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Abstract

Angiogenesis is the formation of new blood vessels, a physiological process that can become dysregulated under pathological condi-
tions, including autoimmune diseases. In rheumatoid arthritis, a prototypic autoimmune disorder characterized by chronic synovial
inflammation and joint destruction, pathological angiogenesis plays a crucial role in sustaining inflammation, facilitating immune
cell infiltration, and promoting pannus formation. This review synthesizes recent advances (2023—-2025) in the understanding of the
mechanisms driving angiogenesis in autoimmune diseases, with a focused lens on Rheumatoid Arthritis. The review examines the
structural and functional abnormalities of the synovial vasculature in Rheumatoid Arthritis, key pro-angiogenic mediators such as
vascular endothelial growth factor and angiopoietins, and emerging signaling pathways, including Notch and HIF-1x. Therapeutic
strategies targeting angiogenesis-from conventional anti-VEGF agents to innovative nanomedicines and natural compounds-are re-
viewed, outlining clinical trial outcomes and challenges such as resistance and off-target effects. By integrating insights into stromal
cell interactions, metabolic reprogramming, and epigenetic regulation, this review highlights the potential of angiogenesis-targeted
interventions to achieve disease modification in Rheumatoid Arthritis and other autoimmune disorders. Future directions emphasize
precision medicine approaches, including biomarker-driven therapies and combination treatment strategies, to improve remission
rates and enhance quality of life.
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l. Introduction factors, resulting in symmetrical polyarthritis, synovial hy-

perplasia, and progressive joint destruction. These patho-

Autoimmune diseases comprise a spectrum of disorders in
which the immune system mistakenly attacks the body’s
own tissues, resulting in chronic inflammation and pro-
gressive tissue damage. Rheumatoid Arthritis (RA), to-
gether with systemic lupus erythematosus (SLE), repre-
sents a distinct category of autoimmune diseases charac-
terized by shared clinical features. With a global preva-
lence of approximately 1%, RA is associated with substan-
tial morbidity and imposes a significant economic burden
on healthcare systems and society [1]. The clinical man-
ifestations of Rheumatoid Arthritis arise from a complex
interplay of genetic, environmental, and immunological

logical features are driven by erosive lesions of the bone
and cartilage that develop secondary to synovial inflam-
mation and dysfunction [2]. A central feature of the patho-
physiology of Rheumatoid Arthritis is synovial inflamma-
tion, in which hyperplastic synovial tissue, known as pan-
nus, invades the cartilage and bone, thereby establishing
a self-perpetuating cycle of inflammation and progressive
tissue destruction [3].

Furthermore, angiogenesis, the process by which
new blood vessels form from pre-existing vascular net-
works, plays a critical role in embryonic development,
wound healing, and tissue repair. However, under patho-
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logical conditions, angiogenesis contributes to tumor pro-
gression, chronic inflammation, and fibrosis [4]. Aber-
rant angiogenesis in autoimmune diseases amplifies the
inflammatory response by supplying oxygen and nutri-
ents to affected tissues while facilitating leukocyte recruit-
ment through the upregulation of adhesion molecules on
endothelial cells (ECs) [5]. In Rheumatoid Arthritis, syn-
ovial angiogenesis occurs early in disease development
and may be detected before the onset of clinical symp-
toms. Furthermore, it serves as an important indicator of
disease activity and severity [6].

This review examines the role of angiogenesis in au-
toimmune diseases, with a particular focus on rheumatoid
arthritis (RA), based on studies published between 2023
and 2025. It summarizes the pathological characteristics
of angiogenic vasculature in the RA synovium, explores
the molecular mechanisms underlying angiogenesis, in-
cluding the involvement of cytokines, growth factors, and
associated signaling pathways, and evaluates emerging
therapeutic strategies ranging from biologic agents to nan-
otherapeutic approaches. In addition, it highlights emerg-
ing and comparatively underexplored areas of research,
including metabolic reprogramming and epigenetic reg-
ulation, and their roles in modulating angiogenesis and
immune responses. This review aims to guide future re-
search by highlighting angiogenesis as a promising and
therapeutically tractable target for the management of
Rheumatoid Arthritis.

