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ABSTrACT
Nutrition plays a key role in the lives of athletes, sustaining and enhancing sports performance by significantly influencing 
their performance and general well-being. Functional foods, rich in bioactive compounds and essential nutrients, offer sig-
nificant advantages for general health and athletic performance. This review addresses the benefits of sustainable, func-
tional foods for health and sporting needs and the strategies to improve sustainability in the food sector. It will explore the 
connection between sustainable nutrition, nutrigenomics, and sporting needs. Sustainable food offers several advantages 
over traditional supplements. Thus, it is essential to educate consumers about the environmental impact of conventional sup-
plement production and the benefits of sustainable options. The necessary approach must be integrated into food production, 
distribution, and consumption to meet current nutritional needs. Incorporating sustainability into supplement production and 
using functional foods to formulate supplements will be explored to point out the advantages of sustainable foods over tradi-
tional supplements. This review underscores the importance of public awareness and education in adopting sustainable 
eating habits, utilizing what nature offers more consciously, and implementing these principles in daily life. The importance 
of food sustainability is underscored by its impact on climate change and global health, as food production contributes sig-
nificantly to greenhouse gas emissions. Addressing this involves improving diet quality while reducing the environmental 
footprint of food production. Through these efforts, functional foods can serve as a key component in achieving sustainable 
sports supplementation, benefiting individuals and the planet.
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Introduction

Importance of food sustainability

Food waste is a critical and pressing issue for a world 
struggling with the effects of climate change [1]. The 
urgency of addressing food sustainability is evident, as 
our global food system is responsible for 34% of an-
thropogenic greenhouse gas emissions. Agriculture and 
changes in land use contribute the most to these emis-
sions, accounting for 71% [2, 3]. These factors severely 
impact the planet and, consequently, global health. Sig-
nificant challenges lie in improving diet quality while 

simultaneously reducing the environmental impact of 
the food production chain. This involves addressing 
current gaps in understanding nutrient waste and im-
plementing various sustainability measures [4]. one of 
the Food and Agriculture organization of the United 
Nations’ (FAo’s) areas of intervention is food sustain-
ability. According to the organization, sustainable food 
and agriculture contribute to the four pillars of food 
security: availability, access, utilization, and stability. 
It will be essential to raise public awareness about sus-
tainable eating habits, the value of our natural resources, 
and the need to reduce food waste.
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The necessary approach must be integrated into food 
production, distribution, and consumption, aimed at 
meeting current nutritional needs. This broad concept 
therefore includes various aspects: environmental sus-
tainability [5], economic sustainability [6], social sus-
tainability [7], health and well-being [8], and waste 
reduction [1]. overall, food sustainability requires 
a collective commitment from governments, industries, 
farmers, consumers, and other stakeholders to create 
a resilient and equitable food system. Various environ-
mental insults, such as the use of detergents, disin-
fectants, microplastics, nanoparticles, and tobacco, have 
a significant negative impact on global health. Dietary 
changes, marked by increased consumption of ultra-
processed foods rich in emulsifiers, further exacer-
bate these adverse effects [9]. In this complex scenario, 
it becomes imperative to implement changes in govern-
ment systems that create a comprehensive network 
involving all levels of the food production chain, from 
farmers to consumers. Urgent policy measures are 
needed to raise farmers’ awareness of the risks posed 
by climate change, and it is necessary to raise public 
awareness about sustainable eating habits, the value 
of our natural resources, and the urgency of reducing 
food waste [10, 11].

 The purpose of this review is to illustrate how sus-
tainability can be applied to sports nutrition by study-
ing the scientific landscape and integrating the concept 
of functional food and nutrigenomic for a sustainable 
approach to sports supplementation. Additionally, it 
aims to raise public awareness on how the concept of 
sustainability can be applied and implemented in every-
day life, by making more conscious use of what nature 
already provides.

Material and methods

Literature search

This review was conducted through a comprehen-
sive search of the scientific literature in databases such 
as PubMed, Scopus, and Google Scholar. The search 
focused on peer-reviewed articles, review papers, and 
relevant reports published within the last 25 years. 
Key search terms included “sustainability,” “sports 
nutrition,” “functional foods,” “food sustainability,” 
“nutrigenomics,” “athletic performance,” and “sustain-
able diets.” The inclusion criteria required studies to 
focus on the intersection of sustainability and sports 
nutrition, particularly those discussing the role of func-
tional foods in enhancing athletic performance and 
promoting sustainable food systems.

Studies were included if they met the following 
criteria:

– Published in English.
– Provided data or theoretical analysis on the impact 

of functional foods on athletic performance.
– Discussed the environmental, economic, and so-

cial aspects of food sustainability.
– Included assessments or models relevant to inte-

grating sustainability into sports nutrition.
Studies were excluded if they:
– Focused solely on general nutrition without spe-

cific reference to sports or sustainability.
– Did not provide substantial evidence or were anec-

dotal in nature.
– Were published before 1999 unless deemed highly 

relevant for historical context.
Data were synthesized to identify common themes, 

gaps in the literature, and potential areas for future 
research. The synthesis aimed to draw connections be-
tween sustainable practices, the efficacy of functional 
foods in sports, and the broader implications for public 
health and environmental sustainability.

