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Sepsis represents a severe condition characterized by organ dysfunction resulting from a dysregulated host response to infection. Among the organs affected, the kidneys are particularly vulnerable, with significant functional impairment that markedly elevates mortality rates. Previous researches have highlighted that both inflammatory response dysregulation and metabolic reprogramming are crucial in the onset and progression of sepsis associated acute kidney injury (SA-AKI), making these processes potential targets for innovative therapies. This study aims to elucidate the pathophysiological mechanisms of renal injury in sepsis by perspective of inflammatory response dysregulation, with particular emphasis on pyroptosis, necroptosis, autophagy, and ferroptosis. Furthermore, it will incorporate insights into metabolic reprogramming to provide a detailed analysis of the mechanisms driving SA-AKI and explore potential targeted therapeutic strategies, providing solid theoretical framework for the development of targeted therapies for SA-AKI.
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1 Introduction

Sepsis is a potentially life-threatening condition characterized by organ dysfunction resulting from a dysregulated host response to infection (1). Its characteristics include severe systemic inflammation and multi-organ dysfunction resulting from a dysregulated host response to infection. Epidemiological studies indicate that the mortality rate among sepsis patients can reach up to 20.6% (2, 3). In cases of septic shock, the mortality rate can escalate to 40%-50% (4). Additionally, the management of sepsis can be complicated by multidrug-resistant pathogens, adverse drug reactions, and other negative events, which can subsequently lead to increased morbidity and mortality rates (5–7). Current management strategies for sepsis predominantly involve fluid resuscitation, infection control, vasopressor administration, and organ support therapies; however, their effectiveness remains suboptimal. Innovative approaches, including Extracorporeal Membrane Oxygenation (ECMO) and Remote Ischemic Conditioning (RIC), are emerging as potential adjuncts for cardiac and pulmonary support in sepsis patients. Nonetheless, the prohibitive cost of these technologies exacerbates the financial burden on patients, and their availability is generally restricted to large tertiary care centers, hindering broader implementation. Furthermore, the complex etiology of sepsis poses challenges for early diagnosis and treatment. Consequently, elucidating the underlying mechanisms of sepsis is vital for the development of targeted therapeutic strategies and for enhancing patient survival outcomes.

Sepsis initially manifests as a systemic inflammatory response syndrome (SIRS), which can be managed through interventions such as antimicrobial therapy. As the condition progresses, it may lead to dysfunction or failure of multiple organs, including the heart, brain, kidneys, and lungs, which is a principal factor contributing to the high mortality rate associated with sepsis. Sepsis-associated acute kidney injury (SA-AKI) is one of the most prevalent complications of sepsis and significantly elevates the mortality risk of affected patients (8). The primary clinical manifestation of sepsis-associated acute kidney injury (SA-AKI) is a sudden deterioration in renal function in septic patients. This is characterized by elevated blood urea nitrogen (BUN) and serum creatinine levels, alongside a decrease in the glomerular filtration rate (GFR) and urine output (9). Despite ongoing research, the pathogenesis of sepsis-associated acute kidney injury (SA-AKI) remains inadequately understood. Contributing factors include dysregulated inflammatory responses, hemodynamic disturbances, endothelial dysfunction in renal vasculature, and mitochondrial dysfunction (10). These areas of investigation are currently fragmented, necessitating a cohesive synthesis to propel future research. This review will systematically analyze the potential pathophysiological mechanisms of SA-AKI, with an emphasis on inflammatory dysregulation and metabolic reprogramming. It might also delineate the well-established renal impairment pathways associated with sepsis and offer a succinct overview of prevailing treatment strategies and prospective therapeutic targets.




2 Dysregulated inflammatory response in SA-AKI

The Systemic Inflammatory Response Syndrome (SIRS) plays a crucial role in the onset of sepsis and the subsequent development of organ dysfunction. In the context of sepsis-induced systemic immune responses, pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) effectively activate the innate immune response. This process typically involves the complement system, coagulation cascade, and activation of endothelial cells (11). The excessive inflammatory response driven by PAMPs and DAMPs can lead to impairment of endothelial barrier function in blood vessels and organs following regulated cell death (RCD). This ultimately manifests as dysregulation in the release of pro-inflammatory and anti-inflammatory mediators. The uncontrolled inflammatory mediators circulate through the bloodstream and impact the kidneys, resulting in hemodynamic disturbances within the renal region, endothelial dysfunction in renal vasculature, and mitochondrial dysfunction, culminating in renal impairment as evidenced by elevated creatinine and urea levels (12). Therefore, we propose that RCD plays a significant role in the systemic inflammatory response and renal inflammatory response induced by sepsis, with underlying mechanisms that exhibit notable similarities.

Thus, targeting RCD is considered a promising strategy for the management of SA-AKI. RCD refers to forms of cell death regulated by various biomolecules, in contrast to accidental cell death (ACD). Current research indicates that inflammation-associated RCD primarily includes necroptosis, pyroptosis, autophagic cell death, and ferroptosis (13). These RCD modalities have been shown to play significant roles in the pathogenesis and progression of sepsis-induced renal injury. The following sections will provide a detailed overview of these RCD types (14–17).



2.1 Pyroptosis in SA-AKI

Pyroptosis represents a distinctive form of regulated cell death, marked by cell swelling and membrane rupture, resulting in the release of intracellular contents and the activation of a potent inflammatory response (18). This process, mediated by gasdermin proteins, is integral to innate immunity and plays a crucial role in managing infections and inflammatory responses. In the context of sepsis and sepsis-induced organ damage, pyroptosis functions as a defensive mechanism aimed at clearing intracellular pathogens (19). Recent research underscores its relevance as a focal point of investigation. For example, Li et al. reported increased expression of nucleotide- binding oligomerization domain, leucine- rich repeat and pyrin domain- containing 3(NLRP3) and heightened inflammatory responses in renal tissue of mice with CLP-induced sepsis (20). Similarly, early stages of SA-AKI have been associated with elevated levels of pyroptosis markers, including NLRP3, Caspase-1, and gasdermin D (GSDMD) (21). This section provides a comprehensive review of the canonical pathways and key proteins involved in pyroptosis in SA-AKI, with the objective of offering evidence to support targeting pyroptosis in the treatment of sepsis-associated renal injury.



2.1.1 Classical pathways of pyroptosis in SA-AKI

In the pathogenesis of SA-AKI, pyroptosis is primarily mediated by inflammasome activation, which engages certain caspase family proteins to cleave gasdermin proteins. This cleavage activates gasdermin proteins, which then translocate to the membrane to form pores. The formation of these pores leads to cell swelling, cytoplasmic leakage, and ultimately cell membrane rupture, resulting in pyroptotic cell death. This process is categorized into two classical pathways based on caspase dependency: the Caspase-1-dependent pyroptosis pathway and the Caspase-1-independent pyroptosis pathway. In the Caspase-1-dependent pyroptosis pathway, upon the invasion of various pathogens, inflammasomes such as NLRP3, Nucleotide-binding oligomerization domain, leucine-rich repeat and caspase recruitment domain-containing 4(NLRC4), absent in melanoma 2(AIM2), and Pyrin detect and respond to these signals, leading to their activation (22). These inflammasomes recruit the adaptor protein apoptosis-associated speck-like protein (ASC), which then associates with Pro-Caspase-1 to activate Caspase-1. Activated Caspase-1 cleaves Gasdermin D (GSDMD), exposing the N-terminal domain of GSDMD, which binds to phospholipids on the cell membrane, forming pores that release intracellular contents and induce pyroptosis (23). Concurrently, activated Caspase-1 also cleaves and activates the precursors of IL-1β and IL-18. The mature IL-1β and IL-18 are then released extracellularly, further amplifying the inflammatory response (24). In the Caspase-1-independent pathway of pyroptosis, exposure to lipopolysaccharides (LPS) results in the direct activation of human Caspase-4 and Caspase-5, as well as mouse Caspase-11 (25). These caspases bind to LPS, leading to their activation and subsequent cleavage of GSDMD. The cleavage of GSDMD exposes its N-terminal domain, which initiates the pyroptotic process. Additionally, the activated Caspase-4/5/11 further induces the activation of the Pannexin-1 channel, facilitating the release of potassium ions (K+) into the extracellular milieu. This potassium efflux subsequently activates the NLRP3 inflammasome, which in turn activates Caspase-1, thus engaging the Caspase-1-dependent pyroptosis pathway (26) (Figure 1).




