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Abstract

:

Sepsis and acute kidney injury (AKI) are two major public health concerns that contribute significantly to illness and death worldwide. Early diagnosis and prompt treatment are essential for achieving the best possible outcomes. To date, there are no specific clinical, imaging, or biochemical indicators available to diagnose sepsis, and diagnosis of AKI based on the KDIGO criterion has limitations. To improve the diagnostic process for sepsis and AKI, it is essential to continually evolve our understanding of these conditions. Delays in diagnosis and appropriate treatment can have serious consequences. Sepsis and AKI often occur together, and patients with kidney dysfunction are more prone to developing sepsis. Therefore, identifying potential biomarkers for both conditions is crucial. In this review, we talk about the main biomarkers that evolve the diagnostic of sepsis and AKI, namely neutrophil gelatinase-associated lipocalin (NGAL), proenkephalin (PENK), and cell-free DNA.
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1. Introduction


Sepsis remains a pressing global health concern despite medical advances, according to the World Health Organization (WHO), due to its high incidence, prevalence, and mortality rates [1,2,3]. As estimated, there have been 48.9 million sepsis cases worldwide, causing 11 million deaths, which accounts for 19.7% of global mortality [4,5]. The absolute mortality rate can reach one-third to one-sixth of all affected patients, respectively. Sepsis is also one of the most expensive complications in hospital healthcare, contributing to 6.2% of total hospitalization costs or approximately $23 billion annually [5,6].



Acute kidney injury (AKI) is a common complication associated with high costs and significant morbidity and mortality [7,8]. The heterogeneity of AKI, as in sepsis, makes diagnosis and treatment difficult [9]. This clinical syndrome complicates the course and worsens the outcome in a significant number of patients, both in hospital and community settings [10,11]. The global burden of AKI-related mortality far exceeds that of breast cancer, heart failure, or diabetes, with an estimated 2 million people dying from AKI every year [12,13,14].



The multifaceted origin of organic dysfunction in sepsis results in diverse signs and symptoms, often with subtle and nonspecific clinical manifestations [15]. Additionally, the actual diagnosis of AKI is late and does not provide information about the cause, type, and severity of AKI [16]. Early diagnosis and prompt treatment are crucial for achieving the best possible outcomes. Therefore, it is essential to continually evolve the diagnostic process.



1.1. Diagnosis of Sepsis


The concept of sepsis has changed significantly over time, as have its criteria. In 1991, sepsis was first defined as a disease called Systemic Inflammatory Response Syndrome (SIRS), due to a suspected or confirmed infection with two or more organic dysfunctions. These dysfunctions can include increased heart and respiratory rate, temperature, leukopenia, or leukocytosis. During the same period, septic shock was described as hypotension and persistent organ dysfunction, even with the use of volume and the need for vasopressor administration [17].



In 2001, even recognizing the limitations, the existing definitions were updated with clinical and laboratory variables, resulting in Sepsis-2.0 [18]. Neither Sepsis1.0 nor -2.0 on their own indicate a complication course. In 2016, the Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3.0) recommended the use of Sequential Organ Failure Assessment (SOFA) and was validated in large cohorts from large retrospective databases in the USA and Germany [19,20]. The most recent definitions are: sepsis is a potentially fatal organ dysfunction caused by a dysregulated immune response to an infection, which can be caused by viruses, fungi, bacteria, or protozoa, and septic shock occurs in sepsis with hypotension that is not responsive to fluid resuscitation, where the use of vasopressors is required to maintain a mean arterial pressure (MAP) of 65 mmHg or higher and a serum lactate level equal to or above 18 mg/dL (2 mmol/L) [20].



The validation of sepsis diagnosis is defined by a variation of two or more points in the SOFA score in the presence of an infection. The SOFA score was developed by the European Society of Intensive Care Medicine as a method to describe individual organ dysfunction/failure. The main dysfunctions include neurological, respiratory, cardiovascular, gastrointestinal, renal, hematological, and endocrinological, and they reflect reduced oxygen supply and/or cellular changes. In this assessment, each variable is scored from 0 to 4 [21].



