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Abstract

The current unidimensional paradigm of kidney disease detection is incompatible with the 

complexity and heterogeneity of renal pathology. The diagnosis of kidney disease has largely 

focused on glomerular filtration, while assessment of kidney tubular health has notably been 

absent. Following insult, the kidney tubular cells undergo a cascade of cellular responses that 

result in the production and accumulation of low-molecular-weight proteins in the urine and 

systemic circulation. Modern advancements in molecular analysis and proteomics have allowed 

the identification and quantification of these proteins as biomarkers for assessing and 

characterizing kidney diseases. In this review, we highlight promising biomarkers of kidney 

tubular health that have strong underpinnings in the pathophysiology of kidney disease. These 

biomarkers have been applied to various specific clinical settings from the spectrum of acute to 

chronic kidney diseases, demonstrating the potential to improve patient care.
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INTRODUCTION

Kidney diseases are complex and heterogeneous. Yet, clinical assessment of kidney disease 

largely relies largely on the glomerulus, the specialized filtering unit of the kidney. This 

unidimensional paradigm limits diagnosis and treatment of kidney diseases, the 

consequences of which are readily apparent: Both acute and chronic kidney diseases 

continue to outpace clinical management and are increasingly recognized as significant 

global health problems (1). And because these conditions are detected too late in the disease 

course, there have been no effective treatments developed to minimize kidney injury, alter 

the course of disease, or limit the associated morbidity and mortality.

Specifically, the diagnosis of kidney disease has relied on the serum creatinine, a breakdown 

product of creatine and phosphocreatine, that is largely freely filtered by the glomerulus. 
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Accessible and affordable, serum creatinine has remained the gold standard for almost a 

century, despite its many well-recognized limitations as an indirect marker of kidney 

damage, including delayed detection of injury (Table 1) (2, 3). In addition, serum creatinine 

can increase in the absence of glomerular or tubular injury and can be unchanged under 

conditions of significant tubular injury, particularly when patients have good underlying 

kidney function and significant kidney reserve (4–6).

To address these limitations, research employing novel technologies has focused on 

identifying structural markers of kidney tubular injury in the urine or systemic circulation 

that are directly produced by the kidney or build up as a result of the dysfunction of tubular 

cells following kidney damage (7–10). Linked to the pathophysiology of kidney injury, these 

biomarkers of tubular health may enable early detection, identification of the location of 

injury, etiologic discernment, and prognostic prediction of kidney diseases. In fact, the 

characterization of kidney tubules may be particularly important. The vast majority of the 

kidney’s energy expenditure is dedicated to the homeostatic maintenance of non-glomerular 

functions of the kidney, and recent studies have demonstrated that prognosis of kidney 

disease even if glomerular in origin (11) is dependent on the extent of tubulointerstitial 

fibrosis. In this review, we highlight promising kidney biomarkers that have strong 

underpinnings in the pathophysiology of kidney injury (12). These biomarkers have been 

investigated in various etiologies of acute kidney injury (AKI) and have more recently 

extended into various presentations of chronic kidney disease (CKD). We present the results 

of the applications of such biomarkers in various specific clinical settings from the spectrum 

of acute to chronic kidney diseases, demonstrating the breadth of clinical applications of 

these biomarkers.

BIOMARKERS OF KIDNEY TUBULAR HEALTH

Much of the research in the field of kidney biomarkers started with investigations of AKI, a 

condition in which serum creatinine may not be in steady state; thus, biomarkers that are 

closely correlated with true kidney tissue injury, akin to troponin for cardiac tissue, would be 

especially important for the detection of acute insults to the kidney. A variety of biomarkers 

of kidney tubular health have been identified in animal models and clinical studies that can 

localize to specific portions of the nephron and represent distinct mechanistic responses in 

the process of kidney injury. As direct indicators of kidney pathology, these biomarkers may 

address the limitations of serum creatinine. Several well-studied kidney biomarkers are 

presented with a broad physiologic overview, categorized by localization and mechanism of 

injury (Figures 1 and 2). These biomarkers provide a lens into the complexity of the 

pathogenesis of kidney injury and the heterogeneity that is not adequately captured by 

current approaches to characterize and treat kidney disease.

Biomarkers of Tubular Injury

As a response to initial injury, tubular epithelial cells undergo subtle changes and release 

specific proteins into the urine and systemic circulation. Neutrophil gelatinase-associated 

lipocalin (NGAL), also known as lipocalin 2 (LCN2), is a glycoprotein bound to matrix 

metalloproteinase-9 in human neutrophils and is one of the most widely studied kidney 
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biomarkers. It is a 25-kDa protein belonging to the lipocalin superfamily, which is involved 

in transport of hydrophilic substances through membranes to maintain cellular homeostasis 

(13). Through binding bacterial siderophores and sequestering iron, NGAL inhibits bacterial 

growth and is important in host defense against pathogens that require iron acquisition for 

survival. NGAL is expressed in various tissues in the body, such as the lung, gastrointestinal 

tract, liver, and kidney (14), and is markedly induced in injured epithelial cells in response to 

injury, inflammation, and neoplastic transformation (14). Thus, while both plasma and 

urinary NGAL have been investigated as promising biomarkers of kidney injury, urinary 

NGAL is more specific to that produced by the kidney following insult. Transcriptome 

profiling studies in rodent models identified NGAL as one of the most upregulated genes in 

the kidney very early after tubular injury, particularly in distal nephron segments, and 

evidence suggests that it may be the earliest known marker of kidney injury (15, 16). 

Urinary NGAL levels were significantly elevated within 2 h of renal ischemia-reperfusion 

injury in mouse models (17), and both urine and serum levels were elevated within 2 h 

following cardiac surgery in children who developed postoperative AKI (18). In addition, in 

CKD, urinary NGAL levels in humans have been demonstrated to be inversely correlated 

with estimated glomerular filtration rate (eGFR) and directly correlated with both interstitial 

fibrosis and tubular atrophy (19). Based on these promising findings, commercial NGAL 

tests have been approved for use in the detection of AKI in Europe and Asia with pending 

approval by the US Food and Drug Administration (FDA).

