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Sepsis is a complex clinical syndrome marked by dysregulated immune responses, systemic inflammation, 
and subsequent organ dysfunction. Sepsis involves the interplay of multiple signaling pathways. Traditional 
sepsis treatment mainly depends on antibiotics and early directed therapy, with limited effectiveness. 
This article reviews major signaling pathways in sepsis, such as those related to nuclear factor κB (NF-
κB), Janus kinase/signal transducer and activator of transcription (JAK/STAT), Toll-like receptors (TLRs), 
mitogen-activated protein kinase (MAPK), hypoxia-inducible factor 1α (HIF-1α), and nuclear factor-
erythroid 2-related factor 2/Kelch-like ECH-associated protein 1 (Nrf2/Keap1). These molecules are pivotal 
in regulating immune activation, inflammation, and immune cell metabolism. Moreover, mitochondrial 
dysfunction and metabolic reprogramming substantially contribute to sepsis development, as they 
greatly affect energy production and immune cell function. Selectively inhibiting these pathways shows 
potential for effectively reducing hyperinflammation and preventing organ failure. We discussed how 
future research on these signaling pathways can translate into clinical applications and how personalized 
treatment strategies can handle the complexity and variability of sepsis. Given the dynamic nature of 
sepsis, treatment strategies should not solely rely on traditional single-target interventions. Instead, a 
dynamic and personalized multi-target modulatory approach is needed. While reducing side effects of 
single-target inhibition, inflammatory responses, immune balance, and metabolic disorders can be more 
precisely regulated. By precisely monitoring multiple sepsis-related signaling pathways and adjusting 
treatment regimens in real time, we aim to identify more effective intervention points in the complex 
dynamics of diseases, thus providing new hope for improving prognosis of septic patients.

Introduction

  The 2016 Sepsis 3.0 definition characterizes sepsis as life-threat-
ening organ dysfunction that results from a dysregulated host 
response to infection [  1 ]. The systemic impact of sepsis greatly 
influences immune function. On one hand, the overactivation 
of the immune response can result in an excessive inflammatory 
state. On the other hand, this heightened inflammatory response 
may trigger immunosuppression. This immunosuppression 
renders the host’s immune system dysfunctional and makes 
it susceptible to secondary infections. As a result, the clinical 
management of sepsis becomes more complicated [  2 ]. Despite 
advancements in medical science, the treatment of sepsis con-
tinues to pose a substantial challenge. As initial interventions, 
standardized treatment protocols have been implemented, such 
as early goal-directed therapy and broad-spectrum antibiotic 

administration [  3 ]. Nevertheless, these approaches have limita-
tions due to the heterogeneity of sepsis presentations and vari-
ability in patient responses [  4 ].

  Despite numerous advancements in the field of sepsis 
research, notable deficiencies still remain. On one hand, mul-
tiple signaling pathways, including nuclear factor κB (NF-κB) 
and Janus kinase/signal transducer and activator of transcrip-
tion (JAK/STAT), have been proven to be closely associated 
with sepsis [  5 ]. However, the specific mechanisms of their 
interaction networks under different individual genetic back-
grounds, preexisting disease conditions, and various stages of 
sepsis progression remain incompletely elucidated. On the 
other hand, existing targeted drugs for sepsis have shown vary-
ing efficacy and safety issues in clinical trials. For example, 
cytokine inhibitors have demonstrated a reduction in 1-month 
mortality and a decrease in the risk of severe adverse events. 
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Conversely, Toll-like receptor 4 (TLR4) antagonists have been 
associated with an increased risk of adverse events [  6 ]. Currently, 
there is a lack of effective methods to accurately predict the 
therapeutic response of sepsis patients to specific targeted drugs. 
Moreover, monitoring the immune function of sepsis patients 
is of crucial importance for sepsis management. Nevertheless, 
traditional indicators such as white blood cell count and 
C-reactive protein lack sensitivity and specificity. Recent studies 
have highlighted advanced biomarkers and techniques, such as 
programmed death 1/programmed death-ligand 1 (PD-1/
PD-L1), human leukocyte antigen-DR (HLA-DR), specific 
cytokine profiles, as well as innovative technologies like flow 
cytometry, which offer more precise insights into the immune 
status of sepsis patients [  7 ]. This indicates that the establishment 
of a precise and dynamic immune monitoring index system is 
essential for accurately assessing the immune function of sepsis 
patients and predicting disease prognosis.

  In the diagnosis and treatment of sepsis, there are persistent 
clinical challenges and unmet medical needs. These have 
prompted the academic community to make the in-depth 
exploration of sepsis’s pathological mechanisms and related 
signaling pathways the core direction for formulating precise 
treatment strategies. This review focuses on the key signaling 
pathways related to the immune response and metabolic dis-
orders during the progression of sepsis. It systematically inte-
grates preclinical experimental data and clinical research 
evidence, as well as the latest research achievements in molecu-
lar and cellular biology.

  The study mainly analyzes core signaling pathways, includ-
ing NF-κB, JAK/STAT, and TLR. Moreover, it deeply interprets 
how these pathways regulate various pathological processes in 
sepsis. These processes cover immune regulation imbalance, 
uncontrolled inflammatory response, mitochondrial dysfunc-
tion, and metabolic reprogramming. We reveal the molecular 
targets of each signaling pathway and their upstream and 
downstream regulatory relationships. Then, by combining with 
the individual differences of patients in clinical practice, we 
explore potential treatment strategies based on these signaling 
pathways. This research not only provides a theoretical basis 
for the development of innovative targeted therapies for sepsis 
but also is committed to promoting the development of per-
sonalized medical strategies and achieving the precise custom-
ization of treatment plans. As our understanding of the complex 
cellular signaling network and metabolic remodeling mecha-
nisms of sepsis continues to deepen, we expect to develop a 
new generation of therapeutic intervention methods. These 
methods can reduce the disease’s complexity and improve 
patient survival rates.

  This review conducts an in-depth analysis of the signaling 
pathways with therapeutic potential, further highlighting the 
importance of targeted treatment strategies in tackling sepsis, 
a global health problem, and laying a solid theoretical founda-
tion for improving the clinical prognosis of sepsis patients.   

Immune Regulation in Sepsis
  Sepsis is a complex and life-threatening condition that involves 
a dysregulated immune response. The diversity of immune 
responses to sepsis is influenced by factors such as age (notably 
in young children and the elderly), infection type and location, 
genetics, and treatment strategies [  8 ]. During sepsis, the activa-
tion of the immune system is triggered by a series of pattern 

recognition receptors (PRRs), which are receptors located on 
the surface of immune cells or within the cells. These receptors 
detect microbial-derived pathogen-associated molecular pat-
terns (PAMPs), such as lipopolysaccharides from bacteria or 
viral nucleic acids, or endogenous damage-associated molecular 
patterns (DAMPs), released from damaged host cells, thereby 
initiating the host’s immune response. This recognition subse-
quently induces the release of cytokines and other inflammatory 
mediators or triggers cell death. Once detected, this recognition 
event sets off a chain reaction, leading to the release of cytokines 
and other inflammatory mediators or even triggering cell death. 
This initial immune activation is a fundamental defense mecha-
nism of the body against invading pathogens [  9 ].

  However, sepsis is characterized by a severe dysregulation 
of the immune system. A key feature is the biphasic immune 
dysfunction, which consists of an initial, overwhelming inflam-
matory response followed by an immunosuppressive phase. 
This biphasic pattern is fundamental to the pathophysiology of 
sepsis [ 8 ]. The early hyperinflammatory phase results from an 
uncontrolled activation of leukocytes and endothelial cells, 
leading to a pro-inflammatory response. Concurrently, this 
triggers dysregulation in the production of oxygen and nitrogen 
radical species, cytokines, and the activation of the complement 
and coagulation systems [  10 ]. As a consequence, although the 
activation of these mechanisms represents the body’s innate 
immune response to infection, an imbalance between the 
inflammatory and regulatory responses can result in excessive 
immunity causing tissue damage and accelerate the progression 
of sepsis [  11 ].

  Among different patients, the natural progression of sepsis 
shows variable adverse effects. Despite improvements in sur-
vival rates brought about by antibiotic treatments and support-
ive care, effectively managing disease progression remains a 
substantial challenge. This challenge is partly attributable to 
unresolved heterogeneity in patient immune imbalances [  12 ]. 
Each patient’s immune system responds differently to sepsis, 
and understanding these individual differences is crucial for 
developing personalized treatment strategies.  

