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Abstract

:

Cysteinyl leukotrienes (CysLT) are potent vascular leakage-promoting agents but have been scarcely explored in human septic shock (SS). We evaluated CysLT at admission and during hospitalization and their correlation with endothelial dysfunction, inflammation, oxidative stress, the renin–angiotensin–aldosterone system, and cardiac, renal, respiratory, and hepatic parameters in SS patients. Blood and spot-urine samples were collected at days 1–2 (admission), 3–4, and 5–8 in SS patients (n = 13) and at a single time point in controls (n = 22). Urinary CysLT (u-CysLT) and isoprostanes, plasma, and urinary angiotensinogen, serum myeloperoxidase, and IL-10 were quantified by ELISA. Serum intercellular-adhesion molecule-1, vascular cell-adhesion molecule-1, E-selectin, tumor necrosis factor-α, IL-1β, and IL-6 were measured by multiplex immunoassays. Routine markers were evaluated using automated analyzers. At admission, SS patients had increased u-CysLT, endothelial activation, inflammation, oxidative stress, and plasma and urinary angiotensinogen, as well as cardiac, respiratory, hepatic, and renal injury/dysfunction. There were no changes in u-CysLT during hospitalization. Both correlation and multivariate analyses showed positive relationships of u-CysLT with endothelial activation, inflammation, oxidative stress, proteinuria, and hepatic injury/dysfunction markers. These results suggest that u-CysLT may be potential non-invasive biomarkers for monitoring the pathophysiological mechanisms underlying SS, as well as putative therapeutic targets.
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1. Introduction


The Third International Consensus Definitions for Sepsis and Septic Shock [1] established recently that “sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host response to infection”. This new definition features a multifaceted pro- and anti-inflammatory host response to an infecting pathogen and evidences the biological and clinical heterogeneity of the affected individuals [2,3]. In addition, focusing on multiorgan failure as an adaptive response [4,5] allows its operationalization (acute change in total Sequential Organ Failure Assessment (SOFA) score ≥2 points consequent to the infection) to be a potentially reversible process [6]. Septic shock (SS), a subset of sepsis in which underlying circulatory and cell-metabolic abnormalities are profound enough to substantially increase mortality [7], can be identified with a clinical construct of sepsis with persisting hypotension requiring vasopressors to maintain a mean arterial pressure (MAP) of 65 mm Hg and having a serum lactate level >2 mmol/L (18 mg/dL) despite adequate volume resuscitation [8]. Of the nearly 250 biomarkers evaluated for sepsis, none is yet routinely applied in clinical management, and one of the major challenges in the near future will be to validate biomarkers that can be easily measured and yet reflect pathophysiological events, thus allowing the development of personalized therapeutics [9]. Although procalcitonin (PCT) and C-reactive protein (CRP) are the most frequently used in clinical practice, the most recent Surviving Sepsis Campaign guidelines for the management of sepsis mention that sepsis biomarkers, specifically PCT [10], are not superior to clinical evaluation [11]. Except for recommended use of lactate both in the Guidelines and in the Sepsis-3 definition consensus, the role of biomarkers in sepsis diagnosis remains poorly undefined [7].



Both sepsis and SS are widely recognized as one of the main factors contributing to high mortality and morbidity in hospital settings [12,13], with mortality rates being around 20–30% in SS [14,15,16]. The identification of the mediators involved in the pathophysiology of sepsis is imperative for future development of novel therapeutics [7,17]. This is particularly relevant since current treatment of septic patients consists mainly of limited specific (antibiotics and source control) and general supportive measures [18]. Nowadays, the pathophysiology of sepsis is viewed as a dysregulated homeostasis arising not only from sustained excessive inflammation but also from immune suppression [19]. The failure of anti-inflammatory-agent trials, including corticosteroids [20], tumor necrosis factor (TNF) antagonists [21], interleukin-1 (IL-1)–receptor antagonists [22], and other anti-inflammatory drugs [23], questions the theory of uncontrolled inflammation [24].



Endothelial damage is one of the SS hallmarks closely interconnected with inflammatory response. It is characterized by a phenotypic switch of the endothelial cells toward a proadhesive, proinflammatory, proapoptotic, procoagulant and prooxidant state, loss of barrier function, and vascular leakage, which contribute to diffuse tissue edema and vasodilation [25,26]. These changes ultimately result in hypotension, inadequate organ perfusion [26] with combined breakdown of both the endothelial and epithelial barriers, and further widespread lethal organ dysfunction [4]. The resulting increased fluid in the interstitial space is associated with a higher mortality rate in these patients [26].



Leukotrienes (LT) are becoming targets of increasing attention since the available evidence outlines them as major endogenous mediators responsible for the development of sepsis [27,28,29], potentially by leukocyte recruitment, adhesion of leukocytes to endothelial cells, induction of inflammatory cytokine production, vascular endothelial damage, and vascular leakage [30]. The generation of LTs mainly occurs in immune-defense cells, such as macrophages, monocytes, neutrophils, eosinophils, mast cells, and basophils [31]. This process initiates with the cleavage of arachidonic acid (AA) from the lipid-cell membrane by the action of cytosolic phospholipase A2 [32]. Upon AA release, the 5-lipoxygenase (5-LO)-activating protein (FLAP) presents AA to 5-LO, which converts it to 5-hydroperoxyeicosatetraenoic acid (5-HPETE) and then to LTA4, an unstable epoxide [33]. Further LTA4 metabolism is local-dependent: in neutrophils, LTA4 hydrolase generates LTB4 [34], but in other immune cells, LTC4 synthase (LTC4S) produces LTC4, the first cysteinyl LT (CysLT) in the pathway [35]. LTC4 is transported to the extracellular space and sequentially cleaved by γ-glutamyl transpeptidase and dipeptidases producing LTD4 and LTE4, respectively [36,37]. Once in the blood circulation, LTC4 and LTD4 are rapidly converted into LTE4, which has a short half-life of up to 4 min [38], thus making blood samples obsolete for the quantification of these molecules [39]. On the other hand, urinary excretion of LTE4 is a good indicator of short-term variations in the synthesis of LTC4, with long-term changes being reflected by ω- and β-oxidation metabolites of LTE4 [40]. Therefore, urine appears to the best biological matrix for the measurement of CysLT metabolites [39]. Of note, the transcellular biosynthesis of CysLT also occurs since cells unable to produce LTA4, including vascular endothelial cells, platelets, human airway epithelial cells, alveolar macrophages, blood-peripheral monocytes, and kidney-derived endothelial cells, can use the LTA4 generated by neutrophils or other cells in the surrounding tissues to produce CysLT. Under inflammatory conditions, this process may elicit high local amounts of these mediators [41].



CysLT1 receptor and CysLT2 receptor are two identified receptors for CysLT mediating their biological effects. These receptors have different expression sites and binding affinity for CysLT, which may suggest different functions in vivo [42,43]. In addition to these classical receptors, CysLT also appear to bind to other G-protein coupled receptors (GPCR or GPR), namely, the orphan receptors, GPR17 and GPR99. GPR17 has been described as a negative regulator of the CysLT1 receptor response to LTD4 [44], and GPR99 is a newer receptor proposed as a probable LTE4 receptor, since it can mediate LTE4 oedema responses, even when CysLT1 and CysLT2 receptors are absent [45].



Despite their multiple proinflammatory actions, evidence of the pathophysiological role of CysLT in human sepsis is still scarce [46]. Due to the ability of these mediators to increase microvasculature permeability [42,47,48,49] and participate in innate and adaptive immune responses [50], their involvement in the development of septic endothelial injury is likely conceivable. Indeed, several studies in experimental models of sepsis have highlighted CysLT as important mediators of sepsis pathogenesis and progression [51,52,53,54,55]. Importantly, the ex vivo generation of the CysLT LTC4 was already demonstrated to be impaired in sepsis and suggested as a biomarker for survival in critically ill patients [46].



As previously mentioned, there has been a failure of targeted therapies to modify the natural course of sepsis [19]. Given the heavy burden of this condition, new disease-modifying therapies are in demand. Of note, treatment with montelukast, an antagonist of CysLT1 receptor, has shown promising results in experimental models of sepsis by inhibiting the recruitment of neutrophils, decreasing reactive oxygen species (ROS) and inflammatory cytokines, and consequently protecting against oxidative stress-induced organ dysfunction [53,54,55].



In the present study, we aimed to quantify urinary CysLT in SS patients at admission and during hospitalization. We also assessed the relationship of CysLT with biomarkers of endothelial activation, inflammation, oxidative stress, renin–angiotensin–aldosterone system (RAAS) activation, and organ dysfunction in order to identify the pathophysiological processes associated with these mediators and evaluate their utility as biomarkers for the clinical management of SS patients, as well as their relevance as therapeutic targets to explore in the future.




2. Materials and Methods


2.1. Study Subjects


The present study is part of a larger research project (RIFF-HEART) involving patients from the Intensive Care Unit (ICU) of the Service of Intensive Care Medicine of a tertiary hospital with the diagnosis of acute heart failure (AHF), cardiogenic shock (CS), and non-cardiogenic shock (septic shock, SS).



We performed a single-center cohort study and recruited patients with the diagnosis of SS (n = 20), admitted to the ICU of the Service of Intensive Care Medicine of Centro Hospitalar e Universitário São João (CHUSJ), from January 2017 to December 2019. Controls (n = 22) were recruited among healthy blood-donor volunteers from the Service of Immunohemotherapy of CHUSJ from September 2017 to October 2017. Patients were enrolled if they met all inclusion criteria: (1) evidence of infection, (2) evidence of ≥ 1 organ dysfunction identified as an acute change in total SOFA score ≥2 points consequent to the infection with a cardiovascular SOFA of at least ≥2 points and a serum-lactate level > 2 mmol/L [1], and (3) evidence of organ dysfunction present for no longer than 48 h. Patients who had an acute cerebral vascular event, acute coronary syndrome, acute pulmonary edema, status asthmaticus, active cardiac arrhythmias, active gastrointestinal hemorrhage, pregnancy, seizure, drug overdose, burn injury, trauma, requirement for immediate surgery, or advanced-stage cancer were excluded. Other exclusion criteria were being younger than 18 years or having a history of glucocorticoid or other immunosuppressive medication. All eligible patients (or their legal representative) provided written informed consent to participate in the study. Blood-donor volunteers provided oral informed consent. For analysis purposes, we only included the participants in whom it was possible to collect both blood and spot-urine samples at admission. Since in the SS group there were 7 patients without a urine sample at admission, they were excluded from the analyses. Therefore, we had a final number of 13 SS patients at admission. The study was conducted in accordance with the Guidelines for Good Clinical Practice and the 1975 Declaration of Helsinki, after approval by the institution’s ethics committee (CES 75-16). Patients were followed during their stay in the ICU by the medical team of the project.




2.2. Clinical Data and Sample Collection


Illness severity was assessed by ICU scoring systems, namely, the Acute Physiology and Chronic Health Evaluation II (APACHE II), the Simplified Acute Physiology Score II (SAPS II), and the SOFA score at the time of ICU admission. The SOFA score was also evaluated throughout hospitalization. Physical examination of the patients was performed throughout their ICU stay and a record of demographic and clinical data for each patient was completed by the medical team and further anonymously coded to the project database, along with laboratory data, guaranteeing confidentiality.



For SS patients, blood and spot-urine samples were collected at 3 different time points throughout their hospital stay, whenever possible: up to 48 h (days 1–2; admission), on days 3–4, and on days 5–8 after ICU admission. Samples (blood and spot urine) from controls were collected at a single time point. All samples were processed within 1–2 h of collection and stored at −80 °C until assayed.




2.3. Routine Laboratory Procedures


Most routine laboratory analyses were performed at the Service of Clinical Pathology of CHUSJ. Quantification of plasma B-type natriuretic peptide (BNP) and high-sensitivity troponin I (hsTnI) was performed by chemiluminescent microparticle immunoassays using an Abbot® Architect i2000 automated analyzer (Abbott® Diagnostics, Lake Forest, IL, USA) and respective Abbot reagents (ARCHITECT BNP assay and ARCHITECT STAT High Sensitivity Troponin-I, Abbott® Diagnostics, Lake Forest, IL, USA).



A Beckman Coulter® AU5400 automated clinical chemistry analyzer (Beckman Coulter®, Portugal) was used for the quantification of serum CRP (s-CRP) by an immunoturbidimetric assay, serum urea concentration by a kinetic urease/glutamate dehydrogenase method, aspartate aminotransferase (AST) and alanine aminotransferase (ALT) by kinetic photometric assays, gamma glutamyltransferase (GGT) by a kinetic colorimetric method, alkaline phosphatase (ALP) and total and direct bilirubin by colorimetric assays, plasma and urine creatinine by the colorimetric Jaffe method, and urinary protein by the pyrogallol red method. All the reagents used for these assays were from Beckman Coulter Ireland Inc., Lismeehan, O’Callaghan’s Mill’s, Co. Clare, Ireland.



