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ABSTRACT

Insulin resistance and progressive pancreatic $-cell failure are the twin biological engines of type 2 diabetes and
major determinants of long-term complications. Phytochemicals such as curcumin, resveratrol, quercetin,
epigallocatechin gallate, berberine, ginsenosides, and thymoquinone can enhance insulin signaling, reduce
hepatic gluconeogenesis, improve adipokine balance, attenuate oxidative stress, and limit B-cell apoptosis. Yet
translation is constrained by poor solubility, low oral bioavailability, chemical instability, rapid metabolism, and
non-specific biodistribution. Nanoformulations such as liposomes, polymeric nanoparticles, solid lipid
nanoparticles, nanostructured lipid carriers, nanoemulsions, and polysaccharide nanogels address these barriers
by protecting labile compounds, improving dissolution and permeability, and enabling controlled or stimuli-
responsive release. Surface engineering with peptides, sugars, or antibodies can bias delivery toward insulin-
responsive tissues or inflamed islets, while glucose- and ROS-responsive matrices provide on-demand release in
hyperglycemic, oxidative microenvironments. Preclinical studies frequently show superior reductions in fasting
and postprandial glucose, improved HOMA-IR, restoration of GLUT4 translocation, and preservation of B-cell
mass compared with free phytochemicals, with early human data emerging for select formulations. This review
summarizes mechanistic targets, nanocarrier designs, evidence trends, safety considerations, and translational
priorities for phytochemical nanomedicine. We emphasize rational carrier selection, standardized extract
characterization, and head-to-head comparisons that disentangle carrier effects from payload activity, guiding
scalable, clinically relevant future development.
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INTRODUCTION

Type 2 diabetes mellitus (T2DM) emerges when insulin-responsive tissues become resistant to insulin and
pancreatic B-cells progressively fail to sustain compensatory insulin secretion[1-37. In early disease, skeletal
muscle insulin resistance reduces postprandial glucose disposal, while hepatic insulin resistance drives
inappropriate fasting glucose production through persistent gluconeogenesis and glycogenolysis. In parallel,
adipose insulin resistance increases lipolysis, raising the flux of free fatty acids to liver and muscle and promoting
ectopic lipid deposition[4]. Lipid intermediates, oxidative stress, and pro-inflammatory cytokines interfere with
insulin receptor signaling and create a self-reinforcing cycle of metabolic dysregulation[57].

The clinical consequence is not only elevated mean glucose but also high glycemic variability, which contributes
to endothelial dysfunction and accelerates microvascular and macrovascular injury[67]. Because T2DM is
multifactorial, effective therapy must address both impaired insulin signaling in peripheral tissues and declining
[-cell reserve that limits endogenous insulin supply. B-cell compensation initially increases insulin output, but
chronic nutrient overload, islet inflammation, and endoplasmic reticulum stress trigger loss of secretory capacity
and apoptosis[7]. Preserving B-cell function therefore matters as much as improving insulin sensitivity.
Modern antidiabetic drugs provide powerful tools, including metformin, thiazolidinediones, sulfonylureas, DPP-
4 inhibitors, GLP-1 receptor agonists, SGLT2 inhibitors, and diverse insulin formulations[87]. Nevertheless,
each class carries limitations: gastrointestinal intolerance with metformin, weight gain and hypoglycemia with
secretagogues and insulin, fluid retention with thiazolidinediones, and class-specific adverse effects that may
restrict use in some patients. Even when tolerated, pharmacologic durability is limited because the underlying
biology continues to evolve, prompting dose escalation and combination therapy[8-1387. These realities motivate
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interest in adjunct strategies that act on inflammation, oxidative stress, mitochondrial function, and lipid
handling in addition to glycemia.

Phytochemicals bioactive constituents from medicinal plants and foods—have attracted renewed attention as
complementary agents and as leads for new therapeutics[9, 10,14-207]. Polyphenols such as quercetin,
resveratrol, curcumin, and catechins can activate AMP-activated protein kinase (AMPK), enhance insulin
receptor substrate signaling through PISK/Akt, suppress NF-kB-mediated inflammation, and improve
mitochondrial biogenesis. Alkaloids such as berberine influence hepatic glucose output and lipid handling, partly
through AMPK activation and modulation of gut microbial metabolites. Terpenoids, saponins, and phenolic
acids can attenuate lipotoxicity, improve adipokine balance, and reduce B-cell oxidative injury[11, 12,21-257.
Importantly, these molecules often exert pleiotropic effects that fit the network nature of T2DM pathogenesis.
However, translating phytochemical promise into consistent clinical outcomes has been difficult. Many
compounds are poorly soluble in water, unstable under gastric conditions, or rapidly conjugated and eliminated
after absorption. Oral bioavailability can therefore be low and highly variable, making dose-response
relationships uncertain. Some phytochemicals require high doses to achieve measurable systemic exposure,
increasing gastrointestinal side effects and the likelihood of interactions with conventional drugs[18—15,26-307].
For botanical extracts, additional variability arises from cultivar, climate, harvesting, and processing,
complicating standardization and reproducibility.

Nanoformulations offer a strategy to overcome these constraints by engineering delivery rather than altering
the active molecule[16,17,31-847]. Encapsulation in polymeric nanoparticles, liposomes, solid lipid
nanoparticles, nanostructured lipid carriers, nanoemulsions, or polysaccharide nanogels can improve apparent
solubility, protect cargo from enzymatic degradation, and enable sustained or pulsatile release. Surface
modification can tune mucus interaction for oral uptake, prolong circulation by reducing opsonization, and bias
biodistribution toward liver, adipose tissue, muscle, or pancreatic islets[18, 19,35-407. Stimuli-responsive
matrices that react to glucose, pH, or reactive oxygen species can further align release with hyperglycemic and
oxidative microenvironments.

A central premise is that insulin resistance and B-cell stress are coupled: when peripheral tissues resist insulin,
B-cells must secrete more insulin to maintain euglycemia, increasing proinsulin synthesis, oxidative load, and
vulnerability to apoptosis[20,41-467. Interventions that improve insulin sensitivity can indirectly preserve -
cell function by reducing secretory demand, while direct cytoprotective agents stabilize insulin production and
weaken glucotoxic feedback on insulin signaling. For nanoformulations, this coupling encourages integrated
endpoints, including fasting glucose, oral glucose tolerance, HOMA-IR, insulin secretion indices, inflammatory
biomarkers, and [-cell mass[20,47-527].

Design choices should reflect the intended site of action. Some phytochemicals act locally in the gut by inhibiting
digestive enzymes or altering incretin biology and microbiota metabolites; for these, prolonged intestinal
residence and minimal systemic exposure may be optimal[217]. Others require systemic distribution to liver,
muscle, adipose tissue, or islets, favoring carriers that enhance absorption and control biodistribution[21,53-
57]. Translational success also depends on reproducible manufacturing, robust quality control, and
nanotoxicology evaluation, because nanoscale properties can alter immune recognition and organ accumulation.
Phytochemical nanomedicine therefore reframes “natural product therapy” as a controllable pharmaceutical
approach. The goal is not to replace established drugs indiscriminately, but to create standardized, testable
formulations that improve insulin sensitivity and protect P-cells through complementary mechanisms,
potentially lowering required doses and limiting toxicity. This review examines (i) molecular targets linking
insulin resistance to P-cell stress, (ii) key phytochemicals with evidence for insulin sensitization and islet
protection, (iii) nanocarrier platforms and design variables, (iv) targeting and stimuli-responsive strategies, and
(v) safety and translational considerations that must be addressed to move phytochemical nanoformulations
toward clinical use.

2. Mechanistic Targets in Insulin Resistance and B-Cell Failure

Insulin resistance reflects a reduced biological response to insulin at a given concentration and can arise from
defects at multiple levels of the insulin signaling network[2, 22, 23,58-647. In muscle and adipose tissue,
impaired activation of the insulin receptor and insulin receptor substrates (IRS proteins) blunts downstream
PISK/Akt signaling, reducing GLUT4 translocation and glucose uptake[23, 24,65-687. In the liver, weakened
Akt signaling fails to suppress gluconeogenic gene expression, allowing continued glucose output despite
hyperinsulinemia. A recurring proximal driver is lipid overload: excess free fatty acids are converted to
diacylglycerols and ceramides that activate stress kinases such as PKC, JNK, and IKK, which serine-
phosphorylate IRS proteins and disrupt signaling[24, 25,69-757]. Mitochondrial overload and incomplete fatty
acid oxidation further increase reactive oxygen species (ROS) and amplify insulin resistance.