NF-κB signaling pathway
  NF-κB signaling is a fundamental regulator of the immune 
response, bifurcating into 2 distinct pathways: the classical 
(canonical) and nonclassical (alternative) pathways [  13 ]. Upon 
recognition of PAMPs by PRRs, such as TLRs, a complex signal-
ing cascade is initiated. This cascade culminates in the activa-
tion and nuclear translocation of NF-κB. This translocation 
initiates the transcriptional expression of pro-inflammatory 
cytokines, chemokines, and adhesion molecules [  14 ]. Upon 
stimulation, the IκB kinase (IKK) complex phosphorylates IκB, 
leading to its ubiquitination and proteasomal degradation. This 
process liberates NF-κB dimers, enabling their nuclear trans-
location and subsequent gene activation [  15 ]. NF-κB dimers 
can translocate into the nucleus. Once in the nucleus, they bind 
to specific DNA target sites. This binding promotes the tran-
scription of inflammatory cytokines such as tumor necrosis 
factor-α (TNF-α), interleukin-1β (IL-1β), and IL-6 [  16 ].

  While the classical NF-κB pathway is a well-known mecha-
nism for initiating immune responses, the nonclassical NF-κB 
signaling pathway also plays important roles in various physio-
logical processes. It can be initiated by CD40 ligands, lympho-
toxin β (LTβ), and bacterial lipopolysaccharide (LPS; also referred 
to as endotoxin), leading to the activation of NF-κB-inducing 
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kinase (NIK) [  17 ]. This pathway implies protein synthesis; thus, 
it operates with different kinetics than the classical one. It plays 
a crucial role in hematopoietic development, formation of sec-
ondary lymphoid organs, and maintenance of immune homeo-
stasis [  18 ]. A schematic representation of the mechanisms 
underlying both classical and nonclassical NF-κB pathways is 
provided in Fig.  1 .        

  The interplay between pro-inflammatory cytokines and the 
NF-κB signaling pathway further complicates its role in the 
immune response. Pro-inflammatory cytokines sustain the NF-κB 
signaling pathway via an autocrine mechanism, a cascade that 
facilitates the recruitment of immune cells to the site of infection, 
thereby promoting pathogen elimination [  19 ]. Nevertheless, in 
the context of sepsis, prolonged activation of NF-κB results in 
a persistent inflammatory response, which ultimately causes 
extensive tissue damage and organ failure [  20 ].

  Notably, NF-κB’s function extends beyond promoting 
inflammation. It also modulates the expression of genes related 
to anti-inflammatory pathways and tissue repair, highlighting 

its dual role in both propagating and resolving inflammation [  21 ]. 
In sepsis, this delicate balance is often disrupted. Hyperactivation 
of NF-κB hinders inflammation resolution, causing continuous 
tissue damage [  22 ]. In contrast, inadequate NF-κB activity in late 
stages of sepsis impairs tissue repair and leads to chronic immu-
nosuppression [  23 ]. As NF-κB plays a central role in sepsis, it 
represents a promising therapeutic target. By modulating its 
activity, we can enhance its protective effects while minimizing 
its harmful effects.   

JAK/STAT signaling pathway
  There is a group of cytokines, such as IL-6, IL-11, and oncostatin 
M (OSM), that signal through the common receptor subunit 
glycoprotein 130 (gp130), activating downstream JAK/STAT 
pathways. Meanwhile, it also leads to the recruitment and phos-
phorylation of STAT family transcription factors. This group 
of mediators is sometimes referred to as IL-6-type cytokines. 
The JAK/STAT signaling pathway is also used by type 1 and 
type 2 cytokine receptors during sepsis. This pathway mediates 

Fig. 1. Molecular mechanisms of classical and nonclassical NF-κB pathways in sepsis pathogenesis. Sepsis is a life-threatening SIRS triggered by infection, often leading to 
MOF. The NF-κB signaling pathway is involved in this pathological process. Within the classical NF-κB pathway, sepsis-inducing agents, such as LPS, initiate a downstream 
signaling cascade through the activation of TLRs, culminating in the activation and nuclear translocation of NF-κB. Activated NF-κB enhances the transcription of inflammatory 
cytokines such as TNF-α and IL-1β, worsening systemic inflammation. NF-κB also regulates apoptosis and immune cell activation, crucial in sepsis development. The nonclassical 
NF-κB pathway involves unique activation mechanisms in specific cell types or stimuli, using different kinases, cofactors, and NF-κB subunit combinations. (By Figdraw.)
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the signaling of IL-6 and interferon-γ (IFN-γ) [  24 ]. When cyto-
kines bind to their specific receptors, JAK is activated. This 
activation causes the phosphorylation of STAT proteins, which 
then become activated. The activated STAT proteins translocate 
to the nucleus and regulate gene expression. This regulation 
controls immune cell differentiation, the production of inflam-
matory mediators, and the processes of cell survival and apop-
tosis [  25 ]. The JAK/STAT signaling pathway is associated with 
the secretion of various cytokines and inflammatory mediators, 
such as IL-6, IL-10, inducible nitric oxide synthase (iNOS), and 
high mobility group protein B1 (HMGB1). This pathway plays 
a crucial role in modulating the immune response to sepsis [  26 ].

  The canonical JAK/STAT signaling pathway is typically initi-
ated by extracellular signaling molecules, including cytokines, 
growth factors, and/or hormones, which bind to specific cell 
surface receptors. This triggers the phosphorylation and activa-
tion of adjacent JAK kinases [  27 ]. Activated JAK kinase phos-
phorylates specific tyrosine residues on the receptor, which 
serve as docking sites for the recruitment of STAT proteins. 
This recruitment facilitates the phosphorylation of STAT pro-
teins by JAK kinases [  28 ]. Under specific circumstances, STAT 
proteins can be activated without relying on JAK. This activa-
tion can occur through 2 main alternative mechanisms. One is 
via growth factor receptors. The other is through nonreceptor 
tyrosine kinases, like the Src family kinases. These kinases can 
directly phosphorylate STAT proteins [  29 ]. In later compensa-
tory anti-inflammatory response syndrome (CARS), STAT3 
inhibitors such as sunitinib or axitinib prevent the recruitment 
of myeloid-derived suppressor cells [  30 ]. Inhibition of JAK3 
and STAT3 has been shown to reduce the overexpression of 
endothelial adhesion molecules, thereby mitigating pathologi-
cal conditions such as vascular paralysis, coagulation dysfunc-
tion, and multi-organ failure (MOF) associated with sepsis [  31 ].

  Beyond the primary components of the JAK/STAT signaling 
pathway, several proteins contribute to the STAT-dependent 
transcription process and facilitate the interaction of the JAK/
STAT signaling pathway with other signaling pathways. These 
proteins are collectively referred to as regulators of JAK/STAT 
signaling [  32 ]. In the context of the synergistic interaction 
between glucocorticoids and prolactin, activated STAT5 asso-
ciates with GR to form a functional complex in which GR 
functions as a transcriptional coactivator for STAT5, thereby 
enhancing the transcriptional activity of STAT5-dependent genes 
[  33 ]. At the same time, negative regulators also play a crucial role 
in modulating the JAK/STAT signaling pathway, thus collectively 
contributing to its stability and homeostasis [ 27 ]. The JAK/STAT 
signaling pathway has 3 main negative regulatory mechanisms. 
They are mediated by suppressor of cytokine signaling (SOCS) 
proteins, protein inhibitors of activated STAT (PIAS) proteins, 
and protein tyrosine phosphatases (PTPs) [  34 ]. Among these, 
SOCS proteins play a crucial role in modulating the JAK/STAT 
pathway by attenuating its signaling activity [  35 ]. Activated STAT 
proteins enter the nucleus to trigger SOCS transcription. SOCS 
proteins then deactivate JAK kinases by preventing STAT binding 
to receptors, by using their N-terminal kinase repressor domains, 
or by promoting ubiquitination and proteasomal degradation of 
JAKs or STATs, thereby negatively regulating the JAK/STAT sig-
naling pathway [  36 ]. By modulating the JAK/STAT signaling 
pathway, these inhibitors have the potential to attenuate hyper-
inflammation while maintaining the immune response.

