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Abstract 

The maxillofacial skeleton forms the foundation of craniofacial structural integrity, regulating both 
function and morphological stability. The etiology of maxillofacial bone lesions (including trauma, tumors, 
and infections) exhibits multifactorial complexity, with hypoxia serving as a unifying pathophysiological 
pivot that drives disease progression and impedes healing. Hypoxia-inducible factors (HIFs), particularly 
the oxygen-sensitive HIF-1α, have emerged as the primary regulatory factors for cellular adaptation to 
hypoxic microenvironments, exerting dual roles in pathological responses and regenerative processes. 
This review summarizes the latest advances in HIF biology in maxillofacial bone diseases, elucidating their 
dual roles in bone resorption and tissue repair. We first introduce hypoxia-related drivers in maxillofacial 
pathophysiology, focusing on the regulatory role of HIF-mediated transcriptional networks in 
angiogenesis and osteoblast-osteoclast balance during disease and regeneration. Subsequently, we assess 
the role of HIF signaling in bone regeneration, including enhanced angiogenesis, coupling of osteoblasts 
and osteoclasts, and stabilization of HIF through biomaterial-driven mechanisms in tissue engineering. By 
integrating molecular-level insights with translational applications, this study provides a roadmap for 
developing HIF-targeted therapies, advocating precise interventions to achieve a balance between 
pathological suppression and regenerative activation, and offering a novel solution to the hypoxic 
environment challenges in maxillofacial bone. 

Keywords: hypoxia-inducible factors (HIFs); maxillofacial bone; osteoblast differentiation; angiogenesis-osteogenesis coupling; 
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1. Introduction 
The oral and maxillofacial bones serve as crucial 

anatomical structures for both functional and aesthetic 
aspects of the craniomaxillofacial region, with their 
health status holding significant implications for 
individuals [1]. These bones are particularly prone to 
hypoxia during disease progression and regeneration 
processes, profoundly impacting disease treatment 
and skeletal regeneration. This hypoxic 
microenvironment significantly influences cellular 
metabolism, immune responses, and tissue 
regeneration [2,3], presenting both challenges and 

opportunities for therapeutic interventions. However, 
inflammatory cell infiltration, bacterial proliferation or 
surgical trauma exacerbate pathological hypoxia, 
leading to the disruption of reduction-oxidation 
balance, damage to vascular repair, and the 
perpetuation of tissue damage. For instance, in 
periodontitis, microbial dysbiosis and neutrophil 
hyperactivity create a self-reinforcing cycle of hypoxia 
and inflammation that accelerates alveolar bone 
resorption [4]. Similarly, postoperative hypoxia 
following orthognathic surgery delays healing 
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through hematoma formation and ischemic tension [5]. 
Emerging research focuses on deciphering hypoxia-
driven molecular adaptations in bone cells, including 
metabolic reprogramming, epigenetic modifications, 
and paracrine signaling, to identify therapeutic targets 
for restoring oxygen homeostasis and enhancing 
regenerative outcomes. 

Hypoxia-inducible factor pathway is central to 
hypoxic adaptation, particularly the heterodimeric 
transcription factor HIF-1[6,7]. Comprising an oxygen-
stable α subunit (HIF-1α) and a constitutively 
expressed β subunit (HIF-1β), HIF-1 coordinates 
cellular responses to oxygen fluctuations [8]. In the oral 
and maxillofacial environment, HIF-1α exhibits dual 
regulatory roles: it promotes osteoblast differentiation 
and angiogenesis by mediating angiogenic-osteogenic 
coupling, while exacerbating bone loss via the 
promotion of osteoclastogenesis and inflammatory 
factor secretion. This dichotomy emphasizes its 
environment-dependent role as a molecular rheology 
regulator that balances tissue repair and pathological 
remodeling. What determines whether HIF-1α drives 
bone repair or destruction lies in context. Transient 
mild hypoxia (2–5% O₂) promotes angiogenesis-
osteogenesis coupling, whereas severe (<0.5% O₂) or 
sustained hypoxia triggers osteoclastogenesis and 
inflammatory resorption[9,10]. Cell type also matters: in 
osteoblasts, HIF-1α stabilises VEGF to support bone 
formation[11]; in osteoclast precursors, it enhances 
receptor activator for nuclear factor-κB ligand 
(RANKL)-induced differentiation via glycolytic 
reprogramming[12]. Inflammatory cytokines such as 
TNF-α and IL-1β can stabilise HIF-1α even under 
normoxia, skewing its function toward resorption[13]. 
Metabolites like succinate, which accumulate during 
inflammation, inhibit prolyl hydroxylases and 
stabilise HIF-1α independently of oxygen[14]. HIF-1α 
thus acts as a molecular rheostat—integrating oxygen, 
inflammation and metabolism to coordinate adaptive 
or maladaptive outcomes. Harnessing this framework 
is key to precision therapeutics that promote 
regeneration while avoiding pathology. 

Recent advances highlight HIF-1α as a master 
regulator of bone-immune crosstalk. HIF-1α enhances 
IL-1 production, promotes inflammatory responses, 
and activates NF-κB activity to induce bone 
resorption[13,15]. Conversely, transient HIF-1α 
induction in mesenchymal stem cells (MSCs) improves 
their survival, osteogenic differentiation, and 
angiogenic paracrine activity in ischemic bone defects 
[16]. However, persistent HIF-1α activation in 
malignancies like osteosarcoma promotes tumor 
angiogenesis and immunosuppression, necessitating 
precise spatiotemporal control[17]. 

This review critically examines the multifaceted 

roles of HIF-1α in oral and maxillofacial bone 
pathophysiology, emphasizing its mechanistic 
interactions with metabolic, vascular, and immune 
networks. We synthesize recent breakthroughs in HIF-
mediated osteo-immune modulation, evaluate 
translational strategies leveraging hypoxic signaling, 
and propose innovative approaches integrating HIF 
modulation with biomaterial engineering for next-
generation oral and maxillofacial therapies. 

2. Global Research Trends of HIF-Driven 
Mechanisms in Oral and Maxillofacial 
Bone: Bibliometric Analysis 

To systematically evaluate research trajectories 
and emerging trends in HIFs within oral and 
maxillofacial bone diseases and regeneration, we 
conducted a bibliometric analysis using the Web of 
Science database. This enables quantitative assessment 
of scholarly impact, identification of knowledge 
frontiers, and visualization of interdisciplinary 
linkages. Through keyword co-occurrence mapping 
and author affiliation profiling, our study delineates 
evolving research trends and collaborative networks 
in this field. 

2.1. Keyword Co-Occurrence and Temporal 
Trends 

Bibliometric analysis is widely applied to 
evaluate research impact and identify emerging 
scientific trends. To characterize the development and 
research hotspots related to HIFs in maxillofacial bone 
disease and regeneration, publications indexed in the 
Web of Science (WoS) database between 2015 and 2024 
were retrieved and analyzed (Fig. 1A). 

