
Summary. Hypoxia is characterized by a disparity 
between supply and demand of oxygen. The association 
between hypoxia and head and neck tumors is a topic of 
significant interest. Tumors frequently encounter areas 
with inadequate oxygen supply, resulting in a hypoxic 
microenvironment. 
      Ameloblastoma is one of the most common benign 
odontogenic tumors of the maxillofacial region. It is a 
slow-growing but locally invasive tumor with a high 
recurrence rate. The literature has demonstrated the 
correlation between hypoxia and ameloblastoma, 
revealing a discernible link between the heightened 
expression of hypoxic markers in low oxygen 
conditions. This association is intricately tied to the 
tumoral potential for invasion, progression, and 
malignant transformation. 
      Hypoxia profoundly influences the molecular and 
cellular landscape within ameloblastic lesions. The 
present review sheds light on the mechanisms, 
implications, and emerging perspectives in 
understanding this intriguing association to clarify the 
dynamic relationship between hypoxia and 
ameloblastoma. 
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Introduction 
 
      Hypoxia is characterized by a disparity between the 
supply of oxygen (O2) and the demand for O2 (Samaja 
and Ottolenghi, 2023). Early observations regarding the 
impact of reduced O2 levels date back to the late 18th 
century when scientists began to recognize the effects of 

altitude on human physiology (Neville, 1974; Hancock, 
2022). In the 19th century, Dr Paul Bert's research on the 
impact of reduced atmospheric pressure and oxygen at 
high altitudes laid the foundation for understanding 
physiological responses to hypoxia (West and Richalet, 
2013; West, 2016). In the subsequent years, new 
discoveries continued to unfold (Samaja and Ottolenghi, 
2023). In the medical domain, hypoxia became a key 
factor in various pathological conditions (Chen et al., 
2020).  
      The intricate interplay between hypoxia and 
ameloblastoma unveils a captivating facet in oral 
pathology. Hypoxia profoundly influences the molecular 
and cellular landscape within ameloblastic lesions. The 
present review sheds light on the mechanisms, 
implications, and emerging perspectives in 
understanding this intriguing association to clarify the 
dynamic relationship between hypoxia and amelo-
blastoma. 
 
Hypoxia signaling pathways 
 
      Molecular O2 is indispensable for mammalian cell 
functioning. It is consumed in various biochemical 
reactions, including adenosine 5’-triphosphate (ATP) 
synthesis. To cope with reduced O2 concentrations, 
mammalian cells need to adapt, e.g., by reducing ATP-
consuming reactions, altering cellular metabolism, or 
increasing angiogenesis, to ensure an oxygen balance 
that supports essential cellular activities until appropriate 
oxygen levels are restored (Luo et al., 2022). Cellular 
hypoxia is when O2 levels are between 0.5-2%, and O2 
depletion (anoxia) when O2 levels are below 0.5% (Lee 
et al., 2020). 
      Several biomarkers for assessing hypoxia are 
available (Table 1). However, when examined 
independently, these biomarkers fail to fully capture the 
complexities and heterogeneity associated with tumor 
hypoxia (Le and Courter, 2008). Consequently, none of 
them attain the status of a definitive "gold standard" 
biomarker for hypoxia. 
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Hypoxia-inducible factor  
 
      Hypoxia-inducible factors (HIFs) are transcription 
factors considered the master regulators of cellular 
response to hypoxia (Bruick, 2003), as they bind to 
hypoxia response elements (HREs) of most of the genes 
responsible for cellular adaptation to hypoxic stress 
(Taylor et al., 2016). HIFs are heterodimers with two 
different subunits: α and β. The α subunit consists of 
HIF-1α, HIF-2α, and HIF-3α, and the β subunit only of 
HIF-1β. HIF-α proteins are regulated by oxygen levels 
and are only expressed under hypoxic conditions 
(Srmrnza, 2012). HIF-1β is constitutively expressed and 
its activity remains unaffected under hypoxic changes 
(Chu and Jones, 2016). HIF-α is negatively regulated by 
the von Hippel-Lindau tumor suppressor protein (pVHL) 
(Iliopoulos et al., 1996). HIF-α proteins contain an 
oxygen-dependent degradation domain, which gets 
hydroxylated by oxygen-dependent proline hydroxylase 
enzymes (PHDs) (Markolovic et al., 2015). pVHL 
recognizes the hydroxylated sites and promotes HIF-α 
ubiquitin-proteasome degradation (Salceda and Caro, 
1997; Jaakkola et al., 2001). Under hypoxic conditions, 
the enzymatic activity of PHDs is inhibited, allowing the 
HIF-α and HIF-β subunits to interact, forming a 
transcriptional complex that enters the nucleus and binds 
to HREs, inducing the expression of downstream genes 

