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ABSTRACT

Natural compounds such as polyphenols, flavonoids, alkaloids, terpenoids, and saponins demonstrate significant
anti-obesity potential by regulating adipogenesis, lipolysis, appetite, and energy expenditure. However, their
clinical application is limited by poor solubility, low bioavailability, rapid metabolism, and instability in the
gastrointestinal tract. Nanoformulation strategies including polymeric nanoparticles, lipid-based carriers,
micelles, dendrimers, and nanoemulsions offer promising solutions to these barriers. By improving solubility,
protecting bioactives from degradation, enhancing absorption, and enabling targeted or sustained release,
nanoformulations significantly enhance therapeutic efficacy. This review explores the principles of
nanoformulation, preclinical and clinical advances, translational barriers, clinical perspectives, and future
directions for integrating nanotechnology with natural product—based obesity therapy. Nanoformulations may
transform natural bioactives into clinically viable anti-obesity treatments, though long-term safety, cost, and
regulatory concerns remain critical challenges.
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INTRODUCTION
Obesity is a complex and multifactorial condition characterized by excessive accumulation of adipose tissue,
chronic low-grade inflammation, and metabolic dysregulation[ 1, 27]. Its rising global prevalence represents one
of the most urgent public health challenges, contributing significantly to morbidity and mortality. Obesity is
strongly associated with type 2 diabetes mellitus, cardiovascular disease, non-alcoholic fatty liver disease,
hypertension, and certain cancers [3, 47. Conventional management strategies dietary modification, physical
activity, pharmacotherapy, and bariatric surgery have shown limited long-term success. Pharmacological
therapies often provide modest weight loss, carry safety risks, and rarely address the underlying metabolic
dysfunctions[2, 5~77. This gap has fueled growing interest in natural compounds with anti-obesity potential.
Natural bioactive compounds derived from plants, fruits, vegetables, herbs, and marine sources exert a wide
range of biological activities relevant to obesity management[8—117. Polyphenols such as resveratrol, catechins,
and curcumin regulate adipocyte differentiation, oxidative stress, and inflammation[ 12—-157. Flavonoids like
quercetin and rutin demonstrate anti-adipogenic and insulin-sensitizing effects. Alkaloids such as capsaicin and
caffeine stimulate thermogenesis and lipolysis. Terpenoids, carotenoids, and saponins modulate lipid
metabolism, gut microbiota composition, and appetite control[16-197]. These compounds act through diverse
molecular mechanisms, including activation of AMP-activated protein kinase (AMPK), modulation of
peroxisome proliferator-activated receptors (PPARs), enhancement of mitochondrial function, and regulation of
gut hormone secretion.
Despite compelling preclinical evidence, clinical translation of natural compounds has been hindered by several
limitations. Many bioactives exhibit poor aqueous solubility, instability in gastrointestinal conditions, rapid
metabolism, and low systemic bioavailability[207. As a result, oral administration often leads to insufficient
therapeutic concentrations at target tissues. For instance, curcumin and resveratrol show potent anti-obesity
effects in vitro and in animal models, but their clinical efficacy is severely compromised by poor absorption and
rapid clearance[207]. This gap between laboratory efficacy and clinical outcomes underscores the urgent need
for novel delivery systems.
Nanotechnology offers promising solutions. By encapsulating natural compounds within nanocarriers, it is
possible to overcome solubility and stability barriers, protect compounds from enzymatic degradation, prolong
circulation time, and improve bioavailability. Nanoformulations can also enable site-specific targeting, reducing
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systemic side effects and enhancing therapeutic outcomes[21-237. Lipid-based carriers such as liposomes, solid
lipid nanoparticles (SLNs), and nanostructured lipid carriers (NLCs) have been widely used for natural product
delivery. Polymeric nanoparticles, dendrimers, and nanoemulsions provide additional versatility, allowing
sustained release and functionalization with targeting ligands[21, 24—277].

