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ABSTRACT

Obesity and diabetes mellitus are interlinked metabolic disorders with growing global prevalence and severe
health consequences. Polyphenols, abundant in natural products, exhibit a wide range of pharmacological
properties, including antioxidant, anti-inflammatory, and antidiabetic effects. However, their poor
bioavailability and rapid metabolism hinder their therapeutic potential. Recent advances in nanotechnology have
enabled the development of nanoformulations to enhance the delivery, stability, and efficacy of polyphenols. This
review explores the dual role of polyphenol-based nanoformulations in combating obesity and diabetic
complications. It highlights various types of nanocarriers, such as liposomes, nanoparticles, solid lipid
nanoparticles (SLNs), and nanoemulsions, and their impact on enhancing the bioactivity of polyphenols. The
article also delves into the molecular mechanisms through which nanoformulated polyphenols modulate
adipogenesis, insulin resistance, inflammation, and oxidative stress. Finally, it discusses current limitations,
regulatory concerns, and future perspectives in the clinical translation of polyphenol nanoformulations for
metabolic disease management.
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INTRODUCTION

Obesity and diabetes mellitus have reached epidemic proportions globally, posing significant burdens on
healthcare systems and economic productivity[ 1-387. Obesity is defined by an excessive accumulation of body
fat, typically resulting from a chronic imbalance between caloric intake and energy expenditure. On the other
hand, diabetes mellitus, particularly type 2 diabetes is characterized by chronic hyperglycemia due to insulin
resistance and/or impaired insulin secretion[4—67]. These two conditions are not only physiologically
interconnected but also share common pathophysiological mechanisms, including oxidative stress, chronic low-
grade inflammation, mitochondrial dysfunction, and altered lipid and glucose metabolism[7, 87]. Consequently,
they frequently coexist within the framework of metabolic syndrome, amplifying the risk of cardiovascular
complications, liver disease, and premature death. Lifestyle interventions and pharmacological agents offer some
measure of control, but often fail to deliver long-term remission, thus creating a critical need for novel
therapeutic strategies[9-127].