Differential leukocyte count was analyzed by flow cytometry in an automated hematology-analysis system (Sysmex 5000; Emılio de Azevedo Campos, Porto, Portugal) and prothrombin time (PT) was performed by a coagulometric method using the Thromborel® S reagent (Siemens Healthcare Diagnostics, Tarrytown, NY, USA) in an automated analyzer (STA R Max3; Stago, Amadora, Portugal) at the Service of Immunohemotherapy, CHUSJ.



These routine clinical markers/parameters were measured only in SS patients, with the exception of plasma and urine creatinine, which were also evaluated in controls.




2.4. Quantification of Urinary Cysteinyl Leukotrienes


CysLT were measured in unextracted spot-urine (u-) samples (u-CysLT) by a competitive enzyme-linked immunosorbent assay (ELISA) using a commercial kit (Cysteinyl Leukotriene ELISA kit, Cayman Chemical Company, Ann Arbor, MI, USA). The concentrations of u-CysLT (pg/mL) were further divided by the respective urinary creatinine values (mg/mL) to account for spot-urine dilution and were expressed in pg/mg creatinine.




2.5. Quantification of Urinary Isoprostanes


Urinary isoprostanes (u-Isop) were measured by a competitive enzyme immunoassay (Urinary Isoprostane ELISA Kit; Oxford Biomedical Research® Inc., Oxford, MI, USA) in non-extracted spot urine containing the preservative butylated hydroxy toluene (BHT, 0.005%, w/v) added before storage. The values of u-Isop (ng/mL) were further divided by the respective urinary creatinine content (mg/mL) to account for spot-urine dilution and were expressed in ng/mg creatinine.




2.6. Measurement of Serum Endothelial Activation and Inflammatory Biomarkers


Serum (s-) endothelium-activation markers (intercellular-adhesion molecule 1, s-ICAM-1; vascular cell-adhesion molecule 1, s-VCAM-1; E-Selectin, s-E-Selectin) and proinflammatory cytokines (tumor necrosis factor alpha, s-TNF-α; interleukin-1 beta, s-IL-1β; interleukin-6, s-IL-6) were evaluated by multiplex immunoassays using a Luminex 200TM xMAPTM analyzer (Luminex Corporation, Austin, TX, USA), according to the protocols of Human Premixed Multi-Analyte Magnetic Assay (R&D Systems, Inc., Minneapolis, MN, USA) and Human High Sensitivity T Cell Magnetic Bead Panel (Milliplex® Map kit, Millipore Corporation, Billerica, MA, USA), respectively. Raw-data analysis (mean fluorescence intensity) was performed using a standard five-parameter-logistic (5-PL) curve fit created by the Luminex xPONENT® Software (version 3.1). Serum interleukin-10 (s-IL-10) and serum myeloperoxidase (s-MPO) were quantified by enzyme immunoassays using commercial kits (Thermo ScientificTM Human Interleukin-10 (IL-10) ELISA Kit, Thermo Scientific, Rockford, IL, USA; BioCheck MPO Enzyme Immunoassay, Oxis International Inc., Foster City, CA, USA).




2.7. Quantification of Plasma and Urinary Angiotensinogen


Angiotensinogen was measured in plasma (p-AGT) and spot-urine (u-AGT) samples using an enzyme-linked immunosorbent-assay test (Human Total Angiotensinogen Assay Kit, Immuno-Biological Laboratories Co., Gunma, Japan), following the instructions provided by the manufacturer. The values of u-AGT values (ng/mL) were further divided by the respective urinary creatinine concentrations (mg/mL) to account for spot-urine dilution and were expressed in ng/mg creatinine.




2.8. Data and Statistical Analysis


Results are expressed as mean ± standard error of the mean (SEM) or as median (25th percentile; 75th percentile) or percentage and are graphically represented by box-and-whisker plots and scatter plots. The estimated glomerular-filtration rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation [56]. Statistical analysis for the comparison of values on admission was performed using the unpaired Student’s t-test or Mann–Whitney U-test, where appropriate. Categorical variables were analyzed by the Fisher’s exact test. Evolution of biomarkers or parameters throughout the hospitalization was analyzed by Wilcoxon matched-pairs signed-rank test or by paired t-test, where appropriate. Spearman’s correlation was used to analyze correlations between nonparametric data in the study population (both in the entire study population at admission and separately in controls and SS patients at admission). Repeated-measure multivariate analyses were conducted to determine the relationship between u-CysLT and endothelial-activation markers, inflammation and oxidative stress markers, markers of systemic/intrarenal RAAS and renal injury, and hepatic markers throughout hospitalization, adjusted for some confounders, namely, age, gender, and eGFR. The coefficient of regression (β), 95% confidence intervals (95% CI), and p-value were presented. A p-value of <0.05 was considered significant. Statistical analysis was performed using the GraphPad Prism 9 software (La Jolla, CA, USA) and the IBM SPSS Statistics 27 software (IBM Corporation, New York, NY, USA). To prevent possible bias in clinical evaluation, all the patients were examined by the same medical team included in the project. However, we cannot exclude bias from eventual patient selection because most patients recruited had urosepsis to meet the demanding inclusion criteria. To assure comparability of the biomarker assessment, samples from controls and SS patients were evenly distributed in each assay plate. There were missing values in some biomarkers due to insufficient volume to perform sample processing, dilution tests, and assays. Furthermore, in some of the 13 SS patients included in this study, it was not possible to collect blood and/or urine samples at all time points during hospitalization due to patient discharge from the ICU, ICU team logistics, or the lack of a sufficient urine excretion (in the case of urine collection). For the follow-up after ICU admission, we included and analyzed patients that had at least one blood/urine sample collected at days 3–4 or at days 5–8. The final number of patients with blood and urine samples at days 3–4 was 8 and 7, respectively, and for days 5–8 was 6 and 5, respectively. In addition, some routine clinical biomarkers could only be assessed at a single time point during hospitalization due to the hospital’s internal policies, and we did not have permission to measure routine clinical biomarkers in controls (blood-donor volunteers), with the exception of creatinine, or have access to their hospital laboratory reports. The final number per group for the biomarkers/parameters evaluated at admission was as follows: lactate, n = 13 (SS); P/F, n = 12 (SS); APACHE II, SAPS II, SOFA, n = 13 (SS); p-BNP, n = 8 (SS); p-hsTnI, n = 13 (SS); eGFR, n = 13 vs. 22 (SS vs. controls); urea, n = 13 (SS); u-protein/creatinine ratio, n = 10 (SS); AST, ALT, ALP, GGT, total bilirubin, n = 13 (SS); PT, n = 12 (SS); u-CysLT, n = 13 vs. 22 (SS vs. controls); s-ICAM-1, s-VCAM-1, s-E-Selectin, s-TNF-α, s-IL-1β, s-IL-6, s-MPO, n = 13 vs. 22 (SS vs. controls); s-IL-10, n = 12 vs. 22 (SS vs. controls); s-CRP, total leukocyte count, neutrophils, monocytes, lymphocytes, NLR, NMR, n = 13 (SS); u-Isop, n = 13 vs. 22 (SS vs. controls), p-AGT, n = 13 vs. 22; u-AGT, n = 13 vs. 22 (SS vs. controls). To avoid biasing the results, no imputation for missing values was used. Sample size was defined according to the RIFF-HEART project’s primary objectives, which consisted of characterizing resolution of inflammation and endothelitis at admission and during hospitalization. Reporting of the study conforms to the STROBE statement along with references to STROBE and the broader EQUATOR guidelines [57].





3. Results


3.1. Demographic, Clinical, and Biochemical Characteristics


Demographic, clinical, and biochemical characteristics of the subjects included in the study are presented in Table 1.



There were 22 controls and 13 SS patients that did not significantly differ in age and gender. SS patients presented moderately to severely impaired renal function (eGFR (mL/min per 1.73 m2): 36 ± 6)), with 2 patients requiring renal replacement therapy. SS patients also had acute hypoxemic respiratory failure (P/F < 300), with one patient requiring VV-ECMO. Patients with SS exhibited raised values of cardiac and some hepatic biomarkers (AST, PT), indicating heart and liver damage. Cardiovascular and metabolic diseases were the most common comorbidities. Renal and genitourinary tract infection was the predominant source of sepsis, with 54% of the patients presenting a Gram-negative infection. Regarding therapeutics at admission, the first empiric antibiotic used was ceftriaxone in 69% of the patients and piperacillin/tazobactan in 31%, whereas 31% of them were put on dual or triple antibiotic association and 1% of the patients also received antiviral therapy. The mean norepinephrine dose at admission was 0.76 µg/kg/min. Median ICU and total length of hospital stay were 6 and 7 days, respectively. One patient died within 12 months of admission, with this death occurring during the hospitalization period. A Kaplan–Meier survival plot is shown in Figure 1.




3.2. Urinary Cysteinyl Leukotrienes at Admission


SS patients had significantly higher concentrations of u-CysLT at admission (1242 (599; 1583) pg/mg creatinine vs. 495 (373; 639) pg/mg creatinine, p < 0.010, SS vs. controls) (Figure 2 and Table 2).




3.3. Biomarkers of Endothelial Activation, Inflammation, Oxidative Stress, and RAAS at Admission


At ICU admission, patients with SS showed significantly exacerbated endothelial activation, inflammation, and oxidative stress, as demonstrated by the markedly higher values of endothelial-adhesion molecules, inflammatory cytokines, MPO, and u-Isop (Table 2). Furthermore, they also presented markedly increased p-AGT and u-AGT values, suggesting enhanced activation of both systemic and intrarenal RAAS (Table 2).




3.4. Evolution of Urinary Cysteinyl Leukotrienes during Hospitalization


The values of u-CysLT in SS patients did not significantly change during hospitalization (u-CysLT (pg/mg creatinine), days 1–2: 1242 (599; 1583); days 3–4: 873 (758; 1842); days 5–8: 1332 (484; 2368)) (Figure 3 and Table 3).




3.5. Evolution of Endothelial Activation, Inflammation, Oxidative Stress, and RAAS during Hospitalization


There was a significant reduction in all endothelial-activation markers and in some inflammatory markers (s-TNF-α, s-IL-1β, s-CRP, NLR, and NMR) throughout hospitalization (Table 3), although the values of these biomarkers remained above control (Table 2) or normal reference values (normal CRP: <3 mg/L; normal NLR: 1–3). The values of u-Isop, which reflect oxidative-stress status, remained unchanged and elevated during hospitalization (Table 3). Regarding RAAS parameters, neither p-AGT nor u-AGT significantly changed throughout hospitalization (Table 3).




3.6. Evolution of Clinical and Biochemical Parameters of Organ Dysfunction during Hospitalization in SS Patients


SS patients had a significant reduction in lactate concentration and SOFA score and a significant improvement in eGFR throughout hospitalization. Urea was reduced at days 3–4, but at days 5–8 its values were not different from those at admission. Proteinuria remained unchanged and increased above normal values at days 3–4, but at days 5–8 there seemed to be a reduction, although not significant (Table 4). There was a reduction throughout hospitalization in hsTnI, a marker of cardiac injury, although this did not achieve statistical significance. Regarding respiratory parameters, there were no significant changes in P/F ratio during hospitalization, indicating the maintenance of acute hypoxemic respiratory failure (Table 4). SS patients did not exhibit an improvement in hepatic markers throughout hospitalization, with the exception of PT, which was significantly reduced (Table 4).




3.7. Correlation Analysis at Admission


We observed significant positive correlations of u-CysLT with endothelial-activation markers (u-CysLT vs. s-ICAM-1; u-CysLT vs. s-VCAM-1; u-CysLT vs. s-E-Selectin) at admission in the overall study population (Figure 4A,D,G). When analyzing controls and SS separately, significant positive correlations were observed in SS patients for u-CysLT vs. s-ICAM-1 (Figure 4C) and u-CysLT vs. s-VCAM-1 (Figure 4F), but not for u-CysLT vs. s-E-Selectin, although there seemed to be a positive correlation pattern in SS (Figure 4I). No significant correlation of u-CysLT with endothelial markers was found in controls alone (Figure 4B,E,H).



In the overall study population, u-CysLT were also significantly positively correlated with several inflammation and oxidative-stress markers (u-CysLT vs. s-IL-6; u-CysLT vs. s-IL-10; u-CysLT vs. s-MPO; u-CysLT vs. u-Isop) (Figure 5D,G and Figure 6A,D, respectively). Additionally, a borderline significant positive correlation was also found between u-CysLT and s-TNF-α (Figure 5A). However, when analyzing groups separately, u-CysLT only remained significantly positively correlated with u-Isop, both for controls and for SS (Figure 6E,F). No significant correlations were found in controls or in SS alone for u-CysLT vs. s-TNF-α, u-CysLT vs. s-IL-6, u-CysLT vs. s-IL-10, or u-CysLT vs. s-MPO (Figure 5B,C,E,F,I and Figure 6B,C, respectively). There were no significant correlations between u-CysLT and IL-1β in the overall study population (r Spearman = 0.143, p = 0.413, n = 35), in controls (r Spearman = −0.233, p = 0.296, n = 22), or in SS (r Spearman = 0.330, p = 0.296, n = 13).



