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Abstract: Rheumatoid arthritis (RA) joints are characterized by a persistently hypoxic microenvironment that drives activation of
hypoxia-inducible factors (HIFs). In RA synovium, both HIF-1a and HIF-2a accumulate across key cellular compartments (fibroblast-
like synoviocytes, macrophages, endothelial cells, and chondrocytes) and correlate with disease activity, positioning HIF signaling as
a central node linking hypoxic stress to inflammation, metabolic rewiring, angiogenesis, and joint destruction. Notably, HIF-1a
primarily regulates inflammatory responses and metabolic adaptation, whereas HIF-2a plays a more prominent role in cartilage
degradation and structural joint damage, highlighting isoform-specific functions in RA pathogenesis. This review summarizes current
evidence on the role of HIF in RA, focusing on its regulatory effects on immune cell function, immunometabolism, angiogenesis, and
cartilage and bone destruction. We also discuss emerging therapeutic strategies targeting HIF signaling, including small-molecule
inhibitors, gene-silencing approaches, and natural products. Finally, we address translational challenges, particularly isoform selectiv-
ity, local drug delivery, and biomarker-guided patient stratification. This review aims to provide an integrated perspective on the
pathogenic and therapeutic roles of HIF in RA and to highlight future directions for HIF-targeted therapies.

Keywords: rheumatoid arthritis, hypoxia-inducible factor, angiogenesis, immunometabolism, cartilage destruction, therapeutic
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Introduction

Rheumatoid arthritis (RA) is an autoimmune disease characterized by chronic, erosive arthritis, with a global prevalence
of approximately 0.5%—1%." Recent epidemiological studies further indicate that RA continues to impose a substantial
global health burden, contributing significantly to long-term disability, reduced quality of life, and healthcare utilization
across different populations.> It primarily targets synovial joints, leading to chronic inflammation of the synovium
(synovitis), formation of pannus tissue rich in new blood vessels, and progressive destruction of articular cartilage and
bone. Clinically, RA causes joint pain, swelling, and stiffness and can result in deformity and functional disability if
inadequately controlled.* Over the past decades, significant advances have been made in understanding RA immuno-
pathogenesis—involving complex interactions among infiltrating immune cells (T cells, B cells, macrophages, neutrophils,
etc.) and resident fibroblast-like synoviocytes (FLS)—which drive the production of pro-inflammatory cytokines (eg
tumor necrosis factor-a, interleukin-1B) and proteases that mediate tissue damage.> These insights have led to targeted
therapies (such as cytokine inhibitors) that have improved outcomes for many patients.” Nonetheless, a substantial subset
of RA patients do not achieve sustained remission with current treatments, indicating the need for new therapeutic targets
that address underexplored aspects of RA pathology. In this context, targeting HIF signaling is of particular interest
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because it addresses a relatively underexplored upstream mechanism that links hypoxia to inflammation, metabolic
reprogramming, angiogenesis, and joint destruction in RA.

One distinctive and under-targeted feature of the RA joint microenvironment is hypoxia (an inadequate oxygen
supply) relative to demand. The inflamed RA synovium is highly cellular and metabolically active, yet suffers from
disordered and insufficient microvasculature, resulting in markedly low oxygen tension.®’ As early as 1970, it was
reported that oxygen partial pressure in RA synovial fluid is roughly half that of normal joints.'” In fact, thickened RA
synovial tissues can exhibit oxygen levels as low as 1-4% O, (10-30 mmHg), correlating inversely with local

inflammation severity.'' Several factors contribute to this chronic hypoxia:'*'3

(i) hyperplastic synovial lining and
infiltrating leukocytes consume oxygen at an accelerated rate, outpacing the supply from immature new vessels; (ii)
elevated intra-articular pressure from joint effusions compresses blood vessels and reduces perfusion; and (iii) vasocon-
strictive mediators (eg. angiotensin-converting enzyme) are upregulated in RA, further diminishing blood flow. Thus,
hypoxia is a fundamental pathophysiological element of RA joints — not merely a consequence of inflammation but also
an active driver of disease processes. Hypoxic conditions in the synovium can perpetuate inflammation and aberrant
angiogenesis in a vicious cycle: inflammation increases oxygen demand and disrupts blood flow, leading to hypoxia,
which in turn triggers molecular pathways that exacerbate inflammation and sprout more dysfunctional vessels.

The key transcriptional regulators of cellular adaptation to low oxygen are the hypoxia-inducible factors (HIFs)."*
HIFs are heterodimeric transcription factors composed of an oxygen-regulated HIF-a subunit (HIF-1a, HIF-2a, or HIF-
3a) and a constitutively expressed HIF-$ subunit (also known as ARNT). Under normoxia, HIF-a proteins are rapidly
hydroxylated by prolyl hydroxylase domain enzymes (PHDs) and targeted for ubiquitination and proteasomal degrada-
tion via the von Hippel-Lindau (VHL) E3 ligase complex. Hypoxia inhibits the oxygen-dependent PHDs, allowing HIF-
a to escape degradation, accumulate, and translocate into the nucleus where it dimerizes with HIF-B. The active HIF
complex binds to hypoxia-response elements (HREs) in target gene promoters and recruits co-activators to drive
transcription. HIF target genes number in the hundreds and collectively facilitate adaptive responses to hypoxia,
including angiogenesis (eg. vascular endothelial growth factor, VEGF), metabolic shifts to anaerobic glycolysis,
erythropoiesis, pH regulation, and cell survival pathways.'>'® In healthy physiology, HIF-mediated responses help
maintain oxygen homeostasis during situations like vigorous exercise or high altitude.'” In pathological settings such
as cancer and chronic inflammation, however, HIF signaling is often aberrantly activated, leading to profound down-
stream effects on disease progression.'®

RA synovial tissue is now recognized as a quintessential example of a hypoxic inflammatory milieu with overactive
HIF signaling. Studies have shown robust accumulation of both HIF-1o and HIF-2a proteins in RA synovium, detected
in the nuclei of synovial lining cells (FLS and macrophage-like cells), endothelial cells, and chondrocytes.'” ' In
contrast, normal synovium shows little or no HIF expression. Notably, the level of HIF-1a/2a in RA correlates with local
disease activity, implying HIF activation is not just a marker of hypoxia but a driver of pathogenic mechanisms.?* For
example, HIF downstream genes such as VEGF, glucose transporter-1 (GLUT1), and matrix metalloproteinases (MMPs)
are highly expressed in RA joints, contributing to vascular proliferation, intense glycolytic activity, and tissue destruc-
tion, respectively.”> Functional studies further demonstrate HIE’s causal role: HIF-1a deletion or inhibition can attenuate
experimental arthritis severity, whereas overexpression of HIF-2a in mouse joints leads to spontaneous arthritic
damage.?'**?* HIF signaling also interacts with other pivotal inflammatory pathways (such as NF-kB and Notch),
compounding its impact on gene expression in RA lesions.?'® Collectively, these findings position HIF as a critical node
in the RA pathogenesis network—integrating hypoxic stress with immune and stromal cell dysfunction to drive chronic
inflammation and joint damage.