Among natural compounds, polyphenols have gained significant attention for their potential to modulate key
metabolic pathways implicated in obesity and diabetes[13, 14]. Found abundantly in fruits, vegetables, whole
grains, tea, and medicinal herbs, polyphenols such as resveratrol, curcumin, quercetin, and EGCG exhibit anti-
inflammatory, antioxidant, and insulin-sensitizing effects[15—187]. However, despite their promise, translating
these benefits into clinical success remains a challenge due to the poor solubility, chemical instability, and low
systemic bioavailability of most polyphenols. These limitations significantly reduce their therapeutic efficacy
when administered in conventional forms. In response to these challenges, nanotechnology has emerged as a
transformative platform capable of enhancing the delivery, stability, and targeted activity of polyphenols. By
encapsulating these bioactive compounds within nanoscale carriers, researchers are paving the way toward more
effective interventions[197]. This review explores the dual potential of nanoformulated polyphenols in
preventing and treating obesity and diabetes, with a critical focus on recent advancements, underlying molecular
mechanisms, and translational implications.
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Polyphenols in Natural Products: An Overview
Polyphenols represent a vast and structurally diverse class of secondary metabolites found predominantly in
plant-based foods and medicinal herbs. These compounds are broadly classified into flavonoids (e.g., quercetin,
catechins), phenolic acids (e.g., chlorogenic acid), stilbenes (e.g., resveratrol), and lignans (e.g.,
secoisolariciresinol)[20-237]. Each subclass possesses distinct structural features and biological activities,
contributing to the wide range of health benefits associated with polyphenol-rich diets. For instance, EGCG
from green tea exhibits potent antioxidant and anti-inflammatory effects, while curcumin from turmeric has
been extensively studied for its antidiabetic and anti-obesity properties[24, 257. Resveratrol, found in grapes
and red wine, is known for its ability to activate sirtuin pathways, mimicking calorie restriction[ 15, 26].
Chlorogenic acid and quercetin also play vital roles in modulating glucose metabolism, lipid profiles, and
oxidative stress responses. Collectively, these compounds interact with various signaling pathways involved in
insulin sensitivity, lipid metabolism, and inflammatory regulation[[17, 27-297].
Despite these promising effects, the clinical utility of polyphenols is significantly compromised by
pharmacokinetic constraints. Most polyphenols exhibit poor water solubility, limiting their absorption through
the gastrointestinal tract. Additionally, they are highly susceptible to enzymatic degradation in the digestive
system and undergo extensive first-pass metabolism in the liver, resulting in a very low fraction of active
compound reaching systemic circulation. The short biological half-life and rapid elimination of polyphenols
further limit their therapeutic window[307]. Consequently, high doses are often required to achieve clinical
efficacy, which may not be feasible or safe for long-term use. These challenges have driven a growing interest
in advanced delivery systems, particularly nanotechnology-based platforms, that can protect polyphenols from
degradation, enhance their absorption, and ensure targeted delivery to disease-affected tissues. Understanding
the chemical nature and therapeutic roles of polyphenols is thus a crucial step toward optimizing their use in
managing obesity and diabetes.
Limitations of Conventional Polyphenol Delivery
Despite extensive in vitro and animal model evidence supporting the health benefits of polyphenols, translating
these findings into effective human therapies remains a significant challenge["317]. One of the primary obstacles
is their low aqueous solubility, which hinders dissolution and absorption in the gastrointestinal tract. Most
polyphenols are lipophilic and require carrier molecules or special formulations to facilitate uptake. Poor
membrane permeability further limits their ability to cross biological barriers and reach intracellular
targets[327]. Even when absorption occurs, polyphenols are prone to enzymatic degradation in the gut and
undergo extensive first-pass metabolism in the liver, dramatically reducing the concentration of active
metabolites in systemic circulation. Consequently, the actual bioavailability of polyphenols from dietary or
supplement sources is often less than 5%, rendering their therapeutic effects minimal under conventional dosing
strategies. Furthermore, polyphenols exhibit short biological half-lives, necessitating frequent dosing to
maintain therapeutic plasma levels an impractical approach for chronic conditions like obesity and diabetes[ 337].
The rapid clearance of these compounds also contributes to inconsistent clinical outcomes, making it difficult to
establish standard therapeutic regimens. Additionally, conventional formulations fail to offer controlled release,
leading to peak-and-trough plasma concentrations that may reduce efficacy and increase side effects. These
limitations highlight the urgent need for innovative delivery strategies that can protect polyphenols from
degradation, enhance absorption and distribution, and allow for controlled and sustained release. Addressing
these challenges is essential to unlocking the full therapeutic potential of polyphenols and moving toward more
reliable, patient-friendly interventions for metabolic disorders.
Nanoformulation Strategies for Polyphenol Delivery
Nanotechnology provides a sophisticated toolkit for overcoming the pharmacokinetic barriers associated with
conventional polyphenol delivery[6, 197. By designing nanoscale carriers that can encapsulate, protect, and
deliver polyphenols to specific tissues, researchers have made significant strides in enhancing bioavailability,
stability, and therapeutic efficacy. Several nanoformulation strategies have been developed, each offering unique
advantages. Liposomes, for example, are spherical vesicles made of phospholipid bilayers capable of
encapsulating both hydrophilic and lipophilic compounds[347]. They enhance solubility, protect the
encapsulated polyphenol from degradation, and offer controlled release, making them ideal for oral or
intravenous administration. Solid lipid nanoparticles (SLNs) are another promising platform, composed of
biocompatible lipids that remain solid at body temperature. SLNs provide a stable matrix that prevents chemical
degradation and promotes intestinal uptake of polyphenols, particularly useful in combating gastrointestinal
instability[67].
Polymeric nanoparticles, crafted from materials like PLGA, chitosan, and PEG, allow for precise control over
drug release kinetics and targeted delivery. These particles can be engineered to respond to specific physiological
triggers such as pH or temperature, ensuring site-specific release in the intestine or diseased tissue[35-37].
Nanoemulsions, typically oil-in-water emulsions, are designed to solubilize lipophilic polyphenols and improve
their dispersibility in the aqueous environment of the gastrointestinal tract. This enhances absorption and
facilitates lymphatic transport, bypassing first-pass metabolism. Nanomicelles and dendrimers, with their highly
branched or colloidal structures, offer high drug-loading capacity and improved cellular uptake due to their
small size and surface charge. These advanced nanoformulations are not only revolutionizing the delivery of
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polyphenols but also opening new avenues for combination therapies, where multiple bioactives can be co-
encapsulated to synergistically target obesity and diabetes[357]. Overall, nanotechnology holds the key to
transforming polyphenols from promising natural compounds into clinically viable therapeutics.
Mechanisms of Action in Obesity and Diabetes

