
www.mdpi.com/journal/nutraceuticals

Special Issue Reprint

Functional Foods as a New 
Therapeutic Strategy 

Edited by 

Ivan Cruz-Chamorro 



Functional Foods as a New
Therapeutic Strategy





Functional Foods as a New
Therapeutic Strategy

Editor

Ivan Cruz-Chamorro

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editor

Ivan Cruz-Chamorro

Universidad de Sevilla

Spain

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Nutraceuticals (ISSN 1661-3821) (available at: https://www.mdpi.com/journal/nutraceuticals/

special issues/FFoods).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-7708-1 (Hbk)

ISBN 978-3-0365-7709-8 (PDF)

Cover image courtesy of Ivan Cruz-Chamorro

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to ”Functional Foods as a New Therapeutic Strategy” . . . . . . . . . . . . . . . . . . . . ix

Ivan Cruz-Chamorro

Functional Foods as a New Therapeutic Strategy
Reprinted from: Nutraceuticals 2023, 3, 18, doi:10.3390/nutraceuticals3020018 . . . . . . . . . . . 1

Madalina Neacsu, James S. Christie, Gary J. Duncan, Nicholas J. Vaughan and Wendy R.

Russell

Buckwheat, Fava Bean and Hemp Flours Fortified with Anthocyanins and Other Bioactive
Phytochemicals as Sustainable Ingredients for Functional Food Development
Reprinted from: Nutraceuticals 2022, 2, 11, doi:10.3390/nutraceuticals2030011 . . . . . . . . . . . 5

Gabriele Carullo, Umile Gianfranco Spizzirri, Rocco Malivindi, Vittoria Rago, Marisa

Francesca Motta, Danilo Lofaro, et al.

Development of Quercetin-DHA Ester-Based Pectin Conjugates as New Functional
Supplement: Effects on Cell Viability and Migration
Reprinted from: Nutraceuticals 2022, 2, 21, doi:10.3390/nutraceuticals2040021 . . . . . . . . . . . 17
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Christian Setz, Maria Fröba, Maximilian Große, Pia Rauch, Janina Auth, Alexander

Steinkasserer, et al.

European Black Elderberry Fruit Extract Inhibits Replication of SARS-CoV-2 In Vitro
Reprinted from: Nutraceuticals 2023, 3, 7, doi:10.3390/nutraceuticals3010007 . . . . . . . . . . . . 85

Tariq A. Alalwan, Duha Mohammed, Mariam Hasan, Domenico Sergi, Cinzia Ferraris, Clara

Gasparri, et al.

Almond, Hazelnut, and Pistachio Skin: An Opportunity for Nutraceuticals
Reprinted from: Nutraceuticals 2022, 2, 23, doi:10.3390/nutraceuticals2040023 . . . . . . . . . . . 101

v
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Preface to ”Functional Foods as a New Therapeutic

Strategy”

Dear Readers,

The subject of this book is the identification of new functional foods that are capable of acting

on human health to improve it without the use of synthesized chemical compounds. This topic arises

from the need to demonstrate, at a scientific level, the importance of these new compounds and their

important applications.

The authors of the different articles are internationally recognized scientists, and they have been

researching these issues for many years.

Thus, this book is not only directed at researchers but also the general public in order to expand

knowledge on the potential application of different natural compounds.

These findings encourage us to continue investigations in this direction and confirm the

importance of these studies.

Ivan Cruz-Chamorro

Editor
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Editorial

Functional Foods as a New Therapeutic Strategy

Ivan Cruz-Chamorro 1,2

1 Departamento de Bioquímica Médica y Biología Molecular e Inmunología, Facultad de Medicina,
Universidad de Sevilla, 41009 Seville, Spain; icruz-ibis@us.es

2 Instituto de Biomedicina de Sevilla, IBiS/Hospital Universitario Virgen del Rocío/CSIC/Universidad de
Sevilla, 41013 Seville, Spain

Recently, the use of nutraceuticals has drawn attention in the food industry due to their
potential health benefits. Nutraceuticals are products that are produced from foods and sold
in pills, powders, and other medicinal forms that have both nutritional value and health-
promoting properties. They contain bioactive compounds that can prevent and treat various
chronic diseases such as antioxidants and anti-inflammatory and antimicrobial agents.

This Special Issue, entitled “Functional Foods as a New Therapeutic Strategy”, pro-
vides an overview of various functional ingredients that are used as nutraceuticals, includ-
ing almond, hazelnut, and pistachio skin, mushrooms, buckwheat, fava bean, hemp flours,
apple puree, and microalgae. These have been shown to bestow beneficial effects and could
be used for therapeutic, hypoallergenic, or sporting purposes.

Thus, the use of plant-derived materials that are rich in bioactive compounds has the
potential to promote health and prevent diseases [1]. Similarly, plant seed mucilage, which
is typically discarded during food processing, has been shown to have a range of potential
applications in the development of functional foods [2]. The use of these by-products
not only offers a potential source of nutraceuticals but also helps to reduce waste in the
food industry. In fact, fruit- and plant-based waste (including anthocyanins and phenolic
acids) can be incorporated into buckwheat, fava bean, and hemp flour to improve their
health-promoting properties [3].

Similarly, mushrooms are being investigated as a potential source of functional food
ingredients, with some species showing promise for health promotion and disease preven-
tion [4]. In addition, modified quercetin and pectin have been shown to have effects on cell
viability and migration [5].

Another important aspect of nutraceutical research is the study of the gut micro-
biome and its interactions with dietary components. Thus, in this Special Issue, a study
explores the potential of alginate oligosaccharides to modulate gut microbiota and promote
health [6].

The use of microalgae as functional foods for mitochondrial protection and the pro-
motion of healthy aging was also revised [7]. Thus, the bioactive compounds present
in microalgae, such as carotenoids, phycocyanin, and polyunsaturated fatty acids, have
antioxidant and anti-inflammatory properties that have protective effects against aging-
related diseases [8]. Goji berry fruits have also demonstrated several beneficial effects on
age-related diseases, such as diabetes, atherosclerosis, and cancer, principally due to their
bioactive secondary metabolites [9].

On the one hand, functional food can be used to improve sport performance. In this
sense, this Special Issue shows that carbohydrate consumption during exercise is important
for enhancing endurance, and for this reason, currently, there exist several artificial fructose
sources. However, food can also be a source, and is a healthier one. The performance
of nine trained male cyclists was not altered regardless of whether natural apple puree
(+maltodextrin) or artificial crystalline fructose was consumed. Other parameters, such
as heart rate, blood glucose/lactate concentrations, and gastrointestinal symptoms, were
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not altered, showing that a natural fructose source is a valuable alternative to artificial
sources [10].

On the other hand, the combination of a linear polysaccharide (chitosan) with physical
exercise improved the lipid profile of high-fat diet-fed rats [11]. In fact, this synergism
(chitosan + exercise), which lasted for eight weeks, reduced the body weight of the animals,
as well as restoring the altered lipid profile (total cholesterol, triglycerides, LDL, and VLDL).

Furthermore, aqueous coriander (Coriandrum sativum) leaf extract (ACLE) possesses
an anti-allergenic effect, inhibiting the degranulation of rat basophilic leukemia cells and
suppressing the increase in intracellular Ca2+ that is responsible for this degranulation.
Moreover, ACLE is capable of downregulating the phosphorylation of phosphatidylinositol
3-kinase and the tyrosine-protein kinase SYK, attenuating allergen-induced symptoms.
Finally, its oral administration reduced the IgE serum level in a pollinosis mouse model [12].

In addition, buckwheat, fava bean, and hemp flours fortified with anthocyanins and
other bioactive phytochemicals may have applications in the prevention and treatment of
chronic diseases, moreover showing the importance of using sustainable and environmen-
tally friendly practices in the food industry [3].

Of relevant interest is that European black elderberry fruit extract has been demon-
strated to be capable of inhibiting the replication of SARS-CoV-2 in vitro [13].

In conclusion, the natural ingredients discussed in this Special Issue highlight the
importance of incorporating them into functional food development, as well as of using
sustainable and environmentally friendly practices in the food industry.

The continued exploration and generation of nutraceuticals will be critical in address-
ing the increasing prevalence of chronic diseases and promoting healthy aging.

As consumers continue to seek out natural and functional food products, this research
will become increasingly important in the development of new and innovative products
that meet their needs.

Funding: I.C.-C. was supported by a postdoctoral fellowship from the Andalusian Government
Ministry of Economy, Knowledge, Business, and University (DOC_00587/2020).

Conflicts of Interest: The author declares no conflict of interest.

References

1. Alalwan, T.A.; Mohammed, D.; Hasan, M.; Sergi, D.; Ferraris, C.; Gasparri, C.; Rondanelli, M.; Perna, S. Almond, Hazelnut, and
Pistachio Skin: An Opportunity for Nutraceuticals. Nutraceuticals 2022, 2, 300–310. [CrossRef]
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Article

Buckwheat, Fava Bean and Hemp Flours Fortified with
Anthocyanins and Other Bioactive Phytochemicals as
Sustainable Ingredients for Functional Food Development

Madalina Neacsu 1,*, James S. Christie 1,2, Gary J. Duncan 1, Nicholas J. Vaughan 1 and Wendy R. Russell 1

1 The Rowett Institute, University of Aberdeen, Aberdeen AB25 2ZD, UK; j.christie38@rgu.ac.uk (J.S.C.);
gary.duncan@abdn.ac.uk (G.J.D.); nick.vaughan@abdn.ac.uk (N.J.V.); w.russell@abdn.ac.uk (W.R.R.)

2 School of Pharmacy and Life Sciences, The Robert Gordon University, Aberdeen AB10 7QB, UK
* Correspondence: m.neacsu@abdn.ac.uk; Tel.: +44-1224438760

Abstract: Facing a climate emergency and an increasingly unhealthy population, functional foods
should not only address health issues but must be prepared from sustainable ingredients while
contributing to our sustainable development goals, such as tackling waste and promoting a healthy
environment. High-protein crop flours, i.e., buckwheat, hemp and fava bean, are investigated as
potential matrices to be fortified with key bioactive phytochemicals from soft fruits to explore potential
waste valorization and to deliver sustainable functional food ingredients. Hemp flour provided the
best matrix for anthocyanin fortification, adsorbing of 88.45 ± 0.88% anthocyanins and 69.77 mg/kg
of additional phytochemicals. Buckwheat and fava bean absorbed 78.64 ± 3.15% and 50.46 ± 2.94% of
anthocyanins 118.22 mg/kg and 103.88 mg/kg of additional phytochemicals, respectively. During the
fortification, there was no detectable adsorption of the berry sugars to the flours, and the quantities
of free sugars from the flours were also removed. One gram of fortified hemp flour provides the
same amount of anthocyanins found in 20 g of fresh bilberries but has substantially less sugar.
The optimum conditions for high protein flour fortification with anthocyanins was established and
showed that it is a viable way to reduce and valorize potential agricultural waste, contributing to a
circular and greener nutrition.

Keywords: buckwheat; fava bean; hemp; anthocyanin; flour fortification; functional food; berries;
soft fruit; agricultural waste; bilberry

1. Introduction

Soft fruits are particularly prone to wastage and, in the case of strawberries alone, one
in ten ends up as waste in the UK [1]. In 2015 alone, just over 9% of mature strawberries
ended up as waste, as the product did not meet quality requirements, primarily because
of fruit being misshapen [1]. It is essential that UK producers find higher value and novel
uses for soft fruit waste, ultimately contributing to food waste reduction and sustainable
food production. Anthocyanins are a major group of phytochemicals from soft fruits,
shown to inhibit carbohydrate uptake from food, resulting in decreased postprandial blood
glucose [2] and the inhibition of endogenous enzymes, including amylase, sucrase [3] and
glucosidases [4], all enzymes associated with carbohydrate digestion. Supplementation
with bilberry extract has been shown to modify the glycemic response in volunteers
with type 2 diabetes mellitus (T2DM) [5], and wild bilberry-fortified soya flour reduced
post prandial blood glucose levels in mice, along with weight gain [2]. As obesity and
sustained high blood sugar levels are major risk factors in the development of T2DM [6],
it is likely that products rich in dietary anthocyanin could contribute towards decreasing
the incidence of this condition, delivering economically desirable preventative nutritional
therapies. Revalorizing soft fruit bioactives and reintroducing them back into foods could

Nutraceuticals 2022, 2, 150–161. https://doi.org/10.3390/nutraceuticals2030011 https://www.mdpi.com/journal/nutraceuticals
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deliver solutions to aid metabolically compromised individual and help reduce soft fruit
agricultural waste.

High-protein crops, such as hemp, buckwheat and fava bean, besides having the poten-
tial to be grown sustainably in certain climates, could constitute key ingredients of a healthy,
sustainable diet. We have shown that hemp and buckwheat flours are valuable sources of di-
etary amino acids, beneficially modulating gastrointestinal hormones and promoting satiety
in healthy volunteers [7]. Foods prepared from buckwheat showed health benefits, atten-
uating insulin resistance and improving lipid profiles in patients with type 2 diabetes [8].
Buckwheat contains proanthocyanidins, which can inhibit digestive enzymes [9] and D-
chiro-inositol, which can function as a mediator for anti-hyperinsulinemia [10,11]. Hemp
flour is also a rich source of dietary fiber, around 25% [12], which could exert a prebiotic
effect [13] and lower blood cholesterol [14].

Modern functional foods should not only provide a proven health benefit but should
contribute to our sustainable development goals by finding solutions to tackle agricultural
waste and contribute to a healthy and green environment. In the present paper, buck-
wheat, hemp and fava bean flours are investigated for their capacity to adsorb bioactive
phytochemicals from bilberries, establishing the optimum conditions to enrich the flours
with anthocyanins, while retaining no detectable sugar content from the soft fruits. This
anthocyanin-rich food could represent a viable candidate to be incorporated into nutri-
tional therapies for T2DM management. While the main aim of the work is to deliver
the development of a functional food ingredient concept, this methodology could also
be used to provide alternative solutions to tackle fruit and plant-based waste in general
by revalorizing bioactive phytochemicals (anthocyanin). This work discusses innovative,
climate-friendly, healthy and sustainable food ingredients to meet consumers’ needs, while
could also be addressing critical issues regarding agricultural waste.

2. Materials and Methods

Plant materials: Wild bilberries (Vaccinium sp.) were picked from the Tyrebagger
Forest in Aberdeen, Scotland and stored at −80 ◦C. The berries were freeze dried (Labconco;
Kansas City, MO, USA), freeze milled (Spex sample prep 6800; Munich, Germany) and
stored at room temperature in desiccators under vacuum with exclusion of light. The hemp
flour was purchased from Yorkshire Hemp (Driffield, UK), fava bean flour from Barry
Farm (Cridersville, OH, USA) and buckwheat flour from Arrowhead Mills (Boulder, CO,
USA). All flours were stored at room temperature with the exclusion of light, following the
manufacturer’s recommendation storage conditions.

Standards and reagents: Standards for the anthocyanin aglycones (anthocyanins),
delphinidin (>95%), cyanidin (>95%), pelargonidin (undeclared purity), peonidin (>96.5%),
were all purchased from Sigma-Aldrich (Dorset, UK) and malvidin (>95%) from Phytolab,
Germany. The aglycone standard, petunidin, was purchased from ChemFaces (Hubei,
China) at a purity of >95%. The anthocyanin glycoside (anthocyanidin) standards; del-
phinidin 3-glucoside (>97%), cyanidin 3-glucoside (>95%), cyanidin 3-galactoside (>95%),
petunidin 3-glucoside (>95%), peonidin 3-glucoside (>95%), pelargonidin 3-glcusodie
(>97%) and malvidin 3-glucoside (>95%), were all purchased from Sigma-Aldrich (Dorset,
UK). All the phenolic standards were purchased from Sigma-Aldrich (Gillingham, UK),
Phytolab, Germany or synthesized as described previously [15,16]. General reagents were
purchased from Sigma-Aldrich (Dorset, UK) and Fischer Scientific (Loughborough, UK).

A schematic summary of the succession of procedures used in the experimental
protocol is presented in the Figure 1.

Flour fortification with wild bilberry phytochemicals: The freeze-dried wild bilberries
were used as a source of anthocyanins and other phenolics to enrich the buckwheat, fava
bean and hemp flour. The freeze-dried berry powders were suspended at three different
concentrations of 0.1 (A), 0.07 (B) and 0.04 g/mL (C), in citric acid (4.75 mM, pH 3.5).
Suspensions were placed in an ultrasound bath for 5 min and then intermittently mixed
at room temperature for 1 h. The supernatant was separated by centrifugation (5 min;

6
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3220× g; 4 ◦C). This extract was used for the flour fortification experiments. Three different
quantities of each flour, 1 g, 0.5 g and 0.2 g, respectively (n = 3) were suspended in the
extracts prepared above (5 mL). The suspensions were then thoroughly mixed at room
temperature for 5 min. The supernatants were separated by centrifugation (5 min; 3220× g;
4 ◦C), filtered (0.2 μm) and immediately analyzed.

Figure 1. Overview of the experimental procedures used for the fortification of buckwheat,
fava bean and hemp flours, highlighting the measurements (and methodologies) used in the
experimental protocol.

The flour fortification (the amounts of anthocyanins and other phenolics added to
the flour) was measured by comparing the total anthocyanin content (measured by UV-
VIS spectrophotometry), the individual anthocyanins (measured by HPLC-DAD), other
phenolics (measured by LC-MS/MS) and sugar content (measured by UPLC-ELSD) in the
wild bilberry extracts (pre-fortification) and the resulting supernatants (post-fortification).

Estimation of total anthocyanins adsorbed on the flours: Total anthocyanin content
was estimated by measuring the absorption between 400 nm and 700 nm for the extracts
(pre-fortification) and resultant supernatants (post-fortification) using a μQuant 7271000
plate reader Biotek Instrument (Potton, UK). Subsequent absorption measurements were
made at the λmax (520 nm). The semi-quantification for total anthocyanin glycoside content
was performed using the cyanidin 3-glucoside standard.

Determination of individual anthocyanidin content from the bilberries, buckwheat,
fava bean, hemp flours and anthocyanin adsorbed on the flours: To measure the anthocyani-
din content of the bilberries and flours was used the extraction and hydrolysis methods
adapted from [17]. Briefly, samples (n = 3) of wild bilberry (0.05 g) and buckwheat, fava
bean and hemp flour (1 g) were extracted with methanol:water:hydrochloric acid (ratio
of 50:33:17; v/v/v; 3 mL) three times, and the supernatants and the pellet combined and
hydrolyzed at 100 ◦C for 60 min. Hydrolyzed samples were then immediately cooled to
room temperature, filtered using 0.2 μm filters and analyzed by HPLC.

The quantification of the anthocyanins and anthocyanidins was performed using a
1260 Infinity HPLC from Agilent (Wokingham, UK) and a Synergi 4 μm Polar-RP 80A
(250 × 4.6 mm) column with a Polar-RP 4 × 3 mm pre-column from Phenomenex (Mac-
clesfield, UK). The DAD spectra were recorded between 200 and 700 nm and the chro-
matograms were monitored at 530 nm for the detection of the anthocyanidins and 520 nm
for the glycoside forms (anthocyanins). For the HPLC separations the following solvents
were used: A: formic acid (2.125%) and B: acetonitrile/methanol (85:15, v/v).

The HPLC method for anthocyanidin analysis was adapted from Zhang, Z. et al.,
(2004) [17]. The solvent program was isocratic 18% B for 40 min. The flow was constant
at 1 mL/min and the column temperature was held at 35 ◦C. The anthocyanins content
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from the fortification extracts was determined directly in the extracts as prepared above for
fortification using the HPLC method analysis adapted from [18]. The column temperature
was constant at 28 ◦C using a solvent and flow rate gradient program.

The separation and quantification of anthocyanins was performed using external
standardization with delphinidin (r2 = 0.998, LOD = 8.52 μg/mL), cyanidin (r2 = 0.997,
LOD = 11.31 μg/mL), petunidin (r2 = 0.999, LOD = 5.64 μg/mL), pelargonidin (r2 = 0.997,
LOD = 12.63 μg/mL), peonidin (r2 = 0.999, LOD = 10.57 μg/mL), malvidin (r2 = 0.99,
LOD = 6.09 μg/mL), delphinidin 3-glucoside (r2 = 0.997, LOD = 14.78 μg/mL), cyani-
din 3-glucoside (r2 = 0.994, LOD = 35.76 μg/mL), cyanidin 3-galactoside (r2 = 0.997,
LOD = 19.89 μg/mL), peonidin 3-glucoside (r2 = 0.999, LOD = 2.36 μg/mL), pelargoni-
din 3-glucoside (r2 = 0.999, LOD = 3.05 μg/mL) and malvidin 3-glucoside (r2 = 0.999,
LOD = 3.00 μg/mL).

LC-MS/MS analysis of other phenolics adsorbed on the flours: The wild bilberry
aqueous extracts (0.1 g/mL) and the solution obtained after the flour fortification (0.04 g
flour to each mL extract as described above) were collected and freeze dried. Freeze-dried
samples (approx. 0.1 g dry weight; n = 3) were suspended in hydrochloric acid (2 M; 3 mL)
and incubated at 90 ◦C for one hour with intermittent mixing. They were then cooled to
room temperature and extracted with ethyl acetate three times, the organic layers were
combined, filtered through sodium sulphate (anhydrous), the solvent was evaporated
and the residue was dissolved in methanol/water (50:50, v/v; 0.5 mL) for LC-MS/MS
analysis using internal standard for negative mode mass spectrometry 13C benzoic acid
at 2 μg/mL and, respectively, 2-amino-3,4,7,8-tetramethylimidazo(4,5-f)quinoxaline at
0.5 μg/mL, for positive mode mass spectrometry.

The LC-MS/MS analysis methods used for phenolics analysis was performed as pre-
viously published [19–21] and quantified using multiple reaction monitoring and internal
standardization. The liquid chromatography separation of the metabolites was performed
on an Agilent 1100 LC-MS system (Agilent Technologies, Wokingham, UK) using a Zorbax
Eclipse 5 μm, 150 mm × 4.6 mm C18 column (Agilent Technologies). For all the phenolics
quantifications the standard calibrations were over a concentration interval of 2 μg/mL to
10 ng/mL. The threshold used for quantification was a signal to noise ratio of 3 to 1. All the
ion transitions for each of the metabolites were determined based upon their molecular
ion and a strong fragment ion and their voltage parameters; their declustering potential,
collision energy and cell entrance/exit potentials were optimized individually for each
metabolite and have been previously described [18,19].

UPLC-ELSD quantification of mono- and disaccharides from wild bilberry fortification
extracts: The separation and quantification of sugars used external standardization with
fructose (r2 = 0.999, LOD = 0.65 mg/mL), glucose (r2 = 0.997, LOD = 0.70 mg/mL) and
sucrose (r2 = 0.996, LOD = 0.41 mg/mL). The instrument used was a Waters Acquity UPLC
(Elstree, UK) equipped with an Acquity UPLC BEH Amide column (Elstree, UK) (1.7 μm
2.1 × 100 mm). Gradient elution starting with 100% mobile phase A (80% acetonitrile in
water with 0.2% triethylamine), decreasing to 60% A and 40% B (30% acetonitrile in water
with 0.2% triethylamine) over 10 min, followed by a 30-min isocratic elution at 100% A.
Flow rate and temperature were constant at 0.12 mL/min and 23 ◦C, respectively. The
ELSD detector used a gain of 200 and pressure at 40 psi.

Statistical analysis: All the data were averaged from three technical replicates of
samples and are reported as means and standard deviation. The differences between con-
centrations of various macronutrients and phytochemicals between various plant materials
from this study was assessed by two-sided post hoc t-tests, with p values less than 0.05
(p < 0.05) indicating significance. Microsoft® Excel® for Office 365 (Microsoft Corporation,
Redmond, WA, USA) was used for statistical analyses.
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3. Results

3.1. Anthocyanidin Content of Wild Bilberry, Buckwheat, Fava Bean and Hemp Flours

Bilberry samples were found to be rich in five of the six anthocyanidins measured;
delphinidin (10.87 ± 1.57 g/kg dry weight), cyanidin (14.13 ± 1.47 g/kg dry weight),
petunidin (3.18 ± 0.29 g/kg dry weight), peonidin (2.8 ± 0.21 g/kg dry weight) and mal-
vidin (34.33 ± 2.94 g/kg dry weight). Pelargonidin was the only aglycone that was not
detected. Cyanidin and pelargonidin were detected in buckwheat flour with concentrations
of 170.83 ± 9.16 and 227.43 ± 11.01 mg/kg dry weight, respectively. Delphinidin and cyani-
din were detected in fava bean flour at concentrations of 4.1 ± 0.31 and 2.23 ± 0.23 mg/kg
dry weight, respectively. Cyanidin was the only anthocyanidin detected in hemp flour at a
concentration of 5.77 ± 1.72 mg/kg.

3.2. Bilberry Anthocyanins Adsorbed by the Buckwheat, Fava Bean and Hemp Flour

The optimum conditions for fortifications (defined as highest anthocyanins quantity
adsorbed by a minimum amount of flour) were 0.1 g/mL freeze-dried wild bilberry at
a ratio of flour to extract of 0.04 g flour to each mL extract. By increasing the concentra-
tion and volume of the aqueous extract, the anthocyanin fortification of the flours was
increased with hemp flour adsorbing the highest quantities of bilberry anthocyanins. This
translates to 95.69 ± 12.47 mg of total anthocyanins per g of buckwheat flour, representing
78.64 ± 3.15% anthocyanins removed from the extracts or attached to the flour (Table 1);
88.86 ± 8.44 mg of total anthocyanins per g of fava bean flour (50.46 ± 2.94% anthocyanins
removed from the bilberry extract) and 101.64 ± 1.57 of total anthocyanins per g of hemp
flour (88.45 ± 0.88% anthocyanins removed from the bilberry extract), as can be seen in
Table 1. This paper’s results are in agreement with other researchers’ work where high
protein flours, such as soybean, adsorbed anthocyanins in a similar range of concentrations
and amounts [22].

Table 1. Total berry anthocyanins (mg of total anthocyanins per g of flour) adsorbed by the buckwheat,
fava bean and hemp flour.

Flour Aqueous Wild Bilberry Extracts

A * B * C *

Buckwheat

0.2 g/mL extract 24.93 ± 0.72 (97.02 ± 0.69) 10.07 ± 0.55 (94.56 ± 1.98) 5.26 ± 0.87 (92.91 ± 1.53)
0.1 g/mL extract 48.11 ± 2.19 (92.93 ± 1.6) 19.5 ± 1.08 (92 ± 1.76) 10.31 ± 1.67 (91 ± 1.38)
0.04 g/mL extract 95.69 ± 12.47 (78.64 ± 3.15) 26.23 ± 4.39 (48.64 ± 8.69) 14.27 ± 4.6 (8.56 ± 5.14)

Fava bean

0.2 g/mL extract 24.43 ± 3.46 (91.26 ± 0.34) 10.76 ± 0.43 (85.04 ± 0.18) 12.91 ± 0.99 (90.85 ± 0.4)
0.1 g/mL extract 41.68 ± 6.51 (76.69 ± 2.9) 19.32 ± 0.66 (75.97 ± 1.05) 25.4 ± 1.99 (88.67 ± 0.66)
0.04 g/mL extract 88.86 ± 8.44 (50.46 ± 2.94) 24 ± 6.73 (37.02 ± 8.93) 31.58 ± 4.54 (52.55 ± 2.02)

Hemp

0.2 g/mL extract 23.05 ± 0.95 (94.33 ± 0.4) 8.66 ± 0.89 (90.72 ± 1.01) 7.04 ± 0.4 (92.1 ± 0.93)
0.1 g/mL extract 44.92 ± 2.1 (91.83 ± 0.28) 16.48 ± 1.7 (86.67 ± 1.07) 14.07 ± 0.89 (91.6 ± 1.25)

0.04 g/mL extract 101.64 ± 1.57 (88.45 ± 0.88) 36.29 ± 6.28 (78.95 ± 3.61) 20.2 ± 0.62 (60.75 ± 0.65)

Values given are mean ± standard deviation (n = 3) in mg of total anthocyanins per g of flour. The values
in parenthesis represent total anthocyanin quantities (%) removed from the extracts or attached to the flours.
Total anthocyanins quantities were determined spectrophotometrically, the values are expressed in cyanidin
3-glucoside relative units. * Represents concentrations of bilberry extracts in aqueous solution at pH 3.5 citric acid
prepared by suspending freeze-dried wild bilberry powder at concentrations of 0.1 g/mL (A), 0.07 g/mL (B) and
0.04 g/mL (C).

The decrease in the mass of flour per volume of juice increased the mass of antho-
cyanins (p < 0.05) bound to the flour. This increase in juice to flour ratio leaded to less
efficient removal of polyphenols from juices. However, the main purpose of this work
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this is the enrichment of the flours and, for commercial applications, the non-absorbed
polyphenols could represent a considerable expense. Similarly, increasing the concentration
of the bilberry juice shows significant increases in the level of enrichment (p < 0.01) of each
flour without affecting the level of non-absorbed anthocyanins. It is possible that further
increases in concentration or volume could further increase the quality of enrichment but
given the non-absorbed polyphenols already seen, this may not be practical or economically
viable. The optimum condition of anthocyanin enrichment for all three flours with bilberry
extracts was by suspending 0.04 g flour in 1 mL juice of concentration A (0.1 g/mL bilberry
powder in citric acid pH 3.5).

The profile of the individual anthocyanins before and after fortification, using the opti-
mum fortification conditions, was quantified by HPLC-DAD and are presented in Figure 2.
The results showed a significant (p < 0.001) fortification with the major anthocyanins, iden-
tified as delphinidin-3-glucoside, cyanidin-3-galactoside, cyanidin-3-glucoside, peonidin-
3-glucoside and malvidin-3-glucoside. It appeared that several additional anthocyanin
glycosides were also observed in the HPLC chromatogram, but these could not be identi-
fied, as standards were not available. In all the cases, the fortification efficiency was higher
for delphinidin-3-glucoside and cyanidin-3-galactoside at concentrations of 64.52 ± 1.57%
and 65.55 ± 0.74% for buckwheat, 55.25 ± 0.33% and 50.25 ± 0.35% for fava bean and
68.29 ± 2.31% and 71.06 ± 0.79% for hemp flour, respectively (Table 2). Malvidin-3-
glucoside was least efficiently adsorbed by the flours at concentrations of 46.94 ± 0.44%,
33.93 ± 0.42% and 53.83 ± 0.9% for buckwheat, fava bean and hemp flour, respectively
(Table 2).

Figure 2. The adsorption of anthocyanin on the flours, as indicated by the amount (mg/mL) removed
from aqueous wild bilberry extract (0.1 g/mL) with citric acid (pH 3.5). The first bar in each set
(blue color) represents the concentration of individual anthocyanin in the initial wild bilberry extract
used for the fortification of the flours. The subsequent bars represent individual concentration of
anthocyanin adsorbed on each of the flours after fortification. For fortification, 0.04 g of flour was used
for each mL of berry extract, where (*) represents significant reduction in the extract concentration of
individual anthocyanin (or adsorption of individual anthocyanin on the flours from the extract) after
the flour fortification (p > 0.0001).

Table 2. Individual anthocyanin adsorption (%) on the flours from wild bilberry extracts.

Flour Flours Anthocyanins Fortification (%)

Delphinidin-3-Glucoside Cyanidin-3-Glucoside Cyanidin-3-Galactoside Peonidin-3-Glucoside Malvidin-3-Glucoside

Buckwheat 64.52 ± 1.57 65.55 ± 0.74 52.65 ± 0.2 51.53 ± 0.51 46.94 ± 0.44
Fava bean 55.25 ± 0.33 50.25 ± 0.35 44.53 ± 0.3 37.46 ± 0.51 33.93 ± 0.42

Hemp 68.29 ± 2.31 71.06 ± 0.79 57.68 ± 0.78 58.62 ± 1.51 53.83 ± 0.9

Values given are mean ± standard deviation (n = 3) as % of individual anthocyanins adsorbed on the flours from
the wild bilberry extracts. Flour fortification was performed using aqueous wild bilberry extract (0.1 g/mL). For
each mL of extract, 0.04 g flour was used for the fortification.
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3.3. Other Phenolics from Wild Bilberries Adsorbed on the Flours

The quantity of several phenolics adsorbed by the flours was calculated by the dif-
ference between the amount in the wild bilberry extract before and after the fortification
(Figure 3). The wild bilberry extract was found to be rich in phenolic acids including chloro-
genic (40.03 ± 7.47 mg/kg), caffeic (28.76 ± 5.51 mg/kg), p-coumaric (28.23 ± 6.18 mg/kg),
protocatechuic (11.38 ± 2.63 mg/kg), and vanillic acid (7.83 ± 1.64 mg/kg); and in
flavonoids; quercetin (31.52 ± 5.31 mg/kg), myricetin (20.09 ± 4.6 mg/kg), and isorham-
netin (3.97 ± 0.94 mg/kg), (Figure 3).

Figure 3. The main phenolics quantified in the initial aqueous wild bilberry extract (0.1 g/mL
prepared in citric acid pH 3.5) used for the flour fortification (blue bars) and the adsorption of
individual phenolic molecules (mg/kg dry weight) from the initial extract on the buckwheat flour
(red bars) on fava bean flour (green bars) and hemp flour (purple bars). For the fortification, 0.04 g
from each flour for each mL of wild bilberry extract was used.

From the flavonoids present in the initial extract used for the flour fortification,
myricetin had the best adsorption on the fava bean flour 77.68 ± 12.6%, (correspond-
ing to 15.07 ± 3.09 mg/kg dry weight from the initial extract), followed by isorhamnetin
and quercetin with 71.93 ± 15.16% and 71.85 ± 15.97% adsorbed from the initial ex-
tract (corresponding to 2.82 ± 0.64 mg/kg and 22.27 ± 3.60 mg/kg dry weight from the
initial extract), respectively (Figure 3). From the phenolic acids present in the initial ex-
tract used for flour fortification, protocatechuic acid had the best adsorption on the fava
bean flour with 56.75 ± 24.52%, (corresponding to 6.12 ± 1.84 mg/kg dry weight from
initial extract) being adsorbed. This was followed by p-coumaric and caffeic acid with
55.37 ± 26.95% and 54.54 ± 27.36% being adsorbed from the initial extract (corresponding
to 14.77 ± 5.34 mg/kg and 17.87 ± 5.74 mg/kg dry weight from initial extract), respec-
tively. Chlorogenic acid, which was the richest by weight on the fortified fava bean flour
with 16.18 ± 10.71 mg/kg dry weight from the initial extract being adsorbed, representing
42.60 ± 30.60% adsorbed on the buckwheat flour, 78.61% on fava bean flour and 75.37%
on hemp flour (Figure 3). Some phenolic acids, such as 2,3-dihydroxybenzoic acid in
buckwheat and p-hydroxybenzoic, 2,5-dihydroxybenzoic and ferulic acid in hemp, were
released from the flours into extracts during the fortification process (Figure 3). Overall, the
flavonoids were better adsorbed compared to the phenolic acids, and from approximately
218 mg/kg total phenolics measured in the wild bilberry extract, 118 mg, 103 mg and 70 mg
were adsorbed by the fava bean, buckwheat and hemp flours, respectively.

11



Nutraceuticals 2022, 2

3.4. Sugar Content Following the Flour Fortification with Wild Bilberry

The free sugar content of the aqueous wild bilberry extracts (pre-fortification) and the
remaining supernatants (post-fortification) were determined using UPLC-ELSD (Figure 4).
None of the flours retained any of the sugars present in the aqueous bilberry extracts and
the important quantities of the sugars were extracted from the flours during the fortification
process (Figure 4). The total sugar content (representing the sum of fructose, glucose and
sucrose) was measured before and after flour fortification. Comparing the initial extract
before fortification with the extract recovered after the flour fortification, there was an
increase in total sugar content varying from as little as 2.1% for the buckwheat fortification
of 0.04 g flour to 1 mL of Extract B up to 55% after hemp fortification of 0.2 g flour with
1 mL of Extract B (prepared by adding 0.07 g wild bilberry powder to 1 mL citric acid
pH 3.5).

Figure 4. Cont.
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Figure 4. The sugar (glucose, sucrose and fructose) content of the bilberry extracts prepared at
concentrations of 0.1 g/mL (Extract A), 0.07 g/mL (Extract B) and 0.04 g/mL (Extract C) before
(initial extract) and after flour fortification, using flour to extract ratio of 1 to 5 (0.2 g flour to 1 mL
extract), 1 to 10 (0.1 g flour to 1 mL extract) and 1 to 25 (0.04 g flour to 1 mL extract) for each
concentration of extract presented above, respectively. The values in the top of each chart represent
the total sugar increment (in %) from the initial bilberry extract after the flour fortification.

4. Discussion

As buckwheat, fava bean and hemp fortified flours retained the characteristic color
of anthocyanins, it is likely that they are adsorbed, rather than covalently bound. In this
context, it could be hypothesized that the compounds present in the flours act as co-
pigments for bilberry-derived anthocyanins. It has been shown that most common co-
pigments are flavonoids, phenolic acids, alkaloids, amino acids and organic acids [23].
Our previous research [7,12] reported buckwheat, fava bean and hemp flours as rich
sources of bound phenolics acids, such as sinapic acid, ferulic acid caffeic acid and amino
acids, including proline and arginine, which are all known efficient co-pigments [23–25].
Furthermore, the optimum conditions used for the flour fortification (pH 3.5 aqueous
solution) are also favorable for co-pigmentation [23,26,27].

Using the optimized conditions for fortification, hemp adsorbed the highest quantities
of anthocyanins from wild bilberries. Hemp was the best matrix for fortification with each
gram of the fortified hemp flour potentially delivering the equivalent of anthocyanins
present in 20 g of fresh berries. This is particularly important considering that anthocyanins
have been extensively studied for their health benefits, including the prevention of car-
diovascular disease [28–30], anti-cancer properties [31–33] and to benefit people living
with type 2 diabetes mellitus [34–36]. Furthermore, buckwheat and hemp flours benefi-
cially modulated gastrointestinal hormones and promoted satiety in healthy volunteers [7].
Therefore, these fortified flours could represent attractive functional foods for prevention
and aid of several non-communicable disorders and for weight management in nutritional
therapies. The additional phenolics adsorbed during the fortification, including pheno-
lic acids (caffeic, p-coumaric and chlorogenic) and flavonoids (quercetin and myricetin)
potentially confer additional health benefits to the final product, complementing to the
nutritional value, shelf life and food reformulation versatility.
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From 2.5 kg of dried bilberries, 1.88 kg of dried extract for flour fortification can be
produced. Considering that 57% of bilberry extract is used for buckwheat fortification,
49% for fava bean fortification and 54% for hemp fortification, the resulting extract could
be reused for further flour fortification, delivering a more economically viable process.
Moreover, all the conditions and materials used in this process, such as water, citric acid,
bilberry fruits, buckwheat, fava bean and hemp, are very accessible and could easily be
scaled-up for commercial production.

Functional food ingredients rich in anthocyanins (and, importantly, with no free sug-
ars) could represent a key component in the nutritional therapies for T2DM management
for people at risk developing T2DM and people living with the disease. This due to the
beneficial health attributes related to the regulation of sugar metabolism, as presented
earlier in this paper. Moreover, there is strong scientific evidence from animal and human
clinical studies describing the beneficial impact of anthocyanins on cardiovascular and
neurodegenerative diseases, as has been recently reviewed by Mattioli et al. [34]. Addition-
ally, the anthocyanin-rich ingredients as food components could also be beneficial to the
food itself; it can protect the food from damage caused during baking, while improving
its antioxidant capacity, this being superior to even synthetic additives [37]. Moreover,
in products such as kefir, yoghurt, and other beverages, anthocyanins have been found to
have high stability during storage and improve the color of processed foods, representing a
viable alternative to synthetic colorants as highlighted in a recent review on food product
fortification with anthocyanins carried out by Echegaray et al. [37].

Therefore, the health and food applications of anthocyanins-rich ingredients could be
numerous, and the projections of the functional food market are very healthy; they were
valued at USD 98.9 billion in 2021 and are projected to reach USD 137.1 billion by 2026 [38].

For this work, anthocyanin-rich plant material (soft fruits such as bilberry) was used
to deliver a sustainable functional food ingredient concept design for T2DM management.
However, this concept could also be used to valorize plant bioactives from agricultural/food
waste/by-products [39]. Therefore, they could represent an alternative solution to tackling
soft fruit waste by bioactive revalorization. The wild bilberries are also naturally high
in readily available (free) sugars and much of these were removed during the flour’s
fortification process, reducing the glycemic load of the fortified food while adding key
bioactives with known health benefits. This finding is of particular interest as anthocyanins
are being extensively researched as potential natural remedies for diabetes [40]. Moreover,
they could also represent a solution for sugars recovery from fruit waste and various
agricultural by-products at the same time. Follow up research is necessary to prove the
functionality of these fortifies flours in human dietary studies.

5. Conclusions

The current work has successfully established the optimum conditions for the forti-
fication of buckwheat, fava bean and hemp flours with additional bioactives (including
anthocyanins, phenolic acids and other flavonoids) relevant for the prevention and mainte-
nance of conditions such as type 2 diabetes mellitus. The flours did not retain any of the
free sugars in bilberry and additional sugars present in the flours were removed during the
fortification process.

This paper discussed food ingredients naturally rich in protein, dietary fiber, micronu-
trients and bioactive phytochemicals. Being low in free sugars, there is huge potential for
these ingredients to be used by the food and drink industry, especially as active functional
ingredient for low glycemic food formulations. Additional work would also be necessary
for further product development and to test their efficacy in sugar and/or lipid modulation
in human dietary intervention studies before their recommendation in any nutritional
therapy. The development of specialized food with potential health-promoting benefits
using sustainable food sources will ultimately create the demand for the cultivation of these
healthy and sustainable crops and deliver innovative ways to utilize potential agricultural
waste streams and co-products.
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Abstract: A quercetin derivative with remarkable biological performance was successfully syn-
thesized by chemical modification of the flavonoid with docosahexaenoic acid to synthesize 2-(2,2-
diphenylbenzo[d][1,3]dioxol-5-yl)-5,7-dihydroxy-4-oxo-4H-chromen-3-yl-(4Z,7Z,10Z,13Z,16Z,19Z)-
docosa-4,7,10,13,16,19-hexaenoate (3), deeply characterized by NMR spetroscopy. Modified quercetin
and pectin were involved in a grafting process by an ecofriendly radical procedure able to preserve
the biological features of the quercetin derivative. Antioxidant performances of the conjugate were
evaluated both in term of total phenolic amount and scavenger activity in organic and aqueous
environments. Additionally, in vitro acute oral toxicity was also tested against Caco-2 cells and 3T3
fibroblasts, confirming that pectin conjugate does not have any effect on cell viability at the dietary
use concentrations. Finally, in vitro experiments highlighted the ability of the conjugate to counteract
the migratory properties of Caco-2 and HepG2 cells, indicating its feature in the reduction of the
migration of tumour cells. These data showed that the covalent binding of the quercetin derivative to
the pectin chain represents a very interesting strategy to improve the bioavailability of the quercetin,
representing an effective means of protecting and to transporting polyphenol molecules.

Keywords: quercetin; docosahexaenoic acid; pectin; polymeric conjugate; biological properties

1. Introduction

Nowadays, to have a healthy human body, people are paying more attention to their
foods, preferring minimally processed ones, consuming a large number of fruits and
vegetables, and also taking nutraceuticals and dietary supplements [1–5]. Considering that
the definition of “healthy food” can be ascribed to improved immune function, preventing
specific diseases, and reducing side effects and health care costs, nutraceuticals comprise
prebiotics, polyunsaturated fatty acids, probiotics, herbal products, and antioxidants, and
consequently, the nutraceutical industry has encountered large consumer compliance so
far [6]. Additionally, with both a growing population and the prevalence of chronic diseases
as the population ages, future demands for eicosapentaenoic acid/docosahexaenoic acid
(EPA/DHA) will further increase [7]. Recently, during the COVID-19 pandemic, scientific
shreds of evidence confirmed that quercetin [8], astaxanthin, lactoferrin, glycyrrhizin,
hesperidin, and curcumin have shown encouraging data in reverting long COVID-19
phenomena, suggesting their use in preventing and counteracting the symptoms of the
infection [9,10]. In this work, we carried out the synthesis of a hybrid molecule, obtained
by a Steglich coupling between quercetin and DHA, at position 3, and its grafting with
pectin, to obtain a functional polymer, endowing better antioxidant performance of parent

Nutraceuticals 2022, 2, 278–288. https://doi.org/10.3390/nutraceuticals2040021 https://www.mdpi.com/journal/nutraceuticals
17



Nutraceuticals 2022, 2

compounds and probably improving bioavailability. Quercetin is a flavonol characterized
by the presence of an oxogroup at the 4 position and a 2,3-double bond on ring C, which
allows conjugation between rings A and B and strongly affects the redox properties of this
compound. They differ from the flavones for the presence of a nonphenolic hydroxyl group
at the 3 position. Quercetin is the most powerful antioxidant flavonoid in nature, and it
is present in many vegetal sources, particularly belonging to Mangifera indica, Curcuma
domestica valenton, and others. In vitro experiments highlighted the anticancer, antidiabetic,
antifungal, antibacterial, anti-inflammatory, antiobesity, antiviral, and neuroprotective
properties of quercetin and its derivatives, as well as its feature to accelerate wound healing.
These findings allowed for the employment of quercetin as an ingredient in the preparation
of different nutraceuticals and cosmeceuticals [11]. The absorption of quercetin, broadly
found in foods, is extremely variable relative to the type—and particularly the position—of
sugar linked to the aglycone. The absorption of quercetin is strictly correlated to the food
matrix, whilst plasma concentration of quercetin was found higher after onion intake than
in red wine or tea. Some authors have demonstrated that absorption rate is not affected of
the glucose position (3′ and 4′) [12]. However, the main challenge related to the employment
of the quercetin is its bioavailability, which appears particularly low (<10%). Poor water
solubility, absorption profile, and chemical stability represent the main causes, and they
could be overcome by encapsulating it in suitable macromolecular systems collected from
food-grade ingredients. More effective nutraceuticals and functional foods can definitely
be developed by improving the bioavailability of quercetin [13]. The nutraceutical effect of
quercetin, assayed in vivo in two experiments, is measurable with the ability to work as
an antioxidant and anti-inflammatory agent when the basal level of oxidative stress and
inflammation is high. This scientific evidence confirms that quercetin supplementation is
useful in people with diseases, but not in healthy ones. However, in chronic disorders, the
safety of quercetin supplementation is still to be established [14]. In the last few years, there
have been a lot of efforts to increase the bioavailability of active molecules, overcoming
the problems often related to their poor solubility. Several systems have been developed
to incorporate such compounds to improve stability, increase dispersion, and ensure
maximum health benefits. There are many biopolymers already used for these purposes,
and pectin displayed the best characteristics for the realization of macromolecular carriers
for oral administration. Pectin is a linear heteropolysaccharide contained in the cell walls
of plant tissues. More precisely, the name “pectin” refers to the compound extracted from
fruit starting from the protopectin it contains. In particular, apples, apricots, and pears are
rich in it (variable content from 1 to 1.5%), but also oranges (0.5–3.5%) and carrots (1.4%).
Very high content of pectin is present in fruit peel; in that of oranges, the presence of the
fibre in question is particularly high (about 30%) [15]. Alternative sources of pectin can be
waste from the processing of sugar beet, mango, sunflowers, legumes, bananas, cabbage,
carrots, and pomelo. In general, however, it would be more correct to speak of “pectins”,
because in nature there are different structures, the most common of which is composed of
monomeric units of D-galacturonic acid joined together through α-(1→4) glycosidic bonds
to form a long chain to which sugar functions such as rhamnose, arabinose, galactose, and
xylose can bind, thus forming the side chains [15]. In this work, pectin was involved in an
ecofriendly radical process, to synthesize polymeric conjugates with remarkable biological
activities. Macromolecular compounds were deeply analysed in term of antioxidant activity
and toxicity against Caco-2 and HepG2 cells, while their ability to counteract the migratory
properties of cells was also investigated.

2. Materials and Methods

2.1. Chemistry

The synthesis of compound 3 was realized starting from 1, which was previously pro-
tected as 3′,4′-diphenylmethylketal derivative by treating 1 withα,α-dichlorodiphenylmethane.
The protected derivative 2 was then treated with docosahexaenoic acid in Steglich condi-
tions to obtain the final compound, named 3.
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2.1.1. Synthesis of
2-(2,2-Diphenylbenzo[d][1,3]dioxol-5-yl)-3,5,7-trihydroxy-4H-chromen-4-one (2)

Compound 2 was synthesized according to our previous reported procedures (Scheme 1).
Spectroscopic data are in line with those reported [16,17].

 

Scheme 1. Reagents and conditions: (a) α,α-dichlorodiphenylmethane, 180 ◦C, 10 min; (b) cervonic
acid, N,N’-dicyclohexylcarbodiimmide, dry dichloromethane, 0 ◦C to RT, 24 h.

2.1.2. Synthesis of 2-(2,2-Diphenylbenzo[d][1,3]dioxol-5-yl)-5,7-dihydroxy-4-oxo-4H-
chromen-3-yl (4Z,7Z,10Z,13Z,16Z,19Z)-Docosa-4,7,10,13,16,19-hexaenoate (3)

To a well-stirred solution of cervonic acid (128 μL, 0.386 mg) in dry DCM (2.0 mL)
at 0 ◦C, N,N’-dicyclohexylcarbodiimmide (91.0 mg, 0.46 mmol) was added. The mixture
was stirred for 1 h at 0 ◦C, after which 2 (180.0 mg, 0.39 mmol) was dropped and the
resulting mixture warmed to RT and stirred for 23 h. The mixture was filtered on Celite®

and treated with 5 mL of saturated NaHCO3. The organic layer was dried, filtered, and
evaporated under reduced pressure. The title compound 3 was purified through column
chromatography (eluent n-hexanes/ethyl acetate 5:1 v/v) (Scheme 1). Yellow oil, 56% yield.
1H NMR (300 MHz, DMSO-d6) δ 11.5 (bs, 1H), 9.60 (bs, 1H), 7.7–7.3 (m, 11H), 7.25 (s, 1H),
7.10 (s, 1H), 6.90 (s, 1H), 6.20 (s, 1H), 5.5–5.0 (m, 12H), 4.1–3.8 (m, 9H), 2.9–2.6 (m, 2H),
2.4–2.2 (m, 2H), 2.0–1.9 (m, 2H), 1.3–1.0 (m, 2H). 13C NMR (75 MHz, DMSO-d6) δ 171.1,
170.1, 167.0, 159.8, 157.1, 154.0, 150.2, 143.0, 139.1, 133.3, 132.1, 131.9, 130.6, 129.1 (4C), 128.6,
(3C), 128.3 (4C), 126.1 (3C), 126.0 (3C), 127.5 (2C), 122.0 (6C), 110.4, 98.8, 93.5, 39.10 (4C),
33.9, 25.6, 22.8, 20.5, 14.5. ESI-MS 775 [M-H]−.

2.2. Disposable Phenolic Equivalents by Folin–Ciocalteu Procedure

Total phenolic groups were evaluated employing Folin–Ciocalteu procedure, according
to the literature protocol with some changes [18]. In a volumetric flask 6.0 mL, of an aqueous
solution of the active species was prepared, then 1.0 mL of the Folin–Ciocalteu reagent was
added and mixed thoroughly. After 3 min, 3.0 mL of Na2CO3 (7.5% w/w) was added, and
the mixture was intermittently shaken for 2 h. The absorbance was measured at 760 nm.
Total phenolic equivalents were expressed as quercetin (Q) equivalent concentration (8.0,
16.0, 24.0, 32.0, and 40.0 μM). Least-squares method was employed to calculate a calibration
curve, slope, correlation coefficient (R2 = 0.9943), and intercept.
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2.3. Total Antioxidant Activity

Total antioxidant activity of active species was investigated according to a literature
protocol with some changes [19]. Briefly, 0.3 mL of an aqueous solution of the active species
was mixed with 1.2 mL of reagent solution (28.0 M Na3PO4, 4.0 M (NH4)2MoO4 and 0.6 M
H2SO4,) and then incubated for 150 min at 95 ◦C. The solutions were analysed by a UV–Vis
spectrophotometer (at 695 nm). The total antioxidant activities were expressed as catechin
(CT) equivalent concentration, by recording a calibration curve at different antioxidants
(8.0, 16.0, 24.0, 32.0, and 40.0 μM) and employing the method of least squares to calculate
correlation coefficient (R2), intercept, and slope of the regression equation.

2.4. Scavenging Activity against DPPH Radicals

Antioxidant species reacted with 2,2′-diphenyl-1- picrylhydrazyl radical (DPPH) free
radicals to record their scavenging properties [20]. In each experiment, 12.5 mL of an
aqueous solution of the active species was added to 12.5 mL of an ethanol solution of DPPH
(200 μM) at 25 ◦C, and after 30 min, the absorbance was recorded (517 nm). The scavenging
activity was expressed as percent inhibition of DPPH radicals, according to Equation (1):

Inhibition (%) = (A0 − A1)/A0 × 100 (1)

where A0 is the absorbance recorded in absence of active species, and A1 is the absorbance
recorded in presence of antioxidant compounds.

2.5. Scavenging Activity agaist ABTS Radical Cations

Scavenging properties of active species in the aqueous environment were evaluated
against 2,2′-azino-bis(3-etylbenzotiazolin-6-sulphonic) radicals (ABTS) according to a lit-
erature protocol with some modifications [21,22]. An aqueous ABTS+ solution able to
guarantee an absorbance of 0.970 ± 0.020 at 734 nm was prepared. To evaluate the scav-
enging effect of the antioxidant compounds, 0.5 mL of each macromolecule solution was
mixed with 2.0 mL of the ABTS radical solution and the mixture was incubated at 37 ◦C for
5 min. The antioxidant activity was expressed as a percentage of scavenging activity on the
ABTS radical according to Equation (1).

2.6. Synthesis of Conjugates

Pectin conjugates were synthesized following a literature protocol with some mod-
ifications [23]. In a general procedure, 1.0 mL of H2O2 5.0 M (5.0 mmol) and 0.25 g of
ascorbic acid (1.4 mmol) were added to 50.0 mL of pectin solution (10 mg mL−1) at 25 ◦C.
After 2 h, a suitable amount of extract corresponding to 0.150 mg of quercetin equivalent
concentrations was added to the solution. After the reaction time, the mixture was dialysed
by using dialysis membranes of 6–27/32” Medicell International LTD (MWCO: 10–12,000
Da). Purified pectin conjugates were checked to be free of unreacted low-molecular-weight
molecules by liquid chromatography analysis (LC-DAD) of the washing medium. The
purified solution was frozen and dried (Freeze drier Micro Modulyo, Edwards was em-
ployed) with a freeze drier to afford a vaporous solid. Additionally, blank pectin, exploited
as a control, was prepared when the grafting process was carried out in absence of the
antioxidant molecules.

2.7. Cell Culture

Balb/c 3T3 clone A31 cells were cultured in DMEM supplemented with 10% calf
bovine serum and 1% penicillin-streptomycin. Caco-2 were maintained in MEM with
fetal bovine serum (FBS) 20% (w/w), non-essential amino acids (1% w/w), L-glutamine
(1% w/w) and penicillin–streptomycin (1% w/w), while HepG2 was cultured in MEM
culture medium, supplemented with 10% FBS, non-essential amino acids (1% w/w),
L-glutamine (1% w/w) and penicillin–streptomycin (1% w/w). The cells were grown

20



Nutraceuticals 2022, 2

in a 5% CO2 atmosphere at 37 ◦C until 80% confluence, and subcultured twice a week.
All cell lines were purchased from ATCC, Manassas, VA, USA.

2.8. Neutral Red Uptake (NRU)

The in vitro NRU test was described by the ISO 10993-5:2009 “Biological evaluation of
medical devices-Part 5: Tests for in vitro cytotoxicity” on 3T3 cells. Cells with dimensions
of 2.5 × 104 3T3 were treated with multiple concentrations of PB, P_2, and P_3 overnight,
in DMEM for 24 h at 37 ◦C and 5% CO2 atmosphere. Cell viability was evaluated by
neutral red uptake (NRU) assay, which included an incubation (3 h) with neutral red
(50 μg/mL) followed by extraction with acetic acid, ethanol, and water (1:50:49 v/v/v) [24].
The absorbance was measured at 540 nm in a microplate reader Epoch (BioTek, Winooski,
VT, USA). A percentage of viability was calculated as follows:

%Viability = [Abs(540 nm)test material − Abs(540 nm)blank]/[Abs(540 nm)control −
Abs(540 nm)blank]

(2)

2.9. Cell Viability Assay

Cell viability was measured by the 3-(4,5-dime-thylthiazol-2-yl)-2,5-diphenyltetrazolium
(MTT) assay. The cells were seeded in 96-well plates at a density of 1 × 104 for Caco-2
and 2 × 104 for HepG2 and were synchronized in serum-free media (SFM) for 12 h. The
cells were treated with increasing doses of PB, P_2, and P_3. After 24 h, 20 μL of MTT
(5 mg mL−1) was added to the cell media for 4 h. Finally, 200 μL of DMSO was added
to each well, and the optical density was measured at 570 nm using a Beckman Coulter
microplate reader [25]. Eight replicates were performed for each sample.

2.10. Wound-Healing Scratch Assay

Caco-2 and HepG2 cells were maintained in SFM for 12 h. The monolayers were
scratched with a 100 μL pipet tip, as previously described [25]. After a wash with PBS,
cells were treated with PB, P_2, and P_3 for 24 h, and the resulting wound healing was
photographed at 24 h at 4× magnifications using phase-contrast microscopy.

2.11. Statistical Analysis

Statistical analysis was performed by Student’s t test using the GraphPad Prism 8.3.0
(GraphPad Software, Inc., San Diego, CA, USA). Antioxidant tests of the samples were
assayed in triplicate. Data were expressed as means ± SD and analysed using the Wilcoxon
test. A value of p < 0.05 was considered statistically significant. All analyses were conducted
using GraphPad Prism 8.3.0 (GraphPad Software, Inc., San Diego, CA, USA).

3. Results

3.1. Antioxidant Performances

Antioxidant performances of 2 and 3 were deeply investigated in terms of total phe-
nolic content, total antioxidant activity and scavenger activity against hydrophilic (ABTS)
and lipophilic (DPPH) radical species, and the results are reported in Table 1.

Table 1. Antioxidant performances of 2 and 3.

Disposable Phenolic
Groups (meq Q g−1)

Total Antioxidant Activity
(meq CT g−1)

IC50 (mg mL−1)

DPPH Radical ABTS Radical

2 0.770 ± 0.011 a 0.866 ± 0.021 a 0.042 ± 0.005 b 0.153 ± 0.011 b

3 0.542 ± 0.010 b 0.580 ± 0.012 b 0.226 ± 0.015 a 0.530 ± 0.025 a

Q = quercetin; CT = catechin; DPPH = 2,2′-diphenyl-1-picrylhydrazyl radical; ABTS = 2,2′-azino-bis(3-
etylbenzotiazolin-6-sulphonic). Different letters in the same column express significant differences (p < 0.05).
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As expected, the chemical modification of 2 to 3 produced a significant reduction
(29.6% lower) in phenolic content, and the total antioxidant capacity decreased by 33.0%.
Additionally, the scavenging activities measured against DPPH and ABTS radical species
displayed a substantial increase in IC50 values, which was more remarkable in the organic
environment, concerning the aqueous medium. This loss of antioxidant performance
can be attributed to the introduction of the docosahexaenoic acid in C3, which is the
disappearance of one of the reactive sites. At the same time, the spatial conformation of the
hydrocarbon chain can hinder the interaction between the other hydroxylic groups and the
radical species.

Widely used in the food industry, pectin is safe, passes through the gastrointestinal
tract without any changes, and can be easily degraded by bacterial microflora in the
colon. Among the many synthetic strategies proposed in the literature, for the synthesis
of biopolymers coupled with antioxidant compounds, free-radical grafting is one of the
most popular methods used due to its ability to avoid the generation of toxic by-products
and perform chemical reactions at room temperature, thus preserving the molecules from
degradation processes. Macromolecular conjugates were synthesized involving pectin
as the polymeric structure, 2 and 3 as active molecules, and using the acid redox couple
ascorbic acid/hydrogen peroxide, which constitutes a biocompatible and soluble radical
initiation system [26]. The hydroxyl radical that starts the reaction is formed by the
oxidation of ascorbic acid by hydrogen peroxide with the production of the ascorbate
radical (Figure 1).

Figure 1. Schematic representation of the synthesis of the macromolecular conjugate.

The opportunity to graft antioxidant structures in a biomacromolecule by an ecofriendly
procedure is an innovative strategy that significantly improves the performance of the
natural compounds, opening new applications in the pharmaceutical field and in the food
industry. The employment of the redox pair in the synthesis of the grafted biopolymer
represents a synthetic strategy that allows for the preservation of antioxidant molecules
from the damages related to the high temperatures. Additionally, these compounds avoid
the production of toxic products, allowing for the employment of the final product in
the food industry [27]. Finally the synthesis of polymeric antioxidants was a special deal
able to guarantee a class of compounds having high stability and a slow degradation rate
compared to the low-molecular-weight compounds [28].