Given the centrality of HIF in RA and the fact that current therapies do not directly address hypoxic adaptation, there
is growing interest in therapeutically targeting the HIF pathway. Lessons from oncology have yielded various HIF
inhibitors and related agents, some of which are now being repurposed or tested in preclinical RA models.?’*® The
therapeutic strategies discussed in this review were selected because they target distinct levels of the HIF axis, including
direct HIF inhibition, modulation of upstream regulatory mechanisms, and interference with downstream pathogenic
effectors. Targeting HIF in RA is conceptually attractive because HIF controls multiple downstream processes —
inflammation, angiogenesis, metabolism, and osteoarticular destruction — that are all aberrant in RA. A HIF-focused
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intervention could therefore target an upstream regulatory pathway that influences multiple pathogenic cascades in RA,
potentially breaking the cycle of inflammation and hypoxia that sustains disease. However, because HIF pathways also
play essential roles in normal physiology (eg. immunity against infections, wound healing, blood cell production), any
systemic HIF inhibition carries risks that must be carefully managed.

In recent years, increasing attention has been paid to the potential role of hypoxia-related biomarkers in rheumatoid
arthritis. Several studies have reported that synovial expression levels of HIF-1a and HIF-2a correlate with disease
activity, inflammatory cytokine levels, and radiographic progression, suggesting that HIF signaling may serve not only as
a pathogenic driver but also as a potential biomarker for disease severity and therapeutic response.”” ! In addition,
circulating hypoxia-related markers, including VEGF, lactate, and glycolysis-related enzymes, have been proposed as
indicators of synovial hypoxia and metabolic reprogramming in RA.>** These findings support the concept that hypoxia
and HIF activation are closely associated with disease activity and may provide a basis for biomarker-guided precision
therapy in RA.

In this review, we examine the multifaceted role of HIF in RA pathogenesis to highlight advances in understanding
how HIF impacts immune cell function, synovial metabolism, pathological angiogenesis, and cartilage/bone homeostasis.
We then discuss the emerging therapeutic strategies targeting HIF in RA, including small-molecule inhibitors, natural
product derivatives, and gene therapy approaches, and evaluate their preclinical efficacy. Finally, we address the current
challenges and future perspectives for translating HIF-targeted therapies into clinical use, as well as the potential for HIF-
related biomarkers to guide personalized RA treatment. By synthesizing these insights, we aim to assess whether HIF can
be leveraged as a viable new target to improve outcomes in RA, especially for patients who remain refractory to existing
therapies.

The Regulatory Effect of HIF on Immune Cells

Chronic synovitis in RA is sustained by a complex interplay of innate and adaptive immune cells within the hypoxic joint
environment.?** HIF-1a in particular is known to modulate the development, survival, and function of various immune
cells, often promoting pro-inflammatory phenotypes. Meanwhile, HIF-2a may contribute to longer-term inflammatory
responses in certain cell types.’>>° This section discusses how HIF influences major immune cell populations in RA
(summarized schematically in Figure 1) and thereby amplifies the immune-mediated pathology.

Macrophages

Macrophages are abundant in RA synovium and are key producers of pro-inflammatory cytokines (TNF, IL-1f, IL-6) and
tissue-degrading enzymes (MMPs). HIF-1a is essential for the full inflammatory activity of macrophages. In landmark
experiments, deletion of HIF-1la in myeloid cells (macrophages and neutrophils) dramatically reduced the severity of
inflammatory diseases, including arthritis, in mice. Cramer et al showed that mice lacking HIF-1a in macrophages had
attenuated joint inflammation in arthritis models, albeit at the cost of impaired bactericidal function of those
macrophages.?* Consistently, RA patient synovium exhibits high HIF-1a expression in CD68" macrophages in the lining
layer, highlighting that these cells experience and respond to hypoxia in vivo.® HIF-1o endows macrophages with several
pathogenic advantages in RA. Under hypoxic conditions, HIF-1a drives macrophages to produce greater amounts of IL-
1B, TNF-a, IL-6 and chemokines, amplifying local inflammation. At the same time, HIF-1 induces expression of VEGF,
CXCL12 (SDF-1) and other angiogenic factors, promoting the vascularization of pannus.’® Through these secreted
factors, HIF-1-activated macrophages both intensify synovial inflammation and support the expanding microcirculation
that sustains the pannus. Indeed, stabilizing HIF-1a in macrophages (for instance, with an iron chelator) delays their
apoptosis and boosts cytokine production. Conversely, silencing HIF-1a shifts macrophages toward a more “resolving”
phenotype.’® Macrophage polarization is also strongly influenced by HIF-la. Classically activated M1 macrophages
(pro-inflammatory) rely predominantly on glycolytic metabolism and significantly upregulate HIF-1a in hypoxia,
whereas alternatively activated M2 macrophages (anti-inflammatory/tissue-reparative) have lower HIF-1a levels and
depend more on oxidative metabolism.>” HIF-1a is a known driver of the metabolic switch to glycolysis that char-
acterizes M1 macrophages. Experimental ablation of HIF-1a causes macrophages to skew from an M1 toward an M2
phenotype, with reduced inflammatory cytokine production and increased expression of repair mediators.’” In hypoxic
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Figure | In the hypoxic rheumatoid synovium, stabilization and activation of HIF-la and HIF-2a reprogram multiple immune cell compartments toward pathogenic
responses. HIF signaling promotes macrophage M| polarization and enhances the production of pro-inflammatory cytokines (TNF-a, IL-1f, IL-6) as well as angiogenic
mediators (VEGF, CXCLI2), contributing to synovitis, neovascularization, cartilage degradation (via MMPs), and bone erosion. In lymphocytes, HIF activity supports B-cell-
mediated autoantibody production (RF, anti-CCP) and skews T-cell responses toward Th|7 differentiation (RORyt, IL-17), while impairing regulatory T-cell (Treg) function
(Foxp3, IL-10). HIF signaling also enhances neutrophil persistence and effector functions, including delayed apoptosis, increased reactive oxygen species (ROS) and protease
activity (eg, MPO), and augmented chemotaxis. In dendritic cells, HIF-dependent programs regulate inflammatory chemokine production (eg, CCL5) and may reduce
migration and antigen-presenting capacity. Red arrows indicate pro-inflammatory and tissue-destructive effects, whereas blue arrows represent anti-inflammatory or
regulatory effects. Arrows denote functional regulation or association rather than direct causal interactions. The majority of mechanisms illustrated are supported by
evidence from animal models and in vitro studies, while selected features—such as increased synovial HIF expression, angiogenesis, and cytokine production—have also been
validated in human RA tissues.

