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ABSTRACT

Diabetes and metabolic syndrome (MetS) are interconnected metabolic disorders characterized by
hyperglycemia, insulin resistance, central obesity, dyslipidemia, hypertension, oxidative stress, and chronic
inflammation. Plant-derived bioactives including polyphenols, flavonoids, alkaloids, terpenoids, saponins, and
carotenoids demonstrate multi-targeted actions relevant to glycemic control, lipid regulation, endothelial
protection, and anti-inflammatory modulation. However, their clinical utility is limited by poor aqueous
solubility, low bioavailability, rapid metabolism, and non-specific tissue distribution. Nano-platforms provide
innovative solutions by enhancing solubility, stability, controlled release, and tissue-specific delivery. Polymeric
nanoparticles, liposomes, solid lipid nanoparticles, nanostructured lipid carriers, nanoemulsions, dendrimers,
and biomimetic vesicles have been engineered to optimize pharmacokinetics and improve metabolic targeting.
These systems enable targeted modulation of insulin-resistant tissues, hepatic lipid metabolism, adipose
inflammation, and pancreatic B-cell preservation. Preclinical evidence demonstrates superior glycemic control,
improved lipid profiles, reduced oxidative stress, and attenuation of vascular dysfunction compared with
conventional formulations. Despite promising results, challenges remain regarding scalability, safety profiling,
extract standardization, and regulatory approval. This review examines mechanistic foundations, nano-platform
design strategies, therapeutic evidence, safety considerations, and translational prospects of plant-derived
bioactives in advanced nano-delivery systems for diabetes and metabolic syndrome management.
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INTRODUCTION
Diabetes mellitus and metabolic syndrome (MetS) represent overlapping and escalating global health
challenges. MetS is defined by a cluster of metabolic abnormalities including central obesity, insulin resistance,
dyslipidemia, hypertension, and impaired glucose tolerance that significantly increase the risk of type 2 diabetes
(T2DM) and cardiovascular disease[ 1-37]. The pathophysiological core of both conditions involves insulin
resistance, chronic low-grade inflammation, oxidative stress, endothelial dysfunction, and altered lipid
metabolism[4—67].
In T2DM, persistent insulin resistance in skeletal muscle, adipose tissue, and liver leads to compensatory
hyperinsulinemia and eventual pancreatic -cell dysfunction. Hepatic gluconeogenesis remains inappropriately
elevated, muscle glucose uptake declines, and adipose lipolysis increases circulating free fatty acids[7, 87. These
disturbances amplify mitochondrial oxidative stress and inflammatory signaling, particularly through NF-«xB
and JNK pathways. MetS further exacerbates cardiovascular risk through endothelial impairment, dysregulated
adipokine secretion, and lipid abnormalities[77].
Conventional pharmacotherapy addresses specific components of these disorders. Metformin improves hepatic
insulin sensitivity; statins regulate dyslipidemia; antihypertensive agents reduce cardiovascular strain; GLP-1
receptor agonists and SGLT2 inhibitors improve glycemic control. However, monotherapeutic approaches often
fail to comprehensively target the interconnected pathways driving metabolic dysfunction. Polypharmacy
increases adverse effects and reduces adherence[9-117.
Plant-derived bioactives offer multi-targeted therapeutic potential. Polyphenols such as resveratrol, curcumin,
quercetin, and catechins activate AMP-activated protein kinase (AMPK), enhance insulin receptor signaling,
reduce oxidative stress via Nrf2 activation, and suppress inflammatory cytokines[ 127]. Alkaloids like berberine
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improve glucose metabolism and lipid profiles through AMPK modulation and gut microbiota interactions.
Terpenoids, saponins, and carotenoids exhibit antioxidant, anti-inflammatory, and lipid-lowering properties.
Many plant bioactives also modulate adipokine secretion, reduce visceral adiposity, and protect endothelial
function[[127].

Despite these benefits, clinical translation remains limited by pharmacokinetic constraints. Many
phytochemicals are hydrophobic and poorly soluble in aqueous environments. Oral bioavailability is often low
due to poor intestinal permeability, rapid first-pass metabolism, and efflux transporter activity[137].
Additionally, non-specific biodistribution limits therapeutic concentrations in metabolically active tissues such
as the liver and adipose tissue.

