficiency,
periodic stability, and detection limits of different XRF instruments and demonstrated their
applicability for the detection of cadmium in rice samples. The study highlighted the sensitiv-
ity of XRF spectrometers in meeting the rapid detection requirements with minimal impact
from variations in the rice morphology. However, the research also identified challenges
related to false negative and false positive results, highlighting the importance of careful
calibration and validation procedures in XRF analysis for food safety applications [206].

The elemental composition of algae-based dietary supplements is crucial for assessing
their safety and nutritional value. Energy-dispersive X-ray fluorescence (XRF) was used
in a study evaluating 15 algae-based supplements commonly sold on the Portuguese
market [207]. Despite the beneficial iodine content found in most of the kelp samples, there
were concerns about potential excess iodine intake, which can lead to thyroid dysfunction.
In addition, the presence of lead in various seaweed supplements posed significant health
risks due to the potential for high daily doses. There was also considerable variability in
the arsenic levels, raising further concerns about the safety of these supplements. These
findings highlight the importance of informed consumption and regulatory oversight to
mitigate the health risks associated with algae-based products.

Another study focused on XRF analysis of kelp supplement powders and capsules for
heavy metal contamination [208]. While no significant levels of lead or mercury were found
in the 17 samples analyzed, all the samples had detectable levels of arsenic exceeding the
recommended reference doses. This highlights the importance of stringent quality control
measures to ensure the safety of dietary supplements containing algae-based ingredients.

In Kenya, where seaweed is not widely consumed, there is growing interest in its
potential as a food and medicine [209]. However, concerns remain about marine pollution
and heavy metal contamination. In a study, XRF was used to analyze the trace metal
concentrations in seaweed samples collected from different sites along the Kenyan coast.
The results showed relatively high concentrations of essential trace elements such as
calcium, manganese, iron, copper, and zinc, while toxic elements such as arsenic and lead
were within acceptable limits according to the EPA/WHO regulations. This suggests that
direct consumption of edible seaweed can be encouraged as it poses minimal health risks.
In addition, due to their ability to accumulate trace metals, seaweeds serve as valuable
indicators of marine pollution, making them essential for environmental health monitoring.
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Overall, X-ray fluorescence spectroscopy plays a crucial role in assessing the safety
and quality of algae-based dietary supplements and edible seaweeds, thereby ensuring
consumer protection and environmental sustainability in the food industry.

5.2. Bioavailability

After conducting mandatory biochemical profiling of commercially available food,
a major question remains: “The nutritional profile of seaweed and its true nutritional
benefit to humans?”. Scientific evidence supports the fact that the nutritional value of
vegetables differs from their real nutritional value due to the synergistic behavior of the
vegetable matrix compounds [4,13,52,210]. Therefore, it is extremely necessary to conduct
bioavailability assays to fully understand the true nutritional power of seaweed.

Bioavailability is a two-stage process consisting of bioaccessibility and bioactivity.
Bioaccessibility refers to the amount of a consumed component that is released from its
food matrix and available for absorption in the colon [211]. The biological activity of a
medicine or food component involves transporting the component to the target tissue,
interacting with other biomolecules, undergoing biotransformation and/or metabolism,
and inducing a physiological response [108,212].

Thus, bioavailability is closely associated with the human digestive system and the
food matrix. In vitro digestion methods reveal that food matrix effects have a significant
impact on bioaccessibility, which is the fraction of the ingested substance available for
absorption and is frequently the rate-limiting factor determining the overall bioavailability.
Ideally, test methodologies should accurately predict the behavior of loaded food matrices
in real-world settings, such as human consumption, and produce reproducible findings
across laboratories [213]. In vivo human-feeding experiments provide the most precise
approximation of real-world settings, but they are time-consuming and expensive to
conduct. In vivo animal experiments can be used as an alternative, but they are time-
consuming, expensive, and raise ethical concerns about animal confinement and sacrifice.
Additionally, due to differences between the gastrointestinal tract of test animals and
humans, the data obtained cannot be accurately extrapolated. As a result, researchers are
developing in vitro digestion procedures to simulate the human gastrointestinal system.
These approaches are especially useful as screening tools for determining the influence of
certain food matrix effects on the bioavailability [214-216].

Over the last decade, several in vitro digestive models have been developed to investi-
gate the bioavailability of bioactive compounds in foods and medicines [217-219]. However,
in recent years, various approaches have been created to understand the nutritional and
nutraceutical potential of seaweed. The INFOGEST static digestive simulator has become
the most extensively used in vitro digestion model for foods due to its ability to precisely
replicate the human gut while being simple to operate [219]. This method was developed
through a COST action to promote a more accurate model and has gained popularity for
its effectiveness [213]. This approach exposes food samples to sequential oral, gastric, and
intestinal digestion. Factors such as the electrolytes, enzymes, bile, dilution, pH, and diges-
tion time are dependent on the available physiological data. The method has been modified
and enhanced from the INFOGEST 2.0 digesting technique by including the oral phase and
using gastric lipase. The method described here assesses the food digestion endpoints by
analyzing digestion products such as peptides, amino acids, fatty acids, and simple sugars,
as well as quantifying micronutrient release from the food matrix. It is important to note
that this method is not static and can be improved to provide more information based on
real human digestion and its complexity. The procedure is divided into three steps that
simulate the oral, gastric, and small intestine phases of digestion in vivo. At each step,
the text describes the length, physical and biochemical environment, and rationale for the
selection of the steps [220].
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5.2.1. Seaweed Bioavailability Analysis

Understanding the kinetics of seaweed vs. stability may be critical for gaining im-
portant insights into the impacts of seaweed in the digestive process, ensuring improved
food safety levels, and retaining a comparable product with stable chemicals that can be
bioavailable to humans, thereby promoting human welfare. However, there is a general lack
of studies on the bioavailability of seaweeds, and most of them use isolated compounds,
mainly seaweed polysaccharides [52,53].

