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ABSTRACT 

Bioactive compounds (BCs) are key components in the development of functional foods (FFs) that offer health benefits 

beyond basic nutrition. Compounds such as polyphenols, carotenoids, flavonoids, fatty acids, fiber, and probiotics 

contribute to metabolic regulation, immune support, and a reduced risk of chronic diseases, including cardiovascular 

conditions, diabetes, and certain types of cancer. This review examines the classification, mechanisms of action, and 

safety considerations of BCs, drawing on recent research and the framework of the Functional Food Center (FFC). It also 

highlights the impact of environmental factors on BC composition and explores technologies, such as encapsulation, to 

improve bioavailability. 

      Functional food science (FFS) emerges as an interdisciplinary field linking food technology, biomedical research, and 

nutrition policy. The review highlights the importance of standardized terminology, regulatory clarity, and scientifically 

validated interventions in advancing FF development and combating non-communicable diseases globally. 

Novelty: This review offers a structured and integrative framework on FF that unites scientific, technological, and 

regulatory perspectives on BC. It highlights the value of FFS as a discipline that proposes updated, evidence-based 

definitions for FF and BC. The focus on dosage, delivery mechanisms, and long-term efficacy provides a framework for 

future FF evaluations designed for targeted health outcomes. 
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INTRODUCTION 

BC plays a crucial role in formulating and understanding 

FF. These compounds, which encompass a wide array of 

phytochemicals, provide various health benefits beyond 

basic nutrition through their potential role in preventing 

and managing chronic diseases [1-3]. FFs are recognized 

for their capability to mitigate chronic diseases, improve 

metabolic health, and enhance overall well-being 

through their bioactive constituents [3-5]. 

BC plays a pivotal role in FFS, which is defined as the 

specialized branch of food science focusing on foods that 

provide health benefits beyond basic nutrition. These BCs 

include antioxidants, polyphenols, and dietary fibers, 

which are all integral to the efficacy of FF in managing and 

preventing chronic diseases [1,6].   

The definition of BC is crucial to understanding their 

role in FF. According to the FFC, BC are "constituents of 

foods" that offer beneficial health properties. These food 

constituents include phenolics, carotenoids, fatty acids, 

fibers, prebiotics, and probiotics [7-8]. Many of these 

compounds are found in natural products, such as fruits, 

vegetables, and whole grains, which contribute to the 

food's health benefits, ranging from improved digestion 

to enhanced metabolic health [9]. 

Incorporating BC into FF requires an adequate 

understanding of their dosage and interaction within the 

food matrix. Research indicates that the optimal dosage 

of each item may enhance the health benefits while 

ensuring the safety of continuous consumption [7,10]. 

Advancements in this technology, particularly in 
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encapsulation and controlled release, support the 

effective delivery of BC to achieve desired health 

outcomes [10]. Recent studies highlight the importance 

of BC in preventing and managing various health 

conditions, including cardiovascular diseases and 

metabolic disorders. Bioactive constituents such as 

resveratrol and omega-3 fatty acids improve insulin 

sensitivity and reduce the risk of diseases associated with 

obesity and diabetes [11]. Moreover, emerging evidence 

suggests that BC possesses cancer-preventive 

capabilities, targeting molecular pathways involved in 

cancer progression [2]. 

As FFS evolves, the emphasis on establishing a clear 

and comprehensive definition of FF and their bioactive 

contents will enhance communication among 

researchers, practitioners, and consumers. This clarity 

may facilitate regulatory processes and consumer 

acceptance of FF as legitimate health-promoting 

products [8,12]. 

This review aims to examine the current landscape 

and development of FFS, offering key definitions and 

historical context surrounding functional foods, food 

bioactive compounds, and pharmaceutical bioactive 

compounds. Additionally, it will highlight significant 

limitations within existing literature. By synthesizing 

recent findings, this review seeks to present the field in 

an accessible manner while laying a foundation for the 

advancement of future research and understanding. 

 

Research Strategy: Literature searches were conducted 

on online publishing platforms and databases, including 

Web of Science and the Functional Food Center / Food 

Science Publisher’s journals, to determine the 

relationship between the proliferation of bioactive 

compounds and the field of functional food science. 