2. Overview of Angiogenesis

Angiogenesis is a dynamic physiological process involv-
ing the formation of new blood vessels from pre-existing
vasculature, regulated at the molecular level by a complex
interplay between pro-angiogenic and anti-angiogenic fac-
tors. Under normal conditions, vascular endothelial cells
(ECs) exist in a quiescent state and are maintained by peri-
cytes and a basement membrane [7]. Specific stimuli, such
as hypoxia or tissue injury, activate ECs through receptor
tyrosine kinases (RTKSs), enabling them to adopt specialized
roles during angiogenesis. These roles include functioning
as migratory “tip” cells that guide vessel sprouting and pro-
liferative “stalk” cells that support vessel elongation and
growth. Vascular endothelial growth factor-A (VEGF-A)
is the prototypical proangiogenic cytokine that promotes
EC migration, proliferation, and survival through binding
to vascular endothelial growth factor receptor-2 (VEGFR2)
on the endothelial cell surface. This interaction activates
several intracellular signaling cascades, including the phos-
phoinositide 3-kinase (PI3K) and mitogen-activated protein
kinase (MAPK) pathways [8]. Additionally, angiopoietins
[Angl and Ang2] regulate vessel maturation and remodel-

ing through interactions with Tie2 receptors on ECs, pro-
moting pericyte recruitment and contributing to the stabi-
lization of mature vascular structures. Also important in the
development of mature blood vessels are platelet-derived
growth factor (PDGF) and transforming growth factor 3
(TGF-f3), which further refine the angiogenic process [9].
Notch signaling plays an important role in regulating vessel
branching. Notch signaling is activated when delta-like lig-
and 4 (DLL4), expressed on endothelial tip cells, interacts
with Notch receptors on neighboring stalk cells, thereby
regulating tip—stalk cell differentiation. This subsequently
inhibits VEGFR2 expression, thereby preventing exces-
sive sprouting [6]. Hypoxia-inducible factor 1« (HIF-1c),
which is upregulated under conditions of reduced oxygen
availability, induces the transcription of factors that regu-
late VEGF expression and other key effectors involved in
linking EC metabolic states with vascular growth. In ECs,
the glycolytic enzyme 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase 3 (PFKFB3) promotes the development
of filopodia that extend from tip cells [10].

In disease states, the balance of angiogenesis and im-
mune responses leans heavily towards uncontrolled vessel
development. Consequently, patients with RA exhibit im-
mature, hyperpermeable vessels with abnormal morphol-
ogy, including tortuousness, enlargement, and intercellu-
lar gaps within the endothelial cell layer. These vascular
abnormalities impair blood flow and exacerbate tissue hy-
poxia [5]. Inflammatory cytokines produced by macrophages
and fibroblasts enhance the expression of vascular endothe-
lial growth factor (VEGF), while reactive oxygen species
(ROS) generated during oxidative stress induce the forma-
tion of lipid peroxides, which further promote the release
of angiogenic mediators [11]. Angiogenesis and immu-
nity intersect within the setting of autoimmune disease.
ECs express intercellular adhesion molecule-1 (ICAM-1)
and vascular cell adhesion molecule-1 (VCAM-1), provid-
ing sites for leukocyte attachment and infiltration, while
chemokines such as CXCLS (IL-8) help direct these cells
to inflamed tissues. Although lymphangiogenesis remains
a relatively understudied area, it plays an important role
in draining antigens and excess fluid from inflamed tissues.
However, lymphatic drainage is often impaired in RA, lead-
ing to the accumulation of lymph and other inflammatory
fluids within affected tissues [12]. Recent studies suggest
that metabolic reprogramming may contribute to these ef-
fects. Warburg-like glycolytic pathways observed in syn-
ovial ECs support continued cellular proliferation, as the
by-products of this process drive fibroblast growth factor-2
(FGF2) production through lactate-mediated feed-forward
loops [13]. Additionally, epigenetic mechanisms, includ-
ing microRNAs that target VEGF mRNA, further regulate
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these processes and add complexity to the understanding of
this interaction [1].

3. Angiogenesis in Autoimmune
Diseases

Autoimmune diseases other than RA, such as systemic lu-
pus erythematosus, psoriasis, and multiple sclerosis, are
also characterized by angiogenic dysregulation, although
less pronounced [14]. In SLE, renal vasculitis is associated
with VEGF-driven glomerular hypervascularity, which cor-
relates with the severity of lupus nephritis [15]. Psoriasis
is characterized by angiogenesis within the dermal papillae,
a process sustained by VEGF produced by keratinocytes
in response to activation of the IL-17/Th17 axis. Notably,
limited clinical observations have suggested possible ther-
apeutic benefits of anti-VEGF approaches in selected pa-
tients [16]. Mucosal angiogenesis supports chronic colitis
in inflammatory bowel disease, and stabilization of HIF-1c
promotes VEGF and angiopoietin-2 production in hypoxic
guts. In Sjogren’s syndrome, neovascularization of salivary
glands accompanies B-cell immigration. Common themes
include cytokine storms-for example, the induction of EC
permeability by [FN-y-and stromal-immune crosstalk [17].
RA exemplifies the central role of angiogenesis in
disease pathogenesis. Unlike tumor-associated angiogene-
sis, the vasculature in RA undergoes periodic stabilization
through pericyte recruitment; however, the vessels remain
hyperpermeable, thereby sustaining a pro-inflammatory
microenvironment. Thus, endothelial progenitor cells (EPCs)
mobilized from the bone marrow via the SDF-1/CXCR4
axis home to the synovium, where they differentiate into
ECs under the guidance of the CXCL13/CXCRS signaling
pathway [5]. Fibroblast-like synoviocytes (FLS) emerge as
key orchestrators, secreting VEGF in response to TNF-«,
while macrophages polarize to M1 phenotypes, releasing
Ang2 to destabilize vessels [6]. Adipokines like FABP4
from perivascular fat exacerbate this, linking metabolic
syndrome to autoimmunity [ 18]. 2025 proteomics data sug-
gest that a serum angiogenic signature in refractory RA is
characterized by elevated levels of PIGF and VCAM-1 and
reduced levels of IL-8, enabling differentiation between
active and remitted disease [3]. This signature emphasizes
angiogenesis as a biomarker for therapeutic stratification.