The analysis of correlations of u-CysLT with routine clinical inflammatory biomarkers/parameters was conducted only in SS patients, revealing significant positive correlations for u-CysLT vs. s-CRP, u-CysLT vs. total leukocytes and u-CysLT vs. NMR; (Figure 7A–C), but not for u-CysLT vs. neutrophils (r Spearman = 0.473, p = 0.106, n = 13), u-CysLT vs. lymphocytes (r Spearman = −0.203, p = 0.505, n = 13), u-CysLT vs. monocytes (r Spearman = −0.369, p = 0.214, n = 13), and u-CysLT vs. NLR (r Spearman = 0.484, p = 0.097, n = 13).



Regarding RAAS and renal dysfunction markers, in the overall study population, admission values of u-CysLT showed a borderline positive correlation with u-AGT (Figure 8A), a marker of intrarenal RAAS activation, which in turn also had a borderline significant positive correlation with u-Isop (Figure 8D). When analyzing these correlations separately in controls and in SS, no significant correlations were found between u-CysLT vs. u-AGT (Figure 8B,C) or u-Isop vs. u-AGT (Figure 8E,F,) in controls or in SS. Nevertheless, there seemed to be a positive correlation pattern between u-CysLT and u-AGT in SS, as suggested by graphic analysis (Figure 8C). There were no significant correlations between u-CysLT and p-AGT (overall study population, r Spearman = 0.231, p = 0.182, n = 35; controls, r Spearman = −0.178, p = 0.428, n = 22; SS patients, r Spearman = 0.225, p = 0.459, n = 13), nor between u-Isop and p-AGT (overall study population, r Spearman = 0.123, p = 0.482, n = 35; controls, r Spearman = −0.185, p = 0.411, n = 22; SS patients, r Spearman = −0.049, p = 0.878, n = 13). Regarding data on proteinuria, analyzed only in SS patients, we observed that u-CysLT, but not u-Isop, were significantly positively correlated with u-protein/creatinine (Figure 8G,H).



With respect to the relation of u-CysLT with hepatic parameters, analyzed only in SS patients, we observed significant positive correlations between u-CysLT and markers of hepatic injury/dysfunction (u-CysLT vs. AST; u-CysLT vs. ALT; u-CysLT vs. PT) (Figure 9A,C,E). A similar profile was also evidenced for u-Isop in SS patients, namely, a significant positive correlation with hepatic enzymes (u-Isop vs. AST) (Figure 9B) and a borderline positive correlation with PT) (Figure 9F), but u-Isop values were not significantly correlated with ALT (Figure 9D). Regarding the relationship with prognostic markers or scores, both u-CysLT and u-Isop had significant positive correlations with lactate (Figure 9G,H) but no correlation was found with prognostic scores (u-CysLT vs. APACHE II: r Spearman = 0.077, p = 0.803, n = 13; u-CysLT vs. SAPS II: r Spearman = 0.141, p = 0.645, n = 13; u-Isop vs. APACHE II: r Spearman = 0.102, p = 0.740, n = 13; u-Isop vs. SAPS II: r Spearman = −0.050, p = 0.874, n = 13).




3.8. Repeated-Measure Multivariate Analyses in SS Patients throughout Hospitalization


Repeated-measure multivariate analyses were conducted to determine the relationship between u-CysLT (dependent variable) and several biomarkers (independent variables) throughout hospitalization (days 1–2, days 3–4, and days 5–8), adjusting for potential confounders, namely, age, gender, and eGFR. For each of the biomarkers, an independent model was developed.



We observed that the following biomarkers were positively associated with u-CysLT after adjusting to confounders: s-ICAM-1 (β = 1.760, p = 0.020); s-VCAM-1 (β = 0.268, p = 0.019); s-IL-6 (β = 0.219, p = 0.004); u-Isop (β = 299, p < 0.001); u-protein/creatinine (β = 434, p < 0.001); AST (β = 1.992, p < 0.001), and ALT (β = 1.523, p < 0.001). These repeated-measure multivariate analyses confirm the relationship between u-CysLT and endothelial activation markers (ICAM-1, VCAM-1), inflammatory (IL-6) and oxidative stress markers (u-Isop), renal injury (u-protein/creatinine), and hepatic markers (AST, ALT) previously detected in correlation analyses at admission, with higher values of these biomarkers being associated with higher u-CysLT values throughout hospitalization (Table 5).





4. Discussion


Our study highlights the importance of CysLT in the initiation and progression of sepsis cascade in SS patients, evidencing their correlation with major deleterious mechanisms contributing to multiple organ failure, such as inflammation, endothelial dysfunction, and oxidative stress.



CysLT have been shown to contribute to the pathophysiology of experimental sepsis [51,52,53,54,55]. However, their role in human sepsis or SS has scarcely been explored, with only one study evaluating their ex vivo production by leukocytes from critically ill patients with sepsis [46]. As far as we know, this is the first study assessing u-CysLT in SS patients. Of note, even experimental studies of sepsis have rarely measured CysLT in urine, with most reports describing their quantification in the plasma [51,58,59,60,61], although these mediators have a short half-life in blood circulation [39]. In the present study, we observed that SS patients had increased u-CysLT values at ICU admission [38,39]. Previous experimental studies have evidenced CysLT as mediators of LPS-induced shock. Indeed, CysLT receptor antagonists or LT synthesis inhibitors are protective in rodent models of sepsis or SS [52,53,54,55]. In addition, the administration of small amounts of CysLT to guinea pigs induces similar symptoms to those elicited by LPS, including shock-like reactions, widespread vascular leakage, and myocardial depression [51]. Importantly, LPS was shown to induce the systemic production of CysLT while inhibiting the hepatobiliary clearance of CysLT and their metabolites, which is the main route for CysLT elimination in all species [51,62], thus potentiating the effects of CysLT in sepsis [51]. Therefore, in our SS patients, the marked increase in u-CysLT may result from the increased CysLT production elicited by LPS (since most SS cases were related to Gram-negative agents), as well as from the inhibition of their hepatobiliary clearance, resulting in a diversion to renal excretion.



Looking over the evolution of u-CysLT from days 1–2 to days 5–8 of the ICU stay, no significant changes were found among SS patients, with u-CysLT remaining increased in all studied time points. This is in accordance with results in critically ill patients with multiple trauma, in which the urinary excretion of LTE4 was increased during the first 10 days after trauma when compared to healthy subjects, and even more elevated in patients who developed acute respiratory-distress syndrome (ARDS) [63]. In contrast to our findings, a previous study evaluating LTC4 over time in septic ICU patients observed that ex vivo LTC4 generation by stimulated leukocytes was lower in septic patients than in controls, but significantly increased after one week in surviving septic patients compared to sepsis non-survivors, in which LTC4 production remained lowered [46]. The authors speculated that these effects reflect the patient’s cellular-energy state and redox dysfunction, which affect the synthetic capacity of essential substrates and mediators [46]. However, these results may not represent the in vivo conditions, where transcellular synthesis of CysLTs also occurs [41].



Endothelial damage is considered to be a hallmark of SS [2], in which there is a phenotypic change in endothelial cells towards a proinflammatory, proadhesive, procoagulant, and prooxidant state [26,64]. The proadhesive phenotype, characterized by enhanced expression of adhesion molecules [26], appears to be related to multiple organ failure and hemodynamic compromise in septic patients. Amalakuhan et al. showed that increased plasma concentrations of VCAM-1 and ICAM-1 are associated with multiple organ failure [65]. In another study, Cummings et al. concluded that E-selectin values correlated with hemodynamic compromise and severity of organ failure [66]. In our study, we found positive correlations between u-CysLT and endothelial biomarkers in the overall study population. Furthermore, the positive correlations observed between u-CysLT and ICAM-1 or between u-CysLT and VCAM-1 appeared to be specific for SS patients, since no correlation was found in controls when data analysis was performed separately in each group. These results were confirmed in the repeated-measure multivariate analysis, which also evidenced a positive association between u-CysLTs and the endothelial markers ICAM-1 and VCAM-1 throughout hospitalization. Thus, CysLT appear to be critical mediators of endothelial damage in SS patients. Accordingly, in previous studies in human umbilical-vein endothelial cells, CysLT were shown to potentiate the TNF-α-induced expression of VCAM-1 and leukocyte attachment to endothelial cells via the CysLT2 receptor [67]. In addition, CysLT also promoted endothelial-cell contraction and barrier disruption via the CysLT2 receptor and endothelial-cell proliferation via the CysLT1 receptor [67].



Proinflammatory cytokines, such as IL-6 and TNF-α, seem to induce shock due to alterations in hematologic and hemodynamic status [68,69,70,71]. IL-6 is also a recognized endogenous pyrogen involved in multiple acute-phase responses, such as infection, tissue damage, and hepatic protein synthesis [72]. On the other hand, IL-10 is considered an anti-inflammatory cytokine with the ability to inhibit the production of proinflammatory cytokines, but also with immunosuppressive actions due to T-cell dysfunction and reduced antimicrobial function [73]. IL-10 concentrations can mirror the extent of the inflammatory status, with raised values being associated with adverse outcomes in sepsis [73]. In the overall study population, we found significant or borderline significant positive correlations of u-CysLT with these cytokines at admission. When analyzing data separately in each group, the pattern of positive correlation seemed to be maintained for IL-6 in SS patients, although not achieving statistical significance. Moreover, we also showed that u-CysLT were significantly positively correlated with s-CRP, s-MPO, total leukocytes, and NMR. These results reinforce the contribution of CysLT to the systemic inflammatory status found in a shock state. The correlations found probably reflect neutrophilic infiltration induced by CysLTs during sepsis since inflammatory immune cells such as leukocytes have an important role in the synthesis of CysLT [31,74], and IL-6 and TNF-α, which are also raised in our patients, increase the production and recruitment of polymorphonuclear leukocytes [75]. In addition, montelukast, a CysLT1 receptor antagonist, was already shown to inhibit MPO activity, a neutrophilic-infiltration marker, in the liver of LPS-treated rats [54], and higher MPO concentrations appear to be related to SS patients’ mortality [76].



Oxidative stress also plays an important role in sepsis pathophysiology. Indeed, oxidative stress and inflammation are closely interrelated. Proinflammatory cytokines induce the generation of ROS, which, in turn, activate several transcription factors that regulate the expression of proinflammatory cytokines [64,77]. Furthermore, activated inflammatory cells are known to produce large amounts of ROS [64]. Importantly, neutrophil-derived MPO can infiltrate into the vascular wall and use H2O2, produced by leukocyte oxidative burst and by vascular NADPH oxidases, to generate the potent prooxidant and proinflammatory hypochlorous acid, thus amplifying vascular injury under conditions of enhanced oxidative stress [78]. In addition, as previously mentioned, endothelial cells also contribute to a prooxidant environment during sepsis [64]. Ware et al. reported that multiple organ failure in critically ill septic patients was strongly associated with the serum concentration of isoprostanes [79]. In our study, u-Isop was markedly higher in SS patients and remained increased throughout hospitalization, being positively associated with u-CysLT. Treatment with montelukast, a CysLT1 receptor antagonist, was previously shown to prevent the rise of MPO activity, GSH depletion, and lipid peroxidation in the liver of septic rats, suggesting that neutrophilic infiltration into tissues is a major contributor to sepsis-induced oxidative stress [54,55,80]. In addition, since LTC4 synthesis requires conjugation with reduced glutathione (GSH), a major antioxidant defense, the increased production of CysLT during SS may also enhance oxidative stress by depleting GSH cellular stores [46,81].



SS has a well-established association with multiple organ failure [82], being the most important etiology for acute kidney injury (AKI) in an ICU context [83]. In our study, u-AGT, which has been claimed as an index of intrarenal RAAS activation and a biomarker of AKI [84,85,86,87], was markedly increased in SS patients, being significantly positively correlated with u-Isop in the overall study population and also showing a borderline positive correlation with u-CysLT. Of note, the values of u-CysLT and u-AGT in SS patients seemed to be the major contributors to this positive correlation. Given the above-mentioned relationship between u-CysLT and u-Isop, confirmed by correlation and repeated-measure multivariate analyses, we hypothesize that u-CysLT-associated redox dysfunction is involved in intrarenal RAAS activation, evidenced by raised u-AGT values throughout hospitalization. Noteworthy, u-AGT was also reported to be a potential prognostic tool to identify patients in risk of worse outcomes related to AKI of multiple etiologies, including sepsis-associated AKI [88]. Additionally, the positive correlation of u-CysLT with proteinuria found in our SS patients at admission, as well as their positive association in repeated-measure multivariate analysis during hospitalization, suggests that CysLT are major contributors to sepsis-induced renal injury. Accordingly, montelukast was shown to protect against sepsis-induced renal injury in rats through anti-inflammatory and antioxidant effects [53,55]. This is even more interesting if we consider that in our patients the relationship between u-CysLT and proteinuria was maintained after adjusting for eGFR, given the prevalence of renal dysfunction in SS patients.