Recent research articles published in the last four years 

were prioritized, and caution was taken to critically 

analyze and identify challenges, gaps in research, and 

other issues facing the field of functional food science.  

Key search terms included “functional foods”, 

“bioactive compounds”, functional food science”, and 

“functional food center”.  

 

Food bioactive compounds: Food BCs have gained 

significant interest due to their potential health benefits. 

Specifically, food BCs encompass various metabolites 

such as polyphenols, carotenoids, dietary fibers, and 

bioactive peptides that may have anti-inflammatory, 

antioxidant, and anticancer effects [1,13,14]. 

The classification of a BC is broad and encompasses 

a wide range of chemical structures with diverse 

biological activities. Polyphenols and carotenoids are 

among the most extensively researched categories, as 

they play vital roles in reducing oxidative stress and 

inflammation [13-15]. Evidence suggests that diets rich in 

these BC are associated with a lower risk of chronic 

diseases such as cardiovascular disease, cancer, and 

diabetes [16-18]. This association was identified through 

epidemiological research, which demonstrated a 

correlation between high intake of fruits, vegetables, and 

whole grains—foods rich in BC—and improved health 

outcomes [7,18]. Foods BCs are often categorized based 

on their origins. These items may be derived from plants, 

animals, or microorganisms. Flavonoids, for example, are 

found in fruits and vegetables and have potent 

antioxidant and anti-inflammatory activities. Bioactive 

peptides derived from protein sources can enhance 

immune function and metabolic health [1, 11, 16]. 

Additionally, the extraction and bioavailability of these 

compounds are critical factors that affect their efficacy. 

Namely, techniques such as nanoencapsulation enhance 

the stability and absorption of BC in the body, thus 

maximizing their potential health benefits [19,20]. 

Overall, the definition and implications of food BC 

illustrate their significance in a FF context, where they 

serve not only as nutrients but as powerful agents with 

therapeutic properties. The recognition of these 

compounds underscores the shift toward a preventive 
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approach in healthcare, emphasizing the importance of 

dietary choices [1,7]. 

 

Definition of functional foods (FF): The Functional Food 

Center defines “functional foods” as “Natural or 

processed foods that contain biologically-active 

compounds; which, in defined, effective, non-toxic 

amounts, provide a clinically proven and documented 

health benefit utilizing specific biomarkers, to promote 

optimal health and reduce the risk of chronic/viral 

diseases and manage their symptoms" [6-8]. FF are 

natural or processed foods that provide health benefits 

extending beyond basic nutrition due to BC. This 

definition is crucial for both scientific purposes and 

regulatory and marketing strategies in various contexts 

worldwide. A well-established articulation from the FFC 

describes FF as those that contain biologically active 

compounds, which provide clinically proven health 

benefits targeting chronic diseases and overall well-being 

when consumed at adequate levels [8, 21, 22]. 

The term "functional foods" first emerged in Japan 

during the 1980s and has spread globally, with definitions 

varying among countries. For instance, in the EU, FF are 

recognized when they demonstrably improve one or 

more bodily functions, thus enhancing health or reducing 

disease risk and aligning with the principles of bioactive 

compound efficacy [10,24]. However, despite recognizing 

the health benefits these foods may provide, regulatory 

frameworks remain inconsistent.  There is no universal 

definition that impacts the categorization and formal 

regulation of these products [22,24-25].  

FF are increasingly associated with preventive 

health strategies, particularly regarding how specific 

foods can mitigate disease risks or symptoms. The 

relevance of FF is highlighted by studies on diabetes 

prevention, where regular consumption of FF containing 

bioactive ingredients, such as antioxidants and anti-

inflammatory agents, is known to play a role in managing 

health risks associated with the condition [26]. In 

essence, while all foods may serve some functional role 

from a nutritional perspective, FF are distinguished by 

their scientifically validated effects on health when 

included in a regular and diverse diet [27]. 

