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Abstract 
Objectives:   Nutraceuticals is a general term for a variety of bioactive compounds such as polyphenols and omega-3 fatty acids which have 
shown promising ability in the field of health. Efficacy of these drugs somewhat relies on their absorption, distribution, metabolism, and excre-
tion (ADME) processes in the body.
Methods:  This review provides a comprehensive understanding of ADME principles blended with the pharmacological insights into design 
customized nutraceutical interventions dependent on individual well-being. This review discusses absorption dynamics starting from ingestion 
and excretion and further examines how they relate to a therapeutic outcome. In addition, special focus is paid to breakthrough methods like 
artificial intelligence and multidisciplinary cooperations among other ways of improving nutraceutical science. Both nanotechnology and en-
capsulation techniques, together with other novel approaches, aim at improving the bioavailability of foods. This is important for the continuing 
advancements in food engineering.
Key findings:  Any combination of such strategies will ensure effectiveness of nutraceuticals in personalized medicine, which in turn enables 
better lifestyle choices for the population.
Conclusions It is crucial to add ADME-understanding to pharmacology-based insights into make nutraceutical adjustments according to the 
situation. Innovations in the forms of AI and multidisciplinary cooperation remain crucial in the progress of nutraceutical science. Methods like 
nanotechnology and encapsulation are powerful tools of improving bioavailability and tailor-made medicine, which in turn, will be responsible for 
healthier lives.
Keywords: nutraceuticals; ADME; pharmacological mechanisms; clinical trials bioavailability; delivery systems; nanotechnology; personalized medicine

Introduction
Lately, dietary supplements (nutraceuticals) have been in the 
limelight and praised by the experts for their therapeutic value 
in maintaining better human health [1]. These substances, 
which are known as bioactive compounds, are mainly clas-
sified into polyphenols, flavonoids, essential vitamins, and 
omega-3 fatty acids among others, and they offer promising 
medicinal benefits through their natural, chemical-free nature 
[2]. Nevertheless, the realization of all the therapeutic benefits 
of nutraceuticals depends on a comprehensive understanding 
of several critical factors such as bioavailability patterns and 
various metabolic pathways [3]. Absorption, distribution and 
the intricate processes of absorption, distribution, breakdown, 
and elimination (ADME) are all part of this mechanism [4]. 
The rise of nutraceuticals has been seen as dietary supple-
ments trend; meanwhile many end users tend to take them 
as part of their daily routines towards improved health and 
vitality [5]. While it is possible to accept these supplements 
as the apparent solution to overall health, it is important to 
investigate their complex metabolism inside the body through 
their absorption, distribution, metabolism, and elimination 
[6]. This review aims at exploring the complex processes that 

make the bioavailability and efficacy of nutraceuticals and the 
mechanisms of actions of nutraceuticals. One of the major 
topics discussed is the absorption of the nutraceutical con-
stituents which gets influenced by the characteristics like their 
chemical structure, formulation, and interaction with the bev-
erages that you consume. The precise understanding of the 
factors and mechanisms that determine absorption patterns 
is inevitable for the full optimization of delivery of nutraceut-
icals to particular tissues or organs within the body.

Moreover, delivery of nutraceuticals using human blood 
vessels is a complex process involving transport past different 
tissue barriers, including the gastrointestinal epithelium and 
the blood-brain barrier. Distribution of nutraceutical com-
pounds can be, among others, affected by the molecular size, 
solubility in lipids, and the ability binding to proteins in plasma 
[7]. The metabolism rates are significant in establishing the bi-
oactivity and potency of nutraceutical constituents [7]. The 
speed and extent of drug metabolism mediated by enzymatic 
pathway may interfere with the desired effects of the drugs 
[8]. Through recognizing the metabolic pathways involved in 
the metabolism of nutraceuticals, researchers are able to es-
tablish a bridge between what happens in the body and how 
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the metabolism of nutraceuticals can be enhanced while at 
the same time determining their effectiveness. Likewise, nu-
traceutical elements’ excretion from the body is yet another 
important issue that should be taken into account when 
choosing their usefulness [9]. Excretion mechanisms compre-
hension will open the way for the researchers to elaborate the 
plans of prolonging the lifetime of action and improving the  
functional sides of nutraceuticals [10]. In addition to this, 
the article examines cutting-edge methods of optimal place-
ment of nutraceutical ingredients, including nanotechnology 
and encapsulation methods [11]. These ground-breaking ap-
proaches may lead to a transformation in terms of bioavaila-
bility and stability of nutraceuticals such bot that they could 
become more widely applicable for therapeutic purposes 
[12]. The unraveling of the mystery of how nutraceuticals are 
transported, broken down, and removed from human body 
can help the scientists with the individualizing of the medical 
treatment based on needs of people [13]. These tailor made 
methods would try to figure out the role of nutraceuticals 
in daily routine in terms of maximizing nutrient absorption 
[14]. To sum up, nutraceuticals are intriguing in view of the 
fact that they present great opportunities in fighting human 
diseases. This can be achieved by understanding the ADME 
processes responsible for the bioavailability and efficiency 
of these compounds, and with such an understanding the re-
searchers will open up new opportunities for enhancing the 
therapeutic results of these compounds. With the continuous 
efforts of researchers and innovators, nutraceuticals may as 
well be the one of the most important tools which can be used 
to improve the overall health and wellness of a person.

Methodology
Scope
This in-depth review thoroughly investigates nutraceut-
icals, with special attention paid to major factors like their 
meaning, ADME pathways, pharmacology mechanisms, and 
clinical research protocols. Additionally explored are person-
alized medication approaches as well as regulatory consider-
ations relating to the influence of gut microbiota interactions 
together with newly developed technologies within this area 
and market trends.

Literature search strategy
Conducted a comprehensive literature search using databases 
such as PubMed, Google Scholar, and academic journals. 
Utilized relevant keywords such as nutraceuticals, ADME, 
pharmacokinetics, bioavailability, delivery systems, absorp-
tion, encapsulation, nanotechnology, food engineering, per-
sonalized medicine, clinical trials, regulatory concerns, gut 
microflora, emerging technology, and market trends.

