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infiltrating macrophages, monocyte chemotactic protein-1 (MCP-1) is upregulated, and tumor necrosis
factor-α (TNF-α) is released. Monocytes and macrophages are attracted to the tubular interstitium
of the UUTO kidney [2,14,15]. Activated macrophages infiltrate the interstitium, sustaining the
inflammatory response by releasing cytokines such as transforming growth factor-β1 (TGF-β1) and
TNF-α and ROS [16]. ROS mediate the profibrotic action of TGF-β1, and renal fibrosis proceeds
via the epithelial–mesenchymal transition (EMT) of renal tubular epithelial cells. The outcome is
interstitial fibrosis caused by increased deposition of the extracellular matrix, cellular infiltration,
tubular apoptosis, and the EMT [17]. The mechanical stretching of tubular cells, ischemia, and oxidative
stress that follow ureteral obstruction cause tubular cell death [18,19]. Mild injury triggers apoptosis,
while tubulointerstitial atrophy after obstruction causes cell deletion. The apoptotic bodies are
phagocytosed by neighboring tubular cells or directly shed into the tubular lumen, reestablishing
homeostasis. When the injury is severe, necrosis is likely to be the predominant cause of cell loss [19,20].
Increased apoptosis and/or necrosis activates cell infiltration, interstitial cell proliferation, and interstitial
fibrosis (Figure 1).

Hydrostatic pressure stretches tubular cells and creates urinary shear stress, inducing intrarenal
angiotensin II activation followed by the release of cytokines and adhesion molecules, in turn triggering
macrophage infiltration, the production of reactive oxygen species (ROS), and decreased renal blood
flow (RBF). The drop in RBF triggers renal ischemia, and the increase of hydrostatic pressure and ROS
causes tubular cell death. Monocyte chemotactic protein-1 (MCP-1), tumor necrosis factor-α (TNF-α)
and transforming growth factor-β1 (TGF-β1) released from activated macrophages, ROS, and/or
tubular cell death induce the epithelial–mesenchymal transition (EMT) and fibroblast proliferation.
Eventually the renal parenchyma is transformed into fibrotic tissue.

Figure 1. Mechanisms of UUTO causing kidney injury and fibrosis.

4. Imaging Studies and Their Limitations

Technetium 99m (99mTc) mertiatide, 99mTc diethylene triamine penta-acetic acid, or 99mTc
dimercaptosuccinic acid renal scans (with or without diuresis) are commonly used to evaluate
the presence and severity of UUTO in patients with hydronephrosis. Patients are divided into those
with no, partial, or complete obstruction and with or without renal function [21–23]. Urgent surgical
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relief of complete obstruction is essential, otherwise the kidney will rapidly become nonfunctional.
A partial obstruction is a resistance to outflow that, if left untreated, will lead to a loss of kidney function.
If renal function is lost, surgery is not considered unless the kidney may be infected. Although renal
scans are the standard method of evaluating the presence and severity of UUTO, they are expensive
and expose patients to radiation, and repeat scans should be avoided. Furthermore, they do not reveal
kidney damage per se, and the equipment is not widely available.

5. Biomarkers of UUTO

Urinary and serum biomarkers facilitate the evaluation of renal damage in UUTO patients.
An ideal biomarker is assessed noninvasively in a simple manner, is highly sensitive and specific
in terms of early detection, and exhibits a wide dynamic range and cutoff values, allowing for risk
stratification. Diagnostic utility improves when pelvic urine samples (compared to bladder urine) are
used [23,24]. However, the collection of renal pelvic urine is invasive, requiring the placement of an
indwelling ureteral catheter via cystoscopy under X-ray guidance, and thus it is difficult to repeatedly
collect renal pelvic urine. Biomarkers of kidney injury evaluate glomerular function and renal tubular
damage. Serum creatinine (SCr) and cystatin C are representative glomerular function biomarkers.
Levels of neutrophil gelatinase-associated lipocalin (NGAL), MCP-1, kidney injury molecule 1 (KIM-1),
N-acetyl-b-D-glucosaminidase (NAG), and liver type fatty acid-binding protein (L-FABP) are used to
evaluate proximal tubule damage.

5.1. Biomarkers of Glomerular Function

5.1.1. SCr

SCr concentrations are widely used to assess kidney function. However, accumulating evidence
indicates that measurements of SCr levels do not always detect kidney disease early, and individual
variability in SCr generation rates limits the utility of these tests in terms of identifying and assessing
the severity of kidney injury [25]. Furthermore, UUTO often affects the unilateral upper urinary tract.
The contralateral kidney can compensate for the loss of renal function.

5.1.2. Cystatin C

Cystatin C is an endogenous cysteine protease inhibitor of molecular weight 13.3 kDa secreted by
most nucleated cells [26]. It is an ideal filtration marker, being produced at a stable rate, freely filtered
without tubular secretion, and completely catabolized in the proximal tubule [27]. Cystatin C is
distributed only in the extracellular space and thus reflects changes in the glomerular filtration rate
more precisely than creatinine, which is distributed in all body water [28]. In one study, the serum
cystatin C level strongly predicted all-cause acute kidney injury (AKI). The area under the curve
(AUC; the receiver operating characteristic curve [ROC]) was 0.89 [29]. Use of the urine cystatin C
level for early detection of AKI after cardiac surgery allows for the diagnosis of tubular damage and
dysfunction [30]. Serum cystatin C is a useful biomarker for AKI in patients in the intensive care unit
(ICU) [31,32] with contrast-induced AKI [29,33]. In one study, preoperative serum cystatin C levels
were significantly higher in children with UPJO compared to controls and decreased after surgery
(Table 1) [26], and the AUC-ROC value of serum cystatin C indicating UPJO was 0.72 (Table 1) [26,34].
In another study, serum cystatin C levels increased in adults with ureteral calculi as hydronephrosis
increased and differed significantly between patients with no and mild hydronephrosis, while SCr
levels did not [35]. Multivariate logistic regression showed that only the serum cystatin C level was an
independent risk factor for hydronephrosis. By contrast, the urine cystatin C level is less useful as a
UUTO biomarker. In two independent studies of children with UUTO, urine cystatin C levels did not
differ between patients and controls (Table 1) [24,36].
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5.2. Biomarkers of Renal Tubular Damage

5.2.1. NGAL

Human NGAL, a ubiquitous 25 kDa protein, was initially isolated from human neutrophils [37].
NGAL is expressed in small amounts in cells other than neutrophils, including lung, spleen,
and kidney cells, and is thought to inhibit bacterial growth, scavenge iron, and induce epithelial
growth [38]. NGAL can be secreted by epithelial cells, and it is markedly elevated in patients exhibiting
an inflammatory immune response and defects in lipid metabolism, intracellular iron transport,
renal tubular repair, or differentiation of kidney progenitor cells into tubular epithelial cells [39]. In the
kidney, NGAL is secreted into the urine from the ascending limb of the loop of Henle to the collecting
ducts, being synthesized in the distal nephron [40]. NGAL is small, freely filtered, and easily assayed
in urine. The urine NGAL level is an early and sensitive biomarker of kidney injury [41]. The serum
or urine NGAL level is a clinically useful biomarker of various types of AKI, including AKI after
kidney transplantation [42], contrast medium-induced AKI [43], and AKI in critical care settings [44].
In children with UUTO, urine NGAL levels are significantly higher in bladder urine and/or renal pelvic
urine compared to controls, correlate inversely with worsening obstruction, and decrease after surgery
(Table 1) [26,36,45–49]. The AUC-ROC value for UUTO in children is 0.61–0.90 for bladder urine
NGAL [26,36,45–48]. In adults with UUTO, the urine NGAL level increases in those with obstructive
nephropathy (AUC-ROCs of 0.70 for bladder urine and 0.76 for renal pelvic urine) and decreases after
relief of the obstruction [23,50,51]. Serum NGAL levels are significantly higher than in controls [45,50].
However, the use of NGAL as a biomarker of kidney injury induced by UUTO has several limitations.
Age affects the predictive performance: NGAL better predicts AKI in children than in adults [52].
Serum and urine NGAL levels may be influenced by conditions other than UUTO, including chronic
hypertension, systemic infection, inflammation, anemia, hypoxia, or malignancy [53–55]. The many
sources of NGAL can render it difficult to identify the underlying pathology [40].

5.2.2. MCP-1

MCP-1, a 13 kDa protein, is a potent attractant of monocytes and a member of the CC subfamily [56].
It is produced by many types of cells, including epithelial, endothelial, and smooth muscle cells;
fibroblasts, astrocytes, and monocytes; and microglial cells. MCP-1 recruits monocytes, memory T-cells,
and dendritic cells to sites of tissue injury and infection; monocytes and macrophages are the major
sources of MCP-1 [57]. MCP-1 mRNA is undetectable in the normal kidney, but MCP-1 gene expression
is markedly increased at the tubulointerstitial level in UPJO biopsy samples and correlates with the
extent of monocyte infiltration [58,59]. In one experimental study, mice deficient in MCP-1 exhibited
significantly decreased survival and increased renal damage after ischemia/reperfusion-induced renal
tubular injury in the absence of macrophage accumulation [60]. Kidneys and primary tubular epithelial
cells from such mice exhibited increased apoptosis after ischemia, which indicates that MCP-1 protects
the kidney from the acute inflammatory response that develops after kidney injury. MCP-1 is one
of the most promising biomarkers of kidney injury [61]. Elevated MCP-1 levels are associated with
immune system-mediated kidney injury [62,63], diabetic nephropathy [64], and autosomal-dominant
polycystic kidney disease [65]. In a mouse model of UUTO, serum and urine MCP-1 levels increased
significantly compared to those of control mice [66]. mRNA expression and urinary excretion of
MCP-1 correlate with the extent of the obstruction, subsequent renal damage, and hydronephrosis.
Urine levels of MCP-1 decrease after release of the obstruction [67]. Urine MCP-1 levels are significantly
increased in UPJO groups compared to controls and fall significantly after surgery [24,36,46,59,68–70].
The AUC-ROC values in terms of the presence of UUTO are 0.70–0.93 for bladder urine MCP-1
and 0.89 for renal pelvic urine MCP-1 (Table 1) [24,36,46,68,69]. An inverse correlation is evident
between the level of MCP-1 in renal pelvic urine and mertiatide clearance by the affected kidney [59,69].
Urine MCP-1 levels usefully distinguish between UPJO (which requires pyeloplasty) and the absence
of an obstructive dilation of the renal pelvis. They can be used to monitor the resolution of kidney
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damage after surgery for UUTO [36]. Serum MCP-1 levels increase in patients with AKI after cardiac
surgery and in those with chronic kidney damage [60,71,72], but no study has yet evaluated the serum
MCP-1 level as a biomarker of UUTO in a clinical setting.

5.2.3. KIM-1

KIM-1 is a type I membrane protein of 104 kDa composed of a 14 kDa membrane-bound fragment
and a 90 kDa soluble portion [73]. It was isolated from T-cells, exhibits various functions, and was
termed T-cell immunoglobulin-and-mucin-domain-containing molecule-1 (TIM-1) [73]. Normal kidney
tissue rarely expresses KIM-1, but kidneys acutely injured by ischemia, hypoxia, toxicity, or renal tubular
interstitial/polycystic kidney disease do [74]. The ectodomain of KIM-1 (90 kD) is cleaved by matrix
metalloproteinases and is found in urine after injury to the kidney proximal tubules [75]. Acute KIM-1
overexpression in proximal, renal tubular epithelial cells after ischemia, hypoxia, or toxicity promotes
the transformation of these cells into semi-professional phagocytic cells. KIM-1 is a phosphatidylserine
receptor of the liposome surface and identifies both apoptotic bodies and phosphatidylserine, triggering
further phagocytosis [74,76]. The upregulation of KIM-1 by injured tubular epithelial cells facilitates the
clearance of apoptotic cells, protecting against AKI. Apart from mediating phagocytosis, KIM-1 assists in
repairing injury to cells [77]. It is a valuable biomarker of AKI. Urine and/or serum KIM-1 levels increase
after ischemic kidney injury [75] and in patients with diabetic nephropathy [78], IgA nephropathy [79],
and kidney injury after renal transplantation [80]. In an animal model, serum and urine KIM-1 levels
were useful for the early diagnosis of obstructive nephropathy-induced AKI [81,82]. In a mouse model,
serum KIM-1 levels increased after UUTO, peaking on day 3, and remained detectable for 14 days [82].
In a rat model, the urine KIM-1 level began to increase on day 1 after UUTO and remained high until
day 7 [81]. In children with UUTO, urine KIM1 levels correlated inversely with worsening obstruction
and decreased after surgery [34,36,45,48,49]. The AUC-ROC value for the prediction of childhood
UUTO is 0.65–0.89 for the bladder urine KIM-1 level (Table 1) [34,36,45,49]. In adults with UUTO,
the urine KIM-1 level is a useful marker of obstructive nephropathy (AUCs of 0.57–0.73 for bladder
urine and 0.88 for renal pelvic urine) [23,50,51]. Xie found that the urine KIM-1 level after surgery to
treat UUTO predicted renal function deterioration [83].

5.2.4. NAG

NAG, a 130–140 kDa protein, is a lysosomal enzyme distributed in various human tissue [84].
NAG is not filtered through the glomeruli. In the kidney, it is found predominantly in lysosomes
of proximal tubular cells. The small amount of NAG normally present in the urine is exocytosed
by these cells. Although the function of NAG in the kidney remains unknown, it is a marker of
tubular cell function or damage [85]. Increased NAG excretion in urine is caused exclusively by
proximal tubular cell injury. Accumulating evidence indicates that urine NAG levels correlate with
exposure to nephrotoxic drugs, delayed allograft nephropathy, diabetic nephropathy, and AKI [85].
Urine NAG levels are elevated in patients with upper urinary tract infection, nephrolithiasis, and reflux
nephropathy [86,87]. In children with UUTO, urine NAG levels were significantly higher in those with
hydronephrosis (with or without a vesicoureteral reflux) than healthy controls or cystitis patients [88,89].
The NAG level in renal pelvic urine is 7-fold higher and that in bladder urine 1.7-fold higher than
in normal controls [89]. Mohammad found that the AUC-ROC value for bladder NAG was 0.67 in
children with UUTO [68]. Skalova reported that although the urine NAG level was significantly higher
in patients with hydronephrosis compared to healthy controls, there were no differences between
children with unilateral and bilateral hydronephrosis and no correlation between the urine NAG level
and the grade of hydronephrosis [90]. In summary, urine NAG levels usefully detect childhood UUTO
but do not reflect its severity. In one study of adults with UUTO, levels of NAG in bladder and renal
pelvic urine were 2.5- and five-fold higher than those of normal controls (AUC-ROC values of 0.74 for
bladder urine and 0.91 for renal pelvic urine) and decreased after treatment [23].
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5.2.5. L-FABP

L-FABP, which is expressed by both the normal and diseased human kidney, has been found in
both the convoluted and straight portions of human proximal tubules [91]. Mammalian intracellular
FABP is a 14 kDa protein encoded by a member of a large multigene family within a superfamily of
lipid-binding proteins [92]. Nine tissue-specific FABPs have been identified: L (liver), I (intestinal),
H (muscle and heart), A (adipocyte), E (epidermal), IL (ileal), B (brain), M (myelin), and T (testis).
All FABPs primarily regulate fatty acid metabolism and intracellular transport [93]. L-FABP is expressed
not only in the liver but also in the intestine, pancreas, stomach, lung, and kidney [94]. Serum and/or
urine L-FABP levels are useful biomarkers of kidney injury after renal transplantation [95], in critical
care patients with AKI [96], and in those with contrast-induced AKI [97] and diabetic nephropathy [98].
However, the utility of L-FABP for predicting UUTO remains controversial. Xie found that urine
L-FABP levels after UUTO surgery predicted the deterioration of renal function [83]. Furthermore,
in one study of patients with vesicoureteral refluxes, the urine L-FABP level was significantly higher
than in controls [99]. However, Noyan found that urine L-FABP levels did not differ significantly
between children with hydronephrosis and controls [48].

5.3. Novel Biomarkers of UUTO

5.3.1. Vanin-1

Vanin-1, a 53 kDa protein, is expressed in the brush borders of the proximal tubule of the
kidney [100]. By catabolizing pantetheine to cysteamine and pantothenic acid (a precursor of coenzymes),
it has roles in metabolism and energy production. The function of kidney vanin-1 remains to be
established. However, the fact that vanin-1 is located specifically in the brush borders suggests that
the enzyme plays a pivotal role in pantothenic acid salvage and recycling. The proximal tubular
cells bear microvilli with large apical surface areas within which many transporters and channels are
found [101]. Vanin-1 in cellular membranes is anchored to glycosylphosphatidylinositol. The anchor
may be cleaved and soluble vanin-1 then secreted or released into the extracellular matrix in response
to various stimuli [102].

Urine vanin-1 levels are increased in patients with drug-induced AKI [103] and UUTO [23], and in
rat models with high salt-induced kidney damage [104], diabetic nephropathy [105], and UUTO [102].
UUTO inhibits urine flow and increases intratubular pressure, causing renal tubular damage. Vanin-1
is then secreted into the urine by renal tubular cells. The level of vanin-1 in renal pelvic urine correlates
highly with the severity of urinary tract obstruction [23]. The level of vanin-1 in renal pelvic urine is
highly predictive (AUC-ROC value 0.98) of adult UUTO, more predictive than NGAL, KIM-1, or NAG
levels. Vanin-1 levels decrease following UUTO relief in patients with moderate to severe UUTO [23].

5.3.2. α-Glutathione S-Transferase (GST)

GST, a 28 kDa protein, is a cytosolic enzyme. The isoforms α and π (α-GST, π-GST) are typical
of the human kidney [106]. α-GST is expressed in proximal tubular epithelial cells, and π-GST is
expressed in distal tubular epithelial cells [45]. Both isoforms of GST are released from injured cells into
the urine and were recently suggested to be promising biomarkers of kidney injury [107] in the context
of cyclosporine-induced nephrotoxicity, cadmium exposure, administration of nephrotoxic antibiotics,
acute transplant rejection [106], and critical illness in the ICU [106,108]. Recently, the utility of the
α-GST and π-GST level in terms of predicting UUTO was explored. Children with UPJO exhibited
significantly higher urinary α-GST excretion than controls. Urinary AUC-ROC values for UUTO
detection were 0.90 for α-GST and 0.3 for π-GST. The predictive performance of α-GST was superior to
that of urinary NGAL or KIM-1 [45].
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5.3.3. Tissue inhibitor of metalloproteinases-2 (TIMP-2)/ insulin-like growth factor-binding protein 7
(IGFBP7)

TIMP-2 and IGFBP7 are new AKI biomarkers. In 2014, Food and Drug Administration approved
TIMP-2/ IGFBP7 to be used in ICU patients to predict the risk of developing moderate to severe
AKI [109]. TIMP-2 has a molecular weight of approximately 24 kDa and IGFBP7 has a molecular
mass of 29 kDa [110]. Both of them are expressed and secreted by renal tubular cells, and involved
in G1 cell cycle arrest during the early phases of cellular stress or injury caused by various insults
(e.g., sepsis, ischemia, oxidative stress, and toxins) [111]. TIMP-2/ IGFBP7 shows the best accuracy
among AKI biomarkers in patients with various types of AKI condition including AKI after kidney
transplantation and AKI in critical care settings, sepsis and platinum-based chemotherapy, and chronic
kidney damage induced by diabetes mellitus and congestive heart failure [112,113]. However, no study
has yet evaluated the TIMP-2/ IGFBP7 as a biomarker of UUTO in an animal study or a clinical setting,
and therefore it is urgently necessary.

5.4. Comparison of Biomarkers

Several studies have compared the utility of NAGL, KIM-1, and/or L-FABP levels as biomarkers of
childhood UUTO. In studies, urine and/or serum NAGL levels outperformed urine KIM-1 or L-FABP
levels [48,49]. In one study, striking increases in serum and urine NGAL levels were evident in
patients with obstructive nephropathy, whereas urine KIM-1 levels did not differ significantly between
patients and controls, which suggests that KIM-1 is not sensitive in this setting [50]. In another study,
urine NGAL levels were significantly higher in patients with both hydronephrosis and obstruction
than in those with hydronephrosis but no obstruction or normal controls. Urine KIM-1 and L-FABP
levels did not differ significantly among the groups [48]. Patients with renal colic who also exhibited
hydronephrosis had significantly higher urine NAG and NGAL, but not KIM-1, levels than did patients
without hydronephrosis [114]. In a mouse model of ischemia/reperfusion kidney injury, serum and
urine KIM-1 levels increased during the acute phase and declined gradually in the chronic phase,
while serum and urine NGAL levels increased continuously during the transition from AKI to chronic
kidney disease, which suggests that NGAL is a valuable biomarker in this setting [41]. This may explain
why NGAL is a better biomarker of UUTO than KIM-1. However, one predictive model of worsening
kidney function after surgery found that urine KIM-1 and L-FABP levels more reliably predicted kidney
deterioration after surgical removal of ureteral stones than did urine NGAL levels [83].

MCP-1 is one of the best biomarkers of childhood UUTO. In one study, urine MCP-1 levels were
significantly higher in a pyeloplasty group than a non-obstruction group, while urine NGAL and
KIM-1 levels did not differ significantly between the groups [36]. In another study, urine MCP-1 levels
were significantly higher in patients with hydronephrosis who required surgery than in those who did
not; urine NAG levels did not differ significantly between the groups [68]. In one study, the AUC-ROC
values of bladder urine MCP-1 and NGAL in children with UPJO were 0.89 and 0.90, respectively,
higher than those of bladder urine interleukin-6 (0.78) or TGF-β1 (0.67) [46].

5.5. Panel Assessment of Biomarkers

No single biomarker is specific for UUTO, and given the multifactorial nature of obstruction,
not all obstructions can be identified using a single biomarker [24]. In children with UPJO, combined
NGAL/MCP-1 assessment improved diagnostic performance compared to assessment of either
biomarker alone [46]. In another study on such children, the AUC-ROC values were 0.63 for
SCr, 0.72 for serum cystatin C, 0.80 for urinary NGAL, 0.70 for urinary KIM-1, and 0.70 for urinary
cystatin C. The AUC-ROCs of combinations of these biomarkers were higher than those of the single
biomarkers, being highest (0.88) for urinary NGAL + urinary cystatin C + serum cystatin C [34].
In critically ill patients with AKI, a combination of urine NGAL and L-FABP levels, sepsis status,
blood lactate level, and stratification using the Acute Physiology and Chronic Health Evaluation score
improved AKI predictive performance (AUC-ROC 0.94) compared to NGAL alone (AUC-ROC 0.86) or
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L-FABP alone (AUC-ROC 0.84) [43]. In a model predicting worsening kidney function after surgery in
UUTO patients, the AUC-ROC of the preoperative combination of urinary biomarkers L-FABP, KIM-1,
and NGAL was 0.97, higher than the highest AUC of a single biomarker (0.91 for L-FABP) [83].

6. Current Limitations and Future Directions

Most obstructions of the upper urinary tract are unilateral. Reduced glomerular filtration in the
affected kidney and the obstruction per se decreases the amount of any biomarker that reaches the
bladder, which explains why the biomarker AUC-ROCs of bladder urine are generally lower than
those of renal pelvic urine [23,24]. Combinations of serum and bladder biomarker levels may thus be
optimal. However, serum values of biomarkers have been less studied than urine values in UUTO
patients. Only serum cystatin C and NGAL levels are clinically useful. Serum markers that are highly
predictive of UUTO should be sought. Combinations of serum and urinary biomarkers facilitate the
diagnosis of UUTO, risk stratification, clinical decision making, and monitoring.

Age affects the predictive performance of biomarkers [52]. Acute and/or chronic kidney injury is
a condition frequently found in elderly population with comorbidities, which may alter the value of
biomarkers. This would be the reason why NGAL better predicts AKI in children than in adults [52].

Both urinary and serum UUTO biomarkers lack specificity. Increases may be associated with
conditions other than UUTO or even non-kidney conditions. Increases in MCP-1 are associated
with liver cirrhosis [115] and sleep apnea syndrome [116], increases in NGAL are associated with
cardiovascular ischemia, heart failure, atherosclerosis, and pneumonia [117,118], and increases
in L-FABP are associated with various liver diseases [119,120]. However, panel assessment may
compensate for the lack of specificity.