One of the key points in sepsis, besides early diagnosis, is the therapeutic target definition. Even when the infectious focus is known, the etiological agent and its resistance are often unknown. Blood cultures have low sensitivity, frequently leading to missed identification of all causative organisms. Therefore, advances in molecular diagnosis of sepsis have recently been explored for the rapid identification of pathogens [22].




1.2. Diagnosis of Acute Kidney Injury


The concept of sepsis has changed significantly over time, as have its criteria. Similarly, the diagnosis of AKI has evolved over time, being a syndrome characterized by an abrupt drop in the glomerular filtration rate, primarily based on the increase in serum creatinine and the reduction in urinary output.



The Acute Dialysis Quality Initiative (ADQI) proposed, in 2004, a classification based on the severity of renal injury, known as Risk, Injury, Loss End-Stage Renal Disease (RIFLE). In 2007, there was a revision of RIFLE, and the Acute Kidney Injury Network (AKIN) suggested adding the criterion of an increase in serum creatinine = >0.3 mg/dL in 48 h to define AKI. In 2012, the Kidney Disease Improving Global Outcomes (KDIGO) incorporated criteria from the RIFLE and AKIN classifications (see Table 1) [23]. The new AKI classification determines that:



The standardization of the AKI diagnosis has allowed us to compare diagnoses made in different settings. However, early diagnosis remains a challenge. First, there are limitations regarding the use of serum creatinine and urinary output. Second, determining the need for renal replacement therapy is difficult due to a lack of information about whether the AKI is transient or persistent. Lastly, advances in research identifying early biomarkers have so far been inaccessible in clinical practice [12].




1.3. The Crosstalk between Acute Kidney Injury and Sepsis


The kidney is one of the earliest injured organs during sepsis. AKI develops in about two-thirds of patients with septic shock [13,24]. Therefore, it is reasonable to consider AKI as an early sign of sepsis, and sepsis is one of the most important etiologies of AKI in this setting. Sepsis-associated acute kidney injury (SA-AKI) is common in critically ill patients and is strongly associated with adverse outcomes, including an increased risk of chronic kidney disease, cardiovascular events, and death. The pathophysiology of SA-AKI remains undefined, although microcirculatory dysfunction, cellular metabolic reprogramming, and dysregulated inflammatory responses have been implicated in preclinical studies [13].



Recently, the consensus reported that SA-AKI is defined as the occurrence of acute kidney injury within 7 days of the onset of sepsis, diagnosed according to the criteria of the Kidney Disease Improving Global Outcome and Sepsis 3 [25].



Sepsis is a complex condition that involves a disruption of the body’s immune response to an infection. It is characterized by a dysregulated balance of inflammation and anti-inflammation.



The pathophysiology of sepsis and AKI are intrinsically interrelated. Various mechanisms can contribute to injury in SA-AKI, such as systemic and renal inflammation, complement activation, RAAS dysregulation, mitochondrial dysfunction, metabolic reprogramming, microcirculatory dysfunction, and macrocirculatory abnormalities [25]. In septic conditions, the SIRS process, caused by infection, is related to the release of systemic pro-inflammatory factors, which causes endothelial damage, microvascular dysfunction, deficits in tissue oxygenation, and, consequently, organ damage [26]. The nephron, the functional unit of the kidney, is predominantly composed of capillaries, which therefore highlights the vulnerability that this organ presents to these mechanisms [26].



On the other hand, a UTI, which, depending on its severity, can progress to AKI, is the third infectious cause most related to progression to a septic condition, behind lung and abdominal infections [27], triggering the pathophysiological condition described previously [26]. Furthermore, patients who progress with severity may require mechanical ventilation and administration of nephrotoxic drugs, which tend to increase harmful effects on renal function [28], so it is essential to explore new biomarkers, which can allow the application of interventions, evaluate responses to treatment, detect biological abnormalities, and assess the prognosis according to the development of the disease [29]. The 28th Acute Disease Quality Initiative consensus reported that SA-AKI recommends utilizing sepsis biomarkers in conjunction with functional and tubular injury-related biomarkers to enhance the prognosis of early or late SA-AKI [25].





