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ABSTRACT

Herbal anti-obesity agents provide multi-target modulation of appetite signaling, adipose inflammation, lipid
handling, insulin sensitivity, and gut—brain-liver axis communication. However, their translation into reliable
therapies is limited by poor aqueous solubility, chemical instability, extensive first-pass metabolism, efflux
transport, and variability in botanical composition and microbiome-driven biotransformation. Smart
nanodelivery systems aim to overcome these constraints by combining nanoencapsulation with controlled or
stimuli-responsive release, improved mucosal residence, and redesigned biodistribution. By stabilizing exposure
and aligning release kinetics with pathway-level objectives, these systems can support metabolic
reprogramming rather than transient symptomatic effects. Mechanistically, sustained delivery can dampen
adipose inflammatory signaling, normalize lipolysis, suppress pathological adipogenesis, improve hepatic lipid
metabolism, and promote thermogenic and mitochondrial programs, while gut-targeted release can reshape
microbiota-derived metabolites and bile acid signaling that influence energy balance. Smart designs include pH-
and enzyme-responsive matrices for region-specific intestinal release, redox-responsive systems for intracellular
payload liberation, and composite carriers that enable sequential or co-delivery of complementary
phytochemicals. Yet obesity is a chronic-use indication; therefore, long-term safety, manufacturability,
reproducible characterization, and clear PK—PD linkage to clinically meaningful endpoints remain decisive. This
review evaluates smart nanodelivery strategies for herbal anti-obesity agents, emphasizing controlled release as
a driver of durable metabolic reprogramming and outlining translational challenges and development priorities.
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INTRODUCTION

Obesity is a chronic, relapsing metabolic disease shaped by excess adipose expansion, systemic low-grade
inflammation, impaired insulin signaling, altered lipid flux, mitochondrial dysfunction, and dysregulated
appetite and reward circuits[1-37. Although recent pharmacotherapies have improved weight-loss efficacy,
long-term management remains challenged by access, tolerability, variable response, and the need for sustained
adherence[4—67]. Moreover, obesity-related morbidity is not fully explained by body weight alone; adipose tissue
inflammation, hepatic steatosis, and cardiometabolic risk can persist even with modest weight reduction. These
realities sustain interest in adjunctive interventions that improve metabolic tissue biology and reduce
inflammation while remaining safe for chronic use[7, 87.

Herbal anti-obesity agents and plant-derived phytochemicals have been used across traditional medical systems
to reduce appetite, improve digestion, and restore metabolic balance. Modern studies suggest that many herbal
bioactives modulate key pathways relevant to obesity, including suppression of adipogenesis, normalization of
lipolysis, promotion of fatty acid oxidation, induction of browning and thermogenesis, reduction of oxidative
stress and inflammatory cytokine signaling, and modulation of gut microbiota and bile acid signaling[[9—117.
This pleiotropy is attractive because obesity is a systems-level disorder with multiple reinforcing loops.
However, clinical translation has often been inconsistent. The dominant reasons are pharmacokinetic and
formulation-related: many phytochemicals are poorly water-soluble, chemically unstable, rapidly metabolized,
and subject to efflux transporters, resulting in low and variable exposure after oral dosing[127]. Botanical
variability and microbiome-driven metabolite diversity further amplify heterogeneity in response.
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Nanodelivery offers a way to convert mechanistic promise into predictable exposure. Conventional
nanoencapsulation strategies improve solubility, protect labile compounds, and sometimes enhance absorption,
but “smart” nanodelivery systems go further[13, 147]. Smart systems are designed to control when, where, and
how payloads are released and to align release behavior with biological targets. For obesity, this matters because
durable benefit typically requires sustained pathway engagement and tissue-level remodeling rather than
transient signaling perturbations. Short-lived peaks of exposure may produce modest acute effects but fail to
reprogram adipose inflammation, hepatic lipid metabolism, or gut-derived endocrine signaling. Controlled
release can sustain submaximal but persistent pathway modulation, potentially enabling metabolic
reprogramming over weeks to months[137.