Kidney injury molecule-1 (KIM-1), also known as T cell immunoglobulin and mucin 

domain-containing protein-1 (TIM-1) and hepatitis A virus cellular receptor 1 (HAVCR-1), 

is a 90-kDa type 1 transmembrane glycoprotein that is significantly expressed in kidneys, 

specifically in proximal tubular cells, following ischemic injury, whereas it is virtually 

absent or present at low levels in healthy kidneys (20, 21). KIM-1 has evolved as a marker of 

proximal tubular injury, the hallmark of virtually all proteinuric, toxic, and ischemic renal 

diseases. KIM-1 has been shown to be a highly sensitive and specific marker of kidney 

injury in several animal models of kidney disease, including models of injury due to 

ischemia (20, 22) and various nephrotoxins (23–28). In addition to serving as a marker of 

tubular injury, preclinical data have also demonstrated that KIM-1 is upregulated in the later 

phases of AKI and is believed to play an important role in renal repair (29).

Tissue inhibitor of metalloproteinases-2 (TIMP-2) and insulin-like growth factor-binding 

protein 7 (IGFBP-7) are mediators of cell-cycle arrest, a commonly induced response to 

kidney injury. Both IGFBP-7 (through p523 and p21) and TIMP-2 (through p27) block the 

effect of cyclin-dependent protein kinase complexes and cause short periods of G1 cell-cycle 

arrest (30–32). These biomarkers were originally discovered in the clinical setting of critical 

illness and have been approved by the FDA for use in conjunction with clinical evaluation in 

intensive care unit patients who have acute cardiovascular and/or respiratory compromise 

(33).

Biomarkers of Tubular Function

The predominant function of the adenosine 5’-triphosphate (ATP)-rich proximal tubules is to 

reabsorb the majority of the filtrate. Thus, small molecules that are filtered by the 
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glomerulus and processed or reabsorbed by the proximal tubules may serve as effective 

biomarkers of proximal tubular function. Increasing levels of these proteins in the urine may 

indicate reduced absorption by megalin, a multiligand endocytic receptor, in the proximal 

tubules prior to irreversible cell death. For example, cystatin C is a low-molecular-weight 

protein of 13 kDa produced at a constant rate by all nucleated cells and eliminated 

exclusively by glomerular filtration. Although it is neither secreted nor reabsorbed by renal 

tubules, it undergoes almost complete catabolism by proximal tubular cells and, thus, little if 

any appears in the urine under normal circumstances. Impairment of reabsorption in the 

proximal tubules can lead to marked increases in urinary levels of cystatin C in animals and 

humans (34, 35).

α1-Microglobulin (α1M) is another prototypical example of a marker of proximal tubular 

function. α1M is a low-molecular-weight glycoprotein of approximately 27 to 30 kDa and 

another member of the lipocalin superfamily. α1M is primarily synthesized by the liver and 

is available both in free form and as a complex with immunoglobulin A (IgA) (36). α1M is 

freely filtered at the glomerulus and completely reabsorbed via megalin mediation and 

catabolized by the normal proximal tubule. Therefore, an increase in the urinary 

concentration of α1M indicates proximal tubular injury or dysfunction, and patients with 

renal tubular diseases have been found to have elevated urinary α1M levels. Unlike β2-

microglobulin and retinol-binding protein, which follow an analogous mechanism, α1M is 

more stable over a range of pH levels in the urine (37), which has currently made it a 

superior urinary biomarker of tubular dysfunction.

L-type or liver-type fatty acid-binding protein (L-FABP) is a 15-kDa protein that selectively 

binds to free fatty acids and transports them to mitochondria or peroxisomes, where free 

fatty acids are β-oxidized and participate in intracellular fatty acid homeostasis. First 

isolated in the liver as a binding protein for oleic acid and bilirubin, there are now known to 

be several different types of FABPs, which are expressed in a variety of tissues. Circulating 

L-FABP is thought to be filtered at the glomeruli and reabsorbed by proximal tubular cells. 

Although it is not synthesized in mouse models, L-FABP is expressed in the proximal 

tubules of humans following acute ischemic injury (38). Accordingly, elevated L-FABP 

levels have been shown to be a sensitive and specific marker of AKI in both adults and 

children (39, 40). Because L-FABP is also expressed by the liver, liver injury can be a 

potential contributor to increased urinary levels of this biomarker during AKI. However, 

previous clinical studies have shown that serum L-FABP levels do not have a significant 

influence on urinary levels and that urinary L-FABP levels are not significantly higher in 

patients with liver disease than in healthy subjects (39–42).

Uromodulin (UMOD), also known as Tamm-Horsfall protein, is an 85-kDa glycoprotein 

exclusively produced by cells of the thick ascending limb of Henle. It is the most abundant 

protein in physiologic urine and, with a large number of cysteine residues, has a tendency to 

aggregate and is the major constituent of hyaline casts (43). While UMOD’s physiologic 

function has yet to be elucidated, it has been implicated in regulation of salt homeostasis and 

conferring immunologic renal protection, including preventing infections and inhibiting 

nephrolithiasis. Studies in animal models and clinical settings have demonstrated its ability 

to serve as a biomarker for tubular mass and function and, accordingly, UMOD has been 
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shown to be inversely associated with many kidney disease states. Evidence also shows that 

UMOD is a direct marker of the amount of intact tubular cells of the ascending limb of the 

loop of Henle and thus may represent a marker for the number of remaining functional 

tubules (44).

Biomarkers of Kidney Inflammation

The activation of inflammatory pathways within the kidneys and recruitment of 

inflammatory cells to the site of injury are early responses to kidney injury; such 

inflammatory mediators include interleukin-18 (IL-18), an 18-kDa proinflammatory 

cytokine, and a member of the IL-1 superfamily. As an early response to injury, the 

precursor of this inflammatory cytokine, pro-IL-18, is cleaved by caspase 1 within renal 

tubule cells and macrophages, and IL-18 is released into the tubular lumen and systemic 

circulation. Preclinical studies have demonstrated that IL-18 is a mediator of acute tubular 

injury, inducing both neutrophil and monocyte infiltration of the renal parenchyma (45, 46). 

In addition, IL-18 has been demonstrated to play a major role in macrophage activation, with 

mice engrafted with IL-18-deficient bone marrow experiencing less AKI than those with 

IL-18 replete marrow (47). Similarly, in IL-18 knockout mice with AKI, tumor necrosis 

factor-α (TNF-α), inducible nitric oxide synthase, macrophage inflammatory protein-2, and 

monocyte chemoattractant protein-1 (MCP-1) messenger RNA expression are all decreased, 

demonstrating the key inflammatory mediating effects of IL-18 on AKI. The immune 

response involves a variety of additional mediators, including IL-6 and IL-10. IL-6 is a 

major proinflammatory mediator that is well characterized in the orchestration of the 

inflammatory response following acute renal insult and has been shown to be a superior 

marker in renal patients compared with other proinflammatory candidates, such as the 

systemic inflammatory marker C-reactive protein. On the other hand, IL-10 is a prototypical 

anti-inflammatory cytokine that carries out the critical function of modulating and 

suppressing inflammation, antagonistic to the effects of IL-6.