The benefits of nanoformulation extend beyond pharmacokinetics. Encapsulation often enhances the biological
activity of natural compounds by increasing their cellular uptake, facilitating interaction with molecular targets,
and allowing combination delivery of multiple agents for synergistic effects28-317]. For example,
nanoencapsulated curcumin not only demonstrates higher bioavailability but also produces greater suppression
of adipogenesis and inflammation in obese models compared to free curcumin [82—-3857. Similarly, nanoemulsified
green tea catechins exhibit improved stability and stronger appetite-suppressing effects. This review explores
the role of nanoformulations of natural compounds in the treatment of obesity. Section 2 outlines the principles
and design of nanoformulations for natural bioactives. Section 8 summarizes advances in preclinical and clinical
research. Section 4 examines translational barriers. Section 5 highlights clinical perspectives and potential
integration into obesity care. Section 6 discusses future directions and opportunities for innovation.

2. Principles of Nanoformulations for Natural Compounds

Nanoformulations are engineered nanoscale delivery systems designed to encapsulate natural compounds and
enhance their pharmacological performance. The most common strategies include lipid-based carriers,
polymeric nanoparticles, dendrimers, micelles, and nanoemulsions. Each approach addresses specific limitations
of natural bioactives.

Lipid-based nanocarriers such as liposomes, SLNs, and NLCs provide biocompatible matrices capable of
encapsulating both hydrophilic and lipophilic natural compounds. They improve solubility, protect bioactives
from hydrolysis and enzymatic degradation, and enable controlled release[ 24, 25, 367].

Polymeric nanoparticles, often made from PLGA, chitosan, or polylactic acid, allow sustained release and
enhanced stability. Chitosan-based nanoparticles, for example, are mucoadhesive and improve intestinal
absorption of polyphenols[37—407.

Dendrimers offer high loading capacity and multivalent surface functionalization. Their tunable architecture
makes them ideal for co-delivery of natural compounds with synergistic agents[41-437].

Micelles and nanoemulsions improve solubilization of poorly water-soluble phytochemicals such as
carotenoids or curcumin. Nanoemulsions are particularly useful for oral delivery, where they spontaneously
form stable dispersions in gastrointestinal fluids[44].

Functionalization with ligands such as peptides, polysaccharides, or antibodies enables active targeting of
adipose tissue, liver, or intestinal receptors. Stimuli-responsive systems release bioactives in response to pH,
enzymatic activity, or redox conditions, ensuring delivery at sites of action.

Together, these principles illustrate how nanoformulations transform poorly bioavailable natural compounds
into viable therapeutic candidates for obesity.

3. Advances in Preclinical and Clinical Studies

Preclinical studies have consistently demonstrated that nanoformulations significantly enhance the efficacy of
natural compounds in obesity models. Curcumin-loaded nanoparticles show improved anti-adipogenic activity,
greater suppression of inflammatory cytokines, and enhanced activation of AMPK compared to free curcumin.
In obese rodents, nano-curcumin reduces body weight, improves glucose tolerance, and decreases hepatic lipid
accumulation[45].

Resveratrol nanoformulations enhance stability and absorption, resulting in improved regulation of lipid
metabolism and reduced fat accumulation. Studies with polymeric and lipid-based resveratrol nanoparticles
demonstrate stronger effects on mitochondrial function and insulin sensitivity than unformulated
resveratrol[46—497].

Green tea catechins and epigallocatechin gallate (EGCG) delivered through nanoemulsions exhibit superior
bioavailability and enhanced effects on thermogenesis and appetite suppression. These formulations increase
PYY and GLP-1 secretion, leading to reduced food intake in animal models[50-527.

Capsaicin nanoformulations improve thermogenic activity and lipid oxidation, contributing to enhanced
energy expenditure. Similarly, nanoencapsulated quercetin demonstrates amplified effects on adipocyte
apoptosis and reduced lipid accumulation[537].

Clinical studies, though limited, are emerging. Nano-curcumin has shown improved bioavailability and
metabolic benefits in small-scale human trials. Nanoformulated EGCG supplements exhibit enhanced stability
and stronger effects on weight reduction compared to conventional formulations. While larger clinical trials are
needed, these early findings support the translational potential of nanoformulated natural compounds[547].