Inflammation provides a second, interlinked axis. Hypertrophic adipocytes release chemokines that recruit
macrophages, which secrete TNF-a, IL-6, and other mediators that inhibit insulin signaling and promote
systemic insulin resistance. Adipokine imbalance—reduced adiponectin with increased leptin resistance—shifts
metabolism toward lipolysis and ectopic lipid deposition[28, 26,76-807. In parallel, gut barrier perturbation and
altered microbiota can increase exposure to endotoxin-like ligands that activate toll-like receptors, sustaining
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metabolic inflammation. These features create multiple intervention points for phytochemicals with anti-
inflammatory, antioxidant, and lipid-modulating activity.

B-cell dysfunction develops as a consequence of both intrinsic vulnerability and the demands imposed by insulin
resistance. To compensate, -cells increase insulin synthesis and secretion, elevating endoplasmic reticulum
(ER) workload and proinsulin misfolding[[27,81-87]. Chronic ER stress activates the unfolded protein response;
when adaptive capacity is exceeded, pro-apoptotic signaling pathways are engaged. High glucose and lipid
exposure increases oxidative stress, impairs mitochondrial coupling, and promotes B-cell dedifterentiation,
reducing the expression of key transcription factors and glucose-sensing machinery[27,88-9387. Islet
inflammation, driven by resident macrophages and cytokine spillover, further accelerates apoptosis. In humans,
islet amyloid deposition can add mechanical and inflammatory stress to B-cells.

Insulin resistance is also heterogeneous: some patients show predominant hepatic resistance with fasting
hyperglycemia, whereas others show marked muscle resistance with exaggerated postprandial excursions[2,
28,94-1007. This heterogeneity helps explain variable responses to the same agent and highlights the value of
tissue-directed delivery. B-cells, for their part, rely on balanced autophagy and mitochondrial dynamics to
maintain insulin granule homeostasis; disruption of these quality-control systems increases susceptibility to
glucolipotoxic stress. Moreover, a-cell dysregulation and elevated glucagon can worsen hepatic glucose output,
adding another inflammatory and metabolic loop that therapies may need to modulate in practice.

From a therapeutic design perspective, insulin resistance and B-cell protection share several actionable nodes.
Enhancing AMPK activity can increase glucose uptake and fatty acid oxidation while reducing hepatic glucose
production. Restoring PISK/Akt signaling can normalize GLUT4 trafficking and suppress
gluconeogenesis[29,101-106]. Reducing ceramide accumulation, inhibiting stress kinases, and dampening NF-
kB—mediated cytokine production can simultaneously improve insulin sensitivity and reduce islet inflammatory
injury. Finally, boosting endogenous antioxidant defenses (for example, via Nrf2 signaling) can protect both
insulin-responsive tissues and B-cells from ROS-driven damage[29,107-1107. Phytochemicals can hit many of
these targets, but achieving adequate exposure in the right tissues is often the limiting step providing a strong
rationale for nanocarrier-based delivery.

3. Antidiabetic Phytochemicals for Insulin Sensitization and Islet Protection

Phytochemicals relevant to insulin resistance and B-cell protection span several chemical families, and many
converge on a small set of metabolic and stress-response pathways. Among polyphenols, curcumin is frequently
studied for its capacity to suppress NF-kB signaling, reduce oxidative stress, and improve insulin sensitivity
through AMPK activation and modulation of adipokines[30,111-1147]. Resveratrol can promote mitochondrial
biogenesis via SIRT1 and PGC-1a signaling, improve endothelial function, and dampen inflammatory cytokine
production, effects that collectively support insulin action in muscle and liver [30, 115-1207]. Flavonols such as
quercetin and kaempferol enhance glucose uptake, inhibit stress kinases, and reduce lipid peroxidation; catechins
such as epigallocatechin gallate (EGCG) can modulate glucose absorption, improve insulin signaling, and reduce
hepatic fat accumulation.

Alkaloids provide another important class. Berberine improves glycemic control in many preclinical models by
activating AMPK, suppressing hepatic gluconeogenic enzymes, improving lipid metabolism, and influencing
gut microbiota-derived metabolites that affect insulin sensitivity[ 81-337]. Other alkaloids and related nitrogen-
containing compounds can inhibit carbohydrate-digesting enzymes or modulate incretin pathways, thereby
reducing postprandial glucose burden and indirectly lowering B-cell demand. Phenolic acids such as chlorogenic
acid can reduce intestinal glucose transport and inhibit key hepatic enzymes that contribute to glucose output.
Terpenoids and saponins are prominent in ethnomedicinal antidiabetic plants. Ginsenosides have been reported
to improve insulin sensitivity, reduce adipose inflammation, and protect B-cells against oxidative injury by
modulating antioxidant defenses and apoptosis regulators[34, 357]. Thymoquinone and related terpenoid
quinones can reduce ROS production, stabilize mitochondrial function, and attenuate cytokine signaling,
contributing to improved insulin action and B-cell survival. Saponins may influence membrane microdomains
and receptor signaling while also reducing intestinal glucose absorption.

For B-cell protection specifically, several phytochemicals act on oxidative and ER stress, two dominant drivers
of B-cell failure. Activation of Nrf2-regulated antioxidant programs increases expression of enzymes such as
heme oxygenase-1 and glutathione-related defenses, limiting ROS-mediated DNA and membrane damage[367].
Some polyphenols and terpenoids also modulate autophagy, helping B-cells clear misfolded proteins and
damaged mitochondria. Anti-apoptotic effects are often reflected in shifts in Bcl-2 family balance, reduced
caspase activation, and improved mitochondrial membrane potential. Because B-cells have relatively low baseline
antioxidant capacity, even modest improvements in redox homeostasis can be functionally meaningful [867].
Polysaccharides and oligosaccharide-rich fractions, although not “small molecules,” can contribute by slowing
gastric emptying, reducing glucose diftfusion, and shaping microbiota fermentation toward short-chain fatty
acids that improve insulin sensitivity[877]. Some phytochemicals inhibit digestive enzymes (a-amylase and a-
glucosidase), lowering postprandial spikes and easing P-cell workload. In practice, the most promising
candidates are those with multi-pathway activity and wide safety margins for chronic administration.
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Despite this mechanistic richness, phytochemicals can suffer from poor target engagement in vivo. Many are
extensively metabolized, and the active species may be metabolites rather than the parent compound.
Additionally, complex extracts may contain both synergists and antagonists, making standardization essential.
These realities favor formulation strategies that (i) increase effective exposure of validated actives or bioactive
metabolite precursors, (ii) enable co-delivery of complementary compounds to address multiple nodes of insulin
resistance and B-cell stress, and (iii) reduce variability through controlled manufacturing and marker-based
quality control.

4. Nanocarrier Platforms and Formulation Design Principles

Nanocarrier selection for phytochemicals is driven by the physicochemical properties of the payload (polarity,
stability, dose), the intended route of administration, and the target tissue[ 38, 397]. Polymeric nanoparticles,
commonly based on biodegradable polyesters or polysaccharides, are versatile for encapsulating hydrophobic
polyphenols and terpenoids while providing sustained release through matrix erosion or diffusion. Natural
polymers such as chitosan add mucoadhesion and transient tight-junction modulation, which can increase oral
uptake of poorly permeable compounds. Crosslinked nanogels made from chitosan, alginate, or other
biopolymers can be engineered to swell or degrade in response to pH, ionic strength, or enzymatic cues,
supporting region-specific release along the gastrointestinal tract[407].