In addition, kidney tubular cells also produce MCP-1 in response to proinflammatory 

cytokines, including TNF-α and IL-1β (48). MCP-1 is a chemotactic protein that attracts 

blood monocytes and tissue macrophages through interaction with the C-C motif cell-

surface receptor chemokine receptor 2 (CCR2) (49, 50). In response to proinflammatory 

stimuli, MCP-1 is expressed in a variety of human cell types, including fibroblasts, 

endothelial cells, peripheral blood mononuclear cells, and epithelial cells (50–54). The lack 

of correlation between urinary and serum MCP-1 levels suggests that urinary MCP-1 is 

locally produced by the kidney rather than as a result of filtration of serum MCP-1 (55–57).

Soluble TNF receptors (TNFR1 and TNFR2), circulating markers of low-grade 

inflammation, have also recently been demonstrated as biomarkers of kidney disease. These 

soluble proteins are the circulating forms of the receptors shed from their membrane-bound 

counterparts, which are integral to TNF signaling pathways, and have been demonstrated to 

play important roles in the progression of atherosclerotic and kidney disease (58–60). 

Specifically, the TNF pathway has been involved in the development and progression of 

diabetic nephropathy in animal models (61), and TNF inhibition with the soluble TNFR2 

fusion protein, etanercept, has improved albuminuria and tissue injury (62). TNF receptors 
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belong to the TNF receptor superfamily, a group of type 1 single transmembrane 

glycoproteins. Binding of TNF-α to TNFRs regulates inflammatory responses and apoptosis 

via activation of nuclear factor kappa B (NF-κB) or activator protein 1 (AP-1). In humans, 

early studies have shown that increased levels of circulating TNFRs are strongly associated 

with the progression of diabetic nephropathy to CKD stage 3 and end-stage renal disease 

(ESRD), and with all-cause mortality (59, 60, 63). Although the literature has predominantly 

supported their use in diabetic nephropathy, subanalyses of nondiabetic patients in these 

studies have also confirmed their utility in other etiologies of kidney disease (64).

Biomarkers of Adaptive Repair and Fibrosis

Following inflammation, injury may be followed by reparative processes or ongoing 

progression of inflammation that eventually leads to fibrosis. These tightly regulated 

pathways of adaptive repair and fibrosis may be captured by urinary biomarkers involved in 

these pathways. YKL-40, also known as chitinase 3-Dlike protein 1 and BRP-39 in mice, is 

a 40-kDa inflammatory glycoprotein produced in a wide range of inflammatory cell types 

involved in modulating favorable responses to cellular damage (65). It has been 

hypothesized that this protein may signal the adaptive repair response following 

inflammation. For example, in hypoxic lung injury, BRP-39/YKL-40 has been demonstrated 

to limit lung injury, inflammation, and epithelial apoptosis (66). Studies of Brp39 knockout 

mice have revealed that macrophage-derived BRP-39 was critical in limiting renal tubular 

apoptosis via activation of Akt (also known as PKB, protein kinase B), and thus improved 

survival following renal ischemic-reperfusion injury (67).

In contrast, other biomarkers reflect the deposition of extracellular matrix that is the 

hallmark of fibrosis. Under physiologic conditions, kidneys have small amounts of collagen 

present in the intersitium, whereas kidneys having undergone progressive and sustained 

injury exhibit increased collagen production. Procollagen type III N-terminal propeptide 

(PIIINP) is the 42-kDa amino acid terminal peptide of type III procollagen, which is 

released during the synthesis and deposition of type III collagen. Urinary PIIINP levels are 

accordingly believed to be biomarkers of early stages of kidney fibrosis. Studies have found 

that urinary PIIINP levels did not correlate with proteinuria and thus likely represent 

intrarenal synthesis of this peptide (68). Ongoing work has focused on the evolving 

understanding of the pathophysiology of kidney injury in the modulation of renal repair. In 

contrast to the heart and brain, the kidney possesses intrinsic regenerative abilities following 

ischemic and toxic insults. Whether repair is promptly initiated or delayed may play an 

important role in outcomes following kidney injury. Thus, the process of and balance 

between adaptive and maladaptive repair may be an important junction for therapeutic 

intervention and has been the focus of active research efforts. Kidney biopsies are invasive 

and relatively difficult procedures and, thus, quantifying early fibrosis in CKD may become 

feasible with these noninvasive biomarkers.

For example, epidermal growth factor (EGF), which has been implicated in modulating the 

tubular response to injury (69, 70), was identified as a biomarker of chronic kidney disease 

via a renal biopsy transcriptome-driven discovery approach in a study of four diverse cohorts 

(71). Through an unbiased functional analysis of gene expression data, EGF was uniquely 
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identified to be involved in kidney function decline. Along with intrarenal EGF mRNA, 

urinary EGF was found to be tightly correlated with eGFR at the time of biopsy and with 

longitudinal changes in eGFR, independent of traditional risk factors. Furthermore, EGF 

added predictive power to traditional clinical prognostic markers of CKD progression end 

points across the four diverse cohorts. As an especially promising biomarker, urinary EGF 

has been shown to be highly specific to the kidney and is normally minimally present in the 

plasma (72). Thus, it has been postulated that EGF may be a biomarker of the regenerative 

functional reserve and reflect the ability to respond to insults. Consistent with this 

understanding, exogenous EGF administration enhanced tubular repair and regeneration of 

kidney function in animal models of AKI; interestingly, however, in the presence of 

proinflammatory stimuli, EGF further exacerbated injury (73). In addition, urinary EGF has 

been shown to be inversely correlated with interstitial fibrosis (74), diabetic nephropathy 

(75), IgA nephropathy (69, 76), adult polycystic kidney disease (77), and pediatric CKD 

(78).

