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Abstract

The acute loss of kidney function has been diagnosed for many decades using the serum 

concentration of creatinine — a muscle metabolite that is an insensitive and non-specific marker of 

kidney function, but is now used for the very definition of acute kidney injury (AKI). Fortunately, 

myriad new tools have now been developed to better understand the relationship between acute 
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tubular injury and elevation in serum creatinine (SCr). These tools include unbiased gene and 

protein expression analyses in kidney, urine and blood, the localization of specific gene transcripts 

in pathological biopsy samples by rapid in-situ RNA technology and single-cell RNA-sequencing 

analyses. However, this molecular approach to AKI has produced a series of unexpected problems, 

because the expression of specific kidney-derived molecules that are indicative of injury often do 

not correlate with SCr levels. This discrepancy between kidney injury markers and SCr level can 

be reconciled by the recognition that many separate subtypes of AKI exist, each with distinct 

patterning of molecular markers of tubular injury and SCr data. In this Review, we describe the 

weaknesses of isolated SCr-based diagnoses, the clinical and molecular subtyping of acute tubular 

injury, and the role of non-invasive biomarkers in clinical phenotyping. We propose a conceptual 

model that synthesizes molecular and physiological data along a time course spanning from acute 

cellular injury to organ failure.

Although there is little debate about the myriad life-sustaining functions of the kidney, much 

controversy surrounds the very definition and nomenclature of states of acute kidney 

dysfunction. More than 200 years ago, William Heberden described such a state of renal 

failure accompanied by oliguria as ischuria renalis1,2. One hundred years later, William 

Osler described it as acute Bright’s disease after Richard Bright, who first described acute 

kidney damage with rising blood urea3, and in 1951, Homer W. Smith termed it acute renal 

failure (ARF)4. Although the term ARF has been widely used over the past 70 years, the 

lack of uniform diagnostic or clinical criteria has made it challenging for researchers to 

study the incidence, prevalence and clinical relevance of ARF. Largely in response to such 

challenges, a group of experts published the Risk, Injury, Failure, Loss and End-stage 

(RIFLE) criteria (2004)5, which were quickly followed by the AKI network (AKIN)6 

criteria, then by the Kidney Disease Improving Global Outcomes (KDIGO) guidelines in 

2012 (REF.7). The guidelines define and stratify kidney injury on the basis of increases in 

serum creatinine (SCr) level and/or decreases in urine output. A new term — acute kidney 

injury (AKI) — was applied. Although this term acknowledges the existence of cellular 

injury, its diagnosis is still only defined by the reduced excretory function of the kidney7 

(BOX 1), that is, by the measurement of kidney excretory function based on the amount of 

creatinine accumulated in the blood or by the amount of water excreted (urine volume).

The standardized RIFLE, AKIN and KDIGO guidelines have aided both epidemiological 

studies and clinical trials, especially since any elevation of SCr is likely indicative of 

clinically important disease. For example, in an analysis of 3.8 million patients of whom 

61,726 met the KDIGO SCr definitions of AKI, electrolyte abnormalities were evident even 

after a single day of elevated SCr8 (FIG. 1), potentially contributing to the excess morbidity 

and demise of these patients. In addition, morbidity and mortality correlate with the 

amplitude and duration of SCr increase, demonstrating that SCr can be used to stratify 

patient outcomes9. Taken together, these findings confirm that even brief defects in excretory 

function of the kidney reflected by an elevation of SCr level can have critical clinical 

consequences.

However, despite the utility of SCr-based AKI diagnosis, problems remain with regard to its 

definition and its implications for clinical practice. These problems derive at least in part 
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from a mismatch between SCr level — the steady-state marker of excretory function — and 

its application as a measurement of excretory function in the absence of a steady state or as a 

measure of cell damage. To mollify these mismatches, ‘qualifiers’ and ‘descriptors’ have 

been added to AKI definitions, not only to provide information about the kinetics of SCr 

excretion but also to re-focus SCr definitions on situations in which cellular injury is most 

likely present. These revised terms include ‘subclinical AKI’ (whereby AKI is demonstrated 

by molecular markers in the absence of elevated SCr level)10–13, ‘subacute AKI’ (whereby 

SCr elevations develop over several days)14, ‘transient AKI’ (referring to AKI occurring in 

the context of a brief, transient elevation in SCr), ‘sustained AKI’ (whereby SCr is elevated 

for long periods of time)15–19 and ‘severe AKI’ (whereby SCr is markedly elevated)20,21 

(TABLE 1). Hence, although the creation of RIFLE, AKIN and KDIGO stages may have 

initially provided unity and simplicity to the definition of AKI, it has become clear that these 

definitions do not capture many attributes of acute damage, necessitating the development of 

additional terminology.

In this Review, we summarize the problems in detecting and understanding AKI using SCr-

based definitions, and the cellular and molecular pathophysiology of some of the most 

common clinical subtypes of acute tubular injury. We also discuss the properties of ideal 

biomarkers of tubular damage and how they can be combined with SCr-based AKI 

definitions to provide greater insights into the processes underlying acute tubular injury. We 

use the term acute tubular injury to refer to molecular and cellular responses of the nephron 

to injurious stimuli, and the common clinical term AKI to refer to non-steady-state SCr-

based diagnoses of excretory dysfunction that might result from tubular injury or from many 

other processes affecting the kidney.

SCr: a problematic marker of renal injury

Nephrology is one of the few fields in the biomedical sciences that largely utilizes a single 

test — in fact a single chemical analyte — for the identification and the stratification of the 

acutely ill patient. This analyte, SCr, is the commonly used marker of kidney function in the 

steady state. The steady state has two requirements. First, the production of creatinine by the 

metabolism of creatinine phosphate in muscle cells must be constant. Second, glomerular 

filtration and urinary flow must not change so that creatinine is excreted at a constant rate. 

The mass-transfer equation:

Urine Cr × volume of urine ml/min = plasma Cr × glomerular filtration rate

governs the analysis of kidney function, and is only valid at steady state. Yet, SCr is used as 

a measure of kidney function even when its rate of excretion (as in different forms of AKI) 

or its rate of production (as in sepsis or rhabdomyolysis)22–28 is not at steady state. In these 

contexts, the use of a single measurement of SCr as an assessment of kidney function is 

problematic, particularly when a patient is first assessed, for reasons outlined below.
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SCr is a delayed marker of dysfunction

First, SCr is a delayed marker of kidney dysfunction. Changes in SCr level that do not reach 

KDIGO criteria for AKI may nonetheless represent loss of function, but the process of 

creatinine accumulation in blood to levels sufficient to define an abnormal test result 

generally takes 24–48 h from the point of injury, depending on a patient’s muscle mass and 

volume of distribution. The delay in reaching a detectable SCr threshold affects acute patient 

care, as nephrotoxins such as antibiotics or contrast materials are often given to patients 

immediately following presentation to an emergency department despite uncertainties 

regarding kidney excretory function. The presence of excretory dysfunction in the absence 

of an initial diagnostic rise in SCr level (that is, where SCr elevations develop over several 

days) is called ‘subacute AKI’ and cannot be diagnosed without multiple measurements of 

SCr over several days and retrospective analysis of SCr changes. However, subacute AKI is 

an independent risk factor for hospital mortality12, and is completely missed at the time of 

initial presentation using current KDIGO criteria for AKI.

SCr is an insensitive marker of injury

Second, changes in SCr level may not detect acute tubular injury incurred in less than 50% 

of nephrons. Infarction or obstruction of one kidney may not induce a doubling of SCr level, 

and in some cases SCr might not even be elevated29,30. Even kidney donation, which results 

in an immediate loss of 50% of nephrons, might result in a mean SCr of just 1.2 mg/dl (106 

pmol/l; that is, the upper limit of normal) after 30 years31. Moreover, the insensitivity of SCr 

as a marker of renal tubular injury limits its diagnostic accuracy in routine practice, since 

most forms of tubular injury are characterized by focal areas of damage32. Injury without a 

diagnostic rise in SCr might be due to the compensatory effect of the remaining nephrons — 

that is, through reliance on the renal reserve33. This state, which is called ‘subclinical AKI’, 

cannot be diagnosed by SCr criteria, yet is independently associated with poor kidney and 

overall outcomes9–11.