Lipid-based systems are particularly effective for lipophilic phytochemicals. Solid lipid nanoparticles (SLNs) and
nanostructured lipid carriers (NLCs) increase apparent solubility and protect cargo from oxidation while
enabling controlled release from a lipid matrix. Nanoemulsions and self-emulsifying systems increase interfacial
surface area and can enhance dissolution and lymphatic transport, potentially reducing first-pass
metabolism[407]. Classical liposomes provide a bilayer structure that accommodates both hydrophilic and
hydrophobic molecules and can be modified with polyethylene glycol or other coatings to improve stability and
circulation time.

Smaller supramolecular carriers such as polymeric micelles and cyclodextrin inclusion complexes are useful
when the goal is rapid solubilization rather than long-term sustained release[417]. Dendrimers and other highly
branched macromolecules offer high loading capacity and many surface groups for conjugation of targeting
ligands, but they require careful control of charge-related toxicity.[417] Inorganic and hybrid nanocarriers,
including mesoporous silica or metal-based nanoparticles produced by green synthesis, can add imaging or
catalytic functions; however, their long-term clearance profiles must be explicitly characterized for chronic
metabolic diseases.

Formulation design must also anticipate the biological barriers that shape exposure. Oral systems must survive
gastric acidity, bile salts, and digestive enzymes, then interact appropriately with intestinal mucus and
epithelium[427. For some phytochemicals, preserving local intestinal activity is desirable, so mucoadhesive
retention and limited systemic absorption may be beneficial. For systemic insulin sensitization or B-cell
protection, absorption enhancement and protection from first-pass metabolism become priorities. Particle size,
surface charge, and hydrophilicity influence mucus penetration, uptake by enterocytes, and capture by the
mononuclear phagocyte system[427].

Co-delivery is often advantageous because insulin resistance involves parallel pathways. Nanocarriers can
encapsulate combinations (for example, an AMPK activator plus an antioxidant) or pair a phytochemical with a
conventional drug to reduce dose requirements[437]. Release kinetics can be tuned by polymer composition,
lipid crystallinity, or responsive crosslinkers, allowing intestinal release or slow systemic exposure. Surface
chemistry must be optimized to prevent aggregation and preserve activity during storage[4:37].

Across platforms, robust characterization is essential: particle size distribution, zeta potential, morphology,
encapsulation efficiency, chemical stability of marker compounds, and in vitro release in biorelevant media.
Scalable manufacturing methods (high-pressure homogenization, microfluidics, solvent evaporation, spray
drying, or lyophilization) should be considered early, because batch-to-batch reproducibility is a common
translational failure point[447]. For phytochemical products, quality-by-design approaches that link carrier
attributes to pharmacokinetics and pharmacodynamics help ensure that improvements in insulin resistance and
B-cell markers reflect purposetful engineering rather than uncontrolled variability.

5. Targeted and Stimuli-Responsive Delivery to Insulin-Sensitive Tissues and Islets

Targeted delivery seeks to concentrate phytochemicals in tissues that drive insulin resistance or in pancreatic
islets where B-cell loss occurs. For hepatic insulin resistance, nanoparticles can exploit hepatocyte receptors,
such as the asialoglycoprotein receptor, by displaying galactose-like motifs on the surface[457]. Such designs
can increase hepatic exposure of AMPK activators or gluconeogenesis suppressors while limiting off-target
distribution. Adipose tissue targeting often focuses on inflamed depots enriched in activated macrophages;
carriers decorated with mannose or other ligands that favor macrophage uptake can deliver anti-inflammatory
polyphenols to reduce cytokine production and improve adipokine signaling[457]. Because skeletal muscle is
responsible for most insulin-stimulated glucose disposal, improving muscle exposure is attractive, but it remains
challenging; approaches include tuning particle size for capillary transport and using peptides that bind muscle-
associated receptors or extracellular matrix components.

B-cell protection adds additional constraints. Islets are highly vascularized but small, and nonspecific
nanoparticles may be cleared by the liver and spleen before reaching endocrine tissue. Strategies under
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exploration include ligand-mediated targeting to receptors expressed on B-cells or islet endothelium, as well as
exploiting the enhanced permeability of inflamed islets in experimental models[467]. Once internalized,
subcellular targeting may matter because mitochondrial dysfunction and ER stress are key drivers of B-cell
apoptosis. Mitochondria-targeting moieties and redox-sensitive linkers can enrich antioxidant release near
mitochondrial ROS sources, while ER-stress—modulating phytochemicals benefit from sustained intracellular
availability[467].

Stimuli-responsive nanoformulations aim to synchronize release with metabolic cues, improving safety and
efficacy. Glucose-responsive systems can release cargo when glucose is elevated by using reversible boronate—
diol interactions or glucose oxidase-mediated local acidification that triggers polymer swelling[47, 487. While
initially developed for insulin delivery, the same logic can be applied to phytochemicals that modulate insulin
signaling or inflammation, providing higher exposure during hyperglycemic periods and lower exposure during
normoglycemia. Reactive oxygen species (ROS)-responsive carriers degrade in oxidative environments typical
of insulin-resistant adipose tissue and stressed islets, releasing antioxidants and anti-inflammatory agents
precisely where ROS is high. pH-sensitive systems can exploit differences between stomach, intestine, and
intracellular endosomes to protect cargo and enhance cytosolic delivery[497].

Successtul targeting is ultimately measured by functional outcomes improved insulin sensitivity indices, reduced
inflammatory biomarkers, preserved B-cell mass, and lower glycemic variability, rather than by particle
accumulation alone. Therefore, head-to-head studies that compare targeted versus non-targeted formulations,
and that quantify both biodistribution and pathway engagement, are essential to demonstrate that sophisticated
designs translate into clinically meaningful advantages.

6. Evidence Base: Preclinical Outcomes and Emerging Human Signals

Preclinical research consistently shows that nanoformulation can amplify the metabolic impact of
phytochemicals by improving exposure, stability, and tissue delivery. In rodent models of diet-induced insulin
resistance, phytochemical nanoparticles frequently reduce fasting glucose and insulin, improve oral glucose
tolerance, and lower indices such as HOMA-IR relative to equivalent doses of free compounds[[507]. Mechanistic
readouts often align with improved insulin signaling: increased Akt phosphorylation, enhanced GLUT4
translocation in muscle and adipose tissue, reduced hepatic expression of gluconeogenic enzymes, and increased
AMPK activation. Inflammatory and oxidative stress markers commonly improve as well, including lower TNF-
a and IL-6 levels, reduced lipid peroxidation products, and higher activity of antioxidant enzymes[507].
Curcumin is a widely used example because its free form is poorly bioavailable. Lipid nanoparticles, polymeric
nanoparticles, and nanoemulsions have all been reported to enhance curcumin exposure and produce stronger
improvements in insulin sensitivity and adipose inflammation than non-formulated curcumin[51-537.
Resveratrol nanoformulations have shown enhanced mitochondrial and endothelial benefits, with reductions in
hepatic steatosis and improvements in insulin signaling at lower doses than free resveratrol[[54, 55 . Berberine
nanoformulations are similarly attractive because berberine has limited oral bioavailability; nanoparticle
delivery can increase systemic levels and may strengthen effects on hepatic glucose production and lipid
metabolism. Quercetin and EGCG nanoemulsions or nanogels have been used to improve stability and intestinal
absorption, often translating into improved antioxidant status and B-cell preservation in streptozotocin or diet-
based diabetes models.

Where measured, pharmacokinetic studies show higher Cmax, longer half-life, and greater area under the curve
for nanoformulated phytochemicals, supporting dose reduction. Clinical translation may benefit from continuous
glucose monitoring, imaging-enabled biodistribution, and stratification by insulin-resistance phenotype to
reduce response heterogeneity in trials[567].

Despite these encouraging patterns, important translational caveats remain. Many studies use high doses, short
durations, or small sample sizes, and they may not include rigorous comparators such as optimized free-drug
formulations. Measuring only glucose endpoints can obscure whether improved glycemia reflects insulin
sensitization, f-cell preservation, or reduced caloric intake due to formulation effects on appetite[577.
Nanocarrier components themselves may contribute to bioactivity, especially when using natural polymers with
mucoadhesive or immunomodulatory properties, complicating attribution.