CLINICAL APPLICATIONS

Irrespective of etiology or clinical setting, a given loss of GFR due to kidney disease is 

detected by identical rises in serum creatinine levels. However, the meaning of these 

elevations in serum creatinine with respect to underlying mechanisms of injury and 

outcomes may significantly differ based on the physiologic context and the milieu in which 

the elevations occur. Biomarkers of tubular health have the ability to provide greater 

resolution into the nuances and complexities of these conditions, which have demonstrated 

the ability to improve detection, identify disease susceptibility, diagnose subclinical kidney 

disease, and predict prognosis of adverse events in a variety of clinical settings. It has 

become increasingly appreciated that any single biomarker may be insufficient to 

characterize the disease state. Rather, these biomarkers are context dependent. Accordingly, 

different biomarkers have demonstrated utility in different settings, reflecting the unique 

aspects of the underlying mechanisms of injury (Figure 3). Understanding the relationships 

between these different biomarker categories may improve the understanding of and ability 

to phenotype these disease processes and, in turn, inform the development of novel 

therapeutic compounds. We highlight observational data from several diverse clinical 

contexts in which these biomarkers have shown promise in advancing clinical care.

Acute Kidney Injury

The advances in the identification of these serum and urinary biomarkers representing 

tubular health have been investigated widely in AKI and can complement serum creatinine 

to improve patient management. Biomarkers can complement and provide mechanistic 

context to the rises in serum creatinine and improve clinical management of kidney disease 

in different settings (Figure 4).

Early detection of subclinical AKI following cardiac surgery.—Cardiac surgery is 

a leading cause of ischemic AKI in hospitalized patients and strongly associated with 

significant morbidity and mortality. However, serum creatinine rises late in the disease 

course at 48–72 h postsurgery and limits the ability for early detection and intervention of 
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these cases of AKI. The futility of attempting to treat patients following recognition of 

kidney injury based on serum creatinine has been compared to initiating treatment of 

myocardial infarction or stroke 48 h after the onset of ischemia. Preclinical models have 

demonstrated global changes in renal gene expression during early ischemic injury (79, 80), 

including production of proteins that have since been identified as biomarkers of AKI (81). 

Use of these biomarkers can augment the clinical ability to detect cases of kidney injury, 

improve risk stratification, and provide insight to therapeutic targets (82). Biomarkers of 

renal tubular injury, including IL-18, NGAL, and KIM-1, measured within 6 h following 

cardiac surgery, have been demonstrated to predict risk of AKI well before the rise in serum 

creatinine. For example, the highest quintiles of serum IL-18 within 6 h postsurgery were 

associated with a sevenfold increased risk of AKI in both adults and children, compared to 

the respective lowest quintiles (83, 84). Similarly, the highest quintiles of plasma NGAL and 

urinary KIM-1 were associated with increased risk of developing AKI, compared with the 

first quintile (adjusted OR 5.0, 95% CI: 1.6–15.3; adjusted OR 4.8, 95% CI: 1.6–14.6, 

respectively) (40, 83).

Although serum creatinine returns to normal levels in many of these cases of AKI, the 

burden on the kidneys may not be completely benign. For example, preclinical studies have 

demonstrated the development and persistence of inflammation, renal fibrosis, abnormal 

kidney gene expression profiles, and function deficits after ischemic kidney injury, despite a 

return of serum creatinine concentrations to normal values (85, 86). Accordingly, these 

biomarkers of tubular injury were also associated with severity and progression of AKI in 

the postcardiac surgery setting. The highest quintile of urinary IL-18 predicted those who 

progressed from early AKI (Acute Kidney Injury Network [AKIN] Stage 1) to more severe 

stages of AKI (AKIN Stage 2 or 3) (adjusted OR 3.00, 95% CI: 1.25–7.25) and was 

associated with duration of AKI >7 days (adjusted OR 2.90, 95% CI: 1.80–4.68) (87, 88). 

Similarly, those with the highest quintile of plasma NGAL were nearly eight times more 

likely to develop progressive AKI (OR 7.72, 95% CI: 2.65–22.49) compared with those in 

the first two quintiles. The highest quintile of urinary KIM-1 was also associated with longer 

duration of AKI (adjusted OR 2.3, 95% CI: 1.51–3.53) (88). L-FABP was associated with 

duration of AKI, and both the fourth and fifth quintiles were associated with a longer 

duration of AKI (adjusted OR 1.77, 95% CI: 1.17–2.67; adjusted OR 1.92, 95% CI: 1.26–

2.93, respectively) (88).

Moreover, these biomarkers of tubular injury have even demonstrated potential to portend 

long-term mortality following cardiac surgery. Even in patients without AKI, the highest 

tertile of IL-18 was associated with increased risk of mortality over a median follow-up time 

of 3.0 years [interquartile range (IQR) 2.2 to 3.6] compared with the first tertile [adjusted 

hazard ratio (HR) 1.23, 95% CI: 1.02–1.48]. This effect was magnified in those subjects 

with perioperative AKI (adjusted HR 3.16, 95% CI: 1.53–6.53) (89). Similarly, the highest 

tertile of perioperative urinary KIM-1 was associated with increased mortality (adjusted HR 

1.83, 95% CI: 1.44–2.33) in those who did not develop AKI as well as in those who 

developed AKI (adjusted HR 2.01, 95% CI: 1.31–3.1) (89). These findings may be 

especially critical because the association of troponin with mortality, in conjunction with its 

tissue specificity, was an important component of its incorporation into the diagnosis for 

myocardial infarction (90). However, given the long latency between an episode of kidney 
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injury and mortality, in contrast to myocardial infarction, it may be difficult to determine 

causality. Nonetheless, these data suggest that recovery of serum creatinine levels may not 

capture the residual injury and fibrosis within the kidney that predisposes to increased 

morbidity and mortality. Recent evidence has demonstrated that elevated urinary kidney 

biomarkers of tubular damage, including α1M, PIIINP, and NGAL, are independent risk 

factors for both CVD and mortality over a median follow-up period of 12.4 years among 

elderly individuals with preserved baseline kidney function in a case-cohort study of the 

Health, Aging, and Body Composition (ABC) Study (91).

Distinguishing distinct etiologies of AKI in cardiorenal and hepatorenal 
syndromes.—Kidney injury in the settings of cardiorenal and hepatorenal syndromes 

(CRS, HRS) may have diverse underlying pathophysiology. Both cardiac dysfunction and 

cirrhosis can reduce renal perfusion through decreased forward flow and increased venous 

congestion, predisposing patients to kidney injury of prerenal physiology and intrinsic 

tubular injury. A wide variety of comorbidities and treatments may further complicate 

interpreting the meaning of rising serum creatinine concentrations. Biomarkers of tubular 

injury have demonstrated utility in distinguishing these distinct pathological processes.

