Journal of Inflammation Research Dovepress
Taylor & Francis Group

Macrophage Hypoxia Signaling Pathways and Their
Roles in Sepsis

Mu Yuan®'?, Lixing Tian 12 Xiang Xu' 3%

'Department of Stem Cell and Regenerative Medicine, National Key Laboratory of Trauma and Chemical Poisoning, Army Characteristic Medical
Center, Army Medical University, Yuzhong District, Chongqing, 400042, People’s Republic of China; 2Central Laboratory, State Key Laboratory of
Trauma, Burn, and Combined Injury, Army Characteristic Medical Center, Army Medical University, Yuzhong District, Chongqing, 400042, People’s
Republic of China; 3Yunnan Key Laboratory of Stem Cell and Regenerative Medicine, Science and Technology Achievement Incubation Center,
Kunming Medical University, Chengguan District, Kunming, 650500, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Xiang Xu; Lixing Tian, Email xiangxu@tmmu.edu.cn; tianlixing@tmmu.edu.cn

Abstract: Sepsis is a severe systemic inflammatory response syndrome, and macrophages play a crucial role in its pathogenesis. In
recent years, more and more attention has been paid to the molecular signaling pathways of hypoxia, especially hypoxia-inducible
factor 1-alpha (HIF-10) and its related metabolic reprogramming, which have shown their importance in regulating the inflammatory
response and functional state of macrophages. At present, although a large number of studies have explored the functional changes of
macrophages in sepsis, there are still many unsolved mysteries about the specific mechanism and clinical significance of the effect of
hypoxia signaling pathway on macrophage function and disease progression. In this review, the metabolic pathways regulated by HIF-
lo, the activation of inflammasomes, the reprogramming of cell functions, and the effects of hypoxia-related signaling pathways on
macrophage function and the pathological process of sepsis were summarized. Combined with the latest single-cell transcriptomics
data and molecular mechanism research, we systematically explore the potential therapeutic targets and intervention strategies, which
provide theoretical basis and research direction for the precise treatment of sepsis.
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Introduction

Sepsis is a severe systemic inflammatory response syndrome caused by infection, which is characterized by multiple
organ dysfunction. Its complex immunopathological mechanism leads to a high clinical mortality." The occurrence of
sepsis is closely related to the host’s immune response, especially in the early stage of infection, there will be a strong
cytokine storm, and often accompanied by immunosuppression in the later stage. The loss of control of this process will
directly lead to the death of patients with sepsis.? Studies have shown that the pathogenesis of sepsis involves a variety of
immune cells, including macrophages, which play a central role in the immune response to sepsis.”**

As an important immune cell of the body, macrophages have a high degree of heterogeneity and plasticity, and can
regulate their functions according to the different microenvironment. In the process of sepsis, macrophages are not only
involved in the clearance of pathogens but also regulate inflammatory response and maintain immune homeostasis by
secreting a variety of cytokines. The polarization of macrophages (such as M1 and M2) plays an important role in the
process and outcome of sepsis. M1 macrophages mainly promote inflammation, while M2 macrophages are related to
anti-inflammation and tissue repair.”® Hypoxic microenvironment is particularly important in sepsis. Many studies have
shown that hypoxia-inducible factor-lalpha (HIF-1a), as a key regulator of hypoxia signaling, plays an important role in
the regulation of macrophage function. HIF-1a is not only involved in the regulation of metabolic reprogramming of
macrophages but also affects their polarization state and inflammatory response. For example, the expression of HIF-1a
can promote the polarization of macrophages to M1 type and enhance their inflammatory response ability. In hypoxic
environment, HIF-1a can also affect the function of macrophages by regulating metabolic pathways such as glycolysis
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and fatty acid oxidation.”* The role of sepsis hypoxia on macrophage function and polarization and its impact on disease
prognosis are controversial, and their research may also provide better therapeutic targets for targeted therapy of sepsis.

In the research of sepsis, to explore the mechanism of macrophage hypoxia signaling pathway not only can help us
better understand the pathogenesis mechanism of sepsis, and provides an important theoretical basis for new therapeutic
strategy, but also will help us to improve the prognosis of sepsis patients from the metabolism and function of
macrophages. The studies in this area are gradually approaching deepening, which constantly sheds light on the influence
of hypoxia to macrophage function, and the significance of its function in sepsis, opening a new direction for its clinical
application in the future.

Effects of Hypoxic Microenvironment on Macrophages in Sepsis

Mechanism of Hypoxia in Sepsis-Associated Tissues

Sepsis is a complex systemic inflammatory response, which is often accompanied by microcirculation disorders and tissue
hypoperfusion, leading to tissue hypoxia.’ In patients with sepsis, the damage of microcirculation is the main cause of tissue
hypoperfusion.'® Sepsis can cause microvascular dysfunction, resulting in rheological changes of red blood cells, and then
lead to tissue hypoxia and multiple organ dysfunction.!' The microcirculation system of patients with sepsis is often
characterized by vasodilatation and hemodynamic instability, which will affect the transport and utilization of oxygen.'®'?

In the early stages of sepsis, although cardiac output may increase, the function of microcirculation does not improve. Instead,
microvascular obstruction and flow stagnation may occur, which will lead to tissue hypoperfusion and hypoxia.'® For example,
one study found that in septic patients, microvascular perfusion was markedly reduced, resulting in inadequate oxygen supply.” In
addition, the inflammatory response in microcirculation and changes in blood composition such as erythrocyte rheology can also
aggravate the degree of tissue hypoxia, further leading to organ damage and functional failure.'""*

To overcome this limitation, researchers are seeking new therapeutic strategies, including for example the bloodflow
modulators that will likely improve microcirculation and tissue oxygenation. For instance, specific nanoparticles can
alleviate sepsis-related hypoperfusion and hypoxia, through enhancing microcirculation perfusion and tissue
oxygenation.'> Similarly, the recent progress in microcirculation monitoring enables us to gain insights and to address
microcirculation impairment and tissue hypoxia in septic patients in a new way. Early in patients with septic shock,
microcirculation monitoring of sublingual microcirculation has demonstrated dysfunction of this system linked to
hyperlactatemia and metabolic acidosis but monitoring may help the clinicians detect these changes, albeit in the limited
evidence available, in part, because of methodological protocols and of the limited possibilities offered by semi-
quantitative analysis methods.'® The development of new methods furthered the efficiency of monitoring microcircula-
tion. A hyperspectral imaging (HSI) along with machine learning may be able to noninvasively monitor skin micro-
circulation, differentiate healthy and septic patients, and give a self-learned and standardized evaluation, for instance.'’

Metabolic disorder caused by sepsis is one of the important factors causing tissue hypoxia. In the state of sepsis, the
body’s metabolic demand increases significantly, especially the oxygen demand of immune cells. In this case, although
oxygen supply may remain normal in some respects, tissues still experience a state of hypoxia because metabolic
demands exceed the capacity to supply.'” Studies have shown that the hypermetabolic state caused by sepsis is closely
related to the activation of HIF-la, which regulates the metabolic adaptation of cells under hypoxic conditions and
promotes the occurrence of anaerobic metabolism, which in turn further aggravates intracellular hypoxia (Figure 1).'®

Another key factor is increased oxidative stress. In patients with sepsis, oxidative stress causes cell damage by
generating excessive reactive oxygen species (ROS), affecting the metabolic function of cells.'” This metabolic disorder
will not only lead to energy metabolism disorders but also affect the oxygen utilization efficiency of cells and further
aggravate tissue hypoxia. For example, inhibition of certain metabolic pathways has been shown to ameliorate hypoxia
and reduce organ damage in a mouse model of sepsis.?’

The interaction between sepsis-induced metabolic disorders and oxidative stress aggravates tissue hypoxia. The
understanding of this process is essential for the development of new therapeutic strategies, especially in the intervention
of sepsis-related metabolic disorders and hypoxia state.
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Figure | Mechanisms of hypoxia formation in sepsis-associated tissues. Sepsis can cause microvascular dysfunction, resulting in rheological changes of red blood cells, and then
lead to tissue hypoxia and multiple organ dysfunction. The microcirculation system of patients often shows vasodilation and hemodynamic instability, which will affect the
transport and utilization of oxygen. In the early stage of the disease, although cardiac output may increase, the function of microcirculation does not improve. On the other side,
microvascular obstruction and flow stagnation may occur, which will lead to tissue hypoperfusion and hypoxia. Metabolic disorder is one of the important factors causing tissue
hypoxia in sepsis. In the disease state, the body’s metabolic demand increases significantly, especially the oxygen demand of immune cells. In this condition although oxygen
supply may remain normal in some respects, the tissue still experiences a hypoxic state because metabolic demand exceeds the ability to supply it. Created using Figdraw
(https://www.figdraw.com/static/index.html#/).

Regulation of Macrophage Function and Metabolism by Hypoxia

Under hypoxia, the metabolism and function of macrophages change significantly. These changes are mainly manifested
in the dual characteristics of enhanced glycolysis and impaired mitochondrial function. A mouse study showed that
hypoxia can lead to the decrease of macrophage proliferation and phagocytosis, accompanied by transcriptome repro-
gramming and metabolic remodeling. Specifically, under hypoxic conditions, the glycolytic pathway of macrophages was
significantly activated. The increased levels of fructose 1, 6-diphosphate, gluconate 6-phosphate and ribose S-phosphate,
the key intermediates of the pentose phosphate pathway, indicate that this pathway is also an important metabolic
regulation pathway for macrophages to adapt to hypoxia. Although the enhanced glycolysis provides much needed
energy for macrophages, it has also been found that the function of mitochondria is inhibited under hypoxia, which may
lead to reduced efficiency of oxidative phosphorylation and further affect cell survival and function.”'