RA synovia, the activation of HIF-1a in macrophages likely reinforces the M1-polarized, disease-promoting state—these
hypoxia-conditioned macrophages secrete abundant TNF-a, IL-1p and other factors that drive a positive feedback loop of
synovitis.''*® There is some evidence that HIF-20 in macrophages may also contribute, possibly sustaining chronic
inflammatory functions of macrophages over longer term.’® Overall, HIF-1a serves as an important amplifier of acute
inflammatory responses in RA macrophages, integrating with pathways like NF-xB. In fact, HIF-1a and NF-kB act
cooperatively: under normoxia, PHD enzymes hydroxylate and inhibit IKK, stabilizing IkB and restraining NF-«kB, but
hypoxia relieves this block, enabling NF-kB activation alongside HIF-1a. The result is a vicious cycle of inflammation
and hypoxia—cytokines fuel HIF activation and vice versa.*® In addition to hypoxia itself, inflammatory and infectious
stimuli may further enhance HIF-1a activation in rheumatoid arthritis. Exogenous infectious agents, including bacterial
and viral components, can activate Toll-like receptor (TLR) signaling pathways in immune cells such as macrophages
and dendritic cells.*' TLR activation promotes NF-kB signaling, which increases HIF-1o transcription and stabilization
even under non-severe hypoxic conditions.** In the hypoxic synovial microenvironment, this synergistic interaction
between infection-related inflammatory signaling and hypoxia may further amplify HIF-1a activity, leading to increased
production of pro-inflammatory cytokines, angiogenic factors, and metabolic mediators.*® This mechanism may help
explain why mucosal or systemic infections can trigger disease flares in patients with rheumatoid arthritis. Accordingly,
targeting HIF-1a in macrophages may represent a rational strategy to disrupt this hypoxia-inflammation amplification
loop and thereby attenuate synovial inflammation in RA.

T Cells

HIF profoundly affects RA T cell numbers, subsets, and functions. Hypoxic conditions favor T cell survival by stabilizing
HIF-1o, which is relevant in the nutrient- and oxygen-poor synovium where effector T cells accumulate.** In RA, low
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joint oxygen tension and downstream HIF signals allow activated T cells to survive and persist despite a hostile
microenvironment.''** Furthermore, HIF-1a has been identified as a decisive factor in CD4" T cell lineage differentia-
tion. It tilts the balance between pro-inflammatory T helper 17 (Th17) cells and anti-inflammatory regulatory T cells
(Treg).*’ Under hypoxia, HIF-1a promotes Th17 development while inhibiting Treg formation. Mechanistically, HIF-1a
acts as a metabolic sensor and transcriptional regulator: it enhances the expression of RORyt, the master transcription
factor for Th17 cells, thereby increasing IL-17 production, and simultaneously it interferes with Foxp3, the lineage-
defining factor of Tregs.*’ In a seminal study, Dang et al demonstrated that hypoxia-induced HIF-1o drives naive CD4"
T cells to differentiate into Th17 at the expense of Tregs.*> HIF-1a was found to physically interact with Foxp3, targeting
it for proteasomal degradation, which counteracts any direct hypoxia-driven increase in Foxp3 expression. The net effect
is a skewed Th17/Treg ratio favoring inflammation.*® In RA joints, Th17 cells are indeed abundant and produce IL-17
that exacerbates inflammation and bone erosion, whereas Treg numbers and function are insufficient to control the
inflammation.*” The hypoxic synovial microenvironment likely contributes to this imbalance via HIF-1c.** In T cells,
HIF-1a-driven metabolic reprogramming, particularly enhanced glycolysis, favors Th17 cells differentiation and supports
inflammatory effector programs.*® Th17 cells are highly glycolytic, and HIF-lo (downstream of mTOR signaling)
ensures T cells preferentially use glycolysis to meet the demands of proliferation and cytokine production. Studies in
RA models confirm HIF-1a’s role in T cell pathogenicity.***® For example, overexpression of HIF-1a in RA FLS was
shown to augment the expansion of co-cultured Th1l and Th17 cells, suggesting that HIF-1a in synoviocytes can provide
a microenvironment that boosts pro-inflammatory T cells. Additionally, inhibiting HIF-1a can reduce Thl7 responses
and/or bolster Treg responses.*’ Taken together, HIF-1a activation is a major contributor to the loss of immune tolerance
in RA, favoring Th17-driven inflammation. By inhibiting HIF-1a, it may be possible to partially restore the Th17/Treg
balance and ameliorate the excessive immune activation in RA.

Neutrophils

Neutrophils are present in RA joints (particularly in synovial fluid) and are short-lived cells that normally undergo
apoptosis to resolve inflammation. Hypoxia and HIF-1 prolong neutrophil longevity and activity in RA, which can
exacerbate tissue damage. In vitro, hypoxia inhibits neutrophil apoptosis via a HIF-1a—dependent mechanism involving
delayed caspase activation.’® Studies have shown that chemically stabilizing HIF-la (using an iron chelator) or
incubating neutrophils in low oxygen prevents their programmed cell death, partly by upregulating the NF-kB pathway
and increasing secretion of macrophage inflammatory protein-18 (MIP-1f) — a chemokine that provides survival signals
to neutrophils.**>* High levels of reactive oxygen species and proteases from neutrophils were detected in the synovial
fluid of rheumatoid arthritis (RA), which is related to their overactivation mediated by HIF-1a.>* In addition, myeloper-
oxidase and other substances released by neutrophils under hypoxic conditions can also cause tissue damage and
exacerbate inflammation. It is worth mentioning that neutrophils also activate the HIF-la pathway after taking up
antigen-antibody complexes, suggesting that immune complex deposition may prolong neutrophil lifespan through the
hypoxia/HIF mechanism and participate in the persistent inflammation of RA synovium.’® In summary, HIF-1o makes
the neutrophil response in the acute inflammatory phase of RA more intense and persistent by delaying neutrophil
apoptosis and enhancing their chemotaxis and pro-inflammatory functions. In the treatment of RA, drug intervention of
HIF-1a or its downstream signaling may promote timely neutrophil apoptosis and accelerate inflammation resolution.

Dendritic Cells

Dendritic cells (DCs) are antigen-presenting cells found in the RA synovium that bridge innate and adaptive immunity.
Hypoxia and HIF-1 influence DC differentiation and function in ways that can amplify RA inflammation.”' Notably, the
transition of monocytes to dendritic cells is profoundly affected by low oxygen — with over 2000 genes showing altered
expression when this process occurs under hypoxia.’*>* HIF-1a skews DCs towards a more inflammatory phenotype:
under hypoxic conditions, DCs show enhanced production of inflammatory chemokines like CCL5, which can recruit
neutrophils and other leukocytes, but they exhibit reduced migratory capacity and diminished antigen-presenting
function.>*>* Mancino et al reported that hypoxia-exposed DCs produce higher levels of pro-inflammatory cytokines
but have impaired ability to stimulate T cells due to decreased expression of co-stimulatory molecules and chemokine
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receptors needed for migration to lymph nodes.’’ In RA, synovial DCs express high levels of the HIF-inducible
triggering receptor TREM-1, indicating activation of hypoxic response pathways in these cells.”® The net effect of
HIF on DCs in RA may be to keep them stationed in the joint, secreting cytokines that perpetuate local inflammation
rather than efficiently maturing and exiting to induce immune tolerance. This could contribute to the sustained
inflammatory milieu in RA synovium.

