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Abstract: CD44, a key hyaluronic acid (HA) receptor, has emerged as a central mediator of adipose tissue inflammation, remodeling,
and insulin resistance in obesity. Its overexpression in obese adipose depots promotes leukocyte infiltration, pro-inflammatory
signaling, and extracellular matrix dysregulation processes that underlie metabolic dysfunction. This review explores the therapeutic
relevance of targeting the HA—CD44 axis by synthesizing data primarily from preclinical studies, with emerging evidence from early
clinical investigations. A narrative review methodology was employed to assess and compare therapeutic modalities, highlighting
advances in molecular targeting, drug delivery systems, and metabolic interventions. We focus on two primary therapeutic classes:
small molecules and nanobioconjugates. Small molecules, such as curcumin, metformin, and CD44 antagonists, offer systemic
modulation and accessibility but are limited by their low tissue specificity and potential side effects. In contrast, HA-functionalized
nanobioconjugates, including liposomes, PLGA nanoparticles, dendrimers, and exosomes, enable targeted delivery to adipose tissue,
prolonged drug release, and reduced systemic toxicity. These nanosystems have demonstrated superior modulation of CD44 signaling,
adipose inflammation, and glucose homeostasis in obesity models. Emerging strategies such as monoclonal antibodies, GLP-1 analogs,
gene-editing tools (eg, CRISPR/Cas9), microbiome modulators, and brown adipose tissue (BAT) activators are also discussed. A
comparative analysis indicates that nanobioconjugates offer the highest targeting precision, while small molecules remain advanta-
geous in terms of cost and ease of administration. However, biologics and gene therapies face challenges related to delivery and
scalability. Collectively, current evidence predominantly preclinical supports the HA—CD44 axis as a promising therapeutic target in
obesity. Integrated approaches combining nanotechnology with molecular inhibitors and biologics could offer a multifaceted strategy
for managing metabolic disease.
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Introduction

Obesity has become one of the most serious public health issues of the 21st century, with the World Health Organization indicating
that at present over 650 million adults across the world are obese.' It is a multifactorial and persistent disorder wherein the
deposition of adipose tissue becomes excessive, resulting in increased body mass index (BMI) and health consequences, which
include type 2 diabetes, cardiovascular types of pathology, non-alcoholic fatty hepatitis, and even cancer.® > Obesity is not only a
problem in high-income countries, and the two-fold burden of malnutrition and obesity is becoming a problem in low- and middle-
income countries.® The burden of obesity on the health and economy of the world is huge, and it poses significant consequences in
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Graphical Abstract

HA-CD44 Pathway Intervention Strategies in Obesity: A Graphical Overview
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healthcare and the productivity of the workforce.” There is a need to know the underlying mechanism of obesity to design effective
therapeutic strategies, given the current high rates of obesity among children and adults.

The factors that are central to the incidence and advancement of obesity are complex interaction of metabolic
dysregulation and chronic low-grade inflammation.>®* In obese individuals, adipose tissue undergoes hypertrophy and
dysfunction, as a result, secretion of adipokines, cytokines and chemokines are impaired with further stimulation of
systemic inflammation and insulin resistance.®'° The major molecular mediators, which are recognized tumor necrosis
factor-alpha (TNF-a), interleukin-6 (IL-6), and leptin, are highly upregulated that creates an environment favoring lipid
accumulation, impaired glucose metabolism, and immune cell infiltration."""'> These inflammatory cues create
a metabolic imbalance that is sustained; hence, obesity is not only a condition of an energy imbalance, rather a condition
of molecular and cellular derangements. Pathophysiology of obesity, therefore, requires a line of treatment which works
on both the inflammatory and the metabolic aspects of the disease.

The hyaluronic acid (HA)-CD44 axis is one of the many molecular actors involved in obesity, which has caused much
interest because of its relationship to cellular interactions, tissue remodeling, and inflammation.'>'* A cell surface
glycoprotein, CD44, and the main receptor of the HA is highly expressed in adipose tissue and especially in obese
conditions.'® This HA-CD44 interaction regulates the growth of adipocytes, the influx of macrophages, as well as the
secretion of cytokines in the adipose microenvironment.'> Interestingly, CD 44 signaling has also been associated with
many of the pathologies involved in adipose tissue inflammation, fibrosis, and insulin resistance, highlighting its
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suitability as a therapeutic target.'® Blocking of HA-CD44 interactions can downregulate the inflammation process and
also normalize metabolic status in obese persons.! Comprehension of this molecular interaction creates new opportunities
to do therapeutic interventions to help reduce the complications of obesity.

Due to the shortcomings of the existing therapies in treating obesity with pharmacological and surgical modalities,
nanotechnology is building an interesting and new horizon in its treatment.'” The use of delivery systems based on nanoparticles
will help increase the bioavailability, stability, and selectivity of anti-obesity drugs in fine-tuning dysfunctional adipose tissues and
important molecular circuits like the HA-CD44 axis.'® ' HA-based nanobioconjugates can be used both as delivery agents and as
functional biological materials that may react with the CD44 receptor to regulate the signals elicited at the adipose tissue.* The
recent breakthroughs in nanotechnological engineering have enabled the creation of multifunctional nanoplatforms that can
accomplish imaging, local delivery, and regulated release of a drug at the same time to enhance therapeutic efficacy and minimize
negative side effects.”® The goal of this review is to present the current knowledge regarding HA-CD44 interactions in obesity
management, examine the use of nanotechnology in the domain of improving therapeutic results, and compare nanobioconjugate
strategies with other molecular and pharmacologic therapies. This review aims at shedding light on newer pathways and
technologies in an effort to manage obesity in a better manner in light of a synthesis of recent findings.

Overview of CD44: Structure, Isoforms, and Functional Roles

Structure and Isoforms of CD44

CD44 is a transmembrane glycoprotein, the major receptor of hyaluronic acid (HA), mediating critical cellular adhesion,
migration, proliferation, and signaling. One gene on the human chromosome 11p13 is structurally encoded.''® The
receptor is found in many structural forms; however, through alternative splicing and post-translational modifications, it
takes part in a great variety of physiological and pathological processes.>* The CD44 receptor contains three structural
parts as indicated in Figure 1 namely the extracellular domain, a single-pass transmembrane domain, and the cytoplasmic
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tail.”" The extracellular domain has the property of binding to the ligand, especially to HA, although also to other

elements of the extracellular matrix (ECM), such as osteopontin, fibronectin, collagen, and matrix metalloproteinases.**
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Figure | CD44 Transmembrane receptor. Adapted from Senbanjo, L.T,, Chellaiah, M.A. CD44: A Multifunctional Cell Surface Adhesion Receptor Is a Regulator of
Progression and Metastasis of Cancer Cells. Front. Cell Dev. Biol. 5, (2017).2° Under a free open access license. https://creativecommons.org/licenses/by/4.0/. Interaction
between CD44 and hyaluronic acid. The CD44 receptor exists in two forms: variant (CD44v) and standard (CD44s). It has four segments: an N-terminal hyaluronic acid-
binding loop (BX7B), a stem region, a transmembrane domain, and a cytoplasmic C-terminal domain.

Abbreviation: CD44, Cluster of Differentiation 44.
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The receptor is anchored in the cell membrane by the transmembrane region and interacts with cytoskeleton and
intracellular signalling pathways by the interaction of the cytoplasmic tail with proteins, such as ankyrin and ezrin,
radixin moesin (ERM) proteins.

The diversity of CD44 is also expressed in the effect of 10 variable exons inserted into the extracellular domain, encoding
possible alternative splicing to create structural variants of the isoforms.”® Because of this, a standard isoform (CD44s), including
the constitutive exons solely, is produced, and several variant isoforms (CD44v) that have one or more of the variable exons
added.?® Unlike other variants, the CD44s is expressed ubiquitously in most tissues and is involved in important basal cellular
processes such as lymphocyte homing and wound healing.?” On the contrary, the tissue-specific expression and contextual
dependence of CD44v isoforms can be found. The variants are especially predominant in epithelial cells and tend to be up-
regulated in pathological situations, including inflammation and cancer.'*® Overexpressed CD44v6 includes exons v6 and v7,
interacts with receptor tyrosine kinases, such as MET and EGFR. This interaction improves the motility, invasion, and survival of
tumor cells. There are other isoforms like CD44v3, which have Heparan sulfate binding sites, which act to increase growth factor
cues that aid in tumor progression.*®

The functional diversity of CD44 can be explained by its structurally varied isoforms. These isoforms do not only
regulate various physiological processes but also can be used as cancer and other chronic diseases biomarkers and
therapeutic targets. The structural peculiarities of CD44 are thus very important towards translational medicine.

