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ABSTRACT 

Metabolic disorders, including diabetes mellitus, obesity, dyslipidemia, and metabolic syndrome, are among the leading 

causes of morbidity and mortality worldwide, driven by complex interactions between genetic, environmental, and lifestyle 

factors. Conventional pharmacotherapies often target single pathways and may be associated with adverse effects, limited 

long-term efficacy, and poor patient compliance. In recent years, herbal bioactives have emerged as promising therapeutic 

alternatives due to their multi-targeted mechanisms, natural origin, and favorable safety profiles. Phytochemicals such as 

polyphenols, flavonoids, alkaloids, and terpenoids exert significant pharmacological effects through modulation of key 

molecular pathways, including AMP-activated protein kinase (AMPK), peroxisome proliferator-activated receptors 

(PPARs), oxidative stress signaling, and inflammatory cascades. However, the clinical translation of these compounds is 

hindered by biopharmaceutical limitations such as poor solubility, low bioavailability, rapid metabolism, and instability. To 

address these challenges, nanotechnology-driven drug delivery systems, including nanoparticles, liposomes, solid lipid 

nanoparticles, and self-nanoemulsifying systems, have been developed to enhance solubility, improve pharmacokinetics, 

and enable targeted delivery. These advanced systems not only increase therapeutic efficacy but also reduce systemic 

toxicity and improve patient outcomes. Furthermore, the integration of nanotechnology with herbal therapeutics supports the 

development of personalized medicine and opens new avenues for commercialization and intellectual property generation. 

This review highlights the mechanistic insights of herbal bioactives in metabolic disorders, evaluates their 

biopharmaceutical challenges, and discusses the role of innovative delivery approaches in improving their clinical potential. 
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INTRODUCTION 

Metabolic disorders, including diabetes mellitus, 

obesity, dyslipidemia, and metabolic syndrome, represent 

a rapidly escalating global health burden driven by 

sedentary lifestyles, dietary transitions, and genetic 

predisposition.  
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These conditions are characterized by complex 

pathophysiological mechanisms such as insulin 

resistance, chronic low-grade inflammation, oxidative 

stress, mitochondrial dysfunction, and dysregulated lipid 

and glucose metabolism. Despite the availability of 

conventional pharmacotherapies, long-term management 

remains challenging due to issues such as adverse effects, 

limited efficacy in multifactorial disease pathways, and 

poor patient adherence. In this context, herbal bioactive 

have gained significant attention as promising therapeutic 

 IJB 



31 
Saravanakumar A. / International Journal of Biopharmaceutics. 2026; 17(1): 30-39. 

 
agents owing to their multi-targeted actions, natural 

origin, and relatively favorable safety profiles.(Aziz et 

al., 2023) Phytoconstituents such as polyphenols, 

flavonoids, alkaloids, terpenoids, and glycosides have 

demonstrated potent pharmacological activities, 

including antioxidant, anti-inflammatory, 

antihyperglycemic, and lipid-lowering effects, thereby 

addressing key molecular pathways involved in 

metabolic disorders. Mechanistically, these compounds 

modulate critical signaling cascades such as AMP-

activated protein kinase (AMPK), peroxisome 

proliferator-activated receptors (PPARs), nuclear factor 

kappa B (NF-κB), and insulin receptor signaling, 

contributing to improved metabolic homeostasis. 

However, the clinical translation of herbal bioactive is 

often hindered by significant biopharmaceutical 

limitations, including poor aqueous solubility, low 

permeability, instability under physiological conditions, 

rapid metabolism, and extensive first-pass effect, all of 

which result in reduced bioavailability and inconsistent 

therapeutic outcomes. To overcome these challenges, 

recent advancements in drug delivery systems have 

focused on the application of nanotechnology-based 

approaches, which offer enhanced solubility, improved 

pharmacokinetics, targeted delivery, and controlled 

release profiles. Nano carriers such as nanoparticles, 

liposomes, solid lipid nanoparticles (SLNs), 

nanostructured lipid carriers (NLCs), polymeric micelles, 

and self-nanoemulsifying drug delivery systems 

(SNEDDS) have been extensively explored to improve 

the therapeutic efficacy of herbal compounds.(Saikia et 

al., 2025) These systems facilitate better cellular uptake, 

protect bioactive from degradation, and enable site-

specific delivery, thereby maximizing pharmacological 

effects while minimizing systemic toxicity. Furthermore, 

integration of nanotechnology with herbal therapeutics 

opens new avenues for personalized medicine by 

enabling dose optimization and patient-specific treatment 

strategies. In addition, the growing interest in intellectual 

property rights and commercialization highlights the 

translational potential of Nano-enabled herbal 

formulations in modern healthcare. This review aims to 

provide a comprehensive overview of the mechanistic 

insights underlying the therapeutic effects of herbal 

bioactive in metabolic disorders, critically analyze their 

biopharmaceutical limitations, and discuss the role of 

nanotechnology-driven delivery systems in enhancing 

their clinical applicability. By bridging traditional 

knowledge with advanced pharmaceutical technologies, 

herbal bioactive hold significant promise in addressing 

the unmet needs in the management of metabolic 

disorders. 