The review utilized a thematic analysis framework 
to categorize the literature into key themes, including:

– The role of functional foods in enhancing athletic 
performance.

– Environmental sustainability of various sports 
nutrition strategies.

– The intersection of nutrigenomics and sustain-
ability in personalized nutrition.

– Public policy implications and recommendations 
for sustainable sports nutrition.

Each theme was analyzed in the context of its con-
tribution to a sustainable food system, and the find-
ings were integrated to propose a holistic approach to 
sustainable sports supplementation.

Functional foods and food sustainability

Definitions and principles of food sustainability  
and functional foods

obtaining a reasonable definition of food sustain-
ability is not easy. We could start with an authoritative 
definition of a sustainable diet. recently, FAo proposed 
that a sustainable diet must (i) have low environmental 
impacts, (ii) contribute to food and nutrition security 
for a healthy life for present and future generations, 
(iii) be protective and respectful of biodiversity and 
ecosystems, (iv) be culturally acceptable, accessible, 
economically fair, and affordable, and (v) be oriented to 
optimize natural and human resources [12]. This def-
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inition, today, is to take as a description of a horizon to 
be asymptotically achieved, although some hopes must 
be turned to powerful information technology, e.g. food 
informatics. The prediction grows as does the global 
human population, which calculates that in 2050, there 
will be 10 billion humans, making it urgent to start 
producing, consuming, recycling, and disposing of in 
a sustainable way according to the concept of one health 
(CoH), that is, for the health of every living being on 
the planet and of the planet itself. The innovative con-
cepts of the Internet of Things (IoT), together with Arti-
ficial Intelligence (AI), surely is the best way to regu-
late all the productive processes and human life itself 
by utilizing computational resources and sensors that 
often and continuously supplement and manage ob-
jects/events every day [13]. With this revolutionary par-
adigm change, it will be possible to build smart farm-
ers and smart industries (like those already described 
with the term “Industry 4.0”) in which all the highly 
complex processes can be integrated and, at best, fitted 
by informatics and internet networks to produce the 
best food with optimal efficiency of processes at all 
levels and that is respectful of the CoH. By hopefully 
working in this direction, we can assume that the def-
inition previously enounced, in the near future, will be 
the best and usual description of food sustainability.

Considering the collective imagination associated 
today with the concept of “functional food”, in light of 
what was reported above, it is necessary to diversify 
and better specify some indispensable additional char-
acteristics that must be part of the definition of func-
tional food or its productive processes. Granato et al. 
[14] by starting with a common definition of a func-
tional food, proposed a guideline to attest that some 
ingredients or foods truly deserve this special desig-
nation. Are these concepts sufficient to gain a modern 
definition that is respectful of sustainability and the 
CoH? It is surely necessary to apply innovative pro-
cessing technologies and food-processing alternatives 
[15] that utilize less energy and can be eco-friendly [16]. 
However, it is not enough for current times, it is impor-
tant to also add some ethical issues like accessibility to 
less wealthy people and use in all levels of legally con-
ducted sports. Moreover, it could be desirable that they 
might be performed with optimal efficiency of the pro-
cesses at all levels and respectful of the CoH, some-
thing that can technically only be possible today 
through the application of IoT and AI principles, con-
cepts, and supports.

Production of algae is one of the most advanced pro-
cesses in terms of sustainability of manufacturing. 
Neo et al. [17] reported that this is performed using 

IoT and AI techniques utilizing high levels of a smart 
system, real-time monitoring, remote control system, 
quick response to sudden events, prediction, and char-
acterization, as well as interconnectivity, archiving, 
analyzing, and automation.

Strategies to improve sustainability  
in the food sector

The master strategy to ameliorate crops seems to be 
ancient, as is natural nitrogen-assisted agriculture. 
The vast number of humans on Earth, makes these 
mechanisms insufficient, thus, it becomes necessary to 
use large amounts of nitrogen fertilizer [18] with prob-
lematic consequences in terms of NH3, N2o, and N2 
in the atmosphere due to ammonium volatilization and 
nitrate denitrification [19]. The ecological transition, in 
the past years, has triggered considerable efforts to 
develop a highly efficient use of nitrogen by plants by 
dissecting the genetic basis underlying nitrogen use 
efficiency (NUE) [20]. rice, with respect to other food 
plants, has a much greater understanding of its genetic 
makeup. For rice, Quantitative Trait Loci (QTLs) have 
already been identified, which determine underlying 
plant nitrogen management and helped develop the 
“Green Super rice”, a plant with excellent properties 
in terms of nitrogen use efficiency and strong resistance 
to biotic and abiotic stresses [21]. Since this last im-
provement follows the canons of the CoH, we can name 
this process “sustainably” since it positively involves 
the root microbiota. It is desirable that the genetic im-
provement of every food-involved crop can be managed 
by these techniques [22] to gain a generalized upgrad-
ing of their sustainability. The scientists know that to-
day, by GWAS, WES, and NGS-based genomic tech-
nologies, this goal can be realized, but while the science 
is ready, the global food policy still requires some im-
provement for allocating resources to applied research 
using the CoH sustainability criteria.