(Wu et al., 2015).  
      Depending on the biological context, such as tumor 
growth, infection, or immune response, the regulation of 
HIF transcription involves different signaling pathways. 
These encompass PI3K-mTOR (Düvel et al., 2010; Park 
et al., 2014). Notch (Li et al., 2020), Wnt/β-catenin 
(Shen et al., 2022), ERK (Wan and Wu, 2016), NF-κB 
(van Uden et al., 2011). IL-1, and TNF-α (Malkov et al., 
2021) pathways. Irrespective of the specific upstream 
pathway driving HIF activation, the activation of the 
HIF-1 transcription complex triggers the expression of 
an array of downstream genes, including VEGF (Cascio 
et al., 2010; Niklander et al., 2021), angiopoietin-2 
(ANGPT2) (Simon et al., 2008), transforming growth 
factor-β (TGF-β), glucose transporter 1,3 (GLUT1,3), 
nitric oxide synthase (NOS), matrix metalloproteinases 
(MMPs), and lactate dehydrogenase (LDHA). In this 
manner, HIFs play a role in modulating diverse 
biological processes, including cell proliferation, 
angiogenesis, autophagy, apoptosis, cell death, immune 
response, among others (Luo et al., 2022). This explains 
why hypoxia signaling plays a pivotal role in various 
human diseases, encompassing both benign and 
malignant neoplasms, cardiovascular diseases, and 
neurodegenerative disorders. Still, it is also recognized 
as vital for normal development and physiological 
processes, including tooth formation (Fajersztajn and 
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Table 1. Overexpression of markers under hypoxic conditions.

Markers Main features

Hypoxia-Inducible  
Factor (HIF-1)

A protein that plays a central role in the cellular response to hypoxia, regulating the expression of genes involved in adapting 
to low O2 conditions.

Erythropoietin (EPO)
A glycoprotein that stimulates the production of red blood cells in the bone marrow in response to hypoxia, promoting tissue 
oxygenation.

Matrix Metalloproteinases 
(MMPs)

Some MMPs are induced under hypoxic conditions and play a role in extracellular matrix remodeling.

AMP-Activated Protein 
Kinase (AMPK)

AMPK is activated in hypoxic situations, playing a role in the regulation of cellular energy metabolism.

NADPH Oxidase (NOX) NOX activation can occur in response to hypoxia, leading to the production of reactive oxygen species.
Lactate Lactate accumulation is an indicator of increased anaerobic metabolism, commonly associated with low oxygen conditions.
Galectin Certain galectins, especially Galectin-1, may be influenced by hypoxic conditions, particularly in the tumor microenvironment.
ADAM-12 A protein that is involved in the formation of invadopodia under hypoxic conditions.
Heparin-binding epidermal 
growth factor (HB-EGF)

A potent mitogen that participates in the formation of the invadopodia.

NOTCH1 A protein involved in the mechanism of invadopodia formation.
Glucose transporter 1 
(GLUT-1)

Overexpression of GLUT-1 is associated with increased glucose uptake, adapting cells to a glycolytic metabolism under 
hypoxic conditions.

ZEB1
A transcription factor that plays a crucial role in epithelial-mesenchymal transition (EMT). Under hypoxic conditions, there is 
evidence suggesting that ZEB1 expression can be upregulated.

VEGF, VEGFA,  
VEGFR-2

VEGF is a family of growth factors, VEGFA is a specific isoform within the VEGF family, and VEGFR2 is the receptor that 
responds to VEGFA, transmitting signals inside endothelial cells to promote angiogenesis. Hypoxia induces a cellular 
response that includes the upregulation of VEGF and VEGFA, which, in turn, contributes to the activation of VEGFR2 and 
the promotion of angiogenesis.

CA IX (Carbonic  
Anhydrase IX)

CA IX is a hypoxia-inducible enzyme that regulates pH in cells. Its expression is often increased under hypoxic conditions, 
and it is associated with the adaptation of cells to the acidic microenvironment in tumors.

LOX (Lysyl Oxidase)
LOX is involved in extracellular matrix remodeling. Its expression can be increased under hypoxic conditions, contributing to 
tissue stiffness, and facilitating tumor progression.

TGF-β (Transforming 
Growth Factor-beta)

TGF-β is a multifunctional cytokine involved in various cellular processes. Its expression can be influenced by hypoxia and 
contributes to the regulation of cell growth, differentiation, and immune response.



Veras, 2017; Rombouts et al., 2017). 
 