Furthermore, the role of BC in defining FF cannot be 

overstated. These compounds are central to the health-

promoting properties attributed to FF. Their efficacy is 

often assessed through specific biomarkers to 

substantiate health claims, a practice supported by 

scientific bodies and regulatory agencies. These 

assessments provide rigorous standards of evidence, 

such as replicated randomized controlled trials [1,28]. As 

the FF sector evolves, aligning scientific understanding 

with consumer expectations and regulatory 

requirements is key to advancing the field and promoting 

public health [2,29]. 

FFs occupy an important niche in dietary health, 

characterized by their bioactive components and 

associated health benefits. Although there is no universal 

definition, these items are recognized for their 

implications in the fields of nutrition science, health 

policy, and consumer education. 

 

Functional food science as a new branch of science: FFS 

has emerged as a distinctive and vital branch of inquiry 

within the broader fields of food science and nutrition, 

specifically focusing on food products that confer health 

benefits beyond basic nutrition. This branch of science is 

relevant due to growing public interest in health 

promotion and disease prevention. FFs are generally 

defined as those that contain biologically active 

compounds that can provide clinically documented 

health benefits when consumed in adequate, non-toxic 

amounts, thereby aiming to reduce the risk of chronic 

diseases and manage related health issues [6,30]. The 

historical context of FFS suggests that their benefits can 

be traced back to evolving consumer expectations 

regarding the role of food in health. The FFC has 

significantly contributed to this evolution by refining the 

definition of FF to emphasize not only their nutritional 

components, but also their bioactive properties that 

engage biological mechanisms in the body [1,8,12]. As 

such, FFS diverges from traditional food studies, which 
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often concentrate on taste, preservation, and packaging. 

Therefore, FFS centers on the potential of food to act as 

a preventive or therapeutic agent against chronic 

conditions [6,31].  

Research indicates that FF encompasses a vast array 

of products, including those enriched with probiotics, 

prebiotics, and other BC aimed at addressing specific 

health concerns like metabolic syndrome, vitamin D 

deficiency, and cardiovascular health [32-34]. 

Nutraceuticals, often incorporated into functional foods, 

face various regulatory challenges that differ by region, 

impacting their marketability and consumer confidence 

[35-36]. This regulatory landscape and increasing 

consumer demand for health-promoting foods have 

fortified FFS's place in public health discussions [12,37]. 

Additionally, future developments in FFS depend on 

the need for rigorous, evidence-based research to 

substantiate health claims associated with FF. This 

includes understanding how BC interacts within complex 

biological systems and establishing the dosage required 

to elicit specific health outcomes while ensuring 

consumer safety [2,7]. As FFS continues to mature, it is 

positioned at the nexus of public health, nutrition, and 

food technology, thus requiring multidisciplinary 

collaborations to explore and validate its expansive 

potential in combating chronic diseases and promoting 

wellness. 

In summary, FFS is a transformative domain focused 

on bridging the gap between food and health. It fosters a 

deeper understanding of food's roles, not merely as 

sustenance but as a pivotal element in enhancing quality 

of life through disease prevention and health promotion. 

Pharmaceutical Bioactive Compounds (PBC): PBC are 

molecules that exhibit biological activity and are used in 

pharmacotherapy. These compounds play a pivotal role 

in developing therapeutic agents that address various 

health conditions. They can be of synthetic or natural 

origin, with diverse mechanisms of action in various 

biological systems, influencing processes such as 

inflammation, infection, and cellular proliferation [38-

39]. 

BCs can be categorized based on their specific 

biological activities. For instance, cephalosporin-

oxazolidinone conjugates have demonstrated promising 

antimycobacterial activity, making them potential 

therapeutic agents against tuberculosis [38]. 

Additionally, α-aminophosphonates possess significant 

antioxidant properties, linked to their potential in 

mitigating oxidative stress-related diseases [40]. This 

highlights a broad spectrum of biological activities, 

ranging from antimicrobial to anticancer effects. 

Furthermore, the structural diversity of BCs 

contributes significantly to their efficacy. For example, 

pyrazolo3,4-bpyrazines exhibit anticancer and anti-

inflammatory properties, making them versatile 

candidates for various therapeutic applications [39]. 