Raw seaweed biomass contains proteins, polysaccharides, lipids, and minerals. How-
ever, due to the variable intrinsic composition of seaweeds, some of these components
may not be accessible for biological functions in the human body. In vitro research in-
cludes laboratory-based mimics/models for one or more circumstances faced by these
substances in the digestive system, such as the mouth cavity, esophagus, stomach, and
small and large intestines. In vivo investigations aim to evaluate the precise digestion and
fermentation pathways of seaweed-isolated proteins, polysaccharides, and lipids by the
gut microbiota [31,221].

Seaweed Proteins

Protein digestibility is a crucial factor in determining protein availability. The protein
content of seaweed varies significantly. Digestive enzymes can easily break down seaweed
proteins, making them readily absorbable by humans. However, the high soluble fiber
content of seaweed can lead to inadequate protein digestibility, limiting protein digestion
and reducing the accessibility of proteolytic enzymes. There is an inverse correlation
between protein digestibility and the polysaccharide content in seaweed [222].

A recent study determined the in vitro protein digestibility values of six different
Irish seaweeds using a rapid method. This methodology assessed the protein quality and
bioavailability in seaweeds based on their amino acid profiles and protein content [223].
Furthermore, the study found that seaweeds are rich in essential amino acids and taurine,
which are integral to human health. This suggests that seaweeds have the potential to serve
as valuable protein sources in human nutrition, providing a diverse array of essential and
non-essential amino acids to consumers [223].

The study emphasizes the significance of evaluating the protein bioavailability in
seaweeds. This enables the identification of appropriate alternative protein sources for
human diets, contributing to sustainable food systems and addressing the increasing
demand for protein in a resource-efficient manner.

Seaweed Polysaccharides

Seaweed polysaccharides and fibers typically range from 33% to 62% (dry weight
basis) and are generally indigestible by the human stomach and intestinal enzymes. They
act as prebiotic food in the human body [224]. Seaweed is abundant in soluble fibers, which
are known for their ability to retain water and their hydrocolloid properties. Hydrocolloids
are used as functional additives in food formulation to improve food consistency. They act
as thickening, stabilizing and emulsifying agents, and they enhance the sensory quality of
food products [225].

Most seaweed polysaccharides are resistant to digestion in the stomach and small
intestine. Oral digestion of marine algae has shown no breakdown of marine polysaccha-
rides or release of oligosaccharides due to saliva enzymatic reactions. In vitro evidence
suggests that no monosaccharides are identified in the gastric juice, indicating that they
are not digested in the stomach. Similarly, no monosaccharides or oligosaccharides were
detected in the small intestine, indicating that seaweed polysaccharides were not degraded
there. Seaweed polysaccharides are carbohydrate polymers that are neither digested nor
absorbed in the small intestine. Instead, they are fermented by bacteria in the colon, which
influences and modifies bacterial populations in the gut. The human large intestine con-
tains a diverse range of bacterial species that play a crucial role in various metabolic and
regulatory processes related to human health [31,221].
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Recent studies have investigated the in vitro digestibility and fermentability of polysac-
charides extracted from two types of seaweed: Ascophyllum nodosum (AnPs) (Phaeo-
phyceae) [226] and Pyropia haitanensis (formerly Porphyra haitanensis) (PHPs)
(Rhodophyta) [227]. The findings suggest that these polysaccharides have potential as
functional food components with implications for human health.

AnPs showed significant resistance to enzymatic digestion by salivary amylase, gastric
juice, and intestinal juice. However, fermentation by the gut microbiota resulted in a notable
reduction in the molecular weight and reduced the sugar content of AnPs. This process
also caused significant changes in the composition of the gut microbiota, particularly
by increasing the abundance of Bacteroidetes and Firmicutes, which are associated with
metabolic health benefits. Furthermore, the fermentation of AnPs led to a significant rise in
the overall content of short-chain fatty acids (SCFAs), suggesting potential advantages for
gut health and overall well-being [226].

Polysaccharides extracted from PHPs using water extraction and alcohol precipitation
methods showed a promising yield with a distinctive molar ratio of galactose, glucose, and
fucose. These polysaccharides were resistant to digestion by alpha-amylase, indicating their
potential as prebiotics that can selectively stimulate the growth and activity of beneficial gut
microbiota. Furthermore, PHPs have demonstrated significant antioxidant activity, making
them attractive candidates for applications in the food and cosmetic industries [227].

The investigation into the digestibility and bioavailability of polysaccharides from
macroalgae highlights their potential as functional food ingredients with diverse health-
promoting properties. Further research is needed to elucidate their physiological effects
and explore their applications in human nutrition and well-being.

Seaweed Lipids

Macroalgae, also known as seaweeds, are being considered as potential candidates
for improving the nutritional value of various food products. This is due to their rich
composition of lipids and diverse bioactive compounds. Studies examining the lipid
content and availability of lipids in different species of seaweeds provide valuable insights
into their potential as functional food ingredients [228].

Seaweeds have a diverse nutritional composition, with lipids being a key component.
The lipid content of seaweeds usually ranges from 0.2% to 2.5%, with variations observed
among different species and environmental factors. Seaweeds are valued for their unique
lipid profiles and bioactive lipid compounds, despite their relatively low lipid content
compared to other food sources [228,229].

Analysis of the fatty acid profiles in seaweeds reveals that they contain a predominance
of polyunsaturated fatty acids (PUFAs), including omega-3 and omega-6 fatty acids, which
are essential for human health. Seaweeds have higher levels of PUFAs compared to
saturated fatty acids (SFAs) and monounsaturated fatty acids (MUFAs), making them a
valuable source of healthy fats [228].

The study conducted by Demarco et al. [222] investigated the lipid and fatty acid
contents of brown seaweed Fucus spiralis (Phaeophyceae) before and after in vitro modeling
of the human digestive process. The results showed that F. spiralis has a low lipid content
of 3.5% dry weight, with a lipid bioaccessibility of about 12.1%. The most abundant
—3 fatty acid found was eicosatetraenoic acid, with a bioaccessibility percentage of 13.0%.
The low lipid bioaccessibility may be because most of the internal lipids in seaweed are
phospholipids and glycolipids, which are associated with cell membranes [222].