Inclusion criteria
The inclusion criteria cover peer-reviewed literature from 
2014 to 2024 in English, relevant to the specified themes to 
capture recent advancements and findings. Selected articles 
focusing on the intersection between nutraceuticals and the 
specified aspects.

Exclusion criteria
Nonpeer-reviewed sources such as conference abstracts, edi-
torials, and opinion pieces. Studies published before 2014 or 

not relevant to the specified themes. Literature in languages 
other than English.

Data collection
Identified and collected relevant articles based on the inclu-
sion criteria. Reviewed and summarized the findings, method-
ologies, and conclusions of each selected article.

Categorization of literature
Categorized the literature based on the identified aspects such 
as ADME processes, pharmacological mechanisms, clinical 
trials, personalized medicine approaches, regulatory consider-
ations, gut microbiota interactions, and emerging technologies.

Synthesis of findings
Synthesized the findings from the selected articles to provide a 
narrative overview of the topic. Integrated relevant informa-
tion to create a cohesive narrative addressing the intersection 
between nutraceuticals and the specified aspects.

Critical analysis
Critically analyzed the literature to identify key themes, 
patterns, and gaps in the existing research. Evaluated the 
strengths and limitations of the reviewed literature.

Interpretation and discussion
Interpreted the synthesized findings to discuss their impli-
cations for human health and the nutraceutical industry. 
Provided insights into the potential applications, challenges, 
and future directions in the field.

Reporting
Organized the review findings in a structured narrative format, 
adhering to the intended scope, and objectives. Presented the 
narrative review in a clear and concise manner, ensuring read-
ability, and coherence.

Ethical considerations
Adhered to ethical guidelines in the conduct and reporting of 
the review. Properly cited and acknowledged sources to avoid 
plagiarism and maintain academic integrity.

Bioavailability enhancement techniques
Bioavailability enhancement techniques are the procedures used 
to optimize the levels of absorption and also availability within 
an individual organism [15]. To achieve the optimum thera-
peutic or nutritional effects, improving bioavailability is very 
critical [15]. Bioavailability means the extent to which a drug 
or nutrient goes into the circulation after ingestion [16]. The 
techniques of bioavailability enhancement are many strategies 
or methods aimed at increasing the accessibility and also intake 
in the body, namely for drugs and nutrients [17]. The aim is to 
improve the bioavailability of the active compound, meaning a 
larger fraction will reach the target tissues or organs and have 
its therapeutic action [18]. Many factors may influence the bio-
availability of a substance such as solubility, stability level, per-
meability, and metabolism [19]. These are attempts from the 
bioavailability enhancement techniques to overcome these is-
sues in order for the effective delivery of active compound [20]. 
These approaches are especially very significant for substances 
that have a low solubility, instability, or also poor permeation 
as these compounds can be much less efficiently absorbed and 
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utilized by the organism [21]. The bioavailability enhancement 
techniques: nanotechnology applications for improved nutrient 
delivery; encapsulation methods protecting the action of com-
pounds during the digestion, and novel approaches to increase 
solubility and also absorption [22].

Nanotechnology applications for improved nutrient 
delivery
Nanotechnology-based applications for better nutrient assur-
ance entail the utilization of nanoscale materials and struc-
tures that improve the bioavailability, shelf-life stability as 
well as efficiency in delivery. The main goal is to enhance the 
assimilation of nutrients especially those possessing poor solu-
bility or stability. Some common nanotechnology applications 
include: the use of nanoscale delivery systems helps to improve 
the bioavailability. Nanoparticles offer a very vast interaction 
interface with the biological systems which greatly enhances 
absorption [23]. Nanoemulsions fall under the category of mi-
croscopic oil droplets that are dispersed in water, where lipo-
philic nutrients can be protected and absorbed more efficiently 
[24]. Nanocarriers, including liposomes or micelles, encapsu-
late and protect the nutrients from degradation in the diges-
tive system while also promoting their effective absorption 
through Gatrointestinal tracts (GITs) [25]. Nanostructured 
lipid carriers refer to lipid-based nanoparticles that provide 
stability and improved solubility of the nutrients which are 
needed for absorption, which are less soluble in water [26].

Encapsulation methods to protect nutraceuticals 
during digestion
Encapsulation techniques include encasing or surrounding the 
nutraceuticals with protective bodies to safeguard them from en-
vironmental agents, such as digestive enzymes altering; changes 
in pH, and oxidation [27, 28]. These approaches are target in-
creased stability, bioavailability, and controlled drug delivery of 
nutraceuticals [29]. Some common encapsulation methods used 
to protect nutraceuticals during digestion include:

Microencapsulation
This method consists of encapsulating the nutraceuticals in 
micro-sized capsules or spheres typically composed of pro-
teins, lipids, or carbohydrates [30]. Microencapsulation 
protects the many nutrients from deterioration, increases 
stability, and can ensure controlled release of the ingredients 
during digestion [30].

Lipid coating
Protecting the nutraceuticals by coating them with lipids con-
taining triglycerides or phospholipids can help increase their 
bioavailability and also protection from harsh environment 
out there in digestive system [31].

Polymer coating
Polymers used in coating the nutraceuticals can serve as a 
barrier, which prevents degradation through the enzymes and 
acids that are present in the stomach. This method facilitates 
the localized release within the intestines [32].

Novel approaches to increase solubility and 
absorption of bioactive compounds
New ways to improve the solubility and also absorption of bi-
oactive compounds involve novel techniques and preparations 
aimed at overcoming issues with less water-soluble substances 

[33]. Boosting the solubility is very important for boosting the 
bioavailability of such compounds enabling more efficient ab-
sorption and utilization. Novel approaches in this area include:

Solid dispersions
Preparing bioactive compounds as solid dispersions with car-
riers, like polymer or cyclodextrin systems, has the capacity to 
greatly increase solubility and also absorption [34].