 

Metabolic Disorders and Herbal Therapeutics 
Metabolic disorders, encompassing conditions such as 

diabetes mellitus, obesity, dyslipidemia, and metabolic 

syndrome, have emerged as major global health concerns 

due to their increasing prevalence and association with 

serious complications including cardiovascular diseases, 

neuropathy, and renal dysfunction. These disorders are 

characterized by complex and multifactorial 

pathophysiological mechanisms, including impaired 

insulin signaling, chronic inflammation, oxidative stress, 

and altered lipid and glucose metabolism. Conventional 

therapeutic approaches, although effective to some 

extent, often focus on single molecular targets and are 

associated with limitations such as adverse drug 

reactions, long-term toxicity, and suboptimal patient 

compliance. In this context, herbal therapeutics have 

gained considerable attention as complementary and 

alternative treatment options, owing to their rich 

phytochemical diversity and multi-targeted 

pharmacological actions. Bioactive compounds derived 

from medicinal plants, including polyphenols, flavonoids, 

alkaloids, terpenoids, and glycosides, have demonstrated 

significant potential in modulating key metabolic 

pathways, improving insulin sensitivity, reducing 

oxidative stress, and exerting anti-inflammatory 

effects.(Shen et al., 2024) Despite these promising 

therapeutic benefits, the clinical translation of herbal 

bioactive is significantly hindered by inherent 

biopharmaceutical challenges such as poor aqueous 

solubility, low permeability, instability in gastrointestinal 

conditions, rapid metabolism, and extensive first-pass 

elimination, all of which contribute to reduced systemic 

bioavailability and inconsistent therapeutic outcomes. To 

overcome these limitations, recent advancements have 

focused on the development of delivery-driven 

approaches that enhance the pharmacokinetic and 

pharmacodynamics profiles of herbal compounds. 

Nanotechnology-based delivery systems have emerged as 

a powerful strategy in this regard, offering advantages 

such as improved solubility, enhanced absorption, 

protection from degradation, controlled release, and 

targeted delivery to specific tissues or cells. Various 

Nano carriers, including polymeric nanoparticles, 

liposomes, solid lipid nanoparticles (SLNs), 

nanostructured lipid carriers (NLCs), Nano emulsions, 

and self-nanoemulsifying drug delivery systems 

(SNEDDS), have been extensively investigated for their 

ability to improve the therapeutic efficacy of herbal 

bioactive in metabolic disorders. These systems facilitate 

enhanced cellular uptake and bioavailability while 

minimizing systemic toxicity and dose-related side 

effects.(Najafi et al., 2025) Furthermore, delivery-driven 

approaches enable site-specific targeting, such as hepatic 

or adipose tissue targeting, which is particularly relevant 

in the treatment of metabolic diseases. The integration of 

herbal therapeutics with advanced delivery systems not 

only bridges the gap between traditional medicine and 

modern pharmaceutical technology but also supports the 

development of more effective, safer, and patient-friendly 
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therapeutic strategies. Overall, delivery-driven 

approaches represent a promising avenue for optimizing 

the clinical potential of herbal bioactive in the 

management of metabolic disorders. 

 

Global Epidemiology and Disease Burden 
Global epidemiology of metabolic disorders reveals an 

alarming and continuously rising burden that poses a 

significant challenge to healthcare systems worldwide. 