The activation of the pectin toward radical reactions and the grafting of active species
expects that the radical initiators preferably react with the macromolecule, avoiding self
reactions. In Figure 1, a probable mechanism of interaction between active species and
polysaccharide chains is proposed. Specifically, hydroxyl radicals attack the sensible
residues in the side chains of the sugar, producing macroradical species in the sugar chain.
The reaction of these radicals with the antioxidant molecules allows for the formation of a
covalent bond between the antioxidant and the pectin. Literature data propose that ortho-
and parapositions relative to the hydroxyl group are the main target of the free-radical
macromolecule chains on the phenolic ring [29]. The heteroatom-centred radicals in the side
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chains of the pectin preferentially interact in some of the above-mentioned positions. This
experimental strategy allowed for the synthesis of two pectin-based conjugates, labelled
with the acronyms P_2 and P_3. Additionally, a blank polymer (PB) was also synthesized,
with pectin undergoing the same reaction but without any antioxidant molecules. Similarly,
pectin–polyphenol conjugates were proposed by Karaki et al. that performed a grafting
reaction via laccase catalysis methodology, employing ferulic acid as source on antiox-
idant moieties [30]. Ferulic acid was also involved in the synthesis of pectin conjugate
by Wang et al., which activated reactive sites of ultrasound-treated pectins by vitamin
C/hydrogen peroxide redox pair to obtain chain conformations more flexible than those of
native sugar [31].

The antioxidant molecules’ inclusion in the backbone of the polysaccharide was
verified by measuring the antioxidant activity of the conjugates by the Folin–Ciocalteu test,
total antioxidant capacity, and scavenger activity against DPPH and ABTS radicals, and the
results are reported in Table 2.

Table 2. Antioxidant performances of pectin conjugates.

Disposable Phenolic
Groups (meq Q/g)

Total Antioxidant Activity
(meq CT/g)

IC50 (mg mL−1)

DPPH Radical ABTS Radical

P_2 0.243 ± 0.011 a 0.241 ± 0.008 a 0.480 ± 0.031 a 31.1% at 0.9 a mg mL−1

P_3 0.051 ± 0.002 b 0.159 ± 0.009 b 44.1% at 1.3 b mg mL−1 16.5% at 0.9 b mg mL−1

PB - - - -

Q = quercetin; CT = catechin; DPPH = 2,2′-diphenyl-1- picrylhydrazyl radical; ABTS = 2,2′-azino-bis(3-
etylbenzotiazolin-6-sulphonic). Different letters in the same column express significant differences (p < 0.05).

P_2 displayed the greatest antiradical activity: the polyphenolic content was sig-
nificantly higher than P_3, which recorded a more than 30% increase in total antiox-
idant capacity. Disposable phenolic groups were in the same order of magnitude of
the pectin–ferulic acid conjugates synthetized by employing ultrasound-treated pectins
(0.335–0.386 meq of ferulic acid/g) that were able to ensure more flexible chains in respect
to the native pectin [31]. Furthermore, between the two polymers, P_2 was the only one able
to reach the IC50, while for P_3 only 44.1% of inhibition was observed, at a concentration of
1.3 mg mL−1. Wang et al. also recorded scavenging properties with IC50 values of about
0.5 mg mL−1, while a reduced activity was recorded in the pectin conjugates synthesized by
enzyme-catalysed grafting, due to the decrease in free hydroxyl groups that are involved in
the covalent linkage. In the hydrophilic environment, against ABTS radicals, both polymers
were poorly responsive; P_2 reached an IC30 value, while P_3 showed a 50% lower efficacy.
This finding was confirmed by literature data that analysed the antioxidant activity of
similar pectin conjugates [30,31]. Finally, PB did not show any activity.

3.2. Toxicity Evaluation
3.2.1. NRU Test

The effect of PB, P_2, and P_3 on 3T3 cells was detected by in vitro NRU assay
(Figure 2) The treatment with increasing doses of PB, P_2, and P_3 did not alter cell
viability versus control, in all treatments.

3.2.2. Cell Viability

As previously reported, quercetin has effects on the cell viability of tumour cell
lines [32,33]. In this study, the cellular effects of PB, P_2, and P_3 on cell motility were
evaluated by MTT assay. This assay evaluates mitochondrial activity through the formation
of the purple formazan in metabolically active cells, an NADP-dependent reaction catalysed
by succinate dehydrogenase. This reaction was evaluated by measuring absorbance using
a spectrophotometer [34]. Figure 3 shows the treatments with increasing concentrations
of PB, P_2, and P_3. The results indicate a dose-dependent reduction in cell viability after
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treatment with P_2 and P_3. On the contrary, the treatment with PB did not produce
any effect.

Figure 2. 3T3 cells’ viability (%) after treatment with increased concentrations of PB, P_2, and P_3

(μg mL−1). Each column represents the mean + SD of 3 wells/group.

Figure 3. Effect of PB, P_2, and P_3 on Caco-2 and HepG2 cells’ viability. Each column represents the
mean + SD of 3 wells/group. * p < 0.01; ** p < 0.005 treated vs. control.

3.2.3. Cells’ Migratory Capability

Many studies report the effects of quercetin on cell motility in different intestinal
cancer cell lines [32,33]. The capacity of PB, P_2, and P_3 to oppose the migratory ability of
Caco-2 and HepG2 cells is shown in Figure 4. The results obtained showed that P_2 and
P_3 reduce the migration of tumour cells, while PB has no effect.
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Figure 4. A wound-healing assay on Caco-2 and HepG2 cells after treatment with of PB, P_2, and
P_3 (50 μg mL−1). The percentage of closure was quantified by ImageJ after 24 h. Scale bars: 100 μm,
* p < 0.01; ** p < 0.005 treated vs. control.

4. Conclusions

Quercetin derivatives displayed a remarkable antioxidant performance, as well as
scavenger activity both in organic and aqueous environments. The inclusion of the synthe-
sized molecules into a polymeric matrix is a useful tool to improve their application in the
pharmaceutical and nutraceutical fields. In this regard, pectin was chosen as the polymeric
backbone due to its chemical and biological characteristics compatible with our purposes,
and an ecofriendly strategy was selected to preserve the biological features of the quercetin
derivative. In vitro tests performed on the synthesized polymers highlighted a reduction
in the antioxidant activity that was retained. However, our results indicated that quercetin
reduced cell viability and migration, as indicated in previous reports [35,36]. These data
suggest that quercetin slowed the growth and migration of Caco-2 and Hepg-2 cell lines.
These data appear very interesting because they provide a useful alternative aimed to
improve the bioavailability of quercetin-derivatives through their covalent binding to the
pectin chain, which becomes a very versatile and effective means to transport polyphenol
compounds, both in terms of protection of the polyphenol itself and in terms of biological
activity manifested in the matrices in which it will be used.
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Abstract: Alginate oligosaccharides (AOS) are non-digestible carbohydrates from brown kelp. As
such, they are dietary fibers and may have prebiotic potential. Therefore, we investigated the capacity
of gut bacteria to utilize AOS with single-strain cultures and as a complex bacterial community.
Bifidobacterium adolescentis, Lacticaseibacillus casei and Lacticaseibacillus paracasei showed weak growth
(relative to unsupplemented medium; p < 0.05) in the presence of AOS and alginate, while strong
growth (p < 0.01) was observed for Bacteroides ovatus when grown with alginate as carbohydrate
source. Enterococcus faecium and Enterococcus hirae were for the first time reported to be able to
grow on AOS. Further, AOS as substrate was investigated in a complex bacterial community with
colonic fermentations in an in vitro gut model. The in vitro gut model indicated that AOS increased
short-chain fatty acid (SCFA) levels in donors with a low endogenous SCFA production, but not to
the same level as inulin. Bacteroides was found to dominate the bacteria community after in vitro
gut simulation with alginate as substrate. Further, stimulation of Bacteroides was observed with
AOS in the gut model for two out of three donors with the third donor being more resistant to
change. Our results allowed the identification of AOS utilizers among common gut species. The
results also demonstrated the capacity of AOS to elevate SCFA levels and positively modulate the
gut microbiota during in vitro simulated colon fermentations, although some subjects appear to be
resilient to perturbation via substrate changes.

Keywords: prebiotic; alginate; alginate oligosaccharides; intestinal microbiota; microbial metabolites;
short-chain fatty acids; colon simulation

1. Introduction

In recent decades, development of functional foods has rapidly become a major focus
of research [1]. The capacity of a food ingredient to selectively stimulate the growth of
beneficial microbes is a key criterion for a prebiotic effect [2]. Numerous studies have
been conducted to better understand the role and composition of the gut microbiota (GM)
and its modulation by nutrition [3]. The composition of the GM has been reported to
be highly variable even among people of the same region of the world [4]. Moreover,
although a large number of oligosaccharides have been studied for prebiotic effects and are
commonly incorporated into certain food preparations [5] their utilization by beneficial
and nonbeneficial microbes is still open to different interpretations [6]. This underlines the
need for a deeper understanding of the modulatory effect of a prebiotic food ingredient on
the GM prior to its incorporation in a food product.
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Alginate is an abundant polymer and represents up to 40% of the dry matter of brown
seaweed, with about 30,000 metric tons produced industrially every year [7]. Alginate is a
linear and naturally occurring copolymer of two main sugars: β-D-mannuronate (M) and
α-L-guluronate (G) linked in 1,4-glycosidic bonds and organized in consecutive G residues
(GGGGGG), M residues (MMMMMM), or alternating M and G residues (GMGMGM) [8].
Alginate is used in the food industry as a thickening agent with its viscosity directly
correlated to its molecular weight and concentration. Moreover, alginate has the ability to
form heat-stable gels through G-block-Ca2+ interactions described as the “egg-box model”,
where the calcium ions sit in the structural void of the polymer and form hydrogels by
trapping water molecules [9]. Consequently, the gelling and thickening properties of
alginate make it one of the most extensively used additives in the food industry [10,11].

The depolymerized form of alginate known as alginate oligosaccharide (AOS) has
been investigated for diverse applications in the food and agriculture industries but also
for human health applications [12]. Alginate is poorly digested in vivo, and the porcine
microbiota has been reported to require a 39-day adaptation period prior to being able to
degrade the oligomer [13]. After adaptation, the porcine microbiota was able to successfully
utilize a broad range of AOS [14]. In rats, daily intake of AOS (2.5% of diet) over a
two-week period increased fecal bifidobacteria and lactobacilli by 13-fold and 5-fold,
respectively, while the abundance of Enterobacteriaceae and enterococci decreased [15].
However, in vitro fermentation of AOS using pig fecal samples or human fecal samples
increased the abundance of Bacteroides and the production of short-chain fatty acids (SCFA),
with no effect on the bifidobacteria or lactobacilli community [16,17]. Bacteroides ovatus
was also established as the main gut bacterium able to degrade the 1,4-glycosidic bond
of alginate [18]. While current literature indicates different effects of AOS on the gut
microbiota, it also clearly demonstrates its potential as a gut microbiota modulatory agent.

In this study, a screening of several main representative bacteria of the GM was carried
out in a single-strain approach to investigate their capacity to use AOS for growth. The
modulation of the GM by the fermentation of AOS was further investigated using an
in vitro colon model, CoMiniGut [19]. The dynamics of the simulated GM community was
studied using Illumina-based NxtSeq-based 16S rRNA gene amplicon high throughput
sequencing, and SCFA production was estimated using gas-chromatography analysis. To
the best of our knowledge this study is the first to combine the single-strain approach of a
broad range of gut bacteria with the use of an in vitro gut model, and will help to reach a
better understanding of the prebiotic potential of AOS.

2. Materials and Methods

2.1. Substrates and Strains

Sodium alginate was extracted from the stem of the brown seaweed Laminaria hyper-
borea (supplied by IFF, Sandvika, Norway). The alginate was subsequently subjected to
high-temperature acid hydrolysis, followed by neutralization with Na2CO3 before spray
drying in order to produce the alginate oligosaccharide (AOS) with a purity of at least
90% [20]. Inulin was purchased from Sigma Aldrich (Søborg, Denmark). All bacteria used
in the Bioscreen C study (Table 1) were collected from frozen stocks kept at both IFF facili-
ties and the University of Copenhagen, or supplied from public collections. These strains
were selected according to the following criteria: relevance for human gut microbiota and
with published work with AOS, to investigate potential pre- and probiotic synergy, and
availability in the culture collections.
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Table 1. Growth after 24 h under anaerobic conditions of gut bacteria in basal medium supplemented
with either glucose, AOS, alginate or inulin (n = 6).

Species Source * Strain Name Glucose a AOS a Alginate b Inulin a

Bifidobacterium breve BCCM/LMG LMG 13208 +++ - - -
Bifidobacterium longum IFF Bl-05 +++ - - -
Bifidobacterium lactis IFF Bl-04 +++ - - -
Bifidobacterium bifidum IFF Bb-06 +++ - - +++
Bifidobacterium adolescentis DSMZ DSM 20083 +++ + + +++
Bacteroides vulgatus BCCM/LMG LMG 17767 +++ - - -
Bacteroides acidifaciens DSMZ DSM 15896 +++ - - -
Bacteroides thetaiotaomicron DSMZ DSM 2079 +++ - - -
Bacteroides fragilis DSMZ DSM 2151 +++ - - -
Bacteroides ovatus DSMZ DSM 1896 +++ - ++ -
Escherichia coli ATCC ATCC 43888 +++ - - +++
Enterobacter cloacae UCPH NTCT 11572 +++ - - -
Klebsiella pneumoniae UCPH c132-98 WT +++ - - -
Salmonella enterica
Typhimurium UCPH SML 27C +++ - - -

Cronobacter sakazakii DSMZ DSM 4485 +++ - + -
Lactobacillus acidophilus BCCM/LMG LMG 9433 +++ - - -
Lacticaseibacillus rhamnosus DSMZ DSM 20021 +++ - - -
Lacticaseibacillus casei DSMZ DSM 20011 +++ + + -
Lacticaseibacillus paracasei NCIMB NCFB 151 +++ + + +++
Enterococcus faecium DSMZ DSM 2146 +++ + - ++
Enterococcus hirae DSMZ DSM 3320 +++ + + ++
Clostridium clostridioforme DSMZ DSM 933 +++ - - -
Anaerostipes hardus DSMZ DSM 3319 +++ - - -

a added at 10 g L−1; b added at 4 g L−1 (-) no growth; (+) weak growth; (++) moderate growth; (+++) strong growth.
* Source of bacteria strain: Belgium Coordinated Collection of Microorganism (BCCM/LMG); German Collection
of Microorganism and Cell Culture (DSMZ); International Flavors & Fragrances (IFF); National Collection
of Industrial, Food and Marine Bacteria (NCIMB); American Type Culture Collection (ATCC); University of
Copenhagen (UCPH).

2.2. Basal Colon Media

Basal medium was prepared as described by Wiese et al. [19]. Briefly, the following
reagents (all purchased from Merck, Darmstadt, Germany) were dissolved in one liter
of ultrapure water (Milli-Q®, Merck, Darmstadt, Germany): 0.5 g bile salts, 2 g peptone,
2 g yeast extract, 0.1 g NaCl, 0.04 g K2HPO4, 0.04 g KH2PO4, 0.01 g MgSO4 · 7H2O,
0.01 g CaCl2 · 6H2O, 2 g NaHCO3 and 2 mL Tween-80. After full dissolution, the pH of
the medium was adjusted to 5.6 using 1M HCl and anaerobic conditions were generated
using the Hungate boiling system prior to autoclaving at 121 ◦C for 20 min. Finally, 0.002 g
hemin, 10 μL vitamin K1 and 0.5 g L-cysteine HCl were aseptically added under anaerobic
conditions. The medium was further supplemented with 10 g L−1 of glucose, AOS or
inulin, used as a reference prebiotic. A concentration of 4 g L−1 of alginate was used to
avoid too high a level of viscosity. Once all ingredients were fully dissolved, the medium
was filter-sterilized and kept anaerobically at 4 ◦C in the dark, prior to use in both in vitro
screening method using Bioscreen C (Growth Curves Ltd., Helsinki, Finland) and in vitro
fermentation within the CoMiniGut.

2.3. Single-Strain Growth Experiment

The single-strain growth experiment was performed as described by Mäkeläinen et al. [21].
Prior to each run, pre-cultures were prepared in fresh glucose containing medium to maxi-
mize the growth over 24 h. The cultures were centrifuged at 4000× g for 10 min at 4 ◦C. The
pellet was resuspended in saline solution (0.9% NaCl) and diluted accordingly to obtain
a 106 CFU mL−1 inoculum. Twenty μL of inoculum was anaerobically added to 180 μL
of each medium into a 10 × 10-well honeycomb plate. All treatments and appropriate
controls were tested in triplicate, and every experiment was performed in duplicate (n = 6).
Incubation was carried out using a Bioscreen C. Anaerobic conditions (80% N2, 10% H2, and
10% CO2) were maintained using a Concept 400 anaerobic chamber (Ruskin Technologies,
Leeds, UK). The optical density (OD 600 nm) was measured every 30 min for 24 h. The area
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under the curve for each growth kinetic was computed after subtracting the blank values.
Significant differences between data sets compared to the basal medium were determined
by two-way ANOVA, and p < 0.05 was considered significant.

2.4. Faecal Sample Preparation

Fresh stool samples were collected from 3 healthy adults (18–65 years of age), healthy
as self-reported and without antibiotics or probiotics intake 3 months prior to donation. The
samples were donated anonymously and no further details were collected in accordance
with the ethical approval (Ethical Committee of the Capital Region of Denmark, registration
number H-20028549) were collected and homogenized in a 1:1 ratio with phosphate saline
solution (per liter: 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4 and 0.24 g K2HPO4) with 30% (v/v)
glycerol in a stomacher bag for 120 s using a stomacher (Stomacher 400; Seward, Worthing,
UK) at medium speed. Due to limitation in the collection process, fecal slurries with a final
glycerol content of 15% (v/v) were aliquoted into cryotubes and stored at −60 ◦C prior to
further use to minimize variation between fermentation. Faecal sample preparations were
used separately and not pooled.

2.5. In Vitro Gut Model CoMiniGut

The in vitro gut fermentations were carried out using the CoMiniGut model as de-
scribed by Wiese et al. [19]. In brief, the model consisted of a climate box with five parallel
anaerobic reactor units. A circulating water bath connected to a heat-exchange plate and
coupled with a ventilation system ensured a stable and evenly distributed heat throughout
the experiment within the climate box. Each unit contained a 5 mL reaction vessel with
a magnetic stirrer, an anaerogen bag (AN0020D; ThermoScientific, Waltham, MA, USA)
and a resazurin indicator (Anaerobe Indicator Test; Sigma-Aldrich, St. Louis, MO, USA).
The units were placed on a magnetic stirrer bench and pH probes were inserted into each
reactor. The pH was monitored using a 6-channel pH meter and a data logger (Consort
multi-parameter analyzer C3040) and connected to a laptop running Matlab scripts for pH
control (ver. R2015a; The MathWorks, Inc., Natick, MA, USA). The pH was maintained
at the desired level during the fermentation by addition of 0.5 M NaOH through a multi-
channel syringe pump connected to the reactors using injection needles (Frisenette, Knebel,
Østjylland, Denmark) and controlled by the Matlab script. The pH was set to incrementally
increase from 5.7 to 6.1 over the first 8 h of fermentation to mimic the proximal colon, from
6.1 to 6.5 over the following 8 h to mimic the transverse colon and from 6.5 to 6.8 over the
last 8 h to mimic the distal colon.

2.6. Fermentation Conditions

The five reactor units were assembled the day prior to the experiment to generate
anaerobic conditions. Fecal glycerol stocks were thawed for 30 min at refrigerated tempera-
tures prior to the experiment. One millilitre of fecal stock (1:1 ratio of fecal matter with PBS
15% glycerol) was diluted with 4 mL of 0.1 M PBS pH 5.6. CoMiniGut reaction vessels were
aseptically filled with 4.5 mL of basal medium and further inoculated with 0.5 mL of fecal
slurry to achieve a final inoculation at 1% original fecal matter. Using the control media or
media supplemented with AOS, alginate or inulin, the fermentations were performed for
each fecal sample in quadruplicate. After 24 h, the products of fermentation were aliquoted
in cryotubes and kept at −60 ◦C until further analysis.

2.7. SCFA Analysis

The level of acetic, butyric, propionic, valeric, isobutyric, 2-methylbutyric, isovaleric
and lactic acids were measured as previously described by Ouwehand et al. [22]. One
hundred μL of internal standard (20 mM pivalic acid) was mixed with 300 μL of water,
250 μL of saturated oxalic acid solution and added to 100 μL of the simulator sample.
After thorough mixing, the sample was kept at 4 ◦C for 60 min and subsequently cen-
trifuged at 13,000× g for 5 min. Supernatant (1 mL) was analyzed by GC using a glass
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column packed with 80/120 Carbopack B-DA/4% on Carbowax 20M stationary phase
(Supelco, Bellefonte, PA, USA) at 175 ◦C and with helium as the carrier gas at a flow rate of
24 mL min−1. The temperature of the injector and the flame ionization detector were 200
and 250 ◦C, respectively. The concentration of acetic acid, propionic acid and butyric acid
were determined using previously established standard curves. One-way ANOVA was
performed (significance level p < 0.05) using the package “ggpubr” of the Rstudio platform.

2.8. DNA Extraction

One hundred μL from each gut reactor was used for genomic DNA extraction using
the Bead-beat Micro AX Gravity kit (A&A Biotechnology, Gdynia, Poland) following the
protocol of the manufacturer. The bead-beating step was performed in 3 cycles of 15 s each
at a speed of 6.5 ms−1 in a FastPrep-24TM Homogenizer (MP) at room temperature. DNA
quantity was measured using Qubit® (dsDNA HS assay; Invitrogen, Carlsbad, CA, USA).

2.9. Amplicon Sequencing

The bacterial community composition was determined using high throughput tag-
encoded 16S rRNA gene amplicon NxtSeq-based sequencing (Illumina, San Diego, CA,
USA). The V3 region of the 16S rRNA gene was amplified using primers compatible
with the Nextera Index Kit (Illumina) NXt_338_F:50- 5′-TCGTCGGCAGCGTCAGATGT
GTATAAGAGACAGACWCCTACGGGWGGCAGCAG-3′ and NXt_518_R: 5′-GTCTCGTG
GGCTCGGAGATGTGTATAAGAGACAGATTACCGC GGCTGCTGG-3′ (Integrated DNA
Technologies; Leuven, Belgium). The PCR reactions and library preparation were per-
formed as described previously [23].

2.10. High Throughput Sequencing and Data Treatment

The raw data set containing pair-ended reads with corresponding quality scores
were merged and trimmed using fastq_mergepairs and fastq_filter scripts implemented
in the UPARSE pipeline. The minimum overlap length was set to 10 base pairs (bp). The
minimum length of merged reads was 150 bp, the maximum expected error E was 2.0,
and the first truncating position with quality score was n ≤ 4. Purging the dataset from
chimeric reads and constructing zero radius Operational Taxonomic Units (zOTU) were
conducted using the UNOISE3 pipeline [24]. The Green Genes (13.8) 16S rRNA gene collec-
tion was used as a reference database [25]. Quantitative Insight Into Microbial Ecology 2
(QIIME2) open source software [26] (version 2019.4.0) was used for the subsequent anal-
ysis steps. Principal coordinate analysis (PCoA) plots were generated with the diversity
core-metrics-phylogenetic workflow based on 10 UniFrac distance metrics calculated using
10 subsampled OTU tables. The number of sequences taken for each jack-knifed subset was
set to 90% of the sequence number within the most indigent sample, hence 14,000 reads
per sample. Analysis of similarities (ANOSIM) was used to evaluate group differences
using weighted and unweighted [27] UniFrac distance metrics that were generated based
on rarefied zOTU tables. The relative distribution of the genera registered was calcu-
lated for unified and summarized in genus level zOTU tables. Alpha diversity measures
expressed as observed species values (sequence similarity 97%) were computed for rar-
efied zOTU tables. Differences in alpha diversity were determined using the alpha-group-
significance workflow.

3. Results

3.1. Single-Strain Growth Analysis

A single-strain screening of selected bacteria was carried out in vitro (Table 1) to assess
their potential for the utilization of AOS. Very little or no growth was observed for all the
species inoculated into the basal medium (without carbohydrate), while the addition of
glucose was sufficient to give satisfactory growth for all species tested after 24 h incubation.
These initial results confirmed that the conditions were suitable for the growth of all tested
bacteria in the presence of a carbon source. Bif. adolescentis, L. casei, L. paracasei and E. hirae
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showed a moderate yet significant growth (p < 0.05) in presence of both AOS and alginate
relative to baseline. Strong growth (p < 0.01) was observed for B. ovatus using alginate as
substrate, while Bif. adolescentis, L. casei, L. paracasei and E. hirae showed no growth in the
presence of AOS. In comparison, significant growth (p < 0.01) was observed for Bif. bifidum
Bb-06, Bif. adolescentis, E. coli, L. paracasei, E. faecium, and E. hirae in the presence of inulin.

3.2. SCFA Production during In Vitro Simulated Colon Passage

The production of SCFA was measured as an indication of the fermentation capacity
by the simulated GM (Table 2). Although valeric, isobutyric, 2-methylbutyric, isovaleric
and lactic acids were also measured, these acids were only present in trace amounts
and under the certainty thresholds (results not shown). Interestingly, AOS and alginate
mainly stimulated the production of acetic acid compared to the control from 14.4 ± 0.4 to
26.4 ± 0.5 and 25.9 ± 3.2 μmol mL−1, respectively, for donor 1, and from 13.3 ± 3.9 to
29.2 ± 5.7 and 21.9 ± 4.2 μmol mL−1 for donor 3. Additionally, the level of propionic
acid was increased for donor 3 in presence of both AOS and alginate from 2.0 ± 0.3 to
5.0 ± 1.7 and 2.8 ± 0.2 μmol mL−1, respectively. These results indicate the capacity of
AOS to stimulate acetic acid production in a donor-dependent manner. Inulin strongly
increased the level of acetic acid for each donor, while butyric and propionic acid production
was increased by inulin in a donor-dependent manner for donor 1 and donor 3, and no
significant difference was observed for donor 2. Additionally, no significant increase in the
level of any analyzed SCFAs was observed for donor 2 in the presence of both AOS and
alginate. Inulin fermentation resulted in the highest activity and led to the largest amount
of total SCFA with every donor.

Table 2. Concentration of SCFA after 24 h fermentation in the gut model CoMiniGut for each substrate
(n = 4).

Donor Substrate Concentration of Fatty Acids (μmol mL−1)

Acetic Acid Butyric Acid Propionic Acid Total

1

Control 14.4 ± 0.4 0.9 ± 0.0 1.6 ± 0.0 16.90
AOS 26.4 ± 0.5 *** 0.6 ± 0.1 *** 1.6 ± 0.1 28.60 *
Alginate 25.9 ± 3.2 ** 1.0 ± 0.2 2.6 ± 0.6 * 29.50 *
Inulin 60.5 ± 5.6 ** 5.1 ± 1.8 * 17.9 ± 5.4 ** 83.50 **

2

Control 23.4 ± 0.8 2.7 ± 0.3 2.0 ± 0.1 28.10
AOS 28.3 ± 5.7 2.3 ± 0.2 2.6 ± 0.4 33.20
Alginate 23.3 ± 6.2 1.0 ± 0.6 ** 2.0 ± 0.5 26.30
Inulin 44.5 ± 6.9 ** 4.1 ± 7.7 1.8 ± 0.7 50.40 **

3

Control 13.3 ± 3.9 1.9 ± 0.5 2.0 ± 0.3 17.20
AOS 29.2 ± 5.7 ** 2.3 ± 0.6 5.0 ± 1.7 * 36.50 *
Alginate 21.9 ± 4.2 * 1.0 ± 0.2 * 2.8 ± 0.2 ** 25.70 *
Inulin 30.7 ± 8.0 * 22.6 ± 4.2 ** 4.7 ± 1.1 * 58.00 **

Significative differences compared to control are expressed as * (p-value ≤ 0.05); ** (≤0.01) and *** (≤0.001).

3.3. Changes in the Simulated GM Composition during Gut Model CoMiniGut

Alpha diversity analysis using Richness (observed species; Figure 1) and Shannon
indices (Figure 2) revealed significant differences in bacterial diversity with all three tested
carbohydrates. As expected, the highest diversity measured with both indexes was found
in the control fermentation for all donors. The fermentation of AOS, alginate and inulin
resulted in a similar index value for the overall analysis; however, some donor-dependent
differences were also observed. A higher diversity of the bacteria community was found
with AOS for donor 1 and donor 2 compared to inulin, while the opposite result was
observed in donor 3.
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Figure 1. Richness rarefaction analysis. The Richness index (observed species per fermentation) was
calculated for each treatment using the samples of combined donors (A), or for each individual donor:
donor 1 (B), donor 2 (C) and donor 3 (D). The highest number of species observed were obtained in
the control fermentation.

Figure 2. Shannon rarefaction analysis. The Shannon index was calculated for each treatment using
the samples of combined donors (A), or for each individual donor: donor 1 (B), donor 2 (C) and
donor 3 (D). Highest index value was observed in the control fermentation for each donor, while the
effect of each substrate appeared to be donor dependent.
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An analysis of composition of microbes (ANCOM) [28] test confirmed significant
changes within microbial relative abundance and/or presence–absence due to substrate
(Figure 3). Bacteria belonging to the genus Bacteroides overall had higher relative abundance
in the fermentations with AOS and alginate. B. ovatus was found to be significantly repre-
sented among these fermentations compared to the control fermentation for each of the
three donors. Furthermore, inulin strongly stimulated the Bifidobacterium community across
all donors. Although similar features were noted among fermentations, the relative fre-
quency of bacteria observed for each community was found to be strictly donor-dependent.
Clear effects on the gut microbial composition within the AOS were also more specific
for each donor. The relative abundance of Bif. adolescentis was slightly stimulated after
fermentation with AOS compared to the control only for donor 1. The relative abundance
of Clostridiaceae and Enterobacteriaceae markedly decreased after fermentation with AOS
compared to the control for donor 2 and 3. All tested substrates caused a donor-dependent
modulation of the simulated GM. However, the relative abundance of Bacteroides was
significantly increased for all substrates.

Figure 3. Relative abundance of bacterial community of the three donors in in vitro colon simulations
performed in quadruplicate. The bar chart presents the bacterial relative distribution of 25 of the
most abundant taxa determined by 16S rRNA gene amplicon sequencing (NxtSeq, Illumina). A clear
increase in the bifidobacteria community was observed with inulin for each donor, while alginate
oligosaccharide (AOS) and alginate stimulated Bacteroides abundance.

Beta-diversity analysis based on unweighted (qualitative) and weighted (quantitative)
UniFrac distance matrices showed significant effects on gut microbial composition due
to substrate (Figure 4A,B), and donor (Figure 4E,F). Although the donor effect was the
strongest using unweighted UniFrac-based analysis, indicating the presence of donor-
specific taxa, the proportions of the most abundant groups of bacteria were affected by the
carbohydrate, resulting in the somewhat stronger effect of the carbohydrates (Figure 4B)
than the donors (Figure 4F), observed with the weighted UniFrac-based analysis. Moreover,
clear changes in the simulated GM were observed after 24 h for every donor in both
abundance and diversity (Figure 4C,D).
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Figure 4. Beta-diversity analysis demonstrating differences in microbial composition of in vitro
simulated colon fermentations. The Principal Coordinates Analysis (PCoA) plots are based on un-
weighted (A,C,E) and weighted (B,D,F) UniFrac distance matrices projecting similarities in microbial
community between categories. AOS, alginate and inulin had little effect on the bacterial qualita-
tive composition (A) and a pronounced effect on the bacterial relative abundance (B). The effect of
fermentation on qualitative and quantitative characteristics of microbial community was weak yet
significant (C,D). The donor effect was the strongest and clear on both unweighted (E) and weighted
(F) UniFrac distance based on PCoA plots. The PERMANOVA results are given in each plot.

4. Discussion

An initial screening was carried out to gain insight into the capacity of AOS to influence
bacterial growth. The growth of Bif. adolescentis, L. casei and L. paracasei was slightly
stimulated in the presence of AOS, while no growth of the other tested bifidobacteria or
lactobacilli was observed. Interestingly, previous studies reported that Bif. longum, Bif. breve,
Bif. bifidum, Bif. adolescentis, Bif. infantis and L. delbrueckii subsp. bulgaricus were stimulated
in the presence of AOS [15,29]. Bacteroides ovatus and Bacteroides thetaiotaomicron were also
previously reported to be involved in the degradation of alginate and its derivatives [18].
Bacteroides spp. have been described as the main carbohydrate utilizers of the human
microbiota, accounting for a large number of glycoside hydrolases (GH) and polysaccharide
lyases (PL) genes per genome [30]. A significant amount of GH and PL genes were also
found in the genome of certain bifidobacteria [30]. The capacity of these bacteria to grow
in alginate and AOS-supplemented medium may be linked to their capacity to produce
enzymes capable of degrading these substrates into smaller sugars. However, some of
these studies evaluated the addition of enzymatically depolymerized alginate into skim-
milk media or carbohydrate-free MRS [15,29]. In the present study, the use of colon
basal medium aimed to recreate conditions similar to the colon model while enabling a
better appreciation of the effect of AOS, as the basal medium is a less favorable growth
environment compared to commonly used nutrient-rich media. Moreover, the AOS used
here were obtained through acid hydrolysis of alginate. Thus, although similarities were
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found within the previous studies, differences indicated the capacity of certain bacteria
to use AOS as substrate may be strain-dependent. It is also thought that this capacity is
influenced by the chemical structure of AOS which is linked to the method used to produce
these. Recent studies reported a relationship between the structure of the AOS and their
biological properties [31,32]. Therefore, it is believed that further investigation of such
structure–activity relationship for the prebiotic capacity of AOS should be considered.

The biological properties of SCFA, such as the acidification of the colon, reduced
risk of pathogen colonization, modulation of water and salt retention, energy supply for
colonocytes and peripheral tissues, as well as the stimulation of mucin production through
modulation of the gene expression of epithelial cells, have driven the search for food
ingredients that can stimulate the production of these metabolites [33]. In the present study,
it was demonstrated that the level of acetic acid increased after 24 h fermentation in the
presence of AOS compared to control conditions for donor 1 and donor 3, by 80% and
119%, respectively. For donor 3, the level of acetic acid was similar to that detected in the
fermentation with inulin. A tendency to increase acetic acid was also noted in donor 2,
although it was not statistically significant. These results indicated the capacity of AOS to
stimulate SCFA production in a donor-dependent manner, although SCFA levels were often
lower than those found in the fermentation with inulin. These results were in agreement
with previous studies carried out in vitro using human GM inoculum [18], as well as some
in vivo studies performed in weaned pigs and broiler chickens [34,35], which indicate that
AOS may have prebiotic potential.

A UniFrac analysis confirmed the donor-specific aspect of each simulated GM profile,
which was consistent with the current literature on the variability of GM composition
among individuals. An elevated proportion of Bacteroides, especially B. ovatus was found
for all donors after fermentation with AOS. Although these results are in agreement with
earlier in vitro fermentation studies [17,18], they do not correlate entirely with the single-
strain growth experiments, where we failed to observed growth of this species on AOS
(Table 1). Along with an increased proportion of Bacteroides, a donor-dependent effect was
observed for other bacterial taxa. A reduction in the relative abundance of Clostridiaceae
and Enterobacteriaceae families was observed for donor 2 and 3 after the fermentation with
AOS. This correlates with the single-strain growth experiments where E. coli, E. cloacae,
K. pneumoniae and S. enterica Typhimurium failed to grow on AOS and thus were out-
competed by species that were able to utilise this substrate. Bif. adolescentis was mainly
observed in donor 1 and to a lesser extent in donor 3. Bif. adolescentis showed growth with
AOS and inulin in the single-strain culture tests. In the in vitro colon simulations, AOS only
modestly increased the relative proportion of Bif. adolescentis in donor 1 while no effect was
observed on Bif. adolescentis in donor 3. Moreover, inulin substantially increased the relative
abundance of Bif. aolescentis only in donor 1, which was in line with the single-strain growth
experiments. However, inulin showed stimulation of the growth of genus Bifidobacterium in
all three donors, in agreement with the single-strain screening. Although several lactobacilli
and enterococci species were observed to grow on AOS in the single-strain testing, their
numbers were too low to be observed in the community analyses.

Although only three donors were included in the present study, it is clear that there is
a donor-dependent ability to utilise AOS and alginate. The influence of the host microbiota
composition on its ability to utilise alginates has recently been reported [36] and is also
influenced by cross-feeding between members of the intestinal microbiota [37]. The absence
of cross-feeding in the single-strain growth experiments may be one of the explanations
why the results do not fully correlate with the in vitro colon simulations.

Therefore, it can be suggested that although the single-strain approach led to a better
understanding of the capacity of certain species of bacteria to use AOS for their growth,
the presence of a complex bacteria community such as in the colon is necessary to further
investigate the impact of AOS onto the simulated GM. Although AOS led to limited growth
improvement in single-strain culture, important changes in the gut microbiota profile were
noted after fermentation in the colon-model approach. As previously mentioned, AOS
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and alginate stimulated the growth of only a few specific bacterial taxa. Accordingly, the
lower value obtained by the Richness and Shannon indices of the gut model carried out
with the substrates was explained by the stimulation of these specific bacteria and therefore
their preferential growth among the simulated GM community compared to the control.
Overall, AOS possesses the capacity to shape the GM in vitro, although this effect differs
by its selectiveness and its intensity from the effect of inulin. The use of the combined
approach led to a better understanding of the results of each experiment.

5. Conclusions

This study aimed to provide a better insight into the prebiotic capacity of AOS. For
the first time using an in vitro approach, the effect of AOS on both bifidobacteria and
Bacteroides communities was observed and explained by donor-dependent variations,
while the capacity of certain gut bacteria to utilize AOS was validated through the single-
strain method. Although of a lesser intensity compared to inulin, the production of acetic
acid was increased by AOS in a gut-model fermentation. AOS effectively stimulated the
growth of Bacteroides in all fecal samples tested, while they also increased the abundance of
Bif. adolescentis and decreased the abundance of Clostridiaceae and Enterobacteriaceae families
in a donor-dependent manner. These results were in agreement with previous findings
and confirmed the potential of AOS to be used as a prebiotic ingredient, although more
studies are needed to further evaluate the prebiotic capacity and the link with the chemical
structure of AOS.
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Apple Puree as a Natural Fructose Source Provides an Effective
Alternative to Artificial Fructose Sources for Fuelling Endurance
Cycling Performance in Males
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Abstract: Carbohydrate consumption during exercise enhances endurance performance. A food-
focused approach may offer an alternative, ‘healthier’ approach given the potential health concerns
associated with artificial fructose sources, but food-based carbohydrate sources may increase gas-
trointestinal (GI) symptoms. This study compared the cycling performance and GI comfort of two
different fructose sources (fruit and artificial) ingested during exercise. Nine trained male cyclists
(age 24 ± 7 years; VO2peak 65 ± 6 mL/kg/min) completed a familiarisation and two experimental
trials (60 g/h carbohydrate, 120 min at 55% Wmax and ~15 min time trial). In the two experimental
trials, carbohydrate was ingested in a 2:1 glucose-to-fructose ratio, with fructose provided as artificial
crystalline fructose (GLU/FRU) or natural apple puree (APPLE PUREE) and maltodextrin added to
provide sufficient glucose. Time trial (TT) performance was not different between trials (GLU/FRU
792 ± 68 s, APPLE PUREE 800 ± 65 s; p = 0.313). No GI symptoms were significantly different
between trials (p ≥ 0.085). Heart rate, blood glucose/lactate concentrations, and RPE were not
different between trials, but all, excluding blood glucose concentration, increased from rest to exercise
and further increased post-TT. Apple puree as a natural fructose source provides an alternative to
artificial fructose sources without influencing cycling performance or GI symptoms.

Keywords: fruit; food; health; sugar; athlete; comfort

1. Introduction

Carbohydrate is an important macronutrient for daily living and is the preferred
exogenous fuel source during endurance exercise [1], as it has been demonstrated to
benefit performance by maintaining blood glucose concentrations and delaying fatigue
with exercise for >60 min. Carbohydrate is deemed to be a more efficient fuel source than
fat during high-intensity or prolonged endurance exercise due to its ability to provide more
adenosine triphosphate (ATP) for a given amount of oxygen [2]. Furthermore, ATP can
be produced from carbohydrate in the absence of oxygen using glycolytic pathways [2].
Carbohydrate is stored in the body in the form of muscle and liver glycogen [2]; however,
these stores are limited. Therefore, the provision of exogenous carbohydrate before and
during exercise helps to preserve glycogen stores and is fundamental for optimal endurance
performance. Current guidelines [3,4] suggest that during prolonged endurance exercise of
>2 h, the intake of 60–90 g/h from mixed carbohydrate sources (i.e., glucose and fructose)
is recommended, which should not cause acute gastrointestinal (GI) upset in the majority
of athletes [5].

Whilst the current carbohydrate guidelines provide useful information on carbohy-
drate dosage and sugar type, they fail to offer suggestions and evidence on the source
or form of the carbohydrate. Common sources of fructose used in commercial carbohy-
drate supplements are high-fructose corn syrup, isolated (crystalline) fructose, and sucrose.
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However, for some individuals, there may be potential long-term negative implications of
high-fructose corn syrup and crystalline fructose ingestion [6,7]. These artificial fructose
sources have been associated with increased levels of obesity and metabolic disease [6,7],
possibly making them less attractive to some exercisers. Additionally, the consumption
of high fructose drinks during and after exercise may exacerbate markers of acute kidney
injury (AKI) [8].

However, natural sources of fructose, such as those in fruit, may not have the same
potential negative health consequences and thus may provide ‘healthier’ options to the
athlete/exerciser [9]. For example, apples naturally contain fructose (~60%) [10], and
apple consumption has been related to a reduced risk of cancer [11,12] and cardiovascular
disease [13]. The suggested mechanisms link back to the presence of phytochemicals and
antioxidants contained within apples reducing oxidative damage. Thus, carbohydrate in
the form of apple puree has the potential to provide health benefits, as well as energy intake
during endurance exercise. There is a move towards more natural products, and our recent
systematic review [14] concluded that whilst performance does not appear to be positively
or negatively affected by carbohydrate sources (food vs. supplement), food carbohydrate
sources might increase GI symptoms. Eight studies included in the systematic review
assessed GI symptoms, and six of those studies reported increased negative symptoms in
the food-based trial [15–20].

The increased GI symptoms experienced could occur due to the additional plant com-
ponents and/or the greater volume of food that must be consumed to meet carbohydrate
requirements for prolonged exercise. For example, many food sources of carbohydrate,
particularly natural foods, such as fruits or vegetables, have a lower carbohydrate density,
so a larger volume of food must be consumed to meet recommended intakes during pro-
longed exercise, e.g., [20]. This is an important consideration given the high prevalence of
GI symptoms in endurance athletes when consuming high doses of carbohydrate [5,21].
Indeed, GI symptoms might impair performance or even lead to the failure to complete
races [5]. Whole-food sources typically contain additional nutrients to carbohydrate (i.e., di-
etary fibre, fat, protein, vitamins, minerals, etc.). Whilst many of these nutrients might
confer health benefits, some of them may also affect carbohydrate delivery to the working
muscles or trigger negative effects on the GI system. However, nutrition in the form of a
fruit puree may offer the carbohydrate delivery profile of a gel whilst minimising addi-
tional plant components that could upset the GI system, offering a natural and ‘healthier’
fructose source.

Research has tended to focus on the direct comparison between total carbohydrate
sources from food or supplements and has not yet focused specifically on the sources of
sugars, such as fructose (i.e., natural versus artificial sources), and whether they achieve
the same endurance performance benefits without inducing adverse GI effects that may
limit sporting outcomes [5]. Investigating natural versus artificial sugar sources is the
novel aspect of our study, as it remains unknown whether such carbohydrate sources will
have a negative impact on physiological function and performance. Therefore, the aim
of this study was to examine endurance performance, GI comfort, and markers of renal
injury associated with two different fructose sources (fruit and artificial) ingested during
prolonged cycling exercise.

2. Materials and Methods

Participants. The study inclusion criteria included being a cyclist/triathlete (male or
female, although no females volunteered), age 18–45 years, having ≥1 year of cycling
experience, completing a minimum of 3 h cycling training per week, having previous
experience ingesting carbohydrate during exercise. Individuals were not eligible if they
had any conditions that could influence carbohydrate metabolism. Participants were
healthy and free from injury. Nine trained male cyclists/triathletes completed the study,
with an age (mean ± standard deviation) of 24 ± 7 years, a height of 179 ± 9 cm, a mass
of 72.7 ± 6.5 kg (Adam CFW-150, Milton Keynes, UK), a VO2peak of 65 ± 6 mL/kg/min,
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and a Wmax of 373 ± 49 W. Initially, five additional participants (all male) started the study;
four completed visit one, and one completed visits one and two. A National Lockdown in
response to the COVID-19 pandemic meant that these participants were no longer able to
participate in the study and limited some of the intended measures for the study. The study
gained institutional ethical approval from the Loughborough University Ethics Approvals
(Human Participants) Sub-Committee, and participants gave written informed consent and
completed a medical screening questionnaire prior to testing.

Experimental Design

VO2peak test and familiarisation. During the first visit, the participants completed a peak
oxygen uptake (VO2peak) test, and after a short break, they practised the time trial (TT).
The VO2peak test was completed on a cycle ergometer (Lode Excalibur Sport, Groningen,
The Netherlands) starting at 95 W and increasing by 35 W every 3 min until volitional
exhaustion. An expired breath sample was taken in the final 60 s to determine VO2peak. The
second visit consisted of a full familiarisation trial, which was identical to the experimental
trials (detailed below). Carbohydrate was provided as 60 g/h of maltodextrin (MyProtein,
Northwich, UK) only. Bike set-up was determined during the initial visit and then replicated
for all trials.

Pre-trial Standardisation. Participants were required to complete an activity and food di-
ary in the 24 h before the familiarisation trial, which was replicated before each subsequent
trial. They were asked to abstain from alcohol and strenuous exercise for 24 h prior to each
trial. Participants were instructed to consume at least 40 mL/kg body mass from beverages
the day before the trials. A standardised breakfast providing 1.5 g carbohydrate/kg body
mass and 8 mL water/kg body mass was consumed 2 h prior to arrival at the laboratory
(consisting of cereal bars (Nutrigrain, Kellogg’s, Salford, UK), orange juice (Tesco, Welwyn
Garden City, UK), and water). Compliance with the pre-trial breakfast was assessed by
photographic record, whilst compliance with other pre-trial standardisation procedures
was verbally confirmed by participants on arrival. Trials started between 09:00 and 10:00,
with each participant starting all trials at the same time to control for circadian rhythm and
diurnal variation in performance [22].

Protocol. The study utilised a repeated-measures design. Participants completed the
two experimental trials in a randomised order, separated by at least seven days. The
exercise protocol consisted of 2 h at ~55% Wmax (preload), followed by a TT designed to
last ~15 min. A fan was provided in front of the participants providing a windspeed of
~4.7 m/s. For both trials, carbohydrate was provided at 60 g/h, (15 g at 0 and then every
15 min; ~22% carbohydrate solution) via a 50 mL syringe in a glucose-to-fructose ratio of 2:1,
but the sources of fructose differed. No specific information was given to the participants
about what the carbohydrate sources were. In the APPLE PUREE trial, the carbohydrate
source was apple puree (BIONA ORGANIC; Surrey, UK), which provided natural sources
of fructose and glucose (per 100 g of puree: 237 kcal, glucose 3.28 g, fructose 7.08 g, sucrose
2.15 g, dietary fibre 1.3 g, fat 0.1 g, protein 0.2 g). The puree was analysed for full nutritional
breakdown by Campden BRI (Campden, UK). Maltodextrin was added to the apple puree
(7.3 g maltodextrin and 61.3 g apple puree; total 68.6 g per 15 g carbohydrate serving) to
achieve the 2:1 glucose:fructose ratio. In the GLU/FRU trial, the carbohydrate sources and
water content were matched to the APPLE PUREE (67.9 g per 15 g carbohydrate serving)
and consisted of maltodextrin (MyProtein, Northwich, UK) and crystalline fructose (Bulk
Powders, Colchester, UK), providing an artificial source of fructose. Apple flavouring
(MyProtein, Northwich, UK) was added to both carbohydrate sources. Tap water was
provided ad libitum at room temperature during the preload and before the TT, but no fluid
was ingested during the TT.

Each participant completed a workload-directed TT based on delivering 0.75 × Wpeak × 900,
meaning it would take ~15 min to complete the target amount of work (kJ) if the participant
cycled at ~75% Wpeak. The cycle ergometer was in linear mode, whereby the participants’
preferred cadence would generate ~75% Wpeak [23]. Participants were blinded to all visual
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feedback during the TT, except target workload and work completed. On completion of
each 25% of the target workload, participants were verbally informed using set wording,
but there was no further interaction with the investigators, who stood behind the participant
to reduce peripheral distractions.

Study Blinding. Participants were informed that the purpose of the study was to
investigate the effect of different types of carbohydrate, both providing an optimal dosage,
and that they would be debriefed on the specific carbohydrate supplements at the end of
the study.

Measures. At rest, every 30 min during the preload, and at the end of the TT, ambient
temperature and humidity (Kestrel 4400; Nielsen-Kellerman) were recorded. On arrival,
participants provided a total void urine sample, and baseline nude body mass was mea-
sured, with additional total void urine samples provided and nude body mass measures
made post-preload and post-TT. Participants completed 5 min rest on the cycle ergometer
before baseline measures were recorded. Heart Rate (HR) was measured using a chest
strap (worn at position T9; Polar M400; Polar Electro Oy, Kempele, Finland) at rest every
30 min during the preload and after each 25% of the TT. Rating of perceived exertion (RPE;
6–20 scale; [24]), thermal sensation (TS; −10 to +10 Scale; [25]), and GI scales (all 11-point
Likert scales assessing hunger, thirst, stomach fullness, stomach bloatedness, stomach
cramps, urge to vomit, urge to urinate, and urge to defecate [26]) were recorded at rest,
every 30 min during the preload, and immediately post-TT. Ad libitum water intake was
recorded for each hour of the preload. The time to complete each 25% interval during the
TT was recorded. A fingertip capillary blood sample was collected pre-exercise (~320 μL),
with additional fingertip capillary blood samples (20 μL) collected every 30 min during the
preload and post-TT.

Unfortunately, due to the COVID-19 pandemic, we were unable to collect gas samples
to determine VO2 or substrate use during exercise.

Sample Processing and Analysis. For each urine sample, the volume was determined
and urine specific gravity was measured using a hand-held analyser (Ceti, Refractometer)
before the sample was stored at −80 ◦C until analysis for biomarkers of kidney damage,
KIM-1 (kidney injury molecule-1), and NGAL (neutrophil gelatinase-associated lipocalin),
by enzyme-linked immunosorbent assay (ELISA) (Human, NGAL ELISA kit, Bioporto,
Hellerup, Denmark; Human KIM-1, ELISA kit ADI-900-226-001, Enzo Life Sciences, Lausen,
Switzerland) in the pre- and post-preload urine samples only. Samples from the familiarisa-
tion trial (maltodextrin only) were included in this analysis to provide a fructose-free comparison.

From the pre-exercise blood sample, 300 μL was collected in a tube containing a
clotting catalyst (Sarstedt 100 microvette, Sarstedt AG & Co., Nümbrecht, Germany). This
tube was centrifuged at 2500× g, 4 ◦C for 20 min before serum was aliquoted and stored
at −80 ◦C until analysis for osmolality by freezing point depression (Gonotec Osmomat
030, Cryoscopic Osmometer; Gonotec). At each blood sampling time point, blood was
collected in a 20 μL capillary tube before being mixed with 1 mL of haemolysing solution
(EKF Diagnostics, Cardiff, UK) and analysed for lactate and glucose concentrations (Biosen
C-Line; EKF Diagnostics, Cardiff, UK).

Statistical Analysis Statistical analyses were completed using Statistical Package for So-
cial Sciences (SPSS) for Windows version 25 SPSS; Chicago, IL, USA). Statistical significance
was set at p ≤ 0.05, and results are presented as mean ± SD, except for GI scale responses
and renal injury biomarkers, which are presented as medians (IQR). The normality of data
was assessed using Shapiro–Wilk tests. Two-way repeated measures ANOVA was used to
analyse data containing two factors (trial × time), whilst paired t-tests or Wilcoxon signed
rank tests were used, as appropriate, to analyse data containing one factor. To correct for
violation of sphericity, the degrees of freedom were corrected using Greenhouse–Geisser
(ε > 0.75) or Huynh–Felt (ε < 0.75) [27].
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3. Results

3.1. Pre-Trial Measures

There were no differences between trials for pre-trial body mass (Table 1; p = 0.526),
urine specific gravity (Table 1; p = 0.195), serum osmolality (GLU/FRU 288 ± 2 mosmol/kg;
APPLE PUREE 288 ± 2 mosmol/kg; p = 0.864), heart rate (Figure 1; p = 0.483) or any
subjective variable (Figure 2; p ≥ 0.447), indicating that participants started trials in a
similar state.

Table 1. Urine specific gravity; body mass (kg) at rest, after 120 min preload, and post time trial
(TT). Sweat loss (L) and dehydration (%) accrued after 120 min preload and post time trial (TT).
Data presented as mean ± SD. * denotes a significant difference between carbohydrate supplements
(p > 0.05).

0 120 Post-TT

Urine Specific Gravity
GLU/FRU 1.008 ± 0.01 1.009 ± 0.00 1.010 ± 0.01
APPLE PUREE 1.010 ± 0.01 1.012 ± 0.00 1.014 ± 0.01 *
Body Mass (kg)
GLU/FRU 72.69 ± 6.50 72.36 ± 6.60 71.71 ± 6.63
APPLE PUREE 72.58 ± 6.66 72.27 ± 6.76 71.78 ± 6.73
Total Cumulative Sweat Loss (L)
GLU/FRU 1.68 ± 0.35 2.13 ± 0.50
APPLE PUREE 1.68 ± 0.30 2.09 ± 0.38
Dehydration (%)
GLU/FRU −0.47 ± 0.56 −1.28 ± 0.56
APPLE PUREE −0.43 ± 0.35 −1.12 ± 0.38

3.2. Heart Rate, RPE, TS, Blood Glucose/Lactate Responses, and Environmental Conditions

Laboratory conditions were not different between trials (GLU/FRU 21.8 ± 2.1 ◦C;
APPLE PUREE 21.7 ± 1.7 ◦C; p = 0.556), relative humidity (GLU/FRU 35.4 ± 11.9%; APPLE
PUREE 37.5± 14.4%; p = 0.272), or barometric pressure (GLU/FRU 751 ± 12 mmHg and
APPLE PUREE 758 ± 8 mmHg; p = 0.128).

Heart rate (trial effect p = 0.670; interaction effect p = 0.325), blood glucose concen-
tration (trial effect p = 0.837; interaction effect p = 0.622), blood lactate concentration (trial
effect p = 0.228; interaction effect p = 0.510), RPE (trial effect p = 0.468; interaction effect
p = 0.613), and TS (trial effect p > 0.999; interaction effect p = 0.240) were not different
between trials (Figure 1). There were, however, main effects of time for heart rate, blood
lactate concentration, RPE, and TS (p ≤ 0.001), with an increase from rest to exercise and a
further increase post-TT.

3.3. Gastrointestinal Scale Responses

GI scales for all symptoms were not significantly different between trials (trial effect
p ≥ 0.052 interaction effect p ≥ 0.085; Figure 2). On average, no symptoms were classed as
severe (≥5 out of 10), although some individual participants did report symptoms ≥ 5, in-
cluding hunger (GLU/FRU 4 participants; APPLE PUREE 4 participants), thirst (GLU/FRU
6 participants; APPLE PUREE 4 participants), stomach fullness (GLU/FRU 3 participants;
APPLE PUREE 4 participants), stomach cramps (GLU/FRU 1 participant; APPLE PUREE 0
participants), bloatedness (GLU/FRU 0 participants; APPLE PUREE 1 participant), urge
to vomit (GLU/FRU 1 participant; APPLE PUREE 3 participants), and urge to urinate
(GLU/FRU 3 participants; APPLE PUREE 1 participants). Thirst also increased over time
(p = 0.007).
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Figure 1. Heart rate (beat/min), (A); rating of perceived exertion (RPE) (6–20), (B); blood glucose
(mmol/L), (C); blood lactate (mmol/L), (D); and thermal sensation (−10–10), (E) over the 2 h preload
and post time trial (TT) for both carbohydrate supplements. Data presented as mean ± SD.

3.4. Fluid Balance Measures

There was no difference in ad libitum water intake (GLU/FRU 977 ± 464 g; APPLE
PUREE 1018 ± 426 g; p = 0.722; Table 1), total fluid intake (GLU/FRU 1453 ± 464 g; APPLE
PUREE 1493 ± 426 mL; p = 0.685), or sweat rate (p = 0.576; Table 1) between trials or in the
dehydration accrued in trials (p = 0.555; Table 1). There was a significant trial effect for USG
(p = 0.010) but no significant interaction (p = 0.968). Whilst USG was not different between
trials upon arrival to the laboratory and after the 2 h preload, after the TT, USG values were
slightly but significantly higher in the APPLE PUREE condition (p = 0.010; Table 1).

48



Nutraceuticals 2022, 2

Figure 2. Gastrointestinal symptoms (hunger, (A); thirst, (B); stomach fullness, (C); bloatedness, (D);
stomach cramps, (E); urge to vomit, (F); urge to urinate, (G); and urge to defecate, (H)) over the 2 h
preload and post time trial (TT) for both carbohydrate supplements. Data presented as median ± IQR.
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3.5. Time Trial (TT) Performance

The total time to complete the TT was not significantly different between the two trials
(GLU/FRU 792 ± 68 s, APPLE PUREE 800 ± 65 s; p = 0.313, Figure 3). There was no influ-
ence on pacing between the trials or across each 25% section (condition × trial interaction
p = 0.909).

Figure 3. Time trial performance during GLU/FRU and APPLE PUREE. Bars are means ± SD. Lines
are individual participant times.

3.6. Renal Injury Biomarkers

Only seven participants’ data were included for the NGAL and KIM-1 analysis due to
storage/analysis issues. Urine samples from familiarisation were also analysed, as they
provided a fructose-free control. There were no significant differences for NGAL (trial
effect p = 0.538; interaction effect p = 0.974) or KIM1 (trial effect p = 0.591; interaction effect
p = 0.440) between trials (Figure 4) and no changes over time (p ≥ 0.069).

3.7. Study Blinding and Trial Order Effects

No participant correctly identified both carbohydrate supplements or the aim of the
study (i.e., to look at natural/fruit sources of fructose). Generally, participants thought
the experiment was comparing the effects of different carbohydrate types on performance
(n = 7) or different carbohydrate dosages (n = 1). One participant mentioned that he thought
the study aim was something related to fructose but specified this to be in the breakfast
content rather than in the carbohydrate provided during exercise. This suggests that the
participants were successfully blinded to the study aims. Additionally, there was no trial
order effect for any of the measured variables (p ≥ 0.055), including the time to complete
the time trial during the first and second visits (Trial 1, 788 ± 67 s, Trial 2, 804 ± 61 s),
indicating that there was no learning effect over the trials.
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Figure 4. NGAL (ng/mL; (A)) and KIM-1 (pg/mL; (B)) urinary concentrations at rest and after the 2 h
preload for both carbohydrate supplements and maltodextrin (fructose-free control). Data presented
as median ± IQR. n = 7.

4. Discussion

The main findings of this study were that cycling TT performance and GI comfort
were not different between fruit and artificial sources of fructose ingested during pro-
longed cycling. From a performance perspective, these results align with previous studies
that have compared fruit or other whole-food sources with supplemental carbohydrate
sources, including bananas [18,19], raisins [28–30], and pureed potato [20]. However, in
contrast to many previous studies comparing supplemental and whole-food carbohydrate
sources [15–20], there was no significant increase in GI disturbances with the consumption
of apple puree. These results are of important practical relevance to the athlete/exerciser as
they suggest that apple puree may be used to provide a more natural source of fructose in
sports supplements without negatively impacting exercise performance or GI symptoms.
Whole foods are more likely to delay taste and texture fatigue that can be associated with
gels and drinks [31], and therefore, alternative carbohydrate sources may play an important
role in encouraging athletes to meet fueling guidelines. Research suggests many endurance
athletes do not meet the guidelines for carbohydrate intake during exercise, even in compe-

51



Nutraceuticals 2022, 2

tition [5], meaning that widening the scope of appropriate sources through which athletes
can obtain carbohydrate might be an important step in facilitating optimal carbohydrate
intake during training/competition.