Liver dysfunction, although not representing the most common form of sepsis-induced organ injury, is associated with high mortality when it culminates in hepatic failure [54,89,90]. Furthermore, albeit traditionally considered a late feature of sepsis illness, liver dysfunction has also been shown as an early-occurring event in sepsis [89]. In our SS patients, u-CysLT and u-Isop values presented similar positive-correlation profiles with hepatic transaminases and PT. Although frequently multifactorial, this could also indicate liver injury and dysfunction triggered by CysLT and oxidative stress. Indeed, in an experimental model of sepsis, montelukast was shown to protect against liver damage by suppressing the release of proinflammatory and prooxidant mediators [54,55].



Finally, and probably with major clinical interest, is the positive correlation of u-CysLT and u-Isop with arterial-blood gas lactate at admission. Lactate is widely used in the ICU because increased lactate levels are related to the presence and severity of organ dysfunction, being also a surrogate of circulatory dysfunction [91,92,93]. Promptly accessible, it provides a globally accepted biomarker to help clinicians to quickly triage critical patients since it has been shown that survival decreases with increasing initial lactate levels [94], as confirmed in a recent ARISE trial [95]. Although its predictive value has been recognized by the SEPSIS-3 consensus definition of shock [8], lactate-guided resuscitation in septic shock continues to be a debated issue [96], especially after the ANDROMEDA-SHOCK trial [97]. In fact, in sepsis, the inflammatory response is associated with increased glycolysis and impaired pyruvate dehydrogenase and, consequently, with greater lactate formation [98]. Additionally, just like glucose, lactate may also serve as a substrate, particularly in stress like sepsis, for the liver to generate glucose, the brain to produce ATP, the heart [99], and mitochondria [100]. On the other side of this compensatory beneficial response, lactate may also mirror anaerobic glycolysis in hypoperfused territories with severe microcirculatory dysfunction [101], sympathetic activation of aerobic glycolysis [102], impaired hepatic lactate clearance with hepatosplanchnic ischemia [103], and mitochondrial dysfunction limiting pyruvate metabolism [98]. Given their close interrelationship, both u-CysLT and u-Isop may reflect and accompany both these beneficial and deleterious pathophysiological pathways in sepsis. As in our study, biomarkers of oxidative stress like plasma F2-isoprostanes and isofurans were shown to be associated with renal, hepatic, and coagulation failure, but not with circulatory or pulmonary failure in severe sepsis, confirming nevertheless that lipid peroxidation is a prominent feature of septic multisystem organ failure [79]. Nevertheless, so far, no specific drug has been approved for therapeutic targeting of isoprostanes or oxidative stress in clinical settings. In contrast, there are already clinically approved drugs such as CysLT1 receptor antagonists (e.g., montelukast), which effectively block CysLT effects. Therefore, CysLT may function not only as biomarkers but also as therapeutic targets that can be non-invasively monitored throughout hospitalization.



Although multi-organ failure pathophysiology in sepsis is poorly understood [17], our work provides important clues into CysLT’s intimate involvement in the complex inflammatory response triggered by infection. Pro- and anti-inflammatory mediators, which were evidently raised in our SS patients and correlated with u-CysLT, coordinate leukocyte diapedesis and infection resolution but can likewise promote tissue damage. Additionally, in our patients, the increased PT, as well as its positive correlation with u-CysLT—which also exhibited several positive correlations with inflammation and endothelial markers—is suggestive of u-CysLT’s contribution to intravascular coagulation, which is also a documented promotor of organ injury in sepsis both via endotoxin, as in the case of the majority of our urosepsis patients, or via cytokines like TNF, through induction of tissue-factor expression on monocytes and activated endothelial cells [104]. Inflammation-induced dysfunction of the vascular endothelium, accompanied by cell death and loss of barrier integrity [105], contribute to vasodilation, increased vascular permeability, and septic cardiomyopathy typical in SS. CysLT are known to be important mediators of microvascular permeability [42,47,48,49]. The fact that our patients had raised values of u-CysLT and serum endothelial-activation markers, which were significantly positively correlated with each other, reinforces once again CysLT’s contribution to SS. Emergent identification and treatment of these patients is imperative in order to prevent the cumulative effects of vascular and cardiac dysfunction, which culminates in cellular hypoxia and death. However, during reperfusion, upon O2 reintroduction, there is an exacerbation of ROS release as a result of the metabolic adaptations and dysfunctional mitochondrial homeostasis induced by ischemia [106]. This aggravates oxidative stress, further damaging cells and causing organ injury and dysfunction [107]. The higher values of u-CysLT, u-Isop, and lactate in our patients, as well as the significant positive correlations found between these biomarkers, also evidence the important role of CysLT in SS pathophysiology. Although our work was not designed nor powered enough to evaluate the correlation of these biomarkers with prognosis, notably, a recent study in SS patients demonstrated an association between higher mortality and increased concentrations at baseline of IL-6, TNF, IL-10 urine isoprostane, and lactate [108]. We consider that these findings add value to our study since all these biomarkers were also raised at admission and correlated with CysLT in our patients.



It is important to note that during hospitalization, the values of endothelial and inflammatory biomarkers in our SS patients remained higher than control values, despite their significant amelioration. Furthermore, SS therapy did not seem to reduce u-CysLT, oxidative stress, or RAAS activation markers or to improve most hepatic parameters in the time frame evaluated in this study. The positive associations of u-CysLT with endothelial-activation markers (ICAM-1 and VCAM-1), inflammation (IL-6), oxidative stress (u-Isop), proteinuria, and hepatic parameters (AST, ALT) throughout hospitalization further reinforces the relationship between u-CysLT and these pathophysiological processes in SS.



The major strengths of our study include the evaluation of an extensive panel of biomarkers related to SS pathophysiological mechanisms, in parallel to the quantification of CysLT, a mediator widely evidenced to play a major role in experimental sepsis but scarcely explored in human sepsis. Limitations include the small number of patients and the possible selection bias due to a single-center design and predominance of urosepsis, which could have limited the demonstration of the association of CysLT with severity scores, given the low in-hospital mortality observed. Given the exploratory nature of this study, which is part of a larger project not designed to specifically detect differences in CysLT, the role of u-CysLT in human SS should be further evaluated in larger and more heterogeneous populations of SS patients.




5. Conclusions


Collectively, our results indicate that u-CysLT are markedly increased in patients with SS, being closely related to endothelial dysfunction, inflammation, oxidative stress, and organ dysfunction. Thus, they may be potential non-invasive biomarkers for monitoring the pathophysiological mechanisms underlying SS and their evolution in response to therapy. Furthermore, given this tight pathophysiological correlation observed, we hypothesize that a potential novel therapeutical approach targeting the LT pathway (for example, testing CysLT receptor antagonists) could be of benefit and should be explored in the management of SS patients.







Author Contributions


Conceptualization, M.R.-C., J.-A.P., A.A.-T. and T.S.; methodology, M.R.-C., M.S.-O., P.P.-T., C.S.-P., J.Q.-S., Á.D., S.M., P.S., M.M. and T.S.; formal analysis, M.R.-C., P.P.-T., C.S.-P., M.M., C.C.D. and T.S.; investigation, M.R.-C., M.S.-O., P.P.-T., C.S.-P., J.Q.-S., Á.D., S.M., P.S., M.M., J.T.G., R.R.-A., J.-A.P., A.A.-T. and T.S.; resources, J.T.G., R.R.-A., J.-A.P., A.A.-T. and T.S.; data curation, C.C.D. and T.S.; writing—original draft preparation, M.R.-C. and M.S.-O.; writing—review and editing, M.R.-C., P.P.-T., C.S.-P., J.Q.-S.; S.M., M.M., J.T.G., R.R.-A., J.-A.P., A.A.-T. and T.S., supervision, J.-A.P., A.A.-T. and T.S.; project administration, A.A.-T. and T.S.; funding acquisition, A.A.-T. and T.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research work, the research contract of P.P.-T. and the APC were funded by FEDER funds via COMPETE, Portugal 2020—Operational Programme for Competitiveness and Internationalization (POCI) (POCI-01-0145-FEDER-032188) and by national funds through the Portuguese Foundation for Science and Technology (FCT) (RIFF-HEART project: PTDC/MEC-CAR/32188/2017). C.S.-P. is a recipient of a Ph.D. fellowship from FCT and MedInUP (UI/BD/150816/2020).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Institutional Health Ethics Committee of Centro Hospitalar Universitário São João (CHUSJ) (CES 75-16, 30 June 2016).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.




Acknowledgments


The authors wish to thank the blood donors, medical doctors, and nurses from the Service of Immunohemotherapy, CHUSJ, and the nurses from the Service of Intensive Care Medicine, CHUSJ, for their collaboration in our study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Singer, M.; Deutschman, C.S.; Seymour, C.W.; Shankar-Hari, M.; Annane, D.; Bauer, M.; Bellomo, R.; Bernard, G.R.; Chiche, J.D.; Coopersmith, C.M.; et al. The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA 2016, 315, 801–810. [Google Scholar] [CrossRef] [PubMed]

	



Angus, D.C.; van der Poll, T. Severe sepsis and septic shock. N. Engl. J. Med. 2013, 369, 840–851. [Google Scholar] [CrossRef]

	



Wiersinga, W.J.; Leopold, S.J.; Cranendonk, D.R.; van der Poll, T. Host innate immune responses to sepsis. Virulence 2014, 5, 36–44. [Google Scholar] [CrossRef] [PubMed]

	



Deutschman, C.S.; Tracey, K.J. Sepsis: Current dogma and new perspectives. Immunity 2014, 40, 463–475. [Google Scholar] [CrossRef]

	



Lelubre, C.; Vincent, J.L. Mechanisms and treatment of organ failure in sepsis. Nat. Rev. Nephrol. 2018, 14, 417–427. [Google Scholar] [CrossRef] [PubMed]

	



Seymour, C.W.; Liu, V.X.; Iwashyna, T.J.; Brunkhorst, F.M.; Rea, T.D.; Scherag, A.; Rubenfeld, G.; Kahn, J.M.; Shankar-Hari, M.; Singer, M.; et al. Assessment of Clinical Criteria for Sepsis: For the Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA 2016, 315, 762–774. [Google Scholar] [CrossRef]

	



Russell, J.A.; Rush, B.; Boyd, J. Pathophysiology of Septic Shock. Crit. Care Clin. 2018, 34, 43–61. [Google Scholar] [CrossRef] [PubMed]

	



Shankar-Hari, M.; Phillips, G.S.; Levy, M.L.; Seymour, C.W.; Liu, V.X.; Deutschman, C.S.; Angus, D.C.; Rubenfeld, G.D.; Singer, M. Developing a New Definition and Assessing New Clinical Criteria for Septic Shock: For the Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA 2016, 315, 775–787. [Google Scholar] [CrossRef]

	



Pierrakos, C.; Velissaris, D.; Bisdorff, M.; Marshall, J.C.; Vincent, J.L. Biomarkers of sepsis: Time for a reappraisal. Crit. Care 2020, 24, 287. [Google Scholar] [CrossRef]

	



Hamade, B.; Huang, D.T. Procalcitonin: Where Are We Now? Crit. Care Clin. 2020, 36, 23–40. [Google Scholar] [CrossRef] [PubMed]

	



Evans, L.; Rhodes, A.; Alhazzani, W.; Antonelli, M.; Coopersmith, C.M.; French, C.; Machado, F.R.; McIntyre, L.; Ostermann, M.; Prescott, H.C.; et al. Surviving sepsis campaign: International guidelines for management of sepsis and septic shock 2021. Intensive Care Med. 2021, 47, 1181–1247. [Google Scholar] [CrossRef]

	



Fleischmann-Struzek, C.; Mellhammar, L.; Rose, N.; Cassini, A.; Rudd, K.E.; Schlattmann, P.; Allegranzi, B.; Reinhart, K. Incidence and mortality of hospital- and ICU-treated sepsis: Results from an updated and expanded systematic review and meta-analysis. Intensive Care Med. 2020, 46, 1552–1562. [Google Scholar] [CrossRef]

	



Rhee, C.; Dantes, R.; Epstein, L.; Murphy, D.J.; Seymour, C.W.; Iwashyna, T.J.; Kadri, S.S.; Angus, D.C.; Danner, R.L.; Fiore, A.E.; et al. Incidence and Trends of Sepsis in US Hospitals Using Clinical vs. Claims Data, 2009–2014. JAMA 2017, 318, 1241–1249. [Google Scholar] [CrossRef]

	



Pro, C.I.; Yealy, D.M.; Kellum, J.A.; Huang, D.T.; Barnato, A.E.; Weissfeld, L.A.; Pike, F.; Terndrup, T.; Wang, H.E.; Hou, P.C.; et al. A randomized trial of protocol-based care for early septic shock. N. Engl. J. Med. 2014, 370, 1683–1693. [Google Scholar] [CrossRef]

	



Investigators, A.; Group, A.C.T.; Peake, S.L.; Delaney, A.; Bailey, M.; Bellomo, R.; Cameron, P.A.; Cooper, D.J.; Higgins, A.M.; Holdgate, A.; et al. Goal-directed resuscitation for patients with early septic shock. N. Engl. J. Med. 2014, 371, 1496–1506. [Google Scholar] [CrossRef]