Metabolic disorders, including diabetes mellitus, obesity, 

dyslipidemia, and metabolic syndrome, have reached 

epidemic proportions due to rapid urbanization, sedentary 

lifestyles, unhealthy dietary patterns, and increasing life 

expectancy. According to global health estimates, the 

prevalence of diabetes alone has risen dramatically over 

the past few decades, with hundreds of millions of 

individuals affected, and projections indicating a 

substantial increase in the coming years. Similarly, 

obesity has nearly tripled globally since 1975, affecting 

both developed and developing nations, including low- 

and middle-income countries where healthcare resources 

are often limited. The co-occurrence of obesity with 

insulin resistance and dyslipidemia further contributes to 

the development of metabolic syndrome, a cluster of risk 

factors that significantly increases the likelihood of 

cardiovascular diseases and type 2 diabetes. The burden 

of metabolic disorders is not only reflected in prevalence 

rates but also in their associated morbidity and mortality, 

as these conditions are major contributors to non-

communicable diseases (NCDs), which account for a 

large proportion of global deaths annually(Sun et al., 

2025). In addition to health consequences, metabolic 

disorders impose a substantial economic burden due to 

increased healthcare expenditures, long-term treatment 

costs, loss of productivity, and disability-adjusted life 

years (DALYs). Developing countries, particularly in 

regions such as South Asia and Sub-Saharan Africa, are 

experiencing a rapid rise in metabolic disorders due to 

nutritional transitions, urban migration, and limited 

access to preventive healthcare services. Furthermore, 

genetic predisposition and ethnic susceptibility play a 

crucial role in disease prevalence, with certain 

populations exhibiting higher risks at lower body mass 

indices. The growing prevalence of metabolic disorders 

among younger populations, including children and 

adolescents, is particularly concerning, as it indicates a 

future escalation in disease burden and healthcare 

demands. Environmental factors, including exposure to 

endocrine-disrupting chemicals, stress, and 

socioeconomic inequalities, also contribute to the 

increasing incidence of these conditions. (N.A et al., 

2025)Despite advancements in diagnosis and treatment, 

the management of metabolic disorders remains 

challenging due to their chronic nature, need for long-

term therapy, and risk of complications such as 

cardiovascular disease, nephropathy, neuropathy, and 

retinopathy. Public health strategies focusing on early 

detection, lifestyle modification, and preventive 

interventions are essential to curb this growing epidemic. 

In this context, there is increasing interest in integrating 

traditional and herbal therapeutic approaches alongside 

modern medicine to provide holistic and sustainable 

management options. Overall, the global epidemiology 

and disease burden of metabolic disorders highlight the 

urgent need for innovative, cost-effective, and accessible 

therapeutic strategies to reduce their impact on 

individuals and healthcare systems worldwide. 

 

Role of Herbal Bioactives in Disease Management 
Herbal bioactive play a significant and increasingly 

recognized role in the management of metabolic 

disorders by offering multi-targeted therapeutic effects 

that address the complex and interconnected pathways 

underlying these conditions. Metabolic disorders such as 

diabetes mellitus, obesity, dyslipidemia, and metabolic 

syndrome are characterized by disturbances in glucose 

and lipid metabolism, chronic low-grade inflammation, 

oxidative stress, and hormonal imbalances. Unlike 

conventional drugs that often act on single molecular 

targets, herbal bioactive derived from medicinal plants 

exhibit pleiotropic actions due to their diverse chemical 

composition, including polyphenols, flavonoids, 

alkaloids, terpenoids, and glycosides. These compounds 

have been shown to modulate key metabolic and 

signaling pathways such as AMP-activated protein kinase 

(AMPK), peroxisome proliferator-activated receptors 

(PPARs), insulin receptor signaling, and nuclear factor 

kappa B (NF-κB), thereby improving insulin sensitivity, 

enhancing glucose uptake, reducing lipid accumulation, 

and attenuating inflammatory responses. For instance, 

polyphenolic compounds like curcumin and resveratrol 

exhibit potent antioxidant and anti-inflammatory 

properties that help mitigate oxidative stress and prevent 

cellular damage, while alkaloids such as Berberine have 

demonstrated significant antihyperglycemic and lipid-

lowering effects through activation of AMPK and 

regulation of gut microbiota(Sajid et al., 2024). 

Additionally, flavonoids such as quercetin and catechism 

contribute to improved endothelial function and reduced 

cardiovascular risk, which are critical in metabolic 

disorders. Herbal bioactive also influence abiogenesis 

and energy metabolism by regulating transcription factors 

and enzymes involved in lipid synthesis and breakdown, 

thereby playing a role in weight management and obesity 

control. Furthermore, many of these compounds exhibit 

synergistic effects when used in combination, enhancing 

their overall therapeutic efficacy. Another important 

aspect of herbal bioactive is their relatively favorable 

safety profile and long history of use in traditional 

medicine systems such as Ayurveda, Traditional Chinese 

Medicine, and Unani medicine, which supports their 

acceptance as complementary therapies. However, 
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despite their therapeutic potential, challenges such as 

variability in phytochemical composition, lack of 

standardization, and limited clinical evidence remain 

significant barriers to their widespread clinical 

application. Advances in phytochemical characterization, 

standardization techniques, and evidence-based research 

are helping to overcome these limitations and improve 

the reliability of herbal interventions. Moreover, 

integration of herbal bioactive with modern 

pharmaceutical approaches, including advanced drug 

delivery systems, is further enhancing their 

bioavailability and therapeutic performance. Overall, 

herbal bioactives represent a promising and holistic 

approach to the management of metabolic disorders by 

targeting multiple disease mechanisms, improving 

metabolic homeostasis, and offering a safer alternative or 

adjunct to conventional pharmacotherapy. 

 

Phytochemical Classification of Herbal Bioactive 
Phytochemical classification of herbal bio actives is 

fundamental to understanding their chemical diversity, 

pharmacological potential, and therapeutic relevance in 

the management of metabolic disorders. Herbal bioactive 

are broadly categorized based on their chemical structure 

and biosynthetic origin into major groups such as 

polyphenols, alkaloids, terpenoids, glycosides, and other 

specialized metabolites, each exhibiting distinct 

biological activities. Polyphenols represent one of the 

most extensively studied classes and include subgroups 

such as flavonoids, phenolic acids, stilbenes, and lignans. 

Flavonoids, such as quercetin, kaempferol, and catechins, 

are known for their strong antioxidant, anti-

inflammatory, and cardio protective effects, while 

phenolic acids like caffeic acid and gallic acid contribute 

to free radical scavenging and metabolic regulation. 