An investigation found that different seaweed species have a wide range of total
lipid content, ranging from 0.7 + 0.1% in Chondrus crispus (Rhodophyta) to 3.8 & 0.6% in
Ulva spp. (Chlorophyta). This variability highlights the diverse lipid compositions present
in seaweeds.

Analysis of the fatty acid profiles revealed varying proportions of polyunsaturated
fatty acids (PUFAs), monounsaturated fatty acids (MUFAs), and saturated fatty acids (SFAs)
across different species. Ulva species exhibited the highest content of polyunsaturated
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fatty acids (PUFAs), while C. crispus and Gracilaria species were rich in saturated fatty
acids (SFAs) [230].

Seaweed Minerals

Minerals are chemical elements that organisms require as essential nutrients for sur-
vival. They are primarily obtained through the consumption of plants, animals, or water.
The human body contains five primary minerals: calcium (Ca), phosphorus (P), potassium
(K), sodium (Na), and magnesium (Mg). Sulfur (S), iron (Fe), chloride (Cl), cobalt (Co),
copper (Cu), zinc (Zn), manganese (Mn), molybdenum (Mo), iodine (I), and selenium (Se)
are trace elements with unique metabolic functions in the human body. The bioavailability
of these metals is strongly related to the carbohydrate and dietary fiber concentrations [22].
Samples with high carbohydrate or dietary fiber concentrations have high metal bioavail-
ability ratios. A negative association was found between the bioavailability percentages
of certain metals and proteins. This is because during in vitro digestion, proteins are hy-
drolyzed into amino acids. Most soluble amino acids carry positive or negative charges
at a physiological pH, which increases the ionic strength in the aqueous phase. This re-
sults in lower metal solubility via the salting-out effect [231]. Metals and lipids have a
negative correlation, which is due to metals not being emulsified by bile extracts during
in vitro digestion and being introduced into the liquid phase before becoming available
for absorption [22,222].

One study has shown that certain seaweeds, such as nori and sea lettuce, contain
high levels of bioavailable iron. However, the absorption efficiency of iron from seaweeds
varies, with some species exhibiting lower absorption rates compared to spinach. Factors
such as the vitamin C content can enhance the iron bioavailability in specific seaweeds,
but high levels of arsenic or other minerals may limit their regular consumption as a safe
iron source [232].

The absorption of magnesium from seaweeds differs based on their fiber content and
solubility. Seaweeds like Aosa (Chlorophyta) and Kombu (Phaeophyceae) have been identi-
fied as good sources of magnesium due to their high absorbable magnesium concentration.
Despite variations in the magnesium solubility after in vitro digestion, factors beyond
solubility alone influence magnesium absorption from seaweeds [233].

The bioavailability of minerals in seaweeds can be affected by cooking methods. Some
metals, such as chromium, iron, cobalt, nickel, and zinc, are released into the cooking
water during heat treatment, while others, such as copper, iron, and zinc, are retained in
the seaweed [210].

Understanding the bioavailability and digestibility of minerals in edible seaweeds is
crucial for maximizing their nutritional benefits. Seaweeds offer a diverse range of minerals,
but variations in the absorption rates and interactions with food constituents highlight the
need to consider these factors when incorporating seaweeds into the diet. Further research
is needed to optimize the bioavailability of minerals from seaweeds and ensure their safe
and effective use as valuable sources of essential nutrients [52,53,95,107].

The seaweed food matrix can be optimized to improve the bioaccessibility by modify-
ing its content and structure. Seaweed compounds can interact positively or negatively,
affecting the bioavailability of nutrients. In vitro digestion models are powerful tools for
modifying the food matrix and improving the bioavailability of bioactive compounds,
resulting in potentially healthier food products [52,53,95,107].

Furthermore, there is a need to further develop and study this topic due to its vital
importance for human health. The nutritional value of seaweed is currently underval-
ued, despite being a key factor in human welfare and a potential tool for future food
nutraceuticals. With the evolution of technology, it is possible to develop a food safety
system using new technologies such as the E-Nose, FTIR-ATR, and NIRS, coupled with
the INFOGEST system. This can enhance food safety and improve understanding of the
real nutrient availability through pro analysis component analysis and logarithms. It is
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important to develop a new technological safety system to improve human welfare quality
while reducing the costs associated with classical assays.

6. Future Road into Seaweed Food Safety and Nutraceutical Potential

Even though each biochemical and biological study has both positive and negative
implications for seaweed quality certification, these analytical techniques are currently in
development due to the complexity of seaweeds’ composition. The additional expenses
that these studies may incur for businesses might be reflected in the final product pricing.
In contrast, seaweed characterization is required to provide quality control and customer
safety. Thus, the framework and regulations for regulating seaweed food quality man-
agement are continuously evolving, with specialized analysis for seaweeds considering
the chemical diversity and compound complexity [4]. It is still unknown how the gut
microbiota influences dietary component metabolism and how much this differs across
people (because humans differ as to their digestive system, with different microbiomes).
Many kinds of food substances, such as complex polysaccharides, lipids, proteins, and
phytochemicals, are transformed by gut microorganisms, and these metabolic processes
are associated with a variety of health advantages as well as disease susceptibility. Fur-
thermore, the gut microbiota changes the toxicities and lives of industrial chemicals and
pollutants in the body [234]. There is currently a scarcity of information on the interactions
and metabolic regulation of the gut microbiota and seaweeds’ components. Due to the
inherent heterogeneity of the gut microbiome from individual to individual, it is critical
to understand the functions of gut bacteria in the processing of components acquired
from macroalgae sources, most creating a robust gastrointestinal model (INFOGEST). The
gut microbiota’s direct and indirect metabolic effect on the chemical alterations of a wide
variety of chemicals might possibly have consequences for host health [107,235].