Nano-platforms have emerged as transformative tools in drug delivery science. These nanoscale systems (10—
200 nm) enhance solubility, protect labile compounds from degradation, and enable controlled or sustained
release. Importantly, nano-platforms can be engineered for targeted tissue delivery and stimuli-responsive
release, aligning therapy with disease-specific microenvironments[ 147].

For metabolic disorders, targeted nanodelivery offers strategic advantages. Hepatic targeting can reduce
gluconeogenesis and lipid accumulation. Adipose tissue targeting can attenuate macrophage-driven
inflammation. Skeletal muscle targeting enhances glucose uptake via GLUT4 activation[157]. Pancreatic
targeting supports [-cell survival and insulin secretion. Additionally, nano-platforms may exploit enhanced
permeability in inflamed tissues, improving localized therapeutic action[157]. Nano-formulations also enable
combination therapy, co-encapsulating multiple bioactives to address interconnected metabolic pathways.
Controlled release maintains stable plasma concentrations, reducing dosing frequency and minimizing side
effects[167.

Nevertheless, challenges persist. Long-term safety and biodistribution must be carefully evaluated, especially
for chronic metabolic diseases requiring sustained treatment. Standardization of plant extracts, reproducibility
of nanoformulations, and regulatory clarity are essential for clinical translation.

This review explores the integration of plant-derived bioactives into advanced nano-platforms for diabetes and
metabolic syndrome therapy. It examines mechanistic targets, nano-delivery systems, preclinical evidence,
safety considerations, and translational opportunities. By combining phytochemistry with precision
nanotechnology, these platforms may provide holistic and targeted approaches to metabolic disease
management.

2. Mechanistic Roles of Plant Bioactives in Metabolic Regulation

Plant-derived bioactive compounds play a multifaceted role in the management of metabolic disorders such as
diabetes and metabolic syndrome (MetS). Their ability to modulate multiple biochemical and signaling pathways
makes them particularly valuable for complex disease states characterized by insulin resistance, dyslipidemia,
oxidative stress, and chronic inflammation["177]. These compounds, including polyphenols, flavonoids, alkaloids,
and terpenoids, interact with cellular pathways to restore metabolic homeostasis and protect against tissue
damage.

Insulin sensitization is a central mechanism by which plant bioactives improve glucose metabolism. Activation
of AMP-activated protein kinase (AMPK) enhances glucose uptake in skeletal muscle, promotes fatty acid
oxidation, and suppresses hepatic gluconeogenesis. Alkaloids such as berberine and polyphenols like resveratrol
have been shown to stimulate AMPK activity, leading to improved insulin sensitivity and glycemic control in
preclinical models[[187. Anti-inflammatory effects constitute another critical mechanism. Bioactives can inhibit
nuclear factor-kappa B (NI'-kB) signaling, reducing the production of pro-inflammatory cytokines such as TNF-
a, IL-6, and MCP-1[197. By attenuating chronic low-grade inflammation, these compounds alleviate insulin
resistance, improve adipocyte function, and reduce metabolic stress.

Antioxidant activity is mediated through activation of nuclear factor erythroid 2-related factor 2 (Nrf2)
pathways, enhancing endogenous antioxidant enzyme expression including superoxide dismutase, catalase, and
glutathione peroxidase. This action protects tissues such as pancreatic B-cells, liver, and vasculature from
reactive oxygen species (ROS)-mediated damage, a common feature of diabetes and MetS[20, 217. Lipid
regulation is another target of plant bioactives. They reduce hepatic lipogenesis, enhance B-oxidation, and
improve lipid profiles, thereby mitigating hepatic steatosis and dyslipidemia. Flavonoids and stilbenes have
demonstrated efficacy in normalizing triglyceride and cholesterol levels.

Endothelial protection is achieved through improved nitric oxide bioavailability, resulting in enhanced
vasodilation and reduced vascular dysfunction commonly associated with MetS. This supports cardiovascular
health and mitigates macrovascular complications. The multi-targeted actions of plant bioactives, encompassing
insulin sensitization, anti-inflammatory, antioxidant, lipid-lowering, and endothelial-protective effects, make
them highly suited for integrative management of complex metabolic disorders, offering a foundation for further
development in combination with nanotechnology-based delivery systems[227].