7. Conclusions

Renal scans are standard in evaluations of the presence and severity of UUTO, but they are
expensive, are not always available, and expose patients to radiation. Many urinary and serum
biomarkers have been studied in children and adults with UUTO. MCP-1 and NGAL, the most
extensively studied, are the most likely to be optimal. Recently, novel biomarkers (vanin-1 and α-GST)
have outperformed traditional biomarkers in terms of evaluating UUTO, but further work must explore
whether this is the case in all UUTO settings. No single biomarker is adequately sensitive or specific.
Panel assessment affords mutual biomarker compensation and improves predictive performance.
The obstruction per se and reduced glomerular filtration in the affected kidney decrease the amount of
any biomarker reaching the bladder, limiting the performance of bladder urine biomarkers. However,
combinations of serum and bladder urinary biomarkers improve performance. Panel assessment of
urinary and serum biomarkers facilitates the diagnosis of UUTO, risk stratification, clinical decision
making, and monitoring.
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Abbreviations

AKI Acute kidney injury
AUC Area under curve
GST Glutathione S-transferases
IGFBP7 Insulin-like growth factor-binding protein 7
KIM-1 Kidney injury molecule 1
L-FABP Liver type fatty acid-binding protein
MCP-1 Monocyte chemotactic protein-1
NAG N-acetyl-b-D-glucosaminidase
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NGAL Neutrophil gelatinase-associated lipocalin
ROC Receiver operating characteristic
ROS Reactive oxygen species
SCr Serum creatinine
TNF-α Tumor necrosis factor-α
TIMP-2 Tissue inhibitor of metalloproteinases-2
TGF-β1 Transforming growth factor-β1
UPJ Ureteropelvic junction
UPJO Ureteropelvic junction obstruction
UUTO Upper urinary tract obstruction
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Abstract: Aminopeptidases (APs) are metalloenzymes that hydrolyze peptides and polypeptides by
scission of the N-terminus amino acid and that also participate in the intracellular final digestion of
proteins. APs play an important role in protein maturation, signal transduction, and cell-cycle control,
among other processes. These enzymes are especially relevant in the control of cardiovascular and
renal functions. APs participate in the regulation of the systemic and local renin–angiotensin system
and also modulate the activity of neuropeptides, kinins, immunomodulatory peptides, and cytokines,
even contributing to cholesterol uptake and angiogenesis. This review focuses on the role of four key
APs, aspartyl-, alanyl-, glutamyl-, and leucyl-cystinyl-aminopeptidases, in the control of blood pressure
(BP) and renal function and on their association with different cardiovascular and renal diseases. In this
context, the effects of AP inhibitors are analyzed as therapeutic tools for BP control and renal diseases.
Their role as urinary biomarkers of renal injury is also explored. The enzymatic activities of urinary APs,
which act as hydrolyzing peptides on the luminal surface of the renal tubule, have emerged as early
predictive renal injury biomarkers in both acute and chronic renal nephropathies, including those induced
by nephrotoxic agents, obesity, hypertension, or diabetes. Hence, the analysis of urinary AP appears to be
a promising diagnostic and prognostic approach to renal disease in both research and clinical settings.

Keywords: urinary aminopeptidases; biomarkers; arterial hypertension; renal function

1. Aminopeptidases in the Renin–Angiotensin System

The renin–angiotensin system (RAS) plays an essential role in blood pressure (BP) control,
via vascular, renal, brain, and other mechanisms. Abnormalities in RAS activity may lead to the
development of arterial hypertension and other cardiovascular and renal diseases. Blockade of this
system is an effective therapeutic measure against numerous diseases, and RAS compounds have been
found in the kidney, brain, and other tissues. Over recent years, our knowledge of the components of
the RAS has increased, including numerous angiotensin peptides with diverse biological activities
mediated by different receptor subtypes [1,2].

The enzymatic cascade of the RAS is depicted in Figure 1. It is initiated by angiotensinogen, an alfa
2 globulin of hepatic origin, which generates angiotensin I (AngI) through the enzymatic action of
renin on the extreme amino-terminus. The decapeptide AngI is a substrate for angiotensin-converting
enzyme (ACE), which splits the dipeptide His-Leu from the extreme carboxy-terminus to generate
the octapeptide AngII [1], the major effector peptide of the RAS, which bind to two major receptors,
AT1 and AT2, that generally oppose each other.
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Figure 1. The renin–angiotensin system.

Action of glutamyl aminopeptidase (APA) on AngII removes the Asp residue N-terminus to
generate the heptapeptide AngIII. AngIII can also be generated by an AngII-independent pathway via
the nonapeptide [des-Asp1]AngI, produced from AngI by AspAP, which is converted to AngIII via
ACE. APA also participates in the formation of Ang(1-7), which can also be transformed into Ang(2-7)
through cleaving of the Asp-Arg bond.

In the extreme N-terminus, membrane alanyl aminopeptidase N (APN) removes Arg to give
hexapeptide angiotensin IV (AngIV). AngIV is also transformed into Ang(3-7) by carboxypeptidase P
(Carb-P) and propyl oligopeptidase through scission of the Pro-Phe carboxy-terminus.

ACE2 can also transform AngII into Ang(1-7) through hydrolysis of Phe by Carb-P or through
scission of the dipeptide Phe-His from Ang(1-9) [1–4].

Aminopeptidase B (APB), also known as arginine aminopeptidase (Arg-AP), cleaves basic amino
acids at the N-terminus. It participates in the conversion of AngIII to AngIV.

Although not part of the RAS, both neuropeptides oxytocin and vasopressin are cleaved at
the N-terminus of cysteine next to tyrosine by cystinyl aminopeptidase (CAP), a rat homolog of
insulin-regulated AP (IRAP) [5].

All these enzymes are globally called “angiotensinases” because they are responsible for the
generation of systemic and local peptides (angiotensins) related to the regulation of BP and the excretion
of sodium and water. These enzymes determine the proportions of bioactive compounds.

AngI is biologically inactive, but AngII and AngIII act as agonists for AT1 and AT2 receptors,
thereby mediating pressor and dipsogenic effects [6,7]. AngIV has a low affinity for AT1 and AT2
receptors but high affinity and specificity for the AT4 receptor subtype. Interaction with the AT1 receptor
subtype reduces the pressor effect of AngIV. A counterregulatory system to the AngII-AngIII/AT1
receptor system is composed of ACE2 and Ang(1-7), which activate the Mas receptor [6–8]. This system
induces vasodilatory, antifibrotic, antihypertrophic, and antiproliferative effects.
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2. Aminopeptidases in Arterial Hypertension

A list of the most common aminopeptidases with their enzyme commission (EC) numbers and their
main abbreviations is shown in Table 1. As was introduced in the previous paragraph, aminopeptidases
(Aps) generate the active compounds of the RAS and play an essential role in BP control and sodium
handling [9]. APs can also degrade certain peptidergic hormones or neuropeptides such as vasopressin,
cholecystokinin, and enkephalins [10]. For this reason, APs have been analyzed in plasma, kidney,
and other tissues related to BP control in several rat models of hypertension.

Table 1. Types of aminopeptidases showing their most common abbreviations.

Enzyme EC Number Abbreviations

Leucyl AP 3.4.11.1 LAP

Membrane alanyl AP 3.4.11.2 APN, AlaAP

Cystinyl AP 3.4.11.3 CysAP, CAP

Prolyl AP 3.4.11.5 PIP

Aminopeptidase B 3.4.11.6 APB, ArgAP

Glutamyl AP 3.4.11.7 APA, GluAP, EAP

Aminopeptidase P 3.4.11.9 APP

Cytosol alanyl AP 3.4.11.14 AAP, AlaAP

Methionyl AP 3.4.11.18 eMetAP

Aspartyl AP 3.4.11.21 AspAP, DNPEP

Arginyl AP 3.4.22.16 iRAP, APR

Thus, reduced renal membrane-bound APA, iRAP, and APN activities were observed in a reduced
renal mass saline model, and reduced APA activity was detected in a two-kidney one-clip Goldblatt
hypertension model [11]. In the low renal mass model, a positive correlation was found in both
soluble CAP and APN activities between the neurohypophysis and the adrenal gland, but this was not
observed in the normotensive rats [12].

The relationship between APs and arterial hypertension has been explored with greater precision.
For instance, it has been proposed that endoplasmic reticulum AP 1 (ERAP1) and ERAP2 regulate BP
by inactivation of AngII, and these two APs, which also hydrolyze amino acids from the N-terminus of
various human antigens and peptide hormones, are widely expressed in human tissues, including heart,
endothelial cells, and kidney [13–15]. In vitro, ERAP1 transforms AngII into AngIII and AngIV [14],
while ERAP2 converts AngIII to AngIV [15]. ERAP 1 was initially identified as a placental leucine
AP that degrades AngII and III and transforms kallidin into bradykinin in vitro, thus has a role in BP
regulation [14].

In this sense, several interesting papers have been published. In an in vivo study, an increase
in circulating levels of ERAP1 was found to reduce BP and AngII levels [16]. In a genetic study,
an association was detected between variants of the gene encoding Arg528 and the development of
essential hypertension in a Japanese population [17]. In an investigation of 45 genetic variants of ERAP1
and ERAP2 in 17,255 Caucasian females from the Women’s Genome Health Study, ERAP1 was found
to be related to increased BP [18]. The ERAP1 genotype also appears to be involved in the reduction of
left ventricular mass produced by some antihypertensive treatments [19]. Thus, all these data indicate
a possible role for ERAP1 in BP regulation and ventricular remodeling. Finally, other genetic studies
have associated variants of ERAP1 and ERAP2 genes with preeclampsia [20], hemolytic uremia [21],
and hypertension [17].
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Aminopeptidases after Antihypertensive Therapy

Various systemic antihypertensive treatments can alter the activities of brain and systemic APs
associated with effects on BP. Thus, in a rat study by Banegas et al. [22], unilateral brain lesions in the
nigrostriatal system produced simultaneous and paralleled changes in BP and in brain and plasma
AP activities. Later, the same group [23] examined the participation of APs in the metabolism of
some angiotensins, vasopressin, cholecystokinin, and enkephalins in the plasma and hypothalamus
of spontaneous hypertensive (SHR) rats under normal conditions and after beta-blocker treatment
with propranolol. In this rat strain, AP activity in response to propranolol administration differed
between plasma and hypothalamus, thus suggesting an interaction between APs and the autonomic
nervous system. Moreover, these authors also reported that treatment with ACE inhibitors captopril,
propranolol, or the nitric oxide synthesis inhibitor L-NAME, induced a marked modification of brain
patterns of neuropeptidase activity in SHR rats [24].

The BP-lowering effect of a diet enriched in extra virgin olive oil in rats was analyzed by Villarejo
et al. [25] who observed that rats receiving this diet showed augmented APN and AspAP activity in
the renal cortex, suggesting a greater degradation of AngIII and AngIV and an increased generation of
the antihypertensive Ang(2-10). Hence, the glomerular formation of Ang(2-10) might compensate the
well-known pressor effects of AngII on the glomerular vasculature in this model of hypertension.

Taken together, the data reported in this section indicate that BP changes induced by
antihypertensive or prohypertensive drugs are associated with modifications in AP activity.
However, no definitive conclusions can be drawn about the functional role of APs in the pathogenesis
of hypertension.

3. Brain APA

Aminopeptidase A (APA) is a 109 kDa homodimeric zinc-metallopeptidase that catalyzes the
cleavage of glutamatic and aspartatic amino acid residues from the N-terminus of polypeptides. It is
encoded by the ENPEP gene and is also known as glutamyl aminopeptidase, gp160, or CD249.

Numerous studies have demonstrated the major role of brain AngIII and both APA and APN in the
control of BP and in arterial hypertension [26]. Thus, the intracerebroventricular (icv) injection of APA
to induce the transformation of AngII into AngIII was found to elevate BP in normotensive WKY and
SHR animals [27]. In contrast, the icv administration of APN, which hydrolyzes AngIII, reduced the
BP in WKY rats and to a greater degree in SHR animals [28]. A study of the icv administration of
analogs of AngII and AngIII to SHR rats found that a greater BP increase was induced by AngIII than
with AngII [29], thus indicating that a major BP reduction is produced by the inhibition of APA activity
and consequent interference in the transformation of AngII to AngIII [30], which suggests a greater
contribution of brain AngIII than AngII to the BP increase (Figure 2).

Figure 2. Systemic aminopeptidase A (APA) and aminopeptidase N (APN) in blood pressure control.
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Systemic and Renal APA

APA is a membrane-bound enzyme with a major presence in the kidney, in multiple tissues [31],
and in a soluble form in the blood, probably due to the cleavage of membrane-bound APA [32].
APA, which thas also been called angiotensinase [33], transforms AngII, the most active systemic
peptide, to AngIII, limiting the rate of angiotensin generation [34,35].

The importance of APA in BP control is evidenced by the BP reduction that follows the
administration of purified APA [1] and by the BP increase induced by APA inhibitors [36]. In addition,
APA-deficient mice are characterized by a high BP and an increased responsiveness to AngII [37].
These data support a role for APA in the regulation of BP under physiological conditions and in
hypertensive humans and experimental models.

A study of SHR rats found that a decrease in kidney APA was related to an increase in RAS activity,
whereas the administration of APA produced a dose-related reduction in systolic BP [38], showing a
2300-fold increase in activity in comparison to the AT1 blocker candesartan [39]. APA abnormalities have
also been observed in the Goldblatt hypertension model [40]. Thus, Prieto et al. [41] reported decreased
APA levels in the renal cortex of clipped and non-clipped kidneys in this model, suggesting the
involvement of APA in augmenting the AngII-induced reabsorption of sodium and water. Renal RAS
is also increased in Dahl salt-sensitive (DSS) rats [42]; in this model, age-related glomerular injury is
associated with an increasing elevation of AngII levels because sclerotic glomeruli are less active in
synthesizing APA [43]. In human subjects, serum APA activity increases in an age-dependent manner
in both men and women [44], and this may be in relation to the metabolic clearance of AngII [45].

At the renal level, Velez et al. [46] observed an increased sensitivity to glomerular damage in
APA-deficient BALB/c mice. The authors injected the APA-knockout (KO) mice with a nephrotoxic
serum and observed glomerular hyalinosis and albuminuria at 96 h post-administration, whereas no
renal injury was observed in the wild-type controls. Likewise, the 4-week infusion of AngII reduced
podocyte nephrin levels in APA-KO mice but not in wild-type controls. These data indicate that the
degradation of AngII induced by APA plays a protective role in glomerular injury.

Taken together, the above data indicate that an increase in systemic APA protects against
hypertension. Conversely, a reduction in the activity of this enzyme maintains high levels of AngII
and therefore promotes hypertension (Figure 2). As a conclusion, increased APA activity in the brain
raises BP through an increased generation of AngIII, which is the main AT1 receptor agonist in the
brain, whereas increased APA activity in the peripheral circulation lowers BP through the degradation
of AngII (Figure 2).

4. APN

Aminopeptidase N (APN), also called leucine aminopeptidase and alanyl aminopeptidase,
is a homodimeric, membrane-bound, zinc-dependent aminopeptidase [47]. APN cleaves AngIII to
AngIV via the scission of arginine at the extreme N-terminus, which indicates its participation in the
regulation of tissue and systemic RAS [48]. APN is highly expressed in the central nervous system and
kidneys [47,49,50] and may develop multiple actions [47] besides peptide cleavage [51,52]. For this
reason, APN is known as a “moonlighting protein” [53].

4.1. Brain APN in BP Regulation

Studies in rodents suggest the participation of brain APN in BP regulation [54]. Thus, icv
administration of APN decreased BP in WKY and SHR animals, with more effect in the hypersensitive
rats [55]. Conversely, icv administration of bestatin and amistatin, APN inhibitors, raised BP and
induced a dipsogenic response in WKY and SHR animals (Figure 3) [55]. The paraventricular nucleus
of the hypothalamus appears to be the target for APN in the brain, because its microinfusion at this
site reduced BP in both SHR and WKY rats [56,57]. Central APN exerts its effects by transforming
the pressor AngIII in the brain into AngIV. In this way, the pressor response induced by icv AngIII is
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potentiated by the APN antagonists bestatin and amistatin [38,58]. In line with these observations,
administration of an angiotensin antagonist was found to inhibit the increase in BP produced by the
icv administration of APN inhibitors [30,57].

 
Figure 3. Systemic and renal APA and APN in the control of blood pressure and renal function.

4.2. Renal APN in BP Control

APN is widely distributed in the kidney and has been detected in glomeruli, mesangial cells,
and on the luminal surface of tubules [47,58]. Renal APN generates AngIV [59,60], and infusion of
AngIV in the renal artery increased sodium excretion [61–63], an effect related to the reduced activity of
basolateral tubular Na-K-ATPase [64]. This mechanism may also participate in the adaptative response
to increased salt intake, thus protecting against hypertension. Moreover, abnormalities in renal APN
have also been observed in several models of experimental hypertension. Thus, the Goldblatt model
showed increased APN activity in the renal cortex of the non-clipped kidney [41] and APN protein
abundance and activity in the kidney were increased in Dahl salt-resistant versus Dahl salt-sensitive
animals (64). APN has also been associated with essential hypertension in humans [65].

APN as a Regulator of Salt Sensitivity

Renal APN regulates mechanisms that facilitate renal sodium excretion after increased saline
intake, producing a coordinated decrease in Na-K-ATPase abundance on the basal side of the tubule
(by endocytosis) and a reduction in sodium transporters (by internalization) [66–68].

APN abundance is higher in Dahl salt-resistant rats. In these animals, APN may reduce basolateral
Na+-K+-ATPase as a protective mechanism in response to the increased saline intake [64]. Reduced
tissue and plasma APN levels have also been reported in the L-NAME model but not in the controls [68].
In conclusion, renal tubule levels of APN can regulate sodium excretion and, therefore, salt sensitivity
and BP.

4.3. Other Actions of APN Related to the Cardiovascular System

APN activation has been reported in diabetic nephropathy, renal damage, connective vascular
disease, and cerebral ischemia [69]. In mice, APN is also essential for inflammatory trafficking after
coronary artery occlusion and for sustaining the reparative response [70]. Hence, APN blockade of
APN is a therapeutic approach to these vascular abnormalities.
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Stimulation of AT4 receptors by APN-generated AngIV exerts proangiogenic action. Thus, APN is
augmented in pathologic angiogenesis, especially in tumor vasculature [71], and APN blockade reduces
angiogenesis in vivo [72]. In APN-null mice, angiogenesis alterations are manifested in pathological
situations but not under physiological conditions [73]. According to these observations, APN activity
promotes angiogenesis in various conditions and its blockade prevents new blood vessel growth.
Indeed, molecular imaging of APN has been used to detect and monitor multiple types of cancer and
the surface of vasculature undergoing angiogenesis in cardiac regeneration [74]. Hence, APN is a
potential biomarker of angiogenesis and therapeutic tool.

5. Therapeutic Strategies to Treat Arterial Hypertension with Aminopeptidases

The vast majority of studies on the control of BP and treatment of hypertension have addressed
the blockade of AngII or its receptors, and there has been less research on the regulation of other
angiotensin peptides. Thus, blockade of the brain RAS has been found to simultaneously decrease
sympathetic tone, vasopressin release, and baroreflex activity, thereby reducing cardiac output and
peripheral resistance [75].

An action on central or peripheral APs represents a new approach to the treatment of hypertension.
Thus, new antihypertensive treatments have been developed based on potent orally-active inhibitors
of APA or activators of aspartyl-aminopeptidase (DNPEP), since brain aspartyl aminopeptidase
exerts BP-lowering effects by transforming AngI into angiotensin 2-10. Currently, the search for new
antihypertensive compounds that affect the RAS multi-enzyme cascade is an important line of research.

5.1. Inhibition of APA

The icv administration of EC33, a specific APA inhibitor, prevented the BP increase produced by
the icv administration of AngII in SHR animals, indicating that the central response to AngII requires
its transformation into AngIII by APA. A marked BP decrease has also been observed in conscious SHR
and DOCA-salt hypertensive rats after the icv infusion of EC33 [76,77]. In contrast, the peripheral iv
infusion of EC33 did not reduce BP, indicating that EC33 does not cross the blood–brain barrier and/or
is inactive in systemic circulation.

The BP of SHR rats increased after the central icv administration of APA [78], probably due to an
increased endogenous generation of AngIII, whereas APA blockade with an antiserum attenuated the
pressor response to AngII by around 60% [78]. It is interesting to note that a selective APA inhibitor
(RB150) with antihypertensive properties can be given either intravenously [77] or orally [79] because
it can cross the blood–brain barrier.

The peripheral activity of the AT1 receptor depends on the transformation of AngII into AngIII by
APA [80]. Thus, antihypertensive effects were observed in SHR rats after the systemic administration
of recombinant APA [81] at a dose that was one-tenth of the usual candesartan dose [82]; the joint i.v.
administration of APA and APN attenuated the pressor effect of AngII in normal rats and treatment
with APA reduced the BP of SHR rats to normal levels [83].

Considered together, these data clearly demonstrate that APA reduces BP, while abnormalities
in APA activity promote hypertension, as supported by the lower renal APA activity in SHR versus
WKY rats [84]. The administration of APA has therefore been proposed for the treatment of acute
heart failure, acute hypertensive crisis, preeclampsia, and hypertensive encephalopathy, among other
hypertensive emergencies [85,86].

5.2. APN Blockade in the Treatment of Hypertension

The administration of PC18, an inhibitor of APN, generates a pressor response through the
accumulation of endogenous AngIII, which is mediated via the AT1 receptor. In this way, pretreatment
with the AT1 blocker losartan can suppress the pressor response, while the AT2 antagonist PD123319 is
unable to prevent the BP increase [87]. The enhanced proximal tubular sodium reabsorption of SHR
rats is prevented by the intrarenal infusion of PC18 [88]. This finding indicates that the blockade of
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AngIII degradation achieved by APN inhibition improved sodium excretion in the proximal tubule
of these rats when it was administered in the renal interstitium [89]. Hence, the transformation of
AngII into AngIII is required for this natriuretic response, which is not affected by the AT1 blocker
candesartan. Research on the usefulness of APN inhibitors to treat hypertensive patients is at an early
stage, and further studies are required.

6. APs as Urinary Biomarkers of Renal Injury

Serum creatinine and blood urea nitrogen (BUN) are widely used markers of renal disease,
but their sensitivity and specificity are limited, and they are not useful in distinguishing the stages
of acute kidney injury (AKI) [90]. They lack sensitivity because they increase only when the renal
lesion is evident. Thus, serum creatinine levels rise gradually, and the kidneys have already lost half
of their functionality by the time normal levels are doubled [91,92]. Besides, normal levels of these
markers can be affected by protein-rich diets, intestinal bleeding, muscle disease, and dehydration,
generating false positives in the diagnosis of renal disease. There is a need for biomarkers to allow an
earlier diagnosis of AKI, a better prediction of renal disease severity, and an improved assessment of
adverse effects in drug development [90].

Various urinary biomarkers for the early detection of AKI have emerged over recent years [91,92],
including tubular enzymes that are increased in urine after damage to the tubular epithelium [92],
which can precede or even trigger renal dysfunction. Major advantages of urinary markers include the
non-invasiveness of the sampling and their usefulness to elucidate the size and localization of tubular
cell lesions and to detect the presence of necrosis or other alterations that evoke renal dysfunction [93].
The measurement of urinary enzymes and other urinary biomarkers may therefore be a valuable tool
to obtain an early diagnosis during initial stages of renal disease and to follow its progression or
regression, facilitating prediction of the prognosis. Urinary APs are considered promising and useful
biomarkers of renal disease of different pathophysiological origin, and an automated photometric
assay has been developed for their measurement [94].

APA, APN, and CAP are present in the brush border membrane of renal tubular cells [95],
have molecular weights above 140 kDa, and are highly organ-specific. These conditions ensure the
tubular origin of these urinary enzymes, which cannot pass easily into the urine through the glomerular
barrier (Figure 4).

Figure 4. Main aminopeptidases studied as biomarkers of acute and chronic kidney injury.

APs participate in AngII metabolism, forming part of the renal renin–angiotensin–aldosterone
system (RAAS) [96], which is elevated in renal diseases. One of these enzymes, alanine aminopeptidase
(APN), is a brush border enzyme that was proposed in the early 1970s as a urinary marker of renal
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disease [97]. Later, Marchewka et al. [98] demonstrated that the measurement of APN and its isoforms
was of diagnostic relevance in nephrolithiasis. They also observed significantly higher APN excretion
in patients with glomerulonephritis than in controls and a positive correlation between urinary protein
concentrations and APN activity [99]. Their findings supported the association between proteinuria
and elevated activity of renal tubular brush border enzymes reported in other studies of chronic
glomerulonephritis [100]. As an explanation of this association, these authors [99] proposed that the
protein present in the ultrafiltrate produces a release of APN from the external membrane of renal
tubule microvilli. Because of its external localization, its release into the urine can be caused by a
weak destructive action and is not necessarily linked to disruption of the integrity of kidney tubule
cells [101].

Jung et al. [102] reported that the urinary excretion of APN, alkaline phosphatase,
γ-glutamyltransferase, and N-acetyl-β-D-glucosaminidase is age-dependent in humans.
These enzymes were determined in random morning urine samples from 442 individuals aged
from 5 days to 58 years, and their creatinine-normalized activity significantly decreased with
increasing age. APN activity has also been proposed as a biomarker of the nephrotoxicity induced
by vancomycin [101] or amphotericin B [103] in experimental models and in several human diseases,
such as glomerulopathy [104], IgA nephropathy [105], and diabetes [106]. However, conflicting results
have been published on its usefulness as a biomarker of renal function in kidney transplantation
patients [107,108].

Acute Kidney Injury

AKI is defined by an abrupt increase in serum creatinine during the 48 h period after an insult
responsible for functional or structural changes in the kidney, and it is mainly caused by the acute
apoptosis or necrosis of renal tubular cells [109]. The early detection of AKI is a current preclinical and
clinical research priority. The administration of nephrotoxic drugs that alter tubular function is the
most common experimental model to relate the excretion of different biomarkers to renal dysfunction.
Cisplatin is an antineoplastic drug with a potent nephrotoxic effect, mainly due to its action on the
proximal tubule, causing AKI in experimental animal models and patients [110,111]. Its administration
induces tubular and glomerular disturbances that lead to the development of interstitial fibrosis [112].