Metabolic reprogramming in obesity can be defined as shifting tissue networks from a storage-dominant,
inflamed, insulin-resistant state toward improved mitochondrial function, normalized lipid flux, reduced
inflammatory tone, and healthier endocrine signaling[157]. In adipose tissue, this involves reducing
macrophage-driven cytokine signaling, restoring insulin-mediated control of lipolysis, and improving adipokine
profiles. In liver, it includes suppressing de novo lipogenesis, improving fatty acid oxidation, and reducing
steatosis-associated inflammation[157. In skeletal muscle, improved mitochondrial efficiency and glucose
uptake contribute to systemic insulin sensitivity. In the gut, changes in microbiota composition, bile acid pools,
and gut hormone signaling can influence appetite, inflammation, and energy expenditure. Herbal agents can
influence all of these domains, but only if exposure is consistent and aligned with the locus of action.

Smart nanodelivery designs can be tailored to obesity biology in several ways. Region-specific release in the
distal intestine or colon can amplify gut-mediated mechanisms by increasing local exposure where microbiota
and bile acid signaling are most relevant[ 16—187. pH-responsive matrices can protect phytochemicals in gastric
conditions and release them in the intestine. Enzyme-responsive systems can exploit microbial enzymes for
colon delivery, aligning release with microbiota-related mechanisms. Redox-responsive carriers can facilitate
intracellular release in oxidative or glutathione-rich environments, potentially enhancing activity in immune
cells or metabolically stressed tissues[197]. Composite nanoparticles can be designed for sequential release,
delivering one agent rapidly to modulate absorption or appetite signaling and another more slowly to reprogram
adipose inflammation and hepatic lipid handling. Co-delivery systems can stabilize ratios of synergistic
phytochemicals, reducing dose burden and increasing consistency compared with separate supplements.
Despite promise, translation requires caution. Obesity therapy is chronic, so the safety bar is high. Smart systems
often add complexity through responsive polymers, functional ligands, or multi-layer architectures. Each added
feature can increase manufacturing variability and regulatory burden[ 12, 207. Moreover, some strategies that
enhance permeability or prolong mucosal residence may carry long-term risks if they perturb barrier integrity
or cause chronic irritation. Therefore, the most translatable smart designs are those that offer clear mechanistic
value with minimal added complexity, use biocompatible and biodegradable materials, and maintain reproducible
critical quality attributes at scale.

This review focuses on smart nanodelivery systems for herbal anti-obesity agents, emphasizing controlled
release as a tool for metabolic reprogramming. We examine why controlled release is biologically relevant in
obesity, discuss major smart design classes and their alignment with gut-liver—adipose biology, and address
translational challenges including safety, standardization of herbal payloads, manufacturing, and clinical trial
design.

2. Why Controlled Release Matters for Herbal Anti-Obesity Therapy

Controlled release is not a cosmetic improvement; it is a mechanistic lever that can change biological outcomes.
Obesity involves slow-changing tissue states, such as chronic inflammation and mitochondrial dysfunction, that
typically require sustained pathway modulation to reverse. Herbal bioactives often act through transcriptional
and signaling networks that respond to duration and consistency of exposure. For example, suppression of
adipogenic programs or induction of thermogenic gene expression depends on time-dependent reprogramming
rather than momentary receptor activation[217]. Similarly, normalization of lipolysis often requires improved
insulin sensitivity and reduced inflammatory signaling, both of which evolve over time.

Uncontrolled oral dosing of phytochemicals frequently produces low peaks and rapid decline, with high inter-
day variability driven by meals, gut transit, and metabolism. This pattern is poorly suited to metabolic
reprogramming[227]. Controlled release can smooth exposure, reduce peak—trough swings, and maintain tissue-
relevant concentrations longer, which may improve the probability of durable pathway engagement. It can also
reduce dose burden and improve adherence, important in long-term obesity management.

Controlled release can also support mechanism localization. If a herbal agent acts primarily in the gut through
microbiota modulation or bile acid signaling, controlled release in the distal intestine or colon can sustain local
exposure without requiring high systemic absorption[227]. Conversely, if systemic adipose or hepatic actions
are dominant, sustained systemic exposure may be required, and release control can reduce the need for frequent
dosing. The central principle is aligning release kinetics and location with the intended biology[237.

