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A B S T R A C T   

Hypoxia-inducible factor-1 (HIF-1), a heterodimeric transcription factor composed of the α and β 
subunits, regulates cellular adaptive responses to hypoxia. Macrophages, which are derived from 
monocytes, function as antigen-presenting cells that activate various immune responses. HIF-1α 
regulates the immune response, viability, migration, phenotypic plasticity, and metabolism of 
macrophages. Specifically, macrophage-derived HIF-1α can prevent excessive pro-inflammatory 
responses by attenuating the transcriptional activity of nuclear factor-kappa B in vivo and in 
vitro. HIF-1α modulates macrophage migration by inducing the release of various chemokines and 
providing necessary energy. HIF-1α promotes macrophage M1 polarization by targeting glucose 
metabolism. Additionally, HIF-1α induces the upregulation of glycolysis-related enzymes and 
intermediates of the tricarboxylic acid cycle and pentose phosphate pathway. HIF-1α promotes 
macrophage apoptosis, necroptosis and reduces autophagy. The current review highlights the 
mechanisms associated with the regulation of HIF-1α stabilization in macrophages as well as the 
role of HIF-1α in modulating the physiological functions of macrophages.   

1. Introduction 

Hypoxia-inducible factor-1α (HIF-1α), a subunit of the heterodimeric transcription factor HIF-1, is specifically stabilized and 
induced by hypoxia [1–7]. HIF-1α contributes to the regulation of cellular metabolism and the modulation of immune responses in 
macrophages [8]. For instance, in obesity, expression of the HIF-1α mRNA and protein is increased in macrophages, combined with 
upregulation of glycolysis and enhanced release of inflammatory cytokines [9]. HIF-1α expression is upregulated in macrophages 
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through activation of the nuclear factor-kappa B (NF-κB) pathway [10]. In lipopolysaccharide (LPS)-stimulated mouse macrophages, 
HIF-1α not only promoted NF-κB-mediated expression of proinflammatory cytokines but also enhanced the host defense response [11]. 
HIF-1α activity regulates macrophage immune responses via releasing pro-inflammatory cytokines and antimicrobial peptides, 
enhancing phagocytosis and nitric oxide (NO) production, inhibiting apoptosis, and facilitating the re-distribution of intracellular 
oxygen and the inhibition of prolyl hydroxylase domain (PHD) activity, which further improves HIF-1α protein stability and promotes 
phagocytic activity [12]. Therefore, HIF-1α plays a critical role in macrophage cellular metabolism and immune responses. 

HIF-1α is also critical for macrophage recruitment and migration. Notably, a specific knockout of HIF-1α in myeloid lineage cells 
impairs their migration and normal function [13]. In severe hypoxia, HIF-1α upregulates the expression of pyruvate dehydrogenase 
kinase isozyme 1 (PDK1) to reprogram glucose metabolism and enhances the migration potential of macrophages [14,15]. Moreover, 
HIF-1α contributes to macrophage plasticity; during Th1 cytokine-induced macrophage polarization, HIF-1α promotes M1 phenotypic 
switching by binding inducible nitric oxidase synthase (iNOS) to maintain NO homeostasis during inflammation [12,16,17]. These 
findings indicate that HIF-1α contributes to macrophage polarity and behavior. 

Studies on macrophage-derived HIF-1α have revealed the importance of HIF-1α-regulated processes in macrophages and high
lighted the potential of HIF-1α as a possible therapeutic target for different macrophage-related diseases. In this context, by conducting 
a PubMed search with “HIF-1α” and “macrophage”, the current review discusses key advances in knowledge of the roles of HIF-1α as an 
important regulator of macrophage function, both in terms of underlying mechanisms and disease implications. Additionally, we 
review current literature on the roles of HIF-1α in modulating the behavior, function, polarity, and physiological processes of mac
rophages, as well as its regulatory effects in macrophage-associated diseases. 

