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summary

Achille Bertelli was an aeronautics pioneer and an innovative
entrepreneur of the pharmaceutical industry. After graduating
in Chemistry in Italy, he moved to the United States of America
where he opened a chemical-pharmaceutical laboratory in San
Francisco in 1879, and later moved back to Italy where he opened
a chemical and pharmaceutical industry in Milan (1886). The “A.
Bertelli” pharmaceutical company developed the famous cough
pills “Catramina Bertelli”, as well as new cosmetics and per-
fumes. Apart from his chemical experience, Achille Bertelli was a
passionate aeronautics expert. He wrote many essays on this topic
and devoted himself to aeronautical experiments by designing the
apparatus “Autovol”, “Aerocurvo”, “Autovol no. 2”7, “Autovol

Achille Bertelli's biography

Achille Bertelli was born in Brescia on January 6th,
1855 [1, 2]. He was a great aeronautics pioneer and
an important and innovative entrepreneur. In 1875 he
graduated in Chemistry at the University of Pavia and a
few years later he decided to move to North America in
search of new stimuli for the opening of his own busi-
ness. This journey led him to open a chemical-pharma-
ceutical laboratory in San Francisco (1879). This experi-
ence gave him the possibility to acquire decisive skills
and knowledge that led him to become a point of refer-
ence for the other experts in this field.

After his North American experience, in 1884, he de-
cided to return to Italy. He moved to Milan, where he
opened a factory of chemical and pharmaceutical prod-
ucts, which he managed to advertise on a large scale
thanks to an innovative approach, implemented in col-
laboration with his friend Gabriele d’ Annunzio, one of
the most important Italian poets of the 20th Century [3].
Later, in 1898, his factory was transformed into the
company of pharmaceutical chemicals “A. Bertelli”,
of which he was president. Achille Bertelli’s success
in those years was due to the fact that his products
were purely based on natural extracts, for example the
catramin-based cough pills called “Catramina Bertelli”,
which were much appreciated by the elite of the contem-
porary society, including scientists and intellectuals [3].

https://doi.org/10.15167/2421-4248/jpmh2022.63.253.2739 E1

no. 3”7, and “Aerostave”, which are considered the prototypes of
the helicopter. Achille Bertelli was also the president of the Elec-
tric Company of Salo, which installed an electrical system that
served the lighting in many cities on Lake Garda (Italy). Finally,
Achille Bertelli also participated in the Italian revival after the
First World War, especially by supporting the agricultural revival.
Throughout his life, Achille Bertelli teamed with several famous
people from all over Italy, such as Gabriele D’Annunzio, Cesare
Lombroso and Cordero di Montezemolo. Today, Achille Bertelli’s
interest for natural molecules, his ideas, and his entrepreneurial
approach are carried forward by his descendant, Matteo Bertelli.

More specifically, the product “Catramina Bertelli” was
presented also with the help of University professors,
such as Cesare Lombroso, a Sephardi Jewish scholar and
a dear friend of Achille Bertelli [3].

But the activities of an entrepreneur were not enough
for Bertelli’s active mind: he was also very interested in
the aeronautical field [3]. He wrote many essays on this
topic and devoted himself to aeronautical experiments
by designing a first apparatus called “Autovol”, patented
in 1902. Two years later, in Paris, he set up and tested
the “Aerocurvo”, followed by “Autovol no. 2” (which
remained at the project stage) and by “Autovol no. 37,
considered the prototype of the helicopter [2, 4].
Dissatisfied with the results of these previous experi-
ments, between 1905 and 1906 Achille Bertelli teamed
with Cordero di Montezemolo to design and build a sort
of helicopter “with mixed support, static and dynamic,
called ‘aerostave’ (Fig. 1) [2, 4, 5]. In the same peri-
od, he patented an emulsion pump for extracting water
from deep veins, which was widely employed by the
army [2, 6].

Among the countless sectors in which Achille Bertelli
worked, it is important to mention the electrical branch:
when he was president of the Electric Company of Salo,
together with its friend Senator Giuseppe Zanardelli, he
installed an electrical system that served the lighting in
the towns of Toscolano, Maderno, Salo, and Desenzano,
thus bringing countless benefits to the population of that
area on the shores of Lake Garda [3, 8].
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Fig. 1. Bertelli's “aerostave” [71.

Dr. Achille Bertelli did not stop even during and after
the First World War: he organized several welfare initia-
tives to relieve the Italian population from the economic
problems derived from the war, especially in the field of
agricultural revival, of which he was a very competent
and passionate supporter. His intense and profound life
came to an end on July 24th, 1925 [2, 9].

Pharmaceutical factory

In 1886, after his experience in North America, Achille
Bertelli decided to return to Italy to open his innovative
Chemical Pharmaceutical Laboratory Achille Bertelli &
C., which was founded in Milan, near the church of San
Babila [1].

What brought Achille Bertelli to establish his own chem-
ical-pharmaceutical company were cough pills. These
tablets were called “Catramina Bertelli” and for some
decades this product was widely advertised, especially
in newspapers and magazines (Fig. 2). The success of
“Catramina Bertelli” at the end of the Nineteenth centu-
ry led the company (which in the meantime had become
a joint stock company, with a capital of 1,250,000 lire)
to move to a larger factory in via Paolo Frisi, 26 (sec-
tion of the road now called “via Maiocchi’’), which was

completely destroyed by the bombings that struck Milan
during the Second World War [1].

In addition to pharmaceutical specialties, Dr. Bertelli
also dealt with cosmetics: his company also produced a
line of creams, mouthwashes and perfumes [1].

In order to promote these products, he commissioned the
production of beautiful, scented calendars, which also
attracted refined collectors. Such innovative marketing
campaign, which had never been carried out before,
led to a great success of these pills. Indeed, Dr. Bertelli
proved to be a forerunner of modern advertising tech-
niques.

A century later - From Achille to Matteo
Bertelli

More than a hundred years have passed from Achille
Bertelli to his descendant Matteo Bertelli, but history
has not changed: just like the man who inspired him,
Dr Matteo Bertelli brought innovations to the medical-
scientific field.

Matteo Bertelli was born in Desenzano del Garda on No-
vember 16, 1973. He graduated in Medicine in 1998 at
the University of Brescia, specialized in Medical Genet-
ics in 2002 and completed a PhD in Medical Biotechnol-
ogy in Siena in 2008.

In 2020 Matteo relaunched the logo of A. Bertelli’s
company, which made the history of Italy in the field of
chemical-pharmaceutical production. Like his ancestor
Achille, Matteo is interested in natural molecules and
set up a biotechnology company to create products es-
pecially aimed at the well-being of the respiratory tract
and oral cavity.

Matteo intends to follow in his ancestor’s footsteps, car-
rying forward the ideas and entrepreneurial approach of
Achille Bertelli, in the broader context of a new Rinas-
cimento, where Italian science and business regain the
world stage.

As Achille Bertelli did, Matteo intends to go beyond the
Italian borders, reaching the United States of America.
His primary goal is to bring to the USA a series of dietary
supplements based on plant extracts that originate from
typical ingredients of the Mediterranean diet. Moreover,
he plans to develop research laboratories in which DNA
and RNA analysis can be carried out, as he is doing in
Italy, as well as employ mass spectrometry to improve
the discovery of active molecules in natural products.

Fig. 2. Advertisement for “Catramina Bertelli” pills [101.
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To conclude, the interest on natural molecules and on
the Mediterranean diet guided Achille Bertelli’s research
and enterprise, and his efforts inspired generations of
scientists, including Matteo Bertelli.

Acknowledgements

This research was funded by the Provincia Autono-
ma di Bolzano in the framework of LP 15/2020 (dgp
3174/2021).

Conflicts of interest statement

Authors declare no conflict of interest.

Author's contributions

MB: study conception, editing and critical revision of
the manuscript; VM, KD, SG, GB: literature search, ed-
iting and critical revision of the manuscript. All authors
have read and approved the final manuscript.

FROM ACHILLE BERTELLI ONWARD

References

[1] A. Bertelli & C. Available at: https://www.ilpostalista.it/perfin/
perfin_388.htm. Accessed on 08/08/2022.

[2] Bertelli, Achille. Treccani. Available at: https://www.treccani.
it/enciclopedia/achille-bertelli_%?28Enciclopedia-Italiana%29/.
Accessed on 08/08/2022.

[3] CosileideediAchille Bertelli possono ispirare I’ Italia di domani.
Biotecnologie news. Available at: https://www.biotecnologie-
news.it/2020/11/03/cosi-le-idee-di-achille-bertelli-possono-
ispirare-litalia-del-domani/. Accessed on 01/01/2022.

[4] 1 Fronte del Cielo. Le Origini. Available at: http://www.
ilfrontedelcielo.it/files_0/2_origini.htm. Accessed on 08/08/2022).

[5] Cordero di Montezemolo, Vittorio. Treccani. Available at:
https://www.treccani.it/enciclopedia/cordero-di-montezemolo-
vittorio_%?28Dizionario-Biografico%29/. Accessed on
08/08/2022.

[6] Bertelli A. Pump. Available at: https://patentimages.storage.
googleapis.com/90/0b/81/c83c8dalc8b6a5/US1028665.pdf.
Accessed on 08/08/2022.

[71 Bertelli. Aerostave. Available at: http://all-aero.com/index.
php/contactus/61-lighter-than-air/18509-bertelli-aerostave.
Accessed on 08/08/2022.

[8] Bresciani per]’Unita d’Italia. Marcello Zane. Available at: http://
wwwdata.unibg.it/dati/bacheca/1030/49018.pdf. Accessed on
08/08/2022.

[9] Bertelli, Achille. Treccani enciclopedia online. Available at:
https://www.treccani.it/enciclopedia/achille-bertelli/. Accessed
on 08/08/2022.

[10] Pubblicita Bertelli’s Catramin Pillole. Available at: https://www.
alamy.it/foto-immagine-vittoriano-originale-annuncio-circa-
1892-pubblicita-bertellis-catramin-pillole-39940380.html. ~ Ac-
cessed on 08/08/2022.

© Copyright by Pacini Editore Srl, Pisa, Italy

mation: https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en

Correspondence: Valentina Medeghini, MAGI EUREGIO, Bolzano 39100, Italy. E-mail: valentina.medeghini @assomagi.org

How to cite this article: Medeghini V, Donato K, Gaudenzi S, Bonetti G, Bertelli M. From Achille Bertelli onward: more than 100
years of research and production of dietary supplements based on natural molecules typical of the Mediterranean diet. J] Prev Med Hyg
2022;63(suppl.3):E1-E3. https://doi.org/10.15167/2421-4248/jpmh2022.63.2S3.2739

This is an open access article distributed in accordance with the CC-BY-NC-ND (Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International) license.
The article can be used by giving appropriate credit and mentioning the license, but only for non-commercial purposes and only in the original version. For further infor-



https://www.ilpostalista.it/perfin/perfin_388.htm
https://www.ilpostalista.it/perfin/perfin_388.htm
https://www.treccani.it/enciclopedia/achille-bertelli_%28Enciclopedia-Italiana%29/
https://www.treccani.it/enciclopedia/achille-bertelli_%28Enciclopedia-Italiana%29/
https://www.biotecnologie-news.it/2020/11/03/cosi-le-idee-di-achille-bertelli-possono-ispirare-litalia-del-domani/
https://www.biotecnologie-news.it/2020/11/03/cosi-le-idee-di-achille-bertelli-possono-ispirare-litalia-del-domani/
https://www.biotecnologie-news.it/2020/11/03/cosi-le-idee-di-achille-bertelli-possono-ispirare-litalia-del-domani/
http://www.ilfrontedelcielo.it/files_0/2_origini.htm
http://www.ilfrontedelcielo.it/files_0/2_origini.htm
https://www.treccani.it/enciclopedia/cordero-di-montezemolo-vittorio_%28Dizionario-Biografico%29/
https://www.treccani.it/enciclopedia/cordero-di-montezemolo-vittorio_%28Dizionario-Biografico%29/
https://patentimages.storage.googleapis.com/90/0b/81/c83c8da1c8b6a5/US1028665.pdf
https://patentimages.storage.googleapis.com/90/0b/81/c83c8da1c8b6a5/US1028665.pdf
http://all-aero.com/index.php/contactus/61-lighter-than-air/18509-bertelli-aerostave
http://all-aero.com/index.php/contactus/61-lighter-than-air/18509-bertelli-aerostave
http://wwwdata.unibg.it/dati/bacheca/1030/49018.pdf
http://wwwdata.unibg.it/dati/bacheca/1030/49018.pdf
https://www.treccani.it/enciclopedia/achille-bertelli/
https://www.alamy.it/foto-immagine-vittoriano-originale-annuncio-circa-1892-pubblicita-bertellis-catramin-pillole-39940380.html
https://www.alamy.it/foto-immagine-vittoriano-originale-annuncio-circa-1892-pubblicita-bertellis-catramin-pillole-39940380.html
https://www.alamy.it/foto-immagine-vittoriano-originale-annuncio-circa-1892-pubblicita-bertellis-catramin-pillole-39940380.html
mailto:valentina.medeghini@assomagi.org
https://doi.org/10.15167/2421-4248/jpmh2022.63.2S3.2739
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en

J PREV MED HYG 2022; 63(SUPPL. 3): E4-E11

OPEN ACCESS
Qoo

ReviEw

Foods of the Mediterranean diet:
tomato, olives, chili pepper, wheat flour
and wheat germ

ZAKIRA NAUREEN!, KRISTJANA DHULI*", KEVIN DONATO!, BARBARA AQUILANTT?, VALERIA VELLUTI, GIUSEPPINA
MATERA?, AMERIGO IACONELLI’, MATTEO BERTELLI">#
' MAGTI Euregio, Bolzano, Italy; > MAGI’s Lab, Rovereto (TN), Italy; * UOSD Medicina Bariatrica, Fondazione Policlinico Agostino
Gemelli IRCCS, Rome, Italy; * MAGISNAT, Peachtree Corners (GA), USA

Keywords

Mediterranean diet  Flavonoids * Wheat germ ¢ Chili pepper ® Tomatoes * Olives

Summary

Mediterranean people, which follows a diet rich in minimally-pro-
cessed plant-based foods, are believed to live longer and healthier
lives than many other populations in the Western world. Epidemi-
ological and clinical data suggest that the Mediterranean diet has
beneficial effects for several chronic diseases, such as cardiovascu-
lar diseases, obesity, cancer and diabetes. Although the mechanisms
of action of the Mediterranean diet are not completely clear, the
synergistic effects of a number of its components and their bioac-
tive phytochemicals exert antioxidant, anti-inflammatory, anti-mi-
crobial and anti-cancer effects. The Mediterranean diet includes
daily consumption of whole cereals, fruit, vegetables and legumes

Introduction

The Mediterranean diet is currently considered one of the
healthiest diets in the world [1-3]. It features daily intake
of nuts, vegetables, fruit, olives, olive oil, legumes and
whole grains. Rich in antioxidants, fiber, vitamins, min-
erals, phytosterols, probiotics, omega 3 and omega 6 fatty
acids, it has value for human health and wellbeing [1-3].
Mediterranean diet is a term coined for the dietary pattern
of the people of the southern European countries in 1960s.
This population was observed to have a high adult life ex-
pectancy, and low rate of diet-related chronic diseases and
of certain cancers. The food pattern is typically represent-
ed in the form of a pyramid [1]. Indeed, regular consump-
tion of whole grains, vegetables, fruit and legumes with
plenty of olive oil and moderate weekly consumption of
white meat and low consumption of red meat were the
main features of their diet. Although it is still unclear why
this diet affords health benefits, epidemiological and clin-
ical studies have produced much evidence that it has lip-
id-lowering effects, scavenges free radicals thereby reduc-
ing oxidative stress, suppresses inflammation and platelet
aggregation, restricts specific amino acids thereby inhib-
iting nutrient-sensing pathways, modulates and regulates
growth factors and hormones involved in oncogenesis,
and shapes the gut microbiota and corresponding metab-
olites, thereby influencing overall metabolic health [1-5].
Further research is needed to define the specific effects

in moderate proportions, weekly consumption of white meat in low
to moderate proportions and occasionally sweets and chocolates
in small amounts. Since olive oil is the main lipids source, it has
special significance for health. Healthy fruit and vegetables, rich in
phytochemicals, are a major proportion of this diet and contribute
to the overall nutritional value and bioactivity of its components.
Here we review the nutritional and health benefits of wheat germ,
tomatoes, olives and chili pepper; items at the base of Mediterra-
nean diet food pyramid that provides beneficial molecules, such as
polyphenols, vitamins and flavonoids, and exert anti-inflammatory,
anti-microbial and anti-oxidative actions.

Mediterranean diet’s nutrients, and how their modifica-
tion can modulate the microbiome, energy intake and ex-
penditure, thus influencing cells, tissue and organ health
during aging.

In addition, the Mediterranean diet is abundant in fresh fruit
and vegetables and relies heavily on olive oil as lipid source.
Low to moderate consumption of dairy products, red meat,
fish, seafood, poultry and eggs [1-3] is another feature.
Various studies report that portion-controlled consumption
of the components of the diet is beneficial in preventing
non-communicable diseases, including chronic and inflam-
matory diseases such as obesity [4-6], cardiovascular dis-
ease [7], diabetes [8, 9], metabolic syndrome [4] and cancer
[10] and has a positive impact on autoimmune diseases [11,
12]. The diet has been observed to reduce inflammation and
enhance mobility and vitality in patients with rheumatoid
arthritis [12] and to decrease the risk of other autoimmune
diseases including multiple sclerosis [11]. Among the sev-
eral foods typical of the Mediterranean diet, wheat, toma-
toes, chili pepper and olives proved to have high beneficial
effects by many studies. Thus, in this review we focused on
the beneficial properties of these specific foods.

Whole grain cereals

Since ancient times, cereals have remained the major
staple food across the globe. Cereals are an important
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content of every diet, providing carbohydrates, dietary
fiber and bioactive molecules with antioxidant, anti-can-
cer and anti-thrombotic action [13, 14]. Cereals and
their derivatives, such as bread and pasta, contribute
55-60% of the total calories of the Mediterranean diet
and are therefore indicated at the base of the food pyr-
amid [15]. Unlike refined cereals, whole grain cereals
maintain bran, germ, thus containing several bioactive
molecules that promote health and mitigate metabolic
disorders [16].

WHOLE WHEAT

Wheat is not only an important cash crop but also one
of the most widely consumed staple foods in the world.
Besides being a major source of starch, dietary fiber and
energy, wheat provides substantial amounts of protein (60-
70% of which is gluten), B vitamins, carotenoids, phenolic
acids, benzoxazinoids, tocopherols, alkyl-resorcinol, phy-
tosterols, biogenic amines and lignans [13-15]. The high
fiber content of whole wheat helps digestion and bowel
movements, thereby decreasing the risk of intestinal can-
cer [17]. Phenolic compounds, vitamin E and carotenoids
with antioxidant properties help scavenge free radicals,
thereby protecting against their deleterious effects.

Wheat polyphenols and antioxidants prevent or decrease
the development of several chronic diseases, among
which colon and breast cancer, type 2 diabetes and
cardiovascular diseases [18-21]. Different varieties of
bread wheat and wild-type wheat have been explored for
their chemical constituents and bioactive compounds.
Some bioactive compounds, such as phenols, antioxi-
dants and vitamin E, are present in almost all types of
wheat, however wild-type wheat contains more bioac-
tive compounds. For instance, a comparative study of
Triticum monococcum ssp. Monococcum, Triticum aes-
tivum (bread wheat) and Triticum durum Desf. (durum
wheat) revealed that the first had significantly higher
total phenolic, ferulic acid and p-coumaric acid contents
than bread and durum wheat, indicating its antioxidative
activities and potential health benefits in reducing and
preventing cardiovascular disease, diabetes and cancer,
in addition to its valuable nutritional properties [22].
The main antioxidants of wheat grain are terpenoids and
phenolic acids, such as hydroxycinnamic acid deriva-
tives. They are not present in white wheat flour, while
they are concentrated mainly in the bran and germ of
wheat [21]. Examples are synapic and p-coumaric ac-
ids and dehydrodimers and dehydrotrimers of ferulic
acid [23]. The phenols are bound to the cell wall of the
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bran by ester bonds. The highest antioxidant activity oc-
curs in the aleurone layer of the wheat grain [24]. Other
antioxidants in wheat bran are flavonoids, carotenoids
(mainly lutein) and lignans [25, 26]. In addition to this,
wheat contain many vitamins. Indeed, wheat is rich of
vitamin B1 (thiamin), B2 (riboflavin), B3 (niacin), B6
(pyridoxine) and B9 (folate) [27].

WHEAT GERM

Wheat germ is usually removed with the milling process,
although it is rich in nutrients [17]. Indeed, what germ
contains a high amount of proteins and carbohydrates,
as well as water and lipids. Moreover, as well as whole
wheat, wheat germ contains bioactive molecules such as
antioxidants (e.g., flavonoids, polyphenols, tocopherols,
tocotrienol i.e. vitamin E), carotenoids, plant sterols and
biogenic amines [18] (Tab. I).

Biogenic amines have several beneficial effects for hu-
man health, especially on fat metabolism, blood pres-
sure and neurotransmitters regulation, but they can cause
food poisoning if assumed in excess [19, 20]. Examples
are putrescine, spermine, spermidine and histamine. In-
deed, they are used as industrial food quality parameters
in the Chemical Quality Index [19]. Several research
studies proved that these polyamines have an antioxi-
dant activity, preventing damages to cellular membrane
and nucleic acids [18]. Wheat germ is rich in polyamine,
especially if compared to other foodstuffs [21].

Another significant bioactive compound of wheat is
gamma-oryzanol, a phenolic compound with antioxi-
dant activity. Moreover, it participates in lipid metabo-
lism, lowering lipid uptake and improving blood lipid
levels [22]. Gamma-oryzanol have been tested in various
diseases, such as diabetes, hyperlipidemia and cancer,
for its beneficial effects [23-27].

Vegetables and fruit

Bran cereal fiber, fruit, vegetables and tea have a special
place in the Mediterranean diet as they inhibit the on-
set and progress of cardiovascular disease and cancer by
virtue of their antioxidant, anti-genotoxic, anti-inflam-
matory properties.

TOMATOES

Tomatoes both raw and cooked are extensively con-
sumed in the Mediterranean region. Tomatoes are low

Tab. 1. Classification of bioactive phytochemicals in whole wheat and wheat germ.

Classification Bioactive compounds Bioactivity References
Polyamines Putrescine, spermine, and spermidine Healthy metabolic function, antioxidants 18, 191
L Hydroxy benzoic acid and hydroxy cinnamic | Antioxidants, lower lipid absorption, anti-
Phenolic acids ’ e S ) [22]
acid derivatives e.g., y-oryzanol, ferulic acid | cancer, anti-inflammatory

Tocopherol Alpha tocopherols and tocotrienols Cardioprotective [23]
Carotenoids Carotenoids, lutein Anti-cancer, anti-proliferative [24]
Phenolic lipids Alkylresorcinols such as 5-alkenylresorcinol aAgttii/?gledsant, anti-genotoxic and cytostatic [22]
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in fats, rich in vitamins A and C, folate, potassium, ca-
rotenoids and polyphenols [28]. Dietary consumption of
ripe red tomatoes (rich in polyphenols such as lycopene,
flavanones and flavones and carotenoids such as phy-
toene, B-carotene and lycopene) has beneficial chemo-
protective, anti-inflammatory, anti-genotoxic and an-
ti-proliferative effects [29]. Tomato has been studied for
its biologically active compounds (Tab. II).

Rich in phytochemicals with anti-proliferative, anti-muta-
genic, anti-cancer, anti-inflammatory, and anti-oxidative
properties, tomatoes inhibit the onset and progression of
chronic diseases, such as cardiovascular disease and can-
cer. For instance, lycopene and vitamins C and E reduce
oxidative stress and the risk of chronic diseases [34, 35].
Specifically, blood concentrations of lycopene are report-
ed to be inversely correlated to the incidence of heart dis-
ease [37]. Tomato intake is also inversely correlated with
atherosclerosis by virtue of its anti-inflammatory prop-
erties [38]. Lipophilic compounds in tomatoes modulate
LDLs and the corresponding atherogenic processes in en-
dothelial cells, thereby reducing the risk of cardiovascular
disease and atherosclerosis [39].

Tomato products have shown protective effects against
lung and prostate cancer [40, 41]. This may be because
polyphenols and carotenoids prevent tumorigenesis by
impeding the initiation and progression of cancer [34].
Moreover, flavonoids such as quercetin foster chromatin
remodeling, thereby inhibiting epigenetic changes that
promote cancer [34].

Because tomatoes are rich in carotenoids, tomato con-
sumption promotes intercellular signaling pathways, mod-
ulates immune reactions, regulates the cell cycle, induces
apoptosis, and interacts with many physiological systems,
thereby playing an important role in protecting against
chronic diseases [42]. One of the most studied carotenoids
of tomato is lycopene. It is stably released during cooking
when the plant cell wall is disrupted by heating [43].

In the Mediterranean diet, absorption of lycopene, a
non-polar compound, is favored by olive oil. Since lyco-
pene has many useful properties, it has been extensively
studied. Figure 1 summarizes some interesting studies
on lycopene bioactivity.

OLIVES

Olives trees, olives and olive oils have special signifi-
cance in the Mediterranean region, providing an import-
ant food and nutrient source for the indigenous popu-

Tab. Il. Bioactive compounds of tomato and their health effects.

lations of the region. The fruit of the olive tree is pro-
cessed to obtain table olives which are consumed daily
in a moderate amount. Olives contain nutritional and
non-nutritional components such as carbohydrates, pro-
teins, lipids, minerals, water and phenols [62]. Phenolic
compounds occur in almost all parts of olives in differ-
ent concentrations. The major phenolic compounds are
acids, alcohols, flavonoids and secoiridoids [63, 62].
The hydroxytyrosol derivatives, ligstroside, oleuropein
and verbascoside are the most abundant biologically ac-
tive phenolic alcohols of the olive fruit along with tyro-
sols [63]. They are produced by hydrolysis of oleuropein
in the unripe fruit, removing the typical bitter taste of
untreated olives [64, 65]. Besides being precursors of
hydroxytyrosol, ligstroside and verbascoside, oleuro-
pein has cardioprotective, anti-hypertensive, antioxidant
and anti-inflammatory properties [66]. Hydroxytyrosol
has been proposed for the treatment of diseases, such
as lymphedema and COVID-19 [67-71]. Olive fruits
are also rich in flavonoids such as quercetin-3-rutino-
side, apigenin-7-rutinoside, apigenin-7-glucoside, luteo-
lin-7-glucoside and luteolin-5-glucoside [72].

Since the phenolic compounds of olive fruits are high in
hydroxytyrosol and flavonoids, they have anti-carcino-
genic, anti-proliferative and antioxidant activity [73].
Hydroxytyrosol has been shown to scavenge free radicals
and activate glutathione reductase and superoxide dis-
mutase [74, 75]. It also has anti-inflammatory properties
through inhibition of prostaglandin E, nitric oxide and
inflammatory cytokines release [76]. It plays a cardio-
protective role by reducing oxidative stress [19, 64], and
has cancer preventing properties, significantly suppress-
ing tumor proliferation in skin and breast tissue [77].
Hydroxytyrosol, oleuropein, ligstroside and verbascoside
are also useful in the treatment of osteoarthritis [78], in
neuroprotection and for wound healing (Fig. 2) [79].

CHILI PEPPER

Epidemiological data regarding chili pepper, a sig-
nificant constituent of the Mediterranean diet, is still
scarce. Chili pepper (Capsicum annuum) belongs to
the highly diverse and globally distributed genus Cap-
sicum of the Solanaceae family, in which domesti-
cated species such as C. baccatum, C. pubescens, C.
chinense and C. frutescens are also present. Although
chili pepper is best known for its pungent flavor, it has
significant amounts of carotenoids, provitamin A, vi-

Classification Bioactive compounds Bioactivity References
L Caffeic, chlorogenic, synapic, p-coumaric ) L
Phenolic acids and ferulic acids Reduction of oxidative stress [30, 311
; Quercetin, rutin, kaempferol, chlorogenic . .
Flavonoids acid and naringenin Antioxidant, anti-cancer [32, 33]
Lycopene, a-carotene, p-carotene,
Carotenoids y-carotene, §-carotene, phytoene, Antioxidant [34]
phytofluene, neurosporene and lutein
Vitamins A, B, CandE Antioxidants, radical scavenging [35]
Glycoalkaloids a-tomatine and dihydroxy tomatine Toxic to pathogens [361]
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Fig. 1. Health benefits of lycopene.
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tamins K, E and C and phenolic compounds such as
capsaicinoids, quercetin and luteolin (Fig. 3), which
act synergistically to confer antioxidant, anti-inflam-
matory, anti-cancer, anti-microbial, antiseptic and im-
munomodulatory properties [80-82]. This makes chili
pepper particularly useful in scavenging free radicals
and promoting good health.

Chili pepper have been used for the treatment and pre-
vention of several conditions, such as toothache, wound
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healing, sore throats, cough, parasitic infections and
rheumatism. Creams containing capsaicin and capsicum
are commercially available for intractable pain and HIV-
linked neuropathy [82]. Antioxidant carotenoids (o- and
[- carotenes), vitamin C and pro-vitamin A in capsicum
peppers support immune function and combat inflam-
mation, thereby easing rheumatism, asthma attacks and
arthritis [83]. Chili pepper has been studied for its bio-
logically active compounds (Tab. III).
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Tab. IlI. Biologically active metabolites of chili pepper.

aBé‘:i'\‘l’i%\'fa' Metabolites Target cell/organism/disorder Mechanism References
Anti- Regulates several proteins
proliferative Quercetin Glioblastoma multiforme participating in cell signal [841
transduction
Bacillus, Micrococcus sp., E. coll,
Antimicrobial | Capsaicin Pseudomonas sp., Citrobacter sp., Salmonella | Affects membrane stability [85, 861
typhimurium, Pseudomonas aeruginosa
- . ) ) ) . Disrupts virus-neuron
Antiviral Capsaicin Guinea pig cutaneous herpes simplex virus connections (871
Insecticidal gjtpr Zlgti m frutescens A. aegypti mosquitoes Extract acts as repellent [88]
Anthelmintic Capsicum annuum leaf . . . .
and larvicidal extract essential ils Cercaria of Schistosoma mansoni Kills larvae [89]
Cardiovascular | Capsaicin (10-300 pg/ Temporary increase in mean
effects ka) Mongrel dogs systemic blood pressure (901
Anti- . Egg albumin-induced inflammation of rat ) .
inflammatory Carotenoids hind paw Reduces inflammation 911
Capsaicin Osteoarthritis Pain relief [92]
Conclusion Conflicts of interest statement

The Mediterranean diet is rich in fresh fruit, vegetables
and cereals that not only are economical but a healthy
choice for a long life. These ingredients at the base of the
pyramid are recommended for daily consumption. Rich in
phytochemicals such as vitamins, carotenoids, flavonoids
and phenols, these dietary items may be responsible for
the beneficial effects of the Mediterranean diet. Indeed,
the Mediterranean population is believed to live longer
and healthier than many other population in the Western
world, with low incidence of non-communicable diseas-
es such as obesity, cardiovascular diseases and cancer.
It therefore stands to reason that the Mediterranean diet
holds promise for healthy people with a healthy lifestyle
and also for people with chronic health conditions.
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Summary

The Mediterranean diet is a dietary regime derived from the
one followed by the ancient civilizations of the Mediterranean
region. It is characterized by many healthy constituents, among
which are cereals, legumes, fruits, vegetables, olives, and white
meat. Many studies suggest that this dietary regime is the key to
obtaining a healthy and long life, like that of the Mediterranean
peoples. Despite its popularity among health professionals, this
diet is still confined to a certain geographical area of the world.
Due to globalization and the modern busy lifestyle, this cultural
diet is losing ground even in its home region, with more and more
people embracing the so-called Western diet. An awareness of

Introduction

Food is one of the most important attractions of our lives.
The choice, quality, and quantity of food determines and
defines our mental and physical health. Research has
shown that the individual taste perception, encoded by
taste genes, becomes a guiding force in the selection of
food to satisfy our dietary demands. In addition, varia-
tions in the taste genes result in different taste percep-
tions, resulting in varied food choices and to the asso-
ciated diet-related metabolic syndromes and diseases,
such as cardiovascular problems, cancer diabetes, and
obesity [1]. On the other hand, the chemical compounds
from food activate various taste receptors, altered by
genetic polymorphism in taste genes, indicating a com-
plex relation between taste perception and preferences
influenced by genetic and environmental factors [2].
This partially justifies why different geographical ar-
eas of the world have different food traditions and their
corresponding lifestyles and diseases. People living in
different parts of the world have developed dietary hab-
its overtime that have influenced the expression of taste
genes and coined taste perception and food preferences.
For instance, the Mediterranean region is known for the
healthy dietary pattern of its populations and the corre-
sponding healthy lifestyle, with a significantly lowered
risk of metabolic disorders and associated diseases. The
term Mediterranean diet (Med Diet) therefore represents
the healthy food choices of the Mediterranean peoples

health benefits of the individual components of the Mediterra-
nean diet will therefore draw attention from all over the world
to this healthy and affordable dietary pattern, which can not only
improve the overall health, but also reduce the risk of developing
chronic and infectious diseases. In this regard, garlic and Med-
iterranean legumes present a huge repertoire of phytochemicals
having both nutritive and nutraceutical properties, which there-
fore should be included in our daily dietary routines in moderate
proportions. This narrative review aims at summarizing the prin-
cipal components and health benefits of the Mediterranean diet,
in particular of garlic and legumes.

that gained considerable fame a few decades ago, when
numerous large-scale clinical studies reported enhanced
cardiac protection by reduced atherosclerosis in the pop-
ulations used to this dietary regime [3]. Subsequent trials
supported the notion that the Med Diet indeed proved
beneficial also in lowering the risk of other pathophysio-
logical conditions, including metabolic syndromes, neu-
rodegenerative diseases, ocular diseases, type 2 diabe-
tes mellitus, obesity, and cancer [4]. Currently, the Med
Diet is considered among the healthiest dietary regimes
of the world and it is equally favoured by medical prac-
titioners and nutritionist; however, the implementation
of this diet on a global scale to provide health benefits
in geographically diverse populations is challenged by
numerous socio-economic and cultural factors [5]. In
addition to the daily consumption of fruits, vegetables,
cereals, and legumes, this diet is also characterized by
the inclusion of healthy spices: not only they add flavour
and aroma to the foods, but also provide healthy nutri-
ents and phytochemicals. These spices include but are
not limited to basil, bay leaf, fennel, cloves, cumin, gin-
ger, turmeric, garlic, oregano, rosemary, mint, parsley,
thyme, and sage, and are used in different combinations
and proportion in the different areas of the Mediterra-
nean region. These spices not only enhance the culinary
essence of the food, but they also make it nutrient-dense
because of their antioxidant, anti-cancer, antimicrobial,
and anti-inflammatory contents, thus playing a major
role in promoting a healthy lifestyle [6]. In this review
we will discuss about two important components of the
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Med Diet, i.e. garlic and legumes: not only they confer
taste, but they also provide several health benefits to this
dietary regime.

Garlic

Garlic (Allium sativum) is an essential ingredient of al-
most all Mediterranean dishes. Being rich in bioactive
compounds — such as phenolic compounds, saponins, or-
ganic sulphides, and polysaccharides — garlic is not only
a food, but it is also part of the traditional medicine in the
Mediterranean region, India, and China [7].

Having a repertoire of beneficial bioactive compounds
(like polyphenols and flavonoids) conferring it anti-in-
flammatory, immunomodulatory, cardioprotective, anti-
cancer, antidiabetic, anti-obesity, antihypertensive, anti-
biotic, and antioxidant properties, garlic is considered as
one of the most important vegetables and spices in the
world (Tab. I) [8]. Consequently, garlic consumption has
been reported to decrease non-communicable diseases

FOODS OF THE MEDITERRANEAN DIET: GARLIC AND MEDITERRANEAN LECUMES

such as hypertension, cardiovascular problems, cancer,
obesity, and diabetes [9,10].

In addition to the bioactive compounds mentioned
above, garlic contains 28% (w/w) carbohydrates (such
as starch, sucrose, glucose, and fructose) and fatty acids
(such as palmitic acid, linoleic acid, oleic acid, and lino-
lenic acid) [17-20]. Since ancient times, garlic has been
used as an anti-microbial and anti-inflammatory agent.
In addition, it reduces the risk of chronic cardiovascu-
lar problems, suppresses and cures cancer, promotes
immunological function, lowers cholesterol, detoxifies
harmful compounds, restores physical strength, enhanc-
es resistance against stress and pathogens, and mediates
antiaging, anti-cancer, hepatoprotective and renoprotec-
tive effects [14]. Garlic can be consumed raw, dried, or
cooked, as a whole or in an extract form. Its consump-
tion as an extract has been observed to reduce the risk
of initiation, development, and proliferation of several
types of cancers, such as breast, skin, uterine, colon, cer-
vix, and gastric cancer [21, 22]. The presence of orga-
nosulfur compounds in garlic makes it a potent inhibitor
of cancer cell proliferation and an inducer of apoptosis

Tab. I. Some important phytochemicals and bioactive constituents of garlic.

Types percent Bioactive Compounds Bioactivities Therapeutic effects | References
(97 100 gW)
Allicin inhibits the growth
of Staphylococcus
. ) ) - aureus, Salmonella
Thiosulphinates like allicin, typhimurium, Escherichia | Antimicrobial, urease
allylmethyl-, methylallyl- and ; . RN 11, 121
trans-1-propenyl-thiosulfinate coll, Bacillus cereus, Inhibition
Helicobacter pylori,
and Streptococcus
thermophilus
OrganoSulphur volatiles,
sulphur- including'DiaIIyl di'sulfides SAC AND SAMC have
s (DADS), Diallyl sulfides (DAS), . ) L
containing 2.3% DI . strong radical scavenging | Antioxidants, prevent
iallyly trisulfides (DATS), sulfur Y
compounds dioxide, E/Z-ajoene, S-allyl- activities, DAS arjq DADS damage cau;ed by free 13, 141
cvsteiné (SAC), and é-allyl- enhance the activity of | radicals, anti-cancer
cysteine sulfoxide (alliin), S-allyl glutathione reductase
mercapto cysteine (SAMC)
Antioxidants,
cardioprotective, prevent
Vinyldithiins including 2-vinyl- | Lowers platelet myocardial infarction and 15,161
4H-1,3 dithiin aggregation ischemic stroke, reduce
the risk of gastric and
colon cancer
p-resorcylic acid, pyrogallol, Scavenge free radicals, Antioxidants
Phenols 1.5% protocatechuic acid, gallic acid, | relax coronary arteries, cardioprotec'tive effects 17,18l
rutin, and quercetin prevent myocardial
p-cholorogenin, diosgenin,
containing rhamnose, voghieroside D1, protect agalnst reactive | antithrombotic, an 14, 191
X L 0Xxygen species, prevent | cholesterol-lowering
saponins sativoside B1-rhamnose, and DNA damage effects
sativoside R1 gitogenin and
proto-desgalactotigonin
Arginine is a precursor
- . . of neurotransmitter .
Amino acids 12 % aAé%n;r:% laesupcalptie(; g(ljliJéamm nitric oxide, they smooth glrftlfkqsggrqse?;is\;séon’ [201
! muscle relaxation and
lower blood pressure
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in many types of cancers [14, 22, 23]. Although stud-
ies proving the therapeutic potentials of garlic are based
on in vitro and in vivo animal models, some small-scale
clinician trials in humans have provided an insight into
the nutraceutical potential of garlic in both raw and com-
mercial forms (Tab. II).

Legumes

Legumes such as alfalfa, green beans, clover, peanuts,
lupines, peas, soybeans, broad beans, dry beans, chick-

peas, dry peas, and lentils are important source of veg-
etable-based proteins and are important ingredients of
many world-famous diet plans. Peas, beans, chickpeas
and lentils are considered cornerstones of many ancient
diet patterns, including the Mediterranean diet. These
legumes are not only low in fat with no cholesterol, but
are also heavily loaded with proteins, starch, minerals,
vitamin, and fibre, making them as important as cereals
in our daily diet. In the Med Diet legumes are taken daily
in moderate proportions in cooked, baked, and raw form,
as sprouts or salads. Being more proteinaceous than ce-
reals, these legumes can be used as a primary source of

Tab. Il. The biological activities of garlic and its active components as shown by clinical trials.