Human evidence is emerging but still limited. Small trials of enhanced-bioavailability formulations of certain
polyphenols suggest improvements in inflaimmatory markers and modest glycemic benefit, but robust
demonstrations of improved insulin resistance and B-cell preservation remain scarce[ 587. Future clinical studies
will need standardized phytochemical markers, validated nanoparticle characterization, and mechanistic
endpoints (insulin sensitivity clamps or secretion tests) to confirm that the advantages seen in animal models
translate to patients.

7. Safety, Manufacturing, and Translational Priorities

Because diabetes requires chronic therapy, safety and manufacturability are as important as efficacy for
phytochemical nanoformulations. Nanocarriers can alter absorption and biodistribution, potentially increasing
systemic exposure to constituents that were previously confined to the gut. Key safety questions include acute
cytotoxicity, immune activation (complement and cytokine responses), long-term organ accumulation, and
interactions with concomitant antidiabetic drugs[38, 387. Particle size, surface charge, and composition
influence uptake by the mononuclear phagocyte system and deposition in liver and spleen. Biodegradable
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polymers and physiological lipids generally offer more predictable clearance than some inorganic carriers, but
even “biocompatible” materials may cause issues if they aggregate, carry residual solvents, or trigger
hypersensitivity.
Manufacturing translation often fails when formulations cannot be produced reproducibly at scale. Methods
such as high-pressure homogenization, solvent evaporation, microfluidics, and spray drying can be scaled, but
they require tight control of temperature, shear, solvent removal, and sterilization or microbial limits[597.
Quality-by-design approaches define critical quality attributes—particle size distribution, encapsulation
efficiency, release profile, and chemical stability of marker compounds- and link them to clinical performance.
For complex botanicals, standardization requires validated analytical fingerprints and marker quantification,
with specifications for degradation products.
Regulatory pathways for nanoformulated phytochemicals can be ambiguous because products may be viewed as
dietary supplements, botanical drugs, or nanomedicines depending on claims and jurisdiction[607]. Regardless
of category, regulators increasingly expect clear identity, purity, potency, stability, and evidence of safety, along
with documentation of nanomaterial characterization. Developers should plan for comparability studies when
manufacturing changes occur, because small shifts in particle properties can alter exposure. Transparent
labeling and evaluation of herb—drug interactions are critical given real-world co-administration with standard
therapies[617.
Cost and access considerations should not be overlooked. Formulations that require rare excipients, cold-chain
storage, or complex sterile processing may be impractical in many settings. Developers should also evaluate
environmental impact, particularly for persistent inorganic materials and solvent-intensive manufacturing.
Open reporting of negative results and standardized protocols will reduce publication bias and speed field-wide
learning for patients.
Future innovation is likely to emphasize precision and practicality. Glucose- and ROS-responsive carriers could
reduce hypoglycemia risk and maximize benefit in inflamed tissues. Biomimetic carriers, including plant-derived
vesicles and membrane-coated nanoparticles, may improve tolerability. Combination formulations that pair
phytochemicals with complementary mechanisms, or integrate them with low-dose conventional drugs, may
provide durable insulin sensitization while protecting B-cells. Finally, clinical trials should incorporate
mechanistic endpoints (insulin sensitivity and secretion testing), continuous glucose monitoring, and
stratification by phenotype to identify who benefits most, accelerating responsible translation.
CONCLUSION
Phytochemical nanoformulations offer a practical route to address two core defects in type 2 diabetes: insulin
resistance and progressive f-cell failure. By improving solubility, protecting labile compounds from
degradation, and enabling controlled or stimuli-responsive release, nanocarriers can increase effective target
engagement at liver, muscle, adipose tissue, and pancreatic islets. Preclinical studies repeatedly show stronger
improvements in insulin signaling, inflammatory tone, oxidative stress, and islet survival than equivalent free
phytochemicals, and early clinical signals suggest that enhanced-bioavailability formulations may translate into
modest metabolic benefit. However, the field must move beyond proof-of-concept by standardizing botanical
markers, performing head-to-head comparators, and integrating mechanistic endpoints that distinguish insulin
sensitization from B-cell protection. Because diabetes therapy is lifelong, rigorous nanotoxicology, scalable
manufacturing, and clear regulatory positioning are essential. With phenotype-stratified trials and rational
carrier design, phytochemical nanomedicine could become a credible adjunct for durable glycemic control.
Affordable formulations could expand access to metabolic therapies worldwide.
REFERENCES
1. Adil, M., Khan, R.A,, Ghosh, P., Venkata, S.K., Kandhare, A.D., Sharma, M.: Pioglitazone and risk of
bladder cancer in type 2 diabetes mellitus patients: A systematic literature review and meta-analysis of
observational studies using real-world data. Clin. Epidemiol. Glob. Health. 6, 61-68 (2018).
https://doi.org/10.1016/j.cegh.2017.08.002
2. Berbudi, A., Khairani, S., Tjahjadi, A.L: Interplay Between Insulin Resistance and Immune Dysregulation
in Type 2 Diabetes Mellitus: Implications for Therapeutic Interventions. ImmunoTargets Ther. 14, 359—
382 (2025). https://doi.org/10.2147/1TT.S499605
3. Chandrasekaran, P., Weiskirchen, R.: The Role of Obesity in Type 2 Diabetes Mellitus—An Overview.
Int. J. Mol. Sci. 25, 1882 (2024). https://doi.org/10.3890/1jms25031882
4. Izah, S.C,, Betiang, P.A., Paul-Chima Ugwu, O., Ainebyoona, C., Uti, D.E., Echegu, D.A.: The Ketogenic
Diet in  Obesity Management: Friend or Foe? Cell Biochem. Biophys. (2025).
https://doi.org/10.1007/512013-025-01878-0
Uti, D.E., Atangwho, [.J.,, Omang, W.A., Alum, E.U., Obeten, U.N., Udeozor, P.A., Agada, S.A., Bawa, [,
Ogbu, C.O.: Cytokines as key players in obesity low grade inflammation and related complications. Obes.
Med. 54, 100585 (2025). https://doi.org/10.1016/j.0bmed.2025.100585
6. Ajjan, R.A.: The clinical importance of measuring glycaemic variability: Utilising new metrics to optimise
glycaemic control. Diabetes Obes. Metab. 26, 3—16 (2024). https://doi.org/10.1111/dom.16098

&

124



www.idosr.org Nambi, 2026

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24

25.

26.

Obasi, D.C.,, Abba, J.N,, Aniokete, U.C., Okoroh, P.N., Akwari, A.Ak.: Evolving Paradigms in Nutrition
Therapy for Diabetes: From Carbohydrate Counting to Precision Diets. Obes. Med. 100622 (2025).
https://doi.org/10.1016/j.0bmed.2025.100622

Karakolias, S., Mavridoglou, G., Polyzos, N.: Trends and patterns in antidiabetic medication prescriptions:
Insights from Greece’s electronic prescription database. Prim. Care Diabetes. 19, 651-657 (2025).
https://doi.org/10.1016/j.pcd.2025.08.004

Alam, S., Sarker, Md.M.R., Sultana, T.N., Chowdhury, Md.N.R., Rashid, M.A., Chaity, N.I., Zhao, C., Xiao,
J., Hafez, E.E., Khan, S.A.,, Mohamed, I.N.: Antidiabetic Phytochemicals From Medicinal Plants:
Prospective Candidates for New Drug Discovery and Development. Front. Endocrinol. 13, 800714 (2022).
https://doi.org/10.3389/fendo.2022.8007 14

Egba, S.I., Edeh, M.O., Uchenna, N.O,, Igwe, M.C., Ogbodo, J.O.: Nasal Delivery of Phytochemicals Using
Nanocarriers: Therapeutic Opportunities and Translational Challenges. Int. J. Nanomedicine. 20, 15017—
15041 (2025). https://doi.org/10.2147/1IN.S564:106

Prakash, G., Chaudhary, A.A., Tanu, R., Ali, M.A M., Boufahja, F., Sharma, P.K., Lakhawat, S.S., Yadav,
T., Upadhyay, N.K., Kumar, V.: Harnessing Phytochemicals and Nanotechnology Synergy for Molecular,
Epigenetic, and Microbiota-Driven Regulation in Type 2 Diabetes Mellitus. Pharmaceutics. 18, 113
(2026). https://doi.org/10.8390/pharmaceutics18010113