  The JAK/STAT pathway modulates the fate and function of 
immune cells during sepsis. For instance, IL-6 activates STAT3 

that initially provides anti-inflammatory protection in sepsis, 
but its prolonged activation may contribute to immune paraly-
sis [  37 ]. In contrast, IFN-γ activates STAT1 that triggers a pro-
inflammatory response essential for pathogen clearance, but 
that if uncontrolled it may exacerbate tissue damage [  38 ]. The 
balance between these opposing effects in JAK/STAT signaling 
is crucial for sepsis outcomes, making this pathway a promising 
target for therapy (Fig.  2 ).        

  While clinical applications of JAK/STAT inhibitors in sepsis 
have not yet been reported, their therapeutic use in inflamma-
tory diseases and cancers is already well established. JAK inhibi-
tors mainly inhibit the activation of downstream STAT proteins 
and block the signaling of inflammatory factors by targeting 
members of the JAK family [  39 ]. The JAK/STAT pathway inhib-
itors have achieved remarkable results in the field of disease 
treatment, but they still face many challenges. In the future, it 
will be an important research direction to deeply explore the 
regulatory mechanism of JAK/STAT pathway and develop new 
inhibitors with high selectivity and low side effects, which is 
expected to bring new breakthroughs in the treatment of sepsis 
and other related diseases.   

TLR signaling pathway
  TLRs are PRRs that function as primary responders within the 
innate immune system. They recognize conserved microbial 
structures referred to as PAMPs, thereby initiating an immune 
response [  40 ]. In the pathological process of sepsis, TLR4 and 
TLR2, as key members of the pattern recognition receptor fam-
ily, play important roles in mediating the host immune response 
by virtue of their unique structural characteristics and ligand-
binding mechanisms.

  TLR4, as the main receptor for recognizing Gram-negative 
bacteria, has a highly specific recognition ability for LPS, a com-
ponent of the bacterial cell wall. By binding to TLR4, LPS trig-
gers a series of cascade reactions, inducing host immune cells 
to release many inflammatory factors, thus driving the patho-
logical progression of sepsis [  41 ]. After activation, this receptor 
coordinately regulates the inflammatory response process 
through 2 signaling pathways, namely, the myeloid differentia-
tion factor 88 (MyD88)-dependent and MyD88-independent 
pathways. The MyD88-dependent pathway mainly activates the 
NF-κB and mitogen-activated protein kinase (MAPK) signal 
transduction pathways, promoting the expression of pro-
inflammatory cytokines such as TNF-α and IL-6. The MyD88-
independent pathway, on the other hand, participates in immune 
regulation through the signal transduction mediated by the TIR 
domain-containing adapter-inducing interferon-β (TRIF) [  42 ]. 
This dual-pathway regulation pattern endows TLR4 with com-
plex and delicate regulatory functions in the inflammatory 
response and maintenance of immune homeostasis. In contrast 
to TLR4, TLR2 plays a crucial role in the recognition of Gram-
positive bacteria. Its main recognition ligands include bacte-
rial cell wall components such as lipopeptides and lipoteichoic 
acid [  43 ]. After recognizing PAMPs, TLR2 recruits down-
stream adaptor proteins through the MyD88-dependent sig-
naling pathway, activating the NF-κB and MAPK signaling 
pathways [  44 ].

  The activation of the TLR signaling pathway results in the 
swift production of pro-inflammatory cytokines and chemo-
kines, which play a crucial role in controlling infections. 
Although TLR signaling is vital for pathogen recognition and 
immune activation, excessive or prolonged activation during 
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sepsis has harmful effects [  45 ]. Studies have shown that in 
TLR4-deficient mice, LPS-induced liver injury leads to several 
consequences. Liver enzyme levels decrease, and there are mor-
phological changes in liver tissue. Additionally, oxidative stress 
occurs, and apoptosis is triggered, all of which differ from the 
wild-type controls. This suggests that sustained activation of 
TLR4 has a detrimental impact on organs such as the liver [  46 ]. 
Thus, the inhibition of TLR signaling represents a potential 
therapeutic strategy to control hyperinflammation, address 
systemic autoimmune diseases, and manage systemic sepsis 
responses. Researchers have investigated various therapeutic 
approaches. These include using TLR antagonists, TLR-specific 
monoclonal antibodies (mAbs), and small molecules that can 
prevent TLR activation or block its downstream signaling path-
ways [  47 ]. Notably, the synthetic lipid TLR4 antagonist Eritoran 
has demonstrated the ability in preclinical studies to attenuate 
LPS-induced inflammation and improve survival rates in sepsis 
models [  48 ]. To achieve a more balanced immune response, 
researchers have developed more comprehensive and well-
established methodologies. These mainly focus on 2 aspects: 
selectively targeting specific TLRs and modulating their signal-
ing pathways, often in combination with other therapeutic 
strategies [  49 ]. In summary, sepsis involves complex immune 

modulation through the NF-κB, JAK/STAT, and TLR pathways, 
emphasizing the need for targeted therapies. Exploring these 
mechanisms can uncover novel therapeutic targets to reduce 
sepsis-related damage and promote immune recovery.   

Microbiome metabolic pathways
  The gut microbiome has been recognized as a crucial factor in 
the pathogenesis of sepsis, with its importance surpassing pre-
vious estimations. During sepsis, there is a disruption of both 
host metabolic processes and immune responses, wherein the 
gut microbiome plays an essential regulatory role [  50 ]. The gas-
trointestinal system is postulated to be the “initiator” of sepsis-
induced multi-organ dysfunction syndrome (MODS) and is 
instrumental in triggering and sustaining various mechanisms 
of systemic inflammatory response. Clinically, intestinal dys-
biosis is frequently observed in patients with sepsis character-
ized by an imbalance in the gut microbiota, which correlates 
with adverse outcomes [  51 ]. Specifically, SCFAs such as acetate, 
propionate, and butyrate have been shown to play a role in the 
signaling processes between bacterial communities and the 
immune system [  52 ]. In addition to SCFAs, multiple metabolites 
of gut microbiota such as amino acids and their metabolic 
derivatives play critical roles in the occurrence and development 

Fig. 2. The transport and activation mechanisms of the JAK/STAT signaling pathway and its involvement in the pathophysiology of sepsis. Cytokines such as IFN-γ or IL-6 
bind to cell surface receptors, activating JAK kinases, which phosphorylate STAT proteins. These phosphorylated STAT proteins dimerize and move to the nucleus and regulate 
genes related to inflammation, cell survival, and differentiation. Abnormal JAK/STAT activation can drive disease progression, impacting immune cell function and causing 
tissue damage and organ dysfunction. (By Figdraw.)



Tang et al. 2025 | https://doi.org/10.34133/research.0811 6

of sepsis. For example, some microbial metabolites can up-
regulate the expression of the iron transporter transferrin, and 
transferrin can exert immunosuppressive functions through 
interaction with CD14, specifically by inhibiting PRR signaling, 
thereby inducing host immune tolerance [  53 ]. Sepsis patients 
often exhibit disorders in amino acid metabolism, which may 
lead to reduced immune function and intestinal barrier dam-
age. For example, L-valine is an important amino acid, and the 
decrease in its metabolite levels is closely associated with poor 
prognosis in sepsis patients. This indicates that amino acid 
metabolites can serve as potential biomarkers for sepsis, thereby 
providing new insights for clinical diagnosis and treatment [  54 ]. 
Indole-3-propionic acid (IPA), a gut microbiota metabolite 
mainly derived from tryptophan, has notable anti-inflammatory 
effects. IPA can up-regulate the expression of anti-inflammatory 
factors and inhibit the secretion of pro-inflammatory factors, 
thus exerting a protective role in inflammatory conditions such 
as sepsis [  55 ]. In septic mice, IPA treatment reduced serum levels 
of inflammatory mediators, improved survival rate, altered the 
composition of gut microbiota by enhancing the abundance of 
beneficial bacteria such as Bifidobacterium, and reduced the 
number of potential pathogenic bacteria in the intestine. These 
effects help enhance the integrity of the intestinal barrier, allevi-
ate intestinal damage, and thereby improve the survival rate of 
mice [  56 ]. Research on gut microbiota metabolites in sepsis 
provides new insights, highlighting their crucial role in main-
taining intestinal barrier function and the effectiveness of 
immune responses.