Bioactivities Subjects/ patients Study design '"tergﬁm‘i’onrf and Results References
Placebo-controlled 400 mg of garlic Enhanced
92 obese patients randomized double- extract per day for 3 | production of [24]
blind trial months antioxidant
Lowered oxidative
) ) stress and enhanced
Antioxid 46 untrained boys th?ar}domlzed controlied 22? g;g Ej;“;ﬁggizle resistance and [251]
ntioxidant per day endurance during
properties training
Placebo-controlled 1 mg of allicin plus o
44 pregnant women randomized double- 400mg garlic per day Egggged oxidative [26]
blind trial for 9 weeks
42 menopausal Randomized double- 1200 ug allicin per Reduced oxidative 1271
women blind controlled trial day for one year stress
Placebo-controlled 2.56 g aged garlic
. randomized double-blind | extract (AGE) per day | Enhanced immune
120 healthy individuals parallel intervention for system functions (281
study 90 days
Randomized double- 2.56 g aged garlic Lmsgg?%/ii:]?t?;%ne
120 healthy subjects blind placebo-controlled | extract per day for Ieyss cold and flu, [29]
Anti-inflammatory nutrition intervention 90 days symptoms
roperties -
prob 1 g to 3 gof garlic
Randomized controlled | powder Immunostimulatory
60 healthy volunteers trial 6.0and 24.0 h effect [301
respectively
Placebo-controlled 3.6 g aged garlic
g;ljur;ssalthy but obese double-blind randomized | extract per day for 6 iii%l#r:ﬁ?ation [311
trial weeks
500 mg of garlic
160 type 2 diabetic . . | powderand 1.1 mL | Prevented
patients Randomized control trial of olive oil for 3 dyslipidaemia (52]
months
1 mg allicin and 400
150 hyperlipidaemic Single-blind placebo- mg garlic in tablet, -
Lipid lowering patients controlled study twice daily for 6 Lowered lipid levels 1331
effects weeks
Placebo-controlled 10.8 mg allicin (3 L .
75 healthy adults randomized double- garlic cloves) per day éﬁgictlswermg [34]
blind trial for 12 weeks
N ) Placebo controlled Garlic tablet 300 mg, .
a?tg%biﬁlcig:;ﬁ?f randomized single-blind | 2 times daily for 12 l(jmsirﬁ\éir;i?ats n [351]
ysiip study weeks ysiip
Garlic tablet 300 -
Antidiabetic 210 type 2 diabetes Placebo-controlled 1500 mg per qay Reduceq HDA,c
effects mellitus patients single-blind study plus Metformin 500 | and fasting blood (361
mg twice a day for glucose levels
24 weeks
>
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Interventions and

Bioactivities Subjects/ patients Study design duration Results References
750 mg capsule
containing onion
and garlic 20% (w/w),
nettle leaf 20%
(w/w), berry leaf
- ) ) Decreased HbA,. and
Antidiabetic TWQ 38-s_ubject groups Double blind trial 10% (w/w), walnut fasting blood sugar (37]
effects having diabetes leaf 20% (w/w), level
fenugreek seed 20% '
(w/w), and cinnamon
bark 10% (w/w),
thrice daily for 12
weeks
80 overweight
or obese Placebo-controlled 500 mg garlic tablet
parallel-design ) ; Improved OA
postmenopausal randomized double- twice daily for 12 symptoms [38]
women with knee blind trial weeks
osteoarthritis (OA)
, 76 overweight
Bone diseases or obese rpe!zcdefrgi_zcggggﬂi?e-blin o | 1000 Mg garlic tablet | Reduced pain (39]
postmenopausal parallel design trial per day for 12 weeks | severity
women
44 postmenopausal rDa%L(J:i%krer;ik;“ergjdcontrolled 2 garlic tablets per Immunomodulatory [27]
osteoporotic women . ) day for 8 months effects
clinical trial
2 mL garlic or )
) T Economic and
. . Randomized double- garlic with lime ; .
/e*pfggnt;cmb'a' 45 children blind controlled clinical | formulation, used as tefsggivlf ”?'Eﬁjrgfig‘ée (40]
trial mouth rinse, once a mouth rinse
day for 2 weeks
First stage Allicor Ei;l;ecet;]vtgolr? g?e
Antiviral effects Double-blind placebo- 600 mg and second Eor:/spe::iﬁc
on respiratory 796 children controlled randomized stage Allicor 300 mg " irator 1411
viral infections trial tablets per day for 5 acute respiratory
months |nfec_t|ons, without
any side effects
57,560 men and . One bulb of garlic Reduced risk of
women Comparison-based study per day for 9 years colorectal adenoma [42]
Weekly Dose-dependent
1,424 lung cancer . administration of 8.4 | protective
cases and 4,543 Population-based case g raw garlicor 33.4 | association between [43]
healthy controls control study g garlic components |raw garlic and lung
for 7 years cancer
Synthetic allitridum
; . . 200 mg daily and 100
Anticancer effects ZaOs ificpgglﬁcrgf (\g“gtg d pouble-bllind ug selenium Proteption from (441
35-74 years) intervention study every other day for 1 | gastric cancer
month per year, for a
total of 3 years
S 200 mg aged garlic
\3/63ISE1tZéKr)sy/(\7vril‘cEOSItNe Placebo-controlled extractand 1mg | Decreased incidence
- ’ ) . . ) steam distilled garlic | of gastric cancer [45]
participants and risk blinded randomized trial |~ ) : !
for gastric cancer oil 2, twice daily for | and mortality
7.3 years
Garlic herbal
Cardioprotective | 157 postmenopausal | Placebo-controlled preparation suppression and
effects asymptomatic women | double-blind clinical trial containing 500 mg prevention of 1461
isoflavonoid for 12 atherosclerosis
months
| 2
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Bioactivities Subjects/ patients Study design '”tergﬁ':;L?o”rf and Results References
Suppressed
inflammation
Placebo-controlled Daily intake of 400 and improved
92 obese patients randomized double-blind | mg of garlic extract | endothelial [24]
nutritional intervention | for 3 months biomarkers of
cardiovascular
problems
Enhanced
60 patients with mild | Randomized controlled 6 glpftaged bngf cardioprotective (471
Cardioprotective | hypercholesterolemia | trial ?gr\,l\,ce evll/éce adayror effects, beyond gold
effects standard medication
Decreased low
55 patients with Randomized double- AGE 2400 mg daily attenuation plaque 1481
metabolic syndrome blind study for 52 weeks (LAP) formation in
coronary arteries
Significant reduction
Placebo-controlled 150 mg Allicor garlic | in cardiovascular
Zglsgaosrggitc\i/errﬁgrt ralndomized double- tablet 2 times per risk, by 1.5-fold in [49]
blinded study day for 12 months men (p < 0.05) and
1.3-fold in women
) ) Improved lipid
- . Mixture of garlic and
;1328 ehr\]/tn;erllmdemm Randomized study 1E—‘:origgfljer, 2 g daily rp:éa?eege&;ggd [501
or ays pressure
AGE 240/480/960
Antihypertensive | 79 patients with mg containing Marked reduction
effects uncontrolled systolic | Dose-response trial 0.6/1.2/2.4 mg of in systolic blood [511
blood pressure S-allylcysteine daily pressure
for 12 weeks
41 moderately . . Reduced systolic
hypercholesterolemic sDt?JLé?lle'b“nd crossover ?(G) E&i;gallv for and diastolic blood (521
patients pressure

amino acids. Protein extracts from soybeans are used as
an alternative to meat [53]. In addition, legumes are rich
in phosphorus, potassium, chromium, copper, selenium,
zinc, magnesium, and folic acid, which have numerous
health benefits, like cell growth, energy production,
nerve and muscle function [54, 55].

Consuming legumes in moderate proportions and as part
of a balanced diet has been observed to reduce the risk
of hypertension, type 2 diabetes, obesity, cardiovascu-
lar diseases, stroke, and dislipidemia [56-58]. The low
glycemic index of legumes and the presence of many
non-nutrient phytochemicals (such as saponins, phytos-
terols, lectins, phytoestrogens, phytates, and amylase
and trypsin inhibitors) confer several health benefits
to legume consumers, such as an enhanced protection
against cancer, free radicals-induced damage, cardiovas-
cular diseases, and hypercholesteremia [59].

Moreover, legumes reduce oxidative stress, promote gut
microbial diversity, colon health, and suppress inflam-
matory conditions and cancer [57-60]. The non-nutrient
content of legumes, previously considered as hazardous
to health, has now been proven to be important from a
nutraceutical point of view. The health benefits of some
non-nutrient compounds found in legumes is presented
in Table III.

CLINICAL STUDIES ON LEGUME CONSUMPTION

Clinical studies have shown legumes to be useful in low-
ering blood sugar levels. For instance, in a randomised
study 121 subjects having type 2 diabetes were giv-
en low-GI diet, containing one cup/day or ~ 190 g of
cooked legumes or wheat fibre foods for 3 months: the
results indicated that the patients that were given le-
gumes had considerably decreased triglyceride levels,
systolic and diastolic blood pressure, A1C, and blood
glucose levels [70].

Similarly, regular consumption of legumes was shown
to reduce total and low-density lipoprotein (LDL) cho-
lesterol levels. A meta-analysis study reviewing 10 ran-
domized, controlled trials based on non-soy legumes
consumption for a minimum of 3 weeks resulted in
lowered cholesterol levels in the participants. In another
trial, 31 subjects having type 2 diabetes were given a
legume-free therapeutic diet for heart disease. Alterna-
tively, they were given the same diet but replacing red
meat with legumes thrice a week. The results showed
promising decreases in triglycerides, LDL cholesterol,
fasting blood glucose, and insulin levels [71].

Being rich in minerals, potassium, magnesium, and fi-
bre, legumes play a positive role in managing high blood
pressure [72]. For instance, marked reductions in tri-
glyceride levels, blood pressure, waist circumference
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Tab. IlI. Bioactive compounds of legumes and their bioactivity.
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Classification Bioactive compounds sources Bioactivity References
Antioxidant, anti-
Gallic acid, protocatechuic acid, . inflammatory,
syringic acid, p-Hydroxybenzoic Adzuki bean, mung antihypertensive, anti-
) ) e bean, kidney bean, ! . [61- 64]
Total phenolics acid, vanillic acid, trans-p . : atherosclerotic, antitumor,
. . .| white lupine, soybean, L
Coumaric acid, phydroxybenzoic chickoea. red lentils ACE inhibitor, and
acid, ferulic acid, sinapic acid pea, antidiabetic and antiaging
activities
Azukisaponin IV, VI, V, II, I, and . Capture free radicals and
Saponins azukisaponin lll, soyasaponin and gdzuk| bean, mung stimulate antioxidant [65]
; ean, peas
saponin B enzymes
L Procyanidins, prodelphinidins, Antioxidant, tyrosinase
Proanthocyani-dins rhamnosides Mung bean inhibitor [66]
Delphinidin-glucoside, cyanidin- Antioxidant, antimicrobial
Anthocyanins galactoside, cyanidin-glucoside, B.Iack soybean, red anti-inflammatory, and (63, 641
- ) kidney bean L :
pelargonidin-glucoside antidiabetic
Soybean, black soybean,
white kidney bean, 163 64]
Tocopherols d-Tocopherol, B,y tocopherols cowpea, whole bean, Antioxidant and anticancer '
kidney bean, black-eyed
and pinto bean
) ) . Lentil, red kidney bean, _ )
Carotenoids Lutein and zeaxanthin isomers Cowpea Antioxidant properties (641
Catechin, epicatechin, quercetin- | Soybean, chickpea,
3-o0glucoside, myricetin, mung bean, red lentils,
Flavonoids kaempferol-3-orutinoside and kidney bean, black Antioxidant properties [67, 681
kaempferol-3-0-glucoside, soybean, black turtle
quercetin bean
Lentil, black soybean, Antioxidant, antimicrobial,
Condensed tannins | Catechins black turtle bean, adzuki |anti-HIV, and anti-tumour (691
bean, mung bean activities

and weight were observed in 113 obese people consum-
ing 1:2 ratio of legume servings to whole grains for 18
months [73]. Meta-analysis of the results of eight trials
with more than 500 participants, 50% of which were
obese or overweight, concluded significant reductions
in systolic and mean arterial blood pressure in subjects
who consumed a cup of legumes daily for 10 weeks [74].
In addition, people who consume legumes regularly tend
to have lower body mass indices (BMI > 30 kg/m?2) as
compared to non-consumers [75]. This provides sub-
stantial evidence that a Mediterranean-style eating plan,
characterised by daily consumption of legumes, is effec-
tive for weight loss [76].

Despite their numerous health benefits (Fig. 1), legumes
are still not consumed at an optimum level in various
areas of the world. This adds to the fact that, despite be-
ing the healthiest dietary pattern, the Med Diet is still
restricted mainly to its region of origin. Developing
healthy dietary programs and creating awareness would
help people reap the full benefits of the typical spices,
herbs, and other constituents of the Med Diet.

Conclusion
Traditional diets, such as the Med Diet, are not only

budget friendly but also rich in healthy nutrients that
provide an overall healthy lifestyle, with reduced risk
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Fig. 1. Health benefits of legumes.

Antidiabetic

Anti inflammatory

of chronic and life-threatening diseases such as CVDs
and cancer. Being rich in beneficial phytochemicals,
garlic and legumes should be included in daily meal
plans: these cardioprotective, anti-cancerous, antidia-
betic and antihypertensive ingredients in our food will
not only satisfy our culinary demands, but also pro-
mote a healthy life.
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summary

Fruit and vegetables are excellent sources of health-promoting
bioactive compounds and nutraceuticals. Regular consumption
of fruit and vegetables helps prevent the onset and progression
of many non-communicable diseases. The Mediterranean diet
envisages consumption of healthy vegetables and fruit on a daily
basis for maximum health benefits. Traditional use envisages veg-
etable-based and fruit-based diets, and many studies scientifically
proved the beneficial effects of Mediterranean vegetables and fruits.
Rich in bioactive phytochemicals, citrus, cucumbers and grapes
have antioxidant, anti-inflammatory, antimicrobial, cardiopro-
tective, anti-ageing and anti-cancer properties. Studies indicate
that intake of citrus, cucumbers and grapes reduces hypertension,

Introduction

The Mediterranean diet is widely accepted to be a very
healthy diet. Whole grains, legumes, fruit, vegetables,
white meat, fish, nuts and olive oil are all essential com-
ponents. This diet is beneficial for human health and
wellbeing because of its abundance of antioxidants, fi-
bre, vitamins, minerals, phytosterols, probiotics, omega
3 and omega 6 fatty acids and phytosterols.

Citrus fruit is popular in the Mediterranean region.
Though not native to the region, it has become an im-
portant commodity because of its place in the Mediter-
ranean diet. Various citrus fruits have been used tradi-
tionally to treat illnesses in many Asian countries. Due
to their medicinal qualities, citrus secondary metabolites
such flavonoids, alkaloids, limonoids, coumarins, carot-
enoids, phenolic acids and essential oils are precious for
maintaining human health. Their qualities include car-
diovascular and neuroprotective properties and antiox-
idant, anti-inflammatory and anti-cancer effects [1-15].

The cucumber Cucumis sativus L. (family Cucurbita-
ceae) is a vegetable widely consumed throughout the
world. It has a high water content and relatively few cal-
ories, as well as strong antioxidant, lipid-lowering and
anti-diabetic effects. By eliminating pockets of toxins
and old debris, cucumber has a purifying effect on the
body. The skin is nourished by application fresh cucum-
ber juice, which has a calming effect on irritation and
reduces edema. Cucumber can also calm the body and
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hyperlipidemia, skin problems and infections and improves the
health of the cardiovascular and nervous systems. These beneficial
effects are mediated by several bioactive molecules present in Med-
iterranean diet vegetables and fruits, such as citrus, cucumbers and
grapes. Indeed, they contains flavones, isoflavones, tannins, poly-
phenols and many beneficial natural molecules. This review focuses
on the bioactive ingredients in citrus fruit, cucumbers and grapes,
all components of the Mediterranean diet, and their health effects.
A deep understanding of Mediterranean diet’s components, as well
as clinical trials to test natural molecules beneficial effects, will
permit to further explore the therapeutic potential of the Mediterra-
nean diet in several pathological conditions.

reduce the pain of sunburn. The fruit is cooling, hemo-
static, tonic and effective against excessive thirst and
heat stroke. The seeds are used to treat constipation and
have a cooling effect on the body. Cucumber is a source
of cucurbitacins, cucumerin A and B, cucumegastig-
manes I and II, vitexin, orientin, isoscoparin 2"'-O-(6""-
(E)-p-coumaroyl) glucoside and apigenin 7-O-(6"-O-p-
coumaroyl glucoside) [16-32].

Grapes are rich in primary and secondary metabolites
such as polyphenols. Polyphenols and phenolic acids
have strong anti-inflammatory and anti-cancer effects
and immunomodulatory properties. Although their dis-
tribution varies greatly in the different tissues, the peri-
carp and seeds of grapes are rich in polyphenols and
phenolic acids. The leaves and seeds of the grapevine are
tasty and healthy ingredients of Mediterranean cooking.

Citrus phytochemicals
and their health-promoting effects

Citrus fruitis a distinctive component of the Mediterranean
diet and adds richness and variety and to its health-pro-
moting effects. It has many nutritional and healthy prop-
erties. It has been used for centuries to treat illnesses, such
as bronchitis, tuberculosis, coughs, colds and menstrual
disorders [1]. Citrus fruit is rich in vitamins, minerals and
fibre and without sodium, fat and cholesterol. It also con-
tains secondary phytochemicals, such as carotenoids and
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polyphenols, that prevent non-communicable diseases
such as cardiovascular disease and cancer. Citrus fruit is
rich in vitamin C which plays a key role in the absorption
of inorganic iron, thus helping to alleviate anemia if ad-
ministered with appropriate medicines [2, 3]. Vitamin C
also promotes formation of collagen. Although citrus is
not an excellent source of iron or zinc, its vitamin C con-
tent mediates release of iron and zinc from other foods,
thereby maintaining iron status [2]. Citrus contains cellu-
lose, hemicellulose and pectin which make up 60 to 70%
of its total fibre content. Together with lignin, this form of
fibre may decrease absorption of glucose after consump-
tion of carbohydrates and reduce reabsorption of bile ac-
ids, lowering plasma levels of cholesterol [1-3].

Citrus fruit contains many important secondary metabo-
lites in its peel, pulp, seeds, pressed oil and juice (Tab. I).
Their concentrations vary between citrus species and in
the various parts of the fruit [1-3]. Hesperidin and flavo-
noids have been linked to the anti-inflammatory and anti-
oxidant activities of phenolic acids, such as caffeic, chlo-
rogenic and ferulic acids [2]. The compounds responsible
for these benefits include coumarins, essential oils (limo-
nene) and flavonoids such naringin, naringenin, hesperi-

Tab. I. Phytochemicals in the citrus family and their bioactivity.

din and nobiletin (auraptene, imperatorin) [1]. Citrus also
contains triterpene compounds like limonoids that have
been remarked for their anti-cancer properties in animal
models (stomach, skin, colon and lung) and in human co-
lon adenocarcinoma cells and human breast cancer cells.
Flavonoids extracted from citrus can also lower blood
sugar, triglycerides and cholesterol levels. The flavanones
hesperidin, naringenin, naringin and neohesperidin, as
well as polyethoxylated flavonoids (nobiletin, tangeretin)
are responsible for these qualities [1, 2].

Cucumber phytochemicals
and their health-promoting effects

Cucumbers (Cucumis sativus L.) belong to the Cucur-
bitaceae family and are widely cultivated all over the
world. They are eaten raw in salads, fermented (pick-
led) or cooked [17]. C. sativus, one of the 30 species of
cucumbers, has the highest commercial value [18, 19].
The therapeutic potential of C. sativus leaves, fruits and
seeds is extensively mentioned in ayurvedic medicine
for management of ageing [20, 21]. The cucumber is of-

Components Bioactivity References

Folate Promotes cell prqlﬁferation and red .blood cell synthesis, prevents neural

(Folic acid / folacin) tube defects, stabilizes genetic material and may protect against cancer and [4,5]
heart disease.

) Minerals and sodium can retain biological fluids. Low sodium and high

Potassium potassium levels may lower blood pressure. (4,5]
Includes resistant starch, soluble and insoluble polysaccharides, pectin and
certain other components.

Dietary fibre Boosts intestinal flora and shortens the time food spends in the gut. (5]
Some types of fibre help lower blood fat levels. May lower risk of certain
malignancies, heart disease and digestive issues including constipation.

Non-nutrient phytochemicals
Anti-obesity effects. Citrus peels are rich in coumarins, a class of polyphenols.
Auraptene, the most prevalent coumarin in citrus, is found in grapefruit,

Coumarins trifoliate oranges, sour oranges and particularly Citrus natsudaidai. Products (6]

Polymethoxyflavones made from citrus fruits like marmalade and grapefruit juice maintain
auraptene activity.

Prevent formation of lipid droplets
Anti-microbial, anti-viral, anti-allergic, anti-inflammatory, anti-proliferative

Polyphenols and anti-carcinogenic activity, astringent flavors. Anthocyanins are [5, 7-101
responsible for many of the colors of fruit and vegetables.

Flavonoids

gi?%er:rl]tiltri]n Hepatoprotective, anti—ob_esity and lanti—hyperglvcemic effects. 11

Tangeretin Prevent D-galactosamine-induced liver damage

Kaempferol

Quercetin Anti-microbial effects 121

Apigenin Cell-cell signaling antagonists, biofilm formation suppressors

Naringenin

- Anti-allergic effects

Hesperidin Reduces granulocytes degranulation and allergic symptoms (3]

Limonin Hepatoprotective, anti-obesity and anti-hyperglycemic effects 4]

Nomilin Improves indicators of liver injury and inflammation

Essential oils Anti-microbial effects . L [15]
Inhibit pathogens and microorganisms of decomposition

_— Anti-anxiety effects
Chimpi Strong anxiolytic effect equivalent to fluoxetine. 161




ten used to treat skin problems such as sunburn and eye
inflammation. It is thought to revive, cool, heal, soothe
and soften irritated skin and to prevent itching. Bioactive
substances in several chemical classes have been isolat-
ed from this plant. A distinguishing feature of this spe-
cies are cucurbitacins. Cucumber fruits are 96.4% water,
0.4% protein, 0.1% fat, 2.8% carbohydrate, 0.3% min-
erals, 0.01% calcium, 0.03% phosphorus, 1.5 mg/100
g iron and 30 IU/100 g vitamin B. They also contain
enzymes such as proteases, ascorbate oxidases, succin-
ic dehydrogenase and malic dehydrogenase [19]. They
have a significant amount of ascorbic acid [20] while
pulp and peel extracts contain lactic acid (7-8% w/w),
which has demonstrated antioxidant properties [17]. The
tetracyclic cucurbitane nuclear skeleton of cucurbitacins
is arbitrarily split into twelve groups that form many cu-
curbitacins with antiproliferative properties [22].

PHYTOCHEMICALS OF CUCUMBER SEEDS

Cucumber seeds contain compounds such flavonoids, tan-
nins, saponins and steroids [23]. Indeed, ethanol extract
of cucumber seeds contained flavonoids, terpenoids, tan-
nins, cardiac glycosides, phenols and carbohydrates [24].
Moreover, methanol extract of cucumber pulp contained
tannins, alkaloids, saponins, glycosides, terpenes, pheno-
lics and glycosides [25, 26]. The cotyledons of various
varieties of C. sativus seedlings contained cucurbitacins
A B, C, D, E and I [27] that have cytotoxic, antitumor,
hepatoprotective, anti-inflammatory, antibacterial, an-
ti-helminthic, cardiovascular and anti-diabetic properties
[28]. Finally, cucumber contains two newly discovered
primary C-glycosyl flavonoid compounds: cucumerin A
and cucumerin B. Cucumber leaves and fruits contain
many flavonoids, such as vitexin, isovitexin, and orientin,
and carotenoids [29-33]. Table II summarized the main
phytochemicals present in cucumber plant.

PHARMACOLOGICAL ACTIVITY OF CUCUMBER
PHYTOCHEMICALS

Antioxidant activity

Cucumber (Cucumis sativus L.) contains several free
radical scavenging compounds that reduce oxidative
stress by reducing superoxide mutase, guaiacol perox-
idase, glutathione reductases and ascorbic acid perox-
idases [20, 34]. Other antioxidants include butylated
hydroxyl anisole (BHA) which is a more effective free
radical scavenger than ascorbic acid. Tannins, polyphe-
nols and flavonoids in cucumber also show radical-scav-
enging effects [34].

Tab. Il. Phytochemicals in cucumber plant.
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Anti-cancer activity

Cucumber contains many compounds with anti-cancer
properties [35]. For instance, methanol and acetone ex-
tracts of cucumber has shown cytotoxicity against can-
cer cell lines HeLLa and Michigan Cancer Foundation-7.
Ethanol extract of cucumber leaves is rich in glycosides,
alkaloids, tannins, proteins, amino acids, phytosterols,
steroids, terpenoids and saponins; it inhibited the growth
of HeLLa and HepaG?2 cancer cell lines in the MTT assay.
Significant anticancer activity was seen at doses of 62.5,
125, 250 and 500 mg. Ethanol extract was more effec-
tive against HepG2 than against HeLa. According to the
authors, the triterpenoids in the extract were responsible
for the anti-cancer activity [35].

Antibacterial and antifungal properties

Ethyl acetate and methanol extracts of cucumber fruit
have been reported to have antimicrobial activities, while
methanol extract of cucumber seeds is reported to inhib-
it entero-pathogens S. aureus, P. aeruginosa and E. coli.
Volatile cucumber oil has shown antibacterial and anti-
fungal properties against gram-negative and gram-posi-
tive bacterial strains [36]. The research demonstrated an
effect of C.s. against two major fungi. The authors con-
cluded that C.s. seeds may have antifungal potential [37].
The study showed that ethanol extract of Cucumis sativus
Linn. screened positively for antifungal activity against
six fungi compared to reference griseofulvin [37].

Cytotoxicity

Ethanol extracts of Cucumis sativus showed cytotoxicity
against brine shrimp nauplii in a brine shrimp toxicity
assay. Toxicity rates were concentration-dependent. The
LC50 and LC90 of the extract against brine shrimp nau-
plii were 75 pg/ml and 120 pg/ml, respectively [37].

Hepatoprotective activity

Cucumis sativus has been demonstrated to protect against
oxidative stress caused by cumene hydroperoxide. Anti-
oxidant and radical-scavenging compounds of Cucumis
sativus fruit extract readily cross the cell membrane and
protect against intracellular generation of reactive oxy-
gen species. Aqueous extract of Cucumis sativus fruit
acts as a hepatoprotective and antioxidant against cu-
mene hydroperoxide-induced hepatotoxicity [38].

Hypoglycemic and hypolipidemic activity

Animal models such as alloxan-induced diabetic rats
(AIDRs) have been used to test the hypoglycemic and
hypolipidemic effects of cucumber. For instance, eth-
anol extracts of fruits of the Cucurbitaceae family, in-

Plant Part of plant Class of compounds References
Seed Tannins, saponins, terpenoids and steroids 123, 24]

cucurmber Pulp Tannins, alkaloids, saponins, glycosides, terpenes, phenolics and glycosides [25, 261
Cotyledons Cucurbitacins AB, C, D, Eand | 271
Leaves and fruits | Flavonoids, carotenoids [29-33]
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cluding cucumber, white pumpkin and ridge gourd, sig-
nificantly reduced blood sugar levels in AIDRs. They
also lowered the high lipid profiles of these rats. Ridge
gourd was shown to significantly improve liver glyco-
gen levels in AIDRs. The study suggested that cucumber
fruit extracts may prove beneficial as supplements in the
treatment of hyperglycemia and hyperlipidemia, which
frequently coexist in diabetic patients. However, addi-
tional research is required to screen individual chemical

compounds, identify antidiabetic lead compounds and
determine their mechanisms of action [39].

Grape phytochemicals
and their health-promoting effects

Grapes are grown in many parts of the world but are per-
haps best known in California in the United States and in
the Mediterranean from Portugal to Lebanon and Syria.

Tab. IlI. Health benefits of phytochemicals present in grapevine and other sources.

Grapevine .
phytochemicals Other sources Health benefits References
Anthocyanin: natural
non-toxic water-soluble e Antimicrobial effects
flavonoid pigments Mulberries, black currants, red | e UV protection
currants, sweet cherries, blue e \Weight loss
berries, strawberries, plums, red | ¢ Protection against type 2 diabetes [54-571
onion, red raspberries, black e Decreased risk of cancer
chokeberries e Improved cognitive function
e Reduce inflammation
Onions, kale, red wine, tea, e Reduce blood pressure
peaches, berries, tomatoes, ¢ Improve blood flow to the brain and heart [57-59]
lettuce, scallions, broccoli e Prevent blood clots fight cell damage
Flavan-3-ols , * Antioxidant
White, green, oolong and e Anticarcinogen
o O black tea, apples, purple o Antimicrobial (57 58 60]
O and red apples, blue berries, e Cardiovascular preventive e
OH strawberries, chocolate e Antiviral
e Neuroprotective
Flavones
e Antioxidant
o O Parsley, red peppers, celery, e Anti-inflammatory (57 58 61]
O | chamomile, peppermint ¢ Antimicrobial T
I e Anticancer
Flavanones
¢ |nhibit apoptosis
Limes, lemons, oranges ¢ |nduce peripheral and cerebral vascular blood flow | [57, 58, 621
* |mprove cognitive performance
o
Isoflavones
Q © ] Soy, red clover, green tea, split | e Prevent cardiovascular disease, osteoporosis,
peas, pigeon peas, peanuts, hormone-dependent malignancy and cognitive | [57, 58, 631
3 O chickpeas, lima beans decline
Phenolic acids
o Berries, herbs, spices, cocoa, o Antioxidant preventing cell damage
oH flax seeds, vegetables, olives, o Anti-inflammatory 1641
coffee, tea
Resveratrol
e Antibacterial
Peanuts, berries, cocoa, o Antifungal
blueberries, bilberries, e Antioxidant [65-69]
cranberries e Anti-inflammatory for arthritis and skin
e Prevents cancer, diabetes, Alzheimer’s disease




Many Mediterranean sites produce magnificent wines,
famous for their flavor and bouquet [40, 41]. Grapes
contain high concentrations of phenolic acids, flava-
nols, flavon-3-ols [42], myricetin, peonidin, flavonoids,
resveratrol, quercetin, tannins, anthocyanins, cyanidin,
ellagic acid and proanthocyanins [41-49]. Besides the
phytochemicals in the fruit, pulp, seeds and leaves of the
grapevine, the wine derived from grapes also contains
polyphenols and antioxidants [49]. The primary poly-
phenols in wine are resveratrol, anthocyanins, catechins
and tannins (proanthocyanidins and ellagitannins) [50,
53]. Red wine and white wine are an integral part of the
Mediterranean diet; they have alcohol concentrations
of 14% and 11%, respectively, significantly lower than
35%, the alcohol content of spirits [51-53]. The polyphe-
nol component of wine can have great health-protective
effects [50-52], whereas white wine has fewer bioactive
compounds than red wine; distilled drinks like liquor
and spirits have virtually no bioactive compounds [46].
Different health effects are anticipated for alcoholic bev-
erages due to their different chemical compositions.
Like wine, other bioactive elements of the Mediterranean
diet, including nuts, fruit and vegetables (which mostly
contain flavonoids) and olive oil (mainly hydroxytyrosol,
tyrosol and oleocanthal), can also have cardioprotective
effects through various synergistic pathways [53]. Be-
sides containing many potential health-promoting phyto-
chemicals (Tab. II), grapes are also rich in potassium, a
mineral that maintains the body’s fluid balance and can
help lower high blood pressure and reduce the probability
of developing heart disease and stroke. Grape seeds are
rich in vitamin E, which helps keep the skin supple and
moisturized. Grapes contain other components that may
help prevent acne and improve the hair by boosting blood
flow to the scalp. Resveratrol in grapes can strengthen the
immune system, promote wound healing and prevent bac-
terial infections. Grape resveratrol slows the normal aging
process by inhibiting cell death and reducing age-depen-
dent deterioration of cells. Antioxidants such as flavan-
3-ols and resveratrol in grapes have been observed to be
effective against cancer of the mouth, throat, pancreas,
prostate and colon, among others [68, 69]. Being rich
in water and fibre, grapes help bowel movements, thus
maintaining a healthy digestive system. Grape seed ex-
tract has been shown to play an important role in combat-
ing irritable bowel syndrome [70], while grape skin is rich
in melatonin that plays a role in circadian rhythms [71].
The consumption of certain varieties of grapes, rich in
polyphenols and fibre, has been shown to reduce the on-
set and incidence of cardiovascular disorders [72]. For in-
stance, a randomized, parallel-group, controlled trial with
34 non-smoking adults (13 hypercholesterolemic and 21
normocholesterolemic) who were given supplements of
7.5 g/day grape antioxidant fibre containing 1400 mg
polyphenols and 5.25 g dietary fibre for 16 weeks showed
a significant reduction in blood pressure and normalisa-
tion of lipid profile [73]. Other studies have indicated that
grapes and their phytochemical constituents have cardi-
oprotective effects by lowering blood pressure, lipids,
platelet function and thrombosis [74].

E25

FOODS OF THE MEDITERRANEAN DIET: CITRUS, CUCUMBER AND GRAPE

conclusions

Vegetable- and fruit-based nutraceuticals have become
popular for many pathophysiological conditions and cos-
metic uses at traditional and commercial scale. Although
the bioactive phytochemicals of these essential ingredi-
ents of the Mediterranean diet are backed by much evi-
dence of traditional use, carefully designed clinical trials
are required to further explore their therapeutic potential
in different pathophysiological conditions.
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summary

The Mediterranean diet proved to be one of the healthiest diets
in the word. It has several beneficial effects and it prevents many
non-communicable diseases, such as cancer, cardiovascular dis-
eases, and obesity. Before being a culinary regime, the Mediterra-
nean diet is characterized by specific cultural heritages and tradi-
tions, also influencing the lifestyle of the populations. The Mediter-
ranean diet follows the so-called food pyramid, comprising several
food combinations. Indeed, it is mainly composed by vegetables,
fish and dairy products, while red meat and sweets are poorly
consumed. Processed foods are mainly avoided, apart from lac-
to-fermented ones, the first processed foods consumed by humans.
Food fermentation by microorganisms not only improves the func-

Introduction

The Mediterranean diet was awarded Intangible Cultural
Heritage of Humanity status by UNESCO in 2010 [1,
2]: it is not only a diet, but also a tradition and sym-
bology of the Mediterranean region, its cuisines, and
its people, and also a healthy way of living [1]. Medi-
terranean people have traditionally based their cuisine
on the interactively woven ideas, habits, and values of
the Mediterranean community, as well as the individual
groups and subgroups of each Mediterranean country.
The Mediterranean cuisine is a blend of their traditions
and tastes, and it symbolizes the richness of the Mediter-
ranean heritage [2].

The Mediterranean cuisine is mainly comprised of ce-
reals, fruits, and vegetables (which can be consumed
raw, cooked, or pickled), white meat, plenty of olive oil,
fermented foods, and dairy products. Fermented foods
have been conventionally used in the Mediterranean
countries since ancient times, owing to their organolep-
tic properties and long shelf-life. Currently, lacto-fer-
mented foods (that is, foods that have been fermented by
lactic acid bacteria or LAB, usually belonging to genera
such as Lactobacillus, Leuconostoc, and Streptococcus)
have gained much focus because of their health-promot-
ing properties [3]. These types of foods are naturally rich
in lactic acid bacteria, which depend upon a fermentable

tionality of bioactive metabolites, but also increases the shelf life
and organoleptic properties of the food. Lactic acid bacteria play a
vital role in transforming the food constituents, thereby enhancing
their nutritional and functional properties. In addition, these foods
introduce beneficial bacteria into gut microbiota, thus maintaining
a healthy gut microbiome and corresponding gut-brain axis, thus
providing an overall improvement in health and a reduced risk of
non-communicable diseases and metabolic disorders.

This review will focus on the Mediterranean diet, on its charac-
terising food pyramid and food combinations, and on lacto-fer-
mented foods, one of the components of the Mediterranean diet
with the most beneficial effects.

sugar for their metabolism and growth [4]. The product
of fermentation is either lactic acid alone (homo-fermen-
tation) or a combination of acetic acid, lactic acid, car-
bon dioxide and ethanol (heterofermentation) [5]. The
lactic acid fermentation of sugars in raw foods not only
coins a peculiar flavour and texture to the food, but also
releases an array of signalling molecules and health-pro-
moting compounds that interact with the gut microbiota
[6], thus bringing many health benefits to it. Thanks to
the properties of the lactic acid bacteria and their metab-
olites, many of these foods are classified as “functional
foods” [7]: owing to their myriad of positive effects on
human health, these foods are considered as reliable and
inexpensive means of improving human health.

LAB-fermented foods and their health
benefiting effects

FERMENTED PROBIOTICS AND DAIRY PRODUCTS

Milk is a good source of lacto-fermented foods, such as
yogurt and cheese. The lactose in milk is fermented to
lactic acid by the LAB Lactobacillus delbrueckii subsp.
bulgaricus and Streptococcus thermophilus [8]; this pro-
cess decreases the milk pH, thus preventing the develop-
ment of pathogenic microbes. In addition, lactic acid fer-
mentation generates many useful metabolites — such as
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essential amino acids, bioactive compounds, vitamins,
minerals, and exopolysaccharides — that enhance the nu-
tritive value of the product [9].

Today, a wide variety of fermented dairy products is
available, ranging from plain yogurt to flavoured yogurt
and finely textured Greek yogurt, which contain absorb-
able forms of vitamins and minerals [10]; branched-
chain amino acids (BCAA), which enhance muscle
growth and maintain the body bioactive peptides, with
health promoting effects [8, 9]; unsaturated fatty acids,
which help to absorb fat-soluble vitamins A, D, E, and
K, and conjugated linoleic acid. The conjugated linole-
ic acid exhibits anti-cancerous properties, by inducing
apoptosis specifically in breast cancer cells [11, 12]. The
bacteria in yogurt contribute to the transient microbiota
and thus improve the gut environment. Several studies
have also suggested beneficial effects of yogurt in man-
aging type 2 diabetes. For instance, a study based on me-
ta-analysis of randomised controlled trials regarding use
of yogurt for managing type 2 diabetes mentioned that
its regular consumption results in a reduction in com-
plications [13]. This might be due to the alteration and
modulation of gut microbiota, which prevent dysbiosis
and improve the overall digestion. In addition, the gut
microbiome plays an important role in improving liver
and cognitive functions by participating in the gut-brain
axis [14]. For instance, the consumption of yogurt along
with fruits helps in improving the non-alcoholic fatty
liver disease (NAFL) [15]. Similarly, yogurt supple-
mentation decreases the deposition of the myeloid-beta
plaques in the brain cortex and hippocampus in the early
stages of life [16, 17]. This indicates that yogurt is bene-
ficial for improving gut microbiota and the correspond-
ing gut-brain axis, which modulates the overall health of
an individual and prevents non-communicable diseases
and metabolic disorder [16-18].

KEFIR

Kefir is a natural complex probiotic, derived from ke-
fir grains by the combined action of LAB, Acetic Acid
Bacteria (AAB), and yeasts, enveloped in a slimy matrix
composed of EPS and proteins [19]. Traditionally, Kefir
has been used as a health-promoting and life-prolonging
fermented milk [20], as it is said to possess anticancer,
antidiabetic, antidepressive, antiallergic, antiasthma,
and immunomodulatory effects [21, 22]. Kefir plays
an important role in improving the gut microbiota by
suppressing the bacteroids and increasing LAB and Bi-
fidobacterial species, thereby improving hypertension,
inflammation, and fasting sugar levels in patients suffer-
ing from metabolic disorders [23, 24]. In addition, it has
been implicated in managing NAFL and high-fat diet in-
duced obesity. A study on mouse model reported that 0.2
mL supplementation of Kefir decreased the incidence of
obesity by 60% in test mice, as compared to controls, by
reducing systemic inflammation and blood cholesterol
levels. This could be due to the fact that kefir LAB colo-
nize the gut epithelium, thereby exerting an influence on
overall gut microbiota by niche exclusion and lactic acid
production, which reduces the pH by creating an acid-
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ic environment that suppress the growth of bacteroides
and induces the expression of genes encoding beneficial
digestive enzymes [24]. In addition, the probiotics in
kefir upregulate the expression of peroxisome prolifera-
tor-activate receptor, thereby playing a vital role in beta
oxidation of fatty acids in the liver and thus in the NA-
FL disease management [25]. Moreover, kefir bioactive
metabolites, EPS, and sphingolipids exhibit anticancer
properties, possibly by mediating the signalling path-
ways involved in proliferation and apoptosis of cancer
cells [26]. Kefir has also been indicated in improving
sleep quality and reducing the incidence of mental disor-
ders in postmenopausal women. Furthermore, it helps in
bowel movements, modulates immunity, improves both
physical and mental health (reducing anxiety, depres-
sion, and stress) and, thus, the individual’s overall quali-
ty of life [27]. In addition, kefir releases short-chain fatty
acids (SCFAs) in the gut, which improves bone density
and bone formation, which also prevents fractures in the
elderly [28]. This repertoire of health benefits, of course,
can be retrieved when used in moderate amounts. In fact,
the Mediterranean diet regime includes kefir consump-
tion in moderate quantities, along with other dairy prod-
ucts like Greek yogurt and feta cheese.

CHEESE

Another popular fermented dairy product of the Medi-
terranean region is cheese (such as pecorino, halloumi,
brie, chevre, manchego, feta, Parmigiano Reggiano, ri-
cotta...), whose consumption in low to moderate amounts
is recommended in this diet [29]. Cheese is good for lac-
tose intolerant people, as the LAB completely consume
this sugar during the prolonged ripening of the cheese.
During the initial fermentation stages, the LAB use milk
carbohydrates, leaving behind indigestible oligosaccha-
rides, whose consumption exerts prebiotic effects and
enhances the beneficial gut microbiota [30]. Not only
cheese is an excellent source of prebiotics, but it also has
strong anti-inflammatory properties. For instance, in a
recent study it was observed that cheese produced using
L. delbrueckii subsp. lactis CNRZ327 and P. freudenre-
ichii ITG protected against epithelial cell damage and
colitis in mice, as compared to controls [31]. In addition,
studies have reported the cholesterol-lowering effects
of cheddar and Turkish cheese [32]. Similarly, Lacto-
bacillus- and Lactococcus-fermented cheese products
contain bioactive peptides that have satiety regulation,
antimicrobial, antithrombotic, anticarcinogenic, hypo-
tensive, stress-relieving, mineral absorptive and anti-in-
flammatory properties [33].

VEGETABLE FERMENTED PRODUCTS

The long history of traditional pickles and fermented
vegetables indicates both their culinary and health-pro-
moting potential. A recent shift to use of fermented food
has brought attention to traditionally fermented vegeta-
bles that were being used throughout the world since an-
cient times, such as kimchi (fermented vegetables with
spices and seafood), sauerkrauts (fermented cabbage),
gundruk (fermented leaf), and various kinds of pickles.
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Fermentation and pickling not only enhance the bioac-
tivity of these vegetables, but also increase their shelf
life [34].