Similarly, novel derivatives such as pyrazolo4,3-

gpteridines have shown substantial anti-inflammatory 

and antibacterial activities, reaffirming the importance of 

heterocyclic structures in drug development [41]. The 

intimate relationship between the chemical structure of 

these compounds and their pharmacological effects 

highlights the importance of medicinal chemistry in 

developing effective therapeutic agents. 

Recent studies have emphasized the ongoing 

exploration of compounds derived from both terrestrial 

and marine sources. Marine organisms, such as sponges, 

have yielded abundant bioactive natural products with 

unique structural features and varied therapeutic 

potential [42-43].  The continued study of these 

compounds expands the therapeutic arsenal for 

conditions such as cancer and bacterial infections, 

demonstrating their importance in modern medicine [44-

45]. 

PBCs are essential to medicinal science, influencing 

various therapeutic outcomes. Their development is 

integrally linked to advances in synthetic techniques and 

a deeper understanding of their biological mechanisms, 
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thereby paving the way for innovative treatments in 

health care. 

 

Food Bioactive Compounds vs. Pharmaceutical 

Bioactive Compounds: While both "food bioactive 

compounds" and "pharmaceutical bioactive compounds" 

refer to substances that have a biological effect on living 

organisms, their context, typical uses, regulation, and 

mechanisms of action differ significantly. 

Food bioactive compounds are non-nutrient 

compounds found naturally in small quantities in various 

foods (fruits, vegetables, whole grains, legumes, nuts, 

etc.), as well as in novel sources like medicinal 

mushrooms, plants, and agri-food byproducts. They are 

not essential for basic human nutritional needs but are 

associated with beneficial health effects, often 

contributing to disease prevention [46, 47]. Several kinds 

of food-derived bioactive compounds can be found in 

nature, such as polyphenols, carotenoids, phytosterols, 

and specific fatty acids (e.g., omega-3s) [46, 48]. 

Pharmaceutical bioactive compounds are 

substances, either naturally occurring (often isolated and 

concentrated from plants, animals, or microorganisms) 

or synthetically produced, that are intended to have a 

specific pharmacological action for the diagnosis, cure, 

mitigation, treatment, or prevention of disease [49]. They 

are typically developed and administered as drugs and 

encompass a wide array of compounds, from plant-

derived molecules with antimicrobial or anticancer 

properties to synthetically designed drugs targeting 

specific pathways [49-50]. 

Food bioactive compounds are primarily consumed 

as part of a regular diet to promote general health, 

prevent disease, and maintain well-being. Recent 

research highlights their potential in developing 

functional foods and nutraceuticals that offer health 

benefits beyond essential nutrition, often by modulating 

physiological processes through dietary intake [46, 51]. In 

contrast, pharmaceutical bioactive compounds are used 

therapeutically to treat specific diseases or conditions. 

They are typically administered at precise dosages to 

achieve a targeted biological response, often after 

extensive preclinical and clinical trials [49, 52]. 

Food bioactive compounds exhibit a wide range of 

mild and complex mechanisms, including antioxidant, 

anti-inflammatory, immunomodulatory, and gut 

microbiota-modulating effects. Their actions are 

generally subtle and may involve modulating multiple 

pathways rather than targeting a single specific receptor 

[47, 38, 51]. For instance, specific food bioactives have 

shown promise in reducing inflammation and oxidative 

stress, as well as modulating lipid metabolism [51]. On 

the other hand, pharmaceutical bioactive compounds are 

designed to have precise and potent mechanisms of 

action. They often interact with defined biological targets 

(e.g., receptors, enzymes, ion channels) to elicit a precise 

physiological response. Recent advancements highlight 

the exploration of precise molecular actions, such as the 

impact of plant-derived compounds on cancer pathways 

or the induction of apoptosis [50, 52]. 

In terms of dosage and efficiency, food bioactive 

compounds occur in relatively small, variable amounts in 

foods. Their efficacy is often observed over prolonged 

periods as part of a healthy diet, contributing to 

cumulative health benefits. Research is exploring 

quantified intake recommendations for non-essential 

bioactive compounds to achieve specific metabolic and 

health-related effects; however, this remains challenging 

due to the complex interactions [48, 53]. However, 

pharmaceutical bioactive compounds are administered 

in carefully controlled, precise dosages to achieve a 

desired therapeutic effect. Their efficacy and safety are 

rigorously tested through extensive research and clinical 

trials, as evidenced by the increasing number of new drug 

approvals focusing on specific diseases [49, 52]. 