Today, nanotechnology-based strategies can be use-
ful to improve the sustainability of foods or their man-
ufacturing processes, especially to enhance their bio-
availability or to thwart some absences in fortification-
derived foods, like vitamins and micronutrients with 
the addition of antioxidants, antimicrobials, as well as 
smart food packaging. These phytochemical-based 
nanocarriers promise to be environmentally sustain-
able, less harmful, and affordable [23]. Although a large 
quantity of literature describes their useful character-
istics to improve nutraceuticals or foods, in our opinion, 
it still needs to be clarified that all the productive pro-
cesses for industrial manufacturing of nanoparticles 
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are sustainable and CoH-respectful. More recently, 
Fisher [24] critically discussed the sustainability and 
green concepts of nanoparticles, leading to a re-think-
ing of some productive steps, particularly regarding the 
conventional solvents for which the dissolution of the 
polymer suffers.

The history of man has always proceeded towards 
indispensable progress, especially in the food sector, 
for the obvious reasons of self-sustainment. It must no 
longer happen that this must be contrasted with a re-
gression of other living beings or the planet in general. 
We are witnessing the disastrous returns of wicked 
choices of this type. At least we scientists, by our very 
essence and rigour, plan for progress only if it is sus-
tainable and respectful of CoH, at least to the best of 
our current knowledge.

Benefits of functional foods for health  
and sportive needs

Functional foods, rich in bioactive compounds and 
essential nutrients, offer significant advantages for gen-
eral health and athletic performance. These foods, which 
include items like fortified dairy products, whole grains, 
nuts, fish, and various fruits and vegetables, not only 
enhance overall well-being but also satisfy the specific 
nutritional requirements of athletes. For general health, 
functional foods contribute to the prevention of chronic 
diseases, support immune function, and improve gut 
health through their high content of vitamins, minerals, 
antioxidants, and fibre [25]. From a sports perspective, 
they aid in quicker recovery, improved energy metabo-
lism, and enhanced endurance and strength [26].

Berries, for example, are a vibrant example of func-
tional foods that deliver a multitude of health benefits. 
Packed with anthocyanins, a class of powerful antioxi-
dants, berries offer anti-inflammatory and immune-
boosting properties [27]. Anthocyanins can help re-
duce chronic inflammation, a low-grade simmering 
process linked to various health concerns [28]. regular 
berry consumption may also contribute to a stronger 
immune system, potentially reducing the frequency 
and severity of common illnesses [29].

Beyond anthocyanins, berries are a rich source of 
essential vitamins and minerals. They are particularly 
abundant in vitamin C, a crucial nutrient for collagen 
production, immune function, and iron absorption. 
Many berries are also good sources of fibre, which pro-
motes gut health, digestive regularity, and feelings of 
satiety [30].

The benefits of berries extend beyond general 
health, offering valuable advantages for athletes as 

well. The potent anti-inflammatory properties of an-
thocyanins can help reduce exercise-induced muscle 
soreness and inflammation, leading to faster recov-
ery times between training sessions [31]. This trans-
lates to improved performance and a quicker return 
to peak training intensity.

Furthermore, some berries, like blueberries, are 
a good source of carbohydrates, particularly fructose. 
While often demonized, fructose can be a beneficial 
source of energy during moderate-intensity exercise 
[32]. Additionally, berries are a good source of nitrates, 
natural compounds that may improve blood flow and 
oxygen delivery to muscles, potentially enhancing exer-
cise performance [33].

The inclusion of functional foods in an athlete’s diet 
can enhance muscle protein synthesis and reduce exer-
cise-induced oxidative stress. Lean protein sources, 
particularly fatty fish rich in omega-3 fatty acids, are 
prime examples of functional foods that can signifi-
cantly benefit athletes seeking to improve endurance 
and strength. The role of dietary fatty acids is particu-
larly crucial as they can positively influence serum 
lipid profiles, which is essential for cardiovascular 
health [34]. Indeed, omega-3s, particularly the types 
eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA), play a crucial role in muscle function and me-
tabolism [35]. Furthermore, studies suggest that 
omega-3 supplementation may enhance muscle protein 
synthesis, the process of building and repairing muscle 
tissue, which is crucial for muscle growth and adap-
tation to exercise [35].

It is well known that intense exercise can increase 
protein turnover even though this does not contribute 
much to ATP production except under conditions of 
low carbohydrate availability, where the contribution of 
amino acid metabolism is increased. After exercise, it 
is recommended to supplement with adequate protein 
intake, especially from high-quality sources like fatty 
fish, which helps with muscle protein synthesis this 
becomes even more critical for athletes engaged in in-
tense training regimens where muscle breakdown can 
be more pronounced [36]. Additionally, omega-3s pos-
sess anti-inf lammatory properties, which can help 
reduce muscle soreness and improve recovery after 
exercise [37].

omega-3s in fatty fish can also improve insulin sen-
sitivity, which allows muscles to take up glucose (blood 
sugar) more effectively. This translates to better energy 
utilization during exercise and potentially delays the 
onset of fatigue [38].

