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ABSTRACT

Obesity and metabolic syndrome are multifactorial conditions characterized by dysregulated energy
metabolism, insulin resistance, chronic inflammation, and increased risk of diabetes and cardiovascular disease.
Conventional pharmacological treatments often provide modest benefits and suffer from limited durability. Gene
therapy has emerged as a transformative approach to correct the underlying molecular defects driving these
disorders. However, effective delivery of genetic material such as DNA, mRNA, siRNA, and miRNA which
remains a formidable challenge due to degradation, poor cellular uptake, and off-target effects. Nanoparticles
offer versatile delivery platforms that protect genetic cargo, improve biodistribution, and enable tissue-specific
targeting. Recent studies demonstrate that nanoparticle-based gene therapy can modulate pathways such as
adipogenesis, lipolysis, insulin signaling, and appetite regulation, producing sustained metabolic improvements
in preclinical models. This review explores the principles of nanoparticle-mediated gene therapy, recent
advances in obesity and metabolic syndrome research, translational barriers, clinical perspectives, and future
directions. Nanoparticle-enabled gene therapy holds immense potential, but long-term safety, large-scale
production, and regulatory approval remain significant hurdles before clinical application.
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INTRODUCTION
Obesity has become one of the most prevalent chronic conditions globally, affecting more than one billion
people[1-87. It is characterized by excessive accumulation of adipose tissue, accompanied by metabolic
disturbances that predispose individuals to type 2 diabetes mellitus, dyslipidemia, hypertension, non-alcoholic
fatty liver disease, and cardiovascular disease. Collectively, these interrelated conditions constitute metabolic
syndrome, a major risk factor for morbidity and mortality worldwide[4—67. The pathogenesis of obesity and
metabolic syndrome is complex, involving genetic predisposition, environmental influences, sedentary lifestyle,
and dietary patterns. Importantly, molecular mechanisms underpinning these disorders include dysregulation
of adipogenesis, impaired insulin signaling, chronic low-grade inflammation, mitochondrial dysfunction, and
altered neuroendocrine regulation of appetite and satiety[ 7, 87.
Current management strategies focus on lifestyle modifications, pharmacological therapies, and bariatric
surgery. Although effective in some cases, these approaches have major limitations. Lifestyle interventions often
fail due to low long-term adherence, while bariatric surgery is invasive, costly, and associated with
complications. Pharmacological agents such as orlistat, GLP-1 receptor agonists, and phentermine-topiramate
induce moderate weight loss but rarely sustain long-term metabolic correction[9, 107]. Moreover, these
therapies typically address symptoms rather than the root molecular causes of obesity and metabolic syndrome.
This therapeutic gap has motivated interest in gene therapy as a means of directly modulating pathogenic
pathways.
Gene therapy encompasses the introduction, modification, or suppression of genetic material to influence cellular
function and restore metabolic balance [11, 127. In the context of obesity, gene therapy can target pathways
regulating energy expenditure, appetite, adipocyte difterentiation, lipid metabolism, and insulin sensitivity. For
example, siRNA can silence genes promoting lipogenesis, while miRNA therapy can restore regulatory
networks disrupted in obesity. DNA and mRNA delivery can enhance expression of beneficial proteins such as
adiponectin, leptin, or mitochondrial enzymes that increase thermogenesis. These strategies hold promise for
addressing the underlying drivers of metabolic dysfunction rather than merely alleviating symptoms[137.
A major challenge in gene therapy, however, is the efficient and safe delivery of nucleic acids. Naked DNA or
RNA is highly susceptible to enzymatic degradation, exhibits poor cellular uptake, and may trigger immune

112


http://www.idosr.org/
https://doi.org/10.59298/IDOSRJSR/2024/10.2.112118

www.idosr.org Mukisa
responses. Viral vectors, such as adenoviruses and lentiviruses, have been employed in early gene therapy studies
but raise safety concerns due to immunogenicity and insertional mutagenesis. Non-viral delivery systems,
particularly nanoparticles, provide an attractive alternative. Nanoparticles protect genetic cargo from
degradation, facilitate cellular internalization, and can be engineered for tissue-specific targeting. They also
allow controlled release and reduced immunogenicity compared to viral vectors [14—17].