3. Smart Nanodelivery Designs: Stimuli-Responsive and Programmable Release

Smart nanodelivery systems include designs that release payloads in response to physiological triggers. pH-
responsive systems are among the most practical for oral herbal agents because they exploit the natural pH
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gradient from stomach to intestine[24-]. Protective coatings can limit release in acidic gastric environments and
promote release in the small intestine, improving stability and exposure.

Enzyme-responsive systems are particularly relevant for obesity because they can leverage intestinal or
microbial enzymes to trigger release in specific gut regions[247. Polysaccharide-based matrices that are
degraded by colonic microbiota can deliver herbal payloads to the colon, where microbiota-mediated
mechanisms and bile acid transformations are prominent. This approach can strengthen gut—brain and gut-liver
signaling effects while limiting systemic exposure.

Redox-responsive systems aim to enhance intracellular release in environments with high glutathione or
oxidative gradients, potentially increasing activity within immune cells or metabolically stressed tissues[25].
While conceptually attractive for targeting inflamed adipose immune niches, the translational challenge is
ensuring predictable triggering without off-target release.

Programmable designs also include multi-layer or core—shell systems that allow sequential release. These can
be useful when combining herbal agents with different time scales of action, such as an early-phase gut-active
component and a longer-acting systemic anti-inflammatory component[267. The translational value of
programmability depends on whether the release pattern produces measurable improvements beyond simpler
sustained-release systems.

4. Metabolic Reprogramming Targets and How Smart Delivery Can Engage Them

Metabolic reprogramming in obesity involves coordinated improvements across adipose tissue, liver, muscle,
and gut. In adipose tissue, a major goal is reducing macrophage-driven inflammation and restoring insulin-
mediated control of lipolysis, thereby reducing fatty acid spillover and ectopic lipid deposition. Sustained
delivery of anti-inflammatory and antioxidant herbal compounds may help shift cytokine tone and improve
adipokine profiles, supporting improved systemic insulin sensitivity[15, 27, 287].

In liver, reducing de novo lipogenesis and improving fatty acid oxidation are central for obesity-associated
steatosis. Controlled systemic exposure to lipid-modulating herbal agents may improve hepatic lipid handling
over time, while gut-targeted systems that influence bile acid signaling can modulate hepatic metabolism
indirectly[297. In muscle, improved mitochondrial efficiency and glucose uptake contribute to systemic benefits,
though achieving meaningful muscle exposure is challenging and requires careful formulation strategies.
Thermogenesis and browning represent another reprogramming axis, where sustained signaling can support
induction of beige adipocyte programs and improved mitochondrial function[[307. Controlled release may help
maintain the transcriptional drive needed for browning rather than producing transient signals that fail to shift
adipose phenotype. Gut-targeted release can also influence thermogenic signaling through microbiota-derived
metabolites and bile acid-mediated endocrine pathways, offering a potentially safer route than systemic
sympathetic stimulation[307].

Smart delivery thus supports reprogramming by sustaining exposure, localizing action to the gut when
appropriate, and potentially enabling intracellular release in relevant cell types. Translational success depends
on demonstrating that these delivery-driven changes translate into durable changes in metabolic biomarkers
and clinically meaningful outcomes.

5. Platform Choices for Smart Delivery and Their Translational Trade-Offs

Smart release behavior can be implemented across multiple carrier classes. Lipid-based nanoparticles and
nanoemulsions are well suited for solubility-limited herbal compounds and can be combined with protective
coatings to influence release site[31, 327]. Polymeric nanoparticles offer tunable degradation and controlled
release, making them attractive for sustained systemic exposure. Biopolymer matrices, particularly
polysaccharides, are highly relevant for enzyme- and microbiota-responsive release in distal gut regions.
Micelles can solubilize hydrophobic agents, but maintaining stability upon dilution and during transit is
essential[827]. Nanocrystals are less “smart” in responsiveness but can be paired with coatings to achieve pH-
dependent or delayed release while maintaining low excipient burden.