4. Pathological Angiogenesis in
Rheumatoid Arthritis

Synovial microvascular density is significantly elevated
in RA compared with both healthy and osteoarthritic syn-
ovial tissue, correlating with synovitis severity and dis-
ease activity [19]. The vessels assume linear, tortuous,

or mixed configurations with rod-shaped or villous pro-
jections into the joint spaces. Early RA is characterized
by robust inflammatory angiogenesis, which progressively
evolves into a hypertrophic and congested vascular net-
work during the chronic stages of the disease [20]. ECs
exhibit fenestrations and structural discontinuities and are
frequently associated with detached a-SMA+ pericytes,
resulting in increased vascular permeability, hemorrhage,
and edema. Furthermore, degradation of basement mem-
brane collagen IV by Matrix Metalloproteinase-2 (MMP-2)
and Matrix Metalloproteinase-9 (MMP-9) exacerbates vas-
cular leakiness, facilitating plasma extravasation and fib-
rin deposition, which are characteristic features of pannus
formation [21]. Ultrastructural studies using electron mi-
croscopy have confirmed glycocalyx shedding from ECs,
resulting in impaired endothelial barrier function and fa-
cilitating immune cell diapedesis [22]. Lymphatic vessels,
crucial for resolution, show podoplanin+ dilation and re-
duced contractility due to macrophage/B-cell accumula-
tion, impairing clearance and perpetuating hypoxia (PO2
<20 mmHg in synovium) [23]. These vessels maintain in-
flammation by supplying oxygen/nutrients to hyperplastic
synoviocytes and trafficking CCR6+ Th17 cells via CCL20
gradients. Hyperpermeability allows the entry of autoan-
tibodies (ACPA, RF), further enhancing citrullination and
neoantigen formation [24]. Pannus invasion causes erosion
of subchondral bone through recruitment of osteoclasts,
whereas VEGF enhances expression of RANKL on os-
teoblasts. Clinically, this manifests as tenderness, swelling,
and morning stiffness. Disease Activity Score using 28
joints (DAS28) correlates with synovial vascularity, as as-
sessed by power Doppler ultrasound studies [25]. In extra-
articular RA, such as ILD, pulmonary angiogenesis drives
fibrosis with VEGF-A isoforms promoting fibroblast-to-
myofibroblast transition. Periodontal involvement is char-
acterized by the presence of gingival neovessels that har-
bor Porphyromonas gingivalis, thereby establishing a po-
tential link between the oral microbiome and RA disease
flares [26]. Longitudinal cohort studies have suggested
associations between baseline angiogenesis indices and
radiographic disease progression, with elevated synovial
VEGEF levels potentially predicting greater increases in
Sharp scores over follow-up [1].

5. Mechanisms of Angiogenesis in
RA

Angiogenesis in Rheumatoid Arthritis is predominantly
driven by members of the VEGF family. VEGF-A, secreted
by FLS and macrophages, binds to VEGFR2 and activates
the PLCy/IP3 signaling pathway, leading to Ca?>" mobiliza-
tion and the formation of filopodia [27]. In addition, hypoxia

Pharmaceuticals and Nanotech Connect

Nayak et al.


https://scifiniti.com/
https://scifiniti.com/journals/pharmaceuticals-and-nanotech-connect

2026, Vol. 1, Article ID. 2026.0003
https://doi.org/10.69709/PNC.2026.106006

SCIFINITI

PUBLISHING

®

stabilizes HIF-1x, which promotes the transcription of
VEGF and glycolytic enzymes [5]. An imbalance in
angiopoietin signaling contributes to pathological angio-
genesis, with Ang2-mediated antagonism of Tie2 destabi-
lizing endothelial junctions and synergizing with VEGF
to promote vascular sprouting. Additionally, FGF-2
derived from chondrocytes enhances EC proliferation
through activation of the FGFRI/ERK signaling path-
way. HGF from injured epithelium promotes tubulogen-
esis [28]. The inflammatory milieu amplifies angiogene-
sis, with TNF-« and IL-1f3 upregulating VEGF via NF-
kB, while IL-6/JAK/STAT3 signaling sustains chronicity.
Th17-derived IL-17 induces EC CXCL8 expression, re-
cruiting neutrophils that release Matrix Metalloproteinase
(MMPs) and promote matrix remodeling [29].