Nanoparticles used in gene therapy include lipid nanoparticles (LNPs), polymeric nanoparticles, dendrimers,
and inorganic systems such as gold and silica nanoparticles. LNPs have gained particular prominence following
their successful use in mRNA vaccines, demonstrating scalability and clinical safety. Polymeric nanoparticles
such as those made from PLGA or chitosan offer biodegradability and tunable release properties[187.
Functionalization with ligands such as peptides, antibodies, or aptamers enables active targeting of tissues such
as adipose depots, liver, or skeletal muscle. This is highly relevant in obesity, where targeting metabolically
active tissues is essential for therapeutic efficacy[19-217.

In obesity and metabolic syndrome research, nanoparticle-based gene therapy has been explored for multiple
strategies: silencing of adipogenic transcription factors (e.g., PPARy, C/EBPa), enhancing energy expenditure
via expression of uncoupling proteins, modulating appetite regulators such as leptin or neuropeptide Y, and
restoring insulin sensitivity through modulation of IRS1, GLUT4, or AMPK pathways[5, 227. Preclinical
studies in animal models have shown significant improvements in weight control, glucose homeostasis, lipid
metabolism, and inflammatory status.

Despite these encouraging findings, translation to clinical practice remains at an early stage. Major barriers
include ensuring long-term safety, avoiding oft-target effects, optimizing dosage, scaling up manufacturing, and
navigating complex regulatory frameworks. Furthermore, obesity is a multifactorial disease, and heterogeneity
among patients requires tailored therapeutic approaches. Nonetheless, the convergence of nanotechnology and
gene therapy provides a promising avenue to achieve durable metabolic correction in obesity and metabolic
syndrome [237. This review provides a comprehensive discussion of nanoparticle-based gene therapy for
obesity. Section 2 outlines the principles and design of nanoparticle gene delivery systems. Section 8 highlights
recent advances in preclinical and emerging clinical studies. Section 4 discusses translational barriers. Section 5
examines clinical perspectives. Section 6 looks ahead to future directions, including precision nanomedicine and
integration with digital health technologies.

2. Principles of Nanoparticle Gene Delivery Systems

Nanoparticle-based systems are designed to overcome the intrinsic barriers of gene therapy. The fundamental
principle involves encapsulating, condensing, or binding nucleic acids within nanocarriers to protect them from
degradation and ensure delivery to target cells. The most widely studied categories include lipid nanoparticles,
polymeric nanoparticles, dendrimers, and inorganic nanoparticles.

Lipid nanoparticles (LNPs) have gained global recognition following their role in mRNA COVID-19 vaccines.
Their structure typically includes ionizable lipids, cholesterol, phospholipids, and polyethylene glycol (PEG)-
lipid conjugates[18, 19, 24—267. These components enable encapsulation of negatively charged nucleic acids
and promote fusion with cell membranes for efficient cytoplasmic delivery. LNPs are especially relevant for
obesity therapies that require delivery to hepatocytes or adipocytes, as they exhibit favorable biodistribution in
these tissues.

Polymeric nanoparticles are formed from biodegradable polymers such as polyethylenimine (PEI), polylactic-
co-glycolic acid (PLGA), and chitosan. PEI is highly efficient at condensing nucleic acids but can be cytotoxic;
thus, modified versions are used to improve safety. PLGA nanoparticles provide sustained release and excellent
biocompatibility, while chitosan-based systems are particularly attractive for oral delivery of gene therapies,
which could improve patient compliance in chronic conditions like obesity[27—297.

Dendrimers are highly branched, tree-like macromolecules with a central core and multiple terminal groups
that can be functionalized with drugs, nucleic acids, or targeting ligands. Their multivalency allows for high
nucleic acid loading capacity and precise surface modifications. This makes them promising for multi-gene or
combination therapies targeting the diverse pathways implicated in metabolic syndrome[80—-327.

Inorganic nanoparticles such as gold, silica, and magnetic nanoparticles offer unique optical and magnetic
properties that can be exploited for both delivery and imaging. Gold nanoparticles, for example, allow
photothermal control of release, while magnetic nanoparticles can be guided to specific tissues using external
magnetic fields. However, their long-term biocompatibility remains under investigation['6, 337.

Surface functionalization is a critical aspect of nanoparticle design. By conjugating targeting ligands such as
peptides, antibodies, or aptamers, nanoparticles can selectively bind to receptors on adipocytes, hepatocytes, or
hypothalamic neurons[19, 21, 847. This active targeting improves efficacy while minimizing off-target effects.
For example, nanoparticles functionalized with ligands targeting adipose vasculature have been shown to deliver
siRNA specifically to fat tissue, silencing genes involved in lipogenesis.