Figure 1 | Main pathway of pyroptosis in SA-AKI. Pyroptosis can be categorized into two types depending on whether they are caspase1 dependent or not. In caspase1 dependent pyroptosis, the process is initiated by the assembly of inflammasomes. In caspase-1 non-dependent pyroptosis can be triggered by the interaction between caspase4, caspase5, or caspase11 (depending on the species) and LPS. DAMPs, damage-associated molecular patterns; PAMPs, Pathogen-associated molecular patterns; TLRs, Toll-like receptors; NLRP3, NOD-like receptor protein 3; ASC, apoptosis-associated speck-like protein containing CARD; LPS, Lipopolysaccharides.






2.1.2 Key factors of pyroptosis in SA-AKI

Similar to its role in other pathological processes, pyroptosis in SAKI involves key proteins including the NLRP3 inflammasome, GSDMD, and pro-inflammatory cytokines. Specifically, the activation of the NLRP3 inflammasome, the formation of GSDMD pores, and the secretion of pro-inflammatory cytokines are considered critical events in the occurrence of pyroptosis in SAKI.



2.1.2.1 Gasdermin-D

GSDMD, a member of the gasdermin (GSDM) family, is the first identified executioner of pyroptosis. Research indicates that the human genome encodes six GSDM family members (GSDMA, GSDMB, GSDMC, GSDMD, GSDME, and DFNB59), while the mouse genome encodes ten members (GSDMA1, GSDMA2, GSDMA3, GSDMC, GSDMC2, GSDMC3, GSDMC4, GSDMD, GSDME, and DFNB59). Like other family members, GSDMD features a cytotoxic N-terminal domain and a C-terminal inhibitory domain connected by a flexible linker. Upon cleavage of the C-terminal domain of GSDMD, the N-terminal fragment (GSDMD-N) is recruited to the cell membrane, interacting with lipids to form an intermediate structure known as a pre-pore. Following a conformational rearrangement, the pre-pore assembles into a crescent-shaped oligomer, which subsequently transitions into a pore-like structure, eventually forming a membrane pore. Electron microscopy reveals that the inner diameter of GSDMD-N pores ranges from 10 to 15 nm, allowing the passage of certain pro-inflammatory cytokines such as IL-1β and IL-18, thereby triggering pyroptosis (27, 28). Yang et al. observed that in a septic mouse model, GSDMD-/- mice exhibited reduced organ damage compared to wild-type mice, indicating a mitigated septic response (29).




2.1.2.2 NOD-like receptor thermal protein domain associated protein 3 Inflammasome

The NLRP3 inflammasome is a substantial multiprotein complex, approximately 700,000 Da in molecular weight, consisting of NLRP3, the adaptor protein ASC, and the effector protein caspase-1. Its assembly necessitates interactions among the NLRP3 receptor, the ASC adaptor, and pro-caspase-1. In a resting state, NLRP3 is kept in an auto-inhibited configuration. The recognition of PAMPs or DAMPs triggers a conformational change in NLRP3, lifting the auto-inhibition. This process allows the N-terminal PYD domain of NLRP3 to recruit ASC adaptor proteins, which also contain a PYD domain. The subsequent recruitment of pro-caspase-1 is mediated by the caspase recruitment domain (CARD) domain of ASC, resulting in the assembly of the inflammasome complex. ASC, which consists of PYD and CARD domains, is predominantly found in the nucleus of human monocytes/macrophages (30). During stress conditions, ASC rapidly relocates to the cytoplasm, linking NLRP3 with pro-caspase-1 and promoting the activation of the NLRP3 inflammasome. Caspase-1, also referred to as IL-1β converting enzyme, acts as the effector protein of the NLRP3 inflammasome (31). It is activated through the autocatalytic cleavage of its precursor, pro-caspase-1, producing active caspase-1. Caspase-1’s primary role is to convert pro-IL-1β and pro-IL-18 into their mature forms, IL-1β and IL-18, respectively. Several clinical studies have indicated elevated levels of NLRP3, GSDMD, IL-1β, and IL-18 in sepsis patients (32–34). In models of SA-AKI, such as mice injected with LPS and HK-2 cells treated with LPS in vitro, activation of the NLRP3 inflammasome has been implicated in the induction of pyroptosis in renal cells. The NLRP3 inflammasome exerts indirect regulation of pyroptosis via the caspase-1, reactive oxygen species (ROS), and Panx1 signaling pathways (35). Additionally, the research highlights that Panx1 inhibition can attenuate NLRP3 inflammasome activation, leading to decreased levels of IL-1β, IL-6, and TNF-α in SI-AKI, thereby mitigating septic kidney injury (35).




2.1.2.3 Pro-inflammatory cytokines

Pro-inflammatory cytokines such as IL-1β and IL-18 can affect renal endothelial cells, leading to alterations in microcirculation and ultimately resulting in SA-AKI. Research indicates that endothelial dysfunction induced by inflammation and oxidative stress, along with coagulation disturbances and glycocalyx degradation, may cause microcirculatory impairment even when large vessels remain intact (8, 36, 37). Functional studies using in vivo video microscopy in LPS-induced septic mice have demonstrated impaired blood flow in peritubular capillaries, leading to tubular stress and renal damage (38).

In summary, the central events in pyroptosis encompass NLRP3 inflammasome activation, GSDMD pore formation, and the release of pro-inflammatory cytokines. The NLRP3 inflammasome is activated by various danger signals, including PAMPs, DAMPs, and metabolites associated with metabolic disturbances (such as ATP and K+). This activation leads to GSDMD pore formation and the subsequent release of IL-1β and IL-18 into the bloodstream. These events initiate extensive inflammatory and immune responses, culminating in sepsis and SA-AKI. Consequently, targeting pyroptosis inhibition emerges as a promising therapeutic approach for managing SA-AKI.






2.2 Necroptosis in SA-AKI

Necroptosis represents a form of regulated cell death that is activated when apoptosis is obstructed. It is initiated by extracellular stimuli, such as interactions between death receptors and their ligands, or by intracellular signals, including pathogen-derived nucleic acids (39). Unlike apoptosis, necroptosis is marked by a more disordered and violent cellular demise, involving immune-mediated destruction of the host’s own cells. Necroptotic cells display distinctive necrotic morphology, including plasma membrane rupture, cellular and organellar swelling, and subsequent disintegration. Concurrently, necroptosis instigates a significant inflammatory response marked by widespread infiltration and activation of inflammatory cells (40, 41). Emerging research underscores the critical role of necroptosis in the mechanisms underlying inflammation and the pathogenesis of infectious diseases (42, 43). In sepsis, the mechanism involves systemic immune activation by pathogenic microorganisms, which precipitates severe and prolonged inflammatory responses (44, 45). Thus, necroptosis can be regarded as an initiating “cell death storm,” which may lead to either acute or chronic inflammatory state. Molecular mediators targeting necroptosis present promising therapeutic targets for sepsis and associated organ damage. In this section, we will elucidate the role of necroptosis in SA-AKI by detailing the classic pathways and key molecules involved in necroptotic cell death. This will provide insights into the potential of targeting necroptosis as a future therapeutic strategy for SA-AKI.