B Cells

B lymphocytes are central to RA pathogenesis through autoantibody production (eg, rheumatoid factor and anti-CCP)
and antigen presentation.’® Direct effects of HIF on B cells in RA are less well characterized than for other immune cells,
but emerging evidence indicates that HIF-1a is critical for a subset of immunoregulatory IL-10—producing B cells, also
referred to as B10 cells.’” Meng et al reported that B cell-specific deletion of HIF-1o in mice markedly reduced the
frequency of peripheral IL-10" regulatory B cells, while increasing pro-inflammatory Th17 cells, thereby exacerbating
collagen-induced arthritis (CIA).>” These findings suggest that, in B cells, HIF-1a promotes IL-10 production and
constrains inflammation. Mechanistically, antigen receptor and Toll-like receptor (TLR) stimulation induces HIF-1a
expression in B cells, and HIF-1a can directly enhance IL-10 gene transcription, thereby conferring an anti-inflammatory
phenotype on a fraction of B cells.”” In patients with rheumatoid arthritis (RA), IL-10—producing B cells are thought to
suppress autoimmune responses, and functional impairment of this population may aggravate disease.’® Although direct
evidence validating the HIF-B cell axis in human RA remains limited, these animal studies collectively support
a context-dependent, bidirectional role of HIF-1a in B-cell immunity—contributing to autoantibody-driven pathology
while exerting anti-inflammatory effects within specific B-cell subsets.’’>” Further dissection of HIF signaling across
distinct B-cell lineages may help elucidate previously underappreciated mechanisms underlying autoantibody generation
and dysregulated immunoregulation in RA.>**° In addition to regulatory B cells, hypoxia may also influence plasma cell
differentiation and autoantibody production in RA.®" Germinal centers within secondary lymphoid organs and ectopic
lymphoid structures in RA synovium are often characterized by hypoxic conditions, which may affect B-cell maturation
and antibody affinity maturation.®’ HIF-1a has been reported to regulate B-cell metabolism and survival during germinal
center reactions, promoting glycolysis and supporting plasma cell differentiation. Hypoxia-driven HIF signaling may
therefore contribute to the persistence of autoreactive plasma cells and sustained production of autoantibodies such as
rheumatoid factor (RF) and anti-citrullinated protein antibodies (anti-CCP), which are key mediators of RA
pathogenesis.®>®® Furthermore, hypoxia may influence class-switch recombination and antibody affinity maturation
through metabolic reprogramming and altered cytokine signaling within germinal centers.®' Although direct evidence
in RA remains limited, these findings suggest that hypoxia and HIF signaling may play a role in shaping the autoantibody
response in RA, representing another potential mechanism linking hypoxia to autoimmune pathology.

Overall, HIFs—particularly HIF-la—are broadly expressed across multiple immune cell types in RA and exert
pleiotropic immunomodulatory functions. On the one hand, HIF-1a confers a survival and functional “advantage” to
innate immune cells in hypoxic microenvironments by enhancing the viability and microbicidal activity of macrophages
and neutrophils, and by promoting the production of pro-inflammatory mediators by dendritic cells (DCs) and B cells. On
the other hand, HIF signaling disrupts the balance of adaptive immunity, amplifying pathogenic Th17 responses while
weakening the anti-inflammatory functions of regulatory T cells (Tregs) and regulatory IL-10-producing B cells.*
Figure 1 (schematic) summarizes the HIF-1a—centered regulatory network across major immune compartments in RA: in
macrophages, HIF-1a promotes M1-associated mediators and pro-angiogenic factors; in T cells, it drives Th17 differ-
entiation and suppresses Treg programs; in B cells, it supports the maintenance of IL-10" B-cell responses; and in
neutrophils and DCs, it prolongs effector functions and inflammatory activity. Collectively, these actions shift synovial
inflammation toward a self-sustaining, dysregulated state. Accordingly, the HIF pathway has emerged as a key entry
point for understanding RA immunopathology and a promising target for therapeutic intervention.

The Influence of HIF on Energy Metabolism
Cellular metabolism is tightly linked to immune function, and in RA the hypoxic environment forces synovial cells to
alter their metabolic pathways. RA has increasingly been recognized as a disease with disordered metabolism in inflamed
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joints — characterized by high rates of glycolysis (glucose breakdown to lactate) even in the presence of oxygen, akin to
the “Warburg effect” seen in tumors.®*®> HIF-1a is a central mediator of this metabolic reprogramming, as it induces
many glycolytic enzymes and transporters that enable cells to generate ATP under low oxygen conditions.®® In the RA
synovium, evidence of accelerated glycolysis is clear: analyses of synovial fluid and tissue show increased activity of
glycolytic enzymes, depletion of glucose, and accumulation of lactate, indicating a shift to anaerobic metabolism in the
inflamed joint.®” For example, one study using high-field NMR spectroscopy found significantly elevated lactate levels in
RA synovial fluid compared to normal joints, correlating with local hypoxia.®® Under hypoxic conditions, HIF-1a
upregulates a broad array of metabolic genes, including glucose transporters (GLUT1/GLUT3) to boost glucose uptake,
and key glycolytic enzymes such as hexokinase, phosphofructokinase, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), and lactate dehydrogenase (LDH).%° This HIF-driven program enables synovial cells to maintain ATP
production via glycolysis when mitochondrial oxidative phosphorylation is limited by oxygen scarcity.®® Indeed, RA
synovial fibroblasts and macrophages rely heavily on glycolysis for energy, and inhibiting glycolytic flux has been shown
to impair their aggressive behavior (eg. pro-inflammatory cytokine secretion and invasiveness).**%°

An important consequence of HIF-1 induced glycolysis in RA is the generation of metabolic byproducts that can
further perpetuate autoimmunity and tissue damage. Notably, HIF-1a increases the expression of enzymes like glucose
phosphate isomerase (GPI), a-enolase, and aldolase—which, beyond their metabolic roles, can act as autoantigens in
RA.77! GPI and enolase are known targets of autoantibodies in RA, and their upregulation in the hypoxic joint may
break tolerance and drive autoantibody production. For instance, a-enolase expression is elevated in RA synovial
fibroblasts under hypoxia, and anti-citrullinated enolase antibodies have been detected in RA patients, linking metabolic
stress to autoimmune response.’” Thus, HIF-1’s attempt to help cells adapt (by ramping up glycolysis) inadvertently
creates neoantigens that stimulate RA’s autoimmune cycle. Additionally, the end-product of glycolysis, lactate, accumu-
lates in RA joints and can acidify the microenvironment, potentially activating acid-sensing pathways that promote pain
and cartilage degradation.”® Lactate has also been shown to stabilize HIF-1a further, by inhibiting prolyl hydroxylases,
thereby reinforcing HIF activation in an autocrine manner.”* This feed-forward loop can sustain a high-glycolysis, high-
inflammation state in the synovium.

Macrophages in RA illustrate a tight, HIF-1a-centered coupling between metabolism and inflammation. Synovial
macrophages adopt a hypermetabolic state, with increased glucose uptake, enhanced glycolysis, and accumulation of
lactate and succinate, alongside upregulation of glycolytic enzymes such as a-enolase. Succinate, a key immunome-
tabolite, can stabilize HIF-1la and thereby promote IL-1f production, linking metabolic rewiring to inflammatory
output.’®’> Consistently, RA patient serum drives healthy human macrophages toward aerobic glycolysis, elevates
HIF-10, and markedly increases IL-1p; this response correlates with HK2 and glycolytic activity and is attenuated by
glycolysis inhibitors (2-DG or 3-bromopyruvate) or HIF-1a knockdown.*® The induced IL-1p strongly correlated with
hexokinase-2 expression and glycolytic activity, and importantly, pharmacologic blockade of glycolysis (using
2-deoxyglucose or 3-bromopyruvate) or knockdown of HIF-la drastically reduced IL-1B production in these
macrophages.’® Moreover, inflammatory cytokines in RA serum, including IL-1p and TNF-q, further amplify HIF-
la and glycolytic gene expression, forming a feed-forward loop that sustains IL-1p production and chronic synovial
inflammation.*®