Our group investigated whether urinary activities of APN, APA, and CAP could serve as
biomarkers of renal dysfunction by using a rat model of cisplatin-induced nephrotoxicity [113].
Their activity was determined in urine samples collected at 24, 48, and 72 h after cisplatin injection.
Their urinary activity at 24 h post-injection was correlated with two renal function indicators
(plasma creatinine and creatinine clearance) and their activity at two weeks post-injection was
correlated with two indicators of structural damage (renal hypertrophy and interstitial fibrosis).
A comparative analysis was also performed with other proposed urinary biomarkers of kidney injury,
i.e., albumin, proteinuria, NAG, and NGAL. The area under the curve (AUC) was calculated to
quantify the sensitivity and specificity of each marker to distinguish cisplatin-treated from control
rats at 24 h post-injection (Figure 5). APN, APA, CAP, and DNPEP had an AUC value greater than
0.5, indicating that these enzymes are early biomarkers of kidney injury in cisplatin-treated rats.
The greatest specificity and sensitivity values were observed for APN, which was the best variable to
discriminate between treated and untreated animals, whereas an AUC value below 0.5 was observed
for NAG and NGAL at this time point. A significant correlation was also found between AP activities at
day 1 post-injection and functional and structural variables at day 14. It can therefore be concluded that
the urinary activities of these APs may serve as early and predictive biomarkers of cisplatin-induced
renal dysfunction. The measurement of urinary AP activities can be useful in preclinical research for
the early detection and follow-up of renal damage and for the evaluation of drug nephrotoxicity, and it
may offer a useful prognostic and diagnostic tool for renal diseases in the clinical setting.
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Figure 5. ROC curves showing specificity and sensitivity for APN (AlaAp) (A), APA (GluAp)
(B), proteinuria (C), albuminuria (D), N-acetyl-β-D-glucosaminidase (NAG) (E), and neutrophil
gelatinase-associated lipocalin (NGAL) (F) to differentiate cisplatin-treated rats from control rats 24 h
after injection of saline, 3.5 or 7 mg/kg of cisplatin (n = 8 each group). All cisplatin-treated rats
displayed tubular dysplasia and interstitial fibrosis 14 days after injection. Urinary markers were
expressed in daily total activity or excretion per 100 g of body weight. AUC = area under the curve.
SENS 95 % = calculated sensitivity at 95 % of specificity.

7. Quantification of Urinary APs

APs activities can be readily quantified in biological samples by kinetic methods using
photometric [94] or fluorometric [113] assays. Widely applied immunological techniques such
as immunoblotting or ELISA can be used to analyze the amount/expression of these proteins in
biological samples. Our group used ELISA and Western blot to measure the amount of APN excreted
in the urine of cisplatin-treated rats and correlated its excretion 24 h post-injection with increased
serum creatinine and decreased body weight at two weeks [114]. In addition, the quantification of APN
by ELISA showed a very high correlation with urinary APA activity. The above findings confirm that
the immunological determination of this enzyme can also serve as an early marker of renal damage.
Further studies are warranted to compare the sensitivity and specificity of kinetic and fluorometric
methods in other experimental models and in human diseases that involve renal dysfunction.

7.1. Aminopeptidases in Urinary Vesicles and Exosomes

Extracellular vesicles (EVs) released by the renal epithelium into the tubular fluid are excreted
and may be detected in urine samples [115,116]; they include microvesicles and exosomes.
Exosomes are nanovesicles (30–120 nm) released by epithelial cells throughout the urinary tract [117,118].
Thus, the exosomic fraction of urine contains potential biomarkers of various renal diseases.
Since exosomes secrete mRNAs, miRNAs, and proteins that affect the function of recipient cells [119],
it has been proposed that the biological role of exosomes in the kidney is to regulate the co-functionality
of different sections of the nephron.
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However, the content of biomarkers in urinary microvesicles has not been fully elucidated.
The release of microvesicles into the urine has been studied in some renal diseases [120], and their
content can also transmit biological signals within the kidney [121–124].

Our group therefore investigated whether the microvesicular and exosomic content of APA in
urine was related to cisplatin-induced renal dysfunction in rats [125]. An increased APA content
was observed in microvesicular and exosomic fractions at the peak of toxicity, 3 days post-cisplatin
injection, and it showed a significant predictive correlation with serum creatinine, regardless of the
method of normalization used for APA values (Figure 6). It was concluded that APA content and
activity in urinary microvesicles and exosomes may serve as renal dysfunction biomarkers in this
nephrotoxicity model.

 

Figure 6. Correlations of urinary activities of APN (AlaAp) (A), APA (GluAp) (B), and proteinuria (C)
with percentage of renal interstitial fibrosis in urine samples of Zucker lean and obese rats (n = 10 each
group). Cr = creatinine (adapted from reference [126]).

Thus, the determination of GluAp in microvesicular and exosomic fractions can be useful to study
proximal tubular lesions independently of the glomerular filtration rate. From a technical viewpoint,
it is interesting to note that the microvesicular fraction can be obtained more rapidly than can the
exosomic fraction. In addition, the analysis of these fractions can avoid interference due to urea content,
ionic strength, or other components of urine, because the samples are centrifuged and dissolved in a
buffer. According to these observations, examination of the content of the microvesicular fraction can
also be a relevant diagnostic tool in nephropathies.

7.2. AKI Induced by Surgical Procedures

Patients undergoing a cardiopulmonary bypass (CPB) can develop AKI as a post-surgical
complication. The diagnosis of AKI in these patients is based on an increase in serum creatinine (SCr)
concentration over baseline values during the 48 h postoperative period; however, the slow progressive
rise of SCr can delay the detection of renal dysfunction. Kim et al. [127] analyzed the serum and
urinary enzymatic activity of vasopressinase and SCr in 31 patients at different time points after CPB
surgery. Results showed maximum serum and urine activity of vasopressinase at intensive care unit
(ICU) admission in patients developing AKI as a complication of CPB earlier than the peak of SCr
activity, which is usually observed at 48 h post-surgery. The authors therefore proposed vasopressinase
(cystil AP, CAP) activity as an early biomarker for AKI. Animal models of renal ischemia also showed
that AKI was related to vasopressinase activity [128].

In a similar study of 103 patients, our group observed a significant increase in urinary APA
activity at ICU admission in patients who developed persistent AKI in comparison to those who did
not experience AKI or developed only transient AKI. Urinary APA activity showed a higher sensitivity
than SCr at this time point, obtaining a higher total number of correctly diagnosed cases in comparison
to the application of criteria published by the Acute Kidney Injury Network [129]. These observations
also indicate that tubular injury increases the risk of post-surgery AKI.
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7.3. Urinary Aminopeptidases as Biomarkers of Renal Dysfunction in Chronic Diseases

7.3.1. Obesity

Obesity and hypertension are chronic diseases that can ultimately lead to renal failure.
Experimental models of these diseases have been used for long-term evaluation of the usefulness of
urinary APs as renal injury biomarkers.

The obese Zucker rat is an animal model of human type II diabetes [130] characterized by obesity,
dyslipidemia, insulin resistance, and kidney damage. Male obese (ZO) and lean (ZL) Zucker rats were
studied for 6 months (age of 2–8 months) [131]. At the age of 8 months, ZO rats exhibited various renal
lesions, including mild focal and segmental glomerulosclerosis and moderate tubulointerstitial damage.
Urinary GluAp (APA) and AlaAp (APN) activities were measured monthly and were increased in ZO
rats. Both APA and APN activities correlated with renal lesions and can be considered early diagnostic
biomarkers of these lesions (Figure 6). AP activities also showed predictive correlations with the level
of interstitial fibrosis in the kidney and with the amount of hydroxyproline accumulated in renal
tissue at the age of 8 months. Hence, the early excretion of these markers also serves to evaluate the
development of fibrosis in this experimental model.

7.3.2. Hypertension

The SHR model of essential hypertension in humans is widely used [132,133] and is characterized
by an increase in BP and development of renal injury as age advances [126,133]. This model has been
used to analyze the urinary enzymatic activities of APA, APN, and dipeptidyl peptidase-4 (DPP4)
as biomarkers of renal injury in hypertension. These activities were measured in male SHR and
WKY rats from the age of 2 to 8 months [134]. The SHR animals did not develop relevant signs of
histopathological kidney alterations at the end of the study, but they showed increased glomerular
area and cellularity. These activities were increased in monthly-collected urine samples from SHR rats
and were correlated with systolic blood pressure throughout the study. Their increased activity in
SHR animals indicate that a certain degree of tubular injury can be detected before the appearance
of all histopathological manifestations of renal disease. These markers can therefore be used for the
diagnosis of renal disease in early stages of hypertension and offer a non-invasive method to follow
the progression of renal dysfunction in hypertension and other diseases.

7.3.3. Hyperthyroidism

In rats, hyperthyroidism is an endocrine disease associated with hypertension and renal
abnormalities, accelerating the course of experimental hypertension, whereas hypothyroidism is
associated with hypotension, preventing the development of hypertension and protecting against
renal injury [135]. Ethanol-binding protein and N-acetyl-β-D-glycosaminidase, urinary biomarkers of
tubular damage, are increased in hyperthyroid humans [136] and cats [137].

Our group studied the urinary excretion of APN, APA, CAP, and AspAp in control, hyperthyroid,
and hypothyroid rats receiving a normal- or high-sodium diet. All APs were augmented in hyperthyroid
rats, whereas their levels were similar between hypothyroid and control rats [138]. Hyperthyroid rats
receiving a high sodium diet showed increased hypertension, cardiac/renal hypertrophy, albuminuria,
and oxidative stress and a marked rise in urinary AP activities. AP activity was modestly elevated
in the controls on a high-sodium diet but did not differ between hypothyroid rats on a high- versus
normal-sodium diet. According to these results, the combination of T4 treatment and salt exert additive
effects on the production of tubular damage, whereas hypothyroidism confers resistance to the effects of
high salt intake on urinary AP activities. These findings support previous descriptions of hypothyroid
status as beneficial in chronic kidney diseases [139]. It can be concluded that urinary AP activities are
diagnostic biomarkers of renal injury in this experimental model. Our group [140] also determined
APA activities in renal tissue and plasma samples from adult male euthyroid, hyperthyroid, and
hypothyroid rats, and found a significantly higher expression of renal APA in hyperthyroid versus
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control or hypothyroid rats. However, plasma APA activity was lower in hyperthyroid versus control
rats, indicating that the increased APA in these animals is focalized in renal tissue.

7.3.4. Diabetes Mellitus

In a study of urinary levels of enzymes and low-molecular-mass proteins as indicators of diabetes
nephropathy, Jung et al. [141] observed an increase in urinary alanine aminopeptidase in diabetic
patients and an even greater increase in diabetic patients with proteinuria. However, a study by
Lazarevic et al. [106] on the impact of aerobic exercise on microalbuminuria and enzymuria in type II
diabetic patients found no significant difference in urinary or plasma APN activities over the study
period between patients with and without diabetes or within the diabetes group. Numerous factors
may be implicated in these discrepancies between studies.

7.3.5. Urinary APs in Other Chronic Diseases

Sorokman et al. [142] measured urinary levels of renal-specific enzymes (neutral α-glucosidase,
L-alanine aminopeptidase, and γ-glutamyltranspeptidase) as markers of proximal tubule damage in
children with pyelonephritis, the most common cause of fever in patients with urinary system disorders.
They observed an increase in urinary levels of these enzymes during the active phase of pyelonephritis,
which correlated with leukocyturia and C-Reactive Protein levels. Finally, Spasovski et al. [143] studied
urinary levels of brush border enzymes of the proximal renal tubules (e.g., APN, gamma-glutamyl
transferase, and beta2 microglobulin) in patients with untreated rheumatoid arthritis to explore the possible
relationship between this disease and dysfunction of the brush border of proximal tubules. They found
that urinary APN activity was a superior indicator of asymptomatic renal lesions in untreated rheumatoid
arthritis patients compared with measurements of gamma-GT or beta2m.
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Abbreviations

ACE Angiotensin converting enzyme
AKI Acute kidney injury
AngI Angiotensin I
AngII Angiotensin II
AngIII Angiotensin III
AngIV Angiotensin IV
APs Aminopeptidases
APA Aminopeptidase A
APN Aminopeptidase N
AT1 Angiotensin receptor type 1
AT2 Angiotensin receptor type 2
BP Blood pressure
CAP Cystinil AP
DOCA Deoxycorticosterone
L-NAME N(ω)-nitro-L-arginine methyl ester
RAS Renin–angiotensin system
SHR Spontaneous hypertensive rat
WKY Wistar Kyoto rat
ZO Zucker obese rats
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Abstract: More than 100 substances have been identified as biomarkers of acute kidney injury.
These markers can help to diagnose acute kidney injury (AKI) in its early phase, when the creatinine
level is not increased. The two markers most frequently studied in plasma and serum are cystatin C
and neutrophil gelatinase-associated lipocalin (NGAL). The former is a marker of kidney function and
the latter is a marker of kidney damage. Some other promising serum markers, such as osteopontin
and netrin-1, have also been proposed and studied. The list of promising urinary markers is much
longer and includes cystatin C, NGAL, kidney injury molecule-1 (KIM-1), liver-type fatty-acid-binding
protein (L-FABP), interleukin 18, insulin-like growth factor binding protein 7 (IGFBP-7), tissue inhibitor
of metalloproteinases-2 (TIMP-2) and many others. Although these markers are increased in urine for
no longer than a few hours after nephrotoxic agent action, they are not widely used in clinical practice.
Only combined IGFBP-7/TIMP-2 measurement was approved in some countries as a marker of AKI.
Several studies have shown that the levels of urinary AKI biomarkers are increased after physical
exercise. This systematic review focuses on studies concerning changes in new AKI biomarkers
in healthy adults after single exercise. Twenty-seven papers were identified and analyzed in this
review. The interpretation of results from different studies was difficult because of the variety of study
groups, designs and methodology. The most convincing data concern cystatin C. There is evidence
that cystatin C is a better indicator of glomerular filtration rate (GFR) in athletes after exercise than
creatinine and also at rest in athletes with a lean mass lower or higher than average. Serum and
plasma NGAL are increased after prolonged exercise, but the level also depends on inflammation
and hypoxia; therefore, it seems that in physical exercise, it is too sensitive for AKI diagnosis. It may,
however, help to diagnose subclinical kidney injury, e.g., in rhabdomyolysis. Urinary biomarkers
are increased after many types of exercise. Increases in NGAL, KIM-1, cystatin-C, L-FABP and
interleukin 18 are common, but the levels of most urinary AKI biomarkers decrease rapidly after
exercise. The importance of this short-term increase in AKI biomarkers after exercise is doubtful.
It is not clear if it is a sign of mild kidney injury or physiological metabolic adaptation to exercise.

Keywords: urinary biomarkers; markers of AKI; cystatin-C; NGAL; KIM-1; exercise; acute
kidney injury

1. Introduction

The analysis of human urine has been a part of medical practice for 6000 years. Uroscopy was
“the mirror of medicine” or, in more ordinary terms, the first additional test in medicine, and was
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widely used to diagnose almost all medical conditions [1]. Now, urinalysis is one of the most common
laboratory tests in medical practice.

Two-hundred years ago, the father of modern nephrology, Dr Richard Bright, discovered that
patients with dropsy had albuminuria and structural changes in the kidneys. Dr Bright first described
the classical nephrological triad and found a correlation between changes in urine (albuminuria)
and diseased kidneys at autopsy [2]. Sixty-six years ago, Kenneth D. Gardner Jr. first described
changes in urine after physical exercise. The proteinuria and hematuria were found in healthy subjects
after relatively gentle exercise, therefore Gardner called these conditions “athletic pseudo-nephritis”,
assuming that it is a physiological, transient and benign condition [3]. Those two observations defined
the limits of our understanding of the significance of proteinuria. On the one hand, albuminuria is
one of the most important markers of severe and sometimes fatal kidney diseases with well-described
structural changes. But on the other hand, the list of physiological conditions in which transient
proteinuria is observed is quite long. Protein in urine is found after exercise, exposure to cold or heat
and protein-rich food (alimentary proteinuria), and proteinuria can also occur in pregnancy, fever,
heart failure and in a vertical position (orthostatic, postural proteinuria) [4].

In recent decades, new methods of urine examination have been proposed: tubular enzymes,
novel biomarkers of acute kidney injury (AKI), metabolomics, proteomics, transcriptomics and
genomics [5–7]. The very promising new AKI biomarkers were called “kidney troponins” and hinted
at the possibility of early diagnosis of kidney diseases. Some of the markers showed high sensitivity
in AKI diagnosis. Numerous studies concerned urinary neutrophil gelatinase-associated lipocalin
(NGAL), kidney injury molecule-1 (KIM-1), cystatin C (Cyst-C), liver-type fatty-acid-binding protein
(L-FABP), interleukin 18, insulin-like growth factor binding protein 7 (IGFBP-7) and tissue inhibitor of
metalloproteinases-2 (TIMP-2) [5,8,9]. Nevertheless, the only AKI biomarker test which is currently
FDA (Food and Drug Administration)-approved for clinical use in the USA, and which is also used in
some European countries, is NephroCheck, which combines TIMP-2 and IGFBP-7 [10].

The history of serum examination in kidney diseases is relatively short. In the last 100 years,
creatinine established its position as the best marker of glomerular filtration rate (GFR) [11,12]. 22 years
ago, Cyst-C was considered as an equal or even better marker of GFR than creatinine. Due to its higher
price and lower availability, it is not widely used. Interestingly, although serum concentrations of both
substances correlate strictly, they are eliminated by kidneys in two different ways. Both are freely
filtered in the glomeruli, but creatinine is never reabsorbed and secreted, while cystatin C in healthy
individuals is reabsorbed and metabolized in the proximal tubule. Therefore, in normal conditions,
excretion of Cyst-C is very low [13]. Some other novel biomarkers of AKI, like NGAL and osteopontin,
can be measured in serum [5].

The serum and urine markers of kidney injury were mainly studied in AKI. The aim of this review
was to analyze changes of those markers after physiological condition—exercise. All but one of the
studies analyzed were conducted in the last 10 years. The high number of proposed markers of AKI is
sometimes confusing. Consequently, this review was ordered according to the classification suggested
by Oh in a state-of-the-art review published this year (Table 1) [5]. The purpose of this review was to
describe the newest markers of AKI, which is why conventional markers—creatinine, albuminuria,
tubular enzymes—were not in the scope of the paper.
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Table 1. Biomarkers of acute kidney injury (AKI) studied in exercise discussed in this
review—classification according to Oh et al. [5].

Functional Biomarkers Damage Biomarkers Pre-Injury Phase Biomarkers

sCyst-C

uCyst-C
uNGAL,

sNGAL, pNGAL
uKIM-1

uL-FABP
uIL-6, uIL-8, uIL-18,

uTTF
uCalbindin

uTNFα
uYKL-40
uMCP-1

uIGFBP-7
uTIMP-2

Abbreviations: u—urinary, s—serum, p—plasma, Cyst-C—cystatin C, NGAL—neutrophil gelatinase-associated
lipocalin, KIM-1—kidney injury molecule-1, L-FABP—liver-type fatty-acid-binding protein, IL—interleukin,
TTF3—trefoil factor-3, TNFα—tumor necrosis factor α, YKL-40—chitinase 3-like protein 1, MCP-1—monocyte
chemoattractant protein-1, IGFBP-7—insulin-like growth factor binding protein 7, TIMP-2—tissue inhibitor
of metalloproteinases-2.

Repeated episodes of acute kidney failure may lead to chronic kidney disease (CKD); therefore,
proper diagnosis of AKI is important [14]. There is no evidence that sport practicing can lead to
chronic kidney problems; nevertheless, after marathon run and other endurance events, an acute
renal failure requiring renal replacement therapy was observed [15]. The possible factors causing
post-exercise AKI are dehydration, sub-clinical rhabdomyolysis, inflammation, increased energy
demanding renal sodium uptake, reduced renal perfusion and nonsteroidal anti-inflammatory drugs
(NSAIDs) frequently used by runners [16,17]. There is evidence that dehydration and soft drink intake
during and following exercise may lead to acute kidney dysfunction [18] and that physical work in
heat is leading to chronic kidney disease [19].

2. Results: Studies Concerning Novel Biomarkers of AKI after Exercise

2.1. Functional Biomarker—Serum Cystatin C

Cystatin C is a non-glucosylated 13 kD basic protein which belongs to the cysteine protein
inhibitors family and is produced at a constant rate by all nucleated cells. Cystatin C is an inhibitor of
lysosomal proteinases and one of the most important extracellular inhibitors of cysteine proteases [5,9].
Cystatin C is freely filtered in glomeruli and then reabsorbed and metabolized in the proximal tubule.
Studies on diabetes, protein-induced glomerular hyperfiltration and extreme exercise demonstrated
that acute changes in serum (s)Cyst-C provide a better approximation of GFR than serum creatinine
(sCr). sCyst-C is affected by sex and race and to a small degree, by inflammation [20]. In clinical studies
on acute kidney injury, an increase in serum and urine cystatin C levels is observed earlier than an
increase in creatinine [5,9,20,21].

2.1.1. Changes in sCyst-C after a Marathon

There were several studies dedicated to study changes in sCyst-C level after exercise. The increase
in sCyst-C after a marathon was first noticed by Mingels et al. In this study of 70 recreational runners,
the authors showed that the increase in sCyst-C is lower than the increase in sCr after exercise.
This increase after a marathon was half that of creatinine (34% vs 53% increase, and after correction for
the effect of dehydration, 21% vs 42%). Serum Cyst-C was increased above the upper reference limit
in 46% of runners (in 26% after correction) [20]. Very similar changes—a significant increase in the
sCyst-C level immediately after a marathon run—were observed by Scherr [22], McCullough [23] and
Hewing [24] (Table 2).
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Table 2. Changes in sCyst-C level after a marathon.

Study
sCyst-C Before a

Marathon
(mg/L)

sCyst-C after
a Marathon

(mg/L)

The Relative
Increase in
sCyst-C (%)

sCyst-C in
Follow-Up

(mg/L)

Mingels et al. [20] 0.71 (0.56–0.95) 0.95 (0.63–1.45)
34% (21% after

correction of effect
of dehydration)

0.73 (0.6–0.93)
(day after,

measured only in
18/70 subjects)

Scherr et al. [22] 0.77 (0.71–0.85) 0.94 (0.86–1.01) 22%

0.9 (0.81–1.00)
(24 h after the race)

0.81 (0.72–0.86)
(72 h after the race)

McCullough et al.
[23] 0.8 ± 0.1 1.0 ± 0.2 25% 0.8 ± 0.1

(24 h after the race)

Hewing et al. [24] 0.68 (0.75–0.93) 0.85 (0.69–0.99) 25%
0.66 (0.59–0.78)

(14 days after the
race)

Abbreviations: sCyst-C—serum cystatin-C.

The main differences in these studies concerned changes in the follow-up, but the time of the
follow-up was defined in different ways. Therefore, it is difficult to compare those data. Nevertheless,
all studies showed a rapid decrease in sCyst-C at rest.

2.1.2. Changes in sCyst-C after Exercises Shorter than a Marathon

Poortmans et al. found that after a 30-min treadmill test at 80% of the maximal oxygen capacity,
sCyst-C increased significantly by 13% (from 0.91 ± 0.06 to 1.03 ± 0.09 mg/L) and eGFR -Cyst-C
decreased significantly by 19.8% [25]. Another study concerning subjects performing a submaximal
test on a cycle ergometer at an exercise intensity of 80% of the maximal heart rate was performed by
Bongers et al. In contrast to Poortmans, they did not find any changes in eGFR -Cyst-C after 30 min
of exercise (eGFR 118 vs. 116 mL/min/1.73 m2), but after 150 min of exercise, a significant decrease
in eGFR -Cyst-C to 103 mL/min/1.73 m2 was observed [26]. In Poortmans’ and Bongers’ studies,
only males of the similar age (25 and 23 years) were studied. The difference between these two studies
can be related to the type of exercise—in Poortmans’ study, a run on a treadmill, and in Bongers’ study,
cycling on an ergometer [25,26].

2.1.3. Changes in sCyst-C after Longer Exercise than a Marathon

Serum cystatin C was also measured after very long exercise—a 120 km “Infernal trail” race.
Surprisingly, there was no change in sCyst-C (0.8 vs. 0.8 mg/L) and eGFR Cyst-C value even increased
after the race—from 113.5 to 118.5 mL/min (p = 0.04). This could be due to the very low intensity of
physical activity. The exercise was very long—a 120 km race with 5700 m positive elevation. The speed
was very low (5.2 km/h) and the median time was 23.1 h [27].

2.1.4. sCyst-C is a Better Marker of eGFR than sCr

Interesting observations were made in nine professional cyclists during the Giro d’Italia. In this
study, blood was taken before, on the 12th and on the 22nd day of the race. The mean sCyst-C
remained very stable: 0.61 ± 0.06 vs 0.62 ± 0.07 vs. 0.63 ± 0.06 mg/L. In this very interesting study,
which is described in detail in two papers [28,29], blood was not taken immediately after the single
race. Therefore, the study is not exactly in the scope of this review. Nevertheless, it provided evidence
that even one of the most exhausting multistage efforts does not lead to an eGFR decrease in healthy,
well-trained sportsmen [28,29]. Studies published by Banfi and Colombini showed that in athletes,
sCyst-C is a better marker of eGFR than serum creatinine (sCr), also at rest. Some athletes, like cyclists,
have a creatinine level that is lower than the reference values, due to a low lean mass (e.g., 9/9 cyclists
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taking part in the Giro d’Italia), while 12/15 professional rugby players had serum creatinine above the
reference values due to their high body mass. In both of these studies, athletes had levels of serum
Cyst-C in the normal range [28–30].

sCyst-C is also more precise than a sCr marker of eGFR in studies in which lean body mass is
changing. In a study of a 6-month physical activity program in obese boys, serum creatinine increased,
but sCyst-C remained unchanged. In the subjects, the lean mass and height increased, while their
weight did not change [31].