2. Discussion


The role of biomarkers in the detection of sepsis and AKI is fundamental for the diagnosis, treatment, and prognosis of the disease. However, so far, no single biomarker has shown to have sufficient specificity or discriminatory value to be used unequivocally and reliably in the diagnosis and/or prognosis of these pathologies. We have listed the potential BMs used in both pathologies to assess whether it is possible to diagnose sepsis in AKI and vice versa.



The combination of biomarkers involved in different pathways related to sepsis and AKI, along with clinical information, can be particularly useful in the diagnosis or risk stratification for patients with sepsis and AKI.



We have selected three promising biomarkers for the diagnosis of AKI and sepsis: NGAL, PENK, and cfDNA. Their pathophysiological association with both conditions and the main confounding factors are summarized in Table 2 and will be detailed in the following sections.



The use of biomarkers can help overcome the limitations of current diagnostic standards for AKI and sepsis. In AKI diagnosis based on the increase in serum creatinine (Scr) and/or decrease in urine output, the main limitations of Scr include delay (its increase occurs only after 48 h of injury), underestimation (fluid overload), decreased production in sepsis, and, value dependence on factors influenced by muscle mass structure and other factors [30]. The measurement of urine volume in diapers is unreliable, and the use of urinary catheters for more accurate monitoring can lead to infectious complications. Additionally, even in oliguric cases, urine volume may not be indicative of renal dysfunction, as a significant percentage of cases do not exhibit oliguria (25% to 80%) [30].



In the case of sepsis, the limitations are more extensive as there is currently no standard biological marker for diagnosis. In clinical practice, procalcitonin, lactate, and CRP can be helpful. The limitations of procalcitonin include elevation in other conditions such as trauma, burns, cardiogenic shock, major surgeries, and renal injury [31]. Moreover, the specificity of procalcitonin for diagnosing sepsis is relatively low. Some patients do not exhibit an increase in procalcitonin even in cases of septic shock, and there may be a delay in its elevation after the onset of sepsis [32]. Lactate elevation, seen in perfusion abnormalities and oxidative metabolism impairment, is not a reliable early indicator of sepsis and lacks specificity [33], and C-reactive protein (CRP) lacks specificity for bacterial infection and is seen to be raised in most other causes of inflammation.



Although still in the research phase, the hypothesis is that in clinical practice, they could assist in earlier diagnosis in both conditions, providing more detailed information such as the location/type of injury in the case of AKI or the site/type of infection in sepsis (Figure 1). The combined use of these biomarkers could enhance diagnostic accuracy, given the infinite heterogeneity present in both conditions. For example, AKI can stem from various causes such as pre-renal, renal, and post-renal factors, including ischemic, nephrotoxic, and obstructive origins, among others. Therefore, a panel of biomarkers may provide a more comprehensive assessment than a single biomarker alone to better understand the global kidney dimension and the various pathways related to AKI. Similarly, in sepsis, the potential pathophysiological pathways differ among the three biomarkers listed in Table 2. Recognizing these distinctions can not only aid in risk stratification and early detection but also improve disease management by offering a more refined understanding of its complexities and directing the use of antibiotics more effectively towards the infecting pathogen.



2.1. Neutrophil Gelatinase-Associated Lipocalin—NGAL


Neutrophil gelatinase-associated lipocalin (NGAL) can currently be considered the main diagnostic biomarker in AKI and sepsis. Its role as a biomarker has been recognized in several clinical studies. In the study by Kjeldsen et al. in 1993, NGAL was created from the isolation of a lipocalin as a protease-resistant polypeptide, covalently linked to neutrophil gelatinase, also named as siderocalin, lipocalin 2, or oncogene 24p [34]. NGAL is a small protein molecule that is 25 kilodaltons (kDa) covalently linked to gelatinase in specific neutrophil granules. The levels of NGAL found in human tissues, including the kidneys, stomach, lungs, trachea, and colon (adult and fetal), are signaled at negligible levels [35]. Furthermore, NGAL has anti-inflammatory characteristics which are validated by increased expression in proliferative epithelia, regions of inflammation and intestinal malignancy [36].