Synovial fibroblasts, too, are subject to HIF-la’s metabolic control. RA fibroblast-like synoviocytes (RA-FLS)
notoriously exhibit a shift toward glycolysis and an increase in mitochondrial dysfunction, supporting their aggressive
growth and invasive behavior in the hypoxic joint.®> HIF-1a in RA-FLS promotes glycolytic enzyme expression and is
required for their hypertrophic and invasive phenotype. Studies have shown that silencing HIF-lo or inhibiting its
transcriptional activity in RA-FLS leads to reduced glycolysis, decreased production of VEGF and MMPs, and even
triggers apoptosis in these cells, indicating they are “addicted” to HIF-driven metabolic pathways for survival.”®"® It is
reported that HIF-1a knockdown in RA-FLS under normoxic conditions could mimic the effect of hypoxia resolution—the
fibroblasts shifted away from glycolysis and underwent cell death, pointing to HIF-1a as a potential metabolic Achilles’
heel of the pannus.”® These findings provide a strong rationale for targeting metabolic pathways or HIF-1a itself as

a means to dampen synovial expansion in RA.
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The Influence of HIF on Angiogenesis

Pathologic angiogenesis is a well-established feature of RA, and HIF signaling is a primary trigger of the aberrant blood
vessel formation in inflamed joints.”” Angiogenesis in RA is thought to be, at least in part, a response to synovial
hypoxia: new blood vessels sprout to increase oxygen delivery, but they often form in a disorganized manner and fail to
resolve the hypoxic stress, thereby perpetuating a cycle of neovascularization and inflammation.®® HIF-1a, as the oxygen
sensor of cells, upregulates a host of angiogenic factors in RA, linking low oxygen tension to robust vascular
proliferation in the pannus. The most prominent HIF target is vascular endothelial growth factor (VEGF), a potent
endothelial cell mitogen and chemokine.®' RA patients have markedly elevated VEGF levels in synovial fluid and tissue,
and VEGF correlates with disease activity and radiographic progression.®? Hypoxia-induced HIF-1a is a major driver of
this VEGF overexpression: HIF-1a binds hypoxia-response elements in the VEGF gene promoter, leading to transcrip-
tional upregulation of VEGF in RA synovial fibroblasts, macrophages, and T cells within the hypoxic joint.*>** More
broadly, synovial hypoxia is thought to amplify pathological angiogenesis via HIF-dependent programs (including
VEGF), and the resulting immature neovasculature can promote ongoing leukocyte recruitment, sustaining synovitis
and perpetuating the inflammatory—angiogenic cycle. In addition to VEGF, HIF-la induces other pro-angiogenic
mediators such as placental growth factor (PIGF), angiopoietin 2, and stromal cell-derived factor 1 (SDF-1/CXCL12),
all of which have been implicated in RA angiogenesis.*>*® SDF-1 in particular is upregulated by hypoxia in synovial
fibroblasts and promotes the trafficking of endothelial progenitors and leukocytes to the joint, contributing both to
angiogenesis and inflammation.® HIF-driven angiogenesis in RA creates a self-reinforcing loop. Newly formed vessels
deliver additional oxygen and nutrients, which might transiently relieve hypoxia.®” Moreover, RA synovial microvessels
are frequently dysfunctional: endothelial cells display a “leaky” inflammatory phenotype with increased permeability, and
a substantial fraction of neovessels are immature and lack adequate periendothelial (pericyte/mural cell) coverage—
features that undermine effective perfusion and leave regions of persistently low oxygen tension.*™®® The persistent
hypoxia keeps HIF-1a active, which in turn generates more VEGF and pro-angiogenic signals, fueling further vessel
growth. In parallel, inflammatory cytokines abundant in RA (eg, TNF-a, IL-6, IL-1pB) crosstalk with hypoxia/HIF
pathways to magnify angiogenesis.**® Mechanistically, TNF-a can promote HIF-lo accumulation through NF-kB—
dependent signaling, providing a route by which inflammation strengthens HIF-driven transcriptional programs.”’ In RA
synovial fibroblasts, cytokines such as TNF and IL-1f can directly stimulate VEGF production, and hypoxia further
augments this VEGF output—together linking inflammatory cues and low oxygen tension to heightened angiogenic
drive.® Similarly, Toll-like receptor (TLR)—driven innate activation can synergize with hypoxia/HIF-1a to boost VEGF
and other inflammatory mediators in RA synovial fibroblasts, and TLR-driven macrophage cytokines combined with
local hypoxia can activate synovial cells to secrete key angiogenic growth factors including VEGF and basic fibroblast
growth factor (bFGF).”> The net effect is an “angiogenic switch” in RA tissue, shifting the balance toward sustained
neovascularization. Histologic and immunohistochemical studies further support this integrated model: HIF-la is
prominently expressed in RA synovium (notably lining and sublining stromal compartments), and HIF/HIF-related
angiogenic activation is linked with increased microvessel density and VEGF pathway activation.”’ Importantly, synovial
HIF-1a burden correlates with the degree of vascularity as well as inflammatory cell infiltration and synovitis severity,
underscoring HIF’s central role at the intersection of angiogenesis and inflammation in RA.

Given the crucial contribution of angiogenesis to RA pathology, there has been interest in anti-angiogenic
approaches to therapy. The involvement of HIF-la in RA angiogenesis makes it an appealing target. In animal
models, inhibiting HIF-1a (eg, intra-articular siRNA) reduces VEGF, improves synovial vessel structure, and alleviates
arthritis severity.”® Likewise, blocking VEGF or its receptors suppresses synovial angiogenesis and inflammation;”*
these approaches tend to work best when given early, while effects are weaker once disease is established, likely due to
already-expanded vasculature and redundant pro-angiogenic pathways. Clinical trials of anti-angiogenic agents in RA
remain limited and have shown only modest benefits.”> Nonetheless, the concept is supported indirectly by clinical
experience: effective anti-inflammatory treatments such as TNF inhibitors can lower synovial VEGF and partially
normalize vessel morphology in responders, consistent with reduced HIF-driven angiogenic stimuli helping to resolve

synovitis.>>%8
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The Influence of HIF on Cartilage and Bone Destruction

The tissue destruction in RA is mainly manifested as erosion of articular cartilage and localized bone damage, ultimately
leading to joint deformity and loss of function. Driven by inflammation and hypoxia, pannus tissue invades beneath the
articular cartilage, where activated fibroblasts and osteoclasts act in concert at this interface to degrade both cartilage and
bone.”*> The HIF pathway also plays an important role in this destructive process, but its effects are dual and stage-
specific.®’