Hydrotropy
The use of hydrotropic agents enhances the ability to dissolve 
poorly water-soluble compounds, which also increases their 
bioavailability [34].

Amorphous solid dispersion
By developing amorphous forms of the bioactive compounds 
in a solid dispersion, the dissolution rate can be improved 
leading to an increase on the absorption [35].

Spray drying
By drying the liquid formulations into dry powders using 
spray dried, the stability of compound can be enhanced and 
its surface area can be increased which facilitates dissolution 
and absorption [33].

Synergistic effects of food components
When food components are consumed simultaneously, the 
synergistic effects occur due to how various nutrients and bi-
oactive compounds interact with each other resulting in an 
improved absorption rate as well as high positive health bene-
fits [33]. These interactions between the nutrients and food 
matrices should be studied to formulate functional foods with 
the selected therapeutic outcomes [34]. These interactions 
may take place within one food or between the foods when 
they are consumed together [34]. In the idea of synergy, it can 
be noted that some interactions between food components 
yield outcomes better than what would have been expected 
based on every single component separately [34]. Some syner-
gistic impacts that appear in the food context are:

Nutrient–nutrient interactions
Some nutrients can augment the other’s absorption, utiliza-
tion or function in the body. For instance, vitamin C increases 
the presence of nonheme iron from plant sources when taken 
together [35].

Phytochemical synergy
Synergistic effects can be created through the interactions of 
bioactive compounds known as phytochemicals which are 
generally found in a plant organism. For example, the inter-
action between multiple antioxidants in the fruits and veget-
ables enhances a better protection against oxidative stress 
than individual antioxidants [36].

Protein–carbohydrate–fat interactions
The macronutrient composition in a meal can really impact the 
metabolic responses. For instance, the effect of feeding protein 
with carbohydrates on glycemic response and satiety may result 
in the improved blood sugar control and appetite regulation [37].

Antioxidant synergy
Vitamins C and E, carotenoids, and flavonoids are the most 
common antioxidants working synergistically to help in 

D
ow

nloaded from
 https://academ

ic.oup.com
/rpsppr/advance-article/doi/10.1093/rpsppr/rqae024/7814829 by guest on 16 N

ovem
ber 2024



4 Ugwu et al.

neutralizing free radicals with a hope of preserving the cells 
from oxidation. Combined, the actions of these antioxidants 
are significantly more effective than their individual contri-
butions [38].

Mineral–vitamin interactions
Certain minerals and vitamins interact in a certain way that 
influences their absorption from the body. For instance, there 
is the relationship between vitamin D and calcium which pro-
mote the absorption of calcium [38].

Whole food matrix effects
Nutrients are naturally present in a matrix, and this may in-
fluence the bioavailability of the nutrient as well as its physi-
ological effects. In the case of whole foods, consumption may 
give rise to many synergistic effects when compared to the 
isolated nutrient supplements [39].

Fiber and nutrient absorption
Dietary fiber can affect certain nutrient absorption. For in-
stance, soluble fibers may result in gels that can affect the 
absorption rate of sugars and also fats leading to altered nu-
trient metabolism [39].

Functional food combinations
The development of foods are designed using particular com-
binations of bioactive compounds to produce specific health 
effects. This entails mixing the supplies to form a working 
food that create a synergistic influence on health, including 
better cardiovascular fitness or immunity support [40].

Exploring the combined effects of different food 
components on bioavailability
The investigation of the synergistic impact that varying food 
components have on bioavailability comprises investigating 
how interactions between different nutrients and also 
phytochemicals within a meal or diet influence absorption 
rates throughout one’s system. Bioavailability can be defined 
as the amount of a nutrient or any bioactive compound that 
reaches the bloodstream and is available for physiological 
functions after consumption [40].

Role of food engineering in nutraceutical design
Food engineering, on the other hand, is an essential step in 
developing nutraceuticals-bioactive compounds or substances 
that go above and beyond the basic nutrition to deliver health 
benefits [41]. The union of food engineering and the nutra-
ceutical design encloses several procedures, technologies that 
involve different strategies to improve the bioavailability 
stability or overall performance in terms of these functional 
foods components [42]. By means of innovative processes and 
technologies, the food engineers develop a functional food 
that make people healthy. However, this area continuously 
develops due to the necessity of cultivating sustainable prac-
tices that support personalized nutrition and also conformity 
with regulatory guidelines [43].

Application of food engineering principles in 
designing nutraceutical delivery systems
Food engineering principles in developing the nutraceutical 
delivery systems entail the use of various methods and tech-
nologies to enhance the bioavailability, stability as well as 