Sauerkrauts

Sauerkrauts are produced by spontaneous or selective
fermentation of cabbage by specific bacteria: for in-
stance, Lactobacillus sakei-fermented vegetables and
sauerkrauts show three times more bioactivity as com-
pared to those fermented by any other strain [35]. Fer-
mentation enhances the cabbage’s amount of vitamin C,
fibre, ethanol, organic acids (e.g. lactic acid, maleic acid,
acetic acid, and succinic acid), short chain fatty acids
(e.g. propionic acid), and acetaldehyde. It also enhances
the bioactivity of its glucosinolates, which are normally
not bioavailable in the fresh product. Sauerkraut exerts
many beneficial effects on health, such as improvement
of gut microbiota in patients suffering from IBS, as in-
dicated by the changes in fecal microbial composition
[36]. Sauerkrauts show antitumor activity by inducing
apoptosis of cancer cells, exerting inflammation-modu-
lating effects, and inhibiting tumour invasion in differ-
ent tissues [35]. Besides that, owing to its vitamins and
organic acids, it has a strong antioxidant potential [37].
It also exhibits antidepressive effects by inhibiting Mo-
no Ammino Oxidase (MAOs), thus helping in anxiety,
depression, and even in the onset of Parkinson’s dis-
ease [38].

Fermented table olives

Table olive are the most common traditional fermented
vegetables in the Mediterranean region, with an increas-
ing demand worldwide and with Italy, Spain, Egypt, Tur-
key, Greece, Algeria, and Portugal as the main produc-
ers. Their production exceeded 2.9 million tons in 2017-
2018, which was still less than the overall demand [39].
The fermentation of oleuropein not only brings added
value to the end product in terms of bioactive com-
pounds, dietary fibres, fatty acids, and antioxidants, but,
owing to the bitter taste it gives to the olives, it increas-
es their culinary value as well [40]. The process of ol-
ive fermentation is quite complex, as it involves a wide
array of microorganisms and LAB (e.g. Lactobacillus
plantarum or Lactobacillus pentosus) and yeasts (e.g.
Saccharomyces cerevisiae, Wickerhamomyces anoma-
lus, Candida boidinii, etc.) [41, 42]. The fermentation of
olives by these microbes adds flavor, improves texture,
and ensures consumer safety [40].

The probiotic trait of olives makes them an excellent
source of gut friendly bacteria that stick to the fruit and
are ingested along with it. The probiotics contained in
fermented olives bring several health benefits, such as
protection against different kinds of cancer, bowel irreg-
ularities, intestinal infections, allergic reactions, consti-
pation, and indigestion [43]; apart from having immuno-
modulatory, antioxidant, and antiatherogenic properties.
Fermented olives are also rich in oleic acid, which has a
protective effect against breast, prostate, and colon can-
cer [44, 45]. Moreover, table olives contain hydroxyty-
rosol, a polyphenol with anti-inflammatory and anti-mi-

crobial activities, proposed for the treatments of several
diseases, among which lymphedema and viral infections
[46-53]. Table olives also contain high levels of oleocan-
thal, a natural COX-inhibitor that also protects against
certain cancers and neurodegenerative disorders [54].
Furthermore, fermentation of olives inhibits the growth
of many pathogenic and spoilage microorganisms [55].
This implicates that fermented olives are a potential
source of undiscovered healthy microbial strains and
bioactive compounds, which might be the secret behind
the health promoting effects of Mediterranean diet.

FERMENTED MEAT AND MEAT PRODUCTS

Meat fermentation is the most ancient and commonly
used form of fermentation. Traditional fermented meat
products are valuable and popular for a variety of rea-
sons, and are used in many popular cuisines. Fermented
meat products are one of the most economically import-
ant commodities in Europe, specifically in the Mediter-
ranean countries, where they are representative of a rich
cultural heritage [56]. Meat fermentation comprises ma-
ny biochemical, microbiological, and chemical chang-
es, which bring added value to fermented meat products
in terms of taste, colour, aroma, and odour. Lactic acid
bacteria play a core role in the fermentation of meat by
reducing its pH levels and facilitating the production of
bacteriocins, which prevent the growth of pathogenic
and spoilage microorganisms and ultimately improve
the safety, stability, and shelf life of these products [57].
Preserved fish and fermented meat sausages has also
been an important tradition of the Mediterranean cul-
ture [58]. Preserved fish was the main ingredient of
garum, an extremely popular fish sauce in ancient times
that was used as a condiment in the ancient Greek, Ro-
man, and Byzantine cuisines [59], which closely resem-
bles the fermented anchovy sauce called colatura di alici
that is still produced in Campania, Italy. Dry fermented
sausages are also an important fermented meat product
of the Mediterranean region [60]. Table I reports a list
of lacto-fermented foods and of the microorganisms in-
volved in their fermentation.

The Mediterranean food pyramid

The Mediterranean food pyramid is representative of the
Med Diet and was developed based on the eating habits
of long-living adults in the Mediterranean Region [68].
The pyramid follows general guidelines on choice of
food items and not their quantities. Nutritional experts,
sociologists, anthropologists, and agriculturists have
collectively contributed to the development of what we
currently call the Mediterranean diet by adapting the
pyramid to the new way of life of the Mediterranean re-
gion [69]. The new pyramid follows the pattern of the
old one, with plant-based staple foods that should be
consumed in larger quantities (such as cereals, fruits,
and vegetables) at its base, the ones to be consumed in
moderate amounts in the upper levels, and the ones to be
consumed in low amounts at the top.
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Tab. I. Lacto-fermeted foods and the microorganisms that induce their fermentation.

source Microorganism(s) Fermented Food Product References
Milk S. thermophilus, L. delbrueckii ssp. bulgaricus | Cheese, Yogurt [61]
Meat Lactobacillus sake, L. plantarum Sausages (e.g. Salami) [62]
. - . Yeast bread, beer, sake, Chinese rice wine and
Grains Sacchromyces cerevisiae, L. brevis rice vinegar [63]
Plants L. plantarum, L. brevis Kimchi, sauerkraut, olives, Szechuan pickled 1641
vegetables
Legumes A. soyae, Z. rouxii, T. halophilus SFaeLerT;ented bean curd, bean paste, miso, soya [65]
Fruits S. cerevisae Wine, vinegar [66]
Fish and shellfish | Lactobacillus brevis Fermented fish, fish sauce, shrimp paste 671

The Med Diet, however, is not just the choice of certain
foods rather than others, but is also the way the inhabi-
tants of this region select, prepare, and enjoy said food
together. The new Med Diet food pyramid includes in-
gredients from all the food groups in appropriate propor-
tions and frequencies, and is addressed generally to the
healthy adult population; however, it is flexible enough
also to cater pregnant women, children, and people with
different pathophysiological conditions [70]. Putting to-
gether foods from various levels of this food pyramid
makes a balanced healthy diet and promotes a healthy
lifestyle. The guidelines established by the pyramid for
daily, weekly, and occasional foods are represented in
Table II [69, 70].

The Mediterranean food combinations

Perhaps the most important thing in adapting to this cu-
linary regime is to understand its cultural heritage and
the traditions behind various food combinations. It is not
simply a diet, but a lifestyle: not only it involves healthy
eating, but also certain ways of cooking, seasonality
of products, and socialization and community interac-
tions [71]. Accordingly, to retrieve all the health-pro-
moting benefits of this dietary regime, one must under-
stand the Mediterranean food combinations.

Addressing the issue of food consumption in the Medi-
terranean region means perceiving it as a practice that is
so well-knitted to the rest of the activities making up the

Tab. IIl. The Med Diet food pyramid: food choices, servings, and frequencies.

Foods Quantities/serving Frequency Benefits
, One or two servings per meal in the form of . Source of iron, magnesium
Wholegrain cereals bread, pasta, couscous, rice, millet, etc. Daily phosphorous, micronutrients
Vegetables Two servings per meal at lunch and dinner (at Daily Source of antioxidant, anticancer,
least one serving should be raw) and antidiabetic compounds
) . . Satisfy sweet cravings and source of
Fruits One or two servings per meal Daily antioxidants
Dairy products One or two servings of low-fat yogurt, Greek Daily Source of saturated fats and calcium
yogurt, and different types of cheese maintenance of bones
Has a central position in the pyramid
as a principal source of dietary lipids,
olive oil One tablespoon per person for fsalad dressing, Daily maintains the blo_od lipid profile,
moderate consumption in cooking has cardioprotective properties,
lowers the risk of developing
atherosclerosis
. . . Improve flavour and palatability of
Spices, herbs, garlic, Handful of olives, nuts, and seeds as snacks. the food and are rich in healthy
onions, olives, nuts, Garlic and onion in salads, cooking main course | Daily lipids, proteins, vitamins, minerals
and seeds dishes, soups, etc. . ! ! ’
and fibre
One glass per day (women) or two glasses per . Source of probiotics and maintain
Fermented beverages day (men), recommended during meals Daily gut microbiota
) ) Both animal and plant proteins can be
ﬁqne'?tale(ggsg’ ;ﬁg plant cqnsumed, with anima! proteins only for taste Weekly Source of healthy amino acids and
prote,ins (fish: two or more servings, red meat: two fats
servings, eggs: two to four servings)
Med Diet regime supports a very
Sugary and unhealthy . low and occasional consumptions of
fat rich foods very low amounts Occasional sweets and confectionaries, to avoid
negative health effects
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food event that it cannot be considered alone. For instance,
consumption of the Mediterranean diet cannot be separated
from its production, cultural traditions, social practices, and
methods that have evolved with history and are built around
food and nutrition [72]. For this very reason the Med Diet
is not just a dietary regime, but a concept that encompasses
cultural heritages, values and traditions, biodiversity sus-
tainability, and, ultimately, health and wellbeing.

THE CULINARY DISTINCTIONS
OF THE MEDITERRANEAN DIET

Mediterranean cuisine includes foods from the Mediter-
ranean basin, which includes countries like Syria, Turkey,
Egypt, Spain, Italy, and Greece. This region is famous for
its rich history, which results in a wide diversity in cultures,
social structures, ethnic groups, occupations, and religions
[73]. This cultural diversity is strongly reflected in the
combinations of condiments and procedures, collectively
constituting a culinary system that encompasses a com-
mon historical and regional framework. The distinguishing
criterion for the Mediterranean cuisine within the different
countries is the choice of the staple food that is eaten by all
socioeconomic classes. The second distinguishing feature
is the cereal or groups of cereals, along with the accompa-
nying elements, condiments, and methods [72].

The third element of distinction is the significant region-
al and cultural difference among various countries of
the Mediterranean, which enables us to divide the Med-
iterranean into three culinary regions: Southern Europe,
Eastern Mediterranean, and North Africa [74].

Southern European cuisine

Southern European cuisine is typical of Southern France,
Italy, and Spain, and is characterised by specific distinc-
tive ingredients. Unlike other Mediterranean cuisines,
wine is an important element of this cuisine. In addition,
the main source of meat is pork, preferred over lamb/
mutton or goat. The staple foods are pastas, leavened
breads, and rice; and a wide variety of grains are used.
Food flavoring is done by using garlic, mustard, anise,
tomatoes, capers, anchovies, and pine nuts [75].

Eastern Mediterranean cuisine

This culinary region comprises Middle Eastern cuisine
and the culinary traditions of Turkey, Greece, Egypt,
Syria, Lebanon, Palestine, Israel. The prominent foods
of this region include yogurt, which is widely consumed
and also used in sauces and condiments, and fresh chees-
es like halloumi and feta, that can be either cooked or
consumed raw in a wide variety of culinary assortments.
The flavouring is carried out by mint, parsley, sumac,
and lemon juice, with pomegranates and nuts as com-
mon ingredient in spreads and sauces. Cereals and grains
are consumed, also in the form of pitas and lavash. Bul-
gur wheat is also added to salads, like tabbouleh. The
main sources of animal proteins are mutton, lamb, goat
and poultry, for example in the form of grilled kebabs,
kibbeh, and stir-fried gyros. Chickpeas are used as a
meat substitute and are either cooked whole, fried, or in
the form of a paste, known as hummus [76].

North African cuisine

This cuisine is distinguished from others by its plentiful
use of spices: cumin, saffron, coriander, cinnamon, chil-
ies, cloves, and paprika are regularly used in the cooking
traditions of Morocco, Algeria, Tunisia, and Libya. Ha-
rissa and ras el hanout are two intense spice mixtures,
mostly used in Moroccan cuisine, that give heat to stews
and sauces. Preserved dried lemons are used to add a
peculiar, brined taste to the North African cuisine. Com-
monly used grains and cereals are couscous and granular
semolina, often consumed with lamb, mutton, and goat
meat-based dishes and stews [77]. Chicken and beef are
also regularly used in this cuisine. Dried fruits like apri-
cots, dates, and raisins are frequently used, both raw and
in cooked dishes. One of the most famous dishes of this
region is the Moroccan tagine, a blend of slow-cooked
stew of vegetables, meat, and sauce, named after the
cone-shaped earthenware pot in which it is cooked [78].
Hibiscus tea and juices containing hibiscus extract are
popular drinks of this region [79].

conclusions

The Mediterranean cuisine is a blend of the values, prac-
tices, and exchange of ideas in the Mediterranean ba-
sin, which shaped and developed the culinary habits and
appetites of the diverse Mediterranean cultures. It is a
complex and interactive food system: not just a mere se-
lection of foods, but a network of cultural practices that
has come up with a healthy dietary regime. This won-
derful cultural heritage needs to be preserved not only
for the culinary satisfaction of the people of the world,
but also for providing mankind with a diet that sustains
health and wellbeing.

The Mediterranean diet, being the healthiest diet re-
gime of the world, is a repertoire of healthy food choic-
es that, when consumed in the recommended manner
and followed in a holistic way, as do the Mediterra-
nean people, can sustain a healthy and long life. An
important role among the beneficial functional foods
of this dietary regime are the fermented foods, which
not only improve the gut microbiota, but also create
an improved immune system, better bowel movements,
reduce harmful gut bacteria, and maintain the gut-brain
axis, which is the key to human health. In addition to
the aforementioned health benefits, fermented foods
have antioxidant and anti-cancerous properties, making
them ideal as low-cost nutraceuticals. Adapting to this
diet regime and adhering to its recommendations can
support a healthy lifestyle, both in healthy individuals
and in people suffering from underlying pathophysio-
logical conditions.
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Summary

The Mediterranean diet is the most well-known and researched
dietary pattern worldwide. It is characterized by the consumption
of a wide variety of foods, such as extra-virgin olive 0il (EVOO),
legumes, cereals, nuts, fruits, vegetables, dairy products, fish,
and wine. Many of these foods provide several phytonutrients,
among which polyphenols and vitamins play an important role.
Data from several studies have strongly established that nutri-
tion is a key factor in promoting a healthy lifestyle and prevent-
ing many chronic diseases. In particular, a large number of stud-
ies have established the protective effects of the Mediterranean
diet against several chronic diseases, among which are diabetes,
cardiovascular diseases, cancer, aging disorders, and against
overall mortality. Animal and human translational studies have

Introduction

The Mediterranean diet (MD), defined by Ancel Keys in
the 1960s, is one of the most well-known and well-re-
searched dietary patterns worldwide [1]. The MD is the
traditional dietary pattern followed by the inhabitants of the
Mediterranean region. Historically, in the countries close
to the Mediterranean Sea, the main diet has included an
abundance of different non-starchy vegetables, seeds, nuts,
marginally refined whole-grain cereals, and legumes [2].
Since the 1960s, MD has been extensively studied to un-
derstand its role in the prevention of chronic and/or de-
generative diseases, cardiovascular diseases, metabolic
syndrome, cognitive decline, and cancer [3].
Furthermore, MD is considered an environmentally
sustainable dietary pattern [4]. Specifically, an epide-
miological study revealed the association of MD with
the decreased incidence of cardiovascular diseases [5].
Similarly, other observational and epidemiological stud-
ies reported an inverse relationship of MD with disease
risk and mortality in various types of cancers [6-8].
The interventional trial PREDIMED (Prevencién con
Dieta Mediterranea) compared MD with the control di-
et and documented a significant reduction in the inci-
dence of diabetes and cardiovascular diseases in the MD

group [8].

revealed the biological mechanisms regulating the beneficial
effects of the traditional Mediterranean diet. Indeed, several
studies demonstrated that this nutritional pattern has lipid-low-
ering, anticancer, antimicrobial, and anti-oxidative effects.
Moreover, the Mediterranean diet is considered environmentally
sustainable. In this review, we describe the composition of the
Mediterranean diet, assess its beneficial effects, and analyze
their epigenomic, genomic, metagenomic, and transcriptomic
aspects. In the future it will be important to continue exploring
the molecular mechanisms through which the Mediterranean
diet exerts its protective effects and to standardize its compo-
nents and serving sizes to understand more precisely its effects
on human health.

A recent meta-analysis based on observational studies
and clinical trials highlighted the beneficial effects of
MD on various chronic diseases, such as cardiovascu-
lar diseases, diabetes, myocardial infarction, coronary
heart disease, neurodegenerative diseases, cancer in-
cidence, and overall mortality [9, 10]. Furthermore,
studies have analyzed the effects of MD on cognitive
function, aging parameters, and improvement in quali-
ty of life [11]. MD has been linked to the healthy aging
concept, which is defined as the lack of major chronic
diseases, good mental and physical condition, absence
of depression, absence of function-limiting pain, good
social functioning, and independent performance of
daily activities [8].

Mediterranean diet components
and their characteristics

A significant feature of MD is the daily consumption of
several phytonutrients, such as plant phenols and vita-
mins as follows.

EXTRA-VIRGIN OLIVE OIL (EVOO)

One of the main characteristics of MD is the regular con-
sumption of EVOO, which contains a mixture of essen-
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tial dietary fatty acids. The consumption of olive oil is
considered the main reason for a long life span amongst
Mediterranean populations [1]. EVOO is the major
source of unsaturated fatty acids and other components,
such as fat-soluble vitamins, polyphenols, chlorophylls,
and phytosterols [12, 13]. The polyphenols present in
olive oil possess anti-inflammatory, antioxidant, neuro-
protective, cardioprotective, anticancer, anti-obesity, an-
ti-diabetic, antimicrobial, and antisteatotic effects. These
effects are mainly caused by the presence of secoiridoid
(anti-feeding deterrents of the Oleaceae family, such as
iridoid glycoside) derivatives, among which oleuropein,
oleacein, and oleocanthal, and simple phenols, such as
tyrosol and hydroxytyrosol [3, 14-20].

LEGUMES, CEREALS, AND NUTS

Humans have been cultivating legumes for centuries
and consuming them in the form of porridge and pulses.
Pulses are highly nutritious and can be easily prepared
and stored for long periods. Undoubtedly, these features
of legumes are the cause for their success and their in-
corporation in the traditional diets of various countries.
The most common legumes of MD are beans, lentils,
and chickpeas. Legumes are usually mixed with dif-
ferent cereals, fish, meat, and vegetables. Similarly, for
thousands of years, seeds and nuts (hazelnuts, almonds,
tree nuts, pistachios, etc.) have been considered a staple
food and consumed daily. Nuts and legumes have been
routinely consumed all over the Mediterranean region,
Asia, and America [1]. The main components of pulses
and beans are flavanols, a type of polyphenols with a
ketone group in their chemical formula, which reduce
endothelial dysfunction, decrease cholesterol and blood
pressure, and regulate energy metabolism [21]. More-
over, people living in the Mediterranean countries reg-
ularly consume cereals, such as rice and wheat, in the
form of pasta, bread, couscous, etc. These cereals, along
with potatoes, constitute the main sources of energy and
carbohydrates [1].

FRUITS AND VEGETABLES

The Mediterranean climate favors the production of
several vegetables and fruits that constitute a major part
of MD. Original Mediterranean vegetables include tur-
nips, artichokes, lettuce, and radishes. Interactions with
outside regions led to the introduction of new varieties
of fruits and vegetables. For example, citrus fruits and
eggplant were introduced from North Asia and India,
whereas zucchini, tomatoes, potatoes, peppers, corn, and
green beans entered the Mediterranean region from the
Americas [1].

DAIRY PRODUCTS

Traditionally, the consumption of milk and other dairy
products has been low in the Mediterranean countries.
However, plenty of land is devoted for raising goats and
sheep for their meat, milk, and wool, thus facilitating
the manufacture of yogurt, cheese, and other fermented
dairy products [1].

MODERN VISION OF THE MEDITERRANEAN DIET

Fisn

The Mediterranean region possesses a rich tradition of
fishing, which has led to high fish consumption. Howev-
er, environmental contaminants have compromised the
contributions of omega-3 fatty acids [1].

WINE

In the European Mediterranean countries, MD has been
significantly associated with moderate wine consump-
tion during meals. Wine is known to have originated
during the Neolithic period, while the Greeks and Egyp-
tians popularized the beverage by developing the tech-
niques related to its refinement and preservation. More-
over, Romans extended grapevine cultivation across It-
aly and other countries, hence making wine an essential
part of MD [1].

Mechanisms involved in Mediterranean
diet effects

Latest advancements in all omics fields and bioinfor-
matics have allowed their use in nutritional studies for
enhancing the understanding of molecular mechanisms
and changing paradigms [8, 22].

Mediterranean diet and transcriptomics

The use of transcriptomics makes it possible to analyze
the specific effect of a diet or food on gene expression,
thereby leading to a better understanding of specific
mechanisms. It is possible to unravel which gene ex-
pression is upregulated or downregulated by the influ-
ence of certain foods. In humans, several researchers
have analyzed the effects of MD and its components on
the transcriptome using selected candidate genes as well
as the whole transcriptome. The PREDIMED study has
examined alterations in canonical pathways of the car-
diovascular system. Nine of these pathways were altered
by MD + virgin olive oil, whereas four pathways were
modified by MD + nuts. Overall, the results showed that
MD modulates crucial pathways associated with cardio-
vascular risk, such as renin—angiotensin, atherosclerosis,
hypoxia, angiopoietin and nitric oxide signaling, and en-
dothelial nitric oxide synthase signaling pathways. This
finding supports the idea that MD could exert beneficial
effects by altering the expression of genes associated
with cardiovascular diseases. Interestingly, the study
noted that the atherosclerosis signaling pathway was
significantly downregulated after the MD + EVOO in-
tervention (Tab. I) [23, 24].

Mediterranean diet and epigenomics

The term epigenomics refers to a wide range of genom-
ic modifications without involving changes in the DNA
sequence, which lead to alterations in gene expression.
The epigenomic profile may be linked to increased car-
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Tab. I. Genes of the atherosclerosis signaling pathway that were
downregulated after the MD + EVOO intervention.

Gene symbol Gene hame

IL1RN Interleukin 1 receptor antagonist
IL1p Interleukin 1-beta

ICAM1 Intercellular adhesion molecule 1
TNF-a Tumor necrosis factor, alpha

Tab. Il. Immune and inflammatory-linked genes for which methyla-
tion pattern was modified by 5 years of MD in peripheral blood cells.

Gene symbol Gene name
EEF2 Eukaryotic translation elongation factor 2
IL411 Interleukin 4-induced gene 1
COL18A1 Collagen, type xviii, alpha-1
PLAGL1 Plag1-like zinc finger 1
LEPR Leptin receptor
Peroxisome proliferator-activated
PPARGC1B receptor-gamma, coactivator 1, beta
Interferon-related developmental
IFRD1
regulator 1
MAPKAPK? Mltpgen—act|va‘;ed _protem kinase-
activated protein kinase 2

diovascular risk and aging [25]. Three types of epigen-
etic biomarkers are often observed based on epigenetic
regulators: DNA methylation, noncoding RNA syn-
thesis, and histone modification. A study involving 36
participants investigated the alterations induced in the
methylome of peripheral blood cells after 5 years of MD
(Tab. II) [26]. Similar results were obtained by studies
that evaluated the effects of MD on inflammation at the
epigenetic level [8, 27, 28].

Mediterranean diet and genomics

The first omics approach was focused on the study of
single nucleotide polymorphisms that influence diseases
associated with the metabolic status. With technological
advancements, genome-wide association studies and,
subsequently, next-generation sequencing technologies
were applied to explore multiple polymorphisms in a
single experiment [29-31] Currently, studies focusing
on gene—diet interactions are involved in examining
the heterogenic responses of identical dietary patterns,
which means that different individuals exhibit different
responses to the same MD components. PREDIMED
revealed that polymorphisms in specific genes associ-
ated with cardiovascular disease risk display significant
gene—diet interactions with MD (Tab. III) [8]. The influ-
ence of MD on microRNA-binding site polymorphisms
was observed via the analysis of the gain-of-function
mutation polymorphism (rs13702) of microRNA-410
in the LPL 3'-untranslated region. The findings revealed
a gene—diet interaction and demonstrated that MD en-
hanced reduced triglyceride concentrations and stroke
risk, whereas in the control diet, these beneficial effects
were lost [8, 32].

Mediterranean diet and metagenomics

The gut microbiota plays an important role in the rela-
tionship between dietary habits and health. Several stud-
ies analyzed the effect of MD components on microbio-
ta, both at the species level and at the metagenomic level.
Some of the studies reported beneficial effects of MD on
the microbiota, and other studies examined the favorable
effects of MD on health by simulating the profiles of
beneficial microbiota. Moreover, the presence of metab-
olomic markers in urine or plasma indirectly reflect the
microbiota activity. The incorporation of metabolomics
and metagenomics, along with exposomics (the study of
all the exposures of an individual in a lifetime and how
those exposure relate to health) and genomics, will cer-
tainly provide informative results on the mechanisms of
action of MD in the years to come [8, 33, 34].

Mediterranean diet and bioinformatics

Computational and bioinformatic methods play a vital
role in investigating the effects of MD. The latest bioin-
formatic tools and highly efficient data-generation meth-
ods have enabled the collection of huge amounts of in-
formation and rapid analyses of data. Currently, various
bioinformatic tools and techniques, such as networking
and pathway analyses, are being applied to understand
the complexity of MD effects at the systems biology
level. Significant advancements are expected in the near
future, which are likely to enable us to better understand
the molecular basis of the multidimensional effects of
MD [8, 35, 36].

Effects of the Mediterranean diet
on disease pathways

MD exerts many beneficial effects on human health and
prevents chronic diseases via various mechanisms.

LIPID-LOWERING EFFECTS

The initial mechanistic studies explaining the inverse
relationship of MD with cardiovascular risk focused
on high monounsaturated fatty acid and low saturated
fatty acid contents of MD. These studies also examined
other conventional risk factors, such as plasma lipid
concentration, glucose metabolism, and blood pres-
sure [8, 37, 38]. The results of the PREDIMED study
showed that MD is able to improve the protective role of

Tab. . Genes for which polymorphisms are associated with car-
diovascular disease risk and display significant gene-diet interaction
with MD.

Gene symbol Gene name

MLXIPL MIx-interacting protein-like

TCF7L2 Transcription factor 7-like 2

CLOCK Circadian locomotor output cycles kaput
LPL Lipoprotein lipase




HDL by reversing cholesterol transport and enhancing
cholesterol efflux capacity via reduction of the activity
of cholesteryl ester transfer protein, thereby increasing
HDL’’s ability of cholesterol esterification and its vasodi-
lation capacity [39, 40].

PROTECTION AGAINST OXIDATIVE STRESS
AND INFLAMMATION

Traditional MD is rich in antioxidant components such
as vitamin E, B-carotene, vitamin C, and flavonoids,
minerals such as selenium, and natural folate [2]. The re-
sults of a large case—control study called INTERHEART
revealed the beneficial effect of dietary antioxidants on
coronary heart disease [41]. Insufficient intake of dietary
antioxidants might escalate the risk of atherosclerot-
ic plaque formation owing to alterations in lipoprotein
oxidation. Recently, the participants of a randomized
clinical trial who adhered to an MD + EVOO dietary
pattern demonstrated a significant decrease in inflam-
matory markers and oxidized circulating LDL [42]. The
PREDIMED study showed that MD exerts anti-inflam-
matory effects on the cardiovascular system and is able
to reduce both systolic and diastolic blood pressure [43].
Specifically, PREDIMED reported that serum levels of
several genes decreased after 3-5 years of MD interven-
tion (Tab. IV) [44].

Oxidative, inflammatory, and nitrosative stresses are the
most common causes for neurodegeneration, whereas
antioxidant molecules, such as polyphenols from olive
oil, restore neuronal function by improving the redox
status. Additional beneficial effects of MD include hy-
poglycemic, antioxidant, antiviral, antimicrobial, cardi-
oprotective, antitumor, anti-inflammatory, neuroprotec-
tive, and antiaging effects [45].

In transgenic mouse models of Alzheimer’s disease, hy-
droxytyrosol was found to alleviate oxidative stress in
the brain and mitochondria as well as neuroinflamma-
tion by inducing the expression of the Nrf2-dependent
gene. Similarly, the administration of oleuropein for 8
weeks at a dose of 60 mg/kg/day was able to decrease
oxidative stress and increase mitochondrial function
via activation of the Nrf2 pathway in spontaneously hy-
pertensive rats. Moreover, tyrosol, at a dose of 240 mg/
kg, was able to offer protection against lipopolysaccha-
ride-induced acute lung injury via inhibition of NF-kB
and activation of AP-1 and Nrf-2 pathways [3, 46].

Tab. IV. Genes for which serum levels decreased after 3-5 years of
MD intervention.

Gene Gene hame

IL-6 Interleukin 6

IL-8 Interleukin 8

IFN- vy Interferon, alpha-1

IL-5 Interleukin 5

IL-7 Interleukin 7

IL-1B Interleukin 1-beta

TNF-a Tumor necrosis factor, alpha
IL-12p70 Interleukin 12

MODERN VISION OF THE MEDITERRANEAN DIET

In an animal model of rheumatoid arthritis, the pheno-
lic extracts of EVOO protected the joints and decreased
proinflammatory mediators via inhibition of MAPK and
NF-kB signaling in activated synovial fibroblasts. In the
same model, the polyphenolic extracts of EVOO inhib-
ited IL-6, TNF-a, IL-1p-induced matrix metalloprotein-
ases, microsomal PGE synthase-1, and IL-1pB-induced
cyclo-oxygenase-2 [3, 47].

ANTICANCER EFFECTS

Since the last decade, several in vivo and in vitro studies
have revealed anticancer effects of hydroxytyrosol from
olive oil against numerous malignant cell types, which
could be attributed to different mechanisms of action.
Most of the studies have been focused on colon cancer,
which is the third most prevalent cancer worldwide and
is associated with a high death rate in developing coun-
tries. Because of its autooxidation properties, the accu-
mulation of H,0, is considered one of the most signifi-
cant anticancer mechanisms of hydroxytyrosol. Howev-
er, several studies have highlighted the proapoptotic and
antiproliferative mechanisms of hydroxytyrosol based
on the type of cancer cells studied [48, 49]. The analysis
of androgen-dependent prostate cancer cells showed that
hydroxytyrosol inhibits the expression of the androgen
receptor and androgen receptor-responsive prostate-spe-
cific antigen secretion [50].

Furthermore, in hepatocellular carcinoma cells, hydroxy-
tyrosol exerts anticancer effects by inhibiting prolifera-
tion and inducing apoptosis and G2/M cell cycle arrest.
Moreover, hydroxytyrosol could lead to angiogenesis
and tumor growth inhibition in vivo via the inhibition
of NF-xB and PKB/Akt pathways. The proapoptotic
and antiproliferative effects of hydroxytyrosol are also
linked to inhibition of the lipogenic enzymes farnesyl
diphosphate synthase and fatty acid synthase in human
hepatoma cells, which are related to aggressive tumor
behavior [51].

ANTIDIABETIC EFFECTS

Several in vivo animal studies on diabetes have estab-
lished the beneficial effect of oleuropein or olive leaf
extracts rich in oleuropein against type 2 diabetes.
Clinical trials that enrolled people with type 2 diabetes
mellitus have reported significant reductions in fasting
plasma glucose levels and glycated hemoglobin levels
after treatment with 500 mg/day of olive leaf extracts
for 14 weeks. Another clinical trial on overweight mid-
dle-aged men reported significant improvement in the
responsiveness of pancreatic f3-cells and insulin sensi-
tivity after supplementation with olive leaf extracts, 51
mg oleuropein, and 9.7 mg hydroxytyrosol on a daily
basis [14, 52].

In animal model of diabetes, significant reductions in
serum glucose, oxidative stress, and cholesterol levels
were observed after oleuropein treatment. Moreover,
oleuropein promoted glucose-stimulated secretion of
insulin in pancreatic f-cells via the stimulation of the
ERK/MAPK signaling pathway and inhibition of amylin
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amyloid cytotoxicity, which is the most prominent char-
acteristic of type 2 diabetes [53, 54].

ANTIATHEROGENIC EFFECTS

Oleuropein and hydroxytyrosol present in MD inhib-
it monocytoid cell adhesion and endothelial activation.
These effects are attributed to the antioxidant and an-
ti-inflammatory activities of oleuropein and hydroxyty-
rosol [14, 55, 56].

EFFECTS ON AUTOPHAGY

Autophagy is essential for the efficient development
and functioning of cardiomyocytes. Moreover, the pro-
cess plays a vital role in regulating the inflammatory
response produced by macrophages, most likely via
restriction of the activity of inflammasomes and gener-
ation of macrophage foam cells by lipid turnover mod-
ulation. Autophagy also modulates neurodegenerative
diseases and metabolism dysregulation. Therefore, the
beneficial effects of MD might influence the regulation
of autophagy [57, 58].

Researchers have observed that polyphenols from MD
exert a direct effect on autophagy. Resveratrol, a poly-
phenol present in nuts, wine, and grapes, is an autopha-
gy inducer [59]. The effects of resveratrol on autophagy
might be explained by its enhancing effect on the activ-
ity of deacetylase sirtuin 1, which in turn regulates the
activity of several autophagy-related proteins. Likewise,
polyphenols present in virgin olive oil, such as oleocan-
thal and oleuropein, have been reported to enhance au-
tophagy [8, 60].

MODIFICATION OF HORMONES AND GROWTH
FACTORS

Short-chain fatty acids that are produced by the metab-
olism of oligosaccharides and resistant starch present in
MD by the gut microbiota can induce satiety by obstruct-
ing gastric emptying, thereby increasing the production
of gut hormones, such as glucagon-like peptide-1 and
peptide-YY. Importantly, in addition to weight loss,
MD causes a substantial decrease in fasting glucose and
C-peptide levels as well as free and total testosterone
levels [61].

In women, MD causes a significant increase in plasma
levels of sex hormone binding globulin and insulin-like
growth factor binding protein 1 and 2, which reduce the
biological activity of estradiol, insulin-like growth fac-
tor 1, and testosterone [62]. Additionally, lower glyce-
mic index, lower branched-chain amino acid intake, and
higher monounsaturated and n-3 fatty acid intake might
exert beneficial effects in decreasing insulin resistance
along with compensatory hyperinsulinemia [63, 64].
Furthermore, the high fiber contents of MD could in-
crease fecal mass and estrogen excretion, which results
in decreased plasma levels of estradiol and estrone [65].
The vegetables present in MD are rich in chemical com-
pounds that offer potential benefits against different
types of cancer, such as lycopene in tomato; organosul-
fur compounds in onion and garlic; capsaicin in hot pep-
per; indol-3-carbinol, isothiocyanates, and sulforophane

in cruciferous vegetables; monoterpenes in oranges and
lemons; polyacetylenes in pumpkin and carrots; sper-
midine and ferulic acid in whole grains; and ginkgetin
in capers. Moreover, estrogenic molecules with low
potency, such as biochanin A, formononetin, daidzein,
coumestans, and genistein found in beans, can compete
with the endogenous estrogens for binding to estrogen
receptors, hence blocking their mitogenic effects [2, 66].

ANTIMICROBIAL AND ANTIVIRAL EFFECTS

Studies have reported that hydroxytyrosol exhibits in
vitro antimicrobial properties against various gastroin-
testinal tract and respiratory infectious agents, such as
Vibrio cholerae, Vibrio parahaemolyticus, Haemophilus
influenzae, Salmonella typhi, Moraxella catarrhalis, and
Staphylococcus aureus, at reduced inhibitory concentra-
tions as well as foodborne pathogens, such as Listeria
monocytogenes, Yersinia enterocolitica, and Salmonella
enterica. Furthermore, the antimicrobial activities of hy-
droxytyrosol oleate and hydroxytyrosol acetate against
Staphylococcus epidermidis and Staphylococcus aureus
were evaluated [67, 68]. The results from such studies
established that hydroxytyrosol inhibits the hemolyt-
ic activity of streptolysin O released by Streptococcus
pyogenes. Additionally, hydroxytyrosol demonstrates
antibacterial activity against Propionibacterium acnes
and mycoplasmas, such as Mycoplasma pneumoniae
[69]. Hydroxytyrosol also appears to display inhibito-
ry properties against human immunodeficiency virus
(HIV)-1, preventing it from entering the host cell and
binding to its catalytic site, thus inhibiting viral entry
and integration. Studies have also reported the inactiva-
tion of influenza A viruses by hydroxytyrosol, thus sug-
gesting that the antiviral mechanism of hydroxytyrosol
might require the presence of the viral envelope [14, 70].
Finally, hydroxytyrosol exerts a similar antiviral mecha-
nism against SARS-Cov-2 virus, resulting in a potential
treatment benefit against COVID-19 infection [71-75].
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Summary

Epigenetics, defined as “hereditary changes in gene expression
that occur without any change in the DNA sequence”, con-
sists of various epigenetic marks, including DNA methylation,
histone modifications, and non-coding RNAs. The epigenome,
which has a dynamic structure in response to intracellular and
extracellular stimuli, has a key role in the control of gene activ-
ity, since it is located at the intersection of cellular information
encoded in the genome and molecular/chemical information
of extracellular origin. The focus shift of studies to epigenetic
reprogramming has led to the formation and progressive impor-
tance of a concept called “nutriepigenetics”, whose aim is to
prevent diseases by intervening on nutrition style. Among the
diet types adopted in the world, the renowned Mediterranean

Introduction

The concept of epigenetics, which was first defined
by Conrad Waddington in 1942, was discussed as the
gene-environment interaction established between
genotype and phenotype in the developmental process
[1]. The currently accepted definition of epigenetics,
which etymologically means “above gene”, is “heredi-
tary changes in gene expression that occur without any
change in the DNA sequence”. Although the 21* centu-
ry is defined as the “century of epigenetics”, it carries
out studies in this field by targeting various epigenetic
marks, such as DNA methylation, histone modifications,
and non-coding RNAs, in the control of cellular process-
es. In the genome, which is constituted of all of the ge-
netic information contained in cell DNA, these epigene-
tic marks have extremely stable and dynamic structures,
but they can also lead to changes in the epigenetic state
when influenced by environmental factors [2].

On the other hand, the complex modifiers associated
with genomic DNA that enable the transfer of unique
cellular and developmental identity constitute the epig-
enome. In other words, the epigenome, which includes
any gene expression modifier that is independent from
the DNA sequence in said gene, is the chain of chemical
tags that can modify the DNA and the structures associ-

Diet (MD), being rich in unsaturated fatty acids and containing
high levels of whole grain foods and large quantities of fruits,
vegetables, and legumes, has shown numerous advantages in
excluding chronic diseases. Additionally, the fact that this diet
is rich in polyphenols with high antioxidant and anti-inflamma-
tory properties has an undeniable effect in turning some cellular
pathways against the disease. It is also apparent that the effects
of polyphenols on the epigenome cause changes in mechanisms
such as DNA methylation and histone acetylation/deacetylation,
which have a regulatory effect on gene regulation. This review
presents the effects of long-term consumption of nutrients from
the MD on the epigenome and discusses the benefits of this diet
in the treatment and even prevention of chronic diseases.

ated with it. Therefore, the epigenome is at the intersec-
tion of the cellular information encoded in the genome
and the molecular/chemical information of extracellular
origin.

Over the last two decades, once genetic information has
become understandable, the focus of studies in this field
has shifted to epigenetic reprogramming. In this context,
studies about nutrition, which is an indispensable part
of human life, have drawn attention to the importance
of epigenetic studies, especially those focusing on the
mission of preventing diseases. Among the many types
of diet, it is frequently discussed within the framework
of precision and preventive medicine that the Mediterra-
nean Diet (MD) plays an effective role in reducing the
prevalence of many chronic diseases. This review will
discuss current approaches to the role of the MD in epig-
enome control, as personalized medicine and disease
prevention strategies are gaining importance today.

An overview of the elements that make
up human epigenome

Together with the genome, the epigenome establishes

a unique gene expression program to define the func-
tional identity that is unique to each cell type, plus the
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developmental or disease processes. At the same time,
the epigenome plays a role in the development of the or-
ganism’s ability to respond to some environmental stim-
uli. Therefore, unlike the stable genome, the epigenome
is characterized by a dynamic and variable behavior in
response to intra- and extracellular stimuli. Maintaining
this dynamic structure and activating gene regulation
mechanisms from the developmental process essential-
ly require the formation of epigenetic memory. In the
formation of this epigenetic memory, the interactions of
the epigenome with the environment affect the activation
process of genes. Therefore, it is worthy of consideration
that the epigenome of an individual is not only heredi-
tary, but it can also be shaped by exposure to certain en-
vironmental factors during the prenatal period [3]we are
still far from understanding the molecular events under-
lying phenotypic variation. Epigenetic modifications to
the DNA sequence and associated chromatin are known
to regulate gene expression and, as such, are a signif-
icant contributor to phenotype. Studies of inbred mice
and monozygotic twins show that variation in the epig-
enotype can be seen even between genetically identical
individuals and that this, in some cases at least, is as-
sociated with phenotypic differences. Moreover, recent
evidence suggests that the epigenome can be influenced
by the environment and these changes can last a life-
time. However, we also know that epigenetic states in
real-time are in continual flux and, as a result, the epig-
enome exhibits instability both within and across gen-
erations. We still do not understand the rules governing
the establishment and maintenance of the epigenotype
at any particular locus. The underlying DNA sequence
itself and the sequence at unlinked loci (modifier loci.
Epigenetic modifications enable chromatin organiza-
tion and maintain cellular function by creating inherited
transcription conditions. This type of regulation occurs
through DNA and histone and chromatin modifications,
which occur by packaging histone-binding proteins. The
epigenome is shaped differently depending on the cell
type, usually involving reversible mechanisms via its
epigenetic marks. The mechanisms responsible for this
regulation are DNA methylation — the most important
element of DNA modifications that have a direct effect
on the epigenome — and chromatin modifications, in-
cluding histone acetylation, histone methylation, histone
deimination, glycosylation, ADP ribosylation, histone
ubiquitination, histone sumoylation, histone phosphor-
ylation, nitrosylation, biotinylation. Apart from these
mechanisms, non-coding RNA-mediated RNAi mech-
anisms, which have an important role in targeted gene
silencing, have been studied frequently in recent years,
thus opening a new horizon in studies in the field of epi-
genetics.