SCr is non-specific

Third, elevated SCr is not a specific marker of renal injury. An abnormal SCr level may or 

may not represent tubular damage because a rise in SCr can occur in many different settings 

including ischaemic, toxic, obstructive, as well as rapidly reversible volume depletion. A 

survey of patient records in the USA8 and in Australia9 demonstrate wide differences in SCr 

kinetics between patients, with SCr levels resolving in approximately 33%, 50% and 75% of 

patients within 1, 2 or 3 days of hospital admission, respectively (FIG. 1), and the remaining 

25% of patients demonstrating prolonged increases in SCr (slow resolvers). These patients 

probably received widely dissimilar therapies despite all being diagnosed as having AKI. 

Fluid therapy, for instance, might benefit rapid resolvers who experience transient episodes 

of increased SCr, whereas this therapy might be harmful to slow resolvers who experience 

‘sustained AKI’. Hence, the measurement of SCr at the time of initial patient encounter 

neither provides a disease-specific phenotype nor suggests a disease-specific therapy.
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Many variables affect the rise of SCr

Fourth, the magnitude of elevated SCr can be influenced by many confounding variables. 

RIFLE and KDIGO staging depends on the magnitude of SCr rise above baseline. Yet, extra-

renal and intra-renal confounding factors can change the relationship between excretory 

failure and the magnitude of SCr rise. Extra-renal con- founders include body composition 

and metabolism (for example, muscle mass34, muscle damage22,23, nutritional status35, body 

surface area and volume of distribution), which affect the extent and rate at which SCr rises. 

Intra-renal confounders such as chronic kidney disease (CKD) and medications modify the 

balance between glomerular and tubular pathways of SCr clearance. CKD36–42, for example, 

differentially affects the glomerular filtration and tubular transport of SCr, such that the ratio 

of creatinine-to-inulin clearance can vary by as much as 2.5-fold43. Medications such as 

cimetidine, trimethoprim, pyrimethamine and salicylates, can also block tubular excretion of 

SCr, thereby raising SCr level without inducing cell injury. Thus, the mechanism of SCr 

amplification and its relationship to injury is highly context-dependent.

Duration versus level of SCr rise

Fifth, the duration of SCr elevation might provide an alternative metric not only of excretory 

dysfunction but perhaps also of tubular injury. Several studies16,44,45 have demonstrated that 

the duration of SCr elevation is more strongly associated with morbidity and mortality than 

the absolute rise in SCr9,45,46. This difference might be because the magnitude of SCr 

elevation is subject to AKI, acute kidney injury, according to SCr and urine output; RIFLE, 

Risk, Injury, Failure, Loss and End-stage; KDIGO, Kidney Disease Improving Global 

Outcomes; Cr, creatinine; SCr, serum creatinine; ATN: acute tubular necrosis. confounding 

factors, as described above, whereas the duration of SCr elevation probably reflects the 

intrinsic timing of tubular injury repair, which relies on various cell-autonomous factors, 

including induction of the cyclin-dependent kinase inhibitor p21CIP1 (REFS47–49).

Together, these findings show that SCr lacks the kinetic properties necessary for real-time 

measurements of kidney dysfunction, the sensitivity to diagnose tubular injury before 

excretory failure develops, and the specificity to distinguish tubular injury from other causes 

of elevated SCr level. These issues probably contributed to the finding that different SCr-

based definitions of AKI diagnose different patients, and that false-positive rates of AKI 

diagnosis are as high as 30% in some studies50,51.

Multiple measurements of SCr over several days clarify some issues such as those associated 

with the different kinetics of transient and subacute AKI. Repetitive measurements can also 

capture slow rises in SCr, even in patients with limited muscle mass. In addition, 

confounding factors such as volume depletion and medication interference can be accounted 

for by measuring SCr over several days. Importantly, multiple measurements permit a 

calculation of the duration of elevated SCr, which, as mentioned above, has independent 

diagnostic power. However, despite the benefits of multiple SCr measurements, this 

approach is still unsuitable for the diagnosis of subclinical AKI or for the timely diagnosis of 

acute tubular injury.
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Given the complexity and subtleties of AKI definitions, it is not at all surprising that SCr 

dissociates from histological findings on kidney biopsy52–54 and from molecular analyses 

(see below). These shortcomings of SCr affect clinical decision-making, particularly in acute 

settings when multiple measurements of SCr over time are not possible.

AKI subtypes: a continuum or a collection?

The conceptual problems of current SCr-based AKI definitions raise the question as to 

whether damaged kidneys express distinct clinical, physiological, cellular and molecular 

patterns of acute injury or whether all instances of elevated SCr level refer to a common 

final pathway. This question is fundamental to the use of SCr-based scales of excretory 

dysfunction as surrogates of cellular damage, and as a guide for the targeted use of specific 

therapies, such as fluids and approaches to enhancing cardiac output, that in the future will 

target specific signal transduction pathways.

By current KDIGO definitions, AKI is present in all cases in which SCr rises above a certain 

level. In other words, this definition defends a conceptual framework in which acute tubular 

injury occurs as a continuum that includes rapidly reversible entities such as mild volume 

depletion at one end of the spectrum and severe, sustained ischaemic disease at the other 

end. If this continuum exists, then volume depletion and arterial ischaemia due to vascular 

clamping should induce the expression of similar genes in the same segment of the nephron, 

although perhaps at different levels of intensity. We have examined this hypothesis using two 

mouse models of AKI: one characterized by severe volume depletion and the other by mild 

arterial ischaemia. Importantly, both models had equivalent increases in SCr level, allowing 

us to determine whether different stimuli generated different responses at the same SCr 

elevation, thereby testing the specificity of SCr to characterize kidney disease. Using two 

different methods — namely by RNA sequencing of kidney domains (glomeruli, cortex, 

outer medulla and inner medulla) isolated by laser capture microscopy6,55 and thiouracil 

tagging to enable RNA sequencing of specific kidney segments within intact mice at specific 

time points (T. Shen and J. Barasch, unpublished work) — we showed that the two models 

shared very few genetic pathways, with fewer than 10% of expressed genes shared between 

the two models.

Volume depletion activated metabolic pathways consistent with starvation (such as 

gluconeogenesis, lipid metabolism) as well as many anti-inflammatory molecules (for 

example, SOCS proteins). By contrast, ischaemic clamping of the kidney pedicle activated 

sets of inflammatory, coagulation and epithelial repair pathways such as the Hippo 

signalling pathway. Hundreds of genes, including some already known to encode biomarkers 

of tubular damage, were markedly upregulated in ischaemic compared with healthy kidney 

(for example, Havcr (also known as Kim1) was induced 536-fold; Il6 was induced 468-fold; 

Cxcll 219-fold; and Lcn2 (also known as Ngal) was induced 214-fold), whereas others 

unexpectedly decreased (B2m was expressed at levels 0.45-fold that of healthy control 

kidneys; Timp2 0.43- fold; and Igfbp7 0.6-fold). By contrast, these genes were unchanged in 

the volume depletion model compared with control samples, suggesting that elevated SCr in 

the volume-depleted mouse might not be equally diagnostic of tubular damage. These 

conclusions are supported by earlier scriptomic responses56 and assessment of physiological 
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responses to different stimuli, which showed that tubular cell energetics were dysregulated 

by ischaemic vascular clamp57 but not by volume-induced elevations in SCr.