The Notch pathway exerts a dual role in Rheuma-
toid Arthritis angiogenesis, with DLL4/Notchl signaling
limiting excessive vascular branching, whereas under in-
flammatory conditions, chronic activation via Jaggedl
expressed on FLS promotes EC exhaustion and vascu-
lar leakiness [6]. Crosstalk with HIF-1x further mod-
ulates angiogenesis, as Notch suppresses HIF-1o un-
der normoxic conditions but enhances its activity under
stress, thereby creating a feed-forward loop [6]. The
PI3BK/AKT/mTOR pathway promotes metabolic repro-
gramming, with AKT phosphorylating PFKFB3, thereby
enhancing glycolysis and lactate export. This process

acidifies the synovium and activates Rho/ROCK signal-
ing, leading to loss of contractility in ECs [13]. ROS gen-
erated by NOX2/MPO in neutrophils oxidizes lipids into
4-HNE, which transactivates the VEGF promoter [30].
Both the MAPK/ERK and JAK2/STAT3 signaling cas-
cades converge on common targets, including AP-1 and
c-Fos transcription factors, thereby integrating cytokine
signals. Epigenetic mechanisms add further layers of reg-
ulation; for example, miR-126 targets SPREDI, thereby
enhancing ERK signaling, while miR-21 silences PTEN,
leading to PI3K activation [1].

FLS transdifferentiate into myofibroblasts, secreting
PDGF-BB to promote pericyte recruitment, which para-
doxically stabilizes pathological vessels. Macrophages
(CD68+) secrete Ang2 and VEGF, while Tregs fail to exert
suppression due to impaired FoxP3 [31]. Adipose-derived
FABP4 binds VEGF, prolonging its half-life, while SPARC
modulates the extracellular matrix to facilitate EC invasion.
ANGPTLA4 from the ECs mediates inflammation without
affecting lipid metabolism, leading to bone erosion through
IL-6/STAT3 [32]. Recent single-cell RNA sequencing stud-
ies have revealed heterogeneity among ECs, with “tip-like”
clusters exhibiting increased VEGFR2 expression, whereas
“stalk-like” cells upregulate glycolytic genes, providing in-
sights for targeted perturbation strategies [33,34]. Figure 1
depicts the mechanism through which angiogenesis regu-
lates rheumatoid arthritis.
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Integrated molecular and cellular mechanisms of angiogenesis in rheumatoid arthritis (RA): Hypoxia-induced HIF-1a

drives VEGF-A production from FLS and macrophages, activating VEGFR2 signaling in endothelial cells to promote sprouting. Pro-
inflammatory cytokines (TNF-c, IL-13, IL-6, IL-17) amplify angiogenesis via NF-kB and JAK/STAT3 pathways, while neutrophil-
derived MMPs and ROS enable matrix remodeling. Angiopoietin imbalance (Ang2/Tie2) destabilizes vessels, and Notch signaling

regulates branching and endothelial dysfunction.

Metabolic reprogramming (PI3K/AKT/mTOR) and epigenetic factors further en-

hance pathological vessel formation, with pericyte recruitment and ECM modulators sustaining abnormal vasculature.
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6. Therapeutic Strategies
Targeting Angiogenesis in RA

6.1. Conventional Anti-Angiogenics
Bevacizumab (anti-VEGF mAb) reduces synovial vascu-

larity in phase II trials but induces hypertension and pro-
teinuria, limiting use [35]. Small-molecule TKIs, such

as sunitinib, inhibit VEGFR/FGFR signaling but may en-
counter resistance due to Ang2 upregulation [36]. JAK in-
hibitors, such as tofacitinib, may indirectly inhibit VEGF
signaling through STAT3 inhibition, although further clin-
ical evidence is needed to confirm their comparative
anti-angiogenic effects against methotrexate in refractory
RA [37]. Table 1 illustrates some conventional and emerg-
ing anti-angiogenic therapies in Rheumatoid Arthritis.

Table I: Conventional and emerging anti-angiogenic therapies in rheumatoid arthritis.