HIF-1a plays a key role in this process. In a mouse model constructed with LPS, HIF-1a not only regulates the
metabolism of macrophages but also plays an important role in macrophage polarization and inflammatory response.**
Specifically, HIF-1a can promote the polarization of macrophages to M1 type, thereby enhancing their pro-inflammatory
function, activating related metabolic pathways and improving cell adaptation to hypoxia.®** In addition, mouse cell
models suggest that hypoxia also promoted the proportion of M2 macrophages, indicating its regulatory role in anti-
inflammatory response.”' This dual polarization enables macrophages to flexibically respond to different physiological
demands in hypoxic environment, thus playing an important role in inflammation and repair processes.
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Hypoxia in sepsis significantly affects macrophage function and immunometabolic reprogramming by regulating HIF
and its downstream metabolic pathways. In animal models of sepsis, hypoxia activates HIF-1a in macrophages, induces
the expression of key glycolytic enzymes (such as HK2 and PFKFB3), promotes glycolysis and inhibits mitochondrial
oxidative phosphorylation (OXPHOS), thereby enhancing the proinflammatory phenotype (M1 type).”**-** Up-regulation
of HIF-1a also promotes succinate accumulation and superoxide anion generation, further amplifying the inflammatory
response.”**> Animal experimental studies show that targeted inhibition of SPHK1/S1PR3 axis can block the HIF-1a
pathway, reduce the activity of glycolytic enzymes and inhibit M1 polarization, thereby alleviating organ damage in
sepsis.”> The increased activity of succinate dehydrogenase (SDH) leads to the accumulation of succinate, activates HIF-
la and promotes the release of inflammatory factors such as IL-1f. Chicoric acid (CA) reduces HIF-1a expression and
NLRP3 inflammasome activation by inhibiting SDH and reducing succinate accumulation.”> Human cell model samples
demonstrated that the expression of miR-210 is increased in hypoxic environment, which impairs mitochondrial
respiration by down-regulating the iron-sulfur cluster assembly enzyme ISCU, forcing macrophages to turn to glycolysis,
and exacerbating the inflammatory storm of sepsis.”® A study in mice has shown that histone methyltransferase SETD2
inhibits HIF-lo transcription by catalyse H3K36me3 modification. Down-regulation of SETD2 in sepsis leads to
overexpression of HIF-la, which promotes M1 polarization and glycolysis, and aggravates acute lung injury.**
A study in mice has demonstrated that the acetylation of a-tubulin mediated by the acetyltransferase KAT2A promotes
NLRP3 inflammasome assembly. CA can block this pathway by inhibiting KAT2A to alleviate myocardial injury.*®
A human-based study has shown that M1 macrophages rely on glycolysis to produce ATP and inflammatory medium
(such as IL-6, TNF alpha), while M2 type by fatty acid oxidation for anti-inflammatory function.”” Animal studies have
also shown that hypoxia disrupts the M1/M2 balance through metabolic switching and amplifies the immune disorder in
sepsis.”***® Tissue hypoxia caused by microcirculation disorders promotes thrombosis and neutrophil extracellular traps
formation (NETosis), forming a vicious cycle of “hypoxia-HIF activation-inflammation-hypoxia”.>** Sepsis-induced
hypoxia remodels macrophage metabolism through HIF-1o/glycolytic axis, succinate accumulation, and epigenetic
modifications, driving pro-inflammatory polarization and organ damage (Figure 2). Targeting the above pathways
(such as SPHK1 inhibitors and CA) may become a new strategy for the treatment of sepsis.

Through the in-depth study of macrophage metabolism under hypoxic conditions, we can better understand its
functional changes under various pathological conditions and provide new ideas for future treatment. Especially in
diseases such as sepsis, the intervention of macrophage metabolic reprogramming may become an important direction for
treatment, which can effectively improve the function of macrophages and the prognosis of patients.>*

Role of Hypoxia in Septic Macrophages in Sepsis

In sepsis, the hypoxic state of macrophages plays a key role in disease progression. It mainly regulates the metabolic
reprogramming of macrophages, inflammatory response and immune function through the HIF-lo pathway, thus
affecting the severity and outcome of sepsis.

Macrophage hypoxia can promote inflammation and aggravation of sepsis through HIF-1a. When sepsis occurs, infection
or injury leads to local tissue hypoxia. Macrophages enter a hypoxic state and up-regulate the expression of HIF-1a.%*°
Human clinical samples and animal studies have shown that HIF-1a, as a major transcription factor, drives glycolytic
metabolic reprogramming and increases the expression of key glycolytic enzymes such as PFKM (6-phosphofructokinase
muscle) and PFKP.**>¢ This helps the macrophages to maintain their energy requirements, but also enhances the proin-
flammatory phenotype, promoting the release of inflammatory cytokines such as IL-1B, IL-6, TNF-a, and IL-27.52%27 PFKM
expression was significantly upregulated in monocytes from patients with sepsis, which can exacerbate the inflammatory
storm; Inhibition of HIF-1a by recombinant thrombomodulin (rTM) reduced PFKM expression and proinflammatory cytokine
levels in vitro. In addition, macrophage hypoxia also promotes PFKM expression through methyltransferase-like 3
(METTL3)-mediated m6A modification, further amplifying glycolysis and inflammatory cycles.>” In classically activated
macrophages, hypoxia signals enhance the accumulation of methylglyoxal (MG), which acts in concert with HIF-1a to drive
the production of TNF and IL-1p, thereby worsening the systemic inflammatory response in sepsis.>> Results from human cell
models suggested that the polarization of macrophages is changed in hypoxic condition. Studies have shown that hypoxia can
promote the polarization of macrophages to M2 type, thereby reducing the release of pro-inflammatory cytokines and
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Figure 2 A series of changes occur in the function and metabolism of macrophages under hypoxic conditions. Hypoxia activates HIF-la, which in turn promotes the
polarization of macrophages to MI type, enhances their pro-inflammatory function, and helps cells adapt to hypoxic conditions. Interestingly, hypoxia also increased the
proportion of M2-type macrophages. Up-regulation of HIF-la would promote glycolysis and inhibit OXPHOS of mitochondria, thereby reinforcing the proinflammatory
phenotype (M1). In addition, HIF-1a also leads to succinate accumulation and superoxide anion production, further amplifying the inflammatory response. By targeting inhibition
of the SPHKI/SIPR3 axis, the HIF-la pathway can be blocked, the activity of glycolytic enzymes can be reduced, and MI polarization can be inhibited. On the other hand,
increased SDH activity causes succinate accumulation, activates HIF-1a, and promotes the release of inflammatory factors such as IL-IB. CA reduced HIF-lo expression and
NLRP3 inflammasome activation by inhibiting SDH and reducing succinate accumulation. In hypoxic environment, miR-210 is up-regulated, which down-regulates the iron-sulfur
cluster assembase ISCU, impairs mitochondrial respiration, and forces macrophages to turn to glycolysis for energy supply, thereby exacerbating the inflammatory storm in
sepsis. Studies have shown that histone methyltransferase SETD?2 inhibits HIF- | a transcription by catalyse H3K36me3 modification. Down-regulation of SETD?2 in sepsis leads to
overexpression of HIF-la, which promotes M| polarization and glycolysis, and aggravates acute lung injury. The acetylation of o-tubulin mediated by the acetyltransferase
KAT2A promotes NLRP3 inflammasome assembly. CA can block this pathway by inhibiting KAT2A to alleviate myocardial injury. M| macrophages rely on glycolysis to produce
ATP and inflammatory mediators (such as IL-6 and TNF-a), while M2 macrophages maintain anti-inflammatory function through fatty acid oxidation. Hypoxia disrupts the M1/
M2 balance through metabolic switching and amplifies the immune disorder in sepsis. Tissue hypoxia caused by microcirculation disorders promotes thrombosis and NETosis,
forming a vicious cycle of “hypoxia-HIF activation-inflammation-hypoxia”. Created using Figdraw (https://www.figdraw.com/static/index.html#/).

Abbreviations: HIF-10, Hypoxia-inducible factor | alpha; OXPHOS, Oxidative phosphorylation; SPHK, Sphingosine kinase |; SIPR3, Sphingosine | phosphate receptor 3;
SDH, Succinate dehydrogenase; IL-1p, Interleukin-1 beta; CA, Chicoric acid; NLRP3, NOD-like receptor family pyrin domain containing 3; miRNA-210, microRNA-210; ISCU,
Iron-sulfur cluster assembly enzyme; SETD2, SET domain-containing protein 2; KAT2A, K-acetyltransferase 2A; ATP, Adenosine triphosphate; IL-6, Interleukin-6; TNF-a, Tumor
necrosis factor-a; NETosis, Neutrophil extracellular trap formation.

changing the inflammatory microenvironment. This process may be regulated through the p38 signaling pathway, but not
solely dependent on hypoxia inducible factor (HIF).*® In addition, experiments with mouse cells showed that hypoxia also
promotes the accumulation of macrophages at sites of chronic inflammation by enhancing their proliferative response to CSF-
1 and their survival response to TNF.** Hypoxia also has an important effect on the metabolic remodeling of macrophages.
Studies have shown that the glycolytic pathway of macrophages is activated under hypoxia, accompanied by dynamic changes
in mRNA transcription and degradation.*® This metabolic remodeling not only supports the survival of macrophages in
hypoxic environment but also may affect the course of sepsis by regulating inflammatory response.' The synergistic effect of
hypoxia and inflammatory signals further aggravates the functional changes of macrophages. Experiments with primary
human cells showed that hypoxia and inflammatory signals jointly induce transcriptome turnover in macrophages and
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accelerate mRNA degradation, thereby regulating the expression of inflammation-related genes.** Mouse cell and model
experiments showed that this synergistic effect may be achieved by regulating specific signaling pathways, such as activation
of NF-kB and HIF family members.*' Another study confirmed that a mouse model of sepsis showed that HIF-1a stabilization
led to increased glycolysis and M1 polarization of macrophages (proinflammatory phenotype), exacerbating organ damage.*’