3. Nano-Platform Design Strategies

Advances in nanotechnology have facilitated the development of diverse nano-platforms for efficient delivery of
plant bioactives in metabolic disorders. Nanoformulations overcome limitations of conventional herbal
compounds, including poor solubility, low bioavailability, and rapid degradation, while enhancing therapeutic
targeting and controlled release[23-257.
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Polymeric nanoparticles fabricated from biodegradable polymers such as PLGA, chitosan, or alginate provide
sustained release of bioactive molecules. By protecting hydrophobic compounds from enzymatic degradation
and modulating release kinetics, polymeric systems improve systemic circulation time and maintain therapeutic
concentrations over prolonged periods[26—287.

Liposomes, composed of phospholipid bilayers, can encapsulate both hydrophilic and lipophilic bioactives. Their
biocompatibility, structural similarity to cellular membranes, and ability to merge with lipid bilayers enable
efficient cellular uptake and tissue penetration, enhancing intracellular delivery[29-327. Solid lipid
nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) are particularly effective for lipophilic molecules
such as curcumin, resveratrol, and carotenoids. These carriers enhance solubility, oral absorption, and stability,
while providing controlled release through lipid matrix modulation['337].

Nanoemulsions are submicron oil-in-water dispersions that improve intestinal absorption of poorly water-
soluble bioactives. Their high surface area facilitates rapid dissolution and uptake, increasing systemic
bioavailability[847]. Dendrimers and biomimetic vesicles offer high loading capacity, tunable size, and potential
for surface functionalization, allowing tissue-specific targeting. Functionalization with peptides, antibodies,
sugars, or aptamers enables selective delivery to hepatocytes, adipocytes, or pancreatic B-cells[337.
Stimuli-responsive materials, integrated into these nano-platforms, allow release triggered by glucose, pH,
reactive oxygen species (ROS), or enzymatic activity, enhancing precision delivery. Combining controlled
release with targeted delivery improves therapeutic efficacy, reduces systemic toxicity, and aligns treatment
with disease pathophysiology[85—877]. Overall, strategic selection of nano-platforms, tailored to the
physicochemical properties of plant bioactives and the pathological features of metabolic disorders, establishes
a robust framework for next-generation metabolic therapy.

4. Targeted Delivery in Diabetes and MetS

Targeted delivery of plant bioactives using nanoformulations enhances therapeutic localization, optimizing
metabolic modulation while minimizing systemic exposure. Diabetes and metabolic syndrome involve multiple
organs, including the liver, pancreas, skeletal muscle, and adipose tissue, each contributing to disease
progression. Tissue-specific targeting ensures maximal efficacy by concentrating bioactives at pathological
sites[387].

Liver targeting employs galactose- or N-acetylgalactosamine-modified nanoparticles, exploiting
asialoglycoprotein receptors on hepatocytes[397]. This approach suppresses gluconeogenesis, reduces hepatic
glucose output, and improves lipid metabolism, addressing central features of insulin resistance. Adipose tissue
targeting focuses on inflamed visceral fat depots. Mannose-functionalized nanoparticles preferentially
accumulate in adipose tissue macrophages, reducing pro-inflammatory cytokine secretion, restoring adipokine
balance, and alleviating insulin resistance[397].

Skeletal muscle targeting utilizes peptide-decorated carriers to enhance GLUT4 translocation and glucose
uptake. Muscle-specific delivery increases insulin sensitivity, promotes glycogen storage, and improves systemic
glucose homeostasis[407]. Pancreatic targeting relies on ligand-based strategies to deliver bioactives to B-cells.
This protects insulin secretion capacity, preserves B-cell mass, and maintains endogenous glycemic control.
Antioxidant-loaded carriers also mitigate ROS-induced B-cell apoptosis[407].

By integrating controlled release and stimuli-responsiveness with organ-specific targeting, these
nanoformulations provide precise, disease-state-responsive delivery. This reduces off-target toxicity and
enhances metabolic benefits, offering a comprehensive approach to managing multifactorial conditions like
diabetes and MetS.