Santhiravel, S., Bekhit, A.E.-D.A., Mendis, E., Jacobs, J.L., Dunshea, F.R., Rajapakse, N., Ponnampalam,
E.N.: The Impact of Plant Phytochemicals on the Gut Microbiota of Humans for a Balanced Life. Int. J.
Mol. Sci. 23, 8124 (2022). https://doi.org/10.8390/ijms23158124

Aqil, F., Munagala, R., Jeyabalan, J., Vadhanam, M.V.: Bioavailability of phytochemicals and its
enhancement by  drug  delivery  systems. Cancer  Lett. 334, 188—141 (2013).
https://doi.org/10.1016/j.canlet.2013.02.032

Bhalani, D.V., Nutan, B., Kumar, A., Singh Chandel, A.K.: Bioavailability Enhancement Techniques for
Poorly = Aqueous Soluble Drugs and Therapeutics. Biomedicines. 10, 2055 (2022).
https://doi.org/10.3390/biomedicines 10092055

Li, L., Zeng, Y., Chen, M., Liu, G.: Application of Nanomicelles in Enhancing Bioavailability and Biological
Efficacy of Bioactive Nutrients. Polymers. 14, 3278 (2022). https://doi.org/10.8890/polym14163278
Dewanjee, S., Chakraborty, P., Mukherjee, B., De Feo, V.: Plant-Based Antidiabetic Nanoformulations:
The Emerging Paradigm for Effective Therapy. Int. J. Mol. Sci. 21, 2217 (2020).
https://doi.org/10.8890/1jms21062217

Petrovic, S., Bita, B., Barbinta-Patrascu, M.-E.: Nanoformulations in Pharmaceutical and Biomedical
Applications: Green Perspectives. Int. J. Mol. Sci. 25, 5842 (2024).
https://doi.org/10.8390/1jms2511584:2

Choi, H., Choi, Y., Yim, H.Y., Mirzaaghasi, A., Yoo, J.-K., Choi, C.: Biodistribution of Exosomes and
Engineering Strategies for Targeted Delivery of Therapeutic Exosomes. Tissue Eng. Regen. Med. 18,
499-511 (2021). https://doi.org/10.1007/518770-021-00361-0

Yu, J,, Dan, N., Eslami, SM., Lu, X.: State of the Art of Silica Nanoparticles: An Overview on
Biodistribution and Preclinical Toxicity Studies. AAPS J. 26, 35 (2024). https://doi.org/10.1208/51224:8-
024-00906-w

Costes, S., Bertrand, G., Ravier, M.A.: Mechanisms of Beta-Cell Apoptosis in Type 2 Diabetes-Prone
Situations and Potential Protection by GLP-1-Based Therapies. Int. J. Mol. Sci. 22, (2021).
https://doi.org/10.8390/1jms22105303

Swann, J.R., Rajilic-Stojanovic, M., Salonen, A., Sakwinska, O., Gill, C., Meynier, A., Fanga-Berthon, P.,
Schelkle, B., Segata, N., Shortt, C., Tuohy, K., Hasselwander, O.: Considerations for the design and conduct
of human gut microbiota intervention studies relating to foods. Eur. J. Nutr. 59, 3347—-3368 (2020).
https://doi.org/10.1007/500394-020-02232-1

Bansal, S.K., Bansal, M.B.: Pathogenesis of MASLD and MASH - role of insulin resistance and
lipotoxicity. Aliment. Pharmacol. Ther. 59, S10-S22 (2024). https://doi.org/10.1111/apt.17930
Bensussen, A., Torres-Magallanes, J.A., Roces De Alvarez—Buylla, E.: Molecular tracking of insulin
resistance and inflammation development on visceral adipose tissue. Front. Immunol. 14, 1014778 (2023).
https://doi.org/10.3389/fimmu.2028.1014778

Aga, H., Soultoukis, G., Stadion, M., Garcia-Carrizo, F., Jadhnert, M., Gottmann, P., Vogel, H., Schulz, T.J.,
Schiirmann, A.: Distinct Adipogenic and Fibrogenic Differentiation Capacities of Mesenchymal Stromal
Cells from Pancreas and White Adipose Tissue. Int. J. Mol. Sci. 23, 2108 (2022).
https://doi.org/10.3390/1jms23042108

Ahmed, B., Sultana, R., Greene, M.W.: Adipose tissue and insulin resistance in obese. Biomed.
Pharmacother. 187, 1113815 (2021). https://doi.org/10.1016/j.biopha.2021.111815

Al Madhoun, A., Haddad, D., Kochumon, S., Thomas, R., Miranda, L., George, P., Abu-Khalaf, N., Al-
Mulla, F., Ahmad, R.: TNF-o/NF-kB mediated upregulation of Dectin-1 in hyperglycemic obesity:
implications for metabolic inflammation and diabetes. J. Transl. Med. 23, 462 (2025).
https://doi.org/10.1186/512967-025-06303-X

125



www.idosr.org Nambi, 2026

27.

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

46.

Cerf, M.E.: Beta Cell Dysfunction and Insulin Resistance. Front. Endocrinol. 4, 37 (2013).
https://doi.org/10.3389/fendo.2013.00037

Ugwu, O.P-C., Alum, E.U., Okon, M.B,, Aja, P.M., Obeagu, E.I., Onyeneke, E.C.: Ethanol root extract
and fractions of Sphenocentrum jollyanum abrogate hyperglycaemia and low body weight in
streptozotocin-induced diabetic Wistar albino rats. RPS Pharm. Pharmacol. Rep. 2, rqado10 (2023).
https://doi.org/10.1098/rpsppr/rqado10

Habegger, K.M., Hoffman, N.J., Ridenour, C.M., Brozinick, J.T., Elmendorf, J.S.: AMPK Enhances
Insulin-Stimulated GLUT4 Regulation via Lowering Membrane Cholesterol. Endocrinology. 153, 2130—
2141 (2012). https://doi.org/10.1210/en.2011-2099

Bas, T.G.: Dietary Polyphenols (Flavonoids) Derived from Plants for Use in Therapeutic Health:
Antioxidant Performance, ROS, Molecular Mechanisms, and Bioavailability Limitations. Int. J. Mol. Sci.
27, (2026). https://doi.org/10.8390/1jms27031404

Adhikari, B.: Roles of Alkaloids from Medicinal Plants in the Management of Diabetes Mellitus. J. Chem.
2021, 2691525 (2021). https://doi.org/10.1155/2021/2691525

Kasimir, M., Wolbeck, A., Behrens, M., Humpf, H.-U.: Intestinal Metabolism of Selected Steroidal
Glycoalkaloids in the Pig Cecum Model. ACS Omega. 8, 18266—18274 (2023).
https://doi.org/10.1021/acsomega.3c01990

Mitaki, N.B., Fasogbon, 1.V., Ojiakor, O.V., Makena, W., Ikuomola, E.O., Dangana, R.S., Usman, IL.M,,
Etukudo, E.M., Oviosun, A., Dominic Terkimbi, S., Umoren, E.B., Musyoka, A.M., Mbina, S.A., Abubakar,
LB., Anyanwu, G.E., Aja, P.M.: A systematic review of plant-based therapy for the management of diabetes
mellitus in the East Africa community. Phytomedicine Plus. 5, 100717 (2025).
https://doi.org/10.1016/j.phyplu.2024.100717

Magadani, R., Ndinteh, D.T., Roux, S., Nangah, L.P., Atangwho, 1.J., Egba, S.I.: Cytotoxic Effects of
Lecaniodiscus Cupanioides (Planch.) Extract and Triterpenoids-derived Gold Nanoparticles On MCF-7
Breast Cancer Cell Lines. Anticancer Agents Med. Chem. 25, 841-850 (2025).
https://doi.org/10.2174/0118715206325529241004064307