Macrophage hypoxia can intensify sepsis-induced organ dysfunction. Hypoxia of macrophage is not only aggravating
inflammation but is also directly causing organ dysfunction. For example, in sepsis-induced acute lung injury (ALI) and
acute kidney injury (AKI), macrophage hypoxia contributes to tissue injury and fibrosis via HIF-1la activation. For
instance, renal hyperemia mouse models have demonstrated that hypoxia in conjunction with septic factors, such as the
Toll-like receptor (TLR) 2 pathway, enhances tubular nephrotoxicity and tubular fibrosis through up-regulation of high
mobility group box 1 (HMGBI1) and TLR2 expression.** Likewise, stimulation of hypoxia-related signaling pathways in
mouse models of ALI caused the release of proinflammatory factors from macrophages, aggravated lung barrier damage
and apoptosis, and HIF-1a knockdown (such as aloin A treatment) significantly ameliorated these injuries.*> What is
more, studies in both mouse cells and mouse models stimulated by LPS indicate that Kupffer cells enhance the
glycolysis, while forming excessive ROS and inflammatory factors in a state of hypoxic signaling pathway activation,
and then stimulate sepsis-related liver dysfunction. Extracellular Vesicles (EVs) derived from MSCs extracellular inhibit
the glycolysis via down-regulation of HIF-1a, reduce the inflammation as well as liver function (Figure 3).**

However, some studies have found that hypoxia and related signaling pathways in sepsis not only promote disease
progression but also slowdown the process of the disease. Studies using human cells as well as mouse cells and models
have shown that transforming growth factor-p (TGF-B) can induce enhanced glycolysis of macrophages and inhibit the
production of pro-inflammatory cytokines, showing a unique anti-inflammatory phenotype. This metabolic reprogram-
ming depends on the mTOR-c-MYC signaling pathway and is accompanied by epigenetic modification changes such as
Smad3 activation, which ultimately improves sepsis survival.** Of note, the similarity between TGF-B-induced metabolic
states and hypoxic responses suggests that hypoxic signaling may exert protective effects through similar mechanisms."”
It has been shown that treatment with the hydroxylase inhibitor dimethyloxallyl glycine (DMOG) mimics hypoxic
conditions by promoting the polarization of peritoneal macrophages to the M2 (anti-inflammatory phenotype) and
upregulating IL-10 production by B1 cells, both of which work together. It markedly reduces levels of proinflammatory
cytokines such as TNF-o, leading to improved survival in a mouse model of endotoxic shock.*® In conclusion, hypoxia
may play different roles on macrophages in sepsis, which can cause both pro-inflammatory and anti-inflammatory effects
of macrophages, but hypoxia under inflammatory conditions causes a comprehensive effect involving multiple signaling
pathways. Although most studies support that hypoxia mainly causes pro-inflammatory effects of macrophages, its
mechanism still needs to be further studied in order to provide the correct targets for treatment.

Intervention of the macrophage hypoxia pathway has been proved to be a potential target for the treatment of sepsis.
Various molecules relieve symptoms by inhibiting HIF-1a or its related factors. Metabolic regulatory molecules such as
exogenous acetate can inhibit HIF-1a-mediated glycolysis and promote anti-inflammatory effects by increasing acetyl-
coa. Antioxidants such as mitoquinol (MitoQ) can reduce the hypoxic injury of ethanol-exposed macrophages after
scavenging ROS, restore the HIF-10-PFKP axis, and improve phagocytosis and animal survival.*® Studies in mouse cells
have shown that natural compounds such as quercetin can reduce macrophage inflammation and apoptosis by inhibiting
HIF-1 and NF-kB signaling pathways.** Cichoric acid inhibits HIF-la-activated glycolysis by restoring the NAD
+/NADH ratio and inactivates NLRP3 inflammasome.*” These interventions were shown to be effective in improving
survival and reducing organ damage.’®****

In sepsis, although a few studies have shown that the hypoxia state of macrophages plays a protective role, most of the
current studies have shown that it mainly drives metabolic reprogramming and inflammation amplification through the HIF-1a
axis to aggravate disease progression. Up-regulation of HIF-1a enhances the expression of glycolytic enzymes and the release
of proinflammatory cytokines, leading to tissue damage. The literature suggests that inhibition of this pathway can protect
organ function and improve prognosis.*>***** This suggests that macrophage hypoxia is a key link in the treatment of sepsis,

and further research on the mechanism is needed to develop new therapeutic targets with significant effects in the future.
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Figure 3 Action mechanism of macrophage hypoxia in sepsis. Sepsis resulted from infection or injury will cause local hypoxia of tissue and the macrophage is hypoxic under the
action of local hypoxia. HIF-1a was upregulated by macrophage at same time. HIF-1a could drive the glycolytic metabolic reprogramming and upregulate key glycolytic enzyme like
PFKM and PFKP. This maintains the energy supply of macrophages while also boosting their proinflammatory phenotype to induce the release of inflammatory cytokines such as
TNF-a and IL-1. Expression of PFKM was strongly up-regulated in patients’ monocytes, which exacerbated the inflammatory storm. rTM can block HIF-1a and reduce expression
of PFKM and level of pro-inflammatory factors.Macrophage hypoxia also increases PFKM expression by METTL3-mediated m6A methylation to further boost glycolysis and
inflammatory cycles. Hypoxia signaling increased MG accumulation which interacts with HIF- | a to activate the TNF and IL- I B production to exacerbate the systemic inflammatory
responses in sepsis. Hypoxia can induce macrophages polarization from M| type to M2 type, which is able to restrain pro-inflammatory cytokine released and modulate the
inflammatory microenvironment. The mechanism may controlled by p38 signal pathway, but not by HIF. Hypoxia also enhanced the macrophages’ proliferative response to CSF-1
and survived response to TNF. HIF- | o stabilization increases the glycolysis and macrophages polarize to M| type and exacerbates tissue damage. Macrophage hypoxia induces tissue
injury and fibrosis in sepsis-associated ALl and AKI via HIF-1oactivation. Sepsis-induced hypoxia triggers activation of TLR2 pathway causing renal tubular injury and fibrosis with an
increase in expression of HMGB land TLR2. In ALI model, hypoxia causes macrophages to induce pro-inflammatory factors inducing lung barrier destruction and cell apoptosis. In
hypoxia, the macrophage glycolysis is promoted and the excessive reactive ROS and inflammatory factors are generated, resulting in the induction of liver dysfunction of sepsis.
MSC-EVs suppress the glycolysis, inflammation and hepatoprotection by repression of HIF-10. Created using Figdraw (https://www.figdraw.com/static/index.html#/).
Abbreviations: HIF-|a, Hypoxia-inducible factor | alpha; PFKM, Phosphofructokinase, Muscle; PFKP, Phosphofructokinase, Platelet; TNF-0, Tumor necrosis factor-o; IL- 1,
Interleukin-1 beta; rTM, Recombinant thrombomodulin; METTL3, Methyltransferase-like 3; CSF-1, Colony-stimulating factor |; MG, Methylglyoxal; ALI, Acute lung injury;
AKI, Acute kidney injury; TLR2, Toll like receptor 2; HMGBI, High mobility group box-I protein; ROS, Reactive oxygen species; MSC, Mesenchymal stem cell; EVs,
Extracellular vesicles.

The Regulatory Mechanism of HIF-1a in Septic Macrophages
Expression Regulation and Stability Mechanism of HIF-1a
HIF-1a is a core transcription factor in the response of cells to hypoxia. Its expression and stability play an important role
in metabolic adaptation, angiogenesis and tumor growth. The expression of HIF-la is regulated by a variety of
metabolites and signaling pathways. Among them, succinate, as an important metabolic intermediate, can enhance the
stability of HIF-1la by inhibiting its hydroxylation, thereby promoting its transcriptional activity and enhancing the
adaptability of cells to hypoxia. A study has shown that succinate affects the expression of downstream target genes such
as VEGF (vascular endothelial growth factor) by activating the transcription of HIF-1a, which plays an important role in
promoting tumor angiogenesis and growth, the study was based on analysis of human tumor samples.*’

Another critical process that regulates the stability of HIF-1a is the intracellular oxygen sensing. Normal oxygen
concentration in normal cells, HIF-1a is identified by the VHL (Von Hippel-Lindau protein), then HIF-1a is hydroxylated
and recognized by ubiquitination protein marks and degraded. In human cells and animal models, it was found that under
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hypoxia, the hydroxylation process of HIF-1a was inhibited and then accumulated into the nucleus and regulated the
expression of corresponding genes. Moreover, the stability and activity of HIF-1a in the cell are closely correlated with
intracellular oxygen levels through the PI3K/Akt signaling pathway and mTOR signaling pathway.’*>' The above
signaling cascades’ activation stimulate the increase of HIF-1a expression and transcriptional activity, a very important
part in the metabolic reprograming and cell survival. Thus, cells control the stability and activity of HIF-1a to meet the
metabolic demands of cells in response to environmental perturbations through complex signal transduction.

In certain studies, the human intestinal epithelial cells and animal macrophage models, it was shown that the stability
of HIF-1a also had to do with other post-transcriptional modifications, such as acetylation and SUMOylation. These
modifications not only influence the stability of HIF-la but also regulate its interaction with other proteins, thus
influencing its function. For example, an acetylation of HIF-1 a can increase its stability, while a SUMOylation may
diminish its transcriptional activity.”>>®> These regulatory mechanisms may also open up new way to interpret HIF-
lafunctioning during various physiologic and pathologic conditions.

In sepsis (such as sepsis induced by bacterial infection), HIF-1a of macrophages plays a central role in disease
progression by regulating inflammatory responses and metabolic pathways.>* Mouse macrophages and animal experi-
ments have shown that the pathological microenvironment of sepsis (such as hypoxia and inflammatory stimulation)
triggers the expression of HIF-1a in macrophages, affecting its stability and downstream effects, which in turn leads to
inflammatory storm and organ damage.’®> This mechanism involves a variety of transcription and translation level
regulation, enzymatic modification, and the interaction of signaling pathways.