CD44 Expression and Activation in Obese Tissues

CD44 is highly distributed among tissues and has several isoforms incurred by alternative splicing.?’ Hyaluronic acid
(HA) is most prominent and well characterized among its many ligands. A CD44 protein, being significantly upregulated
in adipose tissues, has become a focus of investigation not only because of its role in the promotion of constant
inflammation, insulin resistance, and metabolic disorders in the obesity epidemic. Obesity is a chronic low-grade
inflammatory disease and is marked by adipocyte hypertrophy, inflammatory cell infiltration, and altered extracellular
matrix (ECM).>? In obese people, as well as in obese animal models, CD44 expression is markedly increased in white
adipose tissue (WAT) as well as immune cells (ie, macrophages, T-cells, and stromal vascular fractions).>' The research
studies have provided evidence of CD44 negatively associating with body mass index (BMI), leptin, as well as an
indicator of systemic inflammation, TNF-alpha and IL-6.** The presence of an increased CD44 in adipose tissue mediates
the inflammatory response by improving the attraction and cycling of inflammational macrophages causing an environ-
ment that is predisposed to pro-inflammatory status, which enhances metabolic dysfunction.'’

In tissues of obese individuals, the activation of CD44 is mainly due to interaction with HA and other ECM ligands,
including osteopontin, fibronectin, among others.®> The HA-CD44 pathway is especially critical to regulating inflam-
matory signalling routes such as NF-kappa B and JNK that are involved in adipose inflammation and insulin resistance.>*
CD44-based signaling also stimulates the expression of molecules associated with adhesion and chemokines that lead to
adhesion and migration of leukocytes, maintaining an inflammatory microenvironment in the adipose tissue.*> In
addition, the levels and functional activity of CD44 are regulated by metabolic stressors, in particular, hyperglycemia
and lipotoxicity.! These stressors increase synthesis and fragmentation of HA in obese tissues, which causes the
production of low-molecular-weight HA, and the fragments are more pro-inflammatory through ligation of CD44.'
This HA-CD44 interaction plays a role in fibrosis of adipose tissue, resulting in fibroblast activation and increased
collagen production, which further worsens the plasticity and metabolic homeostasis of adipose tissue.*

The role of CD44 in obesity is pathogenic, as it has been demonstrated in experimental studies."'®*” In CD44 knock-out or
pharmacological inhibition of CD44 in obese mice decreases macrophage inflammation, and the level of insulin sensitization is
enhanced.'”® These results indicate that CD44 is not simply a marker of the adipose tissue inflammation but also a pathogenic
factor of metabolic disorders observed in obesity. CD44 expression and activation significantly increase in obese adipose tissues
and serve as the hub to maintain inflammation, immune cell recruitment, and ECM remodelling. The HA-CD44 axis is developed
as one of the major regulators that connect the structural remodeling in the tissues with abnormalities in metabolism. The treatment
option of CD44 signaling appears to have a future of reducing inflammation and insulin resistance caused by obesity and
enhancing better metabolic effects. Accordingly, CD44 can be utilized as a metabolic inflammation biomarker and also can be
used as a target of novel anti-obesity strategies.
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Figure 2 shows the architectural view of the CD44 protein, including the nature of its structural components and the
distinction outlined in the conventional and variant isoforms of the same. CD44 as a form of a type I transmembrane
glycoprotein, consisting of three important regions: Extracellular Domain: The extracellular domain is more relevant in
binding the ligand, particularly hyaluronic acid (HA), among other components of the extracellular matrix (ECM) such as
osteopontin and collagen. The extracellular region of the variant isoforms (CD44v) has extra variable domains, which are
encoded by other exons that are alternatively spliced. The variable inserts can fine-tune ligand-binding activity as well as
receptor activity. Transmembrane Domain: This is a hydrophobic part of CD44 that fixes in the plasma membrane and
functions as a channel through which external signals can travel to the inside of the cell. Intracellular (Cytoplasmic)
Domain: The intracellular tail of CD44 binds to cytoskeletal adaptor proteins (ie, the ERM (ezrin-radixin-moesin)
complex). This binding makes possible the binding of CD44 to actin filaments, which are key in downstream signaling
intracellular events, cell motility, and immune responses. The figure compares, specifically, standard isoforms CD44s that
have only the constitutive exons with variant isoforms (CD44v), which have one or more of the variable exons (eg, the
v6 isoform, v7 isoform). Such types are mostly upregulated in pathological conditions, such as obesity, inflammation, and
cancer, and they are involved in correlated processes, such as immune cell recruitment, tissue remodeling, and signaling
transduction. This structural representation is critical in the setting of obesity-associated inflammation due to the
emphasis that special microdomains of CD44 mediate pathological activation of the molecule through the interactions
with ligands, mainly HA, ultimately resulting in the transmission of both pro-inflammatory and fibrotic messages within
the adipose tissue. Figure 2 therefore, gives a background on the multifunctional behaviour of CD44, indicating how
CD44 plays an important role in obesity-associated metabolic dysfunction.

CD44 in Adipose Tissue Remodeling, Inflammation, and Insulin Resistance

CD44 operates under a myriad of functions, one of which has recently been pointed out to be adipose tissue remodeling,
inflammation, and insulin resistance, which are core elements in the pathophysiology of obesity and metabolic
syndrome.'” The role of CD44 in adipose biology is based on the possibility to provide the adhesion of cells, their
migration, immune regulation, and those points of contact between cells and the extracellular environment called the
extracellular matrix (ECM).* Remodeling of the adipose tissue is a dynamic process that entails adipocyte hypertrophy
and hyperplasia, angiogenesis, extracellular matrix turnover, and infiltration by immune cells.**' These remodeling
events are dysregulated in the setting of obesity, resulting in excessive deposition of ECM (fibrosis), tissue architecture
distortion, and low-grade chronic inflammation.** CD44 is over-expressed in adipocytes and stromal vascular cells such
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Figure 2 CD44 Expression and Signaling in Obese Adipose Tissue Microenvironment. Created in BioRender. Basajja, M. (2025) https://BioRender.com/m54hfz5.
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as pre-adipocytes, macrophages, and endothelial cells. It also interacts with HA and other components of the ECM, and
this affects adipocyte differentiation as well as tissue structure.*> Research has demonstrated that there is upregulation of
CD44 adipose in obesity, which helps in accumulating ECM and the development of fibrosis.***** This fibrotic
environment also causes the adipose tissue expandability to be inefficient, which triggers euchromatic lipid preservation
and institutional metabolic uneasiness.

Localised inflammation is a trademark of diseased adipose tissue and the key contributor to insulin resistance.’
CD44 plays a critical role in regulating inflammation pathways through the regulation of adhesion of leukocytes
and their recruitment into adipose tissue.'® CD44 also promotes the recruitment of pro-inflammatory macrophages
(the so-called M1 phenotype) in the adipose tissue during obesity, promoting the production of pro-inflammatory
cytokines, eg, tumor necrosis factor-alpha (TNF-alpha) and interleukin-6 (IL-6).*> These cytokines can also
interfere with the signaling of insulin on the adipocytes by binding serine kinases to phosphorylate insulin
receptor substrates, which can result in impaired uptake of glucose and systemic resistance to insulin. T-cell
activation and cell retention in adipose tissue also take place through CD44, which adds to chronic inflamma-
tion 22!

