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Editorial on the Research Topic 


New insights in sepsis pathogenesis and renal dysfunction: Immune mechanisms and novel management strategies


Sepsis is one of the main causes of admission in Intensive Care Units (ICU) with an estimated 13.7 million of deaths globally for 2019 (1). Sepsis is a complex disease characterized by a systemic inflammatory response that arises during infection. Gram negative bacteria are considered the common pathogens involved in sepsis disease (2). The host response includes pro-inflammatory and anti-inflammatory mechanisms that are necessary for pathogen clearance, but in this context, they could become impaired and lead to systemic organ damage (3). There is currently no cure for this disease which affects a broad set of population starting from infants to elderly people. Nevertheless, there were some treatment attempts targeting either the endotoxin inactivation/elimination or some cytokines which are supposedly keys in the detrimental cytokine storm induced by either bacterial or viral (like the recent sars-Cov-2) infections and which is the hallmark of sepsis.

Therefore, more efforts have to be addressed to better understand the pathogenesis of this disease and discover novel targeting candidates for innovative therapeutic approaches.

We, as co-guest editors, are pleased to present the first volume of the Research Topic collection “New Insights in Sepsis Pathogenesis and Renal Dysfunction: Immune Mechanisms and Novel Management Strategies” in Frontiers in Immunology. This volume aimed to cover the multiple mechanisms associated with the dysfunctional immune response and life-threatening organ dysfunction that commonly includes acute kidney injury (AKI). The first study submitted and accepted for the current Research Topic details the controversial role and heterogeneity of Treg in sepsis, defined as angels or demons and possible target for new therapeutic approaches (Gao et al.).

Several original research articles accepted in this collection report new insights into the molecular mechanisms that exacerbate the renal injury during sepsis. The study by Zhang et al. presented a systematic single cell transcriptomic atlas of AKI by dissecting the key cellular player and molecular mechanisms associated with AKI onset. In particular, the authors identified pre-injured proximal tubule cells (PTC) subtypes and their pro-inflammatory and pro-fibrotic signature.

Interestingly, Chen et al. clarified the exact role of STAT3 activation in sepsis-induced AKI, introducing a new intriguing mechanism that could display remarkable protective effect and could offer a new therapeutic target to prevent acute tubular damage.

In line with recent literature, animal models such as murine and rat models are valuable and extensively used for the investigation of pathogenesis and verification of potential treatment in sepsis associated immunosuppression. Wang et al. summarized the current knowledge of murine models to investigate sepsis disease, highlighting their advantages and limitations, proposing new directions in refining murine sepsis models to increase the clinical relevance and optimizing their value of meeting research and translational demands. In addition, Cao et al. successfully developed a standardized model of urinary sepsis in rats that could have a great relevance in the translational research.

Actually, the research is strongly involved in finding new injury or stress markers that could guide clinicians to recognize the first signs of renal injury and to avoid disease progression. The early diagnosis of AKI in sepsis, together with the use of antibiotics and appropriate fluid therapy may provide an optimal strategy to counteract renal injury progression and worsen outcome associated with poor survival (4). In this context, Qiao and Cui introduced the application of multiple “omics” techniques to discover new mechanisms in the pathophysiology of SI-AKI and to find more effective biomarkers that could accelerate diagnosis and provide the possibility of individualized treatment. Interestingly, Xiao et al. presented several statistical methods, such as competing risks models and double robust estimation, to evaluate the association between the ratio of neutrophils to lymphocytes and platelets (N/LP) with the incidence of S-AKI and severe AKI in sepsis patients. Then, enhanced monitoring of UO and N/LP would be more helpful in guiding clinical decisions about S-AKI. Finally, Wang et al. established a risk prediction model to assess the probability of developing AKI in Hemophagocytic lymphohistiocytosis (HLH) patients. The occurrence of this clinical syndrome, caused by an uncontrolled immune response, as in sepsis, is associated with a higher percentage of multiorgan failure, including kidney failure and death.

Sex-stratified medicine is an important aspect of precision medicine. Previous studies are mainly about the effect of sex on mortality of SI-AKI patients, and data on the association between sex and the incidence, risk factors and clinical impact of SI-AKI are not exhaustive. In a large retrospective study, Peng et al. provided evidences that sex-related effects may play a minor role in the incidence and the clinical course of SI-AKI, and the association between sex and the clinical management was insignificant in the full-adjusted model.

Current treatment protocols for septic patients are based upon source control,hemodynamic resuscitation, supportive therapy and adequate antibiotic therapy. However, in most critically ill patients, these measures are not enough to prevent sepsis-related organ dysfunction and the onset of AKI. In the study by Anter et al. the authors demonstrated for the first time the effect of menthol on an experimental model of sepsis (cecal ligation and puncture model). They found that menthol improved the survival of rats after induction of sepsis and protected the lung and kidneys, showing an ameliorative effect against enhanced oxidative stress induced by sepsis. Finally, the authors explored the pathways mediating the protective effect of menthol, and they introduced anti-proliferating cell nuclear antigen (PCNA) as a new target for sepsis therapy.

Since other investigations have to be carried out to identify other potential multi-protective mediators that could regulate a broad spectrum of events that occurred in sepsis pathogenesis, we are pleased to launch the volume II of this Research Topic.
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Sepsis is a syndrome characterized by life-threatening organ dysfunction caused by the dysregulated host response to an infection. Sepsis, especially septic shock and multiple organ dysfunction is a medical emergency associated with high morbidity, high mortality, and prolonged after-effects. Over the past 20 years, regulatory T cells (Tregs) have been a key topic of focus in all stages of sepsis research. Tregs play a controversial role in sepsis based on their heterogeneous characteristics, complex organ/tissue-specific patterns in the host, the multi-dimensional heterogeneous syndrome of sepsis, the different types of pathogenic microbiology, and even different types of laboratory research models and clinical research methods. In the context of sepsis, Tregs may be considered both angels and demons. We propose that the symptoms and signs of sepsis can be attenuated by regulating Tregs. This review summarizes the controversial roles and Treg checkpoints in sepsis.
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Introduction

A study of the global burden of disease from 1990 to 2017 showed that an estimated 48.9 million (38.9-62.9) sepsis cases were recorded globally and 11.0 million (10.1-12.0) sepsis-related deaths were reported in 2017, representing 19.7% (18.2-21.4) of global deaths (1). In China, one-fifth of patients admitted to intensive care units (ICU) have sepsis and their 90-day mortality rate is 35.5%. It is estimated that the annual medical costs of the 230,000 septic patients admitted to China’s ICUs are about US $4.6 billion, which is a huge medical and social burden (2). In 2015, over 1.9 million deaths occurred in 605 disease-surveillance points in mainland China, and the standardized sepsis-related mortality incidence was 66.7 deaths per 100,000 population (3). Despite the 37% (11.8-54.5) decrease in age-standardized sepsis and the 58% (47.7-57.5) decrease in mortality from 1990 to 2017, aggressive infection source control, early appropriate antibiotic treatment, titration, compression therapy, and improved organ support measures, sepsis remains one of the major causes of global mortality (1–7).

Regulatory T cells (Tregs) are a subset of CD4+ T lymphocytes with negative immunomodulatory functions. They maintain peripheral immune tolerance to control immune responses to prevent exaggerated responses to infections and harmless antigens, and prevent autoimmunity. Due to the extensive regulatory role that Tregs play in the immune system, they have considerable potential as treatment for various diseases (8–10). The discovery that forkhead box P3 (Foxp3) is a key transcription factor in the differentiation and function of Tregs has multiple implications for understanding how the immune system functions and for developing therapeutic interventions for autoimmune diseases, infectious diseases, and malignancies (11–13).

Over the past two decades, Tregs have been a focus in sepsis-induced immune-inflammatory dysfunction research and the hotspot strategy in immunotherapy and checkpoint inhibition (14, 15). In sepsis, reduced T cell function is associated with increased expression of Foxp3 (16–18). CD4+ T helper 17 cells (Th17) represent the pro-inflammatory subpopulation, while Tregs promote anti-inflammatory effects (19–22). This review explores the current controversial, and sometimes conflicting, conclusions about Tregs in the pathophysiology of sepsis. Both laboratory and clinical research methods and models need to be considered to begin to understand the precise role of Tregs throughout the stages of sepsis (Figure 1).




Figure 1 | Factors that lead to the controversy surrounding the role of regulatory T cells in sepsis.





Sepsis

Research on the epidemiology, prevention, and management of sepsis is an important topic for critical care medicine, surgery, and anesthesiology, where clarification of the complex pathophysiological mechanism of sepsis is a fundamental problem (14, 23, 24). Since 1992, the definitions of sepsis, severe sepsis, and septic shock, as well as associated clinical and laboratory studies have relied on the presence of infection and the characteristics of systemic inflammatory response syndrome (SIRS) (1, 24–28). However, efforts to inhibit this hyper-inflammatory response syndrome by blocking pro-inflammatory cytokines, such as interleukin (IL)-1β and tumor necrosis factor (TNF)-α, ultimately fail to yield survival benefits (26, 27). Physicians have emphasized the evaluation of sepsis-induced organ dysfunction when they conduct the diagnosis and treatment of sepsis, especially based on the sequential (sepsis-related) organ failure assessment (SOFA), national early warning score and modified early warning score, rather than quick SOFA (qSOFA) (4–6, 24, 28–32).

Antagonism between the host and pathogenic microorganisms is a complex pathophysiological reaction: pathogens seek an advantage by incapacitating various aspects of host defenses while the host seeks to control the bacterial invasion and initiate repair of injured tissues (33, 34) (Figure 2). Compared with Sepsis 3.0 criteria, the definition of Sepsis 2.0 and 1.0, as well as guidelines for the diagnosis and treatment of sepsis, focus more on pathophysiological mechanisms (4, 25, 26, 29, 35). The first three days of sepsis are defined as the early stage; in these cases, more than 80% of patients first seek emergency medicine according to their clinical manifestations of the biological systemic immune-inflammatory response (26, 36–43). As sepsis management techniques continue to improve, most patients survive the SIRS-induced “cytokine storm” in the early stage of sepsis and begin the late stage dominated by compensatory anti-inflammatory response syndrome (CARS) (44–46). Compelling experimental and clinical evidence has indicated that SIRS and CARS occur early and simultaneously in sepsis, and immunosuppression may persist for months or even longer from the onset of sepsis (4, 15, 26, 45–51). Importantly, immunosuppression is the cause of such aggravation, which increases the chance of secondary infections and viral activation. This complicates multiple organ dysfunction syndromes (MODS), extends hospital length of stay, and may even leads to death (15, 45, 46, 49).




Figure 2 | The antagonism between the host and pathogenic microorganisms. The spread of pathogens, especially Gram-negative bacteria, and their products [such as lipopolysaccharide (LPS), etc.] causes systemic inflammatory response syndrome (SIRS), which leads to multiple organ dysfunction syndromes (MODS) and shock, and even death. However, surviving patients suffer from a stage of compensatory anti-inflammatory response syndrome (CARS), especially immunosuppression, and experience a long-term immune dysfunction called immuno-paralysis. And they are more susceptible to secondary infections, increased viral activation, and reduced 5-year survival rate, compared to those who do not have sepsis.



Approximately 60-70% of septic deaths occur in the late stage (≥3 days) and most deaths were associated with ICU-acquired complications, including nosocomial infections (52). T cell apoptosis and dysfunction contributes to sepsis-induced immunosuppression (15, 26, 46, 53, 54). Intervention strategies, such as anti-programmed cell death (PD)-1/PD-L1 mAb, blocking cytotoxic T lymphocyte antigen (CTLA)-4, and blocking 2B4, have improved survival in experimental models of sepsis and recent clinical trials through improved T cell-induced immunosuppression (46, 55–58). The degree of sepsis-induced inflammation, including the level of immunosuppression, is defined by specific host factors (such as age, gender, alcoholism, repeated nosocomial infection, frequency in hospital, chronic comorbidities, immunosuppressant use, malignant tumor, site of infection, splenectomy, trauma, and stress state) (59–66), pathogen status (such as multiple drug-resistant organisms, malaria, SARS-CoV-2) (7, 26, 67, 68), and the duration of sepsis (6, 28, 35, 44, 46, 61, 69, 70).



Treg Heterogeneity in Sepsis

Combined single-cell, TCR, and other analyses of Tregs and conventional CD4+Foxp3– T cells (Tconv) demonstrate that Tregs are highly heterogeneous cells in homeostasis and disease (71–73). Treg cells can be either thymus-derived or peripherally induced by naive CD+ T cells. Phenotypically, Tregs are identified by markers they possess such as the transcriptional regulator Forkhead box (Foxp3). Based on the expression levels of Foxp3, Tregs can be either resting Tregs with weak inhibitory potential, activated Tregs with strong inhibitory potential, or cytokine secreting non-suppressive Tregs also called effector Tregs (74). Sepsis influences the heterogeneous characteristics of Tregs from the aspects of percentage (22, 74), absolute number (67, 75), phenotypes (15, 47, 50, 58, 75–79), cytokine and chemokine secretion (80–82), and stability (12, 13, 60) (Tables 1–4). Coordination between the innate and adaptive immune systems plays a crucial role in the host’s responses to infection. Even after sepsis recovery, the mechanism and cellular characteristics of the immune system change due to the different characteristics of host immune and pathogen status (23, 59–65, 84, 105, 120, 121).


Table 1 | Observational studies using animal models focused on the characteristics of Tregs in sepsis.




Table 2 | Observational studies using septic patients or combined animal models focused on the characteristics of Tregs in sepsis.




Table 3 | Intervention studies using animal models focused on the target of Tregs in sepsis.




Table 4 | Intervention studies using septic patients focused on the target of Tregs in sepsis.



Over the past decade, evidence from many compelling experiments and clinical trials indicates that sepsis increases the heterogeneous characteristics of Tregs. They act on both the innate and adaptive immune systems, dampening immune functions, causing immuno-paralysis, and eventually leading to MODS and death in sepsis (14, 18, 122–125). Intervention strategies (Tables 3 and 4), such as human recombinant cytokines (IL-15 and IL-36) (59, 101), blocking phenotypes or chemokines [neuropilin (Nrp)-1, CTLA-4, lymphocyte activation gene (LAG)-3, and chemokine (C-X-C motif) ligand (CXCL) 4)] (50, 58, 77, 82), nutrients (glutamine) (107), inhibiting molecules [sema3A, tissue-nonspecific alkaline phosphatase (TNAP), Sirtuin1, P2Y12, COX-2, and poly ADP-ribose polymerase (PARP)] (48, 51, 102, 111–113), as well as even clinical therapeutics (high-volume hemofiltration, immunoglobulin, fresh frozen plasma, stem cells, and ulinastatin) (41, 114, 115, 117, 118) and traditional Chinese medicine (TCM) (electroacupuncture and tanshinone IIA) (103, 106), can increase the chance of survival by inhibiting the heterogeneous characteristics of Treg-induced immunosuppression. Alternatively, other studies have shown improved outcomes in sepsis by increasing the heterogeneous characteristics of Tregs to inhibit sepsis-induced SIRS through intervention strategies such as human recombinant cytokines (IL-38 and IL-7) (96, 97), blocking phenotypes or cytokines (CD28 and IL-3) (81, 95), nutrients (arginine and fiber cellulose) (108, 109), and others (bilirubin, ITK inhibitor, miR-126, maresin1, excretory-secretory products of Trichinella spiralis adult worms, and adipose-derived mesenchymal stem cell-derived exosomes) (19, 20, 70, 98, 99, 116), as well as even clinical therapeutics (enteral nutrition and pre-and post-dilution during continuous veno-venous hemofiltration) (22, 42, 119) and TCM (baicalin, rhubarb, Xuebijing injection, and curcumin) (21, 100, 104, 105). Establishment of sepsis models such as the “memory mouse” (57, 95), “two- or three-hit mouse” (70, 118), and “gene recombination mouse” models (78, 79, 94) have begun to shed light on additional heterogeneous immune characteristics in sepsis, including the presence of IL-10+ regulatory B cells (Bregs) and lipopolysaccharide-responsive beige-like anchor protein (LRBA)-deficient patients (97, 126, 127).



Treg Checkpoints in Sepsis

Multiple co-stimulatory molecules (CD28, CD27, OX40, and 4-1BB) (128–130) and co-inhibitory receptors [B− and T−lymphocyte attenuator (BTLA), T cell immunoglobulin and mucin domain-containing-3 (TIM-3), CTLA-4, T cell immunoreceptor with immunoglobulin and ITIM domains (TIGIT), LAG-3, PD-1, and Nrp-12] (15, 50, 57, 77, 93, 131) that transmit various secondary signals play a pivotal role in the heterogeneous characteristics of Tregs and may contribute to Tregs-induced dysfunction of the whole immune system in sepsis, especially imbalanced Tregs/Tconvs (15, 74–77, 83, 132, 133). Although the innate immune system is dominant in the early stage of sepsis, Tregs are thought to be the link between the innate and adaptive immune systems (37, 40).

The percentage of Tregs, OX40+ Tregs, and 4-1BB+ Tconvs were higher in the early stage of CAP-associated septic patients. The percentage of CD4+CD27+, CD4+CD28+, and CD4+OX40+ CD27-CD28- T cells were positively correlated with SOFA and predicted 28-day mortality, respectively (40). In addition, these data indicated that imbalanced expression of OX40 and 4-1BB may contribute to evaluate the imbalance of Tregs/Tconvs. The absolute number of CD4+TIM-3+, CD4+PD-1+, and CD4+CTLA-4+ T cells were positively correlated with the severity of sepsis, especially CD4+PD-1+ T cells, which may be a risk factor for sepsis (93). BTLA is a co-inhibitory receptor that is constitutively expressed on IL-10+Tregs, which can effectively inhibit the function of CD4+ T cells (15). BTLA expression on Tregs remained high in patients with sepsis, compared to healthy controls from day 1 to 7, especially in non-survivors (75). GPR174, a member of the G-protein-coupled receptor family, plays a negative role in the development and functionality of Tregs which is highly expressed on the surface of Tregs in the early stages of sepsis and closely associated with adverse sepsis outcomes (79). A decrease of Human Leukocyte Antigen‐DR (HLA‐DR) expression on monocytes has proved to be a reliable indicator of immunosuppression in sepsis (37, 41, 60). From day 1 to 28 after sepsis diagnosis, both Foxp3 and RORC, the specific transcription factor of Tregs and Th17 cells, respectively, were significantly more highly expressed in survivors than in non-survivors. The lack of a linear correlation with HLA-DR may be due to the influence of sample size and other patient-specific factors (60). Thymus Stromal Lymphopoietin (TSLP) has been identified as a crucial inflammatory cytokine in immune homeostasis and promoted Tregs differentiation (134). The percentage of IL-10+ Tregs significantly increased in septic patients with high TSLP levels (80). A comprehensive study on the expression of co-stimulatory molecules and co-inhibitory receptors in different stages of sepsis induced Tregs would contribute to the systematic understanding of Tregs in sepsis and help people identify the most effective immune checkpoints for Tregs.



Host-Dependent Treg Patterns in Sepsis

Compelling experimental and clinical evidence has indicated that sepsis is a multi-dimensional heterogeneous syndrome, which is reflected in the host’s variable immune responses (23, 135, 136). There is significant inter−study heterogeneity among a large number of sepsis-related studies: male sex, increased age, organ dysfunction acquired during ICU stay, recurrent sepsis, and presence of comorbidities are independently associated with increased sepsis−related mortality, especially in ICUs (2, 3, 137). Seymour and colleagues demonstrated that patients with the α phenotype (33%) have the lowest administration of a vasopressor; Patients with the β phenotype (27%) are the oldest age with the most chronic illness and renal dysfunction; Patients with the γ phenotype (27%) have the most inflammation and pulmonary dysfunction; Patients with the δ phenotype (n = 2667; 13%) have more liver dysfunction and septic shock. Their cumulative 28-day mortality rates are 5%, 24%, 13%, and 40%, respectively (135).

Studies of immune responses to sepsis usually exclude patients who have immune disorders or receive immunosuppressive medications (40, 76, 80); therefore, these studies do not fully reflect the heterogeneous characteristics of sepsis (91, 135). An increased Th17/Treg response throughout infection is most strongly associated with increased mortality among patients who are not immunocompromised; a decreased Th1/Treg response is most common among immunocompromised patients. Unexpectedly, patients who have immunocompromising comorbidities or take immunosuppressive medications do not have increased 90-day mortality, contrary to previous studies (138, 139). Immunocompromised patients with malignancies, especially those treated with chemotherapies that have adverse effects on immune function, have broadened the types and risks of drug-resistant multi-pathogenic infections (140). For example, systemic infection with Candida albicans (candidiasis) in tumor-bearing mice does not significantly increase the percentage of Tregs compared to the tumor group, but it significantly increases the proportion of Tregs in the spleen of the non-tumor bearing mouse. Surprisingly, systemic infection with C. albicans promotes the rapid growth of tumors, and the percentage of tumor-infiltrated Tregs in the tumor/candidiasis group is significantly higher than these in the tumor only group (64). This demonstrates that candidiasis could promote the growth of tumors by expanding Tregs: tumors and candidiasis promote each other through increased Treg activity. On the other hand, research on common variable immunodeficiency (CVID) and autoimmune diseases, both of which are characterized by loss of Treg function, show that the heterogeneity in sepsis due to host factors has become more prominent (127, 141). Autoimmune diseases are associated with a lower risk of 30-day death (27% reduction) for sepsis through a mechanism unrelated to the chronic immunomodulation medications (141). LRBA deficiency leads to different types of congenital immune deficiencies, such as CVID, autoimmune lymphoproliferative syndrome (ALPS) with recurrent infections, and even sepsis. Low expression of CTLA-4, Foxp3, and CD25 in LRBA-deficient patients leads to a partial loss of the regulatory effects of Tregs on T/B cell activation and causes an inappropriate increase in T and B cell activation (127).

Some evidence demonstrates that ICU-acquired infections contribute to the overall mortality of septic patients. Patients with septic shock who have secondary infections are at a 5.8 times higher risk of late-stage death than those without because of their unique immunosuppressive status, especially T cell exhaustion caused by aging and recurrent sepsis (2, 23, 52, 59, 142). In a clinically relevant cecal slurry (CS) induced model of recurrent sepsis, increased T cell exhaustion and poor prognosis (including reduced survival rate and body weight) was observed in aged (18-24 months old) compared with young (5 week old) female or male C57BL6/J mice. Their symptoms persisted for over 50 days and were associated with increased PD-1 expression on Tregs (59). Olaparib, a competitive PARP inhibitor used in the field of oncology that inhibits the binding of NAD+ to the catalytic sites of PARP, showed significant protective effects on cecal ligation perforation (CLP)-induced sepsis in young (8 weeks old) male adult mice compared with aged (72 week old) female mice (143). These age-and sex-selective protective models were associated with olaparib reducing the Treg and Th17 populations, and the Th17/Tregs ratio, by regulating intracellular miRNA levels (113).

In infants, especially preterm infants, early-onset sepsis (EOS) increases the risk of death or neurodevelopmental disorders (144). In a multi-centric clinical study of 326 neonatal intensive care units, 0.8% of infants suffered from EOS, where many factors reduced lymphocyte activation and the percentage of Tregs, including low Apgar score, caesarean delivery, small gestational age, prenatal antibiotic exposure, vitamin D deficiency, and positive maternal group B streptococcus screening results (145, 146). Intraperitoneal injection of Escherichia coli O55: B5 LPS in neonatal mice reduced survival and growth rates, including lung development, in a dose-dependent manner. These effects were associated with decreases in the percentage of anti-inflammatory CD4+TCRβ+Foxp3+ Tregs (86).

In addition, multiple clinical studies show that amplification of CD4+CD25+ Tregs and increased Foxp3 levels may increase risks of nosocomial infections or secondary infections in sepsis (61, 68, 147). Using a “two-hit” CLP model with intratracheal injection of Pseudomonas aeruginosa, which mimics clinical conditions of secondary infection, Hu et al. demonstrated that the absolute number of Foxp3+ Tregs in both spleen and lungs increased 24 hours after secondary P. aeruginosa infection. After injection of PC61 (depletion of Tregs via CD25), the absolute numbers of Tregs in the spleens and lungs of septic mice were reduced by 50% and 60%, respectively. Partial Treg depletion increased IL-17A, IL-1β, and IL-6 secretion, and decreased IL-10 secretion, in septic mice infected with P. aeruginosa, thereby reducing the bacterial load and lung injury, and improving 7-day survival (90). On the other hand, 8-week-old male C57 mice with simulated repeat infection by repeated subcutaneous injection of LPS were able to resist CLP-induced sepsis and hyper inflammatory response. These mice had an increased absolute number of Tregs and Th17 and decreased ratio of Th17/Tregs (88). However, ICU studies with critically ill lymphocytopenia patients suggested that the first three days of septic shock may be characterized by a skewed distribution of circulating innate lymphoid cells (ILC), with an excess of ILC1 and a lack of ILC3. At the same time, there was a significant decrease in the absolute number of circulating Tregs (37). These conflicting studies in both mice and humans highlight the heterogeneous nature of Tregs in sepsis that vary upon host conditions.



Tissue-Specific Treg Patterns in Sepsis

In addition to the role Tregs play in maintaining immune homeostasis in dedicated lymphoid tissues, these cells exist in other tissues such as the lung, liver, renal, muscle, brain and myocardium (73, 87, 98, 99, 102, 148). Many tissue-specific Treg functions go beyond our initial understanding of Tregs as immune inflammation-specific inhibitors (70, 99, 133). However, most previous interventional and observational studies on sepsis have focused on the functions and characteristics of Tregs in the peripheral circulation and spleen (41, 48, 76, 96, 101). Splenectomy improved 28- day survival in a secondary sepsis CLP mouse model from 62% to 92%, which was concurrent with the lower release of inflammatory cytokines (IL-6, CXCL-1, and MCP-1) and a 41% increase in Tregs within 48 hours (65). This indicates that induced circulating Tregs (iTregs), rather than natural Tregs (nTregs) originating in the spleen, may play a role in improving sepsis survival. Sepsis has tissue-specific pathophysiological characteristics due to anatomical and histological constraints: the structure, morphology, and composition of the vasculature system vary across different organs (149–151). In mice infected with Pseudomonas aeruginosa, the absolute number of Foxp3+ Tregs in lung tissue increased nearly 2-fold on the third day, then gradually decreased and returned to normal on the seventh day. However, the absolute number of Foxp3+ Tregs in the spleen increased 1.6-fold on the third day and continued to increase (90).

Acute lung injury (ALI) or acute respiratory distress syndrome (ARDS) is a type of respiratory failure caused by trauma, infection (sepsis), or intoxication (152, 153). The pathophysiological mechanism of ALI/ARDS is characterized by rapid onset of widespread lung inflammation (87, 135, 154). A growing body of evidence shows that CD4+CD25+Foxp3+Tregs play a positive role in alleviating sepsis-induced rapid onset inflammation and improving the outcome of ALI/ARDS through both TGF-β-dependent and independent pathways (20, 22, 42, 81, 87, 98, 155). In a mouse model of sepsis-induced ALI, blocking HMGB1 or myeloid-specific PTEN KO (PTEN M-KO) increased TGF-β production, inhibited Rorγt and IL-17 expression, and promoted the β-catenin signalling pathway. The increased CD4+CD25+Foxp3+ Tregs in the lungs improved survival and weight outcomes. However, the opposite result was obtained with myeloid-specific β-catenin ablation (β-catenin M-KO). Furthermore, in vitro, the destruction of macrophage HMGB1/PTEN or activation of β-catenin significantly increased CD4+CD25+Foxp3+ Tregs (87). This also suggests that infiltration of macrophages could inhibit lung tissue-specific CD4+CD25+Foxp3+ Tregs via HMGB1/PTEN/β-catenin axis in sepsis-induced ALI.

The pathophysiology of sepsis-associated encephalopathy (SAE) is complex, multifactorial, and tissue-specific. Combining intertwined processes, SAE is promoted by countless alterations and dysfunctions resulting from the early and late stages of sepsis. Additionally, some patients experience chronic “sepsis brain” after sepsis recovery, such as inflammation, neuro-inflammation, oxidative stress, reduced brain metabolism, and injuries to the integrity of the blood brain barrier (BBB) (84, 156, 157). In the early stage of sepsis, some corresponding interventions are effective in alleviating the uncontrolled hyper-inflammatory (IL-1β, IL-6 IL-18, and TNF-α, etc.) and immune (CD3+CD4+ cells and CD3+CD8+ cells, etc.) responses associated with altering the BBB and amplifying the inflammatory responses of SAE (116, 156–158). Mesenchymal Stem Cell (MSC)-derived exosomes significantly increased the percentage and absolute number of Tregs, which ameliorated brain injury in the early stage of sepsis by mitigating the hyper-inflammatory and immune responses (116). As sepsis management techniques continue to improve, SAE is characterized as chronic “sepsis brain”, which is associated with long-lasting cognitive deficits and psychological impairments such as anxiety and depression (159, 160). Using a CS-induced sepsis mouse model and focusing on chronic “sepsis brain”, Saito et al. demonstrated that infiltrated Tregs and Th2 cells attenuate SAE and alleviate SAE-induced mental disorders by resolving neuroinflammation in the chronic phase of sepsis (84).



Pathogen-Specific Treg Patterns in Sepsis

Many previous induced sepsis models focused on Gram-negative bacteria and their products, such as LPS (50, 51, 101, 103, 118, 121, 161). A recent experimental LPS-induced endotoxemia study in humans showed that pro-inflammatory Th1 (IFN-γ, IL-2, and TNFα) and Th17 (IL-17A) cells were suppressed, while the Tregs and their ability to produce anti-inflammatory IL-10 were not affected (162). In addition, glycolipids and diacylglycerols from Streptococcus pneumoniae, which cause high mortality in patients over 65-years-old, induced septic shock by activating invariant natural killer T cells (iNKT) and the hyper-inflammatory responses (66, 110, 163, 164). Tregs reduced the proliferation of iNKT and IL-4 secretion of iNKT induced by glycolipids (including bacterial-derived diacylglycerols). One striking observation was that Tregs significantly increased Foxp3 expression, inhibitory function, and IL-10 secretion after they contacted iNKT, especially in the presence of bacterial diacylglycerols (164). Recent evidence suggests that Streptococcus pneumoniae (including its components and live attenuated mutants) and pneumococcal infection may induce Treg proliferation and may be used in the treatment of asthma (165).

Graphene oxide (GO) is a single-atomic layered material composed of carbon with a variety of biomedical applications, such as gene delivery, stem cell differentiation, and cancer therapy (166). In addition, GO has been shown to be able to regulate innate and adaptive immune functions (92, 166, 167). In vivo, the administration of GO significantly improved diacylglycerols-induced septic shock and inhibited the capacity of diacylglycerols to induce iNKT-mediated trans-activation and cytokine production of innate and innate-like cells (such as dendritic cells, macrophages, and γδ T cells), which were associated with the ability to increase the amount of Foxp3+ Tregs via TGF-β (166). This shows that gut microbiota not only influences the gastrointestinal tract, but also supports immune cells in distal organ sites (168). In another example, dietary supplementation with nonfermentable fiber or high fiber (HF) cellulose altered the gut microbiota and positively impacted metabolic health to confer protection in sepsis models (109, 169). Supplementation with HF amplified the suppressive function of CD4+CD25+Foxp3+ Tregs, inhibited SIRS, and induced anergy in CD4+ T cells as compared to mice on a regular diet (109). These pieces of evidence also suggest that manipulating intestinal microbiota through dietary supplementation with fiber may have broader systemic effects on immune homeostasis by influencing the heterogeneity of CD4+CD25+Foxp3+ Tregs.

Fungi are involved in 20% of sepsis and Candida is the most commonly isolated pathogen (170, 171). Patients with malignancies and immunodeficiencies are more likely to develop Candida albicans infection that leads to candidiasis (171). C. albicans induces the production of tumor infiltrating and IL-10 producing Tregs through toll-like receptor (TLR) 2, which leads to immune escape (64, 172). Different degrees (such as 1,3-β-D-glucan -positive colonization and invasive candidiasis) of Candida have different effects on patients with abdominal sepsis. Decreased B and NK cell counts, and reduced IL-8 secretion appeared to be associated with a higher risk of subsequent candidiasis, rather than the heterogeneous characteristics of Tregs. In contrast, the risk stratification of candidiasis did not affect the heterogeneous characteristics of Tregs in patients with abdominal sepsis (173).



Time-Dependent Treg Patterns in Sepsis

Considering the various failures of clinical trials targeting hyper-inflammatory mediators (especially IL-1β and TNF-α) and the fact that most septic patients who survive the acute stage of hyper-immune and inflammatory responses are burdened by secondary infections, it is necessary to perform basic and translational studies to understand the long-term post-sepsis immune perturbations (26, 27, 45, 46). The heterogeneous characteristics of Tregs are constantly changing over the course of sepsis. In the early stage of sepsis there is no difference in the percentage of Tregs in total CD4+ T cells between future sepsis survivors and non-survivors. However, non-survivors had a lower absolute number of Tregs compared to survivors. At the later stage of sepsis (after 3 days), the absolute number of Tregs increased, while the percentage of Tregs decreased in survivors. Although the absolute number of Tregs increased, the percentage of Tregs progressively increased in non-survivors. Moreover, survivors had a lower percentage of Tregs and a higher absolute number of Tregs (69, 75, 138). During the early stage of sepsis, especially with organs injuries caused by hyper-inflammatory responses (such as ALI, AKI, ALF, etc.), increasing the proportion and absolute number of Tregs is critical to restore immune-inflammatory homeostasis, and reduce tissue damage and organs injury. Animals depleted of Tregs at this stage are unable to resolve SIRS and die from extensive tissue damage and MODS (20, 21, 70, 81, 98, 104, 108, 174).

Evidence from gene knock-out (KO) mice with sepsis induced by LPS or CLP illustrates that Tregs play a crucial role in inhibiting SIRS and ameliorating acute organs injury in the early stage of sepsis (77–79, 87, 94). Gpr174 deficiency in Tregs promoted the expression of CTLA-4 and the secretion of IL-10 in CD4+CD25+Foxp3+Tregs but the expression and percentage of PD-1 and Foxp3 was not affected. In Gpr174-KO mice induced by LPS or CLP to simulate sepsis, the induction of M2 macrophages in the early stage was Treg dependent and Gpr174-deficient Tregs protected mice from sepsis-induced ALI and improved survival by promoting M2 macrophage polarization (79).

The peritoneal contamination and infection (PCI) mouse model, which is consistent with secondary infections in post-septic patients, induced an increase in Bregs but did not induce a lasting increase in Treg absolute number in the spleens from 1 week to 3.5 months after sepsis induction (97). Since the absolute number of Foxp3+ Tregs in the lung tissues of CLP-induced septic mice increased nearly two-fold on the third day and returned to normal levels on the seventh day, mice were susceptible to intratracheal injection of Pseudomonas aeruginosa for 3 days, but not for 7 days (90). This suggests that Tregs have different functions at different stages of sepsis and contribute to secondary P. aeruginosa infection. In a study with Xuebijing Injection, which contains 5 Chinese medicine herbal extracts, mice were injected once/day for 5 days after CLP. Septic mice had significantly improved 7-day survival and reduced acute organ injury, which is associated with stimulated IL-10+ Foxp3+ Tregs, inhibited Th17 differentiation, and decreased Th17/Tregs (104). Some TCM, such as rhubarb, have a bidirectional regulatory effect on the heterogeneity of Tregs over time and improve the prognosis of sepsis by increasing the proportion of Tregs in the early stage and decreasing it in the late stage, although the specific molecular mechanism of their effect is not clear (100). Although these results are contradictory, they do imply that Foxp3+ Tregs play an important role in amending early, late, and even long-term immune disturbances after sepsis.



Limitations of Treg Models in Sepsis

While most of the data discussed in this review comes from animal models, their limitations must be acknowledged. Most previous experiments related to sepsis were induced by CLP or LPS, where researchers used inbred mice under a specific pathogen-free (SPF) experimental environment. These methods do not fully conform to clinical heterogeneity and often do not inform the treatment of sepsis in humans (50, 51, 101, 103, 118, 121, 161, 175). In fact, changes in the heterogeneity of Tregs in induced sepsis animal models do not fully reflect clinical sepsis or are even opposite to patients’ results (51, 75). Although LPS induction is a frequently used sepsis model, mice and other rodents are much less sensitive to LPS than humans. Thus, a 106 times higher (1-25 mg/kg) dose is required for mice compared to humans, who only need 2-4 ng/kg to induce SIRS (124, 162, 176). Furthermore, in most current experiments using LPS, the regimens and dosages of LPS vary widely among different mouse strains, animal ages, and animal facilities (23, 70, 87, 98, 109, 117, 118). For example, BALB/c mice induced by intraperitoneal injection of LPS (0.2 μg/g of body weight or 5 μg/mouse per day) for 5 consecutive days, showed significant decreases of CD4+, CD8+, CD3z+, and CD19+ cells and an increase of the percentage of CD25+Foxp3+ Tregs, accompanied with increased production of IL-6, TNF-α, and IL-18 in the serum. These results are consistent with the co-existence of SIRS and CARS observed in the early stage of septic patients (4, 15, 26, 45–51, 118). In a cross-design placebo-controlled study of 20 healthy male volunteers who received intravenous LPS (0.8 ng/kg body weight), their circulating neutrophils significantly increased. Additionally, the absolute numbers of CD3+, CD4+, and CD8+ T cells decreased 2 hours after LPS injection. In contrast, the frequency of Tregs and their ability to produce IL-10 did not change (162).

In the CLP model, the cecum of immunocompetent mice is sutured and then punctured to cause spillage of cecal contents into the peritoneum, which creates a life-threatening infection characterized by physical disorders (such as septic shock and acute organ failure) and ultimately death (99, 106, 161). Unfortunately, the precise composition of cecal contents that participates in the infection process is variable and has not been adequately evaluated in the case of acute organ failure (175). To compensate, some investigators tried to adopt intraperitoneal injection of stool suspension or CS, or endotracheal injection of a predetermined pathogen (such as Klebsiella pneumonia and Staphylococcus aureus, etc.) (59, 67, 97). The “two-hit” model was used to mimic clinical conditions of secondary infection, but different regimens yielded surprisingly different results (57, 70, 83, 90, 97).

Due to their relatively stable genetic uniformity, inbred BALB/c and C57BL/6 mice are most frequently used in sepsis-related studies (47, 59, 65, 70, 83, 86, 98, 118, 177). Nevertheless, researchers are beginning to emphasize the importance of using genetically heterogeneous organisms in experiments since they can better simulate the heterozygosity of humans, especially in multi-dimensional heterogeneous syndromes such as sepsis (19, 23, 67, 85, 100, 135, 136). BALB/c (inbred) and CD-1 (outbred) mice underwent unilateral femoral fracture, splenectomy, and hemorrhagic shock, with increased circulating granulocytes (LY6G+CD11+) in both strains at 24 and 48 hours later. However, CD8+ T cells decreased by 30% within 48h only in BALB/c mice. Circulating CD4+CD25+CD127low Tregs and lymphocytes (CD11B-LY6G-MHC-2+) were always at least 1.5-fold higher in BALB/c mice, while MHC-2 expression in bone marrow decreased in CD-1 mice. In addition, BALB/c mice expressed higher levels of circulatory CD4+CD25+CD127low Tregs and MHC-2+ lymphocytes, compared to CD-1 mice (178).

Based on the high heterogeneity of Tregs observed in clinical sepsis patient samples, we suggest that sepsis animal models should be designed to mimic this heterogeneity. For example, new sepsis models could be designed by guidance from both clinical sepsis patient characteristic and Treg immune checkpoints. Some experimental models of sepsis such as the “memory mouse” (57, 95), “two- or three-hit mouse” (70, 118), and “gene recombination mouse” models (78, 79, 94) have begun to move the field closer to more relevant sepsis models.



Therapeutic Interventions Targeting Tregs

Several lines of evidence from experimental studies suggest that Tregs can be the target for therapeutic interventions. Deletion of Treg Notch4 gene with anti-Notch4 immunization in rodents normalizes dysregulated innate immunity to reduce morbidity and mortality (179). Lymphocyte-deficient recombinase activating gene-1 knockout mice exhibit impairments in lung injury healing. It has been found that administering isolated Tregs in a model of lung injury helps improve recovery (180). Depletion of Foxp3-positive Tregs from proliferating alveolar cells in a rodent model led to a decrease in epithelial proliferation (181). Such observations suggest that there are several pathways to explore regarding the therapeutic role of Tregs in sepsis. Moreover, Th17/Treg ratio alterations in favor of Th17 also have implications for therapeutic utility for lung injury and acute respiratory distress syndrome (182, 183).



Discussion

Sepsis remains the leading cause of death in ICUs due to the progress of aging, numerous chronic comorbidities (diabetes, malignancies, autoimmune diseases, etc.), multi-drug resistant bacterial pathogens caused by excessive use of antibiotics, repeated secondary infections and other factors. The main pathologic mechanism of sepsis-induced immunosuppression is not completely understood. Furthermore, systematic, standardized clinical treatment for sepsis-induced immunosuppression is lacking. Therefore, there is an urgent need for a better understanding of the pathophysiological mechanisms of sepsis. New approaches to identify biological targets and checkpoints for detection, assessment, and management must be developed. Research that is emerging from the study of COVID-19 is likely to further inform scientists about the roles of Tregs in sepsis. In COVID-19 patients, Tregs are reported to behave variably. Whereas some studies have reported decreases in Tregs in COVID-19 patients (184, 185), others have reported increases in Tregs in COVID-19 patients (186, 187). An imbalance in the Treg/Th17 ratio in COVID-19 patients may increase the risk of respiratory failure (74, 188). Overall, to improve sepsis symptoms through the regulation of Tregs, it is necessary to find the optimal balance point for Tregs to play a role in sepsis. Researchers should not only take into account the heterogeneous characteristics of Tregs, but also the characteristics and organ/tissue-specific patterns of the host, the multi-dimensional heterogeneous syndrome of sepsis, the different types of pathogenic organisms, and even different types of laboratory research models and clinical research methods.
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Background

Understanding the acute kidney injury (AKI) microenvironment changes and the complex cellular interaction is essential to elucidate the mechanisms and develop new targeted therapies for AKI.



Methods

We employed unbiased single-cell RNA sequencing to systematically resolve the cellular atlas of kidney tissue samples from mice at 1, 2 and 3 days after ischemia-reperfusion AKI and healthy control. The single-cell transcriptome findings were validated using multiplex immunostaining, western blotting, and functional experiments.



Results

We constructed a systematic single-cell transcriptome atlas covering different AKI timepoints with immune cell infiltration increasing with AKI progression. Three new proximal tubule cells (PTCs) subtypes (PTC-S1-new/PTC-S2-new/PTC-S3-new) were identified, with upregulation of injury and repair-regulated signatures such as Sox9, Vcam1, Egr1, and Klf6 while with downregulation of metabolism. PTC-S1-new exhibited pro-inflammatory and pro-fibrotic signature compared to normal PTC, and trajectory analysis revealed that proliferating PTCs were the precursor cell of PTC-S1-new, and part of PTC-S1-new cells may turn into PTC-injured and then become fibrotic. Cellular interaction analysis revealed that PTC-S1-new and PTC-injured interacted closely with infiltrating immune cells through CXCL and TNF signaling pathways. Immunostaining validated that injured PTCs expressed a high level of TNFRSF1A and Kim-1, and functional experiments revealed that the exogenous addition of TNF-α promoted kidney inflammation, dramatic injury, and specific depletion of TNFRSF1A would abrogate the injury.



Conclusions

The single-cell profiling of AKI microenvironment provides new insight for the deep understanding of molecular changes of AKI, and elucidates the mechanisms and developing new targeted therapies for AKI.
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Introduction

Acute kidney injury (1–3) (AKI) is a serious health risk, characterized by an abrupt loss of renal function, which is also a leading cause of chronic kidney disease (CKD) and end-stage renal failure. AKI commonly caused by ischemia, sepsis, or nephrotoxic insult, which result from a variety of conditions, including major surgery, sepsis, trauma, dehydration, and toxic drug damage. The incidence of AKI has gradually increased in recent years, with a relatively high incidence of 3%-5% among the general population in hospitals which can be as high as 30%-60% in the intensive care unit (ICU). The mortality rate can be as high as 60-70% when combined with multi-organ failure which has caused a great economic and mental burden for patients and society (4).

AKI is usually characterized by pathological alterations (5–7) such as proximal tubule cells (PTCs) dysfunction or death, triggering a poorly understood autologous cellular repair program. Also, infiltrating immune cells (8–13) undergo phenotypic and functional changes in response to AKI injury and repair processes. Studies (14–17) using bulk transcriptional profiling have characterized molecular characteristics associated with kidney injury and recovery. The transcriptional average across cell populations was revealed, which may hide or skew signals of interest with specific cellular identities and biologically-relevant mechanisms. Dissecting the molecular basis associated with AKI microenvironment changes and the complex cellular interaction is essential to elucidate the mechanisms and develop new targeted therapies for AKI.

Single-cell RNA-sequencing (scRNA-seq) (18–24) is a powerful technology capable of revealing the heterogeneous cellular and molecular characteristics along with the disease initiation and progression. Recent studies for AKI, using scRNA-seq, identified novel cell-subtypes with diverse transcription phenotype response to AKI (9, 12, 24). Additionally, infiltrating immune cells such as Treg (12) and myeloid cells (9) associated with AKI injury and repair were identified. What remains unknown is how infiltrating immune cells influence the process of AKI damage and repair.

Here, we report findings from scRNA-seq analysis of 52,162 cells from mouse kidney tissue samples at 1, 2 and 3 days after ischemia-reperfused AKI and healthy control. We uncovered three PTC-new subtypes and found that PTC-S1-new exhibited pro-inflammatory and pro-fibrotic signature. Proliferating PTCs were the precursor cells of PTC-S1-new, and part of PTC-S1-new cells may turn into PTC-injured and then become fibrotic in the case of sustained damage. Also, the PTC-injured highly expressed Tnfrsf1a and Kim-1 and interacted closely with macrophage and monocyte through Tnfrsf1a/Tnf signaling axis. Functional experiments revealed that the exogenous addition of TNF-α dramatically promoted kidney inflammation and injury and specific depletion of TNFRSF1A would abrogate the injury.



Results


Dynamic Changes of Cellular Proportion and Phenotype During the IRI AKI

To obtain a comprehensive cellular atlas alongside AKI progression, the kidney sample of mice at 1, 2 and 3 days after ischemia-reperfused AKI and healthy control were subjected for scRNA-seq and each group contained 6 samples (Figure 1A). The renal tubules show obvious damage at 24 hours after IRI, mainly manifested by vacuolar degeneration of renal tubular epithelial cells, partial detachment of brush border and disordered cell arrangement. At 48 hours, histopathology images show severe detachment of renal tubular epithelial cells, the appearance of cellular tubular pattern and protein tubular pattern, and at 72 hours, some renal tubular epithelial cells appear to regenerate and rearrange. Compared with the control group, the acute tubular necrosis score and serum concentrations of serum creatine (Scr) and blood urea nitrogen (BUN) increase significantly at 24 hours and 48 hours after IRI, and decrease with the initiation of tubular epithelial cell regeneration and repair at 72 hours after IRI (Figure 1B and Supplementary Figure 1). In parallel with the acute tubular necrosis score, the serum concentrations of Scr and BUN recover to baseline level at 72 hours after IRI (Figure 1B and Supplementary Figure 1). The single-cell suspensions of six mice were pooled together in each single cell experiment and then loaded onto one microfluidic chip to generate the complementary deoxyribonucleic acid (cDNA) library following the method in Conway BR., et al (9). A total of 52,162 high quality cells passed quality control (methods, Supplementary Figure 2) and these cells could be defined as 21 cell subtypes including epithelial cells such as PTCs, distal tubular cells, podocytes, principal cells, endothelial cells, fibroblast, and immune cells such as T cells, myeloid cells (Figure 1C). Most sequenced cells were PTCs, three new PTC subtypes (PTC-S1-new/PTC-S2-new/PTC-S3-new), and mixed cell types (expressing markers of different renal cell types) are identified (Figure 1D). We found that the portion of normal PTCs (PTC-S1, PTC-S2, PTC-S3) change dramatically along with AKI progression (Figure 1E), indicating that AKI results in PTCs dysfunction or death, and also AKI triggered the PTC to repair itself on the other, therefore, novel PTC subtypes would generate. Additionally, the portion of immune cells expanded in the kidney along with AKI (Figure 1E) indicate the important role of immune cells in AKI (9).




Figure 1 | An overview of single cell transcriptomic atlas of mouse IRI kidney. (A) Summary of experimental strategy. n = 6 mice per group. (B) The histopathology images and acute tubular necrosis score in control, IRI 24h, IRI 48h and 72h, One-way ANOVA followed by Turkey’s multiple comparisons was used for three or more groups comparisons. *p<0.05, **p<0.01. (C) The distribution of 52,162 high-quality kidney cells in distinct sample timepoints (left) and cell types (right). (D) Cell type annotation and representative marker genes expression in 21 cell types. (E) Relative contribution of each cell type in distinct sample timepoints. ns, Not Statistically Significant.





Pro-Inflammatory and Pro-Fibrotic PTCs Subtypes Expanded in AKI

After annotation of cell subtypes, we then compared the molecular characteristics and the transcription correlation of PTC subtypes. As reported previously, the PTC-injured cells exhibited a high expression level of injury associated signature such as Havcr1 (Kim-1), Krt8, Spp1, Spp2, Vcam1(Figures 2A, B). In this study, we also found that the PTC-injured and part of PTC-new cells expressed a high level of pro-inflammatory and pro-fibrotic signatures such as Cxcl10, Cxlc1, Nfkbia, Nfkbib, Nfkb1, Nfkb2, and Col18a1 (Figure 2B) Also, the portion of PTC-injured and PTC-S1-new cells elevated in the kidney along with AKI, indicated that pro-inflammatory and pro-fibrotic PTCs subtypes expanded in AKI. Additionally, the injured PTCs had a higher expression level of antigen-presentation genes such as H2-Aa and H2-Eb1 (Figure 2A and Supplementary Figure 3), indicating that PTCs would exhibit part time immunization features under injured condition. We also compared the functional difference and enriched signaling pathways among PTC subtypes and we found that pro-inflammatory signaling pathways such as Interferon alpha and gamma, IL2 stat5 signaling, TGF beta signaling, IL6 jak stat3, and TNF were mainly enriched in PTC-new and PTC-injured, with highest expression level in PTC-injured (Figure 2C). PTC-new and PTC-injured showed impairment of metabolism signaling pathways such as oxidative phosphorylation, glycolysis, fatty acid metabolism, and xenobiotic metabolism (Figure 2C and Supplementary Figure 4). Additionally, the single-cell regulatory network inference and clustering (SCENIC) analysis revealed that TNF (25) signaling pathway associated regulons such as Nfkb1, Nfkb2 and Interferon alpha and gamma signaling pathway associated regulons such as Irf1, Irf7, and Irf8, were enriched in PTC-S1-new and PTC-injured (Figure 2D). We then analyzed the transcription characteristic between PTC-new and normal PTCs, and explored the difference between the PTC-new and normal PTCs (Figures 3A–D). Interestingly, most up-regulated genes or transcription factors in PTC-new were kidney injury or repair regulated genes such as Klf4 (25), Klf6 (26), Neat1 (27), Malat1 (28), and Egr1 (29) (Figures 3A–D). Compared to normal PTCs, the PTC-new exhibited a high level of MAPK, TNF signaling pathway and associated genes Dusp1 and Jun (Figure 3E), which also supported the findings that PTC-new were pro-inflammatory.




Figure 2 | Transcriptomic features of distinct cell types. (A) Top 4 differentially expressed genes in 21 cell types. (B) The expression level of representative kidney injury and inflammatory signatures in 21 cell types. (C) Enriched signaling pathways in PTC-new, injured PTC and normal PTC, estimated by GSVA. (D) Enriched regulons in PTC-new, injured PTC and normal PTC, estimated by SCENIC.






Figure 3 | Transcriptomic features of PTC-new subtypes. (A–C) Volcano plot showing the differentially expressed genes in PTC-S1-new versus PTC-S1 (A), PTC-S2-new versus PTC-S2 (B), PTC-S3-new versus PTC-S3 (C). (D) The expression level of representative kidney injury or repair regulated signatures in PTC subtypes. (E) Enriched gene ontogeny (GO) among PTC-new subtypes versus normal PTC.





Trajectory Analysis of PTCs Subtypes

Tissue repair and regeneration are very complex biological events, where successful attainment requires far more than mere cell division because the proliferative cells may replace the injured cells and promote repair (7, 30). We observed that the portion of PTC-cycling cells elevated along with the AKI (Figure 1E) and highlighted the important role of proliferative PTC-cycling cells in AKI repair. We employed the pseudo-time trajectory analysis (31) based on gene expression simulation to infer the cellular differentiation routines or potential transition between PTC-S1-new, PTC-injured, PTC-cycling, and fibroblast (Figures 4A–C). The pseudo-time trajectory axis indicated that PTC-cycling cells could differentiate into PTC-S1-new and part of PTC-S1-new cells may then turned into PTC-injured and fibroblast (Figures 4B, C). Pseudo-temporal expression dynamics of specific representative genes (Figure 4D and Supplementary Figure 5) and transcriptome factors (Figure 4E) also marked the progression of PTC-cycling cells into PTC-S1-new, PTC-injured, and finally acquired fibrotic phenotype. The results presented here delineate the potential translation paths of PTC subtypes and PTC-S1-new may be an important node that determines fibrotic and normal repair. We also revealed injured and repair associated genes and transcription factors such as Hif (32), Irf1 (33), Klf4 (25), Hes1 (34), and Klf6 (26) (Figures 4D, E) involved in AKI progression, which may be important biomarkers for screening AKI progression. We also found PTC-cycling and part of PTC-new expressed proliferative markers such as Stmn1 and Pcna (Figure 4F). The immunostaining and Western Blot results showed that the expression of cycling markers Stmn1 and Pcna increased along with the AKI progression (Figures 4G, H), which validated the important role of cycling PTCs in AKI progression and renal regeneration.