2.1.5. Summary of Changes in sCyst-C

In summary, the main advantages of sCyst-C over creatinine in studies concerning exercise is
that sCyst-C is not correlated with lean mass [28–30,32]. Therefore, sCyst-C may be more suitable
for assessing renal function in individuals with a higher muscle mass when mild kidney impairment
is suspected [33]. The studies performed after single exercise may suggest that sCyst-C elevation is
dependent on intensity and duration. Long and intensive exercises such as a marathon will cause an
increase [20,22–24], while short exercises or exercises with lower intensity will not [26,27].

2.2. Plasma and Serum Damage Markers

Damage markers can help in early AKI diagnosis even before elevation of sCr and sCyst-C
levels [5]. Only a few damage markers are measured in serum or plasma: NGAL, KIM-1, osteopontin
and netrin-1. The most studies concerned changes in NGAL.

NGAL, also known as siderocalin or lipocalin 2, is a member of the lipocalin superfamily of carrier
proteins, which are approximately 25 kDa in size. NGAL has a bacteriostatic function related to its
ability to bind iron-siderophore complexes and thereby prevents iron uptake by bacteria. NGAL also
provides an antiapoptotic effect and enhances proliferation of renal tubular cells [8]. It is produced by
activated neutrophils in the proximal tubules. NGAL is filtered in the glomerulus and reabsorbed in
the proximal tubule. After ischemic, septic or toxic kidney injury, NGAL is dramatically upregulated at
the transcript and protein level. Plasma and urinary NGAL levels are significantly increased in those
with early structural renal tubular damage caused by various factors [5,8,9].

2.2.1. Changes in Plasma NGAL (pNGAL) after Short Exercises

Changes in pNGAL after exercise were first investigated by Junglee et al. in 2012. In this study
dedicated to AKI in exercise, after relatively short exercise (an 800 m run), pNGAL was decreased,
which was interpreted by the authors as an effect of increased NGAL renal clearance [34].

In another study performed by Junglee, the pNGAL level increased after a 40-min heat stress run
(running on a treadmill on a 1% gradient for 40 min at 65% VO2max (maximal oxygen consumption) in
an environmental chamber maintained at a dry bulb temperature of 33 ◦C with 50% relative humidity
(RH)). In this study, the heat stress run was preceded by a 60-min downhill muscle-damaging run
(EIMD group) or a 60-min flat run (CON group) and a 30-min seated rest. pNGAL increased in both
groups, but the increase was greater in the EIMD group [35].

There were also three studies dedicated to investigating a pNGAL as a marker of inflammation,
neutrophil degranulation and organ damage, but not an AKI biomarker [36–38].

Bender et al. studied pNGAL as an inflammatory marker of hand osteoarthiritis (OA) after
mechanical exercise of the OA hand. pNGLA increased during the first 15 min after exercising the
index hand within the venous blood of the ipsilateral forearm [36]. Kanda et al. studied 9 untrained
men during a one leg, calf-rise exercise. pNGAL was studied as a marker of organ damage, muscle
disruption and neutrophil mobilization and migration. The authors did not find any changes in
pNGAL [37]. Rullman et al., found no significant changes in pNGAL after 27 and 57 min of cycle
exercise. During the first 20 min, the subjects exercised at 50% of VO2max and during the next
40 min, at 65% VO2max. In the Rullman study, pNGAL was investigated as a marker of neutrophil
degranulation [38].
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2.2.2. Changes in pNGAL or Serum NGAL (sNGAL) Levels after Long Exercises

Chapman et al. studied the impact of soft drink consumption during long exercise in heat. Twelve
healthy subjects drank two liters of a beverage (soft drink or water) during four hours of exercise in
35.1 ◦C heat. pNGAL increased post-exercise in both groups [18].

McDermott et al. found a 2-fold significant increase in sNGAL (from 68.51 to 139.12 ng/mL)
after a 6-h endurance cycling event during heat (33.2 ± 5.0 ◦C, 38.4 ± 10.7% RH). Moderate ibuprofen
ingestion of 600 mg ibuprofen had no influence on the sNGAL level [39]. Moreover, Lippi et al., found
a significant 1.6-fold increase in sNGAL (from 105 to 196 ng/mL) after a 60-km run in a group of trained
male athletes [40].

Furthermore, Andrezzoli et al. found only a mild increase in pNGAL in a group of professional
cyclists after the mountain stages of two major European professional cycling competitions (Giro D’Italia
and Tour de France). Post-competition NGAL values of all the variables investigated remained within
the physiological range. The results suggest that even if NGAL values rose slightly and not significantly
after competition, no kidney injury occurred in these highly trained athletes during the mountain
stages of professional competitions [41].

NGAL, which is an acute phase protein and is upregulated in the lungs during inflammation,
was also studied as a marker of inflammation and oxidative stress after long exercise. Mellor et al.
found a non-significant NGAL rise after an ascent from sea level to 1085 m over 6 h [42]. In this study,
two other cohorts were also studied. There were no changes in NGAL after 3 h exposure to normobaric
hypoxia with a 5-min step test, but there was an increase in NGAL after trekking in Nepal [42].

2.2.3. Changes in pNGAL after Work in Heat

Chapman et al. analyzed changes in pNGAL and other biomarkers in two interesting studies.
In the first, the impact of different beverage consumption (soft drink or water) during exercise in heat
was studied. Twelve healthy subjects drank two liters of fluid during four hours of exercise in 35.1 ◦C
heat [18]. In the second study, thirteen healthy adults (3 women, 10 men, age 23 ± 2 years) exercised for
2 h in a 39.7 ± 0.6 ◦C, 32% ± 3% relative humidity environmental chamber. In four trials, the subjects
received water to remain hydrated (Water group), were exposed to continuous upper-body cooling
(Cooling group), a combination of both (Water + Cooling group), or no intervention (Control group) [43].
In the first study, in both groups, pNGAL was increased post-exercise and returned to pre-exercise
levels after 24 h [18]. In the second study, an increase in pNGAL was also observed and was greater in
the control group (without hydration and cooling) compared with the other conditions [43].

2.2.4. Summary of Changes in s/pNGAL

The importance of s/pNGAL in the diagnosis of AKI in exercise is questionable. NGAL is released
by respiratory epithelium, liver and heart, and therefore changes in the s/pNGAL level could be
caused by inflammation, hypoxia or muscle damage, conditions which are integral to exercise [35,42].
Therefore, it is unclear to which degree, if any, an increase in NGAL after exercise is related to kidney
injury. The methodological problem is that a huge difference between athletes is observed [40].

2.3. Urinary Damage Markers

2.3.1. Urinary Cystatin C (uCyst-C)

Since Cyst-C is freely filtered by the glomerulus, reabsorbed and metabolized in the renal tubule,
even a small elevation of urinary Cyst-C (uCyst-C) reflects proximal tubule injury [13].

Bongers et al. studied subjects performing submaximal exercise at an 80% HR rate and found a
significant increase in uCyst-C with higher values after prolonged exercise (150 min) compared to acute
(30 min) exercise [26]. In 2012, the same authors studied urinary markers after single and repetitive
bouts of exercise. They examined participants of the International Four Day Marches Nijmegen.
Subjects walked at 70% intensity over 30, 40 or 50 km for 3 consecutive days. Bongers studied several
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urinary markers and found that uCyst-C increased 1.8 times after the first day (from 0.05 to 0.09 mg/L),
but this effect disappeared on day 3 (uCyst-C = 0.06 mg/L) [44]. Interestingly, in these studies, uCyst-C
was measured mainly to normalize uKIM-1 and uNGAL levels [26,44]. The increase in uCyst-C was
also found by Wolyniec after 10 and 100 km runs. There was a 2.56-fold increase after 10 km and a
4.96-fold increase after 100 km. When normalized to creatinine, these increases were 1.39- and 1.95-fold,
respectively [45].

The number of studies coming from only two centers is small, but it seems that uCyst-C is a very
sensitive marker of proximal tubule dysfunction after exercise.

2.3.2. Changes in uNGAL and uKIM-1 after a Marathon

KIM-1 is a 38.7 kDa type 1 transmembrane glycoprotein member of the TIM family of
immunoglobulin superfamily molecules. KIM-1 plays a role in kidney recovery and tubular
regeneration because it acts as a phosphatidylserine receptor and thereby mediates the phagocytosis of
apoptotic cells. KIM-1 protects kidney against ischemic-reperfusion injury [8]. KIM-1 was found to
be expressed at low to undetectable levels in normal kidney tissue but is markedly expressed after
ischemic or toxic injury in proximal tubule cells. KIM-1 can serve as a urine and blood AKI biomarker.
KIM is elevated in early stages of AKI and its urinary concentration is closely related to the severity of
renal damage [5,8,9].

The first study concerning changes in urinary NGAL and KIM-1 after a marathon was performed
by McCullough and published in 2010 [23]. The authors showed a 5.7-fold increase in uNGAL and a
minor rise in uKIM-1 after a marathon [23]. According to the authors, those were changes “supporting
a pathobiologic case for AKI” [23]. Changes in uKIM-1 and uNGAL levels after a marathon were
also studied by Mansour et al. [46] The results concerning uNGAL were very similar to these from
McCullough’s study (a 4.71-fold increase in uNGAL), but the increase in uKIM-1 was much higher.
The decrease in uKIM-1 was slower than the other markers studied (uNGAL, uTNF-alfa [tumor
necrosis factor α], uIL-18, uIL6, uIL8, uYKL-40, uMCP-1) and 24 h after a marathon, the level was still
increased (Table 3) [46].

Table 3. Changes in uNGAL and uKIM-1 after a marathon.

Study
uNGAL before

a Marathon
(ng/mL)

uNGAL
after a

Marathon

Fold
Increase

KIM-1
before a

Marathon

uKIM-1 after a
Marathon

Fold
Increase

McCullough
et al. [23] 8.2 ± 4.0

47.0 ± 28.6
(10.6 ± 7.2
after 24 h)

5.73× (1.29×) 2.6 ± 1.6
ng/mL

3.5 ± 1.6 (2.7 ±
1.6 after 24 h)

ng/mL
1.35× (1.03×)

Mansour
et al. [46] 8.00 (4.15–30.48)

37.64
(19.03–84.61)
(day 2: 18.49
(9.25–33.69))

4.71× (2.31×)
132.59

(67.61–219.98)
pg/mL

723.32
(459.36–1970.64)
(day 2: 702.42

(123.27–1098.67))
pg/mL

5.46× (5.3×)

Abbreviations: uNGAL—urinary neutrophil gelatinase-associated lipocalin, uKIM-1—urinary kidney
injury molecule-1.

2.3.3. Changes in uNGAL after Exercises Shorter than a Marathon

No changes were found in the uNGAL level in Kanda’s study on 9 untrained males during a
one leg calf-rise exercise [37] and in the Wołyniec study of amateur runners after a submaximal test
on a treadmill [47]. In contrast, in two other studies, uNGAL was increased after very short exercise.
Junglee et al. noticed an increase in uNGAL and uNGAL/uCr immediately and 25 min after an 800 m
run. The uNGAL level returned to the baseline levels after two hours [34]. Spada et al. also noticed an
increase in uNGAL after 4 min of an high-intensity interval resistance training (HIIT) session (eight
sets of squats performed with the fastest speed and the highest number of repetitions achievable in 20
s with 10 s of rest between sets). In this study, uNGAL was increased in women 2 after exercise and
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returned to values similar to the baseline 24 h after exercise. In 5/29 females, uNGAL/uCr exceeded
100 ng/mgCr, the value of which is compatible with clinical AKI. In men, the increase in uNGAL and
uNGAL/uCr was not statistically significant [48].

Junglee et al. found an 8-fold uNGAL increase after a 40-min heat stress run (65% VO2max, 33 ◦C):
80% of subjects from the muscle-damaging group and 30% from the flat-run group had uNGAL above
the normal range after exercise [35]. Bongers, who studied uNGAL after 30 and 150 min of exercise,
found that uncorrected uNGAL and uNGAL corrected to osmolality were increased, while there were
no changes in uNGAL corrected to creatinine and cystatin-C [26]. After a 10-km run, both uNGAL
and uNGAL/Cr increased significantly (3.9- and 2.9-fold, respectively) in the Wołyniec study [45].
Otherwise, in Semen et al.’s study, a 10 km run caused an increase in uNGAL only when combined
with ibuprofen/naproxen use [49]. In the same study, a significant increase in uNGAL was observed in
the half-marathon runners [49].

In another study, Semen et al. found that completion of a half marathon after use of a 400 mg
single dose ibuprofen led to a 2-fold increase in uNGAL. However, this increase was smaller and not
significant in the group supplemented with monomeric and oligomeric flavanols (MOF-VVPP) [50].
In the Wolyniec study, the increase in uNGAL was higher than in Semen’s study, although the exercise
was shorter. This difference could be partially explained by the higher intensity of a 10-km run but
could also be related to the methodology. In the first study, urine samples were collected immediately
after the run and in the second, urine samples were collected within 2 h after the run [45,50].

2.3.4. Changes in uNGAL after Exercises Longer than a Marathon

The uNGAL level was elevated after all exercises longer than a marathon run. Bongers found
that prolonged walking exercise at 70% intensity caused a 2.25-fold increase in uNGAL on day 1,
and a 1.54-fold increase on day 3 compared to the baseline levels [44]. An uNGAL increase was also
found by Lippi et al. after a 60-km run (7.7- fold increase in uNGAL) [40], by Jouffroy et al. after
an 80-km run (5-fold increase after 53 km, and 2.5-fold after 80 km, without significant changes in
uNGAL/uCr) [51], by Wolyniec et al. after 100 km (6.82-fold increase in uNGAL, and only a 2.94-fold
increase in uNGAL/uCr) [45] and by Poussel el al. after a 120-km run (2.6-fold increase in uNGAL and
a 1.5-fold in uNGAL/uCr) [27]. Only 6.25% of the participants in the Wołyniec study and 12.5 % in the
Poussel study had uNGAL/uCr above the reference value [27,45].

2.3.5. Changes in uNGAL after Exercise in Heat

Chapmen et al., performed two exciting studies, as mentioned above [18,43]. In the first, they
found that 24 h after exercise in heat, uNGAL was elevated above the pre-exercise level in subjects
drinking soft drinks, although uNGAL corrected to uCr osmolality did not produce any changes [18].
In the second study, uNGAL was elevated after 2 h of exercise in heat, and this increase was greater in
the control group compared with the other conditions (hydration or/and cooling) [43].

2.3.6. Summary of Changes in uNGAL

Changes in uNGAL were typically found after long exercise. It seems that uNGAL is frequently
increased, but rarely exceeds normal values when normalized to creatinine. Some factors, like
environmental temperature, type of cooling and hydration, are related to changes in uNGAL.
Interpreting these changes is difficult. Machado found elevated levels of uNGAL in endurance
cycling athletes 48 h after exercise and suggested that the increase in uNGAL is related to metabolic
adaptation to endurance exercise, or possibly predisposition to acute kidney injury over time [52].
In Bongers’ study, uNGAL was elevated after the first day of marching and then decreased, which also
suggested some kind of kidney adaptation to exercise [44].
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2.3.7. Changes in Urinary KIM

Except for the two studies after a marathon mentioned above [23,46], uKIM was studied only in 5
studies coming from 3 centers. In all these studies, uKIM-1 was increased.

Bongers et al. found an increase in uKIM-1 after 30- and 150-min submaximal exercise [26]
and after one day of walking, with a subsequent decrease in its level after 3 consecutive days of
marching [44]. In the first study, the uKIM-1 corrected to uCr, uCyst-C and urine osmolality showed
no significant changes [26]. In the second study, uKIM- 1 corrected to osmolality was increased,
while uKIM-1/uCr and uKIM/uCyst-C ratios were unchanged [44]. Wolyniec found an increase in
uKIM-1 but not in the uKIM/uCr ratio after a treadmill test, 10 and 100 km runs [45,47]. Jouffroy found
a significant increase in uKIM-1 but not in uKIM/uCr during an 80-km run. Interestingly, nine days
after the race, uKIM-1 remained significantly higher than the baseline level [51].

2.3.8. Summary of Changes in uKIM-1

uKIM-1 was increased after all exercises, but when normalized to uCr, it was unchanged.
The changes in uKIM-1 were long-lasting, uKIM-1 was elevated 2 days after a marathon [46] and 9
days after an 80 km run [51]. At the same time, uNGAL decreased more rapidly.

2.3.9. Changes in Urinary L-FABP after Exercise

L-FABP belongs to the fatty acid-binding protein superfamily and has a molecular mass of about
14 kDa. The function of the members of the FABP family is the regulation of fatty acids uptake and
the intracellular transport. L-FABP binds fatty acids and transports them to the mitochondria and
peroxisomes. L-FABP also protects renal cells from oxidative stress [8]. The urinary L-FABP level is
correlated with the peritubular capillary flow and ischemia. It appears to be a promising biomarker for
both the diagnosis and prediction of AKI and its outcomes among critically ill patients [5,8,9]. L-FABP
is localized in the proximal tubule and secreted into urine in response to a number of different intrarenal
stresses, such as proteinuria, hypoxia, hyperglycemia, hypertension and oxidative stress [37,53,54].

Only two studies in healthy populations concerning changes in uL-FABP after exercise have
been published. uL-FABP was significantly increased after incremental short maximal exercise on a
cycling ergometer in a group of 116 adults of variable age (24–83 years) in a study published by Kosaki
et al. In this experiment, uL-FABP/uCr changes were independently correlated with albuminuria,
which supported previous observations that protein overload in the proximal tubule may cause an
increase in uL-FABP [53]. After short exercise (one leg calf-rise exercise), Kanda et al. did not find any
changes in uL-FABP [37].

2.3.10. Other Studies Concerning Changes in uL-FABP

Hiraki showed that after a single case of a 20-min moderate intensity exercise (20-min treadmill
walking, 40–60% exercise intensity) session in 31 adults with chronic kidney disease (CKD), there was
no change in uL-FABP. This exercise was rather gentle and even albuminuria was not increased [55].
Kosaki studied individuals aged 50–83 without CKD and found that uL-FABP was the lowest in
participants with a higher level of aerobic fitness and muscular strength [56,57] and that 12-week
aerobic exercise training significantly decreases uL-FABP levels [57]. Relative changes in uFABP were
significantly correlated with the relative changes in physical activity and the mean arterial pressure
after intervention. The authors concluded that “habitual exercise appears to be associated with the
degree of several stresses on the proximal tubule and to be beneficial for kidney health in middle-aged
and older adults” [57]. Uchiyama et al. found a decrease in uL-FABP after a 12-week, home-based
exercise program involving 47 patients undergoing peritoneal dialysis [58].
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2.3.11. Urinary Interleukins

Urinary interleukins, Il-1, Il-6, IL-8 and Il-18, were proposed as markers of AKI. Interleukins are
important mediators of the immune reaction in the innate immune system response and adaptive
immunity [8]. All these cytokines are freely filtered and then reabsorbed and metabolized in the
proximal tubule; therefore, tubular injury leads to an elevation in their levels in urine [5,6,8,9,48].

Manosur et al. studied changes in urinary interleukins after a marathon and found a 19.2-fold
increase in uIL-6, a 9.13-fold increase in uIL-8 and a 7.13-fold increase in uIL-18 [46]. Similarly, Semen
et al. observed significant increases of urinary interleukins after a half marathon and the use of 400 mg
ibuprofen. There was a 10-fold increase in uIL-6, a 2.87-fold increase in uIL-8 and a non-significant
increase in IL-18. The elevations of uIL-6 and uIL-8 were smaller in runners supplemented with
MOF-VVPP (5.8- and 1.49-fold, respectively) [50]. Elevation of uIL-6 and uIL-8 was also found by
Sugama et al. after a duathlon [59]. Spada et al. found an increase in uIL-18 after a HIIT session [48].
Dutheil et al. found an increase in uIL-8 after a 24 h work shift and, according to the author, this elevation
was related to stress [60].

2.4. Pre-Injury Phase Biomarkers IGFBP-7/TIMP-2

Insulin-like growth factor binding protein 7 (IGFBP-7) is a 29 kDa protein, a member of IGFBPs.
It is a kind of glycoprotein with a molecular weight of 30 kDa. IGFBP-7 is known to bind and inhibit
signaling through IGF-1 receptors [8]. Urinary IGFBP-7 is increased in kidney damage caused by sepsis
or ischemia [8,9].

TIMP-2 is a 21 kDa protein, a member of the TIMP family. TIMP2 is a member of the tissue
inhibitor of matrix metalloproteinase family. TIMP2 is an endogenous inhibitor of metalloproteinase
activities and participates in the regulation of cell growth and apoptosis [8,9].

Combined urinary IGFBP-7 and TIMP-2 predict the occurrence of AKI better than other
markers (NGAL KIM, IL19) [8,9]. NephroCheck, which combines TIMP-2 and IGFBP-7, is the
only FDA-approved AKI biomarker test for use in the USA and is also used in some European
countries [10].

Surprisingly, IGFBP-7 and TIMP-2 were studied only in one study after exercise. Chapman et al.
studied thirteen healthy adults exercising in heat (the study is described above) and found elevated
levels of uIGFBP-7 and uTIMP-2. There was a greater increase in the urinary biomarkers of AKI in
the Control group. The differential findings between IGFBP7 (preferentially secreted in the proximal
tubules) and TIMP-2 (secreted in the distal tubules) suggested that the proximal tubules are the location
of potential renal injury [43].

2.5. Other Promising Markers of AKI (YKL-40, MCP-1 and TNF-alfa, Trefoil Factor 3 (TTF3), Calbindin)

There are over 100 biomarkers of AKI [61]. The urinary biomarkers which have been assessed in
numerous studies are: chitinase 3-like protein 1 (YKL-40), MCP-1, TNF-alfa, osteopontin, DKK-1, micro
RNAs, hemojuvelin, clusterin, CYR-61, cytochrome-C, epidermal growth factor, malondialdehyde,
calprotectin, urine AGT angiotensinogen, matrix metalloproteinase 9, urine cysteine-rich 61, Na+/H+

exchanger isoform 3 protein, netrin-1, fetuin-A and trefoil factor 3 (TFF3) [5,8,9]. Most of these markers
were not studied after exercise.

In one of the most interesting and largest studies concerning AKI biomarkers after exercise,
Mansour et al. found increases in several urinary markers: a 4.5-fold increase in TNFα, a 6.69-fold
increase in MCP-1 and an 8.99-fold increase in YKL-40 after a marathon [46]. Sugama et al. found
increased uMCP-1 after a duathlon, but this change was not significant when normalized to uCr [59].
Semen et al. found a significant uTNFα increase after a half marathon [50]. Calbindin and TTF3 were
studied in one study, and both of these markers increased after HIIT training [48]. The TTF3 family is a
group of small molecule polypeptides, and uTTF3 was significantly reduced following renal tubular
damage [9]; therefore, the increase in uTTF3 after exercise was surprising.
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3. Discussion

Studies concerning new markers of AKI after physical exercise combine two different entities.
Markers of AKI were introduced to diagnose the early phase of kidney injury in critically ill patients
with sepsis or shock [5,6,8,9], but in these studies, they were measured in healthy subjects during
physical activity, like walking, running or cycling. The increase in new AKI biomarkers was anticipated
in these studies, because even much less sensitive markers, like serum creatinine and urinalysis,
show changes after exercise [3,23].

Although many markers of AKI were described, only a minority were studied after exercise.
Some markers are classified as injury markers (e.g., uKIM-1, uTNFalfa, uIL-6, uIL-8, uIL-18, uNGAL)
and others as repair biomarkers (e.g., uYKL-40, uMCP-1) [46]. Another classification is based on the site
of injury. There are markers of tubular (e.g., NGAL, IL-18, L-FABP, KIM-1, IGFBP-7) and glomerular
(e.g., matrix metallopeptidase 9 [MMP-9]) injury [9]. The authors of this review used the classification
proposed by Oh et al. [5] (Table 1), which has practical implications.

3.1. Limitations of the Studies Presented

There are several limitations to the studies presented in this review. Twenty-seven studies
were analyzed. All but one were published during the last 10 years and 15/27 in the last 5 years.
The number of subjects studied ranged from 9 to 167, although most of the studies had a small number
of participants: in 16 studies, fewer than 30 participants were investigated and only in 3 studies were
there more than 100 participants studied. In 12 studies, only males were analyzed, and only in 7 studies
were both sexes represented to the same or very similar degree. In three studies, all concerning
marathons, more females were analyzed. The mean age of the participants differed greatly, ranging
from 20 to 60 years. There were many different study designs proposed by the researchers, although
the most common was a marathon (distance 42,195 m), which was used in 5 studies (Figure 1, Table 4).
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4
5
6
7
8

Short exercise, up to 30 min

Exercise longer than 30 min,
shorter than a marathon.

Marathon or 4-6h exercise

Ultramarathon, long marches,
long cycling events

Figure 1. Number of studies in different types of exercise. Abbreviations: u—urinary,
s—serum, p—plasma, Cyst-C—cystatin C, NGAL—neutrophil gelatinase-associated lipocalin,
KIM-1—kidney injury molecule-1, L-FABP—liver-type fatty-acid-binding protein, IL—interleukin,
IGFBP-7—insulin-like growth factor binding protein 7, TIMP-2—tissue inhibitor of metalloproteinases-2.

223



Int. J. Mol. Sci. 2020, 21, 5673

Table 4. Studies on changes in new AKI markers after single exercise in healthy subjects—ordered
according to the year of publication.