The manifestation of NGAL is expressed both in normal kidneys, in which it is released by the thick ascending limb and by the interspersed cells of the espresso collecting duct, and in the proximal tubular epithelium, since filtration occurs by the glomerulus and is reassimilated by the proximal tubule in a dependent manner, involving megalin [36,37]. The physiological function of NGAL in the kidneys is still unknown; however, there is a scientific belief that NGAL acts in renal morphogenesis [38]. NGAL apparently plays a predominant role in cell proliferation, both in repair processes and in tubular re-epithelialization. This biomarker is an additional iron transport pathway, where the increase in transcription of heme oxygenase is determined, an enzyme that acts in the protection and preservation of proximal tubular cells, with proliferative and antiapoptotic action [39,40].



Conditions that may interfere with NGAL to be used as a biomarker are sepsis, chronic obstructive pulmonary disease, cardiac dysfunction, diabetes, and hypertension. These factors can impair the measurements of NGAL levels present in the body [41]. Age apparently is an influencing factor in NGAL rates, as in children the levels are higher when compared to older patients; gender is another factor, since female patients have a higher predictive value compared to males; and the other factors are urinary tract infection and impaired renal function, with greater predictive value in patients with chronic kidney disease [42,43,44].



Among the various biological functions that have been proposed for NGAL, however, specifically in the kidneys, the release of NGAL is correlated with nephrotoxic and schematic insults. Another situation that contributes to an extra increase in urinary NGAL concentration is the decrease in tubular reabsorption after AKI, causing a status similar to that of kidney troponin [42,43,44,45].



In a study, NGAL was analyzed in several contexts, both in pediatric and adult patients who underwent cardiac surgery, patients with serious illnesses, kidney transplants, and emergency rooms [46,47]. A study by Constantin et al. highlighted the potential of NGAL in diagnosing AKI, showing a sensitivity of 82%, specificity of 97%, and receiver operating characteristic (ROC) area under the curve (AUC) of 0.92 for predicting AKI [48]. In another multicenter study, Di Somma et al. concluded that the serial assessment of NGAL at different times enabled the ability to rule out AKI within six hours after the start of patient care in the emergency room [49]. Haase et al. and Zhou et al., in their meta-analyses, highlighted the prognostic and diagnostic value of NGAL for AKI, demonstrating extreme sensitivity and assertiveness in the diagnosis of AKI [50]. Urinary NGAL assists in the classification and stratification of patients with established AKI, with the ability to predict the worsening of RIFLE class outcomes, such as in-hospital mortality and renal replacement therapy [51]. In addition to AKI, NGAL can be used to predict adverse outcomes in the medium term, since its early measurement in the context of critical situations disease can identify patients with AKI at increased risk of death or progression to CKD in the following nine months [8]. Another study also demonstrated the potential ability of this biomarker to detect and predict AKI; however, in the long term, there were no considerable clinical differences [52].



These conclusions highlight the potential of NGAL as an essential biomarker in the diagnosis of AKI, but due to its variability in platforms and cut-off points, difficulties are encountered in generalizing it for a more comprehensive use in clinical practice. The platform favored the understanding of the different types of NGAL present, such as the 25 kDA NGAL monomer synthesized by monocyte tubular epithelial cells, the 45 kDA NGAL homodimer secreted by neutrophils covalently complexed with metalloproteinase-9 (MMP9). This can contribute to the maturation of understanding about the diagnosis of sepsis. The 25 kDA NGAL found in tubular epithelial cells may be more appropriate in the diagnosis of AKI. In turn, the test that uses the 45 kDA homodimer secreted, for the most part, by neutrophils is more commonly used in the diagnosis of sepsis [45].



Therefore, the ability of NGAL to reflect neutrophil activation, which is common in sepsis, indicates that NGAL may play an important role in the early diagnosis and stratification of septic patients. Studies have shown that measuring NGAL can help locate septic patients and predict the severity of the disease, making it a promising field of research in the context of diagnosis and management of sepsis.