To meet the guidelines for carbohydrate dosage, the volume of whole foods needs to
be considered, along with the potential for such volumes to cause GI upset. For example,
when comparing potato consumption to a carbohydrate gel [20], 1028 g of potato puree
was equitable to consuming 184 g of carbohydrate gel, which increased GI symptoms
reported in the potato trial, likely due to the greater volume of food consumed. In the
current study, the total amount consumed was similar between supplements (271.6 g/h in
GLU/FRU vs. 274.4 g/h in APPLE PUREE), which may account for the lack of a difference
in GI symptoms observed between trials, with all symptoms low, on average, in both
trials. The current study provided carbohydrate at 60 g/h, whereas for longer durations,
some athletes may consume carbohydrate at a higher intake rate (90g/h or more), and at
higher dosages, there is the potential that GI symptoms may be increased. GI upset is often
associated with increased exercise duration and intensity, and therefore, the finding that
the high-intensity TT did not lead to any further exacerbation of GI symptoms in the apple
puree trial is important.

The apple puree contained additional nutrients, including small amounts of fibre
and protein. Whilst these additional components might be expected to slow gastric emp-
tying [32,33], it seems the very small amounts (3.57 g fibre/h and 0.55 g protein/h) did
not slow gastric emptying enough to induce any GI symptoms. This suggests that fruit
puree, at least apple puree, might be an attractive option for a natural source of fructose in
carbohydrate supplements. Research has suggested that the gut is a trainable organ [34,35],
meaning that GI comfort could be improved with experience consuming carbohydrate
foods and supplements during exercise with higher-volume feeding strategies. The partic-
ipants in the current study all had previous experience consuming carbohydrate during
exercise, which may have contributed to the low GI symptom scores compared with
previous studies [15–20] as well as possibly the lack of a difference between trials.

The difference in carbohydrate supplement provided also did not affect other factors
that might influence GI symptoms during exercise. High water intake during exercise can
induce GI discomfort [36,37], and it is possible that the more viscous nature of the apple
puree supplement could have induced increased drinking. However, neither ad libitum
water intake throughout the preload nor subjective thirst were different between trials.
These observations suggest that participants did not feel the need to drink more with the
apple puree, which could have increased stomach volume and, consequently, GI symptoms.
Indeed, hydration status was generally well maintained over the trial, with participants
losing, on average, <0.5% body mass over the preload and <1.3% over the whole trial and
no participant reaching >2% body mass loss during the preload when ad libitum drinking
was permitted. Neither sweat rate nor dehydration accrued was different between trials,
which was expected since the exercise intensity was the same. Hypohydration can impair
endurance exercise performance [38,39], so this study suggests that ad libitum drinking is
sufficient to prevent significant hypohydration from accruing during ~2 h of indoor cycling
in a temperate environment.

Since it was not possible to measure carbohydrate oxidation, there is no definitive
evidence of carbohydrate utilisation, but the performance and blood glucose data indicated
no differences in carbohydrate availability or utilisation between trials. Therefore, the
inclusion of the additional plant components and nutrients within the apple puree did not
seem to hinder the bioavailability of carbohydrate during endurance exercise. However,
the inclusion of fibre could explain the small but significant increase in USG in the apple
puree trial (although there was no interaction effect). The presence of fibre in the gut has
been linked to increased water retention in the lumen [40]. Although this increase was
small and within a range considered euhydrated, it may be an important consideration for
longer exercise durations or exercise in the heat, conditions in which there is a greater risk
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of dehydration [41]. Future studies should examine such conditions as well as measure
changes in blood/plasma volume to ascertain the effects.

Urinary biomarkers of renal injury, KIM-1 and NGAL, have been shown to increase
following various forms of exercise [42]. In the present study, urinary NGAL and KIM-1
concentrations only showed small, non-significant increases from rest to the end of the
preload and were not significantly different between trials. It may be that hotter ambient
temperatures and/or greater intensity/duration of exercise are required to increase renal
injury, particularly with cycling (due to the lack of eccentric muscle contractions and thus
muscle damage). Additionally, there is evidence to suggest that the consumption of high-
fructose drinks during and after exercise heat stress increases biomarkers of renal injury [8],
but that was not apparent in the present study. However, the fructose consumption was
significantly greater in the Chapman study [8] (~234 g) compared with that in the present
study (40 g). Whilst this may be a concern for individuals exercising for a prolonged
duration in hot environments with high fructose intakes, most exercising recommendations
suggest that intake rates for athletes have an upper fructose limit of ~30 g/h, which is less
likely to produce negative effects.

As with all studies, the current study was not without limitations. The study was
open to female participants, but none volunteered, which was very disappointing. Thus,
these findings may not be transferable to females since females tend to have slower gastric
emptying rates [43] and are more prone to experiencing GI symptoms during prolonged
exercise [44].

5. Conclusions

Results from the current study indicate that apple puree as a fructose source may pro-
vide a suitable alternative to carbohydrate supplements when ingested during endurance
cycling, with no difference in performance outcomes (GLU/FRU 792 ± 68 s, APPLE PUREE
800 ± 65 s; p = 0.313) or GI symptoms. Future research should examine running perfor-
mance since runners are more prone to experience GI symptoms when exercising, and this
could be exacerbated with natural carbohydrate sources. Additionally, further research on
females is needed, as this group is poorly represented in studies and may be more prone to
increased incidence of GI symptoms.
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Abstract: Obesity is a prevalent public health concern in several countries, and is closely associated
with several pathological disorders, including diabetes, hypertension, cardiovascular diseases, and
increased dyslipidemia. Dyslipidemia is an asymptomatic condition characterized by high levels of
low-density lipoproteins (LDL) and low levels of high-density lipoproteins (HDL), leading to the
increased risk of ischemic heart disease. As lipid disorders are strongly associated with lifestyle and
diet, in this work we have evaluated the effect of associating chitosan and exercise on the improvement
of the lipid profile of high-fat diet-fed rats. Animals were submitted orally to hypercaloric diets
based on liquid butter at 1 mL/100 g to induce a hyperlipidemic state for 8 weeks (as shown by body
weight and measures of the Lee obesity index). After 8 weeks, the 40 rats were separated into five
groups (n = 8) and adapted to different treatment strategies: physical exercise and/or treatment with
chitosan (at a concentration of 2%). The hyperlipidemic group exhibited altered levels of glucose
and hepatic enzymes, i.e., aspartate aminotransferase (AST) and alanine aminotransferase (ALT).
The treatment with chitosan over 8 weeks significantly reduced the bodyweight of the animals,
reaching values lower than the control group. Exercise reduced the Lee obesity index values of all
the treated groups compared to non-treated rats. The concentration of total cholesterol, triglycerides,
LDL, and VLDL was significantly reduced at the end of the study to healthy thresholds. The hepatic
parenchyma of hyperlipidemic animals was recovered to show normal morphology when treated
with chitosan; improved histological features (ca. 20–30% of parenchymal cells) could be achieved
with physical exercise. In conclusion, oral administration of chitosan associated with physical exercise
had a hypolipidemic effect in a model of dyslipidemia in rodents, showing decreased levels of total
cholesterol, triglycerides, LDL-c, VLDL-c, glucose, and liver enzymes (AST and ALT). Our results are
attributed to the synergism between the administration of chitosan and physical exercise that helps
to reduce oxidative stress.
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1. Introduction

Current lifestyle habits promote an unfavorable condition in the individual’s over-
all health status with an increased risk of metabolic diseases [1,2]. The health–disease
relationship is directly associated with the type and amount of fat contained in the diet
and an inactive posture that characterizes a sedentary lifestyle, significantly contributing
to the establishment of a positive energy imbalance [3,4]. More than 80% of adolescents
aged between 11 and 17 years old do not follow the recommendations of the World Health
Organization (WHO) about physical exercise for health improvement and, although the
prevalence of physical inactivity varies greatly worldwide, about 80% of some adult popu-
lations [5] do not follow the recommendations.

A sedentary lifestyle and inadequate diet are environmental risk factors which, com-
bined with individual factors (age, sex, education, genetic characteristics) [6–9], determine
the onset of chronic diseases, including dyslipidemia [6]. Dyslipidemias are changes in
serum levels of lipoproteins and present a significant public health concern due to their
direct relationship with cardiovascular diseases [10,11]. These diseases are significant
causes of mortality in both developed and developing countries, increasing the social and
economic burden of health care systems [12–16].

The prevalence of dyslipidemia was found to be significantly higher in men than
in women [17], but a higher prevalence of dyslipidemia components was reported for
postmenopausal women [10]. Other studies demonstrate the trend of a higher lipid profile
for men, which is associated with a higher risk of cardiovascular diseases when compared
to women with the same lifestyle [18]. Food content directly influences plasma levels of
triglycerides [19]. Guerra et al. (2007) [20] evaluated the effects of diet, serum lipids, and
body weight in exercised rats. The authors observed that the intensity and time of physical
exercise influenced high-density lipoprotein (HDL)-cholesterol (HDL-c) levels more acutely
than the levels of triglycerides. Furthermore, a high-fat diet should follow a 14% change in
lipid parameters and the use of the lipid substrate as a resource ergogenic.

The beneficial effects of healthy eating habits and physical exercise on dyslipidemia
were demonstrated in the work by Mann et al. (2014) [21], in which serum levels of
total cholesterol and low-density lipoprotein (LDL)-cholesterol (LDL-c) were reduced for
individuals who performed physical exercise. On the other hand, total cholesterol, LDL-
c, and weight had lower levels for the group submitted to physical exercise and to a
specific diet, with an increase in HDL-c for this group as well. These results point out to
the importance of the association between exercise and diet, optimizing changes in the
lipoprotein profile.

The acute or chronic effect of aerobic exercise can improve the lipoprotein profile,
stimulating a better functioning of the enzymatic processes involved in lipid metabolism,
favoring the increase in HDL-c levels, and also modifying the chemical composition of
LDL-c, making them the least atherogenic [21]. However, the association of diet and loss of
body mass to aerobic exercise seems to be essential to obtaining an optimal lipid profile [22].
Hypocholesterolemic substances have been frequently used to decrease body mass and
control hypercholesterolemia [23].

It is worth mentioning that cholesterol comes from two main sources, namely, from
diet and from endogenous production [24]. Dietary cholesterol can be found free or es-
terified, while the latter needs to be de-esterified to be absorbed. For this absorption to
occur, emulsification is necessary through the action of bile salts, fatty acids, and phos-
pholipids, among others, forming the chylomicrons that will reach the bloodstream. The
administration of substances capable of inhibiting the absorption of lipids has contributed
to the control of serum cholesterol levels [25]. Although several studies report the effect
of different treatment strategies with the use of lipid-lowering substances and different
isolated diets [26–31], or just the practice of physical exercise on the plasma lipoprotein
profile [9,32–35], the simultaneous approach to nutrition and physical exercise is important,
as it encompasses a significant lifestyle change. A lifestyle change is also important in reduc-
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ing the use of natural substances or lipid-lowering drugs needed to control dyslipidemia
and, consequently, to prevent cardiovascular diseases [26].

In this process, polysaccharides can act by sequestering bile salts [24]. The viscosity and
molecular weight of polysaccharides directly affect the aggregates formed in the intestinal
lumen due to the ability to thicken and/or form gels enhanced by physical tangles, which,
dependent on the monomeric units that make up the polysaccharide, benefit the non-
internalization of cholesterol dietary [24]. Examples of polysaccharides are β-glucans,
galactomannans, glucomannans, arabinoxylans, pectin, alginate, and chitosan. The latter is
a linear polysaccharide composed of D-glucosamine and N-acetyl-D-glucosamine linked
to positively charged β(1-4), which allows more efficient binding with bile salts that are
negatively charged in the intestinal lumen [36–40].

It has already been reported that chitosan has hypocholesterolemic effects both in
humans and in animals [41–45], behaving as an indigestible dietary fiber in the presence
of mammalian enzymes from the gut [46]. The mechanism behind its beneficial effects for
lipid metabolic disorders has however not been fully described. Tong et al. (2020) [47]
demonstrated that Ganoderma lucidum polysaccharide and chitosan synergistically reduced
hyperlipidemia in high-fat diet (HFD)-fed hamsters by lowering the contents of serum total
triglycerides, total cholesterol, LDL-c, and aspartate aminotransferase (AST). The authors
stressed that chitosan could even modify the composition of the gut microbiota with
increased levels of beneficial bacteria, including those producing short-chain fatty acids.

Chiu et al. (2019) [46] compared the effect of chitosan of different molecular weights
on cholesterol regulation in HFD-fed rats. This study confirmed chitosan of both high
and low molecular weight could reduce hypercholesterolemia effectively by means of the
activation of the hepatic AMPKα and PPARα cholesterol-modulators, inhibiting cholesterol-
modulators in the intestine (ACAT2) and also modulating downstream LDLR and CYP7A1
signals. In this work, we evaluated the effect of a therapy combining chitosan and exer-
cise on the lipid profile, adipose, and hepatic tissue, using an in vivo model of induced-
hyperlipidemia.

2. Materials and Methods

2.1. Animals

Male rats of the Wistar lineage (45 days old, 220 ± 20 g) (n = 40) from the animal
facility of Tiradentes University (Aracaju, Sergipe, Brazil) were used. The animals were
kept under standardized conditions, with a 12 h light–dark cycle, treated with balanced
feed and water ad libitum, with a temperature of 20 ± 4 ◦C and relative humidity of 70 ± 5%.
The project was approved by the Research Ethics Committee of Tiradentes University under
the embodied opinion number 060209-1.

2.2. Hyperlipidemia Induction

The liquid butter (bottle butter) used in the hyperlipidemia induction procedure was
purchased at the Municipal Market of Aracaju, sold by one of the stores specializing in
dairy products from family farms in the municipality of Glória (Sergipe, Brazil).

2.3. Chitosan

Low molecular weight chitosan (80 kDa) was purchased from the manufacturer
Quimer Herbal (São Paulo, Brazil) as powdered crustacean fiber and distributed by Embra-
farma Produtos Químicos e Farmacêuticos LTDA (São Paulo, Brazil), original batch: 029/3368.

2.4. Hyperlipidemia Induction Procedure

Of the 40 animals, 32 underwent an experimental process of induction of hyperlipi-
demia as described by Pan et al. (2016) [38]. These animals (45 days old) received the
administration of liquid butter (1 mL/100 g of body weight) orally (gavage), to supplement
the standard diet, developing a condition of hyperlipidemia for 8 weeks. This high-fat
diet was administered from weaning onwards, continued for 8 weeks. The remaining
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8 animals received a standard diet (NUVILAB® chow, Seoul, Korea) and distilled water
orally (gavage) without the introduction of liquid butter (normolipidic diet) during the
same period. NUVILAB® standard feed is composed of: calcium carbonate, corn, soybean,
wheat bran, dicalcium phosphate, sodium chloride, mineral, amino acid premix, and an an-
tioxidant additive. Confirmation of the hyperlipidemic state of the animals was performed
by analyzing the serum lipid compositions (triglycerides, total cholesterol, high-density
lipoproteins (HDL-c), low-density lipoproteins (LDL-c), and very low-density lipoprotein
(VLDL-c)) and the blood glucose of the animals 8 weeks after induction.

2.5. Treatment Phase

Eight weeks after the hyperlipidemia induction phase, the 40 animals were separated
into five groups (n = 8) and submitted to different treatment strategies: physical exercise,
treatment with administration of chitosan, and the combination of both (Table 1).

Table 1. Distribution of experimental groups according to diet and recommended treatment.

Group (n = 8) Systemic State Oral Treatment Physical Exercise

CTR Normolipidemic Distilled water -

Hyp Hyperlipidemic Distilled water -

Hyp–Ch Hyperlipidemic Chitosan -

Hyp–Ex Hyperlipidemic Distilled water Forced swimming

Hyp–ChEx Hyperlipidemic Chitosan Forced swimming

2.5.1. Physical Training

The animals participated in aerobic physical exercises of light to moderate intensity,
based on the adapted swimming training protocol as described by Dos Reis et al. (2018) [48].
The exercises were performed in tanks 100 cm deep by 60 cm wide and 80 cm long, with
controlled temperatures between 28–32 ◦C. Initially, the animals were submitted to a period
of adaptation to the liquid environment for one week, in which the time of sessions and the
workload (caudal weight) were gradually increased until reaching that stipulated in the
protocol. Work overload was up to 2% of body mass. The overload model was determined
by using lead weights tied to the animal’s tail with a pre-defined mass from the weekly
measurement of the animals’ body mass. The exercise took place in 45 min sessions with
overload, 5 days a week, for 8 weeks.

2.5.2. Chitosan Treatment

For the use of chitosan, a solution in acetic acid 0.5 mol/L at a concentration of 2% was
prepared, which was homogenized and made available for use. Gonçalves et al. (2017) [49]
demonstrated that 2% chitosan in acetic acid has a high viscosity, as recommended for
the oral sequestering of bile salts. The animals in the Hyp–Ch and Hyp–ChEx groups
received 1 mL of the chitosan solution (corresponding to 20 mg of this product per animal)
by oral gavage for 8 weeks. The other groups received 1.5 mL of water, replacing chitosan
throughout the experiment, so that non-treated animals were subjected to similar stress
procedures and conditions.

2.6. Assessment of Body Mass and Lee’s Obesity Index

All animals were subjected to measurement of body mass at the beginning of the
experiment, at the end of the induction phase, and at the end of the treatment phase,
always at the same morning time, using a digital scale (Marte®, model AS2000C, São Paulo,
Brazil). The gain in body mass at the end of the treatment phase was determined by the
following equation:

BWG =
Wi − Wf

Wi
× 100
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where BWG is the body weight gain, Wi is the initial weight, and Wf is the final weight. The
Lee’s Obesity Index (LOI) was determined according to the following equation:

LOI =
3
√

BW
NaL

where LOI is the Lee obesity index, BW is the body weight (g), and NaL is the nasoanal
length (cm).

2.7. Determination of Lipid Percentage in Feces

Samples of 2 g of feces were collected using a spatula, weighed and submitted to
extraction using petroleum ether in a Soxhlet type extractor. After 4 h of extraction, the
solvent was recovered and the glass flask was weighed. The mass of lipids in the sample
was calculated by the difference between the mass of the empty container and that obtained
after the extraction and elimination of the solvent, with the results were expressed as
the percentage.

2.8. Biochemical Analysis of Serum Lipid Concentrations

To obtain the serum, the animals were first anesthetized with 3% isofuran by inhalation,
and blood samples were then collected by cardiac puncture using complete ether anesthesia
and centrifuged at 3000× g for 10 min. Serum was stored in a freezer until the time of
biochemical analysis. Triglycerides and cholesterol were measured with Trinder enzyme
kits (Labtest, Belo Horizonte, MG, Brazil). This test is based on the hydrolysis of cholesteryl
esters by cholesterol esterase to form free cholesterol and fatty acid. Subsequently, the
cholesterol is oxidized to cholest-4-en-one and hydrogen peroxide which, in the presence of
peroxidase and hydrogen peroxide, phenol, and 4-amino antipyrine, form antipyrylquinon-
imine that can be measured in a spectrophotometer at 500 nm. The color intensity is directly
proportional to the cholesterol concentration in the sample. HDL-c was determined after
precipitation of VLDL-c and LDL-c with phosphotungstic acid and magnesium chloride.
VLDL-c and LDL-c concentrations were calculated using the Friedewald equation:

LDL = Total Cholesterol − (HDL + VLDL), where VLDL =
Triglycerides

5

2.9. Biochemical Analysis of Liver Enzyme and Glucose Dosages

Serum levels of liver enzymes (aspartate aminotransferase (AST) andalanine amino-
transferase (ALT)) and glucose in serum samples were measured by the enzymatic method
using commercial kits from Biorex Diagnostics (Antrim, UK) in a Roche Hitachi 911 Chem-
istry Analyzer (Ramsey, MN, USA).

2.10. Animal Euthanasia

After the eight weeks of treatment, the animals fasted overnight (12 h) and were then
submitted to the procedure of euthanasia by anoxia in carbon dioxide chambers (model
CGSCO2G, Beira-Mae, Aracaju, SE, Brazil), with 100% CO2 (Bonther, Ribeirão Preto, São
Paulo, Brazil, flow rate of 1–3 L/min) for 15 min. Lack of breathing and the fading of
eye color were used to certify death. All animals were euthanized at the same time of
day, after blood collection, following the same fasting period. The animal experiments
were approved by the Research Ethics Committee of Universidade Tiradentes under the
embodied opinion number 060209-1.

2.11. Assessment of Abdominal Adipose Tissue Weight

The assessment of abdominal adipose tissue Weight (AATW) was evaluated by weigh-
ing the subcutaneous and visceral adipose tissues. The weights of these two tissues were
combined to form the ex vivo abdominal fat weight, which was expressed as the ratio of
AATW and the bodyweight of each animal (wt/wt).
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2.12. Histopathological Analysis of Liver Specimens

Immediately after euthanasia and ex vivo abdominal fat dissection, the animals’ livers
were removed and fixed in buffered formaldehyde (10%, pH 7.4) for 24 h. All livers
were then dehydrated in increasing concentrations of ethanol (70 ◦gL, 80 ◦gL, 90 ◦gL,
and 99.9 ◦gL), cleared in xylene, and embedded in paraffin for histological examination.
Histological sections (5 μm thick) were obtained from specimens embedded in paraffin and
stained with hematoxylin-eosin (HE), using a semi-automated rotary microtome HistoCore
MULTICUT (Leica Geosystems, São Paulo, Brazil) [50]. Histological analysis was performed
considering cytological and morphoarchitectural characteristics of the hepatic parenchymal
and stromal components, as well as the presence of inflammatory infiltrate, necrosis, or
degenerative changes.

2.13. Statistical Analysis

All data were subjected to normal distribution analysis using the Shapiro–Wilk test.
Once the Gaussian (normal) distribution of the data was confirmed, the Student’s t-test
(comparison between two groups) and the ANOVA test were used, followed by the Tukey
multiple comparisons test (comparison between three or more groups). All data are
expressed as mean ± standard error of the mean (SEM). For all tests, a significance level of
5% was applied.

3. Results and Discussion

3.1. Hyperlipidemia Induction

As shown in Figure 1, both bodyweight and Lee obesity index (LOI) demonstrated
that liquid butter at 1 mL/100 g of body weight inducted a hyperlipidemic state in the
animals after 8 weeks of feeding. Screening of the lipidic profile corroborated this. The total
cholesterol, triglycerides, HDL-c, LDL-c, and VLDL-c concentrations were almost doubled
in the hyperlipidemic group in comparison to the control group (Figure 2), showing statisti-
cally significant differences between both treated groups (Hyp and CTR) for both outputs
(body weight and LOI). Moreover, the established threshold for the healthy condition was
exceeded in all lipid measurements in the hyperlipidemic group.

Figure 1. Assessment of body weight and Lee obesity index of the animals after the time-course of
experimental induction of hyperlipidemia status (Hyp) using oral administration of liquid butter.
Animals of the control group (CTR) were treated only with distilled water. Different letters (a,b)
above the columns represent statistically different means (T Student test; p < 0.05).
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Figure 2. Assessment of lipidemic profile of the animals after the time-course of experimental
induction of hyperlipidemia status (Hyp) using oral administration of liquid butter. Animals of the
control group (CTR) were treated only with distilled water. Different letters (a,b) above the columns
represent statistically different means (T Student test; p < 0.05). The normal range of the reference
values is limited by the dashed lines.

Similarly, measurements of glucose and hepatic enzyme levels were also altered in the
hyperlipidemic group. Whereas glucose levels of the control group were 104.1 ± 8.6 mg/dL,
the hyperlipidemic group reached levels of 199.8 ± 3.8 mg/dL, surpassing the established
threshold of healthy conditions (Figure 2, Total cholesterol). As for the hepatic enzymes,
both AST and ALT were significantly increased (268.3 ± 25.8 UI/L and 109.4 ± 4.86 UI/L
respectively) in the hyperlipidemic group (p < 0.05), and the established healthy threshold
was exceeded too (Figure 3, AST) (p < 0.05).
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Figure 3. Assessment of the glucose and hepatic enzymes (Aspartate aminotransferase (AST) and
alanine aminotransferase (ALT)) serum levels of the animals after the time-course of experimental
induction of hyperlipidemia status (Hyp) using oral administration of liquid butter. Animals of the
control group (CTR) were subjected to fake procedures using distilled water. Different letters (a,b)
above the columns represent statistically different means (T Student test; p < 0.05). The normal range
of the reference values is limited by the dashed lines.

3.2. Physical Training and Chitosan Treatment

After 8 weeks of treatment, hyperlipidemic rats exhibited a significant body gain
weight compared to those littermates fed with the standard diet. However, those animals
fed with liquid butter and simultaneously treated with chitosan significantly reduced their
body weight (p < 0.05). When exercise was added to the treatment schedule, weight values
were also significantly reduced (p < 0.05), reaching values even lower than the control
group (Figure 4, body weight gain). Using Lee’s obesity index, the same results were
observed. Hyperlipidemic rats treated with chitosan and supplemented with physical
exercise exhibited the lowest Lee obesity index values of all the treated groups compared
to non-treated rats, reaching values close to similar to the standard diet-fed rats.

At the end of the study, the treatment of hyperlipidemic rats with chitosan was able to
reduce total cholesterol, triglycerides, LDL-c, and VLDL-c concentrations compared to non-
treated hyperlipidemic rats, but none of these molecules were reduced to the established
healthy threshold (Figure 5). Total cholesterol and LDL-c were reduced to the established
healthy threshold in those hyperlipidemic rats that underwent physical exercise only.
Interestingly, the combination of chitosan treatment and physical exercise was able to
significantly reduce the total cholesterol, triglycerides, LDL-c, and VLDL-c concentrations
to the established healthy threshold (p < 0.05). Furthermore, in the case of LDL-c, this value
was even lower than the control group. HDL-c results did not show any change in all the
experimental groups compared to controls.
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Figure 4. Assessment of body weight and Lee obesity index of the animals after the time-course of
experimental induction of hyperlipidemia status (Hyp) using oral administration of liquid butter.
Animals of the control group (CTR) were subjected to fake procedures using distilled water. Different
letters (a,b,c) above the columns represent statistically different means (ANOVA and Tukey’s test;
p < 0.05).

Figure 5. Assessment of lipidemic profile of the animals after treatment with oral administration of
chitosan (Hyp–Ch), subjected to a standard protocol of physical exercises (Hyp–Ex) and combining
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both treatments (Hyp–ChEx). The control group is represented as CTR and the untreated hyper-
lipidemic group as Hyp. All data are expressed as mean ± SEM. Different letters (a,b,c) above the
columns represent statistically different values (ANOVA and Tukey’s multiple comparisons tests;
p < 0.05). The normal range of the reference values is limited by the dashed lines.

As observed with the lipid profile, the combination of chitosan and physical exercise
exhibited the best results. Whereas chitosan’s treatment only reduced the AST concentration
in the hyperlipidemic rats, the supplementation of physical exercise significantly reduced
glucose, AST, and ALT levels to the established healthy threshold (Figure 6) (p < 0.05).
Moreover, in the case of AST, obtained values were even lower than in the control group.

Figure 6. Assessment of the glucose and hepatic enzymes (Aspartate aminotransferase (AST) and
alanine aminotransferase (ALT)) serum levels of the animals after treatment with oral administration
of chitosan (Hyp–Ch), subject to a standard protocol of physical exercises (Hyp–Ex) and combining
both treatments (Hyp–ChEx). The Control group is represented as CTR and the untreated hyperlipi-
demic group as Hyp. All data are expressed as mean ± SEM. Different letters (a,b,c,d) above the
columns represent statistically different values (ANOVA and Tukey’s multiple comparisons tests;
p < 0.05). The normal range of the reference values is limited by the dashed lines.

Analysis of feces showed that the treatment with chitosan supplemented with physical
exercise significantly reduces the lipid content of the feces compared to the non-treated
hyperlipidemic littermates. Similar results were obtained in the hyperlipidemic rats that
underwent physical exercise only (Figure 7, fecal lipid). Much higher differences were
found in the abdominal fat assay. Once more, hyperlipidemic rats that received a combined
treatment of chitosan and physical exercise exhibited the highest reduction of abdominal
fat, reaching values close to the control group (p < 0.05). However, chitosan treatment and
physical exercise separately were each also able to reduce abdominal fat in comparison to
the non-treated hyperlipidemic group (Figure 6, AST).
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Figure 7. Assessment of fecal lipid and abdominal fat relative to the content of animals after treatment
with oral administration of chitosan (Hyp–Ch), subjected to a standard protocol of physical exercises
(Hyp–Ex), and the combination of both treatments (Hyp–ChEx). The control group is represented
as CTR and the untreated hyperlipidemic group as Hyp. All data are expressed as mean ± SEM.
Different letters (a,b,c) above the columns represent statistically different values (ANOVA and Tukey’s
multiple comparisons tests; p < 0.05). The normal range of the reference values is limited by the
dashed lines.

Samples of the liver of the group CTR showed the usual morphological and architec-
tural appearance of the hepatic parenchyma, characterized by a typical lobular structure and
polygonal hepatocytes (over 50% of the liver parenchyma), with wide granular cytoplasm,
bulky nuclei, and prominent nucleoli (Figure 8A,B). Non-treated hyperlipidemic animals
(group Hyp), on the other hand, presented intense and diffusely distributed hepatocyte
cytoplasmic vacuolization resulting from intracellular lipid accumulation (macrovesicu-
lar steatosis).

Figure 8. Cont.
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Figure 8. Histological sections of HE-stained samples of liver of the experimental groups. (A,B) Usual
morphological and architectural appearance of the hepatic parenchyma is shown in CTR. (C,D) Hy-
perlipidemic animals showing intense and diffuse cytoplasmic round-shaped vacuolar changes of
hepatocytes compatible with lipidic inclusions (macrovesicular steatosis); focal areas of chronic
inflammatory infiltrate and droplets of brownish granular pigment compatible with bilirubin are also
observed. In some focal areas, the reminiscent normal hepatic parenchyma can be observed. (E,F) Hy-
perlipidemic group treated with chitosan administration (Hyp–Ch) showing multiple and large foci
of macrovesicular steatosis permeating the normal hepatic parenchyma. (G,H) Hyperlipidemic group
treated with physical exercises (Hyp–Ex) showing large focal areas of reminiscent macrovesicular
steatosis. (I,J) Hyperlipidemic group treated with combined chitosan administration and physical
exercises (Hyp–ChEx) showing scant and less extensive foci of macrovesicular steatosis. NHp: Nor-
mal hepatic parenchyma; MAe: Macrovesicular steatosis; InF: chronic inflammatory infiltrate; black
arrows: bilirubin pigment; white arrows: steatotic hepatocytes.

Focal areas of interlobular lymph-histiocytic inflammation, and both intracytoplasmic
and intraductal accumulation of brown granular pigment compatible with bilirubin, were
also observed (Figure 8C,D). All therapeutic approaches tested in the current work reduced
the extent of the pathological changes observed in the liver tissues. However, the group
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treated only with oral administration of chitosan (Hyp–Ch) exhibited a persistence of
multiple and large foci of macrovesicular steatosis (30–50% of the liver parenchyma) and
intracellular/intraductal bilirubin accumulation (Figure 8E,F).

A better improvement of the histological features of the liver tissue occurred with the
practice of physical exercises (20–30% of the parenchyma) (Figure 8G,H), but the reduction
of the steatosis obtained from the combination of both treatments was remarkable, since
less than 20% of the hepatocytes presented intracellular lipid inclusions, and no morpho-
logical signs of inflammation or cholestasis (reduction of the bile flow and consequent
accumulation of bilirubin in the hepatic parenchyma) were observed (Figure 8I,J).

Studies of the effect of chitosan supplantation on the diet of overweight and obese
patients have been published. The beneficial effects of this polysaccharide on hyperlipi-
demic individuals have been attributed to its role in the improvement of blood pressure
and serum lipids status [51]. Trivedi et al. (2016) [52] conducted a randomized phase IV
clinical study, which consisted of the administration of chitosan capsules (500 mg, five/day)
and indistinguishable placebo capsules as daily supplements to 96 overweight and obese
subjects over 90 days, resulting in a 10.91-fold reduction of the body mass index and loss
of 3 kg [52]. Chitosan also reduced HbA1C levels (below 6%) in subjects who had initial
higher values, but the lipid levels were not affected. Bahijri et al. (2017) [22] evaluated
the effect of chitosan on markers of obesity and cardiometabolic risk in rats fed normal
chow (NC) or a high-fat/high-cholesterol diet (HF/HCD) [20], concluding that chitosan
improved lipid profile, insulin sensitivity, and oxidative stress caused by a high-cholesterol
diet [38–40,53].

In our study, the combination of physical exercise with chitosan supplantation in
the diet of treated animals was able to significantly reduce the levels of total cholesterol,
triglycerides, LDL-c, VLDL-c, glucose, AST, and ALT to the established healthy thresholds
(p < 0.01). The levels of lipid content both in the abdomen of animals and in faces were also
influenced by the combined therapy attributed to improved nutrients’ digestibility [54].
Although the precise mechanisms underlying the chitosan-decreased triglycerides, LDL-c,
and VLDL-c are not fully clear, possible associations with the decrease of the ratios of
surface lipids to core lipids of the VLDL particles [55], upregulation of hepatic LDL receptor
mRNA expression [56], upregulation of lecithin cholesterol acyl transferase activity [57], and
elevation of plasma angiopoietin-like 4 (ANGPTL4) protein and adiponectin expression [58]
have been previously proposed. Such metabolic effects would lead not only to an increase
in the hepatic metabolism of fatty acids, but also to elevated excretion of fecal bile acids.
The regulation of the hepatic metabolism and excretion of lipids could also explain the
improvement of the AST and ALT levels. In addition, the catecholamine response to
exercise increases lipolysis of triacylglycerols in adipose tissue and increases the adipose
tissue blood flow, decreasing fatty acid re-esterification in glycerol [59]. Therefore, the
combination of treatments appears to act synergistically to reduce lipid constituents and
improve the expression of liver enzymes in the blood.

4. Conclusions

In this study, we have demonstrated that oral administration of chitosan together
with physical exercise had a hypolipidemic effect in a rodent model of dyslipidemia.
Levels of total cholesterol, triglycerides, LDL-c, VLDL-c, glucose, and hepatic enzymes
(AST and ALT) were significantly improved followed by improved histological features of
hepatic parenchyma. A synergistic effect is therefore expected with the proposed therapy
combining the effect of chitosan in reducing the risk of obesity and the reduction of
oxidative stress promoted by physical exercise.
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Abstract: Coriander (Coriandrum sativum L.) is classified in the Apiaceae family and used as an herb.
Coriander leaf has been reported to possess various health functions. Here, we report the anti-allergic
effect of aqueous coriander leaf extract (ACLE). ACLE with 1.0 mg/mL or higher concentration
significantly inhibited degranulation of RBL-2H3 cells in a concentration-dependent manner with
no cytotoxicity. ACLE suppressed the increase in the intracellular Ca2+ concentration in response to
antigen-specific stimulation. Immunoblot analysis demonstrated that ACLE significantly downregu-
lates phosphorylation of phosphatidylinositol 3-kinase and tends to downregulate phosphorylation of
Syk kinase in the signaling pathways activated by antigen-mediated stimulation. Oral administration
of ACLE did not alter the sneezing frequency of pollinosis model mice stimulated with cedar pollen,
but significantly reduced the serum IgE level. Our data show anti-allergic effects of coriander leaf in
both cultured cells and pollinosis mice. These results suggest that coriander leaf has the potential to
be a functional foodstuff with anti-allergy effects.

Keywords: anti-allergy; Coriandrum sativum L.; cedar pollen; degranulation; RBL-2H3 cell; coriander
leaf

1. Introduction

An allergy means to immunize excessively against antigens invading from the outside
of the body. Allergy falls into four types, among which type I allergy, including allergic
rhinitis, asthma, atopic dermatitis, and hay fever, is increasing in the number of patients
in recent years worldwide. The number of patients with pollinosis is approximately 30%
of the population and is still increasing in Japan [1,2]. Type I allergy, also called immedi-
ate hypersensitivity or anaphylactoid type, is attributed to immunoglobulin E (IgE) [3].
Antigen-specific IgE antibodies are secreted by plasma cells and bind to FcεRI receptor on
mast cells. Upon crosslinking of antigens to IgE antibody bound on FcεRI, various chemical
mediators contained in granules are released from the cells. This phenomenon is called
degranulation, and the secreted chemical mediators cause smooth muscle contraction,
hypervascular permeability, hyperactivity, etc. Suppressing degranulation can therefore be
an effective strategy for relieving allergy symptoms, and the research on the substance that
alleviates allergic symptoms is considered crucially important.

Coriander (Coriandrum sativum L.), an aromatic herb commonly used for cooking
in southeast Asia thanks to its unique aroma and flavor, belongs to the Apiaceae family.
Coriander is well known to possess several biological activities [4–8]. For example, an-
timicrobial activities of C. sativum essential oil have been well reported [9–11]. C. sativum
seeds exhibit antidiabetic effects in streptozotocin-induced diabetic mice [12,13], in rats fed
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a high-fat diet [14], and in obese–hyperglycemic–hyperlipidemic Meriones shawi rats [15].
C. sativum seeds also show anxiolytic [16] and sedative [17] activities. We then tried to find
a novel biological activity of C. sativum. After screening using various cell-based assays, we
found an anti-allergic effect of a water-soluble extract from leaves of C. sativum in a mast
cell degranulation assay using RBL-2H3 cells, although an allergen is present in corian-
der [18,19]. Herein, we report a suppressive activity of an aqueous extract of coriander leaf
on degranulation of RBL-2H3 cells. We also aimed to elucidate the mechanism of action of
the extract. We further hypothesized that the extract is effective in a mouse model of type
I allergy.

2. Materials and Methods

2.1. Reagents

Triton X-100, anti-dinitrophenyl (DNP) IgE, DNP-human serum albumin (HSA),
bovine serum albumin (BSA), Trizma base, and p-coumaric acid were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Cedar pollen allergen (purified Cry j1 and Cry j2) was
obtained from Hayashibara (Okayama, Japan). Horseradish peroxidase (HRP)-labeled
anti-goat IgG antibody and goat anti-actin antibody were obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Anti-Syk antibody, anti-phosphorylated Syk (Tyr525/526)
antibody, anti-phosphoinositide 3-kinase (PI3K) p55 antibody, anti-phosphorylated PI3K
p85 (Tyr458)/p55 (Tyr199) antibody, and anti-rabbit IgG antibody labeled with HRP were
purchased from Cell Signaling Technology (Danvers, MA, USA).

2.2. Sample Preparation

C. sativum L. leaf was obtained from S&B Foods Inc. (Tokyo, Japan). First, raw leaves
of C. sativum L. were lyophilized and pulverized into powders. The powder was suspended
in 10 mM Na phosphate buffer (pH 7.4) for 24 h and was centrifuged at 15,000× g for
20 min at 4 ◦C. After adjusting the pH to 7.4 and filtrating through a 0.45 μm membrane,
the supernatant was used as aqueous coriander leaf extract (ACLE).

2.3. Cells and Cell Culture

Rat basophilic leukemia RBL-2H3 cells were obtained from American Type Culture
Collection (Rockville, MD, USA). Dulbecco’s modified Eagle’s medium (DMEM, Sigma-
Aldrich) supplemented with 100 U/mL of penicillin (Sigma-Aldrich), 100 μg/mL of strep-
tomycin (Sigma-Aldrich), and 5% fetal bovine serum (FBS, Sigma-Aldrich) was used for
propagation of RBL-2H3 cells in a monolayer culture at 37 ◦C under humidified 5% CO2 [20].
RBL-2H3 cells were detached using a trypsin/EDTA solution at approximately 80% con-
fluence. RBL-2H3 cells with a viability of >90% before 15 passages were used for the
experiments described below.

2.4. Mice

Female BALB/c mice were acquired from Japan SLC (Hamamatsu, Japan) and were
kept at 24 ± 1 ◦C under a 12 h light/dark cycle. Animals freely received water and
standard laboratory chow. Animal experiments were approved by the Animal Experiment
Committee of Ehime University and were performed in accordance with the Guidelines of
Animal Experiments of Ehime University (approval number: 08U13-1).

2.5. β-Hexosaminidase Release Assay

The assay was conducted as previously described [21] with some modifications. RBL-
2H3 cells (4.0 × 104 cells/well) seeded in each well of a 96-well culture plate (Corning,
Corning, NY, USA) were precultured for 18 h. The cells were next sensitized with 50 ng/mL
of anti-DNP IgE for 2 h and were subsequently treated with the indicated concentration
of ACLE for 10 min. Degranulation was then induced with 50 ng/mL of DNP-HSA for
30 min. Following the collection of the medium from each well, the cells were sonicated
on ice. After preincubating the collected medium and cell lysate for 5 min at 37 ◦C, the

74



Nutraceuticals 2022, 2

β-hexosaminidase substrate (p-nitrophenyl 2-acetamido-2-deoxy-β-D-glucopyranoside)
was added and incubated at 37 ◦C for 25 min. After terminating the enzymatic reaction,
the absorbance (405 nm) was measured using an SH-8000Lab microplate reader (Corona
Electric, Hitachinaka, Japan). β-Hexosaminidase release rate (%) was calculated as follows:

100 × [(Asupernatant − Ablank of supernatant)/{(Asupernatant − Ablank of supernatant) + (Acell lysate − Ablank of cell lysate)}]

where “A” is the absorbance of each well.

2.6. Cell Viability

Cytotoxicity of ACLE to RBL-2H3 cells was assessed by WST-8 assay described previ-
ously [22]. RBL-2H3 cells were seeded at 4.0 × 104 cells/well into each well of a 96-well
culture plate (Corning). After treatment with 0, 1.0, 2.0, and 4.0 mg/mL of ACLE for 10 min,
the cells were incubated with a WST-8 reagent for 15 min at 37 ◦C, and the absorbance
(450 nm) was measured using a Model 550 microplate reader (Bio-Rad Laboratories, Her-
cules, CA, USA). The absorbance of wells with the cells treated with ACLE was compared
to the absorbance of wells with the cells untreated. The assay was conducted in triplicate.

2.7. Monitoring of Intracellular Ca2+ Concentration ([Ca2+]i)

[Ca2+]i was monitored using a fluorescent calcium indicator Fluo 3-AM (Dojindo
Laboratories, Mashiki, Japan) as described previously [23]. RBL-2H3 cells were seeded and
sensitized as described in Section 2.5. The cells were next incubated in the loading buffer
containing Fluo 3-AM for 1 h. After washing with phosphate-buffered saline (PBS, pH 7.4),
the cells were incubated in the recording buffer containing ACLE (4.0 mg/mL) for 10 min
at 37 ◦C. The cells were subsequently stimulated with DNP-HSA at a final concentration
of 2.5 μg/mL, and the fluorescence intensity was immediately monitored using the SH-
8000Lab microplate reader (excitation wavelength: 480 nm; emission wavelength: 530 nm).

2.8. Immunoblot Analysis

Immunoblot analysis was conducted as described previously [24]. RBL-2H3 cells
seeded at 5.0 × 105 cells/dish in 3.5 cm culture dishes (Corning) were precultured for
18 h. After sensitizing with 50 ng/mL of anti-DNP IgE for 2 h, the cells were subse-
quently treated with 980 μL of modified Tyrode’s buffer containing 4.0 mg/mL of ACLE
for 10 min. The cells were next stimulated with DNP-HSA at a final concentration of
50 ng/mL for 5 min. After the added reagents were removed, the cells were lysed and
centrifuged at 12,000× g for 15 min at 4 ◦C. Proteins were then separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis and were transferred onto a polyvinylidene
fluoride membrane (GE Healthcare, Buckinghamshire, UK). After blocking with 20 mM
Tris-buffered saline (TBS, pH 7.6) containing 5% skim milk for 1 h at room temperature,
the membrane was reacted with anti-actin antibody (1:200 dilution), anti-Syk antibody
(1:1000 dilution), anti-phosphorylated Syk antibody (1:1000 dilution), anti-PI3K p55 anti-
body (1:1000 dilution), or anti-phosphorylated PI3K p85/p55 antibody (1:1000 dilution)
as a primary antibody at 4 ◦C overnight. After washing with TBS containing 0.1% Tween
20 thrice, the membrane was reacted with HRP-labeled anti-rabbit IgG antibody (1:2000
dilution) or HRP-labeled anti-goat IgG antibody (1:2000 dilution) as a secondary antibody
for 1 h at room temperature. After washing the membrane with TBS containing 0.05%
Tween 20 thrice, the blot was developed with ImmunoStar LD chemiluminescence detection
reagent (Fujifilm Wako Pure Chemical, Osaka, Japan), and bands were visualized using a
ChemiDoc XRS system (Bio-Rad Laboratories).

2.9. A Mouse Model of Japanese Cedar Pollinosis

Japanese cedar pollinosis model mice were developed as described previously [25,26].
Following an adaptation period for 1 week, 6-week-old female BALB/c mice were randomly
assigned to two groups as follows: the control group (9 mice) and the ACLE group (8 mice).
The mice were intranasally sensitized with 10 μL of PBS containing 2.0 μg of purified
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cedar pollen allergen on days 0, 7, 14, and 21, as shown in Figure 1. The mice were next
intranasally challenged with 10 μL of PBS containing 0.4 μg of cedar pollen allergen for
seven consecutive days from day 28 to 34. The mice in the ACLE group were orally
administered 20 μL of ACLE at 50 mg/kg/day for six consecutive days from day 28 to 33,
while the mice in the control group were with 20 μL of the vehicle alone. On day 34, all the
mice were intranasally challenged with 0.4 μg of cedar pollen allergen. Sneezing frequency
was counted for 15 min immediately after the final nasal treatment. On day 35, serum was
obtained to determine their serum IgE levels.

Figure 1. Schedule of the in vivo experiment using Japanese cedar pollinosis mice.

2.10. Enzyme-Linked Immunosorbent Assay (ELISA)

Serum IgE levels were measured by in-house-developed ELISA as previously de-
scribed [27]. The absorbance (415 nm) was measured using the SH-8000Lab microplate
reader after adding 1.5% oxalic acid (100 μL/well) to terminate the enzymatic reaction.

2.11. High-Performance Liquid Chromatography (HPLC) Analysis

Reversed-phase HPLC analysis of ACLE was performed on a LaChrom Elite HPLC
system (Hitachi, Tokyo, Japan) with an XBridge C18 column (100 × 4.6 mm, 3.5 μm, Waters,
Milford, MA, USA). A linear gradient elution program was applied as follows: 0–6 min (20%
acetonitrile + 0.1% formic acid); 6–9 min (20–95% acetonitrile + 0.1% formic acid); 9–12 min
(95% acetonitrile + 0.1% formic acid). The flow rate was maintained at 1.0 mL/min, and
the temperature of the column was set at 35 ◦C. The chromatogram was monitored at a
wavelength of 220 nm.

2.12. Statistical Analysis

Data obtained are shown as mean ± SEM. Statistical analysis was conducted using
GraphPad Prism version 7.02 (GraphPad Software, La Jolla, CA, USA). Mann-Whitney
U test or Dunnett’s test was used to assess the statistical significance of the treatments
against control. Values of * p < 0.05, ** p < 0.01 and *** p < 0.001 were considered statistically
significant.

3. Results and Discussion

3.1. Effect of ACLE on Degranulation of RBL-2H3 Cells

We first investigated whether ACLE possesses a suppressive effect on degranulation.
RBL-2H3 cells sensitized with anti-DNP IgE were treated with the indicated concentration
of ACLE, and degranulation was induced with the antigen. Secreted β-hexosaminidase
was utilized as a degranulation marker. ACLE with 1.0 mg/mL or higher concentration
significantly inhibited the degranulation in a concentration-dependent manner, as shown
in Figure 2A. This result indicates that water-soluble, bioactive substance exist in coriander
leaf, which exhibits anti-allergic activity by suppressing degranulation. We next examined
by the WST-8 assay whether ACLE affects the viability of RBL-2H3 cells. As shown in
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Figure 2B, the viability of RBL-2H3 cells was unaffected by ACLE with the concentration
tested. These data indicated that ACLE suppresses the degranulation of RBL-2H3 cells
with no cytotoxicity.

Figure 2. Effects of aqueous coriander leaf extract (ACLE) on degranulation and viability of RBL-2H3
cells. (A) Effect of ACLE on the degranulation. (B) Effect of ACLE on the cell viability. Data are
represented as mean ± SEM (n = 3). * p < 0.05, *** p < 0.001 against control (an open bar) by Dunnett’s
test. N.S. indicates not significant.

3.2. Effect of ACLE on the Elevation of [Ca2+]i Induced by Antigen

Degranulation occurs upon the antigen binding to IgE on mast cells, thereby initiating
intracellular signal transduction and increasing Ca2+ concentration in the cell. The elevation
of intracellular concentration of Ca2+, the major second messenger in intracellular signaling,
is the critical process in mast cell degranulation. The effect of ACLE on the elevation
of intracellular calcium concentration was hence evaluated using Fluo 3-AM. Relative
fluorescence intensity of Fluo 3 reflects the intracellular Ca2+ concentration. RBL-2H3
cells sensitized with anti-DNP IgE antibody were treated with ACLE (4.0 mg/mL), and
[Ca2+]i was monitored for 6 min. [Ca2+]i rapidly rose upon stimulation with antigen, as
shown in Figure 3. However, the increase in intracellular calcium ion concentration was
significantly suppressed in the presence of 4.0 mg/mL of ACLE. It was supposed from
this result that ACLE inhibits degranulation by downregulating the intracellular signaling
pathway leading to the elevation of [Ca2+]i.

3.3. Effect of ACLE on Intracellular Signaling Pathways Leading to Degranulation

The onset of the signaling pathways resulting in degranulation is regulated by phos-
phorylation of Syk kinase located close to FcεRI, accompanied by phosphorylation of down-
stream signaling factors, leading to the increase in intracellular calcium ion concentration.
We examined by immunoblot analysis how ACLE affects the signaling pathways related
to degranulation (Figure 4A). As shown in Figure 4B, treating cells with ACLE tended to
decrease the phosphorylation of Syk kinase (p = 0.0795 vs. control), and phosphorylation of
PI3K was significantly inhibited by ACLE treatment (Figure 4C).

77



Nutraceuticals 2022, 2

Figure 3. Effect of aqueous coriander leaf extract (ACLE) on the elevation in intracellular Ca2+

concentration in RBL-2H3 cells. Relative fluorescence intensity of Fluo 3 reflects intracellular Ca2+

concentration. RBL-2H3 cells were treated with ACLE (4.0 mg/mL). Open circle, the cells not treated
with ACLE but stimulated with antigen (control); gray circle, the cells treated with ACLE and
stimulated with antigen; closed circle, the cells not treated with ACLE nor stimulated with antigen.
Data are shown as mean ± SEM (n = 3). ** p < 0.01 against control by Dunnett’s test.

There are two pathways for mast cell degranulation: calcium-dependent and calci-um-
independent pathways [28,29]. The calcium-dependent pathway is activated by the tyrosine
kinase Lyn located proximal to FcεRI, thereby activating another tyrosine kinase Syk [30].
Phosphorylated Syk activates a signaling cascade including phospholipase Cγ. As a result,
Ca2+ inflow into the interior of cells through the Ca2+ channel is induced, which causes
degranulation by increased [Ca2+]i. On the other hand, tyrosine kinase Fyn is activated
by cross-linking of antigen to IgE on FcεRI, which results in the activation of the calcium-
independent pathway [31]. Phosphorylation of PI3K leads to microtubule reorganization
that causes degranulation by migrating granules [32]. In the degranulation process, the
calcium-dependent pathway plays a crucial role, while the calcium-independent pathway
has been reported to be given priority under weak stimulation when cells were stimulated
with a low concentration of antigen [33]. Our results indicated that downregulated phos-
phorylation of Syk kinase and PI3K is a key process for the suppressive activity of ACLE
on degranulation. As PI3K is located downstream of Syk kinase, downregulated phospho-
rylation of PI3K, as shown in Figure 4C, might be attributed to reduced phosphorylation
of Syk. Our data suggested that an inhibitory effect of ACLE on the calcium-dependent
pathway causes the reduced elevation of [Ca2+]i induced with antigen (Figure 3), resulting
in suppressed degranulation.

PI3K plays a crucial role in certain tumor progression [34,35]. Because ACLE inhibits
phosphorylation of PI3K, it might exhibit antitumor activity. Indeed, the C. sativum leaf
has been reported to possess antitumor effect [36,37]. Syk is expressed in various cells
and is a potential target for treating several diseases, such as liver fibrosis [38], acute
myeloid leukemia [39], and autoimmune diseases [40]; ACLE might therefore be effective
in attenuating the symptoms of these diseases by inhibiting phosphorylation of Syk. In
addition, because a Syk inhibitor can attenuate allergen-induced symptoms in patients with
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allergic rhinitis exposed to pollens [41], we further investigated whether ACLE is capable
of reducing allergic symptoms in pollinosis mice.

Figure 4. Effect of aqueous coriander leaf extract (ACLE) on the intracellular signaling molecules
participating in the degranulation of RBL-2H3 cells. p-Syk and p-PI3K represent phosphorylated
Syk and phosphorylated phosphoinositide 3-kinase (PI3K), respectively. (A) A representative blot
from four independent experiments. (B) The ratio of phosphorylated protein to the whole protein
of Syk. (C) The ratio of phosphorylated protein to the whole protein of PI3K. Data are shown as
mean ± SEM (n = 4). * p < 0.05, *** p < 0.001 against control (a closed bar) by Dunnett’s test.

3.4. Effect of ACLE on a Mouse Model of Japanese Cedar Pollinosis

Cedar pollinosis mice were used to investigate the in vivo effect of ACLE. Mice were
sensitized with Cry j1 and Cry j2, the main allergens of Japanese cedar pollen. Cedar
pollinosis was induced by intranasal treatment of cedar pollen allergen 11 times for 5 weeks.
The ACLE group was orally administered ACLE for the last six days. Oral administration
of ACLE unaffected the body weight of mice (data not shown), indicating that ACLE is
not toxic to mice. The sneezing frequency was counted for 15 min on day 34. As a result,
ACLE administration did not alter sneezing frequency (Figure 5A). This result indicated
that the water-soluble, bioactive ingredient in ACLE seems to be inefficiently absorbed into
the mouse body or to be readily metabolized after the absorption into the body. ACLE thus
did not alleviate the allergic symptom.

On day 35, sera were collected to measure the serum IgE level by ELISA. Unexpectedly,
the serum IgE level of the ACLE group was significantly reduced compared with that of
the control group (Figure 5B). This result suggested that ACLE could suppress the IgE
production as well as mast cell degranulation. This result also implied that ACLE might
possess the potential to prevent sensitization with an allergen by inhibiting IgE production.
The bioavailability of ACLE in mice is now under investigation to elucidate why ACLE
did not mitigate the allergic symptom but decreased IgE levels in pollinosis mice. In
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addition, the mechanism of ACLE underlying the decrease in IgE production is also under
exploration. It might be possible that ACLE affects lymphocytes, such as T lymphocytes
and B lymphocytes, to inhibit the class switching to IgE antibody.

Figure 5. Effect of aqueous coriander leaf extract (ACLE) on pollinosis model mice. BALB/c mice
were assigned randomly to two groups: the control group (9 mice) and the ACLE group (8 mice).
(A) Sneezing frequency was counted for 15 min following the final challenge with pollen allergen.
(B) Serum IgE level in each group. Data are shown as mean ± SEM. ** p < 0.01 against control by
Mann-Whitney U test. N.S. indicates not significant.

3.5. HPLC Analysis of ACLE

Finally, a reversed-phase HPLC analysis of ACLE was conducted. The chemical
composition of essential oils of C. sativum has been well reported, and various secondary
metabolites in aerial part of C. sativum, such as flavonoids and coumarins, have been also
identified [42,43]; however, papers reporting the chemical composition of water-soluble
molecules in C. sativum is limited [44], although several papers have reported estimated
total phenolic contents.

ACLE (20 μL) was subjected to an XBridge C18 column. Figure 6 shows an HPLC
chromatogram of ACLE. The result showed that coumaric acid was present at 6.8 μg/mL
in ACLE. Other peaks have not been identified yet. Zeković et al. [45] identified ferulic
acid and sinapic acid, in addition to coumaric acid, in an aqueous coriander seeds extract;
however, ferulic acid and sinapic acid were not found in ACLE in this study. This seems to
result from the differences in the part of the plant used for extraction (seeds vs. leaves) and
in the extraction solvent (water vs. sodium phosphate buffer.) Chen et al. [46] have reported
that coumaric acid exhibits a suppressive effect on the degranulation of RBL-2H3 cells.
Coumaric acid, a secondary metabolite of this plant, thus might be partially attributed to the
suppressive effect of ACLE on degranulation of RBL-2H3 cells; however, the coumaric acid
concentration (6.8 μg/mL) found in ACLE seems too low to exhibit the suppressive effect
of ACLE by itself, as shown in Figure 2A. We thus assume that there is another bioactive
ingredient in ACLE in addition to coumaric acid. Identification of the peaks shown in
Figure 6 is now under investigation to explore the water-soluble bioactives contained in
coriander leaf.
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Figure 6. Reversed-phase high-performance liquid chromatography fingerprint of aqueous coriander
leaf extract. A linear gradient elution program was as follows: 0–6 min (20% CH3CN + 0.1% formic
acid); 6–9 min (20–95% CH3CN + 0.1% formic acid); 9–12 min (95% CH3CN + 0.1% formic acid). The
chromatogram was monitored at 220 nm. The retention time of coumaric acid was 2.4 min.

4. Conclusions

ACLE inhibited degranulation of RBL-2H3 cells with no cytotoxicity by suppressing
the elevation of intracellular Ca2+ concentration resulting from downregulated phosphory-
lation of the intracellular signal transduction pathways. In addition, oral administration
of ACLE significantly decreased the serum IgE level in pollinosis model mice. These find-
ings suggest that coriander leaf possesses the potential to be a functional foodstuff with
anti-allergic effects.
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Abstract: Coronavirus disease-19 (COVID-19) is still affecting the lives of people round the globe and
remains a major public health threat. The emergence of new variants more efficiently transmitted,
more virulent and more capable of escaping naturally acquired and vaccine-induced immunity creates
a long-term negative outlook for the management of the pandemic. The development of effective
and viable prevention and treatment options to reduce viral transmission is of the utmost importance.
The fruits of the European black elderberry and extracts thereof have been traditionally used to treat
viral infections such as coughs, cold and flu. Specifically, its efficacy against the Influenza A virus
has been shown in vitro as well as in human clinical trials. In the current project, we investigated
the antiviral activity of a black elderberry extract, mainly containing anthocyanins and phenolic
compounds, against SARS-CoV-2 and its variants of concern and explored the possible mode of
action by performing time of addition experiments. The results revealed that the extract displayed a
strong anti-SARS-CoV-2 activity against the Wuhan type as well as the variants of concern Alpha,
Beta, Gamma, Delta and Omicron with a comparable antiviral activity. Based on cytotoxicity data, a
2-log theoretical therapeutic window was established. The data accumulated so far suggest that the
viral replication cycle is inhibited at later stages, inasmuch as the replication process was affected
after virus entry. Therefore, it would be legitimate to assume that black elderberry extract might have
the potential to be an effective treatment option for SARS-CoV-2 infections.

Keywords: European black elderberry extract; natural substance; anthocyanins; phenolic compounds;
SARS-CoV-2; antiviral; COVID-19; coronavirus; SARS-CoV-2 variants of concern

1. Introduction

The Coronavirus disease 2019 (COVID-19), caused by the Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2), is responsible for short- and long-term complica-
tions, e.g., the need for respiratory support or persistent cardiovascular complications. To
date, the pandemic has resulted in around 647 million global cases and over 6.6 million
deaths [1]. An ongoing major problem is the continuous emergence and spread of SARS-
CoV-2 variants determined as “Variants of Concern” (VoCs) by the WHO. These variants
are able to evade vaccine- or infection-induced antiviral immune response [2,3].

Mutations in SARS-CoV-2 VoCs are mainly located within the spike glycoprotein and
generally change the interaction with host receptors and thus affect the infectivity, transmis-
sibility or pathogenicity of the virus [4–7]. The VoCs described to date include SARS-CoV-2
Alpha [8], SARS-CoV-2 Beta [9], SARS-CoV-2 Gamma [10], SARS-CoV-2 Delta [11] as well
as SARS-CoV-2 Omicron [12]. The latter is subdivided in the sub-lineages BA.1, BA.2, BA.3,
BA.4 and BA.5 [13], with BA.5 being predominant worldwide at the moment. With BQ.1.1 a
new sub-lineage increases, especially in Europe and USA. This Omicron variant is resistant
against all clinically available monoclonal antibodies [14]. In comparison to the other VoCs,
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Omicron variants contain a high number of deletions, insertions and mutations, especially
in the spike protein [13,15]. Generally, VoCs were reported to show higher transmissibility
and infectivity [4,16–20]. In light of the continuing COVID-19 pandemic and the ongoing
occurrence of new SARS-CoV-2 variants, the development of broadly effective prophylactic
and therapeutic countermeasures remains of the utmost importance.