Therapy Type Agent/Example Mechanism of Action Key EFffects m Limitations References
Anti-VEGF Neutralizes VEGF, Reduces svnovial Hvpertension
monoclonal Bevacizumab inhibits VEGFR yn ypertenston, [38]
. . . vascularity proteinuria
antibody signaling
Tyrosine kinase e Inhibits VEGFR, FGFR Decreases Resistance via
s Sunitinib . . Ang2 [39]
inhibitors pathways angiogenesis .
upregulation
Blocks JAK/STAT — | Anti- Immunosuppression
JAK inhibitors Tofacitinib . inflammatory + Supp [5]
VEGF expression . . . risks
anti-angiogenic
Natural Resveratrol Activates SIRT1, Reduces VEGF, Bioavailability [40]
compounds inhibits AKT/ERK inflammation issues
Natural . Downregulates Reduces disease ..
. . 2
compounds Triptolide HIF-1o/VEGEF axis severity Toxicity concerns [32]
. Berberine, Inhibit NF-kB, ERK 'Suppre§s Limited clinical
Phytotherapeutics . . angiogenesis and [1]
Sinomenine pathways . data
cytokines

6.2. Natural Compounds and
Phytotherapeutics

The multitarget effects of resveratrol include activation
of SIRTI1, which restores metabolic regulation and in-
hibits Rho/ROCK signaling. Additionally, FOXO up-
regulation suppresses AKT/ERK signaling [13]. In CIA
models, Res (50 mg/kg) halves VEGF levels, alleviating
paw swelling [41]. Triptolide from Tripterygium wilfordii
downregulates HIF-1«/VEGF, with clinical trials report-
ing a 40% reduction in DAS28 [42]. Sinomenine blocks
SphK1/S1P, reducing EC migration, while Paeonia lacti-
flora glucosides inhibit NF-xB/VEGF [43]. Berberine in-
hibits p-ERK/p38, whereas flavonoids (morin) act upon
the PPARY to antagonize Ang/Tie2 [44]. A recent meta-
analysis suggested that natural medicines may reduce ESR
and CRP levels, potentially through mechanisms involv-
ing angiogenesis inhibition [45].

6.3. Cell-Based and Nanotherapeutics

stem cells (MSCs) modulate angio-
immunoregulatory  mechanisms;

Mesenchymal
genesis  through

paracrine  VEGF-B (anti-inflammatory isoform) and
thrombospondin-1 promote vessel maturation [46]. Early-
phase trials of umbilical-derived MSCs in RA are still
limited and heterogeneous. A pooled analysis of ran-
domized controlled trials reported ACR20 responses in
roughly a third of MSC-treated patients (36%, 27/76)
versus 14% (5/36) with control treatment, though effect
sizes varied across trials and were not sustained beyond
12 months without repeat dosing [47]. Homing to in-
flamed joints remains a key limitation, which CXCR4-
engineered MSC-derived nanovesicles have been shown
to overcome, achieving enhanced accumulation in in-
flamed joints and suppression of synovial inflammation
in a collagen-induced arthritis model [48].

Nanotherapeutics represent a promising approach
for the management of RA by improving the targeted
delivery of agents that modulate pathological angiogen-
esis, which fuels synovial inflammation, pannus inva-
sion, and joint destruction. Traditional anti-angiogenic
agents, such as bevacizumab, are often associated with
poor bioavailability, rapid clearance, and off-target ef-
fects, resulting in suboptimal efficacy and toxicities, in-
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cluding hypertension [49]. Such limitations are ad-
dressed by nanoplatforms, which passively accumulate
within inflamed joints through the enhanced permeabil-
ity and retention effect, extravasation through leaky vas-
culature, and inflammatory cell-mediated sequestration
mechanisms [50]. Active targeting further refines delivery
via ligands such as arginine-glycine-aspartic acid peptides,
hyaluronic acid, or folic acid binding integrins, CD44 re-
ceptors, or folate receptor-f3 expressed on ECs, FLS, and
macrophages. Accompanying the aforementioned strate-
gies is the inhibition of key pro-angiogenic pathways, in-
cluding VEGF/VEGFR2, Ang/Tie2, and HIF-1« signal-
ing, along with vessel normalization and reduction of in-
flammation [51].

Passive targeting involves nanoleakage through im-
mature vasculature in the RA synovium, which contains
gaps of up to 200 nm. Through these gaps, NPs may
extravasate and become retained via EPR/ELVIS effects.
For example, polymeric micelles (10-100 nm) and lipo-
somes passively accumulate in joints due to vascular per-
meability and release their payload, such as dexametha-
sone (Dex) or methotrexate (MTX), in response to a local
stimulus, including low pH (~6.0), high reactive oxygen
species (ROS), or enzymes such as phospholipase A2 [52].
Active targeting increases specificity, as RGD-modified
NPs bind to ov[33 integrins that are overexpressed on
angiogenic ECs and osteoclasts, promoting endocytosis
and intracellular drug release. HA-coated systems tar-
get CD44 on activated macrophages and FLSs, while the
folic acid-functionalized NPs take advantage of the folate
receptor-3 for macrophage-selective delivery [53].