Figure 4 | Pseudo-time trajectory analysis among PTC. (A–C) Potential differentiation routines among PTC-S1-new, PTC-cycling, PTC-injured, and fibroblast. (D, E) Pseudo-temporal expression dynamics of specific representative genes (D) and transcriptome factors (E) alongside AKI progression. (F) The expression of cycling marker Stmn1 and Pcna in PTC subtypes. (G) Immunostaining showing the distribution of cycling PTC alongside the AKI progression. (H) Western blot showed the expression of Stmn1 with the time-dependent effect of IRI in the mouse kidney.





Interplay Between PTCs Subtypes and Infiltrating Immune Cells

Immune response-mediated kidney injury is an important factor in the progression of AKI but the detail molecular mechanism requires further investigation. As described above, our single cell transcriptomic analysis revealed the PTC-injured, part of PTC-new exhibited inflammatory, fibrotic features, and the portion of immune cells elevated along with with AKI progression, indicating the important role of the immune cell in AKI. We therefore employed the CellChat (35) package to infer the cellular interplay mechanism between PTC-new, PTC-injured, and infiltrating immune cells. Interestingly, the interaction node numbers in PTC-S1-new and PTC-injured were the highest among PTCs (Figure 5A) and these two subtypes interacted closely with infiltrating immune cells such as T cells, macrophage, and monocytes (Figure 5A). Intercellular crosstalk analysis revealed that the inflammatory signaling pathways such as CXCL, TNF, VCAM, and Complement were more enriched between PTC-injured, macrophage, and monocytes (Figures 5B–D and Supplementary Figure 6). Further ligand-receptor analysis revealed that immune signal axis such as Tnf−Tnfrsf1a, Itga4-Vcam1, Thbs1−Sdc4, Cxcl1−Cxcr2 might participate in the intercellular crosstalk between injured PTCs, macrophage, and monocytes (Figures 5B–D and Supplementary Figure 6). Additionally, immunostaining confirmed that the injured PTCs expressed a high level of TNFRSF1A, with co-expression of injured PTC marker Kim-1 (Figure 5E). We also found that CD68 positive myeloid cells interplayed closely with Tnfrsf1a positive PTC-injured cells (Figure 5F), highlighting the important role of infiltrating immune cell in AKI progression.




Figure 5 | Intercellular crosstalk analysis in AKI microenvironment. (A) Number of inferred interactions in 21 cell types. (B, C) Enriched immune signaling pathway networks (B–D) and significant ligand-receptor Tnf-Tnfrsf1a pair (C, D) in injured PTC, PTC-new and immune cells. (E) Immunostaining showing the spatial distribution of injured PTC marker Kim-1 and Tnfrsf1a alongside AKI timepoints. (F) Immunostaining showing the spatial distribution of CD68 expressing myeloid cells and Tnfrsf1a expressing PTCs alongside AKI timepoints.





Role of TNFRSF1A-TNF Signaling Axis in Kidney Injury

The intercellular crosstalk analysis and the immunostaining validation experiment provided evidence that the infiltrating macrophage and monocyte interacted closely with PTC-injured through the Tnf−Tnfrsf1a axis (Figures 5B–F). To investigate the role of the Tnf−Tnfrsf1a axis in kidney injury, we constructed TNFRSF1A silencing (Supplementary Figure 7). Quantitative PCR revealed that exogenous TNFα recombinant protein stimulation significantly promoted PTCs TNFRSF1A mRNA expression, while no significant changes were observed in the siTNFRSF1A + TNFα group (Figure 6A). We further examined other inflammation-related indicators and found that TNF-α stimulation significantly increased the expression of inflammatory signatures such as C3, CXCL1, and CXCL10 in PTCs, while no significant expression changes in the siTNFRSF1A + TNFα group compared to the control group (Figure 6A). We also found that TNF-α stimulation significantly promoted the expression of the PTC injury marker (Kim-1, Figure 6B) and the renal epithelium trans-differentiation marker (Vimentin, Figure 6C), while it downregulated the expression of renal tubular epithelial cells marker (E-cadherin, Figure 6D). These results suggest that the TNF-α dramatically promoted kidney inflammation and injury and specific depletion of TNFRSF1A would abrogate the injury (36–39).




Figure 6 | Role of TNF/TNFRSF1A in AKI. (A) Expression level of TNFRSF1A and inflammatory signatures C3, CXCL1 and CXCL10 when receiving TNF-α stimulation or not. (B–D) Immunostaining showing the expression of injury marker Kim-1 (B), PTC marker (E-cadherin, C) and trans-differentiation marker (Vimentin, D) when receiving TNF-α stimulation or not. Data are performed as means ± SD for three independent experiments. One-way ANOVA with Turkey post hoc tests was used for three or more group comparisons. *p<0.05, **p<0.01. ns, Not Statistically Significant.






Discussion

AKI is a potentially fatal disease which can trigger or exacerbate CKD, and is associated with high mortality and morbidity. The progression of AKI to CKD usually undergoes immune cell infiltration, renal cells phenotypic alterations, and then ECM deposition which leads to pathological fibrosis. Immune response-mediated kidney injury is an important factor in the progression of AKI, which determines normal repair or pathological repair when it progresses to CKD. Comprehensively dissecting the key cellular player and intercellular crosstalk target associated with AKI pathobiology is critical for underlying mechanisms to determine the transition from acute to chronic injury, precision diagnosis, and develop novel therapy strategies for AKI.

Several studies have characterized diverse immune cell subtypes and associated features along with the AKI progression, identified renal repair, and injury associated myeloid and T cell subtypes (9, 12, 24). Conway BR et al., utilized scRNA-seq to uncover the myeloid cell diversity and found that monocyte acquired proinflammatory, profibrotic phenotype that expressed Arg1 and the Mmp2+ macrophages expanded during repair (9). Fernanda et al., reported that expansion of tissue-resident IL-33R+ and IL-2Ra+ regulatory T cells (Tregs), before injury, protected the kidney from injury and fibrosis (12). Some studies focused on the diversity of PTC phenotype, the mixed-identity PTCs, injured PTCs, and the identity of failed-repair PTCs (24, 40–42), as well as novel genes and potential pathologic intercellular crosstalk targets such as Ahnak, Sh3bgrl3, Col18a1, Krt20, Vcam1, and Ccl2 (42). These studies have broadened our knowledge of understanding AKI onset and progression. However, the cellular origin of PTC-injured, the molecular characteristics of injured PTCs, the dynamic molecular change along with AKI progression, and how infiltrating immune cells influence the process of AKI and repair, remains poorly investigated.

In this study, we employed unbiased scRNA-seq to systematically resolve the cellular atlas and microenvironment associated with AKI progression. We identified three PTC-new subtypes, and the mixed PTCs indicated that renal epithelial cells may exhibit diverse transcriptome phenotypes in response to injury. Interestingly, the PTC-new cells exhibited impairment of metabolic features and upregulation of proinflammatory and pro-fibrotic features compared to the normal PTCs. Additionally, the kidney injury associated genes, (TFs, pathways, and regulons) were enriched in PTC-new and mixed PTCs, with the highest expression level in the PTC-injured subpopulation. Further cellular differentiation and trajectory analysis indicated that PTC-cycling cells may turn into PTC-S1-new, and then to PTC-injured, and lastly became fibrotic. Importantly, we found that infiltrating immune cells (mainly as monocyte and macrophage) interact closely with PTC-injured and influence the process of AKI progression mainly through inflammatory signaling pathways such as CXCL, complement, VCAM, and TNF. Immunostaining also validated that injured PTCs expressed a high level of TNFRSF1A and injury marker Kim-1, and functional experiments revealed that the exogenous addition of TNF-α dramatically promoted kidney inflammation and injury and specific depletion of TNFRSF1A would abrogate the injury.

Taken together, our study provides a comprehensive cellular atlas for depicting the AKI microenvironment and key molecular pathways that are perturbed in AKI. The results presented here highlighted Tnf−Tnfrsf1a (36–39) and Cxcl1−Cxcr2 pathways (43, 44) and were potential targets of kidney injury, which may be a benefit for AKI repair.



Materials and Methods


Ethics Statement

This study was conducted according to the principles expressed in the declaration of Helsinki. Ethical approval was obtained from the Ethics Committee of the Chinese People’s Liberation Army General Hospital with number 2019-X5-65.



Mice, Surgical Procedures, and Serum Analysis

C57BL/6 mice (20–25 g) were purchased from the Animal Center of Chinese PLA General Hospital. All animal procedures were approved by the Institutional Animal Care and Use Committee at the Chinese PLA General Hospital and Military Medical College. The 24 male mice were randomly assigned to two groups: 18 mice underwent bilateral renal ischemia and reperfusion surgery (the AKI group), and the remaining 6 mice underwent sham surgery (the control group). Renal ischemia (28 min) and reperfusion and renal sham surgery were performed as described previously. At 24h, 48h, and 72h after reperfusion, blood and kidney samples were harvested for further processing. Kidney injury was assessed by measuring the levels of serum creatinine and blood urea nitrogen by a quantitative colorimertic assay and calculating the changes in the levels. Blood samples were collected from the vena cava at the indicated time points and the serum was separated by centrifugation at 3,000 rpm for 15 min at 4°C; and then serum Cr and BUN examinations were performed. Serum Scr were measured with the DuantiChromTM Creatinine Assy Kit (Bioassy system, US, DICT-500) by the improved Jaffe method, while the BUN concentration levels were detected with the DuantiChromTM Urea Assy Kit (Bioassy system, US, DIUR-500) by the improved Jung method. For the measurements of serum creatinine and BUN, six animals were analyzed per group and three technical repeats were analyzed from each example.



Histopathological Examination

A quarter of the kidney was fixed in 4% formaldehyde, dehydrated, and embedded in paraffin. Tissue sections (4 μm) were stained with periodic acid–Schiff (PAS). Histological examinations were performed in a blinded manner for acute tubular necrosis (ATN) scores regarding the grading of tubularnecrosis, cast formation, tubular dilation, and loss of brush border as described previously. Fifteen non-overlapping fields (400×) were randomly selected and scored as follows: 0, none; 1, 1–10%; 2, 11–25%; 3, 26–45%; 4, 46–75%; and 5,>76%.



Western Blot

Mouse renal tissue or cells were lysed with RIPA lysis buffer containing protease inhibitors (1 µg/mL leupeptin, 1 µg/mL aprotinin and 100 µmol/L PMSF). After a 30 minute incubation, the samples were centrifuged at 13800 g at 4°C for 30 minutes. The protein concentration was determined by a BCA protein assay kit (Thermo Fisher Scientific, USA). Approximately 40 µg of protein from each sample was separated by 8%- 15% SDS- PAGE. The samples were transferred from the SDS- PAGE gels to membranes. The membranes were blocked and incubated in antibodies against Stmn1 (1:1000, abcam, ab52630), GAPDH (1:10000, proteintech, 60004-1-Ig) and β-actin (1:10000, proteintech, 66009-1-Ig) overnight at 4°C. Finally, the membranes were incubated with secondary antibody at room temperature for 2 hours. ImageJ was used for blot analysis. All experiments were repeated three times.



Cell Culture

HK-2 cells were purchased from ATCC (CRL-2190). Cells were inoculated into 24-well plates lined with coverslips and cultured in DMEM/F12 medium containing 10% FBS at 37°C in a 5% CO2 incubator. Small interfering RNA (siRNA) was produced by Gene Pharma (Gene Pharma Co.,Ltd., China). The target sequence of siRNA for human TNFRSF1A was as follows: Sense: 5’-GGUGGAAGUCCAAGCUCUATT-3’, Antisense: 5’-UAGAGCUUGGACUUCCACCTT and NC was used as negative control. The cells were divided into 4 groups: Control group, Control+TNFα group (human-derived TNFα recombinant protein treated group), NC+TNFα group (no significant RNA transfection + human derived TNFα recombinant protein treated group), and siRNA+TNFα group (siRNA transfected with TNFRSF1A + human derived TNFα recombinant protein treated group). At approximately 70% cell fusion, the corresponding si-TNFRSF1A and nonsense RNAs were transfected using Lipofectamine_RNAiMAX for the siRNA+TNFα and NC+TNFα groups, and 15 ng/ml of human-derived TNFα recombinant protein (Biolegend, Cat717904) was given 24 h post-transfection to stimulate For the Control+TNFα group, only 15ng/ml of human TNFα recombinant protein was administered for 24 h. The Control group was left untreated.



qRT-PCR Analysis

Total RNA was extracted from cells using TRIzol and reversely transcribed to cDNA using ProtoScript® II First Strand cDNA Synthesis Kit (E6560S, NEB) according to the manufacturer’s instructions. qRT-PCR was conducted using PowerUp SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA) and performed using the CFX-96 (Bio-Rad, USA). The cycling parameters were as follows: 10 min at 95°C, 45 cycles of 10 s at 95°C, and 30 cycles at 58°C following the manufacturer’s instructions. Data were performed as fold induction relative to the control group and the relative mRNA level of target gene was analyzed by the formula 2–ΔCt (ΔCt = Ct target - Ct 18S). The primer sequences are shown in Supplementary Table S1.



Immunofluorescence Staining

For mouse samples, tissue specimens were fixed in 4% paraformaldehyde and embedded in paraffin. Tissue samples were then cut at 4 μm thickness and sequentially treated with 1% SDS and normal goat serum before being incubated with Anit-PCNA (abcam, ab29, 1:100), Anti-Stathmin 1 (abcam, ab52630, 1:100), Anti-Kim-1 (R&D, AF1817, 1:400), Anti-CD68(abcam, ab125212, 1:200), and TNFR1(proteintech, 60192-1-Ig, 1:100) overnight at 4°C. The sections were washed and probed with Cy3-conjugated secondary antibody (red) and FITC- conjugated secondary antibody (green) or LTL (Vector Laboratories, FL-1321, 1:400) at room temperature for 1 hour. DAPI was added to stain the nuclei. The tissue sections were imaged by confocal fluorescence microscopy. Each experiment was repeated three times. For cell samples, cells were washed with PBS and fixed with 4% paraformaldehyde for 15 min. The cells were then permeabilized with 0.2% Triton X-100 for 15min and blocked with 5% BSA in PBS for 1h at room temperature. Cells were then incubated overnight at 4° with Anti-E-Cadherin (R&D, AF748, 1:400), Anti-Kim-1 (R&D, AF1817, 1:400), and Anti-Vimentin (abcam, ab92547, 1:200). After cells were washed with PBS three times and incubated with secondary antibodies (Cy3 conjugated anti-rabbit antibody and FITC conjugated anti-Goat antibody) for 1h at room temperature, they were washed again and mounted onto glass slides with Flouroshield Mounting Medium with DAPI (abcam, ab104139). The cells were imaged by confocal fluorescence microscopy.



Sample Processing and Cell Sorting

Surgical resected fresh kidney samples were minced and enzymatically digested to obtain single-cell suspensions. Briefly, the samples were minced into <1 mm3 pieces and digested with 5 mL digestion buffer containing DNase I (1 mg/mL, Sigma) and collagenase IV (2 mg/mL, Sigma) for 30 min at 37°C. Next, the resulting suspension was mixed with 5 mL 2% FBS/PBS, filtered with a 70-µm pore size cell strainer (Corning, USA), and centrifuged at 300 g for 5 min at 4°C. After removal of the supernatant, the cell pellet was resuspended in 2 mL red blood cell lysis buffer (BD) for 3 min at room temperature and centrifuged at 300 g for 5 min at 4°C. Then, the supernatant was removed, the cell pellet was resuspended in 100 μL 1% BSA/PBS, and the cells were incubated with 7-AAD (BioLegend) before cell sorting. For the following single-cell library preparation and sequencing, we sorted and collected 7-AAD negative live cells using a BD FACSAria II (BD).



Single-Cell mRNA Library Preparation and Sequencing

The single-cell suspensions were prepared from pools of six animals from each group and then loaded onto a microfluidic chip to generate the complementary deoxyribonucleic acid (cDNA) library using a commercial 10x Genomics platform (10x Genomics, Pleasanton, CA, USA). Single-cell transcriptome amplification and library preparation were performed using the Single-Cell 3’ Library Kit v3 (10x Genomics) by Capitalbio Technology Corporation according to manufacturer’s instructions. Then, the libraries were pooled and sequenced across six lanes on an Illumina NovaSeq 6000 system (Illumina, Inc., San Diego, CA, USA).



Pre-Processing of scRNA-Seq Data

The raw sequencing FASTQ files were aligned to the mm10 reference genome using the cellranger count function of CellRanger (10X Genomics, v5) to produce a gene expression matrix via the STAR algorithm. Then, the raw gene expression matrices were processed by the Seurat (45) R package (version 4.0.0). As the kidney is a highly metabonomic organ, the renal cells serve important roles in energy metabolism, and these cells featured a high ratio of mitochondrial genome transcripts (22). Therefore, low-quality cells were removed according to the following criteria: cells that had fewer than 2,001 unique molecular identifiers (UMIs), more than 6,000 or less than 501 expressed genes, or over 50% of UMIs derived from the mitochondrial genome as described previously. Included genes were expressed in at least ten cells in a sample. We removed potential cell doublets using the DoubletFinder (46) R package. The single cell transcriptome expression matrices of the remaining high-quality cells were integrated with the “RunFastMNN” function of SeuratWrappers package, normalized to the total cellular UMI count, and scaled (scale.factor = 1e4) by regressing out the total cellular UMI counts and percentage of mitochondrial genes. Then, we selected highly variable genes (HVGs) for principal component analysis (PCA), and the top 30 significant principal components (PCs) were selected for Uniform Manifold Approximation and Projection (UMAP) dimension reduction and visualization of gene expression.



Determination of Cell Type

We calculated the differentially expressed genes (DEGs) of each cell subcluster by the “FindAllMarker” function with default parameters provided by Seurat. The cell types and subtypes were annotated according to their expression of the known canonical marker genes of the respective cell types. Cell subclusters with similar gene expression patterns were annotated as the same cell type.



Trajectory Analysis

To illustrate the potential cellular differentiation routines (31) and dissect the origin of PTC-injured subpopulation, the PTC-injured, PTC-cycling, PTC-S1-new were selected and the top 150 signature genes were calculated by differentialGeneTest function provided by Monocle algorithm. The cell differentiation trajectory was inferred with the default parameters of Monocle after dimension reduction and cell ordering. Then, the ‘DDRTree’ function was used for dimensionality reduction, and the ‘plot_cell_trajectory’ function was used for visualization.



Single-Cell Regulatory Network Analysis

To explore the single-cell gene regulatory network among different PTC cell subclusters, we analyzed the differentially expressed transcriptome factors with a standard pipeline implemented in R using the SCENIC (47) R package (https://github.com/aertslab/SCENIC). Briefly, the gene expression matrices of the cell subclusters were estimated using GENIE3 to build the initial co-expression gene regulatory networks (GRN). Then, regulon data were analyzed using the RcisTarget package to create TF motifs. The regulon activity scores of each cell were calculated from the AUC by the AUCell package. We filtered the regulons with a correlation coefficient >0.3 with at least one other regulon and the regulons that were activated in at least 30% of the cell subclusters were selected for the subsequent visualization.



Pathway Analysis

DEGs with |logFC| > 0.5 and adj.p.val < 0.05 were adopted for GO enrichment analysis. The compareCluster function in the clusterProfiler R package was used to find different enriched GO terms between distinct PTC subclusters. To assess the different pathways between distinct PTC subsets, GSVA (48) analysis was performed using the hallmark gene sets provided by the Molecular Signatures Database (MSigDB) and calculated with a linear model offered by the limma package.



Intercellular Crosstalk Analysis

To explore potential intercellular crosstalk between infiltrating immune cells and PTC-injured subpopulation, we implied the ligand-receptor distribution and expression of infiltrating immune cells and PTC-injured subpopulation with a standard pipeline implemented in R using CellChat (35) R package, as previously reported. We chose the receptors and ligands expressed in more than 10% of the cells in the specific cluster for subsequent analysis. The interaction pairs whose ligands belonged to the VCAM, TNF, Complement, and CXCL families were selected for the evaluation of intercellular crosstalk between the distinct PTC subpopulations and infiltrating immune cells.



Data Availability

The accession number for the raw data reported in this paper have been deposited in the Genome Sequence Archive (GSA) under accession number CRA006298 and the processed data can be accessed in https://ngdc.cncb.ac.cn/omix/view/OMIX001004.



Statistical Analysis

Data were analyzed using the non-parametric Mann-Whitney U test of two group and one-way ANOVA with Tukey’s multiple comparisons test for three or more group. P <0.05 was statistically significant. Statistical analyses were performed using GraphPad Prism 5.0 and data are expressed as mean ± SD.




Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: GSA, https://ngdc.cncb.ac.cn/gsa/browse/CRA006298; OMIX, https://ngdc.cncb.ac.cn/omix/release/OMIX001004.
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Sepsis-induced AKI (SIAKI) is the most common complication with unacceptable mortality in hospitalized and critically ill patients. The pathophysiology of the development of SIAKI is still poorly understood. Our recent work has demonstrated the role of signal transducer and activator of transcription 3 (STAT3) pathways in regulating inflammation and coagulation in sepsis. We hypothesized that STAT3 activation has a critical role in early-stage SIAKI. The early-stage SIAKI model was established in cecal ligation and puncture (CLP) mice, which recapitulates the clinical and renal pathological features of early-stage AKI patients. Brush border loss (BBL) was the specific pathological feature of acute tubular injury in early-stage AKI. The role of STAT3 signaling and angiotension system in early-stage SIAKI was evaluated. The STAT3 activation (increased pSTAT3) and increased angiotensin-converting enzyme 2 (ACE2) expressions were observed in CLP mice. The low responsive expressions of pSTAT3 and ACE2 to septic inflammation in CLP AKI mice were associated with BBL. Correlation analysis of proteins' expressions showed pSTAT3 expression was significantly positively related to ACE2 expression in CLP mice. Reduced pSTAT3 after S3I201 intervention, which blocked STAT3 phosphorylation, decreased ACE2 expression, and exacerbated tubular injury in early-stage SIAKI. Our data indicate that endogenous increase of ACE2 expression upregulated by STAT3 activation in early-stage SIAKI play protective role against acute tubular injury.

Keywords: sepsis, acute kidney injury, acute tubular injury, STAT3, angiotensin-converting enzyme


INTRODUCTION

Sepsis is the clinical condition for blood poisoning by microorganism and a systemic inflammatory response to infection, which is the most common cause of acute kidney injury (AKI) in critically ill patients (1, 2). Sepsis-induced AKI (SIAKI) is associated with unacceptable morbidity and mortality (2). SIAKI is thought to reflect pathophysiology distinct from other AKI and the mechanisms of SIAKI are not well understood (3–5). Therefore, identifying the exact onset of AKI in sepsis is nearly impossible, leading to difficulty in timely intervention for prevention of SIAKI.

The signal transducer and activator of transcription (STAT) family of proteins regulate a wide variety of cellular processes and diseased conditions. Of the members of the STAT family, STAT3 is essential for normal cell and organ development and adaptive response to stress (6). STAT3 has only recently been investigated for its role in kidney diseases and demonstrated protective responses in animal models of ischemic AKI (7–10). The regulatory function of STAT3 in sepsis has recently attracted great attention and the critical role of STAT3 in the sepsis pathophysiology has been reported in many studies. Some studies have shown that STAT3 activation contributes to organ protection in sepsis (11–15). However, other studies have demonstrated that the suppression of STAT3 activity may ameliorate the organ inflammatory responses and display remarkable protective effects in sepsis (16–20). While the above studies confuse our understanding of STAT3 function in sepsis, essentially little is known about the exact role of STAT3 activation in early-stage AKI. Our recent work has demonstrated that STAT3 is a therapeutic target for sepsis through regulating inflammation and coagulation (21). Therefore, we hypothesized that STAT3 activation has a critical role in early-stage SIAKI. Early-stage AKI, based on Kidney Diseases Improving Global Outcomes (KDIGO) AKI criteria (22), was established and used to examine the role of STAT3 signaling in cecal ligation and puncture (CLP) sepsis model.



METHODS


Experimental Animal Model

All animal studies were approved by the Wenzhou Medical University Institutional Animal Care Committee and adhered to National Institutes of Health guidelines for the care and use of laboratory animals. Male C57BL/6 mice (8-week age) were acclimated and maintained in a conventional, light-cycled facility. C57BL/6 mice were purchased from Shanghai SLAC Laboratory Animal Co (Shanghai, China). Mice were a priori randomized to an exposure (CLP vs. sham operation).

Cecal ligation and puncture sepsis models were performed as previously described with some modifications (21). Mice were anesthetized with 1% sodium pentobarbital (0.1 ml/10 g body weight; Bio-Techne, China) before the operation. After laparotomy, the cecum was identified, then a 5-0 silk ligature was placed 5 mm from the cecal tip. The cecum was punctured twice with a 21-gauge needle (Kindly, Shanghai, China) and gently squeezed to express a 1 mm column of fecal material Sham-operated animals were established similarly without ligation or puncture. All animals were closely assessed every 6 h for the following 2 days. Plasma and urine samples were collected. At the terminal time point (24, and 48 h post-surgery), blood was collected from heart for biochemical measurements. The kidneys were harvested for histopathological examinations.



Early-Stage AKI Definitions and Pilot Protocols

In order to mimic the human AKI as closely as possible, diagnosis of early-stage AKI was decided according to KDIGO-derived AKI criteria: Increase in Scr to X1.5~2 times baseline within 48 h. The mean Scr value of 24 C57 mice was used as the baseline value. Mice were subjected to the following protocols: (1) normal control C57 mice (NC mice); (2) sham operation (SO mice); (3) CLP without AKI (CLPnoAKI mice); (4) AKI after CLP 24 h (CLP24hAKI mice); (5) AKI after CLP 48 h (CLP48hAKI mice).



S3I-201 Intervention Experiment

To examine the role of STAT3 signaling in SIAKI, S3I-201 (a STAT3 phosphorylation inhibitor) were purchased from Sigma Aldrich China-Mainland (Shanghai, China). S3I-201 was dissolved in 100% dimethyl sulfoxide (DMSO) and then diluted with corn oil to 1%. Briefly, 2.5 mg of S3I-201 was dissolved in 50 μl DMSO to give a master liquid concentration of 50 mg/ml. Then, 50 μl of this DMSO master liquid was mixed with 4,950 μl corn oil to give a working solution of 0.5 mg/ml. The vehicle for this part was prepared by dissolving 50 μl of 100% DMSO in 4,950 μl corn oil (1% DMSO). S3I201 (10 mg/kg) or vehicle was intraperitoneally administered to mice immediately after CLP. Mice were subjected to the following protocols: (1) CLP plus vehicle; (2) CLP plus S3I201.



Matched Case-Control Study in AKI-1 Stage Patients

Between January 1st, 2018 and December 31st, 2020, 45 patients with AKI-1 stage and 95 age and primary disease matched control patients without AKI were collected retrospectively at the Department of Nephrology in the First Affiliated Hospital of Wenzhou Medical University. These patients had complete data of clinical medical history, biochemical tests and renal pathological diagnosis. This retrospective observational study was approved by Institutional Ethics Committee.



Histopathological Examination

Periodic Acid-Schiff (PAS) and Hematoxylin and eosin (H&E) staining of kidney tissues were performed at the First Affiliated Hospital of Wenzhou Medical University Histopathology Lab utilizing standard procedures. Histologic changes of renal tissue were evaluated by assessment of the extent of tubular vacuolation, brush border loss (BBL), tubular dilation and cast formation in the cortex, outer medulla, and inner medulla scored according to the following criteria as follow: zero point, normal; 1 point, below 30% of the pertinent area; 2 points, 30%−70% of the pertinent area; 3 points, over 70% of the pertinent area. Apoptotic cells in sections of mouse kidneys were detected by TdT-mediated dUTP Nick-End Labeling (TUNEL) kit (Abcam china, Moganshan Rd. Hangzhou) detection. Neutrophils were detected by stained with anti-MPO. The total numbers of apoptotic bodies and neutrophils per field were counted.



Plasma Assay

Scr were quantified by sarcosine oxidase enzymatic (SOE) assays and urea levels were determined by urease-UV fixed rate (enzymatic method) in the department of Clinical Laboratory, the First Affiliated Hospital of Wenzhou Medical University, Wenzhou, China. Laboratory technician blinded to the intervention of serum samples. Serum IL-10 and TNF-a levels were determined using specific sandwich enzyme immunometric assay kits (Abcam China, Moganshan Rd. Hangzhou).



Immunoblotting

Renal tissues were lysed in Radio Immunoprecipitation Assay (RIPA) buffer using a tissue homogenizer. Protein extracts were separated on 4%−12% SDS-polyacrylamide gels and transferred to nitrocellulose membranes. Detection was performed using antibodies: STAT3, pSTAT3, B-cell lymphoma-2 (Bcl-2) and b-actin from Cell Signaling Technology (CST-US subsidiary in China. Shengxia Road. Pudong Shanghai). AGT1R and ACE2 antibodies for immunoblotting were form Abcam China (Moganshan Rd. Hangzhou).



Quantitative Real-Time PCR

RNA was extracted from snap-frozen kidneys using TRIzol (Invitrogen. Thermo Fisher Scientific-CN, Pudong Shanghai, China). Reverse transcription was performed using the cDNA Reverse Transcription Kit (Invitrogen. Thermo Fisher Scientific-CN, Pudong Shanghai, China) according to the manufacturer's protocols. The Light Cycler and SYBR Green PCR Master Mix (Roche Life Science, China) were applied to detect mRNA expression with primer pair sequences. Beta actin was used as an internal control. The 2−ΔΔct method was used to analyze the relative changes in mRNA expression. The sequences of primers used for qRT-PCR are listed as follows: Beta actin, forward 5′-AGGAGTACGATGAGTCCGGC-3′, reverse 5′-AGGGTGTAAAACGCAGCTCAG-3′; ACE2, forward 5′-CTCTGGGAATGAGGACACGG-3′, reverse 5′-CCATAGGCATGGGATCGTGG-3′; AGT1R, forward 5′-GTCTACCACATGCACCGTGA-3′, reverse 5′-CTCCTGAGAGGGTCCGAAGA-3′.



Statistical Analyses

Data were reported as means with SD. Unpaired t-test was used for analysis of 2 groups and one-way ANOVA was used for analysis for three or more groups followed by Tukey's test. For the correlation analysis, R2 was obtained and analyzed with Pearson correlation test for continuous variables and Spearman rank correlation test for categorical data. Significance was set at p < 0.05. p-value is indicated as *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; p > 0.05, not significant (ns).




RESULT


Establishment of KDIGO-Derived AKI Diagnosis in CLP Model

The mean value of Scr in 24 8-week-old C57 mice was 0.09 ± 0.02 mg/dl (Supplementary Figure 1), which was identified as baseline Scr of C57 mice. Increase in Scr to 0.09X (1.5–2.0) mg/dl within 48 h was defined as AKI-1 stage by KDIGO AKI criteria. 4 of 5 CLP mice at 24 h and 3 of 5 CLP mice at 48 h had early-stage AKI (AKI-1 stage). 3 NC, 3 SO and 3 CLP mice did not develop AKI.



Biochemical and Renal Histopathological Features of Early-Stage SIAKI

CLP24hAKI and CLP48hAKI mice exhibited a significant increase in Scr compared with NC, SO and CLPnoAKI mice (Figure 1A). There were no differences of blood BUN level among CLP24hAKI, CLP48hAKI, NC and SO mice (Figure 1B). To evaluate inflammatory reaction of CLP model, serum TNF-α and IL-10 levels by ELISA were evaluated in NC, SO and CLP mice. The results indicated that the CLP induced hyperinflammatory response. Both serum TNF-α and IL-10 levels increased obviously in CLP mice, but did not reach statistical significance among CLPnoAKI, CLP24hAKI, and CLP48hAKI mice (Supplementary Figure 2).


[image: Figure 1]
FIGURE 1. CLP sepsis induces early acute kidney injury. (A) Scr had significant increases in CLP24hAKI (n = 4) and CLP48hAKI (n = 3) mice compared with CLPnoAKI(n = 3) mice (CLP24hAKI vs. SO, 0.19 ± 0.05 vs. 0.12 ± 0.06, p = 0.011; CLP48hAKI vs. SO, 0.21 ± 0.05 vs. 0.12 ± 0.06, p = 0.003). (B) Serum BUN had significant increases in CLPnoAKI compared with SO (n = 3) and CLP48hAKI mice(CLPnoAKI vs. SO, 29.1 ± 9.3 vs. 18.9 ± 1.2, p = 0.039; CLPnoAKI vs. CLP48hAKI,29.1 ± 9.3 vs. 16.2 ± 7.8, p = 0.013); there are no differences among NC (n = 3), SO, CLP24hAKI and CLP48hAKImice. NC, Normal control C57 mice; SO, Sham Operation; CLPnoAKI, CLP without AKI; CLP24hAKI, AKI after CLP 24 h; CLP48hAKIAKI after CLP 48 h. *, p<0.05; **, p<0.01; NS, p > 0.05.


Renal morphologic evaluation based on HE-staining showed mild tubular damage with vacuolization but no tubular necrosis, thrombosis, infiltrating inflammatory cells or cast formation both in cortex and the outer stripe of outer medulla (OSOM) of SO and CLP mice (Figure 2). There was no significant difference in tubular injury scores between SO and CLP mice. TUNEL staining did not find apoptotic bodies in both SO and CLP mice. However, PAS-staining revealed focal tubular BBL in one CLP24hAKI and two CLP48hAKI mice. Representative images of no BBL showed in Figure 3A and BBL in CLP AKI mice in Figures 3B,C.
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FIGURE 2. Representative HE staining images (original magnification, ×100) of the cortex and the outer stripe of the outer medulla (OSOM) in each group were shown. There was no significant difference in tubular change scores between each group. SO, Sham Operation; CLPnoAKI, CLP without AKI; CLP24hAKI, AKI after CLP 24 h; CLP48hAKI, AKI after CLP 48 h.



[image: Figure 3]
FIGURE 3. Representative images (original magnification, ×200) of brush border loss in CLP AKI mice. (A) CLP48hAKI mice without BBL. (B) Focal BBL in renal cortical fields of CLP24hAKI mice. (C) Local BBL in renal cortical fields of CLP28hAKI mice. (D) Correlations between AKI and acute tubular lesions in patients. AKI correlated with BBL score significantly (R = 0.752, p < 0.001). The completely loss of brush border (arrows). CLP24hAKI, AKI after CLP 24 h; CLP48hAKI, AKI after CLP 48h.AKI, acute kidney injury; Cast, tubular cast formation; Dila, tubular dilation; Vacu, tubular vacuolation; BBL, brush border loss.


Slight increase in Scr and focal BBL in proximal tubules were the specific features of early-stage AKI in CLP mice.



Early-Stage AKI in CLP Mice Recapitulates the Clinical and Renal Pathological Features of Early-Stage AKI Patients

To assess whether or not the early-stage AKI in CLP model adequately mimic AKI patients, 45 patients diagnosed as AKI-1 stage using KDIGO definition and 95 patients without AKI were analyzed. AKI patients had a slight increase in Scr compared with no AKI patients (1.38 ± 0.14 vs. 1.02 ± 0.14 mg/dl, p < 0.001). There was no significant difference in BUN between patients with and without AKI (18.6 ± 10.0 vs. 20.0 ± 5.9 mg/dl, p = 0.15).

Renal biopsies from AKI-1 stage patients were compared with biopsies from no AKI patients. Many tubular injury morphologic changes were present in the biopsies of patients, but only the BBL was significantly related to AKI (Figure 3D). In 45 AKI patients, BBL was present in 39 patients and absent in six patients. BBL was also present in 10 of 95 no AKI patients (Supplementary Figure 3). Slight increases in Scr and BBL in proximal tubules were important features of early-stage AKI patients.

Early-stage AKI in CLP mice based on KDIGO-derived AKI diagnosis criteria had the similar biochemical and renal histopathological features to early-stage AKI patients.



STAT3 Activation and ACE2 Expression Play Protective Role on Acute Tubular Injury in CLP AKI Mice

Increased level of activated STAT3 (pSTAT3) was detected in renal tissues from CLP mice (Figures 4A,B), furthermore, pSTAT3 level in renal tissues from CLP AKI mice was significantly higher than that from CLPnoAKI mice (Figure 4B). In agreement with TUNEL staining that did not find apoptotic bodies in both SO and CLP mice, apoptosis associated proteins (Caspase 3, cleaved-caspase 3, Bcl-2) were no differences between SO and CLP mice (Figure 4A).


[image: Figure 4]
FIGURE 4. Increased expressions of pSTAT3 and ACE2 were associated with SIAKI. (A) Western blot analyses of STAT3, pSTAT3, Caspase 3, cleaved-caspase 3, Bcl-2 and b-actin levels in renal cortex tissues of SO and CLP mice. (B) Relative pSTAT3 levels in each group. (C) Western blot analyses of ACE2 and AGT1R expression. (D) Relative AGT1R levels in each group. (E) Relative ACE2 levels in each group; (F) Correlations of proteins expression in CLP mice. pSTAT3 level positively correlated with ACE2 expression (R = 0.874, p < 0.001). Significant relations between 2 factors are highlighted. STAT3,signal transducer and activator of transcription 3; pSTAT3, phosphorylated STAT3; Casp3, caspase3; Clecasp3, cleaved-caspase3;Bcl-2,B-cell lymphoma-2; AGT1R, Angiotensin II Type 1 Receptor; ACE2, angiotensin converting enzyme 2. *, p<0.05; **, p<0.01; ***, p<0.001.


To evaluate the role of AGT1R and ACE2 on the early-stage AKI, the expressions of AGT1R and ACE2 in mice renal cortex and medulla were checked. Decreased expression of AGT1R and increased expression of ACE2 determined by Western blot were detected in renal cortex tissues from CLP mice (Figure 4C). Weak expressions of AGT1R (Figure 4D) and relative strong expressions of ACE2 (Figure 4E) in CLP were observed in our study. Correlation analysis of protein relative expression in CLP mice showed pSTAT3 level positively correlated with ACE2 expression (Figure 4F). Real-time PCR analyses indicated that AGT1R mRNA expression was reduced, but ACE2 mRNA expression was increased in renal cortex tissues from CLP mice (Supplementary Figures 4A,B). Focal BBL in renal cortex was observed in three of seven CLP AKI mice. In order to evaluate the role of STAT3 signaling and angiotensin system on the acute tubular injury, renal cortical tissues from three CLP AKI with BBL mice were compared with cortical tissues from four CLP AKI without BBL mice. The different expressions of ACE2, AGT1R, STAT3, pSTAT3, Caspase 3, cleaved-caspase 3, Bcl-2, and b-actin protein in renal cortex tissues between CLP AKI with BBL and without BBL mice were analyzed (Figures 5A,B). The expressions of pSTAT3, Bcl-2 and ACE2 in CLP AKI without BBL mice were higher than that in CLP AKI with BBL mice (Figure 5C). Real-time PCR analyses indicated that AGT1R mRNA expression was reduced (Figure 5D), but ACE2 mRNA expression was increased in renal cortex tissues from CLP AKI without BBL mice (Figure 5E).
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FIGURE 5. Increased expressions of pSTAT3 and ACE2 were associated with BBL SIAKI. (A) Western blot analyses of STAT3, pSTAT3, caspase 3, cleaved-caspase 3 and Bcl-2 levels in renal cortex tissues of CLP AKI mice. (B) Western blot analyses of ACE2 and AGT1R levels in renal cortex tissues of CLP AKI mice. (C) The differences of pSTAT3, Cleaved-caspase 3, Bcl2, AGT1R and ACE2 expressions between No BBL and BBL mice. (D) The difference of AGT1R mRNA expression determined by RT-PCT between No BBL and BBL mice. (E) The difference of ACE2 mRNA expression determined by RT-PCT between No BBL and BBL mice. *, p<0.05; **, p<0.01; ***, p<0.001.


To examine the role of STAT3 signaling in SIAKI, S3I201 intervention experiment was conducted. Ten mice were intraperitoneally administered with S3I201 after CLP (CLP with S3I201 mice), five of 10 CLP with S3I201 mice had early-stage SIAKI. Another 10 mice were intraperitoneally administered with vehicle (CLP with vehicle mice), three of 10 CLP with vehicle mice had early-stage SIAKI. There was no significant difference in SIAKI incidence between CLP with S3I201 and with vehicle mice during 24 h (50 vs. 30%, p > 0.05). There was no significant difference in Scr level between CLP with S3I201 and with vehicle AKI mice (Figure 6A). The levels of pSTAT3 and ACE2 in renal cortex were analyzed by Western blot in AKI mice (Figure 6B). Decreased level of pSTAT3 and ACE2 were detected in CLP with S3I201 AKI mice (Figures 6C,D). Real-time PCR analyses indicated that ACE2 mRNA expression was reduced significantly in CLP with S3I201 AKI mice (Figure 6E). Compared with CLP with vehicle AKI mice, CLP with S3I201 AKI mice had higher acute tubular injury scores (Figure 6F).
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FIGURE 6. S3I201 intervention experiment in CLP mice. (A) Scr had significant increases in CLP with vehicle (n = 7) and S3I201 (n = 5) AKI mice compared with CLP with vehicle (n = 7) and S3I201 (n = 5) noAKI mice. (B) Western blot analyses of ACE2, STAT3 and pSTAT3 levels in renal cortex tissues of CLP with vehicle and S3I201 AKI mice. (C) Relative pSTAT3 levels in CLP with vehicle and S3I201 AKI mice. (D) Relative ACE2 levels in CLP with vehicle and S3I201 AKI mice. (E) ACE2 mRNA expression in CLP with vehicle and S3I201 AKI mice determined by RT-PCT. (F) Acute tubular injury scores in CLP with vehicle and S3I201 AKI mice. ATI, acute tubular injury. *, p<0.05; **, p<0.01.





DISCUSSION

In this study, we were successful in establishing KDIGO-derived AKI diagnosis in CLP mice model. Comparing the data from early-stage SIAKI mice and AKI patients, we found that early-stage SIAKI in CLP mice had similar biochemical and renal histopathological features to AKI patients. Many previous studies have used acute renal failure animal models for preventing the progression of AKI to chronic kidney disease (10, 17, 18, 23–26), but few have used early-stage AKI model for inhibiting the occurrence and development of AKI. Current management of AKI, a potentially fatal disorder in sepsis patients, is merely supportive. No promising new treatment strategies have demonstrated efficacy in early-stage patients with SIAKI by now. Although many reasons could account for this dilemma, the use of animal models that do not adequately mimic patient early-stage AKI may be the contributing factor. Therefore, this KDIGO-derived AKI diagnosis model can be a powerful research model for clarification of molecular pathogenesis and the discovery of drugs to preventing AKI.

To the best of our knowledge, this is the first study to explore the molecular mechanism of early-stage SIAKI by comparing CLP no AKI and CLP AKI mice. Previous CLP animal experiments didn't distinguish CLP no AKI from CLP AKI. For example, in a recent published experiment showed CLP mice had AKI at 12 h after surgery, but in fact three of eight CLP AKI mice at 12 h didn't develop into AKI (27). Seven of 10 CLP mice in our pilot experiment and three of 10 CLP with vehicle mice in S3I201 intervention experiment had early-stage AKI, which was similar to the incidence of AKI in sepsis patients reported by clinical studies (2, 28–30).

Our study observed some new phenomena. First, focal BBL in proximal tubules was the specific renal pathological feature of early-stage AKI. The morphologic changes of tubular injury include vacuolation, BBL, dilation and cast formation in AKI-1 stage patients, but only the BBL was significantly related to AKI. Second, acute renal function decrease may parallel acute tubular injury and occur simultaneously. Acute renal function decrease also can occur prior or posterior to acute tubular injury. A recent study of early-stage AKI in sepsis also found that renal dysfunction occurs prior to tubular cell injury and histopathological findings of postmortem sepsis patients did not draw a direct line between severity of renal parenchymal damage and functional decline (31). These findings suggested that different mechanisms may be involved in the development of acute tubular injury and acute renal function decline in early-stage AKI. The relationship between tubular injury and acute renal function decrease in sepsis remains unclear. Previous report showed that acute renal function decrease caused by acute tubular injury and tubuloglomerular feedback may be the main mechanism of tubular injury making functional decline (32). Therefore, the relation between renal function decline and acute tubular injury is more complex than previously thought in early-stage SIAKI.

Our pilot CLP experiment showed that AKI mice had increased pSTAT3 and ACE2 expressions compared to SO. However, CLPAKI mice with acute tubular injury were associated with decreased PSTAT3 and ACE2 expressions. These findings suggest that STAT3 activation and increased ACE2 expression may be the compensatory response to inflammation after infection. CLPAKI mice with low response will be vulnerable to inflammatory reaction and likely to have tubular injury. S3I201 intervention experiment found that deceased pSTAT3 and ACE2 expressions due to the inhibition of STAT3 activation were not associated with SIAKI incidence, but aggravated tubular injury, which indicated that the responsive increase of pSTAT3 and ACE2 may not participate the development of SIAKI initially but play a protective role for renal tubular. The expressions of apoptosis associated proteins were no differences among SO, CLP AKI and CLP no AKI mice, which was similar to the results of a recent SIAKI study (31). However, increased cleaved-caspase 3 and decreased Bcl-2 expressions were detected in CLPAKI mice with BBL. Previous study also found cleaved-caspase 3 was increased in CLP rat with tubular injury (17).

Angiotensin II (Ang II) exerts its biologic effects of vasoconstriction through binding to the angiotensin type 1 receptor (AGT1R). Ang II responsiveness is determined by the expression of AGT1R. Angiotensin-converting enzyme 2 (ACE2) catalyzes Ang II conversion to angiotensin-(1–7), and ACE2/Ang 1–7 axis counteracts the Ang II/AGT1R axis. Clinical trials have demonstrated Ang II effectively increased blood pressure and may have benefits to AKI patients with renal replacement in vasodilatory shock, but no benefits for preventing early-stage SIAKI deterioration (33–35). ACE2/Ang 1–7 and Ang II/AGT1R axis may play critical role in SIAKI, which was investigated in our study. Increased AGT1R and decreased ACE2 expressions were associated with BBL, which may result from focal microvascular hypoperfusion due to efferent arteriolar constriction mediated by increased AGT1R and decreased ACE2 expression. Correlation analysis of protein relative expressions in CLP mice showed pSTAT3 level was only related to ACE2 expression, suggesting ACE2 may be regulated by STAT3 activation. The inhibition of STAT3 activation resulted in the decrease of ACE2 expression and deterioration of tubular injury in CLP mice. Previous published studies also found that ACE2 activator had protective role for renal tubular and ACE2 insufficiency was associated with increased severity of lung injury in sepsis (36, 37).

There are limitations in our study. First, CLP model with young mice has well-documented deficiencies as a model of clinical sepsis and SIAKI (38, 39). However, CLP has important advantages over many other rodent sepsis models, such as endotoxemia (40–42). Further, early-stage AKI in CLP mice reliably recapitulates the biochemical and renal pathological features of AKI-1 stage patients in our study. Second, sepsis is a heterogeneous disease with respect to pathogens and response to infection, limiting the applicability of standardized model. Third, Scr is not the most perfect biomarker of acute renal function decrease. Although there are multiple promising serum and urinary biomarkers (such as Kidney injury molecule 1), Scr is still the major biomarkers of kidney function recommended by KDIGO guideline and remains the most commonly used biomarker in the worldwide. Furthermore, Scr determined by SOE assays in our study was similar to the level of high-performance liquid chromatography (HPLC) Scr reported in previous study (43, 44). Scr quantified by SOE assays in our study, which are more precise and less susceptible to interfere with non-creatinine chromogens than compensated Jaffe methods, provide more reliable estimations of renal function decrease. Fourth, blood pressure and angiotensin 2 levels have not been evaluated in this study. All mice survived after 24 or 48 h in our experiments, which suggested CLP mice may not have severe hypotension.

In conclusion, STAT3 activation due to septic inflammation may promote ACE2 expression, and then attenuate acute tubular injury in early-stage SIAKI. The KDIGO-derived AKI diagnosis model can be a powerful research model for the discovery of drugs to preventing AKI deterioration.
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Supplementary Figure 1. Baseline mice Scr value. The mean value of Scr in 24 8-week-old C57 mice was 0.09 ± 0.02 mg/dl.

Supplementary Figure 2. CLP sepsis induces an inflammatory state: (A) Serum TNF-a had significant increases in CLP mice than SO and NC mice. (B) Serum IL-10 had significant increases in CLP mice than SO and NC mice. NC, Normal control C57 mice; SO, Sham Operation; CLPnoAKI, CLP without AKI; CLP24hAKI, AKI after CLP 24 h; CLP48hAKIAKI after CLP 48 h. *p < 0.05; **p < 0.01; ***p < 0.001; NS, p > 0.05.

Supplementary Figure 3. Representative images (original magnification, x400) and renal function changes in patients. (A) A AKI patient with BBL (AKIandBBL); (B) A patient had BBL, but no AKI (BBLnoAKI); (C) A AKI patient without BBL(AKInoBBL); (D) Changes of Scr values in three patients. Scr, serum creatinine; Prebiopsy, 2–7 days before the day of biopsy; Postbiopsy, 2–7 days after the day of biopsy.

Supplementary Figure 4. AGT1R and ACE2 mRNA expression in CLP mice. (A) AGT1R mRNA expression determined by RT-PCT; (B) ACE2 mRNA expression determined by RT-PCT. ACE2, angiotensin converting enzyme 2; AGT1R:Angiotensin II Type 1 Receptor.