Author (Year of
Publication)

Study Group Exercise/Study Design Markers

Mingels et al.
(2009) [20]

70 recreational male runners
age 47 (range 30–68) years marathon sCyst-C

Scherr et al.
(2011) [22]

102 healthy male runners
age 42 ± 9.5 y Marathon sCyst-C

McCullough et al.
(2011) [23]

25 healthy runners
age 38.7 ± 9.0 years

(13 females, 12 males)
Marathon

sCyst-C
uNGAL
uKIM-1

Poortmans et al.
(2012) [25]

12 male physical educators
age 25 ± 5 years

30-min
treadmill exercise
at 80% of VO2max

sCyst-C

Junglee et al.
(2012) [34]

20 healthy active adults
age 24 ± 4 years

(7 females, 13 males)
800-m sprint

pNGAL
uNGAL

uNGAL/uCr

Rullman et al.
(2012) [38]

10 healthy men
age 25 (range 18–37) years

60-min cycle ergometer test
(20 min at 50% of VO2max;
+40 min at 65% of VO2max)

pNGAL

Lippi et al.
(2012) [40]

16 trained male athletes
age 42 (range 34–52) years

60-km
ultramarathon

sNGAL,
uNGAL, uNGAl/uCr

Junglee et al.
(2013) [35]

10 active healthy men
age 20 ± 2 years

1. 60-min running downhill
at a −10% gradient + 40-min
run on the treadmill at a 1%
gradient at 65% VO2max in a
temp. of 33 ◦C with 50% RH
2. 60-min flat run + 40-min
run on the treadmill at a 1%
gradient at 65% VO2max in a
temp. of 33 ◦C with 50% RH

pNGAL
uNGAL

uNGLA/u.f.

Mellor et al.
(2013) [42]

22 subjects
age 36 ± 2.4 years

(7 females, 15 males)

ascent from sea level to 1085
m over 6 h pNGAL

Sugama et al.
(2013) [59]

14 male triathletes
age 28.7 ± 7.9 years

duathlon race:
5 km of running + 40 km of
cycling + 5 km of running

uIL-6
uIL-8

Kanda et al.
(2014) [37]

9 untrained healthy men
age 24.8 ± 1.3 years

One leg calf-raise exercise
10 sets of 40 repetitions of

exercise at 0.5 Hz with 3 min
rest between sets

pNGAL
uNGAL
uFABP

Hewing et al.
(2015) [24]

167 recreational runners
age 50.3 ± 11.4 years

(89 females, 78 males)
marathon sCyst-C

Andreazzoli et al.
(2017) [41]

18 professional male cyclists
age 31.5 ± 4 years

mountain stage of one of the
major European professional

cycling competitions

pNGAL
uNGAL

Mansour et al.
(2017) [46]

22 heathy amateur runners
age 44 (range 22–63) years

(13 females, 9 males)
marathon

uNGAL
uKIM-1

uIL-6, uIL-8, uIL-18,
uTNFα, uYKL-40, uMCP-1

Bongers et al.
(2017) [44]

60 marchers
age 29 ± 78 years

(30 females, 30 males)

30, 40 or 50 km for three
consecutive days

uCyst-C, uNGAL,
uNGAL/uCyst-C,

uNGAL/Cr, uNGAL/uOsm
uKIM-1, uKIM-1/uCyst-C,

uKIM-1/uCr, uKIM-1/uOsm
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Table 4. Cont.

Author (Year of
Publication)

Study Group Exercise/Study Design Markers

Bongers et al.
(2018) [26]

35 active healthy males
age 23 ± 3 years

150-min cycle ergometer test
at 80% of HRmax

until 3% hypohydration
(samples taken after 30 and

50 min)

sCyst-C, uCyst-C
uNGAL, uNGAL/uCyst-C,

uNGAL/uCr, uNGAL/uOsm
uKIM-1, uKIM/uCyst-C,

uKIM-1/uCr, uKIM-1/uOsm

Spada et al.
(2018) [48]

58 healthy volunteers
age 24 (range 21–28) years

(29 males, 29 females)
4 min of HIIRT

uNGAL, uNGAL/uCr
uIL-18, uIL-18/uCr

uCalbindin, uCalbindin/uCr
uTTF, uTTF/uCr

Wołyniec et al.
(2018) [47]

19 healthy amateur runners
age 35.74 ± 6.99 years
(9 females, 10 males)

treadmill run test uNGAL, uNGAL/uCr
uKIM-1, uKIM-1/uCr

McDermott et al.
(2018) [39]

40 healthy cyclists
age 52 ± 9 years

endurance cycling event
(5.7 ± 1.2 h) in heat

(33.2 ± 5.0 ◦C, 38.4 ± 10.7%
RH)

sNGAL

Chapman et al.
(2019) [18]

12 healthy adults
age 24 ± 5 years

(3 females, 9 males)

4 h exercise in heat
(35,1 ◦C, 61% RH)

pNGAL
uNGAL, uNGAL/u.f.

Wolyniec et al.
(2019) [45]

16 Healthy amateur runners
age 36.7 ± 8.2 years

(2 females, 14 males)
10- and 100-km runs

uCyst-C
uNGAL, uNGAL/uCr
uKIM-1, uKIM-1/uCr

Jouffroy et al.
(2019) [51]

47 healthy males
age 43 ± 7 years 80-km ultramarathon uNGAL, uNGAL/uCr

uKIM-1, uKIM-1/uCr

Poussel et al.
(2020) [27]

24 healthy runners
age 36.5 (range 24–57) years

(1 female, 23 males)

120-km ultramarathon with
5700 m of positive elevation

gain

sCyst-C
uNGAL, uNGAL/uCr

Chapman et al.
(2020) [43]

13 healthy adults
age 23 ± 2 years

(3 females, 10 males)

2 h exercise in a heat
(temp 39 ◦C, 32 % RH)

uNGAL
uIGFBP-7
uTIMP-2

Kosaki et al.
(2020) [53]

116 adults without chronic
kidney disease

age 62 (range 24–83) years
(31 females, 85 males)

incremental short maximal
exercise using a cycling

ergometer
uL-FABP/uCr

Semen et al.
(2020) [50]

54 healthy runners
age 47 ± 15 years

(21 females, 33 males)

half marathon after use of
400 mg single-dose

ibuprofen:
two groups:

1. supplemented with
MOF-VVPP
2. Control

uNGAL,
uCyst-C

uIL-6, uIL-8, uIL-18,
uTNFα

Semen et al.
(2020) [49]

1. 35 runners
age 44 ± 2 years

(17 females, 18 males)
2. 45 runners

age 55 ± 2 years
(24 females, 21 males)

1. 10 km run
2. half marathon uNGAL

Abbreviations: u—urinary, s—serum, p—plasma, Cyst-C—cystatin C, NGAL—neutrophil gelatinase-associated
lipocalin, KIM-1—kidney injury molecule-1, L-FABP—liver-type fatty-acid-binding protein, Il—interleukin,
TTF3—trefoil factor-3, TNFα—tumor necrosis factor α, YKL-40—chitinase 3-like protein 1, MCP-1—monocyte
chemoattractant protein-1, IGFBP-7—insulin-like growth factor binding protein 7, TIMP-2—tissue inhibitor of
metalloproteinases-2, Cr—creatinine, Osm—osmolality, u.f.—urine flow, uMarker/uCyst-C—urinary marker
normalized to cystatin C, uMarker/uCr—urinary marker normalized to creatinine, uMarker/uOsm—urinary
marker normalized to osmolality, uMarker/u.f.—urinary marker normalized to urine flow, HIIRT—high-intensity
interval resistance training, VO2max—maximal oxygen consumption, HRmax—maximal heart rate, RH—relative
humidity, monomeric and oligomeric flavanols (MOF-VVPP).
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The diagnosis of AKI was never confirmed by kidney biopsy, which is completely understandable.
The studies were performed in relatively small groups and no cases of AKI requiring HD or
rhabdomyolysis were observed, because both of these severe complications are extremely rare after
exercise. There is insufficient data to describe changes in AKI biomarkers in such severe complications
of exercise.

The follow-up was defined in a different way in the studies presented, and in some, there was no
follow-up at all.

Suggestions: Studies in larger groups, preferably multicenter, are needed. It could be reasonable
to study all markers after a marathon, which is the classical distance, relatively long and intensive.
Indeed, it is the most commonly studied type of exercise. More studies in females are also required.
Studies with a precisely defined follow-up with several time points, as well as observational case
studies on changes in AKI biomarkers in subjects with severe complications could be very interesting.

3.2. Serum or Plasma Markers

Reasonable data only concern cystatin C and NGAL. The results of the studies presented provided
enough information to consider cystatin C as a better marker of eGFR than creatinine after exercise and
at rest in athletes with high or low lean mass [28–30]. The information concerning plasma or serum
NGAL is more questionable. In fact, after some exercises, NGAL is elevated. However, NGAL is also a
marker of inflammation, organ damage and hypoxia, and in exercise, it seems to have low specificity
for AKI. One practical problem is the huge variability of levels between studies and subjects. One of
the possible implications of p/sNGAL measurement is diagnosis of subclinical AKI in uncomplicated
rhabdomyolysis, when creatinine and cystatin levels are within the normal range [62].

The general problem with serum measurement after exercise is hemoconcentration. In many
publications, the authors used a correction of the effect of dehydration according to Dill and Costill’s
method [63], on the basis of changes in pre- and post-blood morphology. This approach is reasonable in
experimental studies, but in clinical practice, it is difficult to use, because pre-injury blood morphology
results are unknown.

Suggestion: We suggest measuring sCyst-C instead of creatinine in future studies of kidney
function in exercise. It is reasonable to check sNGAL in the risk group with rhabdomyolysis.

3.3. Urinary Markers

The urinary markers are increased after almost every exercise. The increment is rather small but
consistent with individuals. The changes are dependent on the duration and intensity of exercise.
Most studies investigated changes in uKIM-1 and uNGAL. After short exercise, an increase in uKIM-1,
but not uNGAL, was observed. Elevated uKIM-1 was observed 2 and even 9 days after prolonged
exercise. It is difficult to discuss the utility of uL-FABP, uCyst-C and other markers, because only
few studies were performed. L-FABP is a marker of hypoxia, therefore it could be an ideal marker
for studies in exercise but was used only in very few studies from one study group. What is also
surprising is that uIGFBP-7 and uTIMP-2 were only analyzed in one study, and were the only markers
approved for early diagnosis of AKI. The methodological problem with interpreting the changes
in urinary markers is normalization. It is known that all urinary markers can be diluted, and, e.g.,
normalization of albuminuria is a standard procedure. In some studies, un-normalized values are
used, but most authors normalized AKI markers to creatinine, osmolality, urine flow or cystatin
C [18,23,26,27,34,35,40,44–48,51,53]. All these approaches had some limits. The most common was
normalization to creatinine.

Suggestion: There is a need for studies on follow-up. Studies showing changes in urine markers
shortly after exercise are interesting but have little practical value. In clinical practice, AKI is suspected
and diagnosed several hours after exercise. What is most important is what levels of markers are
typical for AKI 3, 6, 12 or 24 h after exercise. Although normalization to creatinine has some limits,
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it is the most common approach, and therefore it is reasonable to use this kind of normalization in
subsequent studies.

There is no biomarker specific enough to assess AKI as a single biomarker. There is also no panel
assessment using a couple of biomarkers, except combined urinary IGFBP-7 and TIMP-2. Taking into
account the results presented in this review, combined uKIM-1/uCr and uNGAL/uCr could be the best
to exclude or diagnose AKI after exercise.

3.4. Interpretation

In the presented studies, changes in AKI biomarkers were common. The main problem is how to
implement the knowledge from these studies in clinical practice. There are several facts concerning
AKI biomarkers, AKI and CKD in athletes:

1. Exercise-induced renal impairment is commonly present but temporary,
2. Severe complications of exercise, like AKI requiring hemodialysis, are rare,
3. Repeated episodes of AKI lead to CKD,
4. There is no data showing that CKD could be related to sports activity,
5. There is a growing body of evidence that exhausting work in heat leads to CKD [19,58–64] and

the same risk factors—dehydration and muscle damage, soft drink consumption—are present,
for example, in marathon runners.

Suggestion: We suggest that further studies on the physiological role of biomarkers are needed.
Epidemiological studies and studies on athletes who have completed several dozen marathons or
other long forms of exercise and studies on the impact of work and soft drinks on kidney function
are awaited.

4. Materials and Methods

The authors researched the PubMed/MEDLINE electronic database by using terms consisting of
the following: (AKI biomarker or cystatin C or NGAL or KIM-1 or urinary interleukin-18 or urinary
interleukin or urinary liver-type fatty acid-binding protein or urinary L-FABP or urinary insulin-like
growth factor-binding protein 7 or urinary IGFBP7 or urinary tissue inhibitor of metalloproteinases-2
or urinary TIMP-2 or nephrocheck or urinary osteopontin or urinary calbindin or urinary TTF)
(nordic walking or physical activity or exercise or marathon or ultramarathon or swimming or cycling
or games or football). The search was repeated regularly, and the database was updated until the
last update on 13 July 2020, prior to manuscript submission. An additional search was conducted
according to a reference list of read papers and by using investigators’ names. As the initial selection
was done through titles and abstracts, it is possible that some important papers might have been
omitted, although the authors tried to identify all that were important. A total of 27 papers were
retrieved from 629 titles and abstracts identified in the PubMed database (Figure 2).

In this review, results of 13 additional studies were also shortly discussed. These papers did
not consider single exercise in healthy subjects, but revealed important information, and the authors
decided to present their results. There was no possibility to perform any statistical analysis because of
the high variability of schedules, experimental conditions and different study groups described in the
papers cited. Ethical approval was not necessary, because the study did not involve participants.
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Figure 2. Flow chart illustrating the procedure for article inclusion and exclusion in a systematic review
of changes in AKI biomarkers after exercise.
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Abbreviations

AKI acute kidney injury
u urinary
s serum
p plasma
NGAL neutrophil gelatinase-associated lipocalin
KIM-1 kidney injury molecule-1
Cyst-C cystatin C
Cr creatinine
L-FABP liver-type fatty-acid-binding protein
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IL interleukin
TTF3 trefoil factor-3
TNFα tumor necrosis factor α
YKL-40 chitinase 3-like protein 1
MCP-1 monocyte chemoattractant protein-1
IGFBP7 insulin-like growth factor binding protein 7
TIMP-2 tissue inhibitor of metalloproteinases-2
uMarker/uCyst-C urinary marker normalized to cystatin C
uMarker/uCr urinary marker normalized to creatinine
uMarker/uOsm urinary marker normalized to osmolality
uMarker/u.f. urinary marker normalized to urine flow
eGFR estimated glomerular filtration rate
CKD EPI Chronic Kidney Disease Epidemiology Collaboration equation
HIIRT high-intensity interval resistance training
VO2max maximal oxygen consumption
HRmax maximal heart rate
RH relative humidity
OA osteoarthiritis
MOF-VVPP monomeric and oligomeric flavanols
VO2max maximal oxygen consumption
MMP-9 matrix metallopeptidase 9
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Abstract: Acute tubulointerstitial nephritis (ATIN) is an immunomediated cause of acute kidney
injury. The prevalence of ATIN among the causes of acute kidney injury (AKI) is not negligible,
especially those cases related to certain drugs. To date, there is a lack of reliable non-invasive
diagnostic and follow-up markers. The gold standard for diagnosis is kidney biopsy, which shows a
pattern of tubulointerstitial leukocyte infiltrate. The urinalysis findings can aid in the diagnosis but are
no longer considered sensitive or specific. Atthe present time, there is a rising attentiveness tofinding
trustworthy biomarkers of the disease, with special focus in urinary cytokines and chemokines that
may reflect kidney local inflammation. Cell-based tests are of notable interest to identify the exact
drug involved in hypersensitivity reactions to drugs, manifesting as ATIN. Certain single-nucleotide
polymorphisms in HLA or cytokine genes may confer susceptibility to the disease according to
pathophysiological basis. In this review, we aim to critically examine and summarize the available
evidence on this topic.

Keywords: acute tubulointerstitial nephritis; immunology; biomarkers

1. Introduction

Acute tubulointerstitial nephritis (ATIN) is an immunomediated disease affecting the
tubulointerstitial area of the kidneys. The tubulointerstitium comprises 80% of the kidney surface
and is composed of cellular and extracellular matrix components [1]. The specific and identifying
pathological picture consists of a cellular infiltrate composed by leukocytes, primarily lymphocytes,
but also including eosinophils, macrophages, or plasma cells. A myriad of etiologies can lead to ATIN,
although drug-induced ATIN is the most common, accounting for 3–14% of biopsy-proven acute
kidney injury (AKI) [2] and 70–90% of ATIN cases [3]. Also, of note, ATIN is related to autoimmune and
inflammatory diseases—systemic lupus erythematosus, IgG-4 related disease, and tubulointerstitial
nephritis with uveitis (TINU) syndrome, among others—or infectious diseases, such as cytomegalovirus
or adenovirus infections.

Type IV hypersensitivity reactions are the underlying pathomechanisms of drug-induced ATIN.
The kidneys are adapted to filter a high rate of blood flow that contains proteins and potential antigens,
thus leaving them exposed to drugs and their metabolites [4]. Tubular epithelial cells (TECs) are able to
process and present these antigens from tubular lumen, working as non-professional antigen-presenting
cells (APCs). TECs present antigens to dendritic cells, which in turn migrate to regional lymph nodes,
activate specific T cells, and integrate innate and adaptive immune responses [5]. Those activated T
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cells infiltrate the renal parenchyma and amplify inflammation through increased secretion of cytokines
and the recruitment of other inflammatory cells [4].

The involvement of necroinflammation pathways has been recently described to collaborate in the
pathogenesis of drug induced ATIN. It has been hypothesized that drugs can directly damage TECs
and induce necroptosis. This is a recently-described form of cell death, halfway between necrosis and
apoptosis, leading to the release of proinflammatory cytokines and the recruitment of innate immune
system cells. After necroptosis of TECs, intracellular molecules are dropped to the interstitial space and
bind to several receptors that recognize danger signals, such as toll-like receptors (TLRs), expressed
by immune cells. Signal–receptor interaction leads to the release of proinflammatory cytokines that,
in turn, magnify the immune response, triggering further direct TEC necroptosis [6]. A role for
necroinflammation has been confirmed in a murine model of cisplatin-induced AKI, but further
research is required to confirm the participation of these pathways in human ATIN [7].

Inflammatory phenomena and cellular infiltration lead to tubular dysfunction and (AKI). It is
usually difficult for the clinician to distinguish between ATIN and acute tubular necrosis (ATN) in this
setting. ATIN may be accompanied by fever, skin rash, arthralgias, or flank pain, contrarily to ATN,
and this picture can help guide the diagnosis, but those are not universal findings. The presence of
known previous autoimmune conditions, concomitant infections, or recently-administered drugs can
also support the hypothesis of ATIN of a specific etiology. The gold standard in ATIN diagnosis is
kidney biopsy. Based on the predominance of an inflammatory component in the kidneys of ATIN,
some classical and novel biomarkers, reviewed hereunder, may serve in the diagnosis, prognosis, and
follow-up of this disease.

2. ATIN Classical Biomarkers

Urine cellularity and casts have been used classically to find evidence of localized inflammation
in the kidneys. Routine optical microscopy examination of the urine samples requires trained
personnel and is time-consuming. In recent decades, automated cytometric urinalysis has replaced
provider-performed urine microscopy. The information obtained here may guide the diagnosis but
has limitations. Occasionally, urine sediment can be negative despite the existence of inflammatory
kidney disease, and the presence of cells and crystals is not always specific to a certain pathology. Also,
automated examination is less precise for diagnosis than laboratory-based microscopy examination.
Thus, although useful, urine sediment examination should always be accompanied by knowledge of
the clinical context [8].

Sterile leukocyturia is a common finding in ATIN patients. Depending on the series, the prevalence
of leukocyturia ranges within 50–70% of all-cause-ATIN cases [9,10]. Interestingly, leukocyturia is an
almost universal finding in drug-related and especially in antibiotic-related ATIN, while it is found
merely in about 50% of ATIN patients related to autoimmune diseases [11].

Due to the Type IV hypersensitivity basis of drug-induced ATIN and the usual presence of
eosinophils in kidney biopsy specimens [6]., eosinophiluria was considered a classical biomarker in
ATIN. The belief inthe utility of this parameter is based on a small-case series. Although the increased
sensitivity was noted using Hansel stain instead of Wright stain [12], eosinophiluria is no longer
considered sensitive or specific. In the largest cohort studied, Muriithi et al. found 31% sensitivity
and 68% specificity for the diagnosis of ATIN among 566 patients with AKI, and found no utility of
eosinophiluria in the distinction between ATIN and ATN [13]. Patients with urinary tract abnormalities,
urinary tract infections, acute tubular necrosis, and glomerulonephritis also exhibit eosinophiluria [14].

Other findings from urine microscopic examination are white blood cell (WBC) casts, which are
either not sensitive and not specific for ATIN diagnosis. WBC casts are found in urine from patients
with inflammatory kidney diseases, not only ATIN. They have also been seen in other conditions such
as glomerulonephritis and pyelonephritis. Surprisingly, less than 14% of ATIN patients present WBC
in urine microscopy according to the published series. Red blood cell (RBC) casts were once thought to
be specific for glomerular disease, however up to one third of ATIN patients exhibit RBC, probably
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related to disruption of interstitial blood vessels and leakage of erythrocytes to the tubular lumen [15].
Granular casts are the most frequent casts seen in ATIN, up to 95% [16]. depending on the series, but
they are also very common in ATN.

3. Novel Biomarkers

ATIN involves cell immunity rather than humoralmechanisms, as suggested by the extensive and
pleiomorphic inter-tubular cell infiltrate in ATIN kidney biopsies, with lack of immune deposits in
most of the cases. Rarely anti-tubular basal membrane (TMB) antibodies and immune complexes can
be noticed. The presence of this immune cell infiltration can damage TECs due to direct cytotoxicity or
local cytokine release. At the same time, TECs acquire an active role in inflammation by orchestrating
the immune response and directly producing diverse cytokines. In the same line, cell infiltrates together
with activated TECs also produce signaling molecules that promote matrix deposition and remodeling,
thus promoting fibrosis [17].

Identification of the differential nature of the tubulointerstitial infiltrates in ATIN and the cytokines
produced by this infiltrate—in comparison to other inflammatory kidney diseases—and their detection
in serum or urine, can be useful as biomarkers of the disease.

4. Serum and Urine Cytokines and Chemokines

In the recent years, there has been a rise in the number of studies published in the field of urinary
biomarkers, seizing the non-invasive nature of the sampling. The introduction and spread of novel
multiplex assays that allow multiple simultaneous cytokine measurements in the same procedure has
become a valuable tool in this kind of research. The presence in urine of the different chemokines and
cytokines evaluated isillustrative of the pathophysiologic processes occurring in this disease.

Monocyte chemoattractant protein-1 (MCP-1) has a key role in the recruitment of monocytes,
neutrophils, and lymphocytes in tissue inflammation processes. In the kidney, it is produced by
TECs, endothelial cells of the peritubular capillaries, and macrophages themselves. MCP-1 has been
identified as a chemokine involved in autoimmune diseases [18]. Wu et al. found higher MCP-1 levels
in a cohort of 40 patients with drug-induced ATIN compared to controls. Urinary MCP-1 correlated
and predicted the severity of the acute lesions in kidney biopsies from these patients [19]. In the same
line, Yun et al. described higher MCP-1 serum and urine concentration among 113 ATIN patients from
different causes in their bead-based multiplex assay [20]. Interestingly, Dantas et al. found that urinary
MCP-1 concentration finely correlated with the amount of tubulointerstitial infiltrate but not with the
glomerular infiltrate in a cohort of patients with glomerular autoimmune diseases [21]. Other authors
also reported higher urinary levels of MCP-1 in patients with systemic lupus erythematosus (SLE) that
correlated with the extension of the tubulointerstitial infiltrate, thus confirming the utility of MCP-1 in
urine as a biomarker of acute infiltration of kidneys with dense affectation of this compartment [22].

Tumor necrosis factor alpha (TNF-α) is a proinflammatory cytokine produced by macrophages
and monocytes. It participates in signaling cascades that lead to cell apoptosis or necrosis. Several
authors reported higher levels of TNF-α in serum and urine samples from ATIN patients. Moledina et
al. reported a higher urinary TNF-α in patients with ATIN that helped in the differential diagnosis of
patients with ATN [23]. The same group showed that urinary TNF-α was also higher in a large series
of ATIN cases compared to other causes of inflammatory kidney disease, and that urinary TNF-α
correlated well with the number of TNF-α-positive cells in the renal biopsy [24]. Aoyagi et al. reported
the value of serum TNF-α levels in the follow-up of a case of TINU, which dramatically decreased
during the first week after treatment initiation [25]. Moledina et al. found higher urinary IL-9 along
with higher TNF-α levels in patients with ATIN. IL-9 is involved in allergic responses and induces
mast cell accumulation, which isin turn a source of TNF-α [23,24]. TNF-α inducessecretion of IL-6,
among other cytokines. This is a cytokine with a local proinflammatory effect in the early stages
of inflammation that also induces acute-phase production of proteins such as CRP [26]. Numerous
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authors reported elevated IL-6 concentration in urine and plasma from patients with ATIN compared
to healthy controls [20,27,28].

Other unspecific tubular AKI biomarkers have also been evaluated in ATIN.
N-acetyl-β-D-glucosaminidase (NAG) is a lysosomal enzyme present in TECs which is a marker of
proximal renal tubular damage [29]. Neutrophil gelatinase-associated lipocalin (NGAL) is a protein
contained in the neutrophil granules but also in other human tissues such as kidney TECs. Some
authors have demonstrated NGAL release during inflammatory processes [30]. α1-microglobulin is a
low-molecular-weight protein that acts as radical scavenger and reductase [31]. NAG,α1-microglobulin,
and NGAL are filtered in the glomeruli and completely reabsorbed by proximal TECs. Thus, urinary
presence of these three molecules indicates proximal TEC damage and dysfunction. Many authors
have found high levels of these biomarkers in urine and have used combination strategies to increase
sensitivity and specificity of ATIN diagnosis [19,32–34]. Figure 1 illustrates the role of the suggested
cytokines and chemokines in ATIN.