In mouse cells and animal models of sepsis, Gram-negative bacteria toxins (especially lipopolysaccharide (LPS)) can
also induce up-regulation of HIF-1a mRNA and protein in macrophage through the Toll-like receptor 4 (TLR4) pathway,
reduce the mRNA level of prohydroxylase and this will stimulate HIF-1a accumulation that induces the expression of
proinflammatory factors (eg TNF-o, IL-6).3* Likewise, in mouse cells and in mouse models of sepsis, proinflammatory
Gram-positive bacterial toxins (such as lipopolysaccharide) are able to directly promote HIF-1oo mRNA transcription, and
stimulate this transcription by downregulating the anti-inflammatory transcription factor Kruppel-like transcription factor
2 (KLF2).’° Interleukin-1p (IL-1p) independent inflammation in sepsis microenvironment, pro-inflammatory cytokines
can upregulate HIF-1a protein synthesis and nuclear translocation under normoxia by inducing translation of HIF-1a and
without impacting on mRNA expression or its hydroxylation status to modulate the inflammatory response of macro-
phages at infection. Furthermore, in human ovarian cancer cell line OVCAR-3, IL-1f can synergistically with hypoxia
further induce up-regulation HIF-la expression and reinforce its downstream target gene transcription such as
adrenomedullin.”” Tissue hypoxia in sepsis is an important trigger which can strongly upregulate the expression of
HIF-1a in macrophages through hypoxiastress. HIF-lo mRNA and protein level under hypoxia conditions are up-
regulated, and p38 MAPK signaling pathway (phosphorylated MK2) are up-regulated, and it also leads to the up-
regulation of inflammatory cytokines (TNF-a) expression. This pathway is shown to be a clinical feature of sepsis in
a mouse model that shows hypothermia.’®

IL-1p, the most pro-inflammatory factor released in inflammatory microenvironment of the infection could facilitate HIF-
la protein synthesis and nuclear accumulation in normoxia, via its stimulatory effect on translation, independent of HIF-1a
mRNA expression and hydroxylation level, to propel macrophage’s inflammatory behavior during an infection. Furthermore,
IL-1PB synergically with hypoxia can also further promote HIF-1o expression and up-regulate the transcriptions of their
downstream target genes, adrenomedullin.”” Hypoxia which is a common event of sepsis is a major activator that can up
regulate the expression of HIF-1a of macrophages by a strong hypoxia stress. Under hypoxia condition, mRNA and protein of
HIF-10 are elevated, and p38 MAPK signaling pathway (eg, phosphorylated MK?2) is activated, and up-regulate inflammatory
cytokines (eg, TNF-a) expression which are correlated with clinical symptoms of hypothermia in mouse model of sepsis.”®

The stability of HIF-1a is mainly determined by its hydroxylation and degradation pathways. Under normoxia, HIF-
la is easily hydroxylated and ubiquitylated by prolyl hydroxylase (PHD), but sepsis can block this process. For example,
IL-1p stabilizes the structure of HIF-1a protein by accelerating its translation (but not its hydroxylation), promoting its
accumulation under normoxia.”’ Similarly, hypoxia itself reduces hydroxylation and maintains HIF-1a stabilization by
inhibiting PHD activity.”® Human GEO database samples and animal cells and models suggest that activating transcrip-
tion factor 4 (ATF4) is up-regulated in sepsis and can directly bind to the HIF-lo promoter region and inhibit its
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ubiquitination modification, thereby stabilizing the HIF-1a protein. This promotes glycolysis through mammalian target
of rapamycin (mTOR)-dependent pathways (such as up-regulation of hexokinase II) and enhances the expression of
inflammatory factors. ATF4 deficiency will reduce the stability of HIF-1o and reduce the inflammation in sepsis.”® SET
domain-containing protein 2 (SETD2) catalyzes the trimethylation of histone H3 lysine 36 (H3K36me3), binds to the
HIF-1a gene promoter and inhibits its expression, thereby indirectly reducing the stability of HIF-1a. SETD2 deficiency
can enhance HIF-1a accumulation, aggravate macrophage M1 polarization and glycolysis, and promote organ damage in
sepsis-induced acute lung injury mouse model.>* KLF2 restricts the stability of HIF-1a by down-regulating its mRNA
expression in sepsis induced by Gram-positive bacteria. Loss of KLF2 enhances HIF-1a stability and inflammatory
response.’® Short-chain fatty acids, such as acetate, increase histone acetylation and reduce HIF-lo stabilization by
activating acetyl-coa synthetase 2 in sepsis. This reduces inflammation by inhibiting HIF-1a-dependent glycolysis, but
high doses of acetate exposure transiently stabilize HIF-1a.** In addition, glycolytic intermediates such as methylglyoxal
accumulate in response to HIF-1a, further stabilizing their protein and promoting inflammation, and deletion of HIF-1a
inhibits this process.®

Overall, septic macrophage’s HIF-1a expression is primarily regulated by TLR4, inflammatory cytokines and
hypoxia, whose stability is also primarily regulated by ubiquitination, histone modification and metabolic pathways,
all of which can cause inflammation, and these pathways are directly associated with sepsis’ pathological outcome, and
their inhibition as HIF-la did show protective effect in the model.>*>> The insight to these processes may serve as
a guide for immunotherapy of sepsis.

HIF-la-Mediated Gene Expression and Its Function

Studies have found that HIF-1a, a transcription factor, acts as a regulator of related gene expression of inflammation
response and metabolism in hypoxia in a mouse model study. Studies have found that in oxygen deficiency, HIF-1a in
cytoplasm is stabilized and is transferred into nucleus and combines with the corresponding gene promoters so as to
make it express pro-inflammation factors, including IL-6, VEGF and MMP-2.%%¢! Besides promoting secretion of the
inflammatory mediators, the activation of HIF-1a enhances the capacity of cells to endure environmental stresses. For
instance, during liver fibrosis, the up-regulation of HIF-1 a expression is also correlated with the increased levels of IL-
6 secretion, resulting in increased activation of the hepatic stellate cells, aggravating inflammatory response and fibrosis.

In addition, HIF-1a also affects the metabolic state of cells by regulating the expression of glycolysis-related
enzymes. In many human cancer cells and animal models, HIF-1a is able to activate genes such as glucose transporter
(GLUT1), hexokinase (HK?2) and lactate dehydrogenase (LDHA), thereby promoting anaerobic glycolysis under hypoxic
conditions to meet the energy demand of rapid cell proliferation.®®®" These metabolic alterations not only support the
growth of tumors but also may affect the function of other tissues, suggesting the multiple roles of HIF-la in
pathophysiological states.

The activation of HIF-1a is closely related to the activation of the NLRP3 inflammasome. Studies based on mice and
mouse myoblast cells have shown that HIF-1a can promote the expression of NLRP3 under hypoxic conditions, thereby
enhancing the assembly and activation of the inflammasome, leading to the release of inflammatory cytokines, which
plays a key role in the inflammatory response of a variety of diseases. For example, in ischemic diseases, HIF-1a
promotes the activation of NLRP3 inflammasome by regulating the expression of SUMOI, leading to increased
inflammation and cell death.®*®®> This mechanism is not only reflected in cardiovascular diseases but also related to
the development of a variety of malignant tumors, suggesting that HIF-1o and its downstream signaling pathways may
serve as potential targets for therapeutic intervention. Furthermore, HIF-1o might also contribute to the function of
NLRP3 inflammasome by regulating some other genes involving in inflammatory response. For instance, the upregula-
tion of HIF-1a was correlated with the secretion of proinflammatory cytokines including IL-1 which would increase the
activation of NLRP3 inflammasome that was found in many chronic inflammatory diseases and suggesting that HIF-1a
played a crucial role in regulating inflammation.®*-63-¢*

PFKM is significantly up-regulated in monocytes from patients with sepsis, and rTM reduces its expression by
inhibiting the HIF-1&/METTL3 axis, thereby inhibiting glycolysis and inflammation in cells.*” Studies in mouse cells
and animal models of sepsis have shown that SPHK1/S1PR3 axis activates HIF-1lo-dependent glycolytic enzymes and
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promotes the transformation of macrophages to a pro-inflammatory phenotype.** Chicoric acid (CA) inhibits succinate
dehydrogenase (SDH)-mediated succinate accumulation, blocks HIF-la stability, and reduces glycolysis and
inflammation.*” Acetic acid reduces HIF-1o expression by inhibiting its expression,* whereas MDM2 in human triple-
negative breast cancer cells enhances HIF-1a production by activating the iNOS-NO-HIF-10 axis.®® HIF-1a mediates the
accumulation of methylglyoxal (MG), a byproduct of glycolysis, in macrophages, which promotes the expression of TNF-a
and IL-1B.® HIF-1a drives the transformation of macrophages to M1 phenotype. Animal experimental studies show that
Laminarin enhanced the pro-inflammatory function of macrophages through HIF-1a pathway, which was reversed by PF-
543, an SPHK 1 inhibitor.** Murine macrophages and model studies have shown that HIF-1a-dependent glycolysis provides
energy and substrates for pro-inflammatory cytokine synthesis. FGF21 attenuates sepsis-induced liver injury by blocking
this cycle by degrading HIF- 10 through autophagy.®® Acetic acid increases the level of acetyl-coa, inhibits the acetylation of
NF-kB p65, and indirectly inhibits inflammation through HIF-1a.*® Aralia saponins A (ARA) can inhibit the activation of
macrophages by restoring PHD2/HIF-1a signaling axis and improve sepsis-induced lung injury.*’ Human and mouse
macrophage and mouse model studies have shown that MDM2 degrades the E3 ligase SPSB2, stabilizes iNOS and activates
HIF-1a. Knockout of MDM2 reduces obesity-related inflammation but worsens sepsis.®’

Interaction Between Metabolic Reprogramming and Hypoxic Signaling in Septic
Macrophages