The differences observed in volume depletion and ischaemia-reperfusion injury (IRI) models 

of AKI are also evident in clinical studies. Studies that analysed acutely ill patients15,58, 

those admitted for management of cirrhosis59,60, and those admitted to the ICU61 found that 

urinary concentrations of tubule injury biomarkers neutrophil gelatinase-associated lipocalin 

(NGAL, also known as LCN2), kidney injury molecule 1 (KIM1, also known as HAVCR) 

and IL-18 were low in patients with rapidly reversible elevations of SCr (that is, transient 

AKI lasting <72 h), but >10-fold higher in patients with prolonged elevations of SCr (that is, 

patients with sustained AKI lasting ≥7 days), than in patients presenting to the emergency 

department without RIFLE- defined elevations in SCr (AKI). In fact, one study showed that 

patients with acute heart failure who were undergoing volume depletion with diuretics and 

diagnosed with AKI as demonstrated by elevated cystatin C and SCr level (up to 1 mg/dl 

(88.4 μmol/l)), did not express the tubular injury biomarkers N-acetyl-β-D-glucosaminidase 

(NAG), KIM1 or NGAL62. Together, these data demonstrate that volume and 

haemodynamic challenges that affect the excretion of SCr do not induce the expression of 

the same genes as ischaemic nephropathy.

These findings also support our understanding that different aetiologies of excretory 

dysfunction elicit divergent responses at the molecular, cellular and functional level. 

Clinicians have long recognized that myriad causes of AKI exist. In fact, AKI is often 

multifactorial, with overlapping components. In addition to volume depletion and ischaemic 

injury as outlined above, hypoxia, sepsis, nephrotoxins, inflammation, obstruction and 

primary kidney diseases can induce elevations in SCr level. Numerous basic and 

translational studies have consistently identified distinct genomic, proteomic, metabolomic, 

structural, functional and repair responses to each of these stimuli.

In summary, although SCr might be elevated in a variety of kidney diseases, the molecular 

and cellular responses that accompany different stimuli – even stimuli such as volume 

depletion and ischaemia that have in the past been considered part of the same disease 

spectrum — do not indicate that these diseases are a continuum or reflect a single common 

final pathway. In this context, the redefinition of tubular injury by use of the functional 

marker SCr alone is a misleading oversimplification of the disease.

Molecular anatomy of AKI subtypes

Elucidating the molecular changes that occur within the injured tubule is key to 

understanding the processes that underlie kidney damage. In order to understand these 

underlying processes, we need to determine whether the intensity of the stimulus, the type of 

the stimulus or the time course of the response to the stimulus determines the overall pattern 

of the kidney response, or rather, whether the kidney generates a single stereotyped response 

that is independent of environmental variables. For example, a severe stimulus might 

damage different regions of the kidney, or different nephrons or even different segments than 

a weaker stimulus. A stimulus might activate the same or different genes in different 

segments of the nephron, whereas a second stimulus might replicate one of these patterns or 
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it might induce the expression of an entirely distinct set of genes in a different location. 

Additionally, a stimulus might activate different sets of genes over the disease course, either 

as a result of intrinsic mechanisms that induce gene expression or as a result of secondary 

effects such as the recruitment of immune cells to the kidney.

Our understanding of the molecular responses to kidney injury will continue to develop with 

the application of tools including histopathology, single cell analyses, novel methods of 

RNA capture and urinary biomarkers, which despite marked discrepancies when compared 

with SCr63, already indicate that distinct, segment-specific responses occur throughout the 

tubule in response to different injuries. For example, we found that different stimuli induce 

distinct responses in distinct regions. Volume depletion predominantly affected the inner 

medulla, whereas ischaemia targeted the outer strip of the outer medulla. In addition to these 

dominant regions, these stimuli also induce responses in non-dominant segments; for 

example, ischaemia-induced RNA expression of Havcr in the proximal tubule and Lcn2 in 

the distal nephron8,64 (FIG. 2). Hence, rather than a common final pathway and a singular 

readout in response to injury, the experimental data to date suggest that specific insults 

might lead to anatomically distinct patterns of responses reflecting changes in the underlying 

segmental physiology of the kidney. We predict that future studies will lead to the 

development of a ‘wiring diagram’ that outlines how the responses of one segment to a 

particular injury affects the responses of other segments65,66, allowing for greater diagnostic 

accuracy.

Anatomical evidence for injury subtypes

Whether common clinical diseases also result in anatomically distinct patterns of injury is 

less clear. In some cases of clinical tubular injury, the principal targeting mechanism and 

response to injury can be identified. For example, there is little debate concerning the target 

of injury in scenarios involving drug-induced nephrotoxicity and myoglobinuria. However, 

the target of injury in many of the major syndromes treated by nephrologists, such as sepsis, 

ischaemia and volume depletion, has not been fully elucidated.

Toxin-induced tubular injury—Several toxins injure very specific segments of the 

nephron. For instance, myoglobin, a highly nephrotoxic protein, is released into the 

circulation during rhabdomyolysis, from where it is filtered through the glomerulus and 

reabsorbed from the ultrafiltrate via the endocytic receptors megalin and cubilin in the 

proximal tubule, leading to death of the epithelia67. Similarly, cadmium, a widespread 

environmental pollutant, is reabsorbed from glomerular ultrafiltrate via megalin and injures 

the proximal tubule68. Likewise, aminoglycosides, a class of nephrotoxins frequently used in 

clinical practice, can accumulate within proximal epithelia via megalin69, causing cell 

death70,71. This targeted injury was initially observed by histology, but was also closely 

linked to the discovery, development and use of biomarkers of tubular injury in humans. In 

rats with cadmium-induced injury, for instance, urine KIM1 expression rose before the onset 

of cell death and 4–5 weeks before the onset of proteinuria72. Likewise, gentamicin also 

elevated levels of urinary biomarkers, especially KIM1, even in the absence of changes in 

SCr73, suggesting that KIM1 might be more useful than SCr for the timely diagnosis of 

gentamicin-induced acute tubular injury.
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These observations led to the identification of further biomarkers of drug-induced kidney 

injury74,75. In 2008, the Food and Drug Administration (FDA)76 and European Medicines 

Agency77 approved a panel of seven safety biomarkers that could be used with traditional 

markers of kidney excretory dysfunction in toxicity studies of medications using rodents, 

and this roster was extended in 2014 (REFS78,79) and 2016 (REFS80,81) to include 

osteopontin and NGAL. In 2018, the FDA approved a safety biomarker panel comprising six 

biomarkers (clusterin, cystatin-C, KIM1, NAG, NGAL and osteopontin) to aid the detection 

of kidney tubular injury in healthy volunteers participating in phase I clinical trials82.

Sepsis-associated tubular injury—Although the localized effect of several toxins is 

now known, the pathogenesis and anatomical characterization of sepsis-associated tubular 

injury has not yet been elucidated. Some segments of the nephron are likely to respond to 

the events of sepsis before others. For instance, lipopolysaccharide (LPS) injection in rats 

leads to accumulation of the endotoxin strictly within proximal tubules within 60 min, 

without uptake of LPS in distal tubules83. The uptake of LPS correlates with changes in the 

distribution of Toll-like receptors (TLRs) in response to injury. Immunofluorescence 

microscopy shows that TLR4 is primarily expressed in the distal tubules of healthy mice, but 

its expression is dramatically increased in proximal tubular cells following colon 

puncture83,84. Similarly, sepsis induced the expression of the TLR4 co-receptor CD14, in a 

segment-specific manner in rats. CD14 expression was significantly upregulated in proximal 

tubules during sepsis, whereas little if any CD14 was detected in distal tubules83.