2. Regulation of HIF-1α stability 

Hypoxia inducible factor-1 (HIF-1) is a basic loop–helix–loop protein comprising a constitutively expressed beta subunit (HIF-1β), 
known as the aryl hydrocarbon receptor nuclear transporter, and an oxygen-regulated alpha subunit (HIF-1α) [18]. HIF-1α or HIF-2α 
heterodimerizes with HIF-1β, which binds to hypoxia response elements (HREs) within the promoter region of target genes, thereby 
regulating their expression [19]. Other proteins interacting with the HIF-1 complex act as coactivators to transcriptionally regulate the 
target genes [20] with myriad functions, such as controlling metabolic reprogramming and supporting organ development and 
physiological adaptation [21]. 

Fig. 1. Structure and regulation of hypoxia-inducible factor-1α (HIF-1α) stability. The stability of HIF-1α is regulated via proline hydroxylation 
modulated by prolyl hydroxylase domains (PHDs). Activated PHDs hydroxylate HIF-1α at its oxygen dependent degradation domain (ODDD), 
triggering its association with von hippel-lindau (VHL) protein E3 ligase complex and leading to ubiquitin–proteasome pathway-dependent 
degradation. Hypoxia increases protein stability of HIF-1α and promotes its nuclear translocation and accumulation. HIF-1α associates with tran
scriptional co-activators, such as cAMP-response element binding protein (CREB) binding protein (CBP) and p300; the efficient transcriptional 
complexes form in hypoxia response elements (HREs) to regulate gene expression. 
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HIF-1α stability is regulated by the hydroxylation of its proline residues via PHDs (Fig. 1). Under normoxic conditions, activated 
PHD hydroxylates HIF-1α at its oxygen-dependent degradation domain (ODDD), facilitating its association with the von hippel-lindau 
(VHL) protein E3 ligase complex, subsequently resulting in HIF-1α degradation via the ubiquitin–proteasome pathway [22,23]. 
Conversely, under hypoxic conditions, PHD-dependent HIF-1α hydroxylation is inhibited, resulting in enhanced protein stability, 
nuclear translocation, and accumulation of HIF-1α. Notably, factor-inhibiting hypoxia-inducible factor (FIH)-mediated HIF-1α and 
HIF-2α hydroxylation at asparagine residues attenuates the interaction between HIF-1α and its transcriptional co-activators, such as 
cAMP-response element binding protein (CREB) binding protein (CBP) and p300, thereby preventing efficient formation of tran
scriptional complexes [21]. 

The stability of HIF-1α in immune cells can be regulated in an oxygen-independent manner. Oxidation of low-density lipoprotein in 
macrophages leads to HIF-1α accumulation through reactive oxygen species (ROS) [11]. Additionally, bacteria induce HIF-1α 
expression in macrophages cultured under normoxic conditions [24]. Specifically, LPS—the major cell membrane component of 
Gram-negative bacteria—induces transcription and mRNA translation of HIF-1α in macrophages, resulting in HIF-1α protein accu
mulation, which differs from hypoxia-induced HIF-1α protein stabilization [25]. Hypoxia upregulates HIF-1α protein levels through 
inhibiting PHD-dependent hydroxylation and the rapid ubiquitination and proteasome degradation of HIF-1α protein. Moreover, 
HIF-1α expression can be upregulated via the mammalian target of rapamycin (mTOR) [26], signal transducer and activator of 
transcription 3 (STAT3), and NF-κB-dependent pathways [27,28]. NF-κB is required for enhanced HIF-1α transcription in macrophages 
induced by bacteria. 

3. HIF-1α regulates macrophage functions and physiological processes 

3.1. HIF-1α regulates immune responses in macrophages 

Hypoxia is closely associated with inflammation and inflammation-related diseases [10]. Under hypoxic and inflammatory con
ditions, HIF-1α and NF-κB are intricately associated as they share stimuli, regulatory factors, and target genes. Hypoxia activates 
HIF-1α and NF-κB in an inhibitor kappa B kinase β (IKKβ)- and transforming growth factor-β-activated kinase1 (TAK1)-dependent 
manner. Moreover, given that NF-κB regulates HIF-1α levels and activity within normoxic and hypoxic conditions, the associated 
pathways are evolutionarily conserved [29]. Under inflammatory conditions, HIF-1α can attenuate the transcriptional activity of 
NF-κB in vivo and in vitro to prevent excessive and damaging pro-inflammatory responses [30,31]. 