Molecular Mechanisms of Metabolic Reprogramming of Macrophages Under Hypoxic Conditions

The influence of hypoxia signaling of macrophages metabolic reprogramming of sepsis is noteworthy. HIF-1a plays
a key role in the metabolic reprogramming of macrophages. Studies have shown that HIF-1a promotes the inflammatory
response of macrophages by regulating the glycolytic pathway. In sepsis models, the stabilization of HIF-1a is closely
related to the metabolic reprogramming of macrophages, which can be achieved by inhibiting oxidative phosphorylation
and increasing glycolysis.'” In addition, mouse models of hepatic ischemia-reperfusion and monocyte-derived macro-
phages showed that HIF-1a also interacts with other signaling pathways, such as STING signaling pathway, to further
regulate macrophage function and inflammatory response.®’

Macrophages affect function under hypoxic conditions through metabolic reprogramming. Studies have found that
under acute hypoxia, the proliferation and phagocytosis of macrophages are inhibited, and their transcriptome and
metabolome are significantly changed. Such changes include the activation of pro-inflammatory responses as well as the
enhancement of anti-inflammatory mechanisms, manifested as an increase in M2 macrophages and an increase in anti-
inflammatory metabolites such as itaconic acid.?' However, it has been shown that individual hypoxia tolerance alone
can affect the basal state of macrophages. Macrophages from hypoxia-sensitive rats showed a higher pro-inflammatory
tendency in the non-activated state, and their LPS-activated expression of HIF-1a, TNF-a, IL-1B and CCR7 (markers of
M1 type) showed a stronger M1 polarization potential.*® In addition, under combined stress of glucose-oxygen depriva-
tion, human monocytes activate the NLRP3 inflammasome by inhibiting the HMGCR pathway, leading to increased
release of IL-1P, a classic M1-associated cytokine, which also supports the possibility that the hypoxic environment may
drive a proinflammatory response.®” However, under sepsis conditions, hypoxia promotes the polarization of macro-
phages to M1 type (proinflammatory), which is mainly achieved by enhancing inflammatory signaling pathways and
metabolic reprogramming. Studies have shown that in lipopolysaccharide (LPS) -induced acute lung injury or sepsis and
other inflammatory models, the polarization of M1 macrophages can be enhanced through hypoxia-related pathway HIF-
1a/PKM2 axis and aggravation of inflammation.”® The result suggests that hypoxia may be biased to drive M1
polarization in the context of inflammation. Hypoxia is common in sepsis, due to inadequate oxygen delivery or
increased metabolic demand, which activates transcription factors such as hypoxia-inducible factor-lo (HIF-1a) to
regulate macrophage function. For example, murine macrophages and model studies have shown that hypoxia has
been shown to enhance lipopolysaccharide (LPS)-induced p38 MAPK activation, which in turn increases the expression
and secretion of tumor necrosis factor-alpha (TNF-alpha), a hallmark cytokine of M1-type macrophages, which promotes
a proinflammatory response.’® Second, hypoxia drives M1 polarization by modulating metabolic pathways. p38 MAPK
and MAPK phosphatase-1 (MKP-1) play a key role in the regulation of glycolysis through the bifunctional glycolysis
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regulator PFKFB3 in mouse cells and mouse animal models of sepsis. This metabolic reprogramming further reinforces
the proinflammatory phenotype.’' In addition, using in vivo mouse models and in vitro cultured murine macrophages,
hypoxia has been shown to affect the function of nuclear receptors such as estrogen-related receptor o (ERRa). ERRa
deficiency increases Toll-like receptor (TLR)-induced inflammation and impairs mitochondrial respiration while enhan-
cing glycolysis, which mimics the metabolic profile of M1-type macrophages and promotes inflammatory polarization.””
These findings suggest that macrophages under hypoxic conditions adapt to the hypoxic environment through metabolic
and transcriptional reprogramming, thereby playing an important role in sepsis. Hypoxia can cause the polarization of
macrophages to M2 type, but current studies have shown that hypoxia signaling pathway can promote the polarization of
macrophages to M1 type in sepsis, play a pro-inflammatory role, and promote the progress of the disease. Further studies
are still needed to explore the mechanism, which may be of great significance for targeted therapy of diseases.

The hypoxia signaling pathway also further affects the function of macrophages by interacting with other signaling
pathways. For example, research shows that HIF-1 o interaction with PI3K/AKT/CREB pathways can adjust the
polarization state of the macrophages, which affects its function in sepsis (Figure 4). This complex signaling network
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Figure 4 Molecular mechanisms underlying the functional reprogramming of macrophages under hypoxic conditions. Under the condition of acute hypoxia, proliferation and
phagocytosis of macrophage is restrained, the transcriptome and metabolic group changed significantly at the same time, these changes include promoting the activation of the
inflammatory response and inflammatory mechanisms of enhanced, characterized by increased type M2 macrophages and anti-inflammatory metabolites itaconic acid increased.
In sepsis model, the stabilization of HIF-1a is closely related to the metabolic reprogramming of macrophages, which can be achieved by inhibiting oxidative phosphorylation and
increasing glycolysis. The interaction between HIF-la and PI3K/AKT/CREB pathway can regulate the polarization state of macrophages. Created using Figdraw (https://www.
figdraw.com/static/index.html#/).

Abbreviations: HIF-10, Hypoxia-inducible factor | alpha; STING, Stimulator of interferon genes; PI3K, Phosphatidylinositol 3-kinase; AKT, Protein Kinase B; CREB, cAMP
response element bound protein; NF-kB, Nuclear factor kappa-B; ARDS, Acute respiratory distress syndrome.
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not only reveals the adaptive mechanism of macrophages under hypoxic conditions but also provides new ideas for the
treatment of sepsis.”® As the mechanism of defending against the infection and tissue damage during sepsis pathological
process, the up-regulation of pro-protective genes plays an important role for the body. Antimicrobial peptides, as
a crucial member of innate immune, can exert rapid antibacterial effect and anti-growth effect on the pathogenic
microorganisms. Mouse cell model research demonstrates that transcriptional regulation of antimicrobial peptides
through various signalling pathways including hypoxia inducing factor (HIF) signalling pathway is significant.”* The
signalling pathways get activated in case of Inflammation and inducement of antimicrobial peptide synthesis. This proves
to be significant in enhancing the immune system in case of the host. In addition to that, the activation of tissue repair
genes are also of similar importance. Gene up-regulation of factors that assist in healing of injured tissues will reverse
damage to tissues and improve prognosis, with the help of fibronectin and matrix metalloproteinases.”> Natural
compounds Kaempferol were found to mitigate sepsis-induced ARDS by modulating HIF-1, NF-kB and PI3K-AKT
pathways and upregulation of antimicrobial and tissue repair genes.’®

Hypoxia signaling pathway plays a key role in inflammatory reaction and immune action of macrophages by
regulating macrophage metabolism reprogramming during sepsis, which will be a better way for us to clarify the
pathophysiological mechanism of sepsis as well as to lay a theoretical foundation for new therapeutic strategy develop-
ment. More in-depth investigations on the very molecular level of such signaling pathways is the field of future studies,
aiming to give an adequate clinical target for the treatment of sepsis.

Metabolic Mechanisms and Functions of Succinate Dehydrogenase (SDH) and Succinate
Succinate dehydrogenase (SDH), as a key enzyme in the tricarboxylic acid cycle (TCA cycle), not only plays an
important role in energy metabolism but also plays an indispensable role in metabolic reprogramming and signal
transduction of cells. A comprehensive study of gene knockout cell models, human patient-derived primary cells, and
mouse disease models has shown that the enhanced activity of SDH leads to the accumulation of succinate, which is
closely related to the occurrence of a variety of diseases. For example, defects in SDH often lead to abnormal
accumulation of succinate in cells, which triggers abnormal cellular metabolism and eventually leads to the occurrence
and development of tumors.”” The accumulation of succinate not only affects energy metabolism but also exacerbates
oxidative stress in cells by inducing the production of ROS. The increase of ROS is closely related to cell damage,
inflammatory response and tumor progression. Succinate further promotes the formation of tumor microenvironment and
the migration of tumor cells through its receptor SUCNRI (succinate receptor 1)-mediated signal transduction
pathway.”®” Therefore, the enhanced SDH activity and the accumulation of succinate are not only the result of
metabolic reprogramming but also one of the response mechanisms of cells to internal and external stresses.

Metabolic reprogramming refers to the process by which cells change their metabolic pathways to adapt to survival in
a specific environment or condition. In pathological conditions such as sepsis, the activation of inflammatory response is
often accompanied by metabolic reprogramming. Succinate is an intermediate product of TCA cycle, and its intracellular
concentration is closely related to the intensity of inflammatory response. A study based on human cells adipose-derived
mesenchymal stem cells has shown that succinate can promote the secretion of pro-inflammatory cytokines by activating
the SUCNRI receptor, thereby aggravating the inflammatory response.® The succinate build-up in the metabolic
reprogramming process can alter redox state of cells, induce cells to get energy from glycolysis way and inhibit the
activity of mitochondrial oxidative phosphorylation. As the cell’s energy metabolism was affected by redox state in
hypoxia, cells’ adaptation to survive in hypoxic condition was enhanced, which was the result of stabilization of HIF-1a.
This further suggests that succinate and its metabolites are involved in regulation of cells immune response and metabolic
status, which brings new ideas and potential targets for disease of sepsis and related diseases.