Liposomes are spherical lipid vesicles (25 nm—500
nm) that are biocompatible platforms for anti-angiogenic
delivery. Poly(ethylene glycol) (PEG) liposomes ensure
extended circulation, evading immune clearance while
encapsulating drugs such as Dex, tofacitinib, or berber-
ine [54]. In the Adjuvant-Induced Arthritis (AIA) rat
model, PEG liposomes loaded with Dex reduced TNF-
« and IL-1f levels, thereby decreasing joint swelling
through inhibition of inflammatory cascades associated
with angiogenesis [55]. ART-2 peptide-modified lipo-
somes target CD134 on activated T cells to enhance
RA relief, while berberine liposomes have mitigated
bone erosion via activation of miR-23a to indirectly sup-
press VEGF-driven vessel formation [52]. pH-responsive
liposomes induce apoptosis in FLS and macrophages,
thereby normalizing vessels through the downregulation
of HIF-1 and ROS, as reported in studies conducted in
2024 [55].

Gold nanoparticles (AuNPs, 1-100 nm) exhibit in-
trinsic anti-angiogenic properties, particularly at a size of
50 nm, where they inhibit synovial neovascularization in

early RA [56]. cRGD-modified Au/PLGA NPs, loaded
with MTX, enable photothermal ablation of neovessels un-
der near-infrared laser, reducing vascular density and in-
flammation in collagen-induced arthritis (CIA) mice [53].
FAGMs (folic acid and guanidine-modified AuNPs) en-
hance MTX release, minimizing systemic toxicity while
targeting folate receptors on angiogenic ECs [52]. Sim-
ilarly, SeNPs—PEG-RGD@Ru (Se@RuNPs) with RGD
modification suppress VEGF/VEGFR2 signaling, inhibit-
ing EC proliferation and migration [57].

Chitosan nanoparticles represent an important class
of biodegradable and biocompatible delivery systems
for targeted and sustained drug delivery in Rheuma-
toid Arthritis (RA). These systems have been widely
investigated for encapsulating therapeutic agents such
as embelin and eugenol, demonstrating significant anti-
inflammatory and anti-angiogenic effects through reactive
oxygen species (ROS) scavenging and reduction of syn-
ovial hyperplasia in AIA/CIA models [58]. Their mucoad-
hesive properties and ease of functionalization further en-
hance cellular uptake and site-specific delivery. These for-
mulations improve pharmacokinetics and maintain thera-
peutic concentrations at the target site while modulating
angiogenic pathways such as Ang/Tie2 signaling [59].

Sustained release can be achieved through tunable
degradation using Poly(Lactic-co-Glycolic Acid) (PLGA)
and/or chitosan nanoparticle systems, which provide en-
capsulation platforms for the controlled delivery of agents
such as Dex-palmitate. These systems improve phar-
macokinetic properties and provide cytoprotective ef-
fects through regulation of the Angiotensin/Tie2 path-
ways [52]. Chitosan nanoparticle systems for Embelin and
Eugenol reduce Cytokines, Synovial Hyperplasia Mod-
els induced in the AIA/CIA, via ROS Scavenging, with
Anti-angiogenic properties [60]. Dendrimers are struc-
tured like a branched tree, ranging from 1 to 10 nm in
size; as aresult, they have a unique structural and chemical
composition that allows them to encapsulate, deliver, and
maintain an even and consistent release of agents (adali-
mumab/etanercept) as well as modifying the surface of the
compounds to provide control over their delivery targets,
and reducing the amount of VEGF secreted from FLS [55].
Both Chi et al. (2023) and Rastogi et al. (2024) reported
the specific targeting ability of the dendrimer-delivered
adalimumab and etanercept-dendrimer combinations for
targeted delivery [61,62].

Further innovation has been achieved through the
development of solid lipid nanoparticles (SLNs, 10—
1000 nm) and biomimetic NPs. [3-Sitosterol-SLNs in-
hibit NF-«kB signaling, thereby downregulating VEGEF,
while HA-coated prednisolone SLNs reduce joint erosion
in CIA mice [63]. Biomimetic NPs coated with neu-
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trophil membranes deliver hydroxychloroquine, induce
M1 macrophage apoptosis, and induce vessel normaliza-
tion in CIA models [52]. Hypoxia-relieving nanomate-
rials, such as CAT-loaded nanozymes (Pt, MnO,), pro-
duce O; in situ and alleviate hypoxia, thereby inhibiting
the HIF-1a/VEGF axis [5]. ROS-scavenging NPs, such
as Mn3O4 and Se NPs, promote macrophage repolariza-
tion from the M1 to the M2 phenotype, thereby reducing
Ang2 expression and promoting an anti-angiogenic bal-
ance [64].