REFERENCES

 1. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M, et al. The Third International Consensus definitions for sepsis and septic shock (Sepsis-3). JAMA. (2016) 315:801–10. doi: 10.1001/jama.2016.0287

 2. Peerapornratana S, Manrique-Caballero CL, Gómez H, Kellum JA. Acute kidney injury from sepsis: current concepts, epidemiology, pathophysiology, prevention and treatment. Kidney Int. (2019) 96:1083–99. doi: 10.1016/j.kint.2019.05.026

 3. Kellum JA, Prowle JR. Paradigms of acute kidney injury in the intensive care setting. Nat Rev Nephrol. (2018) 14:217–30. doi: 10.1038/nrneph.2017.184

 4. Gómez H, Kellum JA. Sepsis-induced acute kidney injury. Curr Opin Crit Care. (2016) 22:546–53. doi: 10.1097/MCC.0000000000000356

 5. Bellomo R, Kellum JA, Ronco C, Wald R, Martensson J, Maiden M, et al. Acute kidney injury in sepsis. Intensive Care Med. (2017) 43:816–28. doi: 10.1007/s00134-017-4755-7

 6. Bharadwaj U, Kasembeli MM, Robinson P, Tweardy DJ. Targeting Janus kinases and signal transducer and activator of transcription 3 to treat inflammation, fibrosis, and cancer: rationale, progress, and caution [published correction appears in Pharmacol Rev. 2020;72:605]. Pharmacol Rev. (2020) 72:486–526. doi: 10.1124/pr.119.018440

 7. Pang M, Ma L, Gong R, Tolbert E, Mao H, Ponnusamy M, et al. A novel STAT3 inhibitor, S3I-201, attenuates renal interstitial fibroblast activation and interstitial fibrosis in obstructive nephropathy. Kidney Int. (2010) 78:257–68. doi: 10.1038/ki.2010.154

 8. Kulkarni OP, Hartter I, Mulay SR, Hagemann J, Darisipudi MN, Kumar Vr S, et al. Toll-like receptor 4-induced IL-22 accelerates kidney regeneration. J Am Soc Nephrol. (2014) 25:978–89. doi: 10.1681/ASN.2013050528

 9. Xu MJ, Feng D, Wang H, Guan Y, Yan X, Gao B. IL-22 ameliorates renal ischemia-reperfusion injury by targeting proximal tubule epithelium. J Am Soc Nephrol. (2014) 25:967–77. doi: 10.1681/ASN.2013060611

 10. Dube S, Matam T, Yen J, Mang HE, Dagher PC, Hato T, et al. Endothelial STAT3 modulates protective mechanisms in a mouse ischemia-reperfusion model of acute kidney injury. J Immunol Res. (2017) 2017:4609502. doi: 10.1155/2017/4609502

 11. Hilliard KL, Allen E, Traber KE, Kim Y, Wasserman GA, Jones MR, et al. Activation of hepatic STAT3 maintains pulmonary defense during endotoxemia. Infect Immun. (2015) 83:4015–27. doi: 10.1128/IAI.00464-15

 12. Wang L, Zhao YL, Liu NN, Zhu XS, Liu QQ, Mei HY, et al. Epithelial HO-1/STAT3 affords the protection of subanesthetic isoflurane against zymosan-induced lung injury in mice. Oncotarget. (2017) 8:54889–903. doi: 10.18632/oncotarget.18605

 13. Kano A, Wolfgang MJ, Gao Q, Jacoby J, Chai GX, Hansen W, et al. Endothelial cells require STAT3 for protection against endotoxin-induced inflammation. J Exp Med. (2003) 198:1517–25. doi: 10.1084/jem.20030077

 14. Matsukawa A, Takeda K, Kudo S, Maeda T, Kagayama M, Akira S. Aberrant inflammation and lethality to septic peritonitis in mice lacking STAT3 in macrophages and neutrophils. J Immunol. (2003) 171:6198–205. doi: 10.4049/jimmunol.171.11.6198

 15. Yoo JY, Huso DL, Nathans D, Desiderio S. Specific ablation of Stat3 beta distorts the pattern of Stat3-responsive gene expression and impairs recovery from endotoxic shock. Cell. (2002) 108:331–44. doi: 10.1016/S0092-8674(02)00636-0

 16. Lee JE, Lee AS, Kim DH, Jung YJ, Lee S, Park BH, et al. Janex-1, a JAK3 inhibitor, ameliorates tumor necrosis factorαinduced expression of cell adhesion molecules and improves myocardial vascular permeability in endotoxemic mice. Int J Mol Med. (2012) 29:864–70. doi: 10.3892/ijmm.2012.920

 17. Zhang B, Guo Z, Lai S, Chen H. Interference with miR-210 Alleviated renal injury in septic rats by inhibiting JAK-STAT pathway. Inflammation. (2020) 43:2156–65. doi: 10.1007/s10753-020-01283-0

 18. Zhu H, Wang X, Wang X, Liu B, Yuan Y, Zuo X. Curcumin attenuates inflammation and cell apoptosis through regulating NF-κB and JAK2/STAT3 signaling pathway against acute kidney injury. Cell Cycle. (2020) 19:1941–51. doi: 10.1080/15384101.2020.1784599

 19. Yun Y, Chen J, Wang X, Li Y, Hu Z, Yang P, et al. Tofacitinib ameliorates lipopolysaccharide-induced acute kidney injury by blocking the JAK-STAT1/STAT3 signaling pathway. Biomed Res Int. (2021) 2021:8877056. doi: 10.1155/2021/8877056

 20. Zhang H, Sha J, Feng X, Hu X, Chen Y, Li B, et al. Dexmedetomidine ameliorates LPS induced acute lung injury via GSK-3β/STAT3-NF-κB signaling pathway in rats. Int Immunopharmacol. (2019) 74:105717. doi: 10.1016/j.intimp.2019.105717

 21. Xu S, Pan X, Mao L, Pan H, Xu W, Hu Y, et al. Phospho-Tyr705 of STAT3 is a therapeutic target for sepsis through regulating inflammation and coagulation. Cell Commun Signal. (2020) 18:104. doi: 10.1186/s12964-020-00603-z

 22. Kellum JA, Lameire N, Group KAGW. Diagnosis, evaluation, and management of acute kidney injury: a KDIGO summary (Part 1). Crit Care. (2013) 17:204. doi: 10.1186/cc11454

 23. Lin HY, Chen Y, Chen YH, Ta AP, Lee HC, MacGregor GR, et al. Tubular mitochondrial AKT1 is activated during ischemia reperfusion injury and has a critical role in predisposition to chronic kidney disease. Kidney Int. (2021) 99:870–84. doi: 10.1016/j.kint.2020.10.038

 24. Wu CK, Wu CL, Lee TS, Kou YR, Tarng DC. Renal tubular epithelial TRPA1 acts as an oxidative stress sensor to mediate ischemia-reperfusion-induced kidney injury through MAPKs/NF-κB signaling. Int J Mol Sci. (2021) 22:2309. doi: 10.3390/ijms22052309

 25. Ferrè S, Deng Y, Huen SC, Lu CY, Scherer PE, Igarashi P, et al. Renal tubular cell spliced X-box binding protein 1 (Xbp1s) has a unique role in sepsis-induced acute kidney injury and inflammation. Kidney Int. (2019) 96:1359–73. doi: 10.1016/j.kint.2019.06.023

 26. Perše M, Večerić-Haler Ž. Cisplatin-induced rodent model of kidney injury: characteristics and challenges. Biomed Res Int. (2018) 2018:1462802. doi: 10.1155/2018/1462802

 27. Liu Z, Yang D, Gao J, Xiang X, Hu X, Li S, et al. Discovery and validation of miR-452 as an effective biomarker for acute kidney injury in sepsis. Theranostics. (2020) 10:11963–75. doi: 10.7150/thno.50093

 28. Bagshaw SM, Uchino S, Bellomo R, Morimatsu H, Morgera S, Schetz M, et al. Septic acute kidney injury in critically ill patients: clinical characteristics and outcomes. Clin J Am Soc Nephrol. (2007) 2:431–9. doi: 10.2215/CJN.03681106

 29. Bagshaw SM, George Bellomo R, Morimatsu H, Morgera S, Schetz M, et al. Early acute kidney injury and sepsis: a multicentre evaluation. Crit Care. (2008) 12:R47. doi: 10.1186/cc6863

 30. Bagshaw SM, Lapinsky S, Dial S, Arabi Y, Dodek P, Wood G, et al. Acute kidney injury in septic shock: clinical outcomes and impact of duration of hypotension prior to initiation of antimicrobial therapy. Intensive Care Med. (2009) 35:871–81. doi: 10.1007/s00134-008-1367-2

 31. Leisman DE, Fernandes TD, Bijol V, Abraham MN, Lehman JR, Taylor MD, et al. Impaired angiotensin II type 1 receptor signaling contributes to sepsis-induced acute kidney injury. Kidney Int. (2021) 99:148–60. doi: 10.1016/j.kint.2020.07.047

 32. Khanna A, English SW, Wang XS, Ham K, Tumlin J, Szerlip H„ et al. Angiotensin II for the treatment of vasodilatory shock. N Engl J Med. (2017) 377:419–30.

 33. Tumlin JA, Murugan R, Deane AM, Ostermann M, Busse LW, Ham KR, et al. Outcomes in patients with vasodilatory shock and renal replacement therapy treated with intravenous angiotensin II. Crit Care Med. (2018) 46:949–57. doi: 10.1097/CCM.0000000000003092

 34. Bellomo R, Forni LG, Busse LW, McCurdy MT, Ham KR, Boldt DW, et al. Renin and survival in patients given angiotensin II for catecholamine-resistant vasodilatory shock. A clinical trial. Am J Respir Crit Care Med. (2020) 202:1253–61. doi: 10.1164/rccm.201911-2172OC

 35. Gomez H, Ince C, De Backer D, Pickkers P, Payen D, Hotchkiss J, et al. A unified theory of sepsis-induced acute kidney injury: inflammation, microcirculatory dysfunction, bioenergetics, and the tubular cell adaptation to injury. Shock. (2014) 41:3–11. doi: 10.1097/SHK.0000000000000052

 36. Abdel-Fattah MM, Elgendy ANAM, Mohamed WR. Xanthenone, ACE2 activator, counteracted gentamicin-induced nephrotoxicity in rats: Impact on oxidative stress and ACE2/Ang-(1-7) signaling. Life Sci. (2021) 275:119387. doi: 10.1016/j.lfs.2021.119387

 37. Chawla LS, Chen S, Bellomo R, Tidmarsh GF. Angiotensin converting enzyme defects in shock: implications for future therapy. Crit Care. (2018) 22:274. doi: 10.1186/s13054-018-2202-y

 38. Iskander KN, Craciun FL, Stepien DM, Duffy ER, Kim J, Moitra R, et al. Cecal ligation and puncture-induced murine sepsis does not cause lung injury. Crit Care Med. (2013) 41:159–70. doi: 10.1097/CCM.0b013e3182676322

 39. Zingarelli B, Coopersmith CM, Drechsler S, Efron P, Marshall JC, Moldawer L, et al. Part I: Minimum Quality Threshold in Preclinical Sepsis Studies (MQTiPSS) for study design and humane modeling endpoints. Shock. (2019) 51:10–22. doi: 10.1097/SHK.0000000000001243

 40. Dejager L, Pinheiro I, Dejonckheere E, Libert C. Cecal ligation and puncture: the gold standard model for polymicrobial sepsis? Trends Microbiol. (2011) 19:198–208. doi: 10.1016/j.tim.2011.01.001

 41. Libert C, Ayala A, Bauer M, Cavaillon JM, Deutschman C, Frostell C, et al. Part II: Minimum Quality Threshold in Preclinical Sepsis Studies (MQTiPSS) for types of infections and organ dysfunction endpoints. Shock. (2019) 51:23–32. doi: 10.1097/SHK.0000000000001242

 42. Remick DG, Newcomb DE, Bolgos GL, Call DR. Comparison of the mortality and inflammatory response of two models of sepsis: lipopolysaccharide vs. cecal ligation and puncture. Shock. (2000) 13:110–6. doi: 10.1097/00024382-200013020-00004

 43. Miyaji T, Hu X, Yuen PS, Muramatsu Y, Iyer S, Hewitt SM, et al. Ethyl pyruvate decreases sepsis-induced acute renal failure and multiple organ damage in aged mice. Kidney Int. (2003) 64:1620–31. doi: 10.1046/j.1523-1755.2003.00268.x

 44. Leisman DE, Fernandes TD, Bijol V, Leelahavanichkul A, Yasuda H, Kim SM, et al. AP214, an analogue of alpha-melanocyte-stimulating hormone, ameliorates sepsis-induced acute kidney injury and mortality. Kidney Int. (2008) 73:1266–74. doi: 10.1038/ki.2008.97

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Chen, Fang, Zhu, Lv, Li and Pan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 23 June 2022
doi: 10.3389/fmed.2022.904286





[image: image]

The Severity of Acute Kidney and Lung Injuries Induced by Cecal Ligation and Puncture Is Attenuated by Menthol: Role of Proliferating Cell Nuclear Antigen and Apoptotic Markers

Aliaa Anter1†, Al-Shaimaa F. Ahmed1*†, Asmaa S. A. Hammad1, Waleed Hassan Almalki2, Sara Mohamed Naguib Abdel Hafez3, AlShaimaa W. Kasem4, Mohamed A. El-Moselhy1,5, Mohammad W. Alrabia6, Ahmed R. N. Ibrahim7,8 and Mahmoud El-Daly1

1Department of Pharmacology and Toxicology, Faculty of Pharmacy, Minia University, Minya, Egypt

2Department of Pharmacology and Toxicology, Umm Al-Qura University, Makkah, Saudi Arabia

3Department of Histology and Cell Biology, Faculty of Medicine, Minia University, Minya, Egypt

4Department of Pathology, Faculty of Medicine, Minia University, Minya, Egypt

5Department of Clinical Pharmacy and Pharmacology, Ibn Sina National College for Medical Studies, Jeddah, Saudi Arabia

6Department of Microbiology and Medical Parasitology, Faculty of Medicine, King Abdulaziz University, Jeddah, Saudi Arabia

7Department of Clinical Pharmacy, College of Pharmacy, King Khalid University, Abha, Saudi Arabia

8Department of Biochemistry, Faculty of Pharmacy, Minia University, Minya, Egypt

Edited by:
Alessandra Stasi, University of Bari Aldo Moro, Italy

Reviewed by:
Davide Medica, University of Eastern Piedmont, Italy
Gianvito Caggiano, University of Bari Aldo Moro, Italy
Maria Teresa Cimmarusti, University of Bari Aldo Moro, Italy

*Correspondence: Al-Shaimaa F. Ahmed, Shaimaa_faissal@minia.edu.eg

†These authors have contributed equally to this work

Specialty section: This article was submitted to Nephrology, a section of the journal Frontiers in Medicine

Received: 25 March 2022
Accepted: 16 May 2022
Published: 23 June 2022

Citation: Anter A, Ahmed AF, Hammad ASA, Almalki WH, Abdel Hafez SMN, Kasem AW, El-Moselhy MA, Alrabia MW, Ibrahim ARN and El-Daly M (2022) The Severity of Acute Kidney and Lung Injuries Induced by Cecal Ligation and Puncture Is Attenuated by Menthol: Role of Proliferating Cell Nuclear Antigen and Apoptotic Markers. Front. Med. 9:904286. doi: 10.3389/fmed.2022.904286

Objective: Sepsis-induced acute lung injury (ALI) and acute kidney injury (AKI) are major causes of mortality. Menthol is a natural compound that has anti-inflammatory and antioxidative actions. Since exaggerated inflammatory and oxidative stress are characteristics of sepsis, the aim of this study was to evaluate the effect of menthol against sepsis-induced mortality, ALI, and AKI.

Methods: The cecal ligation and puncture (CLP) procedure was employed as a model of sepsis. Rats were grouped into sham, sham-Menthol, CLP, and CLP-Menthol (100 mg/kg, p.o).

Key Findings: A survival study showed that menthol enhanced the survival after sepsis from 0% in septic group to 30%. Septic rats developed histological evidence of ALI and AKI. Menthol markedly suppressed sepsis induced elevation of tissue TNF-a, ameliorated sepsis-induced cleavage of caspase-3 and restored the antiapoptotic marker Bcl2.

Significance: We introduced a role of the proliferating cell nuclear antigen (PCNA) in these tissues with a possible link to the damage induced by sepsis. PCNA level was markedly reduced in septic animals and menthol ameliorated this effect. Our data provide novel evidence that menthol protects against organ damage and decreases mortality in experimental sepsis.

Keywords: menthol, cecal ligation and puncture, AKI, ALI, PCNA


INTRODUCTION

Sepsis is a complex and serious complication in postoperative critical care patients, mainly because of infection. It is a major cause of ICU patient morbidity as well as mortality (1, 2). The condition is characterized by multiple organ damage, with the kidneys and the lungs being the most vulnerable organs (3). About 50% of patients with sepsis may experience acute kidney (AKI) and lung injuries (ALI). Despite all improved and labored treatment strategies to medicate sepsis patients, the mortality rate for patients with AKI and ALI is at alarming levels (up to 70%) (4, 5). Thus, the research aiming to identify novel therapies and prevention approaches, which should be both effective and safe, is a pressing need for sepsis management.

The underlying mechanisms of sepsis and its complications are not completely identified. During the acute phase of sepsis, microbial components trigger the immune and inflammatory cascades. However, the exaggerated release of cytokines during the acute stage of sepsis leads to multiple tissue damage. Sepsis-associated hemodynamic changes serve an initial function in counteracting foreign organisms tissue infiltration through inhibition of vascular tone and boosting the coagulation cascade (6, 7). This increased endothelial permeability during sepsis enhances infiltration of immune cells to the site of injury. This leads to intensive vascular leakage which insults the host tissues through excessive loss of intracellular plasma volume, subsequent hypotension, and decreased perfusion to vital organs. Thus, the host response becomes pathoadaptive and imposes a considerable threat to the host (8). Increased tissue infiltration by activated immune cells provokes tissue inflammation and excessive generation of reactive oxygen species (ROS), which are hallmarks of sepsis, and the associated multiple organ damage (7, 9). ROS-induced damage of the mitochondrial membrane and its altered permeability activates the mitochondria apoptotic cascade (10, 11). In sepsis, increased levels of TNF-α activate the external apoptotic pathways, which involves the activation of death receptors (12). Activated apical caspase-9 and -8, from either pathway, activate the effector caspases (caspases-3, -6, and -7). Intriguingly, activated caspase-3 mediates a feedback activation of caspase-8 and -9. Thus, besides its function as an effector caspase, caspase-3 maximizes the activation of apical caspases and the interaction between the two major apoptotic pathways (13). On the other hand, Bcl2 is an antiapoptotic protein, which maintains the permeability of the mitochondrial membrane and modulates cytochrome c release (14). Previous studies showed that the protein level of the proliferating cell nuclear antigen (PCNA) positively correlates with the regenerative capacity of tissues (15). PCNA interferes with apoptosis by binding procaspases, which prevents their activation and inhibits apoptosis (16).

Phytochemicals are promising therapeutic candidates for many disease conditions because of their antioxidant, anti-inflammatory, and immune system modulatory effects. Menthol, the main volatile ingredient of peppermint oil, has long been used in traditional medicine for its antispasmodic and carminative properties. Previous research highlighted the analgesic (17), antitussive (18), immune-modulatory (19), and the anti-apoptotic actions (20) of menthol. The anti-inflammatory and antioxidative (19–23) effects are of special importance to the current study. Besides, menthol is an ingredient of many pharmaceutical preparations effective in the management of respiratory diseases such as sinusitis, allergic rhinitis, and bronchitis (24). A recent study illustrated that menthol alleviated cigarette smoke-induced lung injury via suppression of oxidative stress and inflammation (25). Similarly, other studies reported menthol-induced liver and kidney protection against acute injury induced by various chemical insults (26, 27). Like the work by Liu et al. (25), the results of these studies showed that antioxidative and anti-inflammatory mechanisms are involved in menthol-induced protection (26, 27). In addition, menthol activates transient receptor potential (TRP) melastatin 8 (TRPM8) (28), which mediates its analgesic effects (29). On the other hand, pharmacological activation of TRPM8 was anti-inflammatory in a mouse model of colitis (30). The safety of menthol is well established, in an early study, oral administration of menthol up 667 mg/kg/day was not associated with any observed adverse effects (31). In another study, the plasma concentration of menthol was reported to reach 20 μM within 1 h in rats that have been administered 400 mg of menthol/kg body weight i.p (32). All menthol isomers are well absorbed after oral and are excreted as glucuronides. In rats, an extensive enterohepatic circulation is reported. For all isomers of menthol, a very low acute oral toxicity with LD50 values normally greater than 2,000 mg/kg bw has been reported (33).

Since exaggerated inflammatory and deregulated immune responses and increased oxidative stress are hallmarks of sepsis, we hypothesized that menthol would improve sepsis outcomes via its inflammatory and antioxidant properties. Thus, this study aimed to test the effect of menthol on the survival and acute organ injury in the kidney and lungs of experimentally induced septic animals. We evaluated the underlying mechanisms of such protective effects of menthol.



MATERIALS AND METHODS


Animals and Experimental Design

Female Wistar rats, weighing between 250–300 g, were obtained from the animal care center of Nahda University at Beni Suef (NUB), Beni-Suef, Egypt. The rats were left for 1 week for acclimatization and kept at constant temperature and under a 12 h light-dark cycle with free access to food and water until the day of the experiment. This study was approved in January 2020 by The Commission on the Ethics of Scientific Research, Faculty of Pharmacy, Minia University (Approval Number: ES02/2020).

Sepsis was induced by cecal ligation and puncture procedure (CLP) as described previously (34). Briefly, animals were anesthetized by a mixture of ketamine (50 mg/kg) and xylazine (10 mg/kg), and a 2-cm ventral midline abdominal incision in the lower left quadrant of the body was performed. The cecum was exposed, ligated just below the ileocecal valve with a surgical 0.3-mm silk thread, and punctured twice with an 18-gauge needle. The punctured cecum was massaged gently to squeeze a small amount of the bowel content and placed back in the abdominal cavity, and the wounded abdominal wall was then sutured. Immediately after the operation, normal saline (3 mL/100 g) was injected subcutaneously. Sham-operated rats were subjected to all the previous steps except for the cecum ligation and puncture. The study groups were: Sham (vehicle-treated), Sham-treated with menthol (100 mg/kg, p.o) (35), CLP (vehicle-treated) and CLP-treated with menthol (100 mg/kg, p.o). Animals received either vehicle (distilled water) or menthol (as a suspension in distilled water) treatments 2 h after the CLP procedure. Menthol was obtained from Sigma-Aldrich Inc. (Cat. No. 63670). Since our study was the first to examine the effect of menthol on an animal model of sepsis, the dose, route and timing of administration were all based on several pilot studies on the effect of menthol on the survival of animals after CLP. The oral route of 100 mg/kg given to rats 2 h after CLP gave the best results in terms of survival. As previously stated in the introduction section, menthol administered by the oral route exhibits high bioavailability and safety (36).

For the survival study, separate groups were applied (n = 10/group) from the other study where the rats were observed for 10 days to report mortality. For the mechanistic study, a total of 28 rats were used, sham (n = 6), sham-menthol (n = 6), CLP (n = 10) and CLP-menthol (n = 6). Twenty-four hours after sepsis induction, all rats were sacrificed by exsanguination after an i.p injection of thiopental sodium (50 mg/kg).



Assessment of Total Leukocytic Cell Counts and Total Protein in the Bronchoalveolar Lavage Fluid

The bronchoalveolar lavage fluid (BALF) was obtained by washing the airways three times with 0.5 ml of saline using a tracheal cannula (37). The BALF was used for the determination of total protein and WBC count. Briefly, after centrifugation (1,000 rpm, 10 min at 4°C) of the BALF, the cell pellet was resuspended in 0.5 ml PBS and the total cells were counted using a hemocytometer. Total protein was measured in the supernatant of the BALF based on its reaction with copper ions that produces a blue-violet color proportional to the concentration of the protein in the sample using a commercial kit (BioMed, Egypt).



Assessment of Serum Creatinine

Blood was collected by exsanguination from thiopental-sedated animals and centrifuged after 10 min to obtain serum samples. Creatinine was determined according to the method described by Schirmeister (38) using a commercial kit from Biodiagnostic, Egypt.



Histopathological Examination

Specimens from the left lung and kidney tissues were immediately cut into small pieces, fixed in 10% formol saline, and processed to get 5 μm thick paraffin sections for Hematoxylin and Eosin (H & E) study (39). Slides stained with H & E were microscopically analyzed by light microscopy (Olympus CX 23L). Blind pathological assessment was carried out on lung and kidney tissues from each group (n = 6). The lung injury was graded on a scale of 0–4 (0, absent; 1, light; 2, moderate; 3, strong; 4, intense) for alveolar wall thickness, intra-alveolar edema and congestion, and damaged membranes. The lung injury score was calculated as the mean of the scores for the separate parameters. Kidney injury was assessed for the percentages of glomerular damage, mesangial cells proliferation, tubular damage, tubular edema, and congestion that were scored as follows: 0 = none, 1 = 0–20%, 2 = 20–50%, 3 = 50–70%, 4 = more than 70%. For each animal, at least 10 fields from the lung or kidney sections were examined, and the average scores were recorded (40).



Determination of Oxidative Stress Parameters in Lung and Kidney Tissue Homogenates

Tissue samples of the right lung and kidney were homogenized to assess the different biochemical markers. The content of the marker of lipid peroxidation malondialdehyde (MDA) was determined colorimetrically in lung and kidney tissue homogenates according to the method of Buege and Aust (41). The concentration of total nitrates was colorimetrically measured after reducing nitrates in the samples to nitrites by a cadmium reagent, and the ability of nitrite ions to form a colored azo-dye in the presence of the Griess reagents as previously described (42).

GSH concentration was measured colorimetrically according to the method described by Rifai (43). The activity of SOD was determined according to a previously described method (44) using a commercially available kit (Biodiagnostic, Egypt).


Immunohistochemical Assessment of Lung and Kidney Caspase-3, Bcl-2, Proliferating Cell Nuclear Antigen, and TNF-α

Paraffin-embedded sections of the lung and kidney specimens were processed for the immunohistochemical study (45). Immunohistochemical staining was carried out for cleaved caspase-3, B-cell lymphoma 2 (Bcl-2) protein, proliferating cell nuclear antigen (PCNA), and TNF-α using rabbit monoclonal anti-caspase-3 (catalog number ab32042, Abcam, Cambridge, United Kingdom), rabbit polyclonal anti-Bcl-2 (catalog number ab194583, Abcam, Cambridge, United Kingdom), mouse monoclonal anti-PCNA (catalog number ab29, Abcam, Cambridge, United Kingdom), and rabbit monoclonal anti-TNF-α (catalog number EPR21753-109, Abcam, Cambridge, United Kingdom), respectively. To ensure the specificity of the antibody reaction, a control experiment was performed following the same steps, but without the addition of the primary antibody. Positive controls samples were human vascular endothelial cells for caspase-3, human lung cancer for Bcl-2, liver tissue for PCNA, and rat splenocytes for TNF-α.




Image Capture

The photography was performed in the Histology and Cell Biology Department, Faculty of Medicine, Minia University. An Olympus (U.TV0.5XC-3) light microscope with a digital camera was used in this experiment. Photomicrographs were assessed by Adobe Photoshop.



Morphometric Study

Ten random non-overlapping fields for each slide from each group from lung and kidney tissues were selected and imaged using power X400 (46, 47). The mean surface area fraction of anti-cleaved caspase-3, PCNA, Bcl2, and TNF-α immuno-positive cells were measured using ImageJ software (version 1.51k, Wayne Rasband, National Institutes of Health, United States) for image analysis.


Statistical Analysis

The GraphPad Prism 6 (version 6.0; San Diego, CA, United States) software was used for statistical analyses. Data are expressed as mean ± SEM. The difference between means of different groups was analyzed using one-way analysis of variance (ANOVA), followed by the Tukey-Kramer post-ANOVA test for multiple comparisons. Animal survival data were analyzed using the Log-rank Mantel-Cox test. The results were considered statistically significant if the p-values were < 0.05. The correlation between parameters related to kidney injury or lung injury was determined by calculation of the Pearson correlation coefficient, r. The correlation is weak when r < | 0.3|, moderate when | 0.3| ≤ r ≤ | 0.7|. The correlation is considered strong when r > | 0.7|.





RESULTS


Effect of Menthol on Sepsis-Induced Mortality

Rats in different groups (sham, sham-Menthol, CLP, or CLP-Menthol) were monitored every 24 h for 10 days after induction of sepsis. Figure 1 shows the survival rate of different groups. All rats in the CLP group died within 7 days after the surgical induction of sepsis. In contrast, Menthol (100 mg/kg) treatment reduced the overall mortality by 40% (p < 0.05). In addition, all septic animals in the menthol-treated group survived the first 24 h after surgery, while the vehicle-treated CLP rats showed 30% mortality. After 2 days of sepsis induction, the vehicle-treated CLP group showed higher mortality (70%) than the menthol-treated septic rats (40%). Three days after surgery, the menthol-treated group showed no more mortality (40% survival). Both the sham-operated or the sham-operated menthol-treated groups did not show any mortality. These results show the protective role of menthol treatment against mortality in septic rats.
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FIGURE 1. Effect of Menthol treatment on sepsis-induced mortality. Surgical induction of sepsis by the cecal ligation and puncture (CLP) procedure resulted in 100% mortality within 7 days (n = 10). Menthol treatment (100 mg/kg, p.o), 2 h after CLP, significantly improved the survival of septic rats (n = 10). Sham or sham menthol-treated rats (n = 10) showed no mortality. Survival analysis was carried out using the Log-rank Mantel-Cox test. * and ** Significantly different from the vehicle-treated CLP group at p < 0.05 and p < 0.01, respectively.




Protective Effect of Menthol on Sepsis-Induced Acute Lung Injury

We assessed the protective effect of menthol on lung tissues after induction of sepsis by histopathological examination of paraffin-fixed sections, and by determination of the total protein concentration and WBC count in BALF. H&E-stained lung sections from the sham groups showed normal alveolar spaces (arrow) separated by non-congested vascular spaces (arrowhead) as shown in Figure 2A. The histological examination of vehicle-treated CLP lung tissues revealed thickened alveolar spaces with alveolar wall damage (arrow) separated by dilated and congested vascular spaces (arrowhead). Sections obtained from the menthol-treated CLP group showed normal alveolar spaces with intact alveolar walls (arrow) separated by mild congested vascular spaces (arrowhead). The lung injury scores increased markedly in the CLP group in comparison with the menthol-treated CLP rats, which showed significantly decreased lung injury scores (Figure 2B).
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FIGURE 2. Effect of menthol on sepsis-induced acute lung injury. Sepsis was induced by CLP under general anesthesia as described under the “Materials and Methods” section. Animals were killed after 24 h of CLP and the lung injury was assessed by histological examination of H&E-stained (200×) sections (A,B) and by determination of the protein and total WBCs in the bronchoalveolar lavage (BALF; C,D) in all groups (n = 6 per group). (A) Representative photomicrographs showing that menthol treatment attenuated the histopathological changes induced by sepsis in the lung tissue. The sham groups (Sham and Sham-Menthol) showed normal lung alveolar spaces (arrow) separated by non-congested vascular spaces (arrowhead). The lung tissue of the vehicle-treated CLP group (CLP) showed thickened alveolar spaces with alveolar wall damage (arrow) separated by dilated and congested vascular spaces (arrowhead). Lung tissues from the menthol-treated septic rats (CLP-Menthol) showed normal alveolar spaces with intact alveolar wall (arrow) separated by mild congested vascular spaces (arrowhead). Summary of the mean values of the combined lung injury scores (at least 10 fields per section from 6 animals) of different groups is shown (B). The total protein content (C) and the total leucocyte count (D) in BALF of different groups (n = 6) are also shown. Data represent the mean ± SEM of 6 independent observations. Data were analyzed by one-way ANOVA followed by the Tukey-Kramer post- test for multiple comparisons. *Significantly different at p < 0.05 compared to the CLP group.


Moreover, the total protein content and the total number of WBCs were significantly higher in the BALF collected from septic rats if compared with sham groups, while the treatment of CLP animals with menthol resulted a significant (p < 0.05) reduction of both total protein and the count of blood cells in collected BALF (Figures 2C,D).



Protective Effect of Menthol on Sepsis-Induced Acute Kidney Injury

The kidney tissues from sham or sham-menthol-treated groups showed normal histological appearance, normal interstitial tissue, and lack of congestion or inflammatory infiltration upon histological examination (Figure 3A). The CLP group showed moderately damaged renal glomeruli, obliterated Bowman’s spaces, proliferated mesangial cells (arrow) surrounded by tubules with focal areas of tubular damage (white arrow), tubular edema with compressed intratubular vascular spaces (arrowhead), and congested interstitial tissues. On the other hand, sections from the menthol-treated CLP group showed normal renal glomeruli (arrow) surrounded by tubules (arrowhead) with normal interstitial tissue, without congestion or inflammatory infiltrates (Figure 3A). Kidney injury scores were obviously increased in the vehicle-treated CLP group, while administration of menthol in CLP rats markedly reduced these scores (Figure 3B).


[image: image]

FIGURE 3. Effect of menthol treatment on sepsis-induced acute kidney injury. Sepsis was induced by CLP under general anesthesia as described under the “Materials and Methods” section. Animals were killed after 24 h of CLP and the kidney injury was assessed by histological examination of H&E-stained (200X) 5 μm sections (A,B) and by determination of serum creatinine concentration (C) in all groups (n = 6 per group). (A) Representative photomicrographs showing that menthol treatment attenuated the histopathological changes induced by sepsis in kidney tissues (H&E stain, 200X). The sham groups (Sham and Sham-Menthol) showed normal histological appearance with normal interstitial tissue without congestion or inflammatory cell infiltration. The glomeruli of the vehicle-treated CLP group (CLP) showed moderate damage and obliterated Bowman’s spaces. These sections showed proliferated mesangial cells (arrow) surrounded by tubules with focal areas of tubular damage (white arrow), tubular edema, compressed intratubular vascular spaces (arrowhead) and congested interstitial tissue. Menthol treated group showed renal glomerulus with normal histological appearance (arrow) surrounded by tubules (arrowhead) with normal interstitial tissue without congestion or inflammatory infiltrates. (B) Bar charts showing analysis of the mean values of combined kidney injury scores (at least 10 fields per section from 6 animals per group). (C) Bar graph showing the serum creatinine data from the different groups. All data represent the mean ± SEM of 6 independent observations. Data were analyzed by one-way ANOVA followed by the Tukey-Kramer post- test for multiple comparisons. *Significantly different at p < 0.05 compared to the CLP group.


To evaluate kidney function, the serum creatinine level was measured in all groups. Induction of sepsis by the CLP procedure significantly (p < 0.05) increased the serum creatinine level compared with the sham group, while menthol treatment after CLP surgery significantly (p < 0.05) abolished this increase (Figure 3C).



Menthol Reduces Oxidative and Improves Antioxidant Activity in Lung and Kidney Tissues of Septic Animals

To evaluate the role of menthol on sepsis-induced increased oxidative stress in the lung and renal tissues, we measured the levels of lipid peroxidation, total nitrate/nitrite, SOD, and GSH (Figures 4, 5). The results revealed that induction of sepsis in the CLP model elevated MDA and total nitrate/nitrite levels in both lung and kidney homogenates. Sepsis induction significantly decreased the levels of the measured antioxidant markers; SOD and GSH. Administration of menthol 2 h after CLP induction improved the antioxidant capacity in comparison with the vehicle-treated CLP group. The tissues from the CLP-menthol group manifested significant reductions in MDA and total nitrate/nitrite levels in the lung and kidney homogenates, besides the restoration of sepsis-induced impairment of the tissue antioxidant capacity.
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FIGURE 4
Menthol treatment improves pulmonary oxidative stress status and inhibits the sepsis-induced reduction of the antioxidant capacity of lung tissue. Menthol treatment of CLP rats ameliorated CLP-induced oxidative imbalance in lung tissues as shown with the results of (A), malondialdehyde (MDA), (B) nitrate/nitrite, (C) activity of superoxide dismutase (SOD) and (D), reduced glutathione (GSH). Menthol (100 mg/kg, p.o), 2 h after surgery. n = 6 per group. Data were analyzed by one-way ANOVA followed by Tukey’s post-test for multiple comparison. Data represent the mean ± SEM of 6 independent observations. *Significantly different from the CLP group at p < 0.05.



[image: image]

FIGURE 5. Menthol treatment attenuates renal oxidative stress and restores the antioxidant capacity of renal tissue. Cecal ligation and puncture enhanced oxidative stress which is normalized by menthol (100 mg/kg, p.o), 2 h after surgery as shown with the results of (A), malondialdehyde (MDA), (B) nitrate/nitrite, (C) activity of superoxide dismutase (SOD) and (D), reduced glutathione (GSH). n = 6 per group. Data were analyzed by one-way ANOVA followed by Tukey-Kramer post-test for multiple comparison. Data represent the mean ± SEM of 6 independent observations. *Significantly different from the CLP group at p < 0.05.




Menthol Reduces Sepsis-Induced TNF-α Expression in Lung and Kidney Tissues

Both lung and renal tissues in the sham groups (Figures 6A,C) showed weak TNF-α immunostaining within the alveoli of the lung tissue, the renal glomeruli, or tubules. The vehicle-treated CLP group exhibited a significant (p < 0.05) increase in both the number and immune intensity of immunoreactive cells within the lining cells of the alveoli or glomerular or tubular cells if compared with the sham groups. Additionally, as shown in Figures 6B,D, menthol treatment after CLP significantly attenuated the increase in the number of TNF-α immunoreactive cells in the previously mentioned areas compared to the CLP group.
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FIGURE 6. Effect of Menthol on TNF-α expression in the lung and kidney tissue of septic rats. Immunohistochemical staining of TNF-α in paraffin-embedded lung (A) and kidney (C) sections was carried out as described under the “Materials and Methods” section. Rabbit monoclonal anti-TNF-α (cat. # EPR21753-109, Abcam, Cambridge, United Kingdom) was used to probe tissue TNF-α. Ten random fields per slide from each group (n = 6) were selected and imaged (400X). The mean surface area fraction of TNF-α immuno-positive cells was measured using ImageJ software. Representative photomicrographs (A) showing TNF-α immunoreactivity in lung tissues. Bar charts (B) show semi-quantitative analysis of data in A from sections of the sham, sham-Menthol, CLP, and CLP-Menthol groups. TNF-α immunoreactivity in kidney sections (C) from all groups are semi-quantitatively analyzed in (D). Data represent the mean ± SEM of 6 independent observations. Data were analyzed by one-way ANOVA followed by the Tukey-Kramer post-test for multiple comparisons. *Significantly different at p < 0.05 compared to the CLP group.




Menthol Attenuates Sepsis-Induced Apoptosis in Lung and Kidney Tissues

This study determined the immunoreactivity of the lung and kidney tissues to caspase-3 as a marker of cellular apoptosis. Data in Figures 7A,C show that both lung and renal tissues in the sham groups (Sham and Sham-Menthol) showed faint caspase-3 immunostaining; either cytoplasmic and/or nuclear, within the cells lining the alveoli of lung tissue, in renal glomerular, or tubular cells. Samples from septic rats exhibited a clear increase in the number and intensity of immunoreactive cells within these cells; either cytoplasmic and/or nuclear, if compared to the sham group. The sections of the menthol-treated CLP group revealed a significant (p < 0.05) decrease in the number of immunoreactive cells compared to the vehicle-treated CLP group (Figures 7B,D).
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FIGURE 7. Caspase-3 expression in the lung and kidney tissues of septic rats. Tissue levels of cleaved caspase-3 were determined semi-quantitatively by immunohistochemical staining of paraffin-embedded lung (A) and kidney (C) sections (see “Materials and Methods” section). Rabbit monoclonal anti-caspase-3 (cat. # ab32042, Abcam, Cambridge, United Kingdom) was used. Ten random fields per slide from each group (n = 6) were selected and imaged (400×). The mean surface area fraction of caspase-3 immuno-positive cells was measured using ImageJ software. Representative photomicrographs (A) showing caspase-3 immunoreactivity in lung tissues. Summary data in the Bar charts (B) show semi-quantitative analysis of data in (A) from tissue sections of the sham, sham-Menthol, CLP, and CLP-Menthol groups. Data of caspase-3 immunoreactivity in kidney sections (C) from sham, sham-Menthol, CLP, and CLP-Menthol groups are semi-quantitatively analyzed in (D). Data in the bar charts represent the mean ± SEM of 6 independent observations. Data were analyzed by one-way ANOVA followed by the Tukey-Kramer post- test for multiple comparisons. *Significantly different at p < 0.05 compared to the CLP group.


We also examined the expression level of the Bcl2 protein, which negatively regulates cellular apoptosis, by immunohistochemistry. In contrast with caspase-3 results, the sham groups showed strong Bcl2 nuclear immunostaining within the lining cells of the alveoli of lung tissue, in renal glomeruli, or tubules (Figures 8A,C). In the CLP model, lung and kidney tissues exhibited a significant (p < 0.05) decrease in Bcl2-immunoreactive cells within the lining cells of the alveoli, the glomeruli, or tubular cells, if compared with the sham groups. Treatment of septic rats with menthol led to a significant (p < 0.05) increase in Bcl2-immunoreactivity compared with the CLP group (Figures 8B,D).
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FIGURE 8. Bcl-2 expression in the lung and kidney tissues in different groups. Protein expression of Bcl-2 was achieved by immunohistochemical staining of paraffin-embedded lung (A) and kidney (C) sections was carried out after probing the sections with rabbit polyclonal anti- Bcl-2 (cat. # ab194583, Abcam, Cambridge, United Kingdom). The mean surface area fraction of Bcl-2 immuno-positive cells form images (400X) was measured using ImageJ software. Representative photomicrographs (A) showing the effect of menthol treatment on Bcl-2 immunoreactivity in lung tissues. A semi-quantitative analysis of the immunostaining data from ten random fields per slide from each group (n = 6) is depicted in (B). Data of Bcl-2 immunoreactivity in the kidney sections from different groups are semi-quantitatively analyzed in (D). Data represent the mean ± SEM of 6 independent observations. Data were analyzed by one-way ANOVA followed by the Tukey-Kramer post- test for multiple comparisons. *Significantly different at p < 0.05 compared to the CLP group.




Menthol Restores Proliferating Cell Nuclear Antigen Expression in the Lung and Kidney Tissues of Septic Rats

The proliferating cell nuclear antigen (PCNA) has an important role in nucleic acid metabolism during replication and repair processes. It is also involved in cell proliferation after injury and is an endogenous inhibitor of cell apoptosis. The results of this study showed that lung and kidney tissues from the sham groups (sham and sham-menthol) showed strong nuclear PCNA signal within the lining cells of the alveoli, the renal glomeruli, and tubules (Figures 9A,C). Lung and kidney tissues from the vehicle-treated septic rats showed an obvious decrease in nuclear PCNA immune-intensity within these cells, when compared to the sham groups. Interestingly, lung and kidney sections from the CLP-menthol group showed significantly elevated nuclear PCNA immunoreactivity compared with the CLP group (Figures 9B,D).
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FIGURE 9. Menthol attenuates sepsis-induced reduction of PCNA expression in lung and kidney tissues. Determination of the tissue levels of PCNA was carried out by immunohistochemical staining of paraffin-embedded lung (A) and kidney (C) sections, as described in the “Materials and Methods” section. Mouse monoclonal anti-PCNA (cat. # ab29, Abcam, Cambridge, United Kingdom) was used in this experiment. Images of 10 random fields per slide from each group (n = 6) were selected and the mean surface area fraction of PCNA immuno-positive cells was measured using ImageJ software. Representative photomicrographs (A) showing PCNA immunoreactivity in lung tissues, and the Bar charts (B) show a semi-quantitative analysis of the data from all groups. Photomicrographs showing PCNA immunoreactivity in the kidney sections are shown (C), which are semi-quantitatively analyzed in (D). Data in the bar charts represent the mean ± SEM of 6 independent observations. Data were analyzed by one-way ANOVA followed by the Tukey-Kramer post- test for multiple comparisons. *Significantly different at p < 0.05 compared to the CLP group.




Correlation Analysis Between the Measured Parameters and Kidney or Lung Injury

Correlation analysis shows that lung injury score possesses a strong correlation with the levels of MDA, nitrate/nitrite, caspase and TNF-α and a strong negative correlation with level of Bcl2, PCNA and GSH. However, only moderate negative correlation was detected between lung injury score and SOD as shown in Figure 10. Data also reveal that kidney injury score has a strong positive correlation with the level of serum creatinine, TNF-α and caspase. In addition to a strong negative correlation with GSH, Bcl2 and PCNA (Figure 11). However, Kidney injury is moderately correlated with total nitrate/nitrite and MDA. Data are presented as correlation matrix of the Pearson’s correlation coefficient between the measured parameters.
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FIGURE 10. Correlation analysis of lung injury and measured parameters. Correlation matrix between lung injury score and related parameters. Data from different experiments were analyzed for correlation using the Pearson correlation coefficient (r). Positive values indicate a positive correlation while negative values indicate a negative one. When r is in the range of | 0.3| –| 0.7|, this indicates a moderate correlation, and when r > | 0.7|, this means a strong correlation. BALF, bronchoalveolar lavage fluid; MDA, malondialdehyde; SOD, superoxide dismutase; GSH, reduced glutathione; PCNA, proliferating cell nuclear antigen; TNF–α, tumor necrosis factor α; Bcl2, B cell lymphoma 2.
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FIGURE 11. Correlation analysis of Kidney injury and measured parameters. Correlation matrix between kidney injury score and related parameters. Data from different experiments were analyzed for correlation using the Pearson correlation coefficient (r). Positive values indicate a positive correlation while negative values indicate a negative one. When r is in the range of | 0.3| –| 0.7|, this indicates a moderate correlation, and when r > | 0.7|, this means a strong correlation. MDA, malondialdehyde; SOD, superoxide dismutase; GSH, reduced glutathione; PCNA, proliferating cell nuclear antigen; TNF–α, tumor necrosis factor α; Bcl2, B cell lymphoma 2.





DISCUSSION

Multiple organ damage during the pathogenesis of sepsis results from the aggressive activation of the inflammatory and oxidative stress cascades and contributes to the high mortality rate characteristic of sepsis (9). In the current study, induction of experimental sepsis in rats induced acute lung and kidney injury and significant mortality. Our results show, for the first time, that menthol administration, 2-h after induction of sepsis, effectively enhanced the survival of septic rats and alleviated sepsis-induced lung and kidney tissue damage.

In this study, we observed a decline of function in the lung and kidneys of septic rats. Higher serum creatinine of septic compared with non-septic animals and infiltration of protein and leukocytes in the BALF are indicators of kidney and lung injury, respectively, which correlates with the high mortality rate observed in the septic rats. The kidney and lungs of septic rats exhibited high levels of tissue damage upon histological examination, which further highlights the detrimental effects of sepsis on different organs. Interestingly, oral treatment with menthol (100 mg/Kg), 2 h after surgery, ameliorated the impaired kidney function and restored the level of proteins and leukocytes in the BALF of septic rats. Histopathological findings of the lung and kidney tissues supported the beneficial effects of menthol. Thus, menthol effectively domesticated the state of sepsis and successfully preserved organ functions. These ameliorative effects of menthol treatment improved the survival of the menthol-treated CLP group (40%) compared with the septic rats (0%) by the end of the 10-days observation period. Recent studies showed that menthol-containing herbal extracts protect the kidneys in chemotherapy- (48) and gentamicin-induced (49) nephrotoxicity. Others have shown that menthol inhibited pulmonary inflammation and epithelial remodeling when inhaled by asthmatic animals (50).

The exaggerated inflammatory response during sepsis triggers the massive formation of reactive oxygen species (ROS). The mitochondria act both as a significant source and as a target for ROS. Sepsis provokes a cellular energy crisis, with systemic activation of the mitochondrial tricarboxylic acid cycle, and gluconeogenesis (51, 52). Such metabolic changes augment the production of reactive oxygen species (ROS)—key contributors to the pathology of sepsis. Increased ROS generation alters the chemistry of cellular proteins through nitrosylation, oxidation, and acetylation, not to mention the deterioration of mitochondrial membrane function because of increased lipid peroxidation (53). The enzymes of the electron transport chain are highly sensitive to oxidative stress, which contributes to the uncoupling of oxidative phosphorylation, and increased ROS production (51, 54). Thus, ROS-induced alteration of mitochondrial membrane permeability and respiratory enzymes switches on a ROS circuit, where increased ROS levels induce further ROS release from the mitochondria (54, 55). As shown by our data, induction of sepsis by CLP markedly increased oxidative stress-related parameters and decreased the activity of the endogenous antioxidant system. Menthol treatment, however, restored the antioxidant activity in the lung and kidneys of septic rats, which conforms with its well-documented antioxidant effects (56–59). Sepsis reduces the activity of heat shock protein-70 (60), which is involved in a variety of biological activities, including the reduction of oxidative stress. Interestingly, the results of a previous study showed that menthol-treated rats exhibited higher HSP70 expression, which correlated to its mucosal protection (20), and may also explain its antioxidant effect reported in our study.

TNF-α-mediated signaling augments mitochondrial ROS generation (11). Septic conditions manifest high levels of TNF-α in clinical (61) and experimental (62) settings. Since our data showed that menthol reduced the expression of lung and kidney TNF-α, this finding provides another explanation for the observed reduction in ROS levels within these tissues. The inhibitory effect of menthol on tissue TNF-α expression might depend on its potential activation of TRPM8 channels, which may serve an anti-inflammatory function to balance the pro-inflammatory responses of other TRP channels, such as TRPV1 and TRPA1 (63). Since activation of TRPM8 by menthol occurs with a low EC50 4–80 μM (64) compared to other targets [refer to a comprehensive review on menthol targets (33)], we can argue that the effects were are observing can be largely attributed to activation or TRMP8 channels.

Activation of TRPM8 by menthol significantly abolished the Angiotensin-II-evoked oxidative stress and hydrogen peroxide release in vascular smooth muscles cells (65). The antioxidant mechanism of menthol involved TRPM8-dependent antagonism of the angiotensin-triggered induction of NADPH oxidases NOX1 and NOX4 (65). When TRPM8 channels are activated, the macrophages express and release the anti-inflammatory cytokine interleukin 10 (IL-10), while the release of TNF-α decreases (66). The well-known cooling effect of menthol might explain its inhibition of TNF-α expression. The study by Wang et al. (67) demonstrated that both menthol and cold stress inhibit the release of TNF-α through interaction with NF-κB; the nuclear transcription factor controlling the production of TNF-α and other pro-inflammatory mediators (68).

In our study, rats subjected to CLP showed a significant elevation of both ROS and TNF-α, which justifies the increased expression of active caspase-3 within lung and kidney tissues and explains the observed functional deterioration. Meanwhile, menthol effectively mitigated apoptosis, which is clear from our data showing the reduction in the lung and kidney expression of caspase-3. In our study, menthol inhibited the sepsis-induced reduction of tissue Bcl2 levels, parallel to menthol-induced tissue protection and improved survival. The protective effects of Bcl2 against acute lung injury might explain the protective effects of menthol in the current work. A recent study showed that besides the antiapoptotic function of Bcl2, its overexpression inhibits mitophagy via modulating the PINK1/Parkin pathway in a model of acute lung injury (69). Moreover, the enhanced expression of Bcl2 induced by menthol in septic rats may explain its ability to improve the pulmonary epithelial barrier. Although further elucidation of this effect is required, the recent findings of Otani et al. (70) support it. Their results suggested that the upregulation of Bcl2 counteracts the dysregulated permeability of intestinal cells in a mouse CLP model. Further, other researchers (71) recently proposed a relation between blood Bcl2 levels and survival in septic patients. Thus, the modulatory effect of menthol, and possibly other TRPM8 agonists, on Bcl2 expression and function, and its effect on the prognosis of sepsis is intriguing and needs further investigation.

Consistent with our findings, experimental induction of sepsis reduced the expression of PCNA in hepatocytes (72), and cardiomyocytes (73). In the current work, menthol preserved PCNA levels in the lung and kidneys of septic rats, which is in harmony with the observed reduction of activated caspase-3 expression. Experimental induction of severe sepsis reduced the expression of PCNA, which correlated with diminished hepatic tissue regenerative capacity (74). These findings (74), and ours, are further supported by the results of Abcejo et al. (72). Their results showed that PCNA expression inversely correlates with disease severity and mortality. Animals with severe sepsis displayed lower PCNA levels and higher mortality compared with those having a moderate phenotype (72). The CLP procedure adopted in our study represents a severe sepsis phenotype and shows a mortality profile comparable to the severe sepsis presented in the study by Abcejo et al. (72), which explains the decreased expression of PCNA observed in our untreated septic rats. Thus, the ability of menthol to preserve renal and pulmonary levels of PCNA, although partial, might provide further explanation for the enhanced survival of menthol-treated septic rats. However, whether this preservation of PCNA level is a consequence of the menthol-induced reduction of sepsis severity via reducing oxidative stress and inflammation or is a direct effect of menthol is yet to be answered. Nonetheless, preservation of PCNA levels in the lung and kidney of menthol-treated rats apparently contributes to lower organ damage and improves survival after CLP.

There are several limitations in our study, including the inclusion of a standard drug, which is actually hard to find in sepsis research as there are no definite treatment of sepsis or its associated organ dysfunction. Also, our study would be strengthened by the measurement of plasma menthol concentration as well as its concentration in the kidneys or lungs. In addition, because menthol appears to be a molecule with multiple cellular targets, future studies using specific antagonists would help in identifying the actual mechanism of menthol action in sepsis.



CONCLUSION

In conclusion, the results of our study showed for the first time the protective effects of oral menthol treatment against sepsis-induced mortality and damage in the lung and kidneys of septic rats. The protective mechanisms triggered by menthol include anti-oxidative, anti-inflammatory, and anti-apoptotic pathways (Figure 12). These findings open new horizons to discover novel targets for the management of sepsis.
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FIGURE 12. Summary of the mechanisms involved in menthol-induced protection against sepsis. Induction of sepsis by CLP upregulates inflammation (TNF-α) and oxidative stress, which in turn activates caspases to execute cellular apoptosis. This effect is augmented by destabilization of the antiapoptotic factor Bcl-2. Downregulation of proliferating cell nuclear antigen (PCNA) contributes to the conversion of procaspases into active caspases (Caspase 3). Menthol via inhibition of oxidative stress and inflammation on one hand, and preservation of PCNA and Bcl-2 of the other, abrogates sepsis-induced organ damage.
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Sepsis-associated acute kidney injury (SA-AKI) is a common complication in critically ill patients with high morbidity and mortality. SA-AKI varies considerably in disease presentation, progression, and response to treatment, highlighting the heterogeneity of the underlying biological mechanisms. In this review, we briefly describe the pathophysiology of SA-AKI, biomarkers, reference databases, and available omics techniques. Advances in omics technology allow for comprehensive analysis of SA-AKI, and the integration of multiple omics provides an opportunity to understand the information flow behind the disease. These approaches will drive a shift in current paradigms for the prevention, diagnosis, and staging and provide the renal community with significant advances in precision medicine in SA-AKI analysis.
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Introduction

The development of SA-AKI has been widely concerned but poorly understood in recent years, and its definition covers a heterogeneous group of diseases (1). In 2016, The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3) was proposed (2). Since then, SA-AKI has generally been defined as sepsis or septic shock involving the kidney, resulting in a progressive decline in renal function while meeting the Global Organization for Prognosis of Kidney Disease (KDIGO) CRITERIA for AKI and excluding other possible causes of renal impairment (3, 4). AKI and sepsis are defined using clinical symptoms (5). AKI is defined as loss of renal function, increased serum creatinine (SCr) levels, and/or decreased urine production (6); Sepsis is defined as a life-threatening organ dysfunction caused by uncontrolled infection and host reactions (7). Septic shock, a subset of sepsis, is strongly associated with a higher risk of death in circulatory, molecular, and metabolic abnormalities than sepsis alone. Patients with septic shock, characterized by hypotension, can be clinically identified by the need for antihypertensive agents to maintain mean artery≥65mmHg and serum lactic acid > 2mmol/L (>18mg/dL), excluding hypovolemia (8).