The key trade-off is complexity. Each added responsive feature can increase manufacturing variability and
regulatory burden. Therefore, smart designs must earn their complexity by producing measurable
improvements in exposure consistency, tissue engagement, or biomarker outcomes relative to simpler
formulations[ 337. In obesity, where chronic use is required, conservative materials and reproducible production
are especially important. The most translatable smart systems are often those that use well-established
excipients and exploit robust physiological triggers like pH and microbial enzymatic activity rather than highly
sensitive triggers that may vary widely between individuals[337].

6. Translational Challenges: Safety, Standardization, PK-PD, and Clinical Evidence

Long-term safety is the primary translational hurdle for smart nanodelivery in obesity. Formulations designed
to enhance mucosal residence or permeability must demonstrate no chronic barrier disruption or
gastrointestinal irritation[84—36]. Materials must be biodegradable or safely cleared, and excipient loads must
be appropriate for daily dosing. Because herbal agents and delivery systems can influence the microbiome, long-
term monitoring of microbiome stability and gastrointestinal symptoms is relevant, particularly for enzyme-
responsive colon-targeted systems.

Standardization of herbal payloads is equally critical. Botanical variability can change active content and alter
release behavior if the payload composition affects encapsulation or stability. Therapeutically credible products
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require standardized extracts or defined phytochemical compositions with validated analytical fingerprints and
stability-indicating assays[ 37, 387.
PK-PD linkage remains a frequent evidence gap. Smart delivery claims often focus on design intent rather than
demonstrated in vivo behavior. Translation requires biorelevant release testing, in vivo exposure measurement
including metabolites, and linkage to mechanistic biomarkers in adipose, liver, and gut. Clinically meaningful
endpoints should include fat mass and waist circumference, insulin sensitivity indices, lipid profiles,
inflammatory markers, and hepatic steatosis indicators when relevant. Without this integrated evidence chain,
it is impossible to justify smart design complexity in routine care.
7. Future Directions: Minimal-Complexity Smartness and Phenotype-Aware Trials
The next phase of the field will likely prioritize minimal-complexity smart delivery that uses robust
physiological triggers and conservative materials. Distal gut targeting using microbiota-degradable
biopolymers and pH-protective coatings is particularly promising because it aligns with gut-mediated obesity
mechanisms and can reduce systemic exposure while maintaining efficacy. Sustained-release systemic
formulations may be prioritized for agents targeting hepatic lipid metabolism and adipose inflammation,
especially when consistent tissue exposure is required.
Clinical translation will benefit from phenotype-aware trial design. Obesity is heterogeneous, and response to
herbal agents may depend on baseline inflammation, insulin resistance severity, NAFLD presence, and
microbiome configuration. Trials that stratify or at least measure these features can clarify who benefits and
why. Comparative studies against optimized non-nano formulations are essential to justify the added complexity
of smart nanodelivery. Ultimately, success will depend on demonstrating that controlled release produces
durable metabolic reprogramming, improved cardiometabolic risk markers, and acceptable long-term safety at
feasible cost and manufacturing scale.
CONCLUSION
Smart nanodelivery systems can convert herbal anti-obesity agents from inconsistent supplements into more
predictable, mechanism-aligned interventions by controlling release location and kinetics and enabling sustained
pathway engagement. Controlled release is particularly relevant to obesity because durable benefit requires slow
tissue reprogramming, including reduced adipose inflammation, normalized lipolysis, improved hepatic lipid
handling, and enhanced mitochondrial and thermogenic capacity, while gut-targeted release can reshape
microbiota-derived and bile acid—mediated signals that regulate energy balance. However, the chronic nature of
obesity therapy demands conservative materials, long-term safety validation, standardized herbal payloads, and
reproducible manufacturing. Translational credibility hinges on clear PK—PD linkage demonstrating that smart
release behavior occurs in vivo and drives meaningful improvements in fat mass, insulin sensitivity, lipid profiles,
inflammatory markers, and hepatic steatosis endpoints where relevant. Minimal-complexity “smartness” that
delivers measurable clinical value will define the most successful nanotherapeutic herbal strategies.
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