Ischaemia–reperfusion injury—Similar to sepsis- associated acute tubular injury, IRI 

induces primary and secondary events that affect the kidney. Although researchers generally 

agree that the vast majority of clinical IRI develop focal and limited histological patterns of 

tubule injury63, the nephron segment(s) that is/are most directly injured by an ischaemic 

insult remain(s) a matter of inquiry85. Most studies have focused on the last (S3) segment of 

the proximal tubule and on the medullary thick ascending limb (mTAL). Both segments are 

particularly susceptible to ischaemic insults85, since they are located in the medulla, a region 

that is hypoxic even under physiological conditions. Different forms of ischaemia drive 

different patterns of injury: warm in generates a proximal (S3) pattern of injury, whereas the 

so-called ‘distal nephron models’, which are triggered by cold ischaemia, vasoconstrictors, 

contrast agents, Gramnegative sepsis, myoglobinuria and obstruction, result in mTAL 

injury63. Moreover, differences in patterns of injury occur as a result of segment-specific 

differences in cellular properties. For instance, the proximal tubule relies on aerobic 

oxidative metabolism and therefore requires a continuous supply of oxygen86, whereas the 

mTAL is capable of some degree of anaerobic metabolism87. When hypoxic injury disrupts 

the delicate balance between oxygen supply and demand, the energy-consuming process of 

transport activity has been shown to be the major factor governing mTAL damage. Thus, 

transport inhibition might afford protection to this segment88.

In addition, segmental variations in the activation of mitogen-activated protein kinases in 

response to IRI correlate with differences in segmental survival. Epithelial cell survival 

during oxidative stress is dependent on the balance between the activation of c-Jun N-

terminal kinase (JNK) and extracellular regulated kinase (ERK)47,89. During IRI, only JNK 
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is activated in the cortex (where the proximal tubule predominates), whereas both JNK and 

ERK pathways are activated in the outer medulla (where mTAL predominates), where ERK 

contributes to cellular survival. Hence, segment- specific differences in gene expression can 

generate different epithelial behaviours.

Although use of gene expression technologies provides insights into the anatomical pattern 

of damage induced by IRI, the secondary effects of IRI complicate the interpretation of 

findings. Secondary effects are mediated by the hypoxia-induced expression of genes 

regulated by hypoxia-inducible factor (HIF) that stimulate local microcirculation, such as 

those that encode erythropoietin, vascular endothelial growth factor (VEGF) and nitric oxide 

synthase90. Secondary effects are also mediated by the hypoxia-induced release of 

vasoactive mediators (for example, adenosine, endothelin and angiotensin II), which redirect 

medullary and cortical blood flow. Tertiary effects include a reduction in glomerular 

filtration rate (GFR) via vasoconstriction, inflammation and tubular obstruction, epithelial 

and endothelial injury due to hypoxia and ATP depletion, and increased susceptibility to 

microvascular thrombosis via endothelial damage91,92, followed by an inflammatory 

response involving leukocyte infiltration and the up- regulation ofchemokines and cytokines 

in the kidney93 — a process sometimes called sterile inflammation93.

One approach to distinguishing primary from secondary changes in gene expression in 

response to IRI is to analyse tissue gene expression and urinary biomarkers in the presence 

and absence of leukocyte populations and specific chemokines94. This approach has been 

used to determine that NGAL is produced by epithelial cells of the tubule as a primary 

response to IRI rather than a secondary consequence of neutrophil activation. For example, 

ablation of neutrophils prior to IRI did not alter the cellular patterning of Ngal expression in 

response to injury95. Similarly, chemotherapeutic immunosuppression reduced levels of 

serum NGAL in patients without AKI, but did not prevent the expression of NGAL in 

immunosuppressed patients with AKI94. Although these studies represent preliminary 

findings, they indicate that primary and secondary responses to injury can be devolved and 

organized into signalling networks with currently available technology.

Extracellular fluid volume depletion—Finally, extracellular fluid volume (ECFV) 

depletion is thought to affect many segments of the kidney secondary to activation of the 

renin-angiotensin-aldosterone-antidiuretic hormone systems, but we know from RNA 

pulldown experiments that changes in gene expression induced by ECFV depletion are most 

prominent in the inner medulla, where final salt and water balances are achieved8,56. ECFV 

expansion in sheep affected kidney oxygenation, leading to a sustained increase in the 

medullary partial pressure of oxygen (pO2) with no changes in cortical perfusion and pO2 

(REF96) Consequently, the therapeutic value of ECF expansion as a prophylaxis against 

many different nephrotoxic agents such as radiological contrast material might in part lie in 

its segment-specific increase in oxygen delivery. Additional studies attempting to document 

medullary oxygenation in other animal models and in humans are ongoing using blood 

oxygen level-dependent MRI or urinary pO2 measurements97–100.

Secondary effects of injury—Undoubtedly, many events that occur as a consequence of 

injury, including tissue damage and microcirculatory changes secondarily affect multiple 
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areas of the kidney101·102 and modulate the patterning of gene expression. For example, 

infiltrating leukocytes might release reactive oxygen species, proteases, elastases and other 

enzymes that directly cause tissue damage and change the initial distribution of epithelial 

responses to tubular injury103 while simultaneously driving changes in microcirculatory flow 

(reviewed elsewhere104). Capillary occlusion at sites of cellular and fibrin aggregation105 

and conversely increased vascular permeability in damaged capillaries might follow. 

Localized oedema, which, in the kidney — an encapsulated organ — might alter transmural 

pressures, aggravate venous congestion and contribute to deteriorating microcirculatory 

perfusion106. A final outcome of vascular damage is intra-renal shunting and the modulation 

of perfusion in the renal medulla and cortex107.

Perhaps the new focus on mitochondrial dysfunction will provide insights into the effects of 

sepsis on the kidney and clarify our understanding of changes that occur in vascular flow. 

Structural changes in mitochondria are the predominant findings on histopathological 

examination of autopsy samples from patients who died from sepsis108. Similarly, 

histopathological examination of a mouse model of septic AKI revealed mitochondrial 

swelling and disruption of cristae109. Mitochondrial respiratory chain dysfunction in the 

setting of sepsis can also reduce oxygen utilization, leading to reduced ATP production and 

bioenergetic failure110. Notably, mitochondrial structural as well as bioenergetic alterations 

occur before the rise in SCr, suggesting that damage to this organelle might be an early 

response to an injurious stimulus109,111. Furthermore, the expression of PPARγ co-

activator-1α (PGC-1α), a major regulator of mitochondrial biogenesis and metabolism, is 

downregulated during sepsis, and its rebound during resuscitation is critical to the functional 

recovery from septic tubular injury in mice109. Not surprisingly, given the energy demands 

of the proximal tubule, the majority of these studies point to the proximal tubule and, to a 

lesser degree, the mTAL as being the nephron segments with the greatest density of 

mitochondria and the main sites of mitochondrial dysfunction during sepsis.

Diagnosis of injury by biomarkers

Given the issues related to the use of SCr as a diagnostic marker of tubular injury in addition 

to its utility as a marker of excretory dysfunction, it is important to consider the minimum 

requirements for an authentic KIM1, kidney injury molecule 1; NGAL, neutrophil 

gelatinase-associated lipocalin. biomarker of tubular injury (TABLE 2) and consider how a 

biomarker might correct the shortcomings of the SCr-based diagnostic system. Here, we 

discuss a number of biomarkers, but focus mainly on NGAL, which is secreted primarily 

from cells of the collecting duct and mTAL, and is the most widely studied urinary 

biomarker of tubular damage in animal models and in humans.

Ease of measurement

Use of a biomarker for AKI requires that it can be accurately and reliably quantified. This 

requires identification of the gene product rather than its metabolic products by use of 

immunoblotting or enzyme-linked immunosorbent assays (ELISAs) with specific antibodies, 

and demonstration that the gene product is stable during collection and processing. For 

example, characterizing KIM1, NGAL, IGFBP7 and TIMP2 proteins in urine with 
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immunoblots identified many candidate molecular weights rather than a single gene product, 

suggesting that the original translated protein might have been post-translationally 

processed8,112. In the case of NGAL, we identified a 23–25-kDa kidney-specific ‘monomer’ 

translated from kidney cell mRNA, as well as products representative of NGAL homo- and 

heterodimers, including NGAL-NGAL, NGAL-MMP9 and NGAL bound to polymeric 

immunoglobulin receptor sequences linked by a human-specific unpaired cysteine 

residue113,114. Given this complexity, all NGAL- related diagnoses of tubular injury in 

patients should be made using ‘monomer’-specific antibodies by ELISA or immunoblotting. 