Potential Role of microRNAs in the Regulation of Hypoxia Signaling

MicroRNA (miRNA), as a kind of important non-coding small RNA molecules, plays a key role in the biological
processes of cells, especially in the cellular response to hypoxia. Studies have shown that hypoxia can induce the
expression of specific miRNAs, thereby affecting the function and metabolic reprogramming of macrophages. For
example, miR-210 is widely recognized as one of the most important miRNAs under hypoxia. It is upregulated in
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various cell types and involved in the regulation of cell survival, proliferation and metabolic pathways.®' By regulating
the expression of hypoxia-inducible factor HIF-10, miR-210 can affect multiple signaling pathways related to energy
metabolism, thereby regulating the physiological state and function of cells. Specifically, miR-210 promoted the
metabolic reprogramming of macrophages by repressing its target genes, orienting them toward glycolytic metabolism
rather than mitochondrial oxidative phosphorylation under hypoxic conditions.?® This metabolic reprogramming not only
contributes to the survival of macrophages in hypoxic environment but also enhances their adaptability to inflammatory
response. Under hypoxic conditions, upregulation of miR-210 is able to inhibit pathways related to mitochondrial
respiration and energy production, thereby promoting cell survival and functional maintenance (Table 1). This regulatory
mechanism is of great significance for understanding the biological characteristics of macrophages under hypoxic
conditions and its role in diseases such as sepsis. In addition, the expression of miR-210 is associated with a variety
of disease states, such as up-regulation in pulmonary hypertension and some tumors, showing its potential regulatory role
in pathological states. In these cases, miR-210 not only serves as a marker of hypoxia response but also may serve as
a potential therapeutic target.*'®* By regulating the expression of miR-210, it is expected to improve the prognosis of
hypoxia-related diseases and provide new therapeutic strategies.

In the inflammatory environment of sepsis (including monocytes/macrophages), specific miRNAs (such as miR-21-
5p, miR-106b-5p, miR-144-3p) regulate the HIF-1a signaling pathway and its mediated physiological processes (such as
hypoxia adaptation, angiogenesis) by directly targeting the HIF-1a gene or its downstream key effector molecules (such
as VEGFA/VEGFR1). Changes in the expression of these miRNAs constitute an important post-transcriptional regulatory
mechanism in the pathophysiology of sepsis, suggesting that they can be used as new targets to study and intervene the
role of HIF-1a signaling in the dysfunction of macrophages in sepsis.** > It has been suggested that the delivery of
miRNA inhibitors/mimics by macrophage membrane nanoparticles (MM NPs) is a new therapeutic strategy.®® In general,
miRNA plays an important role in the regulation of hypoxic signaling, especially in the hypoxic adaptation, inflammatory
state and metabolic reprogramming of macrophages. Future research should continue to explore the mechanism of
miRNA in different pathophysiological conditions and its clinical application potential, in order to provide new directions
for the treatment of sepsis and other hypoxia-related diseases.

Activation and Regulation of NLRP3 Inflammasome in Septic Macrophages

The Assembly Mechanism of the NLRP3 Inflammasome

The assembly process of NLRP3 inflammasome is a complex cell signal transduction mechanism, which is regulated by many
factors. Murine macrophage cells and animal models of sepsis have shown that KAT2A (also known as GcenS), as a histone
acetyltransferase, plays an important role in regulating the assembly of NLRP3. Studies have shown that KAT2A regulates the
activation and assembly of NLRP3 inflammasome by acetylating a-tubulin, thereby affecting the stability of microtubules and
intracellular signal transmission. Specifically, KAT2A-mediated acetylation of a-tubulin enhances the self-aggregation of
NLRP3 and promotes its binding with other inflammasome components such as ASC and caspase-1. This process is a key
step in the activation of NLRP3 inflammasome, as only the formation of sufficient aggregates within the cell can effectively
initiate the subsequent inflammatory response. Under the condition of septic myocardial injury, the overexpression of KAT2A
leads to the increase of a-tubulin acetylation, which in turn promotes the activation of NLRP3 and its downstream signaling

Table | Potential Role of microRNA in the Regulation of Hypoxic Signaling in Septic Macrophages

MicroRNA | Targets of Regulation | Function Model Species and Source

miR-21-5p HIF-1a, VEGFA/VEGFRI | Angiogenesis, Response to hypoxia | Mouse endothelial cells

miR-106b-5p | HIF-1a, VEGFA/VEGFRI | Angiogenesis, Response to hypoxia | Mouse endothelial cells

miR-144-3p HIF-l1a, VEGFA/VEGFRI | Angiogenesis, Response to hypoxia | Mouse aorta

miR-210 It is regulated by HIF-1a | Pro-inflammatory Human monocyte-derived macrophages
Macrophages derived from mouse bone marrow

mouse model

Abbreviations: miR, microRNA; HIF-1a, Hypoxia-inducible factor | alpha; VEGFA, Vascular Endothelial Growth Factor A; VEGFRI, Vascular Endothelial
Growth Factor Receptor |.
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pathways. This mechanism is particularly important in a variety of pathological conditions, such as in sepsis and other
inflammatory diseases, rise in KAT2A cells may be an adaptive adjustment of environmental stress reaction, adding to the
inflammatory reaction. Overall, KAT2A, by adjusting the alpha microtubule protein acetylation, affects NLRP3 inflammatory
corpuscle assembly and its subsequent inflammation, which to understand the inflammatory corpuscle regulatory mechanism
provides a new perspective.”>**” Hypoxia signaling plays an important role in promoting the activation of NLRP3 inflammasome.
Microglial and macrophage studies in mice have shown that hypoxic environment can induce a series of responses in cells, which
ultimately lead to the assembly and activation of NLRP3 inflammasome. Under hypoxic conditions, intracellular metabolic
changes can lead to the activation of some key molecular signaling pathways that enhance NLRP3 aggregation and activation.
Hypoxia affects NLRP3 activation through a variety of mechanisms. Among them, HIF is one of the main regulatory factors, and
its expression is significantly increased under hypoxic conditions. HIF can directly regulate the expression of genes related to
inflammatory response, thereby promoting the assembly of NLRP3 inflammasome. Specifically, up-regulation of HIF-1a. is able
to promote the loss of intracellular K*, which is one of the important signals for the activation of NLRP3 inflammasome. In
addition, hypoxia can promote intracellular calcium ion flow, enhance the interaction of NLRP3 and NEK?7, further promote
inflammation of the small body assembly. It has also been found that the increase of reactive oxygen species (ROS) in hypoxic
environment also promotes the activation of NLRP3. ROS can not only directly promote NLRP3 accumulation but also
indirectly enhance inflammatory response by affecting other intracellular signaling pathways, such as the NF-kB pathway.
Therefore, the presence of hypoxia signal not only promotes the activation of NLRP3 inflammasome but also may further
aggravate the degree of inflammatory response by affecting the metabolic state of cells, which provides a new understanding of

NLRP3 regulation in pathological states such as sepsis.®”*®

Contribution of Inflammasome Activation to the Pathology of Sepsis

The activation of inflammasome plays an active role in the pathogenic mechanism of the sepsis, and especially in the
release of proinflammatory cytokines. NLRP3 inflammasome as a main inflammasome is reported to be activated by
bacterial components like lipopolysaccharide (LPS) in the sepsis, triggering a series of inflammatory responses. Mouse
models and in vitro macrophage studies have demonstrated that NLRP3 activation causes the caspase-1 activation with
subsequent to pro-inflammatory cytokine maturation and release; IL-1f and interleukin-18 (IL-18) are centrally involved
in the acute pro-inflammatory response process in sepsis.®

Under the background of sepsis, over-activated NLRP3 inflammasomes can trigger local inflammatory response not
only but also systemic inflammatory response, leading to multiple organ dysfunction. Research revealed that activation of
NLRP3 inflammasome is related with the release of cytokines like IL-1pB and IL-18, which would on the one hand trigger
the inflammatory response by improving the body’s immune function, on the other hand cause tissue damage and cellular
death. In mouse model of sepsis, suppression of NLRP3 could greatly decrease IL-1p and IL-18 and inhibit the damage
of inflammation and tissues caused by sepsis.””’' In addition, studies in CLP mice have shown that NLRP3 inflamma-
some also interacts with other cellular signaling pathways, such as TRAF6-NF-«kB signaling pathway, which further
promotes the release of pro-inflammatory factors.”> Through the regulation of NLRP3 inflammasome, researchers hope
to develop new therapeutic strategies to reduce the inflammatory response and improve the prognosis of sepsis.”
Therefore, in-depth exploration of the mechanism of NLRP3 inflammasome in sepsis can not only help us understand
the pathophysiology of sepsis but also provide a new target for potential clinical treatment.

Another important factor in the sepsis pathologic process is apoptosis, and inflammasome activation is an important
part. Activation of the inflammasome, NLRP3, contributes both to release of pro-inflammatory cytokines including IL-1
and IL-18 and to directly induced cell death, pyroptosis. Pyroptosis, an inflammatory cell death process characterized by
rupturing cell membrane, contents release, was first suggested to be very important to sepsis.®

In mouse model of sepsis, the activation of NLRP3 inflammasome is confirmed to closely associated with the occurrence
of a large number of tissue damages, for instance, in the animal cell and model experiments, excessive activation of NLRP3
may lead to damage of the lung and kidney organs, and by these damages they may evoke ALI and AKI. Researchers have
found that after suppressing the activation of NLRP3 inflammasome, cell apoptosis and tissues damage were greatly reduced,

and they suggested the NLRP3 inflammasome plays an important role in apoptosis and tissues damage of sepsis.”®**
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In addition, studies have shown that there is a complex interplay between apoptosis and pyroptosis. In mouse and
cellular models of sepsis-induced liver injury, apoptosis may be promoted by the inflammatory response, and the
activation of inflammasomes may exacerbate tissue damage by promoting apoptosis. Therefore, the regulation of
inflammasome can not only reduce the release of pro-inflammatory factors but also reduce the pathological effects of
sepsis by regulating the survival state of cells, providing new ideas for the treatment of patients with sepsis.”

The activation of inflammasomes significantly affects the progression and prognosis of sepsis through the release of
proinflammatory cytokines, cell apoptosis and tissue damage in the pathological process of sepsis, which may become
a potential therapeutic target.