Orchel, A., Skrobek, J., Kaps, A., Paduszynfiski, P., Chodurek, E.: Current Research on the Control
Mechanisms of Cell Survival and Proliferation as Potential Interaction Sites with Pentacyclic
Triterpenoids in Ovarian Cancer. Int. J. Mol. Sci. 26, (2025). https://doi.org/10.8390/1jms262311622
Hu, R, Saw, C.L.-L,, Yu, R., Kong, A.-N.T.: Regulation of NF-E2-Related Factor 2 Signaling for Cancer
Chemoprevention: Antioxidant Coupled with Antiinflammatory. Antioxid. Redox Signal. 13, 1679-1698
(2010). https://doi.org/10.1089/ars.2010.3276

Wan, X, Li, C, Yang, J,, Zhang, Q., Sun, J, Li, Y., Hu, Y., Huang, R., Wang, L., Wang, H., Chen, G.:
Comparative study of pulp- and seed-derived polysaccharides from Elaeagnus conferta Roxb.:
Physicochemical properties and iz vitro hypoglycemic, antiglycation, and prebiotic activities. LWT. 241,
119080 (2026). https://doi.org/10.1016/].1wt.2026.119080

Alshammari, E.M.: Curcumin-based biocompatible nanocarriers: a contemporary perspective in functional
tfoods and biomedical applications. Discov. Nano. 20, 226 (2025). https://doi.org/10.1186/s11671-025-
04:379-4

Nwuruku, O.A., Ugwu, O.P.-C., Uti, D.E., Edwin, N.: Harnessing nature: plant-derived nanocarriers for
targeted drug delivery in cancer therapy. Phytomedicine Plus. 5, 100828 (2025).
https://doi.org/10.1016/j.phyplu.2025.100828

Khare, S., Kumar, S., Urmaliya, P., Yadav, S.: Recent advancement and applications of green hydrogels:
Revolutionizing biomedicine and environmental sustainability. Results Chem. 18, 102857 (2025).
https://doi.org/10.1016/j.rechem.2025.102857

Soh, W.W.M,, Lj, J.: Cyclodextrin-Based Pseudocopolymers and Their Biomedical Applications for Drug
and Gene Delivery. Small. 21, e01304 (2025). https://doi.org/10.1002/smll.202501304

Zhao, C,, Cai, L., Chen, H,, Tan, H,, Yan, D.: Oral biomaterials for intestinal regulation. Eng. Regen. 2,
116—132 (2021). https://doi.org/10.1016/j.engreg.2021.09.002

Roy, D., Kaur, P., Ghosh, M., Choudhary, D., Rangra, N.K.: The therapeutic potential of typical plant-
derived compounds for the management of metabolic disorders. Phytother. Res. 38, 3986—4008 (2024).
https://doi.org/10.1002/ptr.8238

Wahab, W., Alshamsi, R., Alharsousi, B., Alnuaimi, M., Alhammadi, Z., Al-Zaitone, B.: Recent
Developments in Pharmaceutical Spray Drying: Modeling, Process Optimization, and Emerging Trends
with Machine Learning. Pharmaceutics. 17, 1605 (2025).
https://doi.org/10.3390/pharmaceutics17121605

Zeynaloo, E., Stone, L.D., Dikici, E., Ricordi, C., Deo, S.K., Bachas, L.G., Daunert, S., Lanzoni, G.: Delivery
of therapeutic agents and cells to pancreatic islets: Towards a new era in the treatment of diabetes. Mol.
Aspects Med. 83, 101063 (2022). https://doi.org/10.1016/j.mam.2021.101063

Burganova, G., Bridges, C., Thorn, P., Landsman, L.: The Role of Vascular Cells in Pancreatic Beta-Cell
Function. Front. Endocrinol. 12, 667170 (2021). https://doi.org/10.8889/fendo.2021.667170

126



www.idosr.org Nambi, 2026

47.  Chang, D.,, Ma, Y., Xu, X,, Xie, J, Ju, S.: Stimuli-Responsive Polymeric Nanoplatforms for Cancer
Therapy. Front. Bioeng. Biotechnol. 9, 707319 (2021). https://doi.org/10.3389/1bioe.2021.707319

48.  Hou, J.,, Xue, Z., Chen, Y., Li, J,, Yue, X., Zhang, Y., Gao, J., Hao, Y., Shen, J.: Development of Stimuli-
Responsive Polymeric Nanomedicines in Hypoxic Tumors and Their Therapeutic Promise in Oral
Cancer. Polymers. 17, (2025). https://doi.org/10.3390/polym17081010

49.  Emadi, R.,, Amiri, Z., Moghadam, F.M., Raoufi, S., Moradi, M.Z., Asadi, S., Cho, W.C,, Hee Park, J.,
Voosough, A., Farani, M.R., Hwang, S.-K., Suk Huh, Y.: Self-assembling nanocomposites for smart drug
delivery: towards personalized and stimuli-responsive therapeutics. (2026).
https://doi.org/10.1039/D5RA07117H

50.  Hu, F., Sun, D.-S., Wang, K.-L., Shang, D.-Y.: Nanomedicine of Plant Origin for the Treatment of
Metabolic Disorders. Front. Bioeng. Biotechnol. 9, (2022). https://doi.org/10.8389/tbioe.2021.811917

51.  Bertoncini-Silva, C., Vlad, A., Ricciarelli, R., Giacomo Fassini, P., Suen, V.M.M,, Zingg, J.-M.: Enhancing
the Bioavailability and Bioactivity of Curcumin for Disease Prevention and Treatment. Antioxidants. 13,
331 (2024). https://doi.org/10.3390/antiox 13030331

52. Rarthikeyan, A., Senthil, N., Min, T.. Nanocurcumin: A Promising Candidate for Therapeutic
Applications. Front. Pharmacol. 11, 487 (2020). https://doi.org/10.3389/fphar.2020.00487

53.  Seth, A, Iyyuni, S., Sharma, S., Sethi, R., Nath, S., Imeokparia, M.: Curcumin as a Supportive Therapy in
Type 2 Diabetic Patients. Adv. Public Health. 2024, 8563066 (2024).
https://doi.org/10.1155/2024/8563066

54.  Mahjabeen, W., Khan, D.A., Mirza, S.A.: Role of resveratrol supplementation in regulation of glucose
hemostasis, inflammation and oxidative stress in patients with diabetes mellitus type 2: A randomized,
placebo-controlled trial. Complement. Ther. Med. 66, 102819 (2022).
https://doi.org/10.1016/j.ctim.2022.102819

55.  Zhu, X, Wu, C, Qiu, S., Yuan, X., Li, L.: Effects of resveratrol on glucose control and insulin sensitivity
in subjects with type 2 diabetes: systematic review and meta-analysis. Nutr. Metab. 14, 60 (2017).
https://doi.org/10.1186/512986-017-0217-z

56.  Yuan, L., Chen, Q., Riviere, J.E., Lin, Z.: Pharmacokinetics and tumor delivery of nanoparticles. J. Drug
Deliv. Sci. Technol. 83, 104404 (2023). https://doi.org/10.1016/j.jddst.2028.104404

57.  Lichtenstein, A.H., Petersen, K., Barger, K., Hansen, K.E., Anderson, C.A.M., Baer, D.J., Lampe, J. W,
Rasmussen, H., Matthan, N.R.: Perspective: Design and Conduct of Human Nutrition Randomized
Controlled Trials. Adv. Nutr. 12, 4-20 (2021). https://doi.org/10.1098/advances/nmaa109

58. Aatif, M.: Current Understanding of Polyphenols to Enhance Bioavailability for Better Therapies.
Biomedicines. 11, 2078 (2023). https://doi.org/10.3390/biomedicines11072078

59. Basak, S, Das, T.K.: Liposome-Based Drug Delivery Systems: From Laboratory Research to Industrial
Production—Instruments and Challenges. ChemEngineering. 9, (2025).
https://doi.org/10.3390/chemengineering9030056

60. Youssef, B, Ibrahim, E.A., Moselhy, S.S., ElShebiney, S., Elabd, W.K.: Phytochemical based on
nanoparticles for neurodegenerative alzheimer disease management: Update review. Discov. Nano. 20,
176 (2025). https://doi.org/10.1186/511671-025-04356-X

61.  Alum, E.U,, Manjula, V.S, Uti, D.E., Echegu, D.A., Ugwu, O.P.-C., Egba, S.I., Agu, P.C.: Metabolomics-
Driven Standardization of Herbal Medicine: Advances, Applications, and Sustainability Considerations.
Nat. Prod. Commun. 20, 1934578X251367650 (2025). https://doi.org/10.1177/1934578X251367650

62. Ugwu OPC, Nwodo OFC, Joshua PE, Odo CE, Ossai EC, Abubakar B. Phytochemical and acute toxicity
studies of Moringa oleifera ethanol leaf extract. Int J Life Sci Biotechnol Pharma Res. 2013;2(1).