Similar proteomic analyses of KIM1 metabolic products have identified the shed 

extracellular domain in the urine115. Such proteomics studies are essential for the 

identification of suitable disease biomarkers in order to identify the most clinically relevant 

immune-reactive species for the diagnosis of tubular damage8.

‘Rapid on’ and ‘rapid off kinetics

The Ngal promoter is characterized by an open chromatin structure (W. Yu and J. Barasch, 

unpublished work) and multiple activating histone marks, suggesting that it can be 

transcribed rapidly. Indeed, the gene is transcribed within 30 min of NF-kB activation by 

LPS and newly synthesized NGAL protein can be detected in urine or plasma within 2–3 h 

after an injurious signal, such as LPS exposure or IRI in animal models and in humans95,116. 

Work in mice has shown that the extent to which the increase in NGAL levels can be 

reversed following injury depends on the severity of the stimulus. For example, brief 

ischaemia induced peak NGAL levels within 12 h and recovery by 24 h95, whereas stronger 

stimulation resulted in prolonged time courses95. Studies in human neonates demonstrated 

rapid recovery of urine NGAL levels after discontinuation of gentamicin73. Thus, NGAL 

RNA and urine protein levels rise with injury and are reversed with relief of the stimulus — 

a pattern that contrasts with the failure of SCr to measure injury in kinetically active disease.

Additional work is necessary to document the kinetics of other biomarkers, particularly to 

resolve their relationship with primary and secondary causes of damage (discussed earlier). 

Moreover, although the temporal pattern of biomarker expression involving upregulation of 

NGAL followed by IL-18, L-FABP, TIMP2-IGFBP7 and lastly KIM1 has been reproduced 

by a number of studies of ischaemic injury64,117,118, it remains to be seen whether this 

temporal pattern is universal across different forms of acute tubular injury. This temporal 

pattern has great potential diagnostic value that has not yet been tested in the same way that 

displacement of cardiac markers, for example, troponin, creatinine phosphokinase and 

lactate dehydrogenase, has been characterized and utilized to time the initiation of cardiac 

injury before patient presentation. However, use of temporal changes in biomarker 

expression to assess tubular injury requires additional evaluation of the expression of 

biomarkers throughout the acute and resolution phases of injury, which has been 

inadequately addressed to date.

Quantitative assessment of damage

A critical requirement of an injury biomarker is that it exhibits a dose-dependent response to 

damage. Using NGAL reporter mice as well as reverse transcriptase- polymerase chain 

reaction (RT-PCR) and immuno- blots, we found that graded doses of ischaemia, LPS or 
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nephrotoxins generated graded expression levels of NGAL protein and mRNA in kidneys 

and urine, with a dynamic range of ~1,000-fold95,119. In severe disease, the expression level 

of tubular Ngal mRNA even surpassed that of β-actin RNA. Combined examination of urine 

and plasma protein together with mRNA in the kidney revealed that the ischaemic dose 

delivered to the kidney directly correlated with the level of detectable NGAL monomer 

protein in plasma and urine and with kidney Ngal mRNA levels. In a multicentre prospective 

cohort study of thousands of patients presenting to the emergency department, the level of 

urinary NGAL at the time of presentation correlated in a logarithmic fashion with the 

maximum RIFLE score achieved over the course of hospitalization15. Other studies in mice 

and humans have shown that bilateral vascular ischaemia or bilateral obstruction to urine 

flow induces levels of NGAL that are twice as high as those induced by unilateral vascular 

ischaemia or unilateral urinary obstruction29,119. Interestingly, such quantitative readouts are 

not achieved for other biomarkers of tubular kidney injury because they seem to saturate at 

lower levels of injury15.

Thus, the level of biomarker expression at the time of a patient encounter is a consequence 

of the intensity of the injurious signal and the maximum SCr level achieved during the 

subsequent period of hospitalization. Differences between the biomarkers may be useful as 

diagnostic tools to judge the intensity of the response to a particular stimulus.

Tubular origin of candidate biomarkers

In order for a biomarker to directly reflect tubular damage, its RNA message must be 

expressed at sites of tubular damage. This absolute requirement of anatomical and biological 

plausibility has been demonstrated for only a few biomarkers (FIG. 3). In the case of 

secreted biomarkers, such as NGAL, their tubular origin must be demonstrated by detecting 

RNA or by gene knockout technology rather than by detecting protein because of the 

confounding role of megalin in capturing biomarkers that are generated outside of the kidney 

or recycled within the kidney.

NGAL, IGFBP7 and TIMP2 are the urinary biomarkers that have been most extensively 

characterized. Application of RNA detection techniques have shown that ischaemia of a 

polar branch of the renal artery generates tubular casts and induces NGAL expression in the 

ischaemic artery and in damaged tubules (that is, in those containing casts, cysts or other 

forms of epithelial damage), but not in neighbouring tubules95,120. fine mapping in paraffin-

embedded mouse and human kidneys subjected to ischaemia revealed NGAL mRNA in the 

thick ascending limb of the loop of Henle and collecting ducts of the kidney (Fig. 2), a 

distribution that been confirmed in mice by cell-specific RNA labelling techniques (T. Shen, 

K. Xu and J. Barasch, unpublished work) using segment- specific gene knockouts, and in 

humans by new in-situ technology95,121,122 Deletion of intercalated cells from the collecting 

duct or deletion of Ngal throughout the kidney reduced urine NGAL levels121. Hence, 

urinary NGAL is derived from distal segments of damaged tubules, which is the site at 

which NGAL RNA is upregulated in response to different forms of kidney damage (Fig. 3).

IGFBP7 and TIMP2 have also been detected by immunocytochemistry at the luminal brush-

border of the proximal tubule and intracellularly within distal tubule epithelia, 

respectively123. Unexpectedly, however, RT-PCR, gene arrays and in-situ hybridization 
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studies in the mouse kidney show that Igfbp7 and Timp2 mRNA expression either declines 

or remains unchanged in the setting of kidney damage8,48,124, highlighting the difficulty of 

studying secreted proteins, that may, in part, derive from outside the kidney. Comparing the 

site of Igfbp7 and Timp2 RNA synthesis with the distribution of their encoded proteins 

(using immunocytochemistry) in different forms of kidney damage will shed light on the 

metabolism of these clinically useful biomarkers.

Distinguishing types of tubular injury

In contrast to SCr, the levels of which can rise for various reasons, biomarkers of kidney 

damage do not respond equally to all forms of noxious stimuli. For example, Ngal, Havcr, 

Clusterin, Timp1, Spp1, Cxcl1, Il6 and hundreds of other genes are not induced by even 

extreme volume depletion in mice8. Extensive animal studies using NGAL reporter mice, 

laser-capture RNA-Seq, RNA labelling and RNA pulldown studies (T. Shen and J. Barasch, 

unpublished work), as well as extensive studies of patients arriving in the emergency 

department or ICUs or being treated for cirrhosis, showed that levels of NGAL increase by 

~2-fold at the most in cases of ‘transient AKI’ (constituting ~75% of all AKI patients), 

whereas its expression increases as much as 10–100-fold in cases of ‘sustained 

AKI’15,44,45,58,59,61,125. Consequently, biomarkers at the time of patient encounter are a 

better reflection of the degree of epithelial injury than SCr.

However, it is not yet clear whether any of the currently known biomarkers can be uniquely 

matched to a specific form of tubular damage. As mentioned earlier, many of the biomarkers 

rise together in a defined temporal sequence suggesting linkage between different segments 

of the nephron in which these molecules are expressed. Nonetheless, some evidence 

suggests that KIM1 is particularly important for the detection of proximal tubule 

nephrotoxins126, and conversely, that NGAL is particularly expressed in response to sepsis- 

induced tubular injury and urinary obstruction127–133 implying the possibility of stimulus-

specific biomarkers. The temporal responses of the different biomarkers in response to 

different forms of tubular injury are an unexplored area of great interest.