Figure 1. Cytokines and chemokines suggested as biomarkers in acute tubulointerstitial nephritis.
Tubular endothelial cells (TECs) secrete MCP-1, which is a powerful chemoattractant for inflammatory
cells towards the interstitium. Incoming macrophages release TNF-α, that primes and activates
lymphocytes to secrete various proinflammatory interleukins (IL). In parallel, TNF-α can damage TECs
inducing acute tubular necrosis (ATN). As a consequence of ATN, some markers of the injury of TECs
(NAG, NGAL, and α1MG ) are found in urine.MCP-1, monocyte chemoattractant protein-1; TNFα,
tumor necrosis factor α; NAG, N-acetyl glucosamidinadase; NGAL, neutrophil gelatinase-associated
lipocalin; α1MG, α1 microglobulin.
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Renal regional complement activation has been examined as an ATIN biomarker in a study by Zhao
et al. Soluble urinary C5b9 was found to correlate with the degree of interstitial inflammatory infiltrates
and also with tubular dysfunction in a cohort of 44 patients with ATIN of different etiologies [35].

In addition to the diagnostic value in the acute stage of the disease, urinary biomarkers have
been evaluated in other settings. Shi et al. evaluated a panel of biomarkers in the follow-up of 54
patients with ATIN along a median time of 38 months. They found that NAG, matrix metalloproteinase
2 (MMP)2, and MMP9 clearly correlated with the rate of glomerular filtration rate (GFR) decline.
The authors performed a multiple linear regression analysis to exclude other factors, and confirmed
that higher concentration of these biomarkers at diagnostic was independently associated with faster
progression of chronic kidney disease [34]. Table 1 summarizes the published evidence of ATIN serum
and urinary cytokines and chemokines as biomarkers.

Table 1. Summary of the main publications related to serum and urinary biomarkers of acute
tubulointerstitial nephritis (ATIN).

Reference Population Samples RelevantFindings

Dantas et al.,
Kidney Blood Press Res, 2007 Glomerulopathy n=37

Urinary MCP-1 correlated with the extent of
tubulointerstitial infiltrate by macrophages but not

with the degree of glomerular infiltrate.

Yu et al.,
Journal of Peking University, 2010

Acute drug-induced TIN n= 28
Chronic drug-induced TIN n=12

The combination of urinary NAG and α1-MG
increased sensitivity and specificity for the detection

of acute drug-induced tubulointerstitial nephritis
(TIN).

Wu et al.,
Clin J Am SocNephrol, 2010

Drug-induced ATIN n=40
Healthy controls n=20

MCP-1, α1-MG, NGAL, and NAG urinary levels
were higher in ATIN patients compared to controls.
MCP-1 urinary levels correlated with the extent and

severity of the acute lesions.

Nakashima et al.,
ClinNephrol, 2010

IgG 4 disease-related ATIN n=4
Other cause ATIN n=16

IL-4, IL-10, and TGFβ RNA expression in kidney
tissue was higher in IgG4 disease related ATIN

compared to the rest of ATIN causes.

Shi et al.,
Am J Med Sci, 2013 Drug-induced ATIN n=51

Patients with higher urinary levelsof NAG,
metalloproteinase 2(MMP2) and MMP9 presented

faster GFR decline during follow-up

Wu et al.,
Am J Med Sci, 2013

ATIN n=40
Healthy controls n=20

Urinary α1-MG correlated with the degree of
interstitial edema and inflammatory infiltrate in
kidney biopsy. Urinary NAG correlated with the
degree of inflammatory infiltrate. Urinary TGFβ

correlated with the presence of fibrosis.
Aoyagi et al.,

CEN Case Rep, 2014 One case of TINU Serum TNFα, IL-8 and IFNγ levels decreased during
follow up of an episode of TINU.

Chen et al.
Braz J Med Biol Res, 2018

ATIN n=30
Healthy controls n=15

Serum IL-6, IL-10, and TNFαwere significantly
higher in ATIN patients compared to controls.

Zhao et al.,
Am J Physiol Renal Physiol, 2019

ATIN n=44
Healthy controls n=24

Urinary levels of KIM-1 and C5b9 were higher in
ATIN patients compared to healthy controls. Urinary
C5b9 correlated with the extent of tubulointerstitial

infiltrates in kidney biopsy in ATIN patients.

Yun et al.,
BMC nephrology, 2019

ATIN n=113
Healthy controls n=40

Serum IL-1β, IFNα2, TNFα, MCP-1, IL-8, IL-17A,
IL-18, and IL-23 were higher in ATIN patients

compared to healthy controls.
Urinary IFNα2, MCP-1, IL-6, IL-8, IL-12p70, and

IL-17A were higher in ATIN patients compared to
healthy controls

Moledina et al.,
JCI Insight, 2019

ATIN n=32
Other kidney diseases n=186

Urinary TNFα and IL-9 were higher in ATIN patients
compared to other kidney diseases.

Urinary IL-5 was higher among those ATIN patients
with prominent eosinophil infiltrates.

Moledina et al.,
Nephron, 2019

ATIN n=32
ATN n= 41 Urinary TNFα and IL-9 were higher in ATIN patients.

MCP-1 macrophage chemoattractant protein; NAG N-acetyl-neuraminidase; α1-MG α1-microglobulin; NGAL
neutrophil gelatinase-associated lipocalin; IL-4 interleukin-4, IL-10 interleukin-10, transforming growth factor-β;
GFR glomerular filtration rate; TNFα Tumor Necrosis Factor α; IL-8 Interleukin-8; IFNγ interferon γ; IL-6
interleukin-6; KIM-1 kidney injury molecule; IL-1β interleukin 1 β, IFNα2 interferon α2; IL-17A interleukin-17A,
IL-18 interleukin-18; IL-23 interleukin-23; IL-12p70 interleukin-12p70; IL-9 interleukin-9; IL-5 interleukin-5.
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5. Cellular Biomarkers

In the context of drug-induced ATIN, the most common cause of this group of diseases, in vivo
cellular assays are key to demonstrate the existence of drug hypersensitivity and identify the offending
drug. Throughout their lives, but also during a previous ATIN episode, people are frequently exposed
to multiple drugs. Proper identification of which exact medication is the culprit allows for safe
discontinuation. Binding of T cells with a drug is a complex process that generates a cascade of events
that can be measured in its different steps. These cellular assays are based on the demonstration
of the lymphocyte proliferation response and the cytokine secretion response when exposed to the
suspected drug.

On the one hand, the activation phenotype of lymphocytes after drug exposure can be assessed
using fluorescence cytometry techniques. Detection of activation markers onthe surface of lymphocytes
after incubation with the offending drug—such as CD25, CD69, or Human Leukocyte Antigen
(HLA)-DR—may indicate hypersensitivity [36,37].

Also, activation of T cells after drug exposure triggers a specific pattern of cytokine secretion.
These cytokines can be detected in the supernatant of the stimulated cell cultures using enzyme-
linked assays. Many authors have reported the release of high amounts of IL-5 in the setting of
hypersensitivity. Mauri-Hellweg et al. reported high IL-5 concentration in supernatant of lymphocyte
cultures from patients with known hypersensitivity to diverse antiepileptic drugs after culturing with
these drugs37. Zanni et al. found a predominant Th2 response with prominent IL-5 release among
a cohort of 13 patients affected by lidocaine hypersensitivity [38]. Sachs et al. found higher IL-5
concentration and, to a lesser extent IL-10 and IFN-γ, was even more sensitive for the detection of
drug hypersensitivity than lymphocyte proliferation tests [39].

Enzyme-linked immunospot (ELISpot) assay is a sensitive test that allows the ex vivo measurement
of the production of cytokines by lymphocytes in response to a certain stimulus. It provides quantitative
information of the amount of responder cells. There are some reports of the usefulness of this
test in evaluating drug hypersensitivity reactions. Tanvarasethee et al. studied 25 patients with
cephalosporin-induced maculopapular exanthema. They found that the combined quantification of
INF-γ and IL-5 spots by ELISpot assay was more sensitive than skin tests to diagnose cephalosporin
hypersensitivity [40]. Rozieres et al. proved the specificity of the IFN-γELISpot assay for the
demonstration of Type IV delayed hypersensitivity reaction (DHR) detecting amoxicillin-specific T
cells. Twenty of twenty-two patients with known amoxicillin DHR had detectable amoxicillin-specific
T cells. Interestingly, none of the control patients with IgE-mediated amoxicillin hypersensitivity nor
the healthy controls presented amoxicillin-specific T cells [41]. At the moment, there is little evidence
on the usefulness of ELISpot assays specifically targeting patients with ATIN. Punrin et al., in a cohort
of patients with drug-induced ATIN, reported a positive IFN-γELISpot assay in 50% of them [42].

The lymphocyte transformation test (LTT) measures the proliferation of lymphocytes in response
to the pure form of a suspicious drug. In vitro, prior to the exposure, lymphocytes are incubated
with 3H-thymidine or carboxyfluoresceinsuccinimidyl ester (CFSE). The attenuation of radioactivity
incorporation or dilution of CFSE with each cell division after incubation with the offending drug,
measured in a β-counter or flow cytometry, is an indicator of cell proliferation. Positive LTT has been
reported in the setting of ATIN induced by β-lactams and NSAIDs [43]. Koda et al. described a case of
ATIN in the setting of the treatment with nivolumab and lansoprazole [44]. The LTT demonstrated
reactivity against lansoprazole and not against nivolumab, indicating which was the culprit drug
for ATIN.

6. Genetic Biomarkers

Some descriptions of the association of ATIN, mainly in the setting of TINU, with certain
human leukocyte antigen (HLA) or single-nucleotide polymorphisms (SNPs) as markers of disease
susceptibility have been published.
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To identify genetic markers of TINU, Levinson et al. performed HLA genotyping of 18
American TINU patients. They found that the disease was strongly associated with HLA-DQA1*01,
HLA-DQB1*05, and HLA-DRB1*01. The prevalence of these HLA genes was elevated among their
cohort of TINU patients, and significantly higher in comparison with the published HLA frequencies
in North American whites [45]. A study conducted in a cohort of 154 Chinese patients with ATIN of
different causes showed that, similarly to the American study, HLA-DQA1*0104/DQB1*0503/DRB1*1405
are risk haplotypes for the development of ATIN. These studies suggest that these variants may enhance
antigen presentation and facilitate renal tubulointerstitial inflammation.

Rytkönen et al. studied IL-10 gene SNPs in a cohort of 30 pediatric cases of TINU or idiopathic
TIN. They found a higher prevalence of the IL-10 SNP s3024490 in TINU/ATIN cases compared
with its prevalence in a control group of 393 individuals from their own population [46]. IL-10
is an immunoregulatory cytokine that inhibits the synthesis of proinflammatory cytokines and
chemokines. Interestingly, IL-10 SNPs have also been linked to susceptibility to recurrent attacks of
acute pyelonephritis [47]. Based on these findings, the authors suggested that patients with SNPs in
immunoregulatory cytokines and other inflammatory mediators may confer higher susceptibility to
TINU/ATIN.

7. Final Remarks

To date, there is no reliable, non-invasive test for the diagnosis and monitoring of ATIN. Classical
urine studies have shown poor sensitivity and specificity in ATIN diagnosis. Kidney biopsy is the
gold standard for the assessment of ATIN, but there are significant drawbacks in the performance
of this procedure in certain settings.First, it is contraindicated in certain patients such as those with
uncontrolled hypertension or non-corrigible coagulation disorders, and the indication in the case of
mononephric, small-sized kidney, or obese patients may be questionable due to the increased risk of
serious complications.Second, although infrequent, variable degrees of bleeding may occur during the
procedure or the following hours, especially when inflammation is prominent. Third, kidney biopsy
requires trained personnel and a sufficient infrastructure that is not generally available in all hospitals,
and a shift to specialized units may causedelays in the diagnosis.

Urinary biomarkers are excellent candidates for the evaluation of kidney diseases. Urine sampling
has the advantage of being a non-invasive, immediate, and easy-to-performprocedure and can be
repeated over time.The infrastructure required for cytokine quantification is relatively simple and
frequently ELISA based, thus its use can be widespread.Urinary molecular content is a valuable live,
and direct reflection of the inflammatory reactions occurring locally in the kidney tissue.The selection
of novel biomarkers based on the pathophysiology of the disease will, over time, permit refinement in
the diagnosis of the disease and the follow-up of the immune activity.

Cell-based assayshave an added value because they go beyond the diagnosis of ATIN. They
confirm the presence of a DHRagainst aspecific drug in ATIN patients. Genetic biomarkers can help to
deepen the knowledge of the pathophysiology of the disease.

Summarizing, novel biomarkers of ATIN are of interest to avoid kidney biopsy and its
complications, are based on non-invasive sampling techniques, are low-resource consuming, reflect
pathogenic processes ongoing in the kidney tissue, and can help identify the culprit drug in the case of
drug-induced ATIN.
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Abstract: Risk stratification and accurate patient prognosis are pending issues in the management
of patients with kidney disease. The furosemide stress test (FST) has been proposed as a low-cost,
fast, safe, and easy-to-perform test to assess tubular integrity, especially when compared to novel
plasma and urinary biomarkers. However, the findings regarding its clinical use published so far
provide insufficient evidence to recommend the generalized application of the test in daily clinical
routine. Dosage, timing, and clinical outcomes of the FST proposed thus far have been significantly
different, which further accentuates the need for standardization in the application of the test in order
to facilitate the comparison of results between series. This review will summarize published research
regarding the usefulness of the FST in different settings, providing the reader some insights about
the possible implications of FST in clinical decision-making in patients with kidney disease and the
challenges that research will have to address in the near future before widely applying the FST.

Keywords: acute kidney injury; renal biomarkers; furosemide stress test; functional assessment

1. Introduction

Acute kidney injury (AKI) is an intricate clinical syndrome defined by a sudden decrease of
kidney function, the accumulation of nitrogen waste products such as urea, electrolyte, and acid-base
disturbances and volume overload [1]. The incidence of such complication has been increasing in recent
years, affecting 20% of adult and 33% of pediatric patients during hospital admission, especially among
subjects with predisposing factors, such as advanced age, diabetes, cardiovascular disease, chronic kidney
disease (CKD), or those exposed to nephrotoxins or to cardio-pulmonary bypass. Patients developing AKI
have increased morbidity and worse surviving rates than those with normal renal function. In addition,
it increases ICU and in-hospital stay, risk of infection, and hospitalization costs. AKI associates a pooled
mortality rate of 23.9% in adults and 13.8% in children, rates that increase with higher degrees of
severity [1–3].

Diagnosis of AKI should comprise several steps, including a thoughtful clinical evaluation,
physical examination, consideration of alternative diagnoses, and laboratory data. An abrupt increase
of serum creatinine (≥0.3 mg/dL) is still the laboratory finding most closely associated to AKI [4–6].
Creatinine is an uncharged 113 Da molecule formed in muscles from creatine, freely filtered at the
glomerulus and completely eliminated through the kidney in healthy subjects [7]. Although serum
creatinine fulfills most requisites of an ideal filtration marker, it is far from being perfect. In healthy
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individuals approximately 15% of urinary creatinine is secreted in the proximal tubule, a percentage that
can be increased in CKD patients [8]. Additionally, as a product of muscular catabolism, serum creatinine
is not an adequate marker of kidney function in subjects with extremely high or low muscle mass such as
the elderly or children [9]. Certain drugs (i.e., trimethoprim, cimetidine) can also interfere with tubular
secretion of creatinine, producing an increase of serum creatinine levels without real kidney function
loss [10,11]. Finally, there is a 48–72 h delay between actual kidney injury and the rise of serum creatinine,
which limits early diagnosis and initiation of the appropriate therapeutic measures [12].

Several possible solutions have been developed to overcome this issue. Equations that estimate
glomerular filtration rate (eGFR) take into account individual characteristics such as age, gender,
weight, or ethnicity to better estimate renal function [13,14]. However, serum creatinine-derived eGFR
equations should not be used in the AKI setting due high biases and unacceptably poor performance [15].
Moreover, GFR is not a constant parameter; it changes throughout the day and it is modified by protein
consumption and other processes [16].

The development of proteomic technology has triggered extensive research in novel protein
indicators that may help characterize AKI mechanisms, improve risk stratification, and facilitate
clinical decision making and treatment response monitoring [17]. As a result, multiple potential
markers have been discovered in recent years, such as kidney injury molecule-1 (KIM-1) [18,19],
neutrophil gelatinase-associated lipocalin (NGAL) [20,21], cystatin C [22], N-acetyl-β-D-glucosaminidase
(NAG) [23,24], or liver fatty-acid binding protein (L-FABP) [25,26]. However, despite intensive research
effort, none of the discovered biomarkers have managed to replace serum creatinine in clinical practice.
Timing of sample procurement, differences in urine concentration and flow, inconsistency among
laboratory assays, or higher price are some of the barriers that routine application of novel renal
biomarkers must overcome [27]. Additional validation studies that may associate biomarker levels to
patient-centered clinical outcomes such as dialysis or death are needed [28].

2. Kidney Tubular Stress Test Assessment

Human organ systems have developed the capability to increase their workload in stressful
situations. The analysis of this reserve capacity is a useful tool to uncover subclinical disease [16].
Reserve capacity tests are widely applied to study other pathologies, such as coronary artery disease
(dobutamine stress echocardiography or exercise electrocardiogram tests). The kidney reserve capacity
is built upon two main components, glomerular and tubular (Figure 1). The degree of injury of each
component in AKI or CKD can present great variability and be completely independent. Therefore,
testing both components could help describe the underlying pathophysiological process with much
greater accuracy.

Glomerular reserve testing has been described in detail, but is sparingly used in day-to-day clinical
practice. In brief, GFR, which is commonly used as a surrogate of kidney function, depends on age, sex,
weight, or diet and presents great fluctuation among individuals. In healthy subjects, a protein load of
1–1.2 g/kg can induce a considerable increase of GFR above its baseline in 60–120 min. The difference
between baseline and maximum GFR is considered the renal glomerular function reserve and is directly
associated with stress-associated nephron recruitment and increased renal blood flow [16]. However,
the lack of large cohort studies that may help describe the population variability of renal glomerular
function reserve is an important limitation of this test.

The study of tubular reserve capacity is a relatively new diagnostic tool whose clinical application
holds great potential [16,29]. The tubules and tubulointerstitium occupy a significant portion of the
kidney and are responsible for a wide variety of functions, such as water and electrolyte handling,
secretion of endogenous and exogenous acids, and protein catabolism. Tubular epithelial cells
(TECs) regulate tubulointerstitial inflammation and are key mediators of tissue repair and fibrosis
processes due to their capability to release cytokines, chemokines, and reactive-oxygen species [16,30].
Damaged TECs facilitate tubulointerstitial inflammation due to their capability to modulate the
immune response through the formation of several proinflammatory cytokines such as interleukin-6,
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interleukin-34, or tumor necrosis factor alpha [30,31]. The consequent macrophage infiltration
and neutrophil recruitment can aggravate tubular cell injury and perpetuate the pro-inflammatory
response to AKI [32,33]. Furthermore, TECs can endure adaptative changes after kidney injury and
modify their structure and phenotype, increasing the production of profibrotic factors that stimulate
fibroblast proliferation, tubular cell de-differentiation, and epithelial–mesenchymal transition such as
connective tissue growth factor, tubular growth factor beta, or renin-angiotensin components [34–36].
The epithelial–mesenchymal transition of TECs is a potential key point in the progression of renal
fibrosis. This phenomenon involves the replacement of epithelial-type markers, such as E-cadherin or
cytokeratin, for mesenchymal-type markers such as vimentin, fibronectin, or type I collagen [30,37].

 

Figure 1. Renal reserve capacity testing.

Recent studies have also described the role of incomplete healing of tubulointerstitial damage as a
possible link between AKI and CKD. Although TECs have several repair mechanisms to facilitate full
recovery after injury, the repair process can be halted in an intermediate phase, inducing cell atrophy
and fibrosis [38]. Mitochondria also play a significant part in AKI associated cell death. The use of
SS-31, a drug with mitochondria-protecting effects, has been shown to diminish the development
of ischemic damage and interstitial fibrosis in the kidney [39]. Additionally, disturbances of TEC
energy-producing pathways, fundamentally fatty acid oxidation, can induce cell death, fibrogenesis,
and inflammation [40].

The main tool to assess tubular function is to study tubular secretion of an endogenous or
exogenous substance, such as creatinine or furosemide. Salt or acid loading can be used to analyze the
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efficiency of the tubule to eliminate sodium or acid, while water deprivation or the administration of
desmopressin would serve as tests of the concentrating capabilities of the tubule [16].

3. Furosemide Stress Test

Furosemide is a short-acting loop diuretic frequently used to treat hypertension, acute or chronic
heart failure, or cirrhosis-associated volume overload [41]. This drug can also be used for diagnostic
purposes, which constitutes the fundamental bases of the furosemide stress test (FST). The FST
is based on the pharmacokinetic properties of furosemide and is aimed to assess the functional
integrity of the renal tubule. The drug is strongly bound to plasma proteins and reaches the
proximal tubule lumen through active secretion using the human organic acid transporter (hOAT)
pathway present in the proximal tubule [42]. After entering the tubule lumen, furosemide blocks the
Na+-K+-2Cl− symporter located in the thick ascending limb of the loop of Henle, preventing Na+

reabsorption and increasing the urinary volume excreted. Only the protein-bound fraction of the
drug is pharmacodynamically active and as such its effect could be reduced in hypoalbuminemia [42].
In patients with CKD, furosemide produces a lower amount of urine despite its prolonged plasma
half-life, due to diminished renal blood flow and reduced tubular secretion [42,43]. Furthermore, in the
AKI setting, the accumulation of uremic organic acids could reduce the amount of furosemide reaching
the lumen of the tubule due to increased competition at the hOAT site [42]. Additional structural
modifications of the proximal tubule during AKI, including upregulation of hOAT1 and hOAT3 or
reduced expression of several transporters, such as the Na+-K+-2Cl− symporter, the epithelial sodium
channel or the Na+/K+ ATPase could further modify the urine output induced by furosemide [44,45].

In this setting, furosemide-induced urinary output has been proposed as a surrogate marker of
the integrity of renal tubular function which could help clinicians identify patients with tubular injury
and at higher risk of AKI or CKD progression. The clinical utility of the FST has been tested in different
backgrounds such as AKI in the critically ill, kidney transplantation, or CKD prognosis (Table S1) since
its inception in 1973 [46]. Due to the growing relevance of AKI in different clinical settings, such as
those undergoing cardiac surgery, the potential application of the FST as a tool to better characterize
the degree of tubular injury, achieve an earlier diagnosis of AKI and help initiate the most adequate
treatment aimed at minimizing AKI-associated morbidity and mortality and preventing AKI-to-CKD
transition deserves further attention.

To perform the present review, we searched the PubMed, Web of Science, and Scopus databases to
identify relevant published studies in English. Search terms included a combination of subject headings,
abstracts, and keywords (e.g., furosemide stress test, furosemide biomarker). Conference papers were
excluded from this review.

4. Critical Care

Baek et al., first described in 1973 the application of a furosemide challenge in critically ill,
postoperative patients [46]. The study included 38 patients admitted to intensive care units without a
past history of CKD. A subset of 15 adequately hydrated patients without diagnosis of AKI and a free
water clearance between +15 and -15 received a furosemide bolus dose ranging from 80 to 400 mg.
The inability to produce an adequate response to the furosemide challenge was assumed by the authors
as a predictor of imminent AKI in this set of patients.

In 2013, Chawla et al., developed a standardized version of the FST [47]. The authors studied
two cohorts of 23 and 54 critically ill patients, respectively. All recruited subjects suffered stage I or II
AKI according to the Acute Kidney Injury Network (AKIN) classification [5]. Dosing of furosemide
was standardized: loop diuretic naïve patients received an intravenous dose of 1 mg/kg while those
previously treated with loop diuretics were administered a dose of 1.5 mg/kg. Urine output during the
6 h after furosemide administration was replaced with either saline or Ringers lactate in a 1:1 ratio.
The main outcome of the study was the progression to AKIN stage III within 14 days after furosemide
administration. The FST was fairly safe, with no adverse events or episodes of hypotension considered
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attributable to it. A 2-h urine output cutoff of 200 cc showed the best combination of sensitivity (87.1%)
and specificity (84.1%) and was a robust predictor of progression to AKIN stage III. The area under the
receiver operator characteristic curves (AUC) for the complete urine output over the first 2 h after the
FST to predict the primary outcome was 0.87. Nonetheless, the authors highlight that, for the test to be
applied, patients should be euvolemic and any obstruction to urinary flow should have been resolved
before the administration of the FST.

A secondary analysis of the same cohort was published in 2017 [48]. In this study, Koyner
et al., compared the predictive capacity of FST with that of eight plasma and urinary biomarkers
such as NGAL, KIM-1, interleukin-18, uromodulin, tissue inhibitor of metalloproteinases (TIMP-2),
IGF-binding protein-7 (IGFBP-7), or albumin-to-creatinine ratio. The 2-h urine output after FST
outperformed all studied urinary biomarkers when predicting progression to AKIN stage III with an
AUC of 0.87. Furthermore, the FST outperformed most urinary biomarkers when predicting the need of
renal replacement therapy (RRT) (AUC: 0.86) or a composite outcome of patient death or progression to
AKIN stage III (AUC: 0.81). The combined use of FST and urinary biomarkers to predict outcomes did
not significantly improve the performance of FST as a predictor when used alone. Authors concluded
that FST was a promising tool that may help clinicians to improve risk stratification in patients with
early stages of AKI.