  Metabolomics, defined as the analysis of metabolites within 
biological systems, has emerged as a powerful method for 
uncovering metabolic alterations associated with sepsis [  57 ]. 
For instance, reduced concentrations of SCFAs produced by gut 
microbiota are correlated with compromised intestinal barrier 
function and increased systemic inflammation in septic condi-
tions [  58 ]. Recent preclinical studies have shown that fecal 
microbiota transplantation can restore the original SCFA-
producing microbial community in mice with sepsis, restoring 
the immune function and controlling over proliferating patho-
gens [  59 ]. Interventions like enteral fiber-rich nutrition can 
restore a healthy microbiota. This restoration has the potential to 
modulate metabolic processes and enhance the immune response 
in sepsis [  60 ]. These therapies may facilitate the re-establishment 
of beneficial metabolite production and promote a balanced 
immune response, thereby enhancing patient outcomes.

  Future research directions may include multi-omics integra-
tion analysis to decode the gut microbiota metabolite network. 
Through multi-omics integration analysis, the complex inter-
actions between gut microbiota and the host can be revealed. 
When performing multi-omics integration analysis, by collect-
ing different types of omics data, including genomics, tran-
scriptomics, metabolomics, etc., we can more comprehensively 
understand the specific roles of microorganisms in host metab-
olism [  61 ]. With the deepening of research, it is expected that 
more refined integration analysis will discover new biomarkers 
and therapeutic targets to improve the prevention and treat-
ment of microbiota-related diseases. In addition, the develop-
ment of personalized microbiota metabolite treatment strategies 
has become an important research direction in the field of 
microbiome research in recent years. This strategy not only 
focuses on the composition of the microbiota but also empha-
sizes the role of its metabolites in disease occurrence and pro-
gression. In personalized treatment, analyzing the composition 

of a patient’s gut microbiota and its metabolites can enable the 
formulation of more precise treatment strategies for different 
patients [  62 ]. The data from multi-omics integration analysis 
will provide stronger support for the development of personal-
ized microbiota metabolite treatment strategies. Furthermore, 
efforts should be dedicated to revealing the causal relationships 
between gut microbiota and sepsis, elucidating their mecha-
nisms and metabolites, and developing effective interventions. 
Ultimately, a deep understanding of the interactions between 
gut microbiota metabolites and the host is expected to provide 
new directions for improving the prognosis and survival rate of 
sepsis patients. With the continuous advancement of research, 
we anticipate that the relationship between gut microbiota and 
sepsis will bring revolutionary breakthroughs to clinical treat-
ment, improving patients’ quality of life and life expectancy.   

Other sepsis immune-related signaling pathways
  In addition to the aforementioned signaling pathways that play 
a critical role in the immune response of sepsis patients, the 
complement system pathways and the NOD-like receptor pro-
tein 3 (NLRP3) inflammasome signaling pathways contribute 
to immune regulation in sepsis [  63 ]. In mammals, the comple-
ment system consists of 3 primary activation pathways: the 
classical pathway, the alternative pathway, and the lectin path-
way [  64 ]. The classical pathway gets activated when antibodies 
bind to pathogen surface antigens. This binding triggers a 
cascade reaction. First, it involves the activation of C1q, fol-
lowed by C4, C2, and C3. Ultimately, this cascade leads to the 
formation of a membrane attack complex (MAC). The MAC 
is responsible for lysing, or destroying, the pathogen [  65 ]. In 
contrast, the alternative pathway activates C3 without antibod-
ies by directly recognizing pathogen surface structures and 
follows a similar process to form MAC [  66 ]. Unlike the classical 
and alternative pathways, the lectin pathway is triggered by the 
pathogen’s surface glycostructure. Specifically, it gets activated 
when mannose-binding lectin (MBL) or other lectins bind to 
the pathogen, thereby activating the complement system. This 
activation not only helps clear pathogens quickly but also gen-
erates inflammatory mediators such as C3a and C5a. These 
mediators play a crucial role in attracting immune cells and 
enhancing the overall inflammatory response [  67 ].

  The NLRP3 inflammasome is a protein complex that regu-
lates caspase-1 activation and the release of pro-inflammatory 
cytokines such as IL-1β and IL-18 [  68 ]. Besides, it has been 
found to initiate apoptosis through nonconventional pathways. 
In terms of its activation mechanism, when the NLRP3 inflam-
masome is activated by LPS, it leads to the activation of cas-
pase-11. This, in turn, triggers a process known as pyroptosis, 
a form of programmed cell death that relies on the activation 
of inflammasomes [  69 ]. NLRP3 inflammasome contributes to 
sepsis development, and its inhibition can lessen its severity 
[  70 ]. The dual-signal activation mechanism of NLRP3 in sepsis 
is illustrated in Fig.  3 .        

  We outline in Table  1  the additional immune-related signal-
ing pathways that contribute to the inflammatory response and 
immunosuppression observed in sepsis. 

  The aforementioned immune-related signaling pathways 
play a crucial role in immune modulation during sepsis, and 
their aberrant activation often triggers inflammatory reactions. 
The inflammatory response in sepsis is highly complex, involv-
ing interactions among various cells and molecules, closely 
associated with immune regulation. Below, we will delve into 
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the inflammatory response in sepsis and its related signaling 
pathways.    

Inflammatory Response in Sepsis
  Sepsis-associated inflammatory response is mainly mediated 
by leukocytes. This response also involves a complex interaction 
among cytokines, ROS, endothelial cells, the complement sys-
tem, and the coagulation system [  71 ]. Neutrophils play a role 
in the recognition and elimination of invading pathogens and 
in maintaining immune homeostasis [  72 ]. An expanding cor-
pus of evidence suggests that targeting neutrophils holds 
promise as a therapeutic approach in sepsis treatment [  73 ]. For 
instance, activated granulocytes released from the bone marrow 
form NETs to ensnare pathogenic microorganisms, a process 
that amplifies the inflammatory response in sepsis contributing 
to tissue damage [  74 ]. Beyond the role of neutrophils, the inflam-
matory response observed in sepsis is characterized by concur-
rent neuroendocrine alterations, activation of the complement 
and coagulation pathways, and modifications in lipid mediators, 
all of which synergistically contribute to the amplification of the 
inflammatory state [  75 ]. This response is a complex process that 
plays a critical role in defending against infection and preventing 

further tissue damage. In this section, we will explore signaling 
pathways involved in the inflammatory response during sepsis, 
with a particular focus on the MAPK, hypoxia-inducible factor 
1α (HIF-1α), and nuclear factor-erythroid 2-related factor 2/
Kelch-like ECH-associated protein 1 (Nrf2/Keap1) pathways. 
A deeper understanding of these pathways is essential for iden-
tifying potential therapeutic targets that could modulate the 
inflammatory process and improve clinical outcomes.  

MAPK signaling pathway
  MAPKs, as highly conserved serine/threonine kinases expressed 
in nucleated cells and platelets, have downstream apoptosis 
signal-regulating kinase 1 (ASK1) belonging to the mitogen-
activated protein kinase kinase kinase (MAP3K) family, which 
can activate downstream mitogen-activated protein kinase kinase 
(MAP2K) upon stress stimulation [  76 ]. MAP2Ks sequentially 
phosphorylate downstream MAPKs, including extracellular sig-
nal–regulated kinases (ERKs), c-Jun N-terminal kinases (JNKs), 
and p38 MAPKs [  77 ]. Each of these signaling pathways plays 
a distinct role in modulating immune cell activation, cytokine 
production, and apoptosis in the context of sepsis [  78 ]. When 
the body detects PAMPs and DAMPs, these MAPK pathways 
are activated. This activation triggers a series of inflammatory 

Fig. 3. Activation mechanism of the NLRP3 inflammasome in sepsis: A dual-signaling model. In the dual-signaling model, NLRP3 inflammasome activation involves 2 steps: 
First, NLRP3 expression is up-regulated by PAMPs or DAMPs; second, NLRP3 is activated through intracellular events such as potassium efflux and lysosomal rupture. Activated 
NLRP3 binds to apoptosis-associated speck-like proteins containing a CARD (ASC) and procaspase-1 to form the inflammasome complex. By cleaving procaspase-1 into active 
caspase-1, this complex promotes the maturation and release of inflammatory factors such as IL-1 and IL-18. (By Figdraw.)
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signaling events. Eventually, it leads to an excessive release of 
cytokines, a phenomenon commonly known as the “cytokine 
storm”. This storm is frequently observed in sepsis patients [  79 ]. 
The TLR4/JNK signaling pathway modulates the production 
of pro-inflammatory cytokines and myocardial dysfunction 
induced by LPS. In animal experiments using mouse models 
of sepsis, researchers applied the inhibitor TAK-242 to block 
TLR4 activation. As a result, JNK activation was reduced, the 
plasma concentration of TNF-α protein was decreased, and 
histological damage to the myocardium was lessened. These 
effects together helped maintain cardiac function [  80 ].