The search equation was constructed as follows: 
(“hypoxia-inducible factor” OR “HIF-1α” OR “HIF-1 
alpha” OR “HIF-2α”) AND (“oral” OR “maxillofacial” 
OR “craniofacial” OR “periodontal” OR “alveolar 
bone” OR “jaw” OR “mandible” OR “bone 
regeneration” OR “osteogenesis”). The selected time 
frame (2015–2024) was intended to capture the most 
recent decade of research development and reflect 
contemporary trends in HIF-related maxillofacial bone 
research. 

The search was limited to English-language 
publications indexed in SCI-Expanded and restricted 
to document types “Article” and “Review.” 
Conference abstracts, editorials, letters, and non-
research materials were excluded. After exporting full 
bibliographic records and cited references, duplicate 
entries were removed using database filtering and 
manual verification. Titles and abstracts were 
subsequently screened to exclude studies unrelated to 
oral or craniofacial tissues, such as investigations 
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focusing exclusively on systemic hypoxia without 
relevance to maxillofacial bone biology. 

A total of 189 records met the inclusion criteria 
and were included in the final analysis. Keyword co-
occurrence mapping, overlay visualization, and 
international collaboration network analysis were 
performed using VOSviewer and Pajek software to 
delineate thematic evolution and global collaboration 
patterns (Fig. 1B). 

2.2 Global Collaboration and Research Output 
Geospatial analysis of 189 high-impact 

publications (2015–2024) identifies China as the 
leading contributor (95 publications, 54.3% of total), 
followed by Japan (21), the United States (17), and 
Brazil (13) (Fig. 1C, D).  

In addition to publication trends, clinically 
registered studies relevant to oral and maxillofacial 
tissues further illustrate translational engagement in 
this field. As summarized in Table 1, current 
investigations encompass HIF-related biomarker 
assessments in periodontal and peri-implant 
inflammation, as well as oxygenation-modulating 

adjunct therapies in jaw osteonecrosis and 
osteoradionecrosis.  

By integrating keyword visualization with an 
analysis of authors’ national affiliations, it becomes 
clear that a sizeable international research network has 
taken shape in this field. Early studies on HIFs and the 
hypoxic microenvironment primarily focused on 
tumor biology. However, recent investigations have 
increasingly targeted chronic inflammation, bone 
regeneration, and stem-cell differentiation in the oral 
and maxillofacial region, signifying a growing 
multidisciplinary convergence. From the perspective 
of global collaboration, Asian countries—particularly 
China and Japan—contribute a substantial number of 
publications in this field, and their partnerships with 
researchers in Europe and the Americas are 
expanding, suggesting that future research will likely 
feature more cross-regional, multi-center initiatives. 
Through synthesizing and visualizing these relevant 
studies, this work provides a clearer disciplinary 
framework and research roadmap for subsequent 
inquiries into the role of hypoxia-inducible factors in 
oral and maxillofacial bone disease and regeneration. 

 

 
Figure 1. Bibliometric analysis of the role of hypoxia-inducible factors in maxillofacial bone disease and regeneration. (A) Annual and cumulative trend of publication from 2015 
to 2024; (B) keyword co-occurrence analysis map produced by VOSviewer and Pajek; (C) average publication year of each keyword produced by VOSviewer; (D) world map 
of global overview and international collaboration. 
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Table 1. Hypoxia-involivng therapies under clinical trials 

Therapies Application NCT number Study title 
    
Periodontal therapy with biomarker 
evaluation 

Generalized Aggressive 
Periodontitis 

NCT04020315 GCF HIF-1α, VEGF and TNF-α Levels in G-AgP Patients Before and After 
Periodontal Treatment 

    
Peri-implant biomarker analysis Peri-implant Disease NCT06863116 Analysis of HIF-1α, malondialdehyde, and glutathione peroxidase 4 in Peri-Implant 

Crevicular Fluid 
    
Hypoxia-profile guided 
radiotherapy (Nimorazole) 

Head and Neck Squamous 
Cell Carcinoma  

NCT02661152 DAHANCA 30: Hypoxia-profile Guided Hypoxic Modification of Radiotherapy of 
head and neck squamous cell carcinoma (HNSCC) 

    
Hypoxia imaging (MRI + PET 
validation) 

Head and Neck Cancer NCT06108089 Novel Hypoxia Imaging for Head and Neck Cancer: Imaging Phenotype for 
Personalized Treatment 

    
Pimonidazole-based hypoxia 
detection 

Head and Neck Cancer NCT02414048 Hypoxia Analysis in Head and/or Neck Cancer 

 
 

3. Causative factors contributing to oral 
and maxillofacial hypoxia 

Hypoxia in oral and maxillofacial tissues can 
arise from systemic causes, but the most clinically 
relevant and tissue-specific drivers are those 
originating from local pathophysiological conditions. 
This review therefore focuses on four major categories 
of oral and maxillofacial hypoxia that directly impact 
bone metabolism and regeneration: periodontal 
pocket hypoxia, orthodontic compression-induced 
hypoxia, radiation-induced ischemia, and 
tumor-associated oxygen gradients (Fig. 2). Each of 
these microenvironments creates a distinct hypoxic 
signature that shapes cellular responses and disease 
outcomes. 

3.1 Periodontal pocket hypoxia 
In periodontitis, the deepening of periodontal 

pockets restricts oxygen diffusion from the oral cavity, 
leading to a sharp drop in oxygen tension. 
Measurements have shown that untreated periodontal 
pockets can reach oxygen levels as low as 13.3 mmHg 
(1.8% O2) [18,19]. This chronic hypoxic niche fuels a 
self-reinforcing cycle of inflammation and tissue 
destruction: hypoxia stabilizes HIF-1α in periodontal 
ligament cells and immune cells, upregulating 
pro-inflammatory cytokines such as IL-1β, TNF-α, and 
osteoclastogenic factors like RANKL, while 
simultaneously impairing the antimicrobial functions 
of neutrophils[4,20]. The resulting environment 
promotes progressive alveolar bone resorption and 
impedes periodontal regeneration. 

3.2 Orthodontic compression-induced hypoxia 
Orthodontic tooth movement relies on the 

application of controlled mechanical forces that create 
areas of compression and tension within the 
periodontal ligament (PDL). On the compression side, 

blood vessels are occluded, causing acute local 
ischemia and a rapid decrease in oxygen 
availability[21,22]. This compression-induced hypoxia 
activates HIF-1α and its downstream target RANKL in 
PDL cells and osteocytes, triggering osteoclast 
differentiation and initiating bone resorption that 
allows tooth movement[23,24]. The duration and 
magnitude of force determine the severity of hypoxia; 
excessive or prolonged force can lead to pathological 
root resorption and delayed tissue repair [22]. 