Another approach to test the predictive capacity of the FST was used by van der Voort et al. [49].
In this study, urinary production was measured during a 4-h period after termination of continuous
renal replacement therapy (CRRT) in a sample of critically ill patients with AKI. After this period, a
subset of patients received either furosemide 0.5 mg/kg/h or placebo with a 4-h urine output repeated
measurement after 24 h. In this study, both spontaneous urinary production after CRRT cessation and
furosemide-induced urine output were significantly higher in those subjects with immediate recovery
of renal function. The AUC for the total urinary output over the first 4 h after the FST to predict
in-hospital renal recovery was 0.79. The authors postulated that the FST could be used as a potential
predictor to assess renal function recovery after CRRT.

In 2018, Matsuura et al., retrospectively analyzed 95 patients admitted to an intensive care unit
and who were treated with bolus furosemide [50]. Authors excluded those patients with AKI stage 3
according to the Kidney Disease: Improving Global Outcomes (KDIGO) AKI classification and those
who received a continuous intravenous furosemide infusion. The final sample included 95 subjects
with either no AKI or AKI stage 1 or 2. Furosemide responsiveness was defined as the urine output
(ml) produced in 2 h divided by the dose of furosemide administered (mg). Urinary biomarkers
such as plasma NGAL and urinary L-FABP and NAG were also determined. Main outcomes were
progression to AKI stage 3 and a combined outcome of progression to AKI stage 3 or patient death.
Furosemide responsiveness was significantly higher among non-progressors, with an AUC for the
combined outcome of 0.88, which was higher than that of plasma NGAL (0.81), urinary L-FABP (0.62),
or urinary NAG (0.53). Furthermore, the efficacy of furosemide responsiveness was tested in a group
of 51 patients with plasma NGAL levels >142 ng/mL at the time of furosemide administration. In this
subset, furosemide responsiveness presented an AUC of 0.88 to predict the composite outcome AKI
stage 3 progression or patient death.

An alternative clinical use for the FST was tested by Lumlertgul et al., in a prospective, multicenter,
randomized controlled trial [51]. In this study, investigators used the FST as an initial triage strategy to
identify patients for randomization to different RRT initiation times. Those subjects with poor response
after the FST were randomized to either early or standard RRT initiation. Although in this study FST
was not assessed as a predictor of clinical outcomes, the test proved to be a safe and effective tool to
stratify AKI patients at high risk for RRT.

Recently, Rewa et al., prospectively analyzed the predictive power of FST in a sample of 92 critically
ill patients with AKIN stage I or II, recruited from five intensive care units [52]. Patients with evidence of
volume depletion, active bleeding, or obstructive uropathy were excluded from the analysis. The dose
of intravenous bolus furosemide administered was that proposed by Chawla et al.,: 1 mg/kg for loop
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diuretic naïve patients and 1.5 mg/kg for those previously treated with loop diuretics. The primary
outcome was progression to AKIN stage III within 30 days of FST administration. FST-induced urine
output was a significant predictor of the primary outcome, with an AUC of 0.87. However, the FST
failed to predict in-hospital patient survival. Moreover, in a multivariate logistic regression model
that included the Acute Physiology and Chronic Health Evaluation (APACHE II) score, baseline urine
output or serum creatinine at the time of FST, only FST-induced urine output and sex were significant
predictors of AKI progression. Authors also registered adverse events that occurred after FST; 9.8% of
patients suffered an episode of clinically significant hypotension and 5.4% developed hypokalemia or
hypomagenesemia, with no life-threatening events recorded. Authors concluded that FST was a safe
and effective predictive tool in patients with mild to moderate AKI.

Sakhuja et al., examined if FST could be used to detect AKI stage 3 patients at risk of needing
RRT [53]. Due to the retrospective nature of this study, the furosemide dose was not standardized,
but only subjects that received at least 1 mg/kg of intravenous bolus furosemide or its equivalent
dose of intravenous bumetanide were included. Patients that had previously received loop diuretics
before the FST were excluded from this analysis. Primary and secondary outcomes for Sakhuja et al.,
were defined as the need for urgent dialysis within 24 or 72 h after the FST. A total of 687 patients
were included in the final sample. Dialysis had to be administered to 162 patients (23.6%) during the
first 24 h after FST. The 6-h urinary production after FST had only modest discriminative power to
predict need of dialysis within the next 24 h, but, according to authors, its application could be useful
to evaluate the need for dialysis in critically ill patients with AKI stage 3.

Finally, the usefulness of furosemide response as a predictor of AKI has also been tested in
the pediatric critical care setting. Borasino et al., retrospectively examined a sample of 90 infants
and neonates younger than 90 days old who received at least one dose of furosemide in the first
24 h after cardiopulmonary bypass surgery [54]. Average furosemide dose was 1.1 ± 0.3 mg/kg.
The primary endpoint of the study was the development of cardiac surgery-associated AKI, defined as
the doubling of serum creatinine within 72 h of index surgery or a urinary output <0.5 mL/kg/h on
average in a 24 h period over the first 72 h after index surgery. Response to furosemide predicted
cardiac surgery-associated AKI in this setting, with an AUC of 0.69. Additionally, furosemide response
predicted peritoneal dialysis initiation and fluid overload.

5. Kidney Transplantation

There is a paucity of literature regarding the application of FST outside of the intensive care setting.
The FST has been tested as a predictive tool after kidney transplantation with different approaches
regarding timing of administration and furosemide dosage. McMahon et al. [55] published in 2018
a single-center retrospective analysis of a random sample of 200 deceased-donor kidney transplant
recipients who received an intraoperative bolus of 100 mg furosemide. Urinary production was
measured 2 and 6 h after furosemide administration. The primary outcome was the development of
delayed graft function, defined as the need of dialysis within 7 days of transplantation. Authors included
as secondary outcomes safety endpoints such as incidence of hypotension or hypokalemia during the
first 24 h after the bolus, graft loss, rejection, death with functioning graft or length of hospital stay.
Subjects who developed delayed graft function presented a significantly lower urine output 2 and
6 h after FST. A 6-h urinary output <600 mL (which defined FST non-responders) presented an AUC
of 0.85 for the development of DGF. Regarding safety-related outcomes, no episodes of hypotension
(defined as mean arterial pressure <60 mmHg) or change in plasma potassium levels were observed in
the sample. Although FST non-responders showed longer length of in-hospital stay, the rates of graft
loss or death were similar between both groups.

The usefulness of FST after kidney transplantation was also studied by Udomkarnjananun et al. [56].
The authors prospectively studied a sample of 59 adult deceased-donor kidney transplant recipients
without hypoalbuminemia or surgical complications that required reoperation during the first 24 h
after transplantation. Dry weight adjustment was used to ensure euvolemia prior to transplantation.
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An intravenous bolus dose of 1.5 mg/kg furosemide was administered 3 h after allograft reperfusion.
Urinary production was registered for 6 h after the bolus. Each mL of urine produced during the first 24 h
was replaced by 1 mL of saline to avoid volume depletion. The primary outcome was incidence of DGF,
using the same definition applied by McMahon et al. Mean cumulative urine volume was significantly
lower in those who developed DGF compared to that of non-DGF patients. A 4-h cumulative urine
output <350 mL presented the highest accuracy to predict DGF with an AUC of 0.94. The FST was the
only significant predictor of DGF in multivariate logistic regression analysis. Moreover, FST was the most
accurate predictor of DGF when compared to urinary NGAL, resistive index of renal arteries measured by
ultrasonography or effective renal plasma flow measured by 99mTc-MAG3 renography.

These two single-center studies show that FST could improve risk stratification in the early
post-transplant period, promptly detecting patients with higher risk of DGF who could benefit from an
early initiation of therapeutic interventions. FST was a more accurate predictor of DGF than oliguria
(defined as a daily urinary production <400 mL) [55], ultrasonography, 99mTc-MAG3 renography
or novel biomarkers such as urinary NGAL. The test was also safe and well tolerated, in line with
published results in critically ill patients.

However, although these studies provide an interesting starting point for the application of FST
as a predictive tool after kidney transplantation they also suffer significant limitations: both were
small sized, single-center studies, limiting external validity of results. The analysis by McMahon et al.,
was a retrospective review, which means exposure or outcome assessment could not be controlled.
Furthermore, furosemide dosage had different timing and dosage in both studies. The possibility of
volume depletion after transplant surgery and/or obstructive uropathy due to urinary elimination of
blood clots, complications which are commonly associated to active bleeding, were not adequately
addressed in these studies. Therefore, additional prospective multi-center studies should be planned to
analyze if FST could improve risk stratification and patient management after kidney transplantation.

6. Other Clinical Settings (CKD)

As previously stated, most research regarding the use of FST is centered in the AKI setting.
However, Rivero et al. [57] have recently published a prospective study regarding the usefulness
of FST as a tool to assess interstitial fibrosis in a sample of CKD patients. To that end, the authors
included adult subjects admitted for a kidney biopsy, including transplant recipients. Hypovolemic
or subjects with hemodynamic instability were excluded from the study. A standardized dose of
1 mg/kg furosemide, or 1.5 mg/kg furosemide if exposed to loop diuretics during the seven days
prior to FST was administered. Fluid therapy was dispensed according to post-FST urine output
to avoid furosemide-induced volume depletion. A nephropathologist assessed kidney interstitial
fibrosis percentage using morphometry and classified patients in one of three categories: <25%, 26–50%
and >50%. Subjects with >50% interstitial fibrosis had a significantly lower urine output after FST,
with an inverse correlation between FST response and degree of fibrosis. FST could thus be a potential
tool to non-invasively assess interstitial fibrosis, offering a complementary instrument to eGFR and
proteinuria to evaluate prognosis and disease progression in CKD patients.

7. Current Limitations and Future Challenges

The FST is a safe, non-invasive, easy to perform, low-cost tool to evaluate the severity of tubular
injury which has shown promising initial results in different clinical contexts. Its capacity as a
predictive tool could facilitate risk stratification and clinical decision-making in areas as disparate as
AKI, kidney transplantation, or CKD. However, there is still a long way to go before the FST can be
included in diagnostic and treatment algorithms. Most published clinical research to date is based
on small-sized, single center pilot or feasibility studies. Several studies are based on retrospective
analysis of patients who received a furosemide bolus, which makes the task of controlling possible
sources of bias extremely difficult. Moreover, doses and timing of furosemide administration are
highly variable, even in studies framed within the same clinical setting. Standardization of dosage,
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such as that proposed by Chawla et al. [47] should help to homogenize the FST in order to facilitate
comparison of results between studies.

Additionally, some of the published studies solely rely on AUC values to define the predictive
capacity of the test. It has been pointed that such statistic may not be the most adequate choice to assess
models that predict risk or stratify individuals into risk categories, a setting in which calibration may
play a significant role [58]. In these instances, actual or absolute predicted risk, which is not captured
by the AUC, could be of outmost interest. Therefore, when comparing models for risk prediction,
a combined analysis including global model fit and analysis of calibration and discrimination would
be recommended.

8. Conclusions

In summary, tubular stress test assessment using the FST is a rediscovered and promising new tool
to stratify risk in different kidney diseases. Multi-center, prospective studies with large enough sample
sizes, applying standardized furosemide dosage and timing and comparing the FST to other novel
plasma and urinary biomarkers are necessary to adequately validate results and define the possible
clinical applications of the test.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/9/3086/
s1.

Author Contributions: Development of the idea: A.C. and J.B.-M. Writing—Review and Editing: C.A., J.R.S.
and A.L.V. Supervision: A.C., E.B.-M. and J.B.-M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AKI acute kidney injury
AKIN acute kidney injury network
AUC area under the curve
CKD chronic kidney disease
CRRT continuous renal replacement therapy
DGF delayed graft function
FEM furosemide excreted mass
FR furosemide response
FST furosemide stress test
IL-18 interleukin 18
KIM-1 kidney injury molecule 1
L-FABP L-type fatty acid binding protein
MC multi-center
NA not applicable
NGAL neutrophil gelatinase-associated lipocalin
P prospective
R retrospective
RRT renal replacement therapy
SC single-center
TIMP-2 tissue inhibitor of metalloproteinases 2
UO urine output

References

1. Hoste, E.; Kellum, J.A.; Selby, N.M.; Zarbock, A.; Palevsky, P.M.; Bagshaw, S.M.; Goldstein, S.L.; Cerdá, J.;
Chawla, L.S. Global epidemiology and outcomes of acute kidney injury. Nat. Rev. Nephrol. 2018, 14, 607–625.
[CrossRef] [PubMed]

250



Int. J. Mol. Sci. 2020, 21, 3086

2. Jorge-Monjas, P.; Bustamante-Munguira, J.; Lorenzo, M.; Heredia-Rodríguez, M.; Fierro, I.; Gómez-Sánchez, E.;
Hernandez, A.; Álvarez, F.J.; Bermejo-Martin, J.F.; Gómez-Pesquera, E.; et al. Predicting cardiac
surgery–associated acute kidney injury: The CRATE score. J. Crit. Care 2016, 31, 130–138. [CrossRef]
[PubMed]

3. Gameiro, J.; Agapito, F.J.; Jorge, S.; Lopes, J.A. Acute kidney injury definition and diagnosis: A narrative
review. J. Clin. Med. 2018, 7, 307. [CrossRef]

4. Bellomo, R.; Ronco, C.; Kellum, J.A.; Mehta, R.L.; Palevsky, P.; Acute Dialysis Quality Initiative Workgroup.
Acute renal failure—Definition, outcome measures, animal models, fluid therapy and information technology
needs: The Second International Consensus Conference of the Acute Dialysis Quality Initiative (ADQI)
Group. Crit. Care 2004, 8, R204–R212. [CrossRef] [PubMed]

5. Mehta, R.L.; Kellum, J.A.; Shah, S.V.; Molitoris, B.A.; Ronco, C.; Warnock, D.G.; Levin, A. Acute kidney
injury network: Report of an initiative to improve outcomes in acute kidney injury. Crit. Care 2007, 11, R31.
[CrossRef]

6. Kellum, J.A.; Lameire, N.; Aspelin, P.; Barsoum, R.S.; Burdmann, E.A.; Goldstein, S.L.; Herzog, C.A.;
Joannidis, M.; Kribben, A.; Levey, A.S.; et al. Kidney disease: Improving global outcomes (KDIGO) acute
kidney injury work group. KDIGO clinical practice guideline for acute kidney injury. Kidney Int. Suppl. 2012,
2, 1–138.

7. Thongprayoon, C.; Cheungpasitporn, W.; Kashani, K.B. Serum creatinine level, a surrogate of muscle mass,
predicts mortality in critically ill patients. J. Thorac. Dis. 2016, 8, E305–E311. [CrossRef]

8. Delanaye, P.; Cavalier, E.; Pottel, H. Serum creatinine: Not so simple! Nephron 2017, 136, 302–308. [CrossRef]
9. Baxmann, A.C.; Ahmed, M.S.; Marques, N.C.; Menon, V.B.; Pereira, A.B.; Kirsztajn, G.M.; Heilberg, I.P.

Influence of muscle mass and physical activity on serum and urinary creatinine and serum cystatin C. Clin. J.
Am. Soc. Nephrol. 2008, 3, 348–354. [CrossRef]

10. Delanaye, P.; Mariat, C.; Cavalier, E.; Maillard, N.; Krzesinski, J.-M.; White, C.A. Trimethoprim, creatinine
and creatinine-based equations. Nephron 2011, 119, 187–194. [CrossRef]

11. Van Acker, B.; Koopman, M.; Arisz, L.; Koomen, G.; de Waart, D. Creatinine clearance during cimetidine
administration for measurement of glomerular filtration rate. Lancet 1992, 340, 1326–1329. [CrossRef]

12. Parikh, C.R.; Mishra, J.; Thiessen-Philbrook, H.; Dursun, B.; Ma, Q.; Kelly, C.; Dent, C.; Devarajan, P.;
Edelstein, C. Urinary IL-18 is an early predictive biomarker of acute kidney injury after cardiac surgery.
Kidney Int. 2006, 70, 199–203. [CrossRef] [PubMed]

13. Levey, A.S.; Bosch, J.P.; Lewis, J.B.; Rogers, N.; Greene, T.; Roth, D. A more accurate method to estimate
glomerular filtration rate from serum creatinine: A new prediction equation. Ann. Intern. Med. 1999, 130,
461–470. [CrossRef] [PubMed]

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

15. Bragadottir, G.; Redfors, B.; Ricksten, S.-E. Assessing glomerular filtration rate (GFR) in critically ill patients
with acute kidney injury - true GFR versus urinary creatinine clearance and estimating equations. Crit. Care
2013, 17, R108. [CrossRef]

16. Chawla, L.S.; Ronco, C. Renal stress testing in the assessment of kidney disease. Kidney Int. Rep. 2016, 1,
57–63. [CrossRef]

17. Siew, E.D.; Ware, L.B.; Ikizler, T.A. Biological markers of acute kidney injury. J. Am. Soc. Nephrol. 2011, 22,
810–820. [CrossRef]

18. Ichimura, T.; Bonventre, J.V.; Bailly, V.; Wei, H.; Hession, C.A.; Cate, R.L.; Sanicola, M. Kidney Injury
Molecule-1 (KIM-1), a putative epithelial cell adhesion molecule containing a novel immunoglobulin domain,
is up-regulated in renal cells after injury. J. Biol. Chem. 1998, 273, 4135–4142. [CrossRef]

19. Tanase, D.M.; Gosav, E.M.; Radu, S.; Costea, C.; Ciocoiu, M.; Carauleanu, A.; Lacatusu, C.; Maranduca, M.;
Floria, M.; Rezus, C. The predictive role of the biomarker Kidney Molecule-1 (KIM-1) in Acute Kidney Injury
(AKI) cisplatin-induced nephrotoxicity. Int. J. Mol. Sci. 2019, 20, 5238. [CrossRef]

20. Fan, H.; Zhao, Y.; Sun, M.; Zhu, J.H. Urinary neutrophil gelatinase-associated lipocalin, kidney injury
molecule-1, N-acetyl-beta-D-glucosaminidase levels and mortality risk in septic patients with acute kidney
injury. Arch. Med. Sci. 2018, 14, 1381–1386. [CrossRef]

251



Int. J. Mol. Sci. 2020, 21, 3086

21. Murray, P.T.; Wettersten, N.; Van Veldhuisen, D.J.; Mueller, C.; Filippatos, G.; Nowak, R.; Hogan, C.;
Kontos, M.C.; Cannon, C.M.; Müeller, G.A.; et al. Utility of urine neutrophil gelatinase-associated lipocalin
for worsening renal function during hospitalization for acute heart failure: Primary findings of the urine
N-gal acute kidney injury N-gal evaluation of symptomatic heart failure study (AKINESIS). J. Card. Fail.
2019, 25, 654–665. [CrossRef]

22. Park, M.Y.; Lee, Y.W.; Choi, S.J.; Kim, J.K.; Hwang, S. Urinary cystatin C levels as a diagnostic and prognostic
biomarker in patients with acute kidney injury. Nephrology 2013, 18, 256–262. [CrossRef] [PubMed]

23. Westhuyzen, J.; Endre, Z.H.; Reece, G.; Reith, D.M.; Saltissi, D.; Morgan, T.J. Measurement of tubular
enzymuria facilitates early detection of acute renal impairment in the intensive care unit. Nephrol. Dial.
Transplant. 2003, 18, 543–551. [CrossRef] [PubMed]

24. Heise, D.; Rentsch, K.; Braeuer, A.; Friedrich, M.; Quintel, M. Comparison of urinary neutrophil
glucosaminidase-associated lipocalin, cystatin C, and ?1-microglobulin for early detection of acute renal
injury after cardiac surgery. Eur. J. Cardio-Thorac. Surg. 2011, 39, 38–43. [CrossRef] [PubMed]

25. Yanishi, M.; Kinoshita, H.; Mishima, T.; Taniguchi, H.; Yoshida, K.; Komai, Y.; Yasuda, K.; Watanabe, M.;
Sugi, M.; Matsuda, T. Urinary l-type fatty acid-binding protein is a predictor of early renal function after
partial nephrectomy. Ren. Fail. 2016, 39, 7–12. [CrossRef] [PubMed]

26. Doi, K.; Noiri, E.; Sugaya, T. Urinary L-type fatty acid-binding protein as a new renal biomarker in critical
care. Curr. Opin. Crit. Care 2010, 16, 545–549. [CrossRef]

27. Tang, K.W.A.; Toh, Q.C.; Teo, B.W. Normalisation of urinary biomarkers to creatinine for clinical practice and
research—When and why. Singap. Med. J. 2015, 56, 7–10. [CrossRef]

28. Parikh, C.R.; Mansour, S.G. Perspective on clinical application of biomarkers in AKI. J. Am. Soc. Nephrol.
2017, 28, 1677–1685. [CrossRef]

29. McMahon, B.A.; Koyner, J.L. Risk stratification for acute kidney injury: Are biomarkers enough? Adv. Chronic
Kidney Dis. 2016, 23, 167–178. [CrossRef]

30. Liu, B.-C.; Tang, T.-T.; Lv, L.-L.; Lan, H.-Y. Renal tubule injury: A driving force toward chronic kidney disease.
Kidney Int. 2018, 93, 568–579. [CrossRef]

31. Yard, B.A.; Daha, M.R.; Kooymans-Couthino, M.; Bruijn, J.A.; Paape, M.E.; Schrama, E.; Van Es, L.A.;
Van Der Woude, F.J. IL-1α stimulated TNFα production by cultured human proximal tubular epithelial cells.
Kidney Int. 1992, 42, 383–389. [CrossRef] [PubMed]

32. Baek, J.-H.; Zeng, R.; Weinmann-Menke, J.; Valerius, M.T.; Wada, Y.; Ajay, A.K.; Colonna, M.; Kelley, V.R.
IL-34 mediates acute kidney injury and worsens subsequent chronic kidney disease. J. Clin. Investig. 2015,
125, 3198–3214. [CrossRef] [PubMed]

33. Disteldorf, E.M.; Krebs, C.; Paust, H.-J.; Turner, J.-E.; Nouailles, G.; Tittel, A.; Meyer-Schwesinger, C.; Stege, G.;
Brix, S.R.; Velden, J.; et al. CXCL5 Drives neutrophil recruitment in TH17-Mediated GN. J. Am. Soc. Nephrol.
2014, 26, 55–66. [CrossRef] [PubMed]

34. Geng, H.; Lan, R.; Singha, P.K.; Gilchrist, A.; Weinreb, P.H.; Violette, S.M.; Weinberg, J.M.; Saikumar, P.;
Venkatachalam, M.A. Lysophosphatidic acid increases proximal tubule cell secretion of profibrotic cytokines
PDGF-B and CTGF through LPA2- and Galphaq-mediated Rho and alphavbeta6 integrin-dependent
activation of TGF-beta. Am. J. Pathol. 2012, 181, 1236–1249. [CrossRef]

35. Meng, X.M.; Tang, P.M.; Li, J.; Lan, H.Y. TGF-beta/Smad signaling in renal fibrosis. Front. Physiol. 2015, 6, 82.
[CrossRef]

36. Zhou, Y.; Xiong, M.; Fang, L.; Jiang, L.; Wen, P.; Dai, C.; Zhang, C.Y.; Yang, J. miR-21–containing microvesicles
from injured tubular epithelial cells promote tubular phenotype transition by targeting PTEN protein. Am. J.
Pathol. 2013, 183, 1183–1196. [CrossRef]

37. Strutz, F. EMT and proteinuria as progression factors. Kidney Int. 2009, 75, 475–481. [CrossRef]
38. Cosentino, C.C.; Skrypnyk, N.I.; Brilli, L.L.; Chiba, T.; Novitskaya, T.; Woods, C.; West, J.; Korotchenko, V.N.;

McDermott, L.; Day, B.W.; et al. Histone deacetylase inhibitor enhances recovery after AKI. J. Am. Soc.
Nephrol. 2013, 24, 943–953. [CrossRef]

39. Liu, S.; Soong, Y.; Seshan, S.V.; Szeto, H.H. Novel cardiolipin therapeutic protects endothelial mitochondria
during renal ischemia and mitigates microvascular rarefaction, inflammation, and fibrosis. Am. J. Physiol.
Physiol. 2014, 306, F970–F980. [CrossRef]

252



Int. J. Mol. Sci. 2020, 21, 3086

40. Kang, H.M.; Ahn, S.H.; Choi, P.; Ko, Y.A.; Han, S.H.; Chinga, F.; Park, A.S.; Tao, J.; Sharma, K.; Pullman, J.; et al.
Defective fatty acid oxidation in renal tubular epithelial cells has a key role in kidney fibrosis development.
Nat. Med. 2015, 21, 37–46. [CrossRef]

41. Ponto, L.L.; Schoenwald, R.D. Furosemide (frusemide). A pharmacokinetic/pharmacodynamic review (Part
II). Clin. Pharmacokinet. 1990, 18, 460–471. [PubMed]

42. Mariano, F.; Mella, A.; Vincenti, M.; Biancone, L. Furosemide as a functional marker of acute kidney injury in
ICU patients: A new role for an old drug. J. Nephrol. 2019, 32, 883–893. [CrossRef] [PubMed]

43. Brown, C.B.; Ogg, C.S.; Cameron, J.S. High dose frusemide in acute renal failure: A controlled trial.
Clin. Nephrol. 1981, 15, 90–96.