  Considering the function of MAPK pathways in regulating 
inflammatory responses during sepsis, the targeted inhibition 
of these pathways emerges as a promising therapeutic strategy 
[  81 ]. Inhibition of ASK1, whether through gene knockout, 
pharmacological intervention, or suppression of upstream fac-
tors, leads to a reduction in p38 MAPK phosphorylation and 
TLR-mediated cytokine production. Thus, ASK1 is a crucial 
signaling component in innate immunity [  82 ]. ASK1 plays a 
critical role in the regulation of immune-mediated thrombo-
cytopenia, thrombosis, and systemic shock. Consequently, the 
inhibition of ASK1 serves as a promising therapeutic target for 
the treatment of immune complex (IC)-induced shock and 
other immune-mediated thrombotic disorders [  83 ].   

HIF-1α signaling pathway
  Multiple pathophysiological mechanisms contribute to the 
development of MODS in septic patients. Vascular endothelial 
damage, cellular dysfunction, and activation of the coagulation 
system are among the key culprits. These factors interact in 
complex ways. Ultimately, they cause organ and tissue hypoper-
fusion, intravascular microthrombosis, and the failure of both 
macrocirculation and microcirculation [  84 ]. Tissue hypoperfu-
sion caused by sepsis leads to tissue hypoxia and impairs cellular 
oxygen utilization. This process generates free radicals through 
mechanisms similar to those seen in oxidative stress during 
ischemia–reperfusion injury [  85 ]. HIF-1α is a component of the 
heterodimeric protein complex HIF-1. It regulates cellular 
responses to physiological hypoxia and infection, and is often 
associated with acute hypoxic conditions [  86 ]. Its primary role 
is the activation of genes associated with the glycolytic pathway, 
which decreases cellular oxygen consumption and mitigates the 
production of ROS. The activation of HIF-1α facilitates the 
adaptation of immune cell metabolism to anaerobic conditions 
[  87 ]. The schematic illustration of the role of HIF-1α in both 
normal and hypoxic inflammation is presented in Fig.  4 .        

  Sepsis is characterized by a dysregulated inflammatory 
response to infection. Blood monocytes, as the host’s initial line 
of defense, play a crucial role in this process. These cells can 
effectively detect invading pathogens and rapidly trigger an 
immune inflammatory response to effectively combat the infec-
tion [  88 ]. Under hypoxic conditions, although monocytes can 
still produce pro-inflammatory cytokines through the action of 
HMGB1, the generation of IFN1s is suppressed. This suppression 
can be attributed to hypoxia-induced HIF-1α, which acts as a 
direct transcriptional repressor of IRF5 and IRF3 [  89 ]. As a 
result, HIF-1α modifies monocyte metabolism, promoting the 
release of pro-inflammatory cytokines while keeping IFN levels 
stable. Evidence indicates that hypoxia and HIF-1α affect bacte-
rial phagocytosis. In group B streptococcus infection, when 
HIF-1α is deleted in monocytes, the intracellular killing and lys-
ing abilities of bacteria decrease. However, the rate of phagocytic 

uptake is mostly unchanged [  90 ]. HIF-1α both promotes the 
production of pro-inflammatory cytokines and supports cell 
survival. This dual function makes regulating HIF-1α in sepsis 
a complex and challenging task with 2 distinct aspects [  91 ]. 
Increased expression of HIF-1α increases inflammatory response, 
potentially resulting in tissue damage and organ dysfunction, 
particularly when hypoxic conditions extend beyond the acute 
phase [  92 ]. Targeted therapies aimed at HIF-1α represent a 
promising strategy for mitigating organ damage in sepsis. HIF-1α 
inhibitors, in particular, have the potential to attenuate excessive 
inflammatory responses while preserving essential cellular func-
tions [  93 ]. Future research should investigate the impact of 
HIF-1α regulation on both inflammation and the metabolic 
adaptation of immune cells in the context of sepsis.   

Nrf2/Keap1 signaling pathway
  The transcription factor Nrf2 belongs to the leucine zipper 
transcription factor family within the human Cap’n’Collar 
(CNC) domain [  94 ]. Under physiological conditions, Nrf2 is 
sequestered in the cytoplasm by its inhibitor, Keap1 [  95 ]. In 
response to oxidative stress, Nrf2 is released and translocated 
to the nucleus, where it initiates transcription of genes associ-
ated with antioxidant defense and detoxification [  96 ]. The Nrf2-
Keap1 axis is essential for disease prevention due to its role in 
regulating antioxidant, detoxifying, and anti-inflammatory 
responses [  97 ]. This pathway is crucial for managing oxidative 
stress, which is elevated during sepsis [  98 ].

  Currently, pharmacological agents aimed at the Keap1-Nrf2 
signaling pathway work via 2 mechanisms. Firstly, they enhance 
the accumulation and nuclear translocation of Nrf2. They do 
this by disrupting the binding between Nrf2 and Keap1 through 
oxidation, alkylation modification, or competitive binding. As 
a result, the body’s antioxidative stress response is augmented 
[  99 ]. Secondly, these agents help Keap1 to dissociate from Nrf2. 
They achieve this by increasing Nrf2 phosphorylation. This 
increase in phosphorylation also promotes the accumulation 
of Nrf2 in the nucleus [  100 ]. Nrf2 regulates both antioxidant 
and inflammatory pathways. In vitro studies show that Keap1-
deficient macrophages have a reduced inflammatory response 
to TLR agonists, whereas Nrf2 deficiency increases the inflam-
matory response to these agonists [  101 ]. The Nrf2 pathway is 
considered crucial for cancer progression, metastasis, and resis-
tance to radiotherapy. Inhibiting Nrf2 can potentially reduce 
the survival and proliferation of cancer cells. At the same time, 
it can enhance the tumor’s sensitivity to chemotherapy and 
radiotherapy. This is accomplished by modulating immune 
responses, increasing DNA damage, and reducing antioxidant 
defenses [  102 ]. Additional clinical data and in vitro and in vivo 
experiments are required to enhance our understanding of the 
therapeutic window for Nrf2 activation and its interactions 
with other signaling pathways involved in sepsis. A deeper 
understanding of the intricate signaling pathways implicated 
in this response, such as MAPK, HIF-1α, and Nrf2/Keap1, is 
essential for the advancement of targeted therapeutic strategies 
aimed at modulating inflammation and safeguarding organ 
function.   

Additional signaling pathways associated with 
inflammation in sepsis
  In addition to the signaling pathways implicated in immune 
regulation during sepsis, numerous other pathways are associated 
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with the inflammatory response in this condition, extending 
beyond the aforementioned ones. These include the cGAS-
STING signaling pathway, the inflammatory factor/cytokine 
pathway, and the PI3K/Akt signaling pathway, among others. 
The cyclic guanosine monophosphate (GMP)–adenosine mono-
phosphate (AMP) synthase (cGAS) and stimulator of interferon 
genes (STING) pathway represents a novel DNA-sensing mech-
anism that has been identified in recent years [  103 ]. Activation 
of STING triggers the production of IFNs and various inflam-
matory mediators, with excessive activation potentially resulting 
in cardiovascular complications, including myocardial infarc-
tion, heart failure, and myocarditis [  104 ].

  In the context of sepsis, oxidative stress is exacerbated, and 
its products can inhibit PI3K activity, diminish Akt phosphory-
lation levels, and impair the PI3K/Akt signaling pathway, ulti-
mately leading to a reduction in the inflammatory response 
[  105 ]. Furthermore, the PI3K/Akt signaling pathway regulates 
the expression of proteins associated with apoptosis, a process 
commonly observed in sepsis [  106 ]. Notably, heme oxygen-
ase-1 (HO-1), known for its anti-inflammatory properties, has 
been shown to inhibit the PI3K/Akt signaling pathway during 
sepsis-induced lung injury in murine models. This inhibition 
modulates autophagy and reduces inflammation, resulting in 

improved lung function and increased survival of these mice 
[  107 ]. Numerous additional signaling pathways are implicated 
in the regulation of the inflammatory response and contribute 
to the pathogenesis of systemic organ injury in sepsis (Table  2 ). 