At the beginning of 2022, the first antiviral small molecule drugs were approved for
high risk patients and only for use at early stages following infection with SARS-CoV-
2 [21]. Nirmatrelvir, an inhibitor of the 3-Chymotrypsin-like protease of SARS-CoV-2
combined with Ritonavir, an HIV-1-protease inhibitor, were distributed under the label
Paxlovid® [22,23]. However, a recent study revealed that the use of Paxlovid® exhibits only
beneficiary effects for patients >65 years following infection with the VoC Omicron [24]. In
addition, Molnupiravir targeting the RNA-dependent RNA-Polymerase of SARS-CoV-2
received approval for high-risk COVID-19 patients [25]. Despite some severe side effects of
these drugs, they also target mutation-prone viral components leading to a high risk of the
development of drug-resistance.

Although several vaccines have been authorized to this point [26,27], herd-immunity
might be difficult to achieve, as the vaccines do not confer complete immunity [28]. All
these points underline that there is still an unmet need to develop prophylactically active as
well as safe therapeutic agents, which should ideally be rapidly available and broadly acting
against different viral strains of SARS-CoV-2. Regarding the time- and cost-consuming
path for the development of new therapeutics, the investigation of natural substances for
their antiviral activity against various SARS-CoV-2 VoCs represent a fast and promising
alternative. Natural products have been shown repeatedly to have antiviral effects against
a variety of viruses. Since the beginning of the SARS-CoV-2 pandemic, several natural
substances have been tested for their potential effects against SARS-CoV-2 with promising
results [29–32].

European black elderberries and extracts thereof have been used for centuries in
traditional medicine to treat upper respiratory infections [33]. The antiviral effects of black
elderberries have been evaluated in several in vivo and in vitro studies. Thereby, it was
shown that liquid black elderberry extract has an inhibitory effect on the propagation of
the human pathogenic Influenza A virus (IAV) lines KAN-1 and H5N1 [34]. In addition,
elderberry extracts exhibit strong antiviral activity against Feline Immunodeficiency Virus
(FIV) [35] as well as IAV by inhibiting hemagglutinin [36]. An ethanolic Sambucus Formosana
Nakai (also known as Sambucus javanica) extract, a species of elderberry rich in phenolic
acid components, exhibited antiviral activity against human coronavirus HCoV-NL63
in vitro [37]. Moreover, human clinical trials have shown that black elderberry extracts
reduce symptom severity as well as the duration of viral infections, especially IAV and the
Influenza B virus (IBV) [36,38–40]. A juice concentrate of black elderberry suppressed viral
replication in the bronchoalveolar lavage fluids of mice infected with human IAV [41].

Although black elderberry has been tested against a variety of different viruses, there
are no data available regarding an inhibitory activity on the replication of SARS-CoV-2 and
its VoCs. Here, it is described for the first time that black elderberry fruit extracts exhibit
antiviral activity not only against the SARS-CoV-2 Wuhan type but also the VoCs Alpha,
Beta, Gamma, Delta and Omicron with comparable IC50 values in different human cell
lines. Moreover, time of addition experiments revealed that the viral replication cycle is
inhibited at later stages, as virus entry was not affected by the addition of the extracts. To
characterize the main compounds present in the elderberry extracts, HPLC analysis was
performed identifying the anthocyanins cyanidin-3-glucoside, cyanidin-3-sambubioside,
cyanidin-3-sambubioside-5-glucoside as well as the phenolic compounds chlorogenic acid,
rutin and isoquercitrin as the main components of the extract.
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2. Materials and Methods

2.1. Inhibitors

Liquid and dry European black elderberry (Sambucus nigra L.) extract (brand name
ElderCraft®) was provided by IPRONA AG/SPA, Italy, and was designated as EC 3.2 and
EC 14, respectively. EC 3.2 is a water extract in liquid format, standardized to a minimum
of 3.2% anthocyanin while EC 14 is a spray-dried water extract standardized to minimum
of 14% anthocyanin. To compare the activity of the EC 3.2 and EC 14, the EC 14 powder
was diluted in water and set to the same anthocyanin content as EC 3.2.

2.2. Viruses

The “Wuhan type” virus SARS-CoV-2PR-1, isolated from a 61-year-old patient, was
amplified in Vero B4 cells as described in [29]. The virus strains SARS-CoV-2 Alpha, Beta,
Gamma and Delta were obtained from Michael Schindler (University Hospital, Tübin-
gen, Germany). The SARS-CoV-2 Alpha variant (210416_UKv) was generated as de-
scribed in [31]. SARS-CoV-2 Beta was generated as described in [42]. The Gamma variant
(210504_BRv) and the Delta variant (210601_INv) were isolated from throat swabs collected
in May 2021 at the Institute for Medical Virology and Epidemiology of Viral Diseases,
University Hospital, Tübingen, from PCR-positive patients and generated as described
in [32]. The clinical SARS-CoV-2 Omicron variant was generated as described in [43].
SARS-CoV-2 Viral titers of each variant were determined by an endpoint titration assay. For
the generation of new virus stock, virus-containing cell culture supernatant was harvested
72 h post-infection (hpi) and passed through a 0.45 μm pore-size filter. All virus stocks
were stored at −80 ◦C until further usage.

2.3. Infection Experiments

For infection experiments, cells were inoculated with SARS-CoV-2PR-1 (Wuhan type)
or the VoCs Alpha, Beta, Gamma, Delta and SARS-CoV-2 Omicron (multiplicity of infection
(MOI): 2 × 10−2) for 1 h, washed and further treated with interventions. At 72 hpi,
virus-containing cell culture supernatants were incubated for 10 min at 95 ◦C and finally
used for qRT-PCR analysis. For titer determination of SARS-CoV-2 virus stocks, A549-
ACE2/TMPRSS2 and Calu-3 cells were infected with serial dilutions of the virus stock over
72 h. Afterwards, cells were fixed (4% PFA), permeabilized (0.5% Triton/PBS), blocked
(1% BSA/PBS-T) and finally stained with a SARS-CoV-2 NP antibody (Biozol, Eching,
Germany). Endpoint of virus infection was analyzed via fluorescence microscopy and viral
titer was calculated by the method of Reed and Muench [44].

For preincubation experiments, cells were preincubated either with or without in-
hibitors for 2 h at 37 ◦C. After 1 h of infection, the inoculum was removed and cells were
incubated without treatment for another 3 days. At 72 hpi, supernatants were harvested
and analyzed as described above. For the co-treatment experiments, inhibitors were present
during the 1 h of infection, following removement of the inoculum and incubation of the
cells for another 3 days without treatment. At 72 hpi, supernatants were harvested and
analyzed as described above.

2.4. Cell Culture

Calu-3 cells were maintained in Minimal Essential Medium (MEM) containing 20%
(v/v) inactivated fetal calf serum (FCS), 1 mM l-glutamine, 100 U/mL penicillin and
100 μg/mL streptomycin and 1 mM sodium pyruvate. Caco-2 (human colorectal ade-
nocarcinoma) cells were cultured at 37 ◦C with 5% CO2 in DMEM containing 10% FCS,
with 2 mM l-glutamine, 100 μg/mL penicillin-streptomycin and 1% non-essential amino
acids. A549-cells expressing ACE2 and TMPRSS2 were generated by retroviral trans-
duction as described in [29] and cultivated in RPMI 1640 medium containing 10% (v/v)
inactivated FCS, 2 mM l-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin and
100 μg/mL blastomycin.
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2.5. Assessment of Cell Viability

Viability of infected and treated cells was assessed by the water-soluble tetrazolium
salt (WST)-1 assay (Cat.: 5015944001, Roche, Penzberg, Germany) according to the manu-
facturer’s instructions.

2.6. Determination of the Amount of Viral RNA Copies from Released Viruses by qRT-PCR

The amount of viral RNA copies in the virus–containing samples was quantified by
real-time PCR Luna Universal Probe One-Step RT-PCR Kit from New England Biolabs
(Cat: E3006L, Ipswich, MA, USA). This kit allows reverse transcription, cDNA synthesis
and PCR amplification in a single step. Samples were analyzed by 7500 software v2.3
(Applied Biosystems, Waltham, MA, USA). As described previously in [45], PCR primers
were designed and used. Thereby, the polynucleotide sequence contains parts of the SARS-
CoV-2 Envelope (E) and RNA-dependent RNA-polymerase (RdRp) genes and was used as
standard for the determination of viral RNA copies in the experiments. The sequences of
the used primers were: RdRp_forward (fwd): 5′-GTG-ARA-TGG-TCA-TGT-GTG-GCG-G-
3′ and RdRp_reverse (rev) 5′-CAR-ATG-TTA-AAS-ACA-CTA-TTA-GCA-TA-C-3′. Probe
was 5′-CAG-GTG-GAA-/ZEN/CCT-CAT-CAG-GAG-ATG-C-3′ (Label: FAM/IBFQ Iowa
Black FQ). A dsDNA-polynucleotide sequence (Integrated DNA Technologies, Coralville,
IA, USA) was used as a positive control: 5′-TAA-TAC-GAC-TCA-CTA-TAG-GGT-ATT-GAG-
TGA-AAT-GGT-CAT-GTG-TGG-CGG-TTC-ACT-ATA-TGT-TAA-ACC-AGG-TGG-AAC-CTC-
ATC-AGG-AGA-TGC-CAC-AAC-TGC-TTA-TGC-TAA-TAG-TGT-TTT-TAA-CAT-TTG-GAA-
GAG-ACA-GGT-ACG-TTA-ATA-GTT-AAT-AGC-GTA-CTT-CTT-TTT-CTT-GCT-TTC-GTG-
GTA-TTC-TTG-CTA-GTT-ACA-CTA-GCC-ATC-CTT-ACT-GCG-CTT-CGA-TTG-TGT-GCG-
TAC-TGC-TGC-AAT-ATT-GTT-3’. Generating a series of dilutions (104, 105, 106 and
107 copies/mL) of this standard, the experiments were quantified using a standard curve
to obtain absolute values of RNA copies in the sample.

2.7. Software and Statistics

Microsoft Word and Excel were used. GraphPad Prism 9.0 was used for statistical
analyses and to generate graphs. Figures were generated with CorelDrawX7. The 7500 soft-
ware v2.3 was used to evaluate the results obtained by qRT-PCR. The HPLC analysis data
were captured and evaluated using Chromeleon 7 (Thermo Fisher Scientific Inc., Waltham,
MA, USA).

2.8. High Performance Liquid Chromatography (HPLC) Analysis of Elderberry Extracts

The HPLC analysis was performed as published by IFU No. 71 as established by
International Fruit and Vegetable Juice Association with modifications [46]. The analysis
was performed on an UltiMate 3000 HPLC device coupled with a diode array detector
DAD-3000 (Thermo Fisher Scientific Inc., Waltham, MA, USA). For phenolic compounds,
a wavelength of 350 nm and for anthocyanins a wavelength of 520 nm was used. Total
anthocyanin content was calculated using cyanidin-chloride as standard with conversion
factor of 1.393 to convert the result from cyanidin-chloride into cyanidin-3-glucoside.

3. Results

3.1. European Black Elderberry Extract Compositional Analysis

Initially, the main components of European black elderberry extract (EC 3.2) and
European black elderberry extract dried power (EC 14; resolved in water), both used in
this study, were determined. Therefore, the anthocyanin and polyphenol content of the
extracts were analyzed using High Performance Liquid Chromatography (HPLC). The
main anthocyanins were identified in both extracts as cyanidin-3-sambubioside-5-glucoside,
cyanidin-3-sambubioside and cyanidin-3-glucoside (chromatogram of liquid extract EC 3.2
shown in Figure 1).
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Figure 1. The HPLC chromatogram of anthocyanins in EC 3.2. Peak 1: cyanidin-3-sambubioside-
5-glucoside; peak 2: cyanidin-3-sambubioside; peak 3: cyanidin-3-glucoside. Absorbance (mAU)
measured at 520 nm.

The analysis of the content of phenolic compounds revealed that, among others,
mainly rutin, chlorogenic acid and isoquercitirin were present in both black elderberry
extracts (chromatogram of liquid extract EC 3.2 shown in Figure 2).

Figure 2. The HPLC chromatogram of phenolic compounds in EC 3.2. (A): peak 1: neochlorogenic acid;
peak 2: chlorogenic acid; peak 3: cryptochlorogenic acid. (B): peak 4: rutin; peak 5: isoquercitrin; peak 6:
kaempferol-3-rutinoside; peak 7: isorhamnetin-3-rutinoside; peak 8: isorhamnetin-3-glucoside.
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Table 1 summarizes the total amounts of the identified compounds of EC 3.2 and EC 14.

Table 1. Quantitative analysis of compounds in black elderberry extracts EC 3.2 and EC 14.

Compound EC 3.2 (mg/kg) EC 14 (mg/kg)

Cyanidin-3-glucoside 14,889 58,336

Cyanidin-3-sambubioside 16,584 77,507

Cyanidin-3-sambubioside-5-glucoside 3558 13,682

Neochlorogenic acid 42 151

Chlorogenic acid 1890 5953

Cryptochlorogenic acid 72 359

Rutin 8419 31,999

Isoquercitrin 507 1784

Kaempferol-3-rutinoside 69 195

Isorhamnetin-3-rutinoside 67 221

Isorhamnetin-3-glucoside 48 215

3.2. European Black Elderberry Extract Exhibits Efficient Antiviral Activity against SARS-CoV-2
in Different Cell Lines

In order to determine whether liquid European black elderberry extract (EC 3.2)
exhibits antiviral activity against SARS-CoV-2, human Caco-2 colon carcinoma-derived
epithelial cells [47] and Calu-3 human lung cells, the most extensively studied surrogate
lung cell infection model that expresses ACE2 and TMPRSS2 endogenously [48], were
infected with SARS-CoV-2 Wuhan type (Figure 3).

 

Figure 3. Liquid European black elderberry (EC 3.2) extract inhibits replication of SARS-CoV-2 Wuhan
type in Calu-3 and Caco-2 cells. Calu-3 (A) and Caco-2 cells (B) were infected with the clinical isolate
SARS-CoV-2PR-1 at a MOI of 2 × 10−2. One hour after infection and removal of input virus, cells
were treated with indicated dilution steps of EC 3.2. A total of 1 μM Remdesivir (RDV) was included
as a positive control. Cell culture supernatants were harvested at 3 dpi. The virions were purified
and analyzed by qRT-PCR. Bars show mean values of three independent experiments ± standard
deviation. Statistical analysis was performed using a multiple comparison Kruskal–Wallis test (Anova)
followed by Dunn’s post hoc test (*** p < 0.001; **** p < 0.0001 versus the untreated control).

One hour post-infection, different dilutions of EC 3.2 were added to the cell cul-
tures. Three days post-infection (dpi), cell culture supernatants were harvested and virus
production was analyzed by quantitative RT-PCR (qRT-PCR) (Figure 3).

Treatment with EC 3.2 led to a dose dependent reduction of virus replication in all
infected cell lines. At a dilution of 1:100, EC 3.2 almost completely blocked the production
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of progeny virions, which was comparable to 1 μM Remdesivir. Thereby, the IC50 values
varied between ~1:800 in Calu-3 cells and ~1:200 in Caco-2 cells (Figure 3).

To control for the potential unspecific effects of EC 3.2 treatment on cell viability,
water-soluble tetrazolium salt (WST)-1 assays were performed in uninfected Caco-2 or
Calu-3 cells under otherwise identical conditions as for the virus infection experiments.
The results, summarized in Figure 4, demonstrate that treatment with EC 3.2 at dilutions
up to 1:100, and thus in a concentration range where the replication of SARS-CoV-2 was
completely blocked, had no impact on cell viability in both investigated cell types (Figure 4).
The TD50 values for EC 3.2 were ~1:25 in Caco-2 and 1:50 in Calu-3 cells. Staurosporine
(StS) was used as a positive control at a concentration of 1 μM.

 

Figure 4. Influence of EC 3.2 on the cell viability of Calu-3 (A) and Caco-2 cells (B). Following
treatment with different dilutions of EC 3.2 (indicated at the x-axis) for three days, the influence on
cell viability was measured by water-soluble tetrazolium salt (WST)-1 assay. Bars represent means of
3 independent experiments ± SD. Staurosprine (StS, 1 μM) was used as a positive control.

Next, it was determined if European black elderberry dried power (EC 14) resolved in
water also showed a similar antiviral activity to EC 3.2. As this dried powder is commonly
used in food supplements, it is of interest whether the drying process has any negative
influence on its antiviral activity.

Therefore, Calu-3 cells were infected with the SARS-CoV-2 Wuhan type as described
before and qRT-PCR analysis was performed (Figure 5). Similarly to EC 3.2, EC 14 also
inhibits the replication of SARS-CoV-2 in a dose-dependent manner with a comparable
IC50 value of ~1:800 (Figure 5).

 

Figure 5. European black elderberry dried powder (EC 14) resolved in water inhibits replication
of SARS-CoV-2 Wuhan type. Calu-3 cells were infected with the clinical isolate SARS-CoV-2PR-1 at
a MOI of 2 × 10−2. One hour after infection and removal of input virus, cells were treated with
indicated dilution steps of EC 14. A total of 1 μM RDV was included as a positive control. Cell culture
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supernatants were harvested at 3 dpi. The virions were purified and analyzed by qRT-PCR. Bars
show mean values of three independent experiments ± standard deviation. Statistical analysis was
performed using a multiple comparison Kruskal–Wallis test (Anova) followed by Dunn’s post hoc
test (* p < 0.05; ** p < 0.01; **** p < 0.0001 versus the untreated control).

3.3. EC 3.2 Exhibits Comparable Antiviral Activity against All SARS-CoV-2 Variants of Concern

In order to determine if EC 3.2 exhibits a comparable, broad antiviral activity against
all described VoCs of SARS-CoV-2, Calu-3 human lung cells were infected with the VoCs
Alpha, Beta, Gamma, Delta and Omicron (Figure 6).

 

Figure 6. EC 3.2 inhibits replication of the SARS-CoV-2 Variants of Concern (VoCs) Alpha, Beta,
Gamma, Delta and Omicron with comparable antiviral efficacy. Calu-3 cells were infected with
clinical isolates of the SARS-CoV-2 VoCs Alpha (A), Beta (B), Gamma (C), Delta (D) or Omicron (E) at
a MOI of 2 × 10−2. One hour after infection and removal of input virus, cells were treated with the
indicated dilutions of EC 3.2. A total of 1 μM RDV was included as a positive control. Cell culture
supernatants were harvested at 3 dpi. The virions were purified and analyzed by qRT-PCR. Bars
show mean values of three independent experiments ± standard deviation. Statistical analysis was
performed using a multiple comparison Kruskal–Wallis test (Anova) followed by Dunn’s post hoc
test (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 versus the untreated control).
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One hour post-infection, different dilutions of EC 3.2 were added to the cells. Three dpi
cell culture supernatants were harvested and virus production was analyzed by qRT-PCR
(Figure 6).

Treatment with EC 3.2 led to a dose-dependent reduction of virus replication that
occurred with comparable efficacy for all VoCs (Figure 6). The IC50 values varied between
~1:800 for the Wuhan type (Figure 3) and ~1:200 for Alpha (Figure 6). However, the IC90
was ~1:100 for all VoCs and thus in a similar range (Figure 6).

The IC50 and IC90 values for EC 3.2 following infection with the Wuhan type and
respective VoCs are summarized in Table 2.

Table 2. IC50 and IC90 values of EC 3.2 against SARS-CoV-2 Wuhan type and VoCs in Calu-3 cells.

EC 3.2

IC50 IC90

Wuhan Type ~1:800 ~1:100

Alpha ~1:200 ~1:100

Beta ~1:300 ~1:100

Gamma ~1:300 ~1:100

Delta ~1:400 ~1:100

Omicron ~1:400 ~1:100

Next, we calculated the IC50 values for the main compounds of EC 3.2, based on the
results of the HPLC analysis (Figures 1 and 2 and Table 1). The results are summarized in
Table 3.

Table 3. The IC50 values [μM] of the main compounds of EC 3.2 following infection of Calu-3 cells
with SARS-CoV-2 Wuhan Type and VoCs.

IC50 [μM]

Wuhan Type Alpha Beta Gamma Delta Omicron

Cyanidin-3-sambubioside-5-glucoside 6 24 18 18 12 12

Cyanidin-3-sambubioside 35 142 107 107 71 71

Cyanidin-3-glucoside 41 165 123 123 82 82

Chlorogenic acid 6.6 27 20 20 13 13

Rutin 17 68 51 51 34 34

Isoquercitrin 1.3 5.4 4 4 2.7 2.7

3.4. Treatment with EC 3.2 Does Not Affect Early Steps of the Replication of SARS-CoV-2

Next, it was analyzed if EC 3.2 blocks the replication of SARS-CoV-2 by interfering with
the early steps of the viral replication cycle. Therefore, time of addition (TOA) experiments
were performed. First, Calu-3 cells were preincubated with different concentrations of EC
3.2 for 2 h at 37 ◦C (see treatment scheme Figure 7A). Following two washing steps with
PBS to remove EC 3.2, cells were infected with SARS-CoV-2 Wuhan type and cell culture
supernatants were harvested after 3 days and analyzed by qRT-PCR.

The data revealed that the preincubation of the cells without further treatment during
the infection and post-infection period does not interfere with SARS-CoV-2 replication
(Figure 7A). Remdesivir, an inhibitor of RNA metabolism [49], was used as a control and
also exhibit no antiviral activity in this experimental setup (Figure 7A).
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Figure 7. Treatment with EC 3.2 before or during the infection with SARS-CoV-2 has no influence
on viral replication. (A) Time of addition (TOA) of EC 3.2 with the indicated dilutions. Calu-3 cells
were preincubated with EC 3.2 for 2 h following two washing steps with PBS. (B) The TOA of EC
3.2 was only during infection of Calu-3 cells for 1 h. (C) The TOA of EC 3.2 was during infection
of cells for 1 h and following removal of input virus, for 3 days post-infection. (A–C) Cells were
infected with the clinical isolate SARS-CoV-2PR-1 at a MOI of 2 × 10−2 for 1 h. A total of 1 μM
RDV was included as a positive control. Cell culture supernatants were harvested at 3 dpi. The
virions were purified and analyzed by qRT-PCR. Bars show mean values of three independent
experiments ± standard deviation. Statistical analysis was performed using a multiple comparison
Kruskal–Wallis test (Anova) followed by Dunn’s post hoc test (n.s. = not significant; **** p < 0.0001
versus the untreated control).

Next, EC 3.2 was added to Calu-3 cells only during the time of infection with SARS-
CoV-2 Wuhan type for 1 h and without applying further treatment to the cells afterwards
(treatment scheme Figure 7B). After 1 h, the infectious supernatants were removed and
the cells were incubated without further treatment for three days, followed by q RT-PCR
analysis of the supernatants. As described for the pre-treatment, the co-treatment with EC
3.2 also has no influence on the replication capacity of SARS-CoV-2 (Figure 7B).

Within a final setup, Calu-3 cells were treated during the 1 h infection period with
SARS-CoV-2 Wuhan type and, additionally, during three days post-infection with EC
3.2 (treatment scheme Figure 7C). Thereby, a similar dose-dependent reduction of viral
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replication (Figure 7C) was detected as with the post-treatment alone (Figure 3A). The
IC50 was ~1:800; thus, the additional co-treatment with EC 3.2 has no further influence on
the replication capacity of SARS-CoV-2 (Figure 7C). In summary, the TOA experiments
revealed that EC 3.2 does not influence early steps in the replication cycle of SARS-CoV-2
but rather exerts its antiviral activity effect during the later steps of viral replication.

4. Discussion

COVID-19, caused by SARS-CoV-2, is still responsible for the ongoing worldwide
pandemic that led to a global health and socioeconomic crisis. Similar to the occurrence of
SARS-CoV, Middle East respiratory syndrome-related coronavirus (MERS-CoV) and SARS-
CoV-2, it can be expected that in the future new coronaviruses will emerge by zoonotic
transmission from animals to humans potentially leading to new threats. This demonstrates
the need for pandemic preparedness.

Regarding viral infections, vaccines are valuable but have limitations due to the high
mutation rate of viruses, especially for RNA viruses such as SARS-CoV-2. This causes
the continuous appearance of escape mutants, which are able to evade vaccine-induced
immunity. Thus, there is an urgent need for new therapeutics that are available within a
short period of time, broadly active, safe, cost-effective and easily distributable for patients
all over the world when compared to standard antivirals.

In this study, an antiviral effect of European black elderberry fruit extract against
SARS-CoV-2 and its VoCs was shown for the first time. In order to analyze whether black
elderberry extract exhibits antiviral activity against various VoCs, Calu-3 cells were infected
with SARS-CoV-2 Alpha, Beta, Gamma, Delta and Omicron. The results showed that
the replication of these variants could be blocked in a comparable concentration range
(Figure 6). This suggests an effective inhibition of viral replication independent of the
current and possibly future variants of SARS-CoV-2.

Fruit extracts and juices have previously been shown to be a potential source of antivi-
ral agents (for review, see [50]). Thereby, fruit extracts from, e.g., blackberry, blackcurrant,
mulberry and pomegranate exhibit antiviral properties against various viruses such as
the Dengue virus, IAV, Zika, Hepatitis C virus (HCV), Human immunodeficiency virus
1 (HIV-1) and the polio virus [50]. For black elderberry extracts, several in vitro studies
show an antiviral activity against IAV and IBV, as well as FIV [34–36,51,52]. Moreover, an
ethanolic Sambucus Formosana Nakai extract exhibits antiviral activity against the endemic
human coronavirus HCoV-NL63 [37]. Most importantly, human clinical trials have shown
that a Sambucus nigra extract significantly reduces the total duration and severity of upper
respiratory symptoms following common cold or IAV infections [38]. In addition, black
elderberry extracts exhibit an immunomodulatory effect, which seems to be attributed to
the polysaccharide fraction. In this context, it was shown that Sambucus nigra fruits contain
peptic polysaccharides influencing the immune system via the activation of macrophages
and dendritic cells [53–55], which might also contribute to the therapeutic effects seen in
human clinical trials.

The black elderberry extract used in this study is a standardized European black
elderberry fruit extract (Sambucus nigra, variety ‘Haschberg’) with a total polyphenol
content of 4.6% and a total anthocyanin content of 3.5%. The used extract in this study
consists of a mixture of organic compounds including but not limited to polyphenols,
anthocyanin, mono- and disaccharides, proteins, lipids and carbohydrates. Therefore, the
observed antiviral effect of the whole elderberry extract cannot be attributed to single
compounds. Further studies including the identified main compounds of the used black
elderberry fruit extract are necessary to designate the anti-SARS-CoV-2 effect to specific
compounds of the whole extract.

The antiviral activities of polyphenols as well as anthocyanins against various viruses
were extensively described previously (for review, see [56,57]). The phenolic compounds of
various plants are discussed to be effective against SARS-CoV-2 [58]. For the extracts of
some plants, not including black elderberry, an antiviral activity of phenolic compounds
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against SARS-CoV-2 was shown in vitro [58]. In this study, we identified as the main antho-
cyanins cyanidin-3-sambubioside-5-glucoside, cyanidin-3-sambubioside and cyanidin-3-
glucoside (Figure 1). The main polyphenols were identified as chlorogenic acid, rutin and
isoquercetin (Figure 2). This is consistent with previous reports on the phenolic content of
elderberry fruits [59–61]. For some of these identified compounds, an antiviral activity was
reported previously. For instance, isoquercitrin displayed potent antiviral activity against
the Varicella Zoster virus (VZV) and human Cytomegalovirus (hCMV) [62]. In addition, a
very recent study shows that isoquercitrin inhibits the replication of IAV [63]. Moreover,
it was proposed that the combinational treatment of quercetin and vitamin C might be
an effective therapy for the prevention and treatment of COVID-19 [64]. For chlorogenic
acid, an antiviral activity was described against different viral strains of IAV as well as for
Enterovirus 71 [65,66]. However, to our knowledge, the specific anti-SARS-CoV-2 activities
of these compounds have not been reported yet.

Analyzing the potential antiviral mode of action of phenolic compounds, it was shown
that the flavonoids present in elderberry fruits can directly bind to H1N1 Influenza virus
particles, thereby inhibiting the entry of the virus into the host cells [52]. Another study
indicates that an ethanolic extract of Sambucus nigra fruits can inhibit the infectious bronchi-
tis virus (IBV), a pathogenic chicken coronavirus, at early points during replication [67].
By performing time of addition experiments, Cho et al. showed that isoquercetin inhibits
viral attachment and the entry of IAV [63]. Such a mechanism inhibiting the early stages
of the replication of SARS-CoV-2 is unlikely to be the case for European black elderberry
extract inasmuch as the time of addition experiments performed in this study displayed
antiviral activity only for the later stages of virus replication. Treatment before or during
the infection with SARS-CoV-2 had no influence on the replication capacity (Figure 7),
strongly indicating an inhibitory effect after virus entry.

However, there are also several reports showing an antiviral effect of anthocyanins or
phenolic compounds at later stages in the viral replication cycle. For instance, the main
anthocyanin present in European black elderberry fruits, i.e., cyanidin-3-sambubiocide, can
bind and inhibit the active pocket of the IAV neuraminidase [51]. In another study, it was
demonstrated that natural phenolic compounds are able to inhibit the papain-like protease
(PLpro) of SARS-CoV-2 with an IC50 of 4–10 μM [68]. The papain-like protease is a viral
protease with multiple functions and is crucial for the virus replication of SARS-CoV-2.
Such a mechanism might also be responsible for the observed antiviral effect of black
elderberry fruit extract (Figures 3, 5 and 6 and Tables 1 and 2) and will be the subject of
further investigations. For rutin, which is also a main phenolic compound in the black
elderberry extract used in this study (Figure 2 and Table 1), an inhibition of the second
SARS-CoV-2 protease 3CLpro was shown in a low micromolar range [69–71], which might
also, at least partially, be responsible for the antiviral effect of European black elderberry
fruit extract.

Due to the history of using European black elderberry, it can be considered as safe for
ingestion. The unripe berries of black elderberry can contain cyanogenic compounds such a
sambunigrin, which is readily degraded during a short heat treatment. Thus, both extracts
used in this study, EC 3.2 and EC 14, undergo a short heat treatment during production.
This is in concert with the data in this study, which showed no toxic effect on Caco-2 and
Calu-3 cells when treated with different concentrations of black elderberry extract up to a
dilution of 1:50, which points towards a broad therapeutic window (Figure 4).

The results of this study suggest that European black elderberry fruit extracts could
provide beneficial effects in therapeutic settings following a SARS-CoV-2 infection. Their
low cytotoxicity and wide availability in nature would make them a readily distributable
treatment option for current and future pandemics.
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5. Patents

IPRONA AG/SPA has filed a PCT and EP patent entitled “Elderberry extract for use
in a method of preventing or treating a SARS-CoV-2 infection” claiming the priority date of
06.12.2021.
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Abstract: Nuts are dry, single-seeded fruits, with a combination of beneficial compounds that aid in
disease prevention and treatment. This review aims to summarize the antioxidant components and the
nutraceutical properties and applications of hazelnut, almond, and pistachio skins, as well as discuss
their ability to prevent and treat specific diseases based on in vitro and in vivo studies. The search
strategy included searching PubMed database and Google Scholar for relevant articles published
in English. Research articles focusing on hazelnut, pistachio, and almond were included. The nut
skin extracts were considered and other by-products were excluded from this search. Pistachio and
almond skin hydroalcoholic extracts have antibacterial effects and decrease the risk of liver cancer by
eliminating reactive oxygen species. Moreover, hazelnut skin can lower plasma against low-density
lipoprotein-cholesterol, thus reducing the risk of colon cancer, and its polyphenolic extract can also
decrease the formation of advanced glycation end products in vitro with multidimensional effects.
Overall, hazelnut, pistachio, and almond skins are a great source of antioxidants, making them
suitable for nutraceuticals’ development.

Keywords: anti-inflammation; antioxidant activity; chronic disease; diabetes; fruit; oxidative stress;
phenols; testa

1. Introduction

Nuts are used to describe dry, single-seeded fruits growing on trees. They are generally
composed of leaf, green leafy cover, hull, hard shell, and skin. They are nutrient-dense
foods, widely consumed as components of healthy diets worldwide and in both raw and
processed forms [1].

There are many types of edible tree nuts such as almonds (Prunus amigdalis), hazel-
nuts (Corylus avellana), walnuts (Juglans regia), pistachios (Pistachia vera), pine nuts (Pinus
pinea), cashews (Anacardium occidentale), pecans (Carya illinoiensis), macadamias (Macadamia
integrifolia), and Brazil nuts (Bertholletia excelsa). Peanuts (Arachis hypogea) are botanically
groundnuts or legumes, but are identified as part of the nut food group from a consumer’s
perspective. Moreover, chestnuts (Castanea sativa) are considered nuts, although they dif-
fer from common nuts in terms of nutrient profile, having a higher starch content than
others [2].
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Tree nuts’ production worldwide varies according to a recent statistic from the Interna-
tional Nut and Dried Fruits Council (INC) showing the evolution of the world’s production
of different nuts. For instance, the United States (US) is the leading country for almond
production (79%), followed by both Australia and Spain (7%). Moreover, China is the
world’s biggest walnut producer (47%) followed by the United States and Chile, at 31%
and 7%, respectively. Australia and Western Africa are considered the leading countries for
producing macadamias (25%), followed by China (14%) [3].

In Western countries, individuals consume whole nuts (fresh or roasted) as a snack, in
desserts, or as part of a meal. Additionally, nuts oils are added as a versatile food ingredient
to commercial products including sauces, pastries, ice creams, and baked goods. The
consumption of nuts has increased in recent years because they are considered as a good
energy source and beneficial to include in the daily diet. Nuts have an optimal nutritional
density regarding healthy minerals and contain high amounts of vegetable protein and
fat, especially unsaturated fatty acids (UFAs) [4]. Nuts also contain various nutrients and
provide dietary fibers, vitamins, minerals, and other bioactive compounds [5].

Nuts’ skins are a good source of antioxidants thanks to the presence of polyphenolic
compounds and other phytochemicals that can delay or inhibit lipid oxidation and neutral-
ization of free radicals, contributing to disease prevention and treatments [1]. Antioxidant
activity (AO) can be detected by several chemical or biological methods such as ferric
reducing antioxidant power (FRAP) assay, 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging activity, and 2,2′-azino-bis 3-ethylbenzothiazoline-6-sulphonic acid (ABTS) [1].
Naturally, antioxidants are nutrient and non-nutrient (phytochemicals) compounds with
various types and properties. Nutrient antioxidants possess a weak AO (e.g., vitamin A,
vitamin C, and selenium). Regarding non-nutrient antioxidants, they are considered much
stronger in their activity, especially phenolic compounds [5].

1.1. Characteristics and Compositions of Pistachio Nut and Skin

Pistachio nut (Pistacia vera) is one of the world’s most popular tree nuts, belonging to
the Anacardiaceae family, which comprises about 70 genera and over 600 species. P. vera is
considered the only species of the genus commercially cultivated, while the other species
are mostly used as rootstocks [6]. The pistachio fruits are drupe and grape-like clusters,
containing a single seed covered with a soft and thin seed coat (skin/testa), the edible part
(Figure 1a). The seed is covered with an inedible, smooth, hard, and cream-colored shell,
which is alternatively covered by a thin and pale green colored hull, forming a blush of red
color during maturity (Figure 1b) [7]. Production of pistachios is highly concentrated in the
United States, with a percentage of 47% in comparison with other countries such as Turkey
(30%) and Iran (19%) according to the INC 2021 statistics [3].

Pistachio skin (testa) is the soft, thin, and edible seed coat that appears in red-purple. It
is the main by-product, reaching more than 60%, with Iran producing around 400,000 tons
of pistachio skin annually. Furthermore, various processing methods such as roasting and
bleaching can cause destruction of bioactive compounds in pistachio skins [8].

Pistachio skin has value; although limited, it can be used in appropriate methods
by different industries and fields. Testa is a rich source of phenolic or antioxidant com-
pounds such as flavonoids (e.g., myricetin), gallotannins, and other phenolic compounds.
In addition, the skin is used to prepare natural polymers thanks to its cellulose content [8].
Furthermore, it can be used in food and food processing, cosmetics, and pharmaceutical
industries [7,8]. Moreover, the presence of various beneficial bioactive compounds in pista-
chio skin makes them valuable to add to an individual’s daily diet, which can contribute to
disease prevention, as many studies have reported [5,7].
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(a) (b) 

Figure 1. Pistacia vera L. open hard shell showing the red-purple skin (a); pistachio ripe fruit (hull)
(b) [7].

1.2. Characteristics and Compositions of Almond Nut and Skin

Prunus dulcis or almonds are a stone fruit under the Rosaceae family, and their trees
require sustainable irrigation practices for cultivation and development, specifically in arid
and dry regions [9]. As previously stated, the United States is the world’s largest producer of
almonds, surpassing 1.3 million metric tons (MT) according to the INC statistical yearbook
2020/21 [3]. Almond nut consists of five main parts including the outer cover or hull with
a greenish appearance, the intermediate shell, the edible brown skin coating, and the seed
or kernel produced after the full ripening cycle of the fruit (Figure 2) [9]. The almond’s hull
is the heaviest part of the kernel with a total fresh weight of around 52%, affected by the
variable ripening cycle that changes according to cultivation conditions [10].

Figure 2. Weight proportion of the main structural parts of almond fruit [9].

Almond skin serves as a protective layer for the kernel against microbial contamination
and oxidation. It appears as a brown leathery coating and represents 4% of the total weight
(Figure 2). It contains many beneficial phytochemicals properties, comprising between 70%
and 100% of the total phenols in the whole almond fruit [9].

Moreover, compounds have synergistic effects when linked with vitamins C and E,
protecting against low-density lipoprotein-cholesterol (LDL-C) oxidation and improving
the AO. Furthermore, the skin contains different quantities of triterpenoids, especially
betulinic acid, oleanoic acid, and ursolic acid, which have anti-inflammatory, anticancer,
and antiviral activities against human immunodeficiency virus (HIV) [9].
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Almond skins are used in various products, including as a base component in wheat
flour and as coloring for altering biscuits color [11]. A recent study proposed using almond
skin extract for patients with intestinal inflammatory diseases [12]. In addition, the skin is
a great source of fiber that serves as a prebiotic, affecting the gut microbiome [13].

1.3. Characteristics and Compositions of Hazelnut and Its Skin

Hazelnuts (Corylus avellana L.) belong to the Betulaceae family and are one of the most
famous types of nuts worldwide. They are ranked third in the global nut market, as its
production reaches over 863,000 MT per year. The largest producer of hazelnuts is Turkey
(60%), estimated at 320,000 MT in 2020/21 statistics (Figure 3) [3]. The hazelnut consists of
the green shell, the hard shell, leaves, skin, and the edible kernel [14].

 
Figure 3. INC 2020/21 statistics for hazelnut production in kernel bases (metric tons) [3].

Hazelnuts are used in a wide range of applications with increased demands for them
in the global markets. They are used mainly as a feedstock in the food industry, especially in
the sweet sector such as chocolate bars, ice creams, dairy products, and coffee. Furthermore,
it can be added to many other products, from cereals and bread to yogurts and salads [14].
Moreover, hazelnut oil is used in cosmetic, medicinal, massaging, and cooking products.
Hazelnut also contains filbert, which is a flavoring compound added in per-fumes [15].
Recently, the use of hazelnuts in other fields has increased, where hazelnut oil is considered
a source of biodiesel fuel, as its chemical content is approximately similar to natural oil [16].

Hazelnut skin is a by-product of the roasting process and contains 7.5% moisture, 8%
protein, 14.5% fat, and 1.7% ash. Dietary fiber represents the most abundant constituent of
hazelnut skin (67.7%), of which 57.7% is insoluble fiber [17]. Moreover, the skin has a good
AO compared with other food items [18]. According to Özdemir et al., the total phenolic
content expressed as mg gallic acid equivalents per gram (mg GAE/g) is 233 mg GAE/g in
skin. The skin of hazelnuts is used as a coloring agent in foods because of its natural brown
color [17]. Similarly, it is an ingredient in different processed foods, especially bakery and
confectionery products [18]. Skins can be used as an enrichment ingredient to produce
functional yogurt [19] and can be added in freshly made pasta, increasing the total fiber
content and AO [20]. The current review aims to explore the benefits of hazelnut, almond,
and pistachio skins and their ability to prevent and treat diseases.

2. Materials and Methods

2.1. Search Strategy

Studies published from 1 January 2010 through 31 March 2022 were involved in the
research based on the most related papers and subjects published within this period. Arti-
cles published in English were used by searching the PubMed database and manual search
using Google Scholar. The search strategy was based on the following items: “hazelnut”,
“almond” AND “pistachio” OR “skin” OR “disease prevention” OR “antioxidant activity”.
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2.2. Inclusion and Exclusion Criteria

For all of the relevant abstracts, full publications were retrieved for evaluation based
on criteria established a priori. In vitro and in vivo studies were included, while in-silico-
based research articles were excluded. Research articles focusing on hazelnut, pistachio,
and almond were included; however, the whole nuts and their skin extract were considered
and other by-products were excluded.

3. Results and Discussion

Owing to all of the beneficial compounds found in the skins of pistachios, almonds,
and hazelnuts, they are proved to have potential roles in the prevention and treatment of
diseases by various studies shown in Table 1.

Table 1. Studies on the effect of pistachio, almond, and hazelnut skin in health treatment.

Type of Nuts Skin Type of Study Sample Dosage of Treatment Main Results Paper

Pistachio skin

Laboratory study

Gram-positive bacteria
(Staphylococcus aureus,
Streptococcus pyogenes,
and Bacillus cereus)

15 μL of methanolic
extracted fresh
pistachio skin.

Strong antibacterial
effect of fresh pistachio
skin extract against
(S.aureus, S. pyogenes,
and B. cereus)

Sadeghpour and
Noorbakhsh [21]

Laboratory study Liver cancer cells (HepG2
cell line)

Hydroalcoholic
extract of pistachio
skin (0 to 4 mg/mL
in 24 h and 48 h)

Decrease variability of
cancer cells since ROS
are eliminated by
phenolic compounds

Harandi et al.
[22]

Almond skin

Laboratory study

S. aureus ATCC 6538P, S.
aureus ATCC 43300
(MRSA), four clinical
strains of S. aureus
obtained from pharynges,
two clinical strains of S.
aureus from duodenal
ulcers, three clinical
strains of S. aureus from
hip prostheses (strains 6,
32, 84), and HSV-1
prototype

HSV-1 infected cells
treated with 0.4
mg/mL of NS MIX
for 1 h.
Cells infected with S.
aureus strains treated
with 0.6–1.6 mg/mL
of NS MIX of 72 h

Antimicrobial and
antiviral activity
against S.aureus and
HSV-1, respectively

Musarra-Pizzo
et al. [23]

Randomized, parallel,
double-blind,
placebo-controlled
pilot study of 8 weeks

Adults with moderate
hypercholesterolemia,
aged from 18 to
65 years old

7.5 mg
hydroxytyrosol from
olives and 210 mg
and polyphenols
from almond skin per
day for 8 weeks

Protect LDL-C from
oxidation and prevent
inflammatory status in
subjects with moderate
hypercholesterolemia

Fonollá et al. [24]

Hazelnut skin

In vivo (animal study) 10-week-old
male hamsters

123 g of hazelnut skin
extract Fiberox™
(FBX) was added to
the high-fat diet

Lower plasma LDL-C,
triglycerides, and
non-esterified free fatty
acids reduced the risk
factor of colon cancer

Caimari et al.
[25]

Laboratory study
Bovine serum albumin
(BSA) and
methylglyoxal (MGO)

0.5 g of
hazelnut skins

Polyphenolic extract of
hazelnut skins can
reduce formation of
AGEs in vitro

Spagnuolo et al.
[26]

3.1. Antioxidant Effects of Pistachio and Its Skin

Pistachios contain many phenolic compounds such as flavonoids and its subclasses
(flavan-3-ols, flavanones, isoflavones, and flavones), which can reach up to 16–70 mg/100 g
depending on the type [7,27]. A study performed by Moreno-Rojas et al. analyzed the
antioxidant potential of 11 pistachio cultivars by different methods with significant dif-
ferences (p < 0.01) in the AO values measured by ABTS (2.51 mmol/100 g) and DPPH
(1.97 mmol/100 g) on average in 2020 [28]. Variations seen in AO between cultivars are
due to different climatic conditions between years [28].
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A study by performed by Nuzzo et al. shows the importance of AO in pistachio,
indicating that the regular intake of pistachio can decrease the deleterious effects of a high-
fat diet in the brain of obese mice [29]. Phenolic compounds in pistachios can attenuate
the reactive oxygen species (ROS) generated in the mitochondria and induced by redox
stress in the mouse brain, leading to neuroprotective effects (e.g., decreased brain apoptosis,
decreased brain lipid, and improvement in mitochondrial function) (Figure 4) [29].

 
Figure 4. The neurodegenerated effects of a high-fat diet in comparison with the neuroprotective
effects of regular consumption of pistachio [29].

Pistachios can contribute to disease prevention, as many studies have reported. For
instance, it has been found in a randomized trial that adults with type 2 diabetes on
a pistachio diet had a significant reduction in systolic ambulatory blood pressure by
3.5 ± 2.2 mmHg. These effects may be mediated by their high concentrations of magnesium
and low concentrations of sodium [30]. Additionally, pistachios are a rich source of dietary
fiber, which promotes satiety and likely favors adherence in weight reduction programs.
This is supported by clinical data by Fantino et al., who demonstrated that daily intake of
44 g of pistachios during a 12-week period did not adversely affect body weight control
in healthy French women [31]. Furthermore, Sari et al. demonstrated that consuming
(30–80 g/day) pistachios can lower the total cholesterol to 10.1% and LDL-C to 8.6% [32].
London et al. also reported improvements in blood glucose levels, in endothelial function,
and in some indices of inflammation and oxidative status among healthy young men
following increased intake of pistachios [33].

Meanwhile, another study indicated that the consumption of high-carbohydrate foods
in addition to pistachios reduces the absorption of carbohydrate as well as postprandial
glucose levels [34]. On the other hand, there is epidemiological evidence showing pistachios’
biological mechanisms and potential in reducing the risk of cancer and the effects of
anticancer drugs, including that pistachios incorporated into the diet with anticancer drugs
will lessen the disruptions in motor and cognitive functions [27]. Moreover, the study of
Sadeghpour and Noorbakhsh reported the therapeutic potential of pistachio skin extract
and its antibacterial effect on gram-positive bacteria [21].

In particular, positive effects were observed by Harandi et al. using the skin of
pistachios’ hydroalcoholic extract and its liposomal form on human liver cancer cells
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(HepG2) cell line, as their viability decreased [22]. This reduction occurred as phenolic
compounds found in pistachio and their high AO can eliminate ROS, which promote
cancer cell proliferation. Nonetheless further research and clinical applications need to be
conducted to examine the role of pistachio skin in the treatment and prevention of cancer.

3.2. Antioxidant, Antiviral, and Antibacterial Effects of Almond and Its Skin

Almonds contain high amounts of phenolic compounds, but the total content detected
by studies varies owing to the cultivars selected, protocol of extraction, and detection
method used for analyzing these compounds [9]. For example, Čolić et al. confirmed the
presence of 28 polyphenols in almonds grown in Serbia, with catechin predominating up
to 46.3% of total phenols in addition to chlorogenic acid, naringenin, rutin, apigenin, and
astragalin [35]. Another study identified several other polyphenolic compounds including
stilbenes (the least polyphenol found), polydatin in kernels (0.7 ng/g), skins (1.8 ng/g),
blanch water (72 ng/g), and oxyresveratrol with piceatannol in blanch water (17 ng/g) [36].
AO was detected by several methods in almonds and their by-products. Various almond
cultivars displayed high radical scavenging activity (SA) rates with high DPPH-SA reaching
up to 90%. Similarly, the skin showed variations regarding DPPH-SA due to processing, as
dehydration has the ability to promote higher activities in dried almond skins (40.4 μmol
of Trolox equivalents). Similarly, the skin showed variations regarding DPPH-SA due to
processing, as dehydration has the ability to promote higher activities in dried almond
skins (40.4 μmol of Trolox equivalents (TE)/g almond skin) in comparison with non-dried
skins [11].

Almond nuts and their skins have been used for disease treatment since ancient
times, and studies have reported their beneficial effects [9]. A study has recently proposed
using almond skin extract for patients with intestinal inflammatory diseases [12]. In
addition, the skin is a great source of fiber that serves as a prebiotic, affecting the gut
microbiome [13]. Regular consumption of almonds can reduce cardiovascular disease
(CVD) risk factors. A randomized controlled trial carried out by Jamshed et al. concluded
that eating 10 g/day of almonds before breakfast can reduce serum uric acid in coronary
artery disease (CAD) patients, thus protecting against vascular and kidney damage [37].
Concerning the anti-inflammation feature of almonds, a crossover study reported that
high monounsaturated fatty acids (MUFAs) and other components present in almonds
were responsible for reducing E-selectin and C-reactive protein levels, which mediate
inflammation [38]. Almond-derived compounds are also reported to possess other activities
including anticancer (e.g., preventing the development of breast cancer), antimicrobial, and
antiviral activities with polyphenolic compounds tested in vitro [23,39]. A study tested the
antibacterial and antiviral effect of a mix of polyphenols present in natural almond skin (NS
MIX) on different clinical strains of Staphylococcus aureus and Herpes simplex virus type
I (HSV-1). Upon evaluation, almond skin polyphenolic extracts exhibited antimicrobial
activity against S. aureus and antiviral activity observed by a decrease in the viral titer and
viral DNA accumulation in the cells of HSV-1. However, further studies are required to
establish possible synergistic effects with antibiotics or antivirals [23].

A randomized, double-blind, placebo-controlled study by Fonollá et al. on adults with
moderate hypercholesterolemia, aged from 18 to 65 years old, was carried out to evaluate
the effect of supplementation with a combination of almond and olive extracts [24]. It con-
cluded that daily consumption of both extracts has a protective ability against LDL-C oxida-
tion and prevents inflammatory status in subjects with moderate hypercholesterolemia [24].

3.3. Antioxidant Effects of Hazelnut and Its Skin

Like all nuts, hazelnuts have high AO, containing 291–875 mg/100 g of polyphenols.
The main phenolic compounds present in hazelnut skin are phenolic acids (e.g., hydroxy-
benzoic acids, gallic acid, protocatechuic acid, salicylic acid, vanillic acid, and many others),
flavonoids (e.g., quercetin, quercetin glucuronide, quercetin hexoside isomer, quercetin-3-O-
glucoside, and others), hydrolysable tannins (e.g., ellagic acid hexoside isomer, ellagic acid
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pentoside isomer, flavogallonic acid dilactone isomer, bis (hexahydroxydiphenoyl)-glucose
(HHDP-glucose) isomer, and valoneic acid dilactone/sanguisorbic acid dilactone), and
other phenolics (e.g., dihydroxycoumarin and procyanidin dimer) [40].

A study performed by Pycia et al. analyzed the antioxidant potential of hazelnut
fruit with various cultivars during its progress through maturation [41]. They reported
that, as maturation progresses, the antioxidant potential of nuts harvested was lower than
the previously harvested batch, reaching an average of 95% for ABTS, 86% for DPPH,
and 89% for FRAP [41]. In another study, a total of 31 polyphenolic subclass flavan-3-
ols were identified and quantified with an average content of total polyphenols of about
675 mg/100 g. Additionally, 3.5% of flavonols and dihydrochalcones were represented
in the different hazelnut samples, with phenolic acids being the least amount of total
polyphenolics found in the skin (<1%) [18].

In a randomized controlled trial by Guaraldi et al. that evaluated the effects of short-
term consumption of hazelnuts on oxidative stress and DNA damage in children and
adolescents with primary hyperlipidemia, an improvement was detected in cell DNA
protection and resistance against oxidative stress [42]. The authors concluded that the
consumption of hazelnut is associated with reduced levels of DNA strand breaks, for-
mamidopyrimidine DNA glycosylase sensitive site, and hydrogen peroxide-induced DNA
strand breaks [42].

Hazelnuts can prevent many chronic diseases such as CAD, strokes, Alzheimer’s
(reducing its symptoms), cancer, and atherosclerosis [43]. Generally, a diet containing a
high dose of nuts lowers cholesterol. For example, a previous study showed that ingesting
three various forms of hazelnuts leads to an equally enhanced lipoprotein profile and
α-tocopherol concentrations in mildly hypercholesterolemic individuals, reducing the
risk for CVDs [44]. Moreover, as hazelnuts are high in polyphenols, they contribute to
high antioxidant potential, antimicrobial activities, and decrease the risk of inflammatory
diseases when they act synergistically with phytochemicals present in nuts [41].

A systematic review by Perna et al. showed an analysis of nine studies about hazelnut
addition in diets and evaluated its effect on blood lipids and body weight [45]. Subse-
quently, the analysis indicated that hazelnut intake reduced LDL-C, while the high-density
lipoprotein-cholesterol, triglycerides, and body mass index remained unchanged. These
findings support the fact that hazelnut consumption may prevent the risk of suffering from
a CVD [45].

The important action of hazelnut skin is demonstrated in an in vivo animal study in
improving the plasma profile of the lithocholic/deoxycholic bile acid fecal ratio in hamsters
fed a high-fat diet, which included hazelnut skin. The results found that hazelnut skin has
lipid-lowering blood effects, specifically LDL-C, triglycerides, and non-esterified free fatty
acids (FAs), thus reducing the risk factor of colon cancer [25].

Non-enzymatic reactions of sugar with protein side chains in cells can produce ad-
vanced glycation end-products (AGEs), some of which are oxidoreductive in nature. AGEs
at higher amounts can cause diabetic complications such as renal failure, oxidative stress,
and chronic inflammation. Thus, a study was performed to evaluate the antiglycation
effects of polyphenol compounds extracted from hazelnut skin, resulting in reduced AGEs’
formation [26].

4. Future Directions

As shown in Table 1 and Figure 5, pistachio skin properties are based on a strong
antibacterial effect and decreased variability of cancer cells, as ROS are eliminated by
phenolic compounds [38,39]. This is a very interesting study because, in 2018, Seffadinipour
et al. demonstrated the potential effects of pistachios on the inhibition of angiogenesis [46].
Although the almond skin did not show high AO, clear effects on antimicrobial and antiviral
activity against S. aureus and HSV-1, respectively, have been demonstrated [23]. Hazelnuts
provide potential protective effects against LDL oxidation and prevent inflammatory status
in subjects with moderate hypercholesterolemia, as concluded by a recent meta-analysis [45].

108



Nutraceuticals 2022, 2

Moreover, hazelnuts showed an effect on triglycerides and non-esterified free FAs, thus
reducing the risk factor of colon cancer [25]. The potential effects of the polyphenolic extract
of hazelnut skins can reduce the formation of AGEs in vitro [26]. It is worth mentioning
that AGEs contribute to the pathogenesis of several chronic diseases, like cancer and
diabetes. For this reason, natural bioactive molecules present in hazelnut skin that are able
to inhibit their production could be an interesting new strategy for supporting therapeutic
approaches with a positive effect on human health.

Figure 5. Mechanisms of action of almond, hazelnut, and pistachio skin on cancer cells, LDL oxidation,
and antimicrobial activity.

5. Conclusions

To conclude, nuts are nutrient-dense foods that are widely consumed as components
of healthy diets globally, in both raw and roasted forms. These nuts may have the potential
to be developed as nutraceuticals or dietary supplements in the foreseeable future, as
research has shown nut skins to possess high AOs owing to the high amounts of phenolic
compounds present in them. Ultimately, the bioactive compounds in nut skins could be
optimized and validated for the prevention and treatment of many pathological conditions,
including mental disorders, CVDs, cancer, and diabetes.
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Abstract: Some seeds of flowering plants can differentiate their seed coat epidermis into the spe-
cialized cell layer producing a hydrophilic mucilage with several ecological functions, such as seed
hydration, protection, spatial fixation, stimulation of metabolic activity and development of seed.
Due to the species- and genotype-dependent variabilities in the chemical composition of mucilage,
mucilage does not display the same functional properties and its role depends on the respective
species and environment. Mucilaginous substances, depending on their composition, exhibit many
preventive and curative effects for human and animal health, which has significant potential in the
agricultural, food, cosmetic and pharmaceutical industries. This paper summarizes the ecological,
biological, and functional properties of mucilaginous plant substances and highlights their significant
nutritional potential in terms of the development of functional foods, and nutraceuticals and dietary
supplements. A paragraph describing the gene regulation of seed mucilage synthesis is included, and
some recommendations for the direction of further research on mucilaginous substances are outlined.

Keywords: mucilages; ecological functions; human and animal health-promoting properties; application
in agriculture; genes; nutritional components

1. Introduction

Some plants are characterized by producing a large quantity of various above- and
below-ground secretions called mucilages or exudates. These can be secreted by roots,
leaves, stems, or seeds, and perform different functions depending on the plant species [1].
Myxodiaspores are plants with the ability to initiate the differentiation of seed coat epi-
dermis into the specialized cell layer upon fertilization, which synthesizes hydrophilic
mucilage in the Golgi apparatus. Subsequently, the mucilage is secreted into the apoplastic
compartment via secretory vesicles [2,3]. The mucilage forms a shell around the seed in the
form of a gel-like transparent capsule, which represents a kind of modified cell wall with all
typical polysaccharides, i.e., celluloses, pectins and hemicelluloses. Examples of plants with
seeds that produce mucilage include Arabidopsis thaliana L., Ocimum basilicum L., Lepidium
sativum L., Salvia sclarea L., Artemisia annua L., Linum usitatissimum L. and Artemisia leucodes
Schrenk [4,5].

2. Methodology

We used the keywords (seed mucilage) to query the PubMed® database https://
pubmed.ncbi.nlm.nih.gov/ (accessed on 24 May 2022), and the query returned a total of
528 search results. Since 1999, we have been observing a linear increase in the number
of articles on this topic, with a few exceptions. The first article on seed mucilage was
written in 1932, and the highest number of articles on seed mucilage was published in 2021
(70), which only confirms the current trend of increasing interest in this functional food
ingredient. In our research, we tried to link the already established knowledge on plant
seed mucilage with new information. In total, 92 articles related to plant seed mucilage
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were used, with 41 of these being less than 5 years old. Three articles were written in 2022,
thirteen in 2021, five in 2020, nine in 2019 and eleven in 2018.

3. Ecological Functions of Mucilage

Mucilaginous substances have several ecological functions for plants (Figure 1), in-
cluding seed hydration and protection from desiccation and spatial fixation in the soil,
which affects their topochory, epizoochory, endozoochory and hydrochory. In addition,
they maintain the metabolic activity of the seed and encourage its development. Mucilage
contains substances that serve as a source of energy for the seeds and microorganisms in
the soil. The exact role of mucilage seems to depend on the species and environmental
context [3,6]. Eragostris pilosa (L.) BEAUV. seeds produce mucilage that allows them to
survive in dry habitats. Their mucilage consists of pectins that form uniform layers on the
inner surface of the cell walls, which are bounded by a thin layer of cellulose preventing
them from being released into the cell lumen. In the presence of water, these pectins are
hydrated and cause the mucilage cells to swell up. Subsequently, they start to detach. The
aforementioned ability of Eragostris creates suitable conditions for germination [7]. Simi-
larly, even the seeds of Henophyton deserti COSS. & DUR. are drought resistant. Mucilage
represents 30% of the seed mass in this species. It can increase the weight of seeds by up
to 550%. It has been shown that the mucilage of H. deserti works as a physical barrier in
the regulation of the diffusion of water and oxygen into the inner seed coat. With this
mechanism, it can prevent germination from occurring in unsuitable conditions. It was
proved experimentally that higher concentrations of PEG inhibit mucilage hydration, but
salt concentration has no effect on it. Mucilage reduces both the percentage and rate of
seed germination, especially at 10 ◦C, and at high concentrations of NaCl and PEG [8]. The
ability of mucilage to reduce germination under mild osmotic stress and subsequently to
assist germination once this stress is relieved has also been confirmed in Nepeta micrantha
BUNGE [9]. In addition to drought, plant survival on the desert dunes also depends on the
burial depth in the sand. In the experiments conducted with the Artemisia sphaerocephala
KRASCH. seeds, it was found that mucilage significantly increased seed emergence at a
0.5 and 10 mm burial depth under low irrigation, at a 0 and 5 mm burial depth under
medium irrigation, and at a 0 and 10 mm burial depth under high irrigation. Seed mucilage
also reduced seed mortality at shallow sand burial depths [10]. In addition, seed mucilage
increased the surface dislocation force, allowing the seeds to anchor in highly erosive soils.
When mucilage seeds from 52 plant species varying in their characteristics were tested,
it was found that the largest effect on the resistance to water flow during erosion is due
to the mucilage mass. Moreover, resistance to flow was largely dependent on the water
flow speed and the rate of seed germination [11]. When mucilage is released from the
seed, various particles of sand and dirt adhere to the seeds and remain on the seed surface
after drying. This leads to the formation of a physical barrier that protects the seeds from
predators (e.g., ants) [12]. Mucilaginous substances also affect seed germination. In optimal
laboratory conditions, the difference between mucilaginous seeds (s1) and seeds with the
mucilage removed (s2) was only in the germination rate (s1: 97% germination after 26 h; s2:
63% germination after 26 h). When exposed to salt stress, the s1 seeds germinated up to
48% more than the s2 seeds [13]. This may also be due to the presence of some enzymes
in the mucilage that may assist in breaking the radicle envelope of the seeds, whereas
demucilaged seeds do not contain such apoplast enzymes. Examples of such enzymes
include pectinases, β-D-xylosidases and α-L-arabinofuranosidases, which are found in the
mucilage of flaxseed [5,14].
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Figure 1. Ecological functions of mucilage (Kučka, elaborated based on [3–14].