HIF-1α also interacts with NF-κB in murine macrophages. HIF-1α expression is attenuated by IKKβ knockdown in macrophages 
following exposure to bacterial infection and hypoxia [11,12]. In LPS-stimulated murine macrophages, HIF-1α promotes NF-κB-me
diated pro-inflammatory cytokine expression. The microenvironment at the infection site maintains HIF-1α protein stability by 
reducing hydroxylase activity. Additionally, the direct contact between murine macrophages and pathogens causes upregulation of 
HIF-1α expression via NF-κB pathway activation. That is, activated NF-κB induces HIF-1α transcription, thereby enhancing the host 
defense response. Subsequently, HIF-1α activity promotes the immune response of macrophages, including the release of 
pro-inflammatory cytokines and antimicrobial peptides, promotion of phagocytosis, NO production, and re-distribution of intracel
lular oxygen, as well as inhibition of apoptosis and PHD activity, effectively improving HIF-1α protein stability and promoting 
phagocyte activation [12]. Interestingly, VHL protein-deficient macrophages can kill bacteria more efficiently than wild-type mac
rophages due to enhanced HIF-1α protein stability [24]. 

Rheumatoid arthritis is an autoimmune disease characterized by persistent synovitis that can lead to joint destruction and disability 
[32]. Increased macrophage infiltration into the synovium is an early hallmark of the active synovitis [33]. Activation of the 
HIF-1α/STAT3/NOD-like receptor protein 3 (NLRP3) pathway aggravates rheumatoid arthritis by promoting the inflammatory 
macrophage phenotype. Moreover, the HIF-1α/STAT3/NLRP3 axis connects metabolic reprogramming and inflammatory activation of 
macrophages under hypoxia. Suppression of the HIF-1α/STAT3/NLRP3 pathway abolishes interleukin (IL)-1β secretion by macro
phages, alleviating rheumatoid arthritis progression [34]. 

In summary, HIF-1α can regulate cellular immunity and inflammation, primarily through the NF-κB pathway, to maintain a normal 
host immune response to pathogens. However, HIF-1α also contributes to immune diseases by promoting macrophage inflammation. 

3.2. HIF-1α regulates macrophage migration 

HIF-1α activity is also critical for macrophage adhesion and recruitment. That is, specific knockout of HIF-1α in myeloid lineage 
cells does not impair monocyte and macrophage development but impairs their migration and normal functioning [13]. In fact, specific 
knockout of HIF-1α in mice bone marrow increases host susceptibility to several bacterial infections [13]. 

HIF-1α can target aerobic glycolytic metabolism to regulate macrophage migration to the site of inflammation. During the 
migration of monocyte-derived macrophages from blood vessels to the inflammatory area, the oxygen concentration within the 
microenvironment around the macrophages gradually decreases, leading to the activation of aerobic glycolysis [35], which increases 
the migratory potential of macrophages. HIF-1α is a potent activator of glycolysis, and macrophage migration capacity in HIF-1α 
knockout mice is significantly inhibited in hypoxia [36]. That is, glycolysis induced by the HIF-1α-PDK1 axis affects the migration 
capacity of macrophages; the oxygen utilization rate of monocyte-derived macrophages gradually decreases during their migration to 
the site of inflammation. In severe hypoxia, HIF-1α-mediated upregulation of PDK1 prevents pyruvate from entering the Krebs cycle to 
regulate glucose oxidation. Hypoxia-induced glucose metabolism reprogramming contributes to enhanced migration potential of 
macrophages [14]. Monocyte chemotactic protein-1 (MCP-1)-induced migration is reduced, and intracellular adenosine triphosphate 
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(ATP) levels are decreased within the peritoneal macrophages of bone marrow-specific HIF-1α knockout mice [37]. In contrast, 
macrophages overexpressing active HIF-1α exhibit increased expression of netrin-1 and unc-5 netrin receptor b (Unc5b), as well as 
decreased migration ability, suggesting that hypoxia and HIF-1α-regulated netrin-1/Unc5b maintain inflammation by inhibiting 
migration and promoting the survival of focal macrophages [38]. Hence, HIF-1α maintains the migration of macrophages into in
flammatory tissues by providing the necessary energy, whereas HIF-1α deficiency can impair the migration capacity of macrophages. 