3.3 Radiation-induced ischemia 
Radiotherapy for head and neck cancer 

frequently causes irreversible damage to the 
microvasculature of the jawbones, leading to a state of 
chronic, progressive hypoxia known as 
osteoradionecrosis (ORN). Ionizing radiation induces 
endothelial cell apoptosis, capillary rarefaction, and 
fibrosis, which together reduce blood perfusion and 
oxygen delivery to the bone[25]. The resulting hypoxic 
environment is characterized by sustained HIF-1α 
stabilization, impaired osteoblast function, and a 
non-healing state that predisposes to infection and 
pathological fracture. ORN remains a challenging 
clinical complication with limited treatment options, 
and understanding the hypoxic pathophysiology is 
key to developing preventive strategies. 

3.4 Tumor-associated oxygen gradients 
Solid tumors of the oral cavity, particularly oral 

squamous cell carcinoma (OSCC), exhibit severe and 
heterogeneous hypoxia due to chaotic and 
dysfunctional tumor vasculature. Oxygen tensions 
within OSCC lesions can range from <0.1% to 5%, 
creating steep gradients that influence cancer cell 
behavior, metabolic adaptation, and therapeutic 
resistance[26,27]. Hypoxic areas stabilize HIF-1α, which 
orchestrates a transcriptional program that promotes 
glycolysis (glucose transporter 1 (GLUT1), LDHA), 
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angiogenesis (VEGF), epithelial-mesenchymal 
transition, and immune evasion[28-30]. These 
adaptations enhance tumor aggressiveness, 
metastasis, and resistance to chemo- and radiotherapy. 
Moreover, the hypoxic microenvironment also affects 
surrounding stromal cells, including osteoclasts and 
osteoblasts, contributing to cancer-induced bone 
destruction [31]. 

4. Role of Hypoxia-Inducible Factors in 
Maxillofacial Bone Disorder 
4.1 Epigenetic regulation of hypoxia in oral 
and maxillofacial bone formation 

Hypoxia serves as a critical regulator of skeletal 
physiology, with embryonic osteogenesis 
predominantly occurring in hypoxic 
microenvironments that actively drive skeletal 
morphogenesis [32]. Under hypoxic conditions, the long 
non-coding RNA HOTAIRM1 is markedly 
upregulated, initiating a cascade through HIF-1α 
activation. This hypoxic signaling axis exerts dual 
epigenetic control by modulating histone-modifying 
enzymes: it enhances the expression of demethylases 
6A/6B (KDM6A/B) while suppressing 
methyltransferase enhancer of zeste homolog 2 
(EZH2) activity, collectively reducing global 

H3K27me3 levels. This epigenetic remodeling 
facilitates chromatin accessibility at key osteogenic loci 
(including alkaline phosphatase (ALP), macrophage 
colony-stimulating factor, Wnt-3a, Wnt-5a, Wnt-7a, 
and β-catenin), ultimately enhancing the osteogenic 
differentiation capacity of dental follicle stem cells. 
These mechanistic insights were further validated in a 
rat calvarial defect model, demonstrating hypoxia-
driven bone regeneration [33]. 

Complementing these findings, pharmacological 
modulation using tetrazole-derived urea (TPPU), a 
soluble epoxide hydrolase inhibitor, was shown to 
potentiate osteogenesis through prostaglandin 
metabolism regulation. In vitro co-culture 
experiments revealed that TPPU treatment 
significantly enhanced both migratory capacity and 
tube-forming potential of human umbilical vein 
endothelial cells. Crucially, this pro-osteogenic effect 
was HIF-1α-dependent, as HUVEC-specific HIF-1α 
knockout abolished TPPU-mediated enhancement of 
osteogenic differentiation in co-cultured dental pulp 
stem cells. Molecular analyses confirmed coordinated 
downregulation of osteogenic markers (ALP, runt-
related transcription factor-2 (RUNX2)) and 
angiogenic regulators (VEGF, vascular endothelial 
growth factor Receptor 2) following HIF-1α ablation, 
establishing endothelial HIF-1α as a central mediator 
in this conduction pathway [34]. 

 

 
Figure 2. Causative factors resulting in oral and maxillofacial hypoxia. 
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4.2. Oral and maxillofacial Bone Injury and 
Inflammation 

4.2.1. Hypoxic Regulation in Maxilla Bone 

Hypoxic microenvironments constitute an 
essential component of maxillofacial bone repair, 
where fracture-associated oxygen tension reduction 
(pO₂ ≤0 mmHg at injury core) actively coordinates 
regenerative processes [35-40]. Mechanistically, bone 
healing is orchestrated through osteoblast-osteoclast 
crosstalk [41], with craniofacial defects predominantly 
undergoing intramembranous ossification—a direct 
MSC-to-osteoblast differentiation pathway bypassing 
chondrogenic intermediates [42-44]. Emerging evidence 
positions HIF-1α as a master regulator in this context. 
Study reported that mandibular osteotomy induced an 
increase in active osteoclasts and HIF-1α, which 
increased the expression level of dendritic cell-specific 
transmembrane protein (DC-STAMP) in active 
RAW264.7 cells to enhance osteoclastogenesis and cell 
fusion, causing the regional accelerated phenomenon 
to have an effect on alveolar bone remodeling[45]; 
research confirmed that HIF-1α also affects 
osteogenesis through cardiotrophin-1 signaling, 
playing a key role in the physiology and pathogenesis 
of bone resorption [46]. 

4.2.2. Hypoxic Regulation in Periodontal Bone 
Metabolism  

Periodontal bone homeostasis is maintained 
through coupled osteoclastic resorption and 
osteoblastic formation, a dynamic equilibrium 
essential for mechanical integrity and mineral 
homeostasis [47,48]. Pathologically, alveolar bone loss—
a hallmark of periodontitis and peri-implantitis—is 
intrinsically linked to hypoxic microenvironments, 
with oxygen tension in untreated periodontal pockets 
dropping to 13.3 mmHg [18,19]. As an adaptive 
response, hypoxia activates HIF-1α, which plays a 
dual regulatory role by regulating multiple proteins 
and signaling pathways involved in osteogenesis, 
bone resorption, and intraosseous angiogenesis, thus 
affecting the process of bone tissue repair in the 
diseased area. On the one hand, HIF-1α enhances the 
bone resorption activity of mature osteoclasts [49]. The 
HIF-1α/ angiopoietin like 4 (ANGPTL4) axis 
promotes facilitated the differentiation and fusion of 
RAW264.7 cells to osteoclasts [50]. On the other hand, 
HIF-1α also promotes vascular-osteogenic coupling: in 
canine extraction socket models, Toll like receptors 2 
activation in bone marrow mesenchymal stem cells 
(BMSCs) under hypoxic conditions upregulates HIF-
1α/ bone morphogenetic protein type 2 (BMP-2) 
signaling and promotes angiogenesis and osteogenesis 
[49]. 