For example, in the setting of CRS, aggressive diuresis is the mainstay of treatment to 

relieve congestion and restore cardiovascular hemodynamics but is also associated with 

elevations in serum creatinine, a phenomenon known as worsening renal function in the 

cardiology literature and often considered to be AKI (92, 93). Due to this perceived kidney 

damage, which is thought to be associated with adverse events (94, 95), diuresis and 

additional treatment are often halted (96). However, a rise in serum creatinine may not 

necessarily be uniformly associated with intrinsic kidney damage and adverse outcomes. For 

example, in a prospective cohort study of patients with acute decompensated heart failure, 

those who developed AKI following diuretic therapy did not have a significant rise in 

urinary NGAL levels (97). Furthermore, a recent ancillary study of the Renal Optimization 

Strategies Evaluation in Acute Heart Failure (ROSE-AHF) clinical trial using biomarkers of 

tubular health among 283 participants undergoing aggressive diuresis demonstrated that 

worsening renal function was not associated with elevations in biomarkers of kidney tubular 

injury, including NGAL and KIM-1, nor with adverse outcomes (98). The results 

demonstrated that the rise in creatinine may reflect clinically benign changes in filtration and 

suggest that such increases in creatinine may not warrant withdrawal of beneficial therapies.

Similarly, biomarkers have the ability to help narrow the differential diagnosis in the setting 

of cirrhosis between the two common etiologies of HRS and acute tubular necrosis. The 

ability to make the distinction between hepatorenal physiology and intrinsic tubular injury is 

critical, because treatments differ considerably. HRS may be reversed with restoration of 

renal perfusion through systemic vasoconstrictor therapy in addition to intravenous albumin 

treatment and subsequent liver transplantation. In contrast, patients with intrinsic tubular 

injury should be treated with dialysis and considered for combined liver-kidney 

transplantation (99–102). However, the current clinical paradigm to diagnose HRS is largely 

based on serum creatinine. Biomarkers of tubular health may distinguish causes of AKI and 

enable more rapid diagnoses and appropriate treatments. In a study of patients with cirrhosis 

who developed AKI, urinary levels of NGAL, IL-18, and L-FABP were elevated in patients 
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with clinically adjudicated acute tubular necrosis but not in those with HRS or prerenal 

etiologies (103). In addition, the highest biomarker levels were found in patients with acute 

tubular injury, followed by HRS and prerenal azotemia, respectively, concordant with the 

physiology of the extent of tubular injury (100, 104). The combination of several 

biomarkers, including NGAL, L-FABP, and IL-18, was also assessed in diagnosing the type 

of AKI in patients with cirrhosis, with the likelihood of being diagnosed with acute tubular 

injury increasing in a stepwise fashion with the number of biomarkers that were above the 

optimal diagnostic cutoffs. For example, patients with cirrhosis who had at least one 

biomarker above the cutoff level were five times as likely to have acute tubular injury and 

those with all markers positive were 13 times as likely to have acute tubular injury (105).

Delineating prognosis of AKI in decreased donor kidney transplantation.—
Ischemiareperfusion injury-mediated AKI is often seen in deceased donor kidneys, which 

subsequently have higher discard rates. Given the significant shortage of kidneys for 

transplantation, salvaging every viable kidney is imperative. However, serum creatinine may 

not accurately capture kidney injury and provide information about performance 

posttransplantation. In fact, an analysis of a biopsy series found that more than 20% of cases 

of biopsy-proven acute tubular injury did not meet the Kidney Disease: Improving Global 

Outcomes (KDIGO) serum creatinine-based AKI definition (106). Biomarkers of tubular 

injury can provide insight into the quality of deceased donor kidneys. For example, a study 

of deceased kidney donors demonstrated that serum creatinine had limited accuracy for 

diagnosing acute tubular necrosis, whereas urinary NGAL levels outperformed diagnosis of 

acute tubular injury (107). In addition, these biomarkers of tubular health may provide 

prognostic information. A large study of deceased donors of kidney injury demonstrated that 

increased urinary levels of NGAL, KIM-1, IL-18, and L-FABP were strongly associated 

with donor AKI but not with delayed graft function (107). Interestingly, the study reported 

that higher levels of kidney injury biomarkers were associated with higher 6-month eGFRs 

in recipients with delayed graft function. The protective effects of the intrinsic kidney injury 

from AKI are believed to be due to ischemic preconditioning, which involves the 

upregulation of anti-ischemic mediators. Consistent with these findings, ischemic 

preconditioning has been demonstrated to provide both acute and delayed protection against 

renal ischemia-reperfusion injury in mouse models via distinct signaling pathways (108).

In addition, YKL-40, a biomarker of adaptive repair after kidney injury, has been shown to 

be cytoprotective in the setting of kidney transplantation. Deceased kidney donors who had 

the highest YKL-40 levels had higher eGFRs at 6 months compared with patients whose 

donors had the lowest YKL-40 levels, after adjusting for donor and recipient factors, as well 

as the degree of kidney injury. Moreover, recipients with the highest donor YKL-40 levels 

also had 50% lower hazards of graft failure (adjusted HR 0.50, 95% CI: 0.27–0.94) (109).

Chronic Kidney Disease

In CKD, the timing and nature of the insult may be more difficult to estimate, as an accrual 

of kidney insults and injury over many years leads to the development of this condition. 

Thus, the early search for biomarkers of CKD lagged behind research of AKI. However, 

because AKI and CKD share similar underlying mechanisms of functional and structural 
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injury and exist on the same pathophysiologic continuum, biomarkers of AKI have also been 

applied to CKD. The biomarkers have been especially promising in identifying susceptibility 

to and predicting the development of incident CKD; however, they have not been as robust 

in predicting CKD progression after adjustment for serum creatinine, and studies in different 

settings may be biased based on the etiology of underlying CKD and enrollment criteria. In 

participants without CKD at baseline, the “renal filtration reserve” (4, 5) is able to 

compensate for filtration deficits and, in effect, absorbs the insult (Figure 4). Biomarkers of 

tubular injury are critical to provide information about kidney tubular injury in these 

situations in which serum creatinine does not change appreciably. Accordingly, these 

biomarkers of tubular injury have been shown to be especially promising in prognosticating 

development of incident CKD. For example, in a nested-case control study of 686 

participants from the Multi-Ethnic Study of Atherosclerosis (MESA), in which cases were 

defined as those with a baseline eGFR >60 ml/min who subsequently developed CKD Stage 

3 and/or had a rapid drop in kidney function over the five-year study period, higher levels of 

KIM-1 were associated with increased odds of developing CKD Stage 3 or a rapid decline in 

eGFR (adjusted OR 1.15, 95% CI: 1.02–1.29). Similarly, at study entry, those in the highest 

decile of KIM-1 had a twofold increased risk of this same end point compared with the 

lower 90%. This ability to predict the development and progression of CKD was 

independent of the presence of albuminuria (110). Similarly, when investigated in a cohort 

of 149 persons with chronic congestive heart failure during 5 years of follow-up, urinary 

KIM-1 levels were strongly associated with the progression of CKD, defined as a >25% 

drop in eGFR from baseline (111).