targeted drug release platform [44]. The key aspects where 
food engineering principles play a crucial role in the design 
of nutraceutical delivery systems are: Microencapsulation is 
a process where the bioactive compounds are covered with 
an outer coating to increase their stability and release control 
[44]. Food engineers employ microencapsulation to preserve 
the nutraceuticals from light, oxygen, and also moisture deg-
radation [45]. This approach guarantees the controlled re-
lease of bioactive compounds, which also prolongs their shelf 
life and also improves absorption after ingestion [46]. The 
use of nanoscale emulsions and particles increases the area 
available for the interaction with lipophilic bioactive com-
pounds, thus enhancing their solubility and absorption [47]. 
Nanoemulsification techniques allow the formulation of de-
livery systems for food engineers that can improve the bioa-
vailability of fat-soluble nutraceuticals [48]. By encapsulating 
and shielding the bioactive compounds, nanoparticles en-
able the transportation of these substances across biolog-
ical barriers [49]. Liposomes are lipid-based structures that 
are able to host both hydrophilic and also lipophilic drugs 
[50]. Liposomal formulations are developed by the food en-
gineers to enhance the delivery of several nutraceuticals [50]. 
Liposomes help keep a stable environment that always favors 
the digestion of the bioactive elements and also absorption. 
Solid dispersion is a process where the bioactive compounds 
are dispersed in the solid matrix to increase its solubility and 
dissolution rates [47]. Solid dispersion techniques used by 
the food engineers improve the solubility of water-insoluble 
nutraceuticals [11]. This enhances their bioavailability by 
increasing the rate at which they dissolve in the gastrointes-
tinal tract [13]. The spray drying process converts the liquid 
formulations into dry powders, maintaining the stability of 
bioactive compounds. The process of spray drying performed 
by the food engineers helps to formulate dry powders that con-
tain many nutraceuticals [14]. This process increases the sta-
bility, allows for storage, and also generates different formats 
for delivery as capsules, packaged powders, or ready to use 
mixes [15]. For encapsulating bioactive compounds, biopoly-
mers like the proteins or polysaccharides are used to ensure 
protection and controlled release [16]. Food engineers use bi-
opolymer encapsulation to improve the nutraceutical stability 
during digestion [17]. This approach also makes it possible to 
provide the prolonged release of bioactive compounds, which 
implies the perfect absorption and maximum bioavailability 
[18]. Nanocrystals are nanoparticles composed of reduced 
drug crystals that enhance the dissolution rates for poorly 
water-soluble compounds. The application of nanocrystals by 
food engineers helps in increasing the solubility capacity for 
poorly water-soluble nutraceuticals thus enhancing the bioa-
vailability [19]. Coating refers to the application of a cover 
layer on the nutraceuticals aimed at enhancing stability and 
regulating release. Food engineers use coating procedures that 
prevent the nutraceuticals from many environmental factors 
leading to their stability during storage and transportation. 
3D printing leads to the production of structures personal-
ized with fine control over the composition and also release 
habits [19]. 3D printing is utilized by food engineers to design 
custom nutraceutical delivery systems. This strategy allows 
one to synthesize many sophisticated structures that deliver 
timed release as well as specific nutritional solutions [20]. 
Cyclodextrins can form inclusion complexes with the nutra-
ceuticals have enhanced the solubility and stability of them 
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[22]. Cyclodextrins are used by food engineers to improve 
the bioavailability of poorly water-soluble nutraceuticals and 
thus, offering a broadening opportunity in their formulation 
process [9].

Nutraceuticals and human health: unraveling 
ADME
Nutraceuticals include a broad range of compounds from 
polyphenols and flavonoids to vitamins and omega-3 fatty 
acids, which have been shown to provide health promoting 
effects [12]. Although they are gaining a lot of momentum, a 
thorough knowledge of their ADME processes remains very 
crucial for an optimal use in the therapy. Hence, this review 
targets the knowledge gaps and also exploits the complex 
mechanisms of nutraceutical fate in humans [24].

Absorption
The pharmacokinetics of the nutraceuticals is represented by 
sophisticated mechanisms taking place in the gastrointestinal 
tract [11]. Absorption of the nutraceuticals, which are biolog-
ically active compounds characterized by features that go be-
yond standard nutrition is a rather very complicated process 
affected from various angles [11]. These involve the chemical 
form of the nutraceutical as the natural ones are generally 
better absorbed than its synthetic forms [12]. Whole foods 
contain many cofactors that improve the process of absorp-
tion; solubility is very paramount, as fat-soluble components 
require dietary fats while water-soluble need some liquid [14]. 
Digestive processes also contribute in part to the enzymes 
breaking down large molecules for uptake [14]. The site of 
absorption within the tract is different for each individual 
nutraceuticals. Individual differences in factors, such as the 
genetic component of an individual and their age or health 
condition intrude a lot into absorption processes [18]. The di-
gestive tract changes with time resulting in a poorer nutrient 
absorption function at the advanced ages. In the oral phase, 
chewing and also salivary enzyme action initiate the process 
[13]. Salivary amylase starts functioning in the breakdown of 
complex carbohydrates into simpler sugars. Also, in stomach 
phase: gastric acid and digestive enzymes, the nutraceuticals 
travel to the stomach. There are many compounds that may 
be denatured or easily degraded under the acidic pH [18]. 
Most of the digestion takes place in the small intestine also. 
Complicated substances are further digested by pancreatic 
enzymes and also bile, making them more absorbable. The 
nutraceuticals are absorbed through the intestinal wall into 
the bloodstream [20]. Absorption is affected by such proper-
ties as the molecular size, solubility, and also by special trans-
port mechanisms. In liver metabolism, after being absorbed, 
the nutraceuticals travel through the liver and some com-
pounds undergo biotransformation (metabolism) there [22]. 
This process may either turn on, switch off or alter the chem-
ical composition of the nutraceuticals. Nutraceuticals that are 
able to survive the digestion and liver metabolism enter the 
systemic circulation, coming into the target tissues or organs 
where they act [23]. Any unabsorbed or metabolized nutra-
ceuticals will be excreted eventually, primarily through the 
urine and feces. The digestion of nutraceuticals may be influ-
enced by the form in which they are ingested (e.g., capsules; 
tablets-pills, or tablet liquid), coconsumption with other nu-
trition and some individual variations in the operation of gas-
trointestinal process [24]. However, it is worth mentioning 

that the efficacy of nutraceuticals largely depends on these 
digestion and absorption processes; formulation, dosage, and 
various health conditions are very essential in determining 
their functionality [11, 12].