By incorporating functional foods into their diet, 
individuals can achieve a balanced nutritional profile 
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that supports their daily health and athletic goals. This 
integration not only ensures the intake of essential nu-
trients but also leverages the specific health benefits 
these foods offer, making them a strategic component 
in both preventive health care and sports nutrition.

In addition to functional foods, given the high im-
portance of protein consumption in sports nutrition, 
the use of integrated ecosystems, such as aquaponic 
ones, and the use of natural breeding techniques, such 
as regenerative grazing, could be a viable way to reduce 
the environmental impact [39, 40]. Microalgae and cy-
anobacteria, for instance, could be utilized to produce 
dietary supplements and food products with high pro-
tein and lipid content [41]. other modern techniques, 
such as the extraction of meat proteins of plant origin 
could be employed to create foods that not only pos-
sess a comparable functional nutritional profile to con-
ventionally commercialized products but are even en-
hanced [42]. Furthermore, all these strategies serve to 
reduce excessive land use and livestock exploitation as 
a sustainable way to meet human food intake needs, 
especially in sports nutrition.

Nutrigenomic properties  
of functional food

Foods with nutrigenomic properties  
and personalized nutrition

Molecules originating from our daily dietary intake 
constitute a significant environmental influence to 
which we are consciously exposed [43].

For this reason, the connection between food and 
gene expression, also known as nutrigenomics, is in-
creasingly capturing attention. Nutrigenomics, inte-
grating various branches of science including nutrition, 
bioinformatics, genomics, molecular biology, molecular 
medicine, and epidemiology, explores the daily visceral 
link between our diet and genome, revealing how nu-
trition influences human evolution and impacts sus-
ceptibility to diseases like diabetes and atherosclerosis 
[44, 45].

In this complex field, the trinomial of nutrigenetics, 
epigenomics, and the exposome must be given proper 
emphasis. As described by ordovas et al. [46], nutri-
genetics is a field of personalized nutrition that ex-
amines the different phenotypic responses, such as 
weight, blood pressure, plasma cholesterol, or glucose 
levels, to a specific diet, like a low-fat or Mediterra-
nean diet, based on the individual’s genotype. Epig-
enomics, a branch of genomics, investigates epigenetic 
changes, such as methylation, histone modification, 

and microrNA, that affect the expression and function 
of an organism’s genetic material, without altering the 
nucleotide sequence of the DNA. Subsequently, the 
activity of the exposome comes into play, which encom-
passes the range of environmental factors, including 
stress, physical activity, and diet, to which an individual 
is continuously exposed [46]. These factors can modu-
late gene activity and thus influence human health.

International genome projects utilizing whole-ge-
nome sequencing analyses have offered a thorough de-
piction of genetic variations throughout the human ge-
nome, encompassing single nucleotide polymorphisms 
(SNPs), copy number variations (CNVs), and other 
structural variants [47]. recent nutrigenomic studies 
have identified genetic variants associated with sus-
ceptibility to various diseases in response to dietary 
factors. These scientific advancements hold great prom-
ise for revolutionizing the treatment and prevention 
of chronic diseases by potentially predicting individ-
ual risks, elucidating disease aetiology, and enabling 
personalized nutritional management [45, 48–50].

The use of herbs and spices as seasonings in the 
Mediterranean diet can significantly enhance the nu-
traceutical value of a typical meal due to their high 
content of antioxidant phytochemicals [51].

La Scala et al. [52] offer an overview of bioactive 
molecules found in select plants commonly used in the 
Mediterranean diet. Their study explores the human 
nutrigenomic effects and health benefits, alongside the 
environmental advantages and sustainability derived 
from their cultivation. The caper plant (Capparis spi-
nosa L., order Brassicales, family Capparaceae), widely 
distributed in the Mediterranean region, is notable for 
its high content of quercetin and kaempferol. Accord-
ing to La Scala et al. [52], it ranks among the top plant 
species in terms of these bioactive compounds by 
weight. This positions it as a promising candidate for 
future research and applications, particularly in man-
aging type 2 diabetes mellitus (T2DM). Studies sug-
gest that quercetin, in particular, interacts with DNA 
and exhibits protective effects against type 2 diabetes 
[53]. overall, quercetin and kaempferol, found abun-
dantly in the caper plant, demonstrate nutrigenomic 
effects by influencing gene expression through mech-
anisms like DNA methylation regulation, inhibition 
of histone acetylation, and promotion of genomic sta-
bility [52]. Although capers are not characterized by 
a high antioxidant potential, experimental results in-
dicate that extracts of capers in small quantities, typi-
cally used as a culinary f lavouring, are effective in 
preventing lipid peroxidation in red meat during di-
gestion [54].
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Another typical example of the Mediterranean diet 
is extra virgin olive oil (olea Europaea L., EVoo), an 
essential food that has naturally diversified into nu-
merous cultivars and is primarily cultivated today in 
Mediterranean countries such as Italy, Spain, and 
Greece [55, 56]. According to De Santis et al. [56], nu-
trigenomic studies have shown that regular consump-
tion of extra virgin olive oil (Voo) with a high poly-
phenol content (HPC) can modulate pathways related 
to inflammation, oxidative stress, and lipid metabo-
lism, compared to olive oil with a low polyphenol con-
tent (LPC) in healthy populations. Polyphenol-enriched 
extra virgin olive oil appears to directly influence the 
transcriptome and mirNome, promoting human health 
through its anti-inflammatory, anti-cancer, and anti-
oxidant properties, as well as modulating glucose and 
lipid metabolism [56].