Currently, little is known about the epidemiology of SA-AKI. Adhikari et al. (9) extrapolated from incidence rates in the United States to estimate that there are as many as 19 million cases of sepsis per year worldwide. The annual incidence of SA-AKI may be about 6 million cases, or close to 1 case per 1,000 people, but the actual incidence is likely to be much higher. Although sepsis has long been recognized as the most common cause of AKI in critically ill patients, sepsis and its treatment may damage the kidneys. For example, a multinational, multi-center, prospective epidemiological survey showed that sepsis accounted for 45% - 70% of all AKI cases in intensive care units (10); However, AKI from any source was associated with a higher risk of sepsis, and Mehta et al. (11) found that 40% of severely ill patients developed sepsis after AKI, suggesting that AKI may increase the risk of sepsis. As individual syndromes, sepsis and AKI predispose hosts to each other, and it is often difficult to determine the exact timing of the onset of these two syndromes clinically.

Observational studies have shown that damage during SA-AKI occurs early in the critical course of illness and after admission to ICU. In a recent large cohort study, 68% of 5443 patients with septic shock developed evidence of AKI within 6 hours of the visit (12). However, AKI in late sepsis was associated with poorer clinical outcomes and increased mortality (76.5% compared with 61.5% in early AKI) (13). The high-risk group for SA-AKI is elderly patients, more common in women, and the combination of chronic kidney disease, diabetes, heart failure, malignant tumor, and liver disease will increase the susceptibility of patients to SA-AKI (14, 15). SA-AKI was strongly associated with adverse clinical outcomes compared with non-septic AKI. Firstly, Compared with non-septic AKI, SA-AKI was associated with higher severity scores, increased need for RRT, increased risk of death, and prolonged LOS (16). Secondly, SA-AKI was associated with a longer hospital stay (37 days vs. 21 days) and a gradual increase in hospital stay depending on the severity of AKI (17). Thirdly, long-term outcomes of SA-AKI patients depend on the severity of AKI and recovery status at discharge and have a similar prognosis to non-septic AKI (18). Finally, patients with recovered AKI are still at risk for chronic kidney disease (CKD), end-stage renal disease, and death, depending on the severity of AKI, RRT requirements, and recovery status during hospitalization. One study observed CKD at 1 year in 21%, 30%, and 79% of 105 survivors of AKI reversal, recovery, and non-recovery, respectively (19).

This review focused on integrating multiple types of omics data into SA-AKI studies. This review was divided into three parts. First, we outlined the pathophysiology and biomarkers of SA-AKI; Secondly, we discussed the application of multi-omics techniques in THE study of SA-AKI. Finally, we outline the new techniques and prospects of multi-omics approaches.



Pathophysiological Mechanisms of SA-AKI

Our understanding of the pathogenesis of SA-AKI is limited. Much of the current understanding of SA-AKI has been extrapolated from animal models of sepsis, in vitro cell studies, and postmortem observations in humans with sepsis. Postmortem kidney biopsy samples from patients provide invaluable information about proper clinical conditions. The National Institutes of Health has launched programs such as the Kidney Precision Medicine Program to expand our understanding of AKI by obtaining kidney biopsies from patients with AKI to address AKI research’s technical and ethical limitations. SA-AKI animal models provide a wealth of observational data for complex and invasive measures not available in humans, such as monitoring renal blood flow (RBF), microvascular flow, cortical and medullary perfusion, oxygenation, and renal tubule health.


SA-AKI Models

In mammals represented by mice and rats, there are three main SA-AKI modeling methods (20): (1) Direct endotoxin administration, in which lipopolysaccharide (LPS) is directly injected into the peritoneum or intravenously. LPS is a cell wall component of Gram-negative bacteria; (2) Cecum ligation puncture (CLP) or intraperitoneal implants of excrement and urine, similar model USES the ascending colon bracket, it allows the feces from the intestinal leakage to the peritoneum, CLP model induced sepsis is relatively easy, but with the severity of the sepsis, the amount and type of bacteria release is different also, does not necessarily lead to AKI. (3) The bacterial implant model is where bacterial impregnation is placed at the desired location (within the peritoneum or blood vessels), most commonly with fibrin clots. The most widely used animal models are the first two, in which inflammation occurs, microvascular permeability increases, and white blood cells are recruited; Hemodynamic parameters changed, GFR decreased, and renal function deteriorated. In all mammals (but most commonly used in large mammals (pigs and sheep) and zebrafish), direct bacterial delivery of live bacteria from Gram-negative and Gram-positive bacteria directly to the host (vein, peritoneal, subcutaneous, or directly into organs) is commonly used (20). In a recent prospective controlled study, the septic shock sheep model was widely used to study SA-AKI in vivo using Gram-negative bacteria and to assess renal function, histology, and glomerular ultrastructure in patients with septic shock (21). It overcomes the shortcomings of the endotoxin model and supports the view that early SA-AKI represents renal insufficiency.

The ideal animal model of sepsis should consistently translate relevant information from animal studies into the human condition. Rodents are small and relatively inexpensive, but the correlation between the mouse endotoxemia model and human gene change was very low and almost random (R 2 = 0.01) (22). Compared with small animals, large animals such as pigs have similar cytokine and immune cell profiles and exhibit the characteristic symptoms of human infection (23). In addition, pigs are anatomically and physiologically similar to human kidneys and have obvious advantages in modeling operations. Pigs have a more macroscopic anatomical structure, the renal artery, renal vein and ureter can be easily separated during surgery, and instruments used in laparoscopic surgery for adults or children can also be used in miniature pigs. Therefore, pigs appear to be an appropriate animal model for SA-AKI.

A conference on What are the Microbial components involved in the pathogenesis of Sepsis held at Rockefeller University in May 1998 discussed the relative merits of the 2-hit hypothesis to explain the process of fatal septic shock and the “multi-hit” collaborative threshold hypothesis (24). The development of the 2-hit models allowed the researchers to determine the role of inflammatory mediators in susceptibility to post-injury infection and to create 2-hit models that replicate the clinical situation to generate different injury-specific inflammation patterns, from which to account for the complex interrelationships occurring in sepsis. 2-hit models of CLP and P. aeruginosa inoculation have been reported as clinically relevant sepsis models, J.m. Walker et al. (25)studied the possible beneficial effect of Specialized Pro-considerations Mediators (SPMs) given in the postsepsis stage to reduce infection/injury in a second blow. Results show that RvD2 Resolvin D2 (RvD2) promotes host defense by increasing TLR-2 signaling and macrophage/monocyte phagocytosis in less lethal and less inflammatory bacterial sepsis 48 h after the onset of sepsis. Jacqueline Unsinger et al. (26) examined IL-7, currently in several clinical trials (including hepatitis and human immunodeficiency virus), for improved survival in a 2-hit fungal sepsis model. Clinically relevant 2-hit models can provide a clearer understanding of the in vivo mechanisms of host defense in sepsis. While there are similarities in temporal inflammation and genomic host response patterns between humans and mice, the mouse immune system is more resistant. Human sepsis complications usually occur within a few days of trauma, and mice must be artificially created (27). In addition, it may vary depending on the type of injury and other variables such as outbreeding/inbreeding lines, rodent age, etc. Therefore, the similarity of the immune inflammatory blueprint in the 2-hit models between the animal and the patient should determine the timing of the impact (28).

The ideal animal model of sepsis should consistently translate relevant information from animal studies into the human condition. Currently, most animal studies use young, healthy models with no comorbidities. After searching for keywords (SA-AKI, models, comorbidities), there are very few literature studies on SA-AKI models associated with comorbidities such as advanced age, cardiovascular events, etc. One study used trauma/hemorrhage two-strike model (TH, first strike) and caecal ligation puncture model (CLP, second strike) in female (♀) and male (♂)CD-1 mice aged 3, 15, and 20 months. The study showed that age/sex differences in survival, while undeniably influential, were not reflected in the response patterns delineated between the corresponding groups. The exact role of gender/age in sepsis outcomes requires further experimental and clinical review. Another study was Kent Doi et al. (29)constructed 2-hit models of FA-CLP mice to replicate the clinical findings of high sepsis mortality in CKD patients. By introducing preexisting co-existence to mimic the common observation that human sepsis is more common in patients with underlying chronic diseases.



Pathophysiological Mechanisms

Since SA-AKI can occur in the absence of clinical symptoms of renal hypoperfusion and hemodynamic instability and the presence of normal or increased global renal blood flow, it is gradually recognized that ischemia-reperfusion injury is not the only mechanism of SA-AKI, and the “unified theory” theory is widely accepted (Figure 1). The pathophysiology of SA-AKI involves injury and dysfunction of many cell types, including macrophages, vascular endothelial cells (ECs), and renal tubular epithelial cells (TECs), as well as their crosstalk and association (30). There is increasing evidence that the pathogenesis of SA-AKI is multifactorial and complex, involving the interaction between inflammation, microcirculation dysfunction, and metabolic reprogramming.




Figure 1 | Clinical course and pathophysiology of SA-AKI. Sepsis is the most common cause of AKI in critically ill patients. However, sepsis and AKI predispose hosts to each other, and it is often difficult to determine the exact timing of the onset of these two syndromes clinically. There is increasing evidence that the pathogenesis of SA-AKI is the “unified theory” theory involving the interaction between inflammation, microcirculation dysfunction, and metabolic reprogramming. The pathophysiology of SA-AKI involves injury and dysfunction of many cell types, including macrophages, ECs, and RTECs. PAMP and/or DAMP released from damaged tissues activate and promote the pro-inflammatory phenotype (M1) of macrophages, resulting in the release of pro-inflammatory cytokines and chemokines, which can cause damage to kidney tissues. The second cell type that is vulnerable is the EC. Sepsis stimulates endothelial cells to produce nitric oxide, which causes blood vessels to dilate. Many molecules simultaneously control microvascular permeability, resulting in insufficient blood volume relative to the vessel when tight cellular connections loosen. In addition, during the period of sepsis, confirmed microvascular thrombosis related to inflammation. In RTECs, infiltration of inflammatory cells and a large number of inflammatory factors lead to deterioration of renal function, apoptotic cell death, and sublethal injury.




Inflammatory and Immune Response

Dysregulated inflammation is the primary cause of many downstream complications, including kidney injury (31). In fact, the more significant the inflammatory response is more likely to lead to direct kidney damage. Macrophages play a central role in innate immunity (32). The first stage of the host response involves pathogen-associated molecular patterns (PAMP) binding to pattern recognition receptors (PRR) of innate immune cells, such as toll-like receptors, triggering downstream cascades of signals involved in early innate immune responses, leading to the synthesis and release of pro-inflammatory cell molecules and chemokines. Renal Tubular epithelial cells (RTECs) also express Toll-like receptors, especially TLR2 and TLR4 (33). A variety of cell-derived mediators release damage-related molecular patterns (DAMP) after tissue injury, promoting the pro-inflammatory phenotype (M1) of macrophages, activating the same sequence of events as PAMP amplifies the initial host response and affects local and distal cellular function, including proteolytic enzymes, reactive oxygen species (ROS), and neutrophil extracellular traps (NETs) (34, 35). During the progression of SA-AKI to CKD, resident cells with a specific phenotype undergo dedifferentiation, followed by proliferation and redifferentiation. Macrophages play an important role in this process. In addition to the proinflammatory phenotype described above, macrophages also have a profibrotic phenotype, stimulating fibroblasts and myofibroblasts, accompanied by the deposition of type I and III collagen and fibronectin. RTECs during repair may be involved in higher regenerative potential and anti-apoptotic ability (36).



Endothelial Injury and Microcirculation Dysfunction

The second cell type that is vulnerable is the EC. Sepsis stimulates endothelial cells to produce nitric oxide, leading to vascular dilation, loss of self-regulation, and endothelial dysfunction. Changes in cell-to-cell contact between endothelial cells are mediated by interactions between VEGF, VEGFR2, Ang, VE-cadherin, and ligand adhesion molecules, as well as complex interactions between endothelial cells and leukocytes that allow leukocytes to pass through (37). Many molecules simultaneously control microvascular permeability, resulting in insufficient blood volume relative to the vessel when tight cellular connections loosen. In addition, during the period of sepsis, confirmed microvascular thrombosis related to inflammation, bacterial pathogen associated molecular patterns were found in endothelial cells, platelets, and leukocytes on the surface of the PRR, bacterial endotoxin can also stimulate tissue factor expression and original activation increase fibrinolytic enzyme inhibitor 1 (PAI-1) levels, blocking fibrinolysis and subsequent initiation of the coagulation process promotes microvascular thrombosis (38, 39).



RETCs Apoptotic Cell Death and Sublethal Injury

In RTECs, infiltration of inflammatory cells and a large number of inflammatory factors lead to deterioration of renal function, apoptotic cell death, and sublethal injury. Sublethal changes in RTECs include loss of cell polarity, reduced tight junction protein expression, and biological energy disturbance (40). During the progression of SA-AKI to CKD, like immune cells, early metabolic reprogramming of TECs into aerobic glycolysis improves resistance and tolerance. In addition, epigenetic changes may occur, with cell cycle stagnation in the G2/M phase and a significant increase in connective tissue growth factor and TGF-β production (41).



Metabolic Reprogramming

Among the various cell types of the kidney, RTECs are the most metabolically active cells in the kidney and are very sensitive to septic-related injury. Under normal physiological conditions, oxidative phosphorylation (OXPHOS) produces more than 95% of the cellular energy of ATP (42), and aerobic respiration is the main mechanism of ATP production. However, during SA-AKI, RTECs may first convert to glycolysis, converting pyruvate to lactic acid, an inefficient mechanism for producing ATP. For example, CLP animal models and human SA-AKI lead to decreased ATP levels in the kidney (43). Inhibition of aerobic glycolysis and induction of OXPHOS can reduce susceptibility to AKI and significantly improve survival rate (44). As ATP levels decrease, adenosine monophosphate activated protein kinase (AMPK) activates, on the one hand leading to increased glycolysis, FA oxidation, and glucose transport capacity. On the other hand, it induces the production of key antioxidant enzymes and induces mitochondrial biogenesis through the peroxisome proliferator activated receptor (PPAR) γ CoActivator -1 α (PGC-1 α). Late activation of AMPK may eventually stabilize the energy balance through cell survival and mitochondrial biogenesis. The availability of functional mitochondria is an important component of cell metabolism and metabolic reprogramming. Sepsis results in significant mitochondrial damage and activation of mitochondrial quality control processes, such as mitochondrial autophagy (damaged mitochondria are swallowed into cells for recycling), biogenesis (new functional mitochondrial synthesis), or interference with cellular signaling pathways, such as the Akt/mTORC1/HIF-1 α pathway (45). Metabolic reprogramming may lead to optimization of RTECs energy consumption, reprogramming of substrate utilization, and enhanced cell resistance to oxidative damage (45). Therefore, the effect of OXPHOS induction or OXPHOS modulator promotion on mitochondrial function is closely related to renal function and survival rate during sepsis.





The Diagnostic or Therapueitic Interventions of SA-AKI

The prevention of SA-AKI is complex, and most patients have already shown apparent renal insufficiency when seeking treatment. Therapeutically, SA-AKI remains largely supportive and nonspecific. Therefore, SA-AKI urgently needs to find more effective prevention and intervention methods. The past decade has seen an explosion in the use of high-throughput technologies and computational integration of multidimensional data. Integrating multi-omics studies offers a deeper understanding of the mechanisms of SA-AKI and the possibility of individualized treatment on an individual basis. Next, the existing prevention and treatment interventions for SA-AKI were discussed.


Antibiotics and Source Control

Early and appropriate sepsis source control were associated with a reduced risk of AKI and a greater likelihood of renal recovery within 24 hours (15). Improved monitoring of host responses through the use of transcriptomic and/or metabolomic analysis describes several novel interventions targeting immunotherapy. An example of a promising but failed attempt is a drug targeting toll-like receptor (TLR). In addition, a new type of epigenetic therapy that regulates interference in the epigenetic process of gene transcription in immune cells during sepsis could be used to restore the possibility of immune function. Induction of immunity and reversal of immune paralysis by β -glucan, and direct pharmacological manipulation of epigenetic enzymes (46). SIRT1 inhibitor EX-527, a small molecule-SIRT1 binding site that shuts down NAD +, increases leukocyte accumulation in the peritoneum and improves peritoneal bacterial clearance, showing significant protective effects during abdominal sepsis in mice (47).



Fluid Resuscitation

Fluid resuscitation is the cornerstone of septic shock management. An initial moderate infusion of resuscitation solution (30 mL/kg within the first 3 hours) was followed by dynamic measurements of fluid reactivity to determine the need for fluid or vasoactive agents. There is clear evidence that excessive resuscitation is also harmful in the case of AKI (48). However, complimentary analysis analysis of the ProCESS trial focused on renal outcomes up to 1 year and found that the use of early goal-directed therapy, alternative resuscitation, or conventional care did not affect the development of new AKI, AKI severity, fluid overload, RRT requirements, or renal function recovery (18).



Vasoactive Agent

In the case of SA-AKI, several large multicenter trials have looked at traditional drugs such as norepinephrine (norepinephrine), epinephrine, vasopressin, and dopamine, as well as more novel drugs such as angiotensin II and levosimendan (49). Norepinephrine is recommended as the first-line agent for septic shock treatment, and vasopressin is the consensus first-line agent for septic shock treatment (50). A small subgroup analysis of patients treated with RRT showed that patients receiving angiotensin II required less RRT than placebo and were more likely to survive to day 28 (53% versus 30%; P=0.012), the results need to be validated in a larger SA-AKI cohort (51).



Drug Therapy

Another treatment for sepsis is to protect individual organs. In preclinical and small clinical studies, recombinant human alkaline phosphatase (AP) has shown a protective effect against SA-AKI through direct dephosphorylation of endotoxin leading to reduced inflammation and organ dysfunction and improved survival (52). In a recent international, randomized, double-blind, placebo-controlled, dose-discovery adaptive Phase IIa/IIb study of 301 PATIENTS with SA-AKI, 1.6 mg/kg was found to be the optimal dose with no significant improvement in short-term renal function compared with placebo. However, the use of AP was associated with a reduction in day 28 mortality (17.4% versus 29.5% in the placebo group) (52).

Thiamine deficiency is associated with anaerobic metabolism and increased lactic acid. Adding thiamine improves mitochondrial function in sepsis. In a secondary analysis of a single-center, randomized, double-blind, placebo-controlled trial, patients randomized to intravenous thiamine (200 mg twice daily for 7 days) had lower AKI severity and fewer patients received RRT (53). Targeted therapies, such as targeting apoptotic pathways with caspase inhibitors and inhibiting inflammatory cascades, have shown some promising results in experimental models (54).

As of June 2022, a search at www.clinicaltrials.gov listed 2,772 sepsis studies, of which 94 SA-AKI studies and 49 involved intervention (clinical trials). Many other compounds are being actively investigated for sepsis, such as remtimod, pirfenidone sustained release, l-carnitine, and probiotics.



Renal Replacement Therapy

Guidelines suggest using continuous or intermittent renal replacement therapy (weak recommendation, low-quality evidence) for patients with adult sepsis/septic shock who develop AKI and require RRT (2). Widely accepted indications for initiation of RRT include refractory fluid overload, severe hyperkalemia, and metabolic acidosis in which drug therapy fails, uremic signs (pericarditis and encephalopathy), dialyzable drug or toxicosis (55). There is little data on the effect of RRT initiation timing (early and delayed strategies) on SA-AKI. Early initiation of RRT may improve prognosis by limiting systemic inflammation, fluid overload, and organ damage, but there are currently no specific RCTs to determine the optimal time to initiate RRT in SA-AKI. In the RENAL and ATN studies, there was no significant difference in the odds ratio (OR) of mortality in patients with sepsis who received higher and lower intensities of RRT (56). In addition, SA-AKI has associated with lower SCr and more pronounced oliguria, so the less severe KDIGO stage defining these criteria may underestimate the severity of AKI and create a bias in the time to define RRT. New potential biomarkers that can predict AKI severity, such as TIMP-2 x IGFBP-7, may help determine when to start RRT in this setting (57).




The Omics Era and its Impact on the Study of SA-AKI

SA-AKI is currently defined in terms of clinical symptoms, and there is considerable variation in disease presentation, progression, and response to treatment, highlighting the heterogeneity of the underlying biological mechanisms. As a result, clinicians encounter much uncertainty when considering the best treatment and risk prediction.

Omics refers to the comprehensive study of the roles, relationships, and effects of various molecules in biological cells. Today, omics technologies are advancing rapidly, and large datasets can be obtained from individuals and patient populations of the SA-AKI genotype-phenotypic continuum (Figure 2). Starting with genomics, new sequencing technologies have been used rapidly elucidate entire genomes and simultaneously analyze all genes (58). There are also transcriptomics (the study of the expression of all genes in a cell or organism), proteomics (the analysis of all proteins), metabolomics (the comprehensive analysis of all metabolic small molecules), epigenomics, metagenomics, glycomics, lipidomics, connectomics, and so on (59). A fundamental shift in integrative biology from focusing on the function of individual molecules or pathways to analyzing biological systems as a unified whole is the direction in which omics technology is developing. Combined with these high-dimensional data sets, computational methods such as machine learning provide the opportunity to reclassify patients into molecularly defined subgroups that better reflect underlying disease mechanisms, with the ultimate goal of improving diagnostic classification, risk stratification, and allocation of molecular, disease-specific therapies for patients with SA-AKI. Therefore, we will first discuss the application of individual omics techniques to the study of SA-AKI (Table 1) and then provide a comprehensive use of multi-omics.




Figure 2 | Schematic representation of a multi-omics approach to SA-AKI. Single omics data can be integrated into multiple-omics and combined with systems biology to understand the pathophysiological mechanisms of SA-AKI better and facilitate the discovery and development of emerging biomarkers for treatment.




Table 1 | Summary of omics studies of SA-AKI.




Introduction of Omics Techniques and the Application in SA-AKI


Genomics

Genomics is used to identify individual genetic variation and disease susceptibility and studies relatively few individual heritable traits at specific loci. The completion of the Human Genome Project led to the initial sequencing of > 20,000-30,000 genes in the human genome, while current genomic studies have whole-genome sequencing, including regulatory regions and other untranslated regions, to identify potentially pathogenic variations anywhere in the genetic code; Whole exome sequencing, involving the sequencing of protein-coding regions of the genome, is a widely used next-generation sequencing (NGS) method. The human exome makes up no more than 2% of the genome, but it contains about 85% of the variants known to be associated with disease, making this approach a cost-effective alternative to whole genome sequencing; DNA microarrays rely on nucleic acid hybridization to detect the presence of SNPs and CNVs (83).

Studies have used large-scale genomic approaches to identify SNPs using microarrays of known variations in specific diseases to identify genetic variants associated with SA-AKI. Angela J. Frank et al. (60) included 1264 patients with septic shock, of whom 887 white patients were randomly assigned to the discovery and validation cohort, and found that 5 SNPs were associated with SA-AKI, such as BCL2, SERPINA, and SIK3 genes. Subsequently, Vilander (61) and colleagues included genetic samples from 2567 patients without chronic kidney disease, including 837 cases of sepsis and 627 cases of septic shock, and found that SERPINA4 and SERPINA5, but not BCL2 and SIK3 are associated with acute kidney injury in critically ill patients with septic shock. In addition to focusing on variants that influence survival after SA-AKI, the second goal is to find variants that influence SA-AKI risk. Laura M. Vilander et al. (64) found that SNPs in NFKB1 loci rs41275743 and RS4648143 are associated with the risk of AKI in sepsis patients.



Epigenomics

Epigenomics regulates gene transcription through epigenetic changes such as DNA methylation, histone modification, and changes in non-coding RNA expression. Binnie (84) and colleagues performed epigenome-wide DNA methylation analysis on whole blood samples from 68 sepsis and 66 non-sepsis severely ill adults and found 668 differential methylation regions (DMR), of which the majority (61%) were hypermethylated. SA-AKI research is currently focused on animal studies. Selective IIa class HDAC inhibitor TMP195 may have renal protective effects in LPS-induced SA-AKI mouse models (85). In LPS-induced AKI, down-regulation of miR-29B-3p exacerbates podocyte damage by targeting HDAC4. miR-29b-3p may be an important target for AKI therapy (86). Future research into the mechanisms of sepsis may aim to integrate epigenomics and transcriptome to determine how much variation in transcriptome is influenced by methylation, histone modifications, and non-coding transcripts.



Transcriptomics

Transcriptomics is the study of complete gene transcripts or RNA types that are transcribed by specific cells, tissues, or individuals at specific times and states (87). It includes both coding RNAs that are translated into proteins and non-coding RNAs that are involved in post-transcriptional control, which further affect gene expression. Unlike genomics, which focuses on static DNA sequences, transcriptomics can identify genes and gene networks that are activated or suppressed under specific conditions to assess dynamic gene expression patterns. At the quantitative level, with reference, genes could be quantitatively analyzed, while without reference, only Unigene (optimized transcript) could be quantitatively analyzed, and downstream differential gene analysis and functional annotation could be performed. At the structural level, parameters can be used for variable clipping, SNP analysis, gene structure optimization, and new gene prediction. At present, it has been widely used in basic research, clinical diagnosis, drug development, and other fields.

Mei Tran et al. (65) performed microarray sequencing after intraperitoneal injection of LPS in mice and found that restoring the expression of mitochondrial biogenic factor PGC-1α was necessary for the recovery of endotoxin AKI, indicating that changes in gene expression pathways related to cell metabolism and mitochondrial function were most abundant in septic LPS mice. In a study of 179 children with septic shock and 53 age-matched normal controls, Rajit K Basu et al. (66) found that 21 unique gene probes were upregulated in SA-AKI patients compared with non-SA-AKI patients. In other microarray experiments using miRNAs (non-translational RNA molecules with transcriptional regulatory functions), Qin-min Ge et al. (67) found that miR-4321 and miR-4270 were significantly upregulated in septic induced AKI compared with non-septic AKI, while only miR-4321 was significantly overexpressed in the septic group compared with the control group. Pal Tod et al. (69) observed that miR-762 expression was significantly increased in early septic AKI and the miR-144/451 cluster was upregulated at 24 h after intraperitoneal injection of LPS in mice.



Proteomics

With the development of omics technology, research has shifted to the analysis of translation “products” of cellular proteins and RNA transcripts. By mRNA transcription and protein modification after translation (add or remove phosphate or methyl specific molecular etc.) make the proteome is highly dynamic, can not necessarily infer from the level of gene expression in specific protein level, greatly increased the complexity of protein and peptide, has brought the huge challenge for proteomics analysis (88). The introduction of a variety of techniques, such as two-dimensional gel electrophoresis, liquid chromatography, and mass spectrometry, with high sensitivity and resolution mass spectrometry, has enabled the identification and quantification of proteins and peptides in tissues and biological fluids and has provided new insights into disease-related processes at the molecular level (89).

High-throughput proteomic analysis of urine, plasma, and tissue samples has identified emerging biomarkers and drug targets. To construct a new rat model of acute renal failure induced by sepsis with heterogenous response similar to that in humans. DIGE was used to detect changes in urinary protein and identify potential biomarkers and drug targets for Meprin-1-alpha (70); MUP5 decreased in SA-AKI, and mitochondrial energy production and electron transport were significantly correlated with protein (73). PARK7 and CDH16 are considered novel biomarkers for early diagnosis of septic AKI and validated in human patients (75). In the Mouse CLP Sepsis model, the Tissue Proteomics-Dige and MALDI-Tof/TOF MS techniques were used to identify the phosphorylated MYL12B as a potential plasma biomarker for the early diagnosis of SA-AKI (72). Tomoaki Hashida et al. studied 20 AKI patients hospitalized in ICU from June 2012 to March 2014 by Proteomics from Hemofilter Bates SDS PAGE, MS. Three proteins, including carbonic anhydrase 1 (CA1) and leucine-rich α-2-glycoprotein (LRG1), were detected in samples from all sepsis patients who received continuous renal replacement therapy (CRRT) under conventional care, compared with those who were not infected with sepsis (74).

Several recent studies have identified several promising candidate marker proteins for disease onset and progression, and further identified pathways specific to SA-AKI and its transition to CKD. The moderate and severe mouse CLP sepsis models were established, and the time changes of kidney proteomics and phosphorylated proteomics were examined on days 2 and 7 after surgery, and 2119 protein sites and 2950 phosphorus sites were identified. Several new and/or less studied SA-AKI labeled proteins Hmgcs2, Serpin S100A8, and Chil3 were validated (76). In the migration and E. coli inoculation model, Using proteomics Gel-free technique, urine chitinase 3-like proteins 1, 3 and acidic mammalian chitinase were found to distinguish between sepsis and mouse septicaemic induced AKI, NGAL, and thioredoxins, and increased with the severity of AKI (71).



Metabonomics

Metabolomics refers to the comprehensive and systematic identification and quantitative analysis of molecular metabolites of less than 1000 daltons in biological samples such as blood and tissues under physiological or pathological conditions, which may more accurately describe the cellular processes active under any conditions (90). Metabolomics studies use two main methods to detect metabolites: nuclear magnetic resonance (NMR) and liquid chromatography/mass spectrometry (LC/MS). NMR is quantitative, non-destructive, reproducible, and can accurately quantify the abundance and molecular structure of metabolites (91). The sample preparation is simple and the measurement time is relatively short, which is suitable for high-throughput, untargeted metabolite fingerprint study. But the disadvantage is relatively low sensitivity. LC/MS is also widely used in metabolomics, with higher sensitivity and quantification of more metabolites, but with poor accuracy and reproducibility. Sample preparation and solvent selection are even more critical in MS-based experiments because metabolite extraction requires the removal of proteins and salts that adversely affect the quality of the measurement as well as the instrument itself. MS mass analyzers in metabolomics commonly use quadrupole time of flight, Orbitrap, and Fourier transform, which are suitable for distinguishing the chemical complexity of metabolomics (92).

Metabolites are the final products of biological activities and are the most direct and comprehensive biomarkers reflecting physiological phenotypes. More and more studies have shown that changes in energy metabolic pathways, also known as metabolic reprogramming, are an important factor in the pathophysiology of SA-AKI. Therefore, it is of great significance to study the metabolic changes of SI-AKI and identify its early biomarkers for early clinical diagnosis and treatment. Firstly, inflammatory metabolites and products of kidney damage increase. Paul Waltz et al. (77) used metabolomics-LC/MS technology in the MICE CLP Sepsis model and found that the evidence of CLP-induced kidney injury is increased serum creatinine, blood urea nitrogen, and cystatin C. CLP raises multiple inflammatory markers. Levels of osmotic regulators varied, with an overall increase in pinitol, urea, and taurine in response to CLP. Francisco Adelvane de Paulo Rodrigues (79) and colleagues detected significant increases in creatine, allantoin, and dimethylglycine levels in septic rats by 1-hour NMR analysis. However, dimethylamine and methanosulfonyl metabolites were detected more frequently in septic animals treated with 6-gingerol (6G) and 10-gingerol (10G) and were associated with increased survival in septic animals. Gingerol alleviates septic AKI by reducing renal dysfunction, oxidative stress, and inflammatory response, and the mechanism may be related to the increased production of dimethylamine and methanosulfonyl methane.

Secondly, the overall energy spectrum of sepsis showed an increase in glycolysis intermediates and a decrease in flux through the tricarboxylic acid (TCA) cycle. Similar changes in metabolites were also observed through tissue and serum metabolomics-1H NMR after LPS injection in mice. The contents of betaine, taurine, lactic acid, and glucose in LPS mice were significantly decreased. The contents of 3-CP, acetoacetic acid, pyruvate, NADPH, creatine, creatinine, and trimethylamine oxide were significantly increased (78). In large animal models of pigs infused with E. coli, metabolic differences were found between control and sepsis animals: lactic acid and niacin increased in renal tissues, while valine, aspartic acid, glucose, and threonine decreased; The contents of isoglutamate-acetylglutamate-acetylaspartic acid and ascorbic acid in the urine increased, while the contents of inositol and phenylacetyl glycine decreased. Serum concentrations of lactic acid, alanine, pyruvate, and glutamine increased, while those of valine, glucose and betaine decreased (80).

In addition, in plasma samples from 31 patients with sepsis and 23 healthy individuals, metabolomics-GC/MS suggest that down-regulation of energy, amino acid, and lipid metabolism may serve as a new clinical marker for identifying internal environmental disorders, especially involving energy metabolism, leading to sepsis (82).




Omics Techniques in SA-AKI Outcome Events

Through literature review, SA-AKI is important to the two topics cited above and is considered a major public health problem associated with increased mortality and progression to CKD. However, relevant studies are mainly focused on prospective and observational cohort studies of patients in the real world, and there are still few studies on omics technology. Omics, especially multi-omics, may have more in-depth exploration and analysis of the two topics, which is the direction of further research of omics technology in SA-AKI.

While maintaining homeostasis, the kidney, as an endocrine and immune organ, may regulate distant multi-organ dysfunction. Several recent experimental studies have shown that AKI is associated with extensive damage to distant organs such as the lungs, heart, liver, and intestines (93, 94). The function of remote organs can be affected by a variety of biologically related pathways, such as transcriptome changes, apoptosis, upregulation of various damage promoting molecules, oxidative stress, inflammation, and loss of vascular function (95). In addition, the severity of organ dysfunction is independently associated with mortality, which can rise to as high as 45%-60% when AKI is associated with other organ dysfunction, such as acute respiratory distress syndrome [ARDS], heart failure, or sepsis. In a prospective observational cohort of 1753 patients with critically ill AKI, SA-AKI (n = 833) was associated with an increased risk of in-hospital death. In a systematic review of long-term renal outcomes after septic AKI and long-term renal outcomes, studies using keywords associated with septic AKI were identified from PubMed and CINAHL databases within 5 years, with a time range of 28 days to 3 years for long-term renal outcomes, Most take one year. Renal outcomes range from recovery to renal replacement therapy to death. All of these studies excluded patients with CKD (96).

The molecular mechanisms underlying AKI’s transformation into CKD are complex, and most literature has focused on the complex balance between adaptation and maladaptive repair processes (97). Maladaptive repair leads to chronic damage and loss of kidney function, setting the stage for CKD, which eventually progresses to ESRD. This process is accompanied by permanent changes in undesirable structures, persistent low-grade inflammation, activation of perivascular and interstitial fibroblasts, vascular sparseness, and parenchymal ischemia (98). The integration of multiple omics techniques opens up new possibilities for improving our understanding of AKI and the driving forces behind the transition from AKI to CKD. Yi-han Lin et al. (76) analyzed the changes in the global proteome and phosphorylated proteome levels in renal tissues on day 2 and day 7 after CLP by constructing a mouse model of moderate severity CLP and using filter-based sample processing method combined with an unlabeled quantitative method, corresponding to SA-AKI and transition to CKD, respectively. It provides a view that renal tissue dynamically regulates the oxidative stress induced by sepsis, and provides enlightenment for the exploration of potential diagnosis and treatment methods in the future. In this study, a total of 2119 proteins and 2950 phosphates were identified to identify specific response pathways to SA-Aki-CKD transformation, including regulation of cellular metabolism, oxidative stress, and energy expenditure in the affected kidney. Of these, the majority (56%) are associated with small molecular metabolic processes (FDR = 3.35E-48), such as lipids, nucleotides, alcohol, and other fatty acids. Network analysis also revealed that several protein clusters, such as REDOX enzyme complex, peroxisome, and cytochrome P450 (CYP) family proteins, may play important roles in the AKI-CKD transition.



Novel Biomarkers for SA-AKI

The role of emerging biomarkers in different renal syndromes, including SA-AKI, is a rapidly growing area of research. In patients with sepsis, early detection of AKI is critical to provide optimal treatment and avoid further kidney damage. Because specific biomarkers can detect renal stress or damage before significant changes in function (preclinical AKI) or even before the absence of functional changes (subclinical AKI), studying SA-AKI biomarkers could provide additional insights into the pathophysiology of SA-AKI (99). In order to provide prevention and early diagnosis of treatment when it is most effective. Table 2 summarizes some of the biomarkers studied in SA-AKI from the aspects of inflammatory, endothelial injury, tubule injury, and AKI risk markers, to provide prevention and early diagnosis when treatment is most effective.


Table 2 | Summary of biomarkers used to detect SA-AKI.



Renal tubular cell damage contributes to the spread of AKI during sepsis. Among the newer biomarkers, neutrophil gelatinase-associated lipid carrier protein (NGAL), kidney injury molecule-1 (KIM-1), liver-type fatty acid binding protein (L-FABP), and cystatin C(Cys C) accelerated the diagnosis of SA-AKI. NGAL is the most widely studied renal biomarker which is a member of the human lipid carrier protein family and consists of 178 amino acid residues (114). The level of NGAL increased sharply after kidney injury, which can be used as an early sensitive biomarker of kidney injury. NGAL expression is inconsistent in SA-AKI. Studies have shown that urinary NGAL has higher specificity for S-AKI than plasma NGAL (80.0% vs 57.0%) (115). Sollip Kim et al. found in A systematic review and meta-analysis that plasma NGAL had A high sensitivity and A high negative predictive value for AKI in adult sepsis patients. However, this study did not reveal the usefulness of urine NGAL (116). KIM-1 is a type I transmembrane glycoprotein encoded by the TIM-1 gene and is a member of the T cell immunoglobulin mucin (TIM) gene family. Kim-1 was first used as a biomarker for acute kidney injury (AKI) in 2002, but there is little evidence to support its role in S-AKI. Similar to uKIM-1, sKIM-1 can also predict the occurrence of septic AKI at an early stage, but it has no predictive value to judge the severity of AKI and the prognosis of sepsis (109). However, these biomarkers lack the ability to further the stratification of SA-AKI risk or inform us of primary and secondary sites of injury.

Tissue Inhibitors Of metalloproteinase 2 (TIMP-2) stimulate P27 expression (117). Insulin-like growth factor binding protein-7 (IGFBP7) increases the expression of p53 and P21 (118). [TIMP-2]•[IGFBP7] (a biomarker of cell cycle arrest) accurately predict stage 2-3 AKI as defined by KDIGO within 12 hours; Induced stagnation of the renal tubule cell G1 cycle occurs simultaneously with early cell damage caused by ischemia or inflammatory processes. Changes in urine [TIMP-2]•[IGFBP7] after initial fluid resuscitation identified different risks of AKI progression in sepsis patients in the ProCESS trial of 688 septic shock patients at [TIMP-2]•[IGFBP7] before and after 6-hour resuscitation. According to the APACHE II score, clinical response to resuscitation was weak in predicting endpoint (AUC 0.68, 95%CI 0.62-0.73), It was improved by the addition of [TIMP-2]•[IGFBP7] (0.72, 95%CI 0.66-0.77 P =0.03) (119).

There are no widely accepted risk scores for SA-AKI, and only the HELENICC score currently predicts mortality in patients requiring renal replacement therapy (RRT) (120). Comparing 30 patients before electronic alert activation with 30 patients after electronic alert activation, the time to receive any sepsis-related intervention was shorter after an alert, with a median difference of 3.5 hours (P = 0.02) (121). Using electronic health records to create electronic alert systems has the potential to identify high-risk patients and initiate interventions more quickly. Using real-time data from electronic health records to identify patients with SA-AKI, automatic alarms are combined with biochemical biomarker testing to improve case detection and risk stratification for SA-AKI (122).



Omics Databases on Kidney Disease

Omics database provides the latest information about the molecular function orientation and expression, to store information about has conducted a similar experiment, is helpful to study design, the study of kidney disease is a valuable tool. For clinical practice, systems biology methods and high throughput technology to promote medical revolution from passive to active and prevention, through the powerful calculation method, find new biomarkers. The development of diagnostic tools to elucidate the pathogenesis and create models for possible therapies for patient screening, diagnosis, prevention and treatment. Omics is ongoing and is expected to be gradually introduced into clinical practice within the next decade (123). In this review, referring to Theofilos Papadopoulos et al. (124), we describe universal omics databases covering a wide range of molecular and pathological information as well as specific databases for kidney disease (Table 3).


Table 3 | General omics and Kidney-specific databases.






Multi-Omics Integration

Numerous studies have shown that the integration of multi-omics data sets has been applied to a wide range of biological problems, helping to unravel the underlying mechanisms at the multi-omics level. Yehudit Hasin et al. (125) proposed a comprehensive analysis method of multiple sets of data, which is divided into three categories: genomic priority that attempts to determine the mechanism of GWAS loci leading to disease, the phenotypic priority that seeks to understand the pathway leading to disease, and the environmental priority that uses environment as the primary variable to study its interfering pathway or interaction with genetic variation. Although current omics research on SA-AKI has focused on a single omics study, only a few studies have integrated multiple omics techniques to address the three critical issues of SA-AKI.

① Subtypes and classification of SA-AKI based on multiple omics features.

There has not been a multi-omics integrated study involved.

② Prognostic biomarkers for SA-AKI, including disease diagnosis and driver genes.

A good example is Raymond J. Langley et al. (126) and his colleagues examined clinical characteristics and plasma metabolomics and proteomics of patients with community-acquired sepsis upon arrival at the hospital emergency department and 24 h later. Different characteristics of proteins and metabolomics are concentrated in fatty acid transport and β -oxidation, gluconeogenesis, and citric acid cycles and vary more as death approaches. However, the metabolomics and proteomics of survivors of mild sepsis were not different from those of survivors of severe sepsis or septic shock. An algorithm derived from clinical features and measurements of seven metabolites predicted patient survival.

③Gain insight into the pathophysiology of SA-AKI.

Takashi Hato and his colleagues conducted two experiments specifically targeting SA-AKI. A combination of transcriptomics, proteomics, and metabolomics, showed that endotoxin preconditioning reprogrammed macrophages and tubules to create a protective environment to prevent severe AKI in septic mouse models, upregulating the antibacterial molecule itaconic acid and its activase Irg1. Many genes activated by endotoxin were located near heterochromatin, suggesting that epigenetic regulation may be involved in the preconditioning response (127). In the second study, they used gram-negative sepsis model for the translation group, transcriptome, and proteome of the joint inspection new; translation will be closed as a vital characteristic of the late sepsis, further found that 5 ‘cap dependency translation close the reversal of the improved degree of kidney damage caused by sepsis.

Mariam P. Alexander et al. (128) compared COVID-19 AKI with SA-AKI, and analyzed the morphological, transcriptome, and proteomic characteristics of postmortem kidneys. Transcriptomics found that COVID-19 AKI and SA-AKI have a rich transcriptional pathway associated with inflammation (apoptosis, autophagy, major histocompatibility complex I and II, and Type 1 T-assisted cell differentiation) compared to non-infectious AKI; Proteomic pathway analysis showed that both of them were enriched to a lesser extent in necrotic apoptosis and Sirtuin signaling pathways, both of which are involved in the regulatory response of inflammation.



New Techniques and Future Perspectives

Our understanding of disease processes will likely to evolve rapidly and revolutionarily as new technologies and methods development. For example, techniques such as scRNA-seq and mononuclear RNA-seq (snRNA-seq) provide insights into the molecular processes of SA-AKI at the cellular level, with artificial intelligence aimed at accurately predicting the onset of SA-AKI in advance. In future applications, tissue samples or whole organs can be sequentially analyzed through a combination of these techniques to generate spatial multi-omics datasets, which are expected to provide unprecedented insights into the deep molecular biology of the system under study.


Integrating Microarray-Based Spatial Transcriptomics and Single-Cell RNA-Seq

ScRNA-seq provides detailed information on single-cell transcriptional expression, allowing cell-to-cell analysis of RNA expression differences (129). It uses a variety of methods for cell isolation and transcription amplification, such as microfluidics devices that capture cells in hydrogel droplets or methods that rely on physical isolation of a cell (such as fluorescent-activated cell sorting into a 96-well plate and microfluidics chip used by Fluidigm C1) from another well (130). Due to the heterogeneous cell types (such as epithelial cells, endothelial cells, fibroblasts, vascular smooth muscle, and immune cells) in different renal microenvironments and interactions, SA-AKI has different effects on various cells in the kidney. scRNA-seq enables researchers to detect highly variable genes (HVGS) between cells that contribute to mixed populations, which cannot be achieved by bulk RNA-seq (131). One of the significant challenges of the scRNA-seq data is matching the RNA profile with its location (spatial information) in the tissue (132). Spatial transcriptome sequencing provides complete tissue spatial location information, enabling spatial localization of different single-cell subpopulations by adding spatial information to scRNA-seq data, increasing understanding of specific cell subpopulations and their interactions in development, homeostasis, and disease (133).

Currently, there are few studies on single-cell RNA sequencing technology for SA-AKI. Ricardo Melo Ferreira et al. (134) used single-cell sequencing to deconvolution the signature of each spatial transcriptome point in the mouse CLP model to determine the co-localization mode between immune cells and epithelial cells. Spatial transcriptomics revealed that infiltrating macrophages dominate the exocortical features, and Mdk was identified as the corresponding chemokine, revealing the mechanisms driving immune cell infiltration and detecting associated cell subsets to complement single-cell sequencing. Danielle Janosevic et al. (135) provided a detailed and accurate view of the evolution of renal endotoxemia at the cellular and molecular levels by sequencing single-cell RENAL RNA in a mouse endotoxemia model, providing the first description of spatio-temporal endotoxin-induced transcriptome changes in the kidney. It reveals that the involvement of various cell populations is organized and highly coordinated in time, promoting the further investigation of human sepsis.



Artificial Intelligence

Artificial intelligence (AI) technology has emerged as doctors face the challenge of being overwhelmed by the amount of data generated in healthcare today (136). Artificial intelligence is a scientific discipline that aims to understand and design computer systems that display intellectual processes (137). Machine learning (ML), a subset of artificial intelligence, may detect disease onset before clinical symptoms appear, allowing for a more proactive approach (138). In machine learning, supervised learning and reinforcement learning are widely used (139).

In the narrative review of the clinical application of artificial intelligence in sepsis, 15 articles about the use of AI model to diagnose sepsis, the model with the best performance reached 0.97 AUROC; 7 prognostic articles, predicting mortality over time with an AUROC of up to 0.895; 3 articles on helping to treat sepsis, in which AI use was associated with the lowest mortality (140). Kumardeep Chaudhary et al. (141) used deep learning to identify the septicemic AKI subtype unknowingly and inexplicably from routinely collected data from electronic health records is the first study to use routinely collected electronic health record data to identify the clinical subtype of SA-AKI syndrome in the ICU. When combined with other biomarkers and omics data, this approach could further accelerate research into the discovering of new biomarkers and dysregulation pathways for SA-AKI.

At present, the comprehensive performance evaluation of machine learning models is limited by research heterogeneity. In addition, because clinical implementation of models is rare, there is an urgent need to determine the clinical impact on different patient populations to ensure universality (142).




Conclusions

Despite significant advances in our understanding of the pathophysiology and detection markers of SA-AKI, it remains a common and highly hazardous complication of the critically ill disease. The development of multiple omics studies, which have increased the availability of kidney tissue, blood and urine samples, and patient data, has provided a tremendous opportunity to increase our understanding of SA-AKI. As the cost of omics analysis continues to decrease, the emergence of more types of omics techniques and studies integrating multiple omics techniques can be integrated into the clinic and guide the personalized treatment of SA-AKI. Such advances, however, will require a more careful selection of models and research techniques to study the effects of this molecular involvement on SA-AKI in greater detail, addressing the common challenges of omics in distinguishing causal and reactive changes in the context of disease.
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Background

Acute kidney injury (AKI) is a frequent consequence of sepsis and has been linked to poor prognosis. In critically ill patients, the ratio of neutrophils to lymphocytes and platelets (N/LP) has been confirmed as an inflammation-related marker connected with the development of renal dysfunction. However, the effect of the N/LP ratio on the initiation and development of AKI in patients with sepsis remained unclear. The purpose of this study was to determine if the N/LP ratio on intensive care unit (ICU) admission was associated with the occurrence of sepsis-associated AKI (S-AKI) and severe AKI.



Methods

Adult septic patients from the Medical Information Mart for Intensive Care-IV database were screened and classified into three categories (low, middle, or high) based on their N/LP ratio quartiles. The Cox proportional hazard and competing risk models were used to determine the risk of S-AKI in various N/LP groups, whilst the logistic regression model and restricted cubic splines (RCS) analysis were employed to investigate the link between N/LP ratios and the occurrence of severe AKI. Finally, we did a doubly robust estimation, a subgroup analysis, and a sensitivity analysis to determine the findings’ robustness.



Results

We categorized 485, 968, and 485 septic patients into three groups based on their N/LP ratios: low, intermediate, and high. According the Cox proportional hazard model, the hazard rate (95% CI) for those in the middle and high N/LP groups on the incidence of S-AKI were 1.30(1.07, 1.58) and 1.27(1.02, 1.59), respectively, as compared to those in the low N/LP group. And the Fine-Gray proportional subdistribution hazards model indicated that mortality was not a substantial competing risk for S-AKI. Additionally, multivariate logistic regression revealed that the risk of severe AKI increased 1.83 fold in the high group compared to the low group. The RCS result also suggested that the probability of severe AKI rose significantly when N/LP > 9.5. The consistency of these findings was confirmed using doubly robust estimation. However, subgroup and sensitivity analyses revealed that the association between N/LP and the incidence of S-AKI, severe AKI varied considerably between different populations and diagnostic criteria.



Conclusion

A raised initial N/LP level may induce the development of S-AKI and severe AKI within 7 days after ICU admission in septic patients. These influences were enhanced in elder, male, septic shock, and those with poor health condition. Furthermore, high NLP was more strongly connected to the risk of S-AKI and severe AKI in sepsis patients on the urine output-based AKI criteria than on the serum creatinine-based criteria.





Keywords: sepsis, neutrophils to lymphocytes and platelets ratio, acute kidney injury, competing risk model, double robust estimation



Introduction

According to the latest Sepsis 3.0 criteria (1), sepsis is defined as multiple organ dysfunction caused by an uncontrolled immune response to infection. Despite significant research efforts, sepsis continues to be one of the most challenging tasks for the healthcare system, with high morbidity and death globally. Based on evidence from previous epidemiological research, the worldwide incidence of sepsis is around 270 per 100,000 person-years (2). And the in-hospital mortality ranges from 17% to 26% (2), depending on the severity of the condition. As a common complication in sepsis patients, acute kidney damage (AKI) is usually results from tissue hypoperfusion, immune-inflammatory response dysregulation, and others (3, 4), with a incidence as high as 50% (5) and a 6-8 fold increased mortality compared to those with sepsis alone (6). As a result, it is necessary to initiate the early diagnosis and risk stratification of AKI in sepsis patients, which would contribute to effective interventions and a favorable prognosis.

Serum creatinine concentrations (SCr) and urine output (UO) are critical for clinical diagnosis of sepsis-associated AKI (S-AKI). However, due to its unique peak period and enhanced tubular secretion under stress, SCr appears to be an insensitive marker of AKI (7). At the same time, the UO is also particularly susceptible to varying factors other than the kidney, such as the circulating blood volume, urethral obstruction, and the use of diuretics. Thus, neither SCr nor UO are ideal and reliable indicators for S-AKI. Furthermore, numerous emerging technologies and approaches, including as machine learning (8, 9) and a series of novel biomarkers (7, 10), have been employed for S-AKI prediction and diagnosis. Nevertheless, it is regrettable that their actual effectiveness still requires extensive external validation and preclinical investigation. As noted previously, systemic inflammatory responses are intimately connected to the onset and development of S-AKI. The neutrophils to lymphocytes and platelets ratio (N/LP) is a low-cost indicator that can be obtained simply through routine blood tests and has been frequently applied in reflecting the body’s inflammatory state. Its utility as a predictor of COVID-19 prognosis (11) and AKI occurrence following abdominal and cardiovascular surgery has already been demonstrated (12, 13). A recent retrospective study also demonstrated that higher N/LP ratios were significantly associated with an increased risk of in-hospital mortality among S-AKI patients (14). However, the relationship between the initial N/LP ratio and the development or severity of AKI in sepsis patients remained unclear. Besides, a large cohort research by Bianchi NA et al. revealed discrepancy between SCr and UO criteria for AKI diagnosis and prognosis (15). And the most appropriate diagnostic criteria that satisfied the clinical application of the N/LP are likewise undefined.

Accordingly, this study intended to determine whether elevated N/LP is causally linked with S-AKI risk and severity within seven days after ICU admission by using several statistical methods in a large cohort of adult sepsis patients. Additionally, we further explored the consistency of these associations on specific population subgroups and different diagnostic criteria for AKI to provide a basis for application scenarios.



Methods


Data Sources

The data for this study were obtained from the Medical Information Mart for Intensive Care IV (v1.0) (MIMIC-IV 1.0) database, which is a large, open-access database. The MIMIC-IV contained electronic data from 382, 278 patients admitted to the Beth Israel Deaconess Medical Center in Boston, Massachusetts, between 2008 and 2019 (16), including demographics, vital signs, laboratory results, imaging examinations, microbial culture results, medication and procedure records, survival information, and a data dictionary. This critical care database has been approved by the Massachusetts Institute of Technology’s Institutional Review Boards and released on March 16, 2021. Despite the fact that a substantial amount of research has been done based on MIMIC-IV, it was necessary to obtain authorization prior to the using. We have completed the Collaborative Institution Training Initiative Program Course offered by the National Institutes of Health in the United States and obtained certification (Record ID: 38455175, 39691989). Since the MIMIC database is a publicly available anonymized database, approval for the ethical committee was exempted.