NGAL associated with Fetuin-A showed good efficacy in predicting 28-day mortality in septic patients [51]. Another study of 100 septic patients, 37 of whom had bacterial-type sepsis, found the standard plasma NGAL cut-off value for predicting sepsis to be 570 ng/mL, AUC 0.69. The use of NGAL > 570 ng/mL with scores (diabetes mellitus, presence of chills, rapid sequential organ failure assessment (qSOFA) score > 2 and clear focus of infection) > 7 was predominantly suggestive of bacterial infection with the interval likelihood ratio (LR) of 7.77 [53]. In a neonatal population, a similar cut-off value of 455 μg/L (sensitivity 71.4%, specificity 100%) and 1104 μg/L (sensitivity 39.3%, specificity 95.2%) was found to anticipate sepsis and non-survival, respectively [54]. Another study found a lower cut-off point for diagnosing sepsis, 250 ng/mL, sNGAL-0 h to predict 28-day mortality with a sensitivity of 0.838 and a specificity of 0.827, better than lactate, which had a sensitivity of 0.892 and a specificity of 0.65 [55].




2.2. Cell-Free DNA


Recently, the mechanism of extensive cell death of immune cells induced by infection, which releases a large amount of damage-associated molecular patterns (DAMPs), triggers the host’s immune response, activates coagulation, and mediates multiple-organ dysfunction syndrome (MODS) [56,57,58,59]. Therefore, they play a central role in the development of sepsis and its progression to MODS [60,61].



DAMPs are endogenous molecules that activate the immune system. Examples of DAMPs include nuclear and mitochondrial DNA, RNA, nucleotides, heat shock proteins, and uric acid. These molecules are normally inside cells, performing different functions in homeostasis, but are released into the extracellular space when cells are exposed to stress. Cellular stress can be caused by various physical, chemical, metabolic, and infectious factors [62]. The mechanism of infection-induced extensive immune cell death releases a large quantity of DAMPs, which plays a role in the development of MODS and immunosuppression during sepsis [60,61,62,63]. Growing evidence supports the hypothesis that DAMPs, including high-mobility group protein (HMGB1), cell-free DNA (cfDNA), histones, and neutrophil extracellular traps (NETs), may directly or indirectly contribute significantly to the development of MODS [56].



Extracellular DNA, or cfDNA, is the DNA molecule released, whole or fragmented, into body fluids of healthy subjects, such as blood, saliva, urine and/or feces [64,65], from a nucleated cell, and its level is usually much higher in people after physical effort [65]; however, in patients with various diseases such as sepsis, the inflammatory stress significantly increases many markers as well as the cell-free DNA level [56,63,64,65,66,67,68,69]. Additionally, cf-DNA has been suggested as a potential predictive biomarker for several different conditions, including cancer (currently allows determination of a small fraction of tumor-derived) [70,71,72], stroke [73], trauma [74], transplantation (early detection of allograft rejection) [68,69,75,76], AKI [77,78], inflammatory and autoimmune diseases [79], and pregnancy (huge impact on prenatal medicine, where non-invasive prenatal testing is based on analysis of a fetal component of cfDNA in maternal blood) [80].



The majority of cfDNA in urine originates from plasma, but it can also arise from blood, kidney, and urinary tract cells. This fragment, retained in the glomeruli by mechanisms that are still unknown, is called transrenal cfDNA and has a lower concentration compared to other body fluids, which may also occur due to the greater enzymatic activity in the kidney than in other organs analyzed. However, when there is associated renal injury, such as carcinoma, infection, or transplantation, there is a greater and earlier release of the amount of fragmented mitochondrial and nuclear cfDNA in the urine, compared to other biochemical parameters, which can be exploited to detect early signs of severity [81]. Similar to plasma cfDNA, urinary cfDNA is nonspecific and can increase in several diseases; however, combining quantification and analysis with other parameters can increase its diagnostic value, like kidney injury molecule-1 and NGAL [81].