Distribution
After the absorption, nutraceuticals are distributed throughout 
the body and exerting their influence on different tissues and 
also organs [13]. The nutraceuticals are bioactive compounds 
that can be very beneficial to the health and use a particular 
transport mechanism for crossing the bloodstream into target 
tissues [15]. Adsorption is usually mediated by the GIT, where 
nutraceuticals may utilize facilitated transport or passive dif-
fusion [17]. Being the blood stream, they can associate with 
carrier proteins to guarantee stability and transportation. 
The specificity of nutraceuticals to certain tissues is regulated 
by their molecular composition and the amount capable of 
targeting receptors [18]. Receptor-mediated endocytosis helps 
the cells in specific organs to consume them. Some nutraceut-
icals are able to show some organ-specific or functional selec-
tivity, which helps in better deposition at the target sites [22]. 
Residence time in the bloodstream, biotransformation, and 
tissue-register uptake mechanisms all affect the accumulation 
at target organs [23]. Depending on their biotransformation 
in the liver, nutraceuticals alter the bioavailability and accu-
mulation of some organs [25]. Developing formulations with 
ideal pharmacokinetics increases the probability of attaining 
therapeutic levels in the target tissues, ensuring that these bio-
active products deliver desired health outcomes [27].

Metabolism
Nutraceutical metabolism is the enzymatic process that con-
verts these compounds into their corresponding metabolite 
[29]. Hepatic and extra-hepatic metabolism is seen in the 
nutraceuticals, which involve several enzyme reactions to en-
hance their biotransformation as well as the elimination from 
the body. The major metabolism takes place in the liver by the 
cytochrome P450 enzymes, which facilitates phase I oxida-
tion reactions. The cytochrome P450 enzymes, especially the 
CYP3A4, CYP2D6, and also the CYP1A2 play a significant 
role in the oxidative metabolism of nutraceuticals [30]. The 
reactions catalyzed by these enzymes include hydroxylation, 
dealkylation and oxidation to generate many metabolites that 
have reduced pharmacological activities. The latter causes in-
dividual responses due to the variability in cytochrome P450 
enzyme expression and activity among the people concerning 
nutraceutical metabolism rates [31]. After the phase I re-
action, the nutraceutical metabolites go through a phase II 
conjugation usually. This includes the incorporation of polar 
groups, including glucuronic acid, sulfate or amino acids that 
will increase the water solubility and allow for excretion. 
Enzymes, such as UDP-glucuronosyltransferases (UGTs) and 
sulfotransferases are very important for these conjugation 
reactions which help a lot in the elimination of nutraceut-
icals from the body [32]. Biotransformation of nutraceuticals 
takes place not only in the liver but also extrahepatically, 
being metabolized by tissues throughout the whole body. 
Metabolism occurs through the intestinal mucosa, the kid-
neys, and also lungs known as the extrahepatic sites. Enzymes 
found in such tissues, including the cytochrome P450s play 
a very important role that determines the fate of nutraceut-
icals [34]. Individual responses to the nutraceuticals are a lot 
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significantly influenced by genetic variance in the metabolism 
and also catalysis of enzymes associated with certain biolog-
ical systems. Metabolic differences among the individuals are 
caused by many polymorphisms of cytochrome P450 genes, 
UGTs, and also some other important phase II enzymes. The 
genetic heterogeneity can lead to many variations in the effi-
cacy, safety, and also overall health benefits of the nutraceut-
icals [10, 11].

Excretion
Elimination of the nutraceuticals and their metabolites is a 
very important feature of ADME. In fact, the kidneys are 
very important organs that release the waste products and 
excess substances from the blood through urination [12]. In 
the nephrons filtration, reabsorption, and secretion take place 
leading to water soluble substances are primarily excreted. 
Bile, which is synthesized in the liver and released into the 
small intestine, is a substance that contains waste products 
[13]. Nonabsorbed substances that are precipitated with the 
feces may aid in the biliary excretion. Respiration can be used 
to eliminate the gaseous materials such as volatile chemicals 
or some other gases [14]. This path is specifically very im-
portant for the compounds that have high vapor pressure. 
Kidney function affects the efficiency of the renal excretion. 
Poor kidney function may cause the delayed elimination of 
the nutraceuticals [15]. The elimination of substances is af-
fected by the renal clearance, GFR, and also tubular secretion. 
The hepatic metabolism of the nutraceuticals has an effect on 
their elimination [16].

Enzymes, such as cytochrome P450 in the liver, are used 
for metabolizing substances and exert an influence on their 
bioavailability and elimination. Water-soluble nutraceuticals 
are more likely to be eliminated via the urinary excretion, 
while lipid-solving ones may incur in biliary elimination [17]. 
Solubility influences the ease with which the substances pass 
through various biological membranes. Nutraceuticals bound 
to the plasma proteins may have a decreased renal filtration 
or hepatic clearance. Free, nonbound fractions are usually 
more readily eliminated. Other aging-related factors, such as 
hepatic clearance and also renal function may also affect the 
nutraceutical elimination. Body composition and metabolism 
differences based on the gender can also contribute [18].

Pharmacological mechanisms underlying the 
therapeutic efficacy of nutraceutical
These mechanisms interact with the biological systems to pro-
vide a therapeutic efficacy. This review discusses several phar-
macological aspects that underlie the therapeutic effects of 
many nutraceuticals [13]. Nutraceuticals are known to have a 
lot of antioxidant power, capturing the free radicals and min-
imizing the oxidative stress [13]. These include polyphenols in 
the green tea, resveratrol in grapes, and also vitamin C from 
citrus fruits [14]. Nutraceuticals show the anti-inflammatory  
effects by regulating these pro-inflammatory signaling path-
ways [15]. Anti-inflammatory properties of omega-3 fatty 
acids in the fish oil and also curcumin from turmeric are 
well known [16]. Nutraceutical can interfere with the cell 
signaling pathways, controlling many factors such as prolif-
eration, apoptosis, and also differentiation of the cells [17]. 
The green tea epigallocatechin gallate (EGCG) and also broc-
coli sulforaphane modulate many cellular signaling pathways 
[18]. Some of the nutraceuticals promote the metabolic home-
ostasis by controlling the lipid and also glucose metabolism. 