4. Translational Barriers

Despite encouraging evidence, several challenges hinder the translation of natural compound nanoformulations
into clinical practice. Stability is a major issue, as lipid nanoparticles and nanoemulsions may undergo phase
separation, crystallization, or drug leakage during storage. Developing robust formulations with long shelf life
is critical[55].
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Manufacturing scalability poses another barrier. Producing nanoformulations with consistent particle size,
encapsulation efficiency, and release profiles at industrial scale is technically demanding and costly. Batch
variability remains a concern for regulatory approval[567].
Safety concerns must be addressed. While lipids and polymers are generally considered biocompatible,
surfactants and stabilizers can cause toxicity or gastrointestinal irritation. Long-term studies evaluating
nanoparticle accumulation and potential systemic effects are essential [577].
Regulatory challenges also complicate translation. Natural compound nanoformulations often fall into a gray
area between nutraceuticals and pharmaceuticals, creating uncertainty in approval pathways[58, 597.
Demonstrating reproducibility, bioequivalence, and clinical efficacy is required for regulatory acceptance.
Finally, patient variability adds complexity. Responses to natural compounds depend on genetics, gut
microbiota, and metabolic status, necessitating personalized approaches. Cost-effectiveness and accessibility also
remain important considerations, especially for widespread application in public health [607].
5. Clinical Perspectives
Clinically, nanoformulations of natural compounds offer exciting opportunities to integrate phytotherapy into
mainstream obesity management. By transforming poorly bioavailable bioactives into effective formulations,
nanotechnology bridges the gap between traditional remedies and evidence-based medicine[28, 317.
Oral delivery is the most patient-friendly route, and nanoformulations have shown success in enhancing
absorption of curcumin, resveratrol, and catechins. Incorporation into functional foods, beverages, or dietary
supplements could increase accessibility and acceptance. For example, nanoemulsified catechin beverages may
provide appetite suppression and metabolic benefits in a convenient format[617].
Combination strategies are particularly promising. Co-encapsulation of synergistic compounds, such as
curcumin and piperine, or resveratrol and quercetin, may produce additive effects on weight reduction and
metabolic regulation. Lipid nanoparticles and polymeric carriers are well suited for such multi-agent delivery.
However, clinical adoption requires rigorous trials to establish efficacy, safety, and cost-effectiveness. Long-
term studies must demonstrate that nanoformulations not only improve pharmacokinetics but also produce
sustained weight loss, improved metabolic outcomes, and reduced comorbidities. Patient-centered
considerations, including affordability, adherence, and cultural acceptance, will influence real-world impact.
6. Future Directions
Future innovations in nanoformulations of natural compounds will focus on personalized nutrition and medicine.
Advances in metabolomics, genomics, and microbiome profiling will enable tailoring of nanoformulated
supplements to individual metabolic needs.
Smart and stimuli-responsive systems will become increasingly important, allowing controlled release of
bioactives in response to physiological cues such as pH, enzymes, or microbial metabolites. This could optimize
efficacy while minimizing side effects.
Hybrid nanoformulations combining natural compounds with conventional drugs may provide synergistic
benefits, targeting multiple obesity-related pathways simultaneously. For example, nanoformulations delivering
curcumin alongside GLP-1 analogs could enhance satiety and anti-inflammatory effects.
Integration with functional foods represents another exciting direction. Nanoencapsulated bioactives could be
incorporated into daily diets, offering preventive and therapeutic benefits without requiring pharmaceutical
dosing.
Collaboration across disciplines including nanotechnology, nutrition science, clinical medicine, and regulatory
policy will be critical. Standardization of production, safety evaluation, and regulatory frameworks must advance
in parallel with scientific innovation.
If these challenges are met, nanoformulations of natural compounds could become central to obesity
management, combining the safety and accessibility of natural products with the precision and efficacy of
nanomedicine.
CONCLUSION
Natural compounds hold immense promise for obesity treatment, but their clinical use has been hampered by
poor bioavailability and instability. Nanoformulations—including lipid nanoparticles, polymeric carriers,
nanoemulsions, and dendrimers—overcome these limitations by enhancing solubility, stability, and targeted
delivery. Preclinical and early clinical evidence demonstrates improved efficacy of nanoformulated curcumin,
resveratrol, catechins, and other compounds. While translational challenges in stability, manufacturing, safety,
and regulation remain, future innovations in personalized nutrition, hybrid formulations, and functional food
integration may unlock the full therapeutic potential of natural compounds in obesity management.
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