However, when renal filtration reserve is lost, each insult to the kidney will correspond with 

an added decrease in glomerular filtration and, thus, serum creatinine may provide as much 

information as tubular injury biomarkers. For example, a recent study of participants in the 

Chronic Renal Insufficiency Cohort (CRIC) with baseline CKD demonstrated that urinary 

KIM-1, NGAL, and L-FABP levels were significantly associated with CKD progression in 

unadjusted analyses; however, once controlling for serum creatinine-based eGFR and 

urinary albumin/creatinine ratio, two traditional markers of kidney function, these 

biomarkers were no longer independently associated with CKD progression. In addition, 

none of the biomarkers improved risk stratification of the clinical model for CKD 

progression, suggesting that tubular injury biomarkers may have limited utility in patients 

who have diminished renal reserve (112). Additional studies of individuals with CKD have 

also demonstrated that tubular injury markers do not add to risk prediction of disease 

progression after accounting for traditional markers of kidney function (113–115).

Diabetic nephropathy.—Diabetes is major risk factor and leading cause of CKD and 

ESRD. However, 20–30% of individuals with diabetes have rapidly declining kidney 

function even when on optimal therapy with angiotensin-converting enzyme inhibition or 

angiotensin II receptor blockers. Kidney disease progression in diabetes is multifactorial and 

may be driven by ongoing inflammation, intrinsic tubular injury, or maladaptive repair, 

among other pathways (116, 117), and biomarkers may help to discern the dominant 

underlying etiologies (Figure 5). Addressing this key clinical question with biomarkers of 
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tubular health may improve risk stratification and enable effective treatment of progressive 

diabetic kidney disease.

For example, biomarkers of tubular injury have been found to be associated with kidney 

disease in diabetic patients, indicating underlying intrinsic tubular injury. Plasma KIM-1 was 

measured in subjects from the Action to Control Cardiovascular Risk in Diabetes 

(ACCORD) and US Veterans Administration Nephropathy in Diabetes (VA-NEPHRON-D) 

cohorts. In the ACCORD cohort, those who went on to develop incident CKD had higher 

baseline KIM-1 levels. Similarly, in the VA-NEPHRON-D study, those who went on to 

develop progressive CKD had higher baseline levels (118). In both of these studies, those 

with the highest quartile of KIM-1 concentrations were more likely to experience adverse 

renal outcomes, compared with those in the lowest quartiles of KIM-1 concentrations (119, 

120).

In these two cohorts, plasma TNFR1 and TNFR2 were also found to be higher among those 

with advanced diabetic kidney disease, compared with those with early stage disease at 

baseline, and higher levels of these two cytokine receptors predicted eGFR decline, even 

after adjustment for baseline eGFR and albuminuria (118). These biomarkers have been 

implicated in an inflammatory pathway representing ongoing endothelial inflammation, a 

known etiology of diabetic kidney disease (121). Consistent with this notion, the TNF 

pathway has been linked to diabetic kidney disease: Genome-wide association studies have 

demonstrated that transcripts inversely correlated with GFR clustered around TNF-α, which 

directly acts on podocytes to propagate the inflammatory cascade via TNFRs (122). In 

addition, several studies have found that plasma TNFR1 and TNFR2 are associated with 

incident diabetic kidney disease and ESRD in diabetic patients (59, 60, 123, 124). 

Interestingly, TNFR1 and TNFR2 may represent distinct pathways, but the nuances are still 

being elucidated (125).

Furthermore, urinary MCP-1 has also been found to be significantly elevated in patients with 

diabetic nephropathy, and these levels correlate significantly with albuminuria in humans as 

well as in experimental diabetic nephropathy (126–129). In a prospective observational 

study of patients with diabetic nephropathy, urinary MCP-1 levels were associated with 

macroalbuminuria and correlated with the subsequent rate of eGFR decline over a median 

follow-up of six years. These findings suggest that MCP-1 is associated with later-stage 

disease and potentially represents a pathway of maladaptive repair (130).

HIV-associated chronic kidney disease.—HIV-infected individuals are at substantial 

risk of kidney disease, as the virus is known to take host in and damage renal tubular cells, 

even in those with controlled viremia (131). In addition, the HIV-infected population has 

numerous metabolic and vascular comorbidities and treatment-related risk factors that 

increase the risk of kidney disease. Serum creatinine cannot distinguish between the many 

potential etiologies of kidney disease, which impedes clinical management. Biomarkers of 

tubular dysfunction and injury have been especially promising in this setting in detecting 

early injury attributable to the virus. For example, α1M levels in women infected with HIV 

were associated with both kidney function decline and mortality (132). Compared to those 

with the lowest α1M levels, those with the highest levels had an increased risk of developing 
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CKD (adjusted OR 2.1, 95% CI: 1.3–3.4) and a 2.7-fold risk of a 10% decline in eGFR. This 

correlation in CKD development and progression was separate from the 1.6-fold adjusted 

risk of mortality, which accounted for baseline kidney function as well as the presence of 

albuminuria (132). In addition, urine IL-18 was associated with worsening renal function 

over time in a cohort of the Women’s Interagency HIV Study. IL-18 was higher in HIV-

infected women compared to those who were not infected, as well as significantly associated 

with higher HIV RNA levels and lower CD4 counts, a lower proportion of hepatitis C 

infection, and lower HDL cholesterol levels (133, 134). Similar findings with IL-18 were 

also reported in a cross-sectional study of 1,144 men of the Multicenter AIDS Cohort Study 

(MACS), which found substantial elevations of IL-18, KIM-1, PIIINP, and albumin/

creatinine ratio in HIV-infected men, compared with uninfected men (135).

These biomarkers can also identify kidney damage from tenofovir disoproxil fumarate 

(TDF), a widely used, first-line antiretroviral that is known to cause kidney disease via 

proximal tubular pathology (136, 137). Cross-sectional studies have demonstrated that 

cumulative TDF exposure in HIV-infected men enrolled in MACS was independently 

associated with elevations in concentrations of urinary α1M, IL-18, KIM-1, and PIIINP, but 

not with albuminuria, consistent with the notion that TDF is a proximal tubular toxin (138, 

139). These tubular injury biomarkers may identify subclinical injury before the onset of 

overt, irreversible disease and distinguish kidney injury attributable to TDF use. Ongoing 

work is investigating the ability of biomarker patterns and signatures to discern diverse 

etiologies of kidney injury among HIV-infected individuals.