Berberine from the berberis plant and also polyphenols in 
cinnamon have a lot of potential as metabolic regulators 
[15]. Through their anti-inflammatory and also antioxidant 
properties, nutraceuticals safeguard the nervous system [16]. 
Neuroprotection is associated with the omega-3 fatty acids in 
fish and flaxseeds as well as with flavonoids found in berries. 
Lipid profiles are improved, the blood pressure is reduced, 
and oxidative stress prevention cardiovascular health benefits 
of the nutraceuticals [16]. The cardioprotective qualities of 
coenzyme Q10 (located in the meat and fish) as well as beta-
glucans found in the oats have been shown. Some nutraceut-
icals can have a very positive influence on the status of gut 
health and also help to modulate composition of microbiota 
[17]. Prebiotics in specific fibers and also probiotics found 
in fermented foods promote the healthy gut. Nutraceuticals 
appear to alter the immune system, enhancing the protec-
tive mechanisms against many infections [18]. Vitamin D 
from the fatty fish and also the fortified dairy products as 
well as echinacea are all related to immunomodulation. Some 
nutraceuticals possess anticancer effects because they help to 
prevent the growth of cancer cells and also encourage apop-
tosis. Phytochemicals found in the cruciferous vegetables and 
lycopene present in the tomatoes are some of the possible 
anticancer nutraceuticals [17, 18].

Clinical trials on integrated nutraceutical 
formulations
The main idea behind the clinical trials on the effectiveness 
of integrated nutraceutical formulations is to evaluate how 
the combination of dietary supplements impacts various 
health outcomes [27]. These trials aim at investigating how 
different nutrients and bioactive compounds can work in 
harmony to improve overall health and prevent or manage 
specific medical conditions [28]. Generally, integrated nu-
traceutical formulations consist of a blend of vitamins, 
minerals, antioxidants, amino acids, and other bioactive 
compounds [29]. Such formulations might be tailored for 
certain health issues namely; cardiovascular health, cogni-
tive function, or immune support. In order to evaluate the 
efficacy of integrated nutraceuticals, randomized controlled 
trials (RCTs) are commonly employed [30]. The role of pla-
cebo controls is to establish if there is an effect for the for-
mulation while randomization helps in avoiding bias [31]. 
Within clinical trials predefined endpoints and outcomes 
include biomarkers, symptom improvement, disease pro-
gression, and overall quality of life. Objective measurements 
like laboratory tests and imaging often provide quantifiable 
data [32]. Trials may focus on specific groups including in-
dividuals with certain diseases such as diabetes or cardiovas-
cular disease; or populations that are at risk of developing 
nutrient deficiencies [16–18]. The generalizability of find-
ings is improved by having a range of participants with dif-
ferent characteristics. The duration of studies varies across 
the board, in terms of short interventions on one hand and 
long-term appraisals on the other. Longer trials are useful 
in assessing enduring effects as well as any deteriorations 
[21]. It is necessary to rigorously monitor adverse events for 
characterizing the safety profile of integrated nutraceutical 
formulations. Tolerability evaluations guarantee compliance 
and reduce drop-out rates. Statistical analyses are performed 
to determine if observed effects have statistical significance. 
Subgroup analyses might examine how response varies due 
to age, sex, or baseline health status [19, 20].
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Personalized medicine approaches in nutraceutical 
interventions
The convergence of personalized medicine and nutraceutical 
interventions symbolizes a big change in paradigm regarding 
the health care, as it reflects the fact that individuals react very 
differently to dietary interventions [7]. This section focuses 
on personalized medicine from the perspective of nutrition 
by placing emphasis on individual tailored strategies capable 
of addressing genomic and metabolic characteristics specific 
to every person. An important theme in personalized nutri-
tion is the genetic susceptibilities [37]. This section discusses 
the impact of genomics on nutrient needs, as well as the ge-
netic variations that affect nutrient metabolism and absorp-
tion and utilization [20, 21]. Some genetic markers related 
to the response of certain nutrients are discussed below. A 
personalized approach focuses on the individual differences 
that are in metabolic pathways, enzymatic activity, and nu-
trient interactions. This chapter describes how personalized 
medicine considers the metabolic differences in individuals, 
resulting in individual recommendations that can improve 
nutrient utilization and also bioavailablity [22]. Health as-
sessment integrations and biomarkers make the personalized 
nutrition interventions even more precise. Although individu-
alized nutritional care can be very promising, the issues re-
lating to data security, standardization of protocols, and also 
economic viability ought to be addressed.

Bridging laboratory discoveries to clinical 
applications in nutraceutical interventions
Translational research in the nutraceutical intervention 
should be an interdisciplinary effort that includes preclinical 
investigations, clinical trials, and also evidence-based prac-
tice [24]. Integrated omics technologies, including genomes, 
proteomes, and metabolomics help in measuring the nutra-
ceutical efficacy [25]. In addition, novel delivery systems and 
formulation techniques can improve the bioavailability and 
treatment efficacy which is very vital for clinical translation. 
In spite of its promise, translational studies on the nutra-
ceutical interventions still have a number of challenges [23]. 
Variability in the bioavailability, dose–response relationships, 
and also interindividual differences require personalized ap-
proaches [7]. Along with the standardization of nutraceutical 
formulations, adherence to regulatory guidelines and a sound 
clinical trial design are also critical for the scientific integrity 
and reproducibility. Also, dealing with the commercial inter-
ests, different evidence and also public opinion is required 
for the establishment of confidence in clinical practice related 
to nutraceutical interventions [24]. Future studies should be 
devoted to exploring the molecular targets, biomarkers, and 
also mechanisms involved in nutraceutical efficacy [25]. To 
be very effective, personalized nutrition interventions may in-
corporate the artificial intelligence (AI) along with machine 
learning algorithms and also big data analytics [26]. Also, 
the teamwork between academia along with the industry and 
regulatory bodies must focus on translational research and 
evidence-based nutraceutical therapies [32]. Bridging the gap 
from laboratory discoveries for applications in nutraceutical 
interventions is greatly supported by translational research. 
Through the use of multifaceted approaches to address crit-
ical issues and adopt developing technologies, translational 
initiatives show great potential in converting nutraceuticals’ 
therapeutic value into the enhanced public health [20].