Innovative platforms include nanofibers and hy-
drogels. STP/RGD peptide-based nanofibers loaded
with triptolide and metformin (STP-RGD@TM) can self-
assemble, blocking VEGFR2 while enabling the release
of triptolide and metformin. This approach reduced joint
scores by 70% in RA mice with minimal off-target ef-
fects [5]. Injectable hydrogels, temperature-sensitive,
deliver Dex or siRNA, enhancing local retention and
downregulating MMP-9/PDGF-BB for anti-angiogenic
effects [52]. Ceria-vesicle hybrids (Ce-MSCNVs) clear
free radicals and suppress angiogenesis in CIA models
[65]. At present, clinical translation remains limited due
to challenges in biocompatibility, scalability, and regula-
tory requirements set by agencies such as the FDA and
EMA [55]. Potential toxicity risks include tissue accumu-
lation of the agents, activation of immune responses, and
variability in the manufacturing process.

H-A/T Nanoparticles are capable of modifying the
structure of VEGF, whereas Rh/SPX-HSA generates oxy-
gen and suppresses HIF-1x. Preclinical studies demon-
strate promising results; for example, Wang et al. re-
ported that R-M/N-PMs (RGD-MTX-nimesulide) inhib-
ited endothelial cell proliferation and restored vascular
function in CIA models [66]. Nanoplatforms have re-
vitalized the strategies for delivering therapeutic agents.
For example, STP-RGD@TM (2025) self-assembles into
a nanofiber platform that enables vessel normalization

through VEGFR2 blockade while providing controlled
release of triptolide and metformin [22]. In mice, RA-
associated effects were significantly reduced by 70%,
with fewer off-target effects observed when kinase in-
hibitors such as filgotinib acted synergistically as anti-
angiogenic agents in combination with anti-TNF ther-
apy [22]. In head-to-head clinical evaluation (e.g.,
NCT02889796) against the anti-TNF agent adalimumab,
filgotinib demonstrated non-inferior efficacy and a com-
parable safety profile in patients with an inadequate re-
sponse to methotrexate [40]. Whether combined anti-
VEGF/JAK-inhibitor strategies can further improve out-
comes in RA remains an open question and there is still
requirement of further research in this field

In the future, two-dimensional (2D) stimuli-
responsive nanoparticles combined with artificial intel-
ligence may enable the design of patient-specific com-
posites with multiple functionalities for both imaging and
treatment, termed theranostics. Furthermore, CRISPR-
based gene editing using nanocomposites may facilitate
targeted modulation of gene expression in patient-derived
gene portfolios, such as silencing VEGF gene expres-
sion [55]. Combination strategies utilizing phototherapy
and/or immunotherapy may overcome resistance associ-
ated with one or both therapeutic approaches. Studies
such as those by Wu et al. are expected to facilitate the
advancement toward completed clinical trials involving
functionalized mesoporous silica nanoparticles [67]. In
conclusion, the application of nanoparticles for develop-
ing novel nanotherapeutics represents a major advance-
ment in the re-engineering of current treatment strategies
for Rheumatoid Arthritis. These approaches may pro-
vide opportunities to improve clinical remission rates and
enhance patients’ quality of life. A dosage form-oriented
overview of angiogenesis-targeted therapies, including de-
livery systems, molecular targets, and therapeutic agents,
is summarized in Table 2.

Table 2: Dosage forms, targets, and therapeutic agents for angiogenesis-targeted therapy in rheumatoid arthritis.

Dosag.e Target Therapeutic Mechanism of Key Outcome in
Form/Delivery . . References
Site/Receptor Agent(s) Action RA
System
PEGylated Synovial . . . .
Liposomes vasculature Dex, MTX Passive targeting J inflammation [54]
PLGA. Endothelial cells MTX’. Controlled release R'educed . [53]
Nanoparticles Dex-palmitate angiogenesis
SLNs Macrophages Prednisolone Enhanced stability J VEGF [63]
Dendrimers FLS,clerﬁ;nune Adalimumab Targeted delivery J VEGF secretion [62]
+
Gold NPs avf33 integrins MTX Phgtotht?nnal. M .. [53]
anti-angiogenic neovascularization
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Table 2: Cont.
Dosag.e Target Therapeutic Mechanism of Key Outcome in
Form/Delivery . . References
Site/Receptor Agent(s) Action RA
System
RGD NPs Endothelial cells MTX Integrin targeting Inh.l bit E.C [53]
proliferation
HA-coated NPs CD44 Prednisolone Receptor-mediated . synov1a.l [68]
uptake hyperplasia
Nanofibers VEGFR2 STP-RGD@TM  Dual drug delivery _ joint. [22]
inflammation
Hydrogels Synovial cavity Dex, siRNA Sustained release } angiogenesis [69]
Biomimetic NPs Immune cells Hydroxychloroquine Immune evasion Ves§ el . [70]
normalization
Nanozymes Hypoxic tissue MnO2 02 generation J HIF-1x [71]
Exosomes Endothelial cells miRNA Gene regulation Restgza\;lisecular [72]