3.3. HIF-1α regulates macrophage polarization 

Macrophages are highly plastic cells that rapidly switch their phenotype in response to microenvironmental signals [15]. 
Macrophage pattern recognition receptors (PRRs) or cytokine receptors are stimulated by the toll-like receptor 4 (TLR4) ligand LPS, 
Th1 factor, or tumor necrosis factor α (TNF-α), thereby initiating signaling cascades and promoting macrophage polarization to a 
pro-inflammatory M1 phenotype. However, when stimulated by Th2 cytokines, such as IL-4 or IL-13, macrophages can polarize toward 
the M2 phenotype (immunomodulatory type, alternative activation phenotype), which can be further subdivided into M2a, M2b, M2c, 
M2d, etc. 

HIF is involved in macrophage plasticity. However, HIF-1α and HIF-2α regulate macrophage polarization in opposite ways [17]. 
Although Th1 cytokines induce M1-type polarization and upregulate HIF-1α protein level in mouse bone marrow-derived macrophages 
(BMDMs), IL-4-induced M2-type polarization leads to HIF-2α protein accumulation [17]. 

M1/M2 macrophage polarization plays an important role in the development of acute lung injury. Dysfunctional inflammatory 
responses, the release of high levels of inflammatory factors and oxidative stress-associated damage promote acute lung injury pro
gression [39]. The activation of HIF-1α/pyruvate kinase M2 (PKM2) axis promotes macrophage M1 polarization and the release of IL-6 
and TNF-α, contributing to lung injury. By inhibiting the HIF-1α/PKM2 axis, LPS-induced acute lung injury can be alleviated by 
suppressing macrophage M1 polarization and reducing inflammation [40,41]. 

Atherosclerosis is a chronic inflammatory disease that involves the recruitment of monocyte-derived macrophages to accumulated 
lipoproteins that ultimately become foam cells [42]. Analyzing the progression of atherosclerosis in animal models (Fig. 2) has 
revealed that the abundance of macrophages, as well as their inflammatory phenotype, influences plaque progression and regression. 
The hypoxia status of mouse atherosclerotic plaques adversely impacts macrophages, substantially reverses hypoxia-induced sterol 

Fig. 2. HIF-1α regulates atherosclerosis by targeting macrophage function. Activation of HIF-1α in inflammatory macrophages can increase the 
necrotic plaque area through miRNA-210 and miRNA-383-mediated adenosine triphosphate (ATP) exhaustion, thus promoting atherosclerosis 
progression. In contrast, HIF-1α induces netrin-1 and unc-5 netrin receptor b (Unc5b) expression in hypoxia and decreases macrophage migration, 
thereby alleviating atherosclerosis. 
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accumulation, and reduces cholesterol efflux in vitro by reducing HIF-1α expression [43]. Inflammatory activation (LPS and IFN-γ) 
promotes polarization toward the M1 phenotype and alters the mitochondrial function in macrophages from oxidative phosphory
lation to reactive oxygen species production, thus, promoting necrotic core formation in atherosclerotic lesions. Moreover, within 
inflammatory bone marrow–derived macrophages, deletion of HIF-1α increases oxidative phosphorylation, ATP levels, and the 
expression of genes encoding mitochondrial proteins, while reducing reactive oxygen species production and necroptosis. Addition
ally, a new mechanism has been reported that involves activation of HIF-1α in inflammatory macrophages, leading to an increase in 
necrotic plaque formation through microRNA-210-mediated ATP consumption, thus increasing atherosclerosis [44]. 

These studies demonstrate that hypoxia can serve as a key driver of macrophage recruitment and polarization. In particular, HIF-1α 
promotes macrophage M1 polarization by targeting glucose metabolism. Consequently, M1 polarization can contribute to athero
sclerosis/acute lung injury progression. 