Population Selection Criteria

Patients who met the criteria for sepsis at the time of ICU admission were eligible for enrollment. Sepsis and septic shock were defined according to the Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3) (1), which included patients with a confirmed or suspected infection and a total SOFA score of 2 points. Simultaneously, suspected infection was defined as cases in which empiric antibiotic therapy was administered prior to or within three days of culture collection. Only data from the patient’s first admission was used if they had multiple admission records. Minors (those under the age of 18) and those who were discharged or died within 24 hours of ICU admission were excluded. To avoid bias, patients with the following conditions were also excluded: (1) those with a blood system disease, such as aplastic anemia or various acute leukemia; (2) those with major immune diseases, including lymphoma, acquired immune deficiency syndrome, solid metastatic tumor, malignant tumor, and systemic lupus erythematosus; (3) those with pre-existing end-stage renal disease; (4) those with cirrhosis-induced hypersplenism; (5) those who received an acute renal damage diagnosis within the first 24 hours of ICU admission. When the patient was discharged, all associated comorbidities were identified using the International Classification of Diseases, Ninth Revision (ICD-9) and Tenth Revision (ICD-10) diagnosis codes.



Data Collection and Classification

Clinical data for the included patients were extracted from MIMIC IV using PostgreSQL programming (v4.21). Following that, STATA software (v15.1) was used to integrate, process, and classify the data based on the particular hadm id or stay id code. These clinical data included demographic information, associated comorbidities, infection locations, illness severity score, laboratory test variables, therapies administered, and endpoints, as following: age, gender, ethnic origin, type of care unit, presence of myocardial infarction, congestive heart failure, cirrhosis combined with non-hypersplenism, chronic obstructive pulmonary disease, or diabetes, presence of lower respiratory infection, genitourinary tract infection, intra-abdominal infection, bacteremia, skin and soft tissue infection, musculoskeletal infection, biliary tract infection, fungal infection, platelet count, neutrophil absolute value, lymphocyte absolute value, white blood cell count (WBC), serum creatinine (SCr), blood urea nitrogen (BUN), glucose, serum potassium, sodium, chloride, serum anion gap (AG), serum bicarbonate, Simplify the Acute Physiological Scores II (SAPS II), the Sequential Organ Failure Assessment (SOFA) excluding the coagulation system, the Charlson comorbidity index, the duration of ICU stay, the use of vasoactive medication, continuous renal replacement therapy (CRRT), or invasive mechanical ventilation (MV) during the follow-up period, the length of ICU stay, the 7-day mortality, the 28-day mortality, all-cause ICU mortality, the incidence of AKI, and the AKI stage. Except for neutrophils, lymphocytes, and platelet count, the lowest values of the aforesaid laboratory markers were retrieved within 24 hours of ICU admission. Patients with any missing values were discarded; values falling below the 1st percentile or above the 99th percentile were deemed outliers and were deleted before analysis. The formula for calculating N/LP was previously described as [Neutrophil count(109/L)*100]/[Lymphocyte count(109/L)*Platelet count(109/L)] (11). The mean of neutrophils, lymphocytes, and platelet count within the first 24 h after ICU admission were adopted in N/LP the computational process. Following that, all participants were classified into three categories based on their N/LP quartile range: low (N/LP=2.8718, 25th), middle (N/LP=10.4128, 25th-75th), and high (N/LP>10.4128, >75th).



Outcomes

The study’s objectives were to determine the potential connection of different initial N/LP levels with the prevalence of S-AKI and severe AKI within 7 days after ICU admission in sepsis patients. Primary outcome was the S-AKI incidence; the secondary outcome was the risk of severe AKI. The duration of follow-up was defined as the period from ICU admission to the onset of AKI or death. While the overall time of follow-up for patients who survived without developing AKI was seven days. AKI was defined by the 2012 Kidney Disease: Improving Global Outcomes Clinical Practice Guidelines (KDIGO) as an elevated in serum creatinine of 0.3 mg/dL within 48 hours or a raise of at least 1.5 times the baseline level in the preceding seven days, or a decrease in UO to less than 0.5 ml/kg/h for more than 6 hours (17). If one or more of these criteria were met, AKI could be diagnosed; the highest stage among the SCr and UO criteria would be considered the final stage for those who met both criteria (15). And severe AKI was defined as stages 2 and 3 of AKI.



Independent Variable and Covariates

The independent variable was the varying levels of N/LP. Any significant variables associated with the outcomes through univariate analyses as well as those variables that seemed clinically important were considered as modifying covariates for subsequent multivariate analysis. Finally, age, gender, initial SAPS II, SOFA scores excluding coagulation system, Charlson comorbidity index, serum AG, serum bicarbonate, glucose, serum potassium, serum sodium, serum chloride, BUN, SCr, and usage of vasoactive medicine, CRRT, and invasive-MV were considered as confounders by statistical analyses and clinical judgment.



Statistical Analysis

We performed a normality test (Agostino tests), followed by a descriptive data analysis. Continuous variables were expressed as mean (standard deviation), while nonparametric variables were expressed as the median (interquartile ranges, IQR) and were compared using the one-way ANOVA test or nonparametric Kruskal-Wallis test. Categorical variables are expressed as a frequency (percentage) and were compared using theX2 or Rank-Sum test.

We used the Kaplan-Meier (K-M) method to calculate the cumulative incidence rates and corresponding 95% confidence intervals (CIs) for each N/LP group and then plotted the cumulative incidence curves with the log-rank test for significance. The influence of the initial N/LP on AKI risk was then investigated using three Cox proportional hazard models with varied degrees of covariate adjustment. Firstly, a univariate analysis was conducted in Model 1 without adjusting for any covariates. Secondly, Model 2 modified with all sixteen factors discussed previously. Thirdly, in order to select the ideal model, we used a stepwise backward approach in multivariate analysis based on the Akaike information criteria and evaluated the possibility of collinearity in Model 3 by variance inflation factors (VIF). Additionally, variables with a VIF greater than 5 were excluded (15). Considering the death as a competing risk for the S-AKI occurrence, the cumulative incidence functions according to the Fine-Gray test was utilized to calculate the cumulative incidence for each of three groups in competing risk models and in turn, assess the stability of Cox proportional hazard model results (18). Similarly, we drew the cumulative incidence curve using the R package ‘cmprsk’ and then conducted Gray’s test to compare the AKI risk between the N/LP groups.

Logistic regression model was implied to assess the influence of different initial N/LP levels on the severity of AKI. Additionally, given the inevitable information loss and change of dose-response relationship when artificially stratifying continuous variables, we modeled the potential nonlinear effect of N/LP at the continuity level using restricted cubic splines analysis (RCS) (19). We used RCS with five knot corresponding to 5th, 35th, 50th, 65th, and 95th percentile after adjusting all 16 covariates. The reference point was set at the 2.8718 (25th).

To further validate the aforementioned findings, double robust estimation models were performed. Sixteen covariates were included in the propensity scoring model to obtain the propensity scores using logistic regression. We then re-weighted the observations across the N/LP groups using inverse probability treatment weighting (IPTW) to create three groups that were similar for all covariates (20). The standardized mean difference of effect sizes (SMDs) were calculated to reflect the differences between the original and the IPTW cohorts, and an SMD with an absolute value greater than 0.1 after propensity scores weighting could be considered evidence of imbalance. Weighted regression on all the confounders included in the propensity scoring model was conducted, thereby obtaining double robust estimators in different N/LP groups.

Subgroup analyses according to age (<65, or ≥65 years), gender (male, or female), septic shock (yes, or no), SOFA scores (<5, or ≥5), SAPS II (<35, or ≥35), and Charlson comorbidity index (<5, or ≥5) were conducted respectively to examine the strata effect and potential interactions. Finally, considering the significant inconsistency between SCr and urine output criteria in AKI diagnosing and grading, sensitivity analysis was performed to re-evaluate the association of the initial N/LP Levels with the AKI and severe AKI occurrence in individual AKI criteria (SCr or UO criteria). All statistical analyses were performed using STATA 15.1 (College Station, Texas) and R 3.6.2 (Chicago, Illinois) software. The primary R package used in this study included survival, survminer, cmprsk, tableone, foreign, ipw, twang, MatchIt, Hmisc, rms, glmnet, MASS, VIM, ggplot2. The p values with < 0.05 were taken as statistically significant (two-sided).




Results


Characteristics of Included Sepsis Participants

With in MIMIC-IV database, a total of 12274 patients met the Sepsis 3.0 criteria; and finally, 1938 patients were included in this study (Figure 1). The 25% quantile, median, and 75% quantile of the N/LP were given by 2.8718, 5.2734, and 10.4128 respectively. Of those enrolled, 485 patients were assigned to the low N/LP group, 968 to the middle N/LP group, and 485 to the high N/LP group using predefined grouping criteria. The baseline characteristics of participants were given in Table 1 according to respective N/LP groups. We found that the high N/LP group had a greater proportion of female (P=0.018), Caucasian (P=0.002), cirrhosis without hypersplenism (P=0.002) compared to other groups. With regard to the source of infection, the principal sites of the infection in high N/LP group were lower respiratory (P<0.001), genitourinary tract (P=0.009), intra-abdominal (P=0.001), skin and skin structure infection (P=0.017). Furthermore, the length of ICU stay (P=0.001) and 28-day mortality (P=0.001) increased significantly in high N/LP group.




Figure 1 | Flowchart for analysis of the current study.




Table 1 | Baseline demographic and clinical characteristics by different N/LP level in sepsis patients.



The characteristics of patients in whom S-AKI occurred and patients in whom S-AKI did not occur were summarized in Supplementary Table 1. Patients with AKI were elder, and had more comorbidities such as cardio-cerebrovascular disease and chronic obstructive pulmonary disease. Besides, a higher proportion of lower respiratory infection and organ dysfunction were also observed in those not developing AKI.



The Incidence of S-AKI in Various N/LP Groups

AKI occurred in 680 (35.1%) of 1938 septic patients within seven days of ICU admission. As displayed in Table 1, the incidence of AKI varied significantly within each N/LP group. As compared to the low N/LP group, the middle and high N/LP groups had a significantly increased incidence of AKI (P<0.001) (Figure 2A). Additionally, the cumulative incidence curve calculated using the K-M method and the log-rank test result (P=0.0047) (Figure 3A) all followed the same trend as the above-mentioned founding. Table 2 summarized the results of Cox proportional hazard models. Three statistical models with various adjusted confounders revealed that the hazard ratio (HR) and 95% confidence interval (CI) for both middle and high groups were larger than 1.0, indicating a higher incidence of AKI than the low N/LP group. In Model 2, after adjusting for all sixteen covariates, the HR (95%CI) for the middle and high groups was 1.30 (1.07, 1.58) (P=0.008) and 1.27 (1.02, 1.59) (P=0.034), respectively. It is important to note that the risk of AKI did not vary between the middle and high groups.




Figure 2 | (A) The incidence of sepsis-associated acute kidney injury (S-AKI) in each N/LP group were 29.1% (low N/LP group), 37.2% (middle N/LP group) and 36.9% (high N/LP group), respectively (P=0.006); (B) the comparison in the proportion of each N/LP level in different AKI stages, the rates of stages 1, 2, 3 were 12.8%, 13.6, 2.7% in low N/LP group, and 15%, 17.8%, 4.4% in middle N/LP group, and 10.9%, 20.8%, 5.2%; (C) the proportion of each AKI stage in different N/LP groups. AKI and corresponding stage are diagnosed based on serum creatinine and urine output criteria. Statistical analysis by Rank-Sum test; *, P<0.05; **, P<0.001.






Figure 3 | The cumulative incidence curve of sepsis acute kidney injury (AKI) plotted by (A) Kaplan-Meier method; (B) and competing risk model. AKI was diagnosed based on serum creatinine and urine output criteria.




Table 2 | The results of Cox proportional hazards models and competing risk analyses.



On the other hand, only 31 (1.60%) individuals died during the first week after ICU admission without developing AKI. Additionally, the Fine-Gray test revealed that an early death was not a significant competing risk factor for the development of AKI (P=0.105). Thus, the cumulative incidence curve and trend of the competing-risks model were similar to those plotted by the K-M method (Figure 3B). Table 2 presents the results of univariate and multivariate Fine-Gray competing-risks regression models. Moreover, no significant differences between competing-risks and Cox proportional hazard models were observed. Then, these findings revealed that an elevated initial N/LP level was related with an increased risk of early AKI in septic patients.



The Relationship Between N/LP Ratios and Severe AKI

Among 680 sepsis patients with S-AKI, 260 (38.24%), 339 (49.85%), and 81 (11.91%) patients were diagnosed as stage 1, stage 2, and stage 3 based on both SCr and UO criteria. As illustrated in Figure 2B, severe AKI (stages 2 and 3) accounted for a greater proportion of the groups with a middle or high N/LP ratio. Besides, as the N/LP ratio increased, the proportion of patients with severe AKI risen substantially (Figure 2C).

The influence of varying N/LP levels on the occurrence of severe AKI in septic patients was then investigated by univariate and multivariate logistic regression. Each of the three models demonstrated a similar tendency (Figure 4A). When compared to the low N/LP group, a significant difference in the risk of severe AKI occurred only in the high N/LP group (aOR 1.83; 95%CI 1.12, 3.03), despite the fact that the odds ratio (OR) increased. RCS drew the N/LP dose-response curve and determined that the OR and 95%CI were greater than the dashed line on the Y-axis (Y = 1) only if the N/LP was more than around 9.5. (Figure 5). This finding was also consistent with logistic regression results.




Figure 4 | (A) The results of univariate and multivariate logistic regression when analysed the influence of varying N/LP levels on the occurrence of severe AKI in septic patients; Model 1 represented the univariate analysis; Model 2 represented the multivariate analysis adjusting all covariates; Model 3 represented the multivariate analysis adjusting gender, serum bicarbonate, serum chloride, serum creatinine, serum sodium, SOFA scores excluding coagulation system, Charlson comorbidity index based on the results of stepwise backward approach and collinearity analysis; (B) the results of univariate logistic analysis after inverse probability treatment weighting and the double robust estimation. Acute kidney injury was diagnosed based on serum creatinine and urine output criteria.






Figure 5 | Multivariable adjusted odds ratios for severe acute kidney injury (AKI) occurrence according to initial N/LP on a continuous scale. Solid red lines were multivariable-adjusted odds ratios, with dashed bold lines showing 95% confidence intervals derived from restricted cubic spline regressions with five knots. Reference lines for no association were indicated by the black dashed lines at a hazard ratio of 1.0 and the reference knot setted at 2.8718. Purple regions indicated the fraction of the population with different levels of N/LP. All 16 covariates were adjusted. AKI and corresponding stage were diagnosed based on serum creatinine and urine output criteria.





Double Robust Estimation

Prior to performing double robust estimation, we conducted IPTW to balance the baseline among three N/LP groups. Supplementary Figure 1 shown the SMD of all 16 covariates before and after propensity score matching. The serious disequilibrium problem in original data has been well-resolved by IPTW based on multinomial logistic regression.

Regarding S-AKI incidence, whether K-M methods or univariate Cox analysis after IPTW or double robust estimation regressed all 16 covariates included in the IPTW, a significantly increased risk of S-AKI was observed in middle and high N/LP groups compared with the low group (Figure 6). However, no difference was observed between the middle and high N/LP groups. When comparing the high N/LP group with the low N/LP group, univariate logistic analysis showed a nearly doubled risk of severe AKI (OR 1.90; 95%CI 1.20, 3.03) after IPTW. And, the double robust estimation adjusted for all 16 covariates also yielded a similar result (OR 1.94; 95%CI 1.21, 3.14) (Figure 4B).




Figure 6 | (A) Cumulative incidence curve of sepsis acute kidney injury (S-AKI) in each N/LP groups were plotted by Kaplan-Meier method after inverse probability treatment weighting (IPTW); (B) the results of univariate Cox proportional hazard model after IPTW and double robust estimation regressed all 16 covariates. AKI was diagnosed based on serum creatinine and urine output criteria.





Subgroup Analysis

Tables 3, 4 summarized the results of subgroup analysis. Interaction tests with age, gender, septic shock, SOFA, SAPS II score, and Charlson comorbidity index were all non-significant for the risk of AKI (P=0.878, 0.674, 0.22, 0.455, 0.553, and 0.742) and severe AKI (P=0.213, 0.634, 0.355, 0.877, 0.543, and 0.674). Even so, we noticed that higher N/LP levels had a considerable impact on elder, male, septic shock patients, and those with poor health condition.


Table 3 | Subgroup analysis regarding the influence of different N/LP level in the S-AKI occurrence. .




Table 4 | Subgroup analysis regarding the influence of different N/LP level in the severe AKI occurrence.





Sensitivity Analysis

In sensitivity analyses, SCr criteria or UO criteria were separately used for AKI identification rather than in combination. When only SCr criteria was applied, we found that elevated N/LP levels would still increased the risk of S-AKI (Supplementary Figure 2); however, statistical significance merely appeared in the high N/LP groups, whether proved by the univariate or multivariate Cox proportional hazard model or competing-risks model (Supplementary Table 2), or even the double robust analysis regressed all covariates after the IPTW (Supplementary Figure 3 and Supplementary Figure 4). In contrast, the N/LP levels were no longer associated with the risk of severe AKI (Supplementary Figure 5 and Supplementary Figure 6).

While under UO criteria, the results were consistent with those obtained by previous analysis based on two indicators (SCr and UO) combination. In brief, the septic patients with an initial N/LP level greater than 2.8718 have a higher incidence of AKI, and the risk of severe AKI also significantly increased when N/LP was greater than 10.4128 (aOR 2.30; 95%CI 1.31, 4.08). Supplementary Figure 7 showed the cumulative incidence curve drawn by the K-M method and univariate competing-risks regression model about AKI occurrence. Supplementary Figure 8 presented the differences between each N/LP group in the original and the IPTW cohort, and Supplementary Table 3, Supplementary Figure 9 presented the results of the Cox proportional hazard model and double robust analysis. Furthermore, Supplementary Figure 10 and Supplementary Figure 11 assessed the effect of high N/LP on the risk of severe AKI at different adjusting levels.

The sensitivity analysis results indicated that the UO criteria might be more suitable than SCr criteria when exploring the connection between the initial N/LP level with the occurrence of S-AKI and severe AKI.




Discussion


Key Findings

In the present study, various methods, such as competing risks models and double robust estimation, have been employed to evaluate the association between initial N/LP levels with the incidence of S-AKI and severe AKI in sepsis patients. We found that elevated N/LP would lead to increases in the risk of S-AKI and severe AKI within 7 days after ICU admission. Furthermore, these influences above were strengthened among males, elder, septic shock patients, and those with a poor health conditions. Finally, high NLP was more strongly connected to the risk and severity of AKI in sepsis patients on the UO-based criteria than on the SCr-based AKI criteria.



Comparisons With Previous Studies

S-AKI is a common complication in critical septic patients and is associated with high morbidity and mortality (21). Due to the difficulty in prevention, early recognition of S-AKI is essential for timely intervention and improving prognosis. According to recent evidence, inflammatory response, microvascular dysfunction, and metabolic reprogramming may be the underlying mechanisms responsible for causing S-AKI (22). Since sepsis triggers a systemic cytokine-chemokine response, it would result in an extensive activation and dysfunction of the immune system, manifested as neutrophilia and lymphocytopenia (23). Thus, the neutrophil-to-lymphocyte ratio (NLR), calculated from whole blood counts, was proposed as a surrogate indicator to reflect the relative relationship between the inflammatory response and immune status (24). Previous studies have demonstrated that NLR may be valuable for predicting the disease outcome in multiple diseases, such as cardiovascular disease (25, 26), cancer (27), and sepsis (28, 29).

Although NLR had been reported to predict the development of AKI in sepsis, its sensitivity and specificity were limited (24). The possible reason is the complex interaction between immune mechanisms, inflammatory cascade activation, and coagulation pathway disorders. Subsequently, these interactions would result in microvascular dysfunction, leukocyte/platelet activation, and microthrombi formation, ultimately inducing renal tubular epithelial cell injury (30). Because of the intimate association between coagulation and the inflammatory response, platelets have been considered a critical factor in the initiation and progression of AKI development in sepsis (31). Hence, N/LP, suggested as a surrogate indicator for NLR, can shed light on the relationship between systemic inflammation, immunity, and coagulation disorders comprehensively (13). Moreover, recent research presented that the levels of postoperative N/LP were significantly associated with AKI after abdominal and cardiovascular surgery (12, 13, 32). In addition, several retrospective studies have also indicated that a rising N/LP ratio is an efficient predictor of the risk of in-hospital mortality in patients with S-AKI and those undergoing emergency surgery (14, 33). However, no study has reported the relationship between N/LP and the occurrence and severity of AKI in sepsis patients. In the present study, we found that elevated N/LP in sepsis patients was associated with an increased risk of AKI. Furthermore, we also demonstrated that the risk of severe AKI (KDIGO stages 2 and 3) increased more than 2-fold when N/LP was over 10. These findings suggest that early N/LP elevation may serve as a potential predictor of the occurrence and severity of AKI in sepsis patients.

KDIGO guideline considers SCr and/or oliguria to have equal prognostic power for diagnosing AKI. Nevertheless, it is difficult to accurately obtain the baseline value when using the SCr criteria for AKI diagnosing due to the lack of uniform delineation criteria (34). UO is also insensitive and easily influenced by many factors (15). Several studies have shown poor consistency between SCr and UO criteria in AKI diagnosing and the corresponding staging (35–37). A sizeable single-center retrospective study with 32, 045 critically ill patients found that UO-based and SCr-based criteria have different diagnostic power for AKI (36). In another retrospective study of 6637 patients undergoing cardiac surgery, the incidence of AKI increased from 38.6% to 81.2% after considering UO criteria (37). Similarly, using the SCr criteria alone may miss approximately 20% of AKI patients and lead to AKI grade misclassification (34, 36). Bianchi et al. (15) proved that oliguria lasting longer than 12 hours (KDIGO stage 2 and 3) was significantly diagnostic of AKI in 15, 620 patients and was not accompanied by elevated SCr levels. In this study, high N/LP was more strongly associated with the risk of S-AKI and severe AKI among sepsis patients based on UO-based rather than SCr-based AKI criteria. A previous study found that enhanced monitoring of UO improved detection of AKI and reduced 30-day mortality in patients with AKI (38). Therefore, we suggest that enhanced monitoring of UO and N/LP may be more useful in guiding clinical decision-making in S-AKI, especially in some special populations (elder, male, septic shock, and patients with a poor health condition).



Strengths and Limitations

This study has several strengths. The relationship between N/LP and the risk and severity of S-AKI was investigated for the first time, and the effect of N/LP on S-AKI was analyzed by Cox proportional risk model, competing risk model, and double robust estimation. The results are reliable and stable and provide a basis for clinical diagnosis and intervention in S-AKI. Notably, high N/LP based on UO criteria more strongly correlated with the risk of S-AKI and severe AKI in patients with sepsis compared with KDIGO AKI criteria. Thus, enhanced monitoring of UO and N/LP would be more helpful in guiding ICU physicians’ clinical decision-making regarding S-AKI. However, this study has several limitations. First, MIMIC-IV is a single-center database, and selection bias exists in this study, limiting our conclusions’ extrapolation. Second, we only discussed the influence of single indicator N/LP on the occurrence and development of S-AKI. Finally, our study only examined N/LP values within 24 hours of ICU admission in patients with sepsis and failed to evaluate the dynamic effect of N/LP, which was related to the absence of relevant information in the MIMIC database. In future studies, the predictive value of N/LP for S-AKI can be further evaluated by its dynamic changes.




Conclusions

Early assessment and intervention are crucial for managing S-AKI patients in the ICU. An initial elevated N/LP level may induce the development of S-AKI and severe AKI within 7 days after ICU admission in septic patients. These influences were enhanced in elder, males, septic shock, and those with a poor health condition. Furthermore, high NLP was more strongly connected to the risk of S-AKI and severe AKI in sepsis patients on the UO-based AKI criteria than on the SCr-based criteria. Therefore, enhanced monitoring of UO and N/LP would be more helpful in guiding clinical decisions about S-AKI. Of course, the effectiveness of N/LP in guiding the treatment of AKI in sepsis needs to be further investigated.
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Supplementary Figure 1 | SMD of all 16 covariables before and after IPTW in (A) 1938 included sepsis patients, (B) and 680 patients with acute kidney injury diagnosed by SCr and UO criteria. SMD, standardized mean difference; IPTW, inverse probability of treatment weighting; LR, logistic regression; SAPS II, simplified acute physiology score II; SOFA, sequential organ failure assessment; CRRT, continuous renal replacement therapy; BUN, blood urea nitrogen; SCr, serum creatinine; UO, urine output.

Supplementary Figure 2 | The cumulative incidence curve of sepsis acute kidney injury (S-AKI) plotted by (A) Kaplan-Meier method, (B) and competing risk model. AKI is diagnosed based on serum creatinine criteria only.

Supplementary Figure 3 | (A) The cumulative incidence curve of sepsis acute kidney injury (S-AKI) plotted by Kaplan-Meier method after inverse probability treatment weighting (IPTW); (B) the results of univariate Cox proportional hazard model after IPTW and double robust estimation regressed all 16 covariates. AKI is diagnosed based on serum creatinine criteria only.

Supplementary Figure 4 | SMD of all 16 covariables before and after IPTW in sensitivity analysis; (A) all sepsis patients with SCr records; (B) those who fulfill the SCr criteria in acute kidney injury diagnosing. SMD, standardized mean difference; IPTW, inverse probability of treatment weighting; LR, logistic regression; SAPS II, simplified acute physiology score II; SOFA, sequential organ failure assessment; CRRT, continuous renal replacement therapy; BUN, blood urea nitrogen; SCr, serum creatinine.

Supplementary Figure 5 | (A) The results of univariate and multivariate logistic regression. Model 1 represents the univariate analysis; Model 2 represents the multivariate analysis adjusting all covariates; Model 3 represents the multivariate analysis adjusting serum chloride, serum creatinine, SOFA scores excluding coagulation system, Charlson comorbidity index, the use of vasoactive medication, and invasive machine ventilation based on the results of stepwise backward approach and collinearity analysis; (B) the results of univariate logistic analysis after inverse probability treatment weighting and the double robust estimation. Acute kidney injury is diagnosed based on serum creatinine criteria only.

Supplementary Figure 6 | Multivariable adjusted odds ratios for severe acute kidney injury (AKI) occurrence according to initial N/LP on a continuous scale by using restricted cubic splines analysis. AKI and corresponding stage are diagnosed based on serum creatinine criteria only.

Supplementary Figure 7 | The cumulative incidence curve of sepsis acute kidney injury (S-AKI) plotted by (A) Kaplan-Meier method, and (B) competing risk model. AKI is diagnosed based on urine output criteria only.

Supplementary Figure 8 | SMD of all 16 covariables before and after IPTW in sensitivity analysis based; (A) all sepsis patients with urine output (UO) records; (B) those who fulfill the UO criteria in acute kidney injury diagnosing. SMD, standardized mean difference; IPTW, inverse probability of treatment weighting; LR, logistic regression; SAPS II, simplified acute physiology score II; SOFA, sequential organ failure assessment; CRRT, continuous renal replacement therapy; BUN, blood urea nitrogen; UO, urine output.

Supplementary Figure 9 | (A) The cumulative incidence curve of sepsis acute kidney injury (S-AKI) plotted by Kaplan-Meier method after inverse probability treatment weighting (IPTW); (B) the results of univariate Cox proportional hazard model after IPTW and double robust estimation regressed all 16 covariates. AKI is diagnosed based on urine output criteria only.

Supplementary Figure 10 | (A) The results of univariate and multivariate logistic regression. Model 1 represents the univariate analysis; Model 2 represents the multivariate analysis adjusting all covariates; Model 3 represents the multivariate analysis adjusting gender, serum bicarbonate, serum sodium, SOFA scores excluding coagulation system, Charlson comorbidity index, and the use of vasoactive medication based on the results of stepwise backward approach and collinearity analysis; (B) the results of univariate logistic analysis after inverse probability treatment weighting and the double robust estimation. Acute kidney injury is diagnosed based on urine output criteria only.

Supplementary Figure 11 | Multivariable adjusted odds ratios for severe acute kidney injury (AKI) occurrence according to initial N/LP on a continuous scale by using restricted cubic splines analysis. AKI and corresponding stage are diagnosed based on urine output criteria only.
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Background

Sex-stratified medicine is an important aspect of precision medicine. We aimed to compare the incidence and risk factors of acute kidney injury (AKI) for critically ill men and women with sepsis. Furthermore, the short-term mortality was compared between men and women with sepsis associated acute kidney injury (SA-AKI).



Method

This was a retrospective study based on the Medical Information Mart for Intensive Care IV database. We used the multivariable logistic regression analysis to evaluate the independent effect of sex on the incidence of SA-AKI. We further applied three machine learning methods (decision tree, random forest and extreme gradient boosting) to screen for the risk factors associated with SA-AKI in the total, men and women groups. We finally compared the intensive care unit (ICU) and hospital mortality between men and women with SA-AKI using propensity score matching.



Results

A total of 6463 patients were included in our study, including 3673 men and 2790 women. The incidence of SA-AKI was 83.8% for men and 82.1% for women. After adjustment for confounders, no significant association was observed between sex and the incidence of SA-AKI (odds ratio (OR), 1.137; 95% confidence interval (CI), 0.949-1.361; p=0.163). The machine learning results revealed that body mass index, Oxford Acute Severity of Illness Score, diuretic, Acute Physiology Score III and age were the most important risk factors of SA-AKI, irrespective of sex. After propensity score matching, men had similar ICU and hospital mortality to women.



Conclusions

The incidence and associated risk factors of SA-AKI are similar between men and women, and men and women with SA-AKI experience comparable rates of ICU and hospital mortality. Therefore, sex-related effects may play a minor role in developing SA-AKI. Our study helps to contribute to the knowledge gap between sex and SA-AKI.





Keywords: sepsis, AKI, sex, intensive care, critically ill



Introduction

Sepsis is one of the most common critical diseases treated in the intensive care unit (ICU) (1). In the United States, the annual incidence of sepsis was 82.7 to 240.4 per 100,000 population (2), while the estimated worldwide incidence was up to 437 per 100,000 population years (3). Sepsis frequently leads to multiorgan dysfunction, and kidney involvement is usual (4). More than half of patients with sepsis develop acute kidney injury (AKI) during hospitalization, and this condition adversely affects patient outcomes (5). Despite years of research, sepsis associated acute kidney injury (SA-AKI) remains an important concern and clinical burden, and the identification of risk factors for SA-AKI is still essential so that targeted strategies may be implemented (6).

Sex-stratified medicine is an important aspect of precision medicine (7). The impact of patient sex on clinical outcomes is an area of intense interest. A large retrospective study of 261,255 critically ill patients revealed that women less than 50 years of age had lower adjusted mortality than men (8). Moreover, different disease processes and outcomes between men and women were also found in some specific disease groups, like coronary artery disease (9), acute ischemic stroke (10) and coronavirus disease 2019 (11). This may be associated with the influence of sex hormones on the modulation of inflammation during immune responses (12). Sexual dimorphism exists in immune processes, leading to the differences in immunomodulation of the cytokine network during inflammatory responses (13, 14). It has been found that excessive inflammation and immune suppression are involved in developing SA-AKI (6, 15). Therefore, the role of sex in SA-AKI should be drawn further attention. Until present, relevant studies are mainly about the effect of sex on mortality of SA-AKI patients, and data on the association between sex and the incidence as well as risk factors of SA-AKI are very scarce.

The primary goal of our study was to assess sex-specific effects on the incidence of AKI in critical patients with sepsis. We further investigated if men and women had differential risk factors associated with SA-AKI, which indicates the non-homogenous management strategies for them. We also aimed to compare the short-term clinical outcomes between men and women with SA-AKI. Our hypothesis was that sex would affect the incidence of SA-AKI, and the risk factors as well as clinical impact of SA-AKI were not similar between men and women.



Method


Study design

This study is reported following the REporting of studies Conducted using Observational Routinely collected health Data (RECORD) statement (16). Medical ethical approval and the informed consent were exempted due to the retrospective study design and anonymous information collection.

We extracted patient data from the Medical Information Mart for Intensive Care IV (MIMIC-IV) database (https://mimic.physionet.org/about/mimic/). The description of MIMIC-IV database is available elsewhere (17). In brief, the MIMIC-IV database is a large and publicly available database comprising more than 70,000 patients in the ICU of the Beth Israel Deaconess Medical Center in Boston, MA, USA, between 2008 and 2019. All data were collected before the coronavirus disease 2019 outbreak. To apply for access to the database, we have passed the National Institutes of Health Web-based training course and Protecting Human Research Participants examination (No. 9555299). Data extraction was performed in the Structured Query Language with Navicat Premium (version 15).



Selection of patients

In the present study, patients older than 18 years of age admitted to the ICU with an ICU length of stay longer than 72 hours were screened for possible inclusion. Since one patient may be admitted to the ICU multiple times, we only counted the first ICU admission due to non-independence of the outcome among subsequent ICU admissions. Patients were included if they met the Sepsis-3.0 definition upon ICU admission. The details of sepsis-3.0 definition include the presence of an infection with signs of organ dysfunction, which are represented by an increase in the Sequential [Sepsis-related] Organ Failure Assessment (SOFA) score of two points or more (18). Infection was identified from the international classification of diseases (ICD)-9 or ICD-10 code in the MIMIC-IV database. We excluded patients if they developed AKI before ICU admission or after 7 days of ICU admission.



Outcomes

We defined the occurrence of AKI within the first 7 days after ICU admission as the primary outcome of interest. Included patients for whom AKI occurred within 7 days after ICU admission were classified as the AKI group, and the rest of the patients comprised the non-AKI group. The AKI was diagnosed according to the Kidney Disease: Improving Global Outcomes (KDIGO) criteria. KDIGO criteria are as follows (19): increase in serum creatinine (SCr) to ≥ 1.5 times baseline must have occurred within the prior 7 days, or an increase of SCR ≥ 0.3 mg/dl within 48 hours, or urine volume < 0.5 ml/kg/hour for 6 h or more. We used the admission SCr as a baseline value, in accordance with previous studies (20, 21). Patients were categorized into the AKI group (KDIGO stage 3) if they received continuous renal replacement therapy (CRRT) within the first 7 days after ICU admission. Severe AKI was defined as KDIGO stage 2 or higher, otherwise it was defined as mild AKI (22, 23). Secondary outcomes included the ICU and hospital mortality, which were defined as the occurrence of death during the ICU and hospital stay, respectively.



Sensitivity and subgroup analyses

We did several sensitivity and subgroup analyses for the primary outcomes. First, given the considerable impact of age on sex hormones (7), we conducted a stratified analysis according to age in decades (≤40, (40–50], (50–60], (60–70], (70–80], (80–90] and>90 years). Second, to determine whether the illness severity of AKI would influence the results, we further compared patients without AKI to those with mild AKI or with severe AKI. Lastly, we also performed analyses adjusted for the presence of comorbidities.



Data extraction

Baseline characteristics within the first 24 h after ICU admission were collected, including age, sex, body mass index (BMI), ethnicity and admission type. Comorbidities including hypertension, coronary atherosclerosis, heart failure, diabetes mellitus, chronic obstructive pulmonary disease (COPD), cerebral infarction, chronic liver disease, chronic kidney disease, and tumors were also collected for analysis based on the recorded ICD-9 or ICD-10 codes in the MIMIC-IV database. The severity as measured by the Sequential Organ Failure Assessment (SOFA) score, the Acute Physiology Score III (APS III) and the Oxford Acute Severity of Illness Score (OASIS) were calculated upon ICU admission. The use of vasopressor, mechanical ventilation, diuretic, aminoglycoside, statin and angiotensin-converting enzyme inhibitors/angiotensin receptor blockers were also recorded. For the AKI group, an intervention was considered positive if conducted before the onset of AKI and negative otherwise; for the non-AKI group, it was based on the records within 7 days of ICU admission. Vital signs included the heart rate, mean arterial pressure, respiratory rate, temperature and peripheral blood oxygen saturation (SpO2). Laboratory findings including white blood cell, hemoglobin, platelet, pondus hydrogenii, bicarbonate, blood urea nitrogen, creatinine, potassium, sodium, chloride, glucose, prothrombin time, activated partial thromboplastin time and lactate were measured during the first 24 h in the ICU. If a variable was recorded more than once, we only used the first value for analysis. Detailed information on missing data is available in Supplementary Table S1. The random Forest-based imputation method was used to impute missing values for these variables (24). The random forest algorithm was implemented using the R package “missForest” (version 1.4; https://CRAN.R-project.org/package=missForest).



Statistical analysis

We performed the statistical analysis and created pictures by using R statistical software (version 3.6.1, https://cran.r-project.org/), GraphPad Prizm (version 8.0, San Diego, CA, https://www.graphpad.com/scientific-software/prism/) or SPSS software (version 26.0, IBM, USA, https://www.ibm.com/analytics/spss-statistics-software). For continuous variables, we first investigated the normality using the Kolmogorov-Smirnov test. Normally distributed variables are expressed as mean ± standard deviation (SD) and were compared using Student’s t-test. Non-normally distributed variables are presented as the median and interquartile range (IQR) and were analyzed using the non-parametric Mann–Whitney U test. Categorical variables are expressed as count with percentage (%) and were compared with the chi-square test or Fisher’s exact test as appropriate. All tests were two-tailed. A p-value <0.05 was considered significant.

We then used the multivariable logistic regression analyses to assess the independent association between sex and the incidence of SA-AKI. Five different models were built. The first one only included sex, and the second model included sex, age, BMI, ethnicity and admission type. In the third model, we further included comorbidities as covariates. The fourth model additionally included other exposure variables with p-value <0.1 in univariate analyses for multivariable analysis, due to their potential influence on the patient’s primary outcome. In the final model, all baseline variables were included in order to provide a comprehensive assessment. In all models, the effect of sex (women=referent) on primary outcome was presented as an odds ratio (OR) with a 95% confidence interval (95%CI).

Further, we applied three machine learning models to screen for the risk factors: decision tree model, random forest model and Extreme Gradient Boosting (XGBoost) model. A decision tree algorithm is a basic classification method that constructs a model based on the feature of data using a tree structure (25). Feature selection, tree generation, and pruning are the basic steps of building decision trees, and an object-relational mapping relationship was eventually generated (26). In this study, we used the Classification and Regression Tree method with the rpart package (version 4.1.16, https://CRAN.R-project.org/package=rpart) for constructing the decision tree in the R language. Random forest is an ensemble algorithm that combines multiple decision trees, and there is no correlation between each decision tree (27). The voting method is used to discriminate and classify data, and the maximum number of votes is taken as the final classification result (28). In this study, we used the RandomForest package (version 4.7-1, https://CRAN.R-project.org/package=randomForest) in the R language for analysis. XGBoost is an ensemble algorithm composed of multiple decision trees and a gradient boost machine (29). The main advantage of XGBoost is to combine multithreading, data compression, and fragmentation methods to improve the efficiency of the algorithm as much as possible (30). In this study, XGBoost was implemented using the xgboost package (version 1.5.2.1, https://CRAN.R-project.org/package=xgboost) in the R language. Machine learning models have exhibited several advantages over conventional statistical methods, and are gradually used in recent studies (31, 32).

Lastly, we estimated the effect of sex on ICU and hospital mortality for patients with SA-AKI. We used propensity score matching (PSM) to balance baseline variables between men and women. Specifically, matching was performed using R package ‘matching’ (version 4.9-11, https://CRAN.R-project.org/package=Matching), with a ratio of 1:1 and a caliper width of 0.1 without replacement. We considered a standardized mean difference (SMD) of less than 0.1 as acceptable. After propensity matching, differences in ICU and hospital mortality were compared between the two groups. This method has been widely used to compare the mortality between different groups, due to its excellent ability to control measured confounding in observational studies (33, 34).




Results


Baseline characteristics

The process of patient selection is shown in Figure 1. Finally, a total of 6463 patients were included in our study. Of them, 3673 (56.8%) were men and 2790 (43.2%) were women, with mean age of 66.42 ± 16.58 years. The most common comorbidity was hypertension, followed by heart failure, diabetes mellitus and chronic kidney disease. Men were younger, less likely to have hypertension, heart failure, COPD and cerebral infarction than women; however, men were more likely to have coronary atherosclerosis and chronic kidney disease. Men had lower OASIS and higher SOFA scores than women, but the APS III score was similar between them. In terms of the interventions, more men had mechanical ventilation and statin, while fewer men had diuretic use. The overall incidence of SA-AKI was 83.1% (5368/6463), and men had a slightly higher but not significant incidence than women (83.8% vs. 82.1%, p = 0.068). The detailed information about baseline characteristics of the total cohort, men and women are shown in Table 1.




Figure 1 | Flow chart of this study. MIMIC-IV, Medical Information Mart for Intensive Care IV database; ICU, Intensive care unit; AKI, Acute kidney injury.




Table 1 | Baseline characteristics of patients.





Comparison between aki and non-aki groups

In order to search for factors that might influence the incidence of SA-AKI, we compared the baseline characteristics between patients with and without SA-AKI. As shown in Table 2, we found that the AKI group was older, had a higher BMI, and was more likely to be admitted from the emergency department. The proportion of patients with heart failure, diabetes mellitus, COPD, chronic liver disease and chronic kidney disease were higher in the AKI group, while more patients had tumors in the non-AKI group. In addition, patients with SA-AKI had higher severity scores on admission when compared to those without SA-AKI, including APS III, OASIS and SOFA scores. Patients with SA-AKI were more likely to have vasopressor use and mechanical ventilation when compared to those without SA-AKI; however, a lower proportion of patients in the AKI group had diuretic, aminoglycoside, statin and ACEI/ARBs. Patients with SA-AKI had significantly higher ICU and hospital mortality rates, compared with the patients without SA-AKI (ICU mortality, 19.84% vs. 3.65, p<0.001; hospital mortality, 25.09% vs. 7.76%, p<0.001).


Table 2 | Comparison between AKI group and non-AKI group.





Association between sex and SA-AKI

We examined the association between sex and SA-AKI in univariate and extended logistic regression models. We found that men were associated with a higher likelihood of having SA-AKI, but this association became insignificant in the full adjusted model (OR, 1.137; 95% CI, 0.949-1.361; p = 0.163; Table 3). Similarly, multiple logistic regression revealed that no significant differences in SA-AKI incidence between sexes when comparing patients without SA-AKI to those with mild SA-AKI or with severe SA-AKI (non-AKI vs. mild AKI, OR 1.161, 95% CI 0.962-1.402, p = 0.120, Table S2; non-AKI vs. severe AKI, OR 1.175; 95% CI 0.912-1.513; p = 0.211, Table S3). Then, we examined the effect of age on sex-related outcomes. When age was stratified per decade, there was no association between sexes and SA-AKI incidence except for higher rates for men in those aged 50 to 60 years (men vs. women, 19.23% vs. 20.66%, p = 0.196; Figure 2). However, in logistic regression adjusted for all baseline variables, the SA-AKI incidence in men and women was approximately the same for all ages (Figure 3). Additionally, we conducted a series of subgroup analyses to determine the effect of comorbidity on the incidence of SA-AKI. The results remained consistent except for patients with cerebral infarction (men vs. women, OR 2.062, 95%CI 1.088-3.905, p=0.026, Table S4).


Table 3 | Multivariate logistic regression analysis of sex for SA-AKI.






Figure 2 | Comparison of the incidence of acute kidney injury between men and women according to age in decades. *p<0.05. AKI, Acute kidney injury.






Figure 3 | Effect of age on the adjusted incidence of acute kidney injury in men and women. Models were adjusted for all variables, including age, BMI, ethnicity, admission type, hypertension, coronary atherosclerosis, heart failure, diabetes mellitus, COPD, cerebral infarction, chronic liver disease, chronic kidney disease, tumor, APS III, OASIS, SOFA, heart rate, MAP, RR, temperature, SpO2, WBC, hemoglobin, platelet, PH, bicarbonate, BUN, creatinine, potassium, sodium, chloride, glucose, PT, APTT, lactate, vasopressor use, mechanical ventilation use, diuretic, aminoglycoside, statin, ACEI/ARBs. ACEI/ARBs, Angiotensin-converting enzyme inhibitors/angiotensin receptor blockers; AKI, Acute kidney injury; APS III, Acute Physiology Score III; APTT, Activated partial thromboplastin time; BMI, Body mass index; BUN, Blood urea nitrogen; COPD, Chronic obstructive pulmonary disease; OASIS, Oxford Acute Severity of Illness Score; PT, Prothrombin time; SA-AKI, Sepsis associated acute kidney injury; SOFA, Sequential Organ Failure Assessment; RR, Respiratory rate; WBC, White blood cell.





Risk factors for patients with SA-AKI

We used three machine learning methods (decision tree model, random forest model and XGBoost model) to evaluate risk factors of SA-AKI in patients with sepsis. Of all patients, BMI, OASIS, diuretic, APS III and age had the five highest values in importance of the models (Figures 4A–C). Similar results were also found in men (Figures 5A–C) and women (Figures 6A–C).




Figure 4 | The top ten important factors of SA-AKI for the entire cohort in the decision tree model (A), random forest model (B) and extreme gradient boosting model (C). Models were adjusted for all variables, including age, BMI, ethnicity, admission type, hypertension, coronary atherosclerosis, heart failure, diabetes mellitus, COPD, cerebral infarction, chronic liver disease, chronic kidney disease, tumor, APS III, OASIS, SOFA, heart rate, MAP, RR, temperature, SpO2, WBC, hemoglobin, platelet, PH, bicarbonate, BUN, creatinine, potassium, sodium, chloride, glucose, PT, APTT, lactate, vasopressor use, mechanical ventilation use, diuretic, aminoglycoside, statin, ACEI/ARBs. ACEI/ARBs, Angiotensin-converting enzyme inhibitors/angiotensin receptor blockers; AKI, Acute kidney injury; APS III, Acute Physiology Score III; APTT, Activated partial thromboplastin time; BMI, Body mass index; BUN, Blood urea nitrogen; COPD, Chronic obstructive pulmonary disease; OASIS, Oxford Acute Severity of Illness Score; PT, Prothrombin time; SA-AKI, Sepsis associated acute kidney injury; SOFA, Sequential Organ Failure Assessment; RR, Respiratory rate; WBC, White blood cell.






Figure 5 | The top ten important factors of SA-AKI for men in the decision tree model (A), random forest model (B) and extreme gradient boosting model (C). Models were adjusted for all variables, including age, BMI, ethnicity, admission type, hypertension, coronary atherosclerosis, heart failure, diabetes mellitus, COPD, cerebral infarction, chronic liver disease, chronic kidney disease, tumor, APS III, OASIS, SOFA, heart rate, MAP, RR, temperature, SpO2, WBC, hemoglobin, platelet, PH, bicarbonate, BUN, creatinine, potassium, sodium, chloride, glucose, PT, APTT, lactate, vasopressor use, mechanical ventilation use, diuretic, aminoglycoside, statin, ACEI/ARBs. ACEI/ARBs, Angiotensin-converting enzyme inhibitors/angiotensin receptor blockers; AKI, Acute kidney injury; APS III, Acute Physiology Score III; APTT, Activated partial thromboplastin time; BMI, Body mass index; BUN, Blood urea nitrogen; COPD, Chronic obstructive pulmonary disease; OASIS, Oxford Acute Severity of Illness Score; PT, Prothrombin time; SA-AKI, Sepsis associated acute kidney injury; SOFA, Sequential Organ Failure Assessment; RR, Respiratory rate; WBC, White blood cell.






Figure 6 | The top ten important factors of SA-AKI for women in the decision tree model (A), random forest model (B) and extreme gradient boosting model (C). Models were adjusted for all variables, including age, BMI, ethnicity, admission type, hypertension, coronary atherosclerosis, heart failure, diabetes mellitus, COPD, cerebral infarction, chronic liver disease, chronic kidney disease, tumor, APS III, OASIS, SOFA, heart rate, MAP, RR, temperature, SpO2, WBC, hemoglobin, platelet, PH, bicarbonate, BUN, creatinine, potassium, sodium, chloride, glucose, PT, APTT, lactate, vasopressor use, mechanical ventilation use, diuretic, aminoglycoside, statin, ACEI/ARBs. ACEI/ARBs, Angiotensin-converting enzyme inhibitors/angiotensin receptor blockers; AKI, Acute kidney injury; APS III, Acute Physiology Score III; APTT, Activated partial thromboplastin time; BMI, Body mass index; BUN, Blood urea nitrogen; COPD, Chronic obstructive pulmonary disease; OASIS, Oxford Acute Severity of Illness Score; PT, Prothrombin time; SA-AKI, Sepsis associated acute kidney injury; SOFA, Sequential Organ Failure Assessment; RR, Respiratory rate; WBC, White blood cell.





Sex-related short-term mortality in patients with SA-AKI

We finally assessed the effect of sex on in-hospital and ICU mortality in patients with SA-AKI. Before propensity-score matching, age, the proportion of patients with coronary atherosclerosis, OASIS, SOFA, the proportion of mechanical ventilation and diuretic usage, hemoglobin, platelet, BUN, creatinine and potassium were different between the men and women groups (Table 4). We found that men had lower but not statistically significant ICU and hospital mortality than women (ICU mortality, men vs. women, 19.23% vs. 20.66%, p = 0.196, Figure 7A; hospital mortality, men vs. women, 24.20% vs. 26.29%, p = 0.082, Figure 7C). With the use of propensity-score matching (1:1 matching ratio), 1866 pairs of matched SA-AKI patients were created. After matching, we found no significant imbalance between the two groups, with the standardized mean difference being<0.1 for all variables (Figure S1; Table 4). No differences in ICU and hospital mortality between men and women were found (ICU mortality, men vs. women, 19.72% vs. 20.42%, p = 0.595, Figure 7B; hospital mortality, men vs. women, 25.62% vs. 25.77%, p = 0.991, Figure 7D).


Table 4 | Comparisons of baseline SA-AKI patient characteristics before and after propensity score matching.






Figure 7 | Comparison of the ICU and hospital mortality between men and women before matching and after matching. (A) The ICU mortality between men and women before matching. (B) The ICU mortality between men and women after matching. (C) The hospital mortality between men and women before matching. (D) The hospital mortality between men and women after matching. ICU, Intensive care unit.






Discussion

In this large retrospective study, we compared the incidence of SA-AKI and risk factors associated with SA-AKI for critically ill men and women with sepsis. The sex-specific clinical outcomes were also examined in men versus women with SA-AKI. To our surprise, we found that men and women had similar SA-AKI incidence, and the association between sex and the incidence of SA-AKI was insignificant in the full-adjusted model. The risk factors of SA-AKI in men were almost consistent with those in women. The ICU and hospital mortality were comparable between men and women with SA-AKI. Therefore, the main results were contrary to our original hypothesis. Our study suggested that sex may not act as an essential factor of SA-AKI, and the clinical management of SA-AKI could be the same for men and women.

Knowledge of sex differences is an essential ingredient in developing precision medicine (7). It has been found that sex could affect the manifestation and pathophysiology of many diseases (9–11). The impact of sex on outcomes in patients with sepsis has been widely investigated, yielding conflicting results (35–38). It has been found that women generally have more advantageous immunological responses compared to men by the effect of their sexual hormones (13, 39). Animal studies have demonstrated that testosterone depletion or estrogen supplementation exerts beneficial effects on sepsis (40). Sexual immunomodulation modulates the release of pro-inflammatory and anti-inflammatory cytokines, which is associated with the subsequent multiorgan failure (14, 40). Moreover, ischemia–reperfusion injury is another common source of AKI. Experimental studies suggested that sex hormones regulate cellular pathways involved in kidney ischemia–reperfusion injury and have been implicated in defining AKI susceptibility (41, 42). Kidney is the organ most often involved in sepsis, therefore the effect of sex in SA-AKI should be further explored.

In univariate analysis, we found that the incidence of SA-AKI was lower in women than that in men, but this difference did not reach statistical significance. After adjusting for relevant confounders, we could not determine the significant sex-specific difference in SA-AKI incidence. The results were consistent and stable in patients with different age groups and the degree of disease severity. Moreover, in the analysis of patients with or without different comorbidities, men and women still had similar incidences of SA-AKI except for those with cerebral infarction. One potential explanation for this may include the sample size is relatively small, thus increasing the chance of false‐positive outcomes. Future studies specifically designed to avoid sample bias are needed to validate this result. It is generally assumed that men had a higher incidence of sepsis, but the research about the relationship between sex and sepsis prognosis failed to reach consistent conclusions (35–38). Ponce-Alonso et al. found that men with sepsis had worse clinical characteristics when admitted to the ICU, but sex had no influence on mortality (35). They compared their results with the last 15 years’ relevant published studies, and indicated that geographic location and case definitions were important confounders. Our study was a single-center study with consistent disease definitions, which could minimize the effects of the above factors. A recent study of 17,146 septic patients also reported similar findings (36). The role of sex in kidney disease remains a topic of broad interest. Population-based studies indicated that women have a higher prevalence of chronic kidney disease overall, but men were more likely to experience adverse cardiovascular events and death (43–45). Moreover, men were twice as likely to develop kidney cancer than women and had a higher mortality rate (46). These findings could be partly explained by the difference in sex hormones and the diseases mentioned above are chronic conditions. Additionally, exogenous hormone therapy was associated with the incidence of AKI in patients with prostate cancer (47). Therefore, the sex-related effects may play a minor role in the clinical course of SA-AKI due to the acute situation in patients with sepsis and AKI. Based on our study design, this finding must remain descriptive, and the explanation of the causes remains speculative.