As anovel food product, the seaweed sector for human consumption confronts a num-
ber of obstacles, including a lack of standard quality and safety processes, as well as a lack
of regulatory rules. There are now various analytical techniques available for evaluating
the nutritional value of seaweeds, which can guarantee a better quality and safety check
of seaweed-based products; however, advancements to standardize the methodology and
findings are urgently needed. Actually, a desire to collaborate with the scientific community
to establish rules and laws applicable to seaweed farmers and industry for the food sector
is rising throughout the Asian, European, and American continents [107].

Seaweeds are a promising novel food source that can help address global food security
challenges. However, ensuring the safety of seaweed consumption is of the utmost impor-
tance. A systematic review was conducted to assess the microbiological, chemical, physical,
and allergenic risks associated with seaweed consumption. The review found no significant
hazards for microbiological, allergenic, and physical risks. However, there are concerns
regarding chemical risks, particularly the accumulation of heavy metals, when harvesting
seaweed in polluted areas. To mitigate this risk, seaweed cultivation in controlled environ-
ments is recommended. It is also necessary to periodically monitor the heavy metal levels
in final products. Establishing safety standards for seaweed consumption is crucial as its
popularity continues to grow worldwide [236].

The seaweed industry has great potential for sustainable ocean economies and aligns
with the UN Decade of Ocean Science for Sustainable Development. Seaweed production
accounts for over 50% of the total global marine production and supports the livelihoods
of millions. However, the industry faces significant challenges, including the need to
enhance biosecurity, traceability, and pest management, as well as to promote technological
innovation and policy coordination, to ensure its long-term sustainability. Paying attention
to small-scale farmers and processors is crucial to ensure inclusive growth and resilience
while addressing key Sustainable Development Goals [237].

The expansion of the seaweed market in Australia provides a valuable example for
Europe as it incorporates seaweed into its food systems. Australia’s initiatives, includ-
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ing significant investments in research, development, and commercialization, serve as a
blueprint for Europe to follow [238].

In Australia, concerted efforts have been made to sustainably cultivate native seaweed
species, tapping into the country’s rich biodiversity. This approach is in line with Europe’s
increasing interest in using local resources and promoting biodiversity conservation. Euro-
pean countries can explore the cultivation of indigenous seaweed species suited to their
coastal environments, thus reducing their dependence on imported seaweeds by adopting
similar strategies [238].

Additionally, Australia’s emphasis on innovation and technology in seaweed cultiva-
tion and processing provides valuable insights for Europe. By embracing advancements in
cultivation techniques, biorefinery processes, and product development, Europe’s emerging
seaweed industry can enhance its efficiency and sustainability [238].

Collaboration between scientists, government agencies, industry stakeholders and
local communities has been instrumental in the growth of the seaweed sector in Australia.
Similarly, to overcome regulatory hurdles, address food safety concerns, and ensure con-
sumer acceptance of seaweed-based products, fostering interdisciplinary collaborations
and stakeholder engagement will be crucial for Europe [238].

To ensure the safety of seaweed for food and feed purposes, a comprehensive as-
sessment of the potential hazards is necessary. Major hazards, such as heavy metal ac-
cumulation and microbial contamination, pose significant risks to human health. It is
essential to address data gaps and prioritize monitoring programs to identify and mitigate
hazards. The hazard presence is influenced by factors such as the seaweed type, cultivation
environment, and processing methods. Prioritizing monitoring efforts based on the hazard
severity and knowledge gaps can inform risk management strategies and ensure the safety
of seaweed-based products [97,239]. There needs to be developed a new system based
on the HACCP, GMP and ISO 2200 and linked to the new characterization technologies
and bioavailability analysis to evolve human food into a new step toward human safe
nutraceutical food [102,104,105].

Despite the need for responses to growing health concerns and a secure and stable food
supply, it is critical to adopt new rules that improve the quality and safety of seaweeds and
their sub-products for human use. Furthermore, promoting and improving the required
human daily nutrition dosage is critical for improving overall health conditions. Thus,
there is a need to observe if the different types of seaweed will need a different type of
safety analysis protocol or can an intermediate protocol be used for all. Furthermore, there
is need to develop a control of seaweed quality and a handbook of best practices for the
culture that enhances sustainably and healthy seaweed aquaculture. A handbook focusing
on the methods to analyze the quality and safety of seaweeds and their sub-products for
human use, including microbial, heavy metals and nutritional methods, is required, as is
bioavailability assays to be applied around the globe, and clarifying if different types of
algae need different approaches due to brown seaweeds having different compounds from
red and green seaweed [4,23,52,240].

7. Conclusions

There is a new wave of research to find a new natural food source and ingredient,
which is being setting on seaweeds. However, there still a lot to do to verify seaweeds’
real potential at a food solution for humankind’s future. Still, the principal features
and discoveries demonstrated that seaweeds are a future key for human nutrition and
healthcare solution.

Food safety is becoming an international problem for human health worldwide. Com-
mon food contaminants, including but not limited to antibiotics, veterinary medications,
pesticides, mycotoxins, heavy metals, foodborne diseases, unlawful additives, and allergies,
can constitute a substantial hazard to human health. Therefore, to have a positive impact
on human health, there is need to correctly certify seaweeds” quality as a food ingredient by
the regulations and principles with which food raw sources are normally accessed. Thus,
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a variety of analytical approaches were used to check food safety, but each had practical
limits or analytical flaws. There are still margins to develop even more technological tools
to have more data to check and enhance seaweed in relations to food safety and security.