Another important principle is stimuli-responsiveness. Smart nanoparticles can release their genetic cargo in
response to physiological triggers such as pH, redox state, or enzymatic activity[85]. For instance,
nanoparticles responsive to acidic environments may release genes selectively in endosomes after cellular
uptake. This ensures that nucleic acids reach their intended intracellular site of action, such as the cytoplasm for
mRNA or the nucleus for DNA.

113


http://www.idosr.org/

www.idosr.org Mukisa
Overall, the design of nanoparticle gene delivery systems integrates considerations of biocompatibility, stability,
targeting, and release kinetics. These principles provide the foundation for applying gene therapy to obesity and
metabolic syndrome.

3. Advances in Preclinical and Emerging Clinical Studies

Preclinical research has provided strong evidence supporting the potential of nanoparticle-mediated gene
therapy in obesity and metabolic syndrome. Several strategies have been employed to modulate key molecular
pathways involved in energy balance, lipid metabolism, and insulin sensitivity.

One major focus has been the use of siRNA and miRNA delivery. Silencing transcription factors such as PPARy
and C/EBPa, which drive adipogenesis, has been achieved using lipid and polymeric nanoparticles[367. These
interventions reduce adipocyte differentiation and fat accumulation in animal models. Similarly, siRNA
targeting fatty acid synthase (FASN) or acetyl-CoA carboxylase has led to decreased lipogenesis and improved
lipid profiles. miRNA delivery has also been explored, with miR-122 modulation in the liver showing significant
improvements in cholesterol and triglyceride levels[37, 387.

Another promising avenue involves enhancing energy expenditure and thermogenesis. Nanoparticle delivery of
genes encoding uncoupling proteins (UCP1, UCP3) or transcriptional regulators such as PRDM16 has been
shown to stimulate browning of white adipose tissue and increase mitochondrial activity. These eftects lead to
sustained weight loss and improved glucose tolerance in preclinical studies[ 39, 407].

Appetite regulation is also a target. Leptin gene delivery using nanoparticles has demonstrated restoration of
leptin sensitivity in obese models, overcoming resistance that commonly develops with exogenous leptin
administration[41, 427]. Nanoparticle-mediated delivery of neuropeptide Y antagonists has reduced food intake
and improved metabolic parameters.

Insulin sensitivity and glucose metabolism have been addressed through nanoparticle-based delivery of genes
enhancing GLUT4 expression or activating AMPK pathways. Such strategies improve glucose uptake in muscle
and adipose tissues, reduce hepatic gluconeogenesis, and restore systemic insulin responsiveness[437].
Emerging clinical studies, while limited, highlight the translational potential. Early-phase trials with lipid
nanoparticles carrying siRNA targeting hepatic genes involved in cholesterol metabolism (e.g., PCSK9) have
demonstrated safety and efficacy in lowering LDL cholesterol. While not obesity-specific, these successes
provide a proof-of-concept for applying similar approaches to obesity-related pathways. Pilot studies with
nanoparticle-based leptin therapy have also been initiated, though long-term results are awaited[44].

These advances highlight the versatility of nanoparticles in delivering diverse genetic materials and modulating
multiple obesity-related pathways. Although still in the preclinical or early clinical phase, these findings
establish a strong foundation for translation.

4. Translational Barriers

Despite promising preclinical evidence, several barriers hinder clinical translation of nanoparticle-based gene
therapy for obesity. Safety remains the foremost concern. Nanoparticles may accumulate in the liver, spleen, or
kidneys, raising the risk of long-term toxicity. Immune activation is another risk, particularly with repeated
dosing of lipid or polymeric nanoparticles. Ensuring that nucleic acid cargo is expressed only in target tissues
is critical to avoid off-target effects.

Manufacturing challenges are significant. Producing nanoparticles with uniform size, charge, and loading
efficiency on a commercial scale requires sophisticated equipment and stringent quality control. Batch-to-batch
variability can compromise reproducibility, which is a major barrier to regulatory approval[[4:5].

Regulatory complexity is also considerable. Nanoparticle-based gene therapies sit at the intersection of
biologics, drugs, and devices, requiring comprehensive evaluation of safety, pharmacokinetics, biodistribution,
and immunogenicity. Regulatory agencies demand long-term safety data, particularly since obesity therapies
may require chronic or repeated administration[467].