Significantly, CD44 is integrated into adipocyte-immune cell crosstalk by interactions with HA. Amassed frag-
mented HA during the stress and remodeling of adipose tissue demonstrates an announcement of danger-associated
pattern molecule (DAMP), instigating CD44 to initiate inflammatory signaling pathways, such as NF-kB and MAPK.*®
This enhances this inflammatory environment, which continues to cause insulin resistance and favour metabolic
decline. In mice, CD44 knock-out mice have decreased adipose tissue inflammation, enhanced insulin sensitivity,
and dietary obesity resistance, which further confirms the prominent role of CD44 in the process of metabolic
inflammation.'® Insulin action is also modulated by CD44 without correlation to inflammation. It either affects the
expression of glucose transporter 4 (GLUT4) and insulin receptor substrate-1 (IRS-1), which are important in the
process of insulin-mediated glucose uptake.'®*”*® Also, CD44 connections with receptor tyrosine kinases and
integrins have the upper hand on the cascade of insulin signaling and influence insulin receptor activation and
downstream phosphorylation of Akt.*’ Transgression of CD44 distorts these routes, causing ineffective glucose
homeostasis.

Therapeutically, the CD44 inhibition or the interaction of CD44 with HA is a viable option to mitigate the effects of
obesity. CD44 inhibition with pharmacological agents suppresses the inflammatory and fibrotic state of adipose tissue,
increases insulin sensitivity, and increases metabolic normalization in in vitro studies.'®*° Moreover, another form of
therapy that could be developed against metabolic diseases is HA-based nanomedicines aimed at inhibiting CD44-mediated
signaling. In a nutshell, CD44 plays an important role in adipose tissue modeling, inflammation, and insulin resistance. It
manifests and is expressed in the adipose tissue of obese individuals, leading to the remodeling of the ECM, immigration of
immune cells, and the breakdown of insulin signaling. The elucidation of the molecular mechanisms behind the functions of
CD44 has opened up a new explanation to the pathophysiology of metabolic diseases and makes it possible to develop new
effective therapeutic methods for tackling obesity and insulin resistance through the use of CD44 as a target.

Methodology

This article is a narrative review aimed at synthesizing existing knowledge on the role of CD44-hyaluronic acid (HA)
signaling in obesity and the potential of HA-based nanobioconjugates as therapeutic agents. The review was guided by a
thematic focus rather than a rigid systematic protocol, allowing for a broader, more flexible integration of relevant
findings from diverse sources. To construct this review, we engaged with a wide array of scientific literature, including
original research articles, reviews, preclinical studies, and theoretical discussions published in peer-reviewed journals.
Emphasis was placed on recent advances, but foundational studies and landmark contributions were also considered to
provide historical and conceptual context. The selected literature covers areas such as CD44 structure and isoforms, HA
signaling mechanisms, obesity-associated inflammation, nanomedicine, and targeted drug delivery. Sources were identi-
fied through iterative exploration of academic journals, reference lists, and recognized scientific repositories. The aim
was to highlight key mechanistic insights, therapeutic innovations, and comparative perspectives that connect CD44
signaling with metabolic dysregulation and emerging treatment modalities in obesity. This flexible, narrative approach
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allows for critical reflection on trends, knowledge gaps, and future directions, making it well-suited to capture the
evolving and interdisciplinary nature of the topic.

Hyaluronic Acid (HA): Function and Interaction with CD44

Hyaluronic acid (HA), originally referred to as hyaluronan, is a large-sized glycosaminoglycan that has widespread
locations across connective, epithelial, and nervous tissue.’'>* It consists of a similar disaccharide repeating unit, both
D-glucuronic acid and N-acetyl-D-glucosamine combined through alternating 1,4 and 1,3 glycosidic interactions.!” Due
to its distinct physicochemical capabilities and biological activities (Figure 3), HA has major roles in tissue hydration,
structural support, signaling, and repair.'” Another important feature of the HA bioactivity is its binding to the plasma
membrane receptor, CD44, which is a multifunctional transmembrane, that causes adhesions, migration, and the immune
response.'> HA-CD44 bonding coordinates an immense number of cellular and physiological processes, especially in

inflammatory, wound healing, cancer development, and even metabolic diseases.*®

Architecture and Location of HA Structural Features and Distribution of Hyaluronic
Acid

HA also contains no sulfation, and its linear structure is depicted in Figure 3 which is in contrast to other glycosami-
noglycans, including heparan sulfate or chondroitin sulfate.”® Its metallic, unbranched architecture and its ability to bind
water to itself help the HA form hydrated extracellular matrices that offer a mechanical scaffold and facilitate the
diffusion of substances with the exchange of nutrients and wastes.”® The production of HA is dominated by three
isoforms of hyaluronan synthases (HASI, HAS2, and HAS3) in the plasma membrane.”* HA polymers are in the
oligosaccharide to the high-molecular-weight (HMW) chains greater than 106 Daltons. The functional significance of this
difference in MW is that HMW-HA tended to be anti-inflammatory and immunosuppressing since low-molecular-weight
(LMW) fragments typically served as pro-inflammatory markers.>> Physiologically, HA is found in large amounts in the
vitreous body of the eye, synovial fluid of the joints, umbilical cord, the dermis, as well as the interstitial spaces of the
epithelial tissue.”> Hormonal balance between the production of its synthesis by HAS enzymes and the degradation of
hyaluronidases immediately balances its concentration and molecular weight.'” Such enzymes act to degrade HA into
smaller active fragments, allowing HA to code in a wide array of cellular signaling pathways (Figure 3).
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Figure 3 Hyaluronic Acid (HA): Function and Interaction with CD44. Created in BioRender. Basajja, M. (2025) https://BioRender.com/mxfixt8.

International Journal of Nanomedicine 2025:20 hetps: 10107


https://BioRender.com/mxfixt8

Uti et al

The Biological Functions of Hyaluronic Acid

Because of its viscoelastic, lubricating, and signaling capability, HA can perform multifaceted biological functions. It
helps to provide the connective tissues with mechanical strength as well as hydration; it is vital in the lubrication of joints
as well as the elasticity of the skin.® HA is used in most dermatological cosmetic products and wound healing
preparations since in the dermis, it facilitates the proliferation of fibroblasts and synthesis of collagen. In the immune
system, HA regulates the trafficking of leukocytes, antigen presentation, as well as release of cytokines, and these effects
are highly dependent upon the molecular size.’® HA is essential at every phase of wound repair: it is known to facilitate
blood clotting during the early stages, accelerating proliferative and migratory processes of keratinocytes, as well as
angiogenesis and extracellular matrix remodeling with regard to the later phases.'”>® In addition, the HA has an effect on
embryogenesis in which cell migration and tissue morphogenesis are controlled during the development of the heart and
the neural tube. In cancer biology, it has also been implicated in its anti-apoptotic, mitogenic effects that facilitate the
growth and other factors in cancer biology.” HA production and signaling become abnormal and increasing cell growth
and metastasis.

CD44: The Leading HA Receptor

The main cell surface receptor of HA is CD44, which is highly expressed in many cell types, such as epithelial cells,
fibroblasts, lymphocytes, as well as cancer stem cells.' Functionally, CD44 has an extracellular region, a transmembrane
domain, and a cytoplasmic domain that connects with the intracellular signals and cytoskeleton. Pre-mRNA of CD44 is
alternatively spliced, expressing isoforms (CD44 standard or CD44s, and variant forms CD44v), differing in extracellular
domain content, and are therefore variably bound to ligands and perform different roles.'®>* HA-CD44 interaction is one
of the key mediators of cell-matrix adhesion, cell migration, and signal transduction." When bound by HA, CD44 forms
oligomers and interacts with accessory proteins and signal transduction complexes, stimulating other downstream
signaling targets including Rho GTPases, PI3K/Akt, MAPK/ERK, and NF-kB.>® These cascades modulate the cytoske-
letal rearrangements, cell proliferation, survival, as well as inflammatory response. CD44 and HA interactions in the
immune system mediate leukocyte rolling, adhesion, and extravasation in inflammatory reactions >