2.2.1 Classical pathways of necroptosis in SA-AKI

Recent research has elucidated that the canonical pathway of necroptosis involves the RIPK1/RIPK3/MLKL signaling axis. In the context of sepsis and sepsis-induced renal injury, necroptosis is predominantly initiated downstream of death domain receptors (such as tumor necrosis factor receptor(TNFR) and Fas) and Toll-like receptors (TLR4 or TLR3) (46–48). Upon engagement of these receptors with their ligands, adaptor proteins including FAS-associated protein with death domain (FADD), tumor necrosis factor receptor-associated death domain protein (TRADD), and TIR domain-containing adaptor inducing interferon-β (TRIF) are recruited. These adaptors interact with receptor-interacting serine/threonine protein kinases1(RIPK1) and caspase-8 or -10, leading to a cascade of subsequent molecular events (49, 50). Typically, RIPK1 is kept in a non-functional state through ubiquitination by inhibitor of apoptotic proteins (IAPs). However, in the presence of death signals, RIPK1 undergoes deubiquitination by cylindromatosis (CYLD), facilitating the recruitment of receptor-interacting serine/threonine protein kinases 3(RIPK3) (51, 52). The RIPK1/RIPK3 complex then phosphorylates mixed lineage kinase domain-Like (MLKL) (53). Activated MLKL oligomerizes to form necrosomes, which generate large pores in the plasma membrane. This pore formation allows for the influx of ions, leading to cellular swelling, membrane rupture, and the uncontrolled release of intracellular contents, ultimately culminating in necroptosis (54). Recent investigations have revealed that pathogenic microorganisms can release cytoplasmic DNA, which subsequently engages the DNA-dependent activator of IFN regulatory factor (DAI) (55, 56). This interaction facilitates the recruitment of RIPK3, thereby bypassing RIPK1 and directly activating MLKL (55, 56). This process results in the formation of necrosomes and contributes to necroptosis (55, 56). Emerging evidence suggests that targeting necroptosis may offer therapeutic benefits for sepsis-induced renal injury. For example, Sun et al. have shown that Dexmedetomidine (Dex) can alleviate LPS-induced necroptosis in HK2 cells, leading to an attenuation in renal damage in sepsis models (57) (Figure 2).




Figure 2 | Main pathway of necroptosis in SA-AKI. Upon engagement of these receptors with their ligands, adaptor proteins including FADD, TRADD, and TRIF are recruited. Moreover, RIPK1 undergoes deubiquitination by CYLD, facilitating the recruitment of RIPK3. The RIPK1/RIPK3 complex then phosphorylates MLKL. Activated MLKL oligomerizes to form necrosomes, which generate large pores in the plasma membrane. This pore formation allows for the uncontrolled release of intracellular contents, ultimately culminating in necroptosis. FADD, FAS-associated death domain;TRADD, tumor necrosis factor receptor-associated death domain; TRIF, TIR domain-containing adaptor inducing interferon-β; CYLD, cylindromatosis; RIPK1, receptor-interacting serine/threonine protein kinases1; RIPK3, receptor-interacting serine/threonine protein kinases3; MLKL, mixed lineage kinase domain-Like; IAPs, inhibitor of apoptosis proteins.






2.2.2 Key factors of necroptosis in SA-AKI

In SA-AKI, the principal proteins implicated in necroptosis, similar to those in established necroptotic pathways, encompass RIPK1, RIPK3, and MLKL.



2.2.2.1 Receptor-interacting protein kinase 1 and receptor-interacting protein kinase 3

RIPK1 and RIPK3, both serine/threonine kinases, function as essential regulators in the execution of necroptotic cell death. Clinical investigations have revealed that RIPK3 levels are markedly increased across all time points in patients with severe sepsis and septic shock compared to those with sepsis alone (58). Additionally, RIPK3 levels exhibit a positive correlation with sequential organ failure assessment (SOFA) scores and procalcitonin levels (58). Recent clinical trials have established necroptosis as a prognostic marker for mortality in sepsis patients, with RIPK3 levels being utilized as a biomarker for evaluating necroptotic processes (59). Based on clinical trials, researchers have conducted molecular-level studies and found that the necroptosis marker RIPK3 is positively correlated with mortality and organ dysfunction in sepsis (60). Furthermore, in various injury models, Necrostatin-1 (Nec-1) has been shown to inhibit RIPK1 kinase activity, thereby suppressing necroptosis (61, 62). In the Cecal Ligation and Puncture (CLP) mouse model, renal gut-derived 4-hydroxyphenylacetic acid (4-HPA) enhances the interaction between apoptosis repressor with caspase recruitment domain (ARC) and RIPK1 by upregulating ARC protein expression (16). This interaction inhibits necroptosis in renal tubular epithelial cells, reduces CLP-induced increases in serum creatinine, urea nitrogen, and cystatin C, and improves overall survival rates (16).




2.2.2.2 Mixed lineage kinase domain-like protein

MLKL, a key downstream effector in the RIPK1/RIPK3/MLKL signaling pathway, acts as a principal mediator of necroptosis. Upon activation, MLKL translocate to the cell membrane, causing membrane rupture and the release of danger signals (13). Newton et al. demonstrated that the simultaneous loss of MLKL and caspase-8 substantially inhibited TNF-induced cytokine storms, hypothermia, and morbidity, and alleviated renal damage in LPS-induced sepsis mouse models (63). Furthermore, in LPS-induced sepsis models, the administration of Necrosulfonamide (NSA) to inhibit MLKL activity effectively suppressed necroptosis (64).

In summary, the inhibition of necroptosis mediated by the RIPK1/RIPK3/MLKL signaling pathway confers protective effects in the context of sepsis. Nonetheless, necroptosis is not entirely detrimental to the organism. It is instrumental in the removal of excess lymphocytes, a process critical for maintaining lymphocyte homeostasis (65). Moreover, in response to bacterial and viral infections, eukaryotic cells may engage in necroptosis to curtail pathogen replication (66). Therefore, additional research is warranted to elucidate the role of necroptosis in sepsis and SA-AKI.






2.3 Autophagy in SA-AKI

Emerging evidence underscores the significant role of autophagy in acute kidney injury associated with sepsis. Autophagy, regulated by autophagy-related genes (Atg) in eukaryotic cells, involves the lysosomal degradation of cytoplasmic proteins and damaged organelles (67). This process is essential for cellular protection, survival under nutrient scarcity, and response to cytotoxic stress. Autophagy encompasses both basal and stress-induced forms. Basal autophagy, operational under normal physiological conditions, contributes to cell growth, development, and the maintenance of cellular homeostasis by regulating the synthesis, degradation, and recycling of cellular components. Conversely, excessive autophagy can precipitate metabolic stress, degradation of cellular components, and potentially lead to cell death (68). The process of autophagy involves the reorganization of cellular membranes and progresses through four key stages: initiation, formation of isolation membranes and autophagosomes, fusion of autophagosomes with lysosomes, and the subsequent degradation of autophagosomes (69). Autophagy is integral to various physiological and pathological processes, including cellular homeostasis, aging, immunity, tumorigenesis, and neurodegenerative diseases.