Despite the limited number of studies on gene-diet 
interactions in athletes, it is well-established that se-
rum levels and the intake of various nutrients and bio-
active compounds can influence health, body composi-
tion, and athletic performance [57]. Numerous studies 
have focused on caffeine, a compound found in plants 
such as coffee, tea, cocoa, and guarana, commonly used 
as an ergogenic aid in sports. Individual differences in 
response to caffeine, attributed to genetic variations 
in the CYP1A2 and ADorA2A genes, are still under 
investigation [58]. These findings suggest that, in the 
future, genetic testing could become a valuable tool for 
nutritionists and specialists in formulating personal-
ized diets, thereby enhancing athletic performance and 
health [57].

The connection between nutrition, nutrigenomics, 
and athletic performance

Traditionally, sports nutrition focused on a one-size-
fits-all approach. However, advancements in science 
are revealing the intricate link between an athlete’s 
genes, their dietary choices, and ultimately, their per-
formance. The interplay between nutrition, nutrige-
nomics, and athletic performance is a growing field 
that reveals how genetic makeup influences individual 
responses to dietary intake, thereby optimizing athletic 
performance. By delving into the intricate link between 
genes and nutrient responses, nutrigenomics holds im-
mense potential for personalized nutrition plans. This 
personalized approach, informed by an athlete’s unique 
genetic makeup, can unlock a new level of optimization 
and holds promise in tailoring dietary recommenda-
tions to optimize athletic performance and overall health. 
Functional foods or tailored diets designed based on 

individual needs can provide a sustainable edge, en-
hancing factors like energy production, recovery, and 
overall well-being.

Nutrition serves as the cornerstone for athletic suc-
cess, providing essential macronutrients and micro-
nutrients required for energy production, recovery, and 
overall health. Nutrigenomics takes this a step further 
by tailoring dietary recommendations based on an in-
dividual’s genetic profile [57, 59]. This personalized 
approach can enhance performance outcomes by ad-
dressing specific nutritional needs and potential de-
ficiencies. For instance, genetic variations can affect nu-
trient metabolism, influencing how an athlete’s body 
utilizes carbohydrates, fats, and proteins [57]. By under-
standing these genetic predispositions, athletes can 
adjust their diets to improve endurance, strength, and 
recovery time [57, 60]. A recent study by Zulqarnain 
et al. [61] underscores the complex dynamics between 
gene-diet interactions and their implications for ath-
letic performance, highlighting significant variability 
in recovery rates and performance among athletes [61]. 
overall, the integration of nutrition and nutrigenomics 
provides a comprehensive framework for maximizing 
athletic performance through individualized dietary 
interventions. In fact, by understanding these gene-diet 
interactions, sports nutritionists can create personal-
ized strategies that maximize energy production, re-
covery, and overall well-being, propelling athletes to 
achieve their peak potential.