	



Mouncey, P.R.; Osborn, T.M.; Power, G.S.; Harrison, D.A.; Sadique, M.Z.; Grieve, R.D.; Jahan, R.; Harvey, S.E.; Bell, D.; Bion, J.F.; et al. Trial of early, goal-directed resuscitation for septic shock. N. Engl. J. Med. 2015, 372, 1301–1311. [Google Scholar] [CrossRef] [PubMed]

	



Cohen, J.; Vincent, J.L.; Adhikari, N.K.; Machado, F.R.; Angus, D.C.; Calandra, T.; Jaton, K.; Giulieri, S.; Delaloye, J.; Opal, S.; et al. Sepsis: A roadmap for future research. Lancet Infect. Dis. 2015, 15, 581–614. [Google Scholar] [CrossRef]

	



Font, M.D.; Thyagarajan, B.; Khanna, A.K. Sepsis and Septic Shock-Basics of diagnosis, pathophysiology and clinical decision making. Med. Clin. North. Am. 2020, 104, 573–585. [Google Scholar] [CrossRef] [PubMed]

	



Van der Poll, T.; van de Veerdonk, F.L.; Scicluna, B.P.; Netea, M.G. The immunopathology of sepsis and potential therapeutic targets. Nat. Rev. Immunol. 2017, 17, 407–420. [Google Scholar] [CrossRef]

	



Bone, R.C.; Fisher, C.J., Jr.; Clemmer, T.P.; Slotman, G.J.; Metz, C.A.; Balk, R.A. A controlled clinical trial of high-dose methylprednisolone in the treatment of severe sepsis and septic shock. N. Engl. J. Med. 1987, 317, 653–658. [Google Scholar] [CrossRef] [PubMed]

	



Abraham, E.; Wunderink, R.; Silverman, H.; Perl, T.M.; Nasraway, S.; Levy, H.; Bone, R.; Wenzel, R.P.; Balk, R.; Allred, R.; et al. Efficacy and safety of monoclonal antibody to human tumor necrosis factor alpha in patients with sepsis syndrome. A randomized, controlled, double-blind, multicenter clinical trial. TNF-alpha MAb Sepsis Study Group. JAMA 1995, 273, 934–941. [Google Scholar] [CrossRef] [PubMed]

	



Fisher, C.J., Jr.; Slotman, G.J.; Opal, S.M.; Pribble, J.P.; Bone, R.C.; Emmanuel, G.; Ng, D.; Bloedow, D.C.; Catalano, M.A. Initial evaluation of human recombinant interleukin-1 receptor antagonist in the treatment of sepsis syndrome: A randomized, open-label, placebo-controlled multicenter trial. Crit. Care Med. 1994, 22, 12–21. [Google Scholar] [CrossRef] [PubMed]

	



Bernard, G.R.; Wheeler, A.P.; Russell, J.A.; Schein, R.; Summer, W.R.; Steinberg, K.P.; Fulkerson, W.J.; Wright, P.E.; Christman, B.W.; Dupont, W.D.; et al. The effects of ibuprofen on the physiology and survival of patients with sepsis. The Ibuprofen in Sepsis Study Group. N. Engl. J. Med. 1997, 336, 912–918. [Google Scholar] [CrossRef] [PubMed]

	



Nedeva, C. Inflammation and Cell Death of the Innate and Adaptive Immune System during Sepsis. Biomolecules 2021, 11, 1011. [Google Scholar] [CrossRef] [PubMed]

	



Dolmatova, E.V.; Wang, K.; Mandavilli, R.; Griendling, K.K. The effects of sepsis on endothelium and clinical implications. Cardiovasc. Res. 2021, 117, 60–73. [Google Scholar] [CrossRef]

	



Joffre, J.; Hellman, J.; Ince, C.; Ait-Oufella, H. Endothelial Responses in Sepsis. Am. J. Respir. Crit. Care Med. 2020, 202, 361–370. [Google Scholar] [CrossRef]

	



Sprague, R.S.; Stephenson, A.H.; Dahms, T.E.; Lonigro, A.J. Proposed role for leukotrienes in the pathophysiology of multiple systems organ failure. Crit. Care Clin. 1989, 5, 315–329. [Google Scholar] [CrossRef]

	



Denzlinger, C.; Rapp, S.; Hagmann, W.; Keppler, D. Leukotrienes as mediators in tissue trauma. Science 1985, 230, 330–332. [Google Scholar] [CrossRef]

	



Lefer, A.M. Significance of lipid mediators in shock states. Circ. Shock 1989, 27, 3–12. [Google Scholar]

	



Goetzl, E.J.; An, S.; Smith, W.L. Specificity of expression and effects of eicosanoid mediators in normal physiology and human diseases. FASEB J. 1995, 9, 1051–1058. [Google Scholar] [CrossRef]

	



Lewis, R.A.; Austen, K.F. The biologically active leukotrienes. Biosynthesis, metabolism, receptors, functions, and pharmacology. J. Clin. Investig. 1984, 73, 889–897. [Google Scholar] [CrossRef]

	



Clark, J.D.; Lin, L.L.; Kriz, R.W.; Ramesha, C.S.; Sultzman, L.A.; Lin, A.Y.; Milona, N.; Knopf, J.L. A novel arachidonic acid-selective cytosolic PLA2 contains a Ca2+-dependent translocation domain with homology to PKC and GAP. Cell 1991, 65, 1043–1051. [Google Scholar] [CrossRef]

	



Reid, G.K.; Kargman, S.; Vickers, P.J.; Mancini, J.A.; Léveillé, C.; Ethier, D.; Miller, D.K.; Gillard, J.W.; Dixon, R.A.; Evans, J.F. Correlation between expression of 5-lipoxygenase-activating protein, 5-lipoxygenase, and cellular leukotriene synthesis. J. Biol. Chem. 1990, 265, 19818–19823. [Google Scholar] [CrossRef]

	



Evans, J.F.; Dupuis, P.; Ford-Hutchinson, A.W. Purification and characterisation of leukotriene A4 hydrolase from rat neutrophils. Biochim. Biophys. Acta 1985, 840, 43–50. [Google Scholar] [CrossRef]

	



Nicholson, D.W.; Ali, A.; Vaillancourt, J.P.; Calaycay, J.R.; Mumford, R.A.; Zamboni, R.J.; Ford-Hutchinson, A.W. Purification to homogeneity and the N-terminal sequence of human leukotriene C4 synthase: A homodimeric glutathione S-transferase composed of 18-kDa subunits. Proc. Natl. Acad. Sci. USA 1993, 90, 2015–2019. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, M.E.; Allison, R.D.; Meister, A. Interconversion of leukotrienes catalyzed by purified gamma-glutamyl transpeptidase: Concomitant formation of leukotriene D4 and gamma-glutamyl amino acids. Proc. Natl. Acad. Sci. USA 1982, 79, 1088–1091. [Google Scholar] [CrossRef]

	



Lee, C.W.; Lewis, R.A.; Corey, E.J.; Austen, K.F. Conversion of leukotriene D4 to leukotriene E4 by a dipeptidase released from the specific granule of human polymorphonuclear leucocytes. Immunology 1983, 48, 27–35. [Google Scholar]

	



Hammarström, S.; Bernström, K.; Orning, L.; Dahlén, S.E.; Hedqvist, P. Rapid in vivo metabolism of leukotriene C3 in the monkey Macaca irus. Biochem. Biophys. Res. Commun. 1981, 101, 1109–1115. [Google Scholar] [CrossRef]

	



Mayatepek, E.; Hoffmann, G.F. Leukotrienes: Biosynthesis, Metabolism, and Pathophysiologic Significance. Pediatr. Res. 1995, 37, 1–9. [Google Scholar] [CrossRef]

	



Maclouf, J.; Antoine, C.; De Caterina, R.; Sicari, R.; Murphy, R.C.; Patrignani, P.; Loizzo, S.; Patrono, C. Entry rate and metabolism of leukotriene C4 into vascular compartment in healthy subjects. Am. J. Physiol. 1992, 263, H244–H249. [Google Scholar] [CrossRef]

	



Colazzo, F.; Gelosa, P.; Tremoli, E.; Sironi, L.; Castiglioni, L. Role of the Cysteinyl Leukotrienes in the Pathogenesis and Progression of Cardiovascular Diseases. Mediat. Inflamm. 2017, 2017, 2432958. [Google Scholar] [CrossRef] [PubMed]

	



Maekawa, A.; Austen, K.F.; Kanaoka, Y. Targeted gene disruption reveals the role of cysteinyl leukotriene 1 receptor in the enhanced vascular permeability of mice undergoing acute inflammatory responses. J. Biol. Chem. 2002, 277, 20820–20824. [Google Scholar] [CrossRef]

	



Kanaoka, Y.; Boyce, J.A. Cysteinyl Leukotrienes and Their Receptors; Emerging Concepts. Allergy Asthma Immunol. Res. 2014, 6, 288. [Google Scholar] [CrossRef] [PubMed]

	



Maekawa, A.; Balestrieri, B.; Austen, K.F.; Kanaoka, Y. GPR17 is a negative regulator of the cysteinyl leukotriene 1 receptor response to leukotriene D4. Proc. Natl. Acad. Sci. USA 2009, 106, 11685–11690. [Google Scholar] [CrossRef] [PubMed]

	



Kanaoka, Y.; Maekawa, A.; Austen, K.F. Identification of GPR99 protein as a potential third cysteinyl leukotriene receptor with a preference for leukotriene E4 ligand. J. Biol. Chem. 2013, 288, 10967–10972. [Google Scholar] [CrossRef]

	



Morlion, B.J.; Torwesten, E.; Kuhn, K.S.; Puchstein, C.; Fürst, P. Cysteinyl-leukotriene generation as a biomarker for survival in the critically ill. Crit. Care Med. 2000, 28, 3655–3658. [Google Scholar] [CrossRef]

	



Kanaoka, Y.; Maekawa, A.; Penrose, J.F.; Austen, K.F.; Lam, B.K. Attenuated zymosan-induced peritoneal vascular permeability and IgE-dependent passive cutaneous anaphylaxis in mice lacking leukotriene C4 synthase. J. Biol. Chem. 2001, 276, 22608–22613. [Google Scholar] [CrossRef]

	



Beller, T.C.; Maekawa, A.; Friend, D.S.; Austen, K.F.; Kanaoka, Y. Targeted gene disruption reveals the role of the cysteinyl leukotriene 2 receptor in increased vascular permeability and in bleomycin-induced pulmonary fibrosis in mice. J. Biol. Chem. 2004, 279, 46129–46134. [Google Scholar] [CrossRef]

	



Hui, Y.; Cheng, Y.; Smalera, I.; Jian, W.; Goldhahn, L.; Fitzgerald, G.A.; Funk, C.D. Directed vascular expression of human cysteinyl leukotriene 2 receptor modulates endothelial permeability and systemic blood pressure. Circulation 2004, 110, 3360–3366. [Google Scholar] [CrossRef]

	



Mellor, E.A.; Austen, K.F.; Boyce, J.A. Cysteinyl Leukotrienes and Uridine Diphosphate Induce Cytokine Generation by Human Mast Cells Through an Interleukin 4–regulated Pathway that Is Inhibited by Leukotriene Receptor Antagonists. J. Exp. Med. 2002, 195, 583–592. [Google Scholar] [CrossRef]

	



Keppler, D.; Hagmann, W.; Rapp, S. Role of leukotrienes in endotoxin action in vivo. Rev. Infect. Dis 1987, 9 (Suppl. S5), S580–S584. [Google Scholar] [CrossRef]

	



Benjamim, C.F.; Canetti, C.; Cunha, F.Q.; Kunkel, S.L.; Peters-Golden, M. Opposing and hierarchical roles of leukotrienes in local innate immune versus vascular responses in a model of sepsis. J. Immunol. 2005, 174, 1616–1620. [Google Scholar] [CrossRef]

	



Khodir, A.E.; Ghoneim, H.A.; Rahim, M.A.; Suddek, G.M. Montelukast reduces sepsis-induced lung and renal injury in rats. Can. J. Physiol. Pharmacol. 2014, 92, 839–847. [Google Scholar] [CrossRef]

	



Mohamadin, A.M.; Elberry, A.A.; Elkablawy, M.A.; Gawad, H.S.; Al-Abbasi, F.A. Montelukast, a leukotriene receptor antagonist abrogates lipopolysaccharide-induced toxicity and oxidative stress in rat liver. Pathophysiology 2011, 18, 235–242. [Google Scholar] [CrossRef]

	



Coskun, A.K.; Yigiter, M.; Oral, A.; Odabasoglu, F.; Halici, Z.; Mentes, O.; Cadirci, E.; Atalay, F.; Suleyman, H. The effects of montelukast on antioxidant enzymes and proinflammatory cytokines on the heart, liver, lungs, and kidneys in a rat model of cecal ligation and puncture-induced sepsis. Sci. World J. 2011, 11, 1341–1356. [Google Scholar] [CrossRef]

	