In articular cartilage, HIF-1a plays a protective role in chondrocyte survival and extracellular matrix homeostasis.
Given the intrinsically hypoxic nature of articular cartilage, HIF-1a is essential for chondrocyte adaptation to low oxygen
tension and for maintaining viability.”"” Under physiological conditions, HIF-1a sustains the synthesis of key matrix
components, including aggrecan and type II collagen, while restraining excessive chondrocyte hypertrophy and calcifica-
tion. Accordingly, mice with HIF-1a deficiency display impaired cartilage development, underscoring its importance in
maintaining cartilage integrity.”” °* In the inflammatory milieu of RA, however, the function of HIF-1a within cartilage
may be suppressed or overridden by HIF-2a. HIF-2a (EPAS1) has been described as a “catabolic factor” in cartilage, and
a substantial body of evidence indicates that HIF-2a upregulates multiple cartilage-degrading enzymes, such as MMP-13
and the aggrecanases ADAMTS-4/5, thereby promoting matrix breakdown.?>"'°’ Transgenic chondrocyte-specific over-
expression of HIF-2a has been shown to be sufficient to induce spontaneous arthritic changes, characterized by severe
cartilage degradation and accompanying bone erosion. In line with this, in collagen-induced arthritis models, genetic
deletion of HIF-2a significantly attenuates joint swelling and limits cartilage injury even when HIF-1a remains present,
supporting an HIF-la—independent and central role for HIF-2a in driving RA-associated cartilage destruction.”'*’
Mechanistically, HIF-2a directly induces the expression of cartilage matrix—degrading enzymes (eg, MMP-1 and
MMP-13) and inflammatory mediators (eg, IL-6) in chondrocytes and synovial fibroblasts, and it enhances RANKL
expression to facilitate osteoclast activation.?'** In addition, HIF-2a promotes chondrocyte production of chemokines
(eg, CXCLI1 and CCL20), which recruit synovial fibroblasts and inflammatory cells beneath the cartilage, thereby

fostering an invasive destructive complex at the cartilage—synovium interface.'®!

Moreover, chemokines induced by
HIF-2a have been shown to facilitate directed migration of fibroblast-like synoviocytes and chondrocytes toward the
cartilage—bone junction, which in turn accelerates cartilage erosion.'’’ By contrast, HIF-lo appears to counteract
cartilage catabolism. Evidence suggests that HIF-1a can suppress NF-kB—dependent induction of HIF-2a, thereby
reducing MMP-13 production. Thus, HIF-1a partially antagonizes HIF-2a—driven cartilage destruction and functions
as a key regulator of chondrocyte homeostasis.”® Nevertheless, under persistent inflammation in RA, HIF-1a activity may
be chronically downregulated or insufficient, allowing HIF-2a signaling to predominate. Collectively, HIF-2a emerges as
a major driver of cartilage matrix degradation and chondrocyte loss in RA, whereas HIF-1a is protective but may be
functionally overwhelmed in pathological settings. Therefore, therapeutic inhibition of HIF-2a has been proposed as
a promising strategy to preserve articular cartilage.”> Cartilage destruction in RA is also mediated by multiple
degradative enzymes and inflammatory factors, many of which are influenced by HIF signaling. Synovial fibroblasts
and chondrocytes produce key matrix metalloproteinases (MMP-1, MMP-3, and MMP-13) that degrade collagen and
proteoglycans and thereby directly drive cartilage breakdown. Hypoxia can amplify MMP expression through coopera-
tive activation of HIF-1a and NF-kB;”®'°? for example, IL-1p induces MMP-1 and MMP-13 in chondrocytes under
normoxia, and hypoxia further enhances this response. Similarly, under hypoxia, IL-17 and TNF-o synergistically
promote FLS release of MMP-2 and MMP-9, strengthening their invasive phenotype, whereas HIF-la inhibition
attenuates these effects.'®'%* Furthermore, Hypoxia/HIF signaling also modulates chondrocyte survival programs.
HIF-1a can induce autophagy-related genes and improve tolerance to nutrient deprivation and low oxygen, potentially
delaying cell death.””'%'% However, in RA, oxidative stress and inflammatory mediators may override these protective
effects, leading to increased apoptosis and abnormal differentiation.'®” In addition, excessive HIF-20 activity is
associated with chondrocyte hypertrophy and cartilage calcification/ossification, including type X collagen induction
and osteophyte-related changes, which may also emerge in end-stage RA.'*®

With respect to bone destruction, HIF signaling primarily promotes osteoclastogenesis and osteoclast activity. In RA,
pathological bone erosion is largely driven by excessive osteoclast differentiation downstream of the RANKL/RANK
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axis. Both HIF-1o and HIF-2a can increase RANKL expression in synovial fibroblasts and T cells, thereby indirectly
facilitating osteoclast formation. In addition, osteoclasts exhibit enhanced functional activity under hypoxic conditions,
which is closely linked to HIF activation.”’"'%''® In RA synovial tissue, a substantial proportion of osteoclasts show
nuclear HIF-1a expression, indicating a highly HIF-activated state compared with osteoclasts in osteoarthritis or normal
synovium. These HIF-lo—positive osteoclasts robustly express the HIF target gene ANGPTL4, whereas ANGPTLA4
expression is minimal in osteoclasts from non-RA synovial tissues.''' ANGPTL4 has been shown to enhance osteoclast-
mediated bone resorption, and neutralizing ANGPTL4 can attenuate bone erosion in experimental arthritis.''*'"* Thus,
hypoxia-driven HIF-1a may promote osteoclast-derived pro-resorptive mediators such as ANGPTL4, amplifying osteo-
clast activity and creating a positive feedback loop within the inflamed joint.

Beyond transcriptional effects, HIF-1a also regulates metabolic programming during osteoclast differentiation.
Because osteoclastogenesis is highly energy-demanding, hypoxia-induced HIF-1a shifts osteoclast precursors toward
glycolytic metabolism to support proliferation and functional maturation.''* Hypoxia can further enhance osteoclast
resistance to apoptosis, allowing these cells to persist longer in inflamed joints and thereby worsen bone destruction.'"”
Although the role of HIF-2a in osteoclasts is less well defined, its capacity to promote RANKL expression suggests an
overall pro-osteoclastogenic effect. Consistently, HIF-2a deficiency in RA models is associated with markedly reduced
bone erosion, partly due to decreased osteoclast formation.?' Overall, HIF signaling drives RA-associated bone destruc-
tion by reinforcing RANKL/OPG imbalance and by activating osteoclast metabolic and effector programs, ultimately
intensifying pathological bone resorption.

Therapeutic Strategies Targeting HIF

The central involvement of HIF in RA pathogenesis makes it an enticing therapeutic target. By modulating HIF activity,
one could theoretically hit multiple disease pathways at once-inflammation, angiogenesis, and tissue destruction —
offering a disease-modifying approach for refractory RA. Over the past decade, researchers have explored various
strategies to interfere with HIF signaling in RA, drawing from advances in cancer and ischemia therapies where HIF is
also pivotal.°”"''® These strategies include direct HIF inhibitors, gene therapy approaches, hypoxia-activated prodrugs,
and targeting downstream effectors of HIF. While most are in preclinical or early development stages, they collectively
highlight the promise and challenges of anti-HIF therapy in RA. (Table 1)

Table | Therapeutic Candidates and Delivery Strategies Targeting the HIF Pathway in Rheumatoid Arthritis

Agent Effect on HIF Level of Mechanism of Action Key Notes References
Evidence
Echinomycin Inhibits HIF-1 In vitro (RA-FLS) | DNA-binding agent that prevents In TNF-a + IL-lo—activated | [I17,118]
transcriptional HIF-1 binding to hypoxia response | FLS, blocks NF-kB—driven
activity by elements (HREs) HIF-1a induction of ZIP8/
blocking HIF- ZIP14 and TRPAI
HRE binding
Acriflavine Inhibits HIF-1 Preclinical Blocks HIF-10o/HIF-1B dimerization | Originally developed/ [119]
activity (mainly oncology studied in cancer; some
and inflammatory inflammatory model testing
models)
Vorinostat (SAHA) | Can destabilize Preclinical HDAC inhibitor; destabilizes Cancer studies show [120]
HIF-1a protein (mainly oncology; | HIF-la reduced HIF-1o/
limited angiogenesis; RA evidence
inflammatory mainly preclinical
data in RA)
(Continued)
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Table | (Continued).