Cellular Functions of the HA-CD44 Interaction
There is a crucial involvement of the HA-CD44 axis in both pathological and physiological situations. HA is produced within
the tumor microenvironment, and binding of HA to CD44 acts in cancer to enhance the epithelial-mesenchymal transition
(EMT; tumor cell motility) as well as cancer stem cell maintenance.*® Robust CD44 expression is usually associated with
malignant tumor phenotypes and indifference to treatments. In this regard, HA-CD44 signaling supports a pro-survival niche,
by activation of Akt and ERK, which promotes chemoresistance and metastatic ability.*® The interactions between HA and
CD44 in the adipose tissue magnify inflammation and insulin resistance in metabolic diseases, including obesity and diabetes
type 2. The CD44 expression of adipocytes and macrophages is increased in obese conditions and adsorption of HA
contributes to inflammatory cell infiltration and release of cytokines.'®*® Inhibition of the HA-CD44 pathway, has therefore,
become one of the promising ways of reducing the metabolic inflammation and enhancing insulin sensitivity. In addition,
HA-CD44 interactions in regenerative medicine are exploited in tissue engineering and development of drugs.®® The protein
based HA gels can be synthesized to imitate the extracellular matrix and release therapeutic agents or cells to the target
tissues.® Defined targeting of nanocarrier systems to CD44 has to date demonstrated preclinical promising results, especially
in cancer where CD44 is overexpressed on cancer cells.®

Hyaluronic acid (HA) is an essential marquee of the extracellular matrix that has varied and various biological
functions over encoding, structure, and cellular signaling. Its binding with the CD44 receptor is one of the major
mechanisms by which HA modulates the behaviour of cells in health and disease. As shown in Figure 3, the fact that HA
is relatively simple in structure is deceptive of the complicated and far-reaching implications of HA in tissue biology.
HA-CD44 axis is centralized to pathways of immune response, tissue regeneration, cancer pathogenesis, and metabolic
deficiency. The interaction has the promise of providing insight into therapeutic breakthroughs in so-called regenerative
medicine, oncology, and longstanding inflammatory states.
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Recent Advances in Small Molecules Targeting CD44-HA Signalling in

Obesity

CD44 hyaluronic acid (HA) signaling pathway is important in the pathophysiology of obesity especially adipose tissue
inflammation, fibrosis, and metabolic dysfunction.'® It interacts with HA and especially low-molecular-weight HA
(LMW-HA)), leading to macrophage and T-lymphoid cell recruitment, pro-inflammatory activations as well as insulin
resistance.'® Inhibition of the pathway depicted in Figure 4 is a potential therapy against obesity and its consequences
(Figure 4). A schematic representation of CD44-HA signaling pathway in adipose tissue of the obese is provided in
Figure 4 and indicates multiple intervention points that may be targeted using small molecule inhibitors. By targeting this
axis, the inflammatory infiltrates into tissues can be regulated, chronic inflammation can be reduced, and metabolic
homeostasis can be regained.

Recent advances in small molecule therapeutics have resulted in appearances of a number of agents that can interfere
with CD44-HA interactions, or downstream signaling.®' Direct inhibition of the HA-binding domain on CD44 is one of
the big means. Sulfates hyaluronal-type analogs and HA mimetics are such compounds, which act as competitive HA
blockers, down-regulating pro-inflammatory signaling pathways by inhibiting NF-kappa and the mitogen-activated
pathways, leading to a decreased number of released cytokines and enhanced insulin responsiveness.®’ Redesigned
repurposed oncology agents (example RG7356 — designed to target CD44-abundant tumors) have emerged as having
promise in countering metabolic inflammation via their CD44+ immune cell removal and interruption of HA-mediated
activation of immune cells.®> Using mice obesity models, RG7356 administered still showed lowered macrophage
infiltration and enhanced glucose metabolism.®*%*

Natural small molecules have a CD44-modulatory effect, especially those bioactive phytochemicals like curcumin,
epigallocatechin gallate (EGCG) and glycyrrhizin. These mediators have been known to suppress CD44 expression
levels, to disrupt HA-CD44 reactions, and to downregulate downstream inflammatory responses.®>°” As an example,
curcumin lowers the expression of CD44 mRNA and inhibits the adhesion and migration of the cells using HA within the
inflamed adipose tissue.*®® The pace of discovery of new inhibitors has been further boosted by the new advances in
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computational drug discovery. There has been the identification of high-affinity ligands of the HA-binding site of CD44,

via computer-aided screening and molecular docking protocols, and good pharmacokinetics for development.®®”® One

new approach that is becoming popular is that of HA-conjugated drug delivery, whereby an overexpression of CD44 is

harvested and used to deliver drugs in order to specifically zero in on medications that have anti-inflammatory properties,

at the same time.

71

HA-modified nanoparticles that target inhibitors or enzyme activity or anti-inflammation can

specifically accumulate in CD44 inflammatory tissue, therefore, improving the antitumor activity and reducing general

toxicity.”' Along with these innovations, there have been issues with regards to optimizing the specificity, bioavailability,

and the safety of these small molecules. In addition, the complexity of the structural organization and the variety of

isoforms of CD44 require specific strategies depending on tissue-specificities 2

Hence, the appearance of small molecule inhibitors of CD44-HA signaling is an important breakthrough in obesity

medical treatment. Combined application of synthetic compounds, phytochemicals, and specific delivery vehicles has

provided a potential opportunity to combat obesity-related adipose tissue inflammation and to normalize metabolism, and

these have been summarized in Table 1.

Table | Summary of Recent Advances in Small Molecules Targeting CD44-HA Signaling in Obesity

cells

culture, old mic

burden

S/ | Small Molecule / Mechanism of Action Model/System Used Key Effects Observed Delivery Strategy Reference
N Strategy
| Sulfated Hyaluronan Block HA-CD44 binding In vitro, adipocyte culture | Reduced inflammatory signaling Direct inhibitor [38, 73]
Derivatives
2 RG7356 CD44 antibody depleting Mouse model of obesity Reduced macrophage infiltration, Monoclonal antibody [74]
CD44+ cells improved insulin sensitivity
3 Curcumin Downregulates CD44 Diet-induced obese mice Decreased adipose inflammation, Oral bioactive [75]
expression improved glucose tolerance
4 EGCG (from green tea) | Interferes with CD44 In vitro, in vivo Reduced cytokine levels, anti-obesity Oral administration [76, 77]
signaling effect
5 Glycyrrhizin HA-CD44 pathway HFD-induced obese mice | Improved lipid profile, reduced Oral administration [78]
modulation inflammatory markers
6 HA-Mimetic Small Competitive inhibition of In silico + validation Blocked CD44 signaling, decreased Computational (Direct [79]
Molecules HA binding in vitro inflammation binding inhibitor
7 Molecular Docking Virtual screening of CD44- | Docking + adipocyte Identified lead inhibitors with high Computational + [80]
Candidates binding ligands models affinity experimental
8 HA-Conjugated Targeted delivery to Animal model of obesity Site-specific drug release, improved Nanoparticle drug [38]
Nanoparticles CD44+ adipocytes adipose targeting delivery
9 Resveratrol Suppresses CD44-related Cell culture + animal Reduced adipokine secretion, improved Cells cultures [81]
inflammation model metabolic indices
10 | Quercetin Inhibits CD44 expression In vitro + HFD-fed mice Reduced inflammation and body weight Oral flavonoid [82]
Il | HA-Oligosaccharides Disrupt HA-CD44 binding | In vitro Suppressed HA-induced inflammation Synthetic [83]
oligosaccharides
12 | 4-MU Inhibits HA synthesis Mouse model Reduced HA content, blocked CD44 Metabolic inhibitor [17]
(4-Methylumbelliferone) activation
13 | Carnosic Acid Downregulates CD44 Obese rats Decreased adipose inflammation, anti- Natural product [84, 85]
expression obesity effect
14 | HA-Aptamer Selectively bind CD44 for Preclinical model Enhanced adipose specificity Aptamer-mediated [86]
Conjugates drug targeting targeting
I5 | Fisetin Inhibits CD44+ senescent Human endothelial cell Reduced inflammation and senescence Senolytic flavonoid [87]
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Challenges with Small Molecules Targeting CD44-HA Signaling in Obesity

Despite the promising therapeutic potential of small molecules in modulating CD44-hyaluronic acid (HA) signaling to
combat obesity and its associated metabolic complications, several key challenges hinder their clinical application and
translational progress.