  The inflammatory response in sepsis exerts extensive effects 
on the body through various signaling pathways, and the per-
sistence of inflammation can further lead to cellular dysfunc-
tion. Mitochondria, as crucial organelles within cells, are highly 
susceptible to impairment during the pathogenesis of sepsis. 
We will now explore the relevant mechanisms underlying mito-
chondrial dysfunction in sepsis.    

Mitochondrial Dysfunction in Sepsis
  Mitochondria are the primary energy generators within cells, 
and they are key regulators of cellular apoptosis and immune 
responses [  108 ]. Mitochondrial dysfunction constitutes a criti-
cal component of the pathophysiology of sepsis, contributing 
to the shift from adaptive immune responses to pathological 
inflammation and subsequent organ failure [  109 ]. In the con-
text of sepsis, mitochondrial function is markedly compro-
mised due to systemic inflammation, hypoxia, and oxidative 
stress, leading to diminished biosynthetic activity, reduced ATP 

Fig. 4. The mechanism of action of HIF-1α in normoxia versus hypoxia inflammatory milieu characteristic of sepsis. In hypoxic environments, both the stability and activity 
of HIF-1α are increased, activating downstream signaling pathways that influence the regulation of inflammation, immune responses, and organ dysfunction. HIF-1α directly 
modulates the expression of inflammatory genes and interacts with the NF-κB signaling pathway. NF-κB, a pivotal inflammatory regulator, similarly plays a crucial role in sepsis. 
During the onset and progression of sepsis, the activation of NF-κB results in the excessive production of inflammatory mediators. (By Figdraw.)
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production, cellular energy depletion, increased ROS genera-
tion, and the initiation of apoptosis [  110 ]. Assessing mitochon-
drial metabolism through cellular respiration provides a valuable 
means to monitor treatment responses in patients with acute 
conditions, such as sepsis, and to identify individuals at risk of 
progressing to organ failure [  111 ].  

Impaired mitochondrial bioenergetics
  Sepsis-induced mitochondrial dysfunction often leads to 
impaired bioenergetics. This impairment occurs because exces-
sive production of ROS and inflammatory mediators damages 
mitochondrial DNA, proteins, and membranes [  112 ]. When 
mitochondrial bioenergetics are impaired, the efficiency of the 
OXPHOS process decreases. As a direct consequence, ATP pro-
duction decreases, causing an energy deficit. This energy deficit 
has a more severe impact on tissues with high metabolic 
demands [  113 ]. Furthermore, the transition from aerobic res-
piration to anaerobic glycolysis as an alternative energy source 
results in accumulation of lactate. Elevated lactate levels are 
indicative of sepsis in patients and suggest cellular hypoxia and 
metabolic acidosis [  114 ]. The disruption of mitochondrial bio-
energetics plays a crucial role in the development of sepsis. It 
directly causes mitochondrial dysfunction and reduces oxida-
tive ATP production. These consequences can ultimately lead 
to organ failure and increase the risk of mortality [  115 ].   

Role of mitochondrial ROS in sepsis
  Mitochondrial metabolism is a source of ROS. Optimal levels of 
ROS are essential for cellular signaling and host defense mecha-
nisms. During sepsis, the dysregulation of mitochondrial ROS 
production results in the malfunctioning of the intracellular anti-
oxidant system. This dysfunction contributes to oxidative damage 
to cellular components and exacerbates the inflammatory 
response [  116 ]. Excessive ROS production induces inflammasome 
activation, further amplifying the inflammatory cascade [  117 ]. 
Consequently, targeting mitochondrial ROS using antioxidants 
or ROS scavengers presents a promising therapeutic approach to 
mitigate oxidative stress and inflammation associated with sepsis 
[  118 ]. Systematic reviews and meta-analyses have synthesized 
evidence from multiple studies. The results of these comprehen-
sive analyses suggest that antioxidant therapy may be effective 
in reducing the short-term mortality risk in sepsis patients. These 
findings highlight the potential of antioxidant-based treatments 
as a promising approach in the management of sepsis [  119 ].   

Mitochondria-induced apoptosis and its impact on 
sepsis progression
  Autophagy is a cellular response to nutrient depletion or stress. 
It enables the recycling of cellular components, producing 
amino acids and fatty acids. These substances can then be 
metabolized and used in OXPHOS [  120 ]. Autophagy is essential 
for recovering from critical illness. However, when mitochon-
dria are dysfunctional, they may generate excessive ROS. This 
increase in ROS stimulates autophagy. Paradoxically, overly 
active autophagy can eventually lead to apoptosis [  121 ]. During 
sepsis, increased levels of ROS and pro-inflammatory cytokines 
lead to an increase in mitochondrial membrane permeability. 
This permeability enhancement facilitates the release of apop-
togenic factors into the cytoplasm, thereby activating the intrin-
sic apoptotic pathway [  122 ]. The presence of dysfunctional and 
damaged mitochondria results in excessive production of ROS 

and insufficient energy supply. Mitophagy serves as a cellular 
mechanism to sequester and eliminate these impaired organ-
elles, thereby mitigating such detrimental effects [  123 ].

  Mitochondrial damage induces lymphocyte apoptosis, a 
characteristic feature of sepsis-induced immunosuppression, 
while NF-κB has been shown to promote mitophagy through 
the up-regulation of the autophagy receptor p62. This works as 
a self-regulatory mechanism to mitigate excessive inflammation 
and preserve homeostasis [  124 ]. The mechanistic diagram illus-
trating the impact of mitochondrial injury on energy supply 
during sepsis is presented (Fig.  5 ).        

  In summary, mitochondrial dysfunction is key to sepsis 
pathophysiology, causing energy failure, oxidative stress, and 
cell death. Grasping these mechanisms is vital for creating 
therapies to maintain mitochondrial function, reduce inflam-
mation, and enhance clinical outcomes. Future research ought 
to prioritize the identification of specific molecular targets 
within mitochondria that are optimally suited for therapeutic 
interventions. Additionally, efforts should be directed toward 
developing strategies that can be rapidly translated into clinical 
practice to benefit patients suffering from sepsis.

  Mitochondrial dysfunction plays a crucial role in the devel-
opment of sepsis, affecting not only cellular energy supply and 
apoptosis but also being closely related to metabolic changes 
in sepsis. Metabolic reprogramming is a characteristic of sepsis, 
interacting with mitochondrial dysfunction to collectively 
influence the progression of sepsis. The following section will 
provide a detailed exploration of the multifaceted aspects of 
metabolic reprogramming in sepsis.    

Metabolic Reprogramming in Sepsis
  Metabolic reprogramming refers to the process by which cells, 
under specific physiological or pathological conditions, adjust 
their metabolic pathways and the utilization of metabolites to 
adapt to environmental changes or achieve certain functions. 
This process encompasses a variety of metabolic pathways, such 
as glycolysis, OXPHOS, fatty acid metabolism, and amino acid 
metabolism. Moreover, metabolic reprogramming also involves 
the redistribution of metabolic intermediates and the regulation 
of metabolite signaling pathways [  125 ]. Metabolic reprogram-
ming is also an important feature of sepsis. For example, during 
the hyperinflammatory phase of sepsis, cells preferentially switch 
to glycolysis to produce energy, even in the presence of oxygen, 
rather than relying on the more efficient OXPHOS process [  126 ]. 
It is primarily driven by the down-regulation of OXPHOS due 
to mitochondrial dysfunction and the up-regulation of glycolysis 
resulting from the enhanced activation of the glycolytic pathway 
[  127 ]. In the context of sepsis, metabolic reprogramming can 
be facilitated through the strategic targeting of mitochondrial 
quality control mechanisms, specifically modulating mitophagy 
and mitochondrial biogenesis, which actively contribute to the 
regulation of immune responses [ 109 ]. It has been proposed that 
sepsis-induced MOF is an adaptive response to enhance cell 
survival during infection. Mitochondrial dysfunction reduces 
ATP production efficiency, leading to insufficient energy in the 
affected organ, causing the body to enter a “dormant” state by 
down-regulating nonessential functions [  128 ]. Consequently, 
metabolic reprogramming and energy deficit are considered 
fundamental triggers in the pathogenesis of MOF in sepsis.