DNA MODIFICATIONS THAT ACT DIRECTLY ON THE
EPIGENOME: DNA METHYLATION

Epigenetic marks are an important component of the
epigenome because they cause diverse effects on gene
expression. Since the transformation into a specific cell
type from the very early stages of embryogenesis is con-
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sidered as a “software” encoded in the epigenome, it can
be concluded that the epigenome plays a leading role
in defining cell functions [4]. Notwithstanding, within
the scope of the measures taken to prevent metabolic
syndromes (such as diabetes) in the early stages of life,
the fact that dietary styles cause permanent changes in
DNA methylation is among the issues that have been fre-
quently emphasized in the recent years. In fact, there is
growing evidence that nutrition has an impact on DNA
methylation, which is one of the largest and most stud-
ied epigenetic mechanisms that play a key role in gene
expression maintaining [5].

The core of this mechanism is the conversion of cyto-
sines in regions where CpG islands (sometimes also
called “CpG clusters”) are dense to 5-methyl cytosines
(5mC), undertaking the task of suppressing gene expres-
sion by blocking transcription factors [6]. DNA methyl-
ation, which plays an important role in gene expression
and chromatin organization and is a part of the normal
developmental process, largely occurs in the early post-
natal period and during development. Recent studies
demonstrated a strong link between DNA methylation
and human diseases, directing post-genome era studies
in this field. In this respect, its effect on nutrigenomics is
a separate research topic in itself.

The mechanism of DNA methylation in mammalians
is based on DNA methyltransferases (DNMTs), which
are responsible for establishing methylation models
throughout the genome, and methyl-CpG binding pro-
teins (MBDs), which are responsible for reading the rel-
evant marks. Among the DNA methyltransferases, those
classified as DNMT3A and DNMT3B are the two main
enzymes responsible for de novo methylation, having
functions such as methylation remodeling and suppres-
sion during embryogenesis. DNMT1, another critically
important, plays a role in establishing the methylation
pattern and suppressing transcription by specifically tar-
geting hemi-methlyated CpG sequences. Enzymes such
as DNMT2 and DNMT3L, which play ancillary roles
in the formation of the complex, have also been identi-
fied [7, 8]. Deregulations in DNA methylation, being a
dynamic mechanism and playing a pivotal role in con-
trolling the timing of cellular processes, have been asso-
ciated with many diseases such as cancer, cardiovascular
diseases, and predisposition to obesity [9].

Chromatin modifications that act directly on the epig-
enome: Histone modifications

Chromatin is an entire highly condensed DNA-protein
complex, whose structural and functional unit is the
so-called “nucleosome”, that forms the backbone of
essential nuclear processes — such as replication, tran-
scription, and DNA repair — in all eukaryotes. It exists
in two functional forms, euchromatin and heterochro-
matin, which are conceptually different from each other.
Euchromatin is a highly loosely condensed form that is
transcriptionally active and provides the environment
for DNA-regulatory processes, while heterochromatin is
often defined as its tightly condensed transcriptionally
inactive form, devoid of DNA-regulatory activity [10].
Histones are evolutionarily well-conserved proteins.
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There are two copies of each of the H2A, H2B, H3, and
H4 histones in the octamer nucleosome, and their orga-
nization is completed when 147 bp DNA wraps around
this octamer structure twice [11].

Histone modifications that develop after the translational
process in the transfer and after the processing of epigen-
etic information include more than 200 modifications,
which occur at the amino-terminal ends of the histone
proteins. These modifications predominantly include
cellular events such as acetylation, methylation, phos-
phorylation, ubiquitylation, and sumoylation, and have
been extensively linked to gene activity, gene silencing,
or isolation between active and inactive gene regions—
similar to DNA methylation [6]. All these modifications
cause a change in the structure of chromatin, neutraliz-
ing the electrostatic charge of histone tails, as well as
leading to the formation of different histone codes and
activating or inactivating transcriptions [6, 12].

It should be noted that histone modifications have al-
ways been more striking than DNA methylation, due to
the fact that the latter’s properties can be reversed by
applying certain nutrition styles throughout the life span
from the periconceptional period [13]which cause herita-
ble changes in gene expression without changes in DNA
sequence. Nutrient-dependent epigenetic variations can
significantly affect genome stability, mRNA and protein
expression, and metabolic changes, which in turn influ-
ence food absorption and the activity of its constituents.
Dietary bioactive compounds can affect epigenetic alter-
ations, which are accumulated over time and are shown
to be involved in the pathogenesis of age-related diseas-
es such as diabetes, cancer, and cardiovascular disease.
Histone acetylation is an epigenetic modification medi-
ated by histone acetyl transferases (HATSs. Therefore, the
protection of chromatin structure by regional relaxations
and rearrangements has a key role in processes like DNA
replication, DNA repair, and gene transcription; it also
underlies dynamic changes within the epigenome. The
fact that the enzymes involved in the process of provid-
ing this dynamic structure work in opposition to each
other show that such modifications have reversible prop-
erties. Although there is coordination in all types of his-
tone modifications in the control of chromatin structure,
the process is complicated by the interactions between
DNA methylation and ATP-dependent chromatin re-
modeling elements [14].

Among the most interesting studies conducted to un-
derstand the role of nutrition in the regulation of these
modifications are histone acetylation and deacetylation,
which have been studied for decades in different aspects
of omics sciences. In this context, it would be beneficial
to briefly give the basic outlines of these mechanisms
that play a key role in modulating the epigenome. His-
tone acetylation is a reversible covalent modification that
is observed at specific lysine residues of histone tails,
which causes the positive electrical charge of the target
lysine to become neutral, thereby weakening the electri-
cal attraction between histone-DNA or nucleosome-nu-
cleosome [14]. The enzymes involved in the process
are the Histone Acetyltransferases (HATs), which are

able to catalyze the transfer of the acetyl (O = C-CH,)
group to the g-amino group of the lysine chains at the
N-terminus of histone tails, using acetyl CoA as a cofac-
tor. Notably, these enzymes neutralize lysine’s positive
electrostatic charge, thereby causing relaxation of the
attraction between histones and DNA. In contrast to this
process, Histone deacetylases (HDACsS) are involved in
the deacetylation process (that is the recycling process
of acetylation); these enzymes remove the O=C-CH,
group in the e-N-acetyl-lysine amino acid in histone and
give the lysine a positive charge again. As a result of this
reaction, the histone DNA connection is tightened and
the local chromatin structure is closed to transcription in
a stable state [15].

The elucidation of the molecular mechanisms underly-
ing the reversibility of histone modifications, apart from
showing new ways in the treatment scheme of many dis-
eases, has led to the idea that nutrition styles will have
an undeniable effect on shaping these histone modifi-
cations, and has also recently increased the interest in
studies in this direction.

NON-CODING RNA-MEDIATED INTERACTIONS: RNAI

The concept of RNAI was first introduced in 1998, when
Andrew Fire and Craig Mello demonstrated the role of
double-stranded RNA (dsRNA) in post-transcriptional
gene silencing (PTGS) in C. elegans, demonstrating that
non-coding RNAs play a central role in the gene expres-
sion of multicellular organisms [16]. RNAi has been an
important part of research in the development of many
treatment strategies in addition to the histone modifica-
tions because of its convenience in investigating gene
function comprehensively, which also makes it a useful
tool in the intervention and modification process in the
mammalian genome [17]. This technique was developed
as an anti-sense strategy and, since it targets the mRNA
inside the cell, it is essential to transfer into the cells a
DNA or RNA nucleic acid chain that is reverse comple-
mentary to this mRNA. Thus, the mRNA is degraded
by catalytically active oligonucleotides, preventing the
translation of mRNA. In fact, this mechanism is part of
an advanced cellular defense system, developed to pro-
tect its genome against foreign pathogens. However,
including small molecules — such as small interfering
RNAs (siRNAs) and microRNAs (miRNAs) — in these
pathways was proven to have important functions in
gene regulation, which led to its use in molecular biolo-
gy studies to suppress endogenous genes [18].

siRNAs are of fundamental importance in the mecha-
nism of RNAi by downregulating target mRNAs through
endonucleolytic cleavage. In the setup of the RNAi path-
way, dsRNAs are reduced to fragments of 20-22 nucle-
otides, thereby binding to the complementary part of
target mRNAs and degrading them [19]. Although the
microRNAs have a similar pathway to siRNAs, they are
formed from precursor RNA molecules with a stem-
loop secondary structure and play a key role in biologi-
cal processes such as development, differentiation, cell
proliferation, and apoptosis. Dysregulations in miRNAs
are associated with many chronic diseases (in particular
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cancer) and other epigenetic changes that occur togeth-
er, changing the chromatin structure and thus also the
interaction of proteins that is necessary for transcription
with DNA. Although it is not possible to go into details
of the molecular mechanism of the RNAi process in this
review, whose aim is to discuss the MD, nutrigenomic
studies conducted in recent years focus on the effects of
diet contents on the epigenome by targeting molecules
in this regulatory pathway.

The influence of diet on shaping
epigenetic mechanisms

Nutrition, being one of the indispensable elements for
survival and healthy life, has become an interesting top-
ic because of its evolution into many different patterns
of social behavior created by different populations. The
plant- and animal-derived nutrients bestowed on them by
nature in the land each people inhabited not only shaped
many different cultural cuisines, but also paved the way
for the utilization of these nutrients as alternative medi-
cal treatments. Although there are differences in cultural
bases, the global effect of the age we live in has led to the
convergence of nutritional needs by coming together on
a common denominator. As the most obvious example
of this, the adoption of the Western Diet (WD) by almost
all societies has made it the most accessible form among
people’s daily routine activities. However, it is obvious
that this diet, being rich in saturated fatty acids, on the
long run can cause disorders in glucose and insulin regu-
lation, thus paving the way for the accumulation of fat in
the body and an increased risk of many chronic diseases,
such as cancer and metabolic syndromes [20, 21].

The emergence of numerous different diets in modern
dietary patterns has led to a selective competition in es-
tablishing a dynamic balance between cellular metab-
olisms depending on the food source. In this context,
observational studies and randomized controlled trials
have revealed that the Mediterranean Diet (MD), which
is rich in unsaturated fatty acids, has many advantages
in reducing the risk to develop diseases such as Type-2
Diabetes Mellitus (T2DM), obesity, cardiovascular dis-
eases (CVD), and cancer [22]. The MD is a sustainable
diet type that is substantially rich in polyphenols, con-
tains high levels of whole-grain foods, and supports
the consumption of plenty of vegetables, fruits, and le-
gumes [23, 24]. Additionally, it supports the intake at
moderate levels of basic foods such as poultry, fish, and
eggs, with the omega-3 fatty acids it contains; also, the
consumption of red wine at meals is accepted as a part
of this diet. Unlike the Western Diet, consumption of
red meat and processed meat is allowed at a lower level,
while confectionery products with low or scarcely any
nutritional value are minimal [25].

Prior to associating nutrition with epigenetics, it is
noteworthy to emphasize the importance of DNA re-
pair mechanisms that are responsible for the protection
of genomic stability against any DNA damage. These
mechanisms, which preserve the stability of the genome,
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primarily detect lesions in DNA and enable mechanisms
such as base/nucleotide excision repair mechanisms or
non-homologous end-joining (NHEJ) and homologous
recombination (HR), based on single-strand breaks
(SSBs) or double-strand breaks (DSBs) [25, 26]. These
repair mechanisms, which act as a shield against DNA
damage, are conspicuously present in neoplastic diseas-
es. Although germline mutations are effective in the for-
mation of genomic instability in caretaker genes, partic-
ularly in hereditary cancers, this inactivation in sporadic
cancers is characterized by the accumulation of DSBs as
a result of collapsed DNA replication forks [27]. In this
process, which is called oncogene-induced DNA repli-
cation stress model, the fact that the MD, known for its
protective effect against cancer, provides the necessary
metabolic substrates and strengthens genomic mainte-
nance demonstrates that nutrition plays a dominant role
in epigenome [25].

As mentioned above, many in vivo studies have shown
that dietary habits not only affect the genomic stabili-
ty of the organism, but they also have a shaping effect
on the epigenome. For this purpose, the differences be-
tween high-fat and/or high-sugar diets were examined,
revealing that the effects of dietary components on his-
tone acetylation and deacetylation were more favorable
to living a healthy life when the subjects followed cal-
orie-restricted diets [13]. To illustrate this phenomenon
with a few examples, the offspring of Japanese macaques
that followed a high-fat diet during pregnancy had high-
er histone H3 acetylation levels, while the opposite was
observed in the offspring of mothers fed a lower-fat di-
et [28]. Similarly, rats on a high-fat diet showed a signif-
icant decrease in liver regeneration abilities, suggesting
that this may be consistent with a significant decrease in
HDAC activities [29]. All these findings together show
that high-fat and/or high-sugar diets can lead to meta-
bolic syndromes by negatively affecting liver functions.

The tight link between nutrition
and epigenetics from past to present:
The Dutch Famine

Epidemiological studies carried out so far have under-
lined that the dietary style adopted in childhood and ad-
olescence causes several alterations in gene expression
levels; those epigenetic factors play an important role
in this regard [30]. In fact, this knowledge became even
more significant with the evaluation of metabolic param-
eters, strikingly revealing that the individual is not only
dependent on his/her own diet, but also influenced by
his/her parents’ diet [5, 31]. It is undeniable that all the
factors that the mother is exposed to during pregnancy
might lead to epigenetic changes and, accordingly, the
predisposition of the fetus to possible diseases that may
develop throughout his/her life can be shaped at differ-
ent levels [32-35].

For example, the famine suffered by the population of
the Netherlands during World War II (September 1944-
May 1945, known as the “Dutch Hunger Winter”) that
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Tab. 1. Classification of polyphenol groups according to the dietary sources in the Mediterranean Diet and their effects on the cellular processes and epigenome they are involved in.
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Petunidin

blackcurrant, peaches

effects

e Decrease in inflammatory
cytokines such as CRP and TNF-a

DNMTs activities

Subclasses of polyphenols Phenolic compounds Bioactive Compounds Dietary sources in MD Biological activity Cellular processes involved Epigenetic mechanism(s) Referencel(s)
p-hydroxybenzoic acid (pHBA), . Do .| ® Cell cycle arrest, and induction of
- . ; . . Anti-oxidant and anti- )
3,4-dihydroxybenzoic acid Red fruits, black radish, ! o apoptosis o o
Hydroxybenzoic acids (DHB; protocatechuic acid), pomegranate, onions, berries, . frfLai?urrr:;ﬁrgyez(félV|tles Jng| ® Promoting  autophagy  and ::‘S/itc"éat'on of HATS, activation of 154, 78]
3,4,5-trihydroxybenzoic acid nuts neuroprotective effects inhibition of oxidative stress in
Phenolic Acids (Gallic acid), Vanillic acid P neurons
Cinnamic acid, p-Coumaric Regulating autophagy and
) L acid, Ferulic acid, Caffeic acid, Blueberries, kiwis, plums, cherries, Anti-oxidant and anti-inflammatory | protective effect against DNA I
Hydraxycinnamic acids Chlorgenic acid, Rosmarinic acid, | coffee activities damage, cell cycle arrest, and Inhibiting HDACs and DNMTs 60, 791
Sinapic acid apoptosis induction
Onions. broccoli. blueberries Free radical scavenging activity Inhibition of cell proliferation Influencing effects in MiRNA
Flavonols Quercetin, Kaempferol, Myricetin 3 Ies' o ersltomatoes ! together with its anti-oxidant and and tumor growth, induction of expression patterns related to [60, 801
PDIES, PEPPETS, anti-inflammatory properties apoptosis inflammation
Flavanones Naringenin, Hesperetin, Citrus fruits (such as grapefruit, Anti-oxidant and anti-inflammatory | Protection of pancreatic g cells in ;Zggéiggﬁjﬁgt d?erérzgsggehistone 81]
Eriodictyol lemons, oranges, etc.) activities late stages of diabetes >
methyltransferase activity
Chemopreventive effects due to its | Inhibition of cell proliferation Dose-dependent epigenetic roles in
Isoflavones Genistein, Daidzein, Clycitein Legumes, soybeans, red clovers anti-oxidant and anti-inflammatory | and tumor growth, induction of DNMT [60, 821
effects apoptosis inhibition and histone acetylation
Flavonoids
. Chemopreventive effects due to its o L o
S , Cereals, parsley, artichokes, o Inhibition of DNA replication, Inhibition of DNMTs and HDACs
Flavones Apigenin, Luteolin cabbages Zg‘igﬁdant and anti-inflammatory stimulation of apoptosis activity [60, 821
Inhibition of cell proliferation
Catechins, Epigallocatechin-3- . Anti-oxidant and anti-angiogenic and tumor growth, induction Inactivation of DNMTs and HATs,
Flavanols gallate (EGCQ) Green tea, cocoa, berries, nuts activity of apoptosis, protection against activation of HDACs [13, 48, 54]
oxidative stress
Cyanidin, Malvidin, Delphinidin Berries, pears, apples, red Anti-oxidant, anti-inflammatory, * Cell growth inhibition, cell cycle
Anthocyanins Pelargonidin, Peonidin, cabbage, black soybean, grapes, anti-mutagenic and anti-adipogenic arrest and induced apoptosis Alterations in H3k4me3 levels and [60, 83-85]

Nordihydroguaiaretic acid
(NDGA), Pinoresinol

coffee, whole grains

inflammatory effects

activity

upregulation of H3K9me3

Other polyphenols and their bioactive compounds Dietary sources in MD Biological activity Cellular processes involved Epigenetic mechanism(s) Referencel(s)
e Promoting apoptosis, inhibition of
) cell proliferation. o
. Red wine, grapes, blackberry, . . . : ; . Inhibition of
- Resveratrol, Pterostilbene, Cardioprotective, neuroprotective, e Regulating signaling pathways )
Stilbenes Pallidol 2::L(J:eberry, mulberry, peanuts, and chemopreventive effects involved in meiosis, inhibitory aDc’\éi’\\faTsing%EE,ﬁ%& leading to 148,51, 601
‘ effect on angiogenesis, inhibition
of NF-xB activation
Secoisolariciresinol .
o o T . Chemopreventive effects due ' ) )
Lignans Matairesinol, Arctigenin, Extra-virgin olive oil (EVOO), tea, to their anti-oxidant and anti- Cell cycle arrest and apoptotic Induction of DNA demethylation and (86, 871

Curcuminoids

Curcumin,
Demethoxycurcumin,
Bisdemethoxycurcumin

Turmeric, ginger, curry powder

e Anti-oxidant, anti-inflammatory,
anti-microbial effects.
e Cardioprotective effects

e Inhibition of cell proliferation
and tumor growth, induction of
apoptosis

e Ameliorates the dysregulations
in the related pathway of
neurodegenerative diseases

e Induced histone hypoacetylation
and decreased DNMTs activity.

e Decrease in HDAC1 expression
levels by inhibiting  matrix
metalloproteinase-2 (MMP-2)

[48, 53, 60, 88, 891

Organosulfur compounds

Sulforaphane,
Isothiocyanates

Cruciferous vegetables (broccoli,
cabbage, kale, cauliflower,
Brussel sprouts, etc.)

e Chemopreventive effects due to
its anti-tumoral properties

e Increased  antioxidant  and
anti-inflammatory capacity in
neurodegenerative diseases

e Cell cycle arrest and induction of
apoptosis

e Promoting autophagy and
inhibition of oxidative stress in
neurons

e |nhibition of HDAC activity,
increased histone acetylation levels
¢ Decreased DNA  methylation
levels in nuclear factor erythroid
2-related factor 2 (Nrf2) promoter

[90-95]

Tyrosols

Hydroxytyrosol, Oleuropein,

Ligstroside

Olive leaf, extra-virgin olive ol
(EVO0)

e Antioxidant, anti-inflammatory,
and antiatherogenic effects
e Anti-viral properties

¢ Inhibition of proliferation in cancer
cell lines by preventing DNA
damage

e Inhibition of viral replication
by causing down-regulation of
endocytosis-related genes

e Modulation of distinct miRNA
expression levels
¢ Inhibition of several HDACs

[24,76,77,96, 971
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caused the death of approximately 20,000 people, led to
an understanding of the importance of fetus’ nutrition
during pregnancy and even in the period before concep-
tion [35-37]. According to available reports, children
born to women who became pregnant during the famine
were found to be more prone to diabetes, cardiovascular
diseases, various kinds of cancer, and a number of men-
tal problems later in life [36, 38, 39].

Considering the pregnancy periods separately, it was ob-
served that the birth weight of babies born to women
who suffered from the famine during the first trimes-
ter was not affected, but there was an increased risk of
obesity and CVDs as compared to those who were ex-
posed to starvation in adulthood [40]. As the strongest
evidence of this situation on DNA methylation, it can
be acknowledged that changing methylation levels in
Insulin Receptor (/NSR) and Carnitine Palmitoyltrans-
ferase 1A (CPTIA) genes shapes the susceptibility to
related diseases, which play important roles in prenatal
growth and fatty acid oxidation, correspondingly [41].
However, it has been observed that the children of wom-
en who were exposed to famine in the third trimester,
which is among the later stages of pregnancy, presented
a lower birth weight, while the incidence of hyperten-
sion increased, together with a significant increase in
insulin resistance [42]. Although changes in the DNA
methylation process are observed to play an important
role in determining disease predispositions, insulin-like
growth factor I (/GF2), which is known to have import-
ant functions in the developmental process and is one
of the best characterized epigenetically-regulated loci,
draws attention. Maternally imprinted /GF2 is provid-
ed by the differentially methylated region (DMR), and
IGF2 DMR methylation is determined by various genet-
ic factors, providing the preservation of the methylation
mark until middle age [43, 44]. In fact, a study conduct-
ed by Heijman et al. has led to the observation that the
methylation level of IGF2 DMR is lower in babies born
years later, when mothers are deprived of essential ami-
no acids such as methionine (the methyl donor) during
the periconceptional process. However, considering the
results of the same study, it was found that the children
of women who were exposed to famine later in pregnan-
cy were born with lower birth weight, but there was no
change in /GF2 DMR methylation levels [35].

Mechanisms of the Mediterranean
diet and its components in achieving
epigenetic control on some diseases

Along with extreme factors (such as famine) that people
may be exposed to throughout their lifetime, adopting
unhealthy lifestyle habits such as a physically sedentary
lifestyle, smoking, excessive alcohol consumption, and
consuming too much fast foods show that individuals
are at higher risk in terms of metabolic diseases, which
are the gateway to many chronic diseases. Based on this
information, researchers are focusing on the effects that
the MD and its contents have on the human epigenome,

which might be described as an unopened magic box. It
is extremely interesting the fact that diet plays a decisive
role in the epigenome maintenance and that the poly-
phenols contained in the main typical foods of the MD
can shape DNA methylation and histone modifications.
Although these studies are still scarce, it is possible to
discuss in detail how these mechanisms are reflected in
literature.

Polyphenols are bioactive molecules that are natural-
ly contained in large quantities in fruit and vegetables
and that are responsible for different biological func-
tions: they are thus classified into different groups, such
as phenolic acids, flavonoids, and anthocyanins [45].
Phenolic acids are then divided in two subgroups, hy-
droxybenzoic acids and hydroxycinnamic acids, while
flavonoids are divided in many different subgroups, in-
cluding flavonols, flavanones, flavones, isoflavones, fla-
vanols, and anthocyanins [46]. In addition to flavonoids
and phenolic acids, there are also separate groups of
polyphenols defined as “secondary plant metabolites”,
including stilbenes, lignans, and sulforaphanes, which
have strong anti-inflammatory and antioxidant effects in
the cell and act as a shield against DNA damage [47]. In
recent years, researchers have been focusing on study-
ing the effects of these polyphenols, which are largely
contained in the foods that make up the MD (being a
fruit- and vegetable-based diet) on the epigenome. The
biological properties of the polyphenol groups and their
components mentioned here, as well as the effects they
have on the cellular processes and epigenome they are
involved in, are summarized in Table 1.

The fact that polyphenols, thanks to their high antiox-
idant and anti-inflammatory properties, affect in dif-
ferent ways the regulation of epigenetic processes and
metabolic activities shows that the MD is more than a di-
et [48]. Given the fact that diet and lifestyle habits (regu-
lar sports activity, healthy sleep, etc.) usually match, ma-
ny studies reported that a diet rich in monounsaturated
fatty acids (MUFASs) positively improves cardiovascu-
lar health [49, 50]. For example, cocoa flavonoids have
an antihypertensive effect, lowering blood pressure by
down-regulating functional genes such as DNMTs and
MTHFR, which are involved in the epigenetic process of
peripheral blood mononuclear cells [13, 51, 52]. Animal
experimental studies on hypertension have shown that
curcumin, which is included in curcuminoids, causes
a significant decrease in HDACI1 expression levels by
inhibiting the inflammatory marker matrix metallopro-
teinase-2 (MMP-2) and also causes an evident increase
in Tissue Inhibitor of Metalloproteinases 1 (TIMP1) via
Histone H3 acetylation [53]. Likewise, the flavanol Epi-
gallocatechin gallate (EGCG), found in green tea, acts as
an interesting HAT inhibitor [13, 48], which in among
the treatment targets of cardiovascular diseases: inhib-
iting HAT activation leads to suppressing the activity
of Nuclear Factor-kappa B (NF-kB), which is the main
member of the inflammation pathway. Keeping all these
mechanisms and their interactions into consideration, it
is clear to see that the nutrition style of the MD has a
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unique role in managing the epigenetic signature on pre-
venting CVDs.

In addition to their cardioprotective effect, polyphenols
also play an important role in protecting cognitive ac-
tivity [54]. Recently, the neuroprotective effects of fish,
hazelnut, and olive oil — all ingredients vastly used in the
MD - and of their micronutrients, like omega-3 poly-
unsaturated fatty acids (w-3 PUFAs), are resonating in
the field of nutrigenomics. The w-3 PUFAs found in fish
oil help prevent age-related cognitive loss by affecting
DNA methylation in different cells [55]. Resveratrol,
which is found in red wine (moderately consumed with
meals in traditional MD) and in fruits such as grapes,
strawberries, and apples, plays a role in decreasing the
risk of Alzheimer’s Disease by inhibiting DNMTs and
HDAGC:s activities, which lead to the activation of HATS,
via chromosome segregation [55-57]. In addition, animal
experiments have shown that supplementation of S-ade-
nosyl methionine (SAM), a methyl donor, can alleviate
disease-related symptoms by recovering the methylation
potential of the PSENI gene [58, 59]. This structure of
resveratrol, which significantly affects histone modifi-
cations, suggested that it may also have an active role
in cell cycle and tumorigenesis processes [60]. In this
regard, there are studies demonstrating that resveratrol,
which is thought to be a key molecule in maintaining
the epigenomic profile, is highly effective in inhibiting
proliferation in breast cancer cells by suppressing the
Enhancer of Zeste 2 Polycomb Repressive Complex 2
(EZH2), a lysine methyltransferase. The suppression of
ERK1/2 phosphorylation is also the basis of the antipro-
liferative effect created by resveratrol, which has a syn-
ergistic effect with the suppression of EZH?2 [61]. These
effects were not only limited to histone modifications,
but also demonstrated a potential therapeutic effect in
neuroblastoma by causing the suppression of EZH2 by
upregulation of various tumor suppressor microRNAs,
like miR-137 [62].

In addition to all its anti-tumorigenic effects, resveratrol
also has effects on obesity, which is one of the metabolic
diseases caused by the Western Diet. Given the fact that
nutritional styles the fetus/baby is exposed to through-
out pregnancy and lactation are vigorously linked to the
onset of adult diseases, and it has been hypothesized
that obesity can be modulated by epigenetic memory
in the offspring [63]. In this context, numerous stud-
ies have shown that polyphenols in the MD indirectly
cause suppression of genes that regulate adipocyte dif-
ferentiation and triglyceride accumulation through chro-
matin remodeling and various histone modifications.
Furthermore, mice that were fed a high-fat diet showed
increased DNA methylation in the Leptin and Pparg?2
gene promoters and proinflammatory mechanisms were
entirely affected [64, 65]. To reinforce the effect of poly-
phenols on adipokinesis with an example, quercetin,
a flavonol found in onions and kale, and resveratrol, a
prominent stilbene, are observed to cause a significant
decrease in the levels of CCAAT Enhancer Binding Pro-
tein (C/EBPa) and Peroxisome Proliferator-Activated
Receptor (PPARY), which are pro-adipogenic genes,
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and to negatively regulate adipokinesis [66-68]. Epigal-
locatechin gallate (EGCG), another type of polyphenol
included in the flavanol subclass, which is prominently
found in green tea, has long been shown to pave the way
for lipolysis by suppressing lipogenesis with pre-adi-
pocyte differentiation and providing beta-oxidation to
fatty acids [69, 70]. In cancer, where EGCG is also a
potential epigenetic modifying agent, it has gained more
attention, as it has been shown to inhibit cell prolifer-
ation by binding to enzymatic substrates of DNMT3b
and HDACI [71, 72]. Moreover, among chromosomal
abnormalities, EGCG has been reported to also have a
modulating effect at the epigenome level on imbalances
in DNA methylation that occur due to the overdose of
genes on the 21% chromosome in Down Syndrome [73].
Extra-virgin olive oil (EVOO), one of the most in-
triguing components of the MD, has a protective effect
against many chronic diseases as it is rich in various fla-
vonoids and phenolic acids, as well as other polyphenols
such as Oleuropein (OL) and Hydroxytyrosol (HT). HT
is among the important phenolic fractions that mainly
compose olive oil, and it has many pleiotropic effects
that enable it to influence biological functions thanks to
its antioxidant, anti-inflammatory, and antiatherogenic
effects [24]. In addition, recent studies carried out to
investigate its protective effects against SARS-CoV-2
infection have shown that HT extracted from olive
leaves effectively reduces viral replication by causing
down-regulation of endocytosis-related genes [74, 75].
It was demonstrated that in cancer HT and other secoir-
idoid glycosides inhibit proliferation in certain cell lines
by preventing DNA damage, supporting the idea to em-
ploy HT dose-dependent supplementation together with
conventional treatments [76, 77]. However, it should be
noted that when these olive oil-derived bioactive compo-
nents are evaluated holistically around omics data, their
synergetic effect on disease models might be taken more
comprehensively in the near future.

Conclusion and future perspectives

The MD, as the name suggests, has been traditionally
adopted by the populations living in the countries with
a coast to the Mediterranean Sea, and it is proven that
the polyphenolic compounds it contains (thanks to the
many fruits and vegetables that make it up) play import-
ant roles in preventing many chronic diseases, thanks
to their antioxidant and anti-inflammatory properties.
Polyphenols are diet-derived natural compounds and,
given their numerous beneficial effects on chronic dis-
orders, they can be used as adjuvants in personalized
and preventive medicine thanks to their effects on the
individual’s epigenome. Epigenetics, which is defined as
heritable changes in gene expression without any change
in the DNA sequence, leads to the shaping of the epig-
enome with chemical modifications that are caused by
environmental factors. Nutrition styles and their effects
on human health have attracted the attention of research-
ers working in the field of nutrition for many years, and
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combining the findings obtained from observations with
genetic research has led to the formation of the multi-
disciplinary science known as nutrigenomics. Numerous
studies show that epigenome formation is related not
only to the later stages of life, but also to the prenatal
period, for example to the diet followed by the mother
during pregnancy and even to the environment she was
exposed before conception, thus leading to disease pre-
dispositions that the fetus may develop throughout his/
her entire life. The fact that children born to women who
were pregnant during the Dutch Hunger Winter, one of
the most dramatic events engraved in human history, are
more prone to many chronic diseases is the strongest re-
flection of the transfer of changes created on the epig-
enome to future generations.

Recently, there is a growing interest in addressing the
effects of nutrition on the epigenome in the pathways of
inflammation and metabolism. Within this framework,
PUFAs such as w-3 and w-6, which together with poly-
phenols are among the main components of the MD, act
as transcription factor ligands and play an active role in
inflammation-related pathways; also, they are among
the strongest evidence that they are a major metabolic
regulator in related processes. Similarly, many studies
have emphasized the effect of nutrition supplemented
with folate- and B-vitamins-rich foods, like broccoli and
Brussels sprouts, on the modulation of metabolic pro-
cesses such as nucleotide synthesis and DNA repair, as
well as its shaping effect on DNA methylation and his-
tone modifications.

Considering the data presented in the literature so far, it
is revealed that long-term consumption of the nutritional
elements of the MD, rich in fruits and vegetables and in
polyphenols, is of undeniable importance in the treatment
and even in the prevention of many diseases by shaping
the epigenome in different directions. It is foreseeable that
in the future nutriepigenetics — already attracting a great
amount of attention thanks to its role in maintaining a
long and healthy life — will be supported by more in vitro
and in vivo studies, thus providing new data to the litera-
ture, further clarifying its mechanisms, and emphasizing
the importance of personalized medicine.
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Summary

Metabolic syndrome, also as known as Syndrome X or Insulin
Resistance Syndrome, is a complex health problem featuring vis-
ceral obesity (the main diagnostic criterion), insulin resistance,
dyslipidemia and high blood pressure. Currently, this health con-
dition has gained a momentum globally while raising concerns
among health-related communities. The World Health Organi-
zation, American Heart Association and International Diabetes
Federation have formulated diagnostic criteria for metabolic syn-
drome. Diet and nutrition can influence this syndrome: for exam-
ple, the Western diet is associated with increased risk of metabolic
syndrome, whereas the Nordic and Mediterranean diets and the
Dietary Approach to Stop Hypertension are potentially beneficial.
The Mediterranean diet can affect the components of metabolic

Definition of metabolic syndrome

Metabolic syndrome, also known as Syndrome X or Insu-
lin Resistance Syndrome is a complex abnormality associ-
ated with coronary artery disease [1]. Visceral obesity (ab-
dominal obesity/android type obesity), insulin resistance
(IR), hypertension and dyslipidemia are components of
this cluster of metabolic problems [2]. There are many
diagnostic criteria that have been developed by different
organizations (Tab. I). Visceral obesity is the basic diag-
nostic criterion of metabolic syndrome and is associated
with generalized low-level inflammation, accompanied
by elevated serum concentrations of pro-inflammatory
cytokines, such as tumor necrosis factor alfa (TNF-a),
which can decrease insulin sensitivity in human tissues.
Pro-inflammatory cytokines are known to affect nega-
tively blood pressure hemostasis and lipid metabolism.
Besides low-grade inflammation, visceral obesity is com-
monly related to overnutrition. A positive energy balance
has some long-term comorbidities such as IR and coro-
nary artery disorders. This explains why visceral obesity
is the main diagnostic criterion of metabolic syndrome
[2-4]. Other common complications include stroke, myo-
cardial infarction and diabetes mellitus [5].

The prevalence of metabolic syndrome differs between
countries. Aguilar et al. [6] reported a 33% overall prev-
alence of metabolic syndrome in the United States of
America (USA)in 2012. Liang et al. [7] reported a 38.3%
prevalence in 2018. In 2017, prevalence was 48.8% in

syndrome due to its high dietary fiber, omega 3 and 9 fatty acids,
complex carbohydrates, antioxidants, minerals, vitamins and
bioactive substances, such as polyphenols. These nutrients and
bioactive substances can combat obesity, dyslipidemia, hyperten-
sion and diabetes mellitus. The mechanisms by which they do so
are generally related to oxidative stress, inflammation (the most
common risk factors for metabolic syndrome) and gastrointestinal
function. The literature also shows examples of positive effects of
the Mediterranean diet on the metabolic syndrome. In this review
of the literature, we shed light on the effects, mechanisms and
dynamic relationship between the Mediterranean diet and met-
abolic syndrome.

Qatar [8] and 42.87% in Iran [9]. Metabolic syndrome,
a preventable health problem, is therefore very common
all over the world. This condition is definitely related to
unbalanced and Western style nutritional habits and also
sedentary lifestyle behaviors which are common even in
childhood. Practices such as a healthy diet and physical
activity may protect against metabolic syndrome. The
literature shows benefits of the Mediterranean diet in de-
creasing risk of metabolic syndrome [10-12].

DIAGNOSTIC CRITERAIA OF METABOLIC SYNDROME

As already mentioned, obesity is the main diagnostic cri-
terion for metabolic syndrome. Defined as undesirable
weight gain, it is a common chronic non-communicable
disease of our time [13].

Obesity, especially visceral/abdominal obesity, is asso-
ciated with comorbidities such as IR, high blood pres-
sure and dyslipidemia (e.g. low high-density lipoprotein,
HDL and high triacylglycerol, TAG) [14]. Insulin resis-
tance is defined as poor tissue response to the hormone
insulin and it is definitely related to visceral obesity with
its associated inflammation and oxidative stress. IR may
increase dyslipidemia, atherosclerosis and other coro-
nary artery disease risk factors. It is regarded as the first
stage of type II diabetes mellitus [15]. Another modifi-
able cause of mortality is high blood pressure, which is a
risk factor for renal dysfunction, myocardial infarcts and
stroke. Angiotensin-converting enzyme (ACE) system
impairment and high sodium intake are related to high
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blood pressure [16]. Dyslipidemia means low plasma
concentrations of HDL, high TAG and/or low-density
lipoprotein (LDL). There are two types of dyslipidemia:
primary and secondary. Secondary dyslipidemia is relat-
ed to issues such as obesity and IR which are related in
turn to overnutrition [17]. Figure 1 shows these mecha-
nisms as a summary.

RISK FACTORS FOR METABOLIC SYNDROME

There are two types of risk factors for metabolic syndrome:
those that can and cannot be altered. Diet, physical activ-
ity and smoking are alterable risk factors that people can
change to reduce their risk of metabolic syndrome [23]. A
Western diet is more likely to induce metabolic syndrome
than certain other diet models [24], because it includes a
large proportion of red meat, processed red meat products,
refined grains, high-fat dairy products and few fruits, veg-
etables, nuts or legumes [25]. Saturated, trans and omega
6 (n-6) fatty acids, simple carbohydrates, sucrose and salt
are major elements of the Western diet, which is poor in
complex carbohydrates, dietary fiber and n-3 fatty acids
[26]. The above elements can be associated with oxidative
stress, inflammation, dyslipidemia and non-communica-

MEDITERRANEAN DIET AND METABOLIC SYNDROME

ble disorders such as obesity and its comorbidities [27].
Another risk factor for metabolic syndrome is sedentary
lifestyle [28]. Regular physical activity can increase en-
ergy expenditure, lipolysis and insulin sensitivity, while
decreasing blood pressure. It can improve blood lipid pa-
rameters [29]. Thus, there is a relation between sedentary
lifestyle and metabolic syndrome risk [28, 29]. Smoking,
one of the worst habits, is linked to accumulation of ab-
dominal fat and visceral obesity, IR, dyslipidemia, hyper-
tension and other abnormalities which are all linked to
oxidative stress and inflammation [30]. High alcohol con-
sumption can also increase health risks, such as visceral
obesity, poor insulin sensitivity, high blood pressure and
abnormal lipid profile [31].

The Mediterranean diet is the most effective nutrition
model which is a potential agent to decrease noncom-
municable chronic disorders via its contents. It includes
many beneficial nutrients that can influence metabolic
pathways adversely affected due to chronic diseases, of
course, has a potential impact on metabolic syndrome
(see section 2.2). Accordingly, we review the recent lit-
erature on the links between the Mediterranean diet and
metabolic syndrome.