Autophagy plays a dual role in various human diseases, both mitigating and exacerbating pathological processes. It is currently understood that autophagy is activated during the early phases of sepsis but becomes depleted in later stages (70). Hsiao et al. reported that in a CLP mouse model, the levels of the autophagy marker LC3-II were elevated 3 hours post-CLP surgery, but declined between 9 and 18 hours post-surgery, which was associated with deteriorating renal function (71). Therefore, the inhibition of autophagy can precipitate proximal tubular dysfunction and contribute to the development of SA-AKI.

In the context of sepsis, autophagy can have divergent effects depending on the organ system. Specifically, it has been found to offer protective benefits in the lungs, heart, kidneys, and brain. Conversely, in skeletal muscle, autophagy may exacerbate tissue damage (72). Recent research highlights its critical involvement in the regulation of renal pathophysiology (68). Some investigations have indicated that activating autophagy may help mitigate SA-AKI. For instance, Leventhal et al. demonstrated in an LPS-induced sepsis mouse model that Atg7 gene knockout resulted in aggravated tubular damage and significantly elevated BUN levels (73). Additionally, they observed increased IL-6 and phosphorylated signal transducer and activator of transcription 3 (STAT3) expression in the kidneys of Atg7 knockout mice compared to controls post-LPS treatment, suggesting that autophagy activation may alleviate SA-AKI (73). However, alternative studies propose that autophagy activation could exacerbate renal damage during sepsis. Wu et al., using a CLP sepsis mouse model, reported that autophagy inhibition with 3-MA led to decreased Beclin1 and LC3-II/I levels but caused p62 accumulation and worsened renal damage (74). This implies that impaired autophagy exacerbates acute kidney injury in sepsis models (74). Nevertheless, multiple researches predominantly support the view that dysregulated autophagy contributes to pathological damage, with SA-AKI typically involving suppressed renal cell autophagy (75, 76). Ongoing investigations focus on specific proteins and signaling pathways or factors related to autophagy in SA-AKI (Figure 3).




Figure 3 | Main pathway of autophagy in SA-AKI. The signaling pathways related to autophagy in SA-AKI mainly include MAPK/mTOR, CaMK, SIRT and TLR4 signaling, which might be promising candidates for targeted therapeutic strategies aimed at SA-AKI in future clinical applications. MyD88, myeloid differentiation primary response 88; IRAK4, IL-1 receptor-associated kinase-4; TRAF6, tumor necrosis factor receptor- associated factor 6; TAK1, transforming growth factor-β-activated kinase 1.





2.3.1 AMPK and mTOR signaling pathways of autophagy regulation in SA-AKI

As an initiator of autophagy, AMPK activates ULK1 by phosphorylating Ser 317 and Ser 777 of ULK1, thereby initiating the autophagy process and attenuating SA-AKI (77). Additionally, AMPK negatively regulates mTOR activity. Consequently, AMPK activation suppresses mTOR activity, promotes autophagy, and limits the excessive production of pro-inflammatory cytokines, thereby mitigating kidney damage caused by sepsis (11, 78). Similarly, inhibition of AMPK activation by compound C can block autophagy and exacerbate CLP-induced kidney injury (11). These findings indicate that the AMPK/mTOR signaling pathway is involved in SA-AKI.




2.3.2 Sirtuins family of autophagy regulation in SA-AKI

Sirtuins (SIRTs) represent a family of nicotinamide adenine dinucleotide (NAD)+-dependent histone deacetylases with seven distinct isoforms (SIRT1-SIRT7). These enzymes play critical roles in a range of pathological and physiological processes, such as inflammation, fibrosis, atherosclerosis, energy metabolism, age-related diseases, and cancer (79, 80). Specifically, activation of SIRT1 leads to the deacetylation of Beclin1, which in turn promotes autophagy and mitigates kidney injury associated with sepsis (80). Autophagy activation via the AMPK/SIRT1 signaling pathway has been shown to mitigate sepsis-induced renal injury (77). Additionally, SIRT3 plays a role in sepsis-associated renal damage. In a model of CLP-induced SA-AKI, overexpression of SIRT3 accelerates autophagy, attenuating tubular cell apoptosis and the accumulation of pro-inflammatory cytokines (81). These outcomes are mediated through the AMPK/mTOR pathway (81). Consequently, SIRT3 emerges as a potential therapeutic target for treating SA-AKI. For instance, melatonin can mitigate sepsis-induced acute kidney injury by promoting mitochondrial autophagy through SIRT3-mediated deacetylation of mitochondrial transcription factor A (TFAM) (82). SIRT6 is also involved in the regulation of autophagy. Zhang et al. demonstrated that LPS upregulates the expression of the SIRT6 gene in HK-2 cells within a murine model of acute kidney injury (83). Their findings further revealed that SIRT6 overexpression not only mitigates LPS-induced apoptosis in HK-2 cells but also promotes autophagy (83). Conversely, silencing of SIRT6 leads to increased secretion of TNF-α and IL-6 in HK-2 cells and diminished autophagy, which contributes to the exacerbation of LPS-induced renal injury (83).




2.3.3 Calcium/calmodulin dependent protein kinase IV/mammalian target of rapamycin signaling pathway of autophagy regulation in SA-AKI

Recent research has elucidated the role of Calcium/calmodulin-dependent protein kinase (CaMK) in SA-AKI. In a murine sepsis model, Zhang et al. demonstrated that CaMKIV augments autophagy in macrophages and renal tissues by inhibiting the serine phosphorylation of glycogen synthase kinase-3β (GSK-3β) and obstructing the recruitment of F-box and WD repeat domain containing 7 (FBXW7) (84). This inhibition prevents the ubiquitin-proteasome-mediated degradation of mammalian target of rapamycin (mTOR) (84). This observation contradicts the established view that mTOR inhibition consistently promotes autophagy. Furthermore, the results indicate that CaMKIV can regulate autophagy via mechanisms that are independent of mTOR suppression, underscoring its pivotal role in modulating autophagy in the context of LPS-induced acute kidney injury.




2.3.4 Toll-like receptor4 signaling pathway of autophagy regulation in SA-AKI

Toll-like receptors (TLRs) constitute a superfamily of single-pass transmembrane receptors expressed across various tissues and numerous cell types, functioning as pattern recognition receptors that identify microbial PAMPs. This family includes TLR1-11. Among them, TLR4 has been extensively studied in relation to autophagy. The activation of the TLR4 signaling pathway originates from the Toll/IL-1 receptor (TIR) domain in the cytoplasm, which interacts with the TIR domain-containing adaptor protein MyD88. Upon ligand stimulation, MyD88 recruits IL-1 receptor-associated kinase-4 (IRAK-4) to TLRs through interactions involving two death domains. IRAK-1 is subsequently phosphorylated and activated, leading to its association with TRAF6. This interaction activates the IKK complex, which in turn triggers the activation of MAP kinases (JNK, p38 MAPK) and NF-κB, ultimately contributing to the regulation of autophagy. Recent research underscores the critical role of TLR4 in autophagy regulation during sepsis. Li et al. demonstrated in a sepsis mouse model that TLR4 inhibition resulted in reduced levels of platelet Ca2+, mitoSOX fluorescence, NOX2 expression, and a diminished LC3II/LC3I ratio (85). These changes were linked to attenuated autophagy and a significant 80% reduction in septic renal injury (85). Furthermore, a separate study involving renal TECs from C57BL/10 mice, which are deficient in functional TLR4, revealed that LPS incubation did not induce autophagy in these TECs compared to wild-type controls. This observation highlights the protective role of RTEC autophagy against endotoxin-induced damage and underscores the necessity of TLR4 signaling for autophagy induction in TECs (73). Together, these findings might affirm that TLR4 is indispensable for LPS-induced autophagy in TEC cells.