The hypoxia-inflammation axis can also regulate 
periodontal regeneration through inflammatory 
crosstalk and mechanotransduction pathways: 
transforming growth factor beta 1 (TGF-β1) stabilizes 
HIF-1α in periodontal ligament stem cells (PDLSCs) 
under normoxic conditions, thereby reciprocally 
inhibiting TGF-β1/Smad3 signaling and forming a 
regulatory loop that inhibits osteogenesis [51]. 
Substance P, induced by cytokines and 
lipopolysaccharide (LPS), characterized as a pro-
inflammatory neurotransmitter, plays a key role in 
inflammation [52], upregulates RANKL-induced 
expression of HIF-1α in Bone marrow-derived 
macrophages, and raises the RANKL/ 
osteoclastogenesis inhibitory factor (OPG) ratio, 
thereby exacerbating inflammatory bone loss [20]. 
Orthodontic force-induced hypoxia triggers a reactive 
oxygen species (ROS)/HIF-1α/RANKL cascade in 
compressed periodontal ligament (PDL) [22,23]. By 
quenching ROS and downregulating HIF-1α, 
superoxide dismutase 3 treatment can attenuate 
osteoclast differentiation [24]. 

Clinical studies have identified the rs11549467 
single nucleotide polymorphism (SNP) in HIF-1α as a 
genetic determinant of residual alveolar ridge 
resorption, and enhanced HIF-1α transcriptional 
activity disrupts bone remodeling homeostasis 
through excessive angiogenesis [53]. Multigene 
interactions involving fibroblast growth factor 
receptor 1 oncogene partner / wt3.0 and VEGF SNPs 
further modulate racial differences in alveolar 
preservation [54]. 

4.2.3. Hypoxic Regulation in temporomandibular 
joint (TMJ) Disorders 

In TMJ pathologies, spatial-temporal HIF-1α 
regulation governs chondro-osseous homeostasis [55]. 
Mandibular condylar resection models have shown 
that reduced HIF-1α expression in chondrocytes 
impairs trabecular neogenesis and downregulates 
angiogenic-osteogenic markers, thereby delaying 
condylar neck repair [56]. The up-regulation of the HIF-
1α signaling pathway also promotes the formation of 
H-vessels [57]. Conversely, HIF-1α-overexpressing 
BMSCs synergized with collagen scaffolds to enhance 
cartilage regeneration and suppress subchondral 
sclerosis in rabbit TMJ osteochondral defects [58]. 
Notably, injury-induced HIF-1α accumulation in TMJ 
proliferative zones drives traumatic heterotopic 
ossification through angiogenesis-osteogenesis 
coupling [59]. Hypoxia-driven bone remodeling plays a 
pivotal role in temporomandibular joint osteoarthritis 
(TMJ-OA) pathogenesis. Mechanistic studies reveal 
that HIF-1α orchestrates subchondral angiogenesis 
through VEGF/Notch signaling cross-talk, providing 
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a novel therapeutic target for the prevention and 
treatment of TMJ-OA [60]. HIF-2α emerges as a pivotal 
mediator in TMJ osteoarthritis under biomechanical 
stress. Mechanical stress activates NF-κB signaling, 
subsequently upregulating HIF-2α. This 
mechanohypoxic cascade transcriptionally activates 
cartilage-degrading enzymes, establishing a 
feedforward loop that exacerbates extracellular matrix 
degradation in mandibular condylar cartilage[47]. 

Beyond its role as a transcriptional activator of 
matrix-degrading enzymes, HIF-2α functions as a 
central hub integrating mechanical, inflammatory, and 
hormonal signals in TMJ pathology. Li et al. 
demonstrated that mechanical stress activates the NF-
κB pathway, which directly upregulates HIF-2α 
expression, creating a mechano-hypoxic cascade that 
drives cartilage degradation[47]. This regulatory axis is 
particularly significant in TMJ osteoarthritis (TMJ-
OA), where HIF-2α induces the expression of catabolic 
factors including MMP13, ADAMTS-4, and VEGF, 
leading to extracellular matrix breakdown and 
angiogenesis within the mandibular condylar 
cartilage.  

HIF-2α also mediates estrogen's detrimental 
effects: Ye et al. found that high estrogen levels 
exacerbate condylar degeneration via the estrogen 
receptor beta (Erβ) /HIF-2α pathway, upregulating 
MMP-13, VEGF, and Col X, while estrogen deficiency 
attenuates these changes—explaining female 
predominance in TMJ disorders[61]. Additionally, early 
mechanical overloading elevates HIF-2α in 
chondrocytes, correlating with hypoxia and driven by 
TNF; this upregulation is blunted by intra-articular 
etanercept, highlighting crosstalk between 
inflammation and hypoxia[62]. These findings position 
HIF-2α as an early mediator and therapeutic target in 
TMJ pathology. 

4.3. Hypoxic Regulation in Osteostatic 
Imbalance Disorders  

Zhu et al. verified that HIF-1α up-regulated 
RANKL expression through activation of the janus 
kinase 2 (JAK2)/ Signal transducer and activator of 
transcription 3 (STAT3) signaling pathway and 
promoted the differentiation of RAW264.7 cells into 
osteoblasts in vitro. It provides a therapeutic strategy 
for the treatment of osteoporosis, bone fracture, 
osteoarthritis and orthodontic orthopedics [63]. 

Hypoxia and mouth-open breathing are closely 
associated with maxillofacial bone metabolism and are 
characteristic of obstructive sleep apnea-hypopnea 
syndrome (OSAHS). Chronic intermittent hypoxia in 
OSAHS induces metabolic reprogramming of 
osteoblasts. Bilateral nasal obstruction rat models 
exhibit reduced alveolar bone mineral density along 

with increased HIF-1α and VEGF expression. 
Dimethylcyclohexylglycine-mediated stabilization of 
HIF-1α reverses bone loss through a dual osteogenic-
angiogenic mechanism [64]. 

The role of HIFs in bone homeostasis imbalance 
diseases is complex, involving the interaction and 
regulation of osteoblasts, osteoclasts, and 
chondrocytes. Regulating the expression and activity 
of HIFs may provide new ways and methods for 
preventing and treating these diseases. 

4.4. HIFs in Oral and Maxillofacial Bone 
Tumors  

Hypoxia-inducible factor-1α (HIF-1α) 
demonstrates persistent stabilization and 
accumulation within malignant cells under hypoxic 
tumor microenvironment conditions, with aberrant 
activation observed even in normoxic environments 
[26]. This constitutive activation arises through multiple 
interconnected mechanisms including genetic 
mutations, metabolic dysregulation, and crosstalk 
with other signaling pathways. Clinically, elevated 
HIF-1α expression correlates with unfavorable 
prognosis in oral carcinoma patients, serving as an 
independent predictor of poor clinical outcomes [27]. 

The oncogenic potency of HIF-1α overexpression 
manifests through enhanced hypoxic adaptation via 
transcriptional activation of downstream effectors. 
Notably, HIF-1α orchestrates metabolic 
reprogramming through upregulation of glucose 
transporter 1 (GLUT1), facilitating elevated glycolytic 
flux to sustain energy demands in rapidly 
proliferating HNSCC cells [28]. Concurrently, HIF-1α-
driven vascular endothelial growth factor (VEGF) 
overexpression promotes pathological angiogenesis, 
establishing nutrient supply routes critical for tumor 
expansion and metastasis [29]. 