3.4. HIF-1α regulates macrophage metabolism 

HIF-1α is a predominant regulator of macrophage glycolysis (Fig. 3). LPS—an TLR4 agonist—stabilizes HIF-1α in macrophages 
[45]. mTOR participates in the activation of HIF-1α following LPS treatment. mTOR can transcriptionally upregulate HIF-1α 
expression [46] and can associate with HIF-1α to promote its activity [47]. Moreover, leucine influx mediated by the solute carrier 
family 7 member 5 (SLC7A5) can induce activation of human monocyte/macrophage glycolysis through mTOR complex 1 (mTORC1) 
[48]. HIF-1α heterodimerizes with HIF-1β to bind to HREs of glycolytic gene promoters (such as glucose transporters), thus, promoting 
the expression of target genes and upregulating aerobic glycolysis [49–51]. Additionally, HIF-1α-induced upregulation of 
glycolysis-related enzymes and TCA cycle intermediates can improve the stability of HIF-1α, forming a positive feedback loop that 
promotes HIF-1α accumulation. 

Pyruvate kinase (PK) is a key pacemaker enzyme in the last step of the glycolytic pathway and comprises two isoforms: pyruvate 

Fig. 3. HIF-1α participates in glucose metabolic reprogramming. HIF-1α induces glycolytic gene expression to promote glucose uptake, glycolysis, 
and tricarboxylic acid cycle (TCA cycle), thereby enhancing HIF-1α stability. Pyruvate dehydrogenase kinase isozyme 1 (PDK1) inhibits pyruvate 
dehydrogenase complex (PDHC) and oxoglutarate dehydrogenase complex (OGDC), thereby promoting switching from mitochondrial oxidative 
phosphorylation to aerobic glycolysis. Lipopolysaccharide (LPS), an inflammation inducer, inhibits the TCA cycle and induces succinic acid, fumaric 
acid, citric acid, and itaconic acid accumulation, resulting in stabilization of HIF-1α. The tetramer pyruvate kinase M2 (PKM2) is primarily cyto
plasmic and exhibits high pyruvate kinase activity, which can catalyze phosphoenolpyruvate to generate pyruvate. Dimeric PKM2 can translocate 
into the nucleus with high protein kinase activity, acting as a transcription factor to regulate downstream transcription. The toll-like receptor 4 
(TLR4) signaling pathway stimuli, such as LPS, promote phosphorylation of PKM2 to maintain the monomer/dimer state. PKM2 monomer or dimer 
can form a complex with HIF-1α in the nucleus and significantly increase the transcriptional activity of HIF-1α. 
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kinase M1 (PKM1) and PKM2. PKM2 has three states: monomer, dimer, and tetramer; the tetramer exists primarily in the cytoplasm 
and exhibits high pyruvate kinase activity, which can catalyze phosphoenolpyruvate (PEP) to generate pyruvate. In contrast, the dimer 
PKM2 can translocate into the nucleus with high protein kinase activity, acting as a transcription factor to regulate downstream 
transcription [52]. TLR4 signaling pathway stimuli, such as LPS, promote phosphorylation of PKM2 to maintain the monomer/dimer 
state, which form a complex with HIF-1α in the nucleus to significantly increase the transcriptional activity of HIF-1α, thereby 
enhancing the expression of glycolytic enzymes [53,54], which suggest a positive feedforward control loop between PKM2 and the 
HIF-1α signaling pathway [55]. Moreover, deoxyelephantopin (DET) attenuates LPS-induced IL-1β and high-mobility group box 1 
(HMGB1) release in vitro and in vivo and protects mice against lethal endotoxemia via impairing association between PKM2 and HIF-1α 
[56]. Moreover, dimerized nuclear PKM2 promotes the nuclear localization of STAT3 and directly phosphorylates STAT3 at tyrosine 
705 to activate STAT3 [57], thereby inducing HIF-1α and glycolytic enzyme expression [58,59]. These studies suggest a 
PKM2-STAT3-HIF-1α positive feedback loop in macrophages. 

In addition, succinic acid, fumaric acid, citric acid, and itaconic acid accumulate following interruption of the TCA cycle induced by 
LPS stimulation, which can inhibit HIF-1α degradation by directly inhibiting PHDs and promoting ROS production [58–61]. Therefore, 
the stabilization of HIF-1α in activated macrophages and the induction of aerobic glycolysis reinforce each other in a positive feedback 
loop, rapidly promoting aerobic glycolysis in macrophages. 