Structural Complexity and Isoform Specificity of CD44

CD44 exists in multiple isoforms generated via alternative splicing, including the standard form (CD44s) and variant
isoforms (CD44v).*® These isoforms exhibit distinct expression profiles and biological functions in different tissues and
cell types. Designing small molecules that selectively target pathologically relevant isoforms without disrupting the
physiological functions of CD44 poses a significant hurdle. Isoform-specific structural data remain limited, complicating
structure-based drug design.

Redundancy and Compensation in HA Receptors

While CD44 is a major HA receptor, other receptors such as RHAMM (receptor for HA-mediated motility) and LY VE-1
also bind HA and can compensate for CD44 inhibition.* This redundancy in HA signaling pathways can reduce the
efficacy of CD44-targeted interventions. Blocking CD44 alone may be insufficient to fully modulate HA signaling in
adipose tissues.

Context-Dependent Role of CD44 in Obesity

The function of CD44 in adipose tissue is context-dependent and varies with obesity stage, fat depot, and systemic
metabolic status. Inflammation-induced upregulation of CD44 enhances HA binding and promotes macrophage recruit-
ment and fibrosis.”® However, basal CD44 expression may have homeostatic roles in tissue remodeling. Targeting CD44
indiscriminately could lead to unintended effects on immune surveillance or tissue repair.”

Limited Bioavailability and Stability of Small Molecules

Many small molecules targeting CD44 or interfering with HA binding suffer from poor pharmacokinetic properties, such
as low oral bioavailability, rapid metabolism, and limited tissue penetration.'”?"*> These pharmacological limitations
restrict their in vivo efficacy and increase the need for frequent dosing or nanocarrier-based delivery systems.

Off-Target Effects and Safety Concerns
Because CD44 is ubiquitously expressed in multiple organs and immune cells, small molecules that inhibit CD44-HA
interactions risk causing systemic immune dysregulation, impaired wound healing, or hematopoietic dysfunction.*®"

Achieving target specificity while minimizing adverse effects remains a key challenge in drug development.

Incomplete Understanding of Downstream Signaling

CD44-HA signaling activates multiple downstream pathways, including PI3K/AKT, MAPK, and NF-kB, which regulate
cell proliferation, inflammation, and metabolism.”* However, the exact molecular cascades specific to obesity-induced
adipose dysfunction are still being elucidated. Without precise knowledge, designing pathway-specific inhibitors is
difficult.

Translational Gaps From Preclinical to Clinical Models

Most data on CD44-HA inhibition come from in vitro studies or rodent models, which do not fully recapitulate the
complexity of human obesity. Differences in CD44 expression patterns and immune responses between species hinder
translation. Additionally, long-term safety and efficacy data in human obesity are lacking.'

Recent Advances in Nanobioconjugates Targeting CD44-HA Signalling

Recent advances in nanotechnology have produced nanobioconjugates constructed of engineered nanomaterials con-
jugated with biological ligands, and these compounds have transformed targeted drug delivery and molecular imaging.
Nanobioconjugates against CD44-HA signaling make use of the specific interaction between HA and CD44 and enable
these specific nanocarriers to deliver therapeutic or diagnostic cargo to cells that express high levels of CD44, thus
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reducing any systemic effects.”> Such nanosystems are liposomes, micelles, dendrimers, metal-organic frameworks

(MOFs), mesoporous silica nanoparticles, exosomes, and polymeric nanoparticles, which are commonly functionalized
with HA or CD44-specific antibodies (Table 2).'"-**"7

The most studied nanocarriers include derivatives of HEPES acrylate (HA) decorated liposomes and polymeric

nanoparticles.”> HA-coated liposomes that contain doxorubicin or paclitaxel have been found more effective in the

Table 2 A Summary of Recent Advances in Nanobioconjugates Targeting CD44-HA Signalling

S/ Nanobioconjugate Core Material Targeting Therapeutic Disease Model Mechanism of Action References
N Type Ligand Payload
| HA-Liposomes Lipid Hyaluronic Doxorubicin Breast cancer CD44-mediated uptake, enhanced [98]
Acid cytotoxicity
2 HA-Gold NPs Gold Hyaluronic Photothermal Ovarian cancer CD44-targeted photothermal ablation | [99, 100]
nanoparticles Acid agents
3 HA-PLGA NPs PLGA Hyaluronic Paclitaxel Lung cancer Sustained release, CD44 targeting [101, 102]
Acid
4 HA-Chitosan NPs Chitosan Hyaluronic siRNA Colon cancer Gene silencing of CD44 [103, 104]
Acid
5 HA-Dendrimer PAMAM Hyaluronic miRNA Pancreatic cancer Modulation of CD44 signaling [105, 106]
Conjugates dendrimers Acid
6 HA-PEG Micelles PEG Hyaluronic Curcumin Inflammatory diseases Anti-inflammatory effects via CD44 [107, 108]
Acid
7 Dual-targeted HA NPs PLGA HA + Folic Doxorubicin Breast cancer Dual-ligand tumor targeting [109, 110]
Acid
8 HA-coated Exosomes Exosomes Hyaluronic siRNA Glioblastoma Targeted RNA delivery [ree, 112
Acid
9 HA-MnO; Nanoshells Manganese Hyaluronic Cisplatin Hypoxic tumors Oxygen generation and CD44- [113, 114]
dioxide Acid targeted delivery
10 [ HA-Quantum Dots CdSe/ZnS QDs Hyaluronic Imaging agent Tumor imaging CD44-mediated tumor visualization [I15, 116]
Acid
I HA-ZnO NPs Zinc oxide Hyaluronic Photodynamic Prostate cancer ROS generation, apoptosis via CD44 [117,118]
Acid agents targeting
12 | HA-Silica NPs Mesoporous Hyaluronic Combination Drug-resistant cancer Co-delivery and selective CD44 [119, 120]
silica Acid therapy targeting
13 HA-Eudragit NPs Eudragit Hyaluronic Methotrexate Rheumatoid arthritis Inflammation targeting via CD44 [121, 122]
polymer Acid
14 | HA-Cationic Lipoplexes Lipid-polymer Hyaluronic CRISPR/Cas9 Cervical cancer CD44-mediated gene editing [123, 124]
Acid plasmid
15 | HA-Metal-Organic MOFs (ZIF-8) Hyaluronic Anti-miR Breast cancer Controlled release, CD44 [125, 126]
Frameworks Acid internalization
16 HA-Selenium NPs Selenium Hyaluronic TRAIL protein Hepatocellular Induction of apoptosis in CD44+ cells | [127, 128]
Acid carcinoma
17 | HA-Graphene Oxide Graphene oxide Hyaluronic Gemcitabine Pancreatic cancer Enhanced uptake, sustained drug [129, 130]
NPs Acid release
18 | HA-Carbon Dots Carbon Hyaluronic Fluorescent Tumor imaging CD44-directed fluorescence-based [1, 131, 132]
nanoparticles Acid probes diagnosis
19 | HA-Nanolipogels Lipid-hydrogel Hyaluronic Cisplatin + IL-2 Melanoma Combination chemo-immunotherapy [133-135]
hybrid Acid
20 | HA-Biodegradable NPs PLGA/PEG Hyaluronic Resveratrol Obesity-induced CD44 targeting, metabolic [38, 136,
blend Acid inflammation modulation 137]
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receptor-mediated endocytosis and accumulation of drugs both inside the cell and into the CD44-abundant tumours.'”
Correspondingly, HA-conjugated PLGA (poly(lactic-co-glycolic acid)) nanoparticles have demonstrated regulated drug
release and improved tumor accumulation in vivo. Besides administration of chemotherapeutics, HA-nanobioconjugates
have been found useful in administering nucleic acids, including siRNA, miRNA, and CRISPR/Cas9, to silence CD44 or
its downstream effectors.'**'** The method leads to the disruption of key tumorigenic pathways, halts the tumor growth,
and makes the tumor more responsive to standard treatments. As an example, dendrimer and cationic liposome
conjugated to HA deliver miRNA mimics and inhibitors that may allow selective manipulation of oncogenic signal

transduction pathways in pancreatic, breast, and lung cancer.'*

Smart nanocarriers have also led to innovations that have improved the efficiency of therapeutic precision.'*'
Nanoresponsive nanobioconjugates release their cargo in response to some specific environmental factor, such as pH,
redox potential, or enzyme activity, and have been shown to work well in hypoxic tumor microenvironments.'*! case in
point is with HA-capped manganese dioxide (MnO 2) nanoparticles, which target the CD44 positive cells and, in
addition, mitigate tumor hypoxia by producing oxygen to enhance combination remedies like photodynamic therapy.'**
Coupled targeting approaches are also becoming common where nanocarriers become co-functionalized both using HA
and a separate targeting reagent, eg, folic acid, transferrin, or RGD peptides.'” These designs increase selectivity and
internalization in mixed tumors. Together with that, the use of nanocarriers, which introduce several drugs simulta-
neously, with the examples of using chemotherapy in combination with immunomodulators or antioxidants, provides a
synergetic effect and lowers the resistance to drugs.