Clementi et al. demonstrated that, in septic patients who developed AKI, cfDNA levels were higher than in septic patients who did not develop AKI. In an animal model, total cfDNA increased in individuals with AKI, mainly influenced by the nuclear fraction, originating from the affected organ; however, the concentrations are dependent on the mechanism of injury induction and the animal model used [78].



In a separate investigation, cfDNA levels were assessed in an animal model with induced liver injury, revealing elevated cfDNA levels alongside other specific biomarkers. Nonetheless, this study acknowledges that cfDNA elevation post-tissue damage may limit its clinical utility and impact on prognostic evaluations [77].



Furthermore, a distinct study highlighted that heightened cfDNA levels served as a prognostic indicator for individuals with sepsis-induced acute kidney injury [81]. Benchtop in vivo experiments utilizing a CLP mouse model of sepsis indicated that increased cfDNA levels in the early sepsis phase could potentially function as a biomarker for assessing sepsis severity [69]. Subsequent clinical studies have corroborated the association between cfDNA levels and the clinical outcomes’ severity in sepsis cases [68,69].



A small study involving 34 patients, with 27 being septic and 7 non-septic, showed that cfDNA concentrations at admission were higher in non-survivors than in survivors [82]. In the retrospective study, stored plasma samples from 80 patients with severe sepsis were used to measure cfDNA, IL-6, thrombin, and protein. The levels of cfDNA in plasma had better prognostic utility than MODS or APACHE II scores, or the biomarkers measured by the AUC for cfDNA to predict ICU mortality is 0.97 (95% CI, 0.93 to 1.00) and to predict hospital mortality is 0.84 (95% CI, 0.75 to 0.94). They found that a cfDNA cut-off value of 2.35 ng/μL had a sensitivity of 87.9% and specificity of 93.5% for predicting ICU mortality [83]. A study carried out with cfDNA demonstrated that, in septic patients, those who presented profound damage to mitochondrial DNA and RNA oxidation had a greater association with long-term mortality [84].



The study by Long et al. used 78 plasma samples from ICU patients to compare next-generation sequencing (NGS) with traditional bacterial culture (BC) technology for pathogen identification from cfDNA plasma. They demonstrated levels of cfDNA that were twenty-two times higher compared to non-septic patients [85].



The mechanisms that modulate fibrinolysis in sepsis remain incomprehensible. Studies have revealed that high concentrations of endogenous cfDNA correlate with an increase in endogenous thrombin potential in plasmas obtained from patients with severe sepsis [86,87,88]. In addition to coagulation activation and negative regulation of endogenous anticoagulant pathways, dysfunction of the fibrinolytic system plays a central role in the pathogenesis of microvascular thrombosis and organ dysfunction in sepsis [87,88].




2.3. Proenkephalin—PENK


Proenkephalin (PENK) is filtrated by the glomerulus and is a newer biomarker of glomerular filtration. It has also been studied in sepsis settings, heart failure, CKD, and kidney transplants [89]. PENK is a stable surrogate marker for endogenous enkephalins and is a monomeric peptide with a molecular weight of approximately 4.5 kDa. It is cleaved from the precursor peptide pre-proenkephalin A alongside enkephalins, which are endogenous opioids that act primarily on delta opioid receptors. The first site with the highest density of delta opioid receptors is the central nervous system, and the second is the kidney [90].



The exact function of PENK is still unknown, but there is evidence to suggest that it may play a regulatory role in kidney function, such as inducing diuresis and natriuresis through receptor agonism or inhibiting antidiuretic hormone [91,92]. Plasma PENK concentration appears to correlate strongly with GFR [93]. Additionally, PENK has a long in vivo half-life, is stable after collection, is not influenced by age, sex, and inflammation, is not protein-bound in plasma, and is exclusively filtrated in the glomerulus, making it a very reliable indicator of glomerular filtration injury [94,95,96]. As a newer biomarker, there are limited studies, primarily focused on renal dysfunction and sepsis, but other research has found its association with heart failure and transplantation [97]. In a small cohort of liver transplant patients, PENK was found to be an independent predictor of severe AKI, with an AUC of 0.83 (CI 0.72–0.94), a cut-off of 119.05 pmol/L, a sensitivity of 0.81, a specificity of 0.90, and an accuracy of 0.84. It was also identified that PENK was 48 h earlier than serum creatinine in detecting severe AKI [88]. A recent meta-analysis, including 11 observational studies with 3969 patients, found the best optimal cut-off value of PENK for early detection of AKI to be 57.3 pmol/L. The sensitivity and specificity of PENK in identifying AKI were 0.69 (95% CI 0.62–0.75) and 0.76 (95% CI 0.68–0.82), respectively [98].