Stilbenes, particularly resveratrol, have gained attention 

for their role in modulating insulin sensitivity and 

mitochondrial function. Alkaloids, another important 

class, are nitrogen-containing compounds such as 

berberine, caffeine, and piperine, which exhibit diverse 

pharmacological activities including antihyperglycemic, 

lipid-lowering, and bioavailability-enhancing 

effects.(Toma et al., 2024) Terpenoids, derived from 

isoprene units, encompass a wide range of compounds 

including monoterpenes, diterpenes, and triterpenes, with 

notable examples such as limonene, ginsenosides, and 

ursolic acid, which demonstrate anti-obesity, anti-

inflammatory, and hepatoprotective properties. 

Glycosides, which consist of a sugar moiety linked to a 

non-sugar aglycone, include saponins, cardiac glycosides, 

and flavonoid glycosides, and are recognized for their 

roles in modulating lipid metabolism, improving insulin 

sensitivity, and enhancing membrane permeability. 

Additionally, other classes such as polysaccharides, 

tannins, and coumarins contribute to the therapeutic 

efficacy of herbal medicines through immunomodulatory, 

antioxidant, and anticoagulant effects. From a 

biopharmaceutical perspective, the classification of 

phytochemicals is also closely related to their 

physicochemical properties, including solubility, 

molecular weight, polarity, and stability, which influence 

their absorption, distribution, metabolism, and excretion 

(ADME) characteristics. For instance, polyphenols often 

exhibit poor bioavailability due to low solubility and 

rapid metabolism, whereas alkaloids may show better 

permeability but potential toxicity at higher doses. 

Understanding these classifications enables the rational 

selection of herbal bioactives for therapeutic applications 

and guides the development of appropriate formulation 

strategies to enhance their clinical efficacy. Furthermore, 

advances in analytical techniques such as 

chromatography, mass spectrometry, and nuclear 

magnetic resonance spectroscopy have facilitated the 

identification, characterization, and standardization of 

phytochemicals, ensuring consistency and quality in 

herbal formulations. Overall, phytochemical 

classification provides a systematic framework for 

exploring the therapeutic potential of herbal bioactives 

and supports the integration of traditional knowledge 

with modern pharmaceutical science in addressing 

metabolic disorders. 

 

 

 

 

 

 

Table 1. Classification and Pharmacological Activities of Herbal Bioactives 
 

Class of 

Phytochemicals 
 

Examples 
 

Key Pharmacological 

Activities 
 

Mechanisms of Action 
 

Polyphenols 

 

Curcumin, Resveratrol, 

Catechins 

 

Antioxidant, Anti-

inflammatory 

 

AMPK activation, ROS 

scavenging 

 

Flavonoids 

 

Quercetin, Kaempferol 

 

Cardioprotective, Antidiabetic 

 

NF-κB inhibition, glucose 

uptake enhancement 

 

Alkaloids Berberine, Piperine Antihyperglycemic, Lipid- AMPK modulation, gut 
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  lowering 

 

microbiota regulation 

 

Terpenoids 

 

Ginsenosides, Ursolic 

acid 

 

Anti-obesity, 

Hepatoprotective 

 

PPAR modulation, lipid 

metabolism regulation 

 

Glycosides 

 

Saponins, Flavonoid 

glycosides 

 

Lipid-lowering, Membrane 

modulation 

 

Enzyme inhibition, permeability 

enhancement 

 

 

 

Biopharmaceutical Challenges of Herbal Bioactives 
Biopharmaceutical challenges of herbal bioactives 