Mechanistically, HIF-1α stabilizes under hypoxic 
conditions through impaired von Hippel-Lindau 
(VHL)- LIM Domain Containing 1 complex function, a 
hallmark molecular defect observed in HNSCC that 
correlates with advanced pathological staging, 
therapeutic resistance, and reduced survival[65]. This 
stabilization enables HIF-1α-mediated transcriptional 
repression of glycerol-3-phosphate dehydrogenase 1-
like protein, rewiring cellular oxygen utilization to 
favor tumor survival under metabolic stress [66]. 

The metastatic cascade in OSCC is profoundly 
influenced by HIF-1α through dual mechanisms: 
(1)induction of matrix metalloproteinases coupled 
with downregulation of intercellular junction proteins 
(e.g., Claudin-1), enhancing extracellular matrix 
degradation and epithelial-mesenchymal transition 
[67,68]; (2) paradoxical upregulation of tissue inhibitor of 
metalloproteinase-1 in periosteal cells, creating a 
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reactive physical barrier that paradoxically facilitates 
localized tumor containment while promoting distant 
metastasis[31]. Spatial analysis reveals heightened HIF-
1α expression at tumor-stroma interfaces, particularly 
in metastatic OSCC lesions, where it drives 
vasculogenic mimicry to supplement conventional 
angiogenesis in hypoxic peripheral regions [30]. 

HIF-1α confers chemoradioresistance through 
activation of Phosphoinositide 3-kinase-Akt 
(PI3K/AKT) and MAPK survival pathways while 
modulating immune cell recruitment to establish an 
immunosuppressive niche [27,30]. Emerging evidence 
identifies a reciprocal regulatory axis between HIF-1α 
and miR-199a-5p, where HIF-1α suppresses this 
tumor-suppressive miRNA through promoter 
targeting, thereby amplifying glycolytic metabolism 
and invasive potential in OSCC [69]. Conversely, 
adrenomedullin and RNA polymerase I and III 
subunit D gene silencing attenuates oncogenic 
phenotypes via JAK/HIF-1 signaling, highlighting 
cyclin D1 as a critical cell cycle mediator in HIF-driven 
proliferation[70]. 

The hypoxic paradigm extends to benign 
pathologies, with HIF-1α activation observed in 
odontogenic keratocysts (OKC). Activating 
transcription factor 4 (ATF4)-mediated HIF-1α 

upregulation correlates with M2 macrophage 
polarization and neovascularization, while NOTCH1 
signaling cooperates with HIF-1α to sustain cystic 
epithelial proliferation [71,72]. Molecular profiling 
identifies ADAM Metallopeptidase Domain 1 as a 
hypoxia-responsive mediator of OKC invasiveness, 
suggesting conserved hypoxic adaptation mechanisms 
across neoplastic and developmental lesions [73-75]. 

Given the diversity and overlap of the 
mechanisms described above, the oncogenic actions of 
HIF-1α in oral and maxillofacial tumors can be viewed 
from several interconnected aspects. The tumor-
promoting effects of HIF-1α involve several 
interconnected processes. These include metabolic 
reprogramming that allows tumor cells to adapt to 
oxygen deprivation and angiogenic activation that 
supports abnormal vascularization and nutrient 
supply. HIF-1α also promotes extracellular matrix 
remodeling and metastatic dissemination, facilitating 
tumor invasion and spread. In addition, it regulates 
immune and survival signaling pathways that 
contribute to an immunosuppressive 
microenvironment and therapy resistance. In general, 
these processes highlight the central role of HIF-1α in 
coordinating multiple pathways that collectively drive 
tumor progression (Fig. 3). 

 

 
Figure 3. Cytokines associated with HIF-1α in oral and maxillofacial bone tumors. 
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Figure 4. HIF-1α-centered signaling networks of the vascular-osteogenic coupled cytokines and pathways during hypoxia. 

 

5. Role of Hypoxia-Inducible Factor in 
Maxillofacial Bone Regeneration 

HIF-1α orchestrates bone regeneration through 
four interconnected functional axes: metabolic 
reprogramming, angiogenic signaling, osteoclast–
osteoblast coupling, and immune modulation (Fig. 4). 
These axes provide a unified framework for 
understanding how hypoxia directs tissue repair 
versus pathology, and the subsequent sections 
examine each axis in detail within specific oral and 
maxillofacial contexts. 

5.1 Metabolic Reprogramming 
HIF-1α drives a fundamental shift from oxidative 

phosphorylation to aerobic glycolysis by upregulating 
glucose transporter 1 (GLUT1) and glycolytic enzymes 
such as lactate dehydrogenase A (LDHA) and 
pyruvate dehydrogenase kinase 1 (PDK1)[76,77]. This 
metabolic adaptation, known as the Warburg effect, 
maintains ATP production under low oxygen and 
provides biosynthetic precursors for proliferating 
cells. In osteoblasts, this glycolytic switch supports 
differentiation and matrix production; BMP9 enhances 
HIF-1α stability via PI3K-AKT, increasing PDK1 
expression and glycolytic flux during osteogenesis[78]. 
In osteoclasts, hypoxia-induced glycolysis fuels the 

acid secretion required for bone resorption [79]. 
Notably, HIF-1α-mediated bone formation can occur 
independently of angiogenesis but requires intact 
metabolic reprogramming, underscoring the centrality 
of metabolic adaptation in hypoxic bone regeneration. 

5.2 Angiogenic Signaling 
HIF-1α is the master transcriptional regulator of 

angiogenesis, directly activating vascular endothelial 
growth factor (VEGF), angiopoietin-2, and placental 
growth factor to promote endothelial cell proliferation, 
migration, and tube formation [80,81]. In maxillofacial 
bone, this axis is critical for vascular–osteogenic 
coupling. Bone marrow-derived mesenchymal stem 
cells (MSCs) undergo HIF-1α-dependent 
transcriptional reprogramming under hypoxic 
conditions: while HIF-1α enhances MSC proliferation, 
migration, and pro-angiogenic paracrine activity, it 
concurrently suppresses osteogenic differentiation 
markers (BMP-2/Runx2), establishing a hypoxia-
driven prioritization of vascular priming over matrix 
mineralization[16]. MSC-derived small extracellular 
vesicles (MSC-sEVs) under hypoxia are enriched with 
miR-210-3p via HIF-1α stabilization, activating the 
ephrin A3/PI3K/AKT pathway to promote 
vascularized bone regeneration[82]. Endothelial 
progenitor cells (EPCs) are mobilized from bone 
marrow through circulatory recruitment and execute 
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targeted vascular reparative functions in hypoxic 
niches; HIF-1α activation in EPCs under hypoxia 
enhances vascularization via heat shock protein 20 
upregulation through PI3K/Akt pathway activation 
[83], and EPC-derived NOTCH2 signaling is essential 
for angiogenesis–osteogenesis coordination during 
mandibular distraction osteogenesis [84]. In distraction 
osteogenesis, the hypoxic microenvironment drives 
HIF-1α-mediated mechanotransduction, with dual 
signaling cascades—HIF-1α/VEGF and HIF-1α/Wnt/ 
β-catenin—synergistically promoting angiogenic-
osteogenic coupling during regenerative callus 
maturation[85-87]. Remarkably, mechanical strain 
exacerbates hypoxia in regenerating tissues, and 10% 
uniaxial static strain enhances HIF-1α/VEGF 
expression in osteoblasts under hypoxia, suggesting 
mechanical stimulation may synergize with hypoxic 
signaling to optimize bone regeneration [88]. 