Nanobioconjugates based on CD44-HA have more applications beyond drug/gene delivery and have entered the area
of diagnostics.'*® The fluorescence, photoacoustic, and PET imaging of the CD44 overexpressing tumors have been
imaged using quantum dots, gold nanoparticles, and upconversion nanoparticle functionalized with HA.'**'** These
diagnostic nanoconjugates give information concerning tumor localization, stage, and therapeutic response. Although
these achievements are outstanding, there are still a few challenges that should be overcome prior to clinical translation.®?
These include stability, scalability, biodegradability, and pharmacokinetics. In addition, long-term immunogenicity and
off-target effects should be improved through rigorous preclinical studies.”® Still, as nanomaterial engineering, ligand
design, and delivery methodologies advance continually, CD44-HA-targeting nanobioconjugates hold a promising
avenue of precision medicine. Though current applications are mostly associated with cancer, these give an idea and
knowledge of its application to obesity, and management of these diseases.

Comparative Analysis of Small Molecules vs Nanobioconjugates, and other
Therapeutic Targets and Actors in Obesity

The treatment of obesity has changed and evolved past lifestyle change and bariatric surgery to small molecules and
nanobioconjugates. New directions also include the emerging players, such as peptides, monoclonal antibodies, gene
therapies, and gut microbiota modulators.

The Use of Small Molecules in the Treatment of Obesity: Low molecular weight compounds (<900 Da), that can
either bind a protein or a receptor and modulate cellular pathways, are known as small molecules.'*® They are good
because of oral bioavailability, systemic distribution, and affordability. Small molecules in the management of obesity
include targeting signaling processes, and these ways include AMPK activation, PPARgamma modulation, inhibition of
lipogenesis, and satiety.'*” Orlistat (pancreatic lipase), liraglutide (GLP-1 receptor agonist), and metformin (AMPK
activator) representatives are clinically approved.'*® Nevertheless, the disadvantages of the small molecules are the off-
target effects, poor tissue specificity, and drug resistance.'*’

Nanobioconjugates: Accuracy and Virtuosity: The nanobioconjugates are complex engineered nanostructure con-
jugates that exhibit site-specific delivery and controlled release with targeting ligands, antibodies, peptides, or drugs.'*
Nanobioconjugates, by contrast to small molecules, have the ability to package several therapeutic agents, increase the
pharmacokinetics, and deliver inside the cell."° In obesity treatment, liposomes, polymer-based nanoparticles, and
dendrimers are functionalized with adipose targeting molecules (eg, CD44, HA, or integrins).'” Such nanosystems

enable the modulation of adipogenesis, inflammation, and insulin sensitivity with low systemic toxicity.

International Journal of Nanomedicine 2025:20 hetps: 10113



Uti et al

Therapeutic Actors Beyond Small Molecules and Nanobioconjugates: Monoclonal antibodies and peptides present a
high level of specificity but a lower immunogenicity.'>''>? Peptide-based therapies are aimed at hunger signalling
modulation and energy expenditure, including GLP-1 analogs, amylin mimetics, and leptin sensitizers.'”*> Anti-
inflammatory effects of monoclonal antibodies to pro-inflammatory cytokines (such as TNF-o and IL-6) assist in
reducing the inflammatory effects of obesity. There are gene editing reagents: CRISPR/Cas9 and RNA interference
(siRNA, miRNA), that have potential but are hampered by delivery and efficacy over longer expression times.*> Also,
one of the emerging strategies in metabolic reprogramming in obesity is the modulation of microbiota using probiotics,
prebiotics, and fecal transplantation '>*'°

Though small molecules are low-cost and easily accessible, they have a disadvantage because of their poor targeting
capacity and increased side effects. Nanobioconjugates are characterised by higher precision, greater efficacies, and
possibilities of combinatorial therapies, although manufacturing problems and regulatory issues are still a concern. Other
therapeutic players, such as biologics and gene therapy, offer futuristic advantages but experience problems in delivery,
stability, and cost. A comparative presentation on Small Molecules, Nanobioconjugates, and Other Therapeutic Targets
and Actors in Obesity is presented in Table 3.

Table 3 Comparative Summary of Small Molecules, Nanobioconjugates, and Other Therapeutic Targets and Actors in Obesity

S/ Therapeutic Class Mechanism of Target Advantages Limitations Examples References
No. Action Specificity
| Small Molecules
2 Lipase inhibitors Inhibit fat Low Oral use, cost- Gl side effects Orlistat [156]
absorption effective
3 AMPK activators Enhance energy Moderate Improves insulin Lactic acidosis Metformin [157]
metabolism sensitivity risk
4 PPARy modulators Regulate Moderate Anti-inflammatory Fluid retention Pioglitazone [158]
adipogenesis effects
5 GLP-1I agonists Appetite Moderate Weight loss Nausea, cost Liraglutide [159]
suppression
6 SGLT?2 inhibitors Glycosuria-induced Low Cardio-renal Genital Dapagliflozin [160]
weight loss protection infections
7 Nanobioconjugates
8 Liposome-based Drug delivery High Biocompatible, Stability issues Liposomal [l61]
carriers versatile resveratrol
9 Polymeric Controlled release High Tunable properties | Complex PLGA-Dex [162]
nanoparticles synthesis nanoparticles
10 Dendrimers Multivalent High High payload Cytotoxicity at PAMAM-based [163]
targeting capacity high doses systems
I HA-CD44 conjugates | Target adipose Very high Specific delivery Receptor HA-PTX [164]
tissue variability nanoconjugates
12 siRNA- Gene silencing Very high Precise regulation Immune siRNA against [165, 166]
nanoformulations responses FABP4
13 Other Actors
14 Peptides Hormone mimetics | High High specificity Short half-life Amylin analogs [167]
(Continued)
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Table 3 (Continued).

S/ Therapeutic Class Mechanism of Target Advantages Limitations Examples References
No. Action Specificity
15 Monoclonal Cytokine blockade Very high Potent anti- Immunogenicity | Anti-TNF [168]
antibodies inflammatory agents
16 CRISPR/Cas9 Gene editing Extremely Potential for cure Ethical, delivery PPARy [169]
high challenges knockout
17 Probiotics Gut microbiome Variable Restores balance Inconsistent Lactobacillus [170, 171]
modulation outcomes Spp.
18 Prebiotics Promote beneficial Low Easy integration Mild effects Inulin, FOS [172, 173]
flora
19 Fecal microbiota Microbial High Personalized Infection risks FMT protocols | [174, 175]
transplant reprogramming therapy
20 Exosomes Intercellular High Natural carriers Scalability MSC-derived [I11, 176]
signaling exosomes
21 Adipokine Regulate energy Moderate Endogenous Limited agents Leptin analogs [177, 178]
modulators metabolism targets
22 BAT activators Thermogenesis Moderate Increases energy Limited human Capsaicin, [179, 180]
induction expenditure data CL316243
23 Immunotherapy Modulate immune- High Emerging field Autoimmunity Treg-targeted [181-183]
metabolism risk agents