Tab. I. Diagnostic criteria for metabolic syndrome according to various health organizations.

o visceral Blood Fasting
Organization obesity TAG HDL pressure plasma Other Reference
(BP) glucose
e World Health Body mass > 150 mg/dL For males > 140/90 Impaired Microalbuminuria | WHO [18]
Organization index <35 mg/dL mmHg glucose
(WHO) > 30 kg/m? tolerance or Urinary albumin
For females diabetes excretion rate
e Diabetes, IR | Waist hip ratio <39 mg/dL > 20 yg/min
or impaired and/or
glucose For males Albumin creatine
tolerance PLUS >0.9 IR ratio
two or more > 30 yg/mg
other criteria. For females
>0.85
- International Waist > 150 mg/dL For males Systolic BP | >100 mg/dL - IDF 1191
Diabetes circumference | (1.7 mmol/L) | <40mg/dL | =130 mmHg | (5.6 mmol/L)
Federation or (1.03 mmol/L) or or
(IDF) Defined with specific Diastolic BP previously
ethnic-specific | treatment For females | >85 mmHg diagnosed
- Visceral values for this <50 mg/dL or with type Il
obesity PLUS abnormality | (1.29 mmol/L) | treatment diabetes
two or more or of previously
other criteria. specific diagnosed
treatment | hypertension
for this
abnormality
- American Waist > 150 mg/dL For males Systolic BP | >100 mg/dL - Grundy
Heart circumference | (1.7 mmol/L) | <40 mg/dL >130 mm or et al. [20]
Association or (1.03 mmol/L) Hg specific
(AHA) For males specific or treatment Alberti
>102 cm treatment For females | Diastolic BP for this etal. [21]
- At least three (=40 inches) for this <50mg/dL | >85 mmHg | abnormality
criteria. abnormality | (1.29 mmol/L) or AHA [22]
For females or treatment
>88cm specific of previously
(> 35 inches) treatment diagnosed
for this hypertension
abnormality
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The Mediterranean diet vs common diets

Various nutrition models, such as the Dietary Approach
to Stop Hypertension (DASH), the Nordic diet and the
Mediterranean diet have been designed as alternatives to
Western style eating habits, which have spread all over
the world [32]. DASH was developed to decrease the
risk of hypertension and it is often prescribed for people
diagnosed with this disorder. DASH may also be effec-
tive against obesity, coronary artery disease and related
non-communicable disorders [33]. The Nordic diet is a
nutritional model based on the nutritional habits of the
Nordic peoples [34]. The Mediterranean diet is another
region-specific nutritional model based on the healthy
eating habits of Mediterranean peoples [35]. These three
nutrition models (DASH, Nordic and Mediterranean
diet) are rich in nutrients beneficial for health [33-35].
The Western diet contains many harmful elements which
may increase the risk of non-communicable diseases
[36]. The United Nations Educational, Scientific and
Cultural Organization (UNESCO) has listed the Med-
iterranean diet as an Intangible Cultural Heritage [37].
From this point, it is possible to indicate, DASH is a
therapeutic nutrition model and there is no food pyramid
to make it easier for adherence to this nutrition model.
Nordic diet is based on the Nordic region-related nutri-
tion habits which is so difficult to adopt by other peo-
ple elsewhere. And also, some recommendations are not
compatible with the optimal nutrition principles such
as canola oil consumption (due to omega 6 content). In
this prospect, the Mediterranean diet has a general food
pyramid with easy food consumption recommendations
while each recommendation is objective and compatible
with the principles of optimal nutrition.

BENEFICIAL NUTRIENTS AND BIOACTIVE
SUBSTANCES IN THE MEDITERRANEAN DIET

The Mediterranean diet includes items that are con-
sumed with different frequencies, indicated in Table II
as often, moderately and rarely [38, Tab. II].

Fig. 1. Simple mechanism of development of metabolic syndrome.

Bach-Faig et al. [40] developed a Mediterranean diet
pyramid with consumption frequencies and amounts.
The pyramid also includes suggestions for physical and
social activities. In 2020, Serra-Majem et al. [41] updat-
ed the pyramid with sustainability principles and Dayi
et al. [42] replaced some items with traditional foods of
Cyprus to facilitate users in that location and decrease
human impact on the planet.

Certain items of the Mediterranean diet contain polyphe-
nols such as naringenin, apigenin, kaempferol, hesperi-
din, ellagic acid, oleuropein, rosmarinic acid, resveratrol
and quercetin, as well as dietary fiber, monounsaturated
fatty acids such as omega 9 (n-9), polyunsaturated fat-
ty acids such as omega 3 (n-3), complex carbohydrates
and many vitamins (A, C and E) and minerals (calci-
um, potassium, magnesium etc.) which can reduce the
risk of metabolic syndrome [43-46]. Figure 2 shows the
nutrients and their food sources according to the basic
Mediterranean diet pyramid.

EFFECTS OF DIETARY NUTRIENTS AND BIOACTIVE
SUBSTANCES ON METABOLIC SYNDROME DIAGNOSTIC
CRITERIA

Figure 3 shows the potential beneficial effects of the
Mediterranean diet on the different components of met-
abolic syndrome. Olive oil is a typical item of the Med-
iterranean diet and its polyphenols can mitigate the risk
of metabolic syndrome by reducing of visceral obesity,
IR, blood pressure and lipid peroxidation. These poly-
phenols can also block signaling and expression of nu-
clear factor kappa B (NFKB), important risk factors for
metabolic syndrome, thus decreasing secretion of proin-
flammatory cytokines [47, 48]. Another typical item of
the Mediterranean diet is red wine. The main polyphenol
in red wine, resveratrol, can exert anti-inflammatory and
antioxidant effects [49, 50]. Resveratrol may also help
regulate the human gut microbiota, an important com-
ponent of metabolic syndrome, activate sirtuin 1, which
is important for lipolysis, and activate adenosine mo-
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Tab. Il. Consumption frequencies of the various items of the Mediterranean diet [38, 391.

Consumption frequencies

Often Moderately Rarely
Olive oil, vegetables, fruit, nuts, legumes, ) ) . Poultry, red meat, processed red meat
unprocessed cereals Fish, red wine, dairy products

by authors, based on the references in section 2.1., 3rd paragraphl.

Fig. 2. Some nutrients and polyphenols of the Mediterranean diet that may reduce the risk of developing metabolic syndrome [Prepared
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nophosphate protein kinase, which can increase insulin
sensitivity [49, 50].

Citrus production and consumption are common in the
Mediterranean region. Citrus polyphenols can decrease
advanced glycation end products and block NFKB
expression, thus decreasing oxidative stress and in-
flammation in the human body. A decrease in oxida-
tive stress and inflammation biomarkers may in turn
increase insulin sensitivity, improve lipid metabolism
and lower blood pressure. Polyphenols such as narin-
genin may improve energy metabolism thus reducing
visceral obesity [51]. Mediterranean vegetables, fruits
and spices are good sources of polyphenols, important
bioactive substances which as we have said, can block
oxidative stress- and inflammation-related pathways.
They therefore increase plasma concentrations of HDL
and decrease those of LDL, as well as improving IR,
body mass index and blood pressure [52]. Dietary poly-
phenols can be an effective prebiotic, potentially de-
creasing pathogenic and increasing beneficial microor-
ganisms of the gut microbiota. A balanced microbiota
may be related to good glucose tolerance and insulin
secretion, while decreasing lipogenesis and inflamma-
tion [53]. In summary, polyphenols typical of the Med-
iterranean diet can decrease inflammation, oxidative
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stress, IR, lipid oxidation, body weight, blood pressure
and endothelial dysfunction, reducing the risk factors
for metabolic syndrome [54].

The Mediterranean diet includes some beneficial fatty
acids such as n-9 and n-3 (due to frequent consumption
of olive oil and moderate consumption of fish), while
containing few saturated and trans fatty acids [39]. Ome-
ga 9 fatty acids, especially oleic acid, have antioxidant
and anti-inflammatory effects and may therefore im-
prove pancreatic beta-cell functions, insulin sensitivity
and endothelial function [55]. Oleic acid can affect hy-
pothalamic function and decrease ghrelin secretion [55].
It may inhibit platelet aggregation. It can also decrease
plasma concentrations of LDL and increase those of
HDL [56]. The oleic acid and polyphenols of olive oil
can inhibit the ACE pathway, thus regulating blood pres-
sure [57]. Omega 3 fatty acids can also diminish meta-
bolic syndrome criteria [58, 59].

There are two types of dietary fiber: soluble and insolu-
ble [60]. Soluble and insoluble fiber both have potential
beneficial effects on metabolic syndrome [61]. Soluble
fiber increases gastric emptying time and macronutrient
absorption by increasing intraluminal viscosity. It may
therefore be effective for reduction of body weight and
regulation of postprandial blood glucose levels. During



T. DAYI, M. OZGOREN

Fig. 3. Potential effects of the Mediterranean diet on different components of metabolic syndrome. Each box indicates major nutrients
and nutritional substances with effects marked as up or down arrows, increased or decreased effect consequently. Furthermore, potential
general effects were marked with brackets. [Prepared by authors, based on the references in section 2.2.1.
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fermentation, soluble fiber produces short chain fatty
acids, which can decrease glucose and fatty acid produc-
tion by the liver, as well as absorption of macronutrients
via inhibition of enterocyte contact of these [62]. In ad-
dition, soluble fiber reduces bile acid reabsorption so the
liver has to produce more bile acid. Since cholesterol is
a building block of bile acid, while our body produces
new bile acid, plasma concentrations of cholesterol de-
crease [63]. Insoluble fiber increases chewing time and
decreases colon transit time, which stimulates the vagus
nerve and creates a sense of satiety. These mechanisms
can lead to lower food intake and nutrient absorption
which are important factors against obesity and IR [62].
According to the literature, complex carbohydrates can
have similar effects [64].

Vitamin A, C and E are antioxidants that can protect against
oxidative stress which plays a role in many non-commu-
nicable disorders such as IR, cardiovascular disease and
cancer [65, 66]. Antioxidants can reduce stress on pan-
creatic beta-cells and tissues. These effects may increase
insulin sensitivity and secretion which are important fac-
tors against IR and for promoting weight loss [67]. These
vitamins also decrease proinflammatory cytokines and
reactive oxygen species, improving endothelial function.

They therefore have roles in blood pressure regulation,
lipid metabolism and cardiovascular health [68, 69].
Minerals such as calcium, magnesium and potassium can
have antihypertensive effects [70]. Low calcium intake
can stimulate the renin-angiotensin pathway, increasing
blood pressure through sodium reabsorption, while cal-
cium deficiency stimulates parathyroid hormone secre-
tion further increasing calcium uptake by cells, which
can cause peripheral vascular resistance and an increase
in blood pressure [71].

The calcium antagonist magnesium decreases calcium
concentrations in cells and increases certain prostaglan-
din E series which in turn instigate vasodilation [72].
Likewise, potassium is a sodium antagonist which de-
creases reabsorption of sodium, a prohypertensive min-
eral, by the kidneys [73].

In addition to these nutrients and bioactive substances
beneficial for metabolic syndrome, the Mediterranean
diet features fewer harmful items, such as saturated and
trans fatty acids, linoleic acid (n-6), cholesterol, simple
carbohydrates, sodium, nitrites and nitrates, and con-
tains lower total fats [38, 39, 74].

Based on these potential effects, the Mediterranean diet
carries a chance to decrease the risk of metabolic syn-
drome and increase life expectancy. On the other hand,
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the effects of the Mediterranean diet are not only limit-
ed to metabolic syndrome. So, it can be estimated that,
governments/health authorities can decrease financial
expenditure on health if they develop some programs to
increase adherence to the Mediterranean diet.

RELATION BETWEEN OTHER PATTERNS OF THE
MEDITERRANEAN DIET AND METABOLIC SYNDROME

Social and physical activities and fun are important com-
ponents of the Mediterranean lifestyle. These factors are
related to physiological and psychological wellbeing [40].
Regular physical activity has positive effects on health,
such as decreasing fat mass, plasma levels of LDL and
TAG, inflammation, oxidative stress and blood pressure,
while increasing insulin sensitivity, glucose tolerance
and plasma levels of HDL [75]. Due to these beneficial
effects, regular physical activity has to be a comple-
mentary behavior to the Mediterranean diet to further
decrease the risk of the metabolic syndrome. And also,
WHO suggests at least 150 minutes/week of moder-
ate-intensity physical activity for adults to be healthy.
Thus, all the Mediterranean diet pyramids have regular
physical activity suggestions at the base [40-42].

Even more, the adherence to the MD is also embed-
ded into the attitude of individuals for encouraging
their own food production. This brings up two positive
features, firstly the activity levels are increased and
secondly the environmental impact becomes self-re-
warding. Therefore, this circle is a very proliferative
one: the more the MD is favored, the more the self-pro-
ductivity is achieved resulting in a stronger life style
adaptation [42].

MEDITERRANEAN DIET AND METABOLIC SYNDROME

Social activities are important for mood: depression
and anxiety are linked to many diseases, higher food
intake and lower physical activity, which are risk fac-
tors of metabolic syndrome [76]. Furthermore, chron-
ic melancholy may cause inflammation and oxidative
stress and so be related to metabolic syndrome [77].
Table III list various studies on the subject. For the me-
ta-analysis, ‘number of studies’ shows how many orig-
inal studies are included and the sample size of studies
has been shown as ‘n’.

Results of some current studies support the potential effect
mechanisms of the Mediterranean diet on metabolic syn-
drome which this review article shows. According to these
results, the Mediterranean diet has been shown to be effec-
tive for weight loss, regulation of blood glucose and lipids,
decreasing inflammation and blood pressure (Tab. III).

In conclusion, the Mediterranean diet is an effective nu-
tritional model against non-communicable chronic dis-
orders anywhere in the world. This review examined one
such disease, metabolic syndrome, via a literature search
for related mechanisms. Future research should address
local Mediterranean food consumption by country, such
as Cyprus, and its effects on the components of metabol-
ic syndrome.
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Tab. IlI. Studies on the effects of Mediterranean diet on metabolic syndrome.

Authors Type

Effects of Mediterranean diet

Meta-analysis
(Number of studies: 50; n:
534,906)

Kastoroni et al. [78]

0.42 cm | waist circumference

1.17 mg/dL t HDL

6.14 mg/dL | TAG

2.35 mm Hg | systolic and 1.58 mm Hg | diastolic BP

Huo et al [79] Meta-analysis

(Number of studies: 9; n: 1178)

0.30% | HbA1C

0.72 mmol/L | FPG

0.55 yU/mL | fasting insulin

0.14 mmol/L | total cholesterol

0.29 mmol/L | TAG

1.45 mm Hg | systolic and 1.41 mm Hg | diastolic BP

Original research

Richard et al. [80] (- 26 males)

C-reactive protein (CRP) |

IL-6, IL-18 and TNF-a |,

>8.5 cm waist circumference |
IL-6 and IL-18 |

Moosavian et al. [81] Systematic review

(Number of studies: 10; n: 856)

Improved body measurements, plasma lipid profile and
glucose regulation

Original research

Mayneris-Perxachs et al. [82] (n: 424)

Incidence, reversion and prevalence of metabolic
syndrome |

Original research

Pavi¢ et al. [83] n: 124)

HDL ¢ and systolic BP |
The Mediterranean diet was effective for the components
of metabolic syndrome

Original research
Meslier et al. [84]

obese participants)

(n: 82 healthy overweight and

Plasma cholesterol and LDL |,
Insulin sensitivity ¢
Systemic inflammation |

|: Reduction; 1: Enhancement
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summary

During pregnancy, rapid and subtle physiological changes are
observed from conception to birth. Nutrition and other lifestyle
factors before and during pregnancy have been shown in the
literature to influence the health of both mother and child. A
healthy and varied diet during pregnancy can provide adequate
energy and nutrients for both the mother and the growing fetus.
Current research focuses on the periconceptional phase, which
includes the early processes of gametogenesis, embryogenesis
and placentation. A variety of abnormalities and pregnancy-re-
lated problems occur during this period, including congenital
defects, fetal loss, miscarriage and preterm birth. A varied and
balanced diet during periconception is important to maintain

Introduction

Pregnancy has a complex nature involving growth, de-
velopment and maturity processes. From fertilization to
birth, a whole range of processes take place to prepare
the fetus for life outside the womb [1]. Inherited diseases
or chromosomal aberrations has been a central aspect of
perinatal research and neonatal health. However, recent
studies have been conducted to investigate the interaction
between mother and fetus from different angles [2]. Preg-
nancy consists of two main periods including the embry-
onic period and the fetal period. The embryonic period
lasts eight weeks, the foetal period lasts from the ninth
week of pregnancy until birth [1, 3]. The first two weeks
of the embryonic period are crucial because the embryo
is extremely sensitive to an unfavourable environment
(changed hormone concentrations, inadequate blood and
nutrient supply), and in certain situations prenatal mortal-
ity may occur. From the second until the eigth week, the
embryo is very sensitive to teratogenic drugs as embryon-
ic development is initiated at this period. Finally, import-
ant physiological adaptations and less severe morpholog-
ical changes occur during the fetal period. This period is
critical due to changes that result in fetal programming
that conditions the optimal or problematic organ systems
affecting the whole organism [3, 4].
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fetal development and growth. To date, numerous studies have
been conducted to investigate the effects of consuming differ-
ent nutrients, foods or food groups during pregnancy on the
health of mother and child. For example, the Mediterranean
diet is considered as a balanced, nutrient-rich diet due to the
low consumption of meat products and fatty foods and the high
consumption of vegetables, cheese, olive oil, fish, shellfish and
little meat. While many studies have been conducted in the lit-
erature to investigate the effects of a Mediterranean diet during
pregnancy on fetal health, the results have been inconclusive.
The aim of this article is to review the current literature on the
Mediterranean diet during pregnancy.

Some of the physiological changes that occur during
pregnancy result in an increase in plasma volume and
red blood cells, and a reduction in concentrations of nu-
trient-binding proteins and micronutrients that circulate
in the body [5]. Dietary intake, limited exercise, smok-
ing and alcohol use are critical to the health of wom-
en and their children during pregnancy and breastfeed-
ing [6, 7]. Nutrition is considered one of the most critical
environmental elements influencing embryo and foetal
development and maternal health [8]. During pregnancy,
the need for nutrients increases to support the growth
and development of the fetus and to maintain maternal
metabolism [9]. In recent years, several studies and com-
prehensive meta-analysis have shown that inadequate
intake of important macronutrients and micronutrients
can adversely affect pregnancy outcomes and neonatal
health [9]. Deficiencies in micronutrients, in particular,
have been linked to an increased risk of infertility, fetal
structural abnormalities and long-term illnesses [8].

Since pregnancy is composed of different phases that
continue, maternal nutrition and hormones have a sig-
nificant influence on all phases of embryonic and foetal
development, maternal nutrition and hormones have a
significant impact on all stages of embryonic and fetal
development [10]. Importantly, the periconceptional
period is considered as a critical period for fetal de-
velopment and health. During this period, a variety of
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abnormalities and pregnancy-related problems occur,
including congenital defects, fetal losses, miscarriages
and preterm delivery [11]. According to the literature,
periconceptional nutrition has an impact on fetal de-
velopment and growth. It is important that the intake
of certain nutrients during pregnancy, especially, the
Mediterranean diet (MD) is considered a healthy and
balanced diet. A number of studies have proven that it
helps to prevent maternal and fetal diseases during preg-
nancy [11, 12].

Pregnancy and diet

NUTRITION DURING PREGNANCY

Pregnancy is a 40-week period of life with different nu-
tritional requirements for mother and child, and it is an
important period of life for both. Pregnancy involves
rapid and subtle physiological changes from concep-
tion to birth [7]. Diet and other lifestyle factors such as
smoking and alcohol consumption before and during
pregnancy and lactation have been shown to affect child
health [13]. In addition, an unbalanced diet during preg-
nancy has been associated with serious pregnancy com-
plications [14]. Although the role of nutrition in preg-
nancy has been investigated in several studies, the results
have been inconclusive [15].

A healthy and varied diet during pregnancy can provide
adequate energy and nutrients for both the mother and
the growing fetus [5]. Several studies that investigated
the effect of diet on pregnancy outcome focused on only
one or a few nutrients [16]. High consumption of sat-
urated fats, low consumption of polyunsaturated fats,
carbohydrates and soft drinks, for example, have been
associated with gestational diabetes mellitus (GDM)
and hypertension [16]. In addition, calcium intake has
been associated with a lower risk of preeclampsia and
fewer preterm births [17]. Deficiencies in micronutrients
such as folic acid, iron, and zinc and vitamins are com-
mon in pregnant women [18]. Low Fe consumption, for
example, has been associated with anaemia, while low
folate intake has been associated with neural tube ab-
normalities or preterm birth [7, 9]. Since vitamins and
some minerals are important components of the immune
system, deficiencies in these micronutrients can lead to
harmful infections [8]. It is believed that micronutrient
supplementation may be beneficial in preventing ad-
verse pregnancy outcomes [19].

Extensive research has been conducted over the past de-
cade to determine the relationship between intrauterine
fetal development, postnatal phenotype programming
and the risk of developing noncommunicable diseases
including cardiovascular disease and neoplastic dis-
ease [20, 21]. An unfavourable nutritional status during
pregnancy, namely reduced iodine, folic acid and protein
intake, has been associated with intrauterine cerebellar
development, altered cerebellar methylation patterns
and higher lipoperoxidation in the children [22, 23]. In
addition, consumption of fish and polyunsaturated fatty
acids improved embryo morphology following in vitro

fertilization (IVF) treatment [24]. Currently, research fo-
cuses on the periconceptional period which is 14 weeks
before and up to 10 weeks after conception and includes
the early processes of gametogenesis, embryogenesis,
and placentation [25]. Researchers have reported that
an unhealthy maternal lifestyle during periconception
has negative effects on reproductive outcomes [7, 26].
Importantly, reproductive failures occur during the
periconceptional period, i.e. implantation failure, early
pregnancy loss, miscarriage, congenital malformations
in newborns, and fetal growth failure [26]. Maternal
periconceptional nutrition affects fetal programming,
placental cognition and fetal and maternal competition
for food [27]. In addition, diet can influence embryonic
development through biochemical signals in the environ-
ment of uterus. It has been shown that optimal nutrition
during periconception promotes fetal growth and devel-
opment [15]. Studies in animals and humans have shown
that epigenetic events expressed later in adulthood are
related to early embryonic stages and the quality of ma-
ternal periconceptional nutrition [7].

Notably, maternal one-carbon (I-C) metabolism plays
an important role in the DNA methylation patterns of
the offspring that influence postnatal gene expression
and disease progression [26]. One carbon metabolism
is altered by environmental factors such as inadequate
folate and folic acid intake, lifestyle and medication
use as well as common polymorphisms such as the
methylenetetrahydrofolate reductase (MTHFR) C677T
polymorphism [26, 28]. Consequently, genetic and en-
vironmental varaibles influence I-C metabolism as well
as intrauterine DNA methylation, gene expression and
the transcriptome may explain the association between
maternal environment and long-term outcomes [20, 26].
In summary, the health of every human being from con-
ception to adulthood requires a varied and balanced diet.
The developmental processes already take place during
pregnancy and are influenced by the mother’s diet.
Therefore, nutrition should be planned in order to avoid
unfavourable pregnancy consequences.

MEDITERRRANEAN DIET IN GESTATION

Fetal development depends on maternal nutritional
and metabolic conditions. The baby’s physiology and
metabolism can be permanently altered and shaped by
the intrauterine environment [29]. Several studies have
investigated the association between the intake of var-
ious nutrients, foods or food groups during pregnancy
and maternal and fetal diseases [30]. The Mediterrancan
diet, with its low intake of meat products and high-fat
foods, is a balanced, nutritious diet that is considered a
standard for diet quality because of its components such
as vegetables, cheese, olive oil, fish, shellfish and little
meat [31]. The health effects of this diet were described
as early as the 1950s. The American scientist Ancel Keys
was the first to note the effects of diet and lifestyle on
cardiovascular disease [32].

The Mediterranean diet appears to provide adequate calor-
ic and nutrient intake in appropriate amounts and propor-
tions. It is distinguished by its high methyl donor content
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for one-carbon metabolism, which is engaged in growth
and programming activities, notably during the pericon-
ceptional period [33] Many studies have been undertaken
to investigate the effect of Mediterranean diet on maternal
health and offspring health. For instance, the Mediterra-
nean diet is associated with a higher chance of clinical
pregnancy and live birth after IVF, and a lower incidence
of infertility [34, 35]. A significant study undertaken by
Australian experts found that the Mediterranean diet pro-
tects against hypertensive problems during pregnancy
(HDP) [36]. Similarly, other studies found that diets rich
in vegetables and fruits were associated with pre-eclamp-
sia and gestational hypertension [37, 38]. In contrast, a
higher risk of preeclampsia was observed in women who
adhered to a Western diet [38].

In another study, higher consumption of animal proteins
before pregnancy was linked to an increased risk of ges-
tational diabetes, whereas higher consumption of plant-
based proteins was linked to a lower risk of metabolic
disorders [39]. Furthermore, in a study carried out in
Iran, where the consumption of fast food is very high,
it was found that the consumption of chips in particular
increased the risk of gestational diabetes [40]. Sibling
studies have shown that those who were exposed to a di-
abetic environment in utero have a higher risk of devel-
oping diabetes, regardless of whether they have a genetic
predisposition [41].

Moreover, other studies that have examined the effect
of diet on neonatal and fetal development have shown
that children of women who have a diet rich in vegeta-
bles and fruits have a lower risk of developing congen-
ital limb defects [42]. Similarly, the risk of developing
orofacial cleft is lower in offspring of women who have
a periconceptional diet rich in fruits and vegetables [43].
In addition, a “one-carbon” diet high in fish and seafood
has been associated with a lower incidence of congen-
ital heart disease (CHD) and septal abnormalities [43,
44]. In a study, eating lean fish during periconceptional
period has been associated with higher risk of low birth
weight [45]. Finally, several studies have found that the
Mediterranean diet reduces the risk of small gestational
age (SGA) in newborns [46, 47].

Although the impact of the diet on the health of pregnant
women and offspring have not been clearly established,
the benefits of the Mediterranean diet for mothers, fetus-
es, and offspring are well documented. This diet should
be promoted before, during, and after pregnancy.

Mediterranean-style diet and common
health problems in preghancy

MEDITERRANEAN DIET AND GESTATIONAL DIABETES
AND GLUCOSE INTOLERANCE

Gestational diabetes mellitus (GDM) is a glucose intol-
erance that occurs during pregnancy [48]. Depending
on the diagnostic threshold and the population studied,
1-28% of all pregnancies are affected [49, 50]. GDM
is associated with poorer pregnancy outcomes and a
higher risk of maternal and child morbidity in the long
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term [51]. Age of the mother and a family history of type
2 diabetes and obesity are among the nonmodifiable risk
factors associated with GDM [52]. GDM, in particular,
type 2 diabetes (T2D) has a genetic component and ag-
gregates in families. It has been demonstrated that wom-
en who have a diabetic sibling have an increased risk
of developing GDM [53, 54]. Furthermore, identifying
modifiable risk factors linked with GDM is critical for
developing effective preventative approaches and avoid-
ing negative health effects [55]. Several studies focused
on dietary components during pregnancy as one of the
modifiable factors contributing to GDM [56]. High sug-
ar consumption, for example, is thought to contribute to
an inflammatory process that may be associated with
insulin resistance [57]. Although a number of studies
have been undertaken to determine the link between di-
etary patterns and GDM, the results have been inconclu-
sive [58, 59].

Two studies found that eating high amounts of dietary
fibre has been linked to lower risk of GDM, but this
finding is not confirmed by other studies [60]. The re-
sults of another study show that a high glycaemic load
in the diet contributes to the development of GDM [61].
Interestingly, several studies have been conducted to in-
vestigate the effects of fat subtypes on GDM [48, 62]. It
was found that saturated fats are sigificantly associated
with the development of GDM, while polyunsaturated
fats may be protective against GDM. On the other hand,
information from observational studies suggests that a
healthier diet, such as a Mediterranean diet, reduces the
risk of GD [58, 63].

The MedDiet Project addresses the importance of the
Mediterranean diet, highlights that eating fruitts, vege-
tables and whole grains may have preventive effects on
GDM. A meta-analysis documented an important cor-
relation between the risk of developing GDM and vita-
min D deficiency [64]. A case-control study composed
of 299 pregnant women diagnosed with GDM showed
that adherence to the Mediterranean diet before preg-
nancy was associated with a lower risk of GDM [65].
Another study of 1076 pregnant women who followed a
Mediterranean diet found a lower incidence of GDM and
improved glucose tolerance [66].

Maternal Mediterranean diet and fetal/
neonatal insulin sensitivity

Insulin resistance impairs glucose metabolism, resulting
in decreased glucose uptake in various tissues. It is well
established that the intrauterine environment affects the
growing offspring in a variety of metabolic ways, rang-
ing from metabolic health to the development of met-
abolic diseases [67]. Intrauterine environment, glucose
homeostasis and insulin homeostasis have been shownt
to be affected by maternal diet. Pregnancy independent
of maternal diet is characterized by increased develop-
ment of insulin resistance, which may contribute to the
development of GDM and some complex diseases in off-
spring later in life [68].
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Importantly, animal studies have demonstrated changes
in placental lipid transfer as a function of uterine lipid
concentration and uterine circulation [69]. An increase
in saturated fat in the womb has been shown to decrease
insulin sensitivity and increase the glucose/insulin ratio
in the child, resulting in inefficient glucose excretion. In-
sulin sensitivity has been found to increase with higher
levels of omega-3 fatty acids. In addition, increased lev-
el of perinatal omega-6 fatty acids have been associated
with the incidence of obesity in rodents [70]. Because
the Mediterranean diet is high in monounsaturated fatty
acids (MUFA), it has been shown to reduce the risk of
cardiovascular disease by improving insulin sensitivity
and blood lipids [71]. Another study highlights the im-
portance of dietary habits in early pregnancy. Inadequate
nutrition has a major impact on metabolic changes that
cause prediabetic features at birth [72].

Maternal Mediterranean diet
and neonatal lipoprotein profile
and homocysteine

The studies mainly present findings on lipids and lipo-
proteins from infancy through adolescence and maturity.
The presence of a proatherogenic environment, such as
hypercholesterolemia during pregnancy, has previous-
ly been shown to increase oxidized lipids in the fetus
and at birth. According to one study, lipid streaks grew
relatively minimally during pregnancy, but their extent
increased rapidly in later life compared to fetal develop-
ment [73, 74].

Hyperhomocysteinemia is associated with the develop-
ment of degenerative diseases such as kidney disease and
neurological disorders. Therefore, in recent years, re-
searchers have paid more attention to total homocysteine
in serum [75]. For example, atherosclerosis is still a major
cause of morbidity and mortality around the world [73].
There is evidence that the atherogenic process begins and
is accelerated when levels of oxidised low-density lipo-
protein (oxLDL) are elevated during pregnancy [2].

To date, the relationship between Mediterranean diet and
many diseases has been studied. It has been suggested
that inadeqauate consumption of Mediterranean diet is
associated with lower risk of developing degenerative dis-
eases However, the effects of the Mediterranean diet on
coronary heart disease during pregnancy have not been
adequately studied [73]. Mothers who follow a Mediter-
ranean diet during pregnancy have been found to give
birth to infants with low levels of insulinemia and insulin
resistance [76]. Moreover, in recent years, research has
focused on paraoxonase (PON-1) enzyme since it has an-
tioxidant features and prevents low-density lipoproteins
(LDL) from oxidation. Also, it has been suggested that
this enzyme has pleiotropic antioxidant effects [77]. Fur-
thermore, it has been observed that semisynthetic diets
may contain compounds such as proteins, fiber, minerals,
and vitamins that may affect lipids and lipoproteins. In
one study, adherence to a Mediterranean diet during preg-
nancy was associated with lower homocysteine levels in

Brazilian newborns [78]. In another study, following the
Mediterranean diet was found to affect lipoprotein levels.
A decrease in homocysteine levels was also observed,
which was associated with improved glucose metabolism
and higher maternal body weight [73].

Pregnancy and lipoprotein-associated
coronary heart diseases

Undernutrition of fetuses in middle to late gestation re-
sults in disappropriate fetal growth, and leads to coro-
nary heart disease [79, 80]. In particular, total fatty acids
in plasma are significantly related to lipoprotein metab-
olism. In addition, several lipoprotein components such
as cholesterol and saturated fat have been shown to be
associated with cardiovascular health [81, 82].

Maternal hyperinsulinemia and increased tissue insu-
lin sensitivity are some of the mechanisms leading to
maternal fat deposition in the early stages of pregnan-
cy [70, 73]. In later stages of pregnancy, low levels of
lipoprotein lipase (LPL) and postheparin LPL activities
are observed [70]. Changes in these metabolic process-
es reduce fat accumulation in maternal adipose tissue.
Thus, increased lipolytic activity of adipose tissue leads
to increased breakdown of fat deposits developed during
the first trimester of pregnancy. In the liver, free fatty
acids and glycerol are converted to acyl-CoA that leads
to formation of glycerol-3-phosphate and triglycerides
(TG), and packaged into very-low-density lipoprotein
(VLDL). In addition, lipolysis increases and VLDL is
produced and excreted in large amounts in later stages
of pregnancy due to insulin resistance [70].

These metabolic processes in late pregnancy lead to an in-
crease in VLDL levels and consequently, VLDL-TG and
TG levels. In some pregnant women, transport of VLDL
by cholesterol leads to an increase in total plasma choles-
terol at the end of pregnancy. The increased level of VLDL
in the late stages of pregnancy could therefore explain the
increase in total cholesterol (TC) [70]. It is also suggested
that the dietary mechanisms controlling low-density lipo-
proteins are less significant during pregnancy than in the
pre-pregnancy period. Since TC seems to be the result of
the temporary metabolic situation during pregnancy, TC
should have a modest value in the diagnosis in pregnan-
cy [73]. Detection of high levels of TC, could be used to
determine neonatal risk for developing cardiovascular
disease (CVD) [83]. In another study, CVD risk markers
such as TC were shown to be detectable at 4 years of age
at birth and in the respective parents [84].

The association between diet and lipoproteins in the
fetus and at birth have not been extensively studied for
several reasons. One of the possible reason was that the
average levels of TC are similar in different populations
of newborns [73]. According to the results of a study,
Mediterranean diet during pregnancy may have an effect
on systolic and diastolic blood pressure in children. In
addition, the Mediterranean diet during pregnancy cor-
related with lower leptin levels, which may predict lower
fat mass and TG in children [85].
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Mediterranean diet and fertility

The influence of lifestyle factors on reproductive success has
been extensively documented. To date, the influence of diet
on fertility has been studied, focusing on individual foods
and food categories [86]. In several studies, specific diet
types and food groups have been widely studied, but the re-
sults have been incoclusive. According to some researchers,
pregnancy rates after IVF have been increased by following
a healthy diet [87]. Specifically, women who strictly adhered
to the Mediterranean diet were found to have a lower risk
of not becoming pregnant. According to the literature, male
diet can have an impact on fertilization. Importantly, con-
sumption of whole grains, cereals, vegetables, and fruits in
large quantities is significantly associated with fertility and
treatment outcomes [88]. According to some researchers, the
high content of vitamin B6, folic acid and vegetable oils in
the Mediterranean diet is one of the factors that can explain
the positive effect of the Mediterranean diet on fertility [34].
Although the results of several studies are conclusive, further
studies are needed to investigate the effects of the Mediterra-
nean diet on IVF success rate [89].

Folate mechanism and congenital
structural anomalies and fetal demise

The importance of the intrauterine environment for early
embryonic development has been emphasized in recent
years. In particular, folic acid has attracted the inter-
est of researchers due to its importance in a number of
clinical conditions [90]. Folate is necessary for cellular
processes such as nucleotide synthesis and DNA repair.
Furthermore, it acts as a cofactor for enzymes involved
in one-carbon metabolism. Folate plays a central role
in cell division and it is required during pregnancy and
infancy. Folate plays a central role in cell division and
is needed during pregnancy and infancy. During preg-
nancy, fetal, placental and maternal tissues need more
folic acid [91, 92]. Folic acid deficiency, on the other
hand, is associated with a number of diseases compris-
ing birth defects and neural tube defects [93,94]. With
an incidence of 0.2-10 per 1000 live births, neural tube
defects (NTDs) are among the most common congenital
anomalies of the central nervous system [95]. NTDs are
serious birth defects caused by the failure of closure of
the neural tube around 28" day after conception [96].
Genetic and environmental factors are involved in the
pathogenesis of NTDs. Although the pathogenesis of
NTDs is not yet clear, deficiencies in one-carbon metab-
olism are thought to be one of the causes the formation
of NTDs [97].

Infants with anencephaly and spina bifida show several
complications during their lifetime [98]. Randomized
clinical trials have shown that folic acid consumption by
mother during periconception is significantly associated
with a reduced risk of developing NTDs [99, 100]. In ad-
dition, folic acid may also protect against other congen-
ital abnormalities such as preeclampsia [101]. Folic acid
intake and a folic acid-enriched diet are recommended
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by World Health Organization (WHO) and other govern-
ment organizations in numerous countries for women of
childbearing age. The incidence of NTDs was reduced
by 50-75% with folic acid supplementation in the peri-
conceptional period [102].

The synthetic version of the naturally occurring folates is
folic acid (pteroylmonoglutamic acid) (pteroyl-L-poliglu-
tamic acid). The basic difference between folic acid and
folate is that the B9 vitamins differ in the amount of glu-
tamate molecules they contain. Folates are found in ma-
ny foods, primarily in green vegetables [103]. It has been
shown that a maternal Mediterranean diet enriched with
vitamin B12, niacin, iron and magnesium was significant-
ly associated with spina bifida in the offspring [102]. In a
study, western and prudent diets were compared. As a re-
sult, it has been shown that the that the children of women
who followed the former dietary pattern were at higher
risk for having cleft lip despite folic acid supplementation
[102, 103]. Finally, a significant association was found
between the risk of spina bifida (SB) and inadequate ma-
ternal consumption of a Mediterranean diet, possibly re-
lated to increased oxidative stress due to deficiencies of
vitamins B6, B12, and folates [103].

conclusion

In conclusion, pregnancy is a complicated process in-
volving growth, development and maturation. Maternal
nutrition’s importance has undoubtedly been the subject
of several studies, as it affects growth, maturation and
fetal development. It has been shown that inadequate
intake of essential macronutrients and micronutrients
can negatively affect the outcome of pregnancy and neo-
natal health. Particularly, the periconceptional period is
considered as a critical period for fetal development and
health, as various malformations and pregnancy-related
disorders occur during this time, including congenital
anomalies, fetal losses, miscarriages, and preterm births.
Importantly, a Mediterranean diet throughout pregnancy,
especially in periconception, contributes to more appro-
priate growth from the first stage of pregnancy.
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Summary

Globally, the second most common mortality reason is cancer.
There are two types of risk factors for cancer: intrinsic (unmodi-
fiable) and non-intrinsic (modifiable). Bad lifestyle behaviors are
among the exogenous non-intrinsic risk factors that can be related
to 30-50% of cancer development risk, among which can be
counted the Western lifestyle. On the contrary, a potentially good
lifestyle model to prevent cancer is the Mediterranean diet (MD),
which is a plant-based nutrition model. The Mediterranean diet
includes many beneficial nutrients and nutritional substances,
such as dietary fibers, fatty acids, anti-oxidant and anti-inflam-
matory substances, etc. Among these beneficial substances, an
important group is the one composed by polyphenols, the most

Introduction

DEFINITION OF CANCER

Cancer is a disease that is characterized by abnormal
(uncontrolled) cell growth [1]. There are some hall-
marks of cancer cells, such as "sustaining proliferative
signaling”, "evading growth suppressors", ‘avoiding im-
mune destruction, "enabling replicative immortality",
"tumor-promoting inflammation", "activating invasion

"non: non

& metastasis", "inducing or accessing vasculature", "ge-
nome instability & mutation", "resisting cell death", and
"deregulating cellular metabolism" [2]. Cancer is the
second mortality reason in the world; nearly ten million
people have died from cancer in 2020 [3].

Risk factors for cancer development can either be in-
trinsic (unmodifiable) and non-intrinsic (modifiable).
Intrinsic risk factors are related to random errors in
DNA, while non-intrinsic risk factors are divided in
two groups: endogenous non-intrinsic risk factors (like
biologic aging, genetic susceptibility, DNA repair ma-
chinery, hormones, growth factors, inflammation, etc.)
and exogenous non-intrinsic risk factors (like radiation,
chemical carcinogen substances, tumor-causing viruses,
bad lifestyle behaviors, etc.) [4]. Especially, bad lifestyle
behaviors — such as Western-style nutrition habits, sed-
entary life, smoking (both active and passive), high alco-
hol consumption, obesity, etc. — can increase cancer risk
[5], being related to the development of cancer cells in
30-50% of cases [6].

common plant-synthesized secondary metabolites. Being a plant-
based nutrition model, the Mediterranean diet provides many
polyphenols, such as resveratrol, quercetin, phenolic acids, cat-
echins, anthocyanins, oleocanthal, oleuropein, rosmarinic acid,
gallic acid, hesperidin, naringenin, ellagic acid, etc. These sub-
stances show anti-proliferative, pro-apoptotic, anti-inflammatory,
anti-oxidant, anti-migration, anti-angiogenic, anti-metastatic,
and autophagy stimulator effects, which can potentially reduce
cancer development risk, as was shown by some in vivo and in
vitro studies on this topic. In this review of the literature we shed
light on the effects and potential interactions between the Medi-

terranean diet polyphenols and cancer development.

CANCER PREVENTION VIA NUTRITION:
THE MEDITERRANEAN DIET

The MD is an important nutrition model for the preven-
tion of non-communicable diseases, such as diabetes
mellitus, cardiovascular diseases, cancer, etc [7]. thanks
to its many beneficial effects, among which are its an-
ti-oxidant, anti-inflammatory, anti-proliferative, anti-an-
giogenesis, anti-metastatic activity, and so on. [8].

Yiannakou et al. [9] reported that in their cohort study
(18 years median follow-up, n: 2966) a higher adher-
ence to the Mediterranean diet resulted in a decreased
cancer risk (2 25%), especially in women, but the MD
was also effective in reducing cancer risk in non-smok-
er men. Barak and Fridman [10] reported that the MD
reduced overall cancer risks, especially digestive tract
cancers, as proven by a systematic review (28 trials,
570,262 participants). In another study (20.3 years fol-
low-up, n: 120,852), researchers observed that the MD
was significantly effective in reducing overall cancer
risk in females, but not in males [11]. In their me-
ta-analysis (117 studies, n: 3,202,496) Morze et
al. observed that the highest adherence to the MD re-
duced cancer mortality in the general population [12].
Apart from prevention, adherence to the MD as a medi-
cal nutrition treatment showed beneficial effects also on
the reduction of mortality risk in survivors of colorec-
tal, head and neck, respiratory, gastric, liver, and blad-
der cancer. The reasons behind these effects of the MD
are: a high consumption of olive oil, vegetables, fruits,
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Tab. L. Traditional Mediterranean diet principles [14, 161.