Patient heterogeneity presents another challenge. Obesity and metabolic syndrome are influenced by genetics,
environment, microbiota, and lifestyle, leading to variability in treatment response. A one-size-fits-all gene
therapy is unlikely to succeed, necessitating personalized approaches[477].

Finally, economic considerations are substantial. Developing and manufacturing nanoparticle gene therapies is
costly, and without strategies to reduce expenses, these treatments may remain inaccessible to much of the
global population[487.

Overcoming these barriers requires multidisciplinary collaboration between nanotechnologists, clinicians,
pharmacologists, and regulatory bodies. Advances in scalable manufacturing, rigorous safety studies, and
adaptive trial designs will be critical to move the field forward.

5. Clinical Perspectives

Although nanoparticle-based gene therapy for obesity is still at an early stage, clinical perspectives are
promising. The success of lipid nanoparticles in delivering mRNA vaccines has validated the safety, scalability,
and efficacy of this platform in humans, providing confidence in its application for metabolic diseases[497].

In obesity management, nanoparticle-based gene therapies could complement existing pharmacological
approaches. For example, combining GLP-1 receptor agonists with nanoparticle-delivered siRNA targeting
lipogenesis could provide synergistic effects. Similarly, nanoparticles delivering appetite-regulating genes may
enhance the durability of lifestyle interventions or bariatric surgery outcomes[507].
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Pilot clinical studies in related fields offer encouraging insights. siRNA therapies targeting PCSK9 have already

reached the market for hypercholesterolemia, demonstrating the feasibility of long-term gene silencing using

nanoparticles. Translating such successes to obesity requires identification of appropriate molecular targets and

rigorous clinical trial validation[ 507

Patient acceptance will depend on demonstrating safety, durability of effect, and affordability. Since obesity

therapies are typically long-term, regulatory agencies will require robust chronic safety data. Ethical

considerations, including equitable access and avoidance of genetic manipulation stigma, must also be

addressed[[517.

Clinically, nanoparticle-based gene therapy holds the potential to shift obesity treatment from symptomatic

management to durable molecular correction. If proven safe and effective, it could offer a paradigm shift in how

metabolic diseases are treated[517].

6. Future Directions

Future progress in nanoparticle-based gene therapy for obesity and metabolic syndrome will depend on several

key directions. Precision medicine will be central, tailoring therapies to individual genetic, metabolic, and

microbiome profiles. Advances in genomics and metabolomics will enable patient stratification and identification

of optimal molecular targets.

Artificial intelligence and computational modeling will play a growing role in designing nanoparticles with

optimal pharmacokinetics and biodistribution. Predictive algorithms can accelerate formulation development

and reduce reliance on trial-and-error experimentation.

Stimuli-responsive and hybrid nanoparticles are expected to gain importance. Carriers that release nucleic acids

in response to pH, redox conditions, or enzymatic activity will improve targeting and reduce side effects. Hybrid

systems combining gene therapy with conventional drugs in a single nanoparticle could provide multifaceted

interventions against obesity.

Non-invasive delivery routes such as oral, inhalable, or transdermal nanoparticle systems could improve patient

compliance, especially for chronic use. Chitosan-based oral nanoparticles, for example, are promising for

delivering siRNA targeting gastrointestinal hormones involved in satiety regulation.

Integration with digital health platforms will further enhance the impact of gene therapy. Wearable devices

coupled with nanosensor monitoring could provide real-time feedback on metabolic responses, enabling adaptive

dosing strategies.

Ultimately, interdisciplinary collaboration will be essential. By bringing together expertise in nanotechnology,

molecular biology, clinical medicine, and regulatory science, the field can overcome existing challenges and

deliver safe, effective, and accessible nanoparticle-based gene therapies for obesity and metabolic syndrome.

CONCLUSION

Nanoparticle-based gene therapy offers a revolutionary approach to treating obesity and metabolic syndrome

by addressing the underlying molecular mechanisms of these conditions. Preclinical studies demonstrate the

ability to modulate adipogenesis, thermogenesis, appetite, and insulin sensitivity with promising results.

Although significant barriers remain, including safety, manufacturing, and regulation, advances in nanoparticle

design and precision medicine promise a future where gene therapy could provide durable and personalized

solutions for obesity and its complications.
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