When examined in terms of their pharmacokinetic 

properties, the absorption, distribution, metabolism, and 

excretion (ADME) of food bioactive compounds can be 

highly variable and influenced by factors such as the food 

matrix, processing methods, gut microbiota, and 
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individual genetic variations. Many food bioactives have 

low bioavailability and undergo extensive metabolism, an 

area of active research aimed at improving their efficacy 

through novel delivery systems, such as nanotechnology 

[46, 54]. On the other hand, pharmacokinetics are 

thoroughly studied to optimize dosage, formulation, and 

administration routes, ensuring adequate absorption, 

distribution to target tissues, appropriate metabolism, 

and safe excretion. In vitro pharmacokinetic techniques 

are crucial for characterizing the ADME properties of 

various bioactive compounds, including those from 

medicinal plants, to ensure their safe and effective 

therapeutic use [52, 55]. 

Food bioactive compounds are regulated as food 

components or dietary supplements. The regulatory 

frameworks are less stringent than for pharmaceuticals, 

focusing primarily on safety and preventing misleading 

health claims [53]. Recent discussions highlight the need 

for clearer regulatory frameworks and safety 

assessments for bioactive food components to ensure 

consumer protection and proper labeling [56]. 

Meanwhile, pharmaceutical bioactive compounds are 

subject to rigorous regulatory approval processes by 

agencies like the FDA or EMA. This involves extensive 

preclinical and clinical trials to demonstrate safety, 

efficacy, and quality before a drug can be marketed [49, 

52]. The development of novel drugs from natural 

sources underscores the stringent regulatory pathways 

required for therapeutic claims [57]. 

 

Table 1. Summarizes the differences between food bioactive compounds and pharmaceutical bioactive compounds.  
 

Aspect Food Bioactive Compounds Pharmaceutical Bioactive Compounds 

Definition Non-nutrient compounds naturally present in foods and 

novel sources with health-promoting properties 

Naturally derived or synthetically produced 

compounds with specific pharmacological actions 

Sources Fruits, vegetables, whole grains, legumes, nuts, medicinal 

plants, mushrooms, agri-food byproducts 

Plants, animals, microorganisms, or fully synthetic 

origins 

Examples Polyphenols, carotenoids, phytosterols, omega-3 fatty 

acids 

Antimicrobial agents, anticancer drugs, synthetic 

receptor agonists, or enzyme inhibitors 

Primary Use Health promotion, disease prevention, and general well-

being 

Diagnosis, treatment, cure, or prevention of a specific 

disease 

Mechanism Modulate multiple physiological pathways (e.g., 

antioxidants, anti-inflammatory, and gut microbiota-

modulating) with subtle and complex effects. 

Act on specific biological targets (e.g., receptors, 

enzymes) for potent, targeted responses 

Dosage and Efficacy Naturally, it occurs in small, variable amounts; long-term 

cumulative effects; efficacy is influenced by diet and 

lifestyle. 

Precisely dosed; efficacy confirmed through clinical 

trials; short- to long-term therapeutic effects. 

Pharmacokinetics (ADME) Variable absorption and metabolism; influenced by food 

matrix, genetics, gut microbiota; often low bioavailability  

Thoroughly studied for optimized formulation, 

absorption, distribution, metabolism, and safe 

excretion.  

Regulatory Framework Regulated as foods or dietary supplements, with less 

stringent oversight; safety and labeling emphasized  

Regulated as drugs (e.g., FDA, EMA); require extensive 

preclinical and clinical trials for approval. 

Development and 

Innovation 

Focus on functional foods and nutraceuticals; delivery 

systems (e.g., nanoformulations) under investigation. 

The drug discovery pipeline encompasses both plant-

derived and synthetic compounds with well-defined 

molecular targets. 