Additionally, it is noteworthy that Receptor Interacting Protein Kinase 3 (RIP3) and its associated signaling pathways have been implicated in tubular damage and renal dysfunction during SA-AKI. Li et al. reported in an LPS-induced sepsis mouse model that activation of RIP3 disrupts the TFEB-lysosomal pathway, obstructing degradation of the autophagosome marker LC3II and the autophagy substrate p62 (86). These observations propose RIP3 as a promising therapeutic target for mitigating and managing septic AKI (86).

In conclusion, autophagy is critically involved in the regulation of both the initiation and progression of SA-AKI. Classical signaling pathways associated with autophagy, such as MAPK, mTOR, CaMK, and TLR4, are promising candidates for targeted therapeutic strategies aimed at mitigating septic kidney damage in future clinical applications.





2.4 Ferroptosis in SA-AKI

Ferroptosis is a novel form of iron-dependent programmed cell death distinct from apoptosis and autophagy (87). In physiological conditions, an oxidative system involving iron ions, the Fenton reaction, and ROS is balanced by antioxidant mechanisms that include the cystine/glutamate antiporter (system Xc−), glutathione peroxidase 4 (GPX4), and glutathione (GSH) within the system Xc−/GSH/GPX4 axis, along with other recently identified pathways. This balance is crucial for maintaining cellular and organismal homeostasis. However, in pathological contexts such as infection, inflammation, or cancer, this equilibrium can be disrupted, leading to the activation of ferroptosis and its associated adverse consequences (88). The primary mechanism of ferroptosis involves the catalytic oxidation of polyunsaturated fatty acids on cell membranes, mediated by divalent iron or lipoxygenases, leading to lipid peroxidation and subsequent cell death. The essence of ferroptosis lies in the depletion of glutathione and the reduced activity of GPX4. This reduction impairs the ability to metabolize lipid peroxides via the GPX4-catalyzed glutathione reduction reaction, triggering the oxidation of lipids by divalent iron and the generation of reactive oxygen species, thereby driving ferroptosis. The occurrence and execution of ferroptosis are influenced by various metabolic processes, including iron homeostasis, amino acid metabolism, and lipid peroxidation. Previous study has elucidated that molecules like coenzyme Q also modulate ferroptosis sensitivity (89). In ferroptosis, cellular mitochondria undergo shrinkage, increased membrane density, and diminished cristae, while nuclear morphology remains relatively intact. This process is characterized by heightened intracellular lipid peroxidation and elevated ROS levels. The hallmark of ferroptosis is the production of lipid peroxides, which compromise cell membrane integrity and induce cell death (13). ROS imbalance, coupled with insufficient antioxidants or free radical scavengers, precipitates oxidative stress and activates various pro-inflammatory factors, including NF-kB and hypoxia-inducible factor-1α (90). Moreover, Arachidonic acid (AA), a principal polyunsaturated fatty acid (PUFA) in cellular membranes, is metabolized via three pathways into bioactive pro-inflammatory mediators, which are pivotal in the inflammatory processes underlying renal injury (91). Consequently, PUFAs and their metabolic enzymes are recognized as critical modulators of major inflammatory pathways. Ferroptotic cells release DAMPs, which serve as pro-inflammatory danger signals and facilitate the release of inflammatory mediators, including HMGB1, IL-33, and other yet-to-be-identified factors (90). Overall, the interplay between ferroptosis and inflammation can initiate and sustain a self-reinforcing cycle, leading to enhanced inflammation and tissue damage. Ferroptosis is involved in the pathophysiological processes of multiple organ systems, encompassing the nervous, urinary, hepatic, and cardiovascular systems (92–94).

Extensive research has elucidated that ferroptosis primarily occurs under conditions characterized by metabolic dysregulation and oxidative stress (95). Ferroptosis in immune or other cells affects the body’s immune response, thereby contributing to the onset and progression of sepsis (95). Bacterial infections are a major precipitating factor for sepsis. For example, during the bacterial infection phase in severe pancreatitis, ferroptosis within intestinal epithelial cells can disrupt the intestinal barrier, thereby allowing the translocation of pathogenic intestinal bacteria and toxins into the systemic circulation and extraluminal tissues (96). On the other hand, certain studies have observed that, early in the immune response, there is a marked increase in iron and lipid peroxidation within macrophages (97). Ferroptosis inducers such as RSL3, salazosulfapyridine, and acetaminophen have been shown to enhance bacterial clearance by macrophages (97). These findings suggest that ferroptosis may act as a double-edged sword in the context of sepsis, as it can both exacerbate bacterial invasion and sepsis progression, while also contributing to the elimination of pathogens by immune cells. However, the prevailing view remains that ferroptosis induces inflammatory dysregulation, thereby contributing to sepsis and associated organ damage (98, 99). Renal inflammatory dysregulation is a crucial mechanism in SA-AKI, with ferroptosis closely associated with these inflammatory disturbances. Recent research has increasingly explored the link between ferroptosis and SA-AKI (100, 101). For example, Luo et al. demonstrated in an LPS-induced sepsis kidney injury mouse model that DEX alleviates ferroptosis through the Keap1-Nrf2/HO-1 signaling pathway, thereby modulating oxidative stress and providing a therapeutic approach for SA-AKI (102). This evidence highlights the pivotal role of ferroptosis in the development and progression of SAKI. This section will examine ferroptosis in the context of SA-AKI, with a focus on its classical pathways and key factors.



2.4.1 Classical pathways of ferroptosis in SA-AKI

In the progression of SA-AKI, ferroptosis can be triggered via two primary mechanisms: the exogenous/transport-dependent pathway and the endogenous/enzyme-regulated pathway. In the exogenous/transport-dependent pathway, conditions such as infection, stress, or inflammation can result in the inhibition of membrane transport proteins, notably the cystine/glutamate antiporter (System xc-). System xc- normally functions to import extracellular cystine into the cell, which is crucial for the synthesis of glutathione. Glutathione serves as a reductive cofactor for GPX4. A decrease in glutathione levels leads to reduced GPX4 activity, impairing the cellular antioxidant defense system and promoting ferroptosis. Furthermore, the activation of iron transport proteins, such as transferrin and lactoferrin, can also precipitate ferroptosis (103, 104). Conversely, the endogenous/enzyme-regulated pathway primarily mediates ferroptosis through the suppression of intracellular antioxidant enzyme activity. This pathway involves critical enzymes such as GPX4, ferroptosis suppressor protein 1 (FSP1), and the coenzyme Q10 (CoQ10) pathway, which includes FSP1, CoQ10, and NADPH. Inhibition of these enzymes disrupts the cellular antioxidant defense mechanisms, thereby facilitating the initiation of ferroptosis (103) (Figure 4).




Figure 4 | Main pathway of ferroptosis in SA-AKI. Ferroptosis can be triggered via two primary mechanisms: the exogenous/transport-dependent pathway and the endogenous/enzyme-regulated pathway. In the exogenous/transport-dependent pathway, System xc- imports extracellular cystine into the cell, essential for glutathione synthesis. Glutathione is a key reductive cofactor for GPX4, which protects cells from oxidative stress. The endogenous pathway that involves critical enzymes such as GPX4FSP1. GLS2, glutaminase 2; GSH, glutathione; GPX4, glutathione peroxidase 4; FSP1, ferroptosis suppressor protein 1; DXZ, dexrazoxane; Fe-1, Ferrostatin-1.