44. Schmidt, C.; Hocherl, K.; Schweda, F.; Kurtz, A.; Bucher, M. Regulation of renal sodium transporters during
severe inflammation. J. Am. Soc. Nephrol. 2007, 18, 1072–1083. [CrossRef] [PubMed]

45. Kunin, M.; Holtzman, E.J.; Melnikov, S.; Dinour, D. Urinary organic anion transporter protein profiles in AKI.
Nephrol. Dial. Transplant. 2011, 27, 1387–1395. [CrossRef] [PubMed]

46. Baek, S.M.; Brown, R.S.; Shoemaker, W.C. Early prediction of acute renal failure and recovery. Crit. Care Med.
1973, 1, 179. [CrossRef]

47. Chawla, L.S.; Davison, D.; Brasha-Mitchell, E.; Koyner, J.L.; Arthur, J.; Shaw, A.; Tumlin, J.; Trevino, S.A.;
Kimmel, P.L.; Seneff, M.G. Development and standardization of a furosemide stress test to predict the severity
of acute kidney injury. Crit. Care 2013, 17, R207. [CrossRef]

48. Koyner, J.L.; Davison, D.L.; Brasha-Mitchell, E.; Chalikonda, D.M.; Arthur, J.; Shaw, A.; Tumlin, J.A.;
Trevino, S.A.; Bennett, M.R.; Kimmel, P.L.; et al. Furosemide stress test and biomarkers for the prediction of
aki severity. J. Am. Soc. Nephrol. 2015, 26, 2023–2031. [CrossRef]

49. Van der Voort, P.H.J.; Boerma, E.C.; Pickkers, P. The furosemide stress test to predict renal function after
continuous renal replacement therapy. Crit. Care 2014, 18, 429. [CrossRef]

50. Matsuura, R.; Komaru, Y.; Miyamoto, Y.; Yoshida, T.; Yoshimoto, K.; Isshiki, R.; Mayumi, K.; Yamashita, T.;
Hamasaki, Y.; Nangaku, M.; et al. Response to different furosemide doses predicts AKI progression in ICU
patients with elevated plasma NGAL levels. Ann. Intensiv. Care 2018, 8, 8. [CrossRef]

51. Lumlertgul, N.; Peerapornratana, S.; Trakarnvanich, T.; Pongsittisak, W.; Surasit, K.; Chuasuwan, A.;
Tankee, P.; Tiranathanagul, K.; Praditpornsilpa, K.; Tungsanga, K.; et al. Early versus standard initiation of
renal replacement therapy in furosemide stress test non-responsive acute kidney injury patients (the FST
trial). Crit. Care 2018, 22, 101. [CrossRef] [PubMed]

52. Rewa, O.G.; Bagshaw, S.; Wang, X.; Wald, R.; Smith, O.; Shapiro, J.; McMahon, B.; Liu, K.; Trevino, S.;
Chawla, L.; et al. The furosemide stress test for prediction of worsening acute kidney injury in critically
ill patients: A multicenter, prospective, observational study. J. Crit. Care 2019, 52, 109–114. [CrossRef]
[PubMed]

53. Sakhuja, A.; Bandak, G.; Barreto, E.F.; Vallabhajosyula, S.; Jentzer, J.; Albright, R.; Kashani, K.B. Role of loop
diuretic challenge in stage 3 acute kidney injury. Mayo Clin. Proc. 2019, 94, 1509–1515. [CrossRef] [PubMed]

54. Borasino, S.; Wall, K.M.; Crawford, J.H.; Hock, K.M.; Cleveland, D.C.; Rahman, F.; Martin, K.D.; Alten, J.A.
Furosemide response predicts acute kidney injury after cardiac surgery in infants and neonates. Pediatr. Crit.
Care Med. 2018, 19, 310–317. [CrossRef]

55. McMahon, B.A.; Koyner, J.L.; Novick, T.; Menez, S.; Moran, R.A.; Lonze, B.E.; Desai, N.; Alasfar, S.; Borja, M.;
Merritt, W.T.; et al. The prognostic value of the furosemide stress test in predicting delayed graft function
following deceased donor kidney transplantation. Biomarkers 2017, 23, 61–69. [CrossRef]

56. Udomkarnjananun, S.; Townamchai, N.; Iampenkhae, K.; Petchlorlian, A.; Srisawat, N.; Katavetin, P.;
Sutherasan, M.; Santingamkun, A.; Praditpornsilpa, K.; Eiam-Ong, S.; et al. Furosemide stress test as a
predicting biomarker for delayed graft function in kidney transplantation. Nephron 2019, 141, 236–248.
[CrossRef]

57. Rivero, J.; Rodríguez, F.; Soto, V.; Macedo, E.; Chawla, L.S.; Mehta, R.L.; Vaingankar, S.; Garimella, P.S.;
Garza, C.; Madero, M. Furosemide stress test and interstitial fibrosis in kidney biopsies in chronic kidney
disease. BMC Nephrol. 2020, 21, 1–9. [CrossRef]

58. Cook, N.R. Use and misuse of the receiver operating characteristic curve in risk prediction. Circulation 2007,
115, 928–935. [CrossRef]

253



Int. J. Mol. Sci. 2020, 21, 3086

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

254



 International Journal of 

Molecular Sciences

Review

Glomerular Deposition of Nephritis-Associated
Plasmin Receptor (NAPlr) and Related Plasmin
Activity: Key Diagnostic Biomarkers of Bacterial
Infection-related Glomerulonephritis

Takahiro Uchida * and Takashi Oda

Kidney Disease Center, Department of Nephrology and Blood Purification, Tokyo Medical University Hachioji
Medical Center, Hachioji, Tokyo 193-0998, Japan; takashio@tokyo-med.ac.jp
* Correspondence: tu05090224@gmail.com; Tel.: +81-42-665-5611; Fax: +81-42-665-1796

Received: 25 March 2020; Accepted: 8 April 2020; Published: 8 April 2020

Abstract: It is widely known that glomerulonephritis (GN) often develops after the curing of
an infection, a typical example of which is GN in children following streptococcal infections
(poststreptococcal acute glomerulonephritis; PSAGN). On the other hand, the term “infection-related
glomerulonephritis (IRGN)” has recently been proposed, because infections are usually ongoing
at the time of GN onset in adult patients, particularly in older patients with comorbidities.
However, there has been no specific diagnostic biomarker for IRGN, and diagnosis is based on the
collection of several clinical and pathological findings and the exclusion of differential diagnoses.
Nephritis-associated plasmin receptor (NAPlr) was originally isolated from the cytoplasmic fraction
of group A streptococcus as a candidate nephritogenic protein for PSAGN and was found to be the
same molecule as streptococcal glyceraldehyde-3-phosphate dehydrogenase and plasmin receptor.
NAPlr deposition and related plasmin activity were observed with a similar distribution pattern in
the glomeruli of patients with PSAGN. However, glomerular NAPlr deposition and plasmin activity
could be observed not only in patients with PSAGN but also in patients with other glomerular
diseases, in whom a preceding streptococcal infection was suggested. Furthermore, such glomerular
staining patterns have been demonstrated in patients with IRGN induced by bacteria other than
streptococci. This review discusses the recent advances in our understanding of the pathogenesis of
bacterial IRGN, which is characterized by NAPlr and plasmin as key biomarkers.

Keywords: poststreptococcal acute glomerulonephritis; infection-related glomerulonephritis;
nephritis-associated plasmin receptor; plasmin

1. Introduction

A wide variety of bacterial infection-related renal diseases are known, among which the most
common is acute kidney injury (AKI) [1], which occurs as part of multiple organ failure. Changes in
hemodynamics and cytokine expression are thought to be involved in the pathogenesis of AKI.

Bacterial infections also cause renal injury, partly through immune mechanisms. For example,
glomerulonephritis (GN) can develop following streptococcal upper respiratory tract or skin infections
with a latent period of approximately 10 days. As streptococcal infections are usually cured when
GN is diagnosed and there is a distinct infection-free latent period, the GN has been referred to as
poststreptococcal acute glomerulonephritis (PSAGN) [2–4].

In previous years, most cases of AGN were PSAGN in children; however, probably owing to
the improvement of living environments and the adequate usage of antibiotics, the incidence of
PSAGN has been decreasing, particularly in developed countries [4]. Whereas PSAGN is still the most
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common cause of pediatric AGN, adult AGN cases have been increasing, and those associated with
non-streptococcal infections, particularly infections by Staphylococcus aureus, are now as common as
PSAGN [5]. Thus, a major shift in the epidemiology of AGN has occurred. In Japan, cases of PSAGN,
which accounted for more than two-thirds of AGN cases in the 1970s, decreased to about 30% after the
1980s, whereas AGN cases associated with S. aureus infections reached 30% in the 1990s [6].

Furthermore, in adult AGN patients, the infection is usually still present at the time when GN
is diagnosed. Based on these backgrounds, instead of “postinfectious AGN”, the disease concept of
infection-related glomerulonephritis (IRGN) has recently been proposed [5]. Notably, whereas in most
patients, PSAGN resolves without any specific therapy, the prognosis of patients with IRGN is poor,
and older patients, particularly those with an immunocompromised background, such as diabetes
mellitus, malignancies, or alcoholism, are reported to be at high risk [7]. Controlling the underlying
infection and managing complications are essential for the treatment of IRGN, and immunosuppressive
therapy is generally not recommended. However, the prompt diagnosis of IRGN is often difficult
because specific diagnostic biomarkers have not yet been identified.

We herein present an overview of our recent understanding of the pathogenesis of bacterial
IRGN. Accumulated data suggest that the disease concept of bacterial IRGN can be further expanded,
and glomerular deposition of nephritis-associated plasmin receptor (NAPlr), originally considered to
be a candidate nephritogenic protein for PSAGN [8] and related plasmin activity [9], can be used as
general diagnostic biomarkers of bacterial IRGN. Although infections of various viruses, mycobacteria,
fungi, or protozoa are also known to cause IRGN [1], they are not within the scope of this article.

2. NAPlr and Plasmin Activity in Glomeruli as Biomarkers of PSAGN

NAPlr is a 43-kDa protein that was originally isolated from the cytoplasmic fraction of group A
streptococcus as a candidate nephritogenic protein for PSAGN [8]. Glomerular NAPlr deposition is
detected by immunostaining, and is frequently observed in the early phase of PSAGN; all patients
within 2 weeks of disease onset have been reported to show NAPlr deposition [2].

NAPlr was also found to be the same molecule as streptococcal glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) [8]. Although GAPDH is a well-known housekeeping gene, it also
has pleiotropic functions, such as energy production (glycolysis), regulation of gene expression,
and autophagy [10]. In addition, GAPDH from some bacteria, including streptococci, has been shown
to have plasmin-binding activity [11,12].

NAPlr binds plasmin and maintains plasmin activity by protecting it from its physiological
inhibitors. Plasmin activity can be detected by in situ zymography using a plasmin-sensitive synthetic
substrate, which is resistant to the addition of α2-antiplasmin but is completely abrogated by aprotinin,
a serine protease inhibitor [9]. Plasmin is considered to cause glomerular damage directly by degrading
extracellular matrix proteins and indirectly by activating pro–matrix metalloproteases. Additionally,
plasmin can exert proinflammatory function by activating and accumulating inflammatory cells.

NAPlr is also known to convert complement component C3 to C3b, indicating its involvement in
the activation of the alternative complement pathway [8]. However, it should be noted that NAPlr
deposition is observed mainly in glomerular neutrophils, mesangial cells, and endothelial cells, and its
distribution in glomeruli is different from that of C3 and IgG, which are considered to localize within
the subepithelial hump [13]. In this regard, NAPlr, which also contains a urokinase-type plasminogen
activator receptor (uPAR)-binding site [11], may bind with uPAR expressed on neutrophils, thereby
inducing prominent endocapillary inflammation in early phase PSAGN, or NAPlr may be phagocytosed
by neutrophils as exogenous material. Thus, glomerular damage from the disease may initially occur
in the inner side of the glomerular capillary walls by NAPlr deposition, rather than subepithelial
immune complexes.

Streptococcal pyrogenic exotoxin B (SPEB), which is another potential nephritogenic protein
of PSAGN with cationic character, has been considered to pass through the glomerular basement
membrane and be deposited in the subepithelial area [14]. However, a subsequent study showed that
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the glomerular distribution of NAPlr and SPEB were essentially similar and that NAPlr staining was
dominant [13]. Importantly, as with NAPlr, SPEB has plasmin-binding activity [5]. Thus, it is possible
that these 2 (or more) proteins are cooperatively involved in the disease pathogenesis of PSAGN.
Figure 1 shows a scheme of the mechanisms involved in the development of PSAGN.

Figure 1. Putative mechanism for the development of poststreptococcal acute glomerulonephritis.
Streptococcal infection induces the release of nephritogenic proteins, such as nephritis-associated
plasmin receptor (NAPlr), into the circulation. Circulating NAPlr accumulates on the inner side of
the glomerular capillary walls, and then traps and maintains the activity of plasmin, which induces
glomerular damage by the degradation of extracellular matrix proteins or by activating and accumulating
inflammatory cells. Thereafter, immune complexes, formed either in situ or in the circulation, pass
through the altered glomerular basement membrane (GBM). Accumulation of immune complexes,
complements, and plasma proteins forms “humps” on the outer side of the glomerular capillary walls.
This scheme is based on the figure from Oda et al. [2]. Ab: antibody; C: complement; Endo: endothelial
cell; Mes: mesangial cell; MΦ: macrophage; PMN: polymorphonuclear cell.

Some streptococcal strains have been isolated from PSAGN patients, and such strains have been
considered to be “nephritogenic”. However, NAPlr, as well as SPEB, have been found in virtually all
streptococcal strains [14]. In addition, gene sequences of NAPlr were highly conserved and its protein
expression levels were similar between various streptococcal strains [15]. Therefore, it is reasonable to
think that any strains expressing NAPlr can be nephritogenic. Another possibility also remains that
although NAPlr (and SPEB) are essential molecules, other factors, from both bacteria and the hosts,
play important roles in the onset/progression of PSAGN.

There have been several reports showing the occurrence of IRGN in renal transplant recipients,
suggesting that IRGN may be a cause of renal allograft injury [16,17]. We have recently encountered a
renal transplant recipient who developed PSAGN; notably, NAPlr deposition and plasmin activity
were observed in the glomeruli of the patient’s transplanted kidney (manuscript in preparation).
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3. Streptococcal Infection-related Nephritis (SIRN): Glomerular Diseases with NAPlr Deposition
and Related Plasmin Activity Induced by Streptococcal Infection

The unique glomerular staining patterns of NAPlr and plasmin activity were found not
only in patients with PSAGN but also in some patients with other glomerular diseases, such as
C3 glomerulopathy [18,19], membranoproliferative glomerulonephritis (MPGN) type I [20,21],
antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (both ANCA positive [22] and
negative [23]), and IgA vasculitis [24], in which a preceding streptococcal infection is suggested by
serological markers, and these cases are referred to as SIRN [2,25]. Although prominent endocapillary
proliferation is a common histological feature, the differences in immune responses of the affected
hosts may affect the specific histology. In addition, there have been some cases in which patients
had a preceding streptococcal infection that initially occurred as PSAGN but later developed into C3
glomerulopathy [26]. It has also been reported that C3 nephritic factor activity is transiently observed
in some PSAGN patients during the acute phase of the disease [27]. Thus, the disease concept of SIRN
remains to be established, and there are no specific criteria differentiating patients with SIRN from
those with the above glomerular diseases. However, it should be noted that streptococcal infections
are associated with several forms of GN and that NAPlr and plasmin activity may be biomarkers of
these diseases.

4. Glomerular NAPlr Deposition and Plasmin Activity as Candidates of General Biomarkers
of Bacterial IRGN

The diagnosis of IRGN is made based on a combination of clinical and pathological findings.
Nasr et al. [5] proposed the diagnostic criteria for IRGN as follows, in which at least 3 of the 5 items
are required for a positive diagnosis: (1) clinical or laboratory evidence of infection preceding or
at the onset of GN, (2) decrease in serum complement levels, (3) endocapillary proliferative and
exudative glomerulonephritis, (4) C3-dominant or codominant glomerular immunofluorescence
staining, and (5) hump-shaped subepithelial deposits on electron microscopy. The most common
pathogen causing bacterial IRGN is staphylococcus, followed by streptococcus and Gram-negative
bacteria. Infection sites are diverse, including the upper respiratory tract, skin, lung, and urinary
tract, and the identification of foci is sometimes difficult. In addition, disease-specific diagnostic
biomarkers have not been identified to date, and there are usually several differential diagnoses
that show confounding clinical or pathological characteristics. Therefore, the prompt and accurate
diagnosis of IRGN is often difficult.

Interestingly, glomerular NAPlr deposition and plasmin activity have recently been demonstrated
in patients with IRGN induced by some bacterial strains, such as Streptococcus pneumoniae [28],
Aggregatibacter actinomycetemcomitans (a Gram-negative coccobacillus that sometimes causes
periodontal disease and infectious endocarditis) [29], Mycoplasma pneumoniae [30], or S. aureus
(both methicillin-sensitive and -resistant strains; unpublished observations). The sequences of
S. pneumoniae GAPDH share high identity with NAPlr, and the C-terminal sequences of S. pneumoniae
GAPDH, which are most likely to be associated with the plasmin-binding activity, are completely
identical to those of streptococcal GAPDH [28]. M. pneumoniae GAPDH has been shown to not
only have cross-immunoreactivity to the anti-NAPlr antibody but also to have a plasmin-binding
function. In addition, M. pneumoniae GAPDH has been reported to bind to plasminogen and convert
it to plasmin [31]. As shown in Table 1, sequences of GAPDH from A. actinomycetemcomitans and
S. aureus also show high similarity to that of NAPlr at the amino acid level, and S. aureus GAPDH
has been reported to bind to enzymatically active plasmin [32]. As stated above, GAPDH sequences
are highly preserved between streptococcal species [15], and it is, therefore, reasonable that GAPDH
from these bacteria have plasmin-binding ability and that its deposition in glomeruli is detected by
the anti-NAPlr antibody. However, it should be noted that although the glomerular staining pattern
of NAPlr is essentially the same among patients with IRGN, the staining intensity in patients with
non-streptococcal IRGN is generally weaker than in those with PSAGN. In this regard, the timing of
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when a renal biopsy is performed might affect the staining intensity; it could be possible that, in patients
with non-streptococcal IRGN, performing renal biopsy during the acute phase is often avoided because
of comorbidities or ongoing infection. Another possibility is that positive immunostaining of NAPlr in
patients with non-streptococcal IRGN is caused by cross-immunoreactivity to the anti-NAPlr antibody,
and is, therefore, weaker than that in patients with PSAGN.

Table 1. Identity and similarity of bacterial GAPDH and streptococcal GAPDH (nephritis-associated
plasmin receptor; NAPlr).

Pathogen
Nucleotide Amino acid

Identity Similarity Identity Similarity

Aggregatibacter
actinomycetemcomitans 59 59 50 85

Mycoplasma pneumonia 60 60 54 87
Staphylococcal aureus 54 54 67 92

Data are presented as percentages. Nucleotide and amino acid sequences of bacterial GAPDH registered with Kyoto
Encyclopedia of Genes and Genomes (http://www.genome.jp/kegg/kegg_ja.html) were used, and identities and
similarities were evaluated by Dr. Masayuki Fujino (the AIDS Research Center, National Institute of Infectious
Diseases) using genetic information processing software (GENETYX-MAC ver. 18, GENETYX Corporation,
Tokyo, Japan).

On the other hand, even if the overall amino acid sequence similarity is not very high, it is possible
that some types of bacterial GAPDH, which have a similar steric structure at the antibody-binding site,
show cross-immunoreactivity to the anti-NAPlr antibody. Indeed, positive staining for NAPlr and
plasmin activity has been used as a marker of IGRN in patients with various forms of glomerulonephritis,
such as proliferative glomerulonephritis with monoclonal immunoglobulin G deposits [33] and
eosinophilic proliferative glomerulonephritis [34], even if neither the pathogens nor the infection
sites could be identified. As the binding site of the anti-NAPlr antibody and that of plasmin in the
GAPDH sequence would be different, the GAPDH of some bacteria are expected to bind with plasmin
but not react with the anti-NAPlr antibody. In this regard, whether there are IRGN cases in which
glomerular plasmin activity is observed without immunoreactivity to the anti-NAPlr antibody needs
to be investigated in the future.

Collectively, GAPDH from various bacteria appear to react with the anti-NAPlr antibody and
to have plasmin-binding ability, and positivity of the anti-NAPlr antibody and plasmin activity in
glomeruli may act as both diagnostic and pathogenetic biomarkers of bacterial IRGN in general.
Putative pathogenic mechanisms of IRGN, focusing on NAPlr and plasmin activity as biomarkers,
are depicted in Figure 2.
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Figure 2. Possible scheme for the pathogenic mechanisms of bacterial infection-related
glomerulonephritis (IRGN), focusing on the glomerular deposition of nephritis-associated plasmin
receptor (NAPlr) and related plasmin activity. Ab: antibody; ANCA: antineutrophil cytoplasmic
antibody; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; MPGN: membranoproliferative
glomerulonephritis; PSAGN: poststreptococcal acute glomerulonephritis.

5. NAPlr and Plasmin Activity in Extraglomerular Regions

In the previous study, NAPlr deposition has been observed almost exclusively in the glomeruli
of IRGN patients, and the question hence arises as to whether NAPlr deposition is truly limited to
the glomeruli. Interestingly, a case of PSAGN complicated by acute interstitial nephritis, in which
positive SPEB immunostaining was observed in the interstitium as well as in the glomeruli, has been
reported [35]. Although acute tubulointerstitial nephritis after streptococcal infection without obvious
GN is rare, such a case has indeed been reported, in which SPEB immunostaining was positive in the
affected area [36]. In the former case report [35], the authors also performed immunofluorescence
staining of NAPlr using a commercially available antibody but failed to detect its deposition.
In this regard, however, it should be noted that immunostaining results can vary depending on
the antibodies used and the staining conditions [2]. Thus, whether NAPlr deposition occurs in the
tubulointerstitial area or not should be examined more carefully using different antibodies and staining
conditions. NAPlr immunofluorescence staining using an original antibody (and in situ zymography
for plasmin activity) can be performed at the laboratory of Dr. Takashi Oda (Kidney Disease Center,
Department of Nephrology and Blood Purification, Tokyo Medical University Hachioji Medical Center;
takashio@tokyo-med.ac.jp).

Tubulointerstitial plasmin activity could be found in patients with various renal diseases unrelated
to bacterial infection [9,37]. However, NAPlr deposition could not be observed, and plasmin activity
was almost exclusively limited to the tubulointerstitial area in the renal tissues of these patients.
Although definitive causative roles remain to be solved, this plasmin activity in the tubulointerstitial
area may be involved in renal tubulointerstitial inflammation and fibrosis, because plasmin is supposed
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to induce the infiltration and activation of inflammatory cells and to induce fibrogenesis. Indeed,
tubulointerstitial plasmin activity was associated with the degree of tubulointerstitial change, global
glomerulosclerosis rate, and estimated glomerular filtration rate [37]. Data regarding tubulointerstitial
plasmin activity in patients with IRGN are scarce, and, hence, further accumulation of cases is needed
to investigate this matter in more detail.

PSAGN patients rarely show alveolar hemorrhage, and immune complex deposition is suggested
in the pathogenesis of alveolar hemorrhage [38]. Therefore, another important issue that remains to be
investigated is whether or not NAPlr deposition and related plasmin activity are observed in the lung
tissue of patients with PSAGN complicated by alveolar hemorrhage. In this regard, an interesting case
of IRGN, in which the causative pathogen was not detected but NAPlr deposition and plasmin activity
were observed not only in the glomeruli but also in the renal tubulointerstitial area and pulmonary
arteries, has recently been reported [34].

6. Concluding Remarks

NAPlr, isolated from the cytoplasmic fraction of group A streptococcus, has been shown to trap
plasmin and maintain its activity and was originally considered as a nephritogenic protein for PSAGN.
Indeed, NAPlr deposition and related plasmin activity have been observed to have an almost identical
distribution in the glomeruli of early phase PSAGN patients at a high frequency. The interactions
among NAPlr, plasmin activity, and SPEB and the association between these elements and complements
or immune complexes, both in vitro and in vivo, should be investigated in future studies.

Some patients with other glomerular diseases, in whom a preceding streptococcal infection is
clinically suggested, were found to also show glomerular NAPlr deposition and plasmin activity,
and hence, these cases can be referred to as SIRN. Furthermore, such glomerular-staining patterns of
NAPlr and plasmin activity are found in some patients with IRGN induced by other bacteria. The amino
acid sequence of GAPDH from some types of bacteria show high similarity to the sequence of NAPlr
and these bacterial GAPDH molecules appear to have a plasmin-binding ability. Even if the overall
similarity is not so high, it is possible that some bacterial GAPDH molecules, which have a similar
steric structure at the antibody-binding site, show cross-immunoreactivity to the anti-NAPlr antibody.

It has become evident that bacterial infections are more deeply involved in various renal diseases,
including IRGN, than we previously considered. Although the development of noninvasive techniques
to detect infections with high sensitivity and high specificity is undoubtedly crucial, the identification
of bacterial proteins associated with the pathogenesis of IRGN is also an important ongoing effort.
Thus, future studies evaluating the possibility of NAPlr and plasmin activity as common diagnostic
biomarkers of bacterial IRGN are anticipated.
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