Potential Off-Target and Systemic Consequences of CD44-HA Signaling Blockade
Although the treatment of CD44-hyaluronic acid (HA) signaling through its therapeutic targeting is a promising method in
the obesity management and, more so, attenuation of adipose tissue inflammation, hyperinsulin sensitivity, and refinement
of metabolic profiles, it would be important to note the effects of inhibiting signaling on the broader range of physiology.
CD44 is a highly expressed transmembrane glycoprotein present in various biological processes and different tissues and
body systems.'®* Through its binding with HA, which is a major component of the extracellular matrix, it controls cellular
expression of a number of functions such as adhesion, proliferation, migration, and tissue repair.'**

Because CD44-HA signaling inhibition is systemic, it may have undesirable effects outside the adipose tissue. CD44
is important in the activation of leukocytes, in the homing of leukocytes, and in the migration of leukocytes in the
immune system.>>'® The interruption of this activity can cause impaired immune activities, susceptibility to infections,
and uncontrolled inflammatory responses, which predispose people to autoimmune diseases.”'®> Epithelial integrity and
wound healing are maintained by CD44-HA signaling in the epithelial cells of the skin, gastrointestinal tract, and the
lung. Inhibition of this pathway may interfere with regeneration, slow healing, and predispose to tissue injury or
fibrosis.'®® Moreover, the CD44 is also present in the synovial lining of joints, and its interaction with HA helps in
providing cartilage homeostasis as well as joint lubrication.'®” When these protective mechanisms are inhibited over a
long period, they can result in joint stiffness or degenerative joint problems. In addition, CD44 has been shown to play
functions in the regulation of hematopoietic stem cells and maintenance of the stem cell niche. Long-term inhibition of
CD44 may affect normal stem cell functionality, hematopoiesis, or disrupt progenitor cell replenishment.'8”-'88

Considering these facts, all therapeutic interventions against CD44-HA signaling in obesity should consider tissue-
specific and systemic functions of CD44. Precision ways to reduce off-target are necessary. They may incorporate fat-
specific methods of delivery (eg, nanoparticles or liposomes that accumulate in tissue-selective matter), inducible or
temporary methods of gene silencing, or the administration of ligand-blocking antibodies that are highly specific towards
pathogenic CD44 isoforms (eg, CD44v) responsible for inflammation of obesity.
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A combination of such strategies can be used to maintain the physiological functions of CD44-HA signaling in non-
target tissues and to combat the pathological functions of it in adipose tissue successfully. This is a balance required in
the creation of secure and effective therapies. Therefore, although CD44-HA signaling blockade has significant potential
as an obesity and metabolic complications therapeutic approach, it is imperative to bear in mind that it has some systemic
roles to play. The inclusion of selective delivery systems and assessing the long-term safety will play a critical role in
introducing this form of treatment into clinical practice.

Role of Hyaluronic Acid (HA) Fragments in Tissue-Specific Contexts

Molecular weight is a strong determinant of the biological activity of hyaluronic acid (HA), with high molecular weight
(HMW-HA, >1,000 kDa) and low molecular weight (LMW-HA, <500 kDa) fragments having stereotypically different effects
in diverse tissues and in diverse pathological scenarios, and frequently antagonistic effects in the same tissue subjected to
distinct pathological processes.'®"'”* HMW-HA is usually related to homeostatic and anti-inflammatory processes. It helps in
tissue hydration and structural integrity as well as immune quiescence.'*® Conversely, LMW-HA fragments, which are usually
produced during tissue damage or inflammation, may act as danger-associated molecular patterns (DAMPs) that induce
activation of an inflammatory signaling cascade through Toll-like receptors (TLR) and CD44.'*

Recently, in adipose tissue, an example of how LMW-HA is causative in the promotion of inflammation, macrophage
infiltration, and insulin resistance, and thus metabolic dysfunction as has been reported in obesity.'”! On the other hand,
HMW-HA seems to have protective properties as it stabilizes the extracellular matrix (ECM) and has anti-inflammatory
properties. At the tumorigenesis level, LMW-HA fragments could promote tumor development through promotion of
angiogenesis, cell motility, and/or cytokine production, whereas HMW-HA can serve as a physical barrier to cell
migration and invasive cell spreading in the early stages of tumor development.'!

The function of HA fragments is context-dependent, and the use of the HA fragment is also dichotomous, as it
depends on the context in which they are used. Furthermore, complicating the interpretation of HA signaling outcome is
also the tissue-specific expression of HA synthases (HAS13) and hyaluronidases (HYAL1 2) and the varied receptor
interactions (CD44 variants, RHAMM, and TLRs).'”? Hence, HA signaling-mediated therapeutics require prioritizing
development strategies towards size-specificity and tissue of choice application of enzymatic remodeling of HA, using

HA mimetic therapies, or the conjugation of a drug with HA.

Preclinical and Emerging Clinical Evidence: in vivo and in vitro Models
Using HA-Nanobioconjugates in Obesity

Preclinical and emerging clinical data support the potential of hyaluronic acid (HA)-based nanobioconjugates as novel
therapeutics in obesity and metabolic disorders. HA, due to its biocompatibility, biodegradability, and specific binding
affinity to CD44 receptors overexpressed in inflamed adipose tissues, serves as an efficient carrier for targeted drug
delivery."”® Various in vitro and in vivo studies have utilized HA and its nanoconjugated derivatives to modulate
adipogenesis, inflammation, insulin resistance, and lipid accumulation '7%-'**

In vitro models such as 3T3-L1 adipocytes and human adipose-derived stem cells have been employed to assess the anti-
adipogenic, anti-inflammatory, and insulin-sensitizing effects of HA-drug conjugates, including those loaded with metformin,
resveratrol, or siRNA targeting CD44."”*'*> These nanobioconjugates have demonstrated enhanced cellular uptake, reduced
lipid droplet formation, and downregulation of pro-inflammatory cytokines compared to non-targeted therapies.

In vivo models, especially high-fat diet-induced obese mice or Zucker diabetic fatty rats, have further validated the
efficacy of HA-based nanocarriers.'”*'*® Results show significant reductions in body weight, visceral fat, systemic
inflammation, and improved glucose tolerance. Moreover, HA conjugates showed prolonged circulation, targeted
accumulation in inflamed adipose tissue, and minimal off-target toxicity.'”” Although clinical trials remain limited, early-
phase evaluations indicate favorable pharmacokinetics and biosafety. Further comparative studies and long-term follow-
up are necessary to validate translational success. Table 4 presents a comparative summary of select studies that highlight

preclinical and clinical advancements in HA-nanobioconjugate therapies in obesity.
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Table 4 Comparative Summary of Preclinical and Emerging Clinical Evidence Using HA-HA-Nanobioconjugates in Obesity

S/ Model Target/Agent Delivery Vehicle | Key Outcome Mechanism of Action | Study Type | Reference

No | Type

| 3T3-LI HA-Metformin HA-Nano micelles | | Adipogenesis, 1 AMPK activation, CD44 In vitro [200]
cells AMPK targeting

2 hADSCs HA-Resveratrol HA-polymeric NPs | | Lipid storage, | IL-6 | NF-xB inhibition In vitro [201]

3 Obese siRNA-CD44 HA-lipid NP | Weight, | Gene silencing In vivo [202]
mice Inflammation

4 Obese HA—-Curcumin HA-PLGA NPs | TNF-q, | IL-1B Anti-inflammatory In vivo [179, 203]
mice

5 db/db HA-Berberine HA-coated | FBG, 1 Insulin GLUT4 upregulation In vivo [204]
mice liposomes Sensitivity

6 Zucker HA-pioglitazone HA-chitosan NP | Adipocyte size, | PPARy modulation In vivo [205]
rats Resistin

7 Human HA—Resveratrol HA-based gel Safe, improved insulin Clinical safety profile Clinical [206, 207]
trial | markers Phase 1&Il

8 Obese HA-siRNA-IL6 HA dendrimer | IL-6, | MCP-1 RNAi-mediated silencing | In vivo [208]
mice NPs

9 3T3-LI HA—Quercetin HA-NP | ROS, 1 Adiponectin | Antioxidant modulation In vitro [209]
cells conjugates