More assays concerning seaweed compounds’ bioavailability are needed to promote
seaweed foods and their safety for human welfare, using standard methods which can
be validated by diverse food agencies. This is one of the most important topics, which
continues without a theoretical and practical recommended and applied method for the
studies of nutraceutical compounds and foods. Thus, bioavailability analysis of seaweeds
and their compounds/products requires an integrated and comprehensive approach that
includes in vitro, in silico and in vivo studies, new modern analytical methods (connect to
the classical techniques), and evaluation of the many affecting variables. Understanding the
bioavailability of seaweed-derived nutrients and bioactive compounds will help with their
best application in functional and healthy meals, nutritional supplements, and therapeutic
uses, being a keystone to the future of seaweeds as a safe nutraceutical source.
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Abbreviations

Due to the extensive work, we created a list of abbreviations:

% Percentage

Ag-NPs Silver nanoparticles

AnPs Ascophyllum nodosum

AOAC Association of Official Analytical Chemists
BP-NN Back-propagation neural networks

Ca Calcium

Cl Chloride

Co Cobalt

CO, Carbon dioxide

Cu Copper

DPPH 2,2-diphenyl-1-picrylhydrazyl

E401 Sodium alginate

E407a Transformed Eucheuma algae

EAAs Essential amino acids

EC Commission Regulation

EC Electrochemical

EDXRF Energy-dispersive X-ray fluorescence
ELISA Enzyme-linked immunosorbent assay
EPA Environmental Protection Agency

EU European Union

FA Fatty acids

FAO Food and Agriculture Organization of the United Nations
Fe Iron

FSMS Food Safety Management System
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Abstract: Functional food factors can play a preventive and therapeutic role in several human
diseases. The marine alga Sargassum horneri (S. horneri) has restorative effects in several types of
metabolic disorders, including osteoporosis, diabetes, inflammatory conditions, and cancer cell
growth. Osteoporosis is widely recognized as a major public health problem. Bone loss associated
with ageing and diabetic states was prevented through the intake of bioactive compounds from
S. horneri water extract in vivo by stimulating osteoblastic bone formation and inhibiting osteoclastic
bone resorption in vitro. The intake of S. horneri water extract was found to have preventive effects on
diabetic findings with an increase in serum glucose and lipid components. Furthermore, the S. horneri
component has been shown to suppress adipogenesis from rat bone marrow cells and inflammatory
conditions in vitro. Notably, the growth of bone metastatic human breast cancer MDA-MB-231 cells,
which induce bone loss with osteolytic effects, was suppressed through culturing with the S. horneri
water extract component in vitro. The S. horneri component, which has a molecular weight of less
than 1000, was found to suppress the activation of NF-«B signaling by tumor necrosis factor-«, a
cytokine associated with inflammation, in osteoblastic cells and macrophage RAW264.7 cells in vitro,
suggesting a molecular mechanism. The bioactive component of S. horneri may play a multifunctional
role in the prevention and treatment of metabolic disorders. This review outlines the advanced
knowledge of the biological activity of the aqueous extract components of S. horneri and discusses the
development of health supplements using this material.

Keywords: Sargassum horneri; osteoporosis; diabetes; obesity; cancer; NF-kB signaling; dietary
supplement

1. Introduction

Functional food factors can play a preventive and therapeutic role in several human
diseases. The knowledge that dietary factors regulate biological functions provides a wealth
of information about food and health. In recent years, the marine alga Sargassum horneri
(S. horneri) has been shown to have restorative effects in several types of metabolic disor-
ders, including osteoporosis, diabetes, inflammatory conditions, and cancer cell growth.
Osteoporosis, the bone loss associated with ageing, is widely recognized as a major public
health problem. Therefore, it may be of great interest to elucidate the role of food-derived
factors in the regulation of bone metabolism and to investigate the prevention and repair of
osteoporosis [1-3].

Bone tissue is formed by the destruction of old bone by osteoclasts, which break down
bone minerals, and the formation of new bone tissue by osteoblasts, which make new
bone. The bone then continues to become flexible and elastic [4-6], which is called bone
remodeling [4]. It has a mechanism to hold it in place. When this balance is disturbed
by ageing or many pathological conditions, bone mass decreases, leading to osteoporosis.
This bone disease makes people susceptible to fractures, causes them to be bedridden with
fractures, disrupts their daily lives, and accelerates their death. It can play an important
role in maintaining health and helping to prevent and repair disease. The incidence of bone
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disease, including osteoporosis, has been increasing annually with the recent increase in
the ageing population, and there has been much interest in its prevention.

The author has a strong interest in elucidating the role of food-derived factors in
the regulation of bone metabolism and research related to the prevention and repair of
osteoporosis [1-3]. Alongside fisheries researchers with morphological characteristics, we
collected seaweeds from the sea in Shizuoka Prefecture (Shimoda City, Japan), such as
Undaria pinnatifida, Sargassum horneri, Eisenia bicyclis, and Cryptonemia schmitziana.
Gelidium amansii and Ulva ulvaceae from Lake Hamana (Shizuoka, Japan) were used
to study the effects of their extracts on bone calcium content [4]. As a result, we initially
discovered that, among edible algae, the water-extracted components of Sargassum horneri
(Japanese name, Akamoku) have a strong effect on increasing bone calcium levels in rat
femoral tissue in vitro [7]. After that, the components of several seaweeds have been
reported to express osteogenic effects [8-14]. S. horneri is found along the coasts of Japan
and China, growing from winter to spring on rocky areas of the ocean floor where the
waves are relatively calm. This seaweed grows rapidly and becomes entangled in fishing
nets and ship propellers, so it is rarely used. Although it has been used as food in some
areas, much of it has been discarded into the environment. This seaweed is a brown alga
belonging to the kelp, mozuku (Japanese), and wakame (Japanese; Undaria pinnatifida)
families. It has just the right amount of sliminess and a unique chewy texture, and has
been used as a delicious and healthy seaweed since ancient times in areas such as Akita,
Iwate, Toyama, and the Noto Peninsula in Japan. It was eaten raw. In addition, S. horneri
(Japanese name, Akamoku) is known to contain significantly higher amounts of nutritional
components than other seaweeds, such as carotene, vitamin C, vitamin B2, dietary fiber,
minerals, and trace elements.