Biological relevance of biomarkers

Finally, the reproducibility of a biomarker across different patient populations and animal 

models is tied to the relevance of its role in the disease process. NGAL is a member of the 

lipocalin superfamily that was initially identified in activated neutrophils and is therefore a 

component of the innate immune system. It binds strongly to the bacterial siderophore, 

enterochelin134, thereby interrupting iron acquisition by bacteria and inducing ‘nutritional 

immunity’. Notably, intercalated cells of the tubule not only secrete NGAL, a bacteriostatic 

protein, but also protons — which are also bacteriostatic — and IL-18 — a chemoattractant 

for neutrophils — thereby establishing these cells as immune defence cells. KIM1 is also a 

critical response protein for the resolution of kidney damage by clearing oxidized lipids and 

dying cells135. Hence, the most reproducible biomarkers are not only reporters but also 

critical components of the disease process itself.
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Apples and oranges: biomarkers and SCr

As previously mentioned, in contrast to other fields of medicine such as cardiology, 

gastroenterology, rheumatology and oncology, which use multiple analytes to diagnose acute 

clinical disease, nephrology has relied largely on a single assay. The novelty of tubular 

injury biomarkers such as NGAL and KIM1 is that they provide an assessment of cell stress 

and damage without measuring the functional state of the kidney, in contrast to SCr and 

cystatin C, which provide an assessment of steady- state kidney function. Changes in these 

two parameters — cell viability and kidney function — might occur concurrently, 

sequentially or might occur in isolation. Loss of kidney function may or may not be the 

result of kidney injury, and kidney injury may or may not cause loss of kidney function. This 

paradigm is analogous, for example, to the use of troponins and echocardiograms in 

cardiology: a myocardial infarction that leads to a rise in serum troponin may not necessarily 

cause congestive heart failure demonstrated on an echocardiogram (FIG.4). Perhaps the best 

way to incorporate both types of assessment is to view them in a sequence because kidney 

injury must occur in stages. Damaging stimuli (for example, sepsis, obstruction or 

nephrotoxins) induce a sequence of events that must include cellular responses (that could 

be measured by assessing metabo- lomic responses) and potentially cellular damage (that 

could be assessed by measurement of transcriptomic responses and biomarkers). These 

events are potentially followed by widespread organ damage and only then by organ 

dysfunction (as determined by changes in steady- state markers of kidney function). As 

discussed above, evidence suggests that different stimuli (for example, volume depletion and 

ischaemia) can activate different response pathways — an observation that is in line with the 

different response of these injuries to different clinical treatments. This model, in which we 

consider the series of events, does not substitute SCr for biomarkers, but rather incorporates 

the information provided by each analyte (SCr as a marker of excretory dysfunction; 

biomarkers as indicators of injury) to improve our understanding of disease (FIG. 5). This 

kinetic version of a previously proposed framework for the evaluation of AKI using 

biomarkers136 considers situations in which the expression of injury biomarkers increases 

without a rise in SCr (for instance, in the initial phase of damage, or in situations in which 

damage is not sufficiently widespread to cause loss of excretory function); in which a rise in 

SCr occurs without increased expression of kidney injury biomarkers (for instance, 

following activation of a pathway that reduces kidney excretion without changing known 

tubular injury biomarkers, such as in the context of reversible volume depletion); or in which 

the expression of biomarkers is accompanied by a rise in SCr level (for example, in the 

context of tubular damage that is sufficient to cause loss of excretory activity). Terminology 

such as ‘subacute AKI’ and ‘subclinical AKI’ does not have a place in this scheme because 

the biomarkers are simply expressed more rapidly and are more sensitive indicators of injury 

than is SCr. In addition, the description of different causes of elevated SCr as ‘subtypes of 

AKI’ is also inappropriate, as it is understood that different injurious stimuli initiate different 

biological processes that may or may not be related to each other and that may or may not 

cause functional loss.

Since biomarkers provide information that is distinct from that provided by SCr, combined 

analysis of biomarkers and SCr can have clinical benefits. Studies from the past few years 
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have demonstrated that different combinations of NGAL and SCr predicted with graded risk 

the need for renal replacement, intensive care, length of hospital stay and mortality137. 

Similarly, the combination of either NGAL or KIM1 with SCr predicted the need for renal 

replacement or mortality within 7 days of presentation in 15% of cases, whereas use of a 

biomarker or SCr alone identified only 5% of such patients15. Furthermore, combining 

NGAL and cystatin C predicted ‘severe AKI’ and simultaneously ruled out the possibility of 

‘transient AKI’125. Conversely, the elevation of a functional marker without the finding of 

urinary NGAL was an excellent predictor of ‘transient AKI’138.

Thus, the discovery and translation of the first generation of biomarkers have finally enabled 

SCr to be placed into a biological framework of tubular kidney injury (FIG. 5) that accounts 

for the diverse and variable intensity of environmental challenges to this extraordinarily 

complex organ. This scheme enables the diagnosis of acute tubular injury to be categorized 

into two potentially simple ideas: first, evidence of injured cells derived from non-invasive 

biomarkers, and second, evidence of loss of kidney excretory function based on changes in 

SCr and/or urine output.

Conclusions and perspectives

The era of personalized and predictive kidney medicine is well upon us, ushered in by some 

of the remarkable genomic and proteomic advances that have contributed to our 

understanding of kidney health and disease, as described in this Review. Biomarkers are 

indispensable for the implementation of personalized medicine. Current AKI criteria, 

although originally designed to standardize definitions and thus aid research efforts, have 

been applied to guide individual therapy and have fallen short of this intention. The historic 

reliance on a single steady-state marker of excretory function — SCr — as a measure of 

acute cellular injury continues to cripple our ability to comprehend, diagnose and manage 

AKI.

Kidneys exhibit myriad exceptionally complex physiological, cellular, molecular and clinical 

consequences of acute injury. Our understanding of these processes may be improved in the 

future by combining firstgeneration damage biomarkers and functional criteria into a 

rational biological algorithm. For immediate implementation, we propose cataloguing the 

injury with two metrics: first, evidence of injured cells derived from non-invasive damage 

biomarkers, and second, evidence of loss of organ excretory function based on changes in 

SCr and/or urine output.

We envision a number of refinements to this concept in the near future. We predict the 

emergence of a generation of functional markers and tests to more accurately reflect 

excretory failure and to replace SCr, including real-time monitoring of GFR139 and new 

filtration markers with intrinsic kinetic characteristics that better reflect the timing and 

severity of kidney injury than does SCr, such as pro-enkephalin. The institution of such 

metrics requires a better understanding of the sites of production and metabolism of these 

filtration markers as well as further clinical testing in patients with acute tubular 

damage140,141. We also predict the emergence of a generation of stimulus-specific urinary 

biomarkers that will help to discern the primary aetiology of the injury, since the molecular 
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response of the kidney to various stimuli (for example, volume depletion, IRI, sepsis and 

nephrotoxins) is known to differ dramatically. The temporal rise and fall of specific 

biomarkers will help to determine the timing of the initiating injury and to predict 

progression of the ensuing damage. Available evidence suggests that biomarkers such as 

NGAL and KIM1, TIMP2 and IGFBP7 are co-expressed; thus, it is necessary to understand 

how the expression of these biomarkers is linked in different segments of the nephron. 

Whether this co-expression occurs because of shared homology in promoter sequences or 

because of intra-nephron communication between cells that express these biomarkers 

remains to be determined. We expect that distinct biomarkers will be identified that 

differentiate damage from repair, enabling the early identification of a recovering kidney. 