A study was conducted with 88 critically ill patients diagnosed with sepsis or septic shock. During admission to the Intensive Care Unit (ICU), the levels of serum creatinine and sroenkephalin were evaluated on days 0, 2, and 7. It was observed that patients who developed Acute Kidney Injury (AKI) showed a significant increase in proenkephalin levels in the plasma, reaching 145.0 pmol/l for septic AKI, with a sensitivity of 67.9% and specificity of 98.3%, and an area under the curve (AUC) of 0.796 [93].



Most studies involving PENK have focused on sepsis. In this context, three significant studies were carried out. The first study, which included 101 septic patients, revealed a correlation between PENK levels and the diagnosis and severity of acute kidney injury (AKI) based on the RIFLE criterion [99]. The second study, involving a cohort of 167 patients, found that PENK levels increased with the severity of sepsis and the diagnosis of AKI [100]. In the third study, which had a larger cohort of 978 patients, PENK was identified as a reliable indicator of AKI, the necessity for renal replacement therapy (RRT), and mortality, with odds ratios of 4.0 (95% CI 3.0–5.4) and 1.5 (95% CI 1.2–1.8), respectively [101]. A review demonstrated that increased plasma PENK concentration is directly related to the evolution of kidney disease and long-term mortality, being a potential surrogate to estimate renal deterioration [93].




2.4. Cut-Off Values Biomarkers


The cut-off values play a crucial role in the diagnosis of acute kidney injury (AKI) and sepsis, guiding clinicians in distinguishing between these conditions. Lower cut-off values are often observed in AKI, while higher values are common in sepsis diagnosis. Typically, studies focus on only one pathology or subpathology, such as AKI related to sepsis. However, taking a broad approach that encompasses both conditions through the same biomarker can enhance the understanding of the crosstalk between them, identify therapeutic targets, and prognostics, and comprehend the progression to CKD severity in AKI and septic shock in sepsis. Table 3 presents the optimal cut-off values for each biomarker in diagnosing sepsis and acute kidney injury (AKI), along with their corresponding sensitivities and specificities [102].



There are other biomarkers involved in the diagnosis of sepsis, one of them being neutrophil extracellular traps (NETs), discovered in 2004 [103]. Their increased presence is observed in many inflammatory and autoimmune diseases. In sepsis scenarios, NETs act as the “first line” of defense against pathogens at the site of inflammation, preventing the spread of infection from the inflammatory focus [104]. This contributes to the subsequent destruction of pathogens by antimicrobial proteins and professional phagocytes in the early stages of sepsis, showing bactericidal effects. However, as the disease progresses, NETs can lead to damage in the lungs and liver [105,106,107].





3. Conclusions


The diagnosis of sepsis and AKI poses a significant challenge in clinical practice, with delayed diagnosis linked to unfavorable outcomes. The pathophysiological interplay between these conditions underscores the need for more advanced diagnostic approaches. NGAL, for instance, has shown efficacy in identifying septic patients and predicting disease severity, while cfDNA has been linked to the severity of clinical outcomes in sepsis. Furthermore, PENK has emerged as a reliable indicator of glomerular filtration injury and has been associated with the severity of AKI in septic patients. Biomarkers such as NGAL, PENK, and cfDNA not only have the potential to elucidate this complex relationship pathophysiological but also to enhance risk stratification and diagnostic accuracy for these pathologies in the future.