Development of sustainable supplements  
for sportive

Nutritional needs of athletes

Nutrition plays a key role in the lives of athletes in 
sustaining and enhancing sports performance by sig-
nificantly influencing their performance and general 
well-being [62]. To realize their full potential, athletes 
must follow a well-balanced diet, customized to their 
specific nutritional needs. This approach not only al-
lows them to achieve optimal levels of performance but 
also facilitates efficient recovery and reduces the risk 
of injury [63]. In addition to maintaining a balanced 
diet, many athletes use supplements to support their 
training goals. These supplements can cover nutritional 
deficiencies, improve recovery, promote muscle syn-
thesis, increase energy levels, and optimize perfor-
mance in their respective sports disciplines [64]. Ath-
letes must be able to obtain adequate macronutrients 
(protein, carbohydrates, and fat) and micronutrients 
through a variety of foods, considering food composi-
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tion, timing of nutrient intake, use of supplements, and 
energy balance. Furthermore, the nutritional needs of 
athletes can vary greatly depending on the sport, loca-
tion, time of the season, and training or rest days. Most 
athletes aim to increase lean muscle mass, lose fat, or 
maintain current body composition, without hindering 
performance on the field [65]. The main macronutrients 
(protein, carbohydrates, and fat) are consumed ac-
cording to one’s training goals, such as gaining muscle 
or losing fat while maintaining lean mass and improv-
ing performance. Carbohydrates are crucial for im-
proving performance in endurance and high-intensity 
sports and can be metabolized aerobically and anaer-
obically, making them particularly crucial for athletic 
performance [65]. This is due to the increased avail-
ability of exogenous carbohydrates and the ability to 
store in the form of glycogen in the muscles and liver. 
During training, endogenous carbohydrate reserves are 
progressively depleted due to energy expenditures. 
rapid carbohydrate replenishment after training is 
essential to restore and optimize glycogen reserves for 
subsequent training sessions [66]. The amount of car-
bohydrate required varies according to the type of 
physical activity; in general, for low-intensity physical 
activity 3–5 g/kg/body weight (bw), at moderate inten-
sity 5–7 g/kg/bw, at high intensity 6–10 g/kg/bw, and 
8–12 g/kg/bw for very intense activity [67]. The timing 
of carbohydrate intake indicates that before activity, it 
is important to include foods with a low to moderate 
glycemic index (GI) to maintain stable blood glucose 
levels. It is only indicated during endurance activities 
or intense training and is essential to maintain energy 
availability and prevent premature depletion of muscle 
glycogen. After exercise, it is essential to take carbohy-
drates within the first two hours post-workout as this 
can significantly improve muscle glycogen synthesis. 
An intake of 1.0–1.5 g of carbohydrate per kg/bw per 
hour immediately after exercise is recommended, 
and maintain this intake at 30-minute intervals for up 
to 6 hours after training. Postponing carbohydrate in-
take by 2 hours can reduce glycogen resynthesis rates 
by 45% [68]. Concerning protein, which is essential for 
preserving and optimizing muscle mass, improving 
performance, or accelerating recovery, recent studies 
indicate that alterations in physical activity and nutri-
tional intake have a more pronounced effect on muscle 
protein synthesis than degradation [69, 70]. The quality 
of proteins is assessed according to their composition 
in essential amino acids and their digestibility. Animal 
proteins (whose main sources include meat, fish, eggs, 
milk and dairy products) tend to score higher than plant 
proteins in terms of biological value based on their 

content of essential and branched-chain amino acids 
(BCAAs). Plant proteins have a lower biological value, 
lacking some essential amino acids; however, by com-
bining them with different plant sources, such as le-
gumes, cereals, nuts and seeds, it is possible to obtain 
a complete amino acid profile [71]. The athletes’ protein 
requirements also vary according to the type of sport, 
training intensity, and specific goals. For endurance 
sports, maintaining and building muscle mass, 1.4–
2.0 g/kg/bw is suggested, but for strength sports and 
periods of caloric deficit, this limit can reach or exceed 
3 g/kg/bw [72]. For instance, male competitive body-
builders can get up to 4.3 g/kg/day, and females up to 
2.2 g/kg/day overall during a pre-competition phase 
[73]. regarding the timing of protein intake, it is rec-
ommended to take a protein meal about 3–4 hours 
before training, as this can help maintain muscle growth 
and improve muscle recovery. There is no particular 
scientific evidence to support the usefulness of protein 
intake during exercise, although there may be a posi-
tive synergistic effect on production levels and hor-
mones with an anabolic effect (insulin, growth hor-
mones, IGF-1) [74]. The consumption of high-quality 
protein within two hours of training is essential to 
stimulate muscle protein synthesis and reduce protein 
degradation. A common recommendation is to con-
sume around 0.31 g/kg of rapidly digestible protein 
after training. In this regard, it may be useful to use 
protein supplements such as whey protein, which not 
only provides an easily digestible source and contains 
a high level of essential amino acids that improve mus-
cle protein synthesis, aiding post-exercise recovery, 
but also represents a viable and simple alternative to 
protein foods [75]. Thus, ultimately, recommendations 
vary according to the type of physical activity and in-
dividual goals, with an emphasis on meeting protein 
requirements through a combination of food sources 
and supplements. regarding the importance of fats for 
athletes, they are an essential component of the diet, 
playing a crucial role in providing energy, supporting 
cellular function, and facilitating the absorption of 
fat-soluble vitamins (A, D, E, and K). Fats are particu-
larly important for prolonged endurance activities as 
they provide a concentrated and long-lasting source of 
energy [76]. of particular importance, as already men-
tioned, are omega-3 fatty acids, which are crucial for 
reducing inflammation and supporting brain function, 
aiding muscle recovery, reducing post-workout pain, 
and improving cardiovascular health, which is essen-
tial for endurance athletes. Athletes should aim to get 
between 20–35% of their total calories from fat, lim-
iting saturated fat intake to less than 10% of total daily 
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calories. recognizing the unique challenges faced by 
athletes, the importance of personalizing nutritional 
plans to meet individual requirements is empha-
sized [77]. Macronutrients, including carbohydrates, 
proteins, and fats, play a critical role in athletic nutri-
tion. An adequate intake of carbohydrates is necessary 
to support energy during training and recovery. Pro-
teins are essential for muscle synthesis and repair, while 
fats, particularly omega-3 fatty acids, are important for 
reducing inflammation and supporting general health.