2.4.2 Key factors of ferroptosis in SA-AKI



2.4.2.1 Glutathione peroxidase4

Glutathione peroxidase (GPX), a member of a protein superfamily, features cysteine residues in its catalytic site, which serve as redox-active centers essential for facilitating redox reactions (105, 106). Among the eight human GPX isoforms, GPX4 is critically implicated in ferroptosis. It regulates ferroptosis by converting lipid hydroperoxides into benign lipid alcohols, thereby inhibiting lipid peroxidation under normal physiological conditions. Insufficient GPX4 synthesis or inhibited activity results in the accumulation of peroxides within cells, leading to ferroptosis. GPX4 is frequently targeted by various ferroptosis inducers (107). Furthermore, selenocysteine, an amino acid integral to GPX4’s active site, can be downregulated via the mevalonate(MVA) pathway, which attenuates isopentenylpyrophosphate (IPP) levels and impedes the maturation of selenocysteine tRNA, thereby suppressing GPX4 activity and facilitating ferroptosis (108). Research has demonstrated that ROS generated during sepsis can trigger ferroptosis (109). In LPS-induced sepsis mouse models, it has been observed that LPS elevates the levels of ferroptosis-related markers, including prostaglandin-endoperoxide synthase 2 (PTGS2), malondialdehyde (MDA), and lipid ROS, which subsequently leads to ferroptosis and mitochondrial damage. Compounds such as Fe-1 and DXZ have been shown to alleviate this damage (110). GPX4 is a critical factor in the pathophysiology of SA-AKI. Zhang et al. demonstrated in a CLP sepsis mouse model that irisin decreases ROS production, iron levels, and MDA concentrations, while increasing GSH levels and modulating the expression of ferroptosis-associated proteins (such as GPX4 and ACSL4) in the kidneys (111). This modulation inhibits ferroptosis and ameliorates renal injury (111). Furthermore, Zhou et al. reported that in a sepsis mouse model, elevated expression of cation transport regulator 1 (CHAC1) in HK-2 cells, coupled with decreased GPX4 expression, accelerates ferroptosis and worsens renal injury during sepsis (112). Therefore, targeting GPX4 represents a promising therapeutic approach for mitigating sepsis-induced renal damage.




2.4.2.2 Solute carrier family 7, membrane 11

SLC7A11, also known as xCT, is a pivotal protein in ferroptosis, functioning as a cystine/glutamate antiporter. It primarily facilitates the influx of extracellular cystine into cells, thereby aiding in the synthesis of glutathione and bolstering antioxidant defenses (113). The regulation of SLC7A11 expression and activity is integral to controlling ferroptosis. For example, Erastin, a ferroptosis inducer, inhibits System Xc-, leading to decreased intracellular glutathione (GSH) levels and subsequent ferroptosis (13). Similarly, p53-mediated downregulation of SLC7A11 expression impairs cystine uptake through System Xc-, reducing cystine-dependent glutathione peroxidase activity, compromising cellular antioxidant defenses, increasing lipid peroxidation, and inducing ferroptosis (114). Given its role as a primary source of intracellular GSH, SLC7A11 is crucial for mitigating lipid peroxidation and ferroptosis-related septic renal injury. Additionally, andrographolide has been shown to mitigate iron accumulation and lipid peroxidation by upregulating SLC7A11 and GPX4 levels in HK-2 cells via the Nrf2/FSP1 pathway, thus attenuating ferroptosis and alleviating septic acute kidney injury (115).

The precise mechanisms of ferroptosis in SA-AKI remain unclear. Further research is needed to elucidate how ferroptosis can be modulated to improve sepsis and associated organ damage. This will provide a more robust foundation for exploring ferroptosis as a therapeutic target in SA-AKI.

In addition to the aforementioned forms of regulated cell death, NETosis is also recognized as a mechanism involved in the inflammatory processes associated with sepsis and septic kidney injury. Neutrophils are activated in response to microbial or inflammatory stimuli, leading to the release of neutrophil extracellular traps (NETs) (116). During host defense against bacterial and fungal infections, neutrophils exert their protective functions through pathogen phagocytosis, secretion of granules rich in cytotoxic enzymes, or through necrotic processes that release NETs, a phenomenon known as NETosis. NETs consist of a network of DNA structures embedded with histones and antimicrobial proteins, released by activated neutrophils. Once in circulation, NETs can be recruited to sterile or pathogen-induced injury sites by activated endothelial cells, resident immune cells, and damaged epithelial cells. Upon reaching the injury site, receptors on the surface of neutrophils bind to pro-inflammatory signals such as bacterial components, fungal β-glucans, or cytokines, triggering a signaling cascade that enhances neutrophil effector functions, including activation. Activated neutrophils can degranulate to release their granules, internalize and degrade pathogens via phagocytosis, and subsequently release NETs to neutralize invaders (117).

Current research indicates that there are two classical pathways for NETosis: NADPH oxidase 2 (Nox2)-dependent and Nox2-independent NETosis. On one hand, agents such as PMA, LPS, and Pseudomonas aeruginosa induce Nox-dependent NETosis; on the other hand, agents like calcium ionophores (A23187, ionomycin), urate crystals, certain microbes, and ultraviolet light trigger Nox-independent NETosis through different forms of reactive oxygen species (ROS) (118–120). The generated ROS activate specific kinases (such as MAPK, ERK, p38, and JNK) that lead to transcriptional activation and stimulation of myeloperoxidase (MPO). Notably, in the Nox-independent NETosis process, the activation of the nuclear enzyme peptidylarginine deiminase 4 (PAD4) promotes the citrullination of histones (121, 122). The activation of MPO facilitates the translocation of neutrophil elastase (NE) from granules to the nucleus, resulting in chromatin remodeling. Ultimately, this leads to nuclear membrane breakdown and the release of NETs (123–125).

Studies have shown that in sepsis and associated organ dysfunction, NETs play an indispensable role in clearing pathogens from blood and tissues; however, they may also trigger excessive inflammation, causing host tissue damage (126). Therefore, NETs could have dual roles in sepsis and related organ injuries, such as renal damage. Further investigations reveal that during septic events, stressors like infection can induce significant neutrophil recruitment to renal tubules, resulting in tubular necrosis and the release of DAMPs. Extracellularly free or NET-bound histones are considered crucial mediators of renal epithelial cell necrosis, potentially inducing further release of histones as DAMPs (127–129). These DAMPs and other inflammatory mediators further activate neutrophils, promoting NET release and thereby exacerbating surrounding tissue damage. Histones and NETs can enhance tubular necrosis and capillary injury, ultimately leading to renal dysfunction, clinically manifested by elevated creatinine and urea levels (130). Previous study has suggested that the use of PAD4 inhibitors and anti-histone antibodies targeting NET suppression could alleviate associated renal injury (129, 131). However, our understanding of the specific molecular mechanisms linking NETs to SA-AKI remains limited, necessitating further exploration to provide a more robust theoretical foundation for considering NETs as therapeutic targets in septic renal impairment.