Nanoformulated polyphenols exert their anti-obesity and anti-diabetic effects through a multitude of cellular
and molecular mechanisms that target key metabolic and inflammatory pathways[887. One of the primary
actions involves the anti-adipogenic effects of these compounds. Nanoencapsulation enhances the stability and
cellular uptake of polyphenols, enabling them to more effectively downregulate adipogenic transcription factors
such as peroxisome proliferator-activated receptor gamma (PPARy), CCAAT/enhancer-binding protein alpha
(C/EBPa), and sterol regulatory element-binding protein-1c (SREBP-1c)[11, 197. These factors play pivotal
roles in adipocyte differentiation and lipid storage. By suppressing their expression, nanoformulated polyphenols
inhibit the formation of new fat cells and the accumulation of triglycerides, thereby preventing or reversing
adipose tissue expansion commonly seen in obesity[ 30, 387.
In the context of diabetes, particularly type 2 diabetes mellitus (T2DM), nanoformulated polyphenols promote
insulin sensitization through modulation of signaling pathways such as AMP-activated protein kinase (AMPK),
phosphoinositide 38-kinase (PISK)/Akt, and glucose transporter type 4 (GLUT4) translocation. AMPK
activation enhances cellular energy balance and promotes glucose uptake, while PI3K/Akt signaling improves
insulin responsiveness. Enhanced GLUT4 translocation to the plasma membrane allows more efficient glucose
entry into cells, reducing hyperglycemia[14, 397. Additionally, these compounds exhibit potent anti-
inflammatory activity by downregulating pro-inflammatory cytokines like tumor necrosis factor-alpha (TNF-
a) and interleukin-6 (IL-6), as well as inhibiting nuclear factor-kappa B (NF-kB) signaling. This reduces the
chronic low-grade inflammation that contributes to insulin resistance. Furthermore, antioxidant effects are a
vital component of the therapeutic action of nanoformulated polyphenols. Oxidative stress, characterized by
excessive production of reactive oxygen species (ROS), plays a significant role in the pathogenesis of both obesity
and diabetes. Polyphenols in their nanoformulated forms can directly scavenge ROS and enhance the expression
and activity of endogenous antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GPx). These actions help mitigate oxidative damage to pancreatic $-cells and insulin-
sensitive tissues, preserving metabolic function[ 147]. Collectively, these multifaceted mechanisms demonstrate
how nanoformulated polyphenols provide comprehensive protection against the metabolic dysfunctions
associated with obesity and diabetes.