63. Ugwu OPC, Nwodo OFC, Joshua PE, Odo CE, Ossai EC. The effect of ethanol leaf extract of Moringa
oleifera on the lipid profile of malaria infected mice. Res J Pharm Biol Chem Sci. 2013;4(1).

64. Ugwu OPC, Nwodo OFC, Joshua PE, Odo CE, Ossai EC, Abubakar B. Ameliorative effects of ethanol leaf
extract of Moringa oleifera on the liver and kidney markers of malaria infected mice. Int J Life Sci
Biotechnol Pharma Res. 2013;2(1).

65. Ugwu OPC, Nwodo OFC, Joshua PE, Odo CE, Bawa A, Ossai EC. Anti-malaria and hematological analyses
of ethanol leaf extract of Moringa oleifera on malaria infected mice. Int J Pharm Biol Sci. 2013;3(1):360—
71.

66. Enechi OC, Manyawo LN, Ugwu OPC. Effect of ethanol seed extract of Buccholzia coriacea (wonderful kola)
on the lipid profile of albino rats. World J Pharm Pharm Sci. 2013;2(83):802—13.

67. Enechi OC, Oluka IH, Ugwu OPC, Omeh YS. Effect of ethanol leaf extract of Alstonia boonei on the lipid
profile of alloxan induced diabetic rats. World J Pharm Pharm Sci. 2013;2(3):782-95.

68. Enechi OC, Peter CD, Ugwu OPC, Udeh SMC, Omeh YS. Evaluation of the nutritional potential of Ceiba
pentandra leaves. Mintage J Pharm Med Sci. 2013;2(3):25—7.

69. Enechi OC, Igbonekwu CN, Ugwu OPC. Effects of ethanol extract of Cissus quadrangularis on induced
gastric ulcer in rats. Afr J Biotechnol. 2013;12(43):6197-202.

127



www.idosr.org Nambi, 2026

70.

1.

72.

73.

T4.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Enechi OC, Obiora EN, Ugwu OPC. Chromatographic identification and the effect of the alkaloidal extract
of Buccholzia coriaceae seeds on the body weights and relative liver weights of mice. Adv Biol Res.
2013;7(5):188-93.

Afiukwa CA, Ugwu OPC, Ebenyi LN, Ossai EC, Nwaka AC. Phytochemical analysis of three wild edible
mushrooms, coral mushroom, Agaricus bisporus and Lentinus sajor caju, common in Ohaukwu Area of
Ebonyi State, Nigeria. Int J] Pharm. 2013;3(2):410—4.

Afiukwa CA, Ugwu OPC, Okoli SO, Idenyi JN, Ossai EC. Contents of some vitamins in five edible mushroom
varieties consumed in Abakaliki Metropolis, Nigeria. Res J Pharm Biol Chem Sci. 2013;4(2).

Afiukwa CA, Oko AO, Afiukwa JN, Ugwu OPC, Ali FU, Ossai EC. Proximate and mineral element
compositions of five edible wild grown mushroom species in Abakaliki, southeast Nigeria. Res J Pharm
Biol Chem Sci. 2018;4(2):1055.

Afiukwa CA, Ogah O, Ugwu OPC, Oguguo JO, Ali FU, Ossai EC. Nutritional and antinutritional
characterization of two wild yam species from Abakaliki, southeast Nigeria. Res J Pharm Biol Chem Sci.
20138;4(2).

Adonu CC, Ugwu OPC, Esimone CO, Ossai EC, Bawa A, Nwaka AC. Phytochemical analyses of the
methanol, hot water and N-hexane extracts of the aerial parts of Cassytha filiformis (Linn) and leaves of
Cleistopholis patens (Benth). Int J Pharm Biol Chem Sci. 2013;3(1).

Adonu CC, Esimone CO, Ugwu OPC, Bawa A, Ossai EC. In vitro evaluation of the antibacterial potential of
extracts of the aerial parts of Cassytha filiformis against urogenital clinical gram-positive organisms. Int
J Pharm Biol Chem Sci. 2013;3(1).

Enechi OC, Ogochukwu BO, Ugwu OPC. Effect of fermentation on biochemical properties of maize (Zea
mays L.). 2014

Enechi OC, Stephen A, Ugwu OPC. Concentrations of iodine and some environmental goitrogens in two
selected water bodies—Adada and Akoru in Nsukka, Enugu State, Nigeria. Afr J Biotechnol.
2014;18(44):4215-9.

Udeozo IP, Nwaka AC, Ugwu OPC, Akogwu M. Anti-inflammatory, phytochemical and acute toxicity study
of the flower extract of Newbouldia laevis. Int J Curr Microbiol App Sci. 2014;3(8):1029-35.

Enechi OC, Oluka HI, Ugwu OPC. Acute toxicity and ameliorative properties of Alstonia boonei leaf extract
on diabetic rats. Afr J Biotechnol. 2014513(5).

Enechi OC, Oluka HI, Ugwu OPC. Acute toxicity, lipid peroxidation and ameliorative properties of Alstonia
boonei ethanol leaf extract on the kidney markers of alloxan induced diabetic rats. Afr J Biotechnol.
2014513(5).

Odo CE, Nwodo OFC, Joshua PE, Ugwu OPC, Okonkwo CC. Acute toxicity investigation and anti-
diarrhoeal effect of the chloroform-methanol extract of the seeds of Persea americana in albino rats. J
Pharm Res. 2013;6(3):331-5.

Odo CE, Nwodo OFC, Joshua PE, Ugwu OPC. Acute toxicity investigation and anti-diarrhoeal effect of the
chloroform-methanol extract of the leaves of Persea americana. Iran J Pharm Res. 2014513(2):651-8.

Amalu PC, Chukwuezi FO, Ugwu OPC. Antimicrobial effects of bitter kola (Garcinia kola) nut on
Staphylococcus aureus, Escherichia coli and Candida albicans. IOSR J Dent Med Sci. 2014513(4):29—-32.

[lozue NM, Ikezu UP, Ugwu OPC. Antimicrobial and phytochemical screening of the seed extracts of Persea
americana (avocado pear). IOSR J Pharm Biol Sci. 2014;9(2):23-5.

Orji OU, Ibiam UA, Aja PM, Ugwu OPC, Uraku AJ, Inya-Agha OR, et al. Evaluation of the phytochemical
and nutritional profiles of Cnidoscolus aconitifolius leaf collected in Abakaliki, south east Nigeria. World
J Med Sci. 2015;13(3):213-7.

Igwenyi 10, Nchi PO, Ugwu OPC, Igwenyi IP, Obasi DC, Edwin N, et al. Nutritional potential of
Azadirachta indica seeds. Indo Am J Pharm Sci. 2017;4(2):477—-82.

Aja PM, Ugwu OPC, Kennedy K, Ibere JB, Ekpono EU. Phytochemical analysis of Senna occidentalis leaves.
IDOSR J Appl Sci. 2017;2(1):75-91.

Ibiam UA, Alum EU, Orji OU, Aja PM, Ezeani NN, Ugwu OPC, et al. Anti-inflammatory effects of
Buchholzia coriacea ethanol leaf-extract and fractions in Freund's adjuvant-induced rheumatoid arthritic
albino rats. Indo Am J Pharm Sci. 2018;5(7):6341-57.

Ibiam UA, Alum EU, Aja PM, Orji OU, Ezeani NN, Ugwu OPC, et al. Comparative analysis of chemical
composition of Buchholzia coriacea ethanol leaf-extract, aqueous and ethylacetate fractions. Indo Am J
Pharm Sci. 2018;5(7):6358—69.