Hypoxia signaling and normal development 
 
      Changes in oxygenation during embryonic 
development are critical, as they can disrupt both 
placental and fetal growth, with deleterious 
consequences on fetal health (Dimasuay et al., 2016), 
depending on the time, duration, and intensity of the 
exposure (Huang et al., 2004). During intrauterine life, 
fetuses are constantly exposed to reduced oxygen levels. 
They have to develop strategies to guarantee O2 supply 
in a low O2 environment, including increasing heart rate, 
a large surface area for gas exchange, and higher 
hemoglobin concentration (Fajersztajn and Veras, 2017) 
Nevertheless, during the early stages of fetal 
development, physiological hypoxia is essential to 
promote normal organogenesis, like that involved in 
placental establishment (Huppertz et al., 2014), 
angiogenesis, and hematopoiesis (Dunwoodie, 2009). At 
early stages of development, the tissues are still 
immature and do not have the necessary mechanisms to 
protect themselves against oxidants, therefore low O2 
tension is required to maintain the pluripotent state of 
embryonic cells (Forristal et al., 2010) and to stimulate 
the proliferation of cytotrophoblast cells (Tuuli et al., 
2011). 
      Hypoxia has been proposed as an important driving 
force for normal tooth development. Low O2 levels 
induce mesenchymal cells to secrete angiogenic factors 
to act on neighboring endothelial cells, stimulating the 
invasion of precursor endothelial cells into the dental 
papilla, which is vital for the development of a tooth 
(Rombouts, 2017). Ameloblast differentiation during 
tooth germ development depends partly on the HIF-2α-
Hey2 axis, whose expression depends on low O2 
concentrations (Kimura et al., 2022). Root and 
periodontium development also occur partly under 
hypoxic conditions. Low oxygen concentrations induce 
the expression of HIF-1, which promotes the expression 
of cementum protein 1 (CEMP1), inducing dental stem 
cells to differentiate into cementoblasts, increasing 
cementogenesis (Choi et al., 2014). Hypoxia is also 
important for pulp regeneration. In injured dental pulp, 
HIF-1 is the major regulator of angiogenesis by 
stimulating the paracrine angiogenic activity of dental 
pulp cells (Aranha et al., 2010). 
 
Hypoxia in the tumor microenvironment 
 
      Cancer development is a multistep process that 
requires the acquisition of functional capabilities crucial 
for human cells to form malignant tumors, known as the 
hallmarks of cancer (Hanahan and Weinberg, 2011). 
Currently, ten hallmarks of cancer have been recognized 
(eight capabilities and two enabling characteristics): 
Evading growth suppressors, avoiding immune 
destruction, enabling replicative immortality, tumor-
promoting inflammation, activating invasion and 

metastasis, inducing or accessing vasculature, genome 
instability and mutation, resisting cell death, 
deregulating cellular metabolism, and sustaining 
proliferative signaling. Additionally, two emerging 
hallmarks (unlocking phenotypic plasticity and 
senescent cells) and two enabling characteristics (non-
mutational epigenetic reprogramming and polymorphic 
microbiomes) have been recently proposed (Hanahan, 
2022).  
      Hypoxia, mainly through HIF factors, influences and 
plays a vital role in several of these hallmarks, namely: 
sustaining proliferative signaling, deregulating cellular 
metabolism, and inducing or accessing vasculature 
(Hanahan and Weinberg, 2011). This translates into 
favoring tumor vascularization, epithelial-mesenchymal 
transition (EMT), extracellular matrix remodeling, 
glucose and lipid metabolism, invasion, drug resistance, 
and metastasis (Kujan et al., 2017; Wicks and Semenza, 
2022). 
 
Head and neck cancer 
 
      VEGF is probably the most essential angiogenic 
factor expressed in solid tumors and is upregulated in 
oral squamous cell carcinoma (OSCC) (Niklander et al., 
2021), the most common form of head and neck cancer. 
Hypoxia is considered one of the main mechanisms 
underlying the overexpression of VEGF, as shown by in 
vitro and in vivo studies (Shang et al., 2006; Lee et al., 
2018). Under hypoxic conditions, HIF-1α binds to 
hypoxia response elements and regulates changes in the 
expression of different factors involved in angiogenesis, 
including VEGF (Bredell et al., 2016), carbonic 
anhydrase 9 (CAIX), and plasminogen activator 
inhibitor-1 (PAI-1), which promote neovascularization 
and tumor spread (Peterle et al., 2018). HIF expression 
might have prognostic significance, as in OSCC, HIF-1α 
and HIF-2α expression correlate with clinicopathological 
parameters, and in in vivo mouse models their 
knockdown inhibited angiogenesis and tumor growth 
(Zhu et al., 2010).  
      Moreover, hypoxia constitutes an adverse factor in 
the management of head and neck cancer, enhances 
resistance to treatments such as radiation and cytotoxic 
drugs, and attenuates the probability of attaining a 
curative outcome (Sumera et al., 2023; Vinciguerra et 
al., 2023). Hypoxia measurements demonstrate its 
presence in these cancers, consistently correlating with 
unfavorable outcomes.  
 