Effect of Metabolic Reprogramming on NLRP3 Inflammasome Activation

In pathological condition such as sepsis and acute lung injury, macrophages undergo widespread metabolic rewiring,
manifested largely by upregulated glycolysis and the suppression of oxidative phosphorylation. This metabolic switch
appears to be a principal driver of NLRP3 inflammasome activation. Studies have demonstrated that activation of the
NLRP3 inflammasome involves ATP and specific metabolites that are critical in cellular energy metabolism, for instance,
increased amounts of glycolytic products such as lactate have been demonstrated to be able to facilitate NLRP3 assembly
and activation.”® Furthermore, alteration in glycolytic enzymes’ activity, eg, inhibitions of pyruvate dehydrogenase kinase
(PDHK), can considerably downregulate NLRP3 activation, suggesting a close relation between the finely tuned metabolic
pathways and inflammasome activation.”” During macrophages encounter pathogen or other inducers, intracellular energy
state and metabolite levels are altered rapidly. Such alterations can provide energy supply for the inflammatory response,
and they also induce the NLRP3 inflammasome assembly by mediating metabolic signaling pathway.

For instance, in another paper, PDHK inhibitor markedly dampened NLRP3 inflammasome activity, thereby indicating
a major part of PDHK in metabolic reprogramming and inflammasome activation.”” Also, overactive glycolytic activity does
more than just supplying energy, but additionally promotes inflammation through inflammasome formation, and release
proinflammatory cytokine.”® Accordingly, modulations of cellular energy metabolism are critical factors in NLRP3 inflam-
masome assembly/activation, providing proof for a crosstalk between metabolism reprogramming and immuneresponse.

Metabolic reprogramming not only affects the energy metabolism of cells but also regulates the inflammatory
response through metabolites. NLRP3 inflammasome activation is closely related to the accumulation of a variety of
metabolites, such as lactate and other metabolic intermediates. These products are not only the products of cellular
metabolism but also involved in the regulation of inflammatory response as signaling molecules. Studies have found that
the accumulation of lactic acid can promote the activation of NLRP3 inflammasome, which in turn triggers the
production of inflammatory factors such as IL-1.°” In addition, studies have shown that the increase of metabolites
such as succinate can promote the activation of NLRP3 by activating HIF-1a, which further emphasizes the importance
of metabolites in regulating the inflammatory response (Figure 5).%

Meanwhile, there have been numerous studies to explore how we could utilize such metabolites as therapeutic targets. For
instance, means to target metabolic reprogramming by eg, administration of anti-inflammatory drugs or inhibition of modulating
metabolic pathways, can suppress activation of the NLRP3 inflammasome thereby reducing the connected inflammatory
response.'® Such approach of metabolites as signaling molecules reveals the possibility to make use of metabolic reprogram-
ming for clinical management of inflammatory disease. Further exploration of such an interaction mechanism between
metabolites and inflammasomes will be of theoretical benefit and applied guidance for new antiinflammatory therapy
development.

Therapeutic Targets and Intervention Strategies of Molecular Signaling Pathways in
Hypoxia

Application of Hypoxia Metabolic Enzyme Inhibitors in Septic Macrophages

Hypoxia related metabolic enzyme inhibitors in septic macrophages is a hot topic for the purpose of improving the
therapeutic effect of sepsis by controlling the metabolism of macrophages. In this way, the related literature of this issue
also provides abundant theoretical support. Experiments in humans and animals have shown that macrophages have
important roles in sepsis and their excessive activity leads to an excessive release of inflammatory factors, aggravating
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Figure 5 Effect of metabolic reprogramming on the activation of the NLRP3 inflammasome. The activation of NLRP3 inflammasome requires a large amount of ATP and the
participation of specific metabolites. Increased succinate can promote NLRP3 activation by activating HIF-la. Increased glycolysis product lactate has been shown to
promote NLRP3 assembly and activation. Inhibition of glycolytic PDHK significantly reduces the activation of NLRP3 inflammasome. The accumulation of lactate can
promote the activation of NLRP3 inflammasome, which in turn leads to the production of inflammatory factors such as IL-1f. Created using Figdraw (https://www.figdraw.
com/static/index.html#/).

Abbreviations: NLRP3, NOD-like receptor family pyrin domain containing 3; ATP, Adenosine triphosphate; HIF-10, Hypoxia-inducible factor | alpha; PDHK, pyruvate
dehydrogenase kinase; IL-1f, Interleukin-| beta.

the pathophysiology. An endogenous metabolite, itaconate, is also proved to have anti-inflammatory effects, where it can
block the stimulator of interferon genes (STING) pathway. Yet the hyperactivity glycolytic pathway still keeps the
hyperactivated status of the macrophage. A nano particle (LDO) of itaconic acid derivative combined with glycolysis
inhibitor thus can effectively reprogram the macrophage to recover the normal balanced polarised status. This approach
was proved to be beneficial for aminig cytokine storm, mitigating acute lung injury and dramatically improving survival
in a sepsis model.'”! Further, studies in mouse models of sepsis-induced acute kidney injury and human renal proximal
tubular epithelial cells stimulated by hypoxia combined with LPS have shown that xanthine oxidase (XO) aggravates
oxidative stress and inflammation through ROS production in sepsis-associated acute kidney injury, and XO inhibition
can protect renal function by improving renal hypoxia. In particular, inhibition by the XO-specific inhibitor febuxstat or
inhibition of XO gene expression by shRNA not only alleviated serum urea nitrogen, creatinine, and inflammatory
factors, but also alleviated the degree of histological damage, reduced ROS production and macrophage infiltration,
thereby significantly enhancing sepsis-induced AKI prognosis (Figure 6). This implies that XO inhibitors may provide
a promising therapeutic approach for alleviating cellular hypoxia and reducing inflammation.'®* Using hypoxia-related
metabolic enzyme inhibitors on septic macrophage will benefit metabolic pathway and inflammatory reaction at certain
level, and indicates that these hypotheses are actually playing a very important role in regulating metabolic pathway and
controlling inflammatory response, both providing new evidence for the pathological mechanism of sepsis and having
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Figure 6 Application of hypoxia metabolic enzyme inhibitors in septic macrophages. Itaconate, an endogenous metabolite, has shown anti-inflammatory potential by
inhibiting the STING pathway, and its efficacy is limited by an overactive glycolytic pathway that maintains macrophage hyperactivation. XO aggravates oxidative stress and
inflammation by producing ROS in sepsis-associated acute kidney injury. Inhibition of XO can protect renal function by improving renal hypoxia. XO specific inhibitor
febuxostat or down-regulation of XO gene expression by shRNA significantly improves the prognosis of sepsis-induced acute kidney injury. The levels of serum urea
nitrogen, creatinine and inflammatory factors were reduced, and histological damage was also ameliorated, ROS production and macrophage infiltration were reduced.
Created using Figdraw (https://www.figdraw.com/static/index.html#/).

Abbreviations: STING, Stimulator of interferon genes; XO, Xanthine oxidase; ROS, Reactive oxygen species, shRNA, Short hairpin RNA.

a guiding role in clinical treatment of sepsis with novel strategies. The safety and efficacy of such metabolic modulators
in clinical practice could be further tested in future research, allowing us to provide better treatments to sepsis patients.

Regulation Strategies of HIF-1a and Downstream Signaling Pathways

HIF-1a is a key transcription factor involved in the regulation of cellular responses to hypoxia and inflammation.
Therefore, the research and development of related drugs to inhibit or activate HIF-1a has received extensive attention.
A recent study based on human breast cancer cell models has shown that regulating the expression and activity of HIF-1a
can achieve positive effects in the treatment of a variety of diseases. For example, in tumor therapy, the overexpression of
HIF-1a is closely related to tumor progression, metastasis and drug resistance. Therefore, inhibitors targeting HIF-1a are
considered to be one of the effective strategies for the treatment of tumors. The study has shown that molecular
compound plumbagin can effectively inhibit the expression of HIF-la, thereby reducing the survival rate and the
tolerance of tumor cells to treatment.'® In addition, a study based on human gastric cancer cells and animal subcuta-
neous tumor models has shown that HIF-1a activity can also be reduced by inhibiting the PI3K/Akt/mTOR pathway,

which shows good prospects in inhibiting tumor cell proliferation and migration.'*:'%4
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The activation of HIF-1a has also been proposed as an important target in chronic inflammatory and autoimmune
diseases. In diseases such as rheumatoid arthritis, animal models and cellular experimental studies suggest that the
interaction of GRK2 and HIF-1a is thought to be a key mechanism in regulating inflammatory responses, and drugs
targeting this pathway may help relieve symptoms.'®> Studies in mouse sepsis models, BEAS-2B (human lung epithelial
cells) and human umbilical vein endothelial cells (HUVEC) have shown that low molecular weight heparin (LMWH), for
example, has shown the potential to reduce inflammatory responses by inhibiting HIF-1a activity.'’® These studies
suggest that the direction of drug development includes not only direct inhibition of HIF-la expression but also
modulation of its downstream signaling pathways to achieve therapeutic effects.

The regulation of inflammasome activity is significant for the pathogenesis of various diseases. As an important
transcriptional factor, HIF-1a participates in regulating the activity of many inflammasomes, mainly in hypoxia and
inflammatory situations. For example, research on cell of mouse and animal models of sepsis indicates that the activation
of HIF-1a leads to assembly of the NLRP3 inflammasome resulting in discharge of inflammatory factors such as IL-1
and will have significant roles in sepsis and other inflammatory diseases.'®” Investigations of this mechanism to control
activation of inflammasome by regulation of activity of HIF-1a are being studied to restrict inflammatory response.