significantly limit their clinical translation despite their 

well-documented pharmacological potential in the 

management of metabolic disorders. One of the primary 

limitations is poor aqueous solubility, particularly for 

lipophilic phytoconstituents such as curcumin, 

resveratrol, and many terpenoids, which results in 

inadequate dissolution in gastrointestinal fluids and 

consequently reduced absorption. In addition, many 

herbal bioactives exhibit low permeability across 

biological membranes due to their large molecular size, 

polarity, or interaction with efflux transporters such as P-

glycoprotein, further compromising their oral 

bioavailability. Another critical challenge is instability 

under physiological conditions, where exposure to gastric 

pH, enzymatic degradation, and oxidative processes can 

lead to structural degradation and loss of therapeutic 

activity. Rapid metabolism, especially through phase I 

and phase II metabolic pathways in the liver and 

intestine, leads to extensive first-pass effect, producing 

metabolites that may be less active or rapidly eliminated 

from the body. Furthermore, variability in phytochemical 

composition due to differences in plant source, 

cultivation conditions, harvesting, and extraction 

methods leads to inconsistency in therapeutic outcomes 

and poses significant challenges in standardization and 

quality control.(Nath et al., 2024) Many herbal bioactives 

also suffer from poor pharmacokinetic profiles 

characterized by short half-life, rapid clearance, and low 

systemic exposure, which necessitate frequent dosing and 

may affect patient compliance. Another concern is the 

potential for herb–drug interactions, as certain 

phytochemicals can modulate cytochrome P450 enzymes 

or drug transporters, altering the pharmacokinetics of co-

administered drugs and leading to adverse effects or 

reduced efficacy. Additionally, issues related to 

formulation, such as poor stability during storage, 

sensitivity to light and temperature, and difficulty in 

achieving uniform dosing, further complicate their 

development into pharmaceutical products. From a 

regulatory perspective, the lack of well-defined 

guidelines for herbal medicines in many regions creates 

barriers for approval and commercialization, as 

comprehensive data on safety, efficacy, and quality are 

often insufficient. Moreover, the complex chemical 

nature of herbal extracts, which often contain multiple 

active constituents, makes it challenging to establish clear 

dose-response relationships and mechanisms of 

action(Rombolà et al., 2020). These biopharmaceutical 

limitations highlight the need for advanced formulation 

strategies and innovative drug delivery systems to 

enhance solubility, stability, and bioavailability of herbal 

bioactives. Approaches such as nanoencapsulation, use of 

bioenhancers, and development of novel carriers are 

being explored to overcome these challenges and 

improve therapeutic outcomes. Overall, addressing these 

biopharmaceutical issues is essential for the successful 

integration of herbal bioactives into modern therapeutic 

regimens for metabolic disorders. 

 

Advanced Drug Delivery Systems for Herbal 

Bioactives 
Advanced drug delivery systems have emerged as a 

transformative approach to overcome the inherent 

biopharmaceutical limitations of herbal bioactives and 

enhance their therapeutic efficacy in the management of 

metabolic disorders. Many phytoconstituents, including 

polyphenols, flavonoids, and terpenoids, suffer from poor 

aqueous solubility, low stability, rapid metabolism, and 

limited bioavailability, which significantly restrict their 

clinical applicability. To address these challenges, a 

variety of novel delivery platforms have been developed 

that improve solubility, protect bioactives from 

degradation, and enable controlled and targeted drug 

release. Among these, nanoparticle-based systems have 

gained considerable attention due to their ability to 

enhance drug dissolution, increase surface area, and 

facilitate cellular uptake. Polymeric nanoparticles, 

formulated using biodegradable polymers such as PLGA 

and chitosan, provide sustained release profiles and 

improved pharmacokinetics. Lipid-based carriers, 

including liposomes, solid lipid nanoparticles (SLNs), 

and nanostructured lipid carriers (NLCs), are particularly 

effective for lipophilic herbal compounds, as they 

enhance solubility and promote lymphatic absorption, 

thereby bypassing first-pass metabolism. Liposomes, 

with their phospholipid bilayer structure, can encapsulate 

both hydrophilic and lipophilic compounds, improving 

stability and bioavailability while reducing toxicity. 

Similarly, phytosomes, a specialized form of lipid-based 

delivery system, form complexes between phospholipids 

and phytoconstituents, enhancing membrane permeability 

and absorption(S R Khafaga & Ewies, 2023). Self-
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nanoemulsifying drug delivery systems (SNEDDS) 

represent another promising strategy, wherein isotropic 

mixtures of oils, surfactants, and co-surfactants 

spontaneously form fine oil-in-water nanoemulsions 

upon contact with gastrointestinal fluids, significantly 

improving the dissolution and absorption of poorly 

soluble herbal bioactives. Polymeric micelles and 

dendrimers also offer unique advantages, including high 

drug loading capacity, improved stability, and targeted 

delivery capabilities. In addition, advanced approaches 

such as stimuli-responsive and targeted delivery systems 

are being explored to achieve site-specific drug release in 

tissues such as liver, adipose tissue, and pancreas, which 

are critically involved in metabolic disorders. These 

systems can respond to environmental triggers such as 

pH, temperature, or enzymatic activity, thereby 

enhancing therapeutic precision and minimizing off-

target effects. Furthermore, the incorporation of 

bioenhancers and surface modification techniques, such 

as PEGylation and ligand conjugation, can further 

improve circulation time and targeting efficiency. 

Advanced delivery systems also support the development 

of combination therapies by enabling co-delivery of 

multiple bioactives, thereby exploiting synergistic 

effects. Overall, these innovative drug delivery strategies 

play a crucial role in bridging the gap between traditional 

herbal medicine and modern pharmaceutical science, 

offering improved pharmacokinetic profiles, enhanced 

therapeutic outcomes, and greater potential for clinical 

translation of herbal bioactives in metabolic disorder 

management. 