Preclinical and Clinical Evidence
A growing body of preclinical evidence supports the efficacy of nanoformulated polyphenols in mitigating
obesity and diabetes-related complications.[147] Numerous in vitro studies have demonstrated the ability of
these compounds to inhibit adipogenesis, reduce lipid accumulation, and enhance insulin signaling[147. For
instance, curcumin-loaded solid lipid nanoparticles (SLNs) have been shown to significantly improve glucose
tolerance, reduce blood glucose levels, and diminish fat mass in obese murine models[257. Similarly,
epigallocatechin gallate (EGCG) nanoemulsions have exhibited potent anti-obesity effects, including reduced
weight gain and adipocyte hypertrophy in rats fed a high-fat diet. These findings underscore the therapeutic
potential of nanoencapsulated polyphenols to modulate metabolic pathways and reduce obesity-associated risk
factors[ 24, 407].
In diabetic animal models, resveratrol-loaded nanoparticles have demonstrated improved pharmacokinetic
profiles and enhanced bioactivity compared to their free-form counterparts[417. These formulations have been
shown to lower fasting blood glucose levels, enhance insulin sensitivity, and improve pancreatic 3-cell function.
Beyond rodent models, early-phase clinical trials in humans have yielded promising results. For example, trials
using nano-curcumin and nano-quercetin formulations have reported improved glycemic control, reduced
markers of oxidative stress, and better inflammatory profiles in patients with type 2 diabetes[417. Despite these
encouraging findings, these trials are generally limited by small sample sizes, short durations, and variability in
dosage and delivery systems.
To truly assess the clinical utility of polyphenol-based nanotherapies, large-scale, randomized controlled trials
(RCTs) are needed. These studies should evaluate long-term safety, efficacy, pharmacodynamics, and
pharmacokinetics of various nanoformulated polyphenols in diverse populations. Additionally, standardization
in formulation techniques, dosage regimens, and outcome measures will be critical for regulatory approval and
clinical translation. Nonetheless, the available preclinical and early clinical evidence presents a compelling case
for further investigation and development of nanoformulated polyphenols as novel therapeutic agents in obesity
and diabetes management.

Challenges and Future Directions
Despite promising preclinical and preliminary clinical outcomes, several critical challenges must be addressed
to enable the widespread adoption of nanoformulated polyphenols in clinical practice. One of the major concerns
revolves around the toxicity and biocompatibility of nanocarriers. Some synthetic polymers or metallic
nanoparticles used as delivery vehicles may elicit immune responses, accumulate in organs, or pose long-term
toxicity risks. Ensuring the use of biodegradable, non-toxic, and biocompatible materials is crucial for
minimizing adverse effects. Another challenge lies in the scale-up and manufacturing processes. Producing
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nanocarriers with uniform size, stability, and consistent polyphenol loading at an industrial scale remains
technically demanding and economically intensive.
Regulatory and ethical considerations also present significant hurdles. Nanomedicine is still a developing field,
and the lack of harmonized regulations regarding safety testing, clinical evaluation, and labeling hampers the
approval of nanoformulated therapeutics. Ethical concerns related to human trials, long-term exposure, and the
environmental impact of nanomaterials must also be carefully addressed. Furthermore, there is a lack of
standardized protocols for assessing the bioavailability, pharmacokinetics, and therapeutic efficacy of these
nanoformulations. Without unified evaluation frameworks, comparing data across studies or gaining regulatory
approval becomes challenging, delaying translation from research to real-world application.

Looking forward, future research should focus on the development of smart, stimuli-responsive nanocarriers

that can release their payload in response to specific physiological conditions such as pH changes or

inflammatory markers. This targeted approach would enhance therapeutic efficacy while minimizing systemic
side effects. Additionally, the advent of personalized nanomedicine offers the potential to tailor nanoformulations
based on individual genetic, metabolic, or microbiome profiles, thereby improving treatment outcomes.

Advanced delivery methods, including oral, transdermal, and intranasal systems, are being explored to enhance

patient compliance and bioavailability. Ultimately, collaborative efforts across disciplines, including

nanotechnology, pharmacology, clinical medicine, and regulatory science, are essential to overcome current
limitations and fully harness the potential of nanoformulated polyphenols in combating obesity and diabetes.
CONCLUSION

Nanoformulations of polyphenols offer a powerful dual approach to tackling obesity and diabetes by enhancing

bioavailability and targeting multiple metabolic pathways. While promising, further research is needed to

address current limitations and translate preclinical success into clinical practice. Harnessing the synergy
between natural bioactive compounds and nanotechnology holds great promise in advancing metabolic disease
therapeutics.
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