Finally, we forecast the emergence of biomarkers that predict the transition from acute 

damage to chronic injury, enabling early identification of a primary contributor to the global 

epidemic of CKD.

The NIH-funded Kidney Precision Medicine Project is expected to provide further insights 

into the molecular changes underlying tubular kidney injury by comprehensively mapping 

gene expression in patients identified by elevated SCr plus a urinary biomarker. The 

identification of injury biomarkers stratified by aetiology, timing and segment specificity 

will revolutionize our understanding and management of kidney injury, particularly in 

complex cases in which multiple stimuli may be involved. Together, these data will test the 

age-old concept that multiple ‘hits’ can summate in the kidney to produce tubular 

damage142–151. They will also enable us to rationally tailor interventions, based on specific 

molecular pathways.
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Box 1 |

KDIGO definition of acute kidney injury

The 2012 KDIGO AKI guideline7 defines acute kidney injury (AKI) using the following

criteria:

• An increase in serum creatinine (SCr) of ≥0.3 mg/dl (≥26.5 μmol/l) within 48 

h, or

• An increase in serum creatinine to ≥1.5 times baseline, which is known or 

presumed to have occurred within the previous 7 days, or

• A urine volume of <0.5 ml/kg/h for 6 h

Patients are then staged according to the rise in SCr or reduction in urine output to the 

following categories:7

• Stage 1: an increase in SCr level to 1.5–1.9 times baseline, or an increase in 

SCr by ≥0.3 mg/dl (≥26.5 (μmol/l), or a reduction in urine output to <0.5 

ml/kg/h for 6–12 h.

• Stage 2: an increase in SCr level to 2.0–2.9 times baseline, or a reduction in 

urine output to <0.5 ml/kg/h for ≥12 h.

• Stage 3: an increase in SCr level to 3.0 times baseline, or an increase in SCr 

level to ≥4.0 mg/dl (≥353.6 (μmol/l), or a reduction in urine output to <0.3 

ml/kg/h for ≥24 h, or anuria for ≥12 h, or the initiation of kidney replacement 

therapy, or, in patients <18 years of age, a decrease in estimated glomerular 

filtration rate to <35 ml/min/1.73 m2
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Key points

• Current definitions of acute kidney injury (AKI), based on serum creatinine 

(SCr) level, focus on loss of kidney function rather than kidney injury.

• AKI definitions cannot provide an acute measurement of loss of function, 

however, because SCr is a quantitative functional marker only at the steady 

state.

• Current AKI metrics can neither detect kidney injury in real time nor 

distinguish dramatically different types of kidney injury.

• Molecular analyses of acutely damaged kidneys have detected cellular and 

segment- specific responses to injurious stimuli, prior to and distinct from the 

loss of function as measured by SCr.

• As a result, molecular analyses have detected different types of acute tubular 

injury and have re-characterized the concept of the kidney response to 

noxious stimuli into biomarker-positive ‘injury’ and biomarker-negative ‘no 

injury’.

• A conceptual model places ‘tubular injury’ (biomarkers) upstream of ‘loss of 

function’ (AKI metrics), providing a unifying ‘injury’ and ‘loss of function’ 

sequence consistent with biological pathways.
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Fig. 1 |. Rapid resolution of serum creatinine in most patients with AKI.

a | Our study of 61,726 patients who were admitted to the New York Presbyterian Hospital 

and met Kidney Disease Improving Global Outcomes (KDIGO) criteria for acute kidney 

injury (AKI) showed that serum creatinine (SCr) resolved rapidly in most patients: ~33% of 

events resolved within the first days of hospital admission, ~60% within 2 days and ~70% 

within 3 days. b | Assessment of the proportion of patients with electrolyte abnormalities, 

according to time to resolution of SCr shows that rapid resolvers (that is, those points on the 

left-side of the graph) were less likely to have electrolyte abnormalities than patients with 

sustained or unremitting elevation of SCr levels (those on the right-side of the graph). In 

both a and b, the difference between two points along the x-axis represents a period of 24 h. 

Data are taken from Xu et al.8.
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Fig. 2 |. Renal expression of NGAL mRNA.

In situ hybridization of an ischaemic human kidney explanted by nephrectomy shows NGAL 

expression primarily in distal segments of the nephron. Proximal tubules (PT, large 

crosssectional profiles) are negative. This patterning is similar to that seen in ischaemic 

mouse kidneys8,64.
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Fig. 3 |. Sources of AKI biomarker mRNA and protein.

mRNAs encoding KIM1, L-FABP and IL18 are transcribed in the proximal tubule (pink 

boxes, italics), whereas NGAL mRNA is synthesized primarily in the thick ascending limb 

and collecting duct. The protein products (blue boxes) are detected primarily at the sites of 

mRNA transcription, but may also be derived from the systemic circulation. The primary 

source of IGFBP7 and TIMP2 mRNA is unclear, since these genes and their protein 

products may be expressed ubiquitously within and outside the kidney. Plasma NGAL is 

freely filtered and largely reabsorbed by the proximal tubule by megalin-dependent 

pathways, and may be multimeric. Kidney-derived NGAL is monomeric.
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Fig. 4 |. Biomarkers change the definition of AKI.

Different stimuli (for example, coronary ischaemia, sepsis or volume depletion) activate 

different biological pathways in the heart and kidney. The pathways begin with stimulus-

dependent cellular responses, which may result in cell damage and subsequently organ 

damage, if and when the stimulus is sufficiently severe. In the most severe cases of ‘organ 

damage’, ‘organ failure’ occurs. Cellular responses and damage can be detected by 

biomarkers, but organ failure is currently estimated through the use of functional tests such 

as an echocardiogram (in the context of heart failure) or serum creatinine (SCr; in the 

context of kidney injury). Detection of biomarkers without evidence of organ failure 

represents a milder form of damage (or one detected early in its course) than detection of 

biomarkers together with evidence of organ failure. Note that radically different therapies 

apply to these three examples. Also note that volume depletion and ischaemia do not induce 

the same damage markers: >100 different markers of ischaemic damage are not upregulated 

by volume depletion, and hence metrics of cell damage, if actually present in volume 

depletion, are not yet established. EKG, electrocardiogram.
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Fig. 5 |. Combined analysis of biomarker, serum creatinine and urine output for the assessment 
of kidney injury.

Biomarkers serve as ‘injury markers’ of the tubule, providing data regarding cellular injury 

and responses to noxious stimuli. Rising serum creatinine (SCr) on the other hand is a 

‘functional marker’, indicative of excretory dysfunction. a | An insult leads to cellular 

damage, which can be detected by urine biomarkers. If insufficient numbers of nephrons are 

injured to cause organ dysfunction, no rise in SCr will be detected. b | An insult leads to 

cellular damage, which can be detected by urine biomarkers. If nephron injury is sufficient 

to cause organ dysfunction, a rise in SCr is detected. c | The absence of urine biomarkers and 

a normal SCr indicates that no cellular injury has occurred and that the kidney is not 

challenged by haemodynamic failure. d | Excretory dysfunction can occur without 

biomarker evidence of tubular injury. A rising SCr is indicative of excretory dysfunction, 

whereas the absence of urine biomarkers indicates sparing of tubular cells, a scenario that 

challenges the specificity of SCr as a marker of injury. This scenario is common in cases of 

volume depletion, diuretic use, and mild forms of heart or liver failure. AKI, acute kidney 

injury (defined according to SCr-based KDIGO Guidelines); CHF, congestive heart failure.