5.3 Osteoclast–Osteoblast Coupling 
HIF-1α regulates both arms of bone remodeling, 

with context-dependent outcomes that determine 
whether net bone formation or resorption occurs. HIF-
1α is indispensable for osteoclast activation: it 
enhances RANKL expression via JAK2/STAT3 and 
NF-κB signaling, upregulates osteoclast-specific 
enzymes including tartrate-resistant acid phosphatase 
and cathepsin K, and promotes osteoclast 
differentiation and function[12,63]. Hypoxia also 
increases DC-STAMP to promote osteoclast fusion, 
contributing to the regional acceleratory phenomenon 
following mandibular osteotomy [45], and induces 
growth differentiation factor 15 as a positive paracrine 
regulator of NF-κB-mediated osteoclast differentiation 
during bone remodeling [89]. In periodontitis, the HIF-
1α/ANGPTL4 axis facilitates osteoclast differentiation 
and fusion [50], while orthodontic force-induced 
hypoxia triggers a ROS/HIF-1α/RANKL cascade in 
compressed periodontal ligament, activating 
osteoclastogenesis[22-24]. 

The conflicting evidence regarding hypoxia's 
effects on osteogenesis—sometimes promoting, 
sometimes inhibiting differentiation—can be 
reconciled by considering several contextual variables. 
First, oxygen concentration plays a critical role: mild 
hypoxia (2–5% O₂) generally promotes osteogenic 
differentiation of MSCs and PDLSCs by stabilizing 
HIF-1α at levels sufficient to activate VEGF and 
downstream Runx2 without triggering cellular stress 
responses[16,90,91]; in contrast, severe hypoxia (<0.5–1% 
O₂) suppresses osteogenesis by inducing excessive 
HIF-1α accumulation that activates Notch signaling, 
promotes apoptosis, and inhibits matrix 
mineralization [9,92]. Second, exposure duration 
fundamentally alters outcomes: transient hypoxia (24–

72 hours) acts as a preconditioning stimulus that 
enhances MSC survival, proliferation, and subsequent 
osteogenic potential upon reoxygenation [10,16], 
whereas chronic hypoxia (>7 days) leads to sustained 
HIF-1α activation that downregulates Runx2 and 
osteocalcin expression, impairing terminal 
differentiation and bone formation [92,93]. Third, cell 
source and differentiation stage significantly influence 
hypoxic responses: undifferentiated MSCs and 
progenitor cells respond to hypoxia with enhanced 
proliferation and angiogenic paracrine activity, while 
committed osteoblasts and mature osteocytes may 
exhibit reduced matrix mineralization and increased 
RANKL expression under the same conditions [63,94]. 
Fourth, inflammatory context modulates HIF-1α 
function through cytokine crosstalk: in sterile 
inflammation or controlled repair settings, hypoxia 
promotes reparative osteogenesis via HIF-1α-
mediated VEGF and BMP signaling [49,90]; however, in 
the presence of bacterial LPS or pro-inflammatory 
cytokines such as TNF-α and IL-1β, HIF-1α synergizes 
with NF-κB to drive osteoclast differentiation and 
bone resorption rather than formation [19,20]. Fifth, 
mechanical environment interacts with hypoxic 
signaling: mechanical loading during distraction 
osteogenesis enhances HIF-1α/VEGF expression and 
promotes osteogenesis under hypoxic conditions[88], 
while excessive orthodontic force can exacerbate 
hypoxia-induced root resorption [22]. Finally, 
experimental variables such as cell passage number, 
culture conditions, and oxygen measurement 
techniques contribute to inter-study variability and 
must be carefully controlled [95,96]. These contextual 
determinants, summarized in Table 2, explain the 
apparent contradictions in the literature and 
underscore the need for precise experimental design 
when evaluating HIF-targeted therapies for bone 
regeneration. 

 

Table 2. Contextual determinants of HIF-mediated osteogenic 
outcomes 

Determinant Osteogenesis-
promoting conditions
  

Osteogenesis-
suppressing conditions 

References 

Oxygen 
concentration 

Mild hypoxia (2–5% 
O₂) 

Severe hypoxia 
(<0.5%O₂) 

[9,16,90-92] 

Exposure 
duration 

Transient/intermittent 
(24–72 h) 

Chronic/persistent (>7 
days) 

[10,16,92,93] 

Cell 
type/stage 

Undifferentiated MSCs, 
progenitor cells 

Committed osteoblasts, 
mature osteocytes 

[63,94] 

Inflammatory 
context 

Sterile inflammation, 
repair settings 

Bacterial LPS, pro-
inflammatory cytokines 

[19,20,49,90] 

Mechanical 
environment 

Moderate mechanical 
loading 

Excessive 
compression/abnormal 
load 

[22,88] 
 

Experimental 
conditions 

3D culture, low passage 
number 

2D culture, high passage 
number 

[95,96] 
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5.4 Immune Modulation 
HIF-1α links hypoxia to inflammation by 

regulating innate and adaptive immune cells in the 
bone microenvironment. It promotes pro-
inflammatory cytokine production (IL-1β, TNF-α) in 
macrophages and dendritic cells, enhances neutrophil 
survival under hypoxia, and influences T cell 
differentiation [13,15]. This immune-modulatory 
function is particularly evident in periodontitis, where 
Porphyromonas gingivalis-derived LPS synergizes 
with hypoxia to activate HIF-1/NF-κB in periodontal 
ligament cells, inducing MMP-1 and VEGF secretion 
and promoting immune cell infiltration and 
periodontal tissue destruction [19]. Substance P, 
induced by cytokines and LPS, upregulates HIF-1α 
and the RANKL/OPG ratio, exacerbating 
inflammatory bone loss [20]. HIF-1α also influences T 
helper 17 cells / regulatory T cells balance, 
contributing to inflammatory bone resorption [46]. In 
oral cancer, HIF-1α establishes an immunosuppressive 
niche by recruiting regulatory T cells and myeloid-
derived suppressor cells and by upregulating immune 
checkpoint molecules, contributing to tumor immune 
evasion and progression [27,30]. Tumor-derived 
exosomal miR-21 from hypoxic environments 
activates cancer-associated fibroblasts, further 
promoting head and neck squamous cell carcinoma 
progression[97]. 