Hypoxia in odontogenic lesions 
 
Odontogenic tumors  
 
      The association between hypoxia and head and neck 
tumors is a topic of significant interest. Tumors 
frequently encounter areas with inadequate oxygen 
supply, resulting in a hypoxic microenvironment 
(Rademakers et al., 2019; Sørensen and Horsman, 2020). 
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Odontogenic tumors exhibit an elevated proliferation 
rate of the epithelial parenchyma, leading to the 
formation of cellular islands through the aggregation of 
epithelial cells (Ege et al., 2023). As a direct vascular 
supply to epithelial cells is lacking, these cells depend on 
nutrients from the surrounding connective tissue for their 
metabolic requirements. Research on odontogenic 
tumors and hypoxia has primarily focused on 
ameloblastoma.  
 
Ameloblastoma 
 
      The development and progression of ameloblastoma 
involves a complex process, with ongoing research 
efforts aimed at deepening the understanding of this 
neoplasm. Few articles have been published that 
establish correlations between diverse proteins and 
hypoxia, as low-oxygen microenvironments have been 
linked to the invasion and aggressiveness of 
ameloblastoma (Sánchez-Romero et al., 2016; da Costa, 
2016, 2018; Yoshimoto et al., 2019; de Mendonça et al., 
2020; Pereira-Prado et al., 2021; Valladares et al., 2021; 
AlMuzaini et al., 2022). Ameloblastoma is characterized 
by a heightened proliferative capacity. This is 
particularly notable in peripheral cells of the tumor, 
which have the potential to compromise the oxygen 
supply of central cells, leading to apoptosis (Valladares 
et al., 2021). In solid tumors, reduced oxygen 
concentrations induce hypoxic stress, initiating a cascade 
of intricate cellular events (Denko, 2008).  
      HIF-1α represents the most studied marker to 
understand the implications of hypoxia in the 
development and progression of ameloblastoma. A 
summary of the possible effects of hypoxia through HIF-
1α can be seen in Figure 1. The overexpression of HIF-
1α has been associated with the increased proliferative 
activity and invasive characteristics of ameloblastic cells 
(Jain et al., 2023). In general, in solid areas, HIF-1α is 
expressed in the nucleus, and cystic regions it is 
expressed both in the nucleus and the cytoplasm, being 
associated with the potential of invasion and apoptosis 
(Valladares et al., 2021). Pereira-Prado et al. (2021) 
demonstrated that HIF-1α and Galectin-3 exhibited a 

similar staining pattern in ameloblastomas, likely 
indicating a response to hypoxic stress. This suggests 
that the interaction between these proteins may play a 
crucial role in the more aggressive behavior of central 
ameloblastomas compared with unicystic 
ameloblastomas. Da Costa and coauthors (da Costa et 
al., 2016) evaluated the expression of HIF-1α, NOTCH1, 
ADAM-12, and HB-EGF in ameloblastoma, comparing 
with calcifying odontogenic cysts and dental follicles. 
Their results demonstrated the higher expression of these 
proteins in ameloblastomas, suggesting a possible 
influence on invadopodium formation and tumor 
invasiveness (da Costa et al., 2016). Similarly, another 
study that compared the same lesions (ameloblastoma, 
calcifying odontogenic cyst, and dental follicle) (de 
Mendonça et al., 2020), showed ameloblastomas to have 
higher expression of proteins associated with hypoxia 
and angiogenesis (i.e., HIF-1α, MMP-2, VEGF, and 
VEGFR-2). Finally, a recent systematic review that 
included 13 articles investigating HIF-1α in 
ameloblastoma, concluded that the significant activity of 
HIF-1α in the intratumoral sites of ameloblastoma is 
distinct, and positions it as a candidate for targeted 
therapy (Jain et al., 2023). 
      The relationship between hypoxia and apoptosis is 
complex and involves various molecular pathways. 
Regarding ameloblastoma, one study described the co-
localization of Caspase-3 an apoptosis marker and HIF-
1α (da Costa et al., 2018), suggesting their potential 
contribution to the formation of the cystic areas of the 
tumor. Under specific circumstances, the protective 
mechanism initiated by HIF-1α in response to hypoxia 
proves inadequate for preserving cell viability, leading to 
a heightened response that culminates in apoptosis 
through the activation of the caspase cascade. 
      Valladares et al. (2021) aimed to investigate 
proapoptotic (p53, Bax, BNIP3) and antiapoptotic (Bcl-2 
and GLUT-1) proteins modulated by HIF-1α. 
Interestingly, the antiapoptotic proteins were expressed 
in peripheral columnar cells of solid areas, whereas 
proapoptotic proteins were found in cells of the basal 
and central layers of the neoplastic islands. Their 
findings also revealed a significant association between 
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Fig. 1. Graphic summary of 
the phenotypic advantages 
that hypoxia, through HIF-1α, 
may confer to ameloblastoma 
(created with BioRender. 
com).