3 Metabolic reprogramming in SA-AKI

Mitochondria are double-membrane organelles consisting of various regions including the outer membrane, intermembrane space, inner membrane, cristae, and matrix. These organelles are pivotal for cellular energy metabolism, primarily generating adenosine triphosphate (ATP) through oxidative phosphorylation (OXPHOS) to meet cellular energy demands. The distribution of mitochondria varies significantly among different cell types, tissues, and organs. The kidneys, which contain the second highest amount of mitochondria in the body, consume approximately 7% of the body’s daily ATP, with 95%–99% of this energy derived from oxidative metabolism. Due to the varying energy requirements, mitochondrial density and distribution vary within the nephron. Specifically, proximal tubules and the thick ascending limb of the loop of Henle, which are involved in active ion transport, exhibit the highest mitochondrial concentrations. Mitochondrial dysfunction is a vital factor in the pathogenesis of SA-AKI and significantly impacts prognosis. Recent investigations into mitochondrial dysfunction in SA-AKI have concentrated on metabolic reprogramming. The subsequent sections will delve into the role of metabolic reprogramming in septic renal injury.

Metabolic reprogramming refers to the process by which cells adjust their metabolic pathways to meet altered energy demands in response to environmental challenges. This adjustment enables cells to modulate synthetic reactions, thereby adapting to external stressors and acquiring new functional capacities. In the context of sepsis, metabolic reprogramming is a ubiquitous phenomenon affecting nearly all cell types. Specifically, immune cells and certain organ cells often demonstrate the “Warburg effect,” where glycolysis becomes the predominant energy pathway even in the presence of oxygen, as opposed to OXPHOS (132, 133). This shift is crucial for the functional performance of immune cells during sepsis. Notably, this metabolic reprogramming, where glycolysis replaces OXPHOS, has also been documented in renal tubular epithelial cells (134).



3.1 Immune dysregulation and metabolic reprogramming in SA-AKI



3.1.1 Moderate metabolic reprogramming can enhance inflammatory responses in SA-AKI

Evidence suggests that the “Warburg effect” has a favorable impact on sepsis and related organ dysfunctions (135). This metabolic adaptation not only facilitates the production of substantial ATP but also generates metabolites that are crucial for maintaining immune cell functionality (135). In the context of sepsis progression, the upregulation of GLUT1 expression is thought to enhance competitive glucose uptake (136, 137). Conversely, the downregulation of GLUT1 results in a notable decrease in glucose uptake and glycolysis, leading to significant impairments in the survival and functionality of effector T cells (Teff) (136, 138). Additionally, the augmentation of glucose uptake and glycolytic flux, along with accelerated ATP synthesis through glycolysis, ensures that ATP levels are adequately maintained to fulfill the energy requirements of activated immune cells, despite the suppression of OXPHOS. Glycolysis produces essential metabolites, including glucose-6-phosphate (G-6-P), dihydroxyacetone phosphate (DHAP), and glyceraldehyde-3-phosphate (G-3-P), which supply both energy and biosynthetic intermediates necessary for immune system activation, thereby enhancing the speed and effectiveness of the immune response. Restricting glycolysis can reduce the inflammatory response (139, 140). For example, in LPS-stimulated bone marrow-derived macrophages (BMDMs), metformin, which does not activate AMPK, decreases LPS-induced IL-1β production at both mRNA and protein levels while increasing the anti-inflammatory cytokine IL-10 (141). Additionally, ROS contribute to LPS-induced IL-1β mRNA production (142). The mechanistic target of rapamycin (mTOR) functions as a pivotal regulator of cellular metabolism. Inhibition of mTOR with rapamycin or its derivatives typically activates downstream factors such as HIF-1α and GLUT1, enhancing glucose uptake and glycolysis (143, 144). Rapamycin also interrupts the release of pro-IL-1β induced by LPS and subsequent IL-1β release triggered by ATP (145). Furthermore, mTOR suppression by rapamycin promotes the differentiation of CD8+ T cells, suggesting a potential therapeutic target for modifying immune dysregulation and inflammation (146, 147). Collectively, early metabolic reprogramming in sepsis, characterized by heightened glycolysis, can initiate a protective inflammatory response in host organs.




3.1.2 Excessive metabolic reprogramming can induce immunosuppression in SA-AKI

Excessive glycolysis may induce immunosuppression, compromising both host defense and immune system functionality. This state of immunosuppression is often marked by diminished expression of pro-inflammatory cytokines (e.g., TNF-α, IL-6, CCL2) and T cell-recruiting chemokines, coupled with an upregulation of anti-inflammatory cytokines (e.g., IL-4, IL-10) (148, 149). Consequently, the host’s ability to respond effectively to secondary infections is impaired. The shift from a hyper-inflammatory to a hypo-inflammatory state is associated with a metabolic transition in immune cells from glucose metabolism to fatty acid oxidation. Studies indicate that during immunosuppression, sepsis patients exhibit increased levels of fatty acid transport proteins (e.g., CD36) and carnitine palmitoyltransferase-1 (CPT-1) in their blood leukocytes (150).

In the context of sepsis and SA-AKI, immunosuppression is marked by an enhancement of anti-inflammatory phenotypes and the pivotal role of lactate, a product of glycolysis. Lactate transcends its role as a mere metabolic byproduct and functions as a significant signaling molecule (151, 152). Evidence reveals that lactate acts through lactate-GPR81 and lactate-GPR132 signaling pathways, which are integral to sepsis and organ damage (153–155). Specifically, lactate mitigates inflammation by inhibiting TLR4-mediated signaling via GPR81, thereby facilitating the polarization of M2 macrophages and diminishing LPS-induced NF-κB activation (154–158) Additionally, lactate influences immune cell migration and cytokine production through its export via the monocarboxylate transporter MCT4. It also initiates “stop migration” signals through lactate transporters SLC5A12 (in CD4+ T cells) and SLC16A1 (in CD8+ T cells) (158).

In conclusion, during sepsis and SA-AKI, metabolic reprogramming in host organs and cells might be an essential aspect of the host’s defensive response. Lactate, generated via glycolysis, plays a role in attenuating inflammation and aiding in the preservation of immune homeostasis. Nonetheless, an overactive glycolytic pathway can result in elevated lactate concentrations, potentially leading to immune suppression and disruption of immune equilibrium.





3.2 Cellular energy allocation and metabolic reprogramming in SA-AKI

In SA-AKI, metabolic reprogramming is intricately linked not only to immune dysregulation but also to the reallocation of cellular energy. It is well-documented that infected animals exhibit a shift towards ATP production and a concurrent rise in free fatty acid levels in the bloodstream. This shift is mediated by mitochondrial fatty acid oxidation (FAO), a process regulated by peroxisome proliferators-activated receptor α (PPARα), which is encoded by the NR1C1 gene. Previous research indicates a decrease in PPAR-α levels in both organs and blood during sepsis. Khaliq et al. have shown that sepsis causes deviations in cellular lipid metabolites from their “safe range,” with these deviations correlating with increased mortality (159). Furthermore, Takuma et al. demonstrated that mice lacking PPAR-α have compromised renal function and that diminished PPAR-α signaling exacerbates the incidence of SA-AKI (160).