MEDITERRANEAN DIET POLYPHENOLS AND CANCER

Higher consumption

Moderate consumption

Lower consumption

Olive oil, whole grains, legumes, seeds, vegetables, fruits

Fish, red wine, dairy

Poultries and white meat, red meat,
processed red meat products.

and legumes; moderation in eating red wine, fish, and
dairy products; and low consumption of red meat and
processed red meat products, poultry and other white
meats, desserts, etc. [8, 13-15]. Table I shows the main
suggested consumption frequencies of these foods.

The foods that are suggested for higher or moderate
consumption provide the organism with beneficial fatty
acids, dietary fiber, anti-oxidant and anti-inflammatory
nutrients, and many more nutritional substances [15].
Due to the positive relationship between their nutritional
contents and human health, these are effective functional
foods for the MD [17].

Among the many nutrient and beneficial substances that
are contained in these products, a major role in the MD
is played by polyphenols [18].

Polyphenols of the Mediterranean Diet

The name “Mediterranean diet” (MD) derives from the
fact that this plant-based dietary model was created and
developed in the Mediterranean region [16], but also
people of different cultural origins can adapt to it with
ease [19]. As previously stated, the MD includes a high
number of polyphenols [18]. Kapolou et al. reported that
moderate adherence to m the MD was related to an in-
crease in the dietary intake of polyphenols [20]. To stay
alive, plants synthase some metabolites, both primary
and secondary. Among secondary metabolites, the most
common are polyphenols [21], which are an important
component of the MD, it being characterized by a high
amount of plant-based food (such as olive oil, vegeta-
bles, fruits, legumes, red wine...) consumption [14]. Fig-
ure 1 shows the main polyphenols of the MD.

The MD is characterized by moderate red wine con-
sumption, which is however influenced by social norms
and religious beliefs [14]. The main polyphenol ingre-
dient of red wine is resveratrol [22], but red wine also
contains quercetin, myricetin, phenolic acids, catechins,
anthocyanidins, etc. [23].

Another main component of the MD is olive oil [14],
which contains the highest amount of oleocanthal, oleu-
ropein, and other phenolics (Fig. 1) [24]. Fruits and veg-
etables are also good sources of polyphenols: some of
the main ones contained in these foods are quercetin,
kaempferol and ellagic acid [25]. Furthermore, citrus — a
very common fruit in the Mediterranean region — con-
tains naringenin, apigenin, hesperidin, and other poly-
phenols [26].

The Mediterranean diet is also characterized by the use
of garlic, onion, and rosemary as food flavoring [27, 28]:
these plants contain important polyphenolic compounds
like B-resorcylic acid, rosmarinic acid, quercetin, gallic
acid, etc. [29, 30]. In addition, the consumption of le-
gumes, which are another important component of the
MD [14], provides many beneficial polyphenols [31].

Effects of Some Polyphenols on Cancer Development

Resveratrol, one of the stilbene compounds, shows
potentially anti-proliferative, pro-apoptotic, anti-in-
flammatory, anti-oxidant, anti-angiogenic, metastasis
inhibitor effects, which are important to prevent can-
cer [32, 33]. Quercetin, a flavonol, may show anti-ox-
idant, anti-proliferative, pro-apoptotic, anti-inflamma-
tory, anti-angiogenic, autophagy stimulator, metastasis
inhibitor effects [34, 35] that are shown also by another

Resveratrol
Quercetin
Myricetin
Phenolic acids
Oleocanthal ®
Oleuropein
Hydroxytyrosol
ALl
Tyrosol So
Oleacein .
Naringenin a Hesperidin
Apigenin “% o . Ellagic acid
P :
Kaempferol [ ‘. Quercetin

Fig. 1. Some of the main polyphenols of the Mediterranean diet. Each box shows a plant-based food group in the MD.
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flavonol, called myricetin [36]. Catechin and epicatechin
(two flavanols) are potential stimulators of apoptosis and
cancer cell death, also showing anti-inflammatory and
anti-oxidant effects [37].

In addition to these effects, catechins — especially green
tea catechins — are potentially effective also in inhibiting
migration, angiogenesis, and metastasis [38]. Anthocya-
nins can decrease cancer risk via anti-proliferative, an-
ti-inflammatory, anti-oxidant, pro-apoptotic, anti-metas-
tasis effects [39, 40].

Phenolic compounds from olive oil — such as oleocan-
thal, oleuropein, hydroxytyrosol, tyrosol, oleacein,
etc. — potentially have anti-oxidant, anti-inflammato-
ry, anti-proliferative, anti-angiogenic, pro-apoptotic
effects [41, 42]. Another important polyphenolic com-
pound against cancer is rosmarinic acid, a phenolic
acid that potentially increases apoptosis, necrosis, and
accumulation of Reactive Oxygen Species (ROS) and
decreases cell proliferation, inflammation, and more
[43]. Gallic acid and B-resorcylic acid, which are both
phenolic acids, showed anti-cancer effects in some stud-
ies (Tab. II).

In addition, phenolic compounds from vegetables and
fruits, especially those citrus-sourced, have potential-
ly anti-inflammatory, anti-oxidant, anti-metastasis,
anti-proliferative, and pro-apoptotic effects [25, 44], a
characteristic shared also by tannins [45]. It is thus pos-
sible to say that these polyphenolic compounds, typical
of the MD, have potentially anti-cancer effects due to
their ability to affect some cancer-related pathways. Fig-
ure 2 shows a summary of their main effects.

Currently, some in vitro and in vivo studies showed the
above-mentioned effects of a number of polyphenols;
their results are listed in Table II.

Discussion

The above-mentioned effects of a number of polyphe-
nols are testified by some in vitro and in vivo studies in
the literature. According to these studies, some of the
Mediterranean diet polyphenols are potentially effective
in decreasing the development of the cancer types that
are most common worldwide, such as lung, colon, brain,

Tab. II. In vivo and in vitro study samples about the effects of some polyphenolic compounds on cancer development. In the last column, a
downward-facing arrow means that the compound is known to induce a reduction, while an upward-facing arrow means that the compound

is known to induce an increase.

Reference Polyphenolic compound Results
On colon cancer cells:
461 R_esyeratrol —Apo_ptosis 1
(in vitro) -Proliferation |,
-Angiogenesis |
On glioblastoma cells:
[47] Resyeratrol —Gr.owing !
(in vitro) -Migration |
-Proliferation |
In female rats:
-Breast tumor incidence |
1481 Eﬁs\yisga;ﬁg in vitro) On breast epithelial cells:
-Anti-oxidant activities ¢
-Apoptosis 1
-Migration |,
[49] Resyeratrol o Both on mice Iand on follicular thyroid cancer cells:
(in vivo and in vitro) -Tumorigenesis |
(501 Quercetin On glioblastoma cells:
(in vitro) -Cell death ¢
In female rats:
-Tumor volume | (both colon carcinoma and breast cancer cells)
(511 Quercetin On colon carcinoma, prostate adenocarcinoma, pheochromocytoma, breast
(in vivo and in vitro) cancer, acute lymphoblastic leukemia T, myeloma, lymphoid Raji, and ovarian
cancer cells:
-Apoptosis 1
-Cell death ¢
52] l\_/lyripetin On breast_ cancer cells:
(in vitro) -Apoptosis 1
On prostate cancer cells:
53] Myripetin -Metasta§i§ 1
(in vitro) -Cytotoxicity 1
-Apoptosis 1




Tab. Il. Continues.

MEDITERRANEAN DIET POLYPHENOLS AND CANCER

Reference Polyphenolic compound Results
On colon cancer cells:
(541 Anthocyanins from bilberry -Mitochondrial damage ¢
(in vitro) -Apoptosis 1
-Proliferation |
. On melanoma cells:
[55] ﬁrr]w'cvr?torg\)/anms from blueberry -Proliferation |
-Apoptosis |
On lung cancer cells:
[561] (Ci)rlle\(z(gfg)thal -Progression |
-Metastasis |
. . On bladder cancer cells:
[571 ggv\ﬁt(r)g)phenols -Apoptosis ¢
-Proliferation |
On melanoma cells:
-Metastasis |
(581 Rosmarinic acid -Invasion |
(in vitro) -Proliferation |
-Apoptosis 1
-Chemoprotective drug sensitivity 1
On lung cancer cells:
) . -Migration |
[591 :\ilr?r\'/ir,l?;nm -Invasion |
-Proliferation ¢
-Apoptosis 1
1601 Tannins In ra'ts: . .
(in vivo) -Antioxidant capacity ¢
L On breast cancer cells:
1611 2gn\;i§rg)henol|c acids -Apoptosis 1
-Proliferation |
L On lung cancer cells, in combination with cisplatin (chemo drug):
Gallic acid ) .
621 (in vitro) —Proln‘erafuon I
-Apoptosis |
B-resorcylic acid lactones (in On lung adenocarcinoma and colorectal cancer cells:
1631 vitro) -Cytotoxicity 1
-Proliferation |,

Pro-apoptotic

Anti-oxidant

Anti-inflammatory ‘

Fig. 2. Potentially beneficial effects of MD phenolic compounds on cancer development.
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breast, thyroid, and prostate cancers. The results of these
studies are listed in Table II.

conclusion

In conclusion, the main polyphenols of the MD have
some solid potentially anti-cancer effects. Polyphenols
are nutritional substances, not nutrients. Thus, for these
substances there is no Dietary Recommended Intake
(DRI), overdose, and such. On the other hand, most of
the current studies are in vitro. From this point onward,
there is a need for in vivo studies, which can show both
the beneficial and the adverse effects of these substances
on the human body. Consequently, a broader scope, in-
cluding farm to fork concept as well as an epidemiologi-
cal approach, can shed more light on this topic.
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summary

Cancer is the leading cause of death among women all over the
world. Female tissue-specific cancers are the most commonly
diagnosed among women and account for most cancer-related
deaths. The main risk factors for women’s cancer are heredi-
tary factors, specific exposure to dangerous chemicals, disorders
such as hormone imbalance, and lifestyle. High body mass index,
low physical activity, low intake of fruit and vegetables, smok-
ing, excessive alcohol consumption, lack of cancer screening and
treatment are the most common risk factors. Nutrigenetics and
nutrigenomics are both part of nutritional genomics. Nutrige-
netics is how a person’s body reacts to nutrients based on his/

A review of the Mediterranean diet
in women's cancer and nutritional
genomics

Cancer is a major cause of death among women, with
a an incidence of 9.2 million new cases and 4.4 million
deaths per year according to the International Agency
for Research on Cancer (2020) in high- and middle-in-
come countries [1]. Cancer is increasing in all coun-
tries, irrespective of income, due to population growth
and aging. Females constitute 49.5% of the global pop-
ulation, and a larger proportion of the population over
60 years of age, where cancer is more common, irre-
spective of income, due to a change in average lifespan
and factors that contribute to death rates [2]. Female
tissue-specific cancers such as breast, ovarian, uterine
and endometrial account annually for over 3,000,000
cancer-related incidents [3]. Breast, colorectal, cervi-
cal and lung cancer are the types most frequently diag-
nosed in women and the cause of most cancer-related
deaths [4].

Many risk factors are linked to the incidence of can-
cer and are mainly personal and environmental. Genet-
ic factors, exposure to chemical substances, disorders
such as hormone imbalance and unhealthy lifestyle are
the main risk factors. The five most common are high
body mass index, low physical activity, low intake of
fruit and vegetables, smoking and excessive intake of
alcohol. Absence of cancer screening and treatment al-
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her genotype. It can be used to create a personalized diet, main-
tain a person’s health, avoid disease, and if necessary to sustain
therapy. Nutrigenomics studies the impact of nutrition on gene
expression and the epigenomic, proteomic, transcriptomic and
metabolomic effects of dietary intake. There is evidence that diet
matters for different women’s cancers, and is related to cancer
progression, survival and treatment. The optimum combination
for cancer prevention is a diet rich in vitamins and fibre, with low
meat consumption, low milk intake and moderate use of alcohol.
The Mediterranean diet looks to be an optimal diet with a good
nutrition pattern, qualifying it as a therapy to prescribe.

so play a role, especially in undeveloped countries, as
well as chronic infections (Hepatitis B and C, Helico-
bacter pylori, human papillomavirus and Epstein-Barr
virus) [5, 6].

Smoking is considered to be number one risk factor,
causing 22% of deaths due to cancer. Individual genet-
ic and hereditary factors contribute significantly to the
transformation of healthy cells and precancerous lesions
into malignancies [7]. Number two risk factor is un-
healthy lifestyle: poor diet, obesity, sedentary lifestyle
and physical inactivity. A change in dietary habits is es-
timated to improve avoidance of cancer by 30 to 50%
[8].According to the World Health Organization, the five
leading behavioral and dietary risks are responsible for
approximately one-third of cancer deaths: high body
mass index, low consumption of fruit and vegetables,
smoking, low physical activity and excessive consump-
tion of alcohol [9].

Ovarian, endometrial, vulvar, vaginal and cervical can-
cer are all tumors of the female reproductive system.
The incidence of ovarian, vulvar and vaginal cancers
is low (1.7%, 0.3%, and 0.1%, respectively in 2018).
Risk factors unrelated to diet are early menarche, nul-
liparity, menopause after age 55, smoking and heredity,
while diet may be significantly linked to cervical and
endometrial cancer [5]. Cervical cancer, the fourth most
common cancer and the fourth cause of death worldwide
is closely linked to diet [10]. Regular consumption of
fruit and vegetables, and thus nutrients such as vitamins
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E, C and A, carotenoids, folates and minerals, may help
reduce the risk of cervical cancer due to the role played
by these nutrients in protecting against and inhibiting the
proliferation of cancer cells and preventing DNA dam-
age [11].

Endometrial cancer is primarily caused by unbalanced
and/or prolonged exposure of the endometrium to estro-
gens. Unless counterbalanced by progestogens, this in-
creases endometrial cell mitotic activity, resulting in in-
creased DNA replication and an increase in the probabil-
ity of somatic mutations. Women who enter menopause
late, are nulliparous, have polycystic ovary syndrome,
use estrogen replacement therapy (without progesto-
gens) or are obese are at risk of the above unbalanced
or prolonged exposure [12]. Hormonal regulation of the
menstrual cycle is linked to endometrial inflammation.
Chronic endometrial inflammation is linked to being
overweight or obese [13].

Breast cancer is the most common malignant cancer in
women and the second most frequent cancer worldwide
[14]. It is a heterogeneous disease. The gene-expression
profile is classified into two major groups according to
estrogen receptor (ER) expression: ER-expressing pos-
itive (ER+) is significantly related to hormonal factors,
unlike ER-expressing negative (ER-) [15].

Many risk factors are linked to cancer onset: meno-
pause lowers the risk of breast cancer, while hormonal
dysregulation and prolonged exposure to endogenous
hormones, like estrogen and estrogen receptor positiv-
ity, are associated with increased risk. Aging and ge-
nomic mutations impact cancer progression. Heritable
mutations in DNA repair genes BRCAI and BRCA2,
apart from being associated with breast cancer devel-
opment, are also indicators of endometrial and ovarian
cancer. Tumor suppressor protein 53 (TP53) mutations,
angiogenic factors and signaling molecules are other
remarkable factors [3].

There is growing interest in the links between suscepti-
bility to cancer, prognosis and exposure to risk factors
like diet. Such research is motivated by the fact that bio-
active agents found in everyday foods have enormous
potential in oncology due to their ability to regulate
coding or non-coding genes, and as adjuvants in cancer
therapy [9, 16].

Nutritional genomics is the study of how diet may in-
fluence the expression of genetic information and how
an individual’s genetic makeup influences response to
nutrients, metabolism, and the bioactive compounds in
food. It aims to identify genetic variants associated with
a genetic response to diet and with diet-related diseases,
to develop disease treatment and prevention strategies,
and to improve dietary guidelines [17]. Its principles are
based on the concept that diet is a critical predisposing
factor for certain diseases in certain people under certain
conditions. Variations in individual genotype can help
explain the balance between health and disease. Dietary
ingredients alter gene expression and/or gene structure,
and therefore the human genome. Genes regulated by
dietary factors may play a role in the onset, severity, pro-
gression and development of chronic diseases [18].

Nutritional genomics includes nutrigenetics and nutrig-
enomics [17]. These two disciplines have acquired im-
portance in clinical research and practice: they explore
the two-way interaction between diet and the human
genome.

Nutrigenetics seems to have its origins in classical genet-
ics. It concerns the interaction of nutritional and genetic
factors that may play a role in disease progression. Its
primary goal is to investigate the effects of genetic vari-
ations, specifically single-nucleotide polymorphisms
(SNPs), on the metabolic response to diet. It is therefore
concerned with how the body responds to nutrients in
relation to genotype [19].

The methylenetetrahydrofolate reductase gene (MTH-
FR), which is involved in folic acid metabolism and
maintenance of normal homocysteine levels in the blood,
is a well-known example of gene-nutrient interaction. A
specific MTHFR SNP is related to elevated homocys-
teine levels in the blood, particularly in the presence of
folic acid deficiency [20], which is linked to increased
predisposition to colon cancer [21]. Nutrigenetics con-
nects nutrition, human genes and environmental expo-
sure, with the focus on genes. It can be used to person-
alize diet in order to maintain health, prevent onset of
disease and aid treatment.

Nutrigenomics provides a more comprehensive view
of how nutrients affect gene expression, and the tran-
scribed characteristics associated with those genes and
with direct effects manifested by metabolomic and pro-
teomic activities [22]. Nutrigenomics originated from
the Human Genome Project and is concerned with the
impact of nutrition on gene expression and the epig-
enomic, proteomic, transcriptomic and metabolomic
effects of dietary intake [17]. One example to illustrate
nutrigenomics is the single nucleotide change that de-
termines phenylketonuria. Carriers should avoid foods
rich in phenylalanine. Many Asian populations lack the
aldehyde dehydrogenase necessary to metabolize etha-
nol and develop skin irritation after consuming alcohol.
Another example is galactosemia, a disease caused by
an inherited genetic deficiency in one of the enzymes
involved in metabolizing galactose [21].

Nutrients may affect many cell processes, some asso-
ciated with tumorigenesis. One concern is therefore
how specific nutrients influence the development and
growth of cancer. Natural nutrients can disrupt tumor
progression at many levels while also increasing che-
motherapeutic effectiveness and reducing the side-ef-
fects associated with these treatments [16]. Proper nu-
trition is especially important for cancer patients be-
cause the illness and its treatments can impair appetite.
Cancer and its treatments can also impair the body’s
capacity to endure and use dietary nutrients. Cancer
treatment generally requires treating the tumor as well
as the patient, and nutrition is an essential component
of the treatment plan [23].

Several studies have documented the epigenetic impacts
of nutrition on phenotype and predisposition to disease
throughout life. Dietary nutrients interact with genes, the
dietary and environmental factors have an impact on epi-
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genetics. Certain bioactive food components or micro-
nutrients are known to play a role in DNA methylation,
histone modifications, gene expression, and biological
and metabolic regulatory pathways [24]. Deficiency of
any key nutrient, a lack of methyl donors, or inhibition of
methyltransferases can result in gene mutations by acti-
vating promoter genes and DNA hyper or hypomethyla-
tion, which with age and cell proliferation silence tumor
suppressor genes, allowing cancer to develop. Moreover,
nutrients can either inhibit epigenetic enzymes like DN-
MT, HDAC and HAT or change the substrate accessibil-
ity required for such enzyme reactions. They can also
alter the expression of specific genes, affecting health
and longevity [24].

Since epigenetic marks can be altered, they provide an
additional explanation for how external factors, such as
diet, can impact biological processes and phenotypes.
Many nutritional components, including folate, cho-
line, methionine, selenium and retinoic acid, have been
shown to affect DNA methylation patterns [25].
Nutrigenomic studies indicate that macronutrients and
micronutrients like certain vitamins, minerals and di-
etary fibre are not only beneficial for cancer prevention
but also in treatment, particularly regarding the major
characteristics of cancer cells, such as uncontrolled
proliferation possibly leading to metastasis [19]. Flax-
seed diets, for example, have been shown to aid in the
treatment of breast cancer. The mechanism includes
a flaxseed lignan that is converted into a compound
that binds to estrogen receptors and thus inhibits cell
growth [26].

A recent study provided evidence that diet matters for
breast cancer survival. While high blood glucose and cir-
culating insulin levels are related to breast cancer prog-
nosis, shreds of statistical of evidence show that women
with increased glycemic load have a 31% higher risk
of death from breast cancer and a 26% higher risk of
all-cause mortality [27]. Chronic hyperinsulinemia can
be caused by a high glucose intake, which reduces the
production of insulin-like growth factor-binding pro-
teins while increasing insulin-like growth factor 1 [28].
This increase causes a reduction in sex hormone-binding
globulin production and inhibits apoptosis, stimulating
synthesis of sex hormones and proliferation of ovarian
cells. All of these alterations can promote development
of ovarian cancer [28, 29].

Another study showed a strong relationship between
risks of ovarian cancer and dietary glycemic index in
overweight women, non-diabetics, non-users of oral
contraceptives and alcohol consumers, and in women
without a family history of ovarian or breast cancer,
demonstrating a significant increase in the risk of ovar-
ian cancer in all women with a high glycemic diet [30].
According to some pre-clinical studies, nutrients such
as carbohydrates, saturated fat, red and processed meat,
increase endogenous estrogen levels and could be risk
factors for breast cancer [14]. Cholesterol is the pre-
cursor of the steroid hormones estrogen and progester-
one. A high-fat diet leads to over-synthesis of estrogen,
which stimulates cell proliferation in the female genital
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tract [31]. The polyphenols found in vegetables and fruit
and are known as polyhydroxy phenols. They are com-
mon in items such as green tea, cinnamon and curcum-
in, and they number more than 8000 in the human diet.
Polyphenols have an epigenetic role in the prevention
of cancer through gene silencing and chromatin remod-
eling [32]. This may be due to their ability to modify
histones and to inhibit DNA methyltransferase.
Research into the effects of curcumin, a known anti-
proliferative and apoptotic, in the experimental breast
cancer alpha-model, showed that curcumin inhibits cell
proliferation and invasion, metastasis and angiogenesis
in various cancers through interaction with many cell
signaling proteins [33].

Manganese superoxide dismutase (MnSOD) is a mito-
chondrial enzyme involved in the detoxification of reac-
tive oxygen species. Since MnSOD contains manganese
in its active site, factors that affect manganese availabil-
ity can also have a marked effect on lipid peroxidation.
This emphasizes the importance of fruits and vegetables
including pineapple, acai and spinach as well as nuts and
legumes, which are rich manganese sources. Increased
risk of breast cancer has been linked to a polymorphism
(valine to alanine substitution) in the mitochondrial tar-
geting sequence of the MnSOD gene, which is thought
to alter transport of the enzyme into the mitochondria.
Women who eat less fruit and vegetables have a stronger
correlation between breast cancer indidence and reduced
fruit and vegetable intake [34, 35].

The World Cancer Research Fund/American Institute for
Cancer Research, the American Society for Clinical On-
cology and the American Cancer Society have published
collective dietary guidelines for breast cancer survivors
which recommend increased intake of fruit, vegetables,
legumes and whole grains and reduced intake of sugar,
sugary drinks and calorie-dense foods [36].

Various studies indicate that a diet rich in vitamins and
fibre, low in meat and milk, and with moderate intake
of wine is the best combination for cancer prevention.
Putting these pieces of evidence together, the Mediter-
ranean diet seems to be qualified for use as a prescribed
medication [5]. It reflects the traditional eating habits
of people from Mediterranean countries. In general, it
is high in fruit, beans, nuts, fish, green vegetables, le-
gumes, cereals, grains and virgin olive oil. Although
its main feature is considered to be low meat and dairy
intake, the eating habits of Mediterraneans vary by
country and region. Being low in saturated fats and
high in minimally processed plant-based foods, the
Mediterranean diet is considered an ideal nutrition-
al model. Observational and epidemiological studies
suggest that it may have protective effects against car-
diovascular disease and cancer, because Mediterranean
countries show lower rates of these diseases than other
countries [37, 38]. Olive oil contains about 30 phenol
compounds, including hydroxytyrosol and oleuropein,
and is the principal source of fat in the Mediterranean
region. These compounds are powerful antioxidants
that have been shown to protect cells from free radical
damage induced by normal metabolism [39]. Antioxi-
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dant-rich foods may postpone the accumulation of cell
damage in the body and protect against cardiovascu-
lar disease, diabetes and the consequences of aging. A
number articles in the literature have suggested that ol-
ive oil consumption is inversely related to risk of breast
and ovarian cancer [40].

Another important feature of the Mediterranean diet is
the diversity of seafood from the Mediterranean Sea.
Long-chain omega-3 (n-3), eicosapentaenoic and doco-
sahexaenoic fatty acids in seafood help improve cardio-
vascular health by decreasing risk factors such as blood
pressure, triglyceride concentrations, heart arrhythmias
and platelet aggregation [41]. These acids are thought
to inhibit breast cancer [42, 43]. Fish like sardines and
mackerel are an important part of the Mediterranean diet
and are rich in omega-3 fatty acids. Other foods rich in
omega-3 are nuts like walnuts, almonds, pumpkin and
other seeds. These help prevent cancer progression by
moderating cell proliferation, angiogenesis, metastasis
and inflammation [44].

One or two glasses of wine per day, taken with food,
are usually part of the Mediterranean diet. Although
alcohol generally has negative effects on health, The
Copenhagen Prospective Population Studies (2000)
demonstrated that moderate wine intake may have a
beneficial effect on human health as it contains var-
ious polyphenols. Resveratrol in particular increases
expression of the sirtuin 1 (SIRTI) gene [45]. Changes
in SIRTI expression are critical in diseases such as neu-
rodegeneration, metabolic syndrome, cardiovascular
disease and cancer. Moderate intake of red wine can be
protective and decrease proliferation of breast cancer
cells, while the antioxidant polyphenols modify ROS
production and target steroid receptors [46]. There
are studies indicating an inverse relationship between
vegetable consumption and hormone-related tumors,
including breast, ovarian and endometrial cancer (Pe-
lucchi et al., 2009). The abundance of fruit and vege-
tables in the Mediterranean diet, such as apples, citrus,
onions, broccoli, rich in flavonol polyphenols and fi-
bre, is suggested to protect against carcinogenesis [14].
The vegetable component of the Mediterranean diet,
specifically non-starchy vegetables, regulates steroid
hormone concentrations and metabolism, activating
antioxidant enzymes, stimulating the immune system
and protecting against cancer [47]. The Mediterranean
diet contains high concentrations of phytoestrogens,
estrogen-like agents which may compete with estro-
gens for estrogen receptors, with antiestrogen effects
[48]. Some studies demonstrate an association between
significantly close observance of the Mediterranean di-
et and lower risk of endometrial cancer, providing evi-
dence of a protective effect [49].
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summary

The human body is made up of 10" human cells and 10 bac-
terial cells, forming a combined structure that is described as
a “superorganism”. Commensal, symbiotic, and pathogenic
microorganisms in the human body, many of which are located
inside the intestine, affect health conditions and diseases. An
important factor contributing to the development of chronic dis-
eases is dysbiosis, which occurs when the number of pathogenic
microorganisms increases. Dysbiosis is associated with increased
intestinal permeability, endotoxemia (increased LPS), pro-in-
flammatory cytokine release, energy harvest, and adiposity, thus
being involved in the pathogenesis of disorders like diabetes and
obesity. Nutritional habits are the most important environmental
factor that affects intestinal microbial composition. A dietary pat-

Introduction

Relman and Falkow reawakened the project named “‘sec-
ond human genome project”, in 2011. This project at-
tracted attention to the necessity to analyze the microbial
genome in the determination of microbial colonization
in the gastrointestinal (GI) system. Hence, it provided
knowledge about endogenous flora in GI and its differ-
ences in disease and health status [1]. There are about
10X bacterial cells in the human body. Along with bac-
teria, other microorganisms, viruses, and archaea use
the human body as a host and can be found in different
anatomical parts of the body such as skin, urogenital
region, respiratory tract, oral cavity, digestive system
etc. Amongst the different regions of the body; the di-
gestive system possesses a large part of the microbiota
within the human body [2, 3]. All the anatomical parts
of the digestive tract, from mouth to anus are involved
in digestion and absorption processes. Also, commensal
bacteria colonized in the digestive tract is a modulator
for the host’s health via influencing different physiolog-
ical processes and gene expressions. Nutritional habits
are the most important environmental factor that affects
the gut microbiota composition [4]. It is emphasized in
the literature that the Mediterranean diet model supports
the composition of the gut microbiota for the benefit
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tern that was proven successful in regulating gut microbiota is
the renowned Mediterranean diet, which is characterized by high
plant-based foods consumption, moderate fish and dairy products
consumption, and low red meat consumption. There is an inverse
relationship between adherence to the Mediterranean diet and
chronic diseases like obesity and diabetes. In addition to the direct
effects of the Mediterranean diet on the pathogenesis of these dis-
eases, it can also be effective in preventing these diseases due to
its effects on the intestinal microbiota. It is noted that the number
of Bifidobacterium and Bacteroides increases the longer one’s
eating habit adhere to the Mediterranean diet, and the number of
Firmicutes decreases, accordingly, thus supporting the symbiotic
distribution in the intestinal microbiota.

of human health [5]. The Mediterranean diet model is
described as one of the plant-based nutritional models.
The traditional Mediterranean diet model involves rich
consumption of vegetables, beans, nuts and seeds, fruits,
whole intact grains, fish and other seafood; olive oil, and
dairy products (mainly yoghurt and cheese). Whereas
on the other hand, it involves low consumption amounts
of red meat; sugars or honey and low to moderate con-
sumption amounts of wine [6].

Food environment, diet and physical activity are some of
the significant players in the development of diabetes and
obesity [7]. Both of the diseases are in the characteristics
of an epidemic according to the global drastic increase in
their prevalence [8]. According to World Health Organi-
zation (WHO) statistics 2021, 463 million people were di-
agnosed with diabetes and 650 million people were diag-
nosed as obese, worldwide [8, 9]. Type-2 diabetes is more
frequent than Type-1, such that 95% of all diabetes are
diagnosed to be Type 2. A range of complications includ-
ing Type-2 diabetes, arthritis and cardiovascular disease
(CVD) are related to obesity. The reasons behind this
consist of the building of excess adipose tissue, insulin re-
sistance and chronic inflammation. Noninsulin-dependent
diabetes, namely Type-2 diabetes is a frequent condition
found in obese individuals. Recently, a new unique term
referred to as “diabesity” is used to describe the situation
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of Type-2 diabetes mellitus associated with obesity [10].
WHO states that Type-2 diabetes and obesity are the two
preventable pathological disorders. In these cases, mod-
ifiable risk factors such as dietary habits and physical
activity are effective in both its prevention and manage-
ment [9, 11]. Epidemiological studies have revealed that
the Mediterranean diet has a positive effect on preventing
both obesity and Type-2 diabetes [12, 13].

The Mediterranean diet directly interacts with diabesity
and the gut microbiota. In this chapter, the interaction
between the Mediterranean diet, Type-2 diabetes - obesi-
ty (diabesity) and gut microbiota will be studied.

Definition and components of the
mediterranean diet model

The Mediterranean diet reflects the taking of balanced and
adequate nutrients (carbohydrate, protein, fat, vitamins and
minerals) which are rich in plant-based proteins, complex
carbohydrates and fiber, monounsaturated fatty acids (MU-
FA) (n-9) and polyunsaturated fatty acids (PUFA) (n-3) and
poor in animal-derived foods. Thus, it positively affects the
prevention and management of non-communicable chronic
diseases [14, 15]. Figure 1, represents the Mediterranean
diet model. This eating model is also environmentally and
sustainability friendly, since it involves the consumption of
seasonal and local foods [16].

Balanced nutrition and food diversity are the key players
in protecting and maintaining a healthy life. Each food

group contains different nutrients and bioactive nutri-
ents. The Mediterranean diet is an eating pattern that
provides all the food diversity that fulfils the nutritional
requirements and keeps the consumers healthy [18, 19].
Nutrient/non-nutrient components are found in high
amounts in plant-derived foods and flavouring spices.
Consuming these foods known as containing bioactive
nutritional components has a potentially positive effect
on human health. The Mediterranean model recom-
mends for consumption of high amounts of bioactive
food components [20, 21].

Due to the food groups involved; this model also recom-
mends a high to moderate daily consumption of MUFA,
PUFA, phytochemicals, fiber, phytosterols and probiot-
ics [22]. The bioactive nutrient components of the Med-
iterranean diet and its correlation of potential positive
effects on health are summarized in Table 1.

Gut microbiota

Microbiota is defined as a community of microorgan-
isms living on/in the host whereas microbiome is the en-
tire genome of the microbiota [28]. In a healthy state of
the human body, in the concept of microbiota, commen-
sal, symbiotic and pathogenic microorganisms are living
within the body in a homeostatic fashion. The balance of
the microbiota composition is a key determining factor
for the disease and health conditions of the host.
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Tab. 1. Bioactive component of Mediterranean Diet (MD).

THE ROLE OF MEDITERRANEAN DIET AND GUT MICROBIOTA IN TYPE-2 DIABETES
MELLITUS ASSOCIATED WITH OBESITY (DIABESITY)

Component of MD Bioactive food component/s Referencel(s)
Olive oil Hydroxytyrosol, Tyrosol, Oleuropein, Oleocanthal, Oleacein, oleic acid. [23]
Fruits and Vegetables Carotenoids, Quercetin, Fiber, Vitamin A- C- E, Folate, Se, Lycopene etc. 171

Red wine Resveratrol, Quercetin [24]

Fish n- 3 fatty acid [25]
Seeds Linolenic acid, vitamin E 17, 261
Culinary Herbs and Spices Quercetin, Securenet, Rosmarinic acid, Chlorogenic acid, Davidigenin 1271
Dairy products Calcium, vitamin D, linoleic acid, lactoferrin, lactic-acid-producing bacteria [24]

There are 10% human and 90% bacterial cells within
the human body. This composition together is called the
superorganism, with optimal living status [29]. Microbi-
al content varies throughout life in response to environ-
mental and non-environmental factors and is host-spe-
cific [30]. Symbiont and pathobiont indicate a balanced
distribution in the microbiota of healthy individuals.
Dysbiosis is defined as the deterioration of the balance
between the symbiont and the pathobiont composition
and the increase in pathogenic microorganisms [31]. The
most important factors that affect microbial composition
can be summarized as phenotype, age, type of birth de-
livery, physical inactivity, smoking, alcohol consump-
tion and dietary habits [32]. In recent years, the scientific
world has focused on studies to clarify the role of gut
microbiota in health and diseases. It is believed that the
development of dysbiosis causes an increase in intesti-
nal permeability, endotoxemia, energy production (en-
ergy harvest), adiposity and pro-inflammatory cytokine
production. Thus plays a role in the etiopathogenesis of
diseases such as CVD, obesity, diabetes, some cancer
types, rheumatoid arthritis, and non-alcoholic fatty liv-
er disease, which are based on systemic inflammation
[33, 34]. The human gut microbiota, constitutes 10-100
trillion microbial cells making the largest symbiotic re-
lationship within the host [35].

As well as maintaining intestinal homeostasis, gut mi-
crobiota also influences the metabolism, physiology, and
immune function within the host [34, 36]. Although, the
composition of gut microbiota has a very rapid turnover;
in terms of species composition it is fairly stable [37]. Its
composition consists of more than 500 species within 6
phyla which are Actinobacteria, Firmicutes, Bacteroide-
tes, Proteobacteria, Fusobacteria and verrucomicrobia.
Of these bacterial population, 90% accounts for Bacte-
roidetes and Firmicutes. On the other hand, proteobac-
teria and Actinobacteria and other pylas of verrucomi-
crobia, Cyanobacteria, Fusobacteria, Spirochaetes, are
scarce compared to Firmicutes, Bacteroidetes in the
colon [38, 39]. Several human diseases are associated
with the Fusobacterium. Hence, it is generally consid-
ered as a pathogenic bacterium. Also, Firmicutes and
proteobacteria are considered as pathogenic since they
negatively affect the glucose and fat metabolism with-
in the gut. In contrast, verrucomicrobia, Actinobacteria,
and Bacteroidetes influence gut health positively by
providing a host to become resistant to infectious dis-
ease, involving in glucose homeostasis and generation
of the short-chain fatty acids (SCFAs) which are known
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to decrease inflammation [38]. Symbiotic or dysbiotic
distribution of intestinal microbial distribution is closely
associated with increased disease risk or optimal health.
Studies have shown that symbionts such as Bacteroide-
tes thethaiotamicron, Bifidobacteria, Lactobacilli, and
Faecalibacterium prausnitzii are dominant in the symbi-
otic microbiota, while pathobionts such as Bacteroides
spp., Clostridium difficile are dominant in the dysbiotic
microbiota [32]. A dysbiotic distribution of the gut mi-
crobiota is closely related with:

* increased intestinal permeability;

* increased endotoxemia (increased LPS production);
* increased pro-inflammatory cytokine secretion;

* increased adiposity;

¢ increased insulin resistance;

* increased energy harvest.

There is a positive correlation between dysbiosis and in-
creased risk of inflammatory disease due to these meta-
bolic changes [4, 40].

As mentioned earlier, dietary habits are one of the im-
portant environmental risk factors that affect microbiota
composition. For this reason, recent studies have focused
on studies related to gut microbiota - healthy nutrition
habits - and decreased prevalence of chronic diseases.

TRIPLE INTERACTION; GUT MICROBIOTA -
DI1ABESITY- MEDITERRANEAN DIET

Obesity is defined as the increase of adipose tissue in the
body to a degree that impairs health [9]. Also, it is the
most important risk factor contributing to the develop-
ment of Type-2 diabetes [41]. Studies have shown that
approximately 80% of individuals with Type-2 diabetes
are obese. This close relationship between Type-2 di-
abetes and obesity is related to the lipid overflow, in-
flammation and adipokine hypothesis. The pathological
condition consisting of the combination of these two dis-
eases is called diabesity [10]. According to this hypothe-
sis, a high serum concentration of free fatty acids (FFA)
causes increased oxidative stress on pancreatic 3-cells
and both p-cell apoptosis and defects in insulin receptor
signalling. Moreover, the insulin signalling pathway is
inhibited by the products of fatty acid metabolism such
as diacylglycerols (DAGs), long-chain acyl-CoA esters
(LCAES) and ceramides. It is argued that adipocytokine
levels increases due to increased adipose tissue causing
the antilipolytic activity of insulin to be inhibited, as well
as the coexistence of lipotoxicity and glucotoxicity [10].
The components of the Mediterranean diet described in
the previous section (See: Title 2) affect the composition
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Tab. Il. Effects of Mediterranean Diet Model versus Western Diet Model on Microbial Diversity.

Diet Type

Metabolic Effect

Microbiota Diversity

Adherence to Mediterranean Diet
[54, 551

| Oxidative stress, inflammation, immune system
function, Endotoxemia, a pro-inflammatory
cytokine, Obesity, Type 2 Diabetes Mellitus

t Bacteroides, Lactobacilli, Bifidobacteria,
Roseburia

| Firmicutes, proteobacteria

Adherence to Western Type Diet
(321

1Oxidative stress, inflammation, immune system
function, Endotoxemia, a pro-inflammatory
cytokine, Obesity, Type 2 Diabetes Mellitus

| Bifidobacterium, Eubacterium

Y Firmicutes

of the gut microbiota. Adaptation to the Mediterranean
diet has the potential to prevent the development of obe-
sity and type 2 diabetes by increasing the diversity of
the intestinal microbiota and modulating its composition
(increased Bacteroidetes, Lactobacilli, Bifidobacteria,
Faecalibacterium and decreased Firmicutes, proteobac-
teria). These changes lead to increased microbiota-medi-
ated metabolites, intestinal homeostasis, decreased dys-
biosis and decreased intestinal permeability [42].

The role of the microbiota undoubtedly is a key deter-
minant in diabesity. Many animal studies have revealed
that gut microbiota composition in healthy individuals
compared to diabesity is different [43]. Studies have
shown that obese and type 2 diabetic individuals have
lower microbial diversity compared to healthy individ-
uals, as well as an increase in the number of Firmicutes
and a decrease in the number of Bacteroidetes [43, 44].
Symbiotic change in the dysbiotic microbial composi-
tion of individuals diagnosed with obesity and type 2
diabetes draws attention as a potential treatment method
for improving diabesity-related biomarkers. Sergeev et
al., revealed that individuals diagnosed with obesity and
type 2 diabetes after prebiotic and galacto oligosaccha-
ride supplementation were affected in parameters such
as HbA,, waist circumference, BMI and body weight
in parallel with the abundance of Bifidobacterium and
Lactobacillus in their intestinal microbiota [45].