HIF-1α and GLUT-1, suggesting that the positive 
regulation of GLUT-1 mediated by HIF-1α in hypoxia 
appears to confer resistance to apoptosis. Sanchez-
Romero et al. (2016) similarly analyzed the co-
expression of HIF-1α and GLUT-1. All cases of 
ameloblastoma in their cohort showed cytoplasmatic 
GLUT-1 staining, potentially associated with growth and 
local invasion potential. In this sense, membranous 
expression of GLUT-1 in some tumors could indicate 
lower glucose demands, as seen with lower levels of 
proliferation and/or hypoxia.  
      In response to hypoxia, cells may activate autophagy 
as a survival mechanism. AlMuzaini et al. (2022) 
conducted an in vitro study under the hypothesis that 
hypoxia induces autophagia in primary and recurrent 
ameloblastoma cells. Their results suggested that the 
hypoxia-mediated autophagic process could help tumor 
adaptation.  
      Regarding the malignant transformation of 
ameloblastomas, an in vitro study demonstrated that 
hypoxia-induced HIF-1α and ZEB1 are critical events 
(Yoshimoto et al., 2019). The authors discussed the 
possibility that these proteins could be used as potential 
biomarkers of ameloblastic carcinoma.  
 
Conclusion 
 
      The literature has demonstrated the correlation 
between hypoxia and ameloblastoma, revealing a 
discernible link between the heightened expression of 
hypoxic markers in low oxygen conditions. This 
association is intricately tied to the tumoral potential for 
invasion, progression, and malignant transformation. 
Nevertheless, extant findings are predominantly 
sporadic, largely stemming from formalin-fixed paraffin-
embedded tissue. Ideally, forthcoming investigations 
should employ molecular methodologies and leverage 
larger sample cohorts, to elucidate signaling pathways 
concomitant with the overexpression of hypoxic 
markers, thereby furnishing a robust foundation for the 
exploration of targeted therapeutic modalities. 
 
References 
 
AlMuzaini A.A.A.Y., Boesze-Battaglia K., Alawi F. and Akintoye S.O. 

(2022). Hypoxia enhances basal autophagy of epithelial-derived 
ameloblastoma cells. Oral Dis. 28, 2175-2184. 

Aranha A.M., Zhang Z., Neiva K.G., Costa C.A., Hebling J. and Nör J.E. 
(2010). Hypoxia enhances the angiogenic potential of human dental 
pulp cells. J. Endod. 36, 1633-1637. 

Bredell M.G., Ernst J., El-Kochairi I., Dahlem Y., Ikenberg K. and 
Schumann D.M. (2016). Current relevance of hypoxia in head and 
neck cancer. Oncotarget 7, 50781-50804. 

Bruick R.K. (2003). Oxygen sensing in the hypoxic response pathway: 
regulation of the hypoxia-inducible transcription factor. Genes Dev. 
17, 2614-2623. 

Cascio S., D'Andrea A., Ferla R., Surmacz E., Gulotta E., Amodeo V., 
Bazan V., Gebbia N. and Russo A. (2010). miR-20b modulates 
VEGF expression by targeting HIF-1 alpha and STAT3 in MCF-7 

breast cancer cells. J. Cell. Physiol. 224, 242-249. 
Chen P.S., Chiu W.T., Hsu P.L. Lin S.C., Peng I.C., Wang C.I. and Tsai 

S.J. (2020). Pathophysiological implications of hypoxia in human 
diseases. J. Biomed. Sci. 27, 63. 

Choi H., Jin H., Kim J.Y., Lim K.T., Choung H.W., Park J.Y., Chung J.H. 
and Choung P.H. (2014). Hypoxia promotes CEMP1 expression and 
induces cementoblastic differentiation of human dental stem cells in 
an HIF-1-dependent manner, Tissue Eng. Part A. 20, 410-423. 