FUTURE DIRECTIONS

The use of biomarkers in nephrology has gained considerable traction; however, there are 

still strides to be made before they can cross the threshold of clinical application. As a 

variety of biomarkers of kidney health have demonstrated robust associations with adverse 

outcomes in diverse clinical settings, they have begun to shed light on unique biological 

pathways that mediate injury and repair. Studying biomarkers in clinical models has also 

highlighted the limitations of animal models that do not simulate the complexities of 

overlapping comorbidities, such as diabetes, hypertension, and aging. Future studies will 

need to develop animal models that can capture such complexity. This deeper understanding 

may lead to identification and individualization of effective therapeutic windows and targets 

that can maximally limit injury, promote repair, and prevent fibrosis without hindering an 

appropriate host defense.

These biomarkers may be applied as tools in clinical trials for the evaluation of novel 

therapeutics (Figure 6). Biomarkers of tubular injury can be used in clinical trials to enrich 

the population for true cases of intrinsic injury versus hemodynamic injury (as diagnostic 

biomarkers), select for participants at high risk for associated outcomes (as prognostic 

biomarkers), and identify those who may be more likely to respond to a particular 

intervention (as predictive biomarkers). These more sensitive and specific metrics for trial 

enrollment can increase statistical power, decrease the required sample size, and reduce trial 

costs. In a series of simulated clinical trials using diagnostic biomarkers to enroll patients at 

high risk for AKI following cardiac surgery in the TRIBE-AKI cohort, investigators 
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demonstrated that trial costs could be substantially decreased from 29% to 64%, with the 

trade-off requiring a larger screening group of participants and limited generalizability 

(140). In addition, when IL-18 and NGAL were used as the outcomes for a simulated trial of 

statin use during the perioperative period, AKI defined by elevations in biomarkers could 

discern significant differences in the outcome and renoprotective effects of statins, whereas 

AKI defined by serum creatinine could not (141). These findings question whether the 

previously failed trials in nephrology were perhaps using the wrong target or suboptimal 

designs.

In addition, these biomarkers can be utilized as safety biomarkers for the monitoring of 

toxicity or harm in clinical trials. In fact, the FDA, along with its European and Japanese 

counterparts, has collaboratively approved a panel of urinary biomarkers of kidney injury 

that includes KIM-1, albumin, total protein, cystatin C, clusterin, trefoil factor 3, and α1M 

for use in preclinical models of nephrotoxicity (142–144).

Similar to the predictive biomarkers that have advanced the field of therapeutics in oncology, 

such as with the use of herceptin in human epidermal growth factor receptor 2 (HER2)-

positive breast cancers, targeted interventions may play an important role in effective 

treatment of kidney disease. For example, a drug acting on the apoptosis pathway via the 

nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3) inflammasome 

complex may be effective in patients in whom this AKI pathway is active. A biomarker, such 

as urinary IL-18, that is released upon activation of the NLRP3 inflammasome pathway 

could be a predictive biomarker to select patients for enrollment in a trial of such a drug. In 

addition, individuals with diabetic nephropathy driven by high levels of TNFR1 and TNFR2 

may indicate that anti-inflammatory agents could be repurposed to treat these conditions.

To achieve these goals, more work is needed to further phenotype these kidney disease 

syndromes with biomarkers of tubular injury and other biological data. In order to fully 

capture the diverse manifestations and apply them reliably to clinical trial design, new 

strategies that rely on a panel of several novel biomarkers will be necessary, perhaps as a 

composite biomarker score. Ongoing research is working toward contending with this 

complexity by using methods such as metabolomics profiling (145) and by investigating 

circulating microRNAs, which have been shown to specifically change in various kidney 

diseases (146). In addition, large-scale efforts are underway to elucidate and trace these very 

pathways of kidney disease. The ongoing National Institute of Diabetes and Digestive and 

Kidney Diseases (NIDDK)-funded Kidney Precision Medicine Project (147) aims to obtain 

kidney biopsies of AKI and CKD and construct a kidney tissue atlas to define disease 

subgroups with genetics, transcriptomics, and corresponding plasma and urine biomarkers. 

The availability of this tissue-based atlas will allow for comparisons of biomarkers to the 

true gold standard of kidney biopsies and discovery of novel biomarkers. These future 

studies may unmask more robust utility of biomarkers, which may have appeared to be 

suboptimal due to comparisons with the imperfect standard of serum creatinine. Similar to 

the field of oncology, the molecular phenotyping from this resource may lead to 

personalized treatments for kidney disease patients based on distinct disease signatures. 

Along with these developments, novel statistical approaches will be needed to evaluate the 

accuracy of biomarkers in risk prediction, especially as these markers are compared to the 
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imperfect gold standard of serum creatinine. In addition, with the large number of 

biomarkers that are now available, biomarkers may need to be combined into composite 

scores to enhance predictive abilities and improve feasibility of implementation into clinical 

practice (148–150).

CONCLUSIONS

In conclusion, several promising biomarkers of kidney health that are involved in the 

pathophysiologic mechanism of kidney damage have demonstrated the potential to improve 

clinical treatment of kidney diseases. These biomarkers have demonstrated the ability to 

detect early damage, localize injury, and predict disease progression, severity, and associated 

long-term mortality. Future work is underway to characterize biological pathways that 

promote kidney repair and long-term survival, which may inform the development novel 

therapeutics in the field of nephrology.
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Figure 1. 
Biomarkers of kidney tubular health by anatomic localization and pathophysiology. 

Biomarkers of kidney tubular health are labeled corresponding to the anatomic site and/or 

mechanism of production. Abbreviations: EGF, epidermal growth factor; IGFBP-7, insulin-

like growth factor-binding protein 7; IL, interleukin; KIM-1, kidney injury molecule-1; L-

FABP, liver-type fatty acid–binding-protein; MCP-1, monocyte chemoattractant protein-1; 

NGAL, neutrophil gelatinase-associated lipocalin; PIIINP, procollagen type III N-terminal 

propeptide; TIMP-2, tissue inhibitor of metalloproteinases-2; UMOD, uromodulin; YKL-40, 

chitinase 3-like protein 1. Figure adapted with permission from Reference 82. Copyright 

2013, American Society of Nephrology.
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Figure 2. 
Biomarkers of AKI. The upper panel contains an AKI biopsy specimen, and the bottom 

panel is a close-up graphical representation of the portion of the AKI biopsy that is boxed in 

black and depicts three domains of kidney biomarkers. Biomarkers of tubular injury that are 

depicted include KIM-1 and NGAL, which are produced by proximal tubular cells early 

after kidney injury. Biomarkers of tubular function that are depicted include L-FABP, CysC, 

and α1M, which are proteins that build up in the urine due to tubular dysfunction. 