Interestingly, the risk factor analysis showed a strong positive association between BMI and the incidence of SA-AKI. A study of almost 15,000 critically ill patients suggested that each 5 kg/m2 increase in body mass index was associated with a 10% risk of more severe AKI (48). And morbidly obese (defined as BMI >40) has been demonstrated to be an independent risk factor for AKI (49). The following reasons could be attributed (49, 50): First, obesity would increase renal blood flow and induce glomerular hyperfiltration, leading to structural changes in glomerular cells and thus increasing the risk of SA-AKI. Second, higher sympathetic and renin-angiotensin-system activities were found in obese patients, which could enhance kidney damage. Finally, adipose tissue secretes various pro- and anti-inflammatory adipokines that may influence the balance of prostaglandins and thromboxane in the kidney. The biological behavior of the mesangial cells may accordingly change, and thereby partially responsible for the development of SA-AKI.

OASIS and APS III are common scoring systems used to quantify the severity of illness across hospitalized patients (51, 52). Wang et al. have found that OASIS presented good discrimination and calibration in predicting prognosis of AKI (52). Indeed, these scoring systems contain rich clinical information and have been validated in various studies. Our study further supports their predictive value in SA-AKI. Although many studies have explored the effect of diuretic on the development or progression of AKI, no consistent conclusion has been achieved (53). Victor et al. observed that the need for diuretic was positively associated with AKI, and they suggested that this was due to the diuretic use may be a reflection of more severe forms of AKI (e.g., oliguric/anuric AKI) instead of a direct cause of AKI (54). More targeted research is needed in this area for a more definitive account. In addition, previous studies have proven that older age was associated with a significantly higher incidence of AKI (6). There are many reasons for this, but the primary one is the increased vulnerability of the kidney to stressors and insults with increasing age (55).

In the present study, it was not unexpected to observe that SA-AKI was associated with increased ICU and hospital mortality in patients with sepsis, regardless of sex. Therefore, we further compared the short-term mortality between men and women with SA-AKI. Our results revealed that men and women had similar ICU and hospital mortality after propensity score matching. To date, few studies have explored the risk factors of mortality in SA-AKI. Passos et al. found that norepinephrine utilization, liver failure, medical condition, lactate level, and pre-dialysis creatinine level were associated with early mortality in SA-AKI patients treated with CRRT (56). Two other studies also revealed that comorbidities, disease severity and certain drugs are the main risk factors for mortality in SA-AKI (57, 58). Taken together, sex is not a predominant factor affecting the prognosis of patients with SA-AKI.

Some limitations pertain to our study. First, our study was an observational retrospective design that precludes any definitive inference about causality. Second, the care of patients with sepsis may have changed during the study period, which might have affected the incidence of SA-AKI in these patients. Third, we only considered traditional parameters and did not include some sex-specific variables, such as hormone levels, which may help explain the potential mechanism of our results. Fourth, our study only included ICU patients, thus caution should be taken when attempting to generalize our findings to the whole population. These limitations could be overcome by more in-depth, large-scale, and prospective studies in the future.



Conclusions

In this study, we could not detect the significant sex-specific difference in SA-AKI incidence based on data from critically ill patients with sepsis. BMI, OASIS, diuretic, APS III and age are all the most common risk factors of SA-AKI for the total, men and women groups. The ICU and hospital mortality are comparable between men and women with SA-AKI. Therefore, our study indicates that sex plays a minor role in the clinical course of SA-AKI, and further prospective studies are needed to validate our findings.
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Prolonged immunosuppression is increasingly recognized as the major cause of late phase and long-term mortality in sepsis. Numerous murine models with different paradigms, such as lipopolysaccharide injection, bacterial inoculation, and barrier disruption, have been used to explore the pathogenesis of immunosuppression in sepsis or to test the efficacy of potential therapeutic agents. Nonetheless, the reproducibility and translational value of such models are often questioned, owing to a highly heterogeneric, complex, and dynamic nature of immunopathology in human sepsis, which cannot be consistently and stably recapitulated in mice. Despite of the inherent discrepancies that exist between mice and humans, we can increase the feasibility of murine models by minimizing inconsistency and increasing their clinical relevance. In this mini review, we summarize the current knowledge of murine models that are most commonly used to investigate sepsis-induced immunopathology, highlighting their strengths and limitations in mimicking the dysregulated immune response encountered in human sepsis. We also propose potential directions for refining murine sepsis models, such as reducing experimental inconsistencies, increasing the clinical relevance, and enhancing immunological similarities between mice and humans; such modifications may optimize the value of murine models in meeting research and translational demands when applied in studies of sepsis-induced immunosuppression.
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Introduction

Sepsis is defined as a life-threatening organ dysfunction caused by a dysregulated host response to infection (1). As a leading cause of death in intensive care units (ICUs), sepsis affected an estimated 48.9 million people in 2017, with a death toll surpassing 10 million (2). Due to advances in supportive care, the in-hospital mortality during the early stages of sepsis has been significantly reduced, resulting in a dramatic increase in late-phase sepsis patients and sepsis survivors (3). Persistent immunosuppression is a hallmark of late-phase sepsis and post-sepsis syndrome, which disrupts the host’s antimicrobial response against secondary infection, culminating in organ dysfunction and death (4). Notably, patients are increasingly admitted to hospital with concomitant diseases or immune compromised conditions, which increases their risk of developing sepsis (5) or is associated with poor prognosis post-sepsis (6, 7). Consequently, extensive studies have been performed to uncover the mechanisms that drive immunosuppression in sepsis (8). Moreover, immunostimulatory strategies that aim to reverse the immunocompromised status for patients suffering sepsis, are also being increasingly appraised in experimental animals or in human subjects (9).

Many insights into the pathogenesis of sepsis, including the development of immunosuppression, were first derived from animal models (7, 10, 11). The pharmacological evaluation of immunostimulatory agents has always been initiated in preclinical studies (9). However, the reproducibility and translational feasibility of animal studies are often questioned due to inherent immunological discrepancies between animals and humans (11). Inconsistencies in modeling procedures may further broaden the gaps between modeled and clinical sepsis. Despite of their inevitable deficiencies, the validity and clinical relevance of preclinical sepsis models can be improved by standardizing the modeling procedures and refining the modeling strategies. In this mini review, we describe the major types of animal models used to mimic the immunosuppression observed in human sepsis, highlighting their strengths and limitations. We also propose potential directions for improving the quality and value of preclinical models of sepsis. Given that most studies of sepsis are performed in mice (due to numerous advantages such as ease of accessibility and handling, convenience of examining the immune response, and feasibility of genetical manipulation) (11), this mini review exclusively discusses the use of laboratory murine models used to specifically recapitulate the immunosuppression observed in human sepsis.



Immunopathogenesis in sepsis

Compelling experimental and clinical evidence has indicated that elements of both pro-inflammatory and anti-inflammatory responses occur early and simultaneously in sepsis (12, 13). Typically, a rapid onset of pro-inflammatory reactions, including the excessive release of pro-inflammatory cytokines and the hyperactivation of the complement system, the coagulation system and the endothelial system, are provoked by the activation of PAMPs and DAMPs, giving rise to life-threatening organ injuries at the early stage of sepsis (14, 15). Meanwhile, an adaptive anti-inflammatory phenotype is also upregulated which alters the status of innate immune cells and induce apoptosis and anergy in lymphocytes, leading to a long-term immunosuppression that characterize late sepsis or post-sepsis sequelae (15). Of note, the signs of immunoparalysis are much early or even appear first after sepsis in immunocompromised patients (15). Given that the majority of patients are likely to survive the early stage of sepsis while an expansion of aging people or other population predisposing to an immunosuppressive status tend to be more prone to sepsis, increasing awareness has been given to understanding the mechanisms that drive sepsis-induced immunosuppression (7). A number of key events, such as transcriptional reprogramming, epigenetic modifications and metabolic disorders, have been demonstrated to promote leukocyte tolerance (reduced cytokine production and impaired antigen presentation), increase the expression of inhibitory checkpoint molecules (e.g., programmed cell death protein 1 (PD-1), programmed cell death ligand 1 (PD-L1), and cytotoxic T - lymphocyte antigen 4 CTLA-1) or suppressive immune cells (e.g., regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs)) and induce anergy or death in lymphocytes (8, 14). Meanwhile, the inevitable use of immunosuppressive agents, such as norepinephrine and hydrocortisone, may further deteriorate the immunocompromised status in sepsis (12). Consequently, a broad and persistent dysfunction occurs in host immune responses, leading to increased susceptibility for low-virulent bacterial, fungal and viral pathogens (15). This results in unresolved septic foci, incapability to combat secondary or nosocomial infections and other multiple complications that cause multiple organ dysfunction syndromes (MODS), extend hospital length of stay, and may even leads to death in the late phase or after discharge (12).



Murine models use to recapitulate immunosuppression in sepsis

Sepsis is characterized by a profound shift from an overwhelmingly hyperinflammatory state towards a broad defect in both innate and adaptive immunity (8). Therefore, experimental studies are performed in murine models, allowing a natural course of sepsis-induced immunosuppression (16). Given the susceptibility of immunocompromised patients to secondary infection, microbial insults are often additionally imposed on septic animals; the resulting models are termed ‘two-hit’ or ‘double-hit’ models (17). In some cases, a pre-sepsis insult (e.g., trauma, burns, hyperoxia, ischemia, or hemorrhage) or other post-sepsis challenges (e.g., stress, lipopolysaccharide (LPS) exposure, immunization, or organ injury) may also be involved to create a model with more than ‘two-hit’. To understand specific features of sepsis-associated immunosuppression, murine models with special features are sometimes developed. A good example is the use of the LPS tolerance model to reveal alterations reminiscent of leukocyte reprogramming in human sepsis (8). Further, compelling evidence has suggested an obvious immunological gap in the pre-sepsis stage between animal models and human sepsis (7). Therefore, sepsis is modeled in mice under different immunological conditions, such as memory mice, dirty mice, aged mice, and mice with genetic or gender-specific differences. Considering that human sepsis is often associated with the use of immunosuppressants or the presence of concomitant diseases, sepsis is also modeled in mice primed with immunosuppressant or bearing comorbidities. An overview of the models used to specifically recapitulate sepsis-induced immunosuppression, is provided in Figure 1. The key steps involved in establishing these models, along with their main advantages and disadvantages, are addressed in detail below and summarized in Tables 1 and 2.




Figure 1 | Murine models that recapitulate immunosuppression in human sepsis.




Table 1 | Comparison of major modeling methodologies used to generate murine models of sepsis-associated immunosuppression.




Table 2 | Summary of mouse models with specific immunologically characteristics to study immunosuppression in sepsis.




The ‘one-hit’ model

The one-hit model is an exactly routine sepsis model, which can be simply categorized into injection models and surgical models by the way sepsis is recapitulated. The injection models are established by giving an exogenous toxin (e.g. lipopolysaccharide (LPS), a viable pathogen (e.g. Escherichia coli), and feces or other pathogen containing materials (18). The surgical models are made by disrupting the endogenous barriers via surgery, which thereby induces local infection and sepsis. Cecal ligation and puncture (CLP) model and colon ascendens stent peritonitis (CASP) model are typical surgical models that reproduce abdominal sepsis via intra-abdominal surgery (18). Despite similar lethality in these models, intravenous injection of lethal doses of toxins or live pathogens induces a rapid and severe systemic proinflammatory response rather than a low-grade inflammation, accompanied with persistent immunosuppression (19). In contrast, local infection models established by injection, implantation or surgery demonstrate attenuated inflammatory response and increased tendency to develop immunosuppression (20, 21). Typically, the CLP model is most widely used to demonstrate ongoing immune suppression, including splenocyte apoptosis (22), lymphopenia (23) and expansion of Tregs (24) and MDSCs (25). Immunosuppression can be directly evaluated by using one-hit models, allowing a natural sepsis course without other modeling methods. However, a diversified inflammatory and immune profiles may exist with different modeling strategies. Moreover, the lack of a secondary insult makes them insufficient to reflect host response in an immunosuppressive state.



The ‘two-hit’ model

To induce immunosuppression following sepsis, model mice are first made to develop sepsis (the first hit) and then challenged with a secondary infection (the second hit). Indeed, two-hit mice are demonstrated to exhibit increased bacterial load and lower inflammatory resolution, thereby recapitulating the nosocomial infection observed at the prolonged immunosuppressive stage post-sepsis (26, 27). The first hit is typically performed using routine sepsis modeling methods, either by extrinsic pathogen inoculation or surgical approaches that establish intrinsic infection. During the second hit procedure, a clinically relevant pathogen is commonly injected into mice to mimic the secondary infection encountered in human sepsis.

Specifically, sublethal or low-lethal intraperitoneal surgery in the form of cecal ligation and puncture (CLP) is most widely applied to perform the first hit. Then a secondary pneumonia or systemic infection is established via the administration of Pseudomonas aeruginosa, Candida albicans or other opportunistic pathogens that are non-lethal in healthy or sham mice but induce high mortality in the model mice (26, 28). Generally, the first-hit by CLP creates a similarly immunosuppressive status in mice, which consistently renders them more susceptible to secondary infection by either Pseudomonas aeruginosa, Staphylococcus aureus or Candida albicans. However, bacterial infection is preferentially given via the intranasal route which is clinically relevant of hospital-acquired pneumonia secondary to abdominal sepsis or injuries. In contrast, fungal pathogens are commonly injected intravenously to mimic disseminated infection in human sepsis (29). In addition to secondary infection, post-CLP mice may suffer LPS injection or daily chronic stress to induce an aggravated inflammation response that recapitulates persistent inflammation, immunosuppression, and catabolism syndrome (PICS) after sepsis (30, 31). Other secondary insult, such as antigen immunization is also given after CLP to evaluate the adaptive immunosuppression, including Treg expansion and reduced memory CD4+ T cells (32, 33). Moreover, CLP mice are subjected to second challenge of organ injury or wound, which reflects either the impaired organ protection or wound healing due to immunosuppressive state (34, 35). Given that pneumonia is a leading cause of sepsis, the first hit is sometimes performed by intratracheal bacterial inoculation to replicate a natural immunodeficient state that develops in pneumonia-induced sepsis. A second hit of bacterial or viral infection is then administered via inoculated to examine the paralyzed immune state characteristic of the post-sepsis period (36).

Two-hit models mimic the natural course of immunosuppression development in sepsis, and therefore, they best characterize the systemic immunopathology of human sepsis. However, two-hit mouse models can be generated under varying conditions and the first hit can be created using different methods. Additionally, the microbial species used, as well as the time course and dosage of second hit have not been standardized, which may further increase the inconsistency of outcomes and hinder comparisons between different laboratories. In some experiments, two-hit models are coupled with pre-sepsis insult, such as trauma, burns, hyperoxia, ischemia and hemorrhage (37–39). These models may refer as ‘more than two-hit’ models, with stronger inflammation and organ injury are demonstrated in these models compared with one-hit or two-hit models. These models are clinically relevant to sepsis secondary to multiple injuries. However, they may display higher modeling inconsistency due to more heterogeneous immune responses by different pre-sepsis insults.



The LPS tolerance model

The injection of LPS is extensively used to induce sepsis in experimental models. However, studies using lethal dosages of LPS are no longer convincing due to the rapid kinetics, extreme inflammation, and immediate cardiovascular collapse, which are dramatically different from human sepsis that originates from localized infection (18). Nevertheless, the LPS tolerance model, which is induced by repeated exposure with sublethal doses of LPS, resembles a key feature of innate immune system paralysis in human sepsis, known as leukocyte reprogramming (40). Leukocyte reprogramming defines an adaptive immune response that is associated with a decline in proinflammatory cytokine production and the downregulation of surface HLA-DR expression on leukocytes upon stimulation with microbial agonists like LPS; this phenomenon is also known as LPS tolerance. Leukocyte reprogramming can also be detected in LPS-tolerant mice (14). Therefore, this model is valuable for exploring the mechanisms of long-term adaptation of innate immune cells following excessive inflammation to immunosuppression in sepsis, such as epigenetic reprogramming, autophagy impairment, decrease in the levels of activating cell surface molecules and the upregulation of negative regulatory factors (40, 41). However, some studies suggest that the phagocytic function and pathogen killing capacity of monocytes/macrophages in this model are enhanced while the anti-inflammatory mediators such as interleukin (IL)-10 are upregulated (8). These phenotypes differ from clinical observations of immunosuppression in human sepsis, which is overall aberrant in cytokine production and is associated with a refractory response to secondary infection (4). Furthermore, the immune state observed in the murine LPS tolerance model arises specifically in response to LPS stimulation rather than recapitulating the immunosuppression observed in human sepsis, which is a consequence of polymicrobial infection.



The use of mice with specific immunological features to model the immunosuppression observed in human sepsis

Unlike young, healthy, naïve mice that are often used to recapitulate human sepsis, patients with sepsis have heterogeneous characteristics such as discrepant age, gender, living environment, genetic background, and immunological status. Therefore, attempts have been made to increase the clinical relevance of murine models by modifying their immunological profiles or considering different immunological backgrounds. For example, standard laboratory mice are hygienic and lack effector-differentiated and mucosal memory T-cells, due to being housed under specific pathogen-free conditions (42). Therefore, memory mice are made to develop immune memory by pre-exposure to specific pathogenic or antigenic stimuli. Memory mice are also clinically relevant models for the study of reinfection or vaccination. They display raised inflammatory responses and a higher level of protection against secondary infection following sepsis induction. Likewise, dirty mouse models are also introduced by exposure to microbes via co-housing, sequential infection, the transfer of microbiota, and rewilding. Dirty mice have an experienced immune system and are exposed to naturally-occurring microbiota and pathogens, meaning that their inflammatory response and protection against infection are more relevant to human immunity during sepsis. Interspecies immune discrepancies are ascribed to genetic variations of laboratory mice that profoundly affect the responsiveness of immunity in sepsis., mice with genetic variations (Th1 vs. Th2) or genetic heterogeneity (Inbred vs. outbred) differ in their immune response to sepsis. Typically, higher levels of immunosuppression can be detected in Th2 mice (e.g., BALB/c) than in Th1 (e.g., C57BL/6) strains due to genetic variations (43). In addition, lower-level immunosuppression is found in outbred (e.g., CD-1) than in inbred (e.g., C57BL/6J) strains, due to genetic heterogeneity (44). Therefore, it is necessary to consider these variations when recapitulating sepsis in murine models.

Animals uses as models are typically normal in their immunological status prior sepsis modeling. However, patients are more likely to suffer from the effects of sepsis when they are either already immunodeficient or develop early immunosuppression post-infection. The immunological susceptibility to sepsis has prompted attempts to establish pre-sepsis immunosuppression in model animals via the administration of immunosuppressants. Indeed, immunosuppressants such as cyclophosphamide or cyclosporine were given to mice to induce a pre-existing immunosuppressive state. When pathogens were injected into these mice, the animals developed sepsis in similar fashion to immunocompromised patients (45, 46). However, pre-existing immunosuppressive status may not accurately replicate the natural course and severity of sepsis-induced immunoparalysis. The release of proinflammatory mediators, for instance, remains persistently low in this type of model, and the transition from hyperinflammation towards immunosuppression, as seen in human sepsis, is not observed (45). Moreover, cyclosporine mainly impairs T lymphocyte activity, rather than suppress the overall immune response, which also differs from the immunopathy encountered in sepsis (45).

Sepsis is often associated with co-morbidities (e.g., trauma, obesity, and cancer), causing patients to become more predisposed to immunosuppression in sepsis (47, 48). Therefore, researchers have modeled sepsis in animals bearing these co-morbidities. For instance, traumatic hemorrhage was induced in mice prior to CLP to examine its impact on the immune status and the ability to survive the subsequent onset of sepsis (49). Other studies have modelled sepsis-associated immunosuppression in obese mice (50) or tumor-bearing mice (51, 52), which were designed to evaluate the impact of co-morbidities on the development of sepsis and sepsis-associated immunoparalysis. Such studies are important for broadening our understanding of the heterogeneity of sepsis but are not ideal for delineating the mechanisms of immunosuppression, which can be attributed to sepsis or the comorbidity. In addition, animals with pre-existing diseases often produce more heterogenous experimental outcomes, thereby demanding more standardized and elaborate modeling procedures.




Strengths and limitations of modeling sepsis-induced immunosuppression in mice


How do murine models accurately replicate the immunological alterations in human sepsis?

Mice and humans share a highly homologous genetic background (>80% conserved synteny), meaning that the discovery of murine genes and corresponding phenotypes often applicable to humans (53–55). Shay et al. (56) compared the genome-wide transcriptional compendia of humans and mice, and founds that the resting and activated immune cells of both organisms shared a conserved transcriptional program and associated regulatory mechanisms. An earlier collaborative research program termed Glue Grant, which addressed how murine models mirror human disease in sepsis and trauma (57), described more specifically the similarities in both species upon endotoxin challenge, including the appearance of lymphopenia, which characterizes immunosuppression in sepsis (58). A series of subsequent studies further compared interspecies data derived from Glue Grant or other databases (e.g., the Immunological Genome Project). Although the overall transcriptomic association between mouse injury models and human inflammatory diseases (such as trauma, burns and sepsis) was weak (59, 60), the signaling pathways involved in early inflammation and innate/adaptive immunity were similar in both species (60). In addition, a number of pathways/biogroups that reflect both excessive inflammation and immunosuppression, such as enhanced cytokine signaling and suppressed lymphocyte differentiation, are altered in both mice and humans consistently (61). A more recent study further demonstrated that the gene expression patterns in LPS-stimulated mouse peritoneal cells, including genes associated with immunosuppression, are similar to genes upregulated in human cells stimulated with LPS in vitro or cells isolated from septic patients (62). These findings suggest the feasibility of murine models to accurately replicate the immunological alterations in human sepsis.

Specific murine models reflect the features of immunosuppression in human sepsis, either in part or in whole. For example, a mixture of both pro- and anti-inflammatory reactions, accompanied with subsequent dysfunction of adaptive immune responses that characterize the immunosuppression of human sepsis, has been demonstrated in murine CLP models (28, 63). Moreover, the phenomenon of leukocyte reprogramming in human sepsis, as indicated by diminished cytokine release and impaired antigen presentation, can also be similarly detected in murine LPS tolerance model (40). Other similarities due to the influence by different immunological backgrounds, such as age and gender, have also been identified in both mice and humans. For example, the increased production of immunosuppressive cytokines and the impaired CD4+ T cell proliferation were similarly detected in elderly sepsis patients and CLP mice (64). Furthermore, clinical and experimental studies have both indicated that female mice and patients are immunologically more competent than male subjects upon sepsis insult, which renders the transition towards immunosuppression and decreases the susceptibility to secondary infection (65).



How do murine models advance our understanding of immunosuppression in sepsis?

First, the principal immunological players involved in sepsis were predominantly discovered in mice and only later identified in humans (55). For instance, toll-like receptor 4 (TLR4) was initially characterized in mice as the pattern recognition receptor (PRR) for LPS, and represents a significant milestone in improving our understanding of the immunopathology of sepsis (66). Likewise, the discovery of the metabolic and epigenetic rewiring mechanism that drives the shift towards immunosuppression in sepsis was also initially made using mouse models (67, 68). Other major immunological breakthroughs in sepsis, such as the characterization of immunosuppressive cells (e.g., regulatory T-cells, Tregs; and myeloid-derived suppressor cells, MDSCs) and immune checkpoints (e.g., programmed cell death protein-1, PD-1; and cytotoxic T-lymphocyte antigen 4, CTLA-4), occurred initially in models, before further verification of their importance in human sepsis (69–71). Second, our knowledge of sepsis immunology in humans is almost exclusively derived from studies using blood samples. However, increasing importance has been attributed to the roles of tissue and organ immunology in sepsis (7). In this regard, it may be more valuable to examine immunological profiles at the site of infection rather than solely in the blood (72). A variety of sample types can be extracted from murine models, thereby facilitating the characterization of compartment-specific immunopathy in sepsis. For instance, the functionality of alveolar macrophages and microglial cells are primed or unaltered, respectively, in the LPS injection or CLP models, compared to the tolerance induction observed in peritoneal cells and splenocytes (7). In addition, Komegae et al. (73) recently reported the site-specific responsiveness of alveolar, peritoneal, and adipose-associated macrophages to bacterial LPS, as indicated by the different tumor necrosis factor alpha (TNF-α)/IL-10 ratios that are indicative of the immunosuppressive status. Such results cannot be obtained via the study of peripheral blood samples alone.

Third, murine models are extensively used preclinical studies to inform future clinical trials or support the implementation guidelines for the management of sepsis survivors (74). In particular, attempts have been made in animal models to reverse the immunocompromised status or boost immunity with immunostimulants by means of cytokines, peptides, small molecule compounds, and cell transfer strategies (14). For example, pharmacological or genetic approaches to suppressing lymphocyte apoptosis have been verified in experimental models, aiming to evaluate the potential of reducing sepsis lethality by targeting apoptosis in lymphocytes (14).



How to understand the limitation of using murine models in studying immunosuppression in sepsis?

Mouse models have improved our understanding of the immune profiles that exist in sepsis. However, there are a number of discrepancies that interfere with the recapitulation of the immunosuppression observed in human sepsis. Of note, these discrepancies may either result from their inherently-distinct immune responses or otherwise are induced by inappropriate experimental procedures during sepsis modeling.

First, the precise immunological changes are not consistent between murine models and human sepsis (75). In fact, the dynamics of the immunological response is much more rapid and intense in murine sepsis models, and lead to a short course of disease. However, human sepsis is often chronic and immunological alterations, including the onset of immunosuppression, is persistent or repeated. Further, murine models that recapitulate sepsis induced by a certain kind of insult or at a specific infection site can only model a subtype of sepsis or demonstrate one aspect of the pathophysiological changes that are encountered in human sepsis. To illustrate, induction of LPS tolerance may only mimic compartmentalized immunological changes in sepsis. However, a modeling strategy that induces sepsis by targeting different tissue sites may significantly affect the immune response in sepsis (20). Similarly, the administration of IL-10, an immunosuppressive cytokine, has been shown to protect model mice from abdominal sepsis but led to the deterioration of mice with pulmonary sepsis (20). In this regard, when investigating the pathology or treatment of immunosuppression in sepsis, results from different models should be interpreted with caution.

Second, various methodological factors may dramatically alter the immune profiles of model mice. For example, it has been demonstrated that immunosuppression is well reproduced in the CLP model (11, 18) whereas other polymicrobial peritonitis models, such as the CASP model and the cecal slurry model, have ongoing proinflammatory responses that do not reach an immunosuppressive state (18, 76). Moreover, murine models are established in young, healthy, homogeneous, and pathogen-free animals, compared to the heterogeneous background conditions of human sepsis. Therefore, the common establishment of sepsis in these animals cannot fully replicate those of human sepsis, which occurs predominantly in a heterogeneous aging population, with existing comorbidities. Furthermore, individuals with sepsis harbor commensal microbiota or acquired infections that may dramatically affect their immunological state. These differences make it hard to replicate the exact features of immunosuppression in human sepsis by using standardized murine models. With regards to the comparison of murine models to human sepsis, another considerable discrepancy exists in post-sepsis interventions. Human patients with sepsis always receive supportive care, such as surgical resection, antibiotics, analgesia, and organ support. However, these interventions are absent or inconsistently performed during the care of human patients or in mouse models. Taking the use of analgesics as an example, opioids like buprenorphine, hydromorphone, oxycodone, and tramadol are less immunosuppressive than morphine and fentanyl, which suggests that different choices of analgesics may cause variations in the immune status of animals thereby affecting their immunological phenotypes during the modeling of sepsis (77). Finally, the design and execution of animal experiments lack inter-lab consistency, with sufficiently powered, randomized, or blinded analyses being rarely conducted (74). Therefore, positive outcomes are more likely to be reported, leading to a biased interpretation that limits the success of translation into human subjects (78). A brief description of strengths and limitations is depicted in Figure 2.




Figure 2 | Strengths and limitations of using murine models to mimic sepsis-induced immunosuppression in humans.






Future directions to narrow the gaps between murine models and human sepsis


Reducing experimental inconsistency

Standardized sepsis models are necessary to minimize discordant results between models and reduce discrepancies between animal and human sepsis (79). The recently published minimum quality threshold in pre-clinical sepsis studies (MQTiPSS), which was published by a consortium of experts from various research institutions, proposed a set of guidelines to enhance the consistency and translational value of sepsis models via the development of standardized technical procedures (80). In addition, we and other researchers have reported attempts to improve the consistency of CLP or CASP models by standardizing surgical procedures and the application of specialized surgical tools (81, 82). Nevertheless, we are some distance from creating standardized animal models that mimic the immunosuppression of human sepsis. Further research is thus needed to comprehensively document the immunological profiles of different septic models, such as the factors that predispose to immunosuppression development, the kinetics of immunological events, organ-specific immunological alterations and their association with organ dysfunction (7, 73). For example, a scoring system could be devised for predicting or evaluating the immunological parameters in sepsis, serving to reduce the inconsistencies in modeling and enable better comparisons between different experiments or laboratories (79).



Increasing clinical relevance

Sepsis is highly heterogeneous in terms of pathogen species, genetics, age, gender, and comorbidities. It is therefore challenging to predict the progression from sepsis onset to immunosuppression. The complexity of sepsis calls for the development of a precision medicine approach, which requires more individualized and clinically compatible models for the recapitulation of sepsis-associated immunosuppression. For instance, the pathogen species used in current murine sepsis models are neither polymicrobial in nature nor clinically relevant. Therefore, a possible way of refining these models is to instead perform polymicrobial inoculation with clinical strains of microbes (83), or otherwise rebuild the microbiota of lab mice by introducing environmental pathogens prior to sepsis modeling (42). Additionally, most existing studies use young and healthy animals to model sepsis. Recently, attempts have been made to model sepsis in elderly mice, demonstrating remarkable differences in the immune response and disease outcomes when compared with their young counterparts (84, 85). In addition to considering the influence of age on sepsis pathology, future studies should aim to model sepsis in animals of different gender, or having a pre-existing illness (e.g., obesity and diabetes).

Sepsis often induces prolonged immunosuppression, which is associated with an increased risk of chronic dysfunction, such as weakness, secondary infection, and cancer (86). However, animals used to model septic often die too early for the onset of long-term consequences to be observed. The development of intensive care unit (ICU)-like murine facilities has already been shown prolong the survival of mice with sepsis and allow for longitudinal studies (87, 88).

Finally, translational research sepsis research to narrow the gaps when addressing therapeutic interventions for sepsis. Two recent systematic reviews have outlined recommendations for the design of preclinical studies to ensure clinical relevance (74, 89). Thus, in addition to the refinement of existing models, other experimental factors such as appropriate cohort selection, randomization, blinding, the timing of the intervention, as well as the use of powerful statistical analyses (i.e., using appropriate power and sample size), should be considered when designing clinically-relevant models of sepsis.



Improving immunological similarities between mice and humans

In addition to the approaches outlined in earlier sections of this mini review, research is being carried out into improving the immunological similarities between mice and humans, thus narrowing the gap between these species for the study of sepsis. Sepsis is increasingly recognized as a syndrome of immunoparalysis rather than a cytokine storm-driven condition. A recent study reported that the switch from uncontrolled inflammation to ordered hypoinflammation and immunosuppression could be achieved by priming with a diverse pool of antigens to induce the activation of immunological memory (90). In this model, short-term mortality was reduced allowing for the long-term investigation of sepsis survivors, which may better resemble the course of sepsis-associated immunosuppression observed in humans (90). Environmental factors such as the microbiota also greatly affect the immune status of laboratory mice. To address this issue, a recent study created wildling mice by transferring C57BL/6 embryos into wild mice. These wildling mice demonstrated phenocopied human immune responses, and are therefore more suitable as candidate animals for investigating immunosuppression in sepsis (91).

Although sepsis modeling is predominantly performed in mice, translational gaps exist between mice and humans due to differences in their immune systems (92). To solve this issue, mice with a reconstituted human immune system or bearing active human immunogens have been created. These ‘humanized mice’ have been successfully utilized to study viral infection and transplantation and are expected to bridge the translational gap between mice and humans. Some recent studies have demonstrated that features of immunosuppression in sepsis, including bone marrow suppression (93), reduced cell surface marker expression (94), and increased apoptosis (95), are better replicated in humanized mice after CLP modeling. Although limitations exist and humanized mice cannot fully replicate human immunology in sepsis, this model may offer an alternative approach for the study of immunosuppression in sepsis. Given that the microbiome shapes human immunity and affects the outcomes of clinical sepsis, another approach would be to recreate a humanized microbiome in model mice, thereby increasing the utility of mice as a model organism by populating them with the same pathogens that are present in the human microbiome during sepsis (96).




Conclusions

Mice remain the organism of choice for modelling sepsis. However, questions and doubts continue to be raised regarding the reliability of murine models in sepsis research, due to conflicting reports and negative translational outcomes. Sepsis is a heterogeneous syndrome, rendered even more complex by the period of immunosuppression that follows early-stage disease. Given that an ideal modeling strategy has not yet been developed, efforts should focus on refining current murine models to reduce inconsistency and increase clinical relevance; these improved murine models will be invaluable tools for study of the complex immunopathology of human sepsis.
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Background and aims

Hemophagocytic lymphohistiocytosis is a clinical syndrome resulting from abnormally active immune cells and a cytokine storm, with the accompanying phagocytosis of blood cells. Patients with hemophagocytic lymphohistiocytosis often suffer acute kidney injury during hospitalization, which usually signifies poor prognosis. We would like to establish a prediction model for the occurrence of acute kidney injury in adult patients with hemophagocytic lymphohistiocytosis for risk stratification.



Method

We extracted the electronic medical records of patients diagnosed with hemophagocytic lymphohistiocytosis during hospitalization from January 2009 to July 2019. The observation indicator is the occurrence of acute kidney injury within 28 days of hospitalization. LASSO regression was used to screen variables and modeling was performed by COX regression.



Results

In the present study, 136 (22.7%) patients suffered from acute kidney injury within 28 days of hospitalization. The prediction model consisted of 11 variables, including vasopressor, mechanical ventilation, disseminated intravascular coagulation, admission heart rate, hemoglobin, baseline cystatin C, phosphorus, total bilirubin, lactic dehydrogenase, prothrombin time, and procalcitonin. The risk of acute kidney injury can be assessed by the sum of the scores of each parameter on the nomogram. For the development and validation groups, the area under the receiver operating characteristic curve was 0.760 and 0.820, and the C-index was 0.743 and 0.810, respectively.



Conclusion

We performed a risk prediction model for the development of acute kidney injury in patients with hemophagocytic lymphohistiocytosis, which may help physicians to evaluate the risk of acute kidney injury and prevent its occurrence.
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Introduction

Hemophagocytic lymphohistiocytosis (HLH) is a life-threatening syndrome caused by an abnormally active immune system. The major players involved are immunocytes such as cytotoxic T lymphocytes and natural killer cells, as well as inflammatory factors, including interferon-γ (IFN-γ), interleukin (IL)-1β, and IL-18. Hemophagocytosis is an important feature of HLH. Primary HLH is caused by genetic defect, while secondary HLH is mainly triggered by malignant tumors, infections, and immune factors (1, 2). The detection of hemophagocytes in the bone marrow is a characteristic of HLH, but not specific, and it is common in other tissues (such as liver, spleen, lymph nodes, etc) of critically ill patients (3). HLH is clinically difficult to diagnose, progresses rapidly, and is susceptible to multi-organ failure, including kidney failure. Clinicians face great challenges in the diagnosis and treatment of HLH and the management of its complications.

Acute kidney injury (AKI) is a clinical syndrome with a rapid increase in serum creatinine and/or a rapid decrease in urine output within a short period of time (4). AKI is common in hospitalized patients and has a high mortality rate. AKI, often secondary to extra-renal events, is an increasingly common problem for physicians and surgeons. In addition, the present view suggests that AKI promotes the development of chronic kidney disease and is a risk factor for cardiovascular disease (5). However, most patients with AKI have no noticeable clinical manifestations and AKI often co-exists with other syndromes, making it easy for clinicians to overlook it, leading to delay in diagnosis and treatment.

In recent years, an increasing number of researchers have focused on renal diseases complicated by HLH, especially AKI in HLH. Some scholars observed intraglomerular hemophagocytosis and erythrophagocytic macrophages in the tubular lumen (6, 7). However, the knowledge and expertise of researchers and clinicians on AKI in HLH are still far from enough. The AKI caused by HLH is mostly reported in some cases, which presented pathologic and speculated about the cause of AKI (7, 8). At present only one retrospective cohort study in this field analyzed the characteristics of AKI, kidney disease outcome and factors of mortality. And the study showed a high incidence of AKI in the course of HLH of up to 62% and the mortality risk is significantly higher in patients combined with AKI (9). AKI in HLH diminishes patients’ quality of life and is strongly associated with high mortality. Therefore, there is a strong need to develop an appropriate model to predict AKI in patients with HLH to facilitate disease management by clinicians.

In the present study, we aimed to leverage available data to identify risk factors for AKI in HLH patients, establish a predictive model and evaluate the model to elucidate its accuracy and clinical practicality.



Materials and methods


Study population

We first filtered out 669 patients diagnosed with HLH at West China Hospital of Sichuan University from January 2009 to July 2019. Patients with HLH who fulfilled the diagnostic criteria proposed by the Histocyte Society in 2004 were then enrolled (10). Patients were required to fulfill 5 of the following 8 criteria: 1) fever; 2) splenomegaly; 3) cytopenia affecting at least 2 of 3 lineages in the peripheral blood; 4) hypertriglyceridemia (triglyceride ≥3.0 mmol/L) and/or hypofibrinogenemia (fibrinogen ≤1.5 g/L); 5) hemophagocytosis in bone marrow or spleen or lymph nodes; 6) low or absent NK-cell activity; 7) ferritin ≥500 ng/ml; and 8) soluble CD25 (i.e., soluble IL-2 receptor) ≥2,400 U/ml. We did ‘ t adopt gene standard in the diagnosis of HLH because genetic testing is not generally recommended in adult patients (11). The exclusion criteria include the following: patients younger than 18 years old, kidney transplant recipients, dialysis within the past 1 month, kidney malignancy, chronic kidney disease stage 4-5 and missing data. A total of 669 individuals were included in this study, and after the screening process, we analyzed 600 patients who met the requirements. Patients were split randomly into development and validation groups in a 7:3 ratio, with 419 individuals in the development group and 181 in the validation group (Figure 1). The outcome indicator of interest is whether the patient experienced AKI from the start of admission to the 28th day of hospitalization.




Figure 1 | Research flowchart.





Clinical and biochemical data acquisition

We retrospectively gathered patients’ information from the electronic medical record database established at our hospital. Demographic characteristics included gender, age, and history of tobacco and alcohol use. Treatment modalities consisted of therapy for HLH and some supportive therapy. The main triggers of HLH were infection, tumor, and autoimmune disease (1). If a specific trigger of HLH cannot be found, it is defined as “Undetermined”. We also collected some comorbidities such as hypertension, diabetes mellitus, and heart failure. HLH-related clinical manifestations like fever, hepatosplenomegaly, and lymph node enlargement were also potential variables for our study. Laboratory based data were platelets, white blood cells, hemoglobin, baseline creatinine, baseline cystatin C, bilirubin, albumin, triglycerides, cholesterol, fibrinogen, etc. The lowest creatinine of patients within 2 days before admission was used as the baseline creatinine. If creatinine within 2 days before hospital admission was not available, the first creatinine tested after admission would be considered as the baseline creatinine.



Definitions employed

The updates made to the organization Kidney Disease Improving Global Outcomes (KDIGO)’s diagnostic criteria in 2012 defined AKI as an increase in the serum creatinine of ≥ 0.3 mg/dl (≥ 26.5μmol/l) within 48 h, ≥ 1.5 times the baseline within the previous 7 days, or a urine volume ≤ 0.5 ml/kg/h for 6 h. Since it was not convenient to obtain the patients’ urine volume, AKI was diagnosed on the basis of the creatinine level change (12). Fever was measured as axillary temperature of 37.3°C or higher. Physical Examination and imaging were used to evaluate whether the patient had enlarged lymph nodes and hepatosplenomegaly. The recognition of edema is mainly depending on clinical signs. Vasopressors included norepinephrine, dopamine, epinephrine, phenylephrine, and vasopressin.



Statistical analysis

This analysis of data was performed using R software (version 4.0.3; The R Foundation for Statistical Computing), and P<0.05 was considered statistically significant for this study. Continuous variables were expressed as mean ± standard deviation, and categorical variables were expressed as frequencies and percentages. Independent samples t-test (normal distribution for continuous variables), Wilcoxon rank-sum test (skewed distribution for continuous variables), and Pearson chi-square test (categorical variables) were used to determine statistical differences between the AKI and non-AKI groups, respectively.

Because of the large number of predictor variables in this study, it is appropriate to adopt least absolute shrinkage and selection operator (LASSO) regression screening variables (glmnet package) in the development group. LASSO regression filters lambda by Ten‐fold cross‐validation (13). The initial screening variables after lasso regression were screened for colinearity before modeling, and the exclusion criteria were those with variance inflation factor (VIF) values ≥ 5. Cox regression was then applied to build the model and regression coefficients, standard error values, hazard ratio (HR), 95% confidence intervals (CI) and p-values were calculated for each variable in the model. For clinical convenience, we plotted nomogram following the relative weights of the variables in the model. According to the magnitude of the regression coefficients of each influence factor in the model, a score is assigned to each value level of each influence factor, and then the individual scores are summed to obtain the total score.

The area under the receiver operating characteristic (ROC) curve (AUC) and the concordance index (Harrell’s concordance index/C-index) were used for model discrimination evaluation in the development and validation groups. Calculation of integrated discrimination improvement (IDI) to represent the role of baseline cystatin C in the model.




Results


Baseline characteristics of patients with HLH

During the 28 days of hospitalization, 136 (22.7%) patients developed AKI. Baseline characteristics of patients were shown in Table 1, including demographics, laboratory data, treatment regimens and clinical manifestations. There were 266 (57.33%) males in the non-AKI group and 79 (58.09%) males in the AKI group. The mean age of patients in the two groups was 41.56 ± 16.49 and 44.75 ± 17.30, respectively. Baseline creatinine was 69.12 ± 41.47 and 57.83 ± 23.12 umol/L, and baseline cystatin C was 1.57 ± 0.71 and 1.34 ± 0.46 mg/L for patients in the AKI and non-AKI groups, respectively.


Table 1 | Baseline characteristics of the AKI and non-AKI groups.



Risk factors for the development of AKI in patients and Model building

We performed univariate cox regression analysis on all 600 patients and identified several factors that were highly associated with the occurrence of AKI (Table 2). To build the optimal AKI risk prediction model, we conducted LASSO regression analysis of all variables. The LASSO screening variable was calculated based on the maximum lambda corresponding to the selection error mean within 1 standard deviation of the minimum, i.e., lambda = 0.0565 and log(lambda) = -2.8734 (Figure 2). Twelve variables were obtained by lasso screening: vasopressor, mechanical ventilation, DIC, admission heart rate, hemoglobin (HGB), baseline cystatin C, phosphorus, total bilirubin, direct bilirubin, LDH, PT, and PCT (Figure 3). After covariate screening, direct bilirubin was excluded and the remaining 11 variables were combined to create a risk prediction model for AKI through COX regression. Modeling equations: Logit(Y)=0.28706*(vasopressor=1) +0.97581*(mechanical ventilation=1) +0.31892*(DIC=1) +0.02007*admission heart rate, -0.00676*HGB +0.64382* baseline cystatin C +0.04119*phosphorus +0.00198* total bilirubin +0.00003*LDH +0.00392*PT+0.01527*PCT. The detailed parameters of each variable in the prediction model are shown in Table 3. Baseline cystatin C is an independent risk factor for AKI. We then plotted the nomogram based on the results of the COX regression (Figure 4).


Table 2 | Univariate analysis of COX regression in patients with HLH.






Figure 2 | LASSO regression lambda filter graph. The horizontal coordinate is log(lambda) and the vertical coordinate is the mean and standard error of the deviance obtained from Ten‐fold cross‐validation.






Figure 3 | LASSO regression coefficients correspond to lambda values. The bottom scale of the horizontal coordinate is log(lambda), the top scale is the number of variables corresponding to the log(lambda) value, and the vertical coordinate is the lasso regression coefficient.




Table 3 | Multivariate COX regression analysis of variables selected with LASSO for predicting AKI.






Figure 4 | Nomogram for predicting the risk of AKI in patients with HLH. AKI, acute kidney injury; DIC, Disseminated intravascular coagulation; HGB, Hemoglobin; LDH, Lactic dehydrogenase; PT, Prothrombin time; PCT, Procalcitonin.





Model evaluation

The model exhibited good predictive ability with AUC =0.760 for the development group and AUC =0.820 for the validation group (Figure 5). C-indexes were calculated in both the development (0.743) and validation set (0.810), indicating the reasonable accuracy of this model. The development group with baseline cystatin C had 4.2% higher predictive power compared with the one without baseline cystatin C (IDI=0.0420, 95%CI 0.0090~ 0.0780, P=0.0070). The validation group model prediction capability also improved by 7.3% (IDI=0.0730, 95%CI 0.0080~0.1570, P=0.0130).




Figure 5 | The ROC curves of development and validation set.






Discussion

We derived and internally validated a predictive model for the development of AKI in patients hospitalized with HLH. Clinical prediction models (also ‘risk scores’) predict the incidence of a specific disease or mortality by combining multiple risk factors. Risk scores for a multitude of diseases were already clinically applicable to risk-stratify patients and guide treatments (14). Although some shortcomings, there were many other predictive models for secondary AKI that contributed to the improvement of the outcome of AKI patients to some extent (15, 16).

AKI is a clinical syndrome that is susceptible to multiple critical illnesses and usually signals a poor prognosis for the patients. Susantitaphong et al. investigated and found the prevalence of AKI in adults to be about 21.6% (17), which is consistent with our study (22.7%). However, sometimes AKI has an insidious clinical onset and there are no reliable diagnostic and prognostic markers for AKI in patients with HLH at present (2). The delay in AKI diagnosis worsens the severity and prognosis of AKI. Our predictive model can assist physicians in diagnosing AKI on time.

In our prediction model, patients with poor baseline renal function, rapid heart rate on admission, complicated DIC, lower hemoglobin, higher total bilirubin, LDH and PCT, serum phosphorus abnormalities, PT extension, needing for vasopressor and mechanical ventilation were at high risk of AKI. Patients with fast heart rates were more likely to experience AKI (HR 1.0203, 95%CI 1.0083-1.0324, P=0.0008), which has also been identified and applied to the model by other investigators (18, 19). This may be due to the effects of tachycardia on cardiac function and cardiac output, and consequently a decrement in renal perfusion levels (20). Baseline cystatin C was an independent risk factor for the development of AKI (HR 1.9037, 95%CI 1.4432-2.5112, P<0.0001) and enhanced the predictive power of the model. Previous studies have revealed that patients with underlying renal insufficiency tend to have a higher risk of AKI (5, 21), and our study also supported this opinion. Oxidative stress, mitochondrial dysfunction, inflammatory response, vascular dysfunction and other pathological changes in CKD contribute to the heightened sensitivity of AKI (22).

Mild elevation of serum bilirubin protects against renal tubular injury via inhibition of oxidative stress and apoptosis, thereby protecting renal function (23, 24). By contrast, high levels of serum bilirubin lead to a lowering of arterial pulse pressure and intraglomerular pressure, exerting direct toxic effects on renal tubule (25–27). Total bilirubin only protects the kidney at <1.2 mg/dl (20.52 umol/L) and promotes the progression of AKI at >2.0 mg/dl (34.20 umol/L) (28). Serum total bilirubin was 84.86 ± 104.45 umol/L, and an independent risk factor for AKI (HR 1.002, 95%CI 1.0001-1.0039, P=0.0418), which is consistent with previous studies. Mechanical ventilation was associated with an elevated risk of AKI in patients (HR 2.6533, 95%CI 1.4766-4.7679, P=0.0011). The pathological mechanism is compatible with mechanical ventilation enhancing the action of inflammatory mediators, leading to epithelial cell apoptosis in the kidney and causing renal dysfunction (29).

To the best of our knowledge, this is the first prediction model for AKI in patients with HLH. This proposed study used LASSO regression to check the variables, and then based on COX regression modeling with different threshold values assigned to each variable. The design gives us the ability to evaluate the weighting of different variables in the diagnosis of AKI. The variables in our prediction model are common and easily accessible in clinical work, and the scoring system is simple and quick, making it easy for clinicians to quickly determine a patient’s risk of AKI and take timely countermeasures. The strong predictive capability and accuracy of the model help us limit misdiagnosis and underdiagnosis.

This prediction model has some drawbacks as well. First, owing to the lack of urine volume, we diagnosed AKI based only on the level of creatinine change. Some patients suffering from AKI before admission may have been omitted. These may lead to underestimation of the incidence rates of AKI. Second, our study could not conclusively determine the cause of AKI occurrence. Retrospective cohort studies may be potentially subject to selection bias. Data for this study were obtained from a single center. Finally, our model was not externally validated, and in the future, we need to perform this work and assess its predictive power with long-term observation.

In conclusion, we developed a risk prediction model for AKI in HLH patients within 28 days of hospitalization. The model applies 11 predictive factors to stratify the risk of AKI occurrence. The predictive power and accuracy of the model are good, and the clinical application is convenient. These may facilitate closer monitoring and early treatment to prevent patients at imminent risk of AKI and heighten clinicians’ alertness to patients at high risk of AKI.
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Despite extensive research, urosepsis remains a life-threatening, high-mortality disease. Currently, animal models of urosepsis widely accepted by investigators are very scarce. This study aimed to establish a standardized and reproducible model of urosepsis in rats. Forty adult Wistar rats were randomly divided into four groups according to the concentration of injected E. coli suspensions: Sham, Sep 3×, Sep 6×, and Sep 12×. Because the ureter is so thin and fragile, no conventional needle can be inserted into the ureter, which is probably why rats are rarely used to develop models of urosepsis. To solve this problem, the left ureter was ligated in the first procedure. After 24 hours, the left ureter above the ligation was significantly dilated, then saline or different concentrations of E. coli at 3 ml/kg were injected into the left renal pelvis using a 30G needle. The left ureter was subsequently ligated again at a distance of 1 cm from the renal hilum to maintain high pressure in the renal pelvis. Following injection of E. coli or saline for 24 h, three rats from each group were sacrificed and their organs (lung, liver, and right kidney) were collected. In contrast, the remaining seven rats continued to be observed for survival. At 10 days after E. coli injection, rats in the sep12× group had a higher mortality rate (100%) compared to the sep3× group (28.6%) or the sep6× group (71.4%). The significant changes in peripheral blood WBC count, serum IL-6 and TNF-α levels were also in the sep12× group. In addition, rats in the sepsis group showed multi-organ dysfunction, including damage to the lungs, liver, and kidneys. The establishment of a standardized rat model of urosepsis may be of great value for studying the pathophysiological of urosepsis.
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Introduction

Sepsis, a life-threatening organ dysfunction with rapid progression and high mortality (17-26%), is the leading cause of death in critically ill patients worldwide (1–3). Depending on the site of infection, infections originating in the urinary tract and/or male genital tract are referred to as urosepsis (4, 5). It is estimated that approximately 20-30% of all sepsis cases are urosepsis. In total, there are an estimated 31.5 million sepsis cases each year, representing a potential of up to 9.45 million cases of urosepsis (6). Therefore, sepsis and urosepsis have been recognized as very concerning problems by many hospitals and are made a global health priority by the World Health Organization. Despite many new research results in recent years, the pathophysiology of sepsis is still incompletely understood. Several animal models have been created that all seek to mimic the typical pathophysiological changes in septic patients to study the pathophysiological causes of sepsis.

Injection of endotoxin or bacteria, cecum ligation and puncture (CLP), and colonic ascending stent peritonitis (CASP) are the commonly used models of sepsis (7–9). Among these, the rodent cecum ligation and puncture (CLP) model of experimental sepsis has grown to be the most popular and is currently regarded as the gold standard for sepsis research (10–12). However, widely applied and standardized animal models of urosepsis are relatively rare. Some scholars have found that rabbits can be used to develop models of urosepsis by injecting E. coli into the renal pelvis (13–16). Rodents, the most widely used for experimental research, are rarely used to make models of urosepsis. Therefore, the establishment of a standardized rat model of urosepsis may rapidly advance the study of the pathophysiological mechanisms of urosepsis.

In this study, we attempted to utilize rats to produce a standardized and reproducible model of urosepsis by injecting E. coli into the renal pelvis. We evaluated the effectiveness of a rat model of urosepsis by observing survival rates and blood cultures, detecting changes in WBC and inflammatory factors, and verifying multi-organ damage to the lungs, liver, and kidneys. The establishment of a standardized rat model of urosepsis may be of great value for studying the pathophysiological of urosepsis.



Materials and methods


Animal

Adult Wistar rats of either sex (weight 250–300 g) were purchased from Beijing Speford Biotechnology Co. (Beijing, China). All experiments were performed at the Animal Research Institute of Zhongnan Hospital at Wuhan University. The animal study was evaluated and approved by the ethics committee of the Zhongnan Hospital at Wuhan University. Rats were raised at controlled temperature (21-25°C) and humidity (45-55%) with a 12-hour light/dark cycle for 7 days to acclimate to the environment.



Experimental procedures

Forty adult Wistar rats (250-300g) were randomly divided into four groups according to the concentration of injected E. coli suspensions: Sham (injected with saline), Sep 3× (injected with 3×108 cfu/mL E. coli), Sep 6× (injected with 6×108 cfu/mL E. coli), Sep 12× (injected with 12×108 cfu/mL E. coli).