Subsequently, we found that in addition to promoting bone mass, the water extract
components of S. horneri have the effects of ameliorating hyperglycemia and hyperlipidemia
in diabetes in vivo, and suppressing the formation of fat cells associated with obesity both
ex vivo and in vivo. [15]. It has been shown that these effects are based on a mechanism
by which the S. horneri components suppress the expression and activity of nuclear factor
kappa B (NF-kB), an intracellular information transduction molecule that is important
for the expression of the above pathological conditions [16]. Thus, the water extract
component of S. horneri was found to be effective in preventing and ameliorating a variety
of pathological conditions, and it is expected to be effective as a traditional Chinese herbal
medicine with a variety of physiological activities that help improve health.

This mini review outlines the advanced knowledge of the biological activity of the
aqueous extract components of S. horneri and discusses the development of health supple-
ments using this material.

2. S. horneri Component May Prevent Osteoporosis
2.1. Unique Anabolic Effect of S. horneri Component in Bone Tissue

Seaweed extract components were prepared to clarify the biological effects of various
seaweeds on bone tissue in vitro. S. horneri extract was proven to increase the amount of
calcium in the femoral tissue in a dose-dependent manner [7].

The experiment used a lyophilized sample of the extract dissolved in the purified
distilled water of various seaweeds. Rats were given a 5% aqueous solution of aqueous
extracts of wakame, red moss, arame, occidental ibis, maculata, and sea lettuce orally for
7 consecutive days. Among the different seaweeds, the intake of S. horneri aqueous extract
uniquely increased the amount of calcium in femoral metaphyseal tissue (spongy bone
tissue) in a dose-dependent manner [7]. In addition, the activity of alkaline phosphatase,
an enzyme that promotes bone mineralization, and the amount of DNA (evaluated as an
index of the number of cells in bone tissue) were shown to be significantly increased [17].
Such an effect of S. horneri extract was also induced in the diaphyseal (cortical) tissues
of rat femurs. The anabolic effects of the S. horneri extract component were based on
the enhancement of bone protein synthesis in bone cells [7,17]. The aqueous extract
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component of S. horneri may contain a bioactive factor that enhances osteoblast function,
which promotes bone formation [7,17]. Brown algae contain several active compounds
such as fucoidan, fucosterol and fucoxanthin. We have confirmed that these substances do
not have an anabolic effect on bone formation.

It is noteworthy that the aqueous extract component of S. horneri has also been shown
to suppress bone resorption through the action of osteoclasts causing osteolysis [18]. When
the diaphyseal and metaphyseal tissues of rat femurs were cultured in the presence of
bone resorption-promoting factors such as parathyroid hormone and prostaglandin E2,
bone calcium content decreased [18]. These effects were almost completely suppressed in
the presence of the aqueous extract component of S. horneri. Thus, the aqueous extract of
S. horneri was found to have an inhibitory effect on bone resorption in vitro.

2.2. Characterisation of the Active Ingredient in S. horneri Aqueous Extract

An attempt was made to identify the active compounds in the aqueous extract of
S. horneri. Firstly, the molecular weight of the active compounds in S. horneri water extract
was determined using membrane fractionation [19]. The compounds that suppress bone
resorption have been shown to have a molecular weight of 50,000 or more. To further
separate the active components, the active fraction of the Sephadex G-25 (Sigma-Aldrich,
St. Louis, MO, USA) column elution of the red mosquito extract was separated by high
performance liquid chromatography (Asahipack GF-310HQ (Resonac, New York, NY,
USA)) and GS-220HQ (Resonac, New York, NY, USA). The final fraction was found to
contain several new and known substances with molecular weights (MW) of approximately
350-400 [19]. Finally, we found the presence of 4 chemicals in the S. horneri components
(less than MW 3000) by analysis using a liquid chromatography-mass spectrophotometry
system (LCMS-IT-TOF; Shimadzu, Kyoto, Japan). These chemicals were identified as 1,3,5-
tris(oxolan-2-ylmethyl)-1,3,5-triazinane (MW 339), 5-phenyl-2-[2-(5-phenyltetrazol-2-ethyl)]
tetrazole (MW 318), 3-(hexadecylamine)propane-1,2-diol (MW 316), and 2-(2-hydroxyethyl-
tridecylamino)ethanol (MW 288). These chemicals may affect osteoblastogenesis and /or
osteoclastogenesis. The combination of these compounds has a more potent anabolic effect
on bone than either component alone. The manifestation of this potent combined effect
may be important in the expression of multi-functionality.

2.3. S. horneri Component Has an Inhibitory Effect on the Activation of the NF-xB Signalling Pathway

Endogenous tumor necrosis factor-alpha (TNF-«) decreases peak bone mass and
inhibits osteoblastic Smad activation through NF-«B [20-22]. The S. horneri component has
been shown to have anabolic effects on bone tissue [7,19]. To elucidate the mechanistic
property, we used the S. horneri components with molecular weights below 3000. The
inflammatory cytokine TNF-« plays a central role in the molecular and cellular mechanisms
of skeletal pathology [20,21]. We focused on the involvement of TNF-o in the expression of
the anabolic effects of S. horneri on bone tissue. Inhibition of NF-kB, which is associated with
TNF-« signaling, promotes osteoblastic bone formation and suppresses osteoclastic bone
resorption in vitro. Notably, the aqueous extract component of S. horneri was found to block
the impairment of osteoblast function by TNF-« and the control of osteoclast activation
by the receptor activator of NF-«B (RANK) ligand (RANKL) [16]. This result suggests that
the suppression of TNF-a signaling plays a critical role in exerting the anabolic effect of
the S. horneri extract component on bone. We found that there are several new and known
chemical substances with molecular weights between 200 and 400 in the aqueous extract
components of S. horneri (MW3000 or less) [19]. These molecules may contribute to the
inhibition of NF-«B signaling activation. Mechanistically, this inhibition may be important
in exerting the bone anabolic effects of the S. horneri aqueous extract component.