Biomarkers of inflammation that are depicted include IL-6, IL-10, IL-18, and MCP-1, which 

are produced as part of the inflammatory response to injury. Abbreviations: AKI, acute 

kidney injury; α1M, alpha-1 microglobulin; CysC, cystatin C; IL, interleukin; KIM-1, 

kidney injury molecule-1; L-FABP, liver-type fatty acid-binding-protein; MCP-1, monocyte 

chemoattractant protein-1; NGAL, neutrophil gelatinase-associated lipocalin.
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Figure 3. 
Distinguishing elevations of serum creatinine with biomarkers of kidney tubular health. 

Elevations in serum creatinine that meet the clinical definition of AKI do not necessarily 

represent true injury and have differing significance and clinical implications depending on 

the clinical milieu. Biomarker changes, their significance in elucidating the meaning of 

seemingly uniform elevations of serum creatinine, and clinical implications for patient 

management are detailed for the settings of postcardiac surgery, cardiorenal syndrome, 

hepatorenal syndrome, and kidney transplantation. Abbreviations: AKI, acute kidney injury; 

IL, interleukin; KIM-1, kidney injury molecule-1; NGAL, neutrophil gelatinase-associated 

lipocalin.
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Figure 4. 
Opportunities for biomarkers of kidney tubular health to advance care in CKD. The left-hand 

y-axis depicts the eGFR, and the red line represents the eGFR trajectory with respect to time 

over the disease course. The right-hand y-axis depicts the number of remaining nephrons in 

millions, and the purple line depicts the nephron number with respect to time over the 

disease course. The delay in diagnosis (labeled as the distance between the dashed green 

vertical lines) may be reduced by use of biomarkers of kidney tubular health, which begin to 

increase as the nephron number begins to fall. In the earliest stages of CKD, the number of 

nephrons begins to decrease prior to being captured by clinically meaningful decreases in 

eGFR, as the kidney is able to compensate for loss of nephrons via the phenomenon of renal 

filtration reserve. Trapezoid A is labeled as renal reserve and encompasses the early course 

of disease when nephron numbers have begun to fall, yet eGFR is stable or only beginning 

to decline but is still above the threshold for clinical classification of CKD (dashed black 

horizontal line at eGFR of 90 mL/min/1.73 m2). In this range, novel biomarkers may address 

the critical limitations of serum creatinine and eGFR by detecting the earliest stages of 

kidney damage of incident CKD. Trapezoid B encompasses a region in which the effects of 

renal reserve may persist but are tapering out. In this range, decreases in nephron number 

may be paralleled by decreases in eGFR; thus, while biomarkers may be increasing and 

signaling intrinsic kidney damage, the kidney may also manifest loss of nephron number as 

commensurate eGFR declines because of the loss of renal reserve at this point. Thus, 

biomarkers may have less utility at this stage in the progression of CKD in discerning injury 

to the kidney; however, they may be able to address other limitations of serum creatinine. 

Triangle C represents advanced stages of CKD, in which the current therapeutic window for 

intervention lies. Utilizing biomarkers of tubular injury may allow for identification of 

therapeutic targets and shift this window to earlier points in the disease course. 

Abbreviations: CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate.
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Figure 5. 
Distinct mechanisms of diabetic nephropathy progression. Diabetic nephropathy is a 

heterogeneous condition that may involve diverse mechanisms. This may explain why a 

portion of patients with diabetic kidney disease continue to experience disease progression, 

despite optimal therapy with the current standard of treatments, including angiotensin-

converting enzyme inhibitors and angiotensin II receptor blockers. These current therapies 

do not address the underlying mechanisms that drive the progression of diabetic kidney 

disease, which may include ongoing intrinsic tubular injury, manifested by elevated levels of 

KIM-1; endothelial/microvascular injury and chronic inflammation, manifested by elevated 

levels of TNFR1 and TNFR2; and maladaptive repair and unopposed inflammation, 

manifested by elevated levels of MCP-1. These biomarkers may discern distinct pathways of 

injury and inform therapeutic interventions for diabetic nephropathy. Abbreviations: KIM-1, 

kidney injury molecule-1; MCP-1, monocyte chemoattractant protein-1; TNFR, tumor 

necrosis factor receptor.
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Figure 6. 
Application of kidney biomarkers in clinical trials. Biomarkers of tubular health may be 

applied in various stages of clinical trials. At enrollment, diagnostic biomarkers (red) can be 

used to identify participants with true intrinsic tubular injury; prognostic biomarkers 

(orange) can be used to identify participants at high risk for outcomes; and predictive 

biomarkers (green) can be used to identify participants likely to respond to an intervention of 

interest. By using these biomarkers to assess eligibility and exclude individuals who may not 

be truly suitable for the study despite an elevation in serum creatinine, investigators may be 

able to conduct more efficient, cost-effective trials. In the follow-up phase of trials, 

pharmacodynamics biomarkers (purple) may be used to assess safety of interventions and 

serve as surrogate outcomes for kidney damage. With the wide breath of biomarkers now 

available, biomarkers may be combined with novel statistical techniques in the analysis 

phase. Figure adapted with permission from Reference 140.
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Table 1

Limitations of serum creatinine in acute kidney injury (AKI) and chronic kidney disease (CKD)

Disease Limitations of serum creatinine

AKI and CKD Nonspecific to disease etiology

Delayed marker of kidney damage

Dependent on clinical characteristics (age, sex, muscle mass, etc.)

Insensitive to small changes in GFR

AKI Dependent on hemodynamic steady state

Altered in hospitalized patients (i.e., by diuretics, IV fluids)

Assay-related interference (i.e., by bilirubin)

CKD Unchanged despite kidney damage in tubulointerstitial and vascular disease

May be falsely low with significant proteinuria

Provides imprecise eGFR estimations

Requires special considerations for eGFR equations with changing muscle mass (i.e., in children, cirrhotics)

Abbreviations: eGFR, estimated GFR; GFR, glomerular filtration rate.
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