Before the experiment, Wistar rats were fasted overnight but allowed to drink freely. All rats were anesthetized with intraperitoneally injected 30 mg/kg of 1% sodium pentobarbital. After anesthesia, the abdomen of the rats was shaved, and a 3 cm-long incision was performed on the left side of the abdomen. The abdominal cavity of the rats was opened to expose the left kidney, and the left ureter was carefully isolated. At a distance of 2 cm from the left renal hilus, we ligated the left ureter using 4-0 silk, placing the left kidney and intestine back into the abdominal cavity, closing the abdominal cavity, and suturing the skin. 24 h later, the rats were reanesthetized, and the abdominal cavity was reopened, showing that the left renal pelvis and left ureter were significantly dilated compared with those before ligation. Groups Sep3×, 6×, and 12× were injected with 3 ml/kg E. coli solution in the left ureter above the ligation at a concentration of 3×108, 6×108, and 12×108 cfu/ml, respectively. Saline was also injected into the left ureter of the sham group at 3 ml/kg. Subsequently, the left ureter was ligated again at a distance of 1 cm from the renal hilum to maintain a state of pelvic hypertension. The rats were then sutured and received postoperative analgesic meloxicam (1 mg/kg, s.c.).

Blood samples were collected at four postoperative time points (0h, 2h, 24h, and 48h). A portion of the fresh samples was utilized for routine blood testing (WBC count). Additional blood samples were processed at 3000 rpm for 20 minutes using a cryogenic centrifuge, and the supernatant was stored in a -80°C refrigerator for TNF-α and IL-6 assay.



Bacterial culture

Escherichia coli (E. coli) (ATCC 25922) was purchased from Guangdong Huankai Microbial Technology Co. and cultured on McConkey Agar (Solarbio Life Science Technology Co., Beijing, China) for 24h at 37°C to form individual colonies. Afterward, a single colony of bacteria was picked and inoculated in LB medium at 37°C with shaking at 200 rpm for 18-24h. The bacteria medium was precipitated by centrifugation at 2000g for 10 min and then resuspended in saline to a concentration of 3×108,6×108,12×108 cfu/mL. To ensure accurate concentration, bacterial suspensions were tested using a bacterial turbidimeter (Thermo Fisher Scientific, USA).

After injection of E. coli for 24h, blood samples were collected and inoculated onto MacConkey agar for 24h at 37°C. If pink colonies were found, E. coli in the blood was proven.



Clinical observations

After intrarenal pelvis injection of E. coli, rats were examined for general responses such as consciousness, activity, weakness, and mortality. Every 4-6 hours, rectal body temperature was measured (Thermometer type T15SGF; Panasonic, Japan), as well as respiratory rate, heart rate, and body weight. Rats were euthanized for humanitarian reasons when they reached a behavior score of 1, where 1 represented Moribund [adapted from Yang et (17)].



Measurement of WBC, Cytokines(IL-6, TNF-α), Serum CRE, BUN, AST, and ALT

White blood cell (WBC) counts were determined using an automatic hematology analyzer (Nihon Kohden, Japan). Rat serum concentrations of interleukin IL-6 and tumor necrosis factor-alpha (TNF-α) were determined by the Ellisa enzyme immunoassay kit (Wuhan antigene Biotechnology Co., Ltd. Wuhan, China) according to the manufacturer’s protocol. Determination of markers of kidney function by BUN and CRE kits and changes in liver function by AST and ALT kits according to the manufacturer’s instructions (Nanjing Jiancheng Institute of Biotechnology, Nanjing, China)



Real-time PCR

Under the manufacturer agreement, total RNA was extracted from bladder cancer cells using RaPure Total RNA Micro Kit (Magen, China). The RNA NanoPhotometer spectrophotometer (IMPLEN, Westlake Village, CA, USA) quantified the RNA at 260 nm/280 nm. Following the package recommendations, 2 μg of total RNA was reverse transcribed to cDNA utilizing ABScript II RT Master Mix (ABclonal, Wuhan, China). Using a Bio-Rad (Hercules, CA, USA) CFX96 system, qRT-PCR was used to ascertain the mRNA level of an interesting gene predicated upon SYBR green. The primer sequence is shown in Table S1. Each target gene’s relative mRNA expression level was estimated using the 2−ΔΔCT method in conjunction with ACTB as an internal loading control.



Western blotting analysis

Cells were lysed sufficiently in RIPA that contained 1% protease inhibitor and 1% PMSF (all from Sigma-Aldrich, St. Louis, MO). 40 μg total protein was separated by 10–12.5% SDS-PAGE electrophoresis and transferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore, cat# IPVH00010). After blocking with 5% skim milk at room temperature for 2 h, the membrane was first treated with the primary antibody (Table S2) at 4°C for an overnight period, followed by incubation with the secondary antibody—goat anti-rabbit IgG (Table S3)—at room temperature for an additional two hours. The bands on the membrane were monitored on a Tanon-5200 ECL imager (Tanon, Shanghai, China) and visualized by an enhanced chemiluminescence kit (Thermo Scientifisher, Waltham, MA, USA).



Immunohistochemical (IHC)

Formalin-fixed, paraffin-embedded tissue sections were first deparaffinized. And then, endogenous peroxidase activity was inhibited using H2O2. The indicated primary antibody (Table S2) and secondary antibody (Table S3) were added to the sections according to the suggested methods offered by the manufacturer. All the slides were examined under an inverted microscope at 200× magnification.



Statistical analysis

All experimental data were represented as the means ± standard error. Student t-tests or one-way ANOVA were employed to assess the statistical analyses, with P < 0.05 regarded as statistically significant.




Results


Surgical methods and critical points of the rat urosepsis model

To better investigate the mechanism of urosepsis, we tried to establish an animal model of urosepsis in rats. Briefly, we first ligated the left ureter, injected E. coli suspension into the dilated ureter after 24 h, and then ligated the left ureter again at 1 cm from the renal hilum to prevent the flow of E. coli out of the renal pelvis. Three rats in each group were killed at 24 h postoperatively, and the organs were collected, while the remaining seven rats continued to be observed for survival (Figure 1A). We found that the ureters of rats were very slim, not even more than 1 mm in diameter (Figure 1B), which made it extremely difficult to establish a model of urosepsis. After 24 h of ureteral ligation, the original slender ureter became significantly dilated, and its diameter could reach 3-4 mm(Figure 1C). We could easily inject E. coli into the dilated ureter using a syringe with a 30G needle (Figure 1D).




Figure 1 | The experimental procedure and critical steps in the process of urinary sepsis model in rats.(A) Schematic diagram of the experimental procedure. (B) The ureter prior to ligation. (C) Dilated ureter after ligation for 24h. (D) 30G syringe needle.





Characterization of urosepsis in rats.

We detected that greater concentrations of E. coli led to higher mortality in rats at 10 days, with 28.6% mortality in the sep 3× group, 71.4% mortality in the sep 6× group, and 100% mortality in the sep 12× group (Figure 2A). After 24 h of E. coli or saline injection, all rats were tested by blood culture. Figure 2B showed that blood cultures were positive in the three sepsis groups while negative in the sham group. In addition, we collected blood samples at four-time points (0h, 2h, 24h, and 48h postoperatively) for WBC counts. And the data performed statistically significant changes in WBC of all rats 2h after renal pelvis injection of E. coli solution compared to preoperative values except for the control group. These changes were most evident in the sep12× group with a mean ± SD WBC of 1.24 ± 0.47× 109/L (Figure 3A). Similarly, the changes in IL-6 and TNF-α levels were most remarkable in the sep12× group with mean± SD values of 114.78 ± 7.18 pg/mL and 531.46± 61.99 ng/L, respectively. It is important to note that the increase in IL6 and TNF-α concentrations occurred at 24h postoperatively instead of 2h (Figures 3B, C).




Figure 2 | Survival analysis and Blood cultures after ureter ligation and inoculation of E coli. (A) Survival analysis after ureter ligation and inoculation of E coli. (B) Blood specimens were incubated on MacConkey agar at 37°C after 24h inoculation with E coli.






Figure 3 | Changes in WBC (A), serum IL-6 (B), and serum TNF-α (C) in rats at different E coli concentrations and intervals. Values were shown as mean ± SD. *P < 0.05, **P < 0.01, ***P <0.001, and ****P < 0.0001 vs sham group.





Lung injury in the rat model of urosepsis

The sep 6× group was selected as a representative of the sepsis groups compared with the sham group. HE staining examination (Figure 4A) showed that the alveolar wall was widened, and the alveolar lumen collapsed in most areas due to edema in the sepsis group. At the same time, the alveolar wall and alveolar lumen of the sepsis group also had a large number of inflammatory cell infiltrates and erythrocyte exudates. Immunohistochemical (IHC) analysis of paraffin-embedded lungs illustrated that the levels of IL-6 and TNF-α were considerably greater in the sepsis group than in the sham group (Figure 4A). As shown in Figure 4B, there was a statistically significant difference in the relative mRNA levels of IL-6 and TNF-α in the lung tissue of the sepsis group vs the sham group (P<0.05). Furthermore, compared with the sham group, Western blotting analysis of the collected lung tissues revealed that the expression levels of IL-6 and TNF-α proteins were increased in the model sepsis group (Figures 4C–E).




Figure 4 |     Lung injury in the rat model of urinary sepsis. (A) Representative images of hematoxylin and eosin (H&E) staining of lung tissue from the sham and sepsis groups, immunohistochemical analysis of IL-6 and TNF-α in lung tissue. (B) The relative mRNA levels of IL-6 and TNF-α in the lung tissue. (C) Expressions of IL-6 and TNF-α in lung tissue were tested by western blot, and β-actin was used as a loading control. (D, E) Quantitative data of the levels of IL-6 and TNF-α. The sep 6× group was selected as a representative of the sepsis groups. Values were shown as mean ± SD. *P < 0.05, vs sham group.





Liver injury in the rat model of urosepsis

Histopathological examination proved that liver sections from sepsis rats had features of liver injury, such as inflammatory infiltration, disorganized cell arrangement, vacuolated necrosis, and ductal hyperplasia(Figure 5A). And serum levels of ALT and AST were elevated (compared to sham surgery) due to sepsis-induced liver injury (Figures 5B, C). In addition, we also performed a reverse transcription-polymerase chain reaction (RT-PCR) analysis on the livers of rats (Figure 5D). The relative mRNA levels of IL-6 and TNF-α were significantly higher than those of the sham group (P<0.01). Immunohistochemistry and Western blotting analysis of liver tissue also revealed that the levels of IL-6 and TNF-α protein expression were considerably greater in the sepsis group (Figures 5A–G).




Figure 5 | Liver injury in the rat model of urinary sepsis (A) Representative images of hematoxylin and eosin (H&E) staining of liver tissue from the sham and sepsis groups, immunohistochemical analysis of IL-6 and TNF-α in liver tissue (magnification, 200×; bar). (B, C) Serum AST and ALT levels in rats 24 hours after E. coli or saline inoculation of the renal pelvis. (D) The relative mRNA levels of IL-6 and TNF-α in the lung tissue. (E) Expressions of IL-6 and TNF-α in liver tissue were tested by western blot, and β-actin was used as a loading control. (F, G) Quantitative data of the levels of IL-6 and TNF-α. The sep 6× group was selected as a representative of the sepsis groups. Values were shown as mean ± SD. *P < 0.05, **P < 0.01, ***P <0.001, and ****P < 0.0001 vs sham group. "ns" means "not signifcant".





Kidney injury in the rat model of urosepsis

We performed HE staining of the right kidney tissue and discovered that renal tissue sections from the sepsis group had apparent features of renal injury, such as vacuolar degeneration of renal tubular epithelial cells, separation of renal tubular epithelial cells, and inflammatory cell infiltration (Figure 6A). Using measurements of serum biochemical parameters in rats, we demonstrated that serum Cre and BUN were significantly increased in the sepsis group 24 h after E. coli injection (Figures 6B, C). The most significant elevation of serum Cr and BUN was examined in the sep 12× group compared to the sham group. In addition, RT-PCR analysis of rat livers (Figure 6D) revealed that the relative mRNA levels of IL-6 and TNF-α were considerably greater than those in the sham group. Finally, we identified that IL-6 and TNF-α protein expression levels were significantly elevated in the sepsis group by immunohistochemistry and Western blotting analysis of renal tissues compared to the sham group (Figures 6A, 6E–G).




Figure 6 | Kidney injury in the rat model of urinary sepsis (A) Representative images of hematoxylin and eosin (H&E) staining of kidney tissue from the sham and sepsis groups, immunohistochemical analysis of IL-6 and TNF-α in kidney tissue (magnification, 200×; bar, 50 μm). (B, C) Serum BUN and Cre levels in rats 24 hours after E. coli or saline inoculation of the renal pelvis. (D) The relative mRNA levels of IL-6 and TNF-α in kidney tissue. (E) Expressions of IL-6 and TNF-α in kidney tissue were tested by western blot, and β-actin was used as a loading control. (F, G) Quantitative data of the levels of IL-6 and TNF-α. The sep 6× group was selected as a representative of the sepsis groups. Values were shown as mean ± SD. *P < 0.05, **P < 0.01, ***P <0.001, and ****P < 0.0001 vs sham group. "ns" means "not signifcant".






Discussion

This research depicts a standardized rat model of urosepsis with ligation of one ureter and consequent injection of Escherichia coli. The experimental results demonstrate our success in developing a standardized model of urosepsis in rats and confirm a significant correlation between the severity of urosepsis and the concentration of inoculated E. coli.

The incidence of urosepsis is increasing approximately 8.7% per year, which is closely linked to the widespread availability of upper urinary tract endoscopic procedures (18). In addition to stone co-infection and prolonged surgery, high intraoperative pelvic pressure leading to bacterial entry into the bloodstream is also a factor contributing to the development of urosepsis (19). Nguyen et al. (20) demonstrated that when the renal pelvic pressure exceeds 40 cm H2O, the urine can reflux into the bloodstream carrying bacteria and metabolic waste products. Wu et al. (13) discovered that E. coli was injected into the renal pelvis at 2 ml/kg to maintain intrapelvic hypertension, leading to the development of a New Zealand rabbit model of urosepsis. In a preliminary pre-experiment, we observed low mortality in rats when 2 ml/kg of E. coli was injected into the renal pelvis. We hypothesized that intrapelvic injection of a small number of bacteria leads to a pyelonephritis model rather than a urosepsis model because of insufficient pressure in the renal pelvis. Gupta K et al. established pyelonephritis models by injecting small amounts of bacteria into the renal pelvis of rats or rabbits (21, 22), which confirmed our hypothesis. After several attempts, we finally chose to inject 3ml/kg of E. coli into the renal pelvis. Autopsy of the dead rats revealed that the left kidney was enlarged while renal parenchyma was thinned, and the renal capsule was intact without rupture, indicating that the injection dose of 3 ml/kg was safe. Therefore, we believe that maintaining renal pelvic hypertension is necessary for this urosepsis model.

CLP is similar to the clinical development of human sepsis, which is why it has been called the gold standard for sepsis research (23). The model features a pathogen from the host interior and mimics the pathogenesis of peritonitis (24). However, the severity of sepsis is not well standardized due to the difficulty of quantifying surgical operations, such as the percentage of cecum ligation and the dose of bacteria that enter the peritoneum after the puncture (25). Therefore, Rittirsch et al. renormalized the details of the CLP technique to control the severity of sepsis by the length of the ligated cecum and the size and/or the number of punctures (26). In our study, we obtained a similar mortality rate using ligation of the ureter 1 cm from the renal hilum to standardize the surgical procedure. Compared to the CLP technique of regulating the ligation site of the cecum, it is undoubtedly much simpler to adjust different concentrations of E. coli to achieve control of sepsis severity in our experiments.

The host inflammatory response might be seen as a balanced response between pro-inflammatory and anti-inflammatory mediators (27). In the early stages of sepsis, activation of the host’s innate immune system leads to a massive release of pro-inflammatory mediators, the main ones including IL-6 and TNF-α, as well as chemokines (24, 28). In various animal models of sepsis, IL-6 and TNF-α expression were significantly elevated compared to the normal group (29–31). Besides, plasma IL-6 levels have been found to be potential indicators of the intensity of inflammation and mortality predictions (32). As the concentration of inoculated E. coli increased, we observed a significant increase in serum IL-6 and TNF-α levels, indicating that adjusting the concentration of E. coli could control the severity of sepsis in our study.

In contrast, peripheral blood WBC counts were significantly decreased in the Sep 12× group at 2 h postoperatively after E. coli inoculation. Wu et al. (13) revealed a decrease in WBC counts 2 h after formation in a New Zealand rabbit model of urosepsis, which is consistent with our results.

In 2016, sepsis was redefined as life-threatening organ dysfunction resulting from dysregulated host responses to infection (33). The severity of organ dysfunction is quantified using the Sequential Organ Failure Assessment (SOFA) score (34). Compared to the previous definition, the new version of the definition of sepsis places more emphasis on multi-organ damage. Our data suggested that the relative mRNA levels and protein levels of inflammatory factors (IL-6 and TNF-a) extracted from three organs—the lung, liver, and kidney—were considerably greater in the sepsis group than in the sham group. Our rat urosepsis model confirmed three organ damages by HE staining, immunohistochemistry, RT-PCR, and Western blotting.



Conclusions

Current animal sepsis models do not fully replicate the pathophysiological process of human sepsis. In this study, our novel rat sepsis model simulates human urosepsis due to upper urinary tract obstruction combined with urinary tract infection. In addition, this model can manipulate the severity of sepsis by adjusting the concentration of E. coli suspensions. Therefore, this rat model may be an essential tool for studying the pathophysiological mechanisms of sepsis or urosepsis.
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Model
type
The one-
hit model

The two-
hit model

The more
than two-
hit model

The LPS
tolerance

CLP; cocal Hpatios aiid puinctuie: CASP, colon astenidens stent perhiositiss PT

Modeling methods
Intranasal or intraperitoneal pathogen inoculum

Intraperitoneal feces injection
CLP or CASP

First hit: sublethal septic insult (CLP most commonly)

Second hit: Bacterial (eg, P. aeruginosa, S. aureus) or

fungal (e.g. C. albicans) infection or other post-sepsis
challenges (e.g. stress, LPS, immunization, organ injury)

Two-hit models with pre-sepsis insult (trauma, burns, +

hyperoxia, ischemia, hemorrhage, etc.)

Priming: repeated exposure to sublethal LPS
Re-challenge: lethal dosage of LPS

. persistent inflammation; immunosuppres

Clinical relevant manifestations

Clinically relevant to late sepsis from abdominal or
lung infection

Sublethal or low-mortality

Low-grade or persistent cytokine production,
moderate hypotension and organ injury, splenic

myelopoiesis and prolonged immunosuppression
(PICS)

cally relevant to sepsis with secondary infection

irst. hit:

ilar mortality, cytokines, and organ
injury to one-hit models

Second hit: Increased pathogen load, reduced
cytokine production, worsened organ injury, and
clevated mortality

Clinically relevant to sepsis secondary to multiple
injuries

Stronger inflammation, organ injury than one-hit or
two-hit models

Clinically relevant to endotoxemia

Reprogrammed cytokines (proinflammatory 1, anti-
inflammatory 1)

Organ mildly injured in priming while protected in
re-challenge

Susceptible to secondary infection

i knd cataboliins ividveuii: Tregs: veqalaniey:

Features of
immunosuppression
Immune anergy
Lymphopenia
Elevated inhibitory
markers (e.g, PD-L1)
Elevated  suppressive
immune cells (e.g., Treg,
MDSCs, etc)

imilar to one-hit models

Susceptible to secondary
infection

Worse
immunosuppression
than one-hit or two-hit
models

Monocyte exhaustion
(phagocytosist, antigen
presentation], bacterial
killing!)

Elevated inhibitory
markers and suppressive
cells

Model strengths

Requiring no other
modeling methods
Mimickinga natural
development of
immunosuppression in
sepsis

Recapitulating
immunosuppression in
mice surviving early
sepsis

Similar to secondary
infection or other
immune deficiencies in
human sepsis

Mimicking

mmunosuppression by
both combined injury
and sepsis

Recapitulating leukocyte
reprogramming in
human sepsis

Model weaknesses

Diversified_inflammatory and
immune profles after
modeling

Without secondary insult to
reflect immunosuppression

Different status after the first
hit

Lack of standardized second
hit method (e.g., microbial
species, time course, and
dosage)

Higher modeling
inconsistency
Heterogeneous immune
responses created by different
insults

Focusing on monocytes and
‘macrophages only

Different from
immunosuppression in
human sepsis (IL-101,
phagocytosis!)

sclie; MDSCs; mvelold-deitved supposssor edli,





OPS/images/fimmu.2022.829210/table1.jpg
Observational Species
study

He, et al. (23) Mouse
Gaborit, et al. (83)  Mouse
Saito, et l. (4)  Mouse
George, etal. (17)  Mouse
Back, etal. (85)  Preterm pigs

Shrestha, et al. (86) Neonatal mouse

Qiu, et al. (79) G protein-
coupled receptor
174- KO Mouse

Zhou, etal. (87)  PTEN™™ Mouse

Ancrade, et al. (88) Mouse

Cao, et al. (29) TLR4™~ mouse

Fay, et al. (78) CD43”" mouse

Bomans, etal. (69) Mouse

Ahmadi, et al. (64)  Tumor mouse

Hu, et al. (90) Mouse

Compared with the control group, “1” represents up-requlation, increase or enhancement

Model

Recurrent sepsis (Three
LPS stimulations, once
every 5.ds)

Acute sepsis (One LPS
stimulations)

Pseudomonas aeruginosa
induced “two-hit" model

CS-induced model SAE

Acute DenV infection and
7 days later followed with
listeria monocytogenes
induced “two-hit" sepsis

LPS stimulated
Staphylococcus
epidermidis challenge

LPS stimulated once daily
on postnatal days (PNDs)
3-5

LPS stimulated
CLP

LPS-induced ALI

Received LPS injection
each day for 5 days, and
followed with CLP

CLP

CLP

CLP

Induction of systemic
candidlasis

Injected with PC61 before
a two-hit model

Observation time Specimen
Source
5ds after the last LS Spleens
injection Lung
12,24, and 48 hs after
LPS injection
Day 3 for T cell Spleens
phenotype Lung
Day 4 for lung injury in
the double-hit model
24hs,6,810,and 30 Brain
ds after induced Blood
Spleen and other
Ilymph nodes
3,7,10,15 ds after Spleen
induced Blood
6,12, and 24 hs, day 5, Cord blood
7,and 9 after stimulated  Blood
or challenged
PND7 or PND14 Lung
24 hs after stimulated or  Thymus
challenged Lung
24 hs after induced Blood
Lung
BALF
4hs after CLP Spleen
Blood
24 hs after CLP Lung
Liver
Spleen
Blood
24 hs after CLP Spleens
3 months after CLP. Spleens
Blood
Bone marrow
8 ds after induction Blood
Spleens
Renal
Liver
24 hs two-hit Lung
BLFC
Spleens

TM:

Percentage and absolute
numbert

Percentaget

Activationt

TNFR2%%® Tregst

Gizmo, MK67 (KI67), 4,
Pram? (Bimp 1)

and Haver2 (TIM-3) 1
CD62, CD25, CTLA4 and
IL-101

percentaget

Percentage and absolute
number (brain)}

Proliferation (number and
percentage)t

GITR, CTLA-4, Foxp3,
CD40L, CD44, CD62L,
and CDE9T

IL-10, and TGF-pt
Percentage and absolute
numbert

Percentage and absolute
number |

Ctla-4, Pdcd-1, and IL-
101

CTLA-4 and IL-101
Percentage and absolute
numbert

Foxp8 and TGF-Bt

Absolute number (received
LPS injection) 1

Absolute number (after
oLP) |

Percentage and absolute
number}

Apoptosis|

Foxpg and Tir|
Percentage |

Percentage (spleens)t

Percentage (spleens and
tumon) 1

Percentage and absolute
number}

characteristics

percentage and number of
CD4" T cells)

Percentage of CD8" T cells|
CDB9 and CD28 of CD4* T
cels

PD-1 and Tim-3 of CD4* T
cellst

MHC-I of antigen-presenting
cels)

Percentage and number of
total T cells|

percentage and number of
CD4/8" T cells

CD69 at 12hst, 24, and 48
hsi

MHC-I of antigen-presenting
cellst

Number of splenic CD4*T
cels|

Microglia, neuroinfiammation,
and neutrophl infitration
(brain)t

astrocytes (brain)|

CD4/8" T cell accumulation
(brain)t

T cell (blood and spleen)|
CD4/CD8"* T cell responses |
IFN-7)

Genes related to both innate
and adaptive immunity)
Blood neutrophil and platelet
counts}

Neutrophil phagocytosis
capacityl

CCL2, CCL3, CXCL1, IL-1P,
and TNF-at

IL-101

M2 macrophagest
IL-6 and TNF-al

TGF-Bt

Neutrophil accumulation|.
RORY, IL-17A, TNF-ct, and
IL-1B1

1L-2, IL-6, TGF-B, and INF-y
(received LPS injection)t
Thi7(received LPS injection)t
Thi7(after CLP) |

IL-10 and IL-41

1L-2 and TNF-a

Number of CD4* T cells|
Numbers of CD4/8" central
memory and effector memory
cells|

Apoptosis of central memory
T celst

IL-2-secreting CD4+ T cells)
IL-4-secreting CD4+ T celist
™7

Enlarged spleens with higher
weightst

CD11b* F4/80" splenic
monocytest

Ly6C* inflammatory
monocytest

Ly6C™ alternative monocytes|
CD11b* F4/80"
macrophagest

ratio of IFN-yIL-4}

1101

IL-1B, IL-6, and IL-17At
IL-104

represents down-reguiation, decrease or inhibition, and “—" represents no change.

Outcome

Antiviral immune responses (secondary
virus infection) |

Antiviral immune responses (secondary
virus infection) —

Susceptibility to secondary pneumoniat

The brain-blood barrier was disrupted
(24ns)

Anxiety-like behaviorst

Marble burying testt

Open-fied test

Forced swimming test]

Depression

Susceptibityt

Attenuates DHF/DSS

Severe septic responsest
9-ds incidence and severity of
spontaneous infectionst
Overall birth weight|

Sunvivall

Body weight|

Aveolar simplificationt

Pulmonary vascular simplificationt
Lung cell proiferation, and apoptosist
2 and 7-0s survivalt

Resistant to inflammatory shockt
Lung injury}

6-ds survivalt

Lung injury}

Weightt

72-hs survivalt

72-hs survivalt
Lung, fiver injury}

7-ds survival|

There is no long-term impact of sepsis.
on the systemic immune response in
mice 12 weeks after CLP.

Relative tumor volumet

3:and 7-ds sunvivalt
Bacterial colonies|
Lung injury}
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Model type

Memory mice

Aged mice

Dirty mice

Mice from different
strains

Mice with gender
difference

Immunosuppressant-
primed mice

Mice with
comorbidities

Background

Pathogenic or antigenic
pre-exposure to develop
immune memory

>18 months old

Exposure to microbes

by co-housing, sequential
infection, microbiota transfer,
and rewilding

Genetic variation (Thl vs. Th2)

Genetic heterogeneity (inbred vs.

outbred)

Male vs. female

Preconditioning

with immunosuppressants (e.g.,
glucocorticoids, calcineurin
inhibitors, and fingolimod)

Preconditioned

illness (autoimmunity disease,
obesity, cancer, and NAFLD)
before sepsis modeling

Immune status

Trained immunity

Enhanced antigen-specific memory
T-cells

Reprogramming of myeloid cells

Immune cell senescence
Chronic inflammation,
persistent immunosuppression

Experienced immunity
(memory, differentiation in T-cells)
Natural microbiota and pathogens

Higher immunosuppression in

Th2 (BALB/c, etc.) than in Thl (C57BL/
6, etc.) strains due to genetic variation
Lower immunosuppression

in outbred (CD-1, etc.) than in inbred
(C57BL/6], etc.) strains due to genetic
heterogeneity

Depressed cellular immune responses in
males while unchanged or enhanced in
females under stress conditions
Immunosuppressive male sex hormones
vs. immunostimulatory female sex
hormones

Endotoxin tolerance (glucocorticoids)
Lymphopenia and T-cell

dysfunction (calcineurin inhibitors,
fingolimod)

Pronounced T-cell apoptosis and
Treg expansion

Manitestations in sepsis modeling

Clinically relevant to

reinfection or vaccination
Augmented inflammatory response
Enhanced protection against
secondary infection

Clinically relevant to sepsis in the elderly
Insufficient myeloid response, T-cell exhaustion
Heavier organ dysfunction and

reduced survival

Better recapitulation of human immunity

in sepsis

Enhanced inflammation and protection against
infection

More unresolved inflammation,

impaired bacterial clearance and susceptibility to
infection in Th2 strains than in Th2 strains
Lower Thl cytokines and more susceptible to
infection in inbred than in outbred strains

Clinically relevant to

gender-associated variations in sepsis

Higher inflammation and sustained immune
response, enhanced bacterial killing and increased
survival in female than male mice

Clinically relevant to

predisposed immunosuppression

Decreased inflammatory cytokine release
Heavier organ damage and higher bacterial load

Clinically relevant to sepsis with comorbidities
Elevated morbidity and mortality

Increased gut permeability,

persistent inflammation, aggravated organ injury,
and more prone to immunosuppression
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Intervention study Species Model Intervention Intervention time  Observation time ~ Specimen  Trags Immunological Outcome

Source characteristics
Liu, etal. (42) Humans ~ Septic Patients  Enteral nutrition Treated within 48 D 1and 7 after Blood Percentaget Th17 cells and endotoxinl  Duration of mechanical
with mechanical hs after admission to the ICU ventilation, lengths of ICU
ventiiation admission stay, hospital stay,
And the incidence of ICU-
AWL
Sun, et al. (22) Humans ~ Septic Patients  Enteral nutrition Treated within 48 7 ds after admission  Blood Percentaget  Th17 percentages| Duration of mechanical
hs after admission Th17/Tregs ratios| ventilation|
IL-17, 1L-23, and IL-61 1CU stayl
Chihara, etal. (119) Humans Septic shock Pre-and post-diution 24 hs within 6 and 24 hs after Blood Induction  IL-6 and IL-101 No data
patients with acute during continuous obtaining informed  continuous ratet Neutrophil phagocytic
kidney injury venovenous hemofittration ~ consent venovenous activityl
hemofitration
You, etal. (41) Humans ~ Severe bum High-volume hemofiftration ~ Within 3 days after  Days 1,3, 5, 7, 14,21 Blood Percentagel TNF-o, IL-1B, IL-6, IL-8, and  Incidence of sepsis, septic
bum and 28 post-bum PCTL shockl,
HLA-DRT Vasopressor|
90-ds survival

Compared with the control group, “1* represants Lo-regulation, increase or enhancement

represents down-requlation.
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Variables

Age (years)

BMI (kg/m?)
Ethnicity, n (%)
White

Non-white

Admission type, n (%)
Emergency
Non-emergency
Comorbidities, n (%)
Hypertension
Coronary atherosclerosis
Heart failure

Diabetes
mellitus

COPD

Cerebral infarction
Chronic liver disease
Chronic kidney disease

Tumor

Severity scale (at admission)

APS TII

OASIS

SOFA
Interventions, n (%)
Vasopressor use
Mechanical ventilation
Diuretic
Aminoglycoside
Statin

ACEI/ARBs

Vital signs

Heart rate (beats/min)
MAP (mmHg)

RR (times/min)
Temperature (°C)
SpO2 (%)
Laboratory findings
WBC (k/uL)
Hemoglobin (g/L)
Platelet (k/uL)

PH

Bicarbonate (mEq/L)
BUN (mg/dL)
Creatinine (mg/dL)
Potassium (mEq/L)
Sodium (mEq/L)
Chloride (mEq/L)
Glucose (mg/dL)
PT (s)

APTT (s)

Lactate (mmol/L)

Data were presented as mean + standard deviation or median (interquartile range) or numbers (percentages).

Before propensity score matching

Men (n=3078)

65.95 + 15.70
30.22 +7.54

2016 (65.5)
1062 (34.5)

1205 (39.1)
1873 (60.9)

1261 (41.0)
612 (19.9)
1034 (33.6)
881 (28.6)

252 (8.2)
306 (9.9)
56 (1.8)
790 (25.7)
493 (16.0)

68.00 + 28.03
4002 + 8.86
3(2-5)

252 (8.2)
2085 (67.7)
579 (18.8)

49 (1.6)
894 (29.0)

229 (7.4)

91.95 + 21.40
82.55 +19.27
20.16 + 6.34
36.73 + 1.03
98 (95-100)

12,5 (8.8-17.5)
1091 + 245
192.59 + 111.05
7.34 +0.11
22.10 + 4.87
24 (16-39)
1.2 (0.9-1.9)
4.36 + 0.83
138.65 + 5.72
104.38 + 7.08
159.12 + 85.96
17.56 + 9.96
40.07 + 24.48
1.9 (1.4-3)

Women (n=2290)

69.65 + 15.73
30.77 + 8.06

1514 (66.1)
776 (33.9)

899 (39.3)
1391 (60.7)

987 (43.1)
367 (16.0)
837 (36.6)
630 (27.5)

242 (10.6)
268 (11.7)
34 (L.5)
506 (22.1)
394 (17.2)

68.80 + 27.32
41.26 £ 8.93
3(2-5)

170 (7.4)
1442 (63.0)
531(23.2)

28 (1.2)
602 (26.3)

180 (7.9)

93.03 + 21.04
81.64 + 20.63
20.54 + 6.50
36.66 + 1.02
98 (95-100)

12.4 (8.7-17.5)
10.16 + 2.09
212.79 + 119.73
735 £ 0.11
22.11 + 5.61
22 (14-35)
1(0.7-1.6)
417078
138.80 + 6.00
104.75 + 7.32
157.36 + 83.63
17.59 £ 11.1
39.59 + 24.58
1.9 (13-3)

SMD

0.235
0.07
0.013

0.002

0.043
0.101
0.062
0.025

0.082
0.057
0.026
0.084
0.032

0.029
0.139
0.13

0.028
0.1
0.108
0.031
0.062
0.016

0.051
0.045
0.058
0.072
0.005

0.007
0333
0.175
0.037
0.002
0.137
0.231
0.24
0.025
0.05
0.021
0.003
0.02
0.054

After propensity score matching

Men (n=1866)

68.55 + 15.10
30.44 + 7.98

1243 (66.6)
623 (33.4)

732 (39.2)
1134 (60.8)

771 (41.3)
300 (16.1)
669 (35.9)
533 (28.6)

179 (9.6)
208 (11.1)
30 (1.6)
450 (24.1)
318 (17.0)

68.81 +27.26
40.84 = 8.72
3(2-5)

136 (7.3)
1191 (63.8)
417 (22.3)

20 (1.1)
518 (27.8)

136 (7.3)

9247 +21.45
81.82 + 18.94
20.37 + 6.50
36.68 + 1.05
99 (95-100)

124 (8.7-17.4)
1032 £2.29
199.50 + 121.63
735 +0.10
2218 + 4.85
24 (16-37)
12 (09-1.7)
423+073
13871 + 591
10459 + 7.15
155.56 + 82.71
17.60 +9.74
40.10 = 24.83
1.9 (13-2.9)

Women (n=1866)

68.66 + 16.19
30.46 + 7.50

1235 (66.2)
631 (33.8)

726 (38.9)
1140 (61.1)

796 (42.7)
325 (17.4)
652 (34.9)
534 (28.6)

183 (9.8)
207 (11.1)
30 (1.6)
440 (23.6)
315 (16.9)

68.28 + 27.51
40.70 + 8.91
3(2-5)

142 (7.6)
1215 (65.1)
410 (22.0)

26 (1.4)
514 (27.5)

142 (7.6)

92.28 + 70.70
81.91 + 20.52
2043 + 6.47
36.68 + 1.03
98 (95-100)

124 (8.7-17.4)
1038 + 2.08
20208 + 107.13
735+ 0.11
22.10 £ 556
22 (14-36)
1(0.7-1.7)
421+ 0.80
138.83 + 6.01
104.75 + 7.34
157.99 + 83.72
17.40 + 10.60
39.69 £ 24.97
19 (13-3)

SMD

0.007
0.003
0.009

0.007

0.027
0.036
0.019
0.001

0.007
0.002
<0.001
0.013
0.004

0.019
0.016
0.034

0.012
0.027
0.009
0.029
0.005
0.012

0.009
0.004
0.01
0.006
0.028

0.013
0.028
0.022
0.021
0.016
0.087
0.032
0.025
0.02
0.022
0.029
0.02
0.017
<0.001

ACEI/ARB, Angiotensin-converting enzyme inhibitors/angiotensin receptor blockers; AKI, Acute kidney injury; APS III, Acute Physiology Score Ill; APTT, Activated partial
thromboplastin time; BMI, Body mass index; BUN, Blood urea nitrogen; COPD, Chronic obstructive pulmonary disease; OASIS, Oxford Acute Severity of Illness Score; PT,
Prothrombin time; SA-AKI, Sepsis associated acute Kidney injury; SMD, Standardized mean difference; SOFA, Sequential Organ Failure Assessment; RR, Respiratory rate; WBC,

White blood cell.
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Observational
study

Yin, et al. (74)

Jiang, et al. (76)

Youssef, et al. (91)

Carveli, et al. (37)

Arens, et al. (92)

Xu, et al. (60)

Yu, et al. (80)

Liu, et al. (75)

Greenberg, et al.
(93)

Lu, et al. (40)

Ui, etal. (67)

Willrs, et al. (94)

Species

Humans

Humans

Neonates

Humans

Humans

Humans

Humans

Humans

Humans

Humans

Humans

8D rats.

Infants
(newborns
and during
infancy)
Newborn
5100297
mouse

Model

Severe sepsis/septic
shock patients with
severe neutropenia
Septic patients

Vitamin D deficiency

Septic shock patients

Abdominal sepsis

Septic patients

Septic patients

Septic patients

Staphylococcus aureus

Septic shock

Preumonia induced
sepsis
Pneumonia-derived
sepsis rat was induced
with Kiebsiella
pneumonia

Follow-up observation
was conducted for 2
years

Infected with
Staphylococcus aureus

Observation
time

Day of PICU
admission

Day of ICU
admission

After enrolled

24 and 72 hs
after admission

Over 5ds

Days 1,8, 5,7,
10, 14, 21 and
28 after sepsis

After admission

Dst1and7

After positive S.
aureus blood
culture

Within 3 ds

Day of ICU
admission
12 hs after
induced

First-year of ife
(ds 1,8, 10,30,
90, 180, and
360)

24hs after
infection

Immunological characteristics

CRP, PCT, IL-6, IL-10, and IFN-yt

No data

Total lymphocytes, CD3* T lymphocytes,

CD4* T-helper, CD8" T-cytotoxic
lymphocytes, and CD4*CDA45RA" naive
Toells|

Lymphooytes (CD3* T celis and
CD3"CD56" NK) |

HLA-DRI

Innate lymphoid cells 1 countt
Innate lymphoid cells 2 count}
Innate lymphoid cells 3 count}
Innate lymphoid cells 3 percentaget
B and NK cell counts}

L8

Th7 cellst

HLA-DRA (survivors)t

Outcome

28-ds survivall

'SOFA scorest
28-ds survivall

16.27% of infants with a 25-OHD deficiency were
admitted with sepsis
No cases of sepsis in the normal 25-OHD group

secondary infectionst

Day 21, 5/26 patients showed o candida colonization
or invasive candidiasis (IC), 13/26 patients colonization
was detected, and 8/26 patients were diagnosed with
c.

Thi and Th2 celis(especially non-survivors)|

Thi7 (survivors)t

T-bet (Th1) and GATA-3 (Th2) had a linear correlation with HLA-DRA

59 survivors, 19 non-survivors
TSLPT

Number of Th1 cellst

IL-1B, IL-6, IFN-y, and TNF-ot

Day 1, absolute number (non-sunvivors) |
Day 7, percentage and absolute number(non-survivors) 1
Day 7, percentagel.| and absolute number(survivors) 11

Neutrophil-to-lymphocyte count ratiot
IL-6 and IL-17A1

Thi7t

iy

Thi7 score-to-Thi score ratiost
CD28, CD27, OX40 on CD4* T cellst
OX40 on CD4*CD27°CD28" T celist
CD4*CD27'CD28 T cells|

4-1BB on CD4/8" T celis|
Th17/Treg, Th1/Th2, and M1/Mz2 cel
radiost

L6, TNF-o, IL-1, and IL-181
HMGB1, RAGE, and IL-17A1

134 patients had hyperleukocytosis and a high
neutrophil ratio

Mortalityt

Stays in the intensive care unit]

BTLA expression on Tregs (non-sunvivors) 11

Day 1, BTLA on CD4* T cells was in patients with
severe sepsis|

day 7, BTLA on CD4* T-cells in both survivors and
non-survivorst

BTLA/Tregs were positively correlated with SOFA
90-ds survivall

28-ds survivall
SOFAT

No data

Alow level of $100 proteins in infants’ fecal samples associated with the development of sepsis and obesity by age 2

Specimen Tos
Source

Blood Percentaget

Blood PD-111
CD28, PD-L1, and
co8st

Cord blood  Percentage |

Blood Percentagel

Blood No distinguishable
trends in the
percentage

Blood Foxp3 (survivors)t

Blood The ratio of IL-10*
Tregs to total
Tregs|

Blood

Blood Associated with
immunosuppressive
medications

Blood Percentaget
ox401

Blood Percentage and
absolute number|

Blood

Lung

Stool

samples  years

Intestine

biopsies

Blood Percentage and

Intestine  absolute number

Mesenterial  (orain)|

Geliac

lymph

nodes

Golon

contents.

CX3CRH1 protein, and /110 and Tgfb1
mRNAs|

fatal sepsist

Comparad with $he control group, 1™ represents up-reguiation, crease or enhancement.

represents down-regulation, decrease or nhbition.
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Intervention Species Model Intervention Intervention time. Observation time  Specimen Trogs Immunological Outcome

study Source characteristics

Sun,etal. (57)  Mouse Memory mouse(6ds  TIGIT (GTIGIT Ab) 12.and 24 hs after CLP 48hsafter CLP  Spleens Activation Apoptosis of memory T cellst  7-ds survivall

antigen-experienced) and Bood Diferentiation} T cel function}

cp Helos| IL-10, IL-6.and MCP-11
ClLA4y
IL-101

Sun, et al. (95) CD28 (agonistic anti-  Immediately after CLP and at ds 2, 24 hs after CLP Prolferation and activation!  Apoptosis of CD44" memory  7-ds survivall

CD28 Ab) 4,and 6 post-CLP. iL-10¢ CD4* T cels|
CD127,CD69, Helos and  IL-101
CTLA4t
Tran, etal. /0)  Mouse Injected with LPS, and 24 Biliubin Immediately after CLP 24hsafter OLP Lung Percentage! TNF-q, IL-6, and IFN-y1 14-ds sunival
hs latter CLP induced Bood IL-10, and TGF-Bt Lung injuryl
“Two-Hit" Model T cel activation)
1FN-y-producing celis|
Ge, et al. (96) Mouse  CLP 1L-38 (miL-38) 2hsbefore or after severe CLP 48 hsafter CLP Spleens Immunosuppressive actiity!  Th response (L-4)t 7-ds survivalt
IL-10 and TGF-B11 Proliferative abilty of T celis|
Foxpd and CTLA-4
Zhao, etal B1)  Mouse CLP IL3(SRNA, I3 Ab) 2,6, and 12 hs after CLP 48hsafter CLP  Spleens, lung, Foxpd, CTLA-4, IL-10,and  Hyper-inflammatory response  5-ds survivalt
and iver TGF-p1 (TNF-aand IFN-p} Lung and liver injury}
Suppressive activty! Ani-inflammatory response
Percentage! (L-101
Kulkari, etal. (97) Mouse  Stool suspension (%4 Daiy from day 5-9 35months afer  Spleen Percentage and absolute  IL-10° B cells (Bregs)t No data
sepsis number (within 1 week after  CD3*CD4'CD8" T celst
sepsis) 1 IFN-yand IL-101
Nadeem, etal. (95) Mouse  LPS-induced AL T (nhibitor) Onced0minbeloreandthen 3 48 hsafter LPS  BAL Percentage! Totalleukocytic and Lung injuryl
times after LPS administration at neutrophic numbers}
12 hourly intervals %IL-17A * CD4" T oells|
Zou etal.(19)  SDrats CLP miR-126 (mimic) Immediately after CLP 48hsafter CLP  Blood Percentage and absote  TNF-a, IL-6, and IL-171 No data
numbert IL-10r
lymphocyte of apoptosisl
Number of Th17|
X, et al. (20) Mouse  CLP Maresint 1hatter CLP 24hsafter CLP Lung Percentage and absolte  IL-19, TNF-q, IL-6, and IL-17  7-ds survivalt
BALF numbert IL-10 and TGF-p1 Lung injuryl
Thi7/Tregs)

U, etal. (99) Mouse  CLP-induced ALI Excretory secretory Immediately after CLP i2hsafter CLP Lung Percentage! IL-10 and TGF-p 3-ds survivalt
products of Trchinella Bood TNF-g, IL-6, IL-1B Lung injuryl
spiral aduit woms HMGB1, TLR2, and MyD88|

Liu, et al. (21) Mouse  CLP-induced pancreatic  Baicalin Immediately after CLP 72hsafter CLP  Blood Percentage and absolute  Thi and Thi7 celsy Pancreatic injury

injury Spleen numbert T bet and RORYt (pancreatic
Pancreatic  Foxpd (pancreatic tissue)t  tissue)l
tissue IFN-yand IL-17)
IL-10t
Luetal. (100  Rats  Buming model Ribarb Immediately after model 12,24,and 72hs  Liver Percentage and absolute  GD4"T call percentagel No data
after CLP Bood numbert CDB" T cell percentaget
CD19'B cell percentagel
NK cel percentaget
Saito, etal. (59  Young  day0,4,7,and 10toinject IL-15 Day3, 7 and 10 Wihin50days  Biood Percentage and absolte  Naive CD4* T cellf Prevent the intia
mouse  CS Spleens number} PD-1"CD4" T cels| reduction of body
Peritoneal CD8" T celt weight (Day 3) 1
lavage flids Sunvivel 1
Aged Percentage and absolte D4 T cels Sunvival 1
mouse number} Naive CD4* T cellt
PD-1"CD4" T cels)
Naive CD8" T celst
PD-1CD8" T cels)
Geetal (10)  Mouse CLP 1L-36 (L-36p) 2 hs before or after CLP 48hsafter CLP  Spleens Tregs were required CD4*CD25°T cel 7-ds suvival (2 hs
IL-10 and TGF-B11 prolferationt before CLP) 1
Foxpd and CTLA-4 The ratio of IL-4 to IFN-11
Gao,etal(50)  Mouse CLP Np-1 (SNA, Nrp-1 Ab)  Immedately after CLP 24hsafter CLP  Spleensand  Stabilty and activty (Foxpd,  IL-10, IL-4, and TGF-B11 Renal injury)
renal CTLA4, TGF-BI™,IL-10, PN
and TGF-B1)1
Lou etal.(77)  Mouse CLP LAG3 (KO, LAG-3 Ab)  Immedately after CLP 24hsafter P Blood Percentage and absolute  Cytokines (TNF-c, IL-6, and  7-dis survivall
Spleens number}. IL-10) and T cells apoptosis|  Bacterial clearance
IFN-y, the absolute number
and prolferative abilty of CD4/
8'T celst
Xu etal. (62) Mouse  CLP CXCL4 (CXCL4 AD) Immediately after CLP 72hsafter OLP Urine Percentage and absolute  IL-6, IL-10and TNF-ail Urine creatinine and
Bood number} urea nitrogen}
Spleens

Gao,etal (48)  Mouse CLP SemadA (EGCG, a Immediately after CLP 24hsafter CLP Spleens Foxpa) L4y fiver, lung, and renal
strong inhibitor of Bood 1PNy injuryl
Semadh) Apoptosis of CD4* T cels|

Prolferative abilty of CD4* T
celst
Brichacek, etal.  Mouse CLP Inhibitor of TNAP (SBI-  Daly for 7 days after CLP 24 hs after the final  Plasma CD4/8'Foxp3* splenocyte T- - Did not aflect 7-di cinical severity outcomes
(102) 425) injection Brain cel popuiations| Loss of barer function in BBB endothelal celist
Bone 48-hs Suvivall
Spleens Severity scorest

Martinetal (51)  Mouse CLP Situint (EX-527-an 24 hs after CLP 30hsafter CLP  Spleen Percentage} TGF-p, IL104 7-ds suvivalt
inhibitor) CTLA4L IFN-y

Gao,etal. (103)  Mouse CLP Tanshinone IlA 24hsafter CLP  Blood Percentage| CD3'CD4* and CD3'CD8*  7-dis sunvivall

Lung lymphocytes percentagest,  Lung, lver, and renal
Liver and apoptosis|, injuryl
Renal IFN-yand IL-21 Intraperitoneal
Spleens IL-4 and IL-10} bacterial counts}
Macrophage phagocytotic
activtiest
Chen,etal. (104 Mouse CLP Xuebiing injection Immediately after CLP 6hsafterthe  Spleens Percentage and absolute  Thi7| 5-ds survivalt
oL Lung numbert 117, 1L-6, and TNF-al Renal and lung injury
Renal Diferentiationt
IL-10¢
Chen,etal. (105 Mouse CLP Curcumin 12 hs after CLP Day1,3,5,and7 Spleen Percentage and absolute  TNF-aand IL-61 Renal and ung injury
after CLP Bood numbert “The prolferation of CD4 7-ds survivalt
Renal +0D25- T celist
Lung IL-101
Xie,etal. (105)  Rats  CLP Electroacupuncture Immediately after CLP 48hsafter CLP  Spleens Percentagel TNF-a and IL-10} D-LAand DAOJ,
Intestinal CD3*CD4* cell
ymph nodes
Hou etal (107)  Mouse CLP Gitamine 2 weeks before CLP. 72haflerCLP Blood Percentage! Percentages of Tand CD4* T Renal injuryl
Spleens celst
Renal 16 and IL-4]
B2t
Yehetal (108)  Mouse CLP Arginine 1 hafter CLP 12and 24 hs after  Blood Percentage! Percentages of CD4'T cellst  Liver njuryl
ce Para-zortic Thi/Th? ratiot
ymph nodes Thi7/Tregs ratiol
Liver IL-1B, IL-6, and TNF-a ive) |
Di Caro, et al. Mouse  Injected with LPS Dietary fiber (fiber 2 weeks before injected with LPS 24 and 72 hs post  Blood Suppressive functiont Number and activation of 4-ds survivalf (110)
(109) celulose) LPS injection Liver Percentage (72 hs) 1 splenic macrophages and
Spleens DOCs}
Pro-inflammatory cytokines}
Chemokines|
Anergy in T celist
Hepatic DNA binding activty
of NF-x8|
Abayati, et al. Mouse  CLP P2Y12 antagonism 2 hs before CLP 24hsafter CLP Blood Percentage and absoiute  Platelets and CD4* Tcells  7-dis sunivall
(111) (clopidogre) Spleens number (spleens)| interactions| Splenomegaly and
Hearts spleen damagel
Renal Renal and cardiac
injuryl

Sunetal (112)  Mouse OLP COX-2-specific inhibitor 20 min after CLP 24hsatter P Blood Percentage| 1M and IgG1 7-ds survivalt
(parecoxib) Spleens IL-1B, IL-10, and TNF-a} Spleen injuryl

Anmad, etal. (113 Mouse  CLP Poly (ADP-rbose) 30 min and 8 hs after CLP. 24hsafter CLP  Spleens Percentage and absolute  Number of CD4/8" 48-hs sunvival (young,
polymerase inhibitor Bood number| lymphocytest males) 1
(Oiaparib) Thi7/Treg ratiol Multiorgan

TNF-g, I-To, IL-4B, IL-2, 1L dysfunction)
4,116, and IL-12p40} Bacterial CFUs|
Cao,etal. (114  Mouse CLP Ulnastatin 1 h before and 6 hs after CLP 24hsafter CLP Spleens Foxpd and CTLA-4} Tef apoptosis!. 72-hs sunival 1
Bood Tef prolferationt Lung, Iver, and renal
Lung TNF-g, IL-1B, IL-2, and 10} injury)
Liver
Renal

Topou, etal. (115 SDrats  CLP Human dental folicle  Immediately or 4 hs after CLP 24hsafter CLP  lealtissue  Percentagel TNF-ay lleal tissue inury |
stem cels Spleens

Chang, etal. (116) SDrats  CLP Adipose-derived 3hsafter CLP 6,16,24,48,and  Blood Percentaget TNF-oand IL-61 Brain injuryl,
mesenchymal stem cel- 72hsafter CLP  Brain MMP-9, GFAP, F4/80 and
derived exosomes Cerebrospinal CD14)

fuid L6Gy"/CD11** inflammatory
celis)
CD3*/CD4"cells)
CDG3+/CD8+ cells|
Early/ate apoptotic cells|
Zhang, etal. (117) Mouse  Infected with £ coli O111:  Fresh frozenplasma  After severe sepsis (irembles, high  Recovered flom  Blood Diferentition and Galectin-9 Recovered from
B4 fever, and diffculty breathing) endotoxemia expansion) The prolferation of Thi and  endotoxemiat
Thi7t
IL-1B, IL-6, and IFN-y1
IL-10}
Kyveidou, eta.  Mouse 5 ds njection of LPS 19G and Ig Day 1 of LPS njection Day6after LPS  Blood CD25 and Foxp3} CRP| 7-ds survival 1
(118) Spleens 1L-6 and TNF-a| MSS scoringl
1181