10 db/db HA-Metformin HA-alginate NPs | Glucose, | Weight Prolonged release In vivo [210]
mice

Clinical Relevance of Targeting CD44-Hyaluronic Acid (HA) Signaling in

Obesity: Small Molecules, Nanobioconjugates, and Emerging Therapies
Developments on obesity and improvement on the CD44 targeting hyaluronic acid (HA) signalling axis have become
valuable information in the fight against obesity-related inflammation and abnormal metabolism.>'" There is interest in
cheap small-molecule inhibitors that regulate this pathway to inhibit adipose-tissue pro-inflammatory responses.”’-*'*
These agents mediate by disrupting the CD44-HA attachment as well as inhibiting the expression of the CD44 and
downstream effectors like NF-KB, JNK. Some compounds, such as flavonoids like quercetin and luteolin, and sulfated
HA derivatives, have proven anti-inflammatory and insulin-sensitizing mechanisms in the preclinical models.®>*'?
Despite remaining primarily in the experimental phase, the small molecules present an opportunity to achieve a
pharmacologically feasible and scalable way of reducing adipose tissue inflammation and bringing the metabolism of
obese individuals back to balance.

Nanobioconjugates offer the next generation of precision targeting and treatment of inflammation of adipose tissue by
targeting CD44-expressing cells. CD44-overexpressing adipocytes and macrophages may be targets of selectively
delivering the therapeutic agents using engineered nanoparticles, including liposomes functionalized with HA, polymeric
carriers, and dendrimers.'*®*'* Such systems enhance the solubility of drugs, promote tissue specificity, and minimize
off-target toxicities. And recent experiments have also indicated that HA-coated nanocarriers loaded with any kind of
anti-inflammatory agent possess the capability of decreasing the inflammation and insulin resistance in the case of obese
models.”'* Also, the RNA-based payloads in the form of siRNAs against CD44 or other inflammatory mediators have
been delivered successfully via these nanoplatforms, with demonstration of encouraging results in experimental obesity.

New treatments also increase the CD44-HA axis of targeting obesity. CD44 monoclonal antibodies are being
investigated to ensure interference with downstream pro-inflammatory signaling. In the same vein, the high specificity
and stability of peptidomimetics and aptamers that are specifically supposed to inhibit HA binding were also observed.?""
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There is also the use of gene silencing methods such as the antisense polynucleotide and CRISPR-based approaches to
selectively suppress CD44 expression in adipose tissue.?'> Moreover, some bioactive dietary compounds and microbiota-
focused, indirectly interceded interventions may exert an informative impact on CD44 signaling and provide adjunctive
advantages. Though these novel therapies are still in their development phases, the possibility of their synergy with
known metabolic therapies is an important clinical implication for the ability to be used as a CD44 HA pathway therapy
target in obese patients.

Summary

This review provides an in-depth overview of the CD44-Hyaluronic Acid (HA) signalling axis in obesity as well as the
new targeted—based therapeutic strategies to modulate it. CD44, which is a transmembrane glycoprotein, binds to HA to
modulate the adipocyte function, invasion of immune cells, extracellular remodeling, and insulin signaling. The axis
dysregulation substantially adds to adipose tissue inflammation, hypertrophy, fibrosis, and systemic metabolic aberrations
that are typical of obesity and obesity-related conditions, type 2 diabetes, and cardiovascular disease, among others.

The two major therapeutic approaches reviewed are the small-molecule inhibitors and nanobioconjugates. The ease of
production, oral bioavailability, and low cost of production are mentioned as advantages of small molecules such as the
CD44 antagonists, hyaluronidase inhibitors, and HA biosynthesis modulators. Nevertheless, they are usually restricted
due to systemic toxicity, lack of specificity, and development of drug resistance. Nanobioconjugates, however, represent
a next-generation solution by engineering nanoparticles that can then be conjugated to biomolecules such as HA that
would allow delivery of a drug to cells that overexpress the CD44 protein (targeted delivery), sustained release, and
diminished off-targeting. Due to their high precision and efficacy, preclinical models reveal the superior performance of
these nanocarriers, but there is still a hurdle to overcome: large-scale production, the immune barrier, and regulatory
bottlenecks.

Noteworthy, the review also presents a comparative framework in Table 3, in which strengths, limitations, targeting
strategies, and clinical status of small molecules, nanobioconjugates, and other therapeutic actors towards treating obesity
have been outlined. The comparative analysis extends the horizon of the review by placing the approaches to CD44 in the
context of an overall therapeutic environment of intervention, which conceives of things like dietary regulation, anti-
inflammatory agents, adipokine modulators, gene-editing approaches, and so on. In sum, the review highlights a
promising therapeutic potential of targeting the CD44HA signal pathway, including the combination of nanotechnology
and molecular inhibitors, and further researches should focus on complex and personalized approaches, which are
consistently striving to find the shape of the emerging approaches to obesity as a multifactorial metabolic condition.

Future Perspectives and Directions
The CD44-HA signaling pathway presents a compelling and multifaceted target for obesity intervention. Looking ahead,
several strategic directions can elevate the translational potential of CD44-targeted therapies:

Personalized Therapy and Biomarker Development

Future research should focus on identifying and validating biomarkers linked to CD44 expression and HA metabolism
across various adipose depots (WAT, BAT, VAT). These biomarkers can guide personalized therapy for obesity subtypes
and monitor therapeutic efficacy.

Combinatorial Approaches

Integrating nanobioconjugates with small-molecule inhibitors could harness synergistic effects, balancing the rapid action
of small molecules with the targeted precision of nanocarriers. Such hybrid approaches could optimize drug delivery,
reduce dosing frequency, and minimize side effects.

CRISPR and Gene Editing Technologies
Gene editing techniques targeting CD44 or HA-synthesizing enzymes (eg, HAS2 or HAS3) offer promising strategies to

modulate the signaling pathway at its genomic roots, potentially offering long-term correction of obesity-related dysregulations.
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Continued development of multifunctional, stimuli-responsive, and dual-ligand nanobioconjugates is essential. Artificial
intelligence and machine learning can optimize nanocarrier design, predict biological interactions, and tailor therapy to
patient-specific data.

Bridging Preclinical and Clinical Gaps
While preclinical evidence is promising, more well-designed, long-term, and ethnically diverse clinical trials are needed
to validate the efficacy and safety of CD44-targeted interventions in humans.

Regulatory and Manufacturing Innovation

Scaling up nanobioconjugate production with consistency and biocompatibility must be a priority. Collaboration between
academic institutions, biotech firms, and regulatory agencies can accelerate approval pathways for these advanced
therapeutics.

Conclusion

This review highlights that the CD44hyaluronic acid (HA) axis has a central role in adipose tissue inflammation,
remodeling, and insulin resistance, which are major processes that fuel obesity and its metabolic sequelae. The preclinical
evidence suggests that modulating the CD44-signalling, especially by influencing the HA ligand, has a lot of promising
therapeutic impacts. Of the strategies described here, HA-functionalized nanobioconjugates are the most specific, direct
drugs towards the inflamed adipose tissues, and exhibit minimal systemic toxicity, compared to the administration of
small molecule drugs. Although small molecules (metformin, curcumin, and CD44 antagonists) are relatively easy to
administer systemically, they lack therapeutic specificity. Conversely, nanobioconjugates, albeit CD44-targeted versions
in particular, allow site-selective, prolonged, and combinatorial modes of delivery, a particular advantage, given that
obesity pathophysiology is complex.

Comparative analysis with other emerging modalities, including monoclonal antibodies, GLP-1 analogs, gene editing
tools, and microbiome modulators, suggests that integrated strategies combining nanotechnology with molecular inhibi-
tion may offer the most effective path forward. However, challenges related to delivery specificity, long-term safety, and
clinical translation remain. Altogether, the CD44-HA axis represents a viable and innovative target in obesity ther-
apeutics. Future directions should focus on refining delivery systems, validating tissue-specific biomarkers, and advan-
cing clinical trials to translate these findings into personalized and effective obesity interventions.
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