EFFECTS OF MEDITERRANEAN DIET MODEL ON
GuT MICROBIOTA

The potential positive effects of the Mediterranean diet
on health are well established. Furthermore, increased
adherence to the Mediterranean diet has been associated
with the suppression of the growth of pathobionts such
as proteobacteria and Bacillaceae phyla. Whereas on the
other hand promotes the growth of Bacteroidetes and
beneficial Clostridium species in the intestinal microbiota
through Mediterranean diet components (MUFA, PUFA,
polyphenols, phytosterols and fiber). In contrast to the
western-style diet, the Mediterranean diet model (Tab. II)
decreases the Firmicutes: Bacteroidetes in the gut sup-
porting the prevention of chronic diseases such as Type-2
diabetes, obesity, CVD and cancer [46, 47]. There is an
inverse relationship between the consumption of MUFAs
and PUFAs and the prevalence of diseases such as obesi-
ty, Type-2 diabetes, CVD, cancer and hypertension [48,
49]. In addition, high amounts of MUFAs and PUFAs
consumption can modulate human health by affecting in-
testinal microbial composition. It has been reported that
MUPFAs have a potentially positive effect on the intestinal

microbiota by supporting the growth of Lactic acid-pro-
ducing bacteria (Bifidobacterium and Lactobacillus) [46].
Similarly, PUFAs can positively affect the intestinal mi-
crobiota and human health via a potential suppressive
effect on the growth of Enterobacteria and support the
growth of Lachnospiraceae and Bifidobacteria and mod-
ulate the Firmicutes: Bacteroides ratio [50]. There is a bi-
directional relationship between polyphenols and micro-
biota, bioactive nutritional components commonly found
in vegetables and fruits and one of the main components
of the Mediterranean diet, due to the conversion of poly-
phenols to metabolites that positively affect human health
by colonic bacteria and the effects of these metabolites
on the colonic microbiota [51]. Effects of polyphenols
on microbiota composition: I) stimulating the growth of
beneficial bacteria living in the colon, II) inhibiting patho-
genic bacteria growth, and III) having positive effects on
enterocyte development and integrity [52]. In the study
conducted by Wang et al., it was reported that the number
of Bacteroides increased after the red wine polyphenol
resveratrol supplementation, and the symbiotic distribu-
tion was supported by this effect [25]. According to Etx-
eberria et al., the supplementation of quercetin, which is
common in vegetables and fruits, causes a change in the
composition of the intestinal microbiota. This change was
reported as decreasing the Firmicutes/Bacteroidetes ratio
and inhibiting the growth of bacterial species (Erysipelo-
trichaceae, Bacillus, Eubacterium cylindroides) that con-
tribute to the development of obesity [53].

Due to the positive potential effects of polyphenols on
the intestinal microbiota composition, studies on this
subject need to be continued to provide more precise
statements about their potential to be used in the treat-
ment and prevention of Type-2 diabetes and obesity
through reduced endotoxemia and inflammation.

conclusion

The gut microbiota plays an important role in body homeo-
stasis; such that it can modulate, the enteric nervous system
and central network system via producing neurotransmit-
ters. Hence the link between human microbiota and diet
has led to the development of a “second brain” reputation.
Undoubtedly, a bidirectional communication network — the
“gut-brain axis” is a bridge between the enteric and central
nervous systems [56]. Also, the habit of consuming an un-
healthy diet in a way of not favouring the microbiota in the
gut is associated with many diseases such as diabetes and
obesity; which was the main subject of this chapter. Thus,
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to keep the gut microbiota healthy consuming a healthy di-
et such as the Mediterranean diet is significant - and within
the scope of the “second brain” reputation, it is not wrong
to state that “you are what you eat”.
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Summary

Nutrition is the source of energy that is required to carry out all
the processes of human body. A balanced diet is a combination
of both macro- and micronutrients. “Nutritional inadequacy”
involves an intake of nutrients that is lower than the estimated
average requirement, whereas “nutritional deficiency” consists of
severely reduced levels of one or more nutrients, making the body
unable to normally perform its functions and thus leading to an
increased risk of several diseases like cancer, diabetes, and heart
disease. Malnutrition could be caused by environmental factors,
like food scarcity, as well as disease conditions, like anorexia ner-
vosa, fasting, swallowing inability, persistent vomiting, impaired
digestion, intestinal malabsorption, or other chronic diseases.

Introduction

Nutrition is considered as one of the strongest and most
adjustable environmental factors that could be used to re-
duce the burden of disease during an individual’s entire
life [1]. Appropriate and balanced nutrient’s intake and
metabolism provide the substrates for the normal physi-
ological functions of the human body [2]. A balanced hu-
man diet is based on both macronutrients (e.g. essential
fatty acids, carbohydrates, essential amino acids, etc.),
which are the major source of energy, and micronutrients
(e.g. vitamins, essential minerals, etc.), which are needed
for almost all developmental and metabolic processes [3].
Poor nutrition results in an increased risk of several dis-
eases like cancer, diabetes, and heart disease.

Nutritional requirements change during the course of life.
For example, during fetal development, infancy, and child-
hood, the recommended amount of macro- and micronu-
trients intake is relatively higher with respect to body size.
In older individuals, the requirement of certain nutrients
(like vitamin D) increases, while other nutrient require-
ments considerably decrease (like iron and energy) [4].
Other causes of malnutrition can be diseases like an-
orexia nervosa, fasting, swallowing inability, persistent
vomiting, impaired digestion, intestinal malabsorption,
or other chronic diseases. Several formulations of food
blends are introduced in the diet in order to overcome
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Nutritional biomarkers — like serum or plasma levels of nutri-
ents such as folate, vitamin C, B vitamins, vitamin D, selenium,
copper; zinc — could be used for the evaluation of nutrient intake
and dietary exposure. Macronutrients deficiencies could cause
kwashiorkor, marasmus, ketosis, growth retardation, wound heal-
ing, and increased infection susceptibility, whereas micronutrient
— like iron, folate, zinc, iodine, and vitamin A — deficiencies lead
to intellectual impairment, poor growth, perinatal complications,
degenerative diseases associated with aging and higher morbidity
and mortality. Preventing macro- and micronutrient deficiency is
crucial and this could be achieved through supplementation and

food-based approaches.

malnutrition. Malnutrition could also be caused by bad
food choices or insufficient food intake [5-9].
Nutritional diseases can cause nutrients deficiencies or
excesses, eating disorders, obesity, chronic diseases like
cardiovascular diseases, hypertension, diabetes mellitus,
cancer, inherited metabolic disorders, developmental
abnormalities, food intolerances and allergies [5]. The
most prominent nutritional disorder is chronic undernu-
trition, which affects over 925 million people around the
world. Undernutrition is the condition caused by taking
insufficient food to fulfil the energy requirement; its
main symptoms include weight loss, muscle wasting,
body fat wasting, and failure to thrive [8, 9].

Nutrient inadequacies and deficiencies

“Micronutrient inadequacies” are defined as the intake
of nutrients in lesser quantity than the estimated average
requirement and are prevalent in the United States and
other developed countries. These inadequacies mostly
occur when the intake of a nutrient is above the defi-
ciency level but below the recommended dietary intake.
Unlike micronutrient deficiencies, which lead to clini-
cally evident symptoms, micronutrient inadequacies
might cause hidden symptoms that are quite difficult to
be identified [10]. Furthermore, an energy-rich and nu-


https://doi.org/10.15167/2421-4248/jpmh2022.63.2S3.2752

A.KKIANI ET AL.

trient-poor diet might lead to “hidden hunger” condition,
which is characterized by micronutrient inadequacies
despite having sufficient or excessive amount of calo-
ries. These micronutrient inadequacies could ultimately
cause various chronic diseases like cancer, osteoporosis,
and cardiovascular diseases. In addition, subclinical or
marginal micronutrient deficiencies have also been as-
sociated with impaired immunity, general fatigue, and
cognitive deficits [11, 12].

Several factors contribute to marginal or lower nutri-
ent status, such as poor quality or quantity of food, in-
creased dietary requirements, greater metabolic losses,
or decreased gastrointestinal digestion and absorption.
Thus, the continuous consumption of reduced nutritional
quantity, because of loss of appetite, or poor quality, like
unbalanced, restrictive, or low-nutrients diets, increases
the risk of developing poor nutritional status [13, 14].
Other factors contributing to the increased nutritional
deficiencies risk include: 1) decreased capacity of nutri-
ent absorption caused by gastrointestinal disorders like
coeliac disease, inflammatory bowel disease, reduced
absorption of vitamin B12 among elderly, etc., 2) poor
bioavailability of nutrients, such as low zinc and iron
absorption from the plant-based diets, and 3) reduced
bioconversion, such as lower provitamin A carotenoids
bioconversion into vitamin A from the plant-based diets.
In addition, various genetic polymorphisms and the use
of certain medication could also increase the risk of spe-
cific nutrient deficiencies [15-17].

Nutritional biomarkers

Accurately estimating the nutrients intake is considered
a major challenge. Several countries lack their own food
composition databases; therefore, they have to rely on
data obtained from the food composition databases of
other countries, like the U.S. Department of Agriculture
(USDA) Nutrient Database [18].

Nutritional biomarkers can be used for evaluating nu-
trient intake and dietary exposure [19]. Serum or plas-
ma levels of nutrients like folate, vitamin C, B vita-
mins, vitamin D, selenium, copper, zinc are reported in
the National Health and Nutrition Examination Survey
(NHANES) [20].

For instance, body iron status cannot be accurately eval-
uated through a single biomarker. Therefore, several
different analyses calculating serum iron concentration,
transferrin saturation levels, serum ferritin concentra-
tions, transferrin receptor, and total iron-binding capac-
ity, are used to estimate the real iron status of the body.
It is important, however, to recognize the limitations of
the biomarkers used: in fact, due to the homeostatic reg-
ulation of the blood concentration of nutrients, the circu-
latory levels of nutrients are not good indicators of their
body status. Additionally, not all nutrients have available
biomarkers, and they can change in response to infec-
tions, inflammation, age, or kidney function [1, 10].
Thus, nutritional biomarkers and dietary surveys are the
two most commonly used methods for assessing the pop-

ulation’s dietary exposure. Each of these has its own lim-
itations and advantages, but combined they could work
well to estimate dietary intake and nutritional status [10].

Macronutrients Deficiency

PROTEIN-ENERGY MALNUTRITION (PEM)

Protein-energy malnutrition (PEM) is a condition in
which individuals have a very little dietary intake of
proteins, energy or both; it is thus prevalent in devel-
oping countries because of insufficient dietary intake.
The two major diseases linked with this condition are
marasmus, which is complete food deprivation with ex-
ceptionally limited quantities of protein and energy, and
kwashiorkor, which is characterized by extreme protein
deficiency [5, 21, 22]. The World Health Organization
(WHO) Global Database on Child Growth and Malnutri-
tion (from 1980-1993) has shown that PEM has affected
almost one-third of the children around the world, 80%
of which are living in Asian countries [2, 23].

Infants with marasmus are exceptionally underweight,
as they have lost almost all their subcutaneous fat. Their
body, appearing to be a combination of only bones and
skin, is extremely weak and they have higher suscepti-
bility to infections. The major cause of this condition is
an extremely low calorie diet intake from all the sourc-
es, including protein. If not treated properly, marasmus
could lead to death because of starvation [5, 21, 23].
Kwashiorkor is a condition that usually appears in chil-
dren that, after being weaned from breast milk (contain-
ing high-protein), are fed carbohydrate-rich diet sources
without sufficient protein intake. The main characteristic
of kwashiorkor is the swollen belly, caused by the flu-
id retention (edema), and affected children are mostly
weak, wasted, poorly grown, and more susceptible to
infectious diseases [5]. Kwashiorkor suppresses the pro-
duction of insulin, causing a reduced protein synthesis
which leads to hypoproteinemia, immunosuppression,
edema, and diarrhea [23].

Marasmus-kwashiorkor could also appear in institution-
alized or hospitalized patients that get intravenous glu-
cose for long time like during recovery from illness or
surgery, or with diseases causing appetite loss or nutri-
tional malabsorption [5].

CARBOHYDRATES DEFICIENCY

Specific cells of human body, like neurons, need high
amounts of glucose. In the absence of adequate di-
etary carbohydrates, gluconeogenesis depends upon the
breakdown of amino acids that are obtained from dietary
proteins, body proteins, and glycerol obtained from
fats [21]. Gluconeogenesis mostly takes place in the liv-
er. Long-term insufficiency of carbohydrate intake could
lead to a condition called ketosis (increased ketones pro-
duction), that is characterized by the peculiar sweet odor
of the patient’s breath. Ketosis and other complications
linked with low carbohydrate intake can be prevented by
consuming daily 50 to 100 g of carbohydrate; although,
for a healthy and balanced diet, at least about half of the
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daily calorie intake should be obtained from carbohy-
drates, which means a minimum of 250 g of daily carbo-
hydrate intake. The most common sources of carbohy-
drates in human diet are fruits, vegetables, whole-grain
cereals, and legumes, which also give necessary dietary
fibers intake [5, 21].

ESSENTIAL FATTY ACIDS DEFICIENCY

Omega-3 and Omega-6 are polyunsaturated and essential
fatty acids (EFA). Clinical symptoms of EFAs deficiency
include diminished growth in children and infants, scaly
dry rash, reduced wound healing, and increased infection
susceptibility. Omega- 3, 6 and 9 fatty acids compete for
the same fatty acid desaturases. One of the prominent
biomarkers for essential fatty acid deficiency is omega-9.
Furthermore, among the main indicators of EFA deficien-
cy is the plasma eicosatrienoic acid and arachidonic acid
(triene:tetraene) ratio higher than 0.2. This condition has
been reported in patients suffering from chronic fat mal-
absorption and cystic fibrosis [24-26].

Several observational and research studies have reported
the association of lower omega-3 index with higher risk
of mortality by coronary heart disease. Furthermore, in
2016, a meta-analysis established that the supplementa-
tion of omega-3 PUFA during pregnancy decreases the
risk of premature births and increases the birth weight
and gestational age at delivery. Several preparations of
omega-3 fatty acid have been approved and recommend-
ed by US Food and Drug Administration for hypertri-
glyceridemia treatment [24, 27-29]. Similarly, replacing
other dietary saturated fatty acids (SFAs) with omega-6
PUFA decreases the total blood cholesterol [24, 30, 31].

Micronutrient deficiencies

Micronutrients are crucial for sustaining life. A lower
micronutrient consumption than the current Recom-
mended Dietary Allowance Important might lead to
chronic metabolic disorders [3]. The inadequacy of any
constituent of the metabolic system directly affects both
individuals and societies by causing poorer health, re-
duced work capacity, decreased educational accomplish-
ment, and lower earning potential [1, 32].

In industrialized and developing countries micronutri-
ent deficiencies affect more than 2 billion people of all
ages [21], especially pregnant women and children be-
low 5 years of age [1]. Micronutrient deficiencies are
linked with almost 10% of children deaths [5, 22]. Iron,
folate, zinc, iodine, and vitamin A are among the most
occurring micronutrient deficiencies in the world, and
all of these contribute to intellectual impairment, poor
growth, perinatal complications, and higher morbidity
and mortality [1]. In addition, micronutrient deficiencies
accelerate mitochondrial decay and degenerative diseas-
es associated with aging [5].

Preventing micronutrient deficiencies is thus crucial and
it can be achieved through supplementation and food-
based approaches. Micronutrient deficiencies should
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be determined through reliable and validated biomark-
ers [1].

VITAMIN A DEFICIENCY

Vitamin A deficiency is a relatively frequent nutrient de-
ficiency in developing countries and it primarily causes
ophthalmologic diseases. In fact, vitamin A is crucial for
preserving the integrity of epithelial tissues in the eye
and in the urinary, intestinal, and respiratory tracts. The
initial clinical symptoms of vitamin A deficiency in-
clude xerophthalmia, Bitot spots development, and night
blindness. With the progression of the vitamin A defi-
ciency, keratomalacia and permanent blindness may take
place. Furthermore, children with vitamin A deficiency
may also exhibit protein energy malnutrition [33].
According to the estimation of the WHO, almost 70-80
million children around the world suffer from subclin-
ical vitamin A deficiency, apparently without clinical
symptoms. In subclinical vitamin A deficiency, children
have higher infection susceptibility and reduced physi-
cal growth [33, 34].

B VITAMINS DEFICIENCIES
Vitamin B6

Vitamin B6 is water-soluble and can be obtained from
different foods and supplements. It mainly exists in three
forms (pyridoxine, pyridoxamine, and pyridoxal), which
are biologically active in their phosphorylated forms. Vi-
tamin B6 acts as a coenzyme for several enzymes, such
as those essential for amino acids decarboxylation and
transamination, neurotransmitter synthesis, fatty acid me-
tabolism, and tryptophan conversion to niacin. Vitamin
B6 deficiency is not very common, but can occur due
to insufficient dietary intake, malabsorption, and use of
certain medications. Malnourished, elderly, and anorexic
individuals are at higher risk of developing vitamin B6
deficiency. Alcoholics are also at higher deficiency risk,
since they have poor vitamin B6 dietary intake and alco-
hol increases its catabolism. Vitamin B6 deficiency caus-
es anemia, peripheral neuropathy, seborrheic dermatitis,
glossitis, cheilosis, depression, celiac disease, Crohn dis-
ease, and seizures. Medications can bind vitamin B6 and
increase its excretion or reduce its enzymatic activity [2].

Vitamin B12

For humans, animal products like dairy and meat are the
only dietary source of vitamin B12. Although currently
the incidence of vitamin B12 deficiency in the United
States is not fully known, the NHANES III (1991-1994)
reported a frequency of 1 in 200 children of 4-19 year
age with decreased levels of vitamin B12 (< 200 pg/mL).
Clinically, vitamin B12 deficiency is uncommon among
infants or children without any predisposing factors. In
early stages, cobalamin deficiency is secondary to the
maternal deficiency among breast-feeding mothers fol-
lowing strict or moderate vegan diets. The main causes
of vitamin B12 deficiency mostly are inadequate intake,
inborn errors of metabolism or transport, and malabsorp-
tion. Elder individuals, people with psychiatric illnesses,
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vegans, and their breastfed infants are at higher risk of
vitamin B12 deficiency because of the insufficient in-
take [2, 35].

Folate deficiency

Vitamin B9 (folic acid, folate) and Vitamin B12 have
several closely linked functions. Folate is crucial for pu-
rines and thymidylate synthesis and plays a significant
role in DNA synthesis, repair and stability. Folate is al-
so involved in carbon metabolism and changes in DNA
methylation pattern. Folic acid deficiency can be caused
by excessive consumption of alcohol, since it impairs
vitamin absorption. Individuals with folate deficiency
exhibit fatigue and weakness caused by megaloblastic
anemia. In pregnancy, folate deficiency is linked with
preterm delivery, low birth weight, retardation of fetal
growth, and neural tube defects. Moreover, folic acid
supplementation during the periconceptional period de-
creases the incidence of neural tube defects [1, 5, 21].

ViTAMIN C DEFICIENCY

Vitamin C (ascorbic acid) is considered an essential
nutrient and is mainly derived from diet; its deficien-
cy causes scurvy and could also lead to behavioral and
mood changes [2]. In the first 3 months of ascorbic acid
deficiency, the symptoms are bleeding gums, petechi-
ae, ecchymoses, hyperkeratosis, coiled hairs, impaired
wound healing, and arthralgias [33]. Vitamin C plays a
significant role also in osteoblast and osteodentin for-
mation, carnitine synthesis, catecholamines synthesis,
reductions of urinary folic acid excretion, and higher di-
etary iron absorption.

Humans are incapable of synthesizing vitamin C, there-
fore they totally depends upon dietary vegetables and
fruits for its sufficient intake and storage. Good vitamin
C sources can be citrus fruits, tomatoes, strawberries,
potatoes and green leafy vegetables [2]. Furthermore,
vitamin C deficiency is observed in growing infants ex-
clusively fed with cow milk or formula and in children
with neurodevelopmental disabilities. Pharmacologi-
cal doses of vitamin C are known to resolve the symp-
toms [33, 36].

VITAMIN E DEFICIENCY

Vitamin E comprises a group of eight fat-soluble com-
pounds, the most important of which is tocopherol. Vita-
min E protects against the free radical damage associat-
ed with chronic diseases. Vitamin E deficiency-associat-
ed disorders are not very common. Vitamin E deficiency
can occur in individuals with fat malabsorption or spe-
cific genetic disorders, like Friedreich ataxia and abetali-
poproteinemia. Research data have shown that vitamin E
may prevent diseases like diabetes, atherosclerosis, isch-
emic heart disease, Alzheimer, cataracts, and Parkinson.
Studies have also reported the protective effect of vita-
min E against cancer [33, 37].

The major characteristics of vitamin E deficiency in-
clude ataxia, myopathy, and pigmented retinopathy, like
retinitis pigmentosa with vision loss. At the later stages
of vitamin E deficiency, sensory motor neuropathy takes

place, with loss of position, vibration sense and reflexes,
and generalized weakness [33, 38].

ViTaMIN K DEFICIENCY

Vitamin K deficiency leads to coagulation disorder,
which manifests by increased prothrombin time and
international normalized ratio, with normal levels of fi-
brinogen and platelets. In newborns, vitamin K deficien-
cy is called “hemorrhagic disease of the newborn”. Early
vitamin K deficiency at birth (VKDB), which manifests
within the first 24 hours after birth, usually affects in-
fants whose mothers during pregnancy have been taking
medications that inhibit vitamin K metabolism. Usually,
at-risk infants have 6-12% chances of developing VKDB
without being administered vitamin K at birth. Late
VKDB, on the other hand, is linked with babies fed only
with breast milk and it starts between 8 days to 6 months
of age. Usually, the clinical manifestation of late VKDB
is quite severe, with a mortality rate ranging between 20
and 50% of infants undergoing intracranial hemorrhage.
Infants with malabsorptive syndrome or cholestasis are
at higher risk. A single intramuscular dose of vitamin K
at birth in wholly breast-fed infants seems to prevent the
development of late VKDB, but in order to prevent this
condition it is advisable to also repetitively add vitamin
K oral administration [33, 39].

ViTAMIN D DEFICIENCY

Vitamin D, also called calciferol, is a fat-soluble seco-
steroid that is essential for the intestinal absorption and
metabolism of calcium, magnesium and phosphorous.
Vitamin D stimulates the osteoclasts to release calcium
and phosphorus, and activates the synthesis of entero-
cyte calcium channel, which enhances the absorption
of calcium. Vitamin D can be acquired through dietary
sources, like ergocalciferol/vitamin D2, or endogenous-
ly synthesized, like cholecalciferol/vitamin D3. Vitamin
D sources are fish and fish oils (which contain the high-
est proportion of available vitamin D), eggs, shiitake
mushrooms, liver, and fortified foods (like orange juice
and milk) [2]. Vitamin D deficiency causes hypocalce-
mia and hypophosphatemia, which lead to osteomalacia
among adults and rickets among children. Furthermore,
vitamin D deficiency is associated with immunomodu-
latory disorders, cardiovascular diseases, hypertension,
and insulin resistance in adults [2, 40].

Vitamin D deficiency depends upon various dietary and
environmental factors, such as body mass index, sun ex-
posure, and milk ingestion. Usually, vitamin D deficien-
cy occurs due to its malabsorption, decreased synthesis
and reduced dietary intake [41]. In several countries, in-
cluding North America, cow milk, infant formulas, and
different cereals are supplemented with vitamin D [33,
42]. Long-term and short-term therapy of vitamin D
deficiency mainly involves vitamin D supplementation
and implementation of vitamin D- and calcium-rich
diets. In order to solve vitamin D deficiency, for most
people over 1 year of age it is considered sufficient to
supplement 50,000 IU of ergocalciferol for at least eight
weeks [2, 43].
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CALCIUM DEFICIENCY

Calcium deficiency or hypocalcemia is characterized by
low levels of serum calcium. A long-standing calcium
deficiency could lead to cataracts, dental changes, brain
alterations, osteoporosis, and rickets. Sufficient calcium
intake is crucial throughout life to maintain bone health
[44]. In several parts of the world, rickets caused by cal-
cium deficiency is still present. A double-blind, random-
ized controlled study of 123 Nigerian children suffering
from rickets showed that the baseline calcium intake
of these children was low, almost 200 mg/d. Moreover,
these children reacted better to calcium treatment alone
or combined with vitamin D rather than vitamin D alone
[45, 46]. In addition, certain diseases and specific diets,
like vegetarian diets, might cause calcium deficiency.
Calcium supplementation is required also in inflamma-
tory bowel disease patients, particularly those adminis-
tered with corticosteroids/glucocorticoids [33, 47].

IRON DEFICIENCY

Iron deficiency is the most prevalent nutritional deficien-
cy, with young children and premenopausal women at
the highest risk of iron deficiency [21, 22]. Being iron
a major contributor in hemoglobin synthesis, depletion
of its reserves leads to microcytic hypochromic anemia,
characterized by smaller-size red blood cells containing
a smaller amount of hemoglobin than normal red blood
cells. Symptoms of anemia include fatigue, apathy, pale-
ness, weakness, breathing difficulty upon exertion, and
decreased resistance for cold temperatures [21]. Iron defi-
ciency could affect development, behavior, learning abil-
ities, and growth during childhood. Severe anemia due to
iron deficiency may also increase risks of complications
during pregnancy and maternal death. Iron deficiency is
mostly caused by insufficient dietary iron intake, blood
loss during menstruation, intestinal blood loss, or blood
loss due to hookworm, tumors, hemorrhoids, and regular
use of drugs like aspirin [5, 21, 22, 48, 49].

IODINE DEFICIENCY

Iodine is a trace element that plays a major role in thy-
roid hormone synthesis. Thyroid hormone is essential
for regulating human development and growth. Iodine is
naturally present in some foods and is also used as a di-
etary supplement, added to salt, or used in organic form.
Physiologically, iodine reserves are estimated to be 60
ug; on the other hand, during deficiency, the reserves
are as low as 10-20 pg [50]. Absorption and utilization
of iodine can be impaired due to goitrogens presence or
exposure to disulfides, thiocyanates, and percolate [51].
Reduced dietary intakes of iodine (10-20 pg daily) may
result in hypothyroidism, followed by goiter. Thyroid
hormone is necessary for optimum fetal and postnatal
development and growth of the central nervous sys-
tem [52, 53]. During the early stages of pregnancy, ma-
ternal iodine deficiency may lead to iodine deficiency
disorder, which causes permanent neurological damage
and mental retardation in the offspring [53]. From the
embryonic stage to adulthood, iodine deficiency disor-
der includes diminished mental functions, goiters, cre-
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tinism, and hyper- or hypothyroidism. Infants and preg-
nant women are at the highest risk of developing iodine
deficiency [1]. Universally, salt iodization is the most
efficient and practical strategy used to reduce global io-
dine deficiency [1, 54].

ZINC DEFICIENCY

Zinc is a trace mineral that is essential for health and is
associated with cellular metabolism. Zinc is needed for
the proper functioning of over 200 enzymes and is cru-
cial for normal growth and development, immune system
function, DNA and protein synthesis, and cell division
[55]. Since human body cannot store zinc for long, con-
stant dietary intake of zinc is required to maintain nor-
mal functions. Primarily, zinc is found in seafood, ani-
mal products, and human breast milk. Zinc absorption is
greatly impaired by lignins, phytates and fiber, which re-
duce the bioavailability of zinc from non-animal sourc-
es [1, 56]. Severe zinc deficiency has been reported in
patients fed with intravenous solutions lacking zinc and
in people suffering from hereditary zinc metabolic dis-
orders like acrodermatitis enteropathica. Zinc deficiency
symptoms can include skin lesions, increased suscepti-
bility to infection, diarrhea, poor appetite, night blind-
ness, reduced taste and smell acuity, hair loss, low sperm
count, impotence, and slow wound healing [5, 22]. In the
developing countries, zinc deficiency is considered one
of the main causes of morbidity [57]. Furthermore, zinc
supplementation during pregnancy is linked with a sub-
stantial decrease in the number of preterm births without
affecting the infants’ birth weight [58, 59].

MAGNESIUM DEFICIENCY

In humans, magnesium deficiency is linked with col-
orectal cancer, osteoporosis, hypertension, metabolic
syndrome, and diabetes. In human primary cell cultures,
magnesium deficiency results in mitochondrial DNA
damage, increased telomere shortening, activation of
cell-cycle arrest proteins, and premature senescence.
Common magnesium sources include beans, green leafy
vegetables, nuts and whole grains. In rats, magnesium
deficiency can cause chromosome breakage and can-
cer [3, 60, 61]. Magnesium blood levels are strongly
controlled and therefore could not be used for the as-
sessment of the nutritional status of magnesium [62, 63].

SELENIUM DEFICIENCY

Selenium is an essential trace mineral that is mostly
found in certain foods, soil and water. Selenium acts as a
cofactor of many enzymatic reactions, also playing role
in redox function, production of active thyroid hormone,
and immune function. Selenium also constitutes sele-
noproteins such as glutathione peroxidase, thioredoxin
reductase, and selenoprotein-P. Nutritional selenium
deficiency happens in regions with reduced selenium
content in soil. Serious selenium deficiency could lead
to Keshan disease, an endemic cardiomyopathy, and
Kashin-Bek disease, a deforming arthritis. Moreover,
selenium deficiency has a negative impact on spermato-
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genesis, immunocompetency, thyroid function, cardio-
vascular diseases, and mood swings [32, 64].

POTASSIUM DEFICIENCY

According to US Dietary Guidelines 2015 to 2020, po-
tassium is considered as a nutrient of public health con-
cern, since it is not sufficiently consumed by the US pop-
ulation. Furthermore, US national surveys have reported
that the majority of American population do not take the
recommended amount of potassium. NHANES survey
2011-2012, concerning 4,730 subjects, has revealed that
less than 3% of US adults had a potassium intake over
the required amount, 4,700 mg/day [44]. The main po-
tassium sources include vegetables and fruits [65].

FLUORIDE DEFICIENCY

Fluoride plays a significant role in the mineralization
of teeth and bones and protects them from tooth decay.
Several US epidemiological studies (1930s to 1940s)
have reported an inverse relationship of the amount of
natural fluoride in water with dental caries rate. Areas
with low fluoride levels in drinking water are prescribed
to add fluoride supplements for children over 6 months
of age; in those regions dentists recommend fluoride
rinses or gels to be periodically applied to their patients’
teeth. Fluoridated toothpastes are significant fluoride
source for both children and adults, providing a continu-
ous fluoride intake [5, 21, 22]. Antacids containing alu-
minum could decrease fluoride absorption. Therefore, it
is recommended to take these antacids two hours before
or after fluoride supplementation [66].

BI1OTIN

Biotin is an essential cofactor of four carboxylases: pyru-
vate carboxylase, acetyl-CoA carboxylase, 3-methylcrot-
onyl-CoA-carboxylase, and propionyl-CoA-carboxylase.
Biotin is both synthesized by the intestinal bacteria and
obtained from dietary sources. Sources of dietary biotin
are eggs, walnuts, liver, mushrooms, peanuts, soybeans,
and cow milk. Since biotin is both available from dietary
sources and synthesized by the human microbiota, ac-
quired biotin deficiency is very rare. Most of the acquired
biotin deficiencies are linked with excessive intake of
raw egg whites, gastrointestinal malabsorption, extended
parenteral nutrition, and extended use of anticonvulsants.
Biotinidase deficiency leads to metabolic acidosis, con-
junctivitis, ataxia, organic aciduria, developmental delay,
encephalopathy, sensorineural hearing loss, seizures, peri-
orificial dermatitis, and alopecia [2, 67].

Causes of micronutrient deficiencies

Micronutrient deficiencies can be caused by either in-
sufficient intake or impaired absorption, which ca be
due to infections or chronic inflammation. In infants,
micronutrient deficiencies are caused by maternal mi-
cronutrient deficiencies in utero or due to rapid postnatal
growth [1, 68, 69].

Low- or middle-income countries have the highest mi-
cronutrient deficiencies burden; however, some micro-
nutrient deficiencies can also exist in certain subpop-
ulations of high-income countries [1]. Lactation and
pregnancy also increases the requirements of macro- and
micronutrients. An inadequate nutritional intake of preg-
nant mothers may lead to insufficient nutritional levels
in infants and children, thus causing stunting, infection
susceptibility, and developmental delays [70, 71]. Nutri-
ent deficiency can also be caused by selective diets: any
diet that completely excludes a specific food group is
potentially inadequate for macro- and micronutrient in-
take. For example, vegan diets exclude all animal-based
foods, thus leading to an increased risk of causing B
vitamins deficiency. Similarly, various energy-limiting
diets used for weight loss may cause an increased mi-
cronutrient deficiency risk [66, 72]. Chronic alcoholism
causes depletion of the liver reserves of vitamin A and
might contribute to alcohol-induced cirrhosis [66, 73].
To break the malnutrition cycle, it is critical to make an
intervention during the first malnutrition 1,000 days;
however, a well-coordinated and sustainable commit-
ment is required to increase the global nutrition levels.
To achieve this goal, it is critical to better understand
the epidemiology of micronutrients deficiencies and to
select the best-suited interventional strategies [1].

Nutrient deficiency screening test

An important requirement for screening individuals that
are at risk of specific nutrient deficiency or inadequacy
is the availability of an accurate and suitable test, with
sufficient specificity and sensitivity. In order to deter-
mine the nutritional status of the majority of minerals
and vitamins, blood, saliva, and urine-based biomarkers
are available, using nominally invasive sampling. These
biomarkers can detect particular nutrient deficiencies at
an early stage, before symptoms development. Thanks
to technology advancement, sensitive methodologies
are being developed that measure the nutritional status
of omega-3 polyunsaturated fatty acid by simple blood
draw, whereas in some countries only finger-prick blood
tests are available [74].

Several advanced screening tools and techniques have
been established for the identification of patients or el-
derly at risk of protein or calorie malnutrition. Some of
the biomarkers that reveal general malnutrition include
body mass index, total cholesterol, and hemoglobin. An-
other approach to evaluate the risk of certain nutrients
insufficient intake is using validated dietary question-
naires. However, usually these dietary questionnaires are
time-consuming and not sensitive enough [75].

Importance of dietary supplements
Mineral and vitamin supplements are the most frequent-

ly used kinds of dietary supplementation worldwide.
[76] National Health and Nutrition Examination Survey
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(NHANES) data revealed that, despite their micronutrient
intake from all sources (like enriched and fortified foods),
almost 90% of the US adult population takes less than the
estimated average requirement for vitamins D and E, 51%
for vitamin A, 43% for vitamin C, 61% for magnesium,
and 49% for calcium. Besides, only 39% and 2% of the
adult US population had respectively potassium and vi-
tamin K intakes over the recommended adequate intake.
Low micronutrients intake is also prevalent in children of
2 to 18 years of age, particularly for minerals like magne-
sium and calcium, and for vitamins D, E and K [77, 78].

Usage of multivitamin/multimineral supplements is fre-
quent in the USA. Data from NHANES 2011 to 2012
establish that almost 31% of adults from USA take
multi-vitamin/multi-mineral supplements because they
contain at least 10 micronutrients [79]. Generally, di-
etary supplements usage is more common in non-His-
panic whites, females, elderly people, and educated indi-
viduals [80]. Several research studies have reported that
using multi-vitamin/multi-mineral supplements is linked
with greater micronutrient intake, thus suggesting they
could help filling nutritional gaps and improving the nu-
trient adequacy among populations. In comparison with
the micronutrient intake from food source alone, using
multi-vitamin/multi-mineral supplements is also associ-
ated with decreased prevalence of several “shortfall” nu-
trients inadequacies, such as iron, magnesium, calcium
and vitamins A, C, D and E (NHANES 2009-2012) [81].
Afshin et al. in their research study established that
diet improvement could potentially prevent one fifth
of deaths worldwide [80]. Furthermore, the American
Academy of Pediatrics proposed that all adults, infants,
and children should take 400 IU of vitamin D supple-
mentation, 400 pg/day of vitamin B supplementation
and 400 mg of vitamin C supplementation daily [77, 82].

Conclusion

Nutritional deficiencies not only cause developmental
failure, loss of various body functions, and several oth-
er diseases such as diabetes, vision loss, immunity loss,
and cancer, but it also has several long-term effects on
economic productivity. The major causes of nutritional
deficiencies are insufficient intake of food, inability to ab-
sorb nutrients, and consumption of diets that lack some
of the essential nutrients. Micronutrient deficiencies are
the most prevalent type of nutritional deficiencies, usu-
ally caused by the insufficient intake of one or more of
the micronutrients that are essential to maintain optimal
health. Some of these essential micronutrients are iron,
iodine, calcium, zinc, magnesium, fluoride, and vitamins
A, B6,B12, C, D, E and K. Macro- and micronutrient de-
ficiencies may cause several serious diseases, like goiter,
mental retardation, acute respiratory infections, decreased
cognitive function, cancer, vision loss, rickets, pellagra,
beriberi, and diarrhea. Dietary supplementation is one of
the major solutions for managing micronutrient deficien-
cies, as it can increase the under-consumed nutrients in-
take within a population and fill the nutritional gaps.
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Summary

Accurate nutritional assessment based on dietary intake, physi-
cal activity, genetic makeup, and metabolites is required to pre-
vent from developing and/or to treat people suffering from mal-
nutrition as well as other nutrition related health issues. Nutri-
tional screening ought to be considered as an essential part of
clinical assessment for every patient on admission to healthcare
setups, as well as on change in clinical conditions. Therefore, a
detailed nutritional assessment must be performed every time
nutritional imbalances are observed or suspected. In this review
we have explored different techniques used for nutritional and
physical activity assessment. Dietary Intake (DI) assessment is
a multidimensional and complex process. Traditionally, dietary
intake is assessed through self-report techniques, but due to lim-
itations like biases, random errors, misestimations, and nutrient
databases-linked errors, questions arise about the adequacy of

Introduction

In the present advanced world, nutritional research
mainly focuses on improving individual as well as pop-
ulation health through diet management. Health- and
Nutrition-linked researcher have established that, along
with their essential functions, both the nutrients and the
non-nutrient food components interact with various met-
abolic pathways, thus influencing health and increasing
or decreasing the risk of various diseases [1].

The precise assessment of the dietary intake (DI) as well
as of physical activity (PA) is crucial for quality research
in the areas of nutrition, public health, and exercise sci-
ence [2]. Nutritional screening ought to be considered as
an essential part of clinical assessment for every patient
on admission to healthcare setups, as well as on change
in clinical conditions. Therefore, a detailed nutritional
assessment must be performed every time nutrition-
al imbalances are observed or suspected. However, the
differentiation between such procedures is quite subtle,
especially because of the identification of significant
prognostic clinical processes that are interlinked both
with each other as well as to the nutritional status, like
sarcopenia and frailty [3].

self-reporting dietary intake procedures. Despite the limitations
in assessing dietary intake (DI) and physical activity (PA), new
methods and improved technologies such as biomarkers anal-
ysis, blood tests, genetic assessments, metabolomic analysis,
DEXA (Dual-energy X-ray absorptiometry), MRI (Magnetic res-
onance imaging), and CT (computed tomography) scanning pro-
cedures have made much progress in the improvement of these
measures. Genes also plays a crucial role in dietary intake and
physical activity. Similarly, metabolites are also involved in dif-
ferent nutritional pathways. This is why integrating knowledge
about the genetic and metabolic markers along with the latest
technologies for dietary intake (DI) and physical activity (PA)
assessment holds the key for accurately assessing one’s nutri-
tional status and prevent malnutrition and its related compli-
cations.

Several nutritional assessment and screening tools have
been proposed, but none of them are truly comprehen-
sive. However, among those assessment tools, the mul-
tidimensional ones seem to be more informative. Some
of these tools are age-specific; like certain assessment
tools that have been tailored specifically for older peo-
ple. Moreover, in certain cases applying biochemical pa-
rameters (i.e. blood tests, genetic assessments and me-
tabolomic analysis) might be considered significant and
their extra costs should be compensated by the useful
information they provide as nutrition marker for differ-
ent perspectives, like nutritional status assessment, mal-
nutrition grading, prognosis and refeeding effectiveness
(Tab. I) [4].

Dietary Intake (DI) assessment in healthy adult popu-
lation is a multidimensional and complex process that
makes an accurate quantification somewhat challeng-
ing. Traditionally, DI is assessed via self-report tech-
niques including diet records, FFQs (food frequency
questionnaires), and recalls [5]. These self-assessment
or self-reporting techniques have been known to under-
estimate the caloric intake by almost 11 to 35% (mostly
in obese people) as compared to direct measuring tech-
niques, such as doubly labeled water [6]. Reporting er-
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Tab. I. Biochemical values to detect malnutrition and monitor nutritional status [8].

Biochemical values

Nutrition Independent Factors

Appropriateness to

Half-Life Detect Malnutrition

Increased dehydration,
Decreased inflammation,
Infections,

Trauma,

Heart failure,

Edema,

Liver dysfunction,
Nephrotic syndrome

Albumin

+/++
20d Not appropriate in case of
anorexia and acute illness

Increased renal failure,
Iron status,

Acute hepatitis,
Hypoxia

Transferrin

10d +

Dehydration,
Corticosteroid therapy
Decreased inflammation,
Hyperthyreosis,

Liver disease,
Overhydration

Prealbumin/Transthyretin (TTR)

Increased renal dysfunction,

Not appropriate to detect
anorexia
Subnormal values within
one week when fasting

2d

Increased kidney failure,
Alcohol abuse,

Decreased hyperthyreosis,
Chronic liver diseases,
Vitamin A deficiency,
Selenium deficiency

Retinol bindingprotein (RBP)

12 h I[dem prealbumin

Increased kidney failure,
Decreased liver diseases,
Severe catabolic status,
Age

Insulin-like growth factor 1 (IGF-1)

++
24 h Rapid decrease in fasting
periods

Infection,

Urinary creatinine Trauma,

Acute kidney failure

Increased collection time > 24h,

Decreased and insufficient collection time,

1 mmol of creatinine is
- derived from 1.9 kg of
skeletal muscle mass

Hematologic diseases,
Decreased sepsis,
Immune suppressants,
Steroids

Lymphocytes

Increased healing phase after infection,

+
Very unspecific

rors including biases (also called “systematic errors”),
random errors, mis-estimations, and nutrient databas-
es-linked errors are the source of some of the current
criticisms, which leads to questioning the adequacy of
self-reporting dietary intake procedures for scientific
conclusions about the relationship between dietary in-
take and health [7]. Additionally, the Malnutrition Uni-
versal Screening Tool (MUST) (Tab. Ila, IIb) was de-
veloped to identify malnourished individuals within all
care settings (like nursing homes, hospitals, home care,
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etc.). MUST was the basis of the NRS-2002; how-
ever, since it did not include the last food intake, the
weight loss percentage calculations might be tedious
and create an obstacle for the busy staff of healthcare
wards [8]. The most recent studies have thus suggested
that dietary intake should be assessed using novel and
improved methods, suitable to apply in independently
living individuals (like biomarkers, digital photogra-
phy, or remote sensing devices), instead of solely rely-
ing on self-reporting methods [2].
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Tab. l1a. The Malnutrition Universal Screening Tool (MUST).