Incorporating sustainability into supplement 
production

To incorporate sustainability into supplement pro-
duction, one should prefer organic, plant-based sources. 
This would help the process for certifications of Fair 
Trade or the rainforest Alliance and would ensure 
ethical and sustainable harvesting practices. one of the 
characteristics of sustainable sourcing is the presence 
of ingredients with minimal processing [78]. Macroal-
gae are a perfect source of ingredients for extracting 
sustainable raw materials. Algae cultivation requires 
minimal resources, mitigating environmental issues 
such as ocean acidification [79]. Macroalgae are on 
nutraceutical food lists because they are abundant in 
bioactive substances. They are rich in (1) polysaccha-
ride-like, agar, fucoidan, alginate and carrageenan; 
(2) proteins like phycobiliproteins; (3) micronutrients 
like manganese, copper, zinc, and iron; (4) carotenoids 
like fucoxanthin and -carotene phenolic. It has been 
noticed that algae have higher protein values than le-
gumes and soy. Their protein content ranges from 
about ten to thirty percent of dry weight, making them 
valuable for various dietary lifestyles, including vegan 
and vegetarian diets [80]. Therefore, algae offers high 
protein content and minimal environmental impact. 
Their composition is of value for sportive supplemen-
tation [81]. They can be considered safe for food pro-
duction because compounds such as polysaccharides 
extracted from algae are already used in the food in-
dustry as thickening and stabilizing agents to improve 
the quality of the final product and extend its shelf 
life. Incorporating sustainability into supplement pro-
duction is also important in the packaging. In this view, 
the natural biopolymer pectin is a sustainable alter-
native to synthetic plastics. Pectin is extracted from 
the food waste biomass. Industrial plant wastes offer 
a wide range of possibilities for valorization, still being 
rich in high-value molecules such as secondary metabo-
lites [82]. Pectin could be widely utilized for nutraceu-
tical and food applications, considering its application 

not only as a sustainable biopolymer for food pack-
aging and preservation but also as an encapsulating 
agent and a functional and emulsifying agent in low-
calorie products [83]. At present, about 85 percent of 
commercial pectin is extracted from citrus peels, and 
about 14 percent is extracted from apple pomace, while 
just less than one percent is from sugar beet pulp [84]. 
Another emerging bioeconomy sector with the potential 
to incorporate sustainability into supplement produc-
tion is the synthesis of oligosaccharides from renew-
able sources like lignocellulosic substrates. We have to 
consider that in contrast to the past when supplemen-
tation of first-generation functional foods was mainly 
dependent on minerals and vitamins, now the attention 
of researchers has shifted towards prebiotics and pro-
biotics. This is because it is now well known that micro-
biota plays a crucial role in the modulation of physiologi-
cal responses for human health. These non-digestible 
oligosaccharides, known as prebiotics, are beneficial 
for the gut microbiota residing in the digestive system 
[85]. Commonly known prebiotics are galactooligosac-
charides (GoS), xylooligosaccharides (XoS), fructooli-
gosaccharides (FoS), mannan oligosaccharides (MoS), 
and inulin. They are synthesized through enzymatic 
approaches or whole-cell mediated methods using nat-
ural or agricultural waste substrates [86]. GoS, FoS, 
MoS, and inulin are the most common prebiotics, 
thanks to their ability to boost the growth and viability 
of bacteria, and are often supplemented in functional 
beverages [87]. Interestingly, some prebiotics can also 
ameliorate the quality, texture, and sensory properties 
of food. In conclusion, by focusing on these areas, sup-
plement companies could create products that are good 
for sport and the planet. This resonates with the growing 
trend of athletes seeking eco-friendly and ethically 
sourced supplements. It is essential to educate consum-
ers about the environmental impact of traditional sup-
plement production and the benefits of sustainable 
options. Also, it is necessary to explore emerging sus-
tainable ingredients, including algae protein or insect-
derived protein powders.

Using functional foods to formulate supplements

Functional foods provide a palatable and effective 
way to hydrate and replenish electrolytes. However, it 
would be better to deliver it through a regular diet by 
using food as a carrier for bioactive compounds [88] 
instead of using it as supplements, like tablets or cap-
sules. However, certain bioactive components can be 
extracted and concentrated to create supplements. Ex-
amples of functional foods that can be used in sup-
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plement formulation are (1) Berries because they are 
rich in anthocyanins, which are antioxidants that may 
help reduce inflammation and improve cognitive func-
tion; (2) Cruciferous vegetables like broccoli and cau-
lif lower, because they contain sulforaphane, a com-
pound with potential benefits for cancer prevention and 
detoxification; (3) Fatty fish including salmon and 
sardines because they are rich in omega-3 fatty acids, 
which are important for heart and brain health; (4) 
Garlic because it contains allicin, a compound with po-
tential benefits for immune function and heart health; 
(5) Green tea that is rich in catechins, antioxidants that 
may help boost metabolism and improve cognitive 
function; and (6) Soybeans that contains isoflavones, 
plant-based estrogens with potential benefits for bone 
health and reducing menopausal symptoms [89].