Chu H.X. and Jones N.M. (2016). Changes in Hypoxia-Inducible Factor-
1 (HIF-1) and Regulatory Prolyl Hydroxylase (PHD) enzymes 
following Hypoxic-Ischemic injury in the neonatal rat. Neurochem 
Res. 41, 515-522. 

da Costa N.M., Fialho A.D., Proietti C.C., da Silva Kataoka M.S., Jaeger 
R.G., de Alves-Júnior S.M. and de Jesus Viana Pinheiro J. (2016). 
Role of hypoxia-related proteins in invasion of ameloblastoma cells: 
crosstalk between NOTCH1, hypoxia-inducible factor 1α, a 
disintegrin and metalloproteinase 12, and heparin-binding epidermal 
growth factor. Histopathology 69, 99-106. 

da Costa N.M.M., de Siqueira A.S., Ribeiro A.L.R., da Silva Kataoka 
M.S., Jaeger R.G., de Alves-Júnior S.M., Smith A.M. and de Jesus 
Viana Pinheiro J. (2018). Role of HIF-1α and CASPASE-3 in 
cystogenesis of odontogenic cysts and tumors. Clin. Oral Investig. 
22, 141-149. 

de Mendonça R.P., Balbinot K.M., Martins B.V., da Silva Kataoka M.S., 
Mesquita R.A., de Jesus Viana Pinheiro J. and de Melo Alves Júnior 
S. (2020). Hypoxia and proangiogenic proteins in human 
ameloblastoma. Sci. Rep. 10, 17567. 

Denko N.C. (2008). Hypoxia, HIF1 and glucose metabolism in the solid 
tumour. Nat. Rev. Cancer 8, 705-713. 

Dimasuay K.G., Boeuf P., Powell T.L. and Jansson T. (2016). Placental 
responses to changes in the maternal environment determine fetal 
growth, Front. Physiol. 7, 12. 

Dunwoodie S.L. (2009) The role of hypoxia in development of the 
Mammalian embryo. Dev. Cell 17, 755-773. 

Düvel K., Yecies J.L., Menon S., Raman P., Lipovsky A.I., Souza A.L., 
Triantafellow E., Ma Q., Gorski R., Cleaver S., Vander Heiden M.G., 
MacKeigan J.P., Finan P.M., Clish C.B., Murphy L.O. and Manning 
B.D. (2010). Activation of a metabolic gene regulatory network 
downstream of mTOR complex 1. Mol. Cell. 39, 171-183. 

Ege B., Bozgeyik E., Bayazıt S., Bozgeyik I., Erdogmus Z. and Koparal 
M. (2023). Expression pattern of hypoxia-related genes in 
odontogenic cysts. Arch. Oral Biol. 148, 105639. 

Fajersztajn L. and Veras M.M. (2017). Hypoxia: From placental 
development to fetal Programming. Birth Defects Res. 109, 1377-
1385. 

Forristal C.E., Wright K.L., Hanley N.A., Oreffo R.O. and Houghton F.D. 
(2010). Hypoxia inducible factors regulate pluripotency and 
proliferation in human embryonic stem cells cultured at reduced 
oxygen tensions. Reproduction 139, 85-97. 

Hanahan D. and Weinberg R.A. (2011). Hallmarks of cancer: the next 
generation. Cell 144, 646-674. 

Hanahan D. (2022). Hallmarks of cancer: New Dimensions. Cancer 
Discov. 12, 31-46. 

Hancock J.T.A (2022). Brief history of oxygen: 250 Years on. Oxygen 2, 
31-39. 

Huang S.T., Vo K.C., Lyell D.J., Faessen G.H., Tulac S., Tibshirani R., 
Giaccia A.J. and Giudice L.C. (2004). Developmental response to 
hypoxia. FASEB J. 18, 1348-1365. 

Huppertz B., Weiss G. and Moser G. (2014). Trophoblast invasion and 

 987

Ameloblastoma and hypoxia



oxygenation of the placenta: measurements versus presumptions. J. 
Reprod. Immunol. 101-102, 74-79. 

Iliopoulos O., Levy A.P., Jiang C., Kaelin W.G. Jr and Goldberg M.A. 
(1996). Negative regulation of hypoxia-inducible genes by the von 
Hippel-Lindau protein, Proc. Natl. Acad. Sci. USA 93, 10595-10599. 

Jaakkola P., Mole D.R., Tian Y.M., Wilson M.I., Gielbert J., Gaskell S.J., 
von Kriegsheim A., Hebestreit H.F., Mukherji M., Schofield C.J., 
Maxwell P.H., Pugh C.W. and Ratcliffe P.J. (2001). Targeting of HIF-
alpha to the von Hippel-Lindau ubiquitylation complex by O2-
regulated prolyl hydroxylation. Science 292, 468-472. 

Jain A., Sharma P., Sivakumar N., Devi P., Gupta S. and Chandra S. 
(2023). Role of HIF-1α in ameloblastoma: A systematic Review. 
Indian J. Otolaryngol. Head Neck Surg. 75, 3136-3145. 

Kimura S., Takeshita N., Oyanagi T., Seki D., Jiang W., Hidaka K., 
Fukumoto S., Takahashi I. and Takano-Yamamoto T. (2022). HIF-
2α inhibits ameloblast differentiation via Hey2 in tooth development. 
J. Dent. Res. 101, 1637-1644. 