5.5 Mechanical Forces and Hypoxia 
Integration 

Mechanical loading and trauma from fractures 
critically regulate bone homeostasis and regeneration 
through cellular differentiation and structural 
reorganization, and these mechanical signals converge 
with hypoxic signaling on HIF-1α[98]. In distraction 
osteogenesis, mechanical strain exacerbates local 
hypoxia in regenerating tissues, and 10% uniaxial 
static strain synergistically enhances HIF-1α/VEGF 
expression in osteoblasts under hypoxia, suggesting 
mechanical stimulation may optimize bone 
regeneration through HIF pathway activation[88]. 
Orthodontic force application compresses periodontal 
ligament vessels, inducing acute local hypoxia that 
activates HIF-1α/RANKL signaling and initiates bone 
resorption to facilitate tooth movement[22-24].The 
duration and magnitude of force determine the 
severity of hypoxia; excessive or prolonged force can 
lead to pathological root resorption and delayed tissue 
repair [22]. This mechano-hypoxic crosstalk highlights 
the therapeutic potential of modulating mechanical 
stimuli to optimize HIF-mediated regeneration in 
clinical settings. 

5.6 Translational Applications: Harnessing HIF 
Pathways 

With the increasing incidence of rejection and 
resorption associated with traditional bone grafting 
materials, tissue engineering strategies aiming to 
mimic or amplify HIF signaling have emerged as 
promising therapeutic approaches (Fig. 5). Hypoxia-
mimetic agents (HMAs) that stabilize HIF-1α 
expression are increasingly utilized to enhance 
osteogenesis. Cobalt chloride (CoCl₂) activates the 
Akt/mTOR/4EBP-1 signaling pathway to upregulate 
HIF-1α, promoting osteogenic differentiation of 
human periodontal ligament stem cells and facilitating 
alveolar bone regeneration [99]. An injectable hydrogel-
formulated inhibitor of prolyl-4-hydroxylase (PHD) 
has been shown to promote T regulatory cell 
recruitment and enhance alveolar bone regeneration 
during the resolution of experimental periodontitis, 
representing a promising localized delivery strategy 
for HIF stabilization (Fig. 5B) [100]. Semaphorin 3A 
(Sema3A) has been demonstrated to counteract 
hypoxia-impaired osteogenesis in periodontal 
ligament stem cells, suggesting synergistic utility with 
HIF-targeted therapies (Fig. 5C) [101]. 

Beyond pharmacological agents, activation of 
HIF-1 signaling itself has been shown to attenuate 
periapical inflammation and bone loss, highlighting 
the therapeutic potential of endogenous HIF pathway 
activation in inflammatory bone diseases (Fig. 5D) [102]. 
The integration of trace elements into biomaterial 
scaffolds represents another frontier in bone tissue 
engineering. Titanium dioxide (TiO₂) coatings doped 
with copper not only confer antimicrobial properties 
but also upregulate HIF-1α/VEGF signaling and 
osteogenic markers in bone marrow-derived MSCs, 
achieving simultaneous antimicrobial, osteogenic, and 
angiogenic effects [103]. Cobalt ions incorporated into 
scaffolds act as HIF-1α stabilizers through prolyl 
hydroxylase domain inhibition and von Hippel-
Lindau complex disruption, demonstrating dual 
benefits in promoting osteogenesis and angiogenesis 
(Fig. 5E) [104]. 

Emerging evidence also highlights the regulatory 
interplay between non-coding RNAs and HIF 
signaling. Dysregulated miRNAs, including let-7a, 
miR-125b, miR-100, and miR-21, are implicated in 
periodontal pathogenesis (Fig. 5F) [105]. Hypoxia-
induced miR-21 upregulation in human periodontal 
ligament cells enhances HIF-1α expression and 
osteogenic differentiation, providing mechanistic 
insights into tissue remodeling during orthodontic 
treatment. In the context of oral cancer, microRNA-18a 
has been identified as a key regulator of metastatic 
properties in oral squamous cell carcinoma cells via 



Int. J. Med. Sci. 2026, Vol. 23 

 
https://www.medsci.org 

3655 

modulation of HIF-1α expression (Fig. 5G) [106]. 
Furthermore, autophagy has been shown to regulate 
hypoxia-induced osteoclastogenesis through the HIF-
1α/BNIP3 signaling pathway, providing mechanistic 
insights into bone remodeling under hypoxic 
conditions (Fig. 5H) [107]. However, the context-
dependent roles of these pathways must be carefully 
considered, as tumor-derived exosomal miR-21 from 
hypoxic environments activates cancer-associated 
fibroblasts and promotes head and neck squamous cell 
carcinoma progression [97]. 

5.7 Differential Roles of HIF-α Isoforms in 
Oral and Maxillofacial Tissues 

The HIF-α family includes HIF-1α, HIF-2α, and 

HIF-3α, each playing distinct roles in oral and 
maxillofacial biology. Understanding these isoform-
specific functions is essential for precision 
therapeutics. 

HIF-2α in cartilage and bone metabolism 
predominantly exerts catabolic effects. Unlike HIF-1α, 
which supports chondrocyte survival and matrix 
synthesis, HIF-2α drives cartilage degradation in 
osteoarthritis by transactivating genes for matrix-
degrading enzymes, pro-inflammatory cytokines, and 
angiogenic factors[110]. Zhang et al. showed that HIF-2α 
promotes chondrocyte apoptosis and inflammation, 
while HIF-1α maintains matrix stability and 
viability[111]. The balance between these isoforms may 
thus determine tissue homeostasis versus 
degeneration. 

 

 
Figure 5. HIFs in Tissue Engineering and Clinical Applications. (A) Hypoxia-mimetic agents (HMAs) CoCl₂ promotes osteogenesis in hPDLSCs [99]. (Reproduced with permission 
from Wiley). (B) Deferoxamine (DFO) promotes osteogenesis through HIF-1A stabilization [100]. (Reproduced with permission from PNAS). (C) Semaphorin 3A (Sema3A) 
counteracts hypoxia-impaired osteogenesis in PDLSCs[101]. (Reproduced with permission from Wiley). (D) Activation of HIF-1 attenuates periapical inflammation and bone 
loss[108]. (Reproduced with permission from IJOS). (E) Cobalt ions (Co²⁺), acting as HIF-1α stabilizers through PHD inhibition and VHL complex disruption [104]. (Reproduced 
with permission from Elsevier). (F) Interplay between non-coding RNAs and HIF signaling in maxillofacial bone biology[105]. (Reproduced with permission from Wiley). (G) MiR-
21 upregulates HIF-1α expression and osteogenic differentiation[106]. (Reproduced with permission from Spandidos). (H) Autophagy regulates hypoxia-induced 
osteoclastogenesis through the HIF-1α/BNIP3 signaling pathway[109]. (Reproduced with permission from Wiley).  
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HIF-3α is the least studied isoform and appears 
to function as a negative regulator of hypoxia 
signaling. It may be a target gene of HIF-1α and 
HIF-2α, forming a feedback loop that modulates their 
transcriptional activity. Under hypoxia, HIF-3α 
expression rises in a HIF-1α/2α-dependent manner 
and may compete for HIF-β binding or hypoxia 
response elements, attenuating target gene 
expression[111]. This mechanism could serve as an 
intrinsic brake on excessive angiogenesis, 
inflammation, or metabolic reprogramming. In OA, 
HIF-3α upregulation correlates with hypoxia 
duration, suggesting an adaptive role. However, its 
specific functions in oral and maxillofacial bone and 
cartilage remain largely unexplored, warranting 
further investigation. 