The cellular mechanism by which the S. horneri component exerts an anabolic effect
on bone metabolism, leading to increased bone mass, is described in Figure 1.
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Figure 1. The cellular mechanism by which the S. horneri component exerts its osteogenic effects.
Osteoclasts are differentiated from stem cells. RANKL stimulates osteoclastogenesis. Osteoblastic
cells are differentiated from bone marrow mesenchymal stem cells and are stimulated by bone growth
factors (TGF-p1 and BMP-2). The S. horneri component stimulates osteoblastic bone formation and
suppresses osteoclastic bone resorption, thereby increasing bone mass. The S. horneri component
suppresses TNF-o- and RANKL-enhanced NF-kB activation in osteoblasts and osteoclasts, suggesting
a possible molecular mechanism for the osteogenic effects of the S. horneri component. In addition,
bone marrow mesenchymal stem cells are differentiated into adipocytes. The S. horneri component
suppresses adipogenesis from bone marrow mesenchymal stem cells. This may lead to the prevention
of obesity and associated bone loss.

2.4. Involvement of S. horneri Water Extract Component in Osteoporosis Prevention

As mentioned above, S. horneri aqueous extract has been shown to promote bone
formation and inhibit bone resorption [7,15-19]. In addition, we investigated its effect on
promoting bone constituents and preventing osteoporosis in growing and ageing rats [23].
First, growing (4-week-old male) and ageing (50-week-old female) rats were given 2.5, 5
and 10 mg of S. horneri water extract (lyophilized product) per 100 g of rat body weight
once a day [16]. After continuous oral administration for 7 and 14 days, changes in bone
constituents (calcium content, alkaline phosphatase activity and DNA content) in the dia-
physeal (bone) and metaphyseal (cancellous bone) tissues of the femur were examined [23].
Significant increases in all bone components, including calcium content, alkaline phos-
phatase activity, and DNA content, were found in the diaphyseal and metaphyseal tissues
of growing and ageing rats [23]. Thus, it has been demonstrated that the intake of S. horneri
components has the effect of promoting bone mass during both growth and ageing.

Osteoporosis with bone loss as a complication of diabetes has attracted clinical at-
tention as an intractable disease [24,25]. Streptozotocin (STZ) is used as a model animal
for diabetes because it destroys the pancreas and induces type 1 diabetes due to impaired
insulin secretion [26]. In STZ-treated rats, bone constituents (calcium, alkaline phosphatase
activity and DNA content) in the diaphysis and metaphysis of the femur were significantly
reduced [15]. Notably, STZ-induced bone loss was significantly suppressed by continuous
oral administration of S. horneri extract for 14 and 21 days in vivo [15]. Thus, the water
extract component of S. horneri may have an improved effect on diabetic osteoporosis and
may be useful in the supplemental prevention of osteoporosis.
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2.5. Complementary Effects of S. horneri Water Extract Component in Humans

Based on the above knowledge, a new functional food material was developed using
S. horneri water extract as the active ingredient to prevent osteoporosis. The material
of the final product was named Hormax OT, after the name S. horneri. Note that OT is
an abbreviation for osteon (meaning bone). Generally, healthy volunteers (24 men and
women, 11 to 13 in each group) took 1 tablet (containing 300 mg of Formax OT) or 3 tablets
(containing 900 mg of Formax OT) a day for 4 or 8 weeks [27].

This study was analyzed by measuring the serum concentration of bone turnover
markers developed for the clinical evaluation of osteoporosis. Note that a starch tablet was
used as a placebo. Bone turnover markers included bone-type alkaline phosphatase [28] and
osteocalcin, markers of bone formation (proteins specifically produced by osteoblasts) [29],
tartrate-resistant acid phosphatase, a marker of bone resorption (a protein produced by
osteoclasts) [30], and type 1 collagen degradation product N-telopeptide (a specific degrada-
tion product of type 1 collagen protein present in bone tissue during bone resorption) [31].

Specifically, Formax OT was found to significantly reduce tartrate-resistant acid phos-
phatase, a serum marker of bone resorption, and suppress bone resorption (bone mineral
dissolution) [24]. It was concluded that S. horneri extract constituents exert their bone
resorption inhibiting effect early in the intake and then promote bone formation, thus
helping to maintain bone mass.

In addition, general blood biochemistry tests and blood cell counts did not change
significantly after taking 1 or 3 tablets of Formax daily for 8 weeks, and no toxicity was ob-
served [27]. The functional material “Formax OT”, which was first developed at Maruhachi
Muramatsu Co., Ltd. (Shizuoka, Japan), is a powdered version of the water extract compo-
nent of S. horneri, which has been shown to be effective in humans and may be effective in
preventing osteoporosis.

3. S. horneri Water Extract Component Has a Preventive Effect on Diabetes

Whether the S. horneri component ameliorates diabetic states has been investigated
using model rats treated with STZ, which destroys the pancreas and induces type 1 di-
abetes due to impaired insulin secretion [8]. In this rat model, suppressed body weight
gain, elevated serum glucose and triglyceride concentrations, and elevated serum cal-
cium and inorganic phosphorus concentrations were observed [15]. These diabetes-related
fluctuations were significantly improved through continuous oral administration of the
S. horneri water extract component for 14 and 21 days [15]. This result suggests that there are
factors in the S. horneri water extract component that exert anti-diabetic effects and that its
intake is effective in improving diabetic conditions. In addition, it is believed that there are
two factors in the S. horneri water extract component, one that improves diabetic conditions
and one that repairs diabetic osteoporosis, as described previously [15]. However, the same
factor may be effective in improving both conditions, suggesting that they may be related.