Kujan O., Shearston K. and Farah C.S. (2017). The role of hypoxia in 
oral cancer and potentially malignant disorders: a review. J. Oral 
Pathol. Med. 46, 246-252. 

Le Q.T. and Courter D. (2008). Clinical biomarkers for hypoxia targeting. 
Cancer Metastasis Rev. 27, 351-362. 

Lee L.T., Wong Y.K., Chan M.Y., Chang K.W., Chen S.C., Chang C.T. 
and Wang J. (2018). The correlation between HIF-1 alpha and 
VEGF in oral squamous cell carcinomas: Expression patterns and 
quantitative immunohistochemical analysis. J. Chin. Med. Assoc. 81, 
370-375. 

Lee P., Chandel N.S. and Simon M.C. (2020). Cellular adaptation to 
hypoxia through hypoxia inducible factors and beyond. Nat. Rev. 
Mol. Cell Biol. 21, 268-283. 

Li Y., Xu Y., Wang R., Li W., He W., Luo X. and Ye Y. (2020). 
Expression of Notch-Hif-1α signaling pathway in liver regeneration 
of rats. J. Int. Med. Res. 48, 300060520943790. 

Luo Z., Tian M., Yang G., Tan Q., Chen Y., Li G., Zhang Q., Li Y., Wan 
P. and Wu J. (2022). Hypoxia signaling in human health and 
diseases: implications and prospects for therapeutics. Signal 
Transduct. Target. Ther. 7, 218. 

Malkov M.I., Lee C.T. and Taylor C.T. (2021). Regulation of the 
Hypoxia-Inducible Factor (HIF) by pro-inflammatory cytokines. Cells 
10, 2340. 

Markolovic S., Wilkins S.E. and Schofield C.J. (2015). Protein 
hydroxylation catalyzed by 2-Oxoglutarate-dependent oxygenases. 
J. Biol. Chem. 290, 20712-20722. 

Neville R.G. (1974). Steps leading to the discovery of oxygen, 1774. A 
bicentennial tribute to Joseph Priestley. J. Chem. Educ. 51, 428-
431. 

Niklander S., Bordagaray M.J., Fernández A. and Hernández M. (2021). 
Vascular endothelial growth factor: A translational view in oral non-
communicable diseases. Biomolecules 11, 85. 

Park S.H., Kim B.R., Lee J.H., Park S.T., Lee S.H., Dong S.M. and Rho 
S.B. (2014). GABARBP down-regulates HIF-1α expression through 
the VEGFR-2 and PI3K/mTOR/4E-BP1 pathways. Cell. Signal. 26, 
1506-1513. 

Pereira-Prado V., Vigil-Bastitta G., Sánchez-Romero C., Arocena M., 
Molina-Frechero N., González-González R., Meleti M. and Bologna-
Molina R. (2021). Immunoexpression of galectin-3 and its potential 
relation to hypoxia-inducible factor-1α in ameloblastomas. Biotech. 
Histochem. 96, 296-301. 

Peterle G.T., Maia L.L., Trivilin L.O., de Oliveira M.M., Dos Santos J.G., 

Mendes S.O., Stur E., Agostini L.P., Rocha, L.A., Moysés R.A., Cury 
P.M., Nunes F.D., Louro I.D., Dos Santos M. and da Silva A. (2018). 
PAI-1, CAIX, and VEGFA expressions as prognosis markers in oral 
squamous cell carcinoma. J. Oral Pathol. Med. 47, 566-574. 

Rademakers T., Horvath J.M., van Blitterswijk C.A. and LaPointe V.L.S. 
(2019). Oxygen and nutrient delivery in tissue engineering: 
Approaches to graft vascularization. J. Tissue Eng. Regen. Med. 13, 
1815-1829. 

Rombouts C., Giraud T., Jeanneau C. and About I. (2017). Pulp 
vascularization during tooth development, regeneration, and 
therapy. J. Dent. Res. 96, 137-144. 

Salceda S. and Caro J. (1997). Hypoxia-inducible factor 1alpha (HIF-
1alpha) protein is rapidly degraded by the ubiquitin-proteasome 
system under normoxic conditions. Its stabilization by hypoxia 
depends on redox-induced changes. J. Biol. Chem. 272, 22642-
226427. 

Samaja M. and Ottolenghi S. (2023). The oxygen cascade from 
atmosphere to mitochondria as a tool to understand the 
(Mal)adaptation to hypoxia. Int. J. Mol. Sci. 24, 3670. 

Sánchez-Romero C., Bologna-Molina R., Mosqueda-Taylor A. and Paes 
de Almeida O. (2016). Immunohistochemical expression of GLUT-1 
and HIF-1α in tooth germ, ameloblastoma, and ameloblastic 
carcinoma. Int. J. Surg. Pathol. 24, 410-418. 