Regulatory considerations for nutraceutical 
development and marketing
Nutraceuticals are subjected to a thorough safety evaluation 
with the aim of ensuring that they do not harm the consumers 
unnecessarily. This includes the assessment of potential side 
effects, drug interactions, and also effective dosage ranges [7]. 
The formulation of the regulations guiding toxicological and 
human clinical trials are done by regulatory agencies such 
as the United States Food and Drug Administration (FDA) 
along with European Food Safety Authority [28]. Proving 
the effectiveness of nutraceutical products is very essential 
for justifying health claims and also corroborating marketing 
statements [29]. Scientific evidence is needed by the regula-
tory bodies, which are often derived from properly conducted 
clinical trials to justify the alleged health benefits of nutra-
ceutical ingredients [32]. Efficacy evaluation standards differ, 
however, between the jurisdictions. They usually involve 
human trials that are in the form of randomized and placebo-
controlled [34]. The accuracy of a product’s labeling is very 
necessary to ensure the consumer transparency and safety 
[34]. Regulatory agencies require certain labeling standards 
like including the ingredient lists, dosage instructions, and 
warning statements. Second, nutraceutical manufacturers 
need to back up any health claims they make on the labeling 
with scientific evidence [36]. Such misleading or unsubstanti-
ated claims can result in to regulatory sanctions and even legal 
action. Quality control standards are very strict for the nutra-
ceuticals to maintain the product consistency, purity, and also 
potency [20]. The good manufacturing practices (GMP) re-
gulations provide specifications for the manufacturing, pack-
aging‚ labeling and for storage of nutraceutical products. It is 
vital that the GMP standards are strictly observed to ensure 
the product quality and safety throughout the manufacturing 
process [24]. The level or extent of regulatory requirements 
also differs significantly across the countries and regions for 
nutraceuticals. On the one hand, certain jurisdictions in-
cluding the USA and European Union have clear regulatory 
frameworks for nutraceutical while others may regulate with 
weaker oversight or derive from general food or drug regula-
tions [21]. To comply with the local laws and regulations of 
various countries, manufacturers and marketers have to over-
come these fluctuations while distributing the nutraceutical 
products globally [32]. Although the nutraceutical industry 
offers a vast business prospect, manufacturers face a host of 
challenges that involve regulatory compliance issues, and sci-
entific validation for health claims as well [31]. Additionally, 
the speed at which nutraceuticals are being developed ne-
cessitate regular revisions on legal frameworks to handle 
emerging concerns and ensure consumers’ safety. Future dir-
ections toward nutraceutical regulation can include conver-
ging standards across jurisdictions, strengthening postmarket 
surveillance mechanisms, and improving transparency and 
consumer education regarding product efficacy and safety 
[30]. Addressing these challenges necessitates a partnership 
among industry participants, regulatory bodies, and scientific 
researchers to facilitate an enabling regulatory framework 
for innovation, consumer protection, and public health [23]. 
Regulatory considerations are important in the development, 
marketing, and commercialization of nutraceutical products. 
Adherence to safety, efficacy, labeling, and manufacturing 
standards is crucial for ensuring consumer safety and confi-
dence [25]. By successfully navigating the policy complexities 
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and maintaining best practices nutraceutical manufacturers 
can tap into the increased demand for health enhancing prod-
ucts while meeting regulatory requirements hence contrib-
uting to promotion of public health as well as wellness.

Unveiling the interplay between gut microbiota 
and nutraceutical absorption
The human gut microbiota, which is primarily made up of the 
bacteria but also home to viruses, fungi, and archaea forms 
a very complex ecosystem that lives in symbiosis with their 
host [29]. However, recent research has emphasized its role in 
many physiological processes such as the immunomodulation; 
metabolism, and also neurobehavioral regulation [32]. 
Specifically, its effect on the nutraceutical absorption and 
also bioavailability should be discussed since they include a 
wide range of biologically active compounds promoting pos-
sible health benefits. It depends on the composition of the 
gut microbiota that varies widely among individuals and 
is associated with diet, genetics, age, and to public expos-
ures [13]. Some of the dominant phyla include Firmicutes, 
Bacteroidetes, Actinobacteria, and also Proteo bacteria spe-
cies. Species richness and species diversity plays an important 
role in sustaining gut homeostasis [22]. Nutraceutical absorp-
tion takes place primarily in the GIT, where the interaction 
of dietary components with the gut microbiota dictates its 
rate and bioavailability [23]. Such interactions include enzy-
matic metabolism, fermentation, and also intestinal permea-
bility modification. Gut microbiota possess a wide range of 
enzymes used to metabolize many nutraceuticals such as the 
polyphenols, flavonoids, and also prebiotics [27]. In the bi-
otransformation of these compounds, the bacterial enzymes 
including β-glucuronidases, sulfatases, and esterasers play a 
major role in modulating their pharmacokinetics and bioac-
tivity [23]. These are fermentable substrates that include die-
tary fibers and resistant starches which undergo the process of 
being degraded by the gut microbiota to produce short-chain 
fatty acids (SCFAs) as well as many other bioactive metab-
olites [27]. Energy metabolism, immune regulation, and gut 
barrier function contributions of SCFAs particularly butyrate, 
acetate, and propionates also in the systemic effects are related 
to nutraceutical absorption. Microbiota in the gut maintain 
the intestinal barrier integrity by interacting with epithelial 
cells and also secretion of mucosal factors [27]. When the gut 
barrier function is disrupted, as often seen in dysbiotic states, 
absorption of nutraceuticals can be affected and lead to in-
flammation and metabolic disorders [30]. The composition 
of one’s diet greatly affects their gut microbiota which plays a 
role in how well they absorb these nutrients. Prebiotics, pro-
biotics, and dietary polyphenols promote beneficial bacteria 
growth that helps with better processing of nutraceuticals. 
Factors like genetics, age sex health status are also involved 
while things environmental pollutants or stressors may affect 
absorption rates further by perturbing microbiota makeup 
[23]. Identifying this interplay between nutrition intake and 
its interaction with microbes within the body holds major 
implications for personalized treatments aimed at preventing 
diseases through food interventions rather than traditional 
medicines alone [27]. There ought to be more research into 
specific mechanisms around such interactions depending on 
different populations’ unique factors (whether genetic or 
disease-related) so scientists stand a better chance at under-
standing various nuances regarding nutritional requirements 