7. Challenges and Future
Directions

Indeed, the translational potential of angiogenesis-based
treatment modalities for Rheumatoid Arthritis (RA) is sig-
nificantly hindered by multiple biological, technical, and
regulatory factors that impede clinical implementation de-
spite favorable preclinical findings. Biocompatibility re-
mains one of the major hurdles, as angiogenesis-targeting
nanotherapies must function effectively under conditions
of heightened immune activation without inducing unde-
sirable immune responses or toxicity. Another challenge
arises from the potential accumulation of nanoparticles in
non-target organs, such as the liver or spleen, which may
lead to additional health complications due to chronic in-
flammatory responses in RA patients with dysregulated
immune systems. Variability in physicochemical parame-
ters, including particle size, charge, and surface properties,
may significantly influence therapeutic efficacy by alter-
ing biodistribution and pharmacokinetic profiles. Scala-
bility can also present a barrier, as particle homogeneity
and effective delivery may vary depending on the manu-
facturing scale. Moreover, high costs associated with the
synthesis and fabrication of nanomaterials pose a signifi-
cant problem, especially in countries with less developed
pharmaceutical industries. The lack of standardization
among regulatory agencies, such as the FDA, EMA, and
CDSCO, contributes to inconsistencies in the regulation of
nanomedicines. Importantly, most current evidence is de-
rived from animal models, and the limited availability of
large-scale human clinical trials restricts definitive conclu-
sions regarding therapeutic efficacy and long-term safety.

Nonetheless, the prospects of angiogenesis-
inhibiting therapies in RA remain promising, particularly

considering the rapid advancements in precision medicine,
bioengineering, and computational tools. The paradigm
is likely to shift towards biomarker-based therapeutic ap-
proaches, supported by the detection of angiogenic mark-
ers such as VEGF, PIGF, and adhesion molecules. In
addition, the application of artificial intelligence and ma-
chine learning techniques may facilitate advances in drug
development and personalized patient care through pre-
dictive analytics based on genetic, immunological, and
angiogenic markers. Nanotechnology-based approaches
in the field are already gaining ground due to their po-
tential to provide highly targeted and responsive treat-
ment methods, including hypoxia-, acidity-, and oxidative
stress-responsive mechanisms. Moreover, the develop-
ment of theranostics may provide new opportunities for
monitoring inflammation and its inhibition by integrat-
ing imaging capabilities with pharmacotherapy. Finally,
hypoxia-driven mechanisms present a completely new
target for therapeutic interventions that can disrupt the
angiogenic cascade at its metabolic level. This could in-
clude targeting HIF-1c signaling. Finally, gene-editing
systems, such as CRISPR/Cas-based approaches, have the
potential to directly silence pro-angiogenic genes. Regen-
erative strategies, including stem cell-derived exosomes
and microbiome modulation, are also emerging as inno-
vative approaches to restore vascular homeostasis and
immune balance. Collectively, overcoming current lim-
itations through interdisciplinary collaboration and tech-
nological innovation will be essential to translate these
advances into clinically effective therapies, ultimately im-
proving disease outcomes and quality of life in patients
with RA.

Nayak et al.

Pharmaceuticals and Nanotech Connect


https://scifiniti.com/
https://scifiniti.com/journals/pharmaceuticals-and-nanotech-connect

SCIFINITI

PUBLISHING

®

2026, Vol. 1, Article ID. 2026.0003
https://doi.org/10.69709/PNC.2026.106006

8. Conclusions

Rheumatoid arthritis (RA) is a chronic autoimmune dis-
order in which pathological angiogenesis plays a central
role in sustaining synovial inflammation, pannus forma-
tion, and progressive joint destruction. Recent evidence
highlights that the rheumatoid synovium exhibits struc-
turally abnormal, immature, and hyperpermeable blood
vessels that perpetuate hypoxia and immune cell infiltra-
tion. Key pro-angiogenic mediators, including VEGEF,
angiopoietins, and cytokines such as TNF-« and 1L-17,
interact with signaling pathways such as Notch, HIF-
1, and PI3K/AKT/mTOR to regulate vascular remodel-
ing. Additionally, metabolic reprogramming and epige-
netic mechanisms, particularly microRNAs such as miR-
126 and miR-21, further complicate the angiogenic mi-
croenvironment. Crosstalk among fibroblast-like synovio-
cytes, macrophages, and endothelial cells sustains a self-
amplifying cycle of inflammation and angiogenesis.

In terms of therapeutics, inhibition of angiogene-
sis represents a promising strategy for achieving disease
modification. Although anti-VEGF therapies have not
demonstrated significant clinical benefits due to limita-
tions such as adverse effects, novel strategies, includ-
ing nanotechnology-based drug delivery, natural products
such as resveratrol and triptolide, and mesenchymal stem
cell-based therapies, have shown greater specificity and
therapeutic potential. Nonetheless, challenges such as
compensatory mechanisms, scalability, and clinical imple-
mentation continue to pose significant obstacles. Future
strategies will incorporate precision medicine and artifi-
cial intelligence approaches.
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