Ezeani NN, Ibiam UA, Orji OU, Igwenyi 10, Aloke C, Alum E, et al. Effects of aqueous and ethanol root
extracts of Olax subscorpioidea on inflammatory parameters in complete Freund's adjuvant-collagen type
IT induced arthritic albino rats. Pharmacognosy J. 2019;11(1).

Alum EU. Antioxidant effect of Buchholzia coriacea ethanol leaf-extract and fractions on Freund's adjuvant-
induced arthritis in albino rats: a comparative study. Slov Vet Res. 2022;59(1).

Alum EU, Inya JE, Ugwu OPC, Obeagu EI, Aloke C, Aja PM, et al. Ethanolic leaf extract of Datura
stramonium attenuates methotrexate-induced biochemical alterations in Wistar albino rats. RPS Pharm
Pharmacol Rep. 2023;2(1):1-6.

128



www.idosr.org Nambi, 2026

94. Alum EU, Ugwu OPC, Aja PM, Obeagu EI, Inya JE, Onyeije AP, et al. Restorative effects of ethanolic leaf
extract of Datura stramonium against methotrexate-induced hematological impairments. Cogent Food
Agric. 2023;9(1):2258774.

95. Alum EU, Oyika MT, Ugwu OPC, Aja PM, Okon MB, Diana MC, et al. Comparative analysis of mineral
constituents of ethanol leaf and seed extracts of Datura stramonium. IDOSR J Appl Sci. 2023;8(1):143—
51.

96. Alum EU, Diana MC, Ugwu OPC, Aja PM, Okon MB. Phytochemical composition of Datura stramonium
ethanol leaf and seed extracts: a comparative study. IAA J Biol Sci. 2023;10(1):118-25.

97. Alum EU, Ugwu OPC, Obeagu EI, Aja PM, Okon MB. Assessment of vitamin composition of ethanol leaf
and seed extracts of Datura stramonium. Avicenna J Med Biochem. 2023;11(1):92—7.

98. Alum EU, Manjula VS, Uti DE, Echegu DA, Ugwu OPC, Egba SI, et al. Metabolomics-driven
standardization of herbal medicine: advances, applications, and sustainability considerations. Nat Prod
Commun. 2025;20(8):1934578X251867650.

99. Alum EU, Obasi DC, Abba JN, Aniokete UC, Okoroh PN, Ugwu OPC, et al. Endogenous plant signals and
human health: molecular mechanisms, ecological functions, and therapeutic prospects. Biochem Biophys
Rep. 2025;43:102114.

100. Alum EU, Nwuruku OA, Ugwu OPC, Uti DE, Alum BN, Edwin N. Harnessing nature: plant-derived
nanocarriers for targeted drug delivery in cancer therapy. Phytomedicine Plus. 2025;5(3):100828.

101. Alum EU, Uti DE, Ugwu OPC, Okon MB, Aggad WS, Basajja M, et al. Medicinal plants and the
gastrointestinal microbiota in chronic diseases modulation: a structured mechanistic and translational
review. Curr Microbiol. 2026;83(6):346.

102. Alum EU, Manjula VS, Ugwu OPC, Uti DE, Alum BN, Echegu DA. The Internet of Plants: re-imagining
plant signalling networks through an information-and-communication theory lens. Nat Prod Commun.
2026;21(5):1934578X261455751.

103. Ugwu OPC, Ugwu MN, Onohuean H, Rather HA, Usman IM. Noncoding RNAs and the phytochemical
economy: molecular regulators of secondary metabolism in medicinal plants. Biochem Biophys Rep.
2026;45:102486.

104. Ugwu OPC, Ugwu MN, Ogenyi FC, Eze VHU, Alum EU. Nano-enhanced phytomedicine: a review of
nanocarrier systems for targeted delivery of plant-derived bioactives in chronic disease therapy.
Phytomedicine Plus. 2026.

105. Alum EU, Nwuruku OA, Uti DE, Echegu DA, Ugwu OPC, Edwin N, et al. Unlocking the potential of
endophytes in enhancing plant secondary metabolite biosynthesis. Biochem Biophys Rep. 2026;45:102385.

106. Ugwu OPC, Ogenyi FC, Alum EU, Basajja M, Ugwu CN, Ugwu JN, et al. Plant- and soil-derived
polyphenols shape soil microbiomes and crop outcomes: a systematic review and meta-analysis. Front Soil
Sci. 2026;6. d0i:10.8389/15011.2026.17531

107. Mbyemeire H, Fasogbon IV, Musyoka AM, Oviosun A, Ojiakor VO, Ugwu OPC, et al. Exploring the use
of phytotherapy in benign prostatic hyperplasia [BPH: a systematic review. F1000Res. 2026;14:412.

108. Ugwu OPC, Anyanwu CN, Ugwu MN. Harnessing plant metabolic pathways for innovative diabetes
management: unlocking the therapeutic potential of medicinal plants. Plant Signal Behav.
2025;20(1):e2486076.

109. Uti DE, Atangwho 1J, Alum EU, Egba SI, Ugwu OPC, Ikechukwu GC, et al. Natural antidiabetic agents:
current evidence and development pathways from medicinal plants to clinical use. Nat Prod Commun.
2025;20(3):1-29.

110. Ugwu OPC, Alum EU, Kungu E, Inyangat R, Obeagu EI. Exploring indigenous medicinal plants for
managing diabetes mellitus in Uganda: ethnobotanical insights, pharmacotherapeutic strategies, and
national development alignment. INOSR Exp Sci. 2023;12(2):214—24.

111. Ugwu OPC, Alum EU, Obeagu EI. Integrating medicinal plant diversity in post-COVID Uganda for
holistic healthcare management. IAA J Biol Sci. 2023;10(3):32—41.

112. Ugwu OPC, Alum EU, Kungu E, Inyangat R. Exploration of medicinal plants used in the management of
malaria in Uganda. Newport Int J Res Med Sci. 2023;4(1):101-8.

113. Alum EU, Ugwu OPC. Beyond nutrients: exploring the potential of phytochemicals for human health. IAA
J Appl Sci. 2023;10(3):1-7.

114. Alum EU, Uti DE, Egba SI, Ugwu OPC, Aja PM. The role of phytochemicals in age-related cognitive
decline: a natural solution for brain health. Nat Prod Commun. 2025;20(6):1-18.

115. Ogbodo JO, Egba SI, Ikechukwu GC, Paul PC, Mba JO, Ugwu OPC, et al. Volatile organic compound-drug
receptor interactions: a potential tool for drug design in the search for remedies for increasing toxic
occupational exposure. Processes. 2025;13(1):154.

116. Ikuomola EO, Owu DU, Oka VO, Aja PM, Ugwu NF, Umar US, et al. A review of medicinal plants used
for the restoration of reproductive functionality following cimetidine-induced reproductive toxicity. RPS
Pharm Pharmacol Rep. 2024;3(3):rqac014. doi:10.1098/rpsppr/rqae014

129



www.idosr.org Nambi, 2026

117. Ikuomola EO, Owu DU, Oka VO, Agba S, Aja PM. Gas chromatography-mass spectrometric (GC-MS)
revealed bioactive constituents of Brassica oleracea var. viridis (collard greens) used as ethnomedicine to
treat male infertility and related conditions. F1000Res. 2025;14:525.

118. Adepoju AO, Amusa MO, Ugwu OPC. Ethnopharmacological survey on medicinal plants utilization in
Freetown, Sierra Leone. RPS Pharm Pharmacol Rep. 2023;2:1-13.

119. Ugwu OPC, Alum EU, Okon MB. The role of environmental DNA (eDNA) in biodiversity conservation.
Res Output J Biol Appl Sci. 202453(1):79-83.

120. Alum EU, Izah SC, Uti DE, Ugwu OPC, Betiang PA, Basajja M, et al. Synergistic phytochemicals in multi-
target drug discovery for complex diseases: a narrative review. Phytomedicine Plus. 2026:100995.

130


https://doi.org/10.59298/IDOSRJSR/2026/11.2.119130