BMI (Kg/m?) Unintentional weight loss Acute illness with reduced food intake
in the past 3-6 months (estimated) for > 5 days

>200 <5%0 No=0

18.5-20.0 1 5-10% 1 Yes =2

<1852 >10% 2

Tab. lIb. Overall Risk for Malnutrition.

Total Risk Procedure Implementation
Clinic: weekly

0 Low Routine clinical care Nursing home: monthly
Outpatient: yearly in at-risk patient groups, €.9., age > 75 years
Clinic, nursing home, and outpatient:
Document dietary intake for 3 days.
If adequate: little concern and repeat screening (hospital week-

1 Medium Observe ly, care home at least monthly, community at least every 2-3
months).
If inadequate: clinical concern. Follow local policy, set goals, im-
prove and increase overall nutritional intake, monitor and review
care plan regularly.
Clinic, nursing home, and outpatient:
Refer to dietitian, Nutritional Support Team, or implement local

>2 High Treat policy. Set goals, improve and increase overall nutritional intake.
Monitor and review care plan (hospital weekly, care home month-
ly, community monthly).

Additionally, the availability of various diagnostic tools
is another important issue or limiting factor to overcome
in clinical practice. Particularly for muscle mass assess-
ment, in spite of the precise result of DEXA (Dual-en-
ergy X-ray absorptiometry), MRI (Magnetic resonance
imaging), and CT (computed tomography) scanning
procedures, noninvasive, bed-side and low-cost tech-
niques like BIA (bioelectric impedance analysis) are
still considered as an ideal solution for the routine usage
and extensively used. Besides, in the absence of these in-
strumental methods, anthropometric measurements like
calf or mid upper-arm circumference could be adequate
substitutes [9].

Moreover, many subjective as well as objective meth-
ods of dietary intake (DI) and physical activity (PA)
assessment exist, each of which has its own biases and
limitations (Fig. 1) [2]. Besides, even though nutritional
assessment and screening should be easy and quick pro-
cedures, increasing evidences are suggesting that more
time should be devoted to them [3].

Assessment of nutritional status by
dietary intake

Dietary intake assessment has been performed using
several objective as well as subjective tools, each having
its own inherent limitations and strengths. Hence, the se-
lection of the appropriate tool for the research mostly
depends upon nutrients of interest, study design, target
population, availability of time and economic resourc-
es. Some limitations hinder the capability of self-report
dietary intake (DI) measures to reach scientific conclu-
sions about the relationship between dietary intake (DI)

and the health outcomes. However, the traditional DI
assessment methods like diet records, FFQs and recalls
remain the main choice because of their familiarity, cost
efficiency and the lack of consensus upon other objec-
tive methods that are capable of producing the complex
required outcomes [10].

Latest advancements in technology have resulted in the
development of many automated tools for dietary as-
sessment that can overcome some of the limitations of
traditional subjective tools, in addition to strive for time
and cost efficiency. Such advanced assessment methods
include automated self-administered 24-hour dietary as-
sessment tool (ASA24) and food records [11], photo-as-
sisted dietary assessments (PADAs) [12], image-based
dietary assessments (IBDAs), and graphic and automat-
ed food frequency questionnaires (FFQs) [2, 13].

AUTOMATED SELF-ADMINISTERED 24-HOUR (ASA24)

The National Cancer Institute (NCI) introduced an up-
graded version of the USDA’s (U.S. Department of Ag-
riculture) Multiple-Pass 24-Hour Recall Method that
enables automated self-administered 24-hour recalls
(ASA24) by the respondent and could be used for sev-
eral days to maintain food record. Automated self-ad-
ministered 24-hour recalls (ASA24) overcome the
limitations of traditional 24-hour recalls like reduced
time, independence from trained interviewers, reduced
respondent burden and reduced economic burden for
researchers. In order to automate the ASA24 tool, sev-
eral novel self-administered web-based food frequency
questionnaires (FFQs) have been developed, like Nutri-
tion Quest’s NCIB lock questionnaire, Fred Hutchinson
Cancer Research Center FFQs, and NCI's Diet History
Questionnaire (DHQ) III. All of these are web-based
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Fig. 1. Steps and Factors involved in Nutritional Assessment and Screening.

questionnaires and comprise over 100 questions con-
cerning food items and their purchasing and preparation,
with different layout designs and analytical techniques.
Some of these, like NCI’s Diet History Questionnaire
(DHQ) 111, are also freely available for researchers. An-
other novel alternative, VioScreen, provides a graphical
FFQ option, hence addressing the limitations of the tra-
ditional FFQs [2, 14, 15].

NUTRITIONAL RISK SCREENING (NRS 2002)

Globally, one of the most commonly used nutritional
risk screening and evaluating tools for hospitals is the
NRS-2002 (Tab. III), developed by Kondrup et al. as a
generic tool for the hospital setup to be used for detecting
patients who could benefit from nutritional therapy [16].
Recently, NRS-2002 was presented in large multi-cen-
tric randomized controlled study involving medical in-
patient population; the results of the study established a
decrease of significant clinical outcomes like mortality
in patients that were evaluated by NRS-2002 and found
to be at malnutrition risk. NRS-2002 is a well-validated
and simple tool, incorporating the preliminary screening
via four questions. If the answer to any of these questions
is positive, the patient will undergo a complete screening
that includes alternate measures of their nutritional status,
with static as well as dynamic parameters along with data
about the severity of the disease [8].
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MINI NUTRITIONAL ASSESSMENT (MNA)

For other care settings — such as outpatient, community,
institutions, rehabilitation and subacute — their evalu-
ation should be carried out using Mini Nutritional As-
sessment (MNA), on the bases of the amount of data
collected. Even the short-version MNA has been vali-
dated and optimized as full-assessment procedures, that
identifies three categories of nutritional status even in
patients without possibility of BMI measurement (mea-
suring circumference of calf as an alternative) (Tab. IV).
Hence, this nutritional assessment tool is designed to be
faster and easier to complete, minimizing the require-
ment of patient’s participation as well as the quantity of
unanswered questions, also enabling a wider distribution
between healthcare professionals. Thus, all at-risk pa-
tients must undergo a complete nutritional assessment to
evaluate the presence of any malnutrition [3, 17].

PHOTO-ASSISTED DIETARY ASSESSMENTS (PADAS)

Photo-Assisted Dietary Assessments (PADAs) involve
images of the food selections and any remaining food
after the meal for dietary intake estimation and might
be an efficient and unobtrusive method of DI assess-
ment among large groups of independent individuals.
Mostly, they have been used to assess the DI of mili-
tary recruits during their basic training, younger adults,
disabled individuals, and overweight or obese females.
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Tab. Ill. Nutritional Risk Screening (NRS-2002).

Sr. No Preliminary Screening Yes No
1 Is the BMI of the patient < 20.5 kg/m? - -
2 Did the patient lose weight in the past 3 months? - -
3 Was the patient’s food intake reduced in the past week? - -
4 Is the patient critically ill? - -
If yes to one of those questions, proceed to screening. If no for all answers, the patient should be re-screened weekly.
Screening
Impaired nutritional status score Severity of the disease Score
Normal nutritional status Absent Normal nutritional requirements Absent 0
Patient is mobile
Increased protein requirement
Weight loss > 5% in 3 months Eiaor;] be covered with oral nutri-
OR ) ) )
0 . ) Mild Hip fracture* Mmild 1
\?V(()e-e7k5/o of the normal food intake in the last Chronic patients, in particular
with acute complications: cirrho-
sis*, COPD*, chronic hemodialy-
sis, diabetes, oncology
Weight loss > 5% in 2 months Patient is bedridden due to ill-
OR ness
BMI 18.5-20.5 kg/m? Highly increased protein require-
AND ment, may be covered with ONS
reduced general condition Moderate Major abdominal surgery* Moderate 2
OR Stroke*
25-50% of the normal food intake in the last Severe pneumonia
week Hematologic malignancy
Patient is critically ill (intensive
Weight loss > 5% in 1 month care unit)
OR Very strongly increased pro-
BMI < 18.5 kg/m? tein requirement can only be
AND N Severe alchleved with (par)enteral nutri- Severe 3
reduced general condition tion
OR Head injury*
0-25% of the normal food intake in the last Bone marrow transplantation*
week Intensive care patients (APACHE
>10)
- Total A |- Total B

Age: < 70 years: 0 pt; > 70 years: 1 pt
Crand Total = (A) + (B) + Age

> 3 points: patient is at nutritional risk, a nutritional care plan should be set up.

< 3 points: repeat screening weekly.

NRS-2002 is based on an interpretation of available randomized clinical trials.

* indicates that a trial directly supports the categorization of patients with that diagnosis.

PADASs methods include both the traditional methods
as well as advanced technologies of digital photogra-
phy and remote food photography plus recalls, both of
which validate direct energy measurement in different
population and environment extremities. Their major
limitations include lack of the fully automated nutrient
analysis after capturing the photo as well as the nutrient
database quality used for analysis [2, 18, 19].

IMAGE-BASED DIETARY ASSESSMENT (IBDA)

Image-based dietary assessment (IBDA) is a technique
that also uses images of the food selections as well as
any remaining food after the meal to estimate the pa-
tient’s dietary intake (DI) but, unlike PADAs, IBDA cap-
tures the image passively (i.e. the images, automatically
captured by the device, are the main information source
the user provides for verification). IBDA’s updated ver-

sions have combined the automated food identification,
a software for portion size estimation, and user prompts
for accurate DI assessment. Some examples of these as-
sessment techniques include the Technology-Assisted
Dietary Assessment system, the Nutricam Dietary As-
sessment Method, and the eButton [13, 20].

SENSORS AND INFORMATICS RESEARCH TOOLS

Early studies have observed the use of smart kitchen
equipment, like tables, plates, and bowls that can measure
and record the weight of the food (either with or without
the plates) before as well as after the consumption of the
meal. Similarly, wearable sensors provide an automated
record of food consumption by hand-to-mouth gestures or
chewing modality (like microphones that detect the crush-
ing of food), electro-myographic sensors for the detection
of muscle activation or acceleration, and strain sensors to
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Tab. IV. The Mini Nutritional Assessment (MNA) Screening Short-Form.

CLINICAL ASSESSMENT FOR DIET PRESCRIPTION

difficulties?

Has food intake declined over the past 3 months due to loss
A of appetite, digestive problems, or chewing or swallowing

0 = severe loss of appetite
1 = moderate loss of appetite
2 =no loss of appetite

B Weight loss during the last 3 months

0 = weight loss over 3 kg

1 = does not know

2 = weight loss between 1 and 3 kg
3 = no weight loss

C Mobility

0 = bedridden or chairbound

1 = able to get out of bed/chair but does
not go out

2 = goes out

Has the patient suffered psychological stress or acute disease | 0 = yes

D in the past 3 months? 2 =n0

0 = severe dementia or depression
E Neuropsychological problems 1 = mild dementia

2 = no psychological problems

0 = BMI under 19
F1 Body mass index (BMI) 1=BMI19 to under 21

2 = BMI 21 to under 23
3 = BMI 23 or higher

If BMI is not available, replace question F1 with F2. Do not answer F2 if F1 is already completed.

F2 Calf circumference (CC) in cm

0 = CC less than 31
3 =CC 31 or greater

12-14 points: normal nutritional status. 8-11 points: at risk of malnutrition. 0-7 points: malnourished

detect the chewing motion or the frequency of swallow-
ing [21, 22]. Chewing monitors are considered as reliable
ingestion indicators for people that live in the community.
Interestingly, chew counts present a significant correla-
tion with ingested food mass. Still, these chewing moni-
tors might also lead to false detections, for example due to
gum-chewing movements, or they might be unable to de-
tect liquids consumption, even though the intake of some
liquids also cause jaw motions that are similar to chewing
movements (like sucking through a straw) and therefore
they might possibly be detected. On the other hand, swal-
lowing is considered a reliable DI indicator, as all food
needs swallowing to be a part of nutrition. Moreover, the
intake of solid as well as liquid food could be detected
as an increased swallowing frequency over spontaneous
non-nutritive swallowing. Swallowing sensors are made
up of microphones, motion and electrical sensors. [23]
Other informatics- and sensor-based assessment tools
have been developed to determine the food type as well
as its nutritional composition, such as food classification
based on acoustic sensors, miniaturized portable (near
infrared) spectrometers that can scan food items and de-
termine their matrix characteristics, miniaturized tooth
mounted sensor that can detect nutrients as well as wire-
lessly communicate to the user’s mobile. Research and
developmental studies are still going on these technolo-
gies and devices, several of these require comprehensive
nutrient databases to support their mechanism and tech-
nology to assess accurately the portion size [24].

NUTRITION-FOCUSED PHYSICAL ASSESSMENT (NFPA)

The application and utility of the nutrition-focused phys-
ical assessment (NFPA) could cover various settings for
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supporting the best practice in patient care. Moreover,
NFPA is a part of the nutrition care process and model
(NCPM), which is a framework of the nutritional care
planning in four distinct and consecutive steps, includ-
ing nutrition assessment, diagnosis, intervention, as well
as monitoring and evaluation. Nutrition-focused physi-
cal assessment (NFPA) is considered as an essential part
of nutritional assessment, as it could be used to identify
the physical outcomes linked to micronutrient deficien-
cies. Historically, interest in using physical assessment
skills within clinical settings is higher when an increased
morbidity as well as mortality rate is reported in the hos-
pitalized patients of surgical and medical intensive care
units (ICUs), linked with poor nutritional status either
prior to or during hospitalization [25].

SUBJECTIVE GLOBAL ASSESSMENT (SGA)

The awareness of the harmful effects of “malnutrition”
led to the requirement of assessment and screening tools
in order to identify patients at risk or suffering from
malnutrition. Thus, this medical challenge brought to
the development of the bedside nutrition assessment
tool, the Subjective Global Assessment (SGA), which
was among the first assessment tools that included a
patient-generated subjective scoring system, calculating
the nutrition status on the basis of physical examination
as well as patient history. Unlike other traditional assess-
ment techniques that are solely based on anthropometric
and biochemical markers, SGA outlines a rating scale
that is based upon the variations in dietary intake (DI),
in gastrointestinal signs linked with nutrition, weight,
functional capacity, subcutaneous fat loss assessment,
disease severity, edema, and muscle wasting. SGA has
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been endorsed in several diseases due to its sensitivity
and specificity in detecting nutrient deficiencies as well
as malnutrition risk [25, 26].

SYSTEM-BASED EXAMINATION

Surrogate biochemical markers, formerly used for nu-
trition status assessment, are found to be unreliable nu-
trition markers; however, they indicate disease severity,
inflammation, morbidity as well as mortality risks (this
is the case of serum albumin, prealbumin, and transfer-
rin, for example). Besides, according to the latest etiolo-
gy-based definition of malnutrition, physical parameters
depicting changes in body composition — like subcu-
taneous fat loss, fluid accumulation, and muscle mass
wasting — are included in the six malnutrition charac-
teristics. Clinicians are therefore required to do a brief
physical examination of their patients to identify body
regions that are linked to macronutrient deficiencies; the
findings should be rated as normal, mild to moderate
depletion, or severe depletion. These physical indicators
could be integrated into the nutrition-focused physical
assessment (NFPA) by performing the full head-to-toe
assessment by the clinicians, along with the thorough
evaluation and examination of all body systems for those
physical findings associated with nutrition-linked prob-
lems. Moreover, micronutrient deficiencies could have
a multifactorial etiology, including inadequate intake,
enhanced nutrient requirement, malabsorption, disease
processes, natural disasters (e.g. famine), or drug inter-
action/shortage [25, 27, 28].

According to the Academy of Nutrition and Dietetics,
nutrition assessment requires critical observational and
analytical skills to identify physical indications through
system-based examination. The main constituents of
system-based examination and evaluation of the whole
body involve the general inspection of vitals, nails, skin,
eyes, nose, head, hair, neck, chest, mouth, musculoskel-
etal, and abdomen. Different inspection techniques are
used to carry out the basic examination, involving both
critical eye — to observe the shape, color, texture, size
of the individual — as well as palpation — that requires
touching with the pads and fingertips for the evaluation
and assessment of texture, tenderness, size, temperature
and mobility. Consequently, data obtained from all these
examinations along with other parameters could be used
for nutrition assessment as well as for critical interpreta-
tion and identification of nutrition-related problems [25].

MICRONUTRIENT DEFICIENCIES AND ANALYSIS

Often micronutrients deficiencies are stated as a single
nutrient or multiple nutrients deficiency, on the bases of
the region, phase of life cycle, or disease state. Micronu-
trient deficiencies universally affect over 2 million peo-
ple worldwide; the predominant single-nutrient deficien-
cies include iodine, iron, and vitamin A. Vitamins are the
essential organic micronutrient and only a small amount
is required in the diet for them to play their role in many
specific chemical reactions, such as growth, metabolism,
and the preservation of cellular integrity [29].

Moreover, micronutrient deficiencies could also play a
significant role in the development and progression of
certain acute and chronic disorders, and they also could
be linked to harmful changes in overall health [30]. To-
day the percentage of elderly individuals is much higher
than in the past, thanks to the advancement in medical
technology (like organ transplantation, noninvasive sur-
geries, obesity treatments, cancer treatment options, nu-
trition support modalities, etc.) and to the wider possibil-
ities to have access to it [31]. Howeverm in spite of all
these medical advances, micronutrient deficiencies are
still predominant, even in the absence of malnutrition and
insufficient caloric intake. Biochemical lab tests could
be used to assess micronutrient status through the evalu-
ation of metabolites or nutrient levels in urine, blood, or
body tissues. However, biochemical lab tests only pro-
vides a quantitative and qualitative measurement of the
micronutrient in a specific tissue or in some fluid sample
like blood, urine, or plasma, but these results might fail
to reveal the overall storage of that micronutrient in the
body in terms of deficiency or excess [25].

Changes in skin color are mostly related to deficiencies
of iron or B-complex vitamins or both, as these micro-
nutrients are involved in several hematologic processes.
Vitamin A deficiency (VAD) causes impairment of cell
differentiation and maturation, leading to changes in the
mucosal membranes and skin. Furthermore, protein and/
or iron deficiencies could result in pallor, spoon-shape,
clubbing, transverse banding, or ridging of nails. Where-
as vitamin C deficiency leads to coiled and corkscrew
hair, vitamin A deficiency affects the vision and can
cause night blindness. The depletion of iodine, protein,
and energy causes thyroid enlargement as well as fat and
muscle wasting, with noticeably bony chest [25].
Nutrition-Focused Physical Assessment (NFPA) tech-
niques analyze the obvious physical signs to assess mac-
ro- or micronutrients deficiencies during a head-to-toe
physical examination and assessment. Thus, identifying
the physical and clinical changes in different regions of
the body caused by the unavailability of nutrient could
be a cost-effective alternative approach to recognize mi-
cronutrient deficiencies (Tab. V) [25].

NUTRITIONAL ASSESSMENT IN OLDER PEOPLE

In older people, another significant aspect to be considered
is the functional status impairment, evaluated by analyzing
muscle strength and physical performance. Various factors
are involved in functional status evaluation via screening
procedures in older people; specifically, the relationship
between muscle atrophy and decreased physical function-
ing acts as an independent diagnostic factor. Certainly, im-
paired functioning mostly results from muscle loss that is
linked to disease-related malnutrition or immobility [32].

To maximize general health with aging, older individ-
uals should undergo a complete geriatric assessment,
including multidisciplinary diagnostics as well as treat-
ment processes that identify medical, functional, and
psychosocial capabilities. Similarly, nutrition status is
mostly assessed due to its associations with function-
al status and disabilities. Therefore, the evaluation of
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Tab. V. Clinical signs and symptoms of micronutrient deficiencies [81.

CLINICAL ASSESSMENT FOR DIET PRESCRIPTION

Affected . ) o

organs Ssymptoms Micronutrient deficiencies
Petechiae Vitamins A and C
Purpura Vitamins C and K
Pigmentation Niacin

Skin Edema Prqtein: vi';amin _B1 o _
Pallor Folic acid, iron, biotin, vitamins B12 and B6
Decubitus Protein, energy
Seborrheic dermatitis Vitamin B6, biotin, zinc, essential fatty acids
Unhealed wounds Vitamin C, protein, zinc

) Pallor or white coloring, Clubbing, Spoon-shape, Transverse L .
Nails ridging/banding, Excessive dryness, Darkness in nails, Curved ends Iron, protein, vitamin 812
H ) Dull/lackluster, Banding/sparse, Alopecia, Hair depigmentation, Protein and energy, biotin, copper, essential
ead/Hair )

Scaly/flaky scalp fatty acids
Pallor conjunctiva Vitamin B12, folic acid, iron

Eyes Night vision impairment Vitamin A
Photophobia Zinc
Glossitis Vitamins B2, B6, B12, niacin, iron, folic acid
Gingivitis Vitamin C

. Fissures, stomatitis Vitamin B2, iron, protein

Oral cavity Cheilosis Niacin, vitamins B2 and B6, protein
Pale tongue Iron, vitamin B12
Atrophied papillae Vitamin B2, niacin, iron
Mental confusion V?tamins E.M' B.2 an_d 81.2' water

. Biotin, folic acid, vitamin C

Depression, lethargy Vitamins B1, B6 and B12, pantothenic acid
Weakness, leg paralysis Peripheral neuropathy Vitamins B2, B6 and 812,

Nervous system | Ataxia Vitamin B1 2’
Hyporeflexia ! .
Muscle cramps V!tam!n B1 , ,
Fatigue Vitamin B.6, _caIC|um, magnesium

Energy, biotin, magnesium, iron

body composition in screening phase, particularly mus-
cle mass and its functioning, appears to be mandatory.
While considering the problems related to muscle mass
and its functioning, systematic estimation of inflamma-
tion, vitamin D status, and protein intake should be in-
cluded in nutritional assessment [33].

Older people are often unable to cooperate with the as-
sessment, thus sometimes limiting the extent of collected
information. Malnutrition in older people is not always
related to a disease condition, but it could also be caused
by psychological or socioeconomic problems. Besides,
older people also usually have the so-called “inflammag-
ing” (also spelled “inflamm-aging”), a chronic condition
with low-grade inflammation mostly prevalent in the
elderly and frequently overlapping with disease-linked
inflammation. The key element in this situation is there-
fore the presence of an already established disease, even
though older people are likely to have co-occurrence of
many aging-related diseases [34, 35].

Moreover, age-related factors cause muscle mass loss and
conditions like sarcopenia, that recently has been recog-
nized by the International Classification of Disease-10
(ICD-10) as an independent condition, which is clinically
significant and identified via systemic screening [36]. Ad-
ditionally, vitamin D deficiency is quite prevalent in older
people. Vitamin D levels decrease with aging because of
multiple factors, such as sun exposure, decreased synthet-
ic activity of the skin, reduced gastrointestinal absorption,
and reduced dietary intake. It is known that vitamin D al-
so has anti-inflammatory characteristic and an increasing
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amount of literature supports the involvement of vitamin
deficiencies in the reduced synthesis of muscle protein
and muscle strength. In order to age healthily, it is essen-
tial to begin implementing effective strategies early on, so
that any additional functional decline or disability could
be prevented, especially in healthy older people [3, 37].

Assessment of nutritional status
by physical activity

Physical activity (PA) can be defined as the bodily move-
ments that are produced by the skeletal muscles and re-
sults in caloric expenditure. According to this compre-
hensive concept, the amount of energy expenditure (EE)
is directly proportional to the size of the muscle mass
involved. In the last few decades, technology usage for
the personalized dietary intake (DI) assessment along
with PA has been expanding rapidly. Typically, both
self-report techniques and mechanical devices are used
for PA assessment. Self-report measures for PA assess-
ment include usage of questionnaires and completion
of comprehensive diaries and logs. On the other hand,
device-based techniques include motion sensors like ac-
celerometers, heart rate monitors, pedometers, and other
multisensory devices. Although these novel technologies
have exhibited some advantages in the methodology of
dietary intake and physical activity assessment, there are
still many challenges and limitations [2, 38].
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PA-related energy expenditure of an individual is affect-
ed by their body weight as well as their movement ef-
ficiency. Evidently, activity energy expenditure (AEE)
involves a broad range of activities, including physical
activity during leisure time, occupation, sports, house-
hold activities, transportation, home and personal care.
In 1992, the American Heart Association published a
report identifying physical inactivity as the fourth most
significant and treatable risk factor of coronary heart dis-
ease (CHD) [39, 40].

Therefore, an accurate quantification of PA becomes es-
sential in determining how much PA is of importance for
a specific health outcome, in monitoring temporal events
of PA, in evaluating the effectiveness of intervention
programs, and in studying dose-response relationships.
There are three main types of physical activity assess-
ment methods/techniques, namely criterion, objective,
and subjective [39].

CRITERION TECHNIQUES

Calorimetry

Physical activity is defined as the body movement that
results in the expenditure of energy. The so-called “di-
rect calorimetry”, which measures energy expenditure
(EE) by quantifying the heat production or heat loss, is
considered as the gold standard of the physical activi-
ty measurement and other methods should be validated
against it. However, its feasibility is not likely because
of practical reasons. Hence, the mostly used criterion for
assessment validation is by indirect calorimetric method,
which involves the quantification of energy expenditure
or heat production by calculating oxygen consumption
or carbon dioxide production [39].

Direct behavioral observation

The initial methods for physical activity assessment in-
clude direct behavioral observation of motor activities
by some skilled observers. Although now there are ma-
ny assessment techniques to evaluate different physical
activity (PA) settings, like sport classes, physical educa-
tion, or independent living conditions, the main goal is
to classify PA behaviors into separate categories that can
be analyzed and quantified using different codes. How-
ever, the strength of this technique mostly relies on its
access to contextual information.

Another important factor that influences physical ac-
tivity is environmental conditions. This relationship is
very significant for cognitive behavior research, as it
could suggest change in sedentary behavior. The direct
behavioral observation method is mostly used to assess
children’s physical activity patterns, while other assess-
ment techniques like questionnaires or pedometers are
not useful for them. Unfortunately, this method is a very
time-consuming and tiresome method and therefore it is
not suitable for larger studies [39, 41].

Doubly labelled water method (DLW)

The doubly labelled water method (DLW) is an iso-
tope-based technique for the assessment of daily ener-

gy expenditure and average daily metabolic rate of an
organism over a period of time and could be used for
both field and lab studies. DLW measures metabolic
processes that are directly linked to physical activity.
The DLW principle involves the ingestion of two stable
isotopes, i.e. 2H and 180, in the form of water (2H2
180) in standard amount. These isotopes are then even-
ly distributed in the body water, as observed from urine
samples. Elimination of Deuterium (2H) from the body
takes place in the form of water (2H20), whereas 180 is
removed from the body in the form of water (H2 180) as
well as carbon dioxide (C1802). The elimination rates
difference (over 5 to 14 days) between isotopes presents
the quantity of CO2 produced, which leads to the as-
sessment of energy expenditure (EE) [42]. In adults, the
accuracy of this method is almost 3-10% of the calorim-
eter values and the variation of DLW within a subject is
8%; moreover, DLW is also applicable in children and
provides precise measurements for free living conditions
because it is does not influence PA patterns [43]. Still,
DLW also has some limitations. The production as well
as the analysis of isotopes is quite expensive, which is
why this method is not suitable for larger studies; also, it
could only calculate the TEE, therefore not distinguish-
ing between physical activity energy expenditure (AEE),
diet-induced energy expenditure (DEE), and basal meta-
bolic rate (BMR) [39, 44].

OBJECTIVE TECHNIQUES

Pedometers

Motion sensors can register body motion. Pedometers
are small electromechanical devices that have a spring
mechanism to register the vertical movements and are
generally worn on the waist. They are used for counting
steps during a certain time period, mostly from morning
to night. Then, these steps are converted into distance
by entering the individual’s average stride length. As a
result, pedometers can only register physical activities
related to running or walking, but it cannot monitor cor-
rectly movements of the upper body, cycling, carrying a
load, swimming, or even movements on land or soft sur-
faces. Yet, as walking and running is a major part of our
physical activity pattern, pedometer use remains highly
valuable for estimating total daily movements. Hence,
pedometers are considered as very helpful instruments
for various health campaigns, such as “10,000 steps a
day”. In his study, Crouter et al. assessed the validity of
10 different pedometers and found out that the accuracy
of pedometers is excellent for step counts, whereas they
are less accurate for the assessment of distance and the
accuracy of kilocalories assessment is even less [39, 45].

Accelerometers

An accelerometer is a sophisticated monitor that records
the person’s movements on several different planes. In-
stead of through a mechanical lever, as in pedometers,
accelerometers function with piezoelectric transducers,
along with microprocessors for the quantification of the
magnitude as well as the direction of acceleration, which
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is also considered as the dimensionless “counts”. Tri-ax-
ial accelerometers are considered the best available
accelerometer to date because, theoretically, they have
the ability to record all movements; however, like pe-
dometers, they still have some limitations in recognizing
complex movements, such as upper body movements,
cycling, graded terrain, etc. Also, studies have showed
that there is a linear relationship between accelerome-
ter counts and energy expenditure (EE). Subsequently,
the EE of physical activities could be estimated by us-
ing linear regression equations along with body weight,
height, gender, and age as co-variables. However, most
studies have revealed that accelerometers provide a suf-
ficiently accurate estimation of the overall PA, but its
accuracy level for EE is relatively low, specifically for
the point estimation of specific activities. Still, acceler-
ometry is one of the most popular techniques used in PA
research [46, 47].

Heart Rate monitoring (HR)

Another objective PA assessment method is the heart
rate monitoring (HR). The heart rate indicates the inten-
sity of the relative stress applied to the cardio-respiratory
system by the movement, therefore indirectly measuring
physical activity. This method basically relies upon the
linear relationship of heart rate with oxygen consump-
tion during moderate to intense PA range. While in rest-
ing state or during low-intensity physical activities, this
heart rate/oxygen consumption relationship might not be
linear and it is also affected by many other factors in ad-
dition to energy demands, like smoking, stress, caffeine,
and body position. After establishing this relationship,
the heart rate calculation could lead to the estimation of
oxygen consumption, which in turn helps estimating en-
ergy expenditure in free living conditions. The heart rate
records are usually maintained minute-by-minute and
can be stored for many hours or even for days, hence
providing information about the frequency, duration,
and intensity of certain activity in addition to total ener-
gy expenditure (TEE). For the estimation of energy ex-
penditure (EE) from the heart rate values, the FLEX HR
methodology is a comprehensively examined approach.
The HR data can show a great variability because of ma-
ny confounding factors, thus making the EE estimation
quite unreliable at individual level; still, this method
shows significant epidemiological validity [39, 48, 49].
The next generation assessment PA in free-living
conditions combines both HR monitoring and move-
ment sensor, which might improve the precision an
accuracy of activity energy expenditure (AEE) assess-
ment [50].

SUBJECTIVE TECHNIQUES

Questionnaires/Surveys

Traditionally, physical activity questionnaires and sur-
veys are an inexpensive tool of PA assessment that can
be used efficiently for larger populations. However, this
technique mostly depends on subjective analysis of the
questions as well as observation related to the PA behav-
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ior of the individual. When dealing with very young or
elderly people, extra care and attention should be tak-
en, because their memory could be compromised [51].
Over- or under-estimation of the physical activity could
be influenced by various factors like age, social desir-
ability, questionnaire complexity, seasonal variation, as
well as the span of the surveyed period [52]. Survey-
ing techniques can be divided into four categories: in-
terviewer-assisted questionnaires, self-report question-
naires, diaries, and proxy-report questionnaires. All of
these questionnaires must undergo validation against
the criterion methods (direct observation, DLW, or in-
direct calorimetry) or against objective techniques (HR,
pedometers, or accelerometers). During their research,
Philippaerts et al. evaluated the reliability as well as the
validity of the three most frequently used PA question-
naires against doubly labelled water method (DLW) [53]
and established that the Baecke Questionnaire [54], the
Tecumseh Community Health Study Questionnaire [55],
and the Five City Project Questionnaire [56] provided
the most valid as well as reliable physical activity data.
Whereas, Racette and colleagues [57] made the compar-
ison of seven-day physical activity recall questionnaire
for obese women against DLW, as well as two other
physical activity questionnaires, like PA scale for el-
derly and Zutphen physical activity questionnaire, and
their results validated that method against DLW in el-
derly people. Also, the results of these validation studies
have shown that in general questionnaires classify the
population into various distinctive categories of physical
activity behavior such as low, moderate or highly active
categories, but they are still not suitable for EE assess-
ment at individual level [39, 58].

The latest developments in information technology (IT)
— like computer networking, internet, and multimedia
software — leads to the development of electronic surveys
that are useful for PA research. Information technology
facilitates the researcher in simultaneously administer-
ing the questionnaires to great number of people. In ad-
dition, in electronic surveys the subjects directly enter
their answers or response on the computer, eliminating
all the coding errors that could occur in interviews or
traditional paper-pencil surveys. Moreover, in electronic
surveys the subjects could not omit any question. Ad-
ditionally, depending upon the subject’s answers, the
computer program could skip the unnecessary ques-
tions, which results in brief administration time. Lastly,
certain studies have also indicated that people might be
relatively more honest about any objectionable behavior
to a computer rather than a researcher or paper-pencil
questionnaires [39, 59].

Assessment of nutritional status
by metabolomics

To overcome the limitations of self-reporting dietary
assessment methods, nutritional epidemiologists have
started to examine the biomarkers as measures of the
nutritional status and dietary intake. Dietary biomarkers
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were proven to be a more accurate and objective mea-
sure for DI in comparison with traditional questionnaires
because they also consider the nutrient bioavailability as
well as its metabolism [1].

The human genome initiative has introduced new visions
for biological research as well as its translation into hu-
man health [1], and metabolomics is one of the most sig-
nificant tools for its implementation [60]. Metabolomics
uses different approaches than analytical chemistry and
provides a comprehensive picture of all the metabolites
that are present in the bio-fluids at a certain time [61].
The analysis of metabolites in blood — like glucose,
cholesterol, and triglycerides — is already employed to
diagnose monitor diabetes risk and heart diseases. Me-
tabolomics provides the potential to magnify the intrin-
sic capability of urine and plasma metabolites to evalu-
ate the human health status (Tab. VI) [60]. Researchers
strongly believe that metabolites are highly sensitive to
dietary exposure because diet is not only a significant
source of the variation in metabolites, but it also induces
metabolic responses. The two major approaches applied
in metabolomics are MS (mass spectroscopy) and NMR
(nuclear magnetic resonance) spectroscopy. The use of
metabolomics in characterizing habitual dietary expo-
sure as well as in identifying nutritypes have proven it
to be a very exciting and emerging field that has many
potential applications in the field of nutrition epidemi-
ology [61].

The mechanisms that drive these metabolic and nutri-
tional pathways are intricate and multi-factorial. The
latest advancements of the large-scale metabolite profil-
ing for larger epidemiological studies not only provide
insights of molecular mechanisms causing age-linked
diseases, but they also help in the assessment of metab-
olites that could predict the risk factors for cardio-met-
abolic disorders [61]. Metabolite profiling might iden-
tify and estimate such metabolites, like acylcarnitines,
sphingolipids, and glycerophospholipids, that could not
be estimated by the HDI (Healthy Diet Indicator) score.
Moreover, these metabolites are known to be associ-
ated with greater risks of insulin resistance, fatty acid
oxidation, cardiovascular diseases (CVD), and type 2
diabetes (T2D) [31, 32]. Several metabolites, like phos-
phatidylcholine and acylcarnitines, are associated with
gut microbial-dependent pathways that are involved in
the hepatic production of TMAO (trimethylamine-N-ox-

Tab. VI. Metabolites, their Function and associated Disease Condition.

ide) from choline; TMAO is subsequently convert-
ed into trimethylamine (TMA) within the microbiota,
which might increase atherosclerosis risk [37] as well
as glucose metabolism [36, 38]. TMAO plays a role in
cardiovascular disease, as it promotes accumulation of
macrophage foam cells that lead to reverse cholesterol
transport inhibition and affect bile as well as sterol me-
tabolism, which subsequently enhances the hyperactivi-
ty of platelets along with the initiation of atherosclerotic
plaque formation [39, 40] (M2).

Several studies have investigated the association of
overall diet with metabolites and mostly these inves-
tigations have evaluated the metabolites through mass
spectrometry. For instance, in a large prospective cohort
study like The European Prospective Investigation into
Cancer and Nutrition (EPIC-Potsdam), which included
2,380 adults, the dietary intake patterns were analyzed
by the methods of reduced rank regression, and the re-
sults showed maximum metabolites variations as well as
the weak association of habitual diet with serum metab-
olites [62]. Similarly, in the ARIC (Atherosclerosis Risk
in Communities) study, 1,977 participants samples were
assessed for 336 metabolites; the results have revealed
an association between a high-sugar (both in food and
beverages) dietary pattern and seven long-chain unsat-
urated fatty acids, two sex steroids, five 2-hydroxybu-
tyrate-linked metabolites, five y-glutamyl dipeptides, as
well as 4 metabolites involved in other pathways [63].
Likewise, the Women’s Health Initiative study exhibited
the association of Prudent dietary pattern with 85 metab-
olites (most of them are lipids). Another study examined
502 participants from a Lung, Prostate, Ovarian and Col-
orectal Cancer Screening Trial and established the cor-
relations of 412 metabolites with food groups as well
as the Healthy Eating Index score [64]. The researchers
established the association of 39 metabolites with 13
different dietary groups, thus confirming the usefulness
of metabolomics in identifying biomarkers and thus en-
dorsing the nutritional intake effects on human metabol-
ic system [61].

Identifying the strong associations of dietary habits with
metabolites might thus provide a better prospect to un-
derstand the pathways through which nutritional intake
mediates the protection against various chronic diseases,
like CVDs [61].

Disease - ] . .
Condition Metabolites Sample type Function Analyzing Technique
Urine Pulmonary toxin that induces the
Skatole Plasma expression of AhR regulated genes HPLC
Liquid chromatography/
Dysbiosis Indican Urine Stlmulateq vascu}ar smooth muscle cell | electrospray ionization
proliferation in vitro tandem mass spectrometry
(LC/ESI-MS/MS)
) Lower lipogenesis, serum cholesterol
Propionate serum levels, and carcinogenesis HPLC
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Disease - I ! .
Condition Metabolites Sample type Function Analyzing Technique
Lipid peroxidation, free radical
Homocysteine Blood formation, inflammation, and HPLC
endothelial dysfunction
Liquid chromatography (LC),
Liquid chromatography-mass
Oxydative spectrometry
stress . . . . (LC-MS), Tandem
Vitamin D Blood Promotes calcium absorption in the gut mass spectrometry,
Radioimmunoassays
(RIA), Chemiluminescence
immunoassays (CLIA)
Thioglycolic acid Urine Present as cysteine-thioglycolic acid HPLC, Gas chromatography
- Serum
Histidine Urine NMR spectroscopy
i Plasma Associated with both lower AHEI score
Isoleucing Urine and increased incident CVDs risk Mass spectrometry
Plasma Protein synthesis stimulation and
Leucine Urine reduction of muscle protein breakdown | Mass spectrometry
after a physical trauma
Serum . .
Lysine Plasma Ca'c'“”.‘ absorption and collagen Mass spectrometry
X formation
Urine
. Angiogenesis, overconsumption is High performance liquid
Methyonine Plasma related to cancer growth chromatography
Cysteine dear?r?;a Antioxidant Mass spectrometry
Blood Cluconeogenesis HPL, Tandem mass
Phenylalanine PLIJar?rr]r;a lower chronic inflammation spectrometry
Tyrosine PLIJar;r;rwea Production of neurotransmitters Mass spectrometry
Threonine Serum Keeping connective tissues and muscles | Peptide microarray
Plasma throughout the body strong and elastic | technology
. , . HPLC, Liquid
Tryptophan SUerrlLTren Eerlggﬁz&%latomn and serotonin chromatography- tandem
Amino acid mass spectrometry
profile ) . . NMR spectroscopy, Mass
Valine Plasma Muscle growth and tissue repair spectrometry
Alanine Plasma Source of energy for muscles and NMR spectroscopy
Urine central nervous system Mass spectrometry,
L Urine Fatigue, athletic performance, and
Aspartic acid Plasma muscle strength Mass spectrometry
N Urine Sugars and fats metabolism,
Glutamic acid Plasma neurotransmitter Mass spectrometry
) Urine Acts as neurotransmitter, proteins
Clycine Plasma production NMR spectroscopy
, Urine Production of body’s proteins, enzymes
Asparagine Plasma and muscle tissue Mass spectrometry
Urine Role in protein synthesis, metabolism,
Proline Plasma nutrition, wound healing, antioxidative | NMR spectroscopy
reactions, and immune responses
Urine Substrate for protein synthesis, anabolic
Glutamine Plasma precursor for muscle growth, acid-base | Mass spectrometry
balance in the kidneys
Important role in cell division, wound
- Urine healing, removing ammonia from the
Arginine Plasma body, immune function, and hormone Mass spectrometry
release
. Urine Biosynthesis of proteins, purines
serine Plasma pyrimidines, enzymes, and muscle tissue Mass spectrometry
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Disease - - . .
Condition Metabolites Sample type Function Analyzing Technique
" . Energy production support, general
Carnitine Urine brain function maintenance NMR spectroscopy
i . . Urine Nerve growth support, blood pressure
NO‘.‘ propem Taurine Plasma lowering, calming the nervous system Mass spectrometry
amino acid —
Urine Antioxidant, Mass spectrometr
Glutathione Plasma involved in nutrient metabolism, cellular NMR sgectroscopy
events regulation