Levey, A.S.; Stevens, L.A.; Schmid, C.H.; Zhang, Y.L.; Castro, A.F., 3rd; Feldman, H.I.; Kusek, J.W.; Eggers, P.; Van Lente, F.; Greene, T.; et al. A new equation to estimate glomerular filtration rate. Ann. Intern. Med. 2009, 150, 604–612. [Google Scholar] [CrossRef]

	



Simera, I.; Moher, D.; Hoey, J.; Schulz, K.F.; Altman, D.G. A catalogue of reporting guidelines for health research. Eur. J. Clin. Investig. 2010, 40, 35–53. [Google Scholar] [CrossRef]

	



Shinohara, M.; Kibi, M.; Riley, I.R.; Chiang, N.; Dalli, J.; Kraft, B.D.; Piantadosi, C.A.; Choi, A.M.; Serhan, C.N. Cell-cell interactions and bronchoconstrictor eicosanoid reduction with inhaled carbon monoxide and resolvin D1. Am. J. Physiol. Cell. Mol. Physiol. 2014, 307, L746–L757. [Google Scholar] [CrossRef]

	



Zeltsman, D.; Quinn, J.V.; Mores, C.; Slotman, G.J. Pathophysiologic plasma levels of leukotriene C4 in relation to the hemodynamic dysfunction and mediator release of graded bacteremia. Shock 1997, 7, 282–287. [Google Scholar] [CrossRef]

	



Tran, H.S.; Quinn, J.V.; Puc, M.M.; Woolley, D.S.; Puglisi, R.N.; Slotman, G.J. The cardiovascular hemodynamics and leukotriene kinetics during prostacyclin and anti-prostacyclin antibody infusions in septic shock. Shock 2000, 13, 478–484. [Google Scholar] [CrossRef]

	



Heidemann, S.M.; Ofenstein, J.P.; Sarnaik, A.P. Ibuprofen attenuates cardiopulmonary dysfunction by modifying vascular tone in endotoxemia. Prostaglandins Leukot. Essent. Fat. Acids 1999, 60, 181–185. [Google Scholar] [CrossRef] [PubMed]

	



Uemura, M.; Buchholz, U.; Kojima, H.; Keppler, A.; Hafkemeyer, P.; Fukui, H.; Tsujii, T.; Keppler, D. Cysteinyl leukotrienes in the urine of patients with liver diseases. Hepatology 1994, 20, 804–812. [Google Scholar] [CrossRef] [PubMed]

	



Fauler, J.; Tsikas, D.; Holch, M.; Seekamp, A.; Nerlich, M.L.; Sturm, J.; Frölich, J.C. Enhanced urinary excretion of leukotriene E4 by patients with multiple trauma with or without adult respiratory distress syndrome. Clin. Sci. 1991, 80, 497–504. [Google Scholar] [CrossRef] [PubMed]

	



Joffre, J.; Hellman, J. Oxidative stress and endothelial dysfunction in sepsis and acute inflammation. Antioxid Redox Signal. 2021, 35, 1291–1307. [Google Scholar] [CrossRef] [PubMed]

	



Amalakuhan, B.; Habib, S.A.; Mangat, M.; Reyes, L.F.; Rodriguez, A.H.; Hinojosa, C.A.; Soni, N.J.; Gilley, R.P.; Bustamante, C.A.; Anzueto, A.; et al. Endothelial adhesion molecules and multiple organ failure in patients with severe sepsis. Cytokine 2016, 88, 267–273. [Google Scholar] [CrossRef]

	



Cummings, C.J.; Sessler, C.N.; Beall, L.D.; Fisher, B.J.; Best, A.M.; Fowler, A.A., 3rd. Soluble E-selectin levels in sepsis and critical illness. Correlation with infection and hemodynamic dysfunction. Am. J. Respir. Crit. Care Med. 1997, 156, 431–437. [Google Scholar] [CrossRef]

	



Duah, E.; Adapala, R.K.; Al-Azzam, N.; Kondeti, V.; Gombedza, F.; Thodeti, C.K.; Paruchuri, S. Cysteinyl leukotrienes regulate endothelial cell inflammatory and proliferative signals through CysLT2 and CysLT1 receptors. Sci. Rep. 2013, 3, 3274. [Google Scholar] [CrossRef]

	



Carson, W.E.; Yu, H.; Dierksheide, J.; Pfeffer, K.; Bouchard, P.; Clark, R.; Durbin, J.; Baldwin, A.S.; Peschon, J.; Johnson, P.R.; et al. A fatal cytokine-induced systemic inflammatory response reveals a critical role for NK cells. J. Immunol. 1999, 162, 4943–4951. [Google Scholar]

	



Dinarello, C.A. Proinflammatory and anti-inflammatory cytokines as mediators in the pathogenesis of septic shock. Chest 1997, 112, 321s–329s. [Google Scholar] [CrossRef]

	



Hauptmann, B.; Van Damme, J.; Dayer, J.M. Modulation of IL-1 inflammatory and immunomodulatory properties by IL-6. Eur. Cytokine Netw. 1991, 2, 39–46. [Google Scholar]

	



Van der Poll, T.; Büller, H.R.; Ten Cate, H.; Wortel, C.H.; Bauer, K.A.; van Deventer, S.J.; Hack, C.E.; Sauerwein, H.P.; Rosenberg, R.D.; Ten Cate, J.W. Activation of coagulation after administration of tumor necrosis factor to normal subjects. N. Engl. J. Med. 1990, 322, 1622–1627. [Google Scholar] [CrossRef]

	



Kishimoto, T.; Akira, S.; Narazaki, M.; Taga, T. Interleukin-6 family of cytokines and gp130. Blood 1995, 86, 1243–1254. [Google Scholar] [CrossRef]

	



Oberholzer, A.; Oberholzer, C.; Moldawer, L.L. Interleukin-10: A complex role in the pathogenesis of sepsis syndromes and its potential as an anti-inflammatory drug. Crit. Care Med. 2002, 30, S58–S63. [Google Scholar] [CrossRef]

	



Sala, A.; Folco, G. Neutrophils, endothelial cells, and cysteinyl leukotrienes: A new approach to neutrophil-dependent inflammation? Biochem. Biophys Res. Commun. 2001, 283, 1003–1006. [Google Scholar] [CrossRef]

	



Faix, J.D. Biomarkers of sepsis. Crit. Rev. Clin. Lab. Sci. 2013, 50, 23–36. [Google Scholar] [CrossRef]

	



Bonaventura, A.; Carbone, F.; Vecchié, A.; Meessen, J.; Ferraris, S.; Beck, E.; Keim, R.; Minetti, S.; Elia, E.; Ferrara, D.; et al. The role of resistin and myeloperoxidase in severe sepsis and septic shock: Results from the ALBIOS trial. Eur. J. Clin. Investig. 2020, 50, e13333. [Google Scholar] [CrossRef]

	



Macdonald, J.; Galley, H.F.; Webster, N.R. Oxidative stress and gene expression in sepsis. Br. J. Anaesth 2003, 90, 221–232. [Google Scholar] [CrossRef]

	



Zhang, C.; Yang, J.; Jacobs, J.D.; Jennings, L.K. Interaction of myeloperoxidase with vascular NAD(P)H oxidase-derived reactive oxygen species in vasculature: Implications for vascular diseases. Am. J. Physiol. Circ. Physiol. 2003, 285, H2563–H2572. [Google Scholar] [CrossRef]

	



Ware, L.B.; Fessel, J.P.; May, A.K.; Roberts, L.J. Plasma Biomarkers of Oxidant Stress and Development of Organ Failure in Severe Sepsis. Shock 2011, 36, 12–17. [Google Scholar] [CrossRef]

	



Sener, G.; Sehirli, O.; Cetinel, S.; Ercan, F.; Yüksel, M.; Gedik, N.; Yeğen, B.C. Amelioration of sepsis-induced hepatic and ileal injury in rats by the leukotriene receptor blocker montelukast. Prostaglandins Leukot. Essent. Fat. Acids 2005, 73, 453–462. [Google Scholar] [CrossRef]

	



Kanaoka, Y.; Boyce, J.A. Cysteinyl leukotrienes and their receptors: Cellular distribution and function in immune and inflammatory responses. J. Immunol. 2004, 173, 1503–1510. [Google Scholar] [CrossRef] [PubMed]

	



Levy, M.M.; Fink, M.P.; Marshall, J.C.; Abraham, E.; Angus, D.; Cook, D.; Cohen, J.; Opal, S.M.; Vincent, J.L.; Ramsay, G. 2001 SCCM/ESICM/ACCP/ATS/SIS International Sepsis Definitions Conference. Crit. Care Med. 2003, 31, 1250–1256. [Google Scholar] [CrossRef] [PubMed]

	



Prowle, J.R. Sepsis-Associated AKI. Clin. J. Am. Soc. Nephrol. 2018, 13, 339–342. [Google Scholar] [CrossRef] [PubMed]

	



Urushihara, M.; Kondo, S.; Kagami, S.; Kobori, H. Urinary angiotensinogen accurately reflects intrarenal Renin-Angiotensin system activity. Am. J. Nephrol. 2010, 31, 318–325. [Google Scholar] [CrossRef] [PubMed]

	



Kobori, H.; Navar, L.G. Urinary Angiotensinogen as a Novel Biomarker of Intrarenal Renin-Angiotensin System in Chronic Kidney Disease. Int. Rev. Thromb. 2011, 6, 108–116. [Google Scholar]

	



Ohashi, N.; Aoki, T.; Matsuyama, T.; Ishigaki, S.; Isobe, S.; Katahashi, N.; Sato, T.; Fujikura, T.; Kato, A.; Yasuda, H. The Urinary Angiotensinogen to Urinary Albumin Ratio Reflects Whether the Renin-angiotensin System in the Kidney Is Activated due to Filtration of Plasma Angiotensinogen through the Damaged Glomeruli or the Production of Angiotensinogen in the Proximal Tubules. Intern. Med. 2020, 59, 357–364. [Google Scholar] [CrossRef]

	



Ba Aqeel, S.H.; Sanchez, A.; Batlle, D. Angiotensinogen as a biomarker of acute kidney injury. Clin. Kidney J. 2017, 10, 759–768. [Google Scholar] [CrossRef]

	



Alge, J.L.; Karakala, N.; Neely, B.A.; Janech, M.G.; Velez, J.C.; Arthur, J.M. Urinary angiotensinogen predicts adverse outcomes among acute kidney injury patients in the intensive care unit. Crit. Care 2013, 17, R69. [Google Scholar] [CrossRef]

	



Wang, D.; Yin, Y.; Yao, Y. Advances in sepsis-associated liver dysfunction. Burn. Trauma 2014, 2, 97–105. [Google Scholar] [CrossRef]

	



Hofer, S.; Brenner, T.; Bopp, C.; Steppan, J.; Lichtenstern, C.; Weitz, J.; Bruckner, T.; Martin, E.; Hoffmann, U.; Weigand, M.A. Cell death serum biomarkers are early predictors for survival in severe septic patients with hepatic dysfunction. Crit. Care 2009, 13, R93. [Google Scholar] [CrossRef]

	



Bakker, J.; Gris, P.; Coffernils, M.; Kahn, R.J.; Vincent, J.L. Serial blood lactate levels can predict the development of multiple organ failure following septic shock. Am. J. Surg. 1996, 171, 221–226. [Google Scholar] [CrossRef]

	



Jansen, T.C.; van Bommel, J.; Woodward, R.; Mulder, P.G.; Bakker, J. Association between blood lactate levels, Sequential Organ Failure Assessment subscores, and 28-day mortality during early and late intensive care unit stay: A retrospective observational study. Crit. Care Med. 2009, 37, 2369–2374. [Google Scholar] [CrossRef]

	



Bakker, J.; Nijsten, M.W.; Jansen, T.C. Clinical use of lactate monitoring in critically ill patients. Ann. Intensive Care 2013, 3, 12. [Google Scholar] [CrossRef]

	



Jansen, T.C.; van Bommel, J.; Schoonderbeek, F.J.; Sleeswijk Visser, S.J.; van der Klooster, J.M.; Lima, A.P.; Willemsen, S.P.; Bakker, J. Early lactate-guided therapy in intensive care unit patients: A multicenter, open-label, randomized controlled trial. Am. J. Respir. Crit. Care Med. 2010, 182, 752–761. [Google Scholar] [CrossRef]

	



Gotmaker, R.; Peake, S.L.; Forbes, A.; Bellomo, R.; Investigators, A. Mortality is Greater in Septic Patients With Hyperlactatemia Than With Refractory Hypotension. Shock 2017, 48, 294–300. [Google Scholar] [CrossRef]

	



Bakker, J.; Postelnicu, R.; Mukherjee, V. Lactate: Where Are We Now? Crit. Care Clin. 2020, 36, 115–124. [Google Scholar] [CrossRef]

	



Hernandez, G.; Ospina-Tascon, G.A.; Damiani, L.P.; Estenssoro, E.; Dubin, A.; Hurtado, J.; Friedman, G.; Castro, R.; Alegria, L.; Teboul, J.L.; et al. Effect of a Resuscitation Strategy Targeting Peripheral Perfusion Status vs. Serum Lactate Levels on 28-Day Mortality Among Patients With Septic Shock: The ANDROMEDA-SHOCK Randomized Clinical Trial. JAMA 2019, 321, 654–664. [Google Scholar] [CrossRef]