Adipose tissue macrophage inflammation is associated with metabolic inflammation and metabolism complications [62]. In the 
context of obesity, elevated lactate production in adipose cells is a critical signal that promotes adipose tissue macrophage polarization 
to an inflammatory phenotype. That is, lactate competes with α-ketoglutaric acid by directly binding to the catalytic domain of PHD2 
to stabilize HIF-1α and promote adipose tissue macrophage polarization to an inflammatory phenotype [63]. Lactate-induced upre
gulation of IL-1β levels is eliminated in PHD2-deficient macrophages, revealing a positive correlation between lactate level and local 
inflammatory characteristics. Adipocyte-derived lactate regulates the proinflammatory microenvironment in fat by influencing the 
inflammatory phenotype of macrophages through PHD2-induced HIF-1α stabilization. In addition, macrophage-derived HIF-1α 
functions as a hub connecting abnormal energy metabolism and chronic inflammation [63]. 

In LPS- and interferon gamma (IFN-γ)-stimulated macrophages the HIF-1α level is dynamic, which was modulated by dynamic 
changes in levels of succinate and itaconate. That is, LPS and IFN-γ significantly increases levels of succinate and itaconate early (6–24 
h), which inhibit PHD activity and subsequent HIF-1α degradation to stabilize HIF-1α. A steady increase in HIF-1α promotes tran
scription of downstream pyruvate dehydrogenase kinase 3 (PDK3) and inhibition of pyruvate dehydrogenase complex (PDHC), which 
promotes the transition of mitochondrial oxidative respiration to glycolysis. In addition, the reduction of PDHC and oxoglutarate 
dehydrogenase complex (OGDC) E2 subunit lipidation can inhibit PDHC and OGDC. In the late stimulation phase (48–72 h), significant 
inhibition of PDHC results in decreased production of glucose-derived acetyl-CoA, citric acid, and itaconic acid, and inhibition of 
OGDC, which decreases production of succinyl-CoA and succinic acid. A sharp drop in the abundance of these metabolites returns HIF- 
1α levels to normal. Consequently, metabolic flux through the TCA cycle in macrophages is dynamically reprogrammed. These changes 
in key metabolite levels correlate with changes in HIF-1α protein. This flux modulation in macrophages mediated by HIF-1α leads to 
profound and dynamic shifts in important metabolites, which correlate strongly with the subsequent production of pro-inflammatory 
cytokines TNF-α and IL6 and HIF-1α protein levels. These findings elucidate the highly dynamic metabolic reprogramming in mac
rophages in response to LPS and IFN-γ stimulation, and highlight the important temporal association between metabolism and the 
inflammatory state [61]. 

Since HIF-1α is the main regulator of macrophage glycolysis, its overexpression leads to an increase in glycolysis and intermediates 
of the pentose phosphate pathway [64]. Moreover, palmitic acid exposure promotes glycolytic metabolism by upregulating HIF-1α 
expression [65], while the gaseous signaling molecule hydrogen sulfide (H2S) [66], metal Co2+ [67], chitin [68], metallothionein 3 
[69], G-toxin [70] and sedum extract [71] inhibit macrophage glycolysis and inflammatory pathways by targeting HIF-1α. Addi
tionally, an increase in adipose tissue and local hypoxia causes an increase in the mRNA and protein expression levels of HIF-1α in 
macrophages and the promotion of glycolysis- and inflammatory-related cytokine release [9]. These studies indicate that the 
mTOR–HIF–1α axis plays an important role in modulating glucose metabolism reprogramming in macrophages, and its diverse 
downstream target genes are critical for regulating glucose metabolic reprogramming of activated macrophages [46,47]. 

3.5. HIF-1α regulates macrophage viability 

Macrophage apoptosis, necrosis, and reduced efferocytosis and autophagy play important roles in increasing the size of the necrotic 
core area of atherosclerotic plaques. The necrotic core area of atherosclerotic plaques in myeloid HIF-1α knockout mice was smaller 
compared with the WT mice. And the proportion of early apoptotic cells in the primary macrophages from myeloid HIF-1α knockout 
mice was lower than that from WT mice. The apoptosis of HIF-1α knockout BMDMs was also alleviated in vivo and in vitro [72]. This 
study demonstrates that HIF-1α promotes macrophage apoptosis and play proatherogenic role by necrotic core formation. 