  Understanding key signaling pathways such as PI3K/Akt/
mechanistic target of rapamycin (mTOR) and HIF-1α’s impact 
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on glycolysis in metabolic reprogramming offers insights for 
therapeutic strategies to restore metabolic balance and improve 
patient outcomes [  129 ]. For instance, inhibitors of aerobic gly-
colysis, such as 2-deoxy-d-glucose (2-DG), have been shown 
to attenuate glycolysis, leading to decreased systemic inflam-
mation and kidney injury through the promotion of lactate/
Sirtuin 3/AMPK-regulated autophagy. This suggests that 2-DG 
might be useful in therapeutic interventions [  130 ]. Research 
data indicate that effective mitochondrial interventions are cru-
cial for treating critically ill sepsis patients, and enhancing mito-
chondrial function may offer a promising treatment avenue 
[  131 ]. This can be achieved by inducing mitochondrial biogen-
esis and enhancing antioxidant defenses. Maintenance of mito-
chondrial homeostasis will facilitate an early response to the 
disease in sepsis patients and improve patient survival [  132 ].  

PI3K/Akt/mTOR signaling pathway
  The PI3K/Akt/mTOR signaling pathway participates in the 
regulation of cellular metabolism, growth, and survival [  133 ]. 
In sepsis, the PI3K/Akt/mTOR signaling pathway drives immune 
cells to undergo metabolic reprogramming. Specifically, this 

pathway mediates the down-regulation of apoptosis and autoph-
agy. As a result, it reduces myocardial injury associated with 
sepsis [  134 ]. In sepsis, the PI3K/Akt/mTOR pathway not only 
influences inflammatory and immune responses but also alters 
immune cell metabolism. It enhances glucose uptake and gly-
colysis to produce ATP, which is essential for immune cell acti-
vation and function [  135 ]. This pathway is key for the normal 
immune function of neutrophils. Inhibition of the PI3K in 
murine models of sepsis has been associated with a marked 
reduction in neutrophil oxidative and phagocytic activities 
in vivo [  136 ]. Although the transition to glycolysis is crucial for 
an effective immune response, it may also contribute to meta-
bolic disturbances in sepsis, such as hyperglycemia and insulin 
resistance [  137 ]. In the context of sepsis, the inhibition of mTOR 
has been shown to facilitate the clearance of damaged organelles, 
mitigating cellular stress, and enhancing survival [  138 ]. This 
finding suggests that when formulating therapeutic strategies 
for the PI3K/Akt/mTOR pathway, it is necessary to carefully 
balance the enhancement of immune cell function and the pres-
ervation of the autophagic process. Only in this way can we 
optimize the treatment outcomes for sepsis patients.

Fig. 5. Sepsis and mitochondrial quality control mechanisms. Mitochondria, the powerhouses of the cell, rely on tightly regulated mechanisms to maintain their function. Fatty 
acid oxidation (FAO), a critical energy-generating pathway in mitochondria, is inhibited during sepsis to lead to insufficient energy production. Mitochondrial transcription 
factor A (TFAM), which stabilizes and regulates mitochondrial DNA transcription, is essential for mitochondrial genome maintenance. However, in sepsis, TFAM expression 
and function may be impaired, negatively affecting mitochondrial biogenesis. Additionally, nuclear respiratory factor (NRF), a key transcription factor for mitochondrial 
biogenesis, is activated by PGC-1α, a master regulator of energy metabolism. PGC-1α enhances NRF activity, promoting mitochondrial biogenesis and OXPHOS in response to 
energy demands. During sepsis, reduced PGC-1α expression and activity lead to diminished mitochondrial biogenesis, which worsens mitochondrial dysfunction and cellular 
impairment. (By Figdraw.)
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  Targeting the PI3K/Akt/mTOR pathway emerges as a prom-
ising therapeutic approach to modulate the immune response 
and improve organ protection in sepsis [  139 ]. PI3K and mTOR 
inhibitors, including rapamycin, have been investigated for 
their capacity to attenuate excessive immune activation and 
enhance autophagy [  140 ]. However, we must carefully consider 
the application of these therapeutic agents. This is because 
excessive suppression may impair fundamental immune func-
tions and even exacerbate immunosuppression [  141 ]. For 
instance, in murine models of sepsis, hyperactivation of the 
mTOR signaling pathway has been shown to induce pyroptosis 
in CD4+T cells, exacerbating immunosuppression associated 
with sepsis [  142 ]. Therefore, additional research is required to 
ascertain the exact therapeutic window and to formulate strate-
gies for the selective modulation of this pathway, with the aim 
of attaining an advantageous balance in metabolic and immune 
functions.   

HIF-1α and metabolic reprogramming
  HIF-1α orchestrates the transition from OXPHOS to glycolysis 
in response to hypoxic conditions, frequently observed in septic 
tissues [ 93 ]. This intracellular metabolic reprogramming is 
indicative of the Warburg effect, previously discussed, wherein 
immune cells are capable of rapidly generating energy, even 
under hypoxia, to sustain their immune functions [  143 ]. In 
sepsis, the glycolytic pathway directly causes elevated lactate 
production. This increase in lactate is linked to metabolic aci-
dosis and ultimately results in organ dysfunction [  144 ].

  The up-regulation of glycolytic activity mediated by HIF-1α 
in sepsis not only fulfills the immediate energy demands of 
immune cells but also has the capacity to influence the overall 
systemic metabolic milieu [  145 ]. Nevertheless, increased gly-
colysis may result in metabolic exhaustion, thereby diminishing 
the responsiveness and efficacy of immune cells, which con-
tributes to the immunosuppressive phase of sepsis [  146 ]. 
NETosis is a unique type of cell death in neutrophils, different 
from apoptosis and necrosis. It is marked by heightened gly-
colytic activity, which helps form neutrophil extracellular traps 
(NETs). These NETs can capture and eliminate harmful patho-
gens, and this entire process is what we call NETosis [  147 ].

  Modulating the activity of HIF-1α presents a promising 
therapeutic strategy for sepsis. Inhibition of HIF-1α can miti-
gate pathological glycolytic translocation and its related meta-
bolic complications, thereby reducing tissue damage and 
enhancing organ function [  148 ]. Considering the critical role 
of HIF-1α in sustaining immune cell function under hypoxic 
conditions, such interventions must be meticulously calibrated 
to prevent impairing the host’s capacity to combat infections 
[  149 ]. Combining the regulation of HIF-1α with other meta-
bolic treatments, like improving mitochondrial function, could 
provide a more effective treatment approach for sepsis [  150 ].

  In conclusion, metabolic reprogramming is a crucial com-
ponent of sepsis, exerting a profound impact on disease pro-
gression and patient prognosis. By targeting key pathways such 
as PI3K/Akt/mTOR and HIF-1α, and integrating the role of 
the microbiome, more effective and personalized treatment 
strategies can be formulated to address the complex metabolic 
challenges associated with sepsis. In the future, it is possible to 
deeply analyze the molecular mechanisms of metabolic repro-
gramming in immune cells and systematically elucidate the 
changes in metabolic phenotypes of different immune cell sub-
sets during sepsis, providing a theoretical basis for innovative 

treatment strategies. Researchers can also commit to conduct-
ing large-scale, multi-center clinical trials to validate the find-
ings of basic research and explore new biomarkers. Meanwhile, 
the use of advanced technologies such as machine learning to 
analyze patients’ clinical data may help identify heterogeneous 
phenotypes of sepsis and promote the development of precision 
medicine. In addition, by strengthening the cooperation between 
basic research and clinical practice, the development and clini-
cal application of new drugs and treatment strategies can be 
promoted, and the therapeutic effect of sepsis can be improved. 
With a deeper understanding of the mechanisms of sepsis, 
more effective preventive and treatment strategies are expected 
to be achieved in the future, fundamentally improving the prog-
nosis of sepsis patients.    