	



Hernandez, G.; Bellomo, R.; Bakker, J. The ten pitfalls of lactate clearance in sepsis. Intensive Care Med. 2019, 45, 82–85. [Google Scholar] [CrossRef]

	



Brooks, G.A. Role of the Heart in Lactate Shuttling. Front. Nutr. 2021, 8, 663560. [Google Scholar] [CrossRef]

	



Brooks, G.A. Cell-cell and intracellular lactate shuttles. J. Physiol. 2009, 587, 5591–5600. [Google Scholar] [CrossRef]

	



Hernandez, G.; Boerma, E.C.; Dubin, A.; Bruhn, A.; Koopmans, M.; Edul, V.K.; Ruiz, C.; Castro, R.; Pozo, M.O.; Pedreros, C.; et al. Severe abnormalities in microvascular perfused vessel density are associated to organ dysfunctions and mortality and can be predicted by hyperlactatemia and norepinephrine requirements in septic shock patients. J. Crit. Care 2013, 28, 538.e9–538.e14. [Google Scholar] [CrossRef] [PubMed]

	



Jansen, T.C.; van Bommel, J.; Bakker, J. Blood lactate monitoring in critically ill patients: A systematic health technology assessment. Crit. Care Med. 2009, 37, 2827–2839. [Google Scholar] [CrossRef] [PubMed]

	



Hernandez, G.; Regueira, T.; Bruhn, A.; Castro, R.; Rovegno, M.; Fuentealba, A.; Veas, E.; Berrutti, D.; Florez, J.; Kattan, E.; et al. Relationship of systemic, hepatosplanchnic, and microcirculatory perfusion parameters with 6-hour lactate clearance in hyperdynamic septic shock patients: An acute, clinical-physiological, pilot study. Ann. Intensive Care 2012, 2, 44. [Google Scholar] [CrossRef] [PubMed]

	



Esmon, C.T. Crosstalk between inflammation and thrombosis. Maturitas 2004, 47, 305–314. [Google Scholar] [CrossRef] [PubMed]

	



Goldenberg, N.M.; Steinberg, B.E.; Slutsky, A.S.; Lee, W.L. Broken barriers: A new take on sepsis pathogenesis. Sci. Transl. Med. 2011, 3, 88ps25. [Google Scholar] [CrossRef]

	



Gourdin, M.J.; Bree, B.; De Kock, M. The impact of ischaemia-reperfusion on the blood vessel. Eur. J. Anaesthesiol. 2009, 26, 537–547. [Google Scholar] [CrossRef]

	



Galley, H.F. Oxidative stress and mitochondrial dysfunction in sepsis. Br. J. Anaesth. 2011, 107, 57–64. [Google Scholar] [CrossRef]

	



Kellum, J.A.; Pike, F.; Yealy, D.M.; Huang, D.T.; Shapiro, N.I.; Angus, D.C.; the Protocol-Based Care for Early Septic Shock Investigators (ProCESS) Investigators. Relationship Between Alternative Resuscitation Strategies, Host Response and Injury Biomarkers, and Outcome in Septic Shock: Analysis of the Protocol-Based Care for Early Septic Shock Study. Crit. Care Med. 2017, 45, 438–445. [Google Scholar] [CrossRef]








[image: Biomedicines 10 02845 g001 550] 





Figure 1. Kaplan–Meier survival plot: Kaplan–Meier analysis showing the survival rate among the 13 SS patients for a period of 48 months after hospital admission. 
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Figure 2. Admission values of u-CysLT in controls (n = 22) and SS patients (n = 13). Results are presented as box-and-whiskers plot. ** p < 0.010 vs. controls. SS, septic shock; u-CysLT, urinary cysteinyl leukotrienes. 
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Figure 3. Evolution of u-CysLT in SS patients during hospitalization. Results are presented as box-and-whiskers plot, days 1–2 (n = 13), days 3–4 (n = 7), days 5–8 (n = 5); u-CysLT, urinary cysteinyl leukotrienes. 
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Figure 4. Correlations between u-CysLT and endothelial-activation biomarkers at admission in the overall study population and separately in controls and in SS: (A) u-CysLT vs. s-ICAM-1 in Controls + SS; (B) u-CysLT vs. s-ICAM-1 in Controls; (C) u-CysLT vs. s-ICAM-1 in SS; (D) u-CysLT vs. s-VCAM-1 in Controls + SS; (E) u-CysLT vs. s-VCAM-1 in Controls; (F) u-CysLT vs. s-VCAM-1 in SS; (G) u-CysLT vs. s-E-Selectin in Controls + SS; (H) u-CysLT vs. s-E-Selectin in Controls; (I) u-CysLT vs. s-E-Selectin in SS. s-ICAM-1, serum intercellular adhesion molecule 1; s-VCAM-1, serum vascular adhesion molecule 1; s-E-Selectin, serum E-Selectin; u-CysLT, urinary cysteinyl leukotrienes. The values of u-CysLT were corrected for the respective urinary creatinine concentrations. 
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Figure 5. Correlations between u-CysLT and cytokines at admission in the overall study population and separately in controls and in SS: (A) u-CysLT vs. s-TNF-α in Controls + SS; (B) u-CysLT vs. s-TNF-α in Controls; (C) u-CysLT vs. s-TNF-α in SS; (D) u-CysLT vs. s-IL-6 in Controls + SS; (E) u-CysLT vs. s-IL-6 in Controls; (F) u-CysLT vs. s-IL-6 in SS; (G) u-CysLT vs. s-IL-10 in Controls + SS; (H) u-CysLT vs. s-IL-10 in Controls; (I) u-CysLT vs. s-IL-10 in SS. s-IL-6, serum interleukin 6; s-IL-10, serum interleukin 10; s-TNF-α, serum tumor necrosis factor alpha; u-CysLT, urinary cysteinyl leukotrienes. The values of u-CysLT were corrected for the respective urinary creatinine concentrations. 
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Figure 6. Correlation between u-CysLT and markers of inflammation and oxidative stress at admission in the overall study population and separately in controls and in SS: (A) u-CysLT vs. s-MPO in Controls + SS; (B) u-CysLT vs. s-MPO in Controls; (C) u-CysLT vs. s-MPO in SS; (D) u-CysLT vs. u-Isop in Controls + SS; (E) u-CysLT vs. u-Isop in Controls; (F) u-CysLT vs. u-Isop in SS. s-MPO, serum myeloperoxidase; u-CysLT, urinary cysteinyl leukotrienes; u-Isop, urinary isoprostanes. The values of u-CysLT and u-Isop were corrected for the respective urinary creatinine concentrations. 
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Figure 7. Correlations between u-CysLT and routine clinical inflammatory markers/parameters at admission in SS patients: (A) u-CysLT vs. s-CRP; (B) u-CysLT vs. total leukocytes; (C) u-CysLT vs. NMR; NMR, neutrophil-to-monocyte ratio; u-CysLT, urinary cysteinyl leukotrienes. The values of u-CysLT were corrected for the respective urinary creatinine concentrations. 
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Figure 8. Correlations for u-CysLT or u-Isop with biomarkers of systemic/intra-renal RAAS and renal injury at admission: (A) u-CysLT vs. u-AGT in overall study population; (B) u-CysLT vs. u-AGT in Controls; (C) u-CysLT vs. u-AGT in SS; (D) u-Isop vs. u-AGT in overall study population; (E) u-Isop vs. u-AGT in Controls; (F) u-Isop vs. u-AGT in SS; (G) u-CysLT vs. u-protein/creatinine in SS; (H) u-Isop vs. u-protein/creatinine in SS. RAAS, renin–angiotensin–aldosterone system; u-AGT, urinary angiotensinogen; u-CysLT, urinary cysteinyl leukotrienes; u-Isop, urinary isoprostanes; u-protein/creatinine ratio, urinary protein/creatinine. The values of u-CysLT, u-Isop and u-AGT were corrected for the respective urinary creatinine concentrations. 
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Figure 9. Correlations for u-CysLT or u-Isop with hepatic biomarkers and lactate at admission in SS patients: (A) u-CysLT vs. AST; (B) u-Isop vs. AST; (C) u-CysLT vs. ALT; (D) u-Isop vs. ALT; (E) u-CysLT vs. PT; (F) u-Isop vs. PT; (G) u-CysLT vs. lactate; (H) u-Isop vs. lactate. ALT, alanine aminotransferase; AST, aspartate aminotransferase; u-CysLT, urinary cysteinyl leukotrienes; u-Isop, urinary isoprostanes. The values of u-CysLT and u-Isop were corrected for the respective urinary creatinine concentrations. 
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Table 1. Demographic, clinical, and biochemical characteristics at admission and outcomes of study population.
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	Demographic, Clinical, and Biochemical Parameters
	Controls

(n = 22)
	SS patients

(n = 13)





	Age (Years)
	56 ± 1
	62 ± 4



	Gender: men, n (%)
	13 (59)
	5 (38)



	Gender: women, n (%)
	9 (41)
	8 (62)



	APACHE II score
	n/a
	26 ± 2



	SAPS II score
	n/a
	55 ± 4



	SOFA score

VV-ECMO,n(%)
	n/an/a
	9 (7; 12)

1 (8)



	Lactate (mmol/L)

normal: <2
	n.d.
	2.6 (1.3; 3.7)



	Source of sepsis, n(%)
	
	



	Respiratory tract infection
	n/a
	2 (15)



	Renal and genitourinary tract infection
	n/a
	10 (77)



	Skin and cutaneous tissue infection
	n/a
	1(8)



	Microbiology,n(%)
	
	



	Gram-negative
	n/a
	7 (54)



	Other
	n/a
	2 (15)



	Unidentified
	n/a
	4 (31)



	Comorbidities,n(%)
	
	



	Diabetes mellitus type 2
	n.d.
	3 (23)



	Arterial hypertension
	n.d.
	5 (38)



	Atrial fibrillation
	n.d.
	3 (23)



	Dyslipidemia
	n.d.
	3 (23)



	Cardiovascular disease
	n.d.
	1 (8)



	Obesity
	n.d.
	2 (15)



	Alcohol abuse
	n.d.
	1 (8)



	Cardiac biomarkers
	
	



	BNP (pg/mL)

normal: <100
	n.d.
	382 (315; 526)



	hsTnI (ng/L)

normal: <34 (men); <16 (women)
	n.d.
	295 (74; 2251)



	Renal function
	
	



	eGFR (mL/min per 1.73 m2)

normal: ≥90; mildly reduced: 60–89
	77 ± 4
	36 ± 6



	Urea (mg/dL)

normal: 10–50 mg/dL
	n.d
	93 ± 13



	Urine protein/creatinine (mg/mg)

normal: <0.2
	n.d.
	2.0 ± 0.4



	Respiratory parameters
	
	



	PaO2/FiO2 (P/F) ratio

normal: ≥300
	n/a
	288 ± 31



	Hepatic biomarkers
	
	



	AST (U/L)

normal: 10–37
	n.d.
	56 (29; 98)



	ALT (U/L)

normal: 10–37
	n.d.
	35 (18; 98)



	ALP (U/L)

normal: 30–120
	n.d.
	69 (65; 106)



	GGT (U/L)

normal: 10–49
	n.d.
	37 (19;68)



	Total bilirubin (mg/dL)

normal: <1.2
	n.d.
	0.9 (0.5; 3.1)



	PT (s)

normal: 9.6–13.6
	n.d.
	14.3 (13.4; 18.0)



	Therapeutics at admission
	
	



	Norepinephrine dose (µg/kg/min)
	n/a
	0.76 ± 0.15



	Use of renal replacement therapy, n (%)
	n/a
	2 (15)



	Antibiotic therapy, n (%)
	
	



	Ceftriaxone
	n/a
	9 (69)



	Piperacillin/tazobactam
	n/a
	4 (31)



	Dual or triple combination
	n/a
	4 (31)



	Antiviral therapy, n (%)
	n/a
	1 (8)



	Outcomes
	
	



	ICU length of stay (days)
	n/a
	6 (4; 9)



	Total hospital length of stay (days)
	n/a
	7 (5; 11)



	In-hospital mortality, n (%)
	n/a
	1 (8)



	Mortality within 12 months, n (%)
	n/a
	1 (8)







ALP, alkaline phosphatase; ALT, alanine aminotransferase; APACHE, acute physiology and chronic health evaluation; ARDS, acute respiratory-distress syndrome; AST, aspartate aminotransferase; BNP, B-type natriuretic peptide; eGFR, estimated glomerular filtration rate; FiO2, fraction of inspired oxygen; GGT, gamma glutamyltransferase; hsTnI, high-sensitivity troponin I; ICU, intensive care unit; n/a, not applicable; n.d., not determined; PaO2, partial pressure of arterial oxygen; P/F, PaO2/FiO2 ratio; PT, prothrombin time; SAPS, Simplified Acute Physiology Score; SOFA, Sequential Organ Failure Assessment; VV-ECMO, veno-venous extracorporeal membrane oxygenation. Results are expressed as number (%), mean ± SEM, or median (25th percentile; 75th percentile) for data with normal or non-normal distribution, respectively.
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Table 2. Admission values of biomarkers of endothelial activation, inflammation, oxidative stress, and RAAS in controls and SS patients.
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	Biomarkers
	Controls
	n
	SS
	n
	p-Value