4. S. horneri Extract Component Suppresses Adipogenesis in Bone Marrow Cells

Bone marrow stem cells are pluripotent and differentiate into osteoblasts, chondro-
cytes, cardiomyocytes, and adipocytes [32-34]. We have also found that factors in the
aqueous extract component of S. horneri suppress the formation of adipocytes from bone
marrow cells [35]. The question of whether bone marrow stem cells differentiate into
adipocytes or osteoblasts has attracted much interest in the progression of osteoporosis.
Therefore, we investigated the formation of adipocytes by culturing mouse bone marrow
cells in a culture medium containing a component of S. horneri water extract (molecular
weight less than 3000) in vitro [35]. We found that the S. horneri water extract component
enhanced the insulin-stimulated differentiation of bone marrow stem cells into osteoblasts
and suppressed the formation of adipocytes [35]. S. horneri extract also has inhibitory effects
on lipid metabolism in 3T3-L1 adipocytes in vitro [36]. Thus, the S. horneri component may
have the effect of suppressing the differentiation of bone marrow cells into adipocytes.
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TNEF-o secreted by mature adipocytes may be involved in the pathogenesis of obesity-
induced osteoporosis [37,38]. In addition, the factors in the aqueous extract component of
S. horneri were found to block the inhibition of osteoblast function and osteoclast hyper-
plasia caused by the activation of intracellular NF-«B signaling stimulated by TNF-oc [16].
Note that TNF-« is upregulated in bone marrow adipocytes and mature adipocytes and
is an important factor in causing inflammation and insulin resistance [35]. The S. horneri
component has been shown to improve the status of type 1 diabetes [15]. The S. horneri
component may also be useful in preventing type 2 diabetes, which is associated with
obesity and insulin resistance.

5. Suppressive Effects of the S. horneri Component on the Inflammatory State
Associated with TNF-« in Various Cell Types

The S. horneri component has been shown to exert suppressive effects on the inflam-
matory state of various cell types, including macrophages, retinal cells, and dermal fibrob-
lasts [39-51]. In this mini review, the author has focused on inflammatory macrophages.
The S. horneri component with 70% EtOH extracts, such as phenolics and flavonoids, has
been shown to have excellent anti-inflammatory and antioxidant activities [39]. Levels of
several cytokines, including prostaglandin E2 (PGE2), TNF-«, and interleukin (IL)-6, which
mediate pro-inflammatory effects, were found to be reduced by treatment with S. horneri
extract [39]. S. horneri extract has been shown to downregulate pro-inflammatory cytokines,
PGE2 and nitric oxide secretion by blocking the downstream activation of Toll-like receptor
(TLR)-mediated NF-«B and mitogen-activated kinase (MAPK) phosphorylation [40,50].
Furthermore, S. horneri extract inhibited chronic lung inflammation induced by particulate
matter by blocking TLR/NF-kB/MAPK signaling in lung macrophages [42]. TNF-«, which
stimulates TLR signaling, is important in the development of inflammatory diseases and
cancer, and is a contributing factor in a variety of diseases. It may be critical as a common
mechanism by which the S. horneri component has suppressive effects on the activation of
NF-«B signaling.

6. Suppressive Effects of the S. horneri Component on Cancer Cells

Among various types of cancer, bone metastasis is a very serious and deadly disease.
Breast cancer cells metastasize to bone, and approximately 70% of patients with advanced
breast cancer will develop bone metastases [52-57]. Breast cancer promotes the formation of
osteoclasts by secreting osteoporotic cytokines, including TNF-o [58,59]. Treatment includes
drugs and antibodies that inhibit the action of RANKL, a cytokine that activates osteoclast
function leading to bone resorption [20,21]. We found that the aqueous extract component
of S. horneri stimulates osteoblastic bone formation and osteoclastic bone resorption, leading
to bone loss [7,16,17], and investigated whether the S. horneri component affects breast
cancer cells.

MDA-MB-231 human breast cancer cells have bone metastatic potential and lack the
expression of estrogen receptor alpha, progesterone, and epidermal growth factor receptor
2. MDA-MB-231 triple negative breast cancer cells are well established as a model of human
breast cancer that is difficult to treat with drugs [52,53,57,59]. We investigated whether the
S. horneri component would be useful in controlling breast cancer. In the culture of human
breast cancer MDA-MB-231 cells, the S. horneri component with a molecular weight of less
than 3000 was found to suppress proliferation with cell cycle arrest and stimulate apoptotic
cell death of MDA-MB-231 cells, resulting in a reduced numbers of cancer cells [60]. This
study may suggest that the S. horneri compound is a useful tool for cancer prevention and
therapy without side effects.

In addition, a polysaccharide fraction obtained from S. horneri by hot water extraction
was shown to inhibit the growth of human colon cancer DLD cells in a dose-dependent
manner by inducing apoptosis of DLD cells [61]. The polysaccharide component obtained
from S. horneri caused the accumulation of cells in GO/G1 and S phase and affected the
expression of apoptosis-associated genes such as Bcl-2 and Bax [62]. This may explain the
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growth inhibition of DLD cells. These studies suggest that sulphate content and molecular
weight may influence antioxidant and antitumor activities. Thus, the S. horneri component
has been shown to have anticancer activity. Further studies are anticipated.

7. Conclusions

Research into the biological activities of S. horneri has been fruitful, with the discovery
in 2001 that it has osteogenic effects [7]. This is popular because it helps prevent osteo-
porosis, which leads to fractures and is common in an ageing population. This disease
is common in bed-ridden people and is considered a socially important disease wherein
prevention is important. The aqueous extract component of S. horneri has been shown
to have an osteogenic effect by stimulating osteoblastic bone formation and suppressing
osteoclastic bone resorption, leading to the prevention of age-related bone loss. Among
the many edible seaweeds, S. horneri was found to have a unique osteogenic effect. Subse-
quently, the S. horneri component was found to have suppressive effects against diabetes,
adipogenesis, obesity, inflammation, and cancer cell growth. Mechanistically, the S. horneri
component was shown to suppress the TNF-a-activated transcription factor NF-«B signal-
ing, which is associated with several diseases. S. horneri may be a functional food with
multifunctional bioactivities. In addition, these bioactive components may be needed to
identify the detailed chemical structure and associated biological activity. This study may
lead to the development of new pharmaceutical drugs. Thus, the S. horneri marine algae
component has a variety of physiological activities and is expected to be used as a material
for supplements with Chinese herbal medicine effects.
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