Agent Effect on HIF Level of Mechanism of Action Key Notes References
Evidence
YC-I (Lificiguat) Inhibits HIF-la In vitro (RA-FLS) | Reduces HIF-1a accumulation — Decreases IL-6 and IL-8 in | [121]
accumulation decreases downstream TNF-o—stimulated RA-FLS;
inflammatory outputs reverses HIF-1o-linked
inflammatory cascade
HIF-1a siRNA Silences HIF-la Animal study (rat | Intra-articular lentiviral delivery of | Decreases synovial [27]
(lentiviral intra- expression arthritis model) HIF-1a siRNA reduces synovial vascularity and attenuates
articular delivery) HIF-1a and downstream VEGF joint inflammation
HIF-1a siRNA Silences HIF-la Animal study Local intra-articular siRNA Improves clinical arthritis [76]
(intra-articular expression (mouse CIA) knockdown of HIF-la scores and histology,
injection) supporting feasibility
PEGylated Suppresses HIF- Preclinical PEGylated liposomes deliver HIF- Shown to enter target cells | [122,123]
liposomes (HIF-la la expression delivery platform | la antisense oligomers to suppress | and suppress HIF-la in
antisense (shown in tumor | (tumor models; HIF-1a tumor models; supports
oligomers; models) translational non-viral nucleic-acid
platform) rationale for RA) delivery logic
Cationic Knocks down Animal study Nanocarrier homes to synovium, Reduces joint swelling and | [124,125]
nanoparticle (CAP) | HIF-la in (arthritic rats) delivers anti—HIF-1a siRNA, inflammatory markers;
carrying anti-HIF- inflamed joints suppressing HIF-1a supports hanocarriers to
lo siRNA) address stability/targeting
barriers
HIF decoy Functionally Preclinical Decoy oligos mimic HIF-1 binding Conceptual approach; RA [126]
oligonucleotides neutralizes HIF- concept (non-RA | sites to sequester HIF-la and evidence pending
la transcription disease models) prevent target gene activation
Triptolide Suppresses HIF- Animal study Inhibits macrophage TREM-1 Reduces cytokines (IL-1, [127,128]
lo—linked (CIA) signaling and glycolytic regulator TNF-a) and Th17
inflammatory PKM2 (linked to HIF-1a—driven responses; alleviates CIA
metabolism inflammation)
(indirect)
LLDT-8 (triptolide Not specified as | Animal study Lowers RANKL and increases OPG | Similar anti-arthritis effects; | [129]
derivative) direct HIF (arthritis models) may protect bone by
inhibitor; shifting RANKL/OPG
downstream balance
benefits
reported
Celastrol Enhances HIF-la | Preclinical (RA- Disrupts Hsp90-HIF-la Suppresses hypoxia- [130,131]
degradation related interactions to enhance HIF-la induced FLS migration and
experimental degradation; downregulates invasion
models) CXCR4
Resveratrol Suppresses HIF- | Animal studies + | Activates SIRTI; suppresses HIF-la | Anti-angiogenic and anti- [132]
la signaling; small clinical signaling; reduces HIF-1a/VEGF and | inflammatory effects in RA
promotes studies related pathways; inhibits IL-1p— models; translational signals
degradation driven FLS activation via HIF-la/ from small studies
stress pathways
(Continued)
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Table | (Continued).

Agent Effect on HIF Level of Mechanism of Action Key Notes References
Evidence
Curcumin Reduces HIF-la In vitro + animal | Suppresses HIF-la transcriptional Alleviates synovitis; anti- [133]
and VEGF levels; | studies output — |VEGF; reduces angiogenic effects plausibly
suppresses HIF-1 cartilage-degrading enzymes (eg, via HIF-1/VEGF axis
transcriptional MMPs)
output
Dihydroartemisinin | Inhibits Animal study Inhibits macrophage HIF-1a and Attenuates CIA in [134]
(DHA) macrophage HIF- | (CIA) JAK2/STAT3 signaling — |IL-1p and | experimental models
la signaling inflammatory mediators
DC32 (DHA Reduces HIF-1o. | Animal study Activates Nrf2-related lllustrates combined anti- [134]
derivative) and downstream | (experimental cytoprotective signaling; reduces oxidative + anti-HIF
inflammatory RA) HIF-1a and downstream mechanisms
factors inflammation; alleviates oxidative
stress and cartilage damage
Icariin Inhibits ERK— Animal studies Suppresses ERK—HIF-10-GLUTI Anti-inflammatory + bone- | [135]
HIF-10—~GLUTI (RA models) pathway — |synovial glycolysis; protective; attenuates
axis promotes macrophage polarization | synovitis and limits bone
toward M2-like phenotype erosion

Notes: Levels of evidence: In vitro = cell-based experiments; Animal study = in vivo arthritis model; Preclinical = non-clinical evidence from in vitro and/or animal studies;
Small clinical studies = limited human evidence. References in the last column indicate the main supporting studies for each row.

Small-Molecule Inhibitors

A number of small molecules have been identified that inhibit HIF-1a transcriptional activity or stability. These were
largely first studied in oncology, but some have been tested in inflammatory models. Examples include echinomycin (a
DNA-binding agent that prevents HIF-1 binding to hypoxia response elements), acriflavine (which blocks HIF-1a/HIF-
1B dimerization) and vorinostat (SAHA) (a histone deacetylase inhibitor that can destabilize HIF-1a protein).1 17.119.120 1
cancer models, such agents showed efficacy in reducing HIF-1a levels and angiogenesis, and some progressed to clinical
trials with mixed results. In the context of RA, these inhibitors have so far been tested mainly in vitro or in animal
studies. For instance, the compound YC-1 (lificiguat), which inhibits HIF-1a accumulation, was used on RA synovial
fibroblasts and found to decrease their production of IL-6 and IL-8, especially when they were stimulated with TNF-a —
essentially reversing the HIF-1o—mediated inflammatory cascade in these cells.'?! Similarly, when FLSs were activated
with TNF-a and IL-1a, NF-xB—driven HIF-1a signaling promoted the expression of ZIP8/ZIP14 and TRPA1, whereas
echinomycin pretreatment prevented these increases, supporting a direct role for HIF-1-dependent transcriptional
programs in synoviocyte activation.''® However, a key limitation of these agents is limited specificity, as many do not
clearly discriminate between HIF-1a and HIF-2a and may exert substantial off-target effects.'*®'*” In addition, systemic
inhibition of HIF signaling can be difficult to tolerate because HIF pathways are essential for normal physiology,
including hematopoiesis and wound repair.'**'* Consistent with this, clinical studies of HIF-1-targeting compounds
have reported dose-dependent toxicities such as cytopenias, elevations in hepatic transaminases, and gastrointestinal
adverse events.'*® This emphasizes that while pan-HIF blockade can ameliorate arthritis in experimental settings, careful
calibration or targeting will be required for human use.