	Endothelial activation
	
	
	
	
	



	s-ICAM-1 (ng/mL)
	474.9 ± 70.7
	22
	694.5 ± 75.3
	13
	0.038



	s-VCAM-1 (ng/mL)
	705.1 (516.2; 827.7)
	22
	3810.0 (2201.0; 5232.0)
	13
	<0.001



	s-E-Selectin (ng/mL)
	27.7 (22.6; 34.1)
	22
	216.4 (169.1; 334.5)
	13
	<0.001



	Inflammatory status
	
	
	
	
	



	s-TNF-α (pg/mL)
	4.8 (3.6; 6.2)
	22
	36.3 (16.6; 49.3)
	13
	<0.001



	s-IL-1β (pg/mL)
	0.0 (0.0; 0.2)
	22
	0.2 (0.1; 0.5)
	13
	0.010



	s-IL-6 (pg/mL)
	0.7 (0.0; 2.4)
	22
	31.0 (12.9; 293.2)
	13
	<0.001



	s-IL-10 (pg/mL)
	0.0 (0.0; 1.2)
	22
	49.1 (19.5; 147.6)
	12
	<0.001



	s-MPO (ng/mL)
	116 (76; 149)
	22
	746 (475; 1162)
	13
	<0.001



	s-CRP (mg/L)
	n.d.
	-
	225.3 ± 26.4
	13
	n/a



	Total leukocytes (×109/L)
	n.d.
	-
	19.2 ± 2.1
	13
	n/a



	Neutrophils (×109/L)
	n.d.
	-
	17.1 ± 1.9
	13
	n/a



	Monocytes (×109/L)
	n.d.
	-
	0.6 ± 0.1
	13
	n/a



	Lymphocytes (×109/L)
	n.d.
	-
	0.6 (0.5; 0.8)
	13
	n/a



	NLR
	n.d.
	-
	23.3 (14.2; 45.7)
	13
	n/a



	NMR
	n.d.
	-
	23.3 (15.3; 58.4)
	13
	n/a



	u-CysLT (pg/mg creatinine)
	495 (373; 639)
	22
	1242 (599; 1583)
	13
	0.003



	Oxidative stress
	
	
	
	
	



	u-Isop (ng/mg creatinine)
	1.7 (1.0; 2.7)
	22
	3.4 (2.8; 5.2)
	13
	0.002



	Systemic and intrarenal RAAS
	
	
	
	
	



	p-AGT (μg/mL)
	19.6 (17.5; 24.4)
	22
	35.3 (21.4; 46.4)
	13
	0.003



	u-AGT (ng/mg creatinine)
	3 (2; 7)
	22
	256 (45; 549)
	13
	<0.001







n/a, not applicable; n.d., not determined; NLR, neutrophil-to-lymphocyte ratio; NMR, neutrophil-to-monocyte ratio; p-AGT, plasma angiotensinogen; RAAS, renin–angiotensin–aldosterone system; s-CRP, serum C-reactive protein; s-ICAM-1, serum intercellular-adhesion molecule 1; s-IL-1β, serum interleukin 1 beta; s-IL-6, serum interleukin 6; s-IL-10, serum interleukin 10; s-MPO, serum myeloperoxidase; s-TNF-α, serum tumor necrosis factor alpha; s-VCAM-1, serum vascular cell-adhesion molecule 1; u-AGT, urinary angiotensinogen; u-Isop, urinary isoprostanes; u-CysLT, urinary cysteinyl leukotrienes. Results are expressed as mean ± SEM or as median (25th percentile; 75th percentile) for data with normal or non-normal distribution, respectively. The values of u-CysLT, u-Isop, and u-AGT were corrected for the respective urinary creatinine concentrations.
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Table 3. Evolution of biomarkers of endothelial activation, inflammatory status, oxidative stress, and systemic and intrarenal RAAS during hospitalization in SS patients.
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	Biomarkers/Parameters
	Days 1–2
	n
	Days 3–4
	n
	Days 5–8
	n





	Endothelial activation
	
	
	
	
	
	



	s-ICAM-1 (ng/mL)
	694.5 ± 75.3
	13
	559.0 ± 92.1 *
	8
	553.3 ± 85.3
	6



	s-VCAM-1 (ng/mL)
	3855.0 ± 488.7
	13
	2559.0 ± 479.3
	8
	1912.0 ± 488.8 *
	6



	s-E-Selectin (ng/mL)
	240.9 ± 30.1
	13
	137.1 ± 23.2 **
	8
	138.2 ± 24.1 **
	6



	Inflammatory status
	
	
	
	
	
	



	s-TNF-α (pg/mL)
	36.3 (16.6; 49.3)
	13
	13.3 (5.9; 18.9) *
	8
	14.2 (8.9; 38.8)
	6



	s-IL-1β (pg/mL)
	0.21 (0.07; 0.48)
	13
	0.03 (0.01; 0.08) *
	8
	0.15 (0.00; 0.68)
	6



	s-IL-6 (pg/mL)
	31.0 (12.9; 293.2)
	13
	23.2 (5.6; 54.4)
	8
	11.4 (6.8; 25.3)
	6



	s-IL-10 (pg/mL)
	49.1 (19.5; 147.6)
	12
	18.5 (1.7; 70.9)
	8
	5.4 (2.4; 39.7)
	5



	s-MPO (mg/mL)
	746 (475; 1162)
	13
	548 (301; 688)
	8
	227 (192; 590)
	6



	s-CRP (mg/L)
	225.3 ± 26.4
	13
	162.0 ± 43.6*
	8
	91.5 ± 19.2 *
	5



	Total leukocytes (×109/L)
	19.2 ± 2.1
	13
	18.0 ± 3.7
	8
	12.1 ± 3.8
	6



	Neutrophils (×109/L)
	17.1 ± 1.9
	13
	14.8 ± 3.4
	8
	8.8 ± 2.8
	6



	Monocytes (×109/L)
	0.6 ± 0.1
	13
	0.8 ± 0.1
	8
	0.9 ± 0.2
	6



	Lymphocytes (×109/L)
	0.6 (0.5; 0.8)
	13
	1.3 (0.9; 2.2)
	8
	1.3 (0.9; 1.8)
	6



	NLR
	23.3 (14.2; 45.7)
	13
	7.3 (5.8; 18.7) **
	8
	6.6 (3.4; 8.6) *
	6



	NMR
	23.3 (15.3; 58.4)
	13
	19.10 (8.4; 29.6) **
	8
	9.9 (5.4; 13.5) *
	6



	u-CysLT (ng/mg creatinine)
	1242 (599; 1583)
	13
	873 (758; 1842)
	7
	1332 (484; 2368)
	5



	Oxidative stress
	
	
	
	
	
	



	u-Isop (ng/mg creatinine)
	3.4 (2.8; 5.2)
	13
	4.2 (2.7; 10.1)
	7
	3.6 (2.2; 7.7)
	5



	Systemic and intrarenal RAAS
	
	
	
	
	
	



	p-AGT (μg/mL)
	35.4 ± 4.1
	13
	36.5 ± 4.8
	8
	36.6 ± 6.8
	6



	u-AGT (ng/mg creatinine)
	256 (45; 549)
	13
	104 (57; 361)
	8
	316 (143; 1735)
	6







NLR, neutrophil-to-lymphocyte ratio; NMR, neutrophil-to-monocyte ratio; p-AGT, plasma angiotensinogen; RAAS, renin–angiotensin–aldosterone system; s-CRP, serum C-reactive protein; s-ICAM-1, serum intercellular-adhesion molecule 1; s-IL-1β, serum interleukin 1 beta; s-IL-6, serum interleukin 6; s-IL-10, serum interleukin 10; s-MPO, serum myeloperoxidase; s-TNF-α, serum tumor necrosis factor alpha; s-VCAM-1, serum vascular cell-adhesion molecule 1; u-AGT, urinary angiotensinogen; u-Isop, urinary isoprostanes; u-CysLT, urinary cysteinyl leukotrienes. Results are expressed as mean ± SEM or as median (25th percentile; 75th percentile) for data with normal or non-normal distribution, respectively. * p < 0.05 vs. days 1–2; ** p < 0.01 vs. days 1–2. The values of u-CysLT, u-Isop, and u-AGT were corrected for the respective urinary creatinine concentrations.
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Table 4. Clinical and biochemical parameters of organ dysfunction during hospitalization in SS patients.
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	Parameters
	Days 1–2
	n
	Days 3–4
	n
	Days 5–8
	n





	Lactate (mmol/L)
	2.6 (1.3; 3.7)
	13
	1.3 (1.1; 1.6) *
	8
	1.5 (1.1; 1.7)
	4



	SOFA score
	9 (7; 12)
	13
	6 (2; 11)
	8
	6 (4; 7) *
	4



	Cardiac biomarkers
	
	
	
	
	
	



	BNP (pg/mL)
	382 (315; 526)
	8
	n.d.
	-
	n.d.
	-



	hsTnI (ng/L)
	295 (74; 2251)
	13
	128 (32; 5460)
	6
	10 (5; 495)
	4



	Renal function
	
	
	
	
	
	



	eGFR (mL/min per 1.73 m2)
	36 ± 6
	13
	62 ± 12 *
	8
	82 ± 12 **
	5



	Urea (mg/dL)
	79 (59; 124)
	13
	55 (44; 82) *
	8
	71 (46; 125)
	6



	Urine protein/creatinine (mg/mg)
	2.0 ± 0.4
	10
	2.0 ± 0.5
	6
	1.0 ± 0.3
	3



	Respiratory parameters
	
	
	
	
	
	



	PaO2/FiO2 (P/F) ratio
	288 ± 31
	12
	282 ± 43
	8
	223 ± 12
	5



	Hepatic biomarkers
	
	
	
	
	
	



	AST (U/L)
	56 (29; 98)
	13
	61 (17; 236)
	6
	86 (41; 476)
	5



	ALT (U/L)
	35 (18; 98)
	13
	90 (42; 309)
	6
	119 (49; 454)
	5



	ALP (U/L)
	69 (65; 106)
	13
	125 (92; 214) *
	6
	227 (108; 297)
	5



	GGT (U/L)
	37 (19;68)
	13
	81 (47; 89) *
	6
	135 (77; 217)
	4



	Total bilirubin (mg/dL)
	0.9 (0.5; 3.1)
	13
	0.9 (0.5; 3.6)
	6
	1.9 (0.6; 8.8)
	5



	PT (s)
	14.3 (13.4; 18.0)
	12
	13.6 (12.7; 14.5) *
	8
	12.9 (11.0; 15.2)
	5







ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BNP, B-type natriuretic peptide; eGFR, estimated glomerular filtration rate; FiO2, fraction of inspired oxygen; GGT, gamma glutamyltransferase; hsTnI, high-sensitivity troponin I; n.d., not determined; PaO2, partial pressure of arterial oxygen; P/F, PaO2/FiO2 ratio; PT, prothrombin time; SOFA, Sequential Organ Failure Assessment. Results are expressed as mean ± SEM or as median (25th percentile; 75th percentile) for data with normal or non-normal distribution, respectively. * p < 0.05 vs. days 1–2; ** p < 0.01 vs. days 1–2.
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Table 5. Repeated-measure multivariate models for u-CysLT in SS patients throughout hospitalization. Adjusted β, 95% confidence intervals (95% CI), and p-value estimated by repeated-measure multivariate models with u-CysLT as the dependent variable and adjusted for age, gender, and eGFR.
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	u-CysLT

(pg/mg Creatinine)
	Adjusted β
	95% CI
	p-Value





	Model 1
	
	
	



	s-ICAM-1

(ng/mL)
	1.760
	0.281–3.238
	0.020



	Model 2
	
	
	



	s-VCAM-1

(ng/mL)
	0.268
	0.043–0.492
	0.019



	Model 3
	
	
	



	s-IL-6

(pg/mL)
	0.219
	0.068–0.369
	0.004



	Model 4
	
	
	



	u-Isop

(ng/mg creatinine)
	299
	185–414
	<0.001



	Model 5
	
	
	



	u-protein/creatinine (mg/mg)
	434
	226–642
	<0.001



	Model 6
	
	
	



	AST

(U/L)
	1.992
	0.936–3.048
	<0.001



	Model 7
	
	
	



	ALT

(U/L)
	1.523
	0.719–2.326
	<0.001







AST, aspartate aminotransferase; ALT, alanine aminotransferase; s-ICAM-1, serum intercellular-adhesion molecule 1; s-IL-6, serum interleukin 6; s-VCAM-1, serum vascular-adhesion molecule 1; u-CysLT, urinary cysteinyl leukotrienes; u-Isop, urinary isoprostanes.
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