De Oliveira et al. Page 31

Nat Rev Nephrol. Author manuscript; available in PMC 2020 June 19.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u

s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t

De Oliveira et al. Page 32

T
a
b

le
 1

 |

Q
u
al

if
ie

rs
 a

n
d
 d

es
cr

ip
to

rs
 o

f 
A

K
I

C
u

rr
en

t 
A

K
I 

n
o
m

en
cl

a
tu

re
D

es
cr

ip
ti

o
n

In
te

rp
re

ta
ti

o
n

E
x
a
m

p
le

 
re

fe
re

n
ce

s

S
u
b
cl

in
ic

al
 A

K
I

T
u
bu

la
r 

d
am

ag
e 

b
io

m
ar

ke
r 

in
d
ic

at
es

 d
am

ag
e,

 y
et

 S
C

r 
is

 n
o
t 

el
ev

at
ed

1
0

• 
S

C
r 

is
 a

n
 i

n
se

n
si

ti
ve

 m
ar

ke
r 

o
f 

tu
bu

la
r 

d
am

ag
e

• 
E

le
va

ti
o
n
 o

f 
S

C
r 

re
q
u
ir

es
 d

am
ag

e 
to

 >
5
0
%

 o
f 

n
ep

h
ro

n
 m

as
s.

 D
am

ag
e 

to
 a

 p
o
rt

io
n
 o

f 
th

e 
k
id

n
ey

 i
s 

n
o
t 

d
et

ec
ta

b
le

1
0
–
1
3

T
ra

n
si

en
t 

ve
rs

u
s 

su
st

ai
n
ed

 A
K

I
• 

S
C

r 
el

ev
at

io
n
 <

3
 d

ay
s 

ve
rs

u
s 

S
C

r 
el

ev
at

io
n
 >

3
 d

ay
s1

7

• 
S

C
r 

re
tu

rn
in

g
 t

o
 w

it
h
in

 1
0
%

 o
f 

b
as

el
in

e 
ve

rs
u
s 

>
7
2
 h

 o
f 

az
o
ta

em
ia

1
8

• 
R

IF
L

E
-A

K
I 

re
so

lv
ed

 b
y
 7

2
 h

 v
er

su
s 

R
IF

L
E

-A
K

I 
p
er

si
st

in
g
 ≥

7
2
 

h
1
5

• 
R

es
o
lv

in
g
 b

el
ow

 A
K

I 
cr

it
er

ia
1
9

• 
S

C
r 

ap
p
ro

ac
h
in

g
 2

5
–
5
0
%

 o
f 

b
as

el
in

e 
ve

rs
u
s 

n
o
 r

ec
ov

er
y
 a

t 
d
is

ch
ar

g
e;

 f
ai

li
n
g
 t

o
 m

ee
t 

tr
an

si
en

t 
cr

it
er

ia
1
6

A
 s

in
g
le

 m
ea

su
re

m
en

t 
o
f 

S
C

r 
at

 t
h
e 

ti
m

e 
o
f 

p
at

ie
n
t 

en
co

u
n
te

r 
d
o
es

 n
o
t 

p
ro

v
id

e 
p
ro

sp
ec

ti
ve

 i
n
fo

rm
at

io
n
 a

b
o
u
t 

th
e 

k
in

et
ic

s 
o
f 

S
C

r;
 t

ra
n
si

en
t 

A
K

I 
in

cl
u
d
es

 v
o
lu

m
e 

d
ep

le
ti

o
n
 (

p
re

re
n
al

 a
zo

ta
em

ia
),

 w
h
er

ea
s 

su
st

ai
n
ed

 A
K

I 
in

cl
u
d
es

 A
T

N

1
5
–
1
8

S
ev

er
e 

A
K

I
S

ta
g
es

 2
–
3
 A

K
I 

K
D

IG
O

 g
u
id

el
in

es
S

C
r 

is
 a

 v
al

id
 q

u
an

ti
ta

ti
ve

 t
o
o
l 

o
n
ly

 i
n
 s

te
ad

y
 s

ta
te

. 
H

ow
ev

er
, 
m

u
lt

ip
le

 s
tu

d
ie

s 
h
av

e 
d
em

o
n
st

ra
te

d
 t

h
at

 A
K

I 
st

ag
es

 2
–

3
 c

o
rr

el
at

e 
w

it
h
 b

io
m

ar
ke

rs
 o

f 
tu

bu
la

r 
in

ju
ry

2
0
,2

1

S
u
b
ac

u
te

 A
K

I
A

K
I 

d
ev

el
o
p
in

g
 o

ve
r 

>
7
 d

ay
s

C
r,

 a
 p

ro
d
u
ct

 o
f 

m
u
sc

le
, 
ac

cu
m

u
la

te
s 

sl
ow

ly
 i

n
 s

er
u
m

. 
A

s 
a 

re
su

lt
, 
so

m
e 

p
at

ie
n
ts

 
ca

n
n
o
t 

b
e 

d
ia

g
n
o
se

d
 a

t 
th

e 
ti

m
e 

o
f 

p
at

ie
n
t 

en
co

u
n
te

r 
u
si

n
g
 S

C
r 

cr
it

er
ia

L
at

e 
o
n
se

t 
A

K
I

• 
A

K
I 

o
cc

u
rr

in
g
 >

7
 d

ay
s 

af
te

r 
b
ir

th
1
5
2

• 
A

K
I 

o
cc

u
rr

in
g
 ≥

5
 d

ay
s 

fr
o
m

 a
d
m

is
si

o
n

1
5
3

• 
A

K
I 

o
cc

u
rr

in
g
 4

8
 h

 a
ft

er
 a

d
m

is
si

o
n

1
9

O
p
ti

m
al

 u
se

 o
f 

S
C

r 
re

q
u
ir

es
 c

o
rr

el
at

in
g
 i

ts
 v

al
u
es

 w
it

h
 t

h
e 

cl
in

ic
al

 c
o
u
rs

e 
in

 o
rd

er
 t

o
1
5
,1

9
,2

1
,5

3

A
K

I,
 a

cu
te

 k
id

n
ey

 i
n
ju

ry
, 
ac

co
rd

in
g
 t

o
 S

C
r 

an
d
 u

ri
n
e 

o
u
tp

u
t;

 R
IF

L
E

, 
R

is
k
, 
In

ju
ry

, 
F

ai
lu

re
, 
L

o
ss

 a
n
d
 E

n
d
- 

st
ag

e;
 K

D
IG

O
, 
K

id
n
ey

 D
is

ea
se

 I
m

p
ro

v
in

g
 G

lo
b
al

 O
u
tc

o
m

es
; 

C
r,

 c
re

at
in

in
e;

 S
C

r,
 s

er
u
m

 c
re

at
in

in
e;

 

A
T

N
: 

ac
u
te

 t
u
bu

la
r 

n
ec

ro
si

s.

Nat Rev Nephrol. Author manuscript; available in PMC 2020 June 19.



A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u

s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t

De Oliveira et al. Page 33

Table 2 |

Characteristics of an ideal biomarker of acute tubular injury

Property Explanation

Easily measured Reliable quantification of a biomarker requires that the biomarker is stable during collection and processing and the 
test distinguishes the gene product from its metabolic product

‘Rapid on, rapid off’ 
kinetics

Biomarker expression must be upregulated shortly after the injurious stimulus and downregulated after termination 
of stimulus

Dose-dependent response The quantity of the biomarker must be proportional to the number of injured nephrons or the severity of the injured 
nephrons. Hence, a biomarker must be sensitive to the injury of a small number of nephrons but also demonstrate a 
broad dynamic range to respond to widespread injury

Tubular origin In acute renal failure caused by tubular injury, the biomarker must be expressed at sites of tubular damage

Specific An ideal biomarker should be able to distinguish the injury induced by different types of acute renal failure, such as 
volume depletion versus tubular damage and potentially proximal tubular from distal tubular injury

Essential to homeostasis, 
injury or repair

An ideal biomarker should reflect the injury process, a property called ‘biological plausibility’, e.g. KIM1 is 
needed to remove cellular debris, whereas NGAL defends the urinary system from infection

Distinct from functional 
marker

Analysis with an ‘injury’ biomarker should interact in a synergistic fashion with analysis by a ‘functional’ 
biomarker

KIM1, kidney injury molecule 1; NGAL, neutrophil gelatinase- associated lipocalin.
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