Overall Purpose Promote general health and reduce disease risk through 

diet 

Treat or prevent specific diseases with high precision 

and validated clinical outcomes 
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In summary, while both categories involve 

substances that influence biological processes, food 

bioactive compounds are consumed as part of a general 

healthy diet for broader, long-term health benefits and 

disease prevention, with ongoing research into their 

functional properties. In contrast, pharmaceutical 

bioactive compounds are specifically developed and 

rigorously regulated as medicines to treat or prevent 

diseases, with targeted, potent actions and well-defined 

pharmacokinetic profiles. 

 

Challenges and Limitations in Functional Food Science 

Research: The translation of in vitro or preclinical results 

concerning bioactive compounds into substantiated 

human health benefits remains a challenge. Most 

polyphenols and carotenoids exhibit poor oral 

bioavailability due to limited water solubility, instability 

within food matrices, and extensive metabolic 

transformation during digestion and first-pass 

metabolism [58-60]. Encapsulation techniques, such as 

nanocarriers and nanoemulsions, have shown potential 

to enhance bioaccessibility by protecting compounds and 

facilitating controlled release; however, they introduce 

additional complexities in terms of safety assessment, 

regulatory clearance, and long-term efficacy evaluation 

when incorporated into functional food products [58,61-

62]. 

High inter-individual variability in response to 

bioactive compounds represents another significant 

challenge. Variability in gut microbiota composition, 

genetic polymorphisms affecting metabolism, and 

differences in dietary patterns result in markedly 

different bioavailability and health benefits across 

individuals, complicating efforts to establish generalized 

intake recommendations or valid health claims [63-65]. 

Clinical trials often rely on surrogate biomarkers rather 

than definitive health outcomes, and inconsistent dosing 

protocols, heterogeneous methodologies, and 

insufficient sample sizes further limit the strength of the 

evidence base [59, 64, 66]. This variability, coupled with 

the high cost and logistical complexity of long-term, 

adequately powered randomized controlled trials, 

continues to impede regulatory acceptance, consumer 

confidence, and the commercial advancement of 

functional foods supported by rigorous science. 

 

Scientific Innovation: This review represents a novel 

synthesis of emerging research at the intersection of FFS 

and BC development, offering a comparative analysis of 

food-derived and pharmaceutical bioactive compounds 

within a unified framework. By systematically evaluating 

the definitions, sources, mechanisms of action, and 

regulatory landscapes of these compounds, the article 

underscores the need for a cohesive scientific and 

regulatory approach that bridges nutrition science and 

pharmacology. Furthermore, the review highlights recent 

technological advancements, such as nanoencapsulation 

and controlled-release delivery systems, that enhance 

the bioavailability and efficacy of BCs. In addressing 

current limitations in FFS, ranging from variable 

bioaccessibility and individual response to inconsistent 

clinical validation, this work not only identifies key 

knowledge gaps but also provides a critical foundation for 

future interdisciplinary research and innovation. 

Ultimately, the review advances the conceptual 

understanding of FFS as a transformative scientific 

domain with significant implications for the prevention of 

chronic diseases and public health policy. 

 

Practical Implications: The findings support a more 

strategic formulation of FF to improve public health 

through nutrition. By identifying optimal soil sources, 

delivery systems, and effective dosages of key BC, this 

review guides food technologists, clinicians, and health 

policymakers in developing preventive dietary strategies. 

The insights also inform consumer education and 

encourage regulatory clarity, which may facilitate the 

integration of scientifically validated FF into dietary 

guidelines and health care practices. 

In summary, BC are the cornerstone of FFS, offering 

scientifically validated health benefits beyond basic 
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nutrition. Understanding the mechanisms, optimal 

dosages, and delivery systems of these compounds is 

essential for developing effective dietary strategies to 

prevent and manage chronic diseases as the field 

matures. FFS bridges the gap between food and 

medicine, promoting a proactive and preventative 

approach to public health. Continued interdisciplinary 

research, regulatory clarity, and public education will be 

critical in advancing this promising field and translating 

its findings into practical health solutions. 

 

Abbreviations: FFC: Functional Food Center; BC: 

bioactive compounds; PBC: pharmaceutical bioactive 

compounds; FFS: functional food science; FF: functional 

foods 
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