 

Therapeutic Applications in Specific Metabolic 

Disorders 
Therapeutic applications of herbal bioactives in specific 

metabolic disorders have gained substantial attention due 

to their ability to modulate multiple biochemical 

pathways involved in disease progression and 

complications. In diabetes mellitus, herbal bioactives 

such as berberine, curcumin, and resveratrol exhibit 

potent antihyperglycemic effects by enhancing insulin 

sensitivity, promoting glucose uptake through activation 

of AMP-activated protein kinase (AMPK), and reducing 

hepatic gluconeogenesis. These compounds also protect 

pancreatic β-cells from oxidative stress and apoptosis, 

thereby preserving insulin secretion. In obesity, 

phytochemicals such as catechins, capsaicin, and 

ginsenosides play a significant role in regulating energy 

metabolism by increasing thermogenesis, inhibiting 

adipogenesis, and promoting lipolysis. They influence 

key regulators such as peroxisome proliferator-activated 

receptors (PPARs) and uncoupling proteins, contributing 

to weight management and reduction of adipose tissue 

accumulation. Dyslipidemia, characterized by abnormal 

lipid profiles, can be effectively managed using herbal 

bioactives like quercetin, garlic-derived organosulfur 

compounds, and phytosterols, which help reduce total 

cholesterol, low-density lipoprotein (LDL), and 

triglycerides while increasing high-density lipoprotein 

(HDL) levels(Abbas et al., 2022). These effects are 

mediated through inhibition of cholesterol synthesis 

enzymes, enhancement of lipid metabolism, and 

improved bile acid excretion. In metabolic syndrome, 

which represents a cluster of interrelated conditions 

including insulin resistance, central obesity, 

hypertension, and dyslipidemia, herbal bioactives offer a 

comprehensive therapeutic approach by simultaneously 

targeting multiple risk factors. Compounds such as 

flavonoids and polyphenols exhibit anti-inflammatory 

and antioxidant properties, reducing chronic low-grade 

inflammation and oxidative stress that are central to the 

syndrome. Additionally, herbal bioactives have shown 

promising effects in managing non-alcoholic fatty liver 

disease (NAFLD), a common metabolic disorder 

associated with insulin resistance and lipid accumulation 

in the liver. Bioactives such as silymarin and curcumin 

improve hepatic function by reducing lipid accumulation, 

enhancing antioxidant defense mechanisms, and 

modulating inflammatory pathways. Furthermore, these 

compounds have demonstrated cardioprotective effects 

by improving endothelial function, reducing oxidative 

stress, and preventing atherosclerosis, which are critical 

in preventing complications of metabolic 

disorders(Gouveia et al., 2022). The use of herbal 

bioactives is also supported by their synergistic actions 

when combined, offering enhanced therapeutic efficacy 

compared to single-agent treatments. However, despite 

these promising applications, challenges such as 

variability in efficacy, lack of standardized dosing, and 

limited large-scale clinical trials remain barriers to their 

widespread adoption. Advances in formulation strategies, 

particularly nanotechnology-based delivery systems, are 

further enhancing the therapeutic potential of herbal 

bioactives by improving their bioavailability and 

targeting efficiency. Overall, herbal bioactives provide a 

versatile and multi-dimensional therapeutic approach for 

the management of various metabolic disorders, 

addressing both the underlying causes and associated 

complications. 

 

Intellectual Property and Patents 
Intellectual property (IP) and patents play a crucial role 

in the development, protection, and commercialization of 

herbal bioactives for the management of metabolic 

disorders, particularly in the context of increasing global 

interest in plant-based therapeutics and nano-enabled 

delivery systems. The complex nature of herbal products, 

often consisting of multiple bioactive constituents, 

presents unique challenges and opportunities in securing 

patent protection compared to conventional single-

molecule drugs. Patents in this domain typically focus on 

novel extraction methods, standardized compositions, 
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unique combinations of phytochemicals, innovative 

formulations, and advanced drug delivery systems such 

as nanoparticles, liposomes, and self-nanoemulsifying 

systems. One of the key aspects of patentability is 

demonstrating novelty, inventive step, and industrial 

applicability, which can be challenging for traditional 

herbal knowledge that may already exist in the public 

domain. To address this, researchers and organizations 

increasingly focus on value addition through formulation 

innovations, synergistic combinations, and targeted 

delivery approaches that enhance therapeutic efficacy and 

bioavailability(J. Nath et al., 2024). Additionally, the 

integration of nanotechnology with herbal bioactives has 

opened new avenues for patent protection, as 

nanoformulations can significantly improve 

pharmacokinetic properties and enable site-specific 

delivery, thereby meeting the criteria for innovation. 

Intellectual property rights also extend to processes such 

as cultivation techniques, extraction technologies, and 

standardization methods that ensure consistent quality 

and reproducibility of herbal products. However, ethical 

considerations related to biopiracy and the protection of 

traditional knowledge are critical in this field, particularly 

in countries rich in biodiversity such as India. 

Frameworks such as traditional knowledge digital 

libraries (TKDL) have been developed to document 

indigenous knowledge and prevent unauthorized 

patenting by establishing prior art. Regulatory 

requirements for patent filing also necessitate 

comprehensive scientific evidence, including 

pharmacological data, safety profiles, and clinical 

validation, which can be resource-intensive but essential 

for commercialization. Furthermore, patents provide a 

competitive advantage to pharmaceutical and 

nutraceutical companies by granting exclusive rights, 

encouraging investment in research and development, 

and facilitating technology transfer and licensing 

opportunities(Trivedi, 2024). The commercialization 

potential of herbal bioactives is further enhanced by the 

growing demand for natural and sustainable healthcare 

products, making IP protection a strategic priority. 