5. Preclinical Evidence and Therapeutic Outcomes

Preclinical studies consistently demonstrate that nanoformulated plant bioactives outperform conventional
extracts in modulating metabolic dysfunction. In diabetic rodent models, these formulations improve glycemic
control, normalize lipid profiles, and reduce oxidative stress and inflammation[417].

Nano-resveratrol enhances insulin sensitivity, reduces hepatic steatosis, and attenuates systemic inflammation.
Nano-berberine activates AMPK, lowers fasting glucose, and improves lipid metabolism. Nano-curcumin
reduces adipose inflammation, mitigates oxidative stress, and preserves -cell function[427.

Combination nanoformulations deliver multiple bioactives simultaneously, producing synergistic effects by
targeting complementary pathways such as glucose metabolism, inflammatory signaling, and oxidative stress.
These strategies enhance therapeutic outcomes, providing multi-organ protection[427]. While preclinical
efficacy is robust, clinical evidence remains limited. Early-phase human studies indicate improved
pharmacokinetics, enhanced tolerability, and reductions in inflammatory biomarkers. Nonetheless, large-scale
randomized clinical trials are needed to confirm efficacy, safety, and optimal dosing strategies across diverse
populations. The translational potential of these formulations is significant, offering a foundation for future
integration into personalized medicine approaches for metabolic disorders.

6. Safety, Toxicity, and Regulatory Considerations

Safety evaluation of nanoformulated plant bioactives is essential for clinical translation. Toxicity depends on
carrier composition, particle size, surface charge, and dosage. Biodegradable polymers and lipid-based carriers
minimize long-term accumulation and improve biocompatibility 43, 447].
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Chronic exposure requires comprehensive studies assessing organ accumulation, immunogenicity, genotoxicity,

and systemic toxicity. Repeated dosing regimens must be evaluated for long-term safety, particularly in

metabolic disorders requiring lifelong therapy[457]. Regulatory compliance demands standardized

manufacturing protocols, reproducible formulation methods, and rigorous toxicological assessment.

Differentiation between herbal dietary supplements and nano-medicinal products is critical, as regulatory

frameworks for nanomedicine often impose stricter safety and quality standards than conventional

nutraceuticals.

A careful balance between enhanced therapeutic efficacy and safety is necessary for successful clinical adoption,

requiring thorough characterization, validated production methods, and ongoing pharmacovigilance.

7. Future Perspectives and Translational Prospects

Future research should focus on personalized nanotherapy, integrating metabolic biomarkers and patient-

specific disease profiles. Smart glucose-responsive nano-platforms and multi-stimuli-responsive systems may

allow dynamic, real-time regulation of bioactive release, improving glycemic control and reducing adverse

events.

Combination formulations delivering multiple plant bioactives may provide synergistic metabolic benefits,

simultaneously addressing insulin resistance, inflammation, and oxidative stress. Coupling nanocarriers with

digital glucose monitoring and biosensor technology offers potential for adaptive therapy tailored to individual

metabolic states. Scalable, cost-effective manufacturing and reproducible quality control are essential for global

accessibility. Interdisciplinary collaboration between nanotechnologists, pharmacologists, clinicians, and

regulatory authorities will accelerate clinical translation.

Ultimately, the integration of targeted, stimuli-responsive, and personalized plant bioactive nanoformulations

represents a promising approach for the effective management of diabetes and metabolic syndrome, with the

potential to reduce complications and improve long-term patient outcomes.

CONCLUSION

Plant-derived bioactives integrated into nano-platforms represent a promising approach for comprehensive

management of diabetes and metabolic syndrome. By enhancing bioavailability, enabling targeted tissue

delivery, and supporting controlled release, nanotechnology amplifies the multi-targeted therapeutic effects of

phytochemicals. Preclinical evidence consistently demonstrates improved glycemic control, lipid modulation,

and anti-inflammatory outcomes compared with conventional formulations. Nevertheless, translation to clinical

practice requires rigorous safety evaluation, standardization, and regulatory clarity. With continued innovation

and collaborative research, nano-enabled phytotherapy may provide precision, sustainable, and holistic solutions

for metabolic disease therapy.
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