The Prospect of Targeted Therapy
  Current limitations in sepsis management have highlighted the 
critical need to investigate the underlying signaling pathways 
involved in its pathophysiology, offering potential avenues for 
the development of more effective interventions. Sepsis is char-
acterized by a dysregulation of systemic immunity, encompass-
ing both anti-inflammatory and pro-inflammatory responses. 
Targeting signaling pathways, including JAK/STAT and PI3K/
Akt, has the potential to modulate immune cell function, restore 
immune equilibrium, and suppress excessive inflammatory 
responses [  151 ]. Furthermore, sepsis can result in MODS. By 
modulating specific signaling pathways such as HIF-1α and 
AMPK, it is possible to enhance organ perfusion and reduce 
organ damage [  152 ].

  Numerous challenges remain before research on sepsis can 
be effectively translated into clinically viable treatment options. 
From a pathogenesis perspective, sepsis encompasses multiple 
signaling pathways that interact to establish a complex regula-
tory network [  153 ]. Therefore, identifying appropriate key sig-
naling pathways and intervention nodes presents a major 
challenge. From the perspective of patient treatment, targeted 
therapy must account for individual variability, as there are dis-
tinct differences in the etiology, clinical condition, and immune 
status among patients with sepsis. These differences lead to vary-
ing degrees of signaling pathway activation. Despite the increas-
ingly identified drugs with potential efficacy in treating sepsis, 
the development of clinical therapeutics for human application 
remains challenging. The process of drug development targeting 
signaling pathways must address issues such as drug selectivity, 
bioavailability, and toxic side effects. Furthermore, it is inher-
ently complex and costly [  154 ]. In the context of clinical trials 
for sepsis, the progression of the disease is highly variable. Careful 
consideration of numerous factors in the trial design, including 
sample size, timing of intervention, and methods for evaluating 
efficacy, is needed to ensure the reliability of the results [  155 ]. 
There have been advancements in research on agents targeting 
signaling pathways for sepsis treatment (Table  3 ). 

  Sepsis is a complex disease involving multiple biological 
pathways, and targeted therapy has become a key strategy to 
optimize its management. Bioinformatics technologies have 
demonstrated substantial application value in the exploration 
of targeted therapies for sepsis. For instance, a study using net-
work pharmacology analysis found that heparin may act on 
multiple targets related to immune regulation and coagulation 
function, providing a new perspective for targeted sepsis ther-
apy. Further molecular dynamics simulations validated the 
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binding stability and affinity of heparin with these targets, laying 
a theoretical foundation for the development of heparin-based 
targeted treatment strategies [  156 ]. Furthermore, individualized 
treatment can be achieved by intervening in specific signaling 
pathways and combining immunomodulation, metabolic regu-
lation, nanotechnology, mAbs, and microRNAs, thereby enhanc-
ing therapeutic efficacy and reducing side effects [  157 ]. In the 
field of immunomodulatory therapy, cytokine-targeted therapy 
has attracted significant attention. Additionally, metabolic target 
therapy has gradually become an important direction in sepsis 
management. Sepsis patients exhibit marked metabolic disor-
ders, and targeted treatment of hypoxemia can reduce ROS 
accumulation and improve outcomes [  158 ]. The dual role of the 
calcium-sensing receptor (CaSR) in sepsis has also drawn atten-
tion: Its activation can both alleviate organ dysfunction and 
potentially exacerbate inflammatory responses. In-depth analy-
sis of the CaSR signaling pathway will provide new insights for 
targeted therapy [  159 ]. Therapeutic strategies targeting meta-
bolic endpoints not only improve clinical outcomes in sepsis but 
also hold promise for future treatment directions. Lipid nanopar-
ticles, a nanosystem composed of lipid molecules, have demon-
strated advantages in sepsis treatment due to their excellent drug 
encapsulation and cell-targeting properties [  160 ]. Nanomedicine 
design offers a new perspective for sepsis treatment by regulating 
the function of immune cells. Different nanoparticles can induce 
immune cells to differentiate in specific directions. Nanodrug 
design targeting immune cells shows broad prospects in both 
the treatment and early diagnosis of sepsis. Meanwhile, the appli-
cation of nanotechnology in early diagnosis may also transform 
the management paradigm of sepsis. mAb therapy has also 
achieved notable efficacy in sepsis. mAbs targeting LPS and 
related inflammatory signaling pathways can neutralize the 
pathogenic effects of LPS and inhibit inflammation [  161 ]. 
Moreover, research suggests that modulating the activation sta-
tus of immune cells, particularly through targeted therapy for 
CD38-highly expressed monocytes, can mitigate sepsis-induced 
inflammation and enhance patient survival [  162 ].

  Targeted therapy for sepsis has made remarkable progress 
over the past few years, with these emerging approaches provid-
ing new perspectives and possibilities for improving sepsis 
diagnosis and treatment. However, despite the potential ben-
efits of these therapeutic strategies, caution is still required in 
clinical application, particularly in balancing perspectives and 
findings across different studies. Future efforts may focus on 
the discovery of new targets and the exploration of multi-target 
combination therapy strategies. Sepsis is not caused by a single 
etiology but rather involves multiple biological pathways; thus, 
identifying new therapeutic targets and adopting multi-target 
combination therapy will be important directions for future 
research. By integrating diverse treatment modalities, future 
sepsis therapy will become more precise, tailored to individual 
patient needs, enhancing treatment efficacy and reducing mor-
tality. This requires not only continuous advancements in basic 
research but also clinical trial validation to verify the effective-
ness and safety of these new strategies, ultimately offering new 
possibilities for improving patient outcomes.   

Future Directions and Conclusion
  Sepsis represents a major global health challenge. It is charac-
terized by dysregulated immune response, metabolic distur-
bances, and organ dysfunction, and is associated with high 

morbidity and mortality rates. Thus, there is an urgent need to 
develop novel and more efficacious therapeutic interventions. 
Despite ongoing research efforts, substantial challenges persist 
within the existing literature regarding the understanding of 
sepsis pathophysiology and the identification of effective targets 
for treatment strategies.

  Although substantial progress has been made in studying 
sepsis signaling pathways, we still lack a deep understanding 
of how these pathways interact with each other and what spe-
cific roles they play at different pathological stages. Thus, future 
research should examine the alterations in various signaling 
pathways and evaluate their specific roles at each stage of sepsis 
progression. This approach will facilitate the precise identifica-
tion of intervention windows and the development of targeted 
therapeutic strategies. This includes the potential for timely 
modulation of these pathways within the immune response to 
sepsis, ideally achieving control and resolution of systemic 
infections prior to the onset of a cytokine storm.

  A major challenge in sepsis research is the translation of 
knowledge acquired using preclinical models into clinical prac-
tice. Genetic factors, individual variability, and disparities in 
immune system backgrounds greatly influence the progression 
and prognosis of sepsis in patients, thereby complicating the 
application of a uniform treatment regimen. Insufficient human 
studies on sepsis have been conducted. Therefore, there is an 
urgent need for personalized therapeutic strategies in the diag-
nosis and management of sepsis. Future research should give 
priority to identifying and screening sepsis-related biomarkers 
and developing personalized intervention strategies. This will 
help improve the specificity and effectiveness of treatment 
methods. Current treatment models often ignore the hetero-
geneity of sepsis. They tend to use a standardized treatment 
approach, which may not work well for all patients due to indi-
vidual differences. Future efforts should focus on the identifica-
tion of specific markers within the signaling pathway, enabling 
the stratification of patients according to their unique patho-
physiological characteristics. These biomarkers have the poten-
tial to inform personalized treatment strategies, facilitate the 
early identification of high-risk sepsis patients, and promote 
timely interventions. This approach would allow clinicians to 
tailor therapeutic interventions to address specific dysregula-
tions in signaling pathways or distinct metabolic profiles.

  In summary, a thorough understanding of the signaling 
pathways in sepsis is crucial for developing effective therapeutic 
strategies. Future research can focus on several key areas: first, 
elucidating the complex interactions between sepsis-related 
signaling pathways; second, developing innovative combina-
tion therapies targeting multiple signaling pathways; and third, 
establishing novel immune monitoring indicators. A compre-
hensive understanding of the intricate signaling pathway net-
work in sepsis is essential for identifying new targets that have 
the potential to improve patient outcomes. Despite the progress 
made in sepsis research, many challenges remain. Advancing 
in these research directions holds promise for bringing new 
breakthroughs to the clinical treatment of sepsis, thereby 
improving patient survival rates and quality of life.   
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