5.8 Safety Considerations and Translational 
Challenges of HIF Modulation 

Despite the therapeutic promise of HIF 
stabilization, several safety concerns must be 
addressed before clinical translation. Oncogenic risk is 
paramount: as detailed in Section 4.4, HIF-1α 
promotes metabolic reprogramming, angiogenesis, 
immune evasion, and metastasis in oral cancer[27,30]. 
Pharmacological HIF activators could theoretically 
accelerate occult tumor growth or create a permissive 
microenvironment for malignant transformation [112]. 
Uncontrolled angiogenesis driven by sustained HIF 
activation may lead to aberrant, leaky vessels rather 
than functional networks, potentially exacerbating 
inflammatory pathology rather than promoting repair 
[19,113]. Fibrotic responses have been associated with 
chronic HIF-1α activation through upregulation of 
pro-fibrotic factors including connective tissue growth 
factor and plasminogen activator inhibitor-1, raising 
concerns about pathological scarring and impaired 
tissue architecture [80]. Long-term safety of systemic 
HIF activators remains uncertain; clinical experience 
with PHD inhibitors for anemia management has 
revealed cardiovascular and thromboembolic risks 
warranting careful monitoring[112]. Tissue specificity 
presents a fundamental challenge: HIF-1α promotes 
bone formation in osteoblasts but drives resorption in 
osteoclast precursors, while HIF-2α exerts catabolic 
effects on cartilage[12,47]. These dichotomies demand 
precision targeting strategies. 

Addressing these challenges requires 
spatiotemporally controlled delivery systems to 
restrict HIF modulation to target tissues and limit 
exposure duration[103,104]. Rigorous preclinical safety 
evaluation in large-animal models, patient 
stratification based on cancer risk, and biomarker 
development for early detection of adverse effects are 
essential prerequisites for clinical translation. 

6. Conclusions and Perspective 
Hypoxia-inducible factors (HIFs), particularly 

HIF-1α, have emerged as central regulators of both 
pathological progression and regenerative potential in 
oral and maxillofacial bone biology. This review has 
synthesized the dualistic roles of HIFs in orchestrating 
cellular responses to hypoxia, balancing destructive 
processes such as osteolysis and tumorigenesis with 
reparative mechanisms including angiogenesis-
osteogenesis coupling. Mechanistically, HIF-1α drives 
adaptive transcriptional programs that modulate 
metabolic reprogramming, immune crosstalk, and 
vascular remodeling, with its activity finely tuned by 
oxygen tension, epigenetic modifications, and 
mechanical stimuli. In bone regeneration, HIF-1α 
enhances mesenchymal stem cell survival, osteogenic 
differentiation, and angiogenic paracrine signaling, 
whereas its dysregulation in pathologies such as 
periodontitis, osteoarthritis, and oral squamous cell 
carcinoma exacerbates inflammation, bone resorption, 
and metastatic potential. Despite significant advances, 
critical gaps remain that must be addressed to 
translate these mechanistic insights into clinical 
therapies. 

Three key unresolved questions warrant urgent 
investigation. The first concerns the spatiotemporal 
determinants that govern whether HIF-1α activation 
leads to regeneration or pathology. Although 
contextual factors such as hypoxia severity, duration, 
and inflammatory milieu have been identified, the 
precise molecular thresholds that mark the transition 
from adaptive to maladaptive HIF signaling remain 
undefined. Second, the functional interplay between 
HIF-1α and HIF-2α in oral and maxillofacial tissues 
requires elucidation. Their opposing effects on 
cartilage—HIF-1α promoting chondrocyte survival 
and HIF-2α driving degradation—suggest that the 
balance between these isoforms may determine tissue 
fate, yet their co-regulation and potential crosstalk in 
bone are poorly characterized. Third, the feasibility of 
achieving cell-type specificity with HIF-targeted 
therapies without off-target effects remains an open 
challenge. The dual roles of HIF-1α in osteoblasts 
versus osteoclast precursors, and in normal versus 
malignant cells, demand precision targeting strategies 
that engage desired cell populations while sparing 
others. 

Two translational priorities emerge from this 
analysis. The first is the development of localized, 
controlled delivery systems for HIF modulators to 
minimize systemic exposure and mitigate oncogenic 
risks. Biomaterial-based approaches—including 
hypoxia-responsive scaffolds, nanoparticle 
formulations, and injectable hydrogels—offer 
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promising platforms for achieving spatiotemporal 
control over HIF activation [103]. The second priority is 
rigorous preclinical safety evaluation prior to clinical 
trials, with particular attention to tumor-promoting 
potential, vascular abnormalities, and fibrotic 
responses in relevant large-animal models. 

Several specific experimental directions are 
needed to address these priorities. Future studies 
should establish dose-response curves for HIF 
stabilizers across different oxygen tensions and cell 
types using advanced 3D culture systems and 
microphysiological models [95,96]. Genetic tools such as 
cell-type-specific HIF knockout and knockin mice will 
be essential for dissecting isoform-specific functions in 
craniofacial development and disease. Biomaterial 
formulations for controlled HIF modulator release 
require systematic screening and optimization in 
preclinical bone defect models. The interplay between 
mechanical forces and HIF signaling in distraction 
osteogenesis and orthodontic tooth movement should 
be investigated using bioreactor systems that apply 
defined mechanical loads under controlled oxygen 
conditions[88]. Long-term safety studies in 
immunocompetent animal models are necessary to 
assess oncogenic risk and off-target effects. Finally, 
predictive biomarkers of HIF pathway activation and 
therapeutic response must be identified to enable 
patient stratification in future clinical trials. 

HIFs occupy a pivotal position at the intersection 
of hypoxia, inflammation, and regeneration in oral 
and maxillofacial bone. Bridging mechanistic insights 
with bioengineering innovations will unlock their full 
therapeutic potential, transforming the management 
of craniofacial bone diseases from palliative care to 
functional restoration. The coming decade should 
witness the translation of HIF-targeted strategies from 
bench to bedside, guided by rigorous science and a 
commitment to precision medicine. 
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