from person-to-person via alterations made on microbial 
levels [24]. Specifically targeting favorable environments—
either self-generated via enhanced diets and supplements vs 
unnatural means such as fecal transplants meant solely boost 
immune response systems where necessary amongst positive 
bacterial colonies who have been able to grow stronger given 
optimal enabling circumstances-supporting nutrient uptake/
absorption thereof overall functionality-enhancement meas-
ures deserving future consideration/experimentation oppor-
tunities too [27]

.

The role of emerging technologies, particularly AI, 
in nutraceutical design
The process of designing and developing nutraceuticals is 
intricate, requiring identification of bioactive compounds, 
formulation optimization, and efficacy assessment [42]. 
Historically relying on trial-and-error or chance discoveries, 
the emergence of AI technology has created a promising new 
approach to accelerating development [44]. Utilizing machine 
learning algorithms that analyze molecular structures for 
heightened precision in therapeutic potential prediction en-
ables interference personalization using real-world data such 
as electronic health records while optimizing formulations’ 
effectiveness control strategies [33]. To fully realize these 
technological advancements requires collaborative inter-
disciplinary research involving computer scientists chemists 
biologists clinicians regulatory experts addressing challenges 
including algorithm robustness/data quality considerations 
ethical implications/regulatory compliance concerns inherent 
in emerging technologies (quantum computing/synthetic bi-
ology) [35]. Decentralized Federated AI frameworks offer 
privacy protection throughout stages shaping next-generation 
precise mechanism-of-action-enhanced bioavailability-
focused nutraceutical(s) contributing ultimately to improved 
well-being/health outcomes beyond traditional approaches 
available today [18, 21].

The importance of collaboration among food 
scientists, pharmacologists, and medical 
professionals in nutraceutical development
In the complex world of nutraceutical development and inte-
gration into healthcare practices, collaboration among food 
scientists, pharmacologists, and medical professionals is cru-
cial [12]. Food scientists are responsible for optimizing de-
livery systems to increase bioavailability using techniques 
like nanoemulsions and microencapsulation while ensuring 
stability and absorption of bioactive compounds [16]. 
Pharmacologists bring their expertise in pharmacokinetics and 
knowledge about drug interactions that impact therapeutic ef-
ficacy to ensure optimal results from these supplements barring 
any unwanted side-effects resulting from toxicity profiles or 
metabolism issues; thus providing valuable insights into safety 
considerations that help identify populations at risk before-
hand during clinical trials too where appropriate consultation 
with other experts can be carried out alongside them working 
together seamlessly throughout it all [15, 17]. Medical practi-
tioners weigh in by bringing a clinical angle identifying needed 
populations/targeted groups who may benefit most signifi-
cantly [18]. They then guide researchers to provide more tar-
geted care via personalized interventions improving outcomes 
thanks mostly because they also incorporate patient-specific 
health information enabling recommendations regarding 
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adjunctive therapies designed specifically around each person’s 
nutritional needs/preferences based on data-driven analysis 
available composition [20].

Market trends in the nutraceutical industry
There is a strong demand among consumers for functional 
foods, which offer health benefits beyond basic nutrition and 
make up a significant segment of the nutraceutical market 
[30]. The industry is witnessing trends like plant-based op-
tions and innovative delivery systems such as encapsulation 
and nanoemulsions, while personalized nutrition based on 
advances in nutrigenomics and data analytics has also gained 
traction [32]. Despite this growth in functional foods, die-
tary supplements still dominate the market due to factors like 
an aging population with increasing disposable incomes who 
are focused on preventive healthcare [18]. However, safety 
issues have led to strict oversight through compliance regula-
tions like GMP [13, 16]. Herbal extracts derived from botan-
icals have grown popular but face quality control challenges 
throughout their supply chain due to concerns regarding 
adulteration related to traditional healing practices [18]. 
Harmonization across regions that take into account scien-
tific innovations can overcome regulatory hurdles toward in-
novation while ensuring consumer safety remains paramount 
[30]. With growing awareness about evidence-supported clin-
ical research contributing preventative chronic diseases con-
cerning diet’s role makes way for new product development 
[31]. Arising with technological advancements supporting 
personalized medicine combining biotechnology delivery 
methods using AI bolstering expansion since lifestyle choices 
continue dominating human longevity influencing every 
step involved in producing these goods [37]. Coordinating 
policy-making between stakeholders helps reduce counterfeit 
unsafe items funneled via e-commerce platforms or direct-to-
consumer sales channels enabling sustainable growth overall 
satisfying evolving preferences favorably over time [18].

Conclusion
The merging of ADME processes and pharmacological mech-
anisms marks a significant step forward in nutraceutical in-
vestigation. These developments offer viable pathways for 
targeted health interventions that can be tailored to indi-
vidual needs. It is imperative to comprehend the intricacies 
surrounding nutrient absorption, distribution throughout 
the body, metabolism, and eventual elimination from it as 
this understanding will enhance therapeutic outcomes while 
ensuring optimal performance within clinical contexts. 
Advancements in nutraceutical bioavailability through inno-
vative delivery systems and synergistic food component inter-
actions offer promising avenues for personalized medicine. 
Understanding ADME processes and leveraging technologies 
like AI can enhance therapeutic outcomes and regulatory pre-
cision. Coordinated efforts among researchers, clinicians, and 
regulatory bodies are essential for maximizing the impact of 
nutraceuticals on human health and wellness.
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