Gene Silencing and Molecular Therapy

An alternative to small molecules is to directly silence HIF-la gene expression in affected tissues. In experimental
arthritis, HIF-1o—targeted siRNA has produced encouraging therapeutic benefits. For example, intra-articular delivery of
HIF-1a siRNA via a lentiviral vector reduced synovial HIF-1o expression and downstream VEGF levels, leading to
decreased synovial vascularity and attenuated joint inflammation in a rat arthritis model.”” Similarly, intra-articular
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injection of HIF-1a siRNA in mice with CIA improved clinical arthritis scores and histology, confirming the feasibility of
this approach.”® Viral vectors can achieve efficient gene transfer, but concerns regarding immunogenicity and insertional
mutagenesis have constrained their clinical translation in RA.'*" Consequently, interest has increasingly shifted toward
non-viral delivery platforms for HIF-1a siRNA or antisense oligonucleotides. Nanoparticle-based systems are particu-
larly attractive; for instance, PEGylated liposomes loaded with HIF-1a antisense oligomers have been shown to enter
target cells and suppress HIF-la expression in tumor models, thereby improving the efficacy of co-administered
therapeutics.'”*'** In RA, a recent study formulated a cationic nanoparticle (CAP) carrying an anti-HIF-1a siRNA
specifically designed to target inflamed joints-when administered systemically in arthritic rats, these nanoparticles homed
to the synovium, knocked down HIF-1a, and resulted in decreased joint swelling and inflammatory markers.'?* This
innovative approach suggests that nanocarriers can overcome the stability and targeting issues associated with siRNA,
making HIF silencing a more practical strategy.'*> Another molecular approach is to use decoy oligonucleotides that
mimic HIF-1 binding sites, sequestering HIF-1a and preventing it from activating gene transcription. Such decoys have

been tested in other diseases (eg, a HIF decoy was tried in a cancer trial), but not yet reported in RA specifically.'*®

Natural Products and Bioactive Compounds from Traditional Medicines

Triptolide shows strong anti-inflammatory effects in RA models and can alleviate CIA by reducing cytokines (eg, IL-1p,
TNF-0) and Th17 responses, partly through inhibition of macrophage TREM-1 signaling and the glycolytic regulator
PKM2, which is linked to HIF-lo—driven inflammation.'?”'*® However, because triptolide is limited by toxicity, the
derivative LLDT-8 provides similar anti-arthritis effects in animals and may protect bone by lowering RANKL and
increasing OPG.'?° Celastrol has broad anti-inflammatory actions and can enhance HIF-la degradation by disrupting
Hsp90-HIF-1a interactions. It also suppresses hypoxia-induced FLS migration and invasion, in part by downregulating
CXCR4."3%13! Resveratrol, a grape-skin polyphenol, has antioxidant and anti-inflammatory effects in RA models and
small clinical studies. It may act by activating SIRT1 and suppressing HIF-1a signaling, thereby reducing HIF-1a activity
and promoting its degradation. In RA rats, resveratrol lowers synovial HIF-10/VEGF and related pathways (eg, STAT3),
with reduced angiogenesis and inflammatory cell infiltration. It also inhibits IL-1p—driven FLS activation by down-
regulating HIF-lo and stress pathways such as MAPK/c-JUN.'*? Poor bioavailability remains a major limitation,
prompting efforts to develop analogs and improved delivery systems. Curcumin can reduce HIF-la and VEGF levels
by suppressing HIF-1a transcriptional output in vitro. In RA models, it alleviates synovitis and reduces cartilage-
degrading enzymes (eg, MMPs), with anti-angiogenic effects plausibly linked to inhibition of the HIF-1/VEGF
axis.'** Dihydroartemisinin (DHA) has been reported to attenuate CIA by inhibiting macrophage HIF-1o and JAK2/
STATS3 signaling, thereby reducing IL-1f and other inflammatory mediators. A derivative (DC32) was further shown to
activate Nrf2-related cytoprotective signaling, reduce HIF-la and downstream inflammatory factors, and alleviate
synovial oxidative stress and cartilage damage in experimental RA."** Icariin, a flavonoid, shows both bone-protective
and anti-inflammatory effects in RA models. Mechanistically, it is associated with inhibition of the ERK-HIF-1o0—
GLUT!1 axis, leading to reduced synovial glycolysis, and it also promotes macrophage polarization toward an M2-like
phenotype. Together, these actions help attenuate synovitis and limit bone erosion.'*> Overall, many natural products
converge on HIF-associated pathways while simultancously modulating oxidative stress, immunity, and metabolism,
which may be advantageous in a multifactorial disease such as RA. Future work should clarify their direct molecular
targets within the HIF network (eg, specific HIF-1a interaction sites and upstream regulators such as PHD enzymes) to
guide rational optimization and translation.

Conclusion

The hypoxic microenvironment in rheumatoid arthritis (RA) joints plays a pivotal role in disease progression by
activating the hypoxia-inducible factor (HIF) pathway. Acting as a central regulator, HIF integrates and amplifies key
pathological processes, including inflammation, metabolic dysregulation, and angiogenesis. Elevated expression of HIF-
la and HIF-2a enhances the production of proinflammatory cytokines and angiogenic factors from immune effector cells,
aggravating synovitis and pannus formation. Concurrently, HIF-driven metabolic reprogramming in synovial cells leads
to excess lactate and autoantigen production, exacerbating autoimmunity. HIF-2a also directly contributes to cartilage
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and bone destruction by inducing catabolic factors like MMPs and RANKL. As such, HIF serves as a pathological “hub”,
perpetuating a positive feedback loop in RA.

Although current biologic therapies targeting TNF or IL-6 have improved RA outcomes, a significant subset of
patients remains unresponsive. Targeting the HIF pathway offers a promising multipronged strategy, given its upstream
integration of hypoxia, oxidative stress, and inflammation, and its downstream impact on metabolism, immunity,
angiogenesis, and tissue destruction. However, the challenge lies in minimizing systemic side effects. Future strategies
should aim at selective inhibition—such as HIF-2a-specific small molecules to protect joint tissues while preserving HIF-
la functions—or localized delivery systems to concentrate drugs within synovial tissue. Moreover, hypoxia/HIF
biomarkers could guide treatment timing and monitor therapeutic response, especially when integrated with imaging
and metabolomics. Combination approaches with conventional DMARDs may also help disrupt the inflammation—
hypoxia vicious cycle more effectively.

In conclusion, HIF signaling serves as a central link between hypoxia and multiple pathogenic processes in RA, including
immune dysregulation, metabolic reprogramming, angiogenesis, and cartilage and bone destruction. Among the HIF isoforms,
HIF-10 and HIF-2a appear to play distinct but complementary roles in driving synovial inflammation and structural damage.
These findings support the concept that targeting HIF signaling may represent a promising therapeutic strategy in RA. However,
future studies should focus on improving isoform selectivity, optimizing local delivery approaches, validating hypoxia-related
biomarkers, and determining whether HIF-targeted strategies can be effectively integrated with conventional DMARD-based
therapies. Compared with HIF-1a and HIF-2a, the role of HIF-3a in rheumatoid arthritis remains largely unexplored, and further
studies are needed to determine whether it exerts distinct regulatory or protective functions in the hypoxic synovial
microenvironment.
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