4. Future Directions


The article proposes the evaluation of AKI and sepsis by the same biomarker. Firstly, both are considered confounding factors: sepsis can lead to AKI, and AKI can be associated with sepsis. By conducting a joint evaluation, a more comprehensive interpretation can be achieved.



The largest number of studies was carried out with NGAL, but they are still insufficient to determine the cost–benefit of its application. In some scenarios, participants had more serious conditions that required standard care, so it was not possible to exclusively determine the cost-effectiveness of the biomarker [108]. Another study highlights the lack of clinical trials on the impact of biomarkers on direct health outcomes, such as the need for ICU, progression to CKD, and mortality prediction, which makes it impossible to measure the advantages between effective costs and their effects. It is important to highlight those critically ill patients who require intensive care and prolonged hospitalizations, are more prone to complications, leading to a greater burden on health services [52]. Therefore, once the effectiveness of these biomarkers has been proven, their final benefits will initially justify their values. Furthermore, more studies are needed that explore cfDNA and PENK from this perspective.



Future research in the field of sepsis and AKI diagnosis is driven by the development and validation of biomarkers. Biomarkers such as NGAL, cell-free DNA, and PENK are emerging as promising tools to enhance early detection, risk stratification, and prognosis of these conditions. Understanding the biomarker kinetics is crucial, especially in sepsis, where the diagnosis is commonly made in patients with "suspected sepsis," which may not indicate early diagnosis as the condition may already be established. Few studies on AKI use the pre-pathological phase to determine the most realistic scenario of early detection compared to conventional diagnosis and thus diagnose subclinical AKI that may respond better to interventions than functional AKI. Therefore, studies should further explore the main limitations encountered: cut-off values, prognostic assessment, cost-effectiveness relationship, understanding of kinetics, and early diagnostic accuracy.
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Figure 1. Current Diagnostic Approaches and Future Clinical Applications of Biomarkers in Sepsis and Acute Kidney Injury (AKI). Legend: The figure aims to exemplify the current diagnostic methods for both sepsis and acute kidney injury (AKI) and their potential future clinical application using biomarkers. The diagnosis of acute kidney injury (AKI) is based on the increase in serum creatinine and/or the decrease in urine output according to the KDIGO criteria. The main limitation of the current diagnosis lies in the progression of the disease to more severe stages, where functional injury is already present; biomarkers could diagnose structural damage before functional injury occurs. This early identification would allow for the implementation of targeted therapies, altering the natural course of the disease. On the other hand, the diagnosis of sepsis is based on suspicion or evidence of infection, coupled with organ dysfunction assessed by the SOFA scale with a score greater than two (Sepsis 3.0). The primary limitation of the current diagnosis is the progression of the disease to more severe stages, such as septic shock, where clinical severity can be fatal regardless of therapeutic interventions; thus, once again, biomarkers become useful in early detection and as a therapeutic target with better chances of recovery. 
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Table 1. Classification of Acute Kidney Injury.
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	Stages
	Serum Creatinine
	Urine Output





	Stage 1
	Creatinine above 1.5–1.9 times (compared to baseline) in 7 days or increase of 0.3 mg/dL (>26.5 micromol/L) in 48 h
	Less than 0.5 mL/kg/h for 6 to 12 h



	Stage 2
	Increase greater than 2.0–2.9 times (compared to baseline)
	Less than 0.5 mL/kg/h for more than 12 h



	Stage 3
	Increase greater than 3.0 times the baseline value or creatinine above 4.0 mg/dL
	Less than 0.3 mg/kg/h for 24 h or anuria for more than 12 h










 





Table 2. Pathophysiology in the diagnosis of AKI and sepsis and confounding factors of the biomarkers NGAL, PENK, and cfDNA.
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	Diagnosis of AKI
	Diagnosis Sepsis
	Confounding Factors





	NGAL
	Is filtered by the glomerulus and reabsorbed by the proximal tubule, the increased expression in urine or plasma is associated with AKI.
	In the severe systemic inflammatory response that accompanies sepsis, the homodimer type of NGAL released by neutrophils is released.
	Chronic obstructive pulmonary disease, cardiac d