HIF-1α promotes macrophage necroptosis. In atherosclerosis models, RIP3-mediated macrophage necrosis in macrophage HIF-1α 
knockout mice was less than that from WT mice. Activation of HIF-1α in inflammatory BMDM could reduce oxidative phosphorylation 
and ATP, but increase ROS and necroptosis. HIF-1α is closely related to microRNA (miRNA). In particular, HIF-1α upregulates miR-210 
and downregulates miR-383 in diseased macrophages and inflammatory BMDMs, respectively. MiR-383 affects the DNA damage 
repair pathway in BMDMs by targeting poly(ADP-ribose)-glycosyl hydrolase (PARg), thereby reducing energy consumption and 
necroptosis but increasing ATP levels and cell survival, ultimately reducing the atherosclerosis sclerotic plaque area and necrotic core 
formation [44]. 

HIF-1α reduces macrophage autophagy. Atherosclerotic lesions are characterized by inhibition of autophagy and activation of 
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ferroptosis in macrophages. Oxidized low-density lipoprotein (ox-LDL) induces foam cell formation of THP-1 macrophages, autophagy 
dysfunction, and ferroptosis development. Upregulated expression of HIF-1α has been reported in ox-LDL-induced atherosclerotic 
lesions and THP-1 macrophages. However, the HIF-1α inhibitor PX-478 restores autophagy function, depresses ferroptosis, and re
duces lipid accumulation in ox-LDL-induced THP-1 macrophages. PX-478 treatment also down-regulates HIF-1α expression and re
duces atherosclerotic plaques in a murine model [73]. 

4. Conclusion 

Substantial efforts have been undertaken over the past decades to elucidate the role of HIF-1α in regulating the biological functions 
of macrophages. Data have shown that macrophage-derived HIF-1α stabilization occurs under hypoxic conditions, thereby regulating 
macrophage immune responses, migration, polarization, metabolism, and viability. Moreover, the roles of HIF-1α in macrophage- 
associated diseases, particularly obesity and atherosclerosis, have been determined. 

HIF-1α stability is regulated by the hydroxylation of proline residues via PHDs. Under normoxia, activated PHD hydroxylates and 
subsequently degrades HIF-1α via the ubiquitin–proteasome pathway. However, PHD-dependent HIF-1α hydroxylation is inhibited 
under hypoxia, resulting in enhanced protein stability, nuclear translocation, and accumulation of HIF-1α [22,23]. The transcription 
and protein translation of HIF-1α in macrophages are induced by LPS stimulation under aerobic conditions. Moreover, HIF-1α 
expression can be upregulated via the mTOR, STAT3, and NF-κB pathways [27,28]. 

In LPS-stimulated mouse macrophages, HIF-1α promotes NF-κB-mediated pro-inflammatory cytokine expression. When mouse 
macrophages come in direct contact with the pathogens, HIF-1α expression is upregulated via the activation of NF-κB pathway. 
Activated NF-κB further induces the transcription of HIF-1α, thereby enhancing the host defense response. Moreover, specific knockout 
of HIF-1α in myeloid lineage cells impairs their migration and normal function [13]. HIF-1α could target aerobic glycolytic metabolism 
to regulate macrophage migration to the inflammatory area. Additionally, in macrophage glycolysis, HIF-1α binds to the HREs of 
glycolytic enzyme-related gene promoters and upregulates the expression of target genes, including the glucose transporter 1. 

Although an increasing number of studies have focused on HIF-1α and its potential role in macrophages, other HIF subunits, such as 
HIF-2α, also coordinate with HIF-1α to regulate macrophage polarization. However, the regulatory roles of HIF-2α in macrophage 
biology have been largely unexplored and warrant further investigation. Moreover, given that hypoxia signaling serves as a direct link 
between HIF-1α subunits and macrophage-related diseases, the use of HIF-1α-stabilizing or -inhibiting drugs might represent a 
promising therapeutic approach for such diseases. Therefore, future studies should aim to elucidate the therapeutic potential of HIF-1α 
in various disease models. 
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