However, balancing innovation with accessibility 

remains a key challenge, as overly restrictive patents may 

limit the availability of affordable treatments. 

Collaborative research, public-private partnerships, and 

clear regulatory guidelines are essential to foster 

innovation while ensuring ethical and equitable use of 

herbal resources. Overall, intellectual property and patent 

strategies are integral to advancing the development of 

herbal bioactives, supporting their transition from 

traditional remedies to scientifically validated and 

commercially viable therapeutic products for metabolic 

disorders. 

 

 
 

Figure:1 Advanced Drug Delivery Systems for Herbal 

Bioactives 
 

 

Integration with Nanotechnology 
Integration of nanotechnology with herbal bioactives 

represents a significant advancement in overcoming the 

limitations associated with traditional phytotherapeutics 

and enhancing their clinical efficacy in the management 

of metabolic disorders. Herbal bioactives, despite their 

potent pharmacological properties, often suffer from poor 

aqueous solubility, low stability, rapid metabolism, and 

limited bioavailability, which restrict their therapeutic 

potential. Nanotechnology offers innovative solutions by 

enabling the design of nanoscale delivery systems that 

improve the physicochemical and pharmacokinetic 

profiles of these compounds. Various nanocarriers, 

including polymeric nanoparticles, liposomes, solid lipid 

nanoparticles (SLNs), nanostructured lipid carriers 



37 
Saravanakumar A. / International Journal of Biopharmaceutics. 2026; 17(1): 30-39. 

 
(NLCs), nanoemulsions, and dendrimers, have been 

extensively explored for encapsulating herbal bioactives. 

These systems enhance solubility, protect sensitive 

phytoconstituents from degradation, and facilitate 

controlled and sustained drug release. Additionally, the 

small size and large surface area of nanoparticles 

promote improved cellular uptake and tissue penetration, 

allowing for more efficient delivery to target organs such 

as the liver, pancreas, and adipose tissue, which play key 

roles in metabolic regulation. Surface modification of 

nanoparticles with ligands, polymers, or antibodies 

further enables targeted delivery, reducing off-target 

effects and improving therapeutic precision. 

Nanotechnology also supports the co-delivery of multiple 

herbal bioactives, enabling synergistic interactions and 

enhanced therapeutic outcomes.(Herbal Nanotherapy for 

Diabetes, 2025) In the context of metabolic disorders, 

nanoformulations of compounds such as curcumin, 

resveratrol, and berberine have demonstrated improved 

bioavailability, enhanced antioxidant and anti-

inflammatory effects, and better glycemic and lipid 

control in preclinical and clinical studies. Furthermore, 

nanotechnology facilitates the development of stimuli-

responsive systems that release drugs in response to 

specific physiological triggers such as pH, temperature, 

or enzymatic activity, thereby optimizing drug release at 

the site of action. The integration of nanotechnology also 

contributes to the advancement of personalized medicine 

by enabling dose optimization and patient-specific 

delivery strategies. From an industrial perspective, nano-

enabled herbal formulations offer improved product 

stability, longer shelf life, and enhanced market value. 

However, challenges such as scalability, manufacturing 

complexity, regulatory approval, and potential 

nanotoxicity must be carefully addressed to ensure safe 

and effective clinical translation. Standardization of 

nanoformulations and comprehensive evaluation of their 

safety profiles are essential for regulatory acceptance. 

Overall, the integration of nanotechnology with herbal 

bioactives bridges the gap between traditional medicine 

and modern pharmaceutical science, providing a 

promising platform for developing more effective, 

targeted, and reliable therapeutic interventions for 

metabolic disorders. 

 

Personalized Herbal Medicine 
Personalized herbal medicine represents an emerging 

paradigm in the management of metabolic disorders, 

integrating traditional phytotherapy with modern 

concepts of precision medicine to deliver individualized 

therapeutic interventions based on a patient’s genetic, 

metabolic, and lifestyle profile. Metabolic disorders such 

as diabetes, obesity, and dyslipidemia exhibit significant 

inter-individual variability in disease progression, drug 

response, and susceptibility to complications, 

highlighting the need for tailored treatment strategies 

rather than a one-size-fits-all approach. Herbal 

bioactives, with their multi-component and multi-target 

nature, offer a unique advantage in personalized medicine 

by addressing the complex and heterogeneous 

mechanisms underlying metabolic dysfunction. Advances 

in pharmacogenomics and nutrigenomics have enabled 

the identification of genetic variations that influence the 

metabolism, efficacy, and safety of both conventional 

drugs and herbal compounds. For instance, 

polymorphisms in genes encoding drug-metabolizing 

enzymes, transporters, and receptors can affect how 

individuals respond to specific phytochemicals, thereby 

guiding the selection and dosing of herbal 

therapies(Sharma et al., 2024). In addition, metabolomics 

and biomarker-based profiling allow for the assessment 

of individual metabolic states, enabling the customization 

of herbal interventions to target specific pathways such as 

insulin resistance, oxidative stress, or lipid dysregulation. 