Semenza G.L. (2012). Hypoxia-inducible factors in physiology and 
medicine. Cell 148, 399-408. 

Shang Z.J., Li Z.B. and Li J.R. (2006). VEGF is up-regulated by hypoxic 
stimulation and related to tumour angiogenesis and severity of 
disease in oral squamous cell carcinoma: in vitro and in vivo studies. 
Int. J. Oral Maxillofac. Surg. 35, 533-538. 

Shen X., Li M., Wang C., Liu Z., Wu K., Wang A., Bi C., Lu S., Long H. 
and Zhu G. (2022). Hypoxia is fine-tuned by Hif-1α and regulates 
mesendoderm differentiation through the Wnt/β-Catenin pathway. 
BMC Biol. 20, 219. 

Simon M.P., Tournaire R. and Pouyssegur J. (2008). The angiopoietin-2 
gene of endothelial cells is up-regulated in hypoxia by a HIF binding 
site located in its first intron and by the central factors GATA-2 and 
Ets-1. J. Cell. Physiol. 217, 809-818. 

Sørensen B.S. and Horsman M.R. (2020). Tumor hypoxia: Impact on 
radiation therapy and Molecular Pathways. Front. Oncol. 10,  
562. 

Sumera S., Ali A., Yousafzai Y.M., Durrani Z., Alorini M., Aleem B. and 
Zahir R. (2023). Overexpression of Hypoxia-Inducible Factor-1α and 
its relation with aggressiveness and grade of oral squamous cell 
carcinoma. Diagnostics 13, 451. 

Taylor C.T., Doherty G., Fallon P.G. and Cummins E.P. (2016). 
Hypoxia-dependent regulation of inflammatory pathways in immune 
cells. J. Clin. Invest. 126, 3716-3724. 

Tuuli M.G., Longtine M.S. and Nelson D.M. (2011). Review: Oxygen and 
trophoblast biology--a source of controversy. Placenta 32 (Suppl. 2), 
S109-118. 

Valladares K.J.P., Balbinot K.M., Lopes de Moraes A.T., Kataoka 
M.S.D.S., Ramos A.M.P.C., Ramos R.T.J., da Silva A.L.D.C., 
Mesquita R.A., Normando D., Alves Júnior S.M. and Pinheiro J.J.V. 
(2021). HIF-1 α is associated with resistance to Hypoxia-Induced 
apoptosis in ameloblastoma. Int. J. Dent. 2021, 3060375. 

van Uden P., Kenneth N.S., Webster R., Müller H.A., Mudie S. and 
Rocha S. (2011). Evolutionary conserved regulation of HIF-1β by 
NF-κB. PLoS Genet. 7, e1001285. 

Vinciguerra A., Bedarida V., Pronier C., El Zein S., Wassef M., Atallah 

988

Ameloblastoma and hypoxia



S., Chatelet F., Molher J., Manivet P., Herman P., Adle-Biassette H., 
and Veril laud B. (2023). Expression, prognostic value and 
correlation with HPV status of Hypoxia-Induced markers in sinonasal 
squamous cell carcinoma. J. Pers. Med. 13, 767. 

Wan J. and Wu W. (2016). Hyperthermia induced HIF-1a expression of 
lung cancer through AKT and ERK signaling pathways, J. Exp. Clin. 
Cancer Res. 35, 119. 

West J.B. (2016). Early history of high-altitude physiology. Ann. NY 
Acad. Sci. 1365, 33-42. 

West J.B. and Richalet J.P. (2013). Denis Jourdanet (1815-1892) and 
the early recognition of the role of hypoxia at high altitude. Am. J. 
Physiol. Lung Cell Mol. Physiol. 305, L333-L340. 

Wicks E.E. and Semenza G.L. (2022). Hypoxia-inducible factors: cancer 

progression and clinical translation. J. Clin. Invest. 132, e159839. 
Wu D., Potluri N., Lu J., Kim Y. and Rastinejad F. (2015). Structural 

integration in hypoxia-inducible factors. Nature 524, 303-308. 
Yoshimoto S., Tanaka F., Morita H., Hiraki A. and Hashimoto S. (2019). 

Hypoxia-induced HIF-1α and ZEB1 are critical for the malignant 
transformation of ameloblastoma via TGF-β-dependent EMT. 
Cancer Med. 8, 7822-7832. 

Zhu G.Q., Tang Y.L., Li L., Zheng M., Jiang J., Li X.Y., Chen S.X. and 
Liang X.H. (2010). Hypoxia inducible factor 1α and hypoxia inducible 
factor 2α play distinct and functionally overlapping roles in oral 
squamous cell carcinoma. Clin. Cancer Res. 16, 4732-4741. 

   
Accepted February 1, 2024

989

Ameloblastoma and hypoxia