3.3 Metabolic reprogramming of renal cells in SA-AKI

As previously outlined, the kidneys rank second among the body’s organs in mitochondrial density. Mitochondria in the kidneys generate ATP crucial for powering the Na+-K+ ATPase pump, which is integral in establishing the ion gradients necessary for its function. Research indicates that the energy expenditure associated with this reabsorption process constitutes approximately 70% of the total renal energy expenditure (161). To fulfill these high energy demands, renal tubular epithelial cells (TECs) predominantly utilize FAO and OXPHOS for effective energy production (162, 163). Specifically, TECs absorb long-chain fatty acids via transport proteins, which are then oxidized within the mitochondria (164). This oxidative process yields acetyl-CoA, reduced flavin adenine dinucleotide (FADH2), and reduced nicotinamide adenine dinucleotide (NADH) (165). Acetyl-CoA enters the tricarboxylic acid (TCA) cycle, producing additional FADH2 and NADH, which subsequently drive the electron transport chain to generate ATP (166) (Figure 5). In the aftermath of acute kidney injury induced by sepsis, renal TECs experience a metabolic transition from FAO-dependent OXPHOS to a predominantly glycolytic metabolism. During glycolysis, a significant amount of pyruvate is generated but diverted from mitochondrial entry and is instead converted to lactate through the action of lactate dehydrogenase (LDH). This metabolic adaptation is essential for enhancing ATP production via glycolysis, thereby addressing the increased energy demands imposed by sepsis and SA-AKI (Figure 6).




Figure 5 | The Normal Metabolism in Renal TECs. TECs can absorb long-chain fatty acids via transport proteins, which are then oxidized within the mitochondria. This oxidative process yields acetyl-CoA and reduced nicotinamide adenine dinucleotide (NADH). Acetyl-CoA enters the tricarboxylic acid (TCA) cycle, producing additional NADH, which subsequently drive the electron transport chain to generate ATP. CD36, CPTI, carnitine palmitoyl transferase I; CACT, carnitine-acylcarnitine translocase; CPT2, carnitine palmitoyl transferase 2; TCA cycle, tricarboxylic acid cycle; NADH, Nicotinamide adenine dinucleotide.






Figure 6 | TECs experience a metabolic transition from FAO-dependent OXPHOS to a predominantly glycolytic metabolism in SA-AKI. During the progression of SA-AKI, the metabolism of TECs has changed from OXPHOS to aerobic glycolysis, specifically, glucose undergoes a series of enzymatic reactions to be metabolized into pyruvate and generates ATP in the cytoplasm of TECs. Under hypoxic conditions, pyruvate cannot enter the mitochondria for aerobic respiration and is instead reduced to lactate via action of LDH. GLUT, glucose transporter; HK2, hexokinase2; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; PKM2, Pyruvate kinase M2; MCT, Medium chain triglyceride; LDH, lactate dehydrogenase.



In the early metabolic response to SA-AKI, renal tubular epithelial cells, akin to immune cells, enter a pro-inflammatory phase characterized by the activation of aerobic glycolysis via the Akt/mTORC1/Hypoxia-Inducible Factor (HIF)-1α signaling pathway. HIF-1α promotes the conversion of pyruvate to lactate and, in synergy with pyruvate dehydrogenase kinase (PDHK), inhibits the transformation of lactate to acetyl-CoA (167, 168). This inhibition disrupts the Krebs cycle, thereby diminishing OXPHOS and its associated metabolic processes (167, 168). Li et al. established a sepsis mouse model via CLP, revealing a significant reduction in renal fatty acid oxidase expression and a pronounced increase in glycolytic enzyme expression (169). Furthermore, subsequent studies indicated that 8 hours after CLP, notable metabolic alterations occurred in renal TECs, characterized by elevated levels of glycolytic intermediates and decreased tricarboxylic acid (TCA) cycle intermediates (170). In parallel, glycolytic reprogramming has been identified as a crucial mechanism for establishing trained immunity during the early stages of LPS-induced acute kidney injury (143). In this LPS-induced SA-AKI model, hexokinase (HK) activity was significantly elevated, facilitating the activation of the pentose phosphate pathway (PPP), which is essential for glutathione (GSH) maintenance (143). Thus, it is plausible that under septic conditions, renal tubular epithelial cells adapt their metabolism through analogous mechanisms to respond to alterations in other cell types (171). This metabolic reconfiguration represents a protective adaptive response aimed at enhancing infection tolerance, mitigating cellular damage, and preserving cell viability (171).

To sum it up, during the onset of sepsis, the body’s metabolism shifts towards glycolysis, which may enhance tolerance and promote cell survival. Nevertheless, prolonged reliance on this metabolic pathway can ultimately be detrimental. A transition back to OXPHOS is crucial for maintaining cellular function. This metabolic shift underscores the rationale for targeting metabolic reprogramming as a therapeutic approach for SA-AKI. Post-SA-AKI onset, metabolic reprogramming in renal TECs results in decreased utilization of free fatty acids and subsequent lipid accumulation (172). Lipid accumulation might play an indispensable part in the advancement of renal tubular fibrosis and glomerulosclerosis (173). Recent studies have demonstrated that the activation of uncoupling protein 1 (UCP1) can mitigate lipid accumulation, thereby attenuating the progression of acute kidney injury via the AMPK/ULK1/autophagy pathway (174). Additionally, there is compelling evidence suggesting that the prompt re-establishment of OXPHOS and FAO can substantially salvage renal tubular ion transport and preserve kidney function (175).

In this review, we primarily explore the impact of metabolic reprogramming of renal cells during sepsis on kidney injury, as well as how this reprogramming can lead to immune dysregulation and subsequently induce mitochondrial damage. Overall, we posit that moderate metabolic reprogramming, in response to various inflammatory stressors, may help delay the progression of kidney damage. However, excessive metabolic reprogramming can result in decreased utilization of free fatty acids, leading to lipid accumulation that can harm renal tubular and glomerular structures, thereby accelerating sepsis-related kidney injury. Unfortunately, current research on the specific molecular mechanisms by which metabolic reprogramming induces kidney injury remains insufficient. Thus, our aim is to lay a foundation for future studies to delve deeper into the specific roles and biological significance of metabolic reprogramming in SA-AKI.





4 Targeted therapies for SA-AKI

As outlined, aberrant inflammatory responses and altered metabolic pathways are central to the development of SA-AKI. Hence, targeting regulated cell death pathways linked to inflammation and metabolic reprogramming mediated by mitochondria is a key strategy for managing SA-AKI (Table 1). For instance, Andrographolide has been demonstrated to mitigate iron accumulation and lipid peroxidation via the Nrf2/FSP1 axis, enhance SLC7A11 and GPX4 expression, and prevent ferroptosis in HK-2 renal tubular epithelial cells, thus attenuated septic kidney injury (115). Furthermore, celastrol and shikonin have been identified as inhibitors of the glycolytic enzyme PKM2, which helps alleviate renal damage in SA-AKI (210, 211). Since both regulatory cell death and metabolic reprogramming driven by inflammatory dysregulation are implicated in sepsis and associated renal injury, exploring multi-targeted therapeutic approaches for SA-AKI represents a significant research frontier.


Table 1 | Therapeutic Strategies Based on RCD associated with inflammatory response and metabolic reprogramming in SA-AKI.






5 Conclusion

In general, we examine the pathogenesis and therapeutic approaches for SA-AKI, focusing on the roles of dysregulated inflammation and metabolic reprogramming. Evidence suggests that, in the early stages of SA-AKI, well-regulated inflammatory responses and metabolic reprogramming may confer renal protection by activating adaptive mechanisms. However, prolonged dependence on aerobic glycolysis and dysregulated inflammation might be associated with detrimental effects, including tubular atrophy and fibrosis. Presently, several biomolecules and phytochemicals exhibit promising potential in the management of SA-AKI, yet additional clinical trials are needed to establish their safety and efficacy. Furthermore, to mitigate the high mortality rates associated with SA-AKI, it is imperative to conduct in-depth studies on the signaling mechanisms involved, identify viable therapeutic targets, and develop novel and effective pharmacological treatments.
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