In a mouse model of sepsis (induced by cecal ligation and puncture), upregulation of Hmgcs2 promoted the activation
of Src, which subsequently activated PI3K/Akt signaling pathway, a common upstream pathway of HIF-10.'°%!%? Studies
in mouse models of sepsis and in vitro in human cells have shown that the activation resulted in the polarization of
macrophages to a protective M2 phenotype, as indicated by an increased proportion of IL-10-positive M2 macrophages,
and a reduction in macrophage-mediated inflammatory injury and cardiomyocyte apoptosis.''® In patients with sepsis,
free-radical production and lipid peroxidation may exacerbate dysregulation of signaling pathways. This study suggests
that antioxidative interventions (eg, polyunsaturated fatty acid supplementation) to mitigate disorders in lipid metabolism
may indirectly affect HIF-1a activity, which is known to be regulated by free radicals.'"'

HIF-1a and downstream signalling molecules can be modulated to represent novel therapeutic targets with particular
emphasis on pathogenesis control of inflammation and treating the inflammatory disease conditions, such as sepsis.
Future research will aid the understanding of drugs, and small molecule based therapy targeting HIF-la to act in
a clinical setting to efficiently treat disease associated with inflammasome activation.

Future Research Directions and Challenges

Systems Biology of Hypoxic Signaling in Septic Macrophages

The occurrence of sepsis is closely related to the functional changes of macrophages, and macrophages will undergo
metabolic reprogramming in the hypoxic environment, which has an important impact on the immune response to sepsis.
Recent studies have shown that the metabolic pathway of macrophages plays a key role in sepsis, especially the dynamic
regulatory network with HIF-la and related metabolites. The integrated analysis of multi-omics provides a new
perspective to understand this complex biological process. For example, it has been found that under septic conditions,
macrophages adapt to hypoxia by enhancing glycolysis and reducing mitochondrial respiration.''* In addition, up-
regulation of HIF-1a not only promotes glycolysis of macrophages but also affects their cellular function and inflam-
matory response.”® The construction of dynamic regulatory networks allowed us to identify key genes and signaling
pathways, thereby providing potential targets for future therapeutic strategies.

Reprogramming of the cellular metabolism becomes particularly relevant from this point of view, given that, besides
influencing the polarization state of the macrophage itself (eg, in switching between M1 and M2 phenotypes), it is also
directly linked with the cytokines which they generate. For instance, when in hypoxic conditions, macrophages will
resort a metabolic pathway based mainly in glycolysis, down-regulating mitochondrial function, and will cause over-
whelming secretion of inflammatory factors, which is an important pathologic mechanism of sepsis.>> Hence, through
integrating transcriptomics, metabolomics and proteomics data, we can have a better understanding of the metabolic
change of septic macrophages in hypoxic conditions and the effect on immune response.

Transcriptome analysis based on a human clinical database reveals a central role of hypoxia-inducible factor-1a (HIF-1a)
signaling pathway, which is continuously up-regulated in sepsis. Studies based on human monocyte sepsis models have shown
that impaired monocyte inflammation and antigen presentation by inhibiting IKK phosphorylation leads to
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immunosuppression.'”!"* This research result integrates human clinical databases on sepsis, bioinformatics analysis from
public databases, experiments with mouse models, and mechanism studies of in vitro cell models. Through metabolomics
studies, it has further revealed that the hypoxia-glycolysis-lactic acid (HGL) axis drives immunometabolic reprogramming. In
this process, changes in the expression of genes such as HK3 and PGK1 affect the functional heterogeneity of neutrophils
through lactic acid modification.''* Animal models and animal cell studies demonstrated that the regulation of HIF-1a on
downstream targets such as VEGF-A was verified by proteomics and confirmed its association with oxidative stress and
mitochondrial damage.m’115 Pharmacological models provide direct evidence for targeted therapies: Tempol, a superoxide
dismutase mimetic, alleviates medullary hypoxia with renal-arterial infusion in early sepsis but is ineffective in late-stage
models, highlighting the effect of timing on targeting strategies.''® Anti-drag polymers (DRPs) have demonstrated the
therapeutic potential of rheological regulation in a mouse model of sepsis by reducing microthrombosis and tissue hypoxia
by improving microcirculation hemodynamics.'® Multi-omics integration strategies, such as transcriptome screening of HIF-
la target genes, metabolome profiling of HGL networks, and proteomics validation of pathway proteins, combined with
pharmacological validation, not only will they clarify the central mechanism of HIF-10-HGL axis and so forth in sepsis
hypoxia, but also provide a theoretical basis for personalized treatment, such as molecular subtyping based
immunoregulation.''* However, the current research still needs to deepen the integration and clinical translation of multi-
omics data to optimize the precision and timeliness of targeted therapy.

In the pathological process of sepsis, macrophages are not only affected by their own hypoxia state but also regulated
by the surrounding microenvironment. The interaction between macrophages and other immune cells plays a crucial role
in sepsis. For example, studies have shown that macrophages regulate systemic inflammatory response and immune
tolerance in sepsis by interacting with other cells such as T cells, B cells and fibroblasts."'” The communication between
these cells not only affects the activation state of macrophages but also changes their metabolic pathways, which further
affects the progression of sepsis.

In addition, factors such as cytokines, metabolites and oxygen concentration in the microenvironment can also
significantly affect the function of macrophages. For example, HIF-1a plays a key role in cytokine expression and
metabolic reprogramming.® In sepsis models, up-regulation of HIF-1a expression is closely associated with macrophage
polarization, especially in M1 macrophages, whose enhanced glycolytic capacity is directly related to the production of
inflammatory factors. By regulating these factors in the microenvironment, it can provide new ideas for the treatment of
sepsis. For example, small molecule drugs can be used to target HIF-la or related metabolic pathways, thereby
improving macrophage function and reducing inflammatory response.**

Systems biology study on macrophage hypoxia signaling in sepsis has illustrated complex role of macrophages in
sepsis from multi-omics integration analysis and deep exploration of cell-to-cell interaction, which not only presents
a new view to our immunology insight on sepsis but also offers a potential target for therapy in the future.

Clinical Translation and Precision Treatment Strategies
Despite the central role of the hypoxia-inducible factor HIF-1a signaling pathway in the immunometabolic reprogram-
ming of macrophages in sepsis,*>*’ its clinical translation still faces multiple limitations.

The published intervention strategies, which target this pathway, have the following problems: Not target-specific:
HIF-1a is generally engaged in various cellular physiological processes, and targeting it systematically may lead to off-
target.'>''® Spatial-temporal constraints of the metabolic targeting: Studies in cellular and animal experimental models in
mice have shown that the macrophage glycolytic reprogramming is dynamic and spatially dependent. In the temporal
dimension, PF-543, an inhibitor of SPHK1/S1PR3 axis, inhibited glycolytic signals such as HIF-10, HK2, and PFKFB3
at the early stage of sepsis, and dynamically balanced macrophage polarization.”®> Animal model experiments and in vitro
cell experiments showed that alveolar type II epithelial cells deliver exosomal IncRNA Rmrp to alveolar macrophages to
inhibit PFKFB3 expression and glycolysis, leading to immune tolerance, which explains the organ-specific mechanism of
secondary pneumonia after sepsis.''® Limitations of the transformation model: It is mainly dependent on the LPS or CLP
animal model and lacks diversity of the human sepsis.'?® Single-cell sequencing indicated that macrophages in sepsis are
heterogeneous, but their current targeting strategies have not fully recognized diversity.'*' Complexity of regulatory
mechanism: LPS stimulation can promote HIF-la expression via p38 MAPK, while lead to TNF-a secretion
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enhancement; SB203580, p38 inhibitor, did not inhibit TNF-a expression under hypoxia. This indicates that hypoxia
could enhance the role of HIF-1a in other ways. In this study, we employed the mouse macrophage cell RAW264.7 and
the mouse model of LPS-induced endotoxemia.>® Lack of clinical verification: Although the regulatory role of HIF-1o in
septic macrophages has been confirmed in the literature, the disadvantage lies in the fact that the above literature is all
animal and cellular experiments, and there are no clinical experiments that can be used for clinical observations of its
effectiveness and safety. In the future, clinical trials should be selected for studies.

Tissue-specific delivery systems, such as macrophage-targeting nanoparticles, have been developed to reduce the risk
of systemic inhibition of HIF-1a'*>. Combined with single-cell multi-omics technology (such as scRNA-seq9), the
immuno-typing of patients with sepsis can be performed to develop precise intervention strategies based on macrophage
metabolic phenotype. Exploring the upstream regulatory nodes of HIF-1a (such as PHD210) rather than directly targeting
HIF-1a itself may provide a more controllable therapeutic window. Promoting organoid and human primary macrophage
model studies to verify the dose-response relationship of compounds (such as acetate 5 and MitoQS8) in human cells;
Biomarkdriven clinical trials are designed to integrate HIF-1a activity (such as PET imaging), serum metabolites (MG2)
and patient stratification to achieve true precision treatment.

Conclusion

Severe critical illness and pathogenesis of sepsis are still under investigation. Macrophage as the significant element of
immune system is closely related to the pathogenesis and process in the occurrence of sepsis. The results of this review
show that macrophage hypoxia is mainly involved in the progress of sepsis, but its mechanism of promoting macrophages
to M2 polarization and anti-inflammatory protection still needs to be further studied to find more precise targets, so as to
play a role in comprehensive treatment. Hypoxia molecular signaling pathway in macrophage, especially HIF-1o-mediated
metabolic reprogramming and inflammation regulation are considered as one main breakthrough to reveal the pathogenesis
mechanism of sepsis. HIF-1a not only participates in the macrophage energy metabolism regulation, but it also has an
impact on the inflammatory macrophage response, which consequently influences the sepsis clinical presentation.
Metabolic enzymes including SDH and its product succinate and these endogenous signaling pathways not only provide
support for the survival and function of macrophages but also may become new targets for intervention in the process of
sepsis. Meanwhile, microRNA and exosome-mediated signaling mechanisms brought new clues of macrophage regulation.
Future research should focus on using multi-omics combined with machine learning technology to reveal the complexity
and diversity of macrophage hypoxia regulation, in order to provide more effective strategies for the prevention and
treatment of sepsis.
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