Compared with the control group, "1 represents up-regulation, increase or enhancement : “|” represents down-requlation, decrease or inhibition.
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STRENGTHS
* Immunological similarities in response to infection

» Experimental advantages (easy manipulation, definite genetic background, readily available tissue samples etc)
* Indispensable for IND

LIMITATIONS

* Discrepancies in disease course and treatment

» Compartmentalized instead of overall immunological changes

* Lack of heterogeneous background (age, gender, species, comorbidities)
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Variables Total (n=6463) Men (n=3673) ‘Women (n=2790) p-value

Age (years) 66.42 + 16.58 64.86 + 16.38 68.48 + 16.61 <0.001
BMI (kg/mz) 29.65 + 7.50 2952 +7.26 29.82 +7.80 0.113
Ethnicity, n (%) 0.119
White 4217 (65.2) 2367 (64.4) 1850 (66.3)

Non-white 2246 (34.8) 1306 (35.6) 940 (33.7)

Admission type, n (%) 0.715
Emergency 4003 (61.9) 2282 (62.1) 1721 (61.7)

Non-emergency 2460 (38.1) 1391 (37.9) 1069 (38.3)

Comorbidities, n (%)

Hypertension 2671 (41.3) 1477 (40.2) 1194 (42.8) 0.037
Coronary atherosclerosis 1098 (17.1) 687 (18.7) 411 (14.7) <0.001
Heart failure 2048 (31.7) 1124 (30.6) 924 (33.1) 0.031
Diabetes mellitus 1708 (26.4) 977 (27.1) 711 (25.5) 0.134
COPD 561 (8.7) 290 (7.9) 271 (9.7) 0.01

Cerebral infarction 673 (10.4) 353 (9.6) 320 (11.5) 0.015
Chronic liver disease 98 (1.5) 61 (1.7) 37 (1.3) 0.276
Chronic kidney disease 1412 (21.8) 858 (23.4) 554 (19.9) 0.001
Tumor 1109 (17.2) 619 (16.9) 490 (17.6) 0.453
Severity scale (at admission)

APS TIT 64.89 +27.57 64.59 +27.91 65.30 + 27.12 0.307
OASIS 3924 £9.19 3877 £9.14 39.86 £9.21 <0.001
SOFA 3 (2-5) 3(2-5) 3(2-4) <0.001
Interventions, n (%)

Vasopressor use 473 (7.3) 278 (7.6) 195 (7.0) 0.376
Mechanical ventilation 4087 (63.2) 2391 (65.1) 1696 (60.8) <0.001
Diuretic 1616 (25.0) 837 (22.8) 779 (27.9) <0.001
Aminoglycoside 135 (2.1) 79 (2.2) 56 (2.0) 0.689
Statin 1836 (28.4) 1084 (29.5) 752 (27.0) 0.024
ACEI/ARBs 662 (10.2) 367 (10.0) 295 (10.6) 0.445
Vital signs

Heart rate (beats/min) 9245 +21.17 9199 +21.31 93.05 + 20.97 0.047
MAP (mmHg) 82.50 + 19.57 82.80 + 18.93 82.10 + 20.38 0.155
RR (times/min) 20.28 + 6.32 20.12 + 6.26 20.50 + 6.39 0.018
Temperature (°C) 36.73 + 1.00 36.76 + 1.01 36.69 + 1.00 0.005
SpO2 (%) 98 (95-100) 98 (95-100) 98 (95-100) 0.927
Laboratory findings

WBC (k/uL) 12.3 (8.6-17.2) 12.3 (8.6-17.2) 12.2 (8.5-17.2) 0.692
Hemoglobin (g/L) 10.60 + 2.30 10.92 + 2.41 10.18 £ 2.07 <0.001
Platelet (k/uL) 202.50 + 114.86 194.30 + 111.88 213.30 £ 117.81 <0.001
PH 7.35 £0.10 7.35 £0.10 7.35+0.11 0.022
Bicarbonate (mEq/L) 2221 +5.14 2223 £4.84 22.18 £5.51 0.662
BUN (mg/dL) 22 (15-36) 22 (15-37) 21 (14-34) <0.001
Creatinine (mg/dL) 1.1 (0.8-1.7) 1.2 (09-1.8) 0.9 (0.7-1.5) <0.001
Potassium (mEq/L) 4.24 £ 0.80 4.33 £0.81 412 +0.77 <0.001
Sodium (mEq/L) 138.79 + 5.85 138.71 £ 5.73 138.89 + 6.01 0.213
Chloride (mEq/L) 104.64 + 7.18 104.48 + 7.05 104.83 +7.33 0.056
Glucose (mg/dL) 155.44 + 82.87 155.75 + 82.84 155.01 + 82.93 0.721
PT (s) 17.20 £ 9.94 17.21 £9.53 17.18 £ 10.45 0.918
APTT (s) 38.97 + 23.67 39.08 + 23.56 38.83 +23.83 0.672
Lactate (mmol/L) 1.9 (1.3-2.9) 1.9 (1.3-29) 1.8 (1.3-2.8) 0.004
AKI 5368 (83.1) 3078 (83.8) 2290 (82.1) 0.068

Data were presented as mean + standard deviation or median (interquartile range) or numbers (percentages).
ACEI/ARBs, Angiotensin-converting enzyme inhibitors/angiotensin receptor blockers; AKI, Acute kidney injury; APS III, Acute Physiology Score III; APTT, Activated partial
thromboplastin time; BMI, Body mass index; BUN, Blood urea nitrogen; COPD, Chronic obstructive pulmonary disease; OASIS, Oxford Acute Severity of Illness Score; PT,
Prothrombin time; SOFA, Sequential Organ Failure Assessment; RR, Respiratory rate; WBC, White blood cell.
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Variables non-AKI group (n=1095) AKI group (n=5368) p-value
Age (years) 61.01 + 18.98 67.52 + 15.82 <0.001
Sex (males, %) 595 (54.3) 3078 (57.3) 0.068
BMI (kg/m2) 2571 £ 4.15 30.46 £ 7.77 <0.001
Ethnicity, n (%) 0.056
White 687 (62.7) 3530 (65.8)

Non-white 408 (37.3) 1838 (34.2)

Admission type, n (%) <0.001
Emergency 356 (32.5) 2104 (39.2)

Non-emergency 739 (67.5) 3264 (60.8)

Comorbidities, n (%)

Hypertension 423 (38.6) 2248 (41.9) 0.047
Coronary atherosclerosis 119 (10.9) 979 (18.2) <0.001
Heart failure 177 (16.2) 1871 (34.9) <0.001
Diabetes mellitus 197 (18.0) 1511 (28.1) <0.001
COPD 67 (6.1) 494 (9.2) 0.001
Cerebral infarction 99 (9.0) 574 (10.7) 0.103
Chronic liver disease 8 (0.7) 90 (1.7) 0.02
Chronic kidney disease 116 (10.6) 1296 (24.1) <0.001
Tumor 222 (20.3) 887 (16.5) 0.003
Severity scale (at admission)

APS TII 47.98 £ 19.32 68.34 + 27.73 <0.001
OASIS 32.84+772 40.55 + 891 <0.001
SOFA 3 (2-4) 3(2-5) <0.001
Interventions, n (%)

Vasopressor use 51 (4.7) 422 (7.9) <0.001
Mechanical ventilation use 560 (51.1) 3527 (65.7) <0.001
Diuretic 506 (46.2) 1110 (20.7) <0.001
Aminoglycoside 58 (5.3) 77 (1.4) <0.001
Statin 340 (31.1) 1496 (27.9) 0.033
ACEI/ARBs 253 (23.1) 409 (7.6) <0.001
Vital signs

Heart rate (beats/min) 92.65 + 20.74 9241 +21.25 0.736
MAP (mmHg) 81.15 + 18.01 82.16 + 19.86 0.001
RR (times/min) 20.08 +5.88 2032 £ 6.41 0.219
Temperature (°C) 36.88 +0.90 36.70 + 1.02 <0.001
SpO2 (%) 98 (96-100) 98 (95-100) 0.311
Laboratory findings

WBC (k/uL) 11.4 (7.8-15.8) 12.5 (8.8-17.5) <0.001
Hemoglobin (g/L) 10.64 + 2.13 10.59 +2.33 0.529
Platelet (k/uL) 208.86 + 112.72 20121 +115.26 0.045
PH 7.38 + 0.81 7.35 £ 0.11 <0.001
Bicarbonate (mEq/L) 22.70 + 4.82 2211 +£5.20 <0.001
BUN (mg/dL) 16 (11-27) 23 (15-37) <0.001
Creatinine (mg/dL) 0.8 (0.6-1.1) 1.1 (0.8-1.8) <0.001
Potassium (mEq/L) 4.02 £ 0.66 4.28 +0.81 <0.001
Sodium (mEq/L) 139.13 £ 5.87 138.72 £ 5.84 0.035
Chloride (mEq/L) 105.11 £ 7.13 104.54 £7.18 0.016
Glucose (mg/dL) 141.06 + 69.98 158.37 + 84.97 <0.001
PT (s) 15.34 £ 6.55 17.57 £ 1046 <0.001
APTT (s) 34.59 + 18.37 39.87 +24.52 <0.001
Lactate (mmol/L) 1.7 (1.3-2.3) 1.9 (1.3-3) <0.001

Data were presented as mean + standard deviation or median (interquartile range) or numbers (percentages).
ACEI/ARBs, Angiotensin-converting enzyme inhibitors/angiotensin receptor blockers; AKI, Acute kidney injury; APS III, Acute Physiology Score IIl; APTT, Activated partial
thromboplastin time; BMI, Body mass index; BUN, Blood urea nitrogen; COPD, Chronic obstructive pulmonary disease; OASIS, Oxford Acute Severity of Illness Score; PT,
Prothrombin time; SOFA, Sequential Organ Failure Assessment; RR, Respiratory rate; WBC, White blood cell.
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Model OR (95%CI) p-value

Model 1 1.129 (0.991-1.287) 0.068
Model 2 1.266 (1.100-1.457) 0.001
Model 3 1.230 (1.067-1.419) 0.004
Model 4 1.126 (0.943-1.344) 0.190
Model 5 1.137 (0.949-1.361) 0.163

Adjusted covariates: Model 1= sex (women=referent).

Model 2= Model 1 + age, BMI, ethnicity and admission type.

Model 3=Model 2 + comorbidities (hypertension, coronary atherosclerosis, heart failure, diabetes mellitus, COPD, cerebral infarction, chronic liver disease, chronic kidney disease, tumor).
Model 4=Model 3 + other variables with p<0.1 in the univariate analysis (APS I1I, OASIS, SOFA, MAP, temperature, WBC, platelet, PH, bicarbonate, BUN, creatinine, potassium, sodium,
chloride, glucose, PT, APTT, lactate, vasopressor use, mechanical ventilation use, diuretic, aminoglycoside, statin, ACEI/ARBS).

Model 5 was adjusted for all baseline variables.

ACEI/ARBs, Angiotensin-converting enzyme inhibitors/angiotensin receptor blockers; APS 111, Acute Physiology Score I1I; APTT, Activated partial thromboplastin time; BMI, Body mass
index; BUN, Blood urea nitrogen; CI, Confidence interval; COPD, Chronic obstructive pulmonary disease; OASIS, Oxford Acute Severity of Illness Score; OR, Odds ratio; PT, Prothrombin
time; SA-AKI, Sepsis associated acute kidney injury; SOFA, Sequential Organ Failure Assessment; RR, Respiratory rate; WBC, White blood cell.





OPS/images/fimmu.2023.1176620/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.1074488/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.987916/fimmu-13-987916-g005.jpg
Sensitivity

0.2

0.4 0.6
1 - Specificity

AUC

— Vset 0.820
—— D set: 0.760

0.8

1.0





OPS/images/fimmu.2022.987916/table1.jpg
Variables Non-AKI n = 464 AKI n = 136 P

AKI stage I 50 (36.76%)

AKI stage 1T 44 (32.35%)

AKI stage I 42 (30.88%)

Age 41.56 + 16.49 44.75 £ 17.30 0.051
Gender 0.875
Male (%) 266 (57.33%) 79 (58.09%)

Female (%) 198 (42.67%) 57 (41.91%)

Tobacco use (%) 141 (30.39%) 35 (25.74%) 0.295
Alcohol (%) 118 (25.43%) 40 (29.41%) 0.354
Glucocorticoid (%) 417 (89.87%) 122 (89.71%) 0.955
Etoposide (%) 215 (46.34%) 52 (38.24%) 0.095
Nephrotoxic drugs (%) 228 (49.14%) 67 (49.26%) 0.979
Chemotherapy (%) 136 (29.31%) 37 (27.21%) 0.634
Immunosuppressant (%) 159 (34.27%) 37 (27.21%) 0.123
Vasopressor (%) 84 (18.10%) 73 (53.68%) <0.001
Mechanical ventilation (%) 44 (9.48%) 54 (39.71%) <0.001
monoclonal antibodies (%) 32 (6.90%) 9 (6.62%) 091

Triggers of HLH

Infection (%) 227 (48.92%) 60 (44.12%) 0.324
Tumor (%) 242 (52.16%) 74 (54.41%) 0.643
Autoimmune disease (%) 25 (5.39%) 9 (6.62%) 0.585
Undetermined (%) 21 (4.53%) 15 (11.03%) 0.005
>2 causes (%) 61 (13.15%) 12 (8.82%) 0.175
Disease history

Tuberculous (%) 11 (2.37%) 3(2.21%) 0911
Tumor lysis syndrome (%) 3 (0.65%) 8 (5.88%) <0.001
Hypertension (%) 28 (6.03%) 14 (10.29%) 0.087
Diabetes (%) 16 (3.45%) 5 (3.68%) 0.899
Heart failure (%) 21 (4.53%) 20 (14.71%) <0.001
Viral hepatitis (%) 51 (10.99%) 13 (9.56%) 0.634
Clinical manifestations of HLH

Lymph nodes enlargement (%) 271 (58.41%) 85 (62.50%) 0.393
Splenomegaly (%) 347 (74.78%) 96 (70.59%) 0.328
Hepatomegaly (%) 164 (35.34%) 44 (32.35%) 0.519
Fever (%) 446 (96.12%) 133 (97.79%) 0.350
Edema (%) 165 (35.56%) 69 (50.74%) 0.001
DIC (%) 66 (14.22%) 46 (33.82%) <0.001
Maximum body temperature during hospitalization (°C) 39.32+ 1.00 39.44 £ 0.91 0.197
Admission heart rate (Times /min) 98.02 + 18.11 104.60 + 18.15 <0.001

Blood pressure

Systolic pressure (mmHg) 110.97 + 15.95 113.17 + 16.10 0.16

Diastolic pressure (mmHg) 68.61 + 11.79 70.63 + 12.92 0.086
PLT (x10°/L) 27.39 £ 3341 17.14 + 20.39 0.002
HGB (g/L) 65.14 £ 19.62 55.88 + 14.66 <0.001
WBC (x10%/L) 143+ 177 142 £1.58 0.528
Baseline Scr (umol/L) 57.83 + 23.12 69.12 + 41.47 0.004
Baseline Cystatin C (mg/L) 1.34 £ 046 157 £0.71 <0.001
Calcium (mmol/L) 1.76 + 0.20 1.68 +0.23 <0.001
Phosphorus (mmol/L) 0.90 £ 0.40 1.18 + 0.69 <0.001
Potassium (mmol/L) 3.14 £ 0.54 329 £ 1.02 0.018
Sodium (mmol/L) 128.34 £ 5.34 126.15 £ 7.07 <0.001
Total bilirubin (umol/L) 7091 + 89.27 13248 + 134.64 <0.001
Direct bilirubin (umol/L) 5591 + 78.73 108.99 + 110.49 <0.001
Indirect bilirubin (umol/L) 1429 + 14.62 2351 + 32.32 0.023
Albumin (g/L) 23.73 £4.82 21.53 +£3.95 <0.001
Triglyceride (mmol / L) 4.66 + 3.00 572 +3.85 <0.001
Cholesterol (mmol / L) 3224268 2.75 + 2.06 0.014
ALT (IU/L) 254.40 + 340.79 381.82 £ 661.37 0.042
AST (IU/L) 416.12 + 968.78 1126.30 + 2213.91 <0.001
LDH (IU/L) 1703.34 + 2119.80 374549 + 4759.27 <0.001
LDL-C (mmol/L) 2.90 +35.15 0.83 £ 1.37 <0.001
LDL-H (mmol/L) 0.60 + 1.46 0.89 +2.08 0.027
APTT (s) 61.03 + 34.69 78.17 + 42.04 <0.001
D-dimer (mg/l FEU) 12.94 + 11.69 15.78 + 13.02 0.045
Fibrinogen (g / L) 1.24 £ 094 1.08 £ 0.79 0.055
PT (s) 2147 +22.75 31.89 + 31.51 <0.001
PCT (ng/ml) 4.02 + 851 9.21 £16.28 <0.001
Urine protein 0.068
0 70 (15.09%) 14 (10.29%)

+/- 97 (20.91%) 25 (18.38%)

+ 234 (50.43%) 66 (48.53%)

+ 55 (11.85%) 25 (18.38%)

+++ 8 (1.72%) 6 (4.41%)

Ferritin (ng/ml) 0211
>2000 388 (83.62%) 122 (89.71%)

>500,<2000 72 (15.52%) 13 (9.56%)

<500 4 (0.86%) 1 (0.74%)

AKI, Acute kidney injury; HLH, Hemophagocytic lymphohistiocytosis; DIC, Disseminated intravascular coagulation; PLT, Platelet; HGB, Hemoglobin; WBC, White blood cell; Scr, Serum
creatinine; ALT, Aspartate transaminase; AST, Aspartate aminotransferase; LDH, Lactic dehydrogenase; LDL-C, Low density lipoprotein; LDL-H, High density lipoprotein; APTT,
Activated partial prothrombin time; PT, Prothrombin time; PCT, Procalcitonin; RRT, Renal replacement therapy.
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HR (95%CI) ¢

Tobacco use (%) 0.85 (0.58-1.25) 0.4105
Alcohol (%) 1.19 (0.83-1.73) 0.3477
Glucocorticoid (%) 0.77 (0.44-1.35) 0.3655
Etoposide (%) 0.63 (0.44-0.89) 0.0090
Nephrotoxic drugs (%) 0.85 (0.60-1.19) 0.3309
Chemotherapy (%) 0.74 (0.51-1.08) 0.1216
Immunosuppressant (%) 0.63 (0.43-0.91) 0.0151
Vasopressor (%) 3.57 (2.55-5.01) <0.0001
Mechanical ventilation (%) 4.05 (2.87-5.71) <0.0001
monoclonal antibodies (%) 0.78 (0.40-1.54) 0.4819
Hypertension (%) 1.54 (0.88-2.67) 0.1288
Diabetes (%) 1.08 (0.44-2.63) 0.8711
Heart failure (%) 2.36 (1.47-3.79) 0.0004
DIC (%) 279 (1.95-3.98) <0.0001
Age 1.01 (1.00-1.02) 0.0463
Admission heart rate (Times /min) 1.02 (1.01-1.03) <0.0001
PLT (x10°/L) 0.99 (0.98-0.99) 0.0014
HGB (g/L) 0.98 (0.97-0.99) <0.0001
WBC (x10°/L) 1.03 (0.94-1.13) 0.5784
Baseline Scr (umol/L) 1.01 (1.01-1.01) <0.0001
Baseline Cystatin C (mg/L) 2.08 (1.63-2.64) <0.0001
Calcium(mmol/L) 0.37 (0.20-0.68) 0.0014
Phosphorus(mmol/L) 1.81 (1.46-2.25) <0.0001
Potassium(mmol/L) 1.42 (1.16-1.73) 0.0007
Sodium(mmol/L) 0.96 (0.93-0.98) <0.0001
Total bilirubin(umol/L) 1.00 (1.00-1.00) <0.0001
Direct bilirubin(umol/L) 1.00 (1.00-1.01) <0.0001
Indirect bilirubin(umol/L) 1.01 (1.01-1.02) <0.0001
Albumin(g/L) 0.92 (0.89-0.96) <0.0001
Triglyceride (mmol / L) 1.06 (1.02-1.11) 0.0051
Cholesterol (mmol / L) 0.92 (0.84-1.00) 0.0392
ALT (IU/L) 1.00 (1.00-1.00) 0.0054
AST (IU/L) 1.00 (1.00-1.00) <0.0001
LDH (IU/L) 1.00 (1.00-1.00) <0.0001
LDL-C (mmol/L) 0.81 (0.70-0.94) 0.0064
LDL-H (mmol/L) 1.08 (0.99-1.17) 0.0981
APTT(s) 1.01 (1.01-1.01) <0.0001
D-dimer (mg/l FEU) 1.01 (1.00-1.03) 0.0363
Fibrinogen (g / L) 0.82 (0.66-1.03) 0.0829
PT(s) 1.01 (1.01-1.02) <0.0001
PCT (ng/ml) 1.02 (1.01-1.03) <0.0001

HLH, Hemophagocytic lymphohistiocytosis; DIC, Disseminated intravascular coagulation; PLT, Platelet; HGB, Hemoglobin; WBC, White blood cell; Scr, Serum creatinine; ALT, Aspartate
transaminase; AST, Aspartate aminotransferase; LDH, Lactic dehydrogenase; LDL-C, Low density lipoprotein; LDL-H, High density lipoprotein; APTT, Activated partial prothrombin time;
PT, Prothrombin time; PCT, Procalcitonin.
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Variables

Vasopressor

Mechanical ventilation
DIC

Admission heart rate (Times /min)
HGB (g/L)

Baseline cystatin C(mg/L)
Phosphorus(mmol/L)
Total bilirubin(umol/L)
LDH(IU/L)

PT(s)

PCT (ng/ml)

0.2871
0.9758
0.3189
0.0201
-0.0068
0.6438
0.0412
0.002
0
0.0039
0.0153

SE

0.2968
0.299
0.2745
0.006
0.0068
0.1413
0.1549
0.001
0
0.0043
0.0084

HR

1.3325
2.6533
1.3756
1.0203
0.9933
1.9037
1.0421
1.002
1
1.0039
1.0154

Lower 95%CI

0.7448
1.4766
0.8033
1.0083
0.9801
1.4432
0.7692
1.0001
1
0.9956
0.9988

Upper 95%CI

2.384
4.7679
2.3557
1.0324
1.0066
2.5112
1.4118
1.0039
1.0001
10123
1.0323

P

0.3335
0.0011
0.2452
0.0008
0.3198
<0.0001
0.7903
0.0418
0.2436
0.3576
0.0697

DIC, Disseminated intravascular coagulation; HGB, Hemoglobin; LDH, Lactic dehydrogenase; PT, Prothrombin time; PCT, Procalcitonin; SE, Standard error; HR, Hazard ratio; CI,

Confidence interval.
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A total of 669 patients with HLH were screened
from January 2009 to June 2019 at West China
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Variables Overall Low group Middle group High group P
(N/LP<=2.8718) (2.8718<N/LP<10.4128) (N/LP>=10.4128)

N 1938 485 968 485

Age (year) 65.99 [54.48, 78.37) 66.44 [53.29, 77.98] 65.96 [54.78, 78.45] 65.34 [54.71, 78.40] 0.688

Gender (%) 0.018

Female 1054 (54.4) 241 (49.7) 528 (54.5) 285 (58.8)

Male 884 (45.6) 244 (50.3) 440 (45.5) 200 (41.2)

Ethnicity (%) 0.002

AMERICAN INDIAN/ALASKA NATIVE 6(0.3 3(0.6) 101 2(0.4)

ASIAN 75(3.9) 18 (3.7) 32(33) 25(5.2)

BLACK/AFRICAN AMERICAN 160 (8.3) 57 (11.8) 75(7.7) 28(5.8)

HISPANIC/LATINO 716.7) 25 (5.2) 27 2.8) 19(3.9)

WHITE 1290 (66.6) 302 (62.3) 649 (67.0) 339 (69.9)

UNKNOWN 230 (11.9) 50 (10.3) 134 (13.8) 46 (9.5)

OTHER 106 (5.5) 30 (6.2 50(5.2) 26 (5.4)

First_careunit (%) <0.001

CvICU 267 (13.8) 89 (18.4) 166 (17.1) 12(2.5)

Ccu 107 (5.5) 34(7.0) 55 (5.7) 18(3.7)

MICU 617 (31.8) 137 (28.2) 292 (30.2) 188 (38.8)

MICU/SICU 579 (29.9) 131 (27.0) 270 (27.9) 178 (36.7)

Neuro Intermediate 35(1.8) 14 (2.9 10 (1.0) 11(2.3)

Neuro Stepdown 16 (0.8) 5(1.0) 9(0.9 2(0.4)

Neuro SICU 28 (1.4) 8(1.6) 17(1.8) 3(06)

sIcCU 170(8.8) 40 (8.2) 87 (9.0) 43 (8.9)

Trauma SICU TSICU 119 (6.1) 27 (5.6) 62 (6.4) 30(6.2)

Comorbidity (%)

Myocardial infarction 267 (13.8) 53 (10.9) 155 (16.0) 59 (12.2) 0015

Congestive heart failure 438 (22.6) 106 (21.9) 221 (22.8) 111(22.9) 0.902

Peripheral vascular disease 164 (8.5) 39 (8.0) 91 (9.4) 34 (7.0) 0.282

Cerebrovascular disease 220 (11.4) 74 (15.3) 94 (9.7) 52 (10.7) 0.006

COPD 478 (24.7) 130 (26.8) 230 (23.8) 118 (24.3) 0.438

Cirrhosis without hypersplenism 135 (7.0) 21 (4.3 65 (6.7) 49 (10.1) 0.002

Diabetes 498 (25.7) 135 (27.8) 246 (25.4) 117 (24.1) 0.4

Infection sites (%)

Lower respiratory infection 528 (27.2) 106 (21.9) 251 (25.9) 171 (35.3) <0.001

Genitourinary tract infection 373 (19.2) 82 (16.9) 175 (18.1) 116 (23.9) 0.009

Intra abdominal infection 67 (3.5) 4(0.8) 38 (3.9) 25(5.2) 0.001

Bacteremia 65 (3.4) 19 (3.9) 28 (2.9) 18(3.7) 0.522

Skin and skin structure infection 99 (5.1) 13(2.7) 55 (5.7) 31(6.4) 0.017

Musculoskeletal infection 18(0.9) 6(1.2) 5(0.5) 7(1.4) 0.158

Biliary tract infection 13(0.7) 2(0.4) 6 (0.6) 5(1.0) 0.48

Systemic fungal infection 98 (5.1) 18(3.7) 46 (4.8) 34 (7.0) 0.053

Other infection 923 (47.6) 271 (85.9) 489 (50.5) 163 (33.6) <0.001

Laboratory tests®

Platelet_mean (K/ul) 166.75 [119.50, 236.00]  215.00 [149.33, 287.00]  167.75 [123.92, 236.08] 128.50 [87.00, 183.50] <0.001

Lymphocytes_mean (K/uL) 29.50 [1.21, 103.96] 69.03 [2.10, 154.28) 50.30 [1.26, 107.73] 2.80 [0.52, 44.66] <0.001

Neutrophils_mean (K/uL) 288.47 [10.24, 990.07] 181.26 [7.27, 655.20] 415.75 [10.67, 1071.57] 200.00 [13.41, 1191.08] <0.001

WBC_max (K/uL) 13.90 [9.60, 19.10] 11.40 [7.70, 15.50] 14.30 [10.30, 19.00] 16.10 [11.20, 23.00] <0.001

Aniongap_max 16.00 [13.00, 19.00] 15.00 [13.00, 18.00] 16.00 [13.00, 19.00] 17.00 [14.00, 20.00] <0.001

Bicarbonate_min (mEgy/L) 21.00 [18.00, 23.00] 21.00 [19.00, 24.00] 21.00 [18.00, 23.00] 20.00 [17.00, 23.00] <0.001

Bun_max (mg/dL) 21.00 [14.00, 36.00] 18.00 [13.00, 32.00] 20.50 [14.00, 34.00] 26.00 [17.00, 43.00] <0.001

Chloride_max (mEq/L) 107.00 [103.00, 111.00]  107.00 [104.00, 110.00] ~ 108.00 [103.00, 111.00]  107.00 [103.00, 111.00]  0.222

Creatinine_max (umol/L) 1.10 [0.80, 1.60] 1.00 [0.70, 1.50] 1.10[0.80, 1.50] 1.100.80, 1.70] <0.001

Glucose_max (mg/d) 141.00 [115.00, 189.00]  135.00 [110.00, 176.00]  140.50 [115.00, 191.00]  149.00 [122.00, 200.00]  <0.001

Sodium_max (mEcy/L) 140.00 [137.00, 143.00] 140.00 [137.00, 142.00] 140.00 [137.00, 142.00] 140.00 [137.00, 143.00] 0.866

Potassium_max (K/ul) 4.40 [4.00, 4.80] 4.40 [4.10, 4.90] 4.40 [4.00, 4.90] 4.30 [3.90, 4.70] <0.001

Severity scoring

SAPS Il 35.00 [28.00, 43.00] 34.00 [26.00, 41.00] 35.00 [28.00, 42.25] 37.00 [30.00, 45.00] <0.001

SOFA_exclude platelet 4.00 [3.00, 7.00] 4.00 [3.00, 6.00] 4.00 [3.00, 7.00] 5.00 [3.00, 7.00] 0.001

Charlson comorbidity index 5.00 [3.00, 7.00] 5.00 [3.00, 7.00] 5.00 [3.00, 7.00] 6.00 [4.00, 8.00] 0.028

Treatments

Vasoactive drug (%) 864 (44.6) 201 (41.4) 447 (46.2) 216 (44.5) 0.231

Invasive ventilation (%) 666 (34.4) 159 (32.8) 354 (36.6) 153 (31.5) 0.115

CRRT (%) 7(0.4) 1(0.2 3(0.3) 3(0.6) 0.525

Endpoints

AKI (%) 680 (35.1) 141 (29.1) 360 (37.2) 179 (36.9) 0.006

AKI_stage (%) 0.004

Stage 1 260 (13.4) 62 (12.8) 145 (15.0) 53 (10.9)

Stage 2 339 (17.5) 66 (13.6) 172 (17.8) 101 (20.8)

Stage 3 81(4.2) 13 2.7) 43 (4.4) 25 (5.2)

Length of ICU stay (day) 2.43[1.63, 4.18] 2.23[1.58, 3.67] 2.45[1.63, 4.04] 2.73[1.70, 5.14] 0.001

Mortality_ICU (%) 96 (5.0) 17 (3.5) 46 (4.8) 33(6.8) 0.056

Mortality_ICU7 (%) 77 (4.0) 13(2.7) 38 (3.9) 26 (5.4) 0.101

Mortality_ICU28 (%) 148 (7.6) 21 (4.3) 74.(7.6) 53(10.9) 0.001

Categorical data were presented as frequency (percentage), parametric continuous data were presented as median (interquartile ranges), whereas non-parametric continuous data were

presented as median (interquartile ranges);

CVICU, Cardiac Vascular Intensive Care Unit; CCU, Coronary Care Unit; MICU, Medical Intensive Care Unit; MICU/SICU, Medical/Surgical Intensive Care Unit; SICU, Surgical Intensive
Care Unit; COPD, Chronic Obstructive Pulmoriary Disease; SOFA, Sequential Organ Failure Assessment; SAPS I, Simplified acute physiology score Il; AKl, Acute kidney injury; CRRT,
continuous renal replacement therapy; ICU, intensive care unit.
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Types of Biomarker
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IL-18
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Source

Mononuclear macrophages, Th2
cells, vascular endothelial cells and
fibroblasts

Monocytes, dendritic cells,
macrophages and epithelial cells
Activated receptors selectively
expressed on the surfaces of
neutrophils, macrophages, and
mature monocytes

Ang1 is mainly synthesized by
paravascular sertoli cells, vascular
smooth muscle cells and tumor cells;
Ang2 is mainly synthesized by
vascular smooth muscle cells
Vascular endothelial cell

Vascular endothelial cell

Leukocytes, loops of medullary and

collecting ducts

RTECs

Liver cells; RTECs

All nucleated cells

TIMP-2 is synthesized by RTECs;
IGFBP?7 is expressed in almost all
epithelial cells

Potential use in SA-AKI

Baseline IL-6 at admission predicted AKI in patients with severe sepsis, and IL-6 also predicts the
development of AKI and need for RRT in patients with severe sepsis (100).

In a prospective, multicenter cohort, UIL-18 independently predicted the progression of septic AKI
(AUC 0.619; 95% Cl, 0.525 to 0.731) (101).

In patients with sepsis, The AUC values of plasma STREM-1 in the diagnosis and prediction of AKI
(24h before diagnosis) were 0.794 and 0.746, respectively. The AUC values of urine STREM-1 were
0.707 and 0.778. ACU 0.922 was predicted 48 hours before diagnosis, and urine STREM-1 was a
fairly good predictor (102).

Ang1 has a protective effect against endotoxemia, increasing vasoconstriction and reducing
pulmonary microvascular leakage associated with inflammation (103). Circulating Ang1 levels were
suppressed in critically ill patients with septic shock (104). Circulating Ang-2 is a strong independent
predictor of mortality in ICU dialysis-dependent AKI patients (105).

Plasma sVE-cadherin was independently associated with AKI-RRT, suggesting that disruption of
endothelial adhesion and connectivity may contribute to the pathogenesis of organ dysfunction in
sepsis (106).

Compared with sepsis non-AKI group, sTM in SA-AKI group was significantly different (P<0.0001);
Multivariate logistic regression analysis showed that sSTM was an independent predictor of AKI, and
AUROC was 0.758(P<0.0001) (107).

SA-AKI patients have higher detectable plasma and urine NGAL compared with non-septic AKI
patients. These differences in NGAL values in SA-AKI may have diagnostic and clinical relevance as
well as pathogenetic implications (108).

UKIM-1 and sKIM-1 levels were significantly higher in SA-AKI than in patients without AKI. ROC of
uKIM-1 and sKIM-1 for AKI prediction was 0.607 and 0.754, respectively (109).

Urinary L-FABP level may be a predictive marker of sepsis severity and mortality, and can serve as
a useful biomarker for patients with sepsis complicated with AKI (109).

Urine and plasma are of value in the diagnosis and prediction of AKI occurrence (24 hours before
diagnosis) in patients with SA-AKI (21). Aydogdu et al. confirmed that plasma and urine Cys-C were
good markers for early diagnosis of septic associated AKI (AUCs 0.82 and 0.86, respectively) (110).
However, some studies in adults and newborns have shown that sepsis has no effect on plasma or
urine levels of Cys-C (111, 112).

[TIMP-2] » [IGFBP?7] predicted the development of stage 2 and 3 AKI in high-risk and critically ill
patients with sepsis with an AUC of 0.84. The biomarker performed similarly regardless of disease
severity (SOFA score), with a sensitivity of 77.5% and specificity of 75% for severe AKI at a cut-off
value of 1.0 (113).

Several alarms have shown the ability to predict sepsis and AKI separately, and the combination of
biochemical biomarkers may help enrich the detection and risk stratification of SA-AKI (20).

IL-6, Interleukin-6; IL-18, Interleukin-18; sTREM-1, Soluble triggering receptor expressed myeloidcells 1; Ang, Angiopoietins; sTM, Soluble thrombomodulin; NGAL, Neutrophil gelatinase-
associated lipocalin; KIM-1, Kidney Injury Molecule-1; L-FABP, Liver-type fatty acid binding protein; Cys C, Cystatin C; TIMP-2, Tissue Inhibitors Of Metalloproteinase 2; IGFBP?7, Insulin-
like growth factor binding protein-7.
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Tool

Data types

Purpose

Genomics
GeneCards (http://
www.genecards.org/)

Online Mendelian
Inheritance in Man
(http://www.omim.org/)
NephQTL (http://www.
nephatl.org)*

Human Kidney eQTL
Atlas (http://www.
susztaklab.com/eqtl)*
Transcriptomics
Gene Expression
Omnibus (GEO) (http://
www.ncbi.nim.nih.gov/
gds)

ArrayExpress (https://
www.ebi.ac.uk/
arrayexpress/)
Expression Atlas
(https://www.ebi.ac.
uk/gxa/)

miRBase (http://www.
mirbase.org)
Nephroseq (https://
www.nephroseq.org/)*
Renal Gene
Expression Database
(RGED) (http://rged.
wall-eva.net/)*
Rebuilding a Kidney
Consortium (http://
WWW.
rebuildingakidney.org)*
Nephrocell (http://
nephrocell.miktme.org/)*
Proteomics
PRoteomics
IDEntifications (PRIDE)
(https://www.ebi.ac.
uk/pride/archive/)
Human Protein Atlas
(http://www.
proteinatlas.org/)
Human Kidney and
Urine Proteome
Project (HKUPP)
(http://www.hkupp.
org/)*

Urinary Protein
Biomarker Database
(http://122.70.220.
102/biomarker)*
Metabolomics
Human Metabolome
Database(HMDB)
(http://www.hmdb.ca/)

Kyoto Encyclopedia of
Genes and Genomes
(KEGG)
(https://www.kegg.jp)

Metabolite Link (Metlin)
(https://metlin.scripps.
edu)

The Small Molecule
Pathway Database
(SMPDB) (http://
smpdb.ca/)
Multi-omics
Multi-Omics Profiling
Expression Database
(MOPED) (http://
moped.proteinspire.
org)

Kidney Systems
Biology Project
(https://npcwebapps.
cit.nih.gov/ESBL/
Database/)*

Kidney and Urinary
Pathway Knowledge
Base (KUPKB) (http://
www.kupkb.org/)*

Contains >152 000 GeneCards genes; Gene-centric data from
approximately 150 network sources; Detailed information on all
annotated and predicted human genes

>15 000 genes; Contains a central database of information and
literature on human genetic diseases and genetic loci

Compartment-specific (glomeruli and tubulointerstitium) gene expression
profiles from biopsy samples of 187 participants in the NEPTUNE
cohort; Genotype frequency of SNPs in the NEPTUNE cohort
Compartment-specific (glomeruli and tubulointerstitium) gene expression
profiles from biopsy samples of 151 participants linked to SNP data

3848 data sets based on arrays and sequences; Storage of chips,
second-generation sequencing and other high-throughput sequencing
data

60,054 high-throughput experiments; Storage of chips and high-
throughput sequencing data

1572 data sets; Provides information on gene expression patterns
under different biological conditions

28 645 miRNA entries from 223 species; Details of all published and
annotated miRNAs

26 data sets (1989 samples); Transcriptome analysis of biopsy samples
from patients with renal disease; Clinical metadata from patients

88 research papers analysed; Contains comprehensive gene expression
data sets from kidney disease studies

scRNA-seq visualizations from kidney biopsy samples, model systems
and organoids; Shared resources with GUDMAP Lab protocols;
Antibody validation; Cataloguing of iPSC lines

sCRNA-seq data from kidney biopsy samples and organoids

Store 3342 items for protein/peptide identification, post-translational
modifications, and supporting spectral evidence; One of the most
prominent data repositories for proteomic data based on mass
spectrometry (MS); Allows viewing of 2d gels and query scores

213 tissue and cell line samples; Proteomic analysis based on 24,028
antibodies against 16,975 unique proteins

Look for proteins in renal structures (glomerulus, human medulla) and
urine; Allows viewing of 2d gels and query scores

> 400 reports on humans and animals; 819 human biomarkers and 33
animal biomarkers were collected from the published literature

Contains experimental MS/MS data for more than 5,700 compounds,
experimental 1 H and 13 C NMR data (and allocation) for more than
1,300 compounds, and GC/MS spectral and retention index data for
more than 780 compounds;

One of the most complete and widely used databases containing
metabolic pathways (495 reference pathways) from a variety of
organisms (>4,700)

>17,000 compounds, 10,000 drugs and nearly 11,000 glycan
structures

>240,000 metabolites and 72,000 high resolution MS/MS
spectrograms; A repository of mass spectrometry metabolite data

910 hand-painted small molecule metabolic pathways, including 468

drug pathways, 232 disease pathways, 105 metabolic pathways and
more than 100 other pathways; A database of interactive, visual small
molecular pathways

Absolute and relative protein expression data from more than 250 large-
scale experiments; >500,000 proteomic absolute and relative
expression records; >500,000 proteomic absolute and relative
expression records; Relative gene expression data

Transcriptomic, protein, Chip-seq data from model systems and renal
epithelial cells

> 220 experiments; Contains data from renal and urinary high-
throughput experiments, with rich links to other biological data, forming
a single integrated repository

Search for human genetic information; The first key to the study of
gene function

Looks for the latest clinical testing standards and trends;Provides
detailed information about this class of annotations from gene
sequences, maps, literature and other databases
Compartment-specific (glomerular and tubule) eQTL discovery

Compartment-specific (glomerular and tubule), as well as whole
kidney eQTL discovery

Gene expression data repository, data analysis and visualization

Arrayexpress database for EBI, similar to GEO database; Archives of
Functional Genomics

More focus on baseline trials

Databases used to study miRNA

Identifying disease-related signatures; Correlation of gene expression
with clinical features

Contains comprehensive gene expression data sets from kidney
disease studies; Provides a user-friendly utility for the nephropathy
research community

Coordinate studies and data relevant to nephron regeneration;
Primary data access

Cell-selective gene marker identification

To enable the proteomics community to share publicly or in private
partnerships the vast amounts of data generated by proteomics
laboratories around the world.

To understand the expression of human protein in tissues, cell
localization and pathological expression.

To promote proteomics research in the field of nephrology to better
understand kidney function and the pathogenesis of kidney disease,
and to define new biomarkers and therapeutic targets.

To obtain urinary protein specific biomarker candidates

Obtain detailed information about metabolites and their associations
with pathways, proteins, and reactions

Understand a repository of advanced features and utilities for
biological systems;

With powerful graphics function, more intuitive and comprehensive
understanding of metabolic pathways

Emphasis should be placed on the identification of non-targeted
Metabolomics metabolites in liquid

Cleverly detailed hyperlinked diagrams of human metabolic
pathways, metabolic disease pathways, metabolite signaling
pathways, and drug activity pathways

Used to query different types of omics expression data and data
visualization; View expression data, pathway mapping, and direct
connections between proteins and genes; Provides a background
for the exploration of multiple omics expressive data

Gene- and protein-centred queries in kidney tissues, cells and
segments

Collect open omics data related to kidney disease
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Group Model 1 Model 2 Model3

HR (95% CI) P HR (95% CI) P HR (95% CI) P
Cox proportional hazard models
Low N/LP group Ref 1 Ref 1 Ref 1
Middle N/LP group 1.87 (1.13, 1.66) 0.001 1.30 (1.07, 1.58) 0.008 1.31(1.08, 1.59) 0.007
High N/LP group 1.34 (1.08, 1.68) 0.009 1.27 (1.02, 1.59) 0.034 1.28 (1.03, 1.60) 0.029
Competing risk analyses
Low N/LP group Ref 1 Ref 1 Ref 1
Middle N/LP group 1.36 (1.12, 1.66) 0.002 1.30 (1.07, 1.58) 0.008 1.30(1.07, 1.58) 0.008
High N/LP group 1.33 (1.07, 1.66) 0.011 1.26 (1.01, 1.58) 0.038 1.27 (1.02, 1.58) 0.036

Model 1: univariate analysis; Model 2: adjusted for age, gender, initial SAPS Il, SOFA scores excluding coagulation system, Charlson comorbidity index, serum AG, serum
bicarbonate, glucose, serum potassium, serum sodium, serum chloride, BUN, SCr, the use of vasoactive medication, CRRT, and invasive-MV; Model 3: adjusted for age, serum
chloride, SCr, sodium, SOFA scores excluding coagulation system, vasoactive medication, and invasive-MV; SOFA, Sequential Organ Failure Assessment; SAPS I, Simplified acute
physiology score Il; AKI, Acute kidney injury; CRRT, Continuous Renal Replacement Therapy; MV, machine ventilation; SCr, Serum Creatinine; BUN, Blood Urea Nitrogen; N/LP,

Neutrophil-to-Lymphocyte Platelet.
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Subgroups No.AKI/No.patients

Age

<65 303/920
>=65 375/1018
Gender

Female 288/884
Male 390/1054
Septic shock

NO 297/1074
YES 381/864
SOFA_exclude_platelet

<5 243/971
>=5 435/967
SAPS Il

<35 262/928
>=35 416/1010
Charlson comorbidity index

<5 250/780
>=5 428 /1158

Low N/LP group
Ref
Ref

Ref
Ref

Ref
Ref

Ref
Ref

Ref
Ref

Ref
Ref

Middle N/LP group
1.20 (0.90, 1.61)
1.40 (1.08, 1.83)

1.27 (0.95, 1.69)
1.36 (1.04, 1.78)

1.14 (0.88, 1.48)
1.51 (1.11, 2.05)

1.24 (0.91, 1.69)
1.31 (1.01, 1.67)

1.14 (0.84, 1.54)
1.39 (1.07, 1.81)

1.30 (0.94, 1.78)
1.29 (1.01, 1.66)

P1

0.217

0.012

0.108
0.026

0.306
0.008

0.182
0.04

0.407
0.013

0.108
0.044

High N/LP group
1.20 (0.85, 1.70)
1.55 (1.14, 2.04)

1.28 (0.90, 1.82)
1.42 (1.07, 1.89)

1.06 (0.78, 1.45)
1.60 (1.13, 2.27)

1.25 (0.86, 1.83)
1.33 (1.12, 1.75)

1.22 (0.84, 1.76)
1.42 (1.1, 1.96)

1.26 (0.85, 1.86)
1.37(1.0, 1.81)

P2

0.302

0.005

0.164
0.017

0.705
0.008

0.242
0.015

0.303
0.007

0.25
0.009

P for interaction

0.878

0.674

0.22

0.455

0.553

0.742

P1: Middle N/LP group vs Low N/LP group; P2: High N/LP group vs Low N/LP group;

S-AKl, Sepsis associated acute kidney injury; N/LP, Neutrophil-to-Lymphocyte Platelet; SOFA, Sequential Organ Failure Assessment; SAPS Il, Simplified acute physiology II.
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Subgroups

Age

<65

>=65

Gender

Female

Male

Septic shock

NO

YES
SOFA_exclude_platelet
<5

>=5

SAPS Il

<35

>=35

Charlson comorbidity index
<5

>=5

No.AKI/No.patients

188/305
232/375

193/289
227/391

188/298
232/382

145/244
275/436

151/263
269/417

138/251
282/429

Low
N/LP group

Ref
Ref

Ref
Ref

Ref
Ref

Ref
Ref

Ref
Ref

Ref
Ref

Middle
N/LP group

0.86(0.46, 1.61)
1.52 (0.86, 2.71)

1.07 (0.57, 2.02)
1.43 (0.80, 2.57)

1.41(0.72,2.73)
1.17 (0.67, 2.04)

1.49 (0.75, 2.99)
1.18 (0.69, 2.02)

0.73(0.38, 1.38)
1.91 (1.08, 3.38)

0.79 (0.40, 1.56)
1.79 (1.04, 3.09)

P1

0.646
0.153

0.835
0.228

0.316
0.541

0.259
0.547

0.335
0.026

0.504
0.036

High
N/LP group

1.35 (0.64, 2.88)
2.13(1.07, 4.28)

1.16 (0.53, 2.55)
2.49 (1.27, 4.93)

1.18 (0.55, 2.53)
269 (1.36, 5.43)

2.11(0.88, 5.21)
1.69 (1.09, 3.14)

1.61(0.72, 3.67)
2.16 (1.15, 4.12)

1.33 (058, 3.10)
2.23 (1.18, 4.23)

P1, Middle N/LP group vs Low N/LP group; P2m High N/LP group vs Low N/LP group; the severe AKI refers to the stage 2 and stage 3 AKI;
AKI, Acute kidney injury; N/LP, Neutrophil-to-Lymphocyte Platelet; SOFA, Sequential Organ Failure Assessment: SAPS Il, Simplified acute physiology II.

P2

0.428
0.032

0.706
0.008

0.66
0.005

0.1
0.025

0.253
0.018

0.498
0.014

P for interaction

0.213

0.634

0.355

0.877

0.543

0.674
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1,264 patients with septic shock, of these, 887
white patients were randomly assigned to the
discovery and validation cohort

2567 patients without chronic kidney disease and
with a genetic sample, 837 had sepsis and 627
had septic shock

Two cohorts were retrospectively analyzed:
Derivation Cohort (202 patients with sepsis
enrolled at the Emergency Department from 2011
to 2014 in Vancouver, Canada); Validation Cohort
(604 septic shock patients enrolled into the
Vasopressin in Septic Shock Trial (VASST)).

653 patients with sepsis, 300 had KDIGO stage 2
or 3 AKl and 353 did not (KDIGO Stage 0)

235 patients with AKI and 235 patients without
AKI (No AKI)

Mice after intraperitoneal injection of LPS (Global
knockouts and mice with the floxed PGC-1o.
allele have been previously described)

179 children with septic shock and 53 age-
matched normal controls

Patients with sepsis induced AKI (n = 6), patients
without sepsis AKI (n = 6), and healthy volunteers
(=3

Six high-quality microarray studies of renal gene
expression after AKI

Mice after intraperitoneal injection of LPS

Rat CLP sepsis

Mice uterus ligation and E. coli inoculation
Mouse CLP sepsis

Rat CLP sepsis

20 patients with AKI on ICU admission and who
received continuous renal replacement therapy
(CRRT) as usual care between June 2012 and
March 2014 were studied.

Rat CLP sepsis;

Sepsis was validated in human patients
Mouse CLP moderately severe sepsis

Mice CLP sepsis

Mice after intraperitoneal injection of LPS

Rat CLP sepsis

Pigs infused with E. coli

Rat after intraperitoneal injection of LPS

Plasma samples from 31 patients with sepsis and
23 healthy individuals.

5 SNPs were associated with SA-AKI: BCL2, SERPINA, SIK3 genes.

SERPINA4 and SERPINAS, but not BCL2 and SIK3 are associated with acute
kidney injury in critically ill patients with septic shock.

CETP modulates HDL-C levels in sepsis. CETP genotype may identify patients at
high-risk of sepsis-associated AKI.

Association between short repeats of HMOX1 and AKl risk in sepsis patients.

SNPS in NFKB1 loci rs41275743 and RS4648143 are associated with the risk
of AKl in sepsis patients.

Restored expression of the mitochondrial biogenesis factor PGC-1o. appears to
be necessary for recovery from endotoxemic AKI.

There were 21 unique gene probes upregulated in patients with SSAKI
compared to patients without SSAKI.

miR-4321; miR-4270 were significantly upregulated in the sepsis-induced AKI
compared with sepsis-non AKI, while only miR-4321 significantly overexpressed
in the sepsis groups compared with control groups.

5,254 differentially expressed genes in at least one of the AKI models; MYC may
be a central regulator of renal gene expression in tissue injury during AKI.

MiR-762 expression was significantly increased in the early stages of septic AKI,
and clusters of miR-144/451 were upregulated at 24 h.

A potential biomarker and drug target, Meprin-1-alpha, was identified in a
septicaemic induced ARF rat model.

Urinary chitinase 3-like protein 1 and -3 and acidic mammalian chitinase
discriminated sepsis from sepsis-induced AKI in mice.

Phosphorylated MYL12B can be used as a potential plasma biomarker for early
diagnosis of SA-AKI.

MUP5 decreased in SA-AKI. Mitochondrial energy production and electron
transport were found to be significantly correlated with proteins.

Three proteins, including carbonic anhydrase 1 (CA1) and leucine-rich o -2-
glycoprotein (LRG1), were identified in all samples from patients with sepsis
compared with those without sepsis.

PARK?7 and CDH16 have been identified as novel biomarkers for the early
diagnosis of septic AKI.

2,119 protein and 2950 phosphorus sites were identified;

Several new and/or less studied S-AKI labeled proteins Hmgcs2 Serpin S100a8
and Chil3 were validated.

CLP induced renal injury as evidenced by elevated serum creatinine, blood urea
nitrogen, and cystatin C. Global energetic profile in sepsis showed an increase in
glycolytic intermediates with decreased flux through the tricarboxylic acid (TCA)
cycle. Multiple inflammatory markers were elevated in response to CLP. Levels
of osmotic regulators varied, with an overall increase in pinitol, urea, and taurine
in response to CLP.

Obvious decreases in betaine, taurine, lactate, glucose, and significant increases
in 3-CP, acetoacetate, pyruvate, NADPH, creatine, creatinine, TMAO in LPS
mice.

1H nuclear magnetic resonance analysis detected important increases in urinary
creatine, allantoin, and dimethylglycine levels in septic rats. However,
dimethylamine and methylsulfonylmethane metabolites were more frequently
detected in septic animals treated with 6G or 10G, and were associated with
increased survival of septic animals.

Metabolic differences between control animals and septicemic animals: In renal
tissue, lactic acid and niacin increased, while valine, aspartate, glucose and
threonine decreased; Iso-glutamate n-acetyl glutamine n-acetyl aspartic acid and
ascorbic acid increased, while inositol and phenylacetyl glycine decreased in
urine; And In serum, lactate alanine pyruvate and glutamine increased, while
valine glucose and betaine concentrations decreased.

Metabolic disorders of taurine, pantothenic acid, and phenylalanine and
phenylalanine in the renal cortex are associated with the development of SA-AKI.

The downregulated energy, amino acid, and lipid metabolism found in our study
may serve as a novel clinical marker for the dysregulated internal environment,
particularly involving energy metabolism, which results in sepsis.
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