4. Effects of Mucilage on Human and Animal Health

Depending on the composition, mucilaginous substances can exhibit antihyperc-
holesterolemic, laxative and anticarcinogenic effects, and also have an effect on glucose
metabolism. These effects help to prevent, or at least reduce, the risk of various ma-
jor diseases such as diabetes, lupus nephritis, arteriosclerosis and hormone-dependent
cancers [15–18]. Cordia dichotoma G. FORST. seed mucilage has been investigated for its
antihypercholesterolemic effects. The study used rats, which were on a high-lipid diet,
resulting in a significant increase in total cholesterol and low-density lipoprotein choles-
terol, as well as in a significant decrease in antioxidant enzymes in the liver (glutathione
reductase, glutathione peroxidase, glutathione-S-transferase, catalase and superoxide dis-
mutase). Treatment with the C. dichotoma mucilage at a 0.5 and 1g per kg not only improved
the lipid profile, but it also improved the liver and kidney function, even in the rats on
a normal diet. Additionally, the antioxidant system in the liver was also improved [15].
The mucilage from Abelmoschus esculentus (L.) MOENCH, in addition to its antihypercholes-
terolemic effects, also had an effect on glucose levels when abnormal changes in body
weight, water consumption, feed consumption and blood glucose levels occurred after
3 weeks of mucilage administration to alloxan-induced diabetic mice. At baseline, all mice
had fasting blood glucose levels of approximately 4.1 mmol·L−1. After the induction of
alloxan, the blood glucose concentration increased to 12.3 ± 0.8 mmol·L−1 in one group
and to 13.1 ± 0.8 mmol·L−1 in the other group. After the administration of 150 mg per kg
of mucilage to the first group, the blood glucose level decreased to 7.1 ± 0.4 mmol·L−1

after three weeks, and in the second group the level decreased to 6.7 ± 0.4 mmol·L−1 [18]
after the administration of 200 mg per kg of mucilage. The laxative activities of flaxseed
mucilage and oil have also been investigated. Flaxseed mucilage had laxative effects at
doses of 1 and 2.5 g·kg−1 with the resulting percentage increase of 65.06 ± 6.5% and
89.33 ± 4.04% in wet feces. The spasmogenic effect of flaxseed mucilage was completely
blocked in the presence of atropine and partially blocked (63.9%) in the presence of pyril-
amine. The laxative effect of both flaxseed mucilage and oil is probably mediated by the
stimulation of cholinergic and histaminergic receptors, with a more pronounced cholinergic
component in flaxseed mucilage [19]. Mucilage also exhibits anti-inflammatory and an-
tioxidant effects, and the mucilage from fenugreek seeds showed a beneficial effect against
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rat arthritis when induced by intradermal injection of complete Freund’s adjuvant. The
maximum rate of edema inhibition was observed at a mucilage dose of 75 mg·kg−1 on the
21st day of adjuvant arthritis. After the treatment with mucilage from fenugreek seeds, the
activity of inflammatory enzymes (cyclooxygenase-2 and myeloperoxidase) as well as the
concentrations of thiobarbituric acid reactive substance decreased. On the other hand, there
was an increase in the activity of antioxidant enzymes (catalase, superoxide dismutase,
glutathione peroxidase), the levels of glutathione and vitamin C and lipid peroxidation.
Additionally, the erythrocyte sedimentation rate and total white blood cell count increased
significantly [20]. In addition, the prebiotic effect of chia mucilage, which is mainly due
to the neutral mucilage polysaccharides, has been demonstrated. Compared to the low
molecular weight prebiotics, the growth of some groups of intestinal bacteria, such as
Enterococcus and Lactobacillus, is more delayed on mucilage but it lasts longer. The effects
of chia mucilage at three different concentrations (0.3, 0.5 and 0.8%) on the growth and
metabolic activity of human gut microbiota using the Simgi® dynamic gastrointestinal
model have also been investigated. The researchers found that all mucilage concentrations
significantly affected all bacterial groups of the gut microbiota, but the 0.3% concentration
of chia mucilage had the most significant effect on the increase in total aerobes in the
transverse colon and descending colon. Increases were also observed for lactic acid bacteria,
Enterococcus spp. and Staphylococcus spp., and in contrast, no significant changes were
observed for Enterobacteriaceae, Clostridium spp. and Bifidobacterium spp. By providing a
substrate for the microorganisms, the chia mucilage also affects the resulting fermentation
products, such as short-chain fatty acids (SCFAs). In the experiment, different values of
SCFAs (acetic, propionic and butyric acid) were observed at different concentrations of
chia mucilage, and the dependence of SCFA production on different parts of the gut was
also observed. In the ascending colon, the greatest increase was observed on day 5 at a
0.5% concentration of chia mucilage, while in the transverse and descending colon, the
increase was observed mainly on day 3 after the administration of chia mucilage. However,
an increase was also observed in the transverse and descending colon on day 5 and day 8 at
a 0.8% and 0.5% chia mucilage [21,22]. Recent studies suggest that flaxseed mucilage also
exhibits antibacterial activity against several Gram-positive and Gram-negative bacteria
using the agar well diffusion method and disk diffusion method. Mucilage showed strong
antibacterial properties against all strains tested except Listeria monocytogenes [23]. There
was also a potential to improve the course of chronic obstructive pulmonary diseases when
the Pharmacopeial Unani formulation: linctus of flax mucilage [24] was used as the test
drug. In Iranian traditional medicine, mucilage from quince seeds is used to treat skin
wounds and burns. In a study on mucilage in rabbits, it was concluded that mucilage
from quince seeds increases the level of growth factors in the wound fluids are involved
in tissue repair, and therefore has good potential to promote wound healing at a 10–20%
concentration [25]. The healing effects against the T-2 toxin-induced dermal toxicity in
rabbits has also been demonstrated for mucilage obtained from quince seeds. This mucilage
probably preserves the wound surface proteins whose synthesis is inhibited by the T-2
toxin. In addition, it is thought to act as a barrier against microorganisms and may also
activate the growth factors and thereby facilitate skin healing [26]. In medicine, there
is potential to use mucilage as a polymer capable of retaining water, for example, for
wound dressings. An antibacterial wound dressing was prepared by the lyophilization of
basil mucilage and with the addition of the antibacterial agent zinc oxide nanoparticles
(ZnO-NPs). Hydrogen bonding and electrostatic interaction were confirmed between the
slime and ZnO-NPs molecules. The resulting product was non-adhesive and non-toxic,
with reasonable mechanical and thermal properties, which were further enhanced by the
addition of ZnO to promote antibacterial capabilities. It was confirmed that the porosity,
swelling and water retention of the product were suitable for use as a wound dressing.
Due to its good porosity, basil mucilage gel is able to absorb a high volume of exudate
from the wound surface. Water retention capacity is one of the most important properties
of wound dressing because it allows the holding of water molecules within its structure.
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The addition of ZnO-NPs slightly decreases porosity and swelling, but slightly increases
water retention [27]. Mucilage has the potential to be used as a superdisintegrant in the
production of pharmaceutical tablets by direct compression with other excipients and in
wet granulation technology where the mucilage from basil seeds (Ocimum basilicum L.)
was successfully used to produce the drug metoprolol tartarate [28]. Similarly, mucilage
from plantain (Plantago psyllium L.) at a 3% (w/w) concentration can also be used as a drug
binder. Studies indicate that paracetamol with this formulation is released more slowly
than the traditional drug [29]. The Ocimum basilicum L. seed mucilage can also be used as a
nasal gel containing paracetamol [30]. The mucilage from the seeds of Lallemantia royleana
(BENTH.) itself exhibits analgesic effects, and was used to create a mixture of commercial
2% lidocaine gel and a mucilage-containing gel (0.01 g·ml−1), which increased the efficacy
of this local anesthetic [31].

5. Potential Uses of Mucilage in Agriculture and Industry

Mucilaginous substances have potential in agriculture, food, cosmetics and pharma-
ceutical industries (Table 1) [32]. In the food industry, chia mucilage can be used as a
low-fat source of fiber. The addition of 7.5% chia seed mucilage to a yogurt recipe reduced
the degree of syneresis during storage compared to full-fat yogurt and improved the nutri-
tional value of the yogurt by increasing the fiber content. In addition, the resulting yogurt
had a higher consistency, firmness, viscosity and better resistance to stress. The sensory
acceptability of the resulting yogurts in terms of acidity, creaminess and viscosity was
similar to full-fat yogurts [33]. Similarly, the addition of flaxseed mucilage increased the
viscosity and decreased yogurt syneresis. In addition, it decreased the cohesiveness and
increased the stickiness of the blended yogurt, while its addition in combination with car-
boxymethylcellulose resulted in decreased stickiness, increased cohesiveness and elasticity.
The mucilage of flax with the addition of carboxymethylcellulose resulted in an increase
in Lactobacillus bulgaricus in the blended yogurt, although the addition of mucilage alone
had little effect on the growth of this lactic bacterium. On the other hand, the addition of
mucilage itself had a considerable effect on the growth of Streptococcus thermophilus [34].
The mucilage from chia seeds can serve as a substitution for some oil in mayonnaise, thus
increasing its stability, textural parameters and reducing the amount of fats [35]. Similarly,
the addition of chia mucilage to pie dough reduces the fat content and increases fiber
and protein contents [36], and some studies have shown that chia mucilage can replace
emulsifiers and stabilizers in the preparation of ice cream [37]. Mucilage can also be used
to encapsulate important substances, such as probiotics, which can improve the functional
properties of food. It has been shown that quince seed mucilage is able to increase the
survival rate of Lactobacillus rhamnosus up to 72 ◦C by encapsulation, and is also suitable as
a transport matrix in the gastrointestinal environment when the bacteria are released at an
appropriate time after reaching the intestinal tract [38]. The mucilage and soluble proteins
from chia and flax seeds can be used as encapsulating material for two probiotic bacteria:
Bifidobacterium infantis and Lactobacillus plantarum [39]. Using the electrospinning method,
it was possible to incorporate the flavonoid hesperetin into basil mucilage nanofibers in
conjunction with polyvinyl alcohol. After a successful encapsulation, there was an increase
in resistance to high temperatures (from 182 ◦C to 314 ◦C) and a decrease in their release
rate in acidic environments (pH 1.2) [40]. Vitamin A was also encapsulated by a similar
principle using watercress seed mucilage and polyvinyl alcohol. Again, its stability in
acidic environments and against high temperatures was enhanced [41]. Last but not least,
mucilage can be used to produce biodegradable and antimicrobial edible films that increase
the shelf life of food. Films made out of the psyllium seed mucilage, oregano extract and
glycerol as a plasticizer had effective antimicrobial activities against Staphylococcus aureus
and Escherichia coli and extended the postharvest shelf life of strawberries to 16 days [42].
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Table 1. Application of mucilage in industry and agriculture.

Application Area Plant Source Applied Form Achieved Properties Reference

Food industry

Salvia hispanica L.,
Linum usitatissimum L. Additive in yogurts

Improved nutritional
properties, syneresis and

viscosity
Refs. [33,34]

Salvia hispanica L. Additive in mayonnaise Increased stability, reducing fat Ref. [35]

Salvia hispanica L. Additive in cakes Improved nutritional qualities Ref. [36]

Salvia hispanica L. Additive in ice cream Replacement for stabilizers
and emulsifiers Ref. [37]

Salvia hispanica L.
Linum usitatissimum L.

Cydonia oblonga MILLER
Encapsulation of probiotics Better resistance in the

digestive tract Refs. [38,39]

Ocimum basilicum L.
Lepidium sativum L.

Encapsulation of vitamins
and flavonoids

Better resistance in the
digestive tract Refs. [40,41]

Plantago psyllium L. Production of edible films Increased food shelf life Ref. [42]

Pharmaceutical
industry

Lallemantia royleana
(BENTH.) Formation of gels Healing effects against dermal

toxicity and burns Ref. [31]

Ocimum basilicum L. Wound dressing formation Antimicrobial effects Ref. [27]

Ocimum basilicum L.
Plantago psyllium L.

Formation of medicinal
tablets

Slower release, replacement of
chemical preparations Refs. [28,29]

Ocimum basilicum L. Formation of nasal gel Analgesic effects Ref. [30]

Cosmetics Salvia hispanica L. Gel formation UV-protective effects Ref. [43]

Agriculture Salvia hispanica L. Hydrogels in arid areas Retention of water Refs. [44,45]

Engineering industry Linum usitatissimum L. Biocomposite binder Inexpensive and biocompound Ref. [46]

In cosmetics, chia seed mucilage has promising potential due to its high photostability
under UV light and muco-adhesion, which promotes the adhesion of the formulation to
the mucosa [43]. In agriculture, mucilage can be used as a hydrogel that retains water in
the rhizosphere, which, in addition, reduces surface tension and increases soil viscosity
and the hysteresis index [44]. Therefore, it is potentially possible to use mucilage for plant
growth in arid deserts [45]. In the industry, mucilage is used as a binder for biocomposite
materials in which plant fibers serve as a reinforcing component [46].

6. Physical and Chemical Properties of Mucilage

As a natural product, the composition of mucilage can vary in space and time de-
pending on a variety of external and internal conditions [47]. In addition, there are also
significant variations in the chemical composition and functional properties of mucilage
among different plant species and varieties (Table 2) [48]. In general, the seed mucilage of
different plants is mainly composed of polysaccharides. Mucilaginous polysaccharides are
a source of energy for microorganisms, absorb water, exchange cations and allow the plant
to adhere to solid surfaces in the rhizosphere [49]. The composition of polysaccharides is
mainly influenced by the enzymes secreted by the plant during water imbibition along
with mucilage [5]. The mucilage coat of myxodiaspores seeds represents a modified cell
wall. Chemically, it is mainly composed of the polysaccharide groups typical for the cell
wall, mainly hemicelluloses (cellulose type of mucilage—e.g., Neopallasia pectinata (PALL.)
POLJAKOV), but very often pectins are the main component (pectin type of mucilage—e.g.,
Linum usitatissimum L.) [50]. The flax mucilage of the Eden cultivar mainly consists of
rhamnogalacturonan-I (52–62%), which is influenced by the enzymes rhamnogalacturonase
and β-d-galactosidase, and arabinoxylan (27–36%), which is related to the activity of the
enzymes α-l-arabinofuranosidase, β-d-xylosidase and β-xylanase. The highest value of xy-
lanase activity was observed after 4 h of seed hydration, resulting in the low viscosity of the
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polysaccharides, which mainly contained pectic sugars. Maximum glycosidase activities
were observed 24 to 48 hours after the application of water hydration, and mucilaginous
substances, which were tightly bound to the cell walls, were released. The presence of β-d
xylosidase and α-l-arabinofuranosidase activities was also confirmed [5]. By their high
molecular weight, the polysaccharides of linseed mucilage represent about 3 to 9% of the
total weight of the seed and are divided into two components: neutral and acidic. The neu-
tral component is composed of D-xylose, L-arabinose and D-galactose in a ratio of 6.2:3.5:1,
while the acidic component contains L-rhamnose, L-fucose, L-galactose and D-galacturonic
acid in a ratio of 2.6:1:1.4:1.7 [48,51]. On average, flax varieties with yellow seeds were
found to have a higher content of neutral polysaccharides (arabinoxylans) due to the pres-
ence of the s1 gene, while brown seeds had a higher content of acidic polysaccharides
(pectins) [52]. In addition to polysaccharides, they also contain glycoproteins and various
bioactive components, such as tannins, alkaloids and steroids to a lesser extent [32,49,53].
The main constituent of the mucilage of Lepidium perfoliatum L. species is the highly methyl
esterified homogalacturonan (HG). In addition, a significant amount of callose and hemi-
cellulose and a small amount of weakly methyl esterified HG were present in the seed coat
mucilage of L. perfoliatum L. [2]. Lallemantia royleana (BENTH.) seed mucilage, similar to
other mucilage, is mainly composed of carbohydrates (76.74%), of which the most abun-
dant monosaccharides are galactose (36.28%) and arabinose (35.96%). The less abundant
monosaccharides are rhamnose (15.18%), xylose (7.38%) and glucose (5.20%). In addition
to carbohydrates, the mucilage of L. royleana (BENTH.) seeds is also composed of protein
(3,86%), ash (9,92%) and moisture (9,48%). Overall, it contains 82.56 ± 1.6 μg GAE/mg
of phenolic compounds [54]. A similar polysaccharide content of Lallemantia royleana
(BENTH.) mucilage (Figure 2) was also determined by [55]. The researchers observed that
Lallemantia royleana (BENTH.) mucilage consisted of arabinose (37.88%), galactose (33.54%),
rhamnose (18.44%), xylose (6.02%) and glucose (4.11%) [55]. The mucilage from basil is
mainly composed of high-molecular-weight polysaccharides (2320 kDa), which consist
of glucose, galactose, mannose, arabinose, xylose and rhamnose. The polysaccharides of
basil mucilage are slightly acidic due to the presence of uronic acid (6.51%) [56]. Chia seed
mucilage contains 93.8% carbohydrates, which form the following monosaccharide units:
xylose, glucose, arabinose, galactose, glucuronic acid and galacturonic acid [57]. These
subsequently form D-xylosyl and D-glucosyl residues in a 2:1 ratio. Additionally, it contains
22 to 25% 4-0-methyl-D-glucuronopyranosyl residues. The acetates of xylitol, glucitol and
4-O-methylglucitol are present in a ratio of 8:4:3. Another component of the polymer is
4-O-methyl-D-glucuronic acid [58]. The mucilage from the seeds of Hyptis suaveolens L.
contains acidic and neutral heteropolysaccharides in a ratio of approximately 1:1. The
neutral polysaccharides are composed of galactose, glucose and mannose, which form
the polysaccharides galactoglucan (30%) and galactoglucomannan (70%), while the acidic
polysaccharides contain residues of fucose, xylose and 4-O-methylglucuronic acid [21,59].
The total carbohydrate content of watercress mucilage is 87.4%, of which the most abundant
carbohydrates are mannose (38.9%), arabinose (19.4%), galacturonic acid (8.0%), fructose
(6.8%), glucuronic acid (6.7%), galactose (4.7%), rhamnose (1.9%) and glucose (1.0%) [60].

Table 2. Carbohydrate composition of some seed mucilages.

Plant Source of Seed Mucilage Carbohydrates Reference

Linum usitatissimum L. Rhamnogalacturonan and arabinoxylan Ref. [5]

Linum usitatissimum L. D-xylose, L-arabinose, D-galactose, L-ramnose, L-fucose,
L-galactose, D-galacturonic acid Ref. [51]

Lepidium perfoliatum L. Methylesterified homogalacturonan, callose, hemicellulose Ref. [2]

Lallemantia royleana BENTH. Galactose, arabinose, rhamnose, xylose, glucose Refs. [54,55]

Ocimum basilicum L. Glucose, galactose, mannose, arabinose, xylose, rhamnose Ref. [56]
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Table 2. Cont.

Plant Source of Seed Mucilage Carbohydrates Reference

Salvia hispanica L. Xylose, glucose, arabinose, galactose, glucuronic acid,
galacturonic acid Ref. [57]

Salvia hispanica L. Residues of D-xylosyl, D-glucosyl,
4-0-methyl-D-glucuronopyranosyl Ref. [58]

Hyptis suaveolens L. Galactose, glucose, mannose, galactoglucan,
galactoglucomannan, fucose, xylose, 4-O-methylglucuronic acid Refs. [21,59]

Lepidium sativum L. Mannose, arabinose, galacturonic acid, fructose, glucuronic
acid, galactose, rhamnose, glucose Ref. [60]

 

36% 36%
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74%
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34%
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41%

GALACTOSE ARABINOSE RHAMNOSE XYLOSE GLUCOSE

Lallemantia royleana (Benth.) (Behbahani and Fooladi, 2018)

Lallemantia royleana (Benth.) (Razavi et al., 2015)

Figure 2. Difference in carbohydrate composition of Lallemantia royleana (BENTH.) seed mucilage
between two studies [54,55].

When comparing the mucilage from several plants, it was observed that the lipid
content of mucilage generally tended to be low. For example, the lipid content in the
mucilage of yellow mustard was only 0.2%, 0.5 to 0.7% in flax, 4.76% in tamarind and
1.85% in watercress seeds. However, mucilage lipids provide important functions for the
plant, improving their water uptake and desorbing the adsorbed phosphorus on the soil
particles in the rhizosphere. The amount of protein varies considerably from plant to
plant, with Indian plantain seed mucilage containing 0,94% protein, Artemisia sphaerocephala
(KRASCH.) mucilage up to 24,1%, tamarind seed mucilage 14,78% and linseed mucilage
having a protein content of between 4,4 and 15,1%. Mucilage proteins break down mucilage
polysaccharides into the forms available to microorganisms, they respond to biotic and
abiotic stresses, and mobilize nutrients in the rhizosphere [49,53,61]. An average mineral
content of plant mucilage is 5.6% and they are also important in the exchange of cations
between the plant and the rhizosphere and improve the coupling of the liquid phase
of the soil with the water content [49]. Altogether, six chemical elements—copper, zinc,
cobalt, lead, chromium, chromium and cadmium—have been detected in the mucilage of
flaxseed [48]. The most abundant chemical element in cress mucilage is calcium (0.17%),
but it also contains sodium, potassium and magnesium [60].
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Although the chemical composition of mucilage is well known, its structural or-
ganization is unclear. The fibrillar character of the individual mucilage components is
demonstrated by both the pectic and cellulosic types of mucilage. However, due to the
presence of cellulose microfibrils, cellulose mucilage is much more organized [50]. Using
critical point drying (CPD) and scanning electron microscopy (SEM), the structural details
of mucilage were resolved down to the nanoscale. The mucilaginous fibrillar components
generally form a network of cellulose fibers that serve as a scaffold for other polysaccharide
fibers, which often branch out and are found between or on the surface of the cellulose
fibers. The cellulose fibrils are long, thick, unbranched and, by being attached to the surface
of the seeds, prevent the loss of the mucilage cover by mechanical impact. Interestingly,
the structural organization of mucilage varies among plant species, which is important for
water binding and storage [4]. Pectic mucilage, on the other hand, has a fibrous, convoluted
and more homogeneous structure than the cellulosic type [50].

7. Functional Properties of Plant Seed Mucilage

The mucilaginous substances of the plants are odorless, colorless and tasteless. In
addition, they are non-toxic and biodegradable [32]. Mucilage can also exhibit good
photostability; for example, mucilage obtained from the seeds of Salvia hispanica L. showed
a degradation percentage of 6.6% after 120 min under UV light [43]. Three parameters in
the extraction of mucilage have a great influence on the functional properties of mucilage—
temperature, pH and water/seed ratio. It has been observed that the maximum values
of extraction, viscosity, emulsion stability, foam stability, solubility and water absorption
capacity (9.3 g/g) of the Eruca sativa MILL. seed mucilage could be achieved at an extraction
temperature of 65.5 ◦C, pH 4 and a water-to-seed ratio of 60:1 [62].

A very important indicator of the quality of mucilage is its molecular weight because
the polymer chains interact when the mucilage dissolves, and mucilage with a high molec-
ular weight can improve its viscosity. This property can be used to improve the texture
of foods and it also affects the mouthfeel of the consumer [63]. The molecular weight of
mucilage also affects the emulsifying and foaming properties [64]. The mucilage of different
plants has different molecular weights, for example, the mucilage from the seeds of Hyptis
suaveolens L. contains an anionic fraction responsible for swelling and viscous behavior with
an average molar mass of 0.35 × 106 g·mol−1, while the neutral polysaccharide fraction
(in a 1:1 ratio) exhibits an average molar mass of 0.047 × 106 g.mol−1 [59]. The neutral
component of flaxseed mucilage has a lower molecular weight (1.47 × 106 g·mol−1) than
the acidic part (1851 × 106 g·mol−1) [65]. The molecular weight of the Lallemantia royleana
BENTH. in WALL. seed mucilage is 1.19 × 106 g·mol−1, Salvia hispanica L. 2.3 × 106 g·mol−1,
and the molecular weight of the Ocimum basilicum L. seed is 2.32 × 106 g·mol−1 [54,66].
Another study of Lallemantia royleana BENTH. in WALL. seed mucilage showed that the
molecular weight was 1.294 × 106 g·mol−1 [55].

The solubility of mucilage improves with increasing temperatures, where the lowest
solubility values for flax mucilage were observed at 20 ◦C (24.52% to 30.95%) and the
highest at 80 ◦C (64.5% to 69.15%) [48]. It was observed that the mucilage from both white
and black chia seeds showed similar solubility values between 30 and 60 ◦C. Black chia seed
mucilage showed the greatest solubility at 70 ◦C (80.65%), while the solubility of white chia
seed mucilage remained constant [67]. The solubility of Eruca sativa MILL. at 65.5 ◦C was
28.5% [61] and the solubility of Lepidium perfoliatum L. seed mucilage was approximately
20% at 60 ◦C [68].

Furthermore, mucilage exhibits thermostable properties with high degradation tem-
peratures, for example, tamarind seed mucilage starts to lose weight at 175 ◦C and chia seed
mucilage at 244 ◦C [49,53]. Black chia seed mucilage has a higher thermal decomposition
temperature (286.8 ◦C) than white chia seed mucilage (269.4 ◦C) [67].

Another property of mucilage is its ability to retain water, which is dependent on pore
size, capillary action and the amount of protein components present in the mucilage. Flax
mucilage has a higher water retention capacity compared to microbial xanthan mucilage

121



Nutraceuticals 2022, 2

and lower water retention capacity compared to plant guar mucilage [69]. The mucilage
from the seeds of Lepidium perfoliatum L. showed a similar trend; the water absorption
capacity (around 20 g.g−1) was lower than guar but almost identical to xanthan. It is
suggested that the lower water absorption rate by L. perfoliatum L. seed mucilage compared
to guar is due to the strong degree of interaction between the polysaccharide chains and
hence the lower interaction with water [68]. In tamarind seed mucilage, the water holding
and oil retention capacities have been shown to increase with temperature [61]. The
water absorption capacity of basil seed mucilage is higher (35.16–38.96 g·g−1) than its oil
absorption capacity (5.40–17.38%) [70]. The water absorption capacity of chia seed mucilage
is 54.24 ± 0.47 g·g−1 and the water holding capacity is greater (35.49 ± 0.24 g·g−1) than its
oil holding capacity (7.72 ± 0.36 g·g−1) [67]. The water absorption capacity of Eruca sativa
Mill. was 9.3 g·g−1 [62].

Mucilage proteins are characterized by their good foaming properties; foam sta-
bility increases with increasing the mucilage concentration. Chia seed mucilage has
96.5 ± 1.6% foam stability at a 0.1% concentration and 97.8 ± 1.2% at a 0.3% concen-
tration [67]. Foam stabilization is also affected by the water/seed ratio (negatively) and
temperature (positively) during mucilage extraction. Quince seed mucilage had a 94.89%
emulsion stability and a 21.36% foam stability [71] and Eruca sativa MILL. mucilage had an
emulsion stability of 87% and foam stability of 87.5% [62]. The foam stability of Lepidium
perfoliatum L. seed gum also increased with increasing concentrations, but was lower com-
pared to xanthan and guar gums at similar concentrations. This trend was probably due to
the differences in viscosity of the continuation phase [68].

Mucilage can also form a cold-solidifying thermo-reversible gel. The strength of this
gel is influenced by the dissolution temperature, pH and addition of minerals. With higher
dissolution temperatures, the strength of the gel increases, and the addition of NaCl and
complex phosphate salt decreases the strength. If we want to increase the strength, we
can add CaCl2 at a low concentration (<0.3 wt.%), and its strength decreases at higher
concentrations [72]. The strength of Hyptis suaveolens (L.) POIT. seed mucilage gel also
increased by the addition of sucrose (1, 3, 5, 10 and 20% w/v) to a 0.5% mucilage dispersion.
This caused the gel to exhibit its shear-thinning behavior to a lesser extent, which had a
stabilizing effect [73].

As the concentration of mucilage increases, its viscosity increases as well. The vis-
cosity and elasticity are also influenced by chemical composition, with both variables
increasing at a higher concentration of xylose and lower concentration of uronic acid.
The viscosity of linseed mucilage ranges from 0.02 to 0.28 Pa·s, while the viscosity of
basil seed mucilage ranges from 0.19 to 0.714 Pa·s. Depending on the variety and concen-
tration, mucilage can behave as a viscous liquid, viscoelastic liquid or almost an elastic
body [70,74]. The water/seed ratio during extraction had the highest effect on the viscosity
of the quince seed mucilage, and increasing the extraction time at temperatures of up to
45 ◦C decreased the viscosity. Under optimum extraction conditions, the viscosity of the
mucilage was 1.47396 Pa·s [71]. The viscosity of Eruca sativa MILL. in optimal conditions
was 0.357 Pa·s [62]. The viscosity of the Lepidium perfoliatum L. seed gum decreased with
the increasing shear rate. The highest viscosity (approximately 3 Pa·s) was noted at a shear
rate of approximately 15 (1·s−1). The comparison of the viscosity of Lepidium perfoliatum L.
seed gum with other commercial gums with the same shear rate showed that the viscosity
of this gum was higher than in locust beans, lower than in guar and almost identical to the
viscosity of xanthan. As with other types of mucilage, increasing the concentration of the
solution leads to an increase in the viscosity of L. perfoliatum seed mucilage, and increasing
the temperature up to 65 ◦C leads to a decrease in viscosity. Interestingly, the addition of
NaCl, KCl, CaCl2 and MgCl2 salts also influenced the viscosity of the mucilage, showing a
rapid decrease in viscosity after the addition of 0.2% of any of the salts [68]. Although the
mucilage from Lallemantia royleana BENTH. exhibited a similar molecular weight to most
seed mucilage, the intrinsic viscosity (23.06 dL·g−1) was higher [55].
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8. Gene Regulation of Seed Mucilage Synthesis

The epidermal cells of plants that secrete mucilage are influenced by several genes
during the development phase, leading to changes in their extracellular matrices. Most
research has focused on the epidermal cell genes of Arabidopsis thaliana L. Research on the
COBRA-LIKE 2 (COBL2) gene, a member of the COBRA-LIKE gene family, found that it
has a specialized function in maintaining a proper cellulose deposition in the seed mu-
cilage [75]. Additionally, the MUM 2 gene, a member of glycosyl hydrolase family 35, was
identified. Its localization is in the cell wall of A. thaliana, with the MUM 2 protein entering
the apoplast via the endoplasmic reticulum and the Golgi apparatus network. Overall, the
MUM2 gene exhibits β-galactosidase activity and has a negligible effect on the amount of
mucilage produced or the seed morphology; on the other hand, it is essential for the proper
structure of the produced mucilage [76]. The β-galactosidase activity of the MUM2 gene
may also be complemented by the TESTA-ABUNDANT2 (TBA2), PEROXIDASE36 (PER36)
and MUCILAGE-MODIFIED4 (MUM4) genes, and thus may be involved in modifying the
polysaccharide composition of seed mucilage [77]. It was possible to isolate a sequence
of 308 base pairs of the MUM4 gene that controls the expression of the reporter gene in
both A. thaliana L. and Camelina sativa (L.) Crantz seed coat cells and is regulated by the
same cascade of transcription factors as endogenous MUM4 [78]. KNAT3 and KNAT7,
members of the KNOX class II gene family, act as positive regulators of the biosynthetic
gene RG-I MUCILAGE-MODIFIED 4 (MUM4, AT1G53500) and thus affect the produc-
tion of mucilage in A. thaliana L. at early developmental stages [79]. The mucilage from
A. thaliana L. is mainly composed of rhamnogalacturonan I, the size of which is influenced
by the MUCILAGE-RELATED70 (MUCI70) gene with glycosyltransferase activity. Addi-
tionally, the CuAOα1 gene encoding a putative copper amine oxidase of clade 1a affects
the production of pectin and influences the amount of rhamnogalacturonan I in the outer
mucilage layer [80]. The MUM1 gene in A. thaliana L. encodes the transcription factor LEU-
NIG_HOMOLOG (LUH), which is localized in the nucleus. According to the research, the
LUH/MUM1 transcriptional activator could be a positive regulator of the gene-encoding
enzymes required for the extrusion of mucilage—MUM2, SUBSILIN PROTEASE1.7 and β-
XYLOSIDASE1 [81]. The A. thaliana L. gene GALACTURONOSYLTRANSFERASE-LIKE5
(AtGATL5), which is localized in both the endoplasmic reticulum and Golgi system, could
also be involved in the regulation of the final size of mucilage rhamnogalacturonan I [82].
The A. thaliana L. UUAT1 gene encodes a protein localized in the Golgi apparatus that trans-
ports the UDP-glucuronic acid and UDP-galacturonic acid in vitro. UDP-glucuronic acid
is a precursor of many seed mucilage polysaccharides and, after synthesis in the cytosol,
it is transported to the Golgi apparatus lumen where it is converted to UDP-galacturonic
acid, UDP-arabinose and UDP-xylose. This suggests that the UUAT1 gene has a key role in
the composition of seed mucilage [83]. CELLULOSE SYNTHASE 5 (CESA5)/MUCILAGE-
MODIFIED 3 (MUM3), MUM5/MUCI21, SALT-OVERLY SENSITIVE 5 (SOS5) and FEI2
gene influences the adherence of A. thaliana mucilage. While MUM5 and CESA5 act
as synergists by providing the adhesion of pectin to the seed through cellulose and xy-
lan biosynthesis, SOS5 and FEI2 encode an arabinogalactan protein [84]. The PECTIN
METHYLESTERASE INHIBITOR6 gene promotes mucilage release in A. thaliana L. by
inhibiting the activities of endogenous pectin methylesterase that demethylate homo-
galacturonan [85]. The genes A. thaliana L. TRANSPARENT TESTA 8, SUBTILISIN-LIKE
SERINE PROTEASE, GALACTUROSYL TRANSFERASE-LIKE 5, MUCILAGE-MODIFIED
4, AGAMOUS-LIKE MADS-BOX PROTEIN AGL62, GLYCOSYL HYDROLASE FAMILY 17
and UDP-GLUCOSE FLAVONOL 3-O-GLUCOSYLTRANSFERASE play a role in mucilage
synthesis and release, seed coat development and anthocyanin biosynthesis, and are among
the promising candidate genes of flaxseed [86]. The gene-encoding pectin methylesterases
(PMEs), which control the level of pectin methylesterification, influence the structure and
organization of A. thaliana mucilage. Of the PMEs observed, the PME58 gene showed the
highest expression [87]. The direct activation of this gene is provided by two transcription
factors in A. thaliana L., BLH2 and BLH4, which are significantly expressed in mucilage-

123



Nutraceuticals 2022, 2

secreting cells and thus positively regulate PMEs. In addition to PME58, they also affect
the expression of the genes PECTIN METHYLESTERASE INHIBITOR6, SEEDSTICK, and
MYB52 [88]. Conversely, the MUD1 gene, which encodes a nuclear RING domain protein
and is highly expressed in the developing seed coat of A. thaliana L., negatively regulates
the PME levels. MUD1 expression causes a reduction in the expression of PME-related
genes, including MYB52, LUH, SBT1.7, PMEI6 and PMEI14 [89].

The production of mucilage at different developmental stages from the Aechmea sphae-
rocephala (GAUDICH.) Baker seeds is influenced by 21 key regulatory genes (AsNAM-1 to
AsNAM-17, AsAP2-1, AsAP2-2, AsKNAT7 and AsTTG1) whose expressions were different
at 10, 20, 30, 40, 50, 60 and 70 days after flowering. In the period of 10 to 30 days after
flowering, both the AsNAM and AsAP2 genes stimulated the production of mucilage by
their expression. In the period of 40 to 70 days after flowering, the expressions of AsNAM
and AsAP2 were reduced, and conversely, the increase in AsKNAT7 expression inhibited
the formation of mucilage [90]. The transcription factors MYB-bHLH-WD40 (MBW) and
APETALA2 (AP2) had a key effect on the production of mucilage in the A. sphaerocephala
(GAUDICH.) Baker seeds. The increased accumulation of UDP-glucose was mediated by an
increased expression of phosphoglucomutase (pgm) and uridine glucose diphosphorylase
(UGPase) and decreased expression of UDP-glucose 4-epimerase (GALE), UDP-glucose
6-dehydrogenase (UGDH) and UDP-glucose 4,6-dehydratase (RHM). The accumulation of
UDP-xylose (UDP-Xyl) was influenced by an increased expression of UDP-apiose/xylose
synthase (AXS) and decreased expression of UDP-arabinose 4-epimerase (UXE) [91]. The
transparent testa glabra 1 (TTG1) gene encodes the transcription factor of Lepidium perfo-
liatum that plays a role in epidermal cell differentiation and the release of mucilage. This
gene is 1032 bp long, it encodes 343 predicted amino acids and contains WD40 motifs [92].
An overview of the genes/transcription factors, their function in the mucilage process and
spatial localization is shown in Tables 3 and 4.

Table 3. Function of genes/transcription factors in the mucilage process.

Function in the Process Genes/Transcription Factors Reference

Mucilage synthesis and release

Transparent testa 8; subtilisin-like serine protease; galacturosyl
transferase-like 5; mucilage-modified 4; agamous-like

MADS-box protein AGL62; glycosyl hydrolase family 17;
pectin methylesterase inhibitor 6

Refs. [85,86]

Mucilage amount Mucilage-modified 2 (MUM2) Ref. [76]

Mucilage proper structure Mucilage-modified 2 (MUM2) Ref. [76]

Mucilage polysaccharide composition Mucilage-modified 2 (MUM2) + testa-abundant 2 (TBA2);
peroxidase 36 (PER36); mucilage-modified 4 (MUM4) Ref. [77]

Mucilage production Knotted arabidopsis thaliana 3 (KNAT3) and knotted
arabidopsis thaliana 7 (KNAT7) Ref. [79]

Mucilage cellulose deposition Cobra-like 2 (COBL2) Ref. [75]

Mucilage composition UDP-uronic acid transporter1 (UUAT 1) Ref. [83]

Mucilage extrusion Leunig homolog (LUH)/mucilage-modified 1 (MUM 1);
enzymes MUM 2; subsilin protease 1.7; beta-xylosidase 1 Ref. [81]

Mucilage adherence Cellulose synthase 5 (CESA5)/mucilage-modified 3 (MUM3) Ref. [84]
Mucilage structure and organization Pectin methylesterase 8 (PME 8) + BLH 2 and BLH 4 Refs. [87,88]

Mucilage rhamnogalacturonan I size Mucilage-related 70 (MUCI 70); galacturonosyltransferase-like
5 (GATL 5) Ref. [80]

Mucilage rhamnogalacturonan I amount Copper amine oxidase 1 (CuAOX 1) Ref. [80]

Notes: genes are shown in italics.
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Table 4. Spatial localizations of some genes included in the mucilage process.

Spatial Localization Genes/Transcription Factors Reference

Epidermal cells Cobra-like 2 (COBL2) Ref. [75]

Cell wall Mucilage-modified 2 (MUM2) Ref. [76]

Seed coat cells Mucilage-modified 4 (MUM4) Ref. [77]

Mucilage-secreting cells BLH 2 and BLH 4 Ref. [88]

Nucleus Leunig homolog LUH Ref. [81]

Endoplasmic reticulum; Golgi apparatus Galacturonosyltransferase-like 5 (GATL5) Ref. [82]

Golgi apparatus UDP-uronic acid transporter1 (UUAT 1) Ref. [83]

Developing seed coat Mucilage defect 1 (MUD1) Ref. [89]
Notes: genes are shown in italics.

9. Summary

Specific cells of some plants can produce hydrophilic mucilage in the Golgi apparatus
and subsequently secrete it into the apoplastic space. This mucilage has several vital
functions for the plant: it protects the seeds from desiccation, fixes the seeds in the soil,
protects the seeds from predation, influences seed germination and serves as a source of
energy for the seeds. In addition, it is priceless in agriculture and the food industry because
it serves as an additive in various foods, and it is also used in the production of edible films
and the encapsulation of probiotics. It is also used in human and veterinary medicines
as it has antihypercholesterolemic, antibacterial, laxative, healing, anti-inflammatory and
anticarcinogenic effects, and it influences glucose metabolism and acts as a prebiotic. It can
be used in the manufacture of tablet medicines and for wound dressings.

Mucilage is mainly composed of polysaccharides, which vary between the species
and varieties, but it also contains other components, such as proteins, lipids, ash, moisture,
phenolics and minerals to a lesser extent. The mucilaginous substances of plants are
odorless, colorless and tasteless; they have a high degradation temperature; good foaming
properties and a high water retention capacity. In the future, mucilaginous substances have
great potential to be used as potential nutraceuticals in disease prevention and treatment.

10. Future Perspectives

For the development of functional foods, food supplements or nutraceuticals, it is
necessary to research more extensively the genotypic variability of the biochemical com-
position of mucilage and its biological and other properties (according to the purpose of
use). The identification of the specific plant genotype reflecting the appropriate/required
parameters of seed mucilage is crucial for advancing the usability of this potential nutraceu-
tical. Therefore, detailed knowledge of the molecular mechanisms behind the regulation
of mucilage biosynthesis mainly at the epigenetic level (microRNAs) should become the
focus of future research.
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Abstract: Mibyou has been defined in traditional oriental medicine as a certain physiological con-
dition whereby an individual is not ill but not healthy; it is also often referred to as a sub-healthy
condition. In a society focused on longevity, “Mibyou-care” becomes of primary importance for
healthy lifespan expenditure. Functional foods can play crucial roles in Mibyou-care; thus, the search
for novel resources of functional food is an important and attractive research field. Mushrooms
are the target of such studies because of their wide variety of biological functions, such as immune
modulation and anti-obesity and anticancer activities, in addition to their nutritional importance.
Basidiomycetes-X (BDM-X; Shirayukidake in Japanese) is a mushroom which has several attractive
beneficial health functions. A metabolome analysis revealed more than 470 components of both nutri-
tional and functional interest in BDM-X. Further isolation and purification studies on its components
using radical scavenging activity and UV absorbance identified ergosterol, (10E,12Z)-octadeca-10,12-
dienoic acid (CLA), 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one (DDMP), formyl pyrrole
analogues (FPA), including 4-[2-foemyl-5-(hydroxymethyl)-1H-pyrrole-1-yl] butanamide (FPAII),
adenosine and uridine as major components. Biological activities attributed to these components
were related to the observed biological functions of BDM-X, which suggest that this novel mushroom
is a useful resource for Mibyou-care functional foods and medicines.

Keywords: Basidiomycetes-X (BDM-X); Shirayukidake; Ceraceomyces tessulatus; Mibyou; Mibyou-care
functional food; healthy lifespan expenditure

1. Introduction

As lifespans lengthen in developed countries, demands for a healthy lifespan are
increasing, that is the life period, during which individuals are able to enjoy their health and
well-being life without hospitalization or with the least amount of nursing care. Under these
circumstances, “Mibyou”—a concept which originated in ancient oriental medicine—has
been reevaluated, which refers to a certain physiological condition whereby an individual
is not healthy but also not ill, leading to serious diagnosed endpoint diseases [1]. Mibyou-
care is thus considered an important strategy for healthy life expenditure even in current
preventive medicines.
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According to the development of clinical examination technologies for diagnosing
diseases, such as the biochemical assay of disease markers, and physical methods, includ-
ing ultrasound and CT imaging, the definition of Mibyou has been updated in Western
medicine as Mibyou I and II [2]. Mibyou I covers the condition in which individuals feel
some unusual symptoms, such as malaise, anxiety, fatigue and pain, but clinical exam-
inations do not show a significant abnormality. In Mibyou II, disease markers indicate
certain disorders, but individuals can enjoy a normal life with the least amount of medical
interventions (Figure 1).

Figure 1. Traditional and modern Mibyou concept and Mibyou-care functional food.

The term “Mibyou-care” thus covers a wide range of practices, including daily routines
such as self-medication, remedies, diet, exercise, brain storming, yoga and other activities
with and without medical intervention for treating Mibyou; consequently, Mibyou-care
is considered to be a basic strategy for maintaining health and well-being, both socially
and individually. Functional foods and nutritional or dietary supplements obviously play
important roles in Mibyou-care practices together with daily meals; thus, their roles are
comprehensively discussed in the category of Mibyou-care functional food [3].

1.1. Mibyou-Care Functional Foods and Their Targets

Mibyou-care functional foods are broadly defined as any type of food used for Mibyou-
care; that is, for disease prevention and the preservation of health and well-being. They
therefore cover a wide range of food types, including nutrient-enriched fruits and vegeta-
bles and processed foods, as well as functional foods, such as food for special health use
(FOSHU), nutraceuticals and medicinal food; all of these can be comprehensively grouped
in the category of Mibyou-care functional foods. According to the purpose of their usage
and application targets, they are currently classified into two categories: Mibyou-care
functional foods 1 and 2 [3].

Mibyou-care functional food 1 is essentially used for disease prevention, health preser-
vation and slowing the aging phenomena, and is used by healthy individuals as well as
Mibyou I patients. Their major target is factors regulating metabolic homeostasis, such as
immune, endocrine and neural systems, since distorted homeostatic potential is implicated
as a primary condition of Mibyou in traditional oriental medicine. Foods and nutritional
supplements with astringent and nourishing functions are included in this category. On
the other hand, functional foods such as FOSHU and dietary supplements distributed in
the current market are typical examples of Mibyou-care functional food 2. Their functions
are characterized by food factors, with certain medicinal activity contributing to the treat-
ment of Mibyou II conditions. As a result, disease markers are the target for managing
respective conditions, such that levels of blood sugar, glycated proteins, blood pressure
and LDL cholesterol are used to care for diabetic complications [4], and salivary AGE is
suggested to be useful in the diagnosis of dementia [5]. Gsa (heterotrimeric G protein alpha)
also could be a blood marker for diagnosing depression and evaluating anti-depressant
drug effects [6].
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Therefore, nutritional and pharmacological functions are both factors which are essen-
tial for Mibyou-care functional foods. In this context, edible mushrooms are an attractive
target to be studied as a resource of Mibyou-care functional food, because they have been
traditionally accepted as a food with health benefits and anti-aging functions [7].

1.2. Mushrooms as a Typical Resource for Mibyou-Care Functional Food

Mushrooms are not only a cuisine containing rich nutrients including vitamins and
minerals [8], but they are also a medicinal resource with a variety of pharmacological
functions [9,10], such as modulating immunity [11], being anticancer [12,13] and even
preventing dementia [14]. Indeed, a recent meta-analysis on cohort studies indicates that
mushroom consumption will reduce the risk of several diseases including cancer, and will
therefore reduce the risk of mortality [15]. The social benefit of eating mushrooms has
also been discussed in terms of reducing depression in the stressful conditions caused
by the COVID-19 pandemic [16]. Large molecular components, such as polysaccharides
including β-glucans, were primarily implicated as active principles in mushroom functions,
and their anticancer function was discussed in the context of their immune modulation
activity [17]. However, bioactive lower molecular weight components are also attracting
significant attention, since phenylpropanoids isolated from Inonotus obliquus (Chaga), for
example, showed cancer cell cytotoxicity [18]. Now, a variety of components from low
molecular weight compounds, such as simple phenolics, flavonoids and terpenoids, to
large molecular weight components, such as polysaccharides, have been reported as the
active principles of mushrooms [19–22], in addition to bioactive peptides and proteins
such as ribotoxin-like protein [23,24]; their roles have been comprehensively discussed
by Sanchez [25]. In addition to their nutrient composition, these bioactive ingredients
characterize mushrooms as a promised resource for Mibyou-care functional food.

1.3. Basidiomycetes-X as a Mibyou-Care Functional Food Resource

Since mushrooms are part of the fungi family, which is a large biological kingdom [26],
the search for new species of mushrooms with beneficial functions for human health is
another important field of study. Basidiomycetes-X (BDM-X, Japanese name; Shirayuki-
dake) is one such novel mushroom, which was originally isolated and cultivated in the
mountainous district of Niigata, Japan. It was registered on the database for patented
resources in Tsukuba, Ibaragi, Japan in 1999 (PCT/JP2004/006418) as a new mushroom
species belonging to the Basidiomycota, which uniquely does not form mycelium. A more
precise gene analysis identified BDM-X as one of the strains of Ceraceomyces tessulatus.

It is now artificially cultivated and provided as a cuisine, as well as a resource of
functional food and medicine (Figure 2). Functional studies of BDM-X are currently
progressing and have unveiled several physiological and pharmacological functions such
as being anti-oxidative, anti-obesity and diabetic, and offering liver damage protection
including NASH, as reviewed elsewhere [27]. The search for a functional component is
also simultaneously being developed [28,29].

 

Figure 2. BDM-X culture and mycelium mass (provided by Mycology Techno Co. Ltd. in Niigata city,
Japan).
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1.4. Metabolome Analysis of BDM-X

To evaluate the potential of BDM-X as a functional food resource, profiling nutritionally
and pharmacologically interesting components is of primary importance. Metabolomics
is currently attracting attention as a method for profiling the comprehensive distribution
of primary and secondary metabolites functioning in natural resources [30]. This method
was applied to qualify lipophilic and hydrophilic low molecular weight organic com-
ponents in BDM-X, to evaluate their nutritional and pharmacological significance. The
Wide-Processed Metabolome (WPM) analysis, utilizing measurements via EC-MS and
LC-MS, allowed us to detect at least 472 components (368 hydrophilic and 104 lipophilic
compounds) in the BDM-X extract, which matched the migration time (MT) and mass-
to-charge ratio (m/z) of the annotation list [31]. These include common nutrients such as
amino acids, both saturated and unsaturated fatty acids, nucleotides, sugars, steroids such
as ergosterol, testosterone and other secondary metabolites, including several unidentified
components in addition to a variety of types of di- and tri-peptides. This wide variety of
component distribution indicates the nutritional and pharmacological significance of this
unique mushroom, as well as other edible mushrooms [19,23]. Notably, the metabolome
analysis revealed the presence of several polyphenols, which were mainly flavonoids. The
polyphenols qualitatively identified in BDM-X are as follows: 7,8-Dihydroxycoumarin,
7-Hydroxycoumarin, apigenin-7-O-glucoside, apigenin-8-C-glucoside, eriodictyol-7-O-
neohesperidoside, eriocitrin, gallocatechin, chrysin, quercetin, delphinidin, baicalin and
luteolin; their chemical structures are given in Figure 3. Polyphenols are a well-known
food factor carrying anti-oxidant and anti-inflammatory functions, which play crucial roles
in preventing oxidative stress-related disorders [32], and flavonoids such as apigenin and
quercetin listed above are typical of them. It is generally known that the major polyphe-
nols functioning as anti-oxidants in mushrooms are simple phenolic compounds such as
phenolic acids, and flavonoids are minor since it is implicated that humans and fungi are
not able to biosynthesize flavonoids [33,34]. The metabolome data suggest that the major
polyphenolics in BDM-X are flavonoids, and not simple phenolic compounds. Moreover,
antioxidant compounds such as ergothioneine and vitamin E, which are another group of
antioxidant components found in edible mushrooms [35], were also not found in BDM-X by
metabolomics and subsequent selective isolation studies [28,29]. Although the flavonoids
listed above were not detected as a major ingredient in BDM-X through the isolation study,
this wide variety of flavonoid distribution is unique and will significantly contribute not
only to the antioxidant potential of BDM-X, but also to other physiological functions, which
are both already cleared or yet to be uncovered. Further quantitative studies are required.

1.5. Selective Isolation and Quantification of Major Ingredients

Although the metabolome analysis identified more than 470 components of BDM-
X, including a series of nutrients and the candidates of food factors, their quantitative
information is limited. A further analysis of the specific components which may play
significant roles in the beneficial health functions of BDM-X was carried out by solvent
extraction following HPLC and TLC. The major components with UV absorption and/or
DPPH radical scavenging activity were targeted for isolation, and the structures of pu-
rified compounds were assigned using mass spectrometry (MS) and nuclear magnetic
resonance (NMR) [28,29]. From these studies, three types of formyl pyrrole alkaloids
(FPA), ergosterol, (10E,12Z)-octadeca-10,12-dienoic acid ((10E,12Z)-CLA), 2,3-dihydro-3,5-
dihydroxy-6-methyl-4H-pyran-4-one (DDMP), and two nucleosides, adenosine and uridine,
were determined as the major ingredients existing at relatively high amounts and showing
high or moderate DPPH radical scavenging activities in BDM-X. Their approximate con-
tents determined in BDM-X are summarized in Table 1, and their chemical structures are
given in Figure 4.
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Figure 3. Polyphenols identified by a metabolome analysis. (a) 7,8-dihydroxycoumarin;
(b) 7-hydroxycoumarin; (c) chrysin; (d) quercetin; (e) gallocatechin; (f) luteolin; (g) delphinidin;
(h) baicalin; (i) apigenin-7-O-gucoside; (j) apigenin-8-C-glucoside; (k) eriocitrin; (l) eriodictyol-7-O-
neohesperidoside.
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Table 1. Approximate contents of major compounds identified in BDM-X.

Compound
Identified

Structure Symbol
in Figure 4

Contents (mg per 100 g
BDM-X Dry Powder)

References

FPA-I M 82.5 [28]
FPA-II N 48.4 [28]
FPA-III O 1.2 [28]

adenosine P 42.4 [29]
uridine Q 76.9 [29]
DDMP R 350.0 [29]

ergosterol S 16.7 [29]
(10E,12Z)-CLA T 19.8 [29]

FPA-I; 4-[2-formyl-5-(hydroxymethyl)-1H-pyrrole-1-yl] butanoic acid, FPA-II; 4-[2-formyl-5-(hydroxymethyl)-1H-
pyrrole-1-yl] butanamide, FPA-III; 5-(hydroxymethyl)-1H-pyrrole-2-carboxaldehyde.

 

Figure 4. Structures of the major compounds identified in BDM-X (compound names are given
in Table 1).

1.6. Role of the Major Components in Mibyou-Care Function of BDM-X

Among these identified components, formyl pyrrole analogue (FPA) carrying butyra-
mide side chain (FPA-II) was the only new compound found in this mushroom, and is
therefore a specific ingredient of BDM-X. Other compounds isolated and identified as major
components of BDM-X are not new and commonly exist in many other food resources,
including mushrooms. However, their nutritional and pharmacological functions suggest
their pivotal role in the Mibyou-care function of BDM-X.

1.6.1. FPA

FPAs are commonly distributed in a wide variety of biological resources, and their
structures are also varied [36]. FPA-I and -III are found in other sources such as Morus
alba fruits (Bilberry fruit) [37], Inonotus obliquus (Chaga) [38], Lycium chinense fruits [39,40]
and Leccinum Extremiorientale [41]; they show a range of bioactivities including being
anti-oxidant and anti-inflammation, cancer chemoprevention, macrophage activation, hep-
atoprotective action, and anti-obesity and anti-diabetes functions.
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Since the FPA-II-carrying N-butyramide structure was first found in BDM-X, the FPA-
II was chemically synthesized in order to assign the precise structure and to obtain enough
test samples for further functional studies, as shown in Figure 5. The structure of the
isolated sample assigned by spectrometry, including NMR (1H, 13C 2D-NMR) and MS, was
further confirmed by comparing all spectral patterns with this synthesized FPA-II. The
biochemical and pharmacological functions of FPA-II therefore await clarification.

 
Figure 5. Synthetic route of newly found formyl pyrrole analogue in BDDM-X. Abbreviations: (PPTS;
pyridinium p-toluenesulfonate, DCC; N,N′-dicyclohexylcarbodiimide, HOSu; N-hydroxysuccinimide,
THF; tetrahydrofuran, EtOAc; ethyl acetate).

Since the formyl pyrrole structure (FPA-I) is chemically synthesized by the reaction
of glucose and γ-butyric acid in strong acidic conditions in low yield [42], there are some
discussions as to the origin of FPAs, and whether they are biosynthesized or artificially
generated during the process of manufacturing dried powder. Since it is more difficult to
consider the formation of FPA-bearing butyramide side chain (FPA-II) compared to FPA-I,
the biosynthetic pathway of FPA-II is another target to be challenged for clarification.

1.6.2. DDMP

DDMP was identified as a major component with strong DPPH radical scavenging
activity in the aqueous extract of BDM-X [29]. It is also isolated from several resources
other than fungi, such as lactobacterium [43] and onion [44], and reported to have several
physiological functions, such as being anti-inflammatory, anti-mutagenic and having cancer
cell toxicity and affecting autonomic neurons. Tyrosinase inhibitory activity reported for
DDMP is interesting because BDM-X has potential for cosmetic use [45]. DDMP, on the other
hand, is implicated as a Maillard reaction product [46] which has mutagenic activity [47].
Further study is required for DDMP functioning as a food factor in BDM-X; the mechanism
of biosynthetic production also awaits clarification.

1.6.3. Ergosterol

Ergosterol is a common component of fungal cytoplasmic membranes and plays a
role in modulating membrane fluidity, similarly to the role of cholesterol in mammals; it
is found in a variety of fungi or mushrooms [48]. Ergosterol is a well-known precursor of
vitamin D. Ingested ergosterol is metabolized in the liver to ergocalciferol as provitamin D,
and then converted to vitamins D3 with the assistance of a UV light [49]. Vitamin D is a
source of hard skeletal structures such as bones and teeth, but it also contributes to the
maintenance of muscle. Besides these essential roles as micronutrients, vitamin D plays a
crucial role in many functions related to Mibyou-care, such as immune modulation [50],
inflammation [51], hypertension and cardiovascular disease [52] and cancer [53]. A high
ergosterol content in BDM-X as a vitamin D precursor suggests that BDM-X indirectly
manipulates these functions.
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1.6.4. CLA

CLA is known as one of the essential fatty acids which is a necessary nutrient, function-
ing both as energy fuel and as a component of cellular membranes, as well as a biosynthetic
precursor of signaling molecules [54]. Moreover, pharmacological functions of CLA are
currently attracting much attention [55,56] for their anti-obesity [57], anti-carcinogenic [58],
anti-hypertensive [56] and immune modulating functions [59]. There are several isomers in
which 9 c,11 t-18:2 and 10 t,12 c-18:2 isomers are the most representative. Although 9 c,11
t-18:2 is the most popular isomer found in dietary substances, the major CLA found in
BDM-X is the 10 t,12 c isomer. The differential function of these isomers attracts additional
attention, so that both isomers have high anti-inflammatory potential different from other
fatty acids, but the activity is much higher in the 10 c,12 t isomer [60].

1.6.5. Adenosine and Uridine

Adenosine is a well-known nutrient molecule necessary for nucleic acids, DNA and
RNA, as well as energy fuel molecule, ATP. Other phosphorylated derivatives, ADP and
AMP, are metabolic intermediates acting as signaling molecules to regulate AMP kinase,
which plays a pivotal role in energy homeostasis [61]. Moreover, free adenosine itself
behaves as a signal molecule to modulate a variety of physiological functions related to
pain, cancer and neurodegenerative, inflammatory and autoimmune diseases through
interactions with adenosine receptors A1, A2A, A2B and A3 [62]. Therefore, adenosine
externally taken might behave as a food factor contributing to physiological homeostasis,
either directly or indirectly.

Uridine is a pyrimidine nucleoside and is a component of RNA. It is also the precursor
for brain phosphatide biosynthesis, together with choline and DHA; the external adminis-
tration of uridine together with DHA is therefore thought to increase synaptic proteins in
the brain to protect brain aging [63].

1.6.6. β-Glucan

The presence of abundant polysaccharides besides low molecular functional ingredi-
ents is one of the characteristics of fungal resources, and the role of polysaccharides has
been extensively discussed in the cancer preventive function of mushrooms [64]. BDM-X
also contains polysaccharides in very high amounts—approximately 33 w/w%—and β-
glucans (13% w/w) are one of the characteristic sugar components of BDM-X [27]. It is
known that β-glucans play a critical role in the inert immune modulating activity of mush-
rooms as pathogen-associated molecular pattern molecules (PAMPs) to stimulate toll-like
receptor 2 (TLR2) [65]. The possible application of BDM-X as a high β-glucan resource has
previously been discussed in relation to the immune modulator used during the COVID-19
pandemic [66]. Preventing obesity is another important function of β-glucans as a source of
dietary fiber [67].