Integration of digital health technologies, including 

wearable devices and artificial intelligence-driven 

analytics, further supports personalized herbal medicine 

by enabling real-time monitoring of physiological 

parameters and treatment responses. Nanotechnology-

based delivery systems also play a crucial role in this 

context by facilitating controlled and targeted delivery of 

herbal bioactives, ensuring optimal therapeutic 

concentrations at the site of action while minimizing 

systemic exposure and adverse effects. Furthermore, 

traditional systems of medicine such as Ayurveda and 

Traditional Chinese Medicine inherently incorporate 

personalized approaches through concepts like body 

constitution and individualized diagnosis, which can be 

harmonized with modern scientific tools to enhance 

therapeutic outcomes. Despite its promising potential, the 

implementation of personalized herbal medicine faces 

several challenges, including limited clinical evidence, 

lack of standardized formulations, variability in herbal 

composition, and regulatory constraints. Ethical 

considerations related to data privacy and equitable 

access to personalized therapies must also be addressed. 

Collaborative efforts between researchers, clinicians, and 

regulatory agencies are essential to establish robust 

scientific frameworks and validation methods for 

personalized herbal interventions. Overall, personalized 

herbal medicine offers a holistic and patient-centric 

approach to managing metabolic disorders by combining 

the strengths of traditional knowledge with cutting-edge 

technologies, paving the way for more effective, safe, 

and individualized therapeutic strategies. 

 

CONCLUSION 
The herbal bioactives represent a promising and 

multifaceted therapeutic avenue for the management of 

metabolic disorders, offering a holistic approach that 

aligns well with the complex and interconnected nature 

of these conditions. Metabolic disorders such as diabetes 
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mellitus, obesity, dyslipidemia, and metabolic syndrome 

are driven by diverse pathophysiological mechanisms 

including insulin resistance, oxidative stress, chronic 

inflammation, mitochondrial dysfunction, and 

dysregulated lipid and glucose metabolism. Conventional 

pharmacotherapies, while effective in targeting specific 

pathways, often fall short in addressing the multifactorial 

aspects of these diseases and may be associated with 

adverse effects, limited long-term efficacy, and poor 

patient adherence. In this context, herbal bioactives 

derived from natural sources have gained considerable 

attention due to their multi-targeted mechanisms of 

action, favorable safety profiles, and long-standing use in 

traditional systems of medicine. Phytochemicals such as 

polyphenols, flavonoids, alkaloids, terpenoids, and 

glycosides exert therapeutic effects by modulating key 

molecular pathways including AMP-activated protein 

kinase (AMPK), peroxisome proliferator-activated 

receptors (PPARs), nuclear factor kappa B (NF-κB), and 

insulin signaling cascades, thereby improving metabolic 

homeostasis and reducing disease progression. Despite 

these advantages, the clinical translation of herbal 

bioactives is significantly hindered by various 

biopharmaceutical limitations, including poor aqueous 

solubility, low permeability, instability in physiological 

environments, rapid metabolism, and extensive first-pass 

effect, all of which contribute to low bioavailability and 

inconsistent therapeutic outcomes. These challenges 

underscore the necessity for innovative formulation 

strategies and advanced drug delivery systems to enhance 

the pharmacokinetic and pharmacodynamic profiles of 

these compounds. In recent years, nanotechnology-driven 

delivery approaches have emerged as a powerful solution 

to these limitations, offering improved solubility, 

enhanced stability, controlled release, and targeted 

delivery of herbal bioactives. Nanocarriers such as 

polymeric nanoparticles, liposomes, solid lipid 

nanoparticles, nanostructured lipid carriers, 

nanoemulsions, and self-nanoemulsifying drug delivery 

systems have demonstrated significant potential in 

improving the therapeutic efficacy and safety of herbal 

compounds by facilitating better absorption, protecting 

against degradation, and enabling site-specific targeting 

to organs such as the liver, pancreas, and adipose tissue. 

Furthermore, the integration of nanotechnology with 

herbal therapeutics supports the development of 

combination therapies and synergistic interactions, 

thereby maximizing therapeutic benefits while 

minimizing adverse effects. The incorporation of 

emerging concepts such as personalized herbal medicine, 

supported by advances in pharmacogenomics, 

metabolomics, and digital health technologies, further 

enhances the potential of herbal bioactives by enabling 

tailored treatment strategies that account for individual 

variability in disease manifestation and drug response. 

Additionally, the growing emphasis on intellectual 

property and patent protection highlights the translational 

and commercial potential of nano-enabled herbal 

formulations, encouraging innovation and investment in 

this field. However, several challenges remain, including 

issues related to standardization, quality control, 

scalability of nanotechnology-based systems, regulatory 

approval, and comprehensive evaluation of long-term 

safety and efficacy.  
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