These ingredients can be used to formulate func-
tional sports drinks that play an important role in hy-
drating, improving athletic performance, and prevent-
ing or helping specific health conditions. Their formulas 
can be designed specifically to increase energy, improve 
mental focus, and/or prevent bone and joint pain. In the 
sports context, the principal function of such drinks is 
to hydrate athletes and restore electrolytes and car-
bohydrates [90]. In general, simple carbohydrates are 
used for a quick burst of energy, while complex carbo-
hydrates provide sustained energy. These sports drinks 
are developed to provide essential salts like potassium, 
sodium chloride, calcium, phosphate, and magnesium, 
which can be lost by sweating during training and 
competition [91]. other functional drinks may contain 
amino acids, which are used to slow fatigue and im-
prove muscle function [92]. More drinks may contain 
B vitamins, which are used to boost metabolism and 
generate energy. While functional foods themselves 
can’t be used whole in supplements, the beneficial bio-
active compounds can be extracted and concentrated 
to create targeted supplements [93]. Thus, if the goal is 
to improve health, it’s generally recommended to focus 
on incorporating a variety of functional foods into your 
diet first. This will ensure you’re getting a broad range 
of nutrients and health-promoting combinations. Sup-
plements can be a helpful tool to fill any nutrient gaps, 
but they shouldn’t replace a healthy diet.

Advantages of sustainable food over traditional 
supplements

Sustainable food offers several advantages over tra-
ditional supplements. First of all, the health benefits 
because in food there is a wider range of nutrients. It 
contains various vitamins, minerals, antioxidants, and 

other beneficial compounds that work synergistically 
to promote one’s health [94]. Supplements often focus 
on isolated nutrients. Thus, supplements lack the syn-
ergistic effects of nutrients and may not be as effective. 
We recently showed that the production of lettuce with 
saline increased the content of polyphenols and ame-
liorated hepatic, lipid, and bone homeostasis in healthy 
adults [95]. It may positively impact other physiological 
systems [96–98]. This kind of approach has several 
advantages like the reduction in exposure to chemicals. 
In fact, we are conscious that sustainable practices 
point out to minimize the use of pesticides and anti-
biotics, leading to potentially higher nutrient content, 
and reducing the health risks of the food itself. As we 
stated, it also promotes fresh and local (kilometer zero) 
production by growing, raising, processing, and con-
suming food within a short distance. This also means 
fresher foods with potentially higher levels of vitamins 
and possibly a better taste. There are environmental 
benefits. There is a reduction in the environmental im-
pact. Sustainable practices like organic farming work 
to reduce soil erosion, conserve water, and promote bio-
diversity [4]. Supplements have more greenhouse gas 
emissions than seasonal produce because they are pro-
duced and shipped long distances. In our opinion, with 
climate change occurring and the reduction of rain in 
some counties and, consequently, water, the consump-
tion of sustainable food can benefit the small local 
economy by supporting agriculture that is committed 
to environmentally friendly practices. Supplements are 
valuable and necessary for people with specific defi-
ciencies or dietary restrictions. In the specific case 
of sports supplements, we are conscious that they are 
among the fastest-growing products on the market over 
the last few decades. Their consumption is no longer 
restricted to athletes only, in line with increased atten-
tion on a healthy lifestyle [99]. In response, researchers 
and food innovators must explore diverse avenues to 
meet their needs while mitigating the environmental 
impact of food production. For example, seaweed pro-
teins clearly represent a promising and sustainable 
solution for meeting global protein demands while 
addressing environmental, health, and societal chal-
lenges. As evidenced by their nutritional richness, 
functional versatility, and eco-friendly cultivation, sea-
weed proteins offer a viable alternative to convention-
al protein sources [78]. Thus, similar to seaweed, we 
need an effort towards sustainable food with mini-
mal resource requirements and the ability to thrive in 
diverse environments to play a pivotal role in the sus-
tainable food systems of the future.
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Conclusions

The union of sustainable practices, functional foods, 
and nutrigenomics in sports could represent a promis-
ing road for enhancing athlete well-being and mini-
mizing environmental impact (Figure 1). However, 
several challenges and potential obstacles lie ahead. 
The potential paths to follow, in our opinion, are per-
sonalized nutrition, sustainable ingredient sourcing 
from local and organic farming, functional food devel-
opment by using alternative protein sources, and waste 
reduction. The potential obstacles and, therefore, limi-
tations are the regulatory hurdles, the consumer accep-
tance (due to cost, taste, and convenience), the limited 
research in the field up to date, the certification and 
the traceability of the products. Government policies 
must make additional efforts, as they shape farmers’ 
production strategies, influencing both resource man-
agement and environmental sustainability. For in-
stance, the introduction of subsidies and regulations 
aimed at promoting sustainable practices could increas-
ingly encourage farmers to adopt eco-friendly methods, 
reducing reliance on harmful chemicals like pesticides 
and chemical fertilizers, and reducing environmental 
degradation. This would speed up the process of sus-
tainability for our countries.
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Figure 1. Benefits of food sustainability application for athletes and the planet
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