1.7. Medicinal and Pharmacological Functions of BDM-X Contributing to Mibyou-Care

So far, several animal and human studies on the medicinal functions of BDM-X have
been carried out and are summarized in Table 2; these include antioxidant protection [68],
anti-obesity effects [69,70], hepatoprotective functions [69,71,72] and immune modulation,
including the ameliorative effect on atopic dermatitis [73,74]. It is worth discussing the
possible contribution of identified BDM-X components to those already known, as well as
other unpublished functions.
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Table 2. Reported biological and pharmacological functions of BDM-X.

Medicinal
Functions

Exp. System Test Sample Form Experimental and Results Refs.

1 Antioxidant
activity in vitro, in situ Aqueous extract

BDM-X prevented AAPH
induced peroxidation in rat liver
homogenate. Pre-administration

of BDM-X to rat prevented
nitrotyrosine formation followed

LPS induced liver injury.

[68]

2

Anti-obesity,
anti-diabetic and
liver protective

function

Male albino rat
and OLETOF rat

BDM-X powder
and extracts

BDM-X supplementation
suppressed weight gain, visceral
fat deposit and fatty liver injury

caused by 15 weeks feeding on an
HFHS diet, and ameliorated

insulin sensitivity and
adiponectin expression.

[69,70]

3
Amelioration of
atopic dermatitis

in humans
Human BDM-X powder

Oral intake of BDM-X powder for
two weeks ameliorated atopic

dermatitis symptoms
in volunteers.

[74]

4
Alleviation of

atopic dermatitis
in mice

Mouse BDM-X powder

BDM-X administration to atopic
dermatitis (AD) induced by house

dust mite extract application in
NC/Nga mouse attenuated
ADlike clinical symptoms

through modulating
Th1/Th2 responses.

[73]

5

Prevention of
nonalcoholic

steatohepatitis
(NASH)

Mouse BDM-X powder

In NASH-HCC mice (C57BL/6J
female pups) model produced by

STZ-high fat diet treatment,
BDM-X prevented pathogenesis

of NASH by preventing
inflammation and lipogenesis.

[71,72]

6 Hepatoprotective
function Human BDM-X powder

The effect and safety of BDM-X
on fatty liver were evaluated by a

stratified randomized
double-blind parallel
group comparison.

[75]

Abbreviations: AAPH; 2,2′-azobis (2-amindino-propane) dihydrochloride, PS; lipopolysaccharide, HFHS diet;
high fat, high sucrose diet, STZ; streptozotocin, HCC; hepatocellular carcinoma.

1.7.1. Protection against Oxidative Stress and Inflammation

Antioxidant and anti-inflammatory activities are a basic requirement of Mibyou-care
functional foods, because they commonly occur in life processes to distort metabolic
homeostasis, and are implicated as a causative factor of not only aging deterioration, but
also pathogenesis and the progression of many diseases [33,76].

BDM-X has high potential for antioxidant or free radical scavenging activities, es-
pecially against the hydroxyl radical, which is the ultimate reactive species damaging
cellular components including DNA by its hydrogen abstraction mechanism [77]. There
are many antioxidant molecules which have been reported as quenching the hydroxyl
radical effectively in vitro, but a few are also active in vivo. However, BDM-X has effective
hydroxyl radical scavenging potential in vivo, too; it was previously shown that orally
given BDM-X effectively prevented lipopolysaccharide induced liver damage in rodents,
and nitrotyrosine formation, which is the marker of the hydroxyl radical induced damage,
was also inhibited [68]. This early observation on the hydroxyl radical scavenging poten-
tial of BDM-X is rationalized by the action of major BDM-X ingredients listed in Table 2,
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especially FPAs, CLA, ergosterol and nucleotides, because they have the hydrogen atom
as a target of hydroxyl radical attack. Indeed, the hydroxyl radical scavenging and cancer
chemo preventive activity of Goji berry originated FPA-I has been reported [40].

Besides the hydroxyl radical scavenging activity, the high antioxidant potential of
BDM-X has been proved by several other assay methods in vitro, such as DPPH radical
scavenging activity, Fe3+-reducing ability, Cu2+-reducing ability and Fe2+-chelating activ-
ity [78]. The total phenolic content in the aqueous extract determined elsewhere was as
high as 8.1 mg gallic acid equivalent/g dry powder, and this value is comparable with
the values reported for edible anti-oxidative mushrooms from Poland (3–12.8 mg gallic
acid/g) [79]. This indicates that a series of polyphenols, mainly flavonoids, determined
by the metabolome analysis (Figure 3) will also provide a significant contribution to the
antioxidant potential of BDM-X. Since the oxidative damages are mediated by the reactive
species with diverse reactivity and cellular localization in vivo, the synergistic functions of
antioxidant components with different reactivity are also implicated in the high antioxidant
potential of BDM-X.

1.7.2. Anti-Obesity and Anti-Metabolic Syndromes Function of BDM-X

Obesity is one of the major targets of Mibyou-care, because it is the major pathogenic
condition of diabetes and related diseases including cardiac failure, stroke, dementia and
cancer [80]. BDM-X has been shown to have a marked anti-obesity function in rodents,
whereby male albino rats and genetically obese rats (OLETF) were fed a high-fat/high-
sucrose (HFHS) diet with and without DBM-X supplementation for 90 days [69,70]. BDM-X
supplementation markedly inhibited body weight gain, reduced visceral fat deposits and
improved insulin tolerance acquired by the HFHS diet. Supporting this observation, anti-
obesity and anti-diabetic functions have been studied for FPAs [36] and CLA [57], which
were detected as the major components of BDM-X in addition to β-glucan as dietary
fiber [67]. Polyphenols, typically catechins, have also been reported for their anti-obesity
function through the manipulation of lipid metabolism [81]. Moreover, the high antioxidant
and inflammation activities of BDM-X sustained by these antioxidant components including
polyphenols [82] will obviously contribute to the regulation of insulin sensitivity, as was
observed in HFHS feeding experiments [69,70].

1.7.3. Hepatoprotective Function of BDM-X

A strong hepatoprotective effect is one of the attractive pharmacological functions
of BDM-X. Long-term feeding of an HFHS diet produced a fatty liver and increased the
level of transaminases as the liver injury marker in rats, but BDM-X supplementation in the
diet suppressed these changes [69], indicating their hepatoprotective function. The liver-
protective function of BDM-X was further studied in the rodent model of non-alcoholic
steatohepatitis (NASH), where NASH was induced by streptozotocin (STZ) in combination
with feeding an HFHS diet [71,72]. NASH is the chronic liver disease regarded as Mibyou II,
which can lead to liver cancer, and is closely associated with obesity and diabetes [83].
Gavage administration of BDM-X to mice in the nonalcoholic fatty liver stage (NAFLD)
effectively prevented disease progression into NASH and inhibited fibrosis (Figure 6). The
dietary supplemented BDM-X attenuated an enhanced expression of sterol regulatory
element binding protein isoform (SREBP-I) and peroxisome proliferator-activated receptors
(PPAR-alfa) during the development of NASH, indicating that BDM-X primarily manipu-
lates lipogenesis in the liver [72]. The finding that BDM-X enhanced adiponectin expression
in obese rats also suggests that BDM-X manipulates lipid metabolism, which leads to the
prevention of obesity and fatty liver formation [70]. The ameliorative effect of BDM-X on
fatty liver was also currently evaluated in humans by a randomized, double-blind, parallel-
group comparison study, and a significant improvement of aminotransferase enzyme level
was observed [75].
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Figure 6. BDM-X attenuates clinicopathology in NASH-HCC mice. (A) Representative macroscopic
appearance of livers (circles: liver tumors). (B) Hematoxylin/eosin staining (black arrow: macrovesic-
ular steatosis, yellow arrow: microvesicular steatosis, red arrow: hypertrophy, circles: inflammatory
cells). (C) Fibrosis deposition by Masson’s trichrome staining (blue area). Normal, age-matched mice
subjected to a normal diet; NASH, streptozotocin injected mice subjected to being fed a high-fat diet
up to 16 weeks of age; NASH+BDM-X; streptozotocin injected mice subjected to the high-fat diet,
treated with BDM-X (500 mg/Kg/day) from the age of 12 weeks to 16 weeks. Scale bar = 20 μm.

Liver disorders include NASH associated with oxidative stress and inflammation. The
antioxidant components of BDM-X, including CLA, especially 10 c, 12 t CLA, ergosterol and
adenosine, also convey anti-inflammatory activities and are therefore expected to contribute
to the hepatoprotective function of BDM-X. FPA-I has the hepatoprotective function which
reportedly carries anti-inflammatory and anti-oxidative stress activities [38,39]. It is also im-
portant to note that polyphenols, including flavonoids typically, display anti-inflammatory
activities as well as anti-oxidant activities [84]. Indeed, the hepatoprotective function
of flavonoids such as quercetin and naringin, for example, have been reported [85,86].
Therefore, the comprehensive and synergistic actions by these BDM-X components will
be reflected in the effective prevention and amelioration of inflammation disorders, and
typically liver damage diseases including NASH.

1.7.4. Immune Modulating Function

Regarding homeostasis regulation, the immune system is of primary importance [87]
and is therefore the target of Mibyou-care, especially Mibyou I. Mushrooms have attracted
attention as immune modulators because of their rich nutrients, encompassing both major
and micro-nutrients, and also due to the presence of food factors, which modulate immune
cell activity [88]. The immune activating function of polysaccharides, especially β-glucan,
has been discussed mainly in relation to cancer therapy [89], and certain polysaccharide
fractions such as Krestin are clinically used as medication to treat cancer [90].

BDM-X is also predicted to have immune modulation activity because of the high
contents of β-glucan (13% w/w). Other components identified in BDM-X, especially FPAs
and CLA, are reported to modulate immune cell activation [39,59]. Adenosine acts as an
endogenous modulator of inert immunity, which plays a crucial role in Mibyou I care [91].
Ergosterol is another component, probably indirectly modulating the immune system
through the formation of Vitamin D as an immunity modulator [50]. The effects associated
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with these major components may explain the observed functions of BDM-X, such as
inhibition and amelioration of atopic dermatitis reported both in rodent [73] and human
studies [74], where antioxidant and anti-inflammatory functions also have cooperative roles.
Indeed, histochemical observation showed that BDM-X manipulated the accumulation of
inflammatory must cells in the damaged skin of the atopic dermatitis model mice (Figure 7).

Figure 7. BDM-X treatment improves histopathological changes in atopic dermatitis in mice.
(A) Hematoxylin/eosin (H&E) staining of the cross-sectional tissue slices of skin showing hyperker-
atosis, parakeratosis, acanthosis and spongiosis. (B) Skin levels of mast cells (red arrow) by toluidine
blue (TB) staining. Scale bar = 10 μm.

1.7.5. Cancer Preventive Function

The cancer immune activation is another aspect of the BDM-X function. There are a
few preliminary unpublished observations, such that BDM-X administration stimulated
lymphocyte formation in the spleen of rodents and increased cancer cell specific lympho-
cytes in the blood of a stage IV cancer patient. β-glucan is implicated as an active principle,
but the contribution of lower molecular weight components determined in BDM-X is
also plausible, since the chemo preventive function against cancer cells is reported for
FPAs [36,40], CLA [58,92] and DDMP [44,93]. More precise studies are required before
establishing the possible application of BDM-X in cancer prevention as a functional food
to stimulate cancer immunity in Mibyou-care routines [88], as well as in the treatment of
cancer in complimentary medicine as an adjuvant in chemo- and radio-therapies.

1.7.6. Other Prospective Functions

From the reported bioactivities of the respective components discussed above, BDM-X
is an attractive research target for the study of functions such as blood pressure con-
trol, cardiovascular disease and the prevention of neuronal diseases, including dementia.
For example, a BDM-X component, especially CLA, having high antioxidant and anti-
inflammatory potential is reported to prevent neuroinflammatory conditions leading to
brain damage [94].

There are currently many disorders including those described above, which are ex-
tensively discussed in relation to microbiome [95–97], and the β-glucans are the typical
ingredient which can modulate intestinal bacterial flora [98]. However, the effect of other
BDM-X components on intestinal bacteria also attracts attention besides their conventional
pharmacological effects. We preliminarily observed that the long-term ingestion of BDM-X
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in rodents affected intestinal microbiome, so as to decrease certain bacterial families such
as Allobaculum, which is associated with obesity, and to increase Bacteroides (not published).
Therefore, further studies are warranted to clarify the effects of BDM-X and ingredients on
gut bacteria.

1.8. Characteristic Feature of BDM-X as Mibyou-Care Functional Food

Among the major components of BDM-X, FPAs and DDMP are xenobiotics, but others
are physiological substances. Pharmacologically interesting food factors are commonly
xenobiotics such as polyphenols and dietary fibers, but it turns out that some cellular or
physiological components show certain pharmacological functions, and are therefore called
metabolic intermediate-type food factors, as exemplified by squalene [99]. Xenobiotics
as a pharmacologically active substance obviously contribute to observed food functions,
but latter-type food factors also play pivotal roles, especially in Mibyou-care, as shown
by examples such as branched amino acids, especially leucine, which modulate skeletal
muscle remodeling through attenuating inflammation [100] and Omega-3 fatty acids,
especially EPA, which behave as an anti-inflammatory substance to prevent neuronal
diseases [101]. Similarly, adenosine and uridine found in BDM-X as the major component
make a significant contribution as metabolic intermediate-type food factors in the Mibyou-
care functions of BDM-X.

Mibyou-care also involves medical intervention, especially in Mibyou II care. Al-
though the mechanism of food factor action as a pharmacologically active molecule is
rationalized by ligand–receptor interaction, the specificity and binding strength of food
factors are generally weak compared to medicine, and strong pharmacological activity is
therefore not the primary requirement of food factors [102]. Metabolic intermediate-type
food factors, including adenosine and uridine as signaling molecules [103], might play a
pivotal role in the homeostatic regulation of physiological reactions, which is one of the
basic targets of Mibyou-care. In this context, the biological response modifier (BRM) effect
that was primarily implicated for the anticancer function of mushrooms [104] might be
important as an underlying mechanism of the Mibyou-care function of BDM-X.

Although the pharmacological contributions of respective components have not been
precisely studied yet, comprehensive action, including synergism among the components,
is considered to play a pivotal role in the beneficial health functions of BDM-X as an edible
mushroom, and characterizing the potential of BDM-X as a Mibyou-care functional food.

2. Conclusions

The major components identified in BDM-X strongly indicate that BDM-X has at-
tractive properties, which may play significant roles in Mibyou-care practice as a cuisine
and also as functional food resources. Its medicinal application should also be further
discussed elsewhere.

Further mechanistic studies are needed at a molecular level to understand how the
isolated components, especially FPA-II, are involved in the observed functions of BDM-X.
However, the discussion above indicates that BDM-X itself is a promising food applicable
to Mibyou-care, especially Mibyou I care.
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Abstract: The rapid aging of the Western countries’ populations makes increasingly necessary the
promotion of healthy lifestyles in order to prevent/delay the onset of age-related diseases. The use of
functional foods can significantly help to achieve this aim, thanks to the contribution of biologically
active compounds suitable to protect cellular and metabolic homeostasis from damage caused by stress
factors. Indeed, the excessive production of reactive oxygen species (ROS), favored by incorrect eating
and behavioral habits, are considered causal elements of oxidative stress, which in turn favors tissue
and organism aging. Microalgae represent a convenient and suitable functional food because of their
extraordinary ability to concentrate various active compounds, comprising omega-3 polyunsaturated
fatty acids, sterols, phenolic compounds, carotenoids and others. Within cells, mitochondria are the
cellular organelles most affected by the accumulation of molecular damage produced by oxidative
stress. Since, in addition to producing the chemical energy for cellular metabolism, mitochondria
control numerous cell cycle regulation processes, including intrinsic apoptosis, responses to inflam-
matory signals and other biochemical pathways, their dysfunction is considered decisive for many
pathologies. Among these, some degenerative diseases of the nervous system, cardiovascular system,
kidney function and even cancer are found. From this viewpoint, bioactive compounds of microalgae,
in addition to possessing high antioxidant properties, can enhance mitochondrial functionality by
modulating the expression of numerous protective factors and enzymes, which in turn regulate some
essential biochemical pathways for the preservation of the functional integrity of the cell. Here, we
summarize the current knowledge on the role played by microalgal compounds in the regulation of
the mitochondrial life cycle, expression of protective and reparative enzymes, regulation of intrinsic
apoptosis and modulation of some key biochemical pathways. Special attention was paid to the
composition of some cultivable microalgae strains selected for their high content of active compounds
suitable to protect and improve mitochondrial functions.

Keywords: microalgae; mitochondria; oxidative stress; antioxidants; PUFA; carotenoids; sterols;
polyphenols; chronic diseases

1. Introduction

In the last 70 years, the world population has grown from 2.5 billion to over 7 billion,
but a general aging process has been occurring since 1980, albeit geographically uneven,
which will lead to the number of people aged between 15 and 59 in developed countries
halving by 2100 [1]. Among the consequent impacts, healthcare costs represent a problem
deserving special attention, both for the present situation and, in perspective, for the future
evolution of the world population [2–5]. In particular, long-term chronic-degenerative
diseases increase with the fraction of the elderly population [2], and the adoption of policies
aimed at delaying the onset and severity of these diseases represents the best strategy for
managing their social and economic impact [3–5].

There is a general scientific consensus considering the diet as one of the main factors
promoting and maintaining human health status, especially aiming at the prevention of
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diseases due to aging [6,7]. Unfortunately, the Western diet constitutes a primary risk
factor, together with insufficient physical activity, being characterized by an excessive
intake of calories, ultra-processed foods, saturated fats, carbohydrates with a high glycemic
index and salt [8]. At the same time, it is often deficient in healthy compounds which are
abundant in plants, i.e., antioxidants, minerals, vitamins and fibers [9], and which can
significantly contribute to the reduction of certain diseases and extend lifespan [7].

As part of a synergistic effort of scientific research and sustainable economic de-
velopment aimed at promoting healthy aging, the identification and characterization of
functional foods assume great relevance. These, even taken in modest amounts, can effec-
tively contribute to favor the improvement of the diet of populations with a high aging rate
while, at the same time, supporting economic policies oriented towards a sustainable de-
velopment model [10–12]. In this context, many microalgae are now considered innovative
functional foods which could play an important role in delaying aging and also in reducing
the impact of many age-related diseases [13–16]. The literature reports on a huge variety of
studies highlighting the value of microalgae as a source of healthful substances, especially
antioxidant compounds [14,16–21]. Indeed, oxidative stress represents one of the main
mechanisms of alteration of cellular and tissue homeostasis at the basis of aging and many
important diseases, including various types of cancer and neurological diseases [22,23].

Mitochondria represent the cellular components in which the highest number of
redox reactions take place and are, therefore, the organelles most exposed to oxidative
damage. The significant endowment of enzymes aimed at preventing oxidative damage
and the related functional implications confers a primary role to the mitochondrion in the
protection of the cell from oxidative stress and related pathologies [24–26]. Notwithstanding,
the importance of proper nutrition for preserving the mitochondrion’s functional integrity
is still an insufficiently understood topic, despite being increasingly at the center of clinical
research. In this short review, the potential benefits of microalgal compounds in the
prevention of functional mitochondrial disorders are specifically discussed. In particular,
we tried to summarize some mechanisms of action of the main active compounds present
in microalgae, highlighting how their action is not only due to mere chemical protection
from oxidant compounds but also to their ability to modulate the life cycle of mitochondria
and their main biochemical pathways.

This contribution is dedicated to the memory of Prof. Mario Roberto Tredici (Uni-
versity of Florence) in recognition of his irreplaceable contribution to the development of
microalgae biotechnology and of his passionate dedication, which he passed to those who
had the fortune to collaborate with him.

2. Functions of Mitochondria

Mitochondria are involved in many other essential metabolic activities, including the
control of cellular apoptosis, in addition to being responsible for the processes of cellular
respiration and ATP synthesis.

Their outer membrane delimits a space further compartmentalized by the inner mem-
brane, very developed and folded into ridges, where numerous enzymes are integrated,
such as those constituting the respiratory chain, also known as the electron transport
chain. The inner membrane delimits an internal matrix in which a specific DNA strand
and ribosomes can be found, allowing the synthesis of part of mitochondrial structural
and enzymatic proteins. However, most of them must be synthesized in the cytoplasm
and then imported by specific transporters. Mitochondria follow a complex life cycle
within the cell, the main phases of which are defined as biogenesis, fusion, fission and
mitophagy (Figure 1). These phases, also called mitochondrial dynamics, are characterized
by interactive processes among the organelles, which behave as an integrated mitochon-
drial reticulum [27]. During the biogenesis phase, mitochondria modulate their mass,
function, size and morphology through processes controlled by a network of transcription
factors and coregulators (cf. Table 1) which, in addition to the fewer but essential genes of
the mtDNA, also require the coordinated transcription of a large number of genes in the
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nucleus [28–30]. Furthermore, mitochondria can mix their content and generate extended
organelle networks through a process named fusion [27]. This phase implies the fusion of
the outer membrane controlled by mitofusins, i.e., large Mfn1 and Mfn2 GTPases, whereas
OPA1 Mitochondrial Dynamin Like GTPase (OPA1) intermembrane protein is required for
inner membrane fusion [31,32].

Figure 1. Conceptual illustration of the mitochondrial life cycle and the contribution of mitochondrial
dynamics and mitophagy to maintain organelle shape, size and functionality. Abbreviations: Drp1,
dynamin-related-protein 1; Mfn, mitofusin; OPA1, mitochondrial dynamin like GTPase; parkin, E3
ubiquitin-protein ligase parkin; Pink1, PTEN-induced putative kinase protein 1.

Following the replication of their single chromosome, mitochondria can proceed to
the division phase, called fission [33]. This allows for the replacement of dysfunctional mi-
tochondria or, in the case of cell replication, provides an adequate number of organelles to
be segregated between daughter cells. Fission requires the intervention of dynamin-related
protein 1 (Drp1), a cytosolic GTPase that translocates to the outer mitochondrial membrane
for assembling multimeric rings, which induce mitochondrial division [27,34–36]. Impor-
tantly, fission also allows the separation of dysfunctional parts of the mitochondrion [37].
The degradation of dysfunctional parts, or entire damaged mitochondria, occurs through a
special autophagy clearance phase known as mitophagy. This phase is controlled by the
PTEN-induced putative kinase protein 1 (PINK1), a protein kinase activated by the depo-
larization of the organelle membrane and which recruits the E3 ubiquitin-protein ligase
parkin (parkin) to the outer mitochondrial membrane, which in turn promotes mitophagy
by binding ubiquitin moieties as degradation signal (ubiquitination) [38–40]. An alternative
pathway is regulated by the mitophagic receptors BCL-2 interacting protein 3 Like (Bnip3L
alias Nix) and BCL-2 interacting protein 3 (Bnip3) [40]. Mitophagy, however, is a complex
phase involving selective autophagic events, in which mitochondrial and other cytoplasmic
materials are sequestered in double-membrane-delimited vesicles, called autophagosomes,
then fused to lysosomes to form autolysosomes where materials are degraded. Several
enzymes, membrane transporters and receptors are involved, among which a pivotal
function is attributed to processing regulators, such as autophagy related 5 (Atg5) and
beclin-1 (BECN1) [40].
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Table 1. Compounds known for their modulatory activities on the main mitochondrial cycle phases
and on their main regulatory enzymes/pathways (the compounds found in microalgae are under-
lined). Abbreviations: Atg5, autophagy related 5; BCN1, beclin-1; Bnip3, BCL-2 interacting protein
3; DHA, docosahexaenoic acid; Drp1, dynamin-related-protein 1; EPA, eicosapentaenoic acid; Fis1,
mitochondrial fission 1 protein; Mfns, mitofusins; MT, mitochondrion; NRF1, nuclear respiratory
factor-1; parkin, E3 ubiquitin-protein ligase parkin; Nrf2, nuclear factor erythroid 2-related factor 2;
OPA1, mitochondrial dynamin like GTPase; PGC-1α, peroxisome proliferator-activated receptor-γ
coactivator-1α; Pink1, PTEN-induced kinase 1; Prk2, protein kinase C-related kinase 2; SIRT1, silent
information regulator-1; TFAM, transcription factor A mitochondrial; TFBM, transcription factor B
mitochondrial.

Modulatory Active
Compound

Ref.
Key Regulatory

Enzymes
or Pathways

Cycle Phase Description

Astaxanthin [41,42] PGC-1α, Tfam

Biogenesis
MTs increase by organelle division. The
organelles undergo mtDNA replication

and subsequent division.

EPA [43] NRF-1, TFAM, COXIV,
SIRT1, PGC-1α

EPA/DHA, curcumin [44–46] PGC-1α, NRF1
Fucoxanthin [47] NRF1, NRF2
Quercetin, resveratrol [45] Nrf2
Salidroside (Rhodiola) [48] SIRT1
Fucoxanthin, curcumin [45,47,49] PGC1α, Tfam

Fucoxanthin [47] Mfns; Opa1

Fusion

Coordinated fusion of the inner and outer
membranes between two organelles
aimed to merge intact and slightly

dysfunctional MTs. It is particularly
useful in case of damaged mtDNA.

Omega-3 fatty acids [46] Mfns; Opa1

Resveratrol [32] Mfn2

Omega-3 fatty acids [46] Drp1, Fis1

Fission

Separation of the MT into two smaller
units. Fission allows the isolation of

damaged MT parts for elimination, but it
becomes massive in the case of apoptosis.

1H-pyrrole-2-
carboxamide
compounds (synthetic)

[34] Drp1

Astaxanthin [42,50] Drp1

Curcumin, astaxanthin,
resveratrol,
hydroxytyrosol,
oleuropein, spermidine

[51] Modulation of several
mitophagy mediators

Mitophagy Autophagic degradation of irreversibly
damaged MTs or part of them.Astaxanthin [42] PINK, parkin

Fucoxanthin [49] Pink1, Prk2, Bnip3,
BECN1, Atg5

The regulation of mitochondrial dynamics can directly affect the mass and functionality
of the mitochondrial reticulum. Many compounds, some reported in Table 1, modulate
mitochondrial dynamics by acting on key enzymes or regulating the expression of relevant
cytosolic and mitochondrial factors. Among these, central functions are performed by
peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α), nuclear respiratory
factor-1 (NRF1), nuclear factor erythroid 2-related factor 2 (Nrf2), transcription factor A
mitochondrial (TFAM) and transcription factor B mitochondrial (TFBM), which are all
positive regulators of the mitochondrial biogenesis.

PGC-1α interacts with many cell functions and is regulated at both transcription and
post-translation levels, e.g., activated by deacetylation by silent information regulator-1
(SIRT1). Among other effects, it modulates mitochondrial biogenesis by interacting with
both NRF1 and Nrf2 nuclear respiratory factors [29]. In turn, NRF1 and Nrf2 regulate the
expression of subunits of the electron transfer chain and promote mtDNA transcription [29].
NRF1 is also a promoter factor of the expression of TFAM and of other promoters required
for the basal transcription of mitochondrial DNA, in particular of TFB1M and TFB2M
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(transcription factor B1 and B2, mitochondrial, respectively) [29,52]. In the activated form,
Nrf2 translocates to the nucleus, where it regulates the expression of several genes by
binding to the antioxidant response elements (AREs) included in their promoter regions,
four of which are also in the NRF1 promoter [29].

As the powerhouse of the cell, the mitochondrial enzymatic machinery carries out the
redox processes by which the chemical energy of organic compounds is transferred to ATP
molecules (glycolysis, Krebs cycle and beta-oxidation of fatty acids), then directly used
as an energy source for the cell. The transfer of electrons through the respiratory chain
implies the production of a high amount of reactive oxygen species (ROS), i.e., the main
actors involved in the oxidative stress, which in turn is believed to be the main cause of
the molecular damage at the base of cellular aging processes [24,53–55]. Oxidative damage
produced by ROS is kept under control by several enzymes (Table 2), which perform two
essential functions: the prevention of the excessive concentration or persistence of ROS and
the repair of molecular damage produced by these reactive compounds.

The biochemical network of protection mechanisms against oxidative damage and
related signaling pathways is indicated by the term “mitohormesis” [30]. Despite defense
mechanisms, the progressive accumulation of oxidative damage leads to dysfunctionalities
of the mitochondrial reticulum, which is considered to be among the main causes of
aging [56,57] and of numerous chronic degenerative noncommunicable diseases (NCDs),
such as nonalcoholic steatohepatitis (NASH) [58–61], muscle insulin resistance related to
obesity [62,63], kidney pathologies [64], cardiovascular pathologies [25,65,66], Parkinson’s
disease [67], Huntington’s disease [68], and Alzheimer’s disease [54,69]. The study of the
correlation among the morpho-functional alteration of mitochondria, the aging processes
and the onset of numerous chronic and degenerative diseases made it possible to highlight
the importance of diet in the preservation of mitohormesis. In particular, the intake of foods
containing compounds suitable to enhance the protective mechanisms of mitochondrial
functionality is now considered a primary factor for delaying aging and for preventing
related diseases [51]. Tables 1 and 2 list some compounds which have been shown to
modulate protective enzymes or specific processes of the mitochondrial life cycle. Notably,
most of these molecules present antioxidant properties in vitro, therefore, they are able to
inactivate ROS by direct chemical interaction, and this has often led to the belief that their
primary biological activity is due to this mechanism. However, even if it is evident that
antioxidant activity is, to varying degrees, involved in the effects produced by antioxidants,
it was demonstrated that these compounds often trigger much more complex interactions
and show biological properties different from those just attributable to antioxidant activity.
As an illustrative example, the highly studied case of resveratrol can be considered referring
to the so-called “French paradox” [70]. This consists in the low incidence of coronary heart
disease observed in French people, while having a diet relatively rich in saturated fats.
According to authors’ hypothesis, this was attributed to the protective effect of resveratrol,
taken through a moderate consumption of red wine. Resveratrol is a polyphenol with
antioxidant properties modulating various cellular and even mitochondrial processes (cf.
Tables 1 and 2), producing a protective action against cardiovascular pathologies. However,
this protection occurs even assuming very small amounts of this compound, which would
not justify a significant effect in terms of chemical antioxidant action.
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Table 2. Factors/proteins/compounds known as regulators of activity or gene expression of mito-
chondrial enzymes involved in the prevention and repair of damage due to ROS. Abbreviations:
AP-1, activator protein 1; AP-2, adaptor protein complex 2; ARE, antioxidant response element;
C/EPB, CCAAT/enhancer-binding protein; CREB, cAMP response element-binding protein; DHA,
docosahexaenoic acid; Egr1, Early growth response protein 1; FOXO3a, forkhead box O3a; HIF-1,
hypoxia-inducible factor 1; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells;
NRF-1, nuclear respiratory factor-1; Nrf2, nuclear factor erythroid 2-related factor 2; Oct-1, POU
domain, class 2, transcription factor 1; p53, cellular tumor antigen p53; PIG3, p53 inducible gene 3;
PPARγ, peroxisome proliferator activated receptor γ; SIRT, sirtuin; Sp1, specificity protein 1.

Factor/Protein/Compound Able to
Regulate Target Enzyme or Its Gene
Expression

Effect Ref. Target Enzyme Target Enzyme Function

PPARγ Up [71]

Catalase
Hydrogen peroxide (H2O2) decomposition to

oxygen (O2) and water (H2O).

Oct-1 Up [71]
Astaxanthin Up [72]
DHA (via Nrf2) Up [73]
p53, PIG3 Down [74]
MicroRNA-30b Up [75]

NF-κB, (Sp1), C/EBP, SIRT, FOXO3a,
CREB Up [73,76–78]

Mn-Superoxide
dismutase (SOD2)

Manganese enzyme expressed in the inner
matrix catalyzes the dismutation of the
superoxide radical (O2•−) into ordinary

molecular oxygen (O2) and hydrogen
peroxide (H2O2).

AP-1 Up [79]
AP-2 Down [76]
p53, p50 Down [78,80]
miR-146a Down [81]
Quercetin Down [82]
Curcumin Up [83]
Astaxanthin Up [72]

Sp1, C/EBP, Egr1, Nrf2, NF-κB, ELAV-like
proteins, resveratrol Up [84–87] Cu,Zn-Superoxyde

dismutase (SOD1)

Copper-zinc enzyme with the same function
as SOD-2 but expressed in the
inter-membrane space [77,88].

AP-1 Down [78,89]
Quercetin Down [82]

ARE/EpRE Up [90] Peroxiredoxins
(Prx3)

Enzymes are able to catalyze the oxidation of
the redox-active cysteine (i.e., peroxidatic
cysteine) to a sulfenic acid by the peroxide

substrate.Angiotensin II Down [91]

SOD2 Up [92] Thioredoxin
(TNX2)

Enzymes are expressed by a nuclear gene
and imported into the mitochondrion, which
carries out ROS scavenging activity with the

concomitant anti-apoptotic effect [93].Curcumin Up [83]

Resveratrol Up [85]
Glutathione

peroxidase-1(GPx-1)

A selenocysteine-containing enzyme
involved in the reductive detoxification of

peroxides. Its expression seems stimulated by
the epidermal growth factor (EGF).

Genistein Up [94]
Quercetin Down [82]

Resveratrol Up [85]
Glutathione (GSH)

It protects the cell from respiration-induced
reactive oxygen species and detoxifies lipid

hydroperoxides and electrophiles.
Quercetin Down [45]
Nrf2/Nrf1 via ARE, AP-1 and NF-kB Up [95]

Procyanidin B2 (upregulation of P1
isoform via nuclear translocation of Nrf2) Up [96] Glutathione-S-

transferases (GSTs)

Mitochondrial GSTs display both GSH
transferase and peroxidase activities for the
detoxification of harmful byproducts [97].

Obtusilactone A (OA) and
(−)-sesamin Down [98]

Lon proteases

They decompose damaged and misfolded
proteins tagged for degradation at their

–COOH or –NH3 terminus [57].
Mitochondrial biogenesis in mammalian cells

is partly regulated by the matrix Lon
protease [99].

Acute stressors, such as heat shock, serum
starvation, and oxidative stress (Nrf-2,
HIF-1)

Up [100]

Only synthetic molecules are known:
β-lactones (A2-32-01); Phenyl esters
(AV167, TG42, TG53); α-aminoboronic
acid

Down [101]
Clp proteases

Variants of chaperon ATPase subunits (ClpA,
ClpC, ClpE etc.) combined with a proteolytic

subunit (ClpP) [57].Only synthetic molecules are known:
Acyldepsipeptide analogs (ADEP-41);
imipridones (ONC201, ONC212, TR57)

Up [101]
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Mitochondrial Apoptosis and the Role of BCL-2 Family Proteins

Many compounds found in microalgae show to affect the regulation of apoptosis, a
cell death process in which mitochondria are key players. Apoptosis is a complex and still
not fully understood process, the discussion of which is beyond the scope of the present
review. However, some essential mechanisms of action are summarized here since they
will be frequently mentioned in the following discussion of the bioactivities of microalgal
compounds.

In healthy subjects, apoptosis is a physiological mechanism by which the transforma-
tion of cells into cancerous cells is prevented; therefore, its regulation assumes relevant
therapeutic applications. Mitochondrial activation of apoptosis is controlled by proteins of
the BCL-2 family, i.e., proteins sharing the BCL-2 homology (BH) domains, numbered from
1 to 4, and playing both pro- and anti-apoptotic roles. The antiapoptotic proteins which
contain four BH domains (BH1-BH4) include B-cell lymphoma 2 (BCL-2), B-cell lymphoma-
extra-large (BCL-xL), BCL-2-like protein 2 (BCL2L2 alias BCL-w), BCL-2 family protein
myeloid cell leukemia-1 (Mcl-1), and BCL-2-related protein A1 (A1) [102]. Proapoptotic
BH1-BH4 effectors, which directly promote the mitochondrial outer membrane permeabi-
lization, consist of BCL-2-associated X protein (Bax) and BCL-2 homologous antagonist
killer (Bak) [102]. The BCL-2 family also includes pro-apoptotic BH-3 only proteins: BH3
interacting-domain death agonist (Bid), BCL-2-like protein 11 (Bim), BCL-2-interacting killer
(Bik), BCL-2-associated death promoter (Bad), BCL-2-modifying factor (Bmf), harakiri BCL-
2 interacting protein (Hrk), phorbol-12-myristate-13-acetate-induced protein 1 (PMAIP1,
generally mentioned with the alias Noxa), and p53-upregulated modulator of apoptosis
(Puma) [103,104].

The interaction among these apoptosis actors and regulators is complicated and
not completely elucidated, but some recent reviews with complementary insights were
published by Peña-Blanco and Garcıa-Sáez [102], Kale et al. [105], and Roufayel et al. [103],
from which some of the following concepts were here synthesized.

As a very schematic model, Bak and Bax represent the apoptotic effectors, which
translocate from cytosol to the mitochondrial outer membrane following their activation,
where they can accumulate. There, they induce the formation of pores though which
activators of the caspase cascade, such as SMAC/DIABLO protein and cytochrome c
(Cyt-c), are released to the cytosol, triggering cell death in a short time. Concerning the
apoptotic event, Bak/Bax can be activated by the interaction with BH3-only proteins or
by dephosphorylation as an effect of specific direct activators. On the contrary, their
inhibition occurs by dimerization binding with antiapoptotic BCL-2 proteins. On the other
side, BH3-only proteins can antagonize Bak/Bax to bind antiapoptotic BCL-2 proteins and
form heterodimers, thus releasing the apoptotic proteins, which can accumulate on the
mitochondrial membrane.

Various models describe how BCL-2 family proteins competitively interact with each
other to control apoptosis [103]. It is interesting to note that activation/inhibition of differ-
ent BCL-2 proteins is triggered by some biochemical pathways, with which compounds
found in microalgae can interact and by oxidative stress itself. For instance, the regulation
of the activity of BCL-2 proteins, which can occur at the gene expression level and/or by
phosphorylation/de-phosphorylation, is strongly affected by the ERK1/2 MAP kinase
signaling (ERK, extracellular signal-regulated kinase; MAP, mitogen-activated protein)
through several and alternative biochemical routes [106].

3. Conceptualization of the Functionality of Foods and Implications of Their
Active Compounds

Many compounds with an activity on the protection of mitochondria, and other cellu-
lar components, are normally present in the human diet, but only in very small amounts.
The recent awareness of their relevance has progressively pushed the research to look
for functional foods, i.e., foods particularly rich in suitable molecules for significant diet
supplementation. There is no internationally agreed definition of functional food, but the
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regulations issued by several countries share the assumption that it “has the ability to promote
well-being and health beyond basic nutritional properties” [107]. The definition introduced by
the European Food Safety Authority (EFSA) specifies that the effects of functional foods
must be: “. . . relevant to either an improved state of health and well-being and/or reduction of risk
of disease. [. . . ] and it must demonstrate their effects in amounts that can normally be expected
to be consumed in the diet”, while experts of the Functional Food Center (USA) specified
that active food compounds must “. . . provide a clinically proven and documented health benefit
utilizing specific biomarkers for the prevention, management, or treatment of chronic disease or its
symptoms” [10]. Beyond the above definitions, a shared concept is that a functional food
must contain compounds considered not essential for human nutrition and yet able to
positively modulate metabolic processes and cellular functions as well as to protect from
detrimental alterations of the well-being state. The latter can be intended as consistent
with the functional decay due to aging or even related to actual pathological conditions.
Furthermore, some compounds found in functional foods could be included in a further
functional category of relatively recent and fairly uncertain definition, namely nutraceu-
tical compounds. This term implies an intermediate biological activity between that of a
nutrient and that of a drug, but the proposed definitions are, once again, grounded on the
effectiveness of preventing or treating pathologies or metabolic disorders [108,109]. The
significant overlap with the definition of functional food is evident, even if nutraceuticals
do not necessarily have to be foods or part of them. Generally, nutraceuticals are provided
as one or more natural nutrients in powder or tablet form, therefore similar to typical drug
preparations, without however falling into this category [110]. It is worth noting here that
the concepts underlying these definitions, often influenced by commercial needs, are not
really new, having already been implicitly introduced by various forms of traditional or
alternative medicine, such as traditional Chinese medicine, Indian Ayurvedic medicine or,
for some aspects, homeopathic medicine [111,112].

The most interesting point of this heritage of concepts, beyond the implicit inter-
pretations of many definitions, relies on a novel approach for the interaction among diet,
metabolism and health state. The ever deeper understanding of the mechanisms of action of
biologically active substances, such as polyphenols, carotenoids, omega-3 polyunsaturated
fatty acids (PUFAs), polysaccharides, alkaloids, etc., has encouraged the research for novel
sources of compounds suitable to support a thriving industry focused on the development
of food supplements.

In the last two decades, microalgae have been particularly studied for their ability
to concentrate in a unique cell, several actives suitable to promote well-being and health,
which are often rare in foods from terrestrial ecosystems [13,14,16,113–116]. Even if some
microalgal species can be considered for their relevant contribution to macronutrients, in
general, the nutritional interest of these microorganisms is closely related to their supply
of active compounds. For instance, the food use of Haematococcus derivatives provides a
high amount of astaxanthin (a very active carotenoid) which cannot be compared with any
traditional food [19]. Furthermore, an ethical issue concerning the preservation of natural
resources should be considered. In a previous review, we showed that a daily intake of
6 g dry weight (DW) of Nannochloropsis can guarantee the intake of 240 mg/day of eicos-
apentaenoic acid (EPA), as recommended by EFSA, comparable to a weekly consumption
of about 236 g fresh weight of seabream or seabass [117]. Fish oil required to produce
these prized fishes can be obtained from 800–1200 g of wild forage fish, which appears
ecologically unsustainable.

Generally, microalgae are cultivated for the content of their most represented active
compound, justifying the claim of their nutritional “functionality”. However, if also all
minor active compounds comprised in the same biomass are considered, microalgae should
be regarded as “multifunctional” foods, as will become evident in the following part of the
present review. Indeed, it is opportune here to mention that microalgae and cyanobacteria
are rich in several compounds, not treated in the following discussion, but very useful
for human health and even for therapeutic applications. For instance, the cyanobacteria
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Arthrospira can contain up to 60% DW of proteins rich in essential amino acids [118]. Mi-
croalgal polysaccharides of the cell wall can contribute approximately 10% of the DW [119]
and comprise different heteropolysaccharides and monosaccharides, with potential and
still unexplored bioactivities, whereas some microalgae are known sources of extracellular
sulfated polysaccharides with relevant effects on the human metabolism [120]. Moreover,
microalgae are a valuable source of vitamins such as tocopherols and important vitamins
of the B group (e.g., B6, B9, B12), also comprising some of them poorly found in terrestrial
plants, such as vitamins D and K [15]. The high content of minerals is consistent with the
composition of ash, which can vary between 13–18% in marine microalgae and 4.5–6.7%
in some freshwater species, such as Chlorella and Arthrospira [119]. Some minerals of high
interest for nutritional scopes can be abundant: for instance, Phaeodactylum tricornutum
contains about 5% DW of Ca and 0.24% DW of Fe [119].

Importantly, fish farmers exploited for decades the exceptional nutritional properties
of some microalgae for weaning larvae of fish and shrimps [117]. This provided strong
evidence of their potential and safety as a source of bioactive compounds for human
nutritional applications, also because microalgae do not share common pathogens with
humans. Interestingly, their rigid cell wall can be exploited as a natural encapsulation to
protect new-generation therapeutics from the aggressive environment of the stomach, as
recently proposed for an edible preparation of S-glycoprotein and soluble angiotensin-
converting enzyme 2 (ACE2) for the treatment/inhibition of SARS-CoV-2 [121]. Despite
this, still few microalgal strains are Generally Recognized As Safe (GRAS) in the USA or
are authorized for human food use in other relevant markets. In this regard, the situation is
quite confusing since some microalgae were already approved as raw biomass ingredients,
but in other cases, only as a source of edible extracts (generally oils). However, there are
inconsistencies among the consulted references, whereas databases of national authorities
are not easily searchable. Consequently, some inaccuracies or deficiencies could also be
reported in the present work. To the best of our knowledge, only the following species were
authorized for human consumption [117,122,123]: Arthrospira platensis in the USA, Canada,
the EU, India, Japan and China; Haematococcus pluvialis, and Chlamydomonas reinhardtii
in the USA and China; Auxenochlorella pyrenoidosa in the EU and China; A. protothecoides
in the USA, the EU and Japan; Chlorella vulgaris in the EU and Japan; C. sorokiniana in
Canada and the EU; C. regularis in Canada; Dunaliella bardawil in the USA; Dunaliella salina
in Canada and China; Euglena gracilis in Canada, the EU, China and Japan; Schizochytrium
sp. as a fermented ingredient in the USA; Aphanizomenon flos-aquae, Parachlorella kessleri,
Jaagichlorella luteoviridis, Tetraselmis chui and Odontella aurita in the EU; Nostoc sphaeroides
and Microchloropsis gaditana in China. Furthermore, the following algal derivatives (not the
algal biomass) were authorized as food ingredients:

• In the EU [117]: β-carotene and a mixture of carotenoids from Dunaliella salina; oil
rich in PUFAs from Ulkenia sp.; DHA and EPA ethyl esters oil from Schizochytrium sp.;
astaxanthin-rich oleoresin from Haematococcus pluvialis; oil rich in EPA from Phaeo-
dactylum tricornutum;

• In the USA (data by Food and Drug Administration or cited reference): DHA Algal
Oil from Schizochytrium sp.; EPA oil from Microchloropsis gaditana [124]; Astaxan-
thin extracted from Haematococcus pluvialis; algal fat from Prototheca zopfii (syn. mori-
formis) [125]; oil from Ulkenia sp.;

• National Health Commission (People’s Republic of China): DHA oil from Schizochytrium sp.,
Ulkenia amoeboida, Crypthecodinium cohnii.

Surprisingly, moreover, the analysis of these microorganisms as potential sources of
compounds useful for the maintenance of mitohormesis was still insufficiently investigated.

3.1. Protective Features of Crude Extracts of Microalgae

Studies focused on the use of microalgae as food for their protective action on mito-
chondria are still very scarce, and most of the information, therefore, comes from the study
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of individual compounds present in their composition. In this section, the few works to our
knowledge were considered, including experimental results obtained on cultivated cells.

An ethanol/water extract obtained from Tetraselmis suecica (phylum: Chlorophyta,
class: Chlorodendrophyceae [126]) was tested on a human lung cancer cell line chal-
lenged with H2O2 and showed enhanced oxidative stress resilience and cell survival by
the upregulation of several enzymes, including mitochondrial SOD2 and GPx1 [127]. In-
terestingly, the extract treatment also upregulated the expression of SIRT2, a cytosolic
deacetylase, which promotes mitochondrial biogenesis, whereas it inhibited Drp1 and
the related fission activity [128]. A 10% dietary supplementation with Nannochloropsis
gaditana (phylum: Ochrophyta, class: Eustigmatophyceae, currently accepted name: Mi-
crochloropsis gaditana [126]) was able to reduce the peroxidation on some mitochondrial
components of the liver of diabetic rats, using malondialdehyde and carbonyl proteins as
damage markers [129]. These effects mitigated the decreased activities of catalase (CAT)
and superoxide dismutase (SOD), as well as the concentration of reduced glutathione (GSH)
observed in untreated diabetic rats in comparison to healthy controls. A 70% methanolic
extract of Euglena tuba (phylum: Euglenozoa, class: Euglenophyceae [126]) showed an-
titumoral activity against Dalton’s lymphoma cells in inbred populations of a BALB/c
(H2d) mice strain [130]. This result was consistent with the detected alteration of the
mitochondrial membrane potential, upregulation of proapoptotic proteins Bax and cellular
tumor antigen p53 (p53), while the anti-apoptotic protein regulator BCL-2 was downreg-
ulated. Mitochondria-mediated apoptosis in non-small cell lung cancer lines was also
demonstrated for hot water extracts of Chlorella sorokiniana (phylum: Chlorophyta, class:
Trebouxiophyceae [126]). This conclusion was supported by the downregulation of the
anti-apoptotic BCL-2, E3 ubiquitin-protein ligase XIAP (XIAP) and survivin, whereas the
proapoptotic caspase-3, caspase-9, and poly [ADP-ribose] polymerase (PARP) were acti-
vated by peptide bond cleavage [131]. An anticancer effect due to mitochondrial apoptosis
was also proposed for methanol and ethyl acetate extracts of Picochlorum sp. RCC486 [132]
(phylum: Chlorophyta, class: Trebouxiophyceae [126]), ethanol extracts of an unclassi-
fied Antarctic freshwater of the Botryidiopsidaceae family [133] (phylum: Ochrophyta,
class: Xanthophyceae [126]), and ethanol extracts of Chaetoceros calcitrans [134] (phylum:
Bacillariophyta, class: Mediophyceae [126]). Most of these anticarcinogenic activities can
be explained by the high content of polyphenols and carotenoids in microalgae, suitable
to modulate mitochondrial metabolism, reported below. However, it should be kept in
mind that part of these results was obtained only on tumor-derived cell lines, and their
verification in vivo is recommended for robust confirmation.

Other activities of interest mainly concerned disorders related to aging and chronic
diseases. The attenuation of hepatic steatosis was shown in a murine model following
the treatment with ethanol extracts of Nitzschia laevis (phylum: Bacillariophyta, class:
Bacillariophyceae, accepted name: Nitzschia amabilis [126]) prepared using a Super High
Pressure-Low Temperature Flowing Cell Cracker. The disease improvement was due to the
enhancement of hepatic mitochondrial function and the repression of fatty acid synthesis
by the phosphorylation of acetyl-CoA carboxylase [135]. In another study carried out
in vitro, both on primary skin cells and on ex vivo full-thickness skin, an aqueous extract
of Scenedesmus rubescens (phylum: Chlorophyta, class: Chlorophyceae, accepted name:
Halochlorella rubescens [126]) showed protective effects against UV radiation damage by an
increase of both mitochondrial efficiency and of cell proliferation [136].

An interesting finding was obtained using Spirulina platensis (phylum: Cyanobacteria,
class: Cyanophyceae, currently accepted name: Arthrospira platensis [126]) treating a horse’s
endocrine disorder named Equine Metabolic Syndrome, a severe pathology linked to
insulin resistance, oxidative stress, and systemic inflammation [137]. In vivo trials carried
out with pelleted Spirulina, as well as in vitro tests on cell line models with a water extract of
Spirulina, have shown that this cyanobacterium improved the mitochondrial functionality,
downregulated the proapoptotic proteins p21, p53 and Bax, as well as the pro-mitophagic
proteins PINK1 and parkin.
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3.2. Activity of Long-Chain Polyunsaturated Fatty Acids (PUFAs)

Microalgae are known for their ability to synthesize and concentrate long-chain PUFAs,
and in particular EPA and docosahexaenoic acid (DHA), especially if culture conditions
aimed at maximizing the accumulation of these compounds are adopted. For instance, DHA
can reach up to 40% of the total fatty acids in some Dinophytes, 30% of the total fatty acids
in some Haptophytes and even up to 60% of total fatty acids in the form of triacylglycerols
in Thraustochytrids belonging to the genus Aurantiochytrium and Schizochytrium [115]. The
content of EPA, on the other hand, can reach up to 20% of the fatty acids in Diatoms, e.g.,
Phaeodactylum tricornutum, while among the Eustigmatophytes, EPA can range between 15
and 30% of the lipo-acidic profile of Nannochloropsis oculata [115].

In addition to presenting an antioxidant effect, PUFAs provide benefits to human
health through various mechanisms of action and metabolic pathways. Clinical trials
involving PUFAs are generally based on the intake of fish oil, whose EPA and DHA content,
in any case, derives from microalgae through the fish food chain. When focusing on the
biology of mitochondria, it has been shown that omega-3-rich diets improved mitochondrial
dynamics and morphology, increasing the expression of mitofusins (Mfns) and OPA1, while
a downregulation of Drp1 and mitochondrial fission 1 protein (Fis1) was observed [46].
The overall effect was to promote mitochondrial fusion and inhibit fission processes, thus
increasing the mitochondrial reticulum and enhancing its functionality.

It is worth mentioning that a diet rich in EPA and DHA modifies the composition of
the mitochondrial membrane phospholipids by partially replacing arachidonic acid [138],
so improving stress tolerance and reducing the incidence of heart attack [65,139]. Among
the lipids almost exclusively synthesized in mitochondria, cardiolipins constitute approx-
imately 15–20% of the total mitochondrial phospholipids. Among many functions, they
regulate mitochondrial dynamics stabilizing the interaction of key enzymes with the or-
ganelle membrane, especially Drp1 and OPA1 [65]. Cardiolipins anchor Cyt-c to the internal
mitochondrial membrane, and their integrity seems to be fundamental for the prevention
of the “mitochondrial permeability transition pore” opening, which triggers the release of
Cyt-c into the cytosol and cell apoptosis [65]. However, cardiolipins’ integrity is threatened
by oxidative reactions, to which they are particularly exposed due to their position with
respect to oxidative phosphorylation enzymes. Several studies have shown that PUFAs
play an important role in the functionality and protection of cardiolipins (see the review by
Paradies et al. [65]). Dietary supplementation with DHA and EPA can increase the total
cardiolipin content in cardiac mitochondria [139]. In hearts subjected to prolonged ischemic
conditions, DHA has been shown to counteract the decline of tetralinoleyl cardiolipin, i.e.,
the primary moiety of cardiolipin, preventing cardiomyocyte death by the formation of the
mitochondrial permeability transition pore [65,139].

Studies focused on overweight subjects show that EPA-treated adipocytes improved
their mitochondrial reticulum and its functionality through the upregulation of mRNA
expression of NRF-1, MTFA and Cyt-c oxidase [43]. These effects were accompanied by
the upregulation of genes involved in mitochondrial biogenesis, such as sirtuin 1, PGC1-α
and 5′-AMP-activated protein kinase (AMPK). Moreover, mitochondrial biogenesis was
stimulated via upregulation of PGC1-α and NRF-1 also by treating C57BL/6J mice with a
high-fat diet comprising an EPA and DHA concentrate (6% EPA, 51% DHA) [44]. At the
same time, a tissue-specific modulation of lipid metabolism was observed. Indeed, the
expression of carnitine palmitoyltransferase 1A and fatty acid catabolism were increased in
epididymal, but not subcutaneous, fat cells.

Interestingly, it has long been known that EPA can be found in low amounts in the
fatty liver of diabetic patients [140]. A study carried out on myotubes prepared using cells
obtained from obese type 2 diabetic patients have shown an impaired mitochondrial capac-
ity for fatty acid and glucose oxidation. The treatment with EPA (100 μmol/L) enhanced
glucose oxidation, whereas positive effects on lipid metabolism were also observed, but
with less clear results [141]. Furthermore, in rats, EPA significantly increased the expression
of thermogenic genes, such as uncoupling protein 1-3 (UCP1-3), cell death-inducing DFFA-
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like effector A (CIDEA) and vascular endothelial growth factor A (VEGFα) [142], consistent
with the promotion of the beige-like adipocytes differentiation observed in humans [43].

3.3. Sterols

These compounds are synthesized in microalgae mainly as components of the cell
membrane, in quantities that can vary in response to environmental conditions, such as
salinity, temperature and light intensity [143]. Several microalgal sterol compounds have
been described, including campesterol, stigmasterol, beta-sitosterol, monomethylsterol,
brassicasterol, ergosterol and cholesterol [143,144]. Some molecules of this group are quite
uncommon if compared to those occurring among higher plants, such as poriferasterol
and clionasterol, identified in Chlorella pringsheimii (phylum: Chlorophyta, class: Treboux-
iophyceae, currently accepted name: Pseudochlorella pringsheimii [126]), or ergosterol and
chondrillasterol in Chlorella fusca (phylum: Chlorophyta, class: Chlorophyceae, currently
accepted name: Desmodesmus abundans [126]) [18]. Interestingly, appreciable contents of
β-sitosterol and stigmasterol were detected in Nannochloropsis sp. [145].

The interactions of sterols with the biology of mitochondria have been studied mainly
as modulators of the apoptotic process and, in general, for the related effects on cancer
prevention. Stigmasterol, a sterol extracted from Navicula incerta (phylum: Bacillariophyta,
class: Bacillariophyceae [126]), promoted the apoptosis of hepatocarcinoma cells (HepG2)
by upregulating the expression of BAX and P53, both powerful pro-apoptotic genes, and
by downregulating the anti-apoptotic BCL2 gene [146]. The activation of cellular apoptosis
via the mitochondrial route suggests possible applications of microalgal sterols for the
treatment of cancer, but also potential uses aimed at promoting the clearance of dysfunc-
tional cells, which could be candidates to transform into neoplastic cells, thus favoring the
renewal of tissue composition.

In a cellular model of colon cancer, the effect of different phytosterols, pure substances
or mixtures, was also studied in combination with a carotenoid, i.e., β-cryptoxanthin, by
treatments at concentrations comparable to values present in human serum after the intake
of functional drinks. Various effects were detected at the mitochondrial level with conse-
quent apoptosis activation and inhibition of cell proliferation, according to the following
efficacy scale: phytosterols-mix > stigmasterol > β-cryptoxanthin + phytosterols-mix >
campesterol > β-cryptoxanthin [147].

3.4. Phenolic Compounds

Phenolic compounds are secondary metabolites with antioxidant properties and sev-
eral biological activities. They are abundant in plants and comprise phenolic acids and
polyphenols (i.e., flavonoids and tannins), stilbenes, lignans and lignins [148]. Considering
the data reported in the literature for this group of compounds, it should be kept in mind
that the quantification of phenolic compounds is a challenging topic since they generally
show limited solubility in water, and the extraction efficiency varies significantly with
the method and solvent used. The commonest methodologies are based on the extraction
using hydrophilic solvents, or their mixtures, such as ethanol, methanol, or water (in the
latter case, preferably with a microwave-assisted process), but various other techniques
are currently also available [149,150]. The composition of phenolic compounds in different
microalgal species, however, should be critically considered for representing their actual
total amount. In general, results obtained by a specific extraction process, even if deemed
sufficiently efficient, still represent an underestimate of the actual content of phenolic
compounds, as will be evident in some examples below. Importantly, the quantification is
generally expressed in terms of standard antioxidant capacity, conventionally established
in μmol or, more frequently, in mg of gallic acid equivalents (mg GAE) per gram of sample.
However, the latter conventional concentration unit can be applied just for the antioxidant
capacity, and it is not suitable for representing the impact of these substances on biological
functions, such as the regulation of enzymes and nuclear factors.
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Goiris et al. [151] studied the fractional extraction of phenolic compounds from mi-
croalgae, obtaining the highest quantities with an ethanol–water mixture, followed by hot
water, and only modest amounts with hexane or ethyl acetate. This is consistent with
the abundance of polar hydroxyl groups in the molecules of phenolic compounds, which
therefore confer a prevailingly hydrophilic behavior, as also demonstrated by studies on
the partitioning between aqueous and olive oil phases of phenolic compounds of olive
fruits [152]. In work carried out on biomasses of Nannochlorospis sp. and of Spirulina sp.,
Scaglioni et al. [153] quantified the insoluble part of phenolic compounds, believed to be
bound to cell walls after extraction of the soluble fraction using methanol and/or ethanol.
Extractions of Spirulina using the two alcohols produced quantitatively similar extracts,
while the ethanolic fraction obtained from Nannochloropsis was higher than the methanolic
fraction by about 40%. Finally, the insoluble polyphenol fraction was quantitatively lower
than 4% and 8% of the phenols extracted by ethanol (i.e., the most effective solvent) in
Spirulina and Nannochloropsis, respectively.

The few data presented here point out that phenolic composition varies significantly
with the adopted extraction technique and the species-specific composition of the microal-
gal cell wall. This should suggest a reflection on the criticalities inherent in the available
literature, but also on the bioavailability of phenolic compounds of microalgae for nutri-
tional purposes. Their effectiveness, in fact, does not only depend on their content and
composition in the considered microalga, but also on their relative bioavailability and
their uncertain stability throughout the digestive processes of the human intestine. From
a biochemical point of view, there are well-founded reasons to consider that the in vitro
antioxidant activity of microalgal polyphenols is less relevant than other, more specific,
effects of microalgal compounds.

Goh et al. [154] quantified the phenolic compounds obtained by different solvents
from Chaetoceros and Nannochloropsis, two algal genera widely used in aquaculture, and
then compared their antioxidant activity by means of widely used assays. Surprisingly,
this study showed that the extracts with the highest antioxidant activity were not those
richest in phenolic compounds. Therefore, antioxidant capacity must have been mainly
attributable to different antioxidant compounds, of which many microalgae are rich. It
is noteworthy that the antioxidant activity of polyphenols is strongly dependent on their
chemical structure, beyond their abundance, and influenced by the arrangements of hy-
droxyl groups and double bounds in their molecule [155]. Considering the abovementioned
results, literature data on microalgae indicate highly variable total contents of phenolic com-
pounds among genera (Table 3). Andriopoulos et al. [156] revised the total phenolic content
(TPC) in 35 genera of microalgae and cyanobacteria, showing that these compounds range
on average between 0.9 and 38.5 mg GAE/g DW, with few exceptions below the minimum
value and most of the data ranging between 2 and 7 mg GAE/g DW. The same authors
cultivated and analyzed five species of microalgae (Chlorella minutissima (phylum: Chloro-
phyta, class: Chlorophyceae, currently accepted name: Mychonastes homosphaera [126]),
Dunaliella salina, Nannochloropsis oculata, Tisochrysis lutea and Isochrysis galbana) detecting
values of TPC (calculated as the sum of aqueous and methanolic extracts) between 6 and
12 mg GAE/g DW. An example of TPC occurring in some microalgae is shown in Table 3.
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Table 3. Total phenolic content in some microalgae biomasses (mgGAE/g DW).

Species
Total Phenolic Content
mg GAE/g Biomass DW

Reference

Euglena cantabrica 0.6–12.6 [157]
Demodesmus sp. 7.7 [158]

Tetraselmis suecica 4.3 [151]
Dunaliella salina 4.5 [158]

Haematococcus pluvialis 1.9 [151]
Nannochloropsis limnetica 5.8 [158]

Nannochloropsis salina 6.5 [158]
Galdieria sulphuraria 1.6–5.3 [159]
Nannochloropsis sp. 2.2 [151]

Isochrysis sp. 7.8 [151]
Chaetoceros calcitrans 2.3 [151]

Porphyridium cruentum 1 [151]
Phaeodactylum tricornutum 3.2–6.1 [151,158]

Chlorella sorokiniana 5.8–5.9 [158]
Auxenochlorella pyrenoidosa 13.2–25.8 [160]

Arthrospira platensis 17–43.2 [160]
Arthrospira fusiformis 47.3–88.5 [161]

Nostoc commune 0.9 [162]

Many phenolic acids and polyphenols can have strong positive effects on human
metabolism, and their importance as micronutrients for preserving health is now well
documented [163]. The specific activities of these substances on the regulation of mito-
chondrial functions have been investigated: Chodari et al. [164] reviewed the activities
of polyphenols on biogenesis, Sandoval-Acuna et al. [165] their activities not explained
by antioxidant effects, and Naoi et al. [166] their modulatory effects on the mitochondrial
apoptosis machinery. However, studies relating polyphenols obtained from microalgal
extraction on mitochondria are lacking. Note that the mechanisms of action of this group
of compounds are far from being well understood and can vary in relation to cell type and
metabolic conditions.

Some polyphenols have been shown to modulate the biochemical pathways involved
in mitochondrial biogenesis. The disclosed activity of resveratrol as an upregulator of
SIRT1, which in turn inactivates the proapoptotic p53 by deacetylation, shined a light on
the importance of polyphenols for cell cycle regulation [167]. It was shown that this activity
was not explained by the mere antioxidant property and was also observed with quercetin
and with other polyphenols, which are not known in microalgae (fisetin, piceatannol,
butein, and soliquiritigenin) [167]. As already said, SIRT1 is an activator of PGC-1α, which
in turn is a strong enhancer of mitochondrial biogenesis. According to Chodari et al. [164],
the activation of AMPK by resveratrol represents a collateral effect of biogenesis activation
via PGC-1α. A significant increase of SIRT1, PGC-1α, mtDNA, Cyt-c, and mitochondrial
biogenesis was detected in the muscle and brain of mice following dietary administration of
quercetin [168]. It should be noted, however, that the treated groups received 12.5 mg/kg
or 25 mg/kg, which are considered quite high dosages. Moreover, polyphenols have been
shown to increase mitochondrial biogenesis and activation of AREs by upregulating Nrf2,
possibly by displacing this factor from the inhibition binding to Kelch ECH associating pro-
tein 1 (Keap1) [165]. Apocynin, epicatechin, cyanidin, cyanidin-3-glucoside and curcumin
(not all identified in microalgae) have been shown to inhibit or repress some superoxide
anion generators, among which are xanthine oxidase and monoamine oxidase (MAO) [165].
In this regard, the inhibition of MAO-B can have relevant neuroprotective effects [166].
Apigenin, biapigenin, curcumin, oroxylin A, ferulic acid, quercetin, resveratrol, and hes-
peridin were reported to interact with the mitochondrial membrane in complex ways,
promoting or inhibiting the opening of the mitochondrial permeability transition pore [166],
above discussed considering the role of cardiolipins. Even if it is not possible to explain
in detail here the structure and regulation of the mitochondrial permeability transition
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pore, the overall results of these effects lead to a neuroprotective activity against important
neurodegenerative pathologies [166].

As examples of biological activities of polyphenols, hydroxytyrosol, an abundant
polyphenol in olives that is not yet identified in microalgae, was reported to stimulate
the mitochondrial functionality and biogenesis via PCG-1α and to increase the activity
and protein expression of respiratory complexes I, II, III and V in 3T3-L1 adipocytes [169].
The same compound produced a similar upregulation of the respiratory chain in human
fibroblast cultures, explained by the activation of protein kinase A (PKA), cAMP response
element-binding protein (CREB) and PGC-1α [170]. Moreover, a trial conducted on high-fat,
high-sucrose (HFHS) diet-fed rats showed that a polyphenol extract from red wine could
significantly enhance the mitochondrial respiratory chain and NADPH oxidase system,
reducing oxidative stress in liver and heart tissues, with a strong preventive effect on
steatosis development in the liver [171].

Considering some polyphenols found in microalgae (Table 4), ellagic acid, a com-
pound found at a concentration of 860 μg/g DW in Galdieria sulphuraria cultivated under
specific conditions [172], regulated ROS production in hepatocytes under oxidative stress,
preventing cell damage and consequent apoptosis [173]. Moreover, this substance showed
protective activities toward inflammations induced by arsenic on nerve cells via mito-
chondrial regulation [174] and against BCL-2 protein Bnip3-mediated oxidative stress in
cardiomyocytes [175]. In apparent contrast with these cytoprotective activities, the same
compound has shown proapoptotic mitochondrial effects in different types of cancer cells,
such as human colon adenocarcinoma Caco-2 cells [176], in cancerous B-lymphocytes [177],
in bladder cancer cells [178], in pancreatic cancer cells [179] and in lung cancer [180]. A very
scholarly review discussing the anticancer mechanisms of action of selected polyphenols was
published by Gorlach et al. [181]. Furthermore, apigenin, luteolin, kaempferol, and quercetin
inhibited the growth of HepG2 cells and induced morphological changes associated with
apoptosis in a dosage- and time-dependent manner by upregulating the expression of
the proapoptotic p53-inducible gene 3 (PIG3) [182]. Therefore, even if polyphenols were
reported to improve several mitochondrial functions, especially the electron transport chain
activity, by modulating the redox state and inhibiting the apoptotic process, they can also
promote this last phenomenon depending on their concentration and cell environmental
conditions [166,183]. Indeed, the fine-tuning of biochemical mechanisms need to be eluci-
dated in detail, in consideration that many of the reported results, although not all, have
been obtained using cell models. In this last case, even if the demonstrated interactions are
surely well founded, there are no certainties about the reproducibility in vivo.
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Table 4. Phenolic compounds detected in microalgae species. For each strain, any compound
reported in at least one of the cited references was included. Synonyms: Porphyridium purpureum =
Porphyridium cruentum; Microchloropsis salina = Nannochloropsis salina; Auxenochlorella pyrenoidosa =
Chlorella pyrenoidosa; Arthrospira platensis = Spirulina platensis [126].
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3.5. Carotenoids

Carotenoids are excellent antioxidants, which can contribute to preventing dysfunc-
tions due to oxidative stress and appear to be particularly active on membranes and the
enzymatic machinery of the mitochondria, nuclei and microsomes [120]. It is widely ac-
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cepted that their intake is able to modulate the metabolism of cancer cells and significantly
reduce the incidence of various types of cancer [187]. However, the activity of carotenoids
depends on their bioavailability, which appears to be variable; e.g., fucoxanthin was de-
scribed to be better absorbed than lutein or astaxanthin in mice [120].

Over 1100 naturally occurring carotenoids were estimated [125], among which more
than 750 have been identified, whereas only 40 are commonly consumed, mainly repre-
sented by β-carotene, lycopene, lutein, β-cryptoxanthin, α-carotene and zeaxanthin [188].

Each microalgal species is generally characterized by a few prevailing carotenoids.
For instance, β-carotene is the main metabolite in algae of the genus Dunaliella, astaxanthin
in Haematococcus pluvialis (phylum: Chlorophyta; class: Chlorophyceae [126]), violaxan-
thin and vaucheriaxanthin in Nannochloropsis, accompanied by other compounds of the
violaxanthin cycle, i.e., antheraxanthin and zeaxanthin [189] (Table 5).

However, the synthetic pathways of carotenoids lead to the production of several
intermediate metabolites. Thus, many of them are detected in the microalgal composition
in addition to the main metabolite, albeit at lower concentrations.

The beneficial activity of carotenoids on human health has been studied for only a few
of them, and often with insufficient detail. Among these, the most studied are probably:
β-carotene, astaxanthin and fucoxanthin. Specifically, β-carotene belongs to the carotene
family, i.e., carotenoids which do not contain oxygen, and, possibly, it represents the
molecule studied for the longest time as a supplement in the human diet, always being
considered an excellent provitamin A.

Some clinical studies associated the intake of β-carotene with several beneficial out-
comes, such as a reduced risk of cardiovascular disease, the prevention of several age-
related cancers and the improvement of endogenous cellular antioxidants via modulation of
Nrf2/ARE pathway in response to oxidative stress conditions [190]. Moreover, β-carotene
has been shown to protect mitochondrial membranes from the impairment of mitochondrial
import receptor subunit TOM20 homolog (Tom20) due to oxidative stress [190]. Notably,
Tom20 is an import receptor of the outer-membrane translocator TOM40 complex and plays
an essential role in the import of mitochondrial proteins [191]. Low-doses of β-carotene
were shown to modulate autophagy and to downregulate the NF-κB inflammatory fac-
tor, whereas mitochondrial biogenesis was stimulated via Nrf2 and apoptotic signals of
caspase 3 and 9 were downregulated [190]. Trials carried out on Drosophila melanogaster
with 9-cis-β-carotene obtained from Dunaliella salina showed that this carotenoid improved
the mitochondrial function in terms of organelle mobility and ATP production, leading
to the extension of the mean lifespan [192]. On the other side, adverse effects concerning
cardiovascular disease were observed in smoker subjects treated with β-carotene [193].
Furthermore, according to the meta-analysis proposed by Pecollo et al. [194], an increased
risk of lung and gastric cancer was observed in smokers and asbestos workers treated with
β-carotene at a dosage equal to or above 20 mg/day, whereas no protective effect on other
kinds of cancer was observed at lower dosages. However, this topic remains the object of
discussion, and some evidence of protective effects at physiological dosages was proposed
for breast cancer [195,196], colon cancer [197], esophageal cancer [198] and others.

Astaxanthin and fucoxanthin are xanthophylls, i.e., oxygen-containing carotenoids,
which derive from carotenes through the carotenoid synthesis pathway [199]. They act
by upregulating peroxisome proliferator-activated receptors (PPARs) [188]. Importantly,
PPARÈ increases the PGC1α, NRF1/2, and TFAM transcription factors, with consequent
positive effects on mitochondrial biogenesis, oxygen consumption, mitochondrial mem-
brane potential, antioxidant defenses, etc. [200].
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Table 5. Carotenoids detected in microalgae species. Some reported data are significantly higher than
values expected from standard cultures because of referred biomasses cultivated under stressing
conditions or adopting modified methods (including heterotrophic cultures), in order to maximize
the synthesis and accumulation of the desired metabolite. Some species names used in the cited
references have been updated according to the current taxonomic status reported in AlgaeBase [126].

Major
Component

Species
Compound

Concentration
Ref.

Total
Carotenoid

Concentration
Ref.

β-carotene Dunaliella salina Up to 10–13% DW [201] up to 29% [188]
Tetraselmis suecica 0.1% DW 0.35–1.1% DW [202]
Vischeria stellata 5.9% DW [203] 7.7% DW [203]

Chromochloris zofingiensis 0.9% DW [201] 0.7–0.88% DW [204,205]
Astaxanthin Haematococcus pluvialis 2.3–7.7% DW [206] astaxanthin accounts for 85–90%

of total carotenoids [207]Up to 5% DW [188]
Chromochloris zofingiensis 0.3–0.6% DW [208] 0.7% DW [204]

0.53–0.6% DW [188] 0.7% DW [204]
Canthaxanthin Coelastrella striolata var. multistriata 4.75% DW [205] 5.6% DW [205]
Fucoxanthin Isochrysis aff. galbana 1.7–2.1% DW [209] 2% DW [209]

Mallomonas sp. SBV13 2.6% [210]
Isochrysis galbana 0.22–1.35% DW [130,211] 1.76% DW [211]
Odontella aurita up to 2.2% DW [201] ~1.5% DW [212]

Phaeodactylum tricornutum 0.78–1.65% DW [201,211] 0.61–1% DW [151,211]
Lutein Auxenochlorella protothecoides 0.54 DW [201] 0.8% DW [213]

Chlorella sorokiniana 0.21–0.32% DW [158] 0.4% DW [214]
Coelastrella sp. 0.69% DW [201]

Desmodesmus sp. 0.51% DW [158] 0.67% DW [158]
Chromochloris zofingiensis (mutant strain) 1.38% DW [215] 2.74% DW [215]

Scenedesmus almeriensis 0.54% DW [201]
Violaxanthin Nannochloropsis sp. 0.12–0.58% DW [117] 0.30–0.86% DW [117]
Zeaxanthin Chloroidium saccharophila 1.1% DW [216] 1.6% DW [217]

Chloroidium ellipsoideum 0.42% DW [216]
Chromochloris zofingiensis (mutant strain) 0.7% DW [215] 2.74% DW [215]

Dunaliella salina (mutant strain) 0.42–0.59% DW [218] 1.1–1.28% DW [218]

Astaxanthin is one of the most studied carotenoids for its high antioxidant power,
effective anti-inflammatory activity, and many other effects due to the modulation of
several enzymes and genetic factors. Moreover, it was reported to inhibit the generation
of mitochondrial-derived ROS by protecting its membranes from lipid peroxidation [219].
The cystic form of Haematococcus pluvialis is the richest source in nature of this compound
with about 3% DW [19], which can reach 5–7% DW under special culture conditions (cf.
Table 5). Astaxanthin has been shown to significantly extend the lifespan by affecting
the biogenesis of the mitochondrial respiratory complex III (CIII), in plants, Caenorhabditis
elegans (a nematode often used as a model organism), rodents and humans [220]. Mutant-
lines of the animal model Drosophila melanogaster with reduced levels of SOD1, SOD2
and catalase were fed with experimental diets comprising Haematococcus pluvialis extracts,
which, at specific concentrations (1 mg/mL), have shown a significant lifespan extension
and amelioration of age-related decline of motility [221].

Astaxanthin appears to act on various biochemical pathways, and, in many cases,
its action is not attributable to the mere antioxidant activity, of which the review by
Sztretye et al. [222] proposed a perusal analysis. Under some experimental conditions,
astaxanthin has been shown to protect mitochondrial functionality, possibly by protecting
membranes from oxidative damage rather than by preventing excessive ROS produc-
tion [223]. At the same time, it increased the expression of the PINK-parkin pathway, thus
promoting the mitophagic degradation of damaged mitochondria or their dysfunctional
parts [42]. In addition to the scavenging of free radicals and membrane integrity preser-
vation, an important activity of astaxanthin as a neuroprotector was observed. This was
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explained as due to the modulation of Nrf2, FOXO3 (a transcriptional activator which has
been shown to promote mtDNA transcription under reduction of nutrient intake [224]) and
SIRT1, i.e., key regulators which control the metabolic mechanisms of longevity, directly or
indirectly involving mitochondria [225]. It was also reported that, under hypoxic stress, i.e.,
conditions of special interest for cardiovascular diseases, astaxanthin promoted the phos-
phorylation of ERK1/2 in response to the concomitant administration of acetyl-L-carnitine
and was able to stimulate mitochondrial biogenesis by upregulating PGC-1α, or NRF-1 via
upregulation of Nrf2 [156]. Furthermore, several studies show that this carotenoid was
able to effectively protect mitochondria from the damage resulting from oxidative stress in
experimental models of pathologies, such as myocardial ischemia, homocysteine-induced
cardiotoxicity, pulmonary fibrosis, hyperglycemia, hepatic inflammation and fibrosis, and
nonalcoholic steatosis [226]. In another study on cells subjected to stress, astaxanthin was
shown to stimulate both the mitophagy of dysfunctional mitochondria via the PINK-Parkin
pathway and organelle biogenesis for maintaining the overall mitochondrial efficiency
via upregulation of TFAM and PGC-1α [42]. Moreover, astaxanthin increased the oxida-
tive metabolism of lipids by promoting the activation of carnitine palmitoyl-transferase I
(CPT I) in the muscle cells of endurance athletes, protecting this enzyme from alterations
induced by hexanoyl-lysine (an oxidative stress marker) produced during prolonged physi-
cal exercise [227]. This mitochondrial enzyme catalyzes the transfer of the acyl group of a
long-chain fatty acyl-CoA from coenzyme A to L-carnitine, producing acyl carnitine that is
suitable to be moved from the cytosol into the mitochondria and to undergo the oxidative
degradation. For this reason, astaxanthin is adopted by athletes to improve their perfor-
mances, even if the effectiveness can depend on the muscle effort required. In addition
to this, several genes suitable for protecting mitochondrial functionality from oxidative
stress are upregulated by lycopene and astaxanthin, thanks to the activation of Nrf2 via
different pathways, only partially elucidated and possibly including the dissociation of
Nrf2 from the Keap1 repressor [219]. KEAP1 forms part of an E3 ubiquitin ligase, which
binds NRF2 by targeting it for ubiquitination and proteasome-dependent degradation.
The action of lycopene and astaxanthin, if confirmed, would be interesting since it would
support the assumption that, under oxidative stress conditions, their reaction with ROS
attributes an electrophilic property to these carotenoids. These reaction products could be
sufficiently electrophilic to react with cysteine thiol groups of Keap1, which in turn will act
as an oxidative stress sensor, weakening its binding to Nrf2. Upon dissociation from Keap1,
Nrf2 evades proteasome degradation, accumulates in the cytosol, and finally translocates
to the nucleus, where it exerts its regulatory activities.

Among the most important activities of astaxanthin and fucoxanthin, the regulation of
apoptosis should be mentioned, with relevant implications for the prevention or reduction
of tumors. Although it is generally accepted that carotenoids help cancer prevention, their
interaction with several biochemical pathways producing both proapoptotic and antiapop-
totic effects, depending on the cell environment, was reported. Sathasivam and Ki [201]
reviewed the bioactivities of carotenoids and, within a complex network of reactions,
pointed out three key metabolic pathways involving MAP kinases and mitochondrion as
organelle effectors:

• Activation of the PI3K/Akt (phosphatidylinositol 3-kinase; AKT-serine/threonine
kinase also known as PKB, protein kinase B) survival pathway, which inactivates Bax
by phosphorylation and reduces the release of Cyt-c (antiapoptotic effect). Indeed,
according to Kale et al. [105], the phosphorylation at residue S184 by Akt inhibits Bax,
thus preventing its translocation into the mitochondrion.

• Activation of the p38 MAPK signaling pathway, which promotes the release of Cyt-
c and activates the apoptosome (apoptotic effect). Specifically, p38 MAPK can act
on the mitochondrial permeability by activating Bim by phosphorylation, which
in turn activates Bax or, alternatively, it can phosphorylate p53, which induces the
expression of death receptors and can activate members of the BCL-2 family to promote
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apoptosis [228]. Other proapoptotic mechanisms of action have been hypothesized for
p38MAPK, beyond the scope of the present review.

• Stimulation of MEK1/2–ERK1/2 signaling pathway, which in turn activates the pro-
survival BCL-2 proteins (antiapoptotic effect), as shortly explained in the first part of
this contribution.

Interestingly, the activation of ERK1/2 can also stimulate DRP1 expression and, thus,
promote mitochondrial fission [106], which is functional to the segregation of mitochondria
between the two daughter cells during mitosis, but also to the separation and subsequent
mitophagy of dysfunctional parts of the mitochondrial reticulum. On the other side, a mas-
sive activation of mitochondrial fission is consistent with a proapoptotic effect described
for ERK1/2 by activation of the pro-death BCL-2 protein, NOXA, which can occur as an
alternative route to the classic pro-survival Ras/Raf/MEK/ERK signaling [106]. There-
fore, as already remarked concerning the activities of phenolic compounds, it should be
noted that carotenoids can produce a complex and variable range of effects, depending
on both the considered molecule and the metabolic situation of the cell. For example, it
has been shown that fucoxanthin and siphonaxanthin were able to inhibit the activation
of ERK1/2 by phosphorylation mediated by FGF-2, in vascular endothelial cells [229].
However, astaxanthin stimulated the activation of ERK1/2 in HCT-116 colon cancer cells
as part of an overall pro-apoptotic effect [230]. Again, astaxanthin prevented apoptosis
induced by cytotoxic treatments aimed at increasing ROS in the substantia nigra neurons in
a mouse model of Parkinson’s disease and in human neuroblastoma SH-SY5Y cells [72].
This effect was due to the increased expression of BCL-2 protein, the downregulation
of α-synuclein and Bax, and the inhibition of the cleavage of caspase-3. However, the
administration of a diet supplemented with astaxanthin showed pro-apoptotic activity in
Syrian hamsters treated with carcinogenic stimuli, producing protective effects against the
onset of squamous cell carcinomas [231]. The study showed an antiproliferative effect of
astaxanthin by inhibiting the MEK/ERK and PI3K/Akt pathways and the related down-
stream IKKβ/NF-κB and GSK-3β/Wnt-catenin signaling, promoting intrinsic apoptosis as
a final outcome. Notably, in this study, astaxanthin showed opposite effects with respect
to the above-reported stimulations of MEK/ERK and PI3/Akt, suggesting that the same
receptors can produce alternative modulations on the underling pathways depending on
the cellular environmental context. According to Kavitha et al. [231], astaxanthin prevented
the inactivation of GSK-3β by phosphorylation, which, therefore, can constitute, with
other proteins, the “destruction complex” responsible for the phosphorylation and sub-
sequent degradation of β-catenin. This last protein, therefore, interrupts its translocation
into the nucleus and its activation of genes involved in cell proliferation and apoptosis
evasion. Besides, in the same context, astaxanthin also inhibited the Akt kinase, respon-
sible, among other activities, for the inactivating phosphorylation of Bad (in addition to
the inhibiting phosphorylation of Bax, above mentioned). Bad, in the dephosphorylated
form, can translocate to the mitochondrial membrane, selectively displacing Bax from
the inhibiting binding to antiapoptotic BCL-2 proteins. In this free form, Bax is then able
to initiate the mitochondrial membrane permeability process by inducing the release of
Cyt-c and Smac/DIABLO proteins, which in turn trigger the caspase cascade and, finally,
apoptosis. Similarly, astaxanthin has shown pro-apototic activities by inhibiting NF-κB and
Wnt/β-catenin in human hepatoma cell lines [232]. These cases are of special interest in
order to point out the complexity of the response characterizing the intra-cell secondary
messages and the related biochemical pathways.

Considering the above-reported studies, it should be noted that NF-kB, a typical
pro-inflammatory factor, can act as a pro- or anti-apoptotic intermediate depending on
the upstream stimulus [233], with relevant implications on the efficacy of some anticancer
chemotherapies [234]. More generally, the pleiotropic action of astaxanthin and its ability to
act in different cellular contexts as a promoter of biogenesis and mitochondrial functionality
or as a pro-apoptotic and anticarcinogenic agent, depends on its ability to interact with a
high number of enzymes involved in cell cycle regulation. The different outcomes depend
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on the cell metabolic condition and on the concomitant presence of other stimuli. Recent
studies suggested that astaxanthin can interact with a number of proteins involved in cell
growth pathways, including EGFR (epidermal growth factor receptor), IGF1R (insulin-like
growth factor 1 receptor), AKT1, AKT2, ERK1, and ERK2 [235].

Fucoxanthin, another carotenoid synthesized by several microalgae, has been shown
to protect mitochondrial function in a cell model treated with pro-inflammatory stimuli,
specifically by preserving the membrane potential and by modulating mitochondrial
dynamics, i.e., by promoting the mitophagy of dysfunctional mitochondria and, at the
same time, stimulating their renewal via biogenesis [49]. This carotenoid is known for its
peculiar ability to modulate the metabolism of adipocytes and to reduce the accumulation
of fat by promoting the mitochondrial expression of UCP1 and the uptake of glucose in the
muscles via increased expression of GLUT4 glucose transporter [236,237]. In addition to
this, the improved metabolism of fat also appeared due to the upregulation of PGC-1α and
improved mitochondrial dynamics [47]. Importantly, the combination of the antioxidant
activity with the regulation of glucose uptake makes fucoxanthin an ideal candidate for
the treatment of metabolic syndrome, since there is strong evidence of the important role
played by ROS in various types of insulin resistances [238]. Moreover, fucoxanthin has
shown neuroprotective activity, in vivo and in vitro, upregulating the expression of the DJ-1
stress-sensing protein in rats and protecting mitochondria from oxidative stress following
the treatment with hydrogen peroxide [239].

3.6. Other Bioactive Compounds

Some microalgal compounds have shown important bioactivities, possibly influencing
the biology of the mitochondria, although their mechanisms of action are still not sufficiently
known. Many of these have been characterized as anticarcinogens [17,240–242], even if
often by tests conducted only on cell lines, as already pointed out in many above-reported
examples. In this regard, it should be kept in mind that if the microalgal preparation has
to be taken orally, as happens with functional foods, the data obtained by treating cell
cultures should be confirmed in vivo since active molecules may not be absorbed or can
be modified during digestion or after absorption. These compounds include, by way of
example, polysaccharides (often sulfated), glycosides, terpenoids and galactolipids.

Among polysaccharides, β-glucans or chrysolaminarins are produced by several mi-
croalgae and especially by Bacillariophyta [189]. In particular, 1,3-1,6 β-glucans have been
shown to improve mitochondrial respiration and functionality in a model of Duchenne
muscular dystrophy [243]. A fatty alcohol ester isolated from Phaeodactylum tricornu-
tum, nonyl 8-acetoxy-6-methyloctanoate, was described to promote intrinsic apoptosis in
promyeloblast HL-60 cells by activating the pro-apoptotic Bax protein and by suppressing
the anti-apoptotic BCL-2-like protein 1 (alias BCL-xL) [244].

Cyclic peptides synthesized by some marine cyanobacteria, such as cyclic depsipep-
tidesaurilide B and C produced by Lyngbya majusculus, or the cyclic depsipeptide Coiba-
made A produced by Leptolyngbya sp., showed cytotoxicity in several human tumor cell
lines. A perusal revision was proposed by Mondal et al. [240]. Some of these compounds,
e.g., aurilides isolated from the cyanobacterium Moorena bouillonii, have been shown to act
on mitochondria by binding prohibitin 1 (PHB1) and by stimulating OPA1 synthesis, thus
promoting mitochondrial fission and apoptosis [240]. PHB1 regulates the organization and
maintenance of the mitochondrial genome by the accurate organization of mitochondrial
nucleoids and controls the copy number of mtDNA by stabilizing TFAM [245].

4. Discussion and Conclusions

The interest in the use of microalgae as a source of active compounds is grounded on
their ability to produce and concentrate bioactive substances suitable to protect the cell
from harmful processes and to preserve some needful functionalities, many of which are
related to the functional integrity of mitochondria. As shown in many cases discussed
above, the preservation of mitochondrial functionality is essential to prevent damages due
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to oxidative stress, the main cause of aging. Oxidative stress also promotes many chronic
and degenerative diseases, such as cardiovascular diseases, diseases of the nervous system,
diabetes, and many types of cancer. In addition to this, these single-cell organisms assume
high economic interest because they can be industrially cultivated in purity by means of
bioreactors or in semi-purity in suitable open-pond plants [246]. Their culture does not
require the use of pesticides or drugs and can also occur in infertile soils, ensuring the
logistical and insolation conditions to successfully manage bioreactor plants. Furthermore,
microalgae can be produced in wastewater treatment plants, even with some applicative
limitations on the use of the biomasses obtained [247]. From a technical point of view,
therefore, microalgae are perfect candidates to play a relevant role in the development of
an innovative, sustainable and green economy. Moreover, microalgae can be processed in
order to obtain dehydrated flours, which can be commercialized as raw materials and easily
mixed to obtain a balanced combination of desirable actives. In this sense, they represent
an ideal source of ingredients for functional foods and nutritional supplements. In 2020,
the global microalgae market was estimated at USD 3.4 billion, and the annual growth rate
is estimated at 4.3%, so in 2027, this value is expected to reach USD 4.6 billion [248]. The
attention paid to the antioxidant properties of many microalgal active compounds, such
as carotenoids, PUFAs, polyphenols, etc., is consistent with the fact that aging is largely
derived from molecular damage due to oxidative reactions triggered by free radicals.
Importantly, even if many of these active compounds are industrially synthesized at lower
costs, there is evidence that the biological activity of synthetic analogs is different, and in
some cases considerably lower, than that of natural compounds [249–251].

On the other hand, mitochondria, due to their function as cell “powerhouses” and sites
of high-intensity redox reactions, represent a fundamental target to protect the functional
integrity of the cell. However, from the above-reported data, it is evident that the protective
activity exerted by the mentioned bio-actives is only partly related to their antioxidant
properties. Indeed, it seems that the relevance of their biological action is broader and corre-
lated with their ability to interact with some biochemical pathways involving inflammation,
gene expression of antioxidant enzymes, intrinsic apoptosis and mitochondrial dynamics.
Simplified synthesis of some key pathways involving mitochondria as final organelle ex-
ecutors and affected by microalgal compounds are shown in Figure 2. Interestingly, the
regulatory action exerted by microalgal bioactive compounds on cell signaling explains how
they can be effective, even if taken in limited quantities, compatible with dietary intake.
Works currently available in the literature are often focused on the beneficial properties of
individual compounds present in microalgae, but studies aimed at verifying the benefits
deriving from the natural combination of different active compounds are very scarce.

Nevertheless, multifunctionality is one of the most interesting characteristics of mi-
croalgae and suggests that they can represent excellent functional foods, potentially suitable
for simultaneously providing protection against different types of metabolic disorders and
for delaying cellular aging through complementary and synergistic mechanisms of action.
However, multifunctional actions can hardly be evaluated using in vitro experimental
models, while they would require the execution of long-term clinical trials. Another aspect
in which the study of microalgae is still unsatisfactory concerns the chemical characteri-
zation of their composition, containing different compounds potentially active in human
metabolism. For example, the quantitative comparison between the identified phenolic
compounds and the total phenolic content observed in many case studies shows that most
of the compounds have not been characterized yet. This is probably due to the fact that
analyses were carried out looking for phenolic compounds already known in terrestrial
plants, whereas it is known that these microorganisms produce molecules (e.g., carotenoids
and long-chain fatty acids) that are rare or even absent in the terrestrial biomes.

Importantly, the use of microalgae for foods would require further development of the
downstream processing of cell-mass and products in order to improve the bioavailability
of active compounds of interest and, in addition, to ensure preservation until consump-
tion [252]. Indeed, the cell wall of some strains can represent an important impairment
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to intestinal absorption of part of the actives [119,253–255], which, due to their reducing
properties, are also susceptible to being modified during their processing or storage. In any
case, the potential of microalgae as sources of active compounds deserves intense research
efforts.

Figure 2. Simplified scheme of relevant interactions of microalgal bioactive compounds acting on
mitochondrial functionality and apoptosis. The direction of the arrows indicates the modulation of
enzyme/compound activity, not of gene expression. Abbreviations: AMPK, 5′-AMP-activated protein
kinase; Bad, Bcl-2-associated death promoter; Bax, BCL-2-associated X protein; BCL-2, B-cell lymphoma 2;
Bnip3, BCL2 interacting protein 3; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; ERKs,
extracellular signal-regulated kinases; MEK, MAPK/ERK kinase; NF-kB, nuclear factor kappa-light-
chain-enhancer of activated B cells; Nrf1, nuclear respiratory factor-1; Nrf2, nuclear factor erythroid
2-related factor 2; p53, cellular tumor antigen p53; PGC-1α, peroxisome proliferator-activated receptor-γ
coactivator-1α; PINK, PTEN-induced kinase; Raf, RAF proto-oncogene serine/threonine-protein kinase
(alias rapidly accelerated fibrosarcoma kinase); Ras, KRAS Proto-Oncogene, GTPase; SIRT1, silent
information regulator-1; TFAM, transcription factor A mitochondrial; UCPs, uncoupling proteins.

Even if the chemical characterization of algal biomass is still insufficient, the most
important deficiency relies on the current lack of an overall evaluation of the nutraceutical
functions attributable to the different microalgal species already authorized for food use
and the relative recommended rations. To date, trials on humans are available for a few
microalgae and are often based on dietary treatments for a few weeks. In this regard,
some relevant findings are available for Phaeodactylum tricornutum (Bacillariophyta) [256],
species of the genus Chlorella (Trebouxiophyceae) [257–262], Haematococcus pluvialis (Chloro-
phyceae) [263–266], species of the genus Tetraselmis (Chlorodendrophyceae) [267], Eu-
glena gracilis (Euglenophyceae) [268], species of the genus Nannochloropsis (Eustigmato-
phyceae) [269] and cyanobacteria of the genus Arthrospira (Cyanophyceae) [270,271].

In conclusion, authors considered of particular interest the promotion of further trials
involving significant numbers of subjects and carried out over a long period of time. Indeed,
the effects of functional foods based on the response of biochemical markers can be very
useful, but unlike the behavior of drugs for the treatment of specific pathologies, the
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assessment of a preventive approach requires long-term studies and data based on large
sample sizes in order to support robust statistical analyses.
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Abstract: The concept of food and aging is of great concern to humans. So far, more than 300 theories
of aging have been suggested, and approaches based on these principles have been investigated. It
has been reported that antioxidants in foods might play a role in human aging. To clarify the current
recognition and positioning of the relationship between these food antioxidants and aging, this
review is presented in the following order: (1) aging theories, (2) food and aging, and (3) individual
food antioxidants and aging. Clarifying the significance of food antioxidants in the field of aging will
lead to the development of strategies to achieve healthy human aging.

Keywords: antioxidants; aging theories; cohort study; healthy diet; longevity; nutraceuticals;
oxidative stress; reactive oxygen species; senescence; vitamins

Introduction

Aging is regarded as a biological phenomenon that results in decreasing biological
function and increasing mortality over time, in terms of personal, organ, and tissue levels.
The concept of aging in terms of individual aging has been recognized since ancient times,
but the new view of aging as a “population scenario” that focuses on the overall population
has only appeared in the last century [1]. There is also still a debate over the definition
of the relationship between aging and disease [2,3]. Although research related to aging
continues the trends of the past and present for many researchers, it seems to be difficult to
define the concept of aging because it is an ambiguous and changing term that changes its
view at different times. Numerous mechanisms related to the induction of aging have been
reported, and there are currently more than 300 existing theories [4]. Among them, the
recognition and positioning of the relationship between foods, food antioxidants, and the
aging process remain vague, even though there has been interest in this topic in the past.
Therefore, this review aims to organize the recognition of the relationship between food
antioxidants and the aging process by considering: (1) aging theories, (2) food and aging,
and (3) individual food antioxidants and aging, in that order, and to clarify the current
status of knowledge and the problems in the field.

1. Aging Theories

Since it is difficult to cover all these aging theories in this review, the most fundamental
of those that have been proposed to date are outlined in Figure 1. Although it is difficult
to clarify the classification of aging theories as they are complementary to other theories,
this chapter will categorize them into two major groups: (1) genetic factors associated with
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aging, and (2) non-genetic factors associated with aging, along with the presentation of the
relevant molecular reactions and examples of the aging characteristics associated with each
theory.

Figure 1. The biological and psychosocial aging theories that are mentioned in this review.

1.1. Genetic Factors Associated with Aging
1.1.1. Program Theory

The program theory proposes that aging is not a random occurrence but is instead
inherent in our genetic information. This theory is based on a discovery by Hayflick et al. in
1961 that there is a limitation on the number of divisions of and the proliferation of human
and animal cells (the so-called Hayflick limit) [5]. Telomeres and telomerase are closely
related to the program theory. DNA loses its replicative ability when its terminal bases are
lost during replication. Mammals have a TTAGGG repeat structure called a telomere at the
end of their DNA, which protects the genetic information and allows replication. Telomeres
are elongated by telomerase. Therefore, telomere length is believed to be a determinant of
the number of cell divisions and is thus a factor in aging and lifespan [6]. However, telom-
eres are shortened with age and affect the process of aging because they are regenerated
with each replication, but not completely. More recently, telomerase-deficient mice have
been shown to demonstrate impaired neuronal differentiation and neurogenesis [7]. The
recovery of telomere function and length has also been reported to extend the lifespan of
mammals and can delay physical aging in mouse experiments [8,9].

1.1.2. Error Theory

The error theory states that random errors in DNA transcription and translation lead
to the accumulation of mutant proteins, which causes cellular dysfunction and aging [10].
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To date, no direct evidence of the age-dependent dysfunction of protein synthesis has
been reported [11]. Furthermore, another study using Escherichia coli showed that the
induction of errors in the gene increased the frequency of error generation but did not
induce bacterial death [12]. Therefore, the number of recent reports supporting this theory
has relatively decreased.

1.2. Non-Genetic Factors Associated with Aging
1.2.1. Wear-and-Tear Theory

The wear-and-tear theory, which was proposed by Weismann in 1882, states that
aging progresses when cells and tissues are worn down by risk factors over the years [13].
However, this theory was invalidated by several phenomena. For instance, hyperactive
mice wore down their tissues but can live longer than normal mice [14]. Caterpillars that
have lost the ability to express antioxidant enzymes can live longer [15]. Recently, there
seems to be increasing evidence that the wearing down is not simply explainable as a
physical inevitability in aging and needs to be considered in terms of natural selection from
an evolutionary aspect.

1.2.2. Cross-Linking Theory

The cross-linking theory states that the accumulation of molecules with multiple
reactive units due to the cross-linking of poorly degradable macromolecules impairs cellular
function and promotes aging. Increased viscosity of the extracellular environment is
induced by decreased solubility, elasticity, and permeability, due to the cross-linking of
collagens and other molecules. As a result, the circulation of nutrients and wastes in the
cells is delayed and, thus, aging progresses [16]. The cross-linking products of glucose and
collagen (products of the Maillard reaction) are widely recognized as products that increase
along with aging in the body [17]. Bjorksten et al. pointed out that the free radical theory
is also a form of cross-linking theory because free radicals that are generated in the body
induce cross-linking reactions in collagen and other molecules [18]. Despite qualitative
and quantitative evidence of cross-linked molecules that has been provided to support this
theory, it is still not clear whether the molecules are crucial in biological aging.

1.2.3. Autoimmune Theory

The autoimmune system has been regarded as being at least indirectly associated
with aging. Higher vertebrates have two major immune mechanisms, innate and acquired
immunity. The dysfunction of acquired immunity is particularly significant in terms of
aging. Innate immunity captures antigens via pattern recognition receptors and presents
them to T cells, while acquired immunity is characterized by the antigen-specific effector
and memory responses of T cells and B cells (T cells: directives, antigen memory, antigen
destruction; B cells: antibody production). Involution of the thymus, the primary lymphoid
tissues for T-cell education and development, starts at a relatively early age in different
species [19]. In an aged thymus, biological processes for the elimination of self-reactive
T cells and the induction of regulatory T cells, namely, central tolerance, are seen to
decline [20]. In addition, aging is associated with a decline in B cell production in the
bone marrow, along with increased self-reactive B cell populations. Taken together, aged
adaptive immunity promotes development that results in damage to the body’s own tissues
and is one of the major causes of death in women under 65 years of age in the US [21,22].

1.2.4. Glycation Theory

In 1912, the aminocarbonyl reaction (Maillard reaction) was reported by Maillard; it is
considered part of the phenomenon of biological body aging [23]. The glucose and lysine
residues of proteins react at body temperature, to form advanced glycation end products
(AGEs) through a condensation reaction. The formed AGEs are accumulated in various
tissues, such as the blood vessel walls, and induce tissue inflexibility, leading to vasodilator
dysfunction and hypertension, which is regarded as a trigger of aging [24].
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1.2.5. Oxidative Damage Theory

Aerobic organisms consume oxygen for the purposes of energy metabolism, which pro-
duces reactive oxygen species (ROS) in the metabolic process. In 1956, Harman proposed
that ROS leads to aging by causing damage to cells and tissues [25]. Older individuals
have higher concentrations of oxidized products, such as proteins, DNA, and lipids, than
younger individuals, whereas antioxidants have often been highlighted as molecules that
reduce ROS generation and contribute toward extending the lifespan [26–28]. Among cellu-
lar organelles, especially in mitochondria, which are involved in aerobic energy metabolism,
there is a higher level of ROS in aging individuals. Furthermore, in mammals, there is an
inverse correlation between the concentration of ROS in mitochondria and the lifespan,
suggesting that damage to mitochondrial DNA and membrane lipids is also a factor closely
related to aging [29]. However, ROS also plays a role in the mammalian immune system
for biological defense that eliminates intracellular pathogens [30]. Therefore, it is widely
recognized that dysfunction of the redox balance induces inflammatory reactions. Related
to this, the term “inflammaging” has developed to describe the concept of aging as it is re-
lated to innate immunity, which corresponds to (1) chronically, (2) no contact with bacteria,
etc., and (3) weak inflammation [31]. Recently, based on the concept of “inflammaging,” it
has been shown that chronic tissue inflammation caused by ROS has a significant impact
on the regulatory systems of the nervous system and immune system, as well as the aging
process; it can be induced by suppressing the regulation of the inflammatory factors of the
immune system [32,33].

1.2.6. Other Biological Aging-Related Theories

The existence of “senescent cells,” which accelerate aging in the body, has been the
topic of growing attention among gerontologists. In general, aged cells that have stopped
dividing are removed from the body through cell death or the phagocytosis of immune
cells. However, there are senescent cells that accumulate in the tissues despite the cell
division having stopped. Recent studies have shown that these accumulated senescent cells
release inflammatory substances that accelerate the senescence of neighboring cells, trigger
excessive inflammation, and lead to tissue dysfunction [34]. Since the immune system in
the body cannot eliminate all the senescent cells, some anti-aging approaches have begun
to be developed that target these senescent cells [35]. Since there is still a lack of direct
information on the relationship of these senescent cells with aging, further elucidation of
the physiological phenomenon may be necessary.

In contrast to the theory that certain factor(s) accelerate the rate of aging, there is a the-
ory stating that the rate of aging is unchanged by any factor. Colchero et al. reported strong
linearity between life expectancy and lifespan equality in various primates, mainly con-
nected to infant mortality or age-independent mortality improvement, with no impact on
the aging rate [36]. This result suggests that only the biological limit determines longevity.

1.3. Sociology of Aging

The concept of aging exists not only from a biological viewpoint but also from a
sociological one. Social animals, such as humans, are thought to be influenced by their
surroundings in their biological development. Theories of aging in social gerontology can
be broadly classified into four categories: (1) disengagement theory, (2) activity theory,
(3) life-course theory, and (4) continuity theory.

1.3.1. Disengagement Theory

The disengagement theory posits that aging is a process of disengagement from being
a part of society. The ultimate stage of disengagement is incurable illness or death. This is
the concept that elderly people who contribute less to society could leave and give up their
roles to young people who will contribute more to society, leading to the sustainability of
the social system to which they belong [37,38].
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1.3.2. Activity Theory

Activity theory is the concept that maintaining activities and attitudes in middle age
for as long as possible is the key to healthy aging. This concept has existed previously
but was given this name as a contrast to the disengagement theory proposed earlier. The
difference between this theory and the disengagement theory is that the elderly may or
may not be considered to be at a developmental stage. Disengagement theory describes
old age as a natural developmental process, while activity theory describes the period after
middle age as a completed stage [39].

1.3.3. Life-Course Theory

Life-course theory is the theory that human aging is part of the growth (development)
process, with earlier experiences being important for later life adaptability [40]. More
recently, based on this concept, an epidemiologic assessment of the relationship between
aging, physical activity, and cognitive function has been conducted [41,42].

1.3.4. Continuity Theory

Continuity theory arose from discussions of disengagement theory and activity theory.
Humans tend to keep their personalities for the long term, but they become more intro-
spective with age, focusing their attention and interest inward to their individual selves.
This theory proposes that healthy aging is the state of keeping a mature and integrated
personality during aging [43].

1.4. Aging and Senescence

Living biological organisms age with time. With regard to this concept of aging, some
researchers use the term “senescence” as a subgroup to distinguish between harmless
changes and changes associated with mortality risk [1]. Dodig et al. defined senescence
as an “irreversible form of long-term cell-cycle arrest, caused by excessive intracellular
or extracellular stress or damage,” which is regarded as influencing various biological
events related to aging, such as metabolism, immune function, autophagy changes, and
chromatin development [44]. These investigations with the keyword “cellular senescence”
and “biological senescence” are one of the most significant issues in the field of molecular
biology and gerontology.

2. Food and Aging

2.1. Potential Foods for Anti-Aging

To make the relationship between food and lifespan clearer, there has been an ongoing
discussion for some years, based on the theories of aging as described in the previous
chapter [45,46]. Foods contain numerous bioactive compounds that are essential for main-
taining human health. Therefore, dietary consumption is the most common and routine
way for humans to supply nutrients to the body. Although there is still no proven rela-
tionship with the theory of aging, it has traditionally been suggested that certain foods
themselves or certain compounds in foods have preventive and curative functions against
diseases. Although no specific foods or nutrients in foods related to longevity have yet
been identified, it is worth pointing out that a number of reports have suggested that the
consumption of foods relatively rich in antioxidants has the ability to reduce mortality.
Against this background, this section describes previous reports made in cohort studies on
the relationship between diet and aging as it contributes to lifespan (Table 1).
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Table 1. Cohort studies examining diet and lifespan.

Target Diet Country
Populations

Analyzed/Total
Age Follow-Up Time

Reducing
Mortality/Increasing

Life Span
Ref.

Mortality Mediterranean
diet Greece 22,043/28,572

(M, F) 20–86 3.7 years Yes [47]

Mortality Mediterranean
diet US 3215/(F)

(with heart failure) 50–79 4.6 years Yes [48]

Mortality Traditional
Nordic foods Denmark 2383/27,178 (M)

1743/29,875 (F) 50–64 12 years Yes (especially in
middle-aged men) [49]

Mortality Nordic foods Sweden 44,961/49,259 (F) 29–49 21.3 years

Yes (especially by
cancer, non-cancer,
non-cardiovascular,
non-injury/suicide)

[50]

Longevity Japanese diet Japan 14,764/32,126
(M, F) 40–79 20 years Yes [51]

Mortality Japanese diet Japan
23,162 (M) and

34,232 (F)
/110,585 (M, F)

40–79 18.9 years (M)
19.4 years (F)

Yes (especially
in females) [52]

Mortalityrisk of
CVD fruits, vegetables US 9608/14,407 (M, F) 25–74 19 years Yes [53]

Mortality fresh fruits,
vegetables

Europe (DNK,
FRA, DEU, GRC,
ITA, NLD, NOR,
ESP, SWE, GBR)

129,882 (M) and
321,269 (F)/

521,448
25–70 13 years Yes (especially by CVD) [54]

Mortality 21 fruits,
24 vegetables POL, RUS, CZE 19,333/28,945 (M,

F) Middle age 7.1 years
Yes (especially by

CVD in
smokers/hypertension)

[55]

Mortality 8 fruits,
33 vegetables China 73,360/74,942 (F)

61,436/61,500 (M)
40–70 (F)
40–74 (M)

10.2 years (F)
4.6 (M)

Yes (by CVD), no (by
cancer) [56]

Mortality fruits, vegetables

Europe (FRA,
DU, ITA, HUN,
POL, PRT, ROU,
ESP, SWE, TUR)

and ARG

8078/9757 (M, F)
(with

hemodialysis)
mean 63 2.7 years Yes (except by CVD) [57]

Mortality
Meat, fish, dairy
products, eggs,
and vegetables

UK

11,140 (M, F)
(Vegetarians and

meat-eaters)

mean 38.7 (V),
mean 39.3 (NV) 12 years

No [58]65,411 (M, F)
(Meat/fish eaters,

vegetarians
and vegans)

20–97 15 years

Mortality Nuts (peanuts
and tree nuts) U.S. 39,167/39,876 (F) ≥45 19 years Yes (except by CVD) [59]

Mortality Nuts (peanuts
and others) U.S. 47,299/51,529 (M)

(PCa patients) 40–75 26 years
No (except in men

diagnosed with
non-metastatic PCa)

[60]

Mortality

Nuts (walnuts,
hazelnuts,

almonds and
peanuts)

Italy 19,386/24,325 (M,
F) ≥35 4.3 years Yes [61]

Mortality

Nuts (peanut
butter, nut bread
and rice cooked
with chestnuts)

Japan
13,355 (M)
15,724 (F)
/36,990

≥35 17 years Yes [62]

Mortality

Nuts (peanuts,
tree nuts and
overall nuts

consumption)

Iran
20,855 (M)
28,257 (F)
/50,045

40–87 7 years Yes [63]

Mortalityrisk of
type-2

diabetesrisk of
CVD(meta-

analysis)

Nuts

US 134,486 (F) 55–69 11 years

Yes [64]

China 64,227 (F) 40–70 4.6 years

US 20,224 (M) 41–87 21.1 years

US 1,164,248 (F) 30–55 22 years

US 1,599,667 (F) 20–45 18 years

US 31,208 (M, F) >25 6 years

US 21,454 (M) 40–84 17 years

US 31,778 (F) 55–69 15 years
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Table 1. Cont.

Target Diet Country
Populations

Analyzed/Total
Age Follow-Up Time

Reducing
Mortality/Increasing

Life Span
Ref.

US 6309 (F) 52.8 ± 8.5 22 years

US 34,492 (F) 30–55 26 years

US 21,078 (M) 41–87 21.1 years

US 43,150 (M)
84,010 (F)

40–75 (M)
30–55 (F)

26 years (M)
22 years (F)

US 87,025 (F) 50–79 4 years

US NS (M, F) >25 –

US NS (M, F) >85 12 years

UK 10,802 (M, F) 16–79 13.3 years

Netherlands NS (M, F) 55–69 24 years

US 3,038,853 (M, F) 30–55 (NHS)
40–75 (HPFS)

30 years (NHS)
24 years (HPFS)

Spain 31,077 (M, F) 55–80 4.8 years

Mortality Mediterranean diet,
(especially nuts) Spain 7216/7447 (M, F) 55–80 (M)

60–80 (F) 4.8 years Yes [65]

Mortality
Nuts (peanuts,
walnuts and
other nuts)

China 3449/5042 (F) 20–75 8.27 years Yes [66]

Mortality Green tea

Japan 22,597 (M)
25,382 (F) 40–59 20.25 years

Yes (especially by HD
and CVD) [67]

Japan 27,941 (M)
31,415 (F) 40–69 17.3 years

Japan 28,258 (M)
39,446 (F) 40–79 16.1 years

Japan 16,874 (M)
18,077 (F) 40–64 20.52 years

Japan 12,152 (M)
13,194 (F) 40–79 11.66 years

Japan 16,749 (M)
18,185 (F) ≥40 10.98 years

Japan 8663 (M)
9951 (F) 40–103 11.67 years

Japan 11,516 (M)
12,981 (F) 40–97 12.56 years

Mortality

Green tea Japan 42,836/68,722 (M)
48,078/71,698 (F) 40–69 18.7 years

Yes [68]
Tea China 51,668/65,212

(M, F) ≥65 3.5–3.8 years

Longevity Elements in food
and water China NA ≥65, ≥90 - Yes [69]

MortalityCVD
mortality Calcium

China 3139 (M, F) ≥65 9.1 years

Yes (except high dose >
900 mg calcium/day) [70]

China 61,414 (M)
73,232 (F)

40–74 (M)
40–70 (F)

5.5 years (M)
11 years (F)

Canada 9033 (M, F) ≥25 10 years

Sweden 61,433 (F) 39–74 19 years

US 388,229 (M, F) 50–71 12 years

US 18,714 (M, F) ≥17 18 years

Germany 23,980 (M, F) 35–64 11 years

US 38,772 (F) 55–69 11 years

Sweden 23,366 (M) 45–79 10 years

Japan 21,068 (M)
32,319 (F) 40–59 9.6 years

Netherlands 1340 (M)
1265 (F) 40–65 28 years
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Table 1. Cont.

Target Diet Country
Populations

Analyzed/Total
Age Follow-Up Time

Reducing
Mortality/Increasing

Life Span
Ref.

Mortality Coffee Spain 19,888/22,320 (M,
F) Middle age 10 years Yes (≥54 years) [71]

Longevity Coffee US 27,480/93,676 (F)
(postmenopausal) 65–81 25 years No [72]

Morality Meat intake China 61,128/61,483 (M)
73,162/74,941 (F)

40–74 (M)
40–70 (F)

5.5 years (M)
11.2 years (F)

No (increased mortality
in men) [73]

Mortality

Dietary diversity
(meat, fish and
seafood, eggs,
beans, fruits,

salty vegetables,
tea, garlic, and

fresh vegetables)

China 28,790/43,487 ≥80 3.4 years
Yes (especially by
consumption of

protein-rich food)
[74]

Mortality Eastern
European diet

Eastern Europe
(RUS, POL and

CZE)

18,852/29,845 (M,
F) 45–70 8–15 years No (rather

than increased) [75]

Mortality Ultra-processed
food France 44,551/158,361 (M,

F) ≥45 7.1 years No (rather
than increased) [76]

Mortality Ultra-processed
food Italy 22,475/24,325 (M,

F) ≥35 8.2 years No (rather
than increased) [77]

Mortality Ultra-processed
food Spain 11,898/12,948 ≥18 7.7 years No (rather

than increased) [78]

Mortality Fried food US 106,966/373,092 (F)
(postmenopausal) 50–79 17.9 years No (rather than

increased by CVD) [79]

Mortality Potato North America 4400/4796 (M, F) 45–79 8 years No (rather
than increased) [80]

2.2. Mediterranean Diet

Among the diets associated with health and longevity, the traditional Mediterranean
diet is widely recognized as one of the most popular. Mediterranean diets are rich in
vegetables, legumes, fruits, nuts, grains, seafood, and olive oil; they are also low in saturated
fats, dairy products, and meat. Drinking wine and other alcoholic beverages is also popular.
Attention regarding the dietary functions of the Mediterranean diet was greatly increased
in the early 1990s, with (1) growing concerns that large doses of simple carbohydrates
might not be beneficial to health, and (2) growing interest in the use of the Mediterranean
diet score to quantify the health benefits of the food [81]. In a cohort study of Greek adults,
mortality related to cardiovascular (coronary heart) disease and cancer was examined using
the Mediterranean diet score as a criterion and reported that Mediterranean diet ingestion
was correlated with lower overall mortality [47]. This may support the report by Crous-Bou
et al. that higher dietary Mediterranean diet scores tend to result in longer telomeres in
healthy women [82]. Other research institutes also suggested that the Mediterranean diet is
beneficial in reducing mortality among heart failure patients as well as healthy subjects [48].

2.3. Other Traditional Foods

The Nordic diet is characterized by low levels of processed foods and includes yogurt,
berries, whole grain bread, oatmeal, apples/pears, root vegetables, cabbage, fish/shellfish,
etc., It has also been reported that consumption of the Nordic diet lowers mortality in
humans. A cohort study of Danes showed that consumption of the Nordic diet was
associated with lower mortality, especially among middle-aged men [49]. Another cohort
study of Swedish women indicated that all-cause mortality was significantly lower when
on a diet with higher Nordic diet scores [50].

Japan is one of the leading countries of longevity in the world. With the “Japanese
diet” being registered as a World Intangible Heritage in 2013, attention has been attracted
by the relationship between the Japanese diet and aging. In a cohort study of Japanese
subjects, the consumption of Japanese food (including rice, miso soup, seaweed, cucumber,
green and yellow vegetables, fish, green tea, beef, pork, and coffee) was associated with
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prolonged survival [51]. Other cohort studies of Japanese people have also reported that
consumption of the Japanese diet reduces mortality from all causes, especially among
women [52]. On the other hand, the definition of Japanese food in cohort studies is still
unclear and varies. Furthermore, the diet of Japanese people has been changing in recent
years. Therefore, there is a consideration that the longevity of Japanese people in recent
years might be related to other factors besides the Japanese diet [83].

2.4. Individual Foodstuffs
2.4.1. Fruits and Vegetables

Individual fruits and vegetables that are abundant in the Mediterranean diet have
also been found to be related to aging. A cohort study of US adults showed that consump-
tion of fruits and vegetables may reduce the risk of cardiovascular disease and all-cause
mortality [53]. Cohort studies of adults in ten European countries have also indicated that
an increased intake of fruits and vegetables tends to reduce mortality [54]. In a cohort
study of participants from the Czech Republic, Poland, and Russia, an increased intake of
fruits and vegetables was associated with lower mortality, especially among smokers and
hypertensive patients [55]. Among vegetables, cruciferous vegetables are widely consumed
in the general diet. A cohort study of Chinese adults indicated that fruit and vegetable
intake was inversely associated with the risk of total mortality in both women and men,
with a dose-response pattern that was particularly evident in the intake of cruciferous
vegetables [56]. A multinational cohort study of adults in eleven countries who were being
treated with hemodialysis has also indicated that a higher vegetable intake is associated
with lower all-cause and non-cardiovascular mortality [57]. As mentioned in this section,
vegetable consumption seems to be associated with longevity; however, the consumption
of only vegetables may not result in longevity. For instance, a large-scale cohort study of
adults in the United Kingdom observed that all-cause mortality rates for vegetarians and
non-vegetarians were almost the same [58].

2.4.2. Nuts

Nuts, which are abundant in the Mediterranean diet, are consumed worldwide. A
cohort study of U.S. women indicates that the consumption of nuts led to changes in
plasma lipids, inflammation, and glucose metabolism, resulting in an association with a
reduced risk of death from cardiovascular disease [59]. In another cohort study of US men,
it was observed that subjects who consumed nuts five or more times per week had a 34%
lower all-cause mortality rate than those who consumed nuts less than once per month [60].
Several types of nuts (walnuts, hazelnuts, almonds, and peanuts) were also reported to
show a significant reduction in cancer death [61]. One Japanese cohort study showed that
total nut intake (peanuts and chestnuts) was inversely associated with all-cause mortality
in men [62]. Interestingly, the Golestan Cohort Study conducted in Iran evidenced that
reduced mortality by nut consumption (peanuts, tree nuts, and overall nuts) is independent
of a healthy lifestyle [63]. Among nuts, there are relatively numerous studies on walnuts,
examining their relationship with longevity. Several cohort studies have found that walnut
consumption may reduce mortality [64,65]. On the other hand, a cohort study in China
reported that nut consumption dose-dependently induced better survival in long-term
breast cancer survivors, regardless of the types of nuts [66]. Thus, further investigation and
scientific evidence on the components of each nut type is warranted to clarify the essential
factor in reduced mortality that is induced by various types of nuts.

2.4.3. Beverages

It is considered that daily beverage intake may also have an impact on aging. Among
Japanese diets, green tea is one of the most widely studied beverages for aging. Several
cohort studies of Japanese have reported that the consumption of green tea has the poten-
tial to reduce the risk of mortality from heart disease and cardiovascular disease [67,68].
Hao et al. compared the effects of minerals in food and drinking water on life expectancy,
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using the database of demographics from eighteen counties in the Chinese census [69].
As a result, the amount of Cu, Se, and Zn ingested from the diet and drinking water was
positively correlated with longevity, while Pb was negatively correlated in Hainan Province,
which is known for its longevity. In a meta-analysis of 757,304 individuals from 12 inde-
pendent cohorts, Wang et al. reported that low to moderate doses of Ca were associated
with reduced mortality, but not at higher doses, and concluded that each individual should
consume the appropriate amount [70]. Navarro et al. reported an inverse linear association
between total coffee consumption and the risk of death from all causes in Spaniards, which
was particularly pronounced in those over 54 years old [71].

2.5. Age and Food Intake

The nutritional function that can be expected from the intake of food seems to differ
significantly, depending on age at the time of intake. A cohort study of elderly women
(65 to 81 years old) in the US tried to determine the association between coffee and tea con-
sumption and survival to age 90 [72]. The results showed that coffee and tea consumption
may not prolong survival until later life in women. Concerning protein intake, a cohort
study of Chinese people aged 40 to 74 reported that in healthy people, red meat (a rich
source of protein) intake increases the risk of death [73]. In contrast, a cohort study of
Chinese people over 80 indicated that the consumption of protein-rich foods reduced the
risk of death [74]. Such changes in dietary effects are considered to occur due to the various
dysfunctions associated with aging, such as alteration of the gut microbiota, the decreased
absorption of nutrients in the gastrointestinal tract, decreased chewing strength, decreased
exercise, etc. The relationship between caloric restriction and lifespan has become a major
topic in the field of gerontology, with reports indicating that caloric restriction may prevent
aging in various species [84,85]. Caloric restriction is thought to have a significant impact
on human aging. However, the effect of caloric restriction might be challenging to verify, as
it would require very long-term, large-scale human lifestyle intervention studies.

2.6. Potential Foods That May Accelerate Aging

While food intake has been associated with longer life expectancy, others have also
reported that it may contribute to accelerated aging and increased mortality. For example,
there are cases in which traditional diets increase mortality. A cohort study of people in
Russia, Poland, and the Czech Republic showed that the high mortality from cardiovascular
disease in Eastern Europe is related to the traditional dietary habits in target regions, with
lard consumption most likely to be responsible for increased mortality [75]. With the devel-
opment of food processing technology in modern society, the concept of “ultra-processed
food (UPF)” has increased in importance. It gradually became clear that the consumption
of UPF might increase the risk of death [86]. UPF is defined as “formulations of ingredients,
mostly of exclusive industrial use, typically created by a series of industrial techniques and
processes” in the NOVA classification and is considered a different group from unprocessed
and minimally processed foods, processed culinary ingredients, and processed foods [87].
UPF refers to ready-to-eat industrially formulated products that contain high levels of
additives such as sugar, salt, hardened oil, flavorings, emulsifiers, and preservatives [88].
A large prospective cohort study in France (French NutriNet-Santé cohort), of subjects
with a median age of 42.8 years, from 2009 to 2017 reported that the consumption of a
diet classified as UPF according to the NOVA classification was associated with increased
overall cancer risk [89]. A cohort study of French people indicated that the increased
consumption of UPF was associated with an increased risk of total mortality in this adult
population [76]. A cohort study of Italians also showed that UPFs, particularly those rich
in sugar, were associated with an increased risk of death [77]. In addition, a cohort study
of Spaniards, conducted by other research institutions, showed that replacing UPF with
non- or low-processed foods with the same calories may reduce mortality [78]. Fried foods
are highly palatable and popular but have been known to increase the risk of diseases
that lead to death, such as type 2 diabetes and cardiovascular disease. A cohort study of
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postmenopausal women in the US indicated that the consumption of fried foods, especially
fried chicken and fried seafood, was associated with mortality risk among US women,
including from cardiovascular disease [79]. Furthermore, a cohort study of elderly people
in the US also observed changes in mortality due to the consumption of fried and non-fried
potatoes and indicated that the consumption of fried potatoes more than twice a week
increased the risk of death [80]. As this section has shown, an evaluation of food and aging
suggests that it is necessary to consider not only information on foodstuffs but also changes
in certain foods’ properties due to processing in factories.

3. Individual Food Antioxidants and Aging

Based on the results of the numerous cohort studies described in the previous chapter
that have examined the impact of diet on the risk of aging and death, it seems almost
certain that the content of the human diet has a significant effect on aging. However,
there is still no clear evidence on which molecular, cellular, and physiological changes are
the most important factors of aging in individual organisms and on how they affect each
other [90]. With current scientific technology, it seems hard to quantify the effect of “whole
foods,” which are composed of many molecules, on aging. However, numerous studies
have suggested that a variety of individual antioxidants in foods are related to aging: for
example, the autoimmune theory [91]; cross-linking theory [92]; glycation theory [93]; and
KEAP1-NRF2 theory [94].

Most of these previous studies are based on the concept of “oxidative damage theory,”
as described in the first half of this review. Among the various theories of aging, the
oxidative damage theory has been one of the most popular theories in aging research, with
much quantitative experimental evidence being reported from the past to the present [4].
There is growing evidence that ROS may act as signaling molecules that not only induce
oxidative stress but also ultimately extend the lifespan [95]. Such trends led to the con-
cept of “mitohormesis”, which states that ROS promotes aging but, in the appropriate
concentrations, can enhance the biological defense system [96,97]. The regulation of redox
balance in the body is a crucial factor in aging, as ATP production in mitochondria with
ROS generation is an essential factor for energy acquisition in aerobic organisms. It is
also expected that individual antioxidants in foods also contribute to the regulation of
the redox balance (Figure 2). Cell signaling pathways involved with this balance, such as
MAPKs, NF-κB, and Nrf2 seem important in the anti-aging effects of antioxidants [98–102].
However, a description of the detailed mechanism for this process will not be discussed
here because that goes beyond the remit of this review. Please refer to Maleki et al. [103]
and Luo et al. [104] for a review of this topic.

However, with the current state of scientific technology, it is difficult to identify the
effects of individual antioxidants on “aging” and “mortality,” which involve complex
factors, and there are few direct reports. On the other hand, there have been several
reports on the effects of these individual antioxidants on “various diseases related to aging
and mortality” [28,105,106]. This chapter focuses on the relationship between individual
antioxidants in foods, which have been reported and relatively well investigated, and
diseases related to aging and mortality.
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Figure 2. A typical illustration showing food antioxidants in the redox balance of the body, as
mentioned in this review. Reactive oxygen species (ROS) are produced by mitochondria, drugs,
oxidized foods, etc., and are considered to induce the redox balance toward an oxidized state,
resulting in accelerated aging that is caused by the accumulation of oxidative damage. It is considered
that food antioxidants regulate the redox balance and aging.

3.1. Vitamins

Vitamins are substances that are essential to animals and humans; they act as the
cofactors and precursors of enzymes in the regulation of metabolic processes, do not
provide energy, and are essential to the human body [107,108]. The body needs a supply of
vitamins through the diet, among which vitamins A, C, and E are called the “antioxidant
vitamins”, and their relationship with aging is of great interest [109].

3.1.1. Vitamin C

Vitamin C, also known as L-ascorbic acid, is a lipophobic compound that is involved in
collagen synthesis in the body. Vitamin C exists in the human body at the highest concentration
among all vitamins and is considered to regulate redox status in the body [110–112]. In a
cohort study of 17,304 middle-aged and elderly Europeans aged 42 to 82 years old, Lewis
et al. reported that an adequate intake of Vitamin C is necessary to reduce the progression
of frailty and sarcopenia caused by increased oxidative stress due to aging [113]. Qu et al.
reported that Vitamin C inhibited prelamin A expression and the secretion of inflammatory
mediators that induce cellular aging in subchondral bone mesenchymal stem cells [114].
Laboratory mice lifespans were increased with an amount of Vitamin C in drinking water,
in a study using gluconolactone oxidase-deficient mice [115]. This report suggested that
Vitamin C modulates the stress response in the endoplasmic reticulum and the lifespan
of mice. Oxidative damage to the brain due to aging is regarded as one of the factors that
cause brain dysfunction. Experiments in mouse models of Alzheimer’s disease indicate
that Vitamin C deficiency in the brain may affect the redox balance and accelerate the
generation of amyloid-beta, an initiator of oxidative stress in Alzheimer’s disease [116]. On
the other hand, a review by Kaźmierczak-Barańska et al. summarized that vitamin C is
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important as a pro-oxidant related to the upregulation of DNA repair and other biological
functions [117]. They noted that the function of vitamin C varies in different cell lines and
conditions, which makes research difficult. The “two faces” of vitamin C, consisting of its
functions as both an anti- and pro-oxidant, may make it difficult to elucidate the detailed
functions of such antioxidants [117]. With the continued advancement of science and
technology in general, it is necessary to fully understand the effects of these antioxidants
and pro-oxidants, and more progress should be achieved in the near future.

3.1.2. Vitamin E

Vitamin E, also known as α-tocopherol, is a lipophilic compound. There are other
analogs, such as other tocopherols (β-, γ-, δ-) and tocotrienols (α-, β-, γ-, δ-), but only
α-tocopherol can be called “vitamin E” [118]. Vitamin E is localized in cell membranes and
is thought to play a role in protecting cells from oxidative damage [96]. The α-tocopherol,
β-carotene cancer prevention (ATBC) study, a famous large-scale US trial that examined
cancer prevention effects, found that an intake of α-tocopherol and β-carotene had no effect
on mortality from liver cancer or chronic liver disease [119]. However, in 2019, Huang
et al. reported on a 30-year cohort study of subjects in the ATBC study, which showed that
plasma vitamin E levels were associated with a reduced risk of all-cause mortality and
death from all major causes [120]. Vitamin E deficiency is thought to cause the increased
fragility of red blood cells and the degeneration of neurons, especially peripheral axons,
and dorsal horn neurons. Mangialasche et al. quantified vitamin E concentration in the
serum of patients with Alzheimer’s disease, mild cognitive impairment, and normal cogni-
tive function, and reported that the concentration was significantly lower in patients with
Alzheimer’s disease and dementia than in subjects with normal cognitive function [121]. It
has also been reported that the long-term intake of vitamin E suppressed the shortening
of telomeres in the peripheral blood mononuclear cells of Alzheimer’s patients [122]. It
should also be noted that each vitamin E analog has different biological activities. Tucker
compared serum leukocyte telomere length with vitamin E and gamma-tocopherol concen-
trations in 5768 US adults and explained that high levels of gamma-tocopherol in the blood
accelerated telomere length loss (vitamin E was not significant) and may accelerate cellular
senescence [123]. A cohort study of 580 American people by Hanson et al. showed that
there was a positive correlation between dietary vitamin E intake and lung function, but an
inverse correlation between serum γ-tocopherol levels and lung function [124]. The ratio of
vitamin E and its analogs in foods, or the coexistence of various other compounds, may
have an effect on aging.

3.1.3. Carotenoids

Carotenoids, also known as provitamin A, are lipophilic pigments that are classified
into two groups, carotenes and xanthophylls, based on their polarity. The blood concentra-
tions of carotenoids were found to be decreased in the elderly and in Alzheimer’s disease
patients [125]. Huang et al. confirmed the relationship between serum parameters and
mortality in a cohort study of 29,103 men in the ATBC study and reported that higher
serum β-carotene concentration was associated with lower mortality from cardiovascular
disease, heart disease, stroke, cancer, and all causes of death [126]. Min et al. analyzed the
plasma of 3660 people in the US and showed that elevated blood β-carotene levels were
correlated positively with the length of leukocyte telomeres [127]. Experimental models
using Caenorhabditis elegans show that the continuous intake of astaxanthin from a young
age leads to the increased expression of genes encoding superoxide dismutase (SOD) and
catalase and protects the mitochondria and nuclear organelle through the nuclear transfer
of DAF-16 protein, resulting in lifespan extension [128]. Wu et al. reported that astaxanthin
intake was associated with anti-aging in the D-galactose-induced rat brain aging model
by the maintenance of antioxidant enzyme activity, the suppression of oxidative enzyme
expression, and an increase in brain-derived neurotrophic factor (BDNF) [129].
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3.2. Polyphenols

“Polyphenols” is a general term for compounds with multiple phenolic hydroxy
groups in their molecules and are mainly present in plants. Polyphenols can be further
classified, depending on their chemical structure, but most of the polyphenols in foods are
flavonoids. Flavonoids are a group of phenyl compounds with a structure consisting of two
benzene rings connected by three carbon atoms (diphenylpropane), and various reports
have been made in recent years on their functional health properties. Although more
than 5000 polyphenols have been reported, we will broadly classify them into flavonoids
and non-flavonoids in this section and introduce the relationship between each typical
compound and aging.

3.2.1. Flavonoids

Quercetin is one of the most recognized flavonoids and is reported to have antioxidant
and anti-inflammatory effects. El-Far et al. investigated the effect of quercetin intake on
an aged rat model induced by D-galactose [130]. As a result, they reported that quercetin
intake suppressed apoptosis and the elevation of inflammatory markers by inducing the
expression of anti-apoptotic markers related to aging in the pancreas and kidneys of rats.
In a study using mouse oocytes, quercetin also contributed to oocyte maturation and
embryo development by reducing age-related increases in mitochondrial oxidative stress
and by regulating mitochondrial dysfunction [131]. Geng et al. used a Werner’s syndrome
model, based on human mesenchymal stem cells to screen for potential natural compounds
with anti-aging effects, and identified quercetin. They also reported that quercetin may
reduce cellular aging by improving cell proliferation and the repair of the heterochromatin
structure [132].

Anthocyanins are polyphenols that are well known due to the presence of the French
paradox. Using aged rat models, Li et al. found that anthocyanin intake improves total
antioxidant capacity and may ameliorate aging caused by oxidative stress through the
induction of autophagy [133]. As is the case with polyphenols in general, it is also impor-
tant to consider the relationship between their absorption, metabolism, and aging. For
example, when anthocyanins are administered orally, the majority of molecules are not
transferred into the bloodstream via antioxidant activity, which is likely to be because of
glucuronidation and/or sulfate conjugation in the liver and small intestine [134,135].

Isoflavones have been reported to exhibit estrogen-like effects due to their struc-
tural similarities, and to contribute to the regulation of hormones in women. Studies on
age-related disorders have also reported that genistein prevents the acquisition of insulin
resistance in aged rats, but the hormone replacement effect of genistein is only effective in
early menopause, not in older age [136].

3.2.2. Non-Flavonoids

Chlorogenic acid is a type of monophenol recognized for its presence in beverages
such as tea and coffee. Li et al. reported that the oral administration of a chlorogenic acid-
phospholipid complex to senescence-accelerated mice (SAMP8) for two weeks suppressed
the post-myocardial infarction response of the aged heart [137].

Resveratrol, a polyphenol that is prolific in fruit peels, is known for having a strong
antioxidant capacity in in vitro studies. Gines et al. reported that the oral administration of
resveratrol to senescence-accelerated mice (SAMP8) reduced inflammatory factor expres-
sion, inhibited apoptosis and oxidative stress in the mouse pancreas, and had a protective
effect against age-related pancreatic damage [138]. Resveratrol switches the SIRT-1 gene,
which is known as the longevity gene. Several cognitive function studies have reported
that the long-term administration of resveratrol has a protective effect against hippocampal
and neuronal damage [139,140]. Caldeira et al. reported that resveratrol has antioxidant
and anti-inflammatory effects, but its mechanism of action varies with cell age [141]. The
antioxidant effect of resveratrol was found to be mediated by the SIRT1/AMPK pathway
in middle-aged mononuclear cells, but not in aged cells. Therefore, the biological activity
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of resveratrol may change with age. Semba et al. conducted a cohort study of 783 Italian
seniors aged 65 years or older and noted that in the elderly, resveratrol metabolites were
not associated with inflammatory markers, heart disease, cancer, or mortality and that the
resveratrol levels reached in the Western diet had virtually no effect on health status or
longevity [142]. Furthermore, recent findings have raised concerns that the intake of antiox-
idants such as resveratrol may rather inhibit the beneficial effect of exercise on improving
vascular function in humans [143].

Curcumin is reported in terms of its functions of anti-aging via an anti-inflammatory
effect [144,145]. The intake of curcumin for 6 months (200 mg/kg) suppressed the aging
process by affecting anti-aging markers (decreased C-reactive protein levels, increased
malondialdehyde levels, and nitric oxide levels) in aged albino rats. [146]. In vitro stud-
ies have shown that curcumin preserved endothelial cells (HUVEC) from H2O2-induced
premature senescence via endothelial nitric oxide synthase phosphorylation and silent
information regulator (SIRT)-1 expression [147]. Curcumin intake over several weeks
(100 mg/kg/day) is reported to delay the aging process of oocytes in the mouse model
through anti-aging-related genes (SIRT1 and SIRT3) [148]. Furthermore, 10–40 times higher
absorbable and brain-accessible curcumin nanomicelles prevented the mitochondrial dys-
function involved in brain aging and neurodegeneration [149]. As a result of investigating
curcumin intake on an obesity-related cognitive dysfunction mouse model, dietary cur-
cumin and caloric restriction worked positively on the frontal cortical functions, regardless
of effects on adiposity [150]. A combination of in vivo experiments and computer simu-
lations revealed that curcumin upregulates antioxidant enzymes and improves memory
by binding to β-secretase 1 and amine oxidase A [151]. In middle-aged monkeys, daily
curcumin treatment for 14–18 months improved only the spatial memory, suggesting the
anti-aging effect of curcumin might be dependent upon the stage of aging [152].

3.3. Coenzyme Q10

Endogenous antioxidants exist in the body to maintain the redox balance. One of
the most widely recognized endogenous antioxidants is coenzyme Q10, which is also
available as a supplement. Gutierrez-Mariscal et al. observed the effects on oxidative stress
in 20 subjects who consumed three random, same-calorie diets (the Mediterranean diet,
the Mediterranean diet plus coenzyme Q10, and a diet rich in saturated fatty acids) for
four weeks and found that the DNA-protective effects of the Mediterranean diet were
enhanced by coenzyme Q10 [153]. The supplementation of aged mice with coenzyme Q10
was found to delay the decay of ovarian reserves and restore mitochondrial gene expres-
sion in oocytes, with associated functional improvements in the body [154]. Zhang et al.
reported that coenzyme Q10 inhibits aging through the Akt/mTOR signaling pathway
in D-galactose-treated mesenchymal stem cells [155]. Aging models in which hydrogen
peroxide was added to human vascular endothelial cells have also reported that coenzyme
Q10 has an aging delay effect by suppressing the expression of genes related to the secretory
phenotype associated with aging, inhibiting intracellular ROS production, increasing nitric
oxide (NO) production by increasing endothelial nitric oxide synthase (eNOS) expression,
and promoting mitochondrial function [156].

4. Limitations of the Current Investigations

In the first chapter of this review, the various theories of aging that have been reported
were presented. From the past to the present, many theories have tried to explain the
aging process, but no single theory can fully explain it because the process is essentially a
complex scenario characterized by changes occurring at different levels of the biological
system. However, it is noteworthy that today’s research in the field of aging has developed
based on these theories of aging. Existing theories of aging would help to inspire new
approaches to further the current understanding of the relationship between food and the
aging process. In the future, theories of aging based on new discoveries and perspectives
may well be proposed to elucidate the reality of diet and food components in aging.
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In the second chapter, research conducted to investigate the impact of foodstuffs
on life expectancy and mortality was introduced. Diet plays an important role in aging
because the human body is composed of compounds found in the foods that are consumed
every day. Considering the research reports presented in the second chapter, it seems
that dietary patterns may have a significant impact on mortality. On the other hand, the
evaluation of the physiological effects of foods composed of multiple molecules, unlike
single molecules, seems to be difficult to explain with the current technology. Therefore,
it is difficult to connect and discuss the findings of the cohort studies presented in this
chapter with the individual theories of aging presented in the first chapter. However,
in very recent years, with the development of AI technology, new methods of dietary
assessment and physiological effects have begun to be established [157–159]. In addition,
with the development of nanotechnology, the concept of “smart food,” in which food is
processed at the nanoscale to enhance its bioavailability and shelf life, will also lead to
significant progress in aging research [160]. Considering these concepts, it will be even
more important to elucidate the detailed role of food-derived antioxidants in the regulation
of aging. Aging is affected not only by the kinds of food human ingests but also by
the surrounding environment; for example, the natural environment, air, climate, soil,
artificial environment, social environment, urban green spaces, economic background,
social cohesion, socioeconomic status, and physical activity [161]. These complex factors
and their relationship to food and aging are extensive and are beyond the scope of this
review, but they need to be considered and evaluated.

In the third chapter, individual antioxidants in the human dietary resources and their
effects on aging and related diseases (including lifespan extension) were summarized.
Most of the previous research on food-derived antioxidants and lifespan has been based
on the theory of oxidative damage, as introduced in the first chapter, and many reports
have suggested that antioxidative activity is a major factor in promoting longevity. The
various foods presented in the second section that may extend the lifespan seem to be rich
in the individual antioxidants discussed in this chapter. The concentrations of food-derived
antioxidants in the body are found to decrease with aging (Figure 3). Therefore, it may be a
possibility that individual antioxidants might contribute to lifespan extension, but a clear
cause-and-effect relationship has not yet been elucidated. Current methods for elucidating
the relationship between individual antioxidants and aging, such as those described in
this chapter, may yet have some details to be elucidated. Although the mechanisms of the
effects of individual antioxidants on individual diseases, including Alzheimer’s disease
and lifestyle-related diseases, are becoming clearer, it seems that experimental models
and evaluation methods to explain “aging” are currently insufficient. For example, the
quantification of DNA repair capacity in humans regarding age-related genomic instability
has not yet been established [162]. Proteostasis defects have been identified as a novel
mechanism of aging but, to date, there is no effective technology for this purpose [163]. Stem
cell depletion may also be an important marker of aging, but methods for its evaluation
have not yet been established [164]. Telomeres, which are an important indicator of aging,
have not yet been put to practical use in clinical practice because the current evaluation
methods have problems with the accuracy of analysis, such as heterogeneity among cells
and individuals [1]. As the technology for such evaluation methods develops, the concept
of food-derived antioxidants and aging will become more visible. It will also be necessary to
try to bring the two separate interpretations of “food” as a whole and “individual nutrients”
closer together.

What is the biological meaning of oxidative stress in aging? Although various reports
have shown that techniques for measuring age-related ROS are available, their relationship
with aging is still unclear [165]. As mentioned in the concept of mitohormesis introduced
at the beginning of the third chapter, moderate oxidative stress in the body may have the
potential to improve the lifespan. Based on the concept of the oxidative damage theory
of aging, it seems that higher amounts of antioxidants in food would benefit longevity,
but this may not necessarily be the case. Gladyshev et al. stated that excess antioxidant
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supplementation disrupts the redox balance of the organism and there is a risk of accelerated
aging [166]. Pérez et al. reported that transgenic mice that produced more antioxidant
enzymes in their bodies did not live as long as normal mice [167]. Furthermore, when
using catalase-deficient mice, Pérez-Estrada et al. reported that catalase contributes to
lifespan extension by regulating the lipid metabolism in the liver without contributing
to oxidative stress [168]. Van Raamsdonk et al. found that C. elegans (sod-12345) without
SOD activity had a normal lifespan, although it was more sensitive to all stresses [169].
Furthermore, whether superoxide extends or shortens the lifespan depends on the genotype
of the strain and the initial concentration of superoxide, which raises questions about the
oxidative damage theory. In addition to the oxidative damage theory, it will be important
to consider food antioxidants and aging on the basis of other aging theories. Throughout
this review, we can report that there is definitely a promising future for diets that control
aging, although more research needs to be performed to clarify the relationship between
food antioxidants and aging.

Figure 3. Age-related decline in the plasma concentrations of food antioxidants (vitamin C, uric acid,
α-carotene, β-carotene, β-cryptoxanthin, lutein, zeaxanthin, and lycopene in total). (Figure modified
from Miyazawa et al. [160]).
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5. Conclusions and Outlook

Research on food antioxidants and aging has been widely based on the “oxidative
damage theory” among the aging theories. Most of the previously reported cohort studies
suggest that food antioxidant components may affect the lifespan; however, there is no
direct evidence and the effect remains unclear. New technologies are expected to be
developed in the future that can show that individual food antioxidants have the potential
to extend the lifespan; moreover, the technology can evaluate the relationship between
aging and the food as a whole, which is composed of various food antioxidants.
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Abstract: Since ancient times, it has been noticed that Goji berry fruit juice, roots and leaves consist of
ingredients that contain a wide variety of bioactive substances. The consumption of goji berry fruits
results in properties which improve the subjective feeling of general well-being. The aim of this work
is to present the information from the existing literature on the possible role of goji berry plant parts
and their extracts as a functional food. Lycium barbarum Polysaccharides (LBP) and polyphenols are
the most researched aspects of fruits associated with the promotion of human health. Goji berry fruits
demonstrated anti-oxidative properties that are associated with age-related diseases such as diabetes,
atherosclerosis and antitumor and immunoregulatory activities. Bioactive secondary metabolites
contained in fruit lead to positive effects for human vision, while other biochemicals contained in
the root bark have shown hepatoprotective and inhibitory actions on the rennin/angiotensin system.
The results presented so far in the literature verify their use in traditional medicine.

Keywords: goji berry; functional foods; antioxidant; health; antibacterial; health promotion

1. Introduction

Modern life-styles and dietary habits are the main cause of several human modern
diseases such as diabetes, hepatitis and cardiovascular issues [1–3]. About 1/5 of the known
plant species [4] that have participated in pharmaceutical studies cover a wide range of
beneficial effects on human health, animal welfare and crop protection by enhancing hu-
man health against free radical damage [5–13]. The high concentrations of phytochemicals
found in plants are accumulated mainly in their fruits and vegetables. Among beneficial
phytochemicals, antioxidant compounds including phenolics, anthocyanins, carotenoids,
and tocopherols may be used as a supplement for the human body by acting as natural an-
tioxidants [14]. Thus, the consumption of fruit and vegetables has been linked with several
health benefits, as a result of medicinal properties and high nutritional value [15] and is
recommended by many scientists throughout the world [16]. In more detail, many studies
mention the antioxidant and pharmacological activities of different plant extracts [17–20].

Among important plant species with significant biomedical issues is the Goji berry
where fruit juice, roots and leaves contain ingredients that have a variety of bioactive
properties [21–24].

The objective of this paper is to provide a review of phytochemical studies that have
addressed the beneficial effects for human health of bioactive compounds contained in
Goji berries.

Search Strategy

An electronic literature search was conducted using PubMed, Medline (OvidSP), and
Google Scholar for the period between 1992 to 2022. Additional articles were identified
from references in the retrieved articles. Search terms included combinations of the fol-
lowing: “goji berry”, “Lycium barbarum”, “health promoting effects”, “phytochemical”,
“antioxidant”, “Lycium barbarum polysaccharides” and “pharmacological”. The search
was restricted to articles in English that addressed the phytochemical constituents and
pharmacological properties of goji berries.
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2. Bioactivities

2.1. Antioxidant Activity

The most studied molecular mechanism of the oxidation of cellular components is that
of lipid peroxidation. This is a circular feedback chain process, which, if started and not
suspended in time, can oxidize all the biological material. DNA can tolerate a large number
of different oxidative lesions, depending on the factors that cause them. Unlike oxidized
proteins, which are usually fragmented and their amino acids reused, the oxidized DNA
can be repaired in situ. Insufficient DNA repair can result in mutation and, ultimately, cell
death by either necrosis or apoptosis.

The amino acids cysteine, methionine, tyrosine, phenylalanine, tryptophan and his-
tidine are more susceptible to oxidative modifications. Relatively recent research results
in this field commented on the fact that oxidative modifications of amino acid residues in
proteins, besides the negative effects, may also play a positive role by participating in the
redox signaling process.

Goji berries have been shown to possess antioxidant properties, neutralizing the ox-
idative action of free radicals and activating antioxidant mechanisms (Figure 1), such as an
increase in superoxide dismutase (SOD), glutathione (GSH), glutathione peroxidase (GPx),
catalase (CAT), and erythroid-derived 2-like 2 (Nrf2) expression of several antioxidant and
cytoprotective enzymes [25]. Thus, L. barbarum extracts exhibited the binding of peroxide
anion radicals and the subsequent reduction of their activity [26].

Figure 1. Health-promoting properties of goji berry fruits and extracts.

The protective effect on the inhibition of lipid peroxidation by goji berry extracts is
probably due to the polyphenols of goji berry fruit (Figure 2) [27]. Caffeic acid, which is the
main hydroxycinnamic acid in goji berries, not only has potent antioxidant effects but also
has anti-inflammatory and anti-cancer effects, while recent studies have shown that caffeic
acid in its free form or conjugated to other groups, such as quinic acid and sugars, has a
protective effect against Alzheimer’s disease [28].
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Figure 2. The chemical structure of the polyphenols contained in “Goji berries”.

Moreover, ethanol extract (70% w/v) of L. chinense protects hepatic cells against ox-
idative stress-induced cell damage by removing intracellular ROS, SOD recovery, CAT
and glutathione action, reducing lipid oxidation, DNA destruction and protein carbonyl
values [29]. Further, Changbo et al. [30] have shown that the administration of LBP in
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mice can reduce the oxidative stress caused after exercise in swimming, increasing the
antioxidant enzymes SOD, CAT and GPx.

An important ingredient that contributes to the antioxidant activity of fruits is also
AA-2βG, which has similar antioxidant properties to vitamin C. Studies focusing on its
effects showed that it exhibits strong binding activity against DPPH and H2O2 and inhibits
H2O2-mediated hemolysis better than vitamin C. Studies have also demonstrated similar
effects in the binding of OH radicals. Although the in vitro antioxidant capacity has shown
that AA-2βG presented lower activity compared to vitamin C; on the contrary, in vivo
studies demonstrated that AA-2βG protected mice liver from carbon tetrachloride-induced
acute liver injury better than vitamin C [31].

Furthermore, several studies have identified the protective mechanisms of the bio-
chemical action of goji berries in relation to the induction of the Nrf2 nuclear factor [25,32].
A recent study, suggested that goji berry aqueous extracts exhibit antimutagenic activity,
protecting DNA against peroxyl and hydroxyl radicals [33]. In the context of the same
study, substantial antioxidant activity of goji berry aqueous extracts in C2C12 muscle cells
was also observed, indicated by increased glutathione (GSH) levels up to 189.5% and a
decrease of protein carbonyls and lipid peroxidation by 29.1% and 21.8%, respectively [33].

2.2. Antiaging Activity

Aging is defined as the accumulation of various deleterious changes in cells and
tissues [34], especially for elderly people [35].

Several studies have shown that genetic and environmental factors regulate specific
pathways involved in hormone signaling, nutritional signaling and the detection of mi-
tochondrial and ROS signaling and genomic survival. It is a common belief that the
accumulation of the effects of oxidative stress contributes to the aging process [36–38].
For this reason, many of the experimental aging models use the pouring of D-galactose
into mouse or rat tissues for a period of 6–8 weeks as a toxin in order to produce free
radicals [39]. According to Deng et al. [40], the addition on a daily basis of 100 mg LBP/kg
to the diet of mice reduced serum advanced glycation end products (AGE), retrieving the
memory pointer back to experimental animals, increasing superoxide dismutase levels in
erythrocytes and finally helping them to restore kinetic activity.

The life cycle of Drosophila melanogaster (fruit-fly) has been used as an alternative
model for aging studies. Based on this model, the addition of 16 mg LBP/kg shows a
statistically significant increase of the average life span of male insects [41].

Furthermore, studies conducted on elderly mice have shown that the consumption
of 200–500 mg/kg of LBP promotes oxidative stress reduction, as it reduces the oxidative
stress markers associated with the aging process [42]. It has also been reported that LBP
activates the antioxidative pathways Nrf2/ARE and Nrf2/HO-1 by activating antioxidants
and detoxifying enzymes. One of these enzymes is heme oxygenase-1 (HO-1), which
is regulated by the factor associated with the nuclear factor erythroid 2–related factor
2 (Nrf2) [43].

In vivo studies on Factor Nrf2 have shown that it plays an important role in the
endogenous antioxidant system by regulating the expression of important antioxidant
enzymes, such as oxygenase-1 (HO-1), SOD and CAT. In particular, in oxidative stress or
exogenous (pharmacological) activation, Nrf2 moves into the cell nucleus and induces
the expression of antioxidant enzymes by blocking the antioxidant response (ARE) [44].
It has also been commented that activation of PI3K/AKT/Nrf2 not only prevents the
development of oxidative stress but also prevents metabolic glucose abnormalities such
as the occurrence of insulin resistance. Activation of Nrf2 by LBP offers a new alternative
therapeutic approach to the prevention of insulin resistance caused by a long-term high-fat
diet [45].

The effect of ultraviolet radiation (UVB) causes skin damage by inducing oxidative
and inflammatory lesions and thus causes aging and carcinogenicity of the skin. The
protective effect of LBPs through the induction of Nrf2 is likely to exert a protective effect
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against the negative effect of ultraviolet radiation on the skin by binding to the active
radicals and reducing DNA damage, resulting in the suppression of the ultraviolet-induced
P38 MAP pathway. Based on the previous beneficial effects, LBP could potentially be used
as an ingredient in products intended to protect the skin against oxidative damage from
environmental conditions [32].

A recent study investigating retinal protection from damage caused by I/R radiation
showed that activation of the Nrf2/HO-1 antioxidant pathway was adapted to neutralize
damage to the retina. The use of LBP not only reduced the production of ROS but also en-
hanced the activation of the Nrf2/HO-1 antioxidant pathway in retinas under the influence
of I/R [46].

All of the previous studies support that LBP has positive anti-aging effects, while a
clinical study indicates that dietary intake of a total of 500 mg of L. barbarum over 10 days
can significantly reduce plasma triglyceride levels and increase levels of cyclic adenosine
monophosphate (cAMP) and SOD [47].

As the anti-aging effects of L. barbarum display a wide range of target tissues, it is
believed that it can overall protect cells from oxidative, hyperglycemic and hyperlipidemic
conditions. According to the results of a previous clinical study conducted in alloxan-
treated rabbits, the LBP group reduced the blood glucose levels [48].

In addition to polysaccharides, the presence of components in fruits, such as carotenes,
betaine, polyphenols and vitamin C in the precursor form of 2-O-β-D-glucopyranosyl-
L- ascorbic acid, contributes to antioxidant and anti-aging properties of the goji berry
fruit. Thus, betaine has been shown to have a protective effect against skin aging by
ultraviolet radiation by mouse-assisted research. Betaine’s protective effect is mediated by
inhibition of the extracellular kinase signal transducer (ERP), protein kinase (MEK) and
metalloproteinase 9 (MMP-9), resulting in a reduction in collagen wrinkles and damage
caused by UVB [49].

Finally, the regulation of the operation of a basic organ, such as the liver or kidneys,
results in the regulation of other organs or even of the entire body, according to the
traditional Chinese medicine theory. Based on this theory, in traditional Chinese medicine,
the use and consumption of L. barbarum fruits is recommended for the treatment of aging-
related diseases due to the appearance of a wide range of positive effects, reducing all risk
factors in aging-related diseases.

2.3. Antitumor and Immunoregulatory Activity

The defensive mechanisms of vertebrates are also known as the immune system. The
immune system recognizes and destroys foreign invaders and toxic substances by a process
known as an immune response. The molecule that causes the immune response is called an
antigen. In addition, these mechanisms are involved in the body’s effort to remove aged
or damaged cells, as well as destroying cancer cells, while sometimes they cause damage
against the tissues of the organism itself.

The two main groups of cells in the immune system are the cells of the medullary line
and the lymphocytes. Lymphocytes include B-lymphocytes and T-lymphocytes as well
as a large granular cell, NK (or natural killer cells). The medullary cells consist of mono-
cytes/macrophages, dendritic cells, neutrophils, eosinophils and basophils. B lymphocytes
have an antibody molecule in their membrane, whereas T lymphocytes have an antigen-
binding receptor in their membrane. When a B cell encounters an antigen, it quickly divides
and differentiates into a B-cell memory and a B-cell effector or plasmid cell. Plasmocytes
produce a large number of antibodies (antibody, Ab) or immunoglobulin (immunoglobulin,
Ig) that act on the antigen and destroy it. T-lymphocytes, when they meet an antigen or
tumor, secrete cytokines (growth factors), directly killing the infected target cell (CD8 killer
T cells) and also activating B-cells to make antibody responses and macrophages to destroy
microorganisms that either invaded the macrophage or were ingested by it (CD4 helper
T cell). There are two types of immunity—humoral and cellular. Humoral immunity is
mediated by antibodies produced by B cells and is the main defensive mechanism against
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extracellular microbes and their toxins, with secreted antibodies binding to them by induc-
ing their elimination. Cellular immunity is mediated by T cells, with dendritic cells playing
an important role against antigens.

A clinical study completed by Cao et al. [50] examined the effect of a combination of
lymphokine-activated killer (LAK)/IL-2 and LBP on advanced cancer patients (79 patients).
The results of this study showed that the response rate and duration of mean tumor
regression of patients treated with LAK/IL-2 plus LBPs was higher than those of patients
receiving only LAK/IL-2. LAK/IL-2 plus LBP therapy resulted in a more pronounced
increase in NK and LAK activity than LAK/IL-2 alone. Furthermore, a study carried out
by Gan et al. [51] showed that the administration of LBP3p polysaccharide enhanced the
immune system in S180-bearing mice by increasing spleen lymphocyte proliferation and
cytotoxic T-lymphocyte activity (CTL).

However, results published by Zhang et al. [52] showed that LBP therapy inhibited
growth of hepatoma cell line QGY7703, phase S, phase interruption and induction of
apoptosis, as well as a simultaneous increase in the amount of cellular RNA and Ca2+

concentration in human tissues.
Clinical studies demonstrated the immunomodulatory effects of standardized L. bar-

barum (GoChi) fruit juice on elderly healthy people in China. The results showed that
the GoChi group differed, statistically increasing the number of lymphocytes and levels
of interleukin-2 and immunoglobulin G. This study concludes that daily consumption of
GoChi significantly increases several immune responses and subjective feelings of general
well-being without any undesirable effects [21,22].

Follicular helper CD4 T helper cells (Tfh) are the specialized help providers in B lym-
phocytes since they are necessary for their maintenance and for differentiation into plas-
mocytes and memory B cells. For this reason, the correlation of Tfh with the production
of antibodies from B lymphocytes was studied. Su et al. [53] investigated whether LBP
upregulated expression in such molecules on Tfh cells. BALB/c mice were administered
5 mg/kg, 25 mg/kg and 50 mg/kg LBP daily for 7 days, and the enhancement of the
humoral immune response by the activation of Tfh cells using LBP was confirmed by the
increase of the expression of numerous molecules, including CXCR5 and PD-1 surface mark-
ers. Furthermore, Yang et al. [54] showed in their study that LBPs can enhance the immune
system against antigenic infection by enhancing phagocytosis in RAW264.7 phagocytes.

He et al. [55], by observing intracellular ROS production and DNA damage, reported
a stimulation effect of LBB on the apoptosis of MCF-7 human breast carcinoma cells and
the inhibition of the cell cycle in the G0/G1 phase.

Moreover, Huang et al. [56] investigated the mechanisms of LBP suppressive action
against breast cancer in MCF-7 cells in vitro. The results of their study showed that
LBP therapy can inhibit the proliferation of MCF-7 cells with insulin-like growth factor
1 (IGF-1) in a dose- and time-dependent manner to suppress phosphatidylinositol 3-kinase
activity (PI3 K) and phosphorylated-PI3 K (p-PL3 K) inhibit protein-1 (HIF-1) accumulation
caused by hypoxia and suppress the expression of vascular endothelial growth factor
(VEGF) mRNA and protein production. These results indicated that LBPs could inhibit
tumor cell growth by suppressing IGF-1-induced angiogenesis via the PI3 K/HIF-1/VEGF
signaling pathways. In a recent study completed by Deng et al. [57] it was presented that
LBP3 polysaccharide could reduce immune toxicity and enhance the antitumor activity of
doxorubicin in mice. The results of the aforementioned study showed that LBP3 did not
offer protection against body weight loss caused by dox, but it promoted the recovery of
body weight starting 5 days after dox treatment in tumor-free mice. Furthermore, LBP3
was found to promote cell cycle recovery in bone marrow cells, improve peripheral blood
lymphocyte counts, and restored the cytotoxicity of natural killer cells. Moreover, the
antitumor activity of dox, peripheral blood and lymphocyte counts has been improved.

Apart from polysaccharides, phytochemical compounds mentioned previously con-
tribute to the anti-aging activity exerting a protective effect against cancer cells. For example,
betaine has been shown to have an inhibitory effect on colorectal cancer because of its
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anti-inflammatory action. Kim et al. [58] showed that adding betaine to a mouse diet
could achieve a reduction of the incidence of colitis associated with cancer by reducing the
levels of ROS and its ratio with oxidized glutathione (GSSG), related to the inflammation
of cytokines such as IL-6, IL-1β and IL-22 and protein levels of COX-2 and iNOS with
azoxymethane-induced colitis. In addition, Hsu et al. [22] demonstrated that the inhibition
of colonic HT29 cancer cells from a mixture of nanoparticle and carotenoid extracts from
L. barbarum was activated by increasing expression of P53 and P21, reducing the expression
of CDK1, CDK2, cyclin A and cyclin B arresting cell cycle at G2/M.

The antitumor activity of goji berry extracts (primarily LBP-based studies) is mainly
due to their ability to induce the disruption of cell cycle apoptosis and the inhibition of some
important signaling pathways that act as carcinogenic protective agents by eliminating
cancerous cells.

2.4. Antidiabetic Activity

The number of patients with diabetes worldwide has quadrupled over the last 30 years,
and it is the ninth leading cause of death. One in 11 adults today has type II diabetes,
accounting for 90% of diabetes cases, and the prediction is that by 2050, one in three will
suffer from diabetes. The majority of people suffering from diabetes are aged between 45
and 64.

Sugar, a common constituent of diet, is also a major factor often responsible for
elevating the glucose level in diabetic patients [59]. Diabetes mellitus is a metabolic disease
characterized by an increase in blood sugar (hyperglycemia) and a metabolic disorder of
glucose (C6H12O6), either as a result of decreased insulin secretion or due to a decrease
in the sensitivity of cells to insulin. Insulin is a hormone produced in the pancreas that
forces the liver and muscle cells to absorb blood glucose and store it as glycogen for
future body energy needs. In case the insulin concentration in the body is low or zero
and glucose absorption cannot take place, the body begins to use fat as a source of energy
by transporting lipids from adipose tissue to the liver [60]. Nowadays, there are known
various types of diabetes. The main diabetes types are type I and type II. In general, diabetes
is associated with the risk of serious health complications, including myocardial infarction,
stroke, kidney failure, vision loss and premature death. So required care for diabetics is
likely to be needed for many years [61].

The effect of the antidiabetic action of goji berry extracts has been investigated in
various studies. Goji berries may have a positive effect on blood glucose control, as docu-
mented in relevant studies described in a study published by Silva et al. [62]. Furthermore,
in a study completed by Wu et al. [63] feeding of type 2 diabetic mice with goji berry
extract for 4 weeks showed a decrease in blood glucose levels by 35%. Moreover, Zhang
et al. [64] suggested that the fraction LBPF4-OL of the LBP promotes lymphocyte prolifera-
tion secreting TNF-α and IL-1β. Luo et al. [48] also showed that L. barbarum extracts have
hypoglycemic and hypolipidemic effects as well as strong antioxidant activity in rabbits
with diabetes and hyperlipidemia from aloxane.

One of the causative factors for insulin resistance development is oxidative stress.
Oxidative stress is one of the factors that can activate the JNK pathway under the diabetes
condition. Recent research presented that under an oxidative status, the nuclear factor
Nrf2 plays a role in insulin-mediated glucose uptake [33]. The positive effects on insulin
resistance from Nrf2 activation caused from the enhancement of insulin sensitivity due to
the decrease of ROS production are presented in a study completed by Bagul et al. [65].
Nakatani et al. [66] showed also that activation of c-jun N-terminal kinase (JNK) leads
to a decrease of insulin sensibility due to the increase of IRS-1 serine phosphorylation
insulin target tissues, while insulin resistance status was improved in the JNK-KO of mice.
Furthermore, studies done by Kaneto [67] commented that the activation of p38 mitogen-
activated protein kinase (MAPK) and JNK signaling can directly or indirectly promote
diabetes. It has been reported that the JNK pathway plays a crucial role in the progression
of insulin resistance [68].
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Another positive finding regarding the use of LBP was reported by Yang et al. [69].
According to the authors, there is a link between oxidative stress, Nrf2 activity and in-
sulin resistance. According to the above-mentioned study, in vivo and in vitro studies
demonstrated that high-fat induced-insulin resistance could be ameliorated by LBP by
the upregulation of the PI3K/AKT/Nrf2 signaling pathway. Due to this reaction, it was
suggested that LBP may have a promising role in managing insulin resistance-associated
oxidative stress in acute or chronic liver damage. Furthermore, Cai et al. [70] studied
67 patients in vivo for three months and found protective effects against the two types of
hypoglycemia, lowering the glucose levels in the blood and increasing insulin. Finally,
Zhao et al. [71] researched the prophylactic effects of LBP using 25 Japanese male diabetic
rabbits induced by Alloxan. Results of this study showed improvement in renal function
and inflammation in diabetic rabbits. However, the effect was more effective in preventing
disease rather than treating it.

2.5. Hypertension and Heart Protective Effects

Hypertension is today one of the major public health problems due to its high inci-
dence, its importance in cardiovascular disease and its correlation with a large number
of health problems leading to death. Nearly one in two adults (about 103 million people)
suffer from hypertension in the United States only [72]. Hypertension is influenced by
factors such as genetics, lack of exercise and dietary intake of sodium, which is one of the
most common causes of hypertension. It has been reported that the dietary sodium intake
has been correlated with blood pressure, confirming the sensitivity of blood pressure to
salt [73].

Regarding LBP’s protective positive effects on myocardial I/R damage Shao Ping and
Pin-Ting [74] used in their study of Wistar adult male rats. In their study, it was presented
that LBPs protected rat hearts from I/R injury via upregulation of heart Na+/K+-ATPase
and inhibition of cardiomyocyte apoptosis concluding the cardioprotective effect of LBP
stems caused by their antioxidant, anti-inflammatory and anti-apoptotic activities.

Prophylactic activity of LBP against cardiotoxic side effects of doxorubicin (DOX),
which is a potent antitumor agent, has been also demonstrated in acute DOX-induced
cardiotoxicity in rats [75,76] and beagle dogs [77]. Data of previous studies indicated
that L. barbarum fruits and extracts may exert a potent protective effect on DOX-induced
cardiomyocyte damage, mainly via antioxidative and free radical-scavenging pathways.
Zhang et al. [78] in their study, related the anti-hypertensive effect of L. barbarum to down
regulated expression of renal endothelial lncRNAs ONE in a rat model of salt-sensitive
hypertension. In conclusion, their study commented that L. barbarum treatment can restore
blood pressure to normal levels. At the same time, the expression of long noncoding RNA
(lncRNA) was found to be reduced by the suppression of the antisense mRNA (sONE).
Moreover, the improvement of endothelial nitric oxide synthase (eNOS) levels in the
hypertensive model rats treated with L. barbarum compared with that receiving a high-salt
diet was also observed. In addition, Guo et al. [79], using a meta-analysis of randomized
controlled trials, presented that L. barbarum treatment significantly reduced fasting glucose
concentrations while marginally reducing concentrations of total cholesterol and yielded
no benefit in terms of bodyweight and blood pressure.

2.6. Hepatoprotective Activity

Alcohol use is the third leading risk factor contributing to the global burden of disease,
after high blood pressure and tobacco smoking. According to a WHO report published in
September 2018, alcohol causes 3 million annual deaths globally and accounts for 5.3% of
all deaths. Despite the three above mentioned factors affecting liver Demori and Voci [80]
commented that modern eating habits involving high-calorie diets that lead to obesity also
can cause liver diseases such as hepatic steatosis. Chronic alcohol overdrinking (CAO)
typically progresses through the stages of fatty liver or simple steatosis, alcoholic hepatitis
and chronic hepatitis with hepatic fibrosis or cirrhosis [81].
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The use of L. barbarum was originally proposed in traditional Chinese medicine for the
treatment of liver diseases. Nowadays, studies done by Xiao et al. [82] have proved that
feeding alcohol-induced liver injury rats with 300 mg/kg LBP for 30 days showed positive
reverse effects, reducing liver injury, preventing the progression of alcohol-induced fatty
liver and improving antioxidant function, in contrast with the ethanol group.

Pretreatment with 50 μg/mL LBP of rat normal hepatocyte line BRL-3A cells has
shown a significant reduction of 24-hour ethanol-induced over expression of thioredoxin-
interacting protein (TXNIP) increasing cellular apoptosis. Xiao et al. [83] also observed an
activation of NOD-like receptor 3 (NLRP3) inflammasome and reduction of the antioxidant
enzyme expression and ROS. Non-alcoholic fatty liver disease is an important factor in
causing hepatocarcinoma and is associated with obesity, insulin resistance and metabolic
syndrome. As mentioned previously, obesity leads to a decrease in insulin sensitivity
(IR), a decrease in the antioxidant enzymes SOD, CAT and GSH-Px but also an increase
in ROS, leading to liver dysfunction, hepatic steatosis and depletion of the hepatocyte
population [80,84,85].

Cui et al. [27] examined the effects of L. barbarum aqueous (LBAE) and ethanol (LBEE)
extracts on oxidative stress and antioxidant enzymes in the liver of rats fed with a high-fat
diet (HFD). They concluded that LBAE and especially LBEE have strong antioxidant activi-
ties and can prevent or reduce the effects of HFD on several parameters of toxicity in HF rats.
LBEE displayed stronger antioxidant and hepatoprotective effects than the aqueous extract
of L. barbarum, a fact that probably has to do with the higher concentration of polyphenolic
content that led to higher antioxidant activity and lipid peroxidation inhibition.

Protection against hepatotoxic effects of CCl4 has been documented by Kim et al. [86]
using two cerebrosides isolated from L. chinense fruits (1-O-β-D-glucopyranosyl- (2S, 3R, 4E,
8Z)-2-N-palmitoyloctadecasphinga-4,8-dienine and 1-D-glucopyranosyl-(2S, 3R, 4E, 8Z)-
2-N-(2′-hydroxypalmitoyl) octadecasphinga-4,8-dienine) in the culture of rat hepatocytes.
Xiao et al. [87] also tested the effects of LBP on oxidative stress and liver necrosis of mice.
Both studies showed significant sub-protective action, while in the second, it was shown
that LBP reduced hepatic necrosis and alanine aminotransferase (ALT) levels in serum
caused by CCl4, indicating that the beneficial effect on hepatotoxicity ought partly to reduce
the activity of the kappa-B nuclear factor. Additionally, the use of LBP reduced hepatic
inflammation by reducing pro-inflammatory mediators and chemokines.

2.7. Eye and Vision Activity

Zeaxanthin and lutein are two common carotenoids found in plants and are con-
stituents of the yellow macular pigment in human retina [88]. Biological functions of these
macular pigments include the absorption of spectra. The function of these pigments is to
absorb the blue light that can cause harm to the retina, but this chronic process of absorption
may affect these macular pigments [89].

Glaucoma is the second most common cause of blindness and is a degenerative
disease of retinal ganglion cells (RGCs) and the optic nerve and is expected to affect about
111.8 million people between 40 and 80 years by 2040 [90]. The most common types of
glaucoma are primary open angle glaucoma (POAG) and primary angle closure glaucoma
(PACG) [91]. The appearance of glaucoma caused mainly by the progressive disruption of
RGC axonal transport or with retinal ischemia. Pathologically, glaucoma is characterized
by the death of RGCs and increased intraocular pressure (IOP) [92]. Increased IOP is
an important contributor to POAG. Elevation of IOP could cause many changes that are
involved in the pathogenesis of glaucoma, such as oxidative stress, glutamate toxicity and
ischemia [91].

The positive effects of goji berries on eye diseases such as glaucoma, cataract and
rhinitis pigmentosa (RP) have been proposed by Chinese herbalists due to their high
concentration of zeaxanthin and their esters, which are ready absorbed into serum, resulting
in protection of the retina against free radicals and blue light damage. Leung et al. [93]
reported that the levels of these two carotenoids in the serum and tissues of rhesus monkeys
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after feeding with L. barbarum fruits were significantly higher against the control group.
Furthermore, clinical studies focused on L. barbarum as a therapy for retinal diseases in
humans exist in the scientific literature. Chan et al. [94], in a study involving retinitis
pigmentosa patients, showed that L. barbarum treatment can provide a neuroprotective
effect for the retina and could help delay or minimize cone degeneration in RP. The positive
effect of goji berries on glaucoma is due to the activation of the microglia at a moderate
level resulting RGCs protection against IOP regulating important intracellular pathways
that stimulate the body’s defense under stress situations.

Chu et al. [95] studied the positive effects of LBP on preserving retinal function by
multifocal electroretinogram (mfERG) analysis of 30 eyes of 30 Sprague-Dawley rats using
a partial optic nerve transection (PONT) model in order to study secondary degeneration of
retinal ganglion cells. The experimental results demonstrated that the feeding for 4 weeks
with LBP, altered the functional reduction caused by PONT by regulating the signal from
the outer retina. Li et al. [96] also suggested that LBP can reduce the loss of axons in the
central optic nerves (ONs). Preservation of the g-ratio (axon diameter/fiber diameter) in the
ventral Ons activates the microglia/macrophages in the Ons 12 h after PONT and finally
decreases the magnitude response of microglia/macrophages 4 weeks after PONT. When
the supply of blood to the retina is inadequate, the appearance of retinal ischemia due to
lack of oxygen results in an altered metabolic function that eventually leads to irreversible
cell death. An LBP diet of mice with acute ocular hypertension showed that it reduces
the loss of RGC, protecting nerve fiber density, reducing immunoglobulin leakage and
increasing blood vessel density [97–99]. Furthermore, similar studies in rats completed
by He et al. [100] and Chu et al. [95] confirmed the protection of RGCs, commenting on
the importance of Nrf2 activation that leads to an increase of heme oxygenase-1 (HO-1)
expression. Thus, the induction of the antioxidant pathway plays an important role in
maintaining the redox status of the retina.

The blood-retinal barrier (BRB) is a protective barrier that consists of the outer and
inner BRB. The role of the BRB is to maintain the homeostatic condition of the retinal
microenvironment and prevent harmful substances from getting into the retina. It has
been presented that mice administered with LBP a week before retinal ischemia showed
protection against neuronal cell death and to retinal oxidative stress by inhibition of lipid
peroxidation and against disruption of the BRB 48 h after reperfusion [99].

Age-related macular degeneration may occur gradually over a period of years (dry
AMD) or suddenly in weeks or months (wet AMD). The macula has a large number of light
detection cells that provide acute central vision. It is located at the back of the eye and is
the most sensitive part of the retina. These cells convert light into electrical signals, sending
them through the optic nerve to the brain, where they are “translated” into the images we
see. Any damage to the macula leads to a blurred, distorted or dark representation of the
center of the field of vision [101]. Studies by Bucheli et al. [102] in elderly people have shown
that daily goji berry consumption for a period of 90 days increases plasma zeoxanthine
and antioxidant levels. In addition, it protects against hypopigmentation and soft drusen
accumulation in the macula of elderly people. The deposition of extracellular amyloid
beta (Aβ), oxidative stress, and inflammation have all been implicated in AMD. Yoshida
et al. [103] has commented that retinal ganglion cells and retinal pigment epithelium
also synthesize Aβ, which are secreted in the posterior eye. Age-related changes in the
composition of Aβ as well as its degradative enzymes lead to an increase in the amount of
deposition in the retina [104]. The protective effect of LBPs on macular neurons during the
pathogenesis of AMD is due to the protection of these cell neurons from the stress caused
by Aβ [97,98,105].

Finally, Chien et al. [106] examined goji berry effects on dry eye disease in a male
Sprague-Dawley rat model. Their study indicated that in the group treated with goji berries,
the severity of the kerato conjunctival staining decreased significantly and ameliorated dry
eye disease symptoms appeared in a dose-dependent manner.
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According to the above-mentioned studies it is believed that Goji berry consumption
positively affects eye and vision activity in many ways.

2.8. Pre-Biotic Activity

The term probiotic originates from the Greek words pre + bios and has been used
with many different meanings in recent decades. Initially, the term “probiotic” was used to
describe compounds produced by a protozoan that stimulated the growth of another [107].
Finally, experts from the Food and Agriculture Organization/World Health Organization
have identified probiotics as “living microorganisms, which when consumed in sufficient
quantities as part of the feed contribute to the beneficial effect of the host” [108].

The use of probiotics extends back to a time before the discovery of microbes. Fer-
mented dairy products were depicted in Egyptian hieroglyphics, and buffalo milk fermen-
tation was traditionally used by Mongolian nomads to preserve their milk during their
long journeys [109]. So far, many microorganisms such as fungi, yeasts, bacteria or their
mixed combination have been considered or used as probiotics. The two main bacterial
genera mainly referred to as probiotics are those of Lactobacillus and Bifidobacterium [110].

Historically, during the 1800s, the positive effect on human health of the consumption
of fermented dairy products was observed by scientists. Although Louis Pasteur identified
bacteria and yeasts that were responsible for the fermentation process did not associate
these microbes with any apparent health effects. In 1905, Elie Metchnikoff, who had
worked with Pasteur in the 1860s, observed that Bulgarian shepherd’s longevity was
mainly due to the lactobacilli used for yogurt fermentation and the presence of these
lactobacilli in the sheep intestine in Bulgaria not with the yogurt they consumed but
with [111]. In particular, Metchnikoff, in his study, “The Prologue of Life” in 1908, assumed
that lactic acid bacteria detected in Bulgarian yogurts, the so-called Balkan Bulgarian,
later known as Lactobacillus bulgaricus (now called L. delbrueckii subsp. bulgaricus) and
Streptococcus thermophilus, are responsible for enhancing the intestinal system by inhibiting
microbial fermentation, resulting in a reduction in unwanted by-products, such as amines
and ammonia. Thus, for the first time, Metchnikoff highlighted the importance of specific
micro-organisms and their contribution to human health and longevity.

Prebiotics are components of non-digestible foods that effectively affect the host by
favoring growth and/or bacterial activity in the large intestine [112,113].

The term “symbiotic” is defined as a mixture of probiotics and prebiotics that ben-
eficially affect the host by improving the survival of the beneficial microflora, enriching
it with live beneficial bacteria found in dietary supplements in the gastrointestinal tract.
These microorganisms promote health and thus improve welfare in the gastrointestinal
tract. Symbiotics are aimed at enhancing the survival and activity of probiotics as proven
in vivo, as well as stimulating Bifidobacterium species [111].

The prebiotic action of goji berries has been shown by its addition to yogurt [114],
which resulted in maintenance the viability of lactic acid bacteria (LAB) at probiotic levels
(106–107 log CFU/mL) during 21 days of storage compared to classic yogurt control. Similar
results were presented in the study of Baba et al. [115], where the addition of aqueous
extracts of L. barbarum to yogurt significantly improved the bioavailability of probiotic
bacteria Lactobacillus spp. and Streptococcus thermophilus.

Furthermore, Liao et al. [116] demonstrated the beneficial prebiotic effect of the addi-
tion of L. barbarum to fermentation in Sichuan pickle (traditional Chinese pickle). According
to the results presented in this study, L. barbarum addition not only increased the amount of
LAB but also improved considerably the organoleptic quality and reduced the nitrite con-
tent of the pickle. Additionally, the results of a recent study completed by Zhou et al. [117]
demonstrated that LBP improved the tolerance of B. longum subsp. infantis Bi-26 and
L. acidophilus NCFM to the gastrointestinal environment. These results were also found
to be in line with the study completed by Skenderidis et al. [19] that indices that LBP
promotes the proliferation protecting Bifidobacterium and Lactobacillus strains by enhancing
carbon and energy metabolism. These results also reported that the viability of L. casei
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was less affected, followed by B. lactis Bb12, which showed the greatest tolerance in the
acidic environment, while the survival of B. longum 42 was low. Similar results were also
confirmed by González-Rodríguez et al. [118], where B. longum 42 showed lower resistance
in low pH conditions compared to B. lactis Bb12.

To confer a health benefit on the host, the LAB must be able to overcome the physical
and chemical barriers of the gastrointestinal tract, especially acidic and proteolytic enzymes
and bile stresses [119]. Consequently, the LAB should be resistant to the gastrointestinal
environment.

The existence of an extracellular polysaccharide film produced by certain lactic bacteria
or Bifidobacterium has also been reported in the literature [120,121]. This polysaccharide
film protects probiotic bacterial cells from the environment and acts as a shield against the
conditions prevailing in the gastrointestinal tract and helps them to survive. It has also been
reported that Bifidobacterium longum strains produce larger amounts of this film than Bb12,
resulting in higher bile strength [19]. This resistance is related to the binding of bile salts
from the polysaccharide film, resulting in a reduction in its antimicrobial activity [116,120].
Finally, Skenderidis et al. [19] confirmed the increase of the Bb12 strain viability induced by
goji berry extracts. This increase is probably related to goji berry polysaccharides, which
consist of galactose, glucose, fructose, arabinose, mannose and xylose molecules, which are
also the structural molecules of this extracellular polysaccharide antimicrobial [120–123].

2.9. Other Bioactivities

Additional bioactive effects of goji berries, such as skin protection and its syner-
gistic potential within fertility treatment by inducing spermatogenesis, have been re-
ported [25,33,124–126]. Studies carried out with phenolic compounds isolated from the
fruits of L. barbarum showed that the extracts had a bactericidal effect against Gram positive
and Gram-negative bacteria [10]. On the other hand, L. chinense leaf extracts were found to
be more potent as antimicrobial agents than the fruit extracts, with the best microbiocidal
activity exerted on Bacillus subtilis [127].

3. Conclusions

There are many scientific research results that support the positive effects of the con-
sumption of goji berry fruits and their plant parts (bark, leaves) extracts. Their potential
health benefits include protection against oxidative damage, antidiabetic, immunoregula-
tory, vision protective, hepatoprotective, and prebiotic activities that are associated with
the promotion of risk reduction in the development of chronic diseases such as cancer,
diabetes, cardiovascular disease, Alzheimer’s disease, cataracts, and age-related diseases.
Therefore, the screening of individual constituents of bioactive goji berries that exhibit
health-promoting properties requires further investigation. This is because a cause–effect
relationship between the intake of goji berries and its health effects can only be established
when the composition of goji berries is properly characterized and standardized. Further-
more, extensive investigation is needed to examine the effects of adding these beneficial
bioactive phytochemicals from goji berries, using advanced technologies, into food sys-
tems. Further research is also needed to evaluate the effectiveness of goji berry extracts in
the food ecosystem and